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Top of the ALPs
Precise tests of the axion coupling to tops
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• Generalization of the axion

• Pseudoscalar
• Has shift symmetry 𝑎𝑎 → 𝑎𝑎 + 2𝜋𝜋𝑓𝑓𝑎𝑎
• Need not solve strong CP problem
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Georgi, Kaplan, and Randall (1986)
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Why top?
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Tr 𝒄𝒄𝐷𝐷 + 𝒄𝒄𝑈𝑈 − 2𝒄𝒄𝑄𝑄𝑐𝑐𝑞𝑞𝑞𝑞 = 𝒄𝒄𝑈𝑈 − 𝒄𝒄𝑄𝑄 𝑞𝑞𝑞𝑞

Georgi, Kaplan, and Randall (1986)
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AXION-LIKE PARTICLE (ALP)
Georgi, Kaplan, and Randall (1986)

top is most sensitive to ALP!
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TOP-INDUCED EFFECTIVE COUPLINGS

• Tops can induce other couplings via loop corrections

𝑐𝑐𝑓𝑓 ̅𝑓𝑓 Λ = 0 �̃�𝑐𝑉𝑉𝑉𝑉 Λ = 0

Energy

Λ = 4𝜋𝜋𝑓𝑓𝑎𝑎

New 
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EW

𝜇𝜇�̃�𝑐𝑉𝑉𝑉𝑉 𝜇𝜇 ≠ 0

Bauer,Neubert, Renner, Schnubel, and Thamm (2021)

𝑐𝑐𝑓𝑓𝑓𝑓 𝜇𝜇 ≠ 0

𝑓𝑓 ≠ 𝑡𝑡
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Bauer et al. (2021) [2110.10698]
Rygaard et al. (2023) [2306.08686]

HOW TO FIND ALPS?

𝑚𝑚𝑎𝑎

~10 GeV 2𝑚𝑚𝑡𝑡 = 345 GeV

In meson decays
virtual corrections

In top observables
resonance ALPs

Anuar et al. (2024) [2404.19014]
AVP, Westhoff (2023) [2312.00872]

Esser et al. (2024) [2404.08062]
Blasi et al. (2023) [2311.16048]

Bruggisser et al. (2023) [2308.11703]
Biekoetter et al. (2023) [2307.10372]

on-shell

𝐵𝐵𝑠𝑠 → 𝜇𝜇+𝜇𝜇− 𝑝𝑝𝑝𝑝 → 𝑡𝑡 ̅𝑡𝑡

𝑝𝑝𝑝𝑝 → 𝑡𝑡 ̅𝑡𝑡𝑡𝑡 ̅𝑡𝑡

𝐾𝐾 → 𝜋𝜋 + inv
𝐵𝐵 → 𝐾𝐾 + inv

Long-lived ALPs

𝑠𝑠, 𝑏𝑏 𝑑𝑑, 𝑠𝑠
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DISPLACED ALPS AT THE LHC

𝑐𝑐𝑡𝑡𝑡𝑡 Λ
𝑓𝑓𝑎𝑎

=
1

TeV
, 𝑐𝑐𝜇𝜇𝜇𝜇 Λ = 0

for triggering

Rygaard et al. (2023) [2306.08686]

displaced
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DISPLACED ALPS

displaced

Rygaard et al. (2023) [2306.08686]

Predictions for CMS

for triggering
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Virtual corrections

Real ALP radiation

Tree-level

Needs renormalization

ALPS IN 𝑡𝑡 ̅𝑡𝑡 PRODUCTION
AVP, Westhoff (2023) [2312.00872]



Top of the ALPs | Anh Vu Phan (Vu) | 11

Virtual corrections Real ALP radiationTree-level

LEADING CONTRIBUTIONS

𝜎𝜎𝑡𝑡�̅�𝑡 = 𝜎𝜎𝑆𝑆𝑆𝑆 +
𝛼𝛼𝑆𝑆2

4𝜋𝜋
�̃�𝑐𝐺𝐺𝐺𝐺𝑐𝑐𝑡𝑡𝑡𝑡
𝑓𝑓𝑎𝑎2

𝜎𝜎𝑎𝑎−𝑆𝑆𝑆𝑆
𝑡𝑡�̅�𝑡,0 +

𝛼𝛼𝑆𝑆2

4𝜋𝜋 2
�̃�𝑐𝐺𝐺𝐺𝐺2 𝑐𝑐𝑡𝑡𝑡𝑡2

𝑓𝑓𝑎𝑎4
𝜎𝜎𝑎𝑎−𝑎𝑎

𝑡𝑡�̅�𝑡,0 +
𝛼𝛼𝑆𝑆2

4𝜋𝜋
𝑐𝑐𝑡𝑡𝑡𝑡2

𝑓𝑓𝑎𝑎2
𝜎𝜎𝑎𝑎−𝑆𝑆𝑆𝑆

𝑡𝑡�̅�𝑡,1 +
𝛼𝛼𝑆𝑆2

4𝜋𝜋
𝑐𝑐𝑡𝑡𝑡𝑡2

𝑓𝑓𝑎𝑎2
𝜎𝜎𝑎𝑎−𝑎𝑎

𝑡𝑡�̅�𝑡𝑎𝑎,0 + ⋯

virtual × SM |radiation|2tree 2tree × SM

AVP, Westhoff (2023) [2312.00872]
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SM: PRD 104 (2021) 092013
AVP, Westhoff (2023) [2312.00872]

ALP EFFECTS IN 𝑚𝑚𝑡𝑡 ̅𝑡𝑡 DISTRIBUTION

𝑐𝑐𝑡𝑡𝑡𝑡 Λ
𝑓𝑓𝑎𝑎

= 20 TeV−1 ; 𝑐𝑐𝐺𝐺𝐺𝐺 Λ = 0 ;𝑚𝑚𝑎𝑎 = 10 GeV
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𝑐𝑐𝑡𝑡𝑡𝑡 Λ
𝑓𝑓𝑎𝑎

= 20 TeV−1 ; 𝑐𝑐𝐺𝐺𝐺𝐺 Λ = 0 ;𝑚𝑚𝑎𝑎 = 10 GeV

Virtual ALP and tree-level 
interferences with SM are negative

New Physics scale Λ = 4𝜋𝜋𝑓𝑓𝑎𝑎

Energy enhancement in |tree-level|^2

𝜎𝜎 ALP 2(𝑠𝑠) ∼
1
𝑠𝑠
𝑚𝑚𝑡𝑡
2𝑠𝑠
𝑓𝑓𝑎𝑎4

𝑐𝑐𝐺𝐺𝐺𝐺 = �̃�𝑐𝐺𝐺𝐺𝐺 −
1
2
𝑐𝑐𝑡𝑡𝑡𝑡

ALP EFFECTS IN 𝑚𝑚𝑡𝑡 ̅𝑡𝑡 DISTRIBUTION
SM: PRD 104 (2021) 092013
AVP, Westhoff (2023) [2312.00872]
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ALP EFFECTS IN 𝑝𝑝𝑇𝑇 DISTRIBUTION
SM: PRD 104 (2021) 092013
AVP, Westhoff (2023) [2312.00872]
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ALP EFFECTS IN 𝑝𝑝𝑇𝑇 DISTRIBUTION
SM: PRD 104 (2021) 092013
AVP, Westhoff (2023) [2312.00872]

Large energy enhancement

𝑎𝑎𝐺𝐺𝜇𝜇𝜇𝜇𝐴𝐴 �𝐺𝐺𝐴𝐴,𝜇𝜇𝜇𝜇 ∼ 𝑎𝑎𝑝𝑝2𝐺𝐺𝜇𝜇2 ⟹ 𝜎𝜎 ALP 2(𝑠𝑠) ∼
1
𝑠𝑠
𝑚𝑚𝑡𝑡
2𝑠𝑠
𝑓𝑓𝑎𝑎4

SM ALP
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ALP theory uncertainty: 10%𝑐𝑐𝐺𝐺𝐺𝐺 Λ = 0 ;𝑚𝑚𝑎𝑎 = 10 GeV

𝑐𝑐𝑡𝑡𝑡𝑡 Λ
𝑓𝑓𝑎𝑎

≤
11.1
TeV

Fit to CMS data
@ 95% C.L.

Data: PRD 104 (2021) 092013
AVP, Westhoff (2023) [2312.00872]

𝑐𝑐𝑡𝑡𝑡𝑡 Λ
𝑓𝑓𝑎𝑎

≤
14.1
TeV

Fit to CMS data
@ 95% C.L.

(CMS) (CMS)

𝑐𝑐𝑡𝑡𝑡𝑡 Λ
𝑓𝑓𝑎𝑎

= 20
TeV

𝑐𝑐𝑡𝑡𝑡𝑡 Λ
𝑓𝑓𝑎𝑎

= 20
TeV
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BOUNDS ON 𝑐𝑐𝑡𝑡𝑡𝑡
FROM VIRTUAL TOP

Shaded = excluded at 95% C.L.

AVP, Westhoff (2023) [2312.00872],
Bauer et al. (2021) [2110.10698],
CMS-BPH-21-006 [2212.10311],
DESY-14-026 [1403.1582].

𝑐𝑐𝐺𝐺𝐺𝐺 Λ = 0
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𝑚𝑚𝑎𝑎 = 10 GeV,
𝑐𝑐𝐺𝐺𝐺𝐺 , 𝑐𝑐𝑡𝑡𝑡𝑡 vary

BOUNDS ON 𝑐𝑐𝑡𝑡𝑡𝑡 AND 𝑐𝑐𝐺𝐺𝐺𝐺
AVP, Westhoff (2023) [2312.00872]



• Among the SM fermions, top is most sensitive to ALPs.
• Top induces all other ALP couplings ⇒ rich phenomenology.
• Inclusive 𝑡𝑡 ̅𝑡𝑡 measurements give mass-independent bound on ALP-top 

coupling.

Thank you for listening! 

Conclusions
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BACKUP SLIDES
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𝑐𝑐𝑡𝑡𝑡𝑡 Λ
𝑓𝑓𝑎𝑎

= 20 TeV−1 ;𝑚𝑚𝑎𝑎 = 10 GeV𝑐𝑐𝐺𝐺𝐺𝐺(Λ) DEPENDENCE

AVP, Westhoff (2023) [2312.00872]
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𝑐𝑐𝑡𝑡𝑡𝑡 Λ
𝑓𝑓𝑎𝑎

= 20 TeV−1 ; 𝑐𝑐𝐺𝐺𝐺𝐺 Λ = 0 ;𝑚𝑚𝑎𝑎 = 10 GeV

INDIVIDUAL CONTRIBUTIONS
RESULTS

New Physics scale Λ = 4𝜋𝜋𝑓𝑓𝑎𝑎

SM: PRD 104 (2021) 092013

Virtual ALP and tree-level 
interferences with SM are negative

Angle between top and 𝑡𝑡 ̅𝑡𝑡 in 𝑡𝑡 ̅𝑡𝑡 frame Top of the ALPs | Anh Vu Phan (Vu)
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𝑐𝑐𝑡𝑡𝑡𝑡 Λ
𝑓𝑓𝑎𝑎

= 20 TeV−1 ; 𝑐𝑐𝐺𝐺𝐺𝐺 Λ = 0 ;𝑚𝑚𝑎𝑎 = 10 GeV

INDIVIDUAL CONTRIBUTIONS
RESULTS

New Physics scale Λ = 4𝜋𝜋𝑓𝑓𝑎𝑎

SM: PRD 104 (2021) 092013

Virtual ALP and tree-level 
interferences with SM are negative
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𝑐𝑐𝑡𝑡𝑡𝑡 Λ
𝑓𝑓𝑎𝑎

= 20 TeV−1 ; 𝑐𝑐𝐺𝐺𝐺𝐺 Λ = 0ALP MASS DEPENDENCE
RESULTS
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Data: PRD 104 (2021) 092013
ALP uncertainty: 10%

𝑐𝑐𝑡𝑡𝑡𝑡 Λ
𝑓𝑓𝑎𝑎

= 20 TeV−1 ; 𝑐𝑐𝐺𝐺𝐺𝐺 Λ = 0 ;𝑚𝑚𝑎𝑎 = 10 GeV

Fit: 𝑐𝑐𝑡𝑡𝑡𝑡 Λ
𝑓𝑓𝑎𝑎

≤ 33.5 TeV−1

(95% C.L.)

Fit: 𝑐𝑐𝑡𝑡𝑡𝑡 Λ
𝑓𝑓𝑎𝑎

≤ 27.8 TeV−1

(95% C.L.)
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ℒeff 𝜇𝜇 ⊃ −
𝜕𝜕𝜇𝜇𝑎𝑎
𝑓𝑓𝑎𝑎

�𝑄𝑄𝒄𝒄𝑄𝑄𝛾𝛾𝜇𝜇𝑄𝑄

Bauer et al. (2021) [2110.10698]
ALPS IN MESON DECAYS

ALP’s flavor changing 
couplings are turned off
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ALPS LIFETIME 𝑐𝑐𝐺𝐺𝐺𝐺 Λ = 0, 𝑐𝑐𝑓𝑓𝑓𝑓≠𝑡𝑡𝑡𝑡 Λ = 0

𝑎𝑎 → 𝑒𝑒+𝑒𝑒−
𝑎𝑎 → 𝛾𝛾𝛾𝛾

𝑎𝑎 → 𝜇𝜇+𝜇𝜇− 𝑎𝑎 → hadrons

Rygaard et al. (2023) [2306.08686]
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ALPS LIFETIME 𝑐𝑐𝐺𝐺𝐺𝐺 Λ = 0, 𝑐𝑐𝑓𝑓𝑓𝑓≠𝑡𝑡𝑡𝑡 Λ = 0

Long-lived ALPs

Rygaard et al. (2023) [2306.08686]
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Esser et al. (2024) [2404.08062]
ALPS IN ℎℎ𝑍𝑍 (projection)

Same as our result
(projection)
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ALPS IN 𝑡𝑡 ̅𝑡𝑡𝑡𝑡 ̅𝑡𝑡
Esser et al. (2024) [2404.08062],
Blasi et al. (2023) [2311.16048],
Bruggisser et al. (2024) [2308.11703]

(projection)
𝑡𝑡 ̅𝑡𝑡𝑡𝑡 ̅𝑡𝑡 𝒪𝒪 𝑐𝑐𝑡𝑡𝑡𝑡2

𝑓𝑓𝑎𝑎2𝑡𝑡 ̅𝑡𝑡𝑡𝑡 ̅𝑡𝑡 𝒪𝒪 𝑐𝑐𝑡𝑡𝑡𝑡2

𝑓𝑓𝑎𝑎2
+ 𝑐𝑐𝑡𝑡𝑡𝑡4

𝑓𝑓𝑎𝑎4
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Anuar et al. (2024) [2404.19014]
RESONANCE SEARCHES

on-shell

Number 
of events

𝐸𝐸𝐶𝐶𝑆𝑆

ALPs?
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