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3.7 Neutrino scattering in V-A theory

µν −µ

−e eν

k p′

k′p

q

µν µ

N
W

X

Very small cross section for νN 
scattering: σ(νN ) ≈ Eν[GeV]x10-38 cm2

• intense neutrino beams

• large instrumented targets
= Eν[GeV]x10 fb
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Neutrino beams

Sources of neutrino beams are 2-body decays of intense hadron beams

)()( µµµµ ννµννµπ ±±±± →→ K

where the pions/kaons are generated in proton-nucleon interactions: p+N→π, K

)( νEN

KEE ,πν

π

K

0.43 0.95

The Lorentz boost transforms the mono-
energetic neutrino of the two-body 
decay into a flat energy spectrum: 
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Energy spectrum

Beams contain small admixture 
(0.5%) of electron neutrinos !
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Generation of neutrino beams

1. ~400 GeV proton beam on a (Be) target: secondary hadrons π, K

2. Momentum and charge selection of π’s and K’s using a focusing system

3. Selected π’s and K’s enter a decay tunnel:

4. Remaining hadrons and decay muons are filtered by a massive absorber  
(~400 m iron, concrete, earth): only neutrinos after absorber

Focusing, momentum & 
charge selection

There exist 2 different focusing systems for the selection of π’s and K’s:  the two 
systems lead to neutrino beams with much different energy spectra and fluxes. 

)(, µµ ννµπ ±±± →K

)(, µµ ννµπ ±±± →K
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Narrow-band neutrino beam:

Deflection and focusing magnets to select 
and focus hadrons (one charge) of a narrow 
momentum range

%7
,

, ≈
∆

π

π

K

K

p
p

(at SPS pK,π ~ 200 GeV)

One gets a neutrino beam with a 2-component  spectrum

Narrow-band neutrino beam used if one needs to know the exact 
neutrino flux and wants to achieve max. neutrino energies
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Wide-band neutrino beam: Magnetic Horn

Magnetic Horn (S. van der Meer) Horn formed from thin aluminum skin

• Short current pulses of 100 to 180 kA  
→ large short-time magnetic field 
perpendicular to particle direction 

→ magnetic deflection similar to a 
paraboloid for hadrons of one charge

• Advantages: use all π+/K+ → large ν flux

• Disadvantage: large background of 
wrong “sign” ν’s 

47

At high energies, there are 
much more ν than ⎯ν ?

Reason:

•High energy neutrinos are   
produced from K decays:

suuds

KKpN µνµ+++ →Λ→    with

(associated strange baryon production: 
no anti-baryon production !!)
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CERN Gran Sasso Neutrino Beam (CNGS)

To study neutrino oscillation:

τ appearance for νµ beam. 

49

CNGS Layout

p + C → (interactions) → π+,  K+ → (decay in flight) → µ+ + νµ

vacuum

700m 100m 1000m 67m26m
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Neutrino detector: Bubble chamber BEBC (CERN)

3.7 m diameter bubble chamber, filled with lq. hydrogen, deuterium    
+ additional muon identifier consisting out of 150 m2 of MWPC

Magnet coil

51

Neutrino event in bubble chamber: BEBC (CERN)
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CHDS (CERN-Dortmund-Heidelberg-Saclay) Experiment

µν

µ

1200 t steel

53
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Neutrino-lepton and neutrino-quark reactions

ee νµν µ
−− → µνµν −− →ee

µν −µ

d u

ud −→ µνµ

µν −µ

−e eν

k p′

k′p

q

eν
−µ

−e µν

k p′

k′p

µν +µ

u d

du +→ µνµ

(Anti)neutrino-lepton interaction similar to (Anti)neutrino-quark interaction: 
neutrino-lepton results can be applied to deep-inelastic νN scattering.

eν

−µ

+e

µν

−+→ µνν µ ee

crossing
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a) Neutrino-electron scattering

ee νµν µ
−− →

[ ][ ])()1()()()1()(
2

55 kupupukuGM e
F

ν
α

µαν γγγγ −′−′=

22222 16))((64
2
1 sGpkpkGMM FF

Spins
⋅=′⋅′⋅=== ∑ K

Limit me≈mµ≈0 pkkppks ′′==+= 22)( 2

Using the phase space factor of chapter II:

π
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ππ
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1)(

=

==
Ω

−

−

eν −e

Although effective 4-fermion theory 
works well for low q2 it violates 

unitarity bound for high q2!
νEme2=

µν −µ

−e eν

k p′

k′p

q

This is a clear indication that the 4-fermion interaction is only an effective  
low energy approximation – not valid at high energies !!
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b) Anti-Neutrino-electron scattering (V-A)

−− → µνν µee

2222222 )cos1(416
2
1 θ−⋅=⋅== ∑ sGtGMM FF

Spins

Crossing: s ⇔ t (u) 

π
νσ

θ
π

νσ

3
)(

)cos1(
16

)(

2

2
2

2

sGe

sGe
d
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F

F

=

−=
Ω

−

−

eν
−µ

−e µν

k p′

k′p

eν

−µ

+e
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For the charged current (CC) contribution to 
the (anti) neutrino electron scattering one finds

3=cc
e

cc
e

ν

ν

σ
σ

2

2

4
)(

π
µννσ

µ
sGe

d
d F

e =→
Ω

−−

2
2

2

)cos1(
16

)( θ
π

µννσ
µ −=→

Ω
−− sGe

d
d F

e

Different angular distribution of (anti) 
neutrino  scattering can be 
understood from a helicity discussion 

eν −e eν

−µ−µµν

−− → µνν µee
−− → µνν µee

−e

µν

initial

final 
state

Allowed → isotropic Forbidden (angular mom.)  
→ (1-cosθ) suppression

Result of V-A structure
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c) (Anti) neutrino-quark scattering

µν −µ

d u

π
νσ

π
νσ

µ

µ

sGd

sGd
d
d

F

F

2

2

2

)(

4
)(

=

=
Ω

µν +µ

u d

du +→ µνµ

ud −→ µνµ

π
νσ

θ
π

νσ

µ

µ

3
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)cos1(
16
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2

2
2

2

sGu

sGu
d
d

F

F

=
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Neutrinos only interact w/   d  and  anti-u  quarks 
Anti-neutrinos only interact w/ u and anti-d  quarks

du −→ µνµ

)()( u
d
du

d
d

µµ νσνσ
Ω

=
Ω

ud +→ µνµ

)()( d
d
dd

d
d

µµ νσνσ
Ω

=
Ω

µν u
θ

d

+µ

µν u
θ

d

−µ
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d) Neutrino-nucleon (iso-scalar) scattering

QPM: EE
E

y
M
Qx ′−=== νν

ν2
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=
→ +
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=
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Unter Vernachlässig-
ung der Massen gilt:

2
cos1 θ−

=y

Not treated in this lecture
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Total cross section  after integration 
over x and y  (0…1):

⎥⎦
⎤

⎢⎣
⎡ +⋅= II

F QQMEGN
3
1

2
)(

2

π
νσ ν

⎥⎦
⎤

⎢⎣
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F QQMEGN
3
1

2
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2

π
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∫= dxxxQ )(Q    with I

II

II

N

N

QQ
QQR

+
+

==
3

31

ν

ν

σ
σ

If nucleon consists only of valence quarks 
(⎯Q=0): R=1/3 , because of V-A structure

Measurement:   

⇒ There are sea quarks !

15.0
67.0
34.0

≈⇒= II QQR
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3.8 Problems with pure V-A theory

π
νσ sGe F

2

)( =−eee νν −− →• Cross section for in 4-fermion ansatz:    
i.e. cross section goes to infinity if s→∞: violates unitarity

• Lee and Wu (1965) introduced a massive exchange 
boson. Effect of propagator: 

This fix leads to a new problem, namely the violation        
of  unitarity of the predicted W pair production ! 

221
1

22 W

FF

Mq
GG

−
a .)( conste a−νσ

+e

−e

eν

W

W

We need a new theory: Standard Model

Violates 
unitarity

W pair production:

Not trivial, see e.g.:              
C.Quigg, Gauge Theory of 
Strong and Weak interaction
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Neutral current νN events appear 
with a significant rate:

008.0307.0
)(
)(

±=
→
→

=
XN
XNR

CC

NC

µνσ
ννσ

ν

i.e. approx.1/3  of the νN 
interactions are neutral current 
interactions. 

−− +→+ ee µµ νν

4. Neutral currents (CERN, 1973)
Gargamelle Bubble Chamber

µνµν

e e
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Structure of Neutral currents

Ansatz:  four-fermion interaction

ugguJ AVNC )(
2
1 5γγ µµ −=

µ
µ 2,,1,2

8
NCNC

NC JJGM ⋅⋅=

µ
1,NCJ

µ
2,NCJ

µν
µν

−e
−e

as q2→0 approximation of:

Z2q

Neutral weak interaction couples to left- and right-handed 
chiral fermion currents differently:

Experimental determination of the 
structure of the weak neutral currents:

)(
2
1)(

2
1

AVRAVL gggggg −=+=

ugguJ LRNC )
2

1
2

1(
55 γγγ µµ −

+
+

=

NCG
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Standard Model 
prediction for gv and gA:

2
1sin3

2
2

1
2

1sin3
4

2
1

2
1sin22

1
2

1
2
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2

2
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−+−−

−+−
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W

W

W
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quarkd

quarku

gg

θ

θ

θ

ν

l

223.01sin     with 2

2
2 ≈−=

Z

W
W M

Mθ

In case of the left-handed neutrinos: ν
µ

ν
µ

ν γγ uuJ )1(
2
1

2
1 5−⋅=

pure V-A structure

4.1 Vector and axial-vector couplings

(consistent, only LH neutrinos)
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As 4-fermion interaction is 
the  q2→0 approximation of a 
massive boson exchange:

Z2q

µν µν

−e −e

Zg

Zg

ν
ν

νµµν
µ Jg

Mq
Mqqg

gJM Z
Z

Z
Ze ⋅⋅

−

−
⋅⋅= 22

2

,

Comparison of the coupling constants in the q2→0 limit:

28882 2

2

22

22

2

2

2

2
F

W

W

ZW

WZ

W

W

Z

ZNC G
M
g

Mg
Mg

M
g

M
gG

=⋅=⋅== ρ

SM the in    1=ρ

4.2 Effective coupling GNC

µ
νµ JJGM e

NC ⋅⋅= ,2
8

ugguJ AVe )(
2
1 5γγ µµ −=

(copy of charged current)


