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THE SUPERKEKB COLLIDER

* Asymmetric e*(4 GeV )e (7 Gel) collider operating close to the Y(4.5) peak (10.58 GeV)

» Center of mass frame boost By = 0.2 8

*  World record luminosity:4.65 x 103*cm=2s71(4.71 x 103*cm~2s~1 w/o Belle II data taking)

. 1 1 1ze: Interaction
Luminous region size: 250nmx 25um x 250um - (\ Re Belle Il detector
e 2023 Installation of the full w ) e————

PXD Machine improvements
to reduce the machine bkg.
and improve luminosity.

* Aiming for:
L > 6 x10®cm?s1l= 600 nb_l/%:ositron ring
2Ldt > 50 ab!

electron / positron
linear injector

positron damping ring



|HE BELLE || DETECTOR
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Solenoid (1.5 T)
Drift Chamber (CDC) =

Tracking =
Vertex Detector (VXD) = Silicon Vertex Dete
{ Silicon ;//77..

Electromagnetic Calorimeter(ECL)
(v, PID)

K;andy = KLM



Belle I vs Belle at a glance
Belle II _—High Segmentation

Outer radius of SVD I [ CDC

R= 6cm =2 8cm

CDC inner part
- Small cell chamber

VD ey

““ /7 .

l Install PXD ’

~<_PXD\

i

SVD/

DC

Belle: total dataset 998 fb-1 at Y (1,2,3,4,55)and continuum + energy scan -f_h"":;: :
1Y(4S) till 11.02 GeV '-

i Belle II total dataset to- -date is 424 fb 1 mostly at Y( 4S)
g --iﬁ_:- - __:__—_ o — = == _-1 :
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2023 results

CONDO A WN =

Measurement of the Ds lifetime — world leading, arXiv: 2306.00365. Accepted
Y(nS) dipion transitions— unique, paper in preparation

Search for ee = wny at 10.75 GeV — unique, paper in preparation

CPVin B? = n' Ks— unique, paper in preparation

CPV in B? = Ksrt% — unique and world leading, paper in preparation
Improved B flavor tagging and sinZ2phii— paper in preparation

R(D*) — high profile — paper in preparation

R(X) — high profile, unique — paper in preparation

Evidence for B* = K* W — high profile, unique — paper in preparation

. BF and asymmetries in B = p y — unique, Belle +Belle Il — paper in preparation

. Search for Z' = py — paper in preparation

. Energy-dependence of B(*)B(*)bar cross section — unigue — paper in preparation

. Test of light-lepton universality in B = D*£ v decays — unique — arXiv: 2308.02023. Accepted.

. Determination of the CKM angle y from a combination of Belle and Belle |l results— paper in preparation
. Measurement of CKM angle y using GLW — Belle + Belle II, arxXiv: 2308.05048

. Measurement of CKM angle y using GLS — Belle + Belle |, JHEP 09 (2023) 146

. Search for long-lived spin-0 mediator in b = s transitions— world leading, arxXiv: 2306.02830

. Measurement of of the T mass — world leading, PRD 108, 032006 (2023)

. BF and ACP in B? = h*h? decays and isospin sum rule — world leading — paper in preparation
. ACP in B? = K% K% K% — paper in preparation

. [Veb| using untagged B — D*¢ v decays — competitive — paper in preparation

. CPVin B? = K92 decays — competitive, PRL 131, 111803 (2023)

. CPVin B? = ¢K% _ arxXiv: 2307.02802. Accepted

. Novel method for charm flavor tagging — unique, PRD 107, 112010 (2023)

. Search for T = &b — arXiv: 2305.04759 (conf note)

. Observation of B -> D(*)KKs — world leading arXiv: 2305.01321 (conf note)
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e Dark sector
* B --> kvv

e Outline



DARK AND
INVISIBLE

e Specialized Dark Sector Triggers
at Belle Il enabled:
* Single muon trigger;
e 3D track reconstruction at
L1 using neural networks;
* Single photon trigger
operational for entire
dataset;




300

)

J
un
o

Entries / (100 MeV/c?

200

150

100

un
o

SEARCH FOR T*T~ RESONANCE INeTe™ = M U™ T 1~

Accepted for publication by PRL, arXiv:2306.12294

Belle Il preliminary [rdt=62.8 fb?
- o — Signal+ background ] — efe” »ThTT
N, L Signal 1 e*e” =qgq.{g=u,d,cs5,b)
= & Backg d 7] - - -
I B o etemvetemuth ]
E 6 - 4 3 ete aputu- |
5_-\; . O efe- =wufu-trT" {
— i N cefe” wefe T T |
E 2 J ”J l”lu } Data
IR | I
R |
o . | k
3

Myrecoil(HH) [GeV/c?]

A pair of oppositely charged 1
A pair of oppositely charged T 1 prong

Missing energy and missing momentum from the
neutrinos

The four momentum of the X (Z’,S or ALP) is: py
=pe++pe‘_pu+_pu‘

No peaking structure observed on the p 2



LIMITS ON MIODEL PARAMETERS

Accepted for publication by PRL,
arXiv:2306.12294

Limits on the cross section translated to limits on Model
Parameters

Bella Il preliminary __]\L"JT=E|2.BTD_1

Belle Il preliminary _]I‘r.dt =528 fb!
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Leptophilic Scalar, S Axion Like Particle



TAU LEPTON

10



Mass of the t lepton is a fundamental SM parameter

Events / (15 MeV/c?)

160
140

120}

Use kinematic edge of M, distribution in T—3nv decays

T lepton mass

Pseudomass endpoint method:

Muin = \/ M, +2(V5/2 ~ E3,) (B3, - p3,) < m,

hadrons

® Assumes neutrino is collinear with 3n V) flth,1
direction, and utilizes beam energy constraint //—/;}7' | -
§<103 I / ,/ ’/l
- Belle Ty VT CM frame
- ILdt=190fb'1
3_ ¢ Data

100

60
40
20

- [] tt backgrounds .
80} q

Liernlame e ot or e R e iR

°
e,
o,
o
.....

1.2 1.4 1.6 1.8 2

M, [GeV/c?]

edge is smeared by
detector effects and ISR

® 1"t pairs are produced at Belle Il in

e*e’— 11 with relatively high
boost, resulting in “jetty” topology,
with the decay daughters cleanly
separated into two “hemispheres”

® “Tag and probe” to cleanly and

inclusively select T signal candidate

sample
11



Corrected (s [GeV]

T lepton mass

Critical to control beam energy and track momentum scale
calibrations

- Beam energy calibrated using B meson hadronic decays

- Momentum scale sensitive to magnetic field imperfections, detector
material etc. Extract scale factors for K and = using D*" — D° (— Kn") n*

from data
10.59
" Belle Il —\s
10.585 B ___2EB*

10.58 [

10.575

- Feb. 2020

10.57 |-

[ Oct. 2020

- Feb. 2021

. A
0 100

200

N I
300

400 500

Chronologically ordered events

L Ix10°

mfl, - mPPS [MeV/c?]

el -08 -06 -04 02 O

Belle Il —— Before momentum correction

IL dt=190fb™ 7?'; After momentum correction

D* > K rn'n*

il 105 o ] v o ol

coseK

02 04 06 08 1
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T lepton mass

Mass determined from unbinned maximum
likelihood fit to empirical endpoint function:

m, = 1777.09 & 0.08 + 0.11 MeV/c>

Uncertainty

Source (MeV/c?)
Knowledge of the colliding beams:

Beam-energy correction 0.07

Boost vector <0.01
Reconstruction of charged particles:

Charged-particle momentum correction 0.06

Detector misalignment 0.03
Fit model:

Estimator bias 0.03

Choice of the fit function 0.02

Mass dependence of the bias <0.01
Imperfections of the simulation:

Detector material density 0.03

Modeling of ISR, FSR and 7 decay 0.02

Neutral particle reconstruction efficiency <0.01

Momentum resolution <0.01

Tracking efficiency correction <0.01

Trigger efficiency <0.01

Background processes <0.01
Total 0.11

« Most precise experimental

determination to date!

x10°
16 Bellell { Data — Fit
g 1af- IL I {iBackground
= 12F m, = 1777.09 + 0.08 + 0.11 MeV/c?
Peoe :
E 10F “..“.w”"""‘-- 4
b~ |
[2] - b
:.c:“: \
2F )
0 1 1 n 1 n 1 n n 7 1
_ 2F
S op
o,
1.7 1.72 1.74 1.76 1.78 1.8 1.82 1.84
M., [GeV/c?]
PDG Average (2022)

BES (1996)

0.18 +0.25
1776.96 jr0.21 o

BELLE (2007)
1776.61+ 0.13 £ 0.35

KEDR (2007)

0.25
1776.81 2 +0.15

BaBar (2009)
1776.68 + 0.12 + 0.41

BES Il (2014)

0.10
1776.91+0.12 0.

Belle Il (2023)
1777.09 + 0.08 = 0.11

1776.86 +0.12

Il Il 1 | 1 1 1 1 | Il Il Il

1776

1776.5 1777
m, [MeV/c?]
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First measurement of the Michel
parameter {int- — pu v,v,; decay

® £ (= 1inSM)is a parameter related to polarization of daughter
lepton. Belle has already attempted to measure itusing
T radiative decays, but precision was too poor: it
§=-22124

® The new method is based on the muon
decay-in-flight reconstruction in the tracker as
a kink. Very rare because of large muon
lifetime, but huge Belle statistics allows to see
few hundreds such events

® The information about muon spin can be
inferred from the daughter electron direction SN

in the muon rest frame due to P-violation in PRL 131, 021801 (2023);
the decay PRD 108, 012003 (2023)

Use the full Belle data sample of 9881 b-1

14



N/0.13

N/0.2

30

b
Ty

Result

S
Y _:
R — P

40

| ® The result of the first direct

! measurement of the Michel parameter 5‘
| inthet” — u~ v,v, decay at Belle is &

1 =0.22 £ 0.94(stat) £+ 0.42(syst)

® The result with the combined

—~ uncertaintyis § = 0.22 + 1.03

¢ Statistical uncertainty dominates in this

| study systematic uncertainty is well under
1 control.

| ® Belle Il can do a real precise
measurement

15



Search for B*—> Kv v




Search for B"— K™ vv

 Reliable theoretical predictions
B(B—Kwv) = (5.58+0.38)x10-6 [arxiv:2207.13371]

Branching fraction gets increased by leptoquarks, axions, etc.
« B—Kvv has never been experimentally observed

Search for B—Kvv is unique to Belle Il

Challenge: two neutrinos in the final state

« Information from partner B (tag) provides insight about signal B
« Use inclusive-tag approach to search for B—Kvv in 362 fb-

« Use conventional hadronic-tag approach as an auxiliary measurement

4 Inclusive tag )

B, — anything

e= 8%)

N B
SD-E@D-CL

Kt -

4 Hadronic tag
By, — hadrons,e.g B — DOnm
€ =0.4%
D@D

X J

17




Signal Discrimination

® Combine signal kaon, event topology, rest-of-event information in two

subsequent MVA classifiers distinguishing signal and background

Backgrounds:
® ete-—qq (expected 30% in the signal region) \%
® other B decays (expected 67% in the signal region) ‘%

® semileptonic B decays

* potentially dangerous B—Knn ,B—K+KO0KO pion fakes,
B —>Xc(—>KL+X)

(= o]

L= ]

® Fit to dineutrino mass (q2 )and output of the classifier extracts signa
rec 7

fraction of events
-

= S/4 + My? — SEy”
E" = kaon energy in center of mass
Analysis heavily relies on the simulation

=> Crucial to validate it in data %.u 0.2 0.4 0.6 0.8 |.JI':8
sphericity

Ped
T
L b




Signal Validation

6000

B—JYK to validate selection and », 5000
modeling of neutrals. 9

®* Remove J/y to match signal topology ch 400

®* Compare distributions in data B 3000
and simulation. %

© 2000

Efficiencies agree 10% energy shift
for neutral particles that are not photons

R

=

Belle II preliminary / Ldt=362fb"

g N
£ 1000 {
g
&
©
© ﬁmmz:zmﬁﬁ
0
0.0 0.5 1.0

BDT, (BDT; > 0.9)

1Bt — Kt J/y Simulation ¢ Bt - K J/¢ Data

IB* - K* J#¢ Simulation § B™— KT J/¢ Data
Bt - K+v i Simulation Sighal discriminator

— A AR AR

02 04 06 08 0
B DTl Signal prefilter output 19



Sistematic Uncerntainties

Measure signal branching fraction u in units of SM rate = 4.97x10-6 (no B—t(—K*v)v), usm=
1 Full systematic tables in backup
The maijor sources in units of u are listed below

Source Correction Uncertainty Impact on oy,
size

Normalization of BB background — 5!3%, 0.88

Branching fraction for BT - KT KK} q*> dependent O(100%) 20% 0.48

MC statistics —— O(1%) 0.52

Compare to a statistical uncertainty of 1.1

For the hadronic-tag, use similar set of systematic uncertainties. Dominant are background normalization,
simulation statistics, and systematic on mismodeling of photon multiplicity in the ROE.



Fit

1
Signal discriminator },L(BDT2) =1- IBDTZ S(b)db |Inclusive—tagj |Had ronic—tagJ
0.92 0.94 0.96 0.98 1.0
3000 ; ' : Be]le‘II preliminary B B K
: Belle II preliminary |l BT —K " vi ; [ £dt=362fb! = 5

§ éf/:dt:(?)(iQ +-42)fb—1 — BB 7 100 ¢ e
= 2000 : B 55 = -
° Bl Continuum = 4
’g ) Data Fg
&5 1000 : 3

0
— 5 [ - —
=R | S S S— =
- -5 F ] ] 1 ] ] 1 ] ] 1 ] ] A

-1 4 8 25k1 4 8 25F1 4 8 25F1 4 8 25 0.6 0.7 0.8 0.9 1.0
2. [GeV2/c!] Signal discriminator

Perform binned maximum likelihood fit
+ Inclusive tag: in bins of g%rec and classifier output

« Hadronic tag: in bins of classifier output 21



Signal discriminator  [nclusive-tag Hadronic-tag

Incluswe tag: u = 5.6 £ 1. l(stat)Jr (syst) —
- Hadronic tag: p = 2.2 + 2. 3(stat)+1 S(syst) |
S - Combined: u = 4.7 = 1.0(stat) = 0.9(syst)
E Results are consistent within1.2 = § .

i [GeV2 /] Signal discriminator

In a fit, measure signal branching fraction y in units of SM rate = 4.97x10-6 (no B—t(—K*V)v)

- Inclusive tag: in bins of qzrec and classifier output 42'”60: S/4 + My? - S"Ey
- Hadronic tag: in bins of classifier output E" = kaon energy in center of mass



Inclusive and hadronic results

Inclusive tag: BF = [2.8 £ 0.5+ 0.5] x 107>

: . — +0.9+0.8 -5
Hadronic tag: BF = [1.17°7°] x 10

Combined: BF =[2.4 + 0.57%°] x 107>

For the inclusive tag, significance of the
result

« wrt null hypothesis is 3.60
« wrt SMis 3.00

For the hadronic tag, significance of the
result

SM Average
-)1* . I .

Home-cooked comparison

Belle II (362 fb-!, Combined)

2.4+0.7 This analysis, preliminary

Belle 1T (362 fb-!, Hadronic)

1.1+1.1 This analysis, preliminary

Belle 1T (362 fb!, Inclusive)

2.84+0.7 This analysis, preliminary

Belle IT (63 b, Inclusive)

1.9+ 1.5 PRL127, 181802

¥

|

)

¢

Belle (711 fb"!, Semileptonid)

1.04+0.6 PRDY6, 091101

® Belle (711 fb!, Hadronic)

3.0—1.6 PRDS87, 111103

Babar (418 fb™!, Combined)

0.8=0.6 PRDS87, 112005

Babar (418 fb™!, Semileptonic)

0.2+£0.8 PRDS87, 112005

Babar (429 fb'!, Hadronic)

1.5+ 1.3 PRDS87, 112005
L L | L L L

.t

Far---

Belle reports
only upper
limits.

We calculate
BF
ourselves

0 2 - 4 | 6 8
10° x Br(B"—K " vp)

For the combination, significance of the result
« wrt null hypothesis is 3.60

« wrtSMis 2.80

Qverall compatibility is good y2/ndf = 4.3/4

First evidence of the B™ — K"VV decay

10

23



Summary

- Belle Il + SuperKEKB has successfully launched and collected data already comparable to
those by Belle (10 years). SuperKEKB has achieved L,.q.x = 4. 7x103%/cm?/s, the world record on
June, 2022.

» Dark sector: No excess still observed, new competitive limits are set.

« World class results on T and charm physics

* B* — KTvvdecay in 362 fb-1 using inclusive- and hadronic-tag approaches

« First evidence of B" — K" vv decay
 Tension wrt SM at 2.8¢ for the combined result

Belle Il transits from competitive measurements to world-class results

24
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Sistematic Uncerntainties

Measure signal branching fraction u in units of SM rate = 4.97x10-6 (no B—1(—K*V)v), usm =
1 Full systematic tables in backup
The four major sources in units of u are listed below

1) 50% uncertainty on the BB background normalization motivated by observed discrepancies => 0.88

2) Limited size of simulation sample for the fit model => 0.52
3) 20% uncertainty on the B+—K+*K K, decay rate given it is unmeasured => 0.48

4) Uncertainties on the modeling of B—D()¢v decays => 0.42

Compare to a statistical uncertainty of 1.1

For the hadronic-tag, use similar set of systematic uncertainties. Dominant are background normalization,
simulation statistics, and systematic on mismodeling of photon multiplicity in the ROEh.



Charmed hadron lifetimes

Charmed hadrons have lifetimes of order ™ (7. p)
0.1 - 1 ps, resulting in decay distances of D
typically 100 — 500 um at B factories

* D° D" Ds*, Actand QP

® Decay time determined from flight distance
between production and decay vertex

decay vertex

production vertex
(interaction region)

® Tracking provides momentum vector
constraint and hadron mass (from decay

daughters)
E.‘ 140 : Fit function: o = \‘; +7:—7L;
= . ppsin(0)*=
Belle c 1205 Belle SVD2 cosmic (Data) BN715
2 jooR —=— a=17.4:03um
. = L b= 343+ 0.7 um GeV/c
Be”e I I haS SUbStantIa”y § 80 Belle Il single track events (MC)
. o BRI a= 9.0+0.1um
improved vertex < 6o

'Be”e I resolution and reduced 40/
] 3 \. beam spot size o N
. an compared with Belle s 2

-2 -2 4 B -8 7 4
ppBsin(0)*? [GeV/c]

i

0Belle/OBell I

Luminous region is {10,0.2,250} um {x,y,z}
(compared to {100,1,6000} um for Belle)



Reconstruction and Selection

« Charged particles: pr> 100 MeV/c, close to collision point, in the central part of the detector

* Neutral particles: E> 100 MeV, in the central part of the detector
« Signal kaon candidates reconstructed applying kaon-enriching selection

Inclusive-tag Hadronic-tag

(e »Y4S) = et ) [ e oYES) — e )
5/ \ 7 2l N

S1Z S1Z2 B tag
Rest-of-event / ROE
KT (ROE) Kt Remaining
Remaining charged and
charged and / neutral particles
neutral

\ particles J K )

In following, focus on the inclusive-tag




Signal Validation kaon

1) Kaon identification: the sole strong signal requirement
® Check performance in data and simulation with D*+— DO(—K-mr+)m+.

Corrections: ~0.9 for kaon ID efficiency, ~2 for pion-to-kaon fake rate.
® Validate corrections using B*+—Do(—K*m-)h+(h=K, )

Candidates

- Remove D0 to match signal topology and apply signal selection
- Fit difference btwn observed and expected B energy to extract yields
Agreement between data and simulation after corrections

30

20

0°F S
~0.100 —0.075 —0.050 —0.025

10 |

TTT T

; Belle II preliminary

[ £dt=362fb!

— Total

— BT 5Dt

— BtSDK*
¢ Data

i

Pion
kes

0.000  0.025  0.050

Difference between observed and expected B energy [GeV]



Candidates per 1 MeV/c?

Candidates per 1 MeV/c?

Charmed hadron lifetimes

D**-D(—-Kn")n*
~171k with 99.8% purity

10* Belle IT ¢ Data
JLat=7216" | —Fit
id Y o Background
103 [ 1D°—K*K"
[ D" —mtn-
10?
0EF N i W
175 18 1.85 1.9 195 2
m(K~m*) [GeV/c?]
4
10°E  Belle 11 + Data
C | Latt=r72.007 — Fit
ol NN RS | SR AR Background
10°F
10% - i e
Ch o 0 v 0 ofy o ISR 1y 50 10 0oy
175 18 1.85 19 195 2
m(K - mtrt) [GeV/c?]
D**—>D*(—-Kna'n)n’

~59k with 91% purity

Consider only high

purity, large branching

fraction decay modes

® Charm from B
decays vetoed (to

avoid lifetime bias)

® Backgrounds modelled
using invariant mass

sideband regions

®* Very small

background- related

systematics

Ds"—@(— K K)t" ~116k with 92% purity

} Data

Belle 1l
J L dt=207fb"

8000

I||I|!||I||Hllllll\llllllllllll

— Total fit
----- Background

i L il I 1 i i 1
193 194 195 1.96 1.97 1.98 1.99
M(¢*) [GeV/c?]

2

2.01 2.02

Candidates per 0.4 MeV/c?

Candidates per 6 MeV/c?2

8000

[=:)
(=3
(=3
(=}

'S
(=3
(=3
(=]

5]
(=3
(=3
(=)

i Belle IT } Data
L — Total fit
—/Ldt=207.2fb'1 A 5
L | — Signal
i === Background
CAd— pKn? ]
[ ~116k with
-93% purity 7
; | _/4LJ\\| ) :A
2.26 228 230 232
M(pK'n*) [GeV/c?]
OT  Betterr r } Data
[ [ Ldt=207 fb! "
50 __f A g Fit
FQ. - Qat+ (| Background
wf Q—A° ek
(= pmK: |
30 - ~90 events with ! | | !
- 67% purity
20 : *
of TP W&%
AN EE NN
2.6 27 28

m(Q - *) [GeV/c?]




Charmed hadron lifetimes

Lifetime is extracted using an unbinned
maximum- likelihood fit to the decay time (t) and
decay-time uncertainty (ot)

Candidates per 70 fs

104 Belle I1
i DO Jra=mm
10°
102 ¢ Data
" —Fit
----- Background
1
10°
107
10

Decay time [ps]

7(D% = 410.5 % 1.1(stat.) = 0.8(syst.) fs
(D) = 1030.4 £ 4.7(stat.) £ 3.1(syst.) fs

PRL 127 (2021) 21801
arXiv:2306.00365

PRL 130 (2023) 071802
PRD 107 (2023) L031103

Signal distributions are
convolutions of an
exponential with a
resolution function

Simultaneous fit to signal
and sideband regions with
all shape parameters free

Possible backgrounds
from long-lived particles
taken into consideration
(e.g.
Ee—AlT)

Systematics at

level of 0.2%

=
0

g1

Candidate

Candidates per 70 fs

T(A}) = 203.20 + 0.89(stat.) + 0.77(syst.) fs

Candidates per 80 fs

Belle Il

o ILdl-Eﬂ?‘b'

Ds*

} Data
— Total fit
- - Background

W3 D

Ips)

7(D}) = 498.7 £ 1.7(stat.) + é:;(syst.) fs

/et

i

Belle IT

/L dt =2072 fb’!

¢ Data
— Total fit

--- Background 3

10

¢ [ps]

= Belle IT ¢ Data
[ [ Ldt=207 fb™! — Fit
Y ) S Background
10
Q0
'E
-3 -2 -1 0 1 2 3 4

Decay time [ps]

1(98) = 243 + 48(stat.) = 11(syst.) fs




Kink candldates

N /(8 MeV/c)

300

0 100 200 400

PrK [MeV/C]

The main background sources are two

body decays of 7+ and K=.

The daughter particle momenta in the
rest frame of the mother particle with

N /(7 MeV/c)

correct mass hypotheses are peaked.

N
o

W
(@)
——————————

N
(@)
————

—_
o
—

Bo—e Vel
T = vy,
K —r 0

K~ —3 body
K —u v,
e-scattering
pu-scattering

hadron
scattering

data

ol B 1 R RN

20 40 00
DPep [MeV/C]

BDT is wused to suppress
background by 50 times with
the signal efficiency &g = 80%

use huge control samples with tagged kinks of different types (7%, K<,
and hadron scattering) selected from the D** — DO(K-m+t)m™
decays, and electron scattering from the y-conversion.



SEARCH FOR LONG LIVED PARTICLES IN b = Transitions

B*-K*S Bo>K™(=K*n~)S

S—»ete~

|
©

— —
o o
L

N
o

—
o
&

|
~

S-outu
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Charmed hadron lifetimes

Most precise D, D, Ds"and A" lifetime measurements to date

- Confirmation of unexpectedly long lifetime of QCO by LHCb - not the shortest
lived weakly decaying charm baryon

Dt lifetime [fs]
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NEW
POST-FIT ¢ 2 . DISTRIBUTIONS

Inclusive-tag Hadronic-tag
2000 50 [
[ ¥ § Belle Il preliminary ~HEE B —K "o Belle II preliminary Bl B K
f[,dt:362 fbl — B'B° 40 i fﬁdt=362 fHh—1 1 BB
1500 F ¢ B B "B~ i B cc
B Continuum i g
[ t  Data 30F ¢ data
1000  Stat. unc
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Some shape difference for inclusive-tag



BCKG VALIDATION ()

1) Data collected 60 MeV below resonance to validate ete-—qgsimulation.

Normalization discrepancy: 1.40+0.05
We correct for observed discrepancies in shapes and normalization.

2) Pion and lepton enriched sideband samples to validate modeling of
B—-X.(—K,+X) decays

« Fit g2 in pion- and lepton-enriched sideband to validate size of
B —>XC(—>KL+X)
Data favors 1.3x scaling-up

)
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Pull

Candidates / 0.01

Pull
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Belle II preliminary o
JLdt=42.31" B cc
B ss
B uu
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{ Data
7777 MC unc.

1l Off-resonance
T4
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e [GeV2/c']
<100 -enriched sideband

Belle II preliminary EEE B with DK X
JL£dt=362fh"' [ B without DK, X
B Continuum
t Data
77, MC stat. unc.

After
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0.94 0.96 0.98 1.00

Signal discriminator



BCKG VALIDATION (IT)

3) Undetected K, 's are a critical background
» Use simple-kinematic, low-background e*e-—y@p(— K Ks) process to

validate modeling of K | detection efficiency.

17% inefficiency in data wrt simulation

4) B+—K*KOK 0 can mimic the signal and is poorly constrained
» Use BaBar [PRD85, 112010] B+—K+*KsKs to model B+—K+*K K|
* Model B+—K+*K Kby using inputs from B*—K+*K¢K s and
BO— K K*K- decays

Our models reproduce the data
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NEW
CLOSURE TEST

Measure known decay mode to validate the method
8000

— B"—r"K°
Belle II preliminary [ Neutral B
[ L£dt=362fb! EEE Charged B
B Continuum
{ Data
777, MC stat. unc.

Minimally adapt B+—K*vvto measure BF(B+—m*K0)

B+—m*KO0 has similar branching fraction to SM
B*—K*vv

(@)

)

)

)
|

BF(B+—m*K0%) = (2.5 = 0.5) x 10-5

consistent with PDG [ (2.38 = 0.08) x 10-5] 2000

Candidates/(1 GeV?/c?)
=

Test passed \/

Pull
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SELECTION: INCLUSIVETAG

Tracks

- 4 < Ntracks< 10

- |dr| < 0.5 cm, |dz| < 3 cm

- pr> 0.1 GeV/c, E< 5.5 GeV

K+: NpxpHits > 0, 8 € CDC, Ncpchits > 20, kaonlD > 0.9

ROE: 40
- KO%: ‘merged’ + 0.495 < m(sr+ar) < 0.500 GeV/c? +
cosé(p, v) > 0.98 + flightTime > 0.007 ns + kFit > 0.001

-7:01<E <55GeV, 0 e CDC
0.3 < O(pmiss) < 2.8, Euisivie > 4 GeV

One B candidate per event with lowest qrzec = s/4 + M% - \/EE}?



SELECTION: ()

Hadronic FEI skim requirements:

At least 3 tracks with |dz| < 2cm, dr < 0.5cm and p, > 0.1 GeV/c
At least 3 ECL clusters with E < 0.1 GeV and 0.297 <06 < 2.62
E, . >4 GeV

B . M, . > 5.20 GeV/c?

|Btog A-|< 0.3 GeV

Btog FEI probability > 0.001

© O O O O O

Event requirements:
o Less than 12 tracks with dr < 2cm, |dz| < 4cm

41



SELECTION: (l)

e K'signal candidates requirements:

|dz| < 2cm and dr < 0.5cm

Track in CDC acceptance (17° < 6 < 170°)
NnCDCHits > 20

NPXDHits >0

KaonID > 09

o O O O O

e B'-K'vv reconstructed from signal K* candidate
e Require right Bsig-Btog charge conjugation
e Additional requirement on tag-side applied at this stage: Bmg M, . > 5.27 GeV/c?

e Requirements for missing energy. 0.3<6 _. <2
o Sum of missing energy and momentum — input of final BDT
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SELECTION:

* Photons in ROEh:
* E>(100,60,150) MeVforphotonsin (FWD, Barrel, BAWD)
* Acceptance within CDC

*  Minimum distance-to-the-closest-track > 50 cm

(I

ROEh: deposits not associated with Bmg nor BSig
(empty for signal events)
Reconstructed in ROEh:
o T from eff20_May2020
o K from stdKshorts
o Afrom stdLambads
Multiplicity of all of the above requested to be 0

Require 0 “good tracks” in rest of event of B, Biog
system (good track: dr < 2cm, |dz| < 4cm in CDC
acceptance, NCDC hits > 20)
o Tracks in ROEh not passing “good track”
selection — input of final BDT

Neutral Extra ECL clusters — input of final BDT
o dedicated extra photon cleaning (next slides)
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MVA CLASSIFIERS:

Variables related to the entire event

First, train BDT+1 using 12 discriminating variables. T
) i ) e Number of charged lepton candidates (e* or p*)
Then, restrict sample to high BDT+ values and train (BDT)

e Number of photon candidates, number of charged

BDT2using 35 discriminating variables. particle candidates (BDT,)

Parameter Value e Square of the total charge of tracks in the event
(BDT,)

Number of trees 2000

e Cosine of the polar angle of the thrust axis in the
Trefz depth 2/3 (BDT1/2) cm. (BDT1, BDT,)
Shrinkage 0.2 _ _ _
g 1 0.5 e Harmonic moments with respect to the thrust axis

ampling rate : in the c.m. [44] (BDT;, BDT>)

Number of equal-frequency bins 256 _ _

e Modified Fox-Wolfram moments calculated in the
Variables related to the D°/D* suppression cm. [45] (BDT,, BDT;)
DP candidates are obtained by fitting the kaon candidate e Polar angle of the missing three-momentum in the
track and each track of opposite charge in the ROE to c.m. (BDT,)
a common vertex; Dt candidates are obtained by fitting
the kaon candidate track and two ROE tracks of appro- e Square of the missing invariant mass (BDT3)

priate charges. In both cases, the best candidate is the

one having the best vertex fit quality. » Bivent sphericifyin the s S (BDT,)

e Radial distance between the best D' candidate * I\]Iaolr)I%aligeg;ox—Wolfram moments in the ¢.m. [44]
vertex and the IP (BDT,) (BDT:, 2)
e Cosine of the angle between the momentum line of

the signal kaon track and the ROE thrust axis in
the c.m. (BDT,, BDT,)

e X2 of the best D° candidate vertex fit and the best
D+ candidate vertex fit (BDT5)

e Mass of the best D° candidate (BDTz)

e Radial and longitudinal distance between the
POCA of the KT candidate track and the tag ver-

. g 0 .
e Median p-value of the vertex fits of the D" candi tex (BDT,)

dates (BDT3)

Variables related to the tracks and energy deposits of
the rest of the event (ROE)

e Two variables corresponding to the z, z compo-
nents of the vector from the average interaction
point to the ROE vertex (BDT2)

o p-value of the ROE vertex fit (BDT?)

e Variance of the transverse momentum of the ROE
tracks (BDT3)

e Polar angle of the ROE momentum (BDT;, BDT3)
e Magnitude of the ROE momentum (BDT, BDT?)

¢ ROE-ROE (00) modified Fox-Wolfram moment cal-
culated in the c.m. (BDT;, BDT5)

o Difference between the ROE energy in the c.m. and
the energy of one beam of c.m. (1/5/2)
(BDT;, BDT,)

Variables related to the kaon candidate

¢ Radial distance between the POCA of the K+ can-
didate track and the IP (BDTj3)

e Cosine of the angle between the momentum line of
the signal kaon candidate and the z axis (BDT3)
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MVA CLASSIFIERS:

Train single BDT using 12 variables

Parameter Value
Number of trees 1300
Tree depth 3
Shrinkage 0.03
Sampling rate 0.8
Number of equal-frequency bins 256

e Sum of photon energy deposits in ECL in ROEh
e Number of tracks in ROEh

e Sum of the missing energy and absolute missing
three-momentum vector

e Azimuthal angle between the signal kaon and the
missing momentum vector

e Cosine of the angle between the thrust axis of the
signal kaon candidate and the thrust axis of the
ROEhQ

e Kakuno-Super-Fox-Wolfram moments H39, Hj9,
Hee

e Invariant mass of the tracks and energy deposits in
ECL in the recoil of the signal kaon

e p-value of Biqg

e p-value of the vertex fit of the signal kaon and one or
two tracks in the event to reject fake kaons coming
from D or Dt decays
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BACKGROUNDS

Invariant mass of signal kaon candidate paired with a charged particle from ROE after BDT+1 selection.
x 10°
2.0 I ® Belle II preliminary
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EFFAENCES

Inspect signal efficiencies as a function of true
generated g2

0.6
1 ] Statistical uncertainty i ] Statistical uncertainty
< 15| ) < 0.5 |
é Belle II preliminary o 0.5 _—'_\‘—]1 Belle II preliminary
N I simulation — - simulation
ot ; [
& g 04r
2 10} ! - < f -
= 10} ITA | 78 sub HTA
as & )
5 : > !
= = 0.2F
= . = -
- - R |
w2 - 2 0.1
U I | | | | | I_l—!_'_"_‘_i | | T [][] ] | | | | | | | | | ==
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q? [GeV?/ct] ¢’ [GeV?/cY
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LEPTONSIDEBANDS

Inclusive-tag analysis with lepton-enriched selection.
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B" — K'nn MODELNG

B* - K'nn can mimic our signal.

https://arxiv.org/pdf/0707.1648.pdf shows an enhancement close to the pp production threshold in B? —
Kp .

250 IR B
=> Reweight phase space mnnvar to include the enhancement E )
B 3200 _—[ (@) :
=> Use BF of proper isospin partner B — K%p scaled by 5 .o 5!114 :
i
TB+ /TBO Br=2.9x10-6 J

Beep 100% systematic due to
o isospin violation effects

o uncertainties in mppbar shape

o Presence of additional unmeasured baryonic states T T T PO T T

modeling of n/n in ECL mpi—,(GeV/CQ)




VAIDATNGB T — KTKYKY MODEL
LS

The decay has not been measured

. . : o . 0 040
e KK pairis in CP-odd state: assume that S0 Belle I preliminary B2 Bk
+ + J Ldt=362fb" B B KKK data
B+—K+*K K decay has a rate as a p-wave e B 5 KUK K- pave
component of the isospin partner BO—K¢K*K- : ( {  Data
30 F ? /777 MC stat. unc.

e Use the same BaBar analysis as for B+—K*K K,
estimate the rate as a sum of B+—K+¢p(—K Ks) and
p-wave non-resonant contribution

e \alidate using Belle Il data; model s-wave
component using Belle Il data for B+—K+KsK

sPlot weights/(1 GeV?/ct)

Pull
@)

_5EI....I...I | L o

1.0 1.5 2.0 2.5 3.0 3.9 4.0
MK+K— [GGV/CQ]

38



SYSTEMATICS INCLUSVE TAG

Source Correction Uncertainty Impact on o,
size

#1 Normalization of BB background — 50% 0.88
Normalization of continuum background — 50% 0.10
Leading B-decays branching fractions — O(1%) 0.22

#3 Branching fraction for Bt — KT KK} q° dependent O(100%) 20% 0.48
p-wave component for Bt — KTKJK? q* dependent O(100%) 30% 0.02
Branching fraction for B — D**) — 50% 0.42
Branching fraction for BT — naK™ q° dependent O(100%) 100% 0.20
Branching fraction for D — Kp X +30% 10% 0.14
Continuum background modeling, BDT. Multivariate O(10%) 100% of correction 0.01
Integrated luminosity — 1% < 0.01
Number of BB — 1.5% 0.02
Off-resonance sample normalization — 5% < 0.01
Track finding efficiency — 0.3% 0.20
Signal kaon PID p, 0 dependent O(10 — 100%) 0(1%) 0.07
Photon energy scale — 0.5% 0.07
Hadronic energy scale —10% 10% 0.36
K} efficiency in ECL —17% 8% 0.21
Signal SM form factors q* dependent O(1%) O(1%) 0.02
Global signal efficiency — 3% 0.03

#2 MC statistics — 0O(1%) 0.52
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SYSTHMATICS:

Source Correction Uncertainty size Impact on u
#1 Normalization BB background — 30% 0.91
#3 Normalization continuum background e 50% 0.58
Leading B-decays branching fractions —— 0(1%) 0.1
Branching fraction for Bt - KTK? K} q* dependent O(100%) 20% 0.2
Branching fraction for B — D**) —— 50% 0.0044
Branching fraction for Bt — K™ nn q* dependent O(100%) 100% 0.047
Branching fraction for D — K X +30% 10% 0.029
Continuum background modeling, BDT. Multivariate O(10%) 100% of correction 0.29
Number of BB — 1.5% 0.07
Track finding efficiency — 0.3% 0.013
Signal kaon PID p, 0 dependent O(10 — 100%) O(1%) 0.0026
#2 Extra photon multiplicity N, dependent O(20%) 0(20%) 0.61
K9 efficiency — 17% 0.31
Signal SM form factors q° dependent O(1%) O(1%) 0.056
Signal efficiency — 16% 0.42

#2 MC statistics — O(1%) G




HTSETUP

Use PYHF framework and SGHF for the cross checks.
* Fit data using signal and 7(3) background categories for ITA (HTA)

* Poisson uncertainties for data counts

» Systematic uncertainties included in the fit as predicted rate modifiers with
priors following normal distribution

 Simulation statistical uncertainties are included as nuisance parameters, per each
bin and each fit category (156 for ITA and 18 for HTA)

Fit varies the “signal strength” p and 192 (45) nuisance parameters for ITA (HTA)
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PROHLE LKELIHOOD

Belle II preliminary
J Ldt = (362 + 42) fb!

| | SM
—— HTA
— ITA

- Combination




POST-FIT DISTRIBUTIONS:
INCLUSIVETAG
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POST-FIT DISTRIBUTIONS:
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POST-FIT DISTRIBUTIONS:
HADRONICTAG
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