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Physics beyond the Standard Model
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Muon g-2

W boson mass (?)

Neutrino 
oscillations

Dark matter



Anke Biekötter - JGU Mainz

The Landscape of (new) physics
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New physics has to be…

… very heavy

… (light and) very weakly 
interacting with the SM

Leptoquarks
Supersymmetry

Z’ bosons

Axion-like 
particles

SMEFT

Mass

Co
up

lin
g

Known SMEFT

SM + X Hopeless
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Outline
• A (very brief) intro to effective field theory
• Axion-like particle (ALP) EFT

• ALP-SMEFT interference
• Indirect bounds on ALP couplings from the SMEFT
• Global analysis
• Comparison with direct bounds
• Interpretation in terms of UV models

Based on 2307.10372 with 
Anne Galda, Javier Fuentes-Martín and Matthias Neubert

SMEFT

SM + X
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Effective field theory - EFT
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Hierarchy of scales 

EFTELHC
<latexit sha1_base64="n+9kU9Z0LypO6iair3KBl274s/Y=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0GOxCD14qGA/oAlls922SzebsDsRS+jf8OJBEa/+GW/+G7dtDtr6YODx3gwz84JYcI2O823l1tY3Nrfy24Wd3b39g+LhUUtHiaKsSSMRqU5ANBNcsiZyFKwTK0bCQLB2MK7N/PYjU5pH8gEnMfNDMpR8wClBI3m3PQ/ZE6Z39dq0Vyw5ZWcOe5W4GSlBhkav+OX1I5qETCIVROuu68Top0Qhp4JNC16iWUzomAxZ11BJQqb9dH7z1D4zSt8eRMqURHuu/p5ISaj1JAxMZ0hwpJe9mfif101wcO2nXMYJMkkXiwaJsDGyZwHYfa4YRTExhFDFza02HRFFKJqYCiYEd/nlVdKqlN2LcuX+slS9yeLIwwmcwjm4cAVVqEMDmkAhhmd4hTcrsV6sd+tj0Zqzsplj+APr8wfRrJGK</latexit>

ENP
<latexit sha1_base64="4RJRiE11QJX2AY7YIOcc92aPxnk=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqexWQY9FETxJBfsB26Vk02wbmk2WZFYsS3+GFw+KePXXePPfmLZ70NYHA4/3ZpiZFyaCG3Ddb6ewsrq2vlHcLG1t7+zulfcPWkalmrImVULpTkgME1yyJnAQrJNoRuJQsHY4up767UemDVfyAcYJC2IykDzilICV/JteF9gTZHeNSa9ccavuDHiZeDmpoByNXvmr21c0jZkEKogxvucmEGREA6eCTUrd1LCE0BEZMN9SSWJmgmx28gSfWKWPI6VtScAz9fdERmJjxnFoO2MCQ7PoTcX/PD+F6DLIuExSYJLOF0WpwKDw9H/c55pREGNLCNXc3orpkGhCwaZUsiF4iy8vk1at6p1Va/fnlfpVHkcRHaFjdIo8dIHq6BY1UBNRpNAzekVvDjgvzrvzMW8tOPnMIfoD5/MHUkWRRw==</latexit>

⇤
<latexit sha1_base64="+7Vn0mJYfaZ//RcqBhLwm7cUdf0=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrtR0DJoY2ERwTwgWcLd2dlkyOzsMjMrhJCPsLFQxNbvsfNvnCRbaOKBgcM55zL3niAVXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKWTTFHWpIlIVCdAzQSXrGm4EayTKoZxIFg7GN3O/PYTU5on8tGMU+bHOJA84hSNldq9exsNsV+uuFV3DrJKvJxUIEejX/7qhQnNYiYNFah113NT409QGU4Fm5Z6mWYp0hEOWNdSiTHT/mS+7pScWSUkUaLsk4bM1d8TE4y1HseBTcZohnrZm4n/ed3MRNf+hMs0M0zSxUdRJohJyOx2EnLFqBFjS5AqbncldIgKqbENlWwJ3vLJq6RVq3oX1drDZaV+k9dRhBM4hXPw4ArqcAcNaAKFETzDK7w5qfPivDsfi2jByWeO4Q+czx8M849h</latexit>

W

µ ⌫

⌫̄

e

<latexit sha1_base64="5lq1+fsO25cWGJ2oz6+3ZBdFBKY="></latexit>

µ

⌫̄

e

⌫

<latexit sha1_base64="zqUBvh41rMvxhf0dyPZ5UhUvcPI="></latexit>

Describe NP by higher-order 
interactions of SM fields

Heavy particles that we 
cannot resolve live here 
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EFTs from the bottom-up
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SM 
symmetries

SM 
fields

Higgs 
doublet

[review: Brivio, Trott (1706.08945)] 

<latexit sha1_base64="y+ui8zoJl2i82ucmSxekTewTacA="></latexit>

L = LSM +
X

i

ci
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O
(6)
i +

X

j

c(8)j
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O

(8)
j + · · ·

59 operators (MFV)

Odd dimensions violate lepton or baryon number 

• Proper, renormalisable 
quantum field theory 

• Minimal assumptions 
on UV completion

• Universal language for 
data interpretation 

https://arxiv.org/abs/1706.08945
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Warsaw basis 
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Plus another 24 four-fermion 
operators

[Grzadkowski et al. (1008.4884)]

https://arxiv.org/abs/1008.4884
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Confronting the SMEFT with data
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 [Almeida et al. 
(2108.04828)]
[Dawson et al. 
(2007.01296)]
[Brivio et al. 

(2208.08454)]
 [Ethier et al. (2105.00006)]
 [Ellis et al. (2012.02779)]

 [Anisha et al. 
(2111.05876)]

Higgs

EW
Top

di-Higgs

BR(H)ggF

VH WBF

VBS

EWPO

diboson

4-top

tt(+jets)

FCNC

ttH t+H/V

single top

tt + V

Adapted from Ken Mimasu

 [Ethier et al. (2101.03180)]
 [Bellan et al. (2108.03199)]

[Brod et al. (Gambit) (2203.03736)]

EDMs

[Aebischer et al. 
(2102.08954)]

[de Blas et al. (2204.04204)]

 [Greljo et al. 
(2104.02723), 
(2303.06159)]

DY/top +
PDFs

https://arxiv.org/abs/2108.04828
https://arxiv.org/abs/2007.01296
https://arxiv.org/abs/2105.00006
https://arxiv.org/abs/2012.02779
https://arxiv.org/abs/2111.05876
https://arxiv.org/abs/2108.03199
https://arxiv.org/abs/2101.03180
https://arxiv.org/abs/2102.08954
https://arxiv.org/abs/2203.03736
https://arxiv.org/abs/2204.04204
https://arxiv.org/abs/2104.02723
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Global fits
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[Anisha, Bashi, Banerjee, AB, Chakrabortty, Patra, Spannowsky (2111.05876)] 
See also fits from other collaborations (see previous slide for references) 

https://arxiv.org/abs/2111.05876
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Global fits
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[Anisha, Bashi, Banerjee, AB, Chakrabortty, Patra, Spannowsky (2111.05876)] 
See also fits from other collaborations (see previous slide for references) 

https://arxiv.org/abs/2111.05876


Exploiting the ALP-SMEFT interference

Based on 2307.10372 with 
Anne Galda, Javier Fuentes-Martín and Matthias Neubert

Can we give SMEFT fits a second life for light new physics?



Axions
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Dynamical solution to the strong CP problem
[Weinberg] 
[Peccei, Quinn (ref1, ref2)] 

[Wilczek] 

<latexit sha1_base64="iw4SP8T5W3idUX98YeFAEtShmgM="></latexit>

L = ✓
↵s

8⇡
Ga

µ⌫G̃
aµ⌫

<latexit sha1_base64="s7ZNrZe5y1wpZEWcnusXSN+pqa0="></latexit>

L =

✓
✓ � a

fa

◆
↵s

8⇡
Ga

µ⌫G̃
aµ⌫

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

Electric dipole moment of the neutron

Why is the theta term so small?

Anke Biekötter - JGU Mainz

<latexit sha1_base64="eBMY32t6uLpL7OFhokLZV18LF0A=">AAACGHicbZC7SgNBFIZnvcZ71MLCZjAINoZdCWojBASxVDAaSEKYnZzVwbksM2fFsAR8DltbfQc7sbXzFXwKJ5dCjT8c+PnPGc6ZL06lcBiGn8HE5NT0zGxhbn5hcWl5pbi6dulMZjnUuJHG1mPmQAoNNRQooZ5aYCqWcBXfHvf7V3dgnTD6ArsptBS71iIRnKGP2sUN1WY08XVEmwj3mHOjHZZ77WIpLIcD0XETjUyJjHTWLn41O4ZnCjRyyZxrRGGKrZxZFFxCb76ZOUgZv2XX0PBWMwWulQ8+0KPbPunQxFhfGukg/fkiZ8q5ror9pGJ44/72+uF/vUaGyWErFzrNEDQfLkoySdHQPg3aERY4yq43jFvhb6X8hlnG0TP7tSWBrlbpLsvQ9OFEf1GMm8u9crRfrpxXStWThyGmAtkkW2SHROSAVMkpOSM1wkmPPJFn8hI8Bq/BW/A+HJ0IRmjXyS8FH9/ygqDu</latexit>

mafa = const.

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
https://arxiv.org/abs/hep-ex/0602020
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Axion-like particles
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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:  
<latexit sha1_base64="+lfEWPEJ9azdIFqMaipUxnsBMPQ=">AAACDHicbZDLSgMxFIYzXmu9VV26CRZBEMuMFHVZEMRlBXuBdihn0kwbmmTGJCMMQ8EncOtW38GduPUdfAWfwvSysK0HAj//f8I55wtizrRx3W9naXlldW09t5Hf3Nre2S3s7dd1lChCayTikWoGoClnktYMM5w2Y0VBBJw2gsH1KG88UqVZJO9NGlNfQE+ykBEw1vIBt02EAZ9i6LidQtEtuePCi8KbiiKaVrVT+Gl3I5IIKg3hoHXLc2PjZ6AMI5wO8+1E0xjIAHq0ZaUEQbWfjZce4mPrdHEYKfukwWP3748MhNapCGynANPX89nI/C9rJSa88jMm48RQSSaDwoRje+iIAO4yRYnhqRVAFLO7YtIHBcRYTjNTQppKEZ9BYqKhhePNo1gU9fOSd1Eq35WLlZunCaYcOkRH6AR56BJV0C2qohoi6AG9oFf05jw7786H8zlpXXKmaA/QTDlfvxt6m5c=</latexit>

a ! a+ a0

<latexit sha1_base64="x5c0ZYNVqweqX9++yJs7yZLM7N4="></latexit>

@µa

fa
(SM)µ

[Brivio et al. (1701.05379)] 
[Bauer et al. (1708.00443)] 

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

[Wilczek] 

<latexit sha1_base64="ijXvtAA6+5/UJRPloT/dxTV2OMQ="></latexit>

LD5
e↵ =

1

2
(@µa)(@

µa)�
m2

a,0

2
a2 +

@µa

f

X

F

 ̄F cF �µ F + c�
@µa

f

�
�†i
 !
Dµ�

�

+ cGG
↵s

4⇡

a

f
Ga

µ⌫ G̃
µ⌫,a + cWW

↵2

4⇡

a

f
WA

µ⌫ W̃
µ⌫,A + cBB

↵1

4⇡

a

f
Bµ⌫ B̃

µ⌫ .

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.38.1440
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.16.1791
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.40.223
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.40.279
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Axion-like particles
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[O’Hare (axion limits)] 

Current status - 2D fits

Assumptions of 
• Production mode
• Lifetime
• Branching ratios

https://cajohare.github.io/AxionLimits/
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2D axion-like bounds
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[O’Hare (axion limits)] 

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�)?

Supernova 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�

https://cajohare.github.io/AxionLimits/
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ALP Lagrangian
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<latexit sha1_base64="s8bBYLLRUsxgrSsFZzDM4U4xXZk="></latexit>
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<latexit sha1_base64="VQDrpbE8ldnSvBu6EGskXoc6g3U="></latexit>

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

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

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

<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

Six free parameters in the flavor-universal case
<latexit sha1_base64="31to45s0nR99hHBa5PoFL1gfiXI=">AAACIXicdZDLSsNAFIYn9VbrrerSzWARXJSQSO1lV9pFXVawF2hLmEwm7dDJhZmJUEJexY2v4saFIt2JL+P0ElHRHwY+/nMOZ85vh4wKaRjvWmZjc2t7J7ub29s/ODzKH590RRBxTDo4YAHv20gQRn3SkVQy0g85QZ7NSM+eNhf13j3hggb+nZyFZOShsU9dipFUlpWvNq241UqKcFiECnu9BKbcaHxxlIKTArHyBUOvGWbtugJXUC2toVyDpm4sVQBrta38fOgEOPKILzFDQgxMI5SjGHFJMSNJbhgJEiI8RWMyUOgjj4hRvLwwgRfKcaAbcPV8CZfu94kYeULMPFt1ekhOxO/awvyrNoikWx3F1A8jSXy8WuRGDMoALuKCDuUESzZTgDCn6q8QTxBHWKpQcyqE9FL4P3SvdLOsl25LhXpjHUcWnIFzcAlMUAF1cAPaoAMweABP4AW8ao/as/amzVetGW09cwp+SPv4BJBjnjo=</latexit>

CGG, CWW , CBB , Cu, Cd, Ce
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Virtual ALP exchanges

17

[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/✏

https://arxiv.org/abs/1607.01022
https://arxiv.org/abs/1704.08207
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Renormalisation Group Evolution
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Physics does not rely on an arbitrary energy scale  <latexit sha1_base64="a+3SPVUZYmmpxxiwcK8ObbFgZJ0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAF8FLRPOAZAmzk9lkyMzsMtMrhBDwB7x4UMSrX+TNv3HyOGhiQUNR1U13V5RKYdH3v73cyura+kZ+s7C1vbO7V9w/qNskM4zXWCIT04yo5VJoXkOBkjdTw6mKJG9Eg+uJ33jkxopEP+Aw5aGiPS1iwSg66b6tsk6x5Jf9KcgyCeakBHNUO8WvdjdhmeIamaTWtgI/xXBEDQom+bjQzixPKRvQHm85qqniNhxNTx2TE6d0SZwYVxrJVP09MaLK2qGKXKei2LeL3kT8z2tlGF+FI6HTDLlms0VxJgkmZPI36QrDGcqhI5QZ4W4lrE8NZejSKbgQgsWXl0n9rBxclM/vzkuV26dZHHk4gmM4hQAuoQI3UIUaMOjBM7zCmye9F+/d+5i15rx5hIfwB97nD4kBjmg=</latexit>µ

<latexit sha1_base64="DiIac06LedctXDF8JRegXaR0dzU="></latexit>

dL

d logµ
=

d

d logµ

X

i

Ci(µ)Oi(µ) = 0

RGE for SMEFT
<latexit sha1_base64="MkcUPSRTSexXc3Tfjp6FnMYSWUA="></latexit>
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ALP-SMEFT interference
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[Galda, Neubert, Renner (2105.01078)]
ALP-SMEFT Interference: systematic study

Anne Galda (JGU Mainz) Theorie Palaver January 18, 2022 11/37

Some example diagrams ...
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Some example diagrams ...

ALP-SMEFT Interference: systematic study

Anne Galda (JGU Mainz) Theorie Palaver January 18, 2022 16/37

Some example diagrams ...
Virtual ALP exchanges contribute to (almost) all D6 SMEFT operators

Four-fermionFermion-Higgs

Gauge-Higgs

Gauge

https://arxiv.org/abs/2105.01078
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Source terms

20

[Galda, Neubert, Renner (2105.01078)]

<latexit sha1_base64="MkcUPSRTSexXc3Tfjp6FnMYSWUA="></latexit>

d

d logµ
CSMEFT

i � �SMEFT
ji CSMEFT

j =
Si

(4⇡f)2
<latexit sha1_base64="C3OVs7xsJSO9/eDuDJqJVFi/ikM="></latexit>

for µ < 4⇡f

• ALP contributes source terms for D6 SMEFT Wilson coefficients

ALP extension of DsixTool coming soon!

[Bakshi, Machado-Rodríguez, Ramos (2306.08036)]
Independent of ALP mass

https://arxiv.org/abs/2105.01078
https://arxiv.org/abs/2306.08036
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[Galda, Neubert, Renner (2105.01078)]

<latexit sha1_base64="MkcUPSRTSexXc3Tfjp6FnMYSWUA="></latexit>

d

d logµ
CSMEFT

i � �SMEFT
ji CSMEFT

j =
Si

(4⇡f)2
<latexit sha1_base64="C3OVs7xsJSO9/eDuDJqJVFi/ikM="></latexit>

for µ < 4⇡f

• ALP contributes source terms for D6 SMEFT Wilson coefficients

ALP extension of DsixTool coming soon!

<latexit sha1_base64="nDBKtVoV7kL/U/zpNWXf5VnhuLo=">AAACBHicbVA9SwNBEN3zM8avqGWaxSBoE+5E1FIMio0Q0cRALoa9zSRZsrd37s6J4Uhh41+xsVDE1h9h579xE1P49WDg8d4MM/OCWAqDrvvhTExOTc/MZuay8wuLS8u5ldWqiRLNocIjGelawAxIoaCCAiXUYg0sDCRcBr3S0L+8AW1EpC6wH0MjZB0l2oIztFIzl6elKx/hFtPz06Pji8GmHyZb1FdwTd1mruAW3RHoX+KNSYGMUW7m3v1WxJMQFHLJjKl7boyNlGkUXMIg6ycGYsZ7rAN1SxULwTTS0RMDumGVFm1H2pZCOlK/T6QsNKYfBrYzZNg1v72h+J9XT7C930iFihMExb8WtRNJMaLDRGhLaOAo+5YwroW9lfIu04yjzS1rQ/B+v/yXVLeL3m5x52yncHA4jiND8mSdbBKP7JEDckLKpEI4uSMP5Ik8O/fOo/PivH61TjjjmTXyA87bJ3+Flro=</latexit>

CSMEFT(µ) 6= 0

<latexit sha1_base64="p22721FvHPHOEIMkIEi8ctc3oHw="></latexit>

CALP(⇤) 6= 0,

CSMEFT(⇤) = 0

[Bakshi, Machado-Rodríguez, Ramos (2306.08036)]
Independent of ALP mass

https://arxiv.org/abs/2105.01078
https://arxiv.org/abs/2306.08036
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[Galda, Neubert, Renner (2105.01078)]

<latexit sha1_base64="MkcUPSRTSexXc3Tfjp6FnMYSWUA="></latexit>
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(4⇡f)2
<latexit sha1_base64="C3OVs7xsJSO9/eDuDJqJVFi/ikM="></latexit>

for µ < 4⇡f

• ALP contributes source terms for D6 SMEFT Wilson coefficients

ALP extension of DsixTool coming soon!

<latexit sha1_base64="nDBKtVoV7kL/U/zpNWXf5VnhuLo=">AAACBHicbVA9SwNBEN3zM8avqGWaxSBoE+5E1FIMio0Q0cRALoa9zSRZsrd37s6J4Uhh41+xsVDE1h9h579xE1P49WDg8d4MM/OCWAqDrvvhTExOTc/MZuay8wuLS8u5ldWqiRLNocIjGelawAxIoaCCAiXUYg0sDCRcBr3S0L+8AW1EpC6wH0MjZB0l2oIztFIzl6elKx/hFtPz06Pji8GmHyZb1FdwTd1mruAW3RHoX+KNSYGMUW7m3v1WxJMQFHLJjKl7boyNlGkUXMIg6ycGYsZ7rAN1SxULwTTS0RMDumGVFm1H2pZCOlK/T6QsNKYfBrYzZNg1v72h+J9XT7C930iFihMExb8WtRNJMaLDRGhLaOAo+5YwroW9lfIu04yjzS1rQ/B+v/yXVLeL3m5x52yncHA4jiND8mSdbBKP7JEDckLKpEI4uSMP5Ik8O/fOo/PivH61TjjjmTXyA87bJ3+Flro=</latexit>

CSMEFT(µ) 6= 0

<latexit sha1_base64="p22721FvHPHOEIMkIEi8ctc3oHw="></latexit>

CALP(⇤) 6= 0,

CSMEFT(⇤) = 0

[Bakshi, Machado-Rodríguez, Ramos (2306.08036)]

ALP running induces non-zero SMEFT 
coefficients!

Independent of ALP mass

https://arxiv.org/abs/2105.01078
https://arxiv.org/abs/2306.08036
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ALP-SMEFT Interference

Anne Galda (JGU Mainz) Theorie Palaver January 18, 2022 22/37

Nearly the whole
Warsaw basis is
sourced by the ALP
at one-loop order!

Can we use SMEFT constraints to obtain mass-
independent constraints on the ALP Wilson 

coefficients?
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Exploiting the ALP-SMEFT interference

22

Observables used
• Low energy: 

• Electroweak precision 
observables (EWPO)

• Parity violation experiments
• Lepton scattering

• Higgs 
• Top

<latexit sha1_base64="Z7+GcKgZ2rKL8uZeRohsRYlUT3M="></latexit>

CGG, CWW , CBB , Cu, Cd, Ce

Six free parameters

<latexit sha1_base64="ETG6rX+3poqVOWp6QKnmj+TBGt0="></latexit>

Ce
<latexit sha1_base64="s7jm/w+tMuebJcbD9YBT3UyGZME="></latexit>

Cd

<latexit sha1_base64="/eZN9IfqYQF0TeAAUZLvJAikPGU="></latexit>

Cu

<latexit sha1_base64="nP49yZ0RMyQg1HCoqAGoqEtui+A="></latexit>

CBB

<latexit sha1_base64="d3BvjWVKbYay2vV8XgVL5uNomK8="></latexit>

CWW

<latexit sha1_base64="AlmO8rAKcAoHkFtL6wAHA36GL9s="></latexit>

CGG

Top

Higgs

EWPO

 [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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A global analysis
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<latexit sha1_base64="Lne2iNzriE3X55bU2vssGNYKvnY="></latexit>

⇤ = 4⇡f

 limits on ALP 
couplings for  

<latexit sha1_base64="xb14Y35922x2KCwW6xswsz+BvRg=">AAAB9XicbVDLSsNAFL2pr1pfVZduBotQNyWRoi6LbtxZwT6gjWUynbRDJ5MwM1FKyH+4caGIW//FnX/jpM1CWw8MHM65l3vmeBFnStv2t1VYWV1b3yhulra2d3b3yvsHbRXGktAWCXkoux5WlDNBW5ppTruRpDjwOO14k+vM7zxSqVgo7vU0om6AR4L5jGBtpId+gPWYYJ7cplXndFCu2DV7BrRMnJxUIEdzUP7qD0MSB1RowrFSPceOtJtgqRnhNC31Y0UjTCZ4RHuGChxQ5Saz1Ck6McoQ+aE0T2g0U39vJDhQahp4ZjJLqRa9TPzP68Xav3QTJqJYU0Hmh/yYIx2irAI0ZJISzaeGYCKZyYrIGEtMtCmqZEpwFr+8TNpnNee8Vr+rVxpXeR1FOIJjqIIDF9CAG2hCCwhIeIZXeLOerBfr3fqYjxasfOcQ/sD6/AHKf5IO</latexit>

O(1)

<latexit sha1_base64="zr7ONLkhGbuOZvkuaQgzgECo4F0=">AAAB+HicbVDLSgNBEJyNrxgfWfXoZTAInsKuBPUiBL14jJAXJCHMTnqTIbMPZnrFuORLvHhQxKuf4s2/cZLsQRMLGoqqbrq7vFgKjY7zbeXW1jc2t/LbhZ3dvf2ifXDY1FGiODR4JCPV9pgGKUJooEAJ7VgBCzwJLW98O/NbD6C0iMI6TmLoBWwYCl9whkbq20X/2qVdhEdMaR2a075dcsrOHHSVuBkpkQy1vv3VHUQ8CSBELpnWHdeJsZcyhYJLmBa6iYaY8TEbQsfQkAWge+n88Ck9NcqA+pEyFSKdq78nUhZoPQk80xkwHOllbyb+53US9K96qQjjBCHki0V+IilGdJYCHQgFHOXEEMaVMLdSPmKKcTRZFUwI7vLLq6R5XnYvypX7Sql6k8WRJ8fkhJwRl1ySKrkjNdIgnCTkmbySN+vJerHerY9Fa87KZo7IH1ifP8HgkoY=</latexit>

f = 1 TeV

Interplay between 
couplings is relatively 
small
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combi

Correlations
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Dominant constraints
•  : Higgs + Top
•  : LE + Higgs
•  : low energy
•  : low energy

•  : low energy
•  : low energy

<latexit sha1_base64="AlmO8rAKcAoHkFtL6wAHA36GL9s="></latexit>

CGG
<latexit sha1_base64="d3BvjWVKbYay2vV8XgVL5uNomK8="></latexit>

CWW
<latexit sha1_base64="nP49yZ0RMyQg1HCoqAGoqEtui+A="></latexit>

CBB
<latexit sha1_base64="/eZN9IfqYQF0TeAAUZLvJAikPGU="></latexit>

Cu

<latexit sha1_base64="s7jm/w+tMuebJcbD9YBT3UyGZME="></latexit>

Cd
<latexit sha1_base64="ETG6rX+3poqVOWp6QKnmj+TBGt0="></latexit>

Ce

<latexit sha1_base64="Ms/gGWxjA1a6p4ILfreJd+62EaU=">AAACEHicbVC7SgNBFJ2N7/hatbQZDD6qsCtBbYSAjYWIQhKF7BJmJ3d1yOyDmbtiWOIf2PgrNhaK2Fra+TfOJil8HRg4c865zNwTpFJodJxPqzQxOTU9MztXnl9YXFq2V1ZbOskUhyZPZKIuA6ZBihiaKFDCZaqARYGEi6B3VPgXN6C0SOIG9lPwI3YVi1Bwhkbq2NveiQl3Gd06pDXqpYKG1PPKYXF37zyEW8wb0Bp07IpTdYagf4k7JhUyxlnH/vC6Cc8iiJFLpnXbdVL0c6ZQcAmDspdpSBnvsStoGxqzCLSfDxca0E2jdGmYKHNipEP1+0TOIq37UWCSEcNr/dsrxP+8dobhgZ+LOM0QYj56KMwkxYQW7dCuUMBR9g1hXAnzV8qvmWIcTYdlU4L7e+W/pLVbdfeqtfNapX46rmOWrJMNskNcsk/q5JickSbh5J48kmfyYj1YT9ar9TaKlqzxzBr5Aev9C1Pvmlc=</latexit>

⇤ = 4⇡f

f = 1 TeV
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Dominant constraints
•  : Higgs + Top
•  : LE + Higgs
•  : low energy
•  : low energy

•  : low energy
•  : low energy

<latexit sha1_base64="AlmO8rAKcAoHkFtL6wAHA36GL9s="></latexit>

CGG
<latexit sha1_base64="d3BvjWVKbYay2vV8XgVL5uNomK8="></latexit>

CWW
<latexit sha1_base64="nP49yZ0RMyQg1HCoqAGoqEtui+A="></latexit>

CBB
<latexit sha1_base64="/eZN9IfqYQF0TeAAUZLvJAikPGU="></latexit>

Cu

<latexit sha1_base64="s7jm/w+tMuebJcbD9YBT3UyGZME="></latexit>

Cd
<latexit sha1_base64="ETG6rX+3poqVOWp6QKnmj+TBGt0="></latexit>

Ce

<latexit sha1_base64="Ms/gGWxjA1a6p4ILfreJd+62EaU=">AAACEHicbVC7SgNBFJ2N7/hatbQZDD6qsCtBbYSAjYWIQhKF7BJmJ3d1yOyDmbtiWOIf2PgrNhaK2Fra+TfOJil8HRg4c865zNwTpFJodJxPqzQxOTU9MztXnl9YXFq2V1ZbOskUhyZPZKIuA6ZBihiaKFDCZaqARYGEi6B3VPgXN6C0SOIG9lPwI3YVi1Bwhkbq2NveiQl3Gd06pDXqpYKG1PPKYXF37zyEW8wb0Bp07IpTdYagf4k7JhUyxlnH/vC6Cc8iiJFLpnXbdVL0c6ZQcAmDspdpSBnvsStoGxqzCLSfDxca0E2jdGmYKHNipEP1+0TOIq37UWCSEcNr/dsrxP+8dobhgZ+LOM0QYj56KMwkxYQW7dCuUMBR9g1hXAnzV8qvmWIcTYdlU4L7e+W/pLVbdfeqtfNapX46rmOWrJMNskNcsk/q5JickSbh5J48kmfyYj1YT9ar9TaKlqzxzBr5Aev9C1Pvmlc=</latexit>

⇤ = 4⇡f

f = 1 TeV

Higgs
LE

top
combi
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Dominant constraints
•  : Higgs + Top
•  : LE + Higgs
•  : low energy
•  : low energy

•  : low energy
•  : low energy

<latexit sha1_base64="AlmO8rAKcAoHkFtL6wAHA36GL9s="></latexit>

CGG
<latexit sha1_base64="d3BvjWVKbYay2vV8XgVL5uNomK8="></latexit>

CWW
<latexit sha1_base64="nP49yZ0RMyQg1HCoqAGoqEtui+A="></latexit>

CBB
<latexit sha1_base64="/eZN9IfqYQF0TeAAUZLvJAikPGU="></latexit>

Cu

<latexit sha1_base64="s7jm/w+tMuebJcbD9YBT3UyGZME="></latexit>

Cd
<latexit sha1_base64="ETG6rX+3poqVOWp6QKnmj+TBGt0="></latexit>

Ce

<latexit sha1_base64="Ms/gGWxjA1a6p4ILfreJd+62EaU=">AAACEHicbVC7SgNBFJ2N7/hatbQZDD6qsCtBbYSAjYWIQhKF7BJmJ3d1yOyDmbtiWOIf2PgrNhaK2Fra+TfOJil8HRg4c865zNwTpFJodJxPqzQxOTU9MztXnl9YXFq2V1ZbOskUhyZPZKIuA6ZBihiaKFDCZaqARYGEi6B3VPgXN6C0SOIG9lPwI3YVi1Bwhkbq2NveiQl3Gd06pDXqpYKG1PPKYXF37zyEW8wb0Bp07IpTdYagf4k7JhUyxlnH/vC6Cc8iiJFLpnXbdVL0c6ZQcAmDspdpSBnvsStoGxqzCLSfDxca0E2jdGmYKHNipEP1+0TOIq37UWCSEcNr/dsrxP+8dobhgZ+LOM0QYj56KMwkxYQW7dCuUMBR9g1hXAnzV8qvmWIcTYdlU4L7e+W/pLVbdfeqtfNapX46rmOWrJMNskNcsk/q5JickSbh5J48kmfyYj1YT9ar9TaKlqzxzBr5Aev9C1Pvmlc=</latexit>

⇤ = 4⇡f

f = 1 TeV

Higgs
LE

top
combi

Why?
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LL approximation
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<latexit sha1_base64="P7Mfq6ytS17dkzWe68RvmlCdWVE="></latexit>

CSMEFT
i (µ) ⇡ Si

(4⇡f)2
log

⇣µ

⇤

⌘

Strongest bound from low energy
Absent at LL order
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LL approximation - Cu
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<latexit sha1_base64="v/7kKdSM7tK1FdBIR0KkcGwxpUI="></latexit>
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<latexit sha1_base64="/7zR8qIoMwzUt1vMmZAafuPiY9k="></latexit>
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<latexit sha1_base64="S9htmMhjXsDyFUi8lztoryk04Cw="></latexit>

CHD(µ) = �9↵2
t
C2

u
ln2

µ

⇤

CHD strongly constrained from 
measurement of W boson mass
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LL approximation - CGG
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<latexit sha1_base64="llxekxN3Cchcc+c83QwFLcQGODk="></latexit>

[CuG]33(µ) � �25 gs yt ↵s

⇡
C2

GG
ln2

µ

⇤

CHG(µ) �
100↵2

s
↵t

3
C2

GG
ln3

µ

⇤

CHG (Higgs-gluon coupling) and CuG (top-
gluon coupling) strongly constrained 
through gluon-fusion Higgs production

(Small) experimental anomaly in CMS 
Higgs STXS causes deviation at 95% CL
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[Bauer, Neubert, Thamm (1708.00443)]
[Bauer, Neubert, Renner, Schnubel, Thamm (2110.10698)]

Flavor

Multi-jets

Flavor
Flavor

VBS VBS

<latexit sha1_base64="vZ04htRHzBQHFEvpZT54mL0SD10=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCqzIjRV0W3bisYB/QDuVOmmlDk8yQZIQ69EvcuFDErZ/izr8xbUfQ1gOXezjnXnJzwoQzbTzvyymsrW9sbhW3Szu7e/tl9+CwpeNUEdokMY9VJwRNOZO0aZjhtJMoCiLktB2Ob2Z++4EqzWJ5byYJDQQMJYsYAWOlvlsG3BuCED+t71a8qjcHXiV+TiooR6PvfvYGMUkFlYZw0Lrre4kJMlCGEU6npV6qaQJkDEPatVSCoDrI5odP8alVBjiKlS1p8Fz9vZGB0HoiQjspwIz0sjcT//O6qYmugozJJDVUksVDUcqxifEsBTxgihLDJ5YAUczeiskIFBBjsyrZEPzlL6+S1nnVv6jW7mqV+nUeRxEdoxN0hnx0ieroFjVQExGUoif0gl6dR+fZeXPeF6MFJ985Qn/gfHwD+KeSqQ==</latexit>a�� <latexit sha1_base64="vZ04htRHzBQHFEvpZT54mL0SD10=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCqzIjRV0W3bisYB/QDuVOmmlDk8yQZIQ69EvcuFDErZ/izr8xbUfQ1gOXezjnXnJzwoQzbTzvyymsrW9sbhW3Szu7e/tl9+CwpeNUEdokMY9VJwRNOZO0aZjhtJMoCiLktB2Ob2Z++4EqzWJ5byYJDQQMJYsYAWOlvlsG3BuCED+t71a8qjcHXiV+TiooR6PvfvYGMUkFlYZw0Lrre4kJMlCGEU6npV6qaQJkDEPatVSCoDrI5odP8alVBjiKlS1p8Fz9vZGB0HoiQjspwIz0sjcT//O6qYmugozJJDVUksVDUcqxifEsBTxgihLDJ5YAUczeiskIFBBjsyrZEPzlL6+S1nnVv6jW7mqV+nUeRxEdoxN0hnx0ieroFjVQExGUoif0gl6dR+fZeXPeF6MFJ985Qn/gfHwD+KeSqQ==</latexit>a��

[Mariotti, Redigolo, Sala, Tobiok (1710.01743)]
[Bonilla, Brivio, Machado-Rodríguez, de Trocóniz (2202.03450)]

Light gray bounds with 
additional assumptions

https://arxiv.org/abs/1708.00443
https://arxiv.org/abs/2110.10698
https://arxiv.org/abs/1710.01743
https://arxiv.org/abs/2202.03450
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[Bauer, Neubert, Thamm (1708.00443)]
[Bauer, Neubert, Renner, Schnubel, Thamm (2110.10698)]

Flavor

Multi-jets

Flavor
Flavor

VBS VBS

<latexit sha1_base64="vZ04htRHzBQHFEvpZT54mL0SD10=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCqzIjRV0W3bisYB/QDuVOmmlDk8yQZIQ69EvcuFDErZ/izr8xbUfQ1gOXezjnXnJzwoQzbTzvyymsrW9sbhW3Szu7e/tl9+CwpeNUEdokMY9VJwRNOZO0aZjhtJMoCiLktB2Ob2Z++4EqzWJ5byYJDQQMJYsYAWOlvlsG3BuCED+t71a8qjcHXiV+TiooR6PvfvYGMUkFlYZw0Lrre4kJMlCGEU6npV6qaQJkDEPatVSCoDrI5odP8alVBjiKlS1p8Fz9vZGB0HoiQjspwIz0sjcT//O6qYmugozJJDVUksVDUcqxifEsBTxgihLDJ5YAUczeiskIFBBjsyrZEPzlL6+S1nnVv6jW7mqV+nUeRxEdoxN0hnx0ieroFjVQExGUoif0gl6dR+fZeXPeF6MFJ985Qn/gfHwD+KeSqQ==</latexit>a�� <latexit sha1_base64="vZ04htRHzBQHFEvpZT54mL0SD10=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCqzIjRV0W3bisYB/QDuVOmmlDk8yQZIQ69EvcuFDErZ/izr8xbUfQ1gOXezjnXnJzwoQzbTzvyymsrW9sbhW3Szu7e/tl9+CwpeNUEdokMY9VJwRNOZO0aZjhtJMoCiLktB2Ob2Z++4EqzWJ5byYJDQQMJYsYAWOlvlsG3BuCED+t71a8qjcHXiV+TiooR6PvfvYGMUkFlYZw0Lrre4kJMlCGEU6npV6qaQJkDEPatVSCoDrI5odP8alVBjiKlS1p8Fz9vZGB0HoiQjspwIz0sjcT//O6qYmugozJJDVUksVDUcqxifEsBTxgihLDJ5YAUczeiskIFBBjsyrZEPzlL6+S1nnVv6jW7mqV+nUeRxEdoxN0hnx0ieroFjVQExGUoif0gl6dR+fZeXPeF6MFJ985Qn/gfHwD+KeSqQ==</latexit>a��

[Mariotti, Redigolo, Sala, Tobiok (1710.01743)]
[Bonilla, Brivio, Machado-Rodríguez, de Trocóniz (2202.03450)] ALP-SMEFT interference 

tests unconstrained parameter 
space

Light gray bounds with 
additional assumptions

https://arxiv.org/abs/1708.00443
https://arxiv.org/abs/2110.10698
https://arxiv.org/abs/1710.01743
https://arxiv.org/abs/2202.03450
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[Bauer, Neubert, Renner, Schnubel, Thamm (2110.10698)]

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

[BaBar (1406.2980)]
[AB, Chala, Spannowski (2203.14984)]
[Lucente, Carenza (2107.12393)]
[Essig, Harnik, Kaplan, Toro (1008.0636)]

<latexit sha1_base64="zaz/McRUxbGceFKWsSM4WGOZXFI=">AAAB/nicbZDLSgMxFIYz9VbrbVRcuQkWwVWZkaIuS924rGAv0BnKmTRtQ5PMkGSEMhR8FTcuFHHrc7jzbUzbWWjrD4GP/5xDzvmjhDNtPO/bKaytb2xuFbdLO7t7+wfu4VFLx6kitEliHqtOBJpyJmnTMMNpJ1EURMRpOxrfzurtR6o0i+WDmSQ0FDCUbMAIGGv13JMRDkyMAQcixUEdVGZh2nPLXsWbC6+Cn0MZ5Wr03K+gH5NUUGkIB627vpeYMANlGOF0WgpSTRMgYxjSrkUJguowm68/xefW6eNBrOyTBs/d3xMZCK0nIrKdAsxIL9dm5n+1bmoGN2HGZJIaKsnio0HKsT14lgXuM0WJ4RMLQBSzu2IyAgXE2MRKNgR/+eRVaF1W/KtK9b5artXzOIroFJ2hC+Sja1RDd6iBmoigDD2jV/TmPDkvzrvzsWgtOPnMMfoj5/MHFa+U8w==</latexit>

h ! aµµ̄

Beam 
Dumps

SN

Flav. / BaBar

Flavor

Flavor

Top

https://arxiv.org/abs/2110.10698
https://arxiv.org/abs/2303.17634
https://arxiv.org/abs/1406.2980
https://arxiv.org/abs/2203.14984
https://arxiv.org/abs/2107.12393
https://arxiv.org/abs/1008.0636
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KSVZ DFSZ
[Kim-Shifman-Vainshtein-Zakharov  (1979, 1980)] [Dine-Fischler-Srednicki-Zhitnitsky  (1980, 1981)]

Scalar 
singlet

Vector-like 
quark

Scalar 
singlet2HDM

Boson-philic Fermion-philic

Matching a UV model onto an EFT would lead to additional SMEFT 
operators. What is the influence of those?
[Arias-Aragón, Quevillon, Smith (2211.04489)]

https://doi.org/10.1103/PhysRevLett.43.103
https://linkinghub.elsevier.com/retrieve/pii/0550321380902096
https://www.osti.gov/biblio/7063072
https://linkinghub.elsevier.com/retrieve/pii/0370269381905906
https://arxiv.org/abs/2211.04489
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[Kim-Shifman-Vainshtein-Zakharov  (1979, 1980)]

<latexit sha1_base64="9t6yPvTT8AuEt85rkaFL/vd8/qw="></latexit>

LKSVZ = LSM + |@µS|2 + Q̄ i /DQ� yQ

�
S Q̄LQR + h.c.

�

+ µS |S|2 �
�S

2
|S|2 � �SH |S|2(H†

H) + LQq

VLQ decay

<latexit sha1_base64="fOWpdXhD/ZWB3oXUaMXS9MI/goA="></latexit>

S(x) =
1p
2

⇥
f + ⇢(x)

⇤
e

ia(x)
f ,

Vector-like quark  
Singlet scalar 

<latexit sha1_base64="nIb1YxNoZIuLw+OZUTEjNQYksyM=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi95asR/QhrLZTtqlm03Y3Qil9B948aCIV/+RN/+NmzYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj28xvP6HSPJaPZpKgH9Gh5CFn1FjpoVHqlytu1Z2DrBIvJxXIUe+Xv3qDmKURSsME1brruYnxp1QZzgTOSr1UY0LZmA6xa6mkEWp/Or90Rs6sMiBhrGxJQ+bq74kpjbSeRIHtjKgZ6WUvE//zuqkJb/wpl0lqULLFojAVxMQke5sMuEJmxMQSyhS3txI2oooyY8PJQvCWX14lrYuqd1W9bFxWavd5HEU4gVM4Bw+uoQZ3UIcmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5A+SDjPk=</latexit>

Q
<latexit sha1_base64="jdFHCWaqxlYnNkfCAMgUc7Nbi6Q=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAF73FRx6QLGF2MpsMmZ1dZnqFEPIHXjwo4tU/8ubfOJvsQRMLGoqqbrq7gkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwus781hPXRsTqEccJ9yM6UCIUjKKV7h9KvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBf0I1Cib5tNRNDU8oG9EB71iqaMSNP5ldOiUnVumTMNa2FJKZ+ntiQiNjxlFgOyOKQ7PoZeJ/XifF8MqfCJWkyBWbLwpTSTAm2dukLzRnKMeWUKaFvZWwIdWUoQ0nC8FbfHmZNM+q3kX1/O68UrvN4yjCERzDKXhwCTW4gTo0gEEIz/AKb87IeXHenY95a8HJZw7hD5zPH+eNjPs=</latexit>

S

<latexit sha1_base64="nIb1YxNoZIuLw+OZUTEjNQYksyM=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi95asR/QhrLZTtqlm03Y3Qil9B948aCIV/+RN/+NmzYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj28xvP6HSPJaPZpKgH9Gh5CFn1FjpoVHqlytu1Z2DrBIvJxXIUe+Xv3qDmKURSsME1brruYnxp1QZzgTOSr1UY0LZmA6xa6mkEWp/Or90Rs6sMiBhrGxJQ+bq74kpjbSeRIHtjKgZ6WUvE//zuqkJb/wpl0lqULLFojAVxMQke5sMuEJmxMQSyhS3txI2oooyY8PJQvCWX14lrYuqd1W9bFxWavd5HEU4gVM4Bw+uoQZ3UIcmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5A+SDjPk=</latexit>

Q
<latexit sha1_base64="upTnT+Vn2OnkgFrxXaWNciP8VUQ=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF71VsR/QhrLZTtqlm03Y3Qil9B948aCIV/+RN/+NmzYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfjm8xvP6HSPJaPZpKgH9Gh5CFn1FjpgZb65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8KVWGM4GzUi/VmFA2pkPsWipphNqfzi+dkTOrDEgYK1vSkLn6e2JKI60nUWA7I2pGetnLxP+8bmrCa3/KZZIalGyxKEwFMTHJ3iYDrpAZMbGEMsXtrYSNqKLM2HCyELzll1dJ66LqXVZr97VK/S6PowgncArn4MEV1OEWGtAEBiE8wyu8OWPnxXl3PhatBSefOYY/cD5/APzTjQk=</latexit>a

<latexit sha1_base64="uk2TivypUVtUw2PWOq6HEIS5k08="></latexit>

MQ = yQ f/
p
2, M2

⇢ = �Sf
2

Heavy particles  and  
<latexit sha1_base64="nIb1YxNoZIuLw+OZUTEjNQYksyM=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi95asR/QhrLZTtqlm03Y3Qil9B948aCIV/+RN/+NmzYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj28xvP6HSPJaPZpKgH9Gh5CFn1FjpoVHqlytu1Z2DrBIvJxXIUe+Xv3qDmKURSsME1brruYnxp1QZzgTOSr1UY0LZmA6xa6mkEWp/Or90Rs6sMiBhrGxJQ+bq74kpjbSeRIHtjKgZ6WUvE//zuqkJb/wpl0lqULLFojAVxMQke5sMuEJmxMQSyhS3txI2oooyY8PJQvCWX14lrYuqd1W9bFxWavd5HEU4gVM4Bw+uoQZ3UIcmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5A+SDjPk=</latexit>

Q <latexit sha1_base64="aapWzy5NwFyt3q1doUmdWoqUK90=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAF71FMA9IljA7mc0OmccyMyuEkF/w4kERr/6QN//G2WQPmljQUFR1090VpZwZ6/vfXmltfWNzq7xd2dnd2z+oHh61jco0oS2iuNLdCBvKmaQtyyyn3VRTLCJOO9H4Nvc7T1QbpuSjnaQ0FHgkWcwItrnU14kaVGt+3Z8DrZKgIDUo0BxUv/pDRTJBpSUcG9ML/NSGU6wtI5zOKv3M0BSTMR7RnqMSC2rC6fzWGTpzyhDFSruSFs3V3xNTLIyZiMh1CmwTs+zl4n9eL7PxTThlMs0slWSxKM44sgrlj6Mh05RYPnEEE83crYgkWGNiXTwVF0Kw/PIqaV/Ug6v65cNlrXFfxFGGEziFcwjgGhpwB01oAYEEnuEV3jzhvXjv3seiteQVM8fwB97nDyS1jlc=</latexit>⇢

Integrate out

<latexit sha1_base64="6g7iNcwRv/D98Wj3lkOEN6YrU5w=">AAACInicbZDLSsNAFIYn9VbrLerSTbAILdSa2KIui25cuGjFXqAJYTKdtENnkjAzEUrIM/gSvoJb3bsTV4Irn8TpRbDVHwY+/nMO58zvRZQIaZofWmZpeWV1Lbue29jc2t7Rd/daIow5wk0U0pB3PCgwJQFuSiIp7kQcQ+ZR3PaGV+N6+x5zQcLgTo4i7DDYD4hPEJTKcvViw01uSrepLQgr2AzKgecnlbT0g1ZadJNj66SSunreLJsTGX/BmkEezFR39S+7F6KY4UAiCoXoWmYknQRySRDFac6OBY4gGsI+7ioMIMPCSSZfSo0j5fQMP+TqBdKYuL8nEsiEGDFPdY4vFYu1sflfrRtL/8JJSBDFEgdousiPqSFDY5yP0SMcI0lHCiDiRN1qoAHkEEmV4twWj6U5FYq1GMFfaJ2WrbNytVHN1y5n8WTBATgEBWCBc1AD16AOmgCBB/AEnsGL9qi9am/a+7Q1o81m9sGctM9v3dGjjw==</latexit>

QL,R ⇠ (3,1)�1/3

<latexit sha1_base64="Qt0Bh/hA8C8mIbSAnuyPnEoprrs="></latexit>

LQq = �y
p
q q̄

p
LHQR + h.c.

https://doi.org/10.1103/PhysRevLett.43.103
https://linkinghub.elsevier.com/retrieve/pii/0550321380902096
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<latexit sha1_base64="Tlm6ZDTbd/5pyal4fQ8ooRxCS70="></latexit>

LEFT � +
1

2
(@µa)

2 � 1

2
m2

a
a2 � ↵s

8⇡

a

f
GA

µ⌫
eGµ⌫ A � 1

3

↵Y

4⇡

a

f
Bµ⌫

eBµ⌫

� �2
SH

f2

2M4
⇢

QH⇤ +
yp
q
yr ⇤
q

2M2
Q

✓
Y rs

d
[QdH ]ps � 1

2
[Q(1)

Hq
]pr � 1

2
[Q(3)

Hq
]pr + h.c.

◆

At scale : ALP couplings  and  SMEFT contributions<latexit sha1_base64="qvLBvsvgSOOr2gtCTMeWQdQrmLM=">AAAB/nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZcFNwouKtgHtEPJZDJtaJIZkoxQhoK/4Fb37sStv+LWLzFtZ2FbDwQO55zLvTlBwpk2rvvtFNbWNza3itulnd29/YPy4VFLx6kitEliHqtOgDXlTNKmYYbTTqIoFgGn7WB0M/XbT1RpFstHM06oL/BAsogRbKzU7t3baIj75YpbdWdAq8TLSQVyNPrln14Yk1RQaQjHWnc9NzF+hpVhhNNJqZdqmmAywgPatVRiQbWfzc6doDOrhCiKlX3SoJn6dyLDQuuxCGxSYDPUy95U/M/rpia69jMmk9RQSeaLopQjE6Pp31HIFCWGjy3BRDF7KyJDrDAxtqGFLYGYlGwp3nIFq6R1UfUuq7WHWqV+l9dThBM4hXPw4ArqcAsNaAKBEbzAK7w5z8678+F8zqMFJ585hgU4X79hqpYT</latexit>

⇤

<latexit sha1_base64="Qt0Bh/hA8C8mIbSAnuyPnEoprrs="></latexit>

LQq = �y
p
q q̄

p
LHQR + h.c.

<latexit sha1_base64="FY2TsbpgmrQtFXGyYkqifzAQYdo=">AAACF3icbVA9SwNBEN3z2/gVtRRkMQg2xjsRtbAI2GghKJgPSOKxt5kkS/Y+3J0Tw+U6/4R/wVZ7O7G1tPWXuIkpNPHBwOO9GWbmeZEUGm3705qYnJqemZ2bzywsLi2vZFfXSjqMFYciD2WoKh7TIEUARRQooRIpYL4noex1Tvt++Q6UFmFwjd0I6j5rBaIpOEMjudnNXte93btwr3r0hNp5p4Zwj8k1lNKbZNdJ3WzOztsD0HHiDEmODHHpZr9qjZDHPgTIJdO66tgR1hOmUHAJaaYWa4gY77AWVA0NmA+6ngz+SOm2URq0GSpTAdKB+nsiYb7WXd8znT7Dth71+uJ/XjXG5nE9EUEUIwT8Z1EzlhRD2g+FNoQCjrJrCONKmFspbzPFOJro/mzx/DRjQnFGIxgnpf28c5g/uDrIFc6H8cyRDbJFdohDjkiBnJFLUiScPJAn8kxerEfr1Xqz3n9aJ6zhzDr5A+vjG+uanuE=</latexit>

|yq/MQ| < 0.1TeV�1

Limits on f can be obtained for fixed CGG and CBB from 
one-parameter ALP fit
Additional Limits on scalar parameters and portal

<latexit sha1_base64="Z6cxbrPiWPPMMtkOTghc2aJRP94=">AAACKHicbVDLSgMxFM34rPVVdekmWAQXpc4U0a6k4KbuKrVV6NSSSe9oMPMguSOWYT7Dn/AX3OrenXTbLzGtRbR6IHByzrnc5HixFBpte2jNzS8sLi3nVvKra+sbm4Wt7baOEsWhxSMZqWuPaZAihBYKlHAdK2CBJ+HKuz8b+1cPoLSIwkscxNAN2G0ofMEZGqlXOHSlCfdZr3lTcUvU/76nzXpGT2mlXKVuyUV4xPQS2lmvULTL9gT0L3GmpEimaPQKI7cf8SSAELlkWnccO8ZuyhQKLiHLu4mGmPF7dgsdQ0MWgO6mk49ldN8ofepHypwQ6UT9OZGyQOtB4JlkwPBOz3pj8T+vk6Bf7aYijBOEkH8t8hNJMaLjlmhfKOAoB4YwroR5K+V3TDGOpstfW7wgy5tSnNkK/pJ2pewcl48ujoq182k9ObJL9sgBccgJqZE6aZAW4eSJvJBX8mY9W+/WhzX8is5Z05kd8gvW6BPo2KUI</latexit>

�2
S
f/�SH > 2.8TeV
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<latexit sha1_base64="A908IxfeSdrr8le2x/Fc0NnKD0c="></latexit>

LDFSZ � |DµH1|2 + |DµH2|2 + |@µS|2 � (q̄ H̃1 �u uR + q̄ H2 �d dR + ¯̀Hi �e eR + h.c.)

�m
2
1 |H1|2 �m

2
2 |H2|2 �

�1

2
|H1|4 �

�2

2
|H2|4 � �3 |H1|2|H2|2 � �4 |H†

1H2|2

+ µS |S|2 � �S

2
|S|4 � �SH1 |S|2|H1|2 � �SH2 |S|2|H2|2 � �SH12

h
(H†

1H2)S
2 + h.c.

i

Two-Higgs doublet model + scalar singlet

Two options for relation to 
SM Yukawas

<latexit sha1_base64="fOWpdXhD/ZWB3oXUaMXS9MI/goA="></latexit>

S(x) =
1p
2

⇥
f + ⇢(x)

⇤
e

ia(x)
f ,

Heavy particles  and  <latexit sha1_base64="kDbGQ7TC+g/41Af4dwOcWiiTEwA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF8FLBPsBbSib7aZZursJuxuhhIK/wIsHRbz6h7z5b9y0PWjrg4HHezPMzAtTzrRx3W+ntLa+sblV3q7s7O7tH1QPj9o6yRShLZLwRHVDrClnkrYMM5x2U0WxCDnthOObwu88UqVZIh/MJKWBwCPJIkawKaS+H7NBtebW3RnQKvEWpAYL+IPqV3+YkExQaQjHWvc8NzVBjpVhhNNppZ9pmmIyxiPas1RiQXWQz26dojOrDFGUKFvSoJn6eyLHQuuJCG2nwCbWy14h/uf1MhNdBzmTaWaoJPNFUcaRSVDxOBoyRYnhE0swUczeikiMFSbGxlOxIXjLL6+S9kXdu6w37hu15t3TPI4ynMApnIMHV9CEW/ChBQRieIZXeHOE8+K8Ox/z1pKziPAY/sD5/AEOa46x</latexit>

�
<latexit sha1_base64="KUHNDVx/2UNunor85n5t70mKg5o=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BL4KXCOYByRJmJ7PJkHksM7NCWAJ+gRcPinj1h7z5N84mOWhiQUNR1U13V5RwZqzvf3uFtfWNza3idmlnd2//oHx41DIq1YQ2ieJKdyJsKGeSNi2znHYSTbGIOG1H45vcbz9SbZiSD3aS0FDgoWQxI9jmUk+PVL9c8av+DGiVBAtSgQUa/fJXb6BIKqi0hGNjuoGf2DDD2jLC6bTUSw1NMBnjIe06KrGgJsxmt07RmVMGKFbalbRopv6eyLAwZiIi1ymwHZllLxf/87qpja/DjMkktVSS+aI45cgqlD+OBkxTYvnEEUw0c7ciMsIaE+viKbkQguWXV0nrohpcVmv3tUr97mkeRxFO4BTOIYArqMMtNKAJBEbwDK/w5gnvxXv3PuatBW8R4TH8gff5A0tPjtk=</latexit>⇢
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DFSZ I
DFSZ II

<latexit sha1_base64="GuakT936+GnH+ZwcyHhBn5DDAmE="></latexit>✓
H1

H2

◆
= R(↵)

✓
H

�

◆
Mixing angle <latexit sha1_base64="zeM+qt4n620BHs2NYo9Mu+TEpc8=">AAACEXicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RzAOSJfROJsmYmd1lZlYMS/5B8KR/4k28+gX+iGcnyR5MYkFDUdVNd1cQC66N6347uZXVtfWN/GZha3tnd6+4f1DXUaIoq9FIRKoZoGaCh6xmuBGsGSuGMhCsEQxvJn7jkSnNo/DejGLmS+yHvMcpGivV2yjiAXaKJbfsTkGWiZeREmSodoo/7W5EE8lCQwVq3fLc2PgpKsOpYONCO9EsRjrEPmtZGqJk2k+n147JiVW6pBcpW6EhU/XvRIpS65EMbKdEM9CL3kT8z2slpnflpzyME8NCOlvUSwQxEZm8TrpcMWrEyBKkittbCR2gQmpsQHNbAjn3Q/o0O71gg/IWY1km9bOyd1E+vzsvVa6zyPJwBMdwCh5cQgVuoQo1oPAAz/AKb86L8+58OJ+z1pyTzRzCHJyvX6ixnk0=</latexit>↵

<latexit sha1_base64="+gzljuXWE3in5mm5O7S3p5oE1K8=">AAAB/XicbZBLSwMxFIUz9VXra3zs3ASL4MYyU4q6EQrdCG4q2Ae043AnzbShmcyQZIRaiv4UNy4Ucev/cOe/MX0stPVA4OOcG3JzgoQzpR3n28osLa+srmXXcxubW9s79u5eXcWpJLRGYh7LZgCKciZoTTPNaTORFKKA00bQr4zzxj2VisXiVg8S6kXQFSxkBLSxfPug4qf4Ep/iIlZ3Rb8NPOmBb+edgjMRXgR3Bnk0U9W3v9qdmKQRFZpwUKrlOon2hiA1I5yOcu1U0QRIH7q0ZVBARJU3nGw/wsfG6eAwluYIjSfu7xtDiJQaRIGZjED31Hw2Nv/LWqkOL7whE0mqqSDTh8KUYx3jcRW4wyQlmg8MAJHM7IpJDyQQbQrLmRLc+S8vQr1YcM8KpZtSvnz9NK0jiw7RETpBLjpHZXSFqqiGCHpAz+gVvVmP1ov1bn1MRzPWrMJ99EfW5w/P+5P8</latexit>

Cu = �2s2↵
<latexit sha1_base64="fpSFcM9F7Fw50XeE49M0t9uPNsQ=">AAAB/XicbZBLSwMxFIUz9VXra3zs3ASL4MYyU4q6EQrdCG4q2Ae043Ank2lDMw+SjFCHoj/FjQtF3Po/3PlvTB8LbT0Q+DjnhtwcL+FMKsv6NnJLyyura/n1wsbm1vaOubvXlHEqCG2QmMei7YGknEW0oZjitJ0ICqHHacsb1MZ5654KyeLoVg0T6oTQi1jACChtueZBzfXxJT7FZUzuym4XeNIH1yxaJWsivAj2DIpoprprfnX9mKQhjRThIGXHthLlZCAUI5yOCt1U0gTIAHq0ozGCkEonm2w/wsfa8XEQC30ihSfu7xsZhFIOQ09PhqD6cj4bm/9lnVQFF07GoiRVNCLTh4KUYxXjcRXYZ4ISxYcagAimd8WkDwKI0oUVdAn2/JcXoVku2Welyk2lWL1+mtaRR4foCJ0gG52jKrpCddRABD2gZ/SK3oxH48V4Nz6mozljVuE++iPj8wecRpPb</latexit>

Cd = �2c2↵
<latexit sha1_base64="MU6f2X8XuOQmPBH1nxxMwQUF04I=">AAAB/XicbZBLSwMxFIUz9VXra3zs3ASL4MYyU4q6EQrdCG4q2Ae043AnzbShmcyQZIRaiv4UNy4Ucev/cOe/MX0stPVA4OOcG3JzgoQzpR3n28osLa+srmXXcxubW9s79u5eXcWpJLRGYh7LZgCKciZoTTPNaTORFKKA00bQr4zzxj2VisXiVg8S6kXQFSxkBLSxfPug4lN8iU9xEZO7ot8GnvTAt/NOwZkIL4I7gzyaqerbX+1OTNKICk04KNVynUR7Q5CaEU5HuXaqaAKkD13aMiggosobTrYf4WPjdHAYS3OExhP3940hREoNosBMRqB7aj4bm/9lrVSHF96QiSTVVJDpQ2HKsY7xuArcYZISzQcGgEhmdsWkBxKINoXlTAnu/JcXoV4suGeF0k0pX75+mtaRRYfoCJ0gF52jMrpCVVRDBD2gZ/SK3qxH68V6tz6moxlrVuE++iPr8wed25Pc</latexit>

Ce = �2c2↵

<latexit sha1_base64="2OU+mygUje7ZxAUqNLQUAojrGRw=">AAAB/XicbZBLSwMxFIUz9VXra3zs3ASL4MYyU4q6EQrdCG4q2Ae043AnzbShmcyQZIRaiv4UNy4Ucev/cOe/MX0stPVA4OOcG3JzgoQzpR3n28osLa+srmXXcxubW9s79u5eXcWpJLRGYh7LZgCKciZoTTPNaTORFKKA00bQr4zzxj2VisXiVg8S6kXQFSxkBLSxfPug4lN8iU9xEau7ot8GnvTAt/NOwZkIL4I7gzyaqerbX+1OTNKICk04KNVynUR7Q5CaEU5HuXaqaAKkD13aMiggosobTrYf4WPjdHAYS3OExhP3940hREoNosBMRqB7aj4bm/9lrVSHF96QiSTVVJDpQ2HKsY7xuArcYZISzQcGgEhmdsWkBxKINoXlTAnu/JcXoV4suGeF0k0pX75+mtaRRYfoCJ0gF52jMrpCVVRDBD2gZ/SK3qxH68V6tz6moxlrVuE++iPr8we2q5Ps</latexit>

Ce = �2s2↵
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DFSZ I
DFSZ II

<latexit sha1_base64="GuakT936+GnH+ZwcyHhBn5DDAmE="></latexit>✓
H1

H2

◆
= R(↵)

✓
H

�

◆
Mixing angle <latexit sha1_base64="zeM+qt4n620BHs2NYo9Mu+TEpc8=">AAACEXicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RzAOSJfROJsmYmd1lZlYMS/5B8KR/4k28+gX+iGcnyR5MYkFDUdVNd1cQC66N6347uZXVtfWN/GZha3tnd6+4f1DXUaIoq9FIRKoZoGaCh6xmuBGsGSuGMhCsEQxvJn7jkSnNo/DejGLmS+yHvMcpGivV2yjiAXaKJbfsTkGWiZeREmSodoo/7W5EE8lCQwVq3fLc2PgpKsOpYONCO9EsRjrEPmtZGqJk2k+n147JiVW6pBcpW6EhU/XvRIpS65EMbKdEM9CL3kT8z2slpnflpzyME8NCOlvUSwQxEZm8TrpcMWrEyBKkittbCR2gQmpsQHNbAjn3Q/o0O71gg/IWY1km9bOyd1E+vzsvVa6zyPJwBMdwCh5cQgVuoQo1oPAAz/AKb86L8+58OJ+z1pyTzRzCHJyvX6ixnk0=</latexit>↵

<latexit sha1_base64="+gzljuXWE3in5mm5O7S3p5oE1K8=">AAAB/XicbZBLSwMxFIUz9VXra3zs3ASL4MYyU4q6EQrdCG4q2Ae043AnzbShmcyQZIRaiv4UNy4Ucev/cOe/MX0stPVA4OOcG3JzgoQzpR3n28osLa+srmXXcxubW9s79u5eXcWpJLRGYh7LZgCKciZoTTPNaTORFKKA00bQr4zzxj2VisXiVg8S6kXQFSxkBLSxfPug4qf4Ep/iIlZ3Rb8NPOmBb+edgjMRXgR3Bnk0U9W3v9qdmKQRFZpwUKrlOon2hiA1I5yOcu1U0QRIH7q0ZVBARJU3nGw/wsfG6eAwluYIjSfu7xtDiJQaRIGZjED31Hw2Nv/LWqkOL7whE0mqqSDTh8KUYx3jcRW4wyQlmg8MAJHM7IpJDyQQbQrLmRLc+S8vQr1YcM8KpZtSvnz9NK0jiw7RETpBLjpHZXSFqqiGCHpAz+gVvVmP1ov1bn1MRzPWrMJ99EfW5w/P+5P8</latexit>

Cu = �2s2↵
<latexit sha1_base64="fpSFcM9F7Fw50XeE49M0t9uPNsQ=">AAAB/XicbZBLSwMxFIUz9VXra3zs3ASL4MYyU4q6EQrdCG4q2Ae043Ank2lDMw+SjFCHoj/FjQtF3Po/3PlvTB8LbT0Q+DjnhtwcL+FMKsv6NnJLyyura/n1wsbm1vaOubvXlHEqCG2QmMei7YGknEW0oZjitJ0ICqHHacsb1MZ5654KyeLoVg0T6oTQi1jACChtueZBzfXxJT7FZUzuym4XeNIH1yxaJWsivAj2DIpoprprfnX9mKQhjRThIGXHthLlZCAUI5yOCt1U0gTIAHq0ozGCkEonm2w/wsfa8XEQC30ihSfu7xsZhFIOQ09PhqD6cj4bm/9lnVQFF07GoiRVNCLTh4KUYxXjcRXYZ4ISxYcagAimd8WkDwKI0oUVdAn2/JcXoVku2Welyk2lWL1+mtaRR4foCJ0gG52jKrpCddRABD2gZ/SK3oxH48V4Nz6mozljVuE++iPj8wecRpPb</latexit>

Cd = �2c2↵
<latexit sha1_base64="MU6f2X8XuOQmPBH1nxxMwQUF04I=">AAAB/XicbZBLSwMxFIUz9VXra3zs3ASL4MYyU4q6EQrdCG4q2Ae043AnzbShmcyQZIRaiv4UNy4Ucev/cOe/MX0stPVA4OOcG3JzgoQzpR3n28osLa+srmXXcxubW9s79u5eXcWpJLRGYh7LZgCKciZoTTPNaTORFKKA00bQr4zzxj2VisXiVg8S6kXQFSxkBLSxfPug4lN8iU9xEZO7ot8GnvTAt/NOwZkIL4I7gzyaqerbX+1OTNKICk04KNVynUR7Q5CaEU5HuXaqaAKkD13aMiggosobTrYf4WPjdHAYS3OExhP3940hREoNosBMRqB7aj4bm/9lrVSHF96QiSTVVJDpQ2HKsY7xuArcYZISzQcGgEhmdsWkBxKINoXlTAnu/JcXoV4suGeF0k0pX75+mtaRRYfoCJ0gF52jMrpCVVRDBD2gZ/SK3qxH68V6tz6moxlrVuE++iPr8wed25Pc</latexit>

Ce = �2c2↵

<latexit sha1_base64="2OU+mygUje7ZxAUqNLQUAojrGRw=">AAAB/XicbZBLSwMxFIUz9VXra3zs3ASL4MYyU4q6EQrdCG4q2Ae043AnzbShmcyQZIRaiv4UNy4Ucev/cOe/MX0stPVA4OOcG3JzgoQzpR3n28osLa+srmXXcxubW9s79u5eXcWpJLRGYh7LZgCKciZoTTPNaTORFKKA00bQr4zzxj2VisXiVg8S6kXQFSxkBLSxfPug4lN8iU9xEau7ot8GnvTAt/NOwZkIL4I7gzyaqerbX+1OTNKICk04KNVynUR7Q5CaEU5HuXaqaAKkD13aMiggosobTrYf4WPjdHAYS3OExhP3940hREoNosBMRqB7aj4bm/9lrVSHF96QiSTVVJDpQ2HKsY7xuArcYZISzQcGgEhmdsWkBxKINoXlTAnu/JcXoV4suGeF0k0pX75+mtaRRYfoCJ0gF52jMrpCVVRDBD2gZ/SK3qxH68V6tz6moxlrVuE++iPr8we2q5Ps</latexit>

Ce = �2s2↵

<latexit sha1_base64="FVOjTdiBRSQBMJIol/YWHjR6kcc=">AAAB/3icbZBLSwMxFIUz9VXra1Rw4yZYBFd1Roq6cFFwI7hRsLXQDkMmvaOhmQfJHbFMC/pX3LhQxK1/w53/xvSx0OqBwMc5N+TmBKkUGh3nyyrMzM7NLxQXS0vLK6tr9vpGQyeZ4lDniUxUM2AapIihjgIlNFMFLAokXAfd02F+fQdKiyS+wl4KXsRuYhEKztBYvr3VP/Wz/n5IT6i730a4x/wKGgPfLjsVZyT6F9wJlMlEF7792e4kPIsgRi6Z1i3XSdHLmULBJQxK7UxDyniX3UDLYMwi0F4+2n9Ad43ToWGizImRjtyfN3IWad2LAjMZMbzV09nQ/C9rZRgee7mI0wwh5uOHwkxSTOiwDNoRCjjKngHGlTC7Un7LFONoKiuZEtzpL/+FxkHFPaxUL6vl2vnDuI4i2SY7ZI+45IjUyBm5IHXCSZ88kRfyaj1az9ab9T4eLViTCjfJL1kf38UwlcE=</latexit>

|Cu|/f < 1/TeV
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DFSZ I
DFSZ II

<latexit sha1_base64="GuakT936+GnH+ZwcyHhBn5DDAmE="></latexit>✓
H1

H2

◆
= R(↵)

✓
H

�

◆

<latexit sha1_base64="MMo88f9MsT2bBPXbIJ/n+/lTtXw="></latexit>

LEFT � �C H
M2

�

�
t↵ [Yu]

pr [QuH ]pr � t�1
↵

[Yd]
pr [QdH ]pr � ⌘↵ [Ye]

pr [QeH ]pr + h.c.
�

� [Y ⇤
u
]sr [Yu]pt t2↵
M2

�

✓
1

6
[Q(1)

qu
]prst + [Q(8)

qu
]prst

◆
� [Y ⇤

d
]sr [Yd]pt t�2

↵

M2
�

✓
1

6
[Q(1)

qd
]prst + [Q(8)

qd
]prst

◆

� [Y ⇤
e
]sr [Ye]pt ⌘2↵
2M2

�

[Qle]
prst � 1

M2
�

⇣
[Yu]

pr [Yd]
st [Q(1)

quqd
]prst � [Yu]

st [Ye]
pr t↵⌘↵ [Q

(1)
lequ

]prst

�[Y ⇤
d
]st [Ye]

pr t�1
↵

⌘↵ [Qledq]
prst + h.c.

⌘
+

CH

M2
�

QH � �2
SH

f2

2M4
⇢

QH⇤ ,

Mixing angle <latexit sha1_base64="zeM+qt4n620BHs2NYo9Mu+TEpc8=">AAACEXicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RzAOSJfROJsmYmd1lZlYMS/5B8KR/4k28+gX+iGcnyR5MYkFDUdVNd1cQC66N6347uZXVtfWN/GZha3tnd6+4f1DXUaIoq9FIRKoZoGaCh6xmuBGsGSuGMhCsEQxvJn7jkSnNo/DejGLmS+yHvMcpGivV2yjiAXaKJbfsTkGWiZeREmSodoo/7W5EE8lCQwVq3fLc2PgpKsOpYONCO9EsRjrEPmtZGqJk2k+n147JiVW6pBcpW6EhU/XvRIpS65EMbKdEM9CL3kT8z2slpnflpzyME8NCOlvUSwQxEZm8TrpcMWrEyBKkittbCR2gQmpsQHNbAjn3Q/o0O71gg/IWY1km9bOyd1E+vzsvVa6zyPJwBMdwCh5cQgVuoQo1oPAAz/AKb86L8+58OJ+z1pyTzRzCHJyvX6ixnk0=</latexit>↵

Yukawa 
suppressed

<latexit sha1_base64="+gzljuXWE3in5mm5O7S3p5oE1K8=">AAAB/XicbZBLSwMxFIUz9VXra3zs3ASL4MYyU4q6EQrdCG4q2Ae043AnzbShmcyQZIRaiv4UNy4Ucev/cOe/MX0stPVA4OOcG3JzgoQzpR3n28osLa+srmXXcxubW9s79u5eXcWpJLRGYh7LZgCKciZoTTPNaTORFKKA00bQr4zzxj2VisXiVg8S6kXQFSxkBLSxfPug4qf4Ep/iIlZ3Rb8NPOmBb+edgjMRXgR3Bnk0U9W3v9qdmKQRFZpwUKrlOon2hiA1I5yOcu1U0QRIH7q0ZVBARJU3nGw/wsfG6eAwluYIjSfu7xtDiJQaRIGZjED31Hw2Nv/LWqkOL7whE0mqqSDTh8KUYx3jcRW4wyQlmg8MAJHM7IpJDyQQbQrLmRLc+S8vQr1YcM8KpZtSvnz9NK0jiw7RETpBLjpHZXSFqqiGCHpAz+gVvVmP1ov1bn1MRzPWrMJ99EfW5w/P+5P8</latexit>

Cu = �2s2↵
<latexit sha1_base64="fpSFcM9F7Fw50XeE49M0t9uPNsQ=">AAAB/XicbZBLSwMxFIUz9VXra3zs3ASL4MYyU4q6EQrdCG4q2Ae043Ank2lDMw+SjFCHoj/FjQtF3Po/3PlvTB8LbT0Q+DjnhtwcL+FMKsv6NnJLyyura/n1wsbm1vaOubvXlHEqCG2QmMei7YGknEW0oZjitJ0ICqHHacsb1MZ5654KyeLoVg0T6oTQi1jACChtueZBzfXxJT7FZUzuym4XeNIH1yxaJWsivAj2DIpoprprfnX9mKQhjRThIGXHthLlZCAUI5yOCt1U0gTIAHq0ozGCkEonm2w/wsfa8XEQC30ihSfu7xsZhFIOQ09PhqD6cj4bm/9lnVQFF07GoiRVNCLTh4KUYxXjcRXYZ4ISxYcagAimd8WkDwKI0oUVdAn2/JcXoVku2Welyk2lWL1+mtaRR4foCJ0gG52jKrpCddRABD2gZ/SK3oxH48V4Nz6mozljVuE++iPj8wecRpPb</latexit>

Cd = �2c2↵
<latexit sha1_base64="MU6f2X8XuOQmPBH1nxxMwQUF04I=">AAAB/XicbZBLSwMxFIUz9VXra3zs3ASL4MYyU4q6EQrdCG4q2Ae043AnzbShmcyQZIRaiv4UNy4Ucev/cOe/MX0stPVA4OOcG3JzgoQzpR3n28osLa+srmXXcxubW9s79u5eXcWpJLRGYh7LZgCKciZoTTPNaTORFKKA00bQr4zzxj2VisXiVg8S6kXQFSxkBLSxfPug4lN8iU9xEZO7ot8GnvTAt/NOwZkIL4I7gzyaqerbX+1OTNKICk04KNVynUR7Q5CaEU5HuXaqaAKkD13aMiggosobTrYf4WPjdHAYS3OExhP3940hREoNosBMRqB7aj4bm/9lrVSHF96QiSTVVJDpQ2HKsY7xuArcYZISzQcGgEhmdsWkBxKINoXlTAnu/JcXoV4suGeF0k0pX75+mtaRRYfoCJ0gF52jMrpCVVRDBD2gZ/SK3qxH68V6tz6moxlrVuE++iPr8wed25Pc</latexit>

Ce = �2c2↵

<latexit sha1_base64="2OU+mygUje7ZxAUqNLQUAojrGRw=">AAAB/XicbZBLSwMxFIUz9VXra3zs3ASL4MYyU4q6EQrdCG4q2Ae043AnzbShmcyQZIRaiv4UNy4Ucev/cOe/MX0stPVA4OOcG3JzgoQzpR3n28osLa+srmXXcxubW9s79u5eXcWpJLRGYh7LZgCKciZoTTPNaTORFKKA00bQr4zzxj2VisXiVg8S6kXQFSxkBLSxfPug4lN8iU9xEau7ot8GnvTAt/NOwZkIL4I7gzyaqerbX+1OTNKICk04KNVynUR7Q5CaEU5HuXaqaAKkD13aMiggosobTrYf4WPjdHAYS3OExhP3940hREoNosBMRqB7aj4bm/9lrVSHF96QiSTVVJDpQ2HKsY7xuArcYZISzQcGgEhmdsWkBxKINoXlTAnu/JcXoV4suGeF0k0pX75+mtaRRYfoCJ0gF52jMrpCVVRDBD2gZ/SK3qxH68V6tz6moxlrVuE++iPr8we2q5Ps</latexit>

Ce = �2s2↵

<latexit sha1_base64="FVOjTdiBRSQBMJIol/YWHjR6kcc=">AAAB/3icbZBLSwMxFIUz9VXra1Rw4yZYBFd1Roq6cFFwI7hRsLXQDkMmvaOhmQfJHbFMC/pX3LhQxK1/w53/xvSx0OqBwMc5N+TmBKkUGh3nyyrMzM7NLxQXS0vLK6tr9vpGQyeZ4lDniUxUM2AapIihjgIlNFMFLAokXAfd02F+fQdKiyS+wl4KXsRuYhEKztBYvr3VP/Wz/n5IT6i730a4x/wKGgPfLjsVZyT6F9wJlMlEF7792e4kPIsgRi6Z1i3XSdHLmULBJQxK7UxDyniX3UDLYMwi0F4+2n9Ad43ToWGizImRjtyfN3IWad2LAjMZMbzV09nQ/C9rZRgee7mI0wwh5uOHwkxSTOiwDNoRCjjKngHGlTC7Un7LFONoKiuZEtzpL/+FxkHFPaxUL6vl2vnDuI4i2SY7ZI+45IjUyBm5IHXCSZ88kRfyaj1az9ab9T4eLViTCjfJL1kf38UwlcE=</latexit>

|Cu|/f < 1/TeV
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DFSZ I
DFSZ II
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H1

H2

◆
= R(↵)

✓
H

�

◆
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◆
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↵
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6
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pr [Yd]
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st [Ye]
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lequ

]prst

�[Y ⇤
d
]st [Ye]

pr t�1
↵

⌘↵ [Qledq]
prst + h.c.

⌘
+

CH

M2
�

QH � �2
SH
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2M4
⇢

QH⇤ ,

Mixing angle <latexit sha1_base64="zeM+qt4n620BHs2NYo9Mu+TEpc8=">AAACEXicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RzAOSJfROJsmYmd1lZlYMS/5B8KR/4k28+gX+iGcnyR5MYkFDUdVNd1cQC66N6347uZXVtfWN/GZha3tnd6+4f1DXUaIoq9FIRKoZoGaCh6xmuBGsGSuGMhCsEQxvJn7jkSnNo/DejGLmS+yHvMcpGivV2yjiAXaKJbfsTkGWiZeREmSodoo/7W5EE8lCQwVq3fLc2PgpKsOpYONCO9EsRjrEPmtZGqJk2k+n147JiVW6pBcpW6EhU/XvRIpS65EMbKdEM9CL3kT8z2slpnflpzyME8NCOlvUSwQxEZm8TrpcMWrEyBKkittbCR2gQmpsQHNbAjn3Q/o0O71gg/IWY1km9bOyd1E+vzsvVa6zyPJwBMdwCh5cQgVuoQo1oPAAz/AKb86L8+58OJ+z1pyTzRzCHJyvX6ixnk0=</latexit>↵

ALP couplings and SMEFT operators depend on same parameters  and f<latexit sha1_base64="zeM+qt4n620BHs2NYo9Mu+TEpc8=">AAACEXicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RzAOSJfROJsmYmd1lZlYMS/5B8KR/4k28+gX+iGcnyR5MYkFDUdVNd1cQC66N6347uZXVtfWN/GZha3tnd6+4f1DXUaIoq9FIRKoZoGaCh6xmuBGsGSuGMhCsEQxvJn7jkSnNo/DejGLmS+yHvMcpGivV2yjiAXaKJbfsTkGWiZeREmSodoo/7W5EE8lCQwVq3fLc2PgpKsOpYONCO9EsRjrEPmtZGqJk2k+n147JiVW6pBcpW6EhU/XvRIpS65EMbKdEM9CL3kT8z2slpnflpzyME8NCOlvUSwQxEZm8TrpcMWrEyBKkittbCR2gQmpsQHNbAjn3Q/o0O71gg/IWY1km9bOyd1E+vzsvVa6zyPJwBMdwCh5cQgVuoQo1oPAAz/AKb86L8+58OJ+z1pyTzRzCHJyvX6ixnk0=</latexit>↵

Yukawa 
suppressed

<latexit sha1_base64="+gzljuXWE3in5mm5O7S3p5oE1K8=">AAAB/XicbZBLSwMxFIUz9VXra3zs3ASL4MYyU4q6EQrdCG4q2Ae043AnzbShmcyQZIRaiv4UNy4Ucev/cOe/MX0stPVA4OOcG3JzgoQzpR3n28osLa+srmXXcxubW9s79u5eXcWpJLRGYh7LZgCKciZoTTPNaTORFKKA00bQr4zzxj2VisXiVg8S6kXQFSxkBLSxfPug4qf4Ep/iIlZ3Rb8NPOmBb+edgjMRXgR3Bnk0U9W3v9qdmKQRFZpwUKrlOon2hiA1I5yOcu1U0QRIH7q0ZVBARJU3nGw/wsfG6eAwluYIjSfu7xtDiJQaRIGZjED31Hw2Nv/LWqkOL7whE0mqqSDTh8KUYx3jcRW4wyQlmg8MAJHM7IpJDyQQbQrLmRLc+S8vQr1YcM8KpZtSvnz9NK0jiw7RETpBLjpHZXSFqqiGCHpAz+gVvVmP1ov1bn1MRzPWrMJ99EfW5w/P+5P8</latexit>

Cu = �2s2↵
<latexit sha1_base64="fpSFcM9F7Fw50XeE49M0t9uPNsQ=">AAAB/XicbZBLSwMxFIUz9VXra3zs3ASL4MYyU4q6EQrdCG4q2Ae043Ank2lDMw+SjFCHoj/FjQtF3Po/3PlvTB8LbT0Q+DjnhtwcL+FMKsv6NnJLyyura/n1wsbm1vaOubvXlHEqCG2QmMei7YGknEW0oZjitJ0ICqHHacsb1MZ5654KyeLoVg0T6oTQi1jACChtueZBzfXxJT7FZUzuym4XeNIH1yxaJWsivAj2DIpoprprfnX9mKQhjRThIGXHthLlZCAUI5yOCt1U0gTIAHq0ozGCkEonm2w/wsfa8XEQC30ihSfu7xsZhFIOQ09PhqD6cj4bm/9lnVQFF07GoiRVNCLTh4KUYxXjcRXYZ4ISxYcagAimd8WkDwKI0oUVdAn2/JcXoVku2Welyk2lWL1+mtaRR4foCJ0gG52jKrpCddRABD2gZ/SK3oxH48V4Nz6mozljVuE++iPj8wecRpPb</latexit>

Cd = �2c2↵
<latexit sha1_base64="MU6f2X8XuOQmPBH1nxxMwQUF04I=">AAAB/XicbZBLSwMxFIUz9VXra3zs3ASL4MYyU4q6EQrdCG4q2Ae043AnzbShmcyQZIRaiv4UNy4Ucev/cOe/MX0stPVA4OOcG3JzgoQzpR3n28osLa+srmXXcxubW9s79u5eXcWpJLRGYh7LZgCKciZoTTPNaTORFKKA00bQr4zzxj2VisXiVg8S6kXQFSxkBLSxfPug4lN8iU9xEZO7ot8GnvTAt/NOwZkIL4I7gzyaqerbX+1OTNKICk04KNVynUR7Q5CaEU5HuXaqaAKkD13aMiggosobTrYf4WPjdHAYS3OExhP3940hREoNosBMRqB7aj4bm/9lrVSHF96QiSTVVJDpQ2HKsY7xuArcYZISzQcGgEhmdsWkBxKINoXlTAnu/JcXoV4suGeF0k0pX75+mtaRRYfoCJ0gF52jMrpCVVRDBD2gZ/SK3qxH68V6tz6moxlrVuE++iPr8wed25Pc</latexit>

Ce = �2c2↵

<latexit sha1_base64="2OU+mygUje7ZxAUqNLQUAojrGRw=">AAAB/XicbZBLSwMxFIUz9VXra3zs3ASL4MYyU4q6EQrdCG4q2Ae043AnzbShmcyQZIRaiv4UNy4Ucev/cOe/MX0stPVA4OOcG3JzgoQzpR3n28osLa+srmXXcxubW9s79u5eXcWpJLRGYh7LZgCKciZoTTPNaTORFKKA00bQr4zzxj2VisXiVg8S6kXQFSxkBLSxfPug4lN8iU9xEau7ot8GnvTAt/NOwZkIL4I7gzyaqerbX+1OTNKICk04KNVynUR7Q5CaEU5HuXaqaAKkD13aMiggosobTrYf4WPjdHAYS3OExhP3940hREoNosBMRqB7aj4bm/9lrVSHF96QiSTVVJDpQ2HKsY7xuArcYZISzQcGgEhmdsWkBxKINoXlTAnu/JcXoV4suGeF0k0pX75+mtaRRYfoCJ0gF52jMrpCVVRDBD2gZ/SK3qxH68V6tz6moxlrVuE++iPr8we2q5Ps</latexit>

Ce = �2s2↵

<latexit sha1_base64="FVOjTdiBRSQBMJIol/YWHjR6kcc=">AAAB/3icbZBLSwMxFIUz9VXra1Rw4yZYBFd1Roq6cFFwI7hRsLXQDkMmvaOhmQfJHbFMC/pX3LhQxK1/w53/xvSx0OqBwMc5N+TmBKkUGh3nyyrMzM7NLxQXS0vLK6tr9vpGQyeZ4lDniUxUM2AapIihjgIlNFMFLAokXAfd02F+fQdKiyS+wl4KXsRuYhEKztBYvr3VP/Wz/n5IT6i730a4x/wKGgPfLjsVZyT6F9wJlMlEF7792e4kPIsgRi6Z1i3XSdHLmULBJQxK7UxDyniX3UDLYMwi0F4+2n9Ad43ToWGizImRjtyfN3IWad2LAjMZMbzV09nQ/C9rZRgee7mI0wwh5uOHwkxSTOiwDNoRCjjKngHGlTC7Un7LFONoKiuZEtzpL/+FxkHFPaxUL6vl2vnDuI4i2SY7ZI+45IjUyBm5IHXCSZ88kRfyaj1az9ab9T4eLViTCjfJL1kf38UwlcE=</latexit>

|Cu|/f < 1/TeV
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S1: negligible scalar parameters
S2: profiling of scalar parameters

<latexit sha1_base64="N1Ju+Zo9p1qBZutklZGhiAe8u54="></latexit>

�33
u & 3

<latexit sha1_base64="PP3f6vTZfOsP6pPk5n9CUph6GmI="></latexit>

�33
u & 1

Limits on f dominated by 
SMEFT contributions
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<latexit sha1_base64="N1Ju+Zo9p1qBZutklZGhiAe8u54="></latexit>

�33
u & 3

<latexit sha1_base64="PP3f6vTZfOsP6pPk5n9CUph6GmI="></latexit>

�33
u & 1

Limits on f dominated by 
SMEFT contributions

<latexit sha1_base64="FVOjTdiBRSQBMJIol/YWHjR6kcc=">AAAB/3icbZBLSwMxFIUz9VXra1Rw4yZYBFd1Roq6cFFwI7hRsLXQDkMmvaOhmQfJHbFMC/pX3LhQxK1/w53/xvSx0OqBwMc5N+TmBKkUGh3nyyrMzM7NLxQXS0vLK6tr9vpGQyeZ4lDniUxUM2AapIihjgIlNFMFLAokXAfd02F+fQdKiyS+wl4KXsRuYhEKztBYvr3VP/Wz/n5IT6i730a4x/wKGgPfLjsVZyT6F9wJlMlEF7792e4kPIsgRi6Z1i3XSdHLmULBJQxK7UxDyniX3UDLYMwi0F4+2n9Ad43ToWGizImRjtyfN3IWad2LAjMZMbzV09nQ/C9rZRgee7mI0wwh5uOHwkxSTOiwDNoRCjjKngHGlTC7Un7LFONoKiuZEtzpL/+FxkHFPaxUL6vl2vnDuI4i2SY7ZI+45IjUyBm5IHXCSZ88kRfyaj1az9ab9T4eLViTCjfJL1kf38UwlcE=</latexit>

|Cu|/f < 1/TeV

<latexit sha1_base64="+gzljuXWE3in5mm5O7S3p5oE1K8=">AAAB/XicbZBLSwMxFIUz9VXra3zs3ASL4MYyU4q6EQrdCG4q2Ae043AnzbShmcyQZIRaiv4UNy4Ucev/cOe/MX0stPVA4OOcG3JzgoQzpR3n28osLa+srmXXcxubW9s79u5eXcWpJLRGYh7LZgCKciZoTTPNaTORFKKA00bQr4zzxj2VisXiVg8S6kXQFSxkBLSxfPug4qf4Ep/iIlZ3Rb8NPOmBb+edgjMRXgR3Bnk0U9W3v9qdmKQRFZpwUKrlOon2hiA1I5yOcu1U0QRIH7q0ZVBARJU3nGw/wsfG6eAwluYIjSfu7xtDiJQaRIGZjED31Hw2Nv/LWqkOL7whE0mqqSDTh8KUYx3jcRW4wyQlmg8MAJHM7IpJDyQQbQrLmRLc+S8vQr1YcM8KpZtSvnz9NK0jiw7RETpBLjpHZXSFqqiGCHpAz+gVvVmP1ov1bn1MRzPWrMJ99EfW5w/P+5P8</latexit>

Cu = �2s2↵
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• (Almost) mass-independent bounds on 
ALP couplings

• Interesting reuse of SMEFT analyses
• Complementary to direct bounds and 

competitive for high ALP masses
• Interpretation in terms of UV models 

works

Thank you for your attention!
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