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Quantum Information Science

O [u the past 25 years we drastically improved the ability to control and read out
the quanfum state of systems,

O [u the coming 25 years we will process and seuse information v quantum ways.

O The field spans many cool technologies.

Atom interferometers lon traps
SC cavities €

Sl g8

. = i ¥ — . S
Integrated photonics

This endeavor ts entangled with particle physics, both tn its roots awd tts future.
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Quantum Field Theory Vil sl a1
O The SM 15 a QFT. Every particle s a quantized field. Ee T ZO
8 Ve || V|| Vs

s L\/[aa{' 6‘0-25 HMS mean? | o )| oste: B} oot
Expand the field. We get to pick the modes. Something (tke -

dgk 1 =\ tw * (= ,—1tw
¢($M):/(2W)3m(aéuk—(m)e t+a£.u,; (Z)e t)

Quantize: a, at are operators, Create and annthilate modes.
Satisfy: [ak,akt) =86k aund 19(x)) = ¢(x) 1)

. . . " . . n” . .
O This ts somefimes referred fo as  second quantization . For us tts first!
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Quantum Fields in Small Devices

O Frelds live everywhere, but sometimes they get (ocalized to a finite regions.
Either “naturally” or in a lab.

Bk 1 | |
Hw) = / @r)? vaw (agup (@)™’ + afug” (@) (™)

1 N\ 1wt T * (= —iwt
Ouly a discrefum satisfres T Z Vow (a’juj (Z)e™" + aju;™(Z)(e )
boundary conditions. w—____S<

[ ) 1s @

] or e
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Quantum Fields in Small Devices

O Cousider the low energy EFT of the discrefum. Often tn terms of a, a

1
¢j(Tu) = o

(ajuj (@)e™t + a;r-uj*(f)(e_wt)

O [ these EFTs, modes separate from the continuum, Quantum Mechanics shines:

oY
54
"..
e Optical : :
Atoms Defaects Artificial Atoms y Superconducting Electromaguetic
(particle tn trap) MG g circutts Cavities
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The matn challenge:
These states are very sensitive to the euvironmaent! :-(

Ou the £lip side:

These states are very seusitive to the environment!!! :-)

Sensors!
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Outline

O An example: cavities and qubits.

« Generalities

* State of the arf system at Fermilab

0 Wave-litke DM

O DM searches with cavities & qubits
* Photon counting
* Stimulated sigunals

« N sensors

« Towards NZ
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Example:

Photous th confined spaces

Superconducting Electromaguetic
cireutts Cavities
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Superconducting Cavities & Circuits
O Cavifies: Light 1 a box. A discrefum of states. |

O Separafion from the conftnuum s parametrized by Q.

Q~ 1070 (s now routine, (Thank you accelerators! )

0 LC Circutts: quantized current/ flux.

0 Control frequency with L & C, (w2=1/LC).

Both are harmonic. Equally spaced [evels. Huode = h(ata + 15)
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Nonlinear Devices

O We can arrange for a UV cutoff with higher dim operators, 2.g. 1 (F*F,,)?

O Operationally making L a function of afa, gives

(a) i ¢ (c)
H = tw(afa + ¥5) + k(ata)? a Ei I C
L, Coypm

O Level spacing ts nonuniform. =

\ ] 2 =
. " ) ransmon
0 Generically, k ¢ w. (Naturalness :-) 3 \ / el
33 3 3
. Coe > >
O This allows for control of ndividual levels 52 22| o
; & G,le8
of a given mode! : : §§
-m -m2 0 2 ™ -r w2 0 /2 T

Superconducting phase, ¢ Superconducting phase, ¢
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Quantum contml 54 Transmon
<3
0 Within the device EFT, we can control the quantum state, o2
O Pluses of (ight can tnduce oscillation befween states 0 5%

-Tr )2 0 w32 T
Superconducting phase,qb

O Occupation number, say, can store tnformation & be read out.

Qubit: [$> = «l0> + BIT>

ens) Hﬂﬁfﬁ} o{s'} | "’“SQM S
Upna = lomns) {H}-4—3{Rx(50) (Bx (G 2 A (50 |——{H} SUPERCONDUCTING QUANTUM
) &— H] —H—{S}eo—] s} — _fiJ\_Tsnian&srzscs
lent1) VX e {Rx () o {vET
Urhe = |Onnt1) VX1 E} {S_flr -- e
[pn) { Ry (=51) ;

Or Q“ﬂ‘ll" M’> = oth) + ﬂ”) 4 bf'2> 5% s
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-S@MS- -
SUPERCONDUCTING QUANTUM
MATERIALS & SYSTEMS CENTER

O A limiting Factor for superconducting qubits is loss (Finite Q) & decoherence.

2.9, prepare a qubit, «|0> + Bl1>, after a while [T> —> [0>
For modern qubits, a while ~ msec

0 We (royal we) already developed ultra-high-Q cavities to
accelerate particles! Lifetimes of O(sec)!

O The SQMS center 15 bringing this expertise to QIS.

a A big(ish) effort in materials science, devices, QIS and
fundamental physics,
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Kim et al 2506.03286 [quant-ph]

SQMS Cavity-Qubit system

A single photon can live tn
the cavity for 20 sec!
(A world record)

A two-mode Nb cavity With an tnserted qubit
= )‘ -2 1 1 .
. (a) purcell - Transmon —— Alice T1:20.6 +04 ms

filter resonator —— BobT4:156+0.2ms

Readout

0 25 50 75 100

—— Alice T2:21.120.7ms

L@ iy

& 2o
EQ = -
25 SR . r
©
Alice mode Bob mode =
—— BobT2:20.5+0.3ms
0 L L L L

0 5 10 15 20
Time (ms)

For comparison, (eading fransom qubits have T1 ~ T msec
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Kim et al 2506.03286 [quant-ph]

SQMS CaVity-QUbit SVStem 20 Photon state ives for a msec!

05'_‘|0>. : i u.a*_,|.1). i E i 2 _IB) ‘ . 3 . i
URERERREN ALUREE SRS IR
I G
S o0 1 e 1 0.0 1 — oA : | | ;
E -400 200 0 —400 -200 ] —400 -200 0 —400 -200 o
£ TTIsY [TiiTileN.
R S
‘ ' ¥ N 4 4 ! P ‘ ‘ Fock level (n)
40 -0 o 40 200 o -0 -0 o 40 - , o
Qubit probe detuning (kHz) 'nglfl fld{-dli"_lj COPII'YO‘ HP {'O 20 PL'IO"OPII
Qubit frequency is sensitive to # of ;2 N S g e
photous tn the cavity. We can count Sos} N
. L: ;. I
photons precisely! 071 ¥ keste  1banor
0.6} @& Alice SFP+PF 1 Bob SFP+PF i\i

2 4 6 8 10 12 14 16 18 20
Photon number

A promising building block for a qudit based quantum computer!
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A great start!

Can we use it as a sensor?
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Kim et al 2506.03286 [quant-ph]

SQMS CaVity-QUbit SVStem 20 Photon state ives for a msec!

— T 1 1 e T 1T T 1 - | I |
(ARERE AMINESRRER Y JI13) TR
R I R I 0.4 i k- S
|
024 1+ 411 11t bbjed b b TR
> I
o S Y K |
e ___JhIT — o
] -400 -200 0 400 —200 5
£ T
<] |
a

1S

0 4 8 12 16 20
Fock level (n)

0.0

1 1 L | I
T T T T ¥ T
-400 -200 0 -400 -200 0 -400 -200 0

Qubit probe detuning (kHz) _ -- 'nglfl fld{-ﬁ‘li"_'j COMI'YO‘ MP {'O 20 PL'IO"OPII
Qubit frequency is sensitive to # of 100§
. . 2\0.9 -
photous tn the cavity. We can count = ) - i
¥ E ice ol S o i
photons precisely! oz Rt daow e SN
0.6 | @& Alice SFP+PF 1 Bob SFP+PF Li\i

2 4 6 8 10 12 14 16 18 20
Photon number

A promising building block for a qudit based quantum computer!
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Wavelike DM as a Benchmark

O Hypothaesis: DM (s has high occupation number, more wave-like that particle like.
a DM s a light freld which ts von relativistic:

xom = A cos [ kx - wt + @)
with K<w = w2 mw (1+00W2)) and v ~ 1073

(At GHz, DM coherence

Fime is ~ msec)

Mpm (s unknown!

» A resonant search requires scanning.
W\DM " I/
The “scan rate s key.
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Dark Photon and Axion DM

a0 Wavelike DM which couples to photous:
* Dark Photon - a linear extension of QED:

= B
H DO Heep + ¢ EE + BB AAVAVAVAVERRRRRREE Y
« Axion (-like particle) - a nonlinear extension of QED: -
a - - = “
L o ? FioF,, = % C-B B e a

DM = monochromatic source of photons in devices, w/ unknown frequency.

An effective DM current (ives everywhere, J. 4

Fine print: you need a background B field in the axion case. Fine print: direction of Jet is random. Fine print: .....
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Low energy EFT

O The low energy EFT of the cavity/qubit system and the mode 15

H=w (aTa—l— 1) + gcos (mart + ¢(t)) a’ + h.c.

2
For a cavity g = €/2GppmVeay W .
Cavity has a
. == parametric
For a 2D SC qubt g = 6\/2529DM%HW advawtage.
with an effective volume Vg = d2C

(G and k are order one geometric factors)
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Photon Counting

O DM can deposit photons tn an empty cavity:

Per-shot signal probability:  P1~ g%t?

O Demounstrated by Schuster at a single frequency:

a é é l: - Qubit Excited State Probability
™ Readout : n=2 n=1 n=0
| , os XN
Transmon | @ Dark N'Ea ter "
j o . r 4 [ -y
— 5 5 } 4.745 4.748 4.750
Storage . - z

Frequency (GHz)

Dark count of ~ 1 He.
SQMS system will tmprove on ths.
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Eonodd
0.6 T T S T
T

e
4

02 I

0.0

—400

[# limited by coherence time.] ———y

—200 o

waif fime t

VQP-@.G{' TiNEEReae e

logyo[m~/GHz]

6 3 0 3
CMB (1) N Stellar
CMB (2)
m~(GHz)
6.000 6.011 6.022 e
» :
LT TTITAPTTTLLLLE S
* ‘ I”l |III | Qubit based
o | M
==11] photon counting |
=19 |
2
-15| €>1.68x10" excluded with
90% confidence at 6.011 GHz I,
24.81 2486 2491 P
!”A".J (!ff( V) L7 hloglgaﬁ?do;gt:?cf::!r&hon ]
L. . i - - . - i —a - - e |
-14 -10 -6 -2

logig[m-/eV]
Phys.Rev.Lett 126 (2021) 14, 141302
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Stimulated Emission

O Stimulate the signal by preparing a Fock state [m>

o ™ T

wait time t

Per-shot signal probability:  Pm+1~ (m+1) g%#?

O Note: this stimulates the thermal noise as welll useful in the noiseless era.

O This was attempted by Schuster ef al with m=4, but ltmit not 1mproved.

We will attempt m = 20 with SQMS system.

Phys.Rev.Lett. 132 (2024) 14, 140801
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N Cavities

O Can we scale this fo an array of N cavities? 1 mode -> N modes
O Simplest thing: replicate the system, ncluding readout

Dark matter

|q1) —— X )
' (( i — Rate scales as N,
\\ /\\ Noise scales as \/N.
] C

19r) r— | — \

O Sigual-fo-noise ratto SNR \/Kf

0 We can do better.
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In preparation with Ben Freiman and Yao Lu

N Cavities

N
O Dark matter couples fo the symmetric combination Hiye D gettttosl®) Z al +h.c.

n=1

0 With quantum control, we can to a unitary transformation:

N
g Z ! Usp = VNal (Frausfer symmetric mode fo cavity 1)
n=1
Dark matter . .
g1} —— ((7 """""" TR ) Coherent signal: scales with N
\\ 1l [ncoherent notse: only 1/N of noise will
)) 1T be (n symmetric mode. Noise xx N |
|n) —— /A A SNR « N
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Towards N>

O The N scaling so far 15 the usual scaling of signal with total effective volume V.

O Ou general grounds of energy comservation (Poynting), the amount of power drawn
from DM scales ltnearly with volume

i 3, | 52
Work dove by DM T ULlss fd z |E|
/ Bz (B- Ju) 4—>  Readout

Optimizing one finds Piopiour < V

a To go beyond N scaling, we had better vot read out power!
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Chen, Moroi, et al Phys.Rev.Lett. 133 (2024)
Kitano et al JHEP 02 (2024) 124
Bodas, Ghosh, RH - in preparation

An Entanglement Protocol

O Back to qubits: The states |+)= L (j0)+[1)) are aigenstates of DM fime evolution

V2

State Preparation Upm Phase transfer UDM |:|:) = e:l:i(ff |:|:)

- i ~  — s — s -~ !
ir il flr 17 \g Readout . - M’.[lk_el .
Hato p

Iz \\

4n) t@ AN ”/ AN P
A 8L bl e, ool
e | [ et yom]
“GHZ state” ”rofaf‘-ea(” GHZ

For a different N2 story see Arvanitaki, Dimopoulos, Galanis
Phys.Rev.D 111 (2025) 5, 055015
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Bodas, Ghosh, RH - in preparation

An Entanglement Protocol

State Preparation DM Phase transfer

O This protocol satisfres Poynting. ) £ — ;E;" 7 **\; ~— ; R/\g\f
I H
l@ R
= |
Read out information, not power, lan) {8 it ,)]J o
At =0

..........................................................................

O Howaevar, the protocol has higher requiremaents for coherence and error rates: .
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Outlook ( ol

W&,

0 We can [everage the era of quantum control to sense new physics! @ Pumt oot e
flt resonator
After all we are explorers.

O Example: Cavity and qubit systems T
* Exciting recent results with 20 sec coherence and high fidelity
* Dark matter search demonstrations this year
* luteresting scaling with Fock number and number of seusors.

* Prospects for N? scaling
O Many challenges ahead:

* Error correction * Frequency funing * Maguetic field resilience
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