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Abstract:

Cosmic relics such as the cosmic neutrino background (CvB) are among the most compelling predictions of modern cosmology,
yet they remain undetected because their interactions with ordinary matter are extraordinarily weak — a 10-cm detector would
expect far less than one event over the age of the universe. | will describe a new approach in which macroscopic targets, such
as spin ensembles familiar from NMR, prepared in easy to achieve quantum states can respond collectively to these tiny signals.
In this regime, interactions are superradiantly enhanced, with rates scaling as the square of the number of particles in the
target, boosting relic neutrino signals to the Hz level.

| will discuss the broader implications for detecting relic neutrinos, axion and dark-photon dark matter, and explain why neutron
beams incident on tabletop systems based on NMR techniques provide a natural testing ground. Finally, | will argue that these

interactions appear not as conventional energy deposits but as correlated noise, pointing toward new detection strategies
rooted in quantum measurement science.
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[s 1t possible to have
inelastic scattering

pI‘OCGSSGS enhanced by
N??

N : Number of constituents of a target
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A Brief History of the Universe
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The Cosmic Neutrino Background (CvB)

® Relic neutrinos from the pre-BBN era 7 - ... ~ 0.1 sec
® They follow a Fermi-Dirac distribution with:
2 2
" ~——e m
Vl
® (p)=6x10"%eV =
m? L __mzz
i solar=7.5x107%V?
0 1 eV atmospheric I —
— -6 * o 32
[+ (EU) - ]'6 X 10 eV Acsleey atmospheric
m, ml . o —— ~25x10%eV?2
- solar~7 Sx 10-7eV2 #
M7 — T
?
® (I)=21mm o 0

® 15, =56 cm-3 per mass eigenstate (total of 3) , per helicity mode
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Outline

® The CuB chaﬂenge

® Superradiant interactions: Inelastic processes with N? rates

® Measuring N rates

® A timeline
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Why 1s the CvB hard to detect?

Smith & Lewin (1983), ..

® Coherent elastic scattering from an extended object, with
momentum transfer 6({p,))

® 2/day on a mm size object because rate « N*
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Can we transfer more
energy while preserving

Interaction rates that
scale like N?7?




Coherence in emission and absorption of light

o— 00—
o— 00—

Power of the emitted light grows like the N? as long
as all precessing dipoles are within the wavelength

Dicke Superj“adiance 1954
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Coherence 1n inelastic scattering processes

Incoming particle wave Outgoing particle wave

E.

initial H ’rf
® Spin-Spin interaction results in a time-dependent potential

H~ TF(S@(J?,, — XN 3, - 35 cos(wr)
2

® At small momentum transfers, scattered outgoing neutrino energies

E.

o -+ » - 3 . . 9
1n1t1a1 T and scattermg rate scales like N

Coherence in inelastic processes shows that

whal: DiCl{E Coined as supperadiance goes bB}:’ODd decays
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How does elastic scattering give you N*?

Incoming particle wave Outgoing particle wave

N e 7

Atom 2

.

Atom N

® For small enough momentum transfer, there are N paths all leading to the
same final state

® Scattering amplitude « N ® Momentum transfer gy ~ 5% 107% eV

® Scattering rate o N’ ® Energy transfer Egy, ~ 107 eV
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Understanding N* scalings in inelastic scattering

® A target made of N two-level “atoms”: nuclear and atomic transitions, spins
in magnetic field, etc...

|e) % T

| &) . !

® Two extreme possibilities:

® All atoms in the ground state HI )

® All atoms in an equal superposition of ground and excited:

H(%“l Y+ 11 ))) = H |—») = Product state
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Why does inelastic scattering normally « N?

The rate of exciting a single atom

Incoming particle wave Outgoing particle wave

Atom 1

Atom 2

Atom N

® N atoms all in the ground state = N distinct orthogonal final states

® Scattering amplitude o 1 ® Momentum transfer g ~ 5x 107% eV

® Scattering rate « N
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The coherent spin state or product state

s
e

L . 3

1

@ H(ﬁ“l)‘HT)))=H|—>)EProductstate

- — - 3 e

Analogous to classical spins precessing in a magnetic field
Easily prepared with a g Rabi pulse
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When does inelastic scattering o N*?
AA, S. Dimopoulos, M. Galanis (2024)

Incoming particle wave Outgoing particle wave

Atom «

—» —»
—> M+ _
—» —» —>
—
—
+ =)

® N atoms in an equal superposition of ground and excited, therefore there are

~ E indistinguishab]e final states
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Superradiant scattering from a target of size R

2

N
Scattering form factor: Z e
a=1

Total Interaction Rate

R~ R~gl
min
Target distribution size R

A: particle deBroglie wavelength

Gmin: Minimum momentum transfer set by energy conservation
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Superradiant CvB scattering

® CvB scattering from an ensemble of polarized nuclear or electron spins in a
B, mBIEIHEtiC field (N tunable two-level atoms) and prepared in the product

state | [ |—)

G —_
P= —Fl_//-}’#}’y{f'ﬁ(gL — gp)7"rsw , where y : any SM fermion

Nk

.. . . . G — - - -
In the non-relativistic limit: H, = —=(g; — gz) 6, — X,) @, 8,
2

® Two possible processes:
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Coherent Spin State vs Ground State
Interaction Rates

Hm‘

—.’ e
e versus 174
—p
i n? R* ~ 10-2 H. - &
W (3 x 1022 cm—3)2 (10 cm)? versus 10 H£3 X 1022 em-3 (10 ecm)?
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Outline

® The CuB challenge

® Superradiant interactions: Inelastic processes with N? rates

® Measuring N? superradiant rates

® A timeline
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Evolution of the quantum state
due to cosmic relics
An open quantum system formalism

Ex. the cosmic neutrino background density matrix

pv =TT [0 (mhe ) 10} Ol (mhscs i (1L
{k,s}

Integrating out the cosmic relic parameters

ps :{—iéws[@, p%—l— 72_£J_ ps(®)] + 2L, [0s(8)] + %ﬁ.}z [ps(t)]

—

constant energy shift
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Evolution of the quantum state
due to cosmic relics
An open quantum system formalism

Ex. the cosmic neutrino background density matrix

po =TT [0 = (Mhiee) 10 b + M Dice (U
{k,s}

Integrating out the cosmic relic parameters

ps =~ —idws[J,, ps] + /};ﬁj_ [ps(t)] + ’Y2+£J+ [ps(t)] + %ﬁ.}z [ps(t)]

Cosmic relics

This is analogous to the Lindblad formalism for spins/atoms in a photon bath
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How would you measure the total N?
superradiant rate?

The product state
on the Bloch sphere

® Net energy exchange for scattering | ‘ ' |
appears as drift g : b
i
® Observables sensitive to the " \ :

random walk/diffusion of the state
vector on the Bloch sphere, ex. (J7)
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How does one measure N? effects?

Net energy transfer, 1.e (/)

NP2

® Starting from H |l) @ Starting from H |—»)

® SNR =~ /Ny, t ® SNR~NZ12|y, —y_|t
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Measuring net energy transfer for the CvB

VS

® The KATRIN experiment measures the end point of tritium decay to
determine the electron neutrino mass

® Can look for the CvB being absorbed by the tritium

® Sensitivity of KATRIN comparable to a much smaller spin sample prepared
in the PT'OdUC‘t state®

o 2 1ot (10 cm 3/2 13 % 1022 cm3\*? /1000 sec 103 \ V2
boost 7}2 P " Nshots
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How does one measure N? effects?

Diffusion on the bloch sphere, 1.e

NP2

® Starting from H |l) ® Starting from H |—»)

® SNR~ /N7 i
. ® SNR ~ \2N | Yo +7_ | ¢

Product state sensitive to the sum of the rates when measuring (.LZ)
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How does one measure N? effects?

Diffusion on the bloch sphere, 1.e s, ?

—

® Starting from H | —») @® Starting fromL Dicke state

® SNR ~\/2N(y, + 7)1 8 BVER VIR )

Dicke state 1s hard to produce
Need a special quantum protocol to maximize the potential of these states
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The Middle Way

@ States that exhibit N? interaction rates

A

»
® The product state

® Fasy to produce

® The Dicke state |#,m) = |g,0)

® Much harder to prepare than the product state
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The Middle Way

® Best bet: a squeezed state

® Somewhere in between a product state and a Dicke state

® Preserves much of the good signal-to-noise ratio properties of the
Dicke state

® Proposed a squeezing and magnification protocol and experimental setup

with S. DiInopoulos, M. Ga.]anis, O. Hosten
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Towards measuring coherent inelastic
interactions

Nuclear spin polarized sphere coupled to an LC circuit

® Quantum optics techniques to reduce the spins quantum uncertainty

Davis, Bentsen, Schleier-Smith, 2016
Hosten, Engelsen, Krishnakumar, Kasevich 2016

8

[ — spin
HJI}’LIJC

J — spin
® The interaction between the two coupled oscillators g(a;-J, + agc.l_) with

frequencies o, # @ induces a Hamiltonian

spins
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How does squeezing work?

A free Gaussian wave-packet An equatorial product state evolution
2 2
under the influence ofg— under the influence of a term ‘%Jf
- ‘
p J;

» - > » -
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How does squeezing work?

A free Gaussian wave-packet An equatorial product state evolution
2 )
under the influence ofg— under the influence of a term ‘%Jf
- ‘
p J;

_ —— _— J

Spread in J, set by the velocity g/, x ¥
because of [J, J] = iej;J; and (J,) =N
Phase space conservation insures
that uncertainty in J, is reduced

Spread in x set by the velocity L.
m

Phase space conservation insures that
uncertainty in Ap is reduced
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Towards measuring coherent inelastic
interactions

Nuclear spin polarized sphere coupled to an LC circuit

® Quantum optics techniques to reduce the spins quantum uncertainty
Davis, Bentsen, Schleier-Smith, 2016

Hosten, Engelsen, Krishnakumar, Kasevich 2016

® Maximum squeezing set by competition between evolution under the J?
Hamiltonian and decay of spins into circuit modes

With 8. Dimopoulos, M. Galanis, and O. Hosten (2025)
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A timeline

® Thermal neutron scattering from a polarized target prepared in a product
state: The SIREN experiment

in progress with Dimopouloes, Galanis, Geraci, Irwin, Rapidis

] Test quantum protocols

° ; Thermal neutron sources have large flux, large interaction
rates, can be polarizec}, and the physics 1s known

Appropriately prepared polarized *He

Neutron beam
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Stimulated emission and absorption of the QCD axion

—

Ql

Axions couple to spins:
a
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A timeline

® Thermal neutron scattering from a polarized target prepared in a product

state: The SIREN experiment
P mn progress with Dimopoulos, Galanis, Geraci, Irwin, Rapidis
L] Test quantum protocols
® Thermal neutron sources have large flux, large interaction

rates, can be polarized, and the physics 1s known

® Dark Matter searches: Axion and Dark-Photon DM, ALPs, sub-GeV,
miﬂicha,rged par‘ticles

® CvB: The ultimate goal. Will be determined by the limitations of possible

quantum protocols
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A Cosmic Neutrino Background Telescope?
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