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Motivation

• The X(3872) is understood to be mostly a 𝐷0 ഥ𝐷∗0 molecule with some 𝑐 ҧ𝑐
component

• A molecule would decay mostly to 𝐷0 ഥ𝐷0𝜋0, 

while a 𝑐 ҧ𝑐 meson has larger BRs to charmonia

• The measured Brs are 

– 𝐵𝑟 𝑋 → 𝐽𝜓𝜋+𝜋− = 3.5 ± 0.9 %

– 𝐵𝑟 𝑋 → 𝐷0 ഥ𝐷0𝜋0 = 45 ± 21 %

– 𝐵𝑟 𝑋 → 𝐷0 ഥ𝐷∗0 = 34 ± 12 %

Belle, PRL 97, 162002 (2006)

Belle, PRD 107, 112011 (2023) 



Past results
• Belle: 𝐵𝑟 𝐵+ → 𝐾+𝑋 < 2.6 × 10−4 (PRD 97, 012005 (2018))

• BABAR: 𝐵𝑟 𝐵+ → 𝐾+𝑋 = 2.1 ± 0.6 ± 0.3 × 10−4 (PRL 124, 152001 

(2020)): 

772 × 106𝐵𝐵
711𝑓𝑏−1

464 × 106𝐵𝐵
424 𝑓𝑏−1

We aim to improve those results using Belle + Belle II (+362 𝑓𝑏−1)
 combined dataset and new software: FEI for the tag-side reconstruction (by Belle 2) 

and DeepSets classifier for continuum suppression (by Ori, Emilie, …)



Inclusive measurement of 𝐵𝑟 𝐵+ → 𝐾+𝑋 3872
• Only the tag B and kaon are reconstructed – partial reconstruction

• Identify signal in the missing mass spectrum (M Recoil), calculated from 4-

momentum conservation (𝑒+𝑒− collider ≡ no extra particles):

𝑀𝑟𝑒𝑐𝑜𝑖𝑙 = 𝑝𝑒+𝑒− 
∗ − 𝑝𝑡𝑎𝑔

∗ − 𝑝𝐾
∗ 2

• Needed for absolute BR measurements.

• Experiments measure 𝐵𝑟 𝐵+ → 𝐾+𝑋 × 𝐵𝑟(𝑋 → 𝐽/𝜓𝜋𝜋) very well.

With a measurement of 𝐵𝑟 𝐵+ → 𝐾+𝑋  we can get 𝐵𝑟(𝑋 → 𝐽/𝜓𝜋𝜋)



Background suppression
• After standard qq suppression, BABAR used 

TMVA to combine variables that target kaons 

from charm decays

• We figured we might do better with modern

ML tools (DeepSets) that use the low-level 

inputs (in CMS):

– ROE photons and tracks: p3 (and charge)

– Tag B: Thrust vector, Ƹ𝑝

• (avoiding 𝑝 ~𝑀𝑏𝑐)

– Kaon: KID, charge, Ƹ𝑝

• (avoiding 𝑝 ~𝑀𝑟𝑒𝑐)

• Event classification:

– Signal + good tag

– Background 

Hidden layers: 100, 50

Hidden layers: 20, 50, 100

Outputs: 150



Classifier output shapes

• Different for Belle and Belle II, although the sig-bg separation (ROC 

curves) are the same

• Easy to pick the classifier cut for Belle (more on that later)

SVD1                                              SVD2                                                Belle II



Full Event Interpretation

• Utilizes O(200) decay channels with classifiers trained for each

• Reconstructs O(10000) unique decays chains

• Current efficiency ~0.7%, but this number is being impoved

• Its data-MC efficiency varies based on the 𝐵𝑡𝑎𝑔 reconstruction mode,

subsequently it requires calibration, which, in turn, is signal mode dependent

Notice 12 modes!



Signal composition
• The signal is composed from many possible charmonium resonances

• Peaking backgrounds under each signal peak arise from cuts on 𝐵𝑡𝑎𝑔 𝑀𝐵𝐶 

and Δ𝐸 - we call them Bad Tags (opposite to the truth matched Good Tags) 

• Analytic fit has too many parameters and gives out high stat error

• Use MC histograms as template p.d.f.s for the fit – but the FEI gives out 

imperfect MC shape – need to do calibration

• Need information on the Good Tag to Bad Tag ratio
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Belle

pion sample

Belle II

pion sample

Belle II

Kaon sample

Belle

Kaon sample

Before FEI calibration                            After FEI calibration

(We don’t apply the 

qq suppression or 

best candidate 

selection used in 

FEI calibration)

(Different signal 

selection – 

different correction 

factors)

Attempt to use FEI CFs



Good Tag fraction correction
• FEI makes an assumption that it is possible to predict data signal yields using MC 

information with applied calibration after separating the signal by the 𝐵𝑡𝑎𝑔decay 

modes – one needs to follow all the cuts for it to be true.

• We make a weaker assumption that by using the same separation we can predict 

Good Tag - to - Bad Tag ratio in the signal.

• To calculate GTFC we use 𝐵+ → 𝐷 ∗ 0𝜋+(the “pion sample”) process, which 

follows the similar 𝑏 → 𝑐 tree level transition and has less backgrounds, so we can 

fit it using template p.d.f.s in 1.4 < 𝑀𝑟𝑒𝑐𝑜𝑖𝑙 < 2.3 

• To validate GTFC we use sideband in 𝑀𝑟𝑒𝑐𝑜𝑖𝑙of the Kaon sample (4.2 < 𝑀𝑟𝑒𝑐𝑜𝑖𝑙

< 4.7) 

Signal resonance 

(𝐽/𝜓, 𝑋 3872 …)
Tag mode 

(𝐷𝜋, 𝐷𝜋𝜋 …)

Good tag fraction

(from pion sample) MC histogram for good tags

MC histogram for bad tags

Signal fit structure



𝐵+ → D ∗ 0𝜋+

• The recoil mass to pion represents charmed meson mass spectrum 

instead of charmonium mass spectrum

• We use the following MC histograms as a templates (matched with 

TopoAna package) for the fit, separated into Good Tag and Bad Tag:

o 𝐷 ∗ 0𝜋+

o 𝐷 ∗ 0𝜌+

o 𝐷 ∗∗ 𝜋+, composed from 

𝐷1 2420 , 𝐷2
∗0 2460 ,

𝐷0
∗0 2300 , 𝐷1

0 2430

• Wrong signal 𝐵0 → D ∗ −𝜋+

• Combinatorial backgrounds

o 𝑞𝑞 and 𝑏𝑏



• The # of 𝐷∗0𝜋− events is parameterized with the branching-fraction ratio:

• 𝐷0𝜌−, 𝐷∗0𝜌− yields are constrained to the 𝐷0𝜋− yield using PDG BRs and 

uncertainties ⊕ MC stat err

• 𝐷+𝜋−, 𝐷∗+𝜋− are similarly constrained, but with a larger (50%) uncertainty to 

account for unknown FEI 𝐵+ → 𝐵0 wrong signal (their yield is very small)

• 𝐷∗∗0𝜋− is similarly constrained, with a 50% uncertainty, to allow for 

incompleteness/inaccuracy of the modes and BRs in MC

𝐵𝑟 𝐵− → 𝐷∗0𝜋−

𝐵𝑟 𝐵− → 𝐷0𝜋−
Physics result (blinded)

𝑁 𝐵− → 𝐷∗0𝜋−

𝑁 𝐵− → 𝐷0𝜋−
≡

𝐵+ → D ∗ 0𝜋+

BaBar (2006): 1.14 ± 0.07 ± 0.04

arXiv:hep-ex/0609033

https://arxiv.org/abs/hep-ex/0609033


Handling of the good-tag fractions

• We use a single data/MC correction factor (per tag mode)

For 𝐷0𝜋−: 

For 𝐷∗0𝜋− , 𝐷0𝜌−, 𝐷∗0𝜌−, 𝐷∗∗0𝜋−: 

The good-tag ratio relative to 𝐷0𝜋−: constrained to MC, 

allowed to float to within   5%

To be used

in kaon 

sample fit

Note: 
o We fit simultaneously the 12 tag modes, and extract 

branching-fraction ratios (rather than absolute BRs)

o We fine-tune the classifier cut for the best Br ratio 

uncertainty on Monte Carlo sim fit



Good-tag fractions relative to 𝐷0𝜋− in MC

The values that                     is constrained to



The Mrec shapes have small tag-mode 

dependence (which we account for)



Single-tag-mode fit plots







𝑀bc
tag

 Sideband fits 







All tag modes together

• This is just to show what a fit to everything looks like (it ignores tag-mode 

differences so we don’t use the results of this fit)

From the simultaneous fit we can observe the uncertainty of the 
𝐵𝑟(𝐵→𝐷∗𝜋)

𝐵𝑟 𝐵→𝐷𝜋

(the ratio itself is blinded) to be 1.6%, which is consistent with the uncertainty from 

the MC simultaneous fit we did for the classifier cut optimisation. For reference, 

Babar had 7% statistical uncertainty.



A fit to 1 stream of Belle MC is good
(all tag modes together)



GTFC validation using kaon 

sideband (4.2 < 𝑀𝑟𝑒𝑐𝑜𝑖𝑙 < 4.7)
• The high mass region in the kaon sample has large amount of 

events, so we use this sideband to fit the 𝐵𝑡𝑎𝑔 MBC distribution

• The fit function again uses MC templates, but now no separation 

on signal modes, only by the MC sample and Good Tag / Bad Tag 

for the charged sample

• Charged BT yield to Mixed yield ratio is constrained to MC with 

50% uncertainty

• The X(3872) is plotted using signal MC only for reference

X(3872)



Sideband fits per tag mode



GTFC validation results
Kaon sideband Pion signal

The GTFC are mostly within 1 sigma agreement, but to account for the 

differences, for the Kaon signal fit we will use the combined uncertainty for 

the GTFC constraint.



To do list
• Perform the pion-sample fit for Belle II, obtain final good-tag-fraction 

corrections and Br ratio for 𝐷∗0𝜋−/𝐷0𝜋−

• Complete the 𝐵 → 𝑋𝑐𝑐𝐾 fit using the same methodology, and constraining 

the GTFCs to the pion sample results

• Systematic uncertainties that aren’t nuisance parameters: 

– MC statistics

– Classifier-efficiency dependence on kaon/pion momentum and X decay mode



Backup slides



ROC curves of MVA clasisfier

• BABAR’s: 

• Ours:

We have early studies showing that the 

classifier output doesn’t depend on 

recoil mass, but they need to be 

redone. 



Probably due to more efficient qq suppression of FEI for Belle

FEI ROC curve

Belle II events are more continuum-like





Recoil mass spectra (Low mass region)



Recoil mass spectra (High mass region)



Cuts

• 𝑀𝐵𝐶 𝐵𝑡𝑎𝑔 > 5.27 𝐺𝑒𝑉

• −0.15 < Δ𝐸 < 0.1 𝐺𝑒𝑉

• Kaon has high momentum and correct PID

• FEI SigProb > 0.01 as a recommended FEI cut 

• FEI skim cuts on ROE also recommended

• classifier cut > 0.78 – used instead FEI recommended continuum 

suppression

• good tracks and photons for the DeepSets classifier



Cuts





Fitting Mrec
At least 3 sigma in 

BABAR analysis

✓

✓

✓

✓



Fitting Mrec

• The more we studied this, we realized that getting a clear signal while 

controlling systematic uncertainties isn’t trivial. We checked many options…

• Analytic functions → too many parameters, large statistical uncertainty

• MC histograms → FEI simulation is known to be wrong

• Finally, we decided to simultaneously fit the 12 tag modes, 

where for each resonance we use the PDF

Signal resonance 

(𝐽/𝜓, 𝑋 3872 …)

Tag mode 

(𝐷𝜋, 𝐷𝜋𝜋 …)

(fit simultaneously 12 modes)

Good tag fraction

(from pion sample)
MC histogram for good tags

MC histogram for bad tags



Pion sample fit

• Reconstruct tag_B + pion instead of a kaon

• Fit the following components:

• From MC studies, we realized external constraints are needed in this fit



The yield constraints relative to 𝐷0𝜋−

Based on this, it might make sense to use a tag-mode-independent constraint

Today showing only Belle results



The good-tag fraction data/MC correction

Use these values in the kaon-sample fit



To do list
• Perform the pion-sample fit simultaneously for all tag modes and for Belle 

+ Belle II, obtain final good-tag-fraction corrections and Br ratio for 

𝐷∗0𝜋−/𝐷0𝜋−

– We expect the uncertainty on BR ratio to be competitive with the PDG average

• We are validating the good-tag-fraction procedure with fully reconstructed 

𝐵− → 𝐽/𝜓 𝐾−

– The events are very clean, so GTF ~ 0. We plan to increase it by using 

sidebands. 

– We might also use Mrec regions outside of resonances in the kaon sample

• Optimize the classifier-output cut and conduct the kaon-sample fit

– The PDF has the same structure as that for the pion-sample fit, but specific 

coding is still needed.

• Systematic uncertainties that aren’t nuisance parameters: 

– MC statistics

– Classifier-efficiency dependence on kaon/pion momentum and X decay mode
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