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Is it possible to have 
inelastic scattering 

processes enhanced by 
?N2

 Number of constituents of a targetN :



A Brief History of the Universe

Big
Bang

The Cosmic Neutrino Background 
(CνB) The CMB



The Cosmic Neutrino Background (CνB)

• Relic neutrinos from the pre-BBN era 

• They follow a Fermi-Dirac distribution with:

•

•

•
•  per mass eigenstate (total of 3) , per helicity mode

τuniverse ∼ 0.1 sec

⟨pν⟩ = 6 × 10−4 eV

⟨Eν⟩ = 1.6 × 10−6 eV ( 0.1 eV
mν )

⟨λν⟩ = 2.1 mm

nν = 56 cm−3
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Outline

• The  challenge

• Superradiant interactions: Inelastic processes with  rates

• Measuring  rates

• A timeline

CνB

N2

N2



Why is the CνΒ hard to detect?

• Coherent elastic scattering from an extended object, with 
momentum transfer 

• 2/day on a mm size object because  

• Challenge:  assuming mm object

𝒪(⟨pν⟩)

rate ∝ N2

δυobject ∼ 10−33

Smith & Lewin (1983), … 
νi νi

⃗q
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Can we transfer more 
energy while preserving 

interaction rates that 
scale like ?N2



Coherence in emission and absorption of light

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

N2

Dicke Superradiance 1954



Coherence in inelastic scattering processes

• Spin-Spin interaction  results in a time-dependent potential
 

• At small momentum transfers, scattered outgoing neutrino energies 
 and scattering rate scales like  

• Energy conservation and coherence dictates that 

• Effect measured because of energy conservation; scattering changes the state 
of spins

H ∼
GF

2
δ(3)( ⃗xν − ⃗xs)N ⃗σν ⋅ ⃗σs cos(ωt)

Einitial ± ω N2

ω ≤
υν

R

Incoming particle wave Outgoing particle wave
Einitial



Coherence in inelastic scattering processes

• Spin-Spin interaction  results in a time-dependent potential
 

• At small momentum transfers, scattered outgoing neutrino energies 
 and scattering rate scales like  

• Energy conservation and coherence dictates that 

• Effect measured because of energy conservation; scattering changes the state 
of spins

H ∼
GF

2
δ(3)( ⃗xν − ⃗xs)N ⃗σν ⋅ ⃗σs cos(ωt)

Einitial ± ω N2

ω ≤
υν

R

Incoming particle wave Outgoing particle wave
Einitial

Coherence in inelastic processes shows that 
what Dicke coined as supperadiance goes beyond decays 



How does elastic scattering give you ?N2

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

• Scattering amplitude 

• Scattering rate 

∝ N

∝ N2

Atom 1 ei ⃗q⋅ ⃗r1

Atom 2 ei ⃗q⋅ ⃗r2

Atom N ei ⃗q⋅ ⃗rN

Incoming particle wave Outgoing particle wave

⃗qCM

• Momentum transfer 

• Energy transfer 

qCM ∼ 5 × 10−6 eV

ECM ∼ 10−49 eV

For R = 10 cm



Understanding  scalings in inelastic scatteringN2

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

• Two extreme possibilities:

• All atoms in the ground state 

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

 

N

∏ | g ⟩

∏( 1

2
( | g ⟩ + | e ⟩)) = ∏ | ⟩ ≡ Product state

|g⟩

|e⟩

ω0

↑ ↑

↑



Why does inelastic scattering normally ?∝ N

•  atoms all in the ground state  distinct orthogonal final states

• Scattering amplitude 

• Scattering rate 

N ⇒ N

∝ 1

∝ N

Atom 1

Incoming particle wave Outgoing particle wave

…

…

…

…

Atom 2

Atom N

The rate of exciting a single atom 

• Momentum transfer 

• Energy transfer 

q ∼ 5 × 10−6 eV

E ∼ ω0 ≫ 10−49 eV
For R = 10 cm



The coherent spin state or product state

 ∏( 1

2
( | g ⟩ + | e ⟩)) = ∏ | ⟩ ≡ Product state↑ ↑⇔

Analogous to classical spins precessing in a magnetic field
Easily prepared with a  Rabi pulseπ

2



When does inelastic scattering ?∝ N2

Atom α

Incoming particle wave

…

Outgoing particle wave

……

AA, S. Dimopoulos, M. Galanis (2024)



When does inelastic scattering ?∝ N2

Atom α

Incoming particle wave

…

Outgoing particle wave

…… … …

=
1

2
+

| ⟩ =
1

2
( | ⟩ + | ⟩)

AA, S. Dimopoulos, M. Galanis (2024)



When does inelastic scattering ?∝ N2

•  atoms in an equal superposition of ground and excited, therefore there are 
 indistinguishable final states

• Scattering amplitude 

• Scattering rate 

• Energy transfer still large, 

N

∼
N
2

∝ N

∝ N2

E = ω0

Atom α

Incoming particle wave

…

Outgoing particle wave

…… … …

=
1

2
+

| ⟩ =
1

2
( | ⟩ + | ⟩)

AA, S. Dimopoulos, M. Galanis (2024)



Superradiant Decays vs Superradiant Scattering

• Particle number violating 
process: Needs bosons

• There is always a minimum 
momentum transfer, 

• Condition for superradiance to 
dominate over incoherent 
contribution is 

• Particle number is conserved: 
Works for both non-degenerated 
fermions and bosons

• As long as , 

• Condition for superradiance to 
dominate over incoherent 
contribution is 

qmin =
2π
λ

nλ3 ≫ 1

ω0 <
υ
R

qmin <
1
R

nλ2R ≫ 1



Superradiant CνB scattering

• CνB scattering from an ensemble of polarized nuclear or electron spins in a 
 magnetic field (  tunable two-level atoms) and prepared in the product 

state

• Two possible processes:

⃗B 0 N

, where ψ : any SM fermionℒI =
GF

2
ν̄f γμγ5νf ψ̄(gL − gR)γμγ5ψ

∏ | ⟩

In the non-relativistic limit:  HI =
GF

2
(gL − gR) δ(3)( ⃗xν − ⃗xψ) ⃗σν ⋅ ⃗σψ

… ……

νi νi

… ……

νheavy νlight



Coherent Spin State  vs Ground State 
Interaction Rates

… ……

νi νi

versus
… …

νi νi

∼ 0.2 Hz
n2

(3 × 1022 cm−3)2

R4

(10 cm)4 versus ∼ 10−22 Hz
n

3 × 1022 cm−3

R3

(10 cm)3



Outline

• The  challenge

• Superradiant interactions: Inelastic processes with  rates

• Measuring  superradiant rates

• A timeline

CνB

N2

N2



How would you measure the total  
superradiant rate?

N2

• Net energy exchange for scattering 
appears as drift

• Observables sensitive to the 
random walk/diffusion of the state 
vector on the Bloch sphere, ex. ⟨J2

z ⟩ The product state 
on the Bloch sphere

N

The effects on an open quantum system



How does one measure  effects?N2

• Starting from 

•

•

•

• Starting from 

•

•

•

∏ | ⟩

⟨Jz⟩ = −
N
2

+ Nγ+t

δJz ≈ Nγ+t

SNR ≈ Nγ+t

∏ | ⟩

⟨Jz⟩ =
N2

4
(γ+ − γ−)t

δJz ≈ N /2

SNR ≈ N3/2 /2 |γ+ − γ− | t

vs

Net energy transfer, i.e ⟨Jz⟩

Product state easily prepared and 
may offer metrological advantage when the net rate is non-zero



Measuring net energy transfer for the CνB

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

• Can look for the CνΒ being absorbed by the tritium

• Sensitivity of KATRIN comparable to a much smaller spin sample prepared 
in the product state*

vs

to leading order inN
2. The expression labeled as “scattering” assumes Markovian evolution

under scattering-type interactions, which is the case for the neutrinos and the fermionic

DM considered in this work. The expression labeled as “absorption/emission” applies for

arbitrary coherence times for interactions exhibited by the SM photon, the axion and the

dark photon, neglecting spontaneous emission. For the axion, for instance, one finds

p+(t) = p�(t) =
2⇢DMN

2

3
p
⇡v

3

0
m5f2

a

Z
dk k4e

� k2

m2v20

2

4
sin

⇣
m+ k2

2m � !0

⌘
t/2

⇣
m+ k2

2m � !0

⌘
/2

3

5
2

, axion, (6.10)

where we have applied the RWA.

We note, incidentally, that perturbation theory breaks down for a Dicke state already

at times t & (N2
�±)�1.

This solution illustrates that the cancellation of the N2 e↵ects as suggested by Table 3,

partial or total, depends on the question we ask. If we inquire, for instance, “What is the

probability that a measurement of Jz will yield +1 after time t?”, we get the immediate

answer: “p+(t)”, which scales as N
2. This also means that starting from the Dicke state

|Di allows for measuring the excitation and de-excitation rates independently. Then for

|Di, a signal-to-noise ratio (SNR) of O(1) can be achieved in the time it takes to get one

event, i.e. t ⇠ (N2
�±)�1, a fact that is not captured by the naive observable hJzi.

Furthermore, we see that starting from |Gi and |P i, the SNR does not grow as fast,

as summarized in Table 3. For |Gi the scalings are well-known, but for |P i we see the

complete cancellation of N2 e↵ects when the net rate is zero. Here it is harder to find an

analogue of the probability to excite or de-excite the system, as we did in the previous

paragraph for |Di, because |P i is intrinsically noisy. Interactions still occur, however, so,

again, we see that a di↵erent observable is needed.

Nevertheless, energy exchange observables illustrate two important points. First, from

discussion regarding |Di, a significant metrological advantage can be gained even when

there is no net energy exchange. Second, the SNR for the |P i state grows with N
3/2.

Comparing when the SNR is O(1) for the |P i and |Gi states, we find that the |P i state

o↵ers a metrological advantage compared to the |Gi state, when
p
N�net/�+ > 1. For the

macroscopic samples used in axion DM detection experiments such as CASPEr [23, 24] or

QUAX [25, 26], if they are prepared and observed in the |P i state, they have a sensitivity

to a local C⌫B density which is a factor of:

Cboost ⇠ 2⇥ 1011
✓
10 cm

R

◆
3/2✓3⇥ 1022 cm3

ns

◆3/2✓
1000 sec

t

◆✓
103

Nshots

◆1/2

, (6.11)

larger than the SM prediction. In the equation above, we use the C⌫B rates as calculated

in sec. 3.1. While such values of Cboost are completely unphysical, they are comparable

to the ones achieved with current state-of-the-art neutrino experiments [27]. Observables

beyond energy exchange o↵er obvious improvements and this is what we discuss next.

– 26 –



How does one measure  effects?N2

• Starting from 

•

•

•

• Starting from 

•

•

•

∏ | ⟩

⟨J2
z ⟩ =

N2

4
− (N2 − N )γ+t

δJ2
z = N3γ+t

SNR ≈ Nγ+t

∏ | ⟩

⟨J2
z ⟩ =

N
4

+
N2

4
(γ+ + γ−)t

δJ2
z ≈

N

2 2

SNR ≈ 2N |γ+ + γ− | t

vs

Diffusion on the bloch sphere, i.e ⟨J2
z ⟩

Product state sensitive to the sum of the rates when measuring ⟨J2
z ⟩



How does one measure  effects?N2

• Starting from 

•

•

•

• Starting from a Dicke state

•

•

•

∏ | ⟩

⟨J2
z ⟩ =

N
4

+
N2

4
(γ+ + γ−)t

δJ2
z ≈

N

2 2

SNR ≈ 2N(γ+ + γ−)t

⟨J2
z ⟩ =

N2

4
(γ+ + γ−)t

δJ2
z ≈

1
2

N2(γ+ + γ−)t

SNR ≈ 2 N2(γ+ + γ−)t

vs

Diffusion on the bloch sphere, i.e ⟨J2
z ⟩

Dicke state is hard to produce
Need a special quantum protocol to maximize the potential of these states



The Middle Way

• States that exhibit  interaction rates

• The product state 

• Easy to produce

• The Dicke state 

• Much harder to prepare than the product state

N2

|ℓ, m⟩ = |
N
2

,0⟩



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. Dimopoulos, M. Galanis, O. Hosten



Towards measuring coherent inelastic 
interactions

Nuclear spin polarized sphere coupled to an LC circuit

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

i − spin

j − spin

g

g

γLC

• Quantum optics techniques to reduce the spins quantum uncertainty

• The interaction between the two coupled oscillators  with 

frequencies  induces a Hamiltonian 

g(aLCJ+ + a†
LCJ−)

ωLC ≠ ωspins
g2

ωLC − ωspins
J2

z



Towards measuring coherent inelastic 
interactions

Nuclear spin polarized sphere coupled to an LC circuit

This Hamiltonian is similar to that of a free particle H =
p2

2m

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

i − spin

j − spin

g

g

γLC

• Quantum optics techniques to reduce the spins quantum uncertainty

• The interaction between the two coupled oscillators  with 

frequencies  induces a Hamiltonian 

g(aLCJ+ + a†
LCJ−)

ωLC ≠ ωspins
g2

ωLC − ωspins
J2

z



How does squeezing work?

A free Gaussian wave-packet

under the influence of p2

2m

p

x

Jz

Jy

An equatorial product state evolution 

under the influence of a term  g2

Δ
J2

z

σ N



Jz

Jy

p

x

How does squeezing work?

Spread in  set by the velocity  
Phase space conservation insures that 

uncertainty in  is reduced

x
p
m

Δp

Spread in  set by the velocity  
because of  and  
Phase space conservation insures 
that uncertainty in  is reduced

Jy gJz × N
[Ji, Jj] = iϵijkJk ⟨Jx⟩ = N

Jz

A free Gaussian wave-packet

under the influence of p2

2m

An equatorial product state evolution 

under the influence of a term  g2

Δ
J2

z



Towards measuring coherent inelastic 
interactions

• Quantum optics techniques to reduce the spins quantum uncertainty

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

• Potentially a factor of  gain beyond the quantum limit

J2
z

105

Nuclear spin polarized sphere coupled to an LC circuit

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

With S. Dimopoulos, M. Galanis, and O. Hosten (2025)
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• Superradiant interactions: Inelastic processes with  rates

• Measuring  rates

• A timeline

CνB

N2

N2



A timeline

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

• Use: Test quantum protocols

• Advantages: Thermal neutron sources have large flux, large interaction 
rates, can be polarized, and the physics is known

• Dark Matter searches: Axion and Dark-Photon DM, ALPs, sub-GeV,  
millicharged particles

• CνB: The ultimate goal. Will be determined by the limitations of possible 
quantum protocols 

• Could this be the beginning of a long path?

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

Neutron beam

Appropriately prepared  polarized 3He
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millicharged particles
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Stimulated emission and absorption of the QCD axion

and

Axions couple to spins: 
⃗∇ a

fa
⋅ ⃗σ



Reach for Axion Dark Matter

[With S. Dimopoulos, M. Galanis, and O. Hosten]

SQL

OAT squeezing
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A timeline

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

• Use: Test quantum protocols

• Advantages: Thermal neutron sources have large flux, large interaction 
rates, can be polarized, and the physics is known

• Dark Matter searches: Axion and Dark-Photon DM, ALPs, sub-GeV,  
millicharged particles

• CνB: The ultimate goal. Will be determined by the limitations of possible 
quantum protocols 

• Could this be the beginning of a long path?

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



Summary

• Inelastic scattering rates can scale like  — going beyond what 
Dicke Superradiance established for decays

• New ultra-low threshold (quantum) detectors

• This is just the beginning

N2



A Cosmic Neutrino Background Telescope?

?

How did the Universe looked like when it was less than 1 second old?…





Why is the CνB important?

• Probes physics at a time much earlier than the CMB

• An entire sector of the Standard Model: 3 flavors and 7 parameters

• Are neutrinos their own antiparticle? (Dirac vs Majorana)

• Using non-relativistic particles for 3D tomography of the Universe

• They are predicted to exist!
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Superradiant scattering from a target of size R

: particle deBroglie wavelength
: Minimum momentum transfer set by energy conservation

λ
qmin

Scattering form factor:
N

∑
α=1

ei ⃗q⋅ ⃗ra

2
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Target distribution size R

∝ N2 ∝ R6 ∝ N2 λ2
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∝ R4 ∝ R2

R ∼ λ R ∼ q−1
min

Rayleigh 
regime

Rayleigh-Gans 
regime

New
regime
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Evolution of the quantum state 
due to cosmic relics

An open quantum system formalism

constant energy shift

di↵erence scales only as N . Since |P i has no quantum mechanical correlations—indeed |P i
is a product state—adding into or removing from it a quantum of energy doesn’t change

the state too much, i.e. J+ and J� are uncorrelated to leading order. Again, this points

towards the need to squeeze |P i to a metrologically more useful quantum state.

Squeezing thus ties di↵usion and decoherence together as possible observables and

underlines the enormous gain in sensitivity we may achieve by using detectors with even

small amounts of spin-spin correlations, while simultaneously going beyond observables

that measure energy exchange. These considerations point to a new class of ultra-low

threshold detectors. Of course, as we have repeatedly stressed, the discussion above is not

meant as an experimental proposal and explicit protocols need to be designed to extract the

maximum possible sensitivity of coherent inelastic processes on extended quantum systems.

A first step towards this will be presented in upcoming work [16].

6.3 Decoherence due to elastic e↵ects

Inelastic e↵ects involve the projection of background operators (spin, polarization, momen-

tum) in directions perpendicular to the spin of the detector: for spins polarized along the

z-direction these are described by the operators J±. Nevertheless, there are terms in all

Hamiltonians / Jz which we have largely neglected thus far. Similarly to inelastic e↵ects,

the Lindblad equation in general also contains LJz :

⇢̇S ' �i�!S [Jz, ⇢S ] +
��
2
LJ� [⇢S(t)] +

�+

2
LJ+ [⇢S(t)] +

�z

2
LJz [⇢S(t)]. (6.14)

The last term describes elastic e↵ects where no energy exchange with the system

occurs; indeed Jz trivially commutes with the free Hamiltonian of the spin system. Such

terms are well-known in studies of decoherence [33] as they describe a purely quantum-

mechanical e↵ect: the loss of quantum correlations without any energy dissipation. Since

this work is focused on inelastic e↵ects, we only discuss elastic e↵ects for completeness and

leave an exhaustive study to future work.

Because of the elastic nature of these e↵ects, they do not appear at the same order

as �± for the absorption/emission-type interactions of axion, dark photons or ordinary

photons; instead particle number conserving processes are the only relevant ones. Thus,

for neutrinos and DM that scatters, the rate �z is of the same order as �±. For instance,

for elastic C⌫B neutrino scattering we find

�z = n⌫
2G2

F
|ut,i!i|2m2

⌫

⇡
hv⌫i , (6.15)

where the coe�cients ut,i!i are given by the appropriate entries of Table 2. As with all

rates in the Lindblad equations, Eq. (6.15) is strictly correct in the limit |q|�1 ⌧ R, but the

Rayleigh-Gans regime can still be qualitatively captured by an analogous approximation

as that described in App. A.

For |Di we can immediately see that this new term does not change the solution

Eq. (6.8). It is similarly easy to check that the contribution of this new term to hJn
z i is

– 29 –

<latexit sha1_base64="9xkBWejyAqN0WFqU0MGfhT+yrtk="></latexit>

⇢⌫ =
Y

{k,s}

h
(1� hnik,s) |0ik,s h0|k,s + hnik,s |1ik,s h1|k,s

i
Ex. the cosmic neutrino background density matrix 

Integrating out the cosmic relic parameters 

ℒA[ρS] ≡ 2AρSA† − A†AρS − ρSA†A



Evolution of the quantum state 
due to cosmic relics

An open quantum system formalism

Cosmic relics

di↵erence scales only as N . Since |P i has no quantum mechanical correlations—indeed |P i
is a product state—adding into or removing from it a quantum of energy doesn’t change

the state too much, i.e. J+ and J� are uncorrelated to leading order. Again, this points

towards the need to squeeze |P i to a metrologically more useful quantum state.

Squeezing thus ties di↵usion and decoherence together as possible observables and

underlines the enormous gain in sensitivity we may achieve by using detectors with even

small amounts of spin-spin correlations, while simultaneously going beyond observables

that measure energy exchange. These considerations point to a new class of ultra-low

threshold detectors. Of course, as we have repeatedly stressed, the discussion above is not

meant as an experimental proposal and explicit protocols need to be designed to extract the

maximum possible sensitivity of coherent inelastic processes on extended quantum systems.

A first step towards this will be presented in upcoming work [16].

6.3 Decoherence due to elastic e↵ects

Inelastic e↵ects involve the projection of background operators (spin, polarization, momen-

tum) in directions perpendicular to the spin of the detector: for spins polarized along the

z-direction these are described by the operators J±. Nevertheless, there are terms in all

Hamiltonians / Jz which we have largely neglected thus far. Similarly to inelastic e↵ects,

the Lindblad equation in general also contains LJz :

⇢̇S ' �i�!S [Jz, ⇢S ] +
��
2
LJ� [⇢S(t)] +

�+

2
LJ+ [⇢S(t)] +

�z

2
LJz [⇢S(t)]. (6.14)

The last term describes elastic e↵ects where no energy exchange with the system

occurs; indeed Jz trivially commutes with the free Hamiltonian of the spin system. Such

terms are well-known in studies of decoherence [33] as they describe a purely quantum-

mechanical e↵ect: the loss of quantum correlations without any energy dissipation. Since

this work is focused on inelastic e↵ects, we only discuss elastic e↵ects for completeness and

leave an exhaustive study to future work.

Because of the elastic nature of these e↵ects, they do not appear at the same order

as �± for the absorption/emission-type interactions of axion, dark photons or ordinary

photons; instead particle number conserving processes are the only relevant ones. Thus,

for neutrinos and DM that scatters, the rate �z is of the same order as �±. For instance,

for elastic C⌫B neutrino scattering we find

�z = n⌫
2G2

F
|ut,i!i|2m2

⌫

⇡
hv⌫i , (6.15)

where the coe�cients ut,i!i are given by the appropriate entries of Table 2. As with all

rates in the Lindblad equations, Eq. (6.15) is strictly correct in the limit |q|�1 ⌧ R, but the

Rayleigh-Gans regime can still be qualitatively captured by an analogous approximation

as that described in App. A.

For |Di we can immediately see that this new term does not change the solution

Eq. (6.8). It is similarly easy to check that the contribution of this new term to hJn
z i is
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⇢⌫ =
Y

{k,s}

h
(1� hnik,s) |0ik,s h0|k,s + hnik,s |1ik,s h1|k,s

i
Ex. the cosmic neutrino background density matrix 

This is analogous to the Lindblad formalism for spins/atoms in a photon bath

Integrating out the cosmic relic parameters 

ℒA[ρS] ≡ 2AρSA† − A†AρS − ρSA†A



Why is the Electric Dipole Moment of the Neutron Small?

Neutron 
EDM

EDM ~ e fm θs

Experimental bound: θs  < 10-10

The Strong CP Problem and the QCD axion

Solution:
θs ~a(x,t) is a dynamical field, an axion

Axion mass from QCD:

fa : axion decay constant

µa ⇠ 6⇥ 10�11 eV
1017 GeV

fa
⇠ (3 km)�1 1017 GeV

fa

g2s
32⇡2

✓s ~Es · ~Bs



Factors determining squeezing

• The effective coupling 

• The losses, in cavity decay 

• Everything needs to happen in a time less than the dephasing 
time

χ ≡
g2

Δ

η ≈
g2κ
Δ2




