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The Standard Model of Particle Physics

Matter particles Interactions

Quarks

M s e
Higgs boson
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Matter Particles

* Fundamental matter: point-like spin- 1/, fermions

LEPTONS QUARKS
q | m/GeV q | mlGeV

First e~ |-1[0.0005|d|-1/3| 0.3
Generation|, | 0 | =0 |u[+2/3| 0.3

The masses quoted for the

quarks are the “constituent
masses , i.e. the effective

masses for quarks confined
in a bound state

Second uw-|-1] 0.106 | s | -1/3 0.5

Generation | \,_ | 0 ~0 c|+2/3| 1.5

Third T |-1| 1.77 |[b|-1/3| 4.5
Generation | ., | 0 ~0 t | +2/3| 173

= Three generations

=  Very light neutrinos
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Interactions

e Forces: exchange of spin-1 gauge bosons

Force Boson(s) Q
EM (QED) Photon vy

Weak W*/Z
Strong (QCD) | 8 Gluons g

Gravity (?) | Graviton? 8

= Matter fermions charges ¢ => interactions (local gauge invariances)

= No gravity!
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Weak Interaction violates parity!

Nuclear [(-decay:
60Co —%ONi" + e~ v,

Trve Electron p opposite to B
BETA RAYS — + -
Ile‘ Observed
SPINNING 60 60 ¥ 3
e Co ™'Ni
11e‘ Electron p aligned with B
-_-p | *
BETA RAYS 11V X Notobserved
(ELECTRONS) €
;) MIRROR WORLD
THIS WORLD Jz — 5 i Yo+

C.5. Wu, 1956
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SU(3)ec x SUR2) 1 x U(1)y
e Standard Model Lagrangian invariant under SU(3)c x SU2)r x U(1)y

= (C = colour charge (strong interaction)

Combine to form the

= | = weak isospin (electroweak interaction)
> electromagnetic and weak interactions

= Y = hypercharge (electroweak interaction)

¢ We need the Brout-Englert-Higgs mechanism to make the weak gauge bosons
massive!
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The Brout-Englert-Higgs Mechanism

e Introduction of a potential to the
Lagrangian

= Induce spontaneous electroweak
symmetry breaking

e Gives mass to W=/ Z weak bosons

* Leaves y massless &

* Resulting particle - Higgs boson

ATLAS nikhet R
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Standard Model - What works well

* Very precisely measured
in different energy scales

* Any new theory must
respect all of these
measurements too!
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Measured: 17 = 2.4952
FZ — Fee T F[.L[.L T FTT T rhadrons T FV] V1 T FVz Vo -+ FV3 V3 +?

Peak cross section: O - —

Number of Generations

0.0023 GeV

0 127 Feel"ff

T

l_‘Z — 3F€€ + 1_‘hadrons +

/

measured from
Z lineshape

N\ /

measured from
peak cross sections

7

NV 1_‘VV

!

‘ calculated ‘

=

Ny

= 2.9963 + 0.0074

(Plus: limits on other invisible Z decays)
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Quark Colours

nr of colors

og(eTe™ - hadrons) é Z 0’ )
— — q

# o o(etem »ptp)
flavours

20 30

. \s/GeV
Further evidence: I'(n° - yy)~N} T

Branching fractions of Z and W into hadrons scale with number of colors
Running of a,
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Electron Anomalous Magnetic Dipole Moment

* ae: contribution of etfects of
quantum mechanics (loops) to
the magnetic moment ¢ of the
electron

= the most accurately verified
prediction in the history
of physics
Predicted (QED) a. = 0.001 159 652 181 643(764)

Measured A — 0.001 159 652 180 73(28)

Required measuring g to an accuracy of around 1 part in 1 trillion (1012)
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Higgs Production at the LHC

INSTITUTE OF PHYSICS

| I | | | | I | | | | | | | | | | | | | | I | |
ATLAS |—e—] Total Stat. @@ Syst. | SMm
s Vs =13TeV, 36.1 - 139 fb™
my; =125.09 GeV, |y | <2.5
| p,,, =65%

‘ . Total Stat. Syst.

| 0.06
ggF+bbH = = 1.03 2007 ( £004, _goe)
VBF +—|—< 110 210 (+o08, Tois)
— - WH I——Il—!—l—l 1.16 t8;§§ ( +0.17, fgjli )
n t ZH —— 0.96 0% (:ots, ‘9l3)

t Z +0.17
ttH ’—'—i—'—l I 0.74|1 +024 (% 017, oie )

0.5 1 1.5 2 2.5
| ' | | ' | ' ' | ' ' ' |
tH F—e====—166 ;7 ('3}, ;1)
| | | | 1 1 | 1 1 | !
-5 0 5 10 15 20
Cross-section normalized to SM value
X _ X
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Higgs Cross Sections and Couplings
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e Global fit:

= (Checks consistency of SM M,
free parameters as measured
In various experiments

= +2/dof=18.6/15

= p-value 0.23

= Largest deviation: Aggb at 2.4

sigma

YATLAS

EXPERIMENT

The Electroweak Fit
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E Global EW fit

B Indirect determination
@ Measurement
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Standard Model - What does not work so well

e A few observations cannot be
explained by the the Standard
Model

* New theories try to address
those!
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Dark Matter / Dark Energy

Accurate measurements of our cluelessness

i Precision Ignorance:

5% STUFF WE KNOW

THE UNIVERSE: ° (INCLUDING PES)
(A PE CHART)
e\
"DARK
MATTER”
> /
WE HAVE
NO (DEA
. X
YATLAS Ni 911 ef f&
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Gravity!

e No consistent quantum theory for s
gravity

* Only force not described by the
Standard Model

®

© Encyclopaedia Britannica,
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Neutrinos have mass

INSTITUTE OF PHYSICS

Oscillations in vacuum, starting with muon neutrino

=
e Neutrinos’ flavour observed to 095
0.7E
. . 0.6E-
chan 3005
ge with propagation 25
03E
= This can only happen when the 01E NN e
. . : % 1500 2000
neutrino is massive! L/E [km/GeV]
(¢) v, short range
. . ! s T —v, | s
= Mass eigenstate = weak eligenstate 09BkIAALT i Sl +
o7l I e | Ty
300 AN T
a4 : HHL F |
03 - HHH
02 - |
0.1 - WARVANY :
% 5000 10000 15000 20000 25000 30000 35000
L/E [km/GeV]
(d) v,, long range
X _ X
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Matter-Antimatter Asymmetry

* Universe is mostly made of matter 31?“"%
MMeT
(and we don’t know why!) =

7 Seems to =
be abig §
\difference ;&

P
—
—
—_—
-
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Muon Magnetic Moment”

BNLg-2 —4—v-—=————
Anomalous part:
— e .
Muon magnetic moment: ,u:g# S FNAL g-2 +——9——+
2m
) M
g —
Anomalous part: d, = = < 4.20 >
g 2
e e +—y—t
Standard Model Experiment
Average
175 18.0 185 19.0 195 200 205 210 21.5
9
a,*x 10 =1165900
) X
SATLAS nikThet [
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Muon Magnetic Moment?

BNL 2006 | A :
—2—1FNAL 2023
experimental avg. —a—]
| | | | | | | | | | | | | | | I | I | | : . @
BNL ES21 — A : _ thl? work
Run-1 - ] e BMw20
Run-2/3 —a0— ,< 400 )
white paper

Run-4/5/6 +—o—+ 4 520 >
Hun-ieo e = BaCBar a
Exp. average +——+ g c i ~ CMD-3
I D N SRR NN SN SN SRR SRR NN SR SRR SR SN RN SRR SR SR B KLOE — O -

20.0 20.5 21.0 21.5 Tau

a,- 10° — 1165900 | | | |
180 190 200 210

au x 10*° - 11659000

https://arxiv.org/abs/2407.10913
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Anomalies in the flavour sector?

Pattern of 2-4o deviations in lepton

Ry [1.1,6] — - _ _
flavour universality tests
RK‘S) [1'1:6] - ®
Rg+0 [0.045,1.1] — - [Cornella et al. 2103.16558]
OLD Rk* data
RK~D[1.1,6]— ° '2.()-11111.',lrr;.]11111'11111...l..'
i Ry
RKH— [0045, 60] - & . \%‘g,/
L5 0\ .

R,k [0.1,6] — o Z %, /\ I
P; [2.5,4] - - 10|~ ﬂ | :

P, 5, [4: 6] - - ACIO - T
0.5 g / / 6 ]
0 + . .- Be—sptp~ / / iy
B (B s =7 d)u M ) [1. L 6] - — r / / par
0 - L ‘A‘ \ ’/ ’ 1
B(By = p™pu~) — e 0ol [ Ay X|SM -
B B0 TuT) - ® - R
(B b )
O T O R FE P TR T, R I T DN IR DA I B
-5 -4 -3 -2 -1 0 1 2 3 4 5) -20 -15 —10 -05 0.0 0.5 1.0 1.5
patrick.koppenburg@cern.ch 2022-03-11 Pull in o AC{;
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Bad news...

LHCb only @ 2022 | | LHCb only @ 2023
[0.45, 6.0]Ge V3K" * ; ; (0.45.60]Gev?k’* 1 9 fb™, 1.40
PRL 128 (2022) 191802
PRL 128 (2022) 191802

n16ocevie { 9fb? 1.50

[1.1,6.0]GeV3K? -

[1.1,60]GeViK* - .
[1.1,6.0]GeV3K* —_ ;
[0.1,1.1]GeVZK™ e
[0.1,1.1]GeVK™ | N LHCb-PAPER-2022-045
(1.1, 6.0]GeV3K™ - —_—
[1.1,6.0]GeVZK™ | S— |
T T T T 1 2Kt i
0.0 02 04 06 08 10 12 B hRens EE
R 00 02 04 06 08 10 12
R

X
ANOMALIES SM

. X
&:IE-R | I\ﬁNST From A. Biolchini N 1 Ei] ef
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Hierarchy Problem
9

Higgs mechanism .

Due to new particles or
new interactions?
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Summary

e Standard Model: particles and interactions
= Quantum Field Theory with nice features
= Very precise experimental measurements confirming it

= Observations and theoretical arguments that there is something missing

* We will, in the next modules, talk about some of the theories trying to explain
some of its shortcomings
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