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Outline

• Review Bell’s 1964 paper - entangled spin-½ pair

• top quark production,     , at the LHC,
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• Summary and Conclusion 

• (Connection spin- and angular-correlations)

• 2025: consider other collider signatures
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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
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What did Bell say?

Source

A

<latexit sha1_base64="Uf0gF50YCNHpkrycunRbNgtbicc=">AAACCnicbVDLSgMxFM3UV62vUZduokWoIGVGpLoRKm5cVrAP6Awlk0nb0CQzJJlCGQru3Pgrblwo4tYvcOffmGm70NYDFw7n3Mu99wQxo0o7zreVW1peWV3Lrxc2Nre2d+zdvYaKEolJHUcskq0AKcKoIHVNNSOtWBLEA0aaweAm85tDIhWNxL0excTnqCdol2KkjdSxDz2OdF/y9Hpc8oYEQ3QKPWbmQ3Ry5cUcuh276JSdCe AicWekCGaodewvL4xwwonQmCGl2q4Taz9FUlPMyLjgJYrECA9Qj7QNFYgT5aeTV8bw2Cgh7EbSlNBwov6eSBFXasQD05kdrua9TPzPaye6e+mnVMSJJgJPF3UTBnUEs1xgSCXBmo0MQVhScyvEfSQR1ia9ggnBnX95kTTOym6lXLk7L1ZrD9M48uAAHIEScMEFqIJbUAN1gMEjeAav4M16sl6sd+tj2pqzZhHugz+wPn8Ab5iZ6A==</latexit>

A(~a,�) = ±1
<latexit sha1_base64="WJE9zseewOxI1bP8w6eikpJUSR8=">AAACCnicbVDLSgMxFM3UV62vUZduokWoIGVGpLoRim5cVrAP6Awlk0nb0CQzJJlCGQru3Pgrblwo4tYvcOffmGm70NYDFw7n3Mu99wQxo0o7zreVW1peWV3Lrxc2Nre2d+zdvYaKEolJHUcskq0AKcKoIHVNNSOtWBLEA0aaweAm85tDIhWNxL0excTnqCdol2KkjdSxDz2OdF/y9Hpc8oYEw+AUeszMh+jkyos5dDt20Sk7E8BF4s5IEcxQ69hfXhjhhBOhMUNKtV0n1n6KpKaYkXHBSxSJER6gHmkbKhAnyk8nr4zhsVFC2I2kKaHhRP09kSKu1IgHpjM7XM17mfif105099JPqYgTTQSeLuomDOoIZrnAkEqCNRsZgrCk5laI+0girE16BROCO//yImmcld1KuXJ3XqzWHqZx5MEBOAIl4IILUAW3oAbqAINH8AxewZv1ZL1Y79bHtDVnzSLcB39gff4AcsiZ6g==</latexit>

B(~b,�) = ±1

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

By Tatoute - Own work, CC BY-SA 4.0, https://commons.wikimedia.org/w/index.php?curid=34095239

But does not work for electrons!
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Note on History

• Spin singlet state:

• Sometimes denoted “Bell state”, why?

• Spin singlet state first considered in 1926 bei Heisenberg when 
discussing spectrum of Helium.

• Introduced by Bohm & Aharonov into locality discussion.



•  QM expectation value:
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• States are entangled — information connected

• Specific state on the left is only determined AFTER measurement on 
the right and vice versa.

QM Expectation

despite separation

•  non-separable



What was Bell interested in?

Source

A

<latexit sha1_base64="Uf0gF50YCNHpkrycunRbNgtbicc=">AAACCnicbVDLSgMxFM3UV62vUZduokWoIGVGpLoRKm5cVrAP6Awlk0nb0CQzJJlCGQru3Pgrblwo4tYvcOffmGm70NYDFw7n3Mu99wQxo0o7zreVW1peWV3Lrxc2Nre2d+zdvYaKEolJHUcskq0AKcKoIHVNNSOtWBLEA0aaweAm85tDIhWNxL0excTnqCdol2KkjdSxDz2OdF/y9Hpc8oYEQ3QKPWbmQ3Ry5cUcuh276JSdCe AicWekCGaodewvL4xwwonQmCGl2q4Taz9FUlPMyLjgJYrECA9Qj7QNFYgT5aeTV8bw2Cgh7EbSlNBwov6eSBFXasQD05kdrua9TPzPaye6e+mnVMSJJgJPF3UTBnUEs1xgSCXBmo0MQVhScyvEfSQR1ia9ggnBnX95kTTOym6lXLk7L1ZrD9M48uAAHIEScMEFqIJbUAN1gMEjeAav4M16sl6sd+tj2pqzZhHugz+wPn8Ab5iZ6A==</latexit>

A(~a,�) = ±1
<latexit sha1_base64="WJE9zseewOxI1bP8w6eikpJUSR8=">AAACCnicbVDLSgMxFM3UV62vUZduokWoIGVGpLoRim5cVrAP6Awlk0nb0CQzJJlCGQru3Pgrblwo4tYvcOffmGm70NYDFw7n3Mu99wQxo0o7zreVW1peWV3Lrxc2Nre2d+zdvYaKEolJHUcskq0AKcKoIHVNNSOtWBLEA0aaweAm85tDIhWNxL0excTnqCdol2KkjdSxDz2OdF/y9Hpc8oYEw+AUeszMh+jkyos5dDt20Sk7E8BF4s5IEcxQ69hfXhjhhBOhMUNKtV0n1n6KpKaYkXHBSxSJER6gHmkbKhAnyk8nr4zhsVFC2I2kKaHhRP09kSKu1IgHpjM7XM17mfif105099JPqYgTTQSeLuomDOoIZrnAkEqCNRsZgrCk5laI+0girE16BROCO//yImmcld1KuXJ3XqzWHqZx5MEBOAIl4IILUAW3oAbqAINH8AxewZv1ZL1Y79bHtDVnzSLcB39gff4AcsiZ6g==</latexit>

B(~b,�) = ±1

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

✓
½½

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

• What is an LHVT? - “Common sense”

• Measurements at A and B are independent of each other

(once emitted, particles are 
independent, separable)



SourceA B
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• 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 results are achieved through additional, unknown, hidden 
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• Local Hidden Variable Theory (LHVT) expectation value:

prob. dist.
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• Local Hidden Variable Theory (LHVT) expectation value:

<latexit sha1_base64="YXv19Rj9Rc4asy9RA/WliIWRWmg=">AAACB3icdVDLSgMxFM3UV62vUZeCBItQNyVTZGwXQsGNCxcV7AM6Q8lk0jY08yDJCGXozo2/4saFIm79BXf+jZl2BBU9EDiccw+593gxZ1Ih9GEUlpZXVteK66WNza3tHXN3ryOjRBDaJhGPRM/DknIW0rZiitNeLCgOPE673uQi87u3VEgWhTdqGlM3wKOQDRnBSksD89BhoYKOGEcVh+uYj0+gnzN4bg3MMqoiDduGGbHqyNKk0ajXag1ozS2EyiBHa2C+O35EkoCGinAsZd9CsXJTLBQjnM5KTiJpjMkEj2hf0xAHVLrp/I4ZPNaKD4eR0E9vNVe/J1IcSDkNPD0ZYDWWv71M/MvrJ2pYd1MWxomiIVl8NEw4VBHMSoE+E5QoPtUEE8H0rpCMscBE6epKuoSvS+H/pFOrWnbVvj4tN6/yOorgAByBCrDAGWiCS9ACbUDAHXgAT+DZuDcejRfjdTFaMPLMPvgB4+0TbPmYcg==</latexit>∫
ω(ε)dε = 1 “not entangled”

factorized, i.e. separable,



• 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 (Bell 1964)

<latexit sha1_base64="tyMQP2SNo2LsfOOoe/uK45Ob2Kc=">AAAB6HicdVBNSwMxEM3Wr1q/qh69BIvgQUq2yNreCl48eGjBfkC7lGw620az2SXJCqX0F3jxoIhXf5I3/43ZtoKKPhh4vDfDzLwgEVwbQj6c3Mrq2vpGfrOwtb2zu1fcP2jrOFUMWiwWseoGVIPgElqGGwHdRAGNAgGd4O4y8zv3oDSP5Y2ZJOBHdCR5yBk1VmqeDYolUiYWnocz4laJa0mtVq1UatidW4SU0BKNQfG9P4xZGoE0TFCtey5JjD+lynAmYFbopxoSyu7oCHqWShqB9qfzQ2f4xCpDHMbKljR4rn6fmNJI60kU2M6ImrH+7WXiX14vNWHVn3KZpAYkWywKU4FNjLOv8ZArYEZMLKFMcXsrZmOqKDM2m4IN4etT/D9pV8quV/aa56X69TKOPDpCx+gUuegC1dEVaqAWYgjQA3pCz86t8+i8OK+L1pyznDlEP+C8fQLQ4o0C</latexit>,

linear function



<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: experiments

• All successful experimental tests of locality via Bell’s inequality are 
with low-energy 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

<latexit sha1_base64="VgVChzXfungHj2B7JN5wreaTp5A=">AAAB/3icdVDLSsNAFJ3UV62vqODGzWARXJSSFIntQii4ceGiUvvAJITJdNoOnTyYmYihduGvuHGhiFt/w51/46StoKIHLhzOuZd77/FjRoU0jA8tt7C4tLySXy2srW9sbunbO20RJRyTFo5YxLs+EoTRkLQklYx0Y05Q4DPS8Udnmd+5IVzQKLySaUzcAA1C2qcYSSV5+p7d9G5LTqnppe4pdYY+4rDpXXt60SgbCpYFM2JWDVORWq1aqdSgObUMowjmaHj6u9OLcBKQUGKGhLBNI5buGHFJMSOTgpMIEiM8QgNiKxqigAh3PL1/Ag+V0oP9iKsKJZyq3yfGKBAiDXzVGSA5FL+9TPzLsxPZr7pjGsaJJCGeLeonDMoIZmHAHuUES5YqgjCn6laIh4gjLFVkBRXC16fwf9KulE2rbF0eF+sX8zjyYB8cgCNgghNQB+egAVoAgzvwAJ7As3avPWov2uusNafNZ3bBD2hvn88KlWU=</latexit>

[Sx, Sy] = i~SZ<latexit sha1_base64="tyMQP2SNo2LsfOOoe/uK45Ob2Kc=">AAAB6HicdVBNSwMxEM3Wr1q/qh69BIvgQUq2yNreCl48eGjBfkC7lGw620az2SXJCqX0F3jxoIhXf5I3/43ZtoKKPhh4vDfDzLwgEVwbQj6c3Mrq2vpGfrOwtb2zu1fcP2jrOFUMWiwWseoGVIPgElqGGwHdRAGNAgGd4O4y8zv3oDSP5Y2ZJOBHdCR5yBk1VmqeDYolUiYWnocz4laJa0mtVq1UatidW4SU0BKNQfG9P4xZGoE0TFCtey5JjD+lynAmYFbopxoSyu7oCHqWShqB9qfzQ2f4xCpDHMbKljR4rn6fmNJI60kU2M6ImrH+7WXiX14vNWHVn3KZpAYkWywKU4FNjLOv8ZArYEZMLKFMcXsrZmOqKDM2m4IN4etT/D9pV8quV/aa56X69TKOPDpCx+gUuegC1dEVaqAWYgjQA3pCz86t8+i8OK+L1pyznDlEP+C8fQLQ4o0C</latexit>,
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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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<latexit sha1_base64="osvBTnQoVW/DfF9JCb+FUz2VIzE="></latexit>

H ! W
+
W

� ! (`+⌫`)(`
0�
⌫̄`0)

Oxford

Spin-correlations



• Our idea: at LEP use the decay 

Abel, Dittmar, HKD (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!!!

• Actually should use CHSH inequality (Clauser, Horne, Shimony, Holt)



CHSH Inequality (1969)

<latexit sha1_base64="n6YrL8G4VEaHYzCXp/f44BK8UNo="></latexit>

|P (ωa,ωb)→ P (ωa,ωb→) + P (ωa→,ωb) + P (ωa→,ωb)| ↑ 2

• More general inequality. Requires 4 settings. Also valid for more 
general spin states.

• Always also always satisfied for our reaction for all angles
<latexit sha1_base64="BvdbWjc9P8aIVEQnGbypRtVDO2Y="></latexit>

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



Recall the Logic

• All LHVT’s satisfy Bell’s inequality or CHSH. Mathematical theorem.

• QM can or can not satisfy Bell’s inequality

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

¬(Bell’s inequality)  —>  ¬(LHVT)

LHVT  —>  Bell’s inequality satisfied



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

• 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 can maybe reproduce experiment with 
LHVT.

• This is in fact the case!

<latexit sha1_base64="Hcxtr0TM18WCwy0vzl7TucunAXk=">AAAB+HicdZDLSgMxGIUz9VbrpaMu3QSLUDdlUqSXXcGNy4r2Ap1hyKSZNjRzIckU2qHge7hxoYhbH8Wdb2OmraCiBwIf5/whf44XcyaVZX0YuY3Nre2d/G5hb//gsGgeHXdllAhCOyTikeh7WFLOQtpRTHHajwXFgcdpz5tcZXlvSoVkUXinZjF1AjwKmc8IVtpyzWLZnlICb11b4eTCnbtmyapYloUQghmges3S0Gw2qqgBURZplcBabdd8t4cRSQIaKsKxlANkxcpJsVCMcLoo2ImkMSYTPKIDjSEOqHTS5eILeK6dIfQjoU+o4NL9fiPFgZSzwNOTAVZj+TvLzL+yQaL8hpOyME4UDcnqIT/hUEUwawEOmaBE8ZkGTATTu0IyxgITpbsq6BK+fgr/h261gmqV2s1lqdW+X9WRB6fgDJQBAnXQAtegDTqAgAQ8gCfwbMyNR+PFeF2N5ox1hSfgh4y3Tzp5k0w=</latexit>

(~S⌧ )z• This is just one component of spin: 
<latexit sha1_base64="pv8MzseB20hgUGsjK7f4dm75xI8="></latexit>

P (S+
z =", S�

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

P (S+
z =", S�

z =#) anti-parallel

(not surprising, as just 
measuring commuting 

operator)



• 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 
for decay to pions

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

{ω̂e, ω̂µ, ω̂ω, ω̂ε, ...}

Kasday (1971)
<latexit sha1_base64="lolcEmwGI0J6Aiz4rtPOmjl+roo="></latexit>

dω

d!+d!→
(e+e→ → ε+ε→ → ϑ+ϖωϑ

→ϖ̄ω ) = f(p̂ε+ , p̂ε→)



• 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/non-separability 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



• Can describe the data exactly with an LHVT, i.e. with a separable 
state! I call this non-entangled.

•  So: NOT testing locality, at all!

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

• Also NOT testing entangled (non-separable), versus non-entangled 
as you can describe the data with a separable (non-entangled) 
function.            



Freedom of Choice

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)

Collapse of wave function by 
choosing     and performing 
measurement

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

✓

• At a collider never have this possibility.



1992 —> Recent Developments

<latexit sha1_base64="cCDcilnb06fQp/T0i7eMSxZ9b1g=">AAAB8XicdVBNSwMxEJ31s9avqkcvwSJ4Ktki2/YgFLx4rGA/sF1KNk3b0Gx2SbJCWQr+CC8eFPHqv/HmvzHbVlDRBwOP92aYmRfEgmuD8Yezsrq2vrGZ28pv7+zu7RcODls6ShRlTRqJSHUCopngkjUNN4J1YsVIGAjWDiaXmd++Y0rzSN6Yacz8kIwkH3JKjJVuezoJ0YWLK/l+oYhL2MLzUEbcKnYtqdWq5XINuXML4yIs0egX3nuDiCYhk4YKonXXxbHxU6IMp4LN8r1Es5jQCRmxrqWShEz76fziGTq1ygANI2VLGjRXv0+kJNR6Gga2MyRmrH97mfiX103MsOqnXMaJYZIuFg0TgUyEsvfRgCtGjZhaQqji9lZEx0QRamxIWQhfn6L/Satccr2Sd31erDfuF3Hk4BhO4AxcqEAdrqABTaAg4QGe4NnRzqPz4rwuWlecZYRH8APO2yckH5Bk</latexit>X
= 107

our paper came out



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

(ADRS-25)

• Considered several cases numerically. All satisfy Bell or CHSH.



No Tests of Locality via Bell’s Inequality at the LHC

• It should be clear, given all these examples that it is NOT possible 
to test locality via Bell’s or the CHSH inequality at colliders.

• With commuting observables, always have an LHVT which 
completely reproduces the data. Kasday construction - 1971.

• Numerous papers in the last 5 years claiming the opposite.
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• always satisfies Bell’s inequality



• always satisfies CHSH inequality



18.9.2024



Atlas, Nature 633 (2024) 8030, 542

•     -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:

top spins (correlated)

• 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+

,



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

(4ω)2
1

ε

dε

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

different notationQM

Exp.

QM                EXP
(compute)

can identify:  
<latexit sha1_base64="O8xV/477TcCy47Y+gVP9h2im3lI="></latexit>

{B+
i , B�

i , Cij} �! {B̄+
i , B̄�

i , C̄ij}

•But this explicitly assumes QM

•QM includes entanglement automatically
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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.:

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!)

Peres (’96), Horodecki (’97)
<latexit sha1_base64="N1xXM58sxs5+WeVD8wKFlTXhbM4="></latexit>

D → 1

3
Tr[C] = ↑3↓cosω↔
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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 separable, NOT entangled.



Angular vs Spin-Correlations

• At collider measure angular correlation between final state particles
<latexit sha1_base64="1z7KjXmfSztvPjbg7bEcLw1QTkc="></latexit>

Qij = →p̂ω+ p̂ω+↑

• For entanglement etc need the spin correlation of the tau’s 
<latexit sha1_base64="get+QgjKRuJp2Owx6/oLnUPdnA4="></latexit>

Cij = →ωω+ωω→↑

• We proved these are only relatable via theory: QM & LHVT!! 
<latexit sha1_base64="RdEA8VJGLx6rV+p0AnQ7gRZT0rs="></latexit>

Qij =
ωω ω̄ω̄

9
Cij

Bechtle, Breuning, Duhr, HD (2025)

<latexit sha1_base64="12/aLUjecvz/XFQiLnm+NX3vFaQ="></latexit>

1

!

d!

d”
=

1 + ω cos ε

4ϑ



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 NOT testing for entanglement vs non-entanglement. It’s a 
measurement of spin-correlations within the framework of the SM.

• LHVT by Bell’s proof satisfies Bell’s inequality. Also LHVT inherently 
NOT entangled.
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The End
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Polarized Nucleon - Beta Decay

<latexit sha1_base64="8zVVNHh3dbn2LPEZN8lCA8m5Qy0=">AAACAHicdVDLSsNAFJ34rPUVdeHCzWAR3BiStKZ1V3DjsqJ9QBvLZDpph04ezEyEErLxV9y4UMStn+HOv3HSB6jogQuHc+7l3nu8mFEhTfNTW1peWV1bL2wUN7e2d3b1vf2WiBKOSRNHLOIdDwnCaEiakkpGOjEnKPAYaXvjy9xv3xMuaBTeyklM3AANQ+pTjKSS+vphL0By5Pkpye7SBT/Lsr5eMo2LmmOf29A0TLNql52c2NWKXYaWUnKUwByNvv7RG0Q4CUgoMUNCdC0zlm6KuKSYkazYSwSJER6jIekqGqKACDedPpDBE6UMoB9xVaGEU/X7RIoCISaBpzrzE8VvLxf/8rqJ9GtuSsM4kSTEs0V+wqCMYJ4GHFBOsGQTRRDmVN0K8QhxhKXKrKhCWHwK/yct27Acw7mulOo38zgK4Agcg1NggSqogyvQAE2AQQYewTN40R60J+1Ve5u1LmnzmQPwA9r7F/69l2U=</latexit>

e→

<latexit sha1_base64="vGQKNAZfierMdD+YZDNwRKBIyWw=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiuAqJ1NplwY3LivYCTQiT6aQdOpmEmYlQQnZufBU3LhRx6yu4822ctlG0+sPAz3fOYc75g4RRqWz7wygtLa+srpXXKxubW9s75u5eR8apwKSNYxaLXoAkYZSTtqKKkV4iCIoCRrrB+GJa794SIWnMb9QkIV6EhpyGFCOlkW8euhFSoyDM3AAJ6PI097MvRPLcN6u2Zc8EbatmN5yzBvwmTmGqoFDLN9/dQYzTiHCFGZKy79iJ8jIkFMWM5BU3lSRBeIyGpK8tRxGRXja7I4fHmgxgGAv9uIIz+nMiQ5GUkyjQndMV5WJtCv+r9VMVNryM8iRVhOP5R2HKoIrhNBQ4oIJgxSbaICyo3hXiERIIKx1dRYfgLJ7813ROLadu1a9q1eZ1EUcZHIAjcAIccA6a4BK0QBtgcAcewBN4Nu6NR+PFeJ23loxiZh/8kvH2CTxcmkU=</latexit>

ω̄e

<latexit sha1_base64="+74+Gxd8v2/EwGOLz3m5Mg9nVB4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPBi8eK9gPaUDbbTbt2sxt2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemAhu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVqyppUCaU7ITFMcMmayFGwTqIZiUPB2uH4Zua3n5g2XMkHnCQsiMlQ8ohTglZq9XDEkPTLFa/qzeGuEj8nFcjR6Je/egNF05hJpIIY0/W9BIOMaORUsGmplxqWEDomQ9a1VJKYmSCbXzt1z6wycCOlbUl05+rviYzExkzi0HbGBEdm2ZuJ/3ndFKPrIOMySZFJulgUpcJF5c5edwdcM4piYgmhmttbXToimlC0AZVsCP7yy6ukdVH1a9Xa3WWlfp/HUYQTOIVz8OEK6nALDWgChUd4hld4c5Tz4rw7H4vWgpPPHMMfOJ8/rKaPRA==</latexit>

ω

<latexit sha1_base64="JYrb+U/1WKiNA5zr3SM5IEBYrFw="></latexit>

4ω
1

!

d!

d”
= 1 + ε cos ϑ

spin analyzing power



Spin- vs Angular-Correlations BBDD-25

(I) QFT
<latexit sha1_base64="7W98FNLSOEAkBTCjFSrnjEiHlII="></latexit>

1

ω

dω

d!+d!→
=

1 + ε1 B+ ·q+ + ε̄1 B→ ·q→ + ε1ε̄1 qT
+Cq→

16ϑ2

<latexit sha1_base64="bT2R2dNJQrmTDV54AJJZDQZmjC4="></latexit>

Qij = →qi+ qj→↑ =
∫

S2↑S2

d!+ d!→
1

ω

dω

d!+d!→
qi+ qj→ =

ε1ε̄1

9
Cij

angular-corr. spin-corr.
<latexit sha1_base64="EzOf7bIIfmF3xzW3RaQ+/J8pJXw="></latexit>

Qij =
ω1ω̄1

9
Cij



•On to entanglement

•It should be clear that an LHVT is not entangled, i.e. separable

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

P (~a,~b) =

Z
d� ⇢(�)A(~a,�)B(~b,�)

not entangled,
factorized



A further Note on Separability
<latexit sha1_base64="mRYYnVERl+3k83BqdnFd/3GHg18="></latexit>

! =
∑

m,n

amn!m → ”n .

<latexit sha1_base64="OWEFUhSrCT5YKPQ/1QH7sqDaxhk=">AAAB/HicdVBNS8NAEN3Ur1q/oj16WSyCh1KSIrE9CAUvHjxUsLbQhrDZbtqlu5uwuxFKqH/FiwdFvPpDvPlv3LQVVPTBwOO9GWbmhQmjSjvOh1VYWV1b3yhulra2d3b37P2DWxWnEpMOjlkseyFShFFBOppqRnqJJIiHjHTDyUXud++IVDQWN3qaEJ+jkaARxUgbKbDLKMi4mMFzGAYc4kAMqtXArjg1x8DzYE7chuMa0mw26vUmdOeW41TAEu3Afh8MY5xyIjRmSKm+6yTaz5DUFDMyKw1SRRKEJ2hE+oYKxInys/nxM3hslCGMYmlKaDhXv09kiCs15aHp5EiP1W8vF//y+qmOGn5GRZJqIvBiUZQyqGOYJwGHVBKs2dQQhCU1t0I8RhJhbfIqmRC+PoX/k9t6zfVq3vVppXW1jKMIDsEROAEuOAMtcAnaoAMwmIIH8ASerXvr0XqxXhetBWs5UwY/YL19AlkWk/0=</latexit>

amn = bmcn ,

<latexit sha1_base64="K9CUDYDhjfQKGAxLp/x2bbjYNcM="></latexit>

! =

(
∑

m

bm!m

)
→

(
∑

n

cn”n

)
↑ !̃m → ”̃n ,

<latexit sha1_base64="6t49L8n4+dhR7ORnUyChGOBEEDQ="></latexit>

→!|A(m)B(n)|!↑ = →!̃m|A(m)|!̃m↑ · →”̃n|B(n)|”̃n↑ ,

<latexit sha1_base64="+kFDoiPWfe4xAeqQ8jUTIBk5UIo="></latexit>

assume !m, ”n pure

<latexit sha1_base64="CqxfCLx7EH0HpyLblQKgug0iPSc=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwVSZFYrsruHHhooJ9QBvKZDpphyaTMHNTLKF/4saFIm79E3f+jZO2gooeGDicc19z/CQUGgj5sApr6xubW8Xt0s7u3v6BfXjU1nGqGG+xOIxV16eah0LyFggIeTdRnEZ+yDv+5Cr3O1OutIjlHcwS7kV0JEUgGAUjDWy7D/weMs0Tqqhpmg/sMqkQA9fFOXFqxDGkXq9Vq3XsLCxCymiF5sB+7w9jlkZcAgup1j2HJOBlVIFgZl6pn+bD2YSOeM9QSSOuvWxx+RyfGWWIg1iZJwEv1O8dGY20nkW+qYwojPVvLxf/8nopBDUvEzJJgUu2XBSkIYYY5zHgoVCcQTgzhDIlzK2YjU0EDExYJRPC10/x/6RdrThuxb29KDduVnEU0Qk6RefIQZeoga5RE7UQQ1P0gJ7Qs5VZj9aL9bosLVirnmP0A9bbJ6sIlGU=</latexit>

separable

otherwise entangled



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)

A
Source

Rendering of: “entanglement” - non-separable

Contrast: separable



<latexit sha1_base64="uO3GLKxVOwVzKmusBIfhgcWg8wA="></latexit>∫
d3p→

1

ω

d2ω

d!+d!→

[
pp → tt̄ → (bε+ϑω)(b̄ε

→→ϑ̄ω→↑)
]
↑ f+(p+)

<latexit sha1_base64="t00nTwImYBKohUqFPehMbz9xeys="></latexit>

P (ωa,ωb) =

∫
dε ϑ(ε)A(ωa,ε)B(ωb,ε) .

<latexit sha1_base64="arPFl1DXenBcD4WrkiJ/ZvzBD5M="></latexit>

1

ω

d6ω

d3p+d3p→

[
pp → tt̄ → (bε+ϑω)(b̄ε

→→ϑ̄ω→↑)
]
= F+→(p+, p→)

Bell’s LHVTs:

At Colliders:

Expectations for momenta separate:


