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Fig. 2. Experimental setup. (A and B) are the energy level diagrams of ''Yb* and
R ion, respectively. Only relevant Raman transitions are shown here. (C) lon
trap in the octagon chamber and schematic diagram for Raman beams. Two different
photomultiplier tubes (PMTs) with different spectral responses and filters are used
to detect two ions fluorescence independently, which are located at the top and
the bottom of the chamber in the actual experimental system. Solid and dashed
arrows indicate the directions and the polarizations of 532-and 355-nm laser
beams, respectively. In the figure, fyp, and fz, are the qubit frequencies of 7yp*and
138Ba", respectively; f, = 1.67 MHz is the frequency of the axial out-of-phase (OOP)
mode; and § is the detuning of the laser from the OOP mode sideband, when § is
zero, then the Raman transition is directly red and blue sideband transitions. For
the M-S gate, 6 should match to the sideband Rabi frequency and determines the
duration of the M-S interaction as 1/3. 8 = 22.0 kHz here. (D) Frequencies of vibra-
tional modes of a single '”'Yb* and a single '*®Ba* ions. Axial OOP mode is used for
the Mglmer-Sgrensen (M-S) interaction. IP, in-phase mode.
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Letters to the Editor

UBLICATION of brief reports of important discoveries in
physics may be secured by addressing them to this department.

The closing data for this department is five weeks prior to the date of
issue. No proof will be sent to the authors. The Board of Editors does
not hold itself responsible for the opinions expressed by the corre-
spondents. Communications should not exceed 600 words in length.

The Angular Correlation of Scattered
Annihilation Radiation*
C. S. Wu anp I. SHAKNOV

Pupin Physics Laboratories, Columbia University, New York, New York
November 21, 1949

S early as 1946, J. A. Wheeler! proposed an experiment to
verify a prediction of pair theory, that the two quanta
emitted in the annihilation of a positron-electron pair, with zero
relative angular momentum, are polarized at right angles to
each other. This suggestion involves coincidence measurements
of the scattering of both the annihilation photons at various
azimuths. The detailed theoretical investigations were reported
by Pryce and Ward? and by Snyder, Pasternack, and Hornbostel.3
The predicted maximum asymmetry ratio of coincidence counts
when the two counters are at right angles to each other to coin-
cidence counts when the counters are co-planar is as large as 2.85
and occurs at a scattering angle of ¥=82°. Bleuler and Bradt!
used two end-window G-M counters as detectors and observed an
asymmetry ratio not inconsistent with the theory. Nevertheless,
the margin of error associated with their results is so large that a
detailed comparison between the theory and experiments is made
rather difficult. In the meantime, Hanna® performed similar
experiments with more efficient counter arrangements and found
the asymmetry ratio observed to be consistently smaller than
those predicted. Therefore, it appeared to be highly desirable to
reinvestigate this problem by using more efficient detectors and
more favorable conditions.

The recently developed scintillation counter has been proved
to be a reliable and highly efficient gamma-ray detector. With this
improved efficiency, which is around ten times that of G-M
counters, there will be an increase in the coincidence counting
rate of one hundred times. In our experiments, two RCA 5819
photo-multiplier tubes and two anthracene crystals 1X1X3 in.
were used. The efficiency for the annihilation radiation obtained
with these anthracene crystals is seven to eight percent which
compares favorably with the calculated value. The geometrical
arrangement is schematically shown in Fig. 1.

The positron source Cu® was activated by deuteron bombard-
ment on a copper target in the Columbia cyclotron. The electro-
plating method was employed to separate Cu activity from other

4

—
o1+ 2 34 5 6"

FiG. 1. Schematic diagram of experiment.
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contaminations. The active Cu® was packed in a small Al capsule of
8-mm diameter and 8-mm length. The annihilation radiation was
collimated by a lead block 6X6X6 in. with a §-in. channel drilled
through the center of the block, such that the spread of the beam
was found to be less than 3°. The aluminum scatterers were % in.
in diameter and 1-in. long. They were designed to absorb about
40 percent of the annihilation radiation lengthwise and to limit
the multiple scattering of the radiation scattered at 90° to less
than 15 percent. The crystal of the counter subtends an angle of
43° at the point in the scatterer where 20 percent of the incident
radiation has been absorbed—that is, at the absorption midpoint
of the scatterer. The mean scattering angle is very close to 82°,
the predicted maximum of anisotropy. Under these conditions, the
scattered radiation taken as the counting difference detected by
the scintillation counter with and without the scatterer in place
is three times the over-all background.

In taking the coincidence measurements, one detector was kept
fixed in position, and the second detector was oriented to four
different positions with azimuth differences () of 0°, 90°, 180°,
and 270° between the detector axis. After that, the second detector
was kept fixed and the first one rotated. The total period of
measurement lasted about 30 continuous hours. On account of the
high coincidence rate observed (the true coincidence rates for the
perpendicular position at the beginning was of the order of four
per minute), the statistical deviations are much improved as
compared to the results from G-M counters. The asymmetry
ratio from our best run is

Coincidence counting rate (L)
Coincidence counting rate (||)

=2.04:0.08,

where =-0.08 is the probable mean error. The calculated asym-
metry ratio for our geometrical arrangement is 2.00. Therefore,
the agreement is very satisfactory. Further work is being planned
to extend the investigations to more ideal geometrical conditions.

We wish to express our appreciation to Professors J. R.
Dunning, W. W. Havens, Jr., and L. J. Rainwater for their con-
stant interest and encouragement. We also wish to thank the
cyclotron group for preparing the Cu® source and the U. S. AEC
which aided materially in the performance of this research.

* Partially supported by the AEC.

1 J. A. Wheeler, Ann. New York Acad. Sci. 48, 219 (1946).

2 M. H. L. Pryce and J. C. Ward, Nature 160, 435 (1947).

3 Snyder, Pasternack, and Hornbostel, Phys. Rev. 63, 440 (1948).

¢ E. Bleuler and H. L. Bradt, Phys. Rev. 73, 1398 (1948).
s R. C. Hanna, Nature 162, 332 (1948).

The Optical Detection of Radiofrequency
Resonance
M. H. L. PryCE

Clarendon Laboratory, Oxford, England
October 31, 1949

N a recent paper under this title, Bitter! discusses the effect of
a radiofrequency field on the optical Zeemann effect. He illus-
trates the question by treating an atomic system whose ground
state is 25, making optical transitions to a 2P state, The atoms are
in a steady magnetic field H, on which is superposed a rotating
radiofrequency field Hy, in the xy plane, of angular frequency w.
According to Bitter, when there is a resonance between w and
wo=guoH :/h, the precession frequency of the spin moment in the
2§ ground state, certain observable changes happen to the Zeeman
effect.

Such an effect certainly occurs, but Bitter’s discussion is incor-
rect, and it is very doubtful if the effect could be observed in
practice. Bitter calculates the frequencies of the Zeemann lines by
means of a mean energy of the ground level in the presence of the
radiofrequency field. This is a fallacious argument. The fre-
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We present a loophole-free violation of local realism using entangled photon pairs. We ensure that all
relevant events in our Bell test are spacelike separated by placing the parties far enough apart and by using
fast random number generators and high-speed polarization measurements. A high-quality polarization-
entangled source of photons, combined with high-efficiency. low-noise, single-photon detectors, allows us
to make measurements without requiring any fair-sampling assumptions. Using a hypothesis test, we
compute p values as small as 5.9 X 10~? for our Bell violation while maintaining the spacelike separation
We estimate the degree to which a local realistic system could predict our measurement

of our events.
adjusted p value is 2.3 x 10~7. We therefore reject

choices. Accounting for this prediclability, our smallest
the hypothesis that local realism governs our experiment.

/

p——

N




PHYSICAL REVIEW D

VOLUME 14, NUMBER 10

15 NOVEMBER 1976

Quantum mechanics and hidden variables: A test of Bell’s inequality by the measurement
of the spin correlation in low-energy proton-proton scattering

M. Lamehi-Rachti and W. Mittig*
Département de Physique Nucléaire, CEN Saclay, BP2, 91190 Gif-sur-Yvette, France
(Received 11 August 1975; revised manuscript received 26 July 1976)

The inequality of Bell has been tested by the measurement of the spin correlation in proton-proton scattering.
Measurements were made at E, = 13.2 and 13.7 MeV using carbon analyzers of 18.6 and 29 mg/cm’
respectively, accumulating a total of 10* coincidences. The experimental analyzing power, geometric
correlation coefficients, and energy spectra are compared to the result of a Monte Carlo simulation of the
apparatus. The results are in good agreement with quantum mechanics and in disagreement with the
inequality of Bell if the same additional assumptions are made. The conditions for comparing the results of

the experiments to the inequality of Bell are discussed.

I. INTRODUCTION

Since the beginning of quantum mechanics (QM)
a number of physicists who contributed the most
to the development of this theory had serious
doubts about its logical foundations. Most of the
problems were illustrated by a number of para-
doxes, such as those of Einstein, Podolsky, and
Rosen' and Schrédinger (namely, the cat paradox).?
These discussions never died down and even today
there is no theory of measurement which satisfies
everybody.

One attempt to overcome these difficulties was to
suppose that there are some supplementary vari-
ables outside the scope of QM (“hidden variables”)
which determine the result of the individual mea-
surement. A theorem derived by J. von Neumann
was taken for a long time as proof that such in-
terpretations are impossible. But Bohm? in 1952
developed a model of the hidden-variables theory
which was in complete agreement with the predic-
tions of QM, and Bell* showed in 1965 why the
theorem of von Neumann was not valid as applied
to physical systems. Bell showed, too, that all
hidden-variables models which give complete
agreement with QM must have an undesirable fea-
ture. They do not obey the principle of locality as
stated by Einstein®: “If S, and S, are two systems
that have interacted in the past but are now ar-
bitrarily distant, the real, factual situation of
system S, does not depend on what is done with
system S,, which is spatially separated from the
former.”

Developments®~® of the argumentation of Bell led
for the first time in a more than 30-year-old dis-
cussion to the possibility of a critical experimental
test which could distinguish among the different in-
terpretations. The consequences of such experi-
mental verifications have more profound implica-
tions than just eliminating special models which

interpret the measuring process. They will test
the validity of a general conception of the founda-
tions of microphysics: the principle of locality or,
as written more precisely in Ref. 7, the validity
of objective local theories.

II. BELL’S INEQUALITY

The first derivation of the inequality, which later
led to an experimental test, was given by Bell.*
It has been generalized by Clauser ef al.°*7 In the
meantime various ways of demonstration have been
derived and can be found in Ref. 9 together with a
description of the actual state of hidden-variables
theories. We will follow here a demonstration
given by Bell.®

To be definite we take the example of two spin-
3 particles which have been coupled in the past in
a singlet state and which are now widely separated.
The principle of locality as formulated by Einstein
means that each of these particles has some prop-
erties, which we will denote by A(A can be a
whole set of variables) which do nol depend on
what is happening to the other particle. The re-
sult of the measurement is determined by these
properties A. We denote by A, B the result of the
measurement in the direction @ and b of the sign
of the spin of the two particles respectively. For
a realistic apparatus and/or if the dependence on
A is not strictly deterministic, but only stochastic,
one will have

|A(X,3)| <1 and |B(A,b)| <1.

The correlation function P(3, b) is defined to be
the mean value of the product A B and thus

PG, b) = f A, BB, B)p(Adn,

where p(\) denotes the frequency of the properties
A with the normalization condition [p(A)dA=1.
Thus,
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Where have we already seen
entanglement or Bell inequality violation
at high energies?
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B-meson decays

I3

B° — J/¢ K*(892)° [5]
B° — ¢ K*(892)° [22]
B° — p K*(892)° [23] Ji
Bs — ¢ ¢ [24]
Bs — J/v ¢ [25]

||i
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0.707 + 0.133"
0.450 £+ 0.077"
0.734 £ 0.037
0.731 = 0.032

2.548 = 0.015
A0S &
2.208 + 0.151°
2.525 £ 0.064
2.462 £ 0.080

)

- M. Fabbrichesi, Rt Floreanini, E. Gabrielli, and L. Marzola, Bell inequality is viélaiéd iin B e
-~ decays, Phys. Rev. D 109 (2024), no. 3 L031104.
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‘K E. Gabrielli and L. Marzola, arXiv:2406.17772 (2024)
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.20
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|A | |2 0.310 4 0.006 + 0.003

8 [rad] 2.463 + 0.029 + 0.009
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|Ao? 1A |2 I o1
| Ag|? il —0.342 —0.007 0.064
A |2 i 0.140 0.088
1 0.179
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R. Aaij et al. |[LHCb|, Phys. Rev. Lett. 131, no.17,
171802 (2023) [arXiv:2304.06198 [hep-ex]|.



Pairs ot top quarks
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Charmonium spin-1 states

Jp —A+A and (3686) — A+ A

a = 0.4748 £ 0.0022|stat £ 0.0031 |gyst

Concurrence

Horodecki condition
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and A® = 0.7521 + 0.0042|sat £ 0.0066|syst -

BESIII Collaboration, M. Ablikim et al.,
Precise Measurements of Decay Parameters and
CP Asymmetry with Entangled A-A Pairs, Phys.

Rev. Lett. 129
larXiv:2204.1

¢ = 0475+

(2022), no. 13 131801,
1058].

0.0039 (1220)

Mo = 5 =

-0.004  (560)
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»(3686) — AA
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J/h — 2O¥0
(3686) — TO50

1.225 + 0.004
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1.264 + 0.017
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1171570007
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significance
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threshold boosted central boosted

Chn 0.540 £ 0.042 0.175 £ 0.028 0.661 £ 0.064
O 0.269 + 0.070 —0.202 4+ 0.044 —0.678 + 0.083
Crk 0.427 +£0.074 0.040 £ 0.050 —0.69 +0.12
Cor 0.01 4+ 0.08 —0.03 £0.05 0.05 £ 0.10
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CMS Collaboration, A. Hayrapetyan et al.,
Measurements of polarization and spin correlation
and observation of entanglement in top quark pairs
using lepton+jets events from proton-proton collisions
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112016, [arXiV :2409. 11067].
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FIG. 2. The behavior of the concurrence, ¢[p], and of the

Horodecki parameter mi2[C] over the considered kinematic space.
The white, dashed line marks the m;2[C] = 1 contour, above which
the condition for Bell nonlocality is satisfied. The hatched areas

denote two of the bins used by the CMS collaboration in their data
analysis [25].
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Measurements of polarization and spin correlation
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112016, [arXiv:2409.11067].
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A
' Event generation MadGraphs (NNPDF23)
DELPHES (fast simulation

ATLAS detector)

exactly two opposite sign lepton of different flavor
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