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NEUTRINO SE HNTH{AUIONS MOTIVAHON

vSI often arise naturally in well-motivated BSM models, including
o DM-v interaction models, spontaneous breaking of lepton number symmetry, Majoron
models, etc
o Neutrino mass generation
Neutrinos Are the Perfect Portal to New Physics
o sensitive probes of hidden sectors
Cosmological Relevance
o  May help resolve cosmological tensions
m Hubble tension - disagreement between late- and early-time measurements
m Matter power spectrum
o Production of dark matter in the early Universe

NOt Yet EXCIUded by Data CMB - Coemic microwave backgrovnd
(SS - large-ccale ctructures

BBN - Big Bang nucleseyuthesic



Coupling

> Active + Active
> Active + Sterile
> Active + DM

Coupling to neutrinos
> Flavor universal
> Flavor non-universal

Free parameters
> Mediator mass
> Coupling strength

NEUTRINO SHF INTEM[TIONS
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Neutrino nature
> Dirac Neutrino
> Maiorana Neutrino
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Type of mediator

> massive scalar
> pseudoscalar

> vector

> axial-vector field



NEUTRINO SHF INTERA[TIONS

In the scenario of minimal coupling, neutrinos may couple to a massive
scalar, pseudoscalar, vector, or axial-vector field .

L= giUivuVi®" | (i,j=e,u,7)
£s: gijgiqﬁl/j

Framework: Flavor universal coupling.
Universal neutrino masses.
Mediator coupling to other particles is effectively negligible.

The mediator mass M and coupling strength g, are free
parameters.



HOW NS CAN BE MEASURED AND CONSTRAINED!



HIGH ENERGY ASTROPHYSICAL NEUTRINOS
SCATTERING ON
COSMIC NEUTRINO BACKGROUND ((wB)

High energy neutrinos (HEv) must travel tremendous distances from the source to
the detector on Earth. And if we assume existence of vSI, instead of free-streaming,
these HEv may scatter on the abundant CvB, which consists of relic neutrinos with
very low effective temperature. Thus such a scattering will ensure a visible energy
loss, and will remove the HE neutrino from the initial flux.

* Average CvBdensity x  Effective CvB temperature

n=12 CI'TT3 er flavou -
n. ~ 340 cm'g Ifotao/ ] TeffC“B =1710% eV



OPTICAL DEPTH

Idea: IF we obeerve a neutrino from a distant covrce, it means the cpace between the covrce and

ug is not opaque to neufrinos.
To ensure that, we impose the transparency condition:

T <1

T=7 corresponds to one interaction length on average along the line of sight.
For nearby sources (small redshift) at dista,gce D, this condition translates into

T=D/A<1
\/_\

The detection of neutrinos from a HEv source requires that the mean free path of neutrinos
through the CvB is comparable to or greater than the distance to the source. So we set
this condition to the mean free path to experience at least one interaction




MEAN FREE PATH ]

Our next step is to calculate the mean free path, which is the inverse of the
interaction rate:

- dp i - interaction rate
A ! — / X f(pX) Uholler U('S)

(2m)3
2 g ~ g4

This results in limits to the neutrino self interaction coupling:

[vx|



X - ctands for background
TWO BACKGROUND REGIMES
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Source  SN1987A NGC 1068 PKS 07354178 TXS 0506+056 KM3-230213A

Mean energy 10 MeV 10 TeV 171 TeV 2900 TeV 220 PeV
Distance D 55 kpc 13.4 Mpc 1.9 Gpc 1.3 Gpec -
Redshift 2 0.00045  0.00379 0.424 0.336 -
0506+056.
ga,beruova 198 NGC 1068: -~ TX§5 ...... +5 ....... PKS 0?35"'7"2_?---“
Active Galactic Nocle. Blazar. Neutrino evente were Blazar. Neutrino events
Neutrino evente by Neutrino evente were detected by TeeCube and were detected by IceCube,
(SD, BUST, IMB and detected by TceCube. Baikal-GYD Baikal-GVD , BUST , and
Komiokande I1. KM3NeT .
The origin of high-enerqy astrophysical neutrinos: new recultc and prospects - Sergey Troitoky B/azar: EB € (7- €]/ - /D e]/)

Neutrino Echoes from Multimessenger Transient Sources - K. Murase Tan M. Shoemaker



RESULTS

FLAVOR UNIVERSAL COUPLING CONSTANT



EXCLUSION PLOTS FOR THE COUPLING CONSTANT 6 FROM THE VECTOR MEDIATOR MASS M

The regions above the curves are the regions of exclugion.
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SCALAR V'S VECTOR MEDIATOR, TXS 0506+056
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The left parel displags NR (VB regime, neutrino masem = 103 €V.
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The right panel chowe the behavior of the coupling constant with the
accovnted shape of UR (V B.

The regions above the curves are the regions of exclugion. 13



SCALAR: MATORANA VS DIRAC
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Ullbw EVENT WITH
UNDEFINED S5OURCE:
(M3- 230213



Representative dictancee

EXCLUSION PLOTS FOR THE COUPLING CONSTANT FROM THE MEDIATOR MASS M FOR A POSSIBLE SOURCE OF
KM3-230213A 220 PEV EVENT WITH UNCERTAIN DISTANCE:
VECTOR MEDIATOR, DIRAC NEUTRINOS

Distance Redshift (z)

10kpec ~2x10°6

10 Mpc ~2.5x 103
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2 /
Dached lines correcpond numerical ectimate for a very distant cource (z = 12) with cosmological expansion T7(E) = /0 -I¥(z')(++z’) L(E(1+2'),2").

taken into account

The KM3-230213A event can provide ctronger constraints than previous evente if it originates from beyond

16
the local universe (1 Mpe).



EXCLUSION PLOTS FOR THE COUPLING CONSTANT FROM THE MEDIATOR MASS M FOR A POSSIBLE SOURCE OF
KM3-230213A 220 PEV EVENT WITH UNCERTAIN DISTANCE:
SCALAR MEDIATOR, DIRAC NEUTRINOS

Representative distances

Distance Redshift (z)

10kpe ~2x10°6
10 Mpc ~2.5x 10 3
1 Gpe ~ (.25

4.12 Gpe ~ 12

437‘
——— 10Mpc 10Mpc
1Gpc 1Gpc :
L]
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NR (N B regime UR (VB regime

The colored regions illvstrate excluded values of VST coupling constant for UR (N B and HEV From correcponding distance.
Dached lines correcpond numerical ectimate for a very distant cource (z = 12) with cocmological expansion taken into account

NR regime ic taken with nevtrine mace m = 107°.

The KM3-230213A event can provide ctronger constraints than previous evente if it originates from beyond the local vniverse (1 Mpe).
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(UT-OFF PARAMETER, NR (UT-OFF PARAMETER, Uk~ 4 < (Mg—ﬂ ) v
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For masclese mediator:
The total crocs-cection is determined by integrating the differential cross-cection over the range —¢ < ¢t < 0.
—¢(1-€)<t<ce.

Debye ccreening € ~ _(]2 (10_11 = 1()_14) for SN1987A.

—-37 23
Angular cutoff € = 10



/Meafuremeh tec

Laboratory bounds up to 0(100 GeV) come from searchee for

K Invicible Z bocon and Higge decays (LHC)
o Z—>Vwv
o Z — VoV
o H = v v
T decaye suochas T — UVl
Rore meson decays  m~ —» L vpg: m~ — [ T UD.

Neutrinoless double beta decay

B NEMO-3, Kaml AND-Zen, Majorana, CUPID-0, SNO+, CUORE, GERDA, EXO-200
Pion decays

* %

Collider searches for new neutrino ccattering miscing energy channele

o (HC, Belle-IT, NA62, DUNE in utvre pp — €2 K}jj +E®*= (a,B=¢, u,T)

24



Meafuremeh tec

VST can delay neutrino decoupling, change free-ctreaming of nevtrinos

Cosmology scale of el/ to MeV/

* Big Bang Nuclessynthesis (BBN) -
neutrinos significantly inflvenced the era of BBN

O  affects the predicted abundances of light
elements

Y Cocmic Microwave Backgrovnd (CMB)

O chift the CMB power cpectra peaks

*  (arge Scale Structoree ((SS)

o matter cluctering on cmall scales can be altered,
altering the mafter power spectrum, matter
distribotion in the (niverse

K Hubble expancion rate

O increases the total radiation energy density at

recombination



/Meafuremeh tec

Mediator—Neutrino Coupling

10

K  Cocmological constraints
O  Big Bang Nuclessynthesic (BBN)
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mechanicm
k Laboratory bounds
O Meutrinoless double beta decay

O  Rare mecon, T decaye
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Neutrino Self-Interactions: A White Paper -
J. M. Berryman et all, 2022

105 O (ollider searches for new neutrino

ccattering (DUNE, FPF)
m pp—o [, P jets
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Meacvremente

Astrophygics ccales vp to 0(100 MeV) (with thic
analycic up to Ge V)

X Supernovae, Blazare, AGN, ete
X Modified obeerved signal [g'igua/ duration,
compocition, cpectrum) of high-enerqy
neutrinos at Ice-Cube, KM3MNeT , Baikal GVD
O due to procesces incide the source
O while traveling to Earth
* Mixing, masses and possible new interaction

forme of neutrinog

Bounds on secret neutrino interactione from high-enerqy astrophysical
neutrinos” - M. Buctamante, (. Rocenstrm, $. Shalgar, and I. Tamborra.

“Neutrino Self-Interactione: A White Paper” - Berryman, ]eﬁrrey M. et al 27



PROCESSES

(ONTRIBUTING TO THE HEa SCATTERING ON [vB

______________________

—————

t+u channel:

VcvB VCcvB
VcvB

N

VcouB VcvB  VcuB VcouB VCuB
v v v v 7
Table I1I: Differential cross-section, massless neutrino

Process Channel (do /dt)(87s*/g")

. V. 3413 2(—s?) 3443
UiV; = VUiV u+t (us—M")z (t—=M*)(u—M?) > (f‘u—)";’;)7
2 ax 243 2 2 2442
i Bt u"_,fﬁ)a G- M(l)zll )AP) L (;‘_,&'&)a

2,442
Vivy = Vv I ﬁ—’IT)!
Vivj = Vv t (—"‘_L“/'t’-‘%;

N
\N|
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RESONANCE REGION: NWA FOR UR REGIME

t+u channel:

_____

—————

t+s channel:

VcvB VCcvB

VcvB

VcouB VcvB  VcuB VcouB VCuB
v v v v 7
Table III: Differential cross-section, massless neutrino
Process Channel (do /dt)(87s*/g")
. Y o, B 2(—s%) 2+s2
VUi = UV u+t ("”_Mz)’ (t— M’)(u M?) + lu M.: g
= = 2, 42 2 3 2
i Bt (z'i/:f-‘;)i e M( );"_) i W ,&';)1.’

viv; — 17_.)' vy

u? 412
s ( MD’

Vivj = Vv

U S

(t

N
R
\N|

Narrow Width Approximation

| /'M—=0 T
— 55 — M2,
=P ARE | METE

el 92 TCVBM2

—M2/4ETCUB
"~ 8t (2E)2

I'p ~ ﬁg2M per flavor
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DETALLS



COMPARISON OF UR AND NK CwB REGIMES
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The regions above the curves are the regions of

exclusion.
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NON -RELATIVISTIC CONSTRAINTS ON COUPLING CONSTANT FROM SN & B: = (m)”“
NEUTRINO MASS DEPENDENCE
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108

1 1 1.1 1 1L L 1L J N|. V
10 1000 108 107 =
Tllustration of censitivity of a coupling constant exclvcion to the nevtrins mass variation in NR regime. The plot demonstrates how
the pocition of the c-reconance dip shifte with changes in the neutrino masg. In thic scenario, the nevtrine mase ic assumed to be
common for all favors.
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FLAVOR NON-UNIVERSAL
(OUPLING CONSTANT



FLAVOR NON UNIVERSAL INTERACTIONS: COUPLING CONSTANT FOR SUPERNOVA
NA U

1
Flavor universal : 107 1 Flavor universal

i ' | '
gindes Flavor non-universal, g ! - Flavor non-universal, g !
! L L L ! s M. eV ! il L 1

0.001 1 1000 108 109 0.001 1 1000 108 109

Dependence of the coupling constant from the mediator mase for flavor universal and non-univercal (0 ) regimee compared.

The regions above the curvee are the regions of exclucion. NR regime ic taken with nevtrine macem = 103 €V.

+ M, eV
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EXCLUSTON PLOTS FOR THE COUPLING CONSTANT G FROM THE MEDIATOR MASS M

The regions above the curves are the regions of exclugion.
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> (NB distribution is reduced to Maxwell-Boltzmann
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Vertical dashed lines - ¢-channel reconances
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EXCLUSION PLOTS FOR THE COUPLING CONSTANT FROM THE MEDIATOR MASS M FOR A
POSSTBLE SOURCE OF KM3-230213A 220 PEV EVENT WITH UNCERTAIN DISTANCE

10 kpc
10 Mpc
— 1GpC

10 Gpc
I )

Representative distancee

Distance Redshift (z)

10 kpc ~2x10°6
10 Mpc ~ 2.5 x 103
1 Gpe ~ .25

10 Gpce ~ 12
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— 1GpcC
10 Gpc
L 1 Log[M]. eV

NR (N B regime

UR (N B regime

The colored regions illustrate excluded values of VST coupling constant for UR (N B and HEV From correcponding distance.
Dached lines correcpond numerical ectimate for a very distant cource (z = 12) with cosmological expansion taken into account

NR regime i¢ taken with nevitrine macs m = 107>
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The KM3-230213A event can provide ctronger constraints than previous evente if it originates from beyond the local vniverse (1 Mpe).



RESULTS

In thic, work we investigated a particular model of NST with Dirac neutrinog and macsive vector boson as NSI mediator

We obtained
* Awalytical formula for UR (and NR) CnB with bull mase dependence

* Constrainte on NST coupling conctant by HE wneutrinos propagating through the CnB, from SN, Blazars and AGN neutrinos
ceaftering on NR and R CrB

* Constrainte on flavour-non univercal NSI
* Applied recent KM3-230213A to constrain NST

The results are in consistency with the literatvre, and offer

3 more precise analycis on the angle cut-off parameter for the given model,

and inclvde
% intermediate mass region of the NST mediator to the constraints on coupling constant.
o extended constrainte up to mediator mase of GeV scale
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ASSUMPTIONS

Mediator mass: Full dependence over the relevant interval without splitting into the limits
Backgrovnd regime: both NR and UR

We average over angle between incident neutrino and background neutrino

We adopt (N B-spectrum with temperature 1 0 7 el however for calcuvlatione, we redvce it o the
Maoxwell-Boltzmanw. distribution.

Angle cut-off : ¢ (I—e) < t < - ec

We acsume e — p = T univercality in the non-ctandardV -V interaction
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PROCESSES CONTRIBUTING TO THE HEar SCATTERING ON (B

______________________

—————

t+u channel:

v(p) v(p')  v(p) v(p') v(p) I v(p')
v(k) v(k') v(k) v(k'") v(k) (k') .

Table II: Differential cross-section

Process Channel (do/dt)(8ms(s — 4m?)/g*)
pom  we | dwiwtesgi 20 Gon)) | e etet ot
o s+t e
ViV — UjVj S (S+t)21:£t:;j;t;2))2—8m4
Viv; — Uiv; t (-5'+t)2-i'((ts_—;f2n)22)2—81n4
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ASYMPTOTIC LIMITS

Heavy maccive mediator limit Magslecs mediator limit
. 1 2/ 4
Process Channel| (do/dt)(87M*s*/g") Process  Channel| (do/dt)(87s%/g")
VT ST, utt |LAR+£ 1)? Sy Wi || et
UiU; > UiU;  utt |5 (45 + 17+ (s +1)?) iVi iVi : [
& « « —_— ———— D 2 . 2
viv; = Uiy s+t 4(s+t)% + s% + t2 viv; Uiy s+t |2(1 4 (g:.;t) 1 (g:zt) )
: 2442
ViV = UiV, s t2 + (s +t)? ViV = UV, S (SHS); i
—_— i ¢ 2 2
UilVj — UiV t 82 + (s +t)? UiV — Uil; t %ﬁ-
4 Qas 4 @
o(s) =g — o(s) =g" -

do = doy, + doyy, + 2doy, + Adoyp,,,



Table I11. Differential cross-section for scalar coupling

Process Channel (do /dt)(8ns*/g")

. - 2 - —t 12
VUi — U;V; u+t (,‘_"_Mz)! (S Szz-ﬁfi * (t—M?)?
_ _ 12 —t =
Vil = Vil s+t (g_Mﬂ)! = is—M,;i:—M!; + (,.-‘;w?)’
5 e 2
Vivi = Vjv; . Gy
— - 2
Vivj = ViV L (‘__;,p)!

Table IV. Cross-section for scalar coupling

Process Channel (do/dt)(87s?/ 94)

V:U: — U:V: t u? —tu 12
ViV = Ui u+ [ Y R 0 | Y ) I TS Ve

g o 12 —Ls 82
Vivi = ViV s+t (‘_Mz)i P (_.,_Mi)(:_Mi) a3 (.-:-M"‘)Q
Tiv; = Bjv; s Rx [CATET LT
Vivj = Viv; t g (M2 - MA"% + 5+ 2M?log [MM%])
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