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Abstract : Objective: Four laboratory studies and an online experiment explored psy-
chophysical (mind-matter) interactions with quantum entangled photons. Method: 
Entanglement correlation strength measured in real-time was presented via a graph 
or dynamic images displayed on a computer monitor or web browser. Participants 
were tasked with mentally influencing that metric. Results: A statistically significant 
increase in entanglement strength was obtained in experimental conditions across 
the four lab studies (p < 0.02), with particularly strong results observed in three studies 
conducted at the Institute of Noetic Sciences (p < 0.0002). Modestly significant results 
(p < 0.05) were observed in a high-quality subset of entanglement samples in an on-
line experiment. Control experiments using the same equipment and protocols, but 
without observers present, showed results consistent with chance expectation in both 
the lab and online studies. Conclusion: These outcomes suggest that the fidelity of en-
tangled states and the nonlocal resource they entail may be mutable in systems that 
include conscious awareness. This is potentially of interest for quantum information 
technologies such as quantum computation, encryption, key distribution, and telepor-
tation. The results are also relevant for interpretations of quantum theory, especially 

1 Address correspondence to: Dean Radin, Ph. D., 101 San Antonio Rd., Petaluma, CA 94952, USA, dradin@
noetic.org
2 The authors are grateful to the Emerald Gate Charitable Trust, the Bial Foundation, the John B. Hunting-
ton Foundation, the Hittman Family Foundation, Richard and Connie Adams, Jeff Parrett, Patrick Dewavrin, 
and the donors and members of the Institute of Noetic Sciences and the Institut Métapsychique Inter-
national for their generous support.
3 The acting editor was David Marcusson-Clavertz, Ph. D. Ps

yc
h

op
h

ys
ic

a
l I

n
te

ra
ct

io
n

s 
w

it
h

 E
n

ta
n

g
le

d
 P

h
ot

on
s

D
ea

n
 R

a
d

in
, P

et
er

 A
. B

a
n

ce
l, 

a
n

d
 A

rn
a

u
d

 D
el

or
m

e

Copyright © 2021 The Author(s) CC-BY License 

https://doi.org/10.31156/23392

Journal of Anomalous Experience and Cognition 

2021, Vol. 1,  No. 1-2, pp. 9-54 



P
A

G
E

 1
0

Jo
u

rn
a

l o
f A

n
om

a
lo

u
s 

Ex
p

er
ie

n
ce

 a
n

d
 C

og
n

it
io

n
 (

JA
EX

)

if future studies show that entanglement strength can be mentally modulated above 
the Tsirelson Bound – the mathematical upper limit predicted by quantum theory. 
Such an outcome would suggest that quantum theory in its present form does not 
hold when physical systems interact with certain mental states. The results of these 
exploratory experiments justify continued investigation of entangled photons as tar-
gets of mind-matter interaction.

Keywords: mind-matter interaction, quantum entanglement, neutral monism, con-
sciousness, psi, psychokinesis, quantum information technologies 

Highlights: 

• Mind-matter interaction experiments involving pairs of entangled photons as 
the “matter” side of the interaction were conducted in the laboratory and on-
line.

• Preliminary evidence suggests that entanglement correlation strength can be 
mentally modulated.

• This suggests it is feasible to test if entanglement can be mentally modulated 
above the Tsirelson Bound, the mathematical upper limit of entanglement ac-
cording to quantum theory.

• If future studies confirm these results, then quantum information technologies 
(computing, communication, teleportation, etc.) may be vulnerable to mental 
influence.

Over the last century, research has progressively strengthened the empirical 
evidence for telepathy, clairvoyance, precognition, and other psychic or “psi” phe-
nomena, while expanding the variety of situations and protocols under which they 
can be observed and studied. Nearly 20 meta-analyses of classes of psi phenomena 
support the conclusion that effects observed in controlled laboratory conditions are 
far beyond chance expectation and are not adequately explained by methodologi-
cal problems or biases attributable to analytical or publication procedures (Cardeña, 
2018; Tressoldi & Storm, 2021). Publication of topical reviews and meta-analytic reports 
in mainstream journals has broadened awareness of the research results – and pro-
voked lively exchanges – and this has fostered a more informed and nuanced view of 
psi in some quarters of the scientific community (Mossbridge & Radin, 2018; Schooler 
et al., 2018). In our view, as the collective evidence becomes more persuasive the focus 
of scientific inquiry will continue to shift from establishing evidence to gathering psi 
data that will be useful for theory-building. Research on these well-documented forms 
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of anomalous cognition and influence hold considerable promise for advancing sci-
entific knowledge precisely because they expose the limits of our current understand-
ing of Nature. However, along with that promise are unique challenges to experimental 
investigation.

Amassing evidentiary support for psi is challenging because the conditions for 
eliciting and enhancing these phenomena are not well understood. Research to help 
elucidate these conditions is complex because it aims to reveal the psychological, 
physiological, neurological, and environmental correlates of psi performance. Although 
such “process-oriented” research is laborious, in principle it is no more challenging 
than any other form of research on unusual states of consciousness (Corneille & Luke, 
2021; Correa et al., 2022). Much can be learned about the conditions for producing psi 
effects without directly confronting questions about its fundamental mechanisms or 
its implications for physics, consciousness, and the mind-matter relation.

However, in contrast to process-oriented research, experiments to advance our 
understanding about the underlying nature of psi will need to address more central 
questions. They include: 1) How do psi phenomena fit in with existing theories of phys-
ics? 2) What are the implications of these phenomena for our conception of mind and 
consciousness? 3) What does psi imply for the mind-matter relation?, and 4) What 
inferences should be drawn about the nature of causality and temporality? These 
questions are challenging to frame experimentally because each domain is an ac-
tive area of inquiry in its own right, with its attendant uncertainties and controversies, 
for example in quantum physics  (Chiribella & Spekkens, 2015), consciousness studies 
(Velmans, 2017), the mind-matter relation (Stubenberg, 2018), and causality (Mendo-
za-Martínez et al., 2019; Sheehan, 2006; Svozil, 2018). 

In addition, the nature of psi uniquely complicates experimentation. These ef-
fects appear to violate everyday constraints of space and time, so it is not possible 
given our current understanding to determine with certainty whence or even when psi 
effects originate. Time-reversed psi effects are well documented (Mossbridge & Radin, 
2018), and many studies have shown that clairvoyance operates over far distances 
and under conditions in which participants are sequestered in high quality isolation 
chambers with full electromagnetic shielding (Schwartz, 2015). Hence, it is difficult to 
know with certainty if effects are associated with the designated participants or with 
someone else (e.g., the experimenter), or if they occur at times outside of the planned 
experimental sessions (e.g., when the data are observed). In view of these uncertain-
ties, most psi studies take a practical approach and are analyzed under the assump-
tion that effects do occur within the experimental sessions and are produced by the 
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designated participants.4 This is a practical position that we adopt in presenting the 
experiments discussed here.

Theoretical progress will entail a reckoning with physics, which in turn requires 
data that inform us about the physical nature of psi effects. However, because the 
locus of psi is often ambiguous it is difficult to know if such effects should be sought 
solely within the cognitive processes of participants, within the systems that are tar-
gets of intention, or some combination thereof. That is, many laboratory psi proto-
cols are designed to correlate an intentional mental action or state with a target that 
is ultimately linked to the outcome of a random event, such as the toss of a die or 
the output of a truly random number generator (RNG). It has been long recognized 
that such effects can be alternately interpreted as either anomalous cognition or as 
anomalous influence (Schmidt, 1987). For instance, correctly guessing a symbol on 
a hidden card might result from a precognitive glimpse of the future when the card 
is revealed, or as a mind-matter interaction (also called psychokinetic or PK) influ-
ence on the random process used to select that card. Even if the ambiguity can be 
resolved in favor of PK, data will still be useful for theory to the extent that it carries 
detailed information on processes that connect to fundamentals of physical theory. 
Advances in psi research have often been driven by novel experimental paradigms. 
Examples include the ganzfeld telepathy experiment, physiological measures of pre-
sentiment, and micro-PK studies using RNGs (chapters 15, 17 and 20, respectively, in 
Cardeña et al., 2015). 

Following that tradition, in this paper we report on a novel design using entan-
gled photons as a target system and we highlight how this kind of experiment may 
help inform the interface between psi and physics. Photonic entanglement presents 
not only a simple and extensively studied system within physics, but one that is deep-
ly connected to the essence of quantum mechanics, the most successful theory of 
physics to date. As Erwin Schrödinger once wrote: “I would not call [entanglement] 
one but rather the characteristic trait of quantum mechanics, the one that enforces 
its entire departure from classical lines of thought” (Schrödinger, 1935, p. 555). If the 
20th century conclusion from physics was that Nature is quantum, the conclusion from 
the first decades of the 21st century is that the essence of quantum nature is revealed 
through properties of entanglement (Brunner et al., 2014). Accordingly, data that in-

4 There is some evidence for psi-like effects that can be attributed to the experimenter rather than the 
participants (Kennedy, 1976). But there are also experiments that show fairly constant effect sizes inde-
pendent of the investigators and also show differences among selected and non-selected participants. 
The prime example is the highly successful ganzfeld telepathy experiment, which has been reported by 
some four dozen different principal investigators (Tressoldi & Storm, 2021). Similar results have also been 
observed in the extensive database of micro-psychokinetic experiments (Varvoglis & Bancel, 2015).  
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form us on how psi may interact with entangled states can potentially provide new 
information for theories both of psi and physics.

Another motivation for our proposal is that psi effects and physical entangle-
ment both exhibit unexplained connections between parts of a system that in turn 
give rise to influences that are called nonlocal. These notions are well-defined within 
quantum theory and are descriptive for psi effects, and it will be important to de-
termine whether these parallels are merely coincidental or point to a fundamental 
aspect of the mind-matter relation. For example, neutral monism is the philosoph-
ical proposition that reality consists of an inextricable relationship between mind 
and matter (Stubenberg, 2018). Proponents of this view state that the ability to know 
a thing (mind), and the thing that can be objectively known (matter), are not truly 
separate and that both mind and matter are fundamental aspects of a holistic real-
ity, akin to two sides of the same coin. Neutral monism thus suggests that mind is in-
timately related to foundational concepts in physics, including space and time. This 
is apropos because recent theories about the structure and existence of spacetime 
are related to the phenomenon of quantum entanglement (Musser, 2018). Thus, if 
mental states can be shown to modulate measures of entanglement, then that may 
inform what has traditionally been considered a purely philosophical position. The 
possibility of leveraging entanglement to inform propositions about the mind-mat-
ter relation is therefore a principal motivation for introducing the psi-entanglement 
experimental paradigm.

These broader motivations notwithstanding, we turn now to our experiment, 
which is a concrete example of how the paradigm can be used to address a funda-
mental question of physics and its relation to psi. The experiment measures photonic 
entanglement correlations and seeks to determine if a psi effort can modulate the 
strength of entanglement. A positive result would have practical ramifications because 
technologies based on quantum entanglement, such as quantum cryptography, rely 
on the constancy of entanglement measures. Psychic interference with entanglement 
might compromise these technologies, which are currently considered inviolable. But 
the experiment also lays the ground for a far-reaching test of quantum physics. 

It is well-known that entanglement correlations have an upper limit and are strict-
ly bounded by the mathematics of quantum theory (that limit is called the Tsirelson 
Bound; Cuffaro, 2018)). What this mathematically-determined bound suggests about 
the nature of physical reality is not entirely clear, but it is known that “super-quantum” 
theories with stronger correlations are conceivable. The important question for psi, 
then, is whether psi modulations of entanglement strength can exceed the Tsirelson 
Bound (TB). If it can, that would have profound implications for both psi and physics 
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(this topic is revisited in the Discussion, later). Thus, an immediate goal of the current 
work is to determine then if a future psi-TB experiment is feasible.

All of these considerations hinge on a resolution of the locus problem: the ability 
to ascertain if a psi effect truly corresponds to a change in entanglement strength. 
That is, controls must determine that an effect is neither an artifact of a PK influence on 
some part of the experimental apparatus (e.g., the detector efficiency, or mirror align-
ment), nor due to clairvoyant or precognitive selection of an uncontrolled experimen-
tal parameter. Each of these artifactual possibilities can be considered a “loophole” 
that undermines inferences about psi-induced entanglement modulation. A strong 
motivation for introducing the psi-entanglement paradigm is that it holds a unique 
potential for closing, or at least for controlling, these PK loopholes. An indication of how 
this can work is considered later in the Discussion.

This paper presents four laboratory studies and a similar experiment carried out 
via the Internet. The goal of these preliminary studies was three-fold: (a) demonstrate 
a suitable protocol for studying psi effects on entangled photons; (b) explore appro-
priate methods of analyzing the data; and (c) formulate a measure of effect size to 
assess the feasibility of the psi-TB experiment.   

Method: Laboratory Experiments

Equipment

These experiments used a commercial optical system that generates entangled 
polarization states in pairs of photons (quED, qutools.com, Munich, Germany). The en-
tanglement quantity, denoted as S, is an algebraic combination of measurements 
first proposed by Clauser, Horne, Shimony, and Holt (Clauser et al. (1969), henceforth 
CHSH). The CHSH S-value has become the standard measure of entanglement in 
paired systems with two-valued measurements (2-qubit entangled states), as is the 
case for entangled photon polarizations. Its formalism, adapted from Bell’s inequality 
condition for local causality, delineates when correlations imply nonlocal behavior. 

In the CHSH scenario, a value of S ≤ 2 indicates that the correlations between 
pairs of photons are behaving in a locally causal manner. In this case, the observed 
correlations could be explained by a common cause acting on the two photons (a 
so-called local hidden variable explanation). A correlation strength S > 2 indicates 

20
21

, V
ol

. 1
,  

N
o.

 1
-2

, p
p

. 9
-5

4



P
A

G
E

 1
5

that the entangled photons exhibit nonlocal correlations, i.e., pairs of photons are ex-
hibiting correlations that are stronger than any form encountered in classical physics 
(meaning, constrained exclusively to local interactions). That S can be greater than 2 
has been repeatedly verified to very high degrees of confidence, and that establishes 
nonlocality as an empirical fact of nature (Aspect et al., 1982; Bub, 2019).

It can also be shown that the mathematics of quantum theory imposes an upper 
bound, i.e., S ≤ 2√2. This is dubbed the Tsirelson Bound, named after mathematician 
Boris Tsirelson who first calculated this value (Cuffaro, 2018). This value delimits quan-
tum correlations from hypothetical “super-quantum” correlations that, if shown to ex-
ist, would conflict with the mathematical predictions of quantum theory as currently 
understood. The photon pairs produced by the quED apparatus in our experiments 
operated in the regime 2 < S ≤ 2√2, which assured that the photons, the “matter” side 
of these mind-matter interaction experiments, were indeed nonlocally correlated.

The quED apparatus generated entangled photons by passing a blue laser 
beam through a nonlinear crystal (beta barium borate), which in turn produced pairs 
of red photons by the process of spontaneous down-conversion. The strength of en-
tanglement, S, was determined by measuring correlations between the photon pairs 
at different photon polarizations. To achieve this, each photon of a pair of photons 
was directed by a mirror to a separate, stepper-motor controlled, polarizing filter. The 
stepper-motors were programmed to cycle repeatedly through a sequence of 16 pairs 
of polarizer angles, pausing one second for data accumulation at each setting. Pho-
tons passing through the polarizers were then carried via fiber optics to a photon co-
incidence counter, which recorded the number of detected pairs. The resulting counts 
for the 16 settings were then combined by software to output a value for S.

At each polarization setting, the quED transmitted the coincidence counts via 
TCP-IP on a local area network (LAN) to a remote computer for real-time data pro-
cessing and generation of display feedback. Each sample of S was thus based on 
coincidence counts from 16 consecutive pairs of polarization measurements, and the 
value of S was updated each time the polarization settings changed.5 For these stud-
ies, we placed the quED in a room with no one present in that room while experimental 
or control runs were underway. Figure 1 shows a typical sequence of S values obtained 
over some 800 samples.

5 Considered as a time series, the S-values were thus autocorrelated with a dependency that de-
creased linearly from 1 to zero over the course of 16 lags.
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Figure 1. Example of continuously updated S values returned by the quED system. Note that there are 
autocorrelations in these samples because each value of S is calculated based on a sequence of 16 
coincidence counts. The solid bar on the right side shows the 95% confidence interval of S based on 
Poisson counting statistics.

Procedure

Laboratory experiment 1 (January 2017), experiment 2 (February 2017),  and ex-
periment 3 (February 2017) were performed by the first author (DR)  at the Institute of 
Noetic Sciences (IONS) in Petaluma, California. Laboratory experiment 4 (August 2017) 
was an independent collaboration conducted by the second author (PAB) at the In-
stitut Métapsychique International (IMI) in Paris, which used a separate quED system. 
That study was carried out at the Dechen Chöling retreat center near Limoges, France. 
All three authors had experienced positive outcomes in previous psi experiments, 
and as a result they expected that the hypotheses proposed in these studies might 
be supported. However, because entangled photons had not been used in previous 
mind-matter interaction studies, their expectations were limited to simply being open 
to the possibility of observing positive outcomes. Similarly, most of the participants in 
the laboratory studies were probably open to the same possibility, but no systematic 
efforts were taken to assess their expectations or prior beliefs.

The general scheme was to compare entanglement S values under two par-
ticipant conditions: a “concentrate” condition in which participants were invited to 
observe a real-time S value feedback signal and mentally intend for the signal to in-
crease; and a “relax” condition in  which feedback was absent and participants were 
invited to relax and withdraw any intention or attention directed toward the experi-
ment. One possible way to implement this protocol was through a single long peri-
od of each attention condition per session and participant. This would have had the 
advantage of allowing participants an extended time to adapt and settle into each 
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condition. Another possibility was to alternate between brief periods of each condition 
within a session. This was less relaxing for participants and made for more compli-
cated analyses, but it had the advantage of effectively cancelling slow drifts due to 
variations in laser output or changes in the alignment of the sensitive nonlinear optics. 
Because slight drifting of the S value was occasionally observed in test runs, it was 
deemed prudent to adopt the alternation scheme for all experiments.

Experiments

In Experiment 1, the controlling computer and the participants were located in-
side a double steel-walled electromagnetically (EM) shielded chamber (Series 81 Solid 
Cell chamber, ETS-Lindgren Cedar Park, TX, USA). The quED was in an adjacent room 
about 5 meters away from the chamber. Because the EM shielded room was electri-
cally sealed, to get the S samples from the quED into the computer inside the cham-
ber, (a) a translator was used to convert TCP-IP data carried by a CAT-5 cable (from 
the quED) into an optical fiber, (b) the fiber was passed through a small data port in 
the chamber wall, (c) data were converted back into CAT-5, and then (d) the cable 
was connected to the computer. 

In Experiments 2 and 3, the quED was in the same location but the S samples 
were sent via a LAN to a computer in an office in another building about 100 meters 
away. Experiment 4 did not use an isolation chamber but was otherwise configured 
similarly to Experiment 1. The quED was operated at half-power (25 mA) to conserve 
the laser in the IONS experiments, and at 35 mA in the IMI experiment. This resulted in 
about 1,000 and 2,000 entangled photon pairs per second, respectively. The online ex-
periment is described separately, below.

The IONS configuration used a Windows PC running a custom Matlab (version 
2014b, Mathworks, Newton, MA) script that received the S data and presented par-
ticipants with instructions and displays to provide graphical and/or audio feedback 
about the S-values. The IMI experiment used an Apple Mac mini running OSX. 

Protocol

The experimental protocols and informed consent forms, which were read and 
signed by all participants, were approved by the IONS’ Institutional Review Board (IRB 
number RADD-2019_01r072719) and by the IMI’s Comité Ethique.

In Experiment 1, IONS staff who had previously participated in mind-matter inter-
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action experiments were recruited. They included three adult men (including DR) and 
four adult women. Two of the women ran two sessions each, and DR ran a total of 4 
sessions. One at a time, each person entered the shielded chamber and was invited 
to sit in front of the computer that received the S samples. The experimenter (DR) then 
described the nature of the task. Next to the computer was an electric candle con-
trolled by an Arduino microcontroller. When the participant was ready to begin, the 
experimental session was initiated by the experimenter, whereupon a recorded voice  
played by the computer welcomed the participant. Sessions began with a one-min-
ute rest period, during which 32 S samples were collected without feedback. This took 
place in near blackout conditions and with no sound. Then, in an alternating fashion, 
a recorded voice announced the attentional conditions to be adopted by the partic-
ipant. 

First, a voice spoke the phrase get ready, during which 5 S samples were collected 
without any feedback to the participant. Then the computer announced, now please 
concentrate, whereupon the next 24 S samples received were presented in graphical 
form and by varying the illumination level of an electric candle and the volume of a 
droning tone. Following that epoch, the recorded voice announced, now please relax, 
whereupon the electric candle automatically dimmed to a uniform low level, the drone 
tone was silenced, and 24 more S samples were silently recorded (and no feedback 
provided). After 15 repetitions of this get ready-concentrate-relax sequence, the ses-
sion ended. During a session, participants were asked to prepare to focus their attention 
during the get ready epochs, to focus their attention toward the system while holding 
the intention to make the candle illumination level and droning volume increase during 
concentrate epochs, and to withdraw their attention and intention during relax epochs.

Each sample took about 1.5 seconds to collect: 1 second of acquisition time by 
the photon coincidence counter and 0.5 seconds for the stepper-motors to position 
the polarization analyzers. Data transmission and computer processing time added 
about 10 milliseconds for each sample. A typical session, consisting of 15 get ready, 
concentrate, and relax epochs, was thus completed in 20-25 minutes (see Table 1).

In Experiment 2, the same alternating epoch protocol was used, except the feed-
back for each epoch was randomly selected by the computer to either accurately 
reflect the S value or to reverse it. That is, for reversed feedback (during concentrate 
epochs) the graph, volume of the droning tone and rise in illumination of the electric 
candle both varied inversely with the value of S. As in experiment 1, during relax and 
get ready epochs, no feedback was provided. 

The purpose of the reversed feedback condition was to test if the hypothe-
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sized effect was due to the act of attention alone, or if the modulation of entangle-
ment strength alternated with the specific direction of mental intention (as mediated 
through the feedback signal). Participants were blinded to the feedback mode, which 
ensured a uniform participant experience and avoided confounds (such as uncon-
scious preferences) that may arise when asking people to consciously adopt oppos-
ing intentions. A hypothesis that is consistent with the proposal that psi effects corre-
late with intention states is that the direction of S-value deviations would correspond 
to the (masked) feedback mode. Experiment 3 was similar to Experiment 2, except that 
all of the S feedback was uniformly reversed in all sessions. In addition, this and Exper-
iment 2 involved only one participant (DR). 

Experiment 4 was similar to Experiment 1, with three modifications: 1) the electric 
candle was replaced by a video animation of a glowing ball in a starry space whose lu-
minosity and size varied with the real-time S value, 2) the concentrate period was set to 
32 S-value updates instead of 24, and 3) of the 16 volunteers, 13 had never participated 
in a psi experiment, and 3 had on a single occasion. They included 10 adult women and 6 
adult men. Ages ranged from 31 to 76, with a median of 58.5 years and a standard devi-
ation of 13.2 years. The participants were recruited from attendees at a 10-day Buddhist 
group retreat after being invited through a public announcement. Participants were then 
greeted at a private home next to the retreat center for the scheduled sessions where the 
experimenter (PAB) welcomed them, explained the general purpose of the experiment, 
and introduced the equipment and the psi task. Participants were left alone in a darkened 
room with the feedback screen. The experimenter initiated the session start remotely and 
returned after the session ended to informally debrief participants about their experience 
and thank them for their participation.

There were three attentional instructions assigned to the participant: get ready, 
concentrate, and relax, as described above. A trial was the smallest period of data ac-
cumulation, corresponding to a single record of data used to generate an S value. Trial 
data records provided by the quED included the coincidence photon counts, the orien-
tations of polarization filters, the feedback mode, and other experimental parameters. 
Recall that the S value was calculated from the trial’s coincidence counts combined 
with counts from the previous 15 trials. A run was comprised of the three successive 
conditions, in the order  get ready, concentrate, and relax. These assignments were 
announced to the participant by recorded audio at the start of each condition. Each 
run lasted about one minute and was comprised of either 53 or 61 trials (IONS and IMI, 
respectively). Finally, a session was a period of automated data accumulation with a 
preset number of runs. Sessions typically lasted about 20 minutes and were conduct-
ed with a single participant (or for control sessions, no participants).
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Table 1. 

Session Parameters for the 4 Experiments

IONS_1 IONS_2 IONS_3 IMI

Total Sessions 12 10 9 16

Total Runs 180 154 144 192

Runs/Session 15 16* 16 12

Trials/Session 827 880* 880 780

Trials/Condition 5-24-24 5-24-24 5-24-24 5-32-24

Feedback mode Forward Random per Run Reverse Forward

Participants 7 1 1 16

Trial duration 2 sec 1.4 sec 1.4 sec 1.3 sec

Session duration 27 min 20 min 20 min 16 min

Control Sessions 12 10 118 18

Control Runs 180 160 1876 364

* One session in Experiment 2 consisted of 10 runs and 540 trials.

The overall prediction was that S-values associated with concentrate epochs 
would differ from S-values of relax epochs. The prediction was based on the hypoth-
esis that intentional mental effort can directly influence entanglement, which in turn 
implies that different efforts would produce different S-values. A natural construction 
for statistical testing is the numerical difference in S-values for trials of different con-
ditions. In particular, and while recalling that sessions comprise periodic cycles (runs) 
of get ready-concentrate-relax conditions, we take the difference for trials separated 
by half a run length. This difference, ΔS, is calculated for all runs in a session or group of 
sessions. ΔS is thus the average difference in entanglement strength between a fixed 
point in a canonical run and the paired value half a run cycle away. 

Values for ΔS are indexed by the fiducial position which we term the lag index. For 
convenience, the position of the last concentrate trial of the first run is assigned lag=0 
and ΔSl=0 is thus the S-value difference of all last trials6 of the concentrate and relax 

6 To be precise, at lag = 0, ΔS is the difference of the last concentrate trials with the 3rd get ready tri-
als (that is, 3 trials after the last trial of the relax epochs). The small offset is due to the brief get ready 
epochs which add 5 trials to the full run length.
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epochs, respectively, across all runs and sessions. Calculating ΔSl for successive lags 
returns a vector, ΔS, and for the analyses presented here, ΔS extended to a lag = 500 
is the basis for statistical tests of a psi entanglement effect. To avoid overcomplicat-
ing the description here, further details of this value’s construction are provided in the 
Appendix, but two observations allow for the formulation of hypothesis tests. 

First, under the Null hypothesis, each ΔSl is a random variable with mean zero 
and variance determined by the Poisson statistics of the trials’ total photon counts. 
This property was used to devise Monte Carlo simulations to estimate the test statis-
tics’ null distributions. Second, by construction ΔS oscillates with a dominant Fourier 
period equal to the number of trials in a run, which we call L (e.g., see Appendix C and 
Figure A.1). Therefore, for null data, regression fits of ΔS to a Cosine function with period 
L (i.e., an oscillation) will return fitted amplitudes related to the Poisson variance and 
phases specific to the dataset. 

We wished to formulate hypotheses about deviations in ΔS when a psi effect was 
present, but because the experiment had no precedent it was not clear what type of 
deviations to test. Too specific a test risks missing the effect while overly broad tests 
generally have low power. Our solution was to combine a set of three tests of increas-
ing specificity. For each test statistic, a p-value was determined by comparison with 
its Monte Carlo null distribution. The p-values were then Log-summed to create a Fish-
er chi-squared statistic for which an overall p-value was determined by Monte Carlo 
comparison (described in more detail in Appendix D). The final Fisher p-value was 
then used to test for the effect’s significance (with alpha of 0.05).

The three test statistics were as follows: The first took the maximum deviation of 
ΔS, ΔSmax = max{|ΔSl|}, which was the broadest application of the general hypothesis 
as stated above. The second test statistic was AFit , the fitted Cosine amplitude with 
period L. This test was more specific than the first because its power would increase 
if an effect was distributed smoothly across runs. The third test was for the Cosine 
phase. It adds the specificity that effects would closely follow the alternating condi-
tions of concentrate and relax across all runs and participants. In this case it was ex-
pected that the phase would lock into a value related to the lag where the effects were 
strongest. A naïve guess would set the phase locking to lag = 0. However, for reasons 
described in more detail in Appendix B, we used lag = 2.5 as the expected value of the 
Cosine fit phase. As with the other tests, this third test compared the measured phase 
with its distribution under the Null hypothesis (estimated by Monte Carlo simulation) 
to return a p value. A fourth hypothesis stated that the psi effect would be of opposite 
sign when the feedback mode was reversed. These hypotheses are listed in formal 
terms below (see the Appendix for more details).
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Hypothesis 1: ΔSmax  > 0

ΔSmax, the maximum unsigned difference in S values during concentrate vs. relax 
epochs, will exceed the 95% confidence interval of its Monte Carlo Null distribution.

Hypothesis 2: AExpt > ANull

The ΔS vector is fit to 

where A is the positive Fourier coefficient, ϕ the phase, and 2π/LR is the run fre-
quency. The hypothesis states that the fitted parameter A, which models the oscilla-
tion of the S signal that is expected if S is indeed modulated by intention, will exceed 
the 95% CI of its Monte Carlo Null distribution.

Hypothesis 3: Phase locking of ΔS.

This is similar to Hypothesis 2, but more specific in that it predicts that the os-
cillation is also in phase, with a small lag,  with the alternating attentional conditions.

3a) The 95% CI of the fit parameter ϕ will include the maximum at lag = 2.5. 

3b) The standard deviation of the fit parameter ϕ will exceed the 95% CI of its 
Monte Carlo Null distribution. The latter is determined by a bootstrap re-sampling of 
the Monte Carlo data (see Appendix for details).

Hypothesis 4: ΔS will correspond to the feedback mode.

For this hypothesis, analyses of H1, H2 and H3 were carried out separately on the 
two types of feedback (forward and reverse). The hypothesis was that the difference 
between data subsets will be significant at the 5% level for at least one of the three 
hypothesis tests.
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Results

Across all experimental data, the results of hypothesis tests 1-3 yielded p-values 
of 0.045, 0.090 and 0.043, respectively. Combining these tests (while accounting for 
test dependencies, as noted below) yielded an overall p = 0.017. The feedback hypoth-
esis, H4, was not supported, and all tests on control data were insignificant. A summa-
ry of the test results is shown in Table 2. 

A stark difference was observed between the IONS and IMI datasets, which were 
acquired separately, under quite different conditions, and with distinct participant 
pools and environmental settings. The IMI data produced nonsignificant results on 
all measures, whereas the IONS data were strongly significant on tests 1-3 and in-
dependently provided evidence for an anomalous effect on photon entanglement 
strength. These tests are described in more detail below, with an emphasis on the 
significant results of the IONS data. Figure 2 provides a graphical overview of the tests, 
showing the ΔS lag curve, its extremum (per H1), a cosine amplitude fit (H2), and an 
“S-value Condition Coefficients” curve which models the effect (per H3). See the Ap-
pendix A, B, C for details about these measures.

Figure 2. A portion of the ΔS lag curve for all IONS data (black trace), as compared to a cosine fit with 
free parameters of amplitude and phase (orange curve), and a S-value Condition Coefficients (SCC) 
curve (dotted line). The horizontal axis is the trial lag factor and the vertical axis gives the ΔS standard 
deviation from zero (i.e., the z-score). The ΔS extremum of H1 is also indicated.
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Table 2

One-tailed P-Values for Tests of H1, H2, H3 and for a Composite Chi-squared Statistic 
(Fchi), which Combines the Three Values

Session p-values

H1 H2 H3 Fchi

IONS 0.014 0.003 0.008 <0.0002

IMI 0.54 0.54 0.41 0.58

All Data 0.09 0.045 0.043 <0.017

Control p-values

IONS 0.80 0.91 0.66 0.95

IMI 0.31 0.65 0.20 0.37

All Data 0.88 0.56 0.35 0.79

Note: The p-values were estimated by Monte Carlo simulations performed separately for the IONS and 
IMI datasets. The independent IONS and IMI p-values were combined using a weighted Stouffer Z (in-
verse normal) procedure to yield global p-values for the entire experiment for each hypothesis as well 
as the combination Fchi. These tests indicate a clear effect in the IONS data and no effect in the IMI data. 

Hypothesis 1: ΔSmax > 0

The maximum deviation from zero (as a z-score) was extracted (for IONS data 
this was z = -3.77 at lag 193; see Figure 2). The absolute value of the extremum was 
then compared to its Null distribution, as determined by Monte Carlo simulation. This 
yielded a p-value estimate of p = 0.014 for the IONS data. An identical analysis of the 
IONS control data yielded p = 0.80.

Hypothesis 2: AExpt > ANull .

The ΔS curve was fit to a cosine function (Figure 2) with free phase parameter 
and fixed period equivalent to that of the 53-trial experimental run length, LR. The co-
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sine amplitude was compared to its Null distribution, as determined by Monte Carlo 
simulation. The p-value estimate was p = 0.003, while control data yielded p = 0.91. To 
assure that the optimal fit to ΔS did indeed occur at a cosine period of LR, the analysis 
was repeated with cosine periodicities ranging from 20 to 90 lags. It was confirmed 
that the Fourier amplitude was maximized at a cosine periodicity set to the run length, 
LR (Figure 3).

Figure 3. Positive cosine amplitude determined from fits to the ΔS lag curve for cosine periodicities 
ranging from 20 to 90 lags. The peak amplitude occurred at index 53, corresponding to the actual run 
periodicity. The blue trace is the fitted amplitudes from the IONS data, and the gray envelope is the 95% 
Confidence Interval (CI) of the Null distribution as determined by Monte Carlo simulations. The dashed 
line shows the Null mean values of amplitude fits, indicating that even for no effect, null data will pro-
duce a maximum at lag 53 for this analysis. The 95% CI is relative to the mean, however, and the ampli-
tude fit to the data far exceeds that range.

Hypothesis 3: Phase locking of ΔS

Phase locking was tested by first determining that the fitted phase agreed with 
the model value of lag = 2.5, and then testing for a reduced variance of the phase. The 
reasoning was that an anomalous effect that alternates with the intentional condi-
tion ought to lock the fitted phase to the model (see Appendix), thereby reducing the 
variability of the phase when fit to the data. Alternately, data that happened to yield a 
false positive result for H1 and H2 would not necessarily exhibit phase locking.

The fitted phase and its standard error (in lags) were 4.74 ± 2.86. The model max-
imum, at lag 2.5, was within a standard deviation of the phase parameter. The data 
and the model were thus aligned to within statistical error. To determine phase-lock-
ing, the standard deviation of the fitted phase was compared to its Null distribution 
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obtained from bootstrap resampling of the Monte Carlo surrogate data. Further de-
tails are in the Appendix. This procedure resulted in p = 0.008 for the phase locking.  
The same analysis for control data was p = 0.56.

Combined results across Hypotheses and datasets

For the IONS and IMI datasets, we combined dependent p-values from Hypoth-
eses 1-3 using a modification of Fisher’s method. Results from the independent IONS 
and IMI datasets were combined using a weighted Stouffer Z. The Fisher Chi Square 
combination of p-values, Fchi, was given as the sum of the p-value logarithms:

Fisher’s method assumes that the quantity Fchi distributes as χ2 with 2N degrees 
of freedom for independent Pi. However, the three hypothesis tests were not inde-
pendent, thus an empirical distribution for Fchi was determined via Monte Carlo simu-
lation, which incorporated all dependencies into the cumulative distribution function. 
Using this technique, a combined p-value for the IONS data was p < 0.00021, and for 
the control data, p = 0.95 (Figure 4).

Figure 4. The Null Fchi distribution from combining p-values of tests for H1, H2 and H3. The Fchi values for 
session and control experimental data are indicated. The session Fchi exceeds the largest value of the 
Monte Carlo distribution, thus the overall p-value estimate depended on the number of repetitions of 
the Monte Carlo and a more accurate p-value estimate may well be smaller.
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Hypothesis 4: ΔS changes sign with feedback mode 

A comparison of feedback modes was performed for the corresponding subsets 
of the IONS data (IMI data were collected only for the Forward feedback mode). It was 
found that ΔS deviated in the direction of increased entanglement for both feedback 
modes, and that the deviations were independently significant at the 0.05 level under 
the combined tests of H1-H3 (see Table 3). Tests of the difference between the two 
feedback modes were not significant. The hypothesis H4, that directed intention would 
correlate with the sign of the effect, was therefore not supported. 

Note that the calculation of the ΔS lag curve required that the data maintain a 
regular cycling of polarizer settings throughout each session. Consequently, feedback 
subsets from experiment 2 were not included in the test of Hypothesis 4 because the 
feedback mode in that study was randomly assigned from run to run and extracting 
data by feedback disrupted the continuous ordering of the polarizer settings. The tests 
of Fchi presented here thus compared data from experiments 1 versus 3, where the 
feedback mode was fixed for the duration of each session. 

Table 3

Results of Testing Hypothesis 4 among the IONS Experiments

Session Data

ΔS ·10-3 ZΔS Fchi Fchi p-value

All IONS 5.7 (2.4) 2.43 29.9 <0.00021

IONS Forward 5.0 (2.9) 1.71 17.0 0.01

IONS Reverse 7.8 (5.1) 1.54 13.4 0.04

Fwd - Reverse -3.3 (5.8) -0.56 6.6 (4.7) 0.15
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Control Data

ΔS ·10-3 ZΔS Fchi Fchi p-value

All IONS 1.8 (1.4) 1.22 2.4 0.89

IONS Forward 3.5 (3.2) 1.10 1.1 0.97

IONS Reverse 0.1 (1.7) 0.04 2.6 0.88

Fwd - Reverse 2.7 (2.9) 0.95 1.5 (4.7) 0.69

Note; Table entries for the values of ΔS at lag L = 2 and the corresponding standard deviations from 
zero (ZΔS) were calculated from data of all three IONS experiments. The Fchi values and corresponding 
p-values for the IONS Forward and Reverse modes were calculated from experiments 1 and 3 only.

Effect sizes and power estimates

The data from the IONS experiments allowed us to estimate the experimental 
effect size (ES) and to examine the experiment’s power under scenarios of different 
effect sizes (refer to Appendices D and F for more details). We employed a mean-dif-
ference type ES, which is defined7 as ES = ΔSlag2.5 /4 and employs the value of ΔS at the 
lag 2.5. An estimate of ES from the experiment was thus obtained by the measured 
value, ΔSlag2.5 = 0.00575 ± 0.0024 divided by 4, whereby ESExp ≈ 0.0014. With ESExp as input, 
the Monte Carlo simulations return ESMC = 0.00566, which confirms that a simple Monte 
Carlo model with ES as input captures the main effect we measured.

The Monte Carlo model uses a constant effect, neglecting any inter-session or 
inter-run variability. Despite this simplification, the model nevertheless allows for useful 
power estimations of the various tests and analyses we have presented. A summary plot 
is shown in Figure 5. The estimates show that the Fchi statistics, which include H3, give 
a substantial power increase over the tests taken individually or in pairs without H3. Al-
though Figure 5 also shows that a simple test of ΔS at lag = 2 has the highest power, the 
test assumes no variability among sessions and runs, as well as prior knowledge of the 
optimal lag for testing. None of these conditions are likely to hold in a real experiment. 
Thus, for real data on a new experiment, we expect that the Fchi test that we developed 
and used for analysis would have the highest power among the approaches outlined.

7 The factor of 1/4 is not fundamental and was merely a consequence of how the analyses were con-
structed; other, equivalent algorithms could have used a different scale factor.
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Figure 5. Power estimates for hypothesis tests and combinations of tests, as estimated by constant 
effect Monte Carlo simulations. The horizontal axis is the model effect size, as described in the text, and 
the vertical axis is the statistical power for significance at an alpha level of 0.05. The Fchi power curves 
refer to combinations of hypothesis tests, H1, H2 and H3. Combined tests that include the phase variance 
tests of H3 have higher powers than any of the tests individually, or combined tests without H3. Z_lag2 
is the power of the ΔS z-score at lag = 2, for this model. The vertical bar indicates the estimated effect 
size of the experiment (an estimate of the uncertainty is ~0.0004 at one-sigma). 

Method: Online Experiment

In this version of the experiment, S samples were sent over the Internet from 
the quED device located in the IONS laboratory to an Amazon cloud server (Figure 6). 
The experiment was programmed using a combination of PHP, Javascript, Ajax, and 
MySQL, and the web server was a Ubuntu Linux virtual machine hosted by Amazon. 
The server operated continuously and assigned each incoming S sample to either a 
concentrate or relax epoch, where each epoch was uniformly 24 samples in length. 
Each sample took an average of about 2 seconds to process, approximately 500 msec 
longer than in the laboratory tests, due to Internet transmission and server processing 
time. The two types of epochs automatically alternated after collecting 24 samples.
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Figure 6. Online experiment infrastructure. All data, including the S samples and the attention assign-
ments, were stored in a mySQL database. A SurveyMonkey.com questionnaire was used to collect infor-
mation about the participants. User logins were handled via a Google login process, and user identities 
were anonymized via md5 encryption.

Procedure

When a user navigated to the website entangledphotons.us, the browser led the 
participant through a login process to create a unique ID and then presented options 
for two types of feedback displays. One was a graph similar to that used in the labora-
tory experiments; the other was a “bubble cloud” display that looked like a collection 
of randomly bouncing colored bubbles. The feedback provided in both displays was 
accurate in the sense that an increase in S was reflected by a line in the chart going 
up, or by the randomly moving bubble cloud coalescing into a pleasing toroid shape.  
Besides the visual feedback, a whistling wind sound was also played, in which the 
pitch of the wind corresponded to the height displayed in the graph or to the degree 
of bubble coalescence.

As in the laboratory studies, during concentrate epochs the feedback was dis-
played and during relax epochs the feedback display was removed and replaced by 
a grey rectangle. Unlike in the laboratory studies, there was no get ready condition.

If the web server failed to receive an S value from the quED within a few seconds, 
to avoid freezing the feedback display the server automatically switched to a pseu-
dorandom number generator to produce “pseudo-S samples” generated uniformly 
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at random between the values 2.1 and 2.3. These pseudo-samples were noted in the 
database, but the feedback presented to the participants was not altered to allow the 
website to continually remain active. When the quED failed, the device was manually 
reset to continue to generate entangled photons.

Because the data from the quED were automatically sent to a database on the 
Amazon cloud server, by design this allowed many people to participate in the exper-
iment at the same time. That is, the same feedback display under the same attention 
condition could be viewed on many web browsers. This provided a way to explore the 
effects of multiple people attempting to simultaneously influence the entangled pho-
tons. When no observers were engaged with the system, the quED data continued to 
generate S samples and send them to the database, providing an ongoing no-obser-
vation control condition.

A candidate participant clicking on a button in their browser to start the experi-
ment was taken as a positive consent to participate in the study. The instructions were 
to mentally attend to the feedback with intention to increase entanglement strength 
during the concentrate epochs, and to withdraw attention and intention during the 
relax epochs.

Analysis

The analytical methods used to evaluate the data produced in the online exper-
iment differed from the methods used in the laboratory studies for two reasons. First, 
by design multiple people could conduct the study at the same time, so besides ex-
amining overall results, the data could be examined separately for none (the control 
condition), one, two, or more simultaneous participants. Second, the quED device was 
not designed to operate continuously for long periods of time, so the quality of photon 
entanglement began to degrade over time. The change in S values and occasional 
failure of the quED system required several preprocessing steps to transform the re-
corded data into useable samples.

Figure 7 shows the full set of data recorded in this experiment. Samples in the 
range 2.1 ≤ S ≤ 2.3 were generated by the pseudorandom algorithm. Each such sample 
was marked in the database to distinguish it from an S value. A second type of sample 
was noise, identified as values below 2.1 or above 2.83 (the Tsirelson Bound). This oc-
curred when S values were either not transferred correctly to the cloud server, or when 
spurious values were generated by the quED. A third category was valid S samples. 
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Figure 7. All collected samples in the online experiment. Values between 2.3 and 2.8 represented valid 
entanglement S measures. Values between 2.1 and 2.3 were pseudorandomly simulated samples, and 
outliers were quED or transmission artifacts. All pseudorandom and artifactual samples were excluded 
from subsequent analyses.

Figure 8 (top left) shows the data remaining after extracting the pseudo-S sam-
ples. To remove outliers, the remaining data were linearly detrended to remove long-
term drift (Matlab function detrend) and then an outlier removal function (Matlab func-
tion rmoutliers) was applied with a sliding median window 10,000 samples in length. 
This function identifies outliers as median absolute deviations greater than 3, based 
on the local median in the sliding window. These two procedures resulted in Figure 8 
(top right).  The final pre-processing step removed nonlinear periodicities present in 
the outlier-removed data. To do this, a second order Savitzky-Golay filter was applied 
to the data (Matlab function smooth, with option sgolay and window length 97, i.e., 
four epochs of 24 samples each plus 1, the latter because the filter window length is 
required to be odd), and then the resulting smoothed curve was subtracted from the 
outlier-removed data. This resulted in the data shown in Figure 8 (bottom left).
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Figure 8. Top left: All S samples collected from the quED. Top right: After linear detrending and outlier 
removal. Lower left: After removal of nonlinearities with a Savitzky-Golay filter. Lower right: Photon pair 
entanglement quality in terms of number of sigma above classical correlations.

The increase in variance of the S residuals (call these SR), which is visually evi-
dent in Figure 8 (lower left), was due to two reasons: (1) cumulative minor misalign-
ments of the quED optics, which were in turn caused by vibrations in the polarization 
filters as they were rotated, and by diurnal variations in ambient temperature, and 
(2) degradation of electronic components in the laser’s power control circuit, which 
reduced the laser’s illumination intensity and eventually brought the experiment to an 
end when a key component completely failed. The consequence of this increase in 
variance was that the quality of the entanglement correlations progressively degrad-
ed. For the first 500,000 samples, the observed value of S exceeded the CHSH value for 
a classical correlation by about 12 sigma (Figure 8, lower right, calculated as sigma 
= (µs– 2)/σs). After 500,000 samples, entanglement quality systematically decreased, 
dropping to about 6 sigma by the end of the experiment. That end point was still far 
above the threshold for classical correlations, but because of the clear decrease in 
entanglement quality, the first 500,000 samples were analyzed separately from the 
remaining samples.

To evaluate the results of the experiment, each completed concentrate and relax 
epoch (each with 24 contiguous S values) was identified, and then the median of the 
last 8 SR samples in each epoch was determined. The statistical difference in the re-
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sulting medians was evaluated using a t-test at lag 0, this process was repeated up to 
lag +10, and then the False Discovery Rate (FDR) algorithm was applied to the resulting 
11 tests (Benjamini & Hochberg, 1995).

This procedure was applied to the first 500,000 SR samples for one or more users 
and then compared to the same measures for zero users, which acted as a control. 
Then the same procedure was applied to the remaining samples. A similar analysis 
was then conducted for just one user, two simultaneous users, and so on, up to the 
maximum number of users contributing at least 20 completed concentrate and 20 
relax epochs.

Results

The online experiment ran continuously for three months (April through June 
2017). During that time, 1.97 million S samples were successfully received from the quED 
system. Of those, 228,000 S samples were observed by one or more participants and 
1.8 million were not observed. Over 750 people participated from around the world.

Analysis of the first 500,000 samples for one or more participants identified 125,413 
observed samples and 374,587 unobserved samples.  Of the former, approximately 
3,000 completed epochs were identified in the concentrate and relax conditions. We 
say “approximately” because the number of samples in the two conditions differed 
slightly. This occurred because in the process of removing outliers it was no longer 
guaranteed that a completed relax epoch would always follow a completed concen-
trate epoch. Likewise, when the data were lagged the attention conditions changed 
the boundaries of the epochs. Thus, for some epochs that had 24 contiguous samples 
at 0 lag, when the condition boundaries were shifted, they might no longer have had 
24 contiguous samples. Any incomplete epochs were excluded from further analysis.

Comparison of the observed epochs indicated a significant increase in entan-
glement strength for lags 0 through 5 (after adjustment by FDR at p < 0.05, see Figure 9, 
left).  For the unobserved samples, some 7,800 completed epochs were identified, and 
none of the lags were significant. In addition, the difference in entanglement strength 
between observed and unobserved samples was significant for lags 0 through 7 after 
FDR adjustment. The same analyses applied to the remaining 1.5 million samples, of 
which approximately 2,200 were observed epochs and 28,800 were unobserved ep-
ochs, were uniformly nonsignificant after FDR adjustment (Figure 9, right).
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Figure 9. Black circles are results for observed data from lags 0 through 10, white squares are the same 
for unobserved data, and red squares are the difference between those two curves. Left graph: Analysis 
of first 500,000 samples recorded during high-quality entanglement. For observed data, lags 0 through 
5 are significant after adjustment for False Discovery Rate; for unobserved data, no lags are significant. 
Right graph: Same analyses for the remaining 1.5 million samples. None of the results in either condition 
are significant.

Figure 10 shows the results by number of observers for the first 500,000 samples 
and for the remaining 1.5 million samples. These graphs are shown in terms of effect 
size rather than z scores because the number of epochs contributed by multiple par-
ticipants differed, as indicated by the error bars. None of these results were significant 
after FDR adjustment, but there is a suggestion with the initial 500,000 samples that 
the more simultaneous participants, the larger the resulting effect size. 

Figure 10. Black circles are experimental results in terms of effect size for one participant, white circles 
for two simultaneous participants, black squares for three, and white squares for four. Small diamonds 
represent effect size for no observers. Error bars are ± 1 sigma. Left graph: First 500,000 samples. Right 
graph: Remaining 1,471,589 samples.
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Discussion

These studies probed correlations between directed mental attention and inten-
tion and entanglement strength in pairs of photons. To our knowledge, explorations of 
possible mental interactions with nonlocal forms of matter have not been previously 
reported. Accordingly, the results presented here should be considered preliminary. 
With that caveat in mind, the outcome for all four laboratory studies combined was 
determined to be p < 0.02, with the outcome for the three IONS experiments combined 
at p < 0.0002 (or possibly more significant, as this p-value was determined based on 
the number of repetitions used in the Monte Carlo procedure). Identical analyses ap-
plied to the IMI data, which were collected under different conditions and with a dif-
ferent participant population, did not attain significance. The online experiment pro-
duced indications of an effect on data with higher-quality entanglement, and those 
results may be elucidated in more detail in future analytical work. 

Although nonlocality is well-established as a feature of the quantum realm, its 
relevance and application to the mind remains unclear. These experiments were a 
first step in exploring whether nonlocality might play a role in this regard or whether 
the seeming parallels between nonlocal mind (psi) and nonlocal matter are merely 
a coincidence. Should nonlocality turn out to be a common feature of both mental 
and quantum domains, it may provide a hint for approaches that attempt some kind 
of unification, such as that proposed by the philosophy of neutral monism. Progress 
along these lines will depend on the careful examination and subsequent extension of 
these first results. 

A principal challenge in these studies was to devise a protocol that would ac-
commodate unavoidable drifts in the measured strength of entanglement correla-
tions, and the fact that the quED design required collecting coincidence counts across 
16 consecutive trials to produce a single S value. The adopted protocol, using short, 
alternating epochs of concentrate and relax conditions, eliminated problems of drifts 
and offsets when comparing attentional conditions, but at the cost of including S val-
ues derived from data generated under a mix of conditions. The two analytical ap-
proaches we discussed handled this drawback by testing statistics as a function of 
the run lag. 

The genesis of these analyses was as follows: The analysis of the online data 
was first devised and applied to those data and the laboratory data by DR, using a 
Matlab platform. The laboratory results indicated significance exceeding the p = 0.05 
level. That analysis was then verified by PAB using new code on the Mathematica plat-
form. At that point it became clear that an approach with more statistical power was 
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possible, so PAB devised a new test combining three hypotheses. That procedure was 
developed and then applied to the data, as described herein. That analysis, however, 
could not be applied to the more complex online data. Consequently, we have re-
ported the results of the first, simpler analysis for the online data, and a second, more 
detailed analysis, for the laboratory studies.

Future Studies

These results lay the ground for future confirmatory replications in which analy-
ses can be specified before data collection. The studies described here provided the 
basis for effect size and power estimates, as well as a guide to upgrading the exper-
imental design and apparatus. Improvements to consider are the use of more stable 
lasers and optics, which can alleviate problems of drifts and entanglement quality, 
and an augmented detection system employing beam splitters instead of mirrors and 
4 or 8 coincidence detectors. This would permit calculation of S measurements in one 
or two steps, instead of 16, and allow for analyses that avoid S-values obtained under 
mixed attentional conditions. 

A deficiency of the lab experiments, which became clear in hindsight, is that they 
did not collect baseline data immediately before and after each session. Baselines of 
5 to 10 minutes immediately prior to and after data collection (with participants ab-
sent and without any adjustments to the apparatus) would be helpful in documenting 
the equipment’s stability. This is an important feature to be included in future studies.

Challenges

Before turning to the novel implications of these experiments, we address several 
well-known issues in research involving psi phenomena. The first is the variability and 
difficulty in reproducing psi effects (Rao, 1985). Obtaining different results in seem-
ingly comparable circumstances, as we found for the IONS and IMI lab studies, is not 
uncommon in this domain, or indeed in many other, more conventional experimental 
domains (Hudson, 2021). Discussions about a “reproducibility crisis” in science remain 
an ongoing challenge in identifying and firmly establishing all sorts of interesting ef-
fects, including psi (Guttinger, 2020). 

Still, we expect that process-oriented research will continue to make progress. 
Two recognized factors for obtaining better results are the use of participants who 
are familiar with the nature of the task, and even better, who had performed well on 
previous studies. In addition, it is desirable to have a setting that allows for the partic-
ipants to apply their full and relaxed attention to the experimental tasks. Although the 
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IONS experiments attempted to optimize these factors, this was not the case for the 
IMI study. The IMI experiment was conducted primarily with first-time participants who 
had limited time to settle into the experimental sessions because they were following 
the demanding schedule of a group meditation retreat. Another consideration was 
the relatively small size of the participant pool at IONS, which can impact the varia-
bility of effect sizes. The discrepancy in results is thus not inconsistent with previous 
experience and observations reported in the psi literature.

A second issue pertains to the problem of determining the locus of the effect, as 
alluded to at the beginning of the paper. Two competing interpretations of psi effects 
are the psychokinetic (PK) paradigm (Varvoglis & Bancel, 2015), and that of precogni-
tive selection or Decision Augmentation Theory (May et al., 1995). Under PK, attention 
and/or intention are assumed to not only correlate with measured deviations in the 
behavior of the physical system, but to cause those changes. By contrast, precognitive 
selection posits that the participants’ or investigators’ intuition informs the fortuitous 
timing of data collection so as to take advantage of naturally occurring fluctuations in 
the data that “just happen to” favor confirmation of the hypothesis. 

Both ideas assume the existence of anomalous psi effects, but with the selec-
tion paradigm the target system is not influenced at all, only a biased selection of 
data are extracted from an otherwise unperturbed system. The analyses we used in 
the experiments described here could not definitively distinguish between these two 
mechanisms and we would have detected the same statistical results in either case. 
However, because we are ultimately interested in inferences that might be drawn from 
a causal PK effect on entanglement, this was a limitation in the current experiment’s 
design, which should be addressed in future studies. 

Ways to potentially control for selection effects include reducing the degrees of 
freedom for when the experimenter or participant decides to start a session, collecting 
data before and after sessions, and randomizing session durations. These measures 
should be understood through modeling and folded into future protocols. Although 
the preliminary protocol reported here did not consider this design feature, the results 
do provide some peripheral support of the PK hypothesis because of the nonsignifi-
cant result of the feedback hypothesis, H4. A straightforward interpretation of the se-
lection hypothesis would have predicted that the direction of observed effects and 
the method of feedback should agree, whereas there was no evidence of that in these 
data. We will be interested to see if this speculation is borne out by a future protocol 
that incorporates selection screening.
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If such a protocol were devised, and the results were consistent with a PK effect, 
then it is still not certain that the results could be attributable only to a modulation 
of entanglement strength. Alternatives could include influences on elements of the 
optical apparatus, the electronics of the coincidence counter, or some other com-
ponent of the experimental system. That is, a PK effect might take advantage of well-
known weaknesses (loopholes) within the standard Bell-CHSH experiment (Yang & 
Zhang, 2021). Consequently, identifying and closing these loopholes will be necessary 
to strengthen evidence for a PK effect that specifically modulates entanglement. A full 
discussion of this issue is beyond the scope of this paper, but two possible avenues 
worth mentioning are: (a) to adapt solutions used to close standard loopholes in Bell 
experiments, particularly the so-called detection and measurement independence 
(free-choice) loopholes which can be viewed (under the psi hypothesis) as a hybrid 
of PK and selection; and (b) to explore other types of entanglement experiments, such 
as quantum steering or tripartite scenarios that might offer independent support for a 
true entanglement effect (Ruzbehani, 2021).

Implications

Assuming for the moment that the mind-modulated entanglement hypothesis is 
correct, several observations and potential inferences follow. Our results are the first to 
address quantum nonlocality directly as a potentially deep, albeit ill-defined connec-
tion between psi phenomena and quantum systems. That is, previous mind-matter 
interaction experiments have involved psi interactions with distant physical systems, 
but not physical systems known to have nonlocal properties. That includes previous 
experiments designed to test if focused attention and/or intention can modulate 
quantum-based randomness, such as electron tunneling phenomena in semicon-
ductors (Jahn et al., 2007), and experiments testing whether psi perception can influ-
ence photon interference in a double-slit optical system (Radin et al., 2021).

A second observation is that, lacking evidence for intentional steering (as per 
H4), it may be that observed effects on entanglement strength are associated with 
mere attention alone. This would stand in contrast with the relevant literature on so-
called goal-oriented psi effects, in particular the results of many micro-PK studies 
using truly random number generator outputs as targets (Bancel, 2017; Varvoglis & 
Bancel, 2015). Many of those studies conclude that intention “steered” the direction 
of the effect, contrary to what we observed in these experiments. What is less clear is 
whether those previous studies are explainable in terms of psi selection (May et al., 
1995), or instead suggestive of PK (Dobyns, 2000). Finding that the distinction between 
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intentional steering and the application of mere attention is associated with a PK/
psi-selection dichotomy would be a useful advance that could influence theoretical 
models as well as advances in experimental design.

The measured increase in ΔS suggests that the quality of entanglement (and 
by extension its value as a nonlocal resource) is increased when coupled to atten-
tional awareness. This is surprising because interactions with external systems gen-
erally cause entanglement to dissipate. There exist quantum information procedures 
for increasing the quality (fidelity) of entanglement, but these “distillation” protocols 
involve operations on multiple copies of entangled qubits (Ecker et al., 2021), and it is 
not obvious how that is relevant to coincidence measurements in single photon pairs, 
as measured in our experiments. Further investigations of quantum distillation might 
provide insights into how entanglement could be accessible to processes associated 
with mental states. Theoretical questions aside, it is important to note that any pro-
cess that increases the fidelity of entangled states is of central interest in quantum in-
formation technologies such as computing, encryption, key distribution, and telepor-
tation. That consideration alone provides a strong motivation for continued research.

The magnitude of the ΔS increase that we measured is also noteworthy. We 
found ΔSexp ≈ 0.0057 ± 0.0024. The most refined attempts to date to approach the up-
per limit of quantum entanglement (the Tsirelson Bound) have reported values of STB 

- S as small as 0.0008 ± 0.0005 (Poh et al., 2015). The size of the positive modulations 
in S that we measured thus exceeds the gap between the Tsirelson Bound and the best 
reported S-values. Our exploratory experiments are thus successful in demonstrating 
that a test to see if mind can modulate entanglement beyond the Tsirelson Bound 
is a practicable goal. Such a test, if successful, would have deep implications. If the 
Tsirelson Bound is in fact a hard limit for psi-mediated entanglement, as it is for con-
ventionally prepared quantum systems, it would indicate that psi phenomena obey 
quantum theory and suggest that theories of psi should be compatible with current 
physics, at least as far as information dynamics are concerned. However, if mental 
intention violates the Tsirelson Bound, it would imply that quantum theory provides an 
incomplete description of the world when systems incorporate certain mental phe-
nomena. Such a test could empirically inform the metaphysical puzzle that seeks to 
discover the fundamental constituents of our world. In that case, a suitably devised 
test might be able to distinguish qualia as more fundamental than the qubit, or vice 
versa. In philosophical terms, this could be a test of idealism versus materialism, or it 
could offer guidance for the formulation of a “middle way,” such as neutral monism.

As this discussion makes clear, there is much to do before such an experiment 
can be performed in a convincing manner. It is worth mentioning that it took nearly 
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40 years to achieve a loophole-free demonstration of nonlocal Bell correlations.8 The 
first step toward such a test in the present domain would require access to entangle-
ment sources with improved stability and fidelity. Then it would be useful to design 
optical configurations with multiple coincidence detectors and fixed analyzers, as that 
would eliminate the need for stepping through the 16 polarization conditions, provid-
ing single-shot measurements of S. Such a set-up would provide further flexibility for 
designing comparisons between concentrate and relax periods, and would facilitate 
experiments to explore the key question of whether the underlying effect is better un-
derstood as PK or as selection. Equally important would be attracting interest from 
researchers in the quantum information community, who could supply much-needed 
advice on a range of subtle issues regarding entanglement. We hope that this paper 
will serve in that regard.

Replication Issues

On the psychological side of the hypothesized psychophysical effect, it is im-
portant to emphasize that the experiments described here, as well as possible future 
designs, are not simply physics experiments. It would be a mistake to assume that 
simply asking a person to focus their attention toward the physical apparatus will be 
sufficient to observe the effect. The phenomenon at issue here is more subtle, involv-
ing psychological attributes of the experimental set and setting, as well as tacit fac-
tors that have yet to be fully recognized or elaborated. 

As already mentioned, among factors suspected to influence outcomes in previ-
ous psi experiments, there are obvious variables like the participant’s level of comfort 
with the environment in which the test is conducted. In addition, the type and pres-
entation of specific tasks involved, the nature of the feedback (if any), the outward 
attitudes of the experimenters (e.g., warm and enthusiastic versus cold and skeptical), 
and unconscious biases or concerns held by either participants or investigators, may 
also influence outcomes. 

Another consideration is how best to match participants to a given experimental 
protocol. The assumption that all participants are equal is obviously an error, and psi 
research has shown that results are improved when some pre-selection of partici-
pants is adopted (Alexander et al., 1998; Ryzl, 1963). However, the strategies of par-

8 That is, experiments that simultaneously close the locality and detection loopholes. Very strong con-
straints have been put on the so-called free-choice (or, measurement independence) loophole. But this 
loophole cannot be closed completely. A demonstration of Bell nonlocality that simultaneously address-
es all three has yet to be performed.
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ticipant selection are more of an art than a science at this point, and as such it adds 
overhead to the experimental program.

With such a range of factors that might influence the outcome, developing repli-
cable experimental protocols will likely take substantial resources. Our sense is that a 
long-term view is needed, one that can support a program of research that progres-
sively addresses the full range of experimental and protocol issues outlined above. 
As this preliminary report suggests, such a program appears to be achievable, and it 
is certainly justified given the fundamental nature of the questions addressed. Data 
from these studies are available upon request from the first author.
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Appendices

A. Calculation of S-values and ΔS 

The following procedure generates an S-value for any combination of experi-
mental sessions. Data trials are extracted using selection windows of 16 consecutive 
trials (one trial for each of the 16 analyzer combinations). Windows are placed at iden-
tical locations within runs, which assures that they have identical SCC assignments 
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(see section C). The trials are then sorted by polarization setting and summed to the 
yield the total coincidence counts for each setting. For polarizers in the two wings9, (A, 
B), of the experiment, and with orientations a and b, the correlation coefficient is given 
as :

where ± refers to a polarization analyzer setting parallel or perpendicular to ori-
entations (a, b). The CHSH scenario measures correlations for two different polarizer 
orientations in each wing, A and B. With these orientations denoted as (a, a’) and (b, 
b’), the S-value is given by:

Sexp = E (a, b) - E (a, b’) + E(a’, b) + E (a’, b’)

The settings for our experiment are the CHSH settings that maximize S: (a, a’) = 
(0o, 45o) and (b, b’) = (22.5o, 67,5o). The standard deviation of Sexp can be derived with 
the assumption that the counting error for n counts is σn = n , whereby from propaga-
tion of errors, we have:

The differential values, ΔS, that are designated by the hypotheses are given by:

ΔS = SL - SL+27

where L is a lag, L=0 positions the selection window at the last of the concen-
trate trials, and L+27 is a lag shifted by half of a run-length from L (the lag is L+31 for 
IMI data). The value ΔS constitutes the effect size for our experiments. For our choice 
of a 16-trial window for TCC, SCC has its maximum at L = 2.5 for IONS data and L=6 for 
IMI data, so for the respective hypothesis tests L = (2.5, 6) is used. The lag of the SCC 
maximum is moderately sensitive to changes in the TCC window: ±2 trials in TCC win-
dow length produce a lag change in SCC of ± 1. Because SL and SL+27 derive from nearly 
equivalent quantities of data, the standard error of ΔS is taken as:

9 The ‘wings’ are the flight paths of the two entangled photons. Each wing is similarly configured with a 
polarization analyzer, mirrors, and fiber optics that direct the photon to a coincidence detector.
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σS =
16

∑
i=1
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σΔS = σS√2

It is important to note that combining data from different sessions will not lead 
to accidental biases of ΔS because coincidence data from any given window at a lag 
L is always paired with nearby data in the same run at L+27. Any possible shifts in the 
baseline levels of S, which occur as the laser output and optical alignments change 
from session to session, will cancel out when the paired S-values at lags L and L+27 
are subtracted. In addition, calibrations show that biases of ΔS due to drifts within a 
session are below the level of detectability for our data.

B. Fits of the ΔS Lag Curve

The ΔS lag curve is calculated from lags 0 to 503, as described in the text. The 
following values are calculated for each lag, Lm: 

• The S-value of the 16-trial window terminating at Lm.

• The S-value of the window displaced by 1/2 a run, at lag  Lm + 27 (for IONS data; 
the displacement is 31 for the IMI data).

• The difference of the two S-values, ΔS.

• The Poisson statistical errors of these 3 values.

• The number of (Poisson) standard deviations from zero of ΔS (the z-score).

 The ΔS lag curve is then fit to the Cosine function, 

where the amplitude (taken as A≥0) and phase are free fit parameters, and L is 
the lag. The frequency 2π/LR is fixed and corresponds to run lengths of 53 (61 for IMI 
data) lags for the IONS(IMI) data, taking a value of 0.118551 (0.103003). The fit is done 
using the NonlinearModelFit function of Mathematica (version 12.1). The test statistic 
for H1, MaxZ, is taken as the absolute value of the extremum of the ΔS lag curve. The 
values of A and ϕ are the best fit parameters to the curve.  
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C. Determination of Test Lag for Hypothesis 3

The overall prediction, based on the hypothesis that mind can directly influence 
aspects of distant material systems, was that deviations in S-values would be associ-
ated with the participants’ intentional focus during the concentrate epochs as com-
pared to the relax epochs. One complication for analysis was that the measurements 
of S were calculated over 16 consecutive trials, which meant that data from a previous 
instructional condition could overlap with the present condition. This in turn meant 
that the hypothetical mental influences on S would not appear instantaneously when 
the computer announced the next condition, but rather it would become increasing-
ly evident with some time lag. This lag would affect how the S-value of a given trial 
should be associated with a given condition. 

In addition, it was expected that participants would need time to cognitively 
“switch gears” when shifting their attention between successive conditions (Gopher 
et al., 1996). This too would affect how S-values and conditions should be associated 
because participants’ effectiveness in focusing their attention might possibly change 
over the duration of each epoch as the session proceeded. Our approach toward ad-
dressing these issues was to construct an “S-value Condition Coefficient” (SCC). The 
SCC provided a way to analyze any collection of trials used to calculate S and to quan-
tify the degree to which the data were expected to exhibit lagged “concentrate-like” or 
“relax-like” behavior. The construction of SCC is discussed below.

S-value Condition Coefficients (SCC)

A SCC coefficient is assigned to each trial. As a first step, a Trial Condition Coef-
ficient (TCC) is constructed. The TCC quantifies the induction of a participant’s mo-
mentary psi effort at the time of a trial. TCC is defined as the average of instructional 
conditions across a window of preceding trials. It thus represents the immediate his-
tory of intentional efforts and is motivated by the assumption that a brief time is need-
ed for participants to adapt and “settle into” each condition. For example, a psi effect 
might increase over the duration of an instructional epoch because a participant has 
time to settle into the condition as trials proceed. A “history” window of 16 consecutive 
trials is used for TCC, which corresponds in these experiments to about 20 seconds. 
This corresponds to 3-4 slow breaths and is long enough for participants to process 
cognitively and to fully sense the change between conditions, yet it is shorter than the 
24-trial epochs of each condition. By designating values of 0, 1 and -1 to the conditions 
get ready, concentrate and relax, the TCC obtains values between ± 1.
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The construction of the S-value Condition Coefficient (SCC) is taken as the aver-
age of the TCCs over the 16-trial S-value calculation window. The SCC is thus a weight-
ed average of the underlying condition parameters (-1,0,1) for the 31 trials preceding 
an S-value. The TCC and SCC for the experiments, and their relation to the run struc-
ture are shown in Figure A.1. Finally, the SCC for ΔS is simply the difference of two SCC’s, 
lagged by 27 (or 31, for IMI data) trials10.

Figure A.1. Construction of S Condition Coefficients (SCC) for the experiment. The figure shows the value 
of condition parameters (0,1,-1), the Trial Condition Coefficient (TCC), and SCC within an experimental 
run. Trials are assigned lags with respect to lag = 0 for the last concentrate trial. The thick horizontal bars 
(in green and gray) indicate the position and durations of the get ready , concentrate and relax instruc-
tions, relative to lag 0. Narrow horizontal bars (in black) are 16-trial selection windows for calculating S , 
TCC and SCC. They are positioned at lags 0, 20 and 38 in this example. These windows select which trials 
are used for calculations of S . The selected trial data may be coincidence counts when calculating S , 
the condition parameters when calculating TCC, or the TCCs when calculating SCC. All of these quanti-
ties are indexed by the window’s lag. The TCC values for these windows are indicated by the black points 
on the TCC curve. The maximum of SCC occurs at lag = 2.5, which gives the lag positions for S-values 
to test hypotheses 1 and 3.

We note the following about lagged curves for S, ΔS and SCC. Because hypothe-
ses 2 and 3 assume that an effect has a modulation period equal to  the run length LR, 
tests can be performed by fitting ΔS to a periodic function. Note that even if an effect 
is absent, lagged curves can be approximately cyclic with a period LR. This is because 

10 The 16-trial window for constructing SCC was dictated by the experimental setup and the CHSH calcu-
lation for S . However, the choice of a 16-trial window for the TCC was based on psychological consider-
ations. Nevertheless, SCC is not too sensitive to the TCC window choice, and its period is the run length, 
regardless of that choice.
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values of ΔS lagged modulo LR use subsets of the same data. That is, if the run length 
is LR, and if {ΔSn} are taken at intervals L + n·LR , (n=1,2,…), then {ΔSn} share subsets of 
the data for ΔS0. Curves lagged up to LR effectively show the evolution of ΔS over the 
course of an average run. For lags extending beyond LR, the ΔS curve provides infor-
mation on how the run profile changes during a session. Lagged curves are thus useful 
for determining the amplitude and phase of data structure relative to the run length, 
and for displaying the evolution of effects over the longer timescale of a full session. 

D. Monte Carlo Estimations of Test p-values

The Null distribution of MaxZ for the test of H1 is built out of Monte Carlo calcu-
lations of the lag curve and the distribution of A is estimated from Cosine fits of the 
Monte Carlo lag curves. The surrogate data are generated as follows. For each ex-
perimental session, the average of coincidence counts at each polarization setting is 
calculated. This yields a matrix Mps where p indexes the 16 polarization settings, and 
s indexes the session. Mps thus reproduces the average levels of coincidence counts 
measured in the experiment, for all sessions and analyzer settings. To generate a sur-
rogate Null dataset, the experimental coincidence counts for each trial are replaced 
with random variables drawn from Poisson distributions with mean parameters given 
by Mps. The result is a simulation under the assumption of the Null hypothesis, and with 
the same structure and count levels as the experimental data. Test statistic p-values 
are estimated by counting the fraction of test values calculated for the Monte Carlo 
surrogate datasets that exceed the experimental values, MaxZ and A (see Figure A.2). 
Distribution estimates typically used 4,000 Monte Carlo iterations. 

Figure A.2. The results and Monte Carlo CDF for the test of H1. The horizontal axis is the extremum z-score 
of the ΔS lag curve for 4000 Monte Carlo simulations. The vertical axis gives the cumulative probability. 
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The p-value of MaxZ for the IONS data is p = 0.003 (p-values for the extrema are 1-tailed and are given 
by 1-CDF).

The Cosine fits also yield a Null distribution for ϕ. However, since H3 tests both 
the value and the variability of this quantity, an estimate of the Null distribution of the 
standard deviation of ϕ is also needed. The distribution for σϕ is estimated by a boot-
strap analysis, as follows. From each surrogate Null dataset, a new dataset is gener-
ated by random sampling of the sessions, with replacement. A Cosine fit of the resa-
mpled data yields a new value for ϕ. The procedure is repeated on the initial surrogate 
100 times and the standard deviation of the ϕ’s is calculated. The estimated distribu-
tion of σϕ is obtained by repeating the resampling analysis for each one of the (4000) 
surrogate Monte Carlo datasets (see Figure A.3). Note that grouped values of MaxZ, A, 
and σϕ are identified with each individual Monte Carlo dataset. This will be important 
for treating dependencies among tests in the determination of the Null distribution of 
Fchi, the Fisher combination of p-values.

Figure A.3. The results and CDF for the test of H3. The horizontal axis is the bootstrapped standard devi-
ation of the ΔS lag curve phase. The vertical axis gives the cumulative probability, which is equivalent to 
the p-value for this test; p-value = 0.013, one-tailed.

Determination of the σϕ distribution increases calculation times by a factor of 100, 
but yields in return a significant increase in the power to detect an effect. In particular, 
it is sensitive to effects that lock to the periodicity of the SCC, the alternating instruc-
tional conditions of concentrate and relax. In this case, the locking will narrow the 
variance of ϕ, and one-sided tests for H3 predict a low value of σϕ relative to the Null 
distribution. Figure A.4 shows the evolution of σϕ as simulations include progressively 
stronger effects.
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Figure A.4. Locking of the fit parameter ø under the presence of an effect as evidenced by the narrow-
ing of its variability. The distribution of ø sharpens as a simulated psi effect with periodicity of the SCC 
is increased. The units of ES refer to relative differences of S-values under the concentrate and relax 
conditions. The IONS experiment yields an ES slightly smaller than 0.0015.

E. Methods for Combining p-values

The combined p-value for tests of H1-H3 are given by the p-value of Fisher’s Chi 
Square, Fchi. The value is determined by comparison of Fchi with its Null distribution, as 
estimated by Monte Carlo simulation. The procedure compensates for any depend-
encies between the triples of p-values associated with maxZ, A and σϕ. The statistics 
are, in fact, highly correlated (Spearman Ranks: maxZ and A ≈ 0.87; maxZ or A vs. σϕ 
≈ -0.45), so a Monte Carlo approach to Fchi is necessary. The Fchi value for the IONS 
session data is 29.9, which is higher than any value in the simulated distribution of 
4000 Monte Carlo iterations. The control data yields an Fchi of 10.8. The corresponding 
P-value estimates are <0.00021 and 0.95, respectively. A histogram of the Fchi Null dis-
tribution is shown in Figure 4 in the text.

The weighted Stouffer Z to combine tests from the independent IONS and IMI da-
tasets is given by:
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where Zi are normal scores inverted from the test p-values and the relative 
weights, wi, are 1 and 0.845, respectively, for the IMI and IONS datasets. The weights are 
the square root of the ratio of total coincidence counts for the two datasets. 

F. Comments on the Monte Carlo and Bootstrap Procedures

The analyses present estimated p-values of test statistics and these assume 
that simulations adequately represent the Null hypothesis. Given the complexity of the 
experiment, the data structure and the tests, some comments are in order to justify 
this assumption. 

A modelling approach to surrogate Null data is likely to encounter mistaken as-
sumptions or incorrect biases, so we adopted a bootstrap procedure using the exper-
imental data to produce surrogate datasets by random sampling with replacement. 
There are several limitations on the sampling that must be considered. First, sam-
pling on trials needs to respect the analyzer settings because indiscriminate sampling 
would erase the Bell correlations. Second, sessions have different average S levels, 
and this could conceivably produce accidental structure in analyses which should 
not be expunged from the surrogate datasets. Figure A.5, which shows independent 
S-values from 7 different sessions, demonstrates that the mean levels of the S-value 
varied considerably, as did the statistical noise in the measurements. However, fluctu-
ations within a session were quite stable and generally lay within a 90%CI of the noise. 

Thus, we chose to constrain the random sampling to be from within a session 
and to respect polarization settings. Two ways to achieve this are 1) adding Poisson 
counting errors to each trial and, 2) randomly sampling (with replacement) the exact 
trials within each session and within each subset of analyzer settings. The two proce-
dures generate distributions of test statistics for H1-H3 that are nearly identical (see 
Figure A.6). Distributions generated from experimental and control data are in similar 
close agreement. However, the Poisson error method produces slightly less significant 
results at small p-values, and we have adopted this more conservative method in re-
porting our results.
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Figure A.5. Independent S-samples taken at 16-trial intervals for 7 IONS experimental sessions. The error 
bars are 90%CIs for each sample. Differences in errors indicate inverse differences in the flux of coinci-

dence counts, likely due to the laser power level or quality of the optical alignment.

            

 Figure A.6. Quantile-quantile plots of the distributions for maxZ and A comparing the two bootstrap 
methods. The random sampling method (vertical axis) is slightly more sensitive and produces more sig-
nificant p-values at quantiles above ≈ 0.98 (corresponding to p-values smaller than 0.02).

For the Poisson error bootstrap, the average value of coincidence counts is tab-
ulated for each setting of each session. The resulting 16xN matrix (where N is the num-
ber of sessions) is then used to generate a new Poisson random variable for each trial 
in the dataset, where the matrix element for the session and setting sets the trial’s 
Poisson distribution parameter (i.e., the distribution mean).  

A further step is needed to estimate the Null distribution of the fitted phase’s var-
iance. The procedure is essentially a bootstrap within a bootstrap and is performed 
as follows. First a surrogate dataset is generated using one of the methods above. The 
surrogate data are thus a concatenation of sessions, with the resamplings performed 
separately on each session. From the surrogate, the ΔS lag curve is generated, and 
the test statistics maxZ, A and ϕ are calculated. To estimate ϕ’s standard error, σϕ , a 
new dataset is generated by randomly sampling on the sessions (there are a total of 
31 sessions in the three IONS experiments, for example). Statistics are calculated and 
the resampling on sessions is repeated (typically 100 to 200 times) to create a sample 
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distribution of phases associated with each surrogate dataset. The phase standard 
error is then calculated and grouped with the values of the three test statistics for that 
surrogate dataset. The bootstrap thus generates four distributions for the four test 
statistics. The distributions are then used to transform the distribution values to p-val-
ues, and the logs of the grouped p-values for maxZ, A and σϕ are summed to give the 
distribution of Fchi. 
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