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粒子物理中的量子纠缠

Ø 量子纠缠和量子非局域性检验是检验
量子力学基本性质的重要组成部分

Ø 量子纠缠是量子信息和量子计算的重
要基础：如利用量子纠缠态实现量子
信息的传输

Ø 量子纠缠在光学、固体物理、原子物
理系统已经被广泛研究
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粒子物理中的量子纠缠

Ø 量子纠缠和量子非局域性检验仅在低能实验中得到了很好
的检验，高能情况？

Ø 高能物理：物理过程可能涉及电磁、弱相互作用以及强相
互作用。量子纠缠现象从未在其它相互作用中检验

Ø 粒子物理提供了新的检验环境和模式：粒子的自旋测量来
自不稳定粒子的衰变产物分布；有质量重规范玻色子存在
新的自由度
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粒子物理中的量子纠缠

LHC 实验在顶夸克对产生过程中发现了量子纠缠现象

Nature 633, 542 (2024) Rept. Prog. Phys. 87 (2024) 117801
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基本概念介绍

Ø 纯态：系统的量子态可以完全用一个态矢量| ⟩Ψ 描述
Ø 密度矩阵定义：

     基本性质：厄米性   𝜌! = 𝜌
 归一化  𝑇𝑟 𝜌 = 1
半正定  𝜌 ≥ 0

 投影算符 𝜌" = 𝜌
Ø 混态：系统处于多个纯态的统计混合（经典概率混合），
无法用单一态矢量进行描述

𝜌" ≠ 𝜌

最大混合态

<latexit sha1_base64="ADxUs+Nwtzq1B2suVj++fckQAJY=">AAACBnicbVDLSsNAFJ34rPUVdSlCsAiuSiJS3QhFNy4r2Ac0oUymN+3QyUyYmQgl7cqNv+LGhSJu/QZ3/o3TNgttPXC5h3PuZeaeMGFUadf9tpaWV1bX1gsbxc2t7Z1de2+/oUQqCdSJYEK2QqyAUQ51TTWDViIBxyGDZji4mfjNB5CKCn6vhwkEMe5xGlGCtZE69pEv++Jq5NcU9SXmPQY+mzWjjDp2yS27UziLxMtJCeWodewvvytIGgPXhGGl2p6b6CDDUlPCYFz0UwUJJgPcg7ahHMeggmx6xtg5MUrXiYQ0xbUzVX9vZDhWahiHZjLGuq/mvYn4n9dOdXQZZJQnqQZOZg9FKXO0cCaZOF0qgWg2NAQTSc1fHdLHEhNtkiuaELz5kxdJ46zsVcqVu/NS9TqPo4AO0TE6RR66QFV0i2qojgh6RM/oFb1ZT9aL9W59zEaXrHznAP2B9fkD3byZZg==</latexit>

ω = |!→↑!|

<latexit sha1_base64="eHrSxf4szI4Gr8DQSE4QLFfgMGU=">AAACInicbVDNS8MwHE3n15xfVY9egkPwIKMVmXoYDL14nOA+YC0lzdItLE1Lkgqj29/ixX/FiwdFPQn+MWZdQd18EPJ47/1Ifs+PGZXKsj6NwtLyyupacb20sbm1vWPu7rVklAhMmjhikej4SBJGOWkqqhjpxIKg0Gek7Q+vp377nghJI36nRjFxQ9TnNKAYKS155qUjBlHNkUnoURh7dOw0JPWoIxDvM+Kw2ZVp4xP4k6vZnlm2KlYGuEjsnJRBjoZnvju9CCch4QozJGXXtmLlpkgoihmZlJxEkhjhIeqTrqYchUS6abbiBB5ppQeDSOjDFczU3xMpCqUchb5OhkgN5Lw3Ff/zuokKLtyU8jhRhOPZQ0HCoIrgtC/Yo4JgxUaaICyo/ivEAyQQVrrVki7Bnl95kbROK3a1Ur09K9ev8jqK4AAcgmNgg3NQBzegAZoAgwfwBF7Aq/FoPBtvxscsWjDymX3wB8bXN8ewpGo=</latexit>

ω =
∑

i

pi|!i→↑!i|,
∑

i

pi = 1
<latexit sha1_base64="JW9N5qcBXF10gURAQpCBrJlqVPo=">AAAB83icbVA9SwNBEJ3zM8avqKXNYhCswl2QaGERtLGMkC+4O8PeZi9Zsrd77O4JIeRv2FgoYuufsfPfuEmu0MQHA4/3ZpiZF6WcaeO6387a+sbm1nZhp7i7t39wWDo6bmuZKUJbRHKpuhHWlDNBW4YZTrupojiJOO1Eo7uZ33miSjMpmmac0jDBA8FiRrCxUtBUfqCG8rEa3ni9UtmtuHOgVeLlpAw5Gr3SV9CXJEuoMIRjrX3PTU04wcowwum0GGSappiM8ID6lgqcUB1O5jdP0blV+iiWypYwaK7+npjgROtxEtnOBJuhXvZm4n+en5n4OpwwkWaGCrJYFGccGYlmAaA+U5QYPrYEE8XsrYgMscLE2JiKNgRv+eVV0q5WvFql9nBZrt/mcRTgFM7gAjy4gjrcQwNaQCCFZ3iFNydzXpx352PRuubkMyfwB87nDyP9kR0=</latexit>

Tr[ω2] < 1

<latexit sha1_base64="lnDGSsbkn2tyK7ZASEv8OPYEGZk=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURqW6EohuXFewD2hAmk0k7dDIJMxOhhnyJGxeKuPVT3Pk3Th8LbT1w4XDOvdx7T5ByprTjfFultfWNza3ydmVnd2+/ah8cdlSSSULbJOGJ7AVYUc4EbWumOe2lkuI44LQbjG+nfveRSsUS8aAnKfViPBQsYgRrI/l2NfXZ9SCSmORukYeFb9ecujMDWiXugtRggZZvfw3ChGQxFZpwrFTfdVLt5VhqRjgtKoNM0RSTMR7SvqECx1R5+ezwAp0aJURRIk0JjWbq74kcx0pN4sB0xliP1LI3Ff/z+pmOrryciTTTVJD5oijjSCdomgIKmaRE84khmEhmbkVkhE0K2mRVMSG4yy+vks553W3UG/cXtebNIo4yHMMJnIELl9CEO2hBGwhk8Ayv8GY9WS/Wu/Uxby1Zi5kj+APr8wfcbJM+</latexit>

pi =
1

d
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自旋1/2 体系密度矩阵
Ø 单粒子体系:

Ø 两粒子体系：

<latexit sha1_base64="vrn5idTJBdvQGQ1YB7fyhCaIUVU=">AAACIHicbZDNTsJAFIWn+If4V3XpppGY4Ia0xoAbEqIbl5gAktCGTIdbmDCdNjNTEtLwKG58FTcuNEZ3+jQOhYWAN5nkyzn35s49fsyoVLb9beQ2Nre2d/K7hb39g8Mj8/ikLaNEEGiRiEWi42MJjHJoKaoYdGIBOPQZPPqju5n/OAYhacSbahKDF+IBpwElWGmpZ1bdMZBUTmtNUcrQlXQQ4qkrhtFlzWWYDxgsG5nUM4t22c7KWgdnAUW0qEbP/HL7EUlC4IowLGXXsWPlpVgoShhMC24iIcZkhAfQ1chxCNJLswOn1oVW+lYQCf24sjL170SKQyknoa87Q6yGctWbif953UQFN15KeZwo4GS+KEiYpSJrlpbVpwKIYhMNmAiq/2qRIRaYKJ1pQYfgrJ68Du2rslMpVx6ui/XbRRx5dIbOUQk5qIrq6B41UAsR9IRe0Bt6N56NV+PD+Jy35ozFzClaKuPnF/HvpLk=</latexit>

ωs = Tr(ωεϑ) = →ωε↑自旋矢量：

§ : 单个粒子的自旋

§ :   两粒子间的自旋关联
<latexit sha1_base64="pV3gt+KXHNGsqKNhSDTElp63ltw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqR6LvXisYD+gXUo2zbZps8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ylsbG5t7xR3S3v7B4dH5eOTtpaJIrRFJJeqG2BNORO0ZZjhtBsriqOA004wbWR+54kqzaR4NLOY+hEeCRYygo2V2o1ByibzQbniVt0F0DrxclKBHM1B+as/lCSJqDCEY617nhsbP8XKMMLpvNRPNI0xmeIR7VkqcES1ny6unaMLqwxRKJUtYdBC/T2R4kjrWRTYzgibsV71MvE/r5eY8NZPmYgTQwVZLgoTjoxE2etoyBQlhs8swUQxeysiY6wwMTagkg3BW315nbSvql6tWnu4rtTv8jiKcAbncAke3EAd7qEJLSAwgWd4hTdHOi/Ou/OxbC04+cwp/IHz+QOfW48u</latexit>

Cij

<latexit sha1_base64="s9Hhf7J1dDqzD1X3bRRJkSSF/Zw=">AAACD3icbVC7SgNBFJ31GeNr1dJmMSixCbsi0UYIprGMkBdkl2V2MkkmmccyMyuEJX9g46/YWChia2vn3zhJttDEAwPnnnMvd+6JYkqUdt1va2V1bX1jM7eV397Z3du3Dw6bSiQS4QYSVMh2BBWmhOOGJpridiwxZBHFrWhUnfqtBywVEbyuxzEOGOxz0iMIaiOF9lk1TMlwclOXRV8OhK9In8GQ+EIThlVWDs9Du+CW3BmcZeJlpAAy1EL7y+8KlDDMNaJQqY7nxjpIodQEUTzJ+4nCMUQj2McdQzk024J0ds/EOTVK1+kJaR7Xzkz9PZFCptSYRaaTQT1Qi95U/M/rJLp3HaSEx4nGHM0X9RLqaOFMw3G6RGKk6dgQiCQxf3XQAEqItIkwb0LwFk9eJs2Lklcule8vC5XbLI4cOAYnoAg8cAUq4A7UQAMg8AiewSt4s56sF+vd+pi3rljZzBH4A+vzB3G3nPA=</latexit>

Cij = Tr(ωεi → εj)

<latexit sha1_base64="oRY4HLHPfHKU5sAn2O6uFQ0uAfE=">AAAB8HicbVBNTwIxEJ3FL8Qv1KOXRmLiiewagx4JXjxi4gIGVtItXWhou5u2a0I2/AovHjTGqz/Hm//GAntQ8CWTvLw3k5l5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8epItQnMY9VJ8Saciapb5jhtJMoikXIaTsc38z89hNVmsXy3kwSGgg8lCxiBBsrPTT67DHrJWLaL1fcqjsHWiVeTiqQo9kvf/UGMUkFlYZwrHXXcxMTZFgZRjidlnqppgkmYzykXUslFlQH2fzgKTqzygBFsbIlDZqrvycyLLSeiNB2CmxGetmbif953dRE10HGZJIaKsliUZRyZGI0+x4NmKLE8IklmChmb0VkhBUmxmZUsiF4yy+vktZF1atVa3eXlXojj6MIJ3AK5+DBFdThFprgAwEBz/AKb45yXpx352PRWnDymWP4A+fzB9zDkHg=</latexit>

B±
i

<latexit sha1_base64="Sr6aJqKTDBmRTLbM0/tezCCF+84="></latexit>

ω =
1

2
(I2 + εs · εϑ)
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贝尔态的密度矩阵

Ø 自旋单态 （反对称）:

Ø 自旋三重态（对称）：

<latexit sha1_base64="MFvpo+QtbqrKy4ihOy5uuI9NoX0="></latexit>

|!0→ =
1↑
2
(| ↓↔→ ↗ | ↔↓→)

<latexit sha1_base64="XN6LdmB78kWNWckuMfa4YAGfW9Q="></latexit>

ω = |!0→↑!0| =
1

2





0 0 0 0
0 1 ↓1 0
0 ↓1 1 0
0 0 0 0





<latexit sha1_base64="1aU384fNwn2qA7HY5cqR57cOYJM="></latexit>

C =




→1 0 0
0 →1 0
0 0 →1
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量子纠缠-两粒子系统
Ø 考虑两粒子体系的希尔伯特空间 ，系统A和B
可分（没有纠缠）：

Ø 纯态：利用冯·诺伊曼熵（Von Neumann Entropy）判断纠
缠程度

      纠缠熵定义：
      其中约化密度矩阵定义为：

<latexit sha1_base64="zWmLX5FSmRgLibJZtvI7OudvL/w=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExVQlChbGUpWOR6ENqoshx3daqY0e2g1RFnVn4FRYGEGLlC9j4G5w2Q2k50pWOzrlX994Txowq7Tg/VmFtfWNzq7hd2tnd2z+wD4/aSiQSkxYWTMhuiBRhlJOWppqRbiwJikJGOuH4LvM7j0QqKviDnsTEj9CQ0wHFSBspsE+9COkRRixtTINbT2gaEbWo1QO77FScGeAqcXNSBjmagf3t9QVOIsI1ZkipnuvE2k+R1BQzMi15iSIxwmM0JD1DOTIb/XT2yhSeG6UPB0Ka4hrO1MWJFEVKTaLQdGZHqmUvE//zeoke3Pgp5XGiCcfzRYOEQS1glgvsU0mwZhNDEJbU3ArxCEmEtUmvZEJwl19eJe3LilutVO+vyrV6HkcRnIAzcAFccA1qoAGaoAUweAIv4A28W8/Wq/Vhfc5bC1Y+cwz+wPr6Bf4Nmxo=</latexit>

HA →HB

<latexit sha1_base64="TYExLyGm5y79ps/bGKRW+Ssr998=">AAACFHicbVDLSgMxFM34rPU16tJNsAiCUGZEqhuhrRuXFewDOuOQSdM2NJkMSUYoQz/Cjb/ixoUibl24829Mp7PQ1gOBc8+5l5t7wphRpR3n21paXlldWy9sFDe3tnd27b39lhKJxKSJBROyEyJFGI1IU1PNSCeWBPGQkXY4up767QciFRXRnR7HxOdoENE+xUgbKbBPPTkUQVqrT648lfCAwjigmUbva57QlBOVl/XALjllJwNcJG5OSiBHI7C/vJ7ACSeRxgwp1XWdWPspkppiRiZFL1EkRniEBqRraITMMj/NjprAY6P0YF9I8yINM/X3RIq4UmMemk6O9FDNe1PxP6+b6P6ln9IoTjSJ8GxRP2FQCzhNCPaoJFizsSEIS2r+CvEQSYS1ybFoQnDnT14krbOyWylXbs9L1XoeRwEcgiNwAlxwAargBjRAE2DwCJ7BK3iznqwX6936mLUuWfnMAfgD6/MHPpue9w==</latexit>

ωAB =
∑

i

piω
A
i → ωBi

<latexit sha1_base64="ix3u3uZtfbJrUzAyO8QBWXm5288=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqAvLjEh1IxTduKzYG3SGkkkzbWgmGZKMUIaCG1/FjQtF3PoS7nwb02kX2vpD4OM/53By/iBmVGnH+bZyS8srq2v59cLG5tb2jr2711QikZg0sGBCtgOkCKOcNDTVjLRjSVAUMNIKhjeTeuuBSEUFr+tRTPwI9TkNKUbaWF374L7kyYE4uTqty4ygx0Q/s7p20Sk7meAiuDMogplqXfvL6wmcRIRrzJBSHdeJtZ8iqSlmZFzwEkVihIeoTzoGOYqI8tPshjE8Nk4PhkKaxzXM3N8TKYqUGkWB6YyQHqj52sT8r9ZJdHjpp5THiSYcTxeFCYNawEkgsEclwZqNDCAsqfkrxAMkEdYmtoIJwZ0/eRGaZ2W3Uq7cnRer17M48uAQHIEScMEFqIJbUAMNgMEjeAav4M16sl6sd+tj2pqzZjP74I+szx8S3paM</latexit>

S(ω) = →Tr(ω log ω)

<latexit sha1_base64="uprHSn3mQbzdhn5HHU5bC36hBgY=">AAACFHicbZDLSgMxFIYz9VbrbdSlm2ARWoQyI1LdCG3duKxoL9ApJZOmbWgmGZJMoQx9CDe+ihsXirh14c63MW0H0dYfAl/+cw7J+f2QUaUd58tKrayurW+kNzNb2zu7e/b+QV2JSGJSw4IJ2fSRIoxyUtNUM9IMJUGBz0jDH15P640RkYoKfq/HIWkHqM9pj2KkjdWxT70RkiRUlAkOc54ciE5crkzyV3fzS/mHKvmOnXUKzkxwGdwEsiBRtWN/el2Bo4BwjRlSquU6oW7HSGqKGZlkvEiREOEh6pOWQY4CotrxbKkJPDFOF/aENIdrOHN/T8QoUGoc+KYzQHqgFmtT879aK9K9y3ZMeRhpwvH8oV7EoBZwmhDsUkmwZmMDCEtq/grxAEmEtckxY0JwF1dehvpZwS0Wirfn2VIliSMNjsAxyAEXXIASuAFVUAMYPIAn8AJerUfr2Xqz3uetKSuZOQR/ZH18A5Q0nUA=</latexit>

ω(εAB) = S(εA) = S(εB)

<latexit sha1_base64="/Fy9FjgsvRw+D5hTVx18es7MFRY="></latexit>

ωA = TrB(ωAB) =
∑

n

(1A →B ↑n|)ωAB)(1A → |n↓B)
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贝尔态的冯·诺伊曼熵
Ø 自旋单态

Ø 混态时不能用冯·诺伊曼熵去量化纠缠，可能包含经典关
联，如下面的密度矩阵冯·诺伊曼熵与贝尔态结果相同

<latexit sha1_base64="MFvpo+QtbqrKy4ihOy5uuI9NoX0="></latexit>

|!0→ =
1↑
2
(| ↓↔→ ↗ | ↔↓→)

<latexit sha1_base64="XN6LdmB78kWNWckuMfa4YAGfW9Q="></latexit>

ω = |!0→↑!0| =
1

2





0 0 0 0
0 1 ↓1 0
0 ↓1 1 0
0 0 0 0





<latexit sha1_base64="/gtiAC00SJmdghQ8FGlvXtHusbw="></latexit>

ωAB =

[
M00 M01

M10 M11

]系统B的基矢：

<latexit sha1_base64="jVGvjG1R5udJCg0iFVOOTJ6FT2c=">AAACCHicbVDLSsNAFJ3UV62vqEsXBosgCDVTpLopVN24ESrYBzQhTCbTdugkE2YmQglZuvFX3LhQxK2f4M6/cdpmodUDl3s4515m7vFjRqWy7S+jsLC4tLxSXC2trW9sbpnbO23JE4FJC3PGRddHkjAakZaiipFuLAgKfUY6/uhq4nfuiZCUR3dqHBM3RIOI9ilGSkueue+IIfcu6jdeatvZsW4QZnXH5yxIYXZS9cyyXbGnsP4SmJMyyNH0zE8n4DgJSaQwQ1L2oB0rN0VCUcxIVnISSWKER2hAeppGKCTSTaeHZNahVgKrz4WuSFlT9edGikIpx6GvJ0OkhnLem4j/eb1E9c/dlEZxokiEZw/1E2Ypbk1SsQIqCFZsrAnCguq/WniIBMJKZ1fSIcD5k/+SdrUCa5Xa7Wm5cZnHUQR74AAcAQjOQANcgyZoAQwewBN4Aa/Go/FsvBnvs9GCke/sgl8wPr4BhxKYZw==</latexit>

ωA = M00 +M11 = 1/2

冯·诺伊曼熵: 贝尔态为最大纠缠态

约化密度矩阵：

<latexit sha1_base64="1c1oexPrqvfMVQjosiEbXwssiiw=">AAACLHicbVDLSgMxFM34rPU16tLNYBHahWWmSHVTqHbjsmJf0ClDJk3b0EwyJBmhlH6QG39FEBcWcet3mJkOoq0HAueec2+Se/yQEqlse26srW9sbm1ndrK7e/sHh+bRcUvySCDcRJxy0fGhxJQw3FREUdwJBYaBT3HbH9div/2IhSScNdQkxL0ADhkZEASVljyz9pB3xYgXKhcNkTDvxqV86JXSoqAdV0aBR1yqb+3DmMT+T1lxPDNnF+0E1ipxUpIDKeqe+er2OYoCzBSiUMquY4eqN4VCEUTxLOtGEocQjeEQdzVlMMCyN02WnVnnWulbAy70YcpK1N8TUxhIOQl83RlANZLLXiz+53UjNbjuTQkLI4UZWjw0iKiluBUnZ/WJwEjRiSYQCaL/aqERFBApnW9Wh+Asr7xKWqWiUy6W7y9z1ds0jgw4BWcgDxxwBargDtRBEyDwBF7AO5gbz8ab8WF8LlrXjHTmBPyB8fUNoremsg==</latexit>

S(ω) = →Tr(ωA log2(ωA)) = →
∑

i

εi log2 εi = 1

<latexit sha1_base64="iQqBbWLvJKR63Wyphz4faIz+5Hk="></latexit>

ωc.c.AB =
1

2
(|0→↑0|A ↓ |1→↑1|B + |1→↑1|A ↓ |0→↑0|B)



11

量子纠缠-两粒子系统
Ø 判据1：佩雷斯-霍罗德基判据，即密度矩阵            的部分转
置矩阵是负定的，则            描述一个纠缠态

     定义部分转置密度矩阵

      注意：两个半正定矩阵的直积也是半正定的

Ø 判据2: Concurrence （并发纠缠）

<latexit sha1_base64="Fvc5Xwdwow4tnR/RS/Nbjk3rfbA=">AAACHnicbVDLSsNAFJ34rPVVdelmsAh1UxLR6kZo48Zlhb6gScNkOm2HTjJhZiKUkC9x46+4caGI4Er/xmmbhbYeGDj3nHu5c48fMSqVaX4bK6tr6xubua389s7u3n7h4LAleSwwaWLOuOj4SBJGQ9JUVDHSiQRBgc9I2x/fTv32AxGS8rChJhFxAzQM6YBipLTkFS4dMeJeUrPTXtLw7PTGkXHgURh5dObQXs3higZElrLaPus1vELRLJszwGViZaQIMtS9wqfT5zgOSKgwQ1J2LTNSboKEopiRNO/EkkQIj9GQdDUNkV7oJrPzUniqlT4ccKFfqOBM/T2RoEDKSeDrzgCpkVz0puJ/XjdWg2s3oWEUKxLi+aJBzKDicJoV7FNBsGITTRAWVP8V4hESCCudaF6HYC2evExa52WrUq7cXxSrdhZHDhyDE1ACFrgCVXAH6qAJMHgEz+AVvBlPxovxbnzMW1eMbOYI/IHx9QNqfaKp</latexit>

ωTB
AB =

∑

i

piω
A
i → (ωBi )

T

<latexit sha1_base64="PIEkRKkMLqqvD4W/gkGfOO4/TBk=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8xXjxGMA9JljA7mSRD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFMWfG+v63l1tb39jcym8Xdnb39g+Kh0dNoxJNaIMornQ7woZyJmnDMstpO9YUi4jTVjS+nfmtJ6oNU/LBTmIaCjyUbMAItk567OqR6qU3tWmvWPLL/hxolQQZKUGGeq/41e0rkggqLeHYmE7gxzZMsbaMcDotdBNDY0zGeEg7jkosqAnT+cFTdOaUPhoo7UpaNFd/T6RYGDMRkesU2I7MsjcT//M6iR1chymTcWKpJItFg4Qjq9Dse9RnmhLLJ45gopm7FZER1phYl1HBhRAsv7xKmhfloFKu3F+WqrUsjjycwCmcQwBXUIU7qEMDCAh4hld487T34r17H4vWnJfNHMMfeJ8/tmOQXg==</latexit>ωAB
<latexit sha1_base64="PIEkRKkMLqqvD4W/gkGfOO4/TBk=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8xXjxGMA9JljA7mSRD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFMWfG+v63l1tb39jcym8Xdnb39g+Kh0dNoxJNaIMornQ7woZyJmnDMstpO9YUi4jTVjS+nfmtJ6oNU/LBTmIaCjyUbMAItk567OqR6qU3tWmvWPLL/hxolQQZKUGGeq/41e0rkggqLeHYmE7gxzZMsbaMcDotdBNDY0zGeEg7jkosqAnT+cFTdOaUPhoo7UpaNFd/T6RYGDMRkesU2I7MsjcT//M6iR1chymTcWKpJItFg4Qjq9Dse9RnmhLLJ45gopm7FZER1phYl1HBhRAsv7xKmhfloFKu3F+WqrUsjjycwCmcQwBXUIU7qEMDCAh4hld487T34r17H4vWnJfNHMMfeJ8/tmOQXg==</latexit>ωAB

𝜆! 矩阵                 的本征值
<latexit sha1_base64="6GwhoroSKyAmm9BeTyTk5H650Bc=">AAACEnicbZDLSsNAFIYn9VbrLerSTbAIuimJSHVZdOOygr1AE8pkMmmHTjJx5kQoIc/gxldx40IRt67c+TZO24DaemCGj/8/h5nz+wlnCmz7yygtLa+srpXXKxubW9s75u5eW4lUEtoiggvZ9bGinMW0BQw47SaS4sjntOOPriZ+555KxUR8C+OEehEexCxkBIOW+uaJq+4kZMUthyJ3gfGAFvwj532zatfsaVmL4BRQRUU1++anGwiSRjQGwrFSPcdOwMuwBEY4zStuqmiCyQgPaE9jjCOqvGy6Um4daSWwQiH1icGaqr8nMhwpNY583RlhGKp5byL+5/VSCC+8jMVJCjQms4fClFsgrEk+VsAkJcDHGjCRTP/VIkMsMQGdYkWH4MyvvAjt05pTr9VvzqqNyyKOMjpAh+gYOegcNdA1aqIWIugBPaEX9Go8Gs/Gm/E+ay0Zxcw++lPGxzenep//</latexit>√→

ωω̃
→
ω

W. K. Wootters, PRL 80 (1998) 2245

<latexit sha1_base64="IZKRDnTez0Adm5kDn0cS3p3EaHg="></latexit>

C(ω) = max(0,ε1 → ε2 → ε3 → ε4)
<latexit sha1_base64="W+l3Gh4d+CMDVro2Sls9BRVAjrs=">AAACA3icbVBNS8NAEJ34WetX1JteFotQLyURqR6LvXisYD+gCWWz3bRLN5uwuxFKKHjxr3jxoIhX/4Q3/43bNgdtfTDweG+GmXlBwpnSjvNtrayurW9sFraK2zu7e/v2wWFLxakktEliHstOgBXlTNCmZprTTiIpjgJO28GoPvXbD1QqFot7PU6oH+GBYCEjWBupZx87HqdehPWQYJ7VJ2VPDuNzoyG3Z5ecijMDWiZuTkqQo9Gzv7x+TNKICk04VqrrOon2Myw1I5xOil6qaILJCA9o11CBI6r8bPbDBJ0ZpY/CWJoSGs3U3xMZjpQaR4HpnF6rFr2p+J/XTXV47WdMJKmmgswXhSlHOkbTQFCfSUo0HxuCiWTmVkSGWGKiTWxFE4K7+PIyaV1U3GqlendZqt3kcRTgBE6hDC5cQQ1uoQFNIPAIz/AKb9aT9WK9Wx/z1hUrnzmCP7A+fwDLbpb8</latexit>

0 → C(ω) → 1

没有
纠缠

最大
纠缠
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量子纠缠-两粒子系统
Ø 佩雷斯-霍罗德基判据

§ 对第二个子系统进行部分转置

§ 考虑简化情况，投影到由                            构成的子空间
<latexit sha1_base64="u+D0rAClvUKR8fc4Tx2dRzvP0mo=">AAAB/3icbZDLSgMxFIYz9VbrbVRw4yZYBKG2zIhUl0U3LivYC7RDyaSnbWgmMyQZoUy78FXcuFDEra/hzrcxbWehrT8EPv5zDufk9yPOlHacbyuzsrq2vpHdzG1t7+zu2fsHdRXGkkKNhjyUTZ8o4ExATTPNoRlJIIHPoeEPb6f1xiNIxULxoEcReAHpC9ZjlGhjdeyjcaHQlkT0OZzjcbGYcsfOOyVnJrwMbgp5lKrasb/a3ZDGAQhNOVGq5TqR9hIiNaMcJrl2rCAidEj60DIoSADKS2b3T/Cpcbq4F0rzhMYz9/dEQgKlRoFvOgOiB2qxNjX/q7Vi3bv2EiaiWIOg80W9mGMd4mkYuMskUM1HBgiVzNyK6YBIQrWJLGdCcBe/vAz1i5JbLpXvL/OVmzSOLDpGJ+gMuegKVdAdqqIaomiMntErerOerBfr3fqYt2asdOYQ/ZH1+QOO1pUw</latexit>

|++→, |↑↑→

子空间的密度矩阵出现
负本征值则原始密度矩
阵处于纠缠状态
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量子纠缠-两粒子系统
§ 两粒子纠缠的充分条件

<latexit sha1_base64="Lkp/SZLKZd0hPYQh1Hl0zinUor8="></latexit>

P = (B+
3 +B→

3 )2 + (C11 + C22)
2 + (C21 → C12)

2 → (1 + C33)
2 > 0

<latexit sha1_base64="aangNZY6VkiYZkYLrsKGetVO3kM="></latexit>

P → P̃ ↑ (C11 + C22)
2 ↓ (1 + C33)

2 > 0

<latexit sha1_base64="2BCL9ERpIXpcwmKtvq3gwBLEyRU=">AAAB73icbVBNS8NAEJ34WetX1aOXYBG8WBKR6kmKvXisYD8gDWWz3bRLN5u4OxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwjY7zba2srq1vbBa2its7u3v7pYPDlo5TRVmTxiJWnYBoJrhkTeQoWCdRjESBYO1gVJ/67SemNI/lA44T5kdkIHnIKUEjdc5ReXX/xu2Vyk7FmcFeJm5OypCj0St9dfsxTSMmkQqitec6CfoZUcipYJNiN9UsIXREBswzVJKIaT+b3TuxT43St8NYmZJoz9TfExmJtB5HgemMCA71ojcV//O8FMNrP+MySZFJOl8UpsLG2J4+b/e5YhTF2BBCFTe32nRIFKFoIiqaENzFl5dJ66LiVivV+8ty7TaPowDHcAJn4MIV1OAOGtAECgKe4RXerEfrxXq3PuatK1Y+cwR/YH3+AAVqj1I=</latexit>

→tr[C] > 1
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量子纠缠-两粒子系统
§ 一些简化系统，可以得到更严格的限制。考虑非极化量子
态产生过程，如 ，对角化关联矩阵

<latexit sha1_base64="kZhZVe69JNX3qxF6IgIhqMKJIYY=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBE8lUSkeix68VjBfkATy2a7SZduNmF3opTQ/+HFgyJe/S/e/Ddu2xy09cHA470ZZuYFqeAaHefbWlldW9/YLG2Vt3d29/YrB4dtnWSKshZNRKK6AdFMcMlayFGwbqoYiQPBOsHoZup3HpnSPJH3OE6ZH5NI8pBTgkZ6iCIPExu9gKgcJ/1K1ak5M9jLxC1IFQo0+5Uvb5DQLGYSqSBa91wnRT8nCjkVbFL2Ms1SQkckYj1DJYmZ9vPZ1RP71CgDO0yUKYn2TP09kZNY63EcmM6Y4FAvelPxP6+XYXjl51ymGTJJ54vCTNjTT00E9oArRlGMDSFUcXOrTYdEEYomqLIJwV18eZm0z2tuvVa/u6g2ros4SnAMJ3AGLlxCA26hCS2goOAZXuHNerJerHfrY966YhUzR/AH1ucPux2Srw==</latexit>

gg → tt̄

密度矩阵要求： 佩雷斯-霍罗德基判据，纠缠条件：
存在一个即可

<latexit sha1_base64="tUiKH7AiV1CU3v1Lohzj1KxF5GY="></latexit>

ωT2
i < 0 → ±C3 + |C1 ↑ C2|↓ 1 > 0
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量子纠缠-两粒子系统
§ Concurrence 计算

§ 计算              本征值

§ 计算Concurrence，结合密度矩阵的正定性条件

<latexit sha1_base64="qVdeWkfQrYXMo/hRnseumJau044=">AAACM3icdVDLSsNAFJ34rPUVdekmWITqoiRFqptC0Y24qmAf0NQymU7boZNMmLkRSug/ufFHXAjiQhG3/oOTNoK2emDg3HPu5c49XsiZAtt+NhYWl5ZXVjNr2fWNza1tc2e3rkQkCa0RwYVselhRzgJaAwacNkNJse9x2vCGF4nfuKNSMRHcwCikbR/3A9ZjBIOWOuaVC4x3aezKgRiX865ifR93iq4A5lP1XR4l9u3xv3Y58Ttmzi7YE1jzxElJDqWodsxHtytI5NMACMdKtRw7hHaMJTDC6TjrRoqGmAxxn7Y0DbBe2Y4nN4+tQ610rZ6Q+gVgTdSfEzH2lRr5nu70MQzUrJeIf3mtCHpn7ZgFYQQ0INNFvYhbIKwkQKvLJCXAR5pgIpn+q0UGWGICOuasDsGZPXme1IsFp1QoXZ/kKudpHBm0jw5QHjnoFFXQJaqiGiLoHj2hV/RmPBgvxrvxMW1dMNKZPfQLxucXdsKrZQ==</latexit>

ω̃ = (ε2 → ε2)ω
→(ε2 → ε2) = ω

<latexit sha1_base64="BVu2nd3NFPJuOe8gOsKaAFxRjIQ="></latexit>

C(ω) = max(0,ε1 → ε2 → ε3 → ε4) = max(0, 2ε1 → 1)

<latexit sha1_base64="6GwhoroSKyAmm9BeTyTk5H650Bc=">AAACEnicbZDLSsNAFIYn9VbrLerSTbAIuimJSHVZdOOygr1AE8pkMmmHTjJx5kQoIc/gxldx40IRt67c+TZO24DaemCGj/8/h5nz+wlnCmz7yygtLa+srpXXKxubW9s75u5eW4lUEtoiggvZ9bGinMW0BQw47SaS4sjntOOPriZ+555KxUR8C+OEehEexCxkBIOW+uaJq+4kZMUthyJ3gfGAFvwj532zatfsaVmL4BRQRUU1++anGwiSRjQGwrFSPcdOwMuwBEY4zStuqmiCyQgPaE9jjCOqvGy6Um4daSWwQiH1icGaqr8nMhwpNY583RlhGKp5byL+5/VSCC+8jMVJCjQms4fClFsgrEk+VsAkJcDHGjCRTP/VIkMsMQGdYkWH4MyvvAjt05pTr9VvzqqNyyKOMjpAh+gYOegcNdA1aqIWIugBPaEX9Go8Gs/Gm/E+ay0Zxcw++lPGxzenep//</latexit>√→
ωω̃

→
ω

<latexit sha1_base64="SiRMX0zOYWTgaYB0yAoxqtUdLPA="></latexit>

ω̃1,2 =
1

4
(1 + C3 ± (C1 → C2))

<latexit sha1_base64="WORShbQt/O3C0nk1s7RqahVTxeY="></latexit>

ω̃3,4 =
1

4
(1→ C3 ± (C1 + C2))



Ø 量子纠缠效应的研究依赖于自旋密度矩阵的重构，而自旋
关联的大小与参考系存在紧密关系

Ø 将密度矩阵按照不同基底进行展开：

Ø 基底的变换：幺正变换

Ø Concurrence的基底依赖性
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量子纠缠效应的基底依赖性

<latexit sha1_base64="XHW08sjzCoMIwjr3tDQSywBiGHg="></latexit>

|ω→→ ↑ |ω→Uωω→



Ø 考虑下面矩阵的变换

Ø 因此基底变换下：

Ø Concurrence的大小由上面的矩阵本征值决定，因此是一个基
底无关的物理量

17

量子纠缠效应的基底依赖性

<latexit sha1_base64="iahyMdfD8NkWMThapVlzJDQ8w2A=">AAACAHicbVDLSgMxFM3UV62vURcu3ASLIAhlpkh1IxTduKzQaQvtdMikmTY0yQxJRiilG3/FjQtF3PoZ7vwb03YEbT1w4eSce8m9J0wYVdpxvqzcyura+kZ+s7C1vbO7Z+8fNFScSkw8HLNYtkKkCKOCeJpqRlqJJIiHjDTD4e3Ubz4QqWgs6nqUEJ+jvqARxUgbKbCPOor2OQrKXrd+7XXPf56BXXRKzgxwmbgZKYIMtcD+7PRinHIiNGZIqbbrJNofI6kpZmRS6KSKJAgPUZ+0DRWIE+WPZwdM4KlRejCKpSmh4Uz9PTFGXKkRD00nR3qgFr2p+J/XTnV05Y+pSFJNBJ5/FKUM6hhO04A9KgnWbGQIwpKaXSEeIImwNpkVTAju4snLpFEuuZVS5f6iWL3J4siDY3ACzoALLkEV3IEa8AAGE/AEXsCr9Wg9W2/W+7w1Z2Uzh+APrI9vg8mVug==</latexit>

ω2U
T = U+ω2
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CHSH不等式-非定域性的直接检验

Ø 考虑希尔伯特空间                       的贝尔算符

§ ,𝐴$, /𝐵$代表对两个粒子自旋在各自系统中的测量，测量结
果为 ±1

§ 局域隐变量理论：决定性理论，两次自旋测量结果是固定
的，不依赖彼此的测量

§ 局域隐变量理论：

<latexit sha1_base64="zWmLX5FSmRgLibJZtvI7OudvL/w=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExVQlChbGUpWOR6ENqoshx3daqY0e2g1RFnVn4FRYGEGLlC9j4G5w2Q2k50pWOzrlX994Txowq7Tg/VmFtfWNzq7hd2tnd2z+wD4/aSiQSkxYWTMhuiBRhlJOWppqRbiwJikJGOuH4LvM7j0QqKviDnsTEj9CQ0wHFSBspsE+9COkRRixtTINbT2gaEbWo1QO77FScGeAqcXNSBjmagf3t9QVOIsI1ZkipnuvE2k+R1BQzMi15iSIxwmM0JD1DOTIb/XT2yhSeG6UPB0Ka4hrO1MWJFEVKTaLQdGZHqmUvE//zeoke3Pgp5XGiCcfzRYOEQS1glgvsU0mwZhNDEJbU3ArxCEmEtUmvZEJwl19eJe3LilutVO+vyrV6HkcRnIAzcAFccA1qoAGaoAUweAIv4A28W8/Wq/Vhfc5bC1Y+cwz+wPr6Bf4Nmxo=</latexit>

HA →HB

<latexit sha1_base64="JlOscI6aFrxHf1jLyJ5O8uY4F9Y=">AAACN3icbZDLSgMxFIYz9VbrrerSTbAILmyZKVLdCG3duJIK9gKdMmTStA3NTMYkI5Shb+XG13CnGxeKuPUNzHRmoW0PBP7zf+eQ5HcDRqUyzVcjs7K6tr6R3cxtbe/s7uX3D1qShwKTJuaMi46LJGHUJ01FFSOdQBDkuYy03fF1zNuPREjK/Xs1CUjPQ0OfDihGSltO/rbmWFc1p2w/hKgPI1t4kItp0sWoqNkZTPq67uvLR2NU1MzJF8ySOSu4KKxUFEBaDSf/Yvc5Dj3iK8yQlF3LDFQvQkJRzMg0Z4eSBAiP0ZB0tfSRR2Qvmv17Ck+004cDLvTxFZy5fzci5Ek58Vw96SE1kvMsNpexbqgGl72I+kGoiI+TiwYhg4rDOETYp4JgxSZaICyofivEIyQQVjrqnA7Bmv/yomiVS1alVLk7L1TraRxZcASOwSmwwAWoghvQAE2AwRN4Ax/g03g23o0v4zsZzRjpziH4V8bPLyDrqRc=</latexit>

A1 = A2 or A1 = →A2, B1 = B2 or B1 = →B2
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CHSH不等式-非定域性的直接检验

§ 考虑量子力学情况：对粒子沿着方向�⃑�和	𝑏 进行自旋测量

§ 当各自两次测量对易时，（可同时测量），测量结果满足
CHSH不等式

§ 不对易情况：

§ 贝尔不等式破坏的条件为：

<latexit sha1_base64="8sN53ZXhW3jnzzMsepNaZXMyb4k="></latexit>

Âi = ωai · ω̂ε, B̂i = ωbi · ω̂ε

<latexit sha1_base64="CW3WNxy0kbjLY7KSAw/PSGTZm3Y=">AAACEHicbVC7SgNBFJ2NrxhfUUubwSBaSNgNEi2jNpYRzAN2l2V2MpsMmX0wc1cIm3yCjb9iY6GIraWdf+PkIWjigYHDOedy5x4/EVyBaX4ZuaXlldW1/HphY3Nre6e4u9dUcSopa9BYxLLtE8UEj1gDOAjWTiQjoS9Yy+9fj/3WPZOKx9EdDBLmhqQb8YBTAlryiseOYAEMbadHILscedbpD6u4juTdHgx1Ale8YsksmxPgRWLNSAnNUPeKn04npmnIIqCCKGVbZgJuRiRwKtio4KSKJYT2SZfZmkYkZMrNJgeN8JFWOjiIpX4R4In6eyIjoVKD0NfJkEBPzXtj8T/PTiG4cDMeJSmwiE4XBanAEONxO7jDJaMgBpoQKrn+K6Y9IgkF3WFBl2DNn7xImpWyVS1Xb89KtatZHXl0gA7RCbLQOaqhG1RHDUTRA3pCL+jVeDSejTfjfRrNGbOZffQHxsc3eTuc3Q==</latexit>∣∣∣[Â1, Â2]
∣∣∣ → 2

<latexit sha1_base64="kQO3dzAwkEv7m/TPtps+60Ka1q8="></latexit>∣∣∣→B̂CHSH↑
∣∣∣ ↓ 2

↔
2
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CHSH不等式最大破坏效应
§ 考虑如下的两粒子密度矩阵和自旋测量算符

§ 贝尔算符的期望值：

§ 两自旋1/2系统，贝尔不等式破坏仅与两粒子的自旋关联
矩阵相关，与各自的极化信息无关

<latexit sha1_base64="8sN53ZXhW3jnzzMsepNaZXMyb4k="></latexit>

Âi = ωai · ω̂ε, B̂i = ωbi · ω̂ε



Ø 贝尔变量的大小依赖于自旋密度矩阵的重构，而自旋关联
的大小与参考系存在紧密关系
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贝尔变量的优化

Kun Cheng, Tao Han, M. Low, 
PRD 1111 (2025) 033004

贝尔变量的数值对参考系具有极
强的依赖性

Fixed beam basis Rotated beam basis

<latexit sha1_base64="Ba70kxE1b6eNedRrjckeghESOMA=">AAACBXicbVA9SwNBEN2LXzF+RS21OAxCbOJdkGgjBG0sI5gPyIUwt9kkS3bvzt05IRxpbPwrNhaK2Pof7Pw3bj4KTXww8Hhvhpl5fiS4Rsf5tlJLyyura+n1zMbm1vZOdnevpsNYUValoQhVwwfNBA9YFTkK1ogUA+kLVvcH12O//sCU5mFwh8OItST0At7lFNBI7eyh1wMp4dLT9woTrw+Y6NHoNF+UbTxpZ3NOwZnAXiTujOTIDJV29svrhDSWLEAqQOum60TYSkAhp4KNMl6sWQR0AD3WNDQAyXQrmXwxso+N0rG7oTIVoD1Rf08kILUeSt90SsC+nvfG4n9eM8buRSvhQRQjC+h0UTcWNob2OBK7wxWjKIaGAFXc3GrTPiigaILLmBDc+ZcXSa1YcEuF0u1Zrnw1iyNNDsgRyROXnJMyuSEVUiWUPJJn8krerCfrxXq3PqatKWs2s0/+wPr8AV3OmH4=</latexit>

ω =
→
ŝ/(2mt)
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求解最大破坏效应方向

§ 考虑如下正交基矢

§ 注意： 是单位矢量
<latexit sha1_base64="md99SmWltbLYe5G5vOFubikhJZw=">AAAB/XicbZDLSsNAFIZP6q3WW7zs3AwWwYWURKS6LLpxWcFeoA1hMp22QyeTMDMp1FB8FTcuFHHre7jzbZymWWjrDwMf/zmHc+YPYs6Udpxvq7Cyura+UdwsbW3v7O7Z+wdNFSWS0AaJeCTbAVaUM0EbmmlO27GkOAw4bQWj21m9NaZSsUg86ElMvRAPBOszgrWxfPuoO6YkxVOfnaMMA4O+XXYqTia0DG4OZchV9+2vbi8iSUiFJhwr1XGdWHsplpoRTqelbqJojMkID2jHoMAhVV6aXT9Fp8bpoX4kzRMaZe7viRSHSk3CwHSGWA/VYm1m/lfrJLp/7aVMxImmgswX9ROOdIRmUaAek5RoPjGAiWTmVkSGWGKiTWAlE4K7+OVlaF5U3Gqlen9Zrt3kcRThGE7gDFy4ghrcQR0aQOARnuEV3qwn68V6tz7mrQUrnzmEP7I+fwB4bJVB</latexit>

ωai,ωbi
<latexit sha1_base64="3jAjPnYth1XedaDG3iE03JaRHhI="></latexit>√
→C · ωe2→2 + →C · ωe1→2 = →C · ωe2→

1

sin ε
= →C · ωe1→

1

cos ε

最大破坏效应𝜃 = 𝜉

<latexit sha1_base64="DTUtSOTM4du47o7OZW9oq4Ezk/o="></latexit>

ωa1//C · ωe2,ωa2//C · ωe1
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求解最大破坏效应方向

§ 利用等式：

§ 𝜇(,"为关联矩阵𝐶*𝐶最大的两个本征值。最优自旋测量方向:

§ 𝑒(,"对应两个最大本征值对应的本征向量构成的单位正交基

最大破坏
效应𝜃 = 𝜉

<latexit sha1_base64="0jpFRX+kxqHwWURGqGakKBR9KSk=">AAACBHicbVDLSsNAFJ34rPUVddnNYBEEoSRBqsuiG5cV7AOaNEymk3boZBJnJkIJXbjxV9y4UMStH+HOv3HSZqGtBy73cM69zNwTJIxKZVnfxsrq2vrGZmmrvL2zu7dvHhy2ZZwKTFo4ZrHoBkgSRjlpKaoY6SaCoChgpBOMr3O/80CEpDG/U5OEeBEachpSjJSWfLPiMgIdV94LlblR6tt95yzvTt+Z+mbVqlkzwGViF6QKCjR988sdxDiNCFeYISl7tpUoL0NCUczItOymkiQIj9GQ9DTlKCLSy2ZHTOGJVgYwjIUuruBM/b2RoUjKSRToyQipkVz0cvE/r5eq8NLLKE9SRTiePxSmDKoY5onAARUEKzbRBGFB9V8hHiGBsNK5lXUI9uLJy6Tt1Ox6rX57Xm1cFXGUQAUcg1NggwvQADegCVoAg0fwDF7Bm/FkvBjvxsd8dMUodo7AHxifP1tNl0k=</latexit>

→ 2
√
µ2
1 + µ2

2



24

贝尔态的最大破坏方向

§ 自旋单态

§ 𝐶*𝐶是单位矩阵，所有本征值均相同，因此方向可选择为：

<latexit sha1_base64="MFvpo+QtbqrKy4ihOy5uuI9NoX0="></latexit>

|!0→ =
1↑
2
(| ↓↔→ ↗ | ↔↓→)

<latexit sha1_base64="1aU384fNwn2qA7HY5cqR57cOYJM="></latexit>

C =




→1 0 0
0 →1 0
0 0 →1
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量子纠缠和贝尔不等式

§ Gisin 定理：任何两个量子比特系统的纯态纠缠都可以在适
当的测量设置下破坏贝尔不等式
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量子纠缠和贝尔不等式

§ 混态时量子纠缠和贝尔不等式破坏关系不成立

§ 例如：Werner states
<latexit sha1_base64="pgWXCrQOPcm+ZieYj4oJuO8N0Ys="></latexit>

ωWerner(ε) = ε|!0→↑!0|+
1↓ ε

4
Î4
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量子纠缠和贝尔不等式

§ Werner states

§ 正定性要求：

§ 纠缠条件：

§ 贝尔变量最大值：

<latexit sha1_base64="rovQhAjJ7jVGwoMJFBWK6UmGs4s="></latexit>

ωWerner(ε) =
1

4

(
Î2 → Î2 ↑ ε

∑

i

ϑ̂i → ϑ̂i

)

<latexit sha1_base64="sajLghZYSfwj5Q1ltTSsSXBgbYo=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSK4sSRVqptCsRuXFewD2hAm00k7dPJgZiKEUH/FjQtF3Poh7vwbp20W2nrgwuGce7n3Hi/mTCrL+jbW1jc2t7YLO8Xdvf2DQ/PouCOjRBDaJhGPRM/DknIW0rZiitNeLCgOPE673qQ587uPVEgWhQ8qjakT4FHIfEaw0pJrlpquXW+6VV2X9YsB5vEYu2bZqlhzoFVi56QMOVqu+TUYRiQJaKgIx1L2bStWToaFYoTTaXGQSBpjMsEj2tc0xAGVTjY/forOtDJEfiR0hQrN1d8TGQ6kTANPdwZYjeWyNxP/8/qJ8m+cjIVxomhIFov8hCMVoVkSaMgEJYqnmmAimL4VkTEWmCidV1GHYC+/vEo61Ypdq9Tur8qN2zyOApzAKZyDDdfQgDtoQRsIpPAMr/BmPBkvxrvxsWhdM/KZEvyB8fkDL1CTNg==</latexit>

C1 = C2 = C3 = →ω
<latexit sha1_base64="0QTbkBV96JCsU9EQB7vf3cGILmc=">AAACBHicbZDLSsNAFIZP6q3WW9RlN4NFcGNJVKrLohuXFewFmlAm00k7dHJhZiKUkIUbX8WNC0Xc+hDufBsnbRba+sPAx3/O4cz5vZgzqSzr2yitrK6tb5Q3K1vbO7t75v5BR0aJILRNIh6Jnocl5SykbcUUp71YUBx4nHa9yU1e7z5QIVkU3qtpTN0Aj0LmM4KVtgZm9dTxBSapnaXnmcMpcjCPxzgne2DWrLo1E1oGu4AaFGoNzC9nGJEkoKEiHEvZt61YuSkWihFOs4qTSBpjMsEj2tcY4oBKN50dkaFj7QyRHwn9QoVm7u+JFAdSTgNPdwZYjeViLTf/q/UT5V+5KQvjRNGQzBf5CUcqQnkiaMgEJYpPNWAimP4rImOsQ1E6t4oOwV48eRk6Z3W7UW/cXdSa10UcZajCEZyADZfQhFtoQRsIPMIzvMKb8WS8GO/Gx7y1ZBQzh/BHxucPkAeXag==</latexit>

→1

3
↑ ω ↑ 1

<latexit sha1_base64="t86z3UTFx/jO7h1sVsgBpoFPCag=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KoVE9S9OKxgv2AJpTJdtMu3WzC7kYsIX/FiwdFvPpHvPlv3LY5aPXBwOO9GWbmBQlnSjvOl1VaWV1b3yhvVra2d3b37P1qR8WpJLRNYh7LXgCKciZoWzPNaS+RFKKA024wuZn53QcqFYvFvZ4m1I9gJFjICGgjDeyqBzwZw5UXSiCZm2dn+cCuOXVnDvyXuAWpoQKtgf3pDWOSRlRowkGpvusk2s9AakY4zSteqmgCZAIj2jdUQESVn81vz/GxUYY4jKUpofFc/TmRQaTUNApMZwR6rJa9mfif1091eOlnTCSppoIsFoUpxzrGsyDwkElKNJ8aAkQycysmYzApaBNXxYTgLr/8l3RO626j3rg7rzWvizjK6BAdoRPkogvURLeohdqIoEf0hF7Qq5Vbz9ab9b5oLVnFzAH6BevjG9lElFY=</latexit>

ω >
1

3

<latexit sha1_base64="sq1FJmfhEJFkZhRSefP8314R2EY="></latexit>∣∣∣→B̂CHSH↑
∣∣∣
max

= 2
↓
2ω2 > 2 ↔ ω >

1↓
2
↗ 0.707

贝尔不等式的破坏是比
纠缠更强的要求，所有
可分态均可以用局域隐
变量理论描述



Ø 不稳定粒子衰变末态提取自旋关联

Ø 运动学特征提取自旋关联

Ø 非微扰函数提取自旋关联
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对撞机上探测量子纠缠和贝尔不等
式破坏



Ø 对撞机环境无法直接测量粒子的自旋信息，只能通过其衰
变产物进行推测

Ø 讨论不稳定粒子对在自旋空间的基本假设：

§ 窄宽度近似：粒子产生和衰变过程可以因子化，因此可以
定义产生和衰变过程的密度矩阵，其中产生密度矩阵对应
研究系统量子信息需要的自旋关联矩阵

§ 标准模型的衰变机制：由于母粒子的自旋信息来自于衰变
末态的运动学分布，因此结果将严重依赖粒子的衰变机制
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不稳定粒子衰变末态提取自旋关联



Ø 单个顶夸克产生和衰变
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产生和衰变密度矩阵

产生密度矩阵
衰变密度矩阵



Ø 顶夸克衰变过程中抽取密度矩阵参数：

 𝜃$+:W 玻色子在顶夸克静止系下运动方向与第𝑖个轴的夹角

Ø 顶夸克对：
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通过衰变产物重构自旋信息

<latexit sha1_base64="i7FNw9cshCIn0xLH5AQIoB56PxA="></latexit>

1

!

d!

d cos ωWi
=

1 + εBi cos ωWi
2

<latexit sha1_base64="aGcF7NAAXif6NJ6BY+W0lAtIY4g="></latexit>

1

ω

dω

d cos εW
+

i d cos εW
→

j

=
1

4

(
1 + ϑWB+

i cos εW
+

i → ϑWB→
j cos εW

→

j → ϑ2
WCij cos ε

W+

i cos εW
→

i

)

<latexit sha1_base64="wf1A4NZrGnIJI4qGBzOIXSbzJo8="></latexit>

→cos ωW
+

i ↑ = εWB+
i

3
, →cos ωW

→

i ↑ = ↓εWB→
i

3
, →cos ωW

+

i cos ωW
→

i ↑ = ↓ε2
WCij

9



Ø 顶夸克衰变的密度矩阵

Ø 参数                                    表现了极化的顶夸克衰变出的W玻
色子在空间分布上的方向性强弱，spin analyzing power

Ø 顶夸克的极化信息由产生过程决定，因此可以通过末态衰
变产物的空间分布信息提取顶夸克的极化信息𝐵$

Ø 考虑一般性顶夸克极化状态：
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通过衰变产物重构自旋信息

<latexit sha1_base64="FmMATxmY1c4KMdQOl4lDyItyWvQ=">AAACHnicbVDLSsNAFJ34rPVVdelmsAiCWJKqVRdC0Y3LCrYpNGmYTCft0JkkzkyEEvolbvwVNy4UEVzp3zhts9DWAwPnnnMvd+7xY0alMs1vY25+YXFpObeSX11b39gsbG03ZJQITOo4YpFo+kgSRkNSV1Qx0owFQdxnxPb71yPffiBC0ii8U4OYuBx1QxpQjJSWvMKp00dxjDz70gkEwin3VLt8VOae3S4PJ9VhVjmScnIPzdLxhVcomiVzDDhLrIwUQYaaV/h0OhFOOAkVZkjKlmXGyk2RUBQzMsw7iSQxwn3UJS1NQ8SJdNPxeUO4r5UODCKhX6jgWP09kSIu5YD7upMj1ZPT3kj8z2slKjh3UxrGiSIhniwKEgZVBEdZwQ4VBCs20ARhQfVfIe4hHZPSieZ1CNb0ybOkUS5ZlVLl9qRYvcriyIFdsAcOgAXOQBXcgBqoAwwewTN4BW/Gk/FivBsfk9Y5I5vZAX9gfP0AHDyhMw==</latexit>

ωW =
m2

t → 2m2
W

m2
t + 2m2

W

↑ 0.39

<latexit sha1_base64="HOcqPizBxTJ7SfzrJ99ABGxbtoc="></latexit>

!ωε = Mtω→W+bM
↑
tε→W+b→

(
1+ϑW cos ϖW

2
ϑW
2 eiϱW sin ωW

ϑW
2 e↓iϱW sin ωW

1↓ϑW cos ϖW
2

)

ωε

<latexit sha1_base64="parKEqj0mU/b1hju+wIo209m+/M=">AAACL3icbZBNS8NAEIY39bt+RT16CRahgpREpHoRioJ4VLCt0JSy2U7t4mYTdieFEvqPvPhXvIgo4tV/4aZGaKsDCw/vO8PsvEEsuEbXfbUKc/MLi0vLK8XVtfWNTXtru6GjRDGos0hE6i6gGgSXUEeOAu5iBTQMBDSDh4vMbw5AaR7JWxzG0A7pveQ9zigaqWNf+gNgqRydlX3NpY99QNpp+izSv3w4ZWQc93kmT/QcdOySW3HH5fwFL4cSyeu6Yz/73YglIUhkgmrd8twY2ylVyJmAUdFPNMSUPdB7aBmUNATdTsf3jpx9o3SdXqTMk+iM1cmJlIZaD8PAdIYU+3rWy8T/vFaCvdN2ymWcIEj2s6iXCAcjJwvP6XIFDMXQAGWKm786rE8VZWgiLpoQvNmT/0LjqOJVK9Wb41LtPI9jmeySPVImHjkhNXJFrkmdMPJInskbebeerBfrw/r8aS1Y+cwOmSrr6xto2ap/</latexit>

ωn = (sin εW cos εW , sin εW sinϑW , cos εW )



Ø 不同末态粒子的 spin analysis power (Leading order)

§ 带电轻子的spin analysis power 最大，最能体现出顶夸克的
极化信息

§ 带电轻子在顶夸克静止系的相对方位角

§ 纠缠的判据之一：

33

通过衰变产物重构自旋信息

𝑨 ℓ", .𝒅 𝝂ℓ, 𝑢 𝑾" 𝒃
𝜅$ 1 -0.3 0.39 -0.39

<latexit sha1_base64="O67BIr1a8vr+AfEkZsKysIiQlHY=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXJVEpboRinXhsoJ9QBLKZDpph85MwsxEKCEbf8WNC0Xc+hnu/BunbRbaeuDC4Zx7ufeeMGFUacf5tpaWV1bX1ksb5c2t7Z1de2+/reJUYtLCMYtlN0SKMCpIS1PNSDeRBPGQkU44akz8ziORisbiQY8TEnA0EDSiGGkj9ezD22s/kghnmS851DL3GkGenec9u+JUnSngInELUgEFmj37y+/HOOVEaMyQUp7rJDrIkNQUM5KX/VSRBOERGhDPUIE4UUE2fSCHJ0bpwyiWpoSGU/X3RIa4UmMemk6O9FDNexPxP89LdXQVZFQkqSYCzxZFKYM6hpM0YJ9KgjUbG4KwpOZWiIfI5KFNZmUTgjv/8iJpn1XdWrV2f1Gp3xRxlMAROAanwAWXoA7uQBO0AAY5eAav4M16sl6sd+tj1rpkFTMH4A+szx+U85Zs</latexit>

D =
tr[C]

3

<latexit sha1_base64="2BCL9ERpIXpcwmKtvq3gwBLEyRU=">AAAB73icbVBNS8NAEJ34WetX1aOXYBG8WBKR6kmKvXisYD8gDWWz3bRLN5u4OxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwjY7zba2srq1vbBa2its7u3v7pYPDlo5TRVmTxiJWnYBoJrhkTeQoWCdRjESBYO1gVJ/67SemNI/lA44T5kdkIHnIKUEjdc5ReXX/xu2Vyk7FmcFeJm5OypCj0St9dfsxTSMmkQqitec6CfoZUcipYJNiN9UsIXREBswzVJKIaT+b3TuxT43St8NYmZJoz9TfExmJtB5HgemMCA71ojcV//O8FMNrP+MySZFJOl8UpsLG2J4+b/e5YhTF2BBCFTe32nRIFKFoIiqaENzFl5dJ66LiVivV+8ty7TaPowDHcAJn4MIV1OAOGtAECgKe4RXerEfrxXq3PuatK1Y+cwR/YH3+AAVqj1I=</latexit>

→tr[C] > 1

<latexit sha1_base64="SajYpRayIyv8Gg08bBwI4gfU7+8=">AAACKHicbVDLSgMxFM3UV62vUZdugkVwoXVGpYqIFh/gsoJ9QFtKJpNpQzOZMckIZejnuPFX3Igo0q1fYmZaRKsHAifnnpube5yQUaksa2hkpqZnZuey87mFxaXlFXN1rSqDSGBSwQELRN1BkjDKSUVRxUg9FAT5DiM1p3eZ1GsPREga8DvVD0nLRx1OPYqR0lLbPI+bwofXXCHeYcQ9GTTvI+TCq9Nde+9gB6a31CJJiATSz35bzhJL28xbBSsF/EvsMcmDMcpt87XpBjjyCVeYISkbthWqVoyEopiRQa4ZJZNwD3VIQ1OOfCJbcbroAG5pxYVeIPThCqbqz44Y+VL2fUc7faS6crKWiP/VGpHyjlsx5WGkCMejQV7EoApgkhp0qSBYsb4mCAuq/wpxV+eBlc42p0OwJ1f+S6r7BbtYKN4e5ksX4ziyYANsgm1ggyNQAjegDCoAg0fwDN7Au/FkvBgfxnBkzRjjnnXwC8bnF/cApKo=</latexit>

Entangled : D < →1/3, separable : D > →1/3



34

实验结果

ATLAS和CMS实验组在顶夸克对阈值附近发现了明显的纠缠现象

为什么集中在阈值附近？
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顶夸克对自旋纠缠效应

Ø 自旋关联矩阵𝑔5𝑔5/𝑔6𝑔6初态 (gg-like)
<latexit sha1_base64="Gi60xGr+m3O+reYIGGHfiiCBoHA="></latexit>



ω2→1
ω2+1 0 0

0 ω2→1
ω2+1 0

0 0 →1





<latexit sha1_base64="S2r0rOjcI68BAIGMUL1jut6Yy7U=">AAACLHicdVDLSgMxFM3UVx1fVZdugkVxY5kRqS6L3bisYGuhM5RM5rYNzWSGJCOWoR/kxl8RxIVF3Podpg9EWz1w4eTce8i9J0g4U9pxRlZuaXlldS2/bm9sbm3vFHb3GipOJYU6jXksmwFRwJmAumaaQzORQKKAw13Qr477d/cgFYvFrR4k4EekK1iHUaKN1C5UvQC6TGRJRLRkD0MbO/h4Wp73z+PUtT0Q4benXSg6JWcCvEjcGSmiGWrtwosXxjSNQGjKiVIt10m0nxGpGeUwtL1UQUJon3ShZaggESg/mxw7xEdGCXEnlqaExhP1pyMjkVKDKDCTZr+emu+Nxb96rVR3Lv2MiSTVIOj0o07KsY7xODkcMglU84EhhEpmdsW0RySh2uRrmxDc+ZMXSeOs5JZL5ZvzYuVqFkceHaBDdIJcdIEq6BrVUB1R9Iie0RsaWU/Wq/VufUxHc9bMs49+wfr8Ain9oXw=</latexit>


0 0 0
0 0 0
0 0 →1





<latexit sha1_base64="fQyCcSUf7xtGb11Xsj2HKRrMA+E=">AAACLnicbVDLSgMxFM34rOOr6tJNsChuLDMi1WVRBJcV7AM6pWTS2zY0kxmSjFiGfpEbf0UXgoq49TNMp6No64ELJ+feQ+49fsSZ0o7zYs3NLywuLedW7NW19Y3N/NZ2TYWxpFClIQ9lwycKOBNQ1UxzaEQSSOBzqPuDi3G/fgtSsVDc6GEErYD0BOsySrSR2vlLz4ceE0kUEC3Z3cjGRy4+wM64PM9OyUT5fk0U2wPR+XG18wWn6KTAs8TNSAFlqLTzT14npHEAQlNOlGq6TqRbCZGaUQ4j24sVRIQOSA+ahgoSgGol6bkjvG+UDu6G0pTQOFV/OxISKDUMfDNp9uur6d5Y/K/XjHX3rJUwEcUaBJ181I051iEeZ4c7TALVfGgIoZKZXTHtE0moNgnbJgR3+uRZUjsuuqVi6fqkUD7P4sihXbSHDpGLTlEZXaEKqiKK7tEjekVv1oP1bL1bH5PROSvz7KA/sD6/AB+Goew=</latexit>


→1 0 0
0 →1 0
0 0 →1





𝛽 → 1

𝛽 → 0 阈值附近

Boost 区间

自旋单态，最大纠缠

自旋态趋近于可分态，不存在纠缠

<latexit sha1_base64="LtE1uQ5WLrcNHVDvPOnrJkpp2Uk="></latexit>

ω → |++↑ ↓++|+ |↔↔↑ ↓↔↔|
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顶夸克对自旋纠缠效应

Ø 自旋关联矩阵𝑔5𝑔6初态 (gg-unlike)/ 𝑞?𝑞 初态
<latexit sha1_base64="Ol8IFKXEQm5RVRbTtNZWxvG56F4="></latexit>



(2→ω2)s2ω
2→ω2s2ω

0 → 2cωsω
↑

1→ω2

2→ω2s2ω

0 → ω2s2ω
2→ω2s2ω

0

→ 2cωsω
↑

1→ω2

2→ω2s2ω
0 2c2ω+ω2s2ω

2→ω2s2ω




ω↑1↓





s2ω
2→s2ω

0 0

0 → s2ω
2→s2ω

0

0 0 1+c2ω
2→s2ω





𝛽 → 1Boost 区间
中心区域

𝛽 → 0
对角化后
阈值附近

对角化

<latexit sha1_base64="+QaTE/OyOy2zmQn64fc6YD0mNj0=">AAACK3icdVDLSgMxFM3UVx1foy7dBIviqsyIVJelblxWsA/olJLJ3LahmcyQZMQy9H/c+CsudOEDt/6H6QPRVg9cODn3HnLvCRLOlHbdNyu3tLyyupZftzc2t7Z3nN29uopTSaFGYx7LZkAUcCagppnm0EwkkCjg0AgGl+N+4xakYrG40cME2hHpCdZllGgjdZyKH0CPiSyJiJbsbmRjFx9Py/f/eXi2DyL8tnScglt0J8CLxJuRApqh2nGe/DCmaQRCU06UanluotsZkZpRDiPbTxUkhA5ID1qGChKBameTW0f4yCgh7sbSlNB4ov50ZCRSahgFZtLs11fzvbH4V6+V6u5FO2MiSTUIOv2om3KsYzwODodMAtV8aAihkpldMe0TSag28domBG/+5EVSPy16pWLp+qxQrsziyKMDdIhOkIfOURldoSqqIYru0SN6Qa/Wg/VsvVsf09GcNfPso1+wPr8AsWKhRQ==</latexit>


0 0 0
0 0 0
0 0 1





<latexit sha1_base64="FXcDejbtydpCxrPOM0tK5LKOr7A=">AAACLHicbVDLSgMxFM34rONr1KWbYFHcWGZEqstiNy4r2Ad0Ssmkt21oJjMkGbEM/SA3/oogLizi1u8w0xaprQcunJxzL7n3BDFnSrvu2FpZXVvf2Mxt2ds7u3v7zsFhTUWJpFClEY9kIyAKOBNQ1UxzaMQSSBhwqAeDcubXH0EqFokHPYyhFZKeYF1GiTZS2yn7AfSYSOOQaMmeRjb28Bl2s/J9e0IuvPlXVp7tg+j8zrSdvFtwJ8DLxJuRPJqh0nbe/E5EkxCEppwo1fTcWLdSIjWjHEa2nyiICR2QHjQNFSQE1Uonx47wqVE6uBtJU0LjiTo/kZJQqWEYmE6zX18tepn4n9dMdPemlTIRJxoEnX7UTTjWEc6Swx0mgWo+NIRQycyumPaJJFSbfG0Tgrd48jKpXRa8YqF4f5Uv3c7iyKFjdILOkYeuUQndoQqqIoqe0Sv6QGPrxXq3Pq2vaeuKNZs5Qn9gff8ALX6hfg==</latexit>


1 0 0
0 →1 0
0 0 1





自旋三重态，最大纠缠自旋态趋近于可分态，不存在纠缠
<latexit sha1_base64="LtE1uQ5WLrcNHVDvPOnrJkpp2Uk="></latexit>

ω → |++↑ ↓++|+ |↔↔↑ ↓↔↔|
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顶夸克对自旋纠缠效应

Ø 自旋关联矩阵

<latexit sha1_base64="Gi60xGr+m3O+reYIGGHfiiCBoHA="></latexit>



ω2→1
ω2+1 0 0

0 ω2→1
ω2+1 0

0 0 →1





§ 螺旋度相反(gg-unlike)正的自旋关联，螺旋度相同(gg-like)负的关联，两者

存在严重抵消

§ 阈值附近相同螺旋度(gg-like)过程主导，boost 区间则是相反螺旋度(gg-

unlike)过程主导

§ 阈值附近和boost区间均有利于发现纠缠现象但是中间区域由于不同过程

的相互抵消导致纠缠效应很弱
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顶夸克对自旋纠缠效应
实线：纠缠边界虚线：贝尔不等式破坏边界

顶夸克处于可分态

自旋单态

自旋三重态



Ø 粒子自旋密度矩阵可以参数化为散射角和粒子运动的函数

Ø Concurrence和贝尔变量可以根据事例的运动学信息逐个计
算（近似类似贝尔三重态，贝尔变量的方向未优化）

39

运动学特征提取自旋关联



Ø 顶夸克对完整密度矩阵：

40

运动学特征提取自旋关联

阈值附近 Boost 区间



q The quark can not be a free particle due to the QCD confinement:

q The light quark does not decay but instead fragments into a jet of hadrons after 
produced from hard scattering

q spin information of light quarks?
The non-perturbative functions: the fragmentation functions

41

非微扰函数提取自旋关联
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PDF and FF
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Dihadron pair production at lepton colldiers

Ø The transverse spin correlation between light quarks: chiral-odd interference 
dihadron fragmentations (collinear factorization)

Ø Light quark pair are 100% correlated in the central scattering region

Ø The maximally entangled Bell state: Bell inequality violation effects

<latexit sha1_base64="rSCkMV9U9V/DAmypMBITLu3USC8="></latexit>

Cij = diag

(
sin2 !

1 + cos2 !
,→ sin2 !

1 + cos2 !
, 1

)

e+

γ∗

e− L

L R

R

h1
h2

h1

q!

γ∗

e−

e+

h2

Kun Cheng and Bin Yan, PRL 135 (2025) 011902
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Bell inequality of light quarks
<latexit sha1_base64="gaEAZBCLuhaWVWIv8ukK8XhwEhA="></latexit>

dω

d!1d!2
= ωhard

∑

ss→s̄s̄→

ε̄ss→,s̄s̄→Dss→

ω+ω↑/qD
s̄s̄→

ω+ω↑/q̄

<latexit sha1_base64="SQxYOqeYqaBpSCnsdF64NGUjaLY=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwISURqS5Lu3FZwT6gCWEynbRDJw9nJqUh5Cfc+CtuXCjiVnDn3zhps9DWAwOHc+7lzjluxKiQhvGtldbWNza3ytuVnd29/QP98Kgrwphj0sEhC3nfRYIwGpCOpJKRfsQJ8l1Geu6klfu9KeGChsG9TCJi+2gUUI9iJJXk6BcQQstHcowRS5uZk1qRn0GLPMR0CltOOptlSslZkmSOXjVqxhxwlZgFqYICbUf/soYhjn0SSMyQEAPTiKSdIi4pZiSrWLEgEcITNCIDRQPkE2Gn81QZPFPKEHohVy+QcK7+3kiRL0Tiu2oyDyCWvVz8zxvE0ruxUxpEsSQBXhzyYgZlCPOK4JBygiVLFEGYU/VXiMeIIyxVkRVVgrkceZV0L2tmvVa/u6o2mkUdZXACTsE5MME1aIBb0AYdgMEjeAav4E170l60d+1jMVrSip1j8Afa5w9fup8D</latexit>

B± → Cxx ± Cyy

<latexit sha1_base64="++N2sYpyi6Ocn9z+iGecWXFy3tM="></latexit>

B+ = 0, B→ =
2 sin2 !

1 + cos2 !
.

CHSH type Bell inequality
<latexit sha1_base64="1m+Ff9NYPuGgrOJ2XSUz7+V52mc=">AAACAHicbVDLSsNAFL3xWesr6sKFm8EiuCpJkepKSt24rGAf0IQymU7boZOHMxOhpNn4K25cKOLWz3Dn3zhps9DWAxcO59zLvfd4EWdSWda3sbK6tr6xWdgqbu/s7u2bB4ctGcaC0CYJeSg6HpaUs4A2FVOcdiJBse9x2vbGN5nffqRCsjC4V5OIuj4eBmzACFZa6pnHaOr4WI0I5kk9nV478kGopJL2zJJVtmZAy8TOSQlyNHrml9MPSezTQBGOpezaVqTcBAvFCKdp0YkljTAZ4yHtahpgn0o3mT2QojOt9NEgFLoChWbq74kE+1JOfE93ZsfKRS8T//O6sRpcuQkLoljRgMwXDWKOVIiyNFCfCUoUn2iCiWD6VkRGWGCidGZFHYK9+PIyaVXKdrVcvbso1ep5HAU4gVM4BxsuoQa30IAmEEjhGV7hzXgyXox342PeumLkM0fwB8bnDwGzlrI=</latexit>

|B| >
→
2

Unpolarized diFF

Transverse polarized diFF

J. C. Collins et al, NPB 420, 565 (1994)
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Dihadron pair production

<latexit sha1_base64="++N2sYpyi6Ocn9z+iGecWXFy3tM="></latexit>

B+ = 0, B→ =
2 sin2 !

1 + cos2 !
.

v Current data exhibiting no significant evidence of Bell inequality violation
v The optimal cuts on scattering angle will significantly improved the results

v The light quark pair would be a highly pure spin Bell state

v Combined results: 2.5 𝜎 for 100% correlated systematic uncertainties and 6.7 𝜎 for 

the uncorrelated case



Ø 量子纠缠和贝尔不等式破坏效应的研究依赖于重构系统的
自旋关联矩阵

Ø 新物理相互作用可能会显著改变粒子间的自旋关联效应，
因此利用量子信息领域的观测量可有效检验超出标准模型
的新物理效应

46

利用量子纠缠效应寻找超出标准模
型的新物理
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利用量子纠缠效应寻找超出标准模
型的新物理

ATLAS测量的Concurrence与标准模型理论预言不一致CMS考虑
标准模型+新的顶夸克对束缚态 pseudoscalar（自旋单态，最
大纠缠态）



Ø 规范玻色子的量子纠缠和贝尔不等式破坏效应

有质量规范玻色子存在额外的自由度，重构密度矩阵更具挑
战性，非局域性检验考虑CGLMP不等式

Ø 味空间和同位旋空间的量子纠缠效应

48

展望及前沿问题

LHCb, arXiv:2104.04421

M. Fabbrichesi et al 2506.05464

Kaon decay to pions:



Ø 多粒子纠缠 K. Sakurai, M. Spannowsky, PRL 132 (2024) 151602

（1）两个粒子的纠缠，将其中一个子系统求迹

（2）其中一个粒子与剩下系统的纠缠

Ø 其它量子信息观测量在对撞机物理中的应用

49

展望及前沿问题



Ø 量子纠缠和强子化关联

Ø 高阶辐射修正导致的退相关效应

Ø 量子纠缠和涌现对称性

50

扩展及前沿问题

J. Datta et al, PRL 134 (2025) 111902

R. Aoude et al, 2504.07030

M. Carena et al, 2505.00873



Ø 在对撞机环境中讨论量子纠缠和贝尔不等式破坏效应对于
检验量子力学基本原理至关重要

Ø 粒子物理和量子信息的交叉研究是高能物理领域全新的研
究方向

Ø 目前仍然有很多悬而未决的问题亟需大家努力

例如：对于新物理寻找量子纠缠效应能否提供除自旋关联矩
阵额外的信息？
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总结


