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Wave dark matter signals at direct detection

s Coherent oscillation of classical wave dark matter (DM)
Hajime’s talk (Tue.)

a(t) = ay sin(mpyt — MpmVpMm * X + 6) Marianne’s talk (Fri.)
¢ Unknown properties of DM signals *+ Resonant drive /
* Frequency = mpypy as example of qguantum sensing
* Amplitude < a,
* Oscillation phase = § DM signal I
* Direction

ex) Dark photon polarization W

ﬁ
AX| on-i nd uce d Beff Example: “Detection of hidden photon dark matter using

the direct excitation of transmon qubits” | l)
[Chen, etal. PRL ’23]

MpMm = Wqubit
So Chigusa @ CERN TH Institute Quantum Sensing (4/9/2026) Detuning A = 0 for simplicity 2/24



Population readout and projective measurements

*» Population readout
* “DM signal flips the qubit spin at probability p”

¢ Quantum description
0

6 .
W) = coszlg) + sinze“'ble)

*p = sinzg
* Additional information from ¢

*» Projective measurement

 DOF of readout-axis choice
* “population” = z-projective measurement

So Chigusa @ CERN TH Institute Quantum Sensing (4/9/2026)



Population vs transverse readout

*» Population readout

&D Insensitive to unknown phase ¢

¢P Quadratic response 2sin®(6/2) « §°
“ Transverse oracle (¢-readout)

& Linear response < 6
Q) Need to know ¢

** ¢ is determined by signal direction

* For DM signal direction ¢
¢ =@ —m/2 isunknown = learnit!

So Chigusa @ CERN TH Institute Quantum Sensing (4/9/2026)




Adaptive strategy

¢ During repeated measurements with n total shots,

mmme  POpuUlation readout for initial steps

* Phase-insensitive signal search

e Phase learning

* Inserttrial shots (information gain) to learn the signal phase ¢

Converge to transverse oracle

* The optimal ¢p-readout for signal detection

“* Help reject false positives/look-elsewhere effects

So Chigusa @ CERN TH Institute Quantum Sensing (4/9/2026) 5/24



Bayesian adaptive readout loop

Posterior (belief state)

q,€[0,1] (signal probability)
(6, @) (parameter PDF)

- e e e e e e e e e e e e e e e e e e e e

i Choose readout axis (control)
Current posterior

Select measurement axis
Signal probability Parameter PDF

q, 7(0.§)

oM@,

(e.g., 0.23)

1, = arg max U, (1)
(Information Gain or Helstrom)

—_—
b

Measure along 71,

Outcome r, = +1

So Chigusa @ CERN TH Institute Quantum Sensing (4/9/2026) 6 /24



Bayesian update and final decision

*» Bayesian update

e Start with g, = %and (6, P)
* If measurement along n, results in r, = +1

QRmk(rklﬁk) o N
= = — Similar for . (6, @)
LA (1 = qi)pox (T |ng) + qremy (ry|ng) P

AN R N

When signal absent

Prob. of ry,
Prob. of ry When signal exists

¢ Final decision: frequentist test based on
dn

1_Qn

log B1g, = log

So Chigusa @ CERN TH Institute Quantum Sensing (4/9/2026) 7124



Utilities 1: information gain

*» This is exploration utility to learn signal existence and parameters

*» Use “mutual information”
* [(Ag; Ry)
= How much readout R;, € {+1} tells us
about signal existence & parameters Ay

= [(signal existence; Ry) + q1(0, ®; Ry)

C,;D Inclines to parameter learning @ g, — 1

So Chigusa @ CERN TH Institute Quantum Sensing (4/9/2026)

Candidate A:
Uninformative axis
rF=+1 r=-1
1.0
Mo signmal o
1.0
@lm m
(‘9.11 u]
1.0
9lm m
tp.lr i)

Mutual information is small

Candidate B:
Informative axis

Mutual information is large




Utilities 2: Helstrom

¢ This is detection utility to collect signal evidence

s Helstrom measurement: . ro .

* Discrimination of p, and p4 A
* Optimal measurementis L7 ~.
* Converges to ¢-readout for weak signal h

-
— -

@ Challenges due to unknown ¢ X

eg. Fo— [SLF(P) x 2

So Chigusa @ CERN TH Institute Quantum Sensing (4/9/2026) 9/24



Detector imperfections enter through likelihood

-

4 z N
_ — 200 Lol Quantum state of the sensor
Ideal state Pideal ‘ P |: Pl Pl :| depends on signal parameters (0. ¢)
y
A /
(" z ' ™
R * Amplitude and phase decay
Relaxation . :] p ’ R1(p) . Ti relaxation
L (1,12 y « T> dephasing
A
4 z — N
- Reduced visibility
o Finite contrast Dc P ’ Dc(p) Idea Contrast C
(contrast) v w H
L /
Utcome misassignmen
3 Readout G BE Q R r=—1 pprc[’ BE[Pprc](r} =p(r) « bit-flip rate €
(bit-flip) [Difiﬂj ]

J/
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Two benchmark setups

1. Noisy baseline setup 2. Higher-fidelity setup
* C =0.99 * C =0.999
* € =0.005 ¢ = 0.0005
* Fake excitation rate by noise: p,, = ¢ Fake excitation rate by noise: p,, =
1% 0.1%

Question: How detector qualities change the optimal learning-detection balance?

So Chigusa @ CERN TH Institute Quantum Sensing (4/9/2026) 11724



Adaptive trajectory (higher-fidelity)

+» Clear environment allows efficient localization of posterior

“* Hybrid of Information gain/Helstrom is empirically the best

nm= ' ' Policy: adaptive
— ¢_readOUt PH k=0 0.50 k=256 0.84
= U, = ). = gy = U,
§ ;\?‘q—m T - — 10° = ! =
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Adaptive trajectory (noisy baseline)

*» Noisy environment makes signal learning more valuable

“* Pure information gain is empirically the best
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Visualizing look-elsewhere effects (noisy baseline)

*»» Adaptive trajectory for noise-only model

'1-ﬂ|_ ] ] ] I [ | III ] 1 L] i IIIII L | | ] ] LI S Fake Signal Fake Slgnal
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. . {a) Fixed z P*=0437£0.016
Statistical treatment UF -

Hﬂ
signal
10" 5 ' ——=- a=0105

| WMl

10? (b) Adaptive P =0.802 £0.013

<+ Composite hypothesis test

* Hy: noise only
* H;:noise +signal (6, @)
e Signal marginalized by 7,(8, ®)

pseudo experiments

*» Asymmetric testing -

signal
—=== g=0.05

e Determine threshold from a = 5% f yﬂ'ﬂ 111
J o T r

* Evaluate detection power -2 0 2 4 i g no12
IUE.B“:I_H

* Type-l error (false-positive) a < 5%
 Maximize signal detection power

—

—

™
=

p—
—
L=

*» Run pseudo-experiments to

pseudo experiments
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Non-adaptive baselines | i

£
L
280 4 102 g
£
¢ z-readout & 260- g
<
(_ED Phase insensitive 2401 '“"E
i | :
(;FD Quadratic response 2201 2
o 25 250 275
¢ x-readout K, 100
(_5) Linear response E E —
. A A 0000 - |
¢P Hasablind spot figj; = & = 8 : —
hodi = | -===Q, threshold (a=0.05)
R . g 150001 |
*» Alternative x/y-readout ' !
£ 10000 :
S L : =
Linear response 3 |
— = 50001 :
&P Lose Yz statistics 2 !
L ’ , |
Also, transverse oracle with ¢-readout b > 0 le G = 30
Ay
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Phase-averaged detection power (higher-fidelity)

1 I"'..;--'-—J'"‘-.—!EH"”' ______ S —
> Best strategy depends on n s s
A
1. z-readoutfor smalln ;5T

|% 0.8- I! g -
@ .
= . 1
o f 5
- 0.6- - 4
1 }]
o !
@ ;e
@ R
- ;
go4- 1 5 n=1024 -
) o
- .fJr g7 B Adaptive L= 8
= ! £ s | esaus Fixed z
o I 45

R - Fixed x/y 1

,"' ") Fixed x
el — ==~ Transverse oracle
D.D | | |
0 5 10 15 20

Scaled signal strength p = g./;
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Phase-averaged detection power (higher-fidelity)

-'1_{:]._ ......... . L -_IEH—-:-_?--'-'I‘-F'----'-#"
> Best strategy depends on n o
A g
| 2 0.8- / IR :
2. Adaptive for large n g / SR

2 / 3
a J B
L= 0.6- ; N
1 ]
o) ! N
@ / & :
i ] :
> ! = 3
§04- 4 ST n =16384 -
1 B . &
@ f =R o Adaptive L=8
= I K T Fixed z
o i ;

0.2- ;’f 2 PYPOY Fixed x/y -

PO Fixed x
7 ..o
Aoathee=t’ — ==~ Transverse oracle
0-0 5 10 15 20

Scaled signal strength p = g./;
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Transverse wins z-readout (higher-fidelity)

. 0
> Best strategy is 10°r | |
2 r,
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- ) ; - : - YL
0.50 2.97x10° 3.20x 10° 399 x10°| 153x 10°| 8 5 Adaptive L = 8 ~. O
0.70 517 = 10° 9.50 x 10 554 = 10*| 1.99 x 10* _ ==~ Adaptive L = 8 fit (s = —0.50) """--.._‘;
0.90 9.41 x10° 321 x10° R8.22x 10°| 3.12 x 10° 1 Fixed z
) | e Fixed x/y nz;adapt
=== Transverse oracle
1[:_?,_:5 EIE E:II.[II 212 214

Number of shots n
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Transverse wins z-readout (noisy baseline)

> Best strategy is 107 | '

1. z-readoutforn < ny.,qapt T

2. Adaptive forn > n,.,qapt : h""“n..__ ““:?’{:"'E*#;;ﬁ:~Z.;r,ead°“t" o n~1/4
S - St XN
-~ o "EL ==t e
. . . c - B e s,
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kT R TP
) S 10” Rl "ol
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2 2 2 () ’ ~1
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0.70  7.90 T.20%x10% 3.77x10%] 2.12x10% ==~ Adaptive L =1 (IG) fit (s = — 0.51)
0.90 7.50 3.08x10' 4.89x10%| 28610 | e Fixed 2
Yy RS Fixed x/y
) === Transverse oracle
*» Adaptive sensing more important 10 56 28 210 212
for noisy environments Number of shots 1
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Some information theory of asymmetric testing

% Stein’s lemma tells type-Il error (false negative rate) g — exp[—¢én + o(n)]

* For non-adaptive approaches

Classical Dx1.(Py||P1) « Fisher information F,
Quantum with qubit resets Dieas(pollp1) « Fisher information F
Quantum with collective meas. D(po|lp1) « Fisher information Fgxum

*» Adaptive advantage proven for subset of composite problems  [Bergh, etal."23]

* Problems with non-convex set of classical channels
* Problems with non-convex set of quantum channels (convexis open)

So Chigusa @ CERN TH Institute Quantum Sensing (4/9/2026) 21/ 24



An evidence for adaptive advantage (noisy baseline)

*»» Adaptive strategy gives the best Stein exponent

0.40 | | I I | [ I I I
~0= Fixed z: £ =3.03 x 1075 % 1072 = IR
0.35- —¥~— Fixed x/y: £ =5.76 x 1073 A E .
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J"f -
0.25- - % JPtagr
- - -
ol ,,’ _=-
(@)} L e e A .k
B0.20 . 7Y O
! 5 T8 10 ¢
0.15- P 2o : :
’.-v" g,#.-ﬁ"' y . .
0.10- _ ,"'__..-' | - Adaptive L = 1 (1G) (finite-r)
: o~ 1075 - Fixed x/y (finite-n) I
@ ﬁlg A Gu— PP P —— === = : Fixed z (finite-n) :
0.05 g Q e T N Prooto Transverse oracle (asymptotic)
/ - Fixed x/y (asympiotic)
I I I -+ Fixed z (asymplotic)
0.004 1024 2048 3072 4096 440 . . . . . .

Injected Rabi phase ®pg
So Chigusa @ CERN TH Institute Quantum Sensing (4/9/2026) 22 | 24



Experimental implications and next steps

*» Implication to decision making

3| fog= 256N, =1 ST, 00T verification

* Adaptive is bestforn = n,. . /
P zadapt O T,
* Ny.adapt 1S determined by detector properties e __“J . R
. Repeat
. . . . —_ =856n Mo ¢
% Online update, NOT offline analysis b) ] .
T t
* Info discarded by measurement never recovered T '[ : i L .
- esleleealalole s e
‘“5:’ ’\?‘ .X).i ‘_/?\‘ -orsg
. :»ci'b - “
“* Next steps witencyh & “*
.. . . “Realizing a deep reinforcement learning agent discovering real-time
o F|n|te Slgnal COhe rence time feedback control strategies for a quantum system”
[Reuer, et al. Nat. Comm. 23]

* Global optimization = DRL
* Optimize initial state, interrogation time, etc. = VOA

So Chigusa @ CERN TH Institute Quantum Sensing (4/9/2026) 23/ 24



Conclusion

*+ Main message 10°¢ | '
* Adaptive strategy can be beneficial _h e
for DM searches S Ty .
L hh"""l-u-h_ -"'T'_.""-'-'.Eh___.;.-‘ . &readOut o' \1/4
D = - . mf,""-'-';.':_-c:l_ n
* The best search strategy o ~~ R D i TS
determined by detector setups; 2 TNeael Bl
. . . 2 - S.a T T
deserves consideration during 10 B me ~<
experimental design 2 Mz:adapt Woyp. s
q) ~
n o Adaptive L=1 (I1G) 722

. === Adaptive L =1 (IG)fit{s= = 0.51)
----- Fixed z

*» Fascinating interdisciplinary direction ... Fixed x/y

=== Transverse oracle

Particle X Quantum X ML 1058 58 510 512

Number of shots n
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Backup slides
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Imperfection channels

»Letp = %(12 + ¥ - o) be the ideal quantum state

1. Relaxation

+ Rp(p) = 2 [1o + 12 (D) (10 + 1y0y) + {1 =0 (1)1 — 1)}y ]
° For T1 — TZ — T, nz(T) = 063, T’l(T) ~ (.53

2. Finite contrast

1-C
. Delp) = Cp + L9

2

1, (0<C<1)

3. Readout error rate

¢ B(r|r)& =(1—€)6y ) + €6 4 (O <e< %)

So Chigusa @ CERN TH Institute Quantum Sensing (4/9/2026) 26/ 24



Detuning effects

*» Detuning A makes optimal readout time-dependent. ¢(t) =+ /2 + At

Adaptive readout choices along the signal trajectory

n = ™ -
«  infarmation gan Halsiram
2 ! 14 @+ &L+ T2 + a2
E:' il
=] ¥
£ mf2 / ,}f |
= '
E I 7
M .
T3
@+ B+ Ti2)
0 i
w = g ] =
o 3
@ N e L e
.:E: ------- L‘-ﬁ - “—‘hr‘ﬁ_------il'ﬂ'!“—- ------ P o m—2=170
= nfd ______::_1___ —_ _¥ ___J..I,L__.+- _____ e ——————— S— L L
E F ‘ e
1000 2000 F000 4000
shol numbser
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Repeated myopic optimization # global optimization

*» Fixed-z is the best with unknown phase < No phase information is learned
Policy: Bayes drift (H, data)

; k=0, g, =0.50 k=256, gq,=0.77
10 - _

e k=1024, gy =1.00 k= 4096, g, =1.00

1 ﬂl:l -_ -_
2 4 6

l{]-1-_ _
0

0 2 4 6
drive phase @
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Phase-averaged detection power (noisy baseline)

] ] 1 — ..._F“.__F_--LL . -
» Best strategy for increasing ngpts ;’f . "
) -
1. z-readout for small ngpots o osk A |
2. Adaptive for large ngpots D /
S f, O
L= 0.6 - ; g ]
S _
e i 0.
E :! .
2 ) S
®04- 1 B0 F n=1024 -
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= / vy A ET T Fixed z
O - ]
0.2- .fff I:;r = reoor Fixed x/y
/ -'L;In'ﬂl Fixed x
;_{HG'.E-EI == Transverse oracle
0.0, 5 10 15 20

Scaled signal strength p
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Geometric polarization diagnostic

|
2.00- Adaptive L =8, @5 =0.19 r==========ssssssssssscsccmcssnsanans -

*» Phase information efficiency & Adaptive L =8, Og=0.12
2 _ 1.75- —5— Adaptive L =8, ®z =0.08
. = 2< A (2 X 7 > a —&— Adaptive L = 8, ® = 0.05
fpol { meas ( 51g)} "% 150- 4
. -
(0 (fixed-z) 2 125
=<1 (fixed-x/y) =
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0.25-
UUU 25 26 210 212 2’14
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  𝜉


  𝜉


   D  KL (  P 0 | |  P 1 )


  ∝


   F C


   D  meas  (   𝜌 0   | | 𝜌 1 )


  ∝


   F Q


  D  (   𝜌 0   | | 𝜌 1 )


  ∝


   F  BKM


  n ≳  n  z : adapt


   n  z : adapt


  ⟹


  ⟹


   n  z : adapt


  𝜙


  ∝  n   − 1 / 2


  z


  ∝  n   − 1 / 4


   n  z : adapt


  ×


  ×


  𝜃


  𝜌 =  1 2  (   1 2 +  r → ∙  𝜎 → )


   ℛ T  ( 𝜌 ) =  1 2  [   1 2 +  𝜂 2  ( T )  (   r x  𝜎 x +  r y  𝜎 y ) +  {  1 −  𝜂 1  ( T )  (  1 −  r z ) }  𝜎 z ]


   T 1 =  T 2 = T


   𝜂 2  ( T ) ≃ 0 . 63 ,


   𝜂 1  ( T ) ≃ 0 . 53


   𝒟 C  ( 𝜌 ) = C 𝜌 +    (  1 − C ) 2  1 2


   (  0 ≤ C ≤ 1 )


   ℬ 𝜖  (  r | r ′ ) & =  (  1 − 𝜖 )  𝛿  r , r ′ + 𝜖  𝛿  r , − r ′    (  0 ≤ 𝜖 ≤  1 2 )


  ∆


  𝜙 ( t ) = 𝜑 + 𝜋 / 2 + ∆   t


  ≠


  z


  ⟺


   n  shots


  z


   n  shots


   n  shots


  n = 1024


   f  pol ≡ 2  ⟨     {     n ^  meas ⋅  (   z ^   ×      n ^  sig ) } 2 ⟩


               =  {      0    1    2


  z


  x / y

