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Introduction to Leptoquarks
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 Leptoquarks

• Leptoquarks (LQ) are Beyond the Standard Model (BSM) boson particles carrying 
both baryon and lepton quantum numbers 

• The spin of LQ are either 0 (scalar LQ) or 1 (vector LQ) 

• LQ carry colour, electric charge and weak charges 

• LQ appear in many BSM models (Grand Unification / Supersymmetry / 
Composite fermion models etc.…)
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Minimal Leptoquark Model (MLQ)
• Each model has one LQ in a single                                         representation, coupling to 
only one SM lepton-quark fermion. One generation of fermions fields                                  
and we allow right-handed neutrino : 

• Taking Scalar LQ to couple in the following way: 

with                          and 

The Lagrangian describing LQ right-handed interaction is now: (  and  labelling the fermion 
generation)

NC

i j
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<latexit sha1_base64="grHlh7U9omdgiY3GVDZIzjDnSFk=">AAACDHicbVDLTsJAFJ3iC/GFunQzgZhATEiLCboksnHhAqMFDG2a6TCFCdNHZqYmTcMHuHHlf7hxoTFu/QB3/I1TYKHoSSY595x7c+ceN2JUSF2farmV1bX1jfxmYWt7Z3evuH/QEWHMMTFxyELec5EgjAbElFQy0os4Qb7LSNcdtzK/e0+4oGFwK5OI2D4aBtSjGEklOcXyjVk5rTotS1KfCKiqetW5WlRmxag6dwXVpdf0GeBfYixIuVmyTp6mzaTtFL+sQYhjnwQSMyRE39AjaaeIS4oZmRSsWJAI4TEakr6iAVLL7HR2zAQeK2UAvZCrF0g4U39OpMgXIvFd1ekjORLLXib+5/Vj6Z3bKQ2iWJIAzxd5MYMyhFkycEA5wZIliiDMqforxCPEEZYqvywEY/nkv6RTrxmNWuNapXEB5siDI1ACFWCAM9AEl6ANTIDBA3gGr+BNe9RetHftY96a0xYzh+AXtM9vStybmA==</latexit>

SU(3)C → SU(2)L → U(1)Y
<latexit sha1_base64="BATvv51DvSipnpLwh/LE02LUn3A=">AAAB+nicbVC7TgJBFJ3FF+Jr0VJjJhITC0J2LdCSiCYWFpC4QAILmR1mYcLsIzOzGrJS+hk2Fhpja8F32PkN/oSzQKHgSW5ycs69ufceJ2RUSMP40lJLyyura+n1zMbm1vaOnt2tiSDimFg4YAFvOEgQRn1iSSoZaYScIM9hpO4MyolfvyNc0MC/lcOQ2B7q+dSlGEkldfRsNQ+tdjl/qeomf9UuZzp6zigYE8BFYs5IrnQwrn4/Ho4rHf2z1Q1w5BFfYoaEaJpGKO0YcUkxI6NMKxIkRHiAeqSpqI88Iux4cvoIHiulC92Aq/IlnKi/J2LkCTH0HNXpIdkX814i/uc1I+me2zH1w0gSH08XuRGDMoBJDrBLOcGSDRVBmFN1K8R9xBGWKq0kBHP+5UVSOy2YxUKxqtK4AFOkwT44AifABGegBK5BBVgAg3vwBF7Aq/agPWtv2vu0NaXNZvbAH2gfP3BVlT8=</latexit>

Q,UC , DC , L,EC

<latexit sha1_base64="A8ntGGYoUg4RYb0Fbf6180JV+K4=">AAACFnicbVDLSgMxFM3UVx1fVZdugkVwY5kRqW6EohsXXbRgH9ApQyZzW0MzmSHJiGXoV7jxV9y4UMStuPNvTB+IWg+EHM65l3vvCRLOlHacTyu3sLi0vJJftdfWNza3Cts7TRWnkkKDxjyW7YAo4ExAQzPNoZ1IIFHAoRUMLsd+6xakYrG41sMEuhHpC9ZjlGgj+YWjul899wLoM5ElEdGS3Y3s1K9iz7ND89keiPDb8QtFp+RMgOeJOyNFNEPNL3x4YUzTCISmnCjVcZ1EdzMiNaMcRraXKkgIHZA+dAwVJALVzSZnjfCBUULci6V5QuOJ+rMjI5FSwygwlWa/G/XXG4v/eZ1U9866GRNJqkHQ6aBeyrGO8TgjHDIJVPOhIYRKZnbF9IZIQrVJ0jYhuH9PnifN45JbLpXrJ8XKxSyOPNpD++gQuegUVdAVqqEGougePaJn9GI9WE/Wq/U2Lc1Zs55d9AvW+xdX9J7k</latexit>

QL =

(
uL

dL

)
<latexit sha1_base64="VUBom6yDiAAqspNZiZWLNSX1G90=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmLiiewagx6JXDyicYEEVtItXWjotpu2a0I2/AYvHjTGqz/Im//GAntQ8CWTvLw3k5l5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8tUEeoTyaXqhFhTzgT1DTOcdhJFcRxy2g7HjZnffqJKMykezCShQYyHgkWMYGMlP+3fPzb65YpbdedAq8TLSQVyNPvlr95AkjSmwhCOte56bmKCDCvDCKfTUi/VNMFkjIe0a6nAMdVBNj92is6sMkCRVLaEQXP190SGY60ncWg7Y2xGetmbif953dRE10HGRJIaKshiUZRyZCSafY4GTFFi+MQSTBSztyIywgoTY/Mp2RC85ZdXSeui6tWqtbvLSv0mj6MIJ3AK5+DBFdThFprgAwEGz/AKb45wXpx352PRWnDymWP4A+fzB31Djn4=</latexit>
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R
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dCR
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LL =

(
ωL
eL

)
<latexit sha1_base64="yDlo3putPYdyYKFTylqhc6uhR9M=">AAAB7HicbVBNT8JAEJ3iF+IX6tFLIzHxRFpj0CORi0c0Fkigku0yhQ3bbbO7NSENv8GLB43x6g/y5r9xgR4UfMkkL+/NZGZekHCmtON8W4W19Y3NreJ2aWd3b/+gfHjUUnEqKXo05rHsBEQhZwI9zTTHTiKRRAHHdjBuzPz2E0rFYvGgJwn6ERkKFjJKtJE87N8/NvrlilN15rBXiZuTCuRo9stfvUFM0wiFppwo1XWdRPsZkZpRjtNSL1WYEDomQ+waKkiEys/mx07tM6MM7DCWpoS25+rviYxESk2iwHRGRI/UsjcT//O6qQ6v/YyJJNUo6GJRmHJbx/bsc3vAJFLNJ4YQKpm51aYjIgnVJp+SCcFdfnmVtC6qbq1au7us1G/yOIpwAqdwDi5cQR1uoQkeUGDwDK/wZgnrxXq3PhatBSufOYY/sD5/AGTDjm4=</latexit>

eCR
<latexit sha1_base64="RrSgqmSCijXKcj5o8cAyNhiOQXk=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXJHoMevEYxTwgWcLsZDYZMju7zPQKIeQjvHhQxKvf482/cZLsQRMLGoqqbrq7gkQKg6777eTW1jc2t/LbhZ3dvf2D4uFR08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwup35rSeujYjVI44T7kd0oEQoGEUrtcpdlfYeznvFkltx5yCrxMtICTLUe8Wvbj9macQVMkmN6Xhugv6EahRM8mmhmxqeUDaiA96xVNGIG38yP3dKzqzSJ2GsbSkkc/X3xIRGxoyjwHZGFIdm2ZuJ/3mdFMNrfyJUkiJXbLEoTCXBmMx+J32hOUM5toQyLeythA2ppgxtQgUbgrf88ippXlS8aqV6f1mq3WRx5OEETqEMHlxBDe6gDg1gMIJneIU3J3FenHfnY9Gac7KZY/gD5/MHgwSPDA==</latexit>

(ωR)

<latexit sha1_base64="FQf/nuRGSSlqhavB3jUZKc1nml8=">AAACAHicbVC7SgNBFJ2NrxhfqxYWNoNBiE3YFYmWARsLiwTNA5IlzE5mkyGzD2buimHZxl+xsVDE1s+w82+cbLbQxAOXezjnXmbucSPBFVjWt1FYWV1b3yhulra2d3b3zP2DtgpjSVmLhiKUXZcoJnjAWsBBsG4kGfFdwTru5Hrmdx6YVDwM7mEaMccno4B7nBLQ0sA8uqv0gT2C6yVZ55A0b9P0bGCWraqVAS8TOydllKMxML/6w5DGPguACqJUz7YicBIigVPB0lI/ViwidEJGrKdpQHymnCQ7IMWnWhliL5S6AsCZ+nsjIb5SU9/Vkz6BsVr0ZuJ/Xi8G78pJeBDFwAI6f8iLBYYQz9LAQy4ZBTHVhFDJ9V8xHRNJKOjMSjoEe/HkZdI+r9q1aq15Ua7X8ziK6BidoAqy0SWqoxvUQC1EUYqe0St6M56MF+Pd+JiPFox85xD9gfH5AwWelrI=</latexit>

S(QL)

<latexit sha1_base64="XKmABpipMRc8fOzkAsYcwjUIJ+g=">AAACDHicbVDLSgMxFM3Ud31VXSoSFMFFKTMuqkuxCC5EFKwttGPJpJk2NJMZkjtiGWbpwo2/4sZFRdz6Ae78Bn/C9LHQ1gMhh3POJbnHiwTXYNtfVmZqemZ2bn4hu7i0vLKaW1u/0WGsKCvTUISq6hHNBJesDBwEq0aKkcATrOJ1Sn2/cseU5qG8hm7E3IC0JPc5JWCkRm63DuwePD8Z3ByS8zTFdS7xeR6f3pbyF7elrEnZBXsAPEmcEdk93updfT9s9y4buc96M6RxwCRQQbSuOXYEbkIUcCpYmq3HmkWEdkiL1QyVJGDaTQbLpHjPKE3sh8ocCXig/p5ISKB1N/BMMiDQ1uNeX/zPq8XgH7kJl1EMTNLhQ34sMIS43wxucsUoiK4hhCpu/oppmyhCwfTXL8EZX3mS3BwUnGKheGXaOEFDzKNNtIP2kYMO0TE6Q5eojCh6RM+oh16tJ+vFerPeh9GMNZrZQH9gffwA+Bed9A==</latexit>

L → L,EC , NC

<latexit sha1_base64="XrfJvL9OsW0f/AhYUZTGWfMbeak=">AAACGXicbVC7TsMwFHXKq5RXgZHFokIqDFWCUGGsqJAYGIqgD6lNI8dxWrfOQ7aDVEX5DRZ+hYUBhBhh4m9w2gzQciT7Hp17j+x77JBRIXX9W8stLa+sruXXCxubW9s7xd29lggijkkTByzgHRsJwqhPmpJKRjohJ8izGWnb43rabz8QLmjg38tJSEwPDXzqUoykkqyiftMTUSiI7DFlcpAV01EC72alfGXRfh02rZG6j/vxSVIoWMWSXtGngIvEyEgJZGhYxc+eE+DII77EDAnRNfRQmjHikmJGkkIvEiREeIwGpKuojzwizHi6WQKPlOJAN+Dq+BJO1d+OGHlCTDxbTXpIDsV8LxX/63Uj6V6YMfXDSBIfzx5yIwZlANOYoEM5wZJNFEGYU/VXiIeIIyxVmGkIxvzKi6R1WjGqlertWal2mcWRBwfgEJSBAc5BDVyDBmgCDB7BM3gFb9qT9qK9ax+z0ZyWefbBH2hfPy8tnxg=</latexit>

L → ωijSij(E
C
i UC

j )→

<latexit sha1_base64="vz3/kw3x75pFNcEMr0IA73Hvujo=">AAACDHicbVDLSgMxFM34rPVVdalIsAguSplxUV0W68JlC/YBfZFJM21oJjMkd8QydOnCjb/ixkVF3PoB7vwGf8L0sdDWAyGHc84luccNBddg21/W0vLK6tp6YiO5ubW9s5va26/oIFKUlWkgAlVziWaCS1YGDoLVQsWI7wpWdfuFsV+9Y0rzQN7CIGRNn3Ql9zglYKR2Kt0Adg+uF09uDnFpOMQNLnEpg8utQua6VUialJ21J8CLxJmRdP5oVPp+OB4V26nPRiegkc8kUEG0rjt2CM2YKOBUsGGyEWkWEtonXVY3VBKf6WY8WWaIT43SwV6gzJGAJ+rviZj4Wg981yR9Aj09743F/7x6BN5lM+YyjIBJOn3IiwSGAI+bwR2uGAUxMIRQxc1fMe0RRSiY/sYlOPMrL5LKedbJZXMl08YVmiKBDtEJOkMOukB5dIOKqIwoekTPaIRerSfrxXqz3qfRJWs2c4D+wPr4ARFEngQ=</latexit>

Q → Q,UC , DC
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Motivations for Leptoquark Searches
• LQ contribute for example to the following Flavour Physics process which have 

experimental tensions with the SM, namely: 

6

<latexit sha1_base64="bhcTtMFe5OFoTPLhLoo+pP5cRQY=">AAAB/nicbVBNSwMxEM3Wr1q/VsWTl2ARPJVdkeqx6MVjBfsB3aVk07QNzWaXZKKUpeBf8eJBEa/+Dm/+G9N2D9r6YODx3gwz86JUcA2e9+0UVlbX1jeKm6Wt7Z3dPXf/oKkToyhr0EQkqh0RzQSXrAEcBGunipE4EqwVjW6mfuuBKc0TeQ/jlIUxGUje55SAlbruURQoPhgCUSp5xDQAYgJpum7Zq3gz4GXi56SMctS77lfQS6iJmQQqiNYd30shzIgCTgWblAKjWUroiAxYx1JJYqbDbHb+BJ9apYf7ibIlAc/U3xMZibUex5HtjAkM9aI3Ff/zOgb6V2HGZWqASTpf1DcCQ4KnWeAeV4yCGFtCqOL2VkyHRBEKNrGSDcFffHmZNM8rfrVSvbso167zOIroGJ2gM+SjS1RDt6iOGoiiDD2jV/TmPDkvzrvzMW8tOPnMIfoD5/MHrQWV9w==</latexit>

b → cωε

<latexit sha1_base64="Zj5TCJTiKA0FcMTM6WQTIdHsR5k="></latexit>

R(D(→)) =
B(B → D(→)ωεω )

B(B → D(→)ϑεω )
= 0.287± 0.012; (SM : 0.254± 0.005)

LQ interaction can enhance the rate of  productionτ

10.1103/PhysRevD.110.075005 
 (Global Fit: BABAR, LHCb, Belle, and Belle II)
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FCC-ee: 
Z-boson decay  

& 
Leptoquark at 1-Loop
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Future Circular Collider: ee-mode and hh-mode

• Future Circular Collider will run in 2 Stages: First as an electron-positron circular 
collider, and the Second Stage will consist of hadron-hadron collisions 

• Feasibility Study has been completed, with next steps being the Project Approval 
by CERN council, Construction and finally Start of Operations in 2048 (FCC-ee) 
and 2075 (FCC-hh)

8
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 Future Circular Collider-ee as a Tera-Z factory

• FCC-ee run at the Z pole offers unmatched sensitivity to indirect New Physics 
signals that could emerge from small deviations from the Standard Model 

• FCC-ee can be used to measure small Loop corrections from heavy particles. Tera-
Z will allow probes of heavy new physics up to 10s of TeV

9

Working point Z pole WW thresh. ZH

COM (GeV) 88, 91, 94 157, 163 240

Lumi/IP (1034 cm-2 s-1) 140 20 7.5

Lumi/year (ab-1) 68 9.6 3.6

Run time (year) 4 2 3

Integrated Lumi. (ab-1) 205 19.2 10.8

Number of events 6 × 1012 Z 2.4 × 108 WW 2.2 × 106 ZH

arX
iv:2505.00272v1

Operation Baseline for Future Circular Collider (electron-positron):
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 Future Circular Collider-ee as a Tera-Z factory
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<latexit sha1_base64="inl835NxHS2z1d5uhNL8wmmnARY=">AAACKXicbVBNSwMxEM36bf2qevQSLIqnsitSPRZF8KhgVeyWMptO22A2uySzYln6d7z4V7woKOrVP2JaK/g1kPB4b+Yl86JUSUu+/+qNjU9MTk3PzBbm5hcWl4rLK2c2yYzAmkhUYi4isKikxhpJUniRGoQ4UngeXR0M9PNrNFYm+pR6KTZi6GjZlgLIUc1idfOSh4Q3ZOKcD0y47ULqbgG6H4aFzS9x35nyQ42m0+MHoGRkhg79ZrHkl/1h8b8gGIESG9Vxs/gYthKRxahJKLC2HvgpNXIwJIXCfiHMLKYgrqCDdQc1xGgb+XDTPt9wTIu3E+OOJj5kv0/kEFvbiyPXGQN17W9tQP6n1TNq7zVyqdOMUIvPh9qZ4pTwQWy8JQ0KUj0HQBjp/spFFwwIcuEWXAjB75X/grPtclApV052StX9URwzbI2tsy0WsF1WZUfsmNWYYLfsnj2xZ+/Oe/BevLfP1jFvNLPKfpT3/gGr+Kbz</latexit>

Z line shape scan

Beam Energy Calibration
<latexit sha1_base64="inl835NxHS2z1d5uhNL8wmmnARY=">AAACKXicbVBNSwMxEM36bf2qevQSLIqnsitSPRZF8KhgVeyWMptO22A2uySzYln6d7z4V7woKOrVP2JaK/g1kPB4b+Yl86JUSUu+/+qNjU9MTk3PzBbm5hcWl4rLK2c2yYzAmkhUYi4isKikxhpJUniRGoQ4UngeXR0M9PNrNFYm+pR6KTZi6GjZlgLIUc1idfOSh4Q3ZOKcD0y47ULqbgG6H4aFzS9x35nyQ42m0+MHoGRkhg79ZrHkl/1h8b8gGIESG9Vxs/gYthKRxahJKLC2HvgpNXIwJIXCfiHMLKYgrqCDdQc1xGgb+XDTPt9wTIu3E+OOJj5kv0/kEFvbiyPXGQN17W9tQP6n1TNq7zVyqdOMUIvPh9qZ4pTwQWy8JQ0KUj0HQBjp/spFFwwIcuEWXAjB75X/grPtclApV052StX9URwzbI2tsy0WsF1WZUfsmNWYYLfsnj2xZ+/Oe/BevLfP1jFvNLPKfpT3/gGr+Kbz</latexit>

Z line shape scan

Beam Energy Calibration

<latexit sha1_base64="aidXcgT+Bni1Oswm+3uFJ2XjbpE=">AAACLHicbVBNSwMxEM36WetX1aOXYBE8lV2R6rEqiMcKVsW2lmw6bUOT3SWZFcuyP8iLf0UQD4p49XeY1lW09ZHAy3szTOb5kRQGXffVmZqemZ2bzy3kF5eWV1YLa+sXJow1hxoPZaivfGZAigBqKFDCVaSBKV/Cpd8/HvqXt6CNCINzHETQVKwbiI7gDK3UKhw3EO5Qq+REh4qm9PAmaajYnrSV/FhHafrNKUOaXv+8ImD9tFUouiV3BDpJvIwUSYZqq/DUaIc8VhAgl8yYuudG2EyYRsElpPlGbCBivM+6ULc0YApMMxktm9Jtq7RpJ9T2BkhH6u+OhCljBsq3lYphz4x7Q/E/rx5j56CZiCCKEQL+NagTS4ohHSZH20IDRzmwhHEt7F8p7zHNONp88zYEb3zlSXKxW/LKpfLZXrFylMWRI5tki+wQj+yTCjklVVIjnNyTR/JCXp0H59l5c96/SqecrGeD/IHz8Qlp2Koq</latexit>

From Aµµ
FB at Z peak

Observable Value Uncertainty FCC-ee 
Stat.

FCC-ee 
Syst.

Leading 
Uncertainty

91187600 200 4 100

2495500 2300 4 12

231,480 160 1.2 1.2

<latexit sha1_base64="U3Omy6uRNjQwJ43k5BHRROxeNA4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae2oWy2m3bp7ibsToRS+he8eFDEq3/Im//GpM1BWx8MPN6bYWZeEEth0XW/ncLa+sbmVnG7tLO7t39QPjxq2SgxjDdZJCPTCajlUmjeRIGSd2LDqQokbwfj28xvP3FjRaQfcBJzX9GhFqFgFDNJ9R9L/XLFrbpzkFXi5aQCORr98ldvELFEcY1MUmu7nhujP6UGBZN8VuollseUjemQd1OqqeLWn85vnZGzVBmQMDJpaSRz9ffElCprJypIOxXFkV32MvE/r5tgeO1PhY4T5JotFoWJJBiR7HEyEIYzlJOUUGZEeithI2oowzSeLARv+eVV0rqoerVq7f6yUr/J4yjCCZzCOXhwBXW4gwY0gcEInuEV3hzlvDjvzseiteDkM8fwB87nD3Hajd0=</latexit>mZ

<latexit sha1_base64="TwvcHpLmV247dKoHEfm1UvahsYE=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqR6LHvRYwX5ou5Rsmm1Dk+ySZIWy9Fd48aCIV3+ON/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dlo4SRWiTRDxSnQBrypmkTcMMp51YUSwCTtvB+Drz209UaRbJezOJqS/wULKQEWys9NC7wULg/mOpX664VXcGtEy8nFQgR6Nf/uoNIpIIKg3hWOuu58bGT7EyjHA6LfUSTWNMxnhIu5ZKLKj209nBU3RilQEKI2VLGjRTf0+kWGg9EYHtFNiM9KKXif953cSEl37KZJwYKsl8UZhwZCKUfY8GTFFi+MQSTBSztyIywgoTYzPKQvAWX14mrbOqV6vW7s4r9as8jiIcwTGcggcXUIdbaEATCAh4hld4c5Tz4rw7H/PWgpPPHMIfOJ8/972P4Q==</latexit>

!Z

<latexit sha1_base64="OrWJgASQRQZzdOkW5Lf2xBOf02M=">AAACEHicbVBNS8NAEN34bf2KevQSLGK9lKRI9Sh68VjBtkKTls120i5uNmF3IpbQn+DFv+LFgyJePXrz37itOfj1YODx3gwz88JUcI2u+2HNzM7NLywuLZdWVtfWN+zNrZZOMsWgyRKRqKuQahBcQhM5CrhKFdA4FNAOr88mfvsGlOaJvMRRCkFMB5JHnFE0Us/e9zWX3ZqPQ0Da9RFuUcU5RNG41674yGPQntutH/Tsslt1p3D+Eq8gZVKg0bPf/X7CshgkMkG17nhuikFOFXImYFzyMw0pZdd0AB1DJTWbgnz60NjZM0rfiRJlSqIzVb9P5DTWehSHpjOmONS/vYn4n9fJMDoOci7TDEGyr0VRJhxMnEk6Tp8rYChGhlCmuLnVYUOqKEOTYcmE4P1++S9p1apevVq/OCyfnBZxLJEdsksqxCNH5ISckwZpEkbuyAN5Is/WvfVovVivX60zVjGzTX7AevsEjBqc5Q==</latexit>

sin2 ωe!W (→106)

<latexit sha1_base64="LmVHuy2315WM2W0IzNic0OtpB+g=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKVI9FLx4r2g9ol5JNs21okl2SrFCW/gQvHhTx6i/y5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//cS04bF6tJOEBZIMFY84JdZJD71E9ssVr+rNgVeJn5MK5Gj0y1+9QUxTyZSlghjT9b3EBhnRllPBpqVealhC6JgMWddRRSQzQTY/dYrPnDLAUaxdKYvn6u+JjEhjJjJ0nZLYkVn2ZuJ/Xje10XWQcZWklim6WBSlAtsYz/7GA64ZtWLiCKGau1sxHRFNqHXplFwI/vLLq6R1UfVr1dr9ZaV+k8dRhBM4hXPw4QrqcAcNaAKFITzDK7whgV7QO/pYtBZQPnMMf4A+fwBZX43c</latexit>±

<latexit sha1_base64="LmVHuy2315WM2W0IzNic0OtpB+g=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKVI9FLx4r2g9ol5JNs21okl2SrFCW/gQvHhTx6i/y5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//cS04bF6tJOEBZIMFY84JdZJD71E9ssVr+rNgVeJn5MK5Gj0y1+9QUxTyZSlghjT9b3EBhnRllPBpqVealhC6JgMWddRRSQzQTY/dYrPnDLAUaxdKYvn6u+JjEhjJjJ0nZLYkVn2ZuJ/Xje10XWQcZWklim6WBSlAtsYz/7GA64ZtWLiCKGau1sxHRFNqHXplFwI/vLLq6R1UfVr1dr9ZaV+k8dRhBM4hXPw4QrqcAcNaAKFITzDK7whgV7QO/pYtBZQPnMMf4A+fwBZX43c</latexit>±

<latexit sha1_base64="LmVHuy2315WM2W0IzNic0OtpB+g=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKVI9FLx4r2g9ol5JNs21okl2SrFCW/gQvHhTx6i/y5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//cS04bF6tJOEBZIMFY84JdZJD71E9ssVr+rNgVeJn5MK5Gj0y1+9QUxTyZSlghjT9b3EBhnRllPBpqVealhC6JgMWddRRSQzQTY/dYrPnDLAUaxdKYvn6u+JjEhjJjJ0nZLYkVn2ZuJ/Xje10XWQcZWklim6WBSlAtsYz/7GA64ZtWLiCKGau1sxHRFNqHXplFwI/vLLq6R1UfVr1dr9ZaV+k8dRhBM4hXPw4QrqcAcNaAKFITzDK7whgV7QO/pYtBZQPnMMf4A+fwBZX43c</latexit>±

Projected Uncertainty for Future Circular Collider (electron-positron):

arXiv:2505.00272v1
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 Z-boson decay at 1-loop w/ Leptoquark

• New Physics contribution: 

• Expansion is performed in the external momenta prior to integrating, 
and light quark masses are neglected 

• Resulting equation takes into account corrections up to order

11

<latexit sha1_base64="MvaSel0GAvIs45/Bcc9/dVgnioA=">AAACHnicbVDLSgMxFM34rNVq1aWbYBHqpsyIVpdFXbgRKtoHdmrJpHfa0MzDJFMow3yJG3/FjQtFBFf6N6YPUFsPXO7hnHtJ7nFCzqQyzS9jbn5hcWk5tZJeXcusb2Q3t6oyiASFCg14IOoOkcCZDxXFFId6KIB4Doea0zsb+rU+CMkC/0YNQmh6pOMzl1GitNTKHtlt4IrgTiu+TWy4j1jfdgWhcd4+/zH2k3jU7+LryyTJpFvZnFkwR8CzxJqQHJqg3Mp+2O2ARh74inIiZcMyQ9WMiVCMckjSdiQhJLRHOtDQ1CceyGY8Oi/Be1ppYzcQunyFR+rvjZh4Ug48R096RHXltDcU//MakXJPmjHzw0iBT8cPuRHHKsDDrHCbCaCKDzQhVDD9V0y7RKejdKLDEKzpk2dJ9aBgFQvFq8Nc6XQSRwrtoF2URxY6RiV0gcqogih6QE/oBb0aj8az8Wa8j0fnjMnONvoD4/Mbn5yiyA==</latexit>

ωgZ → (!gZ)

gSM
Z

<latexit sha1_base64="a5NPpo2RMpTDmd1hqODS55Qz/rA=">AAACCHicbZC7SgNBFIZn4y1Go6uWFg4GwcawKxItg1rYCBHNhWTXZXZykgyZvTgzGwhLShtfxcZCEVsfwc63cTdJoYk/DHz85xzOnN8NOZPKML61zMLi0vJKdjW3tp7f2NS3tmsyiASFKg14IBoukcCZD1XFFIdGKIB4Loe6279I6/UBCMkC/04NQ7A90vVZh1GiEsvR96xL4IrgrtO04CFig5SOuvfx7fXIaeZzjl4wisZYeB7MKRTQVBVH/7LaAY088BXlRMqWaYTKjolQjHIY5axIQkhon3ShlaBPPJB2PD5khA8Sp407gUier/DY/T0RE0/KoecmnR5RPTlbS83/aq1Idc7smPlhpMCnk0WdiGMV4DQV3GYCqOLDBAgVLPkrpj0iCFVJdmkI5uzJ81A7LpqlYunmpFA+n8aRRbtoHx0iE52iMrpCFVRFFD2iZ/SK3rQn7UV71z4mrRltOrOD/kj7/AHQm5iS</latexit>

!gZ → gZ ↑ gSM
Z

<latexit sha1_base64="lMZZ3UNNbW5Hjwgf3xf0OBfDkdc=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEhlqZIKFcYKFjaKRB+iCZXjOq1V24lsB6mK8gEs/AoLAwix8gFs/A1OmwFarmT56Jxzde89fsSo0rb9bS0tr6yurRc2iptb2zu7pb39tgpjiUkLhyyUXR8pwqggLU01I91IEsR9Rjr++DLTOw9EKhqKWz2JiMfRUNCAYqQN1S+VXY70CCOWXKcVN5AIJ7x/d19LzedGI2rQiXHZVXtacBE4OSiDvJr90pc7CHHMidCYIaV6jh1pL0FSU8xIWnRjRSKEx2hIegYKxInykukxKTw2zAAGoTRPaDhlf3ckiCs14b5xZqureS0j/9N6sQ7OvYSKKNZE4NmgIGZQhzBLBg6oJFiziQEIS2p2hXiETCLa5Fc0ITjzJy+Cdq3q1Kv1m9Ny4yKPowAOwRGoAAecgQa4Ak3QAhg8gmfwCt6sJ+vFerc+ZtYlK+85AH/K+vwB0F+beQ==</latexit>

O(
m2

Z

m2
ω

)
<latexit sha1_base64="sLrWx4tZwDW+K6otNBaB5EIci7U="></latexit>

[ωgeeZ ]ω =
m2

Z

m2
ω

Nc
εecε→

ec

48ϑ2

[
→ 2

3
s2W (ln

m2
Z

m2
ω

→ iϑ → 1

6
) +

s2W
6

]

<latexit sha1_base64="zR+VE5saRxNa5el71/yOvCy06Mk="></latexit>

[ωgeeZ ]ω = Nc
εetε→

et

16ϑ2

[
→ 1

2

xt(xt → 1→ log xt)

(xt → 1)2
+

m2
Z

12m2
ω

Fω(xt)
] <latexit sha1_base64="woleXT+Dk+PPsfFoxKV3nZwWgRE=">AAACD3icbZC7TsMwFIadcivlFmBkiahAZamSChUWpAoWxiLRi9SEyHGd1KpzkX2CqKK+AQuvwsIAQqysbLwNbtoBWo5k+dP/nyP7/F7CmQTT/NYKS8srq2vF9dLG5tb2jr6715ZxKghtkZjHouthSTmLaAsYcNpNBMWhx2nHG15N/M49FZLF0S2MEuqEOIiYzwgGJbn6se2xIKg8uHBh+wKTLHThrjZWl50MmKLcP3H1slk18zIWwZpBGc2q6epfdj8maUgjIBxL2bPMBJwMC2CE03HJTiVNMBnigPYURjik0snyfcbGkVL6hh8LdSIwcvX3RIZDKUehpzpDDAM5703E/7xeCv65k7EoSYFGZPqQn3IDYmMSjtFnghLgIwWYCKb+apABVrGAirCkQrDmV16Edq1q1av1m9Ny43IWRxEdoENUQRY6Qw10jZqohQh6RM/oFb1pT9qL9q59TFsL2mxmH/0p7fMH/zqcpg==</latexit>(

xt =
m2

t

m2
ω

)
;
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 Electroweak Precision Observables at FCC-ee

• Electroweak Precision Observables: Z-boson mass ( ), Z-decay width ( ), Left-
Right Asymmetry ( ) and Total Hadronic Cross section   

mZ ΓZ
Af (σ0

had) e+e− → Z → hadrons

12

<latexit sha1_base64="loiXtV/xCOuVNI2SOzZmFN6D5p4="></latexit>

!Z→e+e→ =
ωMZ

6 sin2 εw cos2 εw

(∣∣∣geffZee,L

∣∣∣
2
+

∣∣∣geffZee,R

∣∣∣
2
)

<latexit sha1_base64="IZEoshJo4tNvtGhnOVp5ByAsCrA="></latexit>

Ae =

∣∣∣geffZee,L

∣∣∣
2

→
∣∣∣geffZee,R

∣∣∣
2

∣∣∣geffZee,L

∣∣∣
2
+

∣∣∣geffZee,R

∣∣∣
2

<latexit sha1_base64="iEHtzjpUnNVzIB7xqEloeaNPjqw=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgQkoiUl0W3LisYh/YxjCZ3LRDJw9mJmIJ+RU3LhRx64+482+ctllo64ELh3Pu5d57vIQzqSzr2yitrK6tb5Q3K1vbO7t75n61I+NUUGjTmMei5xEJnEXQVkxx6CUCSOhx6Hrjq6nffQQhWRzdqUkCTkiGEQsYJUpLrlkd+MAVwcOHDHI3uz+9zV2zZtWtGfAysQtSQwVarvk18GOahhApyomUfdtKlJMRoRjlkFcGqYSE0DEZQl/TiIQgnWx2e46PteLjIBa6IoVn6u+JjIRSTkJPd4ZEjeSiNxX/8/qpCi6djEVJqiCi80VByrGK8TQI7DMBVPGJJoQKpm/FdEQEoUrHVdEh2IsvL5POWd1u1Bs357Vms4ijjA7RETpBNrpATXSNWqiNKHpCz+gVvRm58WK8Gx/z1pJRzBygPzA+fwC4kZQ/</latexit>

ωgeZ,R
<latexit sha1_base64="QgGR3KUHwjDL/w5cPRULXQ+SwNM=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwISURqS4LblxWsQ9sYphMpu3QmUmYmQg1BH/FjQtF3Pof7vwbp20W2nrgwuGce7n3njBhVGnH+bYWFpeWV1ZLa+X1jc2tbXtnt6XiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLwc++0HIhWNxa0eJcTnqC9oj2KkjRTY+15EmEawf595PM2D7O7kJg/silN1JoDzxC1IBRRoBPaXF8U45URozJBSXddJtJ8hqSlmJC97qSIJwkPUJ11DBeJE+dnk+hweGSWCvViaEhpO1N8TGeJKjXhoOjnSAzXrjcX/vG6qexd+RkWSaiLwdFEvZVDHcBwFjKgkWLORIQhLam6FeIAkwtoEVjYhuLMvz5PWadWtVWvXZ5V6vYijBA7AITgGLjgHdXAFGqAJMHgEz+AVvFlP1ov1bn1MWxesYmYP/IH1+QNaf5Us</latexit>

ωgµZ,R
<latexit sha1_base64="Js0mxcyuFnzA47QeQZsi1Neo67k=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEF1ISkeqy4MZlFfvAJobJZNoOnTyYuRFKCPgrblwo4tbvcOffOG2z0NYDFw7n3Mu99/iJ4Aos69soLS2vrK6V1ysbm1vbO+buXlvFqaSsRWMRy65PFBM8Yi3gIFg3kYyEvmAdf3Q18TuPTCoeR3cwTpgbkkHE+5wS0JJnHjgBE0Dw4CFzgKS5l92f3uaeWbVq1hR4kdgFqaICTc/8coKYpiGLgAqiVM+2EnAzIoFTwfKKkyqWEDoiA9bTNCIhU242PT/Hx1oJcD+WuiLAU/X3REZCpcahrztDAkM1703E/7xeCv1LN+NRkgKL6GxRPxUYYjzJAgdcMgpirAmhkutbMR0SSSjoxCo6BHv+5UXSPqvZ9Vr95rzaaBRxlNEhOkInyEYXqIGuURO1EEUZekav6M14Ml6Md+Nj1loyipl99AfG5w8lLZWe</latexit>

ωgωZ,R
<latexit sha1_base64="8Zsm71R8sInFgL+fYQDftKx4yR4=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgQkoiUl0W3LisYh/YxjCZTNqhkwczN2IJ+RU3LhRx64+482+ctllo64ELh3Pu5d57vERwBZb1bZRWVtfWN8qbla3tnd09c7/aUXEqKWvTWMSy5xHFBI9YGzgI1kskI6EnWNcbX0397iOTisfRHUwS5oRkGPGAUwJacs3qwGcCCB4+ZGnuZvent7lr1qy6NQNeJnZBaqhAyzW/Bn5M05BFQAVRqm9bCTgZkcCpYHllkCqWEDomQ9bXNCIhU042uz3Hx1rxcRBLXRHgmfp7IiOhUpPQ050hgZFa9Kbif14/heDSyXiUpMAiOl8UpAJDjKdBYJ9LRkFMNCFUcn0rpiMiCQUdV0WHYC++vEw6Z3W7UW/cnNeazSKOMjpER+gE2egCNdE1aqE2ougJPaNX9GbkxovxbnzMW0tGMXOA/sD4/AHRQZRP</latexit>

ωguZ,R
<latexit sha1_base64="j3yj/iKRCqGD1Lsu1JvM24eDE/U=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgQkoiUl0W3LisYh/YxjCZTNqhkwczN2IJ+RU3LhRx64+482+ctllo64ELh3Pu5d57vERwBZb1bZRWVtfWN8qbla3tnd09c7/aUXEqKWvTWMSy5xHFBI9YGzgI1kskI6EnWNcbX0397iOTisfRHUwS5oRkGPGAUwJacs3qwGcCCB4+ZH7uZvent7lr1qy6NQNeJnZBaqhAyzW/Bn5M05BFQAVRqm9bCTgZkcCpYHllkCqWEDomQ9bXNCIhU042uz3Hx1rxcRBLXRHgmfp7IiOhUpPQ050hgZFa9Kbif14/heDSyXiUpMAiOl8UpAJDjKdBYJ9LRkFMNCFUcn0rpiMiCQUdV0WHYC++vEw6Z3W7UW/cnNeazSKOMjpER+gE2egCNdE1aqE2ougJPaNX9GbkxovxbnzMW0tGMXOA/sD4/AG3BpQ+</latexit>

ωgdZ,R
<latexit sha1_base64="Ci1LwFVgWgTZOszJ9z139gPAzWU=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgQkoiUl0W3LisYh/YxjCZTNqhkwczN2IJ+RU3LhRx64+482+ctllo64ELh3Pu5d57vERwBZb1bZRWVtfWN8qbla3tnd09c7/aUXEqKWvTWMSy5xHFBI9YGzgI1kskI6EnWNcbX0397iOTisfRHUwS5oRkGPGAUwJacs3qwGcCCB4+ZF7uZvent7lr1qy6NQNeJnZBaqhAyzW/Bn5M05BFQAVRqm9bCTgZkcCpYHllkCqWEDomQ9bXNCIhU042uz3Hx1rxcRBLXRHgmfp7IiOhUpPQ050hgZFa9Kbif14/heDSyXiUpMAiOl8UpAJDjKdBYJ9LRkFMNCFUcn0rpiMiCQUdV0WHYC++vEw6Z3W7UW/cnNeazSKOMjpER+gE2egCNdE1aqE2ougJPaNX9GbkxovxbnzMW0tGMXOA/sD4/AGz8JQ8</latexit>

ωgbZ,R

Mode Z pole + WW + 240 GeV
0.0092%
0.0093%
0.0015%
0.084%
1.5%
0.16%

arXiv:2206.08326v5
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`

• Results including both LEP-III sensitivity, 
scaled from FCC-ee using Integrated 
Luminosity ratios, and including current 
EWPO fits

13

Perturbativity



 Christian Heiderijk (CityUHK) 14

Hadron-Hadron Colliders: 
LHC Searches 

& 
FCC-hh Projections
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 Leptoquark Production Channels at LHC/FCC

15



 Christian Heiderijk (CityUHK)

Leptoquarks Pair Production (CMS/ATLAS)

• Pair production occurs at the LHC via gluon-gluon 
fusion and quark-antiquark annihilation 

• The relevant kinematic distributions in the process are 
those related to         , decay product of the LQ & anti-
LQ final state 

• We perform an extrapolation at Large Coupling using 
CMS and ATLAS results which assume negligible λ 
contribution in production cross section

16

<latexit sha1_base64="nTOZmO33XS5syidXnIc6RwzARNU=">AAAB9XicbVDLTgJBEOzFF6Io6tHLRGLiiewagx6JXjxiIo8EVjI79MLA7CMzsxpC+A8vHjTGq//izb9xFvagYCWdVKq6093lxYIrbdvfVm5tfWNzK79d2Nkt7u2XDg6bKkokwwaLRCTbHlUoeIgNzbXAdiyRBp7Alje+Sf3WI0rFo/BeT2J0AzoIuc8Z1UZ66KIQaZERGRULvVLZrthzkFXiZKQMGeq90le3H7EkwFAzQZXqOHas3SmVmjOBs0I3URhTNqYD7Bga0gCVO51fPSOnRukTP5KmQk3m6u+JKQ2UmgSe6QyoHqplLxX/8zqJ9q/cKQ/jRGPIFov8RBAdkTQC0ucSmRYTQyiT3NxK2JBKyrQJKg3BWX55lTTPK061Ur27KNeuszjycAwncAYOXEINbqEODWAg4Rle4c16sl6sd+tj0Zqzspkj+APr8wfTNJFu</latexit>

ωωjj

arXiv:2006.05872v2
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Leptoquarks Pair Production (CMS/ATLAS)

• We simulate Pair-Production events using 
MadGraph5 event generator at Tree-Level. 

• Simulation cross section is attributed to each point 
in the              parameter space and matched to the 
experimental cross section

17

arXiv:2006.05872v2

<latexit sha1_base64="yQX/41H2K41CV1Fut/iFkneG4+o=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBHqwpKIVJdFNy4r2Ac0IUwm03boTBJmJoUS+iduXCji1j9x5984bbPQ1gMDh3PO5d45YcqZ0o7zba2tb2xubZd2yrt7+weH9tFxWyWZJLRFEp7IbogV5SymLc00p91UUixCTjvh6H7md8ZUKpbET3qSUl/gQcz6jGBtpMC2qx436QhfisBLh+wisCtOzZkDrRK3IBUo0AzsLy9KSCZorAnHSvVcJ9V+jqVmhNNp2csUTTEZ4QHtGRpjQZWfzy+fonOjRKifSPNijebq74kcC6UmIjRJgfVQLXsz8T+vl+n+rZ+zOM00jcliUT/jSCdoVgOKmKRE84khmEhmbkVkiCUm2pRVNiW4y19eJe2rmluv1R+vK427oo4SnMIZVMGFG2jAAzShBQTG8Ayv8Gbl1ov1bn0somtWMXMCf2B9/gCNNpL6</latexit>

(ω→mω)
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 Leptoquarks Pair Production (CMS/ATLAS)

• Curvature in the bound ≡ PP-5 diagram 
(lepton exchange) starts to dominate. Effect 
is enhanced  by the valence         quark 
content of the proton 

18

<latexit sha1_base64="qTnDsbXPj+HSc90iFuHAxsi1fnc=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpRdkeqx6MVjBfsB7VKy2Wwbm02WJCuU0v/gxYMiXv0/3vw3Zts9aPXBwOO9GWbmBQln2rjul1NYWV1b3yhulra2d3b3yvsHbS1TRWiLSC5VN8CaciZoyzDDaTdRFMcBp51gfJP5nUeqNJPi3kwS6sd4KFjECDZWalfTs/C0NChX3Jo7B/pLvJxUIEdzUP7sh5KkMRWGcKx1z3MT40+xMoxwOiv1U00TTMZ4SHuWChxT7U/n187QiVVCFEllSxg0V39OTHGs9SQObGeMzUgve5n4n9dLTXTlT5lIUkMFWSyKUo6MRNnrKGSKEsMnlmCimL0VkRFWmBgbUBaCt/zyX9I+r3n1Wv3uotK4zuMowhEcQxU8uIQG3EITWkDgAZ7gBV4d6Tw7b877orXg5DOH8AvOxzcGMY4h</latexit>

(u, d)
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 Leptoquarks Pair Production (CMS/ATLAS)

19



 Christian Heiderijk (CityUHK)

Drell-Yan t-channel Leptoquarks (CMS)
• Drell-Yan relevant kinematic quantity is the di-lepton 

invariant mass  

• Non-resonant LQ signal is expected to contribute most 
in the high-            tail of the distribution 

• A recast is performed from a Z’ study 

• Scans of the               parameter space are performed 
 in Madgraph5. Kinematic distributions are compared 
 to experimental distributions w/ “Cut and Count” analysis 
 from Poisson Method
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Drell-Yan t-channel Leptoquarks (CMS)

• 95 % CL upper limit on signal number of events  

 
Conservative Background expectation: 

Slimit
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Drell-Yan t-channel Leptoquarks (CMS)
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Drell-Yan t-channel Leptoquarks (CMS)

• A more recent CMS dedicated LQ study at higher 
luminosity, bins events in the same          distributions, 
in addition to rapidity     , results in stringent bounds 
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Drell-Yan t-channel Leptoquarks (CMS)
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 Lepton-Induced Leptoquark (CMS)
• Lepton-Induced channel:                              , with one large  final 

 state tau lepton 

• The LQ mass is reconstructed via the decay product of the tau lepton 

• Collinear approximation: both visible and invisible decay products 
are collinear + the only source of missing momentum arises  
from the neutrinos of the tau decay 

• Channel with identical final state as Single Production (SP), but SP has 
2 large  final state tau leptons

pT

pT
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 Collider Reach Tool and FCC-hh projections

• Collider Reach Tool provides a mass estimate 
of the mass reach for FCC-hh 

• Input:       energy, L Integrated Luminosity and 
PDF Parton Distribution Function for both LHC 
and FCC-hh 

• This tool takes the cross section as scaling 
 with the inverse squared mass of the system
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Combined results: FCC-ee & FCC-hh
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Combined results: FCC-ee & FCC-hh
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Summary
• LQ searches are well motivated by BSM models and anomalies of the SM. 

Combining the various production channels of LQ allows CMS and ATLAS 
to constraint the                  parameter space of LQ. 

• FCC-ee will provide us with a Tera-Z factory, allowing unprecedented precision 
test at the Z-pole. Loop level effects are induced by LQ. By combining analytical 
work with precision numerical work we motivated the search for LQ at FCC-ee. 

• FCC-hh will push the boundary of reachable Energies, allowing to probe the entirety 
of the parameter space of interest for LQ. In the context of LQ that carry color,  
it is more than reasonable to think that FCC-hh will outperform FCC-ee. 

• The entirety of the different SM sectors will face a precision test at FCC-hh and 
FCC-ee.
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