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Neutrinos and new physics

Neutrino oscillations demonstrate that neutrinos have mass, but the fundamental
Interactions giving rise to neutrino masses are not well understood

Mass ordering?

Next-generation neutrino experiments will measure oscillation parameters with
unprecedented accuracy to shed light on neutrino masses
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Neutrinos and nuclei

Nuclear

Neutrinos and nuclear physics have been / /
intertwined since the first detection of neutrinos
— emitted by a nuclear reactor ‘

Buried signal line
30 m for triggering release
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Current and future reactor neutrino experiments i
provide key inputs for constraining neutrino I
oscillation parameters e
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Los Alamos Science Number 25 1997

Understanding reactor neutrino fluxes requires
theoretical models of complex nuclei

Huber, PRC 84 (2011); Berryman and Huber PRD 101 (2020); Site of Reines-Cowan Savannah

river reactor experiment

U.S. Department of Energy, Public domain,
via Wikimedia Commons 3

Daya Bay reactor neutrino experiment



Neutrinos, nuclei, and new physics

DUNE and other accelerator neutrino
experiments use nuclear targets
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Inferring incident neutrino energies from Neutrino
measured final state event rates requires
theoretical interaction model

Initial State Final State

* Near detector tuning is essential but theory Y LV
still needed to extrapolate to far detector ] o
kinematics, find BSM physics, ... / P

BNB DATA : RUN 5211 EVENT 1225. FEBRUARY 29, 2016

Maximizing the discovery potential of next-generation neutrino experiments will
require a coordinated theory effort:

High-energy theory, nuclear many-body theory, lattice QCD, event generators, ...
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Precision neutrino physics

Relating measured final-state event rates to neutrino fluxes entering oscillation
analyses requires knowledge of v A cross-section

Near-detector neutrino flux and acceptance

Niear B del/(I)near(Ez/)O-(Ey) Cross-section
Nfar B deV(I)far(Ev)U(EV)

Far-detector flux (depends on
oscillation parameters)

Experimentally measured
event rates

GENIE 2.12.10, DUNE FD TDR CV Tune

—— CC Inclusive CC 1pth+2p2h The DUNE near detector and especially
—— CCRes r —— cCDIs PRISM design will provide a wealth of data
1.5 39 m_ On axis ; for informing cross-section models
i ! n { — 4
‘ Theory input and models will also be essential:
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e BSM searches require Standard Model
predictions or else new physics will be

: Q< 1, absorbed into near detector x-sec tunes

: s | ;o e Neutrino energies are not directly measured,

E. (GeV) energy reconstruction requires a
theoretical cross-section model
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DUNE near detector CDR, arXiv:2013.13910



Neutrino-nucleus scattering

1.4F Accelerator neutrino fluxes cover a wide

L ] l AL range of energies where different

E1.20 I | processes dominate cross-section:
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0 10" ] - 10 T section into such processes and

Formaggio, Zeller, Rev. Mod. Phys. 84 (2012) E, (GeV) therefore predict its energy dependence

Effective theories for different energies require different inputs
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Nucleon form Resonance Two-body Quark and gluon
factors production currents PDFs



Predicting 1A cross-sections

Acero et al [NOvA] Eur. Phys. J. C 80 (2020)

Predictions for experimentally relevant nuclei

E Neutrino Beam . . .
14 - v, +¥, CC Selection made using event generators combining
N —+ ND Data models for different reaction mechanisms
I - —— Empirical MEC
10—~ = \ggemia MEC Snowmass WP: Campell et al, arXiv:2203.11110

Il RES _ _
CJDIs Discrepancies between generators and data

. I Other often corrected by tuning an empirical model
s of the least well known mechanism: MEC
("meson exchange’/two-body currents)

10* Events
(00]

%.O 0.1 0.2 0.3 IO.4I — 0.5 0.6
Visible E, , (GeV) 4 Data
. 1oL — SuSAv2 (Total)
Neutrino event generators can be —QE —MEC
— RES DIS

validated by comparing predictions
electron scattering with precise data

e Significant discrepancies presently visible

¢ Tuning to reproduce one process does
not mean other processes/energies
will be accurately predicted

More nice examples in talk by Kevin McFarland Cle,e). E.. (GeV)
™ /0 —QE

e Contributions from different reaction Khachatryan et al [Clas and e4v] Nature 599 (2021)
mechanisms must be isolated 7


https://inspirehep.net/authors/1976522

Reaction mechanisms

Process Neutrino Energy Range Example Final State
Coherent Elastic Scattering < 50 MeV v+ A
Inelastic Scattering < 100 MeV e+2Z+ D) (=MZ+1)+ny)
Quasi-Elastic Scattering 100 MeV-1 GeV l+p+ X
Two-Nucleon Emission 1 GeV [+2N + X
Resonance Production 1-3 GeV [+ A(- N+m)+ X
Shallow Inelastic Scattering 3-5 GeV [+nm+ X
Deep Inelastic Scattering 25 GeV [+nm+ X

Nucleon form Resonance Two-body Quark and gluon
factors production currents PDFs 3



Reaction mechanisms

Process cmemmmemmeriieatrine-pnergy-Reomger=———dixample Final State
‘CoAh‘erent Elastic Scattering < 50 MeV v+ A |
Iﬂéléstic NN 10 quunt RSP T Ta W V PSS ARRBRIN TS o e e —|-1)—|—'n/y)
Quasi-Elastic Scattering 100 MeV-1 GeV l+p+ X

Two-Nucleon Emission 1 GeV [+2N + X

Resonance Production 1-3 GeV [+ A(- N+m)+ X
Shallow Inelastic Scattering 3-5 GeV [+nm+ X
Deep Inelastic Scattering 2 5 GeV [ +nm+ X

Nucleon form Resonance Two-body Quark and gluon
factors production currents PDFs



Coherent scattering

Coherent elastic neutrino-nucleus scattering (CEVNS) was first observed in 2017,
now measured for cesium-iodide and argon

Ongoing efforts to improve
precision of experiment and
theory

Snowmass WP: Abdullah et al, arXiv:2203.07361

CEVNS cross-sections sensitive to
neutron distributions that are
not well constrained by
electron scattering or other
experiments
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COHERENT Measurements
° SM Prediction SR

FF=unity ...

Klein-Nystrand FF -
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Neutron Number

Comparison of CEVNS theory & experiment:

e | earn about nuclear structure probed by neutrinos (useful for e.g. argon)

e Search for BSM physics

10



Nuclear interactions

Standard Model effects must be reliably understood to search for new physics

Nuclei are made of quarks and gluons — but nucleons are effective degrees of
freedom for quantum many-body calculations

Phenomenological hierarchy of multi-nucleon interactions: NN >> 3N >> 4N...
forms the basis for nuclear effective theories

H:ZKz‘—I-ZUz'j—I- Z Vijk
i z’<jT 1<j<k R

Nucleon kinetic NN potential 3N potential
energy

Finding an EFT power counting for 2+ nucleon systems that preserves
renormalizability order-by-order is challenging

Kaplan, Savage, and Wise, Nucl. Phys. B478 (1996); Nogga, Timmermans, and van Kolck, PRC 72 (2005); ...

Review: van Kolck, Front. in Phys. 8 (2020)



Nuclear effective theories

Nuclear effective theories can accurately describe light nuclei, up to '2C with
Quantum Monte Carlo many-body methods and microscopic interactions:

¢ Phenomenological potentials such as AV18 + lllinois-7

e Chiral EFT with Weinberg power counting scheme

Argonne v g
with Illinois-7
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Carlson, Gandolfi, Pederiva, Pieper, Schiavilla, Schmidt, and Wiringa, Rev. Mod. Phys. 87 (2015)
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Effective nuclear interactions

Single-nucleon currents dominate at low energies and can be used to predict nuclear
response functions in EFTs of light nuclei, shell models of larger nuclei, ...

Impulse approximation

Nucleon vector and axial form factors are Gysbers et al, Nature Phys. 15 (2019)
key inputs to nuclear EFTs / models 3 7] Neys »°Fyp
¢ this work 37 37
; K3/2 — AI'5/2
_ | [ shell model 2541 425 M
Two-body currents and correlations lead to Aloa 2 M
significant corrections in medium-mass g 9] a=1 Koz =7 Arg/z
lei, 30% d in beta-d t E | = 9=0%© . % Nag = Mez
nuclei, o decrease in beta-decay rates 5 | Cowe, 4 30Mg, % Al
i A1, 328 S,
. § | 24Neo —)24 Na1
Pionless EFT =1 p, 31 g,
| ”/’ :3.3131/2 433 Ss/2
24Na4 —y24 Mg4
%”@W %m’@d %@m 0 ' , ' , ' 34P1 —y34 SO
gA L 0 1 2 3

1 A |Mct| Theory (unquenched) 13



From quarks to nuclei

To reliably search for BSM physics, we need to understand the Standard Model
and how it is modified by BSM interactions

Quark level weak interactions (below electroweak scale)

LM=—V2Gp ) (C;” vy Py gyug + Co oy PLy ci"msq)

q=u,d,s

Coupled-cluster calculation of weak
Nuclear level CEVNS form factor

do G%M( MT)

AT~ 4« 1_2E3
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— — NNLO
sat

9 I ]
ng [F w(qz)] 10° — ANNLO_(450) | |

‘ (EM)-(PWA)
2 |

Nuclear weak charge and form factor

[

e Complicated linear combination of 45 0Ar
single-nucleon form factors 10* ;=55 .
integrated over distribution of 4 i

nucleons In nucleus

Payne, Bacca, Hagen, Jiang, and
Papenbrock, PRC 100 (2019)



CEVNS and new physics

New physics contributions to CEVNS can be described as modifications to
SM four-fermion Wilson coefficients or appearance of new operators

Nuclear and BSM physics does not simply factorize — shape of weak form factor
modified by BSM contributions to four-fermion Wilson coefficients

Hofreichter, Menendez, and Schwenk, PRD 102 (2020)
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Robust understanding of nuclear weak form factors at the 10% level essential for
disentangling BSM and nuclear effects in CEVNS
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Reaction mechanisms

Process Neutrino Energy Range Example Final State
Coherent Elastic Scattering| S S0MeV_ | v+ A
_dmeTastic Scattering < 100 MeV et AZ+1) (= MNZT
Quasi-Elastic Scattering 100 MeV-1 GeV l+p+ X
T Nucleon Emission 1 GeV [+2N+ X
Resonance Production | Tog- ey l—l—A(%N +7m)+ X
Shallow Inelastic Scattering 3-5 GeV [+nm+ X
Deep Inelastic Scattering 25 GeV [+nm+ X

Nucleon form
factors

Resonance Two-body
production currents

Quark and gluon
PDFs




From MeV to GeV

Quasi-elastic scattering of neutrinos with a single (bound) nucleon is the dominant
reaction mechanism for neutrino energies in the few hundred MeV range

Quantum Monte Carlo (GFMC) calculations can
accurately describe quasi-elastic scattering
for light nuclei, as well as two-body current
effects present in the same energy range

Lovato, Carlson, Gandolfi, Rocco,
and Schiavilla, PRX 10 (2020)
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Gonzalez-Jeménez, Nikolakopoulos,
Jachowicz, and Udias, PRC 100 (2019)
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Inelastic scattering involving low-energy
nuclear excitations also contributes below
~100 MeV energies, described e.g. by
mean-field + random phase approximation

Important energy range for interpreting
supernovae neutrino signals at DUNE

17



Nuclear uncertainties
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].8 1 1 I 1 1 1 | | 1
Exp —e—

1.6 GFMC 126 A 4 -
T N GFMC 12b A
> 14 F i
-
=
= 1.2 F .
)
T 10F .
Qi 08 B 7]
§
=, 0.6 -
[.:‘:
= 04 F .
0
=

0.2 F I -

] ] ] 1 ] ] 1 e~ %

0.0

T, (MeV)

0 100 200 300 400 500 600 700 800 900 1000

Quasi-elastic cross-section is sensitive to
nucleon axial form factors used as input

Dipole parameterization example: 15%
change in axial dipole mass leads to
similar change in quasi-elastic peak

Achieving few-percent cross-section
uncertainties will require more precise
knowledge of nucleon axial form factors

Lovato, Carlson, Gandolfi, Rocco, and Schiavilla, PRX 10 (2020)

Describing the full intermediate energy

regime will also require better
constraints on two-body currents,
resonance production, ...

pion production

Elastic (2 E ' A !

>

Nuclear
response

— —— >
energy
. transfer
Gonzalez-Jeménez, Nikolakopoulos, 18

Jachowicz, and Udias, PRC 100 (2019)




Lattice QCD, EFT, and LA

LQCD can provide results for few-nucleon observables that can be matched
to nuclear EFTs and models that can make predictions for larger nuclei

LQCD Nuclear EFT and Event generators
many-body

Results provided by LQCD and experiment are complementary

Easy for LQCD: Hard for LQCD:

e Axial vs vector currents e | arge baryon number
e |sovector vs isoscalar ¢ Real-time dynamics
e Pions e Multi-hadron states

e (Light quark masses)
19



Lattice QCD and A

v A scattering amplitudes factorize into leptonic and hadronic parts

My a—ep < (Weypysun) (Fl @vu59 |A) +

Generic Euclidean hadronic matrix elements calculable (in principle) using lattice QCD

chg
_ _ g _ 1
chg i1
Quark fields integrated out
analytically, propagators Mon;ce Ceic_rlc?dsam_ﬁl]e
obtained with matrix inversion gluon 1elds wi

probability o« e
(Dirac matrix size ~10° x 10°)

= L _
._»‘

[ TTT T 1§
' 3@\‘“ =

0| f qVuY54 AT 10) 20




Form factors and LQCD

Vector and axial form factors recently calculated usmg nearly phyS|caI guark masses:

1.0 5.0
[ al27m285 O] \ 2127m285 v |
0.8 i a094m?270 1 [ a094m270 ]
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Q°/My Park et al [NME], PRD 105 (2022) @/ M

LQCD nucleon electric and magnetic form factor results agree with phenomenological
parameterizations after accounting for excited-state and discretization effects
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Park et al [NME], PRD 105 (2022) 21



Axial form factors

Recent axial form factor calculations include physical quark masses, continuum / infinite-
volume extrapolations, and excited-state fits that account explicitly for N states

NME 21 i PACS 21

RQCD 20 #  PACS 18 erratum
Mainz 21 ¢$ ETMC 20

CalLat 21 CLS 17

vt
i~ fiﬁﬁﬁ

0.0 0.2 0.4 0.6 . 1.0
Q*/GeV?  Meyer, Walker-Loud, Wilkinson, arXiv:2201.01839

—
N
<

Differences between LQCD and experimental axial form factor determinations could arise
from challenging LQCD systematic uncertainties (excited states, lattice spacing, ...)

Differences could also arise from underestimated uncertainties in phenomenological form
factor determinations using deuterium bubble chamber data

Meyer, Betancourt, Gran, and Hill, PRD 93 (2016) 29



Two-body currents in LQCD

Flavor decomposition of 1.5}
axial matrix elements of
two and three nucleon Lo
systems computed with
my, = 806 MeV A
S
0.0
Chang, MW et al [NPLQCD], PRL 120 (2018)
~0.5!
1.05¢
1.00}
| !
A 0.95;* |
gL
= 0.90F -
0.85
0.80 -— l — | R
0.0 0.2 0.4 0.6 0.8

m?2 [GeV’]

Parrefio, MW et al [NPLQCD] PRD 103 (2021)

w0
+ =
= I w
+ S
3
p d SHe

Axial current matrix element
calculations with m, = 450 MeV
permit preliminary extrapolation of
triton axial charge to physical point

Several systematic uncertainties remain,
but encouraging agreement with
experiment seen

Matching to finite-volume pionless EFT
used to constrain L4

Detmold and Shanahan, PRD 103 (2021)
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Variational methods

Excited-state effects from unbound multi-nucleon scattering states are not effectively
suppressed in computationally feasible LQCD calculations

:

LQCD nuclear# >

matrix element IS——
calculations ]
so far

Variational methods involving diagonalization of symmetric correlation-function
matrices demonstrate that excited-state effects are significant for NN systems;
provide a path towards robust future LQCD studies of multi-nucleon systems

Francis et al, PRD 99 (2019) Green et al, PRL 127 (2021)

Horz et al, PRC 103 (2021) Amarasinghe, MW et al, arXiv:2108.10835
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Reaction mechanisms

Process Neutrino Energy Range Example Final State
Coherent Elastic Scattering < 50 MeV v+ A
Inelastic Scattering < 100 MeV e+2Z+ D) (=MZ+1)+ny)
Quasi-Elastic Scattering 100 MeV-1 GeV [+p+ X
Two-Nucleon Emission _1GevV . [+2N + X
Besermifes Production 1-3GeV | 1+AG VTR
Shallow Inelastic Scattering 3-5 GeV [+nm+ X ‘
s eep Inelastic Scattering 2 5 GeV l+nm+X e il

o

Nucleon form Resonance Two-body
factors production currents

Quark and gluon
PDFs



Pion production

Low-energy pion production can

described in relativistic baryon £/ PT
including A(1232) degrees of freedom

e A resonance and nonresonant pion

production both significant

e Experimental data on neutrino-induced © 0

pion production are scarce

E,=730 MeV, 6,=37.0°

)
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€XpP +—e—
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o o )

dU/dQe/ dEe/ [nb/Sr MeV]
o

0O 01 02 03 04 0.5 0.6
w [GeV]

Rocco, Nakamura, Lee, and Lovato
PRC 100 (2019)

ot

be --- up to O(p') N&A

- — — up to O(p?) N&A
— up to O(p®) N&A
[ 4 ANL
<o ANIIJ reanalyzed

W~

DO

[a—)
L]

vup—p~ prt [10_40 sz]
W

0.25 0.3 0.35 0.4 0.45

Yao, Alvarez-Ruso, Hiller Blin, and
Vicente Vacas, PRD 98 (2018)

Spectral function nuclear model + dynamic coupled-
channels (DCC) model of nucleon resonances can
reproduce pion electroproduction data

Neutrino predictions include significant uncertainties
from nuclear modifications of A form factors and
axial contributions estimated with tree-level ¥ PT

26



Higher-energy resonances

_ Nakamura, Kamano, and Sato PRD 92 (2015)
DCC model from ANL-Osaka describes 3
l* ! |

nucleon resonance production by fitting _ % Q?=0.21-0.40 (GeVic)?

to experimental data for > .
experimental data fo < 6,/=30.45°
7mN,YyN — wN,nN, KA, KX %
Same models can predict neutrino cross- 5
sections, axial contributions -
constrained by 77 /V through YPT 3
©
0.8 : . .
o+ P33(1232) — | W (GeV)
uh =1 R P,,(1440) ---
06 | D. (1520) . . . .
G 13 GiBUU event generator uses detailed
5 S11(1535) - | phenomenological resonance model
® 04 } sum of all others -- --
o
-‘% Vector-current responses taken from MAID
0.2} analysis, axial-current predicted with ¥PT
plus neutrinoproduction data for A
0 ——— ‘ ' E— . .
0 0.5 1 1.5 2 Improved constraints on N* resonances (in

E, [GeV] nuclei!) needed to for precise predictions

| at DUNE energies
Leitner, Buss, Alvarez-Ruso, and Mosel, PRC 79 (2009) 27



Nr systems in LQCD

Variational methods can be applied to study N and A systems in LQCD

Silvi et al, PRD 23 (2021)
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N — A transition form factors can also be calculated with variational methods

Barca, Bali, and Collins, PoS LATTICE2021 (2022)

LQCD calculations of the nucleon hadron tensor provide an alternative route to
predicting inclusive cross sections in the resonance region

Liang, Draper, Liu, Rothkopf, and Yang [XQCD] PRD 101 (2020)

Fukaya, Hashimoto, Kaneko, and Ohki, PRD 102 (2020)
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Neutrino DIS

High-energy ' A cross sections factorize into convolutions of hard scattering
amplitudes calculable in perturbative QCD and nonperturbative PDFs

e Some PDFs appear in electron
DIS and are experimentally well
constrained, but others only
appear in neutrino scattering

e Nuclear PDFs differ significantly
from nucleon PDFs and are
more uncertain

Nuclear PDFs relevant for neutrino
scattering must be better
constrained

DIS models must be consistently
Implemented in event
generators and smoothly
connected to resonance region
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DIS and LQCD

LQCD can also compute quantities relevant to neutrino DIS
0.6

PDF4LHC15
. , q g
”e “ " aco, PR 121 20te C 1 (@) proton @nd (T)roton calculated by
04 ¢ several groups
/\g 0.3} l {
x
Vo2 ol Review: Lin et al, Prog. Part. Nucl. Phys. 100 (2018)
0.1 *
00— i — ;

Large momentum effective theory
connects Euclidean matrix elements to
light-cone PDFs

Review: Ji et al, Rev. Mod. Phys. 93 (2021)

Current LQCD results can improve

. I cxp+lat

B exp

3
global | 0.0
analyses of isovector polarized PDFs that are 3
relevant for weak interactions in neutrino DIS 5-0.2
Chen, Cohen, Ji, Lin, Zhang, Nucl. Phys. B 911 (2016)

102
Alexandrou, et al, PRL 121 (2018)

[ lat (DFT)

101

10°
Bringewatt et al [JAM], PRD 103 (2021)
Alexandrou et al, PRL 126 (2021)
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Nuclear momentum fractions

First calculations of gluon and isovector quark momentum fractions of light nuclei
Winter, MW et al [NPLQCD], PRD 96 (2017) Detmold, MW et al [NPLQCD] PRL 126 (2021)

Results matched to poinless EFT to determine two-body current operator relevant
to isovector EMC effects

Although systematic uncertainties are not fully controlled (one lattice spacing, volume,
quark mass, ...) demonstrates potential for LQCD to usefully constrain nuclear PDFs
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Lepton-number violation

Low-energy signature of lepton-number violation: Ov 53

Experimental data on the half-lives of nuclei where
double- 5 but not single-5 decay is allowed can be
used to constrain Marjorana masses
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Conclusions

Disentangling the A reaction mechanisms relevant for DUNE:

e |s essential for connecting near- and far-detector measurements where fluxes differ

e Requires a robust theory pipeline from the Standard Model to event generators with
cooperation between many groups: HEP / NP, theory / experiment / computing, ...

Nuclear EFT and
many-body

Event generators




