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Extended chiral quark model for light energetic quarks



B → ππ decays

◮ Non-leptonic decays always difficult due to QCD corrections

◮ Use lattice, quark models, sum rules, eg

◮ From 1999, Beneke et. al.:QCD factorization For B → ππ, πK, ...
Corrections to factorization:
αs
π (calculable), ΛQCD

mb
(not calculable).

◮ B0
d → π0π0 is not factorizable

◮ For B0
d → π0π0, calculated previously (QCD fact, SCET, QCD sum

rules) but amplitude factor 2 off.

◮ We will use new LEχQM which includes hard pions and soft gluons



Quark Diagrams for Non-Leptonic Decays

B0
d → π0π0 andB0

d → π+π− are dynamically different.
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d → π+π− B0

d → π0π0

quark processb → udu



Effective Lagrangian Non-Leptonic Decays

Effective non-leptonic Lagrangian at quark level:

Leff = −G [cA(µ)QA + cB(µ)QB]

µ = renormalization scale.Ci = Wilson coefficient

QA = 4(ūLγµbL)(d̄Lγ
µuL), QB = 4(ūLγµuL)(d̄Lγ

µbL)

At tree levelcA = 1 andcB = 0
For “flavor mismatch”, use Fierz transformation:

Q̂i → Q̂Fierz
i =

1
Nc

jαL (q1 → q4) jLα(q3 → q2) + 2 Q̂color

Q̂color = jαL (q1 → q4)
a jLα(q3 → q2)

a ; jαL (qi → qj)
a = (qj)L γα ta (qi)L



Colored operators might dominate

Mπ0π0 = 4G
[

(cB +
cA

Nc
)
〈

π0|ūLγµuL|0
〉 〈

π0|d̄Lγ
µbL|B̄0

〉

+2cA
〈

π0π0|(ūLγµtauL)(d̄Lγ
µtabL)|B̄0

〉

]

(

cB + cA
Nc

)

≈ 0 Color suppressed

Mπ+π− = 4G
[

(cA +
cB

Nc
)
〈

π−|d̄LγµuL|0
〉 〈

π+|ūLγ
µbL|B̄0

〉

+2cB
〈

π+π−|(d̄LγµtauL)(ūLγ
µtabL)|B̄0

〉

]

(

cA + cB
Nc

)

≈ 1 color allowed



B0 → π+π−, B0 → π0π0 in LEχQM
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Mπ+π− = 4G (cA +
cB

Nc
)
〈

π−|d̄LγµuL|0
〉 〈

π+|ūLγ
µbL|B̄0

〉

Mπ0π0 = 4G 2cA
〈

π0π0|(ūLγµtauL)(d̄Lγ
µtabL)|B̄0

〉

How to calculate〈M1 M2| Q̂color |M〉 ?



The Chiral Quark Model (χQM)

To be used for colored operators! Light q = u, d, s sector:

LχQM = LQCD + Lχ

Lχ = −m
(

qR Σ qL + qL Σ†qR
)

⇒ Meson-quark couplings.
m = constituent light quark mass, due to chiral symmetry breaking.
“Rotated version” ; flavour rotated “constituent quark fields”

χL = ξqL , χR = ξ†qR ; ξ · ξ = Σ

LχQM = χ [γµ(iDµ + Vµ + γ5Aµ) − m] χ + ...



TheHLχQM

LHLχQM = LHQET + LχQM + LInt

LInt = −GH

[

χf Hf
v Qv + Qv Hf

v χf

]

�B d

b �ξ†Γα +�ξ†Γα

Ingtegrating out quarks, should give the known HLχPT terms
⇒ Physical and model dependent parameters,fπ, 〈 qq 〉, fH, gA linked to
(divergent) loop integrals in HLχQM!

Fit in strong sector:m ∼ 220 MeV,〈αs
π G2〉1/4 ∼ 315 MeV, GH

2 = 2m
f 2 ρ

whereρ ∼ 1 andρ = ρ(fπ, 〈αs
π G2〉, m, gA)

( A.Hiorth and J.O.Eeg, PRD 66 (2002))



Soft gluons

Hard gluons are integrated out

Soft gluons couple to quarks in the loops

Introduce gluon condensates (model dep.) by (Novikov et al.):

g2
s Ga

µνGa
αβ → 4π2〈αs

π
G2〉 1

12
(gµαgνβ − gµβgνα) ,

�ξ†Γα +�ξ†Γα



TheLEχQM

Lintq = GA (q̄ γµγ5(∂
µM) qn) + h.c , M = meson fields

CouplingGA determined by loop diagram forζ(v) π+

B̄0

d

b

u

GH

GA

(Orsay group (Charles et al 1999)):

〈P|Vµ|H〉 = 2E
[

ζ(v)(MH , E) nµ + ζ
(v)
1 (MH , E) vµ

]

,

GA =
4ζ(v)

m2 GH F

√

E
MH

=

(

4ĉfπ
m F

√
2ρ

)

1

E
3
2

,

CouplingGA ∼ N−1/2
c fixed. F = Nc/(16π) + ... ∼ 10−1

( J.O.Eeg and L.E. Leganger, PRD 82 (2010)) forB → πD



Calculating the color suppressed mode

TheB → πn current with color

b

d

d d

B̄0

π0

Jµ
1G(B → π0)a = gs Ga

ρν

GH GA

128π
ǫσρνλ nσTr

(

γµLHvγλ ξ†Mn

)

,

The colored current for outgoing hardπñ:

u

u

u

π0

Jµ(πñ)
a = gsG

a
αβ 2

(

−GAE
4

)

Y ñσǫσαβµ Tr
[

λX Mñ
]

,

λX = SU(3) flavor matrix, Y is a Loop factor:

Y =
f 2
π

4m2Nc

(

1 − 1
24m2f 2

π

〈αs

π
G2〉

)

Use Novikov procedure to form gluon condensate.



Result: ratio of amplitudes

r ≡ M(B0
d → π0π0)Non-Fact

M(B0
d → π+π−)Fact

=
cA

cf

κ

Nc

E ζ(v)

√
m MB

,

κ = model-dependent hadronic factor, dimensionless and∼ (Nc)
0:

κ =

(

π Nc 〈αs
π G2〉

2F2 m4
√

2ρ

)

Y.

From scaling behaviour ofζ(v) with C = ĉ m
3
2

r ≃
(

cA

cf
κ ĉ

)

1
Nc

m
E

∼ ΛQCD

mb



Experimental value ofr = 0.5 can be accommodated form ∼ 220 Mev and
〈αs

π G2〉1/4 ∼ 315 MeV. - as in previous work.
BUT: Result very sensitive to variations ofm and〈αs

π G2〉



Conclusions

◮ Have constructed LEχQM in accordance with〈πn|jµV |B〉
◮ Good news: Color suppressed (∼ 1/Nc) ampl.B0

d → π0π0 can be
accomodated numerically! And: amp.∼ m/2E ≃ ΛQCD/mb

◮ Bad news: Obtained amplitude very sensitive tom and〈αs
π G2〉



Conclusions

◮ Have constructed LEχQM in accordance with〈πn|jµV |B〉
◮ Good news: Color suppressed (∼ 1/Nc) ampl.B0

d → π0π0 can be
accomodated numerically! And: amp.∼ m/2E ≃ ΛQCD/mb

◮ Bad news: Obtained amplitude very sensitive tom and〈αs
π G2〉

◮ Thank you



Meson loop contributions toB0
d → π0π0
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πñ

ρñ
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Figure:Meson loops forB0
d → ππ.



Heavy Quark Effective Theory (HQET)

Project out movement of heavy quark (pQ = mQ v + k , v2 = 1)

Q(±)
v (x) = e±imQv·xP±(v)Q(x) , P±(v) =

1
2
(1± γ · v)

LHQET = ±Q(±)
v iv · DQ(±)

v + O(m−1
Q )

Heavy quark propagator:

S(pQ) → P+(v)
k · v

Replacements in quark operators

b → Q(+)
vb , c → Q(+)

vc , c → Q(−)
v̄



Large Energy Eff. Th. (LEET → SCET)

Project out movement of light energetic quark:pµ
q = E nµ + kµ,

q±(x) = eiEn·x P± q(x) ; n( or ñ) = (1, 0, 0,±η)

P+ =
1
4

γ · n (γ · ñ + δ) , P− =
1
4

(γ · ñ − δ) γ · n

η =
√

1− δ2 , n2 = ñ2 = δ2 , v · n = v · ñ = 1.

δ ∼ ΛQCD

E
; S(pq) →

γ · n
2n · k

Project outq− gives eff. Lagr. forq+ = qn (∼ as Orsay group):

LLEETδ = q̄n

(

1
2
(γ · ñ + δ)

)

(in · D) qn + O(E−1) ,



In the formal limitsMH → ∞ andE → ∞, 〈P |Vµ |H〉 of the form
(Orsay group (Charles et al 1999)):

〈P|Vµ|H〉 = 2E
[

ζ(v)(MH, E) nµ + ζ
(v)
1 (MH, E) vµ

]

,

where

ζ(v) = C

√
MH

E2 , C ∼ (ΛQCD)3/2 ,
ζ
(v)
1

ζ(v)
∼ δ ∼ 1

E

Behavior constistent with the energetic quark havingx close to one,
wherex = quark momentum fraction of the outgoing pion.


