EPR test with photons and kaons: Analogies
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We present a unified formalism describing the Einstein—Podolsky—Rosen test usiggaftiales,
photons, and kaons. This facilitates the comparison with existing experiments using photons and
kaons. It underlines the similarities between birefringence and polarization-dependent losses that
affect experiments using optical fibers and mixing and decay that are intrinsic to the kaons. We also
discuss the limitation these two characteristics impose on the testing of Bell's inequalitg001©
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[. INTRODUCTION acting “here,” when “here” and “there” are disconnected,

o _in particular when “here” and “there” are space-like sepa-
Quantum mechanics is one of the most successful physiGgted.

theories of the 20th century. Over the past 70 years since its « Third, “If without in any way disturbing a system, we
inception, quantum theory has been tested in many areas ghn predict with certainty(i.e., with probability equal to
physics with hlgh precision. However, its .ra.1d|cal departureunity) the value of a physical quantity, then there exists an
from everyday intuition has troubled physicists for the pastgjement of physical reality corresponding to this physical
70 years. One of the most puzzling predictions is entanglequamity_n

ment: the fact that a multiparticle wave function automati- * Consequently, since one can measure egends; on
cally implies nonlocal correlation when the constituent par- ’

. . . : article 1, there are “elements of reality” corresponding to
ticles are spatially separated. This radical departure from OLF Y P g

intuitive understanding of nature has prompted hot debate, € phy§|cal quanitie§; ands, on particle 2. On the other_
over the years. and, since QM does not describe such elements of reality,

EPR concluded that it must be incomplete.

The first point of the EPR argument is a matter of experi-
mental evidence. In 1935 and even when Bell formulated his
Il. THE EPR —BOHM EXPERIMENT inequality in 1964 there was little evidence that QM cor-

In 1935, Einstein, Podolsky, and Ros@PR? proposed  rectly describes such two-particle distant systems. But today
a thought experiment involving two spatially separated parthere is plenty of evidence in favor of QM. The third point of
ticles with which they aimed to illustrate the incompletenesshe EPR argument received a lot of attention in the vast
of the then newly developed quantum the¢@M). Today literature on the s_ubject. However, we view it as a g:o_mph—
their argument is no longer considered to imply incompletecated way of stating the obvious assumption implicit in all
ness of QM, but rather to imply that one of their hidden natural sciences according to which, if one can predict the
assumptions is wrong. result of an experiment with 100% certainty, then the system
The original discussion of this thought experiment was inout there has the property corresponding to this predeter-
terms of momentum and position, but a simpler variant wagnined result(i.e., if we know the result in advance, Nature
given by Bohni using two distant spig- particles in the knows it alsg. Note that EPR did not assume the existence
singlet state(Fig. 1). The spin part of the wave function is of “elements of reality” (or properties of physical systems,
given by or name it using your preferred terminolggyather they
L inferred their existence from the general concept of locality
|w)=‘72[|+m>1®|—m>2—|—m>1®|+m>2], o ?:(ilyl?y assuming that QM describes distant systems cor
At this point, the EPR argument leaves two alternatives
where|*=m); describes a state of theh particle (=1,2)  open: Either QM is incompletéas concluded by EPRor
with spin up or down along the directiom, respectively. Nature is nonlocalthe only remaining assumption, point 2
According to QM, if one measures the spin along, sayXthe above. However, thanks to Bell's inequality, one can prove
axis, the outcome is not predetermined by the wave function{though there is still a logical loophole, called the detection
but whatever result one obtains, the spin of particle 2 willloophol€) that Nature is nonlocalin a precise sense to be
always be antiparallel to the spin of particle 1. The EPRdescribed beloy Note that this does not prove the com-

argument goes as follows. pleteness of QM: It only establishes that the EPR argument
« First, the predictions of QM concerning observation ofis not valid because its second assumption, the one that Ein-
the two spatially separated particles are correct. stein and his co-authors found so self-evident that they did

* Next, Nature is local. This point was not spelled outnot spell it out explicitly: the locality assumption, is wrong.
precisely, because it seemed obvious to EPR. It is implied in The sense in which Nature is nonlocal is not easy to grasp.
the sentence, “there is no longer any interaction.” The gen-et us first stress that it does not imply any direct conflict
eral idea is that one cannot influence anything “there” bywith relativity: There is no controllable action at a distance,
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Analyzer a Analyzer b Conversely, the vectan is related to the spinor and projec-
tor by

Source

@ Particle a Particle b ® 1 1+ 7 V1—rpPeie

Fig. 1. Schematics of the entangle pair of séiparticles with the polariza-
tion analyzers. m= <m| o-|m>=Tr( oP,), (5)

where o denotes the three Pauli matrices. The scalar prod-

) ) ~ucts are related as follows:
hence no way to use it for faster than light communication.

Indeed, according to QM, the result of any measurement on
a quantum system is always independent of any parameter or
setting chosen to measure the other particle. Jareettl

1+mi-my
2

: L e Therefore, orthogonal states are represented by opposite
Shimony have named this important characterigpieram points on the sphere, just as for spins. Among the continu-

eter independencadowever, the result on one particle may e :
depend on the result obtained on the other particle. The dl/fgl\_:sly infinite number of bases, two are more natural: the left

6

[(my|my)|*=

. . Lo and right|R) circular polarization states and the vertical
ference with classical correlation is that the result cannot b ) . . . :
assumed to pre-exist. In Jarrett and Shimony terminolog and horl_zontalH) linear polarization statevhere verti
this is calledoutcome .dependencblenceforth we call this ¢al and horizontal refer to some characteristic direction in the

. ; . experimental setyp By convention the circular states are
kind of nonlocality (outcome dependence but parameter in mapped to the poles of the Poincamghere, and the linear

dependengequantum nonlocalitylt is plausible that if Ein- .
stein had realized that quantum nonlocality does not contra2 > @r¢ then mapped to the equages choose conventions

dict relativity, he would have revised his argument, thoughavo'd'ng the use of the imaginary unjt i
this will remain questionable forever. 1
Many experimental tests have been carried out over the L=(0,0,1), [L)=—[|V)+|H)], (7)
years, mostrlﬁ in two-photon experiments with polarization V2
entanglemerit-® Recently, the group of the first author
_(NG)_ has performed an e_xperimen_tal test with ph(_)tons_ hav- R=(0,0—1), |R)= i[|V)—|H)], ®)
ing time—energy correlation traveling through optical fibers V2
over a distance of 10 k. The second authofAG) has
participated in another test of entanglement using massive K 1
mesons and the strangeness correlation has been mefsured. V=(1.0,0, [V)= E[“—)HR)]: 9
In this paper we will discuss the similarity between kaon/
anti-kaon correlation in time evolution and the photon polar-

1

ization correlation in fibers. H=(-1,0,0, |H)= 7[|L>—|R)]. (10
2

[ll. EPR TEST USING PHOTON POLARIZATION B. Singlet state for photons

AND OPTICAL FIBERS The singlet statél) for polarization can now be written

recall first the analogy between the polarization of photons

. 1
and spins. = ZTIHY VY — VY4 IH
) ﬁH )1[V)2—[V)1[H)2]
A. Single photon polarization formalism 1
Since any pure spif-state is represented by a normalized = %[|L>1|R>2—|R>1| L)l (11)

vector in our familiar three-dimensional space, the set of o ) ]

pure spins states is naturally represented by the unit sphere, For photons traveling in optical fibers, two phenomena

called the Bloch sphere. may affect the polarization correlation: birefringefitand
Any pure polarization statém) can also be represented polarization-dependent loss€8DL).* In practice these ef-

geometrically by a point on an abstract sphere called théects can be made negligible, but in view of the comparison

Poincaresphere. The corresponding normalized vector withwith the kaon systems, we shall describe them in the follow-

its associatednormalized spinor are Ing.
m=(yJ1- 7 cogp), 1—7°sin(p),7) ()
and C. Birefringence

1ty Birefringence is caused by asymmetries in the fibers.
\/ —iel2 These determine a fast and a slow polarization mode, de-
B 2 pending on their relative group velocity. Since these modes
|m)= 1-7 ' (3) are usually linear, we identify them with the vertical and
\/Te““”z horizontal states, respectively. Birefringence leads to a
change of the polarization state. The Poincaretorm(z) at

respectively. The one-dimensional projector reads positionz along the optical fiber rotates around the birefrin-
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elements for fiber sensors. The only case we know where
such fibers have been used in a quantum optics experiment
was to demonstrate a potentially useful generalized quantum
measuremer? (i.e., not of Von Neumann-type measure-
ment, but an effect sometimes called by the horrible name
“positive operator valued measuremeht’or POVM).

In the presence of PDL, one stdtel’) undergoes lower
losses than its orthogonal statel’). Let T . and Ty, de-
note the maximum and minimum transmission coefficient
(for the intensity, respectively. Then the evolution operator
T reads, in thg=TI") basis:

(Tox O
-\ o ) (14)

Note that the transmission coefficient for depolarized light is
Taepo= (Tmaxt Tmin)/2. Arbitrary statesim) evolve as fol-

lows:
R (0‘\] _
3 [m)=(+T[m):|+T)+(=T|m):|-T) (15
Fig. 2. Poincaresphere for photon polarization. The double dashed line is = P+r|m>+ P—r|m> (16)
the movement of the Bloch vector due to birefringence and the single
dashed line is the combined effect of birefringence and P&ate of non- — VT maP rlm) + VT minP _p/m) (17

absorbed photons; E¢L1)].
=T|m). (18
_ _ The transmission coefficients are related to the fiber lemgth
gent axispB. The angular frequency of the rotation depends ey .
on the medium and, generally, on the wavelength. For a fixed ~Tmax—€ “™%,  Tpjp=€" “mn®. (19)
wavelength one has Hence, the above evolution can be seen as the solution of an
evolution equation:

dJ J —i
M@ =pxma), (@)= — foim(z). (12

— - (1 +ia P .

Accordingly, ﬁzlm(2)> (3%maP + 1+ 3aminP —1)|M(2)) (20)

m(z)=R(B(z—2,))M(zo), The evolution of the Poincareectorm(z) is more compli-
(= 2) a2 13 cated than merely a rotation: While remaining on the sphere,

Im(z))=e 0BT m(zy)), m(z) tends toward+T). Let the|+T') be (L), |R)). Figure 2
where R(a) is the rotation matrix around the axig and illustrates such an evolution in the case of a birefringent fiber
angle|al, i.e., the rotation corresponding to the unitary op-With PDL (in this example the birefringence axes and the

eratorU(a)=e '« PDL axes=*I" are the same, as is the case in real fibers

Figure 2 illustrates this rotation in the case of linear bire- 1he éffect of PDL on the singlet sta#1) is more subtle
fringence for an axis of rotatiomr on the equator[Also  than birefringence. Assuming it acts only on the second pho-
shown in Fig. 2 is the trajectory of the Poincasectorm(z) ton, it implies that when the first photon is measured to be in

when simultaneously affected by poIarization—dependenii state r_epresented by th_e Painceeetorm, then thelse_cond
loss, an effect that we study in Sec. IlI]D. photon, instead of being in the orthogonal statm, is in a

The effect of birefringence on the singlet stéi¢ is quite State shifted tpward+l". Contrary to the case of b"efr”."
simple. Assuming it acts only on the second photon, it im-98Nce, this shifted state cannot be balanced by appropriately

plies that when the first photon is measured to be in a staeelting the polarization analyzetactually one possibility

represented by the Poincarectorm, then the second pho- would be to insert in front of the analyzer an element with
ton, instead of being in the orthogonal staten, is in the the same PDL but opposite axes such that the two PDL ef-

“rotated state” — R(B(z—z,))m, thus reducing the polar- fects result in a polarization-independent loss. But without
o . 0/750 7T 9 P additional loss the PDL cannot be balancddence PDL in
ization correlation. However, it is important to notice that

; . correlation measurements does destroy irreversibly some of
this rotated state can be balanced by appropriately counte y y

. A e ®fre correlation.
rotating the polarization analyzer. Hence birefringence in

correlation measurements is merely a matter of aligning po-
larization analyzers.

IV. THE EPR TEST USING NEUTRAL KAONS

D. Polarization-dependent losPDL) The best example of the massive particle two-state system

Many optical components have polarization-dependents the neutral kaon. Neglecting CP violation and for an initial
losses(PDL), the most extreme example being a polarizerJ°°=1"" state, whereJ is the total angular momentum
that completely attenuates one polarization state while nowhile P and C are parity and charge conjugation discrete
affecting the orthogonal polarization state. Some special fisymmetries, the wave function can be written in two differ-
bers also have PDL’S. They are made mainly as polarizing ent basegsimilarly to (11)]:
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(Kg,K) and can be decomposed intglarefringence-like
rotation and aPDL-like) contraction:

ex;{— imSJr%S t} 0
U(t)= y
0 exp{—(imﬁ%‘ t}
(25
F{ .mS+mLt) F{ .mS_mLt )
=exp —i -expl —i o3
2 2
exp — yst/2) 0 ) 26
' 0 expg — . t/2)]
0\
Kl

The first term in(26) is only a global phase factor. The

Fig. 3. Poincaresphere for neutral kaons. The double dashed line is theSecond term, with dependence on the mass difference be-

movement of the Bloch vector due to strangeness mixing alone and théween K, and Kg, produces mixing betweeK® and K°
single dashed line is the effect of both strangeness mixing and particle decgialso called strangeness mixjngn effect formally analo-
(states are re-normalized to the undecayed Keons gous to birefringence. It is represented by a rotation around
the north—south axis of the Poincasphere, similar tq12)
in Fig. 3. Finally, the third term is due to the fact that neutral
kaons are unstable particld§g decaying faster thak, . It
is formally identical to Eq.(14), which describes PDL in
)= ‘72[|KL>1|KS>2_|KS>1|KL>2] fibers. It is represented by the precession tow&ydon the
Poincaresphere in Fig. 3.

1 _ _
= 5[|K0>1|K0>2_|K0>1|K0>2], (21

. . . . V. ANALOGIES AND DIFFERENCES BETWEEN
whereK, andKg are eigenstates of weak interaction while THE TWO SYSTEMS

K and K° are eigenstates of strong interaction. This is in
exact analogy to the linear and circular polarization states. The analogies should now be obvious; compare Figs. 2
The transformation rulé8 between the two above bases areand 3. First, both birefringence in optical fibers and the
formally identical to the photon cagé,...,10, for example:  strangeness mixing in neutral kaon produce rotations of the
L L Poincarevectors representing the quantum states of the pho-
on “ov tons and kaons, respectively. The ofiginor) difference is
K%)= ‘72[|K5>+|K'->]’ K >_5[|K5>_|K'->]' that conventionally one represents the rotation axis on the
(22) equator for photons while the rotation axis for the kaon sys-
tem passes through the poléactually this assumes linear
Strictly speaking, kaons, being spin-0 particles, should not bgjrefringence as in real optical fibers; for circular
described by spinors. But, since they do form an isospinopirefringence—also called optical activity—the rotation axis
doublet, they can be descriped like any other two-level quanalso passes through the polellext, PDL in optical fibers,
tum system using the Poincasphere. Accordingly, thiKs)  just like kaon decays, produces identical contractions of the
and|K, ) states can be represented as points on the north arsate space. As for birefringence, the axes of the contraction
south poles on the Poincasphere, just as the circular po- differ by convention, but the resulting effects are identical.

larization states, whilék®) and|K°) correspond to two op- Despite these strong analogies, there are also deep differ-
posite points on the equator, just as the linear polarizatioffCeS: First, contrary to polarization analyzers, kaon “ana-
statesH) and|V), see Fig. 3. lyzers” cannot be simply rotated. Actually, all that can be
Mixing and decay of the neutral kaofihe kaon time evo- done is to distinguisti.e., analyzg between the® andK°
lution reads: by their decay or interaction products. In the optical analogy,
this means that we have access to only one position of linear
iﬁ£|K y=| me—i Vs Ko 23) polarization analyzers. Experiments with kaons thus need the
gt S S 2 S rotation produced by strangeness mixitige apparent bire-

fringence as a natural way to effectively rotate the kaon
in i K y— N K o4 analyzer by adjusting its distance to the source! Second, con-
: at' L= me-i 2 Ku), (24) trary to the PDL of optical fibers, the kaon decay cannot be
) . reduced or compensated. This is the main drawback of EPR
wherem, (mg) is the mass of the longshor) eigenstate and  tests using kaons. Indeed, the decay, contrary to the strange-
7.(ys) is the width of the longshor) eigenstate. Accord- ness mixing, irreversibly reduces the quantum correlation be-
ingly, the time evolution operatotJ(t) is diagonal in tween the two particles(Likewise PDL, but not birefrin-
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gence, reduces the correlation between the photons. But, 200 oo . 100 Zooa—ﬂf"l
already mentioned, this correlation can be recovered at th¢ '+ ——pr~——"1"—""+—r1"—""—"T—
cost of extra losses. 08

Finally, let us also mention the obvious difference: Kaons, s a
contrary to photons, are massive particles. This important ©®

difference by itself justifies the interest in using kaons for 0,4/

tests of basic quantum mechanics, such as entanglement. It
deed, it would not be safe to base our confidence in the mos °*}
peculiar predictions of quantum mechanics, such as quantun o
nonlocality, on massless particles only. i

02|

-0.4 |
VI. TESTING THE BELL INEQUALITY Yy
-08|
A. The Bell-CHSH inequality I AT
-10 -8 4 6 8 10
Very briefly, the Bell-CHSHClauser—Horne—Shimony— t, (76}

. . 9 . ’
H9|t) mequa“t)} .Can be .der.lved as follows. Led @ ?ndﬂ’ Fig. 4. Correlation function foka) spin % polarized photons and neutral
B' denote possible settingse., parameteisof Alice’s and kaon pairs with no decayp) kaons with decayEq. (33)], (c) kaons with
Bob’s measuring devicéS (Fig. 1). Assume the resultg.  decay and normalized correlatioii. (34)].
==+1 are determined by the local setting and by a global
hidden variablex: u(a,\)= =1 and similarly for the other
setting. Note the important physical assumption that the ret+1, +1) coincidence rate. Assuming that the set of detected
sult on Alice’s side does not depend on Bob’s setting, ancvents constitutes a fair samgl@ne uses the normalized
vice versau(B, \) is independent ofr. This is the locality ~ correlation function
condition in EPR. The Bell-CHSH inequality is based on theER(a B)
following trivial inequality [note that either w(B,\) ’

:M(ﬁ,,)\), or M(B,)\): _M(ﬁ,,)\)] _ R++(Q!B)+R**(aaﬁ)_R+*(avﬁ)_R*Jr(a!B)
(@) (BN) = e ) (B N) + e’ N (BN) Res(@B)*R-—(af)+R, (@) +R-s(a.p)’
31
+ula’ Mu(B'N) o : . (3D
which is experimentally found to violate the Bell-CHSH
=p(a,N)(r(BN)— (B’ N)) inequality®~1!
+ula’ M) (u(BN)+ (B N))<2. (27) C. Bell tests with k
Define the expectation value of the product of the out- ell fests with kaons
comes on both sides for settingsand 3: The situation for kaons is similar, except for the already
mentioned intrinsic effective birefringenddue to strange-
E(a, :j dho(\ A ), 28 ness mixing and the effective PDL(due to kaon decay
(@.p) PO ple ) u(BA) 8 Since the analyzer cannot be rotated, the effective birefrin-

where p(\) is an (integrable probability distribution. The ~9ence is used: Delaying the measurement effectively rotates
Bell-CHSH inequality follows from(27): the analyzer. Hence we denote the settings by titgesnd

, , . t,. This would be perfect if there were no decay. But the
S=E(e,B)—E(e,p')+E(a’",B)+E(a’,B')<2. (29  |atter reduces coincidence ratés.g.:

R, (ty,ty)=3e (st W rshly g7 NA

For photon polarization, the settings are the angles of lin- —2e” " cod (ms—my)At)). (32
ear analyzers with respect to some arbitrary origin. For theccordingly, the correlation function igig. 4(b)]
singlet state(11), by symmetry one ha£(«,B)=E(|a ot AL
— B|)=—cose—p) [Fig. 4a)]. Actually, it suffices to con- E(ta,tp)=—e """ e" 7" cog (ms—m,)At], (33
sider the following settingsa=0, a'=26, =6, and’  where y=(ys+ y.)/2, t' =min(t,.t,), and At=absf,—t,),
=36. The Bell-CHSH inequality29) depends then only on (mg—m, ~0.477y5, ys~580y,). This damping makes it
one parameter: impossible to violate the Bell-CHSH inequafity[Fig.
_ 5(b)]. However, if one normalizes the correlation function to
S(6)=3E(0)~E(36)<2. (30 tée){mdecayed pair of kaofisee(31)], then the correlation
Figure 3a) displays the QM prediction 08(#). There is a function is less dampefFig. 4(c)]:??
clear violation of the Bell-CHSH inequality over the entire 26 "M cog (Me—m, )At]
range 0% #<68.5° and a maximal violation by a facte? En(ty,ty) = ot St
for 9=45°. e site
In actual experiments, due to the finite efficiency of thejt does violate the Bell inequality, though by less than in the
detectors, one does not have acces&(a,3), and only  photon case, with a maximum of 2.35 instead o® 2Fig.
coincidence rates are measurable, sucR as(«,B) forthe  5(c)].%

B. Bell tests with photons

(34)
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2.5

S(0).Sex(Bt)

Fig. 5. Bell-CHSH inequalitys for (a) spin-% and po-
larized photons(b) kaons,(c) kaons with re-normalized
decay probability. The shaded area violates the Bell in-
equality. For theB meson, the curve is almost indistin-
guishable from the spié— case (a), with 6
=(AMg/7g)At=0.723At.
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SPONGE THEORISTS

Consider what you must believe or at least be perplexed about if you uncritically accept that air
is a sponge with a carrying capacity that increases with temperature:

1. At a relative humidity of 100% all pores in the air sponge are filled with water vapor. There-
fore, gasoline, benzene, alcohol, and thousands of other volatile compounds cannot evaporate
into air with 100% relative humidity because there is no room for the molecules of these
compounds.

2. Air of a given temperature above a solution holds less water vapor than air of the jsame
temperature above pure water. Thus air somehow knows when it is above a solution and
shrinks its pore sizes accordingly.

3. The air around a small droplet holds more water vapor than that around a large dirop|et
Section 5.10, we'll make clearer what is meant by “small” and “largeThus air somehow
can sense the size of droplets and shrink or expand its pores accordingly.

4. Although air is a sponge that can hold only so much water vapor, by some mysterious pfocess
it sometimes can increase the size and number of its pores. This is the phenomenparef
saturation an essential ingredient in the formation of cloydse Section 5.11Adherence to
the sponge theory of air makes it difficult to understéaodeven acceptsupersaturation.

Confused? If so, don’t blame us; blame the scores of sponge theorists who have thoughtlessly
passed on nonsense dressed up as knowledge.

Craig F. Bohren and Bruce A. AlbrechAtmospheric Thermodynami¢®xford University Press, New York, 1988op.
181-182.
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