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•  ν scattering on a free nucleon 
•  ν electron scattering 
•  ν scattering on light nuclei at low energies 
•   ν quasielastic scattering 
•   ν pion production 
•   ν deep inelastic scattering 





Fundamental couplings. There is until now no indication  
that neutrinos interact by any other nonstandard  way. 

Charged current 

Neutral current 





Different neutrino sources determine the range of energies 
Description of the nuclear and hadronic effects is also energy dependent 



•  The simplest hadronic system – a single nucleon 
            at low (a few MeV) energies 

The neutron decay and the antineutrino capture on proton 
are governed by the same hadronic matrix element: 
n   →   p + e- + νe   (neutron decay) 
 νe + p →  n + e+   (inverse neutron decay) 

Knowing the neutron lifetime, τn = 885.7(0.8), f = 1.715, fixes the cross section for  
the relevant energies: σtot=(2π2/me

5)/fτn x Eepe   or [2π2(hc)3]/[(mec2)5fτnc]pecEe 

(Ee,pe are the energy and momentum of the positron, Ee = Eν - (Mn - Mp + me))  

Note, however, that life is not simple even in this “classical” case. The  
measurement of Serebrov et al. (2005) gives τn

 = 878.5 ± 0.7±0.3, which differs  
from the official 885.7±0.8 by ~9σ; it is not yet clear which is correct. 

The neutron lifetime fixes cross section of all processes involving 
a single nucleon, e.g., νe + n → p + e- or ν + p(n) → ν + p(n) (neutral current)  



The (relatively) small corrections of order Eν/Mp and α/π 
can be accurately evaluated: 
(see Vogel & Beacom, Phys. Rev. D60,053003 (1999) and 
Kurylov, Ramsey-Musolf & Vogel, Phys.Rev.C67,035502(2003)) 

In this way the cross section of the inverse neutron decay  
(and any low energy weak process involving only free nucleons) 
can be evaluated with the accuracy of ~0.2%, even though 
only few reactions were actually observed, and the 
experimental errors are much larger, ~ 2%. 
(Also, at higher energies the uncertainties in the nucleon  
form factors must be included.) 

If one wants something really accurate (no matter the  
lifetime controversy) one should consider corrections:  



Cross section for the inverse beta decay has been checked 
                       to a few % accuracy.  



Before discussing ν-nucleus scattering lets briefly 
describe the scattering on electrons ν + e-→ ν + e- 

gL↔ gR for anti ν

The differential cross section in terms of the lab. electron recoil  

kinetic energy T  is dσ/dT = 2GF
2me/π [gL

2 + gR
2(1 - T/Eν)2 - gLgR meT/Eν] 

Both CC and NC are 
present for νe but not 
for νµ and ντ 



SuperKamiokande 
solar neutrino data 
(see Cravens et al. 
Phys. Rev. D78, 
032002(2008) ). 



What about ν interaction with complex nuclei? 

At lowest energies we must consider exclusive scattering 
to specific bound (or resonance) nuclear states. At somewhat 
higher energies we are typically interested in the inclusive 
scattering, summing over all possible nuclear final states. 

The initial state is usually the nuclear ground state. However, 
in various astrophysics applications the temperature might 
be high enough that excited states are populated as well. 

Essentially absent is the truly elastic (NC) scattering, never 
observed as yet. Note that at low energies (Eν < 50 MeV) such 
scattering is coherent with the maximum nuclear recoil energy 
of only ~Eν

2/(Axmp), thus very difficult to observe, even though 
the cross section is enhanced σtot ~  GF

2 Eν
2 N2/4π . 



Neutrino interaction with the simplest nucleus, deuteron, at low energy:  

There are no bound states in d, the only open channel is the 
deuteron disintegration. Consider the CC scattering 
νe + d       p + p + e- 

The tree level cross section at low energies is 

(dσ/dE)tree= 2GF
2/π Vud

2gA
2MppeEep |I(p2)|2, 

where p is the relative momentum of the outgoing protons 
and the overlap integral is I(p2) = ∫ u*cont(pr) ud(r) dr, 

This integral depends on the pp scattering length, effective radius, and 
on the deuteron binding energy. It is peaked at low values of p2/Mp  
and is about 1 MeV wide in that variable 



With deuterons there are many possible reactions now: 
νe+ d         p + p + e- (CC) 
ν + d        ν + p + n (NC)    (for any ν) 
and the corresponding reactions with antineutrinos.   
In addition, the reactions powering Sun involve the same physics: 
p + p         d + νe + e+  (pp in the Sun, endpoint 420 keV) 
p + p + e-         d + νe (pep in the Sun, monoenergetic Eν = 1.44 MeV) 

For all these reactions we should also consider the two-body currents 
(pion exchange currents in the traditional language). In the 
effective field theory all corresponding unknown effects can be lumped 
together in one unknown parameter L1A (isovector two-body axial  
current) that must be fixed experimentally. 
The cross section is then of the form  
σ(E) = a(E) + b(E)L1A, where the functions  a(E), b(E) are 
known, and b(E)L1A contributes ~`a few’ % . 



              How can one fix the parameter L1A? 

There are several ways to do this. One can use reactor 
data (νeCC and NC), solar luminosity + helioseismology, 
SNO data, and tritum beta decay. Here is what you get: 
reactors:                   3.6(5.5) fm3 (Butler,Chen,Vogel)   
Helioseismology:      4.8(6.7) fm3 (Brown,Butler,Guenther) 
SNO:                         4.0(6.3) fm3 (Chen,Heeger,Robertson) 
tritium b decay:          6.5(2.4) fm3 (Schiavilla et al.) 

All these values are consistent, but have rather large  
uncertainties. To reduce them substantially, one would 
have to measure one of these cross sections to ~1%. 
This is very difficult.   Thus the considered neutrino-deuteron 
reaction cross sections remain ~ 2% uncertain. 
We will not consider the two-body currents  for heavier nuclei. 



Experimental data on neutrino-nucleus cross sections at low 
energies are rare or nonexistent, here is the full list: 

ν-d:  for reactor νe (Eν < 8 MeV) and  solar νe,, Eν < 14 MeV. 
ν- 12C: for ν from π+ and µ+ decay at rest, Eν < 52 MeV; 
           exclusive transition to the 12Ng.s. and to the 15.11 MeV state 
           and inclusive transition to the continuum in 12N 
νe - 56Fe: inclusive transition to 56Co, error 50% 
νe-37Cl and 71Ga: radiochemical measurements with solar neutrinos, 
          inclusive cross section for states below neutron emission 
νe-71Ga: radiochemical calibration with the 51Cr source 
νe-127I: radiochemical measurement with the µ+ decay at rest spectrum 

Thus we need to rely on theory. However, since this problem belongs 
to the ``neutrino engineering” category, it is not among the high 
priority and high visibility programs. 



Reaction νe + 12C      12Ng.s.+ e-   

This is an example of a process where the cross
section can be evaluated with little uncertainty.
We can use the known 12N and 12B  β decay rate,
as well as the exclusive µ capture on 12B and
the M1 formfactor for the excitation of the
analog 1+, T=1 state at 15.11 MeV in 12C.
This fixes the cross section value for (almost)
all energies, for both νe and νµ.   



A=12 triad

Qβ+= 16.32 MeV 

Qβ-= 13.37 MeV 



Experiment and theory agree quite well�

(DAR means `decay at rest’ E < 52 MeV,  
DIF means `decay in flight’, E ~ 180 MeV  ) 



Cross section for 12C(νµ,µ)12Ngs in 10-42cm2, 
see Engel et al, Phys. Rev. C54, 2740 (1996)  



νe + 12C →  12N* + e- (inclusive reaction)
Here the final state is not fixed and not known, one cannot use 
(at least not simply as before) the known weak processes to fix  
the parameters of the nuclear models. This is dominated by 

negative parity multipoles, calculation becomes more difficult.  
The measurement is also more difficult since the experimental  
signature is less specific (units as before 10-42cm2) (DAR spectrum) 
experiment 
4.3  ±  0.4 ±  0.6  (LSND, 01) 
5.7  ±  0.6 ±  0.6  (LSND, 97) 
5.1  ±  0.6  ±  0.5  (KARMEN, 98) 
3.6 ±  2.0             (E225, 92)    

calculations 
Kolbe 95        5.9-6.3            CRPA 
Singh 98         6.5                 local density app. 
Kolbe 99         5.4-5.6           CRPA, frac. filling 
Hayes 00        3.8-4.1            SM, 3hw,  
Volpe 00          8.3                 SM, 3hw 
Volpe 00          9.1                 QRPA 
The agreement between different calculations,  
and with the experiment, is less than perfect. 



True challenge, inclusive 
12C(νµ,µ-)N* with DIF

Exp: LSND 02, (10.6± 0.3± 1.8)x10-40cm2

Calc:  17.5 – 17.8 (Kolbe, CRPA, 99) 
           16.6± 1.4 (Singh, loc.den.app.,98) 
            15.2         (Volpe, SM, 00) 
             20.3         (Volpe, QRPA, 00) 
             13.8         (Hayes, SM, 00) 
Thus all calculations overestimate the cros section, with SM 

results noticeably smaller than CRPA or QRPA. The reason 
for that remains a mystery. 

Note: Meucci et al, nucl-th/0311081 claim 11.15 in agreement 
with exp. using Green’s function approach  



Related process: µ capture µ- + ZA → νµ + (Z-1)A*  

In this process |q| ~ 100 MeV (muon mass). Total capture rate is thus 
analogous to the inclusive neutrino neutrino scattering with similar q. 

See N. Zinner 
K. Langanke and 
P.V., PRC74, 
024326 (2006). 
Agreement with 
the experiment 
at ~20% level 
for all nuclei. 



Quasielastic scattering: 

elastic 

quasielastic 



What happens if the incoming neutrino beam has 
is broad, has no well defined energy? 
Can one deduce the incoming neutrino energy from the 
observation of the outgoing muon (or electron)? 
Yes, provided you can neglect the nucleon binding energy: 



QE scattering at ~ 1 GeV, need to take into account the 
nucleon structure characterized by form factors 

Nucleon current 

Vector ff can be determined in electron scattering, 
                        under control 

Pseudoscalar ff ~(ml/M)2, small 

FA(Q2=0) from β decay 



Discrepancy between past higher energy determination 
of MA and the more recent ones for Eν ~1 GeV. 

(Eν 3-100 GeV) 



The discrepancy in MA is a consequence of apparent difference 
in the trend of the cross sections. So far unexplained. 



Summary of older CC QE data with curves for MA = 1 GeV,  
nuclear effects represent only about ~10% reduction 



From general considerations one can identify three different energy ranges 
with different demands on the details with which the nuclear structure should 
be treated: 

i)  For relatively low neutrino energies, comparable with the nuclear excitation 
      energy, the model of choice is the nuclear shell model. The shell model  
      calculations are indeed able to reproduce the allowed (Fermi, Gamow-Teller) 

response. 

ii)  The Random Phase Approximation (RPA) has been developed to describe  
      the collective excitation of a nucleus.  The RPA is the methods of choice at 

intermediate energies where the reaction rate is sensitive dominantly to  
      the total strength and the energy of the giant resonances. A variant of RPA, 
      so-called CRPA takes into account that the final nucleon is in the continuum.   

iii)  At high incoming energies neutrinos scatter `quasi-freely' on individual  
      nucleons. The remaining nucleons can be treated as (non-interacting)  
      spectators. This situation is most simply realized in the relativistic Fermi  
      gas model. 

How can one take into account the effects of nuclear structure?  



Comparison of shell model and RPA



Comparison of Fermi gas model (full lines)�
and the CRPA (dashed lines)



General formula for cross section 
contains a product of the leptonic 
and hadronic tensors 

Pauli blocking p > pF Energy transfer > EB 



The RFGM is simple but crude. A better approximation 
uses spectral functions (tested in electron scattering).  

Nuclear effects 
cause a significant 
suppression of σ 
at low Eν and low Q2  
compared to scattering 
on free nucleons 



Opening a new channel, resonance production 

Note: σ scaled with 1/E 



Available data: 



Pions produced inside the nucleus can be absorbed or charge 
exchanged before getting out, this are Final State Effects 



Deep inelastic scattering, Eν ~ 100 GeV 

Note: σ scaled with 1/E 



Quantities used in the description of DIS 



F3 is unique to neutrino 
scattering since it is 
parity violating. Changes 
sign for ν. Measures the 
valence quark distribution  

F2 measures the 
density distribution 
of all quarks and 
antiquarks in the 
nucleon. 



Let Q=∫x[d(x) + u(x)]dx, 
for isoscalar target, ε= Q/Q 
σ(νN)/σ(νN) = (1+ε/3)/(ε+1/3), 
and ε ∼ 0.2 



Conclusions 

•  Cross sections of neutrinos on nucleons and nuclei are tiny and 
  many processes contribute simultaneously. That makes the 
  analysis of data and theoretical predictions challenging . 
•  But it is critically important to know the σ. You need them in 
  order to estimate how many events you should expect and what 
  kind of signals, that is final states, you will observe. 
•  The σ are reasonably well known at low and at very large  
  energies. However, in the intermediate energy range ~1 GeV, 
  they are known only crudely. Yet it is this energy range that 
  is crucially important in neutrino oscillation studies. 
•  Study of σ, both experimental and theoretical, is not as 
  glamorous as other problems of neutrinos (so-called neutrino 
  engineering). Yet, it is vital part of the whole field.  


