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Outline

* Non-standard neutrino interactions (NSI)

e Solar neutrinos, oscillations

* Rates and measurement

* Potential experimental
constraints

* Conclusions
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https://www.businessinsider.com/neutrinos-forged-in-the-heart-of-the-sun-2014-8

NSI Studies with Solar Neutrinos 2



F. Capozzi, SW. Li, G. Zhu, J.F. Beacom (2018)
arXiv:1808.08232

Solar neutrino anomaly

Reactor .
(KamLAND) -

e ~20 discrepancy in
solar Am? measured
by solar v experiments
and KamLAND
(reactor v experiment)

Am3, [10° eV?]
(@)
|

e Just statistics? -
e If not...

2 | ] | ] ] ] ] | ] | ] ] | ] ]

New Super-K results (2020): )
now 1.4c discrepancy Sin 912
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Non-standard neutrino interactions (NSI)

* One possible explanation

SM charged current (CC) SM neutral current (NC)
- Standard model (SM) Ty,
neutrino interactions Vi . L . Vi
VW 70

* Everything else: NSI

* Here focus on neutral-current models
with heavy mediators (m, > Q2)
P Py - a
* Lhg = ~2V26rep[Vay* (1~ v*)vg|[FruPS]
e Can change v flavor, not fermion (f)
* Parameterized by €’s




Solar neutrinos

* High flux of neutrinos
< 20 MeV
produced in Sun

* Most< 1 MeV

* Produced as v,
* ~0.5 change flavor

07/11/2023

https://arxiv.org/pdf/1601.07179.pdf A. Serenelli (2016)
https://pdg.lbl.eov/2020/reviews/rpp2020-rev-neutrino-mixing.pdf
PDG 2020
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https://arxiv.org/pdf/1601.07179.pdf
https://pdg.lbl.gov/2020/reviews/rpp2020-rev-neutrino-mixing.pdf

http://pdg.lbl.gov/2020/reviews/rpp2020-rev-neutrino-mixing.pdf

PDG 2020
Solar neutrino oscillations

10 ' —— -
0.9?— =
o.si— _E
* Vacuum oscillations e - - =
+ matter effect in Sun = l Iy =
, . pd 0.5F ig -
* v, survival probability o F =
o PeBeV = COS4 913 PeZeV + Sin4 913 o 3% }} _f
« PY = %[1 + cos 20 cos 26,,] . 25_ =
. __ Am? cos 20—2V2EGEN, = _E
cos 20, = T 0.15— -
. 2 2 . 0_ ] | ] oo 1 1 ] Lo ]

[Am ]matter - 107t 1 10
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[Am2 cos 260 — 2\/7EGFNe]2 + [Am? sin 29]2
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http://pdg.lbl.gov/2020/reviews/rpp2020-rev-neutrino-mixing.pdf

O.G. Miranda, M.A. Tértola, J.W.F. Valle (2006)
arXiv:hep-ph/0406280

N S | I n S U n (extended with up-quark NSI and

different NSI parameterization)

e 2-flavor model

SM vacuum oscillations + matter effect NSI
2 2
— An; cos 20 + V2GgN, A:; sin 26 £p &
cH=| * o +V2Gr(Ng + N) (EN _ED)
sin 260 cos 260
4E 4E
* Measurement: P(v, - v,) = %[1 + cos 26 cos 26,,]

Am? cos 20—2V2EGr(Ng+2ep(Ng+Ny))

[Amz]matter

o [Amz]fnatter = [Am? cos 26 — 2v2EGp(N, + 2e,(Ny + Nu))]z
+ [Am2 sin 20 + 4V2eyEGr(Ny + Nu)r

* cos20,, =



O.G. Miranda, M.A. Tértola, J.W.F. Valle (2006)
arXiv:hep-ph/0406280

N S | | ﬂ S U ﬂ (extended with up-quark NSI and

different NSI parameterization)

e 2-flavor model

SM vacuum oscillations + matter effect

Am? Am?
— cos 20 + V2GgN, sin 26 £p
« H= 4E *E +N2Gr(Ny + N,) (EN _ED)

2
am sin 260 am cos 26

4F 4E

NSI

|1+ cos 260 cos 26, ]

N | =

* Measurement: P(v, = v,) =

Am? cos 20-2V2EGg(NeH2ep (Ng+Ny))

[Amz]matter

. [Amz]inatter = [Am2 cos 26 — ZﬁEGp(Ne +[2ep(Ng + Nu))]z
+ [Am2 sin 20 +|4\/§€NEGF(Nd + mr

NSI Studies with Solar Neutrinos

* cos20,, = NSl

NS,
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NSI| constraints
(early 2020)

 All but plotted NSI
coupling marginalized

Excellent global fit and summary of NSI:

P. Coloma, I. Esteban,
M.C. Gonzalez-Garcia, M. Maltoni (2019)
arXiv:1911.09109
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— LMA
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—— OSC+COH Total Rate

—— OSC+COH Data Release t+E
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--- LMA-D —— OSC+COH Total Rate —— OSC+COH Qur Fit t+E Chicago
— LMA —— OSC+COH Data Release t+E =~ —— OSC+COH Our Fit t+E Duke

NSI| constraints

I\III |II|\ :I \|II\I\|II\ l:: I|\\II‘II\ : I:
* All but plotted NSI E 1 \/ E
[] [] [ ] C j‘ 1 ]
Coupllng marglnaIIZEd 20:\"'|'f" TT1 :I TTTTT TTTT \::I TTTTTTTTT Ili: \\\II‘II\’,I:
* Looking primarily at 1B ET A RyER AR
ece and £¢, I AARL Y
* Most promising for °F 3 El El E
non-zero NSI 0-0.5 0 05 1 0 0.3 0 03 06 - -0.03 0.03
° What if We Set gge : gede 20 E\ |l|'| l‘ T EI 'JE ;\ I | 1T l\\l T |E IE E\ \“Illlll | T \:'\I \IE
and rest to 07 151 - HE N E EI R
. w0 NV AC JEM )2 1\ -
Excellent global fit and summary of NSI: N 1B A ] 1k ! .
P. Coloma, I. Esteban, °F ElS El3 E ElS o
M.C. Gonzalez-Garcia, M. Maltoni (2019) o bl db JE . STV AUUTIE: £ SONNUE | RO
arXiv:1911.09109 0f 2 -1 0 f 1T 2 0 f1 2 f -1 ? 1 -0.1 ? 0.1

€ € €. Eeu €t SM‘C
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O.G. Miranda, M.A. Tértola, J.W.F. Valle (2006)
arXiv:hep-ph/0406280

Sl m p | |f| Ed m Od el (extended with up-quark NSI and

different NSI parameterization)

e 2-flavor model

SM vacuum oscillations + matter effect NSI
2 Am?
_ A"; cos 260 +V2GgN, :1:* sin 20 sy 0
cH=| ¥ 2 +N2Gp(Ng + N,,) ( 0 _. )
sin 260 cos 26 D
AE 4E

1 gge ege

* Measurement: P(v, = v,) = 5 [1 + cos 26 cos 26, Ep=— =7

Am? cos 20 —2V2EGg(NeH2ep (Ng+Ny,))) NSl =0

[Amz]matter

« [am2]’ = [Am? cos 20 — 2V2EGr(N, +2ep(Ng + NJ)]* + [Am? sin26]°

NS,

* cos20,, =
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F. Capozzi, SW. Li, G. Zhu, J.F. Beacom (2018)
arXiv:1808.08232

NSI-modified oscillations

0.60

* Correcting KamLAND

result (blue) with o —

ep = 0.0625 0.551

(dot-dashed) produces

same survival probability

: 0.50 A

as solar fit (green)

* Could possibly explain 045 addi

neutrino anomaly
10

2-flavor solar ve survival probability

ml s ] - EII‘'r.'v.“'1‘%’.51mf_ﬁ-w*ur}:l'= 7.54-107° eV? (¢'=0)
: (KZ?T]aEX)IIID) : 040— — &mgﬂfﬂf'= 48 - 10_5 EVE [Ef= 0}

< F > —= DM, p (€'= —0.125)

> | f

o L ] in2g —

5 oL B 0.35 4 sin<@ = 0.307

=1 . (Ne, N,) =(100,50)- N, cm™3

E L ] ® SNO+SK
4_ —
I | 0.30 - -
- . 101 109 10!
) N R EE R R true neutrino energy E[“¢ (MeV)

0.2 0.3 0.4
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O.G. Miranda, M.A. Tértola, J.W.F. Valle (2006)
arXiv:hep-ph/0406280

Ba C k tO fU | | m Od e | (extended with up-quark NSI and

different NSI parameterization)

e 2-flavor model

SM vacuum oscillations + matter effect

Am? Am?
— cos 20 + V2GgN, sin 26 Ep  En

2
am sin 260 am cos 26

4F 4E

NSI

|1+ cos 260 cos 26, ]

N | =

* Measurement: P(v, = v,) =

Am? cos 20-2V2EGg(NeH2ep (Ng+Ny))

[Amz]matter

. [Amz]inatter = [Am2 cos 26 — ZﬁEGp(Ne +[2ep(Ng + Nu))]z
+ [Am2 sin 20 +|4\/§€NEGF(Nd + mr
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* cos20,, = NS,

NS, .
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A. Friedland, M.L. Graesser, .M. Shoemaker, L. Vecchi (2012)

How do NSI affect survival probability? B

flavor-diagonal couplings flavor off-diagonal couplings

o R a

0.3 - 0.3—

0.1

—
_‘.
I'o‘

10,

1.

| 0.1
E, [MeV] Black — SM E, [MeV]
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Current constraints

* Thorough study in paper
* Global fit of neutrino experiments (2020)

* Marginalized over oscillation parameters

e Green contours —90% and 30 CL
from atmospheric and LBL fit

e Other colors — 10, 90%, 20, 99%, 30 CL
from solar+KamLAND fit

 What can we compare our result to?

|. Esteban, M.C. Gonzalez-Garcia, M. Maltoni,
|. Martinez-Soler, J. Salvado (2018)
arXiv:1805.04530

07/11/2023 NSI Studies with Solar Neutrinos




Current constraints T T T

* Relevant limit
corresponding to
same NSI couplings
for u and d quarks

* Our assumptions

lIIllIIlIllllllllllllIl

|. Esteban, M.C. Gonzalez-Garcia, M. Maltoni, -2 -1 0 1 2
|. Martinez-Soler, J. Salvado (2018) ST[])
arXiv:1805.04530
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Fundamentals of Neutrino Physics and Astrophysics
C. Giunti and C.W. Kim (2007)

Model assumptions

* Production i ] i 1 ]
e Assume at 0.1 solar radius : _5 \, e ]

e Density of protons
« 100 N,/cm?3 v

100 £

* Density of neutrons
* 50N,/cm?3

10 k

[('lll 3}

* Vacuum oscillations - -
* From PDG 2020 5

/R
07/11/2023 NSI Studies with Solar Neutr?ir/ms



Elastic scattering (ES)

l—l
o
i

e Assume free electrons
* Holds down to ~10s keV

/3 years/7 t/MeV
'—l
<

* Shape is same for all targetsZ *

S
g 1071

* lgnore oscillations for now *
¢ 1073

Ve

e Convert fluxes to
recoil distributions

10>
1072 101 10° 10!
recoil energy E. (MeV)

07/11/2023 NSI Studies with Solar Neutrinos 18



Rates

103 i

* Integrating previous plot 1
for exposure
and number of electrons § .-

nts

103

10>
1073 1072 101 100 10!
recoil energy E. (MeV)

07/11/2023 NSI Studies with Solar Neutrinos 19



Statistical analysis

oC
* Estimating sensitivity
* Assume we observe SM prediction
 What NSI we allow/exclude?

e Use Poisson negative log likelihood
« NLL = —2logL=2YV, [RfM — R+ R?M log
* Allowed NSI to 10, 90% CL, 20, 99% CL, 30

* NLL < 2.30,4.61,6.18,9.21,11.83

* Critical values from 2-df x? distribution

2500
SM
2000 NS
o
1500
o
1000 ®
o
500 1 @
o
g
4 10 12 14 16 18 20

R{VSI
rR?M



Current-generation Xe DM experiments

* LZ, XENONNT

* Assume
e 7tof Xe
* 3 years of running

* No backgrounds,
perfect energy resolution

* MeVs of deposited energy
is high energy

D.S. Akerib et al. (2018), arXiv:1802.06039

07/11/2023 NSI Studies with Solar Neutrinos 21



Potential Xe constraint

&
* May exclude "/

'y 4
/

significant part of 1]
parameter Space , /
* If we detect every E 01
neutrino, have perfect /

Il 1o

energy resolution, etc.

_1 90% CL
Il 2o
B 99% CL
* What is 2 i
- T " " 2
currently allowed? +  minimum x
-2 -1 0 1 2

07/11/2023 NSI Studies with Solar Neutrinos 22



Comparison with current constraints

current limit
IIIIIIIIIIIIIIIIIIIII|I_

il = +45°

G |

BARHRHREIE

Illllllllllllllllllllll

2 -1 0 1 2

8‘1
D

|. Esteban, M.C. Gonzalez-Garcia, M. Maltoni,
|. Martinez-Soler, J. Salvado (2018)

arXiv:1805.04530

07/11/2023

NSI Studies with Solar Neutrinos

2_
l_
0_
1] 1/ 90% CL
“ Il 20
Bl 99% CL
30
—27 *  minimum 2
-2 -1 0 1 2
€5

Global fit is better overall,
but combining data may improve fit

23



B. Abi et al. (2020) %
arXiv:2002.02967
7

Future neutrino experiments

* Looked into possible constraint in 10s of years B d AN

* Until then, solar neutrinos measured primarily by DM detectors
* Maybe also SNO+

HUGE DETECTORS

* Focus on Ar

K. Abe et al. (2018)
arXiv:1805.04163

07/11/2023 NSI Studies with Solar Neutrinos



Low-background kt-scale Ar detector

e Potential module for

Deep Underground Neutrino Experiment T. Bezerra et al. {2023)

arXiv:2301.11878
e Assume

e 3 kt of Ar

e 1 year of data
* Early result

* No backgrounds,
perfect energy resolution

* Energy threshold of 1 MeV

07/11/2023 NSI Studies with Solar Neutrinos 25



Potential future Ar constraint

2-
* May exclude
significant part of
parameter space 1
* If we detect every
neutrino, have perfect 3 0 =
energy resolution, etc. & ——
90% CL
-1 . 20
B 99% CL
30
—2] minimum x?

-2 -1 0 1 2

07/11/2023 NSI Studies with Solar Neutrinos 26



https://www.sanfordlab.org/article/
why-dune-shedding-light-unification-natures-forces

Conclusions

* Expect many solar neutrinos to interact
in current DM and future neutrino detectors

e Plan to use them to constrain NSI

* May not significantly improve global fit at first,
but will add independent measurement

* Expect future neutrino experiments to
constrain NSI much further

* Could potentially explain solar neutrino anomaly



Backup slides

07/11/2023
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A. Gando, et al. (2013)
arXiv:1303.4667

KamLAND result

1
* Fit survival probability -
~ 0.8 e
* Measured L/E =0
over expected L/E for vs £ el
from reactors around KamLAND & ¢

& ..........
. 2 i
Pgey = COS4 ngpgey + SiIl4 013 ' 0.4 B

2 Z i +
- A L - !
P? =1 — sin® 2012 sin” ( TEM ) 0.2 -
L g | —— 3-v best-fit oscillation —e— Data - BG - Geo V,

. 5 sin” 26012 -

Sln2012]\/[: 22 . 9 OIIIlI|1III|l|IllllIllllIlllllllllllllllllll

(cos 2012 — A/Am3;)? + sin® 2012 20 30 40 50 60 70 80 90 100
Am3 iy = Amay \/(cos 2010 — A/Am3,)? + sin® 2015 LO/EVE (km/MeV)
A = +22GpN.E, N. = N, cos? 03
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http://pdg.lbl.gov/2020/reviews/rpp2020-rev-neutrino-mixing.pdf
PDG 2020

Solar results

lllustration, not used in fit on Slide 4

1:| T T T T T 1771 I T T T T T T 17 I:
. 0.9F -
* Many solar-neutrino - -
. 0.8— —
experlments = =
0.7— PP _
* Borexino, Super-K, SNO, ... - e =
0.6 — _
. . - — pep =
* Fit survival probability fos l ! . :
« P2 = cos* 0,3 P + sin* 03 o 4; —;
. P2V = %[1 + cos 26 cos 26, ] ' g } L _f
®* COS ng = am C[OAS Zze]_ZﬁEGFNe R 35 _E
m=|matter 0.2 l
. [Amz]z " = E 3
matter 2 ) 0.1__ —:
|am? cos 20 — 2vV2EGN, | + [Am? sin 26] = | | .
0 | | 1 | | 1 1 | | | | | 11 1
107t 1 10

Neutrino Energy [MeV]
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http://pdg.lbl.gov/2020/reviews/rpp2020-rev-neutrino-mixing.pdf

https://indico.fnal.gov/event/43209/contributions/187863/attachments/129474/159089/nakajima Neutrino2020.pdf
Y. Nakajima, NEUTRINO2020

Solar neutrino anomaly N 2020

13) 10 ev2 sin’(0,,)=0.0219+0.0014
21) 10°eV?
"560) 10°eV?

sin (912) 0 316 8833 Am21 (7. 54
sin ( ,)=0.306+0.014 Am21 (6.11*
4.83*

Al
>
* Started looking into AN /0,)=0.309:0014 am; =
=

Aon=0002

NSI to explain

. 15 SK+SNO 2020 (95% CL)
solar neutrino anomaly f

" KamLAND (95%CL)

o ADN—OO1

* Its significance decreased g
2019 - 2020 101

* Not game changer

_ AD_N‘—‘*O._Q? 5

—  Ann=002

. . / -7 7_ TS e ADN—‘-OOQS

* still worthwhile 5./ R —Aoy=-0.03
. LS T I ’_"7_'7;7'_,_7,_ _ — —/ S ADA.L—- C

NSI search with solar v’s e 22‘4
S e on=-0.05, ]

SK+SNO fit disfavors the KamLAND ¢~ Solar 2019 95% CL) Si's'ﬂegngﬂfrsm
best fit value at ~1.40 (was ~20) —

0.1 0.2 0.3 0.4 20.5
sin“(0)
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https://indico.fnal.gov/event/43209/contributions/187863/attachments/129474/159089/nakajima_Neutrino2020.pdf

https://indico.fnal.gov/event/43209/contributions/187863/attachments/129474/159089/nakajima Neutrino2020.pdf

New Super-K solar oscillation results

Al
x
<]
Al
>
LOCI.)
sin2(612) Am2;1 [10-5 eV?2] =
KamLAND | 0.316*333¢ 7.54+919 =5
_ SKesNO | 0.306+0.014) 61155 £
Combined | 0.306*3913 7.51+313 =

ALY = (=3.6 = 1.6(star) £ 0.6(sys0)) % — Aflh = (=21 1.1)%

Best fit value of solar Am221 changed from 4.8 x 10-5 eV2 (2019) to
6.1 x 10-5 eV2

—_
o

—
| (0

5

3¢

120

LI

. S

lo v 0

Y. Nakajima, NEUTRINO2020

7Siﬂ2(912)=0.306f8'_813

1sin’(®,,)=0.316+9.93

SK+SNO

Combined

Contours show 1, 2

Am5,=(7.51*319) 10°eV?

AmM2,=(7.54*319) 10°eV’ sin’(®,,)=0.0219+0.0014
|sin*(©,,)=0.306+0.014 Am>,=(6.11*21) 10°eV*

KamLAND

5 c confldence mtervals I
P lg Zq 30

01
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https://indico.fnal.gov/event/43209/contributions/187863/attachments/129474/159089/nakajima_Neutrino2020.pdf

Matter oscillations

 Survival probability
depends on energy

* Measurements
agree with theory

e Best oscillation fit
from SNO+SK (black)

* Need better statistics and
more measurements in
transition region

07/11/2023

http://pdg.lbl.gov/2020/reviews/rpp2020-rev-neutrino-mixing.pdf

PDG 2020
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http://pdg.lbl.gov/2020/reviews/rpp2020-rev-neutrino-mixing.pdf

A. Gando, et al. (2013)
Chimney arXiv:1303.4667

KamLAND ~ s

0| (=
\ .
.. - . Ph Itiplier T
» 1 kton of liquid scintillator b HREOTIHIICE LEES
_— Buffer Oil
| I [[ITRN| \
* Located in Kamioka, Japan eeesafifa 1 Bl mdem volme
* Detects neutrinos Xe-LS 13 ton FERL/ IS (12 m diameter)
H A\\L L W W /
from reactors in Japan & \\\&\\\\\\\\\\\& [ II, IILI/I/[I/Z}[ ~. Outer Balloon
IS 1 kton (13 m diameter)
ﬂ \\ Inner Balloon
(3.08 m diameter)
(| < | < < 9. .9
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Borexino

e 278 t of organic

scintillator in Gran Sasso, Italy

07/11/2023

Rope tendons

2200 Thorn EMI 8" PMTs
(1800 with light collectors
400 without light collectors)

Steel plates in
concrete for extra
shielding-

10m x 10m x 10cm
4m x4m x 4cm

NSI Studies with Solar Neutrinos

X

Borexino Experiment

arXiv:1808.04207

External water tank 18m ¢
Stainless steel sphere 13.7m ¢

Nylon outer vessel 11.0 m ¢
Nylon inner vessel 8.5m ¢

Fiducial volume 6.0m ¢

35



SNO-Only (2v)

|[Froone | _ arXiv:1109.0763
SNO -

1075 L

D,

e —e

% '%"Z‘%\
@ =2Vl
NSBAAY

1077 @

10785 126112 100 Veseo Z
* 1kt of h ter in Sudbury, Canad
of heavy water in Sudbury, Canada _ 7 /////

* Measured both v, and total v fluxes
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http://www-sk.icrr.u-tokyo.ac.jp/sk/detector/cherenkov-e.html

Super-Kamiokande y [ "¢

e 32.5 kt of water in Kamioka, Japan
N>< 8;30' L B A B W ' AL
< 6 E ]
420 """"""""""""""""" |
2:,1 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ] ,
A ; i e ‘,:::Esmzz ::=:m SR ey
% Esin2(®12)=0.334f88§§ AM3,=(4.8"43) 10°eV? ORI .~°
107
AN b 1K ' 3 : -
g 5f i 1 |
107} 1L ]
7
10 ‘ @ HE |
10° §
10-9>-4x “““\_3‘ xl\w\ul-zw ‘,,1“1\_1‘ H; L e y “.\“::0;‘265,,.3(;
10 10 10 10 1 10 . 246 82
tan”(0) AX
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F. Capozzi, SW. Li, G. Zhu, J.F. Beacom (2018)

Possible anomaly in ~10 years orHv1808.08232

10 | ] I ] | I ] ] I | I |
Reactor - -
- (KamLAND) -
o 8 __ A 8 __ o - Reactor
> [ > | ?-5'0 (JUNO)
o i o i discrepancy
© 6 © 6
oNN L NN L Solar
& -
S S (DUNE)
41— 4
. 1,2,30 I
_I | I | | | | | | | | | | | I_ _I | | | | | | | | | | | | |
2 0.2 0.3 0.4 2 0.2 0.3 0.4
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O.G. Miranda, M.A. Tértola, J.W.F. Valle (2006)

Neutral-current NSI in Sun

e 2-flavor model

SM vacuum oscillations + matter effect

Am?
4F

QH:

* Measurement: P(v, = v,) =

sin 260

cos 20 +V2GgN,

Am?
4F

N | =

Am?

sin 26

Am
AE

cos 26

|1+ cos 260 cos 26, ]

Am? cos 20—-2V2EGp(Ne—¢&'Ng)

* cos260, =

[Amz]matter

4Ez + \/iGFNd (

NSI

0
5

&

!/

‘)

arXiv:hep-ph/0406280

gaﬁ =0
P _
Sﬂﬁ =0
€ = —sinOy3 e

av av

g =sin? @,3 e — &

. [Amz]fnatter = [Am? cos 26 — 2V2EGp(N, — €'Ny)| + [Am? sin 20 + 4VZeEGpN,|’



How well could DUNE do?

 SNO+SK detected ~80,000 v’s

e Assume best-case 15,000 solar v's per 10 kt-year detected in DUNE
o E;nean — 8 MeV (Ethreshold —3_—4 MeV)

vis
* |[gnore systematics

 Assume SNO+SK uncertainties for 80,000 solar v's in DUNE

* Scale as+\v
* Place at 8 MeV



How well could DUNE do?

* ~40 kt-years of DUNE could already validate SNO+SK

statistics
(relative to SNO+SK)

uncertainty

exposure years

10 kt-years 1 (1 module) 0.19 2.3 Ocnossk
40 kt-years 1 (4 modules) 0.75 I E—
160 kt-years 4 (4 modules) 3 0.58 Ognoqsk
400 kt-years 10 (4 modules) 7.5 0.37 Osnossk
1,600 kt-years 40 (4 modules) 30 0.18 Ognoqsk

07/11/2023 NSI Studies with Solar Neutrinos
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Statistical analysis for DUNE

* Estimating sensitivity
* Assume we observe SM prediction
 What NSI we allow/exclude?

e Use this negative log likelihood

pSM_pNS 2
* NLL = —2logL = 2{21( ~ )

0;

* Allowed NSI to 1o, 90% CL, 20, 99% CL, 30
* NLL < 2.30,4.61,6.18,9.21,11.83

e Critical values from 2-df x? distribution




Differential ES cross section

* Taken from Fundamentals of Neutrino Physics and Astrophysics
by C. Giunti and C.W. Kim

2
ety =2 gt (1) e e 1r(8,) = e
oo = 2Gimz ~ 88.06 x 1046 ¢cm? m, = 0.511 MeV
ggye) :ggje) =1+ 9y —2|_gf4 =1+g) = % + sin® Yw ~ 0.73
gy = gt = v —9a gk = sin? Oy ~ 0.23



Elastic scattering of solar neutrinos in DUNE

* Below E,,, =7 MeV
will have more ES
iInteractions in Ar

* Close to threshold, but...

1041

10—38

10—39 _

10—40 _

—_ 10—41 _
=

9]

—— SNOWGLOBES CC v.-*0Ar
—— SNOWGLOBES ES ve-e

ES ve-e
1042

/ 10~43 4
{ = ESve.-ex 18

E 10—42 _

10-44 4

zooming into 0-10 MeV

1045

0

10344

1 = SNOWGLOBES CC v.-*9Ar

m— SNOWGLOBES ES v.-e
ES ve-e
10—45

— ES p.-e X 18
20 40 60 80 100
neutrino energy E,_ (MeV)

6 8

10
neutrino energy E,_(MeV)

07/11/2023

CC and 18:-ES cross sections cross at ~7 MeV
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Differential ES rates in DUNE

0.26 MeV 0.66 MeV 1.5 MeV

107

* For 10 kt-years

* 10 years with 1-kt
low-background
module

10°

103

* No oscillations

101

Ve-€ ~ ES interactions/year/10 kt/MeV

10°1
1072 101 109 10!
recoil energy E. (MeV)
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ES interactions over threshold/year/10 kt

ES rate over threshold in DUNE

107 5

106
105
10
103
102
101

100 3

107!

10

-2

07/11/2023

1071

10°

threshold E" (MeV)

NSI Studies with Solar Neutrinos

10!

threshold

(E.)

10 MeV

8 MeV

5 MeV

1 MeV

0.1 MeV

rate
/10 kt-year

566 hep, 8B

2,300 hep, 8B

8,850 hep, 8B

hep, 8B,
e, eF,
eN, 17F,
10, pep

56,600

4,130,000 All
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|. Esteban, M.C. Gonzalez-Garcia, M. Maltoni,
|. Martinez-Soler, J. Salvado (2018)

Parameter definitions arXiv:1805.04530

. . CQ 0 e
* Matter Hamiltonian HEL, = V2GrN.(z) [ 72 ) + [P+ Vo(x)e"] | BN
e Diagonal and non-diagonal NSI

6717) — C13513 Re(823 8767# + €23 87677.) — (1 + 3%3) C235923 RG(EZT)
0%3( n n 533 — 3%3033 n n
o \Cee T Ew) + 5 (7 — 5##)
87]\] = C13 ((323 62# — 5923 EZT) + S13 [833 827. — 633 82? -+ €23593 (EQT — 62”)]
* Assumed usual NSI couplings can be factorized into
neutrino and charged-fermion parts

dyzelf s iy 0= Viom
£" = /5sinn
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Neutrinos in LZ

log,(S2c [phd])

¢ 8B neutrinos via CEVNS T S A "

Slc [phd]

* CEVNS (nuclear) recoils — look exactly like WIMP recoils (m, ~ 6 GeV)

257..l.|....|....|..

* Expect few events
* Have not been observed yet

* important measurement % s
; 1
* Many other neutrinos will interact in LZ | [
* What can we learn from them? if | Eh
07/11/2023 NSI Studies with Solar Neutrinos D.S. Akerib et al. (2018), arXiv=1802-060?.’9M 48



http://www.world-nuclear.org/uploadedimages/org/info/Country_Profiles/Countries_T-Z/us_nuclear_map.jpg

map of nuclear reactors in USA

ﬁ X 5 o 4 ‘(! ; - ; l_\ X ) e S : :,
What can LZ do” 2. 296, REIESES 15

L’x 2 Y {1 e G Fapatnck
.l < \ y’; ! 'ﬁ Y Monticeilo® 71
3 Q YL o ¥ AN vl - y s o 4 u;; A -“!:
¥ v/ 2R D Provemisnd 12\ oot Seach
¥ ".'.-l',).e,. \; Z)l‘i Pali : o A‘ a5 n—--yq‘ %
‘ § “"‘\fri;-;,"k"‘k\" "%" 2 f “3")3&. e B "I:'"“' o e g *
bt A0 s SRR BT | Sefte T W |
W i) T R o
3."7‘” L ¥ ;! ia‘a - ’\_‘SJ’-’., 3 il "";. p/ r.ﬁ.z”
g clr,‘j, ¢V ‘. i \‘; » ‘ﬁ X :“ Wolr creet @ =% &-, KX 3 A
* Not seei t tri - PN TR T e A=
ot seeing reactor neutrinos R j::\'g' W & a2 )
B0 et PP U FREE e A
« Not many reactors around B GRE e

* Detector not big enough e a6 Ry 2
 Cannot improve KamLAND measurement gl &

* Expect to see many solar neutrinos
* More matter effect from high solar density
* Interested to pursue this
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Deep Underground Neutrino Experiment

* 40 kt of liquid argon o

@® SNO+5K (PDG)
§ DUNE 40 kt-years

e Staged
* First couple years |
assume 40 kt-years Fiat] -
* Solar neutrinos via CC .| , ) = vc.

neutrino energy (MeV)
«  minimum y?

e Possible module

1 2

with low-threshold (~100 keV) _>»
1 kt of liquid argon Not strong early constraint
* Solar neutrinos via ES due to high threshold
E. Church, C. Jackson, R. Saldanha (2020) o s e e 0 T, T 1T 200

arXiv:2005.04824
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Hyper-Kamiokande

e 217 kt of water
e 2"d module may be added

10!

recoil energy E. (MeV)

x 10°

* Assume 4 years of statistics

e Solar neutrinos via ES

* Recent Super-K analysis
with 3.5-MeV threshold

Very strong constraint

due to high statistics :

(no systematics or
backgrounds here)

07/11/2023 NSI Studies with Solar Neutrinos

0.10 . 1o
: 90% CL
Hl 20
m 99% CL
0.05 - 30
\ * minimum y?2
§ 0.001 \
LS
—0.051
\
—0.10  -0.05 0.00 0.05 0.10
5
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Alex Friedland et al. NSI mod

* Using all NSI couplings
in 2-flavor Hamiltonian

HNSI . Grne ( 14+ €14 €T2 )

mat /2 €12 —1—en
[ Acos2a  Ae %% sin2a
~\ Ae**?sin2a  —Acos2a

Cap = Zf:u,d,e E(J;an/ne

01/26/2021

0.6

0.5

0.4

0.3

0.2

0.1

Solar NSI Studies

el

A. Friedland, C. Lunardini, C. Pefia-Garay (2004)
arXiv:hep-ph/0402266
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