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DARK MATTER

“There are a lot of things we understand about the universe, but the fun is in all the things we do not.”

The evidence of existence of dark matter is based on astronomical observations of its gravitational interactions.

* \Velocity discrepancy in galaxy clusters (1933 - Zwicky)

* Galaxy rotation curves (1970s - Rubin and Ford)
DARK MATTER CANDIDATES:

* Gravitational lensing (1980s - present) MV eV eV KeVNeVGeVTeV 0% ng Mg mg g kg T'ONIO"kg lo“lsg 10%%Kg lo”'xg lo”:g

| I P PO PRPRN BRPTTN SPRTS RPN B B PP P al o 1. Nl PR B N P PRI PR P |

AXIONs I TQBALLS Po,LENT

BLACKHOLESRULHDOUFBY-ﬂ

IE

e Large-scale structure of the universe

nICRO BUZZKILL

e Cosmic microwave background (CMB) NG Lmsmc; ASTRONOMERS

NO-SEE-UMS SYSTEM
* Baryon acoustic oscillations (BAO ELECTRONS PAINTED OBE“S'G NEUTRON - S0LAR
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* Collision of galaxy clusters mﬁegmmmw
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QUANTUM SENSING - LIGHT DARK MATTER SEARCHES

AXION Frequency [GHz]
Strong CP problem: S 10° 10!
* QCD does not conserve CP (theory); 10
* QCD conserves CP (experiment). L0-10 CAST
Neutron Stars
1 . gz v = —, 0! SN1987A
T |> Pulsars 2
A possible solution to conserve CP: axion (pseudo-Goldstone boson): 8 10712 § ;
1 1 1 1 ~ 10713
— _ruv - Uy 0n2 2 |74 =~
LD 4F Fy + > dyadta > Mad ggawaFqu S
— 10—14
. Microwave R
Axion Photon a” 10-15
/\/\) g "\\J/ - 0o = 0.45 GeV cm 3
M | F. Id 10_6 1 LI 1\O|_5 1 1 LI 1\O|_4
agnetic Fie ", [ eV]

Inverse Primakoff effect 10.5281/zeno0do0.3932430
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QUANTUM SENSING - LIGHT DARK MATTER SEARCHES

DARK PHOTON

Some anomalies in astrophysics could be explained through

the interactions between the dark matter and dark photons. Frequency [GHz]
» 101 10° 10t
+ Introducing a new gauge U(1) symmetry in the Standard Model 10
* Kinetic mixing with the electromagnetic field. 1010 Cosmology e
-1 - S0l = Z
10 4: - 5
LD>O— lF’MvF’ + 1 ABA + A'H EM 1012 JRFIINY WISPDMX J é: Em = é
4 UV 2 mA’ I’l' €e ]I‘l w " (Sun) é HE E §
10— dE ; %

10714
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Dark E-field

CAPP-7
CAPP-8
HAYSTAC-1:

198 Sutf_g + SWOS

Hidden Microwave 1015 ADMX
Photon Photon ppm = 0.45 GeV cm 3
E W < 10_16 T T I ——— ——
10-° 10-° 104
mpr [eV]

10.5281/zen0do0.3932430
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DM DETECTION USING QUBITS: DIRECT EXCITATION

Assumption: the DM candidate generates a weak coherent effective electromagnetic field.

If the field is resonant with the qubit |g) — |e) transition it can trigger the qubit to be in an excited state.
Qubit state [1(£)) = Py (t)]g) + e P (t)]e)

Hamiltonian for an axion-induced electric field H = wgle)(e| + 2n cos(m,t — a) (|e){g| + |g){e|)

peg® ~ 011 (o) (L) (22 (Y e () () ()
€9 ' 1010 Gev—1 1 peV 1T 100 pus 0.1 pF/\100 pm 0.45GeV/cm3

Hamiltonian for a dark photon-induced electric field H = wg|e)(e| + 2nsinm  t (le)gl| + |g){e])

€ Ne( f T \¢¢ C d \° PDM
~ 2
Peg(t) = 0.12xc" cos © (10—11) (1 GHz) (100 us) (0.1 pF) (100 um) (0.45 GeV/cm3)

10.1103/PhysRevD.110.115021, 10.1103/PhysRevlLett.131.211001
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DM DETECTION USING QUBITS: QUANTUM NON-DEMOLITION MEASUREMENTS

. . ) 1
Qubit state dependent on cavity population H=w.ata+ > (wq 1 zxaTa)gZ
Y/2 1 ) 1 , +
n lg) > _2(|g> + el¢‘|e)) ........ > Tf(lg) + el(¢+2)(a aAt)le)) a Kogp = 2) eeeeeeeeeeees > =
““““““““ At =n/(2y) v/2 1
vz : lg) - > ﬁ(lg) +ele)) - vy
““““ g '...... 1 '
.... v 4 | i(p+m
“““ - =Ug)+e le)
|g) D Y. > |e) A¢ = na-l-a Y/2 1 “.""‘ \/i( )
c Observed Qubit State Initial Cavity State . le) < 7 (Ig) —ele)y) *
1 00000000000000000000000000000000000 0000000000000000000000000000000000 10 LU
'P(g) 'P(n0:0) _1/5‘
—_ s P(E) P(ng =1) 110" =
Q? (| *eceoecossccocetorseososcocoseoseses . gd
& 1] taereesentes e 19 5
\f ¢ "00,.“ 107 ";U
".."" -14
IRt BT 10 =
0 10 20 30 0 10 20 30
Parity Measurement (;) I\Nﬂl:::ﬁfe?rf‘ eF:letlgt(yN) Credit: APS/Alan Stonebraker
10.1103/PhysRevLett.126.141302 10.1038/541567-018-0066-3
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EXTENDING THE QUANTUM NON-DEMOLITION DETECTION SCHEME

. . N=1 Fext = 2
Increasing the number of qubits (N) in a photon counter device *

1.000

. — ———— | 3
provides several advantages: 0.975 \ / g
. 2
1. Reduction of readout errors __0.950 \ / \
30925 . —
N < 0.900 \ / : 0 \ \ . :i;
N ‘ l b VL A\
— t — & X
perr(®i |e)) = perr(|e>) pelsarS (le)) = 0.3% g 087 \/ \/ =1
l i=1 0.850 vV i \
B 0.825 §
-3
2. Improved detection efficiency; R T — 0 5 0 -0 0 5 )
. .. (w — we)/2m (MHz) (w — w,)/2m (MHz)
3. More effective quantum non-demolition (QND) measurement;
4. Reduced scan time in experimental searches. N=2  Kex <20x1+X2)
1.00 3
- 00 e
N 30 2 —
Kext << 2 z Xi ................................ » Total phase Shift ¢ — 271. EEZZ ; . : }ZZ;
i=1 c25600.95 = =
0.94 —2
0.93 _3 \\\
—10 -5 0 5 10 —10 -5 0 5 10
10.3390/app14041478 T oo (1)
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SIMULATION OF MULTI-QUBIT CHIP DEVICE

Using an input-output theory we can model:
* Theinteraction between an input field and the cavity
* Theinteraction between the cavity and the qubits

& y —a'b ot
Input field by Kext (bin(t)a a bln(t)) xia'ao,,

Coherent state

From the model, it is possible to evaluate the conditional probability

P(lgHP (1) | 19))
P(11)) IaIZ"e_

o
.
.
g
L
L]
tea .
--------
. .
--------------------------
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SIMULATIONS OF MULTI-QUBIT CHIP DEVICE - 2 QUBITS

N=2 . .
Fext/(2D 01" Xi) = 0.01 Kext/(207) = 20.0 3D double-qubit single-photon detector
1.0
10.0025

0.8
£ 10.0020 = Qubit
% = Pulse
2 0.6 © - p 1
: lo.0015 = (lgg) [11))
— Z = Pga 1)
é 0.4 2 P(leg) |11)) Readout )
g \ |2 Pl i) resonator | \ OHdEEHTETT—— -
IS =]
O [a W

0.2 10.0005

0.0 0.0000 Storage

—750 =500 —250 0 250 500 750 resonator
Time (j1s)
Total phase shift ¢ = 2m 0 1 3 ()
10.1016/j.nima.2024.170010
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SIMULATIONS OF MULTI-QUBIT CHIP DEVICE - 2 QUBITS

Foxt /(2507 x) = 001 Kex/(207) = 20.0 Fext/ (2307 i) = Kext/(207) = 20.0
1.0 1.0
10.0025 10.025

0.8 0.8
ey 10.0020 = & 10.020 2
_CSS ) LCBS ) Pulse
2 0.6 ) <2 0.6 E —.— P 1
2 10.0015 Z 2 lo.ots = (l99) [11))
- = = = = Pge) (1)
§ 04 g § 0.4 5 —* Pleg|l1)
= 10.0010 g 5 100100 g = P(lee) [ 1))
3 E g 2
&) A O S, — R~

0.2 10.0005 0.2 10.005

0.0 0.0000 0.0 0.000

—750 =500  —250 0 250 500 750 —75 =50 —25 00 2.5 5.0 7.5
Time (j1s) Time (ps)
Total phase shift ¢ = 2m Total phase shift¢p =«
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SIMULATIONS OF MULTI-QUBIT CHIP DEVICE -4 QUBITS

Pul
Kext/ (2 ZZ ) Xz) 0.01 Kext/(207) = 20.0 Kext/ (2 ZZ ) Xz) = Kext/(20¢) = 20.0 uise
. y —&— P(lgggg) | 1))
Lol s 0.0040 Lol= N 0.040
. ‘ “ P(|ggge) | (1))
10.0035 10.035 e P(lggeg) ||1))
= P(lggee) | 1))
0.8 0.8
10.0030 10.030
= = B = = Plloegg) 1)
4 10.0025 £ 2 lo.oos & Plgege) (1))
£ 06 . § 3 s 0.6 < Pllgeeg) 1))
A 10.0020 = = 10020 5= P(lgeee)| 1))
: = : S Pless) )
P(le 1
2 04 10.0015 = 2 04 \ 10.015 = 999
e ' jf = s ' %’ —— P(legge) | (1))
S 10.0010 & S 10.010 & —*— P(legeg) ||1))
0.2 0.2 e P(legee) | |1))
// 10.0005 10.005 —+— P(leegg) |[1))
0.0 —k—a 0.0000 0.000 A ]Iz(!eegeﬂl?)
—x—
—400 —200 0 200 400 4 (Jeeeg) | 11))
Time (ps) = P(leeee) |[1))
Total phase shift ¢ = 2m Total phase shift¢p =«
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PHASE DISTRIBUTION

Simplest case: single qubit in the absence of excitation, relaxation, and decoherence phenomena.

Y2 lg) + i —Y/2 1., . :
|g) e > gTzl@ A > lg) +\/; le) 7M. > E[(elf.b + 1)|g> + (equ — 1)|€)]
1 + cos 1 — cos
P(lg) =— ¢ P(le) =——=— :

Extending to a system of independent N qubits without entanglement, in which the total phase is equally distributed ¢; = ¢ /N

N
PG = () PN PN

k is the number of qubits in the |g) in a system of N qubits.
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LOW-ENTANGLEMENT (?)

Negativity for a single qubit in a system of N qubits Kext/ (2 Z?SLL xi) = 0.01 Kext/(207) = 20.0
' ' ' ' |

' ' 10.0040
0.06r * * A 2 qubits ] 0.06F Pulse
® * 3 qubits — N =14 / 10.0035
005f * ® 4 qubits | -
........ % / 10.0030 _
....... =
0.04r e * 0.04 10.0025 =
% .................... i L
-E ............................. E 10.0020 E
5 0.03F e » = 0.03 0. =
z ® . g £
10.0015 &
0.02¢ 1 0.02 Z
® * / 10.0010 =
* ® / 10.0005
0.00r A A A A A A A 0.00 0.0000
Kext/ (2 Zf\; Xi) Time (ps)
¢ — 271- R TTTTTTITITIIT T T eI Total phase Shift ...................... > ¢ —
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CONCEPTUAL PLANAR CHIP DESIGN

LINES NIMIE COMPONENTS
Input line 8 N J [ Storage resonator
Rl
Charge line [ Floating transmon qubit

[

§

|

>

Readout line

[ Readout resonator
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PRELIMINARY CONCLUSIONS

e The N = 2 qubit model works correctly and does not introduce any entanglement effects;
* For N = 3 qubits, some low entanglement begins to emerge which:
* Requires a more refined theoretical model for a complete description of the system's dynamics;
* Suggests considering the use of entangled initial states, such as GHZ states, with a proper detection protocol;

|9)ON + |e)ON
|GHZ) =
V2
* Further analysis is needed for cases with different y values, particularly when dealing with non-uniform phase distributions.

NEXT-STEPS

In progress  Refine the theoretical model through the input-output theory;
Done Design of 3D version with 2 qubits;
Planning Design of 2D version with 2 qubits;
Not started  Fabrication of the devices;
Not started Characterization of the devices;

Not started Axion and dark photon measurement campaigns.
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