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We have known qgquite &
Normal Ordering (best fit) Inverted Ordering (Ax? = 7.1)
bfp £1o 30 range bfp £1lo 30 range
sin? 612 0.30470°015 0.269 — 0.343 0.30410°015 0.269 — 0.343
g | 02/ 33.441077 31.27 — 35.86 33.4510-78 31.27 — 35.87
o
2 | sin® fas 0.573 70 050 0.415 — 0.616 0.5751 0 019 0.419 — 0.617
(V]
< | O23/° 49.2799 40.1 — 51.7 49.3794 40.3 — 51.8
wn
]
% sin® 013 0.022197005065  0.02032 — 0.02410 | 0.0223810 0000 0.02052 — 0.02428
i | 013 /° 8.571012 8.20 — 8.93 8.60175 12 8.24 — 8.96
E Scp/° 197+27 120 — 369 2827126 193 — 352
Am%1 +0.21 +0.21
m 7.42_0-20 6.82 — 8.04 7.42_0.20 6.82 — 8.04
Am§£ +0.026 +0.028
w +2.517" 5 a8 +2.435 — +2.598 —2.4987" 5 0as —2.581 —- —2.414

A global fit by I. Esteban et al (2007.14792); also by F. Capozzi et al (2107.00532).
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Accelerator /atmospheric: terrestrial matter effects play crucial roles.
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Normal mass ordering Is favored over the inverted one at the 3s level.
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PHYSICAL REVIEW D VOLUME 17, NUMBER 9 1 MAY 1978

Neutrino oscillations in matter

L. Wolfenstein
Carnegie-Mellon University, Pittsburgh, Pennsylvania 15213
(Received 6 October 1977; revised manuscript received 5 December 1977)

The effect of coherent forward scattering must be taken into account when considering the oscillations of
neutrinos traveling through matter. In particular, for the case of massless neutrinos for which vacuum
oscillations cannot occur, oscillations can occur in matter if the neutral current has an off-diagonal piece
connecting different neutrino types. Applications discussed are solar neutrinos and a proposed experiment
involving transmission of neutrinos through 1000 km of rock.

87 am indebted to Dr. Daniel Wyler for pointing out the
importance of the charged-current terms.

Ref. [8]
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Lincoln Wolfenstein ~ (2004): | think | have Iearnt as much from aII my
students as they have learnt from me.
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In vacuum the evolution of three neutrino mass eigenstates
2
d [ 4 1 (T , Ve
Y3 Vs ;3 V.
In the flavor basis the evolution of d [ Ve
three neutrino flavors is described i& v, | = UHOUT

by the Schroedinger -like equation:

with time
4
=U | 1y
Vs
I/e
Yy
U’T

Propagating iIn a medium neutrinos may have CCand NC interactions

forward I
ywo | 2
I scattering |
Ys apP
CC -

electron
replaced

neutron
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In this case the effective Hamiltonian with a matter potential is

Vee Ve

H, =UHU"+ 0 + Vae

0 Ve

from electron from neutron
The NC contributions from electrons Ve = +4/2 GpN.,
and protons cancel each other, since 1
we stay with  normal matter Vie = _EGF N,
N, =N,

1
Vic = +—5Geh, (1—4sin®0,,)

7

1 The NC term is universal for three

neutrino flavors, and hence it can be € = _LGFNB (1 _ Agin? gw)
neglected in the standard case. V2
I When an antineutrino beam is taken into consideration, the CCand

NC terms flip their signs, and simultaneously the flavor mixing matrix
U needs to be complex conjugated.

i The NC term should not be ignored if sterile neutrinos are included.
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T The effective Hamiltonian for neutrino oscillations in a medium
matter effects are from the CC -induced coherent forward scattering.

Ve > > e v An antineutrino
, -a

o

A neutrino
beam, + a
e : - v, |€ e
Ca\e—\\\(e
_ | S _
1 m% 0O O A0O0 | m% 0 0

Hy, =% |U 0m2 0 |U +[000 = =V 0 m2 0 | VT

I 0 O m§ 000 ] 0 O m§

In vacuum correction In matter

T Using the effective quantities defined in matter , one may write out
neutrino oscillation probabilities In the same form as in vacuum !
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The effective Hamiltonian for two -flavor neutrinos in vacuum/matter:
. cosf  sinf m? 0 cost) —sinb
H, = —
v 2F
—sinf)  cost 0 m3 sinff  cosf
. cos)  sind mi 0 cosfl —sinf
H = —
m 2F o . . o .
—sinfl  cosf 0 m% sinf/  cosf
, m? +m2 — Am?cos 20 + 4/2G N E Am? sin 260
= 1B |
Am? sin 26 m? + m3 + Am? cos 26

The 2 -flavor approximation is good for solar or atmospheric neutrinos



14~ az1Kol a=R

W HIt

Effective neutrino mass -squared difference & mixing angle in matter:

A2 sin 20 = Am? sin 20

m? +m2 + Am? cos 20 = m? + m2 + Am? cos 26

m? + 13 — Am? cos 20 = m? + m2 — Am? cos 20 + 412Gy N, E

1.27TAm?L

Plv, = v,), = sin 20 sin” ( E'm
~ 1.27TAM? L

P(Ve — Vﬂ)m — SiIl2 20 SiIl2 ( Em

|
|

The matter density changes
for solar neutrinos to travel
from the core to the surface

(

v\ cosf sinf\ [|i)
v,) -\ —sinf cosf) \|2,)

Am? sin 26
Am?cos 20 — 2v/2 GyN.E

tan 20 =

Am’ = \/ (Am2 cos 26 — 2v/2 GFNQE)Q + (Am?2sin 26)°| exercise: discuss

2 extreme cases:

-~ T T
d=" ol
2 My
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1L NUOVO CIMENTO Vor. 9C, N. 1 Gennaio-Febbraio 1986

Resonant Amplification of v Oscillations in Matter
and Solar-Neutrino Spectroscopy.

S. P. MiIKHEYEV and A. YU. SMIRNOV

Institute for Nuclear Research of Academy of Sciences
60th October Anniversary prosp. 7a, Moscow 117 342,

(ricevuto il 3 Maggio 1985) ~ Am? sin 20

tan 20 = = 7
A~ Phys. Lett. B 1§ m? 0520 — 2v2 GpN B
G.T.Zatsepn W6né6z, 1 sr aBQ #euw O 1BQl #eué I B

Summary, — For small mixing angles 6§ the amplification of v oscil-
lations in matter has the resonance form (resonance in neutrino energy
or matter density). In the Sun resonance effeet results in nontrivial
changing (suppression) of y-flux for a wide range of neutrino param-
eters Am?= (3-10-¢--107-8) (eV)?2, sin220 > 1074,

It is very hard to understand why Wolfenstein ignored the resonance.
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In the two -flavor approximation, the effective N.(0) = 6 x 102 cm 3

Hamiltonian of solar neutrinos Is:

e

Ams; [ —cos26,, sin26,, V2GEN,(r) 0 _
— e A
Tt AE | sin20,, cos 2912] i l 0 O] H s 75l
L = 3
/ Al d
7.63 10° eV 0.7 10° eV /MeV(at =C Y AW |
Be-7 n0 s £~ 0.862 MeV . The vacuum term 1

IS dominant. The survival probability on the

earthis (for theta 12 ~ 34£):

Py, —>v,) ~ 1—=sin’20,

~ 0.56

B-8 n0s £~6 to 7 MeV. The matter term is dominant. The produced n
Isroughly n e ~ n 2 (for IVY>0). The n-propagation from the center to

the outer edge of the Sun is approximately adiabatic . That is why it
keepsto be n 2 on the way to the surface (for theta 12 ~ 34E£):

lvy) & sin 0,|v,) + cos 912|VM>

P(v, = v,) = [{v,|vy)|* = sin® 0, =~ 0.32
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Chinese Physics C Vol. 40, No. 9 (2016) 091001

Terrestrial matter effects on reactor antineutrino oscillations at JUNO
or RENO-50: how small is small?

Yu-feng Li(Z=£)D  Yi-fang Wang(TNf75)?  Zhi-zhong Xing(Ji i)

! Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China
2 School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100049, China

Abstract: We have carefully examined, in both analytical and numerical ways, how small the terrestrial matter
effects can be in a given medium-baseline reactor antineutrino oscillation experiment like JUNO or RENO-50. Taking
the forthcoming JUNO experiment as an example, we show that the inclusion of terrestrial matter effects may reduce
the sensitivity of the neutrino mass ordering measurement by Axiio ~ 0.6, and a neglect of such effects may shift the
best-fit values of the flavor mixing angle 6,5 and the neutrino mass-squared difference Ay, by about 1o to 20 in the
future data analysis. In addition, a preliminary estimate indicates that a 20 sensitivity of establishing the terrestrial
matter effects can be achieved for about 10 years of data taking at JUNO with the help of a suitable near detector
implementation.

- GzE&Nei ES? WHt v~ M7 ] =R T 41%" ESJ gj AWwa a

2A

Am3, ~ Am3, + Acos20,, , ~
21 21 12 sin® 26, ~ sin®20,, (1 Ny COs 2912)
21

- 1
Amgl ~ Am§1 + §A (1 + cos 26,5)

~ A
_ 1 c0s20,, ~ cos20,, + ——sin*20,, ,
Az, ~ Am3, + §A (1 —cos20,,) - 2 Am .

where A = 2v/2 GpN,E is the matter parameter and A/Am3, ~ 1.05 x 1072 x E/ (4 MeV) x 7.5 x
10~° eV?/Am2, by taking p ~ 2.6 g/cm® as a typical matter density of the Earth’s crust [7] H
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The 3] 3 unitary PMNS neutrino mixing matrix can be parametrized:

w w W W W

(1,2) mixing sensitive to solar  n-oscillations;
(1,3) mixing sensitive to short -baseline reactor anti  -n-oscillations;
(2,3) mixing  sensitive to atmospheric n-oscillations.

Dirac phase d sensitive to long -baseline accelerator n-oscillations;
Majorana phases r and s sensitive to lepton number violation.



