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Course literature

@ D. H. Perkins, “Introduction to high energy physics”, CUP 2000
(4th edition or later).

© B.R. Martin and G. Shaw, “Particle Physics” Wiley 1997 or later.

© A.W.Thomas and W. Weise, “The structure of the nucleon”,
Wiley-VCH 2001.

© B. Povh, et al., “Particles and Nuclei”, Springer 2008 (6th edition
or later)

@ R. G. Roberts, “The structure of the proton: Deep inelastic
scattering”, CUP 1990.

© and original papers, e.g. for spin see C. A. Aidala et al.,
arXiv: 1209.2803 v2 (1 April 2013)
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Scales, elementary particles, interactions
Two limits of research

La physique des particules étudie la matiére L'astrophysique étudie la matiere
dans ses dimensions les plus petites. dans ses dimensions les plus grandes.
» | Particle physics looks at matter Astrophysics looks at matter in its

in its smallest dimensions. largest dimensions.
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THE TWO FRONTIERS OF PHYSICS
LES DEUX FRONTIERES DE LA PHYSIQUE
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Introduction Scales, elementary particles, interactions

Reminder: scales (distance, energy, mass,...) and constants

@ r ~ 1 fm (presently: an object is pointlike if its dimensions < 0.001 fm =108 m)
E ~1GeV
m ~ 1 GeV/c?

@ Important constants:

e Planck constant, h ~ 6 - 10~?* J-s (quantum physics must be applied),
e speed of light, ¢ ~ 3 - 10% m/s (relativistic physics must be applied),

e? - 1
dreohe 137

e fine structure constant, o =

o Heaviside — Lorentz system: 1 =h=c=ey =y = a = ypm
will be used

@ Very useful quantity: ic =1 ~ 0.197 GeV-fm

Barbara Badelek (Univ. of Warsaw ) Experimental results on nucleon structure, | NNPSS 2013 7/32



Intro Scales, elementary particles, interactions

Elementary building blocks of matter

MATTER

LEPTONS

electron electron neutrino

QUARKS

up down
©

ALL
ORDINARY MATTER
BELONGS
TO THIS GROUP.

=

° g [+]

Electric charge + 2/3 Electric charge - 1/3 .

Protons have 2 up quarks...[ Protons have 1 down quark
Neutrons have 1 up quark. | Neutrons have 2 down quarks

Electric charge - 1 Electric charge 0.
Responsible for electricity rarely interacts
and chemical reactions with other matter.

muon muon neutrino charm strange
FOR THE MOST
PART, THESE A heavier () Created with A heavier O A heavier O
PARTICLES EXISTED relative muons when some relative relative
IN THE EARLY of the electron. particles decay. of the up. of the down.
MOMENTS AFTER tau tau neutrino top bottom
THE BIG BANG.
Heavier Not yet observed recently Heavier
= still. directly observed still

ANTIMATT
Each particle also has an antimatter
counterpart ... sort of a mirror mage.
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Introduction Scales, elementary particles, interactions
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Introduction Scales, elementary particles, interactions

Do we REALLY understand the structure of matter?
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duction Scales, elementary particles, interactions

Reminder: dimensions of atom and its constituents

tructure within
the Atom

Quark

Size <1019m

Nucleus Electron
Size ~ 10-14 Size <10~"®m
ize m\

Size ~107m

Size ~10710m

If the proton and neutrons in this picture were
10 cm across, then the quarks and electrons
would be less than 0.1 mm in size and the
entire atom would be about 10 km across
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Scales, elementary particles, interactions
Baryons: nucleons & Co.

Baryons qqq and Antibaryons qqq

Baryons are fermionic hadrons.
These are a few of the many types of baryons.

Symbol| Name | Quark | Electric [ Mass |Spin
content| charge | GeV/c?

p proton uud 1 0.938 | 1/2
p |antiproton| wud | -1 0.938 | 1/2
n
A

neutron udd 0 0.940 | 1/2
lambda uds 0 1.116 | 1/2
Q™ | omega SSS -1 1.672 | 3/2
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Scales, elementary particles, interactions
Mesons

Mesons qq
Mesons are bosonic hadrons
These are a few of the many types of mesons.
Symbol| Name | Quark | Electric | Mass |Spin

content| charge | GeV/c?
m pion ud +1 0.140 | 0
K™ kaon su -1 0.494 0
p* rho ud +1 0.776 | 1
B’ | B-zero db 0 5279 | 0
LR eta-c cC 0 2980 | O
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Scales, elementary particles, interactions
Types and properties of interactions (forces)

Properties of the Interactions

The strengths of the interactions (forces) are shown relative to the strength of the electromagnetic force for two u quarks separated by the specified distances.

Gravitational Weak Electromagnetic Strong
Property Interaction Interaction(Electmweak) Interaction Interaction
Mass - Energy Flavor Electric Charge Color Charge
Al Quarks, Leptons Electrically Charged Quarks, Gluons

Particles mediating: nm?;a;gzgzed wt w- 20 Y Gluons

018 #
Strength at { " Ui e : &
310 m 10-41 10-4 1 o 4
mass (GeV) 0 80-90 0 0
range (m) 00 1018 00 <1071
coupling constant 10738 107° 1/137 1
time (s) - 1078 — 10710 10720 10723
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Introduction Scales, elementary particles, interactions

Unification of interactions at energy of 10'°> GeV ???

Newtonian General
Gravity Relativity

A 4

Gravity =

Electromagnetism

D

Electroweak
Theory

Weak Force

Quantum

Chromodynamics >

Strong Force

Quantum Field Theories

> ENERGY

Add supersymmetry: fermions <= bosons
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Scales, elementary particles, interactions
Standard Model of elementary interactions

@ Family of elementary objects: at least 36 members of which
at least 12 are interaction (or force) carriers.

@ In our conditions we see at least 4 interactions; their relative strength
changes with energy:

@ strong N\,
e electromagnetic

May be that immediately after the Big Bang all interactions had similar
strength — Grand Unification Theories (GUT), at

E > 10' GeV (proton mass: ~ 1 GeV; largest proton energy in an
accelerator (LHC) now: 4 TeV, soon: 7 TeV).

@ Standard Model: perfectly agrees with experiment but DOES NOT
predict several parameters, e.g. particle masses and features of forces
(about 20 “free” parameters). Also: gravitation???
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Scales, elementary particles, interactions
Interactions; probability amplitude; cross section

(Electromagnetic) interaction = emission and absorption of a virtual photon, v*.

@ Momentum transfer: k = (57— 7)

@ Define cross-section, o: o ~ probability = |f|*

Energy transfer: v=(E-E. p,E pLE

Define (negative) 4-momentum transfer squared
(photon virtuality):
Q== (E-E) =-M.#0!

@ Observe that f ~ At (time of the emission process)

1 1

sothat f ~ — = =
/a2 @
vy
2 2
or: f = 5 — whole interaction: f ~ % and do  eres

Q? Q" @t

This probability amplitude is universal, i.e. describes several processes.

Barbara Badelek (Univ. of Warsaw ) Experimental results on nucleon structure, | NNPSS 2013

17/32



Scales, elementary particles, interactions
Feynman diagrams in Coulomb interactions

ee do et o? e

° i itude: f ~ 2~ 0l Y o
Scattering amplitude: f 0z == a0z ~or o Z

@ For 24" exchange o ~ o,

2
e oisa’~ (%7) smaller than for 1" exchange. % %

@ Scattering from an effective charge eF":
do ?F?(Q?)
dQ? Q*

with limiting conditions:

lim F(Q°)=0 and lim F(Q*) =1
om F(Q7) Jim (@)
where F(Q?) — elastic nucleon (target) form factor.
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Scales, elementary particles, interactions
Electrons in nucleon structure experiments

@ Electron — nucleon (nucleus) scattering; electrons point-like, » < 10~ '*m

@ Background of ee scattering easy to separate (except from forward
scattering).

@ (Electromagnetic) processes which yield information on proton structure:

Rutherford scattering, e"p — e p
M2. <0, Q>0

Annihilation: eTe™ — pp,
M2, >0, Q<0

Barbara Badelek (Univ. of Warsaw ) Experimental results on nucleon structure, | NNPSS 2013 19/32



Scales, elementary particles, interactions
Strong interactions (between quarks)

@ Generally an interaction between 2 particles is an exchange of a boson

of mass m.
J Broken line = a boson
? g, go = “charges”
- Scattering amplitude: f(Q?) = ﬁ
;0

q(blue)

green-
q(green) antiblue
gluon

m

green-

green antiblue
gluon

BUT a, ~ 1 !l
multigluon exchanges!!!

5

o
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Scales, elementary particles, interactions
Strong coupling “constant”

05

o (Q)

041

April 2012

v T decays (N°LO)

& DIS jets (NLO)

8 Heavy Quarkonia (NLO)

o e'¢ jets & shapes (res. NNLO)
e 7 pole fit (N3LO)

§ pp —> jets (NLO)

0.3
0.2}
0.1}
=QCD «4(M)=0.1184+0.0007
1 10 100
Q* < 1GeV? QGeVl Q* — oo
Confinement “Asymptotic freedom”!!
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Scales, elementary particles, interactions
Residual strong interaction (in a nucleus)

/

u

Final state quarks “dress up” into hadrons = fragmentation.

Factorization theorem: physics particles’ cross section
= (calculable QCD parton cross-section) ® (universal long-distance functions)
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Introduction Scales, elementary particles, interactions

Weak interactions

2" /N Y Vu \‘\e/e/
e v e B

Neutral weak Electromagnetic
interaction interaction
3
+
Weak
1 interaction
~3°®
92
Scattering amplitude: f(Q%) = ———5—
Q* + M )
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@ Kinematics, experiments and observables
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Kinematics, experiments and observables
Why high energies?

Searching for elementary components demands using high—energy
beams since:

@ some elementary particles are heavy (e.g. myzo ~ 90my),
and energy, E = mc?, is needed to produce them;

@ goal is to investigate small distances, Ax ~ 1 fm,
and since AzAp ~ h then Ap large and = p large too.
Another argument: A ~ small = p large since A ~ h/p.

Example 1: electrons of A ~ 1 fm have E ~ 0.2 GeV.

Example 2: investigating protons, < 1 fm, demands Q% > 1 GeV~.
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Kinematics, experiments and observables
Reminder: centre-of-mass vs laboratory systems

@ A beam particle A hits a target particle B:
2 _ (= = \2 2 _ 2 2 > = _ cms\2
p° = (Pa+9B)" — (Ea+ Ep)”=-mj —mp +2(0app — EaEp) = —(E)

@ Consider a fixed target experiment, i.e. g = 0 (Eg = mp); here

P2 = —(B)? = —m? —m3, —2 B4 mp
or, if particles masses are negligible with respect to their energies (momenta):
[ems 2
£, = (B
2mB

@ Consider a collider experiment, i.e. g4 T pp (or: <(pa,pB) = 7):
p? = —(B*)? = —m% —m% +2(~[pal |75 — EAEB)
or, if particle masses are negligible with respect to their energies (momenta):
p? = —(E°™)2 ~ —4E,Ep
@ Important example: LHC operating at 7 TeV per proton beam: E™* = 2.7 TeV = 14 TeV
If such E°™* were to achieve in a fixed-target experiment then

a beam of E4 =~ 100 000 TeV had to be prepared !!!! Not possible...
(Compare: highest observed energy of cosmic rays: ~ 10° TeV)
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Introduction Kinematics, experiments and observables

Types of high energy experiments

fixed target machines

emerging
particles

e.g. COMPASS/CERN

Barbara Badelek (Univ. of Warsaw )

‘ colliding proton beams

detectors

datactors

e.g. LHC/CERN
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colliding electron-positron beams

" *
electron collision positron
beam

beam i A

detactors

e.g. ILC (planned)
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Kinematics, experiments and observables
How many variables needed to describe a reaction?

Consider elastic (ep — ep) and inelastic (ep — eX) interactions
where the initial state (i.e. masses and energies) is known.

’ \ ep — ep \ ep — eX
initial state known known
final state

2 particles x 4 variables 8 variables | 8 variables
-4 eqgs (en.-mom. conservation) | 4 4
-1 (azimuthal angle, ) 3 3
known masses in the final state | 1 variable | 2 variables

Thus for elastic scattering: 1 variable is enough, e.g. Q?;
here also: W = M (W - effective mass of the X system, M - proton mass).
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Kinematics, experiments and observables
Inelastic electron—proton scattering

For the inelastic scattering 2 variables needed, e.g. Q° and v.
Try to find a relation W «+— @2, v. In the bottom vertex:

Energy conservation: v+ M=FEx -
. g —- C]
Momentum conservation: Q? = k? — v = p% — 1/ P U7
5
Result: W2 =2Mv + M? — Q? (1)

)
Q*=(—p")? —(E—E)?=—-2m? —2pp cos? + 2EFE' ~ 4EE' sin* % (2)

. @
Define: T=o0r (3)

so that for elastic: z =1 or W = M and for inelastic: x <1 or W > M
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Kinematics, experiments and observables
Nucleon structure main research centres
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In red — running experiments, in green —future ones.

SLAC (closed): several experiments, E. < 50 GeV, also polarised.
CERN: 1, E,,: 90 — 300 GeV, naturally polarised; proton and deuteron targets.
@ BCDMS (completed)
@ EMC (completed)
@ NMC (completed)
@ SMC (spin, completed)
@ COMPASS (spin)
FNAL: exp. E665, p, E,, = 470 GeV.
HERA (closed): e—p collider, 28 GeV + 300 GeV
@ H1 (being analysed)
@ ZEUS (being analysed)
@ HERMES, electrons, E. = 27 GeV on fixed-target (spin, being analysed)
RHIC: p-p, 250 GeV + 250 GeV, polarised
@ STAR (also spin)
@ PHENIX (also spin)
JLAB: several experiments, E. < 6 GeV (also spin); soon E. < 12 GeV.
LHC (CMS, ATLAS): p-p, 4 TeV + 4 TeV; soon: 7 TeV + 7 TeV.

Large Hadron-electron Collider, LHeC and/or Electron lon Collider, EIC: e—p and e-A
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Introduction Kinematics, experiments and observables

Examples of detectors

QWEAK/JLAB
: E?-weak Apparatus @

Epeon= 1,165 GeV
Q0,025 GeV?
0~711°

Current = 180 uA
Polarization = 85%
Target = 35 cm LH2
Cryopower = 2.5 kW

T )

(Ccotimators ]

Red = low-current tracking mode

Blue = production (“integrating”) mode

H1/DESY

Barbara Badelek (Univ. of Warsaw )
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FIELD CLAMPS.

DRIFT
. MAGNET CHANBERS on TRESHOWER
uuuu Score DPTECTOR

,, Qi ,,,,,,,,,, E,L,uuv sers
A\ TRD CyomimETER

Ceneov

Electron

Electron
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Kinematics, experiments and observables
Acceptance of nucleon structure experiments

ep@LHeC

F o
= >
S0t Atieeinnd O — 8 4 LHG (E.=140GeV and
= Atlas and CMS rapidity plateau i <10 A E =7TeV)
07 DO ContraltFwd. Jets o HERA Experiments:  °
CDF/DO Central Jets v ; 103 HL and ZEUS
106 ni Fixed Target Experiments:
Bcoms
250 P
5 10 stac
10° e
scous
104 E665 103
stac
10° ; 10
10 M ! v
10
10
1 : -
] -1
0 10
E £
2 g 6 5 3 - -
10 10 10 10 10 10 10" 1 07 1t 10t 1w 0> 10 10t 1

Electron beams: high statistics, high systematics (radiative processes), “cheap”
Muon beams: low statistics, low systematics, “expensive”

Proton beams: complicated analysis.
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