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Axion

• Standard QCD Axion - compelling solution for Strong CP problem
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Axion

• Standard QCD Axion - compelling solution for Strong CP problem

• If 𝑓𝑎(PQ braking scale) > EW scale axion is light (𝑚𝑎 = 𝑚𝜋𝑓𝜋/𝑓𝑎) ⇒
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Axion

• Standard QCD Axion - compelling solution for Strong CP problem

• If 𝑓𝑎(PQ braking scale) > EW scale axion is light (𝑚𝑎 = 𝑚𝜋𝑓𝜋/𝑓𝑎) ⇒

Stellar production!
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Axion

• Standard QCD Axion - compelling solution for Strong CP problem

• If 𝑓𝑎(PQ braking scale) > EW scale axion is light (𝑚𝑎 = 𝑚𝜋𝑓𝜋/𝑓𝑎) ⇒

1. Stellar production!

Long lived ⇒ detectable at beam dump 
experiments
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Axion

• Standard QCD Axion - compelling solution for Strong CP problem

• If 𝑓𝑎(PQ braking scale) > EW scale axion is light (𝑚𝑎 = 𝑚𝜋𝑓𝜋/𝑓𝑎) ⇒

1. Stellar production!

2. Long lived ⇒ detectable at beam dump experiments

Large parameter space is excluded
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Axion

• Standard QCD Axion - compelling solution for Strong CP problem

• If 𝑓𝑎(PQ braking scale) > EW scale axion is light (𝑚𝑎 = 𝑚𝜋𝑓𝜋/𝑓𝑎) ⇒

1. Stellar production!

2. Long lived ⇒ detectable at beam dump experiments

Large parameter space is excluded

• For 𝑓𝑎 > 10 TeV QG ruins PQ mechanism (Quality Problem)
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The Extension of the original model is needed! 



Heavy QCD Axion

1. Is heavy 𝑚𝑎~GeV ≫ 𝑚𝜋𝑓𝜋/𝑓𝑎=>                                                                                              
large parameter space is experimentally                                                                                
allowed! (𝑓𝑎 <10 TeV allowed => No QP!)

2. Solves strong CP problem

3. The dominant coupling to SM

𝒂
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Heavy QCD Axion

1. Is heavy 𝑚𝑎~GeV ≫ 𝑚𝜋𝑓𝜋/𝑓𝑎=>                                                                                              
large parameter space is experimentally                                                                                
allowed! (𝑓𝑎 <10 TeV allowed => No QP!)

2. Solves strong CP problem

3. The dominant coupling to SM

through gluons
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Many models can reproduce this scenario:

• H. Fukuda, K. Harigaya, M. Ibe, T. T. Yanagida
arXiv: 1504.06084

• P. Agrawal, K. Howe 
arXiv: 1710.04213

• P. Agrawal, G. Marques-Tavares, W. Xue 
arXiv: 1708.05008

• M.K. Gaillard, M.B. Gavela, R. Houtz, P. Quilez, 
R. del Rey 
arXiv: 1805.06465

• T. Gherghetta, V. V. Khoze, A. Pomarol, 
Y. Shirman

arXiv: 2001.05610
• R.S. Gupta, V.V. Khoze, M. Spannowsky

arXiv: 2012.00017



Existing Experimental Search

Starts at 50 GeV

S. Gori, G. Perez,
K. Tobioka
arXiv: 2005.05170

A. Mariotti, D.Redigolo, 
F. Sala, K. Tobioka 
arXiv: 1710.01743

Gap at few× 𝟏𝟎𝟎 MeV to 
50 GeV
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B meson decay

𝑩 → 𝑲(∗)𝒂 - unique probe at 𝒎𝒂~ GeV:

1. The correct mass!
2. Huge statistics (BABAR, BELLE, LHCb, BELLE II)
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B meson decay

𝑩 → 𝑲(∗)𝒂 - unique probe at 𝒎𝒂~ GeV:

1. The correct mass!
2. Huge statistics (BABAR, BELLE, LHCb, BELLE II)

Leading order contribution to 𝑩 → 𝑲𝒂 comes at two loop level
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B meson decay

Previous search relies on order of magnitude estimation of the amplitude!

Daniel Aloni, Yotam Soreq, 
Mike Williams 
arXiv:1811.03474
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B meson decay

Previous search relies on order of magnitude estimation of the amplitude!

The two loop EFT calculations are needed for 𝑩 → 𝑲𝒂 process
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Daniel Aloni, Yotam Soreq, 
Mike Williams 
arXiv:1811.03474



EFT Framework

ℒ = ℒ𝑆𝑀 +
𝜶𝒔
𝟖𝝅

𝒂

𝒇𝒂
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EFT Framework

ℒ = ℒ𝑆𝑀 +
𝜶𝒔
𝟖𝝅
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dim. 5 – non-renormalizable
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EFT Framework

ℒ = ℒ𝑆𝑀 +
𝜶𝒔
𝟖𝝅

𝒂

𝒇𝒂
𝑮𝝁𝝂
𝒂 ෩𝑮𝒂𝝁𝝂 +

1

2
𝜕𝜇𝑎

2
−
𝑚𝑎
2

2
𝑎2

The additional operators relevant for b → 𝑠𝑎 phenomenology:

ℒ = ⋯+ 𝐶𝑞𝑞 ෍

𝑞

𝜕𝜇𝑎

𝑓𝑎
ത𝑞 𝛾𝜇𝛾5 𝑞 + 𝐶𝑏𝑠

𝜕𝜇𝑎

𝑓𝑎
ҧ𝑠𝐿 𝛾

𝜇𝛾5 𝑏𝐿 + ℎ. 𝑐.

dim. 5 – non-renormalizable
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EFT Framework

ℒ = ℒ𝑆𝑀 +
𝛼𝑠
8𝜋

𝑎

𝑓𝑎
𝐺𝜇𝜈
𝑎 ෨𝐺𝑎𝜇𝜈 +

1

2
𝜕𝜇𝑎

2
−
𝑚𝑎
2

2
𝑎2 + 𝐶𝑞𝑞 ෍

𝑞

𝜕𝜇𝑎

𝑓𝑎
ത𝑞 𝛾𝜇𝛾5 𝑞 + 𝐶𝑏𝑠

𝜕𝜇𝑎

𝑓𝑎
ҧ𝑠𝐿 𝛾

𝜇𝛾5 𝑏𝐿 + ℎ. 𝑐. +⋯
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EFT Framework

ℒ = ℒ𝑆𝑀 +
𝛼𝑠
8𝜋

𝑎

𝑓𝑎
𝐺𝜇𝜈
𝑎 ෨𝐺𝑎𝜇𝜈 +

1

2
𝜕𝜇𝑎

2
−
𝑚𝑎
2

2
𝑎2 + 𝑪𝒒𝒒 ෍

𝑞

𝜕𝜇𝑎

𝑓𝑎
ത𝑞 𝛾𝜇𝛾5 𝑞 + 𝑪𝒃𝒔

𝜕𝜇𝑎

𝑓𝑎
ҧ𝑠𝐿 𝛾

𝜇𝛾5 𝑏𝐿 + ℎ. 𝑐. +⋯

⇒ 𝑪𝒒𝒒 𝚲𝑼𝑽 = 𝑨 𝑪𝑭
𝜶𝒔
𝟒𝝅

𝟐

𝑞𝑘 ⇒ 𝑪𝒃𝒔 𝚲𝑼𝑽 = 𝑩𝑪𝑭
𝜶𝒔
𝟒𝝅

𝟐 𝜶𝒘
𝟒𝝅

෍

𝒌

𝑽𝒊𝒌𝑽𝒌𝒋
∗ 𝒎𝒌

𝑴𝒘
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RGE running

𝚲𝒖𝒗

𝝁𝒘~𝑴𝑾

𝒎𝒃

Define EFT Lagrangian
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RGE running

𝚲𝒖𝒗

𝝁𝒘~𝑴𝑾

𝒎𝒃

Define EFT Lagrangian

R
G

E ru
n

n
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g
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RGE running

𝚲𝒖𝒗

𝝁𝒘~𝑴𝑾

𝒎𝒃

Define EFT Lagrangian

R
G

E ru
n

n
in

g

Integrate out 𝑾 and 𝒕

𝓛𝒃𝒔𝒂 = 𝑪𝑾
𝝏𝝁𝒂

𝒇𝒂
ത𝒔𝑳 𝜸

𝝁𝜸𝟓 𝒃𝑳 + 𝒉. 𝒄.

𝐶𝑊 = 𝐶𝑏𝑠(𝜇𝑤) +
𝛼𝑤
4𝜋

𝐶𝑞𝑞 𝜇𝑤 𝑔(𝜇𝑤) +
1

2

𝛼𝑤
4𝜋

𝛼𝑠
4𝜋

2

𝑓(𝜇𝑤)

𝑪𝒒𝒒 𝑪𝒃𝒔
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RGE running

𝚲𝒖𝒗

𝝁𝒘~𝑴𝑾

𝒎𝒃

Define EFT Lagrangian

R
G

E ru
n

n
in

g

Integrate out 𝑾 and 𝒕

𝓛𝒃𝒔𝒂 = 𝑪𝑾
𝝏𝝁𝒂

𝒇𝒂
ത𝒔𝑳 𝜸

𝝁𝜸𝟓 𝒃𝑳 + 𝒉. 𝒄.

𝐶𝑊 = 𝐶𝑏𝑠(𝜇𝑤) +
𝛼𝑤
4𝜋

𝐶𝑞𝑞 𝜇𝑤 𝑔(𝜇𝑤) +
1

2

𝛼𝑤
4𝜋

𝛼𝑠
4𝜋

2

𝑓(𝜇𝑤)

𝑪𝒒𝒒 𝑪𝒃𝒔

Calculate 𝑩 → 𝑲𝒂

N
o

 ru
n

n
in

g 
at LO

245/24/2021 Pheno 2021



𝑩 → 𝑲𝒂 rate

Using Light-Cone QCD Sum Rules:

Γ𝐵→𝐾𝑎 = 𝑪𝑾
2

𝑚𝐵
3

64𝜋𝑓𝑎
2 1 −

𝑚𝐾
2

𝑚𝐵
2

2

𝜆𝐾𝑎 𝑓0 𝑚𝑎
2 2

arXiv: hep-ph/0412079, hep-ph/0406232, 0911.4938 ,1611.09355

𝜆𝐾𝑎 = 1 −
𝑚𝐾 +𝑚𝑎

2

𝑚𝐵
2 1 −

𝑚𝐾 −𝑚𝑎
2

𝑚𝐵
2

1
2

𝑓0 𝑚𝑎
2 =

0.330

1 −
𝑚𝑎
2

37.5 𝐺𝑒𝑉2
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Axion decay

Data driven approach: Daniel Aloni, Yotam Soreq, Mike Williams arXiv:1811.03474
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Bounds and Projections
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𝒂 → 𝟑𝝅 displaced vertex

B

𝒂

arXiv:XXXX.XXXXX E. Bertholet, S. Chakraborty, V. Loladze, T. Okui, A. Soffer, K. Tobioka
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𝒂 → 𝟑𝝅 displaced vertex and 𝒂 → 𝜸𝜸

arXiv:XXXX.XXXXX E. Bertholet, S. Chakraborty, V. Loladze, T. Okui, A. Soffer, K. Tobioka
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Thank you!
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