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Neutrinos in the Standard Model
Summer School on Neutrino Physics Beyond the Standard Model, Straßburg, 29.6.-11.7.2025

Prof. Dr. Christian Weinheimer 
University of Münster, Institute for Nuclear Physics, weinheimer@uni-muenster.de

Content:      Discovery    Neutrino sources
      Parity violation, helicity and chirality  Neutrino oscillation
  Weak interaction in !(1) ⊗ &!(2)!  Neutrino mass searches
      Open questions in neutrino physics
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n's in the electroweak Standard Model: !(1)⊗ &!(2)!
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n's in the electroweak Standard Model: !(1)⊗ &!(2)!
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→	Let us remind ourselves 
of the foundations of neutrino physics
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Pauli`s neutrino hypothesis
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Fermi`s theory of the b decay
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Droplet model: 6 per fission process (≈ )** MeV)

Figures: Bleck-Neuhaus: “Elementare Teilchen”, Springer

→ )*+! per Fission
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Experimental proof of neutrinos 
by using „inverse beta decay“
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Wu experiment: violation of parity in b decay

1957: Chien-Shiung Wu (“Madame Wu”) measured direction of b electrons 
from a magnetized, spin-polorized 60Co source	

 
 - ≈ 10 mK by adiabatic demagnetisation (new technology in 1957). 

Nuclear spin (J=5) aligns with external magnetic field: ∆1 = 	±5⃗ 6 7
 Polarisation given by Boltzmann factor:

8 ∝ :"
!∆#
$%&

Determination of 60Co polarisation by angular correlation of the two decay ;#s
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Wu experiment: violation of parity in b decay

9

suppressed   prefered

Experimental results: b electrons emitted preferentially antiparallel to 7
in particular (=⃗$ 6 >⃗) ∝ cos A
=$ 6 >⃗ ist pseudo-scalar operator:

=⃗$ 6 >	 → 	 (−	=$) 6 +>⃗ = −	=$ 6 >⃗

→	b decay violates parity, even maximally: 
Polarisation of b electrons is ⁄% &

More generally: Parity is in weak charged current (W±	 exchange)
maximally violated 
– in contrast to electromagnetic or strong interaction

→ Particles, such as e-, ne , have preferentially negative “helicity” 
spin projektion onto direction of momentum E = '()

' ( )
antiparticles, such as e+, *+! , possess preferentially positive helicity
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Helicity of the neutrinos: Goldhaber experiment
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Fermi`s theory of the b decay
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Helicity and chirality in charge current weak interactions
• Helicity of fermions in charged current weak interactions (e.g. b decay) : 

Probability of a certain helicity for particles: F*(E = +G) = +",
-

   and   F*(E = −G) = ./0
1

 

Probability of a certain helicity for antiparticles: F* E = +G = +/,
-

   and   F*(E = −G) = ."0
1

• Chirality (Lorentz-invariant description of a quantity connected to helicity)

Chirality operator: ;2 = ;2 = H ;3 ;. ;1 ;4 = 0151 1
1151 0151

Chirality projectors: 86 =
.
1
6 1 − ;2  and 87 =

.
1
6 1 + ;2

Spinor decomposition: I = 1 6 I = 86 + 87 6 I = I6 + I7
Chirality of helicity eigenstates in high energy limit: 86J.

8≫:
0, 87J.

8≫:
J.   ⇒ helicity = chirality in high energy limit 

• Weak charged current and maximal parity violation: 
The QED current L;8<

= = MI;=I will be extended for charged weak current interactions by the projection operator 86: 
	 N>>

? = MI;=86I = MI;=½ 1 − ;2 I = ½ *O(P? − P?P@)O

• This ”V-A” theory describes low-energy with V is vector ;= and A is axial vector P?P@,	
”low energy” means, that W appears not explicitely in the propagator, it is “integrated out”, because it is too heavy
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Weakness of weak interaction:
compare photon with weak gauge boson propagator
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Consequences of parity violating weak charge 
current (+! − +!+") in pion and decay

• Charged pion decay, e.g. R/ → S/ + +? and R/ → T/ + +! with Fermi’s golden rule: U = VR 6 |X|- 6 AB
AC

:

Branching ratio Y D'→!'/F(
D'→?'/F)

= G D'→!'/F(
*

G D'→?'/F)
* 6

+,
-. /'→(''1(

+,
-. /'→)''1)

=
2
* +",(
2
* +",)

6 Z. \] = Z. ^V 6 G_"@ 6 Z. \] = G. VZ 6 G_"H

• Muon decay: S/ → T/ + +! + *+? looks like b decay, 
but there are helicity constraints
`= = 105.6583745 24 MeV
mean lifetime g 5 =2.1969811(22) µs)

• neutrinos from stopped
h/and 5/ beam:

Source:
www.researchgate.net

experiment

strong effect of parity violation
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CHARM experiment at CERN to measure 
neutrino electron scattering via neutral weak current

Figure: Winter:
Neutrino Physics
Cambridge University Press
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CHARM experiment at CERN
differentiating weak charged / neutral currents

Figure: Winter:
Neutrino Physics
Cambridge University Press

charged current:
long muon track
i= + :" → 5" + i$

neutral current:
only short electron track
i= + :" → i= + :"
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CHARM experiment at CERN
differentiating scattering off nucleon / off electron

Figure: Winter:
Neutrino Physics
Cambridge University Press
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Z0-couplings: gV , gA
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Figure: Winter:
Neutrino Physics
Cambridge University Press
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LEP: determination of 
number of neutrino generations

19

!! = 2.9840 ± 0.0082
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Electroweak Standard Model: !(1)⊗ &!(2)!
Components:
- a hypercharge field !! ("(1)), 3 weak gauge fields &",!, &$,!, &%,! (S"(2))
- a complex scalar Higgs doublet (4 components)
- left-chiral weak fermion doublets and right-chiral weak fermion singulets

Electroweak Standard Model:
-	 &",! and &$,! mix into &!& and &!' (weak charged currents, ladder operators, CC) 
- &%,! and !! mix into *!( (neutral weak current, NC) and +! (photon) 
    with weak mixing angle ,) with -./$ ,) ≈ 0.231

Spontaneous symmetry breaking:
- 4 component Higgs provides masses to &!&,&!'	and *!( (loosing 3 degrees of freedom) 
 → Higgs field 6 remains giving mass to the leptons via the Yukawa coupling
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Electroweak interactions: Lagrangian for weak currents
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n cross sections

n-fermion scattering cross sections on fixed target: * ∝ , = -"
# + / 0 1$ 0 -" → * ∝ 1$

s µ s

figure: Schmitz: Neutrinophysics, Teubner

22
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Angular distribution of 
neutrino-fermion scattering
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Angular distribution of 
antineutrino-fermion scattering
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Deep inelastic 
(anti)neutrino-nucleon scattering
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Deep inelastic 
(anti)neutrino-nucleon scattering

26

Results from neutrino-nucleon scattering 
(in addition to in deep inelastic charged lepton scattering):

Nucleon consists of partons:
- point-like

- charges of ±1/3 and ±2/3

- spin ½
- Only with neutrinos (or with polarisation d.o.f.):

 →	there are sea-quarks in the nucleon
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Lagrangian of the Standard Model: mass terms
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Lagrangian of the Standard Model: mass terms

28

We could introduce neutrino masses the same way
(Dirac mass term) into the Standard Model

by allowing right-handed neutrinos,

but then we have to motivate why the Yukawa couplings l$
are at least 6 and more orders of magnitude smaller

than the ones of the charged fermions !

→ other solutions are preferred:
neutrinos are neutral

→ Majorana-type neutrinos are possible

→ Beyond the Standard Model, see other talks



im Menü über: 
Start > Absatz > Listenebene 

Folie in Ursprungsform 

Wechsel des Folienlayouts 

C. Weinheimer – Neutrinos in the Standard Model
Summer School on Neutrino Physics beyond the Standard Model,  Stasbourg, July 2, 2025

Neutrino sources and energy spectra

29

Rev. Mod. Phys. 92, 045006 (2020)
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Atmospheric neutrinos
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40 m high
40 m Æ

11146
light sensors
(photomultiplier)
50 cm Æ

1 km deep in the 
Kamioka mine 
in Japan

Super-Kamiokande Detector
50 000 t  water Cherenkov detector

Cherenkov cone provides:
- energy
- direction
- differentiate electron / muon:
   muns: sharp ring

electrons: 
 smeered ring
 (scatterig, el-mag. shower)

31
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Super-Kamiokande's first result at
Int. Conf. Neutrino 1998 at Takayama

Nobel prize 2015
to Takaaki Kajita

32
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Solar nuclear fusion and neutrinos from the sun
Nuclear fusion in sun core: 
 4 p  ®  4He + 2e+ + 2ne  (+ 26.7 MeV)

in more detail:

Neutrino energy  [MeV]

ne ne

ne

ne

ne

7⊙ = 1.56 ; 10+K, 7,-./.0,-121 = 5777	K
neutrino rate arriving on earth surface:
   65 billion of neutrinos per s and cm2

radial dependence
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Discovery of neutrino oscillations → m(n)¹0

Takaaki Kajita

Arthur B. McDonald

n3

n2cos q

-sin q

sin q

cos q

nµ nt

Nobel Prize 
in physics 2015

Super Kamiokande experiment (1998)

 atmospheric neutrinos:  nµ → nt 

Sudbury Neutrino Observatory SNO (2001/02)

 solar neutrinos: ne → nµ/nt Neutrino (vacuum) oscillation:
3 flavor ne, nµ, nt & 3 mass eigenstates n1, n2, n3  

mixed by a unitary Z×Z matrix  nIGJK
i$
i=
iL

= !MNOP 6
i.
i1
i4

→ „tripple slit“ exp.: solar i$ → i= , iL, atmospheric i= → iL

.
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Matter-enhanced neutrino oscillation 

MSW effect (Mirkheyev-Smirnov-Wolfenstein)

35

Coherent forward scattering of n on e-

General idea: 

       Different refraction index for ne and nµ

Þ Different phase difference during propagation

Þ  Neutrino oscillation
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Matter-enhanced neutrino oscillation 

Coherent forward scattering of n on e-

General idea: 

       Different refraction index for ne and nµ

Þ Different phase difference during propagation

Þ  Neutrino oscillation

MSW effect (Mirkheyev-Smirnov-Wolfenstein)

36

“Neutrino oscillation
in matter”
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o>CFJK ∝ pQ- ∝ q− G − \rst-pQ u	 - ≈ q-

Phys. Rev. Lett. 133 (2024) 191002

First measurement of solar 8B neutrinos (SR0+SR1) 
by coherent elastic neutrino nuclear scattering (CEnNS)

XENONnT confirms the solar 8B fneutrino flux from SNO by CEnNS with 2.7s

37

CONUS+ (Ge)
CONUS (Ge)

redrawn from Kate Scholberg
& modified from R. Hammann
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Majorana neutrinos

Neutrinos are so much lighter than the other 9 charge particles of the 12 fermions
in our Standard Model of particle physics

These 9 particles obtain their mass through the direct Yukawa coupling to the Higgs =:

Would it be not natural that the neutrinos obtain their mass through a different mechanism? 
This could be a seesaw mechanism requirering neutrinos to be their own anti-particles (Majorana neutrinos)

See saw mechanism 
with Majorana neutrinos
and BSM physics at 
very large energy scales

http://hitoshi.berkeley.edu

and/or
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Complementary ways to the neutrino mass
Cosmology 

 ∑Rw +R = 3 6 `(iS)
very sensitive, but model dependent
compares power at different scales

upper limit: ∑%&($%) » 0.072 eV 
(CMB+BAO) 

close to minimal values for 
60 meV (NO), 100 meV (IO)

0nbb
w,, ≔ ∑S!$S1 6 `(iS)

sensitive to Majorana n only, 
nuclear matrix elements

upper limits by CUORE, EXO-200, 
GERDA, KamLAND-Zen, ..

disovery of 0nbb would be BSM: 
Majorana n & lepton number violation 

Direct neutrino mass search
w- +! ≔ w,

- ≔ ∑S !$S 1 ⋅ `1 iS
no further assumptions needed

Time-of-flight measurements
(n from supernova)

Kinematics of weak decays,
e.g. tritium (b-), 163Ho (EC)

measure charged decay products,
use E-, =⃗-conservation

41
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Measurement of CMB
(Cosmic Microwave Background radiation)

Measurement of matter 
density distribution LSS 
(Large Scale Structure) 

by 2dF, SDSS, ...

Neutrino mass from cosmology

SDSS

Planck Collaboration: 
P. A. R. Ade et al., arXiv:1502.01589

Millenium simulation
http://www.mpa-garching.mpg.de/galform/presse/

Compare to numerical models
including relic neutrino densitiy

of 336 cm-3

PLANCK

→ within the LCDM model: 
∑w(+R) < _. GV eV / 0.071 eV

Planck Collaboration, A&A 641, A6 (2020)
DESI, arXiv:2411.12022

42

http://www.mpa-garching.mpg.de/galform/presse/
http://www.mpa-garching.mpg.de/galform/presse/
http://www.mpa-garching.mpg.de/galform/presse/
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Repetition of droplet model: 
Isobars (A=const) for odd and even mass numbers A

43

T
U
= {V 6 | − {W 6 |1/4 − }> 6

Y*

U2/4 − }Z 6
J"Y *

HU
− ~ 6 .

[5/! mit ~ =
−11.2	MeV	for	gg	
0	 for	ug	or	gu	

+11.2	MeV	for	uu	

Z-4      Z-3        Z-2        Z-1      Z Z+1 Z+2.     Z+3.     Z+4
nuclear charge number 

m
as

s uugg

!! 
!"/EC
double beta decay	
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Double b decay
normal (2nbb)                             neutrinoless (0nbb)

a)  > = >̅ (Majorana)  

b)  unfavored helicity: m(n) ¹ 0   
      or other new physics

Heidelberg Moscow
(enriched 76Ge)

Z-1    Z   Z+1

b-b
-

E

44
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electron energy (keV)
0                    5                   10                   15     

co
un

t r
at

e 
(a

rb
. u

ni
ts

) 6
4
2

Direct determination of “"($!)“	 from '-decay (EC)

b-spectrum: \O
\8
= Ü 6 á(1, à) 6 = 6 1&'& 6 (10− 1:) 6 ∑S |!$S|1 6 13 − 1$ 1 −`1 i)

with “electron neutrino mass”: ”@3(A4)” ≔	∑5 |"16|$ ;E$ >] , complementary to 0nbb & cosmology
(modified by electronic final states, recoil corrections, radiative corrections)

essentially phase space:    pe Ee En pn

1^ 6 =^ →
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KArlsruhe TRItium Neutrino experiment KATRIN 
A 1011 Bq windowless T2 source with an high acceptance & eV-resolution integrating spectrometer

The international KATRIN Collaboration: 150 authors from 24 institutions from 8 countries
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Photos: source
& transport section

47
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Photos: source
& transport section

48

Enjyou your visit 
at KATRIN 

on next Wednesday
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Current most urgent questions in neutrino physics
after the discovery of neutrino oscillation

● Mass ordering: m(n3) > m(n2,1) or m(n2,1) > m(n3) ?

● CP violating phase dCP in mixing matrix UPMNS:
connected to baryon asymmetry of universe via leptogensis ?

● Neutrino particle character ? 
are neutrinos their own antiparticles (Majorona)?  Leptogenesis might explain baryon asymmetry of universe, 
→ seach for 0nbb

● Absolute neutrino mass scale ?
10_ more neutrinos than atoms in the universe. Smallness of `^: more than just the Yukawa coupling to the H? 
→ 3 complementary methods: cosmology, seach for 0nbb, direct neutrino mass search

● Is there a 4th (or even a 5th) light but sterile neutrino ?
experimental indications for light steriles, keV steriles are candidates for “warm dark matter”


