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Ýêñïåðèìåíò

2 ðåçîíàíñà. Ìàññû

M1 = 4380± 37MeV , Γ = 205± 104MeV

M2 = 4450± 5MeV , Γ = 39± 24MeV
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Àòîì èëè ìîëåêóëà: 2 òÿ-
æåëûõ êâàðêà � äàëåêî
èëè áëèçêî? Ïðèáëèæåíèå

Áîðíà-Îïïåíãåéìåðà � òåðì
c-êâàðêîâ � ïîòåíöèàëüíàÿ
ýíåðãèÿ ëåãêèõ êâàðêîâ ïðè ïðè
ïðèáèòûõ ãâîçäÿìè c è c̄
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Îòêðûòûé èëè çàêðûòûé ÷àðì?
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D Σc

Ìîëåêóëà Σc-áàðèîí + D-ìåçîí
Ðàññòîÿíèå ìåæäó cc̄ ∼ 1 ôåðìè

Àòîì (hadrocharmonium). Â öåí-
òðå ÷àðìîíèóì � "ÿäðî"àòîìà
âîêðóã êîòîðîãî îáðàùàþòñÿ êâàð-
êè ïðîòîíàþ Ðàññòîÿíèå ìåæäó cc̄
∼ ðàçìåð ÷àðìîíèÿ
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Ëèáî-ëèáî. Ñâÿçü êàíàëîâ.

Êàíàëû ñëàáî ñâÿçàíû.
Ïåðåõîä òðåáóåò îáìåíà
òÿæåëûì D-ìåçîíîì
â t-êàíàëå. Êîíñòèòóåí-

òû äîëæíû ñîéòèñü íà
ðàññòîÿíèå 1/mc .
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Øèðèíà ðàñïàäà

Γ =
g 2
ψ′DDg

2
ΛpD

4π
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MPcMD

|Ψ(0)|2|k |
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D − (MN −MΛ)2

(k2)2

3M2
Λ

Õîòÿ êîíñòàíòû íåèçâåñòíû, øèðèíà âðÿä ëè ïðåâûøàåò ñîòíþ
êýâ
Branching äàåò îòâåò îá óñòðîéñòâå
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2 ñîñòîÿíèÿ. Íåâîçìîæíîñòü âðàùåíèÿ

2 ñîñòîÿíèÿ 3
2

−
è 5

2

+
íàìåêàþò íà òî, ÷òî ýòî � âðàùàòåëüíîå

ñîñòîÿíèå äðóãîãî � L = 0 è L = 1 (÷åòíîñòè êàê ðàç
ïðîòèâîïîëîæíû).
Îäíàêî, âðàùàòåëüíàÿ ýíåðãèÿ îêàçûâàåòñÿ ñëèøêîì âåëèêà!

〈〈L(L + 1)

2Mr 2
〉〉 ≥ 200MeV

à íå 70 Ìåv.
Ìîæíî äåëàòü íà ñâåðõòîíêîì ðàñùåïëåíèè. Íóæíûé
ïîðÿäîê, íî ÷åòíîñòü íå ìåíÿåòñÿ!
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Ìîëåêóëà

Ìîëåêóëà � ñëàáî ñâÿçàííîå ñîñòîÿíèå D-ìåçîíà è
Σc-áàðèîíà. Êàíäèäàòû:

u

− c

d
u

c
−c

u

u

pr

J /ψ

D Σc

D-ìåçîíû: uc èëè dc
Dc : 0−, I = 1/2 , M = 1865 MeV
D∗c : 1−, I = 1/2 , M = 2008 MeV
Áàðèîíû: udc èëè uuc
Λc :

1
2

+
, I = 0 , M = 2286 MeV

Σc :
1
2

+
, I = 1 , M = 2453 MeV

Σ∗c :
3
2

+
, I = 1 , M = 2517 MeV

Ãèïîòåçà, (R.Chen,X.Liu,X.Li,S.Zhu, 1507.0370 )
Ëåãêèé: Σ + D∗, εbound = −81 Mev
Òÿæåëûé: Σ∗ + D∗, εbound = −75 Mev
Âîçìîæíû I = 1/2, 3/2
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Ìîëåêóëà

Èäåÿ Ñâÿçûâàåòñÿ çà ñ÷åò îäíîïèîííîãî îáìåíà

Σ

π

Σ

D D

p

−p

p k−

p k+−
**

(Σ(Σ* )(Σ(Σ* ) Coupling constants

gD∗D∗π = 0.59

gD∗D∗π = 0.94

ôèêñèðóþòñÿ ïî heavy

quark symmetry èç ðàñïà-
äîâ

1-pion â êèðàëüíîì ïðåäåëå 1/r 3 � ïàäàåò.

Y =

∫
d3qe−i~q·~r 1

q2 + m2
π

Λ2

q2 + Λ2

Ïîòåíöèàë V = ∇2Y . Ôîðìôàêòîð.
Λ = 2.35 Gev (!) (ΣD∗), Λ = 1.77 Gev (!) (Σ∗D∗)
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Ïàòîëîãèÿ

Ïðåäñêàçàíèé - íåò. Òîëüêî ëèøü ôèò Λ. Îíè
íåïðàâäîïîäîáíî áîëüøèå � ïðàâèëüíî Λ ≤ 1 GeV.

Â s-ñîñòîÿíèè ñðåäíèé ïîòåíöèàë =0 â êèðàëüíîì ïðåäåëå.
Âêëàä ∼ mq.
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1pion exchange = ÿìà
ãëóáèíîé 2.5 MeV íà ðàñ-
ñòîÿíèè 1-2 fm è ìîùíûé
êîð íà 0.1 ôì âûñîòîé 1
GeV. Íè÷åãî íåëüçÿ ñâÿ-
çàòü....

Êàíàë � îòòàëêèâàíèå è ñâÿæåì íà êîðå!!! Ðàäèóñ
ïîòåíöèàëà = 0.07 fm, ãëóáèíà = 700 -1000 MeV

Ðàäèóñ ñâÿçàííîãî ñîñòîÿíèÿ = 0.3 fm
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Ïàòîëîãèÿ
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ÍÅÏàòîëîãèÿ

Çàäà÷à èç ÿäåðíîé ôèçèêè � íóæåí öåíòðàëüíûé ïîòåíöèàë.

Σ

π π

Σ Σ

D D D

p

−p

p k−

p k+ p q+

p q−

− −
(D*)

ΛΣ*( ) Äèàãðàììà ðàñõîäèòñÿ.
Íóæíà ìíîãîêàíàëüíàÿ
çàäà÷à � âñå êîìáèíà-
öèè Σc ,Σ

∗
c ,Λc è D,D∗.

ε ≈ 70 − 80 MeV =>
ÿäåðíîé ôèçèêå.

Ñîñòîÿíèÿ ñ I = 1/2 è ñ I = 3/2 � ïî÷òè âûðîæäåíû

Ñîñòîÿíèÿ ñ S = 5/2 äîëæíî èìåòü ÷åòíîñòü êàê S = 3/2,
òàê êàê L = 0.

Ñêîðåå âñåãî åñòü ñâÿçàííûå ñîñòîÿíèÿ âñåõ êîìáèíàöèé!!!
Ãäå îíè?
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Ìîëåêóëà

Ãëàâíàÿ ïðîáëåìà:
Ïàðöèàëüíàÿ øèðèíà ðàñïàäà íà J/Ψ + p � ìàëà
(∼ |Ψ(0)|2)

Pc

D

q

-q

k

-k

q-k

Σ

J /Ψ

*

D*

N

Îáìåí òÿæåëûì D∗-ìåçîíîì â
t-êàíàëå

ΓPc→J/ψN =
g 2

ΣD∗Ng
2
J/ψD∗D∗

4π

MΣ

MPcMJ/ψ

|k ||Ψ(0)|2

[M2
D∗ − (MΣ −MN)2]2

|Ξ|2

Ýòî â ëó÷øåì ñëó÷àå ñîòíÿ keV! Õîòÿ ýòî � ïàðöèàëüíàÿ
øèðèíà, ñïðàøèâàåòñÿ, êàê æå ïåíòàêâàðê íàáëþäàþò?
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Ìîëåêóëà

|Ξ|2 =

[
2MD∗

MΣ + MD∗
(V (0)− ε)

]2

+
4

3

[
2MD∗

MΣ + MD∗
(V (0)− ε)

]
k2

MN
+

k4

M2
N

Íå âñå ïîíÿòíî è ñ ïîëíîé øèðèíîé, êîòîðàÿ îïðåäåëÿåòñÿ
ðàñïàäàìè

Pc → Σc + D

Pc → Λc + D
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Ïðîáëåìà 2õ ñîñòîÿíèé

Ïî÷åìó áîëåå òÿæåëîå ñîñòîÿíèå óæå?

Èçìåðåííûå ñïèí-÷åòíîñòü 3
2

−
, 5

2

+
íàìåêàþò íà

âðàùàòåëüíîå âîçáóæäåíèå L = 0, 1. Moæíî îöåíèòü
ñðåäíåå ðàññòîÿíèå â ìîëåêóëå, ÷òîáû öåíòðîáåæíàÿ ýíåðãèÿ
èìåëà áû íóæíûé ïîðÿäîê

L(L + 1)

2µr 2
≈ 70MeV −→ r̄ = 0.71fm

÷òî íå ÿâëÿåòñÿ äèêèì. Åñëè Σ∗D∗ ïîòåíöèàë èìååò ãëóáèíó
≈ 200 MeV, òî âîçìîæíî èíòåðïðåòèðîâàòü ïåíòàêâàðêè êàê
L = 0, 1 ñîñòîÿíèÿ Σ∗D∗. Íî

1 Êóäà äåâàòü ñâÿçàííîå ñîñòîÿíèå ΣD∗

2 Ìîæíî ïî-äðóãîìó ñëîæèòü ñïèíû, åñòü äðóãèå ñîñòîÿíèÿ

Câåðõòîíêîå vs âðàùàòåëüíîå � ýòî ÷åòíîñòü
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Hadrocharmonium (Polyakov+Eides+V.P.)

Êòî íà ÷òî ðàñïàäàåòñÿ, òîò èç òîãî è ñîñòîèò!

−c c

u

du

proton

J /ψ ×àðìîíèóì � åñòü ñëàáî âçàè-
ìîäåéñòâóþùåå ñîñòîÿíèå ìàëîãî
ðàçìåðà, ñèäèò â öåíòðå ïðîòî-
íà è âîêðóã ëåãêèå êâàðêè

Âçàèìîäåéñòâèå ÷àðìîíèÿ ïðîèñõîäèò ïîñðåäñòâîì
2-ãëþîííîãî îáìåíà (Âîëîøèí è äð).
Ýíåðãèÿ â îäíîðîäíîì, ìåäëåííî
ìåíÿþùåìñÿ öâåòíîì ïîëå

V =
1

2
α Ea · Ea

E

c

c- Ψ
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Hadrocharmonium

α � õðîìîýëåêòðè÷åñêàÿ ïîëÿðèçóåìîñòü ÷àðìîíèÿ. Èñòî÷íèê
öâåòíîãî ïîëÿ � ïîëÿ âíóòðè ïðîòîíà.

Ðàçìåð ïðîòîíà ¿ ðàçìåð Ψ.

Èìååì

E 2
ia =

1

2
(E 2 + H2) +

1

2
(E 2 − H2) = g 2Θ00 + G 2

µν

Θ � ïëîòíîñòü òåíçîðà ýíåðãèè-èìïóëüñà. Êîíôîðìíàÿ
àíîìàëèÿ

Θµ
µ ∼ bG 2

µν

b � Gell-Mann-Low coe�cient

b =
11

3
Nc −

2

3
Nf
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Hadrocharmonium

E�ective ïîòåíöèàë

V (x) =
1

2
g2
ψ α

[
Θ

(G)
00 (x̃) +

8π2

bg2
s

Θµ
µ(x̃)

]
cc̄ � ïðîáíèê ïëîòíîñòè òåíçîðà ýíåðãèè-èìïóëüñà â ïðîòîíå.

Θ
(G)
00 � òîëüêî ãëþîííàÿ ÷àñòü

Θ : µµ � âñÿ ýíåðãèÿ (êèðàëüíûé ïðåäåë)
Êîíñòàíòû ñâÿçè: g2

ψ � íà ðàçìåðå ψ
g 2

s � íà ðàçìåðå ïðîòîíà èëè òàì ãäå îíà çàìîðàæèâàåòñÿ. Â
èíñòàíòîííîì âàêóóìå (SU(3))

β =
8π2

g 2
s

≈ 11− 12

Ìîäåëü ΘG
00 ≈ ζΘ00, ãäå ζ ≈ 0.4 � äîëÿ ãëþîíîâ â ïðîòîíå.
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Ïîòåíöèàë âçàèìîäåéñòâèÿ Ψ è ïðîòîíà

Â äðóãîé ôîðìå

V (~x) = −4π2

b
α

(
ε(x̃)

[
1 + ξ

bg 2
s

8π2

]
− 3p(x̃)

)
,

ε(~x) � ïëîòíîñòü ýíåðãèè â ïðîòîíå, p(~x) � äàâëåíèå.
Èçâåñòíà íîðìèðîâêà ïîòåíöèàëà∫

d3x ε(x̃) = MN,

∫
d3x p(x̃) = 0

(óñëîâèå ñòàáèëüíîñòè ïðîòîíà.∫
d3xV (~x) = −α4π2

b
MN

[
1 + ξ

bg 2
s

8π2

]
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Ïîòåíöèàë âçàèìîäåéñòâèÿ Ψ è ïðîòîíà

∫
d3xV (~x) = −α4π2

b
νMN

ãäå

ν = 1 + ξ
bg 2

s

8π2
≈ 1.5

èñïîëüçóÿ èíñòàíòîíû è äîëþ ãëþîíîâ.
Ïîòåíöèàë èìååò óíèâåðñàëüíóþ àñèìïòîòèêó áîëüøèõ
ðàññòîÿíèé

V (r) = −να12π2

b

(
3gπNN

8πMN

)2
1

r 6

(êèðàëüíûé ïðåäåë, âçàèìîäåéñòâèå ïèîíà ñ äâóìÿ ãëþíàìè)
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Ïîòåíöèàë âçàèìîäåéñòâèÿ Ψ è ïðîòîíà

Íà âñåõ ðàññòîÿíèÿõ ìîæíî âû÷èñëèòü â χQSM (Ì.Ïîëÿêîâ)

Îñòàëîñü óçíàòü ìàñøòàá ïîòåíöèàëà � âû÷èñëèòü
õðîìîýëåêòðè÷åñêóþ ïîëÿðèçóåìîñòü Íóæíà òåîðèÿ
÷àðìîíèÿ.
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Ïîëÿðèçóåìîñòü

IF êóëîíîâñêàÿ íåðåëÿòèâèñòñêàÿ ñèñòåìà c ïîòåíöèàëîì

U(r) = −4

3

g 2

r
Ïîëÿðèçóåìîñòü áûëà âû÷èñëåíà Ïåñêèíûì â 1976 â ïðåäåëå
Nc →∞,îòâåò íå òàêîé êàê â ÊÝÄ.

α =
g 2
ψ

3Nc
〈nS |r 1

Ha + ε
r |nS〉

Ïðîìåæóòî÷íîå ñîñòîÿíèå
� îêòåòíîå. Âçàèìîäåé-
ñòâèå c è c̄ ïîäàâëåíî ïî
Nc ! Çàìåíÿåì íà ñâîáîä-
íûå.
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Ïîëÿðèçóåìîñòü

Ïîëó÷àåì

α(1S) =
28π

27g 2
s

a3
0, α(2S) =

2008π

27g 2
s

a3
0

è ïåðåõîäíàÿ

α(2S → 1S) =
51200

√
2π

19683g 2
s

a3
0.

Ðàñòåò êàê n6 èëè R3.
Ïîëíàÿ òåîðèÿ ñòðîèòñÿ êàê êîìáèíàöèÿ êóëîíîâñêîãî è
ëèíåéíîãî ïîòåíöèàëà. Íåñìîòðÿ íà 20 ëåò íàõîäèòñÿ â
ïëà÷åâíîì ñîñòîÿíèè... (3 ïåòëè, ðåëÿòèâèçì � ïîëîâèíà è ò.ä.).

Ýêñïåðèìåíò???
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Ðàñïàä Ψ(2S)→ J/ψ + 2π

Ýòîò ðàñïàä âû÷èñëèë Âîëîøèí (è ïîïðàâèë Øèôìàí).
Âåðøèíà âçàèìîäåéñòâèÿ

Leff = λV (J/ψ)
µ V (ψ(2S))

ν ∂µπ
a∂νπ

a

Ψ(2S )
J /ψ

π
πλ

×òîáû âû÷èñëèòü λ óñðåä-
íèì òåíçîð Θ ïî 2ì π-
ìåçîíàì

< π(k1)π(k2)|Θµν(k1+k2)|0 >=

= 2k1µk2ν

(êèðàëüíûé ïðåäåë)
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Ðàñïàä Ψ(2S)→ J/ψ + 2π

íàõîäèì λ, ñðàâíèâàÿ ñ Ëàãðàíæèàíîì

λ = α(MJ/ψ + Mψ′)ν
8π2

bg 2

Âû÷èñëÿåì øèðèíó ðàñïàäà, íàõîäèì α(2S → 1S)

να(2S → 1S) ≈ 2Gev−3

Ïî êóëîíîâñêèì ôîðìóëàì ïîëó÷àåì

α(1S) = .16Gev−3 α(2S) = 11.6Gev−3

è ïåðåõîäíóþ α

α(2S → 1S) = −0.65Gev−3
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Ïîòåíöèàë J/ψ è ïðîòîíà

Ýêñïåðèìåíò ïî÷òè â 2 ðàçà áîëüøå Êóëîíà

Ïîòåíöèàë âçàèìîäåéñòâèÿ
J/Ψ è ïðîòîíà â χQSM
r â ôåðìè
U(r) â Ìýâ

α(1S) = 17.5, αCoulomb = 11.6

Óðîâåíü îòâå÷àåò òÿæåëîìó ïåíòàêâàðêó

Ïðè α(2S) ≈ 22.5 � ëåãêîìó, íî íå ïîëó÷èòü øèðèíó...
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Øèðèíà ïåíòàêâàðêà

Ïðàâèëüíî ðåøàòü äâóõêàíàëüíóþ çàäà÷ó[
−∇

2

2µ1
+ VJ/ψ,J/ψ(r)− E

]
Ψ1 + Vψ′J/ψ(r)Ψ2 = 0[

−∇
2

2µ2
+ Vψ′,ψ′(r)− E + ∆

]
Ψ2 + Vψ′J/ψ(r)Ψ1 = 0

Ψ1 � âîëíîâàÿ ô-öèÿ J/Ψ + p, Ψ2 � âîëíîâàÿ ô-öèÿ Ψ′ + p
Ïîòåíöèàëû ïðîïîðöèîíàëüíû ïîëÿðèçóåìîñòÿì

Vψ′ψ′(r) ≡ V (r), VJ/ψ,J/ψ(r) =
αJ/ψ,J/ψ

αψ′ψ′
V (r),

Vψ′J/ψ(r) =
αψ′,J/ψ
αψ′ψ′

V (r)
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Øèðèíà ïåíòàêâàðêà

Ìîæíî ðåøàòü ÷èñëåííî (ïîëþñ â êîìïëåêñíîé ïëîñêîñòè â
àìïëèòóäå J/ψ + p, à ìîæíî ïî ò.â. ïîñêîëüêó VJ/ψ,J/ψ(r) � ìàë.

Γ =

(
αψ′J/ψ
αψ′ψ′

)2
4µ2P

(2l + 1)

∣∣∣∣∫ d3rχR(r)V (r)jl (Pr)

∣∣∣∣2
Ïîëó÷àåì � óæå âñå ôèêñèðîâàíî!!!

Γ = 13.2MeV

Ïàðöèàëüíàÿ øèðèíà. À ÷òî åùå?
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Øèðèíà ïåíòàêâàðêà

Èñïóñêàíèå π-ìåçîíà

Pc π

N

J /ψ
Γ3

Γ2
=

g 2
πNN

15π2

∆2

M2
1

1

1 + M1

2MJ/ψ

Ïðèìåðíî â 40 ðàç ìåíüøå,
÷åì îñíîâíîé ïðîöåññ.

Ðàñïàä â ñîñòîÿíèÿ ñ îòêðûòûì ÷àðìîì

D

D

Λ

Pc

Ψ'

NN

J /Ψ

p

-p

q

-q

k

-k

q-k Â ëó÷øåì ñëó÷àå ∼ 0.1
MeV
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Ñâåðõòîíêîå ðàñùåïëåíèå

Ìîæíî ñëîæèòü ñïèíû J/ψ è ïðîòîíà ïî-äðóãîìó è ïîëó÷èòü 1
2

−

ñîñòîÿíèÿ. Ñâåðõòîíêîå ðàñùåïëåíèå. Ðåëÿòèâèñòñêàÿ
ïîïðàâêà, 1 ýëåêòðè÷åñêèé, 1 ìàãíèòíûé ãëþîí

HE = −1

2
(t1 − t2), HM =

1

4mc
Sj ri (DiBj )

a

Ýôôåêòèâíûé ãàìèëüòîíèàí

Heff = α
qi

2mc
< N ′|GG̃ |N > εijkζjζk

(ζ� ïîëÿðèçàöèÿ) ãäå α � òà æå ñàìàÿ ïîëÿðèçóåìîñòü.

< N ′|GG̃ |N >=
32π2

12Nf
g (0)

a (~S · ~q)

âû÷èñëÿåòñÿ äî êîíöà. Ñîñòàâëÿåò 10-15 MeV.
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PDG, òîì âòîðîé,....

Ìîæíî ñâÿçàòüñÿ ñ áàðèîíîì èç òàáëèö � âñå óñòðîåíû
îäèíàêîâî.

Áîëüøå âîçáóæäåííûõ ñîñòîÿíèé ÷àðìîíèÿ, ñâåõòîíêîå
ðàñùåïëåíèå

Áîòòîíèóì � òî æå ñàìîå ?
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Ëåãêèé ïåíòàêâàðê. Ïðîòèâîïîëîæíàÿ

÷åòíîñòü...

Åñòü â òàáëèöå ÷àñòèöà χc2. Ìàññà 3556 Mev, êâàíòîâûå ÷èñëà
2+. Ýòî 2P ñîñòîÿíèå ÷àðìîíèÿ. Îíà ìîæåò ñâÿçàòüñÿ ñ
ïðîòîíîì � äàåò Pc( 5

2

+
) Ìàññà áóäåò 4380 Mev åñëè

α ≈ 14Gev−3

÷òî ïîõîæå íà ïðàâäó...
Îòêóäà òàêàÿ øèðèíà? Ðÿäîì χc1 c ìàññîé íà 40 Mev ìåíüøå...
Òîæå äàåò ñâÿçàííîå ñîñòîÿíèå, íî áóäåò Pc [ 3

2

+
], è åùå h òóò æå ñ

íåèçâåñòíûìè êâàíòîâûìè ÷èñëàìè....
À åùå ñâåðõòîíêîå ðàñùåïëåíèå... Íå ìîãóò ëè âñå âìåñòå ýòè
ðåçîíàíñû äàòü êàðòèíó øèðîêîãî ðåçîíàíñà ïðè åñòåñòâåííîé
øèðèíå ∼ 15 MeV?
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