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Belle at KEKB
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Belle detector and performance
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CP violation/Unitarity Triangle Flavor anomaly
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from KEKB to SuperKEKB

» As 15t and 29 generation B-factories, KEKB and SuperKEKB have some similarities, but more differences:
o Damping ring added to have low emittance positrons / use 'Nano-beam’ scheme by squeezing the beta function () at the IP.
o beam energy: admit lower asymmetry to mitigate Touschek effects / beam current (/.): X2 to contribute to higher luminosity.
o SuperKEKB achieved the luminosity record of 4.7 x 10%* cm™2s~! (new W.R.).
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Belle Il detector (Vs. Belle detector)

Belle Il High Segmentation | cDe
ot 0 e H
Retm > 6en I & _PXD(2 layers)
> Small cell chamber
SVD 2
Install PYD X ell coll cKamber |
P acs ¢ — g
\ — - e -
Belle - =y
SVD
(]9
[ cDC
SVD: 4 lyrs — VXD=(PXD 2 lyrs + SVD 4 lyrs)
CDC: small cell, long lever arm ACC
ACC+TOF — TOP+ARICH i TOF 1
ECL: waveform sampling E’t’*’éﬂL

KLM: RPC — Scintillator + SiPM
(endcaps, barrel inner 2 lyrs)

Nov 18, 2022 @USTC

Longke LI Univ. of Cincinnati



O00000e

A big family at Belle and Belle Il collaborations
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1 EAE R 2 CKM

o #E#EA (Standard Model): J k45 % 348 ZA4F A

mass - =2.3 MeVic* =1.275 GeVic* =173.07 GeVic* 0 =126 GeVic*
charge > 213 u 23 C 23 t 0 0 H
Higgs
up charm top gluon boson
4.8 Mevic: =95 Mevic: ~4.18 GeVict 0
13 d 113 S 113 b 0
down strange bottom photon
0511 Mevic* 105.7 Mevict 1777 Govic: 91.2 Gevic*
-1 -1 -1
172 e 112 ]’1 112 T b
electron muon tau Z boson
N <22eVic? <0.17 MeVic* <15.5 MeVi/c? 80.4 GeVic?
= o 0 o
P ol ])e 172 D].l 12 ])[ W
A electron muo tau
4 | neutrino neutrino neutrino W boson

o A AL I vkl A A Y 4 A 60 gk
Lw = — & (Wr g 5505 Vyd; + Wy diy 255 Vi)

U + i w-
u

° CKM %ET‘—fFfD &i;%i?ﬁ%iiﬂwﬁiﬁ&%@m%
@ o

us Vub d N . . '
Ves Veb S . .
Via Vis Vi b ' - Q

° @
o Ve B W E A4, Wolfenstein £ 4407 X,

A ~sinf ~ 0.2253 +0.0007, 48 f 1 # 0: "— CPV &
1-A2/2 A AA3(o — i)
) 1-A2%/2 A2 +0(A%)
AN (L —p—in)  —AA? 1

Univ. of Cincinnati

Nov 18, 2022 @QUSTC 8/35



[e]e] lele]e]e)

Why CP violation and Charm Special?

i i i AD. Sakharov  Usp. Fiz. Nauk 161 (1991) 61
o However, such CPV source in the SM is not large enough to explain the observed Citations per year
matter-antimatter asymmetry of the universe.=-search for new CPV sources beyond the SM. \
o Sakharov (1967): CPV is one of the three conditions necessary to explain the matter-antimatter 20 //
asymmetry of the universe. 5

e Among all open-flavored neutral meson systems, DO is only system made of up-type quark.
e mixing: K° & KO, BS < BO, Bg & B, D° < D°.
o provides a complimentary information on mixing and CPV.

Charm CPV effects are very small (at level of O(1073) or smaller ?%), constrains New Physics models;

o New Physics may enhance the CPV €9 (An observation of charm CPV much larger than 10~3 indicates new physics.)
o The only observation of CPV via AAcp(D° — KT K™, 17 7t~) has been reported by LHCb ©.
Recently, the first evidence for direct CPV in a specific D° decay (D° — 777 7~) is reported by LHCb f

@ In order to understand the origin of the reported CPV result, we need to study more channels and improve the
precision on the existing measurements.

@ Study of charm physics helps to understand the SM, and is a sensitive probe to search for New Physics.

?H.-n. Li, C.-D. Lu, and F.-S. Yu, PRD 86, 036012 (2012) 9M. Saur and F.-S. Yu, Sci. Bull. 65, 1428 (2020)
PH_-Y. Cheng and C.-W. Chiang, PRD 104, 073003 (2021) ¢(LHCb Collaboration), PRL 122, 211803 (2019)
€A. Dery and Y. Nir, JHEP 12, 104 (2019) f(LHCb Collaboration), arXiv:2209.03179
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https://inspirehep.net/literature/1093736
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https://inspirehep.net/literature/1726338
https://inspirehep.net/literature/2148148
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Charm production at Belle and Belle Il

o In B-factories, eTe™ collider at 10.58 GeV to make Y(4S) resonance decaying into B°B and BT B~ in 96% of the time.
@ Meanwhile, a large cross section for continuum processes ete” = qq (g=u,d,s, c).

@ Thus, there are two ways to produce the charm sample at B-factories:
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Available Charm samples from Charm factories, B-factories, hadron colliders

Experiment Machine Operation C.M. Lumin. N(D°) efficiency ©advantage/®disadvantage
S CESR 1 29 M © extremely clean environment
CLE% (eTe™) 2003-2008 377 08 fb D*t:23 M ®© pure D-beam, almost no bkg
4.18 GeV 0.6 fb! 0.6 M ~10-30% © quantum coherence
10.5(— 72) M ® no CM boost, no T-dep analyses

2010-2011(2021-) 3.77 GeV 2.92(— 20) fb~!

BEPC-1I D*:84 M
BESIII (ete) 2016-2019 4.18-4.23 GeV 7.3 bt 46 M
201442020 4.6-4.7 GeV 45 fb! At M
* * %k
D> SuperKEKB _ 1 0.6+ G © clear event environment
<o (ete) 2019 10.58 GeV 428+ fb D*:0.3 G © high trigger efficiency
© high-efficiency detection of neutrals
KEKB 1 14G o © many high-statistics control samples
(eTe™) 1999-2010 10.58 GeV 1000 fb D*:0.8 G 5-10% © time-dependent analysis
©® smaller cross-section than pp colliders
d PEP:” 1999-2008 10.58 GeV 500 fb~! 0.65 G
(e7e)
*k *k
. Te(v:;;on 2002-2011 1960 0.6 fb-l 013 T g r:rl'gyelzlfssfroductlon cross-section
LHC 2011 7 TeV 1.0 fb T © excellent time resolution
. <0.59
b (pp) 2012 8 TeV 2.0 fb! 50T % ® dedicated trigger required
2015-2018 13 TeV 6 fb? ?
%k ok *

here ¢(D%D@3.77 GeV)=3.61 nb, c(DT D~ @3.77 GeV)=2.88 nb, o(D* Ds@4.17 GeV)=0.967 nb, ¢(cc@10.58 GeV)=1.3 nb, and ¢(D°@LHCh)=1.661 nb are
used. The table mainly refers to Int. J. Mod. Phys. A 29 (2014) 24, 14300518.

Longke LI Univ. of Cincinnati
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of Charm results at Belle

Belle journal publications per year
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Recent Charm results at Belle

o Although 12 years have passed since Belle finished the final data set accumulation, we are lasting to produce fruitful
Charm results. The charm results since 2021 (here not covering charm spectroscopy results) are listed below:

BF of Af — pKOK? and A — pKOy arXiv:2210.01995 (accepted by PRD)

BF of 00 — -+, E-K*+, Q" K+ arXiv:2209.08583 (accepted by JHEP)

BF/a of A — =+ (7% n,1") arXiv:2208.10825 (submitted to PRD)
BF/ASL /a /AL, of AF — ART, ZO0hT arXiv:2208.08695 (submitted to Sci.Bull.)
BF/al%d/Acp of DO — KOKOmt 7™ arXiv:2207.07555 (submitted to PRD)

BF of D* — K~ Kortt mrt m® arXiv:2207.06595 (submitted to PRD)

BF of A} — Xt and B2 — E0y arXiv:2206.12517 (accepted by PRD)

BF of 50 — Al arXiv:2206.08527 (accepted by PRD)

BF of Dt) — Kt r® arXiv:2205.02018 (accepted by PRD)

BF of Eé — AKQ, X°K?, and ZtK~ PRD 105, L011102 (2022)

BF of ALY — pn°, py, pw, py’ PRD 103, 072004 (2021), PRD 104, 072008 (2021), JHEP 03 (2022) 090
BF/Acp in D° =ttt n, KYK™y, and ¢n JHEP 09 (2021) 075

BF /AL for Df — K*n% K*n, ntn®, and nty PRD 103, 112005 (2021)

BF/a for EQ — AK*0, 20K*0, and +K*~ JHEP 06 (2021) 160

BF of 50 — 2 ¢*v, and Q% — Q~ (*y, PRL 127, 121803 (2021), PRD 105, L091101 (2022)
BF of £ — E0¢ and £ — EOK* K~ PRD 103, 112002 (2021)

BF of AY — Anpn™, Z%ynt, A(1670)7*, nX(1385)  PRD 103, 052005 (2021)

Search for Q% — 7+ ((2012)~ — 7+ (K°Z)~ PRD 104, 052005 (2021)

Longke LI niv. of Cincinnati Nov 18, 2022 @


https://arxiv.org/abs/2210.01995
https://arxiv.org/abs/2209.08583
https://arxiv.org/abs/2208.10825
https://arxiv.org/abs/2208.08695
https://inspirehep.net/literature/2115291
https://inspirehep.net/literature/2112348
https://inspirehep.net/literature/2101790
https://inspirehep.net/literature/2097571
https://inspirehep.net/literature/2077146
https://inspirehep.net/literature/1970528
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.072004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.072008
https://inspirehep.net/literature/1998668
https://inspirehep.net/literature/1867474
https://inspirehep.net/literature/1852254
https://doi.org/10.1007/JHEP06(2021)160
https://inspirehep.net/literature/1851126
https://inspirehep.net/literature/1993935
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052005
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Recent Charm results at Belle

o Although 12 years have passed since Belle finished the final data set accumulation, we are lasting to produce fruitful
Charm results. The charm results since 2021 (here not covering charm spectroscopy results) are listed below:

= = BF of AY — pKIK? and Af — pKy arXiv:2210.01995 (accepted by PRD)
= BF of 00 = E-rt, E-K*+, Q" K+ arXiv:2209.08583 (accepted by JHEP)
= BF/a of A — ZH(7°y,7") arXiv:2208.10825 (submitted to PRD)
= = BF/A%L /a/A%, of AY — AhT, Z0ht arXiv:2208.08695 (submitted to Sci.Bull.)
BF/al%d/Acp of DO — KOKOmt 7™ arXiv:2207.07555 (submitted to PRD)
BF of D* — K~ Kortt mrt m® arXiv:2207.06595 (submitted to PRD)
= BF of AY — Z*”y and 52 — 209 arXiv:2206.12517 (accepted by PRD)
= BF of B — Afrmr arXiv:2206.08527 (accepted by PRD)
= = BF of D — K7‘[7T+7TO arXiv:2205.02018 (accepted by PRD)
= BF of £ "6 — AKO X0KQ, and Z*K’ PRD 105, L011102 (2022)
= BF of A+ — pr®, py, pw, py’ PRD 103, 072004 (2021), PRD 104, 072008 (2021), JHEP 03 (2022) 090
= = BF/Acp in D — mtn~y, KYK™y, and ¢y JHEP 09 (2021) 075
= BF/A%S for Df — K*n®, K*n, ntn®, and nty PRD 103, 112005 (2021)
= BF/a for 22 — AK*0, 30K*0, and Xt K*~ JHEP 06 (2021) 160
= BF of 22 — & ¢y, and Q2 — Q (T, PRL 127, 121803 (2021), PRD 105, L091101 (2022)
BF of £ — E0¢ and £ — EOK* K~ PRD 103, 112002 (2021)
BF of AY — Anpn™, Z%ynt, A(1670)7*, nX(1385)  PRD 103, 052005 (2021)
= Search for Q% — 7+t((2012)~ — 7t (K°Z)~ PRD 104, 052005 (2021)

@ contributed by Chinese people (me) as first authors.
(REZ—: #ATFEARMMSGRFRIBARGDAEE, BithEBEEMH Tk, )
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https://arxiv.org/abs/2209.08583
https://arxiv.org/abs/2208.10825
https://arxiv.org/abs/2208.08695
https://inspirehep.net/literature/2115291
https://inspirehep.net/literature/2112348
https://inspirehep.net/literature/2101790
https://inspirehep.net/literature/2097571
https://inspirehep.net/literature/2077146
https://inspirehep.net/literature/1970528
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.072004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.072008
https://inspirehep.net/literature/1998668
https://inspirehep.net/literature/1867474
https://inspirehep.net/literature/1852254
https://doi.org/10.1007/JHEP06(2021)160
https://inspirehep.net/literature/1851126
https://inspirehep.net/literature/1993935
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052005
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© Selected studies of charmed mesons at Belle
o B/Acp for D° — h*h~y (h= K, ) and D° — ¢

® B/alpd for D) — K*h*mtm®
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B/Acp for D° — h™h=5 and D° — ¢n: Motivation (

@ Singly Cabibbo-suppressed (SCS) charm decays are important and special for studying weak interactions as they
provide us a unique window on physics of the decay-rate dynamics and CP violation.
The first and only observation of charm CP violation has been achieved at LHCb: AAcp(D® — KTK~, mtr—)lal,
Here we extend these SCS decays with an additional # meson in the final state, to measure their time-integrated CP
asymmetries and branching fractions (B).

o For D% — mtmyp: 6B/B ~ 6%!b); Acp = (—9.6 +5.7)%!<.

o For D° — K™K~ no total B result; but having 68/B(D° — 17(K* K™ )non—g) ~ 35%!9l; 6B/B(D° — ¢ny) ~ 20%!e 7.

o Reference Cabibbo-favored (CF) mode D° — K~ "y is well-measured with 6B8/B ~ 2%!?! and Dalitz-plot analysis result(¢!.

Search for the intermediate processes, e.g. D — ¢, p17, 30(980) 7, etc. None of these dominant intermediate
processes has been observed to date. For example in D% — 7+ 71717, due to statistics limit:

o CLEO: “Surprisingly, there are no significant contributions from either 70° or ag(980)7*." (h]

o BESIII: “there are no significant p and a9(980) signals in these Dalitz plots." (]
» Belle: any interesting observations benefiting from our large charm sample?

3 HCb, Phys. Rev. Lett. 122, 211803 (2019) ©Belle, Phys. Rev. Lett. 92, 101803 (2004)
bppG2021, PTEP 2020 (2020) 083C01 fBESIII, Phys. Lett. B 798, 135017 (2019)
€BESIII, Phys. Rev. D 101, 052009 (2020) 8Belle, Phys. Rev. D 102, 012002 (2020)
9BESIII, Phys. Rev. Lett. 124, 241803 (2020) hCLEO, Phys. Rev. D 77, 092003 (2008)
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https://inspirehep.net/literature/1867474
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.211803
https://doi.org/10.1093/ptep/ptaa104
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.052009
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.241803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.92.101803
https://doi.org/10.1016/j.physletb.2019.135017
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.012002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.77.092003
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B/Acp for D° — h™h=y and D° — ¢: Signal Yields (

© We perform an unbinned extended maximum-likelihood fit on the Q = M(h"h™ ) — M(h*h™n) —m_+

distributions to extract the signal yields for these decay channels and also for D — ”(K+K7)tp7excluded with
|Mkk — mg| > 20 MeV/c2.

o Dl kAt p Dlomtay D0 — Ktk y DO = y(KY K™)y_excluded
% @ Rl % 2 % o Jean 1 Low o
30 - signal 3 18 - signal 3 - signal 3 10 - signal
2 - background 2 " eackground s mop 3 Cwogows ] 2 0 - packground
S S o aof 3 E 2w
< = = 150fF E = a0
2 £ 2 100f El £ &
2 4 2 ] & 4w
g, I g v g o
I e T R R Fa— CEEEFRRET)
Q (MeV/c?)
°E 3 SE 3 E 3
S oE E| 5 of E| F 3
i: E : ER: E
Region Component D" - K nty DY -ty D — KTKq D% — (K"K ™) p—excluded
signal 180369 + 837 12982 £ 198 1482 £ 60 660 & 49
Fit region background 57752 £ 761 101011 £ 357 5681 + 88 4804 £+ 81
fit quality | x2/(150 —8) =1.21 | x?/(150 —6) = 1.02 | x2/(150 —6) = 1.00 x%/(150 — 6) = 0.96
Signal region signal 162456 + 754 12053 £ 184 1343 £54 509 + 45
gnal reg background 7578 & 100 11274 + 40 678 + 11 576 = 10

o Measure the branching fraction via Bsig/Bref = (Nsig / esig) / (Nref / €res) -

of Cincinnati
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[e]e] lelele]

B/Acp for D° — hh=n and D° — ¢n ¢

ot _ kagfbkg
o The efficiency-corrected yield on Dalitz-plot: [N =}, —/———"—| to consider bin-to-bin variations of ¢,
&
where ¢; is the efficiency in the i"-bin based on PHSP signal MC; N™! is yield in Q signal region; and NP8 is the fitted background

yield in Q signal region; fl-bkg is the fraction of background in the i"-bin, with ¥; f; = 1, obtaining from the Dalitz-plot in Q sideband.

% B(D°—=hth )

cor ( H0 +
Then we have — NOUD —>hTh 1)

B(DO—K—nty) — NOT(DO—K—mty)
= (6.49+0.09 £0.12) x 1072

mz, [GeVZ/c!]

(
(DO —K— Ty, )
(DO5KTK—y) =
(DO —K—nty)
b o re e b 2l 0t
50.2040.605 112 14 16 18 S 627040608 1 12741678 ° ° 627040608 1 12141678 ° B(D" =KK™ f)ex. —¢ _ (526+045i0 11)><10—3
m2. [GeVZ/c’] m.,, [GeVZc] me.., [GeVZ/c'] B(DO—K—7ty) 0.38 .

B(D® = (KTK ™ )ex—¢7) = (0.99 *3% +0.02 + 0.02) x 107*.

T2 19 14 15 16 17 18 e e T e PSS e i © the last one is somewhat higher (but more precise) than a

M. [GeVi/c) M [GeVct] i [GeVie) similar measurement by BESHI (0.59 +0.19) x 10~%.
S.R. = signal region; A very clear ¢(1020) structure

E S.B. = sideband region

Longke LI Univ. of Cincinnati Nov 18, 2022

9.57793% +0.20) x 1073

Using the world average (W.A.) B(D® — K~ 7t7y)89, we
have the absolute branching fractions:
B(D® — m* 7 y) = (1.22 +0.02 £ 0.02 +0.02) x 103

B(D® — K*K~n) = (1.80 7397 +0.04 £ 0.03) x 10~*

%, [GeVac']
%, [GeVi/c]
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[e]e]e] Jele]

B/Acp for D° — hh=n and D° — ¢n ¢

120 + data E
. — total fit
L 100 - D E
o To extract the yield of this SCS and color-suppressed decay D° — o1, we o — D’-KKn (non-6)
perform Mky-Q 2D fit instead of Q 1D fit, considering there is a Q-peaking E e e (o) ]
background from non-¢ D — K*K ™7 component. < 60 E
(2]
o First observation of D® — ¢n with large statistical significance (> 10r). < 40 in QS.R. 1
@ Based on Nsj; =600 £ 29 and ¢ = (5.262 £ 0.021)% in signal region, the @ 20
relative branching fraction is determined. A : : 2
B(DO—sgy, g KHK—) B %.99 1 101102103104105108107108
B(Dﬁ—,‘f,nﬂ]) = [4.82 4 0.23 (stat) + 0.16 (syst)] x 1073, M. (GeVic?)
o using well-measured B(D® — K~ 7"#) and Bppg(¢ — KTK™), we have ~F dI N
% 120 ( ) — total fit —:
B(D° — ¢n) = [1.84 4 0.09 (stat) + 0.06 (syst) = 0.04 (Bef)] x 1074, E 1ok e |
which is consistent, but notably more precise than, previous results from Belle S 8ofF _:ZESZEE:(MW
and BESIII. = eof E
o As a consistency check, we calculate B(D° = (K™K ™ )non—¢7) % o in Mk S-R. 3
by B(D° — K+K=5) — B(D® — ¢, ¢ — K+K~) = (0.90 £ 0.08) x 10~ 3 2
which is very close to our measurement of B(D0 — K*K’iy)exb,(p. o baaad - :
o 2 4 6 8 10 12 14

Q (MeV)
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0O000e0

Time-integrated CP asymmetry measurement

o Taking D° — f decays for example, for the decay chain e*e™ — c¢ — D*TX, D** — DOn, the raw asymmetry:
A — NreC(D*+) - NreC(D*i)
raw Nrec(D*+) + Nrec(D*i)

where App arises from the forward-backward asymmetry (FBA) of D**t production due to 7-Z9 interference and higher-order QED effects in et e

= AR+ AR AL AT,

collisions.

The FBA is an odd function in cos0*, where 6* is the D*T production polar angle in the eT e~ center-of-mass frame.

o To remove A, D°/D° candidates are weighted by factors wpo 5o = 1 F Af*[cos0(7s), pr(7s)], where the map A?:
is determined from large samples of tagged and untagged D — K~ 7" decays.

@ For decays with self-conjugated final states (Agf = 0), the 7s-corrected raw asymmetry:
Acorr(cos %) = Acp + App(cos 0*).

@ Since Acp is independent on cos6* and Agp(cos*) = —App(— cos0*), we determine the asymmetries in multiple
symmetric bins of cos0*:
_ Acorr(COS 9*) + Acorr(* cos0*) App — Acorr(COS 9*) — Acorr(f cos 9*)

2 ' 2
Finally, fitting these Acp values to a constant gives the final measurement of Agpﬁf that we are interested in.

Acp

=4
=

Longke LI , Univ. of Cincinnati Nov 18, 2022 @
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B/Acp for D° — hh=n and D° — ¢n ¢

o Dividing samples into eight bins of cosf*: [0, 0.2], [0.2. 0.4], [0.4, 0.6], [0.6, 1] and symmetric intervals for negative
region.

@ We perform a simultaneous fit in each cos6” bin on the Q or Myk-Q distributions for D° and D° samples, to extract
the corrected raw asymmetry Acorr: Nsig(DO, D°) = Nsig /2 (1 £ Acorr)-

o calculate four sets of Acp and Agg values from symmetric bin-pair of cosf*, as plotted in below figures.

et o

aap Do g R e Fitting these A lues t tant gives:
i i s g cp values to a constant gives:

0 t t S0 JJ— + } S } Acp(D® — mt 7t n7) = [0.9 4 1.2 (stat) 4= 0.5 (syst)] %,
k- e B Jr Acp(DY = K+*K=1) = [~ 1.4+ 3.3 (stat) % 1.1 (syst)] %,
R A T AT R Ta e RN A R R T Acp(D® — ¢7) = [—1.9 £ 4.4 (stat) & 0.6 (syst)]%,

cos0(D*) cos*(D") cos6*(D*)

where the first result represents a significant
oz E ozf E oz 4 improvement in precision over previous result[C];

o R E + 7 the later two are the first such measurements.

P 3 g ! £ I
— —+ ! . . Lo .
3 E 3 E 3 1 No evidence for CP violation is found in these
“2E-... leading-order predication ] 3 E o 71 SCS decays.
0‘1 0‘2 0‘3 0‘4 0‘5 U‘S 0‘7 0‘8 D‘Q 1 o 0‘1 0‘2 0‘3 D‘b 0‘5 0‘6 D‘? D‘S 0‘9 1 U‘! D‘Q 0‘3 0‘4 D‘S O‘S 0‘7 08 0‘9 1
cos8*(D*) c0s6*(D*) cos8*(D*)
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(Accepted by PRD))

@ The four-body decays of charged D mesons. e.g. three CS decays below - .
o Based on the efficiency-corrected yields

ol DT > KT K gt 2D Faatad g fof kT gial and the W.A. B of reference mode,
3 s, 3 M 3F obtain relative Bsjo / Bref. €.8
© ok  sgna © 1000ttt i 4 sig/ Pref- ©.8&-
8 e g L ool
P ER I 8 DCs ) B(D* oKt ) _
2 2 *F o o s CF JB(DT =K~ mta0)
] E & ackgrounc S backgrounc
B . . E e . H s (1.68 +0.11 £ 0.03)% corresponds to
O e Gy O e Goviey P ke @iy (5.83+0.42) tan* fc. This is
s E } s E } s QE } significantly larger than all other
. s T R . known DCS/CF ratios, but confirms
and their corresponding reference modes: BESIII's discovery.
e LS Tudf DF 5 KR 770 o using the W.A. B,f, we have three
g v, 3 e A = most precise results:
Sl §U T [ Suwnf e B(D* = K+ K~ n0)
S S . S N .
s Sl FA s (7.084+0.08 + 0.16 + 0.20) x 1073,
gznuuo gmo;—’/‘] * gsm B(D" = K*n 7t n0) = ‘
& - . & - g 0 et (1.05+0.07 £ 0.02 4+ 0.03) x 103,
B8 182 184 18 188 19 182 18 182 184 186 188 19 192 "9 192 194 19 198 2 202 " 0y
M(KTeTeTe) (GeV/c?) M(KTemeTe)(GeV/c?) M(K'KTeT0) (GeV/c?) B(Dy — KTn—nm”)
s E ; : E ; : E } (9.44+£0.34+0.28 +:0.32) x 1073,

Univ. of Cincinnati
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T odd of D(+ K:I: h:l: 7-[+ 7-[0

» T-odd correlations provides a powerful tool to indirectly search for CP violation under CPT symmetry conservation:

» Ct observable defined by a triple mixed product C1 = (p1 X p2) - P3, satisfying

CP(Cr) = —C(Ct) = —C7. Define T-odd asymmetries for D(t) or D(;) decays:

F+(CT>0)—F+(CT<0) F_(—ET>O)—F_(—ET<0)

F+(C7—>0)+F+(C7—<0) ,(7f7—>0)+1’,(ff7—<0) ﬁ3
which are o sin(¢ + 6) and « sin(—¢ + ), respectively [1I.

» T-odd CP-violating asymmetry is defined as (to veto FSI effects):

M — P1P;P3Py
in mother M rest frame

Cr 5

P X P2

Ar = Ar =

A
0
1
1
1
|
|
|
|
|
|

—_ o p
a},fdd ;(AT — AT) can be nonzero if CPV P 1

which is o sin ¢ cos 8 (largest value when & = 0, Vs. A%L =£ 0 requires & # 0),

» Status of aT 0dd measurements in charmed mesons decay-rates: Belle and Belle Il may improve these

D° — Kgn+n m0 aledd — (~0.28+1.38%923) x 1073 Bellel? al*d4 results or obtain more precise
D% — KTK-mtm~  afgdd = (+1.7+£2.7) x 1073 LHCbE!, BaBarl?l, Focusl”! results and results in more channels
0 — T-odd _ -2 6 5 . . .
Dt — KK mntn~  agpdd = (~1.10£1.09) x 10 BaBarl®), Focusl’ benefited from the increasing dataset.
Df — KIK*ntn~  algdd = (-1.39+0.84) x 1072 BaBarl, Focusl®
[1 A. Datta, D. London, Int. J. Mod. Phys. A 19 (2004) 2505 A‘ P. del Amo Sanchez et al.(BaBar Collab.), Phys. Rev. D 81, 111103(R) (2010)
[2] K. Prasanth et al.(Belle Collab.), Phys. Rev. D 95, 091101(R) (2017) 5| J.M. Link et al(FOCUS Collab.), Phys. Lett. B 622, 239 (2005)
3 R, Aaj et al.(LHCb Collab.), JHEP 10, 5 (2014) 6] J.P. Lees et al.(BaBar Collab.), Phys. Rev. D 84, 031103(R) (2011)
Longke LI Univ. of Cincinnati
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https://inspirehep.net/literature/684211
https://inspirehep.net/literature/615419
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.091101
https://link.springer.com/article/10.1007%2FJHEP10%282014%29005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.81.111103
https://inspirehep.net/literature/684211
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.84.031103

T odd of D+

5 KEhTt 0

under internal review

@ Simultaneous fit on four Ct sub-samples to extract ap L0dd for five D+) decays.

Events/(2 MeV/c?)

Pull

" Dt — KtK~ntn

(

D™ = KtK—n n0

Cr>0

T 75
M(D) (GeV/c?)

3 7%
M(D) (GeV/c?)

T
(T
oy

(e

o Similar measurement in the subregion of phase space corresponding to
dominant resonances.

eg. Dt — K¥0K*+

Index | D—VV | PHSP subregion |afg (x107?)
(1) SCS| Dt — ¢p+ #-SR, p*-SR )+ 0.951097
(2) SCS| DT — K=9K=+|K*%"_SR, veto ¢-SR %i 1.2675%2
(8) CF | D* - K*%p* | K*O-SR, p*-SR @ + 0257070
(4) SCS| DF — K*%* | K"SR, p*-SR  [@§ + 2.9970%
(5) SCS| DF — K**¢° | K**-SR, )-SR @ + 6.14,“1’ 23
(6) CF | D} — ¢p* SR, p*-SR [@§ £0.4070%

(7) CF |Df — K*K*+|K*0*.SR, veto ¢-SR & + 0.76152

m(K'n%) [GeV/c?]

| Mgk — mg| < 10 MeV/c? as ¢-SR
|Myer — mce| < 60 MeV/c? as K*0+-SR
=90 < My q0 — m, < 60 MeV/c? as pOF-SR

07 08 09
m(K=*) [GeV/c]

@ Final results in this work compared
with that in other channels.

T-odd asy ies in D decay-rat
PV SIPY L B L B ARLA BR S
DaK n*w7® (CF) P (-0.28+1.3837)x10"
: [Belle]

D°—~K*Kn*n (SCS) e (3.5:2.1)x10°
H [FOCUS/ BaBar/ LHCb/ Belle]
D°—K Kgr'n (SCS) : (-1 9511 4201%

Dasiar(ce) ﬁ'
KK (SCM
e

D*—KK'r'x (SCS) (1.10:1.09)%
u [FOCUS/ BaBar]
D*—K*wn*x® (DC! . 2

{This work]

Pk K (o — 0

D;~KK'x*x (CF) (-1.39:0.84)%
[FOCUS/ BaBar]

DK (5°_—’°

[This work]
P |
0.06

—

-0. 06 -0.04 —0 02 0
aT-odd
cp

» All D mesons reach 1073 level.

@ More charm a-Cr,;"dd results will be

released in one or two months.

Univ. of Cincinnati



Outline

o Bof ALY — pkOK? and AL — pKOy
o B/Acp/a/A%p of AL — Aht, Z0hT

@ Seclected studies of charmed baryons at Belle

Longke LI Univ. of Cincinnati Nov 18, 2022 QUSTC 23/35



B of AY — pKIK? and Af — pKOy

, accepted by PRD)

@ The weak decays of charmed baryons provide an excellent platform for understanding
QCD with transitions involving the charm quark.

@ Their decay amplitudes consist of factorizable and non-factorizable contributions, the

latter approached by various models: covariant confined quark model, current algebra,

SU(3)r symmetry, etc.

@ Experimentally, the investigation of charmed baryons is more challenging than that of

charmed mesons. (mainly due to lower production rates).

o B(Af — pK&n) with uncertainty 22%. A¢ — pKIKQ to be observed.

£ T T

x10°

1k AL — pKQ K,
[ 24424103

221 226 228 23 232

Candidates/(2 MeV/c?)

= T T T T

Aér — ngq

sb
12877 + 317

24 226 228 23 232

Candidates/(1 MeV/c?)

AE = pK

a0

[ 515206 4 1120 |

221 226 228 23 B3

M(pK3KY) (GeV/c?)

M(pK3n) (GeVic?)

M(oK?2) (GeV/c?)

Pull

ThoTE 7w 1w am o am o an 2% E

R C A E T A R U

[B(AL = pKEKS) = (235 £0.12£0.12) x 10 *]

[B(AL = pKZy) = (4354£0.10£0.22) x 10" 7]

Longke LI

Univ. of Cincinnati

T TE Zm 7w 2w am 7T AN 7R TE

(First observation)
(vs PDG (4.15 £ 0.90) x 1073)

[GeVZ/c

0
S/max

ME(PK(g)

MP(KSn) [GeV?/cY]

L
22 32

74 02‘.5 28 , 8
2 4
M (sz)mm [GeV/cY]

212223242526272829 3
M(pKY) [GeV?/c]
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MA(K3n) [GeV¥/c?

H‘ Entries / [0.05 GeV2/c4]

B of AY — pKIK? and Af — pKOy

, accepted by PRD)

@ We examine the Dalitz plots after background subtraction and efficiency correction, for intermediate resonances.

o The mass of N*(1535)1/27 is larger than that of N"(1440)1/24ry in opposition to predictions of classical constituent quark models.
Secondly, the N*(1535) also couples strongly to channels with strangeness, such as N and KA, which is difficult to explain within
the naive constituent quark models. The inclusion of five-quark components gives a natural explanation for these properties.

o The nature of f5/ap(980) remains not fully understood and continues to cause controversy, but they are often interpreted as

compact tetraquark states or KK bound states.

AL — pKOy

AF — pKIK?

M (pK?2) [GeV?/c¥]

Entries / [0.04 GeV?/c*]

Entries / [0.06 GeV?/c’]

FRFEFEEYE LR TP T ]
M(pKY) [GeVZ/ct]

11792713 1418 16 17 18

22 2‘4 2‘6 28 3
M(pK?) [GeV/c?]

Entries / [0.032 GeV?/c%]

Entries / [0.06 GeV%/c?]
Entries / [0.03 GeV%/c’]

+ /a0 (980)

2‘1 2‘2 2‘3 2‘0 2‘5 2‘6 2‘7 2‘8 2‘9 3
M(pK?) [GeV/ct]

Longke LI Univ. of Cincinnati

(R E R E I R I KA A E
M(KSKS) [GeVe/ct)

» A proposal of amplitude
analysis:

It is possible at BESIII or Belle Il
based on increasing data sets, may
help understand the nature of such
interesting resonances.

» Charmed baryon decays
provide a good platform to
study the light scalars and
light flavor baryons.

» My focus has moved to
the charmed baryon studies,
including PWA of A} /510
three-body decays.
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B/AJD /0 /A% of AT — AR, SOhT at Belle

=4
=

To date, CPV has been observed in the open-flavored meson sector (i.e. K, D and B mesons), but not yet established

, submitted to Sci. Bull.)

in the baryon sector. While, Baryogenesis, the process by which the baryon-antibaryon asymmetry of the universe
developed, is directly related to baryon CPV.

Experimentally, no direct CPV searches in two-body SCS decays of charm baryons have been made to date.

The raw asymmetry in the decays

Several sources contribute to the raw asymmetry:

AA;r —SAKT

cP

Araw =

Nsig(Aér — f) - Nsig (A; — ?)

Nsig(Aér — f) + Nsig(zc? — ?)

Araw (AL — AKT) = Al

AF—AKT

A—pr— A K+ AL
+ AT AN+ AL + AL

(AL"P™ ) is the direct CP asymmetry associated with the A (A) decay,

o AN (AgKJr) is the detection asymmetry arising from efficiencies between A (K™) and its anti-particle A (K~),

+
° A?[g arises from the forward-backward asymmetry (FBA) of A{ production due to ¢-Z° interference and higher-order QED effects

in efe” — € collisions. The FBA is an odd function in cos0*, where 6* is the Al production polar angle in the ete™
center-of-mass frame, but due to asymmetric acceptance, small residual asymmetry remains after integrating over cos 6*.
A (AL = AKT) = AQE(AL = ATth) = ABH(AL — AKT) = ABE(AL — Arrt) = ABE (AL — AKT)
The reference mode AY — Azt™ and signal mode have nearly the same A kinematic distributions, including the A
decay length, the polar angle with respect to the direction opposite the positron beam and the momentum of the
proton and pion in the laboratory reference frame.

Longke LI

, Univ. of Cincinnati
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2\
Pl Events / (3.5 MeV/c?)

Events / (3.5 MeV/c?)

of Cincinnati

x10° x10°
E AL = AKT signal sk AL — AT signal
E ¢ RO ¢
B 3
E =
3E o
2F g
E ]
E 2
1 w
E L FERer. SR L L 0 I, L i
215 22 225 23 235 24 245 25 215 22 225 23 235 24 245
M(A}) (GeV/c?) M(A;) (GeVic?)
i Y |
°E 2 °F |
5E 1 E |
EA 7z 75 Ex 7% 74 745 5 215 77 25 73 % EX3 T4s
x10°
E 7— AL — . l
st A = AK %f‘ ot —
E R-EK 2
As Ao-3nt 3
g - other backgrounds s
3E o
E P
2F £
E ]
E 2
1= w
E i L el L [ L L
215 22 225 273 235 24 245 25 215 22 225 23 235 24 245
M@®,) (GeVic?) M@, (GeV/c?)
E | %
°F 1 e °f |
5E | SE 1

, submitted to Sci. Bull.)

Simultaneous fit on the Ah+-weighted AT samples gives

AdE(AE — AKY) = (+2.1£2.6 0. 1)%

AdL(AF — ZOKt) = (+2.5+£5.4+£0.4)%,

first CPV result of charmed baryon SCS two-body decays.

Based on M(AY) fit on the combined A¥ sample and the

efficiencies based on signal MC produced with our measured
L . Bsig Nsig /fsig

angular distribution, we measure B = _=_°

rel

(ar 4 Nref / €ref
B(A — AK

—< ——  * = (5.05+0.13 £ 0.09)%;

B(AL = Ant) ( )%

(Vs. PDG: 4.7 £ 0.9)%; BESIII recent result: (4.78 +£0.39)%.)
B(AF — Z°K™)

——— =~ =(2.78+£0.15 £ 0.05)%.

B(AT = X07) ( )%
(Vs. PDG: (4.0 £0.6)%; BESIII recent result: (3.61+0.73)%.)
Using the W.A. B(A{ — (A, Z0) ), we have
B(AY - AKT) = (6.57+0.17+0.11 +0.35) x 10~*
B(Af — X°K*) = (3.58+0.194 0.06 + 0.19) x 10~*.
(Vs. PDG: 6.141.2)% and 5.2 +0.8)%)

Both are consistent with W.A. but with significantly
improved precision.
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B/A%l"g/(x/A%P of Ai_ — Ah+, Zoh+ at Belle ( , submitted to Sci. Bull.)

@ The decay asymmetry parameter a was introduced by Lee and Yang to study the
parity-violating and parity-conserving amplitudes in weak hyperon decays.

In1/2% = 1/27 +0, lth2 Re(S*P)/(|S|> + \P|2)l where S and P denote the
parity-violating S-wave and parity-conserving P-wave amplitudes, respectively.

e For AT — Ah™ decays, the differential decay rate depends on & parameters and
dN(AL —ART)
dcosf,

one helicity angle as: x1+4 X+ 0 COS GA‘

For A¥ — XOh* decays, considering a(Z° — yA) is zero due to parity K
conservation for an electromagnetic decay, the differential decay rate related to the / .
« parameters and helicity angles is given by
dN(Af —20h1)
dcosblyodcosfy

x1-— O cos fyo cosBA‘

— —t
D‘AZT_CPD‘AjCP _ D(Az_r +‘XZE

@ Since a is CP-odd, the a-induced CP asymmetry: |A¢p, = — —5 =
ayy + CPay CP %Az ~ %A

@ In the case that A%i,g is zero, A%p is given by the CPV in Re(5*P). Therefore, A, provides an observable
complementary to the A%‘,Q induced by decay widths.

=4
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B/AEL) JA%, of AL — AhT, X°hT at Belle ¢

» cosf, distributions of AL — Ah™ after efficiency
correction, fitted with 1 + Xt COS OA

x10° x10°
150

& &
= 100
= =z
g2 5o
z of =5

0 , , . 0 , . .

-1 05 05 1 -1 -05 05 1

0 0
cos6), cos6),

» Using the fitted slope factors and the average a_, we have
favg (AE — AKT) = —0.585 £ 0.049 £ 0.018
Kavg(AE — Amrt) = —0.755 + 0,005 + 0.003
(vs. PDG: —0.84 £ 0.09)
Havg (AE — XOKT) = —0.55+0.18 +0.09
tavg (AE — X07) = —0.463 + 0.016 =+ 0.008
(vs. PDG: —0.73+0.18)

» First a results of SCS decays for charm baryons; and
z'gnificantly improved results of CF Al decays.

niv. of Cincinnati
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, submitted to Sci. Bull.)

x10°

S
3

> (cosfy,cosfyo) 2D distributions of AT — X0h+ after
efficiency correction, fitted with 1 —a ,+ & cosfyo costlp

A — X0t fit result

x10°

g g
0.5 ] 0.5 ¢}
35 S (=]
= & o &
4 & 20 &
Q 02 Q 2
o s © =3
-0.5 to -0.5 to
2582 8o
Z Z
o 0 4 0
cosBy, cos6y,
x10° x10°
T T T
02f B 02f B
. o - - .. -
R0.15F 3 Soisk E
« «@
=2 e
T ofr——, 4 Tt &
= e ] = =,
S ’ Il cose, $ + Il cos®,
=z r overall cos8,, 1 =z r overall cosf 1
0.05 4 cosB<0 0.05 4 cosg<0
086,50 056,50
0 . , . . . .
-1 -05 0 05 1 -1 -05 0 05 1
cosf,, cosby,
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B/Adlr/[x/ of Ai_ — A/Xh—i_v Zoh+ at Belle , submitted to Sci. Bull.)

o Measure « values for Af and A_ decays separately. We obtain the first or most precise « and A%, (Al) results.

x10° x10° i x10° . i x10° . .
100 B 1002 — b
AL = At A

— — 3 — —_
N N N N
(=) S, S, =)
o =~ 2 ) o 50
Sg=d 8.2 Fp=d 82
83 83 &3 83
z z z z

i+ ] L 1

k =—0.418 £ 0.053 = —0. 442 +0.053 k = —0.582 £ 0.006 = —0.565 + 0.006
s 0 05 1 c—w 05 05 1 s 0 05 1 0—1 205 0 05 1
cos8, cose,\ cos8, cos8,
Channel k=a, 0 k=, a, Lo%s o Atp W.A. ALy our Atp(A — prt)

Af — AKT —0.418 £0.053 —0.442+0.053 —0.566 +0.071+0.028 0.592 +0.070+0.079 —0.023 +0.086 + 0.071 -
Af = Ant —0.582+0.006 —0.565+0.006 —0.784 +0.008 +0.006 0.754 £0.008 +0.018 +0.020 = 0.007 £0.013 —0.07 +£0.22
Af - X°K* -0.43 +0.18 —0.37 £021 -0.58 +£0.24 £0.09 0.49 +0.28 +£0.14 +0.08 +£0.35 +0.14 -

A¢ = X0t —0.340+£0.016 —0.358+0.017 —0.45240.022+0.023 0.47340.023 +0.035 —0.023 - 0.034 == 0.030 - —0.026 +0.034 4+ 0.030
combined: +0.013 4+ 0.007 4+ 0.011

+0.017 £ 0.007 £ 0.012

o K — O N
For our CF Al decay chains, A%, (total) = % Under the SM with &+ = —ay— for these CF A decays,

(total) = A%, (A — prr—). = search for hyperon “CPV in charm CF decays for the first time.

No evidence of CPV in baryon decays (charmed baryon A and hyperon A) is found.
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B and a of AT — Xt (7

o B measurement using A — X0 (B=

1600 Bamaanasen aaaamat T
—+ Dat: +D t +D t
L 1400F ;fa Ng 350 e e &, 400 e
S S EN=719+78 .. s‘gna\ 3 SEN=307+55 . Sional
Broken-signaig () roken-signal D 309 Broken-signal
= 1000 E| = 2s0f E| S
Sideband Sideband 250 Sideband
LD oo o
~ 200
@ +
. 150 *
£ 100 ¥ #
=4
LW sof
pi 2) = 2
0 0 S o
2| -2 a
21 2

1,17

contributed by FDU, submitted to PRD)

(1.25+£0.10)%) as reference mode.

215 22 225 23 235 24 245

M(Z*TP) [GeV/c?]

1 215 22 225 23 235 24 245

M(=Z"n) [GeV/c?]

efficiency-corrected cosfx+ distributions.

215 22 225 23 235 _24

M(Z*) [GeV/c?|

2.45

perform M(AY) fits in five bins of cosfx+ distribution, then plot and fit the

000E" £+ 70

3000F

0.48 +0.02 +0.02

[m}
-3
z

600
‘\L*r/

400

200~

0.99 +0.03 +0.05

N/ O

300F

Sl 0.46 +0.06 +0.03

200

100

T T T T
1 -08-06-04-02 0 02040608 1

cos;.

L L L
-1 -08-06-04-02 0 02 04 06 08
cos;.

T T T
-1 -08-06-04-02 0 02 04 06 08
cosf;.

1

B(AE — Z*y)
B(AE = T+ 70)
B(A+ -ty
B( Z+ D)
B(A+ — Xty)
B(AE — Ztyp)

=0.25+£0.03+0.01
=0.33+£0.06+0.02
=1.34+0.284+0.08

» Using B of reference mode, we have
B(Af — £ty) = (3.14+0.354+0.17 £ 0.25) x 103
B(AE — Zty') = (416 £0.75£0.25 £ 0.33) x 1073

which are the most precise results to date.

@ This ay+ o agrees with W.A. but with
precision improved by threefold; the other
two measured for the first time.

@ Comparing &g+ o with aforementioned
@50+ =—0.463+0.016 £ 0.008, their
agreement within 1o shows consistency
with the prediction from the isospin
symmetry [PLB 794, 19 (2019)].
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Outline

Longke LI

@ Charm studies at Belle Il
@ Measurement of charm lifetimes
@ Advanced tools for charm

@ Status and prospects at Belle Il
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High precision vertex = charm lifetimes at Belle Il

o The impact parameter resolution is X2 better than Belle/BaBar, which shows up in decay-time distribution.

o Benefited from this, the charm lifetimes are measured using the early data set, as listed in luminosity plot.

o We (Belle Il) totally have accumulated 428 fb~! of data set in. Now we are under the long-shut one.

10°

Belle '{

BABAR

Longke LI

1

, Univ. of Cincinnati
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Belle Il
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2 4
t [ps]

Total integrated Weekly luminosity [fb~1]
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charm lifetimes at Belle Il (

Candidates per 70 fs

Belle IT
Do JLdr=7215"

¢ Data
— Fit
""" Background
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Decay time [ps]
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¢ Data
— Total fit
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iR
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o We obtain the world-best charm lifetimes: 7(D°) = 410.5+1.14+0.8 fs, ’I’(D*) =1030.4+4.7£3.1 fs, and
T(A¥) =203.20 £ 0.89 4 0.77 fs (first Belle 1l precision measurements), Their tiny systematic uncertainties
demonstrate the excellent performance and understanding of the Belle |l detector.

o 1(09) result, 243 £ 48 £ 11 fs, is consistent with LHCb, inconsistent with pre-LHCb average at 3.40.
= the Q(C) is not the shortest-lived weakly decaying charmed baryon.

Longke LI

Univ. of Cincinnati
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Charm Flavor Tagger & Charm Tagger with Full Event Reconstruction & ...

o Current Belle Il date set (428 fb™!) is only half of Belle (980 fb™!). The first wave, the measurement of charm
lifetimes (benefited from the significantly improved time resolution), will walk away soon.

@ We need more papers. Now the Belle+Belle Il datasets are recommended, although the task will be doubled.
o The advanced techniques for charm are developed. s £X&, F F 4147,

o Charm Tagger using full event information with e*e™ — X XzX; (where X, indicates the fragment part)

» although the reconstruction efficiency is quite low, absolute B, leptonic and SL decays, invisible decays, etc. are available.
o Charm flavor tagger for neutral D mesons (using BDT): considering the ¢ — s CF process.

» roughly double the effective tagged D° sample size. That will have big effects on many measurements of mixing and CPV.

g it @ — ¢ — 2 DO(cil) - i
K*(5u) ignal decay

Charged D* - ) /
25% prompt s e
40%
neutral D* . ‘
35%

N
g

S w—ia—o— DY K
Dl

signaldocay
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Status of Belle Il: under Long-Shutdownl (LS1) now

Int. Lumi (Delivered)

[fb-']
5000
Int, Lumi (Delivered)
2022ab LS 4 ab
ab-
4000 Targot Target Estimate incl.
| expected
510fb-! improvement
480fb-!
3000
+X
> 0
T s mAm mni za ek
2000 1.6 ab-
Conservative
estimate based
on 2021 machine
1000 Base| param
0 En-ama®

20/4/1 21/4/1 22/4/1 23/4/1 24/4/1 25/4/1 26/4/1 [YY/M/D]

* PXD2 installation (fully re-installed)

Due to problems in ladder gluing, only half of designed * Except the charm lifetime measurements, more charm

PXD (full L1+2 L2 ladders) was installed in 2018/2019 analyses are on-going based on full LS1 data set.
* TOP MCP-PMT replacement (some of them use Belle+Belle Il data sets.)
+ Additional shields for BG mitigation * CPVasymemtry in charmed mesons and baryons
« Collimator system upgrade (LER) «  D°-D° mixing with model-independent method

* Branching fraction of charmed baryon decays

* Beam pipe upgrade at injection point (HER)

Longke LI Univ. of Cincinnati Nov 18, 2022
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Summary

o Belle is still producing unique results in flavor physics although Belle finished data-taking 12 years ago. Today the
recent charm results contributed by me are reviewed.
e charmed mesons: B, CP asymmetry, T-odd CP asymmetry,
o charmed baryons: B, direct CP asymmetry, « and A%, = leading the updated theoretical predictions (e.g. arXiv:2210.12728)
e not covering charm mixing, (semi-)leptonic decays, rare or forbidden decay, amplitude analysis, charm spectroscopy, etc.
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Summary

o Belle is still producing unique results in flavor physics although Belle finished data-taking 12 years ago. Today the
recent charm results contributed by me are reviewed.
e charmed mesons: B, CP asymmetry, T-odd CP asymmetry,
o charmed baryons: B, direct CP asymmetry, « and A%, = leading the updated theoretical predictions (e.g. arXiv:2210.12728)
e not covering charm mixing, (semi-)leptonic decays, rare or forbidden decay, amplitude analysis, charm spectroscopy, etc.

o Belle Il has already joined the game. Current dataset is 428 fb~! before Long Shutdown 1.

o the world best T(D°), T(D*), t(D; ), and T(A}) (first Belle Il precision measurements),
o a confirmation of T(Q2) is not short-lived weakly decaying charmed baryon.
e My focus: the studies on the charmed baryon CF decays based on the current dataset are potential publications.

@ Advanced tools for charm analyses are under development at Belle I, e.g.

o Charm Flavor Tagger: win an additional ~100% tagged D° sample » affect many measurements of CPV and mixing.
o Charm Tagger with Full Event Reconstruction using ROE » to measure the invisible decay, SL decays, absolute B, etc.
e My focus: CPV in charmed baryon decays with more methods proposed by theorists. eg. arXiv:2209.13196, 2211.07332, etc.
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Summary

o Belle is still producing unique results in flavor physics although Belle finished data-taking 12 years ago. Today the
recent charm results contributed by me are reviewed.

e charmed mesons: B, CP asymmetry, T-odd CP asymmetry,
o charmed baryons: B, direct CP asymmetry, « and A%, = leading the updated theoretical predictions (e.g. arXiv:2210.12728)
e not covering charm mixing, (semi-)leptonic decays, rare or forbidden decay, amplitude analysis, charm spectroscopy, etc.

o Belle Il has already joined the game. Current dataset is 428 fb~! before Long Shutdown 1.

o the world best T(D°), T(D*), t(D; ), and T(A}) (first Belle Il precision measurements),

o a confirmation of T(Q2) is not short-lived weakly decaying charmed baryon.

e My focus: the studies on the charmed baryon CF decays based on the current dataset are potential publications.
@ Advanced tools for charm analyses are under development at Belle I, e.g.

o Charm Flavor Tagger: win an additional ~100% tagged D° sample » affect many measurements of CPV and mixing.

o Charm Tagger with Full Event Reconstruction using ROE » to measure the invisible decay, SL decays, absolute B, etc.

e My focus: CPV in charmed baryon decays with more methods proposed by theorists. eg. arXiv:2209.13196, 2211.07332, etc.
@ More charm results from Belle Il are on the road in the coming years. With larger and larger dataset, Belle Il will

make essential contributions to the flavor physics. This game will last for >(10+10) years.

@ “Charm is now a fast-moving discipline—one that can be considered complementary to beauty for its potential to
test the CKM paradigm and to probe for New Physics effects. For flavor physicists, this is truly the age of charm.”
LI R YR BB ——C R EYIRGAN L, BABS REE CKM fif 343, ek )33 Rk, X ERZHLR (RHBA GHR) .
—from [Ann. Rev. Nucl. Part. Sci. 71 (2021) 59]

3
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[¢] lele]e}

B/Acp for D° — h™h~=y and D° — ¢n: Event selection (

Items Requirements

at least two SVD hits in both r¢ and z for tracks from D°

R = zﬁ—ffﬂ > 0.6 for kaon, others for pion

eld < 0.95, pld < 0.95; |dr| <1 cm and |dz| < 3 cm

E, > 50 or 100 MeV for barrel or endcup, and €9025 > 0.8
0.50 < M(77) < 0.58 GeV/c?; mass constraint with x2, < 8

Ty p(n) > 0.7 GeV/c; decay angle | cosf| < 0.85

ni%-veto if both 's meet |M (7 Yothers) — Myo| < 10 MeV/c?

IM(nt ™) — myg| > 10 MeV/c? for D° — n¥m—y

vertex fit with two charged track; IP constraint fit for DO;

eg. DY = D, DO — gy
charged tracks

0 * N 3 e
D”and D 7ts refit at D* vertex; these vertex fit qualities Y x2, < 50
p*(D*) > 2.7 GeV/c
M€ mp+20 and 0 < Q < 15 MeV/c? (use Q to extract yields)
; ; ; ) )
multi-candidates | BCS with smallest Y x2u + X (1) ‘Q = M(h Fh ;771'5‘ ) — M(h‘ h ;7) —m_y
/ts
D°~>K’7r+1] DOHK*nJrq DOHnJrn’U D°~>K+K’17
x10° x10° x10°
_osef T j T T gmsga 410 "E ol T o 18F j j ] "W sonal |
o Il md . BG L Il md . BG o O y6F Il md 7, BG
S oif Do’ -ker’'sc g B [0’ -Krer’ BG S e[ > - J0°-K'K2n BG
© [ other cor BG v, [ other cor BG © § 14 [ other cor BG
=008 Eswaprombsg | = 10 [ swap-mcmb BG. = I other cor BG 12F emb 8G
- [ other cmb BG - [ other cmb BG - eF [ swap-nicmb BG 0
S.0.06 3 (=% =3 [other cmb BG S
° PRl e * >
g0 1 £ IS 2
S oo S 2 2 S
1 [T im) o
00 2 4 6 8 10 12 14 o 2 4 i‘i 8 10 12 14 0 2 ; 6 8 10 12 14
Q [MeV/c?] Q[MeV/ic?] Q [MeV/c?]
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B/Acp for D° — h™h=5 and D° — ¢n: Dalitz-plot projections

2 .
T 5 5 "* CLEO
. 25 ® L E < < =
2 3 w0 A 3 8 =
5 LRV ARA . 8
S 10 g word .. 5 S g
=15 = [ , i =) =) £ A
3 5 g hostdtn, 5 e £ oL ‘
¥ e e MR 3 P ' S
MRt e g [ 3 N Mass (GeV/c?)
05 L ol W H A o L
002040608 1 1214 1618 [ I T et e
12 0" 02 04 06 08 1 12 14 16 18 5 s
M. [GeVic’] M., [GeVeic'] M2, [GeVZ/ct]
e Clear rho(770) and a0(980)+ (no visible intermediate process Comparison | theoretical Experimental z
h ) = ecay Amplitude  Buaive Brst B K3
in CLEO and BESIII results due to the statisitcs limit.) => D" = ag(980) 1 [VeaVy(T"+ B) LT x 107 6.5 x 10 °| (4.5 £3.0) x 10 o
. L i . . . DP — ag(980) 7t | VigViy(T + E) 1.3 x 107% 1.3 x 1073{(1.0 £ 1.1) x 10~#
amplitude analysis is needed. But not included in this analysis.  zor-mtm 000013 0.05 45458

D® > K*K™n -

ol o ' z °F i 1o Dalitz-plot analysis is
‘% w4 go 50 { + M* N% ;: * suggested by several
CIET © HM | + * 1 %% #H colleagues at Belle.
T Sa yif WW% - | "
= 150° :20 -+\ + b S ﬂﬁ “ 'H |
g, R IGLE TR I B T
U P TR 110 12 T3ttt 17 18 0N 18 1d 18 e 17 18 1e 02 1 e s Te 17 1 1s
M [GeV7e’] M2, [GeV?/c'] M2, [GeVAic] M., [GeVA/c]
¢ Clear phi(1020) signal (=>measure B(DO->¢n) as next step), and visible non-phi component.
e anasymmetric helicity distribution of K in KK system in phi(1020) region, it indicates some interference due to a,/f,(980) and ¢(1020).
<D
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Formalism of D%-D° mixing

o Unique: only the up-type meson for mixing

@ Open-flavor neutral meson transforms to its anti-meson e Standard Model predicts: ~ O(1%)
and vice versa: ¢ ds,b u c W u
K< K° BY < B° BY & B, D° « D°
H 0 No . D° W W D’ Do d,s,b d,5,b D’
@ Flavor eigenstate (|D°), |D°)) # mass eigenstate |D; ) o
. ' 4,5,b w
with MLQ and 1"1,2) @ E @ e

|D12) = p|D°) £ q| D% (CPT: p*+q¢*=1)
o Mixing parameters definition:
XEMI_MQ yzrl—rz rzrl"l‘FQ
T ' or 2
@ under phase convention
CP|D%) = |D°), CP|D°) = |D%),
o with CP conservation (g = p = 1/+/2): @ Precise measurement of x, y: effectively limit New
|Di2) = |D4 ) (CP eigenstates) Physics(NP) modes;
e search for NP, eg: |x| > |y|

(2) long distance (~ 1%)

Longke LI , Univ. of Cincinnati Nov 18, 2022 QUSTC 39/35
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Formalism for time evolution

5

arbitrary units
P

arbitrary units
P

@ = 0.946, y = 0.997 7 =0.776, y = 0.01

o Time evolution of D%-D° system:

i (o)) = a1 (320)

diagonal: D — D,non-diagonal: D — D.

o time evolution related to (x,y) and (q/p)
1D°(6)) = . (8)| 0°) + 25 (1)|D°) R

ID°(t)) = £g-(t)|D°) + g+ (t)|D°) g0 2
. El El
g+(t) = el=iM=3D)t o5 <7 'X; yFt) o z=1261,y=015 gt
: Zo Z i}
_ A(=iM=LD)t _ix+y E 5
gi(t) =€ : sinh ( 2 It o 10°F z=0.01,y=0.01
@ Probability that the flavor is/is not changed at time t with °2 10}
a pure flavor state |DO) 0°
P 1 It o 1 2 3 4 l‘LS
[(DPIDO(t))|” = S e Tt (cosh(yTt) + cos(xTt)) @) D D

|(D0\50(t))‘2 = E‘%‘ze’r‘ (cosh(yI't) — cos(xI't))

y effects lifetime in amplitude; x: brings a sine oscillating.

» D-D° mixing measurement is most difficult.

=4
=
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Dalitz-plot analysis of D° — K~ 7tty |

@ Dalitz-plot analysis of D° — K~ 7ty for the first time is performed to study its dynamics, and also provides us a platform to study the
decays of some excited kaons to K7t and K.

@ Using 953 fb™* of data, we obtain 105k yields in M-Q signal region with purity 95%.

=Y Phys. Rev. D 68, 054014 (2003)

of Cincinnati

PEur. Phys. J. C 77, 861 (2017)

mZ, (GeV?/c)

, , i i 5210
@ 'Isobar model': M = angeNR + Y 5 aRe"PRMR(m,Z(K, m?nl) Wb i} j
o
@ Dalitz-plot of background is obtained from M sidebands, the o MF Eh
fraction of each signal event is determined by M-Q fit. “§ raf i
. . . . ' . R 8 12 g
@ Final optimal Dalitz mode includes five resonances with relativistic e i s
Breit-Wigner, a(980)" with Flatté, and two K7t and K1 S-waves with f“, 2
. . o
2
generalized LASS. osk 8 :
Component Magnitude Phase (°) Fit fraction (%) i L L L - i - - ]
k‘(892)0 1 0 47.61i1»32f8§3i39'} 08 1 ‘~22 2‘-4 16 04 06 08 1 1.22 1‘.‘4 16 18
20(980)T | 277940032 3103+ 11 39.28+ 15071287238 . (Gev/c®) m?, (GeV?ic?)
(K7)swave | 10.82£0.23 50.0 £5.7 31.92+£1.21 1531200 g
(K1)s-wave 1.70+0.082  113.8+13.6 3.37 0507077735 " B, data sET
2,(1320)* 1.27+0.079  283.4+47 074+0 09t§ §3t§ 37 (140) % —— Total fit %
K*(1410)° 4.84+0.36 3527428  6.9440.851023123 (150) < ‘Combinatorial L af
K*(1680) 2.56+0.18 2322466  1.07+0.160120%8 (160) $ ::::5.) K]
K3(1980)~ 9.2940.69 207.74+4.0  1.13+0.15'0%0% (170) 3 1320y 8 of
Sum 132.1+3.4755783 = K (1410 =
% K*(1680) 5 7
* - - a K,"(1980) o
B(K*(1680) " K" y) _ +0.07Y0/. ; ; ot g KnS-wave 5
Bk (1680) S K=0) = (0.117334)%: not consistent with predictions g e g
~ 1.0) under the assumption that K*(1680) is a pure 13D; statel®5]. i st A s i NS
P P 1
05T e 214 16 16 2 23 54 26 28 3

m, (GeV?/c?)



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.012002

o] lo}

Discussion on Dalitz fit results of D° — K=7tty |

@ Using normalized mode D® — K~ 7t with Y(4S) data set, a relative branching ratio is determined via My fit,

B(DO—K—mt
%@Kfm = 0.500 + 0.002(stat) + 0.020(syst) % 0.003(Bppe)-

@ using the world averaged B(D° — K~ 7*), we have the branching fraction
B(D® — K~ m*y) = (1.973 £ 0.009(stat) & 0.079(syst) £ 0.018(Bppg ) ) %.
@ A further discussion is performed based on Dalitz-plot fit results and above branching ratio:
o D% — K*(892)% decay: B = (1.417313)%, consistent with, and more precise than, the current world averaged (1.02 = 0.20)%.
However it deviates from theoretical predictions of (0.51-0.92)% [2:2:< with > 3¢.

o K*(1680) — K1 decay: B = (1.4473%8)% and W = (0.1173:52)%. This ratio is not consistent with theoretical

predictions (= 1.0) under the assumption that K*(1680) is a pure 13D, stateld-el.
o K;(1980) — K1 decay: B(D® — [K;(1980)~ — K~ y]m™) = (2.27}5) x 107 for the first time, which is strongly suppressed due
to a limit of the phase-space region and yet allowed due to a large width of K3 (1980).

?Phys. Rev. D 81, 074021 (2010) 9Phys. Rev. D 68, 054014 (2003)
bPhys. Rev. D 86, 036012 (2012) €Eur. Phys. J. C 77, 861 (2017)
“Phys. Rev. D 89, 054006 (2014)
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[ele] J

CP asymmetries of D° — w75, KT K~1, and ¢7

] . . . +
@ To correct for an asymmetry in nsi reconstruction efficiencies, we weight events with factors Wpo /o0 = 1F A;Ts where

A7 (cos @, pr)-map is obtained from tagged and untagged D° — K~ 7™ samples (because A8 = AIE)B + Agg + AKT
and A8 = AD 4+ AKZ 4 AKT 4 AT5).

e we divide the weighted samples into eight bins of cos6*: [0, 0.2], [0.2. 0.4], [0.4, 0.6], [0.6, 1] and symmetric intervals
for negative region.

o We perform a simultaneous fit in each cos@* bin on the Q or Mk-Q distributions for D° and D° samples, to extract

the corrected raw asymmetry Acorr: Nsig(DO, D) = Ngig /2 - (1% Acorr)-

+ .
AT (%) o+ (%) e.g. bin of 0.0 < cos6* < 0.2
ATs
£ T T T T T T T T
e e 2 1 _ T —
08 15 T % I D 0f —— ot DO
06 S o s g Sl
1 - ] D 120F - background
0.4 ?_ E 100~
=” 02 05 Ev o2 s S wf
g o I ° 3 P 3 F
8 -02 05§ -02 g g *E 4 ft
04 B 04 & G 2
o6 06 T ST
15

10 0.050.10.150.20.250.3 0.350.4 0.45 0.5 0 0.050.10.150.20.250.3 0.350.4 0.450.5
p,(1) (GeVic) p (1) (GeVic)
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Jalzedd of DO — KOKO7tt 7t~ at Belle

o We measure the B (relative to reference mode D° — K27 71~) and its time-integrated Acp for D® — KoKt ™.

B(D® — KKt ) =

NKgKgﬂJﬁr’ /SK£K8n+n’ B(D°—KErt ™)

N € 0 + 7
Kg7r+7-c*/ Kgrﬁn* B(Ks_ﬂf )
. 0 0t
D% — KKt 1 D° — K§mtm
P 10
Saof bona=r] G [fnar=227 ]
s S ol
[ R - Signal g St
= 600~ 6095 + 98 o o o 1069870 + 1831
Combinatorial i
§ o gl commmane
400 Oersie S 30[— ----- OtherBkg.
2 <
§ 200} 2 2
i & 1o )
Tes 184 185 186 187 188 180 10 101
M (GeV/cH)
H = &
z S5 i e
E
2
< F = $ o
31000 T [emat= 104 3 70 — Total [rémat = 2.5|
E I}
© oo g 60F ... signal
S mbinator -
8 600f- Comeinatorial kg é i§7 Combinatorial Bkg.
S E . Otersic B 40¢
= 400 o 3 o[ ----- OtherBig
2 0k < af
£ 200 s 2o
2 L £ 10
@ § -
@ 0144 0145 0146 0.147 5,148
A M(GeVIc*)

Pull

Pull

» Self-conjugated decay, using same method in
previous analysis] Extract signal yield on the
weighted sample (w = 1 F A"®) in four bins of
cos 0* distribution.

Acp = (Acorr(cos0*) + Acorr(— cos6*)) /2.

- - -
Po =(-2.51+1.44)x 1072 E

$0.01
<
-0.01
-0.02
-0.03
~0.04
-0.05
-0.06

T

T

D° — KOKOm*m~

0.2 0.4 0.6 0.8

O preeerrrer

1
cosf*

» we obtain the most precise B and the first Acp
result for D° — KKt

= B=(4.82+0.087019+0.31) x 107*

= Acp = (—2.51 £ 1.44158)%
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of D% — KOKO7tt 71~ at Belle

@ We divide the data into four subsamples (D flavor, Ct sign), and perform a simultaneous fit to extract aZF'Pdd.
0 0 0 + = No 0 0 — 7t
D® — KS fastKS slow 7T " 7T - D® — KS slow KS fast’T 7T
< r
39T (@<C,>0
g‘ﬁﬂﬂ
“f §2ou
s S
s 2100
@ o 0142 0144 0146 0148 _ 015
1.82 1.84 1.86 1.88 ;49(59\//;2)92 - 0.142 0.144 0.146 n"A‘:MGeVIgi)‘S - A M(GeV/icH)
P E =
HES R PUNSE P - P 3
iE B
r )
S0 o 3 ’
3 oot & 200
g [ g
gJOOF 0200
< 2005 <
25 2100
& 100 N . 5
w 0.142 0.144 0.146 0.148 0.15
oieotE oiw ofm g ! ! ! Moy
5 & 35 4
I § & ,§ P — Yl .,
L it " 3

o Finally we have a/°% (D% — KOKOmtm) = (—1.95 £ 1.42131%)% for the first time.

o Similar measurements of charged D decays, e.g D(t) — Knnt ™ and D(t) — KSOK+7T+7T_, are on the road.
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B and a of 22 — (A, Z0)K*0 ~ at Belle (

20 AR 20, 00
(a) 11 20 (c) 1
< 200 ¢
3 3

® We measure B and « of three CF E2 decays of which the & 8 °
final state is a combination of a hyperon and a vector N <
particle. N =

. . . . 0744 245 246 247 248 240 25 034 242 2.44 2.46 248 25 252 254
@ The signal yields are extracted via MSQ‘MK* 2D fit. See MAK?) (GeVich) MEX") (GeV/c)

the figures with achieved signal yields. ‘OMQW s000f
] ; - ] K3
@ Then we have their B's relative to that of 2 — Z~ 7" 3™ g,"”“"'*"*/\,\_ 2
after considering the efficiency. T %0p ~Daa Tar %0 =
_ T 4000 S/, 1*b < 2 5
B(E — AK)/B(2; 2 ') = 018£0.02£001  § o} —ore o ] L
B(E® — X°K*0) /(&0 LE 7+) = 0.69 4+ 0.03 + 0.03 =
B('_'O N Z+Kk7)/B(E e ) — 0.34+0.06+002 244 245 ;::vxz)l};es:;) 249 25 Das 245 ’:(;srz)zz(ges/::) 249 25 244 Mé?;-')(ez.\‘/?c?] 25
@ Finally, using the W.A. B(E 2 E-7tt), we have absolute . o -
B'’s below for the first time: 2 7000 a % %0 2
— 2 6000 @ 3000 o 150
B(TO%AK"O)7(33i03i02i10(8,ef))><103 e S -
3 4000F _ E! _
B(ED — ZOK0) = (1244052052 36(B,)) x 102 Fam  Mowheaw | fun ootz | § N = 376+ 61
B(ES = S+K*) = (6.1£1.0+£ 0.4+ 1.8(Bye)) x 1073 02 e A\ 4
0.7 0.75 08 085 K;Q 095 1 1.05 1.1 0.7 0.75 08 0.85 D:Q E95 1 105 11 07 11
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B and a of 22 — (A, X0)

and XTK*~ at Belle (

@ Taking £2 — AK*0 for example, the differential decay rate depends on decay asymmetry parameters and cosf,

dN
dcosf,

o« 14 a(E2 = AK*0)a(A — pri~) cosfp

@ We extract the NZ0&(p 50,4 via the fits on the efficiency-corrected cos 0, or cos@yx distributions:
2084,

5000 15000
20— AK™, A — prt O 0K, 50 5 4 A
4000 [
33000 & 10000 = { { { % { ;
s S P
§ 2000 5 L
o o 5000

@ The a(Z0

- 0.008 + 0.072 £ 0.008

1000 a
[ 0.1154+0.164 +0.038 I consistent with zero as expected
0—1 —6.5 0 0.‘5 0—1 —6.5 0 0.‘5 1
cosb, cosb,

a(22 — AK*) = 0.154+0.22 £ 0.05 and a(Z% — XFK*~) = —0.52 4 0.30 + 0.02.

=4
=
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5000

4000

Events/0.4
n w
(=3 o
(=3 o
o o

1000

=)

L Xt = prf

0.514 +0.295 £ 0.012

-0.5 0 0.5
COSQ):‘

— X°K*0) can not be measured via 1D cos 6y distribution due to a(X° — ¢A) = 0 in an electromagnetic decay.

@ Using the W.A. a(A — pmr~) = 0.747 £ 0.010 and a(X* — pr®) = —0.980 + 0.017, we finally, for the first time, have

Nov 18, 2022 @



https://doi.org/10.1007/JHEP06(2021)160

Bof 2 — E=¢Ty, and Q% — Q¢ Ty, at Belle ¢

@ Semileptonic (SL) decay of charm baryons is an ideal test of QCD in transition region of (non-)perturbation; cleanest
processes among charm decays; test lepton flavor universality (LFU).

o Currently experimental results (from BESIIl, ARGUS, CLEO) have large uncertainties.

o We measure the B of 22 — E~¢*v; and Q% — Q™ (Tv, with detailed study of backgrounds by data-driven method.

o o P NO
Q‘?OOO —?:::l Fit No % —«- Data S L - Data )
> Fitted Bkg | > @100 — Total Fit o T AR Pitied Bk
2 = sideband 2000] = (b) + L AnFitea Bkg| =100 () e misiD
&, — =Zney 2000 :Bkg from BY | o : o
83000 mm Bkg from B = L @ Wrong @ ” ”\7 %krgrtrgog B
I3)
42000 =0 = 2 00 £ a0
€ =c a4 o 50 c o 50 c
2 5 i o
\£}1000 o | B = I F . o e
i
0 15 2 25 3 095 2 25 0 2 2.5 3 03 2.5 s
M;, (GeV/c) Mz, (GeV/c?) M, (GeV/c?) M, , (GeV/c?)

> B(E2 - Z eve) = (1.31+0.39)%, B(Z2 — E~ptv,) = (1.27+0.39)%, and their ratio is 1.03 4 0.05 + 0.07.
BQ2-50"efve) _ B(Q(C’A»Q*yﬂ/]‘) _ B(2—=0"etve) _
BOSO ) = 1.98+0.13+£0.08, BOISo ) 1.94+0.18+0.10, and Bd=a wry) = 1.02+0.10+0.02.
» Both ratios of SL decays are consistent with the expectation of lepton flavor universality.
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