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Ø 高能对撞机实验极大地推动了粒子物理的发展
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粒子物理基础知识
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Ø 对撞机相关参数

§ 对撞能量

§ 高能对撞实验，束流处于极端相对论情况，质量效应可忽略

§ 对撞机实验可以极大地利用束流能量，而固定靶实验对能量
的利用率较低，其优势在于靶物质密度极高，积分亮度较大
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粒子物理基础知识



§ 同步辐射导致的能量损失

§ 环形对撞机的半径 R, 束流能量E, 粒子质量m。大的半径以及
重的粒子更有利于实现高能对撞机

§ 环形正负电子对撞机 （如：CEPC）能量 1 TeV 以下
§ 环形谬子对撞机：～10 TeV
§ 直线加速器可以实现高能量对撞机，但亮度较小
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粒子物理基础知识

<latexit sha1_base64="RYhYV/+6+7hAK/QWVYycIbVxZsM=">AAACH3icbZDLSsNAFIYnXmu9RV26GSyCbkoiUl2KWnBZxarQ1DKZnrRDJxdmToQS8iZufBU3LhQRd30bp20W3n4Y+PnPOZw5n59IodFxRtbM7Nz8wmJpqby8srq2bm9s3ug4VRyaPJaxuvOZBikiaKJACXeJAhb6Em79wdm4fvsASos4usZhAu2Q9SIRCM7QRB275p2DREbr1EtUnGBMvUAxnrl5dpV7EgLcmwb1PAtzT4leH/fvDzt2xak6E9G/xi1MhRRqdOxPrxvzNIQIuWRat1wnwXbGFAouIS97qYaE8QHrQcvYiIWg29nkvpzumqRLg1iZFyGdpN8nMhZqPQx90xky7OvftXH4X62VYnDczkSUpAgRny4KUkkNhjEs2hUKOMqhMYwrYf5KeZ8ZHGiQlg0E9/fJf83NQdWtVWuXh5WT0wJHiWyTHbJHXHJETsgFaZAm4eSRPJNX8mY9WS/Wu/UxbZ2xipkt8kPW6AtBdaMm</latexit>

!E → 1

R

(
E

m

)4



§ 积分亮度

§ 总的事例数：𝑛!,#表示束流中的粒子数密度，𝐴表示束流的
横向分布面积，面积越小，则单位面积内的粒子数密度越高

§ 瞬时亮度 𝐿：单位时间内通过碰撞点单位面积的粒子数，仅
仅依赖对撞机的硬件设计

§ 积分亮度： 6

粒子物理基础知识

<latexit sha1_base64="ARx4szMOERFk+moymfSfMFDMebA=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiRFqhuh6saVVLAPaEKZTCft0JlJmJkIJWThxl9x40IRt36EO//GaZuFth64cDjnXu69J4gZVdpxvq3Cyura+kZxs7S1vbO7Z+8ftFWUSExaOGKR7AZIEUYFaWmqGenGkiAeMNIJxtdTv/NApKKRuNeTmPgcDQUNKUbaSH27fHvhhRLh1FN0yBEUfddULczSy6xvV5yqMwNcJm5OKiBHs29/eYMIJ5wIjRlSquc6sfZTJDXFjGQlL1EkRniMhqRnqECcKD+dPZHBY6MMYBhJU0LDmfp7IkVcqQkPTCdHeqQWvan4n9dLdHjup1TEiSYCzxeFCYM6gtNE4IBKgjWbGIKwpOZWiEfIZKJNbiUTgrv48jJp16puvVq/O600rvI4iqAMjsAJcMEZaIAb0AQtgMEjeAav4M16sl6sd+tj3lqw8plD8AfW5w+7+JeI</latexit>

N =
ωn1n2f

A

<latexit sha1_base64="UlRI/Sq29Np8AKmIL0f1DH0jt4A=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyUpUt0IVTcuXFSwD2hDmEwn7dDJJMxMhBqKv+LGhSJu/Q93/o3Tx0JbD1w4nHMv994TJJwp7TjfVm5peWV1Lb9e2Njc2t6xd/caKk4loXUS81i2AqwoZ4LWNdOcthJJcRRw2gwG12O/+UClYrG418OEehHuCRYygrWRfPvg9qITSkwy4btI+OVwlF2OfLvolJwJ0CJxZ6QIM9R8+6vTjUkaUaEJx0q1XSfRXoalZoTTUaGTKppgMsA92jZU4IgqL5tcP0LHRumiMJamhEYT9fdEhiOlhlFgOiOs+2reG4v/ee1Uh+dexkSSairIdFGYcqRjNI4CdZmkRPOhIZhIZm5FpI9NGNoEVjAhuPMvL5JGueRWSpW702L1ahZHHg7hCE7AhTOowg3UoA4EHuEZXuHNerJerHfrY9qas2Yz+/AH1ucPmnmUsw==</latexit>

L =
n1n2f

A

<latexit sha1_base64="qPVw9EPmEylUAw8HbADyHhcfV9c=">AAACAnicbVA9SwNBEN3zM8avUyuxWQyCVbgTiTZC0MYiRYR8Qe4Me5tNsmRv79idE8IRbPwrNhaK2Por7Pw37iUpNPHBwOO9GWbmBbHgGhzn21paXlldW89t5De3tnd27b39ho4SRVmdRiJSrYBoJrhkdeAgWCtWjISBYM1geJP5zQemNI9kDUYx80PSl7zHKQEjdexDLyQwoESklfGVxyV0nPsa7gKudOyCU3QmwIvEnZECmqHasb+8bkSTkEmggmjddp0Y/JQo4FSwcd5LNIsJHZI+axsqSci0n05eGOMTo3RxL1KmJOCJ+nsiJaHWozAwndnBet7LxP+8dgK9Sz/lMk6ASTpd1EsEhghneeAuV4yCGBlCqOLmVkwHRBEKJrW8CcGdf3mRNM6KbqlYujsvlK9nceTQETpGp8hFF6iMblEV1RFFj+gZvaI368l6sd6tj2nrkjWbOUB/YH3+AEHOlrM=</latexit>

L =

∫ T

0
dtL



§ 考虑2 →n的散射过程，忽略初态粒子质量，采用PDG的约定

§ n体相空间定义为：

§ 散射截面的大小由相互作用（散射振幅）和相空间共同决定。
相互作用越强，相空间越大，散射几率越大
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散射截面

<latexit sha1_base64="DhM72twZ847EFyalqpcYxaJdaVc="></latexit>

dωa+b→n =
(2ε)4

4pa · pb
|Ma+b→n|2d!n

<latexit sha1_base64="p5xoU1uLwpfJ/FO0MkiQlRb1fQw="></latexit>

d!n = ω4
(
pa + pb →

n∑

i=1

pi

)
n∏

j=1

d3pj
(2ε)32Ej



§ 1体相空间，考虑过程

§ 无质量粒子的2体相空间
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相空间分析
<latexit sha1_base64="e3WUyO/s/k/BEF+kfl/nMHVZxXA=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJUhJIUqV6EohePFewHtDFstpt26SZZdzeFEvo7vHhQxKs/xpv/xm2bg7Y+GHi8N8PMPF9wprRtf1srq2vrG5u5rfz2zu7efuHgsKniRBLaIDGPZdvHinIW0YZmmtO2kBSHPqctf3g79VsjKhWLowc9FtQNcT9iASNYG8lV1yXh4XPh+WePFa9QtMv2DGiZOBkpQoa6V/jq9mKShDTShGOlOo4ttJtiqRnhdJLvJooKTIa4TzuGRjikyk1nR0/QqVF6KIilqUijmfp7IsWhUuPQN50h1gO16E3F/7xOooMrN2WRSDSNyHxRkHCkYzRNAPWYpETzsSGYSGZuRWSAJSba5JQ3ITiLLy+TZqXsVMvV+4ti7SaLIwfHcAIlcOASanAHdWgAgSd4hld4s0bWi/VufcxbV6xs5gj+wPr8AUUxkSQ=</latexit>

s = (pa + pb)
2

<latexit sha1_base64="zmB+LS2+n+Ab3wUPSZV91gYANJ8=">AAAB73icbVDLSgMxFL3js9ZX1aWbYBEEocyIVJdFNy4r2Ae0Q8mkd9rQTGZMMkIZ+hNuXCji1t9x59+YtrPQ1gOBwzn3kntOkAiujet+Oyura+sbm4Wt4vbO7t5+6eCwqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7dRvPaHSPJYPZpygH9GB5CFn1FipTc+DrokJ65XKbsWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n83unZBTq/RJGCv7pCEz9fdGRiOtx1FgJyNqhnrRm4r/eZ3UhNd+xmWSGpRs/lGYCmIjTsOTPlfIjBhbQpni9lbChlRRZmxFRVuCtxh5mTQvKl61Ur2/LNdu8joKcAwncAYeXEEN7qAODWAg4Ble4c15dF6cd+djPrri5DtH8AfO5w9SuY+F</latexit>

a+ b → c



§ 无质量粒子的相空间满足下面的递推关系

§ 相空间的比值带有量纲，因此定义无量纲化的相空间

§ 末态粒子每增加1个，无量纲化的相空间将减少2个数量级
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相空间分析

<latexit sha1_base64="GLrJjNybp+tUc3vE09YyQGE7qE8=">AAACGnicbZDLSsNAFIYn9VbrLerSTbAIFbFkilQ3QtGNywr2Ak0sk+mkHTqZhJmJUEKew42v4saFIu7EjW/jtMlCWw8MfPz/OZw5vxcxKpVtfxuFpeWV1bXiemljc2t7x9zda8swFpi0cMhC0fWQJIxy0lJUMdKNBEGBx0jHG19P/c4DEZKG/E5NIuIGaMipTzFSWuqb0PEFwonTHNF+wk9gmmbM08vMkWkC605E72u8wk/hcdo3y3bVnpW1CDCHMsir2Tc/nUGI44BwhRmSsgftSLkJEopiRtKSE0sSITxGQ9LTyFFApJvMTkutI60MLD8U+nFlzdTfEwkKpJwEnu4MkBrJeW8q/uf1YuVfuAnlUawIx9kiP2aWCq1pTtaACoIVm2hAWFD9VwuPkE5E6TRLOgQ4f/IitGtVWK/Wb8/Kjas8jiI4AIegAiA4Bw1wA5qgBTB4BM/gFbwZT8aL8W58ZK0FI5/ZB3/K+PoB4jqgvw==</latexit>

!n+1

!n
=

s

16ω2n(n→ 1)

<latexit sha1_base64="Bzbj4+wq0zEvU3h5tFUAtktE0Ps=">AAACDnicbVDLSsNAFJ34rPUVdelmsBTcWJIi1Y1QdOOygn1Ak5bJdNIOnZmEmYlQQr7Ajb/ixoUibl2782+ctllo64ELh3Pu5d57gphRpR3n21pZXVvf2CxsFbd3dvf27YPDlooSiUkTRyySnQApwqggTU01I51YEsQDRtrB+Gbqtx+IVDQS93oSE5+joaAhxUgbqW+XodcY0b7oebGknFx5oUQ4nWtZqnqpOKtmWd8uORVnBrhM3JyUQI5G3/7yBhFOOBEaM6RU13Vi7adIaooZyYpeokiM8BgNSddQgThRfjp7J4NlowxgGElTQsOZ+nsiRVypCQ9MJ0d6pBa9qfif1010eOmnVMSJJgLPF4UJgzqC02zggEqCNZsYgrCk5laIR8gEok2CRROCu/jyMmlVK26tUrs7L9Wv8zgK4BicgFPgggtQB7egAZoAg0fwDF7Bm/VkvVjv1se8dcXKZ47AH1ifP4EMnG4=</latexit>

!→
n =

!n

sn↑2

<latexit sha1_base64="jJvleJU/j60WQK2ygQrGCPQztq8=">AAACKHicbVBbS8MwGE3nbc5b1UdfikOYiKMZMn0Rh774OMFdYO1KmqVbWJqWJBVG6c/xxb/ii4gie/WXmF0EnR4InJxzPpLv+DGjUtn22MgtLa+sruXXCxubW9s75u5eU0aJwKSBIxaJto8kYZSThqKKkXYsCAp9Rlr+8Gbitx6IkDTi92oUEzdEfU4DipHSkmdeOYFAOHXqA+ql/ARmXScWNCTZTOLf18tZDmYprDox7VZ4iZ/C48wzi3bZnsL6S+CcFMEcdc98dXoRTkLCFWZIyg60Y+WmSCiKGckKTiJJjPAQ9UlHU45CIt10umhmHWmlZwWR0Icra6r+nEhRKOUo9HUyRGogF72J+J/XSVRw4aaUx4kiHM8eChJmqciatGb1qCBYsZEmCAuq/2rhAdKNKN1tQZcAF1f+S5qVMqyWq3dnxdr1vI48OACHoAQgOAc1cAvqoAEweATP4A28G0/Gi/FhjGfRnDGf2Qe/YHx+AVebprc=</latexit>

!→
n+1

!→
n

=
1

16ω2n(n→ 1)



§ 不稳定粒子单位时间内发生衰变的几率

§ 粒子的寿命与宽度的关系

§ 实验测量方法：

共振峰扫描，拟合Breit-Wigner分布

§ 宽度较小无法直接测量时，可观测量为衰变分支比
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衰变宽度

<latexit sha1_base64="/pYh1kdkMuOZfopPO8z9W1KqYBE=">AAACD3icbVDLSgMxFM34tr6qLt0Ei+KqzIhUN4LoQpcV7AM6ZbiTphpMMkNyRyhD/8CNv+LGhSJu3brzb0wfgloPBA7n3MvNOXEqhUXf//Smpmdm5+YXFgtLyyura8X1jbpNMsN4jSUyMc0YLJdC8xoKlLyZGg4qlrwR354N/MYdN1Yk+gp7KW8ruNaiKxigk6LibngOSkGUh0ZRTLB/HNpMRfpbhhATqvtRseSX/SHoJAnGpETGqEbFj7CTsExxjUyCta3AT7Gdg0HBJO8XwszyFNgtXPOWoxoUt+18mKdPd5zSod3EuKeRDtWfGzkoa3sqdpMK8Mb+9Qbif14rw+5ROxc6zZBrNjrUzaQLTgfl0I4wnKHsOQLMCPdXym7AAENXYcGVEPyNPEnq++WgUq5cHpROTsd1LJAtsk32SEAOyQm5IFVSI4zck0fyTF68B+/Je/XeRqNT3nhnk/yC9/4Ff9Sc+Q==</latexit>

!tot =
∑

n

!a→n

<latexit sha1_base64="g48Zi4sGUpMs56IOhBLA4u1QN8g="></latexit>

d!a→n =
1

2ma
ω4

(
ma →

n∑

i

pi

)
|M(a ↑ n)|2d”n

<latexit sha1_base64="4/2+xZiP8RPzeiT+HsiKWBFg6Xk=">AAACInicbVDLSgMxFM34tr6qLt0Ei1A3ZUak6kKQutBlBatCp5Q7aaYNJjNDckcow3yLG3/FjQtFXQl+jOkDUeuBwOGcc7m5J0ikMOi6H87U9Mzs3PzCYmFpeWV1rbi+cWXiVDPeYLGM9U0AhksR8QYKlPwm0RxUIPl1cHs68K/vuDYiji6xn/CWgm4kQsEArdQuHmW+VrSm8zL4GFOxe+yHGljmn4FS0M5Gap5/C4M4xpjn7WLJrbhD0EnijUmJjFFvF9/8TsxSxSNkEoxpem6CrQw0CiZ5XvBTwxNgt9DlTUsjUNy0suGJOd2xSoeGsbYvQjpUf05koIzpq8AmFWDP/PUG4n9eM8XwsJWJKEmRR2y0KEylvZEO+qIdoTlD2bcEmBb2r5T1wFaEttWCLcH7e/IkudqreNVK9WK/dFIb17FAtsg2KROPHJATck7qpEEYuSeP5Jm8OA/Ok/PqvI+iU854ZpP8gvP5BfU0pJ0=</latexit>

Br(a → i) =
!a→i

!tot

<latexit sha1_base64="ZOP8ht0fVTUVxXAWPU5QwabBo4g=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqe6KVC9C0YMeK9gP6C5lNk3b0CS7JtlCWfo7vHhQxKs/xpv/xrTdg7Y+GHi8N8PMvDDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKGjRBFaJxGPVCsETTmTtG6Y4bQVKwoi5LQZDm+nfnNElWaRfDTjmAYC+pL1GAFjpcC/AyHg2jvzDSSdYsktuzPgZeJlpIQy1DrFL78bkURQaQgHrdueG5sgBWUY4XRS8BNNYyBD6NO2pRIE1UE6O3qCT6zSxb1I2ZIGz9TfEykIrccitJ0CzEAvelPxP6+dmN5VkDIZJ4ZKMl/USzg2EZ4mgLtMUWL42BIgitlbMRmAAmJsTgUbgrf48jJpnJe9SrnycFGq3mRx5NEROkanyEOXqIruUQ3VEUFP6Bm9ojdn5Lw4787HvDXnZDOH6A+czx/fJpGJ</latexit>

! = 1/ω
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窄宽度近似

<latexit sha1_base64="Uz1aT5+tqk4IGjS9MEa2RXDjMuQ=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseiB70IFewHJKFstpt26W427E6EEvozvHhQxKu/xpv/xm2bg1YfDDzem2FmXpQKbsB1v5zSyura+kZ5s7K1vbO7V90/6BiVacraVAmlexExTPCEtYGDYL1UMyIjwbrR+Hrmdx+ZNlwlDzBJWSjJMOExpwSs5Ac3REoSCIHv+tWaW3fnwH+JV5AaKtDqVz+DgaKZZAlQQYzxPTeFMCcaOBVsWgkyw1JCx2TIfEsTIpkJ8/nJU3xilQGOlbaVAJ6rPydyIo2ZyMh2SgIjs+zNxP88P4P4Msx5kmbAErpYFGcCg8Kz//GAa0ZBTCwhVHN7K6YjogkFm1LFhuAtv/yXdM7qXqPeuD+vNa+KOMroCB2jU+ShC9REt6iF2ogihZ7QC3p1wHl23pz3RWvJKWYO0S84H9+ZT5DT</latexit>

! → M



§ 电子对撞机的实验背景干净，但因为电子电磁辐射强，导致
环形电子对撞机碰撞能量严重受限

§ 谬子对撞机和强子（如质子）对撞机由于质量较大则可以积
累较高的碰撞能量，有利于探测高能标的新物理效应。谬子
对撞机实验条件不成熟，强子对撞机则强子背景复杂，不利
于信号提取

§ 强子对撞机的物理过程理论计算依赖于因子化定理

12

强子对撞机物理
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希格斯物理简介
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The Era of the Higgs Physics

Snowmass 2021, 2209.07510

Understanding of origin of mass of subatomic particles



Brout-Englert-Higgs Mechanism
§ Spontaneous broken symmetry: the Lagrangian is invariant under 

the symmetry, but the ground state of  the theory is not

§ Brout-Englert-Higgs Mechanism (1964)

Nambu (Nobel Prize 2008)

Englert, Higgs 
2013 Nobel Prize

Englert Peter HiggsBrout

Ø Goldstone’s theorem: 
Spontaneous breaking of 
continuous global symmetries 
implies the existence of 
massless particles



Example: Linear sigma model

复标量场：U(1) global symmetry 

势能项：

将标量场进行重新参数化：

只有动能项，
而无质量项
Goldstone



Brout-Englert-Higgs Mechanism

Goldstone boson to disappear from the spectrum and the gauge boson to become 
massive

An Abelian Example: 电磁场+复标量场

U(1) 规范变换：

对称性自发破缺：



Brout-Englert-Higgs Mechanism
标准模型电弱规范对称性：

电弱规范玻色子质量项：

<latexit sha1_base64="+hV0gly3IfnFeVGlNJ9WHHlCtZg=">AAACDnicbVDNSsNAGNzUv1r/oh69LJZCeylJkeqxKIIHhYqmVZoQNtttu3Q3CbsboYQ+gRdfxYsHRbx69ubbuG1z0NaBhWHm+/h2JogZlcqyvo3c0vLK6lp+vbCxubW9Y+7utWSUCEwcHLFI3AVIEkZD4iiqGLmLBUE8YKQdDM8mfvuBCEmj8FaNYuJx1A9pj2KktOSbpRunXKv4l66inEjolO2Kf++qaMZSV3B4fjX2zaJVtaaAi8TOSBFkaPrml9uNcMJJqDBDUnZsK1ZeioSimJFxwU0kiREeoj7paBoifdxLp3HGsKSVLuxFQr9Qwan6eyNFXMoRD/QkR2og572J+J/XSVTvxEtpGCeKhHh2qJcwqONOuoFdKghWbKQJwoLqv0I8QAJhpRss6BLs+ciLpFWr2vVq/fqo2DjN6siDA3AIysAGx6ABLkATOACDR/AMXsGb8WS8GO/Gx2w0Z2Q7++APjM8fGHmZpQ==</latexit>

SU(2)L → U(1)Y ↑ U(1)EM



Higgs production at the LHC

Ø Gluon Fusion

Ø VBF production

Ø VH associated production

Ø ttH production

Loop suppressed, but large top quark Yukawa 
coupling, large gluon PDF enhancement

Forward & backward jet=> helps to iden@fy Higgs event
Direct probe of HVV couplings

Leptons from V decay help with event identification
Direct probe of HVV couplings

Challenging final state; direct probe of ttH coupling



Higgs decays
Ø Bottom quark (58%)

Ø Vector bosons (Z: 3%, W: 21%)

Ø Gluons (8.2%)

Ø Photons (𝑍𝛾,𝛾𝛾 0.2%)

B quark form short-lived B hadrons, can be identified 
by displaced tracks; large QCD background

One of the V has to be off-shell; small event rates 
when including decays to leptons, but clean detector 
signature

Huge QCD backgrounds at LHC

Small BR, but clear detector signature; destructive interferences



From Matthias Kerner



From Matthias Kerner

SM Higgs boson? Ø Spin, Parity?
Ø Couplings to other SM particles?
Ø Higgs potential?



Higgs spin and CP proper?es

Ø Spin ½ and 1 (due to 𝐻 → 𝛾𝛾: Landau-Yang theorem) 
excluded

Ø Only real contender: spin 0 & 2

e.g. Bolognesi, Gao, Gritsan, Melnikov, Schulze, 2012

p Spin 0:

𝑑𝜎
𝑑ϕ 

∝ cos!𝜙

𝑑𝜎
𝑑𝜙

∝ sin!𝜙

CP-even

CP-odd

𝜀"! ⋅ 𝜀""

𝜀"!×𝜀""

CP-odd interaction

p Spin 2 :  𝜃∗ distributions is different for spin 2 and spin 0, 𝑑"#,"%
& 𝜃∗

实验数据与标准模型一致，𝑱𝒑 = 𝟎"



Higgs coupling measurements



The Framework for the Higgs physics

25

1. The 𝜅 framework for the couplings:
BSM physics is expected to affect the production modes and decay channels by a SM 
like interactions

2. The Standard Model Effective Field Theory

W. Buchuller, D. wyler 1986
B. Grzadkowski et al, 2010
L. Lehman, A. Marin, 2015
B. Henning et al, 2015
H-L. Li et al, 2020
Murphy, 2020
……

W. Buchuller, D. wyler 1986 B. Grzadkowski et al, 2010

Linear realized EFT

Higgs is a fundamental particle
Weak interacting

3. Higgs Effec\ve Field Theory
Callan, Coleman, Wess, Zumino, 1969
The electroweak chiral Lagrangian+light Higgs, A.C. Longhitano, 1980,…. 



The measurements @ LHC
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截面与信号强度（实验测量结果与标准模型理论预言的比值）测量结果

Nature 607 (2022)7917,52-59 Nature 607 (2022)7917,60-68



Higgs couplings @LHC
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Nature 607 (2022)7917,52-59 Nature 607 (2022)7917,60-68



Higgs CP violation
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Sakharov Criteria (1967)
Ø B violation
Ø C & CP violations
Ø Departure from the equilibrium

Ø A purely CP-odd Higgs has been excluded
Ø A CP-mixture Higgs boson is still possible



Higgs CP violation
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Ø CP-odd interactions with gauge bosons (loop induced operators)

Ø CP-odd interactions with fermions
Gunion, He, PRL. 76, 4468 (1996)
Boudjema, Godbole, Guadagnolo, Mohan, PRD 92, 015019 (2015)
Mileo, Kiers, Szynkman, Crane, Gegner, JHEP 07, 056 (2016)
Gritsan, Rntsch, Schulze, Xiao, PRD 94, 055023 (2016)
S. Amor Dos Santos et al, PRD 96, 013004 (2017)
Kobakhidze, Liu, Wu, Yue,  PRD 95 (2017) 1, 015016
Gouveia et al, 1801.04954
Gonalves, Kong, Kim, JHEP 06, 079 (2018)
Ren, Wu, Yang, 1901.05627
ATLAS, PRL 125 (2020) 6,061802
CMS, PRL 125 (2020) 6,061801
Q.-H. Cao, K.-P. Xie, H. Zhang , R. Zhang,CPC45 (2021)2,023117
Zhite Yu and C.-P. Yuan, 2211.00845
…

ATLAS,2304.09612

ATLAS：2303.05974
CMS：2208.02686



Higgs CP violation
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Q.-H. Cao, K.-P. Xie, H. Zhang , R. Zhang,CPC45 (2021)2,023117

<latexit sha1_base64="+BR+C+h77KHrzHsNu4WsSDoaqpM=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoJVgETyURqR6LXjxWsLXQhLLZbtqlm03YnQg19Jd48aCIV3+KN/+N2zYHbX0w8Hhvhpl5YSq4Rtf9tkpr6xubW+Xtys7u3n7VPjjs6CRTlLVpIhLVDYlmgkvWRo6CdVPFSBwK9hCOb2b+wyNTmifyHicpC2IylDzilKCR+nZ1OPQxcdAPicpxOurbNbfuzuGsEq8gNSjQ6ttf/iChWcwkUkG07nluikFOFHIq2LTiZ5qlhI7JkPUMlSRmOsjnh0+dU6MMnChRpiQ6c/X3RE5irSdxaDpjgiO97M3E/7xehtFVkHOZZsgkXSyKMuHMXjUpOAOuGEUxMYRQxc2tDh0RRSiarComBG/55VXSOa97jXrj7qLWvC7iKMMxnMAZeHAJTbiFFrSBQgbP8Apv1pP1Yr1bH4vWklXMHMEfWJ8/+x2TUg==</latexit>

gg → tt̄h



New polarization observables
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C.-P. Yuan’s talk @  MBI 2023



New polarization observables
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Linear polarization of gluon

C.-P. Yuan’s talk @  MBI 2023



Higgs Yukawa couplings
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All fundamental particles get their mass 
from Higgs boson vev

How about light quarks?
Does Higgs mechanism still work?



Light quark Yukawa couplings@LHC
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A. Rare decay: h ! J/ � (��, ⇢�,!�)

I. Brivio, F. Goertz, G. Isidori, PRL115 (2015)21,211801

B. Higgs+charm produc\on

G. T. Bodwin, F. Petriello, S. Stoynev, M. Velasco, PRD88 (2013) 5, 053003
A. L. Kagan, G. Perez, F. Petriello, Y. Soreq, S. Stoynev, PRL114 (2015) 10,101802

C. Higgs data global analysis:
G. Perez, Y. Soreq, E. Stamou, K. Tobioka, PRD92(2015)3, 033016, PRD93(2016)1,013001
Y. Zhou, PRD93(2016) 1,013019

D. Higgs        analysis:
Y. Soreq, H.X. Zhu, J. Zupan, JHEP 12(2016)045
F. Bishara, U. Haisch, P. F. Monni, E. Re, PRL 118(2017)12,121801
G. Bonner, H. E. Logan, 1608.04376

H
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Soft gluon radiation
pT
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e.g.  14 TeV HL-LHC ys/yb < 0.39
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e.g.  14 TeV HL-LHC yc/y
SM
c < 2.5
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e.g.  14 TeV HL-LHC yc/y
SM
c < 6.2

<latexit sha1_base64="dz8Jd6f4M5ehPyhS4HiBw4zkQHE=">AAAB/XicdZDLSsNAFIYn9VbrLV52bgaL4ComxdvCRdGNG6GivUAbw2Q6bYdOJmFmIsRQfBU3LhRx63u4822ctCmo6A8Hfr5zDnPm9yNGpbLtT6MwMzs3v1BcLC0tr6yumesbDRnGApM6DlkoWj6ShFFO6ooqRlqRICjwGWn6w/Os37wjQtKQ36gkIm6A+pz2KEZKI8/cSjy8r+s27YgAXl+OTo+simeWbevQzgRty56anDg5KYNcNc/86HRDHAeEK8yQlG3HjpSbIqEoZmRU6sSSRAgPUZ+0teUoINJNx9eP4K4mXdgLhS6u4Jh+30hRIGUS+HoyQGogf/cy+FevHaveiZtSHsWKcDx5qBczqEKYRQG7VBCsWKINwoLqWyEeIIGw0oGVdAjTn8L/TaNiObblXB2Uq2d5HEWwDXbAHnDAMaiCC1ADdYDBPXgEz+DFeDCejFfjbTJaMPKdTfBDxvsXBDOURQ==</latexit><latexit sha1_base64="dz8Jd6f4M5ehPyhS4HiBw4zkQHE=">AAAB/XicdZDLSsNAFIYn9VbrLV52bgaL4ComxdvCRdGNG6GivUAbw2Q6bYdOJmFmIsRQfBU3LhRx63u4822ctCmo6A8Hfr5zDnPm9yNGpbLtT6MwMzs3v1BcLC0tr6yumesbDRnGApM6DlkoWj6ShFFO6ooqRlqRICjwGWn6w/Os37wjQtKQ36gkIm6A+pz2KEZKI8/cSjy8r+s27YgAXl+OTo+simeWbevQzgRty56anDg5KYNcNc/86HRDHAeEK8yQlG3HjpSbIqEoZmRU6sSSRAgPUZ+0teUoINJNx9eP4K4mXdgLhS6u4Jh+30hRIGUS+HoyQGogf/cy+FevHaveiZtSHsWKcDx5qBczqEKYRQG7VBCsWKINwoLqWyEeIIGw0oGVdAjTn8L/TaNiObblXB2Uq2d5HEWwDXbAHnDAMaiCC1ADdYDBPXgEz+DFeDCejFfjbTJaMPKdTfBDxvsXBDOURQ==</latexit><latexit sha1_base64="dz8Jd6f4M5ehPyhS4HiBw4zkQHE=">AAAB/XicdZDLSsNAFIYn9VbrLV52bgaL4ComxdvCRdGNG6GivUAbw2Q6bYdOJmFmIsRQfBU3LhRx63u4822ctCmo6A8Hfr5zDnPm9yNGpbLtT6MwMzs3v1BcLC0tr6yumesbDRnGApM6DlkoWj6ShFFO6ooqRlqRICjwGWn6w/Os37wjQtKQ36gkIm6A+pz2KEZKI8/cSjy8r+s27YgAXl+OTo+simeWbevQzgRty56anDg5KYNcNc/86HRDHAeEK8yQlG3HjpSbIqEoZmRU6sSSRAgPUZ+0teUoINJNx9eP4K4mXdgLhS6u4Jh+30hRIGUS+HoyQGogf/cy+FevHaveiZtSHsWKcDx5qBczqEKYRQG7VBCsWKINwoLqWyEeIIGw0oGVdAjTn8L/TaNiObblXB2Uq2d5HEWwDXbAHnDAMaiCC1ADdYDBPXgEz+DFeDCejFfjbTJaMPKdTfBDxvsXBDOURQ==</latexit><latexit sha1_base64="dz8Jd6f4M5ehPyhS4HiBw4zkQHE=">AAAB/XicdZDLSsNAFIYn9VbrLV52bgaL4ComxdvCRdGNG6GivUAbw2Q6bYdOJmFmIsRQfBU3LhRx63u4822ctCmo6A8Hfr5zDnPm9yNGpbLtT6MwMzs3v1BcLC0tr6yumesbDRnGApM6DlkoWj6ShFFO6ooqRlqRICjwGWn6w/Os37wjQtKQ36gkIm6A+pz2KEZKI8/cSjy8r+s27YgAXl+OTo+simeWbevQzgRty56anDg5KYNcNc/86HRDHAeEK8yQlG3HjpSbIqEoZmRU6sSSRAgPUZ+0teUoINJNx9eP4K4mXdgLhS6u4Jh+30hRIGUS+HoyQGogf/cy+FevHaveiZtSHsWKcDx5qBczqEKYRQG7VBCsWKINwoLqWyEeIIGw0oGVdAjTn8L/TaNiObblXB2Uq2d5HEWwDXbAHnDAMaiCC1ADdYDBPXgEz+DFeDCejFfjbTJaMPKdTfBDxvsXBDOURQ==</latexit>

yc/y
SM
c < 220

<latexit sha1_base64="HVPo3hkmIBvUG40Ov5Mtxx8OyfE=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5oUQRcuim7cCBXtA9oYJtNJO3RmEmYmQgzFX3HjQhG3/oc7/8Zpm4W2HrhwOOde7r0niBlV2nG+rcLC4tLySnG1tLa+sbllb+80VZRITBo4YpFsB0gRRgVpaKoZaceSIB4w0gqGl2O/9UCkopG402lMPI76goYUI20k395LfXxs6j7rSg5vr0fn1arj22Wn4kwA54mbkzLIUfftr24vwgknQmOGlOq4Tqy9DElNMSOjUjdRJEZ4iPqkY6hAnCgvm1w/godG6cEwkqaEhhP190SGuFIpD0wnR3qgZr2x+J/XSXR45mVUxIkmAk8XhQmDOoLjKGCPSoI1Sw1BWFJzK8QDJBHWJrCSCcGdfXmeNKsV16m4Nyfl2kUeRxHsgwNwBFxwCmrgCtRBA2DwCJ7BK3iznqwX6936mLYWrHxmF/yB9fkD8oaUOQ==</latexit><latexit sha1_base64="HVPo3hkmIBvUG40Ov5Mtxx8OyfE=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5oUQRcuim7cCBXtA9oYJtNJO3RmEmYmQgzFX3HjQhG3/oc7/8Zpm4W2HrhwOOde7r0niBlV2nG+rcLC4tLySnG1tLa+sbllb+80VZRITBo4YpFsB0gRRgVpaKoZaceSIB4w0gqGl2O/9UCkopG402lMPI76goYUI20k395LfXxs6j7rSg5vr0fn1arj22Wn4kwA54mbkzLIUfftr24vwgknQmOGlOq4Tqy9DElNMSOjUjdRJEZ4iPqkY6hAnCgvm1w/godG6cEwkqaEhhP190SGuFIpD0wnR3qgZr2x+J/XSXR45mVUxIkmAk8XhQmDOoLjKGCPSoI1Sw1BWFJzK8QDJBHWJrCSCcGdfXmeNKsV16m4Nyfl2kUeRxHsgwNwBFxwCmrgCtRBA2DwCJ7BK3iznqwX6936mLYWrHxmF/yB9fkD8oaUOQ==</latexit><latexit sha1_base64="HVPo3hkmIBvUG40Ov5Mtxx8OyfE=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5oUQRcuim7cCBXtA9oYJtNJO3RmEmYmQgzFX3HjQhG3/oc7/8Zpm4W2HrhwOOde7r0niBlV2nG+rcLC4tLySnG1tLa+sbllb+80VZRITBo4YpFsB0gRRgVpaKoZaceSIB4w0gqGl2O/9UCkopG402lMPI76goYUI20k395LfXxs6j7rSg5vr0fn1arj22Wn4kwA54mbkzLIUfftr24vwgknQmOGlOq4Tqy9DElNMSOjUjdRJEZ4iPqkY6hAnCgvm1w/godG6cEwkqaEhhP190SGuFIpD0wnR3qgZr2x+J/XSXR45mVUxIkmAk8XhQmDOoLjKGCPSoI1Sw1BWFJzK8QDJBHWJrCSCcGdfXmeNKsV16m4Nyfl2kUeRxHsgwNwBFxwCmrgCtRBA2DwCJ7BK3iznqwX6936mLYWrHxmF/yB9fkD8oaUOQ==</latexit><latexit sha1_base64="HVPo3hkmIBvUG40Ov5Mtxx8OyfE=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5oUQRcuim7cCBXtA9oYJtNJO3RmEmYmQgzFX3HjQhG3/oc7/8Zpm4W2HrhwOOde7r0niBlV2nG+rcLC4tLySnG1tLa+sbllb+80VZRITBo4YpFsB0gRRgVpaKoZaceSIB4w0gqGl2O/9UCkopG402lMPI76goYUI20k395LfXxs6j7rSg5vr0fn1arj22Wn4kwA54mbkzLIUfftr24vwgknQmOGlOq4Tqy9DElNMSOjUjdRJEZ4iPqkY6hAnCgvm1w/godG6cEwkqaEhhP190SGuFIpD0wnR3qgZr2x+J/XSXR45mVUxIkmAk8XhQmDOoLjKGCPSoI1Sw1BWFJzK8QDJBHWJrCSCcGdfXmeNKsV16m4Nyfl2kUeRxHsgwNwBFxwCmrgCtRBA2DwCJ7BK3iznqwX6936mLYWrHxmF/yB9fkD8oaUOQ==</latexit>

yu,d/yb < 0.4 ⇠ 0.5
<latexit sha1_base64="OLWwgYogJsMJExB5l7Z+LQcVNAs=">AAACAHicdVDLSgMxFM3UV62vqgsXboJFcCFjZhzbCi6KblxWsA9oy5BJ0zY08yDJCMPQjb/ixoUibv0Md/6NmbaCih64cHLOveTe40WcSYXQh5FbWFxaXsmvFtbWNza3its7TRnGgtAGCXko2h6WlLOANhRTnLYjQbHvcdryxleZ37qjQrIwuFVJRHs+HgZswAhWWnKLe4mbxsf9yUniehfIdLqS+RCZZ26xhMzzatl2yvqJUMWyrYzYFefUgZZWMpTAHHW3+N7thyT2aaAIx1J2LBSpXoqFYoTTSaEbSxphMsZD2tE0wD6VvXR6wAQeaqUPB6HQFSg4Vb9PpNiXMvE93eljNZK/vUz8y+vEalDtpSyIYkUDMvtoEHOoQpilAftMUKJ4ogkmguldIRlhgYnSmRV0CF+Xwv9J0zYtZFo3Tql2OY8jD/bBATgCFqiAGrgGddAABEzAA3gCz8a98Wi8GK+z1pwxn9kFP2C8fQLFVZU3</latexit><latexit sha1_base64="OLWwgYogJsMJExB5l7Z+LQcVNAs=">AAACAHicdVDLSgMxFM3UV62vqgsXboJFcCFjZhzbCi6KblxWsA9oy5BJ0zY08yDJCMPQjb/ixoUibv0Md/6NmbaCih64cHLOveTe40WcSYXQh5FbWFxaXsmvFtbWNza3its7TRnGgtAGCXko2h6WlLOANhRTnLYjQbHvcdryxleZ37qjQrIwuFVJRHs+HgZswAhWWnKLe4mbxsf9yUniehfIdLqS+RCZZ26xhMzzatl2yvqJUMWyrYzYFefUgZZWMpTAHHW3+N7thyT2aaAIx1J2LBSpXoqFYoTTSaEbSxphMsZD2tE0wD6VvXR6wAQeaqUPB6HQFSg4Vb9PpNiXMvE93eljNZK/vUz8y+vEalDtpSyIYkUDMvtoEHOoQpilAftMUKJ4ogkmguldIRlhgYnSmRV0CF+Xwv9J0zYtZFo3Tql2OY8jD/bBATgCFqiAGrgGddAABEzAA3gCz8a98Wi8GK+z1pwxn9kFP2C8fQLFVZU3</latexit><latexit sha1_base64="OLWwgYogJsMJExB5l7Z+LQcVNAs=">AAACAHicdVDLSgMxFM3UV62vqgsXboJFcCFjZhzbCi6KblxWsA9oy5BJ0zY08yDJCMPQjb/ixoUibv0Md/6NmbaCih64cHLOveTe40WcSYXQh5FbWFxaXsmvFtbWNza3its7TRnGgtAGCXko2h6WlLOANhRTnLYjQbHvcdryxleZ37qjQrIwuFVJRHs+HgZswAhWWnKLe4mbxsf9yUniehfIdLqS+RCZZ26xhMzzatl2yvqJUMWyrYzYFefUgZZWMpTAHHW3+N7thyT2aaAIx1J2LBSpXoqFYoTTSaEbSxphMsZD2tE0wD6VvXR6wAQeaqUPB6HQFSg4Vb9PpNiXMvE93eljNZK/vUz8y+vEalDtpSyIYkUDMvtoEHOoQpilAftMUKJ4ogkmguldIRlhgYnSmRV0CF+Xwv9J0zYtZFo3Tql2OY8jD/bBATgCFqiAGrgGddAABEzAA3gCz8a98Wi8GK+z1pwxn9kFP2C8fQLFVZU3</latexit><latexit sha1_base64="OLWwgYogJsMJExB5l7Z+LQcVNAs=">AAACAHicdVDLSgMxFM3UV62vqgsXboJFcCFjZhzbCi6KblxWsA9oy5BJ0zY08yDJCMPQjb/ixoUibv0Md/6NmbaCih64cHLOveTe40WcSYXQh5FbWFxaXsmvFtbWNza3its7TRnGgtAGCXko2h6WlLOANhRTnLYjQbHvcdryxleZ37qjQrIwuFVJRHs+HgZswAhWWnKLe4mbxsf9yUniehfIdLqS+RCZZ26xhMzzatl2yvqJUMWyrYzYFefUgZZWMpTAHHW3+N7thyT2aaAIx1J2LBSpXoqFYoTTSaEbSxphMsZD2tE0wD6VvXR6wAQeaqUPB6HQFSg4Vb9PpNiXMvE93eljNZK/vUz8y+vEalDtpSyIYkUDMvtoEHOoQpilAftMUKJ4ogkmguldIRlhgYnSmRV0CF+Xwv9J0zYtZFo3Tql2OY8jD/bBATgCFqiAGrgGddAABEzAA3gCz8a98Wi8GK+z1pwxn9kFP2C8fQLFVZU3</latexit>
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<latexit sha1_base64="2nfXWo5cKQaWPQ0myKX8hg32GPM=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoMgiGFXBD0GvXiMYB6QF7OT3mTM7OwyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1093lx4Jr47rfTm5ldW19I79Z2Nre2d0r7h/UdZQohjUWiUg1fapRcIk1w43AZqyQhr7Ahj+6nfqNJ1SaR/LBjGPshHQgecAZNVaqY/cMu+e9YsktuzOQZeJlpAQZqr3iV7sfsSREaZigWrc8NzadlCrDmcBJoZ1ojCkb0QG2LJU0RN1JZ9dOyIlV+iSIlC1pyEz9PZHSUOtx6NvOkJqhXvSm4n9eKzHBdSflMk4MSjZfFCSCmIhMXyd9rpAZMbaEMsXtrYQNqaLM2IAKNgRv8eVlUr8oe27Zu78sVW6yOPJwBMdwCh5cQQXuoAo1YPAIz/AKb07kvDjvzse8NedkM4fwB87nD8KgjpQ=</latexit><latexit sha1_base64="2nfXWo5cKQaWPQ0myKX8hg32GPM=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoMgiGFXBD0GvXiMYB6QF7OT3mTM7OwyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1093lx4Jr47rfTm5ldW19I79Z2Nre2d0r7h/UdZQohjUWiUg1fapRcIk1w43AZqyQhr7Ahj+6nfqNJ1SaR/LBjGPshHQgecAZNVaqY/cMu+e9YsktuzOQZeJlpAQZqr3iV7sfsSREaZigWrc8NzadlCrDmcBJoZ1ojCkb0QG2LJU0RN1JZ9dOyIlV+iSIlC1pyEz9PZHSUOtx6NvOkJqhXvSm4n9eKzHBdSflMk4MSjZfFCSCmIhMXyd9rpAZMbaEMsXtrYQNqaLM2IAKNgRv8eVlUr8oe27Zu78sVW6yOPJwBMdwCh5cQQXuoAo1YPAIz/AKb07kvDjvzse8NedkM4fwB87nD8KgjpQ=</latexit><latexit sha1_base64="2nfXWo5cKQaWPQ0myKX8hg32GPM=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoMgiGFXBD0GvXiMYB6QF7OT3mTM7OwyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1093lx4Jr47rfTm5ldW19I79Z2Nre2d0r7h/UdZQohjUWiUg1fapRcIk1w43AZqyQhr7Ahj+6nfqNJ1SaR/LBjGPshHQgecAZNVaqY/cMu+e9YsktuzOQZeJlpAQZqr3iV7sfsSREaZigWrc8NzadlCrDmcBJoZ1ojCkb0QG2LJU0RN1JZ9dOyIlV+iSIlC1pyEz9PZHSUOtx6NvOkJqhXvSm4n9eKzHBdSflMk4MSjZfFCSCmIhMXyd9rpAZMbaEMsXtrYQNqaLM2IAKNgRv8eVlUr8oe27Zu78sVW6yOPJwBMdwCh5cQQXuoAo1YPAIz/AKb07kvDjvzse8NedkM4fwB87nD8KgjpQ=</latexit><latexit sha1_base64="2nfXWo5cKQaWPQ0myKX8hg32GPM=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoMgiGFXBD0GvXiMYB6QF7OT3mTM7OwyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1093lx4Jr47rfTm5ldW19I79Z2Nre2d0r7h/UdZQohjUWiUg1fapRcIk1w43AZqyQhr7Ahj+6nfqNJ1SaR/LBjGPshHQgecAZNVaqY/cMu+e9YsktuzOQZeJlpAQZqr3iV7sfsSREaZigWrc8NzadlCrDmcBJoZ1ojCkb0QG2LJU0RN1JZ9dOyIlV+iSIlC1pyEz9PZHSUOtx6NvOkJqhXvSm4n9eKzHBdSflMk4MSjZfFCSCmIhMXyd9rpAZMbaEMsXtrYQNqaLM2IAKNgRv8eVlUr8oe27Zu78sVW6yOPJwBMdwCh5cQQXuoAo1YPAIz/AKb07kvDjvzse8NedkM4fwB87nD8KgjpQ=</latexit>

Jet energy profile

Thrust

yu,d,s/yb < 0.091
<latexit sha1_base64="NkV1EMAQeKS84/BXLGyo6wyxPgU=">AAAB/HicdZDLSsNAFIYnXmu9Vbt0M1gEFyUmsfQCLopuXFawF2hDmEwm7dDJhZmJEEJ9FTcuFHHrg7jzbZy0FVT0h4Gf75zDOfO7MaNCGsaHtrK6tr6xWdgqbu/s7u2XDg57Iko4Jl0csYgPXCQIoyHpSioZGcScoMBlpO9Or/J6/45wQaPwVqYxsQM0DqlPMZIKOaVy6mRJ1auK2VnquBeGbrRMp1Qx9FazbtXqUAGjYVpmbqxG7bwGTUVyVcBSHaf0PvIinAQklJghIYamEUs7Q1xSzMisOEoEiRGeojEZKhuigAg7mx8/gyeKeNCPuHqhhHP6fSJDgRBp4KrOAMmJ+F3L4V+1YSL9pp3RME4kCfFikZ8wKCOYJwE9ygmWLFUGYU7VrRBPEEdYqryKKoSvn8L/Tc/STUM3b2qV9uUyjgI4AsfgFJigAdrgGnRAF2CQggfwBJ61e+1Re9FeF60r2nKmDH5Ie/sEEniTvA==</latexit><latexit sha1_base64="NkV1EMAQeKS84/BXLGyo6wyxPgU=">AAAB/HicdZDLSsNAFIYnXmu9Vbt0M1gEFyUmsfQCLopuXFawF2hDmEwm7dDJhZmJEEJ9FTcuFHHrg7jzbZy0FVT0h4Gf75zDOfO7MaNCGsaHtrK6tr6xWdgqbu/s7u2XDg57Iko4Jl0csYgPXCQIoyHpSioZGcScoMBlpO9Or/J6/45wQaPwVqYxsQM0DqlPMZIKOaVy6mRJ1auK2VnquBeGbrRMp1Qx9FazbtXqUAGjYVpmbqxG7bwGTUVyVcBSHaf0PvIinAQklJghIYamEUs7Q1xSzMisOEoEiRGeojEZKhuigAg7mx8/gyeKeNCPuHqhhHP6fSJDgRBp4KrOAMmJ+F3L4V+1YSL9pp3RME4kCfFikZ8wKCOYJwE9ygmWLFUGYU7VrRBPEEdYqryKKoSvn8L/Tc/STUM3b2qV9uUyjgI4AsfgFJigAdrgGnRAF2CQggfwBJ61e+1Re9FeF60r2nKmDH5Ie/sEEniTvA==</latexit><latexit sha1_base64="NkV1EMAQeKS84/BXLGyo6wyxPgU=">AAAB/HicdZDLSsNAFIYnXmu9Vbt0M1gEFyUmsfQCLopuXFawF2hDmEwm7dDJhZmJEEJ9FTcuFHHrg7jzbZy0FVT0h4Gf75zDOfO7MaNCGsaHtrK6tr6xWdgqbu/s7u2XDg57Iko4Jl0csYgPXCQIoyHpSioZGcScoMBlpO9Or/J6/45wQaPwVqYxsQM0DqlPMZIKOaVy6mRJ1auK2VnquBeGbrRMp1Qx9FazbtXqUAGjYVpmbqxG7bwGTUVyVcBSHaf0PvIinAQklJghIYamEUs7Q1xSzMisOEoEiRGeojEZKhuigAg7mx8/gyeKeNCPuHqhhHP6fSJDgRBp4KrOAMmJ+F3L4V+1YSL9pp3RME4kCfFikZ8wKCOYJwE9ygmWLFUGYU7VrRBPEEdYqryKKoSvn8L/Tc/STUM3b2qV9uUyjgI4AsfgFJigAdrgGnRAF2CQggfwBJ61e+1Re9FeF60r2nKmDH5Ie/sEEniTvA==</latexit><latexit sha1_base64="NkV1EMAQeKS84/BXLGyo6wyxPgU=">AAAB/HicdZDLSsNAFIYnXmu9Vbt0M1gEFyUmsfQCLopuXFawF2hDmEwm7dDJhZmJEEJ9FTcuFHHrg7jzbZy0FVT0h4Gf75zDOfO7MaNCGsaHtrK6tr6xWdgqbu/s7u2XDg57Iko4Jl0csYgPXCQIoyHpSioZGcScoMBlpO9Or/J6/45wQaPwVqYxsQM0DqlPMZIKOaVy6mRJ1auK2VnquBeGbrRMp1Qx9FazbtXqUAGjYVpmbqxG7bwGTUVyVcBSHaf0PvIinAQklJghIYamEUs7Q1xSzMisOEoEiRGeojEZKhuigAg7mx8/gyeKeNCPuHqhhHP6fSJDgRBp4KrOAMmJ+F3L4V+1YSL9pp3RME4kCfFikZ8wKCOYJwE9ygmWLFUGYU7VrRBPEEdYqryKKoSvn8L/Tc/STUM3b2qV9uUyjgI4AsfgFJigAdrgGnRAF2CQggfwBJ61e+1Re9FeF60r2nKmDH5Ie/sEEniTvA==</latexit>



Event shapes
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e(X) =
1

Q

X

i2X

|pi?|fe(⌘i)

Examples:
Thrust f1�T (⌘) = e�|⌘|

fB(⌘) = 1

fC(⌘) =
3

cosh(⌘)

f⌧a(⌘) = e�|⌘|(1�a)

One class of event shapes:

Brandt, Peyrou, Sosnowski, Wroblewski,64; Farhi, 77

Jet broadening

C-Parameter

Catani, Turnock, Webber,  92

Ellis, Ross, Terrano, 81

Angularities Berger, Kucs, Sterman, 03

G. Bell, A. Hornig, C. Lee, J. Talbert, JHEP01(2019)147
The proportions of two jet-like and 
three-or-more jet like events

(relatively new)



Higgs Yukawa couplings

37
Sensi\ve to non-perturba\ve assump\ons

Analysis Region

Angularity distributions are very different 
for quark and gluon final state

J. Gao, Y. Gong, W.-L. Ju and L. L. Yang, JHEP 03 (2019) 030
J. Zhu, J. Gao, D. Kang, T. Maji, 2311.07282
Bin Yan, C. Lee, JHEP 03 (2024) 123



Higgs couplings @LHC

38

Nature 607 (2022)7917,52-59 Nature 607 (2022)7917,60-68

全局拟合结果依赖对希格斯宽度的假设                    直接测量希格斯宽度至关重要



Higgs width measurements
Direct constraints: reconstructed mass line-shape
The intrinsic mass resolution: 1-2 GeV, Higgs width (SM):  4.1 MeV

Ø the modelling of resolution uncertainties 
Ø the modelling of the interference between the signal and the background 

which can be sizeable for large widths
Ø CMS: 330 MeV



Higgs width measurements
Indirect constraints from off-shell couplings

Assuming the couplings are same for the on-shell and off-shell regions

(HL-LHC)



Higgs potential
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Agrawal, Saha, Xu, Yu, Yuan,  PRD 101 (2020) 075023

𝜆### =
3𝑚#

$

𝑣

𝜆#### =
3𝑚#

$

𝑣$



Higgs pair production
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E. W. N.Glover et al (1988)
U. Baur et al (2002)
A.Papaefstathuou et al (2013)
J. Baglio et al (2013)
Q. Li et al (2015)   …..

M. J. Dolan et al (2014,2015)

M. Moretti et al (2005), Q. H. Cao et al (2017)



Higgs pair production 
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]𝑠[𝑇𝑒𝑉 𝜎..→00123 [-b] /𝜎0044123 [-b /𝜎500123 [-b /𝜎600123[-b
8 8.16 0.49 0.21 0.14

14 33.89 2.01 0.57 0.42
100 1417.83 79.55 8.00 8.27

J. Baglio, A. Djouadi et al. 
JHEP 1304(2013)51

Ø GGF and VBF 敏感于负区间
Ø VHH敏感于正区间



Higgs pair production

44

Low-energy theorem:

𝜂

𝜂 =
𝜆000
𝜆00078

Dawson and Haber (1989)



Higgs pair production
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在标准模型中两个图
贡献相互抵消，从而
敏感依赖负的希格斯
自相互作用



Higgs pair production

𝑄# > 0
𝑄# < 0

𝑸𝟐

VBF Higgs pair VHH Higgs pair



Higgs pair production
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𝑀:; =
𝑚5
#

𝑣#
6𝑚0

#𝜂
𝑠 − 𝑚0

# +
2𝑚5

#

𝑣#
+
4𝑚5

<

𝑣#
1

𝑡 − 𝑚5
# +

1
𝑢 −𝑚5

# 𝑔:;

+𝐴:; 𝑞!, 𝑘!, 𝑘#

𝑠 = 4𝑚#
$ , 𝑡 = 𝑢 = 0 For  VBF

𝑠 = 4𝑚#
$ , 𝑡 = 𝑢 = 𝑚# +𝑚%

$ For  VHH 𝑀'( =
2𝑚)

%

𝑣%
𝜂 + 1 𝑔'(+. . .

𝜂 =
𝜆000
𝜆00078

𝜂

Near the Threshold: 

𝑀'( =
2𝑚)

%

𝑣%
𝜂 − 3 𝑔'(+. . .



Higgs pair production
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Near the Threshold: 

𝑀'( =
2𝑚)

%

𝑣%
𝜂 + 1 𝑔'(+. . .

𝑀'( =
2𝑚)

%

𝑣%
𝜂 − 3 𝑔'(+. . .

VBF Higgs pair:

VHH Higgs pair:

VBF 过程敏感负参数区间， VHH 过程敏感正的参数区间



Higgs potential

49

To determine the Higgs potential shape is challenge!

ATLAS, PRD108 (2023)5, 052003 Nature 607 (2022) 60



Higgs potential@ LHC

50

Current experimental searches mainly focus 
on the  high di-Higgs invariant mass region

K. Chai, J.-H. Yu, H. Zhang, PRD 
107(2023) 5,055031

L. B. Chen, H. T. Li,  H. S. Shao, J. 
Wang, PLB 803 (2020) 135292, 
JHEP 03 (2020) 072

Q.-H. Cao, Bin Yan, D.-M. Zhang, H. 
Zhang, PLB 752 (2016) 285-290

The low di-Higgs invariant mass region is 
more sensitive to the Higgs shape



Testing the EWSB @ LHC

51

Precisely determine the Higgs gauge couplings are also important for testing the EWSB



Higgs couplings and EWSB

52

Ø The magnitude of the Higgs gauge couplings

Ø The relative sign between hWW and hZZ couplings

p Interference between tree and 

loop level in Higgs decay

p Lepton Colliders

p th and Zh production

Y. Chen et al, PRL 2016

K. P. Xie and Bin Yan, PLB 820 (2021) 136515
The data favors the same sign

C.W Chiang, X. G. He and G. Li, JHEP08(2018) 126

D. Stolarski, Y. Wu, PRD 102 (2020)3, 033006



Higgs couplings and EWSB
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ATLAS-CONF-2023-057

The opposite-sign coupling hypothesis has been excluded

The magnitude of the Higgs gauge couplings 

would be the key task for testing EWSB

CMS-PAS-HIG-23-007



Higgs production mechanisms

54

Ø The rapidity gap and the invariant 
mass of the two jets

V.D. Bargeer, K.m.Cheung. T. Han, J. 
Ohnemus and D. Zeppenfeld, 1991
N. Kauer, T. Plehn, D. L. Rainwater and 
D. Zeppenfeld, 2001
……

VBF Higgs production is the main process 
to verify the Higgs gauge couplings

Ø Soft gluon radiation effects: Jet energy profile, TMD effects P. Sun, C.-P. Yuan and F. Yuan, 
2016, 2018

V. Rentala, N. Vignaroli, H.N. Li,  
Zhao Li and C.-P. Yuan, 2013

 J(r) =

P
i,di,n̂<r E

i
TP

i,di,n̂<R Ei
T



Higgs production mechanisms
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Soft gluon radiation effects: TMD effects ATLAS, Phys.Rev.Lett. 131 (2023) 6, 061802

The VBF Higgs production 
can be well separated from 
the GGF process



Higgs production mechanisms

56

Discriminating  W-boson fusion, Z-boson fusion  and gluon fusion Higgs 
production

Separating the W boson’s contribution from the VBF Higgs production 
is an important task for determining the Higgs gauge coupling

The key observable: Jet Charge
W: opposite sign for the two jet charges
Z:   same or opposite sign for the two jet charges
G:  the sign of the jet charge is arbitrary

H. T. Li, Bin Yan, C.-P. Yuan, PRL 131 (2023) 4, 041802



57

Transverse-momentum-weighting scheme: 

Jet charge definition

QJ =
1

(pjT )


X

i2jet

Qi(p
i
T )

,  > 0

<latexit sha1_base64="v8AwVVmzpDO/dxocyPeWqiziY8o="></latexit><latexit sha1_base64="v8AwVVmzpDO/dxocyPeWqiziY8o="></latexit><latexit sha1_base64="v8AwVVmzpDO/dxocyPeWqiziY8o="></latexit><latexit sha1_base64="v8AwVVmzpDO/dxocyPeWqiziY8o="></latexit>

R.D. Field and R.P. Feynman, NPB136,1(1978)

𝜅: To regulate the sensitivity of the 
soft gluon radiation

Ø SCET calculation

Ø Quark/gluon jet discrimination

Ø Nuclear medium effects

Ø Quark flavor structure

Ø Non-perturbative model

Ø Electroweak and Higgs physics

D. Krohn et al, PRL, 2013, W.J.Waalewijn, PRD, 2012

K.Fraser and M.D. Schwartz, JHEP, 2018, Zhong-Bo Kang, 
Xiaohui Liu, et al, PRD, 2021

H. T. Li and I. Vitev, PRD, 2020, PRL, 2021

Zhong-Bo Kang, Xiaohui Liu, et al, PRD, 2021, + Ding Yu Shao,PRL, 2020

Zhong-Bo Kang et al, PRL, 2023
H. T. Li, Bin Yan and C.-P. Yuan,  PLB 2022, PRL 2023
Xiao-Rui Wang, Bin Yan, PRD 2023
H. Cui, M. Zhao, Y. Wang, H. Liang, Manqi Ruan, 2023



Higgs coupings @ VBF
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The key observable: Jet Charge

H. T. Li, Bin Yan, C.-P. Yuan, 
PRL 131 (2023) 4, 041802

the sign of the jet 
charge is arbitrary

opposite sign for the 
two jet charges

same or opposite sign



Higgs couplings @ VBF
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V =
ghV V

gSMhV V

HL-LHC

h ! 4`/2`2v`

Rh =
µ(gg ! h ! WW ⇤)

µ(gg ! h ! ZZ⇤)
=

2
W

2
Z

The limits from Rh and jet charge 
asymmetry are not depending on 
the assumption of the Higgs width

H. T. Li, Bin Yan, C.-P. Yuan, 
PRL 131 (2023) 4, 041802



对撞机物理前沿进展
横向极化效应

60



61

Spin effects and New Physics

Ø Top quark polarization:

Ø Gauge boson polarization

1702.08309

Xu Li, Bin Yan, C.-P. Yuan, arxiv: 2405.04069



Ø Nucleon structure: PDFs

Ø Nucleon structure: FFs

Ø UPCs

62

Spin effects in QCD 

+

+

−

−



ØWhat type of new physics would exhibit sensitivity to the 
effects of QCD spin?

63

QCD Spin effects and New physics 

Dipole moments



Ø Magnetic dipole moments: probing the internal structures of particles

p Elementary particle:
Electron: g/2=1.001159…
Muon:     g/2=1.0011659..

p Composite particle:
Proton:    g/2=2.7928444..
Neutron:  g/2=-1.91394308..

p Quarks: any internal structures? 

p From MDM and EDM to weak dipole 
moments?

New physics and Dipole Operator

Z
May have same 
physics source

64

A. Boccaletti et al,  2407.10913



Example: Electroweak Dipole Operator

R. Boughezal et al, PRD 104 (2021) 095022

Single-Parameter-Analysis: EW dipole couplings are poorly constrained by Drell-Yan data

65

𝑞&"

𝑞'(
NP

𝑞&"

𝑞&(
SM

Leading contribution:   
)!"#$%&
*'

$=0 for the cross section

R. Boughezal et al,  2303.08257

𝜪(𝟏/𝜦𝟒)
𝜪(𝟏/𝜦𝟐)

Ø It is difficult to probe the electroweak dipole interactions at colliders



Electroweak dipole moments of leptons

Ø Transversely polarized effect of beams @ lepton collider

The interference between the different helicity states

66
Breaking the rotational invariance &A nontrivial azimuthal behavior

Xin-Kai Wen, Bin Yan, Zhite Yu, C.-P. Yuan, PRL 131 (2023) 241801

𝑀∞𝑒-(/0(/$)2𝑑 𝜃

𝑒&"

𝑒'(
NP

𝑒&"

𝑒&(

SM



Xin-Kai Wen, Bin Yan, Zhite Yu, C.-P. Yuan, 

PRL 131 (2023) 241801

67

𝑒&"

𝑒'(
NP

𝑒&"

𝑒&(
SM

𝑒-2∗4 𝑒-2

Re[𝐶5-6789] Im[𝐶5-6789]

CP-conserving CP-violation

SM & other NP

Ø Linearly dependent on the dipole couplings 𝐶5-6789 and spin 𝑏:
Ø Without depending on other NP operators

Electroweak dipole moments of leptons

𝑀∞𝑒-(/0(/$)2𝑑 𝜃



Single Transverse Spin Asymmetries

68

𝑠 = 250 GeV, ℒ = 5 ab#$

CP-conserved dipole operator CP-violated dipole operator

Ø Our bounds are much stronger than other approaches by 1~2 orders of magnitude
Ø Weak dipole coupling, SSA: 0.01%,  LHC: 1%

Xin-Kai Wen, Bin Yan, Zhite Yu, C.-P. Yuan, 

PRL 131 (2023) 241801



Electroweak dipole moments of quarks

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

Ø How to probe the spin information of quarks? 

69

Asymptotic freedom of 
QCD theory

The non-perturbative functions, i.e., the parton distirbuion functions and the 
fragmentation functions



Transverse spin effects of quark @ EIC

70

R. Boughezal, D. Florian, F. Petriello,  W. Vogelsang, PRD 107 (2023) 7, 075028
Hao-Lin Wang, Xin-Kai Wen, Hongxi Xing, Bin Yan, PRD 109 (2024) 095025

Ø Quark dipole operators

Ø The transversity is difficult to be constrained: chiral-odd

p Collins Azimuthal Asymmetries in SIDIS,  Collins function
p Low energy Drell-Yan process
p Dihadron production in SIDIS, Interference dihadron fragmentation

Kang, Prokudin, Sun, Yuan, PRD 93 (2016) 014009;  Zeng, Dong, Liu, Sun, Zhao, PRD 109 (2024) 056002;
JAM Collaboration, PRD 106 (2022) 034014



Transverse spin effects of quark @ EIC

71

Xin-Kai Wen, Bin Yan, Zhite Yu, C.-P. Yuan, 2408.07255

Ø The transverse spin of quarks can be generated by the quark dipole moments

Ø The interference dihadron fragmentation function: chiral-odd



𝝅!𝝅" Dihadron fragmentation functions

72
JAM Collaboration, PRL 132 (2024)  091901 , PRD 109 (2024) 034024 



73
JAM Collaboration, PRL 132 (2024)  091901 , PRD 109 (2024) 034024 

𝝅!𝝅" Dihadron fragmentation functions



Transverse spin effects of quark @ EIC

74

Xin-Kai Wen, Bin Yan, Zhite Yu, C.-P. Yuan, 2408.07255

The non-trivial azimuthal distribution requires parity-
violation effects: 
p the longitudinal polarization of the electron  
p the parity-violating Z interactions

p Photon dipole:  O(0.01)
p Z-boson dipole: O(0.1)

The flat direction in dipole 
couplings?



Transverse spin effects of quark @ CEPC

75

Xin-Kai Wen, Bin Yan, Zhite Yu, C.-P. Yuan, 24011.13845

Isospin and charge conjugation symmetries:



Transverse spin effects of quark @ CEPC

76

Xin-Kai Wen, Bin Yan, Zhite Yu, C.-P. Yuan, 24011.13845

p The flat direction can be 
closed by combing more 
processes

p Photon dipole:  O(0.01)
p Z-boson dipole: O(0.001)



Linear polarization @ UPCs

77

C. Li,  J. Zhou, Y. J. Zhou, Phys. Lett. B. 795, 576 (2019) 

Ø Ultra-relativistic charged nuclei produce highly 
Lorentz contracted electromagnetic field

Ø Weizsacker-Williams equivalent photon 
approximation

Ø Photons are linearly polarized
Ø Large quasi-real photon flux ∝ 𝑍$
Ø The impact parameter 𝑏; > 2𝑅<

The linear polarization for gluons based on the NEEC:
Yuxun Guo, Xiaohui Liu, Feng Yuan, HuaXing Zhu, 2406.05880
Xiao Lin Li, Xiaohui Liu, Feng Yuan, HuaXing Zhu, PRD 108 (2023) L091502 



Linear polarization @ UPCs
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+

+

−

−
𝑐𝑜𝑠4∆𝜙

D. Y. Shao, C. Zhang, J. Zhou, Y. Zhou, PRD107 (2023) 3, 036020

PRL 127 (2021) 5, 052302

+

+

−

+
𝑚9
$

𝑝:$
𝑐𝑜𝑠2∆𝜙



Tau pair production @ UPCs

79

Phys. Rev. Lett. 131 (2023) 15, 151802 Phys. Rev. Lett. 131 (2023) 151803



Linear polarization @ UPCs

80

Dingyu Shao, Bin Yan, Shu-Ruan Yuan, Cheng Zhang, 
Sci. China Phys. Mech. Astron. 67 (2024) 281062

The systematic uncertainties for cross 
section are same with current data

1% systematic uncertainties for 
cross section

5.02 TeV 30 𝑛𝑏!"

Suppressed by lepton mass



Linear polarization of W boson

81

Zhite Yu, C.-P. Yuan, PRL 129 (2022) 11,11

W boson is not linearly polarized in top quark rest frame

Ø Measuring longitudinal polarization of boosted top
Ø New top tagger against QCD jets

A new tool to probe the NP effects, 
e.g. the CP violation in top quark decay



总结

82

Ø粒子物理研究物质最深层次的结构和最基本的相互作用

Ø当前粒子物理最成功的理论是粒子物理标准模型

Ø粒子物理目前仍然面临众多挑战

暗物质的性质，中微子的质量起源

宇宙中观测到的正反物质不对称性

电弱对称性的自发破缺机制

Ø 对撞机实验是寻找超出标准模型新物理的重要探针

Ø 希格斯物理是当前和未来对撞机实验关注的重要研究方向

Ø 极化效应将是寻找超出标准模型新物理的重要手段

Ø Madgraph ≠对撞机物理


