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THE PRINCIPLES
¢ Three gauged symmetries SU(3)xSU(2)xU(1)

¢ Brout-Englert-Higgs mechanism of spontaneous EW symmetry
breaking -> Higgs boson

CKM and PMNS mixing of flavours

CP violation via phase factors

Confinement of quarks and gluons inside hadrons

Baryon and lepton number conservation

CPT invariance -> existence of antimatter

‘€0 €c €0 €0 “€c



THE STANDARD MODEL: THE STATUS REPORT AND OPEN QUESTIONS

THE PRINCIPLES
¢ Three gauged symmetries SU(3)xSU(2)xU(1)

¢ Brout-Englert-Higgs mechanism of spontaneous EW symmetry
breaking -> Higgs boson

CKM and PMNS mixing of flavours

CP violation via phase factors

Confinement of quarks and gluons inside hadrons

Baryon and lepton number conservation

CPT invariance -> existence of antimatter
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The ST principles allow:
¢ Extra families of quarks and leptons
¢ Presence or absence of right-handed neutrino
¢ Majorana or Dirac nature of neutrino
¢ Extra Higgs bosons
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THE OPEN QUESTIONS
Why's?

why the SU(3)xSU(2)xU(1) ?
why 3 generations ?

why quark-lepton symmetry?
why V-A weak interaction?
why L-R asymmetry?

why B & L conservation?

etc
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THE OPEN QUESTIONS
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Why's?

why the SU(3)xSU(2)xU(1) ?
why 3 generations ?

why quark-lepton symmetry?
why V-A weak interaction?
why L-R asymmetry?

why B & L conservation?

etc

How's?

¢ how confinement actually works ?

¢ how the quark-hadron phase transition
happens?

¢ how neutrinos get a mass?

¢ how CP violation occurs in the Universe?

¢ how to protect the SM from would be
heavy scale physics?
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THE OPEN QUESTIONS

Why's? How's?
¢ why the SU(3)xSU(2)xU(1) ? ¢ how confinement actually works ?
¢ why 3 generations ? ¢ how the quark-hadron phase transition
¢ why quark-lepton symmetry? happens?
™~ why V-A weak interaction? ¢ how neutrinos get a mass?
¢ why L-R asymmetry? ¢ how CP violation occurs in the Universe?
¢ why B &L conservation? ¢ how to protect the SM from would be
§ etc heavy scale physics?
¢ TIs it self consistent ?
¢ Does it describe all experimental data?
¢ Are there any indications for physics beyond the SM?
¢ TIs there another scale except for EW and Planck?
¥

Is it compatible with Cosmology? Where is dark matter?
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THE LAGRANGIAN
L= Lgauge + Ly ukawa + EHiggs;
1 a a 1 ( ( 1
ﬁgauge — _ZGMVG,LLV - ZW,LWW,LW _ ZB/LI/BILLI/

+iza7MDuLa T iéofyluD,uQa + Z.EofyluD,uEa
+iU YD, Uy +iDoy"D, Dy + (D, H) (D, H),

_I_iNa,y,ua’uNa possible right handed neutrino ?
LYukawa — yéﬁzaEﬂH + nyQQDBH + ygﬁéaUgﬁ + h.C.,

yc]xvﬁzaNBﬁ

A
L:Higgs = —V = mQHTH — §(HTH)2
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ACTUAL QUESTIONS

What the dark matter is made of?

Nature of neutrino: Dirac or Majorana ?

The Higgs sector: one or many?

CP violation and baryon asymmetry of the Universe?

Is there and what kind of confinenent-deconfinement
phrase ftransition?

¢ Lepton nonuniversality: fiction or real?

¢ How are hadrons build: spin, multi quark states, gluebols?
¢ (Non)stability of electroweak vacuum?

¢ Ts there any deviations from the Standard model ?
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Is there another scale except for EW and Planck?

you are here

EW

would like to get to here




Is there another scale except for EW and Planck?

AocD

you are here

EW

would like to get to here

Up Quark Charm Quark Top Quark
~0.002 GeV 1.25 GeV 175 GeV

. ‘
Down Quark Strange Quark Bottom Quark
~0.005 GeV ~0.095 GeV 4.2 GeV

masses .

Electron Muon Tau
0.0005 GeV 0.105 GeV 1.78 GeV ‘\O

. ‘ Proton @

0.938 GeV
Electron Neutrino Muon Neutrino Tau Neutrino Originally thought to be

~0 ~0 ~0 massless but now not 8
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[ Muon anomalous magnetic moment l (Schwinger a/m,
ag Kinoshita higher orders in a)
Y 07 / o MV . — — 9
ietiy(p') [7 Qmpw qu] ue(pe,,  qu=@—P)u o

Dirac equation predictsg=2 4 = (9 — 2)/2

For electron a, theory and experiment agrees!

hAAA A

(18) (18) (2072) (120) (18)
th exrp __ 1 —8
a —a, P =—(3.06+0.76) x 107" 3,70

Theory: uncertainty in hadronic contributions to the muon g - 2, (Jagerlehner, 1802.08019 ).
Lattice QCD great progress light-by-light study (RBC & UKQCD, 1801.07224).

Fermilab and J-Park experiments are expected to clarify existing discrepancy!

S.Fajfer, ICHEP20118 4
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FermilLab April 2021 a,(E821) = (116 592 089 + 63)x10-.
New
Old
New
—— Lattice R-ratio
BNL g-2 : ® : This work [ —— '
Gérardin et al.®? | ';_,‘
: 33 L o |
FNAL g2 + ° Davies et al. H
Giusti et al.34 | -
Blumetal.’® | =
< 420 >
Borsanyi et al.’ =
Davier et al.3 |
¢ ! ¢ Keshavarzi et al.4 | :
Standard Model Experiment Colangelo et al.5, | No new:physics
Average Hoferichter et al.® \ : .
175 180 185 190 195 200 205 210 215 G SN s -2
9
a, X 10 -1165900
The problem remained May be not!

Conclusion: 1t 1s important to take into account the strong
interactions contribution correctly!
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LEPTON (NON) UNIVERSALITY (?!)

Charged currents ot tree level Neutral currents at one-loop level
f+

-
e
.
-
™

Sl

Standard Model

B~ B° B
DU.(‘)‘ D+,{¢) d
i, d
BR(B — DY tv BR(B — K®)
RD(*) — ( T) 3.80 RK(‘) = R( uu) 2.00

BR(B — K*)ee)

R(K*)sar = 1.0
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Anomalies 1in B-meson decays: experiment # the SM predictions

D-mesons K-mesons
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R(D) Rk = 0.846 3% (stat.) *501G (syst.)

This result

R(D) = 0.307 £ 0.037 £ 0.016
R(D*) = 0.283 4+ 0.018 + 0.014

LHCb: the discrepancy presentin BS — (ML,Uand Ay — App
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Anomalies 1in B-meson decays: experiment # the SM predictions
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Anomalies 1in B-meson decays: experiment # the SM predictions

D-mesons K-mesons
o i Bl Rl I LA R 2.0
O 0.42 — > [
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This result

R(D) = 0.307 +0.037 £+ 0.016
R(D") =0.283 +0.018 +0.014

LHCb: the discrepancy presentin By — @ JLjtand Ay — App

Discrepancy may increase but may decrease ....

Uncertainty of baryon contribution might be crucial!
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BEYOND THE STANDARD MODEL: DARK MATTER SEARCHES

Particle Data Group (2018)

PRL 118, 251301 (2017)
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WHAT MAKES US THINK THAT THERE IS PHYSICS BEYOND THE STANDARD MODEL?
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WHAT MAKES US THINK THAT THERE IS PHYSICS BEYOND THE STANDARD MODEL?

e Small discrepancy with experimental data

e Possible new ingredients in neutrino sector (majorana neutrino)

e Instability of electroweak vacuum

® Tnability o describe the Dark matter (unless it has pure
gravitational nature)

® Baryon asymmetry of the Universe is a fundamental problem
(Baryon and Lepton genesis might require new ingredients)

® Lack of understanding of flavor structure of the SM calls for
explanation at higher level

 New era in gravity due to discovery of gravitational waves and black
holes might change the landscape
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THE WAYS BEYOND

€ Extension of symmetry group of the SM : SUSY, GUT, new U(1)'s
-> may solve the problem of Landau pole, the problem of stability,
the hierarchy problem, may give the DM particle

¢ Additional particles: Extra generations, extra gauge bosons,
extra Higgs bosons, extra neutrinos, etc
-> may solve the problem of stability, DM

¢ Extra dimensions: Compact or flat extra dim
-> Opens a whole new world of possibilities, may solve the problem of
stability and the hierarchy problem, gives new insight into gravity

¢ New paradigm beyond local QFT: string theory, brane world, etc
-> main task is unification with gravity and construction of quantum gravity
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