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What are we hoping to achieve?

We want to detect new physics with small energy deposition

Quantum sensors characterised by a qubit/bosonic system with manipulable states
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What are we hoping to achieve?

We want to detect new physics with small energy deposition

Quantum sensors characterised by a qubit/bosonic system with manipulable states

Many more not shown here...
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What am | hoping to achieve?

I want someone to detect new physics with small energy deposition
Many experiments using a variety of quantum-limited sensors operating already
Can we maximise the use-case of those sensors?

Can we kick-start development towards large-scale devices”
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Quantum Sensor Zoology

What does your BSM target couple to” ﬁint

AN

ﬁm:g/aE-B ﬁAA/:emi,/A-A’ ﬁSB:—,uS-B
1% 1%

What is the sensor? H

SENSOT

N2

. 1 ~ D 1 .
Hov=-| B-B+E-E+J-A H, ool = Mw?3? .
EM 2/‘/ h N 9 WX HSplIl D ﬁwOSz

How do you read out the sensor? H,.,4u

Va\

Hyo ~ th dw k(W) IQZ)& —b a4 H omech, = 8% (&T + &) Hy-~g’ (&T + d) <§+ + S_)
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Quantum Sensor Zoology

What does your BSM target couple to” ﬁint
This Talk
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Quantum Noise

Cooling below about T ~ 0.01K difficult for macroscopic systems

Corresponds to masses of m ~ ueV

p—t
-

&y

e

109 107 103 109 1010 1011

Signal frequency v [Hz

Occupancy ng(hf) + 1 [Hz]
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Quantum Noise

Cooling below about T ~ 0.01K difficult for macroscopic systems

Corresponds to masses of m ~ ueV

Thermal noise typically dominant

in low-mass EM experiments

109 107 103 109 1010 1011

Signal frequency v [Hz
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Spin Sensor Noise

Exception to the previous statement is spin systems

n
1
_ oAETT,
n
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Exception to the previous statement is spin systems

Macroscopic spin systems with B-field applied:

J(J + Dny? 1
6V 1 + T3(w — wg)?

(MEP(1)?) =
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Spin Sensor Noise

Exception to the previous statement is spin systems

Macroscopic spin systems with B-field applied:

J(J + Dny? 1
6V 1 + T3(w — wg)?

(MEP(1)?) =

Spin projection noise (QM origin) independent of T,
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Spin Signals

Spin signals from an interaction H,, = ;/SZB(t)

What is the signal B(¢) here”
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Dark Photons

I:IAA’ :emi,/ A-A/
|4

Presence of non-trivial BCs gives

rise to a real magnetic field
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Spin signals from an interaction H,, = ;/SZB(t)

Dark Photons

I:IAA’ :emi,/ A-A/
|4

Presence of non-trivial BCs gives

rise to a real magnetic field

What is the signal B(¢) here”

Axions
PA]CW = g/ ol - B
1%

Applied magnetic field leads to
signal field
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Spin Signals

Spin signals from an interaction H,, = ;/SZB(t)

Dark Photons

I:IAA’ :emi,/ A-A/
|4

Presence of non-trivial BCs gives

rise to a real magnetic field

What is the signal B(¢) here”

Axions
PAIG/Y = g/ ol - B
1%

Applied magnetic field leads to
signal field
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Spin Signals

Spin signals from an interaction H,, = ;/SZB(t)

Dark Photons

I:IAA’ :emi,/ A-A/
|4

Presence of non-trivial BCs gives

rise to a real magnetic field

What is the signal B(¢) here”

Axions
PAIG/Y = g/ ol - B
1%

Applied magnetic field leads to
signal field

Sebastian A. R. Ellis — Fun with Spin Sensors

GWs*

A 1 y
HhB — T A / huuTgM
2 %4

Applied magnetic field acts as a
Magnetic Weber Bar

PRL 134 (2025) 23, 231401
V. Domcke SARE, N. L. Rodd
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Spin Signals — Importance of the Box

Standard conductive shielding used in typical
experiments has ¢ > 10°S/m ~ 100 eV

Skin depth of a signal at frequency w in terms of

2
DC conductivity is 6, = 4 [——
WOUC

Which boundary is relevant in an experiment will
‘ Bin ‘

| By |

depend on shielding factor 5 ~
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Spin Signals — Importance of the Box

fou [Hz]
107! 10 10° 10°
O | | | |
Standard conductive shielding used in typical 10 %R: S A =10 o
experiments has ¢ > 10°S/m ~ 100 eV B i [T Y,
R=5m, A=10"2m
Skin depth of a signal at frequency w in terms of 10-1L
L 2 [R=5m, A=10"m",
DC conductivity is 6, = 4 [—— _ ‘
WHO =
Which boundary is relevant in an experiment will 10_2;’
B.
depend on shielding factor # ~ B,
By | — Stainless steel
Copper
For m 2 10~%eV, a copper shield ensures the 101?())—17 e 10-_15

box provides the relevant BCs. D 110 ooor oo My, [eV]
L. Badurina, D. Blas, J. Ellis, SARE
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The box is the Box: CASPEvr

CASPEr-wind searches for H,, = —2gyVa-8

with a hyper-polarised spin sample in a box

Frequency (Hz)
102 104 10 108 10'0
10 8
SN1987A
= 1010} Q\% CASPEr-wind P. Graham and S. Rajendran (2013)
% A ‘ _ o HF D. Budker, P. Graham, M. Ledbetter,
g [ _Q\O D - .- S. Rajendran, A. Sushkov (2014)
Z > ) ] D. Jackson-Kimball et al (2017)
Z 10 A UL e
< | & -
o3 .2 2o®
- 200
10 -14p ',(\oe;\ia\‘o QCD Axion
- 9

10-12 10-10 1078 106 104

ALP mass (eV)
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The box is the Box: CASPEvr

10 %

10

8aNN (GeV-1)

CASPEr-wind searches for Hint

with a hyper-polarised spin

A

sample in a box

10 104

10 14}

Frequency (Hz)
102 ' 104 i 109 108 1010
SN1987A
Q\% CASPEr-Wind P. Graham and S. Rajendran (2013)
N HF D. Budker, P. Graham, M. Ledbetter,
‘Q\O ____________ S. Rajendran, A. Sushkov (2014)
> ] D. Jackson-Kimball et al (2017)
N P
(/(71 -----------------------
[ b?‘ L o'\Se
e oW
. '(\'QQ\‘L?*\\ QCD Axion
- 9

108

106 104

ALP mass (eV)

Hyper-polarisation achieved |

by applying a big

magnetic field...
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Spin Signals — the box is the Box: CASPEr

b

Box acts as a driven cavity, whose EoMs are

2 2 E(Xa t) _ % (vpeff + e 6)tJeﬂ“)
(V _8’uat){ }_{ —V x J g |
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Spin Signals — the box is the Box: CASPEr

b

Box acts as a driven cavity, whose EoMs are

2 2 E(Xa t) _ % (vpeff + e 6)tJeﬂ“)
(V _8’uat){ }_{ —V x J g |

Axions

Jeff — = gayy ata BO
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Spin Signals — the box is the Box: CASPEr

b

Box acts as a driven cavity, whose EoMs are

2 2 E(Xa t) _ % (vpeff + e 6)tJeﬂ“)
(V g’uat){ }_{ —V x J g |

Dark Photons Axions

Jeff - = ij’A, Jeff — = gayy ata BO
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The box is the Box: CASPEvr

BO General solution for electric fields:
dw —w
E(x,t)= [ —e " c(w) Eg(x).
¢
(10, .
(W) = —5—3 /dVJeff°E€
e(wp —w”)
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BO General solution for electric fields:
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E(x,t)= [ —e " c(w) Eg(x).
/
(10, .
(W) = —5—3 /dVJeff°E€
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. (o, §
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E Wy
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BO General solution for electric fields:
dw — W
E(x,t)= [ —e " c(w) Eg(x).
/
(10, .
(W) = —5—3 /dVJeff°E€
e(wp —w”)
. (o, §
In the w/w, < 1 limit: ¢y(w) ~ —5 | dV Jog - E,
E Wy

(General solution for magnetic fields:

Hix,t) = [ &0 S YL () Hy(x)

oy,
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The box is the Box: CASPEvr

BO General solution for electric fields:
dw — W
E(x,t)= [ —e " c(w) Eg(x).
/
(10, .
(W) = —5—3 /dVJeff°E€
e(wp —w”)
. (o, §
In the w/w, < 1 limit: ¢y(w) ~ —5 | dV Jog - E,
E Wy

(General solution for magnetic fields:

H(x,t) = W it > “l e (w) Hy(x)

oy,

11 Sebastian A. R. Ellis — Fun with Spin Sensors

Magnetic field larger
by w,/@ > 1
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Spin Signals — the box is the Box:

BO (General solution for magnetic tields:
dw _;, W
H(x,t) = o € t%:fce(w) H,(x)
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Spin Signals — the box is the Box: CASPEr

12

B

General solution for magnetic fields:

d .
H(x,t)= [ 5-e ™" L ey(w) Hy(x)
W
14

Dark matter is ~uniform across the box

JV
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Durham — Sept 8 2026

1.0

- 0.8

0.4

0.2

0.0

|B(7, 2)|/ Buax



Spin Signals — the box is the Box: CASPEr

BO (General solution for magnetic tields:

d .
H(x,t)= [ 5-e ™" L ey(w) Hy(x)
W
14

Dark matter is ~uniform across the box

JV

For Transverse Magnetic modes:

p)
_ n+1
JdV Ef o, =D jO—\/T/
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The box is the Box: CASPEvr

Dark Photon and Axion signals

can be disentangled by where the

signal appears

:
Q
i TE modes | TM modes
_
Axion
Dark
Photon

13 Sebastian A. R. Ellis — Fun with Spin Sensors
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The box is the Box: CASPEvr

Sensitivity for CASPEr-Wind is easily estimated from axion gradient sensitivity
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The box is the Box: CASPEvr

Sensitivity for CASPEr-Wind is easily estimated from axion gradient sensitivity

m
~ gnv(2/y)Va with: gy = Cy——
My [z

Compare sensitivity to By,

Byp ~ em: LA’ or B, ~ 8,,B¢L(d,a)
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The box is the Box: CASPEvr

Sensitivity for CASPEr-Wind is easily estimated from axion gradient sensitivity

m
Compare sensitivity to Bgmd ~ gn(2/y)Va with: gy = cNmD}d
Bpp ~ ij,LA' or Ba}, ~ gaWBoL(atd)
Arrive at
—16 VHe 10 cm 1071 /He 10cm
e ~ 107 ey ¢, ~ Cn B 7
y L 0 Y
Apm M,

ayy = €
2rm_f,
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The box is the Box: CASPEvr

More careful analysis requires solving the Bloch equations
M,x+ M)y (M, — M)z
15 13

M =M x vH
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More careful analysis requires solving the Bloch equations
M,x+ M)y (M, — M)z
15 13

M =M x vH

|
x and y directions coupled, so work in M, = — <M + iM) basis

vz
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The box is the Box: CASPEvr

More careful analysis requires solving the Bloch equations
M,x+ M)y (M, — M)z
15 13

M =M x vH

|
x and y directions coupled, so work in M, = — <M + iM) basis

vz

rl
Time domain solution is simple: M, (t) = iyM, | dt’ e~ T2e_iw0(’_t’)HgM(t’)
Jo

15 Sebastian A. R. Ellis — Fun with Spin Sensors

¥t
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The box is the Box: CASPEvr

Signal 2-pt function is non-zero for DM signals
(M, (1)?) o (yMyT)* (HE (1))

SNR comes from comparing this signal to spin-

projection noise
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The box is the Box: CASPEvr

Signal 2-pt function is non-zero for DM signals
(M, (%) o< (yMoT)*(H(1)°)

SNR comes from comparing this signal to spin-

projection noise

v 1
VL mpDMnTQV

€ N~

Dark Photons Hpy ~ emy.L P om

v m
H_ ..~ —
P M 7\/nT2V
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The box is the Box: CASPEvr

Signal 2-pt function is non-zero for DM signals
(M, (%) o< (yMoT)*(H(1)°)

SNR comes from comparing this signal to spin-

projection noise

v 1
VL mpDMnTQV

€ N~

UM 1 A
Jayy vBoL \| mppnTsV O

16 Sebastian A. R. Ellis — Fun with Spin Sensors

Dark Photons Hpy ~ emyL,/p
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HDM ~ ga}’VBOL V P DM
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QM already told us the scaling n“yﬂ

Usual spin state is | 1 }®¥, held fixed by an applied magnetic field
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Usual spin state is | 1 }®¥, held fixed by an applied magnetic field

\/ N

Suppose the signal is in the x-direction, so we measure Sx\ 1SN = 5
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QM already told us the scaling n“yﬁ

Usual spin state is | 1 }®¥, held fixed by an applied magnetic field

\/ N

Suppose the signal is in the x-direction, so we measure Sx\ 1SN = 5
. h?
Spin projection noise arises because ®N( 1 \S)%\ 1 )®N — T =
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QM already told us the scaling n“yﬁ

Usual spin state is | 1 }®¥, held fixed by an applied magnetic field

\/ N

Suppose the signal is in the x-direction, so we measure S | 1 YOV = 5
A h*
Spin projection noise arises because ®V( 1 |82] 1 )@ = 0 =
, T
Quantum Cramér-Rao bound: oy >
vFy
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QM already told us the scaling n“yﬁ

Usual spin state is | 1 }®¥, held fixed by an applied magnetic field

\/Nh

Suppose the signal is in the x-direction, so we measure Sx\ 1SN = 5 IN—=1,17; 1,1)
R . . . . ®N A2 ®N th A
Spin projection noise arises because ®"( 1 [S7| 1)®" = e = Var(S,) ~ N
, T
Quantum Cramér-Rao bound: ¢ > - Recall MV = )" ys; ~ Ny
U 0 i

Compare the above with the previous slide: Hyy o« n712y~! — Standard Quantum Limit scaling
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The box is the Box: CASPEr projections
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PRD 113, L031702 (2026)
C. Beadle, SARE, J. Leedom, N. L. Rodd
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The box is NOT the Box: lon Interferometry

fou [Hz]
107" 10" 10° 10°
13 ~ Lo , 109 - . . .
Below ~ 107" eV, unless you use a material with high R=5m, A=10"m
magnetic permeability, the box is not the Box R AT o NN
10_1;

------------------------
]
L 4

10_2;
: — Stainless steel
Copper
101?())—17 101—15
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The box is NOT the Box: lon Interferometry

fou Hz]
101 101 10° 10°
13 . L 107 ! ' ! !
Below ~ 1077 eV, unless you use a material with high [R=5m, A=10"%m
magnetic permeability, the box is not the Box s mA—102m N TN
M. Fedderke, P. Graham, D. Jackson 10—1 _
. . Kimball, S. Kalia (2021 I
Ea’rth’s lonosphere 1S the BOX A. Arza M.aFedderki 81;.<Gra}3am D. N L RN
) ) ) R — 5 111, A — 10 111 -,
Jackson Kimball, S. Kalia (2022) I :
-~
10_2;
' |— Stainless steel
Copper
-3 !
1010—17 10—15
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The box is NOT the Box: lon Interferometry

fou [Hz]
1071 10 10° 10°
13 . o 107 ! ' ! !
Below ~ 107" eV, unless you use a material with high R=5m A=10"°m
magnetic permeability, the box is not the Box s mA—102m N TN
M. Fedderke, P. Graham, D. Jackson 10—1 _
. . imball, S. Kalia :
Earth’s ionosphere is the Box A. Arza, M. Fedderke, P. Goabam, D, P I
Jackson Kimball, S. Kalia (2022) I ’ g
Sy
Schumann resonances appear at w; ~/I(I + 1)— 10 Hz 102}
@ i
: — Stainless steel
Copper
1010 17 101—15 101—13

My [eV]
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The box is NOT the Box: lon Interferometry

fou [Hz]
107! 10 10° 10°
13 ~ C . 107 ' ' | |
Below ~ 1077eV, unless you use a material with high (R=5m, A=10"%n
magnetic permeability, the box is not the Box s mA—102m N TN
M. Fedderke, P. Graham, D. Jackson 10—1 _
. . imball, S. Kalia :
Farth’s ionosphere is the Box A. Avza, M. Fedderke, P, Graban, . P I
Jackson Kimball, S. Kalia (2022) [ ’ K
Sy
Schumann resonances appear at w; ~/I(I + 1)R— > 10 Hz 1072}
@ i
. q ' |— Stainless steel
Below 10 Hz, we can treat the Earth-ionosphere Box as ‘ C
opper
concentric spherical conductive boundaries 1070577 e e

My [eV]
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The box is NOT the Box: lon Interferometry

Aharonov-Bohm: a specific version of a Berry phase

< ™
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The box is NOT the Box: lon Interferometry

Aharonov-Bohm: a specific version of a Berry phase

Accumulated phase is A¢ = 2e<J>A - dX
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The box is NOT the Box: lon Interferometry

Aharonov-Bohm: a specific version of a Berry phase

Accumulated phase is A¢ = 2e<J>A - dX

T
dS
By Stokes’ theorem, relate to area as A¢ = ZeJ B.-—dt

o di

< ™
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The box is NOT the Box: lon Interferometry

Aharonov-Bohm: a specific version of a Berry phase

Accumulated phase is A¢ = 2e<J>A - dX

T
dS
¢ By Stokes’ theorem, relate to area as Ag = ZeJ B.—dt
q 0 dt
. asS , .
Engineer a system where — is large using quantum techniques?
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lon Interferometry with Cat States

Leverage proposal for rotation sensing made by W. Campbell & P. Hamilton (2017)
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lon Interferometry with Cat States

Leverage proposal for rotation sensing made by W. Campbell & P. Hamilton (2017)

Start w/ single trapped ion in down state

[ 1)

X
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lon Interferometry with Cat States

Leverage proposal for rotation sensing made by W. Campbell & P. Hamilton (2017)

Apply #/2 pulse to split states

X
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lon Interferometry with Cat States

Leverage proposal for rotation sensing made by W. Campbell & P. Hamilton (2017)

Spin-dependent kicks entangle position and spin:

cal state

[ 1) 1)
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A different spin system

Leverage proposal for rotation sensing made by W. Campbell & P. Hamilton (2017)

Non-adiabatic shift in trap centre

[ 1)

Vd
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lon Interferometry with Cat States

Leverage proposal for rotation sensing made by W. Campbell & P. Hamilton (2017)

1) Free evolution of the spin states

3
1
o

T)

Coherence of states in trap dictates T, and N,

~ a)trapT

urns
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lon Interferometry with Cat States

Leverage proposal for rotation sensing made by W. Campbell & P. Hamilton (2017)

Reverse all the above steps and measure state

[ 1)

X
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lon Interferometry with Cat States

With one ion, y, = 100 yum, N = 100 and Ak = 4x/355nm, pu ~ g

27 Sebastian A. R. Ellis — Fun with Spin Sensors Durham — Sept 8 2026



lon Interferometry with Cat States

Counter-propagation of entangled spin & position state

means relative phase of ¢, — ¢, measurable

I ds dS  y,NAk
A = 2[ — .Bdt —

With one ion, y, = 100 yum, N = 100 and Ak = 4x/355nm, pu ~ g

PRD 113, 092004 (2026)
L. Badurina, D. Blas, J. Ellis, SARE
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lon Interferometry with Cat States

Counter-propagation of entangled spin & position state

means relative phase of ¢, — ¢, measurable

I ds dS  y,NAk
A = 2[ — .Bdt — ~

Morally equivalent to a motional magnetic moment

M,

o~ gy NAk
Mion

With one ion, y, = 100 yum, N = 100 and Ak = 4x/355nm, pu ~ g
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lon Interferometry with Cat States
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lon Interferometry with Cat States

N
RW/Q I
zN N
1) ;] m _ ’“77] 1)

During sensing phase Atf, any real (or effective) magnetic fields will displace spin states
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lon Interferometry with Cat States

N
RW/Q I
zN N
1) ;] m _ ’“77] 1)

During sensing phase Atf, any real (or effective) magnetic fields will displace spin states

For a real magnetic field due to e.g. Dark Photon or Axion,

o _ ,
/) N
DAB — €XP %Bz(t)‘]z ﬁz(t) — ﬁ/ dt, Bext(t/)
_ J 0
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A different way in which the Box Matters

For an effective magnetic field, can have same form of displacement operator

7 4
DAB — CXP ﬁﬁz (t)‘]z Bz (t) — Meff / dt/ Beff (t,)
i i 0

For an effective magnetic field, can have same form

of displacement operator with, e.g.
B« ~ gv(2/y)Va
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A different way in which the Box Matters

For an effective magnetic field, can have same form of displacement operator

t
DAB — €XP ﬁﬁZ(t)Jz 62(75) — Meﬂ"/ dt/ Beff(t,)
0

For an effective magnetic field, can have same form

of displacement operator with, e.g.
B.s ~ gv2/y)Va

Atomic Clocks

Tuned QCD axions, or ALPs with quadratic couplings

to matter, need to account caretfully for effect on axion

ocradient

10~ T T T T T T T T T T T T T T T T JHEP 06 (2026) 039
10720 10~ 1071 10 1072 10710 108 1076 104 1072 10° A. Banerjee, I. Bloch, Q. Bonnefoy, SARE, G.

mg [GV] Perez, 1. Savoray, K. Springmann, Y. Stadnik
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lon Interferometry with Cat States
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lon Interferometry with Cat States
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lon Interferometry with Cat States
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lon Interferometry with Cat States
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Non-Standard Spin States

Various spin states can be constructed that can be exploited for S, or S’Z sensing:
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Non-Standard Spin States

Various spin states can be constructed that can be exploited for S, or S’Z sensing:

(ﬂ.N)l/4

Half-filled Dicke states: |Dpyp) =~ SN

| N/2, 15 NI2, | )

~_ N?
Var(S,) ~ = so can achieve Heisenberg-limited scaling for CASPEr-style sensing
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Non-Standard Spin States

Various spin states can be constructed that can be exploited for S, or S’Z sensing:

(ﬂ.N)l/4

Half-filled Dicke states: |Dpyp) =~ SN

| N/2, 15 NI2, | )

~ N?
Var(S,) ~ = so can achieve Heisenberg-limited scaling for CASPEr-style sensing

GHZ states: |GHZ) = % (‘ TSN L] >®N>

A N?
Var(S,) = 7 so Heisenberg-limited scaling for Ion Interferometer sensing
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Non-Standard Spin States

Various spin states can be constructed that can be exploited for S, or S’Z sensing:

(]Z.N)l/él

Half-filled Dicke states: |Dyp) ~ —

|IN/2, 15 NI2, | )

Engineering and maintaining

special quantum states is not easy

GHZ states: |GHZ) = % (‘ YN 4} >®N>

A N?
Var($,) = 7 so Heisenberg-limited scaling for Ion Interferometer sensing
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Conclusions

Spin sensors are nice, manipulable quantum sensors
The Box in which the spins are placed matters
Most promising avenue for now is large classical ensemble a la CASPEr

Sensitive to more than just the axion wind coupling

At low masses, truly quantum states can compete with classical devices,

with potentially great upside
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