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Axion

• Standard QCD Axion - compelling solution for Strong CP problem

• Pseudo nambu-goldstone boson with mass 𝐦𝐚 =
𝒎𝝅𝒇𝝅

𝒇𝒂
(from QCD potential) 
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Axion

• Standard QCD Axion - compelling solution for Strong CP problem

• Pseudo nambu-goldstone boson with mass ma =
𝑚𝜋𝑓𝜋

𝑓𝑎
(from QCD potential) 

• 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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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

911/10/2021 LLPX

Many models can reproduce this scenario:
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arXiv: 1504.06084

• P. Agrawal, K. Howe 
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• 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
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𝑩 → 𝑲(∗)𝒂 - unique probe at 𝒎𝒂~ GeV:

1. The correct mass!
2. Huge statistics (BABAR, BELLE, LHCb, BELLE II)
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𝒎𝒂~GeV scale axion

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

D. Aloni, Y. Soreq, M. Williams
arXiv:1811.03474
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This talk “LL axion”

B meson decay



Long Lived Heavy QCD Axion at Belle II
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Hadronic level cross section is calculated 
using Light-Cone QCD Sum Rules

arXiv: hep-ph/0412079, hep-ph/0406232, 
0911.4938 ,1611.09355
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Not very important

Mass scale of 
new physics
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displaced decay of axion

B

𝒂
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displaced decay of axion
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D. Aloni, Y. Soreq, M. Williams 
arXiv:1811.03474



𝒂 → 𝟑𝝅
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• Signal:  B→ 𝑲𝒂 → 𝝅𝟎𝝅+𝝅−

• We can resolve displaced vertex!
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• Signal:  B→ 𝑲𝒂 → 𝝅𝟎𝝅+𝝅−

• We can resolve displaced vertex!

• DV cut:

Fiducial volume 

−𝟒𝟎 < 𝒛 < 𝟏𝟐𝟎 cm

1 < 𝒓 < 𝟖𝟎 cm     (𝒓 = 𝒙𝟐 + 𝒚𝟐)



𝒂 → 𝟑𝝅 DV efficiency
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𝒂 → 𝟑𝝅
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• Background:

1. B→ 𝑲𝜼 → 𝝅𝟎𝝅+𝝅−

2. B → 𝑲𝝎 → 𝝅𝟎𝝅+𝝅−

3. B → 𝑲𝑲∗𝟎 𝟖𝟗𝟐 → 𝝅𝟎𝑲𝒔 → 𝝅+𝝅−

4. B → 𝑲𝑲𝑳 → 𝝅𝟎𝝅+𝝅−
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• Background:

1. B→ 𝑲𝜼 → 𝝅𝟎𝝅+𝝅− suppressed by DV cut  ⇒𝑵𝑩 ≈ 𝟎

2. B → 𝑲𝝎 → 𝝅𝟎𝝅+𝝅− suppressed by DV cut ⇒𝑵𝑩 ≈ 𝟎

3. B → 𝑲𝑲∗𝟎 𝟖𝟗𝟐 → 𝝅𝟎𝑲𝒔 → 𝝅+𝝅−

4. B → 𝑲𝑲𝑳 → 𝝅𝟎𝝅+𝝅−
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• Background:

1. B→ 𝑲𝜼 → 𝝅𝟎𝝅+𝝅− suppressed by DV cut  ⇒𝑵𝑩 ≈ 𝟎

2. B → 𝑲𝝎 → 𝝅𝟎𝝅+𝝅− suppressed by DV cut ⇒𝑵𝑩 ≈ 𝟎

3. B → 𝑲𝑲∗𝟎 𝟖𝟗𝟐 → 𝝅𝟎𝑲𝒔 → 𝝅+𝝅− suppressed by 𝒎𝝅+𝝅− = 𝒎𝑲𝒔cut  ⇒𝑵𝑩 ≈ 𝟎

4. B → 𝑲𝑲𝑳 → 𝝅𝟎𝝅+𝝅−
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• Background:

1. B→ 𝑲𝜼 → 𝝅𝟎𝝅+𝝅− suppressed by DV cut  ⇒𝑵𝑩 ≈ 𝟎

2. B → 𝑲𝝎 → 𝝅𝟎𝝅+𝝅− suppressed by DV cut  ⇒𝑵𝑩 ≈ 𝟎

3. B → 𝑲𝑲∗𝟎 𝟖𝟗𝟐 → 𝝅𝟎𝑲𝒔 → 𝝅+𝝅− suppressed by 𝒎𝝅+𝝅− = 𝒎𝑲𝒔cut  ⇒𝑵𝑩 ≈ 𝟎

4. B → 𝑲𝑲𝑳 → 𝝅𝟎𝝅+𝝅− 𝒄𝝉𝑲𝑳 ≈ 𝟏𝟓 m is too long  ⇒ 𝑵𝑩 ≈ 𝟓 events around 𝒎𝒂 = 𝒎𝑲𝑳



𝒂 → 𝟐𝜸
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• Signal:  B→ 𝑲𝒂 → 𝜸𝜸

• Vertex can’t be resolved!
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• Signal:  B→ 𝑲𝒂 → 𝜸𝜸
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• Event with 𝒅𝒍𝒂𝒃 < 𝟐𝟎 cm classified as “prompt”
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• Signal:  B→ 𝑲𝒂 → 𝜸𝜸

• Vertex can’t be resolved!

• Event with 𝒅𝒍𝒂𝒃 < 𝟐𝟎 cm classified as “prompt”

• Background - 150 events per MeV at Belle II (based on 𝑩 → 𝑲𝜼 analyses of Belle arXiv:1110.2000)

• We lower our projection to 𝒅𝒍𝒂𝒃=20 cm contour in the 𝟏𝟒𝟓 < 𝒎𝒂 < 𝟓𝟎𝟎 MeV mass range

Mass Smearing 𝝈𝒎𝜸𝜸

𝒅𝒊𝒔𝒑
∼

𝒅𝒍𝒂𝒃

𝑺
𝒎𝒂 should be taken into account in the mass binning



𝒂 → 𝟑𝝅 & 𝒂 → 𝜸𝜸 projections at Belle II
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• Show displaced 𝑎 → 3𝜋 is almost background free at Belle II

• Study 𝑎 → 𝛾𝛾 at Belle II

• Derive projection of Belle II reach in these two channels

Belle II can even reach axion with 𝒇𝒂 ∼ 𝟏𝟎 TeV 
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Summary



Thank you!
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