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‘Theoretical Framework ‘

| QM (h) + special relativity (c) = Quantum Field Theory |

STANDARD MODEL:

Quantum Electrodynamics (QED)
Electroweak Theory SU2),® U(1)y

Quantum Chromodynamics (QCD) SU(3)¢

Standard Model = SU(2),® U(1)y ® SU(3)c

Electricity + Magnetism: Y

QED + Weak Interaction: vy, 79 w+

Strong Interaction: 8 gluons

NB! Q = T; + Y/2 (Y = weak hypercharge, T; = weak isospin)

OPEN QUESTIONS (at least some):

Grand Unification electroweak & strong combined ?
Supersymmetry bosons & fermions linked together?
Gravitation quantum theory of gravity? graviton?
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‘ Leptons ‘

- Do not have strong interactions

- Spin %

- Seen as free particles

- Pointlike (at least for dist > few - 101 m)

Family Structure: Why are there 3?

Transformation of
fields under SM

CHONON

(SU2)L,U(1)%,SU(3)e)

Lepton 1(\1/\[/?;‘57) (O, q |[L|J'| L L,|L Decay BR
e (electron) | 0.510 | stable |-1|1[% |1 |0 |0
V. (neutrino) | ~0 stable | 0 |1|% | 1/[0|0
L (muon) 1056 | 22-10° [ -1 [1|% | 0| 1|0 —evy, | 100 %
Vi ~0 stable | 0 [1]% |0 |10

—>uvy, | 17.4%
-13

T (tau) 1777 {29107 | -1 |1 {%" | 0| 0| 1| —evy, |17.8%

—>hadrons v, 64.8%

stable .
Vo ~0 O |1]% 0|01
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Neutrinos

Particles interacting only weakly = difficult to detect

Abundantly produced in the sun & the atmosphere

First signs in B decay (“hon-energy conversation”)
WCo>UN+e +v, (n>p+te +V,)

\ \ hypothesized
o ? e e (g = Qy = 0

@ . — mg~ m, ~ 0
/.0 /.é

v, = heutrino v, = anti-neutrino

They penetrate earth & humans without interacting

Each second ~10%
ve from the sun pass
through your body

Neutrino (pp — detvg, ...)

- Atrtificially produced in nuclear reactors
- Mostly seen in experiments as “missing momentum”

- v experiments show that different v flavours turn into
each other ("oscillate”) and this implies that v’s must

have mass, a very small one though (< 102eV).
More about this later.
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NEUTRAL CURRENTS

0]
+

=
+
D
+
<

e Flavour Conserving
uirey & Z petut
¢ g}/OCQI (qe:qlu:qz'zl;qV:O)

e Same ~ interaction for both lepton helicities

NC Universality:
8 Zere- = gZ,u+/,t— = 87r41- 7 gzv‘j

Different Z coupling to [, and l,

Left-handed neutrinos only

e 3 Families with light neutrinos

Phenomenology 2026 . II/S
Standard Model Kenneth Osterberg



HELSINGIN YLIOPISTO
‘ HELSINGFORS UNIVERSITET Number of light neutrinos
UNIVERSITY OF HELSINKI

HOW MANY NEUTRINOS 7
AE - At <h = small lifetime ¢ leads to large AE

o(Z — hadrons)
40 e

35 2V's N\

3 v 2N ¢ ALEPH
s / ¥ DELPHI
RN ®13

® OPAL

30

| 11 1 | 11 1 | 11 1 | 111 1 | 11 1 | 11 1 | 11 1 | 11 1
O 11 1
87 88 89 90 91 92 93 94 95 96
V§=Ep (GeV)

['(Z - invisible) = T'(Z - all) — T'(Z - visible)

N, = LE2mvisible) _ 5 9963 + 0.0074
v I'(Z - VviVi)theory . -

P. Janot and 8. Jadach, PLB 803 (2020) 135319;
G. Vouttsinas et al,, PLB 800 (2020) 135068

Bucket analogy: the more “holes” (decay channels) —
the “faster” (smaller At) the bucket becomes empty —
the more “uncertain” (larger AE) the particle mass is
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Parity (P): reversal of all three axes in a reference
frame, P transformation equivalent to a mirror reflection.

“x “x

; P ;
._..-

(first, rotate by 180° around z—axis ; then reverse all 3 axes)

most physics laws invariant w.r.t. a P transformation i.e.
Nature does not know the difference between right & left.

Angular momentum & spin doesn’t change sign under P
= transition prob. dependence on s-p indicate P violation,

Lee & Yang (1956): weak interaction violates P invariance

Consequence for e.g. n* —u* v decay (S, =0, S, = %%):
P invariance require that the 2 states
+ +
v () H v () K
< T > < T >
V spin L spin V spin M spin

A B

are produced with equal probabilities. Experiments find p*
always polarized opposite to the momentum direction (B)

— maximal violation of parity invariance in weak decays !
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Charge conjugation (C): particle < antiparticle
transformation (quantum state defined only for neutrals).

n—p~ v, decay: experiments find only decays of type A

e WL A o WL

Conclusion for weak (e.g. n*) decays:

+ +
v H v () H
Er@?:f Pl ==\ ="
V spin L spin V spin L spin
YES k, NO
P
NO ¢ ¢ YES
v a (D
37@75 P 4:. \") .:y
Vv spin K spin V spin 1 spin

Weak decays violate maximally both P & C invariance
but are invariant under CP. In reality CP symmetry is
only approximative in weak decays (more later on the
slight CP violation in weak decays of neutral K, D & B mesons).
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The heavier leptons . and 7 are unstable

v, Vi
"‘L_ T
_ e . e,n,d
w w
Ve Ve, VH' u

- same process as in the case of radioactivity. Note
that the W boson virtual (Q? « m#,) in the process.

- only left-handed leptons (right-handed antileptons)
(determined from direction of spin) take part in the reaction.

mmmmp  spin right-handed
— momentum

h spin left-handed
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CHARGED CURRENTS

e Left-handed leptons (Right-handed antileptons)

_ +
l ’Vl l QVZ

= =
— —

b@,]_ Q—-Jl

e Doublet partners: [~ <> v,
- ! - '
vXouX vXhbeX

e Universal Strength

_ 2 2 g2 2
M —>vilv)~—20 <M 8w G
MW_Q MW
"lepton

= TU=>vl'v,)~Gem universality”

[z —>v.ev,)/T(u—>v.ev,)=(m /m,)
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‘ Quarks ‘

- Strong interaction bind them into hadrons

- Spin %2 ; pointlike (at least for dist > few - 10-1° m)
- Not observed as free particles = confinement
- Q=28 ; q4=-1/3

Family Structure: Why are there 3?

(), (0,0

Mass elgenstates = Weak elgenstates

SU(2 SU(B)C)

Y Vekw - VCKM =1
M More later !

"Wolfenstein” parametrisation of the CKM matrix. Decay rates
depend on the CKM elements e.g. T (t — bW*) oc [V, R~ 1

d’ Ve Vs Vi |[d Via: Vup K Vs, Vep K Ve, Viss
1=\ Ve Voo Vo | 5| LK Vua Ves Vip = 1

b) Va Vs Vo\P) 1=0.225,4~ 0.83,7 = 0.35,

1-24/2 A AX(p-in)\d p~0.16
X —A 1-22/2 AN S| A (1_12/2)
AX(A-p—in) —AX 1 b) 7 ~n(1—12/2)
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(Nearly?) all observed hadrons can be explained
within the quark model by constituting colourless
combinations, each (anti)quark having a (anti)colour:

‘ Mesons = q4d, (colour & anticolour combination)

KO/K*O K+/K*+
ds us
//\ //\
\ \ 0
a L/d‘ \\L/ .u\\ T fp ! 7T+_/P+
—TTANT T O‘ ud
s@ \ =0 /1
L L——_\  K/K"™\ K" @
> su sd
3®3 - 8 S, 1

JP¢ =0~*/17" mesons

| Baryons = 4,95 | (combination of R B G)

| Antibaryons = q1q.q; | (combination of R B G)

Most hadrons very short-lived ("resonances”). Heisenberg

uncertainty principle implies that their mass is not precisely
defined (~h/At). Their mass My, is described by a Breit-Wigner.

J(M) e

tot \2
(Iz) tot is the total decay width
(M —My)* +(¥/2)*" = 1/x, the lifetime.

/12
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Hadronization scale Ay~ 1 GeV
Isospin: u,d: My g € Apad

M, = 938.3 MeV M, =939.6 MeV (p = uud, n = udd)
accidental but gives rather good predictions (~ 1 %) !!

Quark mass not well defined since quarks confined in hadrons:

- "constituent” mass. The mass which a quark appears to have

in a hadron in terms of properties, such as magnetic moments.
For u and d quarks, ~1/3 of the nucleon mass.

 “current” mass. The "bare” mass, the one inserted into a
fundamental theory, i.e. difference between constituent &
current masses due to strong interactions effects. Theoretical
arguments applied to observed hadron masses, suggest the u
and d current masses to be very small compared to proton
mass: my~ 2 MeV & my ~ 5 MeV. Thats why isospin works !!
NB! In current mass picture, masses "runs” with energy scale p.

NB2! small u-d mass difference results in stable p & unstable n.

Special case: top since M, = 173 GeV
7, = 1/T(t > anything) = 1/T(t > bW ™) <<1/ A, ,

Top quark has no time to hadronize !!!

‘ Summary of Quarks ‘

Masses definied below as current masses at a certain 02
my = mq (2 GeV?) ; M, = mg (my?)

Light (MeV) m,~2 mg~9H mg ~ 93

Heavy (GeV) [|[Mc~1.3 Mp~4.2 M{~173
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Standard Model Kenneth Osterberg



HELSINGIN YLIOPISTO

HELSINGFORS UNIVERSITET EXOtIC mesons & baryons
UNIVERSITY OF HELSINKI

Tetraquarks and Pentaguarks
» Currently one of the unresolved questions about tetraquarks
concerns the arrangement of their structure. We know that they are
made up of 4 quarks but we do not know how tight the bond of
these components is. According to some physicists, the tetraquark
can be thought of as a compact object, like the proton or the
neutron. Another hypothesis represents them as molecular states,
such as structure composed of 2 meson substructures. In a similar
way for pentaquarks we can think of them as compact 5 quarks or
as baryon -meson molecular states. Data seems to favour the first option.

® double hidden-charm tetraquark =]
® double open-charm tetraquark Teges (6900)
7000 —| @ hidden-charm pentaquark - -(66.00)
@® hidden-charm tetraquark S8
® open-charm tetraquark
6000 —
%co(4700) Xc1(4685)
5000 o ° Xco(asop?e(ztétzf*(?w); &5 (42)2(8? S o338
Pcc(4380)+ @ E Sl
ce Xc1(4274) Pcg(4312) Tose1(4000)°0
%c1(4140) Tuzs1(4000)* P ccsa °®
- Tc<:(3875).+ %c0(3960) %e1(4010)
4000 —
TZ1(2900)°  Tcs0(2900)*+
T:s0(2870)° Tes0(2900)°
| | | [ | |
2014 2016 2018 2020 2022 2024
date of submission to arXiv
Glueb ' 5
lueballs (particles made _—
up of only gluons): onl —
p - y y 10 g:: — 4
candidates upto now, none | s~ gre—
. . 8
- ) —
definitely yet confirmed e 3 3
= + ©)
S 6 o O
2 o
=

However Pomeron (~ 2 ol "= Lattice QCD °
attice

gluons) & Odderon (~ 3 predictions |

gluons) existence imply -

also existence of glueballs ° """

2
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QUARKS HAVE COLOUR

ATT ~ yTylul (J:%, J3:§)

Pauli (Fermi statistics) mmd ATT ~ 087] uguI/

NEW QUANTUM NUMBER: COLOUR

baryons B ~ =*"Vqiqldh 5 M ~ §°q, T
(i,5,k=u,d,s,... ; «a,B,v=1,...,Ng)
No = 3 = g

We don’'t see Colour Multiplets

=P Hadrons are Colour Singlets

(qqq, q0q and ¢qq; BUT NOT qgq and qqqq)

We don’t see Quarks

3 e Don’'t exist
e CONFINEMENT

mesons

Phenomenology 2026 .
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| |
=
. Z ;
e’ q
t o Yoo qd
_ ofete —hadrons) Y, ofete —qq) 5
R - 0'(6_{_6_—} u+,u_) ~ 0'(6_{_6_—} M_{_IJ’_) ~ NO Zq Qq
= u,d,s) _ ,
g - circumstancial
- 2 Neww (wdisd) gvidence for Ne=3
L ?NC ? (u,d,s,c,b)
6 :T T T ‘ T T T T ‘ T T T T M» T T T T ‘ T T T T ‘ T T T T ‘ T T:
5 | yr2 Lo ]
E 4 §MARKI f + + ﬂr++ %
P s Fay, i b Ll e
C AR f + ]
R i % + %

R exchange
o AMY O CRYSTAL BALL O JADE < MARKJ HTASSO Irlﬂ uence
o CELLO  ::CUSB * LENA v MD-1 ITOPAZ -
@ CLEO ADASPII X MAC * PLUTO XVENUS 7
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_
15 20 25 30 35 40 45 50 55 60
E ., (GeV)
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‘ Group Theory

- An example of a group is the set of rotations of a
system (2 successive rotations described by 1, inverse rotations &
identity elements (no rotation) exist). The rotation group is a Lie
group i.e. each rotation can be expressed as a set of
successive infinitesimal rotations 1-ied,

- The result of the experiment should not depend on the
specific laboratory orientation hence the rotation group a
symmetry group & the physics invariant under rotations.

- Assume |¥) — |¥') = U|¥) under a rotation; probability
that system |WV) is in state |¢p) must be unchanged (¢’ |
W% = (o | P)? = UTU =1 U is a unitary operator

- Hamiltonian unchanged: (¢’ |H| V) =@ |H | ¥Y) =
[U,H] = 0 & a constant of motion i.e. there is a conserved
quantity. Rotations — angular momentum conservation.

- For rotations the J,’s are called generators.

Since UTU = 1, they are hermitian J, T = J,.

They are related by [J;, J;] = igjy Jy.

Due to this the rotational group is a non-abelian group.
-The lowest-dimensional non-trivial generators of the
rotational group are the Pauli matrices. The basis they

describe is a spin %z particle (spin up & down).

-The Pauli matrices are also traceless hence called
special unitary matrices and form the group SU(2).
They also constitute its fundamental representation,
basis for the building of all other representations.

Phenomenology 2026 .
Standard Model Kenneth Osterberg II/ 17
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Abelian vs non-abelian

Abelian group: rotation on a plane
* ::1
| ;;
|
°
Non-abelian group: rotation in space
L l
Q- \ d
é o
| r o
/ b >/ \|
I

Standard Model

Kenneth Osterberg
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LAGRANGIAN FORMALISM

S = fd4$ ‘C(¢7 8N¢)

— oL oL —
65 =0 = -0 () = O

Klein—Gordon:

L= 0l Oup—m2¢*¢  wm (D+m2)¢> =0

Dirac: EE

L=F @0 —m)y =  (iyhdu—m)p =0

Phenomenology 2026 .
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‘ Gauge Invariance

Quantum Mechanics

- A QM state is described by a complex
wave function ¥(x)

- Observables: < O >= j eV (x)O¥(x)
O=0"
"P N eig \};, \{;# SN \P*e—ie

- The "global” gauge 6 is abritrary & non-measurable

- Make a position dependent change of phase
(local” gauge): W — ele)

- Schrodinger equation involves derivates,
(-V2¥ /2m =i o¥/ot)

0, ¥ — 0, [l ¥(x)] = e!*® [0 ¥ (x)+i ¥ (x)d,a(X)]

— Local phase invariance is spoiled

Phenomenology 2026 .
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How to proceed ?

- Add a four vector to remove the extra stuff :
Oy—> D%z Oy — ieAlL.l (e = e..m. charge)
. D“transformatlor) properties require
D — eix) D, w(x)

- Thus (0, - ieA,)(e*y(x)) = D y(x)
= el [0+ i (0,a(x)) — ieA, Jy(X)
= el [0 — ieA,]y(x)

- This is true IF A~ A=A+ 1eda(x)
= y*D, vy is locally phase invariant

Momentum operator p,=ih 6, > ih D,
(= covariant derivative)

Mass of the photon ?

A mass term L =% m,?A A+ violates local
phase invariance:

A AR=TA+ 1/ed o] [A*+ 1/e dra] # A, A*
- Local phase invariance = m, = 0

Gauge principle: Phase invariance should hold locally !!

m, = 0 OK for photon but what about W*, Z%? More later !!

Phenomenology 2026 . II/Z )
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‘ Gauge Principle

- Symmetries has always played an important role
in physics especially in particle physics

- Noethers theorem: If an action is invariant under
some group transformations, there exists one or
more conserved quantities. Example: rotational
invariance = angular momentum conservation

- Salam & Ward (1961): Possible to generate
interaction terms for forces by requiring local gauge
transformation invariance of the free Lagrangian

What does that mean e.q. for a U(1) group?
- Start from the Dirac free Lagrangian:
L, =y(ig—m)y ;2= 0+
- In local gauge transformation:
y ey Lo L, +yyyota

- Introducing a gauge field A, through minimal
coupling: D,=0,—-ieA, and require:

A,— A+ 1/e d,0(x)

_ conservation of

- Then L, — L, +eyy,yAt electric charge!

- The Lagrangian for the free gauge field is:
La=-"F,F¥; F,,=0A, —0A,

Phenomenology 2026 .
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QUANTUM ELECTRODYNAMICS

based on U(1) gauge invariance

L =0 (v Dy—m)y = P (iv*8u—m)y + L

Y
L =eQAy (P749)
v eQ L4
conservation of electric charge
Maxwell

Lxg = —LEu PP e 9 F=—cQ (§ryky)

Lm = 3m2 AF A, Not Gauge Invariant

- my = 0 [exp: m,<1- 10718 eV]

Gauge Symmetry =P QED Dynamics

Phenomenology 2026 .
Standard Model Kenneth Osterberg 11/23




HELSINGIN YLIOPISTO
‘ HELSINGFORS UNIVERSITET Quantum electrodynamics
UNIVERSITY OF HELSINKI

Successful Theory

e pt

Anomalous Magnetic Moment
Y
v, Z v
(a) (b) (© (d

_ . — 1
M= 9oy a = 5 (91— 2)

a, = (115965 218.073 £0.028) - 10! =
1/0tey = 137.035 999 084 + 0.000 000 021 =
a,heory = (116 592 033 + 62) - 107! (new estimate 2025)

[Experiment: (116 592 072 = 15) - 1011]
Earlier large (> 40) discrepancy theory-experiment
Now no discrepancy & precision up to 8" significant digit!

Phenomenology 2026 .
Standard Model Kenneth Osterberg II/ 24



HELSINGIN YLIOPISTO
‘ HELSINGFORS UNIVERSITET SU(N) algebra
UNIVERSITY OF HELSINKI

SU(N) ALGEBRA

N x N matrices: UUT=UtU=1 : detU=1
= U = exp{iT%04}

Te =71 ; Tr(T*) =0 ; a=1,.. ,N2-1

Commutation Relation:
[T“,Tb] e fabc TC

Structure Constants f%¢ real , antisymmetric

Fundamental Representation: Tg, = N xN

The local gauge transformation invariance of the
Lagrangian for the U(1) group can be generalized to
SU(N) groups:

D,=0,+igTeA?,

then Faw = grAav - gvAau - g fabc Abv Acu

and Ly=- "4 F23 , Faw

Phenomenology 2026 .
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SU(2)

2x2 matrices: UUI=UtU=1 : detU=1
= U = exp{iT"4,}

T =T ; Tr(I)=0 ; a=1,...,3

Commutation Relation:

{TG’,Tb] — 6abc TC

020”0 =20,
{090t} =24

Phenomenology 2026 .
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SU(3)
{Ta,Tb} — 4 fabc TC
Fundamental Rep.: T = %)\“ Gell-Mann
010 0 —i O 1 0 O
M=l100]|;X=|3: 0 0];X=]0-10
000 0 0 O 0 0 O
0 01 0 0 —i 000
M=1l000|;X=]00 0 |;X=]l001
100 i 0 010
00 O 10 O
M=]0 0 —i >\8=\/i§ 01 0
0 i O 0 0 =2
1 0123 _ 147 _ _ 156 — 246 _ £257 — £345
5f f f f f f
=f345=_f357=%f458=‘%f678=%

Phenomenology 2026 .
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Quantum chromodynamics

¢ Basic structure

¢ QCD Lagrangian

¢ Quantum corrections
¢ Running couplings

¢ ogs measurements

Phenomenology 2026 .
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QUANTUM CHROMODYNAMICS

N =3 ) q

FREE QUARKS: L = qiy"0, —m] q

SU(3) Colour Symmetry:

q— Uq = exp{-igs%0a}q

Gauge Principle: Local Symmetry 6, = 04(x)
Dtq = (Ig0* —igs G*) q — U DHq

D¢t — UDHUT ; Gt - UG“UT—gis(éWU)UT

GHos = L) Glz) 8 Gluon Fields

Phenomenology 2026
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Infinitesimal SU(3) Transformation:

@ = otmig 0 (), o

)

Gl — Gl — 0" (66,) + gs f2bC 56, G

Non Abelian Group: fabe £ 0

— 6GY depends on GE

— Universal gs No Colour Charges

Kinetic Term:
GH = L [DHDY] = MG — 0"GF —igs [GH, G]
G — UGH Ut ; G = A GhY

G = OFGY — 0VGh + gs f4° G GY

L = —5Tr(G*" Gu) = —3GE G4,

Mass term for gluons? Not gauge invariant = mg = 0

Phenomenology 2026 .
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QCD LAGRANGIAN

Locp = —% Tr(G* Gu) + q [iv" Dy — mgl q

= - % (orGy — 0"Gh) (9uGE — 0uGY)
Kinetic
+ 2 da [i7"0u—mg] qa
q

> 95 |da A agr* as| G
q

N =

— 45 Gs fabc (8IJ»G$ - BVGZ) Gg Gg

N

1 5
— = 92 fabe fade Gh G% G2 G

IS

W B q

a

A gyt o 2
0 pa
oS 2°‘ Y s fabc gs fabc fade.

e Gluon Self-interactions G3, G4
e Universal Coupling gs

e NoO Colour Charges
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QUANTUM CORRECTIONS

T(Q) ~ & {1+N@Q)+NQ>)?+ -} ~ a(cc?ﬁ)

Effective (Running) Coupling:

8 8

a(Q?) =

~J
~

1@ 1z (D)

m

a(Q?) Increases with Q2= —¢?

= increases at shorter distances
— decreases at larger distances

SCREENING
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VACUUM POLARIZATION
f
JY\J‘QJY\ﬁ
f

The Photon Couples to Virtual f f Pairs

Vacuum - Polarized Dielectric Medium

1/a = 1/a (m2) = 137.035999084 (21)

source.

1/00 (m2) = 127.930£0.008 510 review

on electro-
(11t and ¢q contributions included) weak model

Phenomenology 2026

Standard Model Kenneth Osterberg 11/33



HELSINGIN YLIOPISTO
‘ HELSINGFORS UNIVERSITER) antum corrections in QCD
UNIVERSITY OF HELSINKI

QCD RUNNING COUPLING

14X

CYQ((?%)

QS(QQ) —

N ewo) 2
1—-B1——>— <Qo>

1 11
B1 = 3Np — & N¢
quarks gluons

No =3 , Np =6 —- g1 <O
Q% > Q3 — as(Q?) < as(QF)

as(Q?) Decreases at Short Distances

ANTI-SCREENING
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as(Q3)
as(Q?) = e
., s \)O) (2
P (Qo>
B1 <0 — I|mQ2 as(Qz) —
J o SO0

ASYMPTOTIC FREEDOM

0.35 i 1 v I ETEn N ji
: tzdecay (NgLO) Fx— ]
[ A _ low Q< cont. (N°LO) ¢
03 Source: PDG Heavy Quarkonia (NNLO) ++ 1
;- QCD review HERA jets (NNLO) +a— |
025 F e*e” jets/shapes (NNLO+NLLA) —v— ]
T e*e” Z0 pole fit (N3LO) +o—
& i LHC dijets (NNLO) +o-
G o2} pp top (NNLO) +e— -
o : pp TEEC (NNLO)
0.15 | h
01 ¥, h
L = a(mz?) = 0.1180 + 0.0009 ki o
0.05 I
1 10 100 1000 10000
August 2025 Q [ GeV]
as(Q?) increases at low energies
as~ 0O(1) at 1 GeV Non-Perturbative Region

— CONFINEMENT 7
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n

u a Crash a d a
o—o 0—O

|

Asymptotic freedom:

as —> 0 atlarge E  (short distances)
Confinement:
large o atsmall E  (large distances)

Quark flavour (u,d,s,c,b,t):

strong interactions — flavour independent & conserving

weak interactions — change quark flavour
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T<e+e_ —> qc7> =

e q
! G
G o+
et q
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e*te~ annihilation
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-’ 1 e —
C00 _\ v "'___. S ——————
SR, Ij'..' -'__'—‘%Hadrons

o(ete” — hadrons) =

o(ete” = qq+ 3G + 93GG + qqaq + - )

R

U(c+c_—>hadr0n5) — Zng NC {1+a_gQ2+}

o(ete = ptu)

_ (Z—hadrons) __ LEW as(s) 4 ..
Rz = F(Z—ete) k7™ Nc {1+ r T }
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T~ — v + Hadrons

d, =cosl.d+sm0b.s

B =Br(tT > vIv)=1/(2+N,)=1/5=20%
difference mainly due to QCD

B, = (17.85+0.04) % B, = (17.37 £0.04) %

I'(z' — v, +hadrons)

2 2N\2
R _NC(1+SeW){1+%+5.2M+..}

T
2
T

¢ I'(c —>v,e v,)

Ry =3.629+0.013 = og(m?) =0.315+0.015

ag(m2) = 0.315+£0.015 » o,(m%) =0.1180+0.0009

Sources: PDG
NB! electroweak correction S, =~ 0.019 QCD & electro-

weak reviews
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Summary of ag

Summary of different a. measurements:

(for details see Quantum chromodynamics review in PDG)

BP 2008-16 FO
Boito 2018 FO
PDG 2024 tau
Ayala 2023
Boito 2025

T decays

Mateu 2018
Peset 2018
Narison 2018 (c¢)
Narison 2018 (bb)
BM19 (cc)

BM20 (bb)

JR14

ABMP16
NNPDF31

CT18

MSHT20
HERAPDF20jets

PDF fits

JADE (j&s)
ALEPH (j&s)
OPAL (j&s)
Kardos (EEC)
Dissertori (3j)
JADE (3))
Verbytskyi (2j)

Klijnsma (tt)
CMS (tt)

H1 (jets)*
d'Enterria (W/Z)
HERA (jets)
ATLAS ([A]TEEC)
CDF (Z pT)
ZEUS (jets)*
CMS (incl. jets)*
LHC (dijets)

hadron
collider

PDG 2024 EW

electro-
weak

FLAG 2024

»

lattice

PDG 2025:

[~ aS(m%) =
0.1180 +
0.0009

August 2025

| I
0.110

M
0.115

I
0.120 0.125 0.130

as(m32)
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