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Motivation

e Current and future neutrino experiments aim to
- Precisely measure Standard Model parameters

- Uncover non-standard neutrino interactions (NSI)

e Precision measurements require better control of

systematic uncertainties in lepton-nucleus interactions
e Example: Quasiealstic v — N scattering depends on

- nucleon physics via form factors

- nuclear physics via a nuclear model
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Quasiealstic v — N scattering

e At the quark level: vp+d — 0~ 4+ u

e Process “folded” twice

Quark: vp+d—{0"+u

(3 Form factor
Nucleon vp+n—4"+p

(3 Nuclear model

Nucleus: vy + nucleus — ¢~ + nucleus’

e Precision needs separate control of form factors and nuclear effects
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Quasiealstic v — N scattering

e At the quark level: vp+d — 0~ 4+ u

e Process “folded” twice

Quark: vp+d—{0"+u

(3 Form factor
Nucleon vp+n—4"+p

(3 Nuclear model

Nucleus: vy + nucleus — ¢~ + nucleus’

e Precision needs separate control of form factors and nuclear effects

e Achieved for the first time in arXiv: 2405.05342
Quasielastic Lepton-Nucleus Scattering and the Correlated Fermi Gas Model
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Goals

e Quasi-Elastic Lepton Nucleus Scattering and the Correlated Fermi
Gas Model [Bhattacharya, Carey, Cohen, GP, arXiv:2405.05342]
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Goals

Quasi-Elastic Lepton Nucleus Scattering and the Correlated Fermi
Gas Model [Bhattacharya, Carey, Cohen, GP, arXiv:2405.05342]

e Goals of the paper

- Implement Correlated Fermi Gas (CFG) Model of
[Hen, Li, Guo, Weinstein, Piasetzky, PRC, 91, 025803 (2015)]
for lepton-nucleus scattering

- Use CFG and Relativistic Fermi Gas (RFG) Model to separate
form factors and nuclear effects

e For both models:

- initial nucleons are distributed as n;(p)

- final nucleons are distributed as n¢(p’)

- single nucleon cross section oyycieon(P — P’) depends on form factors
- Nuclear cross section is

/ /
Onuclear = ni(p) & Unucleon(p — P ) & [1 - nf(P )]
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CFG model

RFG model: nucleons occupy states only up to the Fermi momentum

Data from last two decades showed ~ 20% of nucleons
have momentum greater than the Fermi momentum

They appear in short-range correlated (SRC) neutron-proton pairs

CFG model: add high-momentum tail above the Fermi momentum
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Highlights of CFG implementation

e CFG model: add high-momentum tail above the Fermi momentum
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Highlights of CFG implementation

e CFG model: add high-momentum tail above the Fermi momentum

e |[nitial nucleon can be in regions | or Il
e Final nucleon can be in regions IlI, IV, or V
e Combining all regions we can compare CFG model to data
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e — C data:

fix form factor vary nuclear model

e Fix the vector form factors to
[Borah, Hill, Lee, Tomalak, PRD, 102 074012, (2020)]
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e — C data: fix form factor vary nuclear model

e Fix the vector form factors to
[Borah, Hill, Lee, Tomalak, PRD, 102 074012, (2020)]
e Compare RFG and CFG models
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e — C data: fix form factor vary nuclear model

e Fix the vector form factors to
[Borah, Hill, Lee, Tomalak, PRD, 102 074012, (2020)]
e Compare RFG and CFG models
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o We observe clear differences between the two nuclear models
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e — C data: fix nuclear model vary form factor

e Fix the nuclear model and compare vector form factors from
- [Bradford, Bodek, Budd, Arrington, NPB Proc. Suppl., 159 127132 (2006)]
- [Borah, Hill, Lee, Tomalak, PRD, 102 074012, (2020)]
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e — C data: fix nuclear model vary form factor

e Fix the nuclear model and compare vector form factors from

- [Bradford, Bodek, Budd, Arrington, NPB Proc. Suppl., 159 127132 (2006)]
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E;=480 MeV, 6=60"; RFG E=480 MeV, 6=60°; CFG
O (GeV?) 0 (GeV?)
022 02 018 016 0.14 012 01 008 022 02 018 016 0.14 012 01 008
“Dam “Dawm
i, + RFG BHLT + CFG BHLT
ELA - RFG BBBA Lt - CFG BBBA
8000 PRELRG 8000
i i ,‘Jqum
~ T ~ W f
Z ! 1 B it
3 L3 s 3 ) h
S 6000 1, y S 6000 B i
2z 1 N z '! ]
2 ' 1 2
3 4000) v" " W””M S12 4000 i 'G. m””m
«|2 : ‘ it «|2 ! i .
ME] ' N it ~Ie ! T o
B ATTTT ] Pt
2000 - . 20001 " .
0. 0.05 ] 015 02 025 03 035 0. 0.05 ] 015 02 0.25 03 035
©(GeV) w (GeV)

Differences between form factors are small compared to
differences between nuclear models
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e Differences between form factors are small compared to
differences between nuclear models
e What happens for neutrino scattering?
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Axial form factor

Neutrino interaction involves the axial current

Requires the axial form factor, not accessible from electron scattering

For historical reasons a dipole model was used

A systematic parameterization based on the z-expansion was
suggested in [Bhattacharya, Hill, GP PRD 84 073006 (2011)]

In the last few years many z-expansion based extractions of the axial
form factor became available
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Axial form factor

® Recent lattice extractions:
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Axial form factor

® Recent lattice extractions:

- RQCD 20: [Bali, et al., JHEP, 05:126, (2020)]

- NME 22: [Park, et al., PRD, 105, 054505, (2022)]

- Mainz 22: [Djukanovic, et al., PRD, 106, 074503, (2022)]

- PNDME 23: [Jang, et al., Phys. PRD, 109, 014503, (2024)]

- ETMC 23: [Alexandrou, et al., PRD, 109, 034503, (2024)]
® Data extractions:
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Axial form factor

® Recent lattice extractions:

- RQCD 20: [Bali, et al., JHEP, 05:126, (2020)]

- NME 22: [Park, et al., PRD, 105, 054505, (2022)]

- Mainz 22: [Djukanovic, et al., PRD, 106, 074503, (2022)]

- PNDME 23: [Jang, et al., Phys. PRD, 109, 014503, (2024)]

- ETMC 23: [Alexandrou, et al., PRD, 109, 034503, (2024)]

® Data extractions:

- MBGH: [Meyer, Betancourt, Gran, Hill, PRD 93, 113015, (2016)]

- MINERVA: [Cai, et al., Nature, 614, 4853, (2023)].
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Axial form factor

® Recent lattice extractions:

- RQCD 20: [Bali, et al., JHEP, 05:126, (2020)]

- NME 22: [Park, et al., PRD, 105, 054505, (2022)]

- Mainz 22: [Djukanovic, et al., PRD, 106, 074503, (2022)]

- PNDME 23: [Jang, et al., Phys. PRD, 109, 014503, (2024)]

- ETMC 23: [Alexandrou, et al., PRD, 109, 034503, (2024)]

® Data extractions:

- MBGH: [Meyer, Betancourt, Gran, Hill, PRD 93, 113015, (2016)]

- MINERVA: [Cai, et al., Nature, 614, 4853, (2023)].
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Neutrino scattering: hypothetical constant neutrino energy
e Consider the hypothetical scattering of a 1 GeV neutrino on Carbon

E, =1GeV, 0.8<Cosf,<0.9

« RFG MBGH (vD)
15000 « CFG MBGH (vDJ]

........
-------
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Neutrino scattering: hypothetical constant neutrino energy

e Consider the hypothetical scattering of a 1 GeV neutrino on Carbon

E, =1GeV, 0.8<Cosf,<0.9
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« CFG MBGH (vDJ]

e T,=E —m, —w

e Vector form factor from BHLT
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e Axial form factor from MBGH (v D scattering) and Mainz 22 (lattice)
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Neutrino scattering: hypothetical constant neutrino energy

e Consider the hypothetical scattering of a 1 GeV neutrino on Carbon

E, =1GeV, 0.8<Cosf,<0.9
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Vector form factor from BHLT
Axial form factor from MBGH (v D scattering) and Mainz 22 (lattice)
We observe clear differences between

- the two nuclear models and
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- the two axial form factors extractions
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MiniBooNE data: fix axial form factor, vary nuclear model

do—carbon,per nucleon,avg. dE f(E ) dacarbon,per nucleon
dEsd cos 8, vorT dEyd cos b,

e Fix axial form factor, vary nuclear models, and compare to
MiniBooNE data [Aguilar-Arevalo, et al., PRD 81 092005, (2010)]
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MiniBooNE data: fix axial form factor, vary nuclear model

dacarbon,per nucleon

dE,d cos 6,

do—carbon per nucleon,avg. /
: : = [ dE, f(E,
dE,d cos b, ()

Fix axial form factor, vary nuclear models, and compare to
MiniBooNE data [Aguilar-Arevalo, et al., PRD 81 092005, (2010)]
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MiniBooNE data: fix axial form factor, vary nuclear model

do—carbon,per nucleon,avg.

dE,d cos b,

- / dE, F(E,)

dacarbon,per nucleon

dE,d cos 6,

e Fix axial form factor, vary nuclear models, and compare to

MiniBooNE data [Aguilar-Arevalo, et al., PRD 81 092005, (2010)]
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e With flux averaging, indistinguishable RFG and CFG models
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MiniBooNE data: fix nuclear model, vary axial form factor

do—carbon,per nucleon,avg. dE f(E ) dacarbon,per nucleon
dEsd cos 8, vorT dEyd cos b,

e Fix nuclear model, vary axial form factor, and compare to
MiniBooNE data [Aguilar-Arevalo, et al., PRD 81 092005, (2010)]
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MiniBooNE data: fix nuclear model, vary axial form factor

dacarbon,per nucleon

dE,d cos 6,

do—carbon per nucleon,avg. /
: : = [ dE, f(E,
dE,d cos b, ()

e Fix nuclear model, vary axial form factor, and compare to
MiniBooNE data [Aguilar-Arevalo, et al., PRD 81 092005, (2010)]
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MiniBooNE data: fix nuclear model, vary axial form factor

do—carbon,per nucleon,avg.

dE,d cos b,

dacarbon er nucleon
= | dE, f(E, P
/ () dE,d cos 6,

e Fix nuclear model, vary axial form factor, and compare to
MiniBooNE data [Aguilar-Arevalo, et al., PRD 81 092005, (2010)]
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e Continuous spread from axial form factors for both nuclear models
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Conclusions

e Current and future neutrino experiments require better control of
systematic uncertainties in lepton-nucleus interactions
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Conclusions

e Current and future neutrino experiments require better control of
systematic uncertainties in lepton-nucleus interactions

e Need separate control of form factors and nuclear effects

e Achieved for the first time in

Quasi-Elastic Lepton Nucleus Scattering and the Correlated Fermi
Gas Model [Bhattacharya, Carey, Cohen, GP, arXiv:2405.05342]

e Presented analytic implementation of Correlated Fermi Gas Model for
lepton nucleus scattering

e Use CFG and RFG models to separate form factors and nuclear effects
- e — N scattering differences: form factors small, nuclear models large
- Flux-avg. v — N scattering: form factors large, nuclear models small
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Future directions

o General:
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Future directions
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- Similar studies should be done for other nuclear models

- Separate form factor and nuclear model uncertainties for other
nuclear models
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General:

nuclear models

Gil Paz (Wayne State University)
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Future directions
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Future directions

e General:
- Similar studies should be done for other nuclear models

- Separate form factor and nuclear model uncertainties for other
nuclear models

e Correlated Fermi Gas Model:

- Can we distinguish CFG and RFG models for
semi-inclusive v — N scattering?

- Combining CFG with other effects, e.g., final state interaction (FSI)
e More work to do

Thank you!
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Backup slides
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Cross section and nuclear tensor

e The (anti-)neutrino-nucleus cross section is

Dot CEPL L oe, 1By costy) Wi + (E + il cost W
dE, d cos b, T 1672 mT £ 4 14 1 ¢ 0 ) Wo
{(Ee—|Pe|C059e)( E,+Ep)— mz} W3+ (Ez—|Pg|C059g)W4—— W;,}
T

where the upper (lower) sign is for neutrino (anti-neutrino) scattering.

e Neglecting the electron mass, the electron-nucleus cross section is

e 22
dgnuclear _ a EZ

= 2Wi(1 — 0 W-(1 0
dEy d cos b, 2q4mT[ 1(1 — cos ) + Wa(1 + cos Z)}

e The hadronic tensor is

p,lL pu W _ IGMVPO'p2TpT W +q/qu/ W +p.“' Qv + q'“'p”
my 2m m7 2m%
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Nuclear and hadronic tensor

e The nuclear tensor W,,,, can be expressed by the nucleon tensor H,,

3 m 3./
Wow = / (Zw; ET 2Vimi(p) / (2:)3ZE,,/(27T)454(P—P'+CJ)HW [1 = ne(p")]

e Performing some of the integrals

Wul/ = /d3p f(p, qo, Q)H;u/(ﬁpap; q07 q) )

mrV §(ep — €prg +G°)
f(p.a° q) = =, 5 ni(p)[1 — ne(p + q)] epe’;:q :
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Phase space integrals

1
W1 = 21H1 + 5(22 — 33)H27

w? 1 w?
P T YA T Y
[q \Q| lq|?
Wy = 2T <37 - iae) Hs,
my lal
2 m,
Wy = mr {31/‘/4 4+ TN g Hs + — L (333 32)!"’2} ,
my, lal 2| 12

Ws <a7 @ ) Hs + {235 + — ( a — 333)] H>,
my [af* Itl la|

2
:/d?’pf(p,q), azz/d3pf(p7q)%,

N

3 (PZ)2 3 &
aa:/dpf(p,q) et a4:/dpf(p,q)mf%,
I P’ :/d3 p P’
as / pf(p, q) o as pfp, q) o

_ 3 €p
ar = /d pf(p,q) =
my
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e For the RFG model

Nucleon tensor

ni(p) = 0(pr — |P|), ne(P') =0(pr —|P'])

e For the CFG model

where ¢cg = 4.16 &

Gil Paz (Wayne State University)

4
[@)) «

<pF> 5714 pr < |P| < Apr
0 IP| > A\pF .

0.95 and A = 2.754+0.25
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