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Riassunto del corso:

• teoria del momento angolare → costruzione delle funzioni

d’onda

• teoria perturbativa dipendente dal tempo: calcolo della sezione

d’urto (e fattore astrofisico)

• funzioni d’onda: stati legati (d, 3He, 3H) e stati di scattering

(pp, np, Nd) anche con potenziali realistici

• corrente nucleare: termine one-body e meson-exchange currents

• reazioni considerate: p + p → d + e+ + νe e n + p → d + γ



Campi di applicazione:

• Big Bang 

nucleosynthesis (BBN)

• Produzione solare di 

energia attraverso una 

catena di reazioni 

nucleari



Big Bang nucleosynthesis (BBN)
(naïve picture)

11 key nuclear reactions, 

among which:

� n+p: d + �

� p+d: 3He + �

�
3H+.: 7Li + �

�
3He+.: 7Be + �

�
7Be+n : 7Li + p

� Step 1 (kT<few MeV): 

thermal eq.;  n/p~1

� Step 2 (kT~0.7 MeV): weak 

int. freeze-out, n/p~1/6 

:1/7

� Step 3 (kT~0.5 MeV): 

nuclear reactions, which 

form d, 3He, 4He, 7Li



Schramm&Turner, RMP 70, 303 (1998)



Solar neutrinos: pp chain 

p+p: d+e++�
e p+p+e-

: d+�
e

p+d : 3He+�

3He+3He : 4He+p+p p+3He : 4He+e++�
e

3He+4He : 7Be+�

7Be+p : 8B+�7Be+e-
:

7Li+�
e

7Li+p : 4He+4He
8B : 4He+4He+e++�

e



www.sns.ias.edu/~jnb



The SuperKamiokande (SK) experiment

Elastic scattering

� + e- : � + e-

Sensitive to all the �, but

in fact particularly to �e







The Sudbury Neutrino Observatory (SNO)



Neutrino interactions in D2O

Charged Current Reaction (CC): 

Neutral Current Reaction (NC):

Elastic scattering (ES):





Key ingredients of the ab initio 

“microscopic” calculation:

1 § |Vfi|
2 = |<f | V | i>|2                                  known

V § jµ Ü Jµ : <f | V | i> § <f-lep| jµ |i-lep> 

Ü <f-hadr| Jµ |i-hadr> 

1.Realistic description of |i-hadr> and |f-hadr>: 

realistic Hamiltonians + accurate techniques

(HH method) 

2.Realistic description of Jµ : realistic model for the 

nuclear electroweak transition operator



Realistic Hamiltonian

H=T+�
ij 

v
ij
+�

i<j<k
V

ijk

three-nucleon interaction: 

Urbana IX

NN potential: 

AV18
non-relativistic

kinetic energy 



A=3-7 binding energies



Pieper&Wiringa, Ann. Rev. Part. Sci. 51, 53 (2001)



pd elastic

scatt. at

2.00 MeV



pd elastic

scatt. at 

3.33 MeV



Electroweak nuclear transition operator

Electromagnetic sector: 

charge and current operators

Weak sector: 

vector charge and current 

operators

axial charge and current 

operators

Conserved vector current hypothesis :

weak vector operators from the EM ones 

with a rotation in the isospin space



Electromagnetic current operator

Realistic model: the e.m. current must satisfy the current

conservation relation (CCR) with the Hamiltonian

H=T+�ij vij+�i<j<kVijk

one-body current

two-body current

three-body current                         •••

Similar situation for the axial current operator

p

p

pn

n

�+



Gauge invariance and CCR
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n+p:d+� radiative capture at thermal energies

Total cross section [mb] for np radiative capture (AV18):

One-body 304.6
Full   332.7

Expt. 332.6(7)



p+p : d+e+ +�
e

S(E) = E Ô(E) e2�Z1Z2 ./v

S(E) §�(E)2

Schiavilla et al., PRC 58, 1263 (1998)



H. A. Bethe and C. L. Critchfield: 

Phys. Rev. 54, 248 (1938)



n+d: 3H +�

Total cross section [mb] for nd radiative capture

(AV18/UIX):

One-body 0.227

Full                  0.556

Expt. 0.508(15)



p+d : 3He +�



p+d: 3He +�



p+d: 3He + �



p+3He : 4He+e++�
e 
: the hep reaction



825 days SK data



The SK collaboration, PRL 86, 5651 (2001)



.+d: 6Li+�

Nollett et al., PRC63, 024003 (2001)



3H + . : 7Li + � and  3He + . : 7Be + �

Nollett, PRC63, 054002 (2001)



7Be + e-: 7Li + �
e

and 7Be + e-: 7Li* + �
e

Marcucci et al., Nucl. Phys. A777 (2006)



Conclusions and outlook

� Nuclear reactions of astrophysical interest are an 

important field of research for nuclear theory

can be tested provides inputs

� Further investigation and comparison with 

experimental results (electron scattering)


