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The problem

We want to study decays with particles that we do not reconstruct like
neutrinos
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The strategy
Reconstruct all the rest and infer what is missing

©bbcgoodfood.com

Giulio Dujany (Belle II) Finding invisible decays with Deep Learning IPHC Machine Learning day 3 / 21

https://www.bbcgoodfood.com/recipes/collection/classic-cake-recipes


What does it mean at Belle II

e+

e´

Υ(4S)

Giulio Dujany (Belle II) Finding invisible decays with Deep Learning IPHC Machine Learning day 4 / 21



What does it mean at Belle II

Υ(4S)Btag Bsgn

K

ν

ν

Giulio Dujany (Belle II) Finding invisible decays with Deep Learning IPHC Machine Learning day 4 / 21



What does it mean at Belle II

Btag Bsgn

K

ν

ν

Giulio Dujany (Belle II) Finding invisible decays with Deep Learning IPHC Machine Learning day 4 / 21



Possible decays of the Btag
Citation: P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)

Semileptonic and leptonic modesSemileptonic and leptonic modesSemileptonic and leptonic modesSemileptonic and leptonic modes
ℓ+νℓX [a] ( 10.99 ± 0.28 ) % –

e+ νe Xc ( 10.8 ± 0.4 ) % –
D ℓ+ νℓX ( 9.7 ± 0.7 ) % –
D0 ℓ+νℓ [a] ( 2.35 ± 0.09 ) % 2310

D0 τ+ντ ( 7.7 ± 2.5 )× 10−3 1911

D∗(2007)0 ℓ+νℓ [a] ( 5.66 ± 0.22 ) % 2258

D∗(2007)0 τ+ντ ( 1.88 ± 0.20 ) % 1839

D−π+ ℓ+ νℓ ( 4.4 ± 0.4 )× 10−3 2306

D∗
0(2420)

0 ℓ+ νℓ, D∗0
0 →

D−π+
( 2.5 ± 0.5 )× 10−3 –

D∗
2(2460)

0 ℓ+ νℓ, D∗0
2 →

D−π+
( 1.53 ± 0.16 )× 10−3 2065

D(∗)nπℓ+ νℓ (n ≥ 1) ( 1.88 ± 0.25 ) % –
D∗−π+ ℓ+ νℓ ( 6.0 ± 0.4 )× 10−3 2254

D1(2420)
0 ℓ+ νℓ, D0

1 →

D∗−π+
( 3.03 ± 0.20 )× 10−3 2084

D ′
1(2430)

0 ℓ+ νℓ, D ′0
1 →

D∗−π+
( 2.7 ± 0.6 )× 10−3 –

D∗
2(2460)

0 ℓ+ νℓ,

D∗0
2 → D∗−π+

( 1.01 ± 0.24 )× 10−3 S=2.0 2065

D0π+π− ℓ+νℓ ( 1.7 ± 0.4 )× 10−3 2301

D∗0π+π− ℓ+νℓ ( 8 ± 5 )× 10−4 2248

D
(∗)−
s

K+ ℓ+ νℓ ( 6.1 ± 1.0 )× 10−4 –

D−
s
K+ ℓ+νℓ ( 3.0 + 1.4

− 1.2 )× 10−4 2242

D∗−
s

K+ ℓ+νℓ ( 2.9 ± 1.9 )× 10−4 2185

π0 ℓ+ νℓ ( 7.80 ± 0.27 )× 10−5 2638

ηℓ+νℓ ( 3.9 ± 0.5 )× 10−5 2611

η′ ℓ+νℓ ( 2.3 ± 0.8 )× 10−5 2553

ωℓ+νℓ [a] ( 1.19 ± 0.09 )× 10−4 2582

ρ0 ℓ+νℓ [a] ( 1.58 ± 0.11 )× 10−4 2583

pp ℓ+ νℓ ( 5.8 + 2.6
− 2.3 )× 10−6 2467

ppµ+ νµ < 8.5 × 10−6 CL=90% 2446

ppe+ νe ( 8.2 + 4.0
− 3.3 )× 10−6 2467

e+ νe < 9.8 × 10−7 CL=90% 2640

µ+ νµ 2.90× 10−07 to 1.07× 10−06CL=90% 2639

τ+ντ ( 1.09 ± 0.24 )× 10−4 S=1.2 2341

ℓ+νℓγ < 3.0 × 10−6 CL=90% 2640

e+νe γ < 4.3 × 10−6 CL=90% 2640

µ+νµ γ < 3.4 × 10−6 CL=90% 2639

µ+µ−µ+ νµ < 1.6 × 10−8 CL=95% 2634
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Inclusive modesInclusive modesInclusive modesInclusive modes
D0X ( 8.6 ± 0.7 ) % –
D0X ( 79 ± 4 ) % –
D+X ( 2.5 ± 0.5 ) % –
D−X ( 9.9 ± 1.2 ) % –

D+
s
X ( 7.9 + 1.4

− 1.3 ) % –

D−
s
X ( 1.10 + 0.40

− 0.32 ) % –

Λ+
c
X ( 2.1 + 0.9

− 0.6 ) % –

Λ−
c
X ( 2.8 + 1.1

− 0.9 ) % –

c X ( 97 ± 4 ) % –

c X ( 23.4 + 2.2
− 1.8 ) % –

c /c X (120 ± 6 ) % –

D, D∗, or Ds modesD, D∗, or Ds modesD, D∗, or Ds modesD, D∗, or Ds modes

D0π+ ( 4.68 ± 0.13 )× 10−3 2308

DCP(+1)π
+ [b] ( 2.05 ± 0.18 )× 10−3 –

DCP(−1)π
+ [b] ( 2.0 ± 0.4 )× 10−3 –

D0 ρ+ ( 1.34 ± 0.18 ) % 2237

D0K+ ( 3.63 ± 0.12 )× 10−4 2281

DCP(+1)K
+ [b] ( 1.80 ± 0.07 )× 10−4 –

DCP(−1)K
+ [b] ( 1.96 ± 0.18 )× 10−4 –

D0K+ ( 3.57 ± 0.35 )× 10−6 2281

[K−π+ ]D K+ [c] < 2.8 × 10−7 CL=90% –
[K+π− ]D K+ [c] < 1.5 × 10−5 CL=90% –
[K−π+π0 ]DK+ seen –
[K+π−π0 ]DK+ seen –
[K−π+π+π− ]DK+ seen –
[K+π−π+π− ]DK+ seen –
[K−π+ ]D π

+ [c] ( 6.3 ± 1.1 )× 10−7 –
[K+π− ]D π

+ ( 1.78 ± 0.32 )× 10−4 –
[K−π+π0 ]D π

+ seen –
[K+π−π0 ]D π

+ seen –
[K−π+π+π− ]D π

+ seen –
[K+π−π+π− ]D π

+ seen –
[π+π−π0 ]D K− ( 4.6 ± 0.9 )× 10−6 –
[K0

S K
+π− ]DK+ seen –

[K0
S K

−π+ ]DK+ seen –

[K∗(892)+K− ]DK+ seen –
[K0

S K
−π+ ]D π

+ seen –

[K∗(892)+K− ]Dπ
+ seen –

[K0
S K

+π− ]D π
+ seen –
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[K∗(892)−K+ ]Dπ
+ seen –

D0K∗(892)+ ( 5.3 ± 0.4 )× 10−4 2213

DCP (−1)K
∗(892)+ [b] ( 2.7 ± 0.8 )× 10−4 –

DCP (+1)K
∗(892)+ [b] ( 6.2 ± 0.7 )× 10−4 –

D0K∗(892)+ ( 3.1 ± 1.6 )× 10−6 2213

D0K+π+π− ( 5.2 ± 2.1 )× 10−4 2237

D0K+K0 ( 5.5 ± 1.6 )× 10−4 2189

D0K+K∗(892)0 ( 7.5 ± 1.7 )× 10−4 2072

D0π+π+π− ( 5.6 ± 2.1 )× 10−3 S=3.6 2289

D0π+π+π−nonresonant ( 5 ± 4 )× 10−3 2289

D0π+ρ0 ( 4.2 ± 3.0 )× 10−3 2208

D0 a1(1260)
+ ( 4 ± 4 )× 10−3 2123

D0ωπ+ ( 4.1 ± 0.9 )× 10−3 2206

D∗(2010)−π+π+ ( 1.35 ± 0.22 )× 10−3 2247

D∗(2010)−K+π+ ( 8.2 ± 1.4 )× 10−5 2206

D1(2420)
0π+, D0

1 →

D∗(2010)−π+
( 5.2 ± 2.2 )× 10−4 2081

D−π+π+ ( 1.07 ± 0.05 )× 10−3 2299

D−K+π+ ( 7.7 ± 0.5 )× 10−5 2260

D∗
0(2300)

0K+, D∗0
0 →

D−π+
( 6.1 ± 2.4 )× 10−6 –

D∗
2(2460)

0K+, D∗0
2 →

D−π+
( 2.32 ± 0.23 )× 10−5 –

D∗
1(2760)

0K+, D∗0
1 →

D−π+
( 3.6 ± 1.2 )× 10−6 –

D+K0 < 2.9 × 10−6 CL=90% 2278

D+K+π− ( 5.6 ± 1.1 )× 10−6 2260

D∗
2(2460)

0K+, D∗0
2 →

D+π−
< 6.3 × 10−7 CL=90% –

D+K∗0 < 4.9 × 10−7 CL=90% 2211

D+K∗0 < 1.4 × 10−6 CL=90% 2211

D∗(2007)0π+ ( 4.90 ± 0.17 )× 10−3 2256

D∗0
CP (+1)π

+ [d] ( 2.7 ± 0.6 )× 10−3 –

D∗0
CP (−1)π

+ [d] ( 2.4 ± 0.9 )× 10−3 –

D∗(2007)0ωπ+ ( 4.5 ± 1.2 )× 10−3 2149

D∗(2007)0ρ+ ( 9.8 ± 1.7 )× 10−3 2181

D∗(2007)0K+ ( 3.97 + 0.31
− 0.28 )× 10−4 2227

D∗0
CP (+1)

K+ [d] ( 2.60 ± 0.33 )× 10−4 –

D∗0
CP (−1)

K+ [d] ( 2.19 ± 0.30 )× 10−4 –

D∗(2007)0K+ ( 7.8 ± 2.2 )× 10−6 2227

D∗(2007)0K∗(892)+ ( 8.1 ± 1.4 )× 10−4 2156

D∗(2007)0K+K0 < 1.06 × 10−3 CL=90% 2132
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D∗(2007)0K+K∗(892)0 ( 1.5 ± 0.4 )× 10−3 2009

D∗(2007)0π+π+π− ( 1.03 ± 0.12 ) % 2236

D∗(2007)0 a1(1260)
+ ( 1.9 ± 0.5 ) % 2063

D∗(2007)0π−π+π+π0 ( 1.8 ± 0.4 ) % 2219

D∗0 3π+2π− ( 5.7 ± 1.2 )× 10−3 2196

D∗(2010)+π0 < 3.6 × 10−6 2255

D∗(2010)+K0 < 9.0 × 10−6 CL=90% 2225

D∗(2010)−π+π+π0 ( 1.5 ± 0.7 ) % 2235

D∗(2010)−π+π+π+π− ( 2.6 ± 0.4 )× 10−3 2217

D∗∗0π+ [e] ( 5.7 ± 1.2 )× 10−3 –
D∗
1(2420)

0π+ ( 1.5 ± 0.6 )× 10−3 S=1.3 2082

D1(2420)
0π+× B(D0

1 →

D0π+π−)

( 2.5 + 1.6
− 1.4 )× 10−4 S=3.9 2082

D1(2420)
0π+× B(D0

1 →

D0π+π− (nonresonant))

( 2.2 ± 1.0 )× 10−4 2082

D∗
2(2462)

0π+

× B(D∗
2(2462)

0 → D−π+)

( 3.56 ± 0.24 )× 10−4 –

D∗
2(2462)

0π+×B(D∗0
2 →

D0π−π+)

( 2.2 ± 1.0 )× 10−4 –

D∗
2(2462)

0π+×B(D∗0
2 →

D0π−π+ (nonresonant))

< 1.7 × 10−4 CL=90% –

D∗
2(2462)

0π+×B(D∗0
2 →

D∗(2010)−π+)

( 2.2 ± 1.1 )× 10−4 –

D∗
0(2400)

0π+

× B(D∗
0(2400)

0 → D−π+)

( 6.4 ± 1.4 )× 10−4 2136

D1(2421)
0π+

× B(D1(2421)
0 → D∗−π+)

( 6.8 ± 1.5 )× 10−4 –

D∗
2(2462)

0π+

× B(D∗
2(2462)

0 → D∗−π+)

( 1.8 ± 0.5 )× 10−4 –

D ′
1(2427)

0π+

× B(D ′
1(2427)

0 → D∗−π+)

( 5.0 ± 1.2 )× 10−4 –

D1(2420)
0π+×B(D0

1 →

D∗0π+π−)

< 6 × 10−6 CL=90% 2082

D∗
1(2420)

0ρ+ < 1.4 × 10−3 CL=90% 1996

D∗
2(2460)

0π+ < 1.3 × 10−3 CL=90% 2063

D∗
2(2460)

0π+×B(D∗0
2 →

D∗0π+π−)

< 2.2 × 10−5 CL=90% 2063

D∗
1(2680)

0π+, D∗
1(2680)

0 →

D−π+
( 8.4 ± 2.1 )× 10−5 –

D∗
3(2760)

0π+,

D∗
3(2760)

0π+ → D−π+
( 1.00 ± 0.22 )× 10−5 –
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D∗
2(3000)

0π+,

D∗
2(3000)

0π+ → D−π+
( 2.0 ± 1.4 )× 10−6 –

D∗
2(2460)

0ρ+ < 4.7 × 10−3 CL=90% 1977

D0D+
s

( 9.0 ± 0.9 )× 10−3 1815

D∗
s0(2317)

+D0, D∗+
s0 →

D+
s
π0

( 8.0 + 1.6
− 1.3 )× 10−4 1605

Ds0(2317)
+D0×

B(Ds0(2317)
+ → D∗+

s
γ)

< 7.6 × 10−4 CL=90% 1605

Ds0(2317)
+D∗(2007)0×

B(Ds0(2317)
+ → D+

s
π0)

( 9 ± 7 )× 10−4 1511

DsJ (2457)
+D0 ( 3.1 + 1.0

− 0.9 )× 10−3 –

DsJ (2457)
+D0×

B(DsJ (2457)
+ → D+

s
γ)

( 4.6 + 1.3
− 1.1 )× 10−4 –

DsJ (2457)
+D0×

B(DsJ (2457)
+ →

D+
s
π+π−)

< 2.2 × 10−4 CL=90% –

DsJ (2457)
+D0×

B(DsJ (2457)
+ → D+

s
π0)

< 2.7 × 10−4 CL=90% –

DsJ (2457)
+D0×

B(DsJ (2457)
+ → D∗+

s
γ)

< 9.8 × 10−4 CL=90% –

DsJ (2457)
+D∗(2007)0 ( 1.20 ± 0.30 ) % –

DsJ (2457)
+D∗(2007)0×

B(DsJ (2457)
+ → D+

s
γ)

( 1.4 + 0.7
− 0.6 )× 10−3 –

D0Ds1(2536)
+×

B(Ds1(2536)
+ →

D∗(2007)0K+ +
D∗(2010)+K0)

( 4.0 ± 1.0 )× 10−4 1447

D0Ds1(2536)
+×

B(Ds1(2536)
+ →

D∗(2007)0K+)

( 2.2 ± 0.7 )× 10−4 1447

D∗(2007)0Ds1(2536)
+×

B(Ds1(2536)
+ →

D∗(2007)0K+)

( 5.5 ± 1.6 )× 10−4 1339

D0Ds1(2536)
+×

B(Ds1(2536)
+ → D∗+K0)

( 2.3 ± 1.1 )× 10−4 1447

D0DsJ (2700)
+×

B(DsJ (2700)
+ → D0K+)

( 5.6 ± 1.8 )× 10−4 S=1.7 –

D∗0Ds1(2536)
+, D+

s1 →

D∗+K0

( 3.9 ± 2.6 )× 10−4 1339

D0DsJ (2573)
+, D+

sJ →

D0K+

( 8 ±15 )× 10−6 –
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D∗0DsJ (2573), D+
sJ →

D0K+

< 2 × 10−4 CL=90% 1306

D∗(2007)0DsJ (2573), D+
sJ →

D0K+

< 5 × 10−4 CL=90% 1306

D0D∗+
s

( 7.6 ± 1.6 )× 10−3 1734

D∗(2007)0D+
s

( 8.2 ± 1.7 )× 10−3 1737

D∗(2007)0D∗+
s

( 1.71 ± 0.24 ) % 1651

D
(∗)+
s

D∗∗0 ( 2.7 ± 1.2 ) % –

D∗(2007)0D∗(2010)+ ( 8.1 ± 1.7 )× 10−4 1713

D0D∗(2010)+ +
D∗(2007)0D+

< 1.30 % CL=90% 1792

D0D∗(2010)+ ( 3.9 ± 0.5 )× 10−4 1792

D0D+ ( 3.8 ± 0.4 )× 10−4 1866

D0D+K0 ( 1.55 ± 0.21 )× 10−3 1571

D+D∗(2007)0 ( 6.3 ± 1.7 )× 10−4 1791

D∗(2007)0D+K0 ( 2.1 ± 0.5 )× 10−3 1475

D0D∗(2010)+K0 ( 3.8 ± 0.4 )× 10−3 1476

D∗(2007)0D∗(2010)+K0 ( 9.2 ± 1.2 )× 10−3 1362

D0D0K+ ( 1.45 ± 0.33 )× 10−3 S=2.6 1577

D∗(2007)0D0K+ ( 2.26 ± 0.23 )× 10−3 1481

D0D∗(2007)0K+ ( 6.3 ± 0.5 )× 10−3 1481

D∗(2007)0D∗(2007)0K+ ( 1.12 ± 0.13 ) % 1368

D−D+K+ ( 2.2 ± 0.7 )× 10−4 1571

D−D∗(2010)+K+ ( 6.3 ± 1.1 )× 10−4 1475

D∗(2010)−D+K+ ( 6.0 ± 1.3 )× 10−4 1475

D∗(2010)−D∗(2010)+K+ ( 1.32 ± 0.18 )× 10−3 1363

(D+D∗ )(D+D∗ )K ( 4.05 ± 0.30 ) % –
D+

s
π0 ( 1.6 ± 0.5 )× 10−5 2270

D∗+
s
π0 < 2.6 × 10−4 CL=90% 2215

D+
s
η < 4 × 10−4 CL=90% 2235

D∗+
s
η < 6 × 10−4 CL=90% 2178

D+
s
ρ0 < 3.0 × 10−4 CL=90% 2197

D∗+
s
ρ0 < 4 × 10−4 CL=90% 2138

D+
s
ω < 4 × 10−4 CL=90% 2195

D∗+
s
ω < 6 × 10−4 CL=90% 2136

D+
s
a1(1260)

0 < 1.8 × 10−3 CL=90% 2079

D∗+
s

a1(1260)
0 < 1.3 × 10−3 CL=90% 2015

D+
s
K+K− ( 7.2 ± 1.1 )× 10−6 2149

D+
s
φ < 4.2 × 10−7 CL=90% 2141

D∗+
s
φ < 1.2 × 10−5 CL=90% 2079

D+
s
K0 < 8 × 10−4 CL=90% 2242

D∗+
s

K0 < 9 × 10−4 CL=90% 2185
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D+
s
K∗(892)0 < 4.4 × 10−6 CL=90% 2172

D+
s
K∗0 < 3.5 × 10−6 CL=90% 2172

D∗+
s K∗(892)0 < 3.5 × 10−4 CL=90% 2112

D−
s
π+K+ ( 1.80 ± 0.22 )× 10−4 2222

D∗−
s
π+K+ ( 1.45 ± 0.24 )× 10−4 2164

D−
s
π+K∗(892)+ < 5 × 10−3 CL=90% 2138

D∗−
s
π+K∗(892)+ < 7 × 10−3 CL=90% 2076

D−
s
K+K+ ( 9.7 ± 2.1 )× 10−6 2149

D∗−
s

K+K+ < 1.5 × 10−5 CL=90% 2088

Charmonium modesCharmonium modesCharmonium modesCharmonium modes
ηc K

+ ( 1.06 ± 0.09 )× 10−3 S=1.2 1751

ηc K
+, ηc → K0

S K
∓π± ( 2.7 ± 0.6 )× 10−5 –

ηc K
∗(892)+ ( 1.1 + 0.5

− 0.4 )× 10−3 1646

ηc K
+π+π− < 3.9 × 10−4 CL=90% 1684

ηc K
+ω(782) < 5.3 × 10−4 CL=90% 1475

ηc K
+ η < 2.2 × 10−4 CL=90% 1588

ηc K
+π0 < 6.2 × 10−5 CL=90% 1723

ηc (2S)K
+ ( 4.4 ± 1.0 )× 10−4 1320

ηc(2S)K
+, ηc → pp ( 3.5 ± 0.8 )× 10−8 –

ηc(2S)K
+, ηc →

K0
S K

∓π±
( 3.4 + 2.3

− 1.6 )× 10−6 –

ηc (2S)K
+, ηc → ppπ+π− ( 1.12 ± 0.18 )× 10−6 –

hc (1P)K
+, hc → J/ψπ+π− < 3.4 × 10−6 CL=90% 1401

X (3730)0K+, X0 → ηc η < 4.6 × 10−5 CL=90% –
X (3730)0K+, X0 → ηc π

0 < 5.7 × 10−6 CL=90% –
χc1(3872)K

+ < 2.6 × 10−4 CL=90% 1141

χc1(3872)K
+, χc1 → pp < 5 × 10−9 CL=95% –

χc1(3872)K
+, χc1 →

J/ψπ+π−
( 8.6 ± 0.8 )× 10−6 1141

χc1(3872)K
+, χc1 →

J/ψγ
( 2.1 ± 0.4 )× 10−6 S=1.1 1141

χc1(3872)K
+, χc1 →

ψ(2S)γ
( 4 ± 4 )× 10−6 S=2.5 1141

χc1(3872)K
+, χc1 →

J/ψ(1S)η
< 7.7 × 10−6 CL=90% 1141

χc1(3872)K
+, χc1 →

D0D0
< 6.0 × 10−5 CL=90% 1141

χc1(3872)K
+, χc1 →

D+D−
< 4.0 × 10−5 CL=90% 1141

χc1(3872)K
+, χc1 →

D0D0π0
( 1.0 ± 0.4 )× 10−4 1141

χc1(3872)K
+, χc1 →

D∗0D0
( 8.5 ± 2.6 )× 10−5 S=1.4 1141
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χc1(3872)
0K+, χ0c1 →

ηc π
+π−

< 3.0 × 10−5 CL=90% –

χc1(3872)
0K+, χ0c1 →

ηc ω(782)
< 6.9 × 10−5 CL=90% –

χc1(3872)K
+, χc1 →

χc1(1P)π
+π−

< 1.5 × 10−6 CL=90% –

χc1(3872)K
+, χc1(3872) →

χc1(1P)π
0

< 8.1 × 10−6 CL=90% –

X (3915)K+ < 2.8 × 10−4 CL=90% 1103

X (3915)0K+, X0 → ηc η < 4.7 × 10−5 CL=90% –
X (3915)0K+, X0 → ηc π

0 < 1.7 × 10−5 CL=90% –
X (4014)0K+, X0 → ηc η < 3.9 × 10−5 CL=90% –
X (4014)0K+, X0 → ηc π

0 < 1.2 × 10−5 CL=90% –
Zc(3900)

0K+, Z0
c →

ηc π
+π−

< 4.7 × 10−5 CL=90% –

X (4020)0K+, X0 →

ηc π
+π−

< 1.6 × 10−5 CL=90% –

χc1(3872)K
∗(892)+, χc1 →

J/ψγ
< 4.8 × 10−6 CL=90% 939

χc1(3872)K
∗(892)+, χc1 →

ψ(2S)γ
< 2.8 × 10−5 CL=90% 939

χc1(3872)
+K0, χ+

c1 →

J/ψ(1S)π+π0
[f ] < 6.1 × 10−6 CL=90% –

χc1(3872)K
0π+, χc1 →

J/ψ(1S)π+π−
( 1.06 ± 0.31 )× 10−5 –

Zc(4430)
+K0, Z+

c
→ J/ψπ+ < 1.5 × 10−5 CL=95% –

Zc(4430)
+K0, Z+

c
→

ψ(2S)π+
< 4.7 × 10−5 CL=95% –

ψ(4260)0K+, ψ0 →

J/ψπ+π−
< 1.56 × 10−5 CL=95% –

X (3915)K+, X → J/ψγ < 1.4 × 10−5 CL=90% –
X (3915)K+, X →

χc1(1P)π
0

< 3.8 × 10−5 CL=90% –

X (3930)0K+, X0 → J/ψγ < 2.5 × 10−6 CL=90% –
J/ψ(1S)K+ ( 1.006± 0.027)× 10−3 1684

J/ψ(1S)K0π+ ( 1.14 ± 0.11 )× 10−3 1651

J/ψ(1S)K+π+π− ( 8.1 ± 1.3 )× 10−4 S=2.5 1612

J/ψ(1S)K+K−K+ ( 3.37 ± 0.29 )× 10−5 1252

X (3915)K+, X → pp < 7.1 × 10−8 CL=95% –
J/ψ(1S)K∗(892)+ ( 1.43 ± 0.08 )× 10−3 1571

J/ψ(1S)K (1270)+ ( 1.8 ± 0.5 )× 10−3 1402

J/ψ(1S)K (1400)+ < 5 × 10−4 CL=90% 1308

J/ψ(1S)ηK+ ( 1.24 ± 0.14 )× 10−4 1510
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χc1−odd(3872)K
+,

χc1−odd → J/ψη
< 3.8 × 10−6 CL=90% –

ψ(4160)K+, ψ → J/ψη < 7.4 × 10−6 CL=90% –
J/ψ(1S)η′K+ < 8.8 × 10−5 CL=90% 1273

J/ψ(1S)φK+ ( 5.0 ± 0.4 )× 10−5 1227

J/ψ(1S)K1(1650), K1 →

φK+
( 6 +10

− 6 )× 10−6 –

J/ψ(1S)K∗(1680)+, K∗ →

φK+
( 3.4 + 1.9

− 2.2 )× 10−6 –

J/ψ(1S)K∗
2(1980), K∗

2 →

φK+

( 1.5 + 0.9
− 0.5 )× 10−6 –

J/ψ(1S)K (1830)+,
K (1830)+ → φK+

( 1.3 + 1.3
− 1.1 )× 10−6 –

χc1(4140)K
+, χc1 →

J/ψ(1S)φ
( 10 ± 4 )× 10−6 –

χc1(4274)K
+, χc1 →

J/ψ(1S)φ
( 3.6 + 2.2

− 1.8 )× 10−6 –

χc0(4500)K
+, χ0c →

J/ψ(1S)φ
( 3.3 + 2.1

− 1.7 )× 10−6 –

χc0(4700)K
+, χc0 →

J/ψ(1S)φ
( 6 + 5

− 4 )× 10−6 –

J/ψ(1S)ωK+ ( 3.20 + 0.60
− 0.32 )× 10−4 1388

χc1(3872)K
+, χc1 →

J/ψω
( 6.0 ± 2.2 )× 10−6 1141

X (3915)K+, X → J/ψω ( 3.0 + 0.9
− 0.7 )× 10−5 1103

J/ψ(1S)π+ ( 3.87 ± 0.11 )× 10−5 1728

J/ψ(1S)π+π+π+π−π− ( 1.16 ± 0.13 )× 10−5 1635

ψ(2S)π+π+π− ( 1.9 ± 0.4 )× 10−5 1304

J/ψ(1S)ρ+ ( 4.1 ± 0.5 )× 10−5 S=1.4 1611

J/ψ(1S)π+π0nonresonant < 7.3 × 10−6 CL=90% 1717

J/ψ(1S)a1(1260)
+ < 1.2 × 10−3 CL=90% 1415

J/ψ(1S)ppπ+ < 5.0 × 10−7 CL=90% 643

J/ψ(1S)pΛ ( 1.46 ± 0.12 )× 10−5 567

J/ψ(1S)Σ0p < 1.1 × 10−5 CL=90% –
J/ψ(1S)D+ < 1.2 × 10−4 CL=90% 871

J/ψ(1S)D0π+ < 2.5 × 10−5 CL=90% 665

ψ(2S)π+ ( 2.44 ± 0.30 )× 10−5 1347

ψ(2S)K+ ( 6.19 ± 0.22 )× 10−4 1284

ψ(2S)K∗(892)+ ( 6.7 ± 1.4 )× 10−4 S=1.3 1116

ψ(2S)K+π+π− ( 4.3 ± 0.5 )× 10−4 1179

ψ(2S)φ(1020)K+ ( 4.0 ± 0.7 )× 10−6 417
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ψ(3770)K+ ( 4.9 ± 1.3 )× 10−4 1218

ψ(3770)K+,ψ → D0D0 ( 1.5 ± 0.5 )× 10−4 S=1.4 1218

ψ(3770)K+,ψ → D+D− ( 9.4 ± 3.5 )× 10−5 1218

ψ(3770)K+, ψ → pp < 2 × 10−7 CL=95% –
ψ(4040)K+ < 1.3 × 10−4 CL=90% 1003

ψ(4160)K+ ( 5.1 ± 2.7 )× 10−4 868

ψ(4160)K+, ψ → D0D0 ( 8 ± 5 )× 10−5 –
χc0π

+, χc0 → π+π− < 1 × 10−7 CL=90% 1531

χc0K
+ ( 1.50 + 0.15

− 0.13 )× 10−4 1478

χc0K
∗(892)+ < 2.1 × 10−4 CL=90% 1341

χc1(1P)π
+ ( 2.2 ± 0.5 )× 10−5 1468

χc1(1P)K
+ ( 4.85 ± 0.33 )× 10−4 S=1.5 1412

χc1(1P)K
∗(892)+ ( 3.0 ± 0.6 )× 10−4 S=1.1 1265

χc1(1P)K
0π+ ( 5.8 ± 0.4 )× 10−4 1370

χc1(1P)K
+π0 ( 3.29 ± 0.35 )× 10−4 1373

χc1(1P)K
+π+π− ( 3.74 ± 0.30 )× 10−4 1319

χc1(2P)K
+, χc1(2P) →

π+π−χc1(1P)
< 1.1 × 10−5 CL=90% –

χc2K
+ ( 1.1 ± 0.4 )× 10−5 1379

χc2K
+, χc2 → ppπ+π− < 1.9 × 10−7 –

χc2K
∗(892)+ < 1.2 × 10−4 CL=90% 1228

χc2K
0π+ ( 1.16 ± 0.25 )× 10−4 1336

χc2K
+π0 < 6.2 × 10−5 CL=90% 1339

χc2K
+π+π− ( 1.34 ± 0.19 )× 10−4 1284

χc2(3930)π
+, χc2 → π+π− < 1 × 10−7 CL=90% 1437

hc (1P)K
+ ( 3.7 ± 1.2 )× 10−5 1401

hc(1P)K
+, hc → pp < 6.4 × 10−8 CL=95% –

K or K∗ modesK or K∗ modesK or K∗ modesK or K∗ modes
K0π+ ( 2.37 ± 0.08 )× 10−5 2614

K+π0 ( 1.29 ± 0.05 )× 10−5 2615

η′K+ ( 7.04 ± 0.25 )× 10−5 2528

η′K∗(892)+ ( 4.8 + 1.8
− 1.6 )× 10−6 2472

η′K∗
0(1430)

+ ( 5.2 ± 2.1 )× 10−6 –

η′K∗
2(1430)

+ ( 2.8 ± 0.5 )× 10−5 2346

ηK+ ( 2.4 ± 0.4 )× 10−6 S=1.7 2588

ηK∗(892)+ ( 1.93 ± 0.16 )× 10−5 2534

ηK∗
0(1430)

+ ( 1.8 ± 0.4 )× 10−5 –

ηK∗
2(1430)

+ ( 9.1 ± 3.0 )× 10−6 2414

η(1295)K+× B(η(1295) →
ηππ)

( 2.9 + 0.8
− 0.7 )× 10−6 2455

η(1405)K+× B(η(1405) →
ηππ)

< 1.3 × 10−6 CL=90% 2425
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η(1405)K+× B(η(1405) →
K∗K )

< 1.2 × 10−6 CL=90% 2425

η(1475)K+× B(η(1475) →
K∗K )

( 1.38 + 0.21
− 0.18 )× 10−5 2407

f1(1285)K
+ < 2.0 × 10−6 CL=90% 2458

f1(1420)K
+× B(f1(1420) →

ηππ)
< 2.9 × 10−6 CL=90% 2420

f1(1420)K
+× B(f1(1420) →

K∗K )
< 4.1 × 10−6 CL=90% 2420

φ(1680)K+× B(φ(1680) →
K∗K )

< 3.4 × 10−6 CL=90% 2344

f0(1500)K
+ ( 3.7 ± 2.2 )× 10−6 2398

ωK+ ( 6.5 ± 0.4 )× 10−6 2558

ωK∗(892)+ < 7.4 × 10−6 CL=90% 2503

ω (Kπ)∗+0 ( 2.8 ± 0.4 )× 10−5 –

ωK∗
0(1430)

+ ( 2.4 ± 0.5 )× 10−5 –

ωK∗
2(1430)

+ ( 2.1 ± 0.4 )× 10−5 2379

a0(980)
+K0×B(a0(980)

+ →

ηπ+)
< 3.9 × 10−6 CL=90% –

a0(980)
0K+×B(a0(980)

0 →

ηπ0)
< 2.5 × 10−6 CL=90% –

K∗(892)0π+ ( 1.01 ± 0.08 )× 10−5 2562

K∗(892)+π0 ( 6.8 ± 0.9 )× 10−6 2563

K+π−π+ ( 5.10 ± 0.29 )× 10−5 2609

K+π−π+nonresonant ( 1.63 + 0.21
− 0.15 )× 10−5 2609

ω(782)K+ ( 6 ± 9 )× 10−6 2558

K+ f0(980)× B(f0(980) →
π+π−)

( 9.4 + 1.0
− 1.2 )× 10−6 2522

f2(1270)
0K+ ( 1.07 ± 0.27 )× 10−6 –

f0(1370)
0K+×

B(f0(1370)
0 → π+π−)

< 1.07 × 10−5 CL=90% –

ρ0(1450)K+×

B(ρ0(1450) → π+π−)
< 1.17 × 10−5 CL=90% –

f ′2(1525)K
+×

B(f ′2(1525) → π+π−)

< 3.4 × 10−6 CL=90% 2394

K+ρ0 ( 3.7 ± 0.5 )× 10−6 2559

K∗
0(1430)

0π+ ( 3.9 + 0.6
− 0.5 )× 10−5 S=1.4 2445

K∗
0(1430)

+π0 ( 1.19 + 0.20
− 0.23 )× 10−5 –

K∗
2(1430)

0π+ ( 5.6 + 2.2
− 1.5 )× 10−6 2445

K∗(1410)0π+ < 4.5 × 10−5 CL=90% 2448

K∗(1680)0π+ < 1.2 × 10−5 CL=90% 2358
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K+π0π0 ( 1.62 ± 0.19 )× 10−5 2610

f0(980)K
+× B(f0 → π0π0) ( 2.8 ± 0.8 )× 10−6 2522

K−π+π+ < 4.6 × 10−8 CL=90% 2609

K−π+π+nonresonant < 5.6 × 10−5 CL=90% 2609

K1(1270)
0π+ < 4.0 × 10−5 CL=90% 2489

K1(1400)
0π+ < 3.9 × 10−5 CL=90% 2451

K0π+π0 < 6.6 × 10−5 CL=90% 2609

K0ρ+ ( 7.3 + 1.0
− 1.2 )× 10−6 2558

K∗(892)+π+π− ( 7.5 ± 1.0 )× 10−5 2557

K∗(892)+ρ0 ( 4.6 ± 1.1 )× 10−6 2504

K∗(892)+ f0(980) ( 4.2 ± 0.7 )× 10−6 2466

a+1 K0 ( 3.5 ± 0.7 )× 10−5 –

b+1 K0× B(b+1 → ωπ+) ( 9.6 ± 1.9 )× 10−6 –

K∗(892)0 ρ+ ( 9.2 ± 1.5 )× 10−6 2504

K1(1400)
+ρ0 < 7.8 × 10−4 CL=90% 2388

K∗
2(1430)

+ρ0 < 1.5 × 10−3 CL=90% 2381

b01K
+× B(b01 → ωπ0) ( 9.1 ± 2.0 )× 10−6 –

b+1 K∗0× B(b+1 → ωπ+) < 5.9 × 10−6 CL=90% –

b01K
∗+× B(b01 → ωπ0) < 6.7 × 10−6 CL=90% –

K+K0 ( 1.31 ± 0.17 )× 10−6 S=1.2 2593

K0K+π0 < 2.4 × 10−5 CL=90% 2578

K+K0
S K

0
S ( 1.05 ± 0.04 )× 10−5 2521

f0(980)K
+, f0 → K0

S K
0
S ( 1.47 ± 0.33 )× 10−5 –

f0(1710)K
+, f0 → K0

S K
0
S ( 4.8 + 4.0

− 2.6 )× 10−7 –

K+K0
S K

0
S nonresonant ( 2.0 ± 0.4 )× 10−5 2521

K0
S K

0
S π

+ < 5.1 × 10−7 CL=90% 2577

K+K−π+ ( 5.2 ± 0.4 )× 10−6 2578

K+K−π+nonresonant ( 1.68 ± 0.26 )× 10−6 2578

K+K∗(892)0 ( 5.9 ± 0.8 )× 10−7 2540

K+K∗
0(1430)

0 ( 3.8 ± 1.3 )× 10−7 2421

π+ (K+K−) S−wave ( 8.5 ± 0.9 )× 10−7 2578

K+K+π− < 1.1 × 10−8 CL=90% 2578

K+K+π−nonresonant < 8.79 × 10−5 CL=90% 2578

f ′2(1525)K
+ ( 1.8 ± 0.5 )× 10−6 S=1.1 2394

K∗+π+K− < 1.18 × 10−5 CL=90% 2524

K∗(892)+K∗(892)0 ( 9.1 ± 2.9 )× 10−7 2485

K∗+K+π− < 6.1 × 10−6 CL=90% 2524

K+K−K+ ( 3.40 ± 0.14 )× 10−5 S=1.4 2523

K+φ ( 8.8 + 0.7
− 0.6 )× 10−6 S=1.1 2516

f0(980)K
+× B(f0(980) →

K+K−)
( 9.4 ± 3.2 )× 10−6 2522
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The current solution: Full Event Interpretation
Hierarchical machine learning algorithm
6 levels of BDT to reconstruct sequentially the intermediate decays
more that 10 000 decays considered
O(1%) efficiency

[Comput.Softw.Big Sci. 3 (2019)]
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Drawbacks

6 stages are disconnected
Possible sub-decays are hard-coded

[Comput.Softw.Big Sci. 3 (2019)]
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Our goal

Develop a end-to-end trainable method to learn by example how to
reconstruct a generic decay from its final state particles
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Deep learning
Deep learning extracts autonomously the high level features without
the need of experts intervention
Successful for complex problems with hierarchical data (image
recognition, natural language processing, web searches, ...)

©https://doi.org/10.1073/pnas.1821594116
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Deep learning
Deep learning extract autonomously the high level features needed to
solve the task

§ Learn autonomously intermediate decays without the need to
hard-code them

Successful for complex problems with hierarchical data (image
recognition, natural language processing, web searches, ...)

§ A particle decay is hierarchical and reconstruct a generic decay is surely
a complex problem ;)

©https://doi.org/10.1073/pnas.1821594116
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Which deep learning architecture?

Fully connected neural networks
good for vectors

©neuralnetworksanddeeplearning.com

Convolutional neural networks
good for images

©kdnuggets.com

Recurrent neural networks
good for sequences

©bouvet.no
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A matter of symmetries
Fully connected neural networks

good for vectors
no sharing of learning blocks
no symmetry

Convolutional neural networks
good for images
sharing learning blocks in space
symmetric for translation in space

Recurrent neural networks
good for sequences
sharing of learning blocks in time
symmetric for translation in time

[arXiv:1806.01261]
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Graph networks

Particles in a decay
do not have a fixed number
do not have a clear ordering (symmetric under permutations)
can be described by a graph Ñ use graph networks

©tkipf.github.io/graph-convolutional-networks
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Going from a decay to a graph

Lowest Common Ancestor (LCA)
Matrix

Adjacency Matrix

0 1 0 00 1 1
1 0 1 11 0 0
0 1 0 00 0 0
0 1 0 00 0 0
0 1 0 00 0 0
1 0 0 00 0 0
1 0 0 00 0 0

2nd gen.

1st gen.

Reconstructed

Detected0th gen.

2
2
2

0 1 1 2
1 0 1 2
1 1 0 2
2 2 2 0

02 2 2
2

2
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Reconstruct a generic decay
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Our Graph Network
Edge Label prediction using Neural Relational Inference [arXiv:1802.04687]

Models built using PyTorch and PyTorch Geometric
Hyperparameter otimisation with Optuna
About 50 000 free parameters
Train with millions of simulated decays

MLPinput nMLPs Edge2NodeNode2Edge Node2EdgeMLP MLPMLP MLP MLP nMLPs MLP

MLP

output 
layer

MLP

nMLPs Edge2Node Node2EdgeMLP MLP MLP nMLPs MLP MLP

Block 1

.

.

.

Block m

Legend

Forward pass

Residual connection

Single MLP

List of MLPs

Transition Layer

Block of layers

MLP

nMLPs

n2e
e2n
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Proof of concept
2nd gen.

1st gen.

0th gen.

20 40 60 80
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A more realistic test
1st generation

2nd generation

3rd generation

B

D0

π0

π πK γ γ
4th generation

Z

a

YX

b c d e f

B

Κ π

D0

π0

πγ γ

ρ0

π0

γ γ

Decay Channels generated with the Belle II software
Decay Channel NoFSPs Motivation

B+ → D0(→ K+π−π0)π+ 5 benchmark tag side on T.Keck’s
PhD thesis on FEI

B+ → D−(→ π−π+π+)π+π+ 5 two 3-body decays, overlapping
spectra, same FSPs)

B+ → D0(→ K+π−π0)e+νe 5 semileptonic decay to demon-
strate semileptonic tagging

B+ → D0(→ K+π−π0)ρ(→ π−π0) 7 resonances not dealt with FEI,
includes 4 photons that need to be
assigned to the correct π0

B+ → D0(→ K+π−π0)ω(→ π+π−π0)π+ 9 Three 3-body decays, resonances
not dealt with FEI

B+ → D−(→ π−π−π+π0)π+π+π0 9 two 4-body decays

Table 1: Decay channels produced with the Belle II software for this work.
All the π0 decay into two photons. All the datasets contain the decay channel
presented here and its charge conjugate

77
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Test on generic Belle II MC

Use MC generated information (not yet reconstructed)
Overall efficiency O(10%)

1 6 11 16 21 26 31 36 41 46 51 56 61 66 71 76 81 86 91
Epochs

0.0

0.1

0.2

0.3

0.4

0.5

Ac
cu

ra
cy mbad

m5p
m4p
m3p
m2p
m1p
perfect
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Conclusion

Showcased a Graph Deep Neural Network to reconstruct a generic
decay
Encouraging preliminary results
More realistic tests still needed
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Going from a decay to a graph

Lowest Common Ancestor (LCA)
Matrix

Adjacency Matrix

0 1 0 00 1 1
1 0 1 11 0 0
0 1 0 00 0 0
0 1 0 00 0 0
0 1 0 00 0 0
1 0 0 00 0 0
1 0 0 00 0 0

2nd gen.

1st gen.

Reconstructed

Detected0th gen.

2
2
2

0 1 1 2
1 0 1 2
1 1 0 2
2 2 2 0

02 2 2
2

2
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Reconstruct a generic decay

Lowest Common Ancestor (LCA)
Matrix

Feature Matrix

Adjacency Matrix

0 1 1 2
1 0 1 2
1 1 0 2
2 2 2 0

2nd gen.

1st gen.

Reconstructed

Detected0th gen.

0 1 0 00 1
1 0 1 11 0
0 1 0 00 0
0 1 0 00 0
0 1 0 00 0
1 0 0 00 0

Insert GraphNN
here
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Hyperparameters’ optimisation
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