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New light mediators in the neutrino (v) sector
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@ Two of the most important challenges in cosmology and particle physics:
understanding the dark matter nature and the lepton flavour violation in v propagation

@ Beyond the Standard Model realisations that feature new low-mass mediators

— Well-motivated low-mass mediator models postulate the existence of new heavy
gauge-singlet fermions that mix with the SM v’s and can explain their lightness

— Some models can explain the discrepancy in the muon anomalous magnetic mo-
ment, (g — 2),, and connect to a secluded sector that could account for the dark
matter content in the Universe = U(1),,., the simplest extension

— Low-mass mediator scenarios provide new interactions in the neutrino sector
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Supernova neutrinos

v’s are crucial in proto-NS evolution = good sites to test new v interactions

During the final phases of core collapse SN, and after the initial burst, v’s are still
trapped due to their scattering with Ns within the nascent proto-NS and are emitted as

it cools down (Kelvin-Helmholtz cooling)

@ Emitted v's observed during
fignat ~ 10 s from the SN 1987A

@ 1.na proportional to the v diffusion time

in the stellar material fgna ~ 10 gi

@ The observed emision time is compati-

ble with the one predicted by the SM
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Neutrino energy distribution inside the proto-NS

T, ng and Y, from Fischer et al., PRD 85 (2012) 083003,

Hivs Hps My, and m;\‘, from Cerdefio, Cermefio, Pérez-Garcia and Reid, PRD 104 (2021) 063013
Neutrino’s chemical potentials for the different flavour 15, =

“Hygr By = My =0

R (km)|T (MeV)|np(fm™®)| Yo || uh (MeV) | g (MeV) 5, (MeV) [my (MeV)
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Resonant production of light mediators in the SN interior

Vg vg vg vg

@ The process vv — Z"™* — v¥ can be resonant if my ~ T ~ 10 MeV

@ We study the effect on the SN neutrino flux duration in two regimes

> Large coupling regime: o5 2 o,n

> Small coupling regime: Z’ decay length £z > 3 m ~ standard v mean free path

@ Ifo,; 2 oy, v's will behave like tightly coupled perfect fluid and 14 will not be affected

Dicus et al., PLB 218 (1989) 84

@ For {7 > R,; ~ 20 km, t4.a Can be shortened by half if the energy taken away by the

7' is comparable to 3 x 10°* erg (energy taken by neutrinos in the first 10 s)
Burrows, Turner, Brinkmann, PRD 39 (1989) 1020, Choi, Santamaria, PRD 42 (1990) 293,

Raffelt, Phys. Rept. 198 (1990) 1
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Neutrino-antineutrino coalescence in the U(1),,-,. model

Vg Vs Vg L)

@ The U(1).,-., model is a simple anomaly-free extensions of the SM which feature a
Z’ vector boson that mediates new interactions in the neutrino sector

2
myz,

1 ’ ’
LL,,—LT = _ZZ aﬁzaﬁ + 2

2,2 + Z, gy (BY" 1 + 9,y PLvy = TY"T = 7" PLy) J

Z&p = aaz; — 037, the field strength tensor, P, = % (1 —ys) the left chirality projector
B = u,7: tree level coupling only to u, 7, v, v, and their antiparticles

my the mass of the gauge boson, g,_. the gauge coupling
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Large coupling regime: Neutrino energy redistribution

@ Linear momentum conservation = short-ranged v — v interactions inside the proto-NS
cannot change the energy flux of v — ¥ gas = £ Not affected

@ v — ¥ coalescence can redistribute v and v energies with a rate larger than that of
scattering off the background matter

2
v with energy E| = nT — A interacting with ¥ with energy E, = m > E| produce
the Z’ on-shell (A positive constant and 6 the angle between v and )

The final v and 7 from the Z’ decay will have a flat energy distribution in the range
[(Er + E)(1 = vz)/2,(Er + E2)(1 +vz)/2],

with vz = (1 — m2, /(Ey + E2))'?
The less energetic v with initial energy E| will gain energy and will become more
bounded to stellar matter (o, y o E2)

@ The fraction of v, and v, with E, < T (E, < T/3) is only 8% (0.48%) of the whole
number density, impact on z4¢ not observable in the SN 1987A data

@ Future SN detection?
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Large coupling regime: Neutrino energy redistribution

Values of (g,,—r, mz) for which the average of the v-¥ scattering rate via Z’ equals the SM value in each
of the proto-NS shells = neutrino energy redistribution for ~ 10% of the total neutrinos emitted

Cerdefio, Cermeno, Farzan, arXiv: 2301.00661

102 T

The average of the v-v scattering rate via Z’ 10-3
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Small coupling regime: Shortening of the v flux duration

@ We study cases when the Z’ decay length, {7/, is3m < £z < 20 km

¢z calculated multiplying the Z’ lifetime by v, = E» /mz and v, averaged over Ez
(R,—z ) is the average in E, of the vv — Z’ interaction rate

&p;
2n)3

RVY/HZ’ (Ev) = f(E\?s /J;’ T)ll_}v - v\?lo-WaZ’

@ Inatime 1,712 = c/(Ry-z), vv = Z' and Z’ decay into vv at a distance ¢z

@ After time ¢, v-¥ pairs take N = t/7,;» random steps, which takes them on average a
distance VN¢, far away from where they started

For VN¢, = R,; = the v diffusion time 0 = (Rus [ €)ooz

Describing the proto-NS interior with 6 different shells of radius R, (different T)

k=1

n RZ _ RZ_
=y %q J
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Small coupling regime: Bounds U(1).,r.
The total energy in form of v, ¥, at the on-set of the cooling phase is ~ 3 x 10°! erg

@ If t:;;” < 0.1 s, the energy transfer via the Z’ production will be comparable to the
luminosity within the SM, #44na Shortened by half = lower limit as long as [» < R,
Cerdefio, Cermenfio, Farzan, arXiv: 2301.00661

For ¢z > Ry, if the energy taken by the Z is ~ 3 X 10% erg in the first 10 s = fygnal
shortened by a half (cooling bounds, for U(1)y,., Croon et al., JHEP 01 (2021) 107)
1076 .

Nerr

thev=0.1s

10~°9} cooling

ol Ly—Le

10° ToT
mz [MeV]
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Conclusions

@ We have investigated the effect of the resonant production of low-mass vector media-
tors from v-v interactions in the core of proto-NS on the v signal duration in SN

@ We argue that, if v-v interaction rate via Z’ can exceed that of the SM scattering off
nucleon, v and ¥ energies can be redistributed, leading to an enhancement in the
burst duration. Too small effect to lead to a discernible impact in the SN 1987A data

@ For the first time, we have focused on the region of the parameter space for which
the decay length of Z’ is larger than the standard neutrino mean free path, ~ 3 m, but
smaller than the proto-NS radius

@ We have showed that, in this range, the v burst duration can be significantly reduced,
allowing us to rule out new areas of the parameter space for the U(1).,-, model with
couplings of ~ 6 x 107® (extending the excluded regions from cooling)
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Relation between v emission time and diffusion time

@ At the onset of the cooling phase (~ 1 s after the bounce), the luminosity is of the
order of 10 erg s~! for each v and ¥ species

@ The outer layers cool down fast, the neutrinosphere recedes to smaller radii and the
luminosity quickly drops

@ The neutrino emission is backed up with the diffusion of v’s from the inner layers.
Due to multiple scattering, v's take a sizable time to reach the outer layers of the
proto-NS, from where they are radiated out with a time scale of
Janka arXiv: 1702.08713. In 'Handbook of Supernovae,” Springer

3 B ()
lsignal ~ EZEV Rns /_l ~ IOS,

th

@ E)" and E), are the total baryon and neutrino thermal energies, E};'/(2E),) ~ 10

(1/4) the average of the inverse of the neutrino mean free path

@ R2(1/4) (where R, is the radius of the neutrinosphere) gives the time scale of the
diffusion of a single particle with a velocity of light and with random walk steps of A

@ In order to fullfil £igna ~ 10's, R2(1/4) ~ 3s/c. From our calculation we get

R%(1/4) ~2.95/c for electron neutrinos and 1.3 s/c for muon and tau neutrinos
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Neutrino Iuminosity
Fischer et al., PRD 85 (2012) 083003 Mpyo; = 18 Mg,
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Calculation of the mean free path

The average of the inverse of the mean free path for neutrino scattering on a target particle, j, can be
calculated by integrating the invariant cross section, Tyg,j» AS follows

JdEf(Eyy. 115, TIES A ) (Eyy)
J dEyf (Eyyopt3,. DES,

’

(1/dy) =
where 8 = e, 1, T indicates the neutrino flavour and
- d3ﬁ * - —
5l E = Y, [ e B D5, =
J

is the inverse of the neutrino mean free path including neutrino scattering with all possible targets.
g denotes the relativistic degrees of freedom of the corresponding target and |v7ﬁ - vj| is the relative
velocity between the neutrino and the target, and f(E, u*, T) are the Fermi-Dirac distribution functions.
For a general 2 by 2 process,

3. 72
'y,

(271)32E,’,ﬁ (271)3 2E 4

|
vy =Vl = 6N s +py—pl, +))

i E L (=) 15, T B} 155, T,

where E,;, Ej, Py, p; are the energies and momenta of the incoming particles, E;ﬁ, E, p_’vﬁ, p-;j are
those of the outgoing states, and py;, pj, p’vﬁ, p; are the corresponding four-momenta.
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Calculation of the v — ¥ scattering rate via Z’

The average of the neutrino-antineutrino scattering rate

JAE f Evy 5 TIES Rygiysz 70 (Evg)
JdE,f (B, iy, TES,

<RV5\7/;—>Z’—WQ|7(, > =

where 8 = e, u, T indicates the neutrino flavour and

pVﬁ

RV/;V,BA»Z Hvlyva( v;;) f(Z )3f(EV/j’ﬂyﬁ T)lvv/; Vv/glo—v‘g 7]

is the neutrino-antineutrino scattering rate via Z’, Ww - ﬁvﬁl is the relative velocity between neutrinos
and antineutrinos and .5, is the neutrino-antineutrino scattering cross section, its product

A2

&y, &p, . IME,
= > oo @ (] (4) I B8
|VVﬁ - va|O—Vﬁ,vp = f (2”)32Ex,/[, f (2”)32E‘,-/ 2r)* o (pv;; +PVﬁ Py, +pv")4E E 7:( VL,)

with E,;, Ej, ,pvﬁ pvﬁ the energies and momenta of the incoming particles, E,, , E;, ,p_7m,
the outgomg states, and py,, py,, Dy pvﬂ the corresponding four-momenta
F(E,, . E, ) =1 —f(Em,yya I)I¢! —f(E;a,/,z;“, T)) accounts for Pauli blocking in the outgoing states

_k those of
@
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Narrow Width Approximation

In the parameter space under analysis
@ The resonant production of the Z’ boson is the leading new physics process

I, /mz < 1is fulfilled, with I'z-_;,,, the decay width of the Z” into neutrinos

"Vﬁvﬁ
@ The narrow width approximation can be used to obtain the neutrino-antineutrino
scattering rate

R () = = f " gy b DB mp Vg Ton,
VgV —Z —vava \Fvg) = 307 E;’i” B E‘7/3 + EV/i EVﬁ EVﬁ Vg7 rtZu/t ’

min _ ;.2
@ Ep" =my, /(4E,;)
@ The total Z’ decay width T/ = 35 Tz gy + Tzrprp-, Where B = u, 7
@ The average of the v — ¥ scattering rate
(R deVJ(EVﬁ’I‘l:ﬂ’ T)EsﬁRv/ﬁﬁaZ’—wa% (Ev,g)
vgVg—Z =Vl =
" JdEf(Eyy. 15, DEL
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v — ¥ coalescence rate and Z’ decay length

The rate of the scattering of a single v off any v in the medium producing the Z’ on-shell can be
computed via the following relation,

R . 1 [ T Esps b5 DEsg ( W
Rt I oo P i
B

The time scale of the interaction can be defined as Tygvg—z! = C/<7?vﬂvﬂ—>z'), with

f dEv‘;f(EV/g 5 ﬂiﬁ 5 T)E;%ﬁ RVB g7’ (EVﬁ)

Rygrgoz) =
k. [ By f (B, 15, TED,

The Z’ decay length

Vﬁ * &P B * - h
, I Tt/ Byt D) [ s Byt DIz W5y = Vilyz vz sy
VAR s
V
/ (2”)€f<Evﬁ,uv,,,T) / (mff(Evﬂ,uyﬁ )05 Vi = Vil

where vy is the Z’ velocity, yz = Ez /mz and Typig—z is the cross section for v-v coalescence
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Tz’ [5]

£z [km]

v — ¥ coalescence rate and Z’ decay length
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Total luminosity carried by Z’ outside the star

In the the regime where ¢z > R, each vv pair producing the Z’ on-shell will be transferred
outside the neutrinosphere. The energy transfer rate per unit volume and time taken by the
Z' can be written as

1 2 o
L= f dE,, B,y 1, DE, f LByt T)Eyﬁ( P ) ME,,

where the factor 2 at the beginning of the inner integral comes from considering both muon
and tau neutrino flavours.
The total energy carried by the Z’ per unit time is

n

Vg
L= Z ?(Ri -R_ )L

k=1

Imposing L < 3 x 1072 erg/s is equivalent to the upper bound obtained in Croon et al., JHEP
01 (2021) 107 for the U(1),,,-, model. £, corresponds to the Z’ energy transfer rate per unit
volume and time in each shell, which depends on 7.
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Effective nucleon masses and chemical potentials

Considering the TM1 model for a 18 M, progenitor in a relativistic mean field approach:

@ The baryonic density, ng, temperature, T, and electron fraction, Y,, derived by Fischer et al.,
PRD 85 (2012) 083003

@ The effective nucleon masses, my, and the neutrino and nucleon effective chemical potentials,
K5, My 1y, Obtained by Cerderio, Cermeno, Pérez-Garcia and Reid, PRD 104 (2021) 063013
@ (4, is obtained solving the equilibrium equation that involves effective meson fields:
Hy + 15, = 1, + g+ 28,(p), where p is an effective field responsible of the strong interaction

R (km) [T (MeV)[np(tm )] Vo [[ug MeV) [ MeV)[ s, (MeV) [miy (MeV)
k=1 50 15 05 |03] 4966 | 4054 1146 249.6
k=2| 75 20 0.3 |0.28]] 5300 | 4583 1027 384.9
k=3] 100 28 0.15 |0.25] 6565 | 6019 79.9 599.4
k=4 150 33 006 |02 7798 723.0 29.0 786.0
k=5] 175 18 003 |01 8587 | 8I31 144 857.0
k=6] 20.0 7 0.008 |0.05] 9172 | 893.9 125 915.9

TABLE 1. Values of neutron effective chemical potential, j,, proton effective chemical potential, y;,, electron
neutrino effective chemical potential, y;, and nucleon effective mass, mj;, for the spherical shells (labeled by
the index k and defined by an outer radius R) that we consider at 1 s after bounce, with a baryonic density,
npg, temperature, T and electron fraction, Y.. Temperatures, densities and electron fraction are taken from

Ref. [45].
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Other interactions and channels

k =1, upper pannel g,_. = 107, lower pannel g,_. = 0.1
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Relevant interactions inside SN

Janka arXiv: 1702.08713. In '"Handbook of Supernovae,” Springer

Table 1 Most important neutrino processes in supernova and proto-neutron star matter.

Process Reaction”

Beta-processes (direct URCA processes)

electron and Vv, absorption by nuclei e+ AL+ (A Z-1)+V.
electron and Vv, captures by nucleons ¢+ pi—rntV,

positron and V, captures by nucleons et tne—p+v,

“Thermal” pair production and annihilation processes

Nucleon-nucleon bremsstrahlung N+N+—N+N+v+v
Electron-position pair process e et v4v

Plasmon pair-neutrino process Fées vV

Reactions between neutrinos

Neutrino-pair annthilation Vot Vo = Vo

Neutrino scattering Vet {Ve, W} ¢+ v {ve. Ve }
Scattering processes with medium particles

Neutrino scattering with nuclei V+(AZ) v+ (AZ)
Neutrino scattering with nucleons Vv+N+—V+N

Neutrino scattering with electrons and positrons Vet e viet

4 N means nucleons, i.e., either n or p, v € { Ve, Ve. Vi Vi, Ve, Vo L Ve € { vy, Vv, V2 }
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Neutrino decoupling SM

Janka arXiv: 1702.08713. In 'Handbook of Supernovae,” Springer

Electron flavor (v, and v,)

= +
o Vep © ne Free
Thermal Equilibrium ven © pe” streaming

Other flavors (v, V,, v, Vy) Neutrino sphere

WN & Nv Scattering Atmosphere
vN - Nv

ve & ve
NN & NNvv
ete” o vy

VeV, v,

v, —
Lt Diffusion

Free
streaming

Energy sphere Transport sphere

Fig. 4 Sketch of the transport properties of electron-fl neutrinos and inos (upper part)
compared to heavy-lepton neutrinos (lower part). In the supernova core V, and V, interact with
the stellar medium by charged-current absorption and emission reactions, which provide a major
contribution to their opacities and lead to a strong energetic coupling up to the location of their
neutrinospheres, outside of which both chemical equilibrium between neutrinos and stellar matter
(indicated by the black region) and diffusion cannot be maintained. In contrast, heavy-lepton neu-
trinos are energetically less |1gh|1y coupled to the sellar plasmia, mainly by pair creation reactions
like nucleon and v, V, ion. The total opac-
ity, however, is determined mostly by neutrino-nucleon scatterings, whose small energy exchange
per scattering does not allow for an efficient energetic coupling. Therefore heavy-lepton neutrinos
fall out of thermal equilibrium at an energy sphere that is considerably deeper inside the nascent
neutron star than the transport sphere, where the transition from diffusion to free streaming sets in.
The blue band indicates the scattering atmosphere where the heavy-lepton neutrinos still collide
frequently with neutron and protons and lose some of their energy, but cannot reach equilibrium
with the background medium any longer. (Figure adapted from courtesy of Georg
Raffelt)
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Cooling and net muon number effect in the U(1),,1.
Within the SM, a suppressed population of muons is expected to exist inside a proto-NS.
Croon et al., JHEP 01 (2021) 107 has studied the Z’ production by this background muon
population through semi-Compton and Bremsstrahlung processes.

The effect can be significant only for the Z' masses below ~ 5 MeV.

Gauged L, — L,

107°F

10-10 [ SN1987A (this work)

10—11 i e ] e vl e vl e PRI EE T ERrar
10-8 10-% 10~ 10-2 1 100

mz [MeV]
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Effect of the production of muons

@ Will v-y annihilation into muons via s-channel Z’ diagram have an impact on the
physics of the proto-NS?

@ These processes generate the same amount of muons and antimuons =
- = pr = 0 (as we assume in the SM) and therefore we do not expect the equation
of state of the nuclear matter to change

@ v, (¥,) can scatter on u* (u7), but n, < n, and o, , < 0,., the mean free path of
scattering on u~ (u*) is negligible compared to the scattering on n

@ The decay of muons into muon neutrinos close to the neutrinosphere can change
equality between the muon neutrino and tau neutrino fluxes that come out of the
neutrinosphere, having consequences for collective neutrino oscillation
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Bounds on v self-interactions outside the proto-NS from

the enhancement of the v diffusion time

Chang et al., arXiv:2206.12426 for the burst-outflow scenario

®  Example v A
®  Example v B

No ST
Owr Random walk
O Free streaming
fy~ 10°R
PNS
diffusion in PNS  free streaming
Evolution
diffusion in PNS  transition free streaming
— and v ball period
2R

v ball v shell

Strong vSI
(burst outflow)

¥

2fps ~ bps > lo

FIG. 2. Macroscopic evolution of a neutrino outflow from a
supernova (lengths not to scale). Without vSI, the final
width of the neutrino shell is £o ~ ¢-10s, much larger than
the PNS and set by neutrino diffusion therein. With strong
vSI, neutrinos diffuse in the expanding neutrino ball. In the
burst-outflow case, the size of the ball when neutrinos start
decoupling from each other, lrs, sets the final width of the
neutrino shell. The duration of the observed neutrino signal
will thus be significantly extended when frs > fo.
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FIG. 3. Microscopic evolution of neutrino scattering due to
»S1 at different times for the burst-outflow case (lengths not
to scale). Neutrines move in all directions until the vSI opti-

cal depth becomes small. After then, neutrinos are no longer

significantly deflected and the ball becomes a shell.
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Bounds on v self-interactions outside the proto-NS from

the enhancement of the v diffusion time

Chang et al., arXiv:2206.12426 for the burst-outflow scenario, Majorana vs and a mediator ¢

M. Cermefio (IFT (UAM/CSIC))

Lyst=-1/2gvv

SN 1987A,
burst outflow:

Coupling, g
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ey
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10 10°
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FIG. 1. Potential constraints on vSI from SN 1987A (as-
suming the burst-outflow case), previous limits, and relevant
scales [12, 35]. K-decay bounds apply only to ve and v,.
Strong vSI would change the time profile of the SN 1987A

neutrino signal; we show a conservative analysis (30-s du-

ration), and an estimated sensitivity (3-s smearing).
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Supernova bounds on new neutrino physics

Farzan et al., JHEP 05 (2018) 066, Suliga, Tamborra, PRD 103 (2021) 083002 derived bounds on

v-N interactions in models with light scalar and vector mediators imposing tx <

10s

Cerdeiio, Cermeiio, Pérez-Garcia and Reid, PRD 104 (2021) 063013 improved these bounds tak-
ing into account the temperature, T, and density, np, effects on the v mean free path, 4,

my, effective nucleon mass,

Ky His Hpys
Ve, Neutron (n), proton (p)
effective chemical potentials,

My, = Hyvy = 0

s — 1
Ty, 1) = T

distribution function of the target,

j=EN=n,p

cAt=c tiig = ZZ:I (Ri -

LUE) = ng,(z );f( TS )f

M. Cermefio (IFT (UAM/CSIC))

T, ng and Y, from Fischer et al., PRD 85 (2012) 083003

R (km)|T (MeV) |np(fm™®)| Yo || p; (MeV) |p, (MeV) |y, (MeV) |[my (MeV)
k=1 50 15 0.5 0.3 496.6 405.4 114.6 249.6
k=2| 75 20 0.3 0.28 530.0 458.3 102.7 384.9
k=3| 10.0 28 0.15 0.25 656.5 601.9 79.9 599.4
k=4| 15.0 33 0.06 0.2 779.8 723.0 29.0 786.0
k=5 175 18 0.03 0.1 858.7 813.1 14.4 857.0
k=6| 20.0 7 0.008 10.05 917.2 893.9 12.5 915.9

(2n)*2E’ (ZH)*ZE'

R§71)<1//ly)k, (1/a,) =

IM
45
@m0 (py +pj = pv+p,)4EE
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Bounds on new v-N interactions from the v diffusion time
in the SN interior
Cerderfio, Cermeno, Pérez-Garcia and Reid, PRD 104 (2021) 063013

At <2 AM AM < 1
At includes both new physics and SM interactions, i.e., the 2 Ar*M line indicates where new
physics interactions starts contributing equally to the diffusion time than SM interactions

Line 2 ~Cyirdvr, — UNCnYNG — 1 Clldl, L1 = - 54 Cqay"aZ), - L1 CI!IZ, = 5y CrpVZ),
Y= VG Cy Cq=8B-1/3,Cly =—8B-L

va production

my [GeV] mz [GeV]
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