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Neutrino Physics c Particle Physics

- Neutrinos have mass, change flavor (“oscillate”), and may violate CP.

- Taxpayers are eager to find out about CP and to test the three-family paradigm:
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$109 for LBNF/DUNE: -
*  numerous other experiments.

- Oscillation experiments aim a(n) (anti)neutrino beam
at nuclei such as 12C, 160, 40Ar.

- A nucleus can be thought of as a collection of nucleons.
- “Ariddle, wrapped in a mystery, inside an enigma” —

- a flavor change, wrapped in a nucleon, inside a nucleus.
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Neutrino-Nucleus Collisions

- At the energies used by experiments measuring oscillation parameters, the
nucleus is treated as a collection nucleons:

* use nuclear theory for nuclear structure;

*use ab initio (i.e., derived from QCD) nucleon-level calculations for
neutrino-nucleon transition matrix elements including

- YN —¢eX, X=N, N', A, Nm, i.e., matrix elements (N|V —A|N);
- and, eventually, two-body effects:(NN|V — A|NN);

*use nuclear transport (e.g., GiBUU) theory for post-collision absorption/
secondary production of pions.


https://gibuu.hepforge.org/trac/wiki

Nuclear Structure

A huge challenge:
many approaches, some called “ab initio” —

means that a unified formalism describes many things and can be
systematically improved —

can be cast as a chiral effective theory (nucleons in a pion cloud);
not QCD though.
Full error budgets are yet to come and may be impossible.

Measure “data over here” to constrain nuclear model; then trust validated
models “over there” where oscillation parameters are determined.


https://profmattstrassler.com/articles-and-posts/particle-physics-basics/the-structure-of-matter/the-nuclei-of-atoms-at-the-heart-of-matter/what-holds-nuclei-together/

Hadronic Physics— VN Scattering

- Hard, but easy compared to nuclear theory.

- Trap to avoid: nuclear model using nucleonic ingredients inconsistent with
QCD:

-+ even If tuned up “here” such a thing would be scary “over there”.
- Therefore, aim to get scattering amplitudes from first principles.

- Two approaches:

+ Vp or vd scattering experiments in the Tokai, NuMI, or LBNF beam;

- lattice QCD with error budgets as comprehensive as those for CKM.



Outline

- Introduction & Motivation

- Paradigm of Lattice QCD

- Results (not for vA scattering)

» Results (for viV and vA scattering)

- Qutlook



One thing | like about neutrino experiments is that they
don’t rely on some damn lattice calculation!

Heidi Schellman
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Lattice Gauge Theory

(=S) e

d.o.f. (= UV divergences);
/ DU DDy exp

1
- Z

- Infinite continuum: uncountably many

(®)

- Infinite lattice: countably many;

1

used to define QF

- Finite lattice: finite dimension ~ 108

so compute integrals numerically.
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Lattice Gauge Theory
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The Steps

-+ Use random number generator to create gauge fields distributed ~ e-3.
- Solve (ID+ m),G.y = by for quark propagators in these gauge fields.

- Fit hadron correlation functions to get masses and matrix elements.

 Repeat several times while varying bbare gauge coupling and bare masses.

- Find a trajectory with constant pion, kaon, Ds, Bs, masses (one for each
quark) in dimensionless but physical units and obtain the continuum limit.

- Convert units to MeV.

- Comprehensive analysis of uncertainties!

11



—rror Budget

TABLE I. Error budget for strange-, charm- and bottom-quark masses, their ratios, and the HQET
matrix element Ayprs. See the text for the description.

Error (%)

4 Statistics and EFT fit \

Two-point correlator fits

Scale setting and tuning
Finite-volume corrections
Topological charge distribution

Electromagnetic corrections

g

\fﬂ',PDG )

my/Mme  Me/Mmg My /Mg mS,M—S(Z GeV) m. ™y AmMRs
0.10 0.09 0.12 0.43 0.30 0.29 4.5
0.08 0.02 0.10 0.13 0.08 0.03 1.1
0.02 0.08 0.10 0.12 0.03 0.02 0.2
0.02 0.04 0.06 0.07 0.02 0.01 0.1
0.00 0.00 0.00 0.00 0.00 0.00 0.0
0.11 0.11 0.01 0.02 0.08 0.01 0.1
0.01 0.00 0.01 0.56 0.75 0.18 2.9
0.03 0.07 0.10 0.13 0.04 0.02 0.3

- Quark-flavor results compiled by Flavor Lattice Averaging Group (FLAG).

With meson form factors, mixing matrix elements, etc., it is now common

to publish correlation matrices as well as error budgets.

12


http://flag.unibe.ch/

Sea Quarks

- Computationally the most demanding part.
+ S0 often charmed sea is omitted, sometimes strange sea is omitted.
- Sometimes sea quarks take physical masses; often larger than up/down.

-+ Most calculations of small nuclei have sea quarks such that the “pion” in
the computer has mass 800 MeV.

13



Lattice QCD for Textbooks
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http://arXiv.org/abs/1203.1204/

Postdictions

Ll

()

0.9

1.0

1.1

quenched/experiment

Ja
Sk
3mE -m

N

2WLBS_ mY
Y(1P-18)
Y(1D-18S)
Y(2P-18)
Y(3S-1S)

Y(1P-1S)

HPQCD, MILC, Fermilab Lattice, hep-lat/0304004

FTrrrril IIIIIIIII!IIIIIIIII FTrrrid
- |_.,:_| —

B ,_,_| |
-

B > _

09 10 1.1
(n = 2+1)/experiment

* From 2003!

a=0.12 & 0.09 fm;

- O(a?) improved: asgtad;

- FAT7 smearing;

m, K, Y(2S-18) input.
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http://arXiv.org/abs/hep-lat/0304004/

Predictions

Fermilab Lattice, MILC, HPQCD

O s 320¢ | 7 6700
max s - hep-ph/971 1426 [Fermﬂab] i
2.5 LA L L I I L L B L L = = ep p - @ hep 1 t/9902025 [UKQCD]
i : 300 - hep-1at/0206016 [MILC] — | - quoted quenching error
[ D=kl - ge%lat/?vs[%%g [2F060r;n ilab + MILC] : 6600 |- ® hep-1at/04011027 [HPQCD/Fermi lab]—
2l — lattice QCD [Fermilab/MILC, hep-ph/0408306] 2ok + BaBar (Morion ) E -+ hep-ex/0505076 [CDF]
i ¢ experiment [Belle, hep-ex/0510003] - T R —_~ i (m +m )/2
L m  experiment [BaBar, 0704.0020 [hep-ex]] | o~ O o
B A experiment [CLEO-c, 0712.0998 [hep-ex]] o - ~ . —
15 v experiment [CLEO-c, 0810.3878 [hep-ex] 7, 260 : | 7] > 6500 T
o ]E = ! -] o I
gy H\q“’ 240 |- i : ] ~ i ]
: . . . i < 6400 |- .
: R T
220 - [ — S I
- -L - I
05 L] - ] i I
: L 200[- | ] 6300 i 1 ; z
O ) l ) l ) l ) l ) l ) l ) l ) l lllll - I I I I - |
0 0.05 0.1 0.15 0.2 025 03 035 0.4 045 180 0 1 > 3 6200
qz/mz* n, n.= 0 2+1 expt

Semileptonic form factor for D — Klv: hep-ph/0408306 —updates: arXiv:

1008.4562 (normalization), arXiv:1305.1462 (shape);

Charmed-meson decay constants: hep-lat/0506030 —update below;

+ Mass of B. meson: hep-lat/0411027 —updates: arXiv:0909.4462 (Mp+ =
63309 GeV), arXiv:1010.3848.
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http://arXiv.org/abs/hep-ph/0408306/
http://inspirehep.net/record/866260?ln=en
http://inspirehep.net/record/866260?ln=en
http://arXiv.org/abs/1305.1462/
http://arXiv.org/abs/hep-lat/0506030/
http://arXiv.org/abs/hep-lat/0411027/
http://inspirehep.net/record/832077
http://inspirehep.net/record/873354

Semileptonic B — mtlv for [Vl

Much more precise than 2008.

-z variable extends range.
Functional fitting method.

Relative norm’n yields [V,l.

- Total error on |Vl is 4.1%:

1031Vl = 3.7240.16

(1-g°Mg+*)f,(2)

1.2

0.8

0.6

0.4

0.2

Z:
Vig — 4+t — 1

Vig — 1=/t — I

All expt. N,=3 fit
Lattice N,=4 fit

BaBar untagged 6 bins (2011)
Belle untagged 13 bins (2011)

BaBar untagged 12 bins (2012) —©—
Belle tagged B? 13 bins )
)

2013

—E—
o

—4—

Belle tagged B™ 7 bins (2013) =~ 7

| % 5 ﬁ 20 %@@

rrey

-0.3

-0.2

-0.1

0.2

0.3
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http://inspirehep.net/record/1356283

Leptonic B — tv for [Vyl, D — [v for [Vl

Uy jmmenmes . Fermilab Lattice & MILC [arXiv:1712.09262);
o] e I]?ITPl(\Q/IClli 13 (NRQCD b)
Au,d,:s o || e oRGeD 1 fDO — 2115(0 3)8‘[21‘[(0 3)Sy3t(0'2)f7r,PDG MeV
T I |aooumses fo+ =212.6(0.3)stat (0.3 )syst(0-2) 1, ppg MeV
LT fp, = 249.8(0.3)0at (0-3)syst (0.2) £ ppe MeV
far (MeV)  fp, (MeV) fp+ = 189.4(0.8) (1. 1)Syst((),3)meDG MeV
| u,d, s, c sea )K Fermilab/MILC 17 fBO — 1905(0 8)stat(1 O)SySt(O'3)f7r,PDG MeV
Fermilab/MILC 14 fB, = 230.7(0.8)tat (0.8)syst(0.2) frpng MeV
e yQCD 14
A HPQCD 12 (" )
. [rmibpe 1 e Overall uncertainty: | ~0.2% for D mesons,
* Hrace 1 ~0.7% for B mesons.
205 215 225 235 245 255 265 ‘2‘75 k J

fp+ (MeV) fp, (MeV)
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http://inspirehep.net/record/1644910

Quark Masses

X

u,d, s, c sea

nonlattice

1.2 1.25
m. [GeV]

1.3

Results from arXiv:1802.04248:

Fermilab/MILC/TUMQCD 18
HPQCD 14 (all HISQ)
ETM 14 (baryons)

| ETM 14 (mesons)

Maezawa and Petreczky 16
JLQCD 16

xQCD 14

HPQCD 10 (moments)

Mateu et al. 17
Chetyrkin et al. 17
Kiyo et al. 15
Dehnadi et al. 15
Narison et al. 11
Bodenstein et al. 11c
Boughezal et al. 06

1.35 1.4

nonlattice

4.05

4.15

4.25

myp [GGV]

Fermilab/MILC/TUMQCD 18

/| Gambino et al. 17

ETM 16
HPQCD 14 (NRQCD b)
HPQCD 14 (all HISQ)

Maezawa and Petreczky 16
HPQCD 13 (Y splittings)
HPQCD 10 (moments)

Mateu et al. 17
Ayala et al. 16
Beneke et al. 16
Kiyo et al. 15
Dehnadi et al. 15
Penin et al. 14
Narison et al. 11
Bodenstein et al. 11b
Chetyrkin et al. 09
Boughezal et al. 06
Brambilla et al. 01

4.35 445

To our knowledge, first results w/ order-aR running & order-o¢ matching.

0.3% for bottom, 0.5% for charm, 0.7% for strange, 1% for down, 2% for up.
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http://inspirehep.net/record/1654552

Lattice QCD for Neutrino Scattering



Form Factors

- Hadronic matrix elements of the weak currents are decomposed into
Lorentz covariant forms, multiplied by form factors:

(p(P)| V2 In(k)) = i1, ()Y un (k) Fi (q%) + =ity (p)ic* u, (k) Fa(q?),

() A n(k)) = iy (P P un (k) Fa () + 2 (p) (k)

q°
G = k' — p

+ The g% dependence is constrained by unitarity and analyticity, leading to a
model-independent parametrization known as the “z expansion”.

- Lattice-QCD calculations plus z expansion is a key ingredient in CKM
determinations, e.g., |Vil.

22



Vector Form Factor from Lattice QCD

Lattice QCD too high?

10 L R e
CODATA Kell(y20194 ------ aogmzz%o A
' it 5 2014: 0.875(6) fm === a09m220 &+ |
Even continuum fimit: dipole: 0.772(13)fm —  209m130 =+ |
0.8 | % z-exp: 0.804(107)fm — a09m130W = -
[ AR albm310 rw— a0om310 +A&— ]

re=0.80(11) fm, L al2m310 s~ a06m310W A
o6l al2m220L +&~ a06m?220 -5+ ]
> 0 VRO al2m220 @~ a06m220W +o-

a06m135

vs CODATA: o : 3+4

_|_
G - Z

0.4 | . ]
re =0.875(6) fm. | LN\ e, :
0o L ! ..--',,'..,:,:: -» 2 , ]
A v\ e T A
Ge=F\— Q2 Fo/M?. |

0.0 Lo —

0 12 1.4



Vector Form Factor from Lattice QCD

Lattice QCD too high?

10 e re e et s e n o e re et ettt ot ettt
CODATA KeII%/20194 ------ aOngQ%%O A ]
' mMit R 2014: 0.875(6) tm === a09m220 &+ |
Even continuum limit: dipole: 0.772(13) fm —  209m130 =+ |
0.8 | % z-exp: 0.804(107)fm — a09m130W += A
[ AR albm310 rw— a0om310 +A&— ]

re=0.80(11) fm, LN al2m310 rg~  a06m310W ~A-
06 [ LNk al2m220L ~&- a06m220 o+ |
> O T 1\ NS al2m220 @~ a06m220W &+ |

a0bm135 =

vs CODATA: o : 344

_|_
G - Z

04 B ] ‘e, :“_;_:57‘ : B
re = 0.875(6) fm. B \\ Oy ~Y YN :
0.2 + \ Ryt : ¥ 4
B v\ e T 2o A .
Ge=Fi - Q? Fo/M?. |

0.0 L e

0 12 14



Axial Form Factor from Lattice QCD

- Gupta, Jang, Lin, Yoon, Bhattacharya (PNDME) [arXiv:1705.06834]:

- a # 0 slope smaller than PN

deuterium & other data.

- Even continuum limit: 0s L

Ga/9a

ra=0.46(6) fm, 07 [

L/ 3;
......

vs Meyer et al.: 0.6
- NB: black “data”

- 0.5 [ are unpublished
rpa = 068(16) fm -extractilonlfrolm IGXPT-I o

0 0.1 0.2 0.3 0.4 0.5

- What would 0.46 fm say about deuteron?
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https://inspirehep.net/record/1600586

Nucleon axial form factors

pre-1990 v-scattering, M = 1.026(21) GeV
—-= Aguilar-Arevalo, M =1.35(17) GeV
=== Meyer et al., My =1.01(24) MeV
B ETMCts=1.62 fm, m; =136 MeV

ts=1.29 fm
ts=1.45 fm
ts=1.62 fm
Experiment

4

0.2 0.4 0.6 i . . i 0.4 0.6
Q*[GeV?] Q2[GeV?]

A2 160303048 Meyer : ’ % Left: Data for 7;,,,>1.2fm compatible, but

rA2 Mainz Group 2017 my > 190 MeV —— S | ope d |ffe I‘ent

rA2 PNDME 2017 my € (135, 310) MeV A . ] ] . .
A2 Dip Plt t5=1.64 fm Right: Lattice data compatible with upper

A2 Dip Plt 5=1.48 fm range of neutrino-nucleus cross sections
kA2 Dip Plt t5-1.31 fm (green band) and with MiniBooNE (red band)

rA2 zExp Plt ts=1.64 fm

A2 2Exp DIt t5-1.48 fn Parametrization of lattice data:
rA2 zExp Plt ts=1.31 fm ® D|p0|e flt, Z'eXpanSion

02 00 ; ; ; Deviations on (r 4 ) from different methods

. Constantinou, Lattice 2018



Continuum Limit (for B — mtlv)

- Compute
f(kamSamSaa) .
- Combine data -
with Symanzik
EFT & chiral PT;
- my — Ya(my+my);
° a— O =)

- Limited range:
lkla < 1.

2.2

2 -
1.8 |
1.6
14 r
1.2

1 -
0.8
0.6
04 r

24

22 ¢

7 b
1.8
1.6
14 r
1.2

1k
0.8 r

0.6

y2/dof = 34.9/36, p = 0.52

02 04 06 08 1 12 14 16
Enrl
y/dof = 52.8/48, p = 0.37

02 04 06 08 1 12 14 16

x*/dof = 34.6/36, p = 0.53

a5t AW
35 |
RN
oy 25 ¢ \\
1.5 |

.l

0.5 |

02 04 06 08 1

a=0.12 fm 0.10m
a=0.12 fm 0.14m
a=(0.12 fm 0.20m
a=~(0.09fm 0.05m
a=~(0.09fm 0.10m
=~0.09fm 0.15m
a=0.09fm 0.20m
a=0.06fm 0.10m
a=0.06fm 0.14m
a=0.06fm 0.20m
a=0.06fm 0.40m
a~(0.045fm 0.20m

S
S
S
S
S
S
S
S
N
S
S
S
cont. phys. limit

1.2 14 1.6
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Continuum Limit (for B — mtlv)

x*/dof = 34.9/36, p = 0.52 x*/dof = 34.6/36, p = 0.53
2.2 \
45
- Compute 2 N
1.8 |
I 35 |
fik, mg, ms, a) 16
Q14 3t
' =
N W £ 25
' q_4_| 1 L 2 L
-+ Combine data 0s | sl

| Need same chiral-continuum limit for
| nucleon form factors!

ol ~0.09fm 0.10m_ o
- a—0. « ~0.09fm 0.15m. = =
=l a=0.09fm 0.20m_ v
0.06fm 0 L4m. - »
. ' : r - a=u. mvu.l4m, —®&—
- Limited range: L : a~0.06fm 0.20m, + v -
kla < 1 0.8 f 1 a~0.06fm 0.40m, ~—a—
a . 0.6 ' ' ' ' ' ' ' a=(0.045fm O.20ms e

02 04 06 08 1 12 14 16 cont. phys. limit

‘ Enrl




Neutrino Phenomenology

Prag matIC In pUtS > I —_ This Calculelltion (vN Slcattering)

g== This Calculation (zN Scattering)_
¢ MiniBooNE(vN Scattering)
% MiniBooNE(ZN Scattering)

N
j

vector form factors from ep

scattering (z parametrization)
Ye et al., arXiv:1707.09063];

N
|

_ x10~% (cm/GeV)?
w

do
dQ

[N
|

o
o

s§ form factor from lattice QCD oM et

[xQCD, arXiv:1705.05849];
-0.2 1 /}/ i/i//////

extract Fa(Q2%(z)) from MiniBooNE;

& —0.4 -
S
compare with BNL E734. T s expansion Fit
| ¢ GZ (VN Scattering)
: : . , ¥ GZ (VN Scattering)
Sufian, Liu, Richards, Lattice 2018. . . . .
0.0 0.2 0.4 0.6 0.8 1.0

Q?(GeV?)


http://inspirehep.net/record/1613527
http://inspirehep.net/record/1599964
https://indico.fnal.gov/event/15949/session/8/contribution/249

Neutrino Phenomenology

Pragmatic inputs:

vector form factors from ep

scattering (z parametrization)
Ye et al., arXiv:1707.09063];

ss form factor from lattice QCD
[vQCD, arXiv:1705.05849];

extract Fa(Q2%(z)) from MiniBooNE;

compare with BNL E734.

Sufian, Liu, Richards, Lattice 2018.

%1073 (cm/GeV)?

do
dQ?

5
I ) This Calculelltion (vN Slcattering)
al g== This Calculation (zN Scattering)_
® BNL E734(vN Scattering)
3 BNL E734(7N Scattering)
2k
1k
0
0.0 0.2 0.4 0.6 0.8 1.0
Q* (GeV*)
~0.2 1 _—
-0.4
—0.6 4 © z-expansion Fit

-0.8

¢ GZ (VN Scattering)
¥ GZ (VN Scattering)

0.0

0?4 0f6 Of8 1.0
Q?(GeV?)
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Nucleon Forces

HALQCD Collalb computes baryon-
paryon potentials in lattice QCD
nucl-th/0611096, arXiv:1711.01952].

Implicitly assumes smoothness.
-+ ZX (top); NN (bottom).
Hard-core repulsion obvious.

Attraction between 0.5 fm and 1.0 fm
(@lmost) visible.

V(r) [MeV]

V(r) [MeV]

4000

3000

2000 |

1000 |

--------------------------

Ve (I5510): =08 —— | |
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VC |S=10 :t=10 (SR

100

-100 |
-200

Ve (1S=10): t=11
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http://inspirehep.net/record/732883
http://inspirehep.net/record/1634621

Outlook



Outlook

* Neutrino-nucleus scattering is a difficult problem.
-+ Understanding it better is of paramount importance for neutrino exp’ts.
- A “parton model” approach:
- compute the elementary amplitudes from first principles;
use models, parametrizations, data to constrain nucleus.

-+ The amplitudes can be computed in lattice QCD.
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Driority vs Difficulty

fén f%ﬂ' FACC FA\IC

0P
5T
=S
S 8 Baroni,
0N = .
8 % N (d|J*|d) Lattice 2018
€% 4 ssIn N
+— D
3 D vN — N A Nm,...
cC >
292 NN forces
R >
C 9 nN forces

)
s > difficulty in
£= e BC lattice QCD

(let’s discuss)

>
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http://inspirehep.net/record/753647?ln=en
https://inspirehep.net/record/1209574
https://indico.fnal.gov/event/15949/session/13/contribution/248

Thank you!
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A Word on Parametrizations

- In the old days, we used a variety of parametrizations, from goofy to well-
motivated but still presumptuous.

Vig —t—\/t1 =1
Vie—t+\ti —ty

- Now everyone adopts the “z expansion”; z =

- Form factors take the form
f(t(z) < ) an?"
n
- Inspired by analyticity; bounded by unitarity.

- Preferred over “dipole”
8A

(1—1/M2)°

f(t)=
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Axial Form Factor from Deuterium

Meyer, Betancourt, Gran, Hill [arXiv:1603.03048]:

dipole
underestimates

uncertainty!

N,=4 z expansion

0.4

0.2

-0.2
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https://inspirehep.net/record/1427020

Results & Comparisons 2

With mass ratios from light pseudoscalar mesons:

u,d,s,csea |
- Fermilab/MILC/TUMQCD 18
Lo HPQCD 14
——e—— | ETM 14
udyssea ||
A Maezawa and Petreczky 16
A RBC/UKQCD 14
— A BMW 10
A HPQCD 10
A MILC 09
80‘ ) 85 ) 90 ) 95 | 100 ‘1‘05

m, 3i5(2 GeV) [MeV]

3.2 34 36 38

m, 315(2 GeV) [MeV]

Fermilab/MILC/TUMQCD 18

ETM 14

RBC/UKQCD 14
BMW 10
HPQCD 10

MILC 09

my = (my,+mg)/2

Most precise s-, d-, and u-quark masses to date; e.qg., my, to 2%.

All quarks except top.
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Results & Comparisons 3

Masses In numerical form:

315 (2 GeV) = 3.404(14)4a (08)syse (19) o, (04) £, pog MeV
My s (2 GeV) = 2.118(17)stat (32)syst (12) 6, (03) £, pg MeV
Mg i (2 GeV) = 4.690(30) st (36)syst(26) s (06) £, o MeV
m s (2 GeV) = 92.52(40) et (18)syst(52) , (12) , pps MeV
m, s (3 GeV) = 984.3(4.2)tar (1.6)syst(3.2) 0, (0.6) £, ppg MeV
my, w5 (M ws) = 4203(12)stac (1) syst (8) o (1) £ ppg MeV
Mass ratios:

mc/ms — 11.784(11)stat(17)syst(00)06s (08)f7r,PDG
mb/ms — 53.93(7)stat(8)syst(1)06s (S)fyr,PDG
mp/me = 4.577(5)stat(7)syst(o)06s (l)fyr,PDG
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