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>0) Introduction
- What is the Standard Model?
- Coupling constants, masses and charges
- Units and scales

>1) Interactions
- Relativistic kinematics
- Symmetries and conserved quantities
- Feynman diagrams
- Running couplings and masses

>2)Quantum electrodynamics
- Tests of QED: Magnetic momentum of the leptons
- Tests of QED: High energy colliders
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>3) Strong Interaction: Quantum-Chromodynamics
- A short history of hadrons and quarks
- Deep inelastic scattering and gluons
- QCD and its properties

>4) Electroweak interactions
- Discovery of electroweak bosons
- Tests of angular distributions
- Feynman rules
- Handed-ness of electroweak interactions
- More tests of the electroweak SM

>5) The Higgs
- Why was it predicted?
- How was it found?
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Quantum electrodynamics
QED



It was a warm
summer in ancient
Greece. Someone, for
no particular reason,
approached iron to a
stone....

Let’s start from the beginning
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And 3000 years later + some very intelligent people

Covariant formalism— Classical Second quantization

fleld theory A(r) = Z fz f; e(")au‘](k)eikr-i_é(y)af(l‘)(k)r?—ik-r)
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Quantum electrodynamics in a nutshell

> Gauge theory (lagrangian symmetric under local transformations) including

the electromagnetic interaction
Treating only electromagnetic field interactions with particles charged under the
electromagnetic field — electric charge

Gauge boson mediating interaction: photon (Au,y)

Quarks: mass —» 2.3 MeVic* =1.275 GeV/c* =173.07 GeV/c* =126 GeVi/c?
Up/charm/top : q =% crge > 23 20 x4 g H
Down/Strang/Bottom: q = -V i wJ - @ J - W J | .

up . Charm ' top gluon boodn
Anti-quarks: 2 | "‘“f’@ - g 3‘;"3‘3 . @
Exactly opposite sign charge of < |” = " ‘
their anti_particle é’:: down . strange L bottom J photon
Leptons: - @ @|- @ | &
Electron/muon/tau : q = -1 electon || muon || tau | Zboson
Neutrinos: g =0 —

IL l)e |‘~ ])u I;» I)T

Anti-leptons: G e | hoson

Exactly opposite sign charge of

their anti-particle W-bosons: q = +-1 (particle-anti-particle)
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Quantum electrodynamics in a nutshell

> Gauge theory (lagrangian symmetric under local transformations) including

the electromagnetic interaction
Treating only electromagnetic field interactions with particles charged under the

electromagnetic field — electric charge

Coupling constant

62
Universal (not different coupling depending on .
the particle) aEM =
At low energies, fine structure constant 47‘(‘60 hc
g, electro-_
magnetic
2
e 1



Running coupling of QED

Low energy QED interaction e

An incident particle would see or would
be more affected by is the tree level
diagrams

High energy QED interaction
An incident particle would start to feel

the effects of high-energy (short

wave-lengths) interactions ° ,‘e

At different interaction energies, the QED

coupling that a incident electron sees is °°

different !
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Quantum electrodynamics in a nutshell

>Gauge theory (lagrangian symmetric under local transformations) including

the electromagnetic interaction
Treating only electromagnetic field interactions with particles charged under the

electromagnetic field — electric charge

Coupling constant
Universal (not different coupling depending on O
the particle)
At low energies, fine structure constant
g, electro- a(Q?)
’ magnetic e2
OEM = 7 3
— dmeghc
gem ~ ‘xem O

e R e
e2 1 )

OEM = = 1 2 ———
41 137 (g;rlg:HQr') Image from here (large 1)
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https://www.researchgate.net/publication/280899986_Measurement_of_the_e_c_1S_production_cross-section_via_the_decay_e_c_to_proton-antiproton_final_state

Current tests of quantum electrodynamics

> Electromagnetism is very well-known at low energies and for a high range
of energies — Extremely precise calculations up to several orders of loops

needed

Low energy: magnetic moment of High energy tests:
charged particles Verify cross-section predictions at
Magnetic moment due to charged body with high energies
angular momentum and/or spin QED running coupling
QED lepton coupling universality
2 g €
= il = — —=—
ST 22m

Dirac theory predicts g=2 Quantum corrections e H
Clara Leitgeb | Introduction to the Standard Model | DESY Summer student program | 11.08-13.08.2025 | Page 11 P/‘E¢S'\;



Low energy QED tests: electron magnetic moment

> Summing Feynman diagrams up to 4th order in the EM coupling

Feynman Graphs T - 'T’-:.»

O(a) 1 ;g;,—;
O(a?) 7| =
0(0(3) analytically =
O(a4) numerically 891
til O(ad) 971

Most precise calculations:
T. Kinoshita et al.

>Capable of producing results up to an
accuracy of 1072

(g/2 - 1.001 159 652 000) / 10
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Low energy QED tests: electron magnetic moment

JHEP11 (2012) 113

> Precision measurements of electron
magnetic moment show a good agreement Phys. Rev. Lett. 100. 120801

with predictions !

ppt 0 2 4 6 8 10 12
Reference 1: @[ red " Harvard 2008 ' ' ' '
—e— Harvard 2006 UW 1987
L ' ]

Probability that the SM can 180 182 184 186 188 190 192
exp|ain this is 0.19 (9/2-1.001 159 652 000) / 10

ppb -5 0 5 10 15

O rer  FHarvard 2008 R

_Rb 2006 . Harvard:2006. Cs 2006

Reference 2: 8.0 8.5 9.0 9.5 10.0 105 1.0

(¢ - 137.035990) / 10

To even consider that there is
some evidence of BSM, HEP A =10,
needs=22co0-30

BAR oM 1051R1) x 1071

Difference of around 1.3 o
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https://link.springer.com/content/pdf/10.1007/JHEP11(2012)113.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.100.120801

High-energy tests: Bhabha scattering (e*e” — e*e’)

>High-energy colliders probe the following processes:

+ + + N
€ e € e dog _ o? t2+s2+ 22 +t2+ '
AQ T A 2 e 2
)  4s U us s
+ t-channel  interference  s-channel
_a? (3+cos?V 2
e o € e "~ 45\ 1—cos? )

DESY: ~1979
s-channel t-channel 10000 T T T T T T T T
sooof. €te=—=ete” TASSO
[ 4 1.0 Gev
- o 22.0 GeV

* 348 GeV

"-0005—<> 38.3 GeV

do/d) (nb/sterad

SOUKXCH AR
F el o =4

o
je=]
(=]
(%))
T

00070 v v 0 v by o by o by s
-08 -04 00 04 08
cos 6
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High-energy tests: lepton pair production

QED process

e’ b 1.50 e
A-exclusion limits
y - up to 250 GeV Tristan
+ corrections 1.25
Rﬂ#
€ va 1.00 9
0.75
O.e+e_—>,u+u_ ] Tristan:
R . meas 050 . o . _ /s » 55 GeV
— = —: _
HH 0€+6 —utp 0.0 1000.0 2000.0 3000.0 4000.0
QED

s [GeV?

Deviations mean that there is something that we don’t know!
First indication of a unified EW force — Tomorrow’s lecture
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Current challenges to QED: muon-magnetic moment

>Similar to electron’s, muon’s magnetic moment with larger corrections due
to QCD and EWK.

¥ Y . U
W %%
v 7 v TN
/ \ had
[V M VY M
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Tests of QED: magnetic momentum for muons

AGS s

Alternating Gradient oo« €008
Synchrotron

U=V line

VD3

VD4 V line

Pion Production Target T

< =

\'
NS Pion Decay Channel .
S ‘
Q

AR

Idea: K1-K2

Beam Stop

Store polarized muons in a storage
ring and measure spin precession
relative to cyclotron motion

W, = Ws —We = —Gpu

Qeﬁ_(1_7)Qe§+Qe§:_(gu—2) Qe = Qe

2m ym ym



Tests of QED: magnetic momentum for muons

Muon-Decay in Rest Count electrons above an energy
threshold vs time at fixed position

arxiv:2106.06723

Electrostatic quadrupoles
[0 Fast kickers

B Calorimeters
=>» Low-energy positron

-2 [NlOCHOn OB *+» High-energy positron
::> —> Storage orbit :

A
vy

Electrons from Muon decay prefer
to flight in Muon spin direction

— Electron energy gives
information of muon spin s m m b

Weighted e” / 149.2 ns

Fermilab g-2 results

0 20 40 60 80 100
Time after injection modulo 102.5 [us]

—t/T
N(t) = Noe™*/"[1 + Acos(wat + §)]
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https://arxiv.org/pdf/2106.06723.pdf
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.126.141801

Tests of QED: magnetic momentum for muons

> Results with precision to 10"
> Combined measurements of BNL and Fermilab disagree by 4.2 - 5
(debated) standard deviations of Standard Model prediction

Reference 1:
et ®

Probability that the SM

can explain this is 2.7 x Formilab, B

107
Reference 2: " Fermilab g-2 results o

Sta:d::,r_dtl!lodel Phys. Rev. Lett. 131, 161802 (2023) E;Periment

. . . rediction verage

Discovery in HEP is

claimed if 50 175 180 185 190 195 200 205 210 215
a,x10° - 1165900

e.g. corrections from Higgs: aE‘W 9 deop] = —41.2(1.0) % 107
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.126.141801
https://doi.org/10.1103/PhysRevLett.131.161802

Tests of QED: magnetic momentum for muons

> Results with precision to 10"
> Combined measurements of BNL and Fermilab disagree by 4.2 - 5
(debated) standard deviations of Standard Model prediction

Brookhaven _,
result . ®

& T Fermilab
X & N X result *— @

Fermilab g-2 result

Standard Model
iction

Experiment
Average

ANP — _2 S5 180 185 190 195 200 205 210 215

M 4 a, %10’ - 1165900

New physics or theory calculations ?

https://arxiv.org/abs/2203.15810
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.126.141801
https://arxiv.org/abs/2203.15810

Tests of QED: magnetic momentum for 1-leptons

> Magnetic moment of taus not so well known as the muon’s or electron’s.
> Expected to be sensitive to BSM effects in many theories

DELPHI (2004): Eur. Phys. J. C 35 (2004) 159

Pb Pb
\\\ y a®® = —0.018 (17)
T %
7 ——< . a™* = 0.00117721 (5)
vy
r mE OPAL 1998
v 0 L3 1998 .
Wi DELPHI 2004 ——.—'i— ATLAS
Pb+Pb \s,=5.02 TeV, 1.44 nb"
Pb Pb wiT-SR ——— ® Best-it value
Images shamelessly taken from Lydia's talk u3T-SR | w— 68% CL
— 95% Cl
e n e o 95% CL
Combined e .
Experimentally, very difficult to reach Bpedied g S b i
0o -0.1 -0.05 0 0.05 0.1
same precision than muons. Pb+Pb a,
collisions at colliders ATLAS(2022): Phys. Rev. Lett. 131 (2023) 151802
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https://doi.org/10.1140/epjc/s2004-01852-y
https://doi.org/10.1103/PhysRevLett.131.151802
https://cds.cern.ch/record/2834319/files/ATL-PHYS-SLIDE-2022-501.pdf

Quantum chromodynamics
QCD



A historical perspective: the strong force

Status of high-energy physics in the early 60s:

1890 1900 1910 1920
IlllllllllIlllllllllillllllllli

e P
1920 1930 1940 1950

|lllllllll|

> Early 20th century, limited knowledge of
particles.

> Atomic nuclei composed of protons (+1
charge) and neutrons.

>How do they hold together ? — Strong
force !
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A historical perspective: the particle zoo

> However, in the 50’s and 60’s, experiments in bubble and spark chambers
were showing the creation of new particles — Particle Zoo

K+p=Q +K+K°

> Particles with integer
spin (0,1)
¥ o Mesons: pions, kaons,

= Particles with half-integer

= spin (Y2, 3/2)

o Baryons: protons,
neutrons ...

Brookhaven National Laboratory, 5 GeV K-Mesons [1964]
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A historical perspective: the particle zoo

Status of high-energy physics in the early 60s:

1890 1900 1910 1920
I | I I I N I | I | I I I I N i i {1 f ¥y 1 i
e P
1920 1930 1940 1950
I | I N I N I I A | I | I I I I R A i i 4+ i 5 B B 8 0 I i
R 1.4,
n et [Ties n- K-
1950 1960
I | A O I (O Y (O N | I . 1 1 1
AL, AL 1A
0pA05* $v%z0A0 p v, @ ...and many
Klas— T =0 @é n more!
N f o

> New particles similar in properties to protons and neutrons —

Not alone anymore
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Classification of new particles. Any pattern in this zoo ?

> Physicists tried to order this zoo based on properties of the particles
> Strangely, several properties were similar
o Some particles have very similar masses, spin with different
charges.
o Thought initially to be elementary particles
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Isospin, strangeness and baryon decuplet

1Py =17(07) ISPy =10 )

Mass m = 139.57039 + 0.00018 MeV (S = 1.8) Mass m = 134.9768 + 0.0005 MeV (S = 1.1)
Mean life 7 = (2.6033 + 0.0005) x 108 s (S = 1.2) My~ Myg = 4.5936 £ 0.0005 MeY
or — 7.8045 m Mean life 7 = (8.43 £ 0.13) x 107 s (S =1.2)

cr = 25.3 nm

m ¢ Tt
— @ *—» I3
— «—>
1 *E* 0 4

> They can be ordered by mass and electric charge
o If mass similar but different particles, a symmetry is
conserved — Isospin (e.g. pions)
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Isospin, strangeness and baryon decuplet

Isospin (l,)

e A A* A 1232MeV
e—e—a—

Let's take for
instance the
baryons with spin
3/2

> They can be ordered by mass and electric charge
o If mass similar but different particles, a symmetry is
conserved — Isospin (e.g. pions or spin 3/2)
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Isospin, strangeness and baryon decuplet

Isospin (l,)
Q=1 Q=0 Q=+1 %2
S=0 A_ AO A+ A 1232MeV
S: 1 Z:H. 1385MeV
S=-2 A 1530MeV

& —

> Another set of spin 3/2 showed different masses and longer lifetime
than other counterparts
o Another quantum number called strangeness
o Symmetrical patterns appear if have their strangeness plotted
against their electric charge.
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https://en.wikipedia.org/wiki/Strangeness_(particle_physics)
https://en.wikipedia.org/wiki/Electric_charge

Isospin, strangeness and baryon decuplet

A 1232MeV

1385MeV

1530MeV

> Lead to definition of these particles as composed particles — Quarks!
o 3 quarks: u,dand s — spin 72
o s carries the quantum number strange.
o u,d are the particles carrying the isospin 7z and -2

> Prediction of the Q)" with 3 s-quarks, no isospin and negative charge ..
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Isospin, strangeness and baryon decuplet

Q=1 Q=0 &:1 &iz
S=0 A_ AO A+ A++ 1232MeV

S=1 1385MeV
S=-2 1530MeV
S=3 1672MeV

> Lead to the definition of the quarks as constituents of these particles
o 3 quarks: u,dand s — spin 72
o s carries the quantum number strange.
o u,d are the particles carrying the isospin 7z and -7

> Prediction of the Q" with 3 s-quarks, no isospin and negative charge ..
o Success !!l (1964 link)
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Isospin, strangeness and baryon decuplet

;9;—1 Q=0 &1 &iz L 2
S=0 (> 1232MeV TR LT 7oy oo
A AO A+ A++ ﬁ:—‘- : : '|! "‘,‘ .";A ! /,‘

S=-1 1385MeV  —/tr7n
§=-2 1530MeV
S=.3 1672MeV

> Lead to the definition of the quarks as constituents of these particles
o 3 quarks: u,dand s — spin 72
o s carries the quantum number strange.
o u,d are the particles carrying the isospin 7z and -7

> Prediction of the Q" with 3 s-quarks, no isospin and negative charge ..
o Success !!l (1964 link)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.12.204

Strangeness

1
=0 S =1 5
J Q 0 J=1 Q 90
1F 4 K*OO\ oK OF 1
N . / 0 g7 2 i / ./\
or OF ¢ S —ep' -1l xe
"0\/ \
-1k K~ o/ o0  -2h =e
iy -1 0 i -1
O_A‘. AO. A+. .A++
\VAVAVEET:
-1 ® ©

_2'(1387)'\ $0(1384) /z+(1383)
_ AN

o
=7(1535) £9(1532) 1
/ Q
— Q'
-1
| 1

-1 0 1

Isospin third component
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A story of spin and color

In the quark model, A++ posed a problem.
This is a particle with spin 3/2, with spin |, component
+- 3/2 composed by same particles

Symmetric wave-function but it is a fermion !
Violation of Pauli principle !

|ATF) = up up ug)
Solution: another quantum number — Color !

[A™) = |, 1,2) + | 1,r) + |, 1,5)
Initially postulated 3 values of color: red, blue and green.
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A story of spin and color

VAN A° At n AT

Organized the particle zoo as being composed of 3 different quarks.
Introduced isospin, strangeness and color. Explained charge, masses, spin
and lifetimes of some particles.

'A'No QY U \J \J U CA

Violation of Pauli principle !

[A*F) = |up up ug)
Solution: another quantum number — Color !

A7) = | 1,.2) + 1) + | 1,6)

Initially postulated 3 values of color: red, blue and green.
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A story of spin and color

VAN A° At n AT
Organized the particle zoo as being composed of 3 different quarks.
Introduced isospin, strangeness and color. Explained charge, masses, spin

and lifetimes of some particles.

Violation of Pauli principle !

\/sz i [ATT) = up up up)

SY
Solution: another quantum number — Color !
But we have never seen a single spin 2 particle alone. Where are they ?
Answer to this question came from deep inelastic scattering measurements

on the proton! (SLAC 1969) e +p - e + X
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Deep inelastic scattering

Collision of an electron beam with a proton beam.
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Deep inelastic scattering

Collision of an electron beam with a proton beam.

At low e-beam energies (low Q?)
Resolution is close to the size of the proton

Scattering of the electron will show patterns consistent
with the ones of a spin-'% particle scattering against
another spin-'2 particle

Mott scattering or elastic scattering
N Inelastic electron scattering against point-like proton

] K Theta = 10 Degrees
1004
] \ Mott Scattering
107

IR do o cos’ 2

— 2 . 4
Finite Proton dQ 4 E S ln %
\

{ 2 3 4 5 6 1 8
MOMENTUM TRANSFER SQUARED (GeV-Square)
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Deep inelastic scattering

Collision of an electron beam with a proton beam.

At mid/high e-beam energies (Q?= M )

Can see the structure of the proton!

If the proton is a point-particle, similar results than at
low energy.

Mott scattering or elastic scattering
Elastic Electron-Proton Scattering Inelastic electron scattering against point-like proton

1000

1003 \\\ Theta = 10 Degrees
g‘ 1G \ Mott Scattering 2 2
= do o cos™ %
B s
?% Oo1§ Finite Proton d Q 4E 2 Sln %

0.001 t f } f T } f
) { 2 3 4 5 6 7 8
MOMENTUM TRANSFER SQUARED (GeV-Square)
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Deep inelastic scattering

Collision of an electron beam with a proton beam.

W(Q?,x)

At mid/high e-beam energies (Q?= M )

Can see the structure of the proton!

If the proton is composed, divergence from Mott
scattering !

Mott scattering + Form factors

Form factors describe the charge distribution inside
proton.

do azcos [ .zn
dQdE  4AE sin4ﬂ

x : momentum fraction of Q,q: momentum exchange in
the charge inside proton scattering
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Deep inelastic scattering experiment at SLAC in 1969

o/cMOTT

T ¥ T TETT]

-+

L e . I I 51

P, P

|
2 3 4 S 3) 7
q? (GeV/c)2

s — W=2 GeV
= ~=-W=3 GeV |
s —=W=35 GeV

ELASTIC |
“\_SCATTERING .

expected )
N ._

N (R N, k... W

Early results from SLAC (1969):
E=T-17.7 GeV
0 =10°

Elastic cross section falls off rapidly due
to the proton not being point-like

Inelastic: W > M

Ratio to Mott cross section
nearly flat in Q?

(Q? dependence becomes weaker for
increasing W

Proton a composite particle!

M. Breidenbach et al,, Phys. Rev. Lett. 23,935 (1969)

N\ T 7
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http://www.scholarpedia.org/article/Asymptotic_freedom

DIS experiment additional results: The gluon !

Experimental studies of the neutron and proton electromagnetic structure
functions continued.

Integral of form factors over quarks charge distribution in proton — Total
momentum of the proton !

0.50 L g . ! T T | TGS B
045 -
Q22 2.0 Gev? 1 1
040 |- | W 22,0 Gev g / F2p(x)d:1: ~ 0.18 and / an(x)dx ~ 0.12
035+ 9% - 0 0
F 030 f* X "if 3 = | f,=0.36 and f;=0.18
2oaf Yy ~
0.20 ' f -
W'
0.15 |- ' L’{.Y =
0.10 |- 'f-:t",. -
Q. }
0.05 - i, " ~ 50%. Where is the rest of the
ot .- % | N | 1 1 ey l?f??
< 5% ol Bia = s proton momentum ??%
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.20.1471
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.20.1471

DIS experiment additional results: The gluon !

k Kk’ T T T T
e(k) e(k’) s
10 [ >
e 27.4 + 30 + 31.6 GeV
v,Z%q) 446 EVENTS
| _—
. < 29
—|=Z W
X ; Q36
p(P) 0.1 = ¢P,> =425 Mev N\, 1
N
. : AN
DIS rely on electromagnetic N
interactions of an electron with B 8 e e a8
the proton charged components. D.P.Barber (Mark-J), Phys.Lett.B89, 139(1979)
Proton must have another Hadrons composed of quarks
component but neutral — Gluon ! and gluons — partons !

Quark Parton Model success

Discovered at PETRA in 1979
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DIS experiment additional results: Parton density functions

Form factors describing the charge distribution inside proton — PDFs

Single Dirac Three static Three interacting  +higher orders
proton quarks quarks 7
b ? e %
Py Py P a— oy e
1 i 1/3 1 .Rf g 1/3 1 X g 1& 1 X
Instagram picture of a Real picture: Parton density functions

proton

¢ e
©

image from official HEP instagram (wikipedia)
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https://www.desy.de/news/news_search/index_eng.html?openDirectAnchor=829
https://en.wikipedia.org/wiki/Proton

Scaling violation: Parton density functions

Bjorken scaling: quarks behave as point-like constituents at high energies

J.T. Friedman, H.W. Kendall, Ann. Rev. Nucl. Sci. 22,203 (1972)

0.5 - ] . 7 - [

04 - .
0
N O R } 4
F2(x,0%) Scaling!
0.2 i
ol - x =0.25 !
0 1 | { | : L | 1

0 e 4 5] 8
92 (Gev/c)? o

Independence of the structure functions of Q2: F;(x,0?%) = Fi (x)

J.D. Bjorken predicted scaling for Q> — 0 as x stays fixed.
Scaling is obtained using Gell-Mann’s current algebra in the quark model.

L
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Scaling violation: Parton density functions

Bjorken scaling: quarks behave as point-like constituents at high energies
Fix, Q) = Y elxq(x, Q%)

Deuteron x=0.008
(x 4.0) 1 . x=0.009
- :\ NMC - x75)
9 SLAC x=0.0125 g
x 0O BCDMS (x3.2) x . x=0.11
n + | < W (x5.2)
x=0.0175
(x2.5)
TF x=0.025
| ¢ (x 2.0)
Ps
L /
L x=0.035
(x 1.5)
$ x=0.050
0.5} + % 12)
L]
x=0.070
I 4 * (x1.0) 0.1} Deuteron
3 e NMC
I A SLAC
| O BCDMS
[ . . & f PSR ES S | N i | Lo
1 10 1 10
Q2 [(GeV/c)?) Q2 [(GeV/c)?)

Scaling violation — small, only appears in QFTs with asymptotic freedom — Might
the strong force be explained as a perturbation theory (like QED) but with

asymptotic freedom ?
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Number of colors

ete~—hadrons

> Prediction for Ratio: - N Z e
q

gere—uTuT N

T T T T T T T T T T — llll§| _iZPeak:
L o]

1 Jhy T Z #' | have to include also
" S w(2S) g = couplings to Z
0% =

E (O} 0 . 6 quarks,
X ~ ! |~ 3 3 colours (45/9)
10 = p 4l
= - t =
- o wa————
_____ o= |

SN 4 W S : |l N 91 5quarks,
= _ I‘me | Y e e 1 —»3colours (33/9)
b s gl -’%—J%f A Sl et - 3» 5 quarks,

1 colour ( 11/9)

e s
(| lllllll

10' 0'11||||| 1 Lol Co

1 ; 10 10°
s (GeV)
- , 2 2 @ 2 1 2 2 2 B! 2 i c-quark discovered_in 1974
R = cheq = Ne (3) T B T 3 T 3 L 3 = 9~ b-quark discovered in 1977
u d s c b t-quark discovered in 1995
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.39.252
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.74.2626

Number of colors

ete~—hadrons

> Prediction for Ratio: - N Z e
q

gere—uTuT -

= T T T T T1T I I | T T TTT I T T T 1T T g |’/:£Z peak -
i Jhy T Z | _— have to include also
" = w(2S) /1 = couplings to Z
102 ;— \ —;
; § 6 quarks,
8 - |~ 3 3 colours (45/9)
10 ot |
s &b | W e s = 5 quarks,
R o o ' e R - -> 3 colours (33/9)
s smien aes GHE L - - - -1 3 5quarks,
' E . : E 1 colour ( 11/9)
- ; -
L o ]
10 T T Lo I Lo Lo
1 10 10°
s (GeV)
B Z 6 _ 9 2+ ( 1Y+ ( 132+ (QYJF ( 1\? 11 c-quark discovered_in 1974
= AT €, = Ve = i i = i = INe—/—. . ]
q - 2 2 2 2 0~ h-quark discovered in 1977
q N——

"~ Quantum chromodynamics  quark discovered in 1995
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.74.2626

Quantum Chromodynamics

> Gauge theory invariant under transformations in the color space
> Kinematics and interactions of particles charged under the strong force — color charge

This is the perturbative story of quarks and gluons !

Quarks and anti-quarks e o[ )

charge -+ 273 . H
Exactly one single color, can 1" w J h@ J “ J [ qluon J Higgs
. . . charm { 4
be either of the three available \ \ boson
=48 MeVic* =95 MeVic? =4.18 GeVic?

Gluons:
Two colour numbers

QUARKS

@@a @
men |

down . strange ~ bottom J photon

0.511 MeV

A . 9 ¥ . ®| @

aqg vertex electron muon tau 2 boson
. .- @
neuinno ) | neuttino J | nediiino W boson

YeG YR
Clara Leitgeb | Introduction to the Standard Model | DESY Summer student program | 11.08-13.08.2025 | Page 49



Quantum Chromodynamics

> Gauge theory invariant under transformations in the color space
> Kinematics and interactions of particles charged under the strong force — color charge

Coupling constant (Reminder QED)
Universal (not different magnitude of coupling Q
depending on the particle or color)
Similar to the electromagnetic coupling,
expressed in terms of an a constant .... \
q l_ eleCtrO- a(Qz)
’ magnetic e2
OEM = 7 31
— dmeghc
gem ~ ‘xem O

e R e
e2 1 ;

QEM = 47-‘- = 137 %mQ:) Image from here
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https://www.researchgate.net/publication/280899986_Measurement_of_the_e_c_1S_production_cross-section_via_the_decay_e_c_to_proton-antiproton_final_state

Quantum Chromodynamics

> Gauge theory invariant under transformations in the color space
> Kinematics and interactions of particles charged under the strong force — color charge

Coupling constant G
Universal (not different magnitude of coupling g
depending on the particle or color) -
Similar to the electromagnetic coupling, & -
expressed in terms of an a constant ..... 3
BUT ! Different evolution with Q2 5 image from here
(&
q strong 1 fermi
-— /
T Distance from the bare
g ~ \/XS High-energy probe quark color charge
g “Asymptotic freedom”
7 ) High Q2 (small r) Small Q?(large r)
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Asymptotic freedom

In QCD interactions with high energy, 0.35 —x— . O S —
coupling tends to zero f T|decay (N°LO) H= |
— At high energies, quarks and gluons low QF cont. (N’LO) = :
would behave as if the strong force 03 F HERR jets (NNLO) — ]
doesn’t exist ' Heavy Quarkonia (NNLO) = 1
e'e jets/shapds (NNLO+res) F* ]
i pp{pp (jets NLO) H2- -
0.25 EW precidion fit (N>LO) Fe—
pp (top, NNLO) —+ -
0.2 F
0.15 F
0.1
- = ay(Mz?) =0.1179 + 0.0009
005 2 ra gl N PRI B g gl
1 10 100 1000
August 2021 Q [GeV]
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QCD at low energies

At low energies, coupling increases to 0.35 o g p——————)
very high values T decay (N°LO) +=- ]
o AtA~200MeV — low Q2 cont. (N’LO) +o— -
non-perturbative QCD 03 HERA jets (NNLO) ——
- Heavy Quarkonia (NNLO) ' -
e'e jets/shapes (NNLO+res) F* ]
i pp/pp (jets NLO) +=- -
0.25 - EW precision fit (N>LO) e 7]
pp (top, NNLO) -+ -
S o2f
3 !
geltyimages 0.15 ._
0.1
= o (M,2) = 0.1179 + 0.0009
0-05- " AT | ST S S A | P S ST AT |
Now you know why we won'’t see 1 10 100 1000
a quark alone! Here be monsters Q [GeV]
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QCD at low energies: some consequences

Confinement

Quarks and/or gluons move away L .Eqﬁ‘__

e Energy between partons become high
e Spontaneous creation of pair quark-anti-quark <_.5. .té. —>

e Hadronization (shower of particles) q q 9

image from here

Parton density functions

Charge distribution within hadrons. Instagram picture of Real picture: Parton
Constant production and annihilation a proton densit ot ti”S
of partons. S s
e If high energy interaction with ( ‘
proton, interaction with a @ @ AR Je%
distribution of particles — PDFs. t S
e PDFs: experimental knowledge
e Evolution of PDFs with energy — @
DGLAP equations.
image from official HEP instagram (wikipedia image from here

SM predictions fail here — Can only know through experiments by now
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Miscellanea: calculations in proton-proton collisions

I I AS Run: 263962
Event: 20805

EXPERIMENT 2015-05-05 09:39:47

TPP X — PDF & Ohardscatter — Z /dxldefq(a:l; QQ)fcj(x% Qz) X OA_ch—>X(Oéa Qz)
q

Cross-section
Infrared radiation
Evolution of PDFs at high energy

Proton structure (PDFs)
Parton shower
Hadronization

Jets
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Miscellanea: calculations in proton-proton collisions

collinear ‘/
splittings: 00

S \use IRC safe
o A / observables

o et soft ‘/

radiation: oo

Parton » renormalisation
. . . o,..“ ®-
DFlstrlb.utlon o ::::: - 3 : : ‘:. propagators J
unctions w2y asaes : and qg \/
\ 7 vertex: 0

initial state:
‘/ bound states not
calculable from
first principles

formation of ‘/

hadrons:
coupling |_fragmentation

«—
large models

Tpp s — PDF 0% Ohardscatter — Z /dilfldefq(xl, QQ)f(j(x% QZ) X a-qc_7—>X(Oé7 QQ)
q
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Measuring QCD properties: Differential jet cross-section

JHEPQ02(2022)142 JHEP05(2018)195
CMS 36.3 fb' (13 TeV)
; i ¢ ? ! ¥ B @l : ' ;l 1012 = T T L R B T T T
© 10%] Antik; (R = 0.4) D o 2Nk A=04 ATLAS -
o 10° — CT14 NNLO ® NP ® EW ©) 10°E (s=13TeV, 81nb"-3210" ; (L)vls o.;(:t:: - 3
= . Iyl < 0.5 (x10°) 9 e6E syt g e d b
L= = 05<ly|<1.0 (x10) g 10t N (Beli-Ame) -
1.0<|y| < 1.5 (x10? 3" ®eq Sl S SAIRER) =
% 10k : 15 <yl <2.0 (105 % 10 =5 Oo..... A 205pi<25(10") 3
Q_'- 1 Q'_ 1E OOOOOOO A 25<|y|<3.0(x10 5)_:
i) Ke) F © =
L 10| 6 10°%F =
b o . F =
1072 10°E =
10° 107
104 10-12 EE A e EE
o N = s =
19 10°F Il :::::”.rsifw.. 2
10-6 10—18 E: :LO-JET“ (CTMEP‘ZF) X AA—A— :E
10—7 . 10—21 :_ plert - 1 1 - 1 1 111 I 1 1 1 ::
i L L L L T R | ! L
100 200 300 1000 2000 1 02 1 03
Jetp_ (GeV) P, [GeV]
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Measuring QCD properties: measurement of o,

do/dp_ [pb/GeV]

80

2309.12986

T T T — T

ATLAS

T T

Iyl <0.4 (x 10°%)

T pp—>Z Vs=8TeV

= °
8 102 B 04<lyl<0.8(x 107
2 e @ A 08<lyl<1.2(x10?)
=" 10 ¢ oo, Vv 1.2<lyl<1.6(x10%)
o 1 - ey O 1.6<lyl<2.0 (x 10%)
ke -1 N O 2.0<lyl<2.4(x10°)
© 102 . A Aa, ‘0‘ A 24<Ilyl<2.8(x10°)
T 40" 44,4’1“ I' _@ O 28<lyl<36(x107)
102 o - ‘!m", *i—l—-— I stat. @ syst.
1 0_: = _E_—EHE}EE&%¥—V—:—A—
10 —Ahn o0 ¥
1078 ——o— Ay o
oo 5 o A
(ol *1000gg Bt S E
16° e 5 Y
-9 - o
10 pp—Z
100k Vs=8TeV, 20.2 b .
10_11 L ool L Lol ro vl PR
1 10 10? 10°
p. [GeV]
T
I I I T
ATLAS -® Hadron Colliders
-@- Category Averages PDG 2022
-@- Lattice Average FLAG 2021
-@- World Average PDG 2022
-@- ATLAS Z P, 8 TeV
ATLAS ATEEC 0.1185+ 0.0021
CMS jets 0.1170+ 0.0019
H1 jets —— 0.1147 £ 0.0025
HERA jets 0.1178+£ 0.0026
CMS ttinclusive L 0.1145+ 0.0034
Tevatron+LHC tf inclusive 0.1177 £ 0.0034
CDFZpT 0.1191+£0.0015

Tevatron+LHC W, Z inclusive

7 decays and low Q? —

0.1188+0.0016
— 0.1178£0.0019

QQ bound states

0.1181+0.0037

PDF fits —— 0.1162+ 0.0020
e'e’ jets and shapes L 0.1171 +0.0031
fit @ 0.1208 + 0.0028

0.1183 £ 0.0009

| | |
0.120 0.125 0.130
ocs(mz)
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Backup



Two additional basic
concepts
Gauge theory and running
couplings



PDFs at Hadron colliders

» Probability to find a parton q carrying momentum fraction x of the
proton momentum to enter a collision at a momentum transfer

squared Q?
fq (xly
_/
A\
AE < h/2
At —
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Input measurements

o [ T \\\Hlll T \\\\IH‘ T T TTTTT T TTTTT I T TTTIT I T TTTTT T T 17171
= - |
[}
®10 8 _ [ | Atlas and CMS
N\ - [ ] Atlas and CMS rapidity plateau
o10 7;_ = DO Central+Fwd. Jets
- == CDF/D0 Central Jets
10 6; [ H1
- [ ZEUS
10° - NMC
-~ 2] BCDMS
10*. T Eess
- 1 sLac ent)
107 - g
- y 57 =6
2| /
10 M= 10 GeV
10 -
1 =
-1 B i HHH“
].O = Al
E | \\\H‘;Il | \\\\IH‘ I \\\IIHl \\\fll\l | \\\IIH‘ |
-7 -6 -5 -4 -3 -2
10 10 10 10 10 10
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Procedure of PDF fits |

[ Atlas and CMS (7 TeV)

E m m

4 BCDMS

ys 11-6 7'4 7‘2 ,«’0

M= 10 GeV
[ mEm ATLAS W

|7 — Atlas jets //
E= DO Central+Fwd. Jets
,6;_ CDF/DO Central Jets M=1TeV, //////////

M= 7TcV

o Evolve input PDFs with
DGLAP equations

» Calculate observables
ing (N)(N)LO and
H\HHHMH”"“ compars to experiments

n’ |l|l /]

o Minimize global Chi2

‘%m/
I\ \\\\\\\\\\\\\\ ﬂ.‘ﬁ-b and theory
o numu"uuvnmmmwmuum m[ll

Scale of process, momentum transfer squared Q?

[GeV7]

1 llllllll 1

o wl
107 10'6 10'5 104 103

g gtarting scale Q%~ 1.5 - 2 GeV

o Groups: MSTW/MRST (global fit, up to NNLO)

CTEQ/CT

(global fit, up to NLO, now NNLO)

NNPDF  (global fit, neural network PDFs)

HERA PDFs

(Hera collider data only so far)



What is inside the proton ?? Scattering experiments

> Transferred momentum:

q=Fk—k
e(k) e(k’)
> Virtuality of exchanged boson:
2 _ 2
@ =->0 Y.2%q)
> Squared centre-of-mass energy:
s=(P+k)? .
(P+F) )
> Squared mass of the hadronic final state:
P
W2=(P+q?=M?*+2-P—-Q? P
R P . N2 2
> Inelasticity: y = PE with 0 <y <1 Deep: Q° > M
2 Inelastic: W > M
>  Scaling variable: z = 20 P with 0 <z <1

Because increasing energy implies potentially improved spatial resolution, scaling implies

independence of the absolute resolution scale, and hence effectively point-like substructure.
A g



Scattering experiments

* Proton quark dominated: * Proton gluon dominated:
Q%1 = F> | for fixed x Q% 1T = F2 1 for fixed x

Q?-evolution described by DGLAP equations

L\
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“Reality” of Quarks

=« originally, when proposed in 1964 by Gell-Mann and Zweig, “quarks”
were considered by many physicists just a principle for ordering the
new-found particle zoo

=« if the quarks really correspond to constituents of the hadrons was not
clear

~ * in 1968, deep inelastic electron-proton scattering at SLAC showed that
the proton consisted of smaller constituents, then called “partons” by
Feynman

=« only slowly it was accepted that the partons in the proton correspond to
the u and d quarks

— Quark-Parton-Model (QPM)
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Procedure of PDF fits I

o Pan

: X — 0 u=d, q o« x
i X — 1 q (1 — x)?? (quark counting rules)
1 P(x, ...) medium-x range, just convenient form

Example (NNPDF): 29 input parameters

Xuy(X, Q%) = Aux™(1 — X)™(1 + euv/X + uX)

xdy(x, @) = Agx (1 — x)™(1 + egv/X +7aX)

xS(x, Q%) = Asx*s(1 — x)"5(1 + esv/X + 7sX)

XA(x, Q) = Aax™(1 — x)7572(1 + ya + 0aX?) A= sea asymmetry u - d
xg(x, Q%) = Agx% (1 — x)"9(1 4 eg/X + YgX) + Ay x°¢ (1 — x)"e’
X(s+8)(x, Q%) = A x*s(1 = x)™ (1 + esv/X + 75X)

x(s—3)(x, Q) = A_x’-(1 — x)"- (1 + x/x0)
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Error estimation

1 Use Hessian Approach (most PDF groups):
Transform original PDF parametrizations into eigenvector basis

vA¥ 2y = ASKPLT = g
"ds(x %zz) Aax™({ _ L |
§

)=
5
&) Agx 9( X)'lg ,
5)(x, @ \ L8N g parameters
~8)(x 02) A 6(1 ~ o fo il Ty i, orthogonal!!
X ( X)q\/\ \M)() : :

1 "1 5 changing one eigenvector cannot be
compensated in terms of Chi2 by changing
another one as well

»  Reflect correlations between input observables

s (combinations of PDF

xg(g 45

»  Use MC replica approach (mostly NNPDF):
Prepare pseudo data replicas of the input data samples, which are
randomly varied within their errors,
Fit them and extract PDF and errors from mean + RMS of replica
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PDFs at Hadron colliders

2\ Probability to find parton with
fq(x17 Q )u - .
momentum fraction x in proton

Proton 1 fq(l”l, Qz)u
P, ———— /
Final stats_:

\
/ Jets,

/ \ Leptons,
issing ET
P, falwn, Q%) T missing

Proton 2

Tpp X — PDF 04 Ohardscatter — Z /d?l;ldfl/"Qf(/(:I*'l: Qz)fﬁ(?l@: QZ) %Y 5_q(j—>X(CV7 QQ)
q
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Analytical part

_—
80 . L
\ o(pp — H+X) [pb]
o Vs M, =120GeV »  Renormalization Scale
S . dependence
B, s, R » Factorization Scale dependence
_ N NLO 1
20 |- L e - » Electroweak input-parameter
i - NjLOapprox LO h S C h e m e
[ N’LO |
0 L |
0.2 0.5 1 2 3 -
l’lr/NIH
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PDFs at Hadron colliders

PrOQ///

Cross section in hadron
collisions depend on

Parton Distribution Functions
(PDFs) as input

/
P, /fq(wz,éf%\

—

Proton 2

oppsXx — PDF &) Ohardscatter —

Not calculable from first
principles!!!

Dependence on input
data

Fitting scheme

PDF parametrization




Confinement

a(R)
Quantum electrodynamics (QED) Quantum chromodynamics (QCD)
but also
1/137 .
q
-
U U a
4
e",-'?\\e“ R.B.R
et{ e re* R R )R
I T N i
e et © R\T{ R
c
U T
‘ U -%’ g (s P 1
os(R) 2 g3
5 & &
£ 3
c [2]
< e
s [e]
8 Coulomb 8
w charge
7 1 fermi
o= 1/137 /
) / Distance_ from the T Distance froTn the bare
H,gh-ebneergy bare e~ charge Low-energy High-siigFgy:probe quark color charge
pro be A
(sl pro “Asymptotic freedom” e
0 ® -

Clara Leitgeb | Introduction to the Standard Model | DESY Summer student program | 11.08-13.08.2025 | Page 72 /¢\‘



Confinement

(VA 7 e ———

o) 4 I / o}

asymptotic
freedom

asymptotic
freedom

—

>
R

2
A= 200 MeV Q
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QCD is messy

collinear
splittings: 00

4

" . N use IRC safe
" / observables

radiation: o

o et soft ‘/

Parton renormalisation
Functions “|" and qg v
\ vertex: 00

initial state: o\ .
PN formation of
v bound states not 7 WY/

‘o O™ hadrons:

calculable from T 744 & .Y couplin

.. * <0 0 t \

first principles gei v M1 =

el ¢! large

4

fragmentation
models
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How to measure QCD? - Jets

Last missing piece before we can calculate real-life cross sections

Full-scale event generators generate QCD branching according to
emission probabilities - the parton shower approach

Once the scale of the emitted partons becomes small, perturbative
QCD is not applicable anymore

Model the formation of hadrons
with phenomenological
approaches

Based on the idea of the QCD
potential

Vir)<k-r
String Fragmentation Cluster Fragmentation
(Pythia and friends) (Herwig)

— don’t forget to model particle decays



How to measure QCD? - Jets

A jet algorithm combines objects (partons, hadrons, detector deposits)
which are “close” together

Different choices for infrared and collinear (IRC) safe jet algorithms exist,
with different distance definitions, but the working principle is:

VARt

jet 1 jet2 jet1 jet2 jet 1 jet 2 jet1 jet2

VN

Projection to jets should be resilient to QCD and detector effects

(courtesy of
Gavin Salam)
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How to measure QCD? - Jets

/ K
—_— P

n0>42y

q,8 > — 7[0—
> 71

'

KS T

Track HAD Muon

Hadronisation Particle decays
4 Detector Calo  Chambers

After the hadronisation and the detector effects it is virtually impossible to
reconstruct all particles which originated from a single quark or gluon

The total deposited energy can be well measured

)



The gluon

Three-Jet Events in e*e”

Radiation of a gluon leads to 3-jet

structure
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D.P.Barber (Mark-J), Phys.Lett.B89, 139(1979)
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Tests of QED: magnetic momentum

>Magnetic moment due to rotating charge body — spin of charged particle

e g e
= —f]— = ———
T T T 2om
>Classical result by Dirac: g-factor = 2 =972 _,

g(a)/2 =1.001 159 652 177 60 (520) [5.2 ppt| (predicted).
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Tests of QED: electron magnetic momentum

>Extremely precise calculations up to several orders of loops needed
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T. Kinoshita et al.
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High-energy tests: lepton pair production

QED process
e’ U ete—utu~
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Deviations mean that there is something that we don’t know!
First indication of a unified EW force — Tomorrow’s lecture
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DIS experiment additional results: asymptotic freedom

J.T. Friedman, H.W. Kendall, Ann. Rev. Nucl. Sci. 22,203 (1972)
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Independence of the structure functions of Q?: F;(x,0?) = Fi (x)

J.D. Bjerken predicted scaling for Q? — 0 as x stays fixed.
Scaling is obtained using Gell-Mann’s current algebra in the quark model.

Scattering from point-like constituents of the proton!

And at high energies, they behave like free particles
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