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• My Dad is a physicist - turned 97 Sunday

How did I get interested in this?

• He worked at the Fachhochschule Aachen

• He got the library to subscribe to  Scientific American 



The Quantum Theory and Reality 
The doctrine that the world is made up of objects whose existence 

is independent of human consciousness turns out to be in conflict 

with quantum mechanics and with facts established by experiment 

}ty successful theory in the physical 
sciences is expected to make ac
curate predictions. G iven some 

well- defined experiment, the theory 
should correctly specify the outcome or 
should at least assign the correct prob
abilities to all the possible out comes. 
From this point of view quantum me
chanics must be j udged highly success
ful. As the fundamental modern theory 
of atoms, of molecules, of elementary 
particles, of electromagnetic radiation 
and of the solid state it supplies meth
ods for calculating the results of experi
ments in all these realms. 

Apart from experimental confirma
tion, however, something more is gener
ally demanded of a theory. It is expected 
not only to determine the results of an 
experiment but also to provide some un
derstanding of the physical events that 
are presumed to underlie the observed 
results. In other words, the theory 
should n ot only give the position of a 
pointer on a dial but also explain why 
the pointer takes up that position. When 
one seeks information of this kind in the 
quantum theory, certain conceptual dif
ficulties arise. For example, in quantum 
mechanics an elementary particle such 
as an electron is represented by the 
mathematical expression called a wave 
function, which often describes the elec
tron as if it were smeared out over a 
large region of space. 

This representation is not in conflict 
with experiment; on the contrary, the 
wave fun ction yields an accurate esti
mate of the probability that the electron 
will be found in any given place. When 
the electron is actually detected, how
ever, it is never smeared out but always 
has a definite position. Hence it is not 
entirely clear what physical interpreta
tion should be given to the wave func
tion or what picture of the electron one 
should keep in mind. Because of ambi
guities such as this many physicists find 
it most sensible to regard quantum me
chanics as merely a set of rules that pre
scribe the outcome of experiments. Ac
cording to this view the quantum theory 
is concerned only with observable phe-
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nomena (the observed pOSi tIO n  of the 
pointer) and not with any underlying 
physical state (the real position of the 
electron). 

I t now turns out that even this renun
ciation is not entirely satisfactory. 

Even if quantum mechanics is consid
ered t o  be no m ore than a set of rules, 
it is st ill in conflict with a view of 

t he world many people would consider 
obvious or natural. This world view is 
based on three assumptions, or premises 

t hat m ust be accepted without proof. 
O ne is realism ,  t he doctrine that regular
ities in observed phenomena are caused 
by som e  physical reality whose exis
tence is independent of hum an observ
ers. The second premise holds that in
duct ive inference is a valid mode of 
reasoning and can be applied freely, so 
that legit im at e  conclusions can be drawn 
from consist ent observations. The third 
premise is called Einstein separability or 
E instein locality, and it states that no 
influence of any k ind can propagate 
faster t han the speed of light .  The three 
premises, which are often assumed to 
have the status of well-established 
truths, or even self-evident truths, form 
the basis of what I shall call local realis-

tic theories of nature. An argument de
riv ed from these premises leads to an 
explicit prediction for the results of a 
certain class of experiments in the phys
ics of elementary particles. The rules 
of quantum mechanics can also be em
ployed to calculate the results of these 
experiments. Significantly, the two pre
dictions differ, and so either the local 
realistic theories or quantum mechanics 
must be wrong. 

The experiments in question were first 
proposed as "thought experiments," in

t ended for t he imagination only. In the 
past few years, however, several ver
sions of them have been carried out with 
real apparatus. Although not all the 
findings are consistent with one another, 
most of them support the predictions of 
quantum mechanics, and it now seems 
that unless some extraordinary coinci
dence has distorted the results the quan
tum- mechanical predictions will be con
firmed. It follows that the local realistic 
theories are almost certainly in err or. 
The three premises on which those theo
ries are founded are essential to a com
mon-sense interpretation of the world, 
and most people would give them up 
only with rel uctance; nevertheless, it ap
pears that at least one of them will have 

CORRELATIONS BETWEEN DISTANT EVENTS can form the hasis of conclusions about 
the structure of the world. Suppose a physicist sets up an experiment in which subatomic par
ticles such as protons are fired one at a time into an instrument that can give only two possible 
readings, plus and minus (a). He finds that for some protons the reading is plus and for others 
it is minus, but he cannot tell whether the instrument measures some real property of the pro
tons or merely records random fluctuations. The physicist then arranges two identical instru
ments with a source that emits two protons simultaneously (b). He observes a strict negative 
correlation: whenever one instrument reads plus, the other reads minus. On the basis of this cor
relation the physicist concludes that a real property of protons is responsible for the readings 
and that its value is determined before the protons leave the source. If the sample of particles 
measured meets certain statistical tests, he can go on to infer that every pair of protons emitted 
by the source consists of one proton with the property plus and one with the property minus, 
even if neither proton is submitted to a measurement (c). The conclusions are reasonable if 
three premises are accepted as valid: that at least some properties of the world have an existence 
independent of human observers, that inductive inference can be applied freely and that a mea
surement made with one instrument cannot influence the result of a measurement made with 
the other instrument. A more restrictive form of the last premise forbids such influences only 
if the two measurements are so nearly simultaneous that the influence would have to propagate 
faster than light. The premises can be identified as realism, the free use of induction and sep
arability; the more restrictive version of the separability premise is called Einstain separabil
ity or Einstein locality. Any theory that incorporates them is called a local realistic theory. 
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(Bernard d’Espagnat - Scientific American 1979) 1979How did I get interested in this?
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© Wikipedia, Ecole Polytechnique Université Paris Saclay

Alain Aspect John Clauser

© Wikipedia, Peter Lyons

Anton Zeilinger

© Wikipedia, Jaqueline Godany - https://godany.com/

https://godany.com/


© CERN, https://cds.cern.ch/record/1766159

John Stewart Bell
https://www.theosophy-nw.org/theosnw/science/sc-pruyn.htm

David BohmAlbert Einstein
Wikipedia, public domain

Further important People

Bell’s Inequality
modified Bohm, 

Aharonov experiment

Einstein, Podolsky, Rosen
1935

https://cds.cern.ch/record/1766159


18.9.2024

Bell’s inequality directly 
connected to entanglement



Outline
• Review Bell’s Paper from 1964

• Review our paper (Abel, Dittmar, HD) from 1992

• Bell’s inequality for entangled spin-½ pair

• Considered                                                           at LEP
<latexit sha1_base64="auOrVoMBcGlQWVAm9NJBFdWZ/r8="></latexit>
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• Apply to     production at the LHC
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• Conclusion can not test: (I) locality via Bell’s inequality or
(II) entanglement at colliders



ON THE EINSTEIN PODOLSKY ROSEN PARADOX*

J. S. BELLt
Department of Physics, University of Wisconsin, Madison, Wisconsin 

{Received  4 November 1964)

I. Introduction

THE paradox of Einstein, Podolsky and Rosen [1] was advanced as an argument that quantum mechanics 
could not be a complete theory but should be supplemented by additional variables. These additional vari-
ables were to restore to the theory causality and locality [2]. In this note that idea will be formulated 
mathematically and shown to be incompatible with the statistical predictions of quantum mechanics. It is 
the requirement of locality, or more precisely that the result of a measurement on one system be unaffected 
by operations on a distant system with which it has interacted in the past, that creates the essential dif-
ficulty. There have been attempts [3] to show that even without such a separability or locality require-
ment no “ hidden variable”  interpretation of quantum mechanics is possible. These attempts have been 
examined elsewhere [4] and found wanting. Moreover, a hidden variable interpretation of elementary quan-
tum theory [5] has been explicitly constructed. That particular interpretation has indeed a grossly non-
local structure. This is characteristic, according to the result to be proved here, of any such theory which 
reproduces exactly the quantum mechanical predictions.

II. Formulation

With the example advocated by Bohm and Aharonov [6], the EPR argument is the following. Consider 
a pair of spin one-half particles formed somehow in the singlet spin state and moving freely in opposite 
directions. Measurements can be made, say by Stern-Gerlach magnets, on selected components of the 
spins o x and o 2 • If measurement of the component o x *3, where 3 is some unit vector, yields the value 
+ 1 then, according to quantum mechanics, measurement of o 2 ° 3 must yield the value -1  and vice versa. 
Now we make the hypothesis [2], and it seems one at least worth considering, that if the two measure-
ments are made at places remote from one another the orientation of one magnet does not influence the 
result obtained with the other. Since we can predict in advance the result of measuring any chosen compo-
nent of o 2 , by previously measuring the same component of o 1, it follows that the result of any such 
measurement must actually be predetermined. Since the initial quantum mechanical wave function does not 
determine the result of an individual measurement, this predetermination implies the possibility of a more 
complete specification of the state.

Let this more complete specification be effected by means of parameters A. It is a matter of indiffer-
ence in the following whether A denotes a single variable or a set, or even a set of functions, and whether 
the variables are discrete or continuous. However, we write as if A were a single continuous parameter. 
The result A of measuring o 1 *3 is then determined by3 and*A, and the result B of measuring o 2*% in the 
same instance is determined by t  and A, and

♦Work supported in part by the U.S. Atomic Energy Commission 
tOn leave of absence from SLAC and CERN

Physics Vol. 1, No. 3, pp. 195—200, 1964 Physics Publishing Co. Printed in the United States
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What did Bell say?

Source

A
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B
<latexit sha1_base64="YvqyO6RYGdrscCm/1l+s6xoRP1g=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8BLx4jmAckS5idzCZjZmeWmV4hhICf4MWDIl79H2/+jZPHQRMLGoqqbrq7olQKi77/7eXW1jc2t/LbhZ3dvf2D4uFRw+rMMF5nWmrTiqjlUiheR4GSt1LDaRJJ3oyGN1O/+ciNFVrd4yjlYUL7SsSCUXRSo4MDjrRbLPllfwaySoIFKcECtW7xq9PTLEu4Qiapte3ATzEcU4OCST4pdDLLU8qGtM/bjiqacBuOZ9dOyJlTeiTWxpVCMlN/T4xpYu0oiVxnQnFgl72p+J/XzjC+DsdCpRlyxeaL4kwS1GT6OukJwxnKkSOUGeFuJWxADWXoAiq4EILll1dJ46IcVMqVu8tStfY0jyMPJ3AK5xDAFVThFmpQBwYP8Ayv8OZp78V79z7mrTlvEeEx/IH3+QPRv4/B</latexit>

✓

• Consider two spin-½ particles flying apart, spins anti-correlated

• QM measurement of component:
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Stern-Gerlach
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•  QM expectation value:
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|~a| = |~b| = 1

• States are entangled — information connected despite separation

• State on the left is only determined AFTER measurement on the 
right (assuming measurement on the right is first) and vice versa

QM Expectation



What was Bell interested in?
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A
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✓
½½

• Can this be described by a local hidden variable theory (LHVT)?

• What is a LHVT? - “Common sense”

• Measurements at A and B are independent of each other

(once emitted particles are independent)



SourceA B
<latexit sha1_base64="YvqyO6RYGdrscCm/1l+s6xoRP1g=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8BLx4jmAckS5idzCZjZmeWmV4hhICf4MWDIl79H2/+jZPHQRMLGoqqbrq7olQKi77/7eXW1jc2t/LbhZ3dvf2D4uFRw+rMMF5nWmrTiqjlUiheR4GSt1LDaRJJ3oyGN1O/+ciNFVrd4yjlYUL7SsSCUXRSo4MDjrRbLPllfwaySoIFKcECtW7xq9PTLEu4Qiapte3ATzEcU4OCST4pdDLLU8qGtM/bjiqacBuOZ9dOyJlTeiTWxpVCMlN/T4xpYu0oiVxnQnFgl72p+J/XzjC+DsdCpRlyxeaL4kwS1GT6OukJwxnKkSOUGeFuJWxADWXoAiq4EILll1dJ46IcVMqVu8tStfY0jyMPJ3AK5xDAFVThFmpQBwYP8Ayv8OZp78V79z7mrTlvEeEx/IH3+QPRv4/B</latexit>

✓
½½

<latexit sha1_base64="AqXlELnYwVeDVkqod3NdrMpNKLo=">AAAB+XicdZDLSgMxGIUz9VbrbdSlm2ARXJWkSC+7ghuXFewFOqVk0kwbmskMSaZSxoIP4saFIm59E3e+jZm2gooeCHyc84f8OX4suDYIfTi5tfWNza38dmFnd2//wD08ausoUZS1aCQi1fWJZoJL1jLcCNaNFSOhL1jHn1xmeWfKlOaRvDGzmPVDMpI84JQYaw1c985LYqJUdOspIkeCDdwiKiGEMMYwA1ytIAv1eq2MaxBnkVURrNQcuO/eMKJJyKShgmjdwyg2/ZQow6lg84KXaBYTOiEj1rMoSch0P11sPodn1hnCIFL2SAMX7vcbKQm1noW+nQyJGevfWWb+lfUSE9T6KZdxYpiky4eCREATwawGOOSKUSNmFghV3O4K6ZgoQo0tq2BL+Pop/B/a5RKulCrXF8VG835ZRx6cgFNwDjCogga4Ak3QAhRMwQN4As9O6jw6L87rcjTnrCo8Bj/kvH0Ct5GU1w==</latexit>

| "i
<latexit sha1_base64="xE3dEOiF8OG17/lsY+CfqWETAhE=">AAAB+3icdVDLSgMxFM3UV62vsS7dBIvgqiRF+tgV3LisYB/QlpJJM21oJjMkGWsZC36JGxeKuPVH3Pk3ZtoKKnrgwuGce29ujhcJrg1CH05mbX1jcyu7ndvZ3ds/cA/zLR3GirImDUWoOh7RTHDJmoYbwTqRYiTwBGt7k4vUb98wpXkor80sYv2AjCT3OSXGSgM3f9cbhlNJlAqnPUXkSLCBW0BFhBDGGKYEV8rIklqtWsJViFPLogBWaAzcd7uDxgGThgqidRejyPQTogyngs1zvViziNAJGbGupZIETPeTxe1zeGqVIfRDZUsauFC/TyQk0HoWeLYzIGasf3up+JfXjY1f7SdcRrFhki4f8mMBTQjTIOCQK0aNmFlCqOL2VkjHRBFqbFw5G8LXT+H/pFUq4nKxfHVeqDful3FkwTE4AWcAgwqog0vQAE1AwS14AE/g2Zk7j86L87pszTirCI/ADzhvn09flb4=</latexit>

| #i

• Emitted at source with definite spin, just spins are anti-correlated

• If results are independent: a person or a machine can sit at source 
and toss out the pairs

• Definite result is achieved through additional, unknown, hidden 
variables <latexit sha1_base64="w0iR2m4CbBh6yMv/RIgFnes0VBs=">AAAB9HicdVDLSgMxFM34rPVVdekmWIS6KUmRPnYFNy4rOG2hM5RMJtOGZh4mmUIZCv6FGxeKuPVj3Pk3ZtoKKnrgwuGcc8nN8RLBlUbow1pb39jc2i7sFHf39g8OS0fHXRWnkjKbxiKWfY8oJnjEbM21YP1EMhJ6gvW8yVXu96ZMKh5Ht3qWMDcko4gHnBJtJNeR47jiCJP3ycWwVEZVhBDGGOYEN+rIkFarWcNNiHPLoAxW6AxL744f0zRkkaaCKDXAKNFuRqTmVLB50UkVSwidkBEbGBqRkCk3Wxw9h+dG8WEQSzORhgv1+0ZGQqVmoWeSIdFj9dvLxb+8QaqDppvxKEk1i+jyoSAVUMcwbwD6XDKqxcwQQiU3t0I6JpJQbXoqmhK+fgr/J91aFder9ZvLctu+X9ZRAKfgDFQABg3QBtegA2xAwR14AE/g2Zpaj9aL9bqMrlmrCk/AD1hvn6UAkoM=</latexit>

⇢(�) prob. dist.
<latexit sha1_base64="kPcf5pMKbmQWoiW7CUK+7wbSX/o=">AAAB/3icdVBLSwMxGMz6rPW1KnjxEiyCBymbIn3cCl48VnDbQndZstlsG5p9kGSFshb0r3jxoIhX/4Y3/43ZtoKKDgQmMxPyfeOnnEllWR/G0vLK6tp6aaO8ubW9s2vu7XdlkglCbZLwRPR9LClnMbUVU5z2U0Fx5HPa88cXhd+7oUKyJL5Wk5S6ER7GLGQEKy155qHDdTjAHoOOSuDiduaZFatqWRZCCBYENeqWJq1Ws4aaEBWWRgUs0PHMdydISBbRWBGOpRwgK1VujoVihNNp2ckkTTEZ4yEdaBrjiEo3n80/hSdaCWCYCH1iBWfq9xc5jqScRL5ORliN5G+vEP/yBpkKm27O4jRTNCbzj8KMQ71pUQYMmKBE8YkmmAimZ4VkhAUmSldW1iV8bQr/J91aFdWr9avzStu+m9dRAkfgGJwCBBqgDS5BB9iAgFvwAJ7As3FvPBovxus8umQsKjwAP2C8fQKHSpZI</latexit>

�i ! �,

(angular mom. conserv.)



<latexit sha1_base64="Xh3o7ZYswNfP/8NyfHVB3XqAU6I="></latexit>

P (~a,~b) =

Z
d� ⇢(�)A(~a,�)B(~b,�)

• Local Hidden Variable Theory (LHVT) expectation value:

prob. dist.
<latexit sha1_base64="WuPcCO/z2e6o5r0O0ENf5A6CLHk=">AAACCHicdVDLSgMxFM3UV62vUZcuDBahgpRMkbFdCAU3LivaWugMJZNJ29DMgyQjlKFLN/6KGxeKuPUT3Pk3ZtoRVPRC4OSce7j3Hi/mTCqEPozCwuLS8kpxtbS2vrG5ZW7vdGSUCELbJOKR6HpYUs5C2lZMcdqNBcWBx+mNNz7P9JtbKiSLwms1iakb4GHIBoxgpam+uW+dOSxU0He4NvkYOseOGEWV/HvUN8uoinTZNsyAVUeWBo1GvVZrQGsmIVQGebX65rvjRyQJaKgIx1L2LBQrN8VCMcLptOQkksaYjPGQ9jQMcUClm84OmcJDzfhwEAn99FIz9rsjxYGUk8DTnQFWI/lby8i/tF6iBnU3ZWGcKBqS+aBBwqGKYJYK9JmgRPGJBpgIpneFZIQFJkpnV9IhfF0K/wedWtWyq/blSbl5lcdRBHvgAFSABU5BE1yAFmgDAu7AA3gCz8a98Wi8GK/z1oKRe3bBjzLePgE0cJjr</latexit>

1 =

∫
dω ε(ω)



• No problem for LHVT to reproduce several special cases
Hidden Variable Theory of Spin

<latexit sha1_base64="sQodlz3lKr3x1PDEpQHkDjHW/GA="></latexit>

~� · ~a �! sign(~� · ~a0)

different

1) Spin measurement along     on a single particle
<latexit sha1_base64="xyVq+6nKhfyRcmcSVfk3A+2sjNA=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4KkmRPnYFNy4r2ge0Q8mkaRubSYYkUyhDwU9w40IRt/6PO//GTFtBRQ9cOJxzL/feE0SCG4vQh5dZW9/Y3Mpu53Z29/YP8odHLaNiTVmTKqF0JyCGCS5Z03IrWCfSjISBYO1gcpn67SnThit5a2cR80MyknzIKbFOavWmjELSzxdQESGEMYYpwZUycqRWq5ZwFeLUciiAFRr9/HtvoGgcMmmpIMZ0MYqsnxBtORVsnuvFhkWETsiIdR2VJGTGTxbXzuGZUwZwqLQraeFC/T6RkNCYWRi4zpDYsfntpeJfXje2w6qfcBnFlkm6XDSMBbQKpq/DAdeMWjFzhFDN3a2Qjokm1LqAci6Er0/h/6RVKuJysXx9Uajf3C/jyIITcArOAQYVUAdXoAGagII78ACewLOnvEfvxXtdtma8VYTH4Ae8t0+bZ4+j</latexit>

~a

in my hidden 
variable theory



Hidden Variable Account  of Single Particle Spin Measurement
<latexit sha1_base64="gsKOWNzmKGWwbQMNsr8wUzhYMSI=">AAAB7nicdVDLSgMxFL1TX7W+qi7dBIvgqiRF+tgV3LisaB/QDpJJM21o5kGSKZSh4C+4caGIW7/HnX9jpq2gogcCh3NOuPceL5ZCG4w/nNza+sbmVn67sLO7t39QPDzq6ChRjLdZJCPV86jmUoS8bYSRvBcrTgNP8q43ucz87pQrLaLw1sxi7gZ0FApfMGqs1EWDKWeodVcs4TLGmBCCMkJqVWxJo1GvkDoimWVRghVs/n0wjFgS8NAwSbXuExwbN6XKCCb5vDBINI8pm9AR71sa0oBrN12sO0dnVhkiP1L2hQYt1O8/UhpoPQs8mwyoGevfXib+5fUT49fdVIRxYnjIloP8RCIToex2NBSKMyNnllCmhN0VsTFVlBnbUMGW8HUp+p90KmVSLVevL0rNm/tlHXk4gVM4BwI1aMIVtKANDCbwAE/w7MTOo/PivC6jOWdV4TH8gPP2CdfRj7w=</latexit>

~P
• pure spin-½ state, polarization denoted by      

<latexit sha1_base64="OJV0BTX+IzlAAFbWRCEkWu0vaoA=">AAAB/nicdZDLSgMxGIUzXmu9jYorN8EiuJAyKdILRSi4cVnRXqAzlEyatqGZC0mmUKaFvoobF4q49Tnc+TZmOhVU9EDg45w/5M9xQ86ksqwPY2V1bX1jM7OV3d7Z3ds3Dw6bMogEoQ0S8EC0XSwpZz5tKKY4bYeCYs/ltOWOrpO8NaZCssC/V5OQOh4e+KzPCFba6prH9pgSWL+wq3Z1mvL0CnXNnJW3LAshBBNApaKloVIpF1AZoiTSyoGl6l3z3e4FJPKorwjHUnaQFSonxkIxwuksa0eShpiM8IB2NPrYo9KJF+vP4Jl2erAfCH18BRfu9xsx9qSceK6e9LAayt9ZYv6VdSLVLzsx88NIUZ+kD/UjDlUAky5gjwlKFJ9owEQwvSskQywwUbqxrC7h66fwf2gW8qiYL95e5mp387SODDgBp+AcIFACNXAD6qABCIjBA3gCz8bceDRejNd0dMVYVngEfsh4+wSnrJUj</latexit>

~P , |~P | = 1

• let hidden variables be unit vector:      ,
<latexit sha1_base64="1G828hkohksZZIlN2jah4+fX/a8=">AAAB83icdVDLSsNAFJ34rPVVdelmsAiuSlIktruCG5cV7AOaUCaTm3boZBJmJoUSCn6FGxeKuPVn3Pk3TtoKKnrgwuGcc5k7J0g5U9q2P6y19Y3Nre3STnl3b//gsHJ03FVJJil0aMIT2Q+IAs4EdDTTHPqpBBIHHHrB5Lrwe1OQiiXiTs9S8GMyEixilGgjed4UKPa4yYdkWKnaNdvAdXFBnIbtGNJsNur1JnYWlm1X0QrtYeXdCxOaxSA05USpgWOn2s+J1IxymJe9TEFK6ISMYGCoIDEoP1/cPMfnRglxlEgzQuOF+n0jJ7FSszgwyZjosfrtFeJf3iDTUcPPmUgzDYIuH4oyjnWCiwJwyCRQzWeGECqZuRXTMZGEalNT2ZTw9VP8P+nWa45bc28vq632/bKOEjpFZ+gCOegKtdANaqMOoihFD+gJPVuZ9Wi9WK/L6Jq1qvAE/YD19gkoz5I/</latexit>

~�
<latexit sha1_base64="aKajNCaNcmNtbI0PnW3mDQt83Io=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqzIp0sdCKLhxWdE+oDOUTCbThmYeJJlCnRb8DzcuFHHrp7jzb8y0FVT0wIXDOfdy7z1uzJlUlvVh5NbWNza38tuFnd29/aJ5cNiRUSIIbZOIR6LnYkk5C2lbMcVpLxYUBy6nXXd8mfndCRWSReGtmsbUCfAwZD4jWGlpYBZn9oQSm+sJD88u0MAsWWXLshBCMCOoVrU0aTTqFVSHKLM0SmCF1sB8t72IJAENFeFYyj6yYuWkWChGOJ0X7ETSGJMxHtK+piEOqHTSxeFzeKoVD/qR0BUquFC/T6Q4kHIauLozwGokf3uZ+JfXT5Rfd1IWxomiIVku8hMOVQSzFKDHBCWKTzXBRDB9KyQjLDBROquCDuHrU/g/6VTKqFquXp+Xmjf3yzjy4BicgDOAQA00wRVogTYgIAEP4Ak8G3fGo/FivC5bc8YqwiPwA8bbJwbdk9A=</latexit>

|~�| = 1

• with uniform distribution over hemisphere:

(Bell 1964)

<latexit sha1_base64="LZ/nRUJkHuZbnTlqVEFvugKhO+U=">AAACBnicdVDLSgMxFM3UV62vqksRgkVwVZIifWyk4MblCPYBnaFkMpk2NPMgyRRKKQhu/BU3LhRx6ze482/MtBVU9MCFwzn3cu89XiK40gh9WLmV1bX1jfxmYWt7Z3evuH/QVnEqKWvRWMSy6xHFBI9YS3MtWDeRjISeYB1vdJn5nTGTisfRjZ4kzA3JIOIBp0QbqV88dsaMQkeYCZ9Ah/qxhnPJhhcQ9YslVEYIYYxhRnCtigxpNOoVXIc4swxKYAm7X3x3/JimIYs0FUSpHkaJdqdEak4FmxWcVLGE0BEZsJ6hEQmZcqfzN2bw1Cg+DGJpKtJwrn6fmJJQqUnomc6Q6KH67WXiX14v1UHdnfIoSTWL6GJRkAqoY5hlAn0uGdViYgihkptbIR0SSag2yRVMCF+fwv9Ju1LG1XL1+rzUtG8XceTBETgBZwCDGmiCK2CDFqDgDjyAJ/Bs3VuP1ov1umjNWcsID8EPWG+fF0SYEQ==</latexit>

~� · ~P > 0

polariz.



<latexit sha1_base64="DgJsEQCy7sS8bPdcGh2C0UvBJyM=">AAACBXicdVDLSgMxFM3UV62vUZe6CBaxggwztbbOruDGZUX7gM5QMmnahmYeJJlCKQVx46+4caGIW//BnX9jZlpBRQ9c7uGce0nu8SJGhTTNDy2zsLi0vJJdza2tb2xu6ds7DRHGHJM6DlnIWx4ShNGA1CWVjLQiTpDvMdL0hheJ3xwRLmgY3MhxRFwf9QPaoxhJJXX0fWdEMERHhaQ7TC120QlMxdpxR8+bhm2bRduGplGyT0tmURHLqlhnFrQMM0UezFHr6O9ON8SxTwKJGRKibZmRdCeIS4oZmeacWJAI4SHqk7aiAfKJcCfpFVN4qJQu7IVcVSBhqn7fmCBfiLHvqUkfyYH47SXiX147lr1zd0KDKJYkwLOHejGDMoRJJLBLOcGSjRVBmFP1V4gHiCMsVXA5FcLXpfB/0igaVtkoX5Xy1evbWRxZsAcOQAFYoAKq4BLUQB1gcAcewBN41u61R+1Fe52NZrR5hLvgB7S3T7VLl+s=</latexit>

~a0(~�, ~P )

: angle      and 
<latexit sha1_base64="gsKOWNzmKGWwbQMNsr8wUzhYMSI=">AAAB7nicdVDLSgMxFL1TX7W+qi7dBIvgqiRF+tgV3LisaB/QDpJJM21o5kGSKZSh4C+4caGIW7/HnX9jpq2gogcCh3NOuPceL5ZCG4w/nNza+sbmVn67sLO7t39QPDzq6ChRjLdZJCPV86jmUoS8bYSRvBcrTgNP8q43ucz87pQrLaLw1sxi7gZ0FApfMGqs1EWDKWeodVcs4TLGmBCCMkJqVWxJo1GvkDoimWVRghVs/n0wjFgS8NAwSbXuExwbN6XKCCb5vDBINI8pm9AR71sa0oBrN12sO0dnVhkiP1L2hQYt1O8/UhpoPQs8mwyoGevfXib+5fUT49fdVIRxYnjIloP8RCIToex2NBSKMyNnllCmhN0VsTFVlBnbUMGW8HUp+p90KmVSLVevL0rNm/tlHXk4gVM4BwI1aMIVtKANDCbwAE/w7MTOo/PivC6jOWdV4TH8gPP2CdfRj7w=</latexit>

~P

• Now consider 2nd hemisphere 
with normal

<latexit sha1_base64="gsKOWNzmKGWwbQMNsr8wUzhYMSI=">AAAB7nicdVDLSgMxFL1TX7W+qi7dBIvgqiRF+tgV3LisaB/QDpJJM21o5kGSKZSh4C+4caGIW7/HnX9jpq2gogcCh3NOuPceL5ZCG4w/nNza+sbmVn67sLO7t39QPDzq6ChRjLdZJCPV86jmUoS8bYSRvBcrTgNP8q43ucz87pQrLaLw1sxi7gZ0FApfMGqs1EWDKWeodVcs4TLGmBCCMkJqVWxJo1GvkDoimWVRghVs/n0wjFgS8NAwSbXuExwbN6XKCCb5vDBINI8pm9AR71sa0oBrN12sO0dnVhkiP1L2hQYt1O8/UhpoPQs8mwyoGevfXib+5fUT49fdVIRxYnjIloP8RCIToex2NBSKMyNnllCmhN0VsTFVlBnbUMGW8HUp+p90KmVSLVevL0rNm/tlHXk4gVM4BwI1aMIVtKANDCbwAE/w7MTOo/PivC6jOWdV4TH8gPP2CdfRj7w=</latexit>

~P <latexit sha1_base64="IiGfDDmdtgbCbESKbg18dMry6bY=">AAAB7nicdVDLSgNBEJz1GeMr6tHLYBA9hZ0gedwCXjxGNA9IljA7mU2GzM4uM71CWAL+ghcPinj1e7z5N84mEVS0oKGo6qa7y4+lMOC6H87K6tr6xmZuK7+9s7u3Xzg4bJso0Yy3WCQj3fWp4VIo3gIBkndjzWnoS97xJ5eZ37nj2ohI3cI05l5IR0oEglGwUqcPYw70bFAouiXXdQkhOCOkWnEtqddrZVLDJLMsimiJ5qDw3h9GLAm5AiapMT3ixuClVINgks/y/cTwmLIJHfGepYqG3Hjp/NwZPrXKEAeRtqUAz9XvEykNjZmGvu0MKYzNby8T//J6CQQ1LxUqToArtlgUJBJDhLPf8VBozkBOLaFMC3srZmOqKQObUN6G8PUp/p+0yyVSKVWuL4qNm/tFHDl0jE7QOSKoihroCjVRCzE0QQ/oCT07sfPovDivi9YVZxnhEfoB5+0TgieQKw==</latexit>

✓0
<latexit sha1_base64="DgJsEQCy7sS8bPdcGh2C0UvBJyM=">AAACBXicdVDLSgMxFM3UV62vUZe6CBaxggwztbbOruDGZUX7gM5QMmnahmYeJJlCKQVx46+4caGIW//BnX9jZlpBRQ9c7uGce0nu8SJGhTTNDy2zsLi0vJJdza2tb2xu6ds7DRHGHJM6DlnIWx4ShNGA1CWVjLQiTpDvMdL0hheJ3xwRLmgY3MhxRFwf9QPaoxhJJXX0fWdEMERHhaQ7TC120QlMxdpxR8+bhm2bRduGplGyT0tmURHLqlhnFrQMM0UezFHr6O9ON8SxTwKJGRKibZmRdCeIS4oZmeacWJAI4SHqk7aiAfKJcCfpFVN4qJQu7IVcVSBhqn7fmCBfiLHvqUkfyYH47SXiX147lr1zd0KDKJYkwLOHejGDMoRJJLBLOcGSjRVBmFP1V4gHiCMsVXA5FcLXpfB/0igaVtkoX5Xy1evbWRxZsAcOQAFYoAKq4BLUQB1gcAcewBN41u61R+1Fe52NZrR5hLvgB7S3T7VLl+s=</latexit>

~a0(~�, ~P )

<latexit sha1_base64="LYUQ3MZX0dPYdzACz8jFd8GYus4=">AAAB7nicdVDLSgNBEJyNrxhfUY9eBoPoKewEyeMW8OIxgnlAsoTZyWwyZHZ2mekVwhLwF7x4UMSr3+PNv3E2iaCiBQ1FVTfdXX4shQHX/XBya+sbm1v57cLO7t7+QfHwqGOiRDPeZpGMdM+nhkuheBsESN6LNaehL3nXn15lfveOayMidQuzmHshHSsRCEbBSt0BTDjQ82Gx5JZd1yWE4IyQWtW1pNGoV0gdk8yyKKEVWsPi+2AUsSTkCpikxvSJG4OXUg2CST4vDBLDY8qmdMz7lioacuOli3Pn+MwqIxxE2pYCvFC/T6Q0NGYW+rYzpDAxv71M/MvrJxDUvVSoOAGu2HJRkEgMEc5+xyOhOQM5s4QyLeytmE2opgxsQgUbwten+H/SqZRJtVy9uSw1W/fLOPLoBJ2iC0RQDTXRNWqhNmJoih7QE3p2YufReXFel605ZxXhMfoB5+0TgUCQKA==</latexit>

✓0
<latexit sha1_base64="DgJsEQCy7sS8bPdcGh2C0UvBJyM=">AAACBXicdVDLSgMxFM3UV62vUZe6CBaxggwztbbOruDGZUX7gM5QMmnahmYeJJlCKQVx46+4caGIW//BnX9jZlpBRQ9c7uGce0nu8SJGhTTNDy2zsLi0vJJdza2tb2xu6ds7DRHGHJM6DlnIWx4ShNGA1CWVjLQiTpDvMdL0hheJ3xwRLmgY3MhxRFwf9QPaoxhJJXX0fWdEMERHhaQ7TC120QlMxdpxR8+bhm2bRduGplGyT0tmURHLqlhnFrQMM0UezFHr6O9ON8SxTwKJGRKibZmRdCeIS4oZmeacWJAI4SHqk7aiAfKJcCfpFVN4qJQu7IVcVSBhqn7fmCBfiLHvqUkfyYH47SXiX147lr1zd0KDKJYkwLOHejGDMoRJJLBLOcGSjRVBmFP1V4gHiCMsVXA5FcLXpfB/0igaVtkoX5Xy1evbWRxZsAcOQAFYoAKq4BLUQB1gcAcewBN41u61R+1Fe52NZrR5hLvgB7S3T7VLl+s=</latexit>

~a0(~�, ~P )

• Define the expectation value of 
the spin measurement as

• This is       not  
<latexit sha1_base64="t6vXy4Wj2moteKtK2TIUAXlzkwE=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFZJY07oruHFZwT6gDWUynbRjJzNhZlIoof/gxoUibv0fd/6Nk7aCih64cDjnXu69J0wYVdpxPqzC2vrG5lZxu7Szu7d/UD48aiuRSkxaWDAhuyFShFFOWppqRrqJJCgOGemEk+vc70yJVFTwOz1LSBCjEacRxUgbqd2fEgzRoFxx7Ku671160LEdp+Zd+DnxalXvArpGyVEBKzQH5ff+UOA0JlxjhpTquU6igwxJTTEj81I/VSRBeIJGpGcoRzFRQba4dg7PjDKEkZCmuIYL9ftEhmKlZnFoOmOkx+q3l4t/eb1UR/UgozxJNeF4uShKGdQC5q/DIZUEazYzBGFJza0Qj5FEWJuASiaEr0/h/6Tt2a5v+7fVSqO5iqMITsApOAcuqIEGuAFN0AIY3IMH8ASeLWE9Wi/W67K1YK1mjsEPWG+finOPLg==</latexit>

~a
<latexit sha1_base64="ht7l3fAVFlw2nvArL9zsgj4ad3w=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK6GjJtmWl3BTcuK9pWaIeSSTNtaCYzJJlCGQr+ghsXirj1e9z5N6YPQUUPXDiccy/33hMknCmN0IeVW1vf2NzKbxd2dvf2D4qHR20Vp5LQFol5LO8CrChngrY005zeJZLiKOC0E4wv535nQqVisbjV04T6ER4KFjKCtZE6vQklEJ/3iyVk1+tlVK1BZLvIqXgVQ5DruV4dOjZaoARWaPaL771BTNKICk04VqrroET7GZaaEU5nhV6qaILJGA9p11CBI6r8bHHuDJ4ZZQDDWJoSGi7U7xMZjpSaRoHpjLAeqd/eXPzL66Y6rPkZE0mqqSDLRWHKoY7h/Hc4YJISzaeGYCKZuRWSEZaYaJNQwYTw9Sn8n7TLtuPa7nW11Li5X8aRByfgFFwAB3igAa5AE7QAAWPwAJ7As5VYj9aL9bpszVmrCI/BD1hvny5jj/U=</latexit>

~a0

• I can compute                         as 
a function of

<latexit sha1_base64="Gexy6m42lC+abTFzgrtASAN9AEw="></latexit>

sign (~� · ~a0)

<latexit sha1_base64="DPROKYr6VebBUpOQhVe/WuGrRug="></latexit>

h~� · ~ai ⌘ sign (~� · ~a0)

<latexit sha1_base64="LYUQ3MZX0dPYdzACz8jFd8GYus4=">AAAB7nicdVDLSgNBEJyNrxhfUY9eBoPoKewEyeMW8OIxgnlAsoTZyWwyZHZ2mekVwhLwF7x4UMSr3+PNv3E2iaCiBQ1FVTfdXX4shQHX/XBya+sbm1v57cLO7t7+QfHwqGOiRDPeZpGMdM+nhkuheBsESN6LNaehL3nXn15lfveOayMidQuzmHshHSsRCEbBSt0BTDjQ82Gx5JZd1yWE4IyQWtW1pNGoV0gdk8yyKKEVWsPi+2AUsSTkCpikxvSJG4OXUg2CST4vDBLDY8qmdMz7lioacuOli3Pn+MwqIxxE2pYCvFC/T6Q0NGYW+rYzpDAxv71M/MvrJxDUvVSoOAGu2HJRkEgMEc5+xyOhOQM5s4QyLeytmE2opgxsQgUbwten+H/SqZRJtVy9uSw1W/fLOPLoBJ2iC0RQDTXRNWqhNmJoih7QE3p2YufReXFel605ZxXhMfoB5+0TgUCQKA==</latexit>

✓0



<latexit sha1_base64="xyVq+6nKhfyRcmcSVfk3A+2sjNA=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4KkmRPnYFNy4r2ge0Q8mkaRubSYYkUyhDwU9w40IRt/6PO//GTFtBRQ9cOJxzL/feE0SCG4vQh5dZW9/Y3Mpu53Z29/YP8odHLaNiTVmTKqF0JyCGCS5Z03IrWCfSjISBYO1gcpn67SnThit5a2cR80MyknzIKbFOavWmjELSzxdQESGEMYYpwZUycqRWq5ZwFeLUciiAFRr9/HtvoGgcMmmpIMZ0MYqsnxBtORVsnuvFhkWETsiIdR2VJGTGTxbXzuGZUwZwqLQraeFC/T6RkNCYWRi4zpDYsfntpeJfXje2w6qfcBnFlkm6XDSMBbQKpq/DAdeMWjFzhFDN3a2Qjokm1LqAci6Er0/h/6RVKuJysXx9Uajf3C/jyIITcArOAQYVUAdXoAGagII78ACewLOnvEfvxXtdtma8VYTH4Ae8t0+bZ4+j</latexit>

~a• Now rotate      towards     until 
<latexit sha1_base64="ht7l3fAVFlw2nvArL9zsgj4ad3w=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK6GjJtmWl3BTcuK9pWaIeSSTNtaCYzJJlCGQr+ghsXirj1e9z5N6YPQUUPXDiccy/33hMknCmN0IeVW1vf2NzKbxd2dvf2D4qHR20Vp5LQFol5LO8CrChngrY005zeJZLiKOC0E4wv535nQqVisbjV04T6ER4KFjKCtZE6vQklEJ/3iyVk1+tlVK1BZLvIqXgVQ5DruV4dOjZaoARWaPaL771BTNKICk04VqrroET7GZaaEU5nhV6qaILJGA9p11CBI6r8bHHuDJ4ZZQDDWJoSGi7U7xMZjpSaRoHpjLAeqd/eXPzL66Y6rPkZE0mqqSDLRWHKoY7h/Hc4YJISzaeGYCKZuRWSEZaYaJNQwYTw9Sn8n7TLtuPa7nW11Li5X8aRByfgFFwAB3igAa5AE7QAAWPwAJ7As5VYj9aL9bpszVmrCI/BD1hvny5jj/U=</latexit>

~a0
<latexit sha1_base64="AOtovCSLT+ze7lIhk5hRDwM0Kbo="></latexit>

1� ✓0

⇡
= cos ✓

<latexit sha1_base64="25ZkoIS65qJP1iwjcFo68HmNpsQ="></latexit>

h~� · ~ai = cos ✓

<latexit sha1_base64="DgJsEQCy7sS8bPdcGh2C0UvBJyM=">AAACBXicdVDLSgMxFM3UV62vUZe6CBaxggwztbbOruDGZUX7gM5QMmnahmYeJJlCKQVx46+4caGIW//BnX9jZlpBRQ9c7uGce0nu8SJGhTTNDy2zsLi0vJJdza2tb2xu6ds7DRHGHJM6DlnIWx4ShNGA1CWVjLQiTpDvMdL0hheJ3xwRLmgY3MhxRFwf9QPaoxhJJXX0fWdEMERHhaQ7TC120QlMxdpxR8+bhm2bRduGplGyT0tmURHLqlhnFrQMM0UezFHr6O9ON8SxTwKJGRKibZmRdCeIS4oZmeacWJAI4SHqk7aiAfKJcCfpFVN4qJQu7IVcVSBhqn7fmCBfiLHvqUkfyYH47SXiX147lr1zd0KDKJYkwLOHejGDMoRJJLBLOcGSjRVBmFP1V4gHiCMsVXA5FcLXpfB/0igaVtkoX5Xy1evbWRxZsAcOQAFYoAKq4BLUQB1gcAcewBN41u61R+1Fe52NZrR5hLvgB7S3T7VLl+s=</latexit>

~a0(~�, ~P )
<latexit sha1_base64="gsKOWNzmKGWwbQMNsr8wUzhYMSI=">AAAB7nicdVDLSgMxFL1TX7W+qi7dBIvgqiRF+tgV3LisaB/QDpJJM21o5kGSKZSh4C+4caGIW7/HnX9jpq2gogcCh3NOuPceL5ZCG4w/nNza+sbmVn67sLO7t39QPDzq6ChRjLdZJCPV86jmUoS8bYSRvBcrTgNP8q43ucz87pQrLaLw1sxi7gZ0FApfMGqs1EWDKWeodVcs4TLGmBCCMkJqVWxJo1GvkDoimWVRghVs/n0wjFgS8NAwSbXuExwbN6XKCCb5vDBINI8pm9AR71sa0oBrN12sO0dnVhkiP1L2hQYt1O8/UhpoPQs8mwyoGevfXib+5fUT49fdVIRxYnjIloP8RCIToex2NBSKMyNnllCmhN0VsTFVlBnbUMGW8HUp+p90KmVSLVevL0rNm/tlHXk4gVM4BwI1aMIVtKANDCbwAE/w7MTOo/PivC6jOWdV4TH8gPP2CdfRj7w=</latexit>

~P <latexit sha1_base64="IiGfDDmdtgbCbESKbg18dMry6bY=">AAAB7nicdVDLSgNBEJz1GeMr6tHLYBA9hZ0gedwCXjxGNA9IljA7mU2GzM4uM71CWAL+ghcPinj1e7z5N84mEVS0oKGo6qa7y4+lMOC6H87K6tr6xmZuK7+9s7u3Xzg4bJso0Yy3WCQj3fWp4VIo3gIBkndjzWnoS97xJ5eZ37nj2ohI3cI05l5IR0oEglGwUqcPYw70bFAouiXXdQkhOCOkWnEtqddrZVLDJLMsimiJ5qDw3h9GLAm5AiapMT3ixuClVINgks/y/cTwmLIJHfGepYqG3Hjp/NwZPrXKEAeRtqUAz9XvEykNjZmGvu0MKYzNby8T//J6CQQ1LxUqToArtlgUJBJDhLPf8VBozkBOLaFMC3srZmOqKQObUN6G8PUp/p+0yyVSKVWuL4qNm/tFHDl0jE7QOSKoihroCjVRCzE0QQ/oCT07sfPovDivi9YVZxnhEfoB5+0TgieQKw==</latexit>

✓0
<latexit sha1_base64="t6vXy4Wj2moteKtK2TIUAXlzkwE=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFZJY07oruHFZwT6gDWUynbRjJzNhZlIoof/gxoUibv0fd/6Nk7aCih64cDjnXu69J0wYVdpxPqzC2vrG5lZxu7Szu7d/UD48aiuRSkxaWDAhuyFShFFOWppqRrqJJCgOGemEk+vc70yJVFTwOz1LSBCjEacRxUgbqd2fEgzRoFxx7Ku671160LEdp+Zd+DnxalXvArpGyVEBKzQH5ff+UOA0JlxjhpTquU6igwxJTTEj81I/VSRBeIJGpGcoRzFRQba4dg7PjDKEkZCmuIYL9ftEhmKlZnFoOmOkx+q3l4t/eb1UR/UgozxJNeF4uShKGdQC5q/DIZUEazYzBGFJza0Qj5FEWJuASiaEr0/h/6Tt2a5v+7fVSqO5iqMITsApOAcuqIEGuAFN0AIY3IMH8ASeLWE9Wi/W67K1YK1mjsEPWG+finOPLg==</latexit>

~a

<latexit sha1_base64="y6lujDwNExwvUL1ULVoqJMPa1Bg=">AAAB7XicdVBNSwMxEM3Wr1q/qh69BIvgqWSLrO2t4MVjBfsB7VKyabaNzW6WZFYoS/+DFw+KePX/ePPfmG0rqOiDgcd7M8zMCxIpDBDy4RTW1jc2t4rbpZ3dvf2D8uFRx6hUM95mSirdC6jhUsS8DQIk7yWa0yiQvBtMr3K/e8+1ESq+hVnC/YiOYxEKRsFKnQFMONBhuUKqxMLzcE7cOnEtaTTqtVoDuwuLkApaoTUsvw9GiqURj4FJakzfJQn4GdUgmOTz0iA1PKFsSse8b2lMI278bHHtHJ9ZZYRDpW3FgBfq94mMRsbMosB2RhQm5reXi395/RTCup+JOEmBx2y5KEwlBoXz1/FIaM5AziyhTAt7K2YTqikDG1DJhvD1Kf6fdGpV16t6NxeVZmsVRxGdoFN0jlx0iZroGrVQGzF0hx7QE3p2lPPovDivy9aCs5o5Rj/gvH0CAxOPfg==</latexit>

✓ : angle      and 
<latexit sha1_base64="gsKOWNzmKGWwbQMNsr8wUzhYMSI=">AAAB7nicdVDLSgMxFL1TX7W+qi7dBIvgqiRF+tgV3LisaB/QDpJJM21o5kGSKZSh4C+4caGIW7/HnX9jpq2gogcCh3NOuPceL5ZCG4w/nNza+sbmVn67sLO7t39QPDzq6ChRjLdZJCPV86jmUoS8bYSRvBcrTgNP8q43ucz87pQrLaLw1sxi7gZ0FApfMGqs1EWDKWeodVcs4TLGmBCCMkJqVWxJo1GvkDoimWVRghVs/n0wjFgS8NAwSbXuExwbN6XKCCb5vDBINI8pm9AR71sa0oBrN12sO0dnVhkiP1L2hQYt1O8/UhpoPQs8mwyoGevfXib+5fUT49fdVIRxYnjIloP8RCIToex2NBSKMyNnllCmhN0VsTFVlBnbUMGW8HUp+p90KmVSLVevL0rNm/tlHXk4gVM4BwI1aMIVtKANDCbwAE/w7MTOo/PivC6jOWdV4TH8gPP2CdfRj7w=</latexit>

~P
<latexit sha1_base64="t6vXy4Wj2moteKtK2TIUAXlzkwE=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFZJY07oruHFZwT6gDWUynbRjJzNhZlIoof/gxoUibv0fd/6Nk7aCih64cDjnXu69J0wYVdpxPqzC2vrG5lZxu7Szu7d/UD48aiuRSkxaWDAhuyFShFFOWppqRrqJJCgOGemEk+vc70yJVFTwOz1LSBCjEacRxUgbqd2fEgzRoFxx7Ku671160LEdp+Zd+DnxalXvArpGyVEBKzQH5ff+UOA0JlxjhpTquU6igwxJTTEj81I/VSRBeIJGpGcoRzFRQba4dg7PjDKEkZCmuIYL9ftEhmKlZnFoOmOkx+q3l4t/eb1UR/UgozxJNeF4uShKGdQC5q/DIZUEazYzBGFJza0Qj5FEWJuASiaEr0/h/6Tt2a5v+7fVSqO5iqMITsApOAcuqIEGuAFN0AIY3IMH8ASeLWE9Wi/W67K1YK1mjsEPWG+finOPLg==</latexit>

~a

• Just the area of overlapp of 
hemispheres divided by      

<latexit sha1_base64="sn+aFyrYkyYU4VOUWwNQ6MOT5PI=">AAAB63icdVDLSgMxFL3js9ZX1aWbYBFclUmRPnYFNy4r2Ae0Q8mkaRuaZIYkI5Sh4Be4caGIW3/InX9jpq2gogcuHM65l3vvCWPBjfX9D29tfWNzazu3k9/d2z84LBwdt02UaMpaNBKR7obEMMEVa1luBevGmhEZCtYJp1eZ37lj2vBI3dpZzAJJxoqPOCU2k8r9mA8KRb/k+z7GGGUEVyu+I/V6rYxrCGeWQxFWaA4K7/1hRBPJlKWCGNPDfmyDlGjLqWDzfD8xLCZ0Ssas56gikpkgXdw6R+dOGaJRpF0pixbq94mUSGNmMnSdktiJ+e1l4l9eL7GjWpByFSeWKbpcNEoEshHKHkdDrhm1YuYIoZq7WxGdEE2odfHkXQhfn6L/SbtcwpVS5eay2GjeL+PIwSmcwQVgqEIDrqEJLaAwgQd4gmdPeo/ei/e6bF3zVhGewA94b5870I7Y</latexit>

2⇡
<latexit sha1_base64="53rjrh5i7ow4Cabz6UmE2bFvSts="></latexit>

sign (~� · ~a0) = 1� ✓0

⇡

Just as in QM!



• This directly from Bell (1964)

• Disagrees with public claims, e.g. K. Sakurai (talk in Bonn)



• No problem for LHVT to reproduce several special cases

1) Spin measurement on a single particle
<latexit sha1_base64="sQodlz3lKr3x1PDEpQHkDjHW/GA="></latexit>

~� · ~a �! sign(~� · ~a0)

<latexit sha1_base64="ZJuyQma7XatxQQmDr+O3NwvjHYs="></latexit>

P (~a,~a) = �P (~a,�~a) = �1
<latexit sha1_base64="4DnTLYz5zKfCCyzQ1uOsrhIualA="></latexit>

P (~a,~b) = 0, if ~a ·~b = 0

<latexit sha1_base64="8A0j4xjr7LI1TDSDLwsyq33JQ/w="></latexit>

P (~a,~b) = �1 +
2

⇡
✓

2) Using this in               can easily reproduce simple cases
<latexit sha1_base64="31ZFSQHKsI1oHggfOKJG0HLraCI="></latexit>

P (~a,~b)

3) The most general case results in
<latexit sha1_base64="RKj2A2G0de3SM5QsdUMqQAH7siM=">AAACBXicdZDNSgMxFIUz/lv/qi51ESyCqzIp0taFILhxWdGq0Cklk97a0MxkSO4UShHEja/ixoUibn0Hd76NmbaCih4IfJxzQ3JPmChp0fc/vKnpmdm5+YXF3NLyyupafn3jwurUCKgLrbS5CrkFJWOoo0QFV4kBHoUKLsPecZZf9sFYqeNzHCTQjPh1LDtScHRWK78d9EFQHoi2xhGGh4HQNsAuIG/lC37R933GGM2AVcq+g4ODaolVKcsipwKZqNbKvwdtLdIIYhSKW9tgfoLNITcohYKbXJBaSLjo8WtoOIx5BLY5HG1xQ3ed06YdbdyJkY7c7zeGPLJ2EIVuMuLYtb+zzPwra6TYqTaHMk5ShFiMH+qkiqKmWSW0LQ0IVAMHXBjp/kpFlxsu0BWXcyV8bUr/h4tSkZWL5dP9wtHZ7biOBbJFdsgeYaRCjsgJqZE6EeSOPJAn8uzde4/ei/c6Hp3yJhVukh/y3j4BlrCZIg==</latexit>

~a ·~b = cos ✓

Hidden Variable Theory of Spin



• No problem for LHVT to reproduce several special cases

1) Spin measurement on a single particle
<latexit sha1_base64="sQodlz3lKr3x1PDEpQHkDjHW/GA="></latexit>

~� · ~a �! sign(~� · ~a0)

<latexit sha1_base64="ZJuyQma7XatxQQmDr+O3NwvjHYs="></latexit>

P (~a,~a) = �P (~a,�~a) = �1
<latexit sha1_base64="4DnTLYz5zKfCCyzQ1uOsrhIualA="></latexit>

P (~a,~b) = 0, if ~a ·~b = 0

<latexit sha1_base64="8A0j4xjr7LI1TDSDLwsyq33JQ/w="></latexit>

P (~a,~b) = �1 +
2

⇡
✓

2) Using this in               can easily reproduce simple cases
<latexit sha1_base64="31ZFSQHKsI1oHggfOKJG0HLraCI="></latexit>

P (~a,~b)

3) The most general case results in
<latexit sha1_base64="RKj2A2G0de3SM5QsdUMqQAH7siM=">AAACBXicdZDNSgMxFIUz/lv/qi51ESyCqzIp0taFILhxWdGq0Cklk97a0MxkSO4UShHEja/ixoUibn0Hd76NmbaCih4IfJxzQ3JPmChp0fc/vKnpmdm5+YXF3NLyyupafn3jwurUCKgLrbS5CrkFJWOoo0QFV4kBHoUKLsPecZZf9sFYqeNzHCTQjPh1LDtScHRWK78d9EFQHoi2xhGGh4HQNsAuIG/lC37R933GGM2AVcq+g4ODaolVKcsipwKZqNbKvwdtLdIIYhSKW9tgfoLNITcohYKbXJBaSLjo8WtoOIx5BLY5HG1xQ3ed06YdbdyJkY7c7zeGPLJ2EIVuMuLYtb+zzPwra6TYqTaHMk5ShFiMH+qkiqKmWSW0LQ0IVAMHXBjp/kpFlxsu0BWXcyV8bUr/h4tSkZWL5dP9wtHZ7biOBbJFdsgeYaRCjsgJqZE6EeSOPJAn8uzde4/ei/c6Hp3yJhVukh/y3j4BlrCZIg==</latexit>

~a ·~b = cos ✓

Hidden Variable Theory of Spin

for both
<latexit sha1_base64="3RnO84/pFNJcv7p1pUwUSJEDOtQ=">AAAB+HicdVDLSsNAFJ34rPXRqEs3g0VwUUKS1rTuCm5cVrQPaEKZTCft0MmDmUmhhn6JGxeKuPVT3Pk3TtoKKnrgwuGce7n3Hj9hVEjT/NDW1jc2t7YLO8Xdvf2Dkn541BFxyjFp45jFvOcjQRiNSFtSyUgv4QSFPiNdf3KV+90p4YLG0Z2cJcQL0SiiAcVIKmmgl9wpwRBV3MqC+AO9bBqXDce+sKFpmGbdrjo5ses1uwotpeQogxVaA/3dHcY4DUkkMUNC9C0zkV6GuKSYkXnRTQVJEJ6gEekrGqGQCC9bHD6HZ0oZwiDmqiIJF+r3iQyFQsxCX3WGSI7Fby8X//L6qQwaXkajJJUkwstFQcqgjGGeAhxSTrBkM0UQ5lTdCvEYcYSlyqqoQvj6FP5POrZhOYZzUys3b1dxFMAJOAXnwAJ10ATXoAXaAIMUPIAn8Kzda4/ai/a6bF3TVjPH4Ae0t0+w55KM</latexit>

ωa, ωb



<latexit sha1_base64="tYiNZP6mgCrWFtRdSvEWsOL+q08=">AAAB9HicdZDLSgMxGIUz9VbrrerSTbAIrkpSpJddwY3LCrYVOkPJpJk2NJMZk0yhDAO+hRsXirj1Ydz5NmbaCip6IHA45w/58/mx4Nog9OEU1tY3NreK26Wd3b39g/LhUU9HiaKsSyMRqVufaCa4ZF3DjWC3sWIk9AXr+9PLvO/PmNI8kjdmHjMvJGPJA06JsZHnBorQ1I15ltayYbmCqgghjDHMDW7UkTWtVrOGmxDnlVUFrNQZlt/dUUSTkElDBdF6gFFsvJQow6lgWclNNIsJnZIxG1grSci0ly6WzuCZTUYwiJQ90sBF+v1GSkKt56FvJ0NiJvp3l4d/dYPEBE0v5TJODJN0+VCQCGgimBOAI64YNWJuDaGK210hnRDLwVhOJQvh66fwf9OrVXG9Wr++qLQ790scRXACTsE5wKAB2uAKdEAXUHAHHsATeHZmzqPz4rwuRwvOCuEx+CHn7ROSPJMa</latexit>⇡

2

• You need 3 measurements to distinguish the 2 curves

1

—



<latexit sha1_base64="tYiNZP6mgCrWFtRdSvEWsOL+q08=">AAAB9HicdZDLSgMxGIUz9VbrrerSTbAIrkpSpJddwY3LCrYVOkPJpJk2NJMZk0yhDAO+hRsXirj1Ydz5NmbaCip6IHA45w/58/mx4Nog9OEU1tY3NreK26Wd3b39g/LhUU9HiaKsSyMRqVufaCa4ZF3DjWC3sWIk9AXr+9PLvO/PmNI8kjdmHjMvJGPJA06JsZHnBorQ1I15ltayYbmCqgghjDHMDW7UkTWtVrOGmxDnlVUFrNQZlt/dUUSTkElDBdF6gFFsvJQow6lgWclNNIsJnZIxG1grSci0ly6WzuCZTUYwiJQ90sBF+v1GSkKt56FvJ0NiJvp3l4d/dYPEBE0v5TJODJN0+VCQCGgimBOAI64YNWJuDaGK210hnRDLwVhOJQvh66fwf9OrVXG9Wr++qLQ790scRXACTsE5wKAB2uAKdEAXUHAHHsATeHZmzqPz4rwuRwvOCuEx+CHn7ROSPJMa</latexit>⇡

2

• You need 3 measurements to distinguish the 2 curves

LHVT agrees 
with QM here 

by construction

—

1



Bell’s Inequality

• Bell proved for all LHVT’s
<latexit sha1_base64="qwrOz4VgIFE7f4ZPJZmSNukYJhY="></latexit>

1 + P (~b,~c) � |P (~a,~b)� P (~a,~c)|

• Note you need 3 settings

• QM expectation value violates this!

<latexit sha1_base64="muoGPAZV61q2n5oQyr3Keog+HMs=">AAACFHicdZDLSgMxGIUz9VbrbdSlm2ARBLFMivSyK7hxWcFeoDOUTJppQzOXJhmhDAO+ghtfxY0LRdy6cOfbmGkreD0QOJzzh+T/3IgzqSzr3cgtLa+sruXXCxubW9s75u5eW4axILRFQh6Krosl5SygLcUUp91IUOy7nHbc8XnWd66pkCwMrtQ0oo6PhwHzGMFKR33zBJ3ansAkQWliy4lQSTlN7SGdwN9x3yxaJcuyEEIwM6hasbSp12tlVIMoq7SKYKFm33yzByGJfRoowrGUPWRFykmwUIxwmhbsWNIIkzEe0p62AfapdJLZUik80skAeqHQJ1Bwln69kWBfyqnv6kkfq5H82WXhX10vVl7NSVgQxYoGZP6QF3OoQpgRggMmKFF8qg0mgum/QjLCGobSHAsawuem8H/TLpdQpVS5PCs2mjdzHHlwAA7BMUCgChrgAjRBCxBwC+7BI3gy7owH49l4mY/mjAXCffBNxusHNTigEQ==</latexit>

1� 1p
2
� 1p

2



Bell’s Inequality

• Bell proved for all LHVT’s
<latexit sha1_base64="qwrOz4VgIFE7f4ZPJZmSNukYJhY="></latexit>

1 + P (~b,~c) � |P (~a,~b)� P (~a,~c)|

• Note you need 3 settings

• QM expectation value violates this!

<latexit sha1_base64="muoGPAZV61q2n5oQyr3Keog+HMs=">AAACFHicdZDLSgMxGIUz9VbrbdSlm2ARBLFMivSyK7hxWcFeoDOUTJppQzOXJhmhDAO+ghtfxY0LRdy6cOfbmGkreD0QOJzzh+T/3IgzqSzr3cgtLa+sruXXCxubW9s75u5eW4axILRFQh6Krosl5SygLcUUp91IUOy7nHbc8XnWd66pkCwMrtQ0oo6PhwHzGMFKR33zBJ3ansAkQWliy4lQSTlN7SGdwN9x3yxaJcuyEEIwM6hasbSp12tlVIMoq7SKYKFm33yzByGJfRoowrGUPWRFykmwUIxwmhbsWNIIkzEe0p62AfapdJLZUik80skAeqHQJ1Bwln69kWBfyqnv6kkfq5H82WXhX10vVl7NSVgQxYoGZP6QF3OoQpgRggMmKFF8qg0mgum/QjLCGobSHAsawuem8H/TLpdQpVS5PCs2mjdzHHlwAA7BMUCgChrgAjRBCxBwC+7BI3gy7owH49l4mY/mjAXCffBNxusHNTigEQ==</latexit>

1� 1p
2
� 1p

2



Bell’s Inequality: experiments

• All successful experimental tests of locality via 
Bell’s inequality are with photons

• Measure 3 settings related to 2 independent spin components 
using polarimeters (Alain Aspect et al)

<latexit sha1_base64="qdoQYhtj1aDoF3oUjJ57wE4kP/o=">AAAB9HicdZDLSgMxGIUz9VbrrerSTbAILqRMivSyK7hxWam9QDsMmUymDc1cmmSKw1DwLdy4UMStD+POtzHTVlDRA4GPc/6QP8eJOJPKND+M3Nr6xuZWfruws7u3f1A8POrKMBaEdkjIQ9F3sKScBbSjmOK0HwmKfYfTnjO5yvLejArJwuBWJRG1fDwKmMcIVtqy2vbdxXAaYxe27cQulsyyaZoIIZgBqlVNDY1GvYLqEGWRVgms1LKL70M3JLFPA0U4lnKAzEhZKRaKEU7nhWEsaYTJBI/oQGOAfSqtdLH0HJ5px4VeKPQJFFy432+k2Jcy8R096WM1lr+zzPwrG8TKq1spC6JY0YAsH/JiDlUIswagywQliicaMBFM7wrJGAtMlO6poEv4+in8H7qVMqqWqzeXpWbrfllHHpyAU3AOEKiBJrgGLdABBEzBA3gCz8bMeDRejNflaM5YVXgMfsh4+wSRNpJz</latexit>

Sx, Sy

• Would like to test this idea also at high energy and/or with fermions
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We consider a measurement of correlated spins at LEP and show that it does not constitute a general test of local-realistic 
theories via Bell's inequality. The central point of the argument is that such tests, where the spins of two particles are inferred 
from a scattering distribution, can be described by a local hidden variable theory. We conclude that with present experimental 
techniques it is not possible to test locality via Bell's inequality at a collider experiment. Finally we suggest an improved fixed- 
target experiment as a viable test of Bell's inequality. 

1 .  I n t r o d u c t i o n  

Since the 1935 paper  [ 1 ] of  Einstein, Podolsky, and 
Rosen (EPR)  the quest ion of  whether  quan tum me- 
chanics ( Q M )  offers a complete  descr ipt ion of  
"physical  real i ty"  has received much at tent ion.  In 
par t icular  it is the apparent ly  non-local  nature  of  Q M  
which continues to be a puzzle. Alternat ive,  local 
h idden-var iable  theories (LHVTs)  [2]  have been 
proposed  in which the probabi l is t ic  aspect  o f  quan- 
tum mechanics  is replaced by a determinis t ic  struc- 
ture [ 2,3 ]. Since the work o f  Bell [ 4, 5 ], the quest ion 
of  completeness has been under  the scrut iny of  exper- 
imental  tests. Bell 's theorem states that  in all local- 
realistic theories [2] two-part icle  correlat ion func- 
tions satisfy Bell 's inequali ty,  whereas the corre- 
sponding quan tum mechanical  correlat ion functions 
can violate the inequal i ty  in some regions o f  param-  
eter space. To date there are many  exper imental  re- 
sults on tests of  Bell 's inequal i ty  as well as many  pro-  
posed exper imental  tests [6 -14]  #1; the most  widely 
discussed are the a tomic  photon  exper iments  [ 8,9 ]. 
In these exper iments  two photons  are emi t ted  in the 

#1 Bell's theorem is a mathematical proof about a class of physi- 
cal theories, and cannot, as such, be tested. When we some- 
times loosely refer to a "test of Bell's inequality" we consider 
this short for "testing local realistic theories via Bell's 
inequality". 

singlet state in an a tomic  cascade. The l inear  trans- 
verse polar izat ion o f  the correlated photons  is then 
measured using s tandard  polarizers.  The correlat ion 
function P+ ÷ (0)  determines  the probabi l i ty  that  two 
photons  pass through the polarizers,  when the lat ter  
are at a relat ive angle O ( P _ _  (0)  is the analogous 
probabi l i ty  that  the photons  are not  de tec ted) .  
P+ + (0)  is measured for at least three values o f  theta 
and is seen to violate Bells' inequality,  and  to be in 
agreement with QM. 

The above exper iments  are restr icted to photons,  
i.e. massless spin- 1 bosons. We find them worth com- 
plement ing in three respects. 

- We think it would be o f  interest  to test the in- 
equali t ies with fermions a n d / o r  with massive part i -  
cles; fermions are peculiar  to Q M  and a test with 
massive part icles could exclude certain hidden-var i -  
able theories. 

- The correlat ion in the a tomic  cascade experi- 
ment  is physically established through electromag- 
netic interactions;  there have been profound  sur- 
prises in the physics of  the weak interactions,  notably 
P- and CP-violation,  and  perhaps we are in store for 
another.  

- The energy scale probed in the a tomic  cascade 
exper iments  is in the eV range; as Bohm has poin ted  
out, non-local  effects may well become apparent  at a 
length-scale below about  10 -3  c m  [3] .  It  is thus im- 
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How to find a Higgs boson with a mass between 155 and 180 GeV at the CERN LHC
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We reconsider the signature of events with two charged leptons and missing energy as a signal for the
detection of the standard model Higgs boson in the mass region M (Higgs)5155–180 GeV. It is shown that a
few simple experimental criteria allow us to distinguish events originating from the Higgs boson decaying to
H!W1W2 from the nonresonant production of W1W2X at the CERN LHC. With this set of cuts, signal to
background ratios of about one to one are obtained, allowing a 5–10s detection with about 5 fb21 of
luminosity. This corresponds to less than one year of running at the initial lower luminosity
L51033 cm22s21. This is significantly better than for the hitherto considered Higgs boson detection mode
H!Z0Z0*!2l 12l 2, where in this mass range about 100 fb21 of integrated luminosity are required for a
5s signal. @S0556-2821~97!02701-X#

PACS number~s!: 14.80.Bn, 13.85.2t

I. INTRODUCTION

The standard model ~SM! of elementary particle physics
has been highly successful in explaining all experimental
data @1#. With the recent discovery of the top quark @2#, the
Higgs boson is the only remaining missing piece, albeit an
essential one. Within the SM, it provides the mechanism to
dynamically break the electroweak symmetry and gives
masses to the electroweak gauge bosons. The same mecha-
nism gives masses to the spin-1/2 fermions such as the top
quark and the electron. The Higgs boson is therefore essen-
tial for our understanding of mass. Furthermore, the theoreti-
cal structure of the Higgs sector in the SM is the main mo-
tivation for speculations on physics beyond the SM, e.g.,
supersymmetry or technicolor. The discovery of the Higgs
boson and the determination of its couplings could possibly
provide an essential clue to this new realm. The search for
the Higgs boson is therefore considered to be the most im-
portant task for future collider physics.
With the present energy upgrade of the CERN Large

Electron Positron collider LEP2, the Higgs boson can be
discovered for MH<98 GeV @3# (As5192 GeV!. For larger
masses the CERN Large Hadron Collider ~LHC! to be built
at CERN, is the most promising discovery machine. There,
the Higgs boson search is usually split into three Higgs bo-
son mass regions @4–6#

~ i! 90 GeV,MH,130 GeV,

~ ii! 130 GeV,MH,2MZ0, ~1.1!

~ iii! 2MZ0,MH,800 GeV.

For the mass regions ~i! and ~iii!, Higgs boson detection with
large significance is possible by the observation of narrow
mass peaks using the decays H!gg and
H!Z0Z0!2l 12l 2 respectively @4–6#. For most of the
mass region ~ii! previous experimental studies, assuming ex-

cellent energy and momentum measurements of electrons
and muons, have obtained promising mass peaks from the
channel H!Z0Z*0!2l 12l 2, despite the low branching
ratios @4–6#. However, the mass range between '155 and
180 GeV remains especially difficult to detect because the
Higgs boson decays almost exclusively to a pair of on shell
W6’s @4–8#. Consequently, a large integrated luminosity of
about 100 fb21 is required for the Higgs detection using this
four-charged-lepton signature.
In this work we focus exclusively on the hitherto difficult

mass region ~ii! with

155 GeV,MH,180 GeV. ~1.2!

We show that despite the absence of a narrow mass peak the
decay

H!W1W2!~ l 1n!~ l 82n̄ !,

l ,l 85e ,m ,t~!l nn̄!, ~1.3!

provides a straightforward discovery channel, especially in
this mass range.

II. H˜W1W2˜„l 1n…„l 82n̄…

The Higgs decay to two W bosons as well as the branch-
ing ratio, was first calculated in Ref. @9# at the tree level. The
one-loop result was obtained shortly thereafter @10#. In the
mass range ~1.2! the Higgs decay to two W6 bosons is domi-
nant with a branching ratio close to unity. For W6 and Z0
boson decays, isolated high pt electrons and muons are typi-
cally clean and detectable signs of events. Despite the larger
branching ratios, the identification of W6 and Z0 using the
decays into jets is difficult to distinguish from the abundant
jet background at the LHC even if one (W ,Z) decays lep-
tonically @11#. We therefore consider only the leptonic final
states,
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• Our idea: at LEP use the decay 

Abel, Dittmar and Dreiner (1992)

<latexit sha1_base64="BvdbWjc9P8aIVEQnGbypRtVDO2Y="></latexit>

Z0 �! ⌧+ + ⌧� �! (⇡+ + ⌫̄⌧ ) + (⇡� + ⌫⌧ )

tau-spins are correlated self analyzing weak decay 
of tau, pion momentum 
correlated with tau spin

• Consider:
<latexit sha1_base64="mov67/dnRQ9gO94EoO+ysUqY0qU=">AAACC3icdVDLSgMxFM3UV62vUZduQotQUcukSB+4KbhxOYJ9QFuHTJq2oZkHSUYoQ8GlG3/FjQtF3PoD7vwbM22FKnrgwsk595J7jxtyJpVlfRqppeWV1bX0emZjc2t7x9zda8ggEoTWScAD0XKxpJz5tK6Y4rQVCoo9l9OmO7pI/OYtFZIF/rUah7Tr4YHP+oxgpSXHzNr5zhArGDpxJ2Q3p5MTuPg+nhydO2bOKliWhRCCCUHlkqVJtVopogpEiaWRA3PYjvnR6QUk8qivCMdStpEVqm6MhWKE00mmE0kaYjLCA9rW1Mceld14essEHmqlB/uB0OUrOFUXJ2LsSTn2XN3pYTWUv71E/MtrR6pf6cbMDyNFfTL7qB9xqAKYBAN7TFCi+FgTTATTu0IyxAITpePL6BC+L4X/k0axgEqF0tVZrmbfzeJIgwOQBXmAQBnUwCWwQR0QcA8ewTN4MR6MJ+PVeJu1pox5hPvgB4z3L1UQmnQ=</latexit>

P (p̂⇡� , p̂⇡+);
<latexit sha1_base64="ftRP9Le4/OIWRlta6kgK1uh/EHI="></latexit>

p̂⇡± unit ⇡± momenta in ⌧± rest frame



• Compute in SM:
<latexit sha1_base64="301ku+Xpw9TUV+rMX8rlu9HtL44="></latexit>

d�

d cos ✓⇡⇡
(e+e� ! ⇡+⇡�⌫⌧ ⌫̄⌧ ) = A(1� 1

3
cos ✓⇡⇡)

<latexit sha1_base64="8R2Vs2TKP+QjjnAU4oV6qrKh4mA="></latexit>

PQM(cos ✓⇡⇡) =
d�/d cos ✓⇡⇡(e+e� ! ⇡+⇡�⌫⌧ ⌫̄⌧ )

�(e+e� ! ⇡+⇡�⌫⌧ ⌫̄⌧ )
<latexit sha1_base64="tT3VT4EvfwUSgojHcmUksDDH9FU="></latexit>

=
1

2
(1� 1

3
cos ✓⇡⇡)

• Insert into Bell’s inequality: satisfies it for all angles!!!

avg over Z-pol’s



<latexit sha1_base64="0Zy52RF+KZxQsIlt/mR2QX/jRUw="></latexit>

1 + P (cos ✓ac) � |P (cos ✓ab)� P (cos ✓bc)|

<latexit sha1_base64="RBYsUKsE9wtMEfMrovlBandby5E="></latexit>

1 +
1

2
(1� 1

3
cos ✓ac) � |� 1

6
cos ✓ab +

1

6
cos ✓bc|

<latexit sha1_base64="/t72OAg97YCcUUnIDWLzpM9QM30="></latexit>

9→ cos ωac ↑ | cos ωab → cos ωbc|



Recall the Logic

• All LHVT’s satisfy Bell’s inequality

• QM can or can not satisfy Bell’s inequality

• The art is to find a setup where QM violates Bell’s inequality

non(Bell’s inequality)  —>  non(LHVT)

LHVT  —>  Bell’s inequality 



Why does it fail as a test of locality, 
despite anti-correlated spins?

• Simple answer: in decay <latexit sha1_base64="Ass2MhqNH6N5XA94Tdl2lQjlXZA=">AAACA3icdZDLSgMxGIUzXmu9jbrTTbAIglgmRXrZFdy4rGAv0BmHTJq2oZnMkGSEMhS68VXcuFDErS/hzrcx01ZQ0R8CH+f8ITkniDlT2nE+rKXlldW19dxGfnNre2fX3ttvqSiRhDZJxCPZCbCinAna1Exz2oklxWHAaTsYXWZ++45KxSJxo8cx9UI8EKzPCNZG8u1DV+Pk9hy6OoJuzAyduSLxM9W3C07RcRyEEMwAVcqOgVqtWkJViDLLTAEspuHb724vIklIhSYcK9VFTqy9FEvNCKeTvJsoGmMywgPaNShwSJWXzjJM4IlRerAfSXOEhjP1+40Uh0qNw8BshlgP1W8vE//yuonuV72UiTjRVJD5Q/2EQxM4KwT2mKRE87EBTCQzf4VkiCUm2tSWNyV8JYX/Q6tUROVi+fqiUG9M53XkwBE4BqcAgQqogyvQAE1AwBQ8gCfwbN1bj9aL9TpfXbIWFR6AH2O9fQLSoJd9</latexit>

⌧� ! ⇡� + ⌫⌧ only measure   -helicity<latexit sha1_base64="qLSiU/mj+hJOGSBfMRqRVMme1s8=">AAAB63icdVDLSgMxFL3js9ZX1aWbYBFclUmRPnYFNy4r2Ae0Q8mkaRuaZIYkI5Sh4Be4caGIW3/InX9jpq2gogcuHM65l3vvCWPBjfX9D29tfWNzazu3k9/d2z84LBwdt02UaMpaNBKR7obEMMEVa1luBevGmhEZCtYJp1eZ37lj2vBI3dpZzAJJxoqPOCU2k/qWJINC0S/5vo8xRhnB1YrvSL1eK+MawpnlUIQVmoPCe38Y0UQyZakgxvSwH9sgJdpyKtg8308MiwmdkjHrOaqIZCZIF7fO0blThmgUaVfKooX6fSIl0piZDF2nJHZifnuZ+JfXS+yoFqRcxYllii4XjRKBbISyx9GQa0atmDlCqObuVkQnRBNqXTx5F8LXp+h/0i6XcKVUubksNpr3yzhycApncAEYqtCAa2hCCyhM4AGe4NmT3qP34r0uW9e8VYQn8APe2yeb648X</latexit>⌧

• According to Bell’s analysis should be able to reproduce experiment 
with LHVT

• This is in fact the case!

• This is just one component of spin: 
<latexit sha1_base64="Hcxtr0TM18WCwy0vzl7TucunAXk=">AAAB+HicdZDLSgMxGIUz9VbrpaMu3QSLUDdlUqSXXcGNy4r2Ap1hyKSZNjRzIckU2qHge7hxoYhbH8Wdb2OmraCiBwIf5/whf44XcyaVZX0YuY3Nre2d/G5hb//gsGgeHXdllAhCOyTikeh7WFLOQtpRTHHajwXFgcdpz5tcZXlvSoVkUXinZjF1AjwKmc8IVtpyzWLZnlICb11b4eTCnbtmyapYloUQghmges3S0Gw2qqgBURZplcBabdd8t4cRSQIaKsKxlANkxcpJsVCMcLoo2ImkMSYTPKIDjSEOqHTS5eILeK6dIfQjoU+o4NL9fiPFgZSzwNOTAVZj+TvLzL+yQaL8hpOyME4UDcnqIT/hUEUwawEOmaBE8ZkGTATTu0IyxgITpbsq6BK+fgr/h261gmqV2s1lqdW+X9WRB6fgDJQBAnXQAtegDTqAgAQ8gCfwbMyNR+PFeF2N5ox1hSfgh4y3Tzp5k0w=</latexit>

(~S⌧ )z
<latexit sha1_base64="pv8MzseB20hgUGsjK7f4dm75xI8="></latexit>

P (S+
z =", S�

z =") parallel
<latexit sha1_base64="mJ6/qKjzbvcklfw07iH2tcJaeQ0="></latexit>

P (S+
z =", S�

z =#) anti-parallel



• Consider

• Now let the hidden variables for each     be a set of unit vectors<latexit sha1_base64="qLSiU/mj+hJOGSBfMRqRVMme1s8=">AAAB63icdVDLSgMxFL3js9ZX1aWbYBFclUmRPnYFNy4r2Ae0Q8mkaRuaZIYkI5Sh4Be4caGIW3/InX9jpq2gogcuHM65l3vvCWPBjfX9D29tfWNzazu3k9/d2z84LBwdt02UaMpaNBKR7obEMMEVa1luBevGmhEZCtYJp1eZ37lj2vBI3dpZzAJJxoqPOCU2k/qWJINC0S/5vo8xRhnB1YrvSL1eK+MawpnlUIQVmoPCe38Y0UQyZakgxvSwH9sgJdpyKtg8308MiwmdkjHrOaqIZCZIF7fO0blThmgUaVfKooX6fSIl0piZDF2nJHZifnuZ+JfXS+yoFqRcxYllii4XjRKBbISyx9GQa0atmDlCqObuVkQnRBNqXTx5F8LXp+h/0i6XcKVUubksNpr3yzhycApncAEYqtCAa2hCCyhM4AGe4NmT3qP34r0uW9e8VYQn8APe2yeb648X</latexit>⌧

SM diff. X-Section

• If tau decays as 
<latexit sha1_base64="94KJCfqwOc4mDMWcscqB9Z74gBY="></latexit>

⌧� ! ⇡� + ⌫⌧ then �̂⇡ tells it to decay such that
<latexit sha1_base64="iU4Ej9n24HsfDHQnMpNd/szSMW0=">AAACBnicdVDLSgMxFM34rPU16lKEYBFclUmRPhZCwY3LCvYBnWHIZNI2NDMTkoxQhoLgxl9x40IRt36DO//GTFtBRQ9cODnnXnLvCQRnSjvOh7W0vLK6tl7YKG5ube/s2nv7HZWkktA2SXgiewFWlLOYtjXTnPaEpDgKOO0G44vc795QqVgSX+uJoF6EhzEbMIK1kXz7CLojrKHwXcHO4ezhcjMe4lzx7ZJTdhwHIQRzgmpVx5BGo15BdYhyy6AEFmj59rsbJiSNaKwJx0r1kSO0l2GpGeF0WnRTRQUmYzykfUNjHFHlZbMzpvDEKCEcJNJUrOFM/T6R4UipSRSYzgjrkfrt5eJfXj/Vg7qXsVikmsZk/tEg5VAnMM8EhkxSovnEEEwkM7tCMsISE22SK5oQvi6F/5NOpYyq5erVWanZup3HUQCH4BicAgRqoAkuQQu0AQF34AE8gWfr3nq0XqzXeeuStYjwAPyA9fYJSSyY4A==</latexit>

p̂⇡ = �̂⇡

• Let
<latexit sha1_base64="XdmlrN2S4LDR1x0zhRgEgCKLiFI="></latexit>

F (�̂⇡+ , �̂⇡�) be original prob. distribution of hidden variables

<latexit sha1_base64="KUThT/6kNpjyhPgLdlodiK+FvwE="></latexit>

d�

d cos ✓⇡⇡
(e+e� ! ⇡+⇡�⌫⌧ ⌫̄⌧ ) = f(p̂⇡+ , p̂⇡�)

<latexit sha1_base64="1JuaF8VdC0YDYwyCXFKJ5ZL096M="></latexit>

{ω̂e, ω̂µ, ω̂ω, ω̂ε, ...}



• Identify
<latexit sha1_base64="jHtCW2r1tiOEe/3VptFPF5XGu1E="></latexit>

F (�̂⇡+ , �̂⇡�) = f(�̂⇡+ , �̂⇡�)

• Have an LHVT which exactly reproduces all experimental results

<latexit sha1_base64="lICsiBhYptYV31ckZM2sb3n2IO8="></latexit>

(=
d�

d⌦+d⌦�
)

• Essential that
<latexit sha1_base64="ISjl0T5o8UbSsqkjcU80SI7JTXs="></latexit>

[(p̂⇡+)i, (p̂⇡�)j ] = 0
<latexit sha1_base64="P7F5ycSL1J8trpr4UXpfhiEt9Aw="></latexit>

[(p̂⇡±)i, (p̂⇡±)j ] = 0

• Only then does QM provide the function
<latexit sha1_base64="lQhC8CPhP9mZiQTZbSnG6WlvDBU="></latexit>

f(�̂⇡+ , �̂⇡�)

• For non-commuting spins (2 photon case), 
QM does not provide function

<latexit sha1_base64="T7H3WfVjwXFLHpqsl2AOfnpbBDA=">AAACAHicdZDLSgMxGIUz9VbrrerChZtgESqUMinSy67gxmWl9gLtdMhkMm1o5kKSEUspiK/ixoUibn0Md76NmbaCih4IfJzzh+Q/TsSZVKb5YaRWVtfWN9Kbma3tnd297P5BW4axILRFQh6KroMl5SygLcUUp91IUOw7nHac8UWSd26okCwMrtUkopaPhwHzGMFKW3b2CHr5pn07YIXmgNmTQp+7oZJn0M7mzKJpmgghmACqlE0NtVq1hKoQJZFWDizVsLPvfTcksU8DRTiWsofMSFlTLBQjnM4y/VjSCJMxHtKexgD7VFrT+QIzeKodF3qh0CdQcO5+vzHFvpQT39GTPlYj+TtLzL+yXqy8qjVlQRQrGpDFQ17MoQph0gZ0maBE8YkGTATTf4VkhAUmSneW0SV8bQr/h3apiMrF8tV5rt64W9SRBsfgBOQBAhVQB5egAVqAgBl4AE/g2bg3Ho0X43UxmjKWFR6CHzLePgFSBpYU</latexit>

f(Si
x, S

i
y, . . .)

<latexit sha1_base64="ST9tIUNKHrtDTbxEnlVKlqSPrwA=">AAAB83icdVDJSgNBEK2JW4xb1KOXxiB4kNAtkuUW8OIxglkgGUJPpydp07PQ3SOEIeBXePGgiFd/xpt/Y08SQUUfFDzeq6KqnhdLoQ3GH05uZXVtfSO/Wdja3tndK+4ftHWUKMZbLJKR6npUcylC3jLCSN6NFaeBJ3nHm1xmfueOKy2i8MZMY+4GdBQKXzBqrNTv+5GiUiJxdlsYFEu4jDEmhKCMkGoFW1Kv185JDZHMsijBEs1B8b0/jFgS8NAwSbXuERwbN6XKCCb5rNBPNI8pm9AR71ka0oBrN53fPEMnVhkiu95WaNBc/T6R0kDraeDZzoCasf7tZeJfXi8xfs1NRRgnhodsschPJDIRygJAQ6E4M3JqCWVK2FsRG1NFmbExZSF8fYr+J+3zMqmUK9cXpUbzfhFHHo7gGE6BQBUacAVNaAGDGB7gCZ6dxHl0XpzXRWvOWUZ4CD/gvH0CcoyRxg==</latexit>

8i, j

!



Main Statement — Theorem

For all experiments where the correlated observables 
commute we can construct an LHVT using the QM 
function, which exactly reproduces the data.

In collider experiments we measure 4-momenta. These all 
commute. Ergo: all results can be reproduced by an LHVT.



A Word on Logic: entanglement vs local realism

SourceA B
<latexit sha1_base64="YvqyO6RYGdrscCm/1l+s6xoRP1g=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8BLx4jmAckS5idzCZjZmeWmV4hhICf4MWDIl79H2/+jZPHQRMLGoqqbrq7olQKi77/7eXW1jc2t/LbhZ3dvf2D4uFRw+rMMF5nWmrTiqjlUiheR4GSt1LDaRJJ3oyGN1O/+ciNFVrd4yjlYUL7SsSCUXRSo4MDjrRbLPllfwaySoIFKcECtW7xq9PTLEu4Qiapte3ATzEcU4OCST4pdDLLU8qGtM/bjiqacBuOZ9dOyJlTeiTWxpVCMlN/T4xpYu0oiVxnQnFgl72p+J/XzjC+DsdCpRlyxeaL4kwS1GT6OukJwxnKkSOUGeFuJWxADWXoAiq4EILll1dJ46IcVMqVu8tStfY0jyMPJ3AK5xDAFVThFmpQBwYP8Ayv8OZp78V79z7mrTlvEeEx/IH3+QPRv4/B</latexit>

✓
½½

<latexit sha1_base64="mzLVkfiMK3L5rrwbjNaozHMD9CI="></latexit>

| i = 1p
2
(| ", #i � | #, "i)

SourceA B
<latexit sha1_base64="YvqyO6RYGdrscCm/1l+s6xoRP1g=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8BLx4jmAckS5idzCZjZmeWmV4hhICf4MWDIl79H2/+jZPHQRMLGoqqbrq7olQKi77/7eXW1jc2t/LbhZ3dvf2D4uFRw+rMMF5nWmrTiqjlUiheR4GSt1LDaRJJ3oyGN1O/+ciNFVrd4yjlYUL7SsSCUXRSo4MDjrRbLPllfwaySoIFKcECtW7xq9PTLEu4Qiapte3ATzEcU4OCST4pdDLLU8qGtM/bjiqacBuOZ9dOyJlTeiTWxpVCMlN/T4xpYu0oiVxnQnFgl72p+J/XzjC+DsdCpRlyxeaL4kwS1GT6OukJwxnKkSOUGeFuJWxADWXoAiq4EILll1dJ46IcVMqVu8tStfY0jyMPJ3AK5xDAFVThFmpQBwYP8Ayv8OZp78V79z7mrTlvEeEx/IH3+QPRv4/B</latexit>

✓
½½

<latexit sha1_base64="AqXlELnYwVeDVkqod3NdrMpNKLo=">AAAB+XicdZDLSgMxGIUz9VbrbdSlm2ARXJWkSC+7ghuXFewFOqVk0kwbmskMSaZSxoIP4saFIm59E3e+jZm2gooeCHyc84f8OX4suDYIfTi5tfWNza38dmFnd2//wD08ausoUZS1aCQi1fWJZoJL1jLcCNaNFSOhL1jHn1xmeWfKlOaRvDGzmPVDMpI84JQYaw1c985LYqJUdOspIkeCDdwiKiGEMMYwA1ytIAv1eq2MaxBnkVURrNQcuO/eMKJJyKShgmjdwyg2/ZQow6lg84KXaBYTOiEj1rMoSch0P11sPodn1hnCIFL2SAMX7vcbKQm1noW+nQyJGevfWWb+lfUSE9T6KZdxYpiky4eCREATwawGOOSKUSNmFghV3O4K6ZgoQo0tq2BL+Pop/B/a5RKulCrXF8VG835ZRx6cgFNwDjCogga4Ak3QAhRMwQN4As9O6jw6L87rcjTnrCo8Bj/kvH0Ct5GU1w==</latexit>

| "i
<latexit sha1_base64="xE3dEOiF8OG17/lsY+CfqWETAhE=">AAAB+3icdVDLSgMxFM3UV62vsS7dBIvgqiRF+tgV3LisYB/QlpJJM21oJjMkGWsZC36JGxeKuPVH3Pk3ZtoKKnrgwuGce29ujhcJrg1CH05mbX1jcyu7ndvZ3ds/cA/zLR3GirImDUWoOh7RTHDJmoYbwTqRYiTwBGt7k4vUb98wpXkor80sYv2AjCT3OSXGSgM3f9cbhlNJlAqnPUXkSLCBW0BFhBDGGKYEV8rIklqtWsJViFPLogBWaAzcd7uDxgGThgqidRejyPQTogyngs1zvViziNAJGbGupZIETPeTxe1zeGqVIfRDZUsauFC/TyQk0HoWeLYzIGasf3up+JfXjY1f7SdcRrFhki4f8mMBTQjTIOCQK0aNmFlCqOL2VkjHRBFqbFw5G8LXT+H/pFUq4nKxfHVeqDful3FkwTE4AWcAgwqog0vQAE1AwS14AE/g2Zk7j86L87pszTirCI/ADzhvn09flb4=</latexit>

| #i



•  You can describe the data exactly with an LHVT, i.e. with 
a non-entangled state!

•  So: you are NOT testing locality, at all!

•  Thus you have simply chosen a poor set-up to test locality.

•  You are also NOT testing entanglement!



Where our Paper was purposely(?) misunderstood
• Can show on general symmetry grounds that QM expectation 

value must have form (s-wave plus p-wave)
<latexit sha1_base64="TNLMmI0PXIf8v1kZicogATMhwBg="></latexit>

P⇡⇡(✓) = c1 + c2h(p̂⇡+ · �⌧+)(p̂⇡� · �⌧�)iQM

<latexit sha1_base64="uP0Asr/1QSLgiXdH55K5SQq+WSA=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiB4Ct1BstwCXjxGMQskQ+jp6Uma9Cx09wgh5A+8eFDEqz/iN3jzb+xJIqjog4LHe1VU1fMSKbTB+MPJra1vbG7ltws7u3v7B8XDo46OU8V4m8UyVj2Pai5FxNtGGMl7ieI09CTvepPLzO/ecaVFHN2aacLdkI4iEQhGjZVuBvNhsYTLGGNCCMoIqVWxJY1GvULqiGSWRQlWaA2L7wM/ZmnII8Mk1bpPcGLcGVVGMMnnhUGqeULZhI5439KIhly7s8Wlc3RmFR8FsbIVGbRQv0/MaKj1NPRsZ0jNWP/2MvEvr5+aoO7ORJSkhkdsuShIJTIxyt5GvlCcGTm1hDIl7K2IjamizNhwCjaEr0/R/6RTKZNquXp9UWr6b8s48nACp3AOBGrQhCtoQRsYBHAPj/DkTJwH59l5WbbmnFWEx/ADzusnMl2Oig==</latexit>

}
QM expectation value to observe to      spin in the       direction 
and the      spin in the       direction 

<latexit sha1_base64="s6Uk8TVMN0SRRRUd8BZt6F0Q690=">AAAB7XicdVDLSgMxFM3UV62vqks3wSIIQkmK9LEruHFZwT6gHUsmzbSxmWRIMkIpBT/BjQtF3Po/7vwbM20FFT1w4XDOvdx7TxALbixCH15mZXVtfSO7mdva3tndy+8ftIxKNGVNqoTSnYAYJrhkTcutYJ1YMxIFgrWD8UXqt++YNlzJazuJmR+RoeQhp8Q6qdWzJLk56+cLqIgQwhjDlOBKGTlSq1VLuApxajkUwBKNfv69N1A0iZi0VBBjuhjF1p8SbTkVbJbrJYbFhI7JkHUdlSRixp/Or53BE6cMYKi0K2nhXP0+MSWRMZMocJ0RsSPz20vFv7xuYsOqP+UyTiyTdLEoTAS0CqavwwHXjFoxcYRQzd2tkI6IJtS6gHIuhK9P4f+kVSricrF8dV6oN+4XcWTBETgGpwCDCqiDS9AATUDBLXgAT+DZU96j9+K9Lloz3jLCQ/AD3tsnuR6PtA==</latexit>

⌧+
<latexit sha1_base64="aqkBykd2tEV0YOrDfi948l72mC0=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4sSRF+tgV3LisYB/QjiWTZtrYTDIkGaGUgp/gxoUibv0fd/6NmbaCih64cDjnXu69J4gFNxahDy+zsrq2vpHdzG1t7+zu5fcPWkYlmrImVULpTkAME1yypuVWsE6sGYkCwdrB+CL123dMG67ktZ3EzI/IUPKQU2Kd1OpZktyc9fMFVEQIYYxhSnCljByp1aolXIU4tRwKYIlGP//eGyiaRExaKogxXYxi60+JtpwKNsv1EsNiQsdkyLqOShIx40/n187giVMGMFTalbRwrn6fmJLImEkUuM6I2JH57aXiX143sWHVn3IZJ5ZJulgUJgJaBdPX4YBrRq2YOEKo5u5WSEdEE2pdQDkXwten8H/SKhVxuVi+Oi/UG/eLOLLgCByDU4BBBdTBJWiAJqDgFjyAJ/DsKe/Re/FeF60ZbxnhIfgB7+0TvCaPtg==</latexit>

⌧�

<latexit sha1_base64="2YhrxONMwKiXFwfeM2VqMyKccII=">AAAB9XicdZDLSgMxGIUzXmu9VV26CRZBEMqkSC+7ghuXFewFOtOSSTNtaCYTkoxShoKP4caFIm59F3e+jZm2gooeCHyc84f8OYHkTBvX/XBWVtfWNzZzW/ntnd29/cLBYVvHiSK0RWIeq26ANeVM0JZhhtOuVBRHAaedYHKZ5Z1bqjSLxY2ZSupHeCRYyAg21up7Y2ygHKSeZP3z2aBQdEuu6yKEYAaoWnEt1Ou1MqpBlEVWRbBUc1B494YxSSIqDOFY6x5ypfFTrAwjnM7yXqKpxGSCR7RnUeCIaj+dbz2Dp9YZwjBW9ggD5+73GymOtJ5GgZ2MsBnr31lm/pX1EhPW/JQJmRgqyOKhMOHQxDCrAA6ZosTwqQVMFLO7QjLGChNji8rbEr5+Cv+HdrmEKqXK9UWx0bxf1JEDx+AEnAEEqqABrkATtAABCjyAJ/Ds3DmPzovzuhhdcZYVHoEfct4+AZ/dkxM=</latexit>

p̂⇡+
<latexit sha1_base64="f7pJJnWdXZrNBy0U6f9TaiCeXbs=">AAAB9XicdZDLSgMxGIUzXmu9VV26CRbBjWVSpJddwY3LCvYCnWnJpJk2NJMJSUYpQ8HHcONCEbe+izvfxkxbQUUPBD7O+UP+nEBypo3rfjgrq2vrG5u5rfz2zu7efuHgsK3jRBHaIjGPVTfAmnImaMsww2lXKoqjgNNOMLnM8s4tVZrF4sZMJfUjPBIsZAQba/W9MTZQDlJPsv75bFAouiXXdRFCMANUrbgW6vVaGdUgyiKrIliqOSi8e8OYJBEVhnCsdQ+50vgpVoYRTmd5L9FUYjLBI9qzKHBEtZ/Ot57BU+sMYRgre4SBc/f7jRRHWk+jwE5G2Iz17ywz/8p6iQlrfsqETAwVZPFQmHBoYphVAIdMUWL41AImitldIRljhYmxReVtCV8/hf9Du1xClVLl+qLYaN4v6siBY3ACzgACVdAAV6AJWoAABR7AE3h27pxH58V5XYyuOMsKj8APOW+foueTFQ==</latexit>

p̂⇡�

<latexit sha1_base64="3wvx/SDUrHLREW8hmTVal5YhMO4="></latexit>

P�⌧�⌧ (✓) = h(~a · �⌧+)(~b · �⌧�)iQM

<latexit sha1_base64="qJH8lqiw6WMOg1/PG+ECbCikoVQ="></latexit>

P�⌧�⌧ (✓) =
P⇡⇡(✓)� c1

c2
= � cos ✓(     )

which violates 
Bell’s inequality

but: SO WHAT?!?!

math. construction



• In deriving Eq.(     ) I have made blatant use of QM. Thus I am 
assuming QM … to “test” QM? - No, I am not even testing QM. 
I am not testing anything.

• Yes, you are testing an unknown subclass of LHVT’s, but you are 
doing this also if you drop 2 watermelons from the tower of Pisa.

• In our paper the computation of Eq.(    ) was just to illustrate what 
people were doing. 

• It is a meaningless function which happens to mathematically 
violate Bell’s inequality. It makes NO statement about LOCALITY.

(or entanglement!)



• In our paper, we conclude by saying: “It is the second cornerstone 
in our claim that it is not possible to test the completeness of 
QM in a collider experiment.”

• The first cornerstone was the direct proof that Bell’s inequality 
is NOT violated.

• The statement: “this is not a general test of locality via Bell’s 
inequality” is logically true but highly misleading as it is NO test of 
locality. The data is described by a local theory!

• The data is described by a non-entangled state. You are 
NOT testing entanglement



Examples at the LHC from the Recent Literature
<latexit sha1_base64="0rpDYSwW9n0BFae1rinF3vk4U/c="></latexit>

gg ! H
0 ! W

+
W

�
, W

+ ! `
+ + ⌫`

<latexit sha1_base64="mmw5eiSeTmcsSRAIPd2Sv1gAvs4="></latexit>

gg ! H
0 ! Z

0
Z

0
, Z

0 ! `
+ + `

�

• In all cases measure final state momenta, i.e. can write an 
LHVT reproducing the data using the SM diff. X-section.

<latexit sha1_base64="PSzPN9PlrBQUD08ZcnW7MxllREg="></latexit>

gg, qq̄ ! ⌧+⌧� , ⌧± ! ⇡± + ⌫⌧

<latexit sha1_base64="qXkJH/oPIxdV27gby3VY+vn363o="></latexit>

gg, qq̄ ! tt̄ , t ! W+ + b
<latexit sha1_base64="qJEh2KMRLX9MEtsdBKMLV2QNF+E=">AAACCXicdZBNS8MwHMZTX+d8q3r0EhzCZDDaIXW7Dbx4nOBeYK0lzdItLE1LkgqjDDx58at48aCIV7+BN7+N6TZBRf8Q+PE8/5A8T5AwKpVlfRhLyyura+uFjeLm1vbOrrm335FxKjBp45jFohcgSRjlpK2oYqSXCIKigJFuMD7P/e4NEZLG/EpNEuJFaMhpSDFSWvJNqFwVw+51pRJoKLuEMc0uT/0cTyqBb5asqqXHcWAOdt2yNTQa9VqtAe2ZZVklsJiWb767gxinEeEKMyRl37YS5WVIKIoZmRbdVJIE4TEakr5GjiIivWyWZAqPtTKAYSz04QrO1O83MhRJOYkCvRkhNZK/vVz8y+unKqx7GeVJqgjH84fClEEdPq8FDqggWLGJBoQF1X+FeIQEwkqXV9QlfCWF/0OnVrWdqnN5Wmq2bud1FMAhOAJlYIMz0AQXoAXaAIM78ACewLNxbzwaL8brfHXJWFR4AH6M8fYJ0sSZog==</latexit>

t → W+ + b → (ω+ + εω) + b



Examples at the LHC from the Recent Literature
<latexit sha1_base64="0rpDYSwW9n0BFae1rinF3vk4U/c="></latexit>

gg ! H
0 ! W

+
W

�
, W

+ ! `
+ + ⌫`

<latexit sha1_base64="mmw5eiSeTmcsSRAIPd2Sv1gAvs4="></latexit>

gg ! H
0 ! Z

0
Z

0
, Z

0 ! `
+ + `

�

<latexit sha1_base64="qXkJH/oPIxdV27gby3VY+vn363o="></latexit>

gg, qq̄ ! tt̄ , t ! W+ + b

• In all cases measure final state momenta, i.e. can write an 
LHVT reproducing the data using the SM diff. X-section.

<latexit sha1_base64="PSzPN9PlrBQUD08ZcnW7MxllREg="></latexit>

gg, qq̄ ! ⌧+⌧� , ⌧± ! ⇡± + ⌫⌧

<latexit sha1_base64="qJEh2KMRLX9MEtsdBKMLV2QNF+E=">AAACCXicdZBNS8MwHMZTX+d8q3r0EhzCZDDaIXW7Dbx4nOBeYK0lzdItLE1LkgqjDDx58at48aCIV7+BN7+N6TZBRf8Q+PE8/5A8T5AwKpVlfRhLyyura+uFjeLm1vbOrrm335FxKjBp45jFohcgSRjlpK2oYqSXCIKigJFuMD7P/e4NEZLG/EpNEuJFaMhpSDFSWvJNqFwVw+51pRJoKLuEMc0uT/0cTyqBb5asqqXHcWAOdt2yNTQa9VqtAe2ZZVklsJiWb767gxinEeEKMyRl37YS5WVIKIoZmRbdVJIE4TEakr5GjiIivWyWZAqPtTKAYSz04QrO1O83MhRJOYkCvRkhNZK/vVz8y+unKqx7GeVJqgjH84fClEEdPq8FDqggWLGJBoQF1X+FeIQEwkqXV9QlfCWF/0OnVrWdqnN5Wmq2bud1FMAhOAJlYIMz0AQXoAXaAIM78ACewLNxbzwaL8brfHXJWFR4AH6M8fYJ0sSZog==</latexit>

t → W+ + b → (ω+ + εω) + b
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•     -production at LHC, with:
<latexit sha1_base64="k+ePBVGoP7Tc6+2AzRjIm0qxk+M=">AAAB7nicdVBNSwMxEM3Wr1q/qh69BIvgqWSLrO2t4MWDhwr2A9qlZNNsG5rNLsmsUJb+CC8eFPHq7/HmvzHbVlDRBwOP92aYmRckUhgg5MMprK1vbG4Vt0s7u3v7B+XDo46JU814m8Uy1r2AGi6F4m0QIHkv0ZxGgeTdYHqV+917ro2I1R3MEu5HdKxEKBgFK3VhEFCNYViukCqx8DycE7dOXEsajXqt1sDuwiKkglZoDcvvg1HM0ogrYJIa03dJAn5GNQgm+bw0SA1PKJvSMe9bqmjEjZ8tzp3jM6uMcBhrWwrwQv0+kdHImFkU2M6IwsT89nLxL6+fQlj3M6GSFLhiy0VhKjHEOP8dj4TmDOTMEsq0sLdiNqGaMrAJlWwIX5/i/0mnVnW9qnd7UWnerOIoohN0is6Riy5RE12jFmojhqboAT2hZydxHp0X53XZWnBWM8foB5y3T2QKj6s=</latexit>

tt̄
<latexit sha1_base64="Y/gajJrs+wzH3nq8gIC5TW9vvR8=">AAAB/XicdZDLSgMxFIYz9Vbrbbzs3ASLIAglU2RsdwU3LivYC3TGIZOmbWgmMyQZoQ7FV3HjQhG3voc738ZMW0FFDwQ+/v8ccs4fJpwpjdCHVVhaXlldK66XNja3tnfs3b22ilNJaIvEPJbdECvKmaAtzTSn3URSHIWcdsLxRe53bqlULBbXepJQP8JDwQaMYG2kwD7Qno5h6FHOb049kQY5BXYZVZAp14U5ODXkGKjXa9VqHTozC6EyWFQzsN+9fkzSiApNOFaq56BE+xmWmhFOpyUvVTTBZIyHtGdQ4IgqP5ttP4XHRunDQSzNExrO1O8TGY6UmkSh6YywHqnfXi7+5fVSPaj5GRNJqqkg848GKYfm4DwK2GeSEs0nBjCRzOwKyQhLTLQJrGRC+LoU/g/tasVxK+7VWbnRXMRRBIfgCJwAB5yDBrgETdACBNyBB/AEnq1769F6sV7nrQVrMbMPfpT19gmBFpVX</latexit>

t ! b`+⌫`
<latexit sha1_base64="fdh+3VqbXEWCmmvY3onpudSKZh0=">AAACC3icdZBNS8MwGMfT+TbnW9Wjl7AheHG0Q+p2G3jxOMG9wFpLmqVbWJqWJBVG2d2LX8WLB0W8+gW8+W1Muwkq+kDgl///eUief5AwKpVlfRilldW19Y3yZmVre2d3z9w/6Mk4FZh0ccxiMQiQJIxy0lVUMTJIBEFRwEg/mF7kfv+WCEljfq1mCfEiNOY0pBgpLflm1Q2QgMpVMSwocAljN6c5uzz185tv1qy6pctxYA5207I1tFrNRqMF7cKyrBpYVsc3391RjNOIcIUZknJoW4nyMiQUxYzMK24qSYLwFI3JUCNHEZFeVuwyh8daGcEwFvpwBQv1+0SGIilnUaA7I6Qm8reXi395w1SFTS+jPEkV4XjxUJgyqDfPg4EjKghWbKYBYUH1XyGeIIGw0vFVdAhfm8L/odeo207duTqrtTvLOMrgCFTBCbDBOWiDS9ABXYDBHXgAT+DZuDcejRfjddFaMpYzh+BHGW+fkAya2A==</latexit>

t̄ ! b̄`�⌫̄`

• Spin density Matrix:

(correlated) top spins

• Parametrization of the experimental final state:

<latexit sha1_base64="ruygVoAedNVnkYQ2spJLRVS+goQ="></latexit>

(4ω)2
1

ε

dε

d!+d!→
= 1 +B+ · q̂+ →B→ · q̂→ → q̂+C · q̂+

unit lepton momenta

,
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• Spin density matrix:
<latexit sha1_base64="U9vm81bX+mhIfWDzH3hldFiKGj4="></latexit>

D ⌘ 1

3
Tr[C]• ``entanglement identifier”:

<latexit sha1_base64="/cYGWLus9eVTmQ90kU0pREJM23s=">AAAB+XicdZBNS8MwHMZTX+d8q3r0EhyCF0c6pW7gYaAHjxPcC2xlpFm6haVpSdLBKAU/iBcPinj1m3jz25huE1T0gcDD8/xD/vn5MWdKI/RhLS2vrK6tFzaKm1vbO7v23n5LRYkktEkiHsmOjxXlTNCmZprTTiwpDn1O2/74Ku/bEyoVi8SdnsbUC/FQsIARrE3Ut+1reAlPe4HEJHWy9Czr2yVURkauC3PjVJFjTK1WrVRq0JlVCJXAQo2+/d4bRCQJqdCEY6W6Doq1l2KpGeE0K/YSRWNMxnhIu8YKHFLlpbPNM3hskgEMImmO0HCWfr+R4lCpaeibyRDrkfrd5eFfXTfRQdVLmYgTTQWZPxQkHOoI5hjggElKNJ8ag4lkZldIRthQ0AZW0UD4+in837QqZcctu7fnpXrjfo6jAA7BETgBDrgAdXADGqAJCJiAB/AEnq3UerRerNf56JK1QHgAfsh6+wRkKpNa</latexit>

D < →1

3

• From differential X-sect.:
<latexit sha1_base64="8zHP8Rqio2GXI6wO0yI0TDWznxA="></latexit>

D → Tr[C] = ↑3↓cosω↔

angle between lepton momenta in their parent top rest frames

• entanglement limit:
<latexit sha1_base64="FvVL9SorMyDg3sDA3CK2iRrXJpI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWgRKkhJRKrLgi5cuKhgH9CEMplO2qEzkzAzEUqoG3/FjQtF3PoX7vwbJ20WWj1w4XDOvdx7TxAzqrTjfFmFhcWl5ZXiamltfWNzy97eaakokZg0ccQi2QmQIowK0tRUM9KJJUE8YKQdjC4zv31PpKKRuNPjmPgcDQQNKUbaSD17r+JxpIeSpyLSE+ideAGS8OrguGeXnaozBfxL3JyUQY5Gz/70+hFOOBEaM6RU13Vi7adIaooZmZS8RJEY4REakK6hAnGi/HT6wQQeGaUPw0iaEhpO1Z8TKeJKjXlgOrNz1byXif953USHF35KRZxoIvBsUZgwqCOYxQH7VBKs2dgQhCU1t0I8RBJhbUIrmRDc+Zf/ktZp1a1Va7dn5fpNHkcR7INDUAEuOAd1cA0aoAkweABP4AW8Wo/Ws/Vmvc9aC1Y+swt+wfr4Bubzle0=</latexit>

(not D̄!)
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• Atlas measurement:
<latexit sha1_base64="cJufgJ4JrmO9wLZWJMyWEmt2Y6E="></latexit>

D = →0.537± 0.002 (stat.)± 0.019 (syst.) < →1

3

• Does this prove entanglement? —NO!
<latexit sha1_base64="ruygVoAedNVnkYQ2spJLRVS+goQ="></latexit>

(4ω)2
1

ε

dε

d!+d!→
= 1 +B+ · q̂+ →B→ · q̂→ → q̂+C · q̂+

LHVT! Inherently NOT entangled, satisfies Bell’s inequality 
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Related Processes

<latexit sha1_base64="bOkykVfc2N9l4ionlu2cerktOeY="></latexit>

e+e→ → Z0 → ω+ω→ → (ε+ϑ̄ω )(ε
→ϑω )

<latexit sha1_base64="JurnBSQ6x02gj2cbXWG+y1w4ruY="></latexit>

pp → H → ω
+
ω
→ → (ε+

ϑ̄ω )(ε
→
ϑω )

<latexit sha1_base64="a9Ukg/fZAns5VggiNRiFUq2Q2LU="></latexit>

pp(→ H) → W
+(W→)↑ → (ω+εω)(ω

→
ε̄ω)



• always satisfies Bell’s inequality
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Related Processes
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→
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→
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Bell’s Inequality — Stern-Gerlach

• Bell showed for the first time you can distinguish experimentally 
between entangled state and local realistic state

• Problems with this

• Impossible to measure spin-½ with Stern-Gerlach for charged 
particles, i.e. electrons (or taus)



Mott & Massey, Theory of Atomic Collisions (1949)





Editorial

• Why are people doing this?

• QM well established on many fronts, including Aspect experiment

• (g-2) of the electron

• global electroweak fit — LEP data

• QCD radiative corrections to production Xsections at the LHC

• Lamb shift



Summary

• In a collider experiment when measuring momenta always 
possible to construct an LHVT which explains the data

• Thus one is NOT testing locality via Bell’s inequality

• Thus one is NOT testing for entanglement 

• LHVT by Bell’s proof satisfies Bell’s inequality. LHVT inherently 
NOT entangled.



The End



Hidden Variable Account  of Single 
Particle Spin Measurement

• pure spin-½ state, polarization denoted by      

• let hidden variables be unit vector:      ,
<latexit sha1_base64="1G828hkohksZZIlN2jah4+fX/a8=">AAAB83icdVDLSsNAFJ34rPVVdelmsAiuSlIktruCG5cV7AOaUCaTm3boZBJmJoUSCn6FGxeKuPVn3Pk3TtoKKnrgwuGcc5k7J0g5U9q2P6y19Y3Nre3STnl3b//gsHJ03FVJJil0aMIT2Q+IAs4EdDTTHPqpBBIHHHrB5Lrwe1OQiiXiTs9S8GMyEixilGgjed4UKPa4yYdkWKnaNdvAdXFBnIbtGNJsNur1JnYWlm1X0QrtYeXdCxOaxSA05USpgWOn2s+J1IxymJe9TEFK6ISMYGCoIDEoP1/cPMfnRglxlEgzQuOF+n0jJ7FSszgwyZjosfrtFeJf3iDTUcPPmUgzDYIuH4oyjnWCiwJwyCRQzWeGECqZuRXTMZGEalNT2ZTw9VP8P+nWa45bc28vq632/bKOEjpFZ+gCOegKtdANaqMOoihFD+gJPVuZ9Wi9WK/L6Jq1qvAE/YD19gkoz5I/</latexit>

~�

• with uniform distribution over hemisphere:

• now measure spin component in direction     :
<latexit sha1_base64="xC5pdM+hwYG+7F/FvqYY+TLdCl4=">AAACAXicdZBNS8MwHMbT+TbnW9WL4CU4BE+jHVK328CLxwnuBdYy0jTdwpK2JOlglIngV/HiQRGvfgtvfhvTboKKPhB4+D3/kPwfP2FUKsv6MEorq2vrG+XNytb2zu6euX/QlXEqMOngmMWi7yNJGI1IR1HFSD8RBHGfkZ4/uczz3pQISePoRs0S4nE0imhIMVIaDc0jd0owdCUdcQRdHMQKFgQNzapVs7QcB+bGbli2Ns1mo15vQruILKsKlmoPzXc3iHHKSaQwQ1IObCtRXoaEopiRecVNJUkQnqARGWgbIU6klxUbzOGpJgEMY6FPpGBBv9/IEJdyxn09yZEay99ZDv/KBqkKG15GoyRVJMKLh8KUQRXDvA4YUEGwYjNtEBZU/xXiMRIIK11aRZfwtSn833TrNdupOdfn1Vb7blFHGRyDE3AGbHABWuAKtEEHYHALHsATeDbujUfjxXhdjJaMZYWH4IeMt0/UHpb5</latexit>

~� · ~a
<latexit sha1_base64="1/pf+QJ/CwafJpwJCJ/TKPw/FYw="></latexit>

�! sign ~� · ~a0

<latexit sha1_base64="aKajNCaNcmNtbI0PnW3mDQt83Io=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqzIp0sdCKLhxWdE+oDOUTCbThmYeJJlCnRb8DzcuFHHrp7jzb8y0FVT0wIXDOfdy7z1uzJlUlvVh5NbWNza38tuFnd29/aJ5cNiRUSIIbZOIR6LnYkk5C2lbMcVpLxYUBy6nXXd8mfndCRWSReGtmsbUCfAwZD4jWGlpYBZn9oQSm+sJD88u0MAsWWXLshBCMCOoVrU0aTTqFVSHKLM0SmCF1sB8t72IJAENFeFYyj6yYuWkWChGOJ0X7ETSGJMxHtK+piEOqHTSxeFzeKoVD/qR0BUquFC/T6Q4kHIauLozwGokf3uZ+JfXT5Rfd1IWxomiIVku8hMOVQSzFKDHBCWKTzXBRDB9KyQjLDBROquCDuHrU/g/6VTKqFquXp+Xmjf3yzjy4BicgDOAQA00wRVogTYgIAEP4Ak8G3fGo/FivC5bc8YqwiPwA8bbJwbdk9A=</latexit>

|~�| = 1

(Bell 1964)

<latexit sha1_base64="OJV0BTX+IzlAAFbWRCEkWu0vaoA=">AAAB/nicdZDLSgMxGIUzXmu9jYorN8EiuJAyKdILRSi4cVnRXqAzlEyatqGZC0mmUKaFvoobF4q49Tnc+TZmOhVU9EDg45w/5M9xQ86ksqwPY2V1bX1jM7OV3d7Z3ds3Dw6bMogEoQ0S8EC0XSwpZz5tKKY4bYeCYs/ltOWOrpO8NaZCssC/V5OQOh4e+KzPCFba6prH9pgSWL+wq3Z1mvL0CnXNnJW3LAshBBNApaKloVIpF1AZoiTSyoGl6l3z3e4FJPKorwjHUnaQFSonxkIxwuksa0eShpiM8IB2NPrYo9KJF+vP4Jl2erAfCH18BRfu9xsx9qSceK6e9LAayt9ZYv6VdSLVLzsx88NIUZ+kD/UjDlUAky5gjwlKFJ9owEQwvSskQywwUbqxrC7h66fwf2gW8qiYL95e5mp387SODDgBp+AcIFACNXAD6qABCIjBA3gCz8bceDRejNd0dMVYVngEfsh4+wSnrJUj</latexit>

~P , |~P | = 1

<latexit sha1_base64="xyVq+6nKhfyRcmcSVfk3A+2sjNA=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4KkmRPnYFNy4r2ge0Q8mkaRubSYYkUyhDwU9w40IRt/6PO//GTFtBRQ9cOJxzL/feE0SCG4vQh5dZW9/Y3Mpu53Z29/YP8odHLaNiTVmTKqF0JyCGCS5Z03IrWCfSjISBYO1gcpn67SnThit5a2cR80MyknzIKbFOavWmjELSzxdQESGEMYYpwZUycqRWq5ZwFeLUciiAFRr9/HtvoGgcMmmpIMZ0MYqsnxBtORVsnuvFhkWETsiIdR2VJGTGTxbXzuGZUwZwqLQraeFC/T6RkNCYWRi4zpDYsfntpeJfXje2w6qfcBnFlkm6XDSMBbQKpq/DAdeMWjFzhFDN3a2Qjokm1LqAci6Er0/h/6RVKuJysXx9Uajf3C/jyIITcArOAQYVUAdXoAGagII78ACewLOnvEfvxXtdtma8VYTH4Ae8t0+bZ4+j</latexit>

~a

• result of measurement:
<latexit sha1_base64="vvcwA3GUME408CXx4NROxIxlVI4=">AAAB/nicdVDLSgMxFM3UV62vUXHlJlhEVyVTZGwXQsGNywr2AZ2hZNJMG5rJDEmmUIaCv+LGhSJu/Q53/o2ZtoKKHrhwcs695N4TJJwpjdCHVVhZXVvfKG6WtrZ3dvfs/YO2ilNJaIvEPJbdACvKmaAtzTSn3URSHAWcdoLxde53JlQqFos7PU2oH+GhYCEjWBupbx95E0ogPoOeiDW8gotn3y6jCjJwXZgTp4YcQ+r1WrVah87cQqgMlmj27XdvEJM0okITjpXqOSjRfoalZoTTWclLFU0wGeMh7RkqcESVn83Xn8FTowxgGEtTQsO5+n0iw5FS0ygwnRHWI/Xby8W/vF6qw5qfMZGkmgqy+ChMOdQxzLOAAyYp0XxqCCaSmV0hGWGJiTaJlUwIX5fC/0m7WnHcint7UW40l3EUwTE4AefAAZegAW5AE7QAARl4AE/g2bq3Hq0X63XRWrCWM4fgB6y3T0S3lHo=</latexit>

~a0 6= ~a
<latexit sha1_base64="jXSvz3qUNecO1lv63syjsE1eo3M="></latexit>

|~a0(~�, ~P )| = 1 <latexit sha1_base64="XTMNz6O4CChWX3uojaSrDqXmHKA=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgQcJskDW5Bbx4TMA8IFnC7GQ2GTM7u8zMCmHJF3jxoIhXP8mbf+PkIahoQUNR1U13V5AIrg3GH05ubX1jcyu/XdjZ3ds/KB4etXWcKspaNBax6gZEM8ElaxluBOsmipEoEKwTTK7nfueeKc1jeWumCfMjMpI85JQYKzUvBsUSLmMLz0Nz4laxa0mtVq1UashdWBiXYIXGoPjeH8Y0jZg0VBCtey5OjJ8RZTgVbFbop5olhE7IiPUslSRi2s8Wh87QmVWGKIyVLWnQQv0+kZFI62kU2M6ImLH+7c3Fv7xeasKqn3GZpIZJulwUpgKZGM2/RkOuGDViagmhittbER0TRaix2RRsCF+fov9Ju1J2vbLXvCzVG6s48nACp3AOLlxBHW6gAS2gwOABnuDZuXMenRfnddmac1Yzx/ADztsn0haNBg==</latexit>,

<latexit sha1_base64="LZ/nRUJkHuZbnTlqVEFvugKhO+U=">AAACBnicdVDLSgMxFM3UV62vqksRgkVwVZIifWyk4MblCPYBnaFkMpk2NPMgyRRKKQhu/BU3LhRx6ze482/MtBVU9MCFwzn3cu89XiK40gh9WLmV1bX1jfxmYWt7Z3evuH/QVnEqKWvRWMSy6xHFBI9YS3MtWDeRjISeYB1vdJn5nTGTisfRjZ4kzA3JIOIBp0QbqV88dsaMQkeYCZ9Ah/qxhnPJhhcQ9YslVEYIYYxhRnCtigxpNOoVXIc4swxKYAm7X3x3/JimIYs0FUSpHkaJdqdEak4FmxWcVLGE0BEZsJ6hEQmZcqfzN2bw1Cg+DGJpKtJwrn6fmJJQqUnomc6Q6KH67WXiX14v1UHdnfIoSTWL6GJRkAqoY5hlAn0uGdViYgihkptbIR0SSag2yRVMCF+fwv9Ju1LG1XL1+rzUtG8XceTBETgBZwCDGmiCK2CDFqDgDjyAJ/Bs3VuP1ov1umjNWcsID8EPWG+fF0SYEQ==</latexit>

~� · ~P > 0



<latexit sha1_base64="xyVq+6nKhfyRcmcSVfk3A+2sjNA=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4KkmRPnYFNy4r2ge0Q8mkaRubSYYkUyhDwU9w40IRt/6PO//GTFtBRQ9cOJxzL/feE0SCG4vQh5dZW9/Y3Mpu53Z29/YP8odHLaNiTVmTKqF0JyCGCS5Z03IrWCfSjISBYO1gcpn67SnThit5a2cR80MyknzIKbFOavWmjELSzxdQESGEMYYpwZUycqRWq5ZwFeLUciiAFRr9/HtvoGgcMmmpIMZ0MYqsnxBtORVsnuvFhkWETsiIdR2VJGTGTxbXzuGZUwZwqLQraeFC/T6RkNCYWRi4zpDYsfntpeJfXje2w6qfcBnFlkm6XDSMBbQKpq/DAdeMWjFzhFDN3a2Qjokm1LqAci6Er0/h/6RVKuJysXx9Uajf3C/jyIITcArOAQYVUAdXoAGagII78ACewLOnvEfvxXtdtma8VYTH4Ae8t0+bZ4+j</latexit>

~aNow rotate      towards     until 
<latexit sha1_base64="ht7l3fAVFlw2nvArL9zsgj4ad3w=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK6GjJtmWl3BTcuK9pWaIeSSTNtaCYzJJlCGQr+ghsXirj1e9z5N6YPQUUPXDiccy/33hMknCmN0IeVW1vf2NzKbxd2dvf2D4qHR20Vp5LQFol5LO8CrChngrY005zeJZLiKOC0E4wv535nQqVisbjV04T6ER4KFjKCtZE6vQklEJ/3iyVk1+tlVK1BZLvIqXgVQ5DruV4dOjZaoARWaPaL771BTNKICk04VqrroET7GZaaEU5nhV6qaILJGA9p11CBI6r8bHHuDJ4ZZQDDWJoSGi7U7xMZjpSaRoHpjLAeqd/eXPzL66Y6rPkZE0mqqSDLRWHKoY7h/Hc4YJISzaeGYCKZuRWSEZaYaJNQwYTw9Sn8n7TLtuPa7nW11Li5X8aRByfgFFwAB3igAa5AE7QAAWPwAJ7As5VYj9aL9bpszVmrCI/BD1hvny5jj/U=</latexit>

~a0
<latexit sha1_base64="AOtovCSLT+ze7lIhk5hRDwM0Kbo="></latexit>

1� ✓0

⇡
= cos ✓

<latexit sha1_base64="25ZkoIS65qJP1iwjcFo68HmNpsQ="></latexit>

h~� · ~ai = cos ✓

<latexit sha1_base64="DgJsEQCy7sS8bPdcGh2C0UvBJyM=">AAACBXicdVDLSgMxFM3UV62vUZe6CBaxggwztbbOruDGZUX7gM5QMmnahmYeJJlCKQVx46+4caGIW//BnX9jZlpBRQ9c7uGce0nu8SJGhTTNDy2zsLi0vJJdza2tb2xu6ds7DRHGHJM6DlnIWx4ShNGA1CWVjLQiTpDvMdL0hheJ3xwRLmgY3MhxRFwf9QPaoxhJJXX0fWdEMERHhaQ7TC120QlMxdpxR8+bhm2bRduGplGyT0tmURHLqlhnFrQMM0UezFHr6O9ON8SxTwKJGRKibZmRdCeIS4oZmeacWJAI4SHqk7aiAfKJcCfpFVN4qJQu7IVcVSBhqn7fmCBfiLHvqUkfyYH47SXiX147lr1zd0KDKJYkwLOHejGDMoRJJLBLOcGSjRVBmFP1V4gHiCMsVXA5FcLXpfB/0igaVtkoX5Xy1evbWRxZsAcOQAFYoAKq4BLUQB1gcAcewBN41u61R+1Fe52NZrR5hLvgB7S3T7VLl+s=</latexit>

~a0(~�, ~P )
<latexit sha1_base64="gsKOWNzmKGWwbQMNsr8wUzhYMSI=">AAAB7nicdVDLSgMxFL1TX7W+qi7dBIvgqiRF+tgV3LisaB/QDpJJM21o5kGSKZSh4C+4caGIW7/HnX9jpq2gogcCh3NOuPceL5ZCG4w/nNza+sbmVn67sLO7t39QPDzq6ChRjLdZJCPV86jmUoS8bYSRvBcrTgNP8q43ucz87pQrLaLw1sxi7gZ0FApfMGqs1EWDKWeodVcs4TLGmBCCMkJqVWxJo1GvkDoimWVRghVs/n0wjFgS8NAwSbXuExwbN6XKCCb5vDBINI8pm9AR71sa0oBrN12sO0dnVhkiP1L2hQYt1O8/UhpoPQs8mwyoGevfXib+5fUT49fdVIRxYnjIloP8RCIToex2NBSKMyNnllCmhN0VsTFVlBnbUMGW8HUp+p90KmVSLVevL0rNm/tlHXk4gVM4BwI1aMIVtKANDCbwAE/w7MTOo/PivC6jOWdV4TH8gPP2CdfRj7w=</latexit>

~P <latexit sha1_base64="IiGfDDmdtgbCbESKbg18dMry6bY=">AAAB7nicdVDLSgNBEJz1GeMr6tHLYBA9hZ0gedwCXjxGNA9IljA7mU2GzM4uM71CWAL+ghcPinj1e7z5N84mEVS0oKGo6qa7y4+lMOC6H87K6tr6xmZuK7+9s7u3Xzg4bJso0Yy3WCQj3fWp4VIo3gIBkndjzWnoS97xJ5eZ37nj2ohI3cI05l5IR0oEglGwUqcPYw70bFAouiXXdQkhOCOkWnEtqddrZVLDJLMsimiJ5qDw3h9GLAm5AiapMT3ixuClVINgks/y/cTwmLIJHfGepYqG3Hjp/NwZPrXKEAeRtqUAz9XvEykNjZmGvu0MKYzNby8T//J6CQQ1LxUqToArtlgUJBJDhLPf8VBozkBOLaFMC3srZmOqKQObUN6G8PUp/p+0yyVSKVWuL4qNm/tFHDl0jE7QOSKoihroCjVRCzE0QQ/oCT07sfPovDivi9YVZxnhEfoB5+0TgieQKw==</latexit>

✓0
<latexit sha1_base64="t6vXy4Wj2moteKtK2TIUAXlzkwE=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFZJY07oruHFZwT6gDWUynbRjJzNhZlIoof/gxoUibv0fd/6Nk7aCih64cDjnXu69J0wYVdpxPqzC2vrG5lZxu7Szu7d/UD48aiuRSkxaWDAhuyFShFFOWppqRrqJJCgOGemEk+vc70yJVFTwOz1LSBCjEacRxUgbqd2fEgzRoFxx7Ku671160LEdp+Zd+DnxalXvArpGyVEBKzQH5ff+UOA0JlxjhpTquU6igwxJTTEj81I/VSRBeIJGpGcoRzFRQba4dg7PjDKEkZCmuIYL9ftEhmKlZnFoOmOkx+q3l4t/eb1UR/UgozxJNeF4uShKGdQC5q/DIZUEazYzBGFJza0Qj5FEWJuASiaEr0/h/6Tt2a5v+7fVSqO5iqMITsApOAcuqIEGuAFN0AIY3IMH8ASeLWE9Wi/W67K1YK1mjsEPWG+finOPLg==</latexit>

~a

<latexit sha1_base64="y6lujDwNExwvUL1ULVoqJMPa1Bg=">AAAB7XicdVBNSwMxEM3Wr1q/qh69BIvgqWSLrO2t4MVjBfsB7VKyabaNzW6WZFYoS/+DFw+KePX/ePPfmG0rqOiDgcd7M8zMCxIpDBDy4RTW1jc2t4rbpZ3dvf2D8uFRx6hUM95mSirdC6jhUsS8DQIk7yWa0yiQvBtMr3K/e8+1ESq+hVnC/YiOYxEKRsFKnQFMONBhuUKqxMLzcE7cOnEtaTTqtVoDuwuLkApaoTUsvw9GiqURj4FJakzfJQn4GdUgmOTz0iA1PKFsSse8b2lMI278bHHtHJ9ZZYRDpW3FgBfq94mMRsbMosB2RhQm5reXi395/RTCup+JOEmBx2y5KEwlBoXz1/FIaM5AziyhTAt7K2YTqikDG1DJhvD1Kf6fdGpV16t6NxeVZmsVRxGdoFN0jlx0iZroGrVQGzF0hx7QE3p2lPPovDivy9aCs5o5Rj/gvH0CAxOPfg==</latexit>

✓ : angle      and 
<latexit sha1_base64="gsKOWNzmKGWwbQMNsr8wUzhYMSI=">AAAB7nicdVDLSgMxFL1TX7W+qi7dBIvgqiRF+tgV3LisaB/QDpJJM21o5kGSKZSh4C+4caGIW7/HnX9jpq2gogcCh3NOuPceL5ZCG4w/nNza+sbmVn67sLO7t39QPDzq6ChRjLdZJCPV86jmUoS8bYSRvBcrTgNP8q43ucz87pQrLaLw1sxi7gZ0FApfMGqs1EWDKWeodVcs4TLGmBCCMkJqVWxJo1GvkDoimWVRghVs/n0wjFgS8NAwSbXuExwbN6XKCCb5vDBINI8pm9AR71sa0oBrN12sO0dnVhkiP1L2hQYt1O8/UhpoPQs8mwyoGevfXib+5fUT49fdVIRxYnjIloP8RCIToex2NBSKMyNnllCmhN0VsTFVlBnbUMGW8HUp+p90KmVSLVevL0rNm/tlHXk4gVM4BwI1aMIVtKANDCbwAE/w7MTOo/PivC6jOWdV4TH8gPP2CdfRj7w=</latexit>

~P
<latexit sha1_base64="t6vXy4Wj2moteKtK2TIUAXlzkwE=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFZJY07oruHFZwT6gDWUynbRjJzNhZlIoof/gxoUibv0fd/6Nk7aCih64cDjnXu69J0wYVdpxPqzC2vrG5lZxu7Szu7d/UD48aiuRSkxaWDAhuyFShFFOWppqRrqJJCgOGemEk+vc70yJVFTwOz1LSBCjEacRxUgbqd2fEgzRoFxx7Ku671160LEdp+Zd+DnxalXvArpGyVEBKzQH5ff+UOA0JlxjhpTquU6igwxJTTEj81I/VSRBeIJGpGcoRzFRQba4dg7PjDKEkZCmuIYL9ftEhmKlZnFoOmOkx+q3l4t/eb1UR/UgozxJNeF4uShKGdQC5q/DIZUEazYzBGFJza0Qj5FEWJuASiaEr0/h/6Tt2a5v+7fVSqO5iqMITsApOAcuqIEGuAFN0AIY3IMH8ASeLWE9Wi/W67K1YK1mjsEPWG+finOPLg==</latexit>

~a

<latexit sha1_base64="QIOaRnFj1yw6nzLF9kui9cOohQM="></latexit>

h~� · ~ai ⌘ 1� ✓0

⇡

• Now define the expectation value 
of the spin measurement along     

<latexit sha1_base64="t6vXy4Wj2moteKtK2TIUAXlzkwE=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFZJY07oruHFZwT6gDWUynbRjJzNhZlIoof/gxoUibv0fd/6Nk7aCih64cDjnXu69J0wYVdpxPqzC2vrG5lZxu7Szu7d/UD48aiuRSkxaWDAhuyFShFFOWppqRrqJJCgOGemEk+vc70yJVFTwOz1LSBCjEacRxUgbqd2fEgzRoFxx7Ku671160LEdp+Zd+DnxalXvArpGyVEBKzQH5ff+UOA0JlxjhpTquU6igwxJTTEj81I/VSRBeIJGpGcoRzFRQba4dg7PjDKEkZCmuIYL9ftEhmKlZnFoOmOkx+q3l4t/eb1UR/UgozxJNeF4uShKGdQC5q/DIZUEazYzBGFJza0Qj5FEWJuASiaEr0/h/6Tt2a5v+7fVSqO5iqMITsApOAcuqIEGuAFN0AIY3IMH8ASeLWE9Wi/W67K1YK1mjsEPWG+finOPLg==</latexit>

~a
• avg. over   , expectation value

• Just the area of overlapp of 
hemispheres divided by      

Now rotate      towards     until 
<latexit sha1_base64="xyVq+6nKhfyRcmcSVfk3A+2sjNA=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4KkmRPnYFNy4r2ge0Q8mkaRubSYYkUyhDwU9w40IRt/6PO//GTFtBRQ9cOJxzL/feE0SCG4vQh5dZW9/Y3Mpu53Z29/YP8odHLaNiTVmTKqF0JyCGCS5Z03IrWCfSjISBYO1gcpn67SnThit5a2cR80MyknzIKbFOavWmjELSzxdQESGEMYYpwZUycqRWq5ZwFeLUciiAFRr9/HtvoGgcMmmpIMZ0MYqsnxBtORVsnuvFhkWETsiIdR2VJGTGTxbXzuGZUwZwqLQraeFC/T6RkNCYWRi4zpDYsfntpeJfXje2w6qfcBnFlkm6XDSMBbQKpq/DAdeMWjFzhFDN3a2Qjokm1LqAci6Er0/h/6RVKuJysXx9Uajf3C/jyIITcArOAQYVUAdXoAGagII78ACewLOnvEfvxXtdtma8VYTH4Ae8t0+bZ4+j</latexit>

~a
<latexit sha1_base64="ht7l3fAVFlw2nvArL9zsgj4ad3w=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK6GjJtmWl3BTcuK9pWaIeSSTNtaCYzJJlCGQr+ghsXirj1e9z5N6YPQUUPXDiccy/33hMknCmN0IeVW1vf2NzKbxd2dvf2D4qHR20Vp5LQFol5LO8CrChngrY005zeJZLiKOC0E4wv535nQqVisbjV04T6ER4KFjKCtZE6vQklEJ/3iyVk1+tlVK1BZLvIqXgVQ5DruV4dOjZaoARWaPaL771BTNKICk04VqrroET7GZaaEU5nhV6qaILJGA9p11CBI6r8bHHuDJ4ZZQDDWJoSGi7U7xMZjpSaRoHpjLAeqd/eXPzL66Y6rPkZE0mqqSDLRWHKoY7h/Hc4YJISzaeGYCKZuRWSEZaYaJNQwYTw9Sn8n7TLtuPa7nW11Li5X8aRByfgFFwAB3igAa5AE7QAAWPwAJ7As5VYj9aL9bpszVmrCI/BD1hvny5jj/U=</latexit>

~a0<latexit sha1_base64="5gmtqzKueyXkObY0iamGC9QuHJc=">AAAB83icdVDLSsNAFJ3UV62vqks3g0VwVZIisd0V3LisYB/QhDKZ3LRDJ5MwMymU0N9w40IRt/6MO//GSVtBRQ8MHM45l3vnBClnStv2h1Xa2Nza3invVvb2Dw6PqscnPZVkkkKXJjyRg4Ao4ExAVzPNYZBKIHHAoR9Mbwq/PwOpWCLu9TwFPyZjwSJGiTaS582AYo+bfEhG1Zpdtw1cFxfEadqOIa1Ws9FoYWdp2XYNrdEZVd+9MKFZDEJTTpQaOnaq/ZxIzSiHRcXLFKSETskYhoYKEoPy8+XNC3xhlBBHiTRPaLxUv0/kJFZqHgcmGRM9Ub+9QvzLG2Y6avo5E2mmQdDVoijjWCe4KACHTALVfG4IoZKZWzGdEEmoNjVVTAlfP8X/k16j7rh19+6q1u6s6yijM3SOLpGDrlEb3aIO6iKKUvSAntCzlVmP1ov1uoqWrPXMKfoB6+0TAs+Rvw==</latexit>

~�

<latexit sha1_base64="sn+aFyrYkyYU4VOUWwNQ6MOT5PI=">AAAB63icdVDLSgMxFL3js9ZX1aWbYBFclUmRPnYFNy4r2Ae0Q8mkaRuaZIYkI5Sh4Be4caGIW3/InX9jpq2gogcuHM65l3vvCWPBjfX9D29tfWNzazu3k9/d2z84LBwdt02UaMpaNBKR7obEMMEVa1luBevGmhEZCtYJp1eZ37lj2vBI3dpZzAJJxoqPOCU2k8r9mA8KRb/k+z7GGGUEVyu+I/V6rYxrCGeWQxFWaA4K7/1hRBPJlKWCGNPDfmyDlGjLqWDzfD8xLCZ0Ssas56gikpkgXdw6R+dOGaJRpF0pixbq94mUSGNmMnSdktiJ+e1l4l9eL7GjWpByFSeWKbpcNEoEshHKHkdDrhm1YuYIoZq7WxGdEE2odfHkXQhfn6L/SbtcwpVS5eay2GjeL+PIwSmcwQVgqEIDrqEJLaAwgQd4gmdPeo/ei/e6bF3zVhGewA94b5870I7Y</latexit>

2⇡

<latexit sha1_base64="2VNUsHs94OOV77TBKPnZT5MIgpU=">AAAB/nicdZBLSwMxFIUzPmt9jYorN8EiurFMivSxK7hxWcE+oFNKJs20oZkHyR2hDIX+FTcuFHHr73DnvzHTVlDRA4HDOTfk5vNiKTQ4zoe1srq2vrGZ28pv7+zu7dsHhy0dJYrxJotkpDoe1VyKkDdBgOSdWHEaeJK3vfF11rfvudIiCu9gEvNeQIeh8AWjYKK+fUwuXV9Rlrow4kDPp6kbi2nfLjhFx3EIITgzpFJ2jKnVqiVSxSSrjApoqUbffncHEUsCHgKTVOsucWLopVSBYJJP826ieUzZmA5519iQBlz30vn6U3xmkgH2I2VOCHiefr+R0kDrSeCZyYDCSP/usvCvrpuAX+2lIowT4CFbPOQnEkOEMxZ4IBRnICfGUKaE2RWzETU0wBDLGwhfP8X/m1apSMrF8u1Vod6YLXDk0Ak6RReIoAqqoxvUQE3EUIoe0BN6tmbWo/VivS5GV6wlwiP0Q9bbJ5HHlmA=</latexit>

1� ✓0

⇡

<latexit sha1_base64="53rjrh5i7ow4Cabz6UmE2bFvSts="></latexit>

sign (~� · ~a0) = 1� ✓0

⇡



Hidden Variable Account  of Single 
Particle Spin Measurement

• pure spin-½ state, polarization denoted by      

• let hidden variables be unit vector:      ,
<latexit sha1_base64="1G828hkohksZZIlN2jah4+fX/a8=">AAAB83icdVDLSsNAFJ34rPVVdelmsAiuSlIktruCG5cV7AOaUCaTm3boZBJmJoUSCn6FGxeKuPVn3Pk3TtoKKnrgwuGcc5k7J0g5U9q2P6y19Y3Nre3STnl3b//gsHJ03FVJJil0aMIT2Q+IAs4EdDTTHPqpBBIHHHrB5Lrwe1OQiiXiTs9S8GMyEixilGgjed4UKPa4yYdkWKnaNdvAdXFBnIbtGNJsNur1JnYWlm1X0QrtYeXdCxOaxSA05USpgWOn2s+J1IxymJe9TEFK6ISMYGCoIDEoP1/cPMfnRglxlEgzQuOF+n0jJ7FSszgwyZjosfrtFeJf3iDTUcPPmUgzDYIuH4oyjnWCiwJwyCRQzWeGECqZuRXTMZGEalNT2ZTw9VP8P+nWa45bc28vq632/bKOEjpFZ+gCOegKtdANaqMOoihFD+gJPVuZ9Wi9WK/L6Jq1qvAE/YD19gkoz5I/</latexit>

~�

• with uniform distribution over hemisphere:

• now measure spin component in direction     :
<latexit sha1_base64="xC5pdM+hwYG+7F/FvqYY+TLdCl4=">AAACAXicdZBNS8MwHMbT+TbnW9WL4CU4BE+jHVK328CLxwnuBdYy0jTdwpK2JOlglIngV/HiQRGvfgtvfhvTboKKPhB4+D3/kPwfP2FUKsv6MEorq2vrG+XNytb2zu6euX/QlXEqMOngmMWi7yNJGI1IR1HFSD8RBHGfkZ4/uczz3pQISePoRs0S4nE0imhIMVIaDc0jd0owdCUdcQRdHMQKFgQNzapVs7QcB+bGbli2Ns1mo15vQruILKsKlmoPzXc3iHHKSaQwQ1IObCtRXoaEopiRecVNJUkQnqARGWgbIU6klxUbzOGpJgEMY6FPpGBBv9/IEJdyxn09yZEay99ZDv/KBqkKG15GoyRVJMKLh8KUQRXDvA4YUEGwYjNtEBZU/xXiMRIIK11aRZfwtSn833TrNdupOdfn1Vb7blFHGRyDE3AGbHABWuAKtEEHYHALHsATeDbujUfjxXhdjJaMZYWH4IeMt0/UHpb5</latexit>

~� · ~a
<latexit sha1_base64="1/pf+QJ/CwafJpwJCJ/TKPw/FYw="></latexit>

�! sign ~� · ~a0

<latexit sha1_base64="aKajNCaNcmNtbI0PnW3mDQt83Io=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqzIp0sdCKLhxWdE+oDOUTCbThmYeJJlCnRb8DzcuFHHrp7jzb8y0FVT0wIXDOfdy7z1uzJlUlvVh5NbWNza38tuFnd29/aJ5cNiRUSIIbZOIR6LnYkk5C2lbMcVpLxYUBy6nXXd8mfndCRWSReGtmsbUCfAwZD4jWGlpYBZn9oQSm+sJD88u0MAsWWXLshBCMCOoVrU0aTTqFVSHKLM0SmCF1sB8t72IJAENFeFYyj6yYuWkWChGOJ0X7ETSGJMxHtK+piEOqHTSxeFzeKoVD/qR0BUquFC/T6Q4kHIauLozwGokf3uZ+JfXT5Rfd1IWxomiIVku8hMOVQSzFKDHBCWKTzXBRDB9KyQjLDBROquCDuHrU/g/6VTKqFquXp+Xmjf3yzjy4BicgDOAQA00wRVogTYgIAEP4Ak8G3fGo/FivC5bc8YqwiPwA8bbJwbdk9A=</latexit>

|~�| = 1

(Bell 1964)

<latexit sha1_base64="OJV0BTX+IzlAAFbWRCEkWu0vaoA=">AAAB/nicdZDLSgMxGIUzXmu9jYorN8EiuJAyKdILRSi4cVnRXqAzlEyatqGZC0mmUKaFvoobF4q49Tnc+TZmOhVU9EDg45w/5M9xQ86ksqwPY2V1bX1jM7OV3d7Z3ds3Dw6bMogEoQ0S8EC0XSwpZz5tKKY4bYeCYs/ltOWOrpO8NaZCssC/V5OQOh4e+KzPCFba6prH9pgSWL+wq3Z1mvL0CnXNnJW3LAshBBNApaKloVIpF1AZoiTSyoGl6l3z3e4FJPKorwjHUnaQFSonxkIxwuksa0eShpiM8IB2NPrYo9KJF+vP4Jl2erAfCH18BRfu9xsx9qSceK6e9LAayt9ZYv6VdSLVLzsx88NIUZ+kD/UjDlUAky5gjwlKFJ9owEQwvSskQywwUbqxrC7h66fwf2gW8qiYL95e5mp387SODDgBp+AcIFACNXAD6qABCIjBA3gCz8bceDRejNd0dMVYVngEfsh4+wSnrJUj</latexit>

~P , |~P | = 1

<latexit sha1_base64="xyVq+6nKhfyRcmcSVfk3A+2sjNA=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4KkmRPnYFNy4r2ge0Q8mkaRubSYYkUyhDwU9w40IRt/6PO//GTFtBRQ9cOJxzL/feE0SCG4vQh5dZW9/Y3Mpu53Z29/YP8odHLaNiTVmTKqF0JyCGCS5Z03IrWCfSjISBYO1gcpn67SnThit5a2cR80MyknzIKbFOavWmjELSzxdQESGEMYYpwZUycqRWq5ZwFeLUciiAFRr9/HtvoGgcMmmpIMZ0MYqsnxBtORVsnuvFhkWETsiIdR2VJGTGTxbXzuGZUwZwqLQraeFC/T6RkNCYWRi4zpDYsfntpeJfXje2w6qfcBnFlkm6XDSMBbQKpq/DAdeMWjFzhFDN3a2Qjokm1LqAci6Er0/h/6RVKuJysXx9Uajf3C/jyIITcArOAQYVUAdXoAGagII78ACewLOnvEfvxXtdtma8VYTH4Ae8t0+bZ4+j</latexit>

~a

• result of measurement:
<latexit sha1_base64="vvcwA3GUME408CXx4NROxIxlVI4=">AAAB/nicdVDLSgMxFM3UV62vUXHlJlhEVyVTZGwXQsGNywr2AZ2hZNJMG5rJDEmmUIaCv+LGhSJu/Q53/o2ZtoKKHrhwcs695N4TJJwpjdCHVVhZXVvfKG6WtrZ3dvfs/YO2ilNJaIvEPJbdACvKmaAtzTSn3URSHAWcdoLxde53JlQqFos7PU2oH+GhYCEjWBupbx95E0ogPoOeiDW8gotn3y6jCjJwXZgTp4YcQ+r1WrVah87cQqgMlmj27XdvEJM0okITjpXqOSjRfoalZoTTWclLFU0wGeMh7RkqcESVn83Xn8FTowxgGEtTQsO5+n0iw5FS0ygwnRHWI/Xby8W/vF6qw5qfMZGkmgqy+ChMOdQxzLOAAyYp0XxqCCaSmV0hGWGJiTaJlUwIX5fC/0m7WnHcint7UW40l3EUwTE4AefAAZegAW5AE7QAARl4AE/g2bq3Hq0X63XRWrCWM4fgB6y3T0S3lHo=</latexit>

~a0 6= ~a
<latexit sha1_base64="jXSvz3qUNecO1lv63syjsE1eo3M="></latexit>

|~a0(~�, ~P )| = 1 <latexit sha1_base64="XTMNz6O4CChWX3uojaSrDqXmHKA=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgQcJskDW5Bbx4TMA8IFnC7GQ2GTM7u8zMCmHJF3jxoIhXP8mbf+PkIahoQUNR1U13V5AIrg3GH05ubX1jcyu/XdjZ3ds/KB4etXWcKspaNBax6gZEM8ElaxluBOsmipEoEKwTTK7nfueeKc1jeWumCfMjMpI85JQYKzUvBsUSLmMLz0Nz4laxa0mtVq1UashdWBiXYIXGoPjeH8Y0jZg0VBCtey5OjJ8RZTgVbFbop5olhE7IiPUslSRi2s8Wh87QmVWGKIyVLWnQQv0+kZFI62kU2M6ImLH+7c3Fv7xeasKqn3GZpIZJulwUpgKZGM2/RkOuGDViagmhittbER0TRaix2RRsCF+fov9Ju1J2vbLXvCzVG6s48nACp3AOLlxBHW6gAS2gwOABnuDZuXMenRfnddmac1Yzx/ADztsn0haNBg==</latexit>,

<latexit sha1_base64="LZ/nRUJkHuZbnTlqVEFvugKhO+U=">AAACBnicdVDLSgMxFM3UV62vqksRgkVwVZIifWyk4MblCPYBnaFkMpk2NPMgyRRKKQhu/BU3LhRx6ze482/MtBVU9MCFwzn3cu89XiK40gh9WLmV1bX1jfxmYWt7Z3evuH/QVnEqKWvRWMSy6xHFBI9YS3MtWDeRjISeYB1vdJn5nTGTisfRjZ4kzA3JIOIBp0QbqV88dsaMQkeYCZ9Ah/qxhnPJhhcQ9YslVEYIYYxhRnCtigxpNOoVXIc4swxKYAm7X3x3/JimIYs0FUSpHkaJdqdEak4FmxWcVLGE0BEZsJ6hEQmZcqfzN2bw1Cg+DGJpKtJwrn6fmJJQqUnomc6Q6KH67WXiX14v1UHdnfIoSTWL6GJRkAqoY5hlAn0uGdViYgihkptbIR0SSag2yRVMCF+fwv9Ju1LG1XL1+rzUtG8XceTBETgBZwCDGmiCK2CDFqDgDjyAJ/Bs3VuP1ov1umjNWcsID8EPWG+fF0SYEQ==</latexit>

~� · ~P > 0


