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Talk outline
� Most physicists uphold that the experimental tests of the Bell inequalities (BI) 

performed up to now confirm the predictions of standard quantum mechanics 
(SQM) and refute local realism.

� Some scholars criticize this conviction, defending local realism in various ways.

� An extended semantic realism(ESR) model has recently been worked out in 
Lecce.

� The ESR model: 
• embodies the mathematical formalism of SQM into a general framework in which 

objectivity of physical properties holds (which avoids the quantum measurement 
problem and some quantum paradoxes);

• reinterprets the probabilities of SQM as conditional instead of absolute;
• provides some predictions that are formally identical to those of SQM but have a 

different physical interpretation, and further predictions that differ also formally from 
those of SQM.  

� The standard BCHSH inequalities must be replaced by modified BCHSH 
inequalities in which detection probabilities appear that are not predicted by 
SQM and may be such that the new inequalities are never violated by the 
conditional expectation values predicted by the model.

� The condition that no violation occurs implies the existence of upper bounds 
on detection probabilities, which makes the ESR model falsifiable.



Local realism and Bell inequalities
The term local realism has been traditionally used to denote the joint assumptions of realism,

R: the values of all observables of a physical system in a given state are predetermined for any 
measurement context,

and locality,

LOC : if measurements are made at places remote from one another on parts of a physical system 
which no longer interact, the specific features of one of the measurements do not influence the 
results obtained with the others.

Assumptions R and LOC hold in any local deterministic hidden variables theory. There also 
exist factorizable stochastic modelsthat adopt a stochastic form of local realism, i.e.,

RS: the probabilities of the values of all observables of a physical system in a given state are 
predetermined for any measurement context,

and

LOCS: if measurements are made at places remote from one another on parts of a physical system 
which no longer interact, the specific features of one of the measurements do not influence the 
probabilities of the results obtained with the others,

together with a factorizability assumption F on probabilities.

However intended, local realism leads to the Bell inequalities (BI).



Orthodox and alternative viewpoints about local realism

The above conclusion is not unanimously accepted, and many scholars have criticized 
it.

� Some authors object that the proofs of the BI rest not only on assumptions R and LOC, but 
also on the “hidden Bell’s postulate” (HBP) that a single probability measure exists serving 
for different experimental contexts. The standard conclusion that R and LOC cannot hold 
simultaneously because SQM predicts violations of the BI must be substituted by the 
conclusion that R and LOC and HBP cannot hold simultaneously. One can reject HBP and 
avoid introducing hidden variables associated with remote observables, thus preserving LOC. 
Local realism would be recovered without introducing contradictions with SQM.

� Other authors accept instead that a conflict exists between SQM and local realism, but try 
to devise models that allow one to explain the obtained data without rejecting R and LOC. 
Should they be right, one could not decide whether SQM or local realism is right on the basis 
of the experiments performed up to now.  

The experimental tests of the BI have produced a great number of data. These, according to 
most quantum physicists, show that the BI are violated and confirm the predictions of 
standard quantum mechanics (SQM), refuting local realism.



Local realism, objectivity and “no-go theorems”

The local realism issue is strictly linked to the problem of objectification in SQM. It is well 
known that the properties of a physical system are usually maintained to be nonobjective in SQM, 
i.e., they cannot be considered as possessed or not possessed by the individual samples of the 
system independently of any measurement (SQM is a contextual theory). Nonobjectivity raises the 
question of how properties can be objectified by a measurement. This question has not received a 
satisfactory answer in the framework of SQM and its unsharp extensions. 

Should an objective interpretation of the mathematical formalism of SQM be possible, not only the 
objectification problem would be avoided, but also R and LOC would hold in this interpretation.

The idea of recovering R and LOC as a byproduct of a reinterpretation of the mathematical 
formalism of SQM that restores objectivity seems at first sight unsound because of the huge 
number of “no-go arguments” which seem to show that nonobjectivity is an inherent feature of the 
quantum formalism. In particular,

� The standard interpretation of the two-slit and similar experiments.

� The no-hidden variables theorems, as the Bell-Kochen-Specker and Bell theorems.

Every attempt at recovering objectivity must be based on a preliminary criticism of these 
arguments.



The SR interpretation of quantum mechanics 

The research group of Lecce has inquired into the proofs of the impossibility of 
reconciling SQM with objectivity. It has been shown that they can actually be 
criticized. In particular, the no-go theorems require accepting an epistemological 
principle (MCP) that does not fit in well with the operational philosophy of SQM. If 
MCP is replaced by a weaker principle (MGP) the proofs cannot be given. On this 
basis a new interpretation of the mathematical formalism of SQM has been provided 
which assumes objectivity of properties and preserves all quantum laws and 
predictions, but those following from MCP (Semantic Realism, or SR, interpretation). 
In this interpretation quantum mechanics is semantically incomplete.

The SR interpretation is mainly based on epistemological arguments. In order to show 
its consistency, an extended SR(ESR) set-theoretical model has been worked out in 
which objectivity, hence R and LOC, holds from the very beginning, and incorporates 
the mathematical formalism of SQM together with its rules for calculating 
probabilities, but introduces a new interpretation of the latter instead of substituting 
MCP with MGP. The ESR model provides a more intuitive physical framework and we 
devote to it the present talk.



The ESR model: basic notions I

� New theoretical entities.

• Set E of microscopic properties. E characterizes Ω and is such that, for 

every physical object x, every f∈E either is possessed or it is not possessed by 
x, independently of any measurement procedure (objectivity of microscopic 
properties).

� Standard primitive and derived notions.

• Physical systemΩ.

• Set S of (pure) statesof Ω. Each state is operationally defined as a class of 
physically equivalent preparing devices.

• Physical object. A physical object is an individual sample x of Ω; we say that

“x is in the state S” if the device π preparing x belongs to the equivalence class 
S.



The ESR model: basic notions II

� New observative entities.

• Generalized observables. Every generalized observable A0 is obtained 
by considering an observable A of SQM with spectrum Ξ and adding a 
further outcome a0 (no-registration outcomeof A0) that does not belong 
to Ξ, so that the spectrum Ξ0 of A0 is given by Ξ0= Ξ ∪ {a0}. 

• Set F0 of all macroscopic properties of Ω.

F0 = { (A 0, ∆), A0 generalized observable, ∆ Borel set on R }.

• Set F ⊂ F0 of all macroscopic properties associated with observables of 
SQM.

F = { (A 0, ∆), A0 generalized observable, a0 ∉ ∆ }.



Ax. 1. A bijective mapping φ: E→ F ⊂ F0 exists. 

F = φ(f),

E F

F0

φ

φ-1

f
F=(A0,∆)

F'=(A0,∆∪{a0})

F0=(A0,{a0})

g G=(B0,Г)

a0 ∉ ∆

G = φ(g)



A measurement scheme I

Whenever a physical object x is prepared in a given state S and the generalized 
observable A0 is measured on it, the set of microscopic properties possessed by 
x induces a probability that the apparatus does not react, so that the outcome a0

may be obtained. In this case, x is not detected and we cannot get any explicit 
information about the microscopic properties possessed by x. If, on the 
contrary, the apparatus reacts, an outcome different from a0, say a, is obtained 
if and only if x possesses the microscopic property f=φ-1((A0 ,{a})) (hence if 
and only if x possesses all microscopic properties associated, via φ-1, with 
macroscopic properties of the form F=(A0, ∆), where a ∈ ∆, a0 ∉ ∆).

A measurement provides information on microscopic properties. Conversely, 
the microscopic properties determine the probability of a result, which 
therefore does not depend on features of the measuring apparatus nor is 
influenced by the environment. In this sense the measurements considered here 
are “perfectly efficient”, or idealized. 



A measurement scheme II

Suppose that a set S of physical objects in the state S is prepared. S can be 

partitioned into subsets S1, S2, …, Sn such that in each subset all objects possess 

the same microscopic properties. We briefly say that the objects in Si are in 
some microscopic stateSi. Hence, in general, every state S can be associated 
with a (not necessarily finite) family of microscopic states S1, S2, …, where 
each Si is characterized by the set of microscopic properties that are possessed 
by any physical object in Si.

Let us consider a physical object x in the microstate Si, and suppose that an 
idealized measurement of a macroscopic property F= (A0, ∆), a0∉∉∉∉∆, is 
performed on x. Whenever x is detected, it turns out to possess F iff it 
possesses the microscopic property f=φ-1(F) (i.e., f is one of the microscopic 
properties characterizing Si).



A measurement scheme III
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The fundamental equation of the ESR model
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Ax. 2. The probability pS(F) can be evaluated by using the same 
rules that yield the probability of F in the state S in SQM.

The detection probability pS
d(F). Since we deal with idealized measurements, the 

occurrence of the outcome a0 is attributed to the set of microscopic properties 
possessed by x, which determines the probability pS

i,d(F). Furthemore, the 
conditional probability p(Si|S) depends only on S. Hence also pS

d(F) depends only on 
the microscopic properties of x. The ESR model does not provide a general 
mathematical treatment of pS

d(F), but some predictions on it can be obtained.

The probability pS(F). It can be interpreted as the conditional probability that a 
physical object x in the state S turn out to possess the macroscopic property F when 
it is detected. 

The main assumption of the ESR model.



Physical implications of Ax. 2

Ax. 2 implies a new interpretation of the probabilities following from 
standard quantum rules, which are indeed interpreted as conditional instead 
of absolute.

All standard quantum rules for evaluating probabilities are preserved, hence the ESR 
model provides a general framework in which the mathematical formalism of SQM is 
embodied. In particular, states and macroscopic properties in F are still represented 
by trace class operators and orthogonal projection operators, respectively. 
Mathematical representations of microscopic states and properties, generalized 
observables and macroscopic properties of the form (A0, ∆), a0 ∈ ∆, are still lacking.

Microscopic states can be seen as possible values of a hidden variable, and the 
probability pS

i,t (F) is completely determined by the value Si of the hidden 
variable. The ESR model can be classified as a hidden variables theory with 
reinterpretation of quantum probabilities. Moreover, RS and LOCS hold in the 
ESR model, which in this sense preserves local realism.



Because of Ax. 3, a parameter µ exists which determines, together with Si, whether the 
physical object x is detected whenever the property F is measured on it, i.e., whether the 
outcome a0 occurs or not. Since Si determines all macroscopic properties of x whenever x 
is detected, all macroscopic properties are determined by the pair (µ, Si), hence they are 
objective. 

Objectivity of macroscopic properties

Macroscopic objectivity is thus recovered in the ESR model, hence R and LOC, not only RS
and LOCS, hold in it.

Ax. 3. For every microscopic state Si, the probability pS
i,d (F) admits an epistemic 

interpretation in terms of further unknown features of the physical objects in the state Si. 

Objectivity of macroscopic properties cannot be deduced from Axs. 1 and 2, but we can 
introduce a further assumption which implies it.

The above result is highly unconventional, since it shows that the mathematical 
formalism of SQM can be embodied in an objective framework, at variance with well 
established beliefs (of course, this is possible because of the reinterpretation of quantum 
probabilities). Besides implying local realism, it entails that the measurement problem 
disappears together with a number of paradoxes in the ESR model.



The predictions of the ESR model

� Predictions concerning the subensemble of physical objects that are detected by 
the measurements. They are obtained by using the quantum formalism (Ax. 2), 
hence formally coincide with the predictions of SQM, but SQM would interpret 
them as referring to the ensemble of all objects that are produced. One expects that 
these predictions are matched by experimental data whenever idealized 
measurements are performed and only detected physical objects are considered.

� Predictions concerning the ensemble of all objects in S. Here the detection 
probability pS

d(F) plays an essential role, hence these predictions are mostly 
qualitative because of the lack of a general theory for pS

d(F). Notwithstanding this, 
one can also obtain some quantitative predictions by imposing some consistency 
conditions for the validity of the ESR model, as we will show in the following.

Let a set of idealized measurements be performed on an ensemble of physical objects in a 
state S. It follows from the general features of the ESR model (in particular, from Ax. 2) 
that the predictions of this model can be partitioned in two classes.



Expectation values in the ESR model
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Let A0 be a generalized observable with discrete spectrum Ξ0= {a0} ∪ {a1, a2,…}, 
and let us study the special case in which the detection probability depends on A0

but not on the outcome an.
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Sequential measurements in the ESR model I

We agree to consider only idealized measurements of generalized 
observables that satisfy the following conditions.

(i) The measurement may change the state of the physicalobject x on which it is
performed but it does not destroy x, even if x is not detected.

Let A0 and B0 be generalized observables of the kind studied above, with
discrete spectra {a0} ∪ {a1, a2, …} and {b0} ∪ {b1, b2, …}, respectively.

(ii) If the physical object x is detected and a given outcome is obtained, the state of 
x after the measurement can be predicted by using the projection postulate (more 
generally, the Lüders postulate) of SQM.

Consider a sequential measurement of A0 and 
B0 on a physical object x in the state S.



(iii) The measurement is minimally perturbing in 
the sense that the state of a physical object x is not 
changed by the measurement whenever x is not 
detected ⇒ S0= S.

Sequential measurements in the ESR model II
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Conditions (i)-(iii) define a subclass of idealized measurements. If one refers to the 
standard definitions usually adopted in the literature, then these idealized 
measurements can be classified as ideal measurements but not of the first kind.
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Further condition.



If Ω is a compound physical system made up of two
far apart subsystemsΩ1 and Ω2, and A0 and B0 are 
observables of Ω1 and Ω2, respectively, the change of 
the state of Ω induced by a measurement of A0 on Ω1

should not affect the detection probability associated
with the measurement of B0 on Ω2.
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Sequential measurements in the ESR model III

Objectivity of macroscopic properties makes physically reasonable the following
assumption:
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The generalized correlation function

The generalized correlation function P(A0 ,B0) in the state S can be
defined as
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It formally coincides with the quantum 
expectation value in the state S of the product
of A and B from which A0 and B0, respectively, 
are obtained (conditional expectation value of 
A0B0).



Clauser, Horne, Shimony and Holt deduced the following inequality by assuming R and 
LOC. 

λ: hidden variable ranging over the domain Λ.

ρ(λ): probability distribution on Λ.

: values of the dichotomic observables                   . 

: fixed parameters. 

Standard BCHSH inequalities
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Standard BCHSH inequality.

Correlation functions.
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Orthodox viewpoint. If one calculates the correlation functions with the rules of SQM, then 
there are physical choices of the physical system, the parameters and the state S such that the 
standard BCHSH inequality is violated ⇒ R and LOC do not hold in SQM.
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Modified BCHSH inequalities
The ESR model replaces the dichotomic observables                                         with the 
trichotomic observables                                   , respectively, in each of which a no-
registration outcome 0 is adjoined to the outcomes +1 and -1. However, one can prove that
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or, equivalently,

The modified BCHSH inequality replaces the standard BCHSH inequality in the ESR model. 
It contains four detection probabilities and four conditional expectation values. The latter can 
be calculated by using SQM. If one puts them into the modified BCHSH inequality, the latter 
can be interpreted as a condition that must be fulfilled by the detection probabilities.
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Interpretation of the modified BCHSH inequalities

Should one be able to perform measurements that are close to ideality, the detection 
probabilities could be determined experimentally and then inserted into the modified 
BCHSH inequality. Then, two possibilities occur.

� There exist states and observables such that the conditional expectation values violate the 
modified BCHSH inequality ⇒ the ESR model (hence R and LOC) and/or the additional 
assumptions are refuted.

� For every choice of states and observables the conditional expectation values fit in with 
the modified BCHSH inequality ⇒ the ESR model is confirmed ⇒ no conflict emerges 
between R and LOC, which hold in the model, and the reinterpreted quantum 
probabilities, which are embodied in it. 

Determining a detection probability: experimental difficulties.

� Counting the number of physical objects that are actually produced.

� Distinguishing the detection probability from the detection inefficiency of the 
experimental apparatus.

The ESR model is, at least in principle, falsifiable.



Bounds on detection probabilities: an example I
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Ω: compound physical system made up of the two spin-1/2 quantum particles Ω1 
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The rotational invariance of the vector |η> and the choice of the observables 
suggest that the four detection probabilities must be identical.
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Bounds on detection probabilities: an example II
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The ESR model predicts, under suitable assumptions, an upper bound for the 
probability that a spin-1/2 particle be detected when the spin along an arbitrary 
direction is measured on it and the compound system is in the singlet spin state.

Since R and LOC hold in the ESR model, the bound on the detection 
probability cannot depend on               hence it coincides with the 
minimum value of                          .

The ESR model provides in this case a prediction that, in principle, can be confirmed 
or falsified by actual experiments.

Inserting the conditional expectation values and the detection probabilities in the modified 
BCHSH inequality, one gets:
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A “conciliatory” result
The ESR model can be further elaborated by introducing, in particular, microscopic 
observables and their expectation values. Bearing in mind the above results, one can then 
draw the interesting conclusion that different inequalities hold at different levels.

� The modified BCHSH inequality holds at a macroscopic level whenever all 
physical objects that are actually produced are considered (which can be 
experimentally checked, at least in principle).

� The quantum predictions deduced by using SQM rules hold at a macroscopic 
level whenever only detected physical objects are considered (which can be 
experimentally checked). In this case there are physical situations in which the 
standard BCHSH inequality is violated, whereas quantum inequalities hold, e.g., 

� The standard BCHSH inequality holds at a microscopic level (which is 
purely theoretical and cannot be experimentally checked).
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Conclusions

The ESR model recovers in an objective, hence local and realistic, framework all 
probability values predicted by SQM, but interprets them as referring only to samples of 
the physical system which are detected (conditional probabilities). 

When referring to the set of all samples of the physical system (absolute probabilities) 
the ESR model provides predictions that are different from those of standard QM.

The standard BCHSH inequalities must be replaced by modified BCHSH inequalities
in the ESR model. In these inequalities detection probabilities appear which depend on 
intrinsic features of the physical systems and cannot be calculated by using SQM.

The detection probabilities may be such that the modified BCHSH inequalities are never
violated by quantum expectation values. The condition that no violation occurs implies 
the existence of upper bounds on detection probabilities which makes the ESR model 
falsifiable.

The ESR model brings into every measurement a no-registration outcome which is 
interpreted as providing information about the measured system.




