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1. Neutrino properties



1. Standard model of particle physics

»EXxcepting the very weak gravity, 3 forces operate to elementary particles.

mass - =23 MeV/c* =1275 GaVic? =173.07 Ge\Vic? 0 =126 GeV/c*®
charge = 2/3 u 2i3 C 23 t 0 0 H
spin = 1/2 1/2 1/2 1 g [i]
up charm top gluon g'é%gﬁ
=4 8 MeV/c? =95 MeWic? =4 18 Gellc? 0
143 d A3 S 173 b 0
112 12 12 1 »
down strange bottom photon
0.511 MeVic? 105.7 MeVic? 1.777 GeVle? 81.2 GeVic?
_1 1 _1 U
172 e 1/2 u 112 T 1 ;
electron muon tau Z boson
<2.2 eVic? <017 Me\/c* <15.5 Ma\V/c? 80.4 GeVic?
0 0 0 +1
12 ve 142 -I)u 112 -I)T 1 W
electron muon tau
neutrino neutrino neutrino W boson

Wikipedia contributors. Standard Model [Internet]. Wikipedia, The Free Encyclopedia;
2014 Jan 27, 14:33 UTC [cited 2014 Feb 18]. Available from:
http://en.wikipedia.org/w/index.php?title=Standard _Model&oldid=592640485.



http://en.wikipedia.org/w/index.php?title=Standard_Model&oldid=592640485

2. nheutrino

»Elementary particle, spin 1/2 )
»Three flavors, only left-handed v’s and right-handed v’s
»Weak and gravitational interactions

mass —» =23 Me\/c* =1 275 GeVic? =173.07 GeVic* 0 =126 GeV/c*®
charge = 2/3 u 203 C 23 t 0 0 H
spin = 1/2 12 12 1 9 4]
Higgs
up charm top gluon bogdn
=4 8 MeV/c* =35 Melic? =4 18 Gellc? 0
113 d A3 S 143 b 0
12 102 172 1 y
down strange bottom photon
0511 MeV/e? 105.7 MeVic? 1.777 GeVic? 91.2 GeVic?
-1 -1 -1 0
1/2 e 1/2 .l']' 12 T 1 %
electron muon tau Z boson
=2 2 aVict <017 Me\/ic? =155 MaVic? 80.4 GeVic?
0 0 0 +1
112 ve 112 -I)u 112 -I)T 1 W
electron muon tau
neutrino neutrino neutrino W boson

Wikipedia contributors. Standard Model [Internet]. Wikipedia, The Free Encyclopedia;
2014 Jan 27, 14:33 UTC [cited 2014 Feb 18]. Available from:
http://en.wikipedia.org/w/index.php?title=Standard _Model&oldid=592640485.
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3. Gauge theory

» Interaction of fermions (spin %2) and a mediator boson (spin 1).
» Multiple groups that include gauge theories
v SU(2), x U(1),: electro-weak interaction fermion
v' SU(3): strong interaction ?

four Interactions In the universe

interaction m- Phenomena

Electromagnetic Photon vy Almost all phenomena
around us including fermion
radiative nuclear
reactions

Weak Weak W+, 2% B-decay, v scattering, ...

bosons

Strong Gluon g Operating only to
quarks

Gravitational Graviton G Attractions between

Mmasses

boson



4. Weak Interaction (1)

» [3-decay, scattering

»V-A interaction; Mediated by weak bosons (W*, Z9)
»Masses: m,,, =80.4 GeV/c?, m, =91.2 GeV/c?
»Range Is very short ~1/m,,

»Iif E <m,,, interaction is weak
(scattering cross section xGg? =1/m,,*)

»>if E >m,,, interaction is as strong as electromagnetic interaction
(scattering cross section «<g*)

» Only left-handed particles & right-handed antiparticles interact




4. Weak Interaction (2)

» Mediator particle: W* and Z° bosons
» Coupling to weak charge (C,, C,)
» Coupling constant =g =G /2

G2 =1.166 x 10- GeV-

» Short-range force: V ~exp(-myr)/r

» Example:
v' Pion decay: n* Du* + v,
v' Muon decay: @ >e +v, +v

u

Ve e



5. neutrino reactions

»2 gauge bosons (W= & Z9)
v" Neutral current: no flavor change (U < u, e < €)
v Charged current: flavors change (U<~ d, e < v,)

() Neutral current

Z0 decay

Scattering




(i) Charged current

Scattering

u23* +e- - d3 + v, p*+e o n+ v,

Flavors are different between

. . Weak reaction for
initial and final states

Conversion of p <> n



6. Weak reactions of nuclel

»Electron capture of proton
»Neutron 3-decay
»Inverse reactions

p*+e = n+v,

» General weak reactions of nuclei

(Z,A)+e - (Z—-1,4)+v, e-capture
(Z,A)+et > (Z+1,A4)+7, positron capture
(Z,A)» (Z+1,A)+e +7, B-decay

(Z,A) > (Z—-1,4)+et +v, p+-decay
vo+(Z—1,A) e +(Z,A) CC v reaction

Vo+ (Z+1,4) - et +(Z,A4) CC v reaction



/. v-mass

» Extremely light

v' Cosmological bound: ¥ m; < 0.152 eV (2019 Review of Particle Physics

v’ v-oscillation experiments: Particle Data Group)
Am,,>=(7.53%+0.18) X 10 eV?
Am,,?=(-2.55%0.04) x 10-3 eV2 (for inverted hierarchy), or
Am,,?=(2.444£0.034) x 10-3 eV? (for normal hierarchy)

____JQuarks ______________llepons

Gener 5 M
ation Name Symbol M (MeV/c?) Name Symbol (MeV/c?)
up u 2.167049_, ,« Electron e 0.511
1
down d 4674048  Election v, < 2x10%
7 peutrino
charm c 127020 Muon M~ 105.7
2
strang ¢ 93+11_ Muon v <0.19
e neutrino H
0 ¢ 173,100 — - 1,776.86
3 B0 +600 a +0.12

bottom b 4,180%30_,, Tau neutrino v, <18.2



https://en.wikipedia.org/wiki/Electronvolt
https://en.wikipedia.org/wiki/Speed_of_light
https://en.wikipedia.org/wiki/Electronvolt
https://en.wikipedia.org/wiki/Speed_of_light
https://en.wikipedia.org/wiki/Up_quark
https://en.wikipedia.org/wiki/Electron
https://en.wikipedia.org/wiki/Down_quark
https://en.wikipedia.org/wiki/Electron_neutrino
https://en.wikipedia.org/wiki/Charm_quark
https://en.wikipedia.org/wiki/Muon
https://en.wikipedia.org/wiki/Strange_quark
https://en.wikipedia.org/wiki/Muon_neutrino
https://en.wikipedia.org/wiki/Top_quark
https://en.wikipedia.org/wiki/Tau_(particle)
https://en.wikipedia.org/wiki/Bottom_quark
https://en.wikipedia.org/wiki/Tau_neutrino

8. History of neutrinos

»No electromagnetic and strong interaction
—>hard to detect

»postulated by Pauli (1930) for energy conservation at the beta decay
»Taken into account in the beta decay theory (Fermi 1934)
n>p*+e+v,

» Cowan, Reines, Harrison, Kruse, & McGuire (1956) found the neutrino

Ve Hpr>n+e?

N et+e Dy+y

108Cd +n > 109Cd+y Detection of photons

» Homestake experiment (late 1960s) detected v, emitted from nuclear fusions
In the Sun

v +3'CI>37Ar+e

- v, flux is smaller by a factor of ~3 than theoretical estimate
->Solar v problem



8. History of neutrinos

»Neutrinos oscillate ->flavor changes
->Solar v problem was solved

(SK web page: http://www-sk.icrr.u-tokyo.ac.jp/sk/physics/atmnu-e.html)

—  expected number without pscillations
g led numbier with oscillations
+ olmerved rumber of Mo Aeutinas
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A /"('-N%??r.if : : travel kength =1 300 0krn trawel kangth =~ 2km

Cosmic ray reactions in v’s from different directions
atmosphere generates v’'s <different travel lengths

v, oscillates into another type



9. Importance of weak Interactions

»Weak interaction is weaker than electromagnetic and strong interactions
»>In the early universe, the weak interaction becomes unimportant firstly.

Thermal history of the universe h=c=kg=1
1MeV=1.1605 x 1010K
z~1012 z~1010-8 z~1000 2.73K
Big 200 MeV 1-0.01MeV 0.3eV 0.235meV
Ban 8 | | — g
9 Big Bang Recombinationof  Temperature
Quarks—>Hadrons Nucleosynthesis Nuclei with e-
EMint. of y wt e- EMint. of e-
[Components] Weak int. with y (z~200)
f VP e—ee NN N Neutrino
e] _— Background
Leptons ) e € >
& quarks UJ H*,D*,* He™, H, D, Abund
. —— Nn,p < TS o 3407 L _— unaances
\d LI™, Be™.e o H Observation!
Gauge { Gluons ——— Nuclear int.
boson whz —>

Observation!

Photon ¥ N\ 3K

Background




10. Big bang nucleosynthesis (BBN)

»Proposal: elements originate from a big bang
SVari e ¢ ¢ . ¢ (Alpha, Bethe, Gamow,
Various nuclei are formed from reactions of neutrons PR 73, 803, 1948)

»BBN starts from n and p
»n/p ratio is controlled via the weak int.

(Hayashi, PTP 5, 224, 1950)
N<> p+e +ve,
V,+N<> pt+e,

e +N<> p+ve.

Q
n/p= exp(— ?) Q=m,-m,=1.293 MeV

(o} S0 100 /50 200 250

| | | |
[e+] [e2] o~ [\v) (=]
— T T T

log(X, Y, A/H)

FiG. 1.

-10 Log of relative abundance

Atomic weight

o »Only H & He are produced
W *  (+ trace amounts of "Be, "Li)

_12 =

_14 o




11. Astrophysical sites of neutrino production

1) Cosmic background v’s
->very abundant

v' Here is cosmic microwave background radiation, a remnant of hot big bang

24 (3)
N, =" T ‘ n,=410.7 cm3

h=c=kg=1 T,=2.7255 K (Fixsen 2009)

v Similarly, background v’s exist
=323 =20 ) - ;
VIS T n,=336.0 cm

v" The cosmic average baryon # density is about 6 x 10-1° times as much as n,
v" Note that the baryon # density in astronomical bodies such as the Galaxy,
the Sun and the Earth is enhanced from the average value



11. Astrophysical sites of neutrino production

2) Atmosphere

3) Sun (and other starts)

1“‘\7’

z”‘ﬂf
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°He
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Y Gammaray
a4
V' Heutino H e“

e
-
e

[

*He

Wikipedia, ID: 845279810

https://en.wikipedia.org/w/index.php?title=Proton%E2%80%93proton_chain_reaction&oldid=845279810
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11. Astrophysical sites of neutrino production

4) Core collapse supernovae

Weaver et al., "The Dawn of a New Era for Supernova 1987a" NASA, 25 Feb. 2017.
<https://www.nasa.gov/feature/goddard/2017/the-dawn-of-a-new-era-for-supernova-1987a>.




11. Astrophysical sites of neutrino production

4) Core collapse supernovae

» Neutrino burst was detected at the time of SN1987A

801 7

Weaver et al., "The Dawn of a New Era for Supernova 1987a" NASA, 25 Feb. 2017.
<https://www.nasa.gov/feature/goddard/2017/the-dawn-of-a-new-era-for-supernova-1987a>.

Hirata et al., PRL, 58, 1490 (1987)
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12. Supernovae (SNe)

»Nova: transient luminous object (L < O(10°) L., ~1038 erg/s)
»Supernova: much brighter than novae

L ~10%3 erg/s Hot gas (Chandra, X-ray)

Ejected mass (Hubble, optical)

""Mini Supernova" Explosion Could Have Big Impact’ NASA, Mar. 13, 2015.
<https://www.nasa.gov/mission_pages/chandra/mini-supernova-explosion-could-have-big-impact.html>.



13. SN classification

»Type |: No absorption lines of H in the spectrum
—>subclass (spectral types)
v’ la: Si Il absorption line « Thermonuclear explosion
v Ib: He | absorption line
v Ic: no Si & He absorption lines

—

»>Type II: Absorption lines of H (more frequent than Type )
—>subclass (light curves or luminosity evolution)
v |IP: plateau light curves
v lIL: linear decrease of magnitude

_ Core collapse

Thermonuclear explosion Core collapse SN

gas accretion

red giant C/O white dwarf




14. v emission in core-collapse SNe (1)

Gravitational collapse of massive star (M, us>10M.)
»H, He, C, O, Si burnings
—>Fe core: the most strongly bound nuclide

»Mc . ~M_,~1.4M.: collapse
»Photodisintegration of >°Fe at T,=T/(10°K) > 5
»Nuclear matter density —>collapse stops
»Bounce —>shock propagates outward
>V energy is absorbed by gas - SN

(Wikipedia)

, Uzsh
s
!

leon (MeV)

o= " @
= a, T /%
= = - S

Average binding energy per nuc
(=] — M (] E w [+2] =~ w w

o
w
o

»Vv-process on nuclei is important: P Nmberoimuceons s
7|_| llB l9|: 138|_a 180Ta
(Woosley et al. 1990)


http://en.wikipedia.org/wiki/Image:Binding_energy_curve_-_common_isotopes.svg

14. v emission in core-collapse SNe (2)

» Core-collapse SNe are important producers of neutrinos
v Fe core with the mass M~1.4M,, collapses to a neutron star (NS)

v Gravitational potential energy (3 X 10> erg ~ 2 X 10°° MeV) is released, and

escape from the NS as neutrinos.
1 erg =624.151 GeV

v' The SN is composed of n, p, nuclei, e*, v
dense and hot - frequent scatterings
but v's can the most easily escape because of weakest interaction.

) MY
10 MeV

v" Huge number of neutrinos are emitted per 1 SN.

v' These neutrinos scatter with matters - explosion occurs.



15. Solar abundance
Nuclear abundance distribution 4.5 Gyr ago  (Lodders et al., 2009)
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2. Neutrino oscillations



1. Introduction

»Mass eigenstates are different from eigenstates of weak interaction (flavors)
»Wave functions propagates in mass eigenstates.
—>flavor can change during propagation.

» Cabibbo-Kobayashi-Maskawa (CKM) matrix (1963, 1973, Nobel prize in 2008)
s quark as well as d couples to u.
d.l'
Sn’
b

Fud I"'Tus VI‘II'.I d
- 1"rn:'rf vf-:a' 1’rrn:-'.lr g |-
b

I"'?t--r.l‘ Ll.t.s Hh
Weak eigenstates Mass eigenstates

»Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix (1962)

Ve Ul U Up |
!-"lr_,!_ = U#fl UHE U“,'j L'a 1.
L'y Up Uiy Uss 3

Weak eigenstates Mass eigenstates



2. v oscillation in vacuum (1)

» Oscillation of 2-flavor neutrinos in vacuum
v" Neutrino with flavor a is produced at t =0

V), o= Ugi [V'Y) [ve),_,=cos 8 [v'1) + sin 6 |v'?)
v’ It propagates, and at time t it becomes

V) =X Ugi e FE V) @D |ve),=cos 6 e~ Ext|y'2) + sin 6 e~ iEzt|y'2)

v Amplitude for transition to the state |vF)

(vﬁ V) =X Uai(U)ip e =P8 (v"' V) =X Ugi(UT)ipe =i

v Using the ultra-relativistic approximation

E. = ’2_|_m,22 _|_m_i2: _|_m_i2

v (D is transformed

. o p—imit/2E 0
V), = EiUgi e FEUD)p[vF) = e lth[ 0 o—im3t/2E utvf) - @



2. v oscillation in vacuum (2)

» Oscillation of 2-flavor neutrinos in vacuum

—im2t/2E 0

V), = X Uy e Eil(U)5|vF) = e~?PtU [e uthvf) @

0 p—im3t/2E

v' Using a mass matrix satisfying

_(My1 Mg\ L (My O)T
m—(m21 m22>_U(O sz

2

2
2 _(mi 0 _ 4 &
mdlag_<0 mz)—UmmU

v The neutrino wave function is

|va>t ~ e—ipt[e—imfmt/ZE]a'Blv,B> @

v' Then, [v#), is a solution of the Schrodinger Eq.
d mim
[ve) @

4oy
ldtlv )t 2F

v Here the common phase factor e~**t was dropped.



2. v osclllation in vacuum (3)

» Oscillation of 2-flavor neutrinos in vacuum
v' Schrédinger Eq. for v

d vy = mtm
il 2E

[v¥) @

v" We can take the unitary matrix for mixing

U:(COSH sinH)
—sin@ cosé@

mi +mj Am? (— cos26 sin 29)

Tm = 2. T —
mom Umdlagu 2 + 2 sin 20 cos 260
v' We use
|va>t ~ e—ipt[e—imet/ZE]anﬁ) @
S
Am e isin 2™ cos 26 sin2™ ¢ cin 26
o cos AE [ sin AE cos I sin AE sin ;
v, = 2 2 2 |V )
"mt'29 Amt+"Amt 26 ®
i sin sin cos AE [ sin AE coS
m%+m%

Here the common phase factor e "'+ )t was dropped.



2. v osclllation in vacuum (4)

» Oscillation of 2-flavor neutrinos in vacuum

v vattimet
Amzt+' ' Amzt 26 | Si Amzt in 26
N B COS AE l SIn 1E COS l SIn 1E Sin 8
v, = 2 2 2 |V )
 sin —— £ sin 20 Amt"Amt 20 ®
l SIn Sin COS 1E l SIn 1E COS
v" Transition from |ve):((1)) to |v®), is then derived
ey, = cos 2t 1 1sin T ¢ cos 26
V7IV7 )t = COS AF L SIn AFE COS
v The transition probability is Same for
Am? T SRRV Sy
Py v, = [{v€]ve)¢|* = 1 — sin® 26 sin? t ViV Ve? Ve Vi 2V,

4E
Oscillation of v propagating in a vacuum (Gribov & Pontecorvo)

v' Transition from |v9):($) to |v“):((1))
Am? Same for

v lye) (2 — cin?2 . 28 -
Py, = [(v*|vé):|“ = sin“ 26 sin AE t Vueve, Veevw Vueve



2. v osclllation in vacuum (5)

»Oscillation length

Am?

4E

lO:T[

v Transition probabilities measured at a distance L=t

P = 1 — sin? 20 sin? m’ t P = sin? 26 sin? Am? t
Ve Ve AE Ve Vi 4E
=1 — sin? 20 sin? (n li) =sin? 26 sin? (n li)
0 0

v" The signal for oscillation disappears if L >>,, or
Am? > 4nE /L
—>t-dependent sine factor oscillates rapidly, and it reduces to
Py, =1-— %sinz 20

-> time averaged oscillation’
o oscillation information has been lost
o we can only measure the mixing angle.



3. End of v oscillation (concept of wave packets)

»v oscillation stops when waves of v, and v, separate

Wave packets
A

~~/
Y~/

» X

Production as

lve),=cos 8 |v’1) + sin 6 |v’2)

> m;>m, 2> Vv, <V, (difference in velocity) >waves of 1 & 2 separate

2_m?2
E m; m

2
VI :pI/E = E zl - ZELZ

Am?

AV =V,- Vv, = T
» The interference between waves of 1 & 2 disappears —>oscillation stops




Appendix 1. Neutrino facility in China

»Daya Bay
v east side of the Dapeng peninsula, on the west coast of Daya Bay
v Measurement of 6,5 using v, produced in reactors

1.1 E Ty T T rrrrirg T T rorrrr

Microsof®
~ " MapPoint’

—

&
©0
T

Q
o
] F AL

=
rrrrrr

o
~
L

. n S D%

. i‘T Pun Cha

.' Interdigtionyl Airport
"i,%.l

Survival Probability

Q
[+
T

spectrum

&
(&)}
L) L

kwi Kowloo
EDY TN

=
~
1

lount Collinson

1
W
T

4 MeV

South
Chinag Sea

<
N

T
; -

A a4l 1 TR T O S L PR B S Y i PR | 2 KAt
19 Distan::e (km) 10 10 o3 Micgs.dftc " |114o A5 FrE

Survival of v,
Am?;3=2.5x 10" eV? http://dayawane.ihep.ac.cn/twiki/bin/view/Public/



Appendix 1. Neutrino facility in China

»sin?20,,=0.084 £0.005, [Am2 | = (2.42 = 0.11) x 103 eV?
An et al. Phys. Rev. Lett. 115, 111802 (2015)

15 =
M 10 N =

|l!i]lll

T '| T L T I1” I[rl'![ll1![|1TrI'|; 18
89.7% C.L. 16
95.5% C.L.
68.3% C.L. 14
e Best fit
12
10

T2K

PN MINOS |

2.5

|IIII|FIII|’IIII!II!'|III

AmE | [107 eV?]

lLI.I.|.LI.I..I.|.I.I..I.L|.J.I.LI.

UL

Daya an:%ﬁﬂ days

IR R T JI PR T T é..él...él....lé
0.05 0.1 0.15 5 10 15

sinf20, Ay®

—4— Far site data
= Weighted near site data {best fit)

Weighted near site data (no oscillation)

Events/day (bkg. subtracted)

1.5

(=]
N 2 G

4 EH1
t EH2
$ EH3
—— Best fit

Far / Near(weighted)

1 2 3 4 5 6 7 8
Reconstructed Positron Energy (MeV)

t

T | T 1 T 1 | T T T T

i i " i 1 L " L 1 L 1 1 1
0.2 0.4 0.6 0.8
Ly / (E,) [km/MeV]

o



4. v oscillation In matter

» In stars and neutron stars, temperature is low [T <O(10) MeV]
—>abundant e*

Ve e Ve Ve
no u* and t* — > > >
—charged current iw + % 7
interaction of v, . . | > -
€ Ve e

Gr _ " % o
HePf - "\““/‘““5 Ue’}(,u(l - 75}1"6 6’}’“(1 - ’75)8 “(T); . #T)
Vsl % A
» Maximal conversion of e >

VeV, even for small 6

Fig. 8.8. Coherent scattering of ve and v, (vr) in matter.
Mikheyev-Smirnov-Wolfenstein

(MSW) mechanism

; i Ve \ _ ‘i‘E cos 260 +H/2Ggn, %E* sin 26 v,
dr L"# Am® Am?

1E, 1E, Vi

2 9 2
Am* = ms — mj



5. Effective masses and mixing angle in matter (1)

» Using . . - a L
( e) _y (151) _ ( cosf  sin q) (p) ~: quantities in matter

Vu Vy —sinf® cosé

the Hamiltonian is diagonalized

d ( v, )_ i‘g cos 20 +|\/2Ggn, i‘E‘ ( Ve )
d:-“ - ﬁ'&” sin 26 %E"* cos 26 Vy

2 2 2
o —A/Am? 4 cos26 Am* = m5 — mj
cos2f =
\/(A/Amz — c0s26)? + sin26
ny gin2f
sin2f =

\/ (A/Am? — cos26)? + sin”20

A 1 ‘ - o\ 2 .
m21 =5 F 5\/ (A — Am?2 cos 20)° + (Am?2)? sin® 26,
! 2 "2

A = 2A/2F,Gpn,

= ¥ E [) Y1
— 7.633x 1077 eV? ! <.
8 © (1 MeV) (103g CIHB) (0.5)




5. Effective masses and mixing angle in matter (2)

’ﬁ.l-'g , {{} } g { b )
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Fig. 8.9. (a) Effective neutrine mass squared in the medium with electron density
Tle. Tie crip 18 the crossing point defined by (8.107). This figure corresponds to
sin?26 = 0.01. (b) Mixing angle & in the medium as a function of Te, corresponding
to the case shown in (a).
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e 2 _ _ _ m2 cog 9 2 . 22_342;) Qz_t‘c 1
m é 5 T3 (A —Am?cos20)” + (Am?)” sin” 20, 5 an (—A/Amz T cos 29)
i i Am? v ~ N
> Level crossing at -« et = 350 5 cos 26 ( e) — ( CoS 9~ SIn Q) (Yl)
F Vu —sin@ cos 8/ \V

> For n, <<n, ., 6 and T'approach the values in vacuum.
» Forng>>n, ., 02>n/2and ...



6. Effective mixing length

» Oscillation length in matter is
~ 1 lo = T 4EV
= 1lo ‘ 75 Am?
(A/Am? — cos 260)% + sin® 26’} ous0 K E, Am? \
= 24.80 km (1 MeV) (W) :

->much shorter than that in a vacuum

> Maximal mixing (0 =n/4) occurs at n, =N .

L A <V6> _ ( cosf sin é) (171)
m* Vv .y ) \v
Mo iy, = 99 u —sinf cos6/ \V2
Toe crit svscn B COS _i(l 1)(171)
2\-1 1)\,



/. v propagation Iin stars

» Assume: v, produced in a region n, >n, .; propagates into a region n, <ng .
» If the density gradient d(In n_)/dr is small, v conversion occurs adiabatically

e {a} §  {bi

x _
Y, 2

%
#
Sl
]

2
m2 ﬁ{f
0=0
me .
1o i 0 f
Re, orit fla fle, erit fe
—~>full conversion: vg2v, _ .
Ve\ _ (cosf sinB) (V1
1k Vi —sin@ cos B/ \V;
» Probability for v, v,
P = cos? 6 cos? 6 + sin? 0 sin? 0 Vv : Vv
VeoVe — ( e) _ ( cosf sin 0)( 1)
\%1 A Vu —sin@ cos@/ \V2

(cos 6 —sin 9) (Ve)
sin@ cos6 ) \Vu

(v



8. Adiabatic condition

» Adiabatic condition: (energy gap) X (transition time) >>h

oF = (ﬁz’g - ﬁ?’a)min/ZEF 1 ~1
N L e I
- AN ‘e e
Yo (Am*)sin20
» The MSW resonance occurs at 4 — Am2cos26
—>its width is §A ~ Amlsin28

> The condition > a Ne=Ne crit
.&mz - GFI'I&E;,

1 dn. Am? sin”20

Ne dr A 2FE  cos26

log { Am2}

'?,%-{(\

} ; & S
Adiabatic <
condition

MSW triangle
(z =sin?26/c0s26)

leg z



9. Numerical solutions

O-1. 2-flavor oscillation in a constant n,
» Schrodinger equation:

d yf _ —"i‘gg cos 20 + /2Ggn. ‘i‘EFE ] ( Ve )
a’*r Am® oin 90 Am? 0590 Vy

4E,, 4E,,

2 _ 2 2
Am* = ms — mj

» The squared mass of energy eigenvalues of the above Hamiltonian are

A 1
ﬁlil =5 F E‘\/(A — Am? cos 20)” + (Am?2)* sin® 26,
2

A = 3/2E,Gpn.

. E p Y,
= 7.633 x 107° eV? v °
e (1 h-'IeV) (mﬂg .:m—ﬂ) (0.5)




coefficient v,

coefficient v,

9-1a. 2-flavor oscillation in vacuum (1)

1 ||. —
-\ Relve) initially v, (vacuum) [ ]
loee=331 km 1
0.5
rJ:L(:u}I' I,'
/r\ /
0 'i ]
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—05 | f \ ]
0.5 i \ [ \ \ /ﬂ ]
-1 |\/|||\| |||\ bl
¢ 05 1 15 2 256 3 35 4 45 H 55 6
r/ly
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Im(v initially v, (vacuu:m]
L ]. —331 km
0.5 | =
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Coefficients of wave functions in vacuum
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u) initially v, (vacuum)/‘
Iy =331 km [ ]
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» Wave functions oscillates with the wavelength 5



9-1a. 2-flavor oscillation in vacuum (2)

Transition probabilities in vacuum

> Analytic solution Solid lines: P, P,
Dashed lines: P ., P,
P..=P,, = 1—sin?20sin®(nL/l)
P.,=P,. = sin’20sin® (rL/ly),

» oscillation length

4F,
TAm2

E, Am? \
—  24.80 km
(1 Mev) (10—4 evi)

—>only one characteristic radial scale

o =

transition probability Pﬂﬁ

sin220=0.857

Am?=7.50 x 10-° eV?2 F g

E,=10 MeV £ 107

pe=0 5 o8 ok b b b b bbb
9|02331 km s 0 D>5 1 1.5 2 256 3 35 4 45 5 b5 6

r/ly



coetficient v,

coefficient vy,

9-1b. 2-flavor oscillation in matter (1)

Coefficients of wave functions (p=3 X 102 g cm-3, Y,=0.5)

I e\
1 b

T
_ i |

0.5

=]

-0.5 -

(p=3x10% g em™®)
11, =117 km‘ !

r/ly

1
0.5
L]
-
e
g
z  opf
|
o
o]
o
-0.5
RN [ S S T S S
0 2 4 8 8 10
r/ly
77— 7T1=x \,\\ LAY AV
initially v;/\N\’\'\
Re(v,) (p:ﬂxlpz g em™®) |
0.5 - loe=117 km y
hﬁ.
-
=]
=
=
g
o
o
L4

r/ly

» Superposition of two sinusoids of different lengths.

l 5 = 47E, /m? , =2.97 X 10 and 112 km



9-1b. 2-flavor oscillation in matter (2)
Transition probabilities (p=3 X 10%2 g cm-3, Y,=0.5)
Solid lines: P, P,

» Analytic solution Sashed [ eeF’) P
) . ashed lines: P,
Py =P — sin®20sin? (nL/l), F b Pur, e _3)_:
b, . p=3x g cm )
» mixing angle = i 1__.=117 km ]
a
-1 sin 26 g 060 ’
f = —tan o
2 —A/Am? + cos 26 e,
. g o4 :
» oscillation length =
- g i ]
=1l ! vorR- Sl N §
A/Am? — cos20)” + sin® 26 AN AN AN
[( [Am® — cos20)" + sin ] . ﬂuﬂtm Ui ﬂ" ﬂuﬁuﬂuﬂ HJ”' “ulﬁuﬂhﬂh'l H ﬂuﬁuﬂuﬂdﬂ
sin220=0.857 S AR !
AM?=7.50x 105 eV2 3 'O J————
E 10 MeV 7
p=3x102 g cm?, Y,=0.5 & yo-o WML AN L
>7=117 km L ¢ : ° ° 10

r/l,



9-2. 3-flavor oscillation in general n(r)

> 3-flavor oscillation
d [ Ve

7,% V,u =
Vr

C12C13 512C13 s13etocP Sij = sin 6y
_ i5 5 S
U= —512€23 C12523513€ " C12C23512523513€"°CP 5$93C13 Cij = €08 0;;

i5cp ?:5(313

5125237 C12C23513€ —C125237512C23513€

v parameters (Particle Data Group, as of May 25, 2020)
sin?(0,,) =0.307 = 0.013 Am?,; =(7.53 £ 0.18) X 10~ eV?

sin?(6,3) =0.0218 + 0.0007 (-2.55 £ 0.04) X 103 eV? (IH)
S/t =1.37 +0'18-0.16 normal vs. Inverted
. . . m; t 3 2
» Mass hierarchy still undetermined 1




9-2a. 3-flavor oscillation in a constant n,

2 flavors S

-3 flavors %

a. B i
. 0.8 i Pee i
s

5 | ]
.(-; 0.6 i p=2><102 g cm ™ 1
5 - E_=10 MeV ]
o 04 -
o i i
3

c 0.2 F

s

_ /\/\/\/\/ \/\/\/\/\/\“’

LUt

r (km)

numerical error



Trasition probabilities

0.8

0.4

0.2

9-2b. 3-flavor oscillation in a star (1)

v-oscillation in a model of SN1987A
(Shigeyama & Nomoto, ApJ 360, 242, 1990)

! [ ' N ' ! I i ! i ] i '
. normal hierarchy
. 2 -2

L sin"28,,=10

| E,=50 MeV
0.6

2 3 4
M, (M)

MSW H-resonance:

Nearly complete transition of e>pu+t

© © o
-~ o @

Trasition probabilities

e
0

normal hierarchy n
. R _1n—R
. sin®26,,=10 N
[ E,=50 MeV
/ |
-I 1 | L L L 1 l 1 L 1 1 I 1 1 L 1 I 1 1 1 v
6

2 3 4 5
M, (M)

P and P increases,
and then oscillate around 0.5



9-2b. 3-flavor oscillation in a star (2)

e el '@
0.8 - Peeh . - 0.8}
) I ) I
ol 0.6 2 0.6
S 04l 1 & 04l
0.2} Freb ] 0.2}
L P}(QI' R J L

e e I e -
05 3 4 5 6 05
Mr | M, Mr /| M,

(Yoshida et al., ApJ 649, 319, 2006)



Summary

1. Neutrinos interact only weakly
» Neutral and charged current reactions operate in stars and SNe
» Neutrinos are very light, and produced in various astrophysical sites.
» 10°8 v’s are produced at one core-collapse SN.
» Some stable nuclei are produced by SN v-process.

2. Neutrino flavors change
» Mass eigenstates and flavor eigenstates of v’'s are different.
» Then, v-flavors change during propagation

> The v-oscillation occurs due to interference of different mass
eigenstates.

A\

The oscillation ends when the wave packets separate.
In dense matter, the mixing angle and oscillation length of v's are
different from those in vacuum.

» In SNe, flavor changes of v’s occur through MSW resonances.

A\



Backup



Appendix 1: Sterile neutrino decay

»sterile neutrino v, mass M, ,,, active-sterile mixing ©<<1
»Lagrangian

— gz —= mr70 gz T - M- —= myxr+i-
L= n.aozn +2=(170"W-n _+n W'l
Int ZCOSqW Lag mLa /2 ( a g m''La Lag m a)
20,00 _#Uy Qe §

M8, €Q, 1 wényo,

. _
vy2Vv.tet +e V2Vt vt v,




/. Sterile neutrino Iinteractions

»Lagrangian related to the weak interaction of v,;:

V(XL V(X.L

_ _ g
Lint — [I/-z'(Uai)T + Z/H(—)Csea} (WZH> (Umﬁu@ + 6)5601/1{)

LA W (Uniy + ©8,0vm) + % 0(Uni)t + 08,0] WL,

= D,i_(Ua,_i)T ( Y ) O0oa Vi1 + PHO0,0 (LZ“) U.iv;

2 cos b, 2 cos b,

+

Sl

g g
+—=1." U TO0.avg + —=UO0 AW +l
\/§ H \/§ H Y

»Feynman rule for the weak theory - matrix
M|* =32Gz@%[A(py - p3)(P2- Ps) + B(py - pa)(P2- P3)
+Cmz(p1 - p2)), (A1)
»Decay rate is

1 d*p2 d*ps / d’py
T " ‘ ‘
(vh — Vo €7 )= oM, | (27)%2E,, / (2m)2E.- | (2m)32E+

. (;MP) 2) 801 — 12— 1~ 1)




9. Sterile neutrino decay rates

»Massive sterile neutrino can decay.

»>If the mass is larger than 2m_, the decay products can include an e*e- pairr.

' N— Z valsls | = o5 Z \Ual” .
o, 3 «

G2 M3,
r (N - la;éﬁljj»yﬁ) = 119:27rf]3\ AU (1 — 827 + 82f — af — 12x7 loga?) |
’ max []\1’;&, Z\I[ﬁ}
e My ‘
_ G2 M3, . §
r (N - Valfi‘rl’d) = 15‘27;3\ ’ |Uva|2 ) (Ol ) (1 - éaﬁ) + Cs - éa,ﬁ) X

x ((1 — 1da} — 2af —1227) /1 — da? + 1227 (2} — 1) L)
+4(Coy- (1 = 643)+Cy - 8ag) (;rlQ (241027 —122) 1/ 1—4da?

+ 6z} (1 — 7 4 2:1,";1) L)] .

E 202 2 1 .2
Lo 1 — 3z; (1 .11),/1 dx; | _ M, |
+

72 (14 /1 - 423)

Cy = = (1 —4sin%6,, + 8sin*4,) , C2=

W | =

Cy = (1 + 4sin?6,, + 8sin® Gu:) , Cy=

(I NV

(Gorbunov & Shaposhnikov, JHEP 10 2007, 015)

e: 0.5110 MeV
g 105.6 MeV
71 1784 MeV

W*: 80.2 GeV

7% 91.19 GeV

p: 938.3 MeV

n: 939.6 MeV
7+ . 139.6 MeV
7% : 135.0 MeV

Particle masses

o e
sin®#,, (2sin°6,, — 1) ,

sin@,, (2 sin 8, + 1) .




10. Differential decay rates (1)

»Amplitude of the matrix element squared for the decay v,2>v +e* +e

M|* =32GE@%[A(p; - p3)(P2- P4a) +B(p1- pa) (P2 P3) Gg: Fermi constant
+Cmi(pi-p2)l. (A1) O<<1: mixing angle
A (vt erP, !oi momentum
— Z,exchange  1=1(vy), 2 (v,), 3 (&), 4(e7)
B=(cy—cs)?+ 48, +4(cy + €a)Beas \W* exchange
Interference

C=(c}- ci] + 2(cy — €4 )Beqs

cy = —1/2+2sin%0y,  Vector coupling of charged leptons to Z°
¢y =-1/2 Axial coupling of charged leptons to Z°
§in2 Oy = 0.23 Weak mixing angle

» Differential decay rate vs. energies of e* & e-

&r Gie*m: . |
dxzdx B r64:1'3 =[Ax3(1 — x3) + Bxy(1 — x4)
X3dXy

+2Cx2 (2 = x3 — x4)],

(Ishida, MK, Okada, PRD 90, 083519, 2014)

Xy =m, /M,

.x!' = EE!/HIHI,H



10. Differential decay rates (2)

»Differential decay rates vs. X3 & X, (Johnson, et al. PRD 56, 2970, 1997)

dl’ o G%@EMEH Ax _1 ) ) B _1;,‘13 _1?3
il B e e R e Range of parameters 2v, <x <1
+2Cxy, |i'[u- — X3)Xg3 — :ﬁ] } R (A6)
o = o _(2-x)(+ 2x, — %;) £ (1 - -’Js)m

Afit = -
' 2(1+ xx —x;)

dT  GiOM; x2, xL
dx4 = 643-!3 a {A( ) 3 +Bl4|{\1 — 14)11’4

*me |i{" — X4)Xta — :ﬁ] }-{H._ ’ '{\ﬁ‘_"’]
> Total decay rate

GiO*M;

. o / ;
[vg — veeTe) = 102,13 ={C[(1- 143, — 2x, — 121:21}‘\#'} I —dxg, — lhlm'{\l - 1111:"['

[+2 (7 2 .4 4,4 1
+ 4C2 _-xm'{\* + 1[].1'“1 - 1*-1-"1] ‘\‘."II 1 - 41m + 61"1(\1 - *}“m + hxm)*'il_ }1

3
I

4
C
4

L:Inl 3x2, — (1- 21 —4x2

(14 /1 —4x2)




11. Spectra of decay products

»Number spectra of e~ and e* emitted at the decay of v,2>v +e* +e
(Ishida, MK, Okada, PRD 90, 083519, 2014)

Pe'{xﬁj = Pf‘{x«lj == 0.4 T T T T T T T T T T
["dx; ["dx, M W= 14 MeV n B —__ I
| | | 03[ total(:1/2) ) i
P.(x) = Po(x) + P.e (x) 5 03 to al( / \ | ]
1 G2OMS (| 2 ox = | ;
=B (A+B) |+ —ZL 4 xx(1 = x !
T 6ar {{" j[z 3+l =) T ozl | \
Xis e f |
+ 2Cx2x6(4 — 2x — x,]} : (A21) E — .
— ) o~ ™
f—Xf o 01k -
- 5 (x100)
Dﬂ 0.4 | 0.6 I 0.8 | 1
Kezemeva“

Broad total spectrum —>e* with various energies are produced
—>nonthermal e* spectrum is also broad



12. Average energies of e* & e

»Dependence of energy fractions given to v,, e and e*
(Ishida, MK, Okada, PRD 90, 083519, 2014)

1 [l dl’ 1 [l i . . 5
X3 = / X3 —dx3 Xy = —] _x:4f—fix;4 I | ][1 —3xp— (1 —xp)/1 - 4.1:;1]
2x, 2xm 1 = I !

BT 2. dx; I’ dx, 53
5 <Xm
1 Gﬁ@“MfH 1 Gie*M;
= =——fp(A,B,C,x —— U £.(BA,C,
r 647 ff'{\ m)s l_. P f:'_"'l[\ Xm), . I]|i1+\/74}“m]
» = I
B x’lll
. ! B ’,
fe(A,B,C.xy) = { =5 V1~ 4m(3 - 29x, + 48x, — 70x5, — 60x%)
- xﬁl U + x%l:]{\l lmj 1+ {\3 7‘m + -’“1111 + xﬁl)[’ﬁi} | | | |
{60 \/ 1= 4x5(9 = 5227, + 14x7, + 80, + 120xF,) I ——
WoOo0BFE— T .
l'll {1 Ill f) I‘ll) + {\3 + x’l'll + h"mjL } g \
q'f, 04+ i/e -
cllen/1—ad(5-12:2 + 104, - 12 ]
+ E-}*m "\'f"l = 4xm (9 = Lxy + -’*m -"m) % gzl |
+ 2xh (1= x2) (1 —=xp )Ly + (1 +x2, +xp — 28 L, } —_—
— Xy =g/,
+ {\B ‘Cxiﬁ){ : ’\'r‘i m(S 38 x’ﬁl + ﬁ”‘m + 361{:1) . 141
24 Heavy M, ,: almost equal partition
1 1 —_ . +
L)L - L:)}. Light M,,,~m,: mass energy of e
- IS significant



3. Effects of sterile v mixing to active v
(Ishida, MK, Okada, PRD 90, 083519, 2014)

3-1. model

»Dirac sterile neutrino, mass M, _,,=0(10) MeV, active-sterile mixing ®
»Lagrangian

Lint = 2 g2 ﬁL
cosq,,

9"z, .+ % (Lo Wyn,.+7,.9"W,1)

anLaC) _aUai Qa(mni 0

- —g | T(; ;
M8, €Q°, 1 penyg,

a

Y
H
4)*/ .

Z

<|



3-1. model

»vy, decay - injection of energetic e* and v
»v freely streams in the universe after BBN
—>nonthermal v production ->v energy density is increased

P =Pyt (pe— + pe+) + Pv.th T+ Pb +

»>energies of e* are transferred to background y
via interactions with background y and e
—>background y is heated
—>baryons and thermal background neutrino are diluted
-1 is decreased, and v energy density is decreased

»v injection spectrum

1 A[VH /2 dr E"I,'O;Hla)(
Py (BT, M,,y,) = f/ JE (Myy) dEe/O Pic (Ee, E10;T) pyec (B, Evo; T) dEo,

. - | Diff. decay rate /

Energy spectrum of primary y - gpergy spectrum of y produced
produced via inverse Compton i, the electromagnetic cascade

scatterings of e* (E,) showers of primary y (E,)

0.4




4. Results: decay into e* and v
4-1. Derived constraints

nH—e — 0 NH—e

—5%

CMB
Be(y, a)*He

weak ‘Li reduction sl . . ... . PPNV RN

. . 4

in the allowed region 1990 10 10 10 10
T, (sec)

» The v, decay alone cannot be a solution to the Li abundance of MPSs

> It could be a solution if the stellar Li abundances are depleted by a factor ~2
» This model can be tested with future measurements of N g

M. =14 MeV
Vu




4. Results: decay into e* and v
4-2. Time evolution of quantities

M.,=14 MeV
T,=4%X10%s
C s =3 X107 GeV

log(X, Y, A/H)

7 (XlOlO)
»
o]
I I I I

Nog = Pv S 3.1 F

‘ 4/3 L
= ()T i

N+ Value Is increased T



