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Outline

This lecture is not a complete course in particle
physics and will only touch some most general
problems.

Further reading:

e D. H. Perkins, “Introduction to High Energy

This is an “introduction”
® Historical overview.

® the elementary particles Physics”,
° the elementary forces ® F Halzen, A. Martin: “Quarks and Leptons”.
® Symmetries: Further lecture to watch listen on SM and BSM
® Gauge symmetry physics:
® Problem of mass _ ® Prof. Yuval Grossman (Cornell U.)
* Spontaneous symmetry breaking e Standard Model and Flavor - Lecture
(https://www.youtube.com/watch?v=
GGzRdiBd8w8)
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GIM mechanism revisited

* Theory of weak interactions
— Fermi's theory of weak interactions
— V-A theory
— Current - current theory, current algebra
— W and Z bosons
— Electroweak theory
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Weak interaction revisited

* Weak interactions occur for all fundamental particles except
gluons and photons. Weak interactions involve the exchange or
production of W or Z bosons.

e Weak forces are very short-ranged. In ordinary matter, their
effects are negligible except in cases where they allow an effect
that is otherwise forbidden. There is a number of conservation
laws that are valid for strong and electromagnetic interactions, but
broken by weak processes. So, despite their slow rate and short
range, weak interactions play a crucial role in the make-up of the
world we observe.

e Any process where the number of particles minus the number of
antiparticles of a given quark or lepton type changes, is weak
decay process and involves a W-boson. Weak decays are thus
responsible for the fact that ordinary stable matter contains only
up and down type quarks and electrons. Matter containing any
more massive quark or lepton types is unstable. If there were no
weak interactions, then many more types of matter would be
stable.
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Quark decays revisited

e Quark flavour never
changes except by
weak interactions,
like beta decay, that
involve W bosons.

* Any quark type can
convert to any other
quark type with a
different electric
charge by emitting or

absorbing a W boson.

Different possible
transitions are shown
schematically in the
diagram.
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Weak interaction revisited

¢ Decay processes always proceed from a more
massive quark to a less massive quark, because the
reverse process would violate conservation of
energy. Scattering processes can involve the
reverse transitions, provided sufficient energy is
available.

¢ Lepton number conservation rules
Each charged lepton is converted only to its own
neutrino type by emitting or absorbing a W boson.
This leads to the three lepton number conservation
laws.
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Fermi’s theory of weak intercation

Beginning of the story:

* As an example Fermi considered f3-decay of the
neutron: . —

n—p+e +v,

* Assumption: at a single point in the space-time, the
wavefunction of the neutron is transformed into that of
the proton, and the wavefunction of incoming neutrino
(equivalent to outgoing antineutrino which we actually
see) is transformed into that of electron.

» The schematic diagram for this process:

Such a process is called four-fermion /
n

interaction.
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Weak currents by Fermi

I ==y,
electromagnetic interaction from QED
Hyy = 1 A =~y g
Fermi (1934) introduced a weak hadronic current density
Vi =y, (charged weak hadronic current)
inanalogyto /" and 4 (photon)

v, weakfield w= (  boson)

Fermi constructed further c =
G lu =TPCYHUH

H — [3
P2

(V“‘“lfl" +[V ]
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V-A theory

* The description of this process is given by the amplitude:
M =Gy Ly Ly,)
where the factors I are responsible for particle transformation,
and Gy is the very well known Fermi coupling constant which
determines the strength of the weak interaction (the rate of the
decay).

* In 1956 Feynman and Gell-Mann proposed that the interaction
factors I" are a mixture of vector and axial-vector quantities, to
account for parity violation in weak interactions.

— Vector - changes sign if rotated through 180°.
— Axial vector - like vector under rotation, but opposite sign to vector under
parity transformation.

¢ V-A theory was proven by many experiments at that time, in
particular by the fact that neutrino is left-handed (helicity -1/2) -
its spin is antiparallel to its momentum.
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V-A theory

leptonic current density, which results in left-handed neutrinos:
l‘lcl‘ = Iﬁe’y‘u(l - YS )l/jv
hadronic current
/15+ = IE)Y;E (1 - CA YS )II)H (V_A StrUCtUre)

®Co  Parity-violation B decay

s 5 60 GOz - =
Pseudoscalar <5K -Pﬁ) Co—=""Ni+e +7,
. Rotation
SK/ invariance
60 s
Co nucleus(_[) =

Wu et al(57) 1
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Vector and axial currents

j‘u =17Y‘t41/)
.]Z =17’}/‘u’}/51/)
id,j" =id, (py" ) =i(d )"y + iy y" (9, 4)
= —mify + iy
l(azla)yu = _ma
iy" () = my
o d, " =0

Vector current is conserved
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Vector and axial currents

id,j, =iy v +iyry"ys(d,)
= l-((?u'lﬁ)}/'u ysw - lw}/S }/!’L((y_l,ey} )

= _mll_}}/sw - mlf}/sw

= _2”“77/51/’

The axial vector current is not conserved for m=0
m: current mass of the quark

Sugested reading http:
//www.scholarpedia.org/article/Axial_anomaly
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Leptonic currents modern aproach

* We can also describe weak interactions in terms of the
interactions of two "currents". In B-decay one current
converts a neutron into a proton, and the other creates
an electron and its antineutrino (absorbs or destroys
neutrino).

* For simplicity consider /eptonic reactions which
involves only leptons. As a result of lepton number
conservation law, the absorption of an electron
neutrino is always accompanied by the creation of an
electron and vice verse. Equivalently, the creation of a
positron should be accompanied by the creation of an
electron neutrino (or the absorption/destruction of
electron antineutrino)

LW = @erw\'( + Eurlpv . + @rrlpvt ZW = ﬁ\",rlp(’ + E‘Ju F‘l’u + @rrq)\',
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Leptonic currents modern aproach

the leptonic current is extended in an obvious way
to the muonic & tau-lepton sectors:

lf(‘ = 'l?e yp (1 - )/5 )TIJVE + 'l?p)/y (1 - )/5 )w»'l” + I?'ryp (1 - }/5 )ﬁlluvr
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Leptonic currents

W
L
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<
¥

+

\:\‘v!, / +

— e Ve v w Vi vt

¢ The leptonic current should be multiplied by its
antiworld partner to generate all observed weak
interactions of leptons.

¢ The first-order amplitude of the all leptonic processes
can be written as:

e V..

M=GL L' =
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Hadronic current

* There are also semileptonic reactions which involve
both leptons and hadrons, such as neutron [-decay,
and hadronic weak reactions which involve only
hadrons, such as the decays of neutral kaons into 2 or
3 pions.

¢ Hadronic weak current can be characterised in terms
of its effect on the quantum numbers of hadrons.

* The total weak current is a sum of leptonic and

hadronic components:
VAR A

* Then, the amplitude of weak interactions can be
presented as:
G TWIW G = w =W _w =Wy =V _w
50 J"=G(L "+L HY+H L' +H H")
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Problems with Fermi theory

* Low-energy weak interactions can be well explained in
the framework of Fermi's theory (in the framework of
the current-current theory in the V-A form).

* Problems begin when high-energy processes need to be
described.

— The theory predicts linear rise of the neutrino cross-sections
with energy, which violates the unitarity principle - the
probability for a particular process to occur should be less than
or equal to unity. At the energy about 300 GeV the cross-
section exceeds the maximal value allowed by the unitarity
principle.

— Very large cross-section at high energies contradict also
cosmic-ray data. Neutrinos are the important part of secondary
cosmic rays produced in the atmosphere but their interactions
with matter were not frequent and put strong limit on their
cross-section.
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Problems with Fermi theory

=

w Gel’

bosons (82 ) range 1/1000 fermi

u @
>'rm~<ve
A
>
n v,

*: Fermi’s theory as a low-energy limit of an interaction mediated by the
exchange of bosons.
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Problems with Fermi theory

¢ Fermi's basic principle: analogy with electromagnetism.

¢ But electromagnetic processes are described as an
exchange of photons.

e There should be vector particles which transmits the
weak force.

* Weak interaction is of short range, hence the vector
particle should be heavy.

¢ Since f3-decay changes nuclear charge, the vector
particles should carry the charge.

e Four-fermion point-like interactions were abandoned
and replaced with a particle (W) exchange mechanism.

\ Examples of basic lepton processes

pJ i . R
W W+ with the creation or destruction of
‘W-boson

4+
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Problems with W

* Neutron [3-decay can now be shown as an exchange of
W-boson.

n P

>

W
_—~ — e

K
§
% —

* W-boson helped to solve some problems of Fermi's
theory but produced others.

* W-boson has spin 1 and non-zero mass. As a
consequence at high-momentum transfer its propagator
is proportional to p?/ M? ¢?. The diagrams are
diverging and the results of the theory are infinite.
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Electroweak theory and Higgs mechanism

* First step: 1954 - C. N. Yang and R. Mills developed a
theory of interacting massless particles - gauge theory
(the Lagrangian describing the interaction of particle
wavefunctions remains invariant under certain
symmetry transformations). The theory could
accommodate particles like the photon and W-boson,
but it required them to be massless. The infinities in the
model could be reabsorbed (the model was
"renormalisable").
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Electroweak theory and Higgs mechanism

*1964 - Peter Higgs found a way to transform the Lagrangian
describing two massless scalar particles and one massless
vector gauge particle into the Lagrangian with one massive
scalar particle and one massive vector gauge particle

("Higgs mechanism" for symmetry breaking - mechanism
that can give masses to W-bosons).

21967 - 1968 - Sheldon Glashow, Steven Weinberg and
Abdus Salam - development of the standard model of
electroweak interactions, which unifies electromagnetic

and weak interactions.
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4 Fermi Theory with V-A

e OK as long as ¢* << Mw
® Matrix element

M*\/ZJMJ2;L

where .J1,.Jo are the two currents and Gp ~ 107% GeV—2

e \We know now that currents exchange a w*
Leptonic current:

Jop =1, (1—7s) e

Vell
where i is a spinor

0o I 1 0 0 a*
5 =i’y = (I O)-WOZ(U 71)4471:(701 0)
e Note: 4° is a pseudoscalar, so leptonic current is V — A

If momentum transfer is large, replace 4-point interaction with
W -propagator

® This is called a “charged current” interaction since a W= is exchanged.
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4 Fermi Theory with V-A 2

® Before 1956 matrix element was defined

Mypi = Grauw [%w“wl] [E4~/V¢2]

® Modification to add V-A interactions
Myi = ZsGrap [T (1-2°) va] [Fan® (1 =) va]

where 1/4/2 is to keep value of G the same
® Replacing 4-Fermi interaction with propagator

_ _ u.V+ Tz sz o v
Myq = [%lﬁa"tu (1 - ’7’5) ¢1:| (#) [%‘#4’)’ (1 - ’75) 1P2]
w

® Inlimit ¢2 << My,

My = Sj]\j[ia,gﬂy [53’7’#’1#1} [Eq’vy'ﬂbz]

G F (IW:

= = .
V2 Bm%‘;
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T decay

=<

) //' ® Using the measured 7-lifetime and BR,
T —C check consistency of G
W s
V%V u GL/G% = 1.002340.0033
® m, = 1777 GeV 4%/G = 1.000=£0.004
® S | ible d :
cveral possible decays Lepton universality for Gp
T e s ® For quark decays, need a factor of 3 for
_ L color. Predict
T - pTTurr
T~ = duvs 3

BR(T — hadrons) = -

—— =60%
3+1+1

In last case, the du turns into

hadrons with 100% probability
® All diagrams look like ji-decay
e |f G‘}? = G% = Gp, predict:

® Experimental result:

BR(T — hadrons) = (64.76 £ 0.06)%

L - rr‘%u‘ Difference from 60% understood (QCD

(7717/777,#)2 N corrections; as for R)

(difference in available phase space)

Andrzej Bozek IFJ PAN, Krakow PHD lectures, November 12, 2020

25/74



7 decay

® After spinor calculation, result for
’/‘TjL o decay width:
_ < 2
i v, r e I 3 mi
c 1n—=8 = Mg - —5
T+ =26x107% s & T m2
® ud annihilation into virtual W+ ® This came from:
+ i 2 2 2 2 2\ .2
® Depends on 7T wave function at M| ~ GIm? (mw _ mu) 72
origin Ip|
Phase Space  ~ 5
P Need phenomenological parameter that 8mmy

characterizes unknown wave function

® \Write matrix element
Gr o,
M= ﬁjﬁu(mw (1 —5)v(k)

where J¥ = f(q*)q* since g* is the
only available 4-vector

® But g2 = m2 so Jr = frqH. fr has
units of mass (matrix element must
be dimensionless)
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Andrzej Bozek IFJ PAN, Krakéw

7 decay (2)

From previous page

2 2\ 2
r— (,F 2 2 (. my
= ——famamy, |1 - —

8 mZ

Result for electron same with m, — me

Thus
: 2
e m2 [ mZ —m?
T, m2 \m2—m?

m

Since me = 0.51 MeV,
my = 105.65 MeV and
M+ = 139.57 MeV

—

e

~1.2x%x 1074

-

This agrees with measurements

Physically, result comes from helicity
suppression

h th

<4

O=

<1

n

w
i
o

Spin 0 pion, right-handed
antineutrino forces ;1= to be
right-handed
But 1~ wants to be left-handed

» rh component ~ (v/e)? ~ my,

The less relativistic the decay product
is, the larger the decay rate
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K+ decay

® K= mass larger than 7% Semi-Leptonic

® More options for decay L o
Leptonic QA

e

K° K-

i 0

3-body decay: No helicity suppression

BR(K™ — n°p"w,) = (3.352 £ 0.033) %
BR(K™ — 7 D) = (5.07 £ 0.04) %
Same calculation as for 7+ ‘ ’

Helicity suppression make decay rate More phase space for decay to e
to muons larger that to electrons . . .
® Hadronic (several diagrams possible)

BR(K™ — pn” %) = (63.56 + 0.11) x 1072 u
BR(K™ — e ¥e) = (1.582 £ 0.007) x 1072 ¢

BR(K™ — n~ ") = (20.67 £ 0.08) %
BR(K™ — 7 n"x") = (1.760 £ 0.023) %
BR(K™ — n n n)=(5583+0.024) %
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Gr fenomenology

® Leptonic decays of . and 7 demonstrate that G is the same for all lepton
species
® Leptoniv decay of charged pion and kaon tell us nothing about Gr since f and
fx (which depend on wave form ar origin) are unknown
* |f we want to ask whether G is the same for hadronic currents as leptonic ones,
we need to look at semileptonic decays
® Analog of the 3 decay

® But, we have to make sure taht we are not affected by stron interactions
corrections.
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Is Gr really universal ?

® Muon decay rate is
r— Grm,”
19273
in approximation where m, ignored
e Same formula holds for nuclear /3-decay
A good choice of decay: O — N'™* o*y, (0F — 0F)

® Correcting for available phase space we find

G, = 1166x107°
Gs = 1136x107°

Close but not the same!

® What's going on?
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Is Gr really universal ? (2)

o Compare the following:

Decay Quark Level Decay
0% p— netu, u— detv,
7 = 1P T d— ue v,

K== % 7. | s— ue we
pt — 17#€+

Ve

® After correcting for phase space factors, GG obtained from p and 7~
agree with each other, but are slightly less than obtained from .

® (G obtained from K~ decay appears much smaller

® FEither G'r is not universal, or something else is going on!
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An Explanation: weak eigenstates

® Suppose strong and weak eigenstates of quarks not the same

® Weak coupling:

Not: Instead:

W+ W+

o
2

® Here d’ is an admixture of down-type quarks

e Normalization of w.f. for quarks means if d’ = ad + 3s, then
Va2 4+ p2=1

® Can force this normalization by writing o« and 3 in terms of an angle

d' = dcosbBc + ssinb,
d \ [ cosb. sinfo d
s )\ —sinf. cosé. 5
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The Cabbibo angle

® Using
d’ = dcosfg + ssinfg

we predict
p&m decay ~ G?_— cos? B¢

K decay ~ Gf_—sin2 Oc
w decay = G?_—
® Using experimental measurements, we found

cos o = 0.97420 £ 0.00021

sinfc = 0.2243 £ 0.0005

® However, in addition to the d’ there should be an orthogonal down-type
combination
s’ = scosfc — dsinfc

Does it interact weakly?
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4th quark - early 70’s discussion

e It's odd to have one charge 2/3 quark and two charge -1/3 quarks
e Suppose there is a heavy 4 quark
® We could then have two families of quarks. In strong basis:
uw (&
d)’ \s
Call this new quark “charm”
e Then, the weak basis is
u c
d"=dcosOg + ssinf. )’ \ s’ = scosfe —dsin0,
® There is a good argument for this charm quark in addition to G ...
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Andrzej Bozek

GIM mechanism

Glashow, lliopoulous, Maiani (GIM) proposed existence of this 4" quark
(charm)

Charm couples to the s’ in same way u couples to the d’

Reason for introducing charm: to explain why flavor changing neutral
currents (FCNC) are highly suppressed

Two examples of FCNC suppression:

1. BR(KY - ptp=)=6.84x 107"

2. BR(KT — atww)/BR(KT — 7%uw) < 107
Why are these decay rates so small?

It turns out that there is also a Z that couples to ff pairs, but it does
not change flavor (same as )

If only vector boson was the W=, would require two bosons to be
exchanged

» Need second order charged weak interactions, but even this would give a

bigger rate than seen unless there is a cancellation
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GIM mechanism box diagrams
o Consider the “box” diagram

d W u

u, c v

® M term with u quark o cos f¢ sinfc

® M term c quark oc — cosf¢ sin ¢

Same final state, so we add M's

® Terms cancel in limit where we ignore quark masses
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The cancelation is not accidental

® Matrix relating strong basis to weak basis is unitary

& =" Usyd;

7

® Therefore is we sum over down-type quark pairs

STdid; = i dULUseds,
- T
J

® [f an interaction is diagonal in the weak basis, it stays diagonal in the
strong basis

® Independent of basis, there are no d +— s transitions

No flavor changing neutral current weak interactions
(up to terms that depend on the quark masses)
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GIM mechanism historical view

= it was noted that all neutral-current
transitions had AS=0

» strange quark would transform into #p but not
mto down

= no ‘“flavor-changing neutral currents”
= . at tree level!
» Glashow, Iliopoulos and Maiani proposed a
mechanism to explain this
* now called the GIM mechanism
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GIM mechanism historical view

uid + (dd cos® §¢ + s§sin® ) + (sd + 5d) sin 6 cos O,

as=0 as=1
w\ u
de)  \dcos O+ ssinf,
u (dcosf + ssin )
2+ 2°
a it + ¢ + (dd + 55) cos® O + (s5 + dd) sin® B
(Ecosﬂc + §sinde) AS=0
+ (sd + 5d ~ 3d — sd) sin O cos 8.
AS=1
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More than two generation

Generalize to N families of quark (N = 3 as far as we know)

e [ is a unitary N x N matrix and d; is an N-column vector
N
U
di =3 Yiyd;
j=1

® How many independent parameters do we need to describe U?

» N x N matrix: N2 elements
» But each quark has an unphysical phase: can remove 2N — 1 phases
(leaving one for the overall phase of U)

» So, U has N2 — (2N — 1) independent elements
e However, an orthogonal N x N matrix has %N(N — 1) real parameters
» So U has %j\"(;\" — 1) real parameters
» N2 (2N —1)— %N(N — 1) imaginary phases (= %(N —1)(N -2))
® N =21 real parameter, 0 imaginary
® N = 3 3 real parameters, 1 imaginary

® Three generations requires an imaginary phase: CP Violation inherent
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CKM matrix

e Write hadronic current
d
< 1=15),
JH = —% (@et) 7“(‘72’)%;(1\4 :

e Vegn gives mixing between strong (mass) and (charged) weak basis

Often write as
Vua Vus Vi
Vekm = | Vea Ves Ve

Via Vis Vi

® Wolfenstein parameterization:
1—22%/2 A AN} (p — i)
Vernr = -\ 1—2\2)2 AN? + 0O\
AN —p—in) —AN? 1

Here A is the ~ sin 6.
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CKM matrix (2)

® From previous page

1-22%/2 b AX3(p — in)
VokM = Y 1-2A%/2 AN? +o0h
AN (1 — p —im) —AN? 1

® |mpose Unitary and use all experimental measurements

A = 0.22453 £ 0.00044 A =0.836+0.015
p=0.12270-918 n=0.35510-12

® Result for the magnitudes of the elements is:

0.22438 £ 0.00044  0.97359 £ 0.00011 0.04214 + 0.00076

0.97446 + 0.00010  0.22452 + 0.00044  0.00365 + 0.00012
0.00896 + 00024 0.04133 £ 0.00074  0.999105 £ 000032
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b quark third family

Two families were known in 1977.
In the weak interactions, the two u c t
families appear rotated (Cabibbo

angle) ¢ d ﬁ
de) _[ cosbc  sinbc](d Third family
Sc —sinf. cosO, [\s

The mixing in fact, involves all three families (CKM matrix)
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Upsilon meson discovery : b quark
"'Observation of a Dimuon Resonance at 9.5 GeV in 400 GeV Proton-Nucleus Collisions '*
Summer of 1977, a team of physicists, led by Leon M.Lederman, working
on experiment 288 in the proton center beam line of the Fermilab fixed
target areas discovered the Upsilon Y

1970 proposal: study the rare events that occur when

a pair of muons or electrons is produced in a collision of
the proton beam from the acccelerator on a platinum target
Only one Upsilon is produced for every 100 billion protons
which strike the target

The Upsilon apparatus

Ly L
8 10 12 1Y 1é

Mess Ce¥'

/ 10,
¢ ' HONIC 538
ELECT J
B TeCToRS :E. o Oops-Leon !'!

'*The Upsilon fits very nicely into the picture of a super-atom
consisting of the bound state of a bottom quark and antiquark."'
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Upsilon meson discovery : b quark

25 T T T T T T T T

E 20 7" as ]

£ s energy threshold

S 13 0 ]

§ T(28) for BB production

< mp o P )

; I R -

P sE | ;o O, l T(48) 1

o ' [ ol e e Teasettlt |,

© o L L . L i ;
944 945 1000 1002 1034 1037 1054 1058 1062

Mass (GOV/GI)

o 2 B's and nothing else !

o 2 B mesons are created simultaneously
in a L=1 coherent state
= before first decay, the final states
contains a Banda B
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R ratio :Quarks electric charge, number of QCD
charges (colors)

R is the ratio of the hadronic cross section to the muon cross section in electron—positron

collisions:
R— o (et e~ )—hadron
~ o(etem)optp—

>t

R also provides experimental confirmation of the electric charge of quarks, in particular
the charm quark and bottom quark, and the existence of three quark colors. A simplified
calculation of R yields

R=3% e,

where the sum is over all quark flavors with mass less than the beam energy. eq is
the electric charge of the quark, and the factor of 3 accounts for the three colors of the
quarks. QCD corrections to this formula have been calculated.
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Andrzej

R ratio :Quarks electric charge, number of QCD
charges (colors)

R is the ratio of the hadronic cross section to the muon cross section in electron—positron
collisions:
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R also provides experimental confirmation of the electric charge of quarks, in particular
the charm quark and bottom quark, and the existence of three quark colors. A simplified
calculation of R yields

R=3Y ¢,

where the sum is over all quark flavors with mass less than the beam energy. eq is
the electric charge of the quark, and the factor of 3 accounts for the three colors of the
quarks. QCD corrections to this formula have been calculated.




Weak neutral current discovery - indirect evidence of
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W and Z° discovery

Rubbia and van der Meer were prompty awarded the 1984 Nobel Prize in Physics.

Andrzej Bozek IFJ PAN, Krakéw PHD lectures, November 12, 2020 48 /74



Number of generations?

40

OPAL

g

® Determination of the Z?° line- £
shape: g

® Reveals the number of ‘light g
neutrinos’ &)

% Fantastic precision on Z°
parameters

* Corrections for phase of moon,
water level in Lac du Geneve,
passing trains,... 0

1 1
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Centre-of-mass energy (GeV)

Ny e Existence of only 3 neutrinos\
My, 91.1852+0.0030 GeV

e Unless the undiscovered neutrinos
2.4948 +0.0041 GeV have mass m_,>M,/2
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Recapitulation
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