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Raw ΣET~2 TeV 
14 jets with ET>40 GeV 
Estimated  PU~50 
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WHAT MAKES US THINK THAT 

PHYSICS BEYOND THE 

STANDARD MODEL EXISTS?



The Standard Model
THE STANDARD MODEL: THE STATUS REPORT AND OPEN QUESTIONS

Extraordinary agreement between measurements and SM predictions



THE STANDARD MODEL: THE WAYS BEYOND

The Standard Model of Fundamental Interactions

Higgs  Sector Neutrino Sector

Dark Matter

New particles and Interactions

Flavour Sector



THE STANDARD MODEL: THE STATUS REPORT AND OPEN QUESTIONS

THE PRINCIPLES
Three gauged symmetries SU(3)xSU(2)xU(1) 
Three families of quarks and leptons  (3x2, 3x1, 1x2, 1x1) 
 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

4
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THE PRINCIPLES
Three gauged symmetries SU(3)xSU(2)xU(1) 
Three families of quarks and leptons  (3x2, 3x1, 1x2, 1x1) 
 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

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 STANDARD MODEL: THE STATUS REPORT AND OPEN QUESTIONS

 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

Why’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?

How’s?

THE OPEN QUESTIONS
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 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

Why’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?

How’s?

Is it self consistent ? 
 Does it describe all experimental data? 
 Are there any indications for physics beyond the SM? 
 Is there another scale except for EW and Planck? 
 Is it compatible with Cosmology? Where is dark matter?

THE OPEN QUESTIONS
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THE STANDARD MODEL: THE STATUS REPORT AND OPEN QUESTIONS

•  With the Higgs Boson discovery the Standard 
Model is completed ! 

•  Why are we not satisfied and think that new 
physics exists and new discoveries will come?



• There are conceptional problems which require a 
critical view beyond the SM

• There are small discrepancies which might grow up 
to become a problem for the SM

• It is hard to believe that the quest for the miracle of 
Nature is over

THE STANDARD MODEL: THE STATUS REPORT AND OPEN QUESTIONS

•  With the Higgs Boson discovery the Standard 
Model is completed ! 

•  Why are we not satisfied and think that new 
physics exists and new discoveries will come?



THE STANDARD MODEL: THE WAYS TO DEVELOP

АCTUAL QUESTIONS

 What the dark matter is made of? 
 Nature of neutrino: Dirac or Majorana ? 
 The Higgs sector: one or many? 
 СР violation and baryon asymmetry of the Universe? 
 Is there and what kind of confinenent-deconfinement 
phrase transition?  
 Lepton nonuniversality: fiction or real? 
 How are hadrons build: spin, multi quark states, gluebols? 
 (Non)stability of electroweak vacuum? 
 Is there any deviations from the Standard model ?



Is there another scale except for EW and Planck?

G. Tonelli, CERN/INFN/UNIPI                                              ITEP_MOSCOW                                               February 12-19 2013           48

A light boson, could in principle rule its self-interaction and the Yukawa interactions 

with fermions in such a way that the theory could remain weakly coupled up to the 

Planck scale without any dynamics appearing beyond the EWK scale. 

This would be in itself an outstanding discovery: for the first time we would 
have seen a phenomenon that could be described by the same theory over 15 
orders of magnitude in energy. 

A 125GeV boson is a very special object 

EW

Planck
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THE STANDARD MODEL: THE STATUS REPORT AND OPEN QUESTIONS

THE LAGRANGIAN

possible  right handed neutrino ?

9
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THE STANDARD MODEL: THE STATUS REPORT AND OPEN QUESTIONS

THE LAGRANGIAN

possible  right handed neutrino ?

Two parameters

9
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THE LAGRANGIAN

possible  right handed neutrino ?
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Higgs sector



THE STANDARD MODEL: THE STATUS REPORT AND OPEN QUESTIONS

Run-2 analyses with 80 fb-1 for the first time – higher precision is coming! 

Higgs bosons – entering precision era 

ttH observation 

D. Charlton 

LHCp2018



THE STANDARD MODEL: THE STATUS REPORT AND OPEN QUESTIONS

Precision EW mass measurements 

Precision spectroscopy! 

10.60 ± 0.64(stat) ± 0.17 (syst) MeV 

m(χ
b2

(3P)) – m(χ
b2

(3P)) =

D. Charlton 

LHCp2018



THE STANDARD MODEL: THE STATUS REPORT AND OPEN QUESTIONS

The electroweak vacuum is unstable under radiative corrections

The whole construction of the SM may be in trouble being metastable or even unstable

the situation crucially depends on the top and Higgs mass values and 
requires severe fine-tuning and high accuracy of calculations (3 loops)
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THE STANDARD MODEL: THE  STATUS AND OPEN QUESTIONS



aμ(E821) = (116 592 089 ± 63)×10−11.FermiLab April 2021

The problem remained May be not!

Conclusion: it is important to take into account the strong 
interactions contribution correctly!

Old
New

New

THE STANDARD MODEL: THE  STATUS AND OPEN QUESTIONS



ANOMALOUS MAGNETIC MOMENT

⇤ ⇡ v : SUSY and the muon (g � 2)
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Figure: LHC Run 2 bounds on SUSY scenario for the muon g � 2 anomaly for tan � = 40.
Orange (yellow) regions satisfy the muon g � 2 anomaly at the 1� (2�) level [Endo et al., ’20].
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ANOMALOUS MAGNETIC MOMENT

⇤ . 1 GeV: Axion-like Particles and the muon (g � 2)

Axion-like Particle effective Lagrangian
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ANOMALOUS MAGNETIC MOMENT

HLO contribution from e+e� ! hadrons

Hadronic vacuum polarization

aHVP
µ =

µ µ

Optical theorem (from unitarity; conservation of probability) for hadronic contribution

! dispersion relation:

Im �
2

� �(e+e� ! �� ! hadrons)

aHVP
µ =

1
3

�↵
⇡

�2
Z 1

0

ds
s

K(s) R(s), R(s)=
�(e+e� ! �� ! hadrons)
�(e+e� ! �� ! µ+µ�)

[Bouchiat, Michel ’61; Durand ’62; Brodsky, de Rafael ’68; Gourdin, de Rafael ’69]

K(s) slowly varying, positive function � aHVP
µ positive. Data for hadronic cross section

� at low center-of-mass energies
p

s important due to factor 1/s: ⇠ 70% from

⇡⇡ [�(770)] channel, ⇠ 90% from energy region below 1.8 GeV.

Other method instead of energy scan: “Radiative return”

at colliders with fixed center-of-mass energy (DA�NE, B-

Factories, BEPC) [Binner et al. ’99; Czyż et al. ’00-’03]

Hadrons

γ
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a
HLO
µ,e+e� = 6931(40) ⇥ 10

�11(0.6%) [WP20]

Paride Paradisi (University of Padova and INFN) On the old and new muon g-2 puzzles 13 / 29



Flavor Anomaly
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Charged currents ot tree level Neutral currents at one-loop level
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THE STANDARD MODEL: THE STATUS REPORT AND OPEN QUESTIONS



LEPTON FLAVOR UNIVERSALITY

52Corfu Summer Institute                     31 August 2022                            N. Harnew

R(D) vs R(D*) 

 Intriguing as anomaly occurs in a tree-level SM process

 New LHCb result 

R(Lc) = 0.242 ± 0.026 ± 0.040 ± 0.059(ext) 

Measurement is consistent with SM (~1s “low”) [SM=0.324±0.004].

arxiv:2201:03497

 All experiments 
see an excess wrt 
SM predictions 

 Combining 
R(D)/R(D*) 
average ~3.4 s
tension with SM
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Neutrinos



THE STANDARD MODEL: THE STATUS REPORT AND OPEN QUESTIONS

Neutrino Physics 
 Absolute value of neutrino masses ?
 Mass hierarchy? 
 Dirac or Majorana?
 Fourth sterile neutrino?
 Neutrino dark matter? 

0.06 eV <
X

m⌫ < 0.12 eV

 -osc  CMB⌫

de Salas et al, 1708.01186

Normal hierarchy favoured at 3.1 𝜎
Nonzero CP phase favoured
Upper octant favoured 

PMNS-matrix parameters are measured 
with high accuracy of few %
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Three Types of Seesaw Mechanisms 
Require the existence of new degrees of freedom (particles) beyond those 
present in the SM 
Type I seesaw mechanism: νlR - RH νs’ (heavy). 
Type II seesaw mechanism: H(x) - a triplet of  H0,H−,H−− Higgs fields. 
Type III seesaw mechanism: T(x) - a triplet of fermion fields. 

Is it just the SM or requires New physics?
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Is it just the SM or requires New physics?

M. Weber ICHEP2018
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BEYOND THE STANDARD MODEL: THE MASS SPECTRUM AND MIXINGS

CKM vs. PMNS 

ICHEP, Melbourne, July 9, 2012 � 4 

Why these values? Are the two related? Are they related to masses? 

Area ~V2 

d            s            b            

u

c

t

ν          ν          ν            

ν

ν

ν

1                   2                   3

e

μ

τ

CKM                             PMNS

• Mass spectrum? • Mixing Matrices?

mquark = yquark · v
mlepton = ylepton · v

mW = g/
p
2 · v

mZ =
p

g2 + g02/
p
2 · v

mH =
p
� · v

m� = 0

mgluon = 0

• Quark-Lepton Symmetry
• Strong difference in parameters

• What are the CKM and PMNS phases? 
• Where lies the source of CP violation: in 
quark or lepton sector?

SM

JCP =
1

8
sin 2✓12 sin 2✓23 sin 2✓13 cos ✓13 sin �
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BEYOND THE STANDARD MODEL: QUEST FOR SYMMETRY

Follows the attempts in quark sector with 30 years delay: so far unsuccessful

Symmetry might be tricky E8 roots



Dark matter



BEYOND THE STANDARD MODEL: DARK MATTER

H. Baer et al., Phy. Rep. 555, 1(2015) 

Major problem: 85% of matter is dark and remains invisible!

Is this compatible with the SM? 
Does it requires modification of the SM or addition of gravity?

Many candidates in many orders of magnitude of mass:



BEYOND THE STANDARD MODEL: DARK MATTER SEARCHES

Direct W
IMP

Colliders WIMP

Axion-likes

Y. Semertzidis 



SUSY Searches



SUSY PRODUCTION



SUSY LIMITS



40SUSY SEARCHES



Baryon Asymmetry of the 
Universe
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THE STANDARD MODEL: CONCEPTUAL  PROBLEMS

• Baryon asymmetry of the Universe

(requires larger CP than in the SM) 

Т
A possible scenario in the early Universe when particles drop from thermal equilibrium 
violations T invariance

2. Violation of baryon number B =
Nq �Nq̄

3B
Baryon number is conserved in the SM with exponential accuracy

Violation of baryon number occurs in Grand Unified Theories 
and in Lepton=fourth color models (Pati-Salam model )

New particles = Leptoquarks, 
Extended Highs sector}

3. Violation of CP invariance CP

In the SM achieved via phase factors in 
the CKM and PMNS mixing matrices

CPT is exact symmetry of Nature

The presence of new phase factors in 
extended models (2HDM, SUSY, etc)

1. Violation of a thermal equilibrium
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WHAT MAKES US THINK THAT THERE IS PHYSICS BEYOND THE STANDARD MODEL?

• Small discrepancy with experimental data

• Possible new ingredients in neutrino sector (majorana neutrino)

• Instability of electroweak vacuum

• Inability to 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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POSSIBLE PHYSICS BEYOND THE STANDARD MODEL

How Will We Make Progress? 
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