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Overview

@ Solar Neutrino production and detection

© Neutrino Oscillation

© Current status of solar neutrino oscillation and future experiments
@ Day-night asymetry and Earth tomography
© NSI and Solar Neutrinos

@ Summary and Conclusion
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Solar Neutrino production and detection

Solar Neutrino production

4p —* He +2et + 20 + Q

Q@ = 26.73 MeV

pp chain reactions provides 98.4% of the energy generation in the Sun
1.6% of energy is produced in the CNO cycle

BT decay of proton in the presence of another proton
pt+p—d+et +ue

Qpp = 2M, — My — me = 0.420 MeV, E, = 0.24MeV and energy
peak at 0.31 MeV

According to SSM, the pp neutrinos compose the majority (92%) of
solar flux and therefore the average energy of all neutrinos is close to
Epp

The reaction is a weak interaction and has the Coulomb suppresion

It is one of the slowest processess of the chain (t,, ~ 1010 years)
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Solar Neutrino production and detection

Solar Neutrino production

@ Other reactions of the chain are faster (except pep)
@ pep reactionisp+e~ +p—d+ v,

@ The rate is two orders of magnitudes smaller then pp reaction. Three
body reaction.

® tpep ~ 1012 years
o Epep = 1.441 MeV, monochromatic, witdth of 2 keV. T, = 107K

o d+ p —3 He + v is very fast (t ~ 108 years) and precise rate is not
important

@ The time of diffusion of photons from the center of the Sun to its
surface is 10° years

@ Neutrinos freely escape from the Sun without affecting dynamics of
the Sun’s evolution
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Solar Neutrino production and detection

Solar Neutrino production

3He has two comparable branchings fractions and a rare one

3He 43 He —* He + 2p with branching fraction of 84.6% (t ~ 10°
years)

3He +* He —" Be + ~ with branching fraction of 15.4% (t ~ 10°
years)

The branching fractions depend on ratio of 3He/*He densities
The reactions depend on temprature

3He + p —* He + e™ + v, has branching fraction of 2.5x107°%
Q = Msye + mp — Magye — me = 19.8 MeV

peak of energy is 9.5 MeV

10~ of pp neutrino flux, three orders of magnitude smaller than
Boron neutrino flux
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Solar Neutrino production and detection

Solar Neutrino production

pt+pt-2H+e* + v, '799’77% 4‘0’23% p*+e +p*—-2H+ v,

107° %

ﬂ{ °H + p* »3He +y *He + p*—*He + e* + v,

I 15,08 %

{3He+4He—>7Be+y ]&
|99,9%
7Be+e‘—>7Li+veJ { Be + p* =8B +y J
3He + °He - “He + 2p* {7Li+p+—>4He+4He { 8B — 8Be* + et + v,

|

8Be* — “He + “He
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Solar Neutrino production and detection

Solar Neutrino production

2C4+p— BN +4

BN = BCHet + 1,

YN +p—"C+"'He

99.9%

(150) 1?':0 — 15N + €+ + 1,

13C+p4)141\*+,.',

0.1%

UN+p— 190+~

UN+p— B0+

O 4+ p — YN+ 1He

160 +p— 1TF 4o
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Solar Neutrino production and detection

Solar Neutrino production

p [+ 0.6 %]

Be [+ 7 %]

2ep [

1.2 %]

10

Neutrino Energy [MeV]
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Solar Neutrino production and detection

Solar Neutrino detection

@ Homestake experiment:
ve +3" Cl 3" Ar +e, Eg, = 0.814 MeV
Ra = g%;fﬂ — 0.32+0.05
Ar
o Kamiokande, SK
v+e—v+e, Ep =5 MeV

Rye = g — 0.49 — 0.64(K) = 0.43 + 0.06(SK)
o Ga-Ge experiments
Ve +'F Ga — e~ +1 Ge, E;, = 0.233 MeV
Qe

Ge
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Solar Neutrino production and detection

Solar Neutrino detection

@ SNO (The Sudbury Neutrino Observatory)
ve+d—=p+p+e (CO)
Vo +d— p+n+rv, (NC)
Vo+e—=>v,+e

_ bcc _ e _
R =96 = Lo — 034+ 0.04(K)

@ Borexino: 1 kt scintillation detector, ve scattering, recoil electrons is
measured down to 0.2 MeV, with the fiducial mass of 0.1 kt
high energy resolution
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Neutrino Oscillation

Neutrino Oscillation

There is a mixing between mass and flavor states

|Va) = Z iy, a=ep, T, i=1,23

PMNS mixing matrix

—is
c12€13 $12€13 size”’
_ i i
U= | —s120c3 — c1o53513€"°  C120003 — S12523513€" $23C13
is i5
S1253 — C12623513€'°  —C12523 — S1203513€"° C3C13

Neutrino oscillation in vacuum

Aka
Prosvs = D UnpUsiUajUsje 22
k.j

= =
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Neutrino Oscillation

Neutrino Oscillation in Vacuum

Hvi) = Ex[vi) (4)

.d
i k(t)) = Hlvi(t)) (5)

t
vi(t)) = e~ ) (6)
va(t)) = Z MR 7% (7)
|va(t) Z Z Uike ™ Uy |vp) (8)
Pr-svs = Z Uz Usk Uaj Upje (B B0 (9)

ki
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Neutrino Oscillation

Neutrino Oscillation in Vacuum

2
m
Ex~E+ —£ 10
k + SE (10)
Ami- m? — m?
E,—E~_ K="k 7 11
KT H T E 2E (11)
_Am%L
Prosvs = D UnpUsiUajUpje 22 (12)
k.j
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Neutrino Oscillation

Neutrino Oscillation in Matter

e Forward elastic scattering processes affect neutrino oscillation
He = Hvac + Hmat (13)
Hmat = V2GENediag(1,0,0) (14)
Hvac = UPMNS : Dlag(07 Amgl: Arn%l) : UIJE’MNS (15)
@ Considering 2v Oscillation
.d
/awa - ,waa (16)
—Am?cos20 + Acc Am?sin 20
He = Am?sin 20 Am?cos26 — Acc (17)
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Neutrino Oscillation

Neutrino Oscillation in Matter

@Z)T = (¢eeaweu) (18)
Acc = 2V2EGEN, = 2VccE (19)
Hy = UnHeUn (20)

cos20p  sinfpy

Unm = —sinfy cos20y

(21)

Hyp = diag(—Am3,, Am3,) (22)

v
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Neutrino Oscillation

Neutrino Oscillation in Matter

Amiy = \/(Am2 cos20 — Acc)? + (Am?sin 26)? (23)

tan 20
tan 20y, = T A (24)
Am? cos 20
AR = Am? cos 20 (25)
g Am?cos20 (26)

¢ 2V2EGE
In the case of anti-neutrino Ve — — V¢ (ACC = 2EVCc)

e For Am3; > 0 the resonance condition is fulfilled in the neutrino
channel with V' > 0 only. For antineutrinos V < 0.
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Neutrino Oscillation

Neutrino Oscillation in the Sun

Pee:ZWg;(n,-)Uj e |? = ZIUQZ Pa (27)

|UZ| = cos 7% cos 075, |UZ| = cos 7% sin 673, US| = sin 6%
P3e ~ si3, Pie+ Poe=1—s7
3e ~ 513, le T Poe = S13

1 _
Pp(E) = ch3 [1 + cos 2615 cos 2073(E)] + st (28)

cos 201> — c123E@
\/(cos 201 — chEn)? + sin® 261,

_ 2VLE
€ = ——5—
© Am3,’

cos 207 ~ (29)

V(x) = V2Ggne(x)

— —r = — oyt
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Day-Night Asymmetry

@ Due to loss of the propagation coherence, the solar neutrinos arrive at
the surface of the Earth as independent fluxes of the mass eigenstates

@ Inside the Earth, the mass states oscillate in a multilayer medium with
smoothly changing density within layers

1 L
fug = Ut = PE = Sclysin?2052 [ aV(x)sing™  (30)
0

AP(E) = x(E) [/Ode V(x)sin ™(L — x, E) + /2] (31)

1 _
k(E) = —EC% cos 2075 (E) sin2 2601, ~ 0.5
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Day-Night Asymmetry

L 2
L= %cos 2012 [/0 dx V(x)cos¢™(L — x)] (32)
L
6m(L — x, E) = / dx AT (). (33)

Ay = Ay \/(cos 2021 — cZ€)? + sin? 20
Am%1
2E

~ D1 (1 — ¢y cos 2010¢) = (1 — ¢ cos 2012¢). (34)

L

P"(L — x,E) = Aoy [(L — x) — cf3 cos 2615 /X dxe(x)] . (35)
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Day-Night Asymmetry

AN(n, AE)

AND(na AE) = ND(AE) AN = NN — ND (36)
AN(ET) = D/dE G,(E", E)AP(E) (37)
G,(E", E)  g,(E", E)o(E)fs(E) (38)

AN(E") = D/Ode\/(x)/oEmaX dE G,(E", E)sin™(L — x, E) (39)

v
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Attenuation Effect

/dEG,,(E’7 E)sing™(L —x,E) = F(L—x)sin¢™(L—x,E") (40)

AN(E") = D/de(x)F(L—x)singb’"(L—x, EN).  (41)

For the Gaussian form of G,(E", E)

L—x 2
F(L—x)~ e_2(karr) (42)
E 4TE
Aopr = |, —— |, = ——
att TOE Amgl

For L — x > A\ the attenuation factor F(L — x) ~ 0, a detector
with the energy resolution AE is not sensitive to remote structures

v
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Day-Night Asymmetry

Neutrino-nuclei scattering
Emax
Np(AE[) = Dz dE"o(E")fg(E")Pp(E"). (43)
Emin
Neutrino-electron scattering
EITIBX
Mol€D) = | dEfa(E)siELE) [Po(E)o(E. EL)
0
+ (1= Po(E))o"(E. EM)] . (44)
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Current status of solar neutrino oscillation and future experiments

Global analysis of solar neutrino oscillation

.2 .
sin 913 =0.022

12

10

Illllllllllllllllllllll

Illlllllllll]l

[1o, 20, 30]

IIII|IIII|IIII|IIII

0

0.2 0.25 0.3 0.35 0.4
in2o

sin 12

M. Maltoni and A. Y. Smirnov, “Solar neutrinos and neutrino physics,”
Eur. Phys. J. A 52 (2016) no.4, 87 [arXiv:1507.05287 [hep-ph]].

Pouya Bakhti (JBNU) Solar neutrinos October 23, 2022 24 /52



LMA MSW solution and beyond

o The sign of Am3; determines the resonance of v, solar neutrinos

@ About 20 tension between KamLAND and solar neutrino data

@ Increase of the ratio of the measured spectrum to the SSM one
toward low energies (discrepancy)

@ Discrepancy between measured and predicted day-night asymmetry

@ Non-Standard neutrino Interaction

@ Sterile neutrino, etc
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Current status of solar neutrino oscillation and future experiments

Future studies of solar neutrinos

JUNO and RENO-50, determination of Amgl and 61> with sub
percent precision. With a good energy resolution, these experiments
will detect 8B,”Be and pep neutrinos

Precision (at sub-percent level) measurements of neutrino fluxes with
future solar neutrino observatories

SNO+, 780 t of liquid scintillator fiducial mass of 390 t, energy
threshold of 3 MeV, the threshold of the upgraded version decreased

Jinping, 4 (2) kton liquid scintillator, detect low energy neutrinos with
a good precision

Yemilab solar neutrino detector, 2 kton liquid scintillator
DUNE, 40 kton liquid argon, 10 MeV energy threshold

Hyper-Kamiokande (KNO), energy threshold of 6.5 MeV, several 100
kt detectors

THEIA, water-based liquid scintillator, 1% doping by “Li
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Earth Structure

o P. Bakhti and A. Y. Smirnov, “Oscillation tomography of the Earth
with solar neutrinos and future experiments,” Phys. Rev. D 101
(2020) no.12, 123031 [arXiv:2001.08030 [hep-ph]].

@ Due to the attenuation effect, Ayp mainly depends on shallow density
structures: crust, upper mantle, and crust-mantle border called Moho,
or Mohorovicic discontinuity.

@ There are two types of crust: the oceanic crust (5 - 10) km and the
continental crust (20 - 90) km

@ Shen-Ritzwoller model: crust and uppermost mantle beneath North
America, in the area with latitudes (20° — 50°) and longitudes
(235° — 295°), from the sea level surface down to the depth of 150 km

o FWEA18, the Full Waveform Inversion of East Asia model: latitudes
10° — 60° and longitudes 90° — 150°, from the surface down to
800 km

@ SAW642AN: global model, from the depth of Moho, down to 2900 km

o CRUSTL: global model, from Earth's surface down. to the Moho
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Day-night asymetry and Earth tomography

PREM
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Day-night asymetry and Earth tomography

Shen-Ritzwoller Moho depth

-130 -120 -110  -100  -90

-
w15 20 25 30 35 40 45 50
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CRUST1 Moho depth

10 20 30 40 50 60 70
Moho depth(km)
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Day-night asymetry and Earth tomography

DUNE
°
ve +* 0 Ar 50K 4 e (45)
°
occ(E) = ApeEe (46)
E.—E, — AM, AM = 5.8 MeV
o With og/E = 7%, Astt = 1800 km for E = 12 MeV

L> >\att is Natt = 82°
27000 v, events detected annually with £, > 11 MeV in the 40 kt
fiducial volume

Anp = 0.040, 0.040 and 0.043, for CRUST1, S-R, and SAW642AN
models, respectively

@ precision of measurement of Anp will be 0.002
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AND(n) at DUNE

0.08 DUNE 20 YEARS SOLAR v DATA

T

SAWG642AN
Shen-Ritzwoller

0.07

CRUST1

0.06 - H

9004

0.03 -

0.02 -

0 | | | | | |
30 40 50 60 70 80 90

Nadir Angle(Degree)
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THEIA

100 kT water-based liquid scintillator detector loaded with 1% ’Li

ve+'Li—"Be+e. (47)
@ The cross-section of this process is known with high precision.

@ v — e elastic scattering with 6.5 MeV threshold

@ 17000 "Li and 15000 v — e elastic scattering events are expected
annually with E, > 5 MeV

e og/E =12% for 'Li and og/E = 15% for v — e elastic scattering

e Anp = 0.024 (CRUST1 and S-R) and 0.027 (SAW642AN) for “Li,
and Ayp = 0.022 (CRUST1 and S-R) and 0.025 (SAWG642AN) for
elastic scattering events

e precision of measurement of Ayp will be 0.005
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Anp(n) at THEIA

. THEIA "Li 20 YEARS SOLAR v DATA
0.045 T T T T

SAWG642AN
Shen-Ritzwoller
CRUST1

0.04 -

0.035

0 | | | | | |
30 40 50 60 70 80 90

Nadir Angle(Degree)
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Anp(n) at THEIA

THEIA WC 20 YEARS SOLAR v DATA

0.045 T
SAW642AN

0.04 - Shen-Ritzwoller | H
CRUST1

0.035 |

0.03 -

0 | | | | | |
30 40 50 60 70 80 90

Nadir Angle(Degree)
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Day-night asymetry and Earth tomography

v — e elastic scattering with 6.5 MeV threshold

oe/E =15%

Azet = 700 km for E = 10 MeV

80 events are expected per day

Anp =0.020 (FWEA18), 0.022 (CRUST1) and 0.024 (SAW642AN)
precision of measurement of Anp will be 0.002

Smaller Ayp than DUNE: damping due to contribution from NC
scattering, which is 0.76, and difference of averaged energies

Enk /Epune = 0.75

o HK will distinguish between EA and SAW642AN, with 1.50,
CRUST1 is recognizable from EA and SAW642 with 0.70 and 1.2¢0
respectively
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AND(n) at HK

HK 20 YEARS SOLAR v DATA
0.045 T T T T

T
SAWG642AN
CRUST1 H
East Asia

0.04 -

0.035

o

o

o

a
T

0 | | | | | | |
20 30 40 50 60 70 80 920

Nadir Angle(Degree)
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MICA

v — e elastic scattering with 10 MeV threshold

10 Mton fiducial mass

oe/E =15%

5x10° solar ve— scattering events are expected per year

MICA detector at a depth of 2.25 km below the icecap (as the
Deep Core). The height of icecap at the location of MICA is 2.7
km above the sea level.

o Ayp = 0.026 (CRUST1)

e precision of measurement of Ayp will be 0.00045
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AND(n) at MICA

MICA 20 YEARS SOLAR v DATA
0.045 T T T

T
SAWG642AN
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Anp(n) at MICA and Ice-Soil borderline

MICA 20 YEARS SOLAR v DATA
0.045 T T T T T T

CRUST1

0 | | | | |
87 87.5 88 88.5 89 89.5 90 90.5 91 91.5

Nadir Angle(Degree)
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- 2 _ -5
Anp(n) with Ams; =5 x 10

Am3, =5 x 107

0.12 :
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01 f HK n 1
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0.08 1
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- 006 | 1
0.04 1
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Day-night asymetry and Earth tomography

AnD
0.1 T
DUNE
0.09 THEIA "Li | 4
MICA
THEIA WC
0.08 - HK )

0.01 I I I I I I I

Ams, (eV?) x107°
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NS end SolrNewtios |
NSI for Solar Neutrinos
P. Bakhti and M. Rajaee, “Sensitivities of future solar neutrino

observatories to nonstandard neutrino interactions,” Phys. Rev. D 102
(2020) no.3, 035024 [arXiv:2003.12984 [hep-ph]].

L'NSI —ZﬁGFEQCB (Tay"PrLvg) (?’yMPC f) (48)

. Am3 . . .
Since % > Gg N, for solar neutrinos, it is possible to work on one mass
dominate approximation, using 2 x 2 effective Hamiltonian as following

et _ Am3, <— cos261p sin 2912>

vac " 4F, sin261p cos 261> (49)

it = vaeen) (B 0) +vaer Smn (T ). o
f

D
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NSI for Solar Neutrinos

2 2 2 2
f €13 ( f f 523 — 513923 ( f f
€p = _%(Eee - euu) + % (€ — euu)
+Re |:C13513ei(s (523 62# + 23 627.) — (1 + 5123)C235236;7.} (51)
elfv = C13(C23 62# — 53 6;.) + 513e_i6 [5223 Efn — C223 65; + 23523 (67{7 — Ezu)}
y_ (st snie .
—sin 9126’(1> Cos 912
~ in 2015 + 2A
tan 201> = ’ >N 12A+ > EGN‘ (53)
cos 2612 — Ae(ci3 — 2€p)
¢ = —Arg (sin 2012 + 2AEGN> . (54)
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Day-Night Asymmetry and NSI

Pp(E) = %cﬁ {1 + cos 2612 cos 2512(E)} + 513 (55)
ND(N) = A/dEgV(Er, E)U(E)fB(E)P(E)D(N) (56)
L
AP(E,n) = Py — Pp = k(E) [/o dx V(x)singp™(L — x, E)] (57)

1 -
K(E) = _Ec;g cos 265, sin 2615 (sin 2015(c% — 2¢5) 4+ 2 cos 2012€5)  (58)

L L
¢™(L - x,E) = / dx AJ(x) ~ / dxQAp (1 — ¢ cos2010aE.)  (59)

X
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NSI and Solar Neutrinos

Neutral Current NSI Effect on Electron Neutrino Scattering

d 2G2Zm,
T (E,, Te) = F™

dT

[<g1>2 ) (1-
within the standard model

5 1
g1 = g5t = 5 +sin’ 0w = 0.73

Ve __ Ve __

gre = gle = g = g]* =sin?fy, = 0.23

v 17 1 .
glp' — 2“ — —E + Sln2 0W — —027

Considering the neutral current NSI

e NSI _ _e el
81 =81 + €ee
e NSI __ _e eR
&2 =& + €ee
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Solar Neutrino NSI

0.4
— ep=¢€y=0
0.2 — ep=0,6y=0.1
— ep=0.1,ey=0
0.04 — ep=0.1,ey=0.1
g8 —0.2
)
o~
3
O -0.41
-0.61
-0.8
0 2 4 6 8 10 12 14
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NSI and Solar Neutrinos

HK solar neutrino
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Day-Night Asymmetry

ey =0,01,=335°, Am3, =7.5x 10%eV/? ep=0,0,=33.5°, Am3;(eV2) = 7.5 x 10-%eV/?
0200 — DUNE 0.050 — DUNE
0175 _ :TCA 0.045 - :TCA
0.150 0.040
0.125 0.035
£0100 goox0
0.075 0.025
0.050 0.020
0.025 0.015
0.000 0.010
-020 -015 -010 -0.05 000 005 010 015 020 020 ~015 -0.10 ~0.05 000 005 010 015 020
& &N

@ constraints on ey will be 0.014, 0.014, and 0.007 respectively by
DUNE, HK, and MICA

@ constraints on €p will be 0.004, 0.004, and 0.002 respectively by
DUNE, HK, and MICA
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NSI and Solar Neutrinos

HK cross section

le-19 1e-20 MICA cross section
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Summary and Conclusion

Summary

@ JUNO and RENO-50 determines solar neutrino oscillation parameters
with the sub-percent precision

@ We will be sensitive to the shallow structure of the Earth, especially
the crust and upper mantle from Day-Night asymmetry due to the
attenuation effect

@ Solar neutrino observatories combined with JUNO and RENO-50 will
be sensitive to new physics such as NSI

o Future precision measurements of all the components of the solar
neutrino spectrum will bring us to a new level of checks of solar
models, physics of neutrino propagation, and transformations
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