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Outline
• New Higgs decays to light scalar particles

2

How well can current LHC searches constrain 
new light scalars coupling to the Higgs and 

second-generation fermions?
Based on 2203.14984 with 

Mikael Chala and Michael Spannowsky

• Backup: ALP connections to top quarks and loop-
induced signatures in the Higgs sector

https://arxiv.org/abs/2203.14984
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New Higgs decays
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Analysis:
• FeynRules
• MadGraph
• Rivet
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ma 2 [10, 50]GeV

Heavy enough for LHC detection, 
light enough to be away from the Z boson peak
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Higgs to four muons
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Signature
• 2 opposite-sign muon pairs
• Invariant mass of all muons 

near Higgs mass 
• Resonance in lighter muon 

pair invariant mass 

<latexit sha1_base64="g38FkBqlsJH1cuSjUL36rteHuDU=">AAACFHicbZDLSgMxGIUzXmu9jXXpJlgEN5YZKeqyIIjLCvYCnWHIpJk2NMkMSUYchgGfwqVbfQh34ta9z+BLmF4WtvVA4HDOH/6fL0wYVdpxvq2V1bX1jc3SVnl7Z3dv3z6otFWcSkxaOGax7IZIEUYFaWmqGekmkiAeMtIJR9fjvvNApKKxuNdZQnyOBoJGFCNtosCu8CCvQ4+nBfQU5ZAHw8CuOjVnIrhs3Jmpgpmagf3j9WOcciI0Zkipnusk2s+R1BQzUpS9VJEE4REakJ6xAnGi/HxyewFPTNKHUSzNExpO0r8/csSVynhoJjnSQ7XYjcP/ul6qoys/pyJJNRF4uihKGdQxHIOAfSoJ1iwzBmFJza0QD5FEWBtcc1sikgmenKFUx0XZ0HEXWSyb9nnNvajV7+rVxs3TlFMJHIFjcApccAka4BY0QQtg8AhewCt4s56td+vD+pyOrlgztodgTtbXL45Snt0=</latexit>m4µ ⇠ mh
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[CMS (2111.01299)]

<latexit sha1_base64="AQu6JJKfW4Sg7nwwLJl2gUkEL6k=">AAACC3icbVDLSsNAFJ34rPVVdelmsAhurIkUdVkQxGUF+4A0hsl00g6dR5iZCCEU/AGXbvUj3IlbP8Jv8CecPha29cCFwzn3cu89UcKoNq777Swtr6yurRc2iptb2zu7pb39ppapwqSBJZOqHSFNGBWkYahhpJ0ognjESCsaXI/81iNRmkpxb7KEBBz1BI0pRsZKPg69hw5Pz+IQhaWyW3HHgIvEm5IymKIeln46XYlTToTBDGnte25ighwpQzEjw2In1SRBeIB6xLdUIE50kI9PHsJjq3RhLJUtYeBY/TuRI651xiPbyZHp63lvJP7n+amJr4KciiQ1RODJojhl0Eg4+h92qSLYsMwShBW1t0LcRwphY1Oa2RKTTPDkFKVGDos2HW8+i0XSPK94F5XqXbVcu3ma5FQAh+AInAAPXIIauAV10AAYSPACXsGb8+y8Ox/O56R1yZlmewBm4Hz9AtHDm9s=</latexit>
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|mZ1 �mZ | < |mZ2 �mZ |
Pair leptons such that

https://arxiv.org/abs/2111.01299
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Higgs to four muons - limits

6

[data: CMS (2111.01299)]
X : observed limit

• Signal cross section (phase-space suppression)
• Signal acceptance
• Background 

95% CLs limits
<latexit sha1_base64="89162KDCwZ0pNWjuGSmcEUbu3Xs=">AAACI3icbZDLSgMxGIUzXmu9jbp0Ey2Cm5aZUtSFi4IgLivYC70wZNJMG5pkhiQjlGnBnU/i0q0+hDtx48In8CVML4JtPRA4fOcPf3L8iFGlHefTWlpeWV1bT22kN7e2d3btvf2KCmOJSRmHLJQ1HynCqCBlTTUjtUgSxH1Gqn7vapRX74lUNBR3uh+RFkcdQQOKkTbIs48G3EvqnjuEWci9+gBewgnJ/xLPzjg5Zyy4aNypyYCpSp793WyHOOZEaMyQUg3XiXQrQVJTzMgw3YwViRDuoQ5pGCsQJ6qVjL8yhCeGtGEQSnOEhmP690aCuFJ97ptJjnRXzWcj+F/WiHVw0UqoiGJNBJ4sCmIGdQhHvcA2lQRr1jcGYUnNWyHuIomwNu3NbAlIX/Aoi2IdDtOmHXe+i0VTyefcs1zhtpApXj9MekqBQ3AMToELzkER3IASKAMMHsEzeAGv1pP1Zr1bH5PRJWva7QGYkfX1A3z+o/M=</latexit>

|mZ1 �mZ | < |mZ2 �mZ |

<latexit sha1_base64="9EXiSCX9PScgjVAgTfxCmh8PIao=">AAACJnicbZBLaxsxFIU1Sdu47iNuuuxG1C10UZuZ4KTJzlBounQgfoDHGI18xxbRY5DulJrBkHV+SZfdJj+iuxCy675/ovJjUds9IDicc8WVviSTwmEYPgQ7u48eP9krPS0/e/7i5X7l1UHHmdxyaHMjje0lzIEUGtooUEIvs8BUIqGbXH6e991vYJ0w+gKnGQwUG2uRCs7QR8PKOzWM25kT0mgaO6Hoaf2oFkU0/khjhO9YnE FnNqxUw3q4EN020cpUyUqtYeVPPDI8V6CRS+ZcPwozHBTMouASZuU4d5AxfsnG0PdWMwVuUCx+M6PvfTKiqbH+aKSL9N8bBVPOTVXiJxXDidvs5uH/un6O6cmgEDrLETRfLkpzSdHQORo6EhY4yqk3jFvh30r5hFnG0QNc25LCVKusxnI0s7KnE22y2Dadw3p0XG+cN6rNL1dLTiXyhrwlH0hEPpEm+UpapE04uSY/yQ25DX4Ev4K74H45uhOs2L4mawp+/wXQYKUn</latexit>

m⌥ ⇠ 9.5� 11GeV

Backgrounds

• SM Higgs 
• SM 

<latexit sha1_base64="oQeY2OvV0AXds1uBcP0WyTDGwco=">AAACGXicbZDLSgMxFIYz9VbrbdSFCzfBIohgmZGiLguCuKxgL7RTSybNtKFJZkgyQhkGfA+XbvUh3IlbVz6DL2E67cK2/hD4+c8J55zPjxhV2nG+rdzS8srqWn69sLG5tb1j7+7VVRhLTGo4ZKFs+kgRRgWpaaoZaUaSIO4z0vCH1+N645FIRUNxr0cR6XDUFzSgGGkTde2DAfR0CFuw9ZCcppkvQ4/HXbvolJxMcNG4U1MEU1W79o/XC3HMidCYIaXarhPpToKkppiRtODFikQID1GftI0ViBPVSbIDUnhskh4MQmme0DBL//5IEFdqxH3TyZEeqPnaOPyv1o51cNVJqIhiTQSeDApiBs2ZYxqwRyXBmo2MQVhSsyvEAyQR1obZzJSAjASPzlCsw7Rg6LjzLBZN/bzkXpTKd+Vi5eZpwikPDsEROAEuuAQVcAuqoAYwSMELeAVv1rP1bn1Yn5PWnDVluw9mZH39AsaOn+w=</latexit>

h ! ZZ⇤ ! 4µ
<latexit sha1_base64="xv2gzu9Tjh3pr24wuicR9qRcdmY=">AAACDXicbZDLSgMxFIYz9VbrrerSTbAIbiwzUtRlQRCXFeyFdoaSSTNtaC5jkhGGoeAbuHSrD+FO3PoMPoMvYXpZ2NYDgZ//P+Gc84Uxo9q47reTW1ldW9/Ibxa2tnd294r7Bw0tE4VJHUsmVStEmjAqSN1Qw0grVgTxkJFmOLwe581HojSV4t6kMQk46gsaUYyMtYI2bEPfSFiBPk+6xZJbdicFl4U3EyUwq1q3+OP3JE44EQYzpHXHc2MTZEgZihkZFfxEkxjhIeqTjpUCcaKDbLL0CJ5YpwcjqewTBk7cvz8yxLVOeWg7OTIDvZiNzf+yTmKiqyCjIk4MEXg6KEoYtGeOCcAeVQQbllqBsKJ2V4gHSCFsLKe5KRFJBY/PUGLkqGDpeIsslkXjvOxdlCt3lVL15mnKKQ+OwDE4BR64BFVwC2qgDjB4AC/gFbw5z8678+F8TltzzoztIZgr5+sXIEab8A==</latexit>

ZZ ! 4µ

https://arxiv.org/abs/2111.01299
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Signature:
•
• 2 muons, 2 photons with 

Backgrounds:
•
•
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<latexit sha1_base64="n1+hO2w9gp5ZHet+YlbmvLa6D+g=">AAACHHicbZDLSgMxFIYzXmu9jbrTTbAIbiwzUtRlQRCXFewF2jKcSTNtaJIZkoxQhkKfxKVbfQh34lbwGXwJ08vCth4I+fn/czjJFyacaeN5387K6tr6xmZuK7+9s7u37x4c1nScKkKrJOaxaoSgKWeSVg0znDYSRUGEnNbD/u04rz9RpVksH80goW0BXckiRsBYK3CPRZC1uiAE4Ok1xC3NBBYBBG7BK3qTwsvCn4kCmlUlcH9anZikgkpDOGjd9L3EtDNQhhFOh/lWqmkCpA9d2rRSgqC6nU3+MMRn1ungKFb2SIMn7t+JDITWAxHaTgGmpxezsflf1kxNdNPOmExSQyWZLopSjk2Mx0BwhylKDB9YAUQx+1ZMeqCAGIttbktEB1IkF5CaeJi3dPxFFsuidln0r4qlh1KhfDeacsqhE3SKzpGPrlEZ3aMKqiKCRugFvaI359l5dz6cz2nrijNje4Tmyvn6BUUMonI=</latexit>m�� ⇠ ma

<latexit sha1_base64="eVJVRcVAsiKOAWmkpqoYVfFnxZs=">AAACEnicbZDLSgMxFIYz9VbrbdSlm2AR3FhmpKjLgiAuK9gLtqWcSTNtaJIZkkxhKAUfwqVbfQh34tYX8Bl8CdOLYFsPhPz8/zmcwxfEnGnjeV9OZmV1bX0ju5nb2t7Z3XP3D6o6ShShFRLxSNUD0JQzSSuGGU7rsaIgAk5rQf96nNcGVGkWyXuTxrQloCtZyAgYa7Vd9wE3uyAE/H5tN+8VvEnhZeHPRB7Nqtx2v5udiCSCSkM4aN3wvdi0hqAMI5yOcs1E0xhIH7q0YaUEQXVrOLl8hE+s08FhpOyTBk/cvxNDEFqnIrCdAkxPL2Zj87+skZjwqjVkMk4MlWS6KEw4NhEeY8AdpigxPLUCiGL2Vkx6oIAYC2tuS0hTKeIzSEw0ylk6/iKLZVE9L/gXheJdMV+6eZxyyqIjdIxOkY8uUQndojKqIIIG6Bm9oFfnyXlz3p2PaWvGmbE9RHPlfP4Ap8Sd0g==</latexit>

Z��
<latexit sha1_base64="8IqomZNIulLEkNcoyw6OzHDr6cE=">AAACEXicbZDNSsNAFIUn9a/Wn1ZduhksgiCWRERdCoK4rGBVbEOZTG907GQSZm7EEAq+g0u3+hDuxK1P4DP4Ek5/FrZ6YOBwzh3u5QsSKQy67pdTmJqemZ0rzpcWFpeWy5WV1QsTp5pDg8cy1lcBMyCFggYKlHCVaGBRIOEy6B73+8t70EbE6hyzBPyI3SgRCs7QRu1K+Zpu0xbCA+Z3gKbXrlTdmjsQ/Wu8kamSkertynerE/M0AoVcMmOanpugnzONgkvolVqpgYTxLruBprWKRWD8fHB4j27apEPDWNunkA7S3z9yFhmTRYGdjBjemsmuH/7XNVMMD/1cqCRFUHy4KEwlxZj2KdCO0MBRZtYwroW9lfJbphlHy2psSwiZipIdlmLcK1k63iSLv+Zit+bt1/bO9qpHJ49DTkWyTjbIFvHIATkip6ROGoSTlDyTF/LqPDlvzrvzMRwtOCO2a2RMzucPqDSd5A==</latexit>

Z + jets
[CMS (2105.12780)] 

<latexit sha1_base64="AQu6JJKfW4Sg7nwwLJl2gUkEL6k=">AAACC3icbVDLSsNAFJ34rPVVdelmsAhurIkUdVkQxGUF+4A0hsl00g6dR5iZCCEU/AGXbvUj3IlbP8Jv8CecPha29cCFwzn3cu89UcKoNq777Swtr6yurRc2iptb2zu7pb39ppapwqSBJZOqHSFNGBWkYahhpJ0ognjESCsaXI/81iNRmkpxb7KEBBz1BI0pRsZKPg69hw5Pz+IQhaWyW3HHgIvEm5IymKIeln46XYlTToTBDGnte25ighwpQzEjw2In1SRBeIB6xLdUIE50kI9PHsJjq3RhLJUtYeBY/TuRI651xiPbyZHp63lvJP7n+amJr4KciiQ1RODJojhl0Eg4+h92qSLYsMwShBW1t0LcRwphY1Oa2RKTTPDkFKVGDos2HW8+i0XSPK94F5XqXbVcu3ma5FQAh+AInAAPXIIauAV10AAYSPACXsGb8+y8Ox/O56R1yZlmewBm4Hz9AtHDm9s=</latexit>
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<latexit sha1_base64="xjl6E5c1rysXVw/gAhqrQDUaouM="></latexit>
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Z+photons [CMS (2105.12780)] 

<latexit sha1_base64="+nrIVFF3lmLY/bY/borO1hSWA48=">AAACHHicbZDLSgMxFIYz3u9WXboJFsGNZUaKuhJBUJcKtgptLWfSMzWYZIbkjFiGgr6IW7f6Du7EreAr+BROLwtvPwR+/v+Ek3xhoqQj3//wRkbHxicmp6ZnZufmFxYLS8tVF6dWYEXEKrYXIThU0mCFJCm8SCyCDhWeh9cHvf78Bq2TsTmjToINDW0jIymA8qhZWE2aZ5f1NmgNfI9v+bxOeEsZP8Jqt1ko+iW/L/7XBENTZEOdNAuf9VYsUo2GhALnaoGfUCMDS1Io7M7UU4cJiGtoYy23BjS6Rtb/RJev50mLR7HNjyHeT7/fyEA719FhPqmBrtzvrhf+19VSinYbmTRJSmjEYFGUKk4x7xHhLWlRkOrkBoSV+Vu5uAILgnJuP7ZE2DE62YSU4h6c4DeKv6a6VQq2S+XTcnH/8G6AaYqtsjW2wQK2w/bZMTthFSbYPXtkT+zZe/BevFfvbTA64g3RrrAf8t6/ANe1odM=</latexit>

p�T > 20 GeV

https://arxiv.org/abs/2105.12780
https://arxiv.org/abs/2105.12780
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Signature:
•
• 2 muons, 2 photons with 

Backgrounds:
•
•

<latexit sha1_base64="c78qzaseu+Xylpi2G0AJEQ+lG6U=">AAACGnicbZDLSgMxGIUz3u+OuhI3wSK4scyUoi4FQVxWsFXoDMM/aaYNJpkhyQjDUPRB3LrVd3Anbt34Cj6F6WWhrQcCh3P+8CdfnHGmjed9OTOzc/MLi0vLK6tr6xub7tZ2S6e5IrRJUp6q2xg05UzSpmGG09tMURAxpzfx3fmgv7mnSrNUXpsio6GArmQJI2BsFLm7IiprQReEAFwLRN7HgWYCi6gXuRWv6g2Fp40/NhU0ViNyv4NOSnJBpSEctG77XmbCEpRhhNP+SpBrmgG5gy5tWytBUB2Wwy/08YFNOjhJlT3S4GH6+0YJQutCxHZSgOnpyW4Q/te1c5OchiWTWW6oJKNFSc6xSfGAB+4wRYnhhTVAFLNvxaQHCoix1P5sSWghRXYEuUn7Fo4/iWLatGpV/7hav6pXzi4eR5iW0B7aR4fIRyfoDF2iBmoigh7QM3pBr86T8+a8Ox+j0RlnjHYH/ZHz+QNUu6Gi</latexit>m2�2µ ⇠ mh

<latexit sha1_base64="n1+hO2w9gp5ZHet+YlbmvLa6D+g=">AAACHHicbZDLSgMxFIYzXmu9jbrTTbAIbiwzUtRlQRCXFewF2jKcSTNtaJIZkoxQhkKfxKVbfQh34lbwGXwJ08vCth4I+fn/czjJFyacaeN5387K6tr6xmZuK7+9s7u37x4c1nScKkKrJOaxaoSgKWeSVg0znDYSRUGEnNbD/u04rz9RpVksH80goW0BXckiRsBYK3CPRZC1uiAE4Ok1xC3NBBYBBG7BK3qTwsvCn4kCmlUlcH9anZikgkpDOGjd9L3EtDNQhhFOh/lWqmkCpA9d2rRSgqC6nU3+MMRn1ungKFb2SIMn7t+JDITWAxHaTgGmpxezsflf1kxNdNPOmExSQyWZLopSjk2Mx0BwhylKDB9YAUQx+1ZMeqCAGIttbktEB1IkF5CaeJi3dPxFFsuidln0r4qlh1KhfDeacsqhE3SKzpGPrlEZ3aMKqiKCRugFvaI359l5dz6cz2nrijNje4Tmyvn6BUUMonI=</latexit>m�� ⇠ ma

<latexit sha1_base64="eVJVRcVAsiKOAWmkpqoYVfFnxZs=">AAACEnicbZDLSgMxFIYz9VbrbdSlm2AR3FhmpKjLgiAuK9gLtqWcSTNtaJIZkkxhKAUfwqVbfQh34tYX8Bl8CdOLYFsPhPz8/zmcwxfEnGnjeV9OZmV1bX0ju5nb2t7Z3XP3D6o6ShShFRLxSNUD0JQzSSuGGU7rsaIgAk5rQf96nNcGVGkWyXuTxrQloCtZyAgYa7Vd9wE3uyAE/H5tN+8VvEnhZeHPRB7Nqtx2v5udiCSCSkM4aN3wvdi0hqAMI5yOcs1E0xhIH7q0YaUEQXVrOLl8hE+s08FhpOyTBk/cvxNDEFqnIrCdAkxPL2Zj87+skZjwqjVkMk4MlWS6KEw4NhEeY8AdpigxPLUCiGL2Vkx6oIAYC2tuS0hTKeIzSEw0ylk6/iKLZVE9L/gXheJdMV+6eZxyyqIjdIxOkY8uUQndojKqIIIG6Bm9oFfnyXlz3p2PaWvGmbE9RHPlfP4Ap8Sd0g==</latexit>

Z��
<latexit sha1_base64="8IqomZNIulLEkNcoyw6OzHDr6cE=">AAACEXicbZDNSsNAFIUn9a/Wn1ZduhksgiCWRERdCoK4rGBVbEOZTG907GQSZm7EEAq+g0u3+hDuxK1P4DP4Ek5/FrZ6YOBwzh3u5QsSKQy67pdTmJqemZ0rzpcWFpeWy5WV1QsTp5pDg8cy1lcBMyCFggYKlHCVaGBRIOEy6B73+8t70EbE6hyzBPyI3SgRCs7QRu1K+Zpu0xbCA+Z3gKbXrlTdmjsQ/Wu8kamSkertynerE/M0AoVcMmOanpugnzONgkvolVqpgYTxLruBprWKRWD8fHB4j27apEPDWNunkA7S3z9yFhmTRYGdjBjemsmuH/7XNVMMD/1cqCRFUHy4KEwlxZj2KdCO0MBRZtYwroW9lfJbphlHy2psSwiZipIdlmLcK1k63iSLv+Zit+bt1/bO9qpHJ49DTkWyTjbIFvHIATkip6ROGoSTlDyTF/LqPDlvzrvzMRwtOCO2a2RMzucPqDSd5A==</latexit>

Z + jets
[CMS (2105.12780)] 

<latexit sha1_base64="AQu6JJKfW4Sg7nwwLJl2gUkEL6k=">AAACC3icbVDLSsNAFJ34rPVVdelmsAhurIkUdVkQxGUF+4A0hsl00g6dR5iZCCEU/AGXbvUj3IlbP8Jv8CecPha29cCFwzn3cu89UcKoNq777Swtr6yurRc2iptb2zu7pb39ppapwqSBJZOqHSFNGBWkYahhpJ0ognjESCsaXI/81iNRmkpxb7KEBBz1BI0pRsZKPg69hw5Pz+IQhaWyW3HHgIvEm5IymKIeln46XYlTToTBDGnte25ighwpQzEjw2In1SRBeIB6xLdUIE50kI9PHsJjq3RhLJUtYeBY/TuRI651xiPbyZHp63lvJP7n+amJr4KciiQ1RODJojhl0Eg4+h92qSLYsMwShBW1t0LcRwphY1Oa2RKTTPDkFKVGDos2HW8+i0XSPK94F5XqXbVcu3ma5FQAh+AInAAPXIIauAV10AAYSPACXsGb8+y8Ox/O56R1yZlmewBm4Hz9AtHDm9s=</latexit>

cµ1/fa

<latexit sha1_base64="xjl6E5c1rysXVw/gAhqrQDUaouM="></latexit>

µ

µ

�

�

Z+photons [CMS (2105.12780)] 

Own analysis:
• Reduce cut on photon pT

• Cut on invariant mass of all particles

<latexit sha1_base64="bt/FwhPDWqehOVqKr7gOX5IT4Wk=">AAACHHicbZDLSgMxFIYz3u9WXboJFsGNZUa8rUQQ1KWCrUJby5n0TA0mmSE5I5ahoC/i1q2+gztxK/gKPoXTy8LbD4Gf/z/hJF+YKOnI9z+8oeGR0bHxicmp6ZnZufnCwmLFxakVWBaxiu1FCA6VNFgmSQovEougQ4Xn4fVBtz+/QetkbM6onWBdQ8vISAqgPGoUlpPG2WWtBVoD3+PBFq8R3lLGj7DSaRSKfsnvif81wcAU2UAnjcJnrRmLVKMhocC5auAnVM/AkhQKO1O11GEC4hpaWM2tAY2unvU+0eGredLkUWzzY4j30u83MtDOtXWYT2qgK/e764b/ddWUot16Jk2SEhrRXxSlilPMu0R4U1oUpNq5AWFl/lYursCCoJzbjy0Rto1O1iGluAsn+I3ir6lslILt0ubpZnH/8K6PaYItsxW2xgK2w/bZMTthZSbYPXtkT+zZe/BevFfvrT865A3QLrEf8t6/AN5Uodc=</latexit>

p�T > 15 GeV

<latexit sha1_base64="4Wegzj+fTTEphbz/mv+uXhfZJNc="></latexit>

m2�2µ 2 [110, 140] GeV

<latexit sha1_base64="+nrIVFF3lmLY/bY/borO1hSWA48=">AAACHHicbZDLSgMxFIYz3u9WXboJFsGNZUaKuhJBUJcKtgptLWfSMzWYZIbkjFiGgr6IW7f6Du7EreAr+BROLwtvPwR+/v+Ek3xhoqQj3//wRkbHxicmp6ZnZufmFxYLS8tVF6dWYEXEKrYXIThU0mCFJCm8SCyCDhWeh9cHvf78Bq2TsTmjToINDW0jIymA8qhZWE2aZ5f1NmgNfI9v+bxOeEsZP8Jqt1ko+iW/L/7XBENTZEOdNAuf9VYsUo2GhALnaoGfUCMDS1Io7M7UU4cJiGtoYy23BjS6Rtb/RJev50mLR7HNjyHeT7/fyEA719FhPqmBrtzvrhf+19VSinYbmTRJSmjEYFGUKk4x7xHhLWlRkOrkBoSV+Vu5uAILgnJuP7ZE2DE62YSU4h6c4DeKv6a6VQq2S+XTcnH/8G6AaYqtsjW2wQK2w/bZMTthFSbYPXtkT+zZe/BevFfvbTA64g3RrrAf8t6/ANe1odM=</latexit>

p�T > 20 GeV

https://arxiv.org/abs/2105.12780
https://arxiv.org/abs/2105.12780


Anke Biekötter (JGU Mainz)

2 muons + 2 photons - limits

8

Backgrounds:
•
•

<latexit sha1_base64="eVJVRcVAsiKOAWmkpqoYVfFnxZs=">AAACEnicbZDLSgMxFIYz9VbrbdSlm2AR3FhmpKjLgiAuK9gLtqWcSTNtaJIZkkxhKAUfwqVbfQh34tYX8Bl8CdOLYFsPhPz8/zmcwxfEnGnjeV9OZmV1bX0ju5nb2t7Z3XP3D6o6ShShFRLxSNUD0JQzSSuGGU7rsaIgAk5rQf96nNcGVGkWyXuTxrQloCtZyAgYa7Vd9wE3uyAE/H5tN+8VvEnhZeHPRB7Nqtx2v5udiCSCSkM4aN3wvdi0hqAMI5yOcs1E0xhIH7q0YaUEQXVrOLl8hE+s08FhpOyTBk/cvxNDEFqnIrCdAkxPL2Zj87+skZjwqjVkMk4MlWS6KEw4NhEeY8AdpigxPLUCiGL2Vkx6oIAYC2tuS0hTKeIzSEw0ylk6/iKLZVE9L/gXheJdMV+6eZxyyqIjdIxOkY8uUQndojKqIIIG6Bm9oFfnyXlz3p2PaWvGmbE9RHPlfP4Ap8Sd0g==</latexit>

Z��
<latexit sha1_base64="8IqomZNIulLEkNcoyw6OzHDr6cE=">AAACEXicbZDNSsNAFIUn9a/Wn1ZduhksgiCWRERdCoK4rGBVbEOZTG907GQSZm7EEAq+g0u3+hDuxK1P4DP4Ek5/FrZ6YOBwzh3u5QsSKQy67pdTmJqemZ0rzpcWFpeWy5WV1QsTp5pDg8cy1lcBMyCFggYKlHCVaGBRIOEy6B73+8t70EbE6hyzBPyI3SgRCs7QRu1K+Zpu0xbCA+Z3gKbXrlTdmjsQ/Wu8kamSkertynerE/M0AoVcMmOanpugnzONgkvolVqpgYTxLruBprWKRWD8fHB4j27apEPDWNunkA7S3z9yFhmTRYGdjBjemsmuH/7XNVMMD/1cqCRFUHy4KEwlxZj2KdCO0MBRZtYwroW9lfJbphlHy2psSwiZipIdlmLcK1k63iSLv+Zit+bt1/bO9qpHJ49DTkWyTjbIFvHIATkip6ROGoSTlDyTF/LqPDlvzrvzMRwtOCO2a2RMzucPqDSd5A==</latexit>

Z + jets
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Signature:
• 6 muons 
Backgrounds:
• None
Similar existing searches:
• Tri-boson production ZZZ
•  production

<latexit sha1_base64="7+E/jaXmH+f1ar5qjXEWogvTdSs=">AAACE3icbZDLSgMxGIUz9VbrbapLN8EiuLHMSKkuC4K4rGAv0BmGTJppQ5PMkGSUYSj4Ei7d6kO4E7c+gM/gS5heFrb1QOBwzh/+ny9MGFXacb6twtr6xuZWcbu0s7u3f2CXD9sqTiUmLRyzWHZDpAijgrQ01Yx0E0kQDxnphKPrSd95IFLRWNzrLCE+RwNBI4qRNlFgl3mQ1z2ejqGnKIc8GAZ2xak6U8FV485NBczVDOwfrx/jlBOhMUNK9Vwn0X6OpKaYkXHJSxVJEB6hAekZKxAnys+np4/hqUn6MIqleULDafr3R464UhkPzSRHeqiWu0n4X9dLdXTl51QkqSYCzxZFKYM6hhMOsE8lwZplxiAsqbkV4iGSCGtDa2FLRDLBk3OU6nhcMnTcZRarpn1RdevV2l2t0rh5mnEqgmNwAs6ACy5BA9yCJmgBDB7BC3gFb9az9W59WJ+z0YI1Z3sEFmR9/QI1r561</latexit>m6µ ! mh

<latexit sha1_base64="JyiZnt6WdzZSf//AkevY04tYTBo=">AAACBnicbVC7SgNBFJ2NrxhfUUubwSDYGHdF1DJoI1YRzAOSJcxOZpMx82JmVliW9Ja2+hF2Yutv+A3+hJNHYRIPXDiccy/33hMpRo31/W8vt7S8srqWXy9sbG5t7xR39+pGJhqTGpZM6maEDGFUkJqllpGm0gTxiJFGNLgZ+Y0nog2V4sGmioQc9QSNKUbWSfW707YytFMs+WV/DLhIgikpgSmqneJPuytxwomwmCFjWoGvbJghbSlmZFhoJ4YohAeoR1qOCsSJCbPxtUN45JQujKV2JSwcq38nMsSNSXnkOjmyfTPvjcT/vFZi46swo0Illgg8WRQnDFoJR6/DLtUEW5Y6grCm7laI+0gjbF1AM1tikgquTlBi5bDg0gnms1gk9bNycFE+v/dLletpTnlwAA7BMQjAJaiAW1AFNYDBI3gBr+DNe/bevQ/vc9Ka86Yz+2AG3tcvCcWZXg==</latexit>

J/ !

[CMS (2006.11191)] 

[CMS (2111.05370)] 

<latexit sha1_base64="U443tyee6iMtIaPWH8F0FeGyliY=">AAACDXicbZDLSgMxGIUz9VbrrerSTbAIbqwzpajLgiAuK9gLtNMhk2ba0CQz5iKUoeAbuHSrD+FO3PoMPoMvYXpZ2NYDgcM5f/h/vjBhVGnX/XYyK6tr6xvZzdzW9s7uXn7/oK5iIzGp4ZjFshkiRRgVpKapZqSZSIJ4yEgjHFyP+8YjkYrG4l4PE+Jz1BM0ohhpG/k4KHXa3JxHAeqUgnzBLboTwWXjzUwBzFQN8j/tbowNJ0JjhpRqeW6i/RRJTTEjo1zbKJIgPEA90rJWIE6Un06OHsETm3RhFEv7hIaT9O+PFHGlhjy0kxzpvlrsxuF/Xcvo6MpPqUiMJgJPF0WGQR3DMQHYpZJgzYbWICypvRXiPpIIa8tpbktEhoInZ8joeJSzdLxFFsumXip6F8XyXblQuXmacsqCI3AMToEHLkEF3IIqqAEMHsALeAVvzrPz7nw4n9PRjDNjewjm5Hz9Ag4inIA=</latexit>

cµ
2 /f 2

a

<latexit sha1_base64="xaje1FI3Fgg4mJtp9cartxIynXM="></latexit>!

i

pT (µi ) > 250 GeV

<latexit sha1_base64="k8PoeIHFeYbSuqpd2dob+s+mQzg="></latexit>

mµ + µ ! ! [2.9, 3.3] GeV

[CMS (2006.11191)] 

[CMS (2111.05370)] 

<latexit sha1_base64="pqLR7Fcc9nlGbKn1py8FCPp2qMc="></latexit>

µ

µ

µ

µ

µ

µ

https://arxiv.org/abs/2006.11191
https://arxiv.org/abs/2111.05370
https://arxiv.org/abs/2006.11191
https://arxiv.org/abs/2111.05370
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Signature:
• 6 muons 
Backgrounds:
• None

<latexit sha1_base64="7+E/jaXmH+f1ar5qjXEWogvTdSs=">AAACE3icbZDLSgMxGIUz9VbrbapLN8EiuLHMSKkuC4K4rGAv0BmGTJppQ5PMkGSUYSj4Ei7d6kO4E7c+gM/gS5heFrb1QOBwzh/+ny9MGFXacb6twtr6xuZWcbu0s7u3f2CXD9sqTiUmLRyzWHZDpAijgrQ01Yx0E0kQDxnphKPrSd95IFLRWNzrLCE+RwNBI4qRNlFgl3mQ1z2ejqGnKIc8GAZ2xak6U8FV485NBczVDOwfrx/jlBOhMUNK9Vwn0X6OpKaYkXHJSxVJEB6hAekZKxAnys+np4/hqUn6MIqleULDafr3R464UhkPzSRHeqiWu0n4X9dLdXTl51QkqSYCzxZFKYM6hhMOsE8lwZplxiAsqbkV4iGSCGtDa2FLRDLBk3OU6nhcMnTcZRarpn1RdevV2l2t0rh5mnEqgmNwAs6ACy5BA9yCJmgBDB7BC3gFb9az9W59WJ+z0YI1Z3sEFmR9/QI1r561</latexit>m6µ ! mh

<latexit sha1_base64="U443tyee6iMtIaPWH8F0FeGyliY=">AAACDXicbZDLSgMxGIUz9VbrrerSTbAIbqwzpajLgiAuK9gLtNMhk2ba0CQz5iKUoeAbuHSrD+FO3PoMPoMvYXpZ2NYDgcM5f/h/vjBhVGnX/XYyK6tr6xvZzdzW9s7uXn7/oK5iIzGp4ZjFshkiRRgVpKapZqSZSIJ4yEgjHFyP+8YjkYrG4l4PE+Jz1BM0ohhpG/k4KHXa3JxHAeqUgnzBLboTwWXjzUwBzFQN8j/tbowNJ0JjhpRqeW6i/RRJTTEjo1zbKJIgPEA90rJWIE6Un06OHsETm3RhFEv7hIaT9O+PFHGlhjy0kxzpvlrsxuF/Xcvo6MpPqUiMJgJPF0WGQR3DMQHYpZJgzYbWICypvRXiPpIIa8tpbktEhoInZ8joeJSzdLxFFsumXip6F8XyXblQuXmacsqCI3AMToEHLkEF3IIqqAEMHsALeAVvzrPz7nw4n9PRjDNjewjm5Hz9Ag4inIA=</latexit>

cµ
2 /f 2

a

<latexit sha1_base64="TRVcCEttkrQaANdkyMkvlRJpEcQ="></latexit>

pµ
T > 5 GeV

m6µ ! [110, 140] GeV

<latexit sha1_base64="pqLR7Fcc9nlGbKn1py8FCPp2qMc="></latexit>

µ

µ

µ

µ

µ

µ
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Phase-space 
suppression

<latexit sha1_base64="JpMEeG8jtPfBj51VX1gBOph51g8=">AAACGHicbZDNSgMxFIUz9a/Wv6rgxk2wCG4sMyrqSgqCulSwVWhryaR32mgmMyR3xDIWfA6XbvUh3Ilbdz6DL2H6s9DqgcDhnBvu5fNjKQy67qeTGRufmJzKTudmZufmF/KLSxUTJZpDmUcy0pc+MyCFgjIKlHAZa2ChL+HCvzns9Re3oI2I1Dl2YqiHrKVEIDhDGzXyK3Hj/OqaHtBtl9YQ7jClx1DpNvIFt+j2Rf8ab2gKZKjTRv6r1ox4EoJCLpkxVc+NsZ4yjYJL6OZqiYGY8RvWgqq1ioVg6mn//i5dt0mTBpG2TyHtpz9/pCw0phP6djJk2DajXS/8r6smGOzXU6HiBEHxwaIgkRQj2oNBm0IDR9mxhnEt7K2Ut5lmHC2yX1sC6Kgw3mQJRt2cpeONsvhrKltFb7e4c7ZTKB09DDhlySpZIxvEI3ukRE7IKSkTTu7JE3kmL86j8+q8Oe+D0YwzZLtMfsn5+AZds5+9</latexit>

pj
T > 30 GeV

< 3 events @137 ifb

<latexit sha1_base64="iJ/BPz96W+D1uTW5Q7wAPzsk8LM="></latexit>

j

j

µ

µ

µ

µ
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Phase-space 
suppression

PDF suppression
(2nd gen fermions)

<latexit sha1_base64="JpMEeG8jtPfBj51VX1gBOph51g8=">AAACGHicbZDNSgMxFIUz9a/Wv6rgxk2wCG4sMyrqSgqCulSwVWhryaR32mgmMyR3xDIWfA6XbvUh3Ilbdz6DL2H6s9DqgcDhnBvu5fNjKQy67qeTGRufmJzKTudmZufmF/KLSxUTJZpDmUcy0pc+MyCFgjIKlHAZa2ChL+HCvzns9Re3oI2I1Dl2YqiHrKVEIDhDGzXyK3Hj/OqaHtBtl9YQ7jClx1DpNvIFt+j2Rf8ab2gKZKjTRv6r1ox4EoJCLpkxVc+NsZ4yjYJL6OZqiYGY8RvWgqq1ioVg6mn//i5dt0mTBpG2TyHtpz9/pCw0phP6djJk2DajXS/8r6smGOzXU6HiBEHxwaIgkRQj2oNBm0IDR9mxhnEt7K2Ut5lmHC2yX1sC6Kgw3mQJRt2cpeONsvhrKltFb7e4c7ZTKB09DDhlySpZIxvEI3ukRE7IKSkTTu7JE3kmL86j8+q8Oe+D0YwzZLtMfsn5+AZds5+9</latexit>

pj
T > 30 GeV

feature

Universal coupling 
to s/c assumed

<latexit sha1_base64="iJ/BPz96W+D1uTW5Q7wAPzsk8LM="></latexit>

j

j

µ

µ

µ

µ <latexit sha1_base64="ilJ0t0ZhTn1PwrrTquoIUBBVCLA="></latexit>

h

a
a

b

øb

µ
µ

µ

µ
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Signature:
• 4 muons with 
• 2 b-jets with 
Searches for multilepton final states
Backgrounds:
•
•

<latexit sha1_base64="n2UtsMjHmqkxQKDtQvfvx05v6o4=">AAACFnicbZDLSsNAFIYnXmu9xcvOzWAR3FgSKeqyIIjLCvYCTQiT6aQdOjMJMxMhhoCP4dKtPoQ7cevWZ/AlnF4WtvXAgZ//P4dz+MKEUaUd59taWl5ZXVsvbZQ3t7Z3du29/ZaKU4lJE8cslp0QKcKoIE1NNSOdRBLEQ0ba4fB6lLcfiFQ0Fvc6S4jPUV/QiGKkjRXYhzzIPZ5C0wX0FOWQByiwK07VGRdcFO5UVMC0GoH94/VinHIiNGZIqa7rJNrPkdQUM1KUvVSRBOEh6pOukQJxovx8/H0BT4zTg1EsTQsNx+7fjRxxpTIemkmO9EDNZyPzv6yb6ujKz6lIUk0EnhyKUgZ1DEcoYI9KgjXLjEBYUvMrxAMkEdYG2MyViGSCJ2co1XFRNnTceRaLonVedS+qtbtapX7zNOFUAkfgGJwCF1yCOrgFDdAEGDyCF/AK3qxn6936sD4no0vWlO0BmCnr6xeNBJ/0</latexit>mµµ ! ma
<latexit sha1_base64="vsK8aT0wcRwh2YQo8ITOM9B6P4Y=">AAACFnicbZDLSgMxGIUzXmu9jZedm2AR3FhmpKjLgiAuK9gLdIYhk2ba0CQzJBlhHAZ8DJdu9SHciVu3PoMvYXpZ2NYDgcM5f/h/vjBhVGnH+baWlldW19ZLG+XNre2dXXtvv6XiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLwe9e0HIhWNxb3OEuJz1Bc0ohhpEwX2IQ/y0AuRzMOi8BTlkAeDwK44VWcsuGjcqamAqRqB/eP1YpxyIjRmSKmu6yTaz5HUFDNSlL1UkQThIeqTrrECcaL8fHx9AU9M0oNRLM0TGo7Tvz9yxJXKeGgmOdIDNd+Nwv+6bqqjKz+nIkk1EXiyKEoZ1DEcoYA9KgnWLDMGYUnNrRAPkERYG2AzWyKSCZ6coVTHRdnQcedZLJrWedW9qNbuapX6zdOEUwkcgWNwClxwCergFjRAE2DwCF7AK3iznq1368P6nIwuWVO2B2BG1tcvh7ugjA==</latexit>mbøb ! mh

<latexit sha1_base64="Tq7cUuvUAOAqU8xZtW1uU1z1xSk=">AAACC3icbVDLSgNBEJyNrxhfUY9eBoPgxbArQT0GBPEYwTxwE8LsZDYZMjuzzPQKYVnwBzx61Y/wJl79CL/Bn3DyOJjEgoaiqpvuriAW3IDrfju5ldW19Y38ZmFre2d3r7h/0DAq0ZTVqRJKtwJimOCS1YGDYK1YMxIFgjWD4fXYbz4ybbiS9zCKWScifclDTglYyQfcDohOIcMP3WLJLbsT4GXizUgJzVDrFn/aPUWTiEmgghjje24MnZRo4FSwrNBODIsJHZI+8y2VJGKmk05OzvCJVXo4VNqWBDxR/06kJDJmFAW2MyIwMIveWPzP8xMIrzopl3ECTNLpojARGBQe/497XDMKYmQJoZrbWzEdEE0o2JTmtoRsJKP4jCSgsoJNx1vMYpk0zsveRblyVylVb56mOeXRETpGp8hDl6iKblEN1RFFCr2gV/TmPDvvzofzOW3NObNsD9EcnK9fEbGcAg==</latexit>

tøtZ
<latexit sha1_base64="LEmDoqzWAvc9azn8BPNLMgwi+go=">AAACEnicbZDNSsNAFIUn/tb6F3XpZrAIglgSKepSEMRlBduKbSmT6Y2OTiZh5kYMoeBDuHSrD+FO3PoCPoMv4fRnYa0HBg7n3OFeviCRwqDnfTlT0zOzc/OFheLi0vLKqru2XjdxqjnUeCxjfRkwA1IoqKFACZeJBhYFEhrB3Um/b9yDNiJWF5gl0I7YtRKh4Axt1HHdqyu6S1sID5jfAppexy15ZW8gOmn8kSmRkaod97vVjXkagUIumTFN30uwnTONgkvoFVupgYTxO3YNTWsVi8C088HlPbptky4NY22fQjpIf//IWWRMFgV2MmJ4Y/52/fC/rplieNTOhUpSBMWHi8JUUoxpHwPtCg0cZWYN41rYWym/YZpxtLDGtoSQqSjZYynGvaKl4/9lMWnq+2X/oFw5r5SOTx+HnApkk2yRHeKTQ3JMzkiV1Agn9+SZvJBX58l5c96dj+HolDNiu0HG5Hz+AGPznkg=</latexit>

ZZ + jets

[CMS (1911.04968)] 

Opposite-sign same-flavour lepton pair closest to target mass of 20 GeV

[data: CMS (1911.04968)] 
<latexit sha1_base64="ilJ0t0ZhTn1PwrrTquoIUBBVCLA="></latexit>

h

a
a

b

øb

µ
µ

µ

µ

https://arxiv.org/abs/1911.04968
https://arxiv.org/abs/1911.04968
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Spread of upper limits in  mass range 
<latexit sha1_base64="CWQ6kmmeRRVKCdfX0Ovs6CGjGfg=">AAACIXicbZDLSgMxFIYzXuu96tJNsAgutMyIt6UgqMsKtgqdoWTSMxpMMkNyRixDwZUv4tatvoM7cSe+gU9hell4OxD4+f+Tc5IvzqSw6Pvv3sjo2PjEZGlqemZ2bn6hvLjUsGluONR5KlNzETMLUmioo0AJF5kBpmIJ5/H1YS8/vwFjRarPsJNBpNilFongDJ3VKlPVYjQUmjYDf4OGG3THpxENEW6xoMfQ6LbKFb/q94v+FcFQVMiwaq3yZ9hOea5AI5fMWjc4w6hgBgWX0J0OcwsZ49fsEppOaqbARkX/J1265pw2TVLjjkbad7/fKJiytqNi16kYXtnfWc/8L2vmmOxHhdBZjqD5YFGSS4op7WGhbWGAo+w4wbgR7q2UXzHDODp4P7Yk0NEq22Q5pj04wW8Uf0VjqxrsVrdPtysHR3cDTCWyQlbJOgnIHjkgJ6RG6oSTe/JInsiz9+C9eK/e26B1xBuiXSY/yvv4AmDQonc=</latexit>

ma ! [10, 50] GeV
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Spread of upper limits in  mass range 
<latexit sha1_base64="CWQ6kmmeRRVKCdfX0Ovs6CGjGfg=">AAACIXicbZDLSgMxFIYzXuu96tJNsAgutMyIt6UgqMsKtgqdoWTSMxpMMkNyRixDwZUv4tatvoM7cSe+gU9hell4OxD4+f+Tc5IvzqSw6Pvv3sjo2PjEZGlqemZ2bn6hvLjUsGluONR5KlNzETMLUmioo0AJF5kBpmIJ5/H1YS8/vwFjRarPsJNBpNilFongDJ3VKlPVYjQUmjYDf4OGG3THpxENEW6xoMfQ6LbKFb/q94v+FcFQVMiwaq3yZ9hOea5AI5fMWjc4w6hgBgWX0J0OcwsZ49fsEppOaqbARkX/J1265pw2TVLjjkbad7/fKJiytqNi16kYXtnfWc/8L2vmmOxHhdBZjqD5YFGSS4op7WGhbWGAo+w4wbgR7q2UXzHDODp4P7Yk0NEq22Q5pj04wW8Uf0VjqxrsVrdPtysHR3cDTCWyQlbJOgnIHjkgJ6RG6oSTe/JInsiz9+C9eK/e26B1xBuiXSY/yvv4AmDQonc=</latexit>

ma ! [10, 50] GeV
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Limit summary
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Spread of upper limits in  mass range 
<latexit sha1_base64="CWQ6kmmeRRVKCdfX0Ovs6CGjGfg=">AAACIXicbZDLSgMxFIYzXuu96tJNsAgutMyIt6UgqMsKtgqdoWTSMxpMMkNyRixDwZUv4tatvoM7cSe+gU9hell4OxD4+f+Tc5IvzqSw6Pvv3sjo2PjEZGlqemZ2bn6hvLjUsGluONR5KlNzETMLUmioo0AJF5kBpmIJ5/H1YS8/vwFjRarPsJNBpNilFongDJ3VKlPVYjQUmjYDf4OGG3THpxENEW6xoMfQ6LbKFb/q94v+FcFQVMiwaq3yZ9hOea5AI5fMWjc4w6hgBgWX0J0OcwsZ49fsEppOaqbARkX/J1265pw2TVLjjkbad7/fKJiytqNi16kYXtnfWc/8L2vmmOxHhdBZjqD5YFGSS4op7WGhbWGAo+w4wbgR7q2UXzHDODp4P7Yk0NEq22Q5pj04wW8Uf0VjqxrsVrdPtysHR3cDTCWyQlbJOgnIHjkgJ6RG6oSTe/JInsiz9+C9eK/e26B1xBuiXSY/yvv4AmDQonc=</latexit>

ma ! [10, 50] GeV

4-point interactions 
tighter constrained 
than 5-point 
interactions

5-point interactions 
have greater mass 
dependence
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<latexit sha1_base64="GlWauJDwc0nzmZHIZAaGteY1728="></latexit>

µ

µ

µ

µ <latexit sha1_base64="xjl6E5c1rysXVw/gAhqrQDUaouM="></latexit>

µ

µ

�

�

<latexit sha1_base64="pqLR7Fcc9nlGbKn1py8FCPp2qMc="></latexit>

µ

µ

µ

µ

µ

µ <latexit sha1_base64="iJ/BPz96W+D1uTW5Q7wAPzsk8LM="></latexit>

j

j

µ

µ

µ

µ
Dedicated searches 

needed!
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<latexit sha1_base64="GlWauJDwc0nzmZHIZAaGteY1728="></latexit>

µ

µ

µ

µ <latexit sha1_base64="xjl6E5c1rysXVw/gAhqrQDUaouM="></latexit>

µ

µ

�

�

<latexit sha1_base64="pqLR7Fcc9nlGbKn1py8FCPp2qMc="></latexit>

µ

µ

µ

µ

µ

µ
<latexit sha1_base64="ilJ0t0ZhTn1PwrrTquoIUBBVCLA="></latexit>

h

a
a

b

øb

µ
µ

µ

µ
Dedicated searches 

needed!
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• New Higgs decay to light scalars
• (Most) signatures not currently targeted
• Good sensitivity at HL-LHC

• 4-body decays constrained to   
<latexit sha1_base64="gCUWzYmPumosczHPOWVKWh+SDUA="></latexit>

|cµ
1 |/f a ! O(0.01)/ TeV
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Conclusions
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• New Higgs decay to light scalars
• (Most) signatures not currently targeted
• Good sensitivity at HL-LHC

• 4-body decays constrained to   
<latexit sha1_base64="gCUWzYmPumosczHPOWVKWh+SDUA="></latexit>

|cµ
1 |/f a ! O(0.01)/ TeV

Thank you for your attention!



ALP-top connections
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• ALP-top quark couplings naturally dominant
• Consistent with minimal flavor violation (MFV)
• Promising candidate at colliders
• Recent activities:
[Esser, Madigan, (Salas-Bernárdez), Sanz, Ubiali (2303.17634), (2404.08062)]
[Blasi, Maltoni, Mariotti, Mimasu, Pagani, Tentori (2311.16048)]
[Phan, Westhoff (2312.00872)]
[Cheung, Lu, Ouseph, Sarmah (2404.14833)]
[Anuar, AB, Biekötter, Grohsjean, Heinemeyer, Jeppe, Schwanenberger, Weiglein (2404.19014)]

<latexit sha1_base64="6b6EokfMgGI79o8sI3r/gPX20wg="></latexit>

L ferm = !
a
f

!
Cu i øQ ÷H Yu uR + Cd i øQH Yd dR + Ce i øLH Ye eR + h.c.

"

https://arxiv.org/abs/2303.17634
https://arxiv.org/abs/2311.16048
https://arxiv.org/abs/2312.00872
https://arxiv.org/abs/2404.14833
https://arxiv.org/abs/2404.19014
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<latexit sha1_base64="yR9Uhn+JPEqeFIv8Q5UzZG4YEHY="></latexit>

<latexit sha1_base64="CY2JdYZA415opttXJ91BtOuaNjs="></latexit>

<latexit sha1_base64="/RsqpxkqWKKeITTzuI9rW98jWA8="></latexit>

<latexit sha1_base64="uwZ8Jsodxn9MnNJ5ByPFNNB/roQ=">AAACDHicbZDNSsNAFIUn/tb6V3XpZrAIbiyJSHVZcCO4qWB/oAnlZjpph04mYeZGKKHgE7h0qw/hTtz6Dj6DL2HSdmFbDwwczrnDvXx+LIVB2/62VlbX1jc2C1vF7Z3dvf3SwWHTRIlmvMEiGem2D4ZLoXgDBUrejjWH0Je85Q9v8r71yLURkXrAUcy9EPpKBIIBZpGL1PVBpzimUOyWynbFnoguG2dmymSmerf04/YiloRcIZNgTMexY/RS0CiY5OOimxgeAxtCn3cyqyDkxksnN4/paZb0aBDp7Cmkk/TvjxRCY0ahn02GgAOz2OXhf10nweDaS4WKE+SKTRcFiaQY0RwA7QnNGcpRZoBpkd1K2QA0MMwwzW0J+EiF8TkkGI1zOs4ii2XTvKg41Ur1/rJcu3uaciqQY3JCzohDrkiN3JI6aRBGYvJCXsmb9Wy9Wx/W53R0xZqxPSJzsr5+AVhmnCQ=</latexit>

tøta
<latexit sha1_base64="SsFHfqvMdckPVc6PRWAE4vpyma4=">AAACFnicbZDLSsNAFIYn9VbrLV52bgaL4MaSiFSXBTeCmwr2Am0pk+mkHTozCTMnQgwFH8OlW30Id+LWrc/gS5imRWzrDwMf/3+Gc/i9UHADjvNl5ZaWV1bX8uuFjc2t7R17d69ugkhTVqOBCHTTI4YJrlgNOAjWDDUj0hOs4Q2vxnnjnmnDA3UHccg6kvQV9zklkFpd+wBw2yM6gRH+pULXLjolJxNeBHcKRTRVtWt/t3sBjSRTQAUxpuU6IXQSooFTwUaFdmRYSOiQ9FkrRUUkM50ku36Ej1Onh/1Ap08Bzty/PxIijYmll05KAgMzn43N/7JWBP5lJ+EqjIApOlnkRwJDgMdV4B7XjIKIUyBU8/RWTAdEEwppYTNbfBYrGZ6SCIKsHXe+i0Won5Xccql8e16s3DxOesqjQ3SETpCLLlAFXaMqqiGKHtAzekGv1pP1Zr1bH5PRnDXtdh/NyPr8AU70n9U=</latexit>

tøtt øt
<latexit sha1_base64="RxGxaFJ0L0BYc6rtkJygyQAJ9hA=">AAACC3icbVDLSsNAFJ34rPVVdelmsAhuLIlIdVlwI7ipYB+QhjKZTtqhk5kwcyOEEPAHXLrVj3Anbv0Iv8GfMGm7sK0HLhzOuZd77/EjwQ3Y9re1srq2vrFZ2ipv7+zu7VcODttGxZqyFlVC6a5PDBNcshZwEKwbaUZCX7COP74p/M4j04Yr+QBJxLyQDCUPOCWQSy7gnk90Chku9ytVu2ZPgJeJMyNVNEOzX/npDRSNQyaBCmKM69gReCnRwKlgWbkXGxYROiZD5uZUkpAZL52cnOHTXBngQOm8JOCJ+nciJaExSejnnSGBkVn0CvE/z40huPZSLqMYmKTTRUEsMChc/I8HXDMKIskJoZrnt2I6IppQyFOa2xKwRIbROYlBZUU6zmIWy6R9UXPqtfr9ZbVx9zTNqYSO0Qk6Qw66Qg10i5qohShS6AW9ojfr2Xq3PqzPaeuKNcv2CM3B+voFkrebuQ==</latexit>

tøt
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<latexit sha1_base64="yR9Uhn+JPEqeFIv8Q5UzZG4YEHY="></latexit>

<latexit sha1_base64="CY2JdYZA415opttXJ91BtOuaNjs="></latexit>

<latexit sha1_base64="/RsqpxkqWKKeITTzuI9rW98jWA8="></latexit>

<latexit sha1_base64="SsFHfqvMdckPVc6PRWAE4vpyma4=">AAACFnicbZDLSsNAFIYn9VbrLV52bgaL4MaSiFSXBTeCmwr2Am0pk+mkHTozCTMnQgwFH8OlW30Id+LWrc/gS5imRWzrDwMf/3+Gc/i9UHADjvNl5ZaWV1bX8uuFjc2t7R17d69ugkhTVqOBCHTTI4YJrlgNOAjWDDUj0hOs4Q2vxnnjnmnDA3UHccg6kvQV9zklkFpd+wBw2yM6gRH+pULXLjolJxNeBHcKRTRVtWt/t3sBjSRTQAUxpuU6IXQSooFTwUaFdmRYSOiQ9FkrRUUkM50ku36Ej1Onh/1Ap08Bzty/PxIijYmll05KAgMzn43N/7JWBP5lJ+EqjIApOlnkRwJDgMdV4B7XjIKIUyBU8/RWTAdEEwppYTNbfBYrGZ6SCIKsHXe+i0Won5Xccql8e16s3DxOesqjQ3SETpCLLlAFXaMqqiGKHtAzekGv1pP1Zr1bH5PRnDXtdh/NyPr8AU70n9U=</latexit>

tøtt øt
<latexit sha1_base64="RxGxaFJ0L0BYc6rtkJygyQAJ9hA=">AAACC3icbVDLSsNAFJ34rPVVdelmsAhuLIlIdVlwI7ipYB+QhjKZTtqhk5kwcyOEEPAHXLrVj3Anbv0Iv8GfMGm7sK0HLhzOuZd77/EjwQ3Y9re1srq2vrFZ2ipv7+zu7VcODttGxZqyFlVC6a5PDBNcshZwEKwbaUZCX7COP74p/M4j04Yr+QBJxLyQDCUPOCWQSy7gnk90Chku9ytVu2ZPgJeJMyNVNEOzX/npDRSNQyaBCmKM69gReCnRwKlgWbkXGxYROiZD5uZUkpAZL52cnOHTXBngQOm8JOCJ+nciJaExSejnnSGBkVn0CvE/z40huPZSLqMYmKTTRUEsMChc/I8HXDMKIskJoZrnt2I6IppQyFOa2xKwRIbROYlBZUU6zmIWy6R9UXPqtfr9ZbVx9zTNqYSO0Qk6Qw66Qg10i5qohShS6AW9ojfr2Xq3PqzPaeuKNcv2CM3B+voFkrebuQ==</latexit>

tøt
<latexit sha1_base64="W8leSGG8VsdCMsLqs9KKZweB6ng="></latexit>

tøta ! tøt(f øf )

! tøt + MET

<latexit sha1_base64="QxBjIHnlfzyikgGVSEBZByFJkf8="></latexit>

<latexit sha1_base64="LudotpijAJtaw6gyF6DSeKPVnus=">AAACEXicbZDLSsNAFIYn9VbrpVGXbgaL4MaSiFSXBTeCmwr2Ak0oJ9NJO3QyCTMTIYSC7+DSrT6EO3HrE/gMvoTTy8K2Hhj4+f8znHO+IOFMacf5tgpr6xubW8Xt0s7u3n7ZPjhsqTiVhDZJzGPZCUBRzgRtaqY57SSSQhRw2g5GN5O8/UilYrF40FlC/QgGgoWMgDZWzy4D9nSMQ+wFIPNw3LMrTtWZFl4V7lxU0LwaPfvH68ckjajQhINSXddJtJ+D1IxwOi55qaIJkBEMaNdIARFVfj5dfIxPjdPHYSzNExpP3b8/coiUyqLAdEagh2o5m5j/Zd1Uh9d+zkSSairIbFCYcmxOnVDAfSYp0TwzAohkZldMhiCBaMNqYUpIMxEl55DqeFwydNxlFquidVF1a9Xa/WWlfvc041REx+gEnSEXXaE6ukUN1EQEpegFvaI369l6tz6sz1lrwZqzPUILZX39AkVhnaw=</latexit>

a ! f øf
<latexit sha1_base64="2GZV7POvSECLTgokrbrEsd00Zt0="></latexit>

<latexit sha1_base64="ACefLbvPEGSx3wF8EVmSq4hnn+I="></latexit>

<latexit sha1_base64="3MSkL911V4oGXET4ZH2qwsKlSWU="></latexit>

di dj

<latexit sha1_base64="tZgXG6B5DQu2HlXU5QXXXeb9FgU=">AAACHHicbZDLSgMxFIYz9VbHW9WdboJFcWOZEakui26EbirYC3RKOZNm2tBMZkgywlAKfRKXbvUh3IlbwWfwJUwvC9v6Q+DPf044OZ8fc6a043xbmZXVtfWN7Ka9tb2zu5fbP6ipKJGEVknEI9nwQVHOBK1qpjltxJJC6HNa9/t343r9iUrFIvGo05i2QugKFjAC2kTt3NEtPvN0hMsYsOfZ5enNixmGdi7vFJyJ8LJxZyaPZqq0cz9eJyJJSIUmHJRquk6sWwOQmhFOh7aXKBoD6UOXNo0VEFLVGkx2GOJTk3RwEElzhMaT9O+LAYRKpaFvOkPQPbVYG4f/1ZqJDm5aAybiRFNBpoOChGOz5hgI7jBJieapMUAkM3/FpAcSiDbY5qYENBVhfAGJjoa2oeMuslg2tcuCWywUH67ypfJoyimLjtEJOkcuukYldI8qqIoIGqEX9IrerGfr3fqwPqetGWvG9hDNyfr6BSMloAA=</latexit>

B ! Ka

K ! ! a

Loop effects

<latexit sha1_base64="0vYpr6Dc/KWR0KkNxu22bM71VrE=">AAACCXicbVDLSgNBEJyNrxhfUY9eBoPgxbArEj0GvAheIphNJFlC72Q2GTIzu8zMCmEJePfoVT/Cm3j1K/wGf8LJ42ASCxqKqm66u8KEM21c99vJrayurW/kNwtb2zu7e8X9A1/HqSK0TmIeq2YImnImad0ww2kzURREyGkjHFyP/cYjVZrF8t4MExoI6EkWMQLGSg+A2ybGPvY7xZJbdifAy8SbkRKaodYp/rS7MUkFlYZw0LrluYkJMlCGEU5HhXaqaQJkAD3aslSCoDrIJgeP8IlVujiKlS1p8ET9O5GB0HooQtspwPT1ojcW//NaqYmugozJJDVUkumiKOXYPjn+HneZosTwoSVAFLO3YtIHBcTYjOa2RHQoRXIGqYlHBZuOt5jFMvHPy16lXLm7KFVvn6Y55dEROkanyEOXqIpuUA3VEUECvaBX9OY8O+/Oh/M5bc05s2wP0Rycr1+KbpqW</latexit>

a ! V V
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<latexit sha1_base64="yR9Uhn+JPEqeFIv8Q5UzZG4YEHY="></latexit>

<latexit sha1_base64="CY2JdYZA415opttXJ91BtOuaNjs="></latexit>

<latexit sha1_base64="/RsqpxkqWKKeITTzuI9rW98jWA8="></latexit>

<latexit sha1_base64="SsFHfqvMdckPVc6PRWAE4vpyma4=">AAACFnicbZDLSsNAFIYn9VbrLV52bgaL4MaSiFSXBTeCmwr2Am0pk+mkHTozCTMnQgwFH8OlW30Id+LWrc/gS5imRWzrDwMf/3+Gc/i9UHADjvNl5ZaWV1bX8uuFjc2t7R17d69ugkhTVqOBCHTTI4YJrlgNOAjWDDUj0hOs4Q2vxnnjnmnDA3UHccg6kvQV9zklkFpd+wBw2yM6gRH+pULXLjolJxNeBHcKRTRVtWt/t3sBjSRTQAUxpuU6IXQSooFTwUaFdmRYSOiQ9FkrRUUkM50ku36Ej1Onh/1Ap08Bzty/PxIijYmll05KAgMzn43N/7JWBP5lJ+EqjIApOlnkRwJDgMdV4B7XjIKIUyBU8/RWTAdEEwppYTNbfBYrGZ6SCIKsHXe+i0Won5Xccql8e16s3DxOesqjQ3SETpCLLlAFXaMqqiGKHtAzekGv1pP1Zr1bH5PRnDXtdh/NyPr8AU70n9U=</latexit>

tøtt øt
<latexit sha1_base64="RxGxaFJ0L0BYc6rtkJygyQAJ9hA=">AAACC3icbVDLSsNAFJ34rPVVdelmsAhuLIlIdVlwI7ipYB+QhjKZTtqhk5kwcyOEEPAHXLrVj3Anbv0Iv8GfMGm7sK0HLhzOuZd77/EjwQ3Y9re1srq2vrFZ2ipv7+zu7VcODttGxZqyFlVC6a5PDBNcshZwEKwbaUZCX7COP74p/M4j04Yr+QBJxLyQDCUPOCWQSy7gnk90Chku9ytVu2ZPgJeJMyNVNEOzX/npDRSNQyaBCmKM69gReCnRwKlgWbkXGxYROiZD5uZUkpAZL52cnOHTXBngQOm8JOCJ+nciJaExSejnnSGBkVn0CvE/z40huPZSLqMYmKTTRUEsMChc/I8HXDMKIskJoZrnt2I6IppQyFOa2xKwRIbROYlBZUU6zmIWy6R9UXPqtfr9ZbVx9zTNqYSO0Qk6Qw66Qg10i5qohShS6AW9ojfr2Xq3PqzPaeuKNcv2CM3B+voFkrebuQ==</latexit>

tøt
<latexit sha1_base64="W8leSGG8VsdCMsLqs9KKZweB6ng="></latexit>

tøta ! tøt(f øf )

! tøt + MET

<latexit sha1_base64="QxBjIHnlfzyikgGVSEBZByFJkf8="></latexit>

<latexit sha1_base64="LudotpijAJtaw6gyF6DSeKPVnus=">AAACEXicbZDLSsNAFIYn9VbrpVGXbgaL4MaSiFSXBTeCmwr2Ak0oJ9NJO3QyCTMTIYSC7+DSrT6EO3HrE/gMvoTTy8K2Hhj4+f8znHO+IOFMacf5tgpr6xubW8Xt0s7u3n7ZPjhsqTiVhDZJzGPZCUBRzgRtaqY57SSSQhRw2g5GN5O8/UilYrF40FlC/QgGgoWMgDZWzy4D9nSMQ+wFIPNw3LMrTtWZFl4V7lxU0LwaPfvH68ckjajQhINSXddJtJ+D1IxwOi55qaIJkBEMaNdIARFVfj5dfIxPjdPHYSzNExpP3b8/coiUyqLAdEagh2o5m5j/Zd1Uh9d+zkSSairIbFCYcmxOnVDAfSYp0TwzAohkZldMhiCBaMNqYUpIMxEl55DqeFwydNxlFquidVF1a9Xa/WWlfvc041REx+gEnSEXXaE6ukUN1EQEpegFvaI369l6tz6sz1lrwZqzPUILZX39AkVhnaw=</latexit>

a ! f øf
<latexit sha1_base64="2GZV7POvSECLTgokrbrEsd00Zt0="></latexit>

<latexit sha1_base64="ACefLbvPEGSx3wF8EVmSq4hnn+I="></latexit>

<latexit sha1_base64="3MSkL911V4oGXET4ZH2qwsKlSWU="></latexit>

di dj

<latexit sha1_base64="tZgXG6B5DQu2HlXU5QXXXeb9FgU=">AAACHHicbZDLSgMxFIYz9VbHW9WdboJFcWOZEakui26EbirYC3RKOZNm2tBMZkgywlAKfRKXbvUh3IlbwWfwJUwvC9v6Q+DPf044OZ8fc6a043xbmZXVtfWN7Ka9tb2zu5fbP6ipKJGEVknEI9nwQVHOBK1qpjltxJJC6HNa9/t343r9iUrFIvGo05i2QugKFjAC2kTt3NEtPvN0hMsYsOfZ5enNixmGdi7vFJyJ8LJxZyaPZqq0cz9eJyJJSIUmHJRquk6sWwOQmhFOh7aXKBoD6UOXNo0VEFLVGkx2GOJTk3RwEElzhMaT9O+LAYRKpaFvOkPQPbVYG4f/1ZqJDm5aAybiRFNBpoOChGOz5hgI7jBJieapMUAkM3/FpAcSiDbY5qYENBVhfAGJjoa2oeMuslg2tcuCWywUH67ypfJoyimLjtEJOkcuukYldI8qqIoIGqEX9IrerGfr3fqwPqetGWvG9hDNyfr6BSMloAA=</latexit>

B ! Ka

K ! ! a

Loop effects

<latexit sha1_base64="0vYpr6Dc/KWR0KkNxu22bM71VrE=">AAACCXicbVDLSgNBEJyNrxhfUY9eBoPgxbArEj0GvAheIphNJFlC72Q2GTIzu8zMCmEJePfoVT/Cm3j1K/wGf8LJ42ASCxqKqm66u8KEM21c99vJrayurW/kNwtb2zu7e8X9A1/HqSK0TmIeq2YImnImad0ww2kzURREyGkjHFyP/cYjVZrF8t4MExoI6EkWMQLGSg+A2ybGPvY7xZJbdifAy8SbkRKaodYp/rS7MUkFlYZw0LrluYkJMlCGEU5HhXaqaQJkAD3aslSCoDrIJgeP8IlVujiKlS1p8ET9O5GB0HooQtspwPT1ojcW//NaqYmugozJJDVUkumiKOXYPjn+HneZosTwoSVAFLO3YtIHBcTYjOa2RHQoRXIGqYlHBZuOt5jFMvHPy16lXLm7KFVvn6Y55dEROkanyEOXqIpuUA3VEUECvaBX9OY8O+/Oh/M5bc05s2wP0Rycr1+KbpqW</latexit>

a ! V V

<latexit sha1_base64="Ne7POSE0iwjfjVFq1FT+Eb1Je4s="></latexit>

cf (mt ) !
y2

t

16! 2 log
!
mt
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see also [Phan, Westhoff (2312.00872)]

https://arxiv.org/abs/2311.16048
https://arxiv.org/abs/2303.17634
https://arxiv.org/abs/2312.00872
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see also [Phan, Westhoff (2312.00872)]

https://arxiv.org/abs/2311.16048
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<latexit sha1_base64="ZDI33bdTCuWf5QNQ7IyGJAu/FoI=">AAACGnicbZDLSgNBEEV7fBtfUTeCm8Yg6MIwIxJdCm4ENwpGhSSEmk6NNvb0DN01YhhG/BCXbvUj3IlbN36DP2HnsfB1oeFyq5qqOmGqpCXf//BGRsfGJyanpkszs3PzC+XFpTObZEZgXSQqMRchWFRSY50kKbxIDUIcKjwPrw969fMbNFYm+pS6KbZiuNQykgLIRe3yCvFmCCanggPfaBLeUi71TbHZLlf8qt8X/2uCoamwoY7b5c9mJxFZjJqEAmsbgZ9SKwdDUigsSs3MYgriGi6x4ayGGG0r719Q8HWXdHiUGPc08X76/UcOsbXdOHSdMdCV/V3rhf/VGhlFey13UZoRajEYFGWKU8J7OHhHGhSkus6AMNLtysUVGBDkoP2YEmFXx+kWZJQUJUcn+M3irznbrga1au1kp7J/dD/gNMVW2RrbYAHbZfvskB2zOhPsjj2yJ/bsPXgv3qv3Nmgd8YZsl9kPee9fnJKhmg==</latexit>
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see also [Phan, Westhoff (2312.00872)]

https://arxiv.org/abs/2311.16048
https://arxiv.org/abs/2303.17634
https://arxiv.org/abs/2312.00872
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di dj

<latexit sha1_base64="CY2JdYZA415opttXJ91BtOuaNjs="></latexit>
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tøta(inv)
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<latexit sha1_base64="2GZV7POvSECLTgokrbrEsd00Zt0="></latexit>

 most relevant at 
high ALP masses

<latexit sha1_base64="9gsrb79DHyZNbCGoUct2xdUORn8=">AAACCXicdVDLSgNBEJz1bXxFPXoZDIIXl80aV3MLeBG8RDCJkgSZncwmgzOzy0yvEJaAd49e9SO8iVe/wm/wJ5w8BCNa0FBUddPdFSaCG/C8D2dmdm5+YXFpObeyura+kd/cqps41ZTVaCxifRUSwwRXrAYcBLtKNCMyFKwR3p4O/cYd04bH6hL6CWtL0lU84pSAla4Bt0KiMxjc5AueGxz5QdnDnusHfrkcWBL4h16phIuuN0IBTVC9yX+2OjFNJVNABTGmWfQSaGdEA6eCDXKt1LCE0FvSZU1LFZHMtLPRwQO8Z5UOjmJtSwEeqT8nMiKN6cvQdkoCPfPbG4p/ec0UopN2xlWSAlN0vChKBYYYD7/HHa4ZBdG3hFDN7a2Y9ogmFGxGU1si1lcyOSApxIOcTec7Avw/qftuMXCDi1Khcn4/zmkJ7aBdtI+K6BhV0BmqohqiSKJH9ISenQfnxXl13satM84k2200Bef9C3sEm8w=</latexit>

tøt

see also [Phan, Westhoff (2312.00872)]

https://arxiv.org/abs/2311.16048
https://arxiv.org/abs/2303.17634
https://arxiv.org/abs/2312.00872
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[Esser, Madigan, Salas-Bernárdez, Sanz, Ubiali (2404.08062)] 

<latexit sha1_base64="0Wh7SG/dJX6GaMR+tph7VqdQo+Q=">AAACAnicbVDLSgNBEJyNrxhfUY9eFoPgxbArEr0IQS8eo5gHJEuYnfQmQ+axzMwKS8jNo1f9CG/i1R/xG/wJJ8keTGJBQ1HVTXdXGDOqjed9O7mV1bX1jfxmYWt7Z3evuH/Q0DJRBOpEMqlaIdbAqIC6oYZBK1aAecigGQ5vJ37zCZSmUjyaNIaA476gESXYWOnh2usWS17Zm8JdJn5GSihDrVv86fQkSTgIQxjWuu17sQlGWBlKGIwLnURDjMkQ96FtqcAcdDCaXjp2T6zScyOpbAnjTtW/EyPMtU55aDs5NgO96E3E/7x2YqKrYERFnBgQZLYoSphrpDt52+1RBcSw1BJMFLW3umSAFSbGhjO3JYJU8PgMJ0aOCzYdfzGLZdI4L/uVcuX+olS9yXLKoyN0jE6Rjy5RFd2hGqojgiL0gl7Rm/PsvDsfzuesNedkM4doDs7XL7Opl4g=</latexit>

= 0
<latexit sha1_base64="MDGPHY6uneLuEbuY2utz5zNFTPU=">AAACFnicbVDJSgNBFOxxjXEbl5uXxiAIkjAjEj0GvXiMYBbIRk+nJ2nS0z10v1FiyH949Kof4U28evUb/Ak7y8EkFjwoqt6jHhXEghvwvG9naXlldW09tZHe3Nre2XX39stGJZqyElVC6WpADBNcshJwEKwaa0aiQLBK0LsZ+ZUHpg1X8h76MWtEpCN5yCkBK7XcQ6+ZxXWpeacLRGv1iL3mWcvNeDlvDLxI/CnJoCmKLfen3lY0iZgEKogxNd+LoTEgGjgVbJiuJ4bFhPZIh9UslSRipjEYfz/EJ1Zp41BpOxLwWP17MSCRMf0osJsRga6Z90bif14tgfCqMeAyToBJOgkKE4FB4VEVuM01oyD6lhCquf0V0y7RhIItbCYlZH0ZxVmSgBqmbTv+fBeLpHye8/O5/N1FpnA97SmFjtAxOkU+ukQFdIuKqIQoekIv6BW9Oc/Ou/PhfE5Wl5zpzQGagfP1C0m2nsc=</latexit>
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<latexit sha1_base64="hNAnXExqfanrRuEEKw1UttHLWik=">AAACEnicbVDLSgNBEJyNrxhfqx69LAbBi2FXJHoMevEYwTwgWcLspDcZMju7zPQGQ8hfePSqH+FNvPoDfoM/4STZg0ksaCiquunuChLBNbrut5VbW9/Y3MpvF3Z29/YP7MOjuo5TxaDGYhGrZkA1CC6hhhwFNBMFNAoENILB3dRvDEFpHstHHCXgR7QnecgZRSN1bJs6bYxNwROOuRxOOnbRLbkzOKvEy0iRZKh27J92N2ZpBBKZoFq3PDdBf0wVciZgUminGhLKBrQHLUMljUD749nlE+fMKF0njJUpic5M/TsxppHWoygwnRHFvl72puJ/XivF8MY3DyUpgmTzRWEqHPPrNAanyxUwFCNDKFPc3OqwPlWUoQlrYUsIIxklFzTFeFIw6XjLWayS+mXJK5fKD1fFym2WU56ckFNyTjxyTSrknlRJjTAyJC/klbxZz9a79WF9zltzVjZzTBZgff0Cz3SeHg==</latexit>

a ! inv

Forbidden

di-Higgs + Z!
allowed

https://arxiv.org/abs/2404.08062
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[Anuar, AB, Biekötter, Grohsjean, Heinemeyer, Jeppe, Schwanenberger, Weiglein (2404.19014)]
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 in derivative basis<latexit sha1_base64="OMvmAlmZlEdpCgcdu80uaL2Z+h8=">AAACA3icbVDLSgNBEJyNrxhfUY9eBoPgxbArEj0GvAheIpoHJEuYncwmQ2ZnlpleYVkCXjx61Y/wJl79EL/Bn3DyOJjEgoaiqpvuriAW3IDrfju5ldW19Y38ZmFre2d3r7h/0DAq0ZTVqRJKtwJimOCS1YGDYK1YMxIFgjWD4fXYbz4ybbiSD5DGzI9IX/KQUwJWuqdd6BZLbtmdAC8Tb0ZKaIZat/jT6SmaREwCFcSYtufG4GdEA6eCjQqdxLCY0CHps7alkkTM+Nnk1BE+sUoPh0rbkoAn6t+JjETGpFFgOyMCA7PojcX/vHYC4ZWfcRknwCSdLgoTgUHh8d+4xzWjIFJLCNXc3orpgGhCwaYztyVkqYziM5KAGhVsOt5iFsukcV72KuXK3UWpevs0zSmPjtAxOkUeukRVdINqqI4o6qMX9IrenGfn3flwPqetOWeW7SGag/P1C0aomOQ=</latexit>ct

Complementary limits from
•  [CMS (2305.13439)]

•  [ATLAS (2102.13405)]

•  [ATLAS (2207.00230)]

<latexit sha1_base64="xLyh/IrOfuu32kJINoE7IK3Pj2E="></latexit>

tøtt øt
<latexit sha1_base64="IqrM47lIXRjG7TmMF3E6o+j9GDQ="></latexit>a ! !!
<latexit sha1_base64="66wkK7flV3NTxTFXwhCxzY0N/J4=">AAACCXicdZDLSgMxFIYzXmu9VV26CRbBjWWmd3cFN4KbCvai7VAyaaYNTTJDkhGGoeDepVt9CHfi1qfwGXwJ04tgRQ8Efv7/hHPO54WMKm3bH9bS8srq2npqI725tb2zm9nbb6ogkpg0cMAC2faQIowK0tBUM9IOJUHcY6Tljc4neeuOSEUDca3jkLgcDQT1KUbaWDcIdnUAb+Gwl8naOadcKOUL0M6VqvlSuWiEUyycORXo5OxpZcG86r3MZ7cf4IgToTFDSnUcO9RugqSmmJFxuhspEiI8QgPSMVIgTpSbTBcew2Pj9KEfSPOEhlP3548EcaVi7plOjvRQ/c4m5l9ZJ9J+1U2oCCNNBJ4N8iMGzZGT62GfSoI1i41AWFKzK8RDJBHWhtHCFJ/EgoenKNLBOG3ofCOA/4tm3hDMla+K2drl/YxTChyCI3ACHFABNXAB6qABMODgETyBZ+vBerFerbdZ65I1Z3sAFsp6/wIhq5r3</latexit>

a ! Zh

<latexit sha1_base64="QxBjIHnlfzyikgGVSEBZByFJkf8="></latexit>

https://arxiv.org/abs/2404.19014
https://arxiv.org/abs/2305.13439
https://arxiv.org/abs/2102.13405
https://arxiv.org/abs/2207.00230
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ALP motivation

23

[Thamm (LHCP24)] 

ALP mass range 
covered by the LHC 
interesting in the context 
of 
- Heavy axions
- Pseudo Nambu 

Goldstone bosons 
from SUSY, composite 
Higgs

- g-2

Light BSM particles at the LHC

Andrea Thamm 18
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Example: axion-like-particles

Interplay of experiments/
observations crucial

https://indico.cern.ch/event/1253590/contributions/5844084/
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(g ! 2)µSolves             anomaly QCD axion

DM candidate

pNGB in supersymmetric 
or composite models

Example: axion-like-particles

0902.1483, 1312.5330,1702.02152, 2104.11064

9703409, 0009290, 1411.3325, 1504.06084,  
1604.01127, 1606.03097

Heavy axion

1708.00443, 1908.00008

Interplay of experiments/
observations crucial

https://indico.cern.ch/event/1253590/contributions/5844084/
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<latexit sha1_base64="geXFipmXEYIVOtzytEB/r7xnnQ0=">AAACIXicbVDLSsNAFJ3UV62vqEs3g0UQlJJI0S6LQnFZwT6gKWEynbRDJ5MwMxFKyK+48VfcuFCkO/FnnKRZaOuBgXPPuZe593gRo1JZ1pdRWlvf2Nwqb1d2dvf2D8zDo64MY4FJB4csFH0PScIoJx1FFSP9SBAUeIz0vOld5veeiJA05I9qFpFhgMac+hQjpSXXbDiRpG4LOiqEBb2A1Ll0fIFwgtLET3URIDXx/ASnbktXeZtrVq2alQOuErsgVVCg7ZpzZxTiOCBcYYakHNhWpIYJEopiRtKKE0sSITxFYzLQlKOAyGGSX5jCM62MoB8K/biCufp7IkGBlLPA053ZrnLZy8T/vEGs/MYwoTyKFeF48ZEfM6jjyOKCIyoIVmymCcKC6l0hniCdjdKhVnQI9vLJq6R7VbOva/WHerV5W8RRBifgFJwDG9yAJrgHbdABGDyDV/AOPowX4834NOaL1pJRzByDPzC+fwCU7aMz</latexit>

! F ! ! F + i
a
f

cF ! F

ALP Lagrangian

24

derivative 
basis

<latexit sha1_base64="9E/LAq2hJ4ep+4VJDzsp2nXo+JA="></latexit>

L D ! 5
SM+ALP = cGG

a
f

Ga
µ !

÷Ga,µ ! + cW W
a
f

W A
µ!

÷W A,µ ! + cBB
a
f

Bµ! ÷B µ!

+
! µ a
f

!

F

ø" F cF #µ " F
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<latexit sha1_base64="geXFipmXEYIVOtzytEB/r7xnnQ0=">AAACIXicbVDLSsNAFJ3UV62vqEs3g0UQlJJI0S6LQnFZwT6gKWEynbRDJ5MwMxFKyK+48VfcuFCkO/FnnKRZaOuBgXPPuZe593gRo1JZ1pdRWlvf2Nwqb1d2dvf2D8zDo64MY4FJB4csFH0PScIoJx1FFSP9SBAUeIz0vOld5veeiJA05I9qFpFhgMac+hQjpSXXbDiRpG4LOiqEBb2A1Ll0fIFwgtLET3URIDXx/ASnbktXeZtrVq2alQOuErsgVVCg7ZpzZxTiOCBcYYakHNhWpIYJEopiRtKKE0sSITxFYzLQlKOAyGGSX5jCM62MoB8K/biCufp7IkGBlLPA053ZrnLZy8T/vEGs/MYwoTyKFeF48ZEfM6jjyOKCIyoIVmymCcKC6l0hniCdjdKhVnQI9vLJq6R7VbOva/WHerV5W8RRBifgFJwDG9yAJrgHbdABGDyDV/AOPowX4834NOaL1pJRzByDPzC+fwCU7aMz</latexit>

! F ! ! F + i
a
f

cF ! F

ALP Lagrangian

24

derivative 
basis

<latexit sha1_base64="s8bBYLLRUsxgrSsFZzDM4U4xXZk="></latexit>

L D ! 5
SM+ALP = CGG

a
f

Ga
µ !

÷Gµ! ,a + CW W
a
f

W A
µ!

÷W µ! ,A + CBB
a
f

Bµ! ÷B µ!

!
a
f

!
øQ ÷H ÷Yu uR + øQ H ÷Yd dR + øL H ÷Ye eR + h .c.

"

<latexit sha1_base64="VQDrpbE8ldnSvBu6EGskXoc6g3U="></latexit>

÷Yu = i (Yu cu ! cQ Yu ), ÷Yd = i (Yd cd ! cQ Yd), ÷Ye = i (Ye ce ! cL Ye)

pseudoscalar 
basis

<latexit sha1_base64="9E/LAq2hJ4ep+4VJDzsp2nXo+JA="></latexit>

L D ! 5
SM+ALP = cGG

a
f

Ga
µ !

÷Ga,µ ! + cW W
a
f

W A
µ!

÷W A,µ ! + cBB
a
f

Bµ! ÷B µ!

+
! µ a
f

!

F

ø" F cF #µ " F
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<latexit sha1_base64="geXFipmXEYIVOtzytEB/r7xnnQ0=">AAACIXicbVDLSsNAFJ3UV62vqEs3g0UQlJJI0S6LQnFZwT6gKWEynbRDJ5MwMxFKyK+48VfcuFCkO/FnnKRZaOuBgXPPuZe593gRo1JZ1pdRWlvf2Nwqb1d2dvf2D8zDo64MY4FJB4csFH0PScIoJx1FFSP9SBAUeIz0vOld5veeiJA05I9qFpFhgMac+hQjpSXXbDiRpG4LOiqEBb2A1Ll0fIFwgtLET3URIDXx/ASnbktXeZtrVq2alQOuErsgVVCg7ZpzZxTiOCBcYYakHNhWpIYJEopiRtKKE0sSITxFYzLQlKOAyGGSX5jCM62MoB8K/biCufp7IkGBlLPA053ZrnLZy8T/vEGs/MYwoTyKFeF48ZEfM6jjyOKCIyoIVmymCcKC6l0hniCdjdKhVnQI9vLJq6R7VbOva/WHerV5W8RRBifgFJwDG9yAJrgHbdABGDyDV/AOPowX4834NOaL1pJRzByDPzC+fwCU7aMz</latexit>

! F ! ! F + i
a
f

cF ! F

ALP Lagrangian

24

<latexit sha1_base64="mSWU2xFPiu5vc21Y6KZQGHK9wag="></latexit>

÷Yu = i (cu ! cQ )Yu = ! iCu Yu , ÷Yd = i (cd ! cQ )Yd = ! iCdYd, ÷Ye = i (ce ! cL )Ye = ! iCeYe

<latexit sha1_base64="oA+OBdW+Q5s2vKyI7z0N+yVL4uU="></latexit>

÷cX = cX 13 Flavor universal

derivative 
basis

<latexit sha1_base64="s8bBYLLRUsxgrSsFZzDM4U4xXZk="></latexit>

L D ! 5
SM+ALP = CGG

a
f

Ga
µ !

÷Gµ! ,a + CW W
a
f

W A
µ!

÷W µ! ,A + CBB
a
f

Bµ! ÷B µ!

!
a
f

!
øQ ÷H ÷Yu uR + øQ H ÷Yd dR + øL H ÷Ye eR + h .c.

"

<latexit sha1_base64="VQDrpbE8ldnSvBu6EGskXoc6g3U="></latexit>

÷Yu = i (Yu cu ! cQ Yu ), ÷Yd = i (Yd cd ! cQ Yd), ÷Ye = i (Ye ce ! cL Ye)

pseudoscalar 
basis

<latexit sha1_base64="9E/LAq2hJ4ep+4VJDzsp2nXo+JA="></latexit>

L D ! 5
SM+ALP = cGG

a
f

Ga
µ !

÷Ga,µ ! + cW W
a
f

W A
µ!

÷W A,µ ! + cBB
a
f

Bµ! ÷B µ!

+
! µ a
f

!

F

ø" F cF #µ " F
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ALP contribution to  production
<latexit sha1_base64="sdtNxCdNEmgdZAL8cDIQ1Ye4Fnk=">AAACCXicdVDLSgNBEJz1GeMr6tHLYBC8uOyueXkLePEYwcRIEmR2MpsMmZldZnqFsOQLPHrVj/AmXv0Kv8GfcJIoqGhBQ1HVTXdXmAhuwPPenIXFpeWV1dxafn1jc2u7sLPbMnGqKWvSWMS6HRLDBFesCRwEayeaERkKdhWOzqb+1S3ThsfqEsYJ60kyUDzilICVrgF3Q6IzmNwUip7rBZVy+RR7bhDUqv6JJaWgXK542He9GYroE42bwnu3H9NUMgVUEGM6vpdALyMaOBVsku+mhiWEjsiAdSxVRDLTy2YHT/ChVfo4irUtBXimfp/IiDRmLEPbKQkMzW9vKv7ldVKIar2MqyQFpuh8UZQKDDGefo/7XDMKYmwJoZrbWzEdEk0o2Ix+bInYWMnkmKQQT/I2na8I8P+kFbh+xa1clIr1Zn2eUw7towN0hHxURXV0jhqoiSiS6B49oEfnznlynp2XeeuC85ntHvoB5/UDXOubjQ==</latexit>

tøt

25

<latexit sha1_base64="2GZV7POvSECLTgokrbrEsd00Zt0="></latexit>

• Loop function develops imaginary part above the  threshold
• Interference contribution 
• Peak-dip (or dip-peak) structure in 

<latexit sha1_base64="nl5ibfwXiTiN54CW0FpA6mdZT6c=">AAACCXicbVDLSgNBEJyNrxhfUY9eBoPgxbArEj0GvAheIpiHJEuYncwmQ2Zml5leYVkC3j161Y/wJl79Cr/Bn3DyOJjEgoaiqpvuriAW3IDrfju5ldW19Y38ZmFre2d3r7h/0DBRoimr00hEuhUQwwRXrA4cBGvFmhEZCNYMhtdjv/nItOGRuoc0Zr4kfcVDTglY6QFwJyA6g1G3WHLL7gR4mXgzUkIz1LrFn04voolkCqggxrQ9NwY/Ixo4FWxU6CSGxYQOSZ+1LVVEMuNnk4NH+MQqPRxG2pYCPFH/TmREGpPKwHZKAgOz6I3F/7x2AuGVn3EVJ8AUnS4KE4EhwuPvcY9rRkGklhCqub0V0wHRhILNaG5LyFIl4zOSQDQq2HS8xSyWSeO87FXKlbuLUvX2aZpTHh2hY3SKPHSJqugG1VAdUSTRC3pFb86z8+58OJ/T1pwzy/YQzcH5+gX9iJt7</latexit>

tøt
<latexit sha1_base64="zI2TRDmVCIdpTEpnD0lLJa7QDqo="></latexit>

! Im [B1(1/ ! )] ma! a
<latexit sha1_base64="IN51PM1nwQ3zLRlAjsqeCEtFOYs=">AAACDHicbZDLSgMxFIYzXmu9VV26CRbBjWVGpLosuBHcVLAX6JSSSTNtaJIZkjPCMAz4BC7d6kO4E7e+g8/gS5heFrb1h8DP/59wDl8QC27Adb+dldW19Y3NwlZxe2d3b790cNg0UaIpa9BIRLodEMMEV6wBHARrx5oRGQjWCkY34771yLThkXqANGZdSQaKh5wSsJEvexn4AdEZ5HmvVHYr7kR42XgzU0Yz1XulH78f0UQyBVQQYzqeG0M3Ixo4FSwv+olhMaEjMmAdaxWRzHSzyc05PrVJH4eRtk8BnqR/f2REGpPKwE5KAkOz2I3D/7pOAuF1N+MqToApOl0UJgJDhMcAcJ9rRkGk1hCqub0V0yHRhILFNLclZKmS8TlJIMqLlo63yGLZNC8qXrVSvb8s1+6eppwK6BidoDPkoStUQ7eojhqIohi9oFf05jw7786H8zkdXXFmbI/QnJyvXyFanT0=</latexit>mt øt

<latexit sha1_base64="q+qJTqlgmtx1mc/MacVKoSYLerQ="></latexit>

! !
ös

4m2
t

<latexit sha1_base64="6ickAaqL+m7W9fivdaBIlL1yjWE=">AAACLHicbZBPSxt BGMZno7Uxthrt0ctgKIjFsCtiewwItkcFYwLZuLw7mU0GZ2aXmXcLYVnwI/hJeuzVfoheinj14pdw8udgYh8YeHied3hnfnEmhUXf/+dVVlbfrb2vrtc2Pnzc3Kpv71zZNDeMt1kqU9ONwXIpNG+jQMm7meGgYsk78c3ppO/85MaKVF/iOON9BUMtEsEAXRTVD8LEACuCsghHgIUt6SFVEVwf0S9UTBwNv4NSEEEZ1Rt+05+KvjXB3DTIXOdR/TkcpCxXXCOTYG0v8DPsF2BQMMnLWphbngG7gSHvOatBcdsvpn8q6WeXDGiSGnc00mn6+kYBytqxit2kAhzZ5W4S/q/r5Zh86xdCZzlyzWaLklxSTOkEEB0IwxnKsTPAjHBvpWwEDhI6jAtbEj7WKjuEHNOy5ugEyyzemqujZnDSPLk4brTObmecqmSX7JF9EpCvpEV+kHPSJozckd/knvzxfnl/vQfvcTZa8eZsP5EFeU8vGzKn5w==</latexit>

1
ös ! m2

a + im a! a

<latexit sha1_base64="dqtZH+j/kMlH1GEDPCZebKrwVoE=">AAACC3icbVDLSsNAFJ3UV62vqks3wSLUhTURqS6LgrisYB+QhjKZTtqhk5kwcyOEUPAHXLrVj3Anbv0Iv8GfcPpY2OqBC4dz7uXee4KYMw2O82XllpZXVtfy64WNza3tneLuXlPLRBHaIJJL1Q6wppwJ2gAGnLZjRXEUcNoKhtdjv/VAlWZS3EMaUz/CfcFCRjAYybvqumX3tAM4Oe4WS07FmcD+S9wZKaEZ6t3id6cnSRJRAYRjrT3XicHPsAJGOB0VOommMSZD3KeeoQJHVPvZ5OSRfWSUnh1KZUqAPVF/T2Q40jqNAtMZYRjoRW8s/ud5CYSXfsZEnAAVZLooTLgN0h7/b/eYogR4aggmiplbbTLAChMwKc1tCWkqovgEJyBHBZOOu5jFX9I8q7jVSvXuvFS7eZzmlEcH6BCVkYsuUA3dojpqIIIkekYv6NV6st6sd+tj2pqzZtnuozlYnz+gJJsi</latexit>

B1(1/ ! )

<latexit sha1_base64="yR9Uhn+JPEqeFIv8Q5UzZG4YEHY="></latexit>

<latexit sha1_base64="OMvmAlmZlEdpCgcdu80uaL2Z+h8=">AAACA3icbVDLSgNBEJyNrxhfUY9eBoPgxbArEj0GvAheIpoHJEuYncwmQ2ZnlpleYVkCXjx61Y/wJl79EL/Bn3DyOJjEgoaiqpvuriAW3IDrfju5ldW19Y38ZmFre2d3r7h/0DAq0ZTVqRJKtwJimOCS1YGDYK1YMxIFgjWD4fXYbz4ybbiSD5DGzI9IX/KQUwJWuqdd6BZLbtmdAC8Tb0ZKaIZat/jT6SmaREwCFcSYtufG4GdEA6eCjQqdxLCY0CHps7alkkTM+Nnk1BE+sUoPh0rbkoAn6t+JjETGpFFgOyMCA7PojcX/vHYC4ZWfcRknwCSdLgoTgUHh8d+4xzWjIFJLCNXc3orpgGhCwaYztyVkqYziM5KAGhVsOt5iFsukcV72KuXK3UWpevs0zSmPjtAxOkUeukRVdINqqI4o6qMX9IrenGfn3flwPqetOWeW7SGag/P1C0aomOQ=</latexit>ct
<latexit sha1_base64="VcbLoTvCDwCnHv+YyPFSPLQvmTI=">AAACDXicbZDLSsNAFIYnXmu9VV26CRbBjSURqS4LLhTcVLAXaEOZTE/aoZNJnDkRSgj4Bi7d6kO4E7c+g8/gSzi9LGzrDwM//3+Gc/j8WHCNjvNtLS2vrK6t5zbym1vbO7uFvf26jhLFoMYiEammTzUILqGGHAU0YwU09AU0/MHVqG88gtI8kvc4jMELaU/ygDOKJvJYJ20jF11Ir7OsUyg6JWcse9G4U1MkU1U7hZ92N2JJCBKZoFq3XCdGL6UKOROQ5duJhpiyAe1By1hJQ9BeOj46s49N0rWDSJkn0R6nf3+kNNR6GPpmMqTY1/PdKPyvayUYXHopl3GCINlkUZAIGyN7RMDucgUMxdAYyhQ3t9qsTxVlaDjNbAlgKMP4lCYYZXlDx51nsWjqZyW3XCrfnRcrt08TTjlySI7ICXHJBamQG1IlNcLIA3khr+TNerberQ/rczK6ZE3ZHpAZWV+/mzqdeQ==</latexit>c ÷G
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ALP peaks and dips in  production
<latexit sha1_base64="sdtNxCdNEmgdZAL8cDIQ1Ye4Fnk=">AAACCXicdVDLSgNBEJz1GeMr6tHLYBC8uOyueXkLePEYwcRIEmR2MpsMmZldZnqFsOQLPHrVj/AmXv0Kv8GfcJIoqGhBQ1HVTXdXmAhuwPPenIXFpeWV1dxafn1jc2u7sLPbMnGqKWvSWMS6HRLDBFesCRwEayeaERkKdhWOzqb+1S3ThsfqEsYJ60kyUDzilICVrgF3Q6IzmNwUip7rBZVy+RR7bhDUqv6JJaWgXK542He9GYroE42bwnu3H9NUMgVUEGM6vpdALyMaOBVsku+mhiWEjsiAdSxVRDLTy2YHT/ChVfo4irUtBXimfp/IiDRmLEPbKQkMzW9vKv7ldVKIar2MqyQFpuh8UZQKDDGefo/7XDMKYmwJoZrbWzEdEk0o2Ix+bInYWMnkmKQQT/I2na8I8P+kFbh+xa1clIr1Zn2eUw7towN0hHxURXV0jhqoiSiS6B49oEfnznlynp2XeeuC85ntHvoB5/UDXOubjQ==</latexit>

tøt
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[Dicus, Stange, Willenbrock (hep-ph/9404359)]

<latexit sha1_base64="2GZV7POvSECLTgokrbrEsd00Zt0="></latexit> <latexit sha1_base64="dqtZH+j/kMlH1GEDPCZebKrwVoE=">AAACC3icbVDLSsNAFJ3UV62vqks3wSLUhTURqS6LgrisYB+QhjKZTtqhk5kwcyOEUPAHXLrVj3Anbv0Iv8GfcPpY2OqBC4dz7uXee4KYMw2O82XllpZXVtfy64WNza3tneLuXlPLRBHaIJJL1Q6wppwJ2gAGnLZjRXEUcNoKhtdjv/VAlWZS3EMaUz/CfcFCRjAYybvqumX3tAM4Oe4WS07FmcD+S9wZKaEZ6t3id6cnSRJRAYRjrT3XicHPsAJGOB0VOommMSZD3KeeoQJHVPvZ5OSRfWSUnh1KZUqAPVF/T2Q40jqNAtMZYRjoRW8s/ud5CYSXfsZEnAAVZLooTLgN0h7/b/eYogR4aggmiplbbTLAChMwKc1tCWkqovgEJyBHBZOOu5jFX9I8q7jVSvXuvFS7eZzmlEcH6BCVkYsuUA3dojpqIIIkekYv6NV6st6sd+tj2pqzZtnuozlYnz+gJJsi</latexit>
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<latexit sha1_base64="2GZV7POvSECLTgokrbrEsd00Zt0="></latexit>

<latexit sha1_base64="yR9Uhn+JPEqeFIv8Q5UzZG4YEHY="></latexit>Solid: 
Dashed:  only (same total cross section)

<latexit sha1_base64="mUS+D/VnUAp34nZ1oxWsFJo861c="></latexit>ct , c÷G
<latexit sha1_base64="QOljliEzTzD14azvv6NLu09l17g=">AAACBHicdVDLSsNAFJ3UV62vqks3g0VwY0hrqe2u4EZwU8E+oA1lMp20QyeTMHMjhFBw5dKtfoQ7cet/+A3+hElTwYoeuHA4517uvccJBNdgWR9GbmV1bX0jv1nY2t7Z3SvuH3S0HyrK2tQXvuo5RDPBJWsDB8F6gWLEcwTrOtPL1O/eMaW5L28hCpjtkbHkLqcEUokOAQ+LJcu0GnXrvIEzUq18EwuXTWuOElqgNSx+DkY+DT0mgQqidb9sBWDHRAGngs0Kg1CzgNApGbN+QiXxmLbj+a0zfJIoI+z6KikJeK7+nIiJp3XkOUmnR2Cif3up+JfXD8Gt2zGXQQhM0myRGwoMPk4fxyOuGAURJYRQxZNbMZ0QRSgk8SxtcVkkveCMhODPCkk63xHg/0mnYpZrZu2mWmpe32c55dEROkanqIwuUBNdoRZqI4om6BE9oWfjwXgxXo23rDVnLLI9REsw3r8AEaaZVw==</latexit>ct

[Anuar, AB, Biekötter, Grohsjean, Heinemeyer, Jeppe, Schwanenberger, Weiglein (2404.19014)]

 in pseudoscalar 
basis

<latexit sha1_base64="OMvmAlmZlEdpCgcdu80uaL2Z+h8=">AAACA3icbVDLSgNBEJyNrxhfUY9eBoPgxbArEj0GvAheIpoHJEuYncwmQ2ZnlpleYVkCXjx61Y/wJl79EL/Bn3DyOJjEgoaiqpvuriAW3IDrfju5ldW19Y38ZmFre2d3r7h/0DAq0ZTVqRJKtwJimOCS1YGDYK1YMxIFgjWD4fXYbz4ybbiSD5DGzI9IX/KQUwJWuqdd6BZLbtmdAC8Tb0ZKaIZat/jT6SmaREwCFcSYtufG4GdEA6eCjQqdxLCY0CHps7alkkTM+Nnk1BE+sUoPh0rbkoAn6t+JjETGpFFgOyMCA7PojcX/vHYC4ZWfcRknwCSdLgoTgUHh8d+4xzWjIFJLCNXc3orpgGhCwaYztyVkqYziM5KAGhVsOt5iFsukcV72KuXK3UWpevs0zSmPjtAxOkUeukRVdINqqI4o6qMX9IrenGfn3flwPqetOWeW7SGag/P1C0aomOQ=</latexit>ct

https://arxiv.org/abs/2404.19014

