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Motivation

® Dark matter exists.

Ultra-light scalar or vector bosons are well-motivated dark matter candidates.

These include QCD axion and dark photon.
Particle Data Group, Prog. Theor. Exp. Phys. 2022, 083C01 (2022)

They can form a coherently oscillating background.
astro-ph/0003365, 1105.2812, 1610.08297, 1907.06243

Interaction of this background with Standard Model fields leads,
e.g., to the variation of fundamental constants of Nature.

New possibilities for dark matter searches, e.g., in atomic clock experiments.
1710.01833

® The particles can form dense compact objects, With py,cq1 > Pyverage:

These objects are bound by self-gravity; also self-interaction may play an important role.
hep-ph/9303313, 1406.6586, 1610.08297, 1804.05857, 1804.09647, 1809.07673, 1809.09241, 1906.01348

Boson / Axion / Proca stars — coherent / solitonic / classical configurations

® They can also be trapped in a background potential of some astrophysical body,
such as the Earth or the Sun, and form a “local halo”.

This is intriguing: the presence of such a halo could greatly enhance the sensitivity of terrestrial
experiments to new physics.

1902.08212, 1912.04295


https://academic.oup.com/ptep/article/2022/8/083C01/6651666?login=false

Setup

® Assume a local, nonrelativistic (£ < mcz, where E is the bound state energy and m is a dark matter particle mass)
halo sustained by the gravitational potential of the host bodly.

Here we do not consider how to form such a halo = the halo mass M, ,,, is a free parameter (subject
to experimental constraints).

0808.0899
On the other hand, the halo size 7 is fixed by m and the parameters of the host body.

We take it to be the solid ball of mass M and radius R.

® The problem of finding the scalar halo profile reduces to solving the Schroedinger equation:

2C ) —iE
@(r,t) =4/ — (‘P(r, Ne ™M+ c.c. ) , P(r, 1) =wr)e — nonrel. ansatz
m
x=rlR, M=Gm*MR, &=EmR? — dimensionless units
1 - -
__i xzﬂ + 2D - E)w =0 — @ is the (rescaled) grav. potential
x% dx dx
T
The solution can be found analytically. We are interested in the ground state y(x).
Local scalar halo at /4 = 1.

P The only parameter characterising the halo is /.

@ For concreteness, take the Earth as the host body.

2
1077 eV )
£ ~ Ry ¢ m < 1079 eV If £ > R@, the halo extends beyond the Earth’s surface
m = can be probed in terrestrial and near-orbit experiments.
1/2
1077 eV o . S
£ ~Rg| — m> 107" eV If £ < ReB’ the halo is in the Earth’s interior = much harder to probe.
m 1902.08212
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Neutrino oscillations as a probe of the local halo

@® Assume that the particles comprising the halo couple to neutrinos.
Then one can look for the halo in the neutrino oscillation data.

Observational consequences of possible interactions between ultra light dark matter and neutrinos
have been extensively studied in various terrestrial, astrophysical and cosmological setups.

1608.01307, 1705.06740, 1705.09455, 1804.05117, 1803.01773, 1809.01111,
1908.02278, 2007.03590, 2107.10865, 2205.03749, 2212.05073, 2301.04152

What can we add?

® Iff > REB = Enhanced homogeneous oscillating background = Stronger constraints on the couplings

_ _ ] In reactor / accelerator neutrino experiments
m ~ 10719 — 107 eV, “big halo” P

@ Ifr REB = Probe the small-size, interior halo inaccessible by other means; resolve its spatial profile

_ . . ' ' ' ' h the Earth
m > 10 9, “small (interior) halo” With atmospheric neutrinos flying through the Ea

z=1L

P This is at the cost of the hypothesis that the halo exists;
the constraints are functions of M, .

p Form > 10710 eV, we cannot rely on the non-observation of time-

z=0 : .
modulation of neutrino parameters.

The path of a neutrino
propagating through a halo
core located inside the Earth.




Dark matter - neutrino interaction

® Adopt the plane-wave treatment of neutrino oscillations.

Neglect effects of decoherence and dispersion.

The evolution equation for the (ultrarelativistic) neutrino wavefunction then takes the form:

du,
| = Habyb

vacuum mass-squared differences z-dependent eigenvalues

v

H—iUdia 0,Amg f - L di ) '
= odiag(0,Amy 5y, ... )U; + AH = —Udiag(0,Amy,, ... )U
2FE N ! 2E <

vacuum neutrino mixing matrix diagonalises the full Hamiltonian

® For example, consider the following scalar-neutrino interaction terms:

complex, symmetric

} | | 5
. _ C shifts the neutrino mass y 2y
L i =~ Yhap@Wr vy, +h.c. > AH, = Eco(h*my +m/h) + ?cothh
See, e.g., R. Mohapatra, G. Senjanovic, Z. Phys. C 17, 53 (1983)
Hermitian
(é shifts the neutrino
ab _ momentum m
Zz 5int — aﬂ(ﬂ WraV Wi > AHs = —g@
As 91> Vg As
See, e.g9., 2107.14018
@(r,t) = f(r)cos(mt + o) — background halo configuration



Big halo

® Adiabatic regime
2
o , 1 2w
—E dr m- _ . -
P, (L) = Z U, (0)e 2o =m@Qux(L)| (Pua)s = o L doP,, — Survival probability
l
® Perturbation theory
Introduce the following parameters: = yam, Ps = = p=p,orp
) R Vi M
M 1/2
€= % ~ b " halo — Expansion parameter, depends on the halo mass
m 10—22 10-10eV 1015 kg
—3 2
n = mE = 25 x 1077 eV m E > — Number of halo oscillations per one neutrino oscillation
Amg Amg 10-10eV 25 MeV

Then (P,,) = Py, + (e n)*(P 2.aals



Big halo

® Adiabatic regime

2

PoL)=| Y U0 hdmQuxw)| |

2

0

® Perturbation theory

1
<Paa>5=_J déPaa
27

— Survival probability

Introduce the following parameters:  f, = , Ps=——, p=p,0rps

€

% ~ ﬂ m Mhalo 2
m 10—22 10-10eV 1015 kg

_mE _ (25%x107eV? m E
= Amg Am3 10-10ev ) \ 25 MeV

Then (P,,) = Py, + (e n)*(P 2.aals

P If n < 1, this is like the usual MSW effect; P.T. works until € ~ 77_1 > 1.

P Ifn > 1, the neutrino propagates in the wildly oscillating background; P.T.
works until € ~ ;7_1 ?

Not really: the adiabatic approximation breaks down at ¢ ~ 17_2 < 17_1 :

— Expansion parameter, depends on the halo mass

— Number of halo oscillations per one neutrino oscillation

en =0
en =0.1
0.7} \~\~ _en=025
] N~ "
06"
i X,
0.0 0.5 1.0 1.5

Here we take the derivative scalar-neutrino coupling, # = 0.1,
XO - JTL/LOSC, Sln2 260 - 0.087, gll - 0.5, g12 == i, 822 = O.




Big halo

e Nonadiabatic regime at 77 > 1 hatis, at E > 25Mevorm = 1070 ev)

The situation is different for the different types of scalar-neutrino interaction.



Big halo

e Nonadiabatic regime at 77 > 1 hatis, at E > 25 Mevform = 1070 ev)

The situation is different for the different types of scalar-neutrino interaction.

Correction to the osc. prob. is small  Order-one effect
|

Adiabatic approx. Nonadiabatic regime €
: . : 1 >
i n 1

Order-one effect
according to PT.

<Paa>6
1.0

0.8
0.6
0.4
0.2

0.0 ‘0.5““1.0““1.5

Here we take the marginal scalar-neutrino coupling, = 40,

Xy = nL/L, sin?26, = 0.99, AmZ =2.5-107% eV?,
Y m,=0.1eV, hj; =05, hy=i, hy=0.




Big halo

e Nonadiabatic regime at 77 > 1 hatis, at E > 25 Mevform = 1070 ev)

The situation is different for the different types of scalar-neutrino interaction.

Correction to the osc. prob. is small  Order-one effect Correction to the osc. prob. is small Order-one effect
I I

Adiabatic approx. Nonadiabatic regime € Adiabatic approx. Nonadiabatic regime €
— — > — — : >
n- n- 1 n n 1
Order-one effect Would-be order-one
according to PT. effect according to P.T.
(Paa)s P Resonance effects can suppress the
. deviation from vacuum oscillations.
0.8 f <Paa>6
0.6 10 NANS
04: 0.8} e =10
02/ . O.GMM uuu“
i ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ =0 |
0.0 0.5 1.0 15 " 0.4} '
Here we take the marginal scalar-neutrino coupling, 7 = 40, Xo 0.2} e =01
Xy = nL/L, sin?26, = 0.99, AmZ =2.5-107% eV?, s YN
Y m,=0.1eV, hj; =05, hy=i, hy=0. 0.0 0.5 1.0 %
Here we take the derivative scalar-neutrino coupling, = 40, 0
XO = ﬂ'L/LOSC, SiIlz 290 = 099, gll = 05, g12 = i, g22 == O
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Big halo

e Nonadiabatic regime at 77 > 1 hatis, at E > 25 Mevform = 1070 ev)

The situation is different for the different types of scalar-neutrino interaction.

Correction to the osc. prob. is small ~ Order-one effect Correction to the osc. prob. is small Order-one effect
| I

Adiabatic approx. Nonadiabatic regime € Adiabatic approx. Nonadiabatic regime €
: : > i i : >
) -1 -2 -1
" i 1 n " 1
Order-one effect Would-be order-one
according to PT. effect according to P.T.

P Resonance effects can suppress the
deviation from vacuum oscillations.

<Paa>5
1.0 V\/ _,
: 0al ‘ e =1.0
RIS
- e ey =0 !
0.0 0.5 1.0 15 " 0.4} ” M
Here we take the marginal scalar-neutrino coupling, = 40, Xo 0.2} e=0.1
Xy = nL/L, sin?26, = 0.99, AmZ =2.5-107% eV?, e YN,
Y m,=0.1eV, hj; =05, hy=i, hy=0. 0.0 0.5 1.0 Sy

Here we take the derivative scalar-neutrino coupling, = 40,
XO = ﬂL/LOSC, SiIlz 290 = 099, gll = 05, g12 = i, g22 = O

Thus:
® The correction due to the halo can be small and at the same time be dominated by nonadiabatic effects.
® The correction gives rise to interesting features in the oscillation curve.
® The magnitude of the correction is essentially energy-independent.

11



Big halo: results

or logyoy 16|

14|

-15

12|

10]

logyg (MhaIO/kg>
log;(Mhaio/kg)

i 4L
TR I TN T T NN AN N S SO |

4__I||||I||||I||||

6.0 6.5 7.0 7.5 8.0 8.5 9.0 60 65 70 75 80
log,o(E/eV) logyo(E/eV)

Values of the parameters at which the relative deviation from the vacuum oscillation probability reaches 0.1.
The grey shaded region depicts the experimentally excluded values of M, .., the dashed line is y = 1.
We take m = 10710 eV and Amg =3.5-10eV%
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Probing the interior halo

® The previous analysis gives us the qualitative understanding of what happens in the case of small halo (1 2> 107° eV).

We have in mind atmospheric neutrinos of £ > 1 GeV traversing the Earth.

Our parameters become

5/4
B 10%eV Mo \'"
€ ~Y
10-23 m 1015 kg
2.5% 1073 eV?2 m E
n = 400
Amg 10-%eV 1 GeV

where now f# ~ f(0) — the amplitude of the halo at its centre.

Clearly, n > 1.

® Perturbation theory is straightforward, but is limited to € < ;7_2.

= Visible distortions in neutrino oscillations are from the nonadiabatic effects.

13

z=0

The path of a neutrino
propagating through a halo
core located inside the Earth.




Probing the interior halo

® One computes numerically the neutrino wavefunction as it travels through the halo.

Here is the typical result for the survival probability after traversing the Earth (neglecting the MSW effect):

<Paa>5
1.0-=-

B TR B

0.8 -

0.6 l
0.4 “ R _ (TR

0.2 }

00! Q)
00 02 04 06 038 1.0 1.2 1.4

Here we take the derivative scalar-neutrino coupling, m = 3 X 10%eV. E =1 GeV,
Amg =2.5% 107 eV, sin® 26, = 0.087. The step is A® = 0.005.

14

vacuum oscillations

e = 0.1 — the effect is only visible at small ®, due to
the fact that /L™ ~ 10 at this value of m.

€ = 0.5 — the effect is visible at all ©.

€ = 2.0 — the survival probability tends to 1/2 (grey
dashed line).



Probing the interior halo

® One computes numerically the neutrino wavefunction as it travels through the halo.

Here is the typical result for the survival probability after traversing the Earth (neglecting the MSW effect):

<Paa>5
1.0+ vacuum oscillations
[ l
m*imﬂw.: ‘.‘lmw' 1”,'DM‘*",”, uﬁ‘wmlw'/
08l = ¢ = (.1 — the effect is only visible at small ®, due to
the fact that /L™ ~ 10 at this value of m.
0.6 l
7 1 nde s i — € = 0.5 — the effect is visible at all ©.
|
0.9 I = ¢ = 2.0 — the survival probability tends to 1/2 (grey
el dashed line).
0.0° ©
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Here we take the derivative scalar-neutrino coupling, m = 3 X 10%eV. E =1 GeV, <P >
Am? = 2.5 x 1073 eV2, sin® 26, = 0.087. The step is A® = 0.005. Lo
9 _ 0.8
® What happens at m > 107 eV corresponding to £ << Rg?
0.6
The sensitivity goes down due to the limited angular resolution 04
©,., of a detector. Formally, one should replace: 05
-1 Ores ﬂ ) 0.0 €
€ €5 = O dO e(®) , e(®) = _f(ReB sin ®) 0.0 0.5 1.0 1.5 2.0
0 m

The survival probability averaged over the nadir angle © of

. . the incoming neutrino, 0 < ® < 7z. The parameters are the
But the effect is still there. I e o o the previous S,ot_
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Probing the interior halo: results

logyo(m/eV)

logyo(m/eV)

1Oglo Yy
- 1Oglo
E, £
~ i
° S
N—" N—"
o [ew)
a0 0
= 2

S

N
o

N W B~ O OO N 0 ©

Values of the parameters at which the relative deviation from the vacuum oscillation probability reaches 0.1, for m > 107 eV.
The grey shaded region depicts the values of M, > 0.1Mg. We take Amg=35-10eV% E = 1 GeV, and O, = 30".

res
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Discussion

® Itisintriguing that a local dark matter halo could exist surrounding the Earth.

Possible interactions with neutrinos provide a novel way to search for the dark
matter particle in neutrino oscillation experiments.

® We repeated the analysis for the (radially-polarised) local vector halo coupled to the neutrino current.

® We worked in the approximate 2-flavour scheme. It is interesting to do 3-flavour oscillations.

@® It would be interesting to understand better the local halo formation.
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