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Belle II DetectorBelle II Detector

2nd Generation B-Factory Detector

• High-luminosity performance

• Much improved vertexing

• Novel Cherenkov PID (TOP)

• Other upgrades…
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Belle II & Super KEK-B Overview

Our Goal:   50 ab-1 dataset     [ > 50x Belle ! ]
• The only second-generation e+e- B factory
• Current total dataset of >170 fb-1

• Running schedule maintained during COVID-19

Detector
• All components working well
• Shutdown in 2022 to install rest of 2nd inner pixel layer

Accelerator
• “Nanobeams”: aggressive vertical focusing
• Holds world luminosity record:   Lpeak ~ 2.9 x 1034 /cm2/s [ took lead @ 2.4 x 1034 in June 2020 ]

( and now also has the best integrated day & week for a B factory… )   
• Still much more work to get to design goal:   Lpeak = 6.5 x 1035 /cm2/s

à Beam currents now limited: occasional “dust events”; background mitigation work
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Charm
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For Projections:      Belle II Physics Book                   
Prog. Th. Exp. Phys.  2019, 1232C01; 2020, 029201(E)               [arXiv 1808.10567 ]

Extensive work by Belle II Collaboration & Theorists  
Roadmap for physics with projections, comparisons, …
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Experimental Context
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BESIII: absolute BFs,  (semi-)leptonics, charmonia, exotics (XYZ)
Statistics limit CPV, rare decays; no boost for time-dependence

LHCb: excels at CPV, lifetimes, mixing, rare decays, spectroscopy, 
Some analyses with π0 & single γ; recent B(s) semileptonic (!)

Belle II: can generally cover all of the above topics 
LHCb stats are often overwhelming for charged final states ( incl. KS )
BESIII cleanliness very powerful when statistics suffice
But Belle II can perform world’s best analyses in many cases, 

as well as verify results from others

Open charm mesons, baryons: from continuum  (typically)
Cross-sections (in nb) :  0.6 + 0.6   D*+ + D*0 0.2 Ds 0.2 Λc

nb x ab-1 = 109 à 10-30 billion of each produced in final samples

XYZ Exotics from B decays,  ISR,  two-photon
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Physics Context

Precision Studies of tree-level processes : 
Over-constrain the CKM matrix
• (Semi-)leptonic - use/test LQCD via decay constants, form factors
Search for anomalous CP Violation
• Direct CP asymmetries : especially SCS decays           [ SCS = Singly Cabibbo Suppressed]

• T-odd triple products

Suppressed decays (loops) :
FCNC : Radiative modes, di-leptons      [ FCNC = Flavor-Changing Neutral Currents ]

Forbidden decays :
Lepton flavor violation, …

Exotic States and Spectroscopy
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Belle II & Charm 
Continuum Production                         Charm from B decays:  de-emphasize today
• e+e- à c c  : fragmentation…                    · Good for JP studies, more constraints…

Strengths of charm @ ϒ(4S) :  
• π0 reconstruction
• ν reconstruction         [  “continuum tagging”: find other charm ⨁ fragmentation  ]
• Kinematics constraints, cleaner events

Middle ground between LHCb and BESIII
• Lower cross-sections, but simpler events than LHCb
• Not quite as clean as BESIII at threshold, but much higher statistics

Silicon improved vs. first-generation B factories

7 Weakly-decaying ground states:       D0   D+    Ds
+ Λc

+   Ξc
+ Ξc 0 Ωc

0

• Rich set of decays:      Search for CP violation &  new physics      Map out lifetimes, D0 mixing, …  
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Selected Mass Peaks: D0
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Fig. 1: Unbinned maximum likelihood 2D fit which is performed with (a)M(KS⇡0) and
(b)�M(M(KS⇡0⇡+) - M(KS⇡0)). To fit the signal component, sum of two gaussian and bifur-
cated gaussian functions is used for M(KS⇡0), whereas sum of gaussian and bifurcated gaussian
functions is used for �M distribution.
Exponential and threshold functions are used to fit a combinatorial background component in
M(KS⇡0) and �M, respectively.
Peaking(in M(KS⇡0)) background which is due to the combination of real D0 candidates and fake
soft pion(⇡s) candidates is fitted by using sum of two gaussian and bifurcated gaussian functions
in M(KS⇡0) whereas this background contribution is fitted with threshold function in �M.
The signal, combinatorial background and random ⇡s background are shown with red dashed,
green dotted and purple dashed lines, respectively.
Observed yield for D⇤+ ! D0⇡+

s , D
0 ! KS⇡0 with Belle II data corresponding to an integrated

luminosity 34.6 fb�1 is 16800 ± 150, where uncertainty is only statistical. Details about this study
are reported in the internal document BELLE2-NOTE-PH-2020-037.
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FIG. 1: �M peak for the decayD⇤+ !D0 (⇡+⇡�⇡0) ⇡+
s in 72 fb�1 of early Belle II data. The yield

fit and its signal (double Gaussian) and background (threshold function) components are overlaid.
�2/d.o.f. = 1.27, and the raw yield estimate is Nsig,fit/ fb

�1 = 326.5 ± 4.2. Estimating the e↵ect
from the peaking background using MC, the final yield is estimated to be Nsig/ fb

�1 = 305± 15.

2

All analyses here are D*+ (flavor) tagged;
plots show the  D*-D mass differences:

∆m  = M(D0 π+) – M(D0)
where “D0“ is the candidate D0 decay

SCS (Singly-Cabibbo-Suppressed) modes 
are of interest for CPV studies
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Figure 7: Distribution of the di↵erence between the D⇤+ and D0 masses (�m) of D⇤+ !
D0(! K0

SK
0
S )⇡

+ candidates reconstructed in the data collected by Belle II during 2019
and the first half of 2020, and corresponding to an integrated luminosity of 72.0 fb�1, with
fit projection overlaid. The �m distribution is only for candidates populating the signal
region 1.845 < m(K0

SK
0
S ) < 1.885GeV/c2. The signal yield per integrated luminosity is

consistent with that observed by Belle; the �m peak resolution and the signal purity are
better than those observed by Belle [6].
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Figure 8: Yields per luminosity for di↵erent data taking periods. The empty bins in-
dicate the data samples with too low statistics.We see that there is no decrease in the
reconstruction e�ciency for K0

S with increasing machine background.
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KS KS
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CP & Rare Decays
FCNC:  Radiative Decays:  D0 à ρ γ , φ γ ,  K* γ

Single photons = good modes for Belle II !
Also measure CP asymmetries: reach is ±2%, ±1%, ±0.3%

FCNC: dileptons à daunting LHCb competition !
10

CP Asymmetries
CPV can be found in mixing, and also in direct asymmetries
Many modes exploit Belle II’s excellent CsI calorimetry :

D0 à KS π0 , π0 π0                 D+ à π+ π0 Ds
+ à π+ π0

and others:    η & η’ modes, multi-body, …
Neutral  D :  need D* tag ;  small tag and γ–Z asymmetries to study

[ easier than larger LHCb production asymmetry ]

ALSO: T-odd triple products (four-body final states)
Use D - Dbar difference to cancel final-state interaction mimicry
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CP AsymmetriesTable 122: Time-integrated CP asymmetries measured by Belle, and the precision expected

for Belle II in 50 ab�1 of data.

Mode L (fb�1) ACP (%) Belle II 50 ab�1

D0 ! K+K� 976 �0.32 ± 0.21 ± 0.09 ±0.03

D0 ! ⇡+⇡� 976 +0.55 ± 0.36 ± 0.09 ±0.05

D0 ! ⇡0⇡0 966 �0.03 ± 0.64 ± 0.10 ±0.09

D0 ! K0
S ⇡0 966 �0.21 ± 0.16 ± 0.07 ±0.02

D0 ! K0
S K0

S 921 �0.02 ± 1.53 ± 0.02 ± 0.17 ±0.23

D0 ! K0
S ⌘ 791 +0.54 ± 0.51 ± 0.16 ±0.07

D0 ! K0
S ⌘0 791 +0.98 ± 0.67 ± 0.14 ±0.09

D0 ! ⇡+⇡�⇡0 532 +0.43 ± 1.30 ±0.13

D0 ! K+⇡�⇡0 281 �0.60 ± 5.30 ±0.40

D0 ! K+⇡�⇡+⇡� 281 �1.80 ± 4.40 ±0.33

D+ ! �⇡+ 955 +0.51 ± 0.28 ± 0.05 ±0.04

D+ ! ⇡+⇡0 921 +2.31 ± 1.24 ± 0.23 ±0.17

D+ ! ⌘⇡+ 791 +1.74 ± 1.13 ± 0.19 ±0.14

D+ ! ⌘0⇡+ 791 �0.12 ± 1.12 ± 0.17 ±0.14

D+ ! K0
S ⇡+ 977 �0.36 ± 0.09 ± 0.07 ±0.02

D+ ! K0
S K+ 977 �0.25 ± 0.28 ± 0.14 ±0.04

D+
s ! K0

S ⇡+ 673 +5.45 ± 2.50 ± 0.33 ±0.29

D+
s ! K0

S K+ 673 +0.12 ± 0.36 ± 0.22 ±0.05

measurement is performed in bins of the cosine of the polar angle in the centre-of-mass of

the charmed meson (cos ✓⇤). This angle is a good approximation for the direction of the

charmed quark. The forward-backward asymmetry is an odd function of cos ✓⇤, while the

CP asymmetry is of course independent; thus the value of ACP can be extracted with a

fit with a constant to the averages of the number-of-candidates asymmetry in symmetric

bins of cos ✓⇤. This is also clearly a reducible systematic error since with more data the

determination of AFB will be more precise and less dependent on the binning in cos ✓⇤ and

the impact on the determination of the CP asymmetry will be smaller.

K0
S

in the final state Many interesting channels have a K0
S

in the final state. Particular

attention must be paid in these cases because the final CP asymmetry will contain a contri-

bution due to CP violation in the K0K0 system. This contribution can be calculated, e.g.,

for the Belle D+ ! K0
SK+ analysis [1048] it is �(0.328 ± 0.006)%.

Moreover additional contributions to the measured asymmetry arise from:

(1) K0K0 regeneration e↵ect in the material;

(2) K0
S

� K0
L

interference.

These are conservatively considered irreducible systematics. However, for Belle II it may be

possible to reduce these with further simulation studies, as the physics underlying them is

well-understood. (For Belle and BaBar analyses, it was not necessary to reduce these as the

statistical error dominated.)

424/688

Belle results and final Belle II precision†

*
*

*
*
*
*

*
*
*

• = Best for Belle II 
(neutrals)

†= Belle II Physics Book; PETP 2019, 123C
01 (2019)
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Vertexing
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Cluster energy in Layer 4 FWDBWD

u/p-side
v/n-side

Detector performance: ~12 μm impact parameter resolution
~40 μm D0 flight path resolution

à About twice as good as first B factories   [ pixels at small radius! ]

4 Si strip layers      readout strip pitch: 50-75 μm & 160-240 μm
2 pixel layers          50 x (50-85) μm pixels

Current detector:
4 layers of Si strips
1+ inner pixel layer

[ 1+  =   1 layer + 1 extra ladder ]

Geometry of Silicon strip layers
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Charm Lifetimes: D0 as an example
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Best single result (by far) FOCUS 2002:   τD0 = (409.6 ± 1.1 ± 1.5) fs
Statistics will not be an issue @ Belle II !   
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Figure 2: Fit to the proper-time distributions of D⇤
-tagged D0 ! K�⇡+

candidates

reconstructed with 2019 Belle II data. The extracted lifetime in this channel is (412.4±
3.4) fs, the estimated average proper time resolution is (97± 8) fs.
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Figure 3: Fit to the proper-time distributions of D⇤
-tagged D0 ! K�⇡+⇡0

candidates

reconstructed with 2019 Belle II data. The extracted lifetime in this channel is (413.3±
2.9) fs, the estimated average proper time resolution is (128± 9) fs.
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candidates

reconstructed with 2019 Belle II data. The extracted lifetime in this channel is (410.2±
4.1) fs, the estimated average proper time resolution is (82± 9) fs).
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Charm Lifetimes: D0 as an example
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We reconstruct D0 ! K�⇡+
, D0 ! K�⇡+⇡0

and D0 ! K�⇡+⇡+⇡�
candidates

from D⇤+ ! D0⇡+
s decays in data collected by Belle II in 2019, and corresponding to a

luminosity of 9.6 fb
1
of integrated luminosity. We extract the D0

lifetime in each of the

three signal channels with an unbinned maximum likelihood 2D fit to the proper time and

proper time uncertainty distribution. The average lifetime is ⌧D0 = (412.3 ± 2.0) fs, in

agreement with the world-average value of (410.1± 1.5) fs. A summary plot is shown in

Figure 1. The proper-time projections of the three fits are shown in Figures 2, 3 and 4. The

average decay-time resolution is estimated to be (97± 8) fs for the D0 ! K�⇡+
channel,

(128 ± 9) fs for the D0 ! K�⇡+⇡0
channel and (82 ± 9) fs) for the D0 ! K�⇡+⇡+⇡�

channel.

+π−K 0π+π−K +π−π+π−K
390

395

400

405

410

415

420

425

430

Li
fe

tim
e 

[f
s]

Measurements (stat. only)
 2.0) fs± = (412.3 τAverage 

 1.5) fs± = (410.1 τWorld average 

 (preliminary)Belle II
1− = 9.6 fbL dt ∫

Figure 1: Comparison of the extracted lifetime in the three signal channels, compared to

the world average. The average of the three extracted lifetimes is (412.3± 2.0) fs.
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charm @ Belle II ICHEP2020

Improved Proper Time Resolution
impact on time-dependent measurements

11

estimated

error on

current
HFLAV

Belle scaled
to 50/ab

Toy MC 
50/ab, CPV

x’ (%) – (*) 0.45 0.15
x’2 (%) – 0.009 –
y’ (%) – 0.16 0.10
|q/p| ~ 0.09 – 0.051
Φ (º) ~ 9 – 5.7

➡ Proper time resolution at Belle II is a factor 2 better than Belle & BABAR thanks to a better-
performing vertex detector
• improved precision on mixing and CPV 

observables in time dependent analysis


• Toy MC to estimate the impact on WS D0 → Kπ 
analysis (almost systematically free):

BABAR

Belle II

Belle

• resolution improvement visible at :t < 0

(*) measurement NOT sensitive to x’, the error is computed from the error on x’2

D0 → Kπ
D*+ → D0π+

s

Charm lifetimes were dominated by FOCUS for years; lately LHCb is taking over… 
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From Wrong-Sign Decay to Mixing
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Figure 1: Measured ratios (with statistical-only uncertainties) of wrong-sign (WS) to

right-sign (RS) decay yields using data collected by Belle II during 2019 and the first half

of 2020, and corresponding to an integrated luminosity of 37.8 fb
�1
, in comparison with

the corresponding world-average ratios of branching fractions from the PDG. For each

decay mode, the wrong-sign (WS) and right-sign (RS) e�ciencies are assumed to be the

same.
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Figure 2: Distribution of (left) m(K�⇡+
) and (right) di↵erence of m(K�⇡+⇡+

) and

m(K�⇡+
) [�m ] for right-sign (RS) D0 ! K�⇡+

candidates reconstructed in data col-

lected by Belle II during 2019 and the first half of 2020, and corresponding to an integrated

luminosity of 37.8 fb
�1
. The �m distribution is only for candidates populating the D0

-

mass signal region, indicated by the vertical lines, and after the removal of the multiple

D⇤+
candidates.
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Figure 3: Distribution of (left) m(K+⇡�
) and (right) di↵erence of m(K+⇡�⇡+

) and

m(K+⇡�
) [�m ] for wrong-sign (WS) D0 ! K+⇡�

candidates reconstructed in data

collected by Belle II during 2019 and the first half of 2020, and corresponding to an in-

tegrated luminosity of 37.8 fb
�1
. The �m distribution is only for candidates populating

the D0
-mass signal region, indicated by the vertical lines, and after the removal of the

multiple D⇤+
candidates.
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Figure 4: Distribution of (left) m(K�⇡+⇡0
) and (right) di↵erence of m(K�⇡+⇡0⇡+

) and

m(K�⇡+⇡0
) [�m ] for right-sign (RS) D0 ! K�⇡+⇡0

candidates reconstructed in data

collected by Belle II during 2019 and the first half of 2020, and corresponding to an

integrated luminosity of 37.8 fb
�1
. The �m distribution is only for candidates populating

the D0
-mass signal region, indicated by the vertical lines, and after the removal of the

multiple D⇤+
candidates.
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Figure 5: Distribution of (left) m(K+⇡�⇡0
) and (right) di↵erence of m(K+⇡�⇡0⇡+

) and

m(K+⇡�⇡0
) [�m ] for wrong-sign (WS) D0 ! K+⇡�⇡0

candidates reconstructed in data

collected by Belle II during 2019 and the first half of 2020, and corresponding to an

integrated luminosity of 37.8 fb
�1
. The �m distribution is only for candidates populating

the D0
-mass signal region, indicated by the vertical lines, and after the removal of the

multiple D⇤+
candidates.
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Figure 6: Distribution of (left)m(K�⇡+⇡+⇡�
) and (right) di↵erence ofm(K�⇡+⇡+⇡�⇡+

)

andm(K�⇡+⇡+⇡�
) [�m ] for right-sign (RS)D0 ! K�⇡+⇡+⇡�

candidates reconstructed

in data collected by Belle II during 2019 and the first half of 2020, and corresponding to an

integrated luminosity of 37.8 fb
�1
. The �m distribution is only for candidates populating

the D0
-mass signal region, indicated by the vertical lines, and after the removal of the

multiple D⇤+
candidates.
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Figure 7: Distribution of (left)m(K+⇡�⇡+⇡�
) and (right) di↵erence ofm(K+⇡�⇡+⇡�⇡+

)

and m(K+⇡�⇡+⇡�
) [�m ] for wrong-sign (WS) D0 ! K+⇡�⇡+⇡�

candidates recon-

structed in data collected by Belle II during 2019 and the first half of 2020, and cor-

responding to an integrated luminosity of 37.8 fb
�1
. The �m distribution is only for

candidates populating the D0
-mass signal region, indicated by the vertical lines, and

after the removal of the multiple D⇤+
candidates.

4

Look at three popular D0 modes
• Good agreement with PDG for integrated wrong-sign rates

(Belle II preliminary: yield ratios w/o efficiency, for now…)

Time-dependent analyses next:
• Leverage excellent vertex detector
• Separate DCSD and mixing parts of wrong-sign rates
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We reconstruct D⇤+ ! D0(! K0
S⇡

+⇡�)⇡+ decays in data collected by Belle II in 2019,2

and corresponding to 9.6 fb�1 of integrated luminosity. A fit to the 2D distribution of3

M(D0) and Q = M(D⇤+)�M(D0)�m⇡+ , displayed in Figure 1, gives a yield per fb�1
4

of 1230 ± 15 (stat.). The purity (98.3%) in the signal region is higher than at Belle5

(95.5%) because of the improved Q resolution. In addition, a fit to the D0 decay-time6

distribution, shown in Figure 2, returns a lifetime of 408± 5 (stat.) fs, in agreement with7

the world-average value (410.1 ± 1.5 fs). The average decay-time resolution is estimated8

to be approximately 145 fs, a factor of about two better than Belle. The Dalitz-plot9

distributions of the data are also displayed in Figure 3, where m2
+ indicates M2(K0

S⇡
+)10

for D0 decays and M2(K0
S⇡

�) for D0 decays, while m2
� indicates M2(K0

S⇡
�) for D0 decays11

and M2(K0
S⇡

+) for D0 decays. Besides, m2
⇡⇡ is an abbreviation for M2(⇡+⇡�), while ✓⇡⇡12

is the helicity angle, indicating the angle between ⇡�(⇡+) and K0
S momenta in ⇡+⇡�-rest13

frame in D0 (D0) decays.14
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Figure 1: Distributions of (left) M(D0) and (right) Q = M(D⇤+) � M(D0) � m⇡+ for
D0 ! K0

S⇡
+⇡� data candidates populating the Q and M(D0) signal regions, respectively,

with fit projection overlaid.
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+⇡� data candi-
dates populating theM(D0)-Q signal region, with fit projection overlaid. TheD0 e↵ective
lifetime ⌧eff is measured to be 408 ± 5 fs, where the uncertainty is statistical only. Here
the e↵ective lifetime means the lifetime obtained when approximating the D0 ! K0

S⇡
+⇡�

decay rate to be a simple exponential function, i.e., without properly accounting for
the e↵ects due to D0–D0 mixing. The average decay-time resolution is estimated to be
approximately 145 fs, a factor of about two better than Belle.
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3

2x better resolution than Belle

Precise time-dependence:
à access to mixing, CPV

Eventually: a time-dependent 
analysis of the Dalitz Plot  

Direct access to x                                       ( vs. x2 with K nπ ) 
x, y without strong phase rotation*       ( e.g., x’, y’ issue of Kπ )

31 May 2021 Roy A Briere - Charm and XYZ Prospets at Belle II - CHARM2020

*there are strong phases entering; (c.f. related analysis in B physics for CKM γ angle); 
but we have measured inputs from BESIII …
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13 Charm Physics

Table 123: The “golden channels” for charm physics.

Channel Observable Belle/BaBar Measurement Scaled

L [ab�1] Value 5 ab�1 50 ab�1

Leptonic Decays

D+
s ! `+⌫

µ+ events

0.913

492 ± 26 2.7k 27k

⌧+ events 2217 ± 83 12.1k 121k

fDs
2.5% 1.1% 0.34%

D+ ! `+⌫
µ+ events - - 125 1250

fD - - 6.4% 2.0%

Rare and Radiative Decays

D0 ! ⇢0 � ACP

0.943

+0.056 ± 0.152 ± 0.006 ±0.07 ±0.02

D0 ! � � ACP �0.094 ± 0.066 ± 0.001 ±0.03 ±0.01

D0 ! K⇤0 � ACP �0.003 ± 0.020 ± 0.000 ±0.01 ±0.003

Mixing and Indirect (time-dependent) CP Violation

D0 ! K+⇡� x02 (%)
0.976

0.009 ± 0.022 ±0.0075 ±0.0023

(no CPV ) y0 (%) 0.46 ± 0.34 ±0.11 ±0.035

(CPV allowed)
|q/p| World Avg. [230] 0.89 +0.08

�0.07 ±0.20 ±0.05

� (�) with LHCb �12.9 +9.9
�8.7 ±16� ±5.7�

D0 ! K+⇡�⇡0 x00
0.384

2.61 +0.57
�0.68 ± 0.39 - ±0.080

y00 �0.06 +0.55
�0.64 ± 0.34 - ±0.070

D0 ! K0
S⇡+⇡�

x (%)

0.921

0.56 ± 0.19 +0.04
�0.08

+0.06
�0.08 ±0.16 ±0.11

y (%) 0.30 ± 0.15 +0.04
�0.05

+0.03
�0.07 ±0.10 ±0.05

|q/p| 0.90 +0.16
�0.15

+0.05
�0.04

+0.06
�0.05 ±0.12 ±0.07

� (�) �6 ± 11 ± 3 +3
�4 ±8 ±4

Direct (time-integrated) CP Violation in %

D0 ! K+K� ACP 0.976 �0.32 ± 0.21 ± 0.09 ±0.10 ±0.03

D0 ! ⇡+⇡� ACP 0.976 +0.55 ± 0.36 ± 0.09 ±0.16 ±0.05

D0 ! ⇡0⇡0 ACP 0.966 �0.03 ± 0.64 ± 0.10 ±0.28 ±0.09

D0 ! K0
S ⇡0 ACP 0.966 �0.21 ± 0.16 ± 0.07 ±0.08 ±0.02

D0 ! K0
S K0

S ACP 0.921 �0.02 ± 1.53 ± 0.17 ±0.66 ±0.23

D0 ! K0
S ⌘ ACP 0.791 +0.54 ± 0.51 ± 0.16 ±0.21 ±0.07

D0 ! K0
S ⌘0 ACP 0.791 +0.98 ± 0.67 ± 0.14 ±0.27 ±0.09

D0 ! ⇡+⇡�⇡0 ACP 0.532 +0.43 ± 1.30 ±0.42 ±0.13

D0 ! K+⇡�⇡0 ACP 0.281 �0.60 ± 5.30 ±1.26 ±0.40

D0 ! K+⇡�⇡+⇡� ACP 0.281 �1.80 ± 4.40 ±1.04 ±0.33

D+ ! �⇡+ ACP 0.955 +0.51 ± 0.28 ± 0.05 ±0.12 ±0.04

D+ ! ⇡+⇡0 ACP 0.921 +2.31 ± 1.24 ± 0.23 ±0.54 ±0.17

D+ ! ⌘⇡+ ACP 0.791 +1.74 ± 1.13 ± 0.19 ±0.46 ±0.14

D+ ! ⌘0⇡+ ACP 0.791 �0.12 ± 1.12 ± 0.17 ±0.45 ±0.14

D+ ! K0
S ⇡+ ACP 0.977 �0.36 ± 0.09 ± 0.07 ±0.05 ±0.02

D+ ! K0
S K+ ACP 0.977 �0.25 ± 0.28 ± 0.14 ±0.14 ±0.04

D+
s ! K0

S ⇡+ ACP 0.673 +5.45 ± 2.50 ± 0.33 ±0.93 ±0.29

D+
s ! K0

S K+ ACP 0.673 +0.12 ± 0.36 ± 0.22 ±0.15 ±0.05
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(%)
(%)

Other modes may be interesting for time-dependent analysis
KS π+ π- π0 , …

Belle II Final Reach*

* = Belle II Physics Book; PETP 2019, 123C01 (2019)
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FIG. 1: This figure shows the unbinned maximum likelihood fit performed on the invariant mass
distribution of ⇤+

c ! pK�⇡+ in 8.8 fb�1 of phase3 data.

The fitting function used to describe the signal consists of the sum of two Gaussians,
whereas for the background the function chosen is a first order Chebyshev polynomial.
Fig. 1 shows the fit of the invariant mass performed on the data sample collected during
2019. Several quantities of interest are listed in Table I.Reported yields and purity are
calculated in a signal region of ±10 MeV (⇠ 3�) around the mean value. Mass peak value
is in perfect agreement with the PDG [1] current reported value. The average resolution
(denoted as < � >) is calculated as:

< � > =
q
ng1 · �2

g1 + (1� ng1) · �2
g2 (1)

2
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FIG. 1: MD+
s
fit in the decay mode D+

s ! �[K+K�
]⇡+

. For above plot we have used the

data collected by Belle II during 2019 (proc11, exp7,8,10). The data corresponds to an

integrated luminosity of 8.8 fb
�1
. We performed an unbinned extended maximum

likelihood fit. Sum of two symmetric gaussian are used for signal fit and a 2nd order

chebychev polynomial is used for background fit. From the fit we get Nsig/fb�1
= 507± 12 .

2

1.93 1.94 1.95 1.96 1.97 1.98 1.99 2 2.01 2.02

]2 [GeV/c+
sDM

0

100

200

300

400

500

600

700

800

900 )2
C

an
di

da
te

s 
/ (

 0
.0

01
63

 G
eV

/c Belle II (Preliminary)
-1 L dt = 8.8 fb0

D +s → K̅
∗0[K −π+]K +

Nsig /fb−1 = 452 ± 21
/ndf = 0.822r

1.93 1.94 1.95 1.96 1.97 1.98 1.99 2 2.01 2.023<
2<
1<
0
1
2
3

Pu
ll

FIG. 2: MD+
s
fit in the decay mode D+

s ! K
⇤0
[K�⇡+

]K+
. For above plot we have used

the data collected by Belle II during 2019 (proc11, exp7,8,10). The data corresponds to an

integrated luminosity of 8.8 fb
�1
. We performed an unbinned extended maximum

likelihood fit. Sum of two symmetric gaussian are used for signal fit and a 2nd order

chebychev polynomial is used for background fit. From the fit we get Nsig/fb�1
= 452± 21 .

3

Golden Modes
Ds à φ π  à K K π                  Ds à K*K à K K π

Golden Mode
Λc à pKπ
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Leptonic and Semileptonic

PHYSICS: Precise decay constants & form factors
Test Lattice QCD  |Vcd|fD |Vcs|fDs |Vcd|fπ(0) |Vcs|fK(0) 
Ratios also useful for various cancellations  [ CKM, uncertainties ]

METHODS:  various types of tagging  (constrain kinematics)
1) BESIII at threshold: tagging; exclusive D Dbar production

2) B factories:  Originally D* tagging, pseudo-mass-difference
δM = M(πslow h l)  - M(h l)        [ like usual ΔM; but no ν so broader ]

3) B factories, improved: “continuum tagging”
charm hadron tag + sets of fragmentation particles
First done by Belle for D0 à π− l+ ν PRL 97, 061804 (2006) 
D(*)

tag X D*-
sig where X is a set of fragmentation

particles including { π+, π−, π0 (K+K−) } 

1931 May 2021 Roy A Briere - Charm and XYZ Prospets at Belle II - CHARM2020



Leptonic D+
(s) Decays

Continuum tagging at work in Belle for leptonic Ds decay
MC studies: also works well for Cabibbo-suppressed mode !

50 ab-1 :    27000 Ds à μ ν 1250  D à μ ν
Ds :  can try to trade statistics for better systematic control 
D  :   3% BF  (stat. only) is 1.5 % on fD [ better than current BESIII; only chance to verify? ]
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Figure 5. The M
2
miss(DtagKfragXfrag�µ) distribution of exclusively reconstructed D

+
s ! µ

+
⌫µ

decays within the inclusive D+
s sample superimposed fit results (solid blue line). The solid green line

shows the contribution of signal, the red dashed line the contribution of combinatorial background,
while the contributions of D+

s ! ⌧
+
⌫⌧ and D

+
s ! K

0
K

+ or ⌘⇡
+ decays are indicated by the full

blue and dark gray histograms, respectively.

Mmiss(DtagKfragXfrag�) < 1.95 GeV/c2 sideband region. Free parameters of the fits are the
yield parameters of all but two spectral components; the D

+
s ! ⌘⇡

+ and D
+
s ! K

0
K

+

yields are constrained to the expected values based on their measured branching fractions
and MC-determined efficiencies.

The distribution of Mmiss(DtagKfragXfrag�µ) with superimposed fit is shown in figure
5. The number of reconstructed D

+
s ! µ

+
⌫µ decays is

N(D+
s ! µ

+
⌫µ) = 492± 26, (5.5)

where the error is statistical only.

5.5 D+
s ! ⌧+⌫⌧

The reconstruction of D+
s ! ⌧

+
⌫⌧ requires one charged track in the rest of the event that is

identified as an electron, muon or a pion (denoted as D+
s ! ⌧

+(X+)⌫⌧ where X
+ = e

+
, µ

+

or ⇡
+) indicating the subsequent decay of the ⌧

+ lepton to e
+
⌫e⌫⌧ , µ+

⌫µ⌫⌧ or ⇡+
⌫⌧ .5 Due

to the multiple neutrinos in the final state, these decays do not peak in the missing-mass-
squared distribution:

M
2
miss(DtagKfragXfrag�X) = p

2
miss(DtagKfragXfrag�X),

5The three decay modes cover almost half of all possible tau decays.

– 17 –

Belle 0.9 ab-1 JHEP 1309, 139 (2013) 

Dsà μ ν
Belle result was 
systematics limited.

Belle II statistics will 
allow more precise syst. 
studies & using the best 
sub-sample of data
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Spectroscopy and Baryons
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Open Charm Mesons
• D(*) nπ systems in B decays       [ constrain quantum numbers ]
• Continuum

Charm Baryons
• Searches for new states, new decay modes, …
• CP Violation studies

Weakly-decaying baryonic ground-states           Λc
+    Ξc

+ Ξc
0      Ωc

0

• Absolute BFs of golden modes
• Semileptonic BFs to make contact with theory
• Lifetimes

BESIII recently took Λc pair data at threshold
LHCb also very active
What will the huge leap to 50 ab-1 @Belle II yield ?  

31 May 2021 Roy A Briere - Charm and XYZ Prospets at Belle II - CHARM2020
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• Y (= ψ) JPC = 1-- via ISR production @ Belle II                       [ directly produced via e+e-à ψ @ BESIII ]
• Z B à K Z       Y à π Z ;  Z à π ψ
• X B à K X       e+e- à e+e- X                              [ some now classified as  χcJ(nP) states ]

Issues / Tasks:
• Confirmation of some states
• Spin-parity (JP) determination
• New decays & production modes
• Are some pairs of observations the same state?
• New states !

Competition
• BESIII: > 0.5 fb-1 at 19 Ecm points ∈ [4.178, 4.600] GeV
• All-charged final states very doable at hadron machines!
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FIG. 2: The MJ/ ⇡+⇡� distributions on the X(3872) signal region with the real data. Here, blue
solid line shows total fit result. A histogram PDF generated with signal MC samples assuming the
world average mass of X(3872) [1] and the Breit-Wigner width of the LHCb measurement [2] is
used as a PDF for the signal component. A first-order Chebyshev function is used as a PDF for
the background component. A simultaneous fit is performed so as to combine the distribution for
B0 decay and that for B+ decay, where a ratio of the expected signal yields is constraint. Here,
B(B0 ! X(3872)K0)/B(B+ ! X(3872)K+) = 0.50 is assumed [3], and the signal e�ciency is
determined with the signal MC samples. The X(3872) signal yields is 14.4±4.6, and the statistical
significance is 4.6�.

3

Belle II
X(3872) Re-discovery
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Double Charmonium

24
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ηc χc0

ηc(2S)
X(3940)

Mrecoil(J/ψ)                      GeV/c2
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FIG. 1: The distribution of masses recoiling against the recon-
structed J/ψ in inclusive e+e− → J/ψX events. The curves
are described in the text.

The mass values for the ηc, χc0, ηc(2S) and X(3940) are
free parameters in the fit, the widths of ηc and χc0 are
fixed to PDG values [8] and the ηc(2S) width is fixed to
Γ = 17MeV/c2 [9]. The width of the new state is a free
parameter in the fit. The signal function for the X(3940)
is a convolution of the (zero-width) MC line shape with
a Breit-Wigner function. The background is parameter-
ized by a second order polynomial and a threshold term
(
√

Mrecoil(J/ψ)− 2MD) to account for a possible contri-
bution from e+e− → J/ψD(∗)D(∗).
The fit results are given in Table I. The significance for

each signal is defined as
√

−2 ln(L0/Lmax), where L0 and
Lmax denote the likelihoods returned by the fits with the
signal yield fixed at zero and at the fitted value, respec-
tively. The significance of the X(3940) signal is 5.0 σ.
The fitted width of the X(3940) state is consistent with
zero within its large statistical error: Γ = 39±26MeV/c2.
The fit results are shown in Fig. 1 as the solid curve; the
dashed curve is the background function.

TABLE I: Summary of the signal yields, charmonium masses
and significances for e+e− → J/ψ (cc̄)res.

(cc̄)res N M [GeV/c2] Nσ

ηc 501± 44 2.970 ± 0.005 15.3
χc0 230± 40 3.406 ± 0.007 6.3
ηc(2S) 311± 42 3.626 ± 0.005 8.1
X(3940) 266± 63 3.936 ± 0.014 5.0

The new state has a mass that is above both the DD
and D∗D thresholds. We therefore perform a search
for X(3940) decays into DD and D∗D final states. Be-
cause of the small product of D(∗) reconstruction efficien-
cies and branching fractions, it is not feasible to recon-
struct fully the chain e+e− → J/ψX(3940), X(3940)→
D(∗)D. To increase the efficiency, only one D meson

in the event is reconstructed in addition to the recon-
structed J/ψ and the other D or D∗ is detected as a
peak in the spectrum of masses recoiling against the
J/ψD combination. The Monte Carlo simulation for
e+e− → J/ψDD and e+e− → J/ψD∗D processes in-
dicates a Mrecoil(J/ψD) resolution of about 30MeV/c2

and a separation between these two processes of 2.5 σ.
Figure 2 shows the Mrecoil(J/ψD) spectrum in the D
mass window (points with error bars) and in the scaled
D mass sidebands (hatched histogram), whereD includes
D0 and D+. Some events have multiple D candidates.
In these cases, only the candidate with invariant mass
closest to the nominal D-meson mass is used. Two peaks
around the nominal D and D∗ masses are clearly visible
in this distribution. The excess of real D events com-
pared to the D sidebands at masses above 2.1GeV/c2 is
due to e+e− → J/ψD∗D∗ or e+e− → J/ψD(∗)D(∗)π pro-
cesses. A fit to this spectrum is performed using shapes
fixed from MC for three processes (J/ψDD, J/ψD∗D
and J/ψD∗D∗) and a second order polynomial. The fit

J/ψDD
J/ψDD*

J/ψD*D*

Mrecoil(J/ψD)                     GeV/c2

N
/2

0 
M

eV
/c

2

0

10

20

30

40

1.6 1.8 2 2.2 2.4

FIG. 2: The distribution of masses recoiling against the recon-
structed J/ψD combinations in the data. Points with error
bars correspond to the D mass signal window; hatched his-
tograms show the scaled D sideband contribution. The solid
line represents the fit described in the text. The dashed line
shows the background function.

gives NDD = 86± 17 (5.1 σ) and ND∗D = 55± 18 (3.3 σ)
events in the D and the D∗ peaks, respectively. Select-
ing events from the Mrecoil(J/ψD) regions around the D
and D∗ masses (±70MeV/c2), we thus effectively tag the
processes e+e− → J/ψDD and e+e− → J/ψD∗D.
We constrainMrecoil(J/ψD) to the D(∗) nominal mass,

thereby improving the M(D(∗)D) ≡ Mrecoil(J/ψ) resolu-
tion by a factor of 2.5 (σ ∼ 10MeV/c2 after constraint),
according to the MC simulation. In the X(3940)→ D∗D
case, the reconstructedD can be from either the X(3940)
decays or the D∗ decay: the constraint Mrecoil(J/ψD) →
M(D∗) also works in the latter case, as both X(3940)→
D∗D and D∗ decays have very little available phase
space.
The resulting Mrecoil(J/ψ) distributions are shown in

Belle: PRL 98 082001 (2007)

X(3940) found in ee àJ/ψ X
via recoil mass against J/ψ

First observed by Belle
Studied via recoil mass spectrum

Interesting re: fragmentation itself
+ exotic state found in spectrum

Thus far, all double charmonium is a  J = 1  vs.  a J = 0 state
Is this some general ”rule”?  
Tests with recoil vs. other states will require high statistics
( hadronic decays of ηc , χc0 are tougher than J/ψ dileptons ! )
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Exotic States: ISR
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maximum of M(π+J/ψ) and M(π−J/ψ). The signal shape is parameterized as an S-wave BW
function convolved with a Gaussian whose mass resolution is fixed at the MC-estimated value of
7.4 MeV, and the background is approximated by a cubic polynomial. The mass-dependent effi-
ciency is also included in the fit. Figure 4 shows the fit results. The fit yields 159±49±7 Z(3900)±

events, with a mass of (3894.5±6.6±4.5) MeV/c2 and a width of (63±24±26)MeV/c2, where
the errors are statistical and systematic, respectively. The largest contributions to the systematic
uncertainties arise from the parameterization of the signal and background shapes, the mass resolu-
tion and mass calibrations. The statistical significance of the Z(3900)± state is found to be 5.5σ in
the nominal fit, and is larger than 5.2σ in all alternate fits used for systematic checks with different
background shapes, fit ranges and BW resonant models. The significance is calculated by compar-
ing the logarithmic likelihoods with and without the Z(3900)± signal, and including the change of
the number of parameters in the fits. From the signal yields and the MC-simulated efficiencies, we
obtain the ratio of the production rates B(Y (4260)→Z(3900)±π∓)B(Z(3900)±→π±J/ψ)

B(Y (4260)→π+π−J/ψ) = (29.0 ± 8.9)%,
where the error is statistical only [22]. We test the hypothesis that interference between the S-
and D-waves in the π+π− system might produce a structure similar to the enhancement observed
in data. Although the statistics do not allow us to fully explore the Dalitz plot via an amplitude
analysis, we find that these partial waves alone cannot produce a π±J/ψ invariant mass peak near
3.9 GeV/c2 [21]. Inclusion of a Z(3900)± with the mass and width determined above significantly
improves the agreement between predicted and observed Dalitz plot distributions.
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FIG. 4: Unbinned maximum likelihood fit to the distribution of the Mmax(πJ/ψ). Points with error bars
are data, the curves are the best fit, the dashed histogram is the phase space distribution and the shaded
histogram is the non-π+π−J/ψ background estimated from the normalized J/ψ sidebands.

In summary, the cross section of e+e− → π+π−J/ψ is measured from 3.8 GeV to 5.5 GeV.
The Y (4260) resonance is observed and its resonant parameters are determined. In addition, the
Y (4008) state is confirmed. The intermediate states in Y (4260) → π+π−J/ψ decays are also
investigated. A Z(3900)± state with a mass of (3894.5 ± 6.6 ± 4.5) MeV/c2 and a width of
(63±24±26)MeV/c2 is observed in the π±J/ψmass spectrumwith a statistical significance larger
than 5.2σ. This state is close to the DD̄∗ mass threshold; however, no enhancement is observed
near the D∗D̄∗ mass threshold. As the Z(3900)± state has a strong coupling to charmonium and
is charged, we conclude it cannot be a conventional cc̄ state.
We thank the KEKB group for excellent operation of the accelerator; the KEK cryogenics group

for efficient solenoid operations; and the KEK computer group, the NII, and PNNL/EMSL for
valuable computing and SINET4 network support. We acknowledge support from MEXT, JSPS
and Nagoya’s TLPRC (Japan); ARC and DIISR (Australia); NSFC (China); MSMT (Czechia);
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error bars represent the data; the histogram is from the sidebands and normalized to the signal
region; the solid curve is the best fit and the dashed curve is the signal parametrized by a Breit-

Wigner function.
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Z(3900) in  π J/ψ mass
within Y(4260) à π π J/ψ

Z(4020) in  π ψ(2S) mass
within Y(4360) à π π ψ(2S)

ISR is a “free energy scan” 
It requires high luminosity à 50 ab-1 is huge leap forward !

ISR directly accesses Y states with JPC = 1− −

Y(4260), Y(4360), Y(4630), Y(4660) 
But also: Belle has seen Z states in Y substructure

PRL 110, 252002 (2013) PRD 91, 112007 (2015)
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Exotic States: B Decays
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B à K X , K Z    with X, Z à ππ J/ψ ,  ω J/ψ , φ J/ψ , γ J/ψ , 
γ ψ(2S) ,  D D*bar , 
π J/ψ ,  π ψ(2S) ,  π χc1 ,  γ χc1 , 
…

Very rich slate of final states
• Good detection of γ and π0 is important for many transitions
• May also find states with η, η’ , other charmonia, …

TABLE I: Resolution values from the fits to the ψ′ signal region. The errors are statistical only.

Quantity Fitted value

σMbc
2.6± 0.1 MeV

σ∆E(core) 11.6 ± 0.4 MeV

σ∆E(tail) 130± 130 MeV

Core fraction 0.965 ± 0.015
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FIG. 2: Signal-band projections of (a) Mbc, (b) Mπ+π−J/ψ and (c) ∆E for the X(3872) →
π+π−J/ψ signal region with the results of the unbinned fit superimposed.

We determine the mass of the signal peak relative to the well measured ψ′ mass:

MX = Mmeas
X −Mmeas

ψ′ +MPDG
ψ′ = 3872.0± 0.6± 0.5 MeV.

Here the first error is statistical and the second systematic. Since we use the precisely known
value of the ψ′ mass [9] as a reference, the systematic error is small. The Mψ′ measurement,
which is referenced to the J/ψ mass that is 589 MeV away, is −0.5±0.2 MeV from its world-
average value [13]. Variation of the mass scale from Mψ′ to MX requires an extrapolation
of only 186 MeV and, thus, can safely be expected to be less than this amount. We assign
0.5 MeV as the systematic error on the mass.

The measured width of the X(3872) peak is σ = 2.5 ± 0.5 MeV, which is consistent
with the MC-determined resolution and the value obtained from the fit to the ψ′ signal.
To determine an upper limit on the total width, we repeated the fits using a resolution-

TABLE II: Results of the fits to the ψ′ and M = 3872 MeV regions. The errors are statistical only.

Quantity ψ′ region M = 3872 MeV region

Signal events 489± 23 35.7 ± 6.8

Mmeas
π+π−J/ψ peak 3685.5 ± 0.2 MeV 3871.5 ± 0.6 MeV

σMπ+π−J/ψ 3.3 ± 0.2 MeV 2.5 ± 0.5 MeV

6

Some History:
Belle’s 2003

X(3872) discovery

PRL 91, 262001 (2003)
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We’re at the beginning of a long & broad program of Charm & XYZ physics
Many opportunities for world-leading analyses
Other places to confirm results with independent systematics
Charm is an important piece of the flavor physics puzzle…

Preliminary results display the foundations we will build upon

The legacy of Belle (and BaBar) inspires us; 
& LHCb and BESIII will push us on as well

Stay tuned for more on these topics, as well as the rest of our physics program!

Conclusions
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13 Charm Physics

Table 123: The “golden channels” for charm physics.

Channel Observable Belle/BaBar Measurement Scaled

L [ab�1] Value 5 ab�1 50 ab�1

Leptonic Decays

D+
s ! `+⌫

µ+ events

0.913

492 ± 26 2.7k 27k

⌧+ events 2217 ± 83 12.1k 121k

fDs
2.5% 1.1% 0.34%

D+ ! `+⌫
µ+ events - - 125 1250

fD - - 6.4% 2.0%

Rare and Radiative Decays

D0 ! ⇢0 � ACP

0.943

+0.056 ± 0.152 ± 0.006 ±0.07 ±0.02

D0 ! � � ACP �0.094 ± 0.066 ± 0.001 ±0.03 ±0.01

D0 ! K⇤0 � ACP �0.003 ± 0.020 ± 0.000 ±0.01 ±0.003

Mixing and Indirect (time-dependent) CP Violation

D0 ! K+⇡� x02 (%)
0.976

0.009 ± 0.022 ±0.0075 ±0.0023

(no CPV ) y0 (%) 0.46 ± 0.34 ±0.11 ±0.035

(CPV allowed)
|q/p| World Avg. [230] 0.89 +0.08

�0.07 ±0.20 ±0.05

� (�) with LHCb �12.9 +9.9
�8.7 ±16� ±5.7�

D0 ! K+⇡�⇡0 x00
0.384

2.61 +0.57
�0.68 ± 0.39 - ±0.080

y00 �0.06 +0.55
�0.64 ± 0.34 - ±0.070

D0 ! K0
S⇡+⇡�

x (%)

0.921

0.56 ± 0.19 +0.04
�0.08

+0.06
�0.08 ±0.16 ±0.11

y (%) 0.30 ± 0.15 +0.04
�0.05

+0.03
�0.07 ±0.10 ±0.05

|q/p| 0.90 +0.16
�0.15

+0.05
�0.04

+0.06
�0.05 ±0.12 ±0.07

� (�) �6 ± 11 ± 3 +3
�4 ±8 ±4

Direct (time-integrated) CP Violation in %

D0 ! K+K� ACP 0.976 �0.32 ± 0.21 ± 0.09 ±0.10 ±0.03

D0 ! ⇡+⇡� ACP 0.976 +0.55 ± 0.36 ± 0.09 ±0.16 ±0.05

D0 ! ⇡0⇡0 ACP 0.966 �0.03 ± 0.64 ± 0.10 ±0.28 ±0.09

D0 ! K0
S ⇡0 ACP 0.966 �0.21 ± 0.16 ± 0.07 ±0.08 ±0.02

D0 ! K0
S K0

S ACP 0.921 �0.02 ± 1.53 ± 0.17 ±0.66 ±0.23

D0 ! K0
S ⌘ ACP 0.791 +0.54 ± 0.51 ± 0.16 ±0.21 ±0.07

D0 ! K0
S ⌘0 ACP 0.791 +0.98 ± 0.67 ± 0.14 ±0.27 ±0.09

D0 ! ⇡+⇡�⇡0 ACP 0.532 +0.43 ± 1.30 ±0.42 ±0.13

D0 ! K+⇡�⇡0 ACP 0.281 �0.60 ± 5.30 ±1.26 ±0.40

D0 ! K+⇡�⇡+⇡� ACP 0.281 �1.80 ± 4.40 ±1.04 ±0.33

D+ ! �⇡+ ACP 0.955 +0.51 ± 0.28 ± 0.05 ±0.12 ±0.04

D+ ! ⇡+⇡0 ACP 0.921 +2.31 ± 1.24 ± 0.23 ±0.54 ±0.17

D+ ! ⌘⇡+ ACP 0.791 +1.74 ± 1.13 ± 0.19 ±0.46 ±0.14

D+ ! ⌘0⇡+ ACP 0.791 �0.12 ± 1.12 ± 0.17 ±0.45 ±0.14

D+ ! K0
S ⇡+ ACP 0.977 �0.36 ± 0.09 ± 0.07 ±0.05 ±0.02

D+ ! K0
S K+ ACP 0.977 �0.25 ± 0.28 ± 0.14 ±0.14 ±0.04

D+
s ! K0

S ⇡+ ACP 0.673 +5.45 ± 2.50 ± 0.33 ±0.93 ±0.29

D+
s ! K0

S K+ ACP 0.673 +0.12 ± 0.36 ± 0.22 ±0.15 ±0.05

429/688

More tables from the Belle II Physics Book
[ PTEP 2019, 123C01 (2019) ]
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