Subatomic Physics:

Particle Physics

Lecture 2: Practical Particle Physics
3rd November 2009

What can we measure at the LHC, and how do we interpret that in
term of fundamental particles and interactions?

%k Particle Properties and
Quantum Numbers

%k Natural Units
%k Relativistic kinematics

% Decay Properties
%k Scattering Properties

Introduction: Measurements in Particle Physics

We saw last time that particles generally do two things:
e Scatter e.g. collisions of protons on protons at LHC
collision of cosmic rays in atmosphere
e Decay e.g. decay of particles produced at LHC
decay of cosmic ray muons

= Measurements of scatterings and decays are used to infer properties of the
particles and interactions.

= Can also measure directly some properties of the longer-lived particles.

| Static Particle Properties
e Mass, m, Charge, Q

e Magnetic moment Particle Scattering
e Spin and Parity, J~ e Total cross section, .

e Differential cross section, de/dQ

Particle Decays
e Collision Luminosity, £

e Event Rate, N

e Particle lifetime, 7, and decay width, I”

e Allowed and forbidden decays —

conservation laws




Tools of Quantum Mechanics

from introductory Subatomic slides

Each particle can be described as a quantum state, |¢)

The electromagnetic, weak and strong forces acting on these states can
be represented by (three different) quantum operators, O

Rates of interactions such as particle lifetimes and scattering cross
sections are given by Fermi’s Golden rule:

Transition between an initial state |¢;) and a final state |¢y) are related to
the matrix element ‘M = V= (¢s| O | ¢i ):

Transition probability, T = = |M|?p

e Tis related to the cross section of scattering, o.
e.g. a(ete—pu p) x | M (ete—u'u)P.
We will see

e T is related to the inverse lifetime of a decay, .
how to

e.g. t(u —e vevy) x 1|M (u—e vevy)|2.

calculate M in
future lectures

Quark and Lepton Flavour Quantum Numbers

e Lepton number, L: Total number of leptons - total number of anti-leptons

= Electron number, L.
L.=N(e )—N(et)+ N(ve) — N(v,

u)
r)

~—

= Muon number, L,
= Tau number, L. L,=N(u")— N(ﬁﬁ) + N(vu) — N(
e L=L.+L,+L, LT:N(T*)—N(T+)+N(V7)—N(

N

N

e Quark Number, N,: Total number of quarks - total number of anti-quarks
= Up quark number, Nu: e.g. Nu = N(u) — N(u) = Charm quark number, N,
= Down quark number, N4 = Bottom quark number, N,

= Strange quark number, NV = Top quark number, N
[ ] Nq =Nu+Nd+Ns+Nc+Nb+Nt

e Lepton number, electron number, muon number and tau number (L, L., L,, L:) are
conserved in all interactions: strong, electromagnetic and weak.

e Quark number (,) is also conserved in all interactions.

e Individual quark numbers (Nu, Na, Ns, Nc, Nb, N¢) are conserved in strong and electro-
magnetic interactions. They are not (necessarily) conserved in weak interactions.




Conservation Laws

Noether’s Theorem: Every symmetry of nature has a conservation
law associated with it, and vice-versa.

e Energy, Momentum and Angular Momentum
= Conserved in all interactions

= Symmetry: translations in time and space; rotations in space
e Charge conservation 0
= Conserved in all interactions

= Symmetry: gauge transformation - underlying symmetry in -
QM description of electromagnetism

e Lepton Number L., L,, L. and total quark number N, . :
= Conserved in all interactions By Nosines
1882-1935
= Symmetry: mystery!
e Quark Flavour Number, N, Ng, Ns, Nc, Ny, Ny, Parity, =
= Conserved in strong and electromagnetic interactions

= Violated in weak interactions
= Symmetry: unknown!

Natural Units |

kg m s GeV C h
Sl units: [M] [L] [T] Natural units: [Energy] [velocity] [action]

e For everyday physics Sl units are a natural choice: MsH studenty~75kg.
e Not so good for particle physics: Mproton~10"2"kg

e PP chooses a different basis - Natural Units, based on:
* quantum mechanics (f1);
* relativity (c);
* appropriate unit of energy 1 GeV=10°e¢V=1.60 x 10710 J

Energy GeV Time (GeV/h)™!
Momentum GeV/e Length (GeV/hc)™!
Mass GeV/c? Area (GeV/he)™?




Natural Units I

Simplify even further by % measuring speeds relative to c
% measuring action/angular momentum/spin relative to h
Equivalent to setting ¢ = 1 = 1 | All quantities are expressed in powers of GeV

Energy GeV Time GeV'!
Momentum GeV Length GeV-!
Mass GeV Area GeV-2

Convert to Sl units by reintroducing missing factors of A and ¢

e Example: Area = 1 GeV2
[L]Q = [E]_Z[h]”[c]m = [E]_2 [E*[T]" [L]™[T)™™ n= 2,m =2

Area (in Sl units) = 1 GeV2x h2¢2=3.89 x 1032 m2=0.389 mb

Other common units: hs i s
e Masses and energies measured in MeV e lengthsin fm=10"m
e cross section measured in barn, b=1028m? e electric charge in units of e

Two useful relations:  hc = 197 MeV fm h=6.582 x 10722 MeV s

Review: Relativistic Dynamics

Please review JH D&R §14
Two important quantities for Lorentz transformations:
B=v/c v(v) =1/v/1 -3
Four-momentum of a particle: P = (E/¢, ey Py, P2) = (E/c,p)

Energy of a particle E? =p? +m?ct  E =~ymd?

m?c?

Scalar product of 4-momentum: (]3)2 = (E/c)* — p?
Particles with m=0 travel at the speed of light

Natural Units
Lorentz boosts: v = E/m 3= Ip|/m B=Ip|/E

Four momentum: P = (E, pz, py, =) = (E,D)

Invariant mass (p)? = E? — p? = m?




Particle Decay Introduction

“Tracks”
left by charged
particles

Most fundamental particles and hadrons decay.

We can measure:

e particle lifetime, z: average time taken
particle to decay

e decay width, I"=i/z, measured in units of

energy

e decay length, L: average distance
travelled before decaying

e branching ratio, decay modes: particles in
final state, how often a given final state
occurs

e decay kinematics > p =>p
=initial =final
Look at the following examples:

e decay of #* meson into muon: at

— /,L+V’u
e decay of Ksmesons into two pions: K¢ — 7771, Kg — 77

Particle Lifetime

e Particle lifetime, 7, the time taken for the sample to reduce to 1/e of

original sample. Typical
. . . e Force .
e Different forces have different typical lifetimes. Lifetime
e Also define total decay width, I =iz Strong |[10720-10"23 5
N N FN Elect 1072010716
— = —— = —— ectroma 2010
i r  h : i
Weak 10713 -103
= N(t) = Nyexp(—t/7) = Nyexp(—Tt/h) :

D@ Preliminary, 1.2 fb™

e In its own rest frame particle travels gl - DO Data
vt = et before decaying. 3 Bkg,,
/ . . y s ng A _//< M Signal
e In the lab, time is dilated by p. Al —» — Total
.
e If 7 is large enough, energetic § 10, ;
particles travel a measurable distance T |
L =ypcrin lab. S
example of a

-0.1 0 0.1 0.2 0.3 0.4
CT~= Proper Decay Length, % [cm]

T(Ap) = (1.30 £ 0.15) x 102 s

recent measurement of a
particle lifetime
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Decay Modes

Particles can have more than one decay mode. e.g. The Ks meson decays
99.9% of the time in one of two ways:

+ 0,0

Kg—n"n ,Kg—mnm

e Each decay mode has its own matrix element, M. Fermi’s Golden Rule
gives us the partial decay width for each decay mode:

[(Ks —atr7) oc IM(Ks — nt77)]?  D(Kg— 7°7°) o IM(Kg — 7%7°)?

e The total decay width is equal to the sum of the decay widths for all
the allowed decays.

INKs)=T(Kg — m'n") + '(Kg — 7nt7")

e The branching ratio, BR, is the fraction of time a particle decays to a
particular final state:

I'"Kg —7nrn)
I'(Ks)

I'(Kg — m07Y)

BR(Ksg —nn™) = (Ks)

BR(Kg — n'7%) =
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Particle Decay Kinematics

— NI

EWUUO -
e Most particles decay. gmﬁ_
e.g. Ks meson can decay as: s /\
KS N ﬂ__{_ﬂ_ 120005— ,f
e Reconstruct the mass of a particle from f \1\
the momenta of the decay products: / \
o 4000 E— i
2 Bitial 2 Dinal —/ \
£<KS> — ]:?<7T+) + £<7T_) ° t-u;vs n.ll n.alu u. Alos nfs oslus 0;1 n’:l;:ﬂn.sls:v
_ _ Invariant mass from
squaring each side ... Ks—rm'n decay. Not perfect due
2 . .
9 _ to limited accuracy of
(M(Ks))” = (g(WJr) +p(m )) measurements

= (o) + (2r) + 2 )
= (m(@ "))’ + (m(x ) + 2B E(x) =27 () - F(n)

® M(Ks) is reconstructed invariant mass of Ks
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Decay Kinematics Il

Pb o o Pd
mp my

Decay of an unstable
particle at rest:

A—bd M
- —
Z—?A — (MA;O) ]—?b = (Eb;ﬁb> ]:?d - (Edapd)
Before After

e Four-momentum conservation:
L, =8, T2, D, =B "L, T M D
2 2 2
(gb) - (]:)A) T (]:Qd) N 2]:9/1 ']:)d - MA + md —2Ma Eq = mg
M3 +m? —m? _ .
oM For moving particles, apply
A appropriate Lorentz boost.

= F; =

. Example Tt — ,LL+I/M work in rest frame of pion. m,=0

m +m " "
E, = T =109.8 MeV  |Py| = [Pul = \/E} — mj, = 29.8 MeV /c
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Scattering

Consider a collision between two particles: a and b.
e Elastic collision: @ and b scatter off each otherab — a b. e.g9. e'e—e'e”
e Inelastic collision: new particles are created ab — cd..

. eg.ee—utu

Two main types of particle physics
experiment:

e Collider experiments beams of a and b are £
brought into collision. Often P, = —Db

a b

A o
» Y

(Eaaﬁa) (Ebaﬁb)

e Fixed Target Experiments: A beam of a are ¥ES
accelerated into a target at rest. a scatters

off b in the target. °/

(E, pa)




Measuring Scattering

The cross section, ¢, measures the how
often a scattering process occurs.

Force Typical Cross
o is characteristic of a given process (force) Sections

from Fermi’s Golden Rule ¢ « |/M|? and Strong 10 mb
energy of the colliding particles.

-2
& measured in units of area. Normally use | -.ectromag) 107 mb

barn, 1 b=10"2m?. Weak 10-3 mb

Luminosity, £, is characteristic of the beam.
Measured in units of inverse area per unit
time.

-
Integrated luminosity, | Ldr is luminosity e Event rate:

delivered over a given period. Measured in w= Lo

units of inverse area, usually b™1. e Total number of events:

What, and how often, particles are created N=o f Ldt
in the final state. N

J
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Cross Section e JH DER &2

We have a beam of particles incident on a target (or another beam).

a b

— @ - -
(Evﬁa) \ (anﬁa) (Ebaﬁb)

Flux of incident beam, f: number of particles per unit area per unit time.

Beam illuminates N particles in target.

We measure the scattering rate, dw/dQ, number of particles scattered in
given direction, per unit time per unit solid angle, dQ.

dw do ds/dQ is differential
B dQ) cross section

Integrate over the solid angle, rate of scattering: w = fNo
Define luminosity, L=fN
Scattering rate w = Lo

16




Collision Centre of Mass Energy,/s

For a collision define Lorentz-invariant quantity, s: square of sum of four-
momentum of incident particles:

5 (]—)a +Z=)b) . (Z—)a +£b)

= () +(@) +2p -p

—a = =a =b
= m24+mi +2(E.Ey — ||| cos )
Vs=Ecw is the energy in centre of momentum frame, energy available to
crate new particles!

Fixed Target Collision, b is at rest. E, >> mg, my
a /
’ \

s = mi + mz + 2E,myp = 2FE,my

E. pq
Een = /2E,my (B Pa) ~—

Collider Experiment, with E=E,=Ey>>m,, my, 0 =1
a b

A A
» Y

s — AF? Ecyv = 2F (E,Pa) (Ev, Pb)
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Particle Width

Lifetimes can be very short, e.g. lifetime of A** baryon (uuu) is 5x10-%*s.
Heisenburg Uncertainty
Principle:

AFEAt =~ h

Gmax LLLLLL) !,% ,,,,,,,,,,,,,,,,,,,,

n*p scattering

Very short lifetime gives small 4¢ .
Gmax/e ;

AE = h/At is significant =

Cross section

measurable width

Mass of short lived particles
(e.g. A™) is not fixed.

Mass has most-likely value, but
can take on a range of values.

18



g

electrons and positrons head-on with
E(e) =E(e') =45.1 GeV. _,

s = (p(e”)+ple7)

2mg + 2(E2 - |ﬁ€+||ﬁ6_ | COS 0)

2(E? + Do+ ||7.-|)
AE?
2F = 91.2 GeV

Q

Ecm

e o(e'e —pupn)=1.9 nb at Ecm=91.2 GeV
e Total integrated luminosity |.L df = 400 pb™!
o Nevis(ete —uu™) = 400,000 x 1.9 = 760,000

ollision Examples

e To make hadrons, a 45.1 GeV
electron beam was fired into
a Beryllium target.

e Electrons collide with protons
and neutrons in Beryllium.

(ple™) + o)

_ 2 2
= Mg +m,

+2(E6Ep — |Pe| |ﬁp| cos 0)
2(Eemy)

V2E.m,

V2 x45.1x1
9.5 GeV

S _=

Ecwm

¢ In fixed target electron energy
is wasted providing momentum
to the CM system rather than to
make new particles.
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Lecture 2 Summary

Natural Units: set Ai=c=1

e Measure energies in GeV
e Every quantity is measured as a
power of energy

Particle Decay
e Lifetime, 7, time taken for sample
to decrease by 1/e.
e Partial width of decay mode,
F(A—x) x [ M(A—x)]?
e Total width is sum of all possible
decay widths, I'=h/x

Particle Scattering

e Cross section, o, probability for
decay to happen. Measured in b=
10—28 m2_

e Luminosity, £ is a property of beam
(s)

e Integrated luminosity, [/Ldt.

e Number of events: N=¢ [Ldt

e Two types of scattering experiment:
collider and fixed target.

e Branching ratio, proportion
decays to given final state,
BR (A—x) = ['(A—=x)T

Relativistic Kinemgtics
p = (E, pz, py; P-) = (E,p)
(p) B2 52 =2

Conserved quantum numbers tell
us about the underlying
symmetries

Centre onMass energy
§ = (1:7 ‘|‘]:9b) Ecym = Vs

a
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