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SuperKEKB Belle Il

Interaction
Region Belle |l detector E—— D
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e —

Belle IT

electron ring

a4 ) _.d
positron ring\

injector;
to Linac

positron damping ring

7 GeV 4 GeV +
€ ) (*) ( € We also have data taken off-resonance
\/g — 1058 CQeV — mT(4S)C2 as well as energy scan around Y(55)

e B(Y(4S) — BB) > 96%, with pSM ~ 0.35 GeV/c

e nothing else but BB in the final state
. if we know (E, p) of one B, the other B is also constrained “B-tagging”  unique to e e~ B-factory
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Dark sector @ Belle Il .
Heavy mediators
oG
. . e Light mediator
Production mechanisms D Light DM
e Directly in e*e™ collisi .
irectly in e e~ collisions Heavy DM
¢ In meson decays (B) - Light mediator
e
Final state features Dark matter mass
® depend on many model parameters s |
-
e visible prompt decays to SM particles o |
) =N
e invisible decays shown as missing (£, p) O .. '0/'0
- decays to DM particles or very weak | ™. O/sb//bbl
, T Qe
couplings //;,,/31 ........ oy ..
e displaced vertices 4 ho

- long lifetime, weaker couplings — .
Mediator mass



Outline

A quick intro. to Belle |l

Recent results of dark sector particle search
o . . . Xi1v:2505.09705
v Dark higgs with inelastic DM PRL (accepted)

v Axion-like particle (ALP) search
PRI 125, 161806 (2020)

e ¢te” - ya
* B — K" (Belle) Sfeaeriy i
v B, D meson decays to a pair of neutrinos
e BT — KTui (exclusive)
e B — XU (inclusive) paper in preparation
* D = u7 (Bele R P o

PRD 109, 112006 (2024)

Closing remarks



Other dark sector results from Belle Il

J Invisible Z'in ete™ — u ™+ (missing)

@ Invisible Z'in eTe™ = ™t~ +(missing)

@ A’and invisible /' in eTe™ — ptu"+(missing)
+ ot —

@ 777" resonance in ete” - utuTttr

@ Long-lived spin-0 mediator in b — sX

Honorable mentions

@ Invisible boson aintt = Zta

PRL 124, 141801 (2020)
PRL 130, 231801 (2023)

PRL 130, 071804 (2023)

PRL 131, 121802 (2023)
PRD 108, 1111104 (2023)

PRL 130, 181803 (2023)



Dark Higgs in association with
Inelastic DM

ete” > o x*x0) Alnne pete)

A/
_ X2 A

g h/ _ X2 Am
A/ \\\0, L Xl X1
et .
> Am = m(y,) —m(y;) (> 0)
QZ‘—I_
O e

9
mass




Inelastic DM, Introduction

@ Dark sector with dark higgs /', dark photon A’

DM particles y,, y; with Am = m(y,) — m(y;) ( > 0)

x1 — stable & relic DM candidate
consider small Am for long-lived y,
Focusonm(A') > m(y,) + m(y;) for A" = y,x»

@ Experimental Signature

challenging for tracking (displaced), trigger
Four tracks in the final state
(up to) two displaced vertices

v h = xTx™ (x = u, x, K) “pointing”
/ y, = yA'(> eTe”) “non-pointing”
missing energy due to stable y;

very small SM background

pointing

7
H

’
X N
N
o8 B 5
————
__________ ~
~
s N
e R
o X ].
.
N
N
N
N
N

N

non pointing © _
e

adapted from Duerr, Ferber et al, JHEPO4 (2021) 146




arXiv:2505.09705 Pl =<
PRL (accepted) QB%

Inelastic DM, Results

Signal extraction procedure

sz 8o
e cut-and-count for signal SR Belle Il [ 2dt =365 fb™
extraction < 7.0} Preliminary
v/ count events in narrow O
- + 1= N 601 Bl c'e -yy
window of M(x™"x7) g | . i
. . . =l I ete” — BB
e Background estimation using < 2-0f S
data sideband in M(x*x™), 2 2.0l mm oo seteete |
not to rely on MC 0 v mm ctem - T ()
v fullmassrange for u pu~ H 3.0 mmy, MC stat. unc.
and KTK~ - ‘ | § Data
v for tn~, split the mass " _
region at 1 GeV 1.0 3
% % %
00705 1.0 1.5 2.0 2.5 3.0

No significant excess in any mode (or combined) My (n*m™) (GeV/c?)

e 8eventin z1z~ (consistent with background)
v largest local significance of 2.96 (1.10 global) at m(h’) = 0.531 GeV



Inelastic DM, Results

@ No significant excess in any mode (or combined)

Events / (0.28 GeV/c?)
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arXiv:2505.09705 Pl =<
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' Belle Il [£dt =365 fb~!
- Preliminary

o
o

w
=)

...................

......

 ete ->TrT (V)
wy MC stat. unc. '
¢ Data

2.0 2.5 3.0
M (u*u~) (GeV/c?)
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arXiv:2505.09705 PRl =<
PRL (accepted) QB%

(e)}

Inelastic DM, Results

+ 1076 . .
c ‘ =  Belle Il [£dt=365f
7 107 P < 10 BaBar
£
10-2 | LHCb | CRUR e
S
10-3 = 10
S
Q)
s W 10—10
10_4§ Il
vt _ > 1o-n s
10-51 E949  NAG2 / -iARM ap=0.1_ CHARM 0o =0.1 °
: PS191 £=1.5x1073 ] m(A) = 3m(xy) |
BaBar m(x1) = 2.5 GeV/c? | 10712 NuCal Am = 0.4 m(x,) -
| - - m(A') =3m(x1) | m(h’) = 0.4 GeV/c? ]
10-°: Belle Il f./:dt= 365 fb~! Preliminary Am =0.4m(x;) SinB=26x10-4 |
. . . e . . -13L - - - . ' . .
101 100 10 107701 100
m(h’) (GeV/c?) m(x1) (GeV/c?)
@ Model-dependent limits on the coupling strengths and ap = 0.1
parameters e=15x10""
e shown here for a specific choice m(x1) = 2.5 GeV See Appendix for
. N __
e many more plots (~30), for different parameter sets m(A’) = 3m(x1) meaning of the
. . Am = 0.4m(x1 arameters
¢ (Right plot) non-Belle II limits do not assume /', so L ( 34 p
less model-dependent sin g = 2.6 x 10

—— 11



ALP search
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ALP search (1) in eTe™ — ya

Search for axion-like particles in eTe™ — ya for a — yy (i.e. 3y final state)
and a — invisible (i.e. y + missing (E, p))

T — vy =Y

i) "~ Belle ||| 2019 Preliminaryl | - % 18000 :_IB I|| | " 'zolwlp | |-I =
S 70000 I Data ] = = elle reliminary 1 Data -
8 — J‘ ; — Fit ] 8 16000 — — it —
— | L dt=2.62 fb’ — B A . _
oy 60000 . I Signal — © 14000 __J L dt=2.62 fb 1= Signal E
8 — (3991.3 £19.9) 10° candidates Back q ] g - - Background ]
S i — Background - S n .
< 50000~ u = (132.296 + 0.005 ) MeV/c? - S 12000 =
~ ~ 0=(5.356 +0.013 ) MeV/c? ] ~ ~ _
E, 40000 — E>0.12 GeV - E, 10000 =
c — 7] c - ]
< n . © 8000 —
1 30000 E i = (100.8 +46.2) 10° candidates .
200001 E 60001 | - (542.1 + 1.3) MeV/c? =
- - 4000 o = (11.9 +2.3) MeV/c? —
10000 — — o000 F E0-40 GeV E
0 : . l 1 I | : : ] ] ] ] | 1 l ] | ] ] ] ] :

0.1 0.12 0.14 0.16 82 0.45 0.5 0.55 0.6 0.65
M, (GeV/c?) M., (GeV/c?)

photon reconstruction at Belle |l 13



Photon reconstruction at Belle Il

= 400 —
_ | o - .
+ | - - Data .
e e — o = —+- -
A S wb E
~ — — |
2, - | .
T 300 —
e | :
W 250~ PBellell 2018 (Preliminary) [ | —
2001 fL dt = 261 pb’’ e
150\ =0.998 +0.001 q =
100— —
50— —]
- 1 E
0 0.6 0.8 1 1.2
I | [

_ 2 . i . . -

03_ 0 Eﬁ"'ﬂ . *M**-.‘.:.‘.‘.:.‘.-*** - -0'0-***"' *'“ _,__._***-.:“ ~m -Oto-**"‘*** "'*..-*_.,..* 3
LE 1 I i
- | | T B
0.6 0.8 1 1.2

E(ECL) / p(recoil)

= Ready for dark matter searches (single or triple ~ triggers)
ete” =X = ()
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Search for ALPs at Belle li

M? resolution

® Search for axion-like particles in ete™ — ya e ——
. . .« o i 50.03 — Recoil
for a — yy (i.e. 3y final state) and a — invisible 200§
= L O
i.e. <|-U i Eo.m
( s m) r; 151 °
: 0095 0.4 0.6 0.8 1.0
e m, dependent £, threshold CEl m, 1Gev/C?]
— 1.0
1.0y
v 1.0 GeV for m, < 4 GeV, and 0.65 GeV for S |
m, > 4 GeV, >
2 4 6 & 10
700 mg [GeV/c?]
| Belle 1 (2018) * Data_ o | Belle Il (2018) G40
L 1 piar = aas poo E eje:—»i;(yé)y-)m 0 JLde = aaspot G| o fit M%, for 0.2 < m, < 6.85 GeV
> [ (a) /. NC stat. 1 500 [ (D) 3
Y 300} : S 20 . 2
° wol | fit M. for m, > 6.85 GeV,
@ 200} 300} ; * Look for resonance in the fit
+— i %.O 0.2 0.4 0.6 0.8 1.0
s | Sool M2, [GeV2/c*]
T 100} f
S 100 f
0 » 0 20 40 60 80 100 0 0 20 40 60 80 100

MZ .. [GeV2/c?] M2, [GeV?/c*]
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Significance
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Belle Il (2018)

:— Expected UL £20
JLdt = 445 pb~!

B Expected UL x10

[ —— Observed UL
- ---- Expected UL

10

PRL 125, 161806 (2020) Paff=d

ALP search - significance & limits

max. local significance of

& =2.8atm,= 0477 GeV

ALP search-ULong,,

Belle IT

ee-yy

photon beam

Belle Il
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ALP search (2)
in B> KMa- yy)




1072

B — Ky for ALP, Intro.

|

10—3_

1077

1078

Invisible

Resolved

Physical Limit

1072

10-1

mgy [GeV]

10°

10!

arXiv:2507.01249 Pl =<
submitted to JHEP L5

Belle I

@ Search for axion-like particle (ALP)

e a — Yy (assume dominant)

e also assume (mostly) prompt decay, but non-
zero lifetime is considered for efficiency loss

e if no signal, set upper limits on ALP-W
coupling, gaw [#] [#] PRL 118, 111802 (2017)

e search region: h' veto region

0.16 < m, < 4.20 (4.50) GeV  Type 30 My, region

e NO sensitivity for 7, 7, n'regions  ®  0109~0158
0.497 ~ 0.578

! 0.882 ~ 0.997

@ Procedure 7

e continuum suppression and z° — yy veto

with separate Fast-BDT’s (T. Keck, Comp Softw Big Sci
1,2 (2017))

o then apply extra cuts to suppress B — Xy
background

18



Events/0.0168 GeV

Data/MC

Events/0.0700 GeV

Data/MC

B — K%yy for ALP, Results w/ Belle data

arXiv:2507.01249
submitted to JHEP

D

<O

Belle I

Belle Preliminary [Ldt=711fb"! B*—K*a(— yy), M, <10 GeV
10* = —— Daa NN e — qg , . .
: s Signal extraction by 1D max.
10° = ~ MC stat. uncertainty . .
- ; likelihood fit to M,
10 Fot 4 4 """“”'"‘mmml . g .
,,,,,,,,, e il mmuuy;uuumf B o %@
= g MM\\M\H\W\MM WMMH!‘H!HW\HHHHHMM it ?ﬁ Tl ¥ g Data vs.MC compared
1.5= ——
1@ 1 i LT B e o for KTa mode, after MVA
055557 0.3 04 0.5 0.6 0.7 0.8 05 (GV)I ( )
e o (top)0.1<M,y<1.0GeV
Belle Preliminary JLdt =711fb’! B*—> K'a(— yy),M__ >1.0GeV < <
. L o o (bottom)1.0<M,, <4.5GeV
— BB og’
103 ? _ 1]\3/1(]? stat. uncertainty o
- .
0, ,' ”"""'\M il WMHNNHW '""'\|| mmm T I "
1- i = % e
S5 Ry R RS oR
1.5 == - -
é T st A o e
SRS e e
1 1.5 2 2.5 3 3.5 4 4.5
M., (GeV)
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arXiv:2507.01249 Pl =<

b—- K (*)y;/ for ALP, Results w/ Belle data submited to |HEP g

Belle Preliminary [ £dt = 711fb™" B — Kda(— vv) Belle Preliminary [ £dt = 711fb™" Bt = Kta(— vv) ; .
» ) 0 @ Fitted results
201
101 K(*)
L bbb brg b B dh b ik o foreach mode
201 (AR 12 g 3 .I' = '.“"" ik "I fi ." (' PP il
o] | 8l |

v (top) signal yield

v (bottom) significance
level

— e e e e s e the gray vertical bands
*mg (GeV) o my (GeV) correspond to JZ'O, n,and n’

Belle Preliminary [ £dt = 711fb~" B® — K*%(— 77) Belle Preliminary [ L£dt = 711fb~" Bt — K**a(— vy) veto regigns

101 ‘ |

I
i, il u I'| i ||||| I||||||| | il !|i|'li ‘||| ‘i'n'll |:||n At Y,
| IHH |[|

| i . [l [\ \
, ki Ik ] p - i |||I ] Il 1 ||| 1 4 [
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arXiv:2507.01249 Pl =<

(") ¢ s submitted to JHEP Damieg
B — K" ’yy for ALP, Upper limits on g
104 _Belle Preliminary [ £dt = 711fb~" | B — K%a(— y7)
i) _ i Expected UL 20
% E Fxpected UL 1o
\C_D/ : 90% C.L UL
= |
3 |
> |
10_5': |
196 A U U | . e .
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

mg (GeV)

90% CL upper limits on g _y,as a tunction ot m,,
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B — K%yy for ALP, Upper limits on g.w

Belle Preliminary [ £dt = 711 fh1

10—5 ............

] Beléle B — K%a(— )

Béeam Dump

arXiv:2507.01249

_6 . . . . . . .
10 101 10Y
myg (GeV)
90% confidence level upper limits on gy, as a function of m in

comparison with other existing results

D
submitted to JHEP Be,,eﬂ
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B™ — K"vi and
b — X (inclusive)

l
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BT - KTy

In the SM,
« BBt > Ktwvp) =(5.58+£0.37)x 107° 14

@ sensitive to new physics BSM, e.g.
* leptoquarks,
* axions,
* DM particles, etc.

(41 W. G. Parrott et al. PRD 107, 014511 (2023)
incl. long-distance contribution from B — 71)

/. J

Wty W
_ u,c,t
h — > <4— 3
U > Uu

&) PRL 127, 181802 (2021)
B(BT — KTvw) = (1.977310%) x 107°
<4.1x107° @ 90% CL

24


https://doi.org/10.1103/PhysRevD.107.014511

Hadronic tagging (HTA)

Efficiency

2
Drec

%

A ot
\K 7
e g>,. : mass squared

( of the neutrino pair
Other —

\\
Rest of event

tracks and clusters . . A
. the event Purity, Resolution (ROE)
—_— :
@ Features of HTA @ Features of ITA
» uses full decay chain information of of B, » exploits inclusive properties of B,
* high high purity, very low efficiency * high efficiency, low purity
* uses BDT for signal extraction (BDTh) + BDTs in two stages (BDT; mostly for gg;

BDT? for final signal extraction)

25



How to handle a missing particle at Belle II?
ete” - Y(4S) - BB

® only two B mesons in the final e
state >

e Since the initial state is clearly =~ ... '
determined, fully accounting ..., TN\
one B (B,,,) makes it possible =~ _—"" """ -

to constrain the accompanying

B (Bsig
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How to handle a missing particle at Belle 1I?

®ete” - Y(4S) - BB

® only two B mesons in the final
state

® Since the initial state is clearly
determined, fully accounting

one B (B,,,) makes it possible

to constrain the accompanying

b (Bsig

® Having a single missing particle
(e.g.v) is usually as clean as
getting all particles measured

® The price to pay is a big drop of
efficiency ( < O(1%))

27



Full Event Interpretation (FEI)

L : g
@ FEl algorithm to reconstruct B, Biag Biig / _v

B

B —
\Y(4S)/ NS4 Xu

Hadronic Tag Signal Side

e uses ~200 BDT’s to reconstruct O(10%) different
B decay chains

e assign signal probability of being correct Btag e* I .

C;:
=
ol Comput Softw Big Sci 3, 6 (2019) arXiv:2008.060965
m . o
H ’/’ \\ i R ‘/' \\ . .
8 \ Tracks ] [Dmplaced Vertices J Neutral Clusters %104 Belle Il preliminary Belle Il preliminary
O h b ' — - 1.75 L W Correctly reconstructed [rdt=34.6fb1 3000 t W Correctly reconstructed [cdt=34.6fb7"
g " | mmm Continuum & mis-reconstructed . - BN Continuum & mis-reconstructed
s + + + + 0 Uisof t Data % 7000p + Dot
g')‘ [ e j { 2 J [K ] ™ KL 9 2 : Npo, =65855 + 590 g 6000 E Ngg, =35401 + 297

O 1.25 : :
-% 2 Ptag >0.1 g 5000 _ Ptag > 0.5
2 S 1.00 S

0 = e ]

= J/ s = 075 =< ;
W = @ 3000
e < & E
= KO g 030} £ 2000

L L L
_2 E 0.25 1000
8 0+ 0.Q0 0
> 15 0 B IR & 250 5.255 5260 5.265 5270 5275 5280 5.285 5250 5.255 5.260 5265 5270 5.275 5.280 5.285
o My (GeV/c?) My (GeV/c?)
g
..E'
o
c
9]
Q.
Q.
<
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PRD 109, 112006 (2024) Pl

Signal efficiency (ITA vs. HTA)

after multi-variate analysis for ROE with BDT

<o

Belle I

0.6
1 [  Statistical uncertainty [  Statistical uncertainty
g 15 _ I Belle IT simulation g 05 - Belle II simulation
- . > i
cs? _ = 0'4:
i = :
210k : = - HTA
= 0.3
é : ITA E :
D) i . o i
— | = 0.2}
< < _
= =t
ob L Rl i
p) o 0.1 :
OI | 1 ' . o 00: | | ] ] ] | | | | 1
0 2 4 6 8 10 12 14 16 18 20 22 24 0 2 4 6 8 10 12 14 16 18 20 22 24
2 2/ .4
¢ [GeV2/c4] q- |GeV=/c?]
2 —\ 2
q° = M(vp)
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Closure test (ITA)

Candidates/(1 GeV?/c*)

Pull

3000
6000 |
4000 |

2000 |

]

2% Belle I1 —
- [Ccdt=362fb1 E
-

7Y

e
‘,_|_A_|—‘_Lf

-4 1 »BDT,) > 0.92

Bt srt KC

B o Pion ID instead of kaon ID
B O+B 0 ) o Different g2, bin boundaries
b B, o Only on-resonance data used for fit
Continuum o S
Data o Only normalization systematics included

Sim. stat. unc.

Result:

L o BBt - ztK) =2.5+£05)x 107

Consistent with PDG:

oS Ot O

BB - 7ztKY) = (2.3 +0.08) x 107

2 2
Qrec = 8/4 + Mw+ o \/EE;+
Assume B is at rest in the Y (45) rest-frame (¢ = 1)

30



B™ — K™uU result (ITA)

n(BDT:)
0.92 0.94 0.96 0.98 1.0
3000 ot
] . Belle II :
. . [Ldt=(362+42)fb! EEE Bt —K*tup
= 2000 : =3 B
,Cg I B*B-
.'8 Bl Continuum
C% ¢ Data
O 1000

Pull

_5: | | ! | | ! | | ! | |

1 4 8 9251 4 8 2501 4 8 2541 4 8 25
gz [GeV?/c?]
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PRD 109, 112006 (2024) P

BT — K™uU post-fit distributions (ITA)

n(BDT,) > 0.98

250 Belle II BN B K S 200 F Belle IT B B K
10 J £dt=362fb = BB L ! * [L£dt=362fb" = RO
+ _ A i _
8200 @ B 5 > 50k * -Bﬂ?
= B Continuum 8 i Il Continuum
%150 ¢ Data = i ¢ Data
= - 100
= 100 g l
e < i
= = 50|
O 50 =
&
O
0 () Ny e e i a1 o
5 ¢ OF
= R ) S = _-__________-_
al - al OE
— 5L ' l ' l ' l ' O S S S S S
0.980 0.985 0.990 0.995 1.000 0 5 10 15 20
n(BDTy) ¢ [GeV?/c!]
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PRD 109, 112006 (2024) Pl

<o

Belle I

BT — K7 vz Results R

0.497 4+ 0.037 {‘L.Bj:(].él

15.0 : | )
I : —— Belle II (362 fb'!, combined
: Belle 11 0 SM . 2.340.7 Thig analysis )

12.5 F [ Ldt=(362+42) fb! HTA Belle II (362 fb!, hadronic)

ITA 1.14+1.1 This analysis

Combination

Belle IT (362 fb!, inclusive)

2.740.7 This analysis

Belle IT (63 fb!, inclusive)

1.94+£1.5 PRL127, 181802

Belle (711 fb!, semileptonic)

1.0£0.6 PRDY6, 091101

©

o Prob(null signal of BY — K1)
= 0.012% (3.50)

Q

e Prob(B* — K vU from SM only)

Belle (711 fb-L, hadroni
=0.17% (2.70) O elle ( adronic)

2.9+1.6 PRD87, 111103

BaBar (418 fb!, semileptonic)

0.240.8 PRD82, 112002

BaBar (429 fb'l, hadronic)

1.5+1.3 PRD87, 112005

0 9 T4 6 3 0 9 4 6 8 10
u 10° x Br(BT™—K T vp)

[Note] u=1< B =497x%x107° BB+ — K ub)ymy = (1.1709408) 5 105

—0.8-0.5
SM value, not including B
(SMvalue, notincluding 5 = 7v) BB — K*vb)ps = (2.7 £0.5£0.5) x 1075

(2.3 £0.5199) x 107>

B(BT - K*uvb) o

comb —
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BT — K™ur, Re-interpretation

@ Things to note

* The Belle Il BY — K*vr [PRD (2024)] measurement — performed under SM
scenario

* J a paper on re-interpretation method (EP|C 84(2024)693)
v why not apply it to BT —» K !

Method (e) = L [ d? e(ala®) o(e?
* Number density & Joint humber density ) ) )
v 0 = theory, ¢ = efficiency, x = fit variable n(z,q”) = L e(z|q”) o(q”)
* Null model (e.g. SM) vs. Alternative model
0(2) n(x) .
ni(r) = L/dq2 77/0(337(]2) w(QQ) . °
w(q2) L 01(q2)
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BT — K™ur, Re-interpretation

aa(q*)/o4(a*) n(z|o,)

- A
For example SM ¢°) = L (z|q®) o(q°)

\nAa:q )"

o8(q*)/o4(q%)
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BT — K™ur, Re-interpretation

Plot for x vs. q2

Inclusive analysis .
y Belle II preliminary

simulation
1 0.92

2 [GeV?]

Reconstruction (fit) variable: x = (WBDT» qtzec)

1071

—
3
[N

—t
3
w

Events (weighted)

arXiv:2507.12393 Pl =
submitted to PRD [

Belle I

various models (here, shown for d%/dg?)

—8
L

vector

9 L
3.5 scalar

‘ i tensor ]
3.0 F .

IIIOIIII15IIII20I
¢ [GeV?]

ot

for re-interpretation in the weak effective
theory (WET),

Parameters of interest
= |Cv1, + Cvr, Cst, + Csgr, Ct1]

In the SM, only Cy;; # 0
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Csr, + Csr

BT - K"ur, R

Belle II preliminary
[ L£dt = (362+42) fo!

X

SM
Mode

Symmetry axes

0.95

i 1 l Ll l Ll i Ll

[

0.95 :

1 l Ll l Ll i | l 1

—16 =8 0

8 16

Cvr, + Cvr

Csr, + Csr

L I B I
—-16 -8 0 &8 16

Marginal posterior for the Wilson coeffs.
(Bayesian)

arXiv:2507.12393 Pl =
submitted to PRD [

Belle I

e-interpretation results

Parameters Mode 68% HDI 95% HDI
Cvr + Cvr| 11.3 7.82, 14.6] 1.86, 16.2]
CsL + Csr]| 0.00 0.00, 9.58] 0.00, 15.4]
Cru| 8.21 2.29, 9.62] 0.00, 11.2]
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arXiv:2507.12393 Pl =
submitted to PRD

BT — K™ur, Re-interpretation results

Marginal posterior for the Wilson coeffs.
(Bayesian)

--ox  GM 1 B/BY { Data
[ B*B- B Signal
axes B Continuum ]jj)eﬁlldetli Izgzlérr_l:iaégyfb—l
Belle II paper (arXiv:2507.12393) M 1mconste CWET
* Provide likelihood and joint : ;
number density for BT — KTup ~ § * §
= & 1 F -
8] ~+~ - i
O : : v ] 1
~  * Supply tools for re-interpretation < 1k ;
7 = E 5
ST = ] b |
—1 T —— @, 200 ﬁ —
i — 95 _ T T _ 3 T T E
. | - NS — SEN—— —
E().g.ss i an _(2)(5) 3 | | E 3 | | E
T e R
q. |GeV q=. |GeV
Cvr + Cvr Cst + Csr Crrr rec | | roc | ]

e SMvs. WET (V+T, preferred over SM)
e 3.30 for WET vs. (Bkgd. only)
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— - - - - ————- I-------a-

From: <prd@aps.org>
Date: Fri, 24 Oct 2025, 16:57
Subject: Acceptance DG14356 Abumusabh

To: <lorenz.gaertner@gmail.com>

Re: DG14356
Model-agnostic likelihood for the reinterpretation of the B +

rightarrow K +v bar v measurement at Belle II
by M. Abumusabh, I. Adachi, L. Aggarwal, et al.

Dear Lorenz Gdartner,

We are pleased to inform you that your manuscript has been accepted
for publication as a Regular Article in Physical Review D.
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@ Things to note b=
u
* Inclusive measurement for X, (= hadronic system
) _
with § = £ 1) final states / /V
/A
. . <
* sensitive to different aspects of SM & NP wte  SWo
. _7_7t
e.g. not dependent on hadronic FF e <«—3
u > u

* not very well-measured

only by ALEPH (BF < 6.4x10- @ 90% CL) 002
no separate measurement for ‘B mesons’ -
—~ ]
= 0.00]
e § |
=N |
© —0.01‘_".”
—0.02 |
from Felkl, T., Li, S.L. & Schmidt, M.A. “A tale of invisibility: o | |
constraints on new physics in b — swv”. J. High Eneryg. —0.02 =0.01  0.00 0.0 0.02

VLL,NP
C )

Phys. 2021, 118 (2021) v (TeV?)



b — X v Inclusive, how-to

@ Main features of analysis reconstructed

* Hadronic B-tagging via FEl signal side

<<

* Inclusive measurement of X, final states
by using “sum of exclusive” method X

BYBY B* sig

K |KY K=

Kr |[K*rT Kgﬂ'o K*70 Kgﬂ':t e €+
K2n|K*nFr0 K2ntn¥ K2nO70 K*nFn+t K2n*n0 K*m070 — Y(4_S) P
K3n | KEnFrntn®t KirfnTn® K*EnFa070 |KErFrfad  KlntrFrt  KIrEalr0

Kan | KEnFninF a0 KdnEnF nfnF KA nEnFn0nl| KEnFrfaFrtK ntnFata® KEnFata0n0

3K |K*KTK?Y KTKTK*

3K7|KE*KFK*nF K*KF K970 K*KFK*r0 KOK*KFr+ Btag

The summed modes cover ~93% of the entire X vv decays,
estimated from MC (assume K g is half of K O) /

tag side



B — X v Inclusive, Results

@ Procedure after X reconstruction

* use BDT for background suppression
v 68% efficiency & 97% rejection

* validation & correction using control
samples

v off-resonance data
v BDT side-band

v B—= X Jly

@ signal extraction

2D binned max. likelihood fit to
(M *°, BDT output)

Events

data/MC

0.0 < M;*° < 0.6 GeV/c® 0.6< M, < 1.0 GeV/c® 1.0< M, < 2.0 GeV/c?
700 — : Belle Il prellmlnary == B B,
- == BB
= ,det 365.4 fb" Sy
600 — : = dd
— —s§
= ——CC
500 _:*_ == SIGNAL
C —— data
400 —— i
300
200
100
0
1.2 :
17 : } + s ;
1 a ' 2
0.9% + + t— Tl ’ +-
0.8 | | |
0.75 5 4 6 8 10 12 14
bin index
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b — X v Inclusive, Results

@ No excess => set upper limits (90% CL, by CLs method)

+ BB — X)) <2.5%x107 ( My <0.6)
e BB - Xup)<1.0x10™* (O6<MX<10)
. 95’(B—>XW)<35><10‘4(1O<MX)

+ BB — Xwp) < 3.6 x 107" (all My region)

The most stringent limit
for inclusive B — X vu
(the first for B-meson)

Events

data/MC

0.0< M;:ico < 0.6 GeV/c? 0 6 < M <1.0 GeV/c* 1.0 < M < 2.0 GeV/c?
700— : Belle Il prellmlnary E — B B,

— : S B B

= J L dt = 365.4 1b"
600 — : ' e dd

C —s§
5007 —t

== SIGNAL
—a— data

400F

300

200
=

100

§'+++;+++r+"*++‘

000 =

o\l

5 i 8 8 10 12 12
bin index
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Intro. to DY — invisibles decays

@ In the SM

* helicity suppression

« very small BF ~ 1072, i.e. way beyond Belle II "
* sensitive to New Physics

@ Sensitive to DM
e 1@ final state is invisible

.. final states consisting of DM particles can appear we
as signals

W+
c >  AVAVAVAVAVAVAVAVAVAT & > * vV
d.s.b' ‘e*'.ll'*'.T*
W_
u * < SAVAVAVAVAVAVAVAVAVAT < .V
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D' — invisibles analysis tool

Tag SIde (Dtag — DZ’ag(—> K rntrnt)n’)

ROE(Rest Of Event)

Signal side D’
(recoil against Tag)

“Charm Tagger”

46



Table1construction channels

DY decay Br(%) || D% decay | Br(%) A7 decay | Br(%) D7 decay Br(%)
K—rnt 3.9 K ntnt 9.4 pK 7™ 5.0 KTK— 7wt 5.5
K—ntxY 13.9 K ntntq! 6.1 pK—mtal 3.4 KK 1.5
K-ntnta 8.1 Kot 1.5 pK? 1.1 KoKt 5.4
K rntatn—n? | 4.2 Kntra® 6.9 Aot 1.1 KtKntrn! 5.6
Kentn™ 2.9 Kentntn™ 3.1 A7t 70 3.6 KK mtnt 1.5
Kontn—m0 5.4 KtK—nt 1.0 ANortata 2.6 Ktn—nt K2 1.0
K- ntn%70 8.9 K-Ktata% | 0.7 ptn—wt 0.5 ot 1.0
T 0.1 T atnt 0.3 pTK K™ 0.1 Tt K2 0.1
Tt 0.8 mntatal 1.2 || pt K ntx%% | 0.1 K¢ 0.5
- mtal 1.5 KTK2K? 0.3 pto—nto—nt | 0.2 K-Ktatn—nt | 0.7
07" 1.0 a0 0.1 pT K" 2.0
K K™ 0.4 ptKontn 1.6
K-K*7n° 0.3 nta— Xt 4.5
K-K+K? 0.4 rtr—m0st 1.2
T K¢ 1.2 't 1.2
sum 53.1 sum 30.95 sum 28.2 sum 22.8
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See p.43, for color code

construction channels

D** decay | Br(%) || D** decay | Br(%) || D" decay | Br(%)
Dz 67.7 DrY 61.9 D7~ 93.5
D+ 30.7 DO~ 38.1

sum 98.4 sum 100.0 sum 93.5
Fragmentation &hannels for eac

D** or DT D*Y or DY AT D** or DF

nothing (K~ K™) T (KTK™) TP K2

T (KTK™) T (KTK™) TP K¢

mtr  (KTK™) atatn = (KTK™) || ntn—ntp Tt K~
(KT K™) mtr - mOKY
Tt K~
a0 K~
ntr nt K~
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Setting up Charm-tagger

Tag-side charm reconstruction = use 56 channels

® Train BDT for each channel, separately

Fragment reconstruction => use 24 channels

® to conserve strangeness, baryon number and charge of the event

® select one best candidate with highest probability from mass-constrained fit on signal
D* recoil mass

Reconstruct signal D% with reconstructing x, and calculating Ap”
between this x, and signal D*

® choose one best candidate based on largest opening angle between D and tag-side
charm in cm frame
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Reconstructed D" from charm-tagger

from Belle Il generic MC sample
x 105 Inclusive DY

2.00
budstau events

1.75 _ ccbar events
1.50 -
1.25 -
1.00 -
0.75 -
0.50 -

0.25 |

ooob—mur ;b o g
1.856 1.858 1.860 1.862 1.864 1.866 1.868 1.870

Mpo [GeV/c?]

The analysis going on in steady pace; we hope to have results by next summer.



D' — invisibles, existing result (Belle, 2017)

based on very similar (this is the original) procedure with the on-going Belle Il analysis

e Data

3
x10 180—
140 e Data B
— | =——Fit result 160;
. 0 -
Inclusive D 140~
Background I N
o [
; 120
Q
= 100
~
S 80
@
apd
CI:) 60
>
1]

Events/(0.35 MeV/c?)
o]
o

e Result of the first-ever search

— Fit result

ﬁ B signal +

non-D° background

-t

A

o
I

||||||||||||
= T due HUL =

L MUt e #nt g 2
2””.‘ En P T LY

RPN

= s
llllllll

Events/(0.35 GeV)
(=]
(=)

............ D background + ++ + H

i 40 i
- = 50Hal '
20 "
i of ol
0' L1 1 oo boooduap i ||l|||'|||l|||l1||.||lllllllllllllllllll
1.856 1.858 1.86 1.862 1.864 1.866 1.868 1.8 184 1.845 1.85 1.855 1.86 1.865 1.87 1.875 0 0'2 0'4 ole 0'8 ; 1'2 1'4 1'6 1'8 é
2 . . . . . . . .
M, [GeV/c?] M, [GeV/c] E.c, [GeV]

Belle, PRD 95, 011102(R) (2017)

v Nsig = —631—3%8 from 2D fit to (MDanECL)
v' B(D° — invisible) < 9.4 x 10— @ 90% CL.
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Closing remarks

@ Although Belle Il (and Belle) is conceived and constructed for studies of
CP violation and heavy-flavor physics, it also provides an excellent probe
for dark sector physics in mass scales of O(1 ~ 10 GeV) range.

N
@ In this talk, we showed recent dark :'3;) [ ey
sector search results from Belle [l and % | inegrated uminostysovars
Belle.
@ Belle Il Run 2 will resume in this year 3 I
carrently n @ short breald with a sl 3 T [ =
of Collecting several ab_l data in the = 2_ ........................................... RU“/Z///
next few years. Pl ease stay tun ed’ 1"51 .............. i S :
) W % D ]

Jan 2024 Jan 2029 Jan 2034 Jan 2039

Integrated luminosity (delivered) [ab™]









eTe” — T(4S) as a B-factory

25 —
The Upsﬂon System ]
%“ ol N 1.lnb o(ete” - Y(4S)) _
= ~3nb o(ete” - qq)
2 L i
9 ]_5-_ ;?: (qzu»d;S;c) ]
gl 10.58 GeV :
(RGN o Y(4S) 1
T S t - )
L ' \ ¢ ' o -
— 5 X L oo .
b [ ¢ oy O A P ....5...“.-4‘* ol as
o TI(IS) | TI(ZS) T(SS) . ; N
044 046 10.00 10.02 10 34 10. 3’? 10 54 . 10 58 10.62
Mass (GeV/c") 2 x mg =10.56 GeV

e B(Y(4S) — BB) > 96%, with p§™ ~ 0.35 GeV/c

e nothing else but BB in the final state
-, if we know (E, p) of one B, the other B is also constrained
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Key variables of B decays

AE = E¥ —1\[s12 My =\/(/5/2 -5}

: Signal F-
5 Continuum :
BB background E
" Signal
X Continuum
n BB background

03 02 -0.1 0 0.1 0.2 0.3 8.2 5.22 5.24 5.26 5.28 543
AE (GeV) My (GeV/c?)



Belle 1l Physics Mind-map

and CP

ot IXING
o

Charm Lifetimes

X Branch;
o\ Nching ; .
Q‘d C‘A(// g Fractions, Dalitz analyses
‘& % 1 *A’ Le
2 o ton flavor violati
c{\ e r violation
C/,e,m
decays
Gue Measurements
AV
New baryons oo
ytd/Vts from penguins
: Vub)
e+e- -->ISR, pi+ pi- cross-sections (g2 v, :
pi+ pi %\O o “‘g \\‘ p Exclusive measurements
- eunc© s 4 2tay
Spin Fragmentation e ‘(\1‘ 2, lepton (i
\)Q‘é" W N universali
Linac gpe 20 Axion-Like p (}“\ peta, gamma
....... artc, z\‘ga.
Invisible 7' ¢ 4(,% Time Dependent Measurements Direct T violation
5/ Ve
Be"e “ Data < Dh Sics phasec i
Dark Higgs es in b->s: B->phi Ks, B->eta’ Ks
Heavy tau neutrings
/
A
S/ /
LLPs (LONG -Lweé"oo\év g ! CPV, isospi I
. . nirect CPV, isospin sum rules
Mag net'\c.N\O“ ’éé.‘,- . oKD 4i pi Direc p
\99‘3.' / R c
Gazelle X\ / . 0
........ / 0(\\
Taum °¢// Y\’bb_?K* gamma and radiative penguins, B-->K(*) nu nubar
a .,
Taus g & S 5 B>y
pectral Funcs; 7 N Tight-h .
Octions N a\)q<~ o 4 %Crro anded currents, triple products
“ e/ eek
Lepton Flavor Violation (LEY) o Peng in
N A on universality, NP
<O
oL 2,
. nipole M - ¢’\"/ '\C .
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€d resonances
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PRD 109, 112015 (2024)

X = u"u~ MLP variables

5 Belle Il simulation Signal 3 GeV/c? 5 Belle Il simulation Background

- — 50 - — 600
5 5

| 40 : 500
4l 5 T 4f 400 3

: 30 8 > | S
°F 3 O °f 300 §

= [ 20 += 5 [ =

. C o -
2 : L] o 2 : 200L|J
1F 19 1F 100
O : PR SR SR T NN TR T SR T NN S N N R PR R AT S SR T N SR T O O : L O

0 1 2 4 5 0

3
P, [GeV/c]

@ Neural net (NN) for optimization
e 16 inputs, one output

o 5separate NNsin M(up) intervals: (0.21=2m,, 1.00, 3.75, 6.25, 8.25, 10.00) GeV

trained with Z’ signal (and generic background) MC samples

o Most discriminating variableis p  (see Fig.), followed by correlation of p+ & p,,-
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Parameters of dark sector with inelastic DM

* a = strength of dark-sector U(1) gauge interaction op = ‘1); o

e £ = mixing parameter between y and A’ m(x1) = 2.5 GeV
m(A") = 3m(x1)

» 6 = mixing angle between SM higgs 4 and dark higgs A’ Am = 0.4m(x1)

sinf = 2.6 x 10~4

a typical choice (p.18)
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arXiv:2311.14647 PRl "4

PRD accepted Belle IT

Closure test (ITA)

8000
w0 ' | 0 B —»n " KT o Pion ID instead of kaon ID
~ ¢ Belle IT - 5 O+B O ) o Different g2, bin boundaries
% 6000 - o [Lat=362fbt B 5D o Only on-resonance data used for fit
5 B Continuum o Onl lizat ¢ tics included
=~ _ ML,-* b Data nly normalization systematics include
g 4000 /7, Sim. stat. unc.
& = @
= - 9 1 »BDT,) > 0.92
'—g e J—I“‘L‘_Lf Result:
S T o B(B* — 77K’ = (2.5+0.5)x 107
g Consistent with PDG:
— z BBt - 7tKY%) = (2.3 £0.08) x 107
= Oewe 0 sow__ oS e
A :
B | L |
0 D 10 15 20
4 2 2
Grec [GEVZ/C7] ¢, = s/4+ M7 —/sE*,

Assume B is at rest in the Y (45) rest-frame (¢ = 1)

I
~
4L
R
4L
AQ
—
@)
y—
i
2
(q0)
O
w
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PRD 109, 112006 (2024) $

Belle I

B™ — K™D result (ITA)

n(BDTy) n(BDTy)
0.92 0.94 0.96 0.98 1.0 0.92 0.94 0.96 0.98 1.0
300 ; : 3000 bt
Belle II j . Belle II :
" [ L£Ldt=(362+42) b : ” [Ldt=(362+42)fb! WM B —K v
D) : O : I BORO
200
k: : = 2000 .
= B Continuum S5 B Continuum
c% ¢ Data % ¢ Data
O 100 : O 1000 :
0 0
5 5
=R ) S—— L S = N 1 S S N S S —
Ay : al F
_5" | | i | | i | | i | | _5 | | i | | i | | i | |
1 4 8 925k1 4 8 25F1 4 8 2541 4 8 25 1 4 8 25F1 4 8 25k1 4 8 2541 4 8 25

qgec [G6V2/04] ql?ec — 8/4 + MIQ(—I- \/_E Qrec GGVQ/C ]

BBT = KTvi)ypa = (2.7£0.5+£0.5)x 107>

I
~
4L
R
4L
AQ
—
@)
y—
i
2
(q0)
O
w
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PRD 109, 112006 (2024) Pl

BT — K™uU post-fit distributions (ITA)

n(BDT,) > 0.98

DO
ot
-

Belle II B B Kt o~ 200 Belle II B B Kt
10 J£dt=362b" =3 BB’ L ! | [Ldt=362fb" = BUB
S 200 I BB~ A [ { = BB
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s | > 100}
= 100 < _
o [ ay) -
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<
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5 5
I S P ATV U =R ) SN S ———
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— 5L n l n l n | L O S S S S S
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