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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 STANDARD MODEL 
OF FUNDAMENTAL INTERACTIONS
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 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 
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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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Quarks – “the building blocks 
of the Universe”

The number of  
quarks increased 
with discoveries of 
new particles and 
have reached   6

For unknown 
reasons Nature 
created 3 copies 
(generations) of 
quarks and leptons

Charm came as 
surprise but 
completed the 
picture
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The Number of Colours

➢The x-section of electron-
positron annihilation into 
hadrons is proportional to 
the number of quark 
colours. The fit to 
experimental data at 
various colliders at 
different energies gives

Nc = 3.06 ± 0.10



10

Quark’s Colour
Baryons are “made” of quarks
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Quark’s Colour
Baryons are “made” of quarks

To avoid Pauli principle veto one can 
antisymmetrize  the wave function 
introducing  a new quantum  number - 
“colour”, so that

?

��(d " d " d ")
⌦�(s " s " s ")
�++(u " u " u ")

�� = ✏ijk(di " dj " dk ")



Colored quarks
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Each flavour of quarks can have three color charges: red, 
green, blue
Antiquarks have three anticolors: antiрred - violet, 
antigreen -  red, antiblue - yellow

Gluons have eight colors: 
red-antiblue, green-antired, …

All bound states of quqrks, baryons and mesons  - colorless!

baryon                
meson

Red Green

q q̄



Hypothesis of quark confinement

Meson

Red Green

baryon                 

Quarks are confined inside hadrons due to interactions with gluons, which 
form strings stretched between quarks

Break of a string Creation of new quarks

0.2 0.4 0.6 0.8 1.0

-12

-10

-8

-6

-4

-2

<latexit sha1_base64="GoaCSiZtAgFU1Ym7AWbfmdny/hs=">AAACAHicdZDLSsNAFIYnXmu9RV24cDNYhIoYklIvG6HoxmUFe4E2lsl00g6dTMLMRCghG1/FjQtF3PoY7nwbJ20KKvrDwM93zuHM+b2IUals+9OYm19YXFourBRX19Y3Ns2t7aYMY4FJA4csFG0PScIoJw1FFSPtSBAUeIy0vNFVVm/dEyFpyG/VOCJugAac+hQjpVHP3G2WxeHFcdcXCCeDu0qaiPQIQ9EzS7Z1YmeCtmXPTE6cnJRArnrP/Oj2QxwHhCvMkJQdx46UmyChKGYkLXZjSSKER2hAOtpyFBDpJpMDUnigSR/6odCPKzih3ycSFEg5DjzdGSA1lL9rGfyr1omVf+4mlEexIhxPF/kxgyqEWRqwTwXBio21QVhQ/VeIh0hnoXRmRR3C7FL4v2lWLOfUqt5US7XLPI4C2AP7oAwccAZq4BrUQQNgkIJH8AxejAfjyXg13qatc0Y+swN+yHj/AkoolZg=</latexit>

V (r) = �g2
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The group structure of the SM

Casimir Operators

For SU(N)
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The group structure of the SM

Casimir Operators

For SU(N)

QCD analysis definitely 
singles out the SU(3)  
group as the symmetry 
group of strong 
interactions



Scattering of electrons on protons 
Parton Model

scaling
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x =
Q2

W 2

Q - transfer 
momentum 
from electron 
to proton

W - total 
energy of 
created 
hadrons

parton

Indetification of partons 
as quarks



Creation of hadrons at colliders

Electron-positron collider Proton collider

Hadrons form jets along the line 
of created quarks Quark subprocesses
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⌫⌧

n(udd) ! p(uud) + e+ ⌫̄

d

u e

⌫̄

W

⌫̄e

Leptons are from λεπτóσ - light

Electrons form atomic shells and define all chemistry 
of animated and unanimated nature

e

Neutrino are produced in hadron decay

µ ⌧

⌫e ⌫µ

⌫µ

e

µ

W

Where is background coming from?

Need to measure flux of PRIMARY PAR-
TICLES SIMULTANEOUSLY with search
for ANTIMATTER.
Can than calculate flux of secondary
ANTIMATTER PARTICLES and compare
it with measured flux.
Any difference indicates a source of
PRIMARILY produced antimatter.
Better to plot RATIO of antimatter and
matter fluxes, since then rather insensi-
tive to variations in particle fluxes, like
solar modulations.

Wim de Boer ITEP Winterschool, February, 2003 71

Muons are created from ∏-
mesons decay in cosmic rays 
and decay into electrons and two 
neutrinos
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Electro-weak sector of the SM
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Electro-weak sector of the SM
SU(2) x U(1)   versus   O(3)

➢ The heavy photon gives the 
neutral current without flavour 
violation

➢  Discovery of neutral currents was a 
crucial  test of the gauge model of 
weak interactions at CERN in 1973

3 gauge bosons 1 gauge boson 3 gauge bosons
After spontaneous symmetry breaking one has

3 massive gauge bosons
(W+ , W- , Z0)  and 1 massless (γ)

2 massive gauge bosons
(W+ , W- ) and 1 massless (γ)



P. Sphicas 
Experimental highlights 

SPT 

Mar 09, 2013 
Rencontres de Moriond, EWK session 53 

Num of Nus:  

Brent Follin 
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The Number of Generations

➢ Z-line shape obtained at LEP depends on 
the number of flavours and gives the  
number  of (light) neutrinos or 
(generations) of the Standard Model

Ng = 2.982 ± 0.013

Neff
⌫ < 3.30± 0.27

• The width of the Z-boson  
(LEP)

•  The CMB spectrum 
(Planck)

➢ The shape of the CMB temperature 
fluctuations give the number of active  
neutrinos or generations of the Standard 
Model assuming the quark-lepton symmetry



THE STANDARD MODEL: THE FLAVOUR STRUCTURE

Flavour Sector
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Matter and Antimatter

The first 
generation is 
what we are 
made of

Antimatter was 
created together 
with matter 
during the “Big 
bang”

Antiparticles are created at accelerators in ensemble with particles 
but the visible Universe does not contain antimatter 
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lnteractions in the SM (Forces)
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lnteractions in the SM (Forces)
➢ Strong Interactioins between quarks via gluons exchange  

Bound hadrons together, lead to nuclear forces inside the 
nucleus

➢ Weak Interactioins between quarks and leptons 
via W and Z exchage                                
Responsible for decays of hadrons and leptons

➢ Electromagnetic Interactioins between quarks and  
leptons via photon exchange                                                                     
Responsible for all macro forcers in Nature

➢ Yukawa Interactioins between quarks and leptons and the 
Higgs boson

     Responsible for creation of masses of quarks and leptons
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1. Performed via exchange of quanta of electromagnetic field - photon 
2. Electromagnetic field is described by Maxwell equations   

@µFµ⌫ + jµ = 0

@µF̃µ⌫ = 0

Fµ⌫ = @µA⌫ � @⌫Aµ

@t ~E � ~r⇥ ~B = �~j
~r ~E = ⇢

@t ~B + ~r⇥ ~E = 0
~r ~B = 0

3.   Charged particles (quarks and leptons) obey Dirac  equation 

(@̂ �m� eÂ) = 0 @̂ = �µ@µ

Electromagnetic Interactions
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1. Performed via exchange of quanta of gluon (color) field -gluon 

2. Gluon field is described by Yang-Mills equations (generalization of 

Maxwell eqs) 

3. The main difference from Electrodynamics is that gluons carry color charge 

and interact with each other 

4. Postulate of confinement: quarks and gluons cannot be observed in free 

state, only «colorless» objects are observed  

5. Colorless objects appear in two combinations:                              mesons                       

and baryons                            

6. However,  exotic hadrons  are proved to exist

M = q̄q
B = qqq

Strong Interactions
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DµFµ⌫ + jµ = 0
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Dµ = @µ + gAµ
<latexit sha1_base64="q0x186ymCH2hDatTX5VJS3htQGk="></latexit>

Fµ⌫ = @µA⌫ � @⌫Aµ + g[Aµ, A⌫ ]
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1. Performed via exchange of intermediate weak bosons W, Z 

2. The fields W and  Z are described by Yang-Mills eqs 

(generalization of Maxwell eqs)  

3. The fields W, Z carry weak charge (isospin) and interact with each 

other 

4. W, Z can be observed in free state and are massive   

5. Weak interactions involve quarks and leptons 

6. Weak interactions are short-range    

7.  Weak interactions describe decay of particles        

Weak Interactions

R ⇠ 1/MW



� W± Z0 g

H G

El-Mag Weak Strong

Higgs Gravity

l, q

Spin
� W±Z0 g

H

G

=1

=0

=2

q

V (r) = �e1e2
r

V (r) = �g2

r
e�MW r

V (r) = �m1m2

v2
H
r

e�MHr V (r) = �m1m2

M2
PLr

V (r) = �g2s
r

+ br
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Five fundamental forces of Nature
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Gauge Invariance
Gauge transformation

parameter matrixmatrix

 i(x) ! Uij(x) j(x) = exp[i↵a(x)T a
ij ] j(x)

 ̄i(x) !  ̄jU
+
j1(x) U+U = 1
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Gauge Invariance
Gauge transformation

parameter matrix

Fermion Kinetic term

matrix

 i(x) ! Uij(x) j(x) = exp[i↵a(x)T a
ij ] j(x)

 ̄i(x) !  ̄jU
+
j1(x) U+U = 1

i ̄(x)�µ@µ (x) ! i ̄(x)U+(x)�µ@µ(U(x) (x))

= i ̄(x)�µ@µ (x) + i ̄(x)�µU+(x)@µU(x) (x)
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Gauge Invariance
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parameter matrix
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matrix
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 ̄i(x) !  ̄jU
+
j1(x) U+U = 1
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Gauge Invariance
Gauge transformation

parameter matrix

Fermion Kinetic term

Covariant derivative
Gauge field

matrix

 i(x) ! Uij(x) j(x) = exp[i↵a(x)T a
ij ] j(x)

 ̄i(x) !  ̄jU
+
j1(x) U+U = 1

i ̄(x)�µ@µ (x) ! i ̄(x)U+(x)�µ@µ(U(x) (x))

= i ̄(x)�µ@µ (x) + i ̄(x)�µU+(x)@µU(x) (x)

@µ ! Dµ = @µI + gAa
µT

a ⌘ @µI + gAµ
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Gauge Invariance
Gauge transformation

parameter matrix

Fermion Kinetic term

Covariant derivative
Gauge field

matrix

 i(x) ! Uij(x) j(x) = exp[i↵a(x)T a
ij ] j(x)

 ̄i(x) !  ̄jU
+
j1(x) U+U = 1

i ̄(x)�µ@µ (x) ! i ̄(x)U+(x)�µ@µ(U(x) (x))

= i ̄(x)�µ@µ (x) + i ̄(x)�µU+(x)@µU(x) (x)

@µ ! Dµ = @µI + gAa
µT

a ⌘ @µI + gAµ

Gauge invariant kinetic term
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Gauge Invariance

<latexit sha1_base64="fDrJNS8/AmC3GE3KFtB/xC8UfJQ="></latexit>

Âµ ! U+(x)ÂµU(x) + gU+(x)@µU(x)



Gµ⌫ ! U+(x)Gµ⌫U(x)

27

Gauge Invariance

[Dµ, D⌫ ] = Gµ⌫ = @µA⌫ � @⌫Aµ + g[AµA⌫ ]
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Gµ⌫ ! U+(x)Gµ⌫U(x)
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Gauge Invariance

[Dµ, D⌫ ] = Gµ⌫ = @µA⌫ � @⌫Aµ + g[AµA⌫ ]

Gauge field kinetic term �1

4
TrGµ⌫G

µ⌫

Gauge field transformation

<latexit sha1_base64="fDrJNS8/AmC3GE3KFtB/xC8UfJQ="></latexit>

Âµ ! U+(x)ÂµU(x) + gU+(x)@µU(x)

Field strength tenzor

Contains self interaction of the gauge fields!
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Fermion Masses in the SM
Direct mass terms are forbidden due to SU(2)L invariance !

Dirac Spinors left right Dirac conjugated Charge conjugated
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Fermion Masses in the SM
Direct mass terms are forbidden due to SU(2)L invariance !

SU(2) doublet SU(2) singlet

Dirac Spinors left right Dirac conjugated Charge conjugated

Lorenz invariant Mass terms
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Fermion Masses in the SM
Direct mass terms are forbidden due to SU(2)L invariance !

SU(2) doublet SU(2) singlet

Dirac Spinors left right Dirac conjugated Charge conjugated

Lorenz invariant Mass terms
SUL(2)

SUL(2) & UY(1) UY(1)

Unless Q=0, Y=0

Majorana mass term
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Spontaneous Symmetry Breaking
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Spontaneous Symmetry Breaking

Introduce a scalar field with quantum numbers: (1,2,1) 

With potential

Unstable maximum
Stable minimumAt the minimum

scalar pseudoscalar

v.e.v.

H =
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✓
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Spontaneous Symmetry Breaking

Introduce a scalar field with quantum numbers: (1,2,1) 

With potential

Unstable maximum
Stable minimumAt the minimum

scalar pseudoscalar

v.e.v.

Gauge transformation Higgs boson

H =

✓
H

�

H
0

◆
=

✓
H

�

v + S+iPp
2

◆
= exp(i
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0 = exp(i

↵
a
�
a

2
)H

↵a=�⇠a�! H
0 =

✓
0
hp
2

◆

| |



30

Mechanism of Spontaneous Symmetry 
breaking  (Brout-Englert-Higgs)

Q: what happens with missing d.o.f (massless Goldstone bosons             or       )?
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P,H
+
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~⇠
A: they become longitudinal d.o.f of the gauge bosons

<latexit sha1_base64="e/TsBHhou/b88kEEzO6w0Mw9V94=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgooSkrVUXQtGNywr2AU0Mk+m0HTqThJmJWEJ/xY0LRdz6I+78GydtBRU9cOFwzr3ce08QMyqVbX8YuaXlldW1/HphY3Nre8fcLbZllAhMWjhikegGSBJGQ9JSVDHSjQVBPGCkE4wvM79zR4SkUXijJjHxOBqGdEAxUlryzWLHd3lyS8vQhfTcKVfKVd8s2dZZhiqck3pG7JpjO8fQsewZSmCBpm++u/0IJ5yECjMkZc+xY+WlSCiKGZkW3ESSGOExGpKepiHiRHrp7PYpPNRKHw4ioStUcKZ+n0gRl3LCA93JkRrJ314m/uX1EjU49VIaxokiIZ4vGiQMqghmQcA+FQQrNtEEYUH1rRCPkEBY6bgKOoSvT+H/pF2xnLpVu66VGheLOPJgHxyAI+CAE9AAV6AJWgCDe/AAnsCzMTUejRfjdd6aMxYze+AHjLdPoP6S5w==</latexit>

W i
µ, i = 1, 2, 3
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<latexit sha1_base64="3Vc39PiQU1JIrAyy2e+Np67KxSw=">AAAB7XicdVBNS8NAEJ34WetX1aOXxSIISki0Vr0VvfRYwX5AG8tmu2nXbjZhdyOU0P/gxYMiXv0/3vw3btoKKvpg4PHeDDPz/JgzpR3nw5qbX1hcWs6t5FfX1jc2C1vbDRUlktA6iXgkWz5WlDNB65ppTluxpDj0OW36w6vMb95TqVgkbvQopl6I+4IFjGBtpEbtCFVvD7uFomNfZDhBU1LOiFNyHfcUubYzQRFmqHUL751eRJKQCk04VqrtOrH2Uiw1I5yO851E0RiTIe7TtqECh1R56eTaMdo3Sg8FkTQlNJqo3ydSHCo1Cn3TGWI9UL+9TPzLayc6OPdSJuJEU0Gmi4KEIx2h7HXUY5ISzUeGYCKZuRWRAZaYaBNQ3oTw9Sn6nzSObbdsl65LxcrlLI4c7MIeHIALZ1CBKtSgDgTu4AGe4NmKrEfrxXqdts5Zs5kd+AHr7ROwqo6U</latexit>

P,H
+

<latexit sha1_base64="kSrMjVLAn0xCI2rkvbM/Xg3jNwU=">AAAB73icdVBNS8NAEN34WetX1aOXxSJ4ConWqreiF48V7Ac0oWy2k3bpZhN3N8US+ie8eFDEq3/Hm//GTVtBRR8MPN6bYWZekHCmtON8WAuLS8srq4W14vrG5tZ2aWe3qeJUUmjQmMeyHRAFnAloaKY5tBMJJAo4tILhVe63RiAVi8WtHifgR6QvWMgo0UZqeyOg2Ltn3VLZsS9ynOAZqebEqbiOe4pd25mijOaod0vvXi+maQRCU06U6rhOov2MSM0oh0nRSxUkhA5JHzqGChKB8rPpvRN8aJQeDmNpSmg8Vb9PZCRSahwFpjMieqB+e7n4l9dJdXjuZ0wkqQZBZ4vClGMd4/x53GMSqOZjQwiVzNyK6YBIQrWJqGhC+PoU/0+ax7ZbtSs3lXLtch5HAe2jA3SEXHSGauga1VEDUcTRA3pCz9ad9Wi9WK+z1gVrPrOHfsB6+wRWrJAy</latexit>

~⇠
A: they become longitudinal d.o.f of the gauge bosons

<latexit sha1_base64="e/TsBHhou/b88kEEzO6w0Mw9V94=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgooSkrVUXQtGNywr2AU0Mk+m0HTqThJmJWEJ/xY0LRdz6I+78GydtBRU9cOFwzr3ce08QMyqVbX8YuaXlldW1/HphY3Nre8fcLbZllAhMWjhikegGSBJGQ9JSVDHSjQVBPGCkE4wvM79zR4SkUXijJjHxOBqGdEAxUlryzWLHd3lyS8vQhfTcKVfKVd8s2dZZhiqck3pG7JpjO8fQsewZSmCBpm++u/0IJ5yECjMkZc+xY+WlSCiKGZkW3ESSGOExGpKepiHiRHrp7PYpPNRKHw4ioStUcKZ+n0gRl3LCA93JkRrJ314m/uX1EjU49VIaxokiIZ4vGiQMqghmQcA+FQQrNtEEYUH1rRCPkEBY6bgKOoSvT+H/pF2xnLpVu66VGheLOPJgHxyAI+CAE9AAV6AJWgCDe/AAnsCzMTUejRfjdd6aMxYze+AHjLdPoP6S5w==</latexit>

W i
µ, i = 1, 2, 3

Gauge transformation
<latexit sha1_base64="c7QqBZeVCupdd8gDJSoSt7LA4Ps="></latexit>

Ŵµ ! ei↵
a�a

Ŵµe
�i↵a�a

� 1

g
@µ(e

i↵a�a

)e�i↵a�a

Longitudinal components
<latexit sha1_base64="gRPHe863oYRNX/Typjgtboy4Xgo=">AAAB+HicdVDLSgNBEJz1GeMjqx69DAbBi8uuxqgHIejFYwTzgOwm9E4myZDZBzOzYlzyJV48KOLVT/Hm3zibRFDRgoaiqpvuLj/mTCrb/jDm5hcWl5ZzK/nVtfWNgrm5VZdRIgitkYhHoumDpJyFtKaY4rQZCwqBz2nDH15mfuOWCsmi8EaNYuoF0A9ZjxFQWuqYBRd4PIA2nB+4d6wNHbNoW2cZjvCUlDNilxzbOcaOZU9QRDNUO+a7241IEtBQEQ5Sthw7Vl4KQjHC6TjvJpLGQIbQpy1NQwio9NLJ4WO8p5Uu7kVCV6jwRP0+kUIg5SjwdWcAaiB/e5n4l9dKVO/US1kYJ4qGZLqol3CsIpylgLtMUKL4SBMggulbMRmAAKJ0Vnkdwten+H9SP7ScslW6LhUrF7M4cmgH7aJ95KATVEFXqIpqiKAEPaAn9GzcG4/Gi/E6bZ0zZjPb6AeMt0/Qk5M5</latexit>

↵a = �⇠a
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Mechanism of Spontaneous Symmetry 
breaking  (Brout-Englert-Higgs)

Q: what happens with missing d.o.f (massless Goldstone bosons             or       )?
<latexit sha1_base64="3Vc39PiQU1JIrAyy2e+Np67KxSw=">AAAB7XicdVBNS8NAEJ34WetX1aOXxSIISki0Vr0VvfRYwX5AG8tmu2nXbjZhdyOU0P/gxYMiXv0/3vw3btoKKvpg4PHeDDPz/JgzpR3nw5qbX1hcWs6t5FfX1jc2C1vbDRUlktA6iXgkWz5WlDNB65ppTluxpDj0OW36w6vMb95TqVgkbvQopl6I+4IFjGBtpEbtCFVvD7uFomNfZDhBU1LOiFNyHfcUubYzQRFmqHUL751eRJKQCk04VqrtOrH2Uiw1I5yO851E0RiTIe7TtqECh1R56eTaMdo3Sg8FkTQlNJqo3ydSHCo1Cn3TGWI9UL+9TPzLayc6OPdSJuJEU0Gmi4KEIx2h7HXUY5ISzUeGYCKZuRWRAZaYaBNQ3oTw9Sn6nzSObbdsl65LxcrlLI4c7MIeHIALZ1CBKtSgDgTu4AGe4NmKrEfrxXqdts5Zs5kd+AHr7ROwqo6U</latexit>

P,H
+

<latexit sha1_base64="kSrMjVLAn0xCI2rkvbM/Xg3jNwU=">AAAB73icdVBNS8NAEN34WetX1aOXxSJ4ConWqreiF48V7Ac0oWy2k3bpZhN3N8US+ie8eFDEq3/Hm//GTVtBRR8MPN6bYWZekHCmtON8WAuLS8srq4W14vrG5tZ2aWe3qeJUUmjQmMeyHRAFnAloaKY5tBMJJAo4tILhVe63RiAVi8WtHifgR6QvWMgo0UZqeyOg2Ltn3VLZsS9ynOAZqebEqbiOe4pd25mijOaod0vvXi+maQRCU06U6rhOov2MSM0oh0nRSxUkhA5JHzqGChKB8rPpvRN8aJQeDmNpSmg8Vb9PZCRSahwFpjMieqB+e7n4l9dJdXjuZ0wkqQZBZ4vClGMd4/x53GMSqOZjQwiVzNyK6YBIQrWJqGhC+PoU/0+ax7ZbtSs3lXLtch5HAe2jA3SEXHSGauga1VEDUcTRA3pCz9ad9Wi9WK+z1gVrPrOHfsB6+wRWrJAy</latexit>

~⇠
A: they become longitudinal d.o.f of the gauge bosons

<latexit sha1_base64="e/TsBHhou/b88kEEzO6w0Mw9V94=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgooSkrVUXQtGNywr2AU0Mk+m0HTqThJmJWEJ/xY0LRdz6I+78GydtBRU9cOFwzr3ce08QMyqVbX8YuaXlldW1/HphY3Nre8fcLbZllAhMWjhikegGSBJGQ9JSVDHSjQVBPGCkE4wvM79zR4SkUXijJjHxOBqGdEAxUlryzWLHd3lyS8vQhfTcKVfKVd8s2dZZhiqck3pG7JpjO8fQsewZSmCBpm++u/0IJ5yECjMkZc+xY+WlSCiKGZkW3ESSGOExGpKepiHiRHrp7PYpPNRKHw4ioStUcKZ+n0gRl3LCA93JkRrJ314m/uX1EjU49VIaxokiIZ4vGiQMqghmQcA+FQQrNtEEYUH1rRCPkEBY6bgKOoSvT+H/pF2xnLpVu66VGheLOPJgHxyAI+CAE9AAV6AJWgCDe/AAnsCzMTUejRfjdd6aMxYze+AHjLdPoP6S5w==</latexit>

W i
µ, i = 1, 2, 3

Gauge transformation
<latexit sha1_base64="c7QqBZeVCupdd8gDJSoSt7LA4Ps="></latexit>

Ŵµ ! ei↵
a�a

Ŵµe
�i↵a�a

� 1

g
@µ(e

i↵a�a

)e�i↵a�a

Longitudinal components
<latexit sha1_base64="gRPHe863oYRNX/Typjgtboy4Xgo=">AAAB+HicdVDLSgNBEJz1GeMjqx69DAbBi8uuxqgHIejFYwTzgOwm9E4myZDZBzOzYlzyJV48KOLVT/Hm3zibRFDRgoaiqpvuLj/mTCrb/jDm5hcWl5ZzK/nVtfWNgrm5VZdRIgitkYhHoumDpJyFtKaY4rQZCwqBz2nDH15mfuOWCsmi8EaNYuoF0A9ZjxFQWuqYBRd4PIA2nB+4d6wNHbNoW2cZjvCUlDNilxzbOcaOZU9QRDNUO+a7241IEtBQEQ5Sthw7Vl4KQjHC6TjvJpLGQIbQpy1NQwio9NLJ4WO8p5Uu7kVCV6jwRP0+kUIg5SjwdWcAaiB/e5n4l9dKVO/US1kYJ4qGZLqol3CsIpylgLtMUKL4SBMggulbMRmAAKJ0Vnkdwten+H9SP7ScslW6LhUrF7M4cmgH7aJ95KATVEFXqIpqiKAEPaAn9GzcG4/Gi/E6bZ0zZjPb6AeMt0/Qk5M5</latexit>

↵a = �⇠a

Higgs field kinetic term
<latexit sha1_base64="YJl9+TbWPQPkr2bHfnfvseZ+d14="></latexit>

|DµH|2 = |@µH � g

2
ŴµH � g

0

2
B̂µH|2
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Mechanism of Spontaneous Symmetry 
breaking  (Brout-Englert-Higgs)

Q: what happens with missing d.o.f (massless Goldstone bosons             or       )?
<latexit sha1_base64="3Vc39PiQU1JIrAyy2e+Np67KxSw=">AAAB7XicdVBNS8NAEJ34WetX1aOXxSIISki0Vr0VvfRYwX5AG8tmu2nXbjZhdyOU0P/gxYMiXv0/3vw3btoKKvpg4PHeDDPz/JgzpR3nw5qbX1hcWs6t5FfX1jc2C1vbDRUlktA6iXgkWz5WlDNB65ppTluxpDj0OW36w6vMb95TqVgkbvQopl6I+4IFjGBtpEbtCFVvD7uFomNfZDhBU1LOiFNyHfcUubYzQRFmqHUL751eRJKQCk04VqrtOrH2Uiw1I5yO851E0RiTIe7TtqECh1R56eTaMdo3Sg8FkTQlNJqo3ydSHCo1Cn3TGWI9UL+9TPzLayc6OPdSJuJEU0Gmi4KEIx2h7HXUY5ISzUeGYCKZuRWRAZaYaBNQ3oTw9Sn6nzSObbdsl65LxcrlLI4c7MIeHIALZ1CBKtSgDgTu4AGe4NmKrEfrxXqdts5Zs5kd+AHr7ROwqo6U</latexit>

P,H
+

<latexit sha1_base64="kSrMjVLAn0xCI2rkvbM/Xg3jNwU=">AAAB73icdVBNS8NAEN34WetX1aOXxSJ4ConWqreiF48V7Ac0oWy2k3bpZhN3N8US+ie8eFDEq3/Hm//GTVtBRR8MPN6bYWZekHCmtON8WAuLS8srq4W14vrG5tZ2aWe3qeJUUmjQmMeyHRAFnAloaKY5tBMJJAo4tILhVe63RiAVi8WtHifgR6QvWMgo0UZqeyOg2Ltn3VLZsS9ynOAZqebEqbiOe4pd25mijOaod0vvXi+maQRCU06U6rhOov2MSM0oh0nRSxUkhA5JHzqGChKB8rPpvRN8aJQeDmNpSmg8Vb9PZCRSahwFpjMieqB+e7n4l9dJdXjuZ0wkqQZBZ4vClGMd4/x53GMSqOZjQwiVzNyK6YBIQrWJqGhC+PoU/0+ax7ZbtSs3lXLtch5HAe2jA3SEXHSGauga1VEDUcTRA3pCz9ad9Wi9WK+z1gVrPrOHfsB6+wRWrJAy</latexit>

~⇠
A: they become longitudinal d.o.f of the gauge bosons

<latexit sha1_base64="e/TsBHhou/b88kEEzO6w0Mw9V94=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgooSkrVUXQtGNywr2AU0Mk+m0HTqThJmJWEJ/xY0LRdz6I+78GydtBRU9cOFwzr3ce08QMyqVbX8YuaXlldW1/HphY3Nre8fcLbZllAhMWjhikegGSBJGQ9JSVDHSjQVBPGCkE4wvM79zR4SkUXijJjHxOBqGdEAxUlryzWLHd3lyS8vQhfTcKVfKVd8s2dZZhiqck3pG7JpjO8fQsewZSmCBpm++u/0IJ5yECjMkZc+xY+WlSCiKGZkW3ESSGOExGpKepiHiRHrp7PYpPNRKHw4ioStUcKZ+n0gRl3LCA93JkRrJ314m/uX1EjU49VIaxokiIZ4vGiQMqghmQcA+FQQrNtEEYUH1rRCPkEBY6bgKOoSvT+H/pF2xnLpVu66VGheLOPJgHxyAI+CAE9AAV6AJWgCDe/AAnsCzMTUejRfjdd6aMxYze+AHjLdPoP6S5w==</latexit>

W i
µ, i = 1, 2, 3

Gauge transformation
<latexit sha1_base64="c7QqBZeVCupdd8gDJSoSt7LA4Ps="></latexit>

Ŵµ ! ei↵
a�a

Ŵµe
�i↵a�a

� 1

g
@µ(e

i↵a�a

)e�i↵a�a

Longitudinal components
<latexit sha1_base64="gRPHe863oYRNX/Typjgtboy4Xgo=">AAAB+HicdVDLSgNBEJz1GeMjqx69DAbBi8uuxqgHIejFYwTzgOwm9E4myZDZBzOzYlzyJV48KOLVT/Hm3zibRFDRgoaiqpvuLj/mTCrb/jDm5hcWl5ZzK/nVtfWNgrm5VZdRIgitkYhHoumDpJyFtKaY4rQZCwqBz2nDH15mfuOWCsmi8EaNYuoF0A9ZjxFQWuqYBRd4PIA2nB+4d6wNHbNoW2cZjvCUlDNilxzbOcaOZU9QRDNUO+a7241IEtBQEQ5Sthw7Vl4KQjHC6TjvJpLGQIbQpy1NQwio9NLJ4WO8p5Uu7kVCV6jwRP0+kUIg5SjwdWcAaiB/e5n4l9dKVO/US1kYJ4qGZLqol3CsIpylgLtMUKL4SBMggulbMRmAAKJ0Vnkdwten+H9SP7ScslW6LhUrF7M4cmgH7aJ95KATVEFXqIpqiKAEPaAn9GzcG4/Gi/E6bZ0zZjPb6AeMt0/Qk5M5</latexit>

↵a = �⇠a

Higgs field kinetic term
<latexit sha1_base64="YJl9+TbWPQPkr2bHfnfvseZ+d14="></latexit>

|DµH|2 = |@µH � g

2
ŴµH � g

0

2
B̂µH|2

<latexit sha1_base64="RQlm0xx6ZgSCD971wTl85n4M4Wc="></latexit>

 H =

✓
0
v

◆

<latexit sha1_base64="pg68cZ+IfnZKFMOzImUl2E+Sb9g="></latexit>

! 1

4
(0v)

✓
gW 3

µ + g0Bµ

p
2W�

µp
2W+

µ �gW 3
µ + g0Bµ

◆2 ✓
0
v

◆

<latexit sha1_base64="5FnrLPJkf3z9ypYDlAK+YRYQYPQ="></latexit>

! g2

2
v2W+

µ W�
µ +

1

4
(�gW 3

µ + g0Bµ)
2
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Gauge Bosons Masses

<latexit sha1_base64="5FnrLPJkf3z9ypYDlAK+YRYQYPQ="></latexit>

! g2

2
v2W+

µ W�
µ +

1

4
(�gW 3

µ + g0Bµ)
2

<latexit sha1_base64="lu9vi0HgxldQot0OFps/Xvh/pYw=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCq2FGa9VdURcuXFSwD2iHIZNm2tAkMyQZoQ79EjcuFHHrp7jzb8y0FVT0wIXDOfcm954wYVRp1/2wCguLS8srxdXS2vrGZtne2m6pOJWYNHHMYtkJkSKMCtLUVDPSSSRBPGSkHY4ucr99R6SisbjV44T4HA0EjShG2kiBXe5dEqYRvA4yjpSaBHbFdc5yHMEZqeXErXqudww9x52iAuZoBPZ7rx/jlBOhMTMvdD030X6GpKaYkUmplyqSIDxCA9I1VCBOlJ9NF5/AfaP0YRRLU0LDqfp9IkNcqTEPTSdHeqh+e7n4l9dNdXTqZ1QkqSYCzz6KUgZ1DPMUYJ9KgjUbG4KwpGZXiIdIIqxNViUTwtel8H/SOnS8mlO9qVbq5/M4imAX7IED4IETUAdXoAGaAIMUPIAn8GzdW4/Wi/U6ay1Y85kd8APW2ycg8JNv</latexit>

�Lmass

<latexit sha1_base64="F7jT/VdEZa4FS/gxh9a05Z84TLM=">AAACB3icdVDLSgMxFM34rPU16lKQYBErhTLTjlV3pW5cVrAP6ExLJs1MQzMPkoxQSndu/BU3LhRx6y+482/MtBVU9MDlHs65l+QeN2ZUSMP40BYWl5ZXVjNr2fWNza1tfWe3KaKEY9LAEYt420WCMBqShqSSkXbMCQpcRlru8DL1W7eECxqFN3IUEydAfkg9ipFUUk8/KNgeRxiaFsz7rW65ZwdJwT+upf2kW+rpOaN4kaIMZ6SSEsMyDfMUmkVjihyYo97T3+1+hJOAhBIzJETHNGLpjBGXFDMyydqJIDHCQ+STjqIhCohwxtM7JvBIKX3oRVxVKOFU/b4xRoEQo8BVkwGSA/HbS8W/vE4ivXNnTMM4kSTEs4e8hEEZwTQU2KecYMlGiiDMqforxAOkcpEquqwK4etS+D9plopmpWhdW7lqbR5HBuyDQ5AHJjgDVXAF6qABMLgDD+AJPGv32qP2or3ORhe0+c4e+AHt7RPh4Zd1</latexit>

+
1

4
(gW 3

µ + g0Bµ)
2

<latexit sha1_base64="ZaOgV/H9TpNte7rEfV+APiVxhGw="></latexit>

W±
µ =

W 1
µ⌥W 2

µp
2

Zµ = � sin ✓WBµ + cos ✓WW 3
µ

�µ = cos ✓WBµ + sin ✓WW 3
µ

<latexit sha1_base64="AxyN89kfFReWAGpk9X4XgKvFubY=">AAAB+3icdVBNS8NAEN34WetXrEcvi0X0VBOtVQ9C0YvHCvYD2lI22026dLMJuxOxhP4VLx4U8eof8ea/cdNWUNEHA4/3ZpiZ58WCa3CcD2tufmFxaTm3kl9dW9/YtLcKDR0lirI6jUSkWh7RTHDJ6sBBsFasGAk9wZre8Crzm3dMaR7JWxjFrBuSQHKfUwJG6tmFDhCJOzBgQHrNi2D/MOjZRad0nuEYT0klI07ZddwT7JacCYpohlrPfu/0I5qETAIVROu268TQTYkCTgUb5zuJZjGhQxKwtqGShEx308ntY7xnlD72I2VKAp6o3ydSEmo9Cj3TGRIY6N9eJv7ltRPwz7opl3ECTNLpIj8RGCKcBYH7XDEKYmQIoYqbWzEdEEUomLjyJoSvT/H/pHFUciul8k25WL2cxZFDO2gXHSAXnaIqukY1VEcU3aMH9ISerbH1aL1Yr9PWOWs2s41+wHr7BHXOlBg=</latexit>

tan ✓W = g0/g

<latexit sha1_base64="kJh7pN5uimJEBHeVrK7auAmGDvQ="></latexit>

M2
W = 1

2g
2v2

M2
Z = 1

2 (g
2 + g02)v2

M� = 0

<latexit sha1_base64="tT5ccGhjZHGpOAM9Y0EFJVhVC3U="></latexit>

M2
W =

g2

g2 + g02
M2

Z = cos2 ✓WM2
Z



31

Gauge Bosons Masses

The mass terms
<latexit sha1_base64="5FnrLPJkf3z9ypYDlAK+YRYQYPQ="></latexit>

! g2

2
v2W+

µ W�
µ +

1

4
(�gW 3

µ + g0Bµ)
2

<latexit sha1_base64="lu9vi0HgxldQot0OFps/Xvh/pYw=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCq2FGa9VdURcuXFSwD2iHIZNm2tAkMyQZoQ79EjcuFHHrp7jzb8y0FVT0wIXDOfcm954wYVRp1/2wCguLS8srxdXS2vrGZtne2m6pOJWYNHHMYtkJkSKMCtLUVDPSSSRBPGSkHY4ucr99R6SisbjV44T4HA0EjShG2kiBXe5dEqYRvA4yjpSaBHbFdc5yHMEZqeXErXqudww9x52iAuZoBPZ7rx/jlBOhMTMvdD030X6GpKaYkUmplyqSIDxCA9I1VCBOlJ9NF5/AfaP0YRRLU0LDqfp9IkNcqTEPTSdHeqh+e7n4l9dNdXTqZ1QkqSYCzz6KUgZ1DPMUYJ9KgjUbG4KwpGZXiIdIIqxNViUTwtel8H/SOnS8mlO9qVbq5/M4imAX7IED4IETUAdXoAGaAIMUPIAn8GzdW4/Wi/U6ay1Y85kd8APW2ycg8JNv</latexit>

�Lmass

<latexit sha1_base64="F7jT/VdEZa4FS/gxh9a05Z84TLM=">AAACB3icdVDLSgMxFM34rPU16lKQYBErhTLTjlV3pW5cVrAP6ExLJs1MQzMPkoxQSndu/BU3LhRx6y+482/MtBVU9MDlHs65l+QeN2ZUSMP40BYWl5ZXVjNr2fWNza1tfWe3KaKEY9LAEYt420WCMBqShqSSkXbMCQpcRlru8DL1W7eECxqFN3IUEydAfkg9ipFUUk8/KNgeRxiaFsz7rW65ZwdJwT+upf2kW+rpOaN4kaIMZ6SSEsMyDfMUmkVjihyYo97T3+1+hJOAhBIzJETHNGLpjBGXFDMyydqJIDHCQ+STjqIhCohwxtM7JvBIKX3oRVxVKOFU/b4xRoEQo8BVkwGSA/HbS8W/vE4ivXNnTMM4kSTEs4e8hEEZwTQU2KecYMlGiiDMqforxAOkcpEquqwK4etS+D9plopmpWhdW7lqbR5HBuyDQ5AHJjgDVXAF6qABMLgDD+AJPGv32qP2or3ORhe0+c4e+AHt7RPh4Zd1</latexit>
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Quark/Lepton Mixing
• The mass matrix is non-diagonal in generation space
• It can be diagonalized by field rotation Q -> Q’= V Q

• Neutral Current: 

• Charged Current

Cabibbo-Kobayashi-Maskawa mixing matrix (quarks)

The (only) source of flavour mixing in the SM Unitarity:  K K=1+
Pontecorvo-Maki-Nakagava-Sakato mixing matrix (leptons)
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Mixing Matrix and Unitarity Triangle

Two important properties

1. CP-violation due to a complex phase δ !
2. Unitarity triangle

Quarks and leptons  of different generations can mix interacting with W-boson
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The Unitarity Triangle: all constraints

A consistent picture across a huge array of measurements
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CKM vs. PMNS 

ICHEP, Melbourne, July 9, 2012 � 4 

Why these values? Are the two related? Are they related to masses? 
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Calcultion of Theoretical Predictions in HEP
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Theoretical Codes for HEP Experiments 

Theoretical Codes for HEP experiments

●General, e.g., Pythia, HERWIG and CompHEP: many processes and effects 
but limited precision

●Tree-level calculations + universal non-perturbative effects like hadronic 
vacuum polarization, PDFs, and parton showers

●Specific (dedicated), e.g., MC@NLO and POWHEG: a few processes but 
higher precision due inclusion of higher order radiative corrections

●At least 1-loop (NLO, NNLO etc.) calculations + advanced treatment of non-
perturbative effects relevant for the given set of processes

●The codes are used for experimental data simulation in chains, so their input 
and output meet certain standards. E.g., events are generated by one Monte 
Carlo generator and then processed by the PHOTOS code to simulate multiple 
photon radiation

Theoretical Codes for HEP experiments

●General, e.g., Pythia, HERWIG and CompHEP: many processes and effects 
but limited precision

●Tree-level calculations + universal non-perturbative effects like hadronic 
vacuum polarization, PDFs, and parton showers
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higher precision due inclusion of higher order radiative corrections

●At least 1-loop (NLO, NNLO etc.) calculations + advanced treatment of non-
perturbative effects relevant for the given set of processes

●The codes are used for experimental data simulation in chains, so their input 
and output meet certain standards. E.g., events are generated by one Monte 
Carlo generator and then processed by the PHOTOS code to simulate multiple 
photon radiation
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Progress of Theoretical Calculations
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Example: diagrams generated by CalcHEP
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CalcHEP: from Feynman rules to 
distributions
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Using a chain of Programs

Using a chain of programs:
an example on electron loop contributions to g-2 of muon

Step 1. Generate 4-loop QED Feynman diagrams by QGRAF code [Nogueira]
Step 2. Read the diagrams: a bridge between QGRAF and exp [Harlander, Seidensticker, 
Steinhauser]
Step 3. exp/asy/in hause: asymptotic expansion with mass hierarchy m_e << m_\mu
[Harlander, Seidensticker, Steinhauser]/ [Pak, Smirnov; Jantzen, Smirnov, Smirnov]
Step 4. FORM: calculations of diagrams [Vermaseren]
Step 5. FIRE/Crusher: reduction to master integrals [Smirnov]/[Marquard, Seidel]
Step 6. FIESTA: evaluation of master integrals [Smirnov]
Step 7. See a numerical agreement with Kinoshita’s results.

*The names of computer codes are in blue. Their authors are given in square brackets.

[A. Kurz, P. Marquard, A.V. Smirnov , V.A. Smirnov, M. Steinhauser, Phys.Rev.D 93 (2016) 5, 053017]
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QED Diagrams for g-2 of muon
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QED Diagrams for g-2 of muon
Two-loop diags Three-loop diags

Types of 
frour-loop 
diags with
electron 
loops
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Progress of Theoretical Calculations
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The Standard Model
THE STANDARD MODEL: THE STATUS REPORT AND OPEN QUESTIONS

Extraordinary agreement between measurements and SM predictions
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The Triumph of the Standard Model



THE STANDARD MODEL: THE STATUS REPORT AND OPEN QUESTIONS

THE PROBLEMS
 Quantum corrections can make the vacuum unstable 

the situation crucially depends on the 
top and Higgs mass values and requires 
severe fine-tuning and accuracy

the whole construction of the SM may be in 
trouble being metastable or even unstable
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Figure 1: Left: SM RG evolution of the gauge couplings g1 =
p
5/3g0, g2 = g, g3 = gs, of the

top and bottom Yukawa couplings (yt, yb), and of the Higgs quartic coupling �. All couplings are
defined in the MS scheme. The thickness indicates the ±1� uncertainty. Right: RG evolution of
� varying Mt and ↵s by ±3�.

We stress that both these two-loop terms are needed to match the sizable two-loop scale

dependence of � around the weak scale, caused by the �32y4
t
g2
s
+ 30y6

t
terms in its beta

function. As a result of this improved determination of ��(µ), we are able to obtain a

significant reduction of the theoretical error on Mh compared to previous works.

Putting all the NNLO ingredients together, we estimate an overall theory error on Mh of

±1.0GeV (see section 3). Our final results for the condition of absolute stability up to the

Planck scale is

Mh [GeV] > 129.4 + 1.4

✓
Mt [GeV]� 173.1

0.7

◆
� 0.5

✓
↵s(MZ)� 0.1184

0.0007

◆
± 1.0th . (2)

Combining in quadrature the theoretical uncertainty with the experimental errors on Mt and

↵s we get

Mh > 129.4± 1.8 GeV. (3)

From this result we conclude that vacuum stability of the SM up to the Planck scale is

excluded at 2� (98% C.L. one sided) for Mh < 126GeV.

Although the central values of Higgs and top masses do not favor a scenario with a

vanishing Higgs self coupling at the Planck scale (MPl) — a possibility originally proposed

2

49



THE STANDARD MODEL: THE STATUS REPORT AND OPEN QUESTIONS

THE PROBLEMS
 Quantum corrections can make the vacuum unstable 

0 50 100 150 200
0

50

100

150

200

Higgs mass Mh in GeV

To
p
m
as
sM

t
in
G
eV

Instability

N
on-perturbativity

Stability

Met
a-st

abil
ity

Instability

107

109

1010

1012

115 120 125 130 135
165

170

175

180

Higgs mass Mh in GeV

Po
le
to
p
m
as
sM

t
in
G
eV

1,2,3 s

Instability

Stability

Meta-stability

Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane. Right: Zoom in the region of the preferred experimental range of Mh and Mt (the
gray areas denote the allowed region at 1, 2, and 3�). The three boundaries lines correspond to
↵s(MZ) = 0.1184± 0.0007, and the grading of the colors indicates the size of the theoretical error.
The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5GeV, whose main contributions

can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).
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dependence of � around the weak scale, caused by the �32y4
t
g2
s
+ 30y6

t
terms in its beta

function. As a result of this improved determination of ��(µ), we are able to obtain a

significant reduction of the theoretical error on Mh compared to previous works.

Putting all the NNLO ingredients together, we estimate an overall theory error on Mh of

±1.0GeV (see section 3). Our final results for the condition of absolute stability up to the
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Mh > 129.4± 1.8 GeV. (3)

From this result we conclude that vacuum stability of the SM up to the Planck scale is

excluded at 2� (98% C.L. one sided) for Mh < 126GeV.

Although the central values of Higgs and top masses do not favor a scenario with a

vanishing Higgs self coupling at the Planck scale (MPl) — a possibility originally proposed
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3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5GeV, whose main contributions

can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is
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excluded at 98% C.L. (one sided).

17

the situation crucially depends on the 
top and Higgs mass values and requires 
severe fine-tuning and accuracy

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

102 104 106 108 1010 1012 1014 1016 1018 1020
0.0

0.2

0.4

0.6

0.8

1.0

RGE scale m in GeV

SM
co
up
lin
gs

g1

g

gsyt

l
yb

102 104 106 108 1010 1012 1014 1016 1018 1020
-0.04

-0.02

0.00

0.02

0.04

0.06

0.08

0.10

RGE scale m in GeV

H
ig

gs
qu

ar
tic

co
up

lin
g
lHm
L

Mh = 125 GeV
3s bands in

Mt = 173.1 ± 0.7 GeV
asHMZL = 0.1184 ± 0.0007

Mt = 171.0 GeV

asHMZL = 0.1163

asHMZL = 0.1205

Mt = 175.3 GeV

Figure 1: Left: SM RG evolution of the gauge couplings g1 =
p
5/3g0, g2 = g, g3 = gs, of the

top and bottom Yukawa couplings (yt, yb), and of the Higgs quartic coupling �. All couplings are
defined in the MS scheme. The thickness indicates the ±1� uncertainty. Right: RG evolution of
� varying Mt and ↵s by ±3�.

We stress that both these two-loop terms are needed to match the sizable two-loop scale

dependence of � around the weak scale, caused by the �32y4
t
g2
s
+ 30y6

t
terms in its beta

function. As a result of this improved determination of ��(µ), we are able to obtain a

significant reduction of the theoretical error on Mh compared to previous works.

Putting all the NNLO ingredients together, we estimate an overall theory error on Mh of

±1.0GeV (see section 3). Our final results for the condition of absolute stability up to the

Planck scale is

Mh [GeV] > 129.4 + 1.4
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Combining in quadrature the theoretical uncertainty with the experimental errors on Mt and

↵s we get

Mh > 129.4± 1.8 GeV. (3)

From this result we conclude that vacuum stability of the SM up to the Planck scale is

excluded at 2� (98% C.L. one sided) for Mh < 126GeV.

Although the central values of Higgs and top masses do not favor a scenario with a

vanishing Higgs self coupling at the Planck scale (MPl) — a possibility originally proposed
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As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,
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plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,
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SM potential. By taking into account all uncertainties, we find that the stability region is
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We stress that both these two-loop terms are needed to match the sizable two-loop scale

dependence of � around the weak scale, caused by the �32y4
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terms in its beta

function. As a result of this improved determination of ��(µ), we are able to obtain a

significant reduction of the theoretical error on Mh compared to previous works.

Putting all the NNLO ingredients together, we estimate an overall theory error on Mh of

±1.0GeV (see section 3). Our final results for the condition of absolute stability up to the

Planck scale is
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✓
Mt [GeV]� 173.1

0.7

◆
� 0.5

✓
↵s(MZ)� 0.1184

0.0007

◆
± 1.0th . (2)

Combining in quadrature the theoretical uncertainty with the experimental errors on Mt and

↵s we get

Mh > 129.4± 1.8 GeV. (3)

From this result we conclude that vacuum stability of the SM up to the Planck scale is

excluded at 2� (98% C.L. one sided) for Mh < 126GeV.

Although the central values of Higgs and top masses do not favor a scenario with a

vanishing Higgs self coupling at the Planck scale (MPl) — a possibility originally proposed

2

NLO NNLO
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THE PROBLEMS
 Quantum corrections can make the vacuum unstable 
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane. Right: Zoom in the region of the preferred experimental range of Mh and Mt (the
gray areas denote the allowed region at 1, 2, and 3�). The three boundaries lines correspond to
↵s(MZ) = 0.1184± 0.0007, and the grading of the colors indicates the size of the theoretical error.
The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5GeV, whose main contributions

can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).
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the situation crucially depends on the 
top and Higgs mass values and requires 
severe fine-tuning and accuracy

the whole construction of the SM may be in 
trouble being metastable or even unstable
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Figure 1: Left: SM RG evolution of the gauge couplings g1 =
p
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top and bottom Yukawa couplings (yt, yb), and of the Higgs quartic coupling �. All couplings are
defined in the MS scheme. The thickness indicates the ±1� uncertainty. Right: RG evolution of
� varying Mt and ↵s by ±3�.

We stress that both these two-loop terms are needed to match the sizable two-loop scale

dependence of � around the weak scale, caused by the �32y4
t
g2
s
+ 30y6

t
terms in its beta

function. As a result of this improved determination of ��(µ), we are able to obtain a

significant reduction of the theoretical error on Mh compared to previous works.

Putting all the NNLO ingredients together, we estimate an overall theory error on Mh of

±1.0GeV (see section 3). Our final results for the condition of absolute stability up to the

Planck scale is

Mh [GeV] > 129.4 + 1.4

✓
Mt [GeV]� 173.1

0.7

◆
� 0.5

✓
↵s(MZ)� 0.1184

0.0007

◆
± 1.0th . (2)

Combining in quadrature the theoretical uncertainty with the experimental errors on Mt and

↵s we get

Mh > 129.4± 1.8 GeV. (3)

From this result we conclude that vacuum stability of the SM up to the Planck scale is

excluded at 2� (98% C.L. one sided) for Mh < 126GeV.

Although the central values of Higgs and top masses do not favor a scenario with a

vanishing Higgs self coupling at the Planck scale (MPl) — a possibility originally proposed

2

The way out might be the  new physics  at higher scale
NLO NNLO

49



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 BEYOND

The Standard Model of Fundamental Interactions

Higgs  Sector Neutrino Sector

Dark Matter

New particles and Interactions

Flavour Sector
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Discovery of the Higgs Boson
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Creration at Hadron Collider Decay modes

P. Sphicas 
Experimental highlights 

SMS → ZZ → 4leptons 

Mar 09, 2013 
Rencontres de Moriond, EWK session 59 

Guillelmo Gomez-Ceballos 
Fabrice Hubaut 

Sign/Exp Exp Obs 
ATLAS 4.4 σ 6.6 σ
CMS 6.7 σ 7.2 σ

Z1 Z2 
mass 

ok 
P. Sphicas 
Experimental highlights 

H → γγ 

■  Update from ATLAS 

Mar 09, 2013 
Rencontres de Moriond, EWK session 61 

Mass window ~125 GeV 
with 90% signal: S/B~3% 

Significance; obs: 7.4σ; exp: 4.1σ

Mass: 126.8 ± 0.2(stat) ± 0.7(sys) GeV 

Fabrice Hubaut 

CERN, Large Hadron Collider, 2012 
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Run-2 analyses with 80 fb-1 for the first time – higher precision is coming! 

Higgs bosons – entering precision era 

ttH observation 



POSSIBLE PHYSICS BEYOND THE STANDARD MODEL

NEW  PARTICLES EXTENDED HIGGS SECTOR
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Is it the SM Higgs boson or not?
What are the alternatives?

A. Singlet extension  
B. Higgs doublet extension 
C. Higgs triplet extension
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Is it the SM Higgs boson or not?
What are the alternatives?

A. Singlet extension  
B. Higgs doublet extension 
C. Higgs triplet extension

How to probe?
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Is it the SM Higgs boson or not?
What are the alternatives?

A. Singlet extension  
B. Higgs doublet extension 
C. Higgs triplet extension

•  Probe deviations from the 
SM Higgs couplings

How to probe?
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Is it the SM Higgs boson or not?
What are the alternatives?

A. Singlet extension  
B. Higgs doublet extension 
C. Higgs triplet extension

•  Probe deviations from the 
SM Higgs couplings

The name of the game is precision 

How to probe?



POSSIBLE PHYSICS BEYOND THE STANDARD MODEL

NEW  PARTICLES EXTENDED HIGGS SECTOR

54

Is it the SM Higgs boson or not?
What are the alternatives?

A. Singlet extension  
B. Higgs doublet extension 
C. Higgs triplet extension

•  Probe deviations from the 
SM Higgs couplings

The name of the game is precision 

• Perform direct search for 
additional scalars

How to probe?



POSSIBLE PHYSICS BEYOND THE STANDARD MODEL

NEW  PARTICLES EXTENDED HIGGS SECTOR

54

Is it the SM Higgs boson or not?
What are the alternatives?

A. Singlet extension  
B. Higgs doublet extension 
C. Higgs triplet extension

The mass spectrum of the 
Higgs bosons (GeV)

•  Probe deviations from the 
SM Higgs couplings

The name of the game is precision 

• Perform direct search for 
additional scalars

How to probe?
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Is it the SM Higgs boson or not?
What are the alternatives?

A. Singlet extension  
B. Higgs doublet extension 
C. Higgs triplet extension

The mass spectrum of the 
Higgs bosons (GeV)

We may have found one of 
these states

•  Probe deviations from the 
SM Higgs couplings

The name of the game is precision 

• Perform direct search for 
additional scalars

How to probe?
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POSSIBLE PHYSICS BEYOND THE STANDARD MODEL

NEW  PARTICLES EXTENDED HIGGS SECTOR
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Is it the SM Higgs boson or not?
What are the alternatives?

A. Singlet extension  
B. Higgs doublet extension 
C. Higgs triplet extension

• The Higgs physics has already started 
• This is the  task of vital importance.  
• May require the electron-positron collider

The mass spectrum of the 
Higgs bosons (GeV)

We may have found one of 
these states

•  Probe deviations from the 
SM Higgs couplings

The name of the game is precision 

• Perform direct search for 
additional scalars

How to probe?
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ee -> HZ  diff. decay channels ΔmH =    40 MeV 

ΔmH =    70 MeV 
Int

 Lin
ear

 

Collid
er

PRECISION PHYSICS OF THE HIGGS BOSONS



Heavy Higgs!ττ 
•  In 2HDMs a heavy Higgs boson can have enhanced couplings to down-

type fermions 
–  Increased heavy Higgs production decaying mainly to b quarks and τ leptons 

•  New ATLAS analysis includes new triggers and event categories 
–  Combine all categories but separate limits for production mechanism 

Florencia Canelli - University of Zurich 35 

ATLAS-CONF-2016-041 

Higgs!hh!bbττ 
•  Resonance search 

–  generally one h(125)!bb [BR=58%]  
–  resonance searches benchmark models: spin-0 (radion) and spin-2 (G) 

•  Non-resonance search 
–  BSM can be enhanced by resonance or particle in the loop and can be modeled 

in EFT adding dim-6 operators to the SM Lagrangian 
•  can be described with 5 parameters: λhhh, yt, c2, c2g, cg 

Florencia Canelli - University of Zurich 36 

CMS-PAS-HIG-16-029 

CMS-PAS-HIG-16-028 

Higgs!hh!bbττ 
•  Resonant search 

–  Fit to the invariant mass of ττ and bb 
–  At high mH�boosted regime, uses substructure information for jets, b-tag 

•  Non-resonant search 
–  Limits as a function of the ratio of the anomalous trilinear coupling to the SM 

trilinear coupling (κλ=λhhh/λSM
hhh)  

–  At κλ=1 value corresponds to ~200 (170) x SM prediction 

Florencia Canelli - University of Zurich 37 

CMS-PAS-HIG-16-029 
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Charged Higgs bosons appear in many extensions of the SM 
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ATLAS-CONF-2016-088 
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Higgs!hh!bbττ 
•  Resonant search 

–  Fit to the invariant mass of ττ and bb 
–  At high mH�boosted regime, uses substructure information for jets, b-tag 

•  Non-resonant search 
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Charged Higgs bosons appear in many extensions of the SM 
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Heavy Higgs!ZZ!4l 
•  Search for an additional heavy scalar 

–  Assumed to be produced via the ggF and VBF processes  

•  Extension of the H!ZZ measurement and fits the m4l distribution 

•  No signal seen we set limits for different decay width ΓX assumptions 

Florencia Canelli - University of Zurich 34 
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The Higgs potential - test of the SM

Higgs triple coupling!!!
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Neutrino-misterious particle

n(udd) ! p(uud) + e+ ⌫̄

d

u e

⌫̄

Neutrino is created in the process of weak decays of hadrons  

W
Neutrino  
• Has no electric chartge 
• Do not participate in electromagnetic interactions 
• Do not participate in strong interactions 
• Participate in weak interactions  
• Interact with the Higggs field 
• Has a very small (< 1 ev) mass 

Non-zero neutrino mass follows from the observation of neutrino oscillations

P⌫↵!⌫� = sin2 2✓↵� sin
2

 
�m2

↵�L

4E

!

Neutrin
o  

Secto
r
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28"

Known unknowns                                  
                                                                                                          

[modified from Strumia] 

Is L violated? 

3 

CP : ⇤,�,⇥ ?✔ 

m1:  where is the lower bound?

Neutrino masses

Normal or 
inverse 

hierarchy
?

Spectrum of 
cosmic 

microwave 
background

Planck

m⌫e < 2 eV

β-decay
Troitsk-Mainz

KATRIN

m⌫e < 0.2 eV

�m2 = 0.8 · 10�5 eV 2

�m2 = 0.8 · 10�5 eV 2

�m2 = 2.5 · 10�3 eV 2

�m2 = 2.5 · 10�3 eV 2

0.06 eV <
X

m⌫ < 0.12 eV

Neutrino 
oscillations

Neutrino-misterious particle



Is neutrino an antiparticle to itself ?

⌫D 6= ⌫⇤D ⌫M = ⌫⇤M

m⌫L = m⌫R

m⌫M1
6= m⌫M2

?

⌫D =

✓
⌫L
⌫R

◆
⌫M1 =

✓
⇠1
⇠⇤1

◆
, ⌫M2 =

✓
⇠2
⇠⇤2

◆

P. Sphicas 
Experimental highlights 

0νββ decay: EXO200 

Mar 09, 2013 
Rencontres de Moriond, EWK session 49 

T1/20νββ (136Xe) x 1025 yr 
> 1.6 (90% CL) 

228Th source 
SS 

Qββ 

Qββ 

David Auty 

T1/22νββ (136Xe) x 1021 yr = 
2.23 ± 0.017 stat ± 0.22 sys 

P. Sphicas 
Experimental highlights 

0νββ decay 

Mar 09, 2013 
Rencontres de Moriond, EWK session 48 
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(ββ)2ν

(A,Z)→ (A,Z + 2) + 2e− + χ,

(A,Z)→ (A,Z + 2) + 2e− + 2χ,

Qββ

(ββ)0ν

Qββ

(ββ)0ν
β

β
B − L
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Precision Neutrino Physics
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ICHEP	2016	-- I.	Shipsey

No positive results on steriles 
Daya Bay, Minos and Bugey 3 combined 

No	evidence	for	sterile	neutrinos	

ICHEP	2016	-- I.	Shipsey

No positive results on steriles 
Daya Bay, Minos and Bugey 3 combined 

No	evidence	for	sterile	neutrinos	

ICHEP	2016	-- I.	Shipsey

No positive results on steriles 
Daya Bay, Minos and Bugey 3 combined 

No	evidence	for	sterile	neutrinos	
ICHEP	2016	-- I.	Shipsey

No positive results on steriles 
Daya Bay, Minos and Bugey 3 combined 

No	evidence	for	sterile	neutrinos	

STERILE NEUTRINO
Various exps interpreted  within 4 neutrino 

framework

Oscillation channels are related:

for 4⇡E/�m2
41 << L << 4⇡E/�m2

31

P⌫e!⌫e ⇡ 1� 2|Ue4|2(1� |Ue4|2)
P⌫µ!⌫µ ⇡ 1� 2|Uµ4|2(1� |Uµ4|2)
P⌫µ!⌫e ⇡ 2|Ue4|2|Uµ4|2
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Beyond the Standard Model



G. Tonelli, CERN/INFN/UNIPI                                              ITEP_MOSCOW                                               February 12-19 2013           
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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. 
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POSSIBLE PHYSICS BEYOND THE STANDARD MODEL

NEW SYMMETRIES SUPERSYMMETRY
Supersymmetry is an extension of the Poincare symmetry of the SM

Poincare Algebra

[Pµ, P⌫ ] = 0,
[Pµ,M⇢�] = i(gµ⇢P� � gµ�P⇢),
[Mµ⌫ ,M⇢�] = i(g⌫⇢Mµ� � g⌫�Mµ⇢ � gµ⇢M⌫� + gµ�M⌫⇢)

Super Poincare Algebra

[Qi
↵, Pµ] = [Q̄i

↵̇, Pµ] = 0,

[Qi
↵,Mµ⌫ ] =

1
2 (�µ⌫)�↵Q

i
� , [Q̄i

↵̇,Mµ⌫ ] = � 1
2 Q̄

i
�̇
(�̄µ⌫)

�̇
↵̇,

{Qi
↵, Q̄

j

�̇
} = 2�ij(�µ)↵�̇Pµ,

{Qi
↵, Q

j
�} = 2✏↵�Zij , Zij = Z+

ij ,

{Q̄i
↵̇, Q̄

j

�̇
} = �2✏↵̇�̇Z

ij , [Zij , anything] = 0,

↵, ↵̇ = 1, 2 i, j = 1, 2, . . . , N.

Qi, Q̄i
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Chiral multiplet
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scalar spinor

spinor vector

N = 1, � = 0
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Bosons and Fermions come in pairs
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{ , } 2 ( )    { , } 2( )

( )  local coordinate transf.  (super)gravity

ji ijQ Q P P

x

µ µ
α µ ε ε µβ αβδ σ δ δ εσ ε

ε ε

= ⇒ =

= ⇒
! !

Local supersymmetry =  general relativity ! 

 Unification with gravity!
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D̃i = d̃R

quarks

8
<

:

Qi = (u, d)L

Ui = u
c
R

Di = d
c
R

3

3
⇤

3
⇤

2

1

1

1/3

�4/3

2/3

Higgs

H1

H2
Higgses

⇢
H1

H2
higgsinos

⇢
H̃1

H̃2

1

1

2

2

�1

1

72THE PARTICLE CONTENT OF THE MSSM



Superfield Bosons Fermions SUc(3) SUL(2) UY (1)

Gauge

G
a

gluon g
a

gluino g̃
a

8 0 0

V
k

Weak W
k

(W
±
, Z) wino, zino w̃

k
(w̃

±
, z̃) 1 3 0

V
0

Hypercharge B (�) bino b̃(�̃) 1 1 0

Matter

Li

Ei

Ni

sleptons

8
<

:

L̃i = (⌫̃, ẽ)L

Ẽi = ẽR
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D̃i = d̃R

72THE PARTICLE CONTENT OF THE MSSM



Superfield Bosons Fermions SUc(3) SUL(2) UY (1)

Gauge

G
a

gluon g
a

gluino g̃
a

8 0 0

V
k

Weak W
k

(W
±
, Z) wino, zino w̃

k
(w̃

±
, z̃) 1 3 0

V
0

Hypercharge B (�) bino b̃(�̃) 1 1 0

Matter

Li

Ei

Ni

sleptons

8
<

:

L̃i = (⌫̃, ẽ)L
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R-PARITY
B - Baryon Number 
L - Lepton Number 
S - Spin

The Usual Particle :  R = + 1 
SUSY Particle :        R =  - 1
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R-PARITY

The consequences:
• The superpartners are created in pairs 
• The lightest superparticle is stable

  p
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• The lightest superparticle (LSP) 
   should be neutral - the best candidate 
   is neutralino  (photino or higgsino) 
• It can survive from the Big Bang  and 
   form the Dark matter  in the Universe 

B - Baryon Number 
L - Lepton Number 
S - Spin

The Usual Particle :  R = + 1 
SUSY Particle :        R =  - 1
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NMSSM=MSSM+Singlet 3 light Higgses around 125 GeV 

Heavy Higgs decay H->h1h2
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       Rare decays (                                                        )  
       g-2 of the muon 

 Relic abundancy of Dark Matter in the Universe 
  DM annihilation signal in cosmic rays 
  Direct DM interaction with nucleons

 Direct production at colliders at high energies 
  Indirect manifestation at low energies 

Bs ! s�, Bs ! µ+µ�, Bs ! ⌧⌫Partic
le Phys

Astro
 Phys

(if SUSY DM)

   Search for long-lived SUSY particles
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Gluino	decays	to	qq+LSP	

ICHEP2016,	Aug	9,	2016	 Searches	for	SUSY	 12	

Summary	of	decays	to	light	quarks	+	LSP	

ATLAS-CONF-2016-078	 CMS-SUS-16-014	
CMS-SUS-16-015	

Gluino	decays	to	K+LSP	

ICHEP2016,	Aug	9,	2016	 Searches	for	SUSY	 14	

Other	results	
•  ATLAS-CONF-2016-037	

CMS	summary	 ATLAS	mulC-b	 ATLAS-CONF-2016-052	

Top	squarks	-	summaries	

ICHEP2016,	Aug	9,	2016	 Searches	for	SUSY	 22	

ATLAS	summary	 CMS	0l+1l	combinaCon	
for	2-/3-body	decay	

• SUSY limits for strong int’s 
are pushed above 1 TeV

• This already requires fine 
tuning - little hierarchy prob

• No guiding lines
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89Stealth supersymmetry idea 



100 TeV colliderHigh luminosity LHC Cohen et al, ‘13 

SUSY is certainly a compelling candidates of 

BSM physics, so we should keep searching 
for her without leaving any stone unturned. 

* Taking the gauge coupling unification seriously, SUSY may have  

some chance to be seen at LHC, and a good chance at the FCC:

Beyond the Standard Model

Theory Status

Kiwoon Choi

(ICHEP 2016, Chicago)

IBS Center for Theoretical Physics of the Universe 

FUTURE SUSY SEARCHES 90



GUT

• Unification of strong, weak and electromagnetic interactions 
within Grand Unified Theories is a new step in unification of all 
forces of Nature 

• Creation of a unified theory of everything based on string 
paradigm seems to be possibleD=10

10     cm
-34

91THE UNIFICATION PARADIGM 



POSSIBLE PHYSICS BEYOND THE STANDARD MODEL

NEW SYMMETRIES GRAND UNIFICATION

92

Low energy ) High energy

SUc(3)⌦ SUL(2)⌦ UY (1) ) GGUT (or Gn
+ discrete symmetry)

gluons W,Z photon ) gauge bosons

quarks leptons ) fermions

g3 g2 g1 ) gGUT

Grand Unification is an extension of the Gauge symmetry of the SM
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GUT symmetry is broken spontaneously by Brout-Englert-Higgs Mechanism

GUT SYMMETRY BREAKING
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Solves many problems of the SM: 
■ absence of Landau pole 
■ Decreases the number of parameters 
■ All particles in a single representation 

(16 of SO(10)) 
■ Unifies quarks and leptons -> 

spectrum and mixings from «textures» 
■ A way to B and L violation

Creates new problems: 
■ Hierarchy of scales  
■ Large Higgs sector is needed for 

GUT symmetry breaking

MW /MG ⇠ 10�14

GRAND UNIFICATION
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Crucial points: 
■ SUSY leads to unification 
■ SUSY solves the hierarchy 

problems for GUTs 
■ No GUT without SUSY                                   

SUSY GUT
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New properties: 
■ Later unification - higher GUT scale 
■ Longer proton life-time  
■ New modes of proton decay                                    

⌧ ⇠ M4
GUT

Crucial points: 
■ SUSY leads to unification 
■ SUSY solves the hierarchy 

problems for GUTs 
■ No GUT without SUSY                                   

SUSY GUT
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SUSY GUTS – Nucleon decay 1
Λ
QQQL F

  
τ

p→e+π 0 >1×1034 yrs, M X >1016GeV τ
p→K +ν

> 3.3×1033yrs

New properties: 
■ Later unification - higher GUT scale 
■ Longer proton life-time  
■ New modes of proton decay                                    

⌧ ⇠ M4
GUT

Crucial points: 
■ SUSY leads to unification 
■ SUSY solves the hierarchy 

problems for GUTs 
■ No GUT without SUSY                                   

SUSY GUT
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■ Appear in some GUT models 
■ Inspired by string models 
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POSSIBLE PHYSICS BEYOND THE STANDARD MODEL

NEW SYMMETRIES  EXTRA U(1)’, SU(2)’

■ Appear in some GUT models 
■ Inspired by string models 

Mixture of a usual EM U(1) 
photon and a new U(1)’ one

L ⇠ Fµ⌫F
0µ⌫

Used as possible BSM signal with 
energetic single jet or diet events                                

Used as possible Dark matter 
candidate   - Dark photon                             

Dedicated experiment to 
look for conversion of a 
usual photon into a dark one
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POSSIBLE PHYSICS BEYOND THE STANDARD MODEL

NEW SYMMETRIES
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ADDITIONAL GAUGE BOSONS

• Search for Z’ (Di-muon events) 
• Search for W’ (single muon/ jets) 
• Search for resonance decaying to t-tbar 
• Search for diboson resonances 
• Monojets + invisible

Experiment
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POSSIBLE PHYSICS BEYOND THE STANDARD MODEL

NEW SYMMETRIES

98

ADDITIONAL GAUGE BOSONS

No indication so far - experimental limits on Z’ and W’ masses around few TeV                           

• Search for Z’ (Di-muon events) 
• Search for W’ (single muon/ jets) 
• Search for resonance decaying to t-tbar 
• Search for diboson resonances 
• Monojets + invisible

Experiment
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WW Axion

PECCEI-QUINN MECHANISM - AXION



101⌦CDMh2 = 0.12WHAT IS THE MASS TO GET                       ?      

Excluded by Labs+ Astro
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Dark Matter
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Three questions

• What is Dark matter and what it is composed of? 

• What is the role of Dark matter in the energetic 
balance of the Universe? 

• How to find manifestations of Dark Mater in 
space, underground and at Large Hadron 
Collider? 

•
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Gravitational manifestation of 
existence of Dark matter

•  Supernova and neutron stars

•  Gravitational Lensing

•  Dark matter (hidden mass)

Galactic coaster Coma  (1934г.)

Introduced the notions of
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Stars rotation curves 
Centrifugal force Gravity

• Today we know thousands of rotation curves and all 
of them  indicate in favour of existence of hidden 
mass in the halo of a Galaxy which is 10 times 
exceeds the mass of the stars in a disk

Solar system Galaxy

Density of 
dark matter 
in Solar 
system is 
negligibal

Dark matter is 
bounded at 
Galactic scales
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Gravitational Lences

The formation of a virtual image of a distant galaxy due to the 
deflection of light rays by dark matter located between the galaxy 
and the observer

Consequence of GR: deflection of 
light in gravitational field
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Observation of Dark Matter

The most direct observational evidence 
comes from the Bullet cluster. In most 
regions, dark and visible matter are found 
together due to their gravitational pull. In the 
Bullet cluster, they have diverged due to past 
collisions between two small clusters. 
Electromagnetic interactions between the gas 
particles led to a concentration of gas near 
the impact site. 

X-ray observations show that most of the 
luminous matter is concentrated in the center 
of the cluster. Gravitational lensing shows 
that dark matter is located outside the central 
region. Unlike galactic rotation curves, these 
proofs are independent of the details of 
Newtonian gravity, directly supporting the 
dark matter hypothesis.The mass distribution reconstructed from strong and 

weak gravitational lensing is shown in blue, the X-ray 
emission of hot gas observed by the Chandra 
telescope is shown in red.

Bullet cluster 
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The formation of large-scale structures 
in the Universe

First, the formation of structures from dark matter occurs, and then the 
concentration of ordinary matter occurs in the gravitational potential formed by 

dark matter



Cosmic MicrowaveBackground
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Temperature fluctuations of 
CMB

�T

T
⇠ 10�5

⌦UsualMatter = 4.9%

⌦DarkMatter = 26.8%

⌦DarkEnergy = 68.3%

Angular harmonics expansionMap of CMB T ⇡ 2.7Ko

⌦ = 1.02± 0.02
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The Energy Balance of the Universe

Our knowledge concerns only a small part of the universe, but perhaps 
we know 90% (50%) of elementary particles

Stars

Neutrino
Heavy Elements

Dark Energy

Dark Matter

Unbounded Hydrogen and Helium
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Dark Matter

What is Dark Matter ?
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Dark Matter

What is Dark Matter ?

?? ?

TRANSPARENT INVISIBLEDARK

What is it made of ?
WIMP GRAVITINO AXION
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The Origin of Dark Matter

The Dark Matter is made of: 
■ Macro objects – Not seen 
■ New particles – right neutrino  
                       - axion (axino) 
                       - neutralino 
                       - sneutrino 
                       - gravitino 
                       - heavy photon 
                       - heavy pseudo-goldstone 
                       - light sterile higgs

mSUGRA

Not from the SM
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The Origin of Dark Matter

The Dark Matter is made of: 
■ Macro objects – Not seen 
■ New particles – right neutrino  
                       - axion (axino) 
                       - neutralino 
                       - sneutrino 
                       - gravitino 
                       - heavy photon 
                       - heavy pseudo-goldstone 
                       - light sterile higgs

mSUGRA

Not from the SM

not favorable but possible

might be invisible (?)

detectable in 3 spheres

less theory favorable

might be undetectable (?)

possible, but not 
related to the other 
models
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Can one register 
the Dark matter 

particle?

If it is a WIMP, then it can be detected by means of elementary particle 
physics. If it is only a gravitationally interacting particle, then detection is 
very difficult.

Dark Matter candidates



114The signal is absent so far

P. Sphicas 
Experimental highlights 

Dark Matter at the LHC 

Mar 09, 2013 
Rencontres de Moriond, EWK session 35 

R. Kolb 
CERN Acad. Lectures 

Annihilation -> new 
component in cosmic rays Direct interaction 

with matter

Creation at the LHC

Search for Dark Matter Particles
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Search for Dark Matter Particles
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LZ’s Reach
V Turning on by 2020 with 

1,000 initial live-days plan

V 10 tons total, 7 tons active, 
~5.6 ton fiducial mass
U Due to unique triple veto

V GOALS: < 3 x 10-48 cm2, at 
40 GeV. Clip n shoulder

6 keVnr threshold with 
at least 99.5% 
discrimination

27

(latest)

*plot and models from LZ’s Conceptual Design Report, arXiv:1509.02910

DARK MATTER: DIRECT DETECTION

Mark Boulay

Recent result from
CRESST-II

(arxiv 1509.01515)

CRESST-III Run
LNGS starting 
August 2016

Expect x100 increase
in sensitivity

(arxiv 1503.08065)

Several other projects planning increase in low-mass sensitivity, many good ideas.

WIMP-nucleon SI Exclusion
V Our best, lowest 

exclusion is at 
50 GeV: 2.2 x10-46 

cm2 (That’s 0.22 
zeptobarns in s!)
U 1 order of 

magnitude off 
XENON1T

U Within < 2 
orders of LZ 
projection

V Comparable to 
LUX 2015 re-
analysis of 3 
months’ worth of 
data at low mass 
but FOUR TIMES 
better at high 
mass. (Final G1?)

~2x below
PandaX curve

Paper coming 
quite soon

Within (log) 
spitting distance 
of coherent 
neutrino
scattering

(NOT preliminary. Analysis/limit is final. Text under internal review.)

25

25

(the 1 TeV 
Higgsino 
half-dead)

(LUX.  zepto = 10-21)
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Direct Detection of WIMPs
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Detection of light WIMPs
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Search for Axions and Axion-like particles
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Detection of ALPs



nB = 0.25 · 10�6 cm�3

Baryon asymmetry of the Universe

121

•  If there were no baryon asymmetry, there would be no matter 
in the universe! 
•It indicates the existence of a fundamental symmetry breaking 
between particles and antiparticles

Average number of photons per unit volume

n� = 410.4± 0.9 cm�3 nB

n�
=

0.25 · 10�6

410.4
= 6.1 · 10�10

Left after proton-antiproton annihilation

  What is the source of baryon asymmetry of the Universe? 
  Where the symmetry between particles and antiparticles is violated?

Three Sakharov’s criteria

• Violation of baryon number  
• Violation of  С and СР invariance 
• Violation of яermal equilibrium

Average number of protons per unit volume



Baryon asymmetry of the Universe



BAU requires larger CP than in the SM 

•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

CP•Violation of CP invariance in the SM achieved via phase factors in the CKM and  
PMNS mixing matrices

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

BB =
Nq �Nq̄

3

Possible Baryogeneses via Leptogeneses 

Baryon asymmetry of the Universe
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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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BEYOND THE STANDARD MODEL: QUEST FOR SYMMETRY

Looking for new physics we are looking for new Symmetry of Nature!
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BEYOND THE STANDARD MODEL: QUEST FOR SYMMETRY

E8 roots

Looking for new physics we are looking for new Symmetry of Nature!



BEYOND THE STANDARD MODEL: QUEST FOR SYMMETRY

Symmetry might be tricky
E8 roots

Looking for new physics we are looking for new Symmetry of Nature!





127



128



BEYOND THE STANDARD MODEL: CONCLUSIONS

Which way to go ?



BEYOND THE STANDARD MODEL: CONCLUSIONS

Which way to go ?



BEYOND THE STANDARD MODEL: CONCLUSIONS

Which way to go ?



BEYOND THE STANDARD MODEL: CONCLUSIONS

Which way to go ?


