
Ðåäêèå ïîëóëåïòîííûå ðàñïàäû B-ìåçîíîâ

Àëåêñàíäð Ïàðõîìåíêî, Èðèíà Ïàðíîâà

ßðîñëàâñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò èì. Ï. Ã. Äåìèäîâà

Ëåòíÿÿ íàó÷íàÿ øêîëà ¾Ñóïåð ñ-òàó ôàáðèêà¿

ÍÖÔÌ, ÌÃÓ (Ñàðîâ), ã. Ñàðîâ

28 èþëÿ 2022 ã.

1 / 12



Ñîäåðæàíèå

1. Ââåäåíèå

2. Òåîðèÿ ðåäêèõ ðàñïàäîâ B-ìåçîíîâ

3. Àíàëèç ïîëóëåïòîííîãî àííèãèëÿöèîííîãî ðàñïàäà
B0 → ϕℓ+ℓ−

4. Àíàëèç ðåäêîãî ïîëóëåïòîííîãî ðàñïàäà B+ → π+τ+τ−

5. Çàêëþ÷åíèå è äàëüíåéøèå ïåðñïåêòèâû èññëåäîâàíèé

2 / 12



Ðåäêèå ðàñïàäû, èíäóöèðîâàííûå b → s è b → d ïåðåõîäàìè

• Ðåäêèå ïîëóëåïòîííûå ðàñïàäû B-ìåçîíîâ, èäóùèå çà ñ÷åò
íåéòðàëüíûõ òîêîâ ñ èçìåíåíèåì àðîìàòà, îñîáåííî
÷óâñòâèòåëüíû ê ¾íîâîé ôèçèêå¿

• Ýêñïåðèìåíòàëüíî è òåîðåòè÷åñêè õîðîøî èññëåäîâàíû
ðàñïàäû B-ìåçîíîâ, èäóùèå çà ñ÷åò b → s ïåðåõîäà

• ×òî êàñàåòñÿ ýêñêëþçèâíûõ ðàñïàäîâ, èäóùèõ çà ñ÷åò b → d
ïåðåõîäà, ðàñïàä B+ → π+µ+µ− âïåðâûå íàáëþäàëñÿ
êîëëàáîðàöèåé LHCb â 2012 ãîäó, à ïîçæå íà áîëüøåé
ñòàòèñòèêå áûëî ïîëó÷åíî ðàñïðåäåëåíèå ïî èíâàðèàíòíîé
ìàññå µ+µ−-ïàðû

• Ñâåðõðåäêèå ÷èñòî àííèãèëÿöèîííûå ìîäû ðàñïàäîâ B-ìåçîíîâ
ñèëüíî ïîäàâëåíû â ÑÌ

• Â 2016 ãîäó êîëëàáîðàöèÿ Belle ïðåäñòàâèëà ðåçóëüòàòû ïîèñêà
ðàäèàöèîííîãî ðàñïàäà àííèãèëÿöèîííîãî òèïà B0 → ϕγ

• Â 2022 ãîäó âåðõíèé ïðåäåë íà ïîëíóþ âåðîÿòíîñòü
ïîëóëåïòîííîãî àííèãèëÿöèîííîãî ðàñïàäà B0 → ϕℓ+ℓ− áûë
ïîëó÷åí êîëëàáîðàöèåé LHCb
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Ýôôåêòèâíûé ëàãðàíæèàí äëÿ b → s è b → d ïåðåõîäîâ

• Ýôôåêòèâíûé ëàãðàíæèàí ñòðîèòñÿ íà îñíîâå Ñòàíäàðòíîé
ìîäåëè â ñëó÷àå ìàëûõ ïåðåäàííûõ èìïóëüñîâ, ò. å. òÿæåëûå
÷àñòèöû � t-êâàðê, W - è Z -áîçîíû, à òàêæå õèããñîâñêèé áîçîí
â òåîðèè îòñóòñòâóþò

• Â ëàãðàíæèàí âõîäÿò êâàðêè ñ àðîìàòàìè q = u, d , s, c , b

Leff(x) = LQED(x) + LQCD(x)−Hb→d
weak(x)−Hb→s

weak(x)

• Ãàìèëüòîíèàí Hb→d
weak ñîäåðæèò íåéòðàëüíûå òîêè ñ èçìåíåíèåì

àðîìàòà, õàðàêòåðèçóþùèå b → d ïåðåõîä

Hb→d
weak = −4GF√

2

∑
p=u,c

V ∗
pdVpb

∑
j

Cj(µ)Pj(µ) + h. c.

• GF � êîíñòàíòà Ôåðìè
Vq1q2 � ýëåìåíò ìàòðèöû Êàáèááî-Êîáàÿøè-Ìàñêàâà
Cj(µ) � âèëüñîíîâñêèå êîýôôèöèåíòû
Pj(µ) � ëîêàëüíûå îïåðàòîðû b → d ïåðåõîäà
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Àííèãèëÿöèîííûé ðàñïàä B0 → ϕℓ+ℓ−

• Äèàãðàììû, äàþùèå íàèáîëüøèé âêëàä â àìïëèòóäó
ðàñïàäà â äðåâåñíîì ïðèáëèæåíèè

B0

Φ

d

b̄

d

ℓ−

ℓ+

s

s̄

γ

B0

Φ
d

b̄

b̄
ℓ−

ℓ+

s

s̄

γ

• Äèàãðàììû îïðåäåëÿþòñÿ îïåðàòîðàìè
P3 = (d̄γµLb)

∑
q(q̄γ

µq) è

P5 = (d̄γµγνγρLb)
∑

q(q̄γ
µγνγρq)

• Âêëàä ïðàâîé ïîäàâëåí ìàññîé b-êâàðêà êàê 1/mb

• Âêëàäû îñòàëüíûõ 6 äèàãðàìì áóäóò ïîäàâëåíû ïî
ñðàâíåíèþ ñ ëåâîé íà âåëè÷èíû ïîðÿäêà α è α/mb
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Äèôôåðåíöèàëüíàÿ âåðîÿòíîñòü ðàñïàäà B0 → ϕℓ+ℓ−

• Âêëàäû â àìïëèòóäó îò B- è ϕ-ìåçîíîâ ôàêòîðèçóþòñÿ

• Ðàññìàòðèâàåòñÿ îáëàñòü ìàëûõ q2: q2 ≲ M2
J/ψ

• Ìàññàìè ëåïòîíîâ (ℓ = e, µ) ïðåíåáðåãàåì

dB
dq2

= τB
G 2
F |V ∗

tdVtb|2α2

216π
MB f

2
B f

2
ϕQ

2
dλ

3(1,mϕ/MB ,
√

q2/MB)

× |C3 + 4C5|2
[∣∣∣λ−1

B,−(q
2)
∣∣∣2 + m2

ϕ

q2
(
1− q2/M2

B

)2 ∣∣∣λ−1
B,+(q

2)
∣∣∣2]

• [λ−1
B,±(q

2)] � ïåðâûå îáðàòíûå ìîìåíòû àìïëèòóä

ðàñïðåäåëåíèÿ B-ìåçîíà ϕB±(ω); íåïåðòóáàòèâíûå
âåëè÷èíû, çàâèñÿò îò âûáîðà ìîäåëè àìïëèòóä
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Çàâèñèìîñòü ïåðâûõ îáðàòíûõ ìîìåíòîâ B-ìåçîíà îò q2

• Àìïëèòóäà ðàñïàäà ïðîïîðöèîíàëüíà q2-çàâèñèìûì
ïåðâûì îáðàòíûì ìîìåíòàì:

λ−1
B,±(q

2) =

∫ ∞

0

ϕB±(ω) dω

ω − q2/MB − iϵ
• Èñïîëüçóþòñÿ äâå íàèáîëåå èçâåñòíûå ìîäåëè àìïëèòóä:
Ýêñïîíåíöèàëüíàÿ (GN) è Ëèíåéíàÿ (KKQT)
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• Ñèíèå ëèíèè îçíà÷àþò çàâèñèìîñòü |λBλ−1
B,+(q

2)| îò q2,

îðàíæåâûå ëèíèè îïèñûâàþò ïîâåäåíèå |λBλ−1
B,−(q

2)|,
ñîîòâåòñòâåííî
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×èñëåííûå ðåçóëüòàòû äëÿ B0 → ϕℓ+ℓ− ðàñïàäà

• Äèôôåðåíöèàëüíàÿ âåðîÿòíîñòü ðàñïàäà:

∆B(q2min < q2 < q2max) =

∫ q2max

q2min

dB
dq2

dq2

• Ïîëó÷åíû ïðåäâàðèòåëüíûå ðåçóëüòàòû äëÿ äâóõ ìîäåëåé:

GN ìîäåëü:
∆B(1 GeV2 < q2 < 8 GeV2) = (2.14+1.57

−0.96)× 10−13

KKQT ìîäåëü:
∆B(1 GeV2 < q2 < 8 GeV2) = (3.88+2.85

−1.75)× 10−13

• Ðàçëè÷èå â çíà÷åíèÿõ ïîðÿäêà íåîïðåäåëåííîñòè ìàñøòàáà
ôàêòîðèçàöèè

• Îöåíêà ïîëíîé âåðîÿòíîñòè ðàñïàäà ñîãëàñóåòñÿ ñ
îãðàíè÷åíèåì, ïîëó÷åííûì LÍÑb:
Bth(B

0 → ϕℓ+ℓ−) ∼ 10−12 [ÓÇÔÔ �4 (2022) 2241510]
Bexp(B

0 → ϕµ+µ−) < 3.2× 10−9 [JHEP 05 (2022) 067]
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Ðàñïàä B+ → π+ℓ+ℓ−

O7

B+ π+

u u

d̄b̄

ℓ+ℓ−

γ

O9,10

B+ π+

u u

d̄b̄

ℓ+ℓ−

Â àìïëèòóäó ðàñïàäà â äðåâåñíîì ïðèáëèæåíèè äàþò âêëàä

îïåðàòîðû P7γ , P9ℓ è P10ℓ (N = GF√
2
VtbV

∗
td

e2

g2
st
):

M9 = N C9

〈
π(pπ)|d̄LγµbL|B(pB)

〉 [
Ū(q1)γµU(−q2)

]
M10 = N C10

〈
π(pπ)|d̄LγµbL|B(pB)

〉 [
Ū(q1)γµγ5U(−q2)

]
M7 = −i N

2mb

q2
C7

〈
π(pπ)|d̄LσµνqνbR |B(pB)

〉 [
Ū(q1)γµU(−q2)

]
Ìàòðè÷íûå ýëåìåíòû âûðàæàþòñÿ ÷åðåç òðè ñêàëÿðíûå ôóíêöèè

f+,0,T (q
2) � ôîðìôàêòîðû (ÔÔ) B → π ïåðåõîäà
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Ðàñïðåäåëåíèå ïî èíâàðèàíòíîé ìàññå ℓ+ℓ−-ïàðû â ðàñïàäå B → Pℓ+ℓ−

dBr (B → Pℓ+ℓ−)

dq2
= SP

2G 2
Fα

2
emτB

3(4π)5m3
B

|VtbV
∗
tp|2βℓλ3/2(q2)FBP(q2)

FBP(q2) = FBP
97 (q2) + FBP

10 (q2)

FBP
97 (q2) =

(
1 +

2m2
ℓ

q2

) ∣∣C eff
9 (q2) f BP+ (q2)+

+
2mb

mB +mP
C eff
7 (q2) f BPT (q2) + LBPA (q2) + ∆CBP

V (q2)

∣∣∣∣2
FBP
10 (q2) =

(
1− 4m2

ℓ

q2

) ∣∣C eff
10 f BP+ (q2)

∣∣2+6m2
ℓ

q2

(
m2

B −m2
P

)2
λ(q2)

∣∣C eff
10 f BP0 (q2)

∣∣2
SP � ìíîæèòåëü, îïðåäåëÿåìûé êâàðêîâîé ñòðóêòóðîé ìåçîíà
(Sπ± = 1 è Sπ0 = 1/2)
p = s, d � àðîìàò êâàðêà â b → p ïåðåõîäå

βℓ =
√
1− 4m2

ℓ/q
2, λ(q2) = (m2

B +m2
P − q2)2 − 4m2

Bm
2
P
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Ðàñïðåäåëåíèå ïî èíâàðèàíòíîé ìàññå òàóîíîâ â ðàñïàäå B+ → π+τ+τ−

• Äëÿ ãðàôèêîâ èñïîëüçóåòñÿ ÁÊË ïàðàìåòðèçàöèÿ
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ÁÃË ÁÊË ìÁÊË
Faustov, Galkin

Eur. Phys. J. C74 (2014) 2911

Brth × 109 7.56+0.74
−0.43 6.00+0.81

−0.49 6.28+0.76
−0.46 7.00 ± 0.70

• Ñ ó÷åòîì âêëàäà B → ψ(2S)(→ ℓ̄ℓ)π ðåçîíàíñà
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ψ(2S)

Ñïåêòð ñ ó÷åòîì LDC Çàâèñèìîñòü îò ôàç äëÿ ψ(2S) (ÁÊË)

δ
(u)
ψ(2S)

δ
(c)
ψ(2S)

Br(B+ → π+τ+τ−) × 10−9

SDC 6.00+0.81
−0.49

0 0 5.79+0.78
−0.48

0 π 6.23+0.84
−0.50

0 3π/4 6.05+0.80
−0.47

π/2 π 6.24+0.84
−0.51

3π/2 0 5.78+0.78
−0.48
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Çàêëþ÷åíèå è äàëüíåéøèå ïåðñïåêòèâû

• Äëÿ B0 → ϕℓ−ℓ+ ïîêàçàíî, ÷òî äèôôåðåíöèàëüíàÿ âåðîÿòíîñòü
ðàñïàäà ÷óâñòâèòåëüíà ê âûáîðó ìîäåëåé àìïëèòóä
ðàñïðåäåëåíèÿ B-ìåçîíà

• Òåîðåòè÷åñêàÿ îöåíêà ïîëíîé âåðîÿòíîñòè ðàñïàäà
B(B0 → ϕℓ+ℓ−) ∼ 10−12 ñîãëàñóåòñÿ ñ îãðàíè÷åíèåì
B(B0 → ϕℓ+ℓ−) < 3.2× 10−9, ïîëó÷åííûì êîëëàáîðàöèåé LHCb

• Äëÿ B0 → ϕℓ−ℓ+ ïëàíèðóåòñÿ ïîëó÷èòü îöåíêó âåðîÿòíîñòè
ðàñïàäà âî âñåé êèíåìàòè÷åñêè ðàçðåøåííîé îáëàñòè, à òàêæå
ïðîèçâåñòè ó÷åò âêëàäà îò ω − ϕ ñìåøèâàíèÿ

• Ïîëó÷åíà òåîðåòè÷åñêàÿ îöåíêà ïîëíîé âåðîÿòíîñòè ðàñïàäà
B+ → π+τ+τ− äëÿ ðàçëè÷íûõ òèïîâ ïàðàìåòðèçàöèé
ôîðìôàêòîðîâ, ïîêàçàíà çàâèñèìîñòü ïîëó÷åííûõ ðåçóëüòàòîâ
îò âëèÿíèÿ âêëàäîâ áîëüøèõ ðàññòîÿíèé (íà ïðèìåðå ÁÊË
ïàðàìåòðèçàöèè)

• Ýêñïåðèìåíòàëüíîå îáíàðóæåíèå òàêîãî ðîäà ðàñïàäîâ ñ
äîñòàòî÷íîé òî÷íîñòüþ ïëàíèðóåòñÿ êîëëàáîðàöèåé Belle II íà
ìàñøòàáàõ èíòåãðàëüíîé ñâåòèìîñòè ∼ 5 àáí−1
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Backup Slides
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Îïåðàòîðíûé áàçèñ

• Îïåðàòîðû Pj(µ) ðàçìåðíîñòè d = 6 èñïîëüçóþòñÿ äëÿ
áîëüøèíñòâà ôåíîìåíîëîãè÷åñêèõ ïðèëîæåíèé

• Ñòàíäàðòíûé áàçèñ 4-ôåðìèîííûõ îïåðàòîðîâ äëÿ b → d
ïåðåõîäà

• Äðåâåñíûå îïåðàòîðû (p = u, c)

P(p)
1 = (d̄γµLT

ap)(p̄γµLT ab) P(p)
2 = (d̄γµLp)(p̄γ

µLb)
• Ïèíãâèííûå îïåðàòîðû

P3 = (d̄γµLb)
∑

q(q̄γ
µq) P4 = (d̄γµLT

ab)
∑

q(q̄γµT
aq)

P5 = (d̄γµγνγρLb)
∑

q(q̄γµγνγρq)

P6 = (d̄γµγνγρLT
ab)
∑

q(q̄γµγνγρT
aq)

• Ýëåêòðîìàãíèòíûé è õðîìîìàãíèòíûé äèïîëüíûå

îïåðàòîðû

P7γ = e
16π2

[
d̄σµν(mbR +mdL)b

]
Fµν

P8g = gst
16π2

[
d̄σµν(mbR +mdL)T

ab
]
G a
µν

• Ïîëóëåïòîííûå îïåðàòîðû
P9ℓ(10ℓ) =

α
2π (d̄γµLb)

∑
ℓ(ℓ̄γ

µ(γ5)ℓ)
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Êîýôôèöèåíòû Âèëüñîíà

• Êîýôôèöèåíòû Âèëüñîíà ìîãóò áûòü âû÷èñëåíû ïî
òåîðèè âîçìóùåíèé íà ìàñøòàáå µW â ñëåäóþùåì âèäå:

Cj(µW ) =
∞∑
k=0

[
αs(µW )

4π

]k
C

(k)
j (µW )

C1(mb) −0.146 C3(mb) 0.011 C7(mb) 4.9× 10−4

C2(mb) 1.056 C4(mb) −0.033 C8(mb) 4.6× 10−4

C7γ(mb) −0.317 C5(mb) 0.010 C9(mb) −9.8× 10−3

C8g (mb) 0.149 C6(mb) −0.039 C10(mb) 1.9× 10−3
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×èñëåííûå çíà÷åíèÿ ïàðàìåòðîâ, èñïîëüçóåìûå â ðàñ÷åòàõ

GF = 1.16638× 10−5 GeV−2 mb(mb) = (4.18± 0.03)GeV
α−1
em(mb) = 133 mb(1S) = (4.65± 0.03)GeV
αs(mbpole) = 0.2171± 0.0009 mbpole = (4.78± 0.06)GeV
αs(MW ) = 0.1208± 0.0006 mt = (172.76± 0.30)GeV
αs(mt) = 0.1079± 0.0004 mB+ = 5.27934GeV
mZ = 91.1876GeV mB0 = 5.27965GeV
mW = 80.385GeV mϕ = 1.01946GeV
me = 0.511× 10−3 GeV τB0 = (1.519± 0.004) ps
mµ = 0.1056GeV fϕ = (0.241± 0.009)GeV
ω0(mbpole) = 0.33± 0.04 fB = (0.186± 0.004)GeV

Wolfenstein parameters: CKM matrix elements:
λ = 0.22650± 0.00048 |Vud | = 0.97370± 0.00014

A = 0.790+0.017
−0.012 |Vtb| = 1.013± 0.030

ρ̄ = 0.141+0.016
−0.017 |Vub| = (3.82± 0.24)× 10−3

η̄ = 0.357± 0.011 |Vtd | = (8.54± 0.30)× 10−3
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Àìïëèòóäû ðàñïðåäåëåíèÿ òÿæåëîãî ìåçîíà
• Ìàòðè÷íûé ýëåìåíò ïåðåõîäà èç ìåçîííîãî ñîñòîÿíèÿ â
âàêóóìíîå ïðè z2 = 0 (ëåãêèé êâàðê íà ñâåòîâîì êîíóñå)
[Grozin & Neubert (1996); Beneke & Feldmann (2001)]

⟨0|qα(z)E (0, z) hv ,β(0)|B̄(v)⟩ = − ifBmB

4

×
[
(1 + v̂)

{
φ̃B
+(t)−

[
φ̃B
+(t)− φ̃B

−(t)
] ẑ

2t

}
γ5

]
βα

• t = (vz) � ñîáñòâåííîå âðåìÿ â ñèñòåìå ïîêîÿ òÿæåëîãî
ìåçîíà; vµ = (1, 0, 0, 0) � 4-ñêîðîñòü

• φ̃B
±(t) � àìïëèòóäû ðàñïðåäåëåíèÿ òÿæåëîãî ìåçîíà

• Ïðè ïîñòðîåíèè ìàòðè÷íîãî ýëåìåíòà ðàñïàäà íåîáõîäèìî
èñïîëüçîâàòü ïðåîáðàçîâàíèå Ôóðüå:

φ̃B
±(t) =

∫ ∞

0

dω e−iωtϕB±(ω)
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Ìîìåíòû àìïëèòóä ðàñïðåäåëåíèÿ
• Ïåðâûå îáðàòíûå ìîìåíòû (ïðîñòîé è ëîãàðèôìè÷åñêèé):

λ−1
B (µ) =

∫ ∞

0

dω

ω
ϕB+(ω;µ),

σB,n(µ)

λB(µ)
=

∫ ∞

0

dω

ω
ϕB+(ω;µ) ln

n µ

ω

• Àìïëèòóäà ðàñïàäà ïðîïîðöèîíàëüíà q2-çàâèñèìûì
ïåðâûì îáðàòíûì ìîìåíòàì:

λ−1
B,±(q

2) =

∫ ∞

0

ϕB±(ω) dω

ω − q2/MB − iϵ

• Èñïîëüçóþòñÿ ýêñïîíåíöèàëüíàÿ (GN) è ëèíåéíàÿ (KKQT)
ìîäåëè àìïëèòóä ðàñïðåäåëåíèÿ

λ−1
B,+(q

2) = λ−1
B + ζ λB,−(q

2), λ−1
B,−(q

2) = λ−1
B e−ζ [−Ei(ζ) + iπ]

λ−1
B,+(q

2) = λ−1
B [ξ ln |1/ξ − 1|+ 1 + iπξΘ(1− ξ)] ,

λ−1
B,−(q

2) = λ−1
B [(1− ξ) ln |1/ξ − 1| − 1 + iπ (1− ξ)Θ (1− ξ)]

• ζ = q2/(mBλB), ξ = q2/(2mBλB) � áåçðàçìåðíûé êâàäðàò
èìïóëüñà
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Ìàòðè÷íûå ýëåìåíòû ïåðåõîäà B → P

⟨P(k)|p̄γµb|B(pB)⟩ = f+(q
2)

[
pµB + kµ − m2

B −m2
P

q2
qµ
]
+ f0(q

2)
m2

B −m2
P

q2
qµ

⟨P(k)|p̄γµγ5b|B(pB)⟩ = 0

⟨P(k)|p̄σµνqνb|B(pB)⟩ = i
[
(pµB + kµ)q2 − qµ

(
m2

B −m2
P

)] fT (q
2)

mB +mP

⟨P(k)|p̄σµνγ5qνb|B(pB)⟩ = 0

• qµ = pµB − kµ � ïåðåäàâàåìûé èìïóëüñ

• f+(q
2), f0(q

2), fT (q
2) � ñîîòâåòñòâóþùèå ôîðìôàêòîðû

ïåðåõîäîâ
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Ýôôåêòèâíûå Âèëüñîíîâñêèå êîýôôèöèåíòû
• Âåðîÿòíîñòè ðàñïàäîâ B-ìåçîíîâ, èäóùèõ çà ñ÷åò b → sℓ−ℓ+ è

b → dℓ−ℓ+ ïåðåõîäîâ, çàïèñûâàþò â òåðìèíàõ ýôôåêòèâíûõ
âèëüñîíîâñêèõ êîýôôèöèåíòîâ C e�

7 , C e�
9 è C e�

10• Èçâåñòíû â ñëåäóþùåì çà ãëàâíûì ïîðÿäêå òåîðèè âîçìóùåíèé
[H. Asatrian et al., PRD 69 (2004) 074007]

Ce�
7 =

[
1 +

αs

π
ω7(ŝ)

]
A7 −

αs

4π

[
C

(0)
1 F

(7)
1,c + C

(0)
2 F

(7)
2,c +

6∑
k=3

C
(0)
k F

(7)
k + A

(0)
8 F

(7)
8

]
−

−
αs

4π
ξ(q)

{
C

(0)
1

[
F
(7)
1,c − F

(7)
1,u

]
+ C

(0)
2

[
F
(7)
2,c − F

(7)
2,u

]}
Ce�
9 =

[
1 +

αs

π
ω9(ŝ)

]{
A9 + T9 h(m̂

2
c , ŝ) + U9 h(1, ŝ) +W9 h(0, ŝ) + ξ(s) T9a×

×
[
h(m̂2

c , ŝ)− h(0, ŝ)
]}

−
αs

4π

[
C

(0)
1 F

(9)
1,c + C

(0)
2 F

(9)
2,c +

6∑
k=3

C
(0)
k F

(9)
k + A

(0)
8 F

(9)
8

]
−

−
αs

4π
ξ(q)

{
C

(0)
1

[
F
(9)
1,c − F

(9)
1,u

]
+ C

(0)
2

[
F
(9)
2,c − F

(9)
2,u

]}
Ce�
10 =

[
1 +

αs

π
ω10(ŝ)

]
A10

• m̂c = mc/mb; ξ(q) = λ
(q)
u /λ

(q)
t (q = d , s)

• ŝ = q2/m2
b � êâàäðàò 4-èìïóëüñà ëåïòîííîé ïàðû,

íîðìèðîâàííûé íà êâàäðàò ìàññû b-êâàðêà 12 / 12



Àííèãèëÿöèîííûé âêëàä (WA) â ðàñïàä B+ → π+ℓ+ℓ−

Ìîæåò áûòü ïîëó÷åí â ðàìêàõ LEET [Eur.Phys.J.C41:173-188 2005]

B+ π+

b̄

u u

d̄

L
Bπ(t)
A (q2) = Qq

π2

3

4fB fπ
mb

λ−1
B,−(q

2) C34

L
Bπ(u)
A (q2) = −Qq

π2

3

4fB fπ
mb

λ−1
B,−(q

2) C12

• Qq � çàðÿä ñïåêòàòîðíîãî êâàðêà

• fB è fπ � êîíñòàíòû ðàñïàäà B- è π-ìåçîíîâ

• C34 = C3 +
4
3 (C4 + 12C5 + 16C6); C12 = 3C2 � êîìáèíàöèè èç

êîýôôèöèåíòîâ Âèëüñîíà

• Âêëàäû çàâèñÿò îò ïåðâîãî îáðàòíîãî ìîìåíòà B-ìåçîíà:

λ−1
B,−(q

2) =
e−q2/(mBω0)

ω0

[
iπ − Ei(q2/(mBω0))

]
Ei(z) =

−∞∫
z

dt et/t � èíòåãðàëüíàÿ ïîêàçàòåëüíàÿ ôóíêöèÿ
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Âêëàäû áîëüøèõ ðàññòîÿíèé (LDC)

• Âêëàäû îò B → V (→ ℓ̄ℓ)π ðàñïàäîâ íåéòðàëüíûõ ìåçîíîâ, ãäå
V = ρ0, ω, J/ψ, ψ(2S)

• LDC äëÿ B → πℓ+ℓ− ïðåäñòàâèìî â âèäå:
[Hambrock et al., PRD 92 (2015) 074020]

∆CBπ
V (q2) = −16π2 VubV

∗
udH

(u)(q2) + VcbV
∗
cdH

(c)(q2)

VtbV ∗
td

H(p)(q2) = (q2 − q20)
∑
V

kV fVA
p
BVπ

(m2
V − q20)(m

2
V − q2 − imV ΓtotV )

• kV � êîýôôèöèåíò âàëåíòíîãî êâàðêà, fV � ïîñòîÿííàÿ ðàñïàäà,
Ap
BVπ (p = u, c) � àìëèòóäû ïåðåõîäà, ΓtotV � ïîëíàÿ øèðèíà

âåêòîðíîãî ìåçîíà, q20 = −1.0 GeV2

• Âêëàäû îò ρ0- è ω-ìåçîíîâ ñ ìàññàìè mρ0 = 775.25 MeV è

mω = 782.66 MeV âìåñòå ñ âêëàäîì WA äèàãðàìì ïîçâîëÿþò

îáúÿñíèòü ýêñïåðèìåíòàëüíûé ïèê â îáëàñòè ìàëûõ q2 äëÿ

B+ → π+µ+µ− ñïåêòðà
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×èñëåííûå çíà÷åíèÿ ïàðàìåòðîâ, âõîäÿùèõ â LDC

• Êîýôôèöèåíòû âàëåíòíîãî êâàðêà:
kρ = 1/

√
2, kω = 1/(3

√
2), kJ/ψ = kψ(2S) = 2/3

• Ìàññû âåêòîðíûõ ìåçîíîâ:
m0
ρ = 775.25 MeV, mω = 782.66 MeV, mJ/ψ = 3.0969 GeV,

mψ(2S) = 3.6861 GeV

• Êîíñòàíòû ðàñïàäà:
fρ = 221 MeV, fω = 195 MeV, fJ/ψ = 416 MeV, fψ(2S) = 297 MeV

B → Vπ àìïëèòóäû: Ap
BVπ = |Ap

BVπ|e iδ
(p)
BVπ Ïîëíàÿ øèðèíà ìåçîíà

Mode |Au
BVπ| |Ac

BVπ|
B∓ → ρ0π∓ 20.8+2.7

−2.3 1.3+1.1
−0.4

B∓ → ωπ∓ 19.1+2.7
−2.0 0.3+0.4

−0.1

B∓ → J/ψπ∓ 0.5+9.7
−0.5 29.2+1.4

−1.5

B∓ → ψ(2S)π∓ 3.5+6.7
−3.5 32.3+2.0

−2.1

ΓtotV

ρ0 147.4± 0.8 MeV
ω 8.68± 0.13 MeV

J/ψ 92.6± 1.7 keV
ψ(2S) 294± 8 keV
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Ïàðàìåòðèçàöèè ôîðìôàêòîðîâ

• Ïàðàìåòðèçàöèÿ Áîéäà-Ãðèíøòåéíà-Ëåáåäÿ (ÁÃË)
(i = +, 0, T )

fi (q
2) =

1

Pi (q2)ϕi (q2, q20)

N∑
k=0

a
(i)
k

[
z(q2, q20)

]k
,

z(q2, q20) =

√
m2

+ − q2 −
√

m2
+ − q20√

m2
+ − q2 +

√
m2

+ − q20

,

m+ = mB +mπ, q20 = 0.65(mB −mπ)
2

• Ôàêòîð Áëàøêå: Pi=+,T (q
2) = z(q2,m2

B∗) è P0(q
2) = 1

• ϕi (q
2, q20) � âíåøíÿÿ ôóíêöèÿ, çàâèñÿùàÿ îò èçîñïèíà è

òðåõ ïàðàìåòðîâ Ki , αi , è βi
• Ïàðàìåòðèçàöèÿ Áîððåëÿ-Êàïðèíè-Ëåëëîøà (ÁÊË)
• Ìîäèôèöèðîâàííàÿ ÁÊË ïàðàìåòðèçàöèÿ (ìÁÊË)
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Ïàðàìåòðèçàöèè ôîðìôàêòîðîâ

• Ïàðàìåòðèçàöèÿ Áîéäà-Ãðèíøòåéíà-Ëåáåäÿ (ÁÃË)

• Ïàðàìåòðèçàöèÿ Áîððåëÿ-Êàïðèíè-Ëåëëîøà (ÁÊË)
(i = +, T )

fi (q
2) =

1

1− q2/m2
B∗

N−1∑
k=0

b
(i)
k

([
z(q2, q20)

]k−(−1)k−N k

N

[
z(q2, q20)

]N)

f0(q
2) =

N−1∑
k=0

b
(0)
k z(q2, q20)

k

m+ = mB +mπ, q20 = m+(
√
mB −√

mπ)
2

Ðàçëîæåíèå äëÿ ôîðìôàêòîðîâ áåðåòñÿ âïëîòü äî N = 4

• Ìîäèôèöèðîâàííàÿ ÁÊË ïàðàìåòðèçàöèÿ (ìÁÊË)
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Ïàðàìåòðèçàöèè ôîðìôàêòîðîâ

• Ïàðàìåòðèçàöèÿ Áîéäà-Ãðèíøòåéíà-Ëåáåäÿ (ÁÃË)

• Ïàðàìåòðèçàöèÿ Áîððåëÿ-Êàïðèíè-Ëåëëîøà (ÁÊË)

• Ìîäèôèöèðîâàííàÿ ÁÊË ïàðàìåòðèçàöèÿ (ìÁÊË)
(i = +, T )

fi (q
2) =

fi (q
2 = 0)

1− q2/m2
B∗

[
1+

N−1∑
k=1

b
(i)
k

(
z̄k(q

2, q20)−(−1)k−N k

N
z̄N(q

2, q20)
)]

f0(q
2) =

f+(q
2 = 0)

1− q2/m2
B0

[
1 +

N∑
k=1

b
(0)
k z̄k(q

2, q20)

]

• z̄n(q
2, q20) = zn(q2, q20)− zn(0, q20)

• q20 âûáðàíî êàê îïòèìàëüíîå çíà÷åíèå
• FF f0(q

2) èìååò ïîëþñ â êâàäðàòå ìàññû B0-ìåçîíà
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Ïðîãíîçû ïî óëó÷øåíèþ ÷óâñòâèòåëüíîñòè äåòåêòîðà íà

Belle II

[Snowmass Whitepaper: The Belle II Detector Upgrade Program]

• Èíòåãðàëüíóþ ñâåòèìîñòü â ∼ 5 àáí−1 ïëàíèðóåòñÿ äîñòè÷ü ê
2026 ãîäó

• Äàëüíåéøåå ïîâûøåíèå âïëîòü äî 50 àáí−1 îæèäàåòñÿ ïîñëå
2030 ãîäà
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