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  PLAN: 

1.Theory 
• Scales, matter and dynamics – where we are 

• Main ideas of the Standard Model 

• Symmetries and their violation 
 

2.Experiment 
• ABC of LHC 

• Four LHC experiments from symmetry point of view  

• Recent results and prospectives 



Scales and processes 

We are here now 
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Discovery and formulation of the Standard Model  

is perhaps the most outstanding result of human  

intellect for all history of mankind 

«From a long view of the history of mankind – seen from, 
say, ten thousand years from now – there can be little doubt 
that the most significant event of the XIXth century will be 
judged as Maxwell’s discovery of the laws of electrodynamics. 
The American Civil War will pale into provincial 
insignificance in comparison with this important scientific 
event of the same decade.» 

 R.Feynman 
 

What are the key pillars of 

the Standard Model? 



The Standard Model Zoo 

Gauge group SU(3)SU(2)LU(1)Y   [ g; W, Z; ] 

is broken down to   SU(3)U(1)Q  

Quarks and leptons form 

generations. Masses  

come out of interactions 

Mass hierarchy (from hep-ph/0603118) 



Matter: where from? 

Dynamics: where from? 

From symmetry and its breaking 



Main ideas of the Standard Model 

1. Gauge invariance 

There is an internal symmetry in the theory with respect to 

some special field transformations. Different configurations 

of dynamical variables describe one and the same set of 

physical observables. 

Theory is local (and hence elegant and economical) in terms 

of non-observable potentials, while non-local (and hence 

cumbersome) in terms of observable field strengths)  

local interaction 

with currents 

non-local interaction 

with currents 



2. Spontaneous symmetry breaking  

Symmetry of equation is not always a symmetry of its 

solution. If solution is to realize extremum of some 

quantity, it can be reached on less symmetric 

configuration.  

Y.Nambu 
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3. Masses come from broken symmetry  

Ginzburg-Landau-Higgs 

mechanism 

Dimensional 

transmutation  

V.L.Ginzburg, L.D.Landau, 1950 

P.W.Higgs, 1964; F.Englert, R.Brout, 1964 

G.S.Guralnik, C.R.Hagen, T.W.Kibble, 1964 

G. ‘t Hooft, 1972 

D.Gross, F.Wilczek, 1973 

H.Politzer, 1973 

SU(2)LU(1)Y  → U(1)Q  

• Electroweak sector of SM 

• Superconductivity 

• Meissner scenario for confinement   

essentially classical principally quantum 

scale invariance is 

broken by anomaly 

as if gauge symmetry is “broken” 

SU(3) 



Standard Model has many built in small parameters. 

Each one gives a chance to construct perturbation theory. 

Some are related to symmetry breaking. 

1. Dimensionless interaction constants 

2. Rank of color gauge group SU(3) 

3. Quark masses in strong interaction scale units 

4. Strong to weak scales ratio 

5. Yukawa constants 

6. Quark mixing parameters 

7. … 

 

 
Many important small parameters are beyond the Standard Model: 



Symmetry is about invariants 

Transformation 

Indistinguishable 

Basic classification of symmetries goes along these lines: 

 type of transformation (e.g. discrete or continuous) and  

accuracy of comparison (built in or observer-dependent)  

Comparison 

Distinguishable 



Maximal symmetry is not very interesting.. 

true harmony = beauty slightly broken symmetry  



But not too much broken... 



Besides continuous symmetries (local and global) very  

important role is played by discrete ones. Among them  

the most important are: 

P – parity transformation 

Т – time reversal 

С – charge conjugation 

det P = -1 ! 

In classical physics 

Р 

С 

Т 



In quantum field theory the status of transformations С, Р, Т  

or their pairs СР, СТ, ТР is different from СРТ. 

Namely, for any local Lorentz-invariant quantum field theory 

one has  

СPT theorem J.Schwinger, 1951 

G.Lüders, W.Pauli, 1954 

Physically, СРТ theorem means that antiparticles and their 

interactions are indistinguishable from particles, going along  

the same world-lines in 3+1 space-time but in opposite  

directions.   

In particular, mass of any particle regardless of its dynamics exactly  

equals to the mass of its antiparticle (experimentally checked for  

K-mesons at the level 1 to 1018). 

С, Р, Т have no such kinematical status 



Our world Wonderland DNA 

Р-parity  - broken is macroscopic world 



T.D.Lee, C.N.Yang, 1956 C.S.Wu, 1957 

not created 

Р-parity for elementary particles 



In Standard Model P-parity violation is built in at the level 

of Lagrangian 

therefore  

Thus V-A effective Lagrangian looks CP-invariant 

P C 



L.D.Landau, 1957: 

CP-parity conservation 

hypothesis 

J.Cronin, V.Fitch, 1964:  

Discovery of CP-nonconservation 

in neutral kaons decays 

http://en.wikipedia.org/wiki/File:CPdiagram.png


 CPLEAR 1999 

distribution of number 

 of decays for kaons 

 

 

distribution of number 

 of decays for anti-kaons 

CP violation 

 



M. Kobayashi, T.Maskawa, 1974: 

theoretical mechanism of  

CP-violation 

Idea: flavor eigenstates are superposition of 

mass eigenstates (and vice versa) 

  

In other way: it is impossible to diagonalize interaction term 

for charged currents and free kinetic term 
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It can be shown that arbitrary complex unitary N
 

N matrix 

can be parameterized by N(N-1)/2 Euler angles and  

(N-1)(N-2)/2 complex phases. 

For N<3 any matrix can be unitary rotated to equivalent real. 

On the other hand, there are such 3
 

3 matrices that no  

choice of quark fields phases can make them real.   
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Remark to remember: 

 

is’n it strange that strong interactions do not violate СР  

at Lagrangian level? 

Current experimental constraint on θ is |θ| ≤10-9 

 

According to CPT theorem CP-violation means 

T-violation. The problem of time arrow (A.Eddington, 1927) 



1. Thermodynamic arrow 

 

 

2. Cosmological arrow 

 

 

3. Causal arrow 

 

 

4. Psychological arrow 

 

 

5. Quantum mechanical arrow 

 

 

6. Electroweak arrow – CKM phase 

order chaos 

Big Bang 

source / 
cause 

memory dreams 

|Ψ> P|Ψ> 

Armageddon 

detector / 
result 



Important general conclusion 

SYMMETRY 

can be broken 

at the level of 

«laws» 

or can be broken 

spontaneously, at 

the level of «states» 

DYNAMICS 

AS 

SYMMETRY 

BREAKING 



Particle accelerators used in industry may be 

thought of as sophisticated hammers. But 

accelerators used in basic science (and Large 

Hadron Collider at CERN in particular) are better to 

think of as microscopes, not hammers. 

 

 

 
 

 

 

 

We need the highest possible resolution to test the 

fundamental symmetries of our Universe 



 

LHCb 
ATLAS 

CMS 
ALICE 

CERN 

Mont Blanc, 
4808  m 

Jet  d’ Eau 
140  m 

CERN   (Conseil Européen pour la Recherche Nucléaire) 

founded 29 September 1954  

 



 



ABC of LHC 

• Tonnel length – 27 kilometers 

 

• Tonnel depth - between 50 and 175 meters 

 

• Colliding p-p beams, 2808 bunches, 1.15

 

10   p/bunch 

 

• v = 0.99999998 c 

 

• Energy = 7 TeV + 7 TeV, luminosity ~ 1034 cm-2  sec-1 

 

• About 600 millions collisions per second 
 

 11 



Proton energy = 7 TeV = 10-6 joul. 

Why not to use flies in particle physics? 

Besause Avogadro number = 6.022 1023 (mol)-1  

Fly’s energy is distributed among ~ 1022 nucleons.  

On the other hand, total beam energy is given by  

2808 bunches  1011 protons/bunch  7 TeV/proton ~ 400 MJ 

This is about 100 kg TNT-equivalent or kinetic energy of  

«Admiral Kuznetsov» cruising at 8 knots. 

This is about kinetiс energy of a fly: 



Modern HEP experiment 

has a long way to go ... 







Bunches 

Two beam pipes with 

common magnetic  

system 

 

 



    Dipole superconducting Ti-Nb 

magnets, magnetic field 8.3 T, 

current 11700 A, temperature  

    1.9 K (700000 litres of liquid He) 

 

 

Magnets 

1232 items, 0.5M CHF each 

   r [m] 
 

 B [T] = 3.33 p [GeV]  
    27 km, 2/3 is covered by dipole 

magnets field r  ~ 2800 m                   

B = 8.3 T           p = 7 TeV 

Energy stored in magnets ~ 10.4 GJ  =  

kinetic energy of Boeing at 700 km/h 
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Testing symmetries in LHC experiments 

Electroweak gauge symmetry breaking pattern: Higgs boson or New Physics? 

 

Space-time symmetries: extra dimensions, black holes, KK-states? 

 

Supersymmetry: particles – superpartners? Dark matter?   

Enigma of flavor  

CP-symmetry violation: new sources? 

Baryon asymmetry of the Universe. 

Indirect search of superpartners. 

  

Chiral symmetry of strong interactions: 

pattern of restoration? Deconfinement. 

 P-parity violation as interplay of strong 

and electromagnetic interactions? 

New state of matter -    

new symmetries?  

General purpose - everything with high enough pT  



ATLAS – A Toroidal Lhc ApparatuS 

The largest detector in history of particle physics 

 – 45 meters and 7000 tons 

Toroidal 

B field 



CMS – Compact Muon Spectrometer 

21 meters и 12500 tons 

Solenoidal 

B field 



ATLAS CMS 



LHCb 





ALICE 









Hunting for Higgs… 













Bound states of b and anti-b quarks  
 



CP-violating 

phase of Bs 

oscillations 



The primary goal of ALICE experiment is to study new state 

of matter, sometimes referred to as quark-gluon plasma 

It is not plasma 
RHIC 

strongly coupled 

(no obvious 

quasiparticles) 

nearly ideal 

(small viscosity) 

liquid 

(well described by 

hydrodynamics) 





Coordinate space asymmetry is transformed  

into momentum space asymmetry 

py 

px 

Single event – no special symmetry 



(from PRL, 105 (2010) 252302) 

The matter produced at LHC still 

behaves as very low viscosity fluid 



Hydrodynamic description: 

Equation of motion: 

Equation of state: 

Emergent conformal symmetry for effective theory: 



(from PRL, 107 (2011) 032301) 

Higher harmonic  

anisotropic flow 



(from PRL, 105 (2010) 252302) 

Elliptic flow does not change much 

from RHIC to LHC 



B 

(Kharzeev, McLerran, 

Warringa, ‘08) 

P-violation in heavy ions collisions? 

Fate of chiral symmetry? 



(slide from D.Kharzeev) 



A seminal suggestion: 
Kharzeev, Pisarski, Tytgat, ’98; Halperin, Zhitnitsky, ‘98; 

Kharzeev, ’04; Kharzeev, McLerran, Warringa ’07; 

Kharzeev, Fukushima, Warringa ’08 

Possible experimental manifestations of  

chiral magnetic effect 

in heavy ion collisions ? 

µR 

µL 

Energy 

Right-handed Left-handed 

Many complementary ways  

to derive (Chern-Simons, 

linear response, triangle loop 

etc). At effective Lagrangian 

 level 

 

Robust theoretical effect 

~5



P-parity forbidden correlators may be nonzero in external 

fields. Manifestation of chiral magnetic effect? 

Subtle interplay of strong and electromagnetic anomalies 



Conclusion  

1). By the end of 2012 Higgs boson of the Standard Model 

will be either found (with the mass about 128 GeV) or ruled 

out in ATLAS and CMS experiments  

3). By the end of 2012 a few minimal New Physics scenarios 

will be closed (or their effects seen) 

2). In the latter case new effects in interactions of W and Z 

bosons are to be seen 

4). Only SM Higgs in ATLAS and CMS and nothing in LHCb 

– Nightmare Scenario 

There are more things in heaven and earth, Horatio, Than 
are dreamt of in your philosophy. 
                                                                             W.Shakespeare, Hamlet  
                                                                                                          Act 1,  scene 5 



 

 

Все, что на волю Высшую согласно, 

Своею волей чуждую творит, 

И под личиной вещества бесстрастной 

Везде огонь Божественный горит.  

 

В.C.Соловьев 


