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Introduction

Motivation
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Figure: Neutrino sources (M.V. Diwan, et al., Ann. Rev. Nucl. Part. Sci. 66, 47 (2016))

o Current and future neutrino experiments (e.g. MicroBooNE, Minerva, T2K, DUNE)
aim to:
o Precisely measure Standard Model parameters
o Address questions: mass hierarchy, nature of v, dcp
o Uncover non-standard neutrino interactions (NSI)
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o Current and future neutrino experiments (e.g. MicroBooNE, Minerva, T2K, DUNE)
aim to:
o Precisely measure Standard Model parameters
o Address questions: mass hierarchy, nature of v, dcp
o Uncover non-standard neutrino interactions (NSI)

o Reducing uncertainty on the lepton-nucleus interactions to meet the physics goals in
the precision era.
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Introduction

Lepton-Nucleus QE Scattering
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Figure: Total v per nucleon CC cross sections
(Formaggio and Zeller, Rev. Mod. Phys. 84, 1307 (2012))

o CCQE dominates cross-section at energies of interest for oscillation experiments.
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o CCQE dominates cross-section at energies of interest for oscillation experiments.

o Cross-section for neutrino scattering off nucleus determined by folding lepton-quark
interaction twice.
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o CCQE dominates cross-section at energies of interest for oscillation experiments.

o Cross-section for neutrino scattering off nucleus determined by folding lepton-quark
interaction twice.

@ nucleon form factors: lepton-quark interaction = lepton-nucleon interaction
(vun— p~ p)
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o CCQE dominates cross-section at energies of interest for oscillation experiments.

o Cross-section for neutrino scattering off nucleus determined by folding lepton-quark
interaction twice.

@ nucleon form factors: lepton-quark interaction = lepton-nucleon interaction
(vun— p~ p)
@ nuclear model: nucleon = nuclear level (v, X? —up X?fl)
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Quasielastic Lepton Scattering

Lepton-nucleon scattering process

Sam Carey (Wayne State University) NuFact 2024 September 16, 2024 2/26



Quasielastic Lepton Scattering

Cross-section of Lepton-nucleon scattering

Bhattacharya, Hill and Paz, Phys. Rev. D, 84, 073006 (2011)

For the process:
I(k) 4+ N(p) = I'(K") + N'(p")
vule”) wole)
i ;

n(p,n) plp,n)

o For the Weak/Electromagnetic interaction, the Lagrangian is:

_ G e?
L = Cweakem?v*(1 = 75)1Giv.(1 — ¥5)q;, {CWeak,EM = 7%\/,'] ?}
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Quasielastic Lepton Scattering

Cross-section of Lepton-nucleon scattering

Bhattacharya, Hill and Paz, Phys. Rev. D, 84, 073006 (2011)

For the process:
I(k) + N(p) — I'(K") + N'(p')
vule”) wole)
k 3

n(p,n) plp,n)

o For the Weak/Electromagnetic interaction, the Lagrangian is:

_ G e?
L = Cweakem?v*(1 = 75)1Giv.(1 — ¥5)q;, {CWeak,EM = 7%\/,'] ?}

o The cross-section for the lepton-nucleon scattering:

O nucleon =

C_%M,Weak d3k/ v d3p/ os ,
4lk.pl /(27r)325k, L /(27r)325,,, (2m)'6*(p— p" + q)Huw
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Quasielastic Lepton Scattering

Free nucleon cross-section

o nucleon tensor -
Huuw = Tr(p' + mu)Tu(a)(p + mu)T ()]

with the following decomposition:

_ PuPv €uvpo p o 9u9v (Pugv + qupv)
Hy = —guw H Hy — i 227 5P g7 H H. Hs .
' guvHi + m%v o — 2m$\, p g Hs+ m%v 4 + 2’”?\1 5
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o nucleon tensor -
Huuw = Tr(p' + mu)Tu(a)(p + mu)T ()]

with the following decomposition:
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o I,(q) defined via the matrix element of the EM or weak current as:
(N(P")| @ivu(1 = 7s)q; IN(p)) = G(p")T u(q)u(p)

whereg=k —k' =p' —p
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Quasielastic Lepton Scattering

Free nucleon cross-section

o nucleon tensor -
Huuw = Tr(p' + mu)Tu(a)(p + mu)T ()]

with the following decomposition:

_ PuPv €uvpo p o 9u9v (Pugv + qupv)
Hy = —guw H Hy — i 227 5P g7 H H. Hs .
' guvHi + m%v o — 2m$\, p g Hs+ m%v 4 + 2’"?\1 5

o I,(q) defined via the matrix element of the EM or weak current as:
(N(P)| @ivu(1 = 8)q; IN(p)) = a(p")Tu(q)u(p)
whereg=k —k' =p' —p
o The vertex function can be expressed in terms of the form factors as:
i

r.(q)= ’YuFl(q2) + 2mn

v q
0w q" F2(q°) + vursFa(a’) + mﬁ%FP(qQL
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Nucleon form factor

Vector form factor (F1, F)

@ BBBA: The functional form for this parameterization is given by

(Bradford, Bodek, Budd and Arrington, Nucl. Phys. B Proc. Suppl., 159:127-132
(2006))

2 k
Gp,n o Zk:o akT
E/M -

2
n (where T = q2 )
14> betk 4my,

@ BHLT: Determined from a global fit to electron scattering data. Expressed as
convergent expansion variable z(g?)

(Borah, Hill, Lee and Tomalak, Phys. Rev. D, 102(7):074012, (2020))

Gt = Y az(q)
k=0
kmax
Gy" = Gy"(0)Y_ biz(q),
k=0
Z(q2) _ V teut — 2 — V teut — to
V tcut - q2 + vV tcut - tO
where, te: = 4m72T and ty = —0.21 Ge V2.
NuFact 2024
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Nucleon form factor

Vector form factor (F1, F)
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Nucleon form factor

Axial-Vector form factor (Fa, Fp)

o The various axial-vector form factor models were extracted by using the z-expansion
formalism. While, Fp is related to F4 by PCAC.
Scattering data:
@ MBGH: Determined from charged-current neutrino-deuterium scattering data
(Meyer, Betancourt, Gran, and Hill, Phys. Rev. D, 93(11):113015, (2016)).
@ MINERVA: Extracted from the DU-hydrogen scattering using the plastic scintillator
target of MINERVA experiment (Cai, et al., Nature, 614(7946):48-53, (2023)).

Lattice QCD:

NME 22: (Park, et al., Phys. Rev. D, 105(5):054505, (2022))

Mainz 22: (Djukanovic, et al., Phys. Rev. D, 106(7):074503, (2022))
PNDME 23: (Jang, et al., Phys. Rev. D, 109(1):014503, (2024))
ETMC 23: (Alexandrou, et al., Phys. Rev. D, 109(3):034503, (2024))
RQCD 20: (Bali, et al., JHEP, 05:126, (2020))

006606
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Nucleon form factor

Axial-Vector form factor (Fa, Fp)
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Models for the Nuclear Effect

Lepton-Nuclear Scattering Process

M\/}

o Cross-section for lepton-nuclear scattering: convolution of free cross-section with
nuclear distributions:

Onuclear = ni(P) ® Unuclcon(p — Pl) ® [1 - nf(P,)],

Ca/eak,EM dzk/ nv
|k . p‘ 2Ek’
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Models for the Nuclear Effect ERIENHZERVILE]

Relativistic Fermi Gas

Relativistic Fermi Gas

08 o Distribution of neutrons and protons in the
model:

n"(p) = 0(pr — |p|)-

04 o Commonly used; nucleons: non-interacting
Fermi gas in nucleus.

Figure: RFG momentum distribution
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Models for the Nuclear Effect ERIENHZERVILE]

Relativistic Fermi Gas

Relativistic Fermi Gas

08 o Distribution of neutrons and protons in the
model:

n"(p) = 0(pr — |p|)-

04 o Commonly used; nucleons: non-interacting
Fermi gas in nucleus.

o Nucleons occupy all available energy states
up to the maximum one, the Fermi energy
) p (GeV) ) ‘ EF-

Figure: RFG momentum distribution
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Models for the Nuclear Effect [aEiCNeZeRVvIL ]

Correlated Fermi Gas
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Figure: Inclusive and Exclusive electron scattering experiment observation of SRC pairs
(Tropiano, Bogner and Furnstahl, Phys. Rev. C 104, 034311 (2021))
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Models for the Nuclear Effect [NV ReIEEINECL]

Correlated Fermi Gas

Hen, Li, Guo, Weinstein and Piasetzky, Phys. Rev. C, 91, 025803 (2015):
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Figure: CFG momentum distributions

Sam Carey (Wayne State University) NuFact 2024 September 16, 2024 11/26



Models for the Nuclear Effect [Iyt=ll ion: Phase space i

Phase space integrals

o The nuclear structure function:
Wl“’ = /d3p f(p7 q07 q)Hi“’(EP7 p; q07 q)7

expanded similar to hadronic tensor,

T,.T
v ’5 vpo v V+ v
Wy = —gu Ws + 2By, Lo prTW + 3Ty, 4 Pud 2"“” Ws
me 2m% my 2m
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Models for the Nuclear Effect Impl: ion: Phase space i

Phase space integrals

o The nuclear structure function:
Wl“’ = /d3p f(p7 q07 q)Hl“’(EP7 p; q07 q)7
expanded similar to hadronic tensor,

P, py

; P O T T
Wy — ’equangT Ws + qulev Wi + Pu Qv +2(htpu
m3 2m?% e 2m%

Wpu = —8uv Wi +

o The W;'s are written in terms of the H;'s and the phase-space integrals a;’s,

1
Wy = asH, + 5(32 - 33)H27

2 2
w
W, = {34 + as + - ( 7) (a2 — 33)] H>,
g™ \ql gl
W3 = ﬂ <a7 — i86) H3,
my |q|
m m
W4 = —F |:31H4 + — 36H5 + —F (323 az )H2:| 5
my lql 2| 2
w, = T (37 - ) Hs + {235 + (a2 — 333)] Ha, (1)
my [al” It ]
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Models for the Nuclear Effect [Iyt=ll ion: Phase space i

Phase space integrals

o The a;'s are written in terms of the distribution function:

a = /d3p f(P> q07q) )

» = /d3pf(|3cr0q)ﬁ
) ) m27

a = [dpf(p,d"a) 25,

aa =

d3p f(p7 qqu) 2

s = [d°pf(p.q°,q)

ar =

/
/
as = /d3p f(p,q°,q) 2 .
/
/

€
d3p f(p7 qovq) 7”2 .

Sam Carey (Wayne State University) NuFact 2024 September 16, 2024 13/26



Models for the Nuclear Effect BURTINERSRLITET{ENTCN]

Limits of integration: CFG (I — 1II)

I 1=2.50,¢9=321
{—— A=275,¢9=4.16
L 123,00, ¢ = 5.1

0.0 02 0.4 0.6 0.8
p (GeV)

I = Ul Eiow = max (A, Er — werr),  Enign = min (EF, E} — weﬁ) .
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WIS EER TR CAN LIRS Limits of integration

Limits of integration: CFG

ol — I
Eiow = max (A, EF — wet), Enigh = min (EF, E — weﬂ) .

ol — IV:

Eiow = max (A, E? — weff) ,  Enigh = EF.
ol = V:

Eiow = max (A, —wegt), Enigh = min (Er, Er — wesr) -
o Il — NI
Eiow = max (A, Er, EF — werr),  Enigh = min (E?, EF — weff)

o ll — IV:

EIOW = max (A7 EFa EI?\ - Weff) ) Ehigh = E?
oll - V:

E|ow = maXx (A, EF, 7&)93), Ehigh = min (E,?, EF — U..)eff) .
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WL EER TR CANTEEEIR S Differential cross-section

Differential cross-section

o In the rest frame of the nucleon, let E;(= |P| for me, ~ 0) be the energy of the
outgoing charged lepton, and 6, be the angle between incoming and outgoing lepton.

nguc/ear _ a2EZ2
dQedE, 47 Q*m

[2Wi(1 — cosb;) + Wa(1 + cosb;)]
-

dopua G2|Py| _ B
nuclear — 2 E _ P 0 W E P 0 W
dQdE,  32m3mr (Ee — |Pe| cos0¢) Wi + (E; + |Pe| cos 0,) W,

1 = m?
:ti[(Eg—|Pe|C050[)(Ey+E[) me:| W3—|— 2 (Eg |Pg‘C050e)W4—J Ws},
mrt mrt

o To calculate the cross-section we add all the possible transitions, namely,

do =dojsm+dojw +dojsv +doj—m + dojysiy + dojysy.
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Results
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Results

Electron Scattering: 480 MeV; 60°

E=480 MeV, 6=60°

0 (GeV?)
0.22 0.2 0.18 0.16 0.14 0.12 0.1 0.08
12000 T T T T : - : -
. Data
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> 8000+ RTINS
3 S te
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= 6000f -t .
£ .,’ ‘o;
NE i " i
~|& 4000t v - “H* t
R s et
M AEFTTEE]
2000+ . -
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w (GeV)

o Fix vector form factor and vary nuclear models in comparison with carbon data
(http://discovery.phys.virginia.edu/research /groups/qes-archive).
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Results

Electron Scattering: 480 MeV; 60° (by transitions)

E;=480 MeV, 6=60°

0* (GeV?)
0.23 021 0.18 0.16 0.13 0.11 0.09
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] S L c -V
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5|3 4000 .
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20000 I
0 onaaca00e0da® . " *080aaqa,,
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Results

Electron Scattering: 680 MeV; 36°, 60°

E;=680 MeV, 6=36" EA:6807M6V,7 =60
(GeV?) O (GeV?)
0.17 0.16 0.14 0.13 012 011 N 044 041 038 035 033 03 027 024 022 019
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45000 - RFG BHLT 3000 + RFG BHLT
40000) . CFG BHLT . CFG BHLT
—~ 35000 =T, = 2500 ““i
E30000 LTS 3 .t ii
7 i . T 2000 ety P
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5|5 20000 H Ty E : bty
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= 15000 4 : = 1000 R .
H H ' .
i H 5 . :
100000 R P N K .
50000 o . ! .
z Cee.. Lent el
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@ (GeV) w (GeV)
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Results

Electron Scattering: Form factor comparison

Ei=480 MeV, 6=60"; CFG

E;i=480 MeV, §=60"; RFG
0 (GeV?) 0 (GeV?)
) 022 02 018 016 0.14 012 01 008 022 02 018 016 0.14 012 01 008
~Data ~Daa
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8000 1‘ ‘HN : RFG BBBA 8000 *’m* i
Pt [TiAAMAAE}
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o N Yy % ' Ty
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2 4000| v ", s it R v o, il ki
El Y * ! R1E] ' ! prtt!
. N i "t H "HH”
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w(GeV) © (GeV)

o Fix nuclear model and vary form factor models: BBBA and BHLT
o Observe: differences from the form factors models small compared to differences

between RFG and CFG.
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Results

Neutrino Scattering: Before flux averaging

£, =1GeV, 0.8<Cosf,<0.9

E, =1GeV, 0.8<Co0s6,<0.9

15000]

4T, dCost,

5000 * +

« RFG MBGH (vDj;

+ CFG MBGH (D)| 15000

10000|

04 0.5 0.6 0.7 08
T,(GeV)

Where, T, = E, —m, —w

0.9 1.0 04

o Hypothetical scenario: fixed neutrino energy.
o F1 and Fp: BHLT parameterization, Fa: MBGH and Mainz22.

Sam Carey (Wayne State University)
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Results

Neutrino Scattering: After flux averaging

The neutrino cross-section is convoluted with the neutrino flux distribution:

dUcarbon,pcr nucleon,avg. dE. f-( E ) dUcarbon,pcr nucleon
= v ) ————————
dE;d cos b, dE;d cos 0,

0.8<Cos6,<0.9 0.8<Cos6,<0.9

« Data - Data
RFG Mainz 22

« RFG MBGH (D) -
+ CFG MBGH (vD) « CFG Mainz 22
2000 2000|

1500

(101 eni/GeV)

1500 i l
Z 1000 l } Z 1000 %
g <|%
< | ' 1 |
500 i 500, {
i I | i i
i1 - tiio
0.0 05 1.0 15 20 00 05 1.0 15 20
7,GeV) T,GeV)

o Fix axial form factor and vary nuclear models in comparison to MiniBooNE data
(Aguilar-Arevalo, et al., Phys. Rev. D, 81:092005, (2010)).

o flux averaging = indistinguishable RFG, CFG cross-section data.
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Results

Neutrino Scattering: After flux averaging

0.7<Cos6,<0.8 0.7<Cos6,<0.8

251 2
« Data « Data
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Results

Neutrino Scattering: Axial form factor

0.8<C0s6,<0.9 0.8<C0s6,<0.9
2: 25
. RFG BBBA . CFG BBBA
{ I { - RFG MBGH (/D) { l + CFG MBGH (D)
! . RFGNME 22 . CFG NME 22
2000 Lot - RFG Mainz 22 2000 - CFG Mainz 22
{ i i RFG MINERVA GH) 5 { H i CFG MINERVA (71
} t RFG PNDME 23 i3 5 i CFG PNDME 23
1500) { i Py RFG ETMC 23 E 1500 I ; ¥ CFG ETMC 23
< 3 Py i i
| Z 1000 L I 1
< |8 i ] i ]
SN2 I [ 1 '
¢ ! i { |
500 I 2 T + ]
i1 B i .£ .
i i
° S LI
0.0 05 10 15 20 0.0 05 10 15 20
T,(GeV) T,(GeV)

o Vary axial form factor and fix nuclear model.

o Continuous spread from F4 parameterizations for both nuclear models.
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Results

Neutrino Scattering: Axial form factor
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o Precision measurements < better control of systematic uncertainties in
lepton-nucleus interactions.
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o Precision measurements < better control of systematic uncertainties in
lepton-nucleus interactions.
o QE lepton-nucleus scattering (ingredient):

o scattering cross-section on a single nucleon: involving nucleon form factors
o scattering cross-section off a nucleus (nuclear model): Correlated Fermi Gas model
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o Precision measurements < better control of systematic uncertainties in
lepton-nucleus interactions.
o QE lepton-nucleus scattering (ingredient):

o scattering cross-section on a single nucleon: involving nucleon form factors
o scattering cross-section off a nucleus (nuclear model): Correlated Fermi Gas model

o Presented (arXiv: 2405.05342) fully analytic implementation of CFG model for
CCQE lepton (e, v)-nucleus scattering.
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Separately compare form factors and nuclear model effects: (e, v)-carbon scattering
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Precision measurements < better control of systematic uncertainties in
lepton-nucleus interactions.
QE lepton-nucleus scattering (ingredient):

o scattering cross-section on a single nucleon: involving nucleon form factors
o scattering cross-section off a nucleus (nuclear model): Correlated Fermi Gas model

Presented (arXiv: 2405.05342) fully analytic implementation of CFG model for
CCQE lepton (e, v)-nucleus scattering.

Separately compare form factors and nuclear model effects: (e, v)-carbon scattering
data.

Electron scattering: distinguish two nuclear models; CFG model for small and large
w has a “tail”. At the peak CFG prediction smaller than of RFG; difference between
form factors small.
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o Precision measurements < better control of systematic uncertainties in
lepton-nucleus interactions.
o QE lepton-nucleus scattering (ingredient):

o scattering cross-section on a single nucleon: involving nucleon form factors
o scattering cross-section off a nucleus (nuclear model): Correlated Fermi Gas model

o Presented (arXiv: 2405.05342) fully analytic implementation of CFG model for
CCQE lepton (e, v)-nucleus scattering.

o Separately compare form factors and nuclear model effects: (e, v)-carbon scattering
data.

o Electron scattering: distinguish two nuclear models; CFG model for small and large
w has a “tail”. At the peak CFG prediction smaller than of RFG; difference between
form factors small.

o Neutrino scattering: indistinguishable - two nuclear models using either MBGH or
Mainz22; Mainz22 (= m3P°'®M"B2°NEy fits data much better than MBGH; almost
continuous “spread” using Fa parameterizations for both RFG and CFG nuclear
models.
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Backup Slides

Lepton and Hadron tensor

o The leptonic tensor is:

Le = 4(k'KY + kK" — g k)
Ui = B(K'K" + K"K — g" k.k' — ie""7 kK,

o The H;'s are expressed in terms of the form factors F; as,

Hi = 8mYFA 24" [(Fi+ F)’ + F3]
Hy = Hs=8myy (F+FR) —24°F3
Hs = —16my Fa(Fi + F2),
Hy = —"; (P2 +4F3) — 2miyF3 — 4y (FuFa + 2FaFp)
o The pseudo-scalar form factor related to Fa by Partial Conservation of Axial Current
* 2m3
Fr(q") = T_ngFA(qz)
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=ENIRSEES  nucleon distribution

Correlated Fermi Gas

o We use the model by O. Hen, et al., Phys. Rev. C, 91, 025803:

Ao Ip| < pr
n“(p) = { copr/p*  pr < |p| < Apr
0 |p| 2 )\pFa

where A is the high momentum cut-off, pr is Fermi momentum.

o The factor A is determined by normalization:
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Backup Slides

Limits of integration: RFG

Phys. Rev. D, 84, 073006
o The definite integrals above have the limits Eiow < Ep < Enign
o only one transition possible (I — IV)

o first condition arises from the constraints on the scattering angle:

2 2
_ 2west E
—1<cosbpg <1 = 1 < Wett |q|+wffp<1’

S odaVE-m,

o The latter condition can be expressed as

(Ep cd+\/17c2+d2)<ﬁ cdf\/lfc2+d2>>o

mn 1—¢?

my 1—¢2

Defining A = my(cd + V1 — c2 + d?)/(1 — ¢?) this implies A < E,.
o Therefore the limits for the RFG transition are:

Eiw = maX(EF — Weff, A),Ehi = Efr.
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Future Directions

Semi-Inclusive Scattering

Figure: single-transverse kinematic
imbalance (X. G. Lu, et al., Phys. Rev. C,
94, 015503 (2016))
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More plots

Future Directions
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More plots

40 MeV, 636"

Future Directions
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Future Directions

Responses (¢ = 300 MeV)
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Future Directions

More plots: Responses (§ = 400 MeV)
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Future Directions

More plots: Responses (§ = 550 MeV)
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