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Coherent elastic neutrino-nucleus scattering




NC — mediated neutrino-nucleus scattering:
v+ A—v+ A
Incoherent scattering — Probabilities of scattering on individual nucleons add:
{ o x (# of scatterers)

Coherent scattering on nucleus as a whole — Amplitudes of scattering on
individual nucleons add

O o o (# of scatterers)?

Significant increase of the cross sections (but requires small momentum
transfer, ¢ < R™1)

(D.Z. Freedman, 1974)




Coherent neutrino nucleus scattering:
Predictions & Implications

Coherent effects of a weak neutral current
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If there is a weak neutral current, then the elastic scattering process v + A —» + A should
have a sharp coherent forward peak just as ¢ + A —¢ + A does, Experiments to observe this
peak can give important information on the isospin structure of the neutral current. The
experiments are very difficult, although the estimated cross sections (about 10°* ¢m? on
carbon) are favorable, The coherent cross sections (in contrast to incoherent) are almost
energy-independent. Therefore, energies as low as 100 MeV may be suitable. Quasi-
coherent nuclear excitation processes + + A —» + A* provide possible tests of the conservation of
the weak neutral current. Because of strong coherent effects at very low energies, the
nuclear elastic scattering process may be important in inhihiting cooling by neutrino
emission in stellar collapse and neutron stars.

- Implications for neutrino THE WEAK NEUTRAL
transport in supernovae CURRENT AND ITS EFFECTS IN
STELLAR COLLAPSE
- Large cross section important Daniel 7. Freedman o
. . Institute for Theoretical Physics, State University of New York at Stony Brook,
for understanding how neutrinos Stony Brook, New York 11750
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NC-induced neutrino-nucleus scattering: flavour blind.

doya Gt o . 2 2 2112
& [ = ]Coh_ L B2 Z(4sin® u — 1) + NJ? (1 + cos 6) | F(32)]
F(q?) is nuclear formfactor:
Fniz)(7?) = L /d35’7pN(Z) (Z)e' §=k-F.
N(Z) ’




NC-induced neutrino-nucleus scattering: flavour blind.

doya Gt o . 2 2 2112
& [ - ]Coh_ L B2 Z(4sin® u — 1) + NJ? (1 + cos 6) | F(32)]
F(q?) is nuclear formfactor:
Fniz)(7?) = L /d35’7pN(Z) (Z)e' §=k-F.
N(Z) ’

For g« R™1 = F(7%) =1, [daVA/dQ] x N2.
For ¢ > R F(¢?) < 1.




NC-induced neutrino-nucleus scattering: flavour blind.

2
o [d(’”‘] ~ SF B2 7452 0 — 1) + NI2 (1 + cos 0)[F(32) 2
dS) lcoh ].67'('2 v

F(q?) is nuclear formfactor:

a1 U
Fniz)(q7?) = —/dgx,ON(Z)(CU)@q 7 q=k—K.

N(Z)
For g« R™1 = F(7%) =1, [daVA/dQ] N2,
For ¢ > R F(¢?) < 1.
By Heisenberg uncertainty relation: for ¢ < R~! the uncertainty of the
coordinate of the sctatterer dz 2 R =- itis in principle impossible to find

out on which nucleon the neutrino has scattered. Also: neutrino waves
scattered off different nucleons of the nucleus are in phase with each other.




NC-induced neutrino-nucleus scattering: flavour blind.

doy 4 Gt o .2 2 2112
~ ESZ — 7
O ||~ LB Z(4sin® i — 1)+ NI (14 cos6)| ()
F(q?) is nuclear formfactor:
Fniz)(7?) = L /d35’3,0N(Z) (Z)e' §=k-F.
N(Z) ’

For g« R™1 = F(7%) =1, [daVA/dQ] N2,
For ¢ > R F(¢?) < 1.

By Heisenberg uncertainty relation: for ¢ < R~! the uncertainty of the
coordinate of the sctatterer dz 2 R =- itis in principle impossible to find
out on which nucleon the neutrino has scattered. Also: neutrino waves
scattered off different nucleons of the nucleus are in phase with each other.

The necessary conditions for coherent scattering!
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R~12fmAY3: A~130 = R !~30MeV.

Recoil energy of the nucleus:

q—’2 max 2E3 QEB
Efrec ~ 3 E?“ec — ~ .
2M 4 Ma + 2F, M 4

Forg ~ 30 MeV: FE,..~ 5keV.

Need to detect very low recoil energies = requires

» \Very low detection thresholds
» Low backgrounds

# Intense neutrino fluxes
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First light detectors deployed to measure neutron-
squared dependence. (Na, Ge in 2019)

High precision measurements enable the full potential
of CEVNS scientific impact.

Jason Newby, Magnificent CEVNS Workshop 2018
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Neutrino energies: E, ~ 16 — 53 MeV. Nuclear recoil energy: keV - scale.
# of events expected (SM): 173 4+ 48

# of events detected: 134 4 22

“We report a 6.7 sigma significance for an excess of events, that agrees with
the standard model prediction to within 1 sigma”
~ 2 x 10?3 POT; o ~ 1073% cm?.

D. Akimov et al., Science 10.1126/science.aao0990 (2017).




Coherent Neutrino-Nucleus
Scattering

, recoiling nucleus

Neutrino cross sections
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A hand-held neutrino detector

14.6 kg low-background Csl[Na] detector
deployed to a basement location of the
SNS in the summer of 2015

~ 2x10%3 POT delivered and recorded
since Csl began taking data

—— Beam Delivered

Neutron Scatter Camera (BG Neutrons)
—— LS in Csl Shield (NINs)
= Cs| (CEVNS)
—— SciBath (BG Neutrons)
—— Pb Nube (NINs)
== NalvE (CC)
wes CENNS-10 (CEVNS)
—— Fe Nube (NINs)

— |

W IS
Protons on Target [10%°]

N

=
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Large cross sections — small detectors

Very clean SM predictions for cross sections — sensitivity to NSl
Sensitivity to ,, and (r?)

Possibility to measure sin” 8y at low energies

Masurements of neutron formfactors (nuclear structure)

Nuclear reactor monitoring (non-proliferation)

Precision flavor-independent neutrino flux measurements for oscillation
experiments

Sterile neutrino searches

Energy transport in SNe

SN neutrino detection

Input for DM direct detection (neutrino floor)

Detection of solar neutrinos




Many experiments planned or under way — CONUS, TEXONO,
Ricochet, Connie, v-cleus, RED100, MINER, »GEN, ...

Many theoretical studies

A very active field!




Atmospheric neutrinos




Il. Neutrino experiments

17 &

Atmospheric neutrinos

e Atmospheric neutrinos are produced by the interaction of cosmic rays (p, He, ...) with the

Earth’s atmosphere:
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Kamioka, Gifu

50kton ' -:, X o
stainless steel tank  39.3m \ Viozum ey
SUPERKAMICHANDE e e eddMRET A €TECTOT N
11146 of 20 PMT




_ lI. Neutrino experiments 18

Classification of atmospheric neutrino events

e Neutrino events are classified according to whether the track of the charged lepton begins
and ends inside or outside the detector:

e contained events are further divided into
sub-GeV and multi-GeV data, depend-

end inside end outside

begin inside | fully contained partially contained

begin outside | stopping u thru-going u ing on the reconstructed lepton energy.
5_ I |||||||| I |||||||| I |||||||| I |||||||| I |||||||| T TTTTT 0'015—\
C - . 3
CONTAINED UPGOING MUONS - &y K \ . ‘SN
41— i through-going - »
L multi / \ muons )
- = GeV / \ N g_
-~ = \ — :
M S - / . 0.01 X
e’u g— 3 __ : “ ! \\ :
Th N o \
o ; s 2 AN \ 7
Veu . s N I ,’ Y , \ — 0.005
Mo 3 B !\ stopping \
Vo5 B I} \ muons \ .
"' u .“ V :. V \“ 1 | ! I‘.' \ —
Full Partiall g h - SNAUIN \
ully artatly — Stopping Thru-going N N7 \ \ ]
i Contained pping 20Ing. B i/ N N -
Contalned MllOIl Muon 0 B /11 IIIII| R4 | I/I/III| I\]"H.lllll \.I\I'-H-LLIJI_ 1 11 IIIII]\ ~ LI 0
E, 0.1-few GeV few GeV few 10 GeV few 100 GeV 1077 10° 107 102 108 104  10°
E,, GeV
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Zenith angle distributions

V> vy

2-flavor oscillations

Best fit

sin20=1.0, Am2=2.0x10" el 2

Null oscillation

Z F 80 . ~14 .

. 8500 - 545 Su_b-GeV VUlt-R [, " p stop u
2 S T— . [ u-like "o -

- ‘5400 - = 35 g o1 F

2 8300 LM g 30 2 0.8 - -
2 s 2 25 p B +

= g [ E 20 = 0.6 S
5200 | = 20 © % F

3 I 715 ¢ + + 504 -

3 100 [ 10 = _+_ =) E=.7¢1—0—'_‘_

= Sub -GeV e- Ilke 5 Sub GeV !J I|ke 5 02 -

L1 L1 ‘ L1 L1 7\ L L1 L1 L1 | - ‘ L L ‘ L1 L ‘ L - 7\ L1 ‘ L1 ‘ L1 L ‘ | - ‘ | -
-1 -05 0 05 1 0-1 0 05 1 0-1 -0.5 0 0.5 1 0-1 -08 -0.6 0.4 -02 0
cos@ cosf cosf cosf
3350 . - - 2 r - - I~ 4 ¢

§300 3 Multi-GeV p-like §100 jNlJ_Itl-GeV Multi-R h3s | p thru
= B = :M'Ilke '‘w 3 F
w250 o 380 - N E
o C o L E 25
5200 = 60 e F
= g 2 I - 2
5150 - E 40 L :‘«15 d
Z100 £ z 2

i : i = 15

E . . 20

= Multi-GeV e-like S0 * 0.5 -

7\ | - ‘ | ‘ - L ‘ L - C 1111 L ‘ | ‘ L L | - ‘ | ‘ - \ ‘ 7 ‘ L1 ‘ L1 L ‘ | - ‘ | -
-1 -0.5 0 0.5 1 0- -0 0 0.5 0 -0.5 0 0 -0.8 06 04 -02 0
cosO coso cosO cosO

~13000km ~500km ~15km ~13000km ~500km




o Amj3, — 0 (E.A., Dighe, Lipari & Smirnov, 1998) :

F, — FO
0 — Pz(Amgla 013, VCC) ' (T 833 o 1)

(&

¢ 813 — 0 (Peres & Smirnov, 1999) :

F, — FO
0 — Pz(Amgla 012, VCC) ' (T 033 o 1)

e

At low energies r = F)/F,) ~ 2;als0 s33 ~ ¢33 ~ 1/2 -
a conspiracy to hide oscillation effects on e-like events!
Reason: a peculiar flavour composition of the atmospheric v flux.

(Because of 6033 ~ 45°, P,, ~ P.,; butthe original v, fluxis ~ 2 times

larger than v, flux = compensation of transitions from and to v, state).




» Consistent with v, < v, oscillations. SK results confirmed
by accelerator v, disapperance experiments K2K, Minos,
T2K and NorA. Also seen in MACRO and IceCube DC expts.

[Am3z,| ~ 25 x107% eV?, 3 ~ 45°

» Evidence for v, appearance in SK and OPERA.

» Oscillations of v, may also be present at some level.

Suppression of the observed v, signal due to the
composition of the original v,;, flux and value of 03.
Broken by 3f effects and possible deviation 6,3 from 45°
(as follows from the latest global fits).




» Atmospheric neutrino experiments led to the first
unambiguous evidence for neutrino oscillations

» About a half of atmospheric neutrinos traverse the Earth on
their way to the detector

» Matter can strongly affect v oscillations inside the Earth
through the MSW and parametric resonance effects

» Study of atmsopheric neutrino oscillations in the Earth may
bring a wealth of information both on neutrinos and the Earth




LBL accelerator experiments




Long-baseline beam experiments: taming the source e

Future

Current

i V NOv
FNAL to Ash River

577 MINOS (
« ) ' +)
@ FNAL to Soudan 810 km, 70? k__W

K2K 734 km, 400 kW
KEK to Kamioka o
250 km, 5 kW

CNGS | J-PARC to Kamioka
CERN to LNGS 295 km, 380-750 kW

730 km, 400 kW
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Long-baseline beam experiments: taming the source e

Current Future

vouss  New Neutrino Bear at Farmilab...

........

N"” i C ‘

LBNF/DUNE
FNAL to Homestake

NOvA 1300 km, 1.2 MW (2.3 MW)

“?73“’""?’ FNAL to Ash Ri

KL NI hlos + O AS iver

%} I ( ) 810 km, 700 kW
FNAL to Soudan o

K2K 734 km, 400 kW H
: ’ er-
§5EOK|§% K5a rl?\;\? @ g IyARC to Kamioka
’ 295 km, 750 kW
(>..)
T2£K P
And beyond...
CNGS J-PARC to Kamioka ESSnuB, y
CERN to LNGS 295 km, 380-750 kW neutrino factories

730 km, 400 kW

- See sessmns Neutrino-4,5,8
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Off-Axis vV, Beam

E Tr—-f----5="-""""-------------- Aot faiaieiniilelie i
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£ o @ Am? = 3.0 x10°3
Medium energy setting '
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> - §
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£0.02 3000 -
= A 25005
A 2000
-0.,02 i
I 1500 -
- — 18GeVn -
R —I - ‘ 1 1 1 | ‘ - - | Ltold | " | ‘ T | ] I - | 5007
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0O 05 1 15 2 25 3 35 4
GeV

Off-axis beam: more flux near peak oscillation energy, less
flux at higher energies where v_ backgrounds are produced.

Scott Oser (UBC/TRIUMF) TAUP 2017
July 26, 2017 4
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The T2K experiment
| Super Kamiokande

Mt. Ikeno-Yaima W - e WS \u g g q
1360 m e
L — 7~v

water equw.:l: 17b0 o

295 Km

POD Downstream
l ECAL

Nl i
W

Solenoid Coil

Barrel ECAL

K-JAEA, Tokai)

Leila Haegel /University of Geneva T2K lafest neutrino oscillafion resulrs EPS-HEP 2017 / 2
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J—Zﬁz\ Disappearance
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——— Unoscillated Prediction

——— Oscillated with Reactor Constraint
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T2R\ i 220, Am?

<102 Normal Hierarchy, 90% CL

1 1 1 I | I 1 I 1 I I 1 1 I | I
— T2K run 1-9 (2019) ---- Super-K 2018
— — NOvA 2019 IS lceCube 2017

+ T2K best fit
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Ve VS Ve appearance

&Comparison of # of ve and ve appearance candidates

T2K Run 1-9 preliminary

>
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= 22 —]

g C L 7

) - : E

by 20 .
(2% C ]

Q C n
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= - O dgp=m ]
% 12F ® dgp=+m2 -
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< - @ Data (stat. errors only) .
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30 40 50 60 70 80 90 100

110

Neutrino mode 1Re candidates

Expectation
Obs. 6=n/2| 6=n |o=n/2] 6=0
V AY%
W Cndicates] 90 T€P 814 | 686 | 555 | 683
Vi Ve oo 15 17.1 19.3 21.7 19.4
CPC CPV CPC

oscillation parameters are
extracted using all event

samples (not only ve samples

but also v, samples) 9




T2K\
Summary

» The accelerator-based neutrino oscillation program in Japan, founded by
Koichiro Nishikawa, is continuing evolution K2K — T2K — T2HK

» Ocp 20 confidence interval[-3.966, —0.628] (NO) [-1.799, —0.979] (IH)
CP-conserving case (6.p = 0, ) is outside 26 (95%) region
[—2°,165°] is outside 3c region
Normal (m; > m, > m,): 88.9% vs. Inverted (m, > m; > m3): 11.1%
» Timeline from now
2020 Super-Kamiokande upgrade by dissolving Gd to 0.01% concentration

2021 Upgrade of beam intensity(750 kW) & ND280
2023~2025 Second beam upgrade to reach 1.3 MW
Aiming to collect 1~2x 1022 POT with 3o sensitivity to CPV if CPV is ~maximal




NuMI Off-Axis v Appearance Experlment

NOVA Far Detector—

?'M‘pnm ;-
ASh RIVCI', MN *i‘{t_‘m’um o
810 km g SR

llIIIIIIIIllIIIlIII

80
3
| B~
' Milwaukee
¥ =
NuMI beam and g
NOVA Near Detector f Ferrmlab S 20
" Fermilab d T
Chlciago £ o 4 : %:0.10_
e, & oosf ]
/ I W > G 3 70

Ev GeV)

* Upgraded NuMI muon neutrino beam at Fermllab (700 kW design goal achieved)
* Longest baseline in operation (810 km), large matter effect (£30%), sensitive to
mass hierarchy
* Far/Near detector sited 14 mrad off-axis, narrow-band beam around oscillation
maximum, small wrong sign components (v in v beam or v in v beam)
Evgeny Akhmedov Moscow International School of Physics 2020 Voronovo, March 3-9, 20:) -p.30




The NOVA experiment

80 <
* NuMI Off-Axis Ve Appearance, the 3 :
leading neutrino oscillation experiment 3.0 . )
in the NuMI beam 5 | a
* Two highly active scintillator detectors: §w ’ —Onaxis: «
e yandd —— 7 mrad .
- Far Detector: 14 KT, on surface g — t4mrad |
i 21 mrad .
- Near Detector: 300 T, 05 m é’m i .
underground | ]
* |4 mrad off-axis narrowly peaked muon ’
neutrino flux at 2 GeV, L/E ~ 405 km/
GeV :
10

* v, disappearance channel: 023, Am?3;

* Ve appearance channel: mass hierarchy,
Ocp, 013, 023 and octant degeneracy

Also: neutrino cross sections at the
ND, sterile neutrinos, supernovae. ..

lls B. Zamorano - Latest oscillation results from the NOVA experiment Al
Evgeny Akhmedov Moscow International School of Physics 2020 Voronovo, March 3-9,2020 —p. 31




Joint Appearance and Disappearance

NOvA’s allowed 90% C.L. regions are compatible to other experiments

NOVA Preliminary

- ' 1 r . . 1 | 7

- Normal Hierarchy 90% CL .
- —— NOVA — — MINOS+ 2018 7
30— ---- T2K 2018 o IceCube 2017 —
L -.-. SK2017 -

Al ‘.
> B _

()
o B _
o | i
o 2.5 _
(aVop]
= B _
< L il
2.0|— ® Best fit _
| | | | | | | | | | | | | | | | | |
0.4 0.5 0.6
- 2
sin“0,,
Jianming Bian - UCI 23
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Future LBL projects




DUNE (Deep Underground

Neutrino Experiment)

Primary Baam Fnclosure
Apex of Embank ~60'
:
> Muon neufrino beam from g - P
. - oo = e
from Fermilab (LBNF — Long pri n

Baseline Neutrino Facility)
> On-axis broadband beam

> Beam intensity 1.2 MW,
upgradable to 2.4 MW
(120 GeV primary protons)

Future Laboratories

« Experiment Hall

1eus SeleA

K

(V)
cC
A
"
1JeyS ssoy

Proposed third generation dark matter and/or
1T neutrinoless double-beta decay

> Far deftector at SURF in o | LI e
South Dakota

> 1300 km baseline
Ross Campus

*BHSU Ungggmrgund Campus
+ CASPAR

4850 Level (4300 mwe) e

L.W. Koerner, University of Houston Becroomingabormey  7/26/2017

> 4300 mwe overburden

DUNE CDR arXiv:1512.06148
E. Worcester, APS April 2017
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DUNE Far Detector

40 kt liquid argon (LAr) TPC
4 x 10 kt modules

(Modules not necessarily identical)

Dual-phase TPC

(single module with ampilification in
gas phase)

Single-phase TPC

Suspended anode (APA) and cathode
(CPA) assemblies — 3.6 m spacing

\\Mi \
\\

L.W. Koerner, University of Houston 7/26/2017

Evgeny Akhmedov Moscow International School of Physics 2020 Voronovo, March 3-9,2020 —p. 35




DUNE Status and Timeline

~= sAE » Infernational
DUNE Timeline LA collaboration

\aunmunnmnm > Begdn in 2015

N
sl » Nearly 1000
W e collaborators
2026 from 30
Neutrino countries
Beam .
Available Far site ground

breaking
ceremony July
21!

L.W. Koerner, University of Houston 7/26/2017
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Hyper-Kamiokande Detector

» Water Cherenkov detector

z

» 260 kton ultra pure water
(Fiducial mass 187 kton)

» New 50 cm photo sensors with
improved single photon deection
efficiency (2x Super-K PMTs)

» 40% photocathode coverage 40 m tall

N

~-

» 650 m (1750 mwe) depth 74 m diameter

¢ TOYAMA

Super-K

» Aiming for a quick start with one ‘
L

tank :
ISHIKAWA -

Hyper-K -

(Tochibora Mine)

» Second tank under consideration
(fime, design, location...)
S. Nakayama WIN 2017

"Hyper-Kamiokande Design Report”
https://lib-extopc.kek.jo/preprints/PDF/2016/1627/1627021.pdf

GIFU NAGANO

Takayama

L.W. Koerner, University of Houston 7/26/2017
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Hyper-K Status and Timeline

» International Collaboration

Year .
I {23 4|56 7 |89 |10]1I]I2 » Beganin 2015
Geological syrvey, flnalidesigri : : : : : : : ]
Pl 1 I I O » As of April 2017, 300 memibers from
hveln gxcdvat] 22;_3_’m)5 -|5 CounTries

E]'ank Iibing

EEEEEEEE -f(zomy » Justlast week, a draft of the MEXT
PE‘lotaseii'\sor s?ppartg ph:)toésensoré installihm( 2n‘?4) (fUﬂdiﬂg GgenCY) ROOdep fOI’
190 0 7L T O I O O O Large Projects was released and

E é P'IOEEDSEI"IS(EI“ rodiuctoni é é é é E é . .
* menenenndidEEERERERE includes Hyper-K as an important

component

\Natier fnuinig} (fi;).Sy) l
: : H pdration
TR » Budgetfrequest to start

construction in JFY2018

» Aim to begin operation in 2026

L.W. Koerner, University of Houston 7/26/2017
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NSI| parameterization

P. Coloma. P.B. Denton, M.C. Gonzalez-Garcia, M. Maltoni, T. Schwetz,
”Curtailing the Dark Side in Non-Standard Neutrino Interactions”, arXiv:1701.04828

Lnst = —2V2Gr ) Eiiéj(ﬂa’}’“PLVﬁ)(f’rupf)
flﬂp‘.'&*,.ﬁ

Assuming heavy NSI mediators

Magnificent CEVNS 2018/11/02 Gleb Sinev, Duke Constraining NSI with Multiple Targets 4
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do B

'

Ga =

« Modification =

CEVNS cross section and NSI

J. Barranco, O.G. Miranda, T.I. Rashba,
"Probing new physics with coherent neutrino scattering off nuclei”, arXiv:hep-ph/0508299

G2 M f , /o 5 MT
F_F2@Q) |(Gv +Ga)’ + (Gv —Ga)? (1- — ) — (G} — GA)—;
27 E, L

Gv = (g}, +|2¢%Y + V) Z + (g% +[e%Y +2¢%Y)N NSl terms

(5 + 2628 +€6)(Z4 — Z) + (gh + et + 2688) (N — N_) = 0

“ee

10733 4 —_— 5 —_ IpNe
B 21NE‘
132y
129y

e | SM diff o

134yea

= | Weighted by
— "x |\ niDAR spectra

128y e

10374

1039

<

/N
N——
— {cm?/MeV)

17 4 124ya

126yea

1043

0.0 0.1 0.2 0.3 0.4 0.5

Er (MeVr)
Magnificent CEVNS 2018/11/02 Gleb Sinev, Duke Constraining NSI with Multiple Targets 10
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D. Akimov, J.B. Albert, P. An, et al.,
"Observation of Coherent Elastic Neutrino-Nucleus Scattering”, arXiv:1708.01294

COHERENT NSI constraint '

e August 2017 result T
. 14.6 kg Csl[Na] |

e ~2 years running “
- 308.1 live-days 38 of
» Events -

_ 134 + 22 observed = %
_ 173 + 48 predicted | —commrion

-1 -0.5 0 0.5 1

0.5

Magnificent CEVNS 2018/11/02 Gleb Sinev, Duke Constraining NSI with Multiple Targets 24
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Why straight lines for SM rate?

J. Barranco, O.G. Miranda, T.l. Rashba,
"Probing new physics with coherent neutrino scattering off nuclei”, arXiv:hep-ph/0508299

dr G:M _, . " j o Y s o MT
7= 1 (@) |(Gv+Ga)"+(Gv — Ga) (1—EM - (Gy — G4) e

Gv = (gh + 26/ +e8)Z+ (gp +e +2e8 )N g, ~ o

~

SM
SM rate: Gyv= guZ+ gy
1. SM 2 .
do’ do SM S 2
7= 7:(Gv ) — Gy = Gy

(9% +2e2y +ece )Z + (gv +ed +2e8 )N = £ (9 Z + gy N)
Generating two straight lines in NSl-coupling space with SM rate

Magnificent CEVNS 2018/11/02 Gleb Sinev, Duke Constraining NSI with Multiple Targets 13
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Including magnetic moment scattering

dG_GﬁMZ 2T
dT 8w

Ta? ”e [

] Qy [F-(@H)]* + ~[E, @]

Tm ax

Heff = Zi ‘Z} Ut or )y e/ i

Note that this is a different combination at CEVNS than what is
measured at reactors or solar neutrino experiments!

-eny Akhmedov Moscow International School of Physics 2020 Voronovo, March 3-9, 2020 — -
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Weinberg Angle

(d")y = GQFMF2(2ME) [1 - @] x

“Running” of Weinberg Angle 1B - 92
0 31 ™5 llllll'] T ':_la':::lelc;at";r”"q i lllll'l s | lnll'll T T {[Z(g‘p} + 2€gg + Eg‘;) + N(g"f} + Egg + 2Eg‘(§)]2
03 With o | 5 20' d n __ 1
0.29 FIOT_ o mbined ith g7, = (5 —2sin“fw) and g7, =—3
0.28
= 0.27 .
q:B 0.26 Fv-cleusiog 1y 1
S 025 Qo)
v RwiP. . . .
0.24 Fas } e First determination of the
0.23 \4 1 Weinberg angle at g = 1MeV/c
0.22 b after 2-3 weeks of measurement
021 FreiesligZy) ) .1 with 10g!
0.001 0.01 0.1 1 10 100 1000
u (GeV)
NME%% mgi'%ﬁcr)]ntag&ggl\l o?%@g?é@éé@ d Stra uss Voronovo, March 3-9,2020 —p. 45
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The so-called “neutrino floor” for DM experiments

Cross section [cm?] (normalised to nucleon)

Evgeny Akhmedov
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1 0-44

1076

104

107

J. Billard, E. Figueroa-Feliciano, and L. Strigari, arXiv:1307.5458v2 (2013).
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Think of a SN burst as “the v floor coming up to meet you”

Cross section [cm?] (normalised to nucleon)

Evgeny Akhmedov
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J. Billard, E. Figueroa-Feliciano, and L. Strigari, arXiv:1307.5458v2 (2013).
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Sensitivity Assumptions

DUNE Hyper-K
» Staging: Begin with 20 kton,  » Staging: Begin with single
1.07 MW beam; 40 kton in 187 kton fiducial tank and
vear 4, 2.14 MW in year 7 1.3 MW beam; second tank
in year /7

» Neutrino: Antineutrino = 1:1

» 0O,; from global fit (non-

maximal) » O,; maximal

L.W. Koerner, University of Houston

Evgeny Akhmedov Moscow International School of Physics 2020

» Neutrino: Antineutrino = 1:3

7/26/2017

Voronovo, March 3-9, 2020 —p. 49




Mass Hierarchy

D U N E Mass Hierarchy Sensitivity
30 -

- DUNE Sensitivity
|~ Normal Ordering
[ sin®26,, = 0.085 + 0.003
25} 6,5 NuFit 2016 (90% C.L. range) ==*** sin‘0,, = 0.441 +0.042

7 years (staged)
10 years (staged)

20 ' i3
54 ®
; e

Diiliciliaslsislivilaasbicalasiliiiliii
-1 08060402 0 02 04 06 08 1
Sep/m

L.W. Koerner, University of Houston

Evgeny Akhmedov

DUNE

12

10

MH Sensitivity

. DUNE Sensitivity (Staged)
—Normal Ordering

- sin’20,, = 0.085 + 0.003
[~ sin’0,, = 0.441 £ 0.042

[ 5, = /2

I 100% of 5, values
Nominal Analysis
------ 6,3 & 6,, unconstrained

~1 yr

~6 YIs

Moscow International School of Physics 2020

DUNE should be
able to make a
relatively quick
determination of
the mass hierarchy

Hyper-K is less
sensitive due to the
shorter baseline

» Combined analysis
with beam and
atmospheric
neutrinos leads fo
>30 determination
in about 5 years
with one tfank
Hyper-K

7/26/2017

Voronovo, March 3-9, 2020 —p. 50




CP Violation

DUNE Sensitivity

|:! 7 years (staged)
Normal Ordering
9E qin2s,, = 0.085 = 0.003 [0 10 years (stageay
8,,: NuFit 2016 (90% C.L. range) ====== sin’s,, = 0.441 = 0.042
8
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Hyper-K

Normal mass hierarchy

10 yrs

- 2 -
— Sin 823-0.50

-1 -08-06-04-0.2 0 0.2 04 0.6 0.8
dopfT

—

L.W. Koerner, University of Houston
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CP Violation

CP Violation Sensitivity

DUNE

12

. DUNE Sensitivity (Staged)
. Normal Ordering

L sin’20,, = 0.085 + 0.003
10Q}sin’e,, = 0.441 + 0.042

. 5., - 2
[ 50% of &, values

B 75% of &, values
——— Nominal Analysis

- emaas 6,3 & 6,; unconstrained
-
-
8H
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b
q =
6 ..
] - A T
Lo B S ———

.
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.
-
.
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L.W. Koerner, University of Houston
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CP Phase

D U N E d.p Resolution Hyper K

60 r v oo .
60 ~—~ [ 1.3MW beam . ftank o
¥ DUNE Sensitivity (Staged) Q) i ; 3
: Normal Ordering <D 50:_1 year = 1073 ----f ...... Base“ne(Staglng) _:
50 sin’26,, = 0.085 + 0.003 o e | Stank -
: 0, Nl.:::it 2016 (90% C.L. range) 8) 40? | (-\PZQO e
v [ S T s . 1
g 40__ -SCP=-m’2 'O 30:_ ECP:O _:
E’ : - 'SCP= 0 |.|.c—> E E
~— - . 9 20__ o]
c N U sin’6,, = 0.441 £ 0.042 - -
S 30| S . F -
5 I = 10 —]
(o) | L: =
§ 20:_ Ll-l 0: 1 | 1 1 | 1 1 1 | 1 1 ‘ 1 1 1 | 1 ]
5 0 2 4 6 8 10
Ze) L, . "
of Running time (year)
: » Resolution on measurement of
'l PRI A B EPETE PR e
% "2 "4 6 8 10 12 14 6cp Of ~10-20°
Years
L.W. Koerner, University of Houston 7/26/2017
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D U N E Octant Sensitivity H yp e r_ K

Normal Mass Hierarchy

T I B g
7 [_sin"26, = 0.085 0003 [ 10 vears (staged) S 2 -
P |:|NuFi:201s(90%c.L.) .g 8? ] O yrs i
- (D) - =
SF - B
: g °F 3
5_— ------------------------------------------------------------------------- S D? E
EN: 3 i
o 3
" S & g
3__. .......................... = = =
5 3 0:. e d wea opoo Nom oo o5 SRRV | Nl O
ol @) 04 045 05 055 0.6
» -
£ sin” 6,,
E . 1 | 1 | | » Potential to reject maximal mixing at 3o
0035 04 045 05 055 0.6 065 or 56 in the range of the current global
sin’6,, best fit
» Enhanced sensitivity with combined
beam and atmospheric neutrino data
L.W. Koerner, University of Houston 7/26/2017
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Effect of 8,;0n CP

DUNE

CP Violation Sensitivity

12
L DUNE Sensitivity

- Normal Ordering
- sin’20,, = 0.085 +0.003
10

o
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L I L L} I T
.

04206060402

Evgeny Akhmedov

0
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L.W. Koerner, University of Houston
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T2HKK: Tokai to Hyper-K and Korea

0 Build second tank in Korea
to enhance mass hierarchy
and O .p sensitivities
o 1000 — 1200 km baseline

o .39 — 3.00 off axis beam
direction

Beam center

OAB 2.5 at SK




V . appearance at the Korean site
T e —

vV, >V, at 1100 km V,—V, at 1100 km

o 03 LI TP LG O S AU/ LT I I e 03r—rrvrrrerrrrerryrTTTTTTY
5 71 1.8° v, flux 1 g []15° ¥ ul:lux 1
025 o0, N 1 4025 T N :
o — 8,,=180°, NH ] o ‘ — 8,,=180°, NH ]
0.2 — 8,=270°, NH ¢ 0.2f — 85=270°, NH .
| - 8g;=0%, IH ] . -+ 8g=0° IH ]
0.15 - 8g=90° IH = 0.150; --- 85,=90°, IH -]
| --- 8,,=180° IH . g --- 8,,=180° IH ]
135 - 2 i -- 85,=270°, IH 3

0 x [, Al ':--n-u P e 0 w l\l.‘ s = e S U P

0.5 1 13 2 25 3 0.5 1 13 2 2.5 3

E, (GeV) E, (GeV)

o Covers the 2nd oscillation maximum where the CP asymmetry between
V and anti- V is 3 times larger than the st oscillation maximum

0 Less sensitive to systematics errors due to larger CP effect
O Lower statistics due to flux reduction

0 Longer baseline(l I00km) leads to larger matter effects
o MH better determination

Evgeny Akhmedov Moscow International School of Physics 2020 Voronovo, March 3-9,2020 —p.57




Additional benefits of the Korean site

. . o . Bisul o g L km m
g >1000 m high mountains with hard T S—————
gl"anite I’OCI(S Mt. Sambong ~1.90 1180 km 1186 m
. Mt. Bohyun waae 1040 km 1126 m
o Smaller background due to its larger MM 2 naokm  1242m
Overbur‘den (> 800m) Mt. Unjang i o L] 1190 km 1125m

0 Improved sensitivity in solar neutrino 5 |

physics |

o Day/night asymmetry due to MSW matter
effect in Earth

o HEP solar neutrinos | A

o Energy spectrum upturn e
0 Supernova relic neutrino detection 20| o SR

capability below 20 MeV improves O

o Detection efficiency is more than twice
HK site in16-18 MeV range

K.Abe et al.,“Physics Potentials with the Second Hyper-Kamiokande Detector in Korea”,
November 2016, arXiv:1611.061 18

: i y ional Physi y




Summary of physics potential

HK (2TankHD w/ staging)

0 precision 7°-21°
I(_IB3L.5MWyr') CPV coverage (3/50) 78%162%

sin2 6 23 error (for 0.5) +0.017
ATM+LBL MH determination >530
(10 years) Octant (sin? 6 23=0.45) 580
Proton Decay e"m 90%CL 1.2x10%
(10 years) v K 90%CL 2.8x 0%
Saler Day/Night (from 0/from KL) 60/120
(10 years) Upturn 490

Burst (10kpc) | 04k- 158k
Supernova Nearby 2-20 events

Relic (10 yrs) 98evt/4.8 O

** for DM search see backup slides

Evgeny Akhmedov

Moscow International School of Physics 2020
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~ Py(Amy, Oh3) - (rsy; — 1)

+ Py(Amyy, tha) - (regs — 1)

— 2813 593 Co3 T Re(zzlze A,ue)

Interference term not suppressed by the flavour composition of the v, flux;
may be (partly) responsible for observed excess of upward-going sub-GeV

e-like events

o e Interf. term may not be
s e sufficient to fully explain
+++ + the excess of low-E e-like
mj :.'.'.'.'.'.'.'.'.'.'.'.ZZ:?:.'.'.'.".'.'.".'.'_".'.'.".J.'.'.'.'.:'.:‘,:::,'::#‘,':,'_'.'_'.'_':_-:_-,'_:'_::::-: events — d hlnt Of 923 #

AT R 45°7 (Peres & Smirnov, 200 4)

-1 08 -06 -04 -02 0 02 04 06 08 1
cos(6,)




In 2f approximation: no matter effects on v, < v, oscillations
[V (v,) = V(v,) modulo tiny rad. corrections].
Not true in the full 3f framework! (E.A., 2002; Gandhi et al., 2004)

i

(U 46409  6el09  [8e+09  1e+10  1.2e+10 1.4e+10
] E
050,09 4e+09  6e+09  8e+09  1e+10  1.2e+10 1.4e+10 -05

E

P, Oscillated flux of atm. v,

Am2, =25 x 1072 eV?, sin®fi3 = 0.026, O3 = /4, Am32, =0, L = 9400 km

Red curves — w/ matter effects, green curves — w/o matter effects on P, -







Muon-Neutrino
Disappearance

Using 6.05x10%0 POT
equivalent

- 473 +/- 30 events predicted in
the absence of oscillations

* Observed 78 events

- 82 events predicted at the best
fit point including 3.7 beam
background and 2.9 cosmic
induced events

18 NOvVA @ NeuTel, Ryan Nichol

Evgeny Akhmedov

Moscow International School of Physics 2020

arXiv:1701.05891

NOvVA Preliminary
——————

- T T | T | —
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Following presentation by Nunokawa, Parke, Valle, in “CP
Violation and Neutrino Oscillations”, Prog.Part.Nucl.Phys. 60

VU —> Ve Ap pearan ce Chan nel (2008) 338-402. arXiv:0710.0554 [hep-ph]

P(vu = ve) = |\Pazme @52+ + [Po/|

= Paim + Psot + 24/ Paem Psor(€Os Azy cos § F sin Asz; sin §)

p s - Sin(ﬂgj — H,L) I‘;;, 0.09 .
atm = S100;3 5N 2043 Aay —al 31 & 4 F Normal Hierarchy
Depends on relative sign of “a” oor | Inverted Hierarchy
and A31 é \\ .
. sin(al) oo | SNy R
A/ PSGI = COS 923 Sin 2912 TAZ]' 0.05 _ .\\\G 0,3 > n/4
C IS IN
a = GFNe - 1 0.04 :_ ) \\
V2 3500km TEELELEN o NN
0.03 [ “ N
alL=0.08 for L=295km T2K baseline : Am?>0 N N
al.=0.23 for L=810km NOVA reiim PR
baseline . e 00t Fugiime 2
Oscillation probability is : o o
" 0 0.02 0.04 0.06 0.08

sensitive to: mass ordering,
CP violating phase, and 6.,

NOVP%(B!%[L!;% Nichol 35
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