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Neutrinos change flavor
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• Atmospheric neutrinos (Super-Kamiokande)

[hep-ex/9805006] & updates

Image credit: Super-K at Boston U.
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Neutrinos change flavor
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• Solar neutrinos (Sudbury Neutrino Observatory)

[hep-ph/0412068] 

& Bahcall’s website
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Neutrino mixing
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Adapted from 

Vagnozzi (2019)



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

Neutrino oscillations
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FIG. 3. Wave packet picture of neutrino oscillations ⌫µ ! ⌫⌧ . Left panel: picture of muon neutrino
neutrino. Right panel: tau neutrino. The two states distinguished mainly by the phase di↵erence
(shift of the oscillatory patterns.) Each WP has muon (green) and tau (blue) parts according to Eq.
(2).

packet. The phase factor, ei�k , produces an oscillatory pattern inscribed in the envelop (see
Fig. 2). Here

�k(x, t) = pkx� Ekt (4)

is the phase with pk and Ek being the mean momentum and mean energy in the packet (see
Fig. 2). The size of the WP and its shape are determined by the production process: by
kinematics of the elementary reaction and localization of parents (source) of neutrinos.

FIG. 4. Wave packet picture of neutrino oscillations: shift of the phase between oscillatory factors.

In the 2⌫� approximation propagation in vacuum of the state produced as ⌫µ (1) is described
by two wave packets which correspond to mass states ⌫2 and ⌫3 (and similarly – for ⌫⌧ ), see
Fig. 3. In this picture there are several simplifications which are not essential for physics of
oscillations. (i) We show one-dimensional (1D) picture; in 3D the WP may have spherical
front. (ii) For visibility we show one packet under another but in reality they overlap in space,
(iii) we show only the upper parts of the packets. In reality the packet is symmetric with
respect to the propagation axis (and actually, it occupies a complex plane). Parts of di↵erent
WP with the same flavor (color in Fig. 3) interfere and the result of interference depends on
the phase di↵erence. We assume that the WP are short enough, so that the phase di↵erence
is the same along the whole packet (from front to back part).

In the course of propagation additional phase di↵erence between the mass eigenstates
appears: Due to di↵erence of masses the states ⌫2 and ⌫3 have di↵erent phase velocities,
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Interference in the propagation of mixed states (wave packets)

Pνμ→νμ
(L) = 1 − sin2 2θ23 sin2 (L

Δm2
23

4p )
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3Phase velocities:

figures from [1609.02386]
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Mixing in matter
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Dispersion relation of neutrinos in matter (refraction)

“Effective potential” n − 1 =
V
p

tan 2θm =
Δm2 sin 2θ

Δm2 cos 2θ − 2pV

The mixing angle differs from the one in vacuum

Resonance when      V =
Δm2 cos 2θ

2p
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Neutrino mixing in the Sun
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In the Sun,  feel an effective potentialνe

V(r) = 2 GF ne(r)
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Adiabatic flavor conversions
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V changes slowly as the neutrino travels out of the Sun

νe ≡ νm
2

ν2 ≠ νe!

Single mass eigenstate

propagates all the way through

≃ 0.31

νe

ν2
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Mixing in (dark) matter
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ν

Effective potential generated by dark matter

Signatures in neutrino experiments & cosmology 
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Neutrino gauge interactions

10

Gauge the anomaly-free lepton number symmetries

 becomes massive ( )A′￼ mA′￼
≪ 1 eVSSB

,     ,      ,      U(1)B−L U(1)Le−Lμ
U(1)Le−Lτ

U(1)Lμ−Lτ

A’ (dark photon) can be dark matter

  —> modifies the dispersion relation of neutrinos

<latexit sha1_base64="Xoq+uNiOJ1Az4u4wH3WcoPmHsxc="></latexit>

!2
p⌫

� p2
⌫ = ⇧(!p⌫ , p⌫ , A

0) Va

See [2212.05073] for a recent study in a similar direction



Light bosonic dark matter
Prejudice: dark matter has to be heavy, mDM > keV

Based on 1) thermal production

  


and / or


                    2) fermionic dark matter

Dark photons 1) can be produced non-thermally 
                          and                                      

                       2) are bosons                                  

vDM ≪ c

vDM ∼
T

mDM
⋅ c

11



Dark photon dark matter
Light bosonic field


Large occupation number


Classical field

Harmonic oscillator
Arias et al [1201.5902]

EOM of vector field in an expanding universe:

··A′￼+ 3H ·A′￼+ m2
A′￼

A′￼ = 0

12
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Cosmological dark photon field

13

A′￼

V(A′￼)V(A′￼)

A′￼

Early times                    :

overdamped oscillator

Late times                  :

damped oscillations

H ≫ mA′￼

H ≪ mA′￼

ρA′￼
∝ a−3

(very) cold dark matter!
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Neutrino effective potential
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V = ∓ g′￼ ̂p ⋅ ⃗A = ∓ g′￼ A′￼⊙ cos(mA′￼
t)

•  gauge interaction:U(1)Lμ−Lτ

• Neutrino dispersion relation:

• Effective matter potential
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Rest of the talk

15

Study the impact of the dark photon field on:


• Long baseline neutrino oscillations (T2K)


• Solar adiabatic flavor conversions (SNO + Super-K)


• Sterile neutrino production in the early universe
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Long baseline - T2K 

16

νμνμ , νe
!

Detection via charged-

current interaction Muon neutrino 

beam production

Images credit: T2K collaboration
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2-flavor description of Pνμ→νμ
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≃ Δm2
23≃ sin2 2θ23
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Two-state Hamiltonian
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E0+ +

• Solve the Schrödinger eq:

• With the Hamiltonian:

Ψ = (νμ
ντ)

Vacuum mixing Dark photon

• Solve for:

• Initial condition:
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Two-state Hamiltonian

19

E0+ +

• Solve the Schrödinger eq:

• With the Hamiltonian:

Ψ = (νμ
ντ)

Vacuum mixing Dark photon

• Solve for:

• Initial condition:
Fast oscillations!
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Analytic approximations
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E0+ +

• Low frequency  :mA′￼
≪ Δm2

23/4p

Adiabatic correction of vacuum parameters

Δm2
23 ⟶ Δm2

23 ⋅ f(g′￼A′￼⊙)

sin 2θ23 ⟶ sin 2θ23 / f(g′￼A′￼⊙)

slowly modulated by cos(mA′￼
t)
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Analytic approximations
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E0+ +

• High frequency  :mA′￼
≫ Δm2

23/4p

Perturbation theory -> shift in Δm2

Δm2
23 ⟶ Δm2

23 (1 − ( g′￼A′￼⊙ sin 2θ23

2mA′￼
)

2

)



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

Comparison with T2K data
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• Two samples with μ-like rings (one in ν-mode, one in $ν-mode)
• Systematic uncertainty (red band) on rate is 3.0 (4.0)% in ν-mode ($ν-mode)

Patrick Dunne (p.dunne12@imperial.ac.uk) 21

ν-mode μ-ring %ν-mode μ-ring
318 events 137 events

T2K Run 1-10 Preliminary T2K Run 1-10 Preliminary

SK event samples
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• Two samples with μ-like rings (one in ν-mode, one in $ν-mode)
• Systematic uncertainty (red band) on rate is 3.0 (4.0)% in ν-mode ($ν-mode)

Patrick Dunne (p.dunne12@imperial.ac.uk) 21

ν-mode μ-ring %ν-mode μ-ring
318 events 137 events

T2K Run 1-10 Preliminary T2K Run 1-10 Preliminary

SK event samples

Pνμ→νμ
(Ei, L)

detector

response

T2K collaboration (Neutrino 2020)
T2K collaboration (Neutrino 2020)
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Observed counts at T2K
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Figure 1. Observed and predicted counts at T2K runs 1-10.
The observed counts and their uncertainties are taken from
Ref. [37]. The blue dotted line shows the expected signal
in the absence of oscillations (rescaled by 1/10), the green
dashed line the standard oscillated spectrum in the absence
of a dark photon (�m2

23 = 2.5 ⇥ 10�3 eV2, sin2 ✓23 = 0.55),
and the orange line the best fit with a dark photon (�m2

23 =
3.4⇥10�3 eV2, sin2 ✓23 = 0.45, mA0 = 1.2⇥10�11 eV, g0A0

� =
6.6 ⇥ 10�21 GeV�1).

F �m2
ij/4p and sin 2✓ij ! sin 2✓ij/F in the vacuum os-

cillation formulas. For example, the survival probability
becomes

P⌫i!⌫i(L) = 1 � sin2 2✓̃ij sin
2

 
L
�m2

ij

4p
F

!
(11)

where

✓̃ij =
1

2
arcsin

✓
sin 2✓ij

F

◆
(12)

This expression is valid for oscillations over a distance L.
In this limit, there can be sensitivity to the phase of the
DM oscillations, which we have absorbed into a shift of
the time variable.

For large mA0 � �m2/4p, one can use second order
perturbation theory on the Hamiltonian HA, transformed
to the eigenbasis of H1. Solving for the perturbations,
one finds secularly growing terms, that can be resummed
into a shift in the energies, which is equivalent to a re-
duction in the vacuum �m2,

�m2
ij ! �m2

ij

 
1 �

✓
sijg0A0

� sin 2✓ij
2mA0

◆2
!

. (13)

where sij is as defined above. This predicted behavior
will be validated below, in the numerical solutions to the
full Schrödinger equation.

III. LONG BASELINE NEUTRINO
EXPERIMENTS

The oscillations of ⌫µ into ⌫⌧ were originally observed
within the atmosphere, using neutrinos generated by cos-
mic ray interactions, and subsequently in long-baseline
experiments. For our analysis, we use data from the
the T2K (Tokai-to-Kamioka) experiment [38], which cur-
rently gives the best constraints on the atmospheric mix-
ing parameters [39]. T2K generates an initial beam of
⌫µ neutrinos and observes its flavor content at a detector
L = 295 km away.
For a fully quantitative understanding of T2K data,

one should consider oscillations of all three neutrino fla-
vors. However it is possible to describe the system in an
e↵ective two-flavor formalism, which has also been em-
ployed by T2K for some applications [40]. In this descrip-
tion, the dominant term in the ⌫µ survival probability is
[41]

P⌫µ!⌫µ
⇠= 1� 4|Uµ3|

2(1� |Uµ3|
2) sin2(L�m2

e↵/4p) (14)

where Uµ3 = cos ✓13 sin ✓23 and �m2
e↵ is a weighted av-

erage of �m2
32 and �m2

31. Since cos ✓13 ⇠= 0.99, the pref-
actor 4|Uµ3|

2(1 � |Uµ3|
2 ⇠= sin2 2✓23. Moreover �m2

e↵
is numerically close to �m2

23; hence we use the vacuum
mixing parameters ✓23 and �m2

23 in the following two-
flavor approximation, as a proxy for the more compli-
cated exact two-flavor expressions. We will confirm that
this procedure provides a consistent description of the
observed oscillations, and it allows us to use the analytic
approximations derived in section II.1 for limiting cases
of the new physics parameters. We defer a full three-
flavor treatment to future work.
To compare to the experimental data, it is necessary to

compute the survival probability P⌫µ!⌫µ(E, t) at the de-
tector position t ⇠= L, for a range of energies E . 2GeV,
since the beam is not monochromatic. The spectrum
dP/dE of the initial neutrino beam can be found in
Ref. [40]. For our calculations, we rebin this spectrum
with the same energy bins as the measured event rate
at the detector for observing runs 1-10, which was made
public in Ref. [37].
To make the predictions for the final spectra in the

presence of the dark photon field, the first step is to cal-
culate the muon neutrino survival probability. For that,
we numerically integrate the Schrödinger equation (8)
to obtain the ⌫µ survival probability for each bin in the
T2K energy spectrum. The survival probability is then
folded with the unoscillated spectrum to obtain the ex-
pected ⌫µ flux at the detector. To compare with the
observed count rate, we apply the detector response, in-
cluding energy-dependent detection e�ciencies and en-
ergy smearing e↵ects. The detailed process is described
in Appendix A. The results for some exemplary spectra
are shown in Fig. 1.

To study the impact of the dark photon in the oscilla-
tions, we perform a �2 test comparing the data with the
di↵erent predicted spectra. We let four parameters vary



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

Maximum likelihood test 
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Figure 2. Profiled likelihood functions from the T2K analysis. The solid (dashed) orange lines correspond to 95% (68%) c.l.
limits, and the orange star represents the best fit point. For comparison, the green cross and the green dashed line show the
best fit and 68% c.l. contour, respectively, for the standard vacuum oscillation parameters in the absence of the dark photon.

in our fit: the vacuum oscillation parameters �m2
23 and

sin2 ✓23, and the dark photon mass mA0 and gauge cou-
pling times field value in the solar neighborhood g0A0

�.
The resulting two-dimensional profile likelihoods in the
dark photon and mixing parameters, respectively, are
shown in Fig. 2.

The left panel of Fig. 2 shows the constraints in the
dark photon parameter space. At low frequencies, mA0 ⌧

�m2/4p ⇠ 10�12 eV, the survival probability is adiabat-
ically modified as predicted in Eq. (11). In this limit, the
vacuum oscillation parameters are shifted by a quantity
that depends on g0A0

�. There is a slow modulation from
the cos(m0

At) in Eq. (10) that may be relevant for obser-
vations on su�ciently long time scales. Otherwise, the
phase of the dark photon oscillation simply amounts to
an O(1) multiplicative uncertainty in the limit on g0A0

�.
In our figures, we show the limits assuming cos(m0

At) = 1,
which maximizes the e↵ect of the dark photon in the os-
cillations. Thus, the constraint becomes asymptotically
independent of mA0 .

At high frequencies, the e↵ect of the dark photon is
degenerate with a shift in �m2, as shown in Eq. (13).
The shift is proportional to g0A0

�/mA0 , which explains
the slope of the constraint in Fig. 2 for mA0 � �m2/4p ⇠

10�12 eV. In the region of intermediate frequencies there
is a nontrivial interplay between the neutrino and dark
photon oscillation times, which results in the features
seen in Fig. 2 for mA0 ⇠ 10�12

� 10�11 eV.

The main e↵ect of the dark photon on the neutrino
vacuum oscillation parameters is to greatly enlarge the
viable �m2

23-sin
2 ✓23 parameter space. In the right panel

of Fig. 2, the orange lines correspond to the 1� (dashed)
and 2� (solid) contours of the profiled likelihood, with
the best fit point marked with an orange star. For refer-
ence, the dashed green contour shows the 1� region of the
standard fit in the absence of the dark photon. The im-

provement in the fit by the inclusion of the dark photon
is not significant (a ��2 of ⇠ 1 at the best-fit point with
2 extra parameters), but the likelihood becomes flatter
along the �m2

23 and sin2 ✓23 directions. This can be un-
derstood from the analytic approximations discussed in
the previous paragraphs. A larger value of �m2

23 can
be compensated by the shift induced by the dark photon
in the high-frequency limit. Importantly, the inclusion
of the dark photon never favors values of �m2

23 lower
than the one corresponding to the standard vacuum fit.
At low frequencies, both vacuum oscillation parameters
are multiplicatively corrected, which allows for values of
sin2 ✓23 far above and below the ones favored in the fit
without the dark photon.

IV. SOLAR NEUTRINO OSCILLATIONS

Electron neutrinos with ⇠MeV energies are copiously
produced in the nuclear reactions occurring in the so-
lar interior. As they travel through the sun, the matter
potential changes with the varying electron density, gen-
erating adiabatic conversions of ⌫e into predominantly
⌫µ through the Mikheyev–Smirnov–Wolfenstein (MSW)
e↵ect [42, 43]. This produces a deficit in the expected
solar ⌫e flux at terrestrial experiments like the Sudbury
Neutrino Observatory SNO [44] and Super-Kamiokande
(SK) [45]. This ⌫e disappearance and its energy depen-
dence allow to measure the solar oscillation parameters
�m2

12 and sin2 ✓12.
The presence of the oscillating dark photon back-

ground coupling to Lµ � L⌧ modifies the ⌫µ matter po-
tential and thus the above picture. Our analysis of this
e↵ect is based on the legacy SNO results [46] and the
SK-Phase IV ones [47]. The SK collaboration performed
a combined fit to both datasets in Ref. [47] and provides

Vary 4 parameters: Δm2
23 , sin2 θ23 , mA′￼

, g′￼A′￼⊙

∼ g′￼A′￼⊙

∼
g′￼A′￼⊙

mA′￼

Vacuum fitDark photon fit
Degeneracies with vacuum oscillation parameters
Enlarged allowed region for Δm2

23 , sin2 θ23
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Solar experiments - SNO & Super-K
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νe

 produced in

nuclear reactions
νe  detected 


via CC/NC interactions
νe , νμ , ντ

Mostly adiabatic conversions (MSW effect)
≃ 0.31
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Hamiltonian

26

Vacuum mixing

Dark photon Sun matter potential
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& web updates
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Analytic approximations
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• Low frequency  :mA′￼
≪ Δm2

12/4p

• High frequency  :mA′￼
≫ Δm2

12/4p

Still hold locally at each value of R/Rsun

multiplicative shift in Δm2
12

multiplicative correction of  Δm2
12 , sin 2θ12



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

 survival probability along the Sunνe

28
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Combined fit to SNO & Super-K

29
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Parameter space

30

∼ g′￼A′￼⊙

∼
g′￼A′￼⊙

mA′￼

Vacuum fitDark photon fit

E.g. better compatible with results from KamLAND
Enlarged allowed region for Δm2

23 , sin2 θ23

Vary 4 parameters: Δm2
12 , sin2 θ12 , mA′￼

, g′￼A′￼⊙
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Dark photon parameter space

31
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Sterile neutrinos

32

Right-handed (sterile) neutrinos to generate masses

νe νμ ντ

νs νs νs

Adapted from 

Vagnozzi (2019)
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Sterile neutrino dark matter

35

Γνs→νa γ ∝ θ2
s m5

νs
mνs

≳ 1 keV
• Decay into X/Gamma-rays• Warm dark matter

⌫s ⌫a

�

W±

`±

mνs

θ2
s

1

10−10

10−20

keV MeV GeV
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Sterile neutrino dark matter

36

Γνs→νa γ ∝ θ2
s m5

νs
mνs

≳ 1 keV
• Decay into X/Gamma-rays• Warm dark matter

⌫s ⌫a

�

W±

`±

Most interesting

region

mνs

θ2
s

1

10−10

10−20

keV MeV GeV
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Non-resonant production

35

νs

νa
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Non-resonant production
ℓ±

νs

νa

36
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Non-resonant production
ℓ± ℓ±

νaνs

νa

37
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Non-resonant production

νs

νa

ℓ±

ℓ±

ℓ±

νs
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mνs

θ2
s

1

10−10

10−20

keV MeV GeV

Non-resonant production

νs

νa

ℓ±

ℓ±

ℓ±

νs

Γs = Γa(T) ⋅ < Pa→s >

Pa→s = 2θs sin(ωt)
2

Production rate

where

Dodelson & Widrow (1994)

39
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Resonant production

40

In the presence of matter effects

< Pa→s > ≃
1
2

4Δ2θ2
s

4Δ2θ2
s + Γ2

a/4 + (Va − Δ)2

Δ =
m2

s − m2
a

2p
> 0 Decoherence


by scatterings
Matter


potential

Caveat:  unless there is a huge lepton asymmetry Va < 0 L ∼ 105 B

νs

νa

ℓ±

ℓ±

νs

Va ≃ Δ
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(Multi-)resonant production
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10°1100101
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Dark photon

Total
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potential
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> 0
< 0



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

10°1100101

T [GeV]

10°11

10°9

10°7

10°5

10°3

M
at

te
r

po
te

nt
ia

l
|V

a
/¢

| Electroweak

Dark photon

Total

m2
s = (10 keV)2

mA0 = 10°10 eV
g0A0 = 10°7 GeV

0.1110

Matter
potential
|Va/Δ |

(Multi-)resonant production
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Sterile neutrino parameter space
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Conclusions & outlook

44

• A background of very light  dark photons 
can modify neutrino flavor conversions


• Other things to look at:

- Full 3-flavour setup in long baseline


- Directional dependence


- Reactor experiments


- Cosmological history


- …

Lμ − Lτ
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Conclusions & outlook

Thanks!
45

• A background of very light  dark photons 
can modify neutrino flavor conversions


• Other things to look at:

- Full 3-flavour setup in long baseline


- Directional dependence


- Reactor experiments


- Cosmological history


- …

Lμ − Lτ
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Backup
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Numerical validation
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T2K detector response
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Standard fit - T2K

49

Atmospheric sector
• Data shows preference for normal hierarchy and upper octant 
• Slight preference for non-maximal sin2θ23

Patrick Dunne (p.dunne12@imperial.ac.uk) 29

Posterior probability

sin
2 ✓23 < 0.5 sin

2 ✓23 > 0.5 Sum

NH (�m2
32 > 0) 0.195 0.613 0.808

IH (�m2
32 < 0) 0.034 0.158 0.192

Sum 0.229 0.771 1.000

1

23q2sin
0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7

]2
| (

IO
) [

eV
312

m
D

 (N
O

) /
 |

322
m

D

2.3

2.35

2.4

2.45

2.5

2.55

2.6

2.65

2.7
3-10´

Normal ordering

Inverted ordering

Best fit
68% C.L.
90% C.L.
99.7% C.L.

T2K Run 1-10 Preliminary

0.3 0.4 0.5 0.6 0.7
sin2 µ23

0.0020

0.0022

0.0024

0.0026

0.0028

0.0030

¢
m

2 23
[e

V
]2

100

200

300

400

500

600

700

800

¬
2


