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Neutrinos change flavor

e Atmospheric neutrinos (Super-Kamiokande)
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Neutrinos change flavor

e Solar neutrinos (Sudbury Neutrino Observatory)

Total Rates: Standard Model vs. Experiment
Bahcall—Serenelli 2005 [BS05(0P)]
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normal hierarchy (NH)
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Neutrino mixing
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Neutrino oscillations

Interference in the propagation of mixed states (wave packets)
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Mixing in matter

Dispersion relation of neutrinos in matter (refraction)

v

“Effective potential” n— 1 = —
P

The mixing angle differs from the one in vacuum

Am? sin 20
Am? cos 20 — 2pV

tan 20, =

Am? cos 20
2p

Resonance when V =
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Neutrino mixing in the Sun

In the Sun, v, feel an effective potential
V(r) =2 Gpn(r)
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Adiabatic flavor conversions

V changes slowly as the neutrino travels out of the Sun

Single mass eigenstate
propagates all the way through

— ;,/M 1% 1% '
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P.. ~ |(v.|vy)|* = sin® 6,5 ~ 0.31
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Mixing in (dark) matter

Effective potential generated by dark matter

Signatures in neutrino experiments & cosmology
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Neutrino gauge interactions

Gauge the anomaly-free lepton number symmetries

U(l)g_;, U(l)Le—Lﬂ’ U, -1

ﬁ, A’ becomes massive (m, K 1eV)

A’ (dark photon) can be dark matter

—> modifies the dispersion relation of neutrinos

2

Wp, T

Pi — H(wpw Pv, A/> - Va

See [2212.05073] for a recent study in a similar direction
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Light bosonic dark matter

Prejudice: dark matter has to be heavy, mpy, > keV

I

Based on 1) thermal production Vpm ™ e
Mpwm

and / or

V> Vesccxpe

2) fermionic dark matter

v< Vescape

Dark photons 1) can be produced non-thermally

and VoM XK C
2) are bosons



Dark photon dark matter

Light bosonic field
v

Large occupation number

v

Classical field

EOM of vector field in an expanding universe:

A'+3HA + m?A =0

Arias et al [1201.5902]

Harmonic oscillator
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Cosmological dark photon field

Early times H > m,. :
overdamped oscillator

V(A') V(A")

A’ A’

Late times H << miy:

damped oscillations
Py X a=>

(very) cold dark matter!
13 DM & neutrino workshop, Chicago, 09/03/2023
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Neutrino effective potential
o U(l)Lﬂ_LT gauge interaction:
L=—-g'A, |[L,"L, — LA*L;|
 Neutrino dispersion relation:
1/2
Erj, N ((ﬁ:: g/A/)Z mQ)
> pl Fg'p- A+ - +0(g7A")

e Effective matter potential

—

V=Fg'p-A =Fg A;cos(imyt)
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Rest of the talk

Study the impact of the dark photon field on:
| ong baseline neutrino oscillations (T2K)
e Solar adiabatic flavor conversions (SNO + Super-K)

e Sterile neutrino production in the early universe
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Long baseline

Super-Kamiokande

Mt. Noguchi-Goro
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Mt. Ikeno-Yama
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2-flavor description of P, __
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Two-state Hamiltonian
e Solve the Schrodinger eq;:

dW v
i— = HU P=( "

dt U,
e \With the Hamiltonian:

Am2 — cos 2053 sin 26053 . 1 0
= £y 3 ( sin 2023  €os 2923> e COS(mA/t)(O —1

Vacuum mixing Dark photon

e Solve for: P, ,(t) = [(W(0)|®(t))]7

e Initial condition: ¥(0) = (1,0)”
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Two-state Hamiltonian
e Solve the Schrodinger eq;:

dW v
i— = HU P=( "
dt v
e \With the Hamiltonian:

Am23 — COS 2923 Sin 2923
H= EO | ( sin 26053  cos 26095

Vacuum mixing DarkYohoton

e Solve for: Py, (t) = [(¥(0)[¥(t))

e Initial condition: ¥(0) = (1,0)7
Fast oscillations

19 DM & neutrino workshop, Chicago, 09/03/2023
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Analytic approximations

H=Fgr- 23 (5o S5 )/ A costmant)( )
o Low frequency m, < Am223/4p :
Adiabatic correction of vacuum parameters

Amy, — Ams; - f(g'AL)
sin26,; —> 8in260,5 / f(g'Ag)

slowly modulated by cos(m,f)
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Analytic approximations

H: Eol Am%B <— COS 2923 Sin2923>+g/14/® COS(mA/t)<1 O>

4p sin 2053  cos 2053 0 —1
 High frequency m,, > Am223/4p :

Perturbation theory -> shift in Am?
‘A’ sin 205+ \
Am2, — Am2, (1— (g 2 23) )
2mA/
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Comparison with T2K data
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Observed counts at T2K

95 - - -------- Unoscillated x1/10
L -—=-- Vacuum oscillations
—— Best fit point

20 - -1 H+  data

15-

10- L b

n o N N R ¥

HH e HH -'_L-,_ - |HH+HH -+

5— ;j“ . 1 __ e -.--L-'E‘:- [t

0.0 0.2 04 06 08 1.0 1.2 14 1.6 1.8 2.0
E [GeV]

v, counts at T2K runs 1-10

-7

23

Gonzalo Alonso-Alvarez (McGill) DM & neutrino workshop, Chicago, 09/03/2023



Maximum likelihood test

. 2 2
Vary 4 parameters: Amy,, SIn“ 6,3, my., g'Ag

10"

ma [eV]

Degeneracies with vacuum oscillation parameters
: 2 )
Enlarged allowed region for Amy,, SIn” 0,
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Solar experiments - SNO & Super-K
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Mostly adiabatic conversions (MSW effect)

P.. ~ [{v,|vp)|” = sin® 015 ~ 0.31
D] V2

Ve Vi Vr
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Hamiltonian

Am%z — cos 2015 sin 26049
sin 26015 cos 2015

4p

Vacuum mixin
+|g9" A, cos(mart) 8 (1) °

Dark photon Sun matter potential

[astro-ph/0412440]
& web updates

10—16—;

0.0 0.2 0.4 0.6 0.8 1.0
R/Rsun
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Analytic approximations
o Ami, (— cos 2012 sin 2912> N (\/ﬁaFne o)
0

4p sin 26015 cos 2015 0

+ g’ A cos(mart) (8 (1))

Still hold locally at each value of R/R_,,
o Low frequency m, < Am12/4p

multiplicative correction of Am?,, sin26,,
e High frequency m,, > Am122/4p ;
multiplicative shift in Am,

Gonzalo Alonso-Alvarez (McGill) 21 DM & neutrino workshop, Chicago, 09/03/2023



v, survival probability along the Sun

1.0 1’! . e | | | il
T Standard fit, no dark photon
—— Standard fit, dark photon

0.8- —— Best fit, dark photon
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Combined fit to SNO & Super-K
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Parameter space

: 2 . 2 I A
Vary 4 parameters: Amy,, sIn“6,, my., g'Ag
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Dark photon parameter space
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Sterile neutrinos

normal hierarchy (NH)

m> 4

| V3

I/“ V‘T

i sol

inverted hierarchy (IH)

A m?

T 1 | V3

Adapted from
Vagnozzi (2019)

Right-handed (sterile) neutrinos to generate masses
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Sterile neutrino dark matter

e \Warm dark matter  Decay into X/Gamma-rays
m, 2 1keV [ x 07 m>

Vs—™Va?

keV MeV GevV M,
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Sterile neutrino dark matter

e Warm dark matter e Decay into X/Gamma-rays
m, 2 1keV [ x 07 m>

Vs—™Va?

Most interesting
region

keV MeV GevV M,
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Non-resonant production
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Non-resonant production

fi
”av%
US
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Non-resonant production

£ £
Vg
1%
a
Vs
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Non-resonant production
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Non-resonant production

Production rate
I';=1,T)- <P, >

where

P, .= 120, sin(wrt) ’

a 1072

Dodelson & Widrow (1994) oV MeV Gev M
US
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Resonant production

In the presence of matter effects

1 4A%0°
<P _ . >
2 4A20%2 + 12/4 + (V,— A)?
2 2 - T —
A= T Decoherence Matter
- 2p by scatterings potential
L ot
VAVAVAN/
s
U, ‘L
VA

Caveat: V_ < 0 unless there is a huge lepton asymmetry L ~ 10°B
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(Multi-)resonant production

AN AV —7
Ny Electroweak g Al=107" GeV

\\ may = 10710V

Matter
potential

N
Dark photon ! \
[V, /A

//
v A
SO

Total

m? = (10keV)?

-
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(Multi-)resonant production

yield

Matter
potential

V,/A|

m? = (10keV)?

riGevl] Yo 0.01

B ‘VMM Vl

\)
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Sterile neutrino parameter space

. /Vbl |
......... ,30/73,7 rOd
[t bhase. R Lroq,
7of R T Qi+ Q> Oy
IS \\\\\ \
%)0 10—12_ eROSlta\\’\‘\
S | N\ Ly &K
P D P T W X /v rays
c N
X 1071 '/’ab
= le
V%
= S DM
Lg) 10—16_
(O
> (), < Opwn
10—18_
10720 +——v | — | S E— | .
0.5 1 2 D 10 20 50 100 200 500
Sterile neutrino mass m,, [keV]
43

Gonzalo Alonso-Alvarez (McGill)

DM & neutrino workshop, Chicago, 09/03/2023



Conclusions & outlook

o A background of very light Lﬂ — L_dark photons
can modify neutrino flavor conversions

e Other things to look at:
- Full 3-flavour setup in long baseline

- Directional dependence
- Reactor experiments

- Cosmological history
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Conclusions & outlook

o A background of very light Lﬂ — L_dark photons
can modify neutrino flavor conversions

e Other things to look at:
- Full 3-flavour setup in long baseline

- Directional dependence
- Reactor experiments

- Cosmological history

Thanks!
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Backup
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Numerical validation

my = 107YeV, ¢ A} = 500keV

1.0-

= Vacuum oscillation

~N

0.8 T~ /

Ai D > 1 GeV
5: p = 0.01 GeV
> 0.6
5

(qv)
o

= 0.4 -
e
=

c

5 0.2

(0p)

=1

= p = 0.1GeV /

0.0 ' ' ' ' '
0 1 2 3 4 5 §)

. . . . Am?
Dimensionless time t = 23
4p
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T2K detector response
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Standard fit - T2K

0.0030
5 7><10‘3 T2K Run 1-10 Preliminary 800
(_\]r—| . | T T T T | T T T T T T T T T T T T | T T T T | T T T T | T T T T | T T T T ]
> - ] |
2 265 = 0.0028 700
S L E L 600
E 255t 4 30000 500
= sk 1«8 <
Q) 2.5 - = < 400
< 5 asE 1 300024
L . - 300
g - S * Bestfit -
< 2 45_ —— Normal orderihg‘n‘ _ zizz gt _g 0.0022 £ 200
2.35 — Inverted ordering"‘a...,,,““ ,,,,,, 99.7%CL
2 : | | | | | | | | | | | 1 1 1 | 1 1 1 .I.'“l‘“.I”“I““I“”I““l““l.‘. 1 1 1 | 1 1 1 1 | 1 1 1 1 : 100
'8.3 0.35 04 0.45 0.5 0.55 0.6 0.65 0.7 0.0020
sin2€)23 0.3 0.4 0.5 0.6 0.7
Sin2 023
49

Gonzalo Alonso-Alvarez (McGill) DM & neutrino workshop, Chicago, 09/03/2023



