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subatomic units: 
electron-volt 

 
uncertainty 

relation 
 

1 eV = k·11 604 K 
 

∆p ∆x = ħ 
≈ 

200 MeV/c fm 

Energy Size Device Object Year 
0.2   eV 10- 6 m microscope cell 1600 

20 keV 10-11 m X rays atom 1910 

200 MeV 10-15 m cyclotron nuclei 1946 

200 GeV 10-18 m collider quarks 1998 

1,E-21

1,E-18

1,E-15

1,E-12

1,E-09

1,E-06

1,E-03

1,E-03 1,E+00 1,E+03 1,E+06 1,E+09 1,E+12 1,E+15
Energy / eV

S
iz

e 
/ m

CELL     microscope   0,2 eV 

ATOM            X rays   20 keV 

NUCLEI            cyclotron   200 MeV 

QUARKS           collider  200 GeV 
LHC     ILC 

Structure  of  Matter 
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The Forces 
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Unification 
of Forces 
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C.Anderson, 
 

The 
Positive 
Electron 

 

Phys.Rev. 
43, 491 
(1933) 

Nobel prize 1936     C. Anderson                 for the discovery of the positron 
Nobel prize 1927     Ch. Wilson                   for the cloud chamber 

Wilson’s 
cloud 

chamber 

• curvature  R in magnetic field B:  R ~ p ~ 1/B 
• ionization  I ~ velocity  β = v/c:   I ~ 1/β ~ 1/(p/m) 

The Positron 
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Dirac, 1928: 
relativistic theory 
of electrons 
 
The only equation in 
Westminster Abbey: 
 
kinetic energy 
non-relativistic: E  =   p2 / 2m 
 

relativistic: E2 =   p2 + m2    
  E = ±√p2 + m2 

  electrons + ... ? 
 

holes = antimatter = positron 
another mirror world: supersymmetry? 

Nobel prize  1933 

e+ e- ← γ ← e- e+ 

bremsstrahlung 
 
 
 
 
 
 
 
 
 

positron annihilation 

e+ e- ← γ 

Dirac: „The equation was smarter than I was.“ 
P.A.M. Dirac, Proc. Royal Soc. A117 610 (1928), A126 360 (1930). 

Antimatter 
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1935: H. Yukawa: 
carrier of nuclear force 

mass ~200 MeV (between e + p) 
 
 
 

Nobel prize 1949 
 

J.C. Street, E.C. Stevenson, 
 

New Evidence for the Existence of a Particle of Mass 
Intermediate between the Proton and the Electron, 

Phys. Rev. 52, 1003 (1937). 
 

Too penetrating - NOT the Yukawa particle ! 
 
 
 
 
 

I.I. Rabi               Nobel 1944 
 
 

Who ordered that ? 

curvature R in magnetic field B: 
R ~ p ~ 1/B 

 

ionization  I ~ velocity  β = v/c: 
I ~ 1/β ~ 1/(p/m) 

The Muon 
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I got what I wanted 

I got what I wanted, 
but it wasn't what I expected. 

 
William Hamilton, New Yorker Cartoon, October 23, 1978 
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Detector 
Scheme 
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Lepton Number Conservation 
MEG, PSI, Villingen, CH: 
7.5∙1014 (3∙107 /s) μ decays: 
find lepton nr violating decays: 
(μ → e γ) / (μ → all) < 4.2∙10-13 
 
Mu3e PSI: 1016 (109/s) decays μ → eee, 10-15…16 sensitivity 

μ → 
e 𝛄𝛄 

𝛄𝛄 detection: 

SUSY SU(5) 
BR (µ → e γ)  =     10-13 
BR (µ → eee)  = 6x10-16 
BR (µTi→ eTi) = 4x10-16 

MEG PSI:     2016:  BR < 4 10-13 

MEG II:           2018-20:  BR < 5 10-14 
Mu3e PSI:          >2020:  BR <    10-15…16 
Mu2e FNAL       >2020:  BR < 6 10-17 

MEG PSI: arXiv:1605.05081. 1606.08168 . Eur.Phys.J. C76 (2016) 434. Phys.Rev.Lett. 110, 201801 (2013) 
lepton expts: arXiv:1307.5787 meg.web.psi.ch 
𝛍𝛍3e PSI: arXiv:1301.6113  arXiv:1605.02906    1802.09851    Eur.Phys.J. C 57 (2008) 13 
Mu2e: arXiv:1606.05559, 1705.06461 



30 Lepton-Photon 2011 – Mumbai, India Andreas Hoecker   –   Charged-Lepton Flavour Physics 

µ+ → e+ γ 
candidate 
 
MEG 

Stopping target 

γ 
e+ 



Nobel prize 

 

 

1995 

M. Perl et al., 1975-77: 
 

e+ e- → L+ L- 
 

above 3.5 GeV threshold: unlike lepton pair production: 
 

L+ → e+  +  unseen ν’s  carrying off energy + Le 
L- → µ-  +  unseen ν’s  carrying off energy + Lµ 

 
confirmed 1997 in Pluto+DASP @ DESY 

Belle at KEKB, Japan, 2010: 719 million τ pairs 

MARK-I detector 
at SPEAR e+ e- ring 

SLAC, USA. 

τ  lepton 
BESIII, Beijing 2014 
mτ = 1776.91 ± 0.17 MeV 
arXiv:1405.1076 

Martin Perl 
1927-2014 
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The Pion 
• stopping track + typical decay cascade 
 

• decay product fixed range in nuclear emulsion = always same E 
• two body decay to muon + neutrino 

Nobel prize 1948:  P. Blackett, Use of cloud chambers in cosmic radiation 
Nobel prize 1950:  C.F. Powell, Discoveries on mesons with emulsions 
     (still used, τ in OPERA, Gran Sasso)  

π    µ    e 
νe 

νµ νµ 
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π0 
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π0  mass 
J.Steinberger, 
W.Panofsky, J.Steller, 1950 : 
 

Phys.Rev. 78 (1950) 802. 

π0  m=135 MeV 
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find particle zoo: 
 

BNL  Brookhaven National Lab., USA 

 Cosmotron: 1st proton synchrotron.     AGS: Alternating Gradient Synchrotron 
 1953: 3.3 GeV    1960: 33 GeV  

Accelerators 



37 

CERN Accelerators 
CERN 1959: 

26 GeV 
Proton Synchrotron 

CERN 1976: 
400 GeV   7 km 

Super Proton Synchrotron 
 

injector chain PS → SPS → LHC 
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CERN:  BEBC 
Big European Bubble Chamber 

3.7 m, 35 m3 H, D, Ne. 
6 million photos 1973-84. 

piston 2 t. magnet 3.5 T, 0.8 GJ 

BNL 80’’ Bubble Chamber 
1963-74 
1964 Ω- 

Nobel prize 

Particle 
 
 
 
 
 
 
 
 

Zoo 
   

Quark model ! 
 

~100 million photos 
US + EU 

Bubble Chambers 
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2m Hydrogen Bubble Chamber        Big European Bubble Chamber: 20 m3 

CERN Bubble Chambers 
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Gell-Mann 1953: 

Strange 
particles: 

 
always 

pair produced 
in strong interactions: 

 
new 

conservation law ! 
 

life time τ ~ 10-8...-10 s 
decay length cτ ~ cm…m 

D. Glaser,  Nobel prize 1960     invention of bubble chambers 
L. Alvarez,               1968               use       of bubble chambers 

Strangeness 

π- p → Λ0 K0 
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pair        produced 

Strangeness 

weak decay: 
violates 

strangeness 
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 _ 
Λ 

_ 
p π+ 

ν p 

Ξ- → Λ π- 

Λ → p π- 

Particle Zoo 
weak 

decays 
 

lifetime 
τ ~ 10-8...-10 s 

 

decay length 
cτ ~ cm…m 

 
ΔS = 1 

 
ΔS ≠ 0 

strong decay 
forbidden 

=> 
long lifetime 



strange particles 
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K0 → π+π-  

Λ0 → pπ- 

Ξ- → 
Λ0 π- 
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Strongly bound hadrons 

width: 
Γ ~ 120 MeV 

lifetime: 
τ ~ 10-23 s 

decay length: 
cτ ~ fm ~ rproton 

∆++ 
baryon 

π+p → ∆++(1232) → π+p 
production     +    decay 

ρ → π+ π- 

ω → π+ π- π0       Φ → K+ K-                                   

e+e-→  γ∗ → vector mesons  

p1                p4 
 
 

p2                p3 

four-momentum 
pi = (Ei, pi) 
 
invariant mass 
of a particle: 
 
m2 = p2 = s = 
(p1+p2)2 = (p3+p4)2 

pr
od

uc
ti
on

  
 

  
 d

ec
ay
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Light Mesons 

The Particle Zoo 
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LEPTONS 
B=0   L=1 

ELECTRONS 
Q=1 

NEUTRINOS 
Q=0 

e    m =  511  keV 
µ           106  MeV 
τ            1.8  GeV 

νe      m ≲ 1 eV 
νµ 
ντ 

fundamental fermions 
no strong interaction 
no substructure 
spin = 1/2 

BARYONS 
B=1 

HADRONS 
L=0 

MESONS 
B=0 

NUCLEONS 
S=0 

HYPERONS 
S≠0 

Σ+ (1189) → N π 

Λo (1116) → p π- 

Ξ-  (1321) → Λ π- 

 

τ ≈ 10-10 s   cτ ≈ cm 

N = (n, p) 
 
mp     = 938 MeV 
mn - mp  = 1 MeV 
 
p stable   _ 
n → p e- νe     τ = 886 s 

Pions = (π+ π0 π-)   S=0 
m(π±) = 140 MeV 
m(π0) = 135 MeV 
π+ → µ+ νµ    τ = 26 ns   cτ = 8 m 
 

Kaons = (K+ K0) , (K-K0) S=1 
 

m(K±) = 494 MeV 
m(K0) = 498 MeV 
K+ → µ+ νµ     τ = 12 ns   cτ = 3 m 

B   baryon nr 
L    lepton  nr 
S   strangeness 

Particle Types 
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2. 
Quark 
Model 
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• observation:  level scheme of  mirror nuclei  similar: 
15

7N  ≡ 15
8O       14

6C 14
7N 14

8O       13
7N  ≡ 13

6C 

• strong interactions symmetric w.r.t. exchange  n ↔ p  ? 

can we say:  n ≡ p  ??? 

• but:           31H = npn  ≠  pnp = 32He 
         nn   ≠    np = 21H    ≠   pp 
   not bound     deuterium    repulsive 
p e  = bound H atom   ≠   n e  =  not bound 

• symmetry broken  by electromagnetic interaction: 
(mn – mp) / mp = 1 MeV / 1 GeV = 1 ‰    small 

• and by weak interaction:   n → p e- νe 
• Heisenberg 1932:   isotopic spin: 
 rotations in 3D real        vector space SO(3)  (spin algebra)   isomorphic to 
 rotations in 2D complex vector space SU(2)  (isospin algebra) 

• nucleons   (n, p) I = 1/2 (2I+1) = 2     iso-doublet 
• deuterium   (n p) I = 0 (2I+1) = 1     iso-singlet 
• pions   (π+ πo π-) I = 1 (2I+1) = 3     iso-triplet 

• same algebra as for spin: 
Clebsch-Gordon coefficients give 
cross section and decay branching ratios.   See exercises ! 

I3 = Q    π-    πo    π+ 
I3 = Q-B/2  incl. nucleon baryon nr 

 Iso- 
Spin 
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• Quantum Mechanics: vector addition of angular momenta j1⊕j2: 
• triangular condition:  |j1-j2| < J < j1+j2       M = m1+m2 
 

 |JM〉 =  ∑ |j1 m1 j2 m2〉 〈j1 m1 j2 m2 |JM〉 
            m1,m2 
 
                       j1+j2 

• multiplicity:       ∑ (2j+1) = (2j1+1)(2j2+1)               j=|j1-j2|  

• normalization:     ∑ |〈j1 m1 j2 m2 |JM〉|2 = 1    => 
                 m1,m2 

Clebsch-Gordon coefficients 

• Abramowitz, M. and Stegun, I.A. (Eds.). "Vector-Addition Coefficients." § 27.9 in “Handbook of Mathematical Functions 
  with Formulas, Graphs, and Mathematical Tables”, 9th printing. New York: Dover, pp. 1006-1010, 1972. 

• Condon, E.U. and Shortley, G. § 3.6-3.14 in “The Theory of Atomic Spectra.” 
  Cambridge, England: Cambridge University Press, pp. 56-78, 1951. 

• Messiah, A. "Clebsch-Gordan Coefficients and 3j Symbols." Appendix C.I in “Quantum Mechanics”, 
  Vol. 2. Amsterdam, Netherlands: North-Holland, pp. 1054-1060, 1962.  

Wigner 1931 
Racah 1942 
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j1xj2 

J1xJ2 

J = J1⊗J2 
M = m1+m2 

Clebsch- 
Gordon 

coefficients 
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Quark Q I3 B S Y 

u 
d 
s 

+2/3 

-1/3 

-1/3 

+1/2 

- 1/2 

0 

1/3 

1/3 

1/3 

0 
0 
-1 

+1/3 
+1/3 
-2/3 

spin 
J = 1/2 

Y  = B + S  hypercharge 
I3 = Q - Y/2  Gell-Mann - Nishijima rule 

 _                    
   s       2/3  

 
-1/2                  1/2  

 
 
 
 

          -2/3 
 
 
 

Antiquark 

 _                                                   _ 
u           d 

Y 

I3 

            2/3 

 
 

-1/2            1/2 
 

  s       -2/3 
 

Quark 

d                 u 

Y 

I3 

Quarks 
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                              _                                                                                    _ 
{q} ⊗ {q} = ∇ ⊗ ∆ = {2} ⊗ {2} = {1} ⊕ {3}   in SU(2) 
                                                                                                                         _ 
       = {3} ⊗ {3} = {1} ⊕ {8}   in SU(3) 

                                                                                                                       
                                           

                                                    
                         

                                                              
                          

                 

 

 

     
 

_ _
π- u                                    d π+

_ _
Ko s                 s K+

_ _ __

K- u                d Ko

d                u

s

{3}

_
{3}

_ _
π- u                                    d π+

_ _
Ko s                 s K+

_ _ __

K- u                d Ko

d                u

s

{3}

_
{3}

                            π0 

 π-                                              π+ 
        _                                                                                                                            _ 
(du)                     η             η’         (ud) 

    _                                                                             _ 
(ds)  Ko                        K+  (us) 

                                         _      _                                               _ 
(su)  K-                       K0  (sd) 

Meson Octet 
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= {q} ⊗ {q} ⊗ {q} = ∇⊗∇⊗∇ 
= {2} ⊗ {2} ⊗ {2} = {2} ⊕ {2} ⊕ {4}           in  SU(2) 

= {3} ⊗ {3} ⊗ {3} = {1} ⊕ {8} ⊕ {8} ⊕ {10}   in  SU(3) 

{4}  in SU(2) 

{10}  in SU(3) 
  Ξ*-                     Ξ*o 

(dss)                           (uss) 

Σ*-                Σ*o             Σ*+ 

 (dds)                (uds)                (uus) 

 ∆-      ∆o     ∆+         ∆++ 
 (ddd)             (udd)          (uud)             (uuu) 

 Ω- 
(sss) 

Baryon Decuplet 
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the missing link  discovered 1964 
 

in Brookhaven 80 inch bubble chamber 
 

     1968  Alvarez   for bubble chamber 
     1969  Gell-Mann   for quark model  

(ddd)             (udd)            (uud)             (uuu) 

  ∆-      ∆o     ∆+       ∆++ 

  Σ*-                Σ*o               Σ*+ 

 (dds)                   (uds)                  (uus) 

  Ξ*-                     Ξ*o 

 (dss)                          (uss) 

  Ω- 
 (sss) 

                  Q 
 
 0                  I3 
  
 

 
-1 
 
 
 
-2 
 
 
 
-3   S 

Nobel prizes: 

Baryon Decuplet 
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The 
 Ω- 
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PSEUDO-SCALAR 
 

↑↓   JP = 0- 
 

weak / elm. decay 
 
 
 
 
 
VECTOR 
 

↑↑     JP = 1- 
 

strong decay 

                                             πo 

π−                                                   π+ 
                             η     η’ 

Ko                       K+ 

                                        _ 
K-                Ko 

                  ρo 

ρ−                                             ρ+ 
                    ω      Φ 

K*o             K*+ 

                                         _ 
K*-               K*o 

The Spin 
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               _  
= {q} ⊗ {q} = ∇ ⊗ ∆ 
               _  
= {2} ⊗ {2} = {1} ⊕ {3}   in   SU(2) 
 
 
                            _ 
= {3} ⊗ {3} = {1} ⊕ {8}   in   SU(3) 

hyper-charge 
Y = B + S 

 

Gell-Mann - Nishijima: 
I3 = Q – Y/2 

                        ω 
                       ρo 
ρ−                                                           ρ+ 

SU(2) isospin  singlet 
           
                 triplet 

SU(3) isospin singlet 
           
 octet 

Φ 

                   ρo 

ρ−                                                ρ+ 

                                                                                       ω 

K*o     S     K*+ 

                             _ 
K*-         K*o 

I3 
Q 

Meson Octet 
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                        MESONS 
Mass                        JP = 0-                                                 JP = 1-                      Mass 

MeV                      (↑↓)                                    (↑↑)                            MeV 

BARYONS 
JP = 1/2+                                JP = 3/2+ 

 (↑↓↑)                               (↑↑↑)   

 OCTET    DECU         PLET 

                                  πo 

      π-                                       π+ 
                 _                                             _ 
     (du)               η          η’       (ud)       

          _                                                                    _ 
     (ds)  Ko                 K+  (us)  

                                     _     _                                       _ 
(su)  K-                 K0  (sd) 

(ddd)      (udd)      (uud)       (uuu) 
   ∆-        ∆o      ∆+          ∆++           1232 

Σ*-                  Σ*o               Σ*+         1385 

 (dds)           (uds)          (uus) 

  Ξ*-                        Ξ*o                   1532 

  (dss)                  (uss) 

            Ω-                                    1672   
        (sss) 

                               ρo 

 ρ-                                      ρ+                 770 
       _                                             _ 
(du)            ω           Φ       (ud)           782 / 1020 

    _                                                                         _ 
(ds)  K*o                         K*+  (us)                 892  

                                       _     _                                     _ 
(su)  K*-                 K*0  (sd)                892 

Σ-                 Σo                Σ+ 

(dds)              Λ           (uus) 

(udd)            (uud) 
    n                 p 

   Ξ-                               Ξo 
(dss)             (uss) 

939 / 938 
 
 
1197/1193/1189 
 

1116 
 
 
1321 / 1315 

494/498 
 
 

135 
140 

548/958 
 
 

494/498 

+1   S      Q 
 
 0  I3 
 
-1 

Q

0                  I3

-1

-2

-3   S

Q

0                  I3

-1

-2

-3   S

The Quark Model 
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1. MΣ-    +   MΣ°    -  2  MΣ+   = 3md - 3mu    =  11 MeV 

(dds) + (uds)  - 2 (uus)  = 3 d  - 3 u 

    md - mu  ~  MeV  

   

2. decuplet equal spacing rule: 

MΩ- MΞ∗ =  MΞ∗ - MΣ∗ =  MΣ∗ - M∆    =   ms-md = 

   142   ~     145  ~     153     ~  145 MeV  

 

3. Gell-Mann–Okubo mass relation: 

3   MΛ +   MΣ  = 2 (MN   + MΞ) 

3 (uds) + (uds) = 2 [(uud) + (dss)] 

Ξ*- Ξ*o

(dss)                           (uss)

Σ*- Σ*o  Σ*+

(dds)                (uds)                (uus)

∆- ∆o ∆+       ∆++
(ddd)             (udd)          (uud)             (uuu)

Ω-
(sss)

Ξ*- Ξ*o

(dss)                           (uss)

Σ*- Σ*o  Σ*+

(dds)                (uds)                (uus)

∆- ∆o ∆+       ∆++
(ddd)             (udd)          (uud)             (uuu)

Ω-
(sss)

Quark Masses 



66 

SU(N)F ⊗ O(3):   N flavors ⊗ spatial excitations 
 

1. S  hyperfine splitting:   energy of spin flip: 
     ↑↑      ↑↓  mass split / GeV 
     K*   -    K   ~ 0.4 
    ↑↑↑   ↑↓↑ 
  ∆    -   N   ~ 0.3 
  Σ*     -   Σ   ~ 0.2     ~ Ξ*  - Ξ  
 

MΣ∗ - MΣ = MΞ∗ - MΞ = M∆ - MN 
    196   ~    214    ~   294  MeV 

 

2. L orbital momentum:         J = L + S  ~ M2              Regge theory: 
 

3. N radial excitations: 
 

   ρ’ - ρ    dm ~ 0.5 GeV 
 

 heavy quarks: non-relativistic potential: harmonic oscillator: 
   Ψ’ - Ψ   dm ~ 0.6 GeV 
  Ψ’’- Ψ’ 
  Υ’ - Υ 

    J 
 

    4                      h 
    3                 g 
    2           f 
    1     ρ 

IP 0        M2 

Hadron Spectroscopy 
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Light Meson Spectroscopy 
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Heavy Quarks 
flavor = 

property to be  up, down, strange, … quark 

N flavors 
SU(N) flavor space = 

unitary N-dim. complex vector space 
 

from SU(3) to SU(N): 



discovered 
B. Richter             1974                  S. Ting 

Nobel 
 
 
 

Prize 
1976 

p Be → J X → e+ e- X 
28.5 GeV 

double arm spectrometer @ AGS 
Brookhaven National Lab. 

e+ e- → Ψ → hadrons 
3.1 GeV 

MARK-I  @ SPEAR 
Stanford Linear Accelerator Lab. 

x 100 ! 

width < resolution ! 

Charm 
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Charmonium 

e+e- → Ψ’→ Ψ π+ π- 
                          |→ e+ e-  

 

mΨ = 3.1 GeV 
mc  = 1.5 GeV 

 
MARK-I @ SPEAR  1975 

Stanford Linear Accelerator Lab. 
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Charm 
BESIII e+e-, Beijing 2012:  500 Ψ(1S) / s 

1.3 billion Ψ(1S) + 0.6 billion Ψ(2S) 

x 102 ! 



72 
production flavor violating = weak 

νµ 
beam 

Open Charm Decay 
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D0 → K-  π+ 
  τ = 0.4 ps  
 cτ = 123 µm 

 
 
D+ → K+ π+ π- 

  τ = 1.0 ps  
 cτ = 315 µm 

Open Charm Decay 
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Baryons               Mesons 

SU(4)  

J=1/2 
↑↓↑ 

 
 
 
 
 
 

J=3/2 
↑↑↑ 

J=0 
↑↓ 

 
 
 
 
 
 

J=1 
↑↑ 

Charm Spectroscopy 



discovered 1977 by 

L. Lederman et al. 
p N→ µ+µ- X 
Fermilab, USA Nobel  prize 

 
1988 

 

new 3rd family 
  same year as τ ! 

L.Lederman 

Beauty 

http://link.aps.org/doi/10.1103/PhysRevLett.39.252 
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BaBar @ PEP, 
SLAC: e+e- → Y(4S,bb) → 

Bottom quark 

BaBar @ PEP, SLAC, Stanford, USA.   553 fb-1 99-08 
Belle  @ KEK, Tsukuba, Japan:      1000 fb-1 01-10 
Belle2 @ KEK       :         50 ab-1 18- 
 
1.3 billionBB pairs in 1.5 ab-1 since 2001 
 
LHCb@CERN: produce 106BB pairs/s, 6∙1011 detected 
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Heavy Quark Decays 

 
 
 
 
 
 



 μ+μ- 

_ 
cc 

   _ 
bb 

_ 
ss 

  _ 
qq 

 1980s   1970s   1960s  

? 

_ 
cc 

   _ 
bb 

quarkonium & vector mesons 
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Tevatron 

CDF       D0 

Fermi National Lab., Chicago: p p @ 1x1 TeV 



as heavy as a 
Gold atom: 

 
mt = 

173.3 ± 0.8 GeV 
arXiv:1403.4427 

 
width: 1.3 GeV 
expt.: <2 GeV 

 
weak decay 

within 3·10-25 s - 
 

too fast 
to find a partner - 

 
top quark 

never becomes 
a dressed hadron ! 

find 1 top in 
1010 hadronic interactions ! 

Top 

  
  

     
     

Phys.Rev.Lett. 74 (1995) 2626+2632 

discovered 
1995 

CDF+D0 
 
 
 
 
 
 
 
 
 
 
 
 

Tevatron 
p p @ 1x1 TeV  
Fermi Natl. Lab. 
Chicago, USA 



 

LHC: 
top 

factory: 
 

t t → 
e + μ 

2 b-jets 

                  
                

μ 

μ 

e 

e 

b 

b 

e,μ ν 

e,μ 

ν  

MET 

SUSY 
like 
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Great scheme, 
BUT: 
 

all 3 symmetries 
mysterious: 
 

• up-down  ((weak) isospin) 

• lepton-quark 
• 3 families 

The Building Blocks 
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QUARKS Q I3 B L 
u 
d 

c 
s 

t 
b 

+2/3 

-1/3 

+1/2 

- 1/2 
1/3 0 

LEPTONS 
e- 

νe 

µ- 

νµ 

τ- 

ντ 

-1 

0 

- 1/2 

+1/2 
0 1 

Spin  
J=1/2 

   Questions: 
 

• why no free quarks ? 
  => confinement, QCD    

 

• fractional charge 1/3 ? 

Fermions 

u c t e-
 µ-

 τ-
 

2-5 MeV 1.25 GeV 173 GeV 511 keV 106 MeV 1.78 GeV 

d s b νe νµ ντ 
5-8 MeV 120 MeV 4.25 GeV <2 eV <190 keV <18.2 MeV 

 Masses 
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PARTICLES FORCES 
  

Electro- 
Magnet. Weak Nuclear 

Gravi- 
tation 

Charge Electric Weak Color Mass 
Symmetry U(1) SU(2) SU(3) 

 Matter Particles     Fermions  J=1/2 
                   Up 
  Quarks 
                   Down 

u 
d 

c 
s 

t 
b 

+2/3 
-1/3 

IW ,YW r  g  b 

                  Electrons 
  Leptons 
                  Neutrinos 

e 
νe 

µ 
νµ 

τ 
ντ 

-1 
IW ,YW 

0   

 Force Particles      Bosons     J=1 

   Photon γ 
  Weak Bosons W+, Z0, W- 
  Gluons  8 gij   

  Graviton           (J=2) G 
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mass of 
Gold 

nucleus 

What tells us Nature with this 
new spectroscopy ? 

Fermion Mass Spectrum 
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             Leptons       Quarks 
 
        Mass / 
       GeV  

PLANCK, KATRIN, 0ν2β 

1 eV -- 

What 
tells us 
Nature 

 

with this 
spectrum 

? Quarks Q I3 B L 

u 
d 

c 
s 

t 
b 

+2/3 
-1/3 

+1/2 
 -1/2 

1/3 0 

Leptons 
e- 

νe 

µ- 

νµ 

τ- 
ντ 

-1 
0 

- 1/2 
+1/2 

0 1 

Fermion Mass Spectrum 

IF 
md < mu => 
mn < mp => 
p decay => 
neutral universe  
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Hadron 
 

spectroscopy 
+ 

mixing 
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N2S+1 LJ=L+S 
 
Ψ-Ψ‘  radial N 
Ψ-ηc  ↑↑- ↑↓ S 
Ψ-χc  orbital L 

Eγ / MeV 

Charmonium Spectrum 

• input state fixed by Ψ’, measure γ in NaI (Tl) crystals => 
• missing mass spectrum X 

• Ψ’ ↛ Ψ γ :  JPC :  1-- ↛ 1-- 1--   C violated 
• 1S0 and 3P states ηc and χc only in decays, not in e+e- 

 

e+e- →  
Ψ’ → 
γ X 

Crystal Ball 
SLAC 1985 

2   3   4 

5   6   7 
8 

1 

χc 
J=L+S 

ηc 
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Bottonium 

N2S+1 LJ=L+S 
 
Y’- Y  radial N 
Y - η  ↑↑ - ↑↓ S 
Y - χ  orbital L 

ηb        Υ      hb     χb 

0-+        1--      1+-     0,1,2++ 1,2,3-- 
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e- p e- e+ 
 _ 
cc  

 _ 
bb 

Hydrogen    Positronium 

Charmonium      Bottonium 

Quarkonium 

   _ 
bb 

_ 
cc 
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quark charge 

==

µµ→σ
→→σ

=

∑
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colors
flavors
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Quark spin 
PETRA @ DESY 
LEP @ CERN 

 
 
 
 
 
 
 
 

e+ e- →q q → 2 jets 
 

jet angular distribution 
 

Spin 0: 
dσ /d cos θ ~ (1-cos2θ) 

 
Spin 1/2: 

dσ /d cos θ ~ (1+cos2θ) 

 e  

 

 

 

e+ e-

q

q
θe+ e-

q

q
θ



• kinematics: τπ/τK ~ 20, observed: τπ ~ τK 
• d and s coupling different ? 

 

• N.Cabbibo 1963: 
universal couplings, but weak interaction 
does not see eigenstates d and s of mass + strong interaction, 
but mixed states d’, s’ with mixing angle θC : 

 d' =  d cos θC + s sin θC 

 s' = -d sin θC + s cos θC 

with   Cabbibo angle: sin θC = 0.220 ± 0.002 
• sin θC: mixing strange - normal world  or  probability of family change 

 

• SU(2) doublet: (u d‘) , Γ(K+→µ+ νµ)/Γ(π+→µ+ νµ) ~ sin2θC/cos2θC ~ 0.05 113 

Decay ∆m/MeV τ/ns 
π+ → µ+ νµ 139-105 =   34  26 

K+ → µ+ νµ 494-105 = 389 19 

u 
_ 
d 

µ+ 
 

νµ 

u 
_ 
s 

µ+ 
 

νµ 

Quark  Mixing 

       

u 
 
_       _ 
d’ = d cos θC 

µ+ 
 

νµ 

u 
 
_       _ 
s’ =-d sin θC 
 

µ+ 
 

νµ 
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• Cabbibo theory:    weak neutral current 
                                    _      _ 
  =  (ud‘) (ud‘)T  =  uu + d‘d‘  =                    _                _              _ 
  =  uu + cos2 θC dd + sin2 θC ss + … ∆S = 0                                           _     _ 
                         sin θC cos θC  (sd + ds)  ∆S = 1 
 
• ∆S = 1   flavor changing neutral current not observed 
• 1970:  Glashow, Iliopoulos, Maiani:  2. quark doublet 

  d' =   d cos θC  +  s sin θC 

  s' =  -d sin  θC  +  s cos θC 
                                 _       _      _      _ 
 neutral current  = uu + d‘d‘ + cc + s‘s‘ 
                                 _       _      _      _ 
               = uu + d d + cc + s s  ∆S = 0 
 
• 1974: Charm discovered by S.Ting (SLAC) and B.Richter (BNL) 
• 1973:  Kobayashi + Maskawa postulate 3rd quark family  
              mixing matrix with 1 complex phase -> CP violation 

Decay Current Γi / Γ 
K+ → µ+ νµ charged 64 % 
K+ → π+ νν neutral  <10-10 * 
K0 → l+ l- neutral <10-8 

                     
 

                        

                                         

 

















's

c
'd

u

d‘ d        s‘

θC

s

d‘ d        s‘

θC

s

GIM Mechanism 

* LHCb: JHEP 01 (2013) 090. 
  NA 62, 2015-7: expect 102 in 1013 K+ decays 
  expect 8 10-11, Buras et al, JHEP 1302 (2013) 116 

d 
_ 
s 

µ+ 
 

µ− 
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1973: Cabbibo-Kobayashi-Maskawa postulate 3rd quark family 
 

 CKM matrix VCKM transforms 
 mass  eigen states  (d s b)   to 
 weak  eigen states  (d‘s‘b‘) 
 
 
 
 
 
 

represent in space of n=3 families by 
  n(n-1)/2 = 3 Euler angles   cij = cos θij , sij = sin θij ,  i=1,2,3: 
 
 
 
 
 
 + (n-1)(n-2)/2 = 1 complex phase δ   (allows CP violation!) 

Quark  Mixing 

Nobel 
prize 

 
 

2008 
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Experiment: 
 
 
 
 
 

hierarchic  suppression of family change : 
 

         λ           λ2 
     why ? 
        λ3 
Wolfenstein parameterization : 
 
 
 
VCKM  =      
  
 
 
mixing angles: 
 s12 = Vus     =  λ         = 0.2248 ± 0.0004       Cabbibo  
 s23 = Vcb     = Aλ2     = 0.042  ± 0.001  A = 0.82  ± 0.01 
 s32 = Vts     = Aλ2     = 0.039  ± 0.002  ρ = 0.160 ± 0.008 
 s13 = Vub eiδ   = Aλ3 (…)  = 0.0041 ± 0.0004 η = 0.350 ± 0.006 
 
   arXiv:1604.04940, 1702.08834 

u 
d 

c 
s 

t 
b 

 1 -λ2/2          λ            Aλ3 (ρ-iη) 
   -λ                 1 -λ2/2        Aλ2 
Aλ3 (1-ρ-iη)      -Aλ2             1 

 
 
 

Quark  Mixing 
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3. C+P  
Symmetries 
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Dirac, QFT: 
matter-antimatter:   each particle has antiparticle ! 
 

C operator 
inverts all charge like additive quantum numbers: 
 

                 C 
L,B   →  -L, -B lepton + baryon nr. 
F     →  -F  flavor:  F = u, d, s, c, b, t 
Y,Q  →  -Y, -Q ((weak) hyper) charge 
I3   →  -I3   (weak) isospin 
E,B    →    -E,  -B electric + magnetic field 
 

=>    C |γ〉  = -|γ〉 
 

C:   multiplicative, not charge like 

C Parity 
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  π0 → γ  γ       
  JPC 0-+ → 1-- 1--            
   

γ  γ 

       Ψ’ ↛ Ψ γ 
JPC     1-- ↛ 1-- 1-- 

C 
Parity 
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C Parity 
π0  ↛  γγγ  Γ(π0→3γ)/ Γ(π0→2γ)  < 3 10-8   ≪  α = 1/137 
π0  →  γγ 
 

C |π0〉 = Cγ
2 |π0〉 = + |π0〉  JPC = 0-+ pseudo-scalar mesons 

 
V  → P γ 
ρ0  → π0 γ 
ρ0  ↛ 2 identical particles : 
ρ0 ↛ π0 π0 
ρ0  ↛  γγ 
 

C |ρ0〉 = +C |γ〉 = - |ρ0〉  JPC = 1-- vector mesons 
 

quarkonium spectroscopy: 
Ψ’  ↛ γ Ψ 1-- ↛ 1-- 1-- 
  → γ ηC 1-- → 1-- 0-+ 
  → γ χ 1-- → 1--  0,1,2++ 

 
Φ, Ψ, Υ ↛ γγ , 2 gluons  OZI rule 
  → γγγ, 3 gluons, photons 
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C  Parity 
• not eigenstates of C operator ! 

only eigenstates have eigenvalue ! 
 

• only   totally neutral  states   with 
all additive quantum numbers zero: 
     Q, B, L, S, C  =  0 
 

γ,  π0, η0,  ρ0, ω0, Φ0,  Ψ,  Υ, Z 
 

are eigenstates of C operator ! 
 

• spin like magnetic field = rotating charge: 
negative C parity 
 

C | ff >  =  C | Meson >  =  | ff >  (-1) L+S 

L S J C Multiplet Expl. 
L=S + 

0 0 0 + Pseudo-Scalar π0 
0 0 0 - FORBIDDEN ! 
0 1 1 - Vector    (like γ) ρ0 
1 1 0 + Scalar    L=1  rare A0 

1 1 1 + Axial-Vector A1 

1 1 2 + Tensor f0 

C  |π+> = | π-> (Q) 
C  |n > = |n > (B) 
C  |K0> = |K0> (S) 
C  |ν > = |ν > (L) 
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Pauli+Dirac Matrices 
1927 Pauli:   nonrelativistic spin 1/2 electron 
 

SU(2)  spin algebra in 2-D complex vector space isomorphic to 
SO(3)  group of 3D rotations 
 

• H atom: spin  Yl
m (θ,φ) SO(3) 

• strong iso-spin YI
I3  SU(2)I 

• weak iso-spin   SU(2)w 
 

2 representations:  3D rotation matrices   OR   2D Pauli  matrices 
 
 
 
 
 
1928 Dirac:  relativistic spin 1/2 electron (= fermion = matter part.) 
 

    (iγµ
 ∂µ - m) Ψ = 0  (µ = 0,…,3)  

 

Ψ ... 4-component Dirac spinors of Lorentz group L(1,3) =  
      2 ⊗ 2  = 2 spin orientations ⊗ particle-antiparticle 
 

γ matrices describe space-time structure: 

I
2
1Ji][

10
01

0i
i0

01
10 2

iiikji32 =σσ=σ=σσ



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
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=σ






 −
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






=σ

1
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0PPPP        PP        PP        1PP

:operators projection handedright/left    ...     )1(
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:

0][
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i
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from Pauli to Dirac matrices: 
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P  Parity 

H = helicity 
helix = screw 

P2 = 1      P … unitary 
combined CPT conserved in field theory 

  P Operation        Type     Dirac   JP      Example           

reversal time       t -     t   T

A - AF      2            tensor             F    F  P

 |||p|pH        0               arpseudoscal    p -  p P

rvL       1           raxialvecto                 P

AEvB       1            raxialvecto        B     B   P

0       1           scalar                E     E   P

0       1           scalar                t       t   P

dt/rdp       1                vector               p  -   p   P

1               vector                r  -  r   P

μυ

-
5

5

5

-

-

=

∂∂=γγ=

σσ=γσ=σ

×=γγσ=σ

×∇=×=γγ=

=

=

=γ=

γ=

µννµµν
+

νµµν

+
µ

+
µ

+

+

µ

µ

rrrrrrrr

rrrrr

rrrrrrr

rrrr

rr
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Parity 
L S JP multiplet 

MESONS 
0 0 0- pseudoscalar 
0 1 1- vector 
1 1 0+ scalar  L=1  rare 
1 1 1+ axialvector 
1 1 2+ tensor 

BARYONS 
0 1/2 1/2+ nucleon octet 
0 3/2 3/2+ ∆   decuplet 
1 1/2 1/2- N*  octet 

P YL
M = (-1)L  YL

M
        parity H atom with L 

 
atomic electric dipole transitions 
flip atomic spin by L=1 : 
 

            →                   →   
P |γ〉 = P |E〉 = (-1)L=1 |γ〉 = -|E〉 = - |γ〉 
 
spin S is axial-vector: 
P |σ〉 = +|σ〉 
 
Dirac equation:   (iγµ

 ∂µ - m) Ψ = 0 
 
γ0 =         …  parity operator  => 
 
P | f 〉 = +| f 〉 
P |f 〉 = -|f 〉 
 
P | ff 〉   = P | MESON 〉  = -| ff 〉   (-1)L 
P | f f f 〉 = P | BARYON 〉 = +| f f f 〉 (-1)L 

I     0 
0 -I 
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nuclear β decay: 
                             → → helicity  H = (σ·p)/|p| 
 
in a system with c>v’>v 
momentum p and helicity H 
are inverted: 
 
probability of ‘wrong’ helicity: 
 1-v/c 
 
polarization 
 P = (N+-N-)/(N++N-) 
   = σ·pc / E = H v/c 

Parity Violation 

v/c 

P 

probability 
v/c          |  1-v/c 
right        |  wrong 

helicity    

longitudinal polarization P 
vs. electron velocity v/c: 

Wu et al. (Co60), Garwin + Lederman (polarized muons), Columbia Univ., subm. together 15.1.57, Telegdi + Friedman subm. 17.1.57: Phys. Rev. 105 (1957) 1413; 1415; 1681. 
Nobel prize 1957 to Lee + Yang 
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Parity violation 
Gravitation + 

electromagnetism: 
 

same physical laws 
in mirror system, 

e.g. planetary motion 
 

parity conserved. 
 
 

Weak interaction: 
β-decay 

of polarized 60Co 
violates parity ! 

 

discovered 1956 

θ θ 
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(V-A) Theory → 
σ  ... unit vector in spin direction 
helicity operator H: 
 
 
 
projection operator  L / R   left / right: 
L = (1-H) / 2  = 0,1    for   H = ±1   or  (1±γ5)/2 
R  = (1+H) / 2  = 1,0 
 

     chirality = handedness 
 
L  =  (1-H) / 2    particle: left handed 
L  =  (S-P) / 2    space structure: (Scalar-Pseudoscalar) 
 
all interactions via vector bosons V : 
L  =  V (S-P) / 2 
L  =    (V-A) / 2 
L  =  γµ (1-γ5) / 2 
 
space structure of weak force : 

  (V–A)  why ? 
 maximum parity violation ! 

ψψH
p
pσH ±== r
rr

T.D.Lee + C.N.Yang 
Brookhaven, USA, 1956 

Nobel 
prize 

 
 

1957 
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Helicity + Chirality 

 νL :           FERMIONS    are  LEFT    handed 

νR :   ANTI-FERMIONS   RIGHT  handed 
 

 P  | νL 〉 = |  νR 〉    P      violated 

 C  | νL 〉 = |νL 〉    C      violated 

 CP | νL 〉 = |νR 〉    CP   conserved 

Manche meinen, 
lechts und rinks 
kann man nicht 
velwechsern. 

 
Werch ein Illtum ! 

 
E.Jandl 

m≠0  , β=v/c<1            m=0  , β=v/c=1 
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Helicity Suppression 

        J =    ½   1     ½             
e+

R              νe,L 
           0   π+ 

parity violation versus 
angular momentum conservation 
 

polarization P 
of decay lepton vs 
helicity H and velocity v/c 
 

P = H v/c 
 

me,ν≪ pe,ν ~ mπ/2 => 
v→c  =>  P→1 

why 
π-µ-e  decay 

π 

e 
µ 

π decay rest frame : 

and not π-e directly? 
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Helicity Suppression 
stopped pions: electron spectrum 

π → µ νµ 
2 Eµ

max = mπ-mµ =  34 MeV < mµ 
 

µ → e νe νµ 
2 Ee

max = mµ-me = 105 MeV 
 
π → e νe 2 Ee

max = mπ-me = 139 MeV » me 
 
 
Γ(π → e νe) 
------------ = 1.234·10-4 
Γ(π → µ νµ) 
 
= (me

2/mµ
2) (mπ

2-me
2)2/(mπ

2-mµ
2)2(1+RQED) 

  
parity violation ! 
 
also: 
Γ(K → e νe) / Γ(K → µ νµ) = 2.5 10-5 
Γ(B → e νe) / Γ(B → µ νµ) / Γ(B → τ ντ) = 
    10-11  /    10-7      /    1 

  

π → µ → e π→ e   

arXiv:1506.05845 

PIENU @ 
TRIUMF 
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4. Weak 
Interaction 

 

Neutrinos 
 

most abundant fermion in Universe 

pure sources and pure probes of weak interaction 



Pauli’s Neutrino 
hypothesis 

                          _ 
n → p e- νe 

 
renamed 
Neutrino 

1933 by E. Fermi 
after neutron 

discovery 

  
 

   
   

 
 

       
  

   
    

     
 

       
      

      
       

     
      

     
     
     

        
       

     
      

     
     

    
     

      
   

      
      

      
        

      
 

        
       

      
        

     
      

   
    

 
        

    
   
       
         

    
      

     
       

         
        

       
 

 
      

 
       

        
        

    
 

     
   

 
  

n → p e- ?  continuous β spectrum 
       E conservation violated ? 

Also, liebe Radioaktive, prüfet und richtet!  
Leider kann ich nicht persönlich in Tübingen erscheinen, da ich infolge 
eines in der Nacht vom 6. zum 7. Dez. in Zürich stattfindenden Balles 
hier unabkömmlich bin. 

„Heute habe ich etwas Schreckliches getan, 
etwas, was kein theoretischer Physiker jemals 
tun sollte. Ich habe etwas vorgeschlagen, was 
nie experimentell verifiziert werden kann.“ 

Pauli am selben Tag an den Astronomen W.Baade 

W. Pauli 
45. birthday 1945 



Supernovae  Sun 
SN 1987A:    1038 s-1  6∙1014 m-2 s-1 

  1058 total 
  1014 m-2 
  99% of E  
~cosmic lumi  
Reactor 
2∙1020 s-1 GWth

-1  Atmospheric 
@ 10 m: 1017 m-2 s-1  104 m-2 s-1 
 

Accelerators     Big Bang 
          335 cm-3 

     100 𝛍𝛍s - 100 s 
    dominant cosmic energy 
 

Earth 2∙1011 m-2 s-1 radioactivity 
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Neutrinos 

PeV 



Supernova SN 1987A: Magellan cloud, 168.000 ly 
 1058 ν total,   1015 ν/m2 
 
 
      ~10s 
 
 
 
 
 
 
first Supernova visible by naked eye 
since Kepler 1604 at 20.000 ly in Milky Way! 
neutrinos seen ~2h before light  =>  mν < 30 eV   (Sun: light takes >10.000 yrs) 
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Cosmic Neutrinos 
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now: γ : 2.7 K background radiation 410/cm3   Penzias,Wilson      1964 
 ν: 1.9 K background radiation 336/cm3     Nobel       1978 
 Tν = (4/11)1/3 TCMB     nν = (9/11)1/3 nCMB   neutrino / baryon density:  Ων /Ωb = 0.5 ∑mν /eV 
 “dark photons”: nν, mν       Ων h2 = mν /94 eV < 0.0025 

Big Bang Neutrinos 
decoupling: 
γ    380.000 a 
 
 
 
 
 
 
 
 
 
hot ν’s.  m v > 1 eV wipe out 
small-scale cosmic structures 
 
CMBR (PLANCK) + BAO: 
  Σm (νi) < 0.23 eV 
  Neff = 3.2 ± 0.2 
arXiv:1502.01582, 9.  
Thomas, Abdalla, Lahav, PRL 2010 
Putter et al, arXiv: 1201.1909. Phys.Rep. 517(2012)141 

ν    1 s  ν ν ↛ e+e- 
equilibrium till 0.2 s / 2 MeV 
_ 
νe p -> n e+ 
   n -> p e-νe 

0.28 eV         0.05 eV 



ν ̄e p → n e+ 
e+ e- → γ γ     prompt, Eγ = some MeV 

n Cd → Cd* γ 
γ emission delay ~5 µs 
look for γn-γe coincidences 
 
today Gd: 16t Daya Bay, 100t SuperK 

Neutrino Discovery 
25 years after Pauli: Project Poltergeist: 
        C.Cowan and F.Reines, 1956 : 
      Savannah river reactor, USA 

    
      

Reines: 
Nobel prize 

 
 
 
 

1995 
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Nobel prize      2002 

600 t C2Cl4 

Homestake Gold mine 

Ray 
Davis 

Solar 
Neutrinos 

nuclear fusion in the Sun : 
pppp → ppnn = He 
 

   p → n e+ νe  
 
micro-radiochemistry:  detect single decays 
νe Cl37 → Ar37 e- 𝛕𝛕 = 35 d 
νe n    → p     e- 
 

1967-94:  ~ 2/3 neutrinos missing ! 
                                                           _ 
nuclear fission produces νe 
1968 Savannah river reactor _ 
νe Cl37 ↛ Ar37 e-    no signal  => 
                  _ 
 ν ≠ ν 

νe 
        6x1014 

       m-2s-1 

 



Are neutrinos equal? The muon neutrino 

   L.Lederman          M.Schwartz         J.Steinberger 

Brookhaven Proton Synchrotron, 
USA, 1961 
 
10 t spark chamber 

Nobel 
 
 
 
 
 
 

prize 
1988 

νµ       µ         νµ  ≠ νe 

13 m steel shielding    
from old battle ship 

  Paraffin 
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DECAYS νµ e-

leptonic µ- _ µ decay
νe

semi- u u
n d d     p       β decay

leptonic d u
e-
νe

non- u uΛ d d     pleptonic s u
u

π-
d

W-

W-

W-

DECAYS νµ e-

leptonic µ- _ µ decay
νe

semi- u u
n d d     p       β decay

leptonic d u
e-
νe

non- u uΛ d d     pleptonic s u
u

π-
d

W-

W-

W-

W-

W-

W-

Weak Decays 
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Weak Reactions 
current

charged neutral

νµ µ− νµ νµ

hadronic d u q q
u u q q
d d q q

νµ µ− νµ νµ

leptonic e- νe e- e-

W+ Z0

W+ Z0

current
charged neutral

νµ µ− νµ νµ

hadronic d u q q
u u q q
d d q q

νµ µ− νµ νµ

leptonic e- νe e- e-

W+ Z0

W+ Z0

W+ Z0

W+ Z0

n p 
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Charged Weak Current 

νµµ-  
             W 
 p          ∆++ 
         → pπ+
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νµµ- 
             W 
p          X 

νµ 

µ- 

CERN 1984: Big European Bubble Chamber BEBC 

Charged Weak Current 
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Weak Reactions 
current

charged neutral

νµ µ− νµ νµ

hadronic d u q q
u u q q
d d q q

νµ µ− νµ νµ

leptonic e- νe e- e-

W+ Z0

W+ Z0

current
charged neutral

νµ µ− νµ νµ

hadronic d u q q
u u q q
d d q q

νµ µ− νµ νµ

leptonic e- νe e- e-

W+ Z0

W+ Z0

W+ Z0

W+ Z0

n p 

iso-triplet? 
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charged current              neutral current 

  

             
           

  

              
            

CERN 1973 :  Gargamelle  Heavy Liquid Bubble Chamber 

Neutral Weak Current 

νµ µ

W
e          νe

νµ µ

W
e          νe

νµ νµ

Z0

e           e

νµ νµ

Z0

e           e

weak 
bosons: 

isotriplet? 
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CERN 1973: Gargamelle Heavy Liquid Bubble Chamber 

νµ N  → νµ X 

Neutral Weak Current 
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MAINZ expt.:   m (νe) < 2.2 eV 
KATRIN:  KArlsruhe TRItium Neutrino Experiment 
m (νe) < 0.2 eV   @ 90% CL 

10-11 mbar in world’s largest UHV vessel 
10 kg tritium/a (~ITER) 
start 2017 + 5 years 

Kurie plot: end point of 
Tritium β spectrum 
 

H3 -> He3 e-νe 
 
 

problem: nuclear models 

Neutrino Mass 
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L. Oberauer - TUM 

KATRIN at KIT 
spectrometer: 
retarding MAC-E filter 
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KATRIN 

transport of KATRIN’s large spectrometer vessel 
from Leopoldshafen to FZ Karlsruhe 
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Neutrino oscillations 

θ=45º  would be max. mixing:   νe = ν1- ν2    νμ = ν1+ ν2 
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Neutrino oscillations 

B. Pontecorvo   1967 

= sin2 2θ  · sin2 (1.27 [∆m2/eV2] [L/km] / [E/GeV]) 
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Neutrino mixing matrix 
quarks:     Cabbibo-Kobayashi-Maskawa (CKM) matrix 
neutrinos: Pontecorvo–Maki–Nakagawa–Sakata (PMNS) matrix 

































−−−
−−−=















 −

3

2

1

132313231223121323122312

132313231223121323122312

1313121312

ν
ν
ν

ν
ν
ν

δδ

δ

δ

τ

µ

ccescsscesccss
csesssccssccs
escscc

ii

i

i
e
















+−
++

















+−

++

















+−
++=

−

100
0
0

0
010

0

0
0

001
U 1212

1212

1313

1313

2323

2323MNS cs
sc

ces

esc

cs
sc

i

i

δ

δ



181 

Kamioka mine, Japan: 
1000 m    underground 
 
detect Cerenkov light 
in 22.5 of 50 kt water 
or >1034 nucleons 
 
11.000    photomultipliers 
 
built for p decay 
1996-2015:  306 kt·y: 
τ (p -> π0 e+) > 1.6 1034 a 
 
 arXiv:1610.03597 

Super- 
Kamiokande 
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Solar Neutrinos 

Sun light thermalized after >100.000 years 
 

First Sun neutrino-graphy 
900 x 900 

SuperKamiokande 1998 
 

Borexino 2014: flux of 0.4 MeV ν’s 
from dominant pp fusion corresponds to photon flux 

45±2% of Bahcall solar model 
 

Where are the 
solar neutrinos? 
Is the Sun ok ? 

 
Super-Kamiokande 
1996-2001 
 
 

E=5-20 MeV 
1496 days with 22.5 kt 
22404±226 solar ν events 

45% 
of 
Sun 
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Super-Kamiokande: 
 

cosmic protons 
react in atmosphere: 
 
p A → π’s + … 
π → µ νµ      µ → νµ e νe 
 
expect  νµ/νe ~ 2/1 
observe ~ 1/1  dep. on 𝛉𝛉 
 

νµ → νe 
detect Cerenkov rings: 
νµ → µ disappear 
νe → e    appear 

Atmospheric Neutrinos 

M.Koshiba 
 
 
 

Nobel prize 
2002 
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23-mix, GeV: Atmospheric Neutrinos 

rate too small as f (θ,E) ! 
 νµ disappear ! 
 

ν oscillation with mass difference 
Δm23

2 = 2.4±0.4 ·10-3 eV2 

 
large mixing angle: 
sin2 2θ23 > 0.92 @ 90% CL 
 
θ23 ~ 45º  max. mixing ? 

Super Kamiokande 2004: 
Nobel          2015        

      Kajita          McDonald (SNO) 
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Solar neutrinos: SNO 
Sudbury Neutrino Observatory, Canada 
 

 
lent ~1 reactor load ~1000 t heavy water ~330 M$ 
 

CC: νe d -> p p e get νe   flux: solar νe missing 
NC: νx d -> p n νx get νall  flux: solar models ok 
 
CC: e in water Cerenkov, detect by photomultipliers 
NC: n capture in salt:  n 35Cl -> 36Cl -> Cl + γ’s (8MeV) 
 
~10 evts/s     radioactive background 
~30 evts/day  solar neutrinos 
 
2002-4: νall from Sun ok 
   but νe ~ νall /3 

Nobel          2015        
      T.Kajita          A.McDonald         

Super-Kamiokande             SNO               
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ντ appearance: CNGS+OPERA 
CERN Neutrino vμ beam  to Gran Sasso Underground Lab near Rome 

detect νμ-ντ osci’s:  τ leptons appear in active emulsion target 

732 km 

 

 
LNGS 

νµ → ντ       ντ N → τ X 
 

high E !     θ13 = 9° 

150.000 
lead (56x1mm)- 

emulsion (57x44μm)  
tiles of 8 kg = 

1.250 t 

2008-12: 2 1020 p: 
5 ντ → τ seen 
bkgr. 0.25 
cττ = 87 μm 

1st τ event 2010 
τ– → ρ– ντ , ρ– → π– π0 , π0 → γγ 

Phys.Rev. D89 051102 (2014) 
Phys.Rev.Lett. 115 (2015) 121802 



arXiv:1610.04802 
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Daya Bay 

far/near = 92±1 % 








 ∆
−≈→

ν

θνν
E

LmP ee

2
312

13
2 27.1sin2sin1)(

55 km NE of Hongkong:   6 nuclear reactors 
power 3x2x2.9 = 17.6 GWth    3.6x1021 v/s 
2x2 near + 4 far detectors in 3 halls at 0.5, 2 km 
total target mass 160 t 
50 and 10 ve interactions/h, 2.5 million total  

sin2 2θ13 = 

0.084 ±  0.004 𝚫𝚫m2
23 = 

2.5 ±  0.1 10-3 eV2 
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𝛎𝛎 oscillation parameters 
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Neutrino oscillations: Results 
∆m2

13 = ∆m2
12 + ∆m2

32       ∆m2
12 ≪ ∆m2

32   =>   Δm13
2 ≈ Δm23

2 

12 mixing: MeV, solar + reactor neutrinos: 
small:    Δm12

2  = 7.6±0.2 · 10-5 eV2   (KamLAND) 
large:   sin2 θ12 = 0.32±0.02  θ12 = 34±1° (SNO, solar) 
m(νµ) < 9 meV < 10-7 mµ  in simplest mass hierarchy - why ? 

 

23 mixing: GeV, atmospheric + accelerator: νµ disappear 
large:   Δm23

2  = 2.55±0.04 · 10-3 eV2 ≈ Δm13
2 (MINOS, NOvA) 

max:    sin2 θ23 = 0.43±0.02  θ23 = 41±1° (SuperK,  T2K) 
 

13 mixing: reactors: νe disappear (Daya Bay, RENO, Chooz) 
small:   sin2 θ13 = 0.022±0.001 θ13 = 8.4±0.2° 

 

experiments:   www.nu-fit.org, arXiv:1708.01186 

 FermiLab, USA accelerator MiniBoonE, MINOS, NOvA             νµ disappearance 
 KEK, Japan  accelerator T2K, KamLand  νµ-νe appearance νµ disappearance 
 CERN, Geneva  accelerator CERN-Gran Sasso OPERA  νµ-ντ  appearance 
 France, China, Korea reactor  Double-Chooz, Daya Bay, RENO νe disappearance 
 South Pole, Mediterr. atmospheric  IceCube, Antares   νµ disappearance 
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Neutrino Mixing 

Atmospheric, accelerator 
- MINOS (precision) 
- T2K 
- OPERA (vτ appearance) 

 sign of Δm2
23?  

- Reactor: 
   RENO, Daya Bay 
   CHOOZ 
- MINOS, T2K 

 CP-violation: Dirac CP-phase? 

- Solar 
- KAMLAND 
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θ23= 43±2o 
θ13= 9±1o, δ? 

θ12= 34±1o 

 MSW matter effect 

0.8 0.5 0.15 
0.4 0.6 0.7 
0.4 0.6 0.7 

1.0  0.2  0.001 

 0.2  1.0 0.01 
  0.001  0.01 1.0 

Quarks: VCKM =   =      Neutrinos: VPMNS = 
 

 
 

             Why so different ? 
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Majorana equation 

Dirac equation  (iγµ
 ∂µ - m) Ψ = 0 

describes particles Ψ + antiparticles Ψ*: 
real γ matrices, complex spinor fields Ψ . 
 

Bosons like photon etc. are their own antiparticles. 
 

Majorana 1937: 
Can also fermions be their own antiparticles: 
  Ψ = Ψ*    ? 
To get real Ψ define imaginary γ matrices: 
 
 
 
 
 
satisfying Clifford algebra + Majorana equ. 
  (iγµ

 ∂µ - m)Ψ = 0 
with real fields Ψ = Ψ*. 
Supersymmetry: neutralinos (= photino x zino x higgsinos) 

E.Majorana 
1933 Leipzig 

1937 Neutrino 
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2ν ββ :       0ν ββ : 
 

(A,Z) → (A,Z+2) + 2e- + 2νe       (A,Z) → (A,Z+2) + 2e- 

Observed for several nuclei   double-weak ~ GF
4 

Test of nuclear calculations  helicity suppressed:  ~ mν
2/Eν

2 < (eV/100MeV)2 
Dirac only ?   leptogenesis:  L(+B) asymmetry of Universe 

∆L=0   Dirac   ∆L=2   Majorana 

d 

d 

u 

u 

e- 

e- 

W- 
W- νe 

νe 

d 

d 

u 

u 

e- 

e- 

W- 
W-  νe H=L= -1 

νe H=L= +1 ≈ ~ GF
4 

neutrino physics 
without neutrinos: 

Double Beta Decay 
E.Majorana 
1933 Leipzig 

1937 Neutrino 



 

Double Beta Decay 
Gran Sasso tunnel, Italy, 1400 m underground 
GERDA: 36 kg high purity 86% enriched 
76Ge diodes in liquid Ar cryostat 

Majorana expt. 

<100 kg y 76Ge      
2ν ββ: T1/2 = 2 1021 y   arXiv:1703.00570. Nature 554 (201) 47 

0ν ββ: T1/2 > 5 1025 y          mββ < 0.3-0.1 eV 
2014: MAJORANA 40 kg Ge   mββ < 0.1 eV 

Qββ = 
2039 
keV 



215 

Double Beta Results 

NEMO-3:  
 

7 kg 100Mo foils 2003-10 
34 kgy E(ee) = 3034 keV 

 

0ν ββ candidate 

2ν ββ   mββ < 0.3 eV (90% CL)  0ν ββ 

EXO       200 kg liquid Xe136 81% + TPC:    T1/2 > 1.8 1025 y    mββ < 0.4-0.2 eV   arXiv:1707.08707  

KamLand  320 kg liquid Xe136 91% + scint: T1/2 > 1.1 1026 y mββ < 0.5-0.2 eV arXiv:1605.02889, PRL 117   

GERDA    36 kg y  Ge76 86% :    T1/2 > 5.3 1025 y mββ < 0.6-0.2 eV arXiv:1703.00570. Nature           

combined: Ge, Xe, Te, Mo          mββ < 0.31-0.13 eV arXiv:1407.4357, 1504.036         

CUORE  Te130        T1/2 > 1.5 1025 y mββ < 0.4-0.14 eV arXiv:1710.07988.  

translation  T1/2 → mββ  dominated by nuclear matrix element uncertainty 

>3.4 10 25  0. 

E. Fiorini, Moriond  Elw. 2014. EXO-200: arXiv:1402.6956 
OM. Lindner, ICHEP 2014 Valencia.      GERDA: arXiv:1307.4720 
KamLAND Zen. 320 kg 136Xe Phys.Rev.Lett. 110, 062502 (2013) 



neutrinos - 
gate to New Physics 

Neutrinos 
• oscillate: 

– have mass 
– violate lepton nr - not locally, 

only due to mass diff at macroscopic oscillation lengths 

Questions  
• mass - not only difference ? 

Curie (tritium), cosmology, 0νββ 
• why <10-6 of charged leptons? 

Higgs? see-saw? 

• lepton nr violated: 0νββ,  𝛍𝛍 → e … ? 
• Dirac or Majorana - 0νββ ? 

222 
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Weak 
Interactions 
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• four-momentum : p = (E, p)    c=1 
• four-momentum2 : relativistic  invariant 
• effective mass2 :    m2 := p2 = E2 – p2 
 

• ultra-relativist.: m « E E = p 
• classic:     p  « m E = m 

• s = invariant reaction energy2 
 

 omit    px=py=0 
 

• Center-of-Mass System : e- -------><------- e+ 
 p1+p2 = (2E, 0)                       (E, p)      (E, -p) 
 s = 4 E2 
 

• Lab system :   1  --------> ● 2 
 m1,2 « E1         (E1, p1)  (m2, 0) 
 

 p1+p2 = (E1+m2, E1)  
 s = 2 m2E1 
 target mass effect:   mp = 2000 me 

Kinematics 

p1 

p2 
s = (p1+p2)2  
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• cross section:   σ = π R2 
 [σ] = barn 1    b = 10-24 cm2 
    1  mb = 10-27 cm2 
    1   fb = 10-39 cm2 
 strong interaction: σ (π N) ~ 30 mb 
                                                     ___ 

• interaction radius:  R = √σ/π 
    R (strong)  ~  √10-30 m2  ~ 10-15 m = 1 fm = 1 fermi 
 

• lifetime:     τ = R / c= reaction time 
  τ (strong) = 1 fm / c = 3 x 10-24 s 
 

• uncertainty relation: ħ = Γ τ 
   ħ c = 200 MeV fm = ∆E ∆R 
 

• decay width:   Γ = ħ / τ  =  ħ c / R 
energy scale         Γ = E 
 

   Γ = 200 MeV fm / R 
       E (strong) = 200 MeV       Γ (strong: ∆, ρ) = 120-150 MeV 
 

• coupling constant:   F = α ħc / r2  electric force 
       α = e2 / (4π ħc)        dimensionless (ε0=1) 
 
E = Γ = ħ/τ = ħc /R = ħc       σ ∼      ~ α2 

 Cross Sections  

  
 

√α √α
2

√α √α
2
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E.Fermi, Rome 1933: 
 
 
 
 
 
 
 
four-fermion theory of weak interaction 

 
R.Feynman, 
USA 1948:     Feynman diagrams 

four-fermion theory 

     

   
                       

 

 

 

                        
 

 

 

 

 
 

 

 

µ+ e+

GF

νe

νµ

n p
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e-

νe

νe
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νe

e-

e-

µ+ e+

GF

νe

νµ

n p
GF

e-

νe

νe

GF
νe

e-

e-

√α   √α

γ 
√α   √α

γ x 
 
         t 



Fermi constant 

4 Fermi theory of weak interaction 
with coupling constant 
 
GF = 1.1663788 (7) x 10-5 GeV-2 

determined from muon lifetime 
τµ = 192π3/(GF

2mµ
5)  (1+δkin) (1+δweak) (1+δQED) 

E. Fermi 
 

Nobel  prize 
 

1938 

        
 

 

 

>1012 μ decays 
τµ = 2 196 980 (2) ps 

get GF to <10-6 
FAST, MuLan @ PSI 

µ+ e+

GF

νe

νµ

µ+ e+

GF

νe

νµ

MuLan: arXiv:1211.0960 
FAST:  arXiv:0707.3904 

MuLan      FAST 
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Weak interaction 
•  QED:    F = α ħc / r2 electric force   (ε0=1) 
 

coupling constant    α = e2 / (4π ħc) = 1/137   dimensionless ! 
 

σ (e+e- → µ+µ−)  =  4π/3  α2/s  ≈  80 nb / (s/GeV2) 
 

s → ∞     =>     σ →  0     charge point like ! 
 

[α2] = [σ s] = [l2E2] = [ħc]2  = 1    dimensionless   (ħc = 200 MeV fm) 
 
•  weak force: 
σ (νμ e- → νe μ-)  =  GF

2 s / π 
 

s → ∞     =>   σ → ∞   Unitarity violated ! 
     ħ2c2 = 0.4 GeV2 mb 
[GF

2] = [σ/s] = [l2/E2] = [ħ2c2/E4]   => 
[GF]  = [E-2] = GeV-2   ??? 
 

weak coupling constant GF contains energy scale ! 

σ (νN) / 10-42 m2 
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    σ (νμe- → νeμ-)  =  GF
2 s / π 

 

 GF = 1.2 x 10-5 GeV-2 

 
s  ≈  2 me Eν 
σ = 9.5 x 10-11 GeV-2 [me/GeV] [Eν/GeV] 
 ħc   = 1 =  0.2  GeV  fm 
(ħc)2  = 1 =  0.04 GeV2 fm2  = 0.4 mb GeV2 

 

σ = 3.8 x 10-11 mb  [me/GeV][Eν/GeV] = 10-16 σ (strong: πp→∆) 
σ = 3.8 x 10-12 fm2  [me/GeV][Eν/GeV] 
σ = 3.8 x 10-42   m2  [me/GeV][Eν/GeV] 
σ extremely weak ! 
 
mN/me = 2.000 , mA/mN > 100  => 
target mass effect ! 

Weak Interaction 
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10 billion Earths 
only 1 solar neutrino/person/human life reacts ! 

neutrino interactions 
    

 

    

 
    

 

Fermi constant very small: 
 

mean free path of 1 MeV solar neutrino in Earth : 
σ = 3.8 x 10-42   m2  [mA/GeV][Eν/GeV] 
1/L = σ ρ / mN 
ρ / mN = 5.5 g/cm3 / 1.67 10-24 g = 3.3 1024 /cm3 
1/L = 3.3 1024/cm3 2 10-44 cm2 = 6.6 10-20 /cm 

L = 1.5 1014 km = 2 1010 REarth ~ 10 light years: 

ν 
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[GF]  =  GeV-2
 

Which energy scale hidden in GF ? 
 

assume 
point like electro-weak coupling with αW:  

GF
2 s /π  =  σ  =  αW

2
 π /s 

s2 = αW
2
 π2 / GF

2 
 

electro-weak energy scale: 
√s ~ √GF

-1  ~  √105 GeV  ~  300 GeV 
 

collapse of Fermi theory 
massive exchange boson W 

Weak Interaction 
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    GF               →        e′2 / (mW
2-s) 

 

. e′  ...  weak charge,  dimensionless 
  massive W boson,   correct s dependence. 
 
 

• s → 0 :     e′2 = mW
2 GF  =   e2 = 4π α   ~  0.1 

                weak   ~   electric force ! 
      mW

2
  = 4πα / GF   mW ~ 90 GeV 

 
• s » mW

2 :   σ  ~  e′4 / s scatter on pointlike charge 

~1970: find 
W±+Z0 bosons ! 

Weak Interaction 
√GF                           √GFmW

2GF
√GF                           √GFmW

2
√GF                           √GFmW

2GFGF

GF
2 s       s → ∞   =>   σ → ∞    unitarity violated ! 

 
 

  e′4 s        weak charge,  dimensionless 
(mW

2-s)2   massive W boson 
s           correct s dependence 

σ 
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CERN SPS + LEP 

SPS 1983 
pp  

2x270 GeV 

LEP 2000  
e+e- 

2x100 GeV 

CERN 



W+Z  Discovery 

UA 2 UA 1 

Expts. UA1+UA2  1983          SPS pp collider at CERN 
C. Rubbia             S. van der Meer 

 

Nobel prize 1984  



W+Z  Discovery 

ud  →  W+  →  e+ νe                  qq  →  Z0  →  e+e- 
 
  

Expts. UA1+UA2  1983           SPS pp collider at CERN 
        C. Rubbia           S. van der Meer 

 

Nobel prize 1984  
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     E|| 

 
CERN UA1, 

1984: 
 

first 43 
W -> eν 

     Et 

 

 

 

 --- mW/2 

e 
 

    W 
 

 νe 

transverse 
energy 
balance 

Et = Emiss=v-Ee 

W 
discovery 

CDF+D0 @ Fermilab 
>1M W → l ν each 

 

 
 
 
 
 
 
 
 
 

mW = 80.385 ± 0.015 GeV 
ΓW =   2.08 ± 0.04 GeV 

 
      

  

http://tevewwg.fnal.gov/   

  



W spin 

W=1 
helicity conservation: 

 

outgoing (anti)fermion 
keeps direction of 

incoming (anti)fermion 

ud → W+ → e+ νe         du → W- → e-νe 

before 
 
 
 

after 
W   =>   s = 1  
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OPAL 

ALEPH 

L3 

DELPHI 

LEP 
detect 
ors 
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   _                                                                     
qq           e+e- 

 
  OPAL             DELPHI 

 
 

  LEP     CERN 
 

 

  L3             ALEPH 

µ+µ−             τ+τ− 

Z decays 



243 

Z decays 

Z0 -> e+ e-  
  leptonic 
Z0 -> μ+ μ-  

ALEPH @ LEP 
hadronic 
Z0 ->bb 
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W,Z bosons @ LHC 
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Z mass resolution:   < 2 GeV 

2010-2:  27 fb-1   50 M  Z → ll ,  >100 M  W → lν 
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electro- 
   magnetic 
      continuum:    

       σ ~ 1/s  

Z0 

W+W- 

Z peak 
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5. 
 

Gauge 
Theories 

For an overview see e.g.: 
A. Pich, The Standard Model of Electroweak Interactions,  http://arxiv.org/pdf/hep-ph/0502010 
The LEP Electroweak Working Group,   http://arxiv.org/pdf/hep-ex/0612034  ,  http://arxiv.org/pdf/hep-ex/0509008 
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              440                           0 kV 
                    = 
ground         0            ground    -440 kV 
 
       GLOBAL TRAFO. 

Electro-Static 
 

rot E = 0 
 

E =  - grad V  scalar potential 
V' = V + s  gauge freedom 
 
global gauge trafo: s = const 
E' = E 
 
local   gauge trafo: s = s(x)  
E' = E - grad s   compensation ? 
 
 
Magneto-Static 
 

div B = 0  find magnetic monopole ! 
 

B = rot A  vector potential 
 
To get local gauge invariance  
B' =  B 
and to compensate -grad s choose : 
A' =  A - grad s   rot grad s = 0 

Gauge 
Invariance 

in 
Electro- 

Magnetism 

  440     0 kV 
        s(x) 
      ground   
      0 -440 kV 
 
LOCAL TRAFO. 
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Electro-Dynamics 
 

rot  E + Ḃ  = 0 
rot (E + Å)  = 0 
 

      E + Å =  - grad V 
 
 E  = - grad V - Å 
 B  =   rot A 
 
(E, B) as a function of potentials (V,A) 
 
Demand: Invariance of the theory under 
local gauge transformations of the potentials ! 
Fulfilled by proper choice of gauge trafo.s: 
 
 (V’,A’)  ->  (V,A) 
 V'  =  V + ṡ 
 A'  =  A - grad s 
 

 E’  =  - grad V - grad ṡ   - Å + grad ṡ 
 B‘  =   rot (A - grad s) 
 

 E'  =  E 
 B'  =  B 
 

Invariance under gauge + Lorentz transformations 
fully defines electrodynamics  ! 

Gauge 
Invariance 

in 
Electro- 

Magnetism 

  440     0 kV 
        s(x) 
      ground   
      0 -440 kV 
 
local gauge trafo. ok! 
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transform. gauge        )x(sA'A

tensor field elm.          A - AF
current- 4                    )j,(j

potential- 4                    )A,V(A

momentum- 4                   )p,E(p
derivative - 4         )r/,t/(

time-space  dim.- 4                   )r,t(x

µµµµ

µννµµν

µ

µ

µ

µ

µ

∂+=

∂∂=

ρ=

=

=

∂∂∂∂=∂

=

r

r

r

r

r

Relativistic Covariance 



















−
−

−
−−−

=µν

0BBE
B0BE
BB0E
EEE0

F

123

132

231

321

0FjF =∂ε=∂ µνβ
νµν

µ
αβµν

Maxwell equations: 
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Gauge Invariance in Electro-Magnetism 
Fµν = ∂µ Aν - ∂ν Aµ 
 

Maxwell equ.:   ∂µ Fµν = jν 
 

ν=0: div E = ρ 
ν=1-3: rot B = j + Ė 
 

∂νjν = ∂ν∂µ Fµν = 0           sym x asy 
4-current conservation ! 
 
gauge fct. s(xµ) free 
Lorentz gauge condition (covariant!): 
 

∂µ
 Aµ = 0     => 

∂µ Fµν = jν = ∂µ∂µ Aν - ∂µ∂ν Aµ 
 

∂µ∂µ Aν = ⎕Aν = jν   d’Alembert 
 
free photon: jµ=0 
 

⎕Aν = 0           wave equ. 
 

solution:   Aν = εν exp (-iqµxµ) 
 

qµqµ = 0 = q2 
photon massless ! 

Coulomb gauge  (not covariant!): 
 

∂i
 Ai = 0  (i,j = 1,3) 

∂µ
 Aµ = 0    Lorentz gauge  => 

 

∂0 A0 = 0  static scalar potential 
ν=0:  ΔV = ρ Poisson equ. 
 
free photon:  ρ=0 
⎕ Aj = 0  wave equ. 
 

Ai = εi exp (-iqµxµ) = εi exp i(ωt-kjxj) 
∂i

 Ai = 0  => 
ki  εi = 0  transversely polarized 
 
E =    -Å = -iω     A ∥ε 
B = rot A = -ik x A 
 

E ⊥ B ⊥ k 
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Gauge Invariance 

H. Weyl. Eine neue Erweiterung der Relativitätstheorie. Ann. d. Phys., 59:101, 1919. 

H.Weyl 
Berlin 
1919 

 

Gauge 
invariance 
classic 

 
 

Einstein: 
„grandiose 

achievement 
of the 
mind“ 
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Gauge Invariance 
in Quantum Mechanics: covariant derivative 

H.Weyl,           Princeton 1929: 
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Gauge invariance in SU(N) 

C.N. Yang + R.L. Mills, 1954: 
 

The difference between a neutron and a proton is then a purely arbitrary 
process. As usually conceived, however, this arbitrariness is subject to the 
following limitations: 
 
once one chooses what to call a proton, what a neutron, at one space-time 
point, one is then not free to make any choices at other space-time points. 
 
It seems that this is not consistent with the localized field concept that 
underlies the usual physical theories. In the present paper we wish to explore 
the possibility of requiring all interactions to be invariant under independent 
rotations of the isotopic spin at all space-time points… 
 
C.N. Yang and R.L. Mills. 
Conservation of Isotopic Spin 
and Isotopic Gauge Invariance. 
Phys. Rev. 96:191, 1954. 

C.N. Yang 

Nobel prize 
 
 

1957 
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Gauge 
Theory 

  U(1): H.Weyl, 1918,1929. 
 
• covariant derivative : 
 

 Dµ = ∂µ - ieAµ 
 
• gauge transformation : 
 

 A'µ = Aµ +1/e ∂µα(xµ) exchange boson 
  ψ' = e iα(xµ) ψ    matter fermion 
 

• Dirac fermion L gauge invariant : 

    L =  ψ'* (D'µ - m) ψ' 
 =  ψ'*      (∂µ - ie Aµ - i ∂µ α(xµ))       ψ eiα(xµ)   -  m ψ*ψ 

 =  ψ'* eiα (∂µ - ie Aµ - i ∂µα  + i ∂µα) ψ         -  m ψ*ψ 
 =  ψ*  (Dµ - m)  ψ 

 =  ψ* (∂µ - m) ψ  -   ie ψ* Aµ ψ 
 
              fermion        +  fermion-boson- 
         propagation           interaction 
 
 
 

•fermion mass term  m  ψ* ψ  gauge invariant ! 
•boson mass term  m2 AµAµ

  gauge violating ! mγ < 10-16 eV 
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QUARKS:    doublets of  strong isospin  I 
FERMIONS:  doublets of  weak  isospin  IW 
 
 
 
Yw

 ... weak hypercharge 
Iw ... weak isospin 
 
weak Gell-Mann-Nishijima: 
Q = I3,W + Yw / 2  
 
 
 
(W+,Z0,W-) :  iso-triplet of weak SU(2)W ! 
   γ                  :    singlet of elm.   U(1)  ! 

SU(2)W: weak isospin 

Q I3W Yw/2  Iw 

νL 
eL 

 0 +1/2 -1/2 1/2 

-1 -1/2 -1/2 1/2 

W± ±1 ±1 0 1 

Z0 0 0 0 1 

γ 0 0 0 0 
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• covariant derivative : 
 

  Dµ = ∂µ + ig Ti Aµ
i 

 

• gauge transformations: 
 
  ψ' = e iTi 

αi ψ 
  A'µ

i = Aµ
i - 1/g ∂µαi 

 

Ti  … generators of SU(N) with i = 1…N2-1 
fijk … structure constants of SU(N) 
 

  [Ti,Tj] = i fijk Tk  
 
non-commutative, SU(N) non-abelian 
 

SU(2):   22-1=3  Pauli matrices: 
        [σi,σj] = 2i εijk σk 

U(1) → SU(N) U(1):   Weyl, 1918,1929 
SU(2): Yang, Mills, 1954 
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• U(1): Dµ = ∂µ – ie Aµ 

   Fµν = -i/e [Dµ,Dν] = ∂µAν  - ∂νAµ 
 

• SU(N): Dµ = ∂µ + ig Ti Aµ
i 

   Gµν = i/g [Dµ,Dν] = ∂µAν - ∂νAµ - ig [Aµ,Aν]  ≡  Ti Gµν
i 

   Gµν
i = ∂µAν

i - ∂νAµ
i + g fijk Aµ

j Aν
k  =  Fµν

i + g fijk Aµ
j Aν

k  

• boson L gauge invariant: 

L = ¼ G'µν
i  G'µν

i = ¼ Gµν
i  Gµν

i 
 

• self-interaction : 
    Gµν

i   Gµν
i  =   Fµν

i  Fµν
i     + 2g fijk Fµν

i Aµ
j Aν

k + g2 fijkfilm Aµ
jAν

kAµ
lAν

m 
                  free boson propagation              vector boson self-interaction 

• Lagrangian L : 
 L ~f(∂-m)f + (∂A)2 - m2A2  +  gfAf  +  g A3 + g2 A4 
                 free             fermion-                 vector 
            fermion     +      boson       boson     boson 
                  propagation      gauge violating!     interaction           self-interaction 

Self-Interaction of Gauge Bosons 
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e+e- → W+W- 

e+e- → W+W- 

   →qqqq →  4 jets 

e+e- → 
W+W-→ 
j1 j2  e+ν 
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Gauge Boson Self-Interaction 

• each diagram separately violates unitarity 
• cross section kept finite only through 

 

- GAUGE CANCELLATIONS  
- HWW vertex 

 

- not present in elm. U(1): 
photons do not self-interact ! 
no γγγ vertex ! 

e+e- → W+W- 

e+e- → Z0 Z0 

εijk WiWjWk = 0:  no ZZZ + γ ZZ vertex ! 
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QUARKS:     doublets of  strong  isospin  I 
FERMIONS:  doublets of  weak   isospin  IW 
 
 
 
Yw

 ... weak hypercharge 
Iw ... weak isospin 
 
weak Gell-Mann-Nishijima: 
Q = I3,W + Yw / 2  
 
 
 
W± conserve IW,YW  -  γ+Z violate  IW,YW ?! 

Electroweak Unification 

Q I3W Yw/2  Iw 

νL 
eL 

 0 +1/2 -1/2 1/2 

-1 -1/2 -1/2 1/2 

eR -1 0 -1 0 
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W± conserve IW,YW, γ+Z violate IW,YW 
 

mix neutral sector: 
W0,V0 conserve IW,YW, γ+Z conserve Q 

Electroweak Unification 

operator group boson 

weak Yw    U(1) V0 

Iw SU(2) W+ W0 W- 

real 
        Q 
a I3,W + b Yw 

  U(1) 
SU(2) 

      γ 
W+ Z0 W- 

ELECTROMAGNETIC + WEAK   INTERACTIONS 
 

MIX : 
 

ELECTRO-WEAK   INTERACTION 
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Electroweak Mixing 

observed fields  ( γ , Z ) = 
orthogonal transformations 
  of  ( V0, W0 ) 
 
 
  
 
 
 
 
with sw

 = sin θw 

 cw
 = cos θw 

 
 
 

θw … Weinberg angle 
  = 
electro-weak mixing angle 

γ 
Z 

V0 
W0 

 cW  sW 
-sW  cW 

=   S.Glashow    A.Salam   S.Weinberg 
 

develop 1961-73 
 

Standard Model 
of particle physics 

 
 
 
 
 
 

Nobel Prize  1979 

            
 

                      
 

Z W0 γ

θW V0

Z W0 γ

θW V0
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Weak Neutral Current 
NC =  gI3   W0               + g‘ Y/2   V0 
    = (gI3 sW + g‘ Y/2 cW) γ + (gI3 cW - g‘ Y/2 sW) Z 
 

fix g,g‘ by 2 demands: 
 

elm. current:              eQ = gI3 sW + g‘ Y/2 cW 
Gell-Mann - Nishijima:    Q =  I3     +    Y/2 
 

compare coefficients: 
    e = g sW = g‘ cW 
 

for Z couplings choose (g,g‘) or (e,sW): 
 

NC = eQ γ + (gI3 cW - g‘ (Q-I3) sW) Z 
    = eQ γ + e/(sWcW)(I3 - Q s2

W) Z 
 

CC =         g          I3                W 
       e/sW       I3                W 
 

conserve charge in Z mass term:  Q=0 
 

MW
2/MZ

2 = g2/(g2+g’2)   or   MW/MZ = cos θW 

Coupling Space Structure 

γ       e V γµ P conserved 

W± g = e/sw V-A γµ (1- γ5) P max. violated 

Z       g/cw mixed γµ (gV-gAγ5) P mixed 
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              fi 
Z0

 
                 _ 

                     fi 

Γi (      )  ~  gL
i2+gR

i2  ~  gV
i2+gA

i2 

Z0 electroweak couplings 
left and right handed, vector and axial couplings : 
P |HL>  = - |HR>     P |L+R> = - |L+R> = P |V> 
P |HR>  = - |HL>     P |L-R> = + |L-R> = P |A> 
 

gL = I3 – Q sw
2        gV = gL + gR = I3 – 2Q sw

2 

gR =    – Q sw
2        gA = gL – gR = I3        no mix with V elm. 

 

sw
2 = sin2 θw ~ 0.23  ... Weinberg angle = electro-weak mixing angle 

Q I3 gA gV gV 
ν 
e 

0 +1/2 +1/2 +1/2  0.50 

-1 -1/2 -1/2 -1/2 + 2  sW
2 -0.04 

u 
d 

+2/3 +1/2 +1/2 +1/2 - 4/3sW
2  0.20 

-1/3  -1/2  -1/2  -1/2 + 2/3sW
2 -0.35 

gV
2+gA

2
 Ncol Γi / Γ 

ν 
e 

1/2 
1 

20 % 

1/4+ε 10 % 

u 
d 

0.29 
3 5 q’s 

70 % 0.35 
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Try: sin2 θW = 0,¼ 
sin2 θW = 0:  no γ-Z mixing 
 

Z0=W0 ,  γ=V0 
- Z0 feels only weak charge 
- γ  feels only electric charge 
- Γν = Γl  Z0 blind to electric charge 

 

gR=0 
- no Z0 coupling to eR 
- purely left-handed 
- max. parity violation 
- Z coupling pure (V-A) as for W 

W purely weak, V-A, P viol. max. 
γ purely electric, V, P cons. 
Z mixed, hybrid 

 sin2 θW = 1/4: 
 

- γ charged lepton coupling purely vector 
- Z charged lepton vector coupling = 0 
- Z charged lepton coupling purely axial 
 

- P = +1  => 
- no P violation 
- no asymmetries 
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Electro-Weak Parameters 

                                

couplings: 
 
GF         g2             e2 
−−−    =    −−−−−−    =    −−−−−−−−−−−−  
√2       8MW

2      8 sin2θW MW
2 

 

4-         W-             (g,g’) 
Fermion propagator    (e,sin2θW) 
 
 

e2 = 4π α 
sinθW

2
 MW

2
 = (π α)/(√2 GF) = (π α)(246 GeV)2 = (37.2805 GeV)2   very precise ! 

 
electroweak Standard Model  defined by 2 couplings + 1 mass scale = 
 

3 out of       α    ,   GF   ,  MZ   ;  MW  , sin2θW  , … 
 

value               1/137 ,   10-5   , 91 GeV ; 81 GeV ,  0.231 
relative precision 3·10-10 , 5·10-7 , 2·10-5  ; 2·10-4  ,  6·10-4 

 
over-constrained:  test consistency of Standard Model ! 

g g
mW

2GF
g g

mW
2

g g
mW

2GFGF
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Nr of families 

Z e+ 
 
 
 

e- 

fi 
 
 
 

_ 
fi 

    i      i    i=1,…,N   nr of fermion families 
 
neutrinos much lighter than quarks+leptons 
if there are >3 fermion families 
4th ν type might show up in Z decays  if m(ν4) < MZ/2 
 

ΓZ  =  Nν Γν           + 3 ΓL + Γh    total Z width 
Nν Γν/ΓL  =  ΓZ /ΓL - 3    - Γh /ΓL 
 

 

• Γh /ΓL = R = 20.76±0.02 
• Γν /ΓL = 2/[1+(1-4sW

2)2] = 1.991±0.001 
• ΓZ /ΓL     from R + Z line shape: 

l 
ν 

U 

D 
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Z decays 

Z0 → e+ e- 
leptonic 

Z0 → μ+ μ- 

ALEPH @ LEP 

hadronic 
Z0 → qq  
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ΓL /ΓZ =        = (3.37±0.07) % 
 
Nν Γν/ΓL  =  ΓZ /ΓL - 3 - Γh /ΓL 
 

1.99 Nν   =   29.7 - 3 - 20.8 
 

Nν = 2.992 ± 0.007 
 
J.Erler, A.Freitas, PDG: Chin. Phys. C, 40, 100001 (2016). 
 

Nature has only 
3 fermion generations ! 
 
PLANCK satellite CMBR: Nν = 3.0 ± 0.3 

R12
m h

2
Z
π
σ

Nr of families 

2
Z

2
L

2
Z

2
Z

hL
2
Z

h R
m
12

m
12

Γ
Γπ

=
Γ

ΓΓπ
=σ

Ze+

e-

fi

_
fi

Ze+

e-

fi

_
fianalog: 
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Electroweak coupling: 

sin2 θW - 

the Weinberg angle 
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Get sin2θW from parity violation of 
Z coupling to leptons+hadrons 
 

Standard Model test: 
• lepton universality:   e=μ=τ ? 
• lepton-hadron universality:   (ud) = (eν) ? 
 

CERN LEP, 1990-96: 17 million Z decays 
• 16 million hadronic 
•  1 million leptonic 
 

1. Forward-Backward Asymmetry 
 

asymmetries: systematic errors cancel 
 

       σF-σB AFB = ______        σF+σB 
 
Aff’

FB = 3 ½Af  ½Af’   where 
 

           gV/gA Af = 2 ___________     with 
        1+(gV/gA)2  
gV/gA = 1-4sin2θW 

Z rest system, lepton scattering angle θ dependence: 
 
   σF = ∫0

1 
 dcosΘ dσ/dcosΘ 

   σB = ∫-1
0
 dcosΘ dσ/dcosΘ 

 
dσ/σ dcosΘ = 3/8 (1+cos2Θ) + AFB cosΘ 

sin2 θW 

Ze+

e-

fi

_
fi

Ze+

e-

fi

_
fi

fermion: 
• ν invisible 
• q->jets: identify 
• leptons ok ! 
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Forward- 
Backward 
Asymmetry 

All’
FB = (1.7±0.1) % 

 
small, but contains 

electroweak coupling sW
2: 

 
gV/gA = 1-4sin2ΘW = 0.07 
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sin2 θW  from leptons 
• Aff’

FB = 3 ½Af  ½Af’ 
• Af    = 2 (gV/gA) / (1+(gV/gA)2) 
• gV/gA = 1-4sW

2 
 
sW

2 ~ 1/4     ⇒     gV/gA « 1  ⇒ 
All’

FB ~ 3 gV
2/gA

2 = 3 (1-4sW
2)2 

 
CERN, LEP, 4 expts. 1990-96: >1 million leptonic Z decays 
 

All’
FB = (1.7±0.1) %      =>    sin2 θW = 0.2310 ± 0.0003 

 
• all charged leptons couple universally:  Af=Al  = Ae=Aμ=Aτ   at ‰ level! 
 

• sW
2 ~ 1/4    =>    asymmetry + P violation small 

sW
2 = 1/4    =>     gV=0    =>    All’

FB = 0 
 

• no asymmetry 
• no P violation (in Z coupling) 
• purely axial coupling:  P=+1 

Ze+

e-

fi

_
fi

Ze+

e-

fi

_
fi

Al Al’ 
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Z decays 

Z0 → e+ e-  
  leptonic 
Z0 → μ+ μ-  

ALEPH @ LEP 
hadronic   Z0 → bb  
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Z -> bb 
DELPHI @ LEP 
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• Aff’ = 3 ½Af  ½Af’ 
• Af  = 2 (gV/gA) / (1+gV

2/gA
2) 

• gV/gA = 1 - 4 q s2
W 

 
• Leptons:    q=1  =>  small effect 
  gl

V/gl
A  = 1- 4  s2

W = 0.075   =>   Al = 15%  =>  All’ = 1.7%  
 

☺ good lepton identification 
☹ small P violation + asymmetries 
 
• Hadrons:   q<1  =>  large effect 
  gb

V/gb
A = 1-4/3 s2

W = 0.69   =>   Ab = 92%   =>   Alb=10% 
 

☺ large P violation + asymmetries, esp. for b 
☹ flavor lifetime tag: charm+bottom jets difficult to identify  
 
• CERN, LEP, 1990-96:   16 million hadronic Z decays 

Alb = (9.9±0.2) %    =>  sin2 θW = 0.2322 ± 0.0003 
 

• lepton-hadron universality of couplings ! 

Ze+

e-

fi

_
fi

Ze+

e-

fi

_
fi

Al Aq 

sin2 θW  from quarks 
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2. Polarized e- scattering 
 

SLAC, Stanford, CA, USA: 
 

• longitudinally polarized e+ e- beams 
 

       σL-σR               gV/gA           1-4sin2ΘW 
ALR = ______ = Ae = 2 ___________ = 2 ________________      (Pe=1)        σL+σR                  1+(gV/gA)2        1+(1-4sin2ΘW)2 
 

sin2 θW = 0.2310 ± 0.0003 
 
• polarized electron-deuteron scattering: 
 

e-
L,R d:  virtual Z, isoscalar target 

 
σ (Q2,E’e) = f(1-4sin2ΘW) 
 
sin2 θW = 0.222 ± 0.018 

sin2 θW 

Z0 e+
L,R 

 
e-

L,R 

Q2  Z0 

e-
L,R               E’e 
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sin2 θW 3. νe scattering 
 

Z spacelike, ν energy spectrum 
 
σν,ν~ (gV±gA)2 + (gV∓gA)2/3 
 

     σ νe    (2-4sin2ΘW)2 +    (4sin2ΘW)2/3 
R = ____ = _________________________________  
     σνe       (4sin2ΘW)2 + (2-4sin2ΘW)2/3 
 
• sin2 θW = 0    => 

gV=gA   100% P violation    σν
 = 3 σν

       R=3 
pure (V-A)   like  weak charged current W exchange 
ν: helicity suppression of backscattering 
 ν: J=0 , flat scattering angle distribution 

 

• sin2 θW = 1/4  => 
gV=0     no   P violation    σν

 = σν
          R=1 

 
Paschos-Wolfenstein relation: 
 
 
 
Fermilab, Chicago, NuTeV expt, CC+NCν/νN       CDF+D0  mW: 
sin2 θW = 0.228 ± 0.002   sin2 θW = 0.23179 ± 0.00035 
 
CERN CHARMII νe:   sin2 θW = 0.231 ± 0.008 

Q2  Z0 

νµ                  νµ 

e,q 
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sin2 θW 

World average of electro-weak Weinberg mixing angle: 
 

sin2 θw (MZ) = 0.23149 ± 0.00016 
 

Gfitter, MS scheme, rel. precision <10-3  ! 

Z e+ 
 
 
 

e- 

τ+ 
 
 

τ-
 

4. τ polarization 
 
τ  → π ντ    get  θ = ∠ (e,π) 
 
measure τ polarization from 
τ decay angular distribution 
 
      σL-σR    Aτ (1+cos2Θ) + 2  Ae cosΘ 
Pτ = ______ = ____________________________     =>  Aτ, Ae   =>        σL+σR          (1+cos2Θ) + 2AτAe cosΘ 
 
sin2 θW = 0.2316 ± 0.0004 
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α, GF 
or 

sin2θw,MZ: 
 

system 
over-constrained 

 
Electro- 
Weak 
Theory 

 

consistent 
 

at the per mille level 
 

incl. radiative corrections 
incl. top + Higgs mass ! 

Standard Model Parameters 
relative 
precision 
 
10-5 

10-3 
10-3 
10-3 
 

 
10-3 

 
 
 
 
 
10-3 
10-4 
 

10-2 

L 
 
E 
 
P 
 
 
 
 
 

SL 
AC 
FN 
AL 
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predictions: from top to Higgs 

www.cern.ch/Gfitter    arXiv:1803.01853 

predict top mass from 
 

• per mille exptl. precision 
• higher order electroweak 
  radiative corrections 
  incl. Higgs 
 
 
 
 
 
 
 
 
 
 
 

 ~ (mt/mW)2   ,   ln (mH/mW)  
 

   experiment   electroweak fit 
1994 176   ± 13  GeV    169 ± 25 GeV 
2014  172.4 ± 0.7 GeV    177 ±   2 GeV 

 

predict W mass 
 

2013 80.385 ± 0.015    80.362 ± 0.008 GeV 

arXiv:1407.3792 

arXiv:1608.01509 
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The 
Higgs 

Mechanism 
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• Fermion mass term gauge invariant : 
 

 m ψ'* ψ' = m ψ* ψ 
 

• Boson mass term gauge violating : 
 

 m2 A'µ A'µ = m2 (Aµ + ∂µα)(Aµ + ∂µα) =  
 m2(Aµ Aµ + ... ) 

 
• WL

+WL
- scattering violates unitarity : 

 

  Re AJ ≤ 1/2       for each partial wave J 
  A0 (WL

+WL
-→ ZL ZL) = s GF / (8π√2) 

  at   s > 4π√2 / GF = (1.2 TeV)2 
 

• Solution: 
 new scalar (Higgs) boson field restores 
 gauge invariance and unitarity 

Higgs Mechanism 

Peter Higgs 1964 
 
 
 
 
 
 
 
 

Nobel prize 2013 
with J. Englert 

 
Broken Symmetries, 
Massless Particles 
and Gauge Fields 

Physics Letters 12 132  
 

but also: 
Brout, Kibble, Hagen, Guralnik 
Anderson, Nambu, Goldstone 
t’Hooft,Veltman, Weinberg 
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Higgs Mechanism 
1. Toy model: 
scalar potential   V(r) = μ2r2/2 + λr4/4 
 

λ>0: stable for large r 
 

• μ2>0: 
 trivial minimum at  r=0 
 

• μ2<0: 
 minima at  r = ± √-μ2/λ 
 

break P symmetry ±r 
select vacuum state r = +√-μ2/λ = v 
 

V(r) = V(-r)   Lagrangian conserves P 
P|0> ≠ |0>    vacuum states violate P 
 

Spontaneous Symmetry Breaking ! 
 

mechanics: breaking of elastic rod: 
• problem: symmetric 
• solution: symmetry breaking 

Spontaneous 
Symmetry Breaking 

elastic 
rod 
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2. Toy model: 
 

replace scalar real potential V(r)   -> 
scalar complex Higgs field in abelian U(1): 
 

  Dµ = ∂µ - iq Aµ   covariant derivative 
 

  Φ(xµ) = [v+η(xµ)] exp (i ξ(xµ)/v) 
 
small excitations η, iξ around v: 
 

  Φ(xµ) = v + η(xµ) + iξ(xµ) 
 

L = - ¼ Fµν Fµν + ½ (Dµ Φ)*(Dµ Φ) 
    - ½µ2 Φ*Φ - ¼λ (Φ*Φ)2  Higgs potential, vev. v2 = -μ2/λ 
 

L = - ¼ Fµν Fµν   0 free propagation of vector bosons 
   + ½ q2v2

 AµAµ   + mass term for vector bosons Aμ 
   + ½ (∂µη) (∂µη) + µ2 η2  0 kinetic + mass term for new scalar boson η 

    + ½ (∂µξ) (∂µξ)  - massless Goldstone field ξ  (symmetry breaking) 
   - qv Aµ (∂µξ)   - mixed term: Aμpμ … longit. gauge boson polar. 
   + O(η3,ξ3,Aη2,…) + const.        omit 

Higgs Mechanism 
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Higgs trick: specific local gauge transformation of massive fields 
with unphysical complex rotational degree of freedom ξ of the Higgs field: 
 A’µ = Aµ + 1/qv ∂µξ(xµ) 
 

trick: gauge violating terms in mass term AµAµ
 

 

• Aµ ∂µ ξ = Aµ pµ  ξ  longitudinal polarization 
• (∂µξ)2   kinetic ξ term 
 

cancel with ξ terms of Higgs potential ! 
 

theory gauge invariant: 
L = - Fµν Fµν/4 + q2v2/2 Aµ

’
 Aµ’ + (∂νη) (∂νη)/2 + 

       µ2 η2  +  O (η3,Aη2,…) 
 

particle spectrum: 
• q2v2 ~ mA

2 > 0:   massive vector bosons Aμ 
•   μ2 ~ mH

2 > 0:   massive Higgs field η 
• Goldstone boson ξ  gauged away against long. polarization of vector bosons 

Higgs mechanism 

W          W
H

W          W

W          W
H

W          W

W          W
Z

W          W

W          W
Z

W          W
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Higgs produces BOSON masses: 

• mass term for 2 W bosons in Lagrangian: 

 g2v2/2 AµAµ  = (2mW)2/2 AµAµ 

  scale of electroweak unification: 

 v = 2mW/g = (√2 GF)-1/2 = 246 GeV = µ / √λ 

• mH connected to quadratic term in Higgs potential: 

 mH = 125 GeV = √2µ = √2√λ v 

parameter λ  determined by Higgs self-interactions   or µ and v: 

   λ = µ2/v2 = mH
2/2v2 = GF mH

2/√2 = 0.13 

Higgs in SU(2) 



Higgs- 
fermion 
coupling 

𝛍𝛍 
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Higgs-lepton coupling:   Φ = (v+η) eiξ  S.Weinberg, A Theory of Leptons, 1967. 

LeHe =  Ge  e+ Φ e- 
       =  Gev  e- e+    +   Ge   e- η e+ 

 
 
 
             Gev: = me 
 
      =     me  e- e+     +   me/v e- η e+ 

 
• Higgs produces FERMION masses ! 

• Higgs-fermion coupling ~ fermion masses: 
 

   √2 me/v = 511 keV √2/246 GeV ~ 10-6 
   √2 mt/v = 173 GeV √2/246 GeV = 0.996 ±0.004 ~ 1 
   √2 mv/v < 500 meV √2/246 GeV ~ 10-12 

Higgs generates fermion masses 

H e+ 
 

e- 

 
 

 
 

 
 

H 
e               e 

e+e- → HX: 
measure to 
<1% for bosons 
~3% for fermions 
<15 % for HHH (λ)  



mW radiative corrections Δr ~ 3% 
 
 
 
 
 
 
 
mostly  t-b    +   Higgs 
 
 
 
vice versa: SM mW prediction 2x better 
than direct measurement: 80358 ±  8 MeV 
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Standard Model fits 
work excellently 
for top + Higgs ! 

Higgs 
prediction 

            t                               H 
 

W         W      W         W 
 
 

      b                              W 

  ΔmW ~ (mt/mW)2    ΔmW ~ ln (mH/mW)2 www.cern.ch/Gfitter    arXiv:1803.01853 



quarks leptons 

weak bosons 

Higgs 
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Higgs 
Detection 

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults 
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG 
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Higgs couples to heaviest possible particle ! 
Higgs coupling  yf = √2 mf /v    hZ = √2 91/246 ~ 0.5   yt = √2 173/246 ~ 1 
 
1. e+e-: 
   Higgs-strahlung 
 
detect Higgs in missing mass:   mH < √s-mZ 
Linear Collider:  √s = 250 GeV > mH+mZ 
>2025: 30 k Higgs/ y 
 

2. pp: CERN LHC 2x7 TeV 
 
 
 
 
 
 
 
 
 

gluons  carry only tiny fraction of p momentum 
quarks carry ~1/6 of p momentum: ~1 TeV @ LHC 

          

          
   

 
 

 
  

 
 
 

 

 
 

   
  

 
 

 

 

 

  
 

g         ~αS

g         ~αS

Ht
g         ~αS

g         ~αS

Ht
q 

q
H

W,Z

W,Z

q

q

q 

q
H

W,Z

W,Z

q

q

Higgs  coupling 
strong coupling 
weak  coupling 

Higgs Production 

Z*e+

e-

H

Z →f f

Z*e+

e-

H

Z →f f
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pp → H X → γ γ X 
 

 
 
 
 
 
 
 
 

production                decay      
 
 
 

simulation in the ATLAS detector at the LHC at CERN 

ATLAS 
H (100 GeV) → γ γ 

g         ~αS

g         ~αS

Ht
g         ~αS

g         ~αS

Ht

Higgs production + decay 

~α 

~α 

γ 

γ 
H t  W 



arXiv:1307.1347 331 

Higgs production + decay 

Bb / B𝛕𝛕 = NC mb/m𝛕𝛕 

BWW / BZZ = 2 

Higgs-fermion coupling = 
Yukawa coupling ~ 

fermion mass 
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Higgs decay channels 

                    
                 

γ 

γ 
H t 

l 
_  
l 
l 
_  
l 

H 

Z 

Z 
l 
  

𝛎𝛎 
l 
  𝛎𝛎 

H 

W 

W 

easy to detect but rare:         clean, but rare   leptons, jets + neutrinos: 
        ~ α2 < 10-4    (Γl/ΓZ)2 ~ (3%)2 ~ 10-3    broad 

     Br (H→γγ)  = 0.2 %    Br (H→ZZ →4l) ~ 3 10-5      Br (H→WW) = 22 % 

high 
background 
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CERN 

LHC 
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1014 protons in 2808 bunches circle the 27 km ring 11.245 times a second. 
The bunches cross 40 million times/s.  Up to a billion protons/s interact. 

LHC 
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emptier and colder than outer space 

With a temperature of 1.9 K the LHC 
is colder than outer space with 2.7 K. 

 

10.000 t nitrogen and 120 t helium 
cool down 37.000 t of material. 

The pressure in the beam pipes of 10-10 Torr 
is about 10 times lower than on the moon. 

 

The vacuum volume of 9.000 m3 
is as large as a cathedral. 

LHC 

470 trucks, one/hour 
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13 kA, 8.4 T 
energy stored: 

10 GJ 
= airbus A380 

= 560 t @ 700 km/h 
= melt 15 t of copper! 
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LHC beam + magnets 
CMS magnet: world’s largest SC magnet! 
• 6x12.5 m @ 19 kA, 4T = 2.6 GJ 
 = melt 4 t of Cu ! 
 

LHC magnets: world’s largest cryosystem ! 
• 1232 dipoles: 15 m long, 30 t 
• 37 kt cold mass: 130 t He @ 1.8 K  (superfluid) 
• 13 kA @ 1 ppm precision, B = 8.4 T 
• energy stored 10 GJ 
 = airbus A380 = 560 t @ 700 km/h 
 = melt 15 t of Cu ! 
 

LHC beam: macroscopic energy: 
• 3·1014 p =  0.5 A @ 7 TeV:  
• E = 362 MJ (HERA, Tevatron: 2 MJ) 
    = 80 kg TNT 
    = 400 t  ICE @ 160 km/h 
    = melt 0.5 t Cu /beam 
• size <20 μm 
• <0.1 J/cm3 or 10-10 beam loss quench 
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LHC Beam 
total energy of proton beams: 2x360 MJ 

240 colliding elephants 

120 elephants with 40 km/h 
needle eye: 

0.3 mm diameter 
proton beam at collision point: 

0.02 mm diameter 
proton energy: 
flying mosquito 

(µJ)  

120 elephants with 40 km/h 
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Experiments 

355 

ATLAS 
 

>3000 physicists 
 

177 institutions 
 

38 states 



ATLAS 
 

CMS 

Cathedrals of Science 

  7 kt 
 
 
14 kt 



AT 
LAS 
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359 

ATLAS 



ATLAS 

Liquid Argon Calorimeter 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

83, 15, 11 m3 liquid Ar, N, He 360 

Silicon Pixel Tracker 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

~100 million channels     >100 m2 Si 

Forward Muon Chambers 

L = 44 m 
R = 25 m 
7000 t 
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CMS 

SC magnet 
 

6x12 m 
20 kA 

4 T 
2.6 GJ 

 

world 
record 
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CMS 
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CMS 



366 

CMS 75848 PbWO4 crystals 
 

photon detection 
H → 𝛄𝛄𝛄𝛄 
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Click on a particle type to visualise that particle 
Press “escape” to exit 

Particle detection 
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CERN Videos\ATLAS Episode2 800x600 14.10.mov 
CERN Videos\ATLAS Episode2 800x600 14.10 Ger.mp4 



CERN 

raw data: 
100 million channels 

109 events/s * 1 MB = 

1 PB/s 

end data: 
1 kHz ∙ >1 MB = 

>1 GB/s 
4∙109 events /a 

6 PB/a 

all data: 
real + simulated 

4 experiments etc: 

~200 PB 
 
 

    
     

find 
~100 signals/a 

 

needle in 
100.000 

hay stacks 

from Web to Grid 
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G 
r 
i 
d 

WLCG 
170 computer centers 

600.000 CPU cores 
2x250 PB disk+tape 
80.000 disks+tapes 



 

 LHC 
top factory 

2012 
4 million 
top pairs 

 

t t → 
e + μ 

2 b-jets 

                  
                

μ 

μ 

e 

e 

b 

b 

MET 

SUSY-like 
Eur. Phys. J. C72 (2012) 2046 

mt = 172.5 ±0.4±1.5 GeV  
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H 
→ 

𝛄𝛄 𝛄𝛄 

394 



Higgs → 𝛄𝛄𝛄𝛄 



Higgs → 𝛄𝛄𝛄𝛄 

396 

1.0±0.1 Standard Model expectation 
mass = 125.1 ± 0.2stat ± 0.4syst GeV 

arXiv:1307.1427.   Phys. Letts. B 726 (2013) 88. 
arXiv:1406.3827, 1408.7084.   Phys. Rev. D 90 (2014) 052004, 112015. 

ATLAS             CMS  

  
      

       

1.2±0.2 Standard Model expectation 
mass = 124.7 ± 0.3stat ± 0.2syst GeV 

       

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults  https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG 

CMS-HIG-16-040.   arXiv:170x.0yyyy.  ATLAS-COM-CONF-2017-052,053 
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H → ZZ*→ 4μ candidate 
pT (μ-, μ+, μ+, μ-) = 61.2, 33.1, 17.8, 11.6 GeV 

m12,Z = 89.7 GeV , m34,Z* = 24.6 GeV 

m4μ = 124.6 GeV 



Higgs 
→ 
ZZ 
→ 
4e 

401 



Higgs → ZZ → 4ℓ 



Higgs → ZZ → 4ℓ 

405 

               

1.3±0.2  Standard Model expectation 
mass = 124.9 ± 0.4stat ± 0.1syst GeV 

CMS PAS HIG-16-041 

ATLAS             CMS  

1.1±0.2  Standard Model expectation 
mass = 125.3 ± 0.2stat ± 0.1syst GeV 

       
        

both: spin 0+ favored over 0-, 1,2  by 2-4 σ 
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults  https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG 

      
       

     

ATLAS-HIGG-2016-22 



Is it the Higgs ? 

406 

     
      

    

coupling ~ mass 
 

𝛍𝛍 = seen / SM 
 = 1.1 ± 0.1 

Run1 ATLAS+CMS comb  JHEP 1608 (2016) 045 

= 1.0 ± 0.1 
Run2 ATLAS  arXiv:1802.04146 

  

  

Fermion coupling: 
to 3rd generation 

b+𝛕𝛕:  1.1 ± 0.3 
 

to 1st + 2nd generation 
small coupling 

no  H → ee, μμ : 

H coupling 
NON-UNIVERSAL ! 

JHEP 1608 (2016) 045.   arXiv:1606.02266. 



2017   LHC     >2022 

Is it the Higgs? 

ATL-PHYS-PUB-2014-016 

check the couplings ! 

 

arXiv:1606.02266   Journal High Energy Phys. 08 (2016) 045 



Higgs JP 
• electroweak symmetry breaking global in space-time 
• no preferred direction in the vacuum 
• no spin of vacuum ground state ! 
• Higgs = first fundamental scalar ! 
• Landau-Yang* theorem:  J=1 forbidden 

 

      H → γγ , ZZ* → 4l , WW* → ll𝛎𝛎𝛎𝛎 
 spin other than scalar 
   excluded at 2-4 𝛔𝛔 

   JP = 0+   favored 

419 
* L.D. Landau, Dokl. Akad. Nauk, USSR 60, 207-209 (1948); C.-N. Yang, Phys. Rev. 77, 242 (1950). 

Phys. Lett. B 726 (2013) 120.    arXiv:1307.1432 

JP CL reject channels 
0- 97.8   % ZZ 
1+ 99.97 % ZZ, WW  
1- 99.7   % ZZ, WW 
2+ >99.9 % ZZ, WW, γγ 
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What is Mass? 
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Higgs - 
a new field 

spin field emergent   fundamental 
  0  scalar temperature, pressure, ... Higgs. inflaton, cosmolog. const. / Dark Energy 
  1  vector flow: wind, water   forces: electromagnetism 
  2  tensor elasticity     gravity 
  ½  spinor       building blocks = fermions: electron, quarks 
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LHC Rap 
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6. QCD 
G. Sterman et al., Handbook of Perturbative QCD,  www.phys.psu.edu/~cteq/#Handbook 
W.Tung, Perturbative QCD,  www.physics.smu.edu/~olness/cteqpp/tung2003/IntroPqcd.pdf  
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Gauge field theory of strong interactions 
 

   in SU(3)COLOR 
 

1. Color 
2. Gluons 
3. Quarks 
4. Confinement + asymptotic freedom 
5. Running coupling constant 

Quantum Chromo-Dynamics 
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Hadronic interactions 

gluon 
quark 

hadronization 

resonant→stable 
particles 
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Confinement 

p      π  π   … 

color string:   tension 200 MeV/fm  ~  mπ 

Why no free quarks, no fractional charge observed ?! 
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Color 1. Confinement: 
no free quarks, no 1/3 charge observed ! 
which law forbids that + enforces trinity (qqq) ? 
3 colors = (r,g,b) 
hadrons have to be color singlets                          _ 
Mesons: {N} ⊗ {N} = {1} ⊕ {N2-1} 
Baryons: {3} ⊗ {3} ⊗ {3} = {1} ⊕ … 
 

2. Spin-Statistics problem:  Nambu 1964, Nobel prize         2008 
baryon decuplet JP = 3/2+ 
 

Δ++ :        also Ω-= (sss) 
 
Ψ(qqq) = Ψ(space) Ψ(spin) Ψ(flavor)    Ψ(color) 
 asy    =    sym  x  sym  x  sym     x  asy 
          _             _     _      _ 
ΨC (qq)  = (rr+gg+bb) /√3 
ΨC (qqq) = (rgb-grb+gbr-rbg+brg-bgr) /√6     asym. color wave fct.! 
 

3. RQCD = σ (e+e-→ qq) / σ (e+e-→ μ+μ-)  ~ NC : 
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color counting 

==

µµ→σ
→→σ

=
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−+
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4.  Triangle anomaly  (Adler,Bell,Jackiw 1969) 
 

Γ (π0 → γγ) = (α/2π)2 (Qu
2-Qd

2) NC
2  mπ

2/(8π fπ) 
 

Γ = 0.86     eV THEORY  NC=1 
Γ = 7.8±0.5 eV EXPT. 
Γ = 7.75     eV THEORY  NC=3 

 

5.  τ branching ratios 
       Γ (τ-→ e- νeντ)           Γe                  1         1       ----------- = -------------- = -------- = -- = (17.8±0.1) %  (+ αS/π) 
            Γtot               Γe + Γμ + Γhad·NC    1+1+1x3       5 
 
 

6.  Okubo-Zweig-Iizuka rule: 
                                 Q                      q 

Why are  Φ(ss), Ψ(cc), … so narrow?   Why is   Q                       q 
          suppressed ? 

γ 

γ 
π0 q 

⊃?⊂ 
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…… E ~ ΛQCD ~ ћc/fm ~ 200 MeV  …… E = mQQ 

      Γ > MeV              Γ « MeV             WHY ??? 
empirical rule: no hair pin diagrams 
1964: Okubo-Zweig-Iizuka (OZI) rule 

OZI 
rule 

Quarkonium decay: Heavy vector mesons 
M → m1 ... mi      Q = M- ∑mi   free energy 

K(494) qq π+(139)
s s

Φ(1019) Φ(1019) qq π0(135)
s s

K(494) qq π-(139)

Q = 32 MeV      Γ = 3.7 MeV          Q = 606 MeV        Γ = 0.1 MeV

D(1869) qq
c q                                 c

Ψ''(3770)                                         Ψ(3100) …
c q c

D(1869) qq

Q = 39 MeV      Γ = 24 MeV           Q = 2684 MeV      Γtot = 0.1 MeV

K(494) qq π+(139)
s s

Φ(1019) Φ(1019) qq π0(135)
s s

K(494) qq π-(139)

Q = 32 MeV      Γ = 3.7 MeV          Q = 606 MeV        Γ = 0.1 MeV

K(494) qq π+(139)
s s

Φ(1019) Φ(1019) qq π0(135)
s s

K(494) qq π-(139)

Q = 32 MeV      Γ = 3.7 MeV          Q = 606 MeV        Γ = 0.1 MeV

D(1869) qq
c q                                 c

Ψ''(3770)                                         Ψ(3100) …
c q c

D(1869) qq

Q = 39 MeV      Γ = 24 MeV           Q = 2684 MeV      Γtot = 0.1 MeV

D(1869) qq
c q                                 c

Ψ''(3770)                                         Ψ(3100) …
c q c

D(1869) qq

Q = 39 MeV      Γ = 24 MeV           Q = 2684 MeV      Γtot = 0.1 MeV
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αS
1 forbidden:   free color ! 

 
αS

2 forbidden:   JPC = 1-- ≠ (…)2   C parity 

 
αS

3 ok: measure αS 
 

    Γ (V → 3g → hadrons)    αS
3(mV)   10(π2-9) 

    ----------------- = -------  -------  (1+…) 
    Γ (V → γ → l+l-)            α2 qi

2        81π 
 
 

α2 qi
2 measure quark charges qi 

Vector 
Mesons 
JPC=1-- 

Υ(bb) → ggg → 3 gluon jets 

OZI rule 
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OZI: 𝚼𝚼 (bb) → 3 gluons 
event sphericity 

on/off 𝚼𝚼 

← 𝚼𝚼 

continuum 𝚼𝚼 
2 jets 2 jets 

q 

q q 

q 

g 

3 jets 
g 

g 

C. Berger et al. [PLUTO Collaboration] 
Jet Analysis of the 𝚼𝚼(9.46) Decay Into Charged Hadrons 
Phys. Lett. B 82, 449 (1979). 
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discovered 1979  at PETRA  at DESY  in 

e+ e- → qq  g 

 
 

 
 
 

 

 
 
 
 
 

 
 

 

q 

q 

g 

T 
A 
S 
S 
O 

J 
A 
D 
E 

γ
e+

e-

q

_
q

g
γ

e+

e-

q

_
q

g

Gluon 

second gauge boson after the photon 
Europhysics Prize 1995 
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Gluon 

e+ e- → qq   e+ e- → qq  g 

γ
e+

e-

q

_
q

g
γ

e+

e-

q

_
q

g
γ

e+

e-

q

_
q

γ
e+

e-

q

_
q

A 
L 
E 
P 
H 
 

LEP 
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1. Existence:  DESY PETRA 1978: 
     3 jet events 

 

2. Couplings 
 
SU(3):   N=3 color charges 
group has N2-1 = 8 generators 
                  _ 
{3} ⊗ {3}= {1} ⊕ {8} 
 
strong int. conserves isospin, 
not flavor dependent 
            _     _     _ 
{1} =  (rr+gg+bb) /√3    color singlet, color blind 
            _    _      _    _        _    _      _    _         _   _       _    _ 
{8} = [(rg+gr)-i(rg-gr) + (rb+br)-i(rb-br) + (gb+bg)-i(gb-bg)       _   _       _    _    _  
  +(rr-gg) + (rr+gg-2bb)/√3]  /√2 

  8 colored gluons   represented by Gell-Mann matrices 
 

3. Spin:  jet-jet angle  =>  JP=1- 

                                   
                                   
                                   

 qr        qg 
          ggr 
  qg             qr 

γ
e+

e-

q

_
q

g
γ

e+

e-

q

_
q

g

u                 d                 u
=                 =  _

d                 d                 u

u                 d                 u
=                 =  _

d                 d                 u

Gluons 
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Gluon spin 
e+ e- → qq  g 

 
order the 3 jet energies Ei: 

E1 > E2 > E3 
 

CERN LEP ALEPH  200 GeV 

DESY PETRA TASSO   32 GeV 

       g 
 
 

               θ 
q                    q 

vector 

scalar 
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Gluon spin 

LEP 
e+ e- →  3 jets: 
order normalized 
jet energies xi: 

 
xi = 2Ei / √s 
x1 > x2 > x3 

 
infrared collinear singularity 

of gluon bremsstrahlung 

S.Bethke, J.Pilcher, Ann.Rev.Nucl.Part.Sci. 42 (1992) 251. 

collinearity of 2nd energetic jet: 

CERN LEP ALEPH  200 GeV 
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Running coupling 
A constant is not constant: 
 

● running coupling constant 
● asymptotic freedom 
● confinement 
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• coupling ~ charge2:    F= α/r2      α = e2/4π 
 

• infrared stable: α = 1/137 
ultraviolet divergent - naked charge infinite !? 
 

• cutoff at arbitrary scale: renormalization ! 
energy scale:  Q2 =-(k-k’)2 
 

• consider only evolution from energy scale Q to scale µ 
UV divergences cancel 

QED 
Vacuum polarization in e-e scattering: 

dielectric 
screening: 

 
 
 
 
 
 
 
 
 

classical electron 
radius 

r = α/me ~ 3 fm 
(me = α/r) 

 

Compton 
wavelength 

λC= 1/me 

+ -+ 
+- 

-+ +- 

                  1 
γ Q2  =      -      + …   =      ------ 
             1 + 
e        e0                             e0 

k       k’ 

physical   naked   vacuum       Q2 = -(k-k’)2 
charge    charge  polarization 
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Ruth 

Nobel Prize 1990 
for first 

Quark Evidence. 
 

Physics Today, 
Jan. 1991. 

R.Feynman, Nobel Lecture, 1965: 
 

I think that the renormalization 
theory is simply a way to sweep 
the difficulties of the divergences 
of electrodynamics under the rug. 
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Renormalization 
Petermann, Stückelberg, 1943, 1951. Gell-Mann, Low 1954. 
Bogoljubov, Shirkov 1956.  Callan, Symanzik 1970. 
Wilson 1971.  Particle + solid state physics. Lattice. Nobel prize 1982. 
 
renormalize charge + cutoff such that physics  
 does not depend on arbitrary energy scale µ: 
 

β function: 2β = ∂ α(μ) / ∂ ln(μ) 
 

renormalization group equ.: 
 

  β=0  for   µ→0   IR stable: α(0) = 1/137 
 

problem: 
  point interaction means UV stable ! α(∞) = ? 
  β=0  for   µ→∞ 
 
Are there  point interactions (on elementary particles) ? 
 

Are there  asymptotically free gauge theories ? 
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Running coupling 
α = e2/4π   charge ~ coupling = fine structure constant  
constant not constant: 

2

22

2
2

Qlog
3

)(1

)()Q(

µπ
µα

−

µα
=α

...
3
2ln/)(2 2 +α
π

 = µ∂µα∂=β

α(E) 

_1_ _1_ 
137 129 

-3    2             19 
 me   mZ             mPl 

          log (E/GeV) 

«1 

α (E)  running (or crawling): 
 

      ∂ α(Q2) / ∂Q2 > 0 
 

α (me =  0.5 MeV) = 1/137  
α (mZ =   91 GeV) = 1/128.9 CERN LEP 
α (mPl = 1019 GeV) « 1 more Fermion-Loops 
α (e3π/2α m0 ~ e646 m0

 ~ 10280 m0 » mall) -> 1   (more loops) 
α (∞)    undefined     no electric point interaction ?! 

α 
 
 

α 
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Renormalization 
Landau 1955: 
 „weak coupling electrodynamics is … 
 fundamentally logically incomplete.” 
 

 „within the limits of formal electrodynamics 
 a point interaction is equivalent … 
 to no interaction at all.” 
 
Dyson 1960: 
 “The correct theory will not be found 
 within the next 100 years.” 
 
Feynman 1961: 
 “I still … do not subscribe to the philosophy of renormalization.” 
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QED: running coupling 
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QCD: the Lagrangian 

j   … quark flavors 
a,b,c … colored gluons 

μ,ν … space-time 
 

F.Wilczek, Physics Today, August 2000. 
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Quantum Chromo-Dynamics 
QED 
 

• U(1), abelian 
• 1 charge type 
• 1 photon: 
• electric neutral 
• no photon-photon coupling: 

– light does not clump ! 

QCD 
 

• SU(3)COLOR , non-abelian 
• 3 charge types: r,g,b 
• {3}⊗{3} = {1}⊕{8} : 8 gluons: 
• carry color charges 
• gluon-gluon self-coupling 

– gluonium, glue balls 

             γ 
 
 
 

γ   
 
 

            γ 

           ggb 
 
ggr  
 
 
           grb 
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β function 
expand β in powers of coupling + find zeros: 

 
 
 

β0 = (11 NC – 2 NF) / 3 
 

NC … nr of colors       NF … nr of flavors 
Casimir operators of gauge group SU(N) 

 

for NF ≤16 fermion flavors NC =3 boson colors win: 

∂ α (µ) / ∂ ln µ  <  0 
 

non-abelian gauge theories asymptotically free ! 
 

D.Gross on occasion of Nobel Prize 2004: 
The discovery of asymptotic freedom was totally unexpected … 

Field theory was not wrong. 
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 F.Wilczek       D.Gross      D.Politzer 

      
       

          
     

 
   

 
   

for the discovery of asymptotic freedom 
in non-abelian gauge theories, 

in particular in Quantum Chromo-Dynamics 

Nobel prize 2004 

H. D. Politzer, Reliable Perturbative Results for Strong Interactions?, Phys. Rev. Lett. 30, 1346 (1973). 
D. J. Gross and F. Wilczek, Ultraviolet Behavior of Nonabelian Gauge Theories, Phys. Rev. Lett. 30, 1343 (1973). 
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QED  and  QCD 

b0 = -4/3 

∂ α(Q2) / ∂Q2 > 0 
b0 = (-2NF + 11NC)/3 

∂ α(Q2) / ∂Q2 < 0 
 

gluon massless !     SU(2)W:   mW›105 me 

Anti-Screening: Screening: 

)/Q(log)(4/b1
)()Q( 222

0

2
2

µµαπ+
µα

=α

+ -+ 
+- 

-+ +- + -+ 
+- 

-+ +- 

-2NF  +  11NC 

g   =        -              q   +      g    + … γ   =         -       q   + … 
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QED:     ∂ α(µ2) / ∂µ2 > 0 screening 

αS (E) 

0       log (E/GeV)       2 
mp                mZ 

UV: 
αS → 0 

asymptotic 
freedom 

IR: 
αS → ∞ 

 

collapse of 
perturbation theory 

 

infrared slavery 
 

confinement 

0.5 

0.1 

α (E) 
UV: 
Landau 

Singularity 

 
IR: 

α = 1/137 
-3    2   log (E/GeV)     19 
 me    mZ                   mPl 

«1 

QED  and  QCD 

QCD:     ∂ α(µ2) / ∂µ2 < 0     anti-screening  
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QCD color factors CA, CF 
 

for SU(N).   In SU(3): 
 

 CA=      CF=      CA/CF 
  NC     (NC

2-1)/2NC 
 

    3      4/3      9/4 
2.9±0.2  1.3±0.1     2.26±0.08 

CERN LEP:    e+e- → 4 jets event shape NLO QCD 

QCD = SU(3) ? 
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Confinement 
instead of αs(μ2) define 
Λ = μ exp [-2π/(b0αs(μ2)] 

 

 4π         αs (Q2) = -----------  + …  (NF=3) 
9 ln (Q2/Λ2) 

 

αs (Q2→Λ2) →  ∞ 
 

collapse of perturbation theory 
nuclear force confines - infrared slavery: 

no free quarks ! 
 

ħc ≈ 200 MeV • fm 
             QCD scale Λ • proton radius 

 
proton = ‘QCD black hole’ 
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Quarks are 
born free, 

but everywhere 
they are 
in chains. 

 
F.Wilczek, Nobel talk, 2004. 

 
J.J. Rousseau, Du Contrat Social, 1762: 

«L'homme est né libre et partout il est dans les fers.» 

From asymptotic freedom 
to infrared slavery 
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Mass vs Energy 

Nucleon mass 
 
 
 
 
 
 
 

~ % due to 
quark masses 

electrons negligible 
 

dominant: 
binding energy 

of partons 

Dark Matter 

Dark Energy 
60% 

40% 

20% 

80% 

100% 

0% 
ν 

nucleons in stars, gas etc. 5% 
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hadron radius: 
confinement 
 
 
 
 
 
color string:  constant force = 
energy/length:  k = 1 GeV / fm 

describes spectroscopy of 
heavy quark bound states: 
 

Ψ,  Ψ’, Ψ’’,  ...    = (cc) 
Υ,   Υ’, Υ’’,  ...    = (bb) 
 
like positronium = (ee)  

Confinement 

asymptotic freedom 
 

at short distances = high energies: 
Coulomb law 

V = -4/3 αS / r 

V = 
-4/3 αS / r 
+ r GeV/fm  
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αS (Q2) 
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αS measurement 

RZ = Γh/Γl = R0 
     [10 +  (αs/π)1 + 0.76(αs/π)2 + … ] 

2+0        2+1         2+2   jets 

ratio 3/2 jets 

R0 = 19.943   ,   RZ = 20.768±0.0024 
δR/R ~ 10-3 syst. errors cancel: luminosity, … 
δαs/αs = π/αs δR/R ~ 25 δR/R 

 

• CLEO,PEP,PETRA,TRISTAN: αs ( 34 GeV) = 0.15  ± 0.03 
• jets world average:  αs ( 91 GeV) = 0.120 ± 0.003 
• LEP2:    αs (172 GeV) = 0.102 ± 0.006 
• LHC CMS:   αs (800 GeV) = 0.090 ± 0.006 
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e+e-→ 2+n jets 

αS from jets 

2+0        2+1         2+2   jets 
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Heavy 
Vector 
Mesons 

αS
1 forbidden:   free color ! 

 
αS

2 forbidden:   1-- ≠ (…)2 

 
αS

3 ok: measure αS 
 

     Γ (V → 3g → hadrons)    αS
3(mV)   10(π2-9) 

R = ----------------- = -------  -------  (1+αS/π […]) 
     Γ (V → γ → l+ l-)           α2 qi

2        81π 
 
 

α2 qi
2 measure quark charges qi 

 αS (mΨ = 3.1 GeV) = 0.256 
αS (mΥ = 9.5 GeV) = 0.184 ± 0.015 
αS (mZ = 91   GeV) = 0.118 ± 0.001 

Υ → ggg → 3 gluon jets: 

αS in Quarkonium 
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τ decays 
      Γ (τ- → ντ hadronsud) Rτ = ------------------ = 
      Γ (τ- → e-νe ντ) 
 
 
 
 
 
 
 
   = 3 Vud

2 (1 + αS/π +…) 
 
αS (mτ = 1.78 GeV) = 0.32     ± 0.02 PDG, arXiv:1606.07764,1611.03457 

αS (mZ =  91  GeV) = 0.118 ± 0.002 QCD evolution, arXiv:1612.05010 



S.Bethke, arXiv.1210.0325. 

 αS(MZ) =0.118± 0.001    
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αS measurement 
• e+e- collisions 

– RQCD 
– jet multiplicity 
– jet shapes 
– Z pole fits 

• heavy quarkonia 
• τ decay 
• deep inelastic scattering 
• lattice calculations 

S.Bethke, arXiv.1210.0325. 

  



Running coupling QCD on a 3D discrete lattice: 

αs (μ) 
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S.Bethke, CERN, Oct 12 2015. 

αS (MZ) = 0.118± 0.001          

                  4π αs (Q2) =  ---------- + … 
                   9 ln (Q2/Λ2) 
 
αs (MZ) = 0.118 ± 0.001 
 
QCD scale: 
 

 Λ = 206±14 MeV 
 (MS, NF=5) 

 
ħc ≈ 200 MeV • fm 
     QCD scale • proton radius 
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7. 
Unification 
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PARTICLES FORCES 
  

Electro- 
Magnet. Weak Nuclear 

Gravi- 
tation 

Charge Electric Weak Color Mass 
Symmetry U(1) SU(2) SU(3) 

 Matter Particles    Fermions  J=1/2 
                   Up 
  Quarks 
                   Down 

u 
d 

c 
s 

t 
b 

+2/3 
-1/3 

IW ,YW r  g  b 

                  Electrons 
  Leptons 
                  Neutrinos 

e 
νe 

µ 
νµ 

τ 
ντ 

-1 
IW ,YW 

0   

 Force Particles      Bosons     J=1 

   Photon γ 
  Weak Bosons W+, Z0, W- 
  Gluons  8 gij   

  Graviton           (J=2) G 
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PREDICTION   DISCOVERY 
 

1963  Quarks: Gell-Mann    1968    SLAC 
1970  Charm: GIM model     1974    SLAC, BNL 
1973  Beauty: CKM matrix        1977    FNAL 
1994  Top: radiative corrections  1994    FNAL 
      1994:    mt = 169 ± 25 GeV  mt = 176    ± 13 GeV 
      2017:    mt = 177 ±    2 GeV   mt = 173.3 ± 0.8 GeV 
 

1958  weak neutral current   1977    CERN 
1958-71 W,Z bosons: GSW model  1983    CERN 
1964  Gluons, Color, QCD    1978    DESY 
1964  Self coupling of gauge bosons  1996    CERN 
 

1964  Higgs                         2012     CERN LHC 
1971  Supersymmetry    201X     CERN LHC 
1974   Grand Unification    202X     HyperK ? 

The Standard Model 

Top quark mass 
 
 
 
 
 
 
 
 

prediction + meas.t vs time 
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• predictive power:  c, b, t, ...  ok 
• theory + experiment agree to 10–³ 
 with 3rd order radiative corr.: test of theory 
• consistency of all parameters 
• Higgs discovered ! 
 

• no new building blocks : 
- quarks   (>3 families) 
- leptons        “ 
- bosons: W´, Z´ 

 

• no new structure level : 
- composite leptons: e*, ...  
-             quarks: q* 
-             bosons: W*, Z* 
- lepto-quarks 

 

• no new couplings: 
lepton-quark universality 

 

• no proton decay: baryon nr ok 
• neutrino oscillations: lepton  nr violated     NEW PHYSICS !!! 
• no magnetic monopole 

The Standard Model 



excited composite quark q*: m >   5.2  TeV 
quantum black holes:   m >   7.8  TeV 
contact interactions:  Λ > 11-15 TeV 
radii quark / proton < proton / atom:  rq < 10-19 m ~ 10-4 rp 480 

g q → q* → 
g q → jet jet 

or  g q → g jet       
 

cannot excite 
pointlike object - 

 

new substructure 
of matter ?! 

excited quarks 

      

ATLAS: arXiv:1512.01530. Phys. Rev. D 91, 052007 (20  
CMS:    arXiv:1501.0419.  Phys. Rev. D 91, 052009 (20  
 
ATLAS 13 TeV: 
 
CMS:   arXiv:1406.5171 
ATLAS: arXiv:1407.2410.   Eur. Phys. J. C (2014) 74:3  

arXiv:1512.01530 
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DESCRIBES THE PROPERTIES OF 
 

ELEMENTARY PARTICLES 
 

AND THEIR 
 

• WEAK    
• ELEKTRO-MAGNETIC 

• STRONG   
 

INTERACTIONS 
 

PRECISELY + COMPLETELY. 
 

HOWEVER , 
 

MANY QUESTIONS REMAIN OPEN ... 

The Standard Model 
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PARTICLES: 
• NR OF FAMILIES = 3 ?   WHY ? 
• LEPTON-QUARK SYMMETRY ? 
• SUBSTRUCTURE of Quarks + Leptons ? 
• MASS spectrum: Higgs for Quarks + Leptons (+ Neutrinos) ? 
• NEUTRINO: Dirac or Majorana ? 
• MIXING ANGLES of Quarks + Neutrinos ? 
• Dark Matter = SUSY ? 

 

FORCES: 
• STRUCTURE: U(1)elm ⊗ SU(2)weak ⊗ SU(3)strong ? 
• COUPLINGS: Values ? 
• GRAND UNIFICATION:  Scale + Scheme ? 
• GRAVITATION AND SUPER-STRINGS ? 
• EXTRA DIMENSIONS ? 

 

SYMMETRIES: 
•  P-VIOLATION ? 
• CP-VIOLATION ? 
• BARYON-NR ?   Baryon Asymmetry of Universe ?  
• LEPTON-NR ?   Neutrino Oscillations ! 
• MAGNETIC MONOPOLES ? 
• SYMMETRY BREAKING:  HOW ? 
• SUPER-SYMMETRY ? 

Questions 
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Mass spectrum 

mν / me  ~ me / mt  ~ 10-6 
What tells us Nature with this mass spectrum ? 

PLAN
C

K
 

K
ATH

R
IN
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= ħ 

Natural 
Units 

M.Planck, 1899: 
 
besides speed of light c and 
Newton’s constant G 
find a third quantity b=h that allows 
 
„Einheiten für Länge, Masse, Zeit und Temperatur 
aufzustellen, welche ... ihre Bedeutung 
für alle Zeiten und für alle, 
auch außerirdischen und außermenschlichen 
Culturen nothwendig behalten.“ 
 

one year before Planck‘s law ! 
 

Planck 
 

mass = (ħc/GN )1/2  = 1.2·1019 GeV/c2 

time  = (ħGN/c5)1/2  = 5.4·10-44 s 
length = (ħGN/c3)1/2  = 1.6·10-35 m 
 
M. Planck, Sitzungsberichte der 
Königlich Preußischen Akademie der Wissenschaften zu Berlin 
1899 - Erster Halbband, S. 479 f. 
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Unification 
of Forces 
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 γ          W±0
                          gij                BOSONS 

 

                            X,Y 

elm.     weak      strong 
U(1)⊗SU(2) ⊗  SU(3) ⊂   SU(5)       SYMMETRIES 

{ e-
 νe  ,drdgdb } L 

        _ 
      {5}     MULTIPLETS 

Grand Unification 

Lepton 
 
                                                                      Lepto- 
                                                                      Quark 
 
Quark               QX = 4/3                QY = 1/3 
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Grand Unification 

SU(N)    N2-1 gauge bosons 
SU(5)  25-1 =   24 

SU(3)  9-1 = -8  gluons 

SU(2) 4-1 = -3  Z,W 

 U(1) 1    = -1  photon 

6 (X+Y) =  12  X,Y bosons 
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Super-Kamiokande 
proton decay:  p -> e+ π0 

Grand Unification 

Lepton 
                                                                      Lepto- 
                                                                      Quark 
Quark               QX = 4/3                QY = 1/3 

HERA 
e p -> LQ 

 mLQ > 300 GeV 

τp > 1034 a 
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• SU(N):  generators traceless! 
• U(1)xSU(2): 
weak isospin conserved: Tr2 (I3

w) = 0 
Q = I3

w+Yw/2  not conserved (only mixing, no unification) 
 

• SU(5): 
 Tr5 (Q) = NC Qd - Qe = 0    charge quantization  => 
 Qd = e/NC    or   Qp = -Qe 
relate fractional quark charges and nr. of colors ! 
 

• prediction of electroweak mixing angle: 
 γ,Z orthogonal => no coupling, but: 

 
 
 

Σi Qi (I3i– QisW
2) = 0  true unification 

 sW
2 = Σi Qi I3i / Σi Qi

2 = “SU(2)/U(1)” = 3/8   @  mGUT 

   =  g‘2 / (g2+g‘2) = 3/5 / (1+3/5) = 3/8 

Charge quantization + sin2 θW 

I3W Q 

 νe +1/2 0 

 e- -1/2 -1 

dr 0 1/3 

dg 0 1/3 

db 0 1/3 

dL … {1}SU(2) 

fi Qi I3i– QisW
2
 

Z γ 
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• quark-lepton symmetry: 
quarks + leptons in one multiplet 

• quantization of electric charge: 
  NC Qq – Qe = 0  =  3 x 1/3 – 1 
       or      Qp = Qe 

• prediction for electro-weak mixing angle: 
• sin2θW (MX)  =  g‘2 / (g2+g‘2)  =  3/5 / (1+3/5)  =  3/8 
• sin2θW (MZ)  =  0.20    GUT (MX -> MZ) 
• sin2θW (MZ)  =  0.22    expt. 

• lepton number violation: 
neutrino masses + oscillations 

• baryon number violation:  birth + death of Universe: 
baryon asymmetry: Np / Nγ  = 6·10-10 
proton decay: τp ~ MX

4 / g4 mp
5 

• SU(5) GUT: MX ~ 1015 GeV   τp ~ 1029±2 a 

• SUSY GUT: MX ~ 1016 GeV 
    τ (p→e+π0) ~   n·1035 a τ (p→K+ν) ~ n·1034 a 

• SuperK 1996-2015: τ (p→e+π0) > 1.6 1034 a τ (p→K+ν) > 6·1033 a  306 kt yrs  arXiv:1610.03597.  PRD 95    

• HyperK >2026:   τ (p→e+π0) >   2 1035  a τ (p→K+ν) > 3·1034 a 
• JUNO, DUNE >2026:      τ (p→K+ν) > 3·1034 a 
 
• GUT magnetic monopoles 

{e-
 νe ,drdgdb }L 

Grand Unification 


