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Spacetime being quantum in a Lab
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Quantum Gravity-Induced Entanglement of Masses (QGEM)
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Entanglement generation
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Matter wave Interferometer: Toy model for guantum gravity
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QGEM protocol
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QGEM protocol

W, L7

2>

ST LT L2 > e,
0,'. .'.%. 0’0’0’.’0,'.
o S N I N i S,
s
7 ~\

N

4 T~ s T~ S~ T~ o T~

Integrate the curvature (graviton propagator):

Alice and Bob are entangled
virtual graviton

S-matrix: |
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T /
I Amplitude: (f| S —1]i) = iA(2m)*6W (Py;)

1 d’k .
Non-relativistic potential: V(r) = 1B, (Qﬂ)y,e"”fl(k)




Entanglement due to Post-Newtonian expansion

virtual graviton
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Assuming masses and momenta are the same in C.O.M frame



LOCC vs. LOQC

LOCC Theorem LOQC Theorem

It is impossible to generate/increase LOQC (local operations and quantum

entanglement between A and B by local communications ) theorem: We need a
operations and classical communication

(LOCC) if A & B were initially in product quantum mediator, e.g. the virtual
states. Bennett, et.al, (1996) excitations of a graviton.
Marshman, Mazumdar, Bose, arXiv:1907.01568
R —— E— e S——— e e— — e ———— R
B
B Off shell

On shell

Unique path determined
by classical mechanics

Sum over all the paths

Entanglement happens due to off-shell gravitational fluctuations



Spin embedded nanodiamonds & Stern-Gerlach
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Spin readout or Position/momentum readout

Spin readout
Positive Partial Transpose Witness Entanglement criteria
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<W> — Tr(%p) — 2}/t — A¢ent < O Chevalier, Paige, Kim, Phys. Rev. A. 102, 022428 (2020)

Position-momentum readout
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QGEM: fun (love & hate) challenges

Material aspect: embedding spin qubit, purity of the material, coherence time of qubit, qubit
manipulation, surface cleaning

Releasing & trapping: neutralising in a Vacuum, diamagnetic trapping for neutral
nanoparticles, microchip design for trapping

Cooling (motional/internal): motional, rotational, biasing the spin qubit, initiating
superposition of the qubit

Creating superposition: motional, rotational, humpty-dumpty effect, spin coherence/constrast

Dephasing/decoherence: electromagnetic screening, current fluctuations, superconducting
magnetic flux, excellent vacuum

Gravitational/relative acceleration/seismic noise: 1 Hz or maybe 10 Hz experiment
requires unprecedented challenge for noise mitigation



Material aspects & Trapping platforms

Material aspect Trapping, Cooling, Superposition

The NV center in diamond

Single 4°Ca* ion

Photon Nanosphere

P

Electron spin
Nitrogen-14 ¢§ ¢ ¢
spin % ¢{

Nanodiamond

D|amagr;]ieglc rap lon trap Superconducting trap

(MAST-QG) (Innsbruck) (Leiden, Vienna)

Hybrid material Hybrid trap”



Electromagnetic Shielding
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https://arxiv.org/abs/2307.15743
https://arxiv.org/abs/2411.02325

Levitating Setup with a Long Diamagnetic Trap

Trap Orientation (Wx, Wy, wz)/2m (Hz) zo(pnm)

Short trap Bhias= 0.2 T
20 um wwire ) (121.5,507, 585) 16.2
H (V) (62, 380.7, 336) 18.6
20 um mwire () (191, 550, 785) 16.4
a (V) (159, 351, 331) 18.3

Long trap Bbias= 0.25 T
Imm Z-wire (H) (0.1%, 553, 685) 16.4
(V) (0.01*,491.5, 521)  16.7

\ - == Diamagnetic

—
]
T T T I T I T T

agnetic § Gravity

L%_ZZ/*_:-;_
, A . = X
4 -

|||||||||||||||||||||||||||||

-600 -400 -200 0 200 400 600 _
x(um) Horizontal

>
Q
-
B _
s 1.0-
- i
m .
c 0.5
el
o=
3
O
S 0.0




Qubit (NV Spin) Manipulation & Long Coherence

The NV center in diamond

Photon

P

Electron spin

Nitrogen-14
spin

C.o.m.

Dynamical decoupling or Mapping to Nuclear spin (~1 sec coherence)
(Taminiau Group, Delft, (arXiv: 1801.01196)

1 _ X,n eh
H=—p*+hDS .n)>———|B|* —g.
2m 21 2m,

X, ~ 6.9 X 10°m’°/Kg

—

S-B

D = (2r) X 2.87 GHz

Long Coherence Time Scale. ( Gavin Morley’s Group, Warwick ) : T_2 : 780
micro seconds, and T_1 : 4.3 milli seconds (arXiv: 2301.10188)

Preferably single NV, close to the Centre of Mass
As pure a sample as possible

Other alternatives, e.g. Noble solids, etc.


https://arxiv.org/abs/1801.01196

Matter wave Interferometer
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Potential Energy, U (107 J)
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Splitting the C.0.M motion in Stern Gerlach setup
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Marshman, Mazumdar, Folman, Bose. 2105.01094 [quant-ph]


https://arxiv.org/abs/2105.01094

One-loop Stern-Gerlach with Rb atoms

SCience Advances Current Issue  Firstrelease papers  Archive  About v (

Realization of a complete Stern-Gerlach interferome-
ter: Toward a test of quantum gravity
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have explained why a Stern-Gerlach interferometer is a formidable challenge. 2 0 T 21 )

Here, we provide a detailed account of the realization of a full-loop Stern-Gerlach
interferometer for single atoms and use the acquired understanding to show how

this setup may be used to realize an interferometer for macroscopic objects doped

with a single spin. Such a realization would open the door to a new era of funda-

mental probes, including the realization of previously inaccessible tests at the in-

terface of quantum mechanics and gravity. <




Technological development phase
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QGEM: Decoherence & Statistical Inference

2 qubits
1.00 4 %> i ——
I Pt
0.951 i i~
1Y
0.904 i i,
N 4
0.85 - fii--a--4
i/ —— y=0.025
0.801 | ; y=0.05
£ y=0.075
0.75] L —y=0l
| i ® 99.9% confidence
5000 15000 25000 35000
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Gyroscopic Stability & Stern-Gerlach Sequence
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https://arxiv.org/abs/2603.05595
https://arxiv.org/abs/2412.15335
https://arxiv.org/abs/2407.15813

QGEM: Gravitational Wave Facility
== o,
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QGEM: Gravitational Wave Facility
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White paper: 1-10 Hz matter-wave interferometer to test the spin entanglement witness for
quantum gravity
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Matter-photon entanglement via graviton
Gravitational Lensing: Only GR produces the right light bending

".: Observed star position V — 5*(k') € (k)

4GM
H =he=

) o B 4Gmw
V =—go(b+ bT)&T& 90 = r2(2mwmy)1/2

Opto-mechanical
coupling

Peta-Watt Laser
(a) (b)

10 Kg mass in a ground state Ax ~ O(cm)

matter |0)
O @, T~ T T~ INS r~ 0(10)cm
X
2 2
photon |a) q e 48() ‘ a‘
Biswas, Bose, Mazumdar, Toros, 2209.092/3 [gr-gcC] s a)%l

Biswas, Bose, Mazumdar, Toros, 2606.09991 [quant-ph]



https://arxiv.org/abs/2209.09273
https://arxiv.org/abs/2606.09991

Quantum Gravity & BSM Tests

*You can test the quantum entanglement and the equivalence principle,
See: 2203.11628 [gr-gc], 2310.06899 [gr-qc]

You can test the massive graviton hypothesis in an AdS extra dimension, and the string

scale ~ 10'GeV,
See: 2303.07371 [gr-qc]

The most decisive test for qguantum gravity comes from the entanglement between
matter and a photon due to the graviton exchange
See: 2209.09273 [gr-gc]

 Beyond the Standard Model Discovery, see: Barker, Bose, Marshman, Mazumdar, PRD
(2022)


https://arxiv.org/abs/2203.11628
https://arxiv.org/abs/2310.06899
https://arxiv.org/abs/2303.07371
https://arxiv.org/abs/2209.09273
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QGEM White paper

A Spin-Based Pathway to Testing the Quantum Nature of Gravity
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Witnessing Quantum Gravity

Ta b I e To p Expe ri m e nt fo r Q u a ntu m G raVity A newly proposed experiment could confirm that gravity is a quanturr? forc,?.

~ - It involves two microdiamonds, each placed in a quantum “superposition
I n S I d e Sc I e n ce of two possible locations. If gravity is quantum, the gravitational attraction
between the diamonds will entangle their states. If it’s not, the diamonds

won’t become entangled.

Quantum Gravity Classical Gravity

® o @ oncodene @

e levitated a small
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\ W Scientist

Test of Gravity’s Quantum Side

/\ APS /\

¢ 0w O

Is Gravity Quantum? | > 5 = i ' ¥
Scientific American | AU
ﬁu:anta maga;zm

rcndom chance would allow.

Quantum Gravity meets Quantum Information/Technologies,
Particle Physics, Condensed Matter, Material Science, Laser Physics,
Cosmic Ray Physics, ... , essentially connect every branch of physics
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RESEARCH HIGHLIGHT | 11 November 2024

Two places at once: superposed
crystal could test whether gravity
obeys quantum laws

Method could probe whether a key tenet of quantum mechanics applies to gravity,
which has so far resisted quantum theory.
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QGEM: Gravitational Wave Facility
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Long SA (17 m) + Inertial Platform (le-11 m/sqrt(Hz) flat noise)
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1-10 Hz sensitivity Is extremely hard to achieve:
We are working towards this goal

Joris van Heijningen

Seismic isolation

Quantum gravity in the lab | 2023.03.14



Quantum gravity from experimental perspective

At low energies, a massless spin-2 graviton can be quantised canonically (e.g. Bernstein, Gupta,
Feynman, Kibble, Weinberg, Donoghue, Bern, and many others). Any feasible experiment takes
place around such a weak background.

Quadratic curvature gravity in (1+3)d is renormalisable; it has other problems related to ghosts, but
it is power-counting renormalisable. See Stelle’s gravity.

String theory (the most consistent theory of quantum gravity) has presumably no UV divergences,
and at low energies it reproduces the results of the effective field theory of quantum gravity in 4d

Non-perturbative quantum gravity aims to understand the UV, with no divergences, but at low
energies, there is no satisfactory understanding, in my opinion

Experimental verifications are lacking; even spin-2 graviton
as a quantum entity has not been verified in any experiment



Some of the Team Members

ian Zhou, Qian Xiang, Agya Alam, Ryan Ryzaldy
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Andy Geraci (Northwestern), Sougato Bose
(UCL), Dave Moore (Yale), Gavin Morley
(Warwick)



Gyroscopic Stability & 2-dim Superposition




Entanglement Withess: Spin Correlation

Tr(Wo) 20 Tr(We) <0 System-1

I '
Ay 7

7 A A

- 4 g

> g\
E N

- &) . N

c )

N\

Non-detected entangled

states
Detected
entangled
states System-2
Separable states

Positive Partial Transpose Withess
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Chevalier, Paige, Kim, Phys. Rev. A. 102, 022428 (2020)



QGEM protocol
Alice ‘Bob
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Curvatu_re apd matter are entangled Curvature and matter are entangled in
In Alice’s experiment Bob’s experiment

Integrate the curvature (graviton propagator): Alice and Bob are entangled
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Matter wave Interferometer
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Semi-classical vs. Quantum Gravity

If position is an operator, then metric is an operator also
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Quantum Decoherence, Witnhess,
Superposition Size

o« Unknown/unpredictable Noise/fluctuations

Density matrix:

p=lppyl=~( L e
4 eiA¢e —yt 1
— —15
Decoherence rate (a) For m = 10"""ke
102 2-qubit parallel _ <Ww>
0.0
. : -+ -0.1
Witness: (7') =Te(W'p) =2yt — Ag,,,, <0 S0 {02
5 -0.3
Van-Kamp, Marshman, Toros, Bose, Mazumdar, 2006.06931 10;’0_4' IO 102 101 100 07
Schut, Tilly, Marshman, Bose, Mazumdar, 2110.4695 v (Hz)

Schut, Grinin, Dana, Bise, Geraci, Mazumdar, 2307.07536 [quant-ph] 4
Schut, Mazumdar, 2502.12474 (b) For m = 10" " kg


https://arxiv.org/abs/2307.07536

Quantum experiment requires quantum
measurement/witness: “Entanglement”

Entanglement Entropy
Product State Entangled State

[n n) (Q_A:;.\.) * If Alis entangled with B, then

B is entangled with A

(A le)(Cale) | rssacosesysen

then the total entropy Is zero

V) =|V)a®|¥)B V) # |V)aA®|¥)B

Sa+p =0

Entanglement & Entanglement Entropy is a bonafide quantum entity which has no
classical analogy
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Levitating Setup with a Long Trap

Trap Orientation (Wx, Wy, wz)/2m (Hz) zo(pnm)

Short trap Bhias= 0.2 T
20 um wwire ) (121.5,507, 585) 16.2
H (V) (62, 380.7, 336) 18.6
20 um mwire () (191, 550, 785) 16.4
a (V) (159, 351, 331) 18.3

Long trap Bbias= 0.25 T
Imm Z-wire (H) (0.1%, 553, 685) 16.4
(V) (0.01*,491.5, 521)  16.7
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Non-Relativistic Potential from Scattering

a C

~a v o Standard quantum

mechanics

1
X

Space

T T B i o General relativity

b d

Time Time

o Local interaction

181 = {5li) = 5 [ atads (11T () Gpuasle, )T @) 3
— 'y — 9 4 (4) - P//%z/a P/?I/a 1
<f| S 1 ‘Z> Z.A(Q’/T) 0 (sz) Grap = [ kzﬁ 2k2ﬂ] _ - [ﬂﬂa’?vﬁ'l' Muiva = MuMap
1 dgk kT
Vir) = A\E,E, / (27)3 " Alk)

Off-shell exchange is a quantum process that works within the energy-time
uncertainty relationship



Effective Field Theory of Quantum Gravity

At low energies, a massless spin-2 graviton can be quantised canonically (e.g. Gupta, Feynman,
Kibble, Weinberg, and many others). Very similar to quantising a photon around a MinkowskKi
background. Any feasible experiment takes place around such a weak background. Hence, we
can apply Effective Field theory of qguantum gravity. See Donoghue, Bern, etc,

See: Bose, Mazumdar, Schut, Toros, 2201.03583 [gr-gc

Beckering Vinckers, Dombriz, Mazumdar, 2303.17640 [gr-qgc] ( see Appendix )
Marshman, Mazumdar, Bose, 1907.01568 [quant-ph]

Quadratic curvature gravity in 4d is renormalizable; it has other problems related to ghosts, but it is
power-counting renormalizable. See Stelle’s gravity. A well-known paper!

String theory (the most consistent theory of quantum gravity) has presumably no UV divergences,
and at low energies it reproduces the results of the effective field theory of quantum gravity in 4d

Non-perturbative quantum gravity aims to understand the UV, with no divergences, but at low
energies, there is no satisfactory understanding, in my opinion

Experimental verifications are lacking; even spin-2 graviton
as a quantum entity has not been verified in any experiment


https://arxiv.org/abs/2201.03583
https://arxiv.org/abs/2303.17640
https://arxiv.org/abs/1907.01568

