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Ââåäåíèå

Ðèñ.: Äèàãðàììà Ôåéíìàíà äëÿ ðåäêèõ ðàñïàäîâ D(s).
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Ðèñ.: Äèôôåðåíöèàëüíûå øèðèíû äëÿ ðàñïàäîâ D-ìåçîíîâ
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Ýôôåêòèâíûé Ãàìèëüòîíèàí

Â ðàìêàõ ÑÌ ðåäêèå ðàñïàäû îïèñûâàþòñÿ ýôôåêòèâíûì
ãàìèëüòîíèàíîì:

H = −4GF√
2
V ∗
csVus

10∑
i=1

CiOi (1)

ãäå GF− êîíñòàíòà Ôåðìè, Vij− ìàòðè÷íûå ýëåìåíòû ÊÊÌ,
Ci− êîýôôèöèåíòû Âèëñîíà, Oi− îïåðàòîðíûé áàçèñ ÑÌ.
Íàèáîëåå âàæíûå îïåðàòîðû èìåþò âèä:

O7 =
e

32π2
mc

(
f σµν(1 + γ5)c

)
Fµν (2)

O9 =
e

32π2

(
f γµ(1− γ5)c

)
(lγµl) (3)

O10 =
e

32π2

(
f γµ(1− γ5)c

)
(lγµγ5l) (4)
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Ìàòðè÷íûé ýëåìåíò

Àìïëèòóäà ïåðåõîäà c → u èìååò âèä:

M(c → ul+l−) =
GF√
2

α

2π
V ∗
cqVuq

[
C eff
9 (qγµ(1− γ)c)(lγµl)−

−2mb

q2
C eff
7 (qσµνq

ν(1 + γ5)c)(lγ
µl)
]
, (5)

ãäå α− ïîñòîÿííàÿ òîíêîé ñòðóêòóðû, C eff
7 = −0.0011− 0.0041i ,

â òî âðåìÿ êàê C eff
9 ó÷èòûâàåò êàê ïåðòóðáàòèâíûå, òàê è

íåêîòîðûå äàëüíîäåéñòâóþùèå âêëàäû. Ýôôåêòû íà áîëüøèõ
ðàññòîÿíèÿõ (íåïåðòóðáàòèâíûå) âîçíèêàþò èç-çà ðåçîíàíñíûõ
âêëàäîâ è îáû÷íî ïðåäïîëàãàåòñÿ, ÷òî îíè èìåþò
ôåíîìåíîëîãè÷åñêóþ ñòðóêòóðó Áðåéòà-Âèãíåðà.
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Ýôôåêòèâíûå êîýôôèöèåíòû Âèëñîíà

Ïåðòóðáàòèâíàÿ ÷àñòü îïðåäåëÿåòñÿ âûðàæåíèåì:

C eff
9 (q2) = (V ∗

cdVud + V ∗
csVus)

[
C9 + h(mc , q

2)×

×(7C3 +
4
3C4 + 76C5 +

64
3 C6)− h(ms , q

2)(3C3 + 30C5)+

+4
3h(0, q

2)(3C3 + C4 +
69
2 C5 + 16C6) +

8
3(C3 + 10C5)

]
−

−(V ∗
cdVudh(0, q

2) + V ∗
csVush(ms , q

2))(23C1 +
1
2C2),
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Ãäå ôóíêöèÿ:

h(0, q2) =
8

27
− 4

9
ln

q2

m2
c

+
4

9
, (6)

h(mq, q
2) = −8

9 ln
mq

mc
+ 8

27 + 4
9x−

−2
9(2 + x)|1− x |1/2

ln |
√
1−x+1√
1−x−1

| − iπ, x ≡ 4m2
q

q2
< 1,

2 arctan 1√
x−1

, x ≡ 4m2
q

q2
> 1,

(7)

ñâÿçàíà ñ îñíîâíîé ôåðìèîííîé ïåòëåé.
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Ðåçîíàíñíûé âêëàä

Âêëàäû ðåçîíàíñîâ ìîæíî ñìîäåëèðîâàòü ýôôåêòèâíûì
êîýôôèöèåíòîì Âèëüñîíà:

CR
9 = aρe

iδρ
( 1

q2 −m2
ρ + imρΓρ

− 1

3

1

q2 −m2
ω + imωΓω

)
+

+
aϕe

iδϕ

q2 −m2
ϕ + imϕΓϕ

,

Ãäå mM è ΓM � ìàññû è ïîëíûå øèðèíû âåêòîðíûõ (ρ, ϕ, ω)
ìåçîíîâ. Èçîñïèíîâàÿ ñâÿçü ìåæäó âêëàäàìè ρ è ω ÿâíî
ó÷èòûâàåòñÿ.
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Ñâÿçóþùèé êîýôôèöèåíò aM ìîæíî îïðåäåëèòü èç
ýêñïåðèìåíòàëüíûõ äàííûõ, ïîëàãàÿ:

Br(D → VR(R → l+l−)) = Br(D → VR)Br(R → l+l−) (8)

Decay aρ aϕ
D+ → ρ+e+e− 0.27± 0.10 0.41± 0.19

D0 → ρ0e+e− 0.36± 0.14 0.17± 0.03

D+
s → K ∗+e+e− 0.22± 0.12 0.30± 0.18

D+ → ρ+µ+µ− 0.28± 0.13 0.41± 0.19

D0 → ρ0µ+µ− 0.35± 0.13 0.16± 0.03

D+
s → K ∗+µ+µ− 0.21± 0.12 0.30± 0.18
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Ðåëÿòèâèñòñêàÿ êâàðêîâàÿ ìîäåëü(ÐÊÌ)

Â ýòîé ìîäåëè, ìåçîí ìàññû M îïèñûâàåòñÿ âîëíîâîé
ôóíêöèåé ΨM(p) ñâÿçàííîãî êâàðê-àíòèêâàðê ñîñòîÿíèÿ,
óäîâëåòâîðÿþùåé êâàçèïîòåíöèàëüíîìó óðàâíåíèþ
øð¼äèíãåðîâñêîãî âèäà:(

b2(M)

2µR
− p2

2µR

)
ΨM(p) =

∫
d3q

2π3
V (p,q;M)ΨM(q), (9)

ãäå p - îòíîñèòåëüíûé èìïóëüñ êâàðêà,

b2(M) =

[
M2 − (m1 +m2)

2
][
M2 − (m1 −m2)

2
]

4M2
, (10)

µR =
M4 − (m2

1 −m2
2)

2

4M3
, (11)

ãäå m1,2 - ìàññû êâàðêîâ.
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ßäðî óðàâíåíèÿ

ßäðîì óðàâíåíèÿ (9) ÿâëÿåòñÿ ìîòèâèðîâàííûé ÊÕÄ
êâàðê-àíòèêâàðêîâûé ïîòåíöèàë V (p,q;M), êîòîðûé ñòðîèòñÿ
ñ ïîìîùüþ àìïëèòóäû ðàññåÿíèÿ âíå ìàññîâîé ïîâåðõíîñòè,
ñïðîåöèðîâàííîé íà ñîñòîÿíèÿ ñ ïîëîæèòåëüíîé ýíåðãèåé.
Êâàçèïîòåíöèàë çàäàåòñÿ ñëåäóþùèì îáðàçîì:

V (p,q;M) = ū1(p)ū2(−p)V(p,q;M)u1(q)u2(−q), (12)

Ïðè ýòîì:

V(p,q;M) =
4

3
αsDµν(k)γ

µ
1 γ

ν
2 + V V

conf (k)Γ
µ
1 (k)Γ2;ν(k) + V S

conf (k),
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Ìàòðè÷íûå ýëåìåíòû

Â êâàçèïîòåíöèàëüíîì ïîäõîäå ìàòðè÷íûé ýëåìåíò ñëàáîãî
òîêà JWµ = f γµ(1− γ5)c ìåæäó íà÷àëüíûì D(s) ìåçîíîì ñ
÷åòûð¼õ-èìóëüñîì pD(s)

è êîíå÷íûì ìåçîíîì F ñ
÷åòûð¼õ-èìóëüñîì pF îïðåäåëÿåòñÿ âûðàæåíèåì:

⟨F (pF )|JWµ |D(s)(pD(s)
)⟩ =

∫
d3pd3q

(2π)6
ΨFpF (p)Γµ(p,q)ΨD(s)pD(s)

(q),

(13)
Ãäå ΨMpM

- íà÷àëüíàÿ è êîíå÷íàÿ ìåçîííûå âîëíîâûå
ôóíêöèè, ñïðîåöèðîâàííûå íà ñîñòîÿíèÿ ñ ïîëîæèòåëüíîé
ýíåðãèåé è áóñòèðîâàííûå â äâèæóùóþñÿ ñèñòåìó îòñ÷åòà ñ
òðåõ-èìïóëüñîì pM .
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Ìàòðè÷íûå ýëåìåíòû äëÿ ðàñïàäîâ â âåêòîðíûå ìåçîíû

Ìàòðè÷íûå ýëåìåíòû ñëàáîãî òîêà äëÿ ðàñïàäîâ D-ìåçîíîâ â
âåêòîðíûå ìåçîíû ìîãóò áûòü âûðàæåíû â òåðìèíàõ ñåìè
èíâàðèàíòíûõ ôîðìôàêòîðîâ:

⟨V (pF )|qγµc |D(pD)⟩ =
2iV (q2)

MD +MV
ϵµνρσϵ∗νpDρpFσ,

⟨V (pF )|qγµγ5c |D(pD)⟩ = 2MVA0(q
2)
ϵ∗ · q
q2

qµ+ (14)

+(MD +MV )A1(q
2)
(
ϵ∗µ − ϵ∗ · q

q2
qµ
)
− (15)

−A2(q
2)

ϵ∗ · q
MD +MV

[
pµD + pµF −

M2
D −M2

V

q2
qµ
]

(16)
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Ìàòðè÷íûå ýëåìåíòû äëÿ ðàñïàäîâ â âåêòîðíûå ìåçîíû

⟨V (pF )|qiσµνqνc |D(pD)⟩ = 2T1(q
2)σµνϵσϵ∗νpFρpDσ, (17)

⟨V (pF )|qiσµνγ5c |D(pD)⟩ =

= T2(q
2)
[
(M2

D −M2
V )ϵ

∗µ − (ϵ∗ · q)(pµD + pµF )
]
+ (18)

+T3(q
2)(ϵ∗ · q)

[
qµ − q2

M2
D −M2

V

(pµD + pµF )
]
, (19)

ãäå MV è ϵµ - ìàññà è âåêòîð ïîëÿðèçàöèè âåêòîðíîãî ìåçîíà.
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Õàðàêòåðíûé âèä ôîðìôàêòîðîâ íà ïðèìåðå ðàñïàäîâ
D → ρl+l− ïðåäñòàâëåí íà ðèñóíêàõ.

V

A0
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D  ρ l+ l-
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Ðèñ.: Ôîðìàôàêòîðû ðàñïàäîâ D → ρl+l−
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T1

T2

T3

D  ρ l+ l-
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Ðèñ.: Ôîðìàôàêòîðû ðàñïàäîâ D → ρl+l−
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Äèôôåðåíöèàëüíàÿ øèðèíà ðàñïàäà

Èñïîëüçóÿ ìåòîä ñïèðàëüíûõ àìïëèòóä, äèôôåðåíöèàëüíóþ
øèðèíó ðàñïàäà ìîæíî çàïèñàòü â âèäå:

dΓ(D → Vl+l−)

dq2
=

G 2
F

(2π)3

(α|V ∗
cdVud |
2π

)2λ1/2q2

48M3
D

×

√
1−

4m2
l

q2
H(1)H†(1)(1 +

2m2
l

q2
). (20)
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Äëÿ ïåðåõîäà D → V :

H
(1)
± = −(M2

D −M2
V )
[
C eff
9

A1(q
2)

MD −MV
+

2mc

q2
C eff
7 T2(q

2)
]
±

±λ1/2
[
C 9
eff

V (q2)

MD +MV
+

2mc

q2
C eff
7 T1(q

2)
]
, (21)

H
(1)
0 (q2) = − 1

2MV

√
q2

[
C eff
9

{
(M2

D −M2
V − q2)(MD +MV )A1(q

2)−

− λ

MD +MV
A2(q

2)
}
+ 2mcC

eff
7

{
(M2

D + 3M2
V − q2)T2(q

2)−

λ

M2
D −M2

V

T3(q
2)
}]

. (22)
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Ïðèâåäåì õàðàêòåðíûé âèä çàâèñèìîñòè øèðèíû ðàñïàäà îò
ïåðåäàííîãî èìïóëüñà q íà ïðèìåðå ðàñïàäà D0 → ρ0l+l−:

ϕρ/ω

D0  ρ0 μ+ μ-
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Ðèñ.: Äèôôåðåíöèàëüíûå øèðèíû äëÿ ðàñïàäîâ D-ìåçîíîâ
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Îòíîñèòåëüíûå âåðîÿòíîñòè ðàñïàäà D → ρl+l−

Br(D0 → ρ0e+e−)NR = (5.7± 2.1)× 10−12

Br(D0 → ρ0e+e−) = 5.46× 10−7

Br(D0 → ρ0e+e−)exp < 1.0× 10−4

Br(D0 → ρ0µ+µ−)NR = (1.6± 0.6)× 10−12

Br(D0 → ρ0µ+µ−) = 5.45× 10−7

Br(D0 → ρ0µ+µ−)exp < 2.2× 10−5

Br(D+ → ρ+e+e−)NR = (1.4± 0.5)× 10−11

Br(D+ → ρ+e+e−) = 6.57× 10−6

Br(D+ → ρ+µ+µ−)NR = (4.0± 1.5)× 10−12

Br(D+ → ρ+µ+µ−) = 6.56× 10−6

Br(D+ → ρ+µ+µ−)exp < 5.6× 10−4
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Îòíîñèòåëüíûå âåðîÿòíîñòè ðàñïàäà Ds → K ∗l+l−

Br(D+
s → K ∗+e+e−)NR = (1.5± 0.7)× 10−12

Br(D+
s → K ∗+e+e−) = 1.381× 10−6

Br(D+
s → K ∗+µ+µ−)NR = (2.9± 1.4)× 10−12

Br(D+
s → K ∗+µ+µ−) = 1.379× 10−6

Br(D+
s → K ∗+µ+µ−)exp < 1.4× 10−3
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Âûâîäû

Â äàííîé ðàáîòå ðàáîòå áûë ïðîèçâåäåí ïîäðîáíûé àíàëèç
ðåäêèõ ðàñïàäîâ D- è Ds -ìåçîíîâ â âåêòîðíûå ìåçîíû.
1. Áûëè âû÷èñëåíû ôîðìôàêòîðû, ïàðàìåòðèçóþùèõ
ìàòðè÷íûå ýëåìåíòû èçìåíÿþùåãî àðîìàò íåéòðàëüíîãî
ñëàáîãî òîêà JWµ
2. Ñ ïîìîùüþ ôîðìôàêòîðîâ è ìåòîäà ñïèðàëüíûõ àìëèòóä
áûëè ïîëó÷åíû ÿâíûå âûðàæåíèÿ äëÿ äèôôåðåíöèàëüíîé
øèðèíû ðàñïàäà îò êâàäðàòà ïåðåäàííîãî èìïóëüñà q2. Áûëè
ðàññ÷èòàíû ïîëíûå âåðîÿòíîñòè ðàñïàäà ðàññìàòðèâàåìûõ
ðàñïàäîâ. Ïîëó÷åííûå çíà÷åíèÿ âåðîÿòíîñòåé ðàñïàäîâ
ñîãëàñóþòñÿ ñ ýêñïåðèìåíòàëüíûìè îãðàíè÷åíèÿìè.
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