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Heavy to light decays induced by b →    u transition
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• relevant for the determination of Vub

possibility to constrain one of the sides 
of the Unitarity Triangle

f f t d ibi l i• form factors describing exclusive 
semileptonic modes enter also 
in the description of some 
non leptonic deca snon leptonic decays 
in the QCD factorization approach

possibility to constrain one of the anglespossibility to constrain one of the angles 
of the Unitarity Traingle (α)

• description of rare B decays induced by b to s transition:description of rare B decays induced by b to s transition: 

... , , *(*) γπ KKKB −+→ ll



Give the possibility to relate the various form factors describing exclusive processes

Heavy-to-heavy decays: heavy quark symmetries

Give the possibility to relate the various form factors describing exclusive processes
induced by b       c transition

At leading order in the heavy quark expansion one finds that

all form factors are relatedξ all form factors are related
to one Isgur-Wise function

ξ



Heavy-to-heavy decays

In the kinematic regime when Q interacts with the light antiquark 
only through soft gluon exchanges heavy quark symmetries arise (HQET)

mb
bm<μ bm>μ

HQET reproduces correctly 
the long distance physics of QCD

Short-distance corrections, 
to be computed in perturbation theory

2.0)( ≈Qs mα

Hard  vertex  renormalization



Heavy-to-light decays – Form factors
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Are there symmetry relations also for heavy-to-light decays ?y y y g y
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Heavy-to-light form factors at large recoil

p p’ E
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222 qmME −+
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MLarge energy of the light meson                
2
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If one assumes that the b and u still interact with the spectator 
only through “soft” gluon exchanges,
symmetry relations can be derived for the heavy-to-light form factors

Charles et al. PRD 60 (99) 014001



Heavy-to-light form factors at large recoil
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Symmetry relations



Symmetry relations

Are valid for the soft contribution to the soft form factors at large recoil
neglecting  1/mb and αs corrections

Corrections stem from

Hard erte factorizable spectatorHard vertex 
renormalization

factorizable spectator 
interaction

The inclusion of such corrections leads to a factorization theorem



Energy scales

bbhcQCD mm                       Λ=Λ μ

Soft scale, 
typical of energies and momenta 
of light degrees of freedom

Hard scale

of light degrees of freedom

Hard-collinear scale 
in interactions between soft and energetic modesg
in the initial and final state

Bauer Fleming Pirjol and StewartS ti f l i hi d i ff ti th i Bauer, Fleming, Pirjol and Stewart
Beneke, Chapovsky, Diehl and Feldmann
Becher, Hill, Lange and Neubert

Separation of scales is achieved in effective theories

μ<μI      SCETI         (integrate out hard modes)

μ<μII     SCETII       (integrate out also hard-collinear modes)



Beneke and Feldmann, NPB 685 (04) 249
See also
Hill and Neubert NPB 657 (03) 229
L d N b t NPB 690 (04) 249

Factorization theorem

Lange and Neubert NPB 690 (04) 249
Bauer, Pirjol and Stewart PRD 67 (03) 071502

Short-distance functions 
Arise from integrating out hard modes: bI m<μ

Light-cone distributions

...)()(),(),(),()( 2 +Φ⊗Φ⊗+= IIPIIBIIiIIii ETEECqf μμμμξμ

Hard scattering kernel (perturbative series in αs)
Contains the effects of both h and hc dynamics μII<μhc

Soft form factor

Subleading terms in             bm/Λ
It is universal for each meson
and does not depend on the Dirac structure 
of the current 

The second term is the symmetry breaking one.
The first enters already at tree level, while the second is O(αs).
However the first could be Sudakov suppressedHowever, the first could be Sudakov suppressed.

Their relative weight is a debated issue



SCET – matching heavy-to-light currents

V t t Usual heavy quark field

[ ] { } [ ]vv hvCnChCbq χμμγχμγ μμμμ   )()(  )( 543 ++→ −
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Vector current Usual heavy quark field 
in HQET

ξχ W=
)1001(

)1,0,0,1( −=+

μ

μn
Hard-collinear light quark field

)1,0,0,1(=−
μn

Wilson line

At tree level C3(mb)=C4(mb)=1 C5(mb)=0

The running is obtained solving RGEs in SCET

ΓΔ+Γ→Γ ∑ FvBhpMCvBbqpM vi
i

i )()()()()( χμ
i

Wilson coeff. in SCET Soft contribution Hard, symmetry-breaking
factorizable contribution



B→P
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Form factors

SCET provides a theoretical framework to achieve factorization
of short and long distance Physicsof short and long distance Physics

However, non perturbative quantities (such as form factors) 
should be determined through other approaches (lattice QCD sum rules)should be determined through other approaches (lattice, QCD sum rules).



Light-cone QCD sum rules

Symmetry relations arise when the b quark decays to a highly energetic u quark
and both interact with the spectator through “soft” gluon exchange

f ib i h f fsoft contribution to the form factors

The two quarks in the final light meson are in an asymmetric configuration:q g y g
one of them takes almost all the meson’ momentum

end-point of the wave functionp

In conventional light-cone sum rules soft contribution is related 
to  terms proportional to the wave function at the end point (in the limit             ).

a-posteriori identification of the soft form factors

∞→bm



The external state
is the heavy meson

Sum rules in SCET
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is the heavy meson
in contrast to usual LCsrThe starting point is a correlation function
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Interpolating current Current inducing the transitionp g
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Current inducing the transition
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Tree level sum rule: B →π A similar procedure developed in parallel in
Khodjamirian, Mannel, Offen PLB 620 (05) 52

PRD 75 (07) 054013

The procedure consists in writing the correlator in two
different ways (as with all QCD sum rule calculations)

Hadronic side 

contribution of the pion Higher states and continuum;
starts above an effective threshold sω

ππ π fpnpJ )()(0 ′⋅=′ + ),()()v()0()( 0 IB pnpnmBJp μξπ π ′⋅′⋅=′ ++Using
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SCET side

Hard-collinear quark propagator

kn ⋅= −ω kμ being the momentum of the soft light quark
that ends up as spectator in the B

Result:

that ends up as spectator in the B

where the B  light-cone distribution amplitude enters  through
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pn ′⋅Π −Also                     can be written as a dispersion relation.
Assuming quark-hadron duality, we identify the spectral density 
with the expression obtained in SCET
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⊥→ VVB  , ||Tree level sum rule:                       

||2 0 ffIdentical to the pion case except that now 
||2      ,0 VπV ffm →≠



Radiative corrections from hard-collinear loops
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Results 
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The renormalization scale dependence of the form factors should cancel against that 

Renormalization scale dependence

p g
of the Wilson coefficients:

This can be checked knowing the scale dependence of φ-
B

anomalous dimension

T. Feldmann, G. Bell
JHEP 0804:061,2008. 

Complete cancellation of μ-dependent termsComplete cancellation of μ dependent terms



Numerical results I: Soft form factor for longitudinal vector mesons
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Numerical results I: Soft form factor for longitudinal vector mesons

BMs
fBmpn 05.033.0)(ˆ

0

03.0
02.0

03.0
06.0

02.0
02.0|| ±±±±==′⋅+ ωωω

ξ

dependence on the B meson wave function

Lee, Neubert

Addi i d tAdding errors in quadrature:

07.0330)(ˆ ±==′⋅ mpnξ 09.0|| 33.0)( ±==⋅+ Bmpnξ

C tibl ith th l bt i d f t diti l lCompatible with the value obtained from traditional sum rules

Ball, Braun
Ball, Zwicky 
Beneke, Feldmann,Seidel



Numerical results I: Soft form factor for longitudinal vector mesons

Energy dependence
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Numerical results II: Soft form factor for transverse  vector mesons
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Numerical results II: Soft form factor for transverse vector mesons

Energy dependence
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Numerical results III: Soft form factor for pseudoscalar mesons
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Numerical results III: Soft form factor for pseudoscalar mesons

Energy dependence
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Numerical results : modifying the sum rules

Possibility to decrease the sensitivity to sum rule parameters:Possibility to decrease the sensitivity to sum rule parameters: 
Dividing for the sum rules relative to the decay constants

Reduction of the uncertainties 
due to      Ms ωω  ,due to      
but introduction of an unknown 
systematic error:
Are the sum rules really correlated? 

Ms ,

y



Dependence on the shape of the B meson wave function

Default model:Default model:

Alternatives: 

4.0=sω

Sizable dependence
More information on φ-

B required



Symmetry breaking corrections

Stem from:

Hard vertex 
renormalization

Hard-collinear spectator 
interaction

Explicit calculation in B →π case gives Beneke and Feldmann, NPB 592 (01) 3
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The spectator scattering terms can be identified by comparing π→B

Factorizable form factor: B→π case

The spectator scattering terms can be identified by comparing 
form factors for different Dirac structures

Tree level matching  (in the light-cone gauge) gives:
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f

Factorizable form factor: B→π case

Comparing the two expressions for the ratio
+f
f0

In SCET-QCD-sum rules we need to considerIn SCET-QCD-sum rules we need to consider 
a correlator involving the current J1



Factorizable form factor
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Factorizable form factor

Inserting the leading order sum rule for the decay constants:

)(    ),( 0
2 pnspnM sM ′⋅=′⋅= ++ ωω

In the limit                            the QCD factorization result is recovered )(0 pns ′⋅<< +ω



original sum rule

modified sum rule
Corrections to symmetry relations: numerics

• the dependence on   
i ild f th difi d l

Mω
is milder for the modified sum rule

• qualitative agreement at this level 
of accuracy with the QCDF resultof accuracy with the QCDF result
i.e. no enhancement of the symmetry 
breaking term



A SU(3) related case: Bs → η(η’) form factors  

Assuming quark-flavour basisAssuming quark-flavour basis 

to describe η-η’ mixing

and SU(3) to relate Bs → η(η’) to B  → K  form factors, we obtain :( ) s η(η ) ,

with



Predictions for rare Bs decays: M.V. Carlucci, P. Colangelo, FDF
Phys Rev D80 (09) 055023

3pt sum rules
Usual LC sum rules

SCET-based LC sum rules

SC ffSCET sum rules provide the results affected by the largest uncertainty at present.
This conservative estimate shows that these modes could be accessible in the future



Conclusions

• light cone sum rules for exclusive B decays at large recoil 
can be derived  within SCET

• non perturbative ingredients:
- light cone wave functions of the B mesong
- sum rule parameters

• outcome consistent with full QCD resultsoutcome consistent  with full QCD results

• main result: possibility to separate from the very beginning 
soft non factorizable term from the factorizable form factorsoft - non factorizable term from the factorizable form factor

• hierarchy among soft/hard contributions in agreement 
ith QCD f t i tiwith QCD factorization



SCET
Separation of scales is achieved in effective theories

Bauer, Fleming, Pirjol and Stewart
Beneke, Chapovsky, Diehl and Feldmann
Becher, Hill, Lange and Neubert

μ<μI      SCETI         (integrate out hard modes)

μ<μ SCET (integrate out also hard collinear modes)μ<μII     SCETII       (integrate out also hard-collinear modes)

SCET applies to B decays to hadrons with energies much larger than their  masses
assuming  that their constituents carry momenta collinear to the hadron momentum Pμg y
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SCET

222 EmP <<=Let us consider a light energetic hadron with Pμ in the z-direction and
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One writes 22 ~and~hwit~ pkpkpppkpp <<=+=+=

SCET – effective fields, lagrangian, Feynmann rules

One writes

Then defines
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SCET – effective fields, lagrangian, Feynmann rules
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Effective Lagrangian (D contains only the soft gluon field)
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To be supplemented by the usual HQET lagrangian for the heavy quark
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Feynmann rules

Bauer, Fleming, Pirjol and Stewart, 
PRD 63 (01) 114020

SCET – effective fields, lagrangian, Feynmann rules

y

Collinear quark
propagatorp p g

soft gluon

collinear 
gluons



At next to leading order 
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Form factor ratios


