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Outline
• Axion-like particle (ALP) Effective Field Theory

• ALP parameter space and colliders

• ALP couplings to top quarks
•  production

• Indirect bounds on ALP couplings from the 
SMEFT

• FCC-ee limits
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Dynamical solution to the strong CP problem
[Weinberg] 
[Peccei, Quinn (ref1, ref2)] 

[Wilczek] 
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[Baker et al. (hep-ex/0602020)] 

Electric dipole moment of the neutron

Why is the theta term so small?
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.40.279
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.40.223
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.38.1440
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.16.1791
https://arxiv.org/abs/hep-ex/0602020
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Dynamical solution to the strong CP problem
[Weinberg] 
[Peccei, Quinn (ref1, ref2)] 

[Wilczek] 
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Electric dipole moment of the neutron

Why is the theta term so small?
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This talk is NOT about the QCD axion.

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.40.279
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.40.223
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.38.1440
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.16.1791
https://arxiv.org/abs/hep-ex/0602020
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• Featured in many BSM scenarios:  “Higgs portal” dark matter, 
composite Higgs models, …

• Consider a generic ALP with effective Lagrangian

• Shift symmetry ,  Lagrangian terms:  
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[Brivio et al. (1701.05379)] 
[Bauer et al. (1708.00443)] 

[Weinberg] 
[Peccei, Quinn (ref1, ref2)] 

[Wilczek] 
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EFT with an additional light d.o.f. 
and at dimension 5

https://arxiv.org/abs/1708.00443
https://arxiv.org/abs/1701.05379
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.40.279
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.38.1440
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.16.1791
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.40.223
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[O’Hare (axion limits)] 

Interplay of experiments/
observations crucial

https://cajohare.github.io/AxionLimits/
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[ATLAS (2312.01942)] 
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[ATLAS (2312.01942)] 
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Prompt

Long 
lived

Beam dumps

<latexit sha1_base64="rHqDCYHbuxc1izYICOnIVjWMskc="></latexit>

exp

✓
� La

Ldet

◆
= exp

✓
� �c

�aLdet

◆Decay length 
<latexit sha1_base64="FgrcTLf2SqJCwBhJfHLfdbQzpsk=">AAACA3icbVDJSgNBEO1xjXGLevQyGAQvhhmR6DHgRdBDRLNAMoSeTk3SpJehu0cYhoAXj171I7yJVz/Eb/An7CwHk/ig4PFeFVX1wphRbTzv21laXlldW89t5De3tnd2C3v7dS0TRaBGJJOqGWINjAqoGWoYNGMFmIcMGuHgauQ3HkFpKsWDSWMIOO4JGlGCjZXubzu4Uyh6JW8Md5H4U1JEU1Q7hZ92V5KEgzCEYa1bvhebIMPKUMJgmG8nGmJMBrgHLUsF5qCDbHzq0D22SteNpLIljDtW/05kmGud8tB2cmz6et4bif95rcREl0FGRZwYEGSyKEqYa6Q7+tvtUgXEsNQSTBS1t7qkjxUmxqYzsyWCVPD4FCdGDvM2HX8+i0VSPyv55VL57rxYuXma5JRDh+gInSAfXaAKukZVVEME9dALekVvzrPz7nw4n5PWJWea7QGagfP1CwK4mLo=</latexit>

La

[ATLAS (2312.01942)] 

https://arxiv.org/abs/2312.01942
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<latexit sha1_base64="EHkKv8JQgCy1wv3L/Rcg8MlIP+o=">AAACB3icbVDLSgNBEJz1GeMr6tHLYBC8GHZFoseAF8FLBJMsJEuYnfQmQ2ZnlplZYVkCXj161Y/wJl79DL/Bn3DyOJjEgoaiqpvurjDhTBvX/XZWVtfWNzYLW8Xtnd29/dLBYVPLVFFoUMml8kOigTMBDcMMBz9RQOKQQysc3oz91iMozaR4MFkCQUz6gkWMEmOlVr+bE98fdUtlt+JOgJeJNyNlNEO9W/rp9CRNYxCGcqJ123MTE+REGUY5jIqdVENC6JD0oW2pIDHoIJ+cO8KnVunhSCpbwuCJ+nciJ7HWWRzazpiYgV70xuJ/Xjs10XWQM5GkBgSdLopSjo3E499xjymghmeWEKqYvRXTAVGEGpvQ3JYIMhEn5yQ1clS06XiLWSyT5kXFq1aq95fl2t3TNKcCOkYn6Ax56ArV0C2qowaiaIhe0Ct6c56dd+fD+Zy2rjizbI/QHJyvX3XxmqU=</latexit>gaXX

<latexit sha1_base64="XvmolcnFggrF5mexUbBSTly3uZM=">AAACA3icbVDJSgNBEO2JW4xb1KOXwSB4McyIRI8BL4KXiGaBZAg1nZ6kSS9Dd48wDAEvHr3qR3gTr36I3+BP2FkOJvFBweO9KqrqhTGj2njet5NbWV1b38hvFra2d3b3ivsHDS0ThUkdSyZVKwRNGBWkbqhhpBUrAjxkpBkOr8d+85EoTaV4MGlMAg59QSOKwVjpnnehWyx5ZW8Cd5n4M1JCM9S6xZ9OT+KEE2EwA63bvhebIANlKGZkVOgkmsSAh9AnbUsFcKKDbHLqyD2xSs+NpLIljDtR/05kwLVOeWg7OZiBXvTG4n9eOzHRVZBRESeGCDxdFCXMNdId/+32qCLYsNQSwIraW108AAXY2HTmtkQkFTw+g8TIUcGm4y9msUwa52W/Uq7cXZSqt0/TnPLoCB2jU+SjS1RFN6iG6gijPnpBr+jNeXbenQ/nc9qac2bZHqI5OF+/ODeY2w==</latexit>ma

Prompt

Long 
lived

Beam dumps

Decays 
too early

Decays 
too late

<latexit sha1_base64="rHqDCYHbuxc1izYICOnIVjWMskc="></latexit>

exp

✓
� La

Ldet

◆
= exp

✓
� �c

�aLdet

◆Decay length 
<latexit sha1_base64="FgrcTLf2SqJCwBhJfHLfdbQzpsk=">AAACA3icbVDJSgNBEO1xjXGLevQyGAQvhhmR6DHgRdBDRLNAMoSeTk3SpJehu0cYhoAXj171I7yJVz/Eb/An7CwHk/ig4PFeFVX1wphRbTzv21laXlldW89t5De3tnd2C3v7dS0TRaBGJJOqGWINjAqoGWoYNGMFmIcMGuHgauQ3HkFpKsWDSWMIOO4JGlGCjZXubzu4Uyh6JW8Md5H4U1JEU1Q7hZ92V5KEgzCEYa1bvhebIMPKUMJgmG8nGmJMBrgHLUsF5qCDbHzq0D22SteNpLIljDtW/05kmGud8tB2cmz6et4bif95rcREl0FGRZwYEGSyKEqYa6Q7+tvtUgXEsNQSTBS1t7qkjxUmxqYzsyWCVPD4FCdGDvM2HX8+i0VSPyv55VL57rxYuXma5JRDh+gInSAfXaAKukZVVEME9dALekVvzrPz7nw4n5PWJWea7QGagfP1CwK4mLo=</latexit>

La

[ATLAS (2312.01942)] 

https://arxiv.org/abs/2312.01942
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<latexit sha1_base64="EHkKv8JQgCy1wv3L/Rcg8MlIP+o=">AAACB3icbVDLSgNBEJz1GeMr6tHLYBC8GHZFoseAF8FLBJMsJEuYnfQmQ2ZnlplZYVkCXj161Y/wJl79DL/Bn3DyOJjEgoaiqpvurjDhTBvX/XZWVtfWNzYLW8Xtnd29/dLBYVPLVFFoUMml8kOigTMBDcMMBz9RQOKQQysc3oz91iMozaR4MFkCQUz6gkWMEmOlVr+bE98fdUtlt+JOgJeJNyNlNEO9W/rp9CRNYxCGcqJ123MTE+REGUY5jIqdVENC6JD0oW2pIDHoIJ+cO8KnVunhSCpbwuCJ+nciJ7HWWRzazpiYgV70xuJ/Xjs10XWQM5GkBgSdLopSjo3E499xjymghmeWEKqYvRXTAVGEGpvQ3JYIMhEn5yQ1clS06XiLWSyT5kXFq1aq95fl2t3TNKcCOkYn6Ax56ArV0C2qowaiaIhe0Ct6c56dd+fD+Zy2rjizbI/QHJyvX3XxmqU=</latexit>gaXX

<latexit sha1_base64="XvmolcnFggrF5mexUbBSTly3uZM=">AAACA3icbVDJSgNBEO2JW4xb1KOXwSB4McyIRI8BL4KXiGaBZAg1nZ6kSS9Dd48wDAEvHr3qR3gTr36I3+BP2FkOJvFBweO9KqrqhTGj2njet5NbWV1b38hvFra2d3b3ivsHDS0ThUkdSyZVKwRNGBWkbqhhpBUrAjxkpBkOr8d+85EoTaV4MGlMAg59QSOKwVjpnnehWyx5ZW8Cd5n4M1JCM9S6xZ9OT+KEE2EwA63bvhebIANlKGZkVOgkmsSAh9AnbUsFcKKDbHLqyD2xSs+NpLIljDtR/05kwLVOeWg7OZiBXvTG4n9eOzHRVZBRESeGCDxdFCXMNdId/+32qCLYsNQSwIraW108AAXY2HTmtkQkFTw+g8TIUcGm4y9msUwa52W/Uq7cXZSqt0/TnPLoCB2jU+SjS1RFN6iG6gijPnpBr+jNeXbenQ/nc9qac2bZHqI5OF+/ODeY2w==</latexit>ma

Prompt

Long 
lived

Beam dumps

Decays 
too early

Decays 
too late

<latexit sha1_base64="rHqDCYHbuxc1izYICOnIVjWMskc="></latexit>

exp

✓
� La

Ldet

◆
= exp

✓
� �c

�aLdet

◆Decay length 
<latexit sha1_base64="FgrcTLf2SqJCwBhJfHLfdbQzpsk=">AAACA3icbVDJSgNBEO1xjXGLevQyGAQvhhmR6DHgRdBDRLNAMoSeTk3SpJehu0cYhoAXj171I7yJVz/Eb/An7CwHk/ig4PFeFVX1wphRbTzv21laXlldW89t5De3tnd2C3v7dS0TRaBGJJOqGWINjAqoGWoYNGMFmIcMGuHgauQ3HkFpKsWDSWMIOO4JGlGCjZXubzu4Uyh6JW8Md5H4U1JEU1Q7hZ92V5KEgzCEYa1bvhebIMPKUMJgmG8nGmJMBrgHLUsF5qCDbHzq0D22SteNpLIljDtW/05kmGud8tB2cmz6et4bif95rcREl0FGRZwYEGSyKEqYa6Q7+tvtUgXEsNQSTBS1t7qkjxUmxqYzsyWCVPD4FCdGDvM2HX8+i0VSPyv55VL57rxYuXma5JRDh+gInSAfXaAKukZVVEME9dALekVvzrPz7nw4n5PWJWea7QGagfP1CwK4mLo=</latexit>

La

[ATLAS (2312.01942)] 

https://arxiv.org/abs/2312.01942
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LHC limits 

Mass-dependent (resonance search)

Assuming 

<latexit sha1_base64="p3u6oYiRCiR/EkqWq+7LFAA4ESA=">AAACKXicbVBNS8NAEN34WetX1KMeFovgqSRS1GPRi8cK9gPaUCbbTbt0Nwm7G7GEXvw1gif9J97Uq//Bs9s0gm0d2J3Hmxlm3vNjzpR2nA9raXlldW29sFHc3Nre2bX39hsqSiShdRLxSLZ8UJSzkNY105y2YklB+Jw2/eH1pN68p1KxKLzTo5h6AvohCxgBbaiufRTjGHd0hCH7O30QAn5T1y45ZScLvAjcHJRQHrWu/d3pRSQRNNSEg1Jt14m1l4LUjHA6LnYSRWMgQ+jTtoEhCKq8NFMxxieG6eEgkuaFGmfs34kUhFIj4ZtOAXqg5msT8r9aO9HBpZeyME40Dcl0UZBwbPROLME9JinRfGQAEMnMrZgMQALRxriZLb6Y0ZA+TE8vGqPceVsWQeOs7J6XK7eVUvUqt6yADtExOkUuukBVdINqqI4IekRP6AW9Ws/Wm/VufU5bl6x85gDNhPX1A149plU=</latexit>

pp ! a ! ��

<latexit sha1_base64="xzghusKmKk8S7SdN3hVCZpCIftg="></latexit>

BR(a ! ��) = 100%
<latexit sha1_base64="jTm2ErXi+iqx3cocqSnA6AP+6Ks=">AAACJHicbVC7SgNBFJ31GeMramFhMxiE2IRdCWpniI1lFPMg2SXMTibJkJndZeauJCz5GsFK/8ROLGz8DGsnj8IkHrhwOPde7j3HjwTXYNtf1srq2vrGZmorvb2zu7efOTis6jBWlFVoKEJV94lmggesAhwEq0eKEekLVvP7t+N+7YkpzcPgEYYR8yTpBrzDKQEjtTLHLrABJKWHEc4R7EKIG7hxjm9amaydtyfAy8SZkSyaodzK/LjtkMaSBUAF0brp2BF4CVHAqWCjtBtrFhHaJ13WNDQgkmkvmRgY4TOjtHEnVKYCwBP170ZCpNZD6ZtJSaCnF3tj8b9eM4bOtZfwIIqBBXR6qBMLbHyO08BtrhgFMTSEUMXNr5j2iCIUTGZzV3w55yEZTF9Pm6CcxViWSfUi71zmC/eFbLE0iyyFTtApyiEHXaEiukNlVEEUjdAzekVv1ov1bn1Yn9PRFWu2c4TmYH3/Aug+o/c=</latexit>

BR(a ! ZZ)?
<latexit sha1_base64="zfYzEJdJ2zdzwAh4H2RGeEX1Azo=">AAACKXicbVA9SwNBEN3zM8avqKUWi0GITbiToHZKbCxVjAnmQpjbbJIlu3fH7pwYjjT+GsFK/4md2vofrN18FEZ9MPB4M8PMe0EshUHXfXdmZufmFxYzS9nlldW19dzG5o2JEs14hUUy0rUADJci5BUUKHkt1hxUIHk16J0N+9U7ro2Iwmvsx7yhoBOKtmCAVmrmdnzk95iWrwa0ANTHiN5SvwNKwT49aebybtEdgf4l3oTkyQQXzdyX34pYoniITIIxdc+NsZGCRsEkH2T9xPAYWA86vG5pCIqbRjpyMaB7VmnRdqRthUhH6s+NFJQxfRXYSQXYNb97Q/G/Xj3B9nEjFWGcIA/Z+FA7kdSaHUZCW0JzhrJvCTAt7K+UdUEDQxvc1JVATXlI78evZ21Q3u9Y/pKbg6J3WCxdlvKn5UlkGbJNdkmBeOSInJJzckEqhJEH8kieyYvz5Lw6b87HeHTGmexskSk4n98m8KYu</latexit>

BR(a ! Z�)?

Beam dump limits
Can be changed (or invalidated) if 

 decay possible<latexit sha1_base64="kDL6odboEE6F1q3Xmff9tqPdICk=">AAACGXicbVBNSwMxEJ2tX7V+VT16CRZBEMuuFPVY9OKxgv2AdluyadqGJtklyYpl6f8QPOk/8SZePflHPJu2e7CtAwOP92aYNy+IONPGdb+dzMrq2vpGdjO3tb2zu5ffP6jpMFaEVknIQ9UIsKacSVo1zHDaiBTFIuC0HgxvJ3r9kSrNQvlgRhH1Be5L1mMEG0u1MWqZENH2me1z1MkX3KI7LbQMvBQUIK1KJ//T6oYkFlQawrHWTc+NjJ9gZRjhdJxrxZpGmAxxnzYtlFhQ7SdT12N0Ypku6oXKtjRoyv7dSLDQeiQCOymwGehFbUL+pzVj07v2Eyaj2FBJZod6MUf200kEqMsUJYaPLMBEMesVkQFWmBgb1NyVQMz9kDzNrOdsUN5iLMugdlH0Loul+1KhfJNGloUjOIZT8OAKynAHFagCAQXP8Apvzovz7nw4n7PRjJPuHMJcOV+/km+gOQ==</latexit>

a ! e+e�

[ATLAS (2312.01942)] 

https://arxiv.org/abs/2312.01942
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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

10

derivative 
basis

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

f
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µ⌫W̃
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a

f
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µ⌫

+
@µa

f

X

F

 ̄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

10

derivative 
basis

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

LD5
SM+ALP = CGG

a

f
G

a
µ⌫ G̃

µ⌫,a + CWW
a

f
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A
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µ⌫,A + CBB
a

f
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µ⌫

� a

f

⇣
Q̄ H̃ Ỹu uR + Q̄H Ỹd dR + L̄H Ỹe eR + h.c.

⌘

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

Ỹu = i(Yu cu � cQ Yu), Ỹd = i(Yd cd � cQ Yd), Ỹe = i(Ye ce � cL Ye)

pseudoscalar 
basis

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

LD5
SM+ALP = cGG

a
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a
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a
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µ⌫

+
@µa

f

X

F

 ̄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

10

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

Ỹu = i(cu � cQ)Yu = �iCuYu, Ỹd = i(cd � cQ)Yd = �iCdYd, Ỹe = i(ce � cL)Ye = �iCeYe

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

c̃X = cX13 Flavor universal

derivative 
basis

<latexit sha1_base64="s8bBYLLRUsxgrSsFZzDM4U4xXZk="></latexit>
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f
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� a

f

⇣
Q̄ H̃ Ỹu uR + Q̄H Ỹd dR + L̄H Ỹe eR + h.c.

⌘

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

Ỹu = i(Yu cu � cQ Yu), Ỹd = i(Yd cd � cQ Yd), Ỹe = i(Ye ce � cL Ye)

pseudoscalar 
basis

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

LD5
SM+ALP = cGG

a
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a

f
Bµ⌫B̃

µ⌫
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 ̄F cF �µ F
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• ALP-top quark couplings naturally dominant
• Consistent with minimal flavor violation (MFV)
• Promising candidate at colliders
• Recent activities:
[Esser, Madigan, Sanz, Ubiali (2303.17634)]
[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>

Lferm = �a

f

⇣
Cu iQ̄H̃ Yu uR + Cd iQ̄H Yd dR + Ce iL̄H 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>

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

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

tt̄
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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>

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

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

tt̄a ! tt̄(ff̄)

! tt̄+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 ! ff̄

<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>

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

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

tt̄a ! tt̄(ff̄)

! tt̄+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 ! ff̄

<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) ⇠
y2t

16⇡2
log

⇤

mt
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Axion-Top coupling constraints

[Esser, Madigan, Sanz, Ubiali (2303.17634)]

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

AL
P 

co
lli

de
r s

ta
bl

e

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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Axion-Top coupling constraints

[Esser, Madigan, Sanz, Ubiali (2303.17634)]

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

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

di dj

AL
P 

co
lli

de
r s

ta
bl

e

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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Axion-Top coupling constraints

[Esser, Madigan, Sanz, Ubiali (2303.17634)]

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

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

di dj

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

<latexit sha1_base64="ZDI33bdTCuWf5QNQ7IyGJAu/FoI=">AAACGnicbZDLSgNBEEV7fBtfUTeCm8Yg6MIwIxJdCm4ENwpGhSSEmk6NNvb0DN01YhhG/BCXbvUj3IlbN36DP2HnsfB1oeFyq5qqOmGqpCXf//BGRsfGJyanpkszs3PzC+XFpTObZEZgXSQqMRchWFRSY50kKbxIDUIcKjwPrw969fMbNFYm+pS6KbZiuNQykgLIRe3yCvFmCCanggPfaBLeUi71TbHZLlf8qt8X/2uCoamwoY7b5c9mJxFZjJqEAmsbgZ9SKwdDUigsSs3MYgriGi6x4ayGGG0r719Q8HWXdHiUGPc08X76/UcOsbXdOHSdMdCV/V3rhf/VGhlFey13UZoRajEYFGWKU8J7OHhHGhSkus6AMNLtysUVGBDkoP2YEmFXx+kWZJQUJUcn+M3irznbrga1au1kp7J/dD/gNMVW2RrbYAHbZfvskB2zOhPsjj2yJ/bsPXgv3qv3Nmgd8YZsl9kPee9fnJKhmg==</latexit>

tt̄a(inv)
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e

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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Axion-Top coupling constraints

[Esser, Madigan, Sanz, Ubiali (2303.17634)]

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

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

di dj

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

<latexit sha1_base64="ZDI33bdTCuWf5QNQ7IyGJAu/FoI=">AAACGnicbZDLSgNBEEV7fBtfUTeCm8Yg6MIwIxJdCm4ENwpGhSSEmk6NNvb0DN01YhhG/BCXbvUj3IlbN36DP2HnsfB1oeFyq5qqOmGqpCXf//BGRsfGJyanpkszs3PzC+XFpTObZEZgXSQqMRchWFRSY50kKbxIDUIcKjwPrw969fMbNFYm+pS6KbZiuNQykgLIRe3yCvFmCCanggPfaBLeUi71TbHZLlf8qt8X/2uCoamwoY7b5c9mJxFZjJqEAmsbgZ9SKwdDUigsSs3MYgriGi6x4ayGGG0r719Q8HWXdHiUGPc08X76/UcOsbXdOHSdMdCV/V3rhf/VGhlFey13UZoRajEYFGWKU8J7OHhHGhSkus6AMNLtysUVGBDkoP2YEmFXx+kWZJQUJUcn+M3irznbrga1au1kp7J/dD/gNMVW2RrbYAHbZfvskB2zOhPsjj2yJ/bsPXgv3qv3Nmgd8YZsl9kPee9fnJKhmg==</latexit>

tt̄a(inv)

AL
P 
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lli
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r s
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bl

e

<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>

tt̄

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

tt̄

14

<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>

tt̄
<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>mtt̄

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

⌧ ⌘ ŝ

4m2
t

<latexit sha1_base64="6ickAaqL+m7W9fivdaBIlL1yjWE="></latexit>

1

ŝ�m2
a + ima�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>cG̃
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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>

tt̄
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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>

B1(1/⌧)
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<latexit sha1_base64="q+qJTqlgmtx1mc/MacVKoSYLerQ="></latexit>

⌧ ⌘ ŝ

4m2
t

https://arxiv.org/abs/hep-ph/9404359
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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, cG̃
<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
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[Anuar, AB, Biekötter, Grohsjean, Heinemeyer, Jeppe, Schwanenberger, Weiglein (2404.19014)]
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ALP-SMEFT interference

Proj. 95% CL limit ±1σ:
pp → a → tt̄
(this work)

CMS: pp → tt̄a → tt̄tt̄

ATLAS: pp →
a →

Zh

ATLAS: pp→
a→

γγ

Γpred
a > Γa

LHC Run 2 (13 TeV, 138 fb−1) ma = 400 GeV, Γa/ma = 2.5%

1
 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
•  
•
•

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

tt̄tt̄
<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

https://arxiv.org/abs/2404.19014


Indirect limits on ALPs
-

ALP-SMEFT interference
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Indirect ALP effects
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[Marciano, Masiero, Paradisi, Passera (1607.01022)]
[Bauer, Neubert, Thamm (1704.08207)]

• Virtual ALP exchange induces UV-divergent one-loop graphs 
• Dimension-6 operators required as counterterms 

<latexit sha1_base64="OhZkwwSOoVKI3/63Dix9rxGJyIU="></latexit>

⇠ 1/✏

ALP as a solution for g - 2 discrepancy
Requires D6 operator 

as counterterm

SMEFT!

https://arxiv.org/abs/1607.01022
https://arxiv.org/abs/1704.08207
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[Galda, Neubert, Renner (2105.01078)]
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[Galda, Neubert, Renner (2105.01078)]
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ALP source terms for D6 SMEFT Wilson 
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Can we use SMEFT constraints to obtain mass-
independent constraints on the ALP Wilson 

coefficients?
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Observables used
• Low energy: 

• Electroweak precision 
observables (EWPO)

• Parity violation experiments
• Lepton scattering

• Higgs 
• Top
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 [Falkowski et al. (1706.03783)]

 [Ellis et al. (2012.02779)]

https://arxiv.org/abs/1706.03783
https://arxiv.org/abs/2012.02779
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Dominant constraints
•  : Higgs + Top
•  : LE + Higgs
•  : low energy
•  : low energy

•  : low energy
•  : low energy
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⇤ = 4⇡f

f = 1 TeV

[AB, Fuentes Martín, Galda, Neubert (2307.10372)]

ALP-top

https://arxiv.org/abs/2307.10372
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[Esser, Madigan, Sanz, Ubiali (2303.17634)]
[Bauer, Neubert, Renner, Schnubel, Thamm (2110.10698)]

[BaBar (1406.2980)]
[AB, Chala, Spannowski (2203.14984)]
[Lucente, Carenza (2107.12393)]
[Essig, Harnik, Kaplan, Toro (1008.0636)]
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[AB, Fuentes Martín, Galda, Neubert (2307.10372)]

ALP-top

https://arxiv.org/abs/2303.17634
https://arxiv.org/abs/2110.10698
https://arxiv.org/abs/1406.2980
https://arxiv.org/abs/2203.14984
https://arxiv.org/abs/2107.12393
https://arxiv.org/abs/1008.0636
https://arxiv.org/abs/2307.10372
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FCC-ee sensitivity 
estimates from FCC 
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Order of magnitude 
improvement at FCC-ee

see also:
[de Blas, Durieux, Grojean, Gu, 
Paul (1907.04311)]
[FCC Snowmass (2203.06520)]
[Dubovyk, Freitas, Gluza, Grzanka, 
Jadach, Riemann, Usovitsch 
(1809.01830)]

https://arxiv.org/abs/1907.04311
https://arxiv.org/abs/2203.06520
https://arxiv.org/abs/1809.01830
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• Very rich ALP phenomenology

• ALP-top coupling
• Complementarity of flavor, ,  

production
• Complementary of direct and indirect 

bounds
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