
Based on Inelastic nuclear scattering from neutrinos and dark matter (to appear soon)



(neutral current)

COHERENT @ ORNL: 1 GeV proton beam
CCM @ LANL: 800 MeV proton beam

Coherent elastic neutrino-nucleus scattering



W = linear combination of multipole operators,
which is the real challenge

This is crucial to understand the new physics

Inelastic neutrino-nucleus scattering

Walecka, Theoretical Nuclear and Subnuclear Physics, 2004

(neutral current)



Requires a supercomputer

Run slowly by mathematica

Q: Is there a shortcut?

Workflow



Strength function

Gamow-Teller operator



We’ve calculated 16 multipole states (including the ground state), and around 500 states with 
GT strength (nearly half of them are zero)

GT transitions dominate the inelastic cross section

Multipole vs Gamow-Teller states

Q: Is there a shortcut?
A: Yes, GT is the shortcut!



Formalism pros cons

Multipole Detailed, inclusive Heavy task

Gamow-Teller Easy, quick Less detailed

Formalism Energy Spin Isospin Density matrix Strength

Multipole Yes Yes Yes Yes Yes (via dm)

Gamow-Teller Yes No No No Yes

Bigstick output

Pros and cons

GT is sufficient for us

Comparison between two formalisms



Bednyakov , Naumov, PRD, 2018

Dessel, Pandey, Ray, Jachowicz, 2020

Neutrino nucleus cross section plots

https://arxiv.org/search/nucl-th?searchtype=author&query=Van+Dessel%2C+N
https://arxiv.org/search/nucl-th?searchtype=author&query=Pandey%2C+V
https://arxiv.org/search/nucl-th?searchtype=author&query=Ray%2C+H
https://arxiv.org/search/nucl-th?searchtype=author&query=Jachowicz%2C+N


Dark matter energy spectrum

DM-nucleus scattering

DM-nucleus scattering

deNiverville, Pospelov, Ritz, 2011
Dutta et al., 2020
COHERENT Collaboration, 2019
COHERENT Collaboration, 2021
CCM Collaboration, 2021



Dark matter nucleus scattering
Total cross section



Event rate ratio

Dark matter has lower ratio as it has higher energy than nu.



Conclusion
- This work is important. One can understand the new physics

- We calculate the inelastic cross section and event rate ratio for neutrino and 
DM nucleus scattering

- Gamow-Teller transitions dominate the inelastic cross section

- The ratio is smaller in DM scattering because DM has higher energy than nu

- The inelastic contribution is roughly 1% of the elastic



Backup slides



Backup

where YJM is Bessel spherical harmonics

W. Huang (Texas A&M Univ.) Inelastic ν/χ nucleus scattering May 10, 2022 17 / 30



νN scattering: Inelastic cross section (Multipole)

W (2mNEr ) =
∑

J>1,spin

[1

2
(~l · ~l∗ − l3l

∗
3 )
(
|〈Jf | |T mag ||Ji 〉|2 + |〈Jf | |T el ||Ji 〉|2

)
− i(~l × ~l∗)3Re(|〈Jf ||T mag ||Ji 〉||〈Jf | |T el ||Ji 〉|)∗

]
+

∑
J>0,spin

[
l0l
∗
0 |〈Jf | |M||Ji 〉|

2

+ l3l
∗
3 |〈Jf | |L||Ji 〉|

2 − 2Re (l3l
∗
0 |〈Jf | |L||Ji 〉||〈Jf | |M||Ji 〉|

∗)
]

Neutrino current lµ = ν̄γµ
(1−γ5)

2 ν, recoil momentum q
Hoferichter, Menéndez, Schwenk, PRD, 2020
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νN scattering: Inelastic cross section (Multipole)

dσνinel
dΩ

=
2G 2

F

π(2J + 1)
E 2
f cos2

θ

2

{ ∞∑
J=0

|〈Jf ||M̂J +
q0
q
L̂J ||Ji 〉|2

+

[
−

q2µ
2q2

+ tan2 θ

2

] ∞∑
J=1

[
|〈Jf ||T̂ el

J ||Ji 〉|2+|〈Jf ||T̂ mag
J ||Ji 〉|2

]

∓ 2 tan
θ

2

[
−
q2µ
q2

+ tan2 θ

2

]1/2 ∞∑
J=1

Re
(
〈Jf ||T̂ mag

J ||Ji 〉〈Jf ||T̂ el
J ||Ji 〉∗

)}
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Backup Multipole operators

Multipole operators are defined by

M̂JM = MJM + M5
JM =

∫
d3x [jJ(qx)YJM(Ωx)]Ĵ0(x)

L̂JM = LJM + L5JM =
i

q

∫
d3x [∇[jJ(qx)YJM(Ωx)]] · Ĵ (x)

T̂ el
JM = T el

JM + T el5
JM =

1

q

∫
d3x [∇× jJ(qx)YM

JJ1(Ωx)] · Ĵ (x)

T̂ mag
JM = Tmag

JM + Tmag5
JM =

∫
d3x [jJ(qx)YM

JJ1(Ωx)] · Ĵ (x)
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Backup: Nuclear response functions

Nuclear response functions are defined by

MJM = F
(1)
1 (q2µ)MM

J

LJM =
q0
q
MJM

T el
JM =

q

mn
(F

(1)
1 (q2µ)∆

′M
J + 1

2µ
(1)(q2µ)ΣM

J )

Tmag
JM = − iq

mn
(F

(1)
1 (q2µ)∆M

J − 1
2µ

(1)(q2µ)Σ
′M
J )

M5
JM =

iq

mn
(F

(1)
A (q2µ)Ω

′M
J + 1

2q0F
(1)
P (q2µ)Σ

′′M
J )

L5JM = i

(
F
(1)
A (q2µ)− q2

2mn
F
(1)
P (q2µ)

)
Σ

′′M
J

T el5
JM = iF

(1)
A (q2µ)Σ

′M
J

Tmag5
JM = F

(1)
A (q2µ)ΣM

J
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Backup: Nucleon form factor

In previous slide mn is nucleon mass and

µ(1)(q2µ) = F
(1)
1 (q2µ) + 2mnF

(1)
2 (q2µ). In low recoil energy limit F

(1)
1 (0) = 1,

F
(1)
A (0) ∼ −1.26, F

(1)
p (0) =

2MnF
(1)
A (0)

mπ
, µ(1)(0) ∼ 4.706.

We use mathematica package SevenOperators (0706.2210) and nuclear
shell model code BIGSTICK (1303.0905) to calculate the nuclear response
functions.
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Backup

Dirac form factor FN
1 = QN +

〈r21 〉N

6
q2

Pauli form factor FN
2 = κN

with charge QN ,magnetic moment κp ≈ 1.796, κn ≈ −1.913

and charge radius 〈r21 〉N = 〈r2E 〉N −
3κN
2m2

N

with 〈r2E 〉p ≈ 0.707fm2, 〈r2E 〉n ≈ −0.116fm2

Pseudoscalar form factor GP = −4mNgπNNFπ
q2 −M2

π

− 2

3
gAm

2
N〈r2A〉

Axial vector form factor GA =
gA

(1− q2/M2
A)2

with Fπ ≈ 92.28MeV

g2
πNN

4π
≈ 13.7, 〈r2A〉 ≈ 0.46fm2, gA ≈ 1.276,MA ≈ 1GeV
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Backup: DM current

Spin sum of DM current lµ = χ̄γµχ is given by∑
si ,sf

lµl
∗
ν =

∑
si ,sf

χ̄(pf )γµχ(pi )χ̄(pi )γ
µχ(pf )

∑
si ,sf

l0l
∗
0 = 2− mNEr

E 2
χ

+
m2
χ

4E 2
χ∑

si ,sf

l3l
∗
3 = 2− 3

mNEr

E 2
χ

−
m2
χ

4E 2
χ∑

si ,sf

l3l
∗
0 = 2− mNEr

E 2
χ∑

si ,sf

~l · ~l∗ = 2 +
mNEr

E 2
χ

−
3m2

χ

4E 2
χ∑

si ,sf

(~l × ~l∗)3 = 0
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Backup DM Energy spectra

Coherent Captain-Mills (CCM) experiment (LANL). [800 MeV
protons hit a tungsten target, total 7 tons (fiducial) LAr of detector
20m from the target. ∼ 1022 POT (protons-on-target) per year,
currently ongoing] Aguilar-Arevalo, et al, 2021

COHERENT experiment (ORNL) [1 GeV protons hit a mercury
target, 14.6kg CsI of detector 19.3m from the target, ∼ 1023 POT
per year] Akimov, et al, 2017 mA′ = 30MeV , mχ = 10MeV
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Backup Gamow-Teller transition

40Ar with Eν = 30MeV
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Backup Gamow-Teller transition

133Cs with Eν = 30MeV
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Backup Gamow-Teller transition

127I with Eν = 30MeV
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Backup Helm vs gs to gs: 40Ar

MPD (via bigstick)

Helm
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Backup Helm vs gs to gs: 133Cs and 127I

MPD 127 I

MPD 133 Cs

Helm 127 I

Helm 133 Cs
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