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Neutrinos

Y.-F. Li, Z.-z. Xing, PLB 695 (2011) 205
Z.-z. Xing, Physics Reports 854 (2020) 1
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Neutrinos
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Neutrinos

Formaggio and Zeller, Rev. Mod. Phys. 84 (2012) 1307
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Triutium capture

* Inverse B decay proposed by S.Weinberg.

* A direct evidence of the era when the Universe
is just one second old.

\ = *The detection can also help to pin down
neutrino’s properties such as absolute mass and
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PTOLEMY: Quantum challenge

Cheipesh, V. Cheianov, and A. Boyarsky, Phys. Rev. D 104, 116004 (2021)
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Coherent enhancement
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Coherent enhancement
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Coherent enhancement — CEA
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Sensitivity
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Sensitivity
4 We know from quantum mechanics that the recoil due to cnub is discrete
4+ Directly measuring each collision?

4+ For a mm-scale target, the rate is |/(a few days), quite significant!

4+ However, the kinetical energy of each collision is only 2*10-33 eV for a mm target,

which will be further averaged across all atoms in the target

4+ From energy-time uncertainty, an observation time of 10 billion years (~ the age

of our Universe) is required. We need larger energy deposition!!!

* Superconducting current

* Softphoton emission

* Phonon emission

... But effects are all negligible




Coherent photon emission
Vi \
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o Atomic/Molecular Target

Additional signal from the
coherent scattering

From first principles, the key for coherence may be summarized as:
|. Radiants in the medium is not altered by the scattering.

2.The quantum phases of different radiants are not averaged out.

N -0

Mtot — Z M’I" ) ei(pi—p;——k) r
r=1
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Nonlinear optics

b) c) \

Those two outgoing parametric

b M photons are highly entangled.
. (horizontal)
!I'XIVZ1809.00127 / (helped to win the Nobel Prize in 2022)

[H),|V)y+€®[ V), [H),

SPDC process (spontaneous parametric down conversion)

Experimentally established in 1967

D. Magde and H. Mahr, PRL 18 (1967) 905
S. E. Harris, M. K. Oshman, and R. L. Byer, PRL18 (1967) 732
“"Observation of Tunable Optical Parametric Fluorescence”
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Fluorescence of relic neutrinos
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Our master Hamiltonian
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Fluorescence of relic neutrinos

The key is to calculate the polarization P. Hamiltonian simply follows

Heff =—P-£

(1) = Cy(t) |g) + ) Cu(t) )

=0 _ __aa?
_GFCEJ Jij mvg (p?, pj)oi(Evg—f—E;—Ei)t

\/51 Evg +F E; k Ei

1/E1 :GFOij Nd L}?J Ty, (D; — D))l [dgy - E(K)]
T —V/2i B, + E; — E,

1

x el(WTE;—B;)t + h.c.

ML _ GpCij ng [jzj $ Oyl |y - B(K)]
vy \/5 Evg + E; L EZ

X ei(“’+E3’_Ei)t + h.c.

Effectively, we end up with a

clean VVY coupling

No new physics here.We do
not require any BSM neutrino-
photon couplings
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Fluorescence of relic neutrinos
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Fluorescence of relic neutrinos

Decoherence time 7. accounts for all
factors affecting the coherent accumulation
of polarization

. o eiee GO = / dt (v| Hy(?) |e)

coherence

-0

_ Gplij  Jij Oy (B, +E—E,)t

Yo S = Ny Cc ()
s = V2 [E,+E —E,
\
f . o
Plodzien et. al., PRB 111 (2025) L161115 \ min Virtuality of |v
TA=T"14+T,"! A coherence timescale of 10 ps is well achievable;
Y ¢

Even | ms is possible in some ideal case

T, ~ 1/(d*,E3,)~ 120's

Vg vg :
B s~ 13 (V=5m"; T, = 10 85);
T¢ Purely dephasing time [RVS_H,I ~8 yr ! (V=40 cm® T, =10 pus) ]
* o o
: g‘?"'zm"; | 10 ns linewidth is 6.6 * 107 eV
INn depnasin
pin cephasing 10 ps linewidth is 6.6 * 10-10 eV

* Phonons for solid 18



Parametric Fluorescence

r s

20 cm > Cooper pair binding energy is 1 meV

Photon and phonon sensors

* sc tunnel junction sensors
* kinetic inductance detectors
* quantum capacitance detectors

Possible backgrounds

* Thermal (Blackbody) photons. Strongly suppressed by
operating at cryogenic temperatures (~| K).

* Cosmic Rays (Muon Background). Underground
placement ~99.9% veto efficiency makes this background
manageable.

* Radioactivity. Shielding + vetoing, but remains a key
challenge.

» Afterglow (Luminescence). Reduced via temporal and
spatial cuts following energetic events.




Summary and prospects

<& As the community becomes skeptical about the feasibility of
PTOLEMY project, we revisit coherent detection of the cosmic
neutrino background and explore ways around “no-go theorems.”

U Parametric fluorescence of the CvB may enable detection of relic
neutrinos. If achieved, it would reveal the universe about one second
after the Big Bang. It would also determine neutrino properties, such
as absolute mass and whether they are Dirac fermions or Majorana

fermions.

U Future work requires close collaboration with experts in atomic,
molecular, and optical physics, as well as solid state physics.
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Fluorescence of relic neutrinos
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A spatial phase will be imprinted
on the intermediate state
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PTOLEMY Project
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Coherent enhancement

Coc|M P+ M ,P+|M [ +-+|M ,Pc N

¥y

i k;x,
Mo =ZM (x,) O

Quantum phases are averaged out
for lengthes beyond the De Broglie
wavelength

* The extreme case is just the
coherent forward scattering.

*  We are also clear here that
coherence relies on momentum
transfer ( != absolute momentum )
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Coherent enhancement

Mechanical recoil
% N swton’ > =

ML (23~ [T A,

Outside the Earth
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Gradient force
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© Jack D. Shergold

an acceleration of order 10-30 ¢cm/s2

Stodolsky effect

26



Nonlinear optics

Non-Polarized Material

Electrically Polarized Material

Un-Polarized Atomic Elements

E=0

(=]#) Polarized Atomic Elements
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— 00 i vg 1 v
d:, |d,, - Ew, :
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This second order term
< just describes SPDC
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Parametric Fluorescence

1e—8 Cosmic Neutrino Background (CvB) Spectrum

1.4}
CvB Spectrum (T, = 1.95 K)

o o bt e
(o] w o N

Flux (arbitrary units)

S
B

0.2

0(Jc.}OOO 0.002 0.004 0.006 0.008 0.010

P
A momentum spread of order 103 - 104 eV

AE; ~ Ap?/(2ms)

For myv = 0.05 eV, we have an energy spread
of < 106 eV

Unﬂs_--- L L L B B
0.05 ?x --- @ invacuum }
;\\\\ e F—F,
S 0.04¢ Dispersion in —:
et vacuum
E’B 0.03
2
M 0.02f \
0.01f \
0 PR T N S N N | L \\
0 0.01 0. 62 G 03 0.04 0.05 I'J 06

k (eV)

In vacuum, the spread of E3 — Fj is

similar to momentum spread

* In medium, the spread is controlled by

the dispersion curve

To have 6.6 * 10-10 eV, we require —~
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Parametric Fluorescence

atoms
P 8 Fast Light
£ low Light N ire, n_~3.5
phOton “Fast Light j (Pbotonic Crystal Wagveguide, n, ~40) il )
(Nanowire, n_ ~3.5),
atoms

(b)

photons with the resonant structure of
the medium.

@ * Slight lights rely on the scattering of

Excited

* Intuitively, slow light arises from strong
resonant absorption by some static
excitations in the medium in a coherent
manner.

a dressed “polariton”-like state

collective mixture of photon and excitation
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Parametric Fluorescence

Three—level system with EIT

0.05 T T L | e Y e T TR R F T 0.05_""l""l""[""l""-
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E— ] [ —— — :
0.04f 107 1 10 10* 10° . 0.04F 104102 1 10% 10* 10° 7
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. ) / ] [
0.01} o 0.01 -=—=
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* Slow light naturally exists in the NS ey
p 'C

Y
[V} Q. (Control field)

\

N

vicinity of the resonance.

* There are always resonance Q,
(Probe photon)

fluoresence mode in the phase space. = ey v e Seaend

branch in the curve
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Further enhancement

For El transition For Ml transition
______ w1 |¥) g | V)
&P M2~ a2d?
\Y V; 3 e Vi ev’ , Vs
arza o(1)
g) 2)
: ?
"""" y N ‘V>
: El
Vi E V; Vs
Ml
g)
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Further enhancement

Palili)_’_l‘rl_lxmg We know that this is not allowed from our atomic

%

v

physics textbook: parity violation as well as selection

E1 & M1 rules

In modern AMO, we can use techniques such as the Stark effect to

make it happen.

Superradiance
V)

The time cycle for maintaining the coherence is
of nano second scale, but we need year long
collection time.

The system is not in ground state.
g) Overwhelming QED background.




Recoil Force

Opher’s proposal:Total reflection

Opher, Astron. Astrophys. 37 (1974) , 135-137

SIDE VIEW :
—_—— Incident
/  neutrino Detector plate
N

Reflector Reflector
plates 6 plates
cWr

ﬁ' N ewton’

JE#L, RIS e [ FAT 3 R,

Matter potential
U — ﬁ y (—=)(3Z —A) for v, (ve)
2\/ﬁpmatter (—)(Z _ A) for o (17#’7)

Refractive index

m,U, -8
n,—1=06, = —(=5") 10

v o

Critical angle —~

= V _251/ / "'10-4

The recoil force here will be of order G;

2. Lewis’s idea of refraction

* Mechanical recoil
* Torque

Lewis, Phys. Rev. D 21 (1980) 663.
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Recoil Force

How many G¢’s for the force?

\ » reflection recoil (8, /)

. . » isotropic flux (8.)

N. Cabibbo and L. Maiani, Phys. Lett. B . .
114 (1982) 115117 » inclined surface (0,)

By integrating over both sides, Cabibbo and Maiani find only G2 force remains and
claim G:force holds only for collimated neutrino flux

However, this is not true even for collimated neutrinos...
P.F. Smith and J. D. Lewin, PLB 127 (1983) 185

P. Langacker et al., PRD 27 (1983) 1228.
R. R. Lewis, PRD 35(1987)2134
|. Ferreras and |. Wasserman, PRD 52 (1995) 5459

e o d\: ° b\ ° \ o o }*\ ° o\.p\
\ o .
5m e oo o Se_ @ : o o o D SR ‘0\0 ° ‘~,\ Total reflection is not a sudden
— ~ ~ ~ ~ o
© o0 00 o o Ao o R o e % reaction at the surface
®© © 6 0 6 006 006 006 0 0 0 0 o

20 km... >> lab dimension 34



Gradient effect

Matter potential, but
role reversed Hesr(z) =
Y= Ygtd q=t
y p\a) pLy)
Y= Y Q=0

v — 9as) e(x)

: y(3 (‘T)A!’ﬁ(l - 75)'{/(3(:}3 F(I)’}“ (g

gf /;) d>z p(x)[n, (xq + x, 1)

—ng(xq + x,t)] ,

!
E=S [U1pn(@) p, (v, +9)dg
0

L3
!

!
U tq)d
Fy = Uf 1Pm(@) 3%- P, tq)dq

“There is no known way to generate artificial density gradients large enough to
result in easily measurable steady forces O(G¢)”

Ferreras & Wasserman, 1995
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Stodolsky effect

Stodolsky has discussed two effects in his

original paper:
» Electron spin rotation in vacuum

» Torque of ferromagnet

Stodolsky, Phys. Rev. Lett. 34 (1975) 110

Energy spliting between two spin/helicity states (relativistic nu)

- 0 (= ) ©Jack D. Shergold
E ~ _zﬁGFgAse .ﬂearth(nv _n17) )
T, 1) AE
Torque acceleration for a magnet b
Ny, — N i Moo
B ~q.10720 D Do cm /52 Uni."ortun.ately, the suppresion of neutrino
ny antineutrino asymmetry will worsen the
situation
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Total reflection by the Earth

‘ 3,<0
W & -
F\N\/\N\_

od\oo’o\oo\ooo*\ooo\.p =

\ \
o .0 o N

U > O\hr nu o A o o~:$o \\A £

5m -

[\ ] /-\/\_N\/-Ir-v-\/wvv-\_.‘_\/w

|

20 km... << Earth dimension u

A. Arvanitaki and S. Dimopoulos, Phys. Rev. D 108 (2023) 043517

“total reflection of cosmic neutrinos from the surface of the Earth results in a local
v—vbar asymmetry”
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Enhanced asymmetry and gradient

Reflection and interference results
in an overdensity here

Incoming nu

Outside the Earth Inside the Earth An asymmetry Peaked at the Surface
102 423x10° & .
- 5 and decreasing away the surface
= 5x10 J11x10° 3
s 2 n,-n 2 12
- s & —= " (2) = —+/2|6,| | 3+ 5e 2
g 5 orders of magnitude > g ny (2) 15 2 (
folO"‘: 11.1x10° é
= Asymmetry %/
1074 42.3x10* = .
sxiosF— s £ S 3 Gl‘adlent %g}/f

-4 -2 0 2 4
Distance from the Earth's surface in meters

an acceleration of order 10-30 cm/5238



Semiclassical treatment

In the semiclassical limit (ignoring interference)

Three conservation laws

Particle number

Kinetical energy

Angular momentum

GYH, JHEP 11 (2024) 153 '

T 25 --- Neutrinos Kyt = 10 ]
' ' —-- Antineutrinos -4 ]
| my, V2 =2x107* ] S
AR R— : n,(r) =ng
2 of 3natseosemenannnn
- - . 5

| promer= 3 .
T Ot ' However, even with order one asymmetry,
> _oF ] . .
S 2 the acceleration is unreachable

102 107" 1 10 100

: R —29 Ny, — Ty, 2
Height (1/k,) adi, ~4-10 — cm /s

—_ ~ ~ _8 4_ - nl/
5711/ ~ 5%5 ~ 1.25 x 10 39



