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Introduction

* Since 1970’s : Non-leptonic decays always difficult-
Perturbative QCD worked well;
BUT: “Hadronic uncertainties” (use Lattice, Quark Models)

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

mb
(not calculable).

For B0
d → π0π0, tremendous effort (QCD fact, SCET, QCD sum

rules) , but amplitude factor∼ 2 off.

Try new LEχQM !
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Energy/Mass Scales of the SM

quarks        m
esons

RSU(3) x SU(3)L
Λ χ

SU(3)V

QCD + EW

χ QM + HL χ QM

1 TeV ??

w

u,d,s,c,b,t, ....

HQET

CPT + HLCPT

K, η π, , B, D, ...

SUSY, STRINGS,
EXTRA DIMENSIONS ... ???

QCD

c, b 

u, d, s 

M  ~80GeV

m b ~5GeV

High mass particles may go in loops and affect low-energy decays!
Chiral quark models bridge between thequark andmeson picture
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Bridge:Chiral quark models (χQM’s)

Since 1990’s used (HL)χQM (combined withχPT).
K → γγ, K → ππ , especiallyǫ′/ǫ !! - K − K andB − B mixing,
D → KK , B → DD, Dη′ , D∗γ , Kη′ , Dπ .
Collaborators: Ivica Picek, Marco Fabbrichesi, Stefano Bertolini,
Svjetlana Fajfer, Aksel Hiorth, A.Polosa, J. Zupan, A. Prapotnik, J.A.
Macdonald Sørensen, Krešimir Kumerički, L.E. Leganger

(HL)χQM also used by Bijnens et al, Pich and de Rafael, Ebert et al,
Nardulli et al,.....
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Quark Diagrams for Non-Leptonic Decays
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Figure:Factorizable and Color-suppressed diagrams
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Color suppression in Non-Leptonic Decays

Effective non-leptonic Lagrangian at quark level:

LW =
∑

i

Ci(µ) Q̂i(µ) ,

µ = renormalization scale.Ci = Wilson coeff. TypicallyQ̂i’s are
products of two quark currents
For “flavor mismatch”, use Fierz transf:

Q̂A → Q̂Fierz
A =

1
Nc

Q̂B + Q̂color
B

whereQ̂color
B is a product of two colored currents.

J.O.E. , Phys. Dept., Univ. Oslo Talk at: QCD@work, Lecce, june 2012 Non-leptonic decays in an extended chiral quark model



q

q4

q2

q̄3

M

M3

M4

M

q

q

M

q̄3

q2

q4

q̄3

q2

q4

M3

M4

M3

M4

⇒ (1/Nc)×

Figure:Diagrammatic illustration of the Fierz transf.
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Colored operators might dominate!

Generic, for non-leptonic processes with two numerically relevant
operatorŝQX,Y :

〈M1 M2|LW |M〉 =

(
CX +

CY

Nc

)
〈M1| jαL (1)|0〉 〈M2|jLα(2)|M〉

+ CY 〈M1 M2| Q̂color |M〉

whereQ̂color is the product of the colored currents.Some cases:(
CX + CY

Nc

)
close to zero.How to calculate〈M1 M2| Q̂color |M〉 ?
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Heavy Quark Effective Theory (HQET)

Project out movement of heavy quark :pQ = mQ v + k , v2 = 1.
Effective Lagrangian:

LHQET = Qviv · DQv + O(m−1
Q )

Heavy quark propagator:

S(pQ) → (1 + γ · v)
2k · v

Replacements in quark operators

b → Qvb , c → Qvc
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Large Energy Eff. Th. (LEET → SCET)

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

n( or ñ) = (1, 0, 0,±η)

η =
√

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

δ ∼ ΛQCD

mQ
(→ m

E
) ; S(pq) →

γ · n
2n · k

Effective Lagrangian for reduced light energetic quark field qn:

LLEETδ = q̄n

(
1
2
(γ · ñ + δ)

)
(in · D) qn + O(E−1) ,
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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.
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Mesonic picture : (HL)χPT

⇒ Effective Theor. contains meson fields

Heavy meson field: H(±) = P±(v) (P(±)
µ γµ − iP(±)

5 γ5)

Light, soft meson fields (π, K, η8 ). Λχ ∼ 4π f ∼ 1 GeV

Aµ =
1
2i

(ξ†∂µξ − ξ∂µξ†) ; ξ ≡ exp

(
i

2f

∑

a

λaπa(x)

)

For HLχPT, should have (??)(mb − mc) < Λχ, or (mb − 2mc) < Λχ

Few ideal cases, butB − B mixing should work well...
Bosonization of currents (to lead. order forH = B, D ).

qL γµ Qv −→ 1
2

fH
√

MH Tr
[
ξ†γµL Hv

]
+O(1/mQ)+O(mq)+O(1/Nc)
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The Chiral Quark Model (χQM)

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

LχQM = LQCD − m
(

qR Σ qL + qL Σ†qR

)

⇒ Meson-quark couplings. Modelling confinement!!
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 + O(mq)
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Color suppressedM → M1 M2 in χ QM
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Figure:Bosoniztion of colored operator̂Qcolor → 1/Nc Tr(...) × Tr(...)

J.O.E. , Phys. Dept., Univ. Oslo Talk at: QCD@work, Lecce, june 2012 Non-leptonic decays in an extended chiral quark model



Soft gluon emision

Loop momenta inχQM’s should be< Λχ

Gluon condensates (model dep.) using (Novikov et al.):

g2
s Ga

µνGa
αβ → 4π2〈αs

π
G2〉 1

12
(gµαgνβ − gµβgνα) ,

Identification of logarithmic divergent loop integralI2 and quadratic
div. int. I1 (Esprui and Taron, Bijnens et al, Pich and de Rafael,...):

f 2
π = −i4m2NcI2 +

1
24m2 〈

αs

π
G2〉

〈 qq 〉 = −4imNcI1 −
1

12m
〈αs

π
G2〉
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Prescription :

Integrate outW and heavy quarks:

E > µ : LW =
∑

i

Ci(µ) Q̂i(µ) ,

Bosonize : Integrate out light quark fields andQi:

Q̂i(µ) →
∑

j

GijL̂j ,

Meson loops (chiral from̂Lj ?) at meson level (FSI -some loops
suppressed)
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TheHLχQM. Including heavy quarks

LHLχQM = LHQET + LχQM + LInt

HLχQM ansatz (also: Ebert et al, Bardeen and Hill, Nardulli et al):

Hf
v

Qv

χf

LInt = −GH Qv Hf
v χf + h.c
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Integrating out quarks (by loop diagrams) should give the known
HLχPT terms!⇒ Physical and model dep. param.fπ, 〈 qq 〉, fH , gA

linked to (divergent) loop integrals in HLχQM!

�ξ†Γα +�ξ†Γα

Figure:Bosonization of left handed current

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

GH
2 = 2m

f 2 ρ whereρ ∼ 1 andρ depend onfπ, 〈αs
π G2〉, m, gA.

Ideal caseB − B-mixing

B̂Bq =
3
4

b̃

[
1 +

1
Nc

(
1− δB

G

)
+

τb

mb
+

τχ

32π2f 2

]

J.O.E. , Phys. Dept., Univ. Oslo Talk at: QCD@work, Lecce, june 2012 Non-leptonic decays in an extended chiral quark model



TheLEχQM

Ansatz( with L.E. Leganger, PRD 82 (2010)):

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

Figure:Factorizable contribution to theB0 → D0π0 decay, including the
current matrix element forB → π . Here: Small Wilson coeff. combination
for factorized term. Colored operator dominates.

CouplingGA determined by loop diagram forζ(v).
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Recall from LEET

〈P|Vµ|H〉 = 2E
[
ζ(v)(MH, E) nµ + ζ

(v)
1 (MH, E) vµ

]
,

where

pµ
H = mH vµ ; pµ = Enµ

Recall:

ζ
(v)
1 /ζ(v) ∼ δ ∼ 1/E

Property satisfied in LEχQM !!
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B → πn current (Mn = 3× 3 matrix of energetic mesons):

Jµ
tot(Hv → Mn) =

(
−i

GH GA

2
m2 F

)
Tr
{

γµLHv [γ · n] ξ†Mn

}
,

whereF = Nc/(16π) + ... ∼ 10−1. Useδ = m/E:

GA ∼ 1
Nc

1

E
3
2

CouplingGA fixed from knowledge ofζ(v)

( From light cone sum rules :ζ(v) ≃ 0.3 ).
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Color suppression inB0 → D0π0

Factorized amplitude dominates forB0 → D+π−. BUT: B0 → D0π0

has very small factorized amplitude (-small Wilson coeff.)

Figure:Non-factorizable contributions toB0 → D0π0 from the colored
operators within LEχQM. Ampl. account for 2/3 of the experimental
amplitude.Additional meson loop ampl.(?)

Bosonization of colored current for outgoingD-meson (c → Qvc):

(qL ta γα Qvc)1G −→ −GH gs

64π
Ga

µνTr
[
ξγαL σµν Hvc

]
+ ...
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B0 → π0π0 in LEχQM

with T. Palmer, PRD 83 (2011)

π+

B̄0

π−

d

b

u

u

d

Figure:Factorized contribution to theB0
d → π+π− decay, as described in

combinedχQM, HLχQM and LEχQM. Factorized contrib toB0
d → π0π0

small due to small Wilson coeff.
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Figure:Non-factorizable contribution toB → π0π0 containing large energy
light fermions and mesons. Also corresponding diagram where the outgoing
anti-quarku is hard.
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The coloredB → πn current

Jµ
1G(Hb → M)a = gs Ga

αβ

GH GA

128π
ǫσαβλ nσTr

(
γµLHvγλ ξ†Mn

)
,

The colored current for outgoing hardπñ:

Jµ
1G(Mñ)

a = gsG
a
αβ 2

(
−GAE

4

)
Y ñσǫσαβµ Tr

[
λX Mñ

]
,

whereλX = appropriate SU(3) flavor matrix. Loop factor:

Y =
f 2
π

4m2Nc

(
1 − 1

24m2f 2
π

〈αs

π
G2〉
)

.
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r ≡ M(B0
d → π0π0)Non-Fact

M(B0
d → π+π−)Fact

=

(
cA

cf
κ ĉ

)
1

Nc

m
E

.

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

κ =

(
π Nc 〈αs

π G2〉
2F2 m4

√
2ρ

)
Y.

Our calculations show that the ratior ∼ 1/Nc and
r ∼ m/2E ≃ ΛQCD/mb as it should acc. to BBNS
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Figure:Plot for the ratior in terms ofm and〈αs
π G2〉1/4. For reasonable

values of these parameters the ratior can take a wide range of values such
that fine-tuning is required to reproduce the experimental value.
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Experimental value ofB0
d → π0π0 ampl. can be accomodated 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〉, as seen by loop

factorY.
In addition,- meson loops:

B

πn

π
πñ

ρñ B

πn

π

πñ

ρñ

ρn

Figure:Suppressed and Non-suppr. meson loops forB0
d → ππ.
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Extensions- Under construction

Meson loops

Include also light vectors (ρ, ...)

Need coupling forVn → Mn + (soft π)
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Conclusions

Have constructed LEχQM in accordance with〈πn|jµV |B〉
2/3 of B → π0D0 described. Rest meson interactions?

Good news: Color suppressed (∼ 1/Nc) ampl.B0
d → π0π0 can

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

Bad news: Obtained ampl. very sensitive tom and〈αs
π G2〉

extension (light vectors, meson loops) coming

Systematic expansion in 1/Nc andm/E. Bosonized expressions
obtained, BUT: Models not suited for precision tests
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