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Neutrino Cross Sections
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Measuring Oscillation Probability

Flux Cross Section
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Measuring Oscillation Probability

Flux Cross Section  Oscillation Probability
g S
(=]

Py,

E,

Near Detector

Nevent = [, B, ®(E,)o(E,) | x P(L/E,)]
————
far detector only

[PL/EN] L~ [ R EanT ] o

Nevent

Far Detectc

B,
Event Rate

Broad flux & distribution of event E,

far/near = oscillation probability, but picture too simplified...
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Neutrino Cross Sections

v, flux [arbitrary unit]
Vi "

Quasielastic (QE)

[Rev.Mod.Phys. 84]
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E, spans several kinematic regimes
Different interaction channels contributing to event rates

Need precise, theoretically robust cross sections for multiple event topologies
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https://inspirehep.net/literature/1236362
https://inspirehep.net/literature/1672899
https://inspirehep.net/literature/1410824

Neutrino Event Topologies

Quasielastic 7 production

YV 1% Vy 15

Reinteractions within nucleus change kinematics

Only particles that escape are detectable

Multinucleoq

Vy

I
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Neutrino Event Topologies

Quasielastic 7 production Multinucleon
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Reinteractions within nucleus change kinematics
Only particles that escape are detectable

Mismatch between nucleon amplitudes & nuclear cross sections...
—> Event-by-event E, measurements are not possible
— Reconstruct E, distributions from measured event rates
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Neutrino Oscillation and Quasielastic

v, flux [arb.unit]
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Compute nucleon amplitudes, ingredients for nuclear models

Quasielastic is lowest FE,, simplest

Question:
How well do we know nucleon quasielastic cross section
from elementary target sources?
» Hydrogen/Deuterium scattering
» Lattice QCD

Aaron S. Meyer Section: Neutrino Cross Sections 9/ 29


https://inspirehep.net/literature/1236362
https://inspirehep.net/literature/1672899
https://inspirehep.net/literature/1410824

QE Experimental Constraints
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Quasielastic Form Factors

Maucleon = <e|jM|V€><N/|~7HIN>

(N (I = A)pu(@)N(p))

=a@)| WwFi(®) + gy ouwd” Fa(a?)

+ s Fa(e®)  + gy aursFr(a?) ]U(p)

Quasi-free nucleon inside nucleus —

» Fy, Fy: constrained by eN scattering

» F'p: subleading in cross section,
o F'4 from pion pole dominance constraint

Leading contribution to nucleon cross section uncertainty is axial form factor F4
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Form Factor Parameterizations

QZ -2
Dipole ansatz — FA(Q2) =ga (1 + —2)
s

» Overconstrained by both experimental and LQCD data
» Inconsistent with QCD, requirements from unitarity bounds
> Motivated by Q2 — oo limit, data restricted to low Q2

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

oo
t t+Q2— teut — to
Fa(z) = Zakzk 2(Q%; to, teut) = \/ - \/ -

k=0 \/tcut + Q2 + \/tcut —to

tcut S (3M7r)2

»> Rapidly converging expansion

» Controlled procedure for adding parameters
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https://inspirehep.net/literature/921784

Deuterium Constraints on F'y

» Outdated bubble chamber experiments:
- Total O(10%) v, QE events
- Digitized event distributions only
- Unknown corrections to data

- Deficient deuterium correction

» Dipole overconstrained by data
underestimated uncertainty xO(10)

» Prediction discrepancies could be from
nucleon and/or nuclear origins

Coming soon:

Updated joint fit with
MINERVA vup — ptn dataset

Fa(Q)

mﬂ]ﬂﬂ N,=4 z expansion
= m, = 1.014(14) dipole |

o 20 [[7] GENIE RFG z-expansion
%) —— GENIE RFG dipole
O 15 —+4— MINERVA Data
& Z exp: [Phys.Rev.D 93 (2016)]
e dipole:  [Bur.Phys.J.C 53 (2008)]
L, 10 data: [Phys.Rev.Lett. 111 (2013)]
N
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https://inspirehep.net/literature/1427020
https://inspirehep.net/literature/758296
https://inspirehep.net/literature/1232963

Free Nucleon Axial Form Factor

* We have ~5800 such events on a background of ~12500.
* Shape is not a great fit to a dipole at high Q2.

* LQCD prediction at high Q?is close to this by S s S

— Hydrogen Fit
result, but maybe not at moderate Q2. & 19—  Deuterium Fit
. oo omar s 5w  emBA2o07 Fi

Data
—— Hydrogen Fit - e Daa T — LQCD Fit

Dauterium Fit s —— Hyarogen Fit
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28 September 2023 K. McFarland, Measuring Protons with Neutrino: @ (GeVie)

do/dQ*

Fy(dQ?)

Ratio to Dipole Fx (Ms=1.014 GeV/c

Ratio to Dipole dfdQ” (My=1.01

See also [Nature 614 (2023)]

1 5 10
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https://inspirehep.net/literature/2628934

Compatible with D, Data?
Mmmmmaybe?

* We have some progress on joint fits with
neutrino-deuterium analysis
(Phys.Rev.D 93 (2016) 11, 113015), including s e e S0
comprehensive analysis of compatibility. 30 preliminary Joint it ror
 Note that compatibility depends on the choice of 25 ek
vector form factors, since vector-axial vector 20
interference flips sign.

D2 fit
D2 fit error
H cross-section data
* We see that compatibility also depends strongly on
how low in Q? we use the D, data, which might
suggest low Q? nuclear effects?

* With BBBAOS5 vector form factors and Q2>0.2 i
GeV?, §2~5.5, or p-value of ~2%. w0 100

*

do/dQ?

28 September 2023 K. McFarland, Measuring Protons with Neutrino;

See also [Nature 614 (2023)]
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https://inspirehep.net/literature/2628934

LQCD as Disruptive Technology

How can we improve precision?

Ideal: Modern high stats v-Dq scattering bubble chamber experiment

= LQCD as a complement to experiment

Experiment
No nuclear effects i,
Realistic uncertainty estimates

Systematically improvable

MC_xv

ANENENEN

Computers are (relatively)
inexpensive

QCD
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LQCD Survey and

Implications
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Abstract
Calculations of sections begin with the eon interaction, making the latter crtically important to
despie limited poor staistics. Alternatively, lattice quantum
D) can be used from the Standard theoretical
uncertainties. Recent LQCD results of g ith data, and resuls for leon form factors

with full uncertainty budgets are expected within a few years. We review the status of the field and LQCD results for the nucleon axial
form factor, FA(Q). a major source of uncertainty in modeling sub-GeV neutrino-nucleon interactions. Results from different LQCD
calculations are consistent but collectively disagree with existing models, with potential implications for current and future neutrino
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https://inspirehep.net/literature/2004370

Nucleon Axial Form Factor

B PNDME 23
12 U NME 22 (prelim) Bands: systematic error budget
. o= E’ATM 1222(vrshm) Scatter: single ensembles
RQCD 20
1.0 LHP+RBC+UKQCD 22 (prelim)
— FPACS 22 (prelim 128
) F PACS 22 (prelim 160°)
=08 Q E PACs21
Y ) F Callat 21 (prelim)
<z e ——
0.6
0.4 : 7
0.00 0.25 0.50 0.75 1.00

Q*/GeV? Q%/GeV? .
LQCD results maturing:

» Many results, all physical My: independent data € different methods
> Small systematic effects observed (expectation: largest at Q2 — 0)

» Nontrivial consistency checks from PCAC

Evidence of slow Q? falloff outside of uncertainty from Da
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Free Nucleon Cross Section

[Ann.Rev.Nucl.Part. 72 (2022)]

===z exp, vector
0.5 —:= zexp, D, axial
------ 2z exp, LQCD axial

0.2 04 1.0 10 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)]
similar trend with continuum Schwinger function methods

[Phys.Rev.D 105 (2022)] [Eur.Phys.J.A 58 (2022)]

With improved precision, sensitive to vector FF tension (black vs blue)
[Phys.Rev.D 102 (2020)] VS [Nucl.Phys.B Proc.Suppl. 159 (2006)]
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https://inspirehep.net/literature/2004370
https://inspirehep.net/literature/1953565
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https://inspirehep.net/literature/1849764
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T2K Implications
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> Dashed dark blue (GENIE nominal) vs solid magenta (z exp LQCD fit)
» QE enhancements produce 10-20% event rate enhancement, F,-dependent

» cross section changes at ND # effective cross section changes at FD:
insufficient CCQE model freedom — bias in FD prediction

v

Monte Carlo tuning invalidates more sophisticated comparisons
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DUNE Implications
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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

v

» cross section changes at ND # effective cross section changes at FD:
insufficient CCQE model freedom — bias in FD prediction

v

Monte Carlo tuning invalidates more sophisticated comparisons
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Future Directions
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Energy Regimes

o S o A

O N B O ® o B

-
<

Deep Inelastic Scattering
—Axial quasi/pseudo PDF

v cross section / %(1 0% cm2/ GeV)

Quasielastic

—Nucleon Form Factors . . . N

_Full Error Budgets “Shallow Inelastic Scattering” (SIS)
g

—Hadronic Tensor

N — AN — N*

—Transition Matrix Elements
—Multiparticle Operators

Four Point Functions

Aaron S. Meyer Section: Future Directions 24/ 29



LQCD Excited States — xyPT and N7

Tq i{iq ,‘.{ Q2 1) and Q1) Axia

m(q) (—q) cece ® gume e oo ges o sees
(q_ (q_ " . " Induced
.7 Pseudoscalar
P [Phys.Rev.D 99 (2019)]
N(0) N(q) Q [(Gevy
Contamination in g (Q?) primarily from enhanced N,
mostly from induced pseudoscalar
Correlator fits without axial current not sensitive to N
[Phys.Rev.C 105 (2022)] [Phys.Rev.D 105 (2022)]
Alternate fit strategies:
» explicit N7 operators » Kinematic constraints (Fp = 0)

» include A4 (strong N7 coupling)

Prediction from xPT: [Phys.Rev.D 99 (2019)]
First demonstration of N7: [Phys.Rev.Lett. 124 (2020)]

xPT-inspired fit methods for fitting form factor data
[Phys.Rev.D 105 (2022)] [JHEP 05 (2020) 126]
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https://inspirehep.net/literature/1711183
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LQCD Target Calculations

N7 Scattering NN Scattering NN Quasielastic

™ ™ N N Vu e 2,
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Roadmap To Nuclear

LQCD Nuclear EFT

Neutrino Monte Carlo
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Concluding Remarks
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Outlook

v

Nucleon form factor uncertainty significantly underestimated

v

Mounting evidence that QE v cross section underestimated
— Attention needed to avoid biased results

v

LQCD is a proxy for missing experimental data

v

Nucleon-pion effects are the next frontier...
- Transition form factors
- Low-energy constants for meson exchange
- Pion production

» Exciting results upcoming: hydrogen scattering, LQCD

Thank you for your attention!
Aaron S. Meyer Section: Concluding Remarks 29/ 29




Backup

Aaron S. Meyer Axial Form Factor Uncertainty from Elementary Targets 30/ 29



Axial Radius (r%)

Filled circle: full error budget

898 PNDME 23 Open square: incomplete
12 995 NME 22 (prelim) Do+pH: [Rept.Prog.Phys. 81 (2018)]
T PNDME 23 H—e—t
RQCD 20 ETM 22 (prelim) ———i
1.0 LHP+RBC+UKQCD 22 (prelim) NME 22 (prelim) o
— F PACS 22 (prelim 125%) LHP+RBC+UKQCD 22 (prelim) { ~ H&H
A’:‘; B PACS 22 (prelim 160%) PACS 22 (prelim, 128') —s—
=08 E racsz PACS 22 (prelim, 160) —e—
& & Callat 21 (prelim) Mainz 22 —e—
= - CalLat 21 (prelim) ——
0.6 Mainz 21 —e—tt
PACS 21 ——
NME 21 ——
0.4 RQCD 20 ———
ETMC 20 ——
0.00 0.25 0.50 0.75 1.00 01 02 03 04 05 06 07 08
Q*/GeV? 4 /fm?
: 23
Radius related to slope: 74 = —-% A ‘
ga dQ% |Q2=0

Good agreement with 2 % from experiment, poor agreement with large Q>

Fixing radius to agree at large Q2 would bring radius down to r2 % ~0.25 fm?

—> Incompatible with dipole ansatz
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https://inspirehep.net/literature/1620484

Electro Pion Production

i 2 > Large model uncertainty,
o8 RQCD 20 not included in world averages
vD = exp
- » Valid only in M; — 0, ¢ — 0 limits
=~ 06
5 > Expansion to O(M2,Q?):

- restricted Q? validity
same data, different model % = - lacks shape freedom in Q2

Predates Heavy Baryon xPT,
no systematic power counting

v

[J.Phys.G 28 (2002)]

0.8 1

04, 0.6
Q’[GeV]]

Modern experiments do not report FA(QQ) = averages out of date
Possible argument for comparing to 7‘124 from low Q?; high Q2 untrustworthy

Effort needed to update prediction from photo/electro pion production
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https://inspirehep.net/literature/559694

LQCD Excited States — Empirical

0.05

0.00

—0.05

~o0.10f /

(Q*>0)

20 30 40
tsep/aoy

R, (tsep T=tsep/2)

9a
3pt. 3pt tr 2pt es
[72pt + sc 3pt sc
2 3

fsep/fin [Phys.Rev.C 105 (2022)]

FAM : 'N(nJ + m(—n)

L B B (I e 4 -
T §
By
b v |
M, m: OB v M S AEY v

AE : N(0) + m(n) - ]

0 2 4 6 8 10
[Phys.Rev.Lett.124(2020)] N

NOTE: expect only approx
agreement between data/curves

Compare fit to correlator data ratio

Contamination dominated by
“transition” states (0 — n, blue)

Typically signal below <1 fm,
contamination > 2 fm

Excited states present in
practically-achievable large time limit

NME collab:
Q? contamination from N — N7

Dominant contribution agrees
with xPT expectation

N7 is important for Fa(Q?)

Aaron
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https://inspirehep.net/literature/1857791
https://inspirehep.net/literature/1735214

LQCD ¢4(Q* =0)

ga is benchmark for
nucleon matrix elements in LQCD

Status circa 2018 summarized by
USQCD white paper
[Eur.Phys.J.A 55 (2019)]

See also: FLAG review
[Eur.Phys.J.C 80 (2020)]

Historically g4 low compared to expt
excited states (4other...)

Lots of activity since 2018,
consistent agreement with PDG
full error budgets available
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[Eur.Phys.J.A 55 (2019)]
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Axial FF - N7 Interpolating Operators

Ra:(F' =0,G =§é,) xGa, Gp

Ri(p =p=6,G=0)xga 0.4
1o ¢ t=06fm —F t=0.9fm
- —— t=0.7fm -O- t=1.0fm
0.3 - t=08fm - t=1.1fm

8 i " o
:: f }E B SPLI S Hi‘ﬂh}i 01

0.0

V t=11fm — t=08fm

o7 ¥ GEVPratio > t=10fm & t=07fm
V¥ standard ratio A t=09fm o t=06fm

06

65 64 03 02 01 00 o1 o2 03 o0s 05

T} [fm] 02 03 04 05 06 07 08 09

) [priv.comm. Lorenzd Bardyt gt
Q=0 Q*F0

-0.1

2 X 2 operator basis, explicit 3- & 5-quark interpolating operators

Significantly flatter ratios, simplified analysis

Will analysis with only 3-quark operators be consistent?
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Resonance Production - N — A

8e-39
7 BNL data —=—
1 (o) 120
. [Phys.Rev.D 71 (2005)] o
L 6e39 S 100 (o)
Q Q
o e w60
4 2 e
2 239 2
20
0 02 04 06 08 1 0 05 1 15 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/711059
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Resonance Production - N — N*

210
= 1075 ~
1077 ] — l3P=1
100 Ii=2
— 1d*=3 N N
6 2 4 6 & 1o 12 1a 05 10 15 2.0
T [priv.comm. Keh-Fei Liu] v (GeV)

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

(0(0) T4 (—q)T1(q)O(0)), Mx ~ 370 MeV, removed elastic contribution

Large N7, Nmw contributions

Currently no practical Q2 # 0 data in this region [S.Nakamura - NuSTEC S&DIS)]
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Vector Form Factors - Proton/Neutron

ELECTRIC MAGNETIC
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Large tension in proton magnetic form factor

Q*/GeV?
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Vector Form Factors - Isospin Symmetric
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