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Neutrino Oscillations
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Three-flavor Oscnllatlon 3
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— _ k7% ) Qi XT7% ) i
P(va =) = 8,54 Y Re (U UyUzUs ) sin +2) Im (U, U]Ua]Uﬁl) sin —-

1<j 1<j

e The PMNS matrix c¢;=cos6;, s;=sm0; 2212.00809

. 0.8 ' ' ' |
€12€13 512€13 S13e_15CP 0.9 octant? —
U= | =503 — C1r513538°F  C11Cr3 — §178138238 9P C125y3 4 | - ’

i5CP i6CP 1

812523 — C12913C3€ —C125723 — §12513C»3€ C13C73 045

three mixing angles and one CP-violating phase V-1

10
e Mass-squared differences Am;=m’—m; 0.01

two mass-squared differences

O DN O

v’ Neutrinos are massive!

30

v’ Leptonic flavor mixing is significant! ‘98 2000 2005 2010 2015 2020



Neutrino MSW Matter Effect 4
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Neutrino oscillations in matter

L' Wolfenstein

Carnegie-Mellon University, Pittsburgh, Pennsylvania 15213
(Recetved _\ October 1977 revised manuscript received 5 December 1977)

The effect of coherent forward scatterm must be taken into account when considering the oscillations of
neutrinos traveling through 'mtter'In'partxcular 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 Appllcatlons discussed are solar neutrinos and a proposed experiment

involving transmission of neutrinos through 1000 km of rock. | Lincoln Wolfenstein
IL NUOVO CIMENTO Vor. 9C, N. 1 Grennaio-Febbraio 1986

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

S. P, MiIkgeYEV and A, YU. SMIRNOV

Institute for Nuclear Research of Academy of Sciences
60th Oclober Amniversary prosp. Ta, Moscow 117 342, USSE

(ricevuto il 3 Mage 10 1985 |

Summary. — »For small mixing angles § 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 v-flux for a wide range of neutrino param- Stanislav Mikheyev Alexei Smirnov
eters Am?2= (3-10"¢-=-10-8) (eV)?, 8in220 > 1074,




MSW Matter Potential @ Tree

- 6 e " " e Low-energy effective Hamiltonian
gNC _ G'” #o(1 5
- . Fw=— 27 (1= ) 1) f(xm( ¢ o= Chne )f(x)
CC G'“ TN 5 —— e e 5
H 7 (X) = ﬁ [ye(x);/ (1 —y ) ve(x)] e(x)yﬂ (cV’CC — Cp Y ) e(x)
6_ Ve 6_7p7n 6—7p7n _ _
charged current (CC) neutral current (NC) homogeneous and isotropic background fermions
average over all possiblg states
%e — %CC + %NC : %,u — %T — %NC l of background fermions
e NC couplings in the SM
Png 7 cc = \/5 G,N,Cycc onlyforu,
f=u f=d f=e _ I f
— / universal ror
f 1_ 402 142 1492 =
ZJY’NC ) Y an 7ne \/EG”‘AGCCV»NC three flavors
ANC 2 2 2

: : e _ e _ For antineutrinos, the matter potentials change
* CCcouplingsinthe SM ¢y cc = ‘acc = I accordingly to opposite signs.




MSW Matter Potential @ Tree

ettt e Effective Hamiltonian in vacuum
I/e
.d
Z 1— | Y] = UHOUT
ds V.
-~ »n ©® Effective Hamiltonian in matter
Only CC potential for v, is relevant : 7 o
for neutrino oscillation in matter. # H,=UHU"+1 0
W 0
"“ The energy of solar 8B neutrinos is E = 10 MeV, ‘ m? 0

take Ne= 100 Nacm-3forp=150gcm3inthe § 1

i solar center. |  2E
i matter parameter a = 2\/§GﬂNeE ~ 1.53x107* eV? }
| mass-squared difference Am221 ~ 7.41 x 107 eV? f‘ 7 cc =V2G,N,
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WHY matter potential @ 1-loop order?
Is it necessary to discuss 1-loop effects for neutrinos?
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Experiment Theory
(experience) (interpretation)
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Electroweak Precision Tests 8

(AT —— —
J Brout-Englert-Higgs mechanism (1964) | #
J Glashow-Salam-Weinberg model (1 9603) ‘/ W/Z gauge boson ( 7983)

J Renormallzablllty ( 1 97 Os)

predict J Weak-neutral current (1973) "

I e aroremrsma e ex ex
input parameters ¢ O~ 1/137 036 from Thomson scattering My =~ 80.9 GeV, Mz =~ 1.9 GeV

.+ G, ~ 1.166 x 10> GeV ™2 from u lifetime i VS th
w~17.6 GeV , m, ~ 88.5 GeV

/104
m

loop corrections \/_G sin” 6 (1 . Ar)

. sin“ 0, ~ 0.231 from neutrino-quark scattering

2
/10 , My

: 2

tree-level relation My = , M, = .
) 1 —sin? @

V2G, sin2 6, W

Testing a theory at its quantum level becomes possible if the following conditions are
satisfied :

(i) existence of a theory that makes precise predictions beyond the lowest order, T
(ii) availability of experiments which are sensitive to such small effects.
W. Hollik, 1990 h

Both conditions have been fulfilled in case of QED.
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% Neutrino mass-ordering

4 Precision measurements of
oscillation parameters

 Supernova Burst Neutrinos & DSNB

* Solar/atmospheric/terrestrial neutrinos

* Nucleon Decays (GUT)  1-97 5513

* New physics searches

ecision Measurement on JUNO

% 700 m deep, 35.4 m diameter aass spheLre ]
X 20 kilotons liquid scintillator |

X an energy resolution of 2.95% at 1 MeV [2405.17860]

after 6 years of data taking

v 3-40 CL of mass-ordering & sub-percent precision

6 years 20 years
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measure dcp, determine mass-ordering and 623 octant
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ASl

Impact on Precusuon Nleasurement

{sm (Agl — aL)
I (Agl — CLL) j

A21 s (Aszp + 5CP)

Matter effects are important in long-
baseline accelerator experiments.

‘sin(al)

Directly affect mass-ordering

determination and éce measurement.

, , , fSlIl (Agl — CLL)
-+ S1n 2(923 S111 2(913 S111 2(912 Agl
| (Agl — CLL)
) 5 sin®(aL)
+ cos” f93 sin” 2015 7 A3,
(aL)?

2210.09103
Sensitivity Max |Ap/p| T2HK DUNE T2HK+DUNE
Mass ordering 1.03 11.7
significance 1.00 11.4
o] 0.96 11.1
Octant 0% 42.343° — 48.674° 42.21° —49.03° 42.96° — 48.00°
at 5% 42.340° — 48.676° 42.16° —49.11° 42.93° —48.03°
S50 10% 42.338° — 48.678° 42.12° — 49.18° 42.93° — 48.06°
CP violation 0% 21.4 37.4 549
fraction 5% 20.8 34.2 52.7
[%0] 10% 19.8 32.0 50.2
CP Precision 18° [ 16° 12°
at 19° 19° 13°
lo Adcp 20° 21° 13°

DUNE

30

—— Uncertainty-0% 7
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— 10%

dcp Precision
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Electroweak Precision Tests 12
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(7 Yang-Mills gauge theory (1954) | R ——
~/ Brout-Englert-Higgs mechanism (1964) predict }'f Weak-neutral current (1973)

|V Glashow-Salam-Weinberg model (1960s) | * |/ W2 qauge boson (1983
/ Renormallzablllty ( 19705) . ]

Neutrino interactions Neutrino precision measurement era
Perturbative calculations are possible Experimental precision is comparable to
for EW theory. the quantum corrections (percent-level).

Testing a theory at its quantum level becomes possible if the following conditions are
satisfied:

(i) existence of a theory that makes precise predictions beyond the lowest order,
(ii) availability of experiments which are sensitive to such small effects.

Both conditions have been fulfilled in case of QED. W. Hollik, 1990

Loop effects of neutrinos need to be considered!
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WHY matter potential @ 1-loop order?
Is it necessary to discuss 1-loop effects for neutrinos?
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Radiative corrections to neutrino indices of refraction

F. J. Botella,* C. -S. Lim, and W. J. Marciano

Physics Department, Brookhaven National Laboratory, Upton, New York 11973

pv(nv —n, )=

T

Implications of our results for neutrino matter oscillations and elastic scattering are briefly dis-

3a

(Received 10 September 1986
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1 FEBRUARY 1987

m 2 2 2
=3 2msin0y my? [((N, +Ny)In(m,*/my*)+ (N, +5N,)] .

one year after M & S!

Quantum loop corrections to coherent forward neutrino scattering and indices of refraction Ry

| =e,u,7 are examined in the standard SU(2); xU(1) model. For a neutral unpolarized medium
with particle densities N, =N,,N, we find p,,(nve —nvu)z —\/ZG#Ne[ 1+0 (amﬂz/mwz)] and

cussed.
vy in ordinary matter

) m y) y; y, 2 Y

,,z W, we M, <<m, KL<m &N,=N,=N,

Y, Z Pl Pl
f f f . . 7:1\1(: - %{(}C
i o 7 cc
'Zm % VY, % 3 m
] . y 27 sin? 6, my,

f f

flavor-dependent corrections

- - - o+ -
— " —— o Z

The effect of coherent forward scattering on neutrino
oscillations in matter was investigated a number of years
ago by Wolfenstein.! More recently, Mikheyev and Smir-
nov? employed that analysis to show how for a realistic
range of neutrino masses and mixing parameters, neutrino
matter oscillations between v, and v, or v, in the Sun’s in-
terior could be significantly enhanced and thus modify the
spectrum of 'solar v, neutrinos. Such a scenario (hence-

forth referred to as the MSW effect) provides a natural

solution to the solar neutrino puzzle,’® i.e., why only about
% of the v, flux predicted by the standard solar model is

experimentally observed.

Extremely small!

+ > ~ 5.19 x 1075 But greatly affect the
6 emmmm———=__flavor conversions of

SN neutrinos with

p~10°gcm-s.




MSW Matter Potential @ One-loop 15

hT

W, ¢ W,

Now
H,=UHU"+

Y
N\

A’[ . /\'u
e = 7' xe~ 7 Nc flavor-dependent parts

2
%CC

3a  m? m2 S -
~ . In +—| = 5.19%x 10
27 sin? 6, mg, mé, 6

A complete one-loop calculation of the
MSW potentials in the SM is needed.

Ve 0 0 (Zne O O
0 0 o|t] O Znc O
0O 0 O 0 0 7'\
le NC potential
Flavor-dependent (1986) + Flavor-independent (?) .'
7'Net 7 e 0 0 |
0 V' Net+ 7 0
0 0 VNt 7 Lo

i» CC potential (only for v, ?)
| Have not been studied thus far! |




Corrections to Vector-type Couplings 16

WHY corrections to the
vector-type couplings?

) = —= |50 (1= 1) v [J@yﬂ (] e - cﬁ,NC;/S)f(x)]

24 gf% (x) = — :Ve(x)yﬂ (1 — 75) ve(x): [Tx)yﬂ (C\ef,cc — Cz,cc?’S) e(x)]

v’ Extract the one-loop corrected vector-

type coefficients from renormalized * NC couplings in the SM
scattering amplitudes o f—d ry
Acl =¢  —¢f N o 1_4 1.2 _1og
V,NC V.NC V.NC V.NC' “V.NC CJZ,ZZ 2 %3 2_%3 2_%
€ — € _ € e e ,
Aty cc = Cyec ™ Cvec Acy ol Cy ¢

e CC couplings in the SM C\e/,cc — CX,CC =1

1-loop level relative corrections
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Perform the one-loop renormalization of Input parameters: a, my,, m;, my,, m;

the SM in the on-shell scheme. @ 't Hooft-Feynman gauge

* Dimensional regularization
't Hooft & Veltman, 1972; Bollini & Giambiagi, 1972

e On-shell renormalization scheme
Ross & Taylor, 1973; Sirlin, 1980; Aoki et al., 1982; Bohm, Spiesberger,
Hollik, 1986; Hollik, 1990; Jegerlehner 1990; Denner, 1993; ...

® Renormalization constants (counterterms) ® On-shell conditions
o=V (p?
00 = Zoe = (1 +062,)e, "= Vaulli- (1+%5ZW) W sm2, = —ReXV (m?), 6Zy =Re T}ff ) o
’ pr=my,
1 1
) 2 Zy, V27V Z\ (2, L+ 5022, 50724 Z, Z( p2
My o = My + OMyy. (Ao) ) <\/ZTZ \/ZT) (z%) ) ( 1522 13152 ) (Au> | omy = —ReXi(mz). 82 :ReazaTlgf )
0 0 0 n04Az 504A4 P
mZ’O — mZ _|_ 5mz, B B 1 W
m2 - = m2 + m2 o = VA (1 i 26Zh> " smi; = +ReX(m3), 6Z,= —Reaza (12? )
p) L 2 2 azAA 2 ZAZ 2
Mo = My + 5mf’ FR = 7R <1+%6ij’3) i 0L = ng(p ) o 07 4, = 2Re Tm(QZLZ) 0Ly = —2
p2e

- _ - - o L - . 3
4 W - T YAV DB T S . G~




One-loop Scattering Amplitudes 18

amplitudes in ordinary matter.

v, - v, - v, - v, - \&f““f/g/
/ / / / : :
f f f o dd
f " f f f

i e i e e ————— e ———————————

E Compute the one-loop neutrino scattering ., ¢ ohiun Zhou. PRD (2023)

_

.. . r 2

Finite corrections to | Ac AN f - 4mw Y
the NC coupling V.NC T

— S ————— —

3><:E><3><}< ><

Finite corrections to
the CC coupling

7
|

. ————————

, Zr i , 4mW
Acy e = > T 2XVI2E, o | Sy co > cc
My 8
L S A———...

R __ e




One-loop Scattering Amplitudes 19

Compute the one-loop neutrino scattering
amplitudes in ordinary matter. JH & Shun Zhou, PRD (2023)

Z-boson self-energL@ 1-loop Z-f-f vertex @ 1-loop

h X

f f
WQW | 2
e S R O A
(1) (2) (3) (4) a o) T 3 f a ! f
/ f

¢ ¢ / f 7 f
R R R s
(6) f (8) f (9) f

(9) (10) f

(5)

VN
S O
N——"
~
\]
N—"
/\

e O A

Including Goldstone bosons @, y for flavor-dependent terms.




One-loop Scattering Amplitudes 20

amplitudes in ordinary matter.

E Compute the one-loop neutrino scattering ., ¢ ohiun Zhou. PRD (2023)

W-boson self-energy @ 1-loop

h X ¢ A Z
W W W W W W W W W W

(1) (2) (3) (4) (5)

- 6 6 - -
\/\/”\QW\/V ’ i | W ///>\\ W ] W ] W
~ 9 e~ oL~ e [ VoS N e % | o~

W W W= ’ W ..~ W < W o

h X C CZ

(6) (7) (8) (9) (10)

CC box diagrams @ 1-loop

Ve e 1 2 Ve Ve oy Rz Ve Ve
e Ve € e € ¢ e € ¢ e Ve ¢ c b e
(1) (2) (3) (4) (5)

VG Ve Ve Ve V@ Ve Ve Ve
e A e e 7 e e ) g ) e e ) _h_ ) e
(7) (8) (9) (10)

Ve VG VG VG V@ V@



Corrections to Vector-type Couplings 21

Extract corrections to the vector-type
couplings of CC and NC interactions. JH & Shun Zhou, PRD (2023)

[ - - —
2
Finite corrections to 3 2f ; o Amf o |
the NC coupling ACV NC _m_z + 52wl 0,7 Cyne T Sowl frz — M

L:‘ N—— e e e e - s — e = - = e N—

Z-boson self-energy @ 1-loop

2,012

r gm 4 T 2
(47)°%,_ = 32 (1 _th) (yfb — 6yp + 17y; — 22y, + 4) Iny, (47T)2,/\/lu B g 5 —4c
. NG =
bosonic 3, , © 8mz, | 4ct
——g"my, (4(: + 4c® — 1) DiscB (mZ,mW,mW) -
2 4 20 2 /
g (2 (4T Mo = + = |
| 12 (g, — 1) (yh — 1y;, + 20y, — 28) DiscB (mZ, my,, mZ) NC 2m12/[/ 16c2
h - \
“m? 4 [9Q2
I 2 (G2 — 21y, — 2885 — 264c* + 11262 + 49) | oxqe 9 [28¢T =9\
24¢2 (4m)" MR = - 2 2 \*
: de*my 2my, | 16¢
(4m)°Xy,_ = Z 12yf {6yf [ (1— 4yf) T QUfyf] DiscB (m27 mfvmf) —
f _—
fermionic - I
F(dy, — 1) [2(1 — 12g,) +v3(6y, + D]} | Flavor-dependent !

Flavor-independent ! Consistent with previous results



Corrections to Vector-type Couplings 22

Extract corrections to the vector-type
couplings of CC and NC interactions. JH & Shun Zhou, PRD (2023)

Finite corrections to |
the CC coupling

I
e _ [ _—W r e _
Acy cc = D +2X\/§SFI/€6W “v.cc 72 Mcc
W

LJ e — S —— i — e ———— e — e — e —— S — = e — -

2T p) 2\ - / 2\ 9)

(4] J Z(’”z> J W(’” ) J W(mW) g
P ALa R - 21 (0 | 2_x3 —(5¢2 —13)x2
( ]Z.) I/eGW 62 i % 4S2 %V ) € i A( ) 4S2 _ 24S2(4—xh) [(C )xh ( ¢ )xh

2

4% s?

+4(c* —8)x, + 12(c* + 3)|DiscB(m3,, my,, my ) (60c® —8c® + 71c* —22¢* —2)DiscB(m3,, my,, my)

2 2
2Z = (v — 4y, + 12)DiscB(m3, my,, mz) - 2‘3 = (48¢° +68c¢* — 16¢* — 1)DiscB(m7, my, my)
S S
2 2
| 4*ZS2 (v; —6y2 + 18y, —20c?)Iny, —2—8 [(c* +c*+2)x; — (6¢* +9)x2 + 18x), + 168¢* — 8] Inx;,
7 2
| > (c®y; —6cCys +18cty, —48¢1" —36¢° +166¢° —119¢* +18¢* +2)In —‘g/
48c°s My
2
| 2;9164 (2 +2)y; —6¢y), —96¢° —224¢° +32¢* +23¢* + 2. U -e-W vertex @ 1-loop
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4 Evaluate the one-loop corrections to the
MSW matter potentials. JH & Shun Zhou, PRD (2023)

* |nput parameters
- The fine structure constant: @ = e¢*/(4x) = 1/137.035999084

- The gauge-boson and Higgs-boson masses.

- The quark masses:

m,=2.16 MeV, m. =1.67 GeV, m, = 172.5 GeV
my; = 4.67 MeV, m, =93.4 MeV, m, =4.78 GeV

- The charged-lepton masses:
m, = 0.511 MeV, m, = 105.658 MeV , m, = 1.777 GeV

On-shell
Masses




_ 4 S - - - - O, - i 4 > .\ S - - E ) > A- S - - E ) > .A S - - A O, - - g © 4_ - ) - .; S O, - ) ° i
N O3 T8 B W PR ORI e T W PR O PR PO - B R P2 7% By W PR O WOR - Nod U3 T8 B W PR O WO R PRI e 3 TR B W PR O SO RPN S G O O B S N V3 % By PR e VS BN W PN OO 8 - X Oy

4 Evaluate the one-loop corrections to the
MSW matter potentials. JH & Shun Zhou, PRD (2023)

Corrections to NC potential

Self-energy Vg Vg2 f-r-Z Box diagrams Ac{,,NC
f = u 3 5.1 X 10_3 -3 7.9 X 10_4 -3
-2.1x10 1.5 % 10°5 (£d) —6.0 x 10 42 % 106 (fd) -2.2x 10
f=d 3 —8.8 x 1073 3 —6.1 x 1073 5
3.7x 10 2.6 % 10°6 (£d) -3.3x10 1.7 % 10°5 (£d) —1.5x 10
_ _ -3 _ -3
/e 5.6 x 107 b 1) 15.3 x 1073 29 X 10 9.2 x 1073

—3.9x 1077 (fd) 1.7 x 107 (fd)

from quarks Acvaxc _ N (2Ac¥ ne + A ne + AcE ne) + N, (At ne + 2A¢8 )

to nucleons CV.NC N, <c{‘, ne T 26{17 NC)

Corrections to CC potential

Self-energy v,-e-W Box diagrams

—6.4 x 1073 4.5 x 1072 1.9 x 1072

These corrections are at
the same level as the
experimental precisions. 5. 8% for CC
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* When neutrinos propagating through matter, the MSW matter effect caused by the
forward coherent scattering can alter the flavor conversion.

A complete one-loop calculation of the MSW matter potential is presented. The
relative size of the correction to CC potential of electron-neutrinos is 5.8%, while
that to NC potential of all-flavor neutrinos can be as large as 8.2%.

* Such corrections could affect the neutrino oscillations and be examined in the next-
generation experiments. In the neutrino precision measurement era, higher-level
calculations are necessary (MSW matter potential, neutrino-matter interactions...).

Weinberg’s 2nd Laws of Progress in Theoretical Physics (1983):
“Do not trust arguments based on the lowest order of perturbation theory.”

Thanks for your attention!
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: Mixing angles in matter: tan 26 =

For high-energy 8B neutrinos:
« Solar-core production (€ — 7/2)

Cog —98§
59  Cp

 Adiabatic evolution

(171(0))

,(0)

(s
Un(7)

(171(0)
7,(0)

» Solar surface (6 — 0)

v (R)
v, (R)

(

Co 5S¢
—359 Cp

)

1,(0)
1,(0)

1(R)
DH(R)

PR ——— OTIne—— "l/
Amy 8y ;

e
A

1072 g

2o |
Amle'zg a |

) Adiabatic condition: y =

)

V]

107* E

m2

1075 ¢

1076 £

(Anﬁ%l)z Adiabatic revolution
> | |

2E sin 20| dA/dr| 107 bl e
10 10 10 10

r=R N./Ny  [em™?)

Survival probability: P(v, = v,) = sin” @

104

r =10
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MSW & Solar Neutrino Problem

28

MSW resonance:
a = 2\/_ G,NE = Am3 cyy

Adiabatic revolution
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B, (pz; My, ml) = A +1In

DiscB (pz, My, ml) =

& - @ N Y - B - > AT - & Y ' AT - & Ay > AT - & Y S - - = > e
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2 2 2 2 2

. my — mip + m
Ll + 2 + DiscB(p?, my, m,) L L TP —
m? 2p? mg

\//1 (mg, mlz,pz) mg + m12 — p2 + \//1 (mg, mlz,pz)

In
p? 2mgmy

/l(x,y,z) Ex2+y2+z2—2xy—2yz—2zx

Fz(p*) = Z{H%%m]% - Pz(a]% + U]%)]BO(P% My, mf>_4(a]2” + ’U]%)Boo(l?2§ My, mf) + 2(a]% + U?)Ao(mf)},
f

]:W(Pz)
_ 2 2 —_ 2 2
— f
Srw > & = Cane! 5o

Z [(m]zv + m?v/)Bo(P2§ my, my) — 4B oo (p*; Mg, mf’)—PzBo(P2§ myg,my) + Ag(my) + Ag(mp )],
{f.1'}

Fa(p?) =) 03[-4Boy(p*smp.my) — p*Bo(p?imyp,my) +2A(my)].
/

Faz(p?) =Y _Qpvs[~4Boo(p*imyp.my) — p*Bo(m%imyp. my) +2A0(my)].
f

(3.9)

(3.10)

(3.11)

(3.12)
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Generally speaking, the OS scheme is advantageous in the sense that the OS
parameters can be directly extracted from experimental measurements.

The experimental determination of different MS parameters is usually carried out at
different energy scales associated with relevant physical processes, so the RGEs

should be implemented to obtain the complete set of MS parameters at a common
scale.

However, the MS scheme together with the approach of EFT is practically more

convenient to deal with higher-order corrections beyond one-loop and any theories
with different mass scales.

In any case, our calculations of the one-loop matter potentials for neutrinos in the
OS scheme are complementary to those in the MS scheme.
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Terrestrial matter effects on reactor antineutrino oscillations at JUNOQO
or RENO-50: how small is small?

Yu-feng Li(ZEKIE)Y  Yi-fang Wang(EMG75)?  Zhi-zhong Xing (& &) '

1 Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China 330 N
2 School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100049, China

0,,/degrees

- w/ matter effect
Abstract: We have carefully examined, in both analytical and numerical ways, how small the terrestrial matter 32.5 : : ' ' :
effects can be in a given medium-baseline reactor antineutrino oscillation experiment like JUNO or RENO-50. Taking 745 7-50 7:35 7.60
the forthcoming JUNO experiment as an example, we show that the inclusion of terrestrial matter effects may reduce Ay1/(107°eV?)
the sen31t1V1ty of the neutrino mass ordermgmeasurement byAX(’)O 6, “and a'gletof such effects m’ shift the 345 | ' ' '
‘best-fit values of *the ﬂavor mlmg nle 1“nd'e nutm ’as 'quared difference A21 by about 1o to 20 in the - ) Bl -
future data analysis. Tn addltlon a prehmlnary estimate 1nd1c:ates that a 20 Sen81t1v1ty ) estabhshmg the terrestrlal a0l L iz |
matter effects can be achieved for about 10 years of data taking at JUNO with the help of a suitable near detector .,
implementation. iéo
3 2 % 33.5F i
E~4MeV,p~26gcm > = A/A,, ~ 107 ®
330} i
- w/o matter effect
32.5 . ! , . .
7.45 7.50 7.55 7.60

Ay /(10-56V?)
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Weinberg’s Laws of Progress in Theoretical Physics
| SN\ | * First Law (The conservation of Information): “You will get nowhere

| by churning equations.”
* Second Law: “Do not trust arguments based on the lowest order of

™. | perturbation theory.”

o Third Law: “You may use any degrees of freedom you like to

19 describe a physical system, but if you use the wrong ones, you’ll be
sorry.

o
,,,,,

.........

From Why the Renormalization Group Is a Good Thing by Steven Weinberg
in Asymptotic Realms of Physics: Essays in Honor of Francis E. Low (1983)




