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* Evidence of neutrino mass from oscillation
* Neutrino mass origins

o Experimental sensitivities
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Evidence of neutrino mass from oscillation
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Evidence of Neutrino Mass

The Royal Swedish Academy of Sciences has decided to award the

2015 NOBEL PRIZE E IN PHYSICS

“for the discovery of neutrino
oscillations, which shows that
neutrinos have mass’”’

Takaaki Kajita and

Arthur B McDonal Ic

“for the discovery of neutrino oscillations, which shows that neutri

Nobelpnze.org
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Evidence of Neutrino Mass

oscillatione«— interference«— phase difference<«— different mass
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Evidence of Neutrino Mass

different mass

neutrino mass eigenstates:

v v W
ml#mg #mg
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Evidence of Neutrino Mass

phase difference<«— different mass

| L |
Vi
§ ~
source 0=y %8 detector
Vi (0) vi(L)
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Evidence of Neutrino Mass

phase difference<«—different mass

Evolution 1n space: | L |
v; o< e Pt ﬁ .
(/
Y 7;L . —
Vi (L) = ey, (O) source 12,9 detector
Vi (0) vi(L)
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Evidence of Neutrino Mass

phase difference<«—different mass

Evolution 1n space: | L |
v; x e ‘Pt
_ S
. _ il ; — o
vi(L) = e™*"v;(0) : source = %9 detector
Ultra-relativistic: pi = \/ E? —mi~E — = v;(0) vi(L)
m2

U (L) _ 6z’EL—i o LVz' (O)
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Evidence of Neutrino Mass

phase difference<«—different mass

Evolution 1n space: | L |
v; x e ‘Pt
- ¢
. _ il ; — o
vi(L) = e™*"v;(0) : source = %9 detector
Ultra-relativistic: pi = \/ E? —mi~E — = v;(0) vi(L)
— ¢ 25 Ly;(0)
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Evidence of Neutrino Mass

phase difference<«— different mass

n B B
2

° 1 . 2 ° 3
e t55 L e 55 L e 155 L
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Evidence of Neutrino Mass

phase difference<«— different mass

n B B
2

2 2
.ml .m2 .m3
e 157 L e 157 L e 157 L
A 2 = 2 2 2 2
[ 777/31 mz m;, iAleL iAm?’lL
Amzy = m3 — mj] € 2K € 2K
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Evidence of Neutrino Mass
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interference<«— phase difference«— different mass

Mixing: | L |
Ve Uel UeZ UeB " 5—
vy | = U Uy Ups | | 12
Vr UT]. UTQ U7'3 V3 ‘

source detector
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Evidence of Neutrino Mass

oscillation«— interferencee«— phase difference<«— different mass

production:
Vo) = Ugalvi) + Usalvz) + Ugs|vs)

source detector
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Evidence of Neutrino Mass

oscillation«— interferencee«— phase difference<«— different mass

production:
Vo) = Uslv1) + Usalvz) + Uga|vs)

source detector
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Evidence of Neutrino Mass

interference<«— phase difference«— different mass

production:
Vo) = Uslv1) + Usalvz) + Uga|vs)

detection: v v
(vg| = Up1(v1| + Upa(va| + Upgs(vs]

source detector
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Evidence of Neutrino Mass

oscillation«— interferencee«— phase difference<«— different mass

Oscillation amplitude

source detector
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Evidence of Neutrino Mass

oscillatione— interference«— phase difference<«— different mass

T . L TTTT] I,
P(vq — vg) = |Amp(vy — v5)]° 100 fmmmzz= B e 21z T
. . Am% L % 80 - DO?I?JV|: g;:/)oz |

oscillation phase : = RENO
EV g O Am3z,
u% KamLAND
1. J—\
Ami, JUNO

0 I | | |

{18 1 10

Distance/energy (km/MeV)

credit: JUNO
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Evidence of Neutrino Mass

oscillatione— interference«— phase difference<«— different mass
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Evidence of Neutrino Mass

oscillatione— interference«— phase difference<«— different mass

Am?j L ool sin® 201 ___'__'_'._'_”_[_é'irfzz'@l_'z o
oscillation phase : N H
E < Daya Bay
1 ~ 80 - Double Chooz |
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Neutrino masses drive the 2 60 Amgl\;
oscillation behavior ! 2wl fast oscillation L
E slow oscillation T
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Evidence of Neutrino Mass

oscillatione— interference<«— phase difference<«— different mass

2 o sin®% 0 sin?20,
. . . Ame 100 o Sl ey '-'H'
oscillation phase : _ 5
EV § 80 - Double Chooz |
1; RENO
Neutrino masses drive the Z 60 f Amgl\;
oscillation behavior ! L fast oscillation 15
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Neutrino mass origins
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Neutrino Mass Origin

Neutrino mass origins

A
s N\

vacuum heutrino mass dark neutrino mass
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Neutrino Mass Origin |I: vacuum mass
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Vacuum Neutrino Mass

A

-~
Type-1 seesaw
(H)\ , (H)
\ /
N\ 7/
\ /
N\ /
N\ 7/
\\ N //
% S £ %
1 2
M,=—>Y,— YT
2 Mg
P. Minkowski
T Yanagida
M. Gell-Mann

Chui-Fan Kong (IBS-CTPU-PTC)

~
Type-1I seesaw Type-1lI seesaw ooo
(Hy=====mmmmqmmmm oo - Y (H) , (H)
\\ //
A \\\ ///
\\ Z //
v v v > £ v
2 2
v 1 v
M, = AaYA—— M,=—-Yy—Y3
A ZXAJA 9 E]AJE )y
M. Magg & C. Wetterich R. Foot, H. Lew, X.-G. He, & G.C. Joshi
G. Lazarides, Q. Shafi, & C. Wetterich E. Ma
R. Mohapatra & G. Senjanovic
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Neutrino Mass Origin |I: vacuum mass

Vacuum Neutrino Mass

a I
Type-1 seesaw Type-1I seesaw Type-1lI seesaw ooo
(H)s_ ) (messsmsastpeesessne, (H) — (H)_ H)
\\ // \\ //
\ / A \ /
\\ // \\ //
\\ N // \\ Z .//
1% 1% 1% 1% 1% 1%
1. v _ o v 1. v _ 1
MV =5 —§YVM7RYV MV — )\AYAM—A MV — —§Y2M—EYZ
m?. = constant
vacC
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Neutrino Mass Origin Il: dark mass

drives
5 _~7 neutrino
‘ T ‘ oscillation

H ~ \/p* +|m|* ~ p -
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Neutrino Mass Origin Il: dark mass

What if 1 = ( , but neutrino matter potential

H ~ V ith V = —
p+V, wl Y0
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Neutrino Mass Origin Il: dark mass

What if 1 = ( , but neutrino matter potential

. effective mass
H%p—l—v, Wlthvzg\or
2F “dark’ mass
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Neutrino Mass Origin Il: dark mass
Dark Neutrino Mass

Forward scattering with DM background
v(p) v(p) v(p) X(p—k) v(p)
< > - g
\ x(p+ k) / ~ . p s
N
7 rd N

- 7 N

(p*( k) ¢Xk) > o(k) s S (k)

Introduce the effective or Mps? = 2EV
refractive mass squared as

D

r'ef = 2EV

A. Y. Smirnov, talks@MAYORANA Workshop

[S.-F. Ge & H. Murayama, arXiv:1904.02518;
K. Y Choi, E. J. Chun & J. Kim, arXiv:1909.10478, 2012.09474;

M. Sen and A. Y. Smirnov, arXiv:2306.15718]
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Neutrino Mass Origin Il: dark mass
Dark Neutrino Mass

Forward scattering with DM background
v(p) v(p) v(p) X(p—k) v(p)
< > - g
N
7 rd N

- 7 N

o*(k) @X(k) h o(k) -, S (k)

Introduce the effective or Mps? = 2EV
refractive mass squared as

m —

r'ef = 2EV

A. Y. Smirnov, talks@MAYORANA Workshop

m?iark(x) X Po
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Neutrino Mass Origins Comparison

Vacuum Neutrino Mass: m?,a — constant

C
VS.

. 2
Dark Neutrino Mass: M qark (Ll? ) X p¢
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Neutrino Mass Origins Comparison

Vacuum Neutrino Mass: m?,a — constant

C
VS.

. 2
Dark Neutrino Mass: M qark (Ll? ) X p¢

Can we distinguish these two origins ?
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Large Scales
Yes! Look 1nto larger scales!

2

vac — constant

™

VS.

mcziark(x) X Po

Credit: IceCube
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Large Scales
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Large Scales
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Large Scales
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Large Scales
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Supernova Neutrino Time Delay

Galactic supernovae are 1ideal neutrino sources!

POSSIBILITY OF DETERMINING THE UPPER LIMIT OF THE NEUTRINO MASS FROM THE TIME OF FLIGHT

G. I. Zatsepin
P. N. Lebedev Yhysics Institute, USSR Academy of Sciences

Submitted 20 July 1968 57 years ago!

ZhETF Pis. Red. 8, No. 6, 333-334 (20 September 1968)

[ T. J. Loredo and D. Q. Lamb, astro-ph/0107260, E. Nardi and J. 1. Zuluaga, astro-
ph/0306384, hep-ph/0412104, G. Pagliaroli, F. Rossi-Torres and F. Vissani 1002.3349; J. S.
Lu, J. Cao, Y. F. Liand S. Zhou, 1412.7418; R. S. L. Hansen, M. Lindner and O. Scholer,
1904.11461; F. Pompa, F. Capozzi, O. Mena and M. Sorel, 2203.00024, F. Pompa and O.
Mena, 2310.05474; G. Parker and M. Wurm, 2311.10682 ...]

Jih

Credit: IceCube
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%

QTTTT

Chui-Fan Kong (IBS-CTPU-PTC) GNU-IBS Workshop @ Jinju, Sep 26, 2025 39



i Institute for

. Vacuum Neutrino Mass Basic Science

\\\\U// E, = \/p2 +m2, v =
B Ve

dE,
dp.

group velocity:

U:BZ\/l—m\%aC%:l—m%aC
E E? 2E?

@TTTT
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\\\\U// E, = \/p2 +m2, v =
B Ve

dE,
dp.

group velocity:

U:BZ\/l—m\%aC%:l—m%aC
E E? 2E?

smaller than speed of light
&
space-time independent

@TTTT
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\\\\N// EuZ\/%+m2,v:dE”
?7//";\& \1, g dpy

group velocity:

2 2
D T T
V 1 vacC ~ 1 vacC

E E? 2E?
time delay:

D D  m

d — Mvac iy v 5,14 (
v c¢(=1) 2FE? e

Atvac

mvaC)Q 10MeV\? D
eV E 10 kpc

@TTTT
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dFE,
\g\“/é/ \LE S Vet v="
— /7//\\\§ 1%
1/ group velocity:
2 2
UZEZ\/l_mvac gl_mvac
E E? 2FE-
by \’
4 time delay:
l/ D D mi. ad\2 (10MeV\? D
~ Alvac = v c(=1) WD ~5.14ms eV ) () 10 kpc
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Il. Dark Neutrino Mass

v(p) v(p) v(p) \ X(p—k) /\?(P)
~ 2 P
~
X(p+k) « =7
N N
> rd ~ 5 / \ .
P x b - 7 7 ~
- ~ 7 ~
o*(k) ox(k) o(k) s ~ (k)

Introduce the effective or
refractive mass squared as

mrefz =2 EV

i Institute for
Basic Science

dFE,
E,=p,+V, v=
dpy
group velocity:
_ m(2iark(x7pl/) 1 dm?iark(x7pl/>

1 — — _
v(x) 2p? 2D, dp,
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Il. Dark Neutrino Mass

v(p) v(p) v(p) \ X(p—k) /\?(P)
~ 2 P
~
X(p+k) « =7
N N
> rd ~ 5 / \ .
P x b - 7 7 ~
- -~ 7 ~
o*(k) ox(k) o(k) s ~ (k)

Introduce the effective or |
refractive mass squared as

mrefz =2 EV

3 Institute for
1 Basic Science

dE,
EI/ p— py —|— V’ DV —
dpy
group velocity:
_ m(2iark(X7pV) 1 dm?i XaPl/)

1 — — _
v(x) 2p? 2D, dp,
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Il. Dark Neutrino Mass

v(p) v(p) v(p) \ X(p—k) /v(p)
~ 2 P
X(p+k) ~ N . 7
_ N
> rd ~ 5 / \ .
P x b - 7 7 ~
- -~ 7 ~
o*(k) ox(k) o(k) s ~ (k)

Introduce the effective or
refractive mass squared as

mrefz =2 EV

Chui-Fan Kong (IBS-CTPU-PTC)

3 Institute for
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dE
EV — pl/ _|_ V, vV = -
dpy
group velocity:
— — m?iark(xvpl/) . 1 dm?i X,py)
1 U(X) - 2pg 2D, dpu
1 — ’U(X) — m(Qiark(XG))
2E%  pe(x0)

space-time dependent!

X : solar system position]

GNU-IBS Workshop @ Jinju, Sep 26, 2025 46
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dF,

I T I "'NEW 'pI:O'fi'l'e'"l AL EV — py —I_ V’ /l} —
s 10 s de
E
=
& 10k We are here! |
Z ’r group velocity:
© 10rg43 N .
% 1 —U(X) _ m(2iark(X7pV) . 1 dm?i X7p1/)
= 1002 | 2p? 2D, dpy

107° 102 10! 10° 10! 2
ke 2E%  py(xe)
Navarro-Frenk-White profile Sp ace_time dep endent!

X : solar system position]
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dE,
_ NEWoprofle E,=p,+V, v=

e _ dp,
\

wr o yaries a lot at the

—_
S
T~

group velocity:

Dark matter density [GeV-cm™]

wt o galactic scale! - m p)) 1 dm?Aem)
) \ 1—U(X): dar;27 v _2 dd y Vv
107 - 5 N Py Pv Pv
T ..T’@.E.. e 1 — ’U(X) _ chiark(X@)
1073 102 10;1[kp0] 10" 10 2E2 0 fb(X@)
Navarro-Frenk-White profile Sp ace_time dep endent!

X : solar system position]
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1 —wv(x) = md;rg(zx o) pzqs(j(;))

Mawc= [ (U(lx) - 1) x|~ | (1 - v(x)) |dx

just an integration over neutrino trajectory

Chui-Fan Kong (IBS-CTPU-PTC) GNU-IBS Workshop @ Jinju, Sep 26, 2025 49



i Institute for

Il. Dark Neutrino Mass Basic Science

1 — ’U(X) — m(Qiark(XG)) P¢(X)

2E%  py(x0)

vacuum neutrino mass differed by this factor!
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Po(Xs) é :% (Xe) * Sun

@® Galactic Center

1 —wv(x) = md;rg(zx o) pzqs(j(;))

Distance to the Solar System [kpc]

high density € low density
. . . ] Ge, CFK, Smirnov
vacuum neutrino mass differed by this factor! i 240d 17352
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Experimental sensitivities
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Supernova Neutrino Production

“* v_ SN burst production (Garching model):
L, (te)
(B (te))
E, )aﬁ(te) —(ap(te)+1) By

(Ev g (te))
e B
vs (te))

0 __
B, (t, Ey) =

SOV;B (te7 El/)

Prg (tey Eu) = gﬂ(te) (<E
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Supernova Neutrino Production

Cooling

Infall Neutronization Accretion

mlnﬁrrrr

IIII |l|ll||’|ll[|l

= e SN WS

TP T DL L LT T
.. -

8=
o
4.5
-
s 4
<35 -
3;_ .............. \
- 16—2 '1(')—1 1 Time (seconds)

Institute for
Basic Science

1
%* v_ SN burst production (Garching model):

LV (te)
(B, (te))

E, —(ag(te)ﬂ)EV
Prg (teyEy) = fﬁ(te) (<E (t )> e (Evg (te))
Vg (&

tea EJ/) —

Vg( SOV,B(te7EV)

DUNE Collaboration
arXiv: 2008.06647

Chui-Fan Kong (IBS-CTPU-PTC)
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Supernova Neutrino Production

NO: normal ordering

10: inverted ordering “* v_ SN burst production (Garching model):
60
— No oscillations Ll/ (te)
50{ —— NO :cosf@ =0 (DO (t E ) — B 90 (t E )
— JO) 608l = vg\ ey —v vp\te, v
401 [0 : cos = (i().'f) <EVB (te)>
5 —— [0 :cos0=-1 E ag(te) —(aﬁ(te)jtl)E,,
‘éd” neutronization Py (ley By) = Eplte) ((E (Vt )>> e (Frplte)
“ |  burst peak Ve e
0 “» MSW matter effect (from core to surface):
0=3 —2 —1 00 — O 0
10 10 I};}S 10 @Ve = p¢7/e —|— (1 — p) @Vm
F. Pompa, F. Capozzi, O. Mena, & M. Sorel p = ‘UeB ‘2 ~ Sin2 613, NO

arXiv:2203.00024 5 5
p =~ |Uea|” & sin” 615,10

from global fit result: [sin® 6,3 ~ 0.022, sin” #15 ~ 0.3]
Chui-Fan Kong (IBS-CTPU-PTC) GNU-IBS Workshop @ Jinju, Sep 26, 2025 55



3 Institute for
1 Basic Science

Supernova Neutrino Detection @ DUNE

- DEEP UNDERGROUND Liquid Argon Time Projection

/&= NEUTRINO EXPERIMENT Chamber (LATTPC)
40 kt fiducial mass (?)

Sense Wires
U Vv X V wire plane waveforms

A

-

,74

NORMAL 8 NEUTRNO ° =
'ASTRONOMER ASTRONOMER =

credit: PHYSICSGG credit: DUNE
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Supernova Neutrino Detection @ DUNE

v, +2 Ar — e~ +K*
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0.8 ¢ Atleast 1 MeV reconstructed

¢+ At least 3 MeV reconstructed

3 0.6 ¢+ Atleast 5 MeV reconstructed
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DUNE Collaboration
arXiv: 2008.06647
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Time Distribution

Event rate:
R(t,m,FE) =

(D). : v flux

A : target nucleon number

o,
4 D?

x Axoy, *xe€

Oy, @ Cross section

e : efficiency]|
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Time Distribution

Event rate: energy integrated out

D, | | 10, D= 11kpe, 0= 89°
R(t,m, F) = “—xAxo, xe 7 m om0V ]
2 e | ! |
4ﬂ-D — — Myac = 0.2eV

— Mgark = 0.2eV |
(D). : v flux ’

A : target nucleon number

Mdark = 0.5eV |

Mdark = 0.8 eV

Oy, @ Cross section

Events per bin
’_l

e : efficiency]|

¢ The time distribution becomes -
wider as the neutrino mass increases %o o

0.015

0.020 0.025

0.010

ta [s]
Ge, CFK, Smirnov
arXiv: 2404.17352
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Sensitivities

it _ o fit
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[0 (mit = 0.2eV, mit
UO

vac
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dark — 08 ev>

® Galactic Center
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Ge, CFK, Smirnov
arXiv: 2404.17352
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Sensitivities

NO (mit, = mft  =0.2eV) [0 (mfit, =mit  =0.2eV) NO (mit =0.2eV,mflt | =0.8eV) [0 (mfit, =0.2eV,mit , =0.8eV)

vac vac

0° ® Galactic Center 0° ® Galactic Center 0° @ Galactic Center 0° ® Galactic Center
—30°

30° —30° 30° —30°

60° 60°

90° —90°  90° —=-90°  90° —90°  90° 90
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¢ The sensitivity is enlarged by measuring supernova neutrinos
around the galaxy center

Ge, CFK, Smirnov
arXiv: 2404.17352
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Sensitivities

NO (mit, = mft  =0.2eV) [0 (mfit, =mit  =0.2eV) NO (mit =0.2eV,mflt | =0.8eV) [0 (mfit, =0.2eV,mit , =0.8eV)

vac vac
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¢ The sensitivity is enlarged by measuring supernova neutrinos
around the galaxy center

¢ Sensitivity for normal ordering (NO) 1s reduced by MSW matter

effeCt Ge, CFK, Smirnov
arXiv: 2404.17352
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Supernova Neutrlno Detectors

, - — Hyper—Kannokande
liquid argon ‘- : « JUNO: liquid | water Cherenkov

detector iy : scintillation detector

detector

IceCube: ice
Cherenkov detector

ICECUBE
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Supernova Neutrlno Detectors

UL — Hyper—Kam10kande
liquid argon O: liquid | water Cherenkov

detector S t a t n e d intillation detector
y u etector R i

IceCube: ice
Cherenkov detector
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Thank you for your attention!
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SN1987A
Ay?
7t
6| The minimum 1s located at ~
S5t
4 3.5 eV, although not
3 . . . .
i statistically significant
1k
e B S — O

G. Pagliaroli, F. Rossi-Torres, & F. Vissani
arXiv:1002.3349
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Backup

parameter space

(i) mg ~ 10710 eV, g ~ 1010, m, ~ 10~ €V, and (i)
mg ~ 10722 eV, g ~ 1072, m, ~ 10719 eV.

M. Sen and A. Y. Smirnov, arXiv:2306.15718, 2407.02462
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matter potential
Vig = Z GakTin ﬁcb(ZETqb - mik) | Ny o
= -(Qqub —mi)? + (myyk)?  2Emg + My,

M. Sen and A. Y. Smirnov, arXiv:2306.15718

Chui-Fan Kong (IBS-CTPU-PTC) GNU-IBS Workshop @ Jinju, Sep 26, 2025 68



