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** Determining neutrino flavour composition at the source

** Breaking the degeneracy with Glashow resonance

** Probing new physics with future measurements
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Outline

** Determining neutrino flavour composition at the source

** Breaking the degeneracy with Glashow resonance

** Probing new physics with future measurements
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GRAND , 1810.09994

GR{\I,D Giant Radio Array for Neutrino Detection
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. Pion decay (v, : U, v)=(1:2:0)

T = ut+y,

ut— ety + 1,

» Muon-damped (v, : v, 1 V) = (0O:1:0)

T = ut+y, -
//K ety v, +7, Shiqi Yu’s talk
» Neutron decay (v, 1 v, 1 v,) = (1 :0:0)

n—-p+e +r,
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Neutrino Flavor at lceCube Ui

Gen2 collaboration, 1412.5106 Al €~ piondecay
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e Neutrinos oscillate from source to Earth
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. fo=(1/3,2/3, 0) > fo = (0.3, 0.36, 0.34)
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Source Discrimination? Hard!

. . . Standard oscillations, NO 0.0
® leltatIOnS All regions 99.7% C.R. 01 10 @ mdecay: (1:2:0)s
" . 0.2 A :(1:0:
o Statistical: flux measurement | 0g  Mdecay(1:0:0s

» Systematical: precise oscillation
parameters

Parameter Normal ordering Inverted ordering

sin” 612 0.30419 015 0.30475 015
sin? 03 0.57310 050 0.57510 016 | . |
« 2 0.00062 0.00063 0
sin® 0,3 0.022197 ) 0000 0.0223819-09963 1.0 2020 (proj.): IC 8'yr (99.7% C.R.)
o +27 +26 / / / / / / / / / / /
écp (°) 19775, 28273, 00 01 02 03 04 05 06 07 08 09 1.0

Fraction of ve, e o
NuFit 5.0 global fit, Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, 2007.14792
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Future Neutrino Telescopes
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Neutrino Flavor Measurements: Future

Flavor ratios at Earth

2030 fe,® Ju® fre

— " 2030IC 15 yr 0.1

"""" 2020 (proj) IC 8 yr

2020 0.30*0;} 0.367503 0347013

2040 0.30+2:932 0.3610-017 (0.34109:949

-------- N 2040 all 0.3070:032 0367001} 03470037

.
e i D\
. -

.
.V
.
.
.
.

o
Y

.
“‘
¥

.
"‘
.

¥
.
.
.

.
.
.
.
aet”
.
PR
'

.n
AL T S
- .

.
----

. .

...........

l
Gen2 10 yr
0.1

-—
—-— "
-—
—"
"
—
—
_\
l" 4
—
—
—
=
-.—‘
—
« —r
-—'_
. — —

00 01 02 03 04 05 06 07 08 09
Fraction of v,, f, o

01 02 03 04 05 06 07 08 09
Fraction of v,, f, o

amn®
----
.
.
PR

-----
l“ — ey e ) NN A et
oo P . N . A A VAP
.
l“
LN o\ —
. . -

.t
.
.
.

.
"‘
[ .
. d .*
o
.
.
. /o ——
“““““
. . . .
by . .
‘‘‘‘
. P
_____
. A4 .
_____
»
s
- .
- . .
=7 ) et NS N AA e (T A (Y S N S e U A S = ) e s
- . Sar
.
- .
- [0
- -
. ey e
§ — T Navtt

net
"""""

------------
LR . — — et

we
----
.....
----------

—
"
— "
—
——
—
—
—
2 -
—
== "
o
—_n
T —

0.9 ”/,,,,; .....
2040 all experiments /~=77~ 7~~~

/ / / / / / / / / / / 0.0
00 01 02 03 04 05 06 07 08 09 10

Fraction of ve, fe o

2040 10
/ 7 >— 0.0

00 01 02 03 04 05 06 07 08 09 10
Fraction of v,, fe

WIN 2023 Ninggiang Song (songng@itp.ac.cn) 9



mailto:songnq@itp.ac.cn

ocp/ Tt

Neutrino Oscillation Measurements
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Source Discrimination? Nes! fro= D, Py %fus
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Outline

** Determining neutrino flavour composition at the source

** Breaking the degeneracy with Glashow resonance

** Probing new physics with future measurements
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Degeneracies at the high energy neutrino sources

Production Source flavor ratio Earth flavor ratio v + v Earth flavor ratio fo.
pp {1,1} : {2,2} : {0,0} 0.33:0.34:0.33 {0.17,0.17} : {0.17,0.17} : {0.16,0.16} 0.17
ppp damped  {0,0} : {1,1}:{0,0} 0.23:0.39: 0.38 {0.11,0.11} : {0.20,0.20} : {0.19,0.19} 0.11
Y {1,0} : {1,1} : {0,0} 0.33:0.34:0.33 {0.26,0.08} : {0.21,0.13} : {0.20,0.13} 0.08

py o damped  {0,0} : {1,0} : {0,0} 0.23:0.39:0.38 {0.23,0.00} : {0.39,0.00} : {0.38,0.00} 0

> py produces more neutrinos than antineutrinos p +y = A™ - 7 +n, if u
damped, no antineutrinos are produced

> pp produces equal amount of neutrinos and antineutrinos
p+p—n, [z + 27 + 7], which holds even if U damped

> pp is indistinguishable from py if only v + v is analyzed

WIN 2023 Ninggiang Song (songnq@itp.ac.cn)
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Glashow Resonance (GR)

05 ((8) =24m s Br(W™ —=v,+e)
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€
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Huang, Liu, 1912.02976

10° 10%
E, [GeV]
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Glashow Resonance at IceCube

Article | Published: 10 March 2021

resonance with IceCube

The IlceCube Collaboration

Nature 591, 220-224 (2021) | Cite this article

Detection of a particle shower at the Glashow

16k Accesses | 63 Citations | 507 Altmetric | Metrics

» Glashow resonance candidate was identified
with 2.3 o significance assuming E~%?

spectrum

> The cascade is partially contained (PEPE),
with muon early pulses consistent with W

decay

WIN 2023

Ninggiang Song (songng@itp.ac.cn)
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Event-wise Glashow Resonance Identification

» GR cascade (W hadronic decay, e, 7 leptonic h
decay) indistinguishable from NC DIS. However, |
NC cascades are less energetic °

> GR track without cascade at interaction vertex o_si
distinguishable from v, CC o

» 2% < f, < 72 %with 4.6 years of PEPE, '
J5. £ 51 % with 7.5 years of HESE, assuming 02|

hard spectrum

0.0

> pp separated from py at more than 2 o
significance regardless of flux assumption

WIN 2023

See also 2303.13706

Ninggiang Song (songnq@itp.ac.cn)

All future v telescopes

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

2040 proj.

PEPE E~287

- PEPE E~%37 |
e HESE E~287
——— HESE E~237

PP
ppu damped |

E ........ ~ :-— ----- d n---.--...ooo...ollonooo-----..-.--...........-----pv‘

-----------------------------------------------------------------------

QST py L damped
10 20 30 40 50 60 70 80

Liu, NS, Vincent, 2304.06068
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Statistical Analysis of GR

Assuming event-wise identification not possible, consider only contained events

35— -_ ‘ B I T T e
: 2040 proj. ™. HESE 7.5yr 2040 proj. ™. HESE 7.5yr
30 E—2.37 PP ; 30 E—2.87 pp .
> S pp udamped > L pp udamped
- ' - '
B 25 m— py | @o2s - py 1
(IC) m py pdamped GC) B pypdamped
O 20 { O 20
> >
— . —
'S 15 o 15
3 3
o 10 o 10
— —
Q. Q.
5 ; 5
B. 0.2 0.3 0.4 0.5 %.0 0.1 0.2 0.3 0.4 0.5
Ve fraction Ve fraction
. pp from pry py from pp pp from pry py from pp
Anal S : .
R pectrum m decay m decay © damped p damped LIU, NS, VlnCent, 2304.06068
HESE event-wise soft 1.60 1l.40 > 50 0.70
hard 3.80 3.30 > 50 6.00
PEPE event-wise soft 2.30 2.00 > 50 l.4o
hard 5.30 4.70 > 50 6.90
HESE Bayesian soft 2.60 2.10 3.50 3.10
hard 4.40 3.90 6.30 6.50
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Mixture sources Assuming sources are mixture of pp and py

2040 proj. mem HESE 7.5yr | 2040 proj. mem HESE 7.5yr |
. pion decay wam pp, E287 ] muon damped wm pp, E7287 ]
8 ] pY: E_2.87 2 1 pV' E—2.87
% 6l . py, E—237 % . . py, E-237
> | >
= -
O 4t o 4
© ©
o) O
O O
Q 2 Q 2

8. 0.

1.0 1.0

12040 proj.
pion decay
0.8}

2040 proj.
- muon damped

0.2

E—2.87 ]
mm E237

0.8% 0.2 0.4 06 08 1.0 0.8% 02 04 0.6 0.8 1.0
fop, real fop, real
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Outline

** Determining neutrino flavour composition at the source

** Breaking the degeneracy with Glashow resonance

** Probing new physics with future measurements
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Neutrino Decay 3 :
Decay to a combination of mass states Jfsq = Z | Usil™ Jie

_— . =1
Standard Oscillation Neutrino Decay
o 0.0 v decay 0.0
Standard oscillations, NO : All regions 99.7% C.R. 1.0 °
All regions 99.7% C.R. 1.0 © mdecay: (1:2:0)qg 0.1 .
BB B 2020 NuFit 5.0 0.1 B | B 2020: NuFit 5.0 ' 09 O w
o o . 0.9 @ p-damped: (0:1:0)g 018 2040: JUNO A
2040: JUNO = A n decay: (1:0:0)g + DUNE | 0g
+ II_)IUNE K . - 0.8 + Hyper-K 0.3
+ Hyper- 03 L C-\’) . | .
< &
C N 04/100% 14
06 & W ,
Q N @ /AN ) ) O\ L---
v 0.5 G O AN )
. O‘z(‘ § -
< X
x04 = < 0.7 N
____________ — ,{'D' ,?
........ g X 2 ®
S 0.8 / {_/_ieerm=TT0
‘ AN ‘ AN ” 4 "0z N "‘o T S S s T Ot Sl
—=+72020 (pI'O!.)Z IC 8 yI (997 Yo C.R. ) 01 ==2020: TceCubeé 8 VI (99.70/0 CR) . . 0.1
— /2040 (pro!.): KD N Gen2 10yr (99.7% C.R ) ' 1.0 —— 2040: Combined v telescopes (99.7% C. .)1 00% Ul
1.0 — 2040 (proj.): Combined v telescopes (99.7% C.R.) 0.0
0.0 7 7 7 7 7 7 7 7 7 7Y
7 7 7 7 7 7 7 7 7 7Y

co o1 02 03 04 05 06 07 08 09 1.0

00 01 02 03 04 05 06 07 08 09 1.0 ,
Fraction of ve, fe o

Fraction of ve, fe o

Code available at https://github.com/songninggiang/FANFIC NS, Li, Arguelles, Bustamante, Vincent, JCAP/2012.12893
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Neutrino Decay

1 L
« Assume 1,, U5 decay invisibly, -
v, stable E
\‘:’: 0.7
» Assume pion decay at source 2 06
(f, ;]; ) = (1/3, 2/3, 0) §0.5
| | source z = 1
e Sum up neutrinos sources at M —E, =100 Tev
different redshifts 03] —F,=1PeV
Nl-(E,O) m;p 0-2; — 2y =10 FeV |
Dl= =Z(Z) TiHOE 01: | o | o |
N{(E, 2) 10°° 1079 10~ 10~
m/7|eV /s

See also 1208.4600, 1610.02096 for details

WIN 2023 Ninggiang Song (songnq@itp.ac.cn)
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v telescopes ® oscillation experiments my /T, (eV s~ )
Neutrino Deca 2015 (measured): IC & NuFit 50 | 41 %10
y 2020 (projected): IC 8 VI X NuFit 5.0 7.4 % 10—’)

2040 (projected): 1C 15 yr + IC-Gen2 10 yr

- —9
% (NuFit 5.0 + JUNO + DUNE + HK) 2.0 x 10
2040 (projected): All v telescopes 1.8 x 10-5
% (NuFit 5.0 + JUNO + DUNE + HK) o X
 Assume v,, U; decay invisibly, v/ O e a o
2’ 3 y y’ 1 E Invisible decay 2020 (measured):
T =1 _ 8 IC (Ap] 1, 98) ® NuFit 5.0
Stable . e s 2020 (projected):
(1 2 0) IC 8 yr ® NuFit 5.0
10°E \¥ 3" /s

2040 (projected): E
— (IC 15 yr+IC-Gen2 10 yr) ® -
(NuFit 5.0+JUNO+DUNE+HK)

2040 (projected):
(Combined v telescopes) ®
(NuFit 5.0+JUNO+DUNE+HK)

== Early Universe (2011.01502)

 Assume pion decay at source

(f, - f, = f)s = (1/3, 2/3, 0)

o
-]

N
II| I I |
I

Neutrino lifetime, 7 [s]

* Sum up neutrinos sources at different | Ny
redshifts 10° : |
]\IZ(E,O) mp 1 /' ;é g“
D; = = Z(z) " 10% / b 3 .
l ; / 2 s
NZ(E9 Z) E // Eﬂ‘ i
L4 |1.OI_2 l , ! , | | '1'0_1

NS, Li, Arglelles, Bustamante, Vincent, JCAP/2012.12893 Neutrino mass, m [eV]
Y3 Wong'’s talk
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Quantum Gravity at a Glance

» Micro BH production allowed if b < b, or Eqy; 2 M, Large Extra Dimensions
Arkani-Hamed, Dimopoulos, Dvali, PRD 1998

 BHs can be produced in high energy particle collisions

v, l,q
Graviton
dark matter

WIN 2023 Ninggiang Song (songng@itp.ac.cn) 23
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Standard Model Events vs Black Holes

10738
A N h

—~ 1073 V'~ - glU.OIl

5

3 WA W, 2

S —40

o p, V, €y, [y Ty {4

Graviton
CSM TR T e BHs
Y

- y=1-E/E, e N ~ 6 — 20 primary decay particles

Lepton energy in black holes tends to be smaller than in SM!
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Muon Energy Ratio in BH Tracks

muon energys, total

shower energy e, total

0.25

B v, CC, log flat
[ |BH M,=3 TeV, log flat

» Tracks producedinv,  CC 02 {ZOn CC.E?
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0.15 |

+ SM E,u > Ehadmn

0.1F

Fraction of events

 BH Ehadmn > E,u a

0

6 -4 -2 0 2 4

loglo(Eu/Esh)

Lower track energy/shower energy ratio in BH events
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Neutrino Telescope - Cherenkov Light Echos

 Particles from neutrino-nucleon
interaction deposit their energy

oromptly within 10~/ s, secondary
muons decay at ~ 1 — 10 us, and
neutrons are captured at ~ 200 us

 Hadronic showers featured with larger
muon echo and neutron echo than
electromagnetic shower

107 ———
ot ot
106 Prompt /- N\ ——-7 K}
- shower —Dp K~
| / - =P e
10° | L
___rfL .......... f}/
104 L -
O nuon echo
wl 4 hadi /Neutron echo
! - \/ ﬁ\
10% ¢ i T
d €7
/3
10~ 108 107 109 107 104 1073
t(s)
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See also Li, Bustamante, Beacom, 1606.06290
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Micro Black Holes at Neutrino lTelescopes

« 1, CC: Energetic EM shower with less
energetic hadronic shower

 NC: Energetic hadronic shower

« 1_CC: EM shower or hadronic shower
depending on decay product

* Black holes: Energetic hadronic shower
with less energetic EM shower

WIN 2023 Ninggiang Song (songnq@itp.ac.cn)
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Mack, NS, Vincent, JHEP 2019/1912.06656
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Black Hole Discovery Limit

WIN 2023
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M, (TeV) Mack, NS, Vincent, JHEP 2019/1912.06656
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Micro Black Holes at lceCube and beyond

 Mutitrack: BHs produce multiple
muons or taus

 N-bang: Multiple taus decay

 Kebab: Multiple taus decay along m“’“t"“k __________________________________________________ bang
with a track

* Double BH bang: BH decay s>y Yy '
product produces another BH @
¢ |
kebab double black hole bang
Rare but smoking-gun evidence ot BHs! Mack, NS, Vincent, JHEP 2019/1912.06656
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** Determining neutrino flavour composition at the source

** Breaking the degeneracy with Glashow resonance

** Probing new physics with future measurements

WIN 2023 Ninggiang Song (songnq@itp.ac.cn)
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WIN 2023

Thank you!

Ninggiang Song (songng@itp.ac.cn)
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Back up
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Spectral Analysis What future neutrino

observations tell us about the
0.0 neutrino flavours at high and
e 2040 combined LE 1.0 B B NuFIT5.1NO

e 2040 combined HE low energieS?
Preliminary 0.2
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20°N 20°N
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Ve fraction (fe, o) B &
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Arguelles, Bustamante, Fiorillo, Liu, NS, Vincent, 2303.xxXxXX

WIN 2023 Ninggiang Song (songng@itp.ac.cn) 33


mailto:songnq@itp.ac.cn

Shower

 Neutral current (NC) & v, charged current (CC) (low-£ v, CC)

icecube.wisc.edu
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Track

¢ U, charged current (CC) (v, CC)
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Double bang

« High-£ v_charged current (CC)
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S — (23 .

- *u‘l‘lnt'.?' =

icecube.wisc.edu
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Large Extra Dimensions (LEDs)

 SM particles are confined to the 3D “brane”

* (Gravitons can propagate in the 3+n D “bulk”

\>\J\w
S

ot bulk

extra dimensions

Arkani-Hamed, Dimopoulos, Dvali, PRD 1998
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Large Extra Dimensions (LEDs)

 SM particles are confined to the 3D “brane”

* Gravitons can propagate in the 3+n D “bulk” | (
77
ravitational potential % Qm .y
\
V(r) el (r < R) & V(r) elle: 1( > R)
r) ~ r ) ~ 2
le(+2 I"n+1 Mz_l_an . /\
Match two conditions at r ~ R bYOM@ bul/h

2 24+npn . .
Ml ~ M* R extra dimensions

Arkani-Hamed, Dimopoulos, Dvali, PRD 1998
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Large Extra Dimensions (LEDs)

Gravitational potential

V() ~ -2 : (r < R) & V(1) ~ —12 1( > R) A
r) ~ r r) ~ r
M)ré+2 pn+1 M£+2Rn e ' >
Match two conditions at ¥ ~ R % Q{(M}(’UUW
A
pronl
» The bulk Planck scale M, ~ eV < M, bMMQ

» Solve the hierarchy problem extra dimensions

Arkani-Hamed, Dimopoulos, Dvali, PRD 1998
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