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Ñîñòîÿíèå Tcc̄1(4430)
+ èçó÷àëîñü â ýêñïåðìåíòàõ Belle [PRL 100,

142001; PRD 80, 031104; PRD 88, 074026] è LHCb [PRL 112, 222002;
PRD 92, 112009] â ðàñïàäå B0 → ψ(2S)π−K+. Àìïëèòóäíûå àíàëèçû
äðóãèõ ðàñïàäîâ B → ψ(2S)πK ïîêà íå ïðîâîäèëèñü; â ÷àñòíîñòè,
íåéòðàëüíîå ñîñòîÿíèå Tcc̄1(4430)

0 åù¼ íå èçâåñòíî. Ýòè ðàñïàäû
èçó÷àþòñÿ â äàííîì àíàëèçå.
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Belle
Äåòåêòîðû Belle è Belle II. Äàííûå

/ KL detection
 14/15 lyr. RPC+Fe

Central Drift Chamber
       small cell +He/C2H6

CsI(Tl) 
   16X0

 Aerogel Cherenkov cnt.
              n=1.015~1.030

Si vtx. det.
   3/4 lyr. DSSD

TOF counter

SC solenoid
   1.5T

8 GeV e

3.5 GeV e

Belle Detector

Belle II Detector [735 collaborators, 101 institutes, 
23 nations]electrons  (7 GeV)

positrons (4 GeV)

Vertex Detector
2 layers Si Pixels (DEPFET) +  
4 layers Si double sided strip DSSD

Belle II TDR, arXiv:1011.0352

EM Calorimeter
CsI(Tl), waveform sampling electronics

Central Drift Chamber
Smaller cell size, long lever arm

Particle Identification 
Time-of-Propagation counter (barrel)
Prox. focusing Aerogel RICH (forward)

KL and muon detector
Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC  
(end-caps , inner 2 barrel layers)

• Èñïîëüçóþòñÿ âñå äàííûå ýêñïåðèìåíòà Belle (711 ôá−1) è
îáðàçåö äàííûõ Belle II c èíòåãðàëüíîé ñâåòèìîñòüþ 365 ôá−1.

• Â îòëè÷èå îò ïðåäûäóùåãî àíàëèçà Belle, ψ(2S)
âîññòàíàâëèâàåòñÿ â êàíàëàõ ℓ+ℓ− è J/ψ(→ ℓ+ℓ−)π+π−. Ðàíåå
èñïîëüçîâàëñÿ òîëüêî ëåïòîííûé êàíàë. Ýòî óâåëè÷èâàåò
ñòàòèñòèêó â ∼ 2.5 ðàçà, íî òðåáóåò îäíîâðåìåííîé ïîäãîíêè.
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Belle
Ñòðàòåãèÿ àíàëèçà

Ìîäåëèðîâàíèå ïîêàçûâàåò íàëè÷èå ïèêóþùèõñÿ ôîíîâ îò B0 → ψ(2S)K 0
S

è ñàìèõ ðàñïàäîâ B → ψ(2S)πK . Íåîáõîäèìîñòü èõ ó÷¼òà îïðåäåëÿåò
ñòðàòåãèþ àíàëèçà:

1. Âîññòàíàâëèâàþòñÿ øåñòü ðàñïàäîâ B: äâà êàíàëà B → ψ(2S)K
(B+ → ψ(2S)K+, B0 → ψ(2S)K 0

S ) è ÷åòûðå êàíàëà B → ψ(2S)πK
(B0 → ψ(2S)π−K+, B+ → ψ(2S)π+K 0

S , B
+ → ψ(2S)π0K+ è

B0 → ψ(2S)π0K 0
S ).

2. Íà ïðåäâàðèòåëüíîé ñòàäèè âûïîëíÿåòñÿ àìïëèòóäíûé àíàëèç
ðàñïàäîâ B → ψ(2S)K ñ ïîñëåäóþùèì ψ(2S) → J/ψ(→ ℓ+ℓ−)π+π−.
Ðåçóëüòàòû èñïîëüçóþòñÿ äëÿ ãåíåðàöèè ñèãíàëüíîãî ÌÊ ñ
ðåàëèñòè÷íûì ðàñïðåäåëåíèåì, êîòîðîå ïîòîì èñïîëüçóåòñÿ äëÿ
ïàðàìåòðèçàöèè ïåðåêð¼ñòíîãî ôîíà â êàíàëå B0 → ψ(2S)π−K+.

3. Íà ïåðâîé ñòàäèè âûïîëíÿåòñÿ àíàëèç B → ψ(2S)πK ñ óïðîù¼ííîé
ìîäåëüþ ôîíà. Åãî ðåçóëüòàòû àíàëîãè÷íî èñïîëüçóþòñÿ äëÿ
ãåíåðàöèè ðåàëèñòè÷íîãî ñèãíàëüíîãî ÌÊ äëÿ âñåõ ðàñïàäîâ
B → ψ(2S)πK è ïàðàìåòðèçàöèè ïåðåêð¼ñòíîãî ôîíà.

4. Íà âòîðîé ñòàäèè âûïîëíÿåòñÿ àíàëèç B → ψ(2S)πK ñ ó÷¼òîì âñåõ
ïèêóþùèõñÿ ôîíîâ.
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Belle
Îòáîð ñîáûòèé

Êðèòåðèè îòáîðà îïòèìèçèðóþòñÿ ïðè ïîìîùè âûïîëíåíèÿ
ïðîöåäóðû îïòèìèçàöèè ñèãíàëüíîé îáëàñòè, îïèñàííîé äàëåå, ñ
âàðèàöèåé îòäåëüíûõ êðèòåðèåâ. Îïòèìèçàöèÿ âûïîëíÿåòñÿ îòäåëüíî
äëÿ äâóõ ãðóïï êàíàëîâ: ñ π+ èëè áåç π è ñ π0.

Ïåðåìåííàÿ
Belle Belle II

B → ψ(2S)(π−)K B → ψ(2S)π0K B → ψ(2S)(π−)K B → ψ(2S)π0K

Èìïàêò-ïàðàìåòð dr , ñì < 2.0 < 2.0 < 4.0 < 4.0
Èìïàêò-ïàðàìåòð |dz |, ñì < 5.0 < 10.0 < 10.0 < 10.0
Èäåíòèôèêàöèÿ ýëåêòðîíîâ Re > 0.1 Re > 0.1 Re > 0.5 Re > 0.5
Èäåíòèôèêàöèÿ ìþîíîâ Rµ > 0.1 Rµ > 0.1 Rµ > 0.5 Rµ > 0.5

Èäåíòèôèêàöèÿ π Rπ/K > 0.1 Rπ/K > 0.1 Rπ > 0.1 Rπ > 0.1

Èäåíòèôèêàöèÿ K RK/π > 0.2 RK/π > 0.6 RK > 0.1 RK > 0.5

|Mπ0 −mπ0 |, ÌýÂ/c2 � (−11, 10) � (−16, 12)
Ýíåðãèÿ ôîòîíîâ, ÌýÂ � > 80 � > 50
Âðåìÿ ôîòîíîâ |t|, íñ � � � < 200
|t/∆t| äëÿ ôîòîíîâ � � � < 2
Èäåíòèôèêàöèÿ π0 � > 0.75 � > 0.65

|MK0
S
−mK0

S
|, ÌýÂ/c2 < 30 < 26 < 30 < 24

MJ/ψ −mJ/ψ (e+e−), ÌýÂ/c2 (−100, 70) (−100, 70) (−100, 80) (−100, 80)
MJ/ψ −mJ/ψ (µ+µ−), ÌýÂ/c2 (−60, 35) (−60, 35) (−80, 40) (−80, 40)

Mψ(2S) −mψ(2S) (e
+e−), ÌýÂ/c2 (−100, 70) (−80, 35) (−100, 80) (−80, 40)

Mψ(2S) −mψ(2S) (µ
+µ−), ÌýÂ/c2 (−50, 40) (−50, 25) (−60, 30) (−50, 25)

Mψ(2S) −mψ(2S) (J/ψπ
+π−), ÌýÂ/c2 < 7 < 7 < 7 < 6
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Belle
Ïàðàìåòðèçàöèÿ ðàçðåøåíèÿ

Ðàçðåøåíèå îïðåäåëÿåòñÿ ïîäãîíêîé âçâåøåííûõ ñîáûòèé
ñèãíàëüíîãî ÌÊ (ïàðàìåòðèçàöèÿ ïðèâåäåíà â äîïîëíèòåëüíûõ
ñëàéäàõ). Ïðèìåð ðåçóëüòàòîâ (Belle II, B+ → ψ(2S)π0K+,
ψ(2S) → ℓ+ℓ−):
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Preliminary
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­
l+l→(2S)ψBelle II, , bin 2
­
l+l→(2S)ψBelle II, 

Preliminary

Êðàñíàÿ ñïëîøíàÿ ëèíèÿ - ðåçóëüòàò ïîäãîíêè, çåë¼íàÿ øòðèõîâàÿ
ëèíèÿ - ïåðâûé âêëàä â óð. (22), ñèíÿÿ ïóíêòèðíàÿ ëèíèÿ - âòîðîé
âêëàä è êîðè÷íåâàÿ øòðèõïóíêòèðíàÿ ëèíèÿ - òðåòèé âêëàä. Áèíû:
pπ < 0.3 ÃýÂ/c , pπ > 0.3 ÃýÂ/c .
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Belle
Ïîäãîíêà ðàñïðåäåëåíèé ïî (∆E ,Mbc)

Ïàðàìåòðèçàöèÿ ïðèâåäåíà â äîïîëíèòåëüíûõ ñëàéäàõ. Ïðèìåð
ðåçóëüòàòîâ (Belle II, B+ → ψ(2S)π0K+, ψ(2S) → ℓ+ℓ−):
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Êðàñíàÿ ñïëîøíàÿ ëèíèÿ - ðåçóëüòàò ïîäãîíêè, çåë¼íàÿ øòðèõîâàÿ
ëèíèÿ - ïîëíûé ôîí ñ âêëàäîì îò ñèãíàëüíîãî ïðîöåññà è ñèíÿÿ
ïóíêòèðíàÿ ëèíèÿ - êîìáèíàòîðíûé ôîí.
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Belle
Àíàëèç íåéðîííîé ñåòüþ è âûáîð ëó÷øåãî êàíäèäàòà

• Íåéðîííàÿ ñåòü, èñïîëüçóåìàÿ òîëüêî äëÿ êàíàëîâ ñ π0,
ñîçäà¼òñÿ ñ èñïîëüçîâàíèåì íàáîðà ïåðåìåííûõ, êîòîðûå íå
âíîñÿò äîïîëíèòåëüíûõ ñèñòåìàòè÷åñêèõ îøèáîê: õåëèñèòè-óãëà
Υ(4S), ìèíèìàëüíîé ýíåðãèè äî÷åðíèõ ôîòîíîâ π0 â
ëàáîðàòîðíîé ñèñòåìå, õåëèñèòè-óãëà π0 è àçèìóòàëüíîãî óãëà
äî÷åðíåãî ôîòîíà π0, îïðåäåë¼ííîãî êàê ïðè âû÷èñëåíèè
ñïèðàëüíûõ àìïëèòóä.

• Âûïîëíÿåòñÿ âûáîð ëó÷øåãî êàíäèäàòà:

1. Âûáðàííàÿ îáëàñòü ïî (∆E ,Mbc) (|∆E | < 0.2 ÃýÂ,
5.2 < Mbc < 5.3 ÃýÂ/c2) ðàçäåëÿåòñÿ íà ïÿòü áèíîâ ïî ∆E è òðè
áèíà ïî Mbc. Îòáîð âûïîëíÿòñÿ îòäåëüíî äëÿ êàæäîãî áèíà è
êàíàëà ðàñïàäà ψ(2S).

2. Äëÿ êàíàëîâ B+ → ψ(2S)π0K+ è B0 → ψ(2S)π0K 0
S îòáèðàåòñÿ

êàíäèäàò ñ íàèáîëüøèì âûõîäîì íåéðîííîé ñåòè. Äëÿ êàíàëîâ
B0 → ψ(2S)π−K+ è B+ → ψ(2S)π+K 0

S , ó êîòîðûõ íåò íåéðîííîé
ñåòè, ëó÷øèé êàíäèäàò îòáèðàåòñÿ ñëó÷àéíûì îáðàçîì.
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Belle
Ñèãíàëüíàÿ îáëàñòü

Êðèòåðèè îòáîðà ñèãíàëüíîé îáëàñòè îïðåäåëÿþòñÿ ìàêñèìèçàöèåé âåëè÷èíû

Fopt =

∑
i

N
(i )
sig√∑

i

(N
(i )
sig

+N
(i )

bg
)

, ãäå i - èíäåêñ êàíàëà ψ(2S), à N
(i)
sig è N

(i)
bg

- îæèäàåìûå ÷èñëà

ñèãíàëüíûõ è ôîíîâûõ ñîáûòèé ñîîòâåòñòâåííî.

Ñèãíàëüíàÿ îáëàñòü îïðåäåëÿåòñÿ êàê

(
∆E

R
(i )
∆E

)2
+

(
Mbc−mB

R
(i )
Mbc

)2

< 1, ãäå R
(i)
∆E è R

(i)
Mbc

-

ïîëóîñè å¼ ýëëèïñà.

Êàíàë B Ýêñïåðèìåíò Êàíàë ψ(2S)
Ïàðàìåòðû

Ýôôåêòèâíîñòü Îæèäàåìûå ñîáûòèÿ

ϵ
(i)
SR

ϵ
(i)
S
(v

(i)
0 ) ϵ

(i)
B
(v

(i)
0 ) N

(i)
sig N

(i)
bg

R∆E RMbc
v
(i)
0 Train Test Train Test Train Train

B0 → ψ(2S)π−K+ Belle ℓ+ℓ− 19.4 6.92 0.000 28.52% 100.0% 100.0% 100.00% 100.00% 1969.76 295.47
B0 → ψ(2S)π−K+ Belle J/ψ(→ ℓ+ℓ−)π+π− 16.4 6.34 0.000 15.37% 100.0% 100.0% 100.00% 100.00% 2767.15 622.54
B0 → ψ(2S)π−K+ Belle II ℓ+ℓ− 21.5 6.39 0.000 33.69% 100.0% 100.0% 100.00% 100.00% 1167.55 237.30
B0 → ψ(2S)π−K+ Belle II J/ψ(→ ℓ+ℓ−)π+π− 17.4 5.97 0.000 14.46% 100.0% 100.0% 100.00% 100.00% 1306.45 346.58
B+ → ψ(2S)π+K0

S
Belle ℓ+ℓ− 19.0 6.54 0.000 13.38% 100.0% 100.0% 100.00% 100.00% 495.47 102.22

B+ → ψ(2S)π+K0
S

Belle J/ψ(→ ℓ+ℓ−)π+π− 16.1 5.87 0.000 6.83% 100.0% 100.0% 100.00% 100.00% 659.40 190.78
B+ → ψ(2S)π+K0

S
Belle II ℓ+ℓ− 20.0 6.94 0.000 34.04% 100.0% 100.0% 100.00% 100.00% 437.67 79.01

B+ → ψ(2S)π+K0
S

Belle II J/ψ(→ ℓ+ℓ−)π+π− 17.0 6.88 0.000 14.50% 100.0% 100.0% 100.00% 100.00% 486.02 129.38
B+ → ψ(2S)π0K+ Belle ℓ+ℓ− 40.8 6.65 0.232 12.63% 96.9% 97.0% 88.25% 90.46% 447.85 186.24
B+ → ψ(2S)π0K+ Belle J/ψ(→ ℓ+ℓ−)π+π− 32.2 5.79 0.232 7.10% 91.3% 91.2% 75.43% 76.52% 618.86 337.24
B+ → ψ(2S)π0K+ Belle II ℓ+ℓ− 36.0 5.64 0.266 20.82% 93.9% 94.0% 79.20% 79.47% 359.01 183.65
B+ → ψ(2S)π0K+ Belle II J/ψ(→ ℓ+ℓ−)π+π− 31.9 5.53 0.324 9.16% 87.7% 87.7% 64.49% 63.96% 384.70 250.50
B0 → ψ(2S)π0K0

S
Belle ℓ+ℓ− 33.8 7.14 0.250 5.90% 95.5% 95.5% 89.22% 91.23% 97.41 33.03

B0 → ψ(2S)π0K0
S

Belle J/ψ(→ ℓ+ℓ−)π+π− 32.3 4.51 0.292 3.16% 89.7% 89.7% 76.89% 75.04% 128.02 63.00
B0 → ψ(2S)π0K0

S
Belle II ℓ+ℓ− 38.2 5.73 0.268 22.78% 95.7% 95.7% 83.72% 85.38% 130.87 48.59

B0 → ψ(2S)π0K0
S

Belle II J/ψ(→ ℓ+ℓ−)π+π− 26.5 6.25 0.242 9.61% 93.3% 93.4% 86.11% 83.10% 140.36 84.06

Ýôôåêòèâíîñòè äëÿ ðàñïàäîâ B+ → ψ(2S)π+K0
S
è B0 → ψ(2S)π0K0

S
âêëþ÷àþò

âåðîÿòíîñòü ðàñïàäà B(K0
S
→ π+π−) äëÿ Belle.
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Belle
Íàáîð äàííûõ äëÿ àíàëèçà

• Ïîñëå îïòèìèçàöèè ïðèìåíÿþòñÿ ïîëó÷åííûå êðèòåðèè äëÿ ñèãíàëüíîé îáëàñòè.
Êîíòðîëüíûå îáëàñòè îïðåäåëåíû êàê 0.06 < |∆E | < 0.12 ÃýÂ,
5.2667 < Mbc < 5.3 ÃýÂ/c2.

• Ïîäãîíêà ðàçðåøåíèÿ è ðàñïðåäåëåíèé ïî (∆E ,Mbc) âûïîëíÿåòñÿ ñíîâà. Ïîäãîíêà
ðàñïðåäåëåíèé ïî (∆E ,Mbc) âûïîëíÿåòñÿ îäíîâðåìåííî äëÿ êàíàëîâ
B0 → ψ(2S)π−K+ è B0 → ψ(2S)K0

S
.

Ïîëíîå ÷èñëî ñîáûòèé â ñèãíàëüíîé îáëàñòè è Ýôôåêòèâíîñòü îòáîðà ëó÷øåãî êàíäèäàòà:

Êàíàë B Ýêñïåðèìåíò Êàíàë ψ ×èñëî ñîáûòèé ϵmultiple

B0 → ψ(2S)π−K+ Belle ℓ+ℓ− 2239 95.4%
B0 → ψ(2S)π−K+ Belle J/ψ(→ ℓ+ℓ−)π+π− 3333 90.3%
B0 → ψ(2S)π−K+ Belle II ℓ+ℓ− 1341 94.8%
B0 → ψ(2S)π−K+ Belle II J/ψ(→ ℓ+ℓ−)π+π− 1616 90.3%
B+ → ψ(2S)π+K0

S
Belle ℓ+ℓ− 631 89.6%

B+ → ψ(2S)π+K0
S

Belle J/ψ(→ ℓ+ℓ−)π+π− 945 86.5%
B+ → ψ(2S)π+K0

S
Belle II ℓ+ℓ− 415 91.0%

B+ → ψ(2S)π+K0
S

Belle II J/ψ(→ ℓ+ℓ−)π+π− 482 88.3%
B+ → ψ(2S)π0K+ Belle ℓ+ℓ− 503 96.0%
B+ → ψ(2S)π0K+ Belle J/ψ(→ ℓ+ℓ−)π+π− 896 91.1%
B+ → ψ(2S)π0K+ Belle II ℓ+ℓ− 471 89.7%
B+ → ψ(2S)π0K+ Belle II J/ψ(→ ℓ+ℓ−)π+π− 646 87.2%
B0 → ψ(2S)π0K0

S
Belle ℓ+ℓ− 107 95.5%

B0 → ψ(2S)π0K0
S

Belle J/ψ(→ ℓ+ℓ−)π+π− 176 91.2%
B0 → ψ(2S)π0K0

S
Belle II ℓ+ℓ− 119 88.8%

B0 → ψ(2S)π0K0
S

Belle II J/ψ(→ ℓ+ℓ−)π+π− 174 79.5%
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Belle
K -ìàòðèöà

S-âîëíà ñèñòåìû Kπ îïèñûâàåòñÿ äâóõêàíàëüíîé K -ìàòðèöåé:

K11(s) = (g
(Kπ+)
NR )2K (1/2)(s) +

∑
K∗

(g
(Kπ+)
K∗ )2

m2
K∗ − s

,

K12(s) = K21(s) = g
(Kπ+)
NR g

(Kπ0)
NR K (1/2)(s) +

∑
K∗

g
(Kπ+)
K∗ g

(Kπ0)
K∗

m2
K∗ − s

,

K22(s) = (g
(Kπ0)
NR )2K (1/2)(s) +

∑
K∗

(g
(Kπ0)
K∗ )2

m2
K∗ − s

,

(1)

ãäå K (1/2)(s) - ôîðìà íåðåçîíàíñíîãî âêëàäà, gNR - êîíñòàíòû ñâÿçè äëÿ íåðåçîíàíñíîãî
âêëàäà è gK∗ - êîíñòàíòû ñâÿçè äëÿ ðåçîíàíñîâ K∗ è êàíàëà, óêàçàííîãî â âåðõíåì
èíäåêñå. Âñå êîíñòàíòû ñâÿçè - äåéñòâèòåëüíûå ÷èñëà. Ìàòðèöà ôàçîâîãî ïðîñòðàíñòâà
ðàâíà

ρ11 =


1

16π

2q(Kπ
+)

√
s

for
√
s > mK +mπ+ ,

1

16π

2|q(Kπ+)|i
√
s

for
√
s ≤ mK +mπ+ ,

ρ22 =
1

16π

2q(Kπ
0)

√
s

. (2)

Ïîðîã â ñèñòåìå Kπ+ âûøå ñîîòâåòñòâóþùåãî ïîðîãà â ñèñòåìå Kπ0 êàê äëÿ K∗+, òàê è
äëÿ K∗0.

Ê. ×èëèêèí (ÈßÔ) Àìïëèòóäíûé àíàëèç B → ψ(2S)πK Ñåññèÿ ÑßÔ ÎÔÍ ÐÀÍ, 11.03.2026 11 / 46



Belle
P-âåêòîð è àìïëèòóäà

P-âåêòîð çàäà¼òñÿ ôîðìóëîé

P1(s) = A(B→ψ(2S)(K∗
0 )NR)g

(Kπ+)
NR +

∑
K∗

A(B→ψ(2S)K∗)g
(Kπ+)
K∗

m2
K∗ − s

, (3)

ãäå A(B→ψ(2S)(K∗
0 )NR) è A(B→ψ(2S)K∗) - êîìïëåêñíûå àìïëèòóäû ðîæäåíèÿ. Âûðàæåíèå

äëÿ êîìïîíåíòû Kπ0 (P2(s)) àíàëîãè÷íî. Àìïëèòóäà ðàâíà

A1/2(s) = [I − iK(s)ρ(s)]−1P(s)F
(LB )
B

(s), (4)

ãäå I - äèàãîíàëüíàÿ ìàòðèöà ñ ýëåìåíòàìè, ðàâíûìè 1, 1/2 îáîçíà÷àåò èçîñïèí

êîìáèíàöèè (K , π) è F
(LB )
B

- ôîðìôàêòîð ðàñïàäà B, ðàâíûé

F
(LB )
B

(s) = qB(s)
LBF

(BW )
LB

(qB(s)), (5)

ãäå LB - óãëîâîé ìîìåíò ðàñïàäà B, qB - èìïóëüñ äî÷åðíåé ÷àñòèöû â ñèñòåìå ïîêîÿ B

è F
(BW )
L

- ôîðìôàêòîð Áëàòòà-Âàéññêîïôà. Ïåðâûé ýëåìåíò ïîëó÷åííîãî âåêòîðà

àìïëèòóäû èñïîëüçóåòñÿ äëÿ êàíàëà K∗ → Kπ+, à âòîðîé - äëÿ êàíàëà K∗ → Kπ0.
Àìïëèòóäà A3/2(s) äëÿ èçîñïèíà 3/2 àíàëîãè÷íà, íî â íåé åñòü òîëüêî íåðåçîíàíñíûé
âêëàä. Ïîëíàÿ àìïëèòóäà ðàâíà

A(s) = A1/2(s) + A3/2(s). (6)
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Belle
Îãðàíè÷åíèÿ íà êîíñòàíòû ñâÿçè

Ïðåäïîëàãàåòñÿ, ÷òî êîíñòàíòû ñâÿçè K∗, g
(Kπ+)
K∗ è g

(Kπ0)
K∗ , ñâÿçàíû ìåæäó ñîáîé êàê

àáñîëþòíûå çíà÷åíèÿ êîýôôèöèåíòîâ Êëåáøà-Ãîðäàíà:

g
(Kπ+)
K∗ =

√
2

√
3
gK∗ , g

(Kπ0)
K∗ =

1
√
3
gK∗ . (7)

Êîíñòàíòû ñâÿçè gK∗ ïîëàãàþòñÿ îäèíàêîâûìè äëÿ çàðÿæåííûõ è íåéòðàëüíûõ
ðåçîíàíñîâ K∗. Àíàëîãè÷íûå îãðàíè÷åíèÿ íàêëàäûâàþòñÿ íà êîíñòàíòû ñâÿçè äëÿ
íåðåçîíàíñíîãî âêëàäà. Ìàññû K∗+

0 è K∗0
0 (ïàðàìåòðû K -ìàòðèöû) òàêæå ïîëàãàþòñÿ

îäèíàêîâûìè. Ýòî ïðåäïîëîæåíèå ïðèâîäèò ê íåìíîãî ðàçíîìó ïîëîæåíèþ ïîëþñîâ äëÿ
K∗+
0 è K∗0

0 èç-çà ðàçëè÷èÿ â ôàçîâîì ïðîñòðàíñòâå.

Íåðåçîíàíñíûå âêëàäû äëÿ K -ìàòðèö ñ I = 1/2 è I = 3/2 ôèêñèðóþòñÿ àíàëîãè÷íî
Äàëèö-àíàëèçó ðàñïàäà D+ → K−π+π+ â ýêñïåðèìåíòå FOCUS [PLB 653, 1] (óð. [8,9]
òàì). Îíè áûëè ïàðàìåòðèçîâàíû ñ èñïîëüçîâàíèåì äàííûõ ïî ðàññåÿíèþ èç ñòàòåé
[NPB 133, 490; NPB 296, 493]:

K (1/2)(s) = 16π
s − 0.23 ÃýÂ2

snorm
(0.72299− 0.15099s̄ + 0.00811s̄2),

K (3/2)(s) = 16π
s − 0.27 ÃýÂ2

snorm
(−0.22147+ 0.026637s̄ − 0.00092057s̄2),

(8)

ãäå snorm = m2
K+ +m2

π+ , s̄ = s/snorm − 1. Èñïîëüçóåòñÿ äîïîëíèòåëüíûé ìíîæèòåëü 16π,
ïîòîìó ÷òî â FOCUS áûëî èñïîëüçîâàíî îïðåäåëåíèå ìàòðèöû ôàçîâîãî ïðîñòðàíñòâà
áåç íåãî èç [Annalen Phys. 4, 404] (óð. [36,37] òàì).
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Belle
K -ìàòðèöà äëÿ ïàðöèàëüíûõ âîëí ñ áîëüøèì L

Ïàðöèàëüíûå âîëíû â ñèñòåìå Kπ ñ áîëüøèì óãëîâûì ìîìåíòîì òàêæå îïèñûâàþòñÿ
äâóõêàíàëüíîé K -ìàòðèöåé. Êîíñòàíòû ñâÿçè ðàâíû

gR =
√
mRΓR

√
mR

q(m2
R
)2L+1F

(BW )
L

(m2
R
)
γR , (9)

ãäå R - ðàñïàäàþùèéñÿ ðåçîíàíñ, mR è ΓR - åãî ìàññà è øèðèíà, L - óãëîâîé ìîìåíò è
q(s) - èìïóëüñ äî÷åðíåé ÷àñòèöû â ñèñòåìå ïîêîÿ ðîäèòåëüñêîé.
Ìàòðèöà ôàçîâîãî ïðîñòðàíñòâà îïðåäåëÿåòñÿ áåç ÷èñëåííûõ êîýôôèöèåíòîâ:

ρ̃11 =


q(Kπ

+)

√
s

for
√
s > mK +mπ+ ,

|q(Kπ+)|i
√
s

for
√
s ≤ mK +mπ+ ,

ρ̃22 =
q(Kπ

0)

√
s

. (10)

Àìïëèòóäà çàäà¼òñÿ ôîðìóëîé

A1/2(s) = n(s)[I − iK(s)ρ̃(s)n2(s)]−1P(s)F
(LB )
B

(s), (11)

ãäå n - äèàãîíàëüíàÿ ìàòðèöà, ýëåìåíòû êîòîðîé âêëþ÷àþò öåíòðîáåæíûé áàðüåð è
ôîðìôàêòîð:

njj (s) = q(s)LF
(BW )
L

(s). (12)
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Belle
Ïàðàìåòðû K -ìàòðèöû

Åñëè â ïàðöèàëüíóþ âîëíó äà¼ò âêëàä òîëüêî îäèí ðåçîíàíñ K∗, àìïëèòóäà
óïðîùàåòñÿ äî

A
(Kπ+)
1/2 (s) =

A(B→ψ(2S)K∗)g
(Kπ+)
K∗ q(

√
s)LF (

√
s)

m2
K∗ − s − imK∗ΓK∗

mR√
s

∑
j

(
q(m2

R
)

q(s) )
)2L+1(

F
(BW )
L

(m2
R
)

F
(BW )
L

(s)

)2

(γ
(j)
K∗)2

.

(13)
Ýòî ñòàíäàðòíàÿ ôîðìà ðåëÿòèâèñòñêîé àìïëèòóäû Áðåéòà-Âèãíåðà.

• Èçâåñòíûå ïàðàìåòðû Áðåéòà-Âèãíåðà èñïîëüçóþòñÿ äëÿ âñåõ
ñîñòîÿíèé, êðîìå K∗(892).

• Â P-âîëíó ñèñòåìû Kπ äàþò âêëàä òðè ðåçîíàíñà: K∗(892), K∗(1410)
è K∗(1680), ïîýòîìó èõ ïàðàìåòðû áîëüøå íå ñîîòâåòñòâóþò
ïàðàìåòðàì Áðåéòà-Âèãíåðà. Ðàçíèöà çíà÷èìà äëÿ K∗(892)+ è
K∗(892)0, ïîýòîìó èõ ïàðàìåòðû ïðè ïîäãîíêå ñâîáîäíû.

• Êîíñòàíòû ñâÿçè γ
(Kπ+)
K∗ è γ

(Kπ0)
K∗ çàôèêñèðîâàíû íà àáñîëþòíûõ

çíà÷åíèÿõ êîýôôèöèåíòîâ Êëåáøà-Ãîðäàíà: γ
(Kπ+)
K∗ =

√
2√
3
, γ

(Kπ0)
K∗ = 1√

3
.
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Belle
K -ìàòðèöà äëÿ Tcc̄ è Tcc̄s

• Ñîñòîÿíèÿ Tcc̄ è Tcc̄s ïàðàìåòðèçóþòñÿ àíàëîãè÷íî
ïàðöèàëüíûì âîëíàì Kπ ñ L ≥ 1 ñ èñïîëüçîâàíèåì îäíî- èëè
äâóõêàíàëüíîé K -ìàòðèöû â çàâèñèìîñòè îò ÷èñëà âîçìîæíûõ
ïàðöèàëüíûõ âîëí â ðàñïàäå Tcc̄ → ψ(2S)π èëè Tcc̄s → ψ(2S)K ,
ñîîòâåòñòâåííî.

• Ìàññà mTcc̄ è øèðèíà ΓTcc̄ - ñâîáîäíûå ïàðàìåòðû.

• Â ñëó÷àå îäíîêàíàëüíîé K -ìàòðèöû êîíñòàíòà ñâÿçè γTcc̄
ôèêñèðóåòñÿ íà çíà÷åíèè 1. Â ñëó÷àå äâóõêàíàëüíîé K -ìàòðèöû
ïàðöèàëüíûå âîëíû äàþò âêëàä â îäíî è òî æå êîíå÷íîå
ñîñòîÿíèå. Êîíñòàíòû ñâÿçè ïàðàìåòðèçóþòñÿ êàê

γL1Tcc̄ =
1√

1+ r2
, γL2Tcc̄ =

r√
1+ r2

, (14)

ãäå r = γL2Tcc̄/γ
L1
Tcc̄

- îòíîøåíèå ìåæäó êîíñòàíòàìè ñâÿçè äëÿ
ïàðöèàëüíûõ âîëí ñ áîëüøèì óãëîâûì ìîìåíòîì L2 è ìåíüøèì
óãëîâûì ìîìåíòîì L1.
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Belle
Ôóíêöèÿ ïëîòíîñòè ñèãíàëà

Ôóíêöèÿ ïëîòíîñòè ñèãíàëà äëÿ ðàñïàäîâ B0 è B+ ðàâíà

SB(Φ) =
∑

λℓ+−λ
ℓ−=−1,1

∣∣∣ ∑
λψ(2S)=−1,0,1

Aλψ(2S)
(Φ)e

iλψ(2S)φ
[1]

ℓ+ d1λψ(2S) λℓ+−λ
ℓ−

(θ
[1]
ψ(2S)

)
∣∣∣2
(15)

äëÿ êàíàëà ψ(2S) → ℓ+ℓ− è

SB(Φ) =
∑

λℓ+−λ
ℓ−=−1,1

∣∣∣ ∑
λψ(2S)=−1,0,1

λJ/ψ=−1,0,1

Aλψ(2S)
(Φ)e

iλψ(2S)φ
[2]
J/ψd1λψ(2S) λJ/ψ

(θ
[2]
ψ(2S)

)e
iλJ/ψφ

[2]

ℓ+

× d1λJ/ψ λℓ+−λ
ℓ−

(θ
[2]
J/ψ

)
[
A0(M

2
π+π− ) + d20 0(θ

[2]
fJ
)A2(M

2
π+π− )

] ∣∣∣2
(16)

äëÿ êàíàëà ψ(2S) → J/ψπ+π−, ãäå

Aλψ(2S)
(Φ) =

∑
J(K∗)

d
J(K∗)
λψ(2S) 0

(θ
(1)
K∗ )A

(B→ψ(2S)K∗)
λψ(2S)

(MKπ)

+
∑

λ̃ψ(2S)=−1,0,1

(−1)λψ(2S)d1
λ̃ψ(2S) λψ(2S)

(β2)
∑

J(Tcc̄ )

d
J(Tcc̄ )

0 λ̃ψ(2S)
(θ

(2)
Tcc̄

)

×
∑

P(Tcc̄ )

A
(Tcc̄→ψ(2S)π)

λ̃ψ(2S)
(Mψ(2S)π)

...(ïðîäîëæåíèå íà ñëåäóþùåé ñòðàíèöå)
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Belle
Ôóíêöèÿ ïëîòíîñòè ñèãíàëà

...(íà÷àëî íà ïðåäûäóùåé ñòðàíèöå)

+
∑

λ̃ψ(2S)=−1,0,1

(−1)λψ(2S)d1
λ̃ψ(2S) λψ(2S)

(β3)
∑

J(Tcc̄s )

d
J(Tcc̄s )

0 λ̃ψ(2S)
(θ

(3)
Tcc̄s

)

×
∑

P(Tcc̄s )

A
(Tcc̄s→ψ(2S)K)

λ̃ψ(2S)
(Mψ(2S)K ),

(17)

ãäå A
(B→ψ(2S)K∗)
λψ(2S)

, A
(Tcc̄→ψ(2S)π)

λ̃ψ(2S)
, è A

(Tcc̄s→ψ(2S)K)

λ̃ψ(2S)
- àìïëèòóäû ñ îïðåäåë¼ííîé

ñïèðàëüíîñòüþ, êîòîðûå âûðàæàþòñÿ ÷åðåç ïàðöèàëüíî-âîëíîâûå àìïëèòóäû ñ
èñïîëüçîâàíèåì óð. (B5) èç [Annals Phys. 7, 404]:

⟨JM; LS|JM;λ1λ2⟩ =

√
2L+ 1

2J + 1
C(LSJ; 0, λ1 − λ2)C(s1s2S;λ1,−λ2), (18)

Ôóíêöèÿ ïëîòíîñòè ñèãíàëà SB̄ äëÿ B̄0 è B− çàäà¼òñÿ òåìè æå óðàâíåíèÿìè ñ
ïðîòèâîïîëîæíûì çíàêîì àçèìóòàëüíûõ óãëîâ. Â êàíàëå B0 → ψ(2S)π0K0

S
íåâîçìîæíî

ðàçëè÷èòü B0 è B̄0-ìåçîíû, ïîýòîìó ôóíêöèÿ ïëîòíîñòè ñèãíàëà îïðåäåëÿåòñÿ êàê

S(Φ) =
SB(Φ) + SB̄(Φ)

2
. (19)
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Belle
Ôóíêöèÿ ïðàâäîïîäîáèÿ

Ìèíèìèçèðóåòñÿ ôóíêöèÿ

F =
∑
i

−2 ln
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(20)

ãäå èíäåêñ i ïðîõîäèò ïî ñîáûòèÿì â äàííûõ, èíäåêñ j ïðîõîäèò ïî ñîáûòèÿì
ñèãíàëüíîãî ÌÊ, ñãåíåðèðîâàííûì ñ ðàâíîìåðíûì ðàñïðåäåëåíèåì ïî ôàçîâîìó
ïðîñòðàíñòâó è âîññòàíîâëåííûì ñ òåìè æå êðèòåðèÿìè îòáîðà, ÷òî è äàííûå, B(Φ) -

ôóíêöèÿ ïëîòíîñòè ôîíà, wj - âåñ j-ãî ñîáûòèÿ ÌÊ, fS è f
(k)
B

- äîëè ñèãíàëüíûõ è

ôîíîâûõ ñîáûòèé ñîîòâåòñòâåííî, âû÷èñëÿåìûå êàê fS = NS/N, f
(k)
B

= N
(k)
B
/N, ãäå NS è

NB - âûõîäû ñèãíàëà è ôîíà, N = NS +
∑
k

N
(k)
B

è k - íîìåð èñòî÷íèêà ôîíà. Ïðè

ïàðàìåòðèçàöèè ôîíà òàêæå èñïîëüçóþòñÿ èñòî÷íèêè ôîíà:

F =
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B

, (21)

ãäå äîëè êîìïîíåíòîâ f̃B è f̃
(k)
B

âû÷èñëåíû äëÿ êîíòðîëüíîé îáëàñòè.
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Belle
Ïàðàìåòðèçàöèÿ ôîíà îò B0 → ψ(2S)K 0

S
Ïèêóþùèéñÿ ôîí îò B0 → ψ(2S)K0

S
â êàíàëå B0 → ψ(2S)π−K+ ïàðàìåòðèçóåòñÿ èç

ñèãíàëüíîãî ÌÊ ñãåíåðèðîâàííîãî â ñîîòâåòñòâèè ñ ðåçóëüòàòîì àìïëèòóäíîãî àíàëèçà
B → ψ(2S)K . Ïðèìåð ðåçóëüòàòîâ (Belle, B0 → ψ(2S)π−K+, J/ψ(→ ℓ+ℓ−)π+π−,
êîíòðîëüíûå îáëàñòè):
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Belle
Ïàðàìåòðèçàöèÿ ôîíà

Çàòåì ïàðàìåòðèçóåòñÿ ôîí (äëÿ B0 → ψ(2S)π−K+ ïðè ýòîì åñòü èñòî÷íèê ôîíà îò
B0 → ψ(2S)K0

S
). Ïðèìåð ðåçóëüòàòîâ (Belle II, B0 → ψ(2S)π−K+,

ψ(2S) → J/ψ(→ ℓ+ℓ−)π+π−, êîíòðîëüíûå îáëàñòè):
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Belle
Ïîäãîíêà ñèãíàëà, ñòàäèÿ 1

Ïðîâîäèòñÿ îäíîâðåìåííàÿ ïîäãîíêà âñåõ ÷åòûð¼õ èçîñïèíîâî-ñîïðÿæ¼ííûõ êàíàëîâ:
B0 → ψ(2S)π−K+, B+ → ψ(2S)π+K0

S
, B+ → ψ(2S)π0K+ è B0 → ψ(2S)π0K0

S
. Ïðèìåð

ðåçóëüòàòîâ (B0 → ψ(2S)π−K+, ñóììà âñåõ êàíàëîâ ψ(2S), Belle + Belle II):
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Íà ýòîé ñòàäèè íåò ïîëó÷åíèÿ ôèçè÷åñêèõ ðåçóëüòàòîâ. Âìåñòî ýòîãî ìîäåëü
èñïîëüçóåòñÿ äëÿ ãåíåðàöèè ðåàëèñòè÷íîãî ñèãíàëüíîãî ÌÊ äëÿ âñåõ 4 ðàñïàäîâ
B → ψ(2S)πK .
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Belle
Ïåðåêð¼ñòíûå ôîíû, ôîí îò ñèãíàëüíîãî ïðîöåññà

Ïîñëå ýòîãî ñ èñïîëüçîâàíèåì ðåàëèñòè÷íîãî ñèãíàëüíîãî ÌÊ ïàðàìåòðèçóþòñÿ
ïåðåêð¼ñòíûå ôîíû îò B → ψ(2S)πK è ôîí îò ñèãíàëüíîãî ïðîöåññà. Ïðèìåð
ðåçóëüòàòîâ (Belle, ïåðåêð¼ñòíûé ôîí: ñîáûòèÿ B0 → ψ(2S)π−K+ ðåêîíñòðóèðîâàííûå
êàê B+ → ψ(2S)π0K+, ψ(2S) → J/ψ(→ ℓ+ℓ−)π+π−, êîíòðîëüíûå îáëàñòè):
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Belle
Ïàðàìåòðèçàöèÿ ôîíà, ñòàäèÿ 2

Ïåðåä 2 ñòàäèåé àíàëèçà ïîäãîíêè ðàçðåøåíèÿ è ðàñïðåäåëåíèé ïî (∆E ,Mbc)
âûïîëíÿþòñÿ ñíîâà. Ïîäãîíêà ðàñïðåäåëåíèé ïî (∆E ,Mbc) âûïîëíÿåòñÿ îäíîâðåìåííî
äëÿ âñåõ ðàñïàäîâ B → ψ(2S)πK è B0 → ψ(2S)K0

S
. Âûõîäû ñèãíàëà ïðèâåäåíû â

äîïîëíèòåëüíûõ ñëàéäàõ.
Ôîí ïîäãîíÿåòñÿ ñ èñïîëüçîâàíèåì òîé æå ôóíêöèè, ÷òî è ðàíåå, íî ñ íîâûìè
ïèêóþùèìèñÿ ôîíàìè. Ïðèìåð ðåçóëüòàòîâ (B+ → ψ(2S)π+K0

S
, Belle II,

ψ(2S) → J/ψ(→ ℓ+ℓ−)π+π−; êðàñíàÿ øòðèõîâàÿ ëèíèÿ - ðåçóëüòàò ñòàäèè 1, ñèíÿÿ
ñïëîøíàÿ ëèíèÿ - ðåçóëüòàò ñòàäèè 2):
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Ðàçíîñòü ìåæäó ïîëó÷åííûìè çíà÷åíèÿìè ôóíêöèè ïðàâäîïîäîáèÿ F äëÿ ïåðâîé è
âòîðîé ñòàäèé ñîñòàâëÿåò îò -7.6 äî 90.5. Ïðàâäîïîäîáèå óëó÷øàåòñÿ äëÿ âñåõ êàíàëîâ,
êðîìå B+ → ψ(2S)π+K0

S
c ψ(2S) → ℓ+ℓ− äëÿ äàííûõ Belle II, äëÿ êîòîðîãî îí

ñòàíîâèòñÿ íåçíà÷èìî õóæå.
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Belle
Ïîäãîíêà ñèãíàëà, ñòàäèÿ 2

Àíàëîãè÷íî, ñèãíàëüíàÿ ìîäåëü ñòàäèè 2 îñòà¼òñÿ òîé æå, íî äîáàâëÿþòñÿ
èñòî÷íèêè ïèêóþùåãîñÿ ôîíà. Ðåçóëüòàòû ñòàäèè 2 (ñïëîøíàÿ ñèíÿÿ
ëèíèÿ) è ñòàäèè 1 (êðàñíàÿ øòðèõîâàÿ ëèíèÿ) ñðàâíèâàþòñÿ äëÿ
B0 → ψ(2S)π−K+ (ñëåâà) è B+ → ψ(2S)π0K+ (ñïðàâà) (ñóììà ïî
ýêñïåðèìåíòàì è êàíàëàì ψ(2S)):
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Óëó÷øåíèå ïî ñðàâíåíèþ ñî ñòàäèåé 1 ñîñòàâëÿåò 6.8σ. Ðåçóëüòàòû
ïîäãîíêè îòëè÷àþòñÿ ãëàâíûì îáðàçîì â îáëàñòè íèçêèõ ýíåðãèé π.
Ðàçëè÷èå î÷åíü ìàëî äëÿ êàíàëîâ ñ π+ â êîíå÷íîì ñîñòîÿíèè, à äëÿ
êàíàëîâ ñ π0 â êîíå÷íîì ñîñòîÿíèè îíî çíà÷èìî.
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Belle
Ïàðàìåòðû Tcc̄ è äðóãèå êâàíòîâûå ÷èñëà
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Tcc̄1(4430)
+: ÇÀÊÐÛÒÎ

Tcc̄1(4430)
0: ÇÀÊÐÛÒÎ

Óðîâíè èñêëþ÷åíèÿ:
JP Tcc̄1(4430)

+

0− ÇÀÊÐÛÒÎ
1− ÇÀÊÐÛÒÎ
2+ ÇÀÊÐÛÒÎ
2− ÇÀÊÐÛÒÎ
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Belle
Çàêëþ÷åíèå

• Ðàçðàáîòàí ìåòîä àìïëèòóäíîãî àíàëèçà ðàñïàäîâ
B → ψ(2S)πK ñ îäíîâðåìåííîé ïîäãîíêîé âñåõ ñîïðÿæ¼ííûõ ïî
èçîñïèíó êàíàëîâ: B0 → ψ(2S)π−K+, B+ → ψ(2S)π+K 0

S ,
B+ → ψ(2S)π0K+, è B0 → ψ(2S)π0K 0

S .

• Ïîêà ÷èñëåííûå ðåçóëüòàòû çàêðûòû äëÿ ïðåäñòàâëåíèÿ âíå
êîëëàáîðàöèè. Ðåçóëüòàòû äëÿ ñîñòîÿíèÿ Tcc̄1(4430)

+

âîñïðîèçâîäÿò áîëåå ðàííèå ðåçóëüòàòû Belle è LHCb.
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Äîïîëíèòåëüíûå ñëàéäû
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Belle
B → ψ(2S)K signal �t results
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All experiments and channels are summed. The points with error bars are data,
the solid line is the �t result, and the hatched histograms are the background
estimated from ∆E sidebands.

The resulting value of κ (real parameter describing ππ D-wave contribution) is
0.1956± 0.0037, where the error is statistical only; it is consistent (2.4σ
greater) with BES value (from e+e− → ψ(2S) → J/ψπ+π−)
κ = 0.183± 0.002± 0.003. The Belle result may be slightly shifted due to
unaccounted non-ψ(2S) B+ → J/ψπ+π−K+ events. Thus, the
B+ → ψ(2S)K+ model is considered to be validated.
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Belle
Resolution

The resolution in (∆E ,Mbc) is parameterized by the function

S(∆E ,Mbc) =



N

S∆ESMbc

(
N1Ga(X1)Ga(Y1)

+ N2FCB(X2)FCB(Y2)

+ N3FCB(X3)FCB(Y3)
) for Mbc ≤ (Mbc)max

0 for Mbc > (Mbc)max,
(22)

where (Mbc)max = (
√
s)max/2, N is common normalization, N1, N2, and N3 are

normalizations of individual terms, Ga is an asymmetric Gaussian function, FCB
is an asymmetric Crystal Ball function, and Xi and Yi are rotated variables that
are given by

(
Xi
Yi

)
=


(

cosαi sinαi
− sinαi cosαi

)(
∆E − (∆E )i
Mbc − (Mbc)i

)
for i = 1,(

cosαi sinαi
− sinαi cosαi

)(
∆E ′ − (∆E ′)1 − (∆E ′)i
M ′

bc − (M ′
bc)1 − (M ′

bc)i

)
for i = 2, 3,

(23)
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Belle
Resolution

where αi is the rotation angle; ∆E ′ and M ′
bc are scaled variables given by

∆E ′ =
∆E − (∆E )0

S∆E
, M ′

bc =
Mbc − (Mbc)0

SMbc

, (24)

where S∆E and SMbc
are the resolution scaling coe�cients in ∆E and

Mbc, respectively, and ((∆E )0, (Mbc)0) is the central point; (∆E ′)i and
(M ′

bc)i de�ne the central points for rotations. For resolution �t, both
resolution scaling coe�cients are �xed at 1 and the central point ((∆E )0,
(Mbc)0) is �xed at (0,mB).
The resolution is determined from a binned maximum likelihood �t to
signal MC events weighted by their e�ciency-correction coe�cients. The
weights include di�erences of π+ and K+ fake rates in data and MC. This
has no e�ect on resolution �ts, but changes results of (∆E ,Mbc) �ts and
cross-feed background parameterization compared to B2GM version.
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(∆E ,Mbc) �t

The (∆E ,Mbc) distribution is �tted using the function

NS [S(∆E ,Mbc) + N
(sig)
B

B(sig)(∆E ,Mbc)] + C(∆E ,Mbc), (25)

where NS is the signal yield, S is the signal PDF, Nsig
B

is the ratio of signal-process background

yields in data and MC, B(sig) is the signal-process background distribution obtained from MC
by bilinear interpolation, and C is the combinatorial-background density function given by

C(∆E ,Mbc) = P3(∆E ,Mbc)×


√
m0 −Mbc exp[−a(m0 −Mbc)] for Mbc < m0 −∆m,

√
∆m exp[−a∆m + (a−

1

2∆m
)(Mbc − (m0 −∆m))] for m0 −∆m ≤ Mbc < mthr,

0 for mthr ≤ Mbc,

,

(26)
where P3 is a two-dimensional third-order polynomial, mthr is the threshold, m0 is the e�ective
threshold, a is a rate parameter, and ∆m is the di�erence between the e�ective threshold and
the transition point.
The threshold mass mthr is �xed at the maximal value of

√
s/2. The parameters of the signal

density function are �xed at the results of the resolution �t except for the central point
((∆E)0, (Mbc)0) and resolution scalings S∆E and SMbc

, which are released to take the
di�erence between the MC simulation and data into account.
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Signal region

The expected number of signal events for B+ → ψ(2S)π0K+ is calculated as

N
(i)
sig =2NΥ(4S)B(Υ(4S) → B+B−)B(B+ → ψ(2S)π0K+)B(ψ(2S) → i)ϵ

(i)
SRϵ

(i)
S (v

(i)
0 ),

(27)
where NΥ(4S) is the number of Υ(4S) events, B(ψ(2S) → i) is the branching

fraction of the ψ(2S) to its i-th decay channel, ϵ
(i)
SR is the reconstruction

e�ciency for the speci�c signal region SR before the requirement (v > v0) on

the neural-network output variable v for the signal events, and ϵ
(i)
S (v

(i)
0 ) is the

e�ciency of the neural-network output requirement. The
signal-region-dependent reconstruction e�ciency is calculated as

ϵ
(i)
SR = ϵ

(i)
R

∫
SR

Si (∆E ,Mbc)d∆EdMbc, (28)

where ϵ
(i)
R is the reconstruction e�ciency, and Si is the signal probability density

function for i-th J/ψ decay channel (the integral of Si over the signal region is
the e�ciency of the signal region selection).
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Belle
Signal region

The expected number of background events is calculated as

Nbg = ϵB(v0)

∫
SR

B(∆E ,Mbc)d∆EdMbc, (29)

where ϵB(v0) is the e�ciency of the neural-network output requirement
for the background events and B is the background density function.
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Likelihood for cross-feed background

MC events are used for parameterization of cross-feed background, but it
is necessary to determine the distribution in data. Thus, a �t with
weighted data is used. There are no background sources. The likelihood
function is

F =
∑
i

−2wi ln

 B(k)(Φi )∑
j

wjB(k)(Φj)

 , (30)

where N(k) is the total number of reconstructed cross-feed events.
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B
0 → ψ(2S)K 0

S background �t

In the B-meson rest frame

M2
K−π+ = m2

K+ +m2
π+ + 2

√
E 2
π− +m2

K+ −m2
π+Eπ+ − 2(p⃗π− , p⃗π+) (31)

for wrong identi�cation and

m2
K0
S
= m2

π+ +m2
π+ + 2Eπ−Eπ+ − 2(p⃗π− , p⃗π+) (32)

for correct identi�cation, where

Eπ− =
m2
B0 +m2

π+ −M2
ψ(2S)π+

2mB0
(33)

is the energy of the incorrectly identi�ed π meson. Subtracting Eq. (31) from
Eq. (32), one gets

M2
K−π+ −m2

K0
S
= m2

K+ −m2
π+ + 2Eπ+

(√
E 2
π− +m2

K+ −m2
π+ − Eπ−

)
(34)
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Belle
B
0 → ψ(2S)K 0

S background �t

The energy of the correctly identi�ed π meson is

Eπ+ =
m2
B0 +m2

π+ −M2
ψ(2S)π−

2mB0
. (35)

Using the relation 2m2
π+ +m2

ψ(2S) +m2
B0 = M2

ψ(2S)π− +M2
ψ(2S)π+ +m2

K0
S

, the

formula becomes

(M2
K−π+)K0

S
=m2

K0
S
+m2

K+ −m2
π+

+
m2
K0
S

−m2
π+ −m2

ψ(2S) +M2
ψ(2S)π+

mB0

(√
E 2
π− +m2

K+ −m2
π+ − Eπ−

)
.

(36)
This expression is an approximation ignoring B-meson energy change and
kinematic-�tting e�ects. Further corrections should be applied to get the actual
cross-feed background peak position.
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B
0 → ψ(2S)K 0

S background �t
The B0 → ψ(2S)K0

S
background model is given by

BK0
S
(Φ) =

N exp
[
Pk(Φ) + Nthr(1− xψ(2S)π)

a
]
P4(cos θψ(2S))

+ NK0
S
exp

[
P

(K0
S )

l
(Φ1) + Pm(cos θ

(1)
K∗ )

]
P

(K0
S )

n (cos θψ(2S)) Sig(M
2
ψ(2S)π)

× [(1− f2)G1
(
(MKπ − (MKπ)K0

S
)(1+ P2(Φ1)),D1(Φ1), σ1(cos θ

(1)
K∗ )(1+ σ

(corr)
1 (Φ2))

)
+ f2G2

(
(MKπ − (MKπ)K0

S
)(1+ P2(Φ1)),D1(Φ1) + D2, σ2(cos θ

(1)
K∗ )

)
],

(37)

where N and NK0
S
are normalizations, Pk and P

(K0
S )

l
are main polynomials for the non-peaking

background and the K0
S
peak, respectively, their orders k and l being up to six depending on

the channel; P4(cos θψ(2S)) and P
(K0
S )

n (cos θψ(2S)) are polynomials describing the dependence

on cos θψ(2S), the order n or the K0
S
polynomial being 8 for the background region and 4 for

the signal region; Pm is polynomial describing the dependence of the K0
S
peak on the K∗

helicity angle, its order m being up to 10 depending on the channel; G1 and G2 are Gaussian
functions, P2 is a two-dimensional polynomial without a constant term, D1 is a
one-dimensional eighth-order polynomial, σ1 and σ2 are one-dimensional polynomials of order

up to four deoending on the channel, σ
(corr)
1 is a second-order polynomial. Φ1 is reduced phase

space with no dependence on MKπ , and Φ2 is reduced phase space with no dependence on

MKπ and on cos θ
(1)
K∗ .
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Background parameterization

The combinatorial-background density is given by

BK0
S
(Φ) =N exp [Pk(Φ)] (1+ bNb)

+ NK∗(892) exp[P1(Φ1)]
1

|m2
K∗(892) −M2

Kπ − imK∗(892)ΓK∗(892)|2

+ N
(fJ )

K0
S

expP1(Φ3)

(38)

where N is normalization, Pk is a polynomial describing non-peaking combinatorial
background (its order k being up to 7 for the terms containing B → ψ(2S)πK Dalitz-plot
variables and up to 5 for other terms), b is B-meson �avor, Nb describes the normalization

dependence on �avor, NK∗(892) is the normalization of the K∗(892) background, N
(fJ )

K0
S

is the

normalization of the K0
S
background in the fJ invariant mass, and Φ3 is reduced phase space

without MfJ
. A simple constant-width Breit-Wigner matrix element is used for the K∗(892). It

is not necessary to use the relativistic Breit-Wigner formula because the background has an
additional probability for the event to contibute to the background, thus, its shape generally
does not coincide exactly with the physical signal. The K0

S
background is added for

ψ(2S) → J/ψ(→ ℓ+ℓ−)π+π− only.
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Cross-feed background

The density for the cross-feed from B+ → ψ(2S)π+K0
S
to B0 → ψ(2S)π−K+ is similar to

Eq. (37), with additional terms for contibution of real K∗(892) mesons, background from real
K0
S
in the fJ invariant mass, and dependence on the B-meson �avor b:

BK0
S
(Φ) =

N exp
[
Pk(Φ) + Nthr(1− xψ(2S)π)

a
]
P4(cos θψ(2S))[1+ b(Nb + Pβ(Φ) cos2(φℓ+ − α))]

+ NK∗(892) exp[P1(Φ1)]
1

|m2
K∗(892) −M2

Kπ − imK∗(892)ΓK∗(892)|2

+ N
(fJ )

K0
S

expP2(Φ3)

+ NK0
S
exp

[
P

(K0
S )

l
(Φ1) + Pm(cos θ

(1)
K∗ )

]
P

(K0
S )

n (cos θψ(2S)) Sig(M
2
ψ(2S)π)

× [(1− f2)G1
(
(MKπ − (MKπ)K0

S
)(1+ P2(Φ1)),D1(Φ1), σ1(cos θ

(1)
K∗ )(1+ σ

(corr)
1 (Φ2))

)
+ f2G2

(
(MKπ − (MKπ)K0

S
)(1+ P2(Φ1)),D1(Φ1) + D2, σ2(cos θ

(1)
K∗ )

)
],

(39)
where Nb is the normalization of �avor-dependent part, Pβ is a zeroth-order polynomial, the

angle α is a �t parameter, NK∗(892) is the normalization of the K∗(892) background, N
(fJ )

K0
S

is

the normalization of the K0
S
background in the fJ invariant mass, and Φ3 is reduced phase

space without MfJ
. The K0

S
background in the fJ invariant mass is added for

ψ(2S) → J/ψ(→ ℓ+ℓ−)π+π− only.
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Cross-feed background

For other cross-feed backgrounds, the density is given by

B(Φ) =N exp(Pk(Φ))Tπ(Φ)TK (Φ)[1+ b(Nb + Pβ(Φ) cos
2(φℓ+ − α))]

+ N
(fJ)

K0
S

expP2(Φ3).

(40)
where the phase-space variables for the decay chain via T−

cc̄s are used, the
polynomial Pk(Φ) contains the terms up to order 20 for terms containing
B → ψ(2S)πK Dalitz-plot variables and up to sixth order for other terms,
Tπ and TK are threshold functions given by

Tπ(Φ) =
1

1+ exp[−k(Φ)(Eπ − E
(0)
π (Φ))]

, (41)

where the rate parameter k and threshold E
(0)
π are polynomials up to the

second order.

Ê. ×èëèêèí (ÈßÔ) Àìïëèòóäíûé àíàëèç B → ψ(2S)πK Ñåññèÿ ÑßÔ ÎÔÍ ÐÀÍ, 11.03.2026 41 / 46



Belle
Signal-process background

The density for signal-process background is similar to Eq. (40):

B(Φ) =N exp(Pk(Φ))Tπ(Φ)TK (Φ)[1+ b(Nb + Pβ(Φ) cos
2(φℓ+ − α))]

+ NK∗(892) exp[P4(Φ1)]
1

|m2
K∗(892) −M2

Kπ − imK∗(892)ΓK∗(892)|2

+ N
(fJ)

K0
S

expP2(Φ3),

(42)
where the order of the main polynomial k may reach 28 for Dalitz-plot
variables depending on the channel, and an additional term for the
K ∗(892) contribution is added similar to Eq. (39) but with a higher order
of the normalization polynomial which may reach four. The K ∗(892) mass
and width depend on the phase space and described by �rst-order
polynomials.
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Signal and background yields in the signal region

B channel Experiment Component ℓ+ℓ− J/ψ(→ ℓ+ℓ−)π+π−

B0 → ψ(2S)π−K+ Belle Signal 1946.1± 40.8± 4.3 2823.6± 58.7± 4.4
B0 → ψ(2S)π−K+ Belle Signal-process background 86.5± 2.0± 0.3 107.2± 2.5± 0.1
B0 → ψ(2S)π−K+ Belle B0 → ψ(2S)K 0

S cross-feed 4.8± 0.1± 0.0 5.4± 0.1± 0.0
B0 → ψ(2S)π−K+ Belle B+ → ψ(2S)π+K 0

S cross-feed 15.4± 0.6± 0.1 18.6± 0.7± 0.0
B0 → ψ(2S)π−K+ Belle B+ → ψ(2S)π0K+ cross-feed 24.3± 1.0± 0.6 35.2± 1.4± 1.7
B0 → ψ(2S)π−K+ Belle Combinatorial background 170.3± 5.3± 0.5 368.1± 9.4± 1.7
B0 → ψ(2S)π−K+ Belle II Signal 1095.5± 36.7± 10.8 1338.6± 40.7± 26.6
B0 → ψ(2S)π−K+ Belle II Signal-process background 52.6± 2.3± 0.4 50.4± 1.8± 0.8
B0 → ψ(2S)π−K+ Belle II B0 → ψ(2S)K 0

S cross-feed 4.8± 0.2± 0.1 4.6± 0.2± 0.1
B0 → ψ(2S)π−K+ Belle II B+ → ψ(2S)π+K 0

S cross-feed 8.1± 0.4± 0.1 7.3± 0.4± 0.0
B0 → ψ(2S)π−K+ Belle II B+ → ψ(2S)π0K+ cross-feed 14.5± 0.8± 0.1 16.6± 0.8± 0.3
B0 → ψ(2S)π−K+ Belle II Combinatorial background 157.7± 7.5± 6.8 209.9± 7.5± 17.0
B+ → ψ(2S)π+K 0

S Belle Signal 548.3± 21.8± 4.2 800.5± 31.0± 2.1
B+ → ψ(2S)π+K 0

S Belle Signal-process background 36.2± 1.6± 0.3 45.4± 2.1± 0.4
B+ → ψ(2S)π+K 0

S Belle B0 → ψ(2S)π−K+ cross-feed 4.1± 0.1± 0.0 4.7± 0.1± 0.0
B+ → ψ(2S)π+K 0

S Belle B0 → ψ(2S)π0K 0
S cross-feed 8.6± 0.7± 1.0 12.9± 1.0± 0.9

B+ → ψ(2S)π+K 0
S Belle Combinatorial background 46.9± 3.4± 1.1 95.4± 4.8± 1.3

B+ → ψ(2S)π+K 0
S Belle II Signal 349.0± 20.0± 3.5 393.0± 21.9± 1.5

B+ → ψ(2S)π+K 0
S Belle II Signal-process background 26.3± 1.7± 0.3 28.5± 2.1± 0.1

B+ → ψ(2S)π+K 0
S Belle II B0 → ψ(2S)π−K+ cross-feed 3.3± 0.1± 0.0 3.6± 0.1± 0.1

B+ → ψ(2S)π+K 0
S Belle II B0 → ψ(2S)π0K 0

S cross-feed 5.0± 0.5± 0.9 7.0± 0.6± 0.2
B+ → ψ(2S)π+K 0

S Belle II Combinatorial background 38.2± 3.9± 3.5 67.0± 4.5± 1.7
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Signal and background yields in the signal region

B channel Experiment Component ℓ+ℓ− J/ψ(→ ℓ+ℓ−)π+π−

B+ → ψ(2S)π0K+ Belle Signal 326.5± 17.9± 8.0 572.8± 31.4± 28.2
B+ → ψ(2S)π0K+ Belle Signal-process background 41.4± 3.2± 1.0 64.7± 4.8± 5.2
B+ → ψ(2S)π0K+ Belle B0 → ψ(2S)π−K+ cross-feed 37.5± 0.6± 0.1 39.5± 0.6± 0.1
B+ → ψ(2S)π0K+ Belle B0 → ψ(2S)π0K 0

S cross-feed 4.3± 0.5± 0.5 5.8± 0.6± 0.4
B+ → ψ(2S)π0K+ Belle Combinatorial background 107.4± 11.5± 5.2 218.1± 8.1± 20.7
B+ → ψ(2S)π0K+ Belle II Signal 302.0± 34.5± 1.2 420.6± 23.1± 6.7
B+ → ψ(2S)π0K+ Belle II Signal-process background 44.3± 4.0± 1.1 54.7± 5.2± 0.1
B+ → ψ(2S)π0K+ Belle II B0 → ψ(2S)π−K+ cross-feed 28.4± 0.7± 0.3 31.3± 0.7± 0.6
B+ → ψ(2S)π0K+ Belle II B0 → ψ(2S)π0K 0

S cross-feed 1.6± 0.2± 0.3 2.3± 0.3± 0.1
B+ → ψ(2S)π0K+ Belle II Combinatorial background 107.5± 6.0± 0.6 145.7± 6.9± 4.6
B0 → ψ(2S)π0K 0

S Belle Signal 73.8± 7.9± 8.7 130.5± 11.1± 8.8
B0 → ψ(2S)π0K 0

S Belle Signal-process background 8.8± 1.3± 1.0 11.4± 1.7± 1.7
B0 → ψ(2S)π0K 0

S Belle B+ → ψ(2S)π+K 0
S cross-feed 11.8± 0.3± 0.1 11.4± 0.3± 0.0

B0 → ψ(2S)π0K 0
S Belle B+ → ψ(2S)π0K+ cross-feed 1.2± 0.1± 0.0 1.3± 0.1± 0.1

B0 → ψ(2S)π0K 0
S Belle Combinatorial background 16.0± 1.5± 5.0 34.5± 2.0± 5.3

B0 → ψ(2S)π0K 0
S Belle II Signal 67.4± 7.3± 11.9 104.7± 11.8± 3.6

B0 → ψ(2S)π0K 0
S Belle II Signal-process background 14.7± 2.3± 1.6 16.0± 2.7± 0.3

B0 → ψ(2S)π0K 0
S Belle II B0 → ψ(2S)π−K+ cross-feed 12.4± 0.5± 0.1 11.1± 0.5± 0.0

B0 → ψ(2S)π0K 0
S Belle II B+ → ψ(2S)π0K+ cross-feed 1.5± 0.1± 0.0 1.6± 0.1± 0.0

B0 → ψ(2S)π0K 0
S Belle II Combinatorial background 21.8± 1.8± 6.5 44.5± 2.4± 1.1
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Belle
Signal and background yields in the background region

B channel Experiment Component ℓ+ℓ− J/ψ(→ ℓ+ℓ−)π+π−

B0 → ψ(2S)π−K+ Belle Signal-process background 318.0± 7.3± 1.0 477.9± 11.3± 0.4
B0 → ψ(2S)π−K+ Belle B0 → ψ(2S)K 0

S cross-feed 57.1± 1.4± 0.2 81.0± 2.1± 0.7
B0 → ψ(2S)π−K+ Belle B+ → ψ(2S)π+K 0

S cross-feed 86.6± 3.2± 0.7 133.1± 4.8± 0.4
B0 → ψ(2S)π−K+ Belle B+ → ψ(2S)π0K+ cross-feed 111.9± 4.5± 2.8 205.8± 8.2± 10.0
B0 → ψ(2S)π−K+ Belle Combinatorial background 1273.6± 24.2± 3.3 3122.0± 52.7± 9.4
B0 → ψ(2S)π−K+ Belle II Signal-process background 181.7± 7.9± 1.4 214.7± 8.0± 3.4
B0 → ψ(2S)π−K+ Belle II B0 → ψ(2S)K 0

S cross-feed 50.2± 1.9± 0.6 63.5± 2.3± 1.4
B0 → ψ(2S)π−K+ Belle II B+ → ψ(2S)π+K 0

S cross-feed 40.4± 2.0± 0.4 47.9± 2.4± 0.2
B0 → ψ(2S)π−K+ Belle II B+ → ψ(2S)π0K+ cross-feed 65.2± 3.5± 0.3 97.6± 4.5± 1.6
B0 → ψ(2S)π−K+ Belle II Combinatorial background 999.5± 31.2± 10.0 1690.2± 38.2± 14.8
B+ → ψ(2S)π+K 0

S Belle Signal-process background 140.8± 6.4± 1.2 216.3± 10.3± 1.9
B+ → ψ(2S)π+K 0

S Belle B0 → ψ(2S)π−K+ cross-feed 22.7± 0.4± 0.1 34.1± 0.7± 0.1
B+ → ψ(2S)π+K 0

S Belle B0 → ψ(2S)π0K 0
S cross-feed 40.6± 3.5± 4.8 78.7± 5.8± 5.2

B+ → ψ(2S)π+K 0
S Belle Combinatorial background 384.1± 19.3± 3.4 945.1± 31.3± 3.9

B+ → ψ(2S)π+K 0
S Belle II Signal-process background 75.4± 5.5± 0.8 92.9± 7.7± 0.2

B+ → ψ(2S)π+K 0
S Belle II B0 → ψ(2S)π−K+ cross-feed 16.8± 0.5± 0.2 21.2± 0.6± 0.4

B+ → ψ(2S)π+K 0
S Belle II B0 → ψ(2S)π0K 0

S cross-feed 21.1± 2.2± 3.7 34.8± 3.0± 1.2
B+ → ψ(2S)π+K 0

S Belle II Combinatorial background 303.3± 18.2± 7.5 515.9± 22.8± 14.0
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Belle
Signal and background yields in the background region

B channel Experiment Component ℓ+ℓ− J/ψ(→ ℓ+ℓ−)π+π−

B+ → ψ(2S)π0K+ Belle Signal-process background 78.9± 5.6± 1.3 165.8± 11.5± 12.7
B+ → ψ(2S)π0K+ Belle B0 → ψ(2S)π−K+ cross-feed 91.7± 1.4± 0.2 137.7± 2.2± 0.2
B+ → ψ(2S)π0K+ Belle B0 → ψ(2S)π0K 0

S cross-feed 10.6± 1.3± 1.2 20.6± 2.1± 1.4
B+ → ψ(2S)π0K+ Belle Combinatorial background 349.6± 29.0± 6.8 999.2± 26.5± 18.8
B+ → ψ(2S)π0K+ Belle II Signal-process background 95.7± 7.8± 1.8 135.5± 11.2± 0.6
B+ → ψ(2S)π0K+ Belle II B0 → ψ(2S)π−K+ cross-feed 80.4± 2.0± 0.8 101.7± 2.3± 2.0
B+ → ψ(2S)π0K+ Belle II B0 → ψ(2S)π0K 0

S cross-feed 4.5± 0.6± 0.8 7.3± 0.8± 0.3
B+ → ψ(2S)π0K+ Belle II Combinatorial background 455.5± 18.4± 4.9 680.9± 22.1± 0.8
B0 → ψ(2S)π0K 0

S Belle Signal-process background 15.9± 2.4± 1.9 29.7± 4.6± 4.5
B0 → ψ(2S)π0K 0

S Belle B+ → ψ(2S)π+K 0
S cross-feed 31.3± 0.9± 0.2 48.1± 1.4± 0.1

B0 → ψ(2S)π0K 0
S Belle B+ → ψ(2S)π0K+ cross-feed 3.2± 0.2± 0.1 5.9± 0.3± 0.3

B0 → ψ(2S)π0K 0
S Belle Combinatorial background 61.6± 5.1± 8.3 214.5± 10.5± 20.4

B0 → ψ(2S)π0K 0
S Belle II Signal-process background 24.7± 3.9± 2.7 34.3± 5.8± 0.7

B0 → ψ(2S)π0K 0
S Belle II B+ → ψ(2S)π+K 0

S cross-feed 31.2± 1.3± 0.3 36.9± 1.5± 0.1
B0 → ψ(2S)π0K 0

S Belle II B+ → ψ(2S)π0K+ cross-feed 4.4± 0.3± 0.0 6.6± 0.4± 0.1
B0 → ψ(2S)π0K 0

S Belle II Combinatorial background 92.2± 6.6± 16.8 239.8± 11.4± 12.9
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