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® Evidence of Neutrino Mass

The Royal Swedish Academy of Sciences has decided to award the

2015 NOBEL PRIZE IN‘ PHYSICS

Takaaki Kaj ita and
Arthur B McDonald

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

Nobelprlze.org

Chui-Fan Kong (TDLI & SJTU) <kongcf@sjtu.edu.cn>

“for the discovery of neutrino
oscillations, which shows that
neutrinos have mass’”’
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® Evidence of Neutrino Mass
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® - .
@dence Of NeUtrl no MaSS [see talks by Michele Maltoni,

106?I iIII]III | II|III’| | IIIlIIII | IIIIIIII | |IIIIII| | IIiIIlIl | IIIIIII I T TTIH Renata ZukanOViCh FunChal’
- A Daniel Naredo]
10° = 2
E R Amg; L
- oscillation phase :
104 EI/
= F
% 103 A
g ]
= B J
e =
e E
_I IIIIIIII | IIIII|I| i i
1 =
110 10* 10 10" 10° 10° 107 10° .
L [m] R. Harnik, K. Kelly, P. Machado
arXiv: 1911.05088

Chui-Fan Kong (TDLI & SJTU) <kongcf@sjtu.edu.cn> BLV 2024 @ KIT, Oct 9, 2024 4



® - .
@dence Of NeUtrl no MaSS [see talks by Michele Maltoni,

106?| ilII]III | |||||||| | I||l|||| | IIIIII|| | |||||||| | |I1|Il|| | IIIIIII I T TTIH Renata ZukanOViCh FunChal’
- : Daniel Naredo]
1 o Am%jL
oscillation phase :

10 EV

=

oD}

= 103 4

S :

JUERLLL IR ERL BRRLL RN R RRLL

107 = =
10 — Q: What’s the origin of
. : neutrino mass?
b0 a2 M 10t i 100 107 108

L [m] R. Harnik, K. Kelly, P. Machado
arXiv: 1911.05088

Chui-Fan Kong (TDLI & SJTU) <kongcf@sjtu.edu.cn> BLV 2024 @ KIT, Oct 9, 2024 )



B . C .
N_eutrmo Mass Origin |I: vacuum mass see talles by Ana M. Toixeira,

Kevin Alberto Urquia-Calderon,
Stefan Antusch, Richard Ruiz,
Jonathan Kriewald |

Vacuum Neutrino Mass
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1. Yanagida G. Lazarides, Q. Shafi, & C. Wetterich E Ma...
M. Gell-Mann... R. Mohapatra & G. Senjanovic...
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® Neutrino Mass Origin ll: dark mass

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

What if 1 = ( , but neutrino matter potential

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

What if 1 = ( , but neutrino matter potential

D\ interpreted as

H =~ D + V, with V = = cffective mass
2E or dark mass

Chui-Fan Kong (TDLI & SJTU) <kongcf@sjtu.edu.cn> BLV 2024 @ KIT, Oct 9, 2024

10



® Neutrino Mass Origin ll: dark mass

Dark Neutrino Mass
Forward scattering with DM background
v(p) v(p) v(p) X(p—k) v(p)
_ N
e - TS N
5 4 N ~ 7 < s ~
-~ ~ 7 ~
0*(k) ¥k ok) ~ S ok

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

)

m,.efz = ZEV

A. Y. Smirnov, talks@MAYORANA Workshop

[H. Davoudiasl, G. Mohlabeng, & M. Sullivan, arXiv:1803.00012; 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 ll: 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) o) ok) - S oK)

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

D

r'ef = 2EV

A. Y. Smirnov, talks@MAYORANA Workshop

mcziark(x) X Po
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® Neutrino Mass Origins Comparison

Vacuum Neutrino Mass: m\%ac — A

VS.

Dark Neutrino Mass: m(zi ark (.CC ) X ,0¢
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® Neutrino Mass Origins Comparison

Vacuum Neutrino Mass: m.%ac — A

VS.

Dark Neutrino Mass: mg ark (Ll? ) X p¢

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

Credit: IceCube
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® Supernova Neutrino Time Delay

Galactic supernovae are 1deal 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 56 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 ...]
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® Supernova Neutrino Time Delay

S0

I
@TTTT
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® Supernova Neutrino Time Delay (vacuum neutrino mass)
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® Supernova Neutrino Time Delay (vacuum neutrino mass)

g\\\“/é/ ¢Eu=\/p,2/—l-m2,v:dEV

- [ dpy
%
group velocity:
_ P _ m\%ac ~ 1 m\2fac
”_E_\/l_ Yo
D smaller than speed of light!
&

space-time independent

I
QTTTT
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® Supernova Neutrino Time Delay (vacuum neutrino mass)

g\\\“/é/ ¢Eu:\/p,2,—l-m2,v:dEV

- O — dpy
N !
1 group velocity:
2 2
UZEZ\/l_mvac gl_mvac
b E? 2E?
it ., \1,
U time delay:
l/ D D mi. Myac\2 (10MeV\2 D
~ \ Atvac — ; — C(E 1) — 2E2 D =~ 514ms( eV ) ( E ) 10kpc
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® Supernova Neutrino Time Delay (dark neutrino mass)

dE,
Recall B, —p,+V, v—
\\\\ /// dp,,
v(p) v(p) v(p) X(p=k) v(p)
X(p+k) / \\\’///
o . P 5 .
ot w0 N w7 "5 g group velocity:

Introduce the effective or
refractive mass squared as

mrefz =2 EV

1 dm?iark (X7 pl/)
2py dp,

_ m(2iark (X7 pl/)

1 —v(x) = 22
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® Supernova Neutrino Time Delay (dark neutrino mass)

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

Introduce the effective or
refractive mass squared as

mmfz =2 EV

Chui-Fan Kong (TDLI & SJTU) <kongcf@sjtu.edu.cn>

dE,
E,=p,+V, v=
apy
group velocity:

_ m(2iark(X7pl/) 1 dm?iark(x7pl/)

1 - - —
v(x) 22 5 .
1 — ’U(X) — m(Qiark(XG))
2E%  pe(x0)

space-time dependent!

X : solar system position]
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® Supernova Neutrino Time Delay (dark neutrino mass)

dE
Y NFWprofile E]/ — Puv -+ V, UV = 7
s 10 . de
:
=
O 10°F .
Z group velocity:
[ | ] m2_ . (x,p) 1 dm2._, (x,py)
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® Supernova Neutrino Time Delay (dark neutrino mass)

dF,

_ NEWprofle E,=p,+V, v=

— _ dp,,
\

"I varies a lot at the
-, galactic scale!
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[en)
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® Supernova Neutrino Time Delay (dark neutrino mass)

1 —v(x) = md;%(zx o) pzqs(j(;))

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

just an integration over neutrino trajectory

Chui-Fan Kong (TDLI & SJTU) <kongcf@sjtu.edu.cn> BLV 2024 @ KIT, Oct 9, 2024
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® Supernova Neutrino Time Delay (dark neutrino mass)

1 —v(x) = md;%(zx o) pzqs(j(;))

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

mia(x0)D [, po(x)ldx| _
2F7 Dpg(x0)

Atdabrk —

vacuum neutrino mass differed by this factor!
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® Supernova Neutrino Time Delay (dark neutrino mass)

IO_(b(X*) /p¢ (X®> Sun
0° @® Galactic Center

1 — ’U(X) _ m(Qiark(XG)) p¢(X) o

2E%  py(x0) g

X® 1 X© .
Atdark = / (U(X) — 1) |dx| ~ / (1—v(x))|dx| *

—60°

aQ

@

Vs ¥
2 ‘6, QC’J =
- 3.0 T
A m3..(x0)D Jy. Pe(x)|dx| \\\\ \\ \ \
dark — = 0 . : | [ ! | | | | _one
212 Dpy(x0) Vs 0% 6 3 0 s 6 9 1 o1
Distance to the Solar System [kpc]
Ge, CFK, Smirnov
. . . arXiv: 2404.17352
vacuum neutrino mass differed by this factor!
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Stmulation

Chui-Fan Kong (TDLI & SJTU) <kongcf@sjtu.edu.cn>
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“S_upernova Neutrino Prdocution

<* v, SN burst production (Garching model):
L, (te)
(B (te))
E, )‘IB(QJ —(aplte)+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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“S_upernova Neutrino Prdocution

Infall Neutronization Accretion Cooling

v

4.5
s "F
s 4
<gn .
B 0 R T E T Wy, \
2.5 e g
- 16—2 '16—1 ' 1 Time (seconds)
DUNE Collaboration

arXiv: 2008.06647
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tea EJ/) —

%* v SN burst production (Garching model):

LV (te)

Ee, 0] )

E, —(ag(te)ﬂ)EV
Prg (tey Ey) = gﬂ(te) (<E (t )> e (Evg(te))
vp\v€e
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Events/bin

® Supernova Neutrino Prdocution

NO: normal ordering
IO: inverted ordering

“* v, SN burst production (Garching model):

60

— No oscillations L (t )
50{ —— NO :cosf@ =0 0 — Vg \~¢
i — [0 :cos0 =0 (DVB (te’ EV) - <EVB (te)> SOVB (te’ EV)
- [0 :cosf =—-0.5
| — 10 : cosf = —1 o ag(te) —(aptte)+1)E,
301 v (Evg(te))
Prg (tea Eu) = 55 (te) ( E (1 ) € p
(Boy (t0))
10+
0= — — " “* MSW matter effect (from core to surface):
s 0 0
F. Pompa, F. Capozzi, O. Mena, & M.Sorel ¢Ve T p¢1/e _l_ (1 - p) ¢I/$

arXiv:2203.00024 2 0 i
P = ‘Ueg‘ ~ S1n 913,NO

p ~ |Ues|? = sin® 012,10
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® Supernova Neutrino Detection @ DUNE
ve +20 Ar — ¢ +0K*

1°F Vv, ©
Wiex e” 105 —v, “°Ar: MARLEY Ve
E —v, “Ar e
«— 1=
e -
E F
3 107F
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2107 E
0 -
8107
o
g104
40 v &)
Ar e 10°°
Model of Argon Reaction 10
LOWEnerngiEIds 10*7lll I||IIIIlllllIlIlIllllIIllllllllllllllllli
10 20 30 40 50 60 70 80 90 100
S. Gardiner. 2010.02393 Neutrino Energy (MeV)
& 2101.11867 DUNE Collaboration

arXiv: 2008.06647

Chui-Fan Kong (TDLI & SJTU) <kongcf@sjtu.edu.cn> BLV 2024 @ KIT, Oct 9, 2024

32



"mne Distribution

0 e 00-lkges—s |
— my, =0eV
- - — Myac = 0.2eV ]
. — Mgark = 0.2eV |
= B Mdark = 0.5eV
- L : - " Mdark = 0.8 €V
The time distribution becomes 2 :
. . . Z1F B
wider as the neutrino mass increases : :
0(.)00()' | IO.OIO5 | O()Il() 0(;15 OO|20 - 6.025

ta [s]
Ge, CFK, Smirnov
arXiv: 2404.17352
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® S_ensitivities

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
® ® Galactic Center ° ® Galactic Center ° ® Galactic Center ° ® Galactic Center
0 0 0 0

30° —30° 30° —30° 30° —30°

60° 60° 60°

; —90 ; ~ —90° 90 —90 ; / —
5 13 11 9 7 5 7 9 11 13 15 5 13 11 9 7 5 7 9 11 13 15 5 1311 9 7 5 7 9 11 13 15 5 13 11 9 7 5 7 9 11 13 15
Distance to the Solar System [kpc] Distance to the Solar System [kpc] Distance to the Solar System [kpc] Distance to the Solar System [kpc]
L — A o . oA  — — AN  — — AN
0 0.2 0.5 Yoo 0.5 2 V™Y o0 05 1 15 2345 YY  0 05 1 15 2345 VX

Ge, CFK, Smirnov
arXiv: 2404.17352

Chui-Fan Kong (TDLI & SJTU) <kongcf@sjtu.edu.cn> BLV 2024 @ KIT, Oct 9, 2024 34



® S_ensitivities

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°

60°

90° —90°  90° —90°  90° —90°  90° 90
5 1311 9 7 5 7 9 11 13 15 5 1311 9 7 5 7 9 11 13 15 5 1311 9 7 5 7 9 11 13 15 1311 9 7 5 7 9 11 13 15

Distance to the Solar System [kpc] Distance to the Solar System [kpc] Distance to the Solar System [kpc] Distance to the Solar System [kpc]
[ — A [ — . —— A ; — YN  — — AN
0 0.2 05 1 V=Y 0 0.5 2 V™Y o0 05 1 15 2345 YY  0 05 1 15 2345 VX

“* The sensitivity is enlarged by measuring supernova neutrinos
around the galaxy center

Ge, CFK, Smirnov
arXiv: 2404.17352
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® S_ensitivities

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°

60°

90° —90°  90° ‘ = 900 90° —90°  90° 90
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0 0.2 05 1 V=Y 0 0.5 2 V™Y o0 05 1 15 2345 YY  0 05 1 15 2345 VX

“* 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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® Summary

» The dark neutrino mass is space-time dependent due to the DM distribution
» The supernova neutrino time delay can be much enhanced around galaxy center

» The neutrino mass origins (vacuum or dark mass) can be tested by measuring
supernova neutrinos

» Better test can be done by measuring neutrinos from supernovae at different
locations
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® Summary

» The dark neutrino mass is space-time dependent due to the DM distribution
» The supernova neutrino time delay can be much enhanced around galaxy center

» The neutrino mass origins (vacuum or dark mass) can be tested by measuring
supernova neutrinos

» Better test can be done by measuring neutrinos from supernovae at different
locations

Thank you for your attention!
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SN1987A

— ; : 5 mleV]

G. Pagliaroli, F. Rossi-Torres, & F. Vissani
arXiv:1002.3349
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The minimum 1s located at ~
3.5 eV, although not
statistically significant
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® Backup

parameter space

(i) myp ~ 10710 eV, g ~ 10710, m, ~ 107* eV, and (11J)
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

chﬁ = Zgakgﬁk — 8 15 x 9 | 9 )
P _(ZE'md) mxk) + (M I'xk) 2Emy + My g

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