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Introduction
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Neutrino Oscillation Expt

Next-gen v oscillation effort

O($1b) high-precision expts

Measurements —
dcp : CP violation
sign[Am2;]  : mass hierarchy

dop — last missing parameter in PMNS matrix

=—> matter-antimatter asymm; 3-flavor unitarity (sterile v)

mass hierarchy — m3 > mi,2 7

= appx symmetry mi ~ ma ? ; lower limit Ov33 decay rate ?
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https://www.dunescience.org/
https://www.hyperk.org/

Two Flavor Neutrino Oscillation
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Two Flavor Neutrino Oscillation
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Two Flavor Neutrino Oscillation
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Two Flavor Neutrino Oscillation
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Near/Far Detector

v, flux [arb.unit]

[Rev.Mod.Phys. 84]
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E, (GeV) Neutrino Energy (GeV)
Nevent ~ deV Q{l ® g/ (®\€/)
flux xsec eff

Pyisapp (Ev) ~ Niar/Nnear fit to oscillation model
v beam not monoenergetic = P(E,) # §(Fv — Fveam)
E, not known event-by-event —> reconstruct E, from measurement
beam dynamics —> different efficiency @ near, far

High precision expt needs robust, precise cross sections
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https://inspirehep.net/literature/1236362
https://inspirehep.net/literature/1672899
https://inspirehep.net/literature/1410824

Neutrino Interactions in Nuclear System

Many interaction topologies: primary & intranuclear rescattering
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http://www.ift.uni.wroc.pl/~tgolan/talks/nuwro_hep_uw.pdf

Neutrino Interactions in Nuclear System
Many interaction topologies: primary & intranuclear rescattering
Only particles that leave nucleus are detected

QE dominates low E,: HyperK mostly QE, DUNE equal mixture

Y Iz

2
Deep Inelastic u ? Charge Fxchange ) bd

Elastic
Scattering?

Resonant

N N
- Al rption ?
Vy u bsorption ?

I s

. . [ [ )

Quasielastic S o

° Pion Production? [image:T.Golan]
n p

Aaron S. Meyer Neutrino Physics w/ DWF 12/ 25


http://www.ift.uni.wroc.pl/~tgolan/talks/nuwro_hep_uw.pdf

Quasielastic Form Factors

QE w/ Impulse appx.: interact with “free” nucleon in nucleus

Vu
M= T [ve) (N |Ju|N)
(N'(®")Ju(@)IN(p))
=a@)| WwFi(d®) + gxrouwd” Fa(a?)
nucleus 5 1 5
n P T Fa(@®)  + g5y s Fr(a?) ]U(p)

v

F1, Fs: constrained by eN scattering
Fp: subleading in xsec; PCAC — x Fy
F'5: poorly constrained by expt, obtained from large-A data

vy

In expt, both p and p measured

Free nucleon FFs are starting point; full nuclear cross section complicated
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QE F4 from z Expansion

> Dipole Fa(Q?) = ga/(1 +Q%/m%)?

strict Q2 shape,

H]]]]m] N,=4 z expansion

- - 1 E= m, = 1.014(14) dipole
inconsistent w/ QCD ™ (14 cipote
) L
» Dipole ansatz underestimates o |
FF uncertainty xO(10) -
LL 05
x10°%° [
15 - L
r 0
(E' 10 r 0 1 2 3
St 04GeVA
E> L j
\6 5 L N 20 [
J— GENIE RFG z-¢
[ [T N.=4 z expansion 1 Q Z.expansmn
r _ 1 > —— GENIE RFG dipole
i E=] m, = 1.014(14) dipole 1 3 15 4 MNERvA DA
0 M| M| L ~ Z exp: [Phys.Rev.D 93 (2016)]
10t 1 £ dipole:  [Bur.Phys.J.C 53 (2008)]
EV[GeV] ;‘2- 10 data: [Phys.Rev.Lett. 111 (2013)]
. (O 4
» Nucl. xsec uncertainty from FF S
same size as data-MC tensions g 7t
» Source of tensions unclear ) P Y BV s s s
btw. nucleon/nuclear 0 05 5 ! ” 15 2
QGeV7]
Aaron S. Meyer Neutrino Physics w/ DWF 14/ 25


https://inspirehep.net/literature/1427020
https://inspirehep.net/literature/758296
https://inspirehep.net/literature/1232963

Lattice QCD
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LQCD as Disruptive Technology

Ideal: Modern high stats v-Da scattering bubble chamber expt

Some community push, safety concerns

= LQCD as a alternative/complement to expt

Experiment

No nuclear effects
Realistic uncertainty estimates

Systematically improvable

NN

Computers are (relatively)
inexpensive

QCD

Build from the ground up:

Nucleon amplitudes on solid theoretical ground,

more robust inputs to nuclear model/EFT
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Axial Form Factor: g4(Q? > 0)

Radius as metric to assess g4 (Q?)

r3 = —(G/QA)dFA/dQQ‘QZ’:O

72 dipote = (1 GeV2/m?) x 0.466fm?
Agreement btw LQCD r% & expt good,

but 7’% anchored to Q2 = 0,
has 50% uncertainty

Despite ri agreement,
LQCD consistently w/ slow Q2 falloff
—> dipole insufficient

Excited state contaminations?
Chiral-continuum or FV extrap?
Expt incorrect?

—> No answer yet

NME 21
RQCD 20
ETMC 20

PACS 18

PNDME 17

QLS 17

[Rept.Prog.Phys 81 (2018)]
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https://inspirehep.net/literature/1620484
https://inspirehep.net/literature/1850754

Excited States in g4
10 EQ 30 1 .
‘ tsep/an Compare traditional 3pt
0.10 ' ¥
‘ ) vs Feynman-Hellman
0.05 i R, (fsep T=tsep/2)
0.00 . g4 a =~ 0.09 fm, My ~ 310 MeV
-0 Detailed excited state fit w/ 5 states
~0.10 ’r’ 3pt. 3pt tr 2pt es
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! , /‘“:m 3 3pt “scattering” (n — n, red)
sep, . . . .
! contrib. similar, approx. cancellation
B B 0
0.10 tsep/dos Remnant contamination dominated
. 5 FHS, (7o) by “transition” (m — n, violet)
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om0 [9f 4 fh fh £ 2pt es
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~0.15 : 5 5
[2104.05226[hep-lat]] tsep/fm
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https://inspirehep.net/literature/1857791

CalLat ¢g4(Q?) Computation

a [fm]
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» Open circle: g4 computation > Filled square: existing gA(QQ)

Domain wall valence on HISQ sea

Data on many My, a, L for full error budget
= Only al2m130 in this talk
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Computation Setup
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Az 77-7 =
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1 qg 2 2 o 2
- Q7))+ (Eq +
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A, w/q. =0 = Ra,(t,7,q) = Egg:\/f ga(Q?) no induced pseudoscalar
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Function Ratios

Three-Point

SE BEE 1 =
- =, = - o P - S -
[ il S [ “og T 1
= Erfﬁggmixz R P P i b 2 e
- g P X
S g S < S 4 S
= =12 : py) :
B == - b o + E 3@@: i
Hi o g o 3z .
R i 7 5| mmoaeee™
& = = X ’3
— = 0067 22 - p ot
3| Sapate S = S S
py) : T2 3 pyy)
N soomeor®d | |3 | oo I
1. | i 5
| = - | = e,
B ’*" E o ”"'
— - .——"'11 P L O
g esgieit S Sads39 'y ¢

Global 3-state exponential fit x 10 momenta w/ |g;| < 3 (27/L)

» colors: t/a € {3,...,12}
> vertical: \V4 2Eq/(Eq + M)R.Az (tsep, 75 Q) — éA(QQ)

Large range of source-sink separations, lots of momenta

T2

> gray band: fit §4(Q?)

Curvature to q> = 0 == opposite sign contribs
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Axial Form Factor Fit

\ z(4) expansion fit
I Dipole fit
N N N Dipole: M, = 1.026 GeV
% PRELIMINARY
)
e
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14
2 /o2
parameter @/ GeV relative error
source ga/gv ri/fm2 M A dipole/ GeV
2(4) expansion 1.6% 18% 8.8%
dipole 1.6% 5.7% 2.8%
PDG 0.2%
[Phys.Rev.D 93 (2016)] 48% 24%

Agreement with g4 from PDG, low 7‘124 compared to Da (like other LQCD)

Dipole underestimates T124 uncertainty by factor ~ 3,
Will get worse with increased Q2 range

Using data up to (¢L/27)? = 18, data for up to 108
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https://inspirehep.net/literature/1427020

Expt Implications

What if g4 (Q?) falloff is slow (LQCD is right)?

LQCD g4(Q?):

—> significant
increase in norm

—> suppression/
enhancement of
oscillation max

= will shift
oscillation peak

T2K-ND rate /t /10°* POT

Ratio w.r.t nominal

- GENIE nominal —— Z-xp LQCD fit - GENIE nominal —— Z-exp LQCD fit
-~~~ Nominal CCQE - Z-exp LQCD CCQE -~ Nominal CCQE - Z-exp LQCD CCQE
107+~ Nominal 2p2h Nominal Other -..... Nominal 2p2h Nominal Other
T T 3 = T T T
1 2 F [C. Wilkinson]
sl T2K & o4
2%
4 k3 [
1 <
2 1 ®o2f
i x [
1% [
1 1 & of
1 R
: [ [
- o wt L L s
— T T T
1af 3 14f e
£
£
2
12+ = 12F
2
il
. . PRELIMENARY | . ]
05 T 15 05

E % (Gev)

15
£ %F (Gev)

Other interaction mechanisms will be tuned to compensate for differences
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Expt Implications

What if g4 (Q?) falloff is slow (LQCD is right)?

~—— GENIE nominal ~ =~ Z-exp LQCD fit ~—— GENIE nominal ~ =~ Z-exp LQCD fit
108 -~~~ Nominal CCQE - Nominal CC-2p2h ~----- Nominal CCQE - Nominal CC-2p2h
LQCD gA (Q2 ) . = Nominal C‘C RES NDT\na\ CC-Other . Nominal C‘C RES Nur‘nmal CC-Other
S osh e 1927 o [C. Wilkinson]
Lo g 1. DUNE 7 & T 4
= significant S ‘ ] 1 S« ] 4
= L M = L !
increase in norm 3 %° o ‘ 102
g 1 ¢ ¢
. S0l i 1 &t
—> suppression/ - . . ] 20k - ]
enhancement of oal ¢ i 2 1 rop A
oscillation max 1 [
! L 3 o o
. . = T T - T
— will shift g 1oF g 1aF 4
R £ £ ——
oscillation peak S P 18 B E
o M T e = b P o
EN S B 4 - B
e 1 o 1
g 2
€, , ’ PRELIMEN ARY , .
E\Ylec‘ had (GeV) E\r/ec‘ had (GeV)

Other interaction mechanisms will be tuned to compensate for differences

DUNE at higher E,: changes to oscillation max opposite of T2K
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Outlook

Nucleon axial form factor is a vital ingredient for neutrino oscillation studies

Dipole ansatz is overconstrained by data, underestimates uncertainties
94(Q?) lacking precision: current estimates from Dy data are 67"%/7“31 ~ 50%
First principles LQCD calculations at physical M, give X3 improvement
Early in analysis, many more data available than used

First step in a series of calculations targeting weak matrix elements

vyVvyVvyVvYyVyvyy

More to come!

Thanks for your attention!
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Backup
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Dipole Axial Form Factor

Most widely used: dipole ansatz [Phys.Rept.3 (1972),261]

Fjipole(Qz) =ga (1 +Q2/M124)72

Large variation in M4 (“axial mass problem”):
> M4 = 1.026 + 0.021 [J.Phys.G 28 (2002) R1-R35]
> MST=135+0.17 [Phys.Rev.D 81 (2010)]

x10% NB: this plot is deceptive

—%— NOMAD data with total error
(b) —4— LSND data with total error

MiniBooNE data with total error
--------- RFG model with M::LDS GeV,k=1.000
RFG model with M{"=1.35 GeV,x=1.007
Free nucleon with M,=1.03 GeV

—

o(cmz)
—ONPOOONPOD

0-1

-

10 (phys.Rev.D 81 (2010)]
ESJE,RFG (GeV)
> MZE: nuclear modeling & nucleon FF entangled
> Expts: different selection criteria, sensitivity, MC model, ...

Goal: isolate nucleon FF, then address modeling
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https://inspirehep.net/literature/67183
https://inspirehep.net/literature/559694
https://inspirehep.net/literature/845845
https://inspirehep.net/literature/845845

z Expansion

Want model independence, Q? expansion only good for Q2 < 1
Conformal mapping: [Phys.Rev.D 84 (2011)]

(@01 = Vet L VIl
2= y0,0c) =
\/tC+Q2+\/t67tO

—Q? < 0 kinematically allowed — |z <1

Long history w/ flavor physics & CKM determination (< 1971)

Model independent: motivated by analyticity of QCD
|z|F, |ag| — 0 as k — oo

vvyyy

Truncate at finite kmax, use sum rules to regulate large-Q?
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https://inspirehep.net/literature/921784

AXla,]. Charge: gA (Q2 = 0) See refs. in: [2103.05599[hep-lat]]

NME 21
RQCD 20
ETMC 20
Mainz 19 —t——
ga is benchmark for LHP 19
. . PACS 18
nucleon matrix elements in LQCD PNDAE 18
vQCD 18
Status circa 2018 summarized by Callat 18 e
USQCD white paper 1% 1% 130 13 110
[Eur.Phys.J.A 55 (2019)] @
C: 1EN{ 18
* alLat
See also: FLAG review - DM
r CD ’18
[Eur.Phys.J.C 80 (2020)] L RRE
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. ) é ] 'ﬁ_ch}(an 08
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. == ETMC'}7
excited states (4other...) —_ '&”é'é'f)zﬂ
S B
Lots of activity since 2018, i ° RBC08
. . b o AWSR "16
consistent agreement with PDG E ———T~  COMPASS'IS
. 3
full error budgets available
x1/10 scale < Brown'17
© pos lund "13
& Mendenhall *12
3] Liu’10
al Abele 02
S| Mostovoi "01
5 Liaud 97
= — Yerozolimsky 97
2 e Bopp '86

[Eur.Phys.J.A 55 (2019)]
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https://inspirehep.net/literature/1730504
https://inspirehep.net/literature/1721393
https://inspirehep.net/literature/1730504
https://inspirehep.net/literature/1850754
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