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Neutrino-nucleus reactions (ν vs Q2)

QE: Nucleon degrees of freedom
Nuclear structure theory can be used

RES: Nucleon is excited, inducing 
meson-baryon production

DIS: quarks and gluonsEnergy transfer
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S.X. Nakamura et al., Rep. Prog. Phys. 80, 056301 (2017) 

Total hadron energy



Electroweak responses of nuclei
• Key quantity: Strength (response) function

Related to structure of 
• Excited states, resonant, continuum states
• Ground state

• Electroweak response function of light nuclei
• Electromagnetic interaction

• Electromagnetic excitation, decay (E1, M1, E2, etc.)
• Photoabsorption X(γ,b)Y ⇔ Radiative capture X(a,γ)Y
• Electron scattering X(e,e’)Y

• “Weak” interaction
• Beta decay X→Y+e+ν
• Electron (muon) capture X+e(μ)→Y+ν
• Neutrino-nucleus reaction X(ν,ν’)Y, X(ν,eν’)Y

• Reliable theory → Prediction of reaction rates that are hard to observe
Example: 12C+α→16O+γradiative capture, neutrino-nucleus reactions
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Electroweak excitation of 4He
• Low-energy photoabsorption reactions

• Electric dipole (E1) excitation
• Photoabsorption cross-section data of 4He

S. Nakayama et al., PRC 76, 021305(2007)
      Peak ～27MeV
T. Shima et al., PRC 72, 044004 (2005)

 Peak ～30 MeV

• “Weak” excitation of 4He
• Induced by ν-4He reaction (Gamow-Teller, Spin-dipole type, etc.)

→ Impact on a supernova explosion

Taken from S. Nakayama et al.
PRC 76, 021305 (2007).

Reliable theoretical investigation → ab initio calculation
• Nucleon degrees of freedom
• Realistic nucleon-nucleon int. (N-N scattering, properties of 2H)
• No specific model assumption



Nuclear force
• Strongly depends on spin and isospin

• Central short-range repulsion
• Non-central tensor force

• Explicitly correlated wave function approach
• Correlated Gaussian basis + global vector representation (Hign-precision few-body method)

Density of deuteron

Review: “Theory and application of explicitly correlated Gaussians” 
J. Mitroy, S. Bubin, WH et al, Rev. Mod. Phys.  85, 693 (2013)



Variational calculation for many-body systems
• Solving many-body Schroedinger equation

⇔ Eigenvalue problem of Hamiltonian matrix
HΨ = EΨ

• Variational principle  <Ψ|H|Ψ> = E ≧ E0 (Exact energy)
（Equal holds if the exact wf is used）

• Superposition of correlated Gaussian function
Parameterβij express explicit correlations
• Stochastic optimization

1. Generate several candidates randomly
2. Calculate the energy of each candidate
3. Select the one that gives the lowest energy
4. Increase the number of basis
5. Return to 1., till the energy is converged

→ Precise solution with small number of basis

1 3

2 4



Energy convergence of 4He

AV8’+3NF

Good agreement with other ab initio methods (FY, GFMC, NCSM,…) 
H. Kamada et al., PRC64, 044001 (2001)



Energy spectrum of 4He

• Input: nuclear force, no adjustable parameter
• Good agreement with experimental data

*Nuclear state is specified by quantum number JπT
J: Total angular momentum
π: Parity

PΨ → πΨ P: Spatial inversion operator
 T: Total isospin

• Hard to reproduce the data only with the 
central force

Expt. Theory
Realistic force

Theory
Effective central force

WH and Y. Suzuki, Phys. Rev. C 78, 034305 (2008).
WH and Y. Suzuki, Few-Body Syst. 54, 2407-2418 (2013).



Description of final states in continuum
• No bound state in the excited states of 4He

• Gaussian (square integrable function) does not satisfy the 
scattering boundary condition

• Hard to quantitative evaluation in the bound-state approximation
• Cf. Decay width from a few to a few tens of MeV

• Many-body decay channels open
• Two-body (3N+N) and three-body (d+p+n), four-body thresholds may open



Response function in the complex scaling method

Coordinate and momentum are rotated in the complex plane
→ Outgoing-wave boundary condition

Eigenvalue problem in complex symmetric matrix

Y. K. Ho, Phys. Rep. 99, 1 (1983)
N. Moiseyev, Phys. Rep. 302, 211 (1998)
S. Aoyama et al., Prog. Theor. Phys. 116, 1 (2006)

Complex-scaled resolvent



Ab initio description of photodisintegration of 4He
γ

4He

Ψf(E)

Ψi

O

• Nucleon degrees of freedom, no specific model 
assumption (First principles in nuclear physics）

• Unified description of bound and many-body 
scattering states

• Good agreement with the experimental data
• Predictive power → Neutrino-nucleus reaction

WH, Y. Suzuki, K. Arai, Phys. Rev. C 85, 054002 (2012)

△ S. Nakayama et al., (2007)
■  D.P. Wells et al. (1992)
▼ Y. M. Arkatov et al.,(1974). 
○ T. Shima et al., (2005).
●  T. Shima et al., new measurement



Cross section and sumrule
• κ=-1; Bremstrahlungs (non-energy weighted) sumrule

• κ=0; Thomas-Reiche-Kuhn (TRK) sumrule

Proton radius and p-p distance
99.6%

K: Enhancement factor

Calculable only with the ground state wave function

Importance of pion exchange force on K



Electric dipole (E1) JπT=0+0 → 1-1

Spin-dipole (SD) JπT=0+0 → λ-0, λ-1

• 4He: 7 negative parity states
Jπ T= 0-1, 1-1, 2-1, 0-0, 1-0, 2-0

Dipole-type operator and 
the spectrum of 4He First forbidden transition



Spin-dipole response functions

• Resonant structure (7 negative parity states) ⇔ Response functions
• Relatively smaller decay width 0-0, 2-0 (0.84, 2.01 MeV)
• Average errors in ER 0.4 MeV (Cf. Decay width 0.5-13 MeV)

Spin-dipole operator

Isovector type (IV0) Isoscalar type (IS)

WH, Y. Suzuki, Phys. Rev. C 87, 034001 (2013)

ER

Γ



Spin-dipole sumrule

rij

Ri
j

κ=2: tensor operator

Relative coordinate
j

(0s)4 (κ=0 contribution only)：Ratio of sumrule 1 : 3 : 5
Realistic calculation (IV0): 1 : 2.0 : 4.0 (κ=2 contribution)

Sumrule ～100%
cf.

Evidence for tensor correlations

0-1
1-1
2-1



Response functions
→ Neutrino-nucleus reaction cross sections

E: Excitation energy of 4He
Cross section: Response function multiplied by 
phase-space factors The largest 2- contribution



Neutrino-nucleus reaction cross sections

S.X. Nakamura et al., Rep. Prog. Phys. 80, 056301 (2017) 

Neutrino-nucleus reaction (Gamow-Teller, dipole, Spin-dipole operators)
→ Impact on supernova explosion scenario

too small neutrino-nucleus cross sections (～fb)
Reliable theoretical evaluation

Inclusive neutrino-4He reactions



Towards describing weak responses: 
Beta-decay formulas revisited

Nuclear matrix element of the weak interaction

Fermi function, shape correction factor

Decay rate

Electron Coulomb wf. (Dirac eq.)

DFT: Transition densities by QRPA
K. Yoshida, Prog. Theor. Exp. Phys. 2013, 113D02 (2013)

Nuclear, electron, Neutrino wfs.



Towards describing the weak responses: 
Beta-decay formulas revisited II (v dependent terms)

Extension towards applying to neutrino-nucleus reactions
underway

Inputs from 
structure theory



Summary
• Electroweak responses of light nuclei

Example: Electroweak excitations and neutrino reaction of 4He

• Nuclear matrix elements of the weak interaction
• Beta-decay formula revisited

• No long-wave-length approximation
• Accurate treatment of electron Coulomb wavefunctions

• Towards describing neutrino-nucleus reactions for heavier nuclei
• Fully microscopic evaluation

• Input: transition densities
• Application to lepton-nucleus reactions

WH, Y. Suzuki, K. Arai, Phys. Rev. C 85, 054002 (2012)
WH, Y. Suzuki, Phys. Rev. C 87, 034001 (2013)

S.X. Nakamura et al., Rep. Prog. Phys. 80, 056301 (2017) 

WH, T. Sato, Y. Uesaka, K. Yoshida, Prog. Theor. Exp. Phys. 2021, 103D03, ibid 2023 073D02
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