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Physics Motivation
• There is a CP violation factor in Lagrangian in QCD in the SM.  

 

• This would introduce neutron electric dipole moment (nEDM, ). 

➡  (PRL 124, 081803 (2020)) 

➡ Stringent limit on Strong CP problem. 

• To solve strong CP problem, PQ symmetry was introduced by 
Peccei & Quinn (PRL 38 (1977) 1440). 
➡ Axion (or QCD axion): pNG boson in PQ violation. 

(Weinberg, PRL 40 (1978) 223 & Wilczek, PRL 40 (1978) 271)

ℒ = θ
g2

32π2
GaμνG̃aμν

|dn |

|dn | < 1.8 × 10−26 e ⋅ cm

θ ≲ 10−10⇒
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(Gaμν : tensor of gluon field)



• QCD axion mass  and decay constant :  

➡ If axion is dark matter, the mass range is 。 

➡ Axion quality problem due to large . 

• Heavy QCD axion (PRL 123 031803 (2019), PRD 104 055036 (2021)) 
- , interaction:  

- Solve strong CP problem. 
- Axion quality problem can be avoided. 
- This may provide some hints of dark matter search 
(although this might not be DM) 

- This can be searched for in Belle II

ma fa ma fa ≃ mπ fπ

10−6 ≲ ma ≲ 10−3 eV

fa

ma ≫ mπ fπ /fa (ma > 400 MeV/c2) aGG̃

B+ → K+a, a → hadrons ⇒
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Physics Motivation

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.031803
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.055036
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.031803
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.055036


• Chakraborty et al. (PRD 104 055036 (2021)) estimated sensitivity 
of heavy QCD axion using some (not DM search) experimental data. 

- : BABAR, PRL 101, 091801 (2008), 
                                    . 

- : Belle, PRD 90, 012002 (2014), 
                .

a → ηπ+π−

B+ → ηXK+, ηX → ηπ+π−, ∼ 400 fb−1

a → π0π+π−

B+ → ωK+, ω → π0π+π−, ∼ 700 fb−1

B+ → K+a, a → hadrons
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Chakraborty et al.  
PRD 104 055036 (2021).

BF(B+ → K+a) ∼ 10−5(100 GeV/fa)2

50 ab−1
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Chakraborty et al.  
PRD 104 055036 (2021).

BF(B+ → K+a) ∼ 10−5(100 GeV/fa)2 Extrapolation

BABAR, PRL 101, 091801 (2008)

50 ab−1



Branching Fraction of Axion
• Branching fraction of heavy QCD axion: PRL 123 031803 (2019) 
-  is dominant in . 

- Very short lifetime for this decay mode:  

• This is the first heavy QCD axion search!! 
• I’ll discuss the progress of analysis and expected sensitivity.

a → ηππ 1.0 GeV/c2 < ma < 2.0 GeV/c2

cτ < 10−5 mm
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.031803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.031803


•  collider experiment using Super-KEKB. 

➡ , . 
➡ Flavor physics, dark matter search, and so on. 

• As of December 2021,  (world record)、 
 (target is , which corresponds to x50 larger 

statistics than the Belle experiment).

e+e−

s = 10.58 GeV e+e− → Υ(4S) → BB̄

ℒpeak = 3.8 × 1034 cm−2 s−1

ℒint = 268 fb−1 50 ab−1
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The Belle II Experiment

e− : 7 GeV

e+ : 4 GeV

From inside
PXD IP
SVD IP, track
CDC Track, momentum

TOP, ARICH K/π ID
ECL Energy
KLM KL、µ ID

See Nishida-san’s talk in more detail.



• Establish analysis method suing MC simulation (200/fb). 
• Event reconstruction: B+ → K+a, a → ηπ+π−, η → γγ
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Event Reconstruction and Selection

e+ : 7 GeV e− : 4 GeV

B+

B−
tag

K+

a
cτa < 10−5 mm

π+

π−

η

γ

γ

IP
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Event Reconstruction and Selection
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• The most dominant background is  event. 

• The background can be rejected using the different distribution. 
- uniformly distribute. 

- strongly collimated due to the decay to light hadrons. 

• Signal MC and  MC samples were used for machine learning. 
➡ ~10% signal efficiency, ~  background rejection. 

• Optimization is ongoing.

qq̄ (u, d, c, s)

BB̄ :

qq̄ :

qq̄

1/105
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• After event selection,  spectra were simultaneously 

fitted including background to obtain the branching fraction. 

• To estimate sensitivity,  spectra were generated using MC.

Mbc and ΔE

Mbc and ΔE
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 Spectra FittingMbc, ΔE

Argus function

Quadratic function

ma = 1.5 GeV/c2, BF(B+ → K+a) = 5 × 10−5, 200 fb−1
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Expected Sensitivity in Belle II

200 fb−1

50 ab−1

• Background spectra were generated using MC, spectra were fitted, 
and BF was estimated including the correction of signal efficiency. 
➡ Repeated with the mass range .1.0 GeV/c2 < ma < 2.0 GeV/c2

Belle II simulation results. 
90% CL (preliminary)
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Summary
• Heavy QCD axion to solve strong CP problem. 
➡ This can be searched for in Belle II. 

• Study of  using MC. 

- Optimization of event selection cuts and  
background rejection is ongoing. 

- Expected sensitivity was estimated. 
➡ This is the first search of heavy QCD axion. 

• Establish more accurate and effective cuts using MC, 
and analyze real data.

B+ → K+a, a → ηπ+π−
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Back Up
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• Lifetime can be determined using the decay width. 
• The decay constant, mass, and lifetime are seen. 
- Very short lifetime for . 

- Lifetime should be consider with .

a → ηππ

a → 3π
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Lifetime of Axion

cτ = 0.01mm

cτ = 0.1mm

cτ = 0.001mm

https://iopscience.iop.org/article/10.1088/1361-6471/ab4cd2
https://iopscience.iop.org/article/10.1088/1361-6471/ab4cd2


Invariant Mass  for Axion (Signal MC, isSignal==1)mηππ
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• Axion mass , after the black square cuts and isSignal==1. 

• The number of simulated events is 60,000. 
• Spectra were fitted to double gaussian. 
• Std Dev value was used as   
for the cut .

ma = 1.0 ∼ 2.0 GeV/c2

σ

|Mηππ − ma | < 3σ GeV/c2
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 / ndf 2χ  47.36 / 15
Amp1      44.5± 366.1 

    am  0.0±   1.1 
1  σ  0.00046± 0.01267 

Amp2      51.0±  2032 
2  σ  0.000138±0.005179 − 
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 / ndf 2χ  71.31 / 19
Amp1      33.7±  1567 

    am  0.0±   1.2 
1  σ  0.000173± 0.006643 

Amp2      26.0± 170.1 
2  σ  0.00095± 0.01811 
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 / ndf 2χ  88.86 / 23
Amp1      36.6±  1243 

    am  0.0±   1.3 
1  σ  0.000254± 0.006441 

Amp2      36.3± 259.8 
2  σ  0.0008± 0.0173 
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 / ndf 2χ  81.79 / 27
Amp1      25.4±  1068 

    am  0.0±   1.4 
1  σ  0.000225± 0.007958 

Amp2      17.1± 135.7 
2  σ  0.00109± 0.02351 
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 / ndf 2χ  97.21 / 29
Amp1      23.5± 923.7 

    am  0.000± 1.499 
1  σ  0.0003± 0.0086 

Amp2      18.6± 140.5 
2  σ  0.00112± 0.02419 
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 / ndf 2χ  89.76 / 31
Amp1      22.6± 825.1 

    am  0.000± 1.599 
1  σ  0.000290± 0.008712 

Amp2      17.1± 153.2 
2  σ  0.00097± 0.02478 

21.6 GeV/c

1.6 1.62 1.64 1.66 1.68 1.7 1.72 1.74 1.76 1.78 1.8
ππηM

0

100

200

300

400

500

600

700

800

900

21.7 GeV/c
hALP_M_Signal

Entries  5502
Mean    1.698
Std Dev    0.02034

 / ndf 2χ  108.9 / 34
Amp1      18.9± 742.5 

    am  0.000± 1.699 
1  σ  0.000275± 0.009812 

Amp2      10.6± 110.2 
2  σ  0.00109± 0.03051 
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 / ndf 2χ  110.4 / 35
Amp1      20.0±   665 

    am  0.000± 1.799 
1  σ  0.000343± 0.009746 

Amp2      15.0±   148 
2  σ  0.00100± 0.02795 
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 / ndf 2χ  76.79 / 36
Amp1      17.8±   669 

    am  0.000± 1.899 
1  σ  0.00033± 0.01055 

Amp2      12.4± 110.7 
2  σ  0.0013± 0.0312 
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 / ndf 2χ  115.7 / 35
Amp1      16.5± 597.2 

    am  0.000± 1.999 
1  σ  0.00045± 0.01166 

Amp2      14.67± 95.25 
2  σ  0.00186± 0.03315 
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Peaking Background Study
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Belle Analysis ( )B → ωK, ω → 3π
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