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Testing Quantumness of Matter
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e These are "Quantum Interference” expts.

e Testing " Spatial Quantum Superposition Principle” with large masses (up
to ~ 10723 kg)
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Theories of Gravity Sourced by Quantum Matter

|L) |R) Quantum Source of Matter |L) |R)
) = Gy () ()
Superposition of Spacetimes Statistical Mixture of Spacetimes
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Theories of Gravity Sourced by Quantum Matter

(5) Moller-Rosenfeld Model
(6

(1) String Theory (1) Recent Theory by Oppenheim (PRX, 2023)

(2) Loop Quantum Gravity (2) KLM (Kafri-Taylor-Milburn) Model (NJP, 2014)

(3) Canonical Quantization (3) Diosi-Halliwell Model (PRL, 1998)

4) .. (4) Gravity-induced Collapse Model (Diosi-Penrose)
)
) .-
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Gravity: Quantum or Classical?

o Much work on: Constructing quantum theories/classical theories
of gravity sourced by quantum matter.

Difficult to verify in the laboratory.
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Gravity: Quantum or Classical?

o Much work on: Constructing quantum theories/classical theories
of gravity sourced by quantum matter.

Difficult to verify in the laboratory.

o We address a much lower hanging fruit: Whether gravity is
quantum mechanical in nature?

Empirically still unsettled question.
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Gravity: Quantum or Classical?

o Much work on: Constructing quantum theories/classical theories
of gravity sourced by quantum matter.

Difficult to verify in the laboratory.

o We address a much lower hanging fruit: Whether gravity is
quantum mechanical in nature?

Empirically still unsettled question.

o This seems easier to settle through a laboratory based experiment.

Debarshi Das SNIoE, Delhi NCR 5/28



Objective

What we mean by quantum mechanics:

* Superposition Principle
2017 Proposal aims to test.

* Unitary time evolution
* Quantum Measurement Postulate

™~

Our New Proposal
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“2017 Proposals”

Access by UCL Library Services

Spin Entanglement Witness for Quantum Gravity
Sougato Bose, Anupam Mazumdar, Gavin W. Morley, Hendrik Ulbricht, Marko Toro$, Mauro Paternostro, Andrew ‘
‘ 383

A. Geraci, Peter F. Barker, M. S. Kim, and Gerard Milburn
Phys. Rev. Lett. 119, 240401 - Published 13 December 2017

——
Physu:s See Synopsis: A Test of Gravity's Quantum Side u m
Article References Citing Articles (339) Supplemental Material m HTML Export Citation

Featured in Physics Access by UCL Library Services

Gravitationally Induced Entanglement between Two Massive
Particles is Sufficient Evidence of Quantum Effects in Gravity

C. Marletto and V. Vedral 236
Phys. Rev. Lett. 119, 240402 — Published 13 December 2017

-
PhySICS See Synopsis: A Test of Gravity's Quantum Side u m
Article References Citing Articles (284) Supplemental Material m HTML Export Citation

Debarshi Das SNIoE, Delhi NCR 7/28



“2017 Proposals”

e Two masses are initially in a product state.

d
Ax Ax
— — >
|L), R, L), [R),

e Entanglement creation between m; and m, — proof of nonclassical
mediator (gravitational field — guaranteed by expt. design) between
them.

e Local Operations and Classical Communications (LOCC) cannot
entangle! — well-known in Quantum Information theory.

Marshman, Mazumdar, Bose, Phys. Rev. A 101, 052110 (2020); Horodecki, Horodecki, Horodecki,
Horodecki, Rev. Mod. Phys. 81, 865 (2009).
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Decoherence Effect in the “2017 Proposals”

o If decoherence rate I' > certain threshold, no entanglement is
generated.

= The protocol fails.?

e For such high decoherence rate, the coherence in the spatial
superposition is not completely lost.

2Schut, Tilly, Marshman, Bose, Mazumdar, Phys. Rev. A 105, 032411 (2022); Rijavec, Carlesso, Bassi,
Vedral, Marletto, New Journal of Physics 23, 043040 (2021).
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Decoherence Effect in the “2017 Proposals”

o If decoherence rate I' > certain threshold, no entanglement is
generated.

= The protocol fails.?

e For such high decoherence rate, the coherence in the spatial
superposition is not completely lost.

Can this remaining coherence be exploited to observe some
nonclassicality of gravity?.

2Schut, Tilly, Marshman, Bose, Mazumdar, Phys. Rev. A 105, 032411 (2022); Rijavec, Carlesso, Bassi,
Vedral, Marletto, New Journal of Physics 23, 043040 (2021).
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Requirements of Trusted Measurements in the “2017 Proposals”

o The "2017 proposal”’ requires realizing entanglement witness operators.
= Requires completely trusted measurement devices (e.g. oy, 0y, 07).

= Very difficult in experiments.

e One can bypass this requirement by detecting entanglement through
Bell testS.

= This requires even lower decoherence rate* and closing various
loopholes (very hard).

3Kent, Pitalua-Garcia, Phys. Rev. D 104, 126030 (2021).
*Hanif, Das, Halliwell, Home, Mazumdar, Ulbricht, Bose, arXiv:2307.08133 [gr=qc].
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Requirements of Trusted Measurements in the “2017 Proposals”

o The "2017 proposal”’ requires realizing entanglement witness operators.
= Requires completely trusted measurement devices (e.g. oy, 0y, 07).

= Very difficult in experiments.

e One can bypass this requirement by detecting entanglement through
Bell testS.

= This requires even lower decoherence rate* and closing various
loopholes (very hard).

Can we propose a new experiment to test nonclassical gravity that
does not require trusted measurement devices?

3Kent, Pitalua-Garcia, Phys. Rev. D 104, 126030 (2021).
*Hanif, Das, Halliwell, Home, Mazumdar, Ulbricht, Bose, arXiv:2307.08133 [gr=qc].
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Particular Aspect of Non-classical Gravity to be Tested by the “2017
Proposals”

Physics Letters B

Volume 792, 10 May 2015, Pages 64-68 PHYSICAL REVIEW LETTERS

El 1ER

Highlights ~ Recent  Accepted  Collections ~ Authors ~ Referees ~ Search  Press  About  Editorig

On the possibility of laboratory
evidence for quantum superposition

of geometries Locally Mediated Entanglement in Linearized Quantum Gravity

Marios Christodoulou, Andrea DI Blaglo, Markus Aspelmeyer, Caslav Brukner, Carlo Rovell, and Richard Howl
Show more Phys. Rev. Lett. 130, 100202 - Published 10 March 2023

Afile  References  CiingArticles (27)  Supplemental Material ﬂ Export Citation

Marios Ci ° 2 =, carlo Rovelli "

+ AddtoMendeley «g Share 33 Cite

Get rights and <

Under a Creative Commons license 71 -

e If entanglement is witnessed = Gravity obeys superposition principle.
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Particular Aspect of Non-classical Gravity to be Tested by the “2017
Proposals”

YRS e e PHYSICAL REVIEW LETTERS
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On the possibility of laboratory
evidence for quantum superposition

of geometries Locally Mediated Entanglement in Linearized Quantum Gravity

Marios & = Carlo Rovells Marios Christodoulou, Andrea DI Blagio, Markus Aspelmeyer, Caslav Brukner, Carlo Rovell, and Richard Howl
Phys. Reu: Lett. 130, 100202 - Pubished 10 March 2023
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et rights ar

e If entanglement is witnessed = Gravity obeys superposition principle.

Does Gravity obey Quantum Mechanics?

Or, does Gravity obey some other Non-classical theory supporting
superposition principle?

= More Quantum Mechanical Postulates should be tested for
Gravity.
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New Proposal

Access Provided by UCL Library Services

Physical Review Letters

Highlights Recent Accepted Collections Authors Referees Press About Editorial Team RSS )\

OPENACCESS | GOMOBILE» | ACCESS BY UCL LIBRARY SERVICES m outline Information
Testing Whether Gravity Acts as a Quantum

Entity When Measured share ~ Abstract

Farhan Hanif', Debarshi Das ®', Jonathan Halliwell 2, Dipankar Home3, Anupam Article Text

Mazumdar®, Hendrik Ulbricht 3, and Sougato Bose ®'

Introduction—
Showmore v Schematics—

Interferometric setup—

Phys. Rev. Lett. 133, 180201 - Published 29 October, 2024 Export Citation
Is entanglement
DO https://doi.org/10.1103/Pt ett.133.180201 between the source
and...
[ D | 107 Citations. 1 Show metrics v Why two probes—
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Key Aspects of the New Proposal

o Works for any finite decoherence rate.
e Does not require trusted measurement devices.

o Tests a specific aspect of Quantum Measurement Postulate
(different from Quantum Superposition Principle).
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Quantum Measurement Postulate

o Quantum Measurement Induced Disturbance/Collapse = We aim
to test

o One Measurement Outcome in a Single Run = Always Observed.
Nothing quantitative to test

e Born Rule = Violation will lead to serious problems!
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Definition of Classical Field

* Anumber at each pointin space-time.

* “In principle” possible to be measured arbitrarily
accurately without any disturbance.

Albert Einstein

Non-Disturbance Condition (NDC): The act of performing  Anupam Garg
an intermediate measurement should not influence the
outcome-statistics of a subsequent measurement.

Caslav Brukner

Johannes Kofler
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Classical System: In Principle Measurability Without Disturbance

o Classical systems can be measured 'in principle’ without disturbance.

o In practice, measurement on classical system can cause disturbance =
Classical Disturbance.

® .
v
o Classical disturbance is not an inherent part of classical mechanics —
Can be reduced arbitrarily.
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Quantum Measurement Induced Disturbance

o Quantum Measurement Induced Collapse/Disturbance is an inherent
part of quantum mechanics.

e Cannot be reduced or eliminated.
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Quantum Measurement Induced Disturbance

o Quantum Measurement Induced Collapse/Disturbance is an inherent
part of quantum mechanics.

e Cannot be reduced or eliminated.

e Violation of Non-Disturbance Condition (NDC) — Consequence of
Measurement Induced Disturbance.

e Showing Violation of NDC after eliminating all possible Classical
Disturbances — Genuine Quantum Signature.
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Non-Disturbance Condition (NDC)®

Syste m Intermediate
+ Field Measurement

Final

Measurement

ae{0,1,..m} be{0,1,..,n}

* Intermediate and final measurements may be different.

* Each measurementis either on the field or on the system.

5Kofler, Brukner, Phys. Rev. A 87, 052115 (2013); Knee, Kakuyanagi, Yeh, Matsuzaki, Toida, Yamaguchi,
Saito, Leggett, Munro, Nature Communications 7, 13253 (2016); Schild, Emary, Phys. Rev. A 92, 032101
(2015). o = = =) E= DA
Debarshi Das SNIoE, Delhi NCR 18/28




Classical Gravity

@ @
N+ 4
L) IL). +/-
AL =0 AL =0
74
® & 1R o IR)
(IL) + |R) V2
(a) (b)

* Mass is quantum, but large enough to produce a detectable gravitationalfield ata
proximal detector.

* Intermediate Measurement [in Fig.(b)] is on Gravity.

If Gravity is Classical: NDC is satisfied -

P .(no intermediate meas.) = P (after intermediate meas.)
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Quantum Gravity

é 9
74
IL) IL) +/-
L 41=0 )z M=0
. P74 IR) .— |R)

(ILy+ [RW/2
(a) (b)

IfNDC is not satisfied =% Gravity is Nonclassical:-

P .(no intermediate meas.) # P (after intermediate meas.)
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Specific Proposal

SR DR SRS S

Considering Quantum Gravity: NDC is not satisfied -

P(noint. meas.) — P (afterint. meas.)=f(G, M, m, d, Ax, 1)+ 0

To ensure that the intermediate measurement is on gravity: d > 157um (considering the systemto be
diamond with one NV center point, where the electronic spin can be embedded in mass)
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Why Two Probes?

One probe:

L+ IRDET+(RY| 1
2 2

3 (1 — cos Ag

1 A bcon ) LB-R) ||

Equivalent to:
Ro(O)[(1+e~P2)/2 1+ (1 — e~P2t) /2 0]

Two probes:

_1 IZD+IRDET|+(RE]
p=3 (1 + cos® Ag) 7

RY| 1 2 L) —IRD(LT[— (R
7z +§(l—cos A¢)TT

2

Equivalent to:
[(14+eP)/2T+ (1 —ePt)/20,]

e To cancel classical disturbances on the source mass caused by the
gravitational interaction due to the presence of the probe.

e Classical disturbances due to other means (electromagnetic interactions,
photon scattering etc.) is eliminated by shielding and other technical ways.
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Experiment: Current Status

We need masses ~ 1014 kg / 1075 kg.

We need to prepare pure state (already achieved by ground state cooling).
Then we need to create spatial superposition (Challenging).

Experiment is going on in collaboration with

* Gavin Morley, University of Warwick, UK

* Ron Folman, BGU, Israel

* Bas Hensen, Leiden University, Netherlands

* Andrew A. Geraci, Northwestern University, USA

Funded by UK EPSRC-STFC joint, ERC, Sloan Foundation, Moore Foundation.

SCIENCE ADVANCES | RESEARCH ARTICLE

First Challenge: Preparing Spatial

pHYSsICS
Superposition with Large Realization of a complete Stern-Gerlach interferometer:
Masses. Toward a test of quantum gravity

Yair Margalit'", Or Dobkowski', Zhifan Zhou', Omer Amit', Yonathan Japha',
Samuel Moukouri', Daniel Rohrlich', Anupam Mazumdar?, Sougato Bose®,
Carsten Henkel*, Ron Folman'
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What can be concluded?

If the “ ” gives positive result (detecting Gravity-Induced-Entanglement)
Or,

If our “ ” gives positive result (detection of NDC violation)

1) String Theory (1
2) Loop Quantum Gravity (2
3) Canonical Quantization (3
4) .. (4

( (PRX, 2023)
( KLM (Kafri-Tayl rn) Model (NJP, 2014)
( D|03| Halliwel

(

el (Diosi-Penrose)
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To Conclude...

o Whether gravity is classical or quantum — still an open question!

o The “2017 proposals” can test whether gravity obeys quantum
superposition principle.

e Our new proposal can test whether gravity obeys quantum
measurement postulate.

e These two tests together take us towards a more complete
demonstration of gravity as a quantum entity.

o Compared to the "2017 proposals”, our new proposed test has several
experimental advantages (robustness to decoherence, no need to trust
measurement devices).
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Current State-of-the-Art

/_ N PCRE 5o
ar \lV > quant-ph > arXiv:2509.01586 Ty ——
Quantum Physics
& Access Paper:
[Submitted on 1 Sep 2025] View PDF
A Spin-Based Pathway to Testing the Quantum Nature of Gravity ;ﬁ)l(wé (experimental)
eX Source
Sougato Bose, Anupam Mazumdar, Roger Penrose, Ivette Fuentes, Marko Toros, Ron Folman, Gerard J. Milburn, Myungshik Kim, Adrian Kent, A. T. M. vewtcse
Anishur Rahman, Cyril Laplane, Aaron Markowitz, Debarshi Das, Ethan Campos-Méndez, Eva Kilian, David Groswasser, Menachem Givon, Or Current browse context:
Dobkowski, Peter Skakunenko, Maria Muretova, Yonathan Japha, Naor Levi, Omer Feldman, Damian Pitalia-Garcia, Jonathan M.H. Gosling, Ka-Di Zhu, | %eaer |
Marco Genovese, Kia Romero-Hojjati, Ryan J. Marshman, Markus Rademacher, Martine Schut, Melanie Bautista-Cruz, Qian Xiang, Stuart M. Graham, ~ new| recent | 2025-09

James E. March, William J. Fairbairn, Karishma S. Gokani, Joseph Aziz, Richard Howl, Run Zhou, Ryan Rizaldy, Thiago Guerreiro, Tian Zhou, Jason Change to browse by:
gr-qe

Twamley, Chiara Marletto, Viatko Vedral, Jonathan Oppenheim, Mauro Paternostro, Hendrik Ulbricht, Peter F. Barker, Thomas P. Purdy, M. V. Gurudev physics
Dutt, Andrew A. Geraci, David C. Moore, Gavin W. Morley physics.ins-det

Akey open problem in physics is the correct way to combine gravity (described by general relativity) with everything else (described by quantum mechanics). This problem References & Citations

suggests that general relativity and possibly also quantum mechanics need fundamental corrections. Most physicists expect that gravity should be quantum in character, ot

but gravity is fundamentally different to the other forces because it alone is described by spacetime geometry. Experiments are needed to test whether gravity, and hence Google Scholar
space-time, is quantum or classical. We propose an experiment to test the quantum nature of gravity by checking whether gravity can entangle two micron-sized crystals. Semantic Scholar
Apathway to this is to create q f each crystal first using embedded spins and Stem-Gerlach forces. These crystals could be Export BibTeX Citation
nanodiamonds containing nitrogen-vacancy (NV) centres. The spins can be measured to witness generated This is based Bookmark

on extensive theoretical feasibilty studies and experimental progress in quantum technology. The eventual experiment will require a medium-sized consortium with s

excellent of including vibrati d noise. In this white paper, we review the progress and plans towards realizing this. While -

implementing these plans, we wil further explore the most macroscopic superpositions that are possible, which willtest theories that predict a limit to this.
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Objective

o Verifies

o Falsifies Hybrid Models: Quantum Source + Classical Gravity

] ; 8 G __;
,D(J), G;(;jy) = - Tﬁ"y) (|1/1>Source)
Including
871G 4
G/,LZ/ — < ,u,V>
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Gravity Sourced by Quantum Matter

Einstein Field Equation

G A~
G # - Ty

Curvature Tensor Stress-Energy Tensor
Classical Space-Time of Matter
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Theories of Gravity Sourced by Quantum Matter

Quantum Gravity Classical Gravity

- 871G - 871G -

G = 7TW Guv = c_4<T/W>
Examples: Stochastic Theories
g itorcl)r;gc-lr:;:t?m Gravity { IDJ > GLS/V) }
O Canonical Quantization
O Many More GEfy) = SZFTGTI%)(W)Source)
Superposition of Spacetimes Statistical Mixture of Spacetimes
o« = =T, Zlz= 9ac
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Theories of Gravity Sourced by Quantum Matter

|L) |R) Quantum Source of Matter |L) |R)
) = Gy () ()
Superposition of Spacetimes Statistical Mixture of Spacetimes
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Gravitational Entanglement

d

Ax Ax If they
interact only

m through the
"h gravitational

force
L), |®) 16, |R),

Final state (ignoring overall phase):
Wiz = L)1 J5 (IL)2 + €29k [R)2) + [R)1 5 (€"2%[L)2 + [R)2)

. Gm1 moT Gm1 moT Gm1 moT Gm1 moT
with Adir = Hrd A hd " RORLT Hd = A hd

= Entangled for any A¢;r + A¢ry # 2nm.
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How to do Expt.: Stern Gerlach Setup

Z
X
y
Source
Iy
ozl T) =+ 1)
o) =—11

Debarshi Das
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How to do Expt.: Stern Gerlach Setup

z

Screen
X

N

y

Source

Inhomogeneous

Q— Magnetic Field \
—

o[ 1) =+1)
ozl b =—11)
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How to do Expt.: Stern Gerlach Setup

z

Screen
X

y [
N

Source

Inhomogeneous Or
Magnetic Field

HU+14) | -

ol Ty =+1
a4y =~ 1)

Debarshi Das SNIoE, Delhi NCR 36/28



How to do Expt.: Complete Stern Gerlach Interferometry
z

.

y

N

Source

Inhomogeneous
Magnetic Field

L+ 1)

ozl T) =+ 1)
ol b)y =~ 1)
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How to do Expt.: Complete Stern Gerlach Interferometry

75 1
AU +11)
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Gravitational Entanglement Witnessing in Complete Stern Gerlach
Interferometry

0 AT e
L1

1
N Cmmmd L
S
J
4
AY
\
AY
N
\\ h
:
/ >
AY
LY
N
\
44
3

IO~ —’16),
Spin Correlation Measurements Certifying Entanglement

e Step 1: Spin dependent spatial splitting of the center of mass state:
1C) L5 (111 40) = L5 (LAY + IR, 1)).
e Step 2: “Holding” the superposition for a time 7 — magnetic field switched off.

e Step 3: Bringing back the spatial superposition:
1L, 1) = 1C i IR ) = 1€ ),
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Gravitational Entanglement Witnessing in Complete Stern Gerlach
Interferometry

. ), ),
:E \;\ E E \\\
-0 N .
' L1, |Rl) r P L.1), IR,Q;,:F\ |
it O SR
_.:i_r \ /"f/ i E \ ’,L’/ i
i D 8 | : i :
A\ \ e
' (&) ~— ey,

Spin Correlation Measurements Certifying Entanglement

If gravity is quantum =- Entangled state of the spins of the two test masses:

V)12 = <| ™ 12 (| )2 + €2 1)o) + | 1)1 % (2R )2 + | 1)2) ) |C)1]C)2

— can be verified by measuring the spin correlations.

Eg W= ‘<0£1) ® a£1)> + (oy Mg 0(1)>’: If W > 1, the state is entangled.
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Ensuring Gravitational Interaction to be Dominant

One can cancel all but one (Casimir-Polder) of the electromagnetic

interactions®.

Aim: Getting to get enough detectable entanglement’ =

GmimoT 1 1 2
AGLR + AdRL = 1ﬁ2 d—Dx " dibx d

(d — Ax) can be large at the expense of large m; and my — Very
difficult to prepare spatial superposition of large masses.

e my and my can be made smaller at the expense of small (d — Ax) — If
(d — Ax) is too small, Casimir-Polder will be dominant compared to
Gravitational interaction!!!

6See PRL 119, 240401 for the techniques to neutralize the masses, as well as to get rid of the charge
multipole-charge multipole interactions, while the direct magnetic dipole interaction between the two spins is
truly negligible in comparison to gravity at the relevant distances.
"Kamp, Marshman, Bose, Mazumdar, Phys. Rev. A 102, 062807 (2020).
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Closest Approach

o Gravitational potential will be at least one order of magnitude
larger than the Casimir-Polder potential, if®

d — Ax 2 157um

(considering the system to be diamond with one NV center point,
where the electronic spin can be embedded).

8Kamp, Marshman, Bose, Mazumdar, Phys. Rev. A 102, 062807 (2020).
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Parameter Regime

o Practical Parameter Regimeg: m1, my ~ 10714 kg,

UCasimir 1
d — Ax ~ 200pum (=250 =),
a ( UGravity 10)
T~ 1s,
Ax ~ 100pm.

= Enough Detectable Entanglement (A¢ g + Agrr ~ 1).

°Schut, Geraci, Bose, Mazumdar, Phys. Rev. Research 6, 013199 (2024).
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Decoherence Effect in the “2017 Proposals”

o If decoherence rate [ > certain threshold (dM’ with A¢ =

M), no entanglement is generated.

= The protocol fails.10

e For such high decoherence rate, the coherence in the spatial
superposition is not completely lost.

O5chut, Tilly, Marshman, Bose, Mazumdar, Phys. Rev. A 105, 032411 (2022); Rijavec, Carlesso, Bassi,
Vedral, Marletto, New Journal of Physics 23, 043040 (2021).
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Decoherence Effect in the “2017 Proposals”

o If decoherence rate [ > certain threshold (dM’ with A¢ =

%), no entanglement is generated.

= The protocol fails.10

e For such high decoherence rate, the coherence in the spatial
superposition is not completely lost.

Can this remaining coherence be exploited to observe some

nonclassicality of gravity (even if I > dA¢)

O5chut, Tilly, Marshman, Bose, Mazumdar, Phys. Rev. A 105, 032411 (2022); Rijavec, Carlesso, Bassi,
Vedral, Marletto, New Journal of Physics 23, 043040 (2021).
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Double-Slit Experiment with Electrons

Electron

Interference pattern

Debarshi Das SNIoE, Delhi NCR 45 /28



Disappearance of the Interference Pattern

Electron

“Which Path”
Measurement

Disappearance of Interference Pattern

e Due to Quantum Measurement Induced Disturbance.
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Vague ldea of our New Proposal

Part | of the Expt.:

Electron

Interference pattern
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Vague Idea of our New Proposal

Part Il of the Expt.:

Debarshi Das
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Electron

Disappearance of Interference Pattern

=»  Gravity is non-classical
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Key Aspects

o NDC violation persists for any finite decoherence rate.
= Unlike the "2017 proposals”.

With an increase in decoherence rate, the magnitude of NDC
violation decreases — Can be offset by increasing the number of
runs.

e Does not require trusted measurement devices.

= Unlike the “2017 proposals”.

o Entanglement generation between the source mass and the probe
mass is not necessary.

= Independent from the “2017 proposals”.
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Mach-Zehnder interferometer
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Mach-Zehnder interferometer
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Parameter Regime

Taking M, m ~ 1071* kg, d ~ 157um (ensures

Casimir 1
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UGravity 10
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