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" Overview of Belle Il

" Recent measurements:
Mesons: D°, D, D,*
Baryons: A., .

" Comparison with theory
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&) Charm lifetimes: theory

Belle II

Charm patrticle lifetimes:

® qualitatively understood in terms of simple diagrams,

C S

e.g., ¢ = S u anti-d gives ubiquitous Gg2m5 |V,|2/(19273) w d :g :: P
dependence. Long D* lifetime can be understood as arising w

from destructive interference between spectator and color- ¢ 5 Y

suppressed amplitudes. d,35) —<4——<— (4,3) d—+—<—|

® quantitatively calculated using the Heavy Quark Expansion:

1 . ,
(D) = Py 3 /(277)46(4)(1913 — px) (X (px)|Hes|D(PD))I?, XX is sum over final states
X Ps

1 . .

— 2—Im(D|T|D) where T = i/d4azT {Hes () , Her (0) } via optical theorem
mp

5 T34 T, <OZ> 1Ty <oi> + ...+ 1672 (fe (O(;) + T, <OZ> + ) via Heavy Quark Expansion

mC C mC mC

Wilson coefficients I'; are expanded in powers of as and calculated perturbatively
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Belle II

D :
a1 Major accelerator upgrade (KEKB — SuperKEKB)

e*e” collider running at the Upsilon(4S) [and Upsilon (56S)] resonances with 7 GeV (e”) on 4 GeV(e*) beams.

New e* damping ring, new e* storage ring, new IR optics, Superconducting FF, new RF

beam size:

100 um(H) x 2 um(V)
— 10 um(H) x 89 nm(V)

Belle-ll Goal:

30 x Belle = ~6 x 10%°

<~

Super-KEKB

Positron ring

collision point

A

Electron ring

E (GeV) B*, (mm) B*. (cm) ® 1 (A) L (cm2s?)
LER/HER | LER/MER | LER/HER | (mrad) @LER/HER
KEKB 3.5/8.0 5.9/5.9 120/120 11 16/1.2 | 2.1x10%
SuperKEKB 40170 €0.27/030) 3.2/25 415 |C 3.6/2.6 )| 80x10%
factor 20 factor 2-3
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Positron damping ring
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Belle II detector
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Belle II

The Belle II Experiment

KL and muon detector

Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC
(end-caps , inner 2 barrel layers)

J—

EM Calorimeter
Csl(Tl), waveform sampling electronics

—

electrons (7 GeV) Particle Identification

Time-of-Propagation counter (barrel)
Prox. focusing Aerogel RICH (forward)
Vertex Detector

2 layers Si Pixels (DEPFET) +
4 layers Si double sided strip DSSD

7
—_ positrons (4 GeV)
Central Drift Chamber

Smaller cell size, long lever arm

Belle I| TDR, arXiv:1011.0352
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Six-layer silicon vertex detector:
(beampipe r= 10 mm)
DEPFET silicon pixels:
Layer1 r=14 mm
Layer2 r=22mm

Double-sided silicon strips:
Layer 3 r=38 mm
Layer4 r=80 mm
Layer5 r=115mm
Layer 6 r= 140 mm

Determine lifetime by
measuring vertex
displacement and

®* |Pis measured at regular intervals
using ee-— utyr events

® Uncertainty on t (c;) is calculated
event-by-event by propagating
uncertainties od, , od,, od, , oy,
P, , op, and their correlations.
The quantity o, is used as the
width of a Gaussian resolution
function for the PDF used to fit the
t distribution; this improves the
resolution on lifetime.

momentum:

d-p
t = pz mD;"
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<> DS'" lifetime (207 fb) arXiv:2306.00365, submitted to PRL

Belle I
% 16000~ Dat
* SelectD,+t— ¢ n* (¢p = K*K-) decays (low o 14000F f L'Z?'lezlcl)? . } Data .
background) E 12000 = — Total fit
— 10000E- ) e Background
* peu(D,) > 2.5 GeV/c to eliminate B — D,*X Q 8000E : : i
decays (preserves 2/3 of ete~ — cc events) @ 6000E : :
S 4000 : :
* small background remaining from random 1‘23 2000; A S :
combinations of real ¢ and 7' S 0795194 195 1.96 1.97 198 199 2 201 2.02
2
e require 1.960 < M(¢r") < 1.976 GeV/c2: Migz") [GeVIcT]
unbinned ML fit give 116k signal, 92% purity * _
= . 4Fr Bellel ¢ Data
o  lifi: . . , _ D {0% 1 -
lifetime determined from unbinned ML fit to t: © =| Ldt=207"fb — Total fit
Q403 L - - Background
Q IV g
(9} —
F10°F
o F ..
S 10 b
©
O 1
—1 . .
105 1 0 1 2 3 4
o . § t (ps)
likelihood function for event i:
A A ) (41 i L (A _ . i i i (to avoid bias:
L(rlth, o) = Fog Pg(t']7, 01) Puig(0) |+ (1 — Fuig) Poa(#75 9) Pors (07 Punzi, arXiv:physics/0401045)
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<> DS'" lifétime (207 fb) arXiv:2306.00365, submitted to PRL

Belle I

®* PDF for signal D, decays:

: : 1 , : .
P. (t'|T,0,) = ;/e_t /T R(t' — t'; p, s, 0%) dt/

sig

[ L L LB B L BB

® resolution function R is a single Gaussian with & 530F - Bellell 0 e Average -
mean p and per-candidate standard deviation ) C | Ldt=207fo" — Full data fit ]
s X of ; u and scaling parameter s are floated £ 920 — Runperiod fit
Q2 510F :
®* PDF for background is taken from fitting t o 500 - ¢ * .
M(¢7z-+) upper Sldeband [1990’ 2_020] GeV/CQ Q ? ...+... ...+... T AT T o ...+........ ...*...‘ E
490 + :
©OResult 1 | = (498.7 £1.7*L1) fs 480} :
s . T TP TR TR NPUR PO SO TR PO NPUR SO TR VN HARR SO
SROVZERRCES
S&EIFEEERIFET TS
uncertainties: Source Uncertainty (fs)

Resolution function +0.85

Background (t, o,) distribution +0.40

Binning of o, histogram PDF +0.10

Imperfect detector alignment +0.56

Sample purity +0.09

Momentum scale factor +0.28

D7 mass +0.02

Total ore
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Abudinen et al., PRL 127, 211801 (2021)
[arXiv:2108.03216]

<o

Belle II

D' and D" lifetimes (72 fb)

A. J. Schwartzg

Select D**— Dz (D° — K-7") decays (~no
background) . Bellell ¢ Data
> [Ldr=7210" — it
pey(D*) > 2.5 GeV/c to eliminate B — D**X = 10 i ¥ Background
decays " I:IDOAK K
2 102 D —=ntn
require 1.851 < M(K-r*) < 1.878 GeV/c? and 2 106 e
144.94 < M(K 7* ;") — M(K~7*) < 145.90 ._'g """"""
MeV/c?; binned y? fit give 171k signal, = 1 AN .= P 7
99.8% purity © 175 18 18 19 195 2
Mass [GeV/c?]
Select D**— D*7° (D* = K- * ') decays (low 59k D" > K n*rm”
background), where 7°— yyand m(yy) €[120,145]
Me V/c? % 10 F
> -
peu(D*") > 2.6 GeV/c to eliminate B - D** X = i
decays g 10° 3
require 1.855 < M(K-r*) < 1.883 GeV/c? and 138 g -
< AM < 143 MeV/c?; binned y? fit give 59k signal, .:g N
91% purity s 0°g
O 1.75 1.8 1.85 1.9 1.95 2

Charm lifetimes at Belle 11

171k D’ > K7~

Mass [GeV/c?]
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) D? and Dt lifetl'm es (72 fb_l ) Abudinen et al, PRL 127, 211801 (2021)

Belle II

®* Jifetime determined from unbinned ML fit to

(o) D' > Krn*
* PDF for signal decays: “‘2 10* Belle I1
i i Lo v i N = fL dt =72 fb”!
P, (£|r,0%) = ;/e R(t' — t';p,8,0) dt’ 8 10
. . . . 3 102 ¢ Data
* resolution function R is a double Gaussian < 10 '
for D° (single Gaussian for D*) with mean u g — Fit
and per-candidate standard deviation s x of ; s 0 g &
: < Background
u and scaling parameter s are floated @) {
®* PDF for D* background is taken from fitting 2 0 2 4 6 8 1I0 12

M(K-z*r*) sidebands [1.758,1.814] and Decay time [ps]
[1.936,1.992] GeV/c?. D° background is _
neglected, with a systematic included D' >K7n'n*

® Results: | + | = (41054 1.1 +£0.8) fs . E
T, = (1030.4 +£4.7 +3.1) fs -
o~ C
° i 5 102 E
SyStemat’_C ] Source (D% 7(D%) = -
uncertainties: (£s) (£s) 35 -
= 10 F
Resolution model 0.16 0.39 =) E
Backgrounds 0.24 2.52 F% 1 B
Detector alignment (.72 1.70 @) F W, o
Momentum scale 0.19 0.48 -2 0 2 4 6 8 10 12
Total 0.80 3.10 Decay time [ps]
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D Abudinen et al., PRL 130, 071802 (2023)

@ Ac+ l# e time ( 207 fb = ) [arXiv:2206.15227]

Belle II

* Select A.*— pK-n" decays (low background)

®* peu(A.) > 2.5 GeV/e to eliminate B - A, X decays

* require M(pK-r*) € [2.283,2.290] GeV/c?; binned 4 fit

gives 116k signal, 93% purity 8000 = .
CHE Belle I t Data ]
® lifetime determined from unbin_ned ML ﬁt to (t,0;). E 6000 - / L dt =207 fb" —T?tal fit b
Background (t,c; ) distribution is determined from - X 1§t — Signal -
sidebands M(pK-r*) € [2.249,2.264] GeV/c? or < . T | Background
[2309,2324] GeV/c? %4000 _ _
® Resolution function R(t,c;) is a single Gaussian with c:-; [ i
mean u and standard deviation s X o; , where y and s are g 2000 = 7
floated i il
i 0 i ) ) S~ |
® problematic background from 5° > A, 5t > A 20 2.26 2.28 2.30 2.32
decays: (=) = 163 fs, 1(5,") = 456 fs. M(pK'rt*) [GeV/c?]

— Econtamination in A.*t sample is estimated by
fitting distribution of A" vertex displacement in
plane transverse to the beam. Result: 374
events (0.003% of A+ candidates).

— To reduce, impose vetos:

M(pK-rt7w)— M(pK-n*) # [183.4,186.4] MeV/c?
MpK-77°)- M(pK-=*)  [175.3,187.3] MeV/c?
This reduces = decays by 40%.

— Effect of remaining decays is estimated via MC
Simulation; bias of 0.34 fs is subtracted from
fitted 7(A.")
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D Abudinen et al., PRL 130, 071802 (2023)

@ Ac+ l# e time ( 2 0 7 fb 1 ) [arXiv:2206.15227]

Belle I

® PDF for background is sum of two
exponentials and a ¢ function, all convolved

with resolution functions having floated

parameters p,, Sp 10° b Belle I1 J
* Result: N f Ldt=2072f"
10° ' E
— (203.20 & 0.89 + 0.77) f 5 t Data 5
T+ = (203 . T7) fs 10° £ E
< — Total fit
“‘é 10F --- Background  §
™~ C ]
S
* Systematic 8 'F 1 HHH f E
uncertainties: T r P m
3 % Background E
- = e (from M(pK-r*) sidebands
Source Uncertainty [fs] £ 10° ' % [2.249,2.264] GeV/c? and
=. contamination 0.34 o s \ [2.309,2.324] GeV/c?
[
Resolution model 0.46 10° ¢
Non-Z. backgrounds 0.20 !'
10
Detector alignment 0.46 ?
Momentum scale 0.09 |
Total 0.77 !
0
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Abudinen et al., PRD 107, L031103 (2023)

/O .QCO llrf etime ( 207 fb -1 ) [arXiv:2208.08573]

Belle I
Theory expectation: 7(02.) < (50 < (A7) < (&)
(& E687, WAS9) T = Belle Il can resolve this
LHCb measurement: 7(£0) < (A7) < 7(2.) < (&)
(2018, 2022)

Pmax = ‘/[(ECMbeam)Z - m(Qﬂ)Z]

* require M(2 =) e [2.68,2.71] GeV/c?; unbinned ML fit
gives 132 signal decays, 67% purity

60~ Belle IT
* Select Q. — Q ', > — AK-, A— pr decays (large CF . ﬁ ]
branching fractions) ok t Data (207 fb)
C 1 — Fit
®  Pem(€2)/Pmay > 0.6 to eliminate B — 2. X decays, where 0 _ | . Background

30

* lifetime determined from unbinned ML fit to (t, ;).
Background (t, o; ) distribution is determined from
sidebands M(Q2 ) € [2.55,2.65] GeV/c? and [2.75,2.85]

Candidates per 6 MeV/c?

GeV/c?

® Resolution function R(t,o;) is a single Gaussian with
mean u and standard deviation s X o, , where y and s are m(Q 7% [GeV/e?]
floated
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Abudinen et al., PRD 107, L031103 (2023)

/O .Qco ll:f etime ( 207 fb -1 ) [arXiv:2208.08573]

Belle I

® PDF for background is sum of an exponential
and a ¢ function, both convolved with a

Gaussian resolution function having floated i Belle IT
parameters 1, and s, i 4 Data (207 b
— Fit
o ) 10 =
Result: - Y Background
Tqo = (243 +48 +11) fs i
Lﬁ -
o
o0
5 LF 1 1
& n
° SyStematiC % :....l....l PR | PRI NS T T SN NS 'Y
uncertainties: = F Background
= i (from M(2-7*) sidebands
i @) [2.55,2.65] GeV/c? and
Source Uncertainty (fs) - [2.75.2.85] GeV/c?
Fit bias 3.4 10 &
Resolution model 6.2 :
Background model 8.3 -
Detector alignment 1.6 -
Momentum scale 0.2 1k
Input 22 mass 0.2 F o
Total 11.0 -3 -2 3 4 5

Decay time [ps]
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D* lifetime [fs]

D lifetime [fs]
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® In all cases except for (20, Belle Il
has made the world’s highest
precision measurement
(in some cases after 20 years)

®* For QY the Belle Il measurement
resolves the discrepancy between
LHCb and all previous
measurements
(LHCb’s long lifetime looks correct)
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B Summary I

Belle II

King, Lenz et al., JHEP 08 (2022) 241; arXiv:2109.13219
Gratrex et al., JHEP 07 (2022) 058; arXiv:2204.11935

Some comparisons with theory:

Quantity /= Belle Il King et al. Gratrex et al.
S JHEP 08 (2022) 241 | JHEP 07 (2022) 058

T(DO) 410.5+1.1£0.8
(D) 1030.4 £ 4.7 + 3.1
(D7) 498.7 + 1.7 11 4
©(DY)/t(DY) 2.510

(D" 5)/1(DY) 1.215

T(A.5) 203.20 + 0.89 £ 0.77
T(02.9) 243 + 48 + 11
©(2.9)/1(A.7) 1.20

All measurements and predictions in reasonable agreement, some tension...

A. J. Schwartz Charm lifetimes at Belle 11 CHARM 2023 15



D :
a1 Future running

Belle I
B Belle IT
L ¢ Data (207 fb™)
10° £ Belle I E o — Fit
n _ -1 ] E
10 f - f bdi=207210 . | 1 S e Background
F : [N ¢ Data E C
10 L P " —— Total PDF N B
§ .: H = = = Background PDF E |
. A
L1 [ o
o .. o IF .
5 L [ e & il
e E | 3 T i || BT
8 e =
_cés ’.\\ E
S 10° F 4 \ = §
g . . O
O . b
10°F \u E
[ (]
I #
10 | “”*M#* +ﬁ 4
'L ki W it
T | voih
0 005 0.1 0.15 02 025 03 035 04 045 05
o, [ps]

0 01 02 03 04 05 06 07 08 09 1

Decay-time uncertainty [ps]
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