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Challenges with Oscillation Experiments

Deep Underground Neutrino Experiment — Flagship $1b experiment at LBNF

Measure osc. prob. over first two oscillation peaks
= E, btw. [0.5,10] GeV

[1512.06148[physics.ins-det]

Osc. prob. is fn of L/E,

1300 km
. Normal MH
— must classify events by E,
B
Neutrinos from secondary beam =Z°"ifm
— E, not known event by event -

— E, inferred from distribution

— 8, =0 (solar term)

1 10
Neutrino Energy (GeV)

Many requisite inputs difficult/impractical to measure from expt
—> Need ambitious theory support to supplement the experimental effort!
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https://inspirehep.net/literature/1410824

Final State Interactions

s Elastic
Scattering

Liquid Argon target
Nuclear xsec = nuclear modeling

Nuclear amplitudes constructed from
one/few nucleon response

Event characteristics change in nuclear medium Abs;rption
[ ] [ ]
In general: E, E,;
& v 7 Evis. Pion Production
= Must infer E, statistically from Monte Carlo [image:T.Golan]
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http://www.ift.uni.wroc.pl/~tgolan/talks/nuwro_hep_uw.pdf

Neutrino-Nucleon Interaction Modes o
v, Quasielastic (QE) ;-

vy, flux [arb.unit]

$1.4f-[RevMod Phys. 84 (2012)]
~
E1.2F DUNE [1512.06148[physics.ins-det]]
s
LT
:}o.s:— N N’
EO.BE— v, Resonance (RES) -
3 r
$0.4
@ -
30.2:_ s ) -~
) e 2 b TSI _ ~
-1
10 1 10 10° N N/

E, (GeV)
Event rate/E, bin ~ f.. dE, (Flux) x (Xsec)

v, Deep Inelastic (DIS) ;-

DUNE appx. 1:1:1 events for QE:RES:DIS u
— all interaction topologies are important

ddu X
Focus on QE & RES, but LQCD comp. strategies
exist for DIS (& SIS) too
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https://inspirehep.net/literature/1236362
https://inspirehep.net/literature/1672899
https://inspirehep.net/literature/1410824

z Expansion Fit to QE Fp

H]ﬂm]] N,=4 z expansion

» Dipole has strict Q? shape, 1 E= m,=1.014(14) dipole
inconsistent w/ QCD <« L
. N o
» Dipole FF ansatz significantly <
underestimates FF uncertainty L o5~
xlorﬁg :
15+ L
[ 0
[ 0 1 2 3
C 1ol Q’[GeVv?]
£ 10
2 » Model-independent parameterization
> F 4 . .
w ] Order of mag. increase in 6o
© 51 i
[ H]ﬂ]]]]] N,=4 z expansion 1
r . 1 xlOVSS
r E=] m, = 1.014(14) dipole 4
07 N N ] “,‘_,20 [[7] GENIE RFG z-expansion
10* 1 > —— GENIE RFG dipole
Ev[GeV] 8 15 —4— MINERVA Data
& [Phys.Rev.D 93 (2016)]
) g dipole:  [Eur.Phys.).C 53 (2008)]
» Nucl. xsec uncertainty from FF =0 data: [PhysRevLett. 111 (2013)]
same size as data-MC tensions o }
3z
» Source of tensions unclear ES) 5
btw. nucleon/nuclear
0\\\\\\\\\\\\\\\\\\\
0 1 15 2
2 2
QIGeV7]
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https://inspirehep.net/literature/1427020
https://inspirehep.net/literature/758296
https://inspirehep.net/literature/1232963

Leptonic vs Hadronic

l[Ann.Rev.NucI.Part.Sci. 68 (2018)]

I . : : .
i 1 —mecen E %5 —— MB CC1r*
@l o5 @| o5k | < s cowe
Z 1 —— MB CC1r® Z : : == MIN CC1ir*
Mo [ Ko F E 0
O = ol H ) T 1 % | =mneew© Z 0;{&’%«]{ ! ,l { Moo
R 1~ k i <IC & 0 i | i | = T2k cotr u,0)
ﬁ © ! ! i coter £ [© -)l o I 4 xexnene
g E i L] ] MB NC1z° (v)
a|-0.5 -T2k Cew 2| 0.5 T 1 1 meNcH @
- 1 10 b 0.5 1 15 2
p, (GeV) p, (GeV)
Correlated differences between data & MC in leptonic, hadronic models
Balancing act to reconcile two variables
Insufficient model to describe interactions?
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https://inspirehep.net/literature/1663950

Moving Forward

Room for improvement, but what is needed?
Ideal: Modern high stats v-Dy scattering bubble chamber expt

Some community push, safety concerns

= LQCD as a alternative/complement to expt

Experiment
v No nuclear effects S a
v Realistic uncertainty estimates / >< )
v/ Systematically improvable Nticleon
. MC Nag
v Computers are (relatively)
inexpensive .
s Lattice QCD
o
Nuclear
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How can Lattice Help?

Lattice is well suited to compute matrix elements:

Muynspp = (1l (V = A)p [v) (pl (V = A)p )

Vu I
pen & paper
(
Lattice QCD
n p
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Lattice QCD
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Lattice QCD: Formalism 1/2

Numerical eval of path integral

a
Quark, gluon DOFs — o ke
1 —
(©) = 5 [ DuDTDU exp(-5) 04 U] »
z RGP
16 &
Few inputs — Q@
L
Computational:  am,_ g) pare Q
aMs pare L
B= 6/g§are i
— My M
Scale setting: eg W M—g Mgq

one per computational input
Results — first principles predictions of QCD

Mhadrom <F|O||)

Euclidean time = C(t) ~ e~ Mt

“Complete” error budget = extrapolation in a, L, (M)
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Lattice QCD: Formalism 2/2

Correlation functions computed in euclidean time:

2-point function
(01(£)02(0)) = 3=,(0[O1|n) (n| O2|0) e~ Fnt
3-point function
(01(1)02(7)03(0)) = 32, (0|O1| ) (n|O2| m) (m| O3] 0) e~ En(t=7)=Em

Large t: excited states decay away, signal-to-noise degrades

Computations performed on “gauge ensembles” with fixed physics:
{a, L, My, ...}

Extrapolate in ensemble parameters to arrive at physical point

> a0 (continuum limit)
> [ — o0 (infinite volume limit)
> My — ME™S  (chiral limit)

Word of caution:

Many collaborations will compare experiment to unextrapolated results...
These values will have uncontrolled systematics.
Make sure you know what you are looking at!
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Fermilab Lattice — My
Nucleon mass —  Gope(t) ~ >, znzh e~ Ent. z, = (0|O|n)
Demonstration of method:
Baryons w/ “Highly-Improved Staggered Quarks” (HISQ)
Additional SU(4) “taste” symmetry
Baryon octet — baryon 572-plet

Complicated group thy, cheaper computation (1-comp spinors)

h .
3 ensembles: all Mﬁ YS. various a, L

Analysis credit: Yin Lin

0.631 ] [Phys.Rev.D 103 (2021)]
10251pata generation
in progress
0.611 1000+ l
s — E 975—/1__/}//{,
0.591 t =)
o =~ 950
2 . s 3
0.571 9251
¥ 0.12fm,t—ty=2 9004 —— best fit: x2/dof=0.79
0.551 —— best fit: x2/dof=0.85 4 My, pny =940 MeV
- * Il
2 3 4 5 6 7 & 9 10 11 0.002 0072 0102 0122 0142 0.162
to/a a?[fm?]
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https://inspirehep.net/literature/1767417

Fermilab Lattice — ga, gv

Axial

charge —

Gapt(t,7) ~ > Z"ZL<”|AM‘m>eiE”(tiT)7E’"T

(NJALIN) ~ ga

Single ensemble: M, ~ 305 MeV
World-first 3-point fn w/ HISQ

Interpreting results requires

SU(2)fiavor X SU(4)taste C SU(8) CG coefs/Wigner-Eckart

Analysis credit: Yin Lin

1 6N 8a/Za ’; gv/Zv [2010.10455[hep-lat]](in press)
' 3 ta=3 |3 wa=3
R - va=all o] & va=s
S 144 F ta=5 )
S S1.1q
2., [ 210
[ [
o 2 W
= - < 0.91
@1.0‘ S \
0.8 \
Gr6.0N70 Gr6.0N70
0.8~ T T T T T T 0.7 T T T T T

2 4 6 8 10 12 14

2 4
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https://inspirehep.net/literature/1824151

Callat — ga

Left: O(1%) on ga using Feynman-Hellman inspired technique:

C(I:Ii):\ = (3 \dHA [¥xn) w/ source term )\/d4x Au(x)
~——
2-pt 3—pt

Right: Work in progress —
One ensemble: a ~ 0.09 fm, M, ~ 310 MeV
5-state fit, detailed analysis of excited state contamination
Compare w/ traditional three-point method

1.35 4 Analysis credit: Jinchen He
. 1.30
1307 ———;j,,,f,,w%ﬂ# ) ’ 1.25
1251 i : 120 . .
< =t 4 | <5 i §
1.20 4 T S . = .
[Nature 558 (2018)] 3 5
1159 % a~015fm 110 ey
a~012fm . .
105 N
1.10 £ a~009im 05 @
: - - - - = 1 PRELIMINARY
000 005 010 015 020 025 030 - 04 02 00 02 0.4
n = My /(4 F) (7 — twp/2)/fm
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https://inspirehep.net/literature/1675748

Survey — ga

State of field circa 2019 summarized in white paper,
written for nonpractitioners: [Eur.Phys.J.A 55 (2019)]

Historically low g attributed to N excitations (N, RES)
led to apparent violations of PCAC relation

Now:
- Agreement w/ PDG seen consistently 8a
0.9 1.0 11 12 13 14 15 16 17 18
B \as nanns anans hos o DN ILEARS Renee nnAN
. . . . = | aa aal PNDME 18
- Details about excitations still unclear E 4 Callais
E —.— PNDME '16
B . PACS '18
¥ | —a— LHPC 14
ki e LHPC’10
NME 21 = e RBC/UKQCD "08
———— Lin/Orginos "07
RQCD 19 — ETMC 17
o “—p—  Mainz"17
ETMC 19 —— [ — R%CD 14
i ERE g DSF/UKQCD "13
. Lo .TMC '15
Mainz 19 —_——— o RBC 08
g - AWSR '16
LHP 19 S g ——e——F~  COMPASS 15
PACS 18 ————
X1/10 scale > Brown’17
PNDME 181 ——+————— 2| =~ Mund’13
= ﬂen?gnhall 12
Liu ™
xQco 18 T 5 Abele 02
E| Mostovoi 01
Callat 18 e H Liaud 97
z —— Yerozolimsky '97
= | Bopp ‘86
1.20 125 1.30 135 1.40 1.250 1275 1.300 1.325
See refs. in: [2103.05599[hep-lat]] 9 [Eur.Phys.J.A 55 (2019)]
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https://inspirehep.net/literature/1730504
https://inspirehep.net/literature/1850754
https://inspirehep.net/literature/1730504

2
Survey — r;

Avoid My: only makes sense in dipole = r2 = —(6/g,4)dFA/dQ2|Q2:0

= rf\,dipole = (1 GeV?/m3) x 0.466fm?

Most collaborations have adopted z expansion parameterization

Uncertainties will continue to decrease w/ time

Opinion: Still too early by few years — wait for resolution of excited state issues

NME 21 H———

RQCD 19

ETMC 19

PACS 18 ————

PNDME 17{ +~———e——!

cLs 17 e —

0.2 0.3 0.4
See refs. in: [2103.05599[hep-lat]] 7A/m*

05

AL S
N N

= vd (dipole)

AN

W eN — eN’n (dipole)

N

vd (z exp.)

MuCap this work
o LHPC
ot ETMC
lattice QCD
F—— CLS
—_—— PNDME
| T TS S S | S
02 04 06 08 1
% (fm?)

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

Prospects
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Timeline

Very rough sketch of my interpretation of timeline for LQCD computations

Time

(N|7.(Q%)|N) (N7 |TuIN) (NN|JuINN)
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Forward-Looking: QE FFs
High-precision meas. (N|J(§,v)|N) ~ Fa(Q?), Fv(Q?),
Realistically: Q% ~ 0 — 1 GeV?
Reduce uncertainties of axial/pseudoscalar FFs
Fill in where difficult/impractical to get expt data

Resolve tensions btw vector FF parameterizations
Discrepancy of proton mag FF = uncertainty floor for axial FF

o-v,,nau’ p(Ev)

(black solid) z expansion: [Phys.Rev.D 102 (2020)]
(blue dash) BBBAOS:  [Nucl.Phys.B Proc.Suppl. 159 (2006)]

0.5 1 5 10
E, [GeV]
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https://inspirehep.net/literature/1788630
https://inspirehep.net/literature/709903

Forward-Looking: Resonant Transitions

Constrain amplitudes/FFs that are inaccessible to expt
(N7| T (g, W)|N) [res.+nonres.] ~ Csa(Q?)

Theoretically & computationally challenging:
= hard cutoff at Nz threshold (for now)
— raise M to circumvent, A — stable

Dense spectrum of states
= In practice requires N7, (N77) operators -

\

18

16 —
15 R
X 314 N* 1420 No
3! =z 12
A PIAANAAATIRA NS,
% ) "’B = égﬁ Y1 10
DO P FERaRann == 09 N Nt Nmm Numm Nmmmm Nres N+ Xres
[1912.04917[hep-lat]] Mxl =4, My = 135 MeV

[github.com /lehner/Wick]

Aaron S. Meyer Section: Prospects 22/ 24


https://inspirehep.net/literature/1770118
https://github.com/lehner/Wick

Forward-Looking: NN ga

D, D
(NN|TLINN) ~ F 2, F 2

Direct comparisons to D, scattering, nucl. model
— Test nucl. corrections to QE assumption on D,

Signal to noise exponentially degrades ~ e~ (Mn—3Mx)t
=—> heavy My required (for now)

Nuclear models w/ large My could offer direct comparisons in near future

® Tig(0) é(l) o (1) e A2(3)
)

*
o A1) « E(3) ¢ A22) o A2(1) ¢ B2(2) (]
0.75 > :
>

qeotd /my
5 &
N——
X
\\
\

0.00 —
N M ~ 713 MeV
—0.25 [Phys.Rev.C 103 (2021)]
—0.10 —0.05 0.00 0.05 ‘0.10 0.15 0.20 0.25
a*/m3
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https://inspirehep.net/literature/1818825

Closing Remarks

Nuclear xsecs necessary for v oscillation experiments,
but nucleon amplitude uncertainties still leave something to be desired —
» Nuclear corrections make extraction of nucleon amplitudes difficult
» Nucleon amplitudes from D; have large uncertainties

»> New D, data not forthcoming (yet)

In absence of modern D, expt, LQCD can fill missing pieces to puzzle —

» Improved stats on QE form factors
» Resolve tensions in vector form factor parameterizations
» Compute amplitudes that are difficult/impractical to measure in expt

»> Match directly to (small) nuclear target data/models

Lots of work to be done, but path forward is clear!
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