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SuperKEKB and Belle |l

- SuperKEKB
- asymmetric eTe™ collider in
Tsukuba, Japan
> nano-beam interaction point

. P=4.7 x 10°*cm—2s-1 (record)
- tunable E.n around Y(4S) mass
« Belle |l

- 4n spectrometer

» successor to Belle with
improved vertexing, tracking,
PID and calorimetry
capabilities

» currently in LS1, resume in

2024
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Belle

Belle Il

Years of
operation

Beam energies

Data set

1999-2010

8 GeV(e’), 3.5 GeV(e™)

~1000fb-"

2019-

7/ GeV (e), 4 GeV (e*)

424fb"






Charm physics at Belle

- “charm factory”

- large ete™ — ¢ cross-section provides low-background event samples
- 1.3M events per 1fb-
- ~100% trigger efficiency uniform across decay time and kinematics

* rich program

. excellent reconstruction of final states with neutrals e.g. D™ — 772,

DY > ,00}/,71'071'0, KgKO, szo, arnl. ..
> unique access to final states with invisible particles: e.g. decay into neutrinos

Electromagnetic calorimeter (ECL):
Csl(TI) crystals, waveform sampling to measure time
and energy (possible upgrade: pulse-shape)

Resistive Plate Counters (RPC) (outer barrel)
Scintillator + WLSF + MPPC (endcaps, inner barrel

K. and muon detector (KLM): ]
)

Non-projective gaps between crystals

Magnet:
el : 1.5 T superconducting
e

Vertex detectors (VXD):
2 layer DEPFET pixel detectors (PXD)
4 layer double-sided silicon strip detectors (SVD)

 Posity ns e+

Central drift chamber (CDC):
He(50%):CoH¢ (50%), small cells,
fast electronics

Time-Of-Propagation counter (TOP) (barrel)

Particle Identification (PID): ]

Aerogel Ring-Imaging Cerenkov Counter (ARICH)
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A beautiful charm event

opposite side

p
+ _—
K (Su)\
/é\é;’_
7
H K~

» ete™— two charm hadrons +

+ no entanglement, inaccessible strong phase
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A beautiful charm event
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- e¢Te”— two charm hadrons +
+ no entanglement, inaccessible strong phase

. standard approach (since 1977): exclusive reconstruction of strong decay D" — D'z
+ inefficient reconstruction of slow=low momentum pion

+ loss in statistics (only ~25% of all charm quarks hadronize into D¥*)

slow pion: M(D™*) — M(D") ~ 145MeV/c?
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A beautiful charm event

opposite side same side
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» eTe™— two charm hadrons +
+ no entanglement, inaccessible strong phase

. standard approach (since 1977): exclusive reconstruction of strong decay D" — D'z
+ inefficient reconstruction of slow=low momentum pion
+ loss in statistics (only ~25% of all charm quarks hadronize into D¥*)

- a new more inclusive method is desirable to exploit correlation between signal flavor and
charge of tagging particles
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Novel method for the
identification of the production
flavor of neutral charmed mesons

PRD 107, 112010 (2023)


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.112010

The Charm Flavor Tagger (CFT)

reconstruct particles most collinear with signal meson

uses kinematic features (AR, recoiling mass) and PID of tagging particles

based on BDT, predicts gr (tagging decision g and dilution r)
trained using simulation and calibrated with Belle Il data
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g=+1 for D® and -1 for D°
r=1 perfect prediction, r=0 random guessing
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The Charm Flavor Tagger (CFT)
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reconstruct particles most collinear with signal meson

uses kinematic features (AR, recoiling mass) and PID of tagging particles
based on BDT, predicts gr (tagging decision g and dilution r)

trained using simulation and calibrated with Belle Il data

4
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. —— Data (bkg-subtracted) Bellell
35} DO—)K_T[+ |

3.0
2.5 F

2.0f

1.5}

Candidates per 0.05

1.0f

0.5 F

[ R U S S S BRI R
-1.00 -0.75 -0.50 -0.25 0.00 0.25 050 0.75 1.00
qr

€qs = (47.91 £0.07(stat) = 0.51(syst)) %

tagging power: e&g = €tag(r2) , et‘zg(D*) ~ 24 %
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The Charm Flavor Tagger (CFT)

. double the sample size w.r.t D" *-tagged events

» provide discrimination between signal and background

+ CFT will increase sensitivity for many charm decays:
- DY = 7979 KgKO, Knr, enn' . . .

5
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~ | —— untagged B
§ R CFT (r> 0.5) i Bellell
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Measurement of BR and search for CPV in
D’ — KJKntn~ decays

PRD 107, 052001 (2023)

Search for CPVin D) — K*KJh*h™ decays

and observation of D} - K*K K x+

arXiv:2305.11405

Search for CPV using T-odd correlations in

D(J;) - K'K 7t Kt~ ntn' and
Dt - Ktz 7n’ decays

arXiv:2305.12806

D

<O


https://arxiv.org/abs/2305.12806
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.052001
https://arxiv.org/abs/2305.11405

Two approaches

_T@->f)-TD )
T =) +T(MD - f)

- obtain asymmetry from difference in partial
widths

- A, includes asymmetries in production and

reconstruction
+ Awn: arising from v — Z0% interference
FB g

- A_: reconstruction of final-state particles
- need control channel to correct
- in charm: SCS two-body decays
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B ['(Cr>0)-T(Cr<0)
"G > 0)+ T(Cr < 0)

+ measure asymmetry in triple products

Cr=v;-(v; XV3)

- A; # 0 can also arise from final-state

Interaction
. isolate T- violation with ag}_,(’dd
T—odd :

+ acp " is unaffected by production and
reconstruction asymmetries

- in charm: four-body decays
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Two approaches

_T@->f)-TD )
T =) +T(MD - f)

- obtain asymmetry from difference in partial
widths

- A, includes asymmetries in production and
reconstruction

+ Agg: arising from y — Z% interference

- A_: reconstruction of final-state particles
- need control channel to correct
- in charm: SCS two-body decays
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_NC>0-TCG <0 o T=Cr>0-T(=C<0)

"G > 0)+T(Cp < 0) " I(-C; > 0)+ T(-=Cy < 0)

1 _
acT‘z_)Odd = E(AT —Ar)

+ measure asymmetry in triple products

Cr=v;-(v; XV3)

- A; # 0 can also arise from final-state

Interaction
isolate T- violation with ag}_,(’dd
T—odd :

+ acp " is unaffected by production and
reconstruction asymmetries

- in charm: four-body decays
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Two approaches

_T@->f)-TD )
T =) +T(MD - f)

- obtain asymmetry from difference in partial
widths

- A, includes asymmetries in production and

reconstruction
+ Awn: arising from v — Z0% interference
FB g

- A_: reconstruction of final-state particles
- need control channel to correct
- in charm: SCS two-body decays

Acrp x sin(¢)sin(o)
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_NC>0-TCG <0 o T=Cr>0-T(=C<0)

"G > 0)+T(Cp < 0) " I(=C;>0)+I(=Cy < 0)

1 _
agz_)Odd = E(AT —Ar)

+ measure asymmetry in triple products

Cr=v;-(v; XV3)

- A; # 0 can also arise from final-state

Interaction
. isolate T- violation with ag}_f’dd
T—odd :

+ acp " is unaffected by production and
reconstruction asymmetries

- in charm: four-body decays

a5 o sin(¢h)cos(S)
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Analysis details

- focus on
- Agpin D — KgKgﬂJrﬂ_ (D*-tagged)
» T-odd correlation in D™ — K+K§)7t+7r_
- common features
- based on full Belle data set collected
on or near Y(nS), ~1ab-!
- identification of Kg candidates with
NN based on kinematic features

- further background suppression with
sum of vertex fit qualities, flight-
length significance

Michel Bertemes - BNL 16



AqpinD’ — KgKgﬂ'_I_ﬂ'_

_ ND° - f)-ND° - f)
~ NDO = f) + N(D° - f)

—P A, =AcptApp +AF

raw

. obtain asymmetry from different D” and D"

yields
Y P Total x3ndf = 1.29
> 800~
Q) R PEPE Signal
o 600 L Combinatorial Bkg.
Q —
3 400—  ----- Other Bkg.
2
© 200—
S B
L
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AqpinD’ — KgKgﬂJrﬂ_

Apaw = Acp + Arp

+ obtain asymmetry from different D° and D" J
yields
- slow pion asymmetry A’
- use (un)-tagged D” — K~z" decays wpo =1 —AZ(pr,cos,)
» measured in bins of transverse momentum
and polar angle wpo =1+ A%(pr,cos0,)

correct for A™ by separately weighting D’
and D' yields

Michel Bertemes - BNL 18



AqpinD’ — KgKgﬂJrﬂ_

. obtain asymmetry from different D” and D"
yields

- slow pion asymmetry A’
- use (un)-tagged D” — K~z" decays
» measured in bins of transverse momentum
and polar angle

+ forward-backward asymmetry Agg

» odd function of polar angle of D*
momentum

corr __
Araw - + AFB

Q -
©0.01F

~0.01F
~0.02F
~0.03F

-0.04
-0.05

~0.06 . .

Po=(-2.51+1.44)x 1072

0 0.2 0.4 0.6

Acp =

Acorr(cos (9*) 4+ Acorr

raw raw

0.8 1
cosf*

(—cos 6%)

2

obtain A, by averaging over bins of polar angle

Michel Bertemes - BNL
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AqpinD’ — KgKgﬂJrﬂ_

corr __
Araw - + AFB

. . — Q. S L L e e
. obtain asymmetry from different D” and D" <O b (251 +1.44)x 107 ;
: OF E
ylelds ~0.01F . 3
- slow pion asymmetry A’ -0.02F E
-0.03F =
> use (un)-tagged D’ > K nt decays -0.04 ;
. . -0.05F =
» measured in bins of transverse momentum 008E e
0 0.2 0.4 0.6 0.8 1
and polar angle cos0*
forward-backward asymmetry Agg AT (03 0%) + AST(—cos %)
A . — raw raw
CcP —

» odd function of polar angle of D*
momentum

2

+ first such measurement for this decay  obtain A, by averaging over bins of polar angle

Acp(D° — KKt r™) = (=2.51 + 1.44(stat) )2 (syst)) %

Michel Bertemes - BNL 20




T-odd correlationin DT — K+K§)ﬂ+7r—

- define C; as triple product of
momenta of charged final-state
particles

Cr=Pg+* (P X Pye)

M — P1P2P3P4
in mother M rest frame

Cr\ -~

— P1 XﬁQ

Michel Bertemes - BNL 21



T-odd correlationin DT — K+K§)ﬂ+

- define C; as triple product of
momenta of charged final-state
particles

- divide D candidates into four
subsamples based on D flavor/
charge and sign of C;

+ obtain Np, Np, Ay and a/5°% from
simultaneous fit to subsamples

Michel Bertemes - BNL

Events / 1 MeV/c? Pull  Events/1 MeV/c®

Pull

total signal yield: 18632+214
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— . ., 800 —
I -C.>0 § -C,<0
; [)
= 3
B : c
R o :
I E > C :
R i L l .
184 1‘86 188 1.9 2184 1.86 1.88 1.9
e gy ik i) 5 g%ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ
M(K Kgr*) (GeV/c?) M(K Kgr*r) (GeV/c?)
N (D)
N(Cr >0) = T(1 + Ar),
N (D)
N(Cr < 0) = 5 (1—-Ar),
_ N(D,)
N(=Cr >0) = %(1 + Ap — 255094y,
yal N(D(_)> T-odd
N(—Cr < 0) = (1 — A + 2al29).

2
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T-odd correlationin DT — K+Kgﬂ'+ﬂ'_

total signal yield: 18632+214

. | % 800y o0 % 8007 6.0
- define C; as triple product of g o0 g o
momenta of charged final-state 3
particles i i
- divide D candidates into four g 0 g 0
T MKKt) (GeV/c?) T MKKC ) (GeVic?)
subsamples based on D flavor/ T
. ‘o C ¢ ‘o -
charge and sign of C; Sl T Sl
= : =
+ obtain Ny, N, Ay and ag;(’dd from 3*7 r
. . & 200 o
simultaneous fitto subsamples & P77 T a e T
] 1.84 186 1.88 1.9 1.84 1.86 1.88 1.9
- systematic effects related to S O g i
W T i e N -5

M(K Kgr*r) (GeV/c?) M(K Kgr*r) (GeV/c?)

efficiency variation of C;

alp® = (0.34 + 0.87(stat.) = 0.32(syst.)) %

Michel Bertemes - BNL
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T-odd correlation

- define C; as triple product of
momenta of charged final-state
particles

- divide D candidates into four
subsamples based on D flavor/
charge and sign of C;,

- obtain Ny, Np, Ay and a5 from
simultaneous fit to subsamples

- systematic effects related to
efficiency variation of C;

» results are among world’s most

precise measurements, no
evidence of CPV

Michel Bertemes - BNL

made by Longke Li

T T T | T T
DJ)—>KSn+n'n° (CF)
D’—K*K n*x (SCS)

D°—K Kgn*n (SCS)

D!—KK'K'n* (CF)

D*—Kn*n*n® (CF)
D*—K K'n*n (SCS)
D*—K'K*x*n° (SCS)

D*—=K*nn*n° (DCS)

(028 +1 38 °23)><1o3

[Belle]
(3.5:2.1)x10

[FOCUS/ BaBar/ LHCb/ Belle]

(-1.95+1.42%)-1 1%
[Belle]

(-3.34-2.68)%
[Belle]

(0.2+1.5+0.8)x10™
[Belle]

(-2.7+7.1)x107
[FOCUS/ BaBar/ Belle]

(2.6+6.6+1.3)x10™
[Belle]

(-1.3+4.2+0.1)%

D;—~K¢K*x*x (CF)

[Belle]

(-8.2+5.2)x10°
[FOCUS/ BaBar/ Belle]

D! —K*K'n*x (CF) (2.2+3.3:4.3)x10™
! [Belle]
D:—K*m*n® (SCS) | (-1.1:2.2:0.1)%
E [Belle]
| | | | | | | | | | | | | | | | | | | | | | | | |
~0.06 ~0.04 ~0.02 0 0.02 0.04 0.06
T-odd
acp
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Noteworthy

- additional branching fractions measurements:

- B(D" - KJKJntn™) = (4.82 = 0.08(stat) 5 \(syst) + 0.31(norm)) x 10~
+ most precise measurement to date
+ norm. channel: D° — K{n*n~

- B(D] —» K+K‘K§)n+) = (1.29 = 0.14(stat) = 0.04(syst) = 0.11(norm)) x 10~*
+ first observation of this decay

+ norm. channel: D} - K*K{ntn~

- measurement of ag;"dd in subregions of phase space:

. largest asymmetry found in D — K ™

- alp* = (6.2 £ 3.0(stat) = 0.4(syst)) % -
=
§ 200
o8 n
v 150F * """"""""""
3 100
= 50 e
% 0 '.'!li"i' {' l"'i'ql
2 osolt i T

194 196 198 2

Michel Bertemes - BNL M(K+K_Kgn+) GeV/c?
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Conclusion

- Charm Flavor Tagger

- new inclusive algorithm that exploits correlation between

signal flavor and charge of tagging particles
- significantly enlarge the available sample size
-+ A-p and ag;"dd measurements
- two complementary approaches to measure CPV
- use four-body charm decays, efficient reconstruction at Belle

- world’s most precise results

Michel Bertemes - BNL
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D’ - K{Kon"n~

Q L L L T ' |
TABLE 1. Systematic uncertainties (fractional) for the < 001, _(C2.51+1.44)x 1072
branching fraction measurement. 0
_ _ -0.01
Source KYK2ntrn Kontrm 0.02 t
W
Fixed PDF parameters 0.14 0.09 _004E 1
D° - K2 K2 K2 background 0.11 - ~0.05F
_ —0.06 B ! ! L ! !
Broken charm background 0.98 0 02 04 06 08 .
MC statistics 0.26 0.17 cosd
PID efficiency correction 0.80 0.74
K2 reconstruction efficiency 0.83 0.36 00.03F ! T I ™3
. . 0.02 -
Tracking Efficiency 0.70 < 0.01E 3
M (nt ™) veto efficiency Hoa — O— —
Fraction of mis-reconst. signal o2 - __8821: :
D° - K2 K2 ntn~ decay model 0.73 0.03F 3
B(KY—ntn) 0.07 - —88;‘ 3 E
+2.07 T E 3
Total for BK% Kgﬂ+7r_/BK%7r+7r_ —_2.23 —0.06:—| . I T
0 0.2 0.4 0.6 0.8 1
coso”
TABLE II. Systematic uncertainties (absolute) for Acp. TABLE III. Systematic uncertainties (absolute) for the alp
Sotrces (%) measurement.
Fixed PDF parameters +0.01 Source (%)
D — K2 K2 K background +o.02 Fixed PDF parameters 0.010
Broken charm background 09 D° = K2 K9 K2 background oo
Binning in cos s Broken charm background fg:g}lg
Reconstruction asymmetry A7® +0.01 Efficiency variation with Cy, Cr t(()): :{411
Fixed background fractions +0.04 Total fg'}‘é
Total e

Michel Bertemes - BNL



Search for CPVin D) — K*KJh*h™ decays and observation of D" —» K*K~ K n*

TABLE I. Results of A7 and afp?Y measurements. The
uncertainties listed are statistical.
Mode A1 (%) ald? (%)
DT - KTKgntn~ (3.67 £ 1.23) (0.34 £+ 0.87)
Df - KTK%ntn™ (—8.31 + 8.89) (—0.46 + 0.63)
DT - K"K KZ2n™ (—1.40 4 4.23) (—3.34 4 2.66)

TABLE III. Fitted signal yields and a559? values. The first
uncertainties are statistical and the second are systematic.

Mode N(DEZ)) a& (%)
DT — KTKgnTn~ 186324214 (0.34 & 0.87 4+ 0.32)
Df - KTK2rtn~ 70080 £676 (—0.46 & 0.63 & 0.38)
DT - K"K Kgn™ 1425444  (—3.34+2.66 £ 0.35)

Michel Bertemes - BNL

TABLE II.

uncertainty for acp

Contributions to the absolute systematic

T-odd

in units of % for each mode.

Sources DT (CS) D (CF) DT (CF)
Fit model 0.01 0.02 0.12
Detector bias 0.32 0.32 0.32
Efficiency variation with Cr, Cr  0.03 0.20 0.06
Total 0.32 0.38 0.35

764196 1.8

Events / 1 MeV/c? Pull Events / 1 MeV/c?

Pull

-
o
(=)

Events / 1 MeV/c?

Pull

M(K'KKSrr*) (GeV/c?)

Events / 1 MeV/c?

100~ -C.<0

Pull

T MKKK) (GeVic?)

-5 +1-10 2
M(K'KKer) (GeV/c?)
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Search for CPV using T-odd correlations in D(J;) — KTK 77’ Kt n~nt7’ and DY - K=z 77" decays

TABLE 1. Fitted Dz;) and D, signal yields (

T-odd

statistical only.

Np and N,

asymmetry agp ~, obtained from a simultaneous fit to the four subsamples of each decay mode. The uncertainties listed are

respectively), T-odd asymmetry Ar, and T-odd CP-violating

Decay DT — f DY = f
Final state (f) KtK-rntr° Ktr=ntn® K rntrtr® Ktr=ntr® KtK-ntr°
Np 27284 £ 254 2062 £ 127 438432 + 947 15197 £ 484 167357 £ 786
Ny 27177 £+ 255 2044 + 125 450667 £ 961 14945 £+ 479 167064 + 788
A7 (%) +3.63 £0.93 —0.4+£6.0 —0.76 £ 0.22 +1.4+£32 +2.96 £0.47
a&p (%) 40.26 4 0.66 —1.3+4.2 40.02 4 0.15 —1.14+22 40.22 4 0.33

TABLE II. T-odd CP-violating asymmetries (agp??) in seven subregions of phase space (see text) corresponding to the inter-
mediate D(t) — V'V processes listed. The uncertainties listed are statistical and systematic, respectively.

Subregion DE:) - VV Signal region (SR) ali2dd (x1072)
(1) SCS DT — ¢pt #-SR, pT-SR 0.85+0.95 £+ 0.25
(2) SCS Dt — K*OK** K*(%1)_SR, veto ¢#-SR 0.17 £ 1.26 £ 0.13
(3) CF Dt — K*%pt K*°-SR, p™-SR 0.25 +0.25 +0.13
(4) SCS DI — K*%pt K*°-SR, pT-SR 6.2 £3.0 £0.4
(5) SCS Df — K*tp° K*T-SR, p°-SR 1.7 £6.1 +1.5
(6) CF DF — ¢pt ¢-SR, pT-SR 0.31 £+ 0.40 + 0.43
(7) CF Df —» K*OK*+ K*©%)_SR, veto ¢-SR 0.26 + 0.76 & 0.37

TABLE III.  Systematic uncertainties for alp9 in % for five D?;) decay channels: (a) D" — K- K*tatzaY
(b) DY = K*n~ 7" x% (¢) DT - K~ ntrt2% (d) Df - Ktn 7t7% and (e) DY — K- Ktntr°.

Decay channel (a) (b) (c) (d) (e)

C'r-dependent efficiency 0.13 0.02 0.08 0.02 0.41

C'r resolution 0.01 0.06 0.01 0.07 0.02

PDF parameters 0.01 0.07 0.01 0.07 0.04

Mass resolution 0.03 0.01 0.02 0.11

Fit bias 0.01 0.07 0.00 0.06 0.02

Total syst. 0.13 0.12 0.08 0.12 0.43

Michel Bertemes - BNL
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Variables used for K2 reconstruction by Belle neural network based method

Michel Bertemes - BNL

K2 momentum in lab frame.

Distance along the z axis between two track helices at their closest approach.

Flight length in x-y plane.

Angle between K2 momentum and the vector joining IP to K2 decay vertex.

Angle between m momentum and laboratory frame direction in K rest frame.
Distance of closest approach in the x-y plane between the IP and the two pion helices.

Total number of hits in SVD (silicon vertex detector) and CDC (central drift chamber) for two pion
tracks.

AZS weights for Agp :

+ -
ATs = ST
€ 7 gtier
fref
i . ° o i —_—
& : reconstruction efficiency for mg,,,
2¢F
_ ms _ _°f
Wpo = 1 +A£ - s}'+£]_r — Efficiency for D® and D° become same after
applying these weights
285
i3
wpo =1—-A4.° = +—f_
gf + gf -
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