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Toni Baroncelli: Introduction to Particle Physics

Overview of the Course

The Course will be shared between
Haiping Peng and me, Toni Baroncelli

And is organized in several parts, lasting in total 16 weeks + 2 weeks for examinations:

(Tentative schedule)

Topic Weeks Who from — # lectures
Introduction to basic concepts 2 |T.Baroncell| 27/02/24 | 08/03/24 4
Deep Inelastic Scattering 1 | T.Baroncell| 05/03/24 | 15/03/24 6
Accelerators 1 |T.Baroncell| 12/03/24 | 22/03/24 8
Detectors 1 |T.Baroncellil 19/03/24 | 29/03/24 10
Measurements at Colliders 3 |T.Baroncellf 09/04/24 | 19/04/24 16
4
8
12
16

Back



Practicalities

Find these slides and Lecture Notes (Check for new versions regularly)
Collider Physics

https://indico.pnp.ustc.edu.cn/category/152/ Haiping Peng

Toni Baroncelli
Do not hesitate to contact me:

« After lecture; USTC
« By sending a mail to toni.baroncelli@cern.ch
By WeChat (I am Toni Baroncelli).
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We will see that to access the intimate structure of matter we have
to use probes with wave-lengths as small as possible —

1. Accelerate particles onto targets (used in the past) or
2. Collide two beams against each other

The second option became accessible only with ~modern &) \%

) |
| §

technologies. Unprecedented high energies are reached — many ‘ *HC tunnel
discoveries \ ,
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Maximilien Brice (CERN) - CERN Document Server, CC BY-SA 3.0,
https://commons.wikimedia.org/w/index.php?curid=29027732




=), Part One - Structure

Topics

. Probing the Structure of Matter

. Constituents of Matter & Quantum Numbers

. The Standard Model, Interactions and Vector Bosons
. Symmetries and Conservation Laws

. The Electro-Magnetic Case

. Feynman diagrams

. Cross Sections & the Golden Rule

. Electron — Nucleus Scattering

Rutherford Scattering

O Form Factors

oncelli: Introduction to Particle Physics
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The uncertainty principle:
“position x (with uncertainty
AX) and momentum py
(with uncertainty Ap,)
cannot simultaneously be
known to better than

AXApy ~h /2.
A relation for the energy is
obtained by multiplying c,
AXAE ~7

which gives numerically,

1.973 11 (Mmev
AE(MeV) = ZAxEm:) cm)

AlsSO AX=CAt — AtAE ~§

c=2.998x10ms!—>
3x10%s"="1m

fic = 197.3 MeV fm —>
2x10%eV "="10"m

1fm = 10"m

Logio d (m) A

Logio E,p (eV)

v

Logio t (s)
|

bacteria
0.5-5 um,
cells
1-100 pm
wo/men, visible light
dogs, cats, A=380-750
x10°m

spac

molecules,
atoms
>1010m

W+, Z, H
80-130 GeV

nuclei
>101m

e / energy / time

E=3x10%0eV
(highest energy

ever, University
of Utah's Fly's
Eye Cosmic Ray

Detector, 1991).
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e Discovery range is limited by available data, i.e. by
resources (like a microscope).

e The true variable is the resolving power of our
MICroScope.

e Resolving Power o« VQ2 [i.e. o« Vs, the CM energy]

« For non point-like objects, replace Vs with the CM
energy at component level, called Vs (NS < Vs)
(quarks in a proton, will see later).

e In the last half a century, the physicists have been
able to gain a factor 10 in Vs every 10 years (see
the "Livingston plot").

e Hope it will continue like that, but needs IDEAS,
since not many $33 (or €€€) will be available.

CEPC in China?
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Prologue: The Standard Model

e SM designates the theory of the Electromagnetic, Weak and Strong interactions. The theory
has grown in time, the name went together.

* The development of the SM is an interplay between new ideas and measurements.

e Many theoreticians contributed : since the G-S-W (S.Glashow, A.Salam,S.Weinberg) model is
at the core of the SM, it is common to quote them as the main authors.

|~1950 > |~zooo >

LHC is planned
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Run: 304128
Event: 2667756788
2016-07-20 6:44:41 CEST

ATLAS

EXPERIMENT

Experiments: instruments
and devices that allow
you to ‘see’ the result of
an interaction described
by Theory.

‘see’ IS a proxy for
‘visualise’!

Theory! You do not
see what is (happens)
inside.
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Quantum Mechanics: a micro-reminder (1) *

Free particles = superposition of wave packets (natural units, ¢ = & = 1) (") More and better in "Lecture Notes”

P(x,t) = N - ! Px=E0

Observation (a) can be represented as the action of an operator (4) on the wavefunction (y) resulting in an
eigenvalue:

A = ap

Since an observable must be a real number, — the operator A is Hermitian.
The application of the momentum operator p and of the energy operator E on i return p and E respectively —

A )
p=—iVand E = i
2
In classical physics (in presence of a potential “V”) E=H=T+V = 2”—m +V -
. . P (x,t) 1 0%y(x,t) .
Schrddinger equation: ' = —
ger eq L ot 7 Ox2 + Vy(x, t)
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Quantum Mechanics: a micro-reminder (2)

First order in time and a second order in space —
non-conservation under relativistic transformations — low energy

p(x,t) 1 0%P(x,t)

ot " 2m 0x2 +Vx0)

i

2
We must move to a relativistic expression of Energy: fromE =H =T +V = ;’—m to

B =pram? [ B0 = PG + mAp()

92 92 92 92
K™ gtz 9x2  9y2  9z2

(049, + m?*)P(x,t) =0 (Klein-Gordon equation)

Also this equation has a problem: if applied to Y(x,t) = N - el®P*~ED it returns E = +,/p? + m?2

Unphysical negative energy solutions!
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The ‘Dirac’ equation

Dirac tried another approach: what happens if you write an equation with only first derivative terms?
Ep(x,t) = (a-p+p-m)-P(xt)
.0 ( .0 9 0 N )
latl/J = |—ia, P iy, 3y la, Py pm |y

Dirac equation has also to be a solution of the Klein-Gordon equation — consequences (see Lecture’s notes). The
solution has to be a 4-component wave-function with 4 degrees of freedom

Y .

tp; Natural to assume that two spinors represent
Y = Vs spin up and the other two spin down

N

and terms a, and £ are not scalar but matrices




A bit of math

v’ =Byt = Bay,v* = Pay,, v’ = fa,
and covariant derivatives

d d 9,
0y = — al=_,az=5,53=a_z

The Dirac equation can now be written in a covariant form as

(iy"aﬂ - m)t/) =0

Toni Baroncelli: Introduction to Particle Physics
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Let us elaborate a bit more:

For a particle at rest

With 4 solutions:

Positive energy solutions

Negative energy solutions

P(x, 1) = u(E, p)e'®*EY

Y(x,t) = u(E,0)e Et

n
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0 —imt _ 1 —imt +imt _ 0

0 e, Yr=N 0 , Y3 =N ) e and Yy = N 0
Y— e'e” e'e” >y

V' V'

@ me = A ,Y me = :

- — Me " g% e " 2

- - - - o @

*® ® * o o &

— o0

Existence of the physical state of an antiparticle with
positive energy, opposite charge to that of the
corresponding particle and propagating forward in time

Two explanations:

Dirac: negative energy states
are all occupied, the Pauli
principles makes impossible to
fill one such state with two
identical particles;

Feynman observed that : the
time dependence is contained
in the et term. If you change
t > —tand E - —F the time
behaviour is left unaffected;
When one ‘negative energy’
state is excited (by a photon) —
leaves a ‘hole’ state with less
negative energy and a positive
charge with respect to the fully
occupied —E states.
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Constituents of Matter

ITabIe 1 | Fundamental fermions and bosons in the standard model of the microcosm

Fermions I Bosons

(0) () () o
(22) () (32) even

First Second Third
family  family  family

Fundamental Mediators

Interactions

Strong _ 8 gluons the force carriers of the fundamental interactions,
Electromagnetic y the vector bosons, must be added

Weak wt w—,z°

Gravitational Graviton

Higgs Boson H°

Leptons and quarks
considered to be the ultimate
fermionic constituents of
matter. Quarks (and
antiguarks) appear in three
different colours (and
anticolours)

scalar (spin 0) Higgs boson. The Higgs boson has been observed; it is thought
to be the main ingredient in the mechanism that attributes mass to the particles.

The fact that there are so many particles and that so few constitute the present
stable matter cannot be currently explained. It is also unclear as to why the
ultimate fermionic constituents appear in three families, each constituted of two
leptons and two quarks, and each being a replica of the same type, see Table k..
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First family
Symbol

Leptons v, 0 1 —
For each particle we have
e —1 1 — - cle: i
Table 2 : Leptons and quarks 22;2; ,['g aqnl‘J/g/net.u:[nhas the
(spin V2 fermions) of the first  quarks 4 4+2/3 —  +1/3 numbers of the particle

family and opposite charge

d —1/3 —  +1/3

O is the electric charge in unit of the proton charge, L, is the
electronic lepton number, B the baryonic number.

* The first family includes the quarks u, d and the leptons e, ve.

« The ordinary matter is constituted of quarks u, d and of electrons e.

* The second and third families seem to be “replicas” of the first one. Leptons and quarks of generations
higher than first can be produced at accelerators



Toni Baroncelli: Introduction to Particle Physics

The Standard Model ( )

Force Carrier Photon W & Z Boson Gluons Graviton
EM Weak Strong Gravitational
Quarks
Leptons
Neutrinos I the neutrinos, being uncharged, are only subject to the

weak interaction

The hadrons are composed of quarks and are known in two topologies:

» those constituted by three quarks (the baryons, like the proton and neutron) and

» those constituted by a quark-antiquark pair (the mesons).

» As for leptons, antiquarks also exist and particles composed of three antiquarks are called antibaryons.
As will be discussed later, the number of baryons and leptons is conserved (one anti-particle counts with a “-”
sign). This means that, as described by the relationship £ = mc?, the energy can be converted in mass in the form
of particles; nevertheless,

the total number of baryons and leptons must be conserved, |

— |f an electron is produced, it must be created in association with a positron (its antiparticle, with electric charge
and leptonic number of opposite sign) as expected from the Dirac theory. Back
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Interactions and Mediators: one comment!

Classical electromagnetism: the electrostatic force is due to a scalar potential. This description is unsatisfactory: in
scattering you have transfer of momentum from one particle to the other without any apparent mediating body.

Newton: “It is inconceivable that inanimate brute
matter should, without the mediation of something Photon
else which is not material, operate upon and affect Mass=0
other matter without mutual contact”.

— the fundamental origin of the electromagnetic
interaction (and other interactions) is due to the
exchange of particles

W-Boson 5
Mass =80 GeV/c

Z-Boson

Mass~91 GeV/c?

Ve e



Interactions and VVector Bosons

Interactions are mediated by the exchange of
vector bosons, i.e. particles with spin 1: photons,
gluons, W+, W- and Z° bosons. Gravity is

mediated by a spin 2 boson, the graviton

Photon
Mass=0

Graphic representation of the different type of
interactions between two particles are shown in the
diagrams to the left.

* leptons and quarks by straight lines,
« photons by wavy lines, eV W aWa Vs

+ gluons by spirals, and 5500000000
« W#* and Z° by dashed lines. - - --------_

Z-Boson 5
Mass=91 GeV/c

W-Boson 5
Mass =80 GeV/c
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Each of these three interactions is associated with a charge: electric charge, weak charge and strong charge.

The strong charge is al [ lour char r colour for short.
A particle is subject to an interaction if and only if it carries the corresponding charge: |

— Leptons and quarks carry weak charge.
— Quarks and some of the leptons are electrically charged.
— Colour charge is only carried by quarks (not by leptons). Back




(%]
4S5
v
>
=
o
Q
()
=]
-~
©
a
(e]
2
c
iel
S
(6)
=)
©
(o]
-
b=
=
K]
()
c
o
—_
©
o
=
o
'_

Interactions

vector Mass Charge Comment
Boson
The rest mass of the photon is zero. Therefore, the
range of the electromagnetic interaction is infinite.
Photon 0 N .
Photons, however, have no electrical charge — do
not interact with each other
W= GZV?SZ Y Heavy particles can or)ly be pro.duced as virtual,
intermediate particles in scattering processes for
0 ~ 91 N extremely short times. Therefore, the weak
GeV/c2 interaction is of very short range
The gluons, like the photons, have zero rest mass.
Gluons, however, carry colour charge. Hence they
Gluon 0 Y can interact with each other. As we will see, this

causes the strong interaction to be also very short
ranged.




The Standard Model

fhe Standard Model (SM) is the best description we have today of the microscopic wor/ai

» Describes accurately known phenomena

* |mportant predictive power

* Incorporates known particles, forces and the interaction among them
» Predicted the existence of the Higgs Boson (discovered in 2012).

Experimental data

Dirac equation U Gauge principle
However the SM is not really a theory, it is rather a ‘Model’; | Quantum Field Theory ~_ S Z __— | Higgs mechanism
« Many parameters(*) have to be fixed ‘by-hand’ to i
describe da-ta Experimental tests

Toni Baroncelli: Introduction to Particle Physics

« SM created an infrastructure with locations for particles

' |
and forces but is not able to explain why it is like that The SM is not the end of the story!

More has to exist and needs to be discovered.

— BSM is called the ‘Beyond Standard Mode/l’

Physics. It will incorporate the SM and |
(*) SM parameters: masses of twelve fermions, three strengths y P ts

of gauge interactions, two parameters for the Higgs potential, capacity to describe / predlct MICroscopIC
eight parameters of the mixing matrix CKM — 25 parameters phenomena Back

L)
-
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In classical mechanics a state with n degrees of freedom is characterised by n g; coordinates and n conjugated
momenta p;. The evolution of the system is described, in the Lagrangian formalism, by

oL dp; L
p=ar B g
aq; d¢ 2q;

dp; . :
If L does not depend on q; then % =0 — the conjugated momentum p; is constant
t

« Translation along x.
« Let us consider the system Lagrangian AAT ¢ A .1=2/uI1 2. In this case, L does not depend on x and
is invariant under translations along the x axis. From the Lagrange Eqg. 6.1, one has px D @L.=@ P x D
mP x D constant, i.e., the linear momentum along x .px D mP X/ is conserved.

* Rotations. The Lagrangian LD T V D .1=2/m'P2r2 where 'Pr D v, does not depend on '; this implies that L is
invariant under spatial rotations. From (6.1) follows that p' D @L=@'P D m'Pr2 D mvr= constant, i.e., that the
angular momentum is conserved.
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In classical mechanics a state with n degrees of freedom is characterised by n g; coordinates and n conjugated
momenta p;. The evolution of the system is described, in the Lagrangian formalism, by

oL dp; dL
Pi = 7~ =K - ==0
aq; d¢ 2q;

dp; . :
If L does not depend on q; then % =0 — the conjugated momentum p; is constant
t

» |nvariance properties applies to physical systems described by an equation. The system is considered as invariant
if the equation describing it is invariant under given transformations (say rotation or translation)

» |nvariance properties are closely connected to conservation laws.

« Transformations can be either continuous or discrete.

Toni Baroncelli: Introduction to Particle Physics

Symmetries are of great importance in physics. The conservation laws of classical physics (energy, momentum,
angular momentum) are a consequence of the fact that the interactions are invariant with respect to their canonically
conjugate quantities (time, space, angles). In other words,
physical laws are independent of the time, the location and the orientation in space under which they take pla%ea.ck



Symmetries in Particle Physics: Parity

« parity (P ) reflection symmetry: depending on whether the sign of the wave function changes under reflection or
not, the system is said to have negative or positive P respectively. For those laws of nature with left-right
symmetry, the parity quantum number P of the system is conserved.

« The concept of parity has been generalised in relativistic quantum mechanics. One has to ascribe an intrinsic
parity P to particles and antiparticles.

« Bosons and antibosons have the same intrinsic parity.
« fermions and antifermions have opposite parities.
« W=and Z do NOT conserve parity in their interactions, so their intrinsic parity is not defined.
« (Convention: P(quarks/leptons) =
+1=Pe.=P,_=P_=P,=Pg=Ps=...;
—1=Pe, =P =P, =Ps=Pg=Ps=...

* For a many-body system, P is a multiplicative quantum number :

HDW&1 ,)_(>2. . .in,t) = P1 PQ. . .Pn\ll&1 ,22. . .in,t).

Toni Baroncelli: Introduction to Particle Physics

* Particles in a state of orbital angular momentum are parity eigenstates : . L/: L Ly :
Yiar(8,0) = (1) Yign(m=0,0+7) = P [yian (0.0)> = (1)< |wicr(0,0)> o ./L<
* Therefore, for a two- or a three-particle system: i
I:)sys(12) = P1P2 (_1)L : I:)sys(123) = P1P2P3(_1)L1+L2 - ht 3J



Symmetries in Particle Physics

» C, charge conjugation . Eigenstates of C have a quantum number C-parity which changes particles into
antiparticles and vice versa.

« its eigenvalues are +1; they are multiplicatively conserved in strong and e.m. interactions.

* Only particles (like 9, unlike K’s) which are their own antiparticles, are eigenstates of €, with values C = (+ 1) :

C=+1forn n,n';
C =-1for p% w, ¢;
C =-1fory. forZ, €Cand P are not defined

* However, few particles are an eigenstate of C; e.g.
C|nt>=—|n>.

* Why define € ? It may be useful when studying reactions where C-conservation plays a role (like in e.-m. decays):
0 —>yy 1 +1 —(-1) (1) ok;
0 —>yyy:+1 — (1) (1) (-1)no.
Br(n® — yyy) measured to be ~10-8,

» Another symmetry derives from the fact that certain groups (“multiplets”) of particles behave almost identically
with respect to the strong or the weak interaction. Particles belonging to such a multiplet may be described as
different states of the same particle. These states are characterised by a quantum number referred to as strong
or weak isospin. Conservation laws are also applicable to these quantities. Back

Toni Baroncelli: Introduction to Particle Physics



Isospin, a new Quantum Number

» Proton and neutron have very similar masses. Also their behaviour is very similar (cross section pp ~ pn).
* Nuclei where protons and neutrons are exchanged are very similar: 7Li, made of 3 protons and 4 neutrons
~ &7Be, made of 4 protons and 3 neutrons; 13C(6p,7n)~13N(7p,6N)

On the basis of these observations in years 1930 Heisenberg, Condon and Carren made the hypothesis that
the proton and the neutron are two different states of the same entity, the nucleon.

In analogy with the spin a new quantum number was introduced, the Isospin, indicated with /. The nucleon was
assumed to have [=1/2 with two /5 projections: the proton (+1/2) and the neutron (-1/2)

Toni Baroncelli: Introduction to Particle Physics

payors ) | m(MeV/c®) | B | Q | S @ m(MeV/c*) |B| Q | S Isospin combines like the spin:
038272 || +1|+1] 0| K | 49368 0 | +1 | +1 ||| for a value / of the Isospin you
n 939.565 +1| 0 | O K° 497.65 O O |41 ||have (2] + 1) possible
A 111568 | +1| 0 |-1 n 547.7 0| 0 | 0 ||combinations — /5 values.
»t 1189.4 +1 | +1 -1 mt 139.570 0|+1] 0 ||O—singlet
30 1192.6 1] 0 |-1 70 134977 | 0| 0 | 0 ||”2— doublet
N 11974 | +1] -1 [-1|| =« 139570 | 0| -1 | o || — trplet
=0 13148 |+1| 0 |-2| Ko 49765 | 0| 0 | -1 ||| The state np (ls=+1/2-1/2) may
=- 1321.3 1112 K- 19368 ol -11-1 belong to a singlet or triplet

Back



Isospin and Symmetry of Wave Functions

A rotation in the space of the Isospin does not change the state, Isospin is a conserved quantity in strong
interactions (but not in weak and electro-weak). Mass differences are only due to EM interactions

If you have a nucleus with Z protons and N neutrons the projection of the Isospin will be

(Z-N)
2

Iy=-Z—-N=
Considering that the baryon numberis B = Z + N and that the charge is Q = Z one can write
Q= I;+B/?
Isospin has to be considered when studying the symmetry otla pair of fermions: |

Toni Baroncelli: Introduction to Particle Physics

Y = y(Space)y(spin)l(Isospin)
Space —» —1t
Spin - —15t1
Isospin » —11*1

The symmetry of a system with L, S, / goes like
Symmetry - (=1t (—=1)5*1 (=1)*1
A system with two nucleons has to be anti-symmetric as requested by the Pauli principle Back
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Mesons Isospin

vavons | m(MeV/c®*) | B | Q | S| mesons | m(MeV/c*) | B| Q | S
p 938.272 [ +1|+1] 0 K+ |[[ 49368 |0 | +1]+1
n 939.565 || +1] 0 | O K° 497.65 0| 0 | +1
A 111568 | +1] 0 |-1 n 547.7 0| 0] 0
»+ 1189.4 +1 |41 (-1 =t 139570 || 0 | +1| ©
30 1192.6 +1] 0 |-1 70 134.977 || 0| 0 | 0
¥ 1197.4 1] -1 [-1]| 7 139.570 || 0 | -1 | 0
=0 1314.8 +1] 0 [-2] KO 497.65 0| 0 | -1
= 1321.3 +1] -1 |2 K- 493.68 0] -11-1

Q = I, + B/2

Protons and neutrons we
saw already, all OK

The n has a mass very different from
the pion’s mass and it is ~isolated —
only member of a singlet. Charge is

OK, 1=0, 15=0

K +K_0 are also close in mass, like the pair
K~K°, may be assumed to be members

of a doublet, 1=1/2, Is=-1/2,1/2. However
the Q formula fails.

Pion’s masses are close by
and may be considered as
members of the same triplet
with I=1 and |3=-1,0,1

Also the charges are
correctly computed using the
standard formula (baryon
number=0)

All is restored if we include S, the strangeness, in the charge

quantum number, the Q — 13 4+ —
Hypercharge Y =B + S 2

B+S
=I3+_

Y
2




Baryon [sospin

- m(MeV/Z) | B Q [ S [ mesos | m(MeV/®) [B| Q | S B+S Y
: 038272 || +1|+11 0| K+ | 49368 [o|+i|+1| ¢= t——=L+7
E 939.565 ||+1| 0 | 0| K° 49765 [0 | 0 | +1

£ 111568 || +1| 0 |-1 n 547.7 0] 010 Protons and neutrons we

g 1189.4 || +1|+1|-1| = 139.570 | 0 | +1| 0 || |saw already, all OK

- 11926 ||+1]| 0 |-1| =° 134977 | 0| 0 | O

11974 || +1| -1 |-1| = 130570 | 0| -1 | 0

: 13148 ||+1] 0 |-2| KO 49765 | 0| 0 | -1

’ 1321.3 +1] -1 |2 K- 493.68 0] -11]-1

Baryons seem to be organised into multiplets as mesons: 1 singlet, 2 doublets, 1 triplet.
The charge-formula works well for baryons!
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Baryon number

momentum

. B+S+C+B+T
Generalised charge formula Q = |, + ,
2 1
Bottomness number
k
Property \Qua.r d u s c b t
: 1 2 1 2 1 2
Q — electric charge -3 +3 -3 +3 —3 +3
- i 1 1
| — isospin 2 5 0 0 0 0
|, — isospin z-component -% +% 0 0 0 0
S — strangeness 0 0 -1 0 0 0
C — charm 0 0 0 +1 0 0
B — bottomness 0 0 0 0 -1 0
T — topness 0 0 0 0 0 +1




Life-time of Particles

Stability of particles:

» There are stable particles (that are believed to be stable) like the photon vy, the electron e, neutrinos v (and the
corresponding antiparticles). Among hadrons only the proton (and the antiproton) is stable.

* |In some models ‘Beyond Standard Model’ BSM also the proton and the neutrinos may unstable.

» Unstable particles classified according to lifetime

E Interaction Life-time (s) Comment Example
E Weak 106 t0 1012 U - ey,
§ Electro-magnetic 10716 t0 1020 0 > yy
g Hadronic 10-23 Resopances (more in the A— pr-
g following!)

W+, W-, Z0 1025 Decay is very fast due to large 20 = put i

mass — light particles

We will see more in next slides.
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Of the Uncertainty Principle (reminder!)

The Uncertainty Principle says that in the microscopic world there are limits to our knowledge of a state and that
we determine some observables with limited precision.

Pairs of conjugated physics variables: energy and time, position and momentum

AEAt > ApyAx =

NS
N | S

Resonance is a possible intermediate state produced by the interaction of two particles: a + b —>®—> a + b

A
1.0 '
In the case of a resonance, we consider the energy (mass) and width I'

(uncertainty on the energy — on the mass), lifetime of the particle at rest .
AE~T
At~1
— AEAt=TI't =

|
|
E Foral ~ 100 MeV — 1 ~ 1023 g

= E’ If a resonance is produced with an energy E — lifetime is increased by a
factory=E/m — 1y Back

N | S




Hadronic Resonances

Some particles are stable. Many others, with a relatively long life-time, longer that 10-19 seconds, travel enough to
be detected and their decay is due to weak interactions. Hadron resonances undergo strong interactions and their
life-time is so short that it cannot be measured.

How to get their life-time? The uncertainty principle says a short life-time implies an uncertainty in the energy of the
state — repeated measurements of the mass will give different results that are expected to be distributed like a
‘Breit-Wigner’ distribution.

The width of the distribution is connected to the life-time: [ = AMc?=h/t

A width of ~100
MeV corresponds to
a life-time of 1023 s
c2 — Myc?)?2 + - F2 / — much too short

(M
]I H ]I to be measured!

Measured Particle Resonance
mass mass width [
. value value

1

X(Mc*)? o
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Getting the Breit Wigner Shape

Elastic scattering case — same particles of the initial state also in the final state
(but different momenta)

Intermediate excited states may show up in hadronic interactions. These

Particle b at rest states R are called resonances. — described by a wave function with a
ﬂ de Broglie 4 = g = 2mh/pc and described by a wave-function like
a+b—-R—>ad +Vb. ER

Y(t) = Y(0)e” * ", This state is unstable and will decay to a’ and b’

Particle a in motion. If you increase the energy of this particle and if an intermediate state R is produced this will
show up with an increase in the cross section.

dP = probability of decay per unit time

N = number of produced resonances

— -dN = AN dt where A is a constant that describes how quickly the resonance decays.
N(t) = Nye ™t = Nye~t/®
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Getting the Breit Wigner Shape

Let us imagine the elastic formation process of a generic resonance R, which decays with lifetime into the same
initial particles. The presence of a interaction process is demonstrated by the different directions and momenta of

the particles in the final state, that is,

‘a +b —»a +b Elastic scattering case ‘

The unstable resonance R is described by the free particle wave function|(0)e ~t*rt| multiplied by a real function

describing its decay probability as a function of time, that is,

Y(t) = Y (0)e R F

__iEp _r
= Y(0)e * ‘e 7,

where the relations wyp = %R and 7 = % have been inserted in the last equality. The probability of finding the particle

atatimetis I1(t) = v*y = ¥(0)%e /" = 1(0)e /7, Exponential life-time

corresponding to the radioactive decay law.

The Fourier transform gives us Y(E) = / v (t)e'E'dt = ¥ (0) / et/ +ER—E]l g4

the energy distribution

> 1
/ e “Pdr = —
0 a

_ K
~ (Er—E)—il/2’ Back




Toni Baroncelli: Introduction to Particle Physics

Relation between Width and Cross Section

X(E) — /W(t)eiEtdt — W(O) e—t[(F/2)+iER—iE]dt —

K

T (ExTEB)=il)2

The constant K has to be related to the cross section:
the square of the wave function y(E) represents the

probability of finding the particle in the energy state E,
it must be proportional to the process cross-section,

that is

2
o(E) = oox*(E)X(E) = g K~

I Maximum at E=ER

(Er—E)*+T?%/4

Since the the distribution has a maximum at Eg we can write 1 = y*(Eg) * y(Eg) =

Let us now consider the formation and
decay of a resonance with total angular
momentum J by the collision of two
particles a; b, with spin s, s, . In this case,
the cross-section must be averaged over
the number of spin states of the incoming
particles and multiplied by a factor (2J +1)

KZ
r2/4

og~wave — lenght?

r2/4

(ER—E)>+T?/4 )

(2J +1)

rz/a

oo (E;J) = 47k

(2sq¢ +1)(2sp + 1)

(ER—E)>*+T1?/4

|

Back



Relation between Width and Cross Section

The constant K has to be related to the cross section:
the square of the wave function y(E) represents the

X(E) — /W(t)eiEtdt — W(O) e—t[(F/2)+iER—iE]dt —
probability of finding the particle in the energy state E,

o K it must be proportional to the process cross-section
(ER—E)—il'/2 that is |
1&:2
o(E) = oox*(E)X(E) = g BN

(Er—E)*+T?%/4

I Maximum at E=ER

K2 r’/a

r2/4

Since the the distribution has a maximum at Eg we can write 1 = y*(Eg) * y(Eg) =

(ER—E)>+T?/4 )
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og~wave — lenght?

The measurement of the cross section I
also allows to determine the spin of the
colliding particles. Spins of the incoming oel(E;J) = 4nk
particles are known — Factor (2J+1)

2J +1) rk/4
(2sa + 1)(2sp + 1) ||(ErR — E)? + r2/4]'

Back



One observation

oo (E: J) = 4nx?

(2J +1) r’/a
(250 + 1)(2sp + 1) [(ER —E)? + r2/4]'

I' 2is ok for the elastic case because you have the same particles in the initial and final state

I" tells us how strongly R couples to (ab) once in the initial state and once in the final state — I" 2

In the inelastic case a + b — X (‘many particles’) — I, Iy
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Resonance :or Inelastic Case

m (2t L

Capor(Ecn = V'5) = ~
PR pa'bz(2sa+1)(2sb+1)(\g_MR)2+r§/4

o Tl

scale factor

(1/s)

Breit-Wigner

(E, B): CM 4-mom.

['r :constant widt
Dap, x COUp”ngs statistical factor
MaR’ EO mass (particle spins)

(peak norm.)
<>

] L [en 3. T (To/2)

ole’e” > J/y—>ppn ){—}{—}{ n }{ W} 3 = ere™ > Iy — pH
s L4 T [ To ~M) +(T,../2) v R

) tot tot (\/_ ) ( tOt/ ) Gpeak oc 1/5 (z MR-Z)’

2 independent from

=12—TCBRJ/ WBR, (Ft;t/ 2) _ coupling strength.

y—oe'e YU p 2
et > (\/_—M) +(Ftot/2) Back




Resonance : Different Functions

Many more parameterizations used in literature (semi-empirical or theory inspired), e.qg.:

0 =| = 2 +1) - [/
0 (2p)2 (ZSa+1) 25 +1 R - 2 5 relativistic

M, ) +T3/4
GIZFGTR} {(2sa(+2i)+zls +1 }{ } R }

622_167:__ (23, +1) }{rab}{rﬁnal

M; J[ (25, +1)(25,+1) || T || T } (\/_—MR)2+F§/4

r:/4

\/_
\/_—MR)2+F§/4

simpler, neglect
I2/4 s-dependence

relativistic BW for

- __1675__3}{Fee}{rf1 M:T2 ete" > Z - ff
S Ll LT (s-M2 ) M

"s-dependent I';"
RALL | P D S (O Vi RS

Toni Baroncelli: Introduction to Particle Physics

(used at LEP for

the Z lineshape)
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Resonances

There are two mechanisms for the observation of
resonances:

x

- Formation: the two interacting particles have | Invariant
both quantum numbers and energy to produce ‘formation’ mass of the
a resonance. It’s presence will be determined resonance
by an increase of the cross-section at an

energy corresponding to the peak of the
resonance — mass & width — life-time

« Production: the two interacting particles do n Invar@nt
NOT have the quantum numbers to create a Mmass O\ge\
resonance. In this case an intermediate virtual resonanc
particle is needed. Determining the presence of
this resonance will be more difficult, it will imply
the detection of all decay products and the

construction of the invariant mass.
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" p P
Baryonic resonance Mesonic resonance
in ‘production’ in ‘production’ Back
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Braibant, Giacomelli, Spurio

The Electromagnetic Paradigm

Electromagnetic (EM). The analytic form of the interaction potential between charged particles is precisely known
— Maxwell’s original formulation — relativistic representation — quantized field theory.

Quantum electrodynamics (QED): includes the spin of particles, the interaction between charged particles through
the exchange of a photon. Many physics quantities (cross-sections, particle lifetimes, magnetic moments, and so
on) can be computed very precisely.

The success of the QED has been extended to the weak and (partially) to the strong interactions. The calculation
of the transition probability quantity allows the comparison of theoretical predictions with experimental
measurements.

It has been verified that the electromagnetic and the weak interactions are different manifestations of a single
interaction, the electroweak interaction. The unification of the two interactions occurs at an energy larger than the
W+, W-, and Z° boson masses, i.e., for energies above ~90 GeV. At lower energies, the electromagnetic and
weak interactions are separate and different.

At much larger energies, the electroweak and strong interaction unification (the so-called Grand Unification
Theory) can be hypothesized.
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The Electro-Magnetic Case

The electrostatic force is ruled by the Coulomb law:
F = 192 2> Fl ! L2 €12 = —F2.
- 72 r 4dmeg 7‘%2

where g4 e g, are the point-like particle electric charges, r is the distance between them, 7 is a unit vector directed
from g4 to g, and K is a proportionality constant. The dependence on r is similar to that of Newton’s law. The
electric charges gy and g, do not depend on the inertial mass and can assume positive and negative values. The
electrostatic force can attract or repel particles, depending on the relative sign of the charges.

Today, we know that each magnetic field is generated by electric charges in motion, and that the field is a
relativistic effect of such a motion. In the relativistic theory, the electric and magnetic fields are so interrelated that
an unigue interaction, the electromagnetic interaction, must be considered. The force acting on a moving charge g
with velocity v in an electric field E and a magnetic field B is (in the International System):

F =qE + quXB | |
Lowest order Feynman diagrams for the elastic

o _t_ | electron—electron collision due to the E interaction.
The time is in abscissa (from left to right). In (a), the
electron in the bottom part emits a “virtual” photon
which is then absorbed by the electron at the top; (b)
v shows the other way around. The diagram (c)
represents the interaction without specifying the time
e__J direction Back

B
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The representation of Feynman diagrams has been very successful for describing
the EM interaction in quantum mechanics. The Feynman diagrams represent a
visual method which provides both an intuitive representation of the interaction and
a rigorous way to obtain numerical quantities through a perturbative calculation
method. Let us first consider the Feynman diagram to the left for the interaction
between two electrons. Experimentally, it is observed that the two electrons repel
each other. It is conceivable that the interaction occurs through the exchange of a
particle, the photon.

An electron at rest cannot, however, emit a “real” photon because this would violate the energy conservation law

Initial state Final state

Process energy energy
2
e — ey mec?  # mec? + 2”38 + E,.

E.Y is the total energy of the emitted photon, pe is the (nonrelativistic) momentum acquired by the electron, mg is the

electron mass. According to Heisenberg’s uncertainty principle, if energy is measured with an uncertainty of AE,
the uncertainty on the time measurement is
At > h/(AE).
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The Nature of the Electromagnetic Interaction

Suppose that a photon is emitted from the first electron violating the energy conservation

(oy a quantity AE). Now, suppose that the photon is absorbed by the second electron
within a time t, resulting in a second violation of energy conservation by a value of -AE. If At > h / (A E )
all this occurs within the time interval defined by the uncertainty principle, none of the two

violations can be observed: they are “hidden” by the uncertainty principle. Such a process
would therefore be considered as possible. The net effect is an exchange of energy and
momentum between the two electrons, and is therefore a way in which two electrons, and
more generally two charged particles, can interact.

In quantum theory, it is believed that the EM interaction takes place in this way, i.e., by exchanging a virtual,
non-observable, photon. The electron quantum numbers, particularly its spin, must remain unchanged. —

AS a consequence, the exchanged particle must have integer spin and is therefore a boson (all the force mediators
have spin 1, except the graviton that has spin 2).

Assuming that the boson is moving at the light speed and has no rest mass, it travels in the time interval At at a
distance of Ar=cAt. Placing this quantity in the uncertainty relation, one obtains AE > h/(At) = hc/(Ar). Since the
interaction energy V is of the order of E (for a single exchange process), one has

AE >~V =a;hc/r.



The Photon is the Quantum of EM

The dimensionless constant a; characterizes the interaction intensity. Equation of page before is obtained,
assuming the exchange of a massless boson. As a consequence, the forces due to the exchange of virtual
massless particles decrease with the distance r as

F~dV /dr~1/r?
From the opposite approach, i.e., assuming a force dependence 1/r? one knows that the exchanged virtual
particle in the EM interaction is massless. The exchanged virtual particle can therefore be identified with the photon,
the real quantum of the EM field. Since the gravitational force has a similar dependence in 1/r2, the graviton should
also be massless.

In quantum mechanics, the emission of a photon by an electron means that the electron creates a field; when the
electron absorbs a photon, it destroys a field. An interaction should therefore be considered as a sequence of two
processes: the creation and the destruction of a field represented by the two diagrams below.

Toni Baroncelli: Introduction to Particle Physics

Since the virtual field (the photon) is not observable, and since
the final states are identical, we do not know if the photon is

created (destroyed) by the electron at the top or at the bottom
of the diagram: the two processes are indistinguishable.
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Elaborating more

The dimensionless parameter characteristic of the EM interaction is the fine structure constant (also called
electromagnetic coupling constant) already known from atomic physics. It can be derived by equating

AE >~V =ua;he/r.

with the Coulomb energy potential:

aihc _ qu /T electromagnetic coupling constant
r
from which one finds (g = e is the electric charge of the ele%tron): . 1 1o o
a; = e /flC 1_47r60 7‘%2 2 2

numerically, one has (S.I., cgs, cgs)

e? (1.602 - 1019)2

— =1/137.1
drweghc 4w -8.85-10712-1.05-10734-3-108 /

YEM

e? (4.803 - 10~10)2

- = — —3
he  1.0546-10727-.3.1010 1/137.1 = 7.294- 10

OEM —

Ay = e’ (h=c=1) Back
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Nuclear Sizes and Shapes

Nuclear sizes and shapes — use scattering technique — use a projectile (accelerated or from radioactivity) that

hits a target
proton proton

nuclear forces
between the projectile
and the target are

complex and not well
understood

projectiles are extended objects

Use electrons! Point-like projectiles!

» The interactions between an electron and a nucleus, nucleon or quark take place via the exchange of a virtual
photon — this may be very accurately calculated inside quantum electrodynamics (QED).
» These processes are in fact manifestations of the well known electromagnetic interaction, whose coupling

constant a = 1/ 137 is much less than one. This last means that higher order corrections play only a tiny role
Back
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Reminder!

In electron scattering experiments one employs highly relativistic particles. Hence it is advisable to use four-vectors
in kKinematical calculations. The zero component of space—time four-vectors is time, the zero component of four

momentum vectors is energy:
L= ($0,$1,1L'2,LL'3) — (Ctaw) )

P = (p07p17p27p3) — (E/c,p) .

Three-vectors are designated by bold-faced type to distinguish them from four-vectors. The Lorentz-invariant
scalar product of two four-vectors a and b is defined bv

a-b = aobo—albl—azbz—a3b3 — aobo—a-b.

2
In particular, this applies to the four-momentum squared @ E_2 —p? .
C

This squared product is equal to the square of the rest masﬁ (multiplied by CZEDThis IS SO since a reference frame
in which the particle is at rest can always be found and there p =T, =mc2. The quantity

m = /p2 /c is called the invariant mass .

From the two relations above we obtain E? — p?c? = m?*c*

and also (this approximation is valid for electrons already at energies of a few MeV) E =~ |p|c¢ if E > mc*.
sack
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The inner structure of the matter can only be probed using d Thin scattering

scattering experiments. The more energetic projectiles are target thickness d

used the smaller is the eqti{vEliLn}pde Broglie wave length E. T
Small wave lengths allow the inspection of the inner I
structure of the matter.

A J

Y

Y

®
}

ldeal Simplified Experiment:

Beam particles a bombard scattering centres b. We
define that a reaction occurred whenever a hits b. The

Y

lbeam particle a disappears
a + b — anything

N beam-rate

Beam cross section area A
Y

Particle beam a coming from left with density n, and

velocity v, The corresponding flux is \ \
bg = Ng XV,

Target with Ny, scattering centres b and particle density n,

d,=nyv, Ny =npAd
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Ideal Simplified Experiment:

After the interaction beam particles disappear (we do
not distinguish different final topologies, we sum elastic
+ inelastic cross sections). Reaction rate is

N=N,—N,

Particle beam a coming from left with density n, and
velocity v, The corresponding flux is

N
By = Ny XV, = 7“ (areaxtime)™!

Target with Ny, scattering centres b and particle density n,.
Target particles within the beam area A are
N, = AXdXn,
— the reaction rate N is
N = ¢ xNyxa,,
N
d)aXNb

Op

number or reactions per unit time

Beam cross section area A

A —» Thin scattering
target thickness d -
Va \‘ : /
_a, :
! o)
o e " © cross section
A . :
- k\/
Tl
—
N, beamirate—| N, beam

~ beam particles per unit time per unit areaxscattering centres

T glrate

\

Limitations: scattering centres do

not overlap + only one scattering
Back




(Geometric) Cross Sections - 3 (Povh...)

If the density of the beam is not uniform but the target is homogeneous the equivalent expression is used

N number or reactions per unit time
op = = ; oy . .
3 b P, XN, beam particles per unit time Xscattering centres per unit area
p In the expression Unit  Symbol m? cm?
.E . .
& N Physics! megabarn | Mb 10722 | 10718
2 Op .
5 Pa XNy Experiment _ kilobarn | kb 10725 | 10721
E the product ¢, XN, is sometimes called Luminosity, L Inthis case N = LXap (we barn b 10-28 | 10-24
£ will discuss more about Luminosity)
= millibarn | mb 10731 107%
: Description is very simplified... microbam | b 10-3¢ | 1030
i+ Energy dependence
= - : : - - nanobarn | nb 1077 | 1073
<« Particle types (proton scattering, electron scattering, neutrino scattering on the same
target have cross sections that change by orders of magnitude) picobarn | pb 10740 1 107%¢
L . . . . . femtobarn | fb 107%'| 1072
The total cross section is defined as the sum of elastic and inelastic cross section yr —
Oror = O + 0ime; @Nd has dimensions of area. Given the typical dimensions a common | attobarnab 1077110
unit to define cross sections is the barn (see table on the right): zeptobarn | zb 10749 | 10745
yoctobarn | yb 105°2 11078

o,p(10 GeV) ~ 40 mb, o,,(10 GeV) ~ 70 fb Back



The Luminosity

The quantity L= ¢, Ny Beam on a target
is called the luminosity . Like the flux, it has dimensions of [(area x time)-1]. From ¢, = nyXv, and N, = n,-d - A we
have ’

L=¢@g- Np =|Na " Ny 'dHna Vg + Np

uminosity — defined as one of two products below
number of incoming beam particles per unit time 'N,, the target particle density in the scattering material n,, and
the target’s thickness d;
lbeam particle density n,, their velocity v, and the number of target particles N, exposed to the beam.

There is an analogous equation for the case of two particle beams colliding in a storage ring. Assume that j particle
packets, each of N, or Ny, particles, have been injected into a ring of circumference U. The two particle types
circulate with velocity v in opposite directions and cross at an interaction point

_ Ng-Np-j-v/U ... and have to be well aligned:
times per unit time. The luminosity is then: - A LHC ~27Km circumference!

where A is the beam cross-section at the collision point. For a Gaussian distribution of the beam particlesjar¢und
the beam centre (with horizontal and vertical standard deviations o, and o, respectively), A is given by:
A=4mo,0, .
To achieve a high luminosity, the beams must be focused at the interaction point into the smallest possible cross-
sectional area possible. Typical beam diameters are of the order of tenths of millimetres or less.
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In all experiments only a fraction of all reactions are
measured or accessible because of limited ACCGDW

acceptance of the experimental set-up. If a detector of
area Ap is positioned at a distance r and at an angle 0,
it covers a solid angle equal to AQ = Ap /12,

B £

The reaction rate (assumed to depend on the energy
of the incoming beam and on the angle 0) will be:

" do(E,¥
N(E, 0, AQ) _ (Y9E9)

9]

dQ}

Target plane

And, if the detector can also determine the energy of the outgoing products then the doubly differential cross
section is also measured d?c(E,E’,0)/dQdE" . The total cross section, in this case, will be the integral over the

solid angle and over the scattering energies

Otot (E) = j

Emin

min

dQdE’

dQdE

Emax Jemc.lx dZO-(E’ E’, 9)
7]




Cross Sections from Theory: The Golden Rule

IScattering processes — cross sections. Can we compute it with theory?l

The Hamiltonian transforms the initial state wave function into the final one:
Mp; = (| Hine | Wi) At > h/(AE).

M¢; is also called the probability amplitude for the transition.

Let’s remember that the reaction cross section also depends on the number of final states available to the reaction.
According to the Heisenberg uncertainty principle each particle occupies a volume h3= (2mh)? in the 6-dim
position-momentum space.

JI ' Spherical shell radius p’, p’+8p’.

Consider a particle scattered into a volume V in a momentum interval p’, p’+8p’. This volume is 4mp'?5p’
and the total number of final states is

Toni Baroncelli: Introduction to Particle Physics

. Vamp'26p’
Since (energy E momentum v) dE' = v'dp’ we get that the density of final states p(E’) is
. dn(E') V4mp'
pE) =—7—=7 3
dE v'(2mh)

Volume occupied by 1 particle
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Cross Sections from Theory: The Golden Rule

According to the Fermi second golden rule (not derived here): reaction rate W, transition matrix and density of final
states

2T ,
W = ?leilzp(E)

N
We have already seen that ¢, = n,Xv, and o}, = S,
a™Vb

Theory

2T
o =2 h(Myif p(EYV
hv,
» If interaction potential is known or calculable — compute the cross section
« if Mgis not known one can measure ¢ and derive My from it.

The Golden Rule applies both to scattering and decay processes. In the second case the lifetime of the process will be

1
Tw

* if the lifetime is (can be) measured then Mg can be derived.
« |f T cannot be measured then the uncertainty principle can be used and we can take AE = h/t
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Feynman Diagrams (Povh...)

« Scattering processes, say two particles colliding against each other or the decay of a single particle, are normally
depicted by Feynman diagrams.

« There are rules to construct these diagrams that map symbols into the matrix element. et

» This is true not only for QED and weak interactions but also for strong interactions quantum
chromodynamics (QCD).

* No exact calculation but qualitative arguments.

Figure — shows a typical diagram. Drawing rules:

« The time axis runs 1 and the space axis —-. (a)

« The straight lines correspond to the wave functions of the initial and final fermions. NN\

« Antiparticles — arrows pointing backwards in time; photons by wavy lines; heavy vector bosons 555050000600
by dashed lines; and gluons by corkscrew-like lines. - -—-=--—---—-—.

* The electromagnetic interaction between charged particles — photon exchange.

« Particles appearing neither in the initial nor in the final state, such as this exchanged photon, are called virtual
particles.

« Uncertainty principle — virtual particles do not satisfy the energy-momentum relation E2 = p2c? +m?2c* . This may
be interpreted as: 7] the exchanged particle has a mass different from that of a free (real) particle, or 2] that energy
conservation is violated for a brief period of time. Back



electron
scattering off
positron

Points at which three or more
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(d)

Feynman diagrams for
the electromagnetic (a, b, ¢),

weak (d, e)

and

strong interactions (f).

Space
AHh AH
9p)
-
QO
ol E
S| 2
e | gl 2
= E C
— [t @®
v

In QED, as in other quantum field theories, we can use the
little pictures invented by my colleague Richard Feynman,
which are supposed to give the illusion of understanding
what is going on in quantum field theory.

M. Gell-Mann [Ge80]



Feynman Diagrams — EM

Each vertex corresponds to a term in the transition matrix element which
includes the structure and strength of the interaction. In the graph « the
exchanged photon couples to the charge of the electron at the left vertex
and to that of the positron at the right vertex. For each vertex the

transition amplitude contains a factor which is proportional to e , i.e., Ja. .

i

ur u

2

Fig. (b) — annihilation of an e*e~ pair. A photon is created as an
intermediate state which then decays into a u*u~ pair. Fig. (c)
shows a more complicated graph of the same process: the photon, Y
is briefly transformed into an e*e~ intermediate state. This and
additional, more complicated, diagrams contributing to the same
process are called higher-order diagrams . The transition matrix is
the sum of of all diagrams — same final state.

by
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|
: =
® 4 vertices / +

Time —

2 vertices

More vertices implies higher powers of a . Diagram (b) is < a e~ et
diagram (c)’s is « a?. The conversion ete™ — u*u~ is given by
graph (b), higher diagrams produce only small corrections to (b).




(-, Feynman Diagrams — EM

® 4 vertices / et
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Annihilation of .
an et e pair into —
autu” pair.
(b) (c)
e et
— -+ 04
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Figure (d) shows electron-
positron annihilation followed
by muon pair production in a
weak interaction proceeding
through exchange of the

neutral, heavy vector boson
ZO

In Figure (e), we see a
neutron that transform into
a proton via 3 -decay in
which it emits a negatively
charged heavy vector
boson W- which
subsequently decays into
an electron and
antineutrino v .

Figure (f) depicts a strong interaction
process between two quarks g and

g’ which exchange a gluon, the field
guantum of the strong interaction
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Feynman Diagrams

* In weak interactions, a heavy vector boson is exchanged which couples to the “weak charge” g and not to the
electric charge e . Accordingly, M « g2 o< Q, .
« In strong interactions the gluons which are exchanged between the quarks couple to the “colour charge” of the

quarks, Ms; & \/ag - \Jag = as.

The exchange particles contribute a propagator term to the transition matrix element. This contribution has the
general form 1

JZ + M2 c2

Here Q2 is the square of the four-momentum which is transferred in the interaction and M is the mass of the
exchanged particle. In the case of a virtual photon, this results in a factor 1/Q2 in the amplitude and 1/Q* in the
Cross-section.

In the weak interaction, the large mass of the exchanged vector boson causes the cross-section to be much
smaller than that of the electromagnetic interaction — although at very high momentum transfers, of the order of
the masses of the vector bosons, the two cross-sections become comparable in size.



Of the Scattering Processes (real life)

We saw in the previous slides that scattering experiments allow to determine the transition matrix element.
However in the real life this is less easy than it seems. Scattering experiment means you shoot projectiles on a
target (like a beam on a target or two beams clashing against each other).

« Projectiles are or may be extended objects (low energy particles have a large de Broglie ; The more energetic
projectiles are used the smaller is the equivalent de Broglie wave length 4 = A /p , small wave lengths allow the
inspection of the inner structure of the matter).

» protons have an internal structure, we know they are composite objects (alfa particles even more);

» electrons, as far as we know, are point-like objects,
the interaction between electrons and a nucleus or
a quark proceeds via the exchange of a photon;

» Processes mediated by photons have two
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advantages:
1. The first one is that they are well known since
long.

2. The second positive fact is that these
interactions are characterised by a strength
(i.e. a coupling constant) a=1/137 which is higher level diagram —
rather small and allows the perturbation small contribution to
theory to be applied. Cross section
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Electron Nucleus Kinematics (Povh...)

Elastic Scattering of an Electron on a Particle at Rest with Mass M
(assumed to be a proton)
— electron and particle with mass M remain unchanged in the final state

4 — Momenta The energy conservation implies that p+P=p +P
i and also... P=p+P-p’
Nucl
HEIEHS E'p' »~And, once squared,  p’+2pP + P? =p” +2p'P' + P”
Electron IR S 4 momenta p? and p? are invariant and equal to m,
4 momenta P2 and P’2 are also invariant and equal to M

—m2c® and  P?=P? =M
E,. P’ "+ P—p) = pp+pP—mic

Kinematics of elastic electron — nucleus
scattering Back



a-b = aobo—albl—agbz—agbg = aobo—a-b

In general only the electron is detected ‘ p-P=9p -(p+P—=p) =pp+pP—mi

Nucleus
| E'p’ /'O | Let’s choose the laboratory frame where particle P is at rest —
Elect
O LN\ é p=(E/e,p) p = (E')e,p)) P=(Mec,0) P = (Ep/c,P)
Ep Me M
E-Mc =FE'E — pp'c2 +E'M — mzc4 .
E,, P

Fig. 5.1. Kinematics of elastic electron-nucleus scattering.

At high energy we may neglect the electron mass and take E~|p|-¢ —» E - Mc? = E'E -+ E'-Mc

0 is the scattering angle between p and p’
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E

E' =
14+ E/Mc?-(1—cosf)

In elastic scattering (and in elastic scattering only!) there is a one-to-one correlation between the scattering angle
6 end the energy of the electron. The recoil energy transferred to the target proton is given by E’-E
— if the term E/M increases E’ decreases — small recoil energy Back
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E=05GeV A=50
E=10 GeV

A=50

- -
-y
-
i

E=10GeV A=1

= —
— —
— — — — —

A=50 — Sn (tin)

E
14+ E/Mc?-(1—cosb)

The angular dependence of the scattering energy E is
described by the term (1-cos 6) multiplied by E/Mc=.
Hence the recoil energy of the target increases with the
ratio E/c? to the target mass M. In electron scattering at
the relatively low energy of 0.5 GeV off a nucleus with
mass number A=50 the scattering energy varies by only
2% between forward and backward scattering. The
situation is very different for 10 GeV electrons scattering

off protons. The scattering energy E then varies between
10 GeV (B = 0°) and 445 MeV (6=180-).
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Nucleus — Coulomb force

Particles travelling at a large distance from the scattering centre (nucleus generating a
Coulomb field) are deflected less than particles travelling closer to the nucleus.

— For a larger impact parameter b, the diffusion occurs at a smaller angle . For this reason, a
negative dO corresponds to a positive db
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Charged particles reaching the region of surface (2= db) around a fixed center of diffusion (generally, a heavy
nucleus) which produces a Coulomb type potential are elastic scattered in the angular range [0, 6 — 66] (b)
— Derive the relation between the impact parameter b and the deflection angle in the Coulomb elastic scattering.

You measure this!
The number of incident particles elastically scattered per time unit in the interval | (6 , 6 — 80) is

dN = 2nNogb db = Nydo — do = 2m b db

Ng is the number of incident particles per area and time units
do = 2nbdb is the surface of the annular ring hit by the incident particles in the angular range (6 , 6 — 80).

Note that if one considers dN as the difference between the number of initial and final particles, the variation is < O
Back



Rutherford Scattering - continued

The elastic differential cross-section do/dQ is defined as

do(0) = j_?z ds2 = 5_;27; sinf d6 = —2xnb db, Integrated over 2r in ¢
do@.0)=bdbdo=—2"0.0)d2 = -9 (0.0 sin6 d6 d
a(0,¢) = 90——0,9( . 9) ——dg(,fp) sin .

o¢l = f j—g(e)d:z S Y fo sin95—;(9)d9

The total cross-section represents the actual size of the “transverse” area of the diffusion centre seen by the
incident particles..
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The calculation can be applied to the elastic Coulomb scattering. For example, Rutherford used o particles (that

is, He nuclei, 2p) with a few MeV of energy, colliding against heavy gold (Z = 79) nuclei. The Coulomb potential of

Ze

the nucleus with charge Z and an incoming particle with charge ze (Z=2 for a. particles) is U(r) = —

Then the Coulomb energy potential V(r) is zeU(r)
V(r) = zZe?/r (z—>2,Z—>79) Back
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Rutherford scattering - continued

We get

0
\Ap=2p sm(E)
\

sin(6/2) Potential energyat adistance2h 2Ze*  zZelcot(8)2)
tan(ﬂ/Z) = = — ==
cos(8/2) Kinetic energy 2bE, 2,

Now the expression for db/af is (dcot{x)=sin(x2dx)

The a particle with kinetic energy E.
hits the gold nucleus at a distance b
and sees a potential energy zZe?/b.

"""" \ article, E b
=N ap g W) The scattering angle 6 is then
\ T 71 - _,) - . ]
\ = (Ip'l =18l; &p = |p’ = B| = 2 p sin(3)
>
Classical Relation
sin(9/2) |Potential energy at a distance 2b | zZe? zZe?cot(0/2)
tan(6/2) = = — = - b=
cos(60/2) Kinetic energy 2bE. 2E,
Now the expression for db/d6 is (dcot(x)=sin(x)2dx) ;1_0 27 sind d = —27h db.
db 27 02 2 slides before
. do g _ b db df  2bE_sin(6/2)2
naHsing dQ"’ ~ sinfdf
do b db (Zze?)? 1
d.Q( ) infd0 ~ (4E)? sin*(6)2) {mmmm \/3)id for a spinless particle -
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Targets with Extended Charge Distribution

Simplified case with point-like charges.
Let’s consider the case of

* an electron beam with a densitarticles per unit volume,

« scattering on a very heavy target (nucleus), so heavy that the recoil is so small that it can be approximated to
ZEro.

* We can use three-momenta.

 If the total charge of the target Ze is small then the interaction potential of the electro-magnetic interaction will be
small Zo<<1.

» |n this case the wave functions ¥; and W; of the initial and final state (i.e. electron) will be described by plane
waves:

qji — ieipx/h Lpf — Leiplx/h

VV VV

We assume that the process takes place in a volunie V (large with respect to the scattering centre) and that wave
functions of the incoming and outgoing electrons are normalised in this volume. We have a total number of Ny

electrons in the beam N
2 a
124V =7 where e




Extended Charge Distribution

which in our case reads

2T , 2T dn
W = r |M¢i|°p(E") = Y (W5 |Fine [W0i)12 a5
Since dE' = v'dp’ we get
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. Vamp'dp'
anp) = = orny?
1 2« 2 VIp'|?d|p'|
A0 v - = = = |ty [ Hame o a0

The velocity v, can be approximated by the velocity of light ¢ and |p’|~E’/c —

do V2E"2

d0|~ . (21)2(ho)* |<¢f|Hin‘3|¢i>|:

S Physics Back
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Some Calculation. ..

The interaction operator that transforms the initial state into a final one for a charge e in an electric potential ¢ is:
Hine = e
And the matrix element (¢ |Hine [0;) becomes

(W |Home| ) = j T e B dix

The momentum transfer between p and p’ is defined as g=p-p’ giving us the possibility of re-writing the formula
as

(l/}fl}[mt|¢ jqb(x)e nod3x

And using Poisson’s equation

2

iqx
(0 960l = i | F@ER % = e F@)

Where we have defined F(q)= [ f (x)eqT d3x,|ca//ed form factor of the charge distributionl The form factor
contains all the information of the charge distribution of the target we are probing in our scattering experiment.
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Getting the point-like Rutherford Cross Section

Let’s recall the expression we derived few slides before do V2E"2
d2  (27)2(he)t

[ (45 [ Hint|4h3)|”

If we neglect the fact that our target has an extended
charge distribution then F(q) becomes a 6 function and becomes equal to 1. If we do this approximation then we

get Rutherford cross section in the case of a point-like charge distribution and expressed as a function of the

momentum transfer q.
do 47%a?(hc)?E" e2
(E) B | 4) XEM =
Rutherford |qc| dre ohC

The 1/q% dependence indicates that the cross section drops very quickly for large values of q and that the largest
part of the cross section is limited at small values of q.

Let’s remember that

 If we neglect recoil E=FE’
* |pl=1p|
« E=|p| cis a good approximation

We get the classical expression
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In the field theory language the scattering of an electron with charge e on a target
with charge Ze is understood as being mediated by the exchange of a virtual
photon emitted by the electron and absorbed by the target (see picture here —).

The transition matrix will contain a term e - Ze and the cross section the square of
it (e - Ze)?. In this way of seeing the interaction the momentum transfer g
introduced before is the momentum carried by the photon and transferred from

the electron to the target. The equivalent de-Broglie wave-length of the photon is
h h 1

A = — =

q Ipl Zsing

In this representation the physical interpretation of the scattering is that:
if the de-Broglie wave-length of the photon is NOT small enough with respect to the extension of the target it cannot
probe the internal structure of the scattering centres and the target appears to be point-like. The Rutherford cross
section was obtained with low energy electrons corresponds to this situation.

In this way of representing the scattering process (exchange of a boson), the propagator in the matrix element
1

Q2+M2C2

1
becomes (the mass of the photon is zero) simply a



Rutherford Scattering
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Electron Spin — The Mott Cross Section

The Rutherford cross section has been studied so far neglecting the effects due to the spin of the electron (later we
will also consider possible effects due to the spin of the target).

The inclusion of the electron spin modifies the Rutherford cross section introducing a term (1 — (3% sin? g) which
disfavours too large scattering angles much more than the standard formula.

*
(d—") — (d—") - (1 — 3% sin? 9) . with g =2
df? Mott df? Rutherford 2 ¢
In the limit case f—1 and using sin?x+cos?x=1 we get Impossible!  spin s’

do\* do 5 0 47%0%(he)’E? 0
— = | — S COST — = cos” — .-
ds? ds? Rutherford 2 ‘qc|4 2 —

Mott ‘_/—'
—

In the limit case —1 and for a scattering angle of 180° we have a zero cross-section.
This is understood with the conservation of helicity, the projection of the spin in the
direction of the motion: h = s - p/(|s| - |p|)

Xa

L=rxp
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Neither the orbital angular momentum L (pointing up with respect to the plane of motion)

nor the spin-less target can compensate the flip of the helicity. The situation changes in
case of a target with spin.



Toni Baroncelli: Introduction to Particle Physics

Nuclear Form Factors

The Rutherford Cross Section is found to represent well data only for small values of the momentum transfer q.
For higher values of g data are lower that predicted by formulas.

This is understood with the fact that assuming that the charge distribution F(q) of a nucleus is point-like is
acceptable only when g is small — the reduced wave length of the photon is too large to probe the charge
distribution of the nucleus.

In this picture (q small) the photon sees the nucleus (or the nucleon) as a unique object.

When q increases the photon starts to see the inner structure of the proton — the photon starts to see only a
part of the charge and not all of it

— the cross section decreases with q faster than expected.

The form factor, F(g?), carrying the information on how the charge is distributed inside the nucleus ~ modulates
the Mott cross section

F@) =[et f@dx  (Demp = Duore - IF@DI?

The ratio between measurements and the Mott cross section for a point-like charge distribution allows the
measurement of the charge distribution inside the nucleus.
You measure the angle of the scattered electron, you compute q, you do the ratio.



More on Form Factors (Povh)

One could measure the ratio iqx
F@?) = [ e fods

do do p(r) Example
g |F(CI2)|2 = (d_Q)exp'/(d_Q)MOtt
= pointlike constant Electron
= But in practice one assumes different analytical shapes and
% compares data with predictions
% exponential dipole Proton
g Charge distribution f(r) Form Factor F(q?) gauss { L
e point o(r) /4w 1 constant
exponential (a®/87) - exp (—ar) (1+ q’/a’ h2) -2 dipole 23,’::;29“0"8 oscillatin
Gaussian (a,2 / 27r) 2 exp (—a2r2 / 2) exp (—q2 / 2a2h2) Gaussian \/\i\
homogeneous 3/4nR® forr < R 3a~? (sina — acosa) S
sphere { 0 forr>R with a = |q|R/h oscillating sphere with
\L

r —» Iql—
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Measuring the Charge Distribution of Nuclei

do/dQ [em?/sr]

10-33_

1034

E=420 MeV

120G

30°

do/dQ [cm?/sr]

10—27

1 0—28
1 0—29
[
1030
1 0—31
1 0—32
1033
1034
10—35

1036

1 0—37

ple/fm’] |
0.10-

0.054

Charge distribution
different nuclei

4
p(r)
p(01)_ ~ universal charge
S distribution ~
| sphere with a
05 [« - -—- - - ndiffuse surface
|
ol N
0 ! ’ ”
t r



Magnetic Moments of Charged Spin 2 Particles

We must now not only take the interaction of the electron with the nuclear charge into account, but also we have to
consider the interaction between the current of the electron and the nucleon’s magnetic moment.

The scattering (— deflection of the electron) produces a magnetic field that interacts with the magnetic moment of
the nucleon

« The magnetic moment of a charged, spin 1/2 particle which does not possess any internal
structure (a Dirac particle) (not a nucleon, known to have an internal structure) is given by
e h

H=895u 2

« M is the mass of the particle and the g =2 factor is a result of relativistic quantum mechanics;

« The magnetic interaction is associated with a flip of the spin of the nucleon.

« Scattering through O° is not consistent with conservation of both angular momentum and helicity and scattering
through 180¢ is preferred. The magnetic interaction thus introduces into the interaction an additional factor
containing a factor of sin? ¢/,.
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I Interaction with charge of target I

20/ — «in20/ . 26 . . .
(Here below we use tan® °/, = sin® %/ - cos* /) Interaction with magnetic moment of target I
1 H2rtan? here 1= 2 tant -y
(dﬂ pomtspm (dQ Mot Ttan- where T = —>— (constant - u<) Back
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do do
(o 1= (d—ﬂ Mott

daQ’ point sp inE

* The matrix element of the interaction is proportional to 1/(M?)

02
[1 + ZTtanE ]

» |t is proportional to the deflection of the electron (i.e., to the momentum transfer Q2 ).
» The magnetic term in the expression is large at high four-momentum transfers Q2 and

« if the scattering angle © is large.

« This additional term causes the cross section to fall off less strongly at larger scattering angles — al large values
of Q2 and a more isotropic distribution is found then what predicted by the electric interaction alone.

The g-factor of a spin Y2 charged particle is exactly 2 (but for small understood very small deviations) while the g-
factor of a spin 2 neutral particle is exactly O.

HOWEVER Nucleons are made up of quarks and this changes things
Their g-factors for protons and neutrons are determined by the internal structure

Hp = g?p#N = 4279 un ,
%
Hn = AN = —1.91-pun,

Where pyis

B eh
AN =9,

=3.1525-10" 4 MeV T}
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Magnetic Moments of the Proton and Neutron

Similarly to what we did for nuclei, where we introduced form factors, now we have to introduce ~ form factors
to describe electric and magnetic interactions (nucleus has a structure — nucleon has a structure)

QZ

M2c2

- 1+7

do. ,do GE(Q?)+1-G6H(Q?)
(d_Q (d_Q Mott *

2
+ 21G4(0Q%) tang ‘Where T =

Here Gg(Q2) and Gy (Q?) electric and magnetic form factors both of which depend upon Q2

The measured Q? dependence of the form factors gives us 0.016 . , .
information about the radial charge distributions and the
magnetic moments. The limiting case Q2 — 0 is particularly
important. In this case Gg coincides with the electric charge of
the target, normalised to the elementary charge e ; and Gy, is
equal to the magnetic moment p of the target, normalised to
the nuclear magneton. The limiting values are: 0.012

(dO'/dQ)exp
(do/dQ)mott
o
=
F S

Gh(@Q*=0)=1 5(Q%2=0)=0 Intercept — G

GR(Q2=0)=279 G(Q*=0)=-1.91 0.010

| | |
0 0.05 0.10 0.15
26 Back

tan 5
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Scattering of electrons on nucleus/proton

electron Target, charge Ze (Z=1 proton)
— = C (- C
£ | 5g|5=| 3 |8.|38. |
| S |Z-|S2|f8g| s |5g|2g Expression
Calculation I3 co|llao|lxe| £ | 8| NC
D 0 P i L LS - E
@ CE|S¥E| € | < e
L] o= | o= o o c
o a o o i
2 v doy  _ Z%e*
Rutherford | 4 )R 257 (s 0/2)°
7 7 do do 6
Mott CIm=Cr + (cos2)?
7 7 da
ONs EDns=(GD)m - 1/(1 —Z2sin0/22)
o ED=Gam - (1+ i tan0/2)
J— — 2 .
Rosenbluth €)%, - {GE(Q );TTGM(Q ) ¥ 20G2(0?) tan 622
< > < Y
e nucleus e proton Back
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The Transition Matrix Element

The cross-section can be experimentally determined from the reaction rate ‘N , as we saw above. We now outline
how it may be found from theory. First, the reaction rate is dependent upon the properties of the interaction
potential described by the Hamilton operator Hint . In a reaction, this potential transforms the initial-state wave
function i into the final-state wave function f . The transition matrix element is given by:

Furthermore, the reaction rate will depend upon the number of final states available to the reaction. According to the
uncertainty principle, each particle occupies a volume h3 = (23 in phase space, the six-dimensional space of
momentum and position. Consider a particle scattered into a volume V and into a momentum interval between p and
p +dp. In momentum space, the interval corresponds to a spherical shell with inner radius p and thickness dp which
has a volume 4mnp2dp. Excluding processes where the spin changes, the number of final states available is:

V. Ap'?

dn(p’) = ) dp’ .




The Transition Matrix Element

The energy and momentum of a particle are connected by:
dE' =v'dp’.
Hence the density of final states in the energy interval dE is given by:
. dn(E") V -4mp?
o) =3 = v @y

The connection between the reaction rate, the transition matrix elementand the density of final states is expressed
by Fermi’s second golden rule (not discussed here). It expresses the reaction rate W per target particle and per

bbeam particle in the form:
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2T
W= 7 |-Mfi|2 -o(E') .

with cross section

2
—— [Myil* o (B) V.

g =




The Transition Matrix Element

The golden rule applies to both scattering, to the decay of unstable particles, to the excitation of particle

resonances and to the transitions between different atomic or nuclear energy states. In these cases we have

1
W - ;
and the transition probability per unit time can be either directly determined by measuring the lifetime T or

indirectly read off from the energy width of the state
AE = h/t
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