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Neutrino Cross Sections
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Using neutrino-nucleon to learn about neutrino-nucleus
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Precise, theoretically robust nucleon inputs
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— quantitative & informative nuclear uncertainties
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https://inspirehep.net/literature/1236362
https://inspirehep.net/literature/1672899
https://inspirehep.net/literature/1410824

Interactions are hidden within a nuclear target

Vi

Nuclear environment complicates measurements:

» Many allowed kinematic channels
» Reinteractions within nucleus

»> Only final state particles are observable

Isolating interactions depends on precise theory knowledge

— difficult, especially for axial contribution
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Neutrino cross sections from elementary targets

v, flux [arb.unit]
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Question:

How well do we know nucleon cross sections from elementary target sources?

For quasielastic, three main sources:

» Deuterium scattering » Hydrogen scattering » Lattice QCD

— 6,,=0 (solar term;

10
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https://inspirehep.net/literature/1236362
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https://inspirehep.net/literature/1410824

Quasielastic Scattering
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z expansion parameterization

Model independent parameterization: z expansion [Phys.Rev.D 84 (2011)] —

\/tcut + Q2 - \/tcut —to

Vteut + Q2 + \/teus — to

tcut S (3M7r)2

o0
Fa(z) = arzt  2(Q%to, teu) =
k=0

»> Rapidly converging expansion
» Controlled procedure for introducing new parameters

> Sum rule constraints to regulate large-Q2 behavior
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https://inspirehep.net/literature/921784

Neutrino-nucleon uncertainties are not negligible in experiments

(I N.=4 z expansion
== m, = 1.014(14) dipole

Fal Q%)

Previous conclusions from [Phys.Rev.D 93 (2016)]

» Older bubble chamber results o 1 2 3
QGeV?
» Dipole overconstrained by data
underestimated uncertainty x10
xlo—ﬁ?
P> Discrepancies in nuclear cross sections — OF [[] GENIE REG zexpansion
could be nucleon and/or nuclear origins 2 + —— GENEE RFG dpole
O 15 —4— MINERVA Data
& z exp: [Phys.Rev.D 93 (2016)]
g dipole:  [Eur.Phys.J.C 53 (2008)]
S data: [Phys.Rev.Lett. 111 (2013)]
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https://inspirehep.net/literature/1427020
https://inspirehep.net/literature/758296
https://inspirehep.net/literature/1232963
https://inspirehep.net/literature/1427020

Additional modern experimental datasets

Previous datasets:

» ANL, BNL, FNAL deuterium bubble chamber event distributions

Two additional datasets:

> MINERwvA 2023 vup — ptn [Nature 614 (2023)]
Special thanks: Tejin Cai, Kevin McFarland, Miriam Moore

» BEBC 1990 v, D — p~ pp [Nucl.Phys.B 343]
Special thanks: Clarence Wret, NUISANCE

Updated vector form factors:

> Use Borah et al. z expansion [Phys.Rev.D 102 (2020)]
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https://inspirehep.net/literature/2628934
https://inspirehep.net/literature/303953
https://inspirehep.net/literature/1788630

Deuterium & MINERvVA are not consistent

1.6 1.6
14 == Deuterium + BEBC (@2, = 0.06 GeV?) 14 == Deuterium + BEBC (@2, = 0.20 GeV?)
12 E MINERVA 2023 12 E MINERvVA 2023

All
—— Deuterium [Phys.Rev.D 93 (2016)]

All

—— Deuterium [Phys.Rev.D 93 (2016)]

08
=
0.6
0.4
0.2 - —
0.0 0.0 B C=eaa
0.00 025 050 075 100 125 150 175 2. 0.00 025 050 075 100 125 150 175 200
Q*/GeV? Q/GeV?
2 _ 2 2 — 2
Apparent improvement to p value at anin =0.06 GeV? szin = 0.06 GeV QQmi" =020 Gev
) ) fit | XGara/DOF  Pay2  Xiara/DoF PAy?
only from poorly—descrlbed data at low Q All Deuterium 116.1/111 100.4/105
MINERvA 9.1/ 16 9.1/ 16
All 129.5/125 120.9/119
Remnant systematic effects in deuterium data? Ay 13/ 1 0.04 113/ 1 8x10-4
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Lattice QCD Basics
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What is Lattice Quantum Chromodynamics (LQCD)?

LQCD is the only known mathematically rigorous method

to compute properties of hadrons in nonperturbative QCD

Experiment
Al
First principles calculations of QCD amplitudes [ Ag
Controlled nuclear effects / ><

Realistic, robust uncertainty quantification

& I
_ < ?

v

‘ eon
Systematically improvable MC

NN

Computers are (relatively) inexpensive

Lattice QCD
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First principles predictions of QCD from the

Numerical evaluation of path integral

Quark, gluon degrees of freedom —

1 — _
)=~ / Dy DY DU exp(—S) O, b, U]
Parameters: M (4, d) bare> @Ms, bares B = 6/912)“6

. M. M
Matching: e.g. ﬁ;‘,—’ M—g, Mg

1 per parameter

Results — amplitudes with gluon+gq corrections to all orders

lattice

S
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LQCD is extremely predictive

W W H H B B [Ann.Rev.Nucl.Part. 62 (2012)]
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> (Very) few inputs, (very) many outputs » Heavily constrained by SM

» Widely used in flavor physics (CKM matrix elements)

Aaron S. Meyer Section: Lattice QCD Basics 15/ 31


https://inspirehep.net/literature/1092992

“Physical Point” results have extrapolated away systematics

Physical result
[Nature 558 (2018)]

At a minimum, a complete error budget includes: R e — (e az0)
. . T gaP¢ =1.2723(29)
> a—0 Continuum extrapolation 130
> L - oo Finite volume extrapolation
1.25 4 3
> Mz — My phys  “Chiral” extra(inter)polation S _ﬂf‘»g
1.20 4 =
FV correction /
Every point in extrapolation is a separate ensemble 1.15 1 Oaler,@a~0.15fm) & a~0.15fm
o galex, a~0.12fm) ¥ a~012fm
= very expensive! 1.10 4 Oalex,a~0.09fm) & a~0.09fm
%
Incomplete results will get reported, 0.00

updated later with more ensembles

Always compare to extrapolated values or use due caution!

T T T T T
0.05 0.10 0.15 0.20 0ps 0.30
€ = My /(4nFy)
P

M interpolation /

Continuum extrapolation
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https://inspirehep.net/literature/1675748

LQCD correlation functions in Euclidean time

Statistical uncertainties obtained from sampling gauge configurations on an ensemble

systematics noise
Signal Noise? 8 — —
2 _ 2 2 0\ S i
(c®) e = (ICOP) - [(cw)|" < (ewr) =7 -
=6 e, =EF 3§
(=) ( ]
—Mnpt 34 2,— Mt
~ e n S} Ct) ~ 3o, lanl?e M
Signal/Noise ~ e(3 Mr—Mn)t 35 10 1520 2
t/ae—
Fit to full Euclidean time dependence of correlation function Euclidean time

Exponential degredation of signal/noise with time

Samples on the same ensemble are highly correlated:

» different Euclidean times from same correlation function

» correlation functions computed on same configurations with different operators
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LQCD in Quasielastic Scattering
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LQCD predicts slow falloff with Q?

== RQCD 20 [LQCD)

= Mainz 22 [LQCD]

1.2 © =1 NME 22 [LQCD] (pvt.com.)
=== PNDME 23 [LQCD]

1.0
— =4 ETM 23 [LQCD)]
90 8 — —— Deuterium [Phys.Rev.D 93 (2016)]
<

T ——
S
———,

<« extent of LQCD data o

000 025 050 07 L0 125 150 175 200
Q?/GeV?

LQCD results maturing:
> Many results, complete error budgets
> Small systematic effects observed (expectation: largest at Q% — 0)

» Nontrivial consistency checks from PCAC

LQCD prediction of slow Q? falloff predates MINERvVA hydrogen
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Averaging strategy

Want same z expansion parameterization used in experiment fitting:

> g4 fixed to exact experimental value g4 = 1.2754
» 4 sum rules regulate large-Q2? behavior

» no priors imposed

Procedure for matching LQCD results with different F'4 parameterizations:
1. fit to derivatives (d/sz)” Fx(Q?) forne {0, ..., Pmax} With nmax < kmax — 4

2. derivatives evaluated at Q2 = max[| — to|, 0.05 GeVQ]

One result uses 3-parameter Padé parameterization

—> treated same as a 3-parameter z expansion with to =0
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MINERvVA hints at consistency with LQCD average

1.6 1.6
1.4 = - RQCD 20 [LQCD] 14 = = Deuterium + BEBC (envelope)
o = Mo 2 [LQCD) s =4 MINERVA 2023
. NME 22 (LQCD)] (pvt.com.) . LQCD Average
10 -—- PNDME 23 [LQCD) 10 )
. — . ETM 23 [LOCD) . \ —— Deuterium [Phys.Rev.D 93 (2016)]
208 . EEE LQCD Average 208
=0.6 " —— Deuterium [PhysRev.D 93 (2016)] | = (.6 \
04 : v o] 04 N USRS e
0.2 0.2
0.0 0.0 e
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Q2/GeV? Q*/GeV?
fit ‘ X?/DoF  pp,2
. - . LQCD 6.7/ 8
LQCD dominates joint fit with MINERvA Q /
MINERvA 9.1/16
99% confidence upper bound allows for consistency Combined | 18.6/22
Ax? 2.7/ 1  0.10

Aaron S. Meyer

Section: LQCD in Quasielastic Scattering

21/ 31



MINERvA hints at consistency with LQCD average

8
6 s 6 o
4 4 _ _ ''''''' e
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=0 g,/’ = Mo 22 LQCD) 1 O
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- —— Deuterium [Phys.Rev.D 93 (2016)] - —— Deuterium [Phys.Rev.D 93 (2016)]
i
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. . . LQCD 6.7/ 8
LQCD dominates joint fit with MINERvA Q /
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Ax? 2.7/ 1 0.10
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Implications of LQCD Results
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Fits suggest enhanced nucleon quasielastic cross section

110
1.5 - —— BBBA05  [Phys.Rev.D 102 (2020)] y
with Callum Wilkinson, André Walker-Loud 1.089 =:= Borah et al. [Nucl.Phys.B Proc.Suppl. 159 (2006)] /,/'/
[Ann.Rev.Nucl.Part. 72 (2022)] """ e -
13 2R
g 1.1
3
= 0.9
=
N
Lo74
= ector 0.96
B = exp, vector 0.0 02 04 06 08 10
0.51 —-— Zexp, D, axial @*/Gev?
""" z exp, LQCD axial
0.3 +2 v - .
0.2 0.4 1.0 4.0 10.0
E,/GeV
LQCD prefers 30-40% enhancement of v, CCQE cross section
Recent Monte Carlo tunes require 20% enhancement of QE
[Phys.Rev.D 105 (2022)] [Phys.Rev.D 106 (2022)]
With improved precision, sensitive to
» BBBA vs z expansion vector form factor difference
» isospin-breaking corrections? [Phys.Rev.Lett. 129 (2022)]
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https://inspirehep.net/literature/2004370
https://inspirehep.net/literature/1788630
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E,-dependent neutrino event rates (T2K)

- -~ GENIE nominal —— Z-exp LQCD fit - -~ GENIE nominal —— Z-exp LQCD fit
---- Nominal CCQE ----- Z-exp LQCD CCQE -~~~ Nominal CCQE ----- Z-exp LQCD CCQE
%103 ------ Nominal 2p2h Nominal Other ----- Nominal 2p2h Nominal Other

= T T 3 = T T
@ 1 @ I ]
% o T2K Near ] GRS T2K Far ]
S T Detector 1 2 Detector b
= [ ] z I ]
g i 1 s F F 1
S 2 ] T 0.2 i —
a g 0.2 ]

[ ] < [ ]
S I ] o ]
N [ ] X r 1

- N & o 4
A . & o1

[ J [

o iy 2 LB : .
< 14F T T T 4 = 14F T T ]
ERE E R E
E 1 E
2 1 2
= 12F - = 12
5 [ ] ER
S 1 S
T = g 1
@ [Ann Rev.Nucl.Part. 72 (2022)}] @ L L
0.5 1 15 0.5 1 15
E:]ec, QE (GEV) Ez/ec, QE (GeV)

» Dashed dark blue (GENIE nominal) vs solid magenta (z exp LQCD fit)
» QE enhancements produce 10-20% event rate enhancement, F,-dependent

» Monte Carlo tuning invalidates more sophisticated comparisons
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https://inspirehep.net/literature/2004370

E,-dependent neutrino event rates (DUNE)

Rate /t /10 POT

Ratio w.r.t nominal

—— GENIE nominal -~ Z-exp LQCD fit
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> Solid dark blue (GENIE nominal) vs dashed magenta (z exp LQCD fit)

» QE enhancements produce 10-20% event rate enhancement, F,-dependent

» Monte Carlo tuning invalidates more sophisticated comparisons
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Concluding Remarks
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LQCD covers energy ranges relevant for accelerator oscillations

2
2/ Ge¥)
PP CE N

%(10““ c

o N b ® ®

v cross section /
© o @

v, Yy

Quasielastic
Deep Inelastic Scattering

. . ddi X
v, Resonant .- Shallow Inelastic Scattering "
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LQCD can probe many interaction mechanisms

N7 Scattering NN Scattering NN Quasielastic @
T N N Vi W (112
Coy,
p/@to 7
sty |
C ) c@
) 0]
—
IN , O
N N N NN Y 2
Four-point Inclusive Deep Inelastic
vy "
P u
X
g N N
N’ N ddu X g
<]
. . —
Quasielastic [S;
Vi n ZS
n p \%
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Roadmap connecting LQCD to neutrino cross sections
LQCD

Nuclear EFT

Yy I

Nuclear Many-body
Vi "

Neutrino Monte Carlo
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Outlook

> LQCD is a disruptive technology, complementary to experiment

» LQCD produces first-principles predictions of hadronic amplitudes
—> strong constraints on interferences!

» Nucleon axial form factor uncertainty historically underestimated

» Evidence that QE cross section central value underestimated
—> LQCD prediction + experimental evidence

» Many developments from LQCD applicable to accelerator neutrino cross sections
—> exciting times ahead!

Thank you for your attention!
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Backup
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Dissecting a LQCD Computation

In QCD, the path integral is an expectation value of a combination of operators Oy;:

gluon| quark action

AN/
(0y) =271 [ DA| DYDY |exp[—S] O

—>» integrate out by hand

—
<Ow> —Iz-1 ffDAéct [Bj + m]}(p[_s Oy Mark(?v Chain Monte C.arlo (MCMC)
p——3 & importance sampling
~— »
A sea quark” loops Generate ensemble of gauge configurations U,
0,) =L O, U, embedded in U,
P N . YIlUn “yal k”
n “341” flavor valence quark” propagators
I computed on each gauge configuration
contracted to have hadron quantum numbers

[Ew]n = (lD[Un] + "7’)_1

Computation is “just” an average of correlation functions computed on sampled gauge snapshots
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LQCD Computation Anatomy

Write correlation functions with complete set of states 1 = Zn [n)(n|,

including ground state and excited states

2-point function a,t q,0
H(0)) = 0|A|n) (n|M|0) e~ Ent
(a(t)m(0)) =) (0||n) (n|m|0) ‘@‘

“sink” “source”
3-point function

(AO@(7)W(0)) =, (0]a|n)(n|@|m)(m|W|0)eFn =)= EmT

Extract mass/energy from 2-point, matrix elements from 3-point

Source/sink operators (M, A) have different overlaps onto states m, n

Source and sink operators are instructions on how to contract quark propagators:

O =aysq, P (t,0) = q()a(0) = (OW)O0)) =Tx [P~ (¢,0)75 D" (0,4)75]
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Finite Volume Effects

Finite volume effects for hadrons via virtual particle exchange

with themselves through periodic boundary

Like time dependence, falls off o exp[—FEL]

For typical ensembles, ML ~ 4 = only 7 nonnegligible

No analogue using QFT definition of asymptotic separation

particles in multiparticle states cannot be isolated

Presence of other nearby particles has large effects on spectrum

Strong spectrum modifications oc L“

a

B

23]

&

>
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Resonances in Finite Volume

¥ W
e ™
T
35 35 m
_____ ¢ & &
30k e S 3.0 it
My _ 3.0 ) p+mm? Q
M. — 2
25 p Unstable 25
p
(8) 1 1 1 L .
3 4 5
md s ! [Nuc.Phys.B 364] 3 ‘ m:[ 6 7
Toy example above: mm scattering with p state
> (Left) Resonances, avoided level crossings: FV corrections oc L

»> (Right) Single-particle states: FV corrections o< exp{—M,L}

— Particle count is not a good quantum number
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https://inspirehep.net/literature/316484

Continuum Limit

[Lepage Proceedings|

ratap o
- Ap
Reminder of the link definition: Uy, (z) =e * fz plE)de

Define a plaquette: Py, (z) = %Re {Tr [U,L (x)Up (z + a[L)Ui(w + ad)UJ (m)ﬂ

= %Re |:Tr[eiigf[] A'dz/]] = %Re[Tr[ ]:|
Taylor expand: Py (x) = %Re |:Tr [1 — ig(fD A- dx’) _ 592(35‘[' A- dw/)2 n ]:|
Stokes’ theorem fD A-dx' = f;+aﬂ fzz+aﬁ da), dx;, (3,“4” (z') — auAu(x'))
= a®F (@) + & (D2 + D2) Fun(@) +...  T=z+%(a+9)

The Wilson action: Sy = 3 Zx . (1 — P (m))

= [dizy, {%TrFﬁl, + & TxFuy (D2 + D2) Fuw + }

Lattice action same as physical continuum action up to order a? corrections...
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https://inspirehep.net/literature/486714

Continuum Limit Universality

1.68 4~ 008fm
L67 - . * 1 Different actions can have different approach a — 0
1
o 166 - ] . |
'\i L L Usually O(a?), some improved to e.g. O(a?as)
S 165 T = i s .
= L6 E = ] — additional terms added to action
et
164 | |
[PoS LATTICE2022 (2023)] All actions should give same result in continuum
163 \ \ s ! ‘ ! \
0 0l 02 03 04 05 06 07 08
a®/w}
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Example — xPT and N7 in Excited States

SBQ2, 1) and R(Q2 1)

Tfl l,*q o Axial
7T(q) 7r(—q) { 0% © ge o e oo g oo © e}
(q_ (q_ . . " Induced
e Pseudoscalar
Lt [Phys.Rev.D 99 (2019)]
N(0) N(q) - @ [Gevy
7 FAM N(nJ + 7(—n) AE N(0) F m(n) --" ]

I

6 ]

5 T%{,+++$+§:% | Excited state uncertainties are another critical systematic
S = T 19 (Opinion: most challenging in nucleon computations)
53 o I

) 0Ty g v i xPT: Contamination in F4(Q?) primarily from enhanced N,

1 v 7 1 mostly from induced pseudoscalar

CAMy m AE e MY s AED
0 2 4 6 8 10

.. - . . . 2
5 Empirical: two N7 states dominate contamination at nonzero Q<
[Phys.Rev.Lett.124(2020)]

NOTE: expect only approx
agreement between data/curves
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LQCD references

Reference Nens Ngr?sy ®  quark action fit method parameterization

[RQCD 2020] 37 2 clover xPT-inspired 22, sumraites

[NME 2022] 7 0 clover Bayesian prior exponential Padé[0/2]

[Mainz 2022] 14 1 clover summation + z expansion 22, SR

[PNDME 2023] 13 2 clover (on HISQ) Bayesian prior exponential 22 SK

[ETM 2023] 3 3  twisted mass Bayesian prior exponential 23, SR
Notes:

> ga ~ ap is an output for LQCD

fixed to g4 from experiment in these fit (not in input LQCD parameterizations)

> these fits will use sum rules (input LQCD parameterizations do not)

» RQCD, NME, Mainz results highly correlated with unknown correlations

(use covariance derating [Phys.Rev.D 111 (2025)])
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https://inspirehep.net/literature/1767624
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https://inspirehep.net/literature/2661219
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LQCD Excited States — Empirical

% Bl I
0.10 tsep/aoy
. R (g =ten/2) Compare fit to correlator data ratio
0.00 = Contamination dominated by
o “transition” states (0 — n, blue)
—0.05
010 3pt 3pt 7 2pt es Typically signal below <1 fm,
5 2pt+se 3t se contamination > 2 fm
—015 5 5 . .
tep/in (Q2 = 0) Excited states present in
[Phys.Rev.C 105 (2022)] practically-achievable large time limit
(@20
7 FAM N(n) + m(—n) AE : N(0) + m(n) -
it
RRERESEEY
<. b/ NME collab:
NS e 1
33 S vﬁ/ib Q@? contamination from N — N7
2 e ¥ Dominant contribution agrees
v . .
1 i R R AR with xPT expectation
0 2 4 6 8 10

2
n
[Phys.Rev.Lett.124(2020)]

t

N is important for Fa(Q?)

NOTE: expect only approx
agreement between data/curves
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https://inspirehep.net/literature/1857791
https://inspirehep.net/literature/1735214

Resonance Production - N — A

8e-39 F 3
7 BNL data —=—
’ ® 120 g
N N
3 6e-39 [Phys.Rev.D 71 (2005)] 2 100 (b)
Q Q
5 s 5
> de- ;
o NG 60
: T W
S 239 <
20
0 0.2 0.4 0.6 0.8 1 0 0.5 1 1.5 2 25
Q2. GeV? Q2 GeV?

17 cross section known to 30% [Phys.Rev.C 88 (2013)]
DUNE error budget <10% precision [2002.03005 [hep-ex]]

Unconstrained axial form factors in J¥ = 3/2~ channels
— 100% uncertainties from V — A, A — A interference terms

[Phys.Rev.D 74 (2006)]

Previous work by ETM: [Phys.Rev.D 83 (2011)] [Phys.Rev.Lett. 98 (2007)]
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https://inspirehep.net/literature/674842
https://inspirehep.net/literature/1233708
https://inspirehep.net/literature/1779525
https://inspirehep.net/literature/711059
https://inspirehep.net/literature/877681
https://inspirehep.net/literature/722033

Resonance Production - N — N*

v)

Was

10-7] — ldp=1
— 13P=2
— |G?>=3 N N’
o6 2 4 6 & 10 12 1a ' 05 10 15 2.0

T [priv.comm. Keh-Fei Liu] v (GeV)

10-°1

Hadronic tensor methods for addressing SIS (1.4 GeV < W < 2.0 GeV)
See also: [Phys.Rev.D 101 (2020)]

(0(0) T2 (—q) T1(q)O(0)), Mx ~ 370 MeV, removed elastic contribution

Large N7, Nmm contributions

Previously no practical Q2 # 0 data in this region [S.Nakamura - NuSTEC S&DIS]
As of 2025, MINERVA collaboration: [2503.20043[hep-ex]]
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