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1 LECTURE 2: NEUTRINO SOURCES AND NEUTRINO DETECTORS

fragments in the fission of uranium and plutonium.

235U+ n ! X1 +X2 + 2n (5)

In average, 6 ⌫e are emitted per fission from the decay of X1 and X2.

• Neutrinos from accelerators: in particle accelerators typically protons are

collided into a target (Be, Al, graphite, carbon). In these reactions ⇡’s and K’s

are emitted and neutrinos appear in their corresponding decays.

1.2. Neutrino detection

Neutrinos can be identified by measuring charged particles produced in their interactions

with matter. These interactions can be classified into neutral current and charged

current.

• Charged current: in these interactions, the lepton partner of the neutrino

appears, as for instance in:

⌫e + n ! e� + p (6)

⌫e + p ! e+ + n. (7)

The reactions happen over the exchange of W± bosons of m(W ) ⇠ 80GeV mass.

Figure 2. Diagrams for the muon decay (left), the muon scattering on electrons
(middle) and the neutral current scattering of ⌫µ on electrons (right).

• Neutral current: The electroweak theory from Glashow, Weinberg & Salam

predicted the existence of neutral current interaction. In 1973, those reactions

were discovered in the Gargamelle experiment (bubble chamber) at CERN.

⌫µ +N ! ⌫µ + hadrons. (8)

Neutral current reactions take place over the exchange of Z0 bosons of m(Z) ⇠
90GeV mass (see figure 2).
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1 LECTURE 2: NEUTRINO SOURCES AND NEUTRINO DETECTORS

fragments in the fission of uranium and plutonium.

235U+ n ! X1 +X2 + 2n (5)

In average, 6 ⌫e are emitted per fission from the decay of X1 and X2.

• Neutrinos from accelerators: in particle accelerators typically protons are

collided into a target (Be, Al, graphite, carbon). In these reactions ⇡’s and K’s

are emitted and neutrinos appear in their corresponding decays.

1.2. Neutrino detection

Neutrinos can be identified by measuring charged particles produced in their interactions

with matter. These interactions can be classified into neutral current and charged

current.

• Charged current: in these interactions, the lepton partner of the neutrino

appears, as for instance in:

⌫e + n ! e� + p (6)

⌫e + p ! e+ + n. (7)

The reactions happen over the exchange of W± bosons of m(W ) ⇠ 80GeV mass.

Figure 2. Diagrams for the muon decay (left), the muon scattering on electrons
(middle) and the neutral current scattering of ⌫µ on electrons (right).

• Neutral current: The electroweak theory from Glashow, Weinberg & Salam

predicted the existence of neutral current interaction. In 1973, those reactions

were discovered in the Gargamelle experiment (bubble chamber) at CERN.

⌫µ +N ! ⌫µ + hadrons. (8)

Neutral current reactions take place over the exchange of Z0 bosons of m(Z) ⇠
90GeV mass (see figure 2).
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1 LECTURE 2: NEUTRINO SOURCES AND NEUTRINO DETECTORS

fragments in the fission of uranium and plutonium.

235U+ n ! X1 +X2 + 2n (5)

In average, 6 ⌫e are emitted per fission from the decay of X1 and X2.

• Neutrinos from accelerators: in particle accelerators typically protons are

collided into a target (Be, Al, graphite, carbon). In these reactions ⇡’s and K’s

are emitted and neutrinos appear in their corresponding decays.

1.2. Neutrino detection

Neutrinos can be identified by measuring charged particles produced in their interactions

with matter. These interactions can be classified into neutral current and charged

current.

• Charged current: in these interactions, the lepton partner of the neutrino

appears, as for instance in:

⌫e + n ! e� + p (6)

⌫e + p ! e+ + n. (7)

The reactions happen over the exchange of W± bosons of m(W ) ⇠ 80GeV mass.

Figure 2. Diagrams for the muon decay (left), the muon scattering on electrons
(middle) and the neutral current scattering of ⌫µ on electrons (right).

• Neutral current: The electroweak theory from Glashow, Weinberg & Salam

predicted the existence of neutral current interaction. In 1973, those reactions

were discovered in the Gargamelle experiment (bubble chamber) at CERN.

⌫µ +N ! ⌫µ + hadrons. (8)

Neutral current reactions take place over the exchange of Z0 bosons of m(Z) ⇠
90GeV mass (see figure 2).
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➡ Neutrino basic properties  

➡ Nature of neutrino sources  

➡ Nuclear structure
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1 LECTURE 2: NEUTRINO SOURCES AND NEUTRINO DETECTORS

fragments in the fission of uranium and plutonium.

235U+ n ! X1 +X2 + 2n (5)

In average, 6 ⌫e are emitted per fission from the decay of X1 and X2.

• Neutrinos from accelerators: in particle accelerators typically protons are

collided into a target (Be, Al, graphite, carbon). In these reactions ⇡’s and K’s

are emitted and neutrinos appear in their corresponding decays.

1.2. Neutrino detection

Neutrinos can be identified by measuring charged particles produced in their interactions

with matter. These interactions can be classified into neutral current and charged

current.

• Charged current: in these interactions, the lepton partner of the neutrino

appears, as for instance in:

⌫e + n ! e� + p (6)

⌫e + p ! e+ + n. (7)

The reactions happen over the exchange of W± bosons of m(W ) ⇠ 80GeV mass.

Figure 2. Diagrams for the muon decay (left), the muon scattering on electrons
(middle) and the neutral current scattering of ⌫µ on electrons (right).

• Neutral current: The electroweak theory from Glashow, Weinberg & Salam

predicted the existence of neutral current interaction. In 1973, those reactions

were discovered in the Gargamelle experiment (bubble chamber) at CERN.

⌫µ +N ! ⌫µ + hadrons. (8)

Neutral current reactions take place over the exchange of Z0 bosons of m(Z) ⇠
90GeV mass (see figure 2).

4

1 LECTURE 2: NEUTRINO SOURCES AND NEUTRINO DETECTORS

fragments in the fission of uranium and plutonium.

235U+ n ! X1 +X2 + 2n (5)

In average, 6 ⌫e are emitted per fission from the decay of X1 and X2.

• Neutrinos from accelerators: in particle accelerators typically protons are

collided into a target (Be, Al, graphite, carbon). In these reactions ⇡’s and K’s

are emitted and neutrinos appear in their corresponding decays.

1.2. Neutrino detection

Neutrinos can be identified by measuring charged particles produced in their interactions

with matter. These interactions can be classified into neutral current and charged

current.

• Charged current: in these interactions, the lepton partner of the neutrino

appears, as for instance in:

⌫e + n ! e� + p (6)

⌫e + p ! e+ + n. (7)

The reactions happen over the exchange of W± bosons of m(W ) ⇠ 80GeV mass.

Figure 2. Diagrams for the muon decay (left), the muon scattering on electrons
(middle) and the neutral current scattering of ⌫µ on electrons (right).

• Neutral current: The electroweak theory from Glashow, Weinberg & Salam

predicted the existence of neutral current interaction. In 1973, those reactions

were discovered in the Gargamelle experiment (bubble chamber) at CERN.

⌫µ +N ! ⌫µ + hadrons. (8)

Neutral current reactions take place over the exchange of Z0 bosons of m(Z) ⇠
90GeV mass (see figure 2).

4

W±

νl /ν̄l l±

X Y

γ

l± l±

X Y 2

e−

e−

θ



➡ Neutrino basic properties  

➡ Nature of neutrino sources  

➡ Nuclear structure

 scatteringν

ANALOGY between electron 
and neutrino scattering

 200000

 300000

 400000

 500000

 600000

 700000

 800000

 900000

 1e+06

 0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026 0.028

dσ
/d
Ω

dE
 (

nb
/s

r/
G

eV
)

ν(GeV)

6 12 0.160 36.000 0.01 Barreau:1983ht

 40000

 60000

 80000

 100000

 120000

 140000

 160000

 180000

 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

dσ
/d
Ω

dE
 (

nb
/s

r/
G

eV
)

ν(GeV)

6 12 0.161 60.000 0.02 Barreau:1983ht

 100000

 200000

 300000

 400000

 500000

 600000

 700000

 800000

 0.015  0.02  0.025  0.03  0.035  0.04  0.045  0.05

dσ
/d
Ω

dE
 (

nb
/s

r/
G

eV
)
ν(GeV)

6 12 0.200 36.000 0.01 Barreau:1983ht

 20000

 40000

 60000

 80000

 100000

 120000

 140000

 160000

 180000

 0  0.01  0.02  0.03  0.04  0.05  0.06  0.07

dσ
/d
Ω

dE
 (

nb
/s

r/
G

eV
)

ν(GeV)

6 12 0.200 60.000 0.04 Barreau:1983ht

 50000

 100000
 150000

 200000
 250000

 300000
 350000

 400000
 450000

 500000
 550000

 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05 0.055 0.06 0.065

dσ
/d
Ω

dE
 (

nb
/s

r/
G

eV
)

ν(GeV)

6 12 0.240 36.000 0.02 Barreau:1983ht

 0

 50000

 100000

 150000

 200000

 250000

 300000

 0  0.02  0.04  0.06  0.08  0.1  0.12

dσ
/d
Ω

dE
 (

nb
/s

r/
G

eV
)

ν(GeV)

6 12 0.240 60.000 0.05 Barreau:1983ht

 0

 10000

 20000

 30000

 40000

 50000

 60000

 0  0.02  0.04  0.06  0.08  0.1  0.12  0.14

dσ
/d
Ω

dE
 (

nb
/s

r/
G

eV
)

ν(GeV)

6 12 0.280 60.000 0.07 Barreau:1983ht

 0

 50000

 100000

 150000

 200000

 250000

 300000

 350000

 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09  0.1

dσ
/d
Ω

dE
 (

nb
/s

r/
G

eV
)

ν(GeV)

6 12 0.320 36.000 0.04 Barreau:1983ht

 0

 5000

 10000

 15000

 20000

 25000

 30000

 35000

 0  0.02 0.04 0.06 0.08  0.1  0.12 0.14 0.16 0.18

dσ
/d
Ω

dE
 (

nb
/s

r/
G

eV
)

ν(GeV)

6 12 0.320 60.000 0.09 Barreau:1983ht

 0

 2000
 4000

 6000
 8000

 10000

 12000
 14000

 16000
 18000

 20000

 0  0.05  0.1  0.15  0.2  0.25

dσ
/d
Ω

dE
 (

nb
/s

r/
G

eV
)

ν(GeV)

6 12 0.361 60.000 0.11 Barreau:1983ht

 0

 20000
 40000

 60000
 80000

 100000

 120000
 140000

 160000
 180000

 200000

 0  0.02  0.04  0.06  0.08  0.1  0.12  0.14  0.16

dσ
/d
Ω

dE
 (

nb
/s

r/
G

eV
)

ν(GeV)

6 12 0.400 36.000 0.06 Barreau:1983ht

 0

 2000

 4000

 6000

 8000

 10000

 12000

 14000

 16000

 0  0.05  0.1  0.15  0.2  0.25  0.3

dσ
/d
Ω

dE
 (

nb
/s

r/
G

eV
)

ν(GeV)

6 12 0.401 60.000 0.13 Barreau:1983ht

 0

 2000

 4000

 6000

 8000

 10000

 12000

 0  0.05  0.1  0.15  0.2  0.25  0.3

dσ
/d
Ω

dE
 (

nb
/s

r/
G

eV
)

ν(GeV)

6 12 0.440 60.000 0.16 Barreau:1983ht

 0
 10000
 20000
 30000
 40000
 50000
 60000
 70000
 80000
 90000

 100000
 110000

 0  0.05  0.1  0.15  0.2  0.25  0.3  0.35

dσ
/d
Ω

dE
 (

nb
/s

r/
G

eV
)

ν(GeV)

6 12 0.480 36.000 0.08 Barreau:1983ht

 0

 1000

 2000

 3000

 4000

 5000

 6000

 7000

 8000

 9000

 0  0.05  0.1  0.15  0.2  0.25  0.3  0.35

dσ
/d
Ω

dE
 (

nb
/s

r/
G

eV
)

ν(GeV)

6 12 0.480 60.000 0.18 Barreau:1983ht

 0

 1000

 2000

 3000

 4000

 5000

 6000

 7000

 8000

 0  0.05  0.1  0.15  0.2  0.25  0.3  0.35

dσ
/d
Ω

dE
 (

nb
/s

r/
G

eV
)

ν(GeV)

6 12 0.500 60.000 0.20 Whitney:1974hr

 0

 1000

 2000

 3000

 4000

 5000

 6000

 7000

 0  0.05  0.1  0.15  0.2  0.25  0.3  0.35  0.4

dσ
/d
Ω

dE
 (

nb
/s

r/
G

eV
)

ν(GeV)

6 12 0.519 60.000 0.21 Barreau:1983ht

 0

 10000

 20000

 30000

 40000

 50000

 60000

 70000

 0  0.05  0.1  0.15  0.2  0.25  0.3  0.35  0.4

dσ
/d
Ω

dE
 (

nb
/s

r/
G

eV
)

ν(GeV)

6 12 0.560 36.000 0.11 Barreau:1983ht

 0

 1000

 2000

 3000

 4000

 5000

 6000

 0  0.05  0.1  0.15  0.2  0.25  0.3  0.35  0.4  0.45

dσ
/d
Ω

dE
 (

nb
/s

r/
G

eV
)

ν(GeV)

6 12 0.560 60.000 0.24 Barreau:1983ht

 0

 50
 100

 150
 200

 250
 300

 350
 400

 450
 500

 0.15  0.2  0.25  0.3  0.35  0.4  0.45  0.5

dσ
/d
Ω

dE
 (

nb
/s

r/
G

eV
)

ν(GeV)

6 12 0.560 145.000 0.55 Barreau:1983ht

 5000

 10000

 15000

 20000

 25000

 30000

 35000

 40000

 45000

 0  0.05  0.1  0.15  0.2  0.25  0.3  0.35  0.4  0.45

dσ
/d
Ω

dE
 (

nb
/s

r/
G

eV
)

ν(GeV)

6 12 0.620 36.000 0.13 Barreau:1983ht

 0

 500

 1000

 1500

 2000

 2500

 3000

 3500

 4000

 0  0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

dσ
/d
Ω

dE
 (

nb
/s

r/
G

eV
)

ν(GeV)

6 12 0.620 60.000 0.29 Barreau:1983ht

 0

 5000

 10000

 15000

 20000

 25000

 30000

 35000

 0  0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55

dσ
/d
Ω

dE
 (

nb
/s

r/
G

eV
)

ν(GeV)

6 12 0.680 36.000 0.16 Barreau:1983ht

 0

 500

 1000

 1500

 2000

 2500

 3000

 0  0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55

dσ
/d
Ω

dE
 (

nb
/s

r/
G

eV
)

ν(GeV)

6 12 0.680 60.000 0.34 Barreau:1983ht

 0

 5000

 10000

 15000

 20000

 25000

 30000

 35000

 0  0.1  0.2  0.3  0.4  0.5  0.6

dσ
/d
Ω

dE
 (

nb
/s

r/
G

eV
)

ν(GeV)

6 12 1.930 18.000 0.33 Bagdasaryan:1988hp

 0
 10000
 20000
 30000
 40000
 50000
 60000
 70000
 80000
 90000

 100000
 110000

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7

dσ
/d
Ω

dE
 (

nb
/s

r/
G

eV
)

ν(GeV)

6 12 2.000 15.000 0.25 Zeller:1973ge

 200

 220

 240

 260

 280

 300

 320

 340

 0.54  0.56  0.58  0.6  0.62  0.64  0.66  0.68  0.7

dσ
/d
Ω

dE
 (

nb
/s

r/
G

eV
)

ν(GeV)

6 12 2.015 35.510 1.08 Arrington:1995hs

 25000

 30000

 35000

 40000

 45000

 50000

 55000

 60000

 65000

 70000

 0.05  0.1  0.15  0.2  0.25  0.3  0.35  0.4

dσ
/d
Ω

dE
 (

nb
/s

r/
G

eV
)

ν(GeV)

6 12 2.020 15.022 0.26 Day:1993md

 0

 2000

 4000

 6000

 8000

 10000

 12000

 14000

 0.05  0.1  0.15  0.2  0.25  0.3  0.35  0.4  0.45

dσ
/d
Ω

dE
 (

nb
/s

r/
G

eV
)

ν(GeV)

6 12 2.020 20.016 0.44 Day:1993md

 0

 5000

 10000

 15000

 20000

 25000

 30000

 35000

 40000

 45000

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7

dσ
/d
Ω

dE
 (

nb
/s

r/
G

eV
)

ν(GeV)

6 12 2.130 16.000 0.32 Bagdasaryan:1988hp

 0

 5000

 10000

 15000

 20000

 25000

 0  0.1  0.2  0.3  0.4  0.5  0.6

dσ
/d
Ω

dE
 (

nb
/s

r/
G

eV
)

ν(GeV)

6 12 2.130 18.000 0.40 Bagdasaryan:1988hp

 0

 5000

 10000

 15000

 20000

 25000

 30000

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8

dσ
/d
Ω

dE
 (

nb
/s

r/
G

eV
)

ν(GeV)

6 12 2.500 15.000 0.39 Zeller:1973ge

 0

 5000

 10000

 15000

 20000

 25000

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9

dσ
/d
Ω

dE
 (

nb
/s

r/
G

eV
)

ν(GeV)

6 12 2.700 15.000 0.45 Zeller:1973ge

 1

 1.5

 2

 2.5

 3

 3.5

 4

 4.5

 5

 1.62 1.64 1.66 1.68  1.7  1.72 1.74 1.76 1.78  1.8

dσ
/d
Ω

dE
 (

nb
/s

r/
G

eV
)

ν(GeV)

6 12 3.188 47.680 3.15 Arrington:1995hs

 0

 500

 1000

 1500

 2000

 2500

 3000

 3500

 0.2  0.4  0.6  0.8  1  1.2  1.4  1.6

dσ
/d
Ω

dE
 (

nb
/s

r/
G

eV
)

ν(GeV)

6 12 3.595 16.020 0.87 Day:1993md

 0

 100

 200

 300

 400

 500

 600

 700

 0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9

dσ
/d
Ω

dE
 (

nb
/s

r/
G

eV
)

ν(GeV)

6 12 3.595 20.016 1.27 Day:1993md

1 LECTURE 2: NEUTRINO SOURCES AND NEUTRINO DETECTORS

fragments in the fission of uranium and plutonium.

235U+ n ! X1 +X2 + 2n (5)

In average, 6 ⌫e are emitted per fission from the decay of X1 and X2.

• Neutrinos from accelerators: in particle accelerators typically protons are

collided into a target (Be, Al, graphite, carbon). In these reactions ⇡’s and K’s

are emitted and neutrinos appear in their corresponding decays.

1.2. Neutrino detection

Neutrinos can be identified by measuring charged particles produced in their interactions

with matter. These interactions can be classified into neutral current and charged

current.

• Charged current: in these interactions, the lepton partner of the neutrino

appears, as for instance in:

⌫e + n ! e� + p (6)

⌫e + p ! e+ + n. (7)

The reactions happen over the exchange of W± bosons of m(W ) ⇠ 80GeV mass.

Figure 2. Diagrams for the muon decay (left), the muon scattering on electrons
(middle) and the neutral current scattering of ⌫µ on electrons (right).

• Neutral current: The electroweak theory from Glashow, Weinberg & Salam

predicted the existence of neutral current interaction. In 1973, those reactions

were discovered in the Gargamelle experiment (bubble chamber) at CERN.

⌫µ +N ! ⌫µ + hadrons. (8)

Neutral current reactions take place over the exchange of Z0 bosons of m(Z) ⇠
90GeV mass (see figure 2).
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• Neutral current reaction 

• Valid for , q ⪅ 1/R Eν ≈ 50 MeV

Coherent elastic -nucleus scatteringν
CEvNS

4

Credit: COHERENT collaboration

dσ
dT

= G2
F

4π
N2 |FW(q) |2 M(1 − T

E
− MT

2E2 )
Weak nuclear form-factor
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Nuclear physics and CEvNS

Weak form-factor of 40Ar  
• Ab initio method 

(coupled-cluster theory) 
• various nuclear 

potentials

3

expressed in terms of nucleons and pions and are con-
sistent with the symmetries and broken chiral symme-
try of QCD. They are expanded in powers of (Q/⇤�)⌫ ,
where Q is the low-momentum scale characterizing nu-
clear physics, and ⇤� ⇠ 1 GeV is the QCD scale. The
coe�cients of the Hamiltonian expansion are low-energy
constants (LECs); they encapsulate the unresolved short-
range physics and are typically calibrated by adjusting
theoretical results to experimental data. The accuracy of
a calculation is controlled by the order ⌫ of the employed
dynamical ingredients and by the accuracy to which one
can solve the many-body problem. In this work we im-
plement Hamiltonians derived at next-to-next-to-leading
order or higher (⌫ = 3 or 4). To probe the systematic un-
certainties, we employ various chiral potentials. In par-
ticular, we use the NNLOsat interaction [37], for which
the LECs entering the two-body and three-body forces
are adjusted to nucleon-nucleon phase shifts and to en-
ergies and charge radii of light nuclei. We also use the
�NNLOGO(450) potential [38], a delta-full �-EFT inter-
action at next-to-next-to-leading order [39], which was
adjusted to light nuclei, and the saturation point and
symmetry energy of nuclear matter. Finally, we employ
selected soft potentials obtained by performing a simi-
larity renormalization group transformation [40] of the
two-body chiral potential by Entem and Machleidt [41],
with leading-order three-nucleon forces from �-EFT ad-
justed to the binding energy of 3H and the charge radius
of 4He [42, 43]. For these interactions we follow the no-
tation of Ref. [43], namely 1.8/2.0, 2.0/2.0, 2.2/2.0 (EM)
and 2.0/2.0 (PWA), where the first (second) number in-
dicates the cuto↵ of the two-body (three-body) force in
fm�1, and EM indicates that the pion-nucleon LECs en-
tering the three-nucleon force are taken from the En-
tem and Machleidt potential [41], while in PWA they are
taken from partial wave analysis data. For electroweak
operators we take the one-body terms, as two-body cur-
rents are expected to be negligible [44, 45], especially so
at the low momenta of CE⌫NS.

Results. – Figure 1 shows our results for the 40Ar
charge form factor Fch as a function of q, and com-
pares them to electron-scattering data from Ottermann
et al. [33]. This comparison validates the theory. Panel
(a) shows results from the NNLOsat interaction for dif-
ferent correlation levels of the coupled-cluster expansion.
We see that increasing the correlations from D to T-1
changes the form factor only slightly, and the results are
su�ciently well converged. This is consistent with re-
sults from previous studies [30, 48], where triples corre-
lations only a↵ected the radii below 1%. Panel (b) shows
calculations of the charge form factor at the T-1 level
for di↵erent interactions. As representative examples
we chose the 2.0/2.0 (EM), 2.0/2.0 (PWA), and 2.2/2.0
(EM) potentials. The form factors exhibit a dependence
on the choice of the Hamiltonian, particularly at larger
momentum transfers. The interaction �NNLOGO(450),
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FIG. 2. Panel (a): 40Ar weak form factor computed with dif-
ferent Hamiltonians. The EM-family interactions are shown
as a band. Panel (b): CE⌫NS as a function of the neutrino en-
ergy, computed with same three di↵erent Hamiltonians. The
inset shows the form factor zoomed into the low-q region rel-
evant to coherent scattering, in linear scale.

derived in a delta-full chiral framework, provides a qual-
itatively similar description of the experimental data as
the NNLOsat, noting that the former interaction repro-
duces the first minimum of |Fch| more precisely. We re-
mind the reader that – within the Helm model [49] –
the first zero of the form factor is proportional to the in-
verse radius of the charge distribution. Among the family
of EM potentials, the 2.2/2.0 (EM) interactions predicts
the first zero at higher q, consistent with a smaller charge
radius. Overall, one should trust the Hamiltonians only
for momentum transfers up to about q = 2.0 fm�1, which
marks the scale of the employed ultraviolet cuto↵s.

Figure 2(a) shows the 40Ar weak form factor FW of
Eq. (2) as a function of the momentum transfer q, cal-
culated in the T-1 scheme. Here, we show the soft inter-
actions with a band that encompasses the three di↵erent
potentials, labeled with (EM)-(PWA). The weak form
factor exhibits a mild dependence on the choice of the
Hamiltonian. The band spanned by the from factors of
the EM interactions exhibits a first dip at a larger q value
than the potentials NNLOsat and the �NNLOGO(450),

3

expressed in terms of nucleons and pions and are con-
sistent with the symmetries and broken chiral symme-
try of QCD. They are expanded in powers of (Q/⇤�)⌫ ,
where Q is the low-momentum scale characterizing nu-
clear physics, and ⇤� ⇠ 1 GeV is the QCD scale. The
coe�cients of the Hamiltonian expansion are low-energy
constants (LECs); they encapsulate the unresolved short-
range physics and are typically calibrated by adjusting
theoretical results to experimental data. The accuracy of
a calculation is controlled by the order ⌫ of the employed
dynamical ingredients and by the accuracy to which one
can solve the many-body problem. In this work we im-
plement Hamiltonians derived at next-to-next-to-leading
order or higher (⌫ = 3 or 4). To probe the systematic un-
certainties, we employ various chiral potentials. In par-
ticular, we use the NNLOsat interaction [37], for which
the LECs entering the two-body and three-body forces
are adjusted to nucleon-nucleon phase shifts and to en-
ergies and charge radii of light nuclei. We also use the
�NNLOGO(450) potential [38], a delta-full �-EFT inter-
action at next-to-next-to-leading order [39], which was
adjusted to light nuclei, and the saturation point and
symmetry energy of nuclear matter. Finally, we employ
selected soft potentials obtained by performing a simi-
larity renormalization group transformation [40] of the
two-body chiral potential by Entem and Machleidt [41],
with leading-order three-nucleon forces from �-EFT ad-
justed to the binding energy of 3H and the charge radius
of 4He [42, 43]. For these interactions we follow the no-
tation of Ref. [43], namely 1.8/2.0, 2.0/2.0, 2.2/2.0 (EM)
and 2.0/2.0 (PWA), where the first (second) number in-
dicates the cuto↵ of the two-body (three-body) force in
fm�1, and EM indicates that the pion-nucleon LECs en-
tering the three-nucleon force are taken from the En-
tem and Machleidt potential [41], while in PWA they are
taken from partial wave analysis data. For electroweak
operators we take the one-body terms, as two-body cur-
rents are expected to be negligible [44, 45], especially so
at the low momenta of CE⌫NS.

Results. – Figure 1 shows our results for the 40Ar
charge form factor Fch as a function of q, and com-
pares them to electron-scattering data from Ottermann
et al. [33]. This comparison validates the theory. Panel
(a) shows results from the NNLOsat interaction for dif-
ferent correlation levels of the coupled-cluster expansion.
We see that increasing the correlations from D to T-1
changes the form factor only slightly, and the results are
su�ciently well converged. This is consistent with re-
sults from previous studies [30, 48], where triples corre-
lations only a↵ected the radii below 1%. Panel (b) shows
calculations of the charge form factor at the T-1 level
for di↵erent interactions. As representative examples
we chose the 2.0/2.0 (EM), 2.0/2.0 (PWA), and 2.2/2.0
(EM) potentials. The form factors exhibit a dependence
on the choice of the Hamiltonian, particularly at larger
momentum transfers. The interaction �NNLOGO(450),

10 20 30 40 50
 E [MeV]

10-41

10-40

10-39

σ
 [c

m
2 ]

0 0.5 1 1.5 2 2.5
 q  [fm-1]

10-4

10-2

100

|F
W

|

NNLOsat
ΔNNLOGO(450)
(EM)-(PWA)

0 20 40 60 80 100
 q  [MeV]

0.5

0.6

0.7

0.8

0.9

1

|F
W

|

(a)

(b)

FIG. 2. Panel (a): 40Ar weak form factor computed with dif-
ferent Hamiltonians. The EM-family interactions are shown
as a band. Panel (b): CE⌫NS as a function of the neutrino en-
ergy, computed with same three di↵erent Hamiltonians. The
inset shows the form factor zoomed into the low-q region rel-
evant to coherent scattering, in linear scale.

derived in a delta-full chiral framework, provides a qual-
itatively similar description of the experimental data as
the NNLOsat, noting that the former interaction repro-
duces the first minimum of |Fch| more precisely. We re-
mind the reader that – within the Helm model [49] –
the first zero of the form factor is proportional to the in-
verse radius of the charge distribution. Among the family
of EM potentials, the 2.2/2.0 (EM) interactions predicts
the first zero at higher q, consistent with a smaller charge
radius. Overall, one should trust the Hamiltonians only
for momentum transfers up to about q = 2.0 fm�1, which
marks the scale of the employed ultraviolet cuto↵s.

Figure 2(a) shows the 40Ar weak form factor FW of
Eq. (2) as a function of the momentum transfer q, cal-
culated in the T-1 scheme. Here, we show the soft inter-
actions with a band that encompasses the three di↵erent
potentials, labeled with (EM)-(PWA). The weak form
factor exhibits a mild dependence on the choice of the
Hamiltonian. The band spanned by the from factors of
the EM interactions exhibits a first dip at a larger q value
than the potentials NNLOsat and the �NNLOGO(450),

C. Payne at al. 
Phys.Rev.C 100 (2019) 6, 061304
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FIG. 7. (color online) The 40Ar charge form factor predic-
tions compared to elastic electron scattering data taken from
Ref. [63]. A comparison is also performed with the coupled–
cluster theory predictions of Payne et al. [36].

mation (CRPA) on top of the HF-SkE2 approach. CRPA
e↵ects are vital to describe the quasielastic scattering
process where the nucleus can be excited to low-lying
collective nuclear states. For the energies relevant for
pion decay-at-rest neutrinos, E . 52 MeV, the CE⌫NS
cross section is roughly two orders of magnitude larger
than inelastic cross sections.

A. Constraining
40
Ar

In view of the worldwide interest in liquid argon (LAr)–
based detectors in neutrino and dark matter experiments,
in this section we will focus on 40Ar. In the COHERENT
collaboration’s expanding series of detectors at SNS, the
collaboration has recently presented new measurements
from a 24-kg, single–phase, LAr CENNS-10 detector [5]
while a ton-scale LAr experiment is underway. A 10
ton LAr scintillation detector, Coherent CAPTAIN-Mills
(CCM), was recently built at LANL to study CE⌫NS on
40Ar and to search for low–mass dark matter that co-
herently scatters o↵ 40Ar nuclei [17]. Several other neu-
trino [57, 58] and dark matter experiments [59–62] em-
ploy LAr detectors, making it vital to study ground state
properties of the 40Ar nucleus.

In Fig. 7 we compare our argon charge form factor
(Fch(q)) predictions with the elastic electron scattering
data of Ref. [63]. Our predictions describe experimental
data remarkably well for q . 2 fm�1, validating our ap-
proach. We also compared with the predictions of Payne
et al. [36] where form factors are calculated within a
coupled–cluster theory from first principles, using a chi-
ral NNLOsat interaction. At higher q, q & 2 fm�1, both
predictions diverge from experimental data. Note that
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FIG. 8. (color online) The 40Ar weak form factor predic-
tions compared with calculations of Payne et al. [36], Yang et
al. [37], and with the predictions of Klein–Nystrand [34] and
Helm [35] form factors.
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FIG. 9. (color online) The “weak-skin” form factor of 40Ar
depicts the di↵erence between charge and weak form factor.

for neutrino energies relevant for pion decay–at–rest the
region above q & 0.5 fm�1 does not contribute to CE⌫NS
cross sections.
After validating our approach, we make predictions for

the weak form factor of 40Ar in Fig. 8. There is no data
available for the weak form factor on argon yet. We com-
pare our predictions with the nuclear theory prediction
of Payne et al. [36] and Yang et al. [37]. We also compare
with two phenomenological form factors which are widely
used in the CE⌫NS community: the Klein–Nystrand [34]
form factor that is adapted by the COHERENT collab-
oration and the Helm form factor [35]. Note that we
also show an adapted version of the Klein–Nystrand form
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19F 23Na 40Ar 70Ge

Rch Th 2.83 3.01 3.43 4.06

Rch Exp 2.8976(25) 2.9936(21) 3.4274(26) 4.0414(12)

Rw Th 2.90 3.06 3.55 4.14

Rn �Rp Th 0.06 0.04 0.11 0.08
72Ge 73Ge 74Ge 76Ge

Rch Th 4.07 4.08 4.08 4.08

Rch Exp 4.0576(13) 4.0632(14) 4.0742(12) 4.0811(12)

Rw Th 4.20 4.23 4.26 4.31

Rn �Rp Th 0.13 0.14 0.17 0.21
127I 133Cs

Rch Th 4.73 4.78

Rch Exp 4.7500(81) 4.8041(46)

Rw Th 5.00 5.08

Rn �Rp Th 0.26 0.27
128Xe 129Xe 130Xe 131Xe

Rch Th 4.75 4.75 4.76 4.77

Rch Exp 4.7774(50) 4.7775(50) 4.7818(49) 4.7808(49)

Rw Th 5.01 5.03 5.04 5.06

Rn �Rp Th 0.24 0.26 0.26 0.27
132Xe 134Xe 136Xe

Rch Th 4.77 4.78 4.79

Rch Exp 4.7859(48) 4.7899(47) 4.7964(47)

Rw Th 5.08 5.10 5.13

Rn �Rp Th 0.28 0.30 0.32

TABLE III: Shell-model charge and weak radii (in fm). The
experimental data for the charge radii are from Ref. [131]. The
table also includes our results for the neutron skin Rn �Rp.

band estimated in Ref. [27]. This suggests that uncer-
tainties in the neutron distribution are relatively small,
in contrast to the assumptions in Ref. [37]. We stress
that apart from the nuclear structure, minor di↵erences
in the weak form factor arise from the precise input for
the hadronic matrix elements and weak charges, primar-
ily the proton charge radius, for which Refs. [23, 27] use
hr

2
Ei

p
' 0.77 fm2.

C. Neutrino scattering

The dominant contribution to the CE⌫NS cross section
in the SM involves the same nuclear form factor as in
the case of PVES, since apart from overall prefactors the
combination of Wilson coe�cients, hadronic matrix ele-
ments, and nuclear structure factors remains unchanged.
This dominant piece of the di↵erential cross section takes
the form

d�A

dT

����
coherent

=
G

2
FmA

4⇡

✓
1�

mAT

2E2
⌫

◆
Q

2
w

��Fw(q
2)
��2, (56)
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FIG. 2: Shell-model results for the weak form factor of 19F,
23Na, 127I, and 133Cs.

0 0.04 0.08 0.12 0.16 0.20

10
-1

10
0

10
-2

|q| [GeV]

F
w
(
q
2
)

40
Ar

This work

(EM)-(PWA)

NNLOsat

RMF

�NNLOGO(450)

FIG. 3: Shell-model results for the weak form factor of
40Ar, in comparison to RMF [23] and coupled-cluster [27] re-
sults. The curves/bands labeled (EM)-(PWA), NNLOsat, and
�NNLOGO(450) refer to the chiral interactions considered in
Ref. [27].

where E⌫ is the energy of the incoming neutrino and the
nuclear recoil

T = E⌫ � E
0
⌫ = �

t

2mA
(57)

takes values in [0, 2E2
⌫/(mA + 2E⌫)]. Terms of order

T/E⌫ . 2E⌫/mA are usually neglected due to typical
neutrino energies E⌫ . 50MeV. The cross section in
Eq. (56) represents the truly “coherent” contribution, in
the sense that the nuclear structure factors that enter the
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FIG. 6: Structure factors SN (q2), as defined in Eqs. (83)–
(84), for xenon. The dark bands refer to the results from this
work, the light bands to the ones from Ref. [29].

similar because all of them are ultimately dominated by
either Sp(q2), if the nucleus has an unpaired proton, or
Sn(q2), for nuclei with odd number of neutrons. A com-
parison between the 131Xe structure factors in Figs. 6
and 8 shows that the shape of the transverse component
may di↵er significantly from the total structure factor
(dominated by the longitudinal component in that case,
see Ref. [29]). According to Eq. (63), the normalization of
the transverse contribution di↵ers by 2/3 from the sum.
Moreover, as can be seen from Figs. 7 and 8, the isovec-
tor combination S

T
11, which is most relevant for Eq. (66),

is the smallest of the isospin components. This is partly
because of the reduction caused by axial-vector two-body
currents, which are isovector, as one-body S11 and S00

structure factors are of similar size.
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FIG. 7: Tranverse SD structure factors for CE⌫NS, as re-
quired for Eq. (66). The figure includes all isospin channels,
for sodium and germanium (top) and cesium and iodine (bot-
tom).

IV. NUCLEAR RESPONSES BEYOND THE
STANDARD MODEL

A. Vector and axial-vector operators

As a first step, we generalize Eq. (66) to include scenar-
ios in which still only vector and axial-vector operators
are present, but whose Wilson coe�cients are allowed
to deviate from the SM. Especially the case with BSM
contributions only to the vector operators is a frequently
studied scenario [2, 3].
To collect the combination of Wilson coe�cients and

hadronic matrix elements, we define

g
N
V,i(t) =

X

q=u,d,s

C
V
q F

q,N
1 (t), i 2 {1, 2},
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1 LECTURE 2: NEUTRINO SOURCES AND NEUTRINO DETECTORS

fragments in the fission of uranium and plutonium.

235U+ n ! X1 +X2 + 2n (5)

In average, 6 ⌫e are emitted per fission from the decay of X1 and X2.

• Neutrinos from accelerators: in particle accelerators typically protons are

collided into a target (Be, Al, graphite, carbon). In these reactions ⇡’s and K’s

are emitted and neutrinos appear in their corresponding decays.

1.2. Neutrino detection

Neutrinos can be identified by measuring charged particles produced in their interactions

with matter. These interactions can be classified into neutral current and charged

current.

• Charged current: in these interactions, the lepton partner of the neutrino

appears, as for instance in:

⌫e + n ! e� + p (6)

⌫e + p ! e+ + n. (7)

The reactions happen over the exchange of W± bosons of m(W ) ⇠ 80GeV mass.

Figure 2. Diagrams for the muon decay (left), the muon scattering on electrons
(middle) and the neutral current scattering of ⌫µ on electrons (right).

• Neutral current: The electroweak theory from Glashow, Weinberg & Salam

predicted the existence of neutral current interaction. In 1973, those reactions

were discovered in the Gargamelle experiment (bubble chamber) at CERN.

⌫µ +N ! ⌫µ + hadrons. (8)

Neutral current reactions take place over the exchange of Z0 bosons of m(Z) ⇠
90GeV mass (see figure 2).
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Inclusive cross-section

Electron scattering:  
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Nuclear responses
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Inclusive cross-section

Electron scattering:  
Rosenbluth separation 0
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Nuclear responses
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dσ
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= σ0(υCCRCC + υCLRCL + υLLRLL + υTRT ± υT′ RT′ )



• Trained on 4He, 6Li, 12C, 
16O, 40Ca 

• Rosenbluth separation 
possible for kinematics 
and nuclei where there 
is less data

Rosenbluth separation  
with Bayesian neural network

JES, N.Rocco, A.Lovato, 2406.06292 8

ML approaches to reconstruct  
electron scattering cross-sections:

O. Al Hammal et al. Phys.Rev.C 107 (2023) 6, 065501 

B. Kowal et al. Phys.Rev.C 110 (2024) 2, 025501 

K. Graczyk et al. arxiv:2408.09936
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How the nuclear force is rooted in the fundamental theory of QCD?

Lattice QCD determination of
nuclear and hyperon forces

Noriyoshi Ishii
Reserach Center for Nuclear Physics, Osaka University

December 9, 2015

The aim of nuclear physics is to understand various properties of atomic
nuclei based on the nucleonic degrees of freedom, where the nuclear force
serves as the fundamental interaction. Enormous effort has been devoted
to studies of the nuclear force, after the meson-exchange mechanism was
proposed by H. Yukawa [1]. Today, thousands of experimental NN scattering
data are available. They are used for a phenomenological determination of
the nuclear force. Now, there are several high precision realistic nuclear forces
available [2], all of which are able to describe the experimental NN scattering
data in many channels simultaneously with χ2/ndf ∼ 1.

In the meson-exchange picture, the nuclear force is generated by virtual
exchanges of massive mesons. The mechanism employed here is a generaliza-
tion the Coulomb force in quantum electrodynamics which is generated by
the virtual exchange of massless photon. The structure of the nuclear force
is much more complicated than the Coulomb force. This is because varieties
of mesons are involved from a wide range of mass spectrum with different
spin and isospin quantum numbers [3].
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Figure 2. Chiral two-, three- and four nucleon forces through next-to-next-to-next-to-leading order
(N3LO) (see, e.g., [37, 41, 2] ). Dashed lines represent pion exchanges between nucleons. The large
solid circles, boxes and diamonds represent vertices that are proportional to low-energy constants
(LECs) of the theory (see text).

uncertainties that result from working at a given chiral order [34, 35, 36]. This is especially useful
since issues relating to the regularization and renormalization of these interactions remain (see, e.g.,
Refs. [2, 46, 47, 48, 49, 50, 51] and Sec. 4.4).

2.2 The Similarity Renormalization Group

Renormalization group methods are a natural companion to the hierarchy of EFTs for the strong
interaction. They provide the means to systematically dial the resolution scales and cuto↵s of these
theories, and this makes it possible, at least in principle, to connect the di↵erent levels in our
hierarchy of EFTs. The RGs also expand the diagnostic toolkit for assessing the inherent consistency
of EFT power counting schemes, e.g., by tracing the enhancement or suppression of specific operators,
or by identifying important missing operators.

In nuclear many-body theory, the SRG has become the method of choice. In contrast to Wilsonian
RG [52], which is based on decimation, i.e., integrating out high-momentum degrees of freedom,
SRGs decouple low- and high-momentum physics using continuous unitary transformations. Note
that this concept is not limited to RG applications: we can construct transformations that adapt a

This is a provisional file, not the final typeset article 4

Chiral Effective Field Theory
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Allows to construct electroweak currents consistently with the chiral potential
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Include correlations beyond mean-field 
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How to solve Schrödinger equation?

10

✓ Controlled approximation through truncation in  
✓ Polynomial scaling with  (predictions for 132Sn and 208Pb)

T
A

10 G. Hagen, T. Papenbrock, M. Hjorth-Jensen, D. J. Dean, 
 Rep. Prog. Phys. 77, 096302 (2014).
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Green’s Function  Monte Carlo for 12C
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MiniBooNE 0.2 < cos ✓µ < 0.3 0.5 < cos ✓µ < 0.6 0.8 < cos ✓µ < 0.9
SF Di↵erence in d�peak (%) 16.3 17.1 9.3

GFMC Di↵erence in d�peak (%) 18.6 17.1 12.2

T2K 0.0 < cos ✓µ < 0.6 0.80 < cos ✓µ < 0.85 0.94 < cos ✓µ < 0.98
SF di↵erence in d�peak (%) 15.3 8.2 3.3

GFMC di↵erence in d�peak (%) 15.8 8.0 4.6

TABLE II. Percent increase in d�
dTµd cos ✓µ

at the quasielastic peak between predictions using LQCD Bali et al./Park et al.

z expansion versus D2 Meyer et al. z expansion nucleon axial form factor results.

FIG. 7. The ⌫µ flux-averaged di↵erential cross sections for MiniBooNE. The top panel shows Spectral Function predictions in
three bins of cos ✓µ with the D2 Meyer et al. z expansion FA in blue, as well as the LQCD Bali et al./Park et al. z expansion
FA in green. The dipole parameterization with MA = 1.0 GeV is shown without uncertainties as a black line. The lower
panel shows GFMC predictions using the same set of axial form factors, although in the GFMC case systematic uncertainties
including those arising from inversion of the Euclidean response functions are included in all results and the MA = 1.0 GeV
dipole form factor results are therefore shown as a black band.

dipole parameterization of FA as well as modified dipole
parameterizations of C

A

5 , and therefore it is possible that
these uncertainties are still underestimated. Even less is
known about the uncertainty in determining ⇤R [89]. A
15% variation in either C

A

5 (0) or ⇤R changes the flux-
averaged cross section by roughly 5%, and it will there-
fore be important to obtain more information on these
parameters in order to achieve few-percent precision on
cross-section predictions.

Focusing now on FA, Figs. 7 and 8 compare flux-
averaged cross sections with di↵erent axial form factor
determinations: a dipole form factor with MA = 1.0
GeV, the D2 Meyer et al. z expansion, and the LQCD
Bali et al./Park et al. z expansion. One can see that

the LQCD z expansion increases the normalization of
the cross section across the whole phase space, with sig-
nificantly more enhancement in the bins of low cos ✓µ

corresponding to backward angles and higher Q
2. This

is quantified in Table II, which shows the percentage dif-
ference in the peak values of d�

dTµd cos ✓µ
for the LQCD

and D2 z expansion results. The LQCD prediction in-
creases the peak cross section between 10-20%, with the
discrepancy growing at backwards angles.

To investigate the sensitivity of the flux-averaged dif-
ferential cross section to variations in the axial form fac-
tor, derivatives of the MiniBooNE cross section with re-
spect to the model-independent z expansion parameters
ak are computed as described in Sec. III A. Figure 9

MiniBooNE results; study of the dependence on the axial form factor:
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Including relativistic corrections in both electron and neutrino- scattering 

A.Lovato, N.Rocco, et al, Universe 9 (2023) 8, 367

NIKOLAKOPOULOS, LOVATO, AND ROCCO PHYSICAL REVIEW C 109, 014623 (2024)

FIG. 4. Flux averaged double differential cross section for MiniBooNE. The nonrelativistic GFMC results (nr) are compared to the results
obtained in the ANB. They both include one- and two-body current contributions. The open circles are the cross sections to which the
background reported in Ref. [40] is added.

irreducible “non-CCQE” background, mainly consisting of
the production of a single π+ which is either absorbed or
remains otherwise undetected [8,51,52], is estimated using the
NUANCE generator [53], and subtracted from the data. This
background is partly constrained by their own measurement
[54], but inconsistencies in the description of the MiniBooNE
π+ production data and data from T2K [55] and MINERνA
[56] have been pointed out [50,57–59]. Hence, to better gauge
the uncertainties associated with this procedure, it is best prac-
tice to add this background back to the data points; we show
the resulting distribution in Fig. 4 as empty circles. Finally,
one should keep in mind that the MiniBooNE collaboration
reports an overall 10% normalization error which is not taken
into account in the error bars.

The effect of the relativistic corrections implemented
through the ANB response is a reduction of the peak strength
with a redistribution towards larger values of Tµ. It is inter-
esting to note that the calculations tend to saturate the data
at small Tµ, while leaving space at large Tµ, as previously
pointed out in Refs. [15,43]. The present calculations use a
dipole parametrization of the axial form factor with a cutoff
MA = 1 GeV. However, recent lattice-QCD calculations sug-
gest a significantly larger axial form factor at Q2 = q2 − ω2 ≈
1 GeV2 [61–63]. Including an axial form factors consistent
with these lattice-QCD results in GFMC and spectral-function

calculations [64] increases the inclusive cross sections at high
Tµ, compared to a dipole with MA ≈ 1 GeV. This enhance-
ment is consistent with earlier works [40] based on simplified
models of nuclear dynamics. On the other hand, a number of
neutrino event generators that use a dipole form with MA ≈
1 GeV provide a reasonable description of the MiniBooNE
data, once the model-dependent background is added [50].
Notably, in this latter comparison, the data points seem to be
shifted to smaller Tµ.

The relativistic corrections computed in this work are crit-
ical to perform meaningful comparisons between GFMC cal-
culations and MiniBooNE data [15]. In particular, including
relativistic effects is critical to test different parametrizations
of the axial form factor. However, the uncertainties in the
MiniBooNE analysis hamper a firm conclusions in a theory-
data comparison. In view of the statistical significance of
the MiniBooNE dataset, the unresolved tensions with other
experiments, and the possible importance for informing mod-
eling in the SBN program at Fermilab, a reanalysis of the
MiniBooNE dataset(s) would be immensely beneficial [50].

B. T2K

Figure 5 displays our results for the T2K experiment using
the flux tabulated in Ref. [65]. The GFMC calculations again

014623-6
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- muon-neutrino CC MiniBooNE results- electron-12C scattering 

Laplace Integral Transform + GFMC

11



Coupled cluster for 16O, 40Ca
Lorentz Integral Transform + Coupled Cluster (LIT-CC)

TO BE PUBLISHED

12

Electron scattering 16O 

dσ
dE′ dΩ ν/ν̄

= σ0(υ00R00 + υ0zR0z + υzzRzz + υT RT ± υxyRxy)

TO BE PUBLISHED

Neutrino charge-current responses 16O 

Electron scattering 40Ca 

First ab-initio results for 
many-body system of  

16 and 40 nucleons



Challenges

d2σ
dΩdω

∝ Lμν ∑
t∈topology

∫
n

∏
i=1

d3pi⟨Ψ |J†
μ(q) |Ψf⟩⟨Ψf |Jν(q) |Ψ⟩δ(E0 + ω − Ef )

• Inclusive cross-section:

n

l−

π+

l−

π+

n

l−

+ + + …topologies:
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• Semi-exclusive observables 

Challenges

• Each topology treated separately 
• Relativistic processes 
• Pion production

dσ
dΩdω d3p1⋯d3pn

t−topology

∝ Lμν [⟨Ψ |J†
μ(q) |Ψf⟩⟨Ψf |Jν(q) |Ψ⟩δ(E0 + ω − Ef )]

d2σ
dΩdω

∝ Lμν ∑
t∈topology

∫
n

∏
i=1

d3pi⟨Ψ |J†
μ(q) |Ψf⟩⟨Ψf |Jν(q) |Ψ⟩δ(E0 + ω − Ef )

• Inclusive cross-section:

n

l−

π+

l−

π+

n

l−

+ + + …topologies:
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• Experiments measure distributions of final hadrons 
— exclusive cross-sections.  

• Each scattering event is obtained in a two-step 
process: 

• Primary interaction vertex (hadrons produced 
at some point in nucleus) 

• Intra-nuclear cascade 

• This factorisation assumes impulse approximation 
— interaction takes place on a single nucleon

14

Primary interaction 
vertex

Monte Carlo event generators
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Quasi-elastic peak

Fermi Gas model: 
Constant binding energy

GiBUU: 
Relativistic  

mean-field potential

Valencia model: 
RPA & spectral functions

✓ Locally, nucleus treated as nuclear matter 

✓ No shell structure

J. Nieves, J.E. Sobczyk / Annals of Physics 383 (2017) 455–496 487

Fig. 22. Inclusive QE cross sections for scattering of electrons on carbon at different scattering angles and incoming electron
energies. Besides the SF results obtained within the many-body framework used in this work, predictions (Ankowski et al.)
taken frompanels (d)–(i) of Fig. 2 of Ref. [7] are also shown. At the QE peaks, themomentum transfers |Eq | are 259, 295, 331, 366,
390 and 450 MeV, respectively. Data taken from Refs. [117–119]. As in Fig. 20, the reddish-shaded regions show the difference
between relativistic and non-relativistic non-interacting LFG predictions.

is essentially, up to a factor |Eq | and some other constants, the imaginary part of the Lindhard
function [116]).

In Fig. 22, we have also compared the results of our approach in the QE region for several e+
12C ! e0X double differential distributions at different scattering angles and incoming electron
energies with data and with the predictions of Ref. [7]. The approach of Ref. [7], in addition
to the use of a realistic hole spectral function, takes also into account the effects of FSI (non-
trivial particle SF) between the struck nucleon and the residual nucleus through the convolution
mentioned above. Our full SF results agree reasonably well with the predictions of Ref. [7]
for all examined kinematics. Nevertheless in the bottom panels, for which |Eq | > 365 MeV,
our distributions are wider than those obtained within the approach of Ref. [7], showing clear
differences above the QE peak. Relativistic corrections will make our distributions narrower, as
can be inferred from the reddish-shaded regions in Fig. 22.

• We finish these comparisons discussing the similarities of our approach with the GiBUU
framework used in Ref. [36] to make predictions for CC and NC inclusive scattering of oxygen
at beam energies ranging from 0.5 to 1.5 GeV. The scheme takes into account various nuclear
effects: the LDA for the nuclear ground state, mean-field potentials, and in-medium spectral
functions. For the spectral function of the initial state nucleon, it was considered only the real
part of the self-energy generated by amean-field potential and neglected the imaginary part.21
All these in-mediummodificationswere tested by comparing the predictions of themodelwith
electron scattering results.

In Fig. 23, we show the CCQE predictions for oxygen at E⌫ = 0.5 GeV given in the top panel
of Fig. 13 of Ref. [36] (orange-dotted curve labeled as Leitner et al. in Fig. 23), together with our
SF and free LFG results. The agreement is not as good as in the previous cases, and our full SF
distribution at the QE peak is smaller (around 30%) than that obtained in Ref. [36], and it is also
significantly wider. The agreement improves when the results of Ref. [36] are compared with

21 Neglecting the hole width is a priori a reasonable approximation, as can be inferred from Fig. 9, and it was also used in
Ref. [37]. Note however that in this latter work, the Jacobian determinant discussed in Eq. (69) was further approximated to
one.

Local density approximation (LDA)

15
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Mean-field approaches Spectral function

Short-time approximation 
(based on QMC)

Noemi Rocco, nrocco@fnal.gov

Short-Time Approximation

63

❖  Based on Factorization 

❖  Retains two-body physics 

❖  Response functions are given by the scattering from pairs of 

fully interacting nucleons that propagate into a correlated pair 
of nucleons


❖  Allows to retain both two-body correlations and currents at the 
vertex


❖  Provides “more” exclusive information in terms of nucleon-pair 
kinematics via the Response Densities 


The sum over all final states is replaced by a two nucleon propagator


The STA restricts the propagation to two active nucleons and allows to compute density 
functions of the CoM and relative momentum of the pair


NR, Frontiers in Phys. 8 (2020) 116 SuSA
20 Superscaling of Inclusive Electron Scattering from Nuclei

Figure 10: Scaling function fL(ψ′) from the longitudinal response.

Figure 11: Scaling function fT (ψ′) from the transverse response.

(universal scaling function)

HMF |ϕi⟩ = ϵi |ϕi⟩
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(universal scaling function)

HMF |ϕi⟩ = ϵi |ϕi⟩

Current directions and efforts: 
➡ Interplay of 1-body and 2-body 

currents (2p2h) 
➡Axial part of interaction 
➡Uncertainty quantification



Spectral function approach

16 JES , S. Bacca, PRC 109 044314

growing q momentum transfer  final state interactions play minor role→

σ ∝ |ℳ |2 S(E, p)
Factorized interaction vertex 

(relativistic, pion 
production…)

Spectral function  
- nuclear information

q Different ways to calculate SF: - Ab initio calculations - Phenomenological approaches - extracted from (ee’p) data - …



• Scattering on a pair of correlated 
nucleons, modelled as  
meson exchange currents 

• Can lead to the final state knocking 
out 1 nucleon, 2 nucleons, … 

• Populates mostly the ‘dip’ region 
above quasi-elastic peak (overlaps 
with pion production)

2p2h (2-body mechanism)

DIP region 

3

e↵ect, not accounted for within the independent particle
model. As a consequence, the calculation of Wµ⌫

2p2h,11,
describing processes in which the momentum q is trans-
ferred to a single high-momentum nucleon, requires the
continuum component of the hole spectral function.

The second term in the right hand side of Eq. (7),

involving the matrix elements of the two-nucleon current,
is written in terms of the two-nucleon spectral function
[17]. The explicit expressions of Wµ⌫

2p2h,11 and Wµ⌫
2p2h,22

are reported in Ref. [16].
Finally, Wµ⌫

2p2h,12, taking into account interference con-
tributions, involves the nuclear overlaps defined in both
Eqs. (4) and (6). The resulting expression is

Wµ⌫
2p2h,12 =

Z
d3k d3⇠ d3⇠0 d3h d3h0d3p d3p0�hh0

⇠⇠0
⇤ h

�hh0p0

k hk|jµ1 |pi + �hh0p
k hk|jµ2 |p0i

i
(8)

⇥ hpp0|j⌫12|⇠, ⇠0i �(h+ h0 + q � p � p0)�(! + eh + eh0 � ep � ep0)✓(|p| � kF )✓(|p0| � kF ) + h.c. .

We have compared the results of our approach to the
measured electron-carbon cross sections in two di↵erent
kinematical setups, corresponding to momentum transfer
300 . |q| . 800 MeV. The calculations have been car-
ried out using the carbon spectral function of Ref. [18]
and the 1h contribution to the nuclear matter spectral
function of Ref. [19], as discussed in Ref. [16]. The 2h1p
amplitude, needed to evaluate the interference term, has
been also computed for nuclear matter at equilibrium
density. In the quasi elastic channel we have used the
parametrization of the vector form factors of Ref. [20],
whereas the inelastic nucleon structure functions have
been taken from Refs. [21, 22].

Figure 2 shows the electron-carbon cross section at
beam energy Ee = 680 MeV and scattering angle ✓e =
36 deg (A) , Ee = 1300 MeV and ✓e = 37.5 deg (B) .
The solid and dashed lines correspond to the results of
the full calculation and to the one-body current contribu-
tion, respectively. The pure two-body current contribu-
tion and the one arising from interference are illustrated
by the dot-dash and dotted line, respectively. In the
kinematics of panel (A) the two-body currents play an
almost negligible role. The significant lack of strength in
the �-production region, discussed in Ref. [25], is likely
to be due to inadequacy of the structure functions of
Refs. [21, 22] to describe the region of Q2 <⇠ 0.2 GeV2,
while the shift in the position of the quasi-elastic peak
has to be ascribed to the e↵ects of FSI, which are not
taken into account.

At the larger beam energy and Q2 corresponding to
panel (B), the agreement between theory and data is
significantly improved, and the contribution of the two-
nucleon current turns out to substantially increase the
cross section in the dip region.

In inclusive processes, FSI have two e↵ects: a shift of
the cross section, arising from the interaction between
the struck nucleon and the mean field generated by the
spectator particles, and a redistribution of the strength
from the quasi-elastic peak to the tails. The theoretical
approach for the description of FSI within the spectral
function formalism is discussed in Refs. [12, 13, 26].

FIG. 2. (color online) (A): Double di↵erential cross section
of the process e + 12C ! e0 + X at beam energy Ee = 680
MeV and scattering angle ✓e = 37.5 deg. The solid line shows
the result of the full calculation, while the dashed line has
been obtained including the one-body current only. The con-
tributions arising from the two-nucleon current are illustrated
by the dot-dash and dotted lines, corresponding to the pure
two-body current transition probability and to the interfer-
ence term, respectively. The experimental data are taken
from Ref. [23]. (B) same as (A) but for Ee = 1300 MeV and
✓e = 37.5 deg.The experimental data are taken from Ref. [24].

According to Ref. [26], the di↵erential cross section can
be written in the convolution form

d�FSI(!) =

Z
d!0fq(! � !0 � UV )d�(!

0) , (9)

where d� denotes the cross section in the absence of FSI,
the e↵ects of which are accounted for by the folding func-
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with pion production)

2p2h (2-body mechanism)
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Relativistic mean-field 

• Meson exchange 
currents in particle-
hole excitations

Meson exchange currents
• We include one-pion exchange effects by 
incorporating two-body meson-exchange currents 
with a final paticle-hole state.
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SuSA 

• Distinguish meson-exchange currents and short-
range correlations 

• Inherently inclusive approach

2p2h
Recent developments: results for neutrino scattering

Spectral function approach 

• Meson-exchange currents 

• Interference between 1-body and 2-body

8

FIG. 4. Inclusive electron cross sections on Carbon at several beam energies and scattering angles. Contributions are separated
into pure one-body (red), pure two-body (orange), interference between one and two-body (purple), and total (blue).

FIG. 5. Flux-averaged ⌫µ di↵erential cross sections on 12C for MiniBooNE. Three bins of cos ✓µ are shown with the one-body
contributions in red, pure two-body contributions in orange, one- and two-body interference in purple, and total in blue. The
width of the error band interpolates between the dipole axial form factor with MA = 1 GeV, and the LQCD form factor of
Ref. [53]. The open circles are the cross section to which the background reported in Ref. [79] is added

be seen as a way to interpolate between these two form
factor parameterizations.

While the choice of the LQCD form factor seems to sig-
nificantly improve the agreement with data, the model
dependent background subtraction method adopted by
the MiniBooNE collaboration as well as the lack of a pre-
diction including events with absorbed pions make quan-
titative comparisons di�cult. We note that in our fac-
torization scheme the enhancement from the LQCD form
factor matches the enhancement seen in Green’s Function
Monte Carlo (GFMC) calculations of flux folded cross
section using the same LQCD form factor [54]. As these
are two completely di↵erent many body methods, only
linked by the same underlying nuclear Hamiltonian, the

sensitivity to the choice in axial form factor seems robust.

V. CONCLUSIONS

Providing accurate theoretical predictions, accompa-
nied by reliable uncertainty quantification, for neutrino-
nucleus scattering cross-sections in the energy regime rel-
evant to the neutrino-oscillation problem is highly non-
trivial. The primary challenges lie in combining a micro-
scopic, quantum-mechanical description of real-time nu-
clear dynamics with relativistic kinematics and currents.
In this regard, the extended factorization scheme, based
on realistic spectral functions obtained from Quantum
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Valencia model 

• Meson exchange current with effective interaction 

• Uncertainty estimation: treatment of  self-energyΔ

Comparison with MiniBooNE CCQE on 12C
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• Dipole ansatz    
 

• Deuterium data:  
• Recent results: 

• LQCD calculations 

• MINER A measurement on 
hydrogen

FA(Q2) = gA (1 + Q2

m2
A )

−2

mA = 1014(14) MeV

ν

Axial form factor

20

Hydrogen–Deuterium Comparison Summary
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Deuterium [Phys.Rev.D 93 (2016)]

LQCD “prediction”: deuterium fits underestimate axial form factor at high Q
2

Unphysical deuterium fit degerancy between floating normalization, axial form factor
Independent of norm degeneracy, hydrogen & deuterium shapes mutually incompatible
We need more modern hydrogen data!

Aaron S. Meyer Section: Combined Hydrogen–Deuterium Fits 23/ 25

Ann.Rev.Nucl.Part.Sci. 72 (2022) 205-232

Free Nucleon Cross Section

[Ann.Rev.Nucl.Part. 72 (2022)]
with Callum Wilkinson, André Walker-Loud
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LQCD prefers 30-40% enhancement of ‹µ CCQE cross section
recent Monte Carlo tunes require 20% enhancement of QE

[Phys.Rev.D 105 (2022)] [2206.11050 [hep-ph]]

Sensitive to vector form factor tension with improved precision [Phys.Rev.D 102 (2020)] [Nucl.Phys.B Proc.Suppl. 159 (2006)]

(red uncertainty vs black≠blue di�erence)
=∆ vector form factors will limit precision in near future
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 difference coming from the LQCD form-factor∼ 30 %

 fitted to 
deuterium data
FA(Q2)

(T. Cai et al. Nature  614, 48–53 (2023))
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8.1.2 Inelastic scattering at low Q2

For electron–proton scattering at relatively low electron energies, both elastic and
inelastic scattering processes can occur. For example, Figure 8.2 shows the observed
energy distribution of electrons scattered through an angle of θ = 10◦ at a fixed-
target experiment at DESY, where electrons of energy E1 = 4.879 GeV were fired
at a liquid hydrogen target (essentially protons at rest). Because two independent
variables are required to define the kinematics of inelastic scattering, the corre-
sponding double-differential cross section is expressed in terms of two variables,
in this case d2σ/dΩ dE3.

Since the kinematics of an individual interaction are fully specified by two inde-
pendent variables, in this case the angle and energy of the scattered electron, θ
and E3, the invariant mass W of the unobserved final-state hadronic system can be
determined on an event-by-event basis using

W2 = (p2 + q)2 = p2
2 + 2p2 ·q + q2 = m2

p + 2p2 ·(p1 − p3) + (p1 − p3)2

≈
[
m2

p + 2mpE1

]
− 2

[
mp + E1(1 − cos θ)

]
E3. (8.9)

Hence, for electrons detected at a fixed scattering angle, the invariant mass W of
the hadronic system is linearly related to the energy E3 of the scattered electron.
Consequently the energy distribution of Figure 8.2 can be interpreted in terms of
W. The large peak at final-state electron energies of approximately 4.5 GeV cor-
responds to W = mp, and these electrons can be identified as coming from elastic
scattering. The peak at E3 ≈ 4.2 GeV corresponds to resonant production of a sin-
gle ∆+ baryon with mass W = 1.232 GeV (see Chapter 9). The two smaller peaks
at E3 ∼ 3.85 GeV and E3 ∼ 3.55 GeV correspond to resonant production of other
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Current directions and efforts: 
➡Connecting  region and higher 

resonances  + non-resonant 
background  

➡Axial form-factors of resonances 
➡Production of other multiple 

mesons
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FIG. 15. (W, Q2) landscape. for neutrino-nucleon scattering at two representative laboratory
neutrino energies.

formation. Indeed, thanks to approximate flavor symmetries and the partial conservation
of the axial current (PCAC), electron- and meson-nucleon scattering provide very valuable
input for the description of weak inelastic processes. The axial current contribution however
remains largely unconstrained, which calls for new measurements on elementary (hydrogen,
deuterium) targets.

Away from threshold, most of these reactions are dominated by baryon resonances, al-
beit with sizable contributions from non-resonant amplitudes and their interference with
the resonant counterpart [472, 473]. In the case of ⇡N , but also �N final states, �(1232)
excitation is dominant. Among heavier baryonic resonances, the N(1520) has been identi-
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• Many new developments from 
various groups! 

• Exclusive distributions 

• 2p2h (meson exchange 
currents) 

• LQCD: form-factors 

• Incorporating pion physics  

• Efforts to estimate theoretical 
uncertainties

Summary
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• Constant work to include theoretical 
calculations to MC generators 

• “Stitching” theoretical models with 
intranuclear cascade 

• Transition regions (hadrons/DIS) 

• Benchmarks for electron scattering

23

MONTE CARLO event generators

Stitching models, approximations, mechanisms



Thank you for attention!
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Coupled cluster for 16O

First ab-initio results for many-body 
system of 16 nucleons

2-body currents missing 
(expected lack of strength)

Lorentz Integral Transform + Coupled Cluster (LIT-CC)

TO BE PUBLISHED

∫
 

Rμν(ω, q) = ∑
f

⟨Ψ |J†
μ |Ψf⟩⟨Ψf |Jν |Ψ⟩δ(E0 + ω − Ef ) Consistent treatment of "nal state 

interactions.
26

Electron scattering 



Physical mechanisms

• QE (quasi-elastic) 

• RES (resonance production) 

• DIS (deep inelastic scattering
Exact separation between these 
regions is generator-dependent}

Bjorken  

 measures the inelasticity 
 (elastic scattering)

x = Q2

2p q

x
0 ≤ x ≤ 1
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