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ALPs in e7e™ decays

W) Axion Like Particles (ALPs)

B Pseudo Goldstone boson of spontaneously
broken and under SM anomalous Peccei-
Quinn symmetry

@ Our model: dominant coupling to photons:
.ALP-Strathng efe” »ya,a—yy
W) This search
B Photon-Fusion ete™ = ete™a, a — yy

B Experimentally challenging due to the

low scattering angle of finale state e*e™

B Search for ALP Strahlung performed in 2018

with 0.445 b~ gelle Il Phys. Rev. Lett. 125 (2020) 161806)
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ALP-Strahlung decay at Belle Il ETP)
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ALP-Strahlung decay at Belle I
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ALP-Strahlung decay at Belle |l ETP)
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ALP-Strahlung decay at Belle I

1077

10-8

10~4 10-3

b | LY | L | et ""'];
Resolved

E

2"

llllll l

1072 101
m, [GeV]

Dolan et al., J. High Energy Phys. 1712 (2017) 094

01. October 2024 Search for ALPs in ete™ — ya,a — yy at Belle |l

ALP.

\\\\Illlll/////ﬂ//% \

Institute of Experimental Particle Physics

ALP Decay Outside of
Detector

— Invisible Decay

VALP
rLarge ALP Lii:etime1

YALP — 1-2 Photons with

Incorrect Direction
Reconstruction

\_ )

Light ALP
Heavily Boosted
— Single cluster of
Merged Photons

Belle Il Group,
ETP, Karlsruhe Institute of Technology



ALP-Strahlung decay at Belle I
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ALP-Strahlung decay at Belle I
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Analysis Strategy
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Analysis Strategy
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MadGraph5 aMC@NLO for
signal with different m, basf22;
BABAYAGA.NLO and

PHOKHARA for background

Belle Il Group,

4
01. October 2024 Search for ALPs in eTe™ — ya,a — yy at Belle |l e, Kartrane Instiute oS T



Analysis Strategy
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MadGraph5 aMC@NLO for
signal with different m, basf22;
BABAYAGA.NLO and

PHOKHARA for background

Pre-selection on events
Kinematic constraint fit of
three photons to the beam
energy

Need: Photon resolution

. _ Belle Il Group
+ ,
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Analysis Strategy
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MVA Based Selection

MadGraph5 aMC@NLO for grain so—czlledk PunzidNet
signal with different m, g basF2 uppress backgroun

BABAYAGA.NLO and * Have one selection
PHOKHARA for background

* For all signal masses m,
* Maximise sensitivity

Pre-selection on events
Kinematic constraint fit of
three photons to the beam
energy

Need: Photon resolution

. _ Belle Il Group
+ ,
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Analysis Strategy

MadGraph5 aMC@NLO for
signal with different m,
BABAYAGA.NLO and
PHOKHARA for background

Pre-selection on events
Kinematic constraint fit of
three photons to the beam
energy

Need: Photon resolution
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Train so-called Punzi Net
Suppress background
Have one selection
For all signal masses m,,
Maximise sensitivity

Fit Preparation
* Calculate final signal efficiency
* Calculate trigger efficiency
e Study MC/data agreement
* Implement data-driven
corrections and selections
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Analysis Strategy

MadGraph5 aMC@NLO for
signal with different m,
BABAYAGA.NLO and
PHOKHARA for background

Pre-selection on events
Kinematic constraint fit of
three photons to the beam
energy

Need: Photon resolution
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Fit Strategy
* Perform Bump Hunt in
M,, €[0.2,9.7]GeV/c?
* Include systematic uncertainties
e Calculate upper limit in case of
no significant deviation

Train so-called Punzi Net
Suppress background
Have one selection
For all signal masses m,,
Maximise sensitivity

Fit Preparation
* Calculate final signal efficiency
* Calculate trigger efficiency
e Study MC/data agreement
* Implement data-driven
corrections and selections
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Background Sources
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Background Sources

ete” — yyy

* Most dominant background

* Approximately constant
distribution in M,,,
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Background Sources

ete” — yyy ete” - eteTy

* Most dominant background * Most common process
* Approximately constant * Need to miss both tracks and
distribution in M, reconstructed ECL clusters to be
counted as background

€
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* Most dominant background * Most common process
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Background Sources

ete” — yyy ete” - eteTy

* Most dominant background * Most common process
* Approximately constant * Need to miss both tracks and
distribution in M, reconstructed ECL clusters to be
counted as background

€
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ete” — hy(y)

e h = ﬂo,n,n’,...

e lIrreducible backgroundin M,,

e Additional source through next

order process ee — hyy

e

h
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Background Distribution — ==miormmmmerms

BPre-Selection

. Photon Candidates: w| Belle Il (Simulation) ' ¢'¢ =M W cTe” iy (comb)
4t — 0.36 -1 [ ete —eTe vy B e e —n% (comb)
. E, > 100 MeV Exp 26, Run 1485 (MCrd) e o'y W cTe o'y (match)
/4 PR N et e Sy B c ¢ -y (match) T
. L B e Sty B e —n'y (match
. 9)/ In CDC acceptance E » N B e e —n'y(comb) SWM’JI
3L **-~*-AL__MM"N~_ﬁ_H~M\““~“~‘ |
B [Cluster Timingl<200ns S
. . . <:5 10 |
B Choose the three highest energetic candidates =
%]
K
B The multiplicity of each event is three 5
L

B Event:
W08 E, <M, <105 E,
B Clusters in an event should occur simultaneously

B Absence of a good track!

1073

1073

6
M., (GeV/c?)

Tgood track =dr < 1cm, |dz| < 3cm, 6 in CDC acceptance

Belle Il Group,
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Background Distribution — ==miormmmmerms

@ The multiplicity of each event is three

107!

.Pre_SeIection About the siz\e of the 2018 dataset
. Photon Candidates: w| Belle lli(SimuIation) EE eTem oy e e —m(comb)
[ ete  —=ete vy B e ¢ -7’y (comb)
. E, > 100MeV E/>(p26, Run 1485 (MCrd) B eTem =y BN ce -’y (match)
Y PR N et e Sy B c ¢ -y (match) T
. L B e Sty B e —n'y (match
3L ‘ﬂ"“”‘““‘”--»-_ﬁ.q~u\“_-N‘ |
B [Cluster Timingl<200ns S
. . . <:5 10!
B Choose the three highest energetic candidates =
n
2
c
[NN]

B Event:
W08 E, <M, <105 E,
B Clusters in an event should occur simultaneously

B Absence of a good track!

1073

1073

6
M., (GeV/c?)

Tgood track =dr < 1cm, |dz| < 3cm, 6 in CDC acceptance
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Kinematic Fit

B Challenge:

B Absolute photon energy
resolution rises with higher photon
energies

B Solution:

B Constrain the final state momenta
to a known quantity

B Here: constrain to very well-
known/measured beam properties

01. October 2024

Entries / (0.015 GeV/c?)

Search for ALPs in ete™ — ya,a — yy at Belle Il

1 Belle

.| Before kinematic fit

V272 m,=8.
(Simulation) —— DoubleCB

/I dt = 0.36 ft
E

26, Run 1485 (MCrd)

82 8.4
ME" (Gev/c?)

Entries / (0.010 GeV/c?)

30{ Bellell

| After kinematic fit

VZZ4 m,=8.
(Simulation) —— DoubleCB

/I dt = 0.36 !

un 1485 (MCrd)

8.4
M., (GeV/c?)

mer Belle Il (Own Work)

0.10 |-

0.02 -

—— After kinematic fit
—4— Before kinematic fit

4 6
m, (GeV/c?)
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Photon Energy Resolution

B Photon Covariance Matrix (PCM)

T T T T T T T T T T T T T T T T

November 2020 |

( AE cov(E,0) cov(E,¢)) 0024} Belle i (own work) e 2t
* A9 cov(b, ) oo} | N Nz
b May 2022

June 2022
R | —4— Simulation

B Most relevant are the diagonals

0.020

0.018

0.016

B Most impactful is the energy resolution for high

Energy Resolution AFE /precoi

hoton energies
p g 0.014 |

B Resolution is dependent on detector conditions

. Current state:

0.012

0.010 [

B Extract resolution from ete™ = utu~y

0008 | | | L 1
1

2 3 4 5 6
B Automated energy resolution calibration in the Precoil (i) =~ E-, (GeV/c)
ECL barrel & Ey > 1 GeV
L4 Belle Il Group,
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Selection: Punzi Net

. Punzi Net . Abudinen et al., Eur. Phys. J. C 82 (2022) 121):

AN N

\4
EXRS

B Uses minimal detectable cross-section as loss Pt EX0) o N 6 ®
. . . e N O BeE
function (e, B differentiable) Py (Himaz) (:«'%(a}&\ﬁﬁg\
2oV gy

. . . ’."«’;é‘ ".“
B Feedforward network trained on input variables for P (fimes) SIRS@DEDER
KIWNNEZZA
S\ /4

@Punzi

v

Punzi optimised signal

different signal mass samples

B Generalises well to mass hypotheses for which it was

not trained reglon
B Used at Belle Il for the invisible Z'in ete™ = utu=27
HoH 2 av/B@) + 3\/192 + 4a+/B() + 4B(t)
. 2 2
analysis (Belle II, Phys. Rev. Lett. 130, 231801 (2023)) o) = L
et
. . + =+
B Tested at KIT in BA thesis for BY - K*a,a — yy | | | |
a, b : number of sigmas corresponding to Gaussian Test
R, (5, 1.28)@(56, 90%CL)
SenSItIVIty StUdy €: signal efficiency
B: number of background
L: luminosity

Belle Il Group,
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Selection: Result

| Belle 11 S;mulation (Ow‘n Work)
os| - ..0,'.'0«"'“»'“‘“‘n.”.
. ,.m‘” ¢ [)
. Net input: e
gty
imi 1 . mi § 0‘"“ ',
L] Optimisation Range: =100 (to be optimised) £l ot Ty
B b asshaiadass
B Features: 9 selected features based on Ey, 9},, oo ™ !
. A ¢+
and event shape variables af o
£ Previous Analysis
. : . b Poua>00 | | |
] Signal. Working pcz)lr;t. ° : "L (Gevie) 8 i
2 P - > (.
B, €[0.175,10.375 : 0.05] GeV/c Punzi >0 .. —_—
(to be optlmlsed) ol Belle 11 .Sijnulation (Own Work) ;{
Excluded 22 masses for generalisation 2 L momiss i
£ g3
= i
tests g 1250 |- ii ;;é i
. . o $ )
B Hyperparameter combination g R x"*;“‘%;m 4;41;;;; i
. ‘S 750t K &
W Architecture: 10 layers, max depth 30, LeakyRelU 5 . Pl g
g 500 |- ¥ m 3
@ Punzi Training: 500 epochs, 20 000 batch size = | jﬁ‘“ + v sy P
‘ / ¢ Prusi>06 .

=)

6
M., (GeV/c?)
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Signal Shape D

@ Signal PDF:

& v, (7 DscB + (1) Poly)

Belle Il Group,
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Signal Shape =

@ Signal PDF:
& v, (7 DscB + (1) Poly)

Combined Signal Yield
e Multiply by / to get
peaking yield

Belle Il Group,
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Signal Shape =

@ Signal PDF:
& v, (7 DscB + (1) Poly)

Combined Signal Yield
e Multiply by / to get
peaking yield

Stabilises
Combinatorial
PDF parameter fit

Belle Il Group,
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Signal Shape

@ Signal PDF:

& v, (7 DscB + (1) Poly)

Combined Signal Yield TM Signal PDF
e Multiply by / to get * Double Sided Crystal Ball
peaking yield e Both n parameters fixed

* Possible change: Generalized CB

Stabilises
Combinatorial
PDF parameter fit
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Signal Shape

@ Signal PDF:

& v, (7 DscB + (1) Poly)

Combined Signal Yield TM Signal PDF
e Multiply by / to get * Double Sided Crystal Ball
peaking yield e Both n parameters fixed

* Possible change: Generalized CB

Combinatorics PDF

Stabilises More or less constant contribution

Combinatorial

Chebyshev polynomial of first-order

PDF parameter fit Lower order is not sufficient for some masses

Higher orders add too many parameters

1" 01. October 2024 Search for ALPs in ete™ — ya,a — yy at Belle Il

Belle Il Group,
ETP, Karlsruhe Institute of Technology



Signal Shape

400 -
° . Belle Il (Simulation)
@ Signal PDF:
m, = 1.5 GeV/c?
. 300 Nig = 5.037¢ +03475%]
NS ( DSCB + (1— ) POly) i‘ £= 0.8561001
[ S p= 7501485
O P o= oo
g o = 17061948
Combined Signal Yield TM Signal PDF g wof o= LA
S = oy
o Multiply by to get * Double Sided Crystal Ball § [ =300 (fxed)
. . . 5 n, = 2.000 (fixed)
peaking yield e Both n parameters fixed 2 1 =100
* Possible change: Generalized CB oo
50 -
ol Combinatorics PDF e
>ta |k)|§es - * More or less constant contribution L
mbinatori , , £ o
Co atoria . e Chebyshev polynomial of first-order 2ol T -
PDF parameter tit * Lower order is not sufficient for some masses < °[" . ..~
>-1fF ..o
* Higher orders add too many parameters b -

1 01. October 2024
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| Signal (Matched) = —— Combinatorics ]

Il Signal (Comb) Signal
—— Matched . Stat. unc.

L
7.35

L L L L L
7.45 7.50 7.55 7.60 7.65

My, (GeV/c?)
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(Simulation)

Belle Il
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35

Hypothesis Fi

S o n o m o~ — o —

(2/Ne9 G00°0) / mw_bcm

30
5

“lof(uiq — 1)

B Later: Fix them in side bands

B All shape parameters & f fixed to interpolation
@ Search Range:

¥ Background PDF:
8 Polynomial parameter floating

] NSig (fPeak + (1 —f)Comb) + NBkgPolynom
@ 3rd order polynomial

@ Signal PDF:
B Excluded: #°, n,n’ mass regions

B, €[0.175,9.6 : 0.05] GeV

W) Total PDF:

Search for ALPs in ete™ — ya,a — yy at Belle Il
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Search Sensitivity IEDITDETY XTI

—— Belle Il (445pb~1)
—— Sensitivity (362pb ™) |
+20
+lo

Belle Il Simulation (Own Work)

B Upper Limit
B Asymptotic formulae @ 95% CLs

B Use the upper limit on the cross-section for
model-dependent coupling exclusion % P

B The plots show...
B Only the sensitivity for this analysis (MC only)

Te” —~a,a— ) (pb)
s. Rev. Lett. 125 (2020) 161806

95% CLs on o(
L
s ——
+—
Belle Il, Phy

Projection|
(364fb~1)

-
-
—

B Not considered: trigger efficiency, systematic
uncertainty

9ury (GEVT)
Values from Torben Ferber

@ Expectation: Trigger Efficiency > 95% and negligible

SyStematiCS : Belle Il Simulation (Own Work)
my, (éo;\//c2)
13 01. October 2024 Search for ALPs in ete™ — ya,a — yy at Belle II Belle Il Group,
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A full road ahead of us!

Institute of Experimental Particle Physics

B Analysis priority list

CLEPN

B Study of trigger efficiency

1072

PrimEx

B Extension to the full and automated photon
resolution calibration

Values from Torben Ferber

1 1 1 . . . ;Tlo*3 """""""""" '» ---------------- |
. Run Optlmlsatlon on SeleCtlon and flttlng E o ”I :: Projection| IP
£ DY) (64t 1)
range £ AR
B We have a lot more data and

understanding of Belle Il since 2018

\ Belle Il Simulation (Own Work)

B Goal: find a — yy decay with increased

m, (GeV/c?)

sensitivity

Belle Il Group,
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Wiy, ‘1
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Backup

15 20. March 2023 Automatisation of Photon Energy Resolution Calibration

Belle Il Group,
ETP, Karlsruhe Institute of Technology
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ete” -y

0

e Irreducible background at M,,, ~ m,
e 6l (ee - 7') ~ 7.26 - 10°nb

€
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Missed a photon but M, in selection range
ol (ee = n’yy) ~ 1.68 - 107 nb (¢ ~ 1.3 %)

€

Fo~(P#% +P(ysp) ]Z.

ot /ISR

Belle Il Group,
ETP, Karlsruhe Institute of Technology



Hyperparameter “"Optimisation”

Institute of Experimental Particle Physics

B Grid search of hyperparameters: @ Net input:

] Layer depth: 4-256 . "Most important” features

B Number of layers: 3-10 W Signal:

B Activation functions: ELU, RelU, B, € [0.175,10.375 : 0.05] GeV/c?
LeakyRelLU, Sigmoid, Tanh B Excluded 22 masses for

B Punzi batch size: 211 — 216 generalisation

@ Punzi epochs: 200-5000 B Only show 50% of signal masses

B Fixed parameters: B Background:
B BCE epochs: 200, BCE batch size: 2048 @ Al background channels
B LR scheduler B Weight to luminosity

17 01. October 2024 Search for ALPs in e*e™ — ya,a — yy at Belle Il Belle Il Group,

ETP, Karlsruhe Institute of Technology



Training Plots

0.030 T ‘
¢ Prus>06 Belle Il (own work) ¥ Pocp>06 )
A Baseline 2000 |- & Pgep > 0.6 (untrained) T
0.0257 ¢¢ L Pous>06
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0.020 A 4 ¢ U 1500 i
A‘A (] . IR R TN N 2 ;l i ghi .
o @ va ¢ . ‘0“0 ¢ * (N Q ;! Py i iﬁi S
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S 0015 % ' % - ai? g ] e
00t ¢ ° ¢ Pt L g
= N ¢ el * c ] 1 ™ e
o A % 4 o S 1000 - g K 12
- e N W of 2 1 P «
‘S 0010 Ay, W = g ‘nl 7y ki
5 “ N VW S - Sagg it L 5
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& aAAg 00 M 50l 0, o d w
0.005 1 A ’ (
a
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4
0.000 - -
0 | | 4
~0.005 : , . ‘ 0 2 s 6 8 10
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Feature Selection

0.12 Feature Importances in Random Forest

B Random forest classifier for feature
Importance estimation
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Signal Shape Interpolation
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Signal Efficiency

@ Signal/Fit Range:
@ For now: [—ZOGDSCB, + 200DSCB]

B Signal shape is more or less symmetrical

B Signal Efficiency:
Number of TM Events

Number of Generated Events

B It isn't easy to fit polynomial PDF to this
shape
B Possible solution:
@ Signal MC for each scan point

B Trigger efficiency not taken into account
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