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P(production & detection) ∼ g4

Production Detection

g
g

ν, a, Xμ, …

• Can we infer properties of particle production without scattering/
absorption?

g



• Check conservation laws!

• Pauli (1931): “a desperate remedy to save … 
the law of conservation of energy. 
Namely, the possibility that there could exist 
in the nuclei electrically neutral particles”

(1911)

• Neutrino direct detection (1956)
σνe ∼ G2

F E2

≈ 10−43 cm2



Quantum invisible particle sensor (QuIPS)

• Detect weakly coupled particles 
emitted in nuclear decays


• How can we minimize the 
quantum noise in missing 
momentum measurements?

100 nm⟷

pα = − psph

[Wang et al. 2402.13257]

LBL: Sorensen, Garcia, Denes, Rofors, R. Carney, GM, Beckey, Knepper, Kodroff, D. Carney
Yale: Moore, Tseng, Penny

https://arxiv.org/abs/2402.13257


Plan

1. Quantum impulse measurements


2. Testing SM  decay


3. Testing SM  decay


4. Quantum enhanced measurements

β

γ



Quantum sensing
• Weak, continuous, measurement may be viewed as a scattering problem:


• How does the outgoing light depend on the ingoing light and the 
system/interaction dynamics?

[Clerk et al. RMP (2010) ; Beckey, GM, Carney 2311.07270]

Hlight

HsysHint

Ingoing light

Outgoing light

https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.82.1155
https://arxiv.org/abs/2311.07270
http://www.apple.com


Optomechanics

• Dielectric coupling: 




• Strong background laser field — 
linearized Hamiltonian: 

Hint = ∫sph
d3x P(x) ⋅ E(x)

Hint = gxX

Xin, Yin

Xout, Yout

Hlight = ω0 (X2 + Y2)

Hsys =
p2

2m
+

mω2
mx2

2

Hint = gxX

[Pflanzer et al. PRA (2012); Maurer et al. PRA (2024)] 

X =
1
2 (a + a†) Y =

i
2 (a† − a)

Amplitude quadrature Phase quadrature

https://journals.aps.org/pra/abstract/10.1103/PhysRevA.86.013802
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.108.033714


Force estimation
• Force estimated from output phase: 


• Uncertainty in estimator given by power spectral density PSD :

FE = χ−1
YF Yout

SFF

2π SFF(ν) δ(ν − ν′ ) = ⟨FE(ν)F†
E(ν′ )⟩sym

• PSD has back action and shot noise contributions:

SFF(ν) =
2Pπ
λ0

+
m2λ0(γ2ν2 + (ν2 − ω2

m)2)
4πP

Scattered power 


Laser wavelength 


Mechanical damping 

P

λ0

γ



Uncertainty

Δpth = (∫
dν

SFF(ν) )
−1/2

≈ mωm

≈ 15keV ( m
fg

ωm

10kHz )
1/2

Impulse threshold:

Signal force 
 F(t) = Δp δ(t − t0)



Physics goals



Sterile neutrinos
• Radioisotopes undergoing beta decay 

can emit heavy sterile neutrinos

[Carney, Leach, Moore PRX Quantum (2023)]

Eν ≈ Q − Eβ

https://journals.aps.org/prxquantum/abstract/10.1103/PRXQuantum.4.010315


[Carney, Leach, Moore PRX Quantum (2023)]

msph = 1 fg
Tint = 1 month

f = 1 %
σEβ

/Eβ = 0.01

σθβ
= 0.02 rad

https://journals.aps.org/prxquantum/abstract/10.1103/PRXQuantum.4.010315


Precision electroweak physics
• Beta decay differential distribution determined 

by electroweak sector of Standard Model (+ 
nuclear corrections)

[Johnson et al Phys Rev (1963)]

d5Γ
d2Ων d2Ωβ dEβ

• What can we learn by measuring more than ?Eβ

https://journals.aps.org/pr/abstract/10.1103/PhysRev.132.1149


Angular correlations
β

ν

θβνd2Γ
dEβ d cos θβν

= F0(Z, Eβ, Q)ξ[1 + aβν
pβ ⋅ pν

EβEν
+ b

me

Ee
]

• For unpolarised nuclei, 

• Simple observable: correlation of  angleβ − ν

d2Γ
dEβ d cos θβν

= A cos θβν + B

• In SM for Gamow-Teller decays, aβν =
A
B

⋅
pβ

Eβ
= −

1
3

[Jackson et al. Phys Rev (1957)]

https://journals.aps.org/pr/abstract/10.1103/PhysRev.106.517


New interactions?
• The beta spectrum may be modified by additional tensor interactions 

aβν = −
1
3 (1 −

CT

CA

2

) ℒ ⊃ CT GF n̄σμνp ν̄σμνe

• -decay measurements constrain  — neutron decay 

tension ?


• Complementary to  at LHC

β
CT

CA

2
≲ 7.6 × 10−3

CT

CA

2
≈ 4.7 × 10−3

p p → e+e− + X
[Burkey et al. PRL (2022); Cirigliano et al. (2013); Falkowski et al. JHEP (2021); Beck et al. PRC (2022)]

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.202502
https://link.springer.com/article/10.1007/JHEP02(2013)046
https://link.springer.com/article/10.1007/JHEP04(2021)126
https://doi.org/10.1103/PhysRevC.101.055506


Sensitivity projection
66Ni

msph = 1 fg

Ndecays = 107

σEβ
/Eβ = 0.01

σθβ
= 0.02 rad

• Sensitive to 

 
CT

CA

2
≈ 5 × 10−3

[Carney, GM, Moore, Rule 24xx.]



Gamma decays
• Excited nuclear states can de-excite by emitting a photon 


• Or, may emit a massive, invisible state 

ϕ, a, AB−L, …

N* N

[Weinberg PRL (1978); Treiman, Wilczek PLB (1978); …; Benato et al. (2019); Dent et al. (2022); Carney, GM, Moore 24xx]

Δp = |pγ − pχ | = Eγ(1 − vχ)

Photon emission Invisible emission

psph psph(Eγ, pγ) (Eγ, pχ)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.40.223
https://www.sciencedirect.com/science/article/abs/pii/0370269378906846
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.035025
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.015030


Missing momentum



Nuclear batteries
• Metastable excited nuclear isomers: long 

lifetimes (seconds - years)


• Isomer transition initiates prompt gamma 
cascade


• Aim to constrain branching ratio to invisible 
states, e.g.

93mMo
21/2+

Jπ E/keV

2425

2162

1477

0

13/2+

7/2+

5/2+

BRϕ(Eℓ) ≈
1
2 ( gϕ

e )
2

v2ℓ+1
ϕ , l > 0

ℒint = gϕϕN̄N

γ

γ

γ



Sphere arrays

• Using beam splitters, can 
currently levitate + readout 100s 
of spheres


• Aim to scale this up to 100x100 
sphere array

[D. Moore]



[Carney, Moore, GM 24xx.]

msph = 1 fg
σEγ

/Eγ = 0.01

σθγ
= 0.01 rad



ℒint =
1
fa

∂μa N̄γμγ5N



Summary of BSM searches

• Reconstruction of  by measuring  and  allows:


1. Searches for heavy neutrino  mixing with ;


2. Searches for modifications to  parameter of -spectrum.


• Infer  to search for heavy states emitted in -decay

pν psph pβ

ν4 νe

aβν β

pγ γ
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θ ≈ 0.76
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S
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[N
2 /H
z]

Δpth = (∫
dν

SFF(ν) )
−1/2



Frequency-dependent squeezing
• Squeezing angle may be frequency-dependent 


• Cavities introduce phase shifts 


• Use a sequence of cavities to tune  to minimise noise:

S(r, θ(ν))

αi(ν) = arctan(
ν − ωi

ωi
+ ν/γi)

θ(ν)

SFF(r, θ*) ≈ e−2rSFF(r = 0)

[Unruh PRD (1979); Kimble et al. PRD (2001); Ghosh et al. 2211.14460; Beckey, Carney, GM 24xx]

tan θ*(ν) =
2Re χYX χ*YY

|χYX |2 − |χYY |2

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.19.2888
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.65.022002
http://www.apple.com


[Ganapathy et al., PRX Quantum (2023)]

https://journals.aps.org/prx/abstract/10.1103/PhysRevX.13.041021


Impulse sensitivity 







Conclusions

• Quantum-limited impulse measurements enable measurement of nuclear 
recoils


• Sensitive to sub-MeV dark state emissions in beta and gamma decay, as 
well as electroweak precision tests


• Quantum-enhanced techniques decrease noise, allowing access to lighter 
masses



Thank you



Backup slides



Quantum light
• Some notation:


• Hermitian photon operators:
Aμ(x) = ∑

p,r

ϵ*r,μ(p)u*p (x)ap,r + h . c .

= ∑
p,r

Re[ϵr,μ(p)up(x)]Xp + Im[ϵr,μ(p)up(x)]Yp
Amplitude quadrature Xp =

1
2

(ap + a†
p)

Phase quadrature  Yp =
i
2

(a†
p − ap)

[Xp, Yq] = iδp,q



Input-output relations
• For quadratic dynamics, the input and output are linearly related:

Yout = Yin + κx Measurement rate κ

Yout = χYXXin + χYYYin + χYFFin

• We may integrate out the mechanical d.o.f to find
Susceptibilities χij

Input force Fin

• Construct an estimator for the force:

F = χ−1
YF Yout

Unbiased: 
⟨F⟩ = ⟨Fin⟩



Quantum uncertainties
• What about higher-point statistics? For Gaussian processes, all encoded 

in power spectral density (PSD) :SFF

2πSFF(ν)δ(ν − ν′ ) = ⟨F(ν)F†(ν′ )⟩

SFF = |χYF |−2
∑

ij=X,Y

χ*Yi χYjSij + Sin
FF

• The uncertainty in the estimator of the force has additional contributions from the 
uncertainty in the input light

“Intrinsic uncertainty”

 from input force fluctuations

“Measurement-related” uncertainty



Standard quantum limit

• In coherent, classical state, SXX = SYY =
1
2

& SXY = 0

|χYF |2 SFF =
1
2

|χYX |2 +
1
2

|χYY |2

Back action Shot noise

• What does this mean for our impulse measurements?

SFF(ν) =
Pπ
λ0

+
m2λ0(γ2ν2 + (ν2 − ω2

m)2)
4πP

SFF(0)
SQL
≈ mω2

m

Scattered power ,

Wavelength ,

Mechanical damping 

P
λ0

γ



Optimal filtering

• We are looking for an impulse kick



• How do we maximize the SNR?


• Optimal filtering: 




• Filter 

Fin(t, t0) = Δp δ(t − t0)

Ff(t) = ∫ dν eiν(t−t0)F(ν) ⋅ f(ν)

f(ν) = 2πΔp
1

SFF(ν)
[2402.13257]



Momentum uncertainty
• Optimal SNR:

SNR* = Δp (∫
dν

SFF(ν) )
1/2

SNR* > 1

⟹ Δp > (∫
dν

SFF(ν) )
−1/2

≡ Δpth

• For sensing at SQL, Δpth ≈ mωm

≈ 15keV ( mωm

1fg × 10kHz )
1/2
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m)−1



Charge change

• Veto on charge state of sphere to 
remove backgrounds

[Wang et al. 2402.13257]

http://www.apple.com


Squeezing
Squeezing operator: S(r, θ) = exp( r

2
(e−iθa2 − eiθa†2))

H = ωa†a + 2ωb†b + iχ(2)(a2b† − a†2b)

How can we generate this dynamically? 
Non-linear crystals

Pump :b → βe2iωt + b

UI(t) = exp iHI t

= exp(χ(2) t(β*a2 − βa†2))

SXX =
1
2 (cosh 2r − cos θ sinh 2r)

SYY =
1
2 (cosh 2r + cos θ sinh 2r)

SXX = −
1
2

sinh 2r sin θ

Sij →



Nuclear physics I

[Parity invariance of EM/strong force implies , where  is nuclear centre-of-mass coordinate]q ⋅ ⟨RN⟩ ≈ 0 RN

We may ignore higher-order derivative operators.

Recoil corrections goes as either 

, 

 or as :

Q
mN

≈ 5 × 10−4 Q
0.5 MeV

(QRnuc)2 ≈ 10−4 ( A
100 )

2/3

( Q
0.5 MeV )

2

Nuclear EFT may be treated as an expansion in powers of nucleon momentum. 



Nuclear physics II

Lμ⟨ f |Vμ | i⟩ = a(q)2 P ⋅ ℓ
M + M′ 

Lμ⟨ f |Aμ | i⟩ = c(q)2
PμℓνCμν

M + M′ 

The renormalisation of the vector and axial currents generically causes

 ambiguities even at leading order in recoil expansion:

The form factors  and  

are incalculable for larger nuclei.

a(q2) c(q2)

For pure Gamow-Teller transitions 

, . Approximate  , 

which only affects total rate/normalisation — cancels in differential 
observable.

(Ji = 1 , Jf = 0, πi ⋅ πf = 1) a(q2) = 0 c(q2) ≈ c(0)



Nickel-66

• Ni-66 has desirable properties:


1. Reasonable half-life


2. Ground state to ground state transition


3. Small Q-value


4. Pure Gamow-Teller transition

• BUT, child is unstable: need to differentiate 

decays


• Transitions have very different -values 
Q



What gamma decays?

• Most gamma decays follow beta decay/
electron capture. The neutrino momentum is 
degenerate with invisible BSM momentum


• Alpha decay is predominantly to child 
ground state 
P ∼ exp( − 2 mα(V0 − Eα) ⋅ Δx)

psph

pν

pγ, pχ

⟷
Δx

V0

Eα



Dark state emission

kr ≈ 1 MeV × 5 fm
≈ 0.03

ℳ ∼ ⟨i; 0 |ℋint | f; kϕ⟩

∼ gϕ⟨i |eikϕ⋅x | f⟩ ⋅ ⟨0 |ϕ |kϕ⟩

e.g. Nucleon-coupled scalar 
Hint = gϕϕN̄N

Initial and final nuclear states are labelled by their angular momentum and parity . |Jπ⟩

Eℓ : ΔJ = ℓ, πi ⋅ πf = (−1)ℓ

Mℓ : ΔJ = ℓ, πi ⋅ πf = (−1)ℓ+1

Scalars

Pseudoscalars

In multipole expansion, transitions come in two types:

Jπi
i

Jπf
f

ϕ



Branching ratios

BR(Jπi
i → Jπf

j + χ) =
Γ(Jπi

i → Jπf
j + χ)

Γtot

• Aim to constrain branching ratio to invisible states:

• Depends on selection rules of transition, as well as particle properties. 
e.g. scalar emission:

BRϕ(Eℓ) ≈
1
2 ( gϕ

e )
2

v2ℓ+1
ϕ , l > 0


