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PLAN OF LECTURES

1 Historical remarks and general comments

From a multl -messenger Perspectlve

i1 Flavor and multi~messenger relations
i11 Cosmic acceleration, energetics and

SOUICES

Bonus: new phusics searches with HE astrophysical neutrinos
o oy



Disclaimer

[ will only discuss non-thermal emission

Non-thermal emission
Continuum radiation of a distribution of particles

with a non-Maxwellian energy spectrum, which

does not depend on the temperature of the source.
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FOUR MAIN OBSERVABLES

Standard expectation:
isotropy (diffuse)
directional (sources)

Standard expectation:
power-law spectrum

B
Lo
"
; ..'
. i
.:' .
iw 4
/
i

-
Standard expectation:

Standard expectation:
equal flux of all flavors

same arrival time as photons

IFIC & Argue”es M. Bustamante, A. Khelrandish SERS Salvado and A. C. Vincent, PoS (JICRC2019)849, 2020
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WHY DO WE CARE ABOUT FLAVOR?

It carries information about the

mechanism of Procluction...
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WHY DO WE CARE ABOUT FLAVOR?

It carries information about the

1
mcc

hanism of Procluction...

...but also about the way neutrinos Prol:)agate

From the sources to the cletector

Exotic Phgsics could Procluce deviations

from the standard expectations

6 Astrophysical neutrinos



STANDARD COSMIC NEUTRINO PROPAGATION
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BUT WHAT ARE NEUTRINO OSCILLATIONS?

Mass & Mixing = Oscillations

flavor eiqenstates mass eiqenstates

produced i CC processes free propagation eigenstates

connected via the (non-diagonal) PMNS mixing makrix

e Tt
2 2\/_W Z(KLG tuLa) + h.c. (lyu m)

o N_W 2(4& " PMNS)WVLJ.) +he. 3 Jve=mv,

IFIC iat(vz,R )i = H, (Vf,R )l.
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MASS & MIXING — OSCILLATIONS

ak short disktances

Astrophysical neutrinos



MASS & MIXING — OSCILLATIONS

at longer distances
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BASICS: OSCILLATIONS IN VACUUM

In primcipi.e, one should use wave paaw‘e&s, but using F}Lav\e WAVES
prcvac&es the correct result.

av
at

Each mass eigenstate evolves as a F?i.ane WAVE:

v, (1)) =e|v,(1=0))

and acquires a different phase Eit

=E v

but flavor eiqenstates are a combination of mass eiqenstates

v, ()=S0l () = Xt |y, (:=0)
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BASICS: OSCILLATIONS IN VACUUM

?robabiti&j of detecting Vp ot a time t after having produced Vo

2 2

Z U,Up, g

2

F.p :|<V/3‘Va (t)>

= Z UoUy, <Vj ‘ ¥i (t)>

but neukrine masses are very small, so Ehej are {almost) atwajs very relativistic

E (g
= pt—t=E+
2p 2FE
p) f non-degenerate states and

2
Am; / U subficient time of Etravel

—b
A & 2F
Poc,B = Z UociU,Bi € mass and mixing =
[

oscillations (Pag#0)
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BASICS: OSCILLATIONS IN VACUUM

P Pure quantum mechanical effect:
interference of different components
with different phases and amplitudes

? Relative phases depend on distance,
mass square differences and energy

P Amplitudes depend on mixing

2
ij

2
Py=08,—4 2 Re[UU,U, U, ] sinz( e ]+2ZIm[U;-UﬁiUW-UZJ SintAZZLj
- i
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BASICS: OSCILLATIONS IN VACUUM
(

cosf@ sinf )
For kwo neubkrinos: o .
g —sin@ cosé@ ;
Ve Vs

Am’L
4F

Maximal effect for L ~ £E/Am?

il
P,= sin” (29)Sin2( ( o Ger

=sin” (20)sin*| 1.27 —;
eV-  km E

If L << £/0m? ;: No time to oscillate Paﬁ = ()

[k
1f L »> E/Anm? ; oscillations are averaged <Pa >= 581n2(29)
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BASICS: OSCILLATIONS IN VACUUM

Maximal effect for L ~ E/Am?

L (distance)
From M. Maitoni
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BASICS: OSCILLATIONS IN VACUUM

Maxinal effect for L ~ E/Am? BB

From M. Maltoni

' I 1—(sin*28) /2

V’erv long distances <1=Pu>
L »> £/Am?

astrophgsical neutrinos

L (distance)
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BASICS: OSCILLATIONS IN VACUUM

Maxinal effect for L ~ E/Am? BB

, , From M. Maltoni
astrol:)h HSICEI neutrinos |
' I 1—(sin*28) /2

V’erv long distances <1=Pu>
L »> £/Am?

WAVE paat«f@.&s sagara& so Ehak &hﬁj
cannot be differentiated in the detector

<Paﬁ> = Z‘Uai
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FLAVOR RATIOS AT SOURCE AND AT EARTH

R A 1

!

e kv, (v, ) L

Pion sources (Ve g :VT)S =(1:2:())=>(Ve & :VT)@) =(1:l:1)
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FLAVOR RATIOS AT SOURCE AND AT EARTH

R A 1 Mgzt + v, (Vo)

! :

e +v,(v,) + ¥ IV.0 T e aeatiEy =+ v, )

Pion sources (Ve g :VT)S =(1:2:())=>(Ve & :Vt) =(1:l:1)

S

Muon CJamPecl (

sources Ve:vﬂzv‘f)s:(0:1‘0):}(‘@3"“3Vr)@=(4:7:7)
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FLAVOR RATIOS AT SOURCE AND AT EARTH
R A 1 Mgzt + v, (Vo) Jire > W, 4
l |
) : )

e’ +v,(v,)+v, (v,) e +v,(v)+v,(v,) e +v (v,)+v, (v,)

Pion sources (ve LV, :VT)S =(1:2:O)=>(ve V. :vt)@ =(1:1:1)
Muon damped
u:zuri:spe (Ve RS :V’”)S =(():1:O)=>(Ve | :V,L,)@ =(4:7:7)

Muon sources (v, :v, :v, ) =(1:1:0)=(v,:v,:v,) =(14:11:11)
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FLAVOR RATIOS AT SOURCE AND AT EARTH
R A 1 Mgzt + v, (Vo) Jire > W, 4
l |
) : )

e kv, (v, ) L e +v,(v)+v,(v,) e +v (v,)+v, (v,)

Pion sources (ve g :VT)S =(1:2:O)=>(ve b 1‘%)@ =(1:1:1)
Muon d d
u:(r;uri:fé (Ve 52 :V‘”)S =(O:1:O)=>(ve iy :%)@:(4:7:7)

Muon sources (v, v, :v,) =(1:1:0)= (v, :v, :v, ) =(14:11:11)

Neutron sources (Ve:VM:VT) =(1:O:O)=>(Ve:’vuz’vr) =(5:2:2)

\) S

n—=>p+e +v,
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FLAVOR TRIANGLES

First flavor analgsis of IceCube data: ©. Mena, SPR and A. C. Vincent, Phgs. Rev. Lett. 113:09110%, 2014
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GLASHOW RESONANCE AS
PRODUCTION MECHANISM DIAGNOSTIC

S. L. Glashow, Phgs. Rev. 118:316, 1960

r hadrons (7, K ,n...)

& Br=67%

G-Y. Huang and Q. Liu, JCAP 03:005, 2020
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GLASHOW RESONANCE AS
PRODUCTION MECHANISM DIAGNOSTIC

S. L. Glashow, Phgs. Rev. 118:316, 1960

#  hadrons (7 Kaln o

& Br=67%
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I F I C M. G. Aartsen et al. [IceCube Collaboration], Nature 591:220, 2021
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GLASHOW RESONANCE AS

PRODUCTION MECHANISM DIAGNOSTIC
T e ey )

!

Pion sources

pp <ue:yﬂzyf>s=(1:2:0)—><

(ue:yﬂ:vf)8=(1:1:0)—><

PY

et v (VIRY (V)

ve:yﬂ:yf> = (1 Gl l)
D

55 RV

ﬂ:y,[> =012 - 11=11
D

<De:Dﬂ:DT)S=(O:1:O)—> (De:DM:DT>€B=(4:7:7)
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GLASHOW RESONANCE AS

PRODUCTION MECHANISM DIAGNOSTIC
T e ey )

!

Pion sources eV (AT ‘_’M (v,)

44 (ve o VT)S=<1 B (ve e vf)®=<1 212D Not really the ideal scenario

Next generation?

(vezv”:vr)sz(l:le)e(ye:vﬂ:

10yr-IC-Gen2

- Protons
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V:V:V):(O:1:O)_><Vezyﬂ: AR 20 40 60 80 100 120 140
S Exposure [IC86 equivalent years]

D. Biehl et al., JCAP 01.0%3, 2017

o ;DT)S=(0:0:0)—>(ae:pﬂ:z%:(o:o:m

.
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https://iopscience.iop.org/article/10.1088/1475-7516/2017/01/033/pdf

THE CR/GAMMA-RAY/NEUTRINO CONNECTION

\ Neutrinos and photons are guaranteed byproducts of high-energy cosmic-rays ]

Zx  Gamma rays (Fermi 2017)
K1 Neutrinos (HESE 7.5yr, this work)
¢ Cosmic rays (Auger 2017)

|

_ gw&r w%» e OMWM rhys relfuas and casimic riys éf()wv COSIWG som%%

101 103 105 107 109 1011
Energy [GeV]

R. Abbasi et al. [IceCube Collaboration], arxiv:2011.03545
21 Astrophysical neutrinos



https://arxiv.org/abs/2011.03545

THE CR/GAMMA-RAY/NEUTRINO CONNECTION

pp or py

Cosmic—-rag interactions oH CM!
P+ Yo > A—>n+7a"
P+Ves —A— p+7’

—

Exotics

INSTITUT DEFisICA . Sergio Palomares-Ruiz
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COSMIC NEUTRINO PRODUCTION

(=)
"= U+ VvV, <Ev>:E7t/4
do (E,=E,/2) dd (E))
W e +v,(V)+v,(v,) <EV> =i 4 e it E L~ 6 dyEyy
7[097/+7/ <Ey>2En/2
interactions
PP E 2 E / 5 average fraction of energy tra,nsmcerreci
7/ | P from the Proton to the pron
zt+n
+ o A g e do (E, = Ey/ 2) 3 dCI)y(E},)
PR L D dE, K" dE,
PY interactions comoving frame: 4 8}2 E]; > mi en m]%
n— pte (E )=5x10"E,

23 Astrophysical neutrinos



Exercise:

What is the minimum neutrino energy from Photohadronic

(resonant) Procﬂuction oft stellar light?

Consider a backgrouncl Photon field with a wavelength of 200 nm.

To reach PeV neutrino energjies, w

Photon backgrouncl needed in hig

INSTITUT DEFisICA . Sergio Palomares-Ruiz 24
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CR/GAMMA-RAY/NEUTRINO CONNECTION

Some definitions:

R, : ielasticity of the hadronic interaction
K, : nelasticiby (per pion) of the interaction

N_: number of produced pions
v prmbabiti&v of pion production in the source

N -
For pp, kK, =05, K, = =) K
%ﬂo Kk =— ~ (.2 fo=1—e¢*fon
For py, K, =0.2, K, = Nﬂ =1 Nﬂ
70

Average energies of neutrinos and photons:

E
(E)) S Kt <E”>_ﬁ20.05 2 s <E”>_&N
A > 1 (E,)) =K, E, =~ =— ~0.1
N 2 Ey 2

INSTITUT DE FISICA . Sergio Palomares-Ruiz 25 Astrophysical neutrinos
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Relating number of plons to number of neutrinos and photons

Nﬂ¢=—
2

dE Nﬂo e —ydE

Y
K, Ey dEl/ : 2 E dEV

1 J'KyEz dNVM 1 J'KJ/EZ dN

Ky
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Relating number of plons to number of neubrinos and photons

1 K, Lk, dNy 1 K, E, dN}, o
NS - dE N 70 — _J' T
T J p B 2 Sl
Differentioting with respect to E,
Ky dNy Z dN Tt Ny dN}’ 2 dN !
2 dE, TE, 2 dE, 0 dr.,
E=Kx E E B E E

INSTITUT DE FISICA . Sergio Palomares-Ruiz 26 Astrophysical neutrinos
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O: number of particles per unit time and energy

E 42
0, (E)==0, (—) ~8Q,.(4E,)

Ky

INSTITUT DE FISICA . Sergio Palomares-Ruiz 27 Astrophysical neutrinos
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O: number of particles per unit time and energy e 5
N,
> E :
Q, (E,) =— Q= (—) ~ 80, (4E,)
Ky Ky 9) Ey
1 Qy<EV> TRy <2Ey>
v / Y
0, (E,) = —Qu <_) =40, (4E)

INSTITUT DE FISICA Sergio Palomares-Ruiz 27 Astrophysical neutrinos



O: number of particles per unit time and energy

2 E
0, (E,) == 0, (-) ~8Q,.(4E,)

Ky

| |

3 ; an (Ev) G E) <Qvﬂ (EV) T Qve (Ev)> ~ 40, <4E )
|

3 Z EQ, (Ev) ~ 4k, O (4 Ev) £ [E” O (Eﬂ)]E,;Ey/Ky
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v 7 v
1 K. 1 K, K, K, E5
g;Qva<E1/> E_UQEO(K_U) = 2k, Q}’< K, ) gKﬂQY(2E>

INSTITUT DE FISICA . Sergio Palomares-Ruiz 28 Astrophysical neutrinos
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Recalling that Qﬂi (Eﬂ) = KjZ Qﬂo (Eﬂ)

Assuming a fraction f; of the energy goes into pions (calorimeter)

i -
E]% Q]ti (Eﬂi) zfﬂ' 1+ K E]%TQN (EN)

EN:Eﬂ/KT[

INSTITUT DE FISICA . Sergio Palomares-Ruiz 28 Astrophysical neutrinos
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Assuming a fraction f; of the energy goes into pions (calorimeter)

i :
) & 7 0

Ev=E,/(k, k)]

INSTITUT DE FISICA . Sergio Palomares-Ruiz 28 Astrophysical neutrinos
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THE WAXMAN-BAHCALL BOUND
(ON THE DIFFUSE NEUTRINO FLUX)

dCI)ya (EV) d(DIv)aS (Ev> (1+2)°
dE j 4z di(2)

1%

n(z)dV. = J 0, ((1 + 7) Ey) n(z)dV.

1%

o 450 dz i
Vo=rddos d=01+2r
Z

INSTITUT DE FISICA . Sergio Palomares-Ruiz 29 Astrophysical neutrinos

CORPUSCULAR



THE WAXMAN-BAHCALL BOUND
(ON THE DIFFUSE NEUTRINO FLUX)

do, (EV) d(DIv)S (Ev> (1 + 2)?
e : dV, = 1 +2)E A%
dE, j ; n(z)dV., J 2@ 0, (1+2)E,)) n(z)dv,
dV—rZa’Qi d=04+2)r
3 H(z) 7
d®, (E) 1 [® dz B GES ¢(E)
JE —4—7J0 " nz) 0, ((1+Z)Ey)—4ﬂ 7 L QA = Py ny0, (E,)
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THE WAXMAN-BAHCALL BOUND
(ON THE DIFFUSE NEUTRINO FLUX)

4o, (E,) [ dOfS (E) (1427
: = 1+2)E dv
dE, j ; g J 47 d3(2) . (12 E ) WY,
dV—rza’Qi d=04+2)r
3 H(z) ”
d®, (B ) e st dz b GE ¢(E)
JE 4_”Jo " n(z) 0, ((1+2)E,)) = i 2 i it ny0, (E,)

, AP, (E) 1l (BT 1

_Z B ZHOU 173 250,(E)

(04
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THE WAXMAN-BAHCALL BOUND
(ON THE DIFFUSE NEUTRINO FLUX)

4o, (E,) [ dOfS (E) (1427
: = 1+2)E dv
dE, j ; g J 47 d3(2) . (12 E ) WY,
dV—rza’Qi d=04+2)r
3 H(z) .
d®, (B ) e st dz b GE ¢(E)
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THE WAXMAN-BAHCALL BOUND
(ON THE DIFFUSE NEUTRINO FLUX)

4o, (E,) [ dOfS (E) (1427
: = 1+2)E dv
dE, j ; g J 47 d3(2) . (12 E ) WY,
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Using H«e measured iumimos&'j: L N(EN) = ng E]%, Oy (EN) ~ 10 erg Mpc = yr~!

d®, (E,)
Eyz a;xE ~ 10—8 GeV Cm_2 g~ lgr1 E. Waxman and J. N. Bahca”) Phgs. Rev. D59:025002, 1999
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IS THIS A ROBUST
Mang assumptions

- thin sources

- proton composition

= 1 % spectrum

- hormalization at £, i\ = 1010 ey

- nelasticities and average energies
talkeen as imd&pe&md&%& of the scenario
- energy losses are not included

present work:
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FLUX ESTIMATE FOR A STEADY SOURCE

Using the IceCube do, ( Ey)
measurement of the E’ .
diffuse flux dk,

For an individual continuously emitting source at 10 Mpe

dcbfj (E,)

v

~ 1078GeVcecm s st

I E >
E? ~ 107" TeVcem=2s™! o ¢ ol B St
f dEv Cz Po d

discovery potential for
steady source candidates
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FLUX ESTIMATE FOR A TRANSIENT SOURCE

Using the IceCube L)) ( E )
o) v, 1%
measurement of the E

Lifficae fLik dE,

For a bransitent source at 10 Mpc Z e Ey) = ,O(Z)
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discovery potential for
transient source candidates
in 10 years
closest transient source in FoV
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