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Axion-Like Particles

_ a - o~
Strong CP Problem: why is CP violation so small in strong interaction? (6 ~10°) ~ Lqocp 2 — — 6 GG

81
Solution: QCD Axion
= Pseudo Nambu-Goldstone boson of spontaneously broken U(1)sq symmetry 0. 1 2
= Potential has minimum at a = 8f, L D Locp + 8_S — aGG — Taaz
T

Fixed relation between mass and C My ~ My fr/
— parameter space highly constrained

4

Axion-Like Particles (ALPs)

Pseudo NG boson of any spontaneously broken U(1) symmetry
Mass and decay constant decoupled

possible candidate or

KIT



Heavy QCD Axion

QCD Axion:

= Dominant axion-gluon coupling
— accessible via hadronic production mode: B - K* a

Ba

,Heavy*:

= Mass in GeV range
= m, and [, treated as independent parameters

—0.42<m,=<1.0 GeV/c?:a — 7777 one of leading contributions

100_

10—1_

to total decay width

1072,
10—3_
10_4_ fa — 1 TeV
0.5 0.6 0.7 0.8 0.9 1.0
m; (GeV)

KIT



Motivation

Why a > ntrnn® ?
= Provides opportunity to extend ALP-gluon limits

= For f, ~ 1-10 TeV: ALP lifetimes up to 1000 cm
— exploiting the displaced signature can increase
limits even further
B — Ka(nnm)

f; (GeV)

Why Belle 1I?
= Gluon coupling: hadronic production predominant _
— in our mass range:
B — Ka strongest probe to-date 104 E137

; CHARM
10°1 : . . |

0.2 0.4 0.6 0.8 1.0 1.2
m;, (GeV)
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Motivation

Why a > ntrnn® ?

limits even further
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Provides opportunity to extend ALP-gluon limits

= For f, ~ 1-10 TeV: ALP lifetimes up to 1000 cm
— exploiting the displaced signature can increase
102

Why Belle 11?
Gluon coupling: hadronic production predominant

— in our mass range:
B — Ka strongest probe to-date

104_ -
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CHARM
| | 0.8 1.0
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Belle Il

K, and Muon Detector (KLM) ]

o SuperKEKB
Tsukuba
Japan

Upgrade of Belle, operating since 2018
Int. luminosity (July, 2026): 914 fb-1
Peak luminosity: 5.24 x 1034 (cm-2s-1) [

Particle Identification (PID) ]

Central Drift Chamber (CDC)

KIT



Analysis Strategy

= Extraction of signal

= Reconstruction of signal B efficiency and
meson: background count
B* > K*a (- n'n n’ (> yy)) = Comparison with

= Decay vertex fit using the prediction from theory
charged tracks model

) Event Reconstruction dP : Sensitivit Upper Limit
: > — Selection —_ /“ y | PP
@ Generation //.- Estimation [ III' Extraction

= Generator: EvtGen = MVA-based selections = Calculation of upper
limit in case of no
significant excess

= Minimally model-
dependent: generic
phase space model

= Signal:
ALP masses
in [0.42, 1.0] GeV/c?,
lifetimes in [1e-5, 100] cm
= Background:
ete” > BB,qq, 11"

KIT



Analysis Challenges

Suppression of
- e'e” > qq
background

Prompt analys's

o We are here

7 g m - - -
dP Selection =/ /" Sensitivity Upper Limit

Long-lived analysis

B Event —¢ Reconstruction
@ Generation

Recovery of 0
mass resolution

KIT



Prompt Analysis
Background after Pre-Selection

Excluded from signal extraction

I
v

(*)}
o
o
S

Belle IT Simulation (Own work)
[Ldt =146 fb! w-onTtn T

5000 |

4000

3000/

3]
o
(w]
o

Normalised Entries / (0.01 GeV/c?)

1000}

0
0.4 0.5 0.6 0.7 0.8 0.9 1.0
M, (GeV/c?)
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Prompt Analysis
BDT for Continuum Suppression

= |nput features: variables decribing the different event

A 4

topologies
. . x10%
" Slgnal Sample' &; 1.0 BelleII Simulation (Own work) - — 720 MeV/c?
H = H = er, = 107° em Lot ma = evic
— one combined sample with 12 different ALP > o o m, = 440 MoV/c? 1 m. = 840 MeV/c?
masses and lifetime of 10> cm ° [ m,= 480 MeV/c? 1 m,= 880 MeV/c?
© 08 1 my= 520 MeV/c? m, = 920 MeV/c?
— same number of events per mass after S 1 ma= 600 MeV/c? m,= 060 MeV/c?
pre-selection S mostone
—_ b a
= g sample: £ 06 —L —L

— consists of simulated samples (332 / fb) after

pre-selection | 1 1 1 1 1

= Mass range restricted to M, < 1 GeV/c?, 02|
excluding peaking regions (J:L;LJL §
0.0 ’7 L — L e
0.4 0.5 0.6 0.7 0.8 0.9 1.0

M, (GeV/c?)
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Prompt Analysis

BDT Output

= BDT output: ContinuumProbability
= Selection optimized for each signal mass individually
= Below: one example for signal with m, = 420 MeV/c?

~~
6000 o . . oFp
\\'J! Belle IT Simulation (Own work) - \v\ BelleIT Simulation (Own work) HE B°B
% [Ldt =146 fb! % 60—, JLdi=146 b B B'B-
© 5000 >
S S —
) =) (B
 4000| TN B°B° ContinuumProb. 3 =
9 BN BB 9 —
= B ud <0.04 E
= - =
i 3000 | W cC K
2 B dd 2
A 3 ss k:
g 2000} 1ttt g
[
Z 2
1000
0 L E—
0.4 0.5 0.6 0.7 0.8 0.9 1.0 0.4 0.5 0.6 0.7 0.8 0.9 1.0

M. (GeV/c?) M, (GeV/c?)
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Prompt Analysis

Minimally Model-dependent Sensitivity

= Expected upper limit on B(B* - K*a) - B(a -» w*n ")

— Signal generation: generic phase-space model from EvtGen N Belle IT Simulation (Own work) | ! Signal
. . . = dt — 517 -1 | d 0R0

— No assumptions about specific signal model S soof /£ T ; ; -
e er = 107" cm ‘ i i B uu
g 250 Correctly reconstructed signal i E e CC_

= Signal extraction: counting events in 95 % window of signal S i i ; dd
~ 1 1 SS
> 200 i i Tt
) g i ; ~-=- 95 % Signal Window
— 1 [}
i 150 i |
o i i
o i i
= 100 i i
c ! !
g ! !
= Tool: Bayesian Analysis Toolkit (BAT) Z 50 ! |
~ Poisson model counting: Ppoisson(Nobs|Ns + Naig) IR PRI U o TP T
. . . 0.600 0.625 0.650 0.675 0.700 0.725 0.750
— consider case of observing no signal events (Ny,s = Npy4) M, (GeV/c2)
: : : — 7. . + + + 0
— get UL on branching fraction with Ng = 2 - 64+ - L+ £5-B(B" > K'a) - Bla > nt'nn
L=517 | fb
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Prompt Analysis

Model-dependent Sensitivity

= Comparison with prediction from theory model for B(B* - K*a) - B(a » n*m~n?)

B(BT »K*ta)x Bla-ntnm°)

1073 Model prediction __10°
e Expected UL@95 % CL Prompt > ==
—4 | Interpolation Prompt Qo i
107 ffffff Sensitive Region 9 H
© 1] i
_5 % 1077 BaBar i
107 ] B — Ka(vy) :
107/ ]_02_E E BaBar
107 ' \“"-,\ /‘\___\ -
108 10 |
- BelleII Simulation (Own work) :\\\\ Belle IT Simulation (Own work)
1001 | [Ldi=s17f! E137 A =1 TeV
E m, = 420 MeV/c* 104 b ',,"‘
DAy =1TeV |-
10-10 '
| | e Jedt=517f"1
1d—5 10_4 1d_3 1OI—2 1d—1 100 1'01 1'02 105 ] ICH.ARN1 | | I
CT5 (cm) 0.2 0.4 0.6 0.8 1.0 1.2
1.6 505.1 5051.3 m; (GeV)
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Long-lived Analysis
Degrading ° Resolution

Challenge: 10 invariant mass resolution worsens with increasing ALP lifetime

?:)‘ 4000 Belle IT Simulation (Own work)
> m, = 420 MeV /c?
@ 3500
&) L
L0
™ 30001
o
< [ 1 ct=01cm
S 25001 ' B CDC
= 1 ct=1.0cm
‘E [ ct= 50.0cm
LTC-':I 1500 F ct= 100.0 cm ECL
1000
500

0 1 1 1 1
0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
Mo (GeV/c?)
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Long-lived Analysis
Degrading ° Resolution

Challenge: 10 invariant mass resolution worsens with increasing ALP lifetime

Solution: first calculate the ALP vertex, then update the 10 kinematics

Entries / (0.0025 GeV/c?)

Belle IT Simulation (Own work)

35000 e =420 MeV/c?
3000+
2500F 1 ct= 0.1 cm

1 ct=1.0cm
2000F 1 ct= 10.0 cm

[ ct= 50.0cm
1500 ct= 100.0 cm
1000

500

_ ﬁm—w

0
0.02

0.04 0.06 0.08

0.10

0.I12 0.I14 0.16
Mo (GeV/c?)

CDC

ECL

For longer ALP lifetimes:

More events decay outside detector
acceptance

— signal efficiency decreases

KIT



Long-lived Analysis y

Selection Strategy

Decay vertex

= K omtm™
— veto 30 mass region of peak

= Prompt SM background
— Pointing Angle Selection P
— Displacement of ALP: 3D distance of decay vertex

x10° x10%
—_ 2l
- [ ] 1 . . [ ] = 2 [ ] C
% Belle IT Simulation (Own work) ct=0.1cm u1_1 ‘:';l t Bellell Simulation (Own work) ma = 420 MeVic «e
To) JLdt =15 ct=1.0cm B cc © 1.2 JLdi=15Mm" m, = 680 MeV/c? Em dd
o L Tl ecr=100cm  mmm dd O or = 5
S5 mg = 420 MeV /¢ — : r et = 10.0 cm (=7 m, = 1000 MeV/c? [ sS
=} [ et = 100.0 cm [ s§ g ——— 1 tht
— mm BUB [ S < BtB- [0 Vetoed region
3 BN B'B- S 1.0 —
L = o
—
g4 8
i =
= = o8l
? o
= o]
g 3 g 0
o =
o @ 0.6
7 E
o
5 Z
0.4+
1 0.2+ i L AT N | I |.—:-| |"|.. I~y
) i, AU e T Sat NS N Iy 11 |---._ru"|_|"! I.r'_..L _
o | L S
L = ey == P
0 T e i et P 1E WP U S :
0.0 0.2 0.4 0.6 0.8 1.0 0.3 0.4 0.5 0.6 0.7 0.8
3D distance of ALP decay vertex (cm) M, .- (GeV/c?)
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Long-lived Analysis

Model-dependent Sensitivity

= Extapolated to £ =517/ fb

% 1073 Model prediction
I » Expected UL@95 % CL Long-lived
f‘ Interpolation Long-lived
1074 " .
=~ Sensitive Region
T
3
Q 1073
X
© |
+ 1076y
X i
T i
+ -7
o 10
Q
108
- BelleII Simulation (Own work)
10-9 J £ dt =517 fb~!
L, = 420 MeV/c?
AUV =1TeV
10—10_
105 1074 1073 1072 107! 10° 101 102
CT5 (cm)
1.6 505.1 5051.3
f, (GeV)

1/ Ur.UY.20Z26b Karlina Krohnert: Search tor ALPs In B - Ka(— ™~ ) atBelle |l

f; (GeV)

B — Ka(nmm)
- -‘—‘_‘_‘—-_—_——-_
1031 . ,
\ Belle IT Simulation (Own work)
\\ AUV =1TeV
n [ L dt=517fb!
E137
104 E o >
[ --=- Prompt
CHARM --- Long-lived
10° - - - -
0.2 0.4 0.6 0.8 1.0 1.2
m, (GeV)
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Summary & Outlook for PhD

= Fit-based signal

= Implementation of extraction

—p BDT for continuum
Suppression

prompt analys's

= Consideration of
systematic uncertainties

B Event g Reconstruction Selection ~//—] Sensitivity
@ Generation I //.- Estimation

=basf25s

=  Optimization of
—  selection strategy for
different lifetimes

= Recovery of 0
mass resolution

Long-lived analysis

KIT
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Backup
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Prompt Analysis
BDT for Continuum Suppression

= 32 Input features decribing the different event topologies:
— cos Orpro (1), cosbrp,
- R,
~ 18 KSFW moments 1
— 9 Cleo cones
— thrustBm (2), thrustOm

Belle I1 Simulation (Own work) L BelleII Simulation (Own work)

(1)

—_
(=)
T

[Ne]

(o))

=]
I_I

[=e]
T
[\
o
o

227 qq
| T m,= 440 MeV/c?
1 ma= 680 MeV/c?
m,= 1000 MeV/c?

[e=y
(9]
o

Normalised Entries / (0.025)
>
(e}

1 m,= 440 MeV/c?

Normalised Entries / (0.002)

ol 50F 1 m,= 680 MeV/c?
I —— m, = 1000 MeV/c?
e O e S £ gq .
et - ) 0 . = L|
%_0 0.2 0.4 0.6 0.8 1.0 0.90 0.92 0.94 0.96 0.98 1.00
cos(6rero0) thrustBm
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  𝑩 → 𝑲 𝒂  ( →  𝝅 +  𝝅 −  𝝅 𝟎 )


   


   𝜃 -  


  a =  𝜃 -  f a


   m a ∼  m 𝜋  f 𝜋 /  f a


  ℒ   ⊃  ℒ QCD   +      𝛼 s  8   𝜋    1   f a   a   G  G ~   −      m a 2 2  a 2


   ℒ QCD   ⊃   −      𝛼 s  8   𝜋    𝜃 -   G  G ~


   𝑩 ± →  𝑲 ±   𝒂


   m a


   f a


  𝒂 →  𝝅 +  𝝅 −  𝝅 𝟎


   f a ∼


  B → K a


  𝒂 →  𝝅 +  𝝅 −  𝝅 𝟎


   f a ∼


  B → K a


   e +  e − → B  B - , q  q - ,    𝜏 +  𝜏 −


   𝑩 ± →  𝑲  ±   𝒂   ( →  𝝅 +  𝝅 −  𝝅 𝟎 ( → 𝜸 𝜸 ) )


   𝒆 +  𝒆 − → 𝒒  𝒒 -


  𝝎 →  𝝅 +  𝝅 −  𝝅 𝟎


  𝜼 →  𝝅 +  𝝅 −  𝝅 𝟎


  q  q -


   M a


  q  q -


  𝓑  (  𝑩 + →  𝑲 + 𝒂 ) ⋅ 𝓑  ( 𝒂 →  𝝅 +  𝝅 −  𝝅 𝟎 )


   P  P o i s s o n  (   N  O b s |   N S +  N  B k g )


   N  O b s =  N  B k g


   𝑵 𝑺 = 𝟐 ⋅  𝝈   𝑩 +  𝑩 − ⋅ 𝓛 ⋅    𝜺 𝑺 ⋅ 𝓑  (  𝑩 + →  𝑲 + 𝒂 ) ⋅ 𝓑  ( 𝒂 →  𝝅 +  𝝅 −  𝝅 𝟎 )


  𝓛


   𝜀 S =     #   e v e n t s   r e c o n s t r u c t e d  #   e v e n t s   g e n e r a t e d


  𝓑  (  𝑩 + →  𝑲 + 𝒂 ) ⋅ 𝓑  ( 𝒂 →  𝝅 +  𝝅 −  𝝅 𝟎 )


   K S 0 →  𝜋 +  𝜋 −


  𝜎


   𝒑 →


   𝒓 →


  𝓛


   𝜃  T B T O


   𝜃  T B z


   R 2


  q  q -

