
b->sll at (very) low q2

Sebastian Jäger

Workshop “Rare B decays in 2015: experiment and theory”
Edinburgh, Tuesday 12 May 2015

Tuesday, 12 May 15



Why rare decays
  
New particles’ couplings tend to mediate flavour changes (they 
do in all the “natural” proposals for TeV physics)

At least they will have CKM-like flavour violations (minimal 
flavour violation), so will always affect rare decays.

Of course BSM particles will mediate
flavour-conserving processes, too.
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Le↵ = LSM

�VH = �µ2�†�� �

2
(�†�)2

LSM = ((covariant) kinetic terms + LY+

BR(B0
s ! µ+µ�) = (2.9+1.1

�1.0)⇥ 10�9

BR(B0 ! µ+µ�) < 7.4⇥ 10�10 [95% CL]

CMS/LHCb world averages:

BR(B0
s ! µ+µ�) = (2.9± 0.7)⇥ 10�9

BR(B0
d ! µ+µ�) = (3.6+1.6

�1.4)⇥ 10�10

Bobeth et al predictions:

BR(B0
s ! µ+µ�) = (3.65± 0.23)⇥ 10�9

BR(B0
d ! µ+µ�) = (1.06± 0.09)⇥ 10�10
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Rate: q2 dependence (qualitative)
photon pole  
      [C7/q2]^2

          [C’7/q2]^2,

         [C7 C’7]^2
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BSM only:
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resonant structure

“low q2 / large recoil” “high q2 / low recoil”

oben

unten

rechts
s

b
g

s

b
γ

s

b
Z

s

b
H

b

b

s

s b

hi

hj

(c)

b s

s b

hi

hj hk

hl

(d)

b s

s b

hi
hj

hk

.

(e)

bL bR sL

sL bR bL

h0∗
d h0∗

d

(f)

bR bL sR

sR bL bR

h0∗
d h0∗

d

(g)

oben

unten

rechts
s

b
g

s

b
γ

s

b
Z

s

b
H

b

b

s

s b

hi

hj

(c)

b s

s b

hi

hj hk

hl

(d)

b s

s b

hi
hj

hk

.

(e)

bL bR sL

sL bR bL

h0∗
d h0∗

d

(f)

bR bL sR

sR bL bR

h0∗
d h0∗

d

(g)

oben

unten

rechts
s

b
g

s

b
γ

s

b
Z

s

b
H

b

b

s

s b

hi

hj

(c)

b s

s b

hi

hj hk

hl

(d)

b s

s b

hi
hj

hk

.

(e)

bL bR sL

sL bR bL

h0∗
d h0∗

d

(f)

bR bL sR

sR bL bR

h0∗
d h0∗

d

(g)

}

left-handed
s-quark

right-handed
s-quark

suppressed in SM,
including long-

distance

}

long-distance
dominance

+boxes

Tuesday, 12 May 15



Rate: q2 dependence (qualitative)
photon pole  
      [C7/q2]^2

          [C’7/q2]^2,

         [C7 C’7]^2
BF

q2 = (mB-mV)2
q2 = 4ml2

↑

interference of
  C7     C9      C10      hadronic

 

BSM only:
 C’7    C’9    C’10   (hadronic)

(may involve Z‘ etc) 

narrow 
charm

resonances open charm region
C9, C10 dominate

resonant structure

“low q2 / large recoil” “high q2 / low recoil”

oben

unten

rechts
s

b
g

s

b
γ

s

b
Z

s

b
H

b

b

s

s b

hi

hj

(c)

b s

s b

hi

hj hk

hl

(d)

b s

s b

hi
hj

hk

.

(e)

bL bR sL

sL bR bL

h0∗
d h0∗

d

(f)

bR bL sR

sR bL bR

h0∗
d h0∗

d

(g)

oben

unten

rechts
s

b
g

s

b
γ

s

b
Z

s

b
H

b

b

s

s b

hi

hj

(c)

b s

s b

hi

hj hk

hl

(d)

b s

s b

hi
hj

hk

.

(e)

bL bR sL

sL bR bL

h0∗
d h0∗

d

(f)

bR bL sR

sR bL bR

h0∗
d h0∗

d

(g)

oben

unten

rechts
s

b
g

s

b
γ

s

b
Z

s

b
H

b

b

s

s b

hi

hj

(c)

b s

s b

hi

hj hk

hl

(d)

b s

s b

hi
hj

hk

.

(e)

bL bR sL

sL bR bL

h0∗
d h0∗

d

(f)

bR bL sR

sR bL bR

h0∗
d h0∗

d

(g)

}

left-handed
s-quark

right-handed
s-quark

suppressed in SM,
including long-

distance

}

long-distance
dominance

+boxes

This talk is about picking up the photon pole

Specific sensitivity to C7 (constrained from 
b->s gamma) and C7’ (well-motivated BSM 
effect)

Related to B->K*γ (completely model-
independently)

Unlike other observables, form factor 
ratios play almost not role.

Main issue is to rule out (or control)
sizable effects from the nonleptonic 
hamiltonian (charm loops etc). Good 
complementarity of QCDF + LCSR
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Optimised angular observables
=functions of the angular coefficients for which form factors drop out in 
the heavy quark limit if perturbative QCD corrections neglected.

E.g.

where

Krueger,Matias 2005; Egede et al 2008 
Becirevic, Schneider 2011
Matias, Mescia, Ramon, Virto 2012
Descotes-Genon et al 2012

Other contributions to r
�

can also be investigated. Those induced by the chromomagnetic pen-

guin operator Q
8

have been studied in the context of LCSR in [90] and [85], an their contributions

turn out to be very small. The contributions involving light-quark loops can be problematic at

low q2 since their treatment in QCDF is the dual to the one induced by light vector resonances.

However, they come always doubly CKM suppressed or multiplied by small Wilson coefficients.

A study of the impact of the duality violation (in relation to the QCDF result) was done using

vector-meson dominance in [56] and it turned out to be negligibly small in the binned angular

observables. It was also shown that ru,d,s
+

for the light quarks is also suppressed by (⇤/m
b

)

2.

For all this, we neglect the power corrections to the other terms, effectively absorbing them into

rc
�

and will treat all the corrections to r
+

suppressed by (⇤/m
b

)

2.

III. ANGULAR OBSERVABLES AND THE ANALYSIS OF THE EXPERIMENTAL DATA

The q2-dependent angular distribution (summed over lepton spins) is quadratic in the helicity

amplitudes and has been given in [56]. Certain ratios of angular coefficients are favoured because

of their reduced sensitity to form factors. In particular, we will discuss the so-called P
(0)
i

basis

which was introduced in [44, 53]. This is an exhaustive set of observables, constructed from

ratios of the angular coefficients and engineered to cancel most of the hadronic uncertainties in the

HQ/LE limit.

In order to illustrate this and critically reexamine the residual uncertainties on those observ-

ables, we will focus on two of them, called P
1

and P 0
5

in [44, 53]. In terms of the helicity ampli-

tudes, they read:

P
1

=

�2Re(H+

V

H�⇤
V

+H+

A

H�⇤
A

)

|H+

V

|2 + |H�
V

|2 + |H+

A

|2 + |H�
A

|2 , (17)

P 0
5

=

Re[(H�
V

�H+

V

)H0⇤
A

+ (H�
A

�H+

A

)H0⇤
V

]p
(|H0

V

|2 + |H0

A

|2)(|H+

V

|2 + |H�
V

|2 + |H+

A

|2 + |H�
A

|2) (18)

where we have neglected the muon mass for clarity.

In certain approximations P
1

and P 0
5

become free of nonperturbative uncertainties. In the

HQ/LE limit and neglecting ↵
s

corrections, as well as the contributions h
�

from the hadronic

weak Hamiltonian, the � = + helicity amplitudes vanish and V
�

(q2) = T
�

(q2). As a result, in

12

these limits and in the SM 5,

P
1

= 0, (19)

P 0
5

=

C
10

�
C

9,? + C
9,k
�

q
(C2

9,k + C2

10

)(C2

9,? + C2

10

)

, (20)

where [TILDEs?] ˜C
9,? = Ce↵

9

(q2) + 2mb mB
q

2 Ce↵

7

, ˜C
9,k = Ce↵

9

(q2) + 2mb E

q

2 Ce↵

7

, and the P
(0)
i

are

functions of the Wilson coefficients alone.

To do [SJ, probably]: analytic linearisation of P 0
5

in one or two power-correction parameters.

Coupled with, ideally, a plot showing it numerically (a la my LHCb / Aspen / ... plot)

Thus, the leading sources of uncertainties for the observables in the P
(0)
i

basis are due to the

presence of nonfactorizable contributions as well as to corrections to the HQ/LE form factor rela-

tions. In particular the uncertainty stemming from the breaking of the relation V
�

(q2) = T
�

(q2) is

amplified when cancellations between contributions proportional to C
7

and C
9

are effective. As it

can be concluded from the expressions above for C
9,?,k, this is the case for P 0

5

around q2 ' 3� 5

GeV2 that is where it has a zero due to that cancellation.

By contrast, toward the low-q2 endpoint, the amplitudes are dominated by the photon pole

contributions and the uncertainties stemming from the breaking of the form factor relations are

minimized. This is especially true for the observable P
1

, which in this limit is proportional to the

form factor T
+

(q2) that receives a double suppression at low q2 as a result of it being exactly 0 at

q2 = 0. Moreover, the fact that the nonfactorizable contribution r
+

is parametrically suppressed

by (⇤/m
b

)

2 [56] makes P
1

= 0 in the SM to an excellent approximation and, as discussed below,

a very powerful probe of right-handed currents in physics BSM. [Probably should cite a couple of

papers here, also the Paris people should get some credit somewhere for defining these observables

first. Also important for your talk!!!]

[To do: 1 or 2 tables with all input values collected together - in case somebody wants to

reproduce something, for example.]

A. Statistical framework and predictions in the SM

Make clear that P
1

vs P 0
5

is independent of statistical framework, here or already above.

In the analysis of experimental data one must specify the treatment of the theoretical uncer-

tainties in the statistical framework to be used. A frequentist scheme that has been successfully
5 We will ignore in this discussion the strange quark mass which produces an effect suppressed by ms/mb in P1.
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in SM, neglecting power corrections 
and pert. QCD corrections

Form Factors at large recoil
Heavy-quark and large-recoil (K ⇤) limit only 2 independent “soft form factors”

T+ = V+ = 0, T� = V� =
2E
mB

⇠?, T0 = V0 = S =
E

mK⇤
⇠k

Dugan et al. PLB255(1991)583, Charles et al. PRD60(1999)014001

The observable P0
5 Matias et al.’12

P0
5 =

I5
2
p
�I2sI2c

=
Re[(H�

V � H+
V )H0⇤

A + (H�
A � H+

A )H0⇤
V ]

q

(|H0
V |2 + |H0

A|2)(|H+
V |2 + |H�

V |2 + |H+
A |2 + |H�

A |2)

Rationale behind P0 basis: Ignore in first app. ↵s corrections and h�

H0
V / ⇠k, H�

V / ⇠?, H+
V ⇠ 0

P0
5 '

C10
�

C9,? + C9,k
�

q

(C2
9,k + C2

10)(C
2
9,? + C2

10)
,

(

C9,?=Ceff
9 (q2)+

2 mb mB
q2 Ceff

7

C9,k=Ceff
9 (q2)+

2 mb E

q2 Ceff
7

P(0)
i are sensitive to power-corrections!

Model-independent parameterization (10% p.c.’s)

Constrained by exact relations or experimental data

J. Martin Camalich (UCSD) Low q2 b ! sll and interplay with radiative 5 / 16

C7 and C9 opposite sign
destructive interference enhances vulnerability to anything that violates the large-energy form 
factor relations (or more generally underestimated errors on form facors

much less of an issue in than to P1 or P3CP  than eg in P5’ (and others)
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2mbmB

q2

⇣
T̃�(q
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B

q2
h�(q
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Other contributions to r
�

can also be investigated. Those induced by the chromomagnetic pen-

guin operator Q
8

have been studied in the context of LCSR in [90] and [85], an their contributions

turn out to be very small. The contributions involving light-quark loops can be problematic at

low q2 since their treatment in QCDF is the dual to the one induced by light vector resonances.

However, they come always doubly CKM suppressed or multiplied by small Wilson coefficients.

A study of the impact of the duality violation (in relation to the QCDF result) was done using

vector-meson dominance in [56] and it turned out to be negligibly small in the binned angular

observables. It was also shown that ru,d,s
+

for the light quarks is also suppressed by (⇤/m
b

)

2.

For all this, we neglect the power corrections to the other terms, effectively absorbing them into

rc
�

and will treat all the corrections to r
+

suppressed by (⇤/m
b

)

2.

III. ANGULAR OBSERVABLES AND THE ANALYSIS OF THE EXPERIMENTAL DATA

The q2-dependent angular distribution (summed over lepton spins) is quadratic in the helicity

amplitudes and has been given in [56]. Certain ratios of angular coefficients are favoured because

of their reduced sensitity to form factors. In particular, we will discuss the so-called P
(0)
i

basis

which was introduced in [44, 53]. This is an exhaustive set of observables, constructed from

ratios of the angular coefficients and engineered to cancel most of the hadronic uncertainties in the

HQ/LE limit.

In order to illustrate this and critically reexamine the residual uncertainties on those observ-

ables, we will focus on two of them, called P
1

and P 0
5

in [44, 53]. In terms of the helicity ampli-

tudes, they read:

P
1

=

�2Re(H+

V

H�⇤
V

+H+

A

H�⇤
A

)

|H+

V

|2 + |H�
V

|2 + |H+

A

|2 + |H�
A

|2 , (17)

P 0
5

=

Re[(H�
V

�H+

V

)H0⇤
A

+ (H�
A

�H+

A

)H0⇤
V

]p
(|H0

V

|2 + |H0

A

|2)(|H+

V

|2 + |H�
V

|2 + |H+

A

|2 + |H�
A

|2) (18)

where we have neglected the muon mass for clarity.

In certain approximations P
1

and P 0
5

become free of nonperturbative uncertainties. In the

HQ/LE limit and neglecting ↵
s

corrections, as well as the contributions h
�

from the hadronic

weak Hamiltonian, the � = + helicity amplitudes vanish and V
�

(q2) = T
�

(q2). As a result, in

12

(Melikhov 1998)
Krueger, Matias 2002
Lunghi, Matias 2006
Becirevic, Schneider 2011
Becirevic, Kou, et al 2012

}

neglecting strong phase differences 
[tiny; take into account in numerics]

HV (�) / Ṽ�(q
2)C9 �V��(q

2)C 0
9 +

2mbmB
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⇣
T̃�(q

2)C7 � T̃��(q
2)C 0

7

⌘
�16⇡2m2

B

q2
h�(q

2)

HA(�) / Ṽ�(q
2)C10 � V��(q

2)C 0
10

P1 ⌘ I3 + Ī3
2(I2s + Ī2s)
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3 ⌘ � I9 � Ī9

4(I2s + Ī2s)
= � Im(H+
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The q2-dependent angular distribution (summed over lepton spins) is quadratic in the helicity

amplitudes and has been given in [56]. Certain ratios of angular coefficients are favoured because

of their reduced sensitity to form factors. In particular, we will discuss the so-called P
(0)
i

basis

which was introduced in [44, 53]. This is an exhaustive set of observables, constructed from

ratios of the angular coefficients and engineered to cancel most of the hadronic uncertainties in the

HQ/LE limit.

In order to illustrate this and critically reexamine the residual uncertainties on those observ-

ables, we will focus on two of them, called P
1

and P 0
5

in [44, 53]. In terms of the helicity ampli-

tudes, they read:
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where we have neglected the muon mass for clarity.

In certain approximations P
1

and P 0
5

become free of nonperturbative uncertainties. In the

HQ/LE limit and neglecting ↵
s

corrections, as well as the contributions h
�

from the hadronic

weak Hamiltonian, the � = + helicity amplitudes vanish and V
�

(q2) = T
�

(q2). As a result, in
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these limits and in the SM 5,

P
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= 0, (19)
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5
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C
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where [TILDEs?] ˜C
9,? = Ce↵

9

(q2) + 2mb mB
q

2 Ce↵

7

, ˜C
9,k = Ce↵

9

(q2) + 2mb E

q

2 Ce↵

7

, and the P
(0)
i

are

functions of the Wilson coefficients alone.

To do [SJ, probably]: analytic linearisation of P 0
5

in one or two power-correction parameters.

Coupled with, ideally, a plot showing it numerically (a la my LHCb / Aspen / ... plot)

Thus, the leading sources of uncertainties for the observables in the P
(0)
i

basis are due to the

presence of nonfactorizable contributions as well as to corrections to the HQ/LE form factor rela-

tions. In particular the uncertainty stemming from the breaking of the relation V
�

(q2) = T
�

(q2) is

amplified when cancellations between contributions proportional to C
7

and C
9

are effective. As it

can be concluded from the expressions above for C
9,?,k, this is the case for P 0

5

around q2 ' 3� 5

GeV2 that is where it has a zero due to that cancellation.

By contrast, toward the low-q2 endpoint, the amplitudes are dominated by the photon pole

contributions and the uncertainties stemming from the breaking of the form factor relations are

minimized. This is especially true for the observable P
1

, which in this limit is proportional to the

form factor T
+

(q2) that receives a double suppression at low q2 as a result of it being exactly 0 at

q2 = 0. Moreover, the fact that the nonfactorizable contribution r
+

is parametrically suppressed

by (⇤/m
b

)

2 [56] makes P
1

= 0 in the SM to an excellent approximation and, as discussed below,

a very powerful probe of right-handed currents in physics BSM. [Probably should cite a couple of

papers here, also the Paris people should get some credit somewhere for defining these observables

first. Also important for your talk!!!]

[To do: 1 or 2 tables with all input values collected together - in case somebody wants to

reproduce something, for example.]

A. Statistical framework and predictions in the SM

Make clear that P
1

vs P 0
5

is independent of statistical framework, here or already above.

In the analysis of experimental data one must specify the treatment of the theoretical uncer-

tainties in the statistical framework to be used. A frequentist scheme that has been successfully
5 We will ignore in this discussion the strange quark mass which produces an effect suppressed by ms/mb in P1.

13

these limits and in the SM 5,

P
1

= 0, (19)

P 0
5

=

C
10

�
C

9,? + C
9,k
�

q
(C2

9,k + C2

10

)(C2

9,? + C2

10

)

, (20)

where [TILDEs?] ˜C
9,? = Ce↵

9

(q2) + 2mb mB
q

2 Ce↵

7

, ˜C
9,k = Ce↵

9

(q2) + 2mb E

q

2 Ce↵

7

, and the P
(0)
i

are

functions of the Wilson coefficients alone.

To do [SJ, probably]: analytic linearisation of P 0
5

in one or two power-correction parameters.

Coupled with, ideally, a plot showing it numerically (a la my LHCb / Aspen / ... plot)

Thus, the leading sources of uncertainties for the observables in the P
(0)
i

basis are due to the

presence of nonfactorizable contributions as well as to corrections to the HQ/LE form factor rela-

tions. In particular the uncertainty stemming from the breaking of the relation V
�

(q2) = T
�

(q2) is

amplified when cancellations between contributions proportional to C
7

and C
9

are effective. As it

can be concluded from the expressions above for C
9,?,k, this is the case for P 0

5

around q2 ' 3� 5

GeV2 that is where it has a zero due to that cancellation.

By contrast, toward the low-q2 endpoint, the amplitudes are dominated by the photon pole

contributions and the uncertainties stemming from the breaking of the form factor relations are

minimized. This is especially true for the observable P
1

, which in this limit is proportional to the

form factor T
+

(q2) that receives a double suppression at low q2 as a result of it being exactly 0 at

q2 = 0. Moreover, the fact that the nonfactorizable contribution r
+

is parametrically suppressed

by (⇤/m
b

)

2 [56] makes P
1

= 0 in the SM to an excellent approximation and, as discussed below,

a very powerful probe of right-handed currents in physics BSM. [Probably should cite a couple of
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in SM, neglecting power corrections 
and pert. QCD corrections
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form factor T
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= 0 in the SM to an excellent approximation and, as discussed below,
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Other contributions to r
�

can also be investigated. Those induced by the chromomagnetic pen-

guin operator Q
8

have been studied in the context of LCSR in [90] and [85], an their contributions

turn out to be very small. The contributions involving light-quark loops can be problematic at

low q2 since their treatment in QCDF is the dual to the one induced by light vector resonances.

However, they come always doubly CKM suppressed or multiplied by small Wilson coefficients.

A study of the impact of the duality violation (in relation to the QCDF result) was done using

vector-meson dominance in [56] and it turned out to be negligibly small in the binned angular

observables. It was also shown that ru,d,s
+

for the light quarks is also suppressed by (⇤/m
b

)

2.

For all this, we neglect the power corrections to the other terms, effectively absorbing them into

rc
�

and will treat all the corrections to r
+

suppressed by (⇤/m
b

)

2.

III. ANGULAR OBSERVABLES AND THE ANALYSIS OF THE EXPERIMENTAL DATA

The q2-dependent angular distribution (summed over lepton spins) is quadratic in the helicity

amplitudes and has been given in [56]. Certain ratios of angular coefficients are favoured because

of their reduced sensitity to form factors. In particular, we will discuss the so-called P
(0)
i

basis

which was introduced in [44, 53]. This is an exhaustive set of observables, constructed from

ratios of the angular coefficients and engineered to cancel most of the hadronic uncertainties in the

HQ/LE limit.

In order to illustrate this and critically reexamine the residual uncertainties on those observ-

ables, we will focus on two of them, called P
1

and P 0
5

in [44, 53]. In terms of the helicity ampli-

tudes, they read:
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1

=

�2Re(H+
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H�⇤
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Re[(H�
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where we have neglected the muon mass for clarity.

In certain approximations P
1

and P 0
5

become free of nonperturbative uncertainties. In the

HQ/LE limit and neglecting ↵
s

corrections, as well as the contributions h
�

from the hadronic

weak Hamiltonian, the � = + helicity amplitudes vanish and V
�

(q2) = T
�

(q2). As a result, in

12

(Melikhov 1998)
Krueger, Matias 2002
Lunghi, Matias 2006
Becirevic, Schneider 2011
Becirevic, Kou, et al 2012

}

neglecting strong phase differences 
[tiny; take into account in numerics]
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PCP
3 ⌘ � I9 � Ī9
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Two approximate null tests of the SM

What are the leading corrections?

Tuesday, 12 May 15



Helicity +1 power suppressed in the heavy-quark limit

         form factor T+ doubly suppressed (further q2/mB2 factor)

         nonlocal term known to be singly suppressed (Λ/mb)

         could be the dominant uncertainty for null tests

         however, extra suppression ~ Λ/mb

no photon pole:
vanishing relative 
contribution as q2->0              

B->Vll vector amplitudes

three helicity states for V=K*
dilepton can have J=0 or J=1
several leptonic currents
photon couples only to vector leptonic current. At q2 = 0 photon pole

B̄ ⇤ K̄ ⇥`+`� amplitude up to ↵2
em . . .

A(B̄ ⇤ V ⇤�⇤+) =
�

i

Ci⌃⇤�⇤+ |̄l�i l |0⌥⌃V |s̄�⇥i b|B̄⌥

+
e2

q2 ⌃⇤
�⇤+ |̄l�µl |0⌥F .T .⌃V |T (jhad

µ,em(x)Hhad
W (0))|B̄⌥

We have 2 types of uncertainties
Hadronic parameters (form factors)

I QCDf + estimated power-corrections BFS’01, Egede et al.’08
I Theoretical prediction (LCSRs) Altmannshofer et al.’09

Non-local contribution from Hhad
W in QCDf

I Non-factorizable charm-loop effects BFS’01, Khodjamiran et al.’10
I Non-factorizable light-quark effects BFS’01

Re-asses uncertainties at low-q2

J. Martin Camalich (Brighton) B ⇤ K⇥`+`� at the low-q2 endpoint September 10, 2012 4 / 15

form factor                     

nonlocal “quark loops”                  

matrix elements of semileptonic/radiative 
Hamiltonian factorize “naively”                   

lepton current                     

KINEMATICS & (q̄q)-RESONANCE BKGR

KINEMATICS – B(pB)⇤ P(pP) + ⌅̄(p⇤̄) + ⌅(p⇤)

1) q2 = m2
⇤̄⇤

= (p⇤̄ + p⇤ )2 = (pB � pP)2 4m2
⇤ � q2 � (MB �MP)2

2) cos �⇤ with �⇤⇥(⌅pB ,⌅p⇤̄) in ⇤̄⇤-c.m. system �1 � cos �⇤ � 1

general problem in b ⇤ {d , s}+ ⌅̄⌅ due to Op’s: [s̄�q][q̄�⇥b] and [s̄�b][q̄�⇥q]

LONG DISTANCE - (q̄q)-RESONANCE BACKGROUND

A[B ⇤ P + ⌅̄⌅] = A[B ⇤ P + ⌅̄⌅]SD�FCNC

+A[B ⇤ P + (q̄q)⇤ P + ⌅̄⌅]LD

b s

qq

l

l

for B ⇤ K + ⌅̄⌅ (q2
max ⇥ 22.9 GeV2):

q = u, d , s light resonances below q2 � 1 GeV2

suppr. by small QCD-peng. Wilson coeff. or CKM �̂u

q = c start @ q2 � (MJ/�)2 ⇥ 9.6 GeV2, (M��)2 ⇥ 13.6 GeV2

⌅ usually A[B ⇤ P + ⌅̄⌅]SD�FCNC = “non-resonant part”

Christoph Bobeth Lattice Meets Phenomenology 16th September 2010 9 / 25
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7 (14) helicity amplitudes in SM (BSM)

q2 = dilepton invariant mass squared                

Wednesday, 24 September 14

Only helicity +1 and -1 contribute to P1 and P3CP            

three helicity states for V=K*
dilepton can have J=0 or J=1
several leptonic currents
photon couples only to vector leptonic current. At q2 = 0 photon pole

nonlocal “quark loops”                  

matrix elements of semileptonic/radiative 
Hamiltonian factorize “naively”                   

lepton current                     
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7 (14) helicity amplitudes in SM (BSM)

q2 = dilepton invariant mass squared                

“Charm loop” (operators with charm)Non-factorizable charm-loop contribution

The LHS diagram and �s corrections are treated in QCDf (BFS’01)

Soft-gluon contributions: ⇥H� ⇥ 8%Ceff
7 (Khodjamirian et al.’10)

For the numerics, our NF charm-loop uncertainty is

⇥H� = (0.1 � Ceff
7 )ei�� , ⇥H+ = (0.1 � Ceff

7 � �/mb)ei�+

Recent discussion in Becirevic et al.’12

J. Martin Camalich (Brighton) B ⇤ K⇥`+`� at the low-q2 endpoint September 10, 2012 8 / 15

leading-power: factorises into 
perturbative kernels, form 
factors, LCDA’s (including 
hard/hard-collinear gluon 
corrections to all orders)

at subleading powers: 
breakdown of factorisation

some contributions have 
been estimated as end-point 
divergent convolutions with a 
cut-off

can perform light-cone OPE 
of charm loop & estimate 
resulting (nonlocal) operator 
matrix elements

effective shifts of helicity 
amplitudes as large as ~10% 

Khodjamirian et al 2010

αs0 : C7➔C7eff

           C9➔C9eff(q2)
       + 1 annihilation diagram
αs1 : (convergent) convolutions of hard- 
       scattering kernels with meson light
       cone-distribution amplitudes

state-of-the-art in phenomenology

unambigous (save for parametric uncertainties)

Beneke, Feldmann, Seidel 2001

Feldmann, Matias

Wednesday, 24 September 14
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qq̄

three helicity states for V=K*
dilepton can have J=0 or J=1
several leptonic currents
photon couples only to vector leptonic current. At q2 = 0 photon pole

B̄ ⇤ K̄ ⇥`+`� amplitude up to ↵2
em . . .

A(B̄ ⇤ V ⇤�⇤+) =
�

i

Ci⌃⇤�⇤+ |̄l�i l |0⌥⌃V |s̄�⇥i b|B̄⌥

+
e2

q2 ⌃⇤
�⇤+ |̄l�µl |0⌥F .T .⌃V |T (jhad

µ,em(x)Hhad
W (0))|B̄⌥

We have 2 types of uncertainties
Hadronic parameters (form factors)

I QCDf + estimated power-corrections BFS’01, Egede et al.’08
I Theoretical prediction (LCSRs) Altmannshofer et al.’09

Non-local contribution from Hhad
W in QCDf

I Non-factorizable charm-loop effects BFS’01, Khodjamiran et al.’10
I Non-factorizable light-quark effects BFS’01

Re-asses uncertainties at low-q2

J. Martin Camalich (Brighton) B ⇤ K⇥`+`� at the low-q2 endpoint September 10, 2012 4 / 15

form factor                     

nonlocal “quark loops”                  

matrix elements of semileptonic/radiative 
Hamiltonian factorize “naively”                   

lepton current                     

KINEMATICS & (q̄q)-RESONANCE BKGR

KINEMATICS – B(pB)⇤ P(pP) + ⌅̄(p⇤̄) + ⌅(p⇤)

1) q2 = m2
⇤̄⇤

= (p⇤̄ + p⇤ )2 = (pB � pP)2 4m2
⇤ � q2 � (MB �MP)2

2) cos �⇤ with �⇤⇥(⌅pB ,⌅p⇤̄) in ⇤̄⇤-c.m. system �1 � cos �⇤ � 1

general problem in b ⇤ {d , s}+ ⌅̄⌅ due to Op’s: [s̄�q][q̄�⇥b] and [s̄�b][q̄�⇥q]

LONG DISTANCE - (q̄q)-RESONANCE BACKGROUND

A[B ⇤ P + ⌅̄⌅] = A[B ⇤ P + ⌅̄⌅]SD�FCNC

+A[B ⇤ P + (q̄q)⇤ P + ⌅̄⌅]LD

b s

qq

l

l

for B ⇤ K + ⌅̄⌅ (q2
max ⇥ 22.9 GeV2):

q = u, d , s light resonances below q2 � 1 GeV2

suppr. by small QCD-peng. Wilson coeff. or CKM �̂u

q = c start @ q2 � (MJ/�)2 ⇥ 9.6 GeV2, (M��)2 ⇥ 13.6 GeV2

⌅ usually A[B ⇤ P + ⌅̄⌅]SD�FCNC = “non-resonant part”

Christoph Bobeth Lattice Meets Phenomenology 16th September 2010 9 / 25
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7 (14) helicity amplitudes in SM (BSM)

q2 = dilepton invariant mass squared                

Wednesday, 24 September 14

photon pole at q2=0 
                   
Only one form factor, drops out 
up to interference

three helicity states for V=K*
dilepton can have J=0 or J=1
several leptonic currents
photon couples only to vector leptonic current. At q2 = 0 photon pole

B̄ ⇤ K̄ ⇥`+`� amplitude up to ↵2
em . . .

A(B̄ ⇤ V ⇤�⇤+) =
�

i

Ci⌃⇤�⇤+ |̄l�i l |0⌥⌃V |s̄�⇥i b|B̄⌥

+
e2

q2 ⌃⇤
�⇤+ |̄l�µl |0⌥F .T .⌃V |T (jhad

µ,em(x)Hhad
W (0))|B̄⌥

We have 2 types of uncertainties
Hadronic parameters (form factors)

I QCDf + estimated power-corrections BFS’01, Egede et al.’08
I Theoretical prediction (LCSRs) Altmannshofer et al.’09

Non-local contribution from Hhad
W in QCDf

I Non-factorizable charm-loop effects BFS’01, Khodjamiran et al.’10
I Non-factorizable light-quark effects BFS’01

Re-asses uncertainties at low-q2

J. Martin Camalich (Brighton) B ⇤ K⇥`+`� at the low-q2 endpoint September 10, 2012 4 / 15

form factor                     

nonlocal “quark loops”                  

matrix elements of semileptonic/radiative 
Hamiltonian factorize “naively”                   

lepton current                     

KINEMATICS & (q̄q)-RESONANCE BKGR

KINEMATICS – B(pB)⇤ P(pP) + ⌅̄(p⇤̄) + ⌅(p⇤)

1) q2 = m2
⇤̄⇤

= (p⇤̄ + p⇤ )2 = (pB � pP)2 4m2
⇤ � q2 � (MB �MP)2

2) cos �⇤ with �⇤⇥(⌅pB ,⌅p⇤̄) in ⇤̄⇤-c.m. system �1 � cos �⇤ � 1

general problem in b ⇤ {d , s}+ ⌅̄⌅ due to Op’s: [s̄�q][q̄�⇥b] and [s̄�b][q̄�⇥q]

LONG DISTANCE - (q̄q)-RESONANCE BACKGROUND

A[B ⇤ P + ⌅̄⌅] = A[B ⇤ P + ⌅̄⌅]SD�FCNC

+A[B ⇤ P + (q̄q)⇤ P + ⌅̄⌅]LD

b s

qq

l

l

for B ⇤ K + ⌅̄⌅ (q2
max ⇥ 22.9 GeV2):

q = u, d , s light resonances below q2 � 1 GeV2

suppr. by small QCD-peng. Wilson coeff. or CKM �̂u

q = c start @ q2 � (MJ/�)2 ⇥ 9.6 GeV2, (M��)2 ⇥ 13.6 GeV2

⌅ usually A[B ⇤ P + ⌅̄⌅]SD�FCNC = “non-resonant part”

Christoph Bobeth Lattice Meets Phenomenology 16th September 2010 9 / 25
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7 (14) helicity amplitudes in SM (BSM)

q2 = dilepton invariant mass squared                

Wednesday, 24 September 14
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Burdman, Hiller 2000

photon pole at q2=0

                     complicated
nonlocal correction

SJ, Martin Camalich 2012

Grinstein et al 2004
Khodjamirian et al 2010

Beneke, Feldmann, Seidel 2001

(Ball, Jones, Zwicky 2006)

Tuesday, 12 May 15



• hence

hence 

- “naively factorizing” part of the helicity amplitudes HV,A+ strongly 
suppressed as a consequence of chiral SM weak interactions 
- We see the suppression is particularly strong near low-q2 endpoint
- Form factor relations imply reduced uncertainties in suitable observables

2"$OJ\].$,U(7454I($'E(89,,"8&9'%(

Beyond the SM, HV and HA may receive extra contributions from modified Wilson co-

e⇤cients C7, C9, C10, as well as the parity-conjugate operators if present. Furthermore, in

the most general BSM there will a be further “scalar” and three “tensor” amplitudes. None

of this, however, matters for tensioning the data against the SM. On the other hand, the

fact that C9 always appears in linear combination with h� illustrates that particular care is
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situation is better for C7 or its counterpart C ⇥
7, which can be picked out by considering the
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dependence of the heavy-quark limit, with p = 2 or 3 depending on the form factor. The

first term follows from heavy-quark scaling relations when neglecting �s [3], and the second

term is computable in QCD factorization [4] as convolutions of perturbative (in �s) kernels

and light-cone distribution amplitudes of the B and K�. aF , bF and the remainder term in

(3) are all of order ⇥/mB in the heavy-quark expansion [4]. Note that the heavy-quark limit

only fixes F⇤(0) up to a power correction; in particular we can absorb aF into F⇤(0) and

replace F⇤(0) ⇤ F (0) in (3) for a given form factor.

The parameterisation (3) amounts to Taylor-expanding the power-suppressed part about

q2 = 0; higher-order terms should be below (1-2%) for q2 < 6 GeV2 throughout the low-q2

region and smaller still at the lower end, and will be neglected in the following.
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�imBV�(q2) = ⌅M(⇥)|s̄�/�(⇥)PLb|B̄⇧,

m2
BT�(q2) = ��µ(⇥)q⇤⌅M(⇥)|s̄⇤µ⇤PRb|B̄⇧,

imBS(q2) = ⌅M(⇥ = 0)|s̄PRb|B̄⇧

(similar to Bharucha et al.’10)

Form factors in the helicity basis
I T± related to T1,2, T0 related to T2,3

I V± related to V , A1 and V0 to A1,2, S related to A0

These form factors verify

T+(q2) = O(q2)⇥O(�/mb),

V+(q2) = O(�/mb).
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Burdman, Hiller 1999
(quark picture)

from heavy-quark/
large energy 
symmetry

q2 dependence in heavy-quark limit not known 
(model by a power p, and/or a pole model)

confirmed in QCDF/SCET
Beneke, Feldmann, ...
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Charm loop estimate
•

right-handed currents beyond the SM. We have seen above that the form factor
T+ is doubly suppressed by q2/m2

B and �/mb, and V+ suppressed by �/mb, which
translates to a suppression of the positive-helicity amplitudes in the factorisable
approximation and in the absence of right-handed currents, i.e. neglecting the
hadronic weak Hamiltonian and primed operators. QCD factorisation clearly
predicts that this continues to hold true in the presence of nonfactorisable terms.
However, this involves models of power corrections which are not very accurate.

3.2.3 Charm loop helicity hierarchy

Within the context of LCSR, a study of charm loop e⇥ects at low q2 has been
given recently by Khodjamirian et al [20], and the analogous contributions to
B ⇧ K⇤� have been considered earlier in []. In [20], long-distance charm-loop
e⇥ects are estimated to be sizable (and with a large uncertainties); these e⇥ects
correspond in part to power corrections in QCDF. Unfortunately, the results are
only presented in numerical form and only for transversity, not helicity ampli-
tudes. Nevertheless, central values and uncertainties on these,

A⇧|cc̄(1GeV2) = . . . , A⌅|cc̄(1GeV2) = . . . , (57)

are suggestive of a suppression h+ ⌅ h�. The computation in [25] provides
directly a result for h+ at q2 = 0, which (adjusting for our normalisation conven-
tions) reads

h+(0) = . . . . (58)

The aim of this section is to argue that a hierarchy h+ ⌅ h�, h0 results, as
far as the charm loop goes, from the light-cone dominance of the amplitude at
q2 ⌅ m2

B. To this end, let us recast the strategy of [20] in terms of helicity
amplitudes, picking out the charm loop in h⇤,

h⇤|cc̄ =
1

m2
B

2

3
⇤µ⇤(⌅)

⌅
d4y eiq·y⌥M |T [(c̄�µc)(y)(Cc

1Q
c
1 + Cc

2Q
c
2)(0)]|B̄�. (59)

Next, [20] shows that the Fourier integral is dominated by the light-cone y2 ⇤ 0.
A light-cone OPE is then performed, which at the one-gluon level results in the
expression

h⇤|cc̄ = ⇤µ⇤(⌅)⌥M(k,⌅)|Õµ|B̄�, (60)

where

Õµ =

⌅
d⇧Iµ⇧�⇥(q,⇧)s̄L�

⇧⇥
⇥
⇧ � in+ ·D

2

⇤
G̃�⇥bL, (61)

with D the covariant derivative and Iµ⇧�⇥ given in [20]. The nonlocal operator
(61) is the leading term in an expansion in �2

QCD/(4m
2
c�q2), with terms involving

two and more gluon fields contributing only at higher orders [20]. It can be further
expanded in local operators,

Õ(n)
µ =

1

n!

dn

d⇧n
Iµ⇧�⇥(q,⇧)

���
⌃=0

s̄L�
⇧
⇥in+ ·D

2

⇤n

G̃�⇥bL. (62)

21

Non-factorizable charm-loop contribution

The LHS diagram and �s corrections are treated in QCDf (BFS’01)

Soft-gluon contributions: ⇥H� ⇥ 8%Ceff
7 (Khodjamirian et al.’10)

For the numerics, our NF charm-loop uncertainty is

⇥H� = (0.1 � Ceff
7 )ei�� , ⇥H+ = (0.1 � Ceff

7 � �/mb)ei�+

Recent discussion in Becirevic et al.’12
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perform a “light-cone OPE”
(This is equivalent to expanding the charm 
loop, treating Λ2/(4 mc2) ~ Λ/mb )

obtain

Khodjamirian et al 2010

(a nonlocal, light-cone operator)
need estimate of 
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(which goes into HVλ)

A light-cone OPE is then performed. To leading order, this results in a local op-
erator whose matrix elements can be identified with the charm-loop contribution
to the form factor term in QCDF (ie those charm-loop e⇤ects that do not involve
the spectator quark). At the one-gluon level, one has the expression

h⇤|cc̄,LD = ⇤µ⇤(⌅) M(k,⌅)|Õµ|B̄⌦, (60)

where

Õµ =

⌅
d⇧Iµ⌃�⇥(q,⇧)s̄L�

⌃⇥
⇥
⇧ � in+ ·D

2

⇤
G̃�⇥bL, (61)

with D the covariant derivative and Iµ⌃�⇥ given in [39]. The nonlocal operator
(61) is the first subleading term in an expansion in ⇥2/(4m2

c � q2), with terms in-
volving two and more gluon fields contributing only at higher orders [39]. Eq. (60)
hence provides an approximation to the long-distance charm-loop contributions.
It can be further expanded in local operators,

Õ(n)
µ =

1

n!

dn

d⇧n
Iµ⌃�⇥(q,⇧)

���
⌥=0

s̄L�
⌃
⇥in+ ·D

2

⇤n

G̃�⇥bL. (62)

The result of [27] corresponds to keeping only the n = 0 term, and evaluating its
matrix element by means of a LCSR for a correlation function

i

⌅
d4y e�ip·y K⇤|[Õ(0)

µ (q)](0) j†B(y)|0⌦. (63)

Ref. [27] argued the suppression of higher terms in the local OPE by a larger
expansion parameter of order mB⇥/(4m2

c), which has been taken as (20 � 40)%
and used to justify truncating the OPE after the leading term. This numerical
value corresponds to taking ⇥ ⇤ 300�650 GeV (for MS quark masses), and should
hold up to an O(1) factor, which if large could in principle spoil the convergence
of the OPE. More seriously, the power counting itself was obtained by appealing
to inclusive B ⇧ Xs� decay, where similar matrix elements  B|b̄(q ·D)nG�⇥�b|B⌦
occur as part of power corrections to the charm loop [85,86]. (� denotes a Dirac
structure which is irrelevant to the present discussion.) There, the softness of
the B meson constituents provides one power of ⇥ in the numerator, which can
be seen via q · D ⌅ �iq · kG ⇤ mb⇥, where kG is the gluon momentum [85].
(The resulting ‘suppression’ factor is estimated as 0.6 in [86].) However, with an
energetic K⇤ in the final state as in (63) the constituents have energies O(mb),
so n+ · D ⌅ n+ · kG ⇤ mb and a scaling m2

b/(4m
2
c) of the putative expansion

parameter seems appropriate; at least, establishing a suppression requires a new
argument. We therefore will not rely on the estimate of [27] in this paper. Ref. [39]
estimates instead the full nonlocal operator matrix element from a LCSR for a
di⇤erent correlation function

 0|T{jK�

⇧ (y)Õµ(0)}|B⌦, (64)
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consider soft gluon (in B rest frame)

From collinear factorisation viewpoint this represents 
the endpoint region, which is known to give a power-
suppressed contribution

light-cone SR  based on                              for K* helicity amplitudes Khodjamirian et al 2010
outcome: helicity hierarchy remains for the endpoint region
same conclusion for (anyway CKM-suppressed) light-quark LD effects at low 
q2 (estimated via VMD)
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RH current probes
Extending to BSM Wilson coefficients, have

- double suppression

- extra suppression of LD contribution to HV+ (model by effective helicity-
dependent C7 (or C9) shift, within range established by power counting)

Helicity hierarchy survives power corrections
and is highly effective close to q2=0

HV (�) / Ṽ�(q
2)C9 �V��(q

2)C 0
9 +

2mbmB

q2

⇣
T̃�(q

2)C7 � T̃��(q
2)C 0

7

⌘
�16⇡2m2

B

q2
h�(q

2)

HA(�) / Ṽ�(q
2)C10 � V��(q

2)C 0
10

P1 ⌘ I3 + Ī3
2(I2s + Ī2s)

PCP
3 ⌘ � I9 � Ī9

4(I2s + Ī2s)

1

Other contributions to r
�

can also be investigated. Those induced by the chromomagnetic pen-

guin operator Q
8

have been studied in the context of LCSR in [90] and [85], an their contributions

turn out to be very small. The contributions involving light-quark loops can be problematic at

low q2 since their treatment in QCDF is the dual to the one induced by light vector resonances.

However, they come always doubly CKM suppressed or multiplied by small Wilson coefficients.

A study of the impact of the duality violation (in relation to the QCDF result) was done using

vector-meson dominance in [56] and it turned out to be negligibly small in the binned angular

observables. It was also shown that ru,d,s
+

for the light quarks is also suppressed by (⇤/m
b

)

2.

For all this, we neglect the power corrections to the other terms, effectively absorbing them into

rc
�

and will treat all the corrections to r
+

suppressed by (⇤/m
b

)

2.

III. ANGULAR OBSERVABLES AND THE ANALYSIS OF THE EXPERIMENTAL DATA

The q2-dependent angular distribution (summed over lepton spins) is quadratic in the helicity

amplitudes and has been given in [56]. Certain ratios of angular coefficients are favoured because

of their reduced sensitity to form factors. In particular, we will discuss the so-called P
(0)
i

basis

which was introduced in [44, 53]. This is an exhaustive set of observables, constructed from

ratios of the angular coefficients and engineered to cancel most of the hadronic uncertainties in the

HQ/LE limit.

In order to illustrate this and critically reexamine the residual uncertainties on those observ-

ables, we will focus on two of them, called P
1

and P 0
5

in [44, 53]. In terms of the helicity ampli-

tudes, they read:

P
1

=

�2Re(H+

V

H�⇤
V

+H+

A

H�⇤
A

)

|H+

V

|2 + |H�
V

|2 + |H+

A

|2 + |H�
A

|2 , (17)

P 0
5

=

Re[(H�
V

�H+

V

)H0⇤
A

+ (H�
A

�H+

A

)H0⇤
V

]p
(|H0

V

|2 + |H0

A

|2)(|H+

V

|2 + |H�
V

|2 + |H+

A

|2 + |H�
A

|2) (18)

where we have neglected the muon mass for clarity.

In certain approximations P
1

and P 0
5

become free of nonperturbative uncertainties. In the

HQ/LE limit and neglecting ↵
s

corrections, as well as the contributions h
�

from the hadronic

weak Hamiltonian, the � = + helicity amplitudes vanish and V
�

(q2) = T
�

(q2). As a result, in

12

neglecting strong phase differences 
[tiny; take into account in numerics]
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2)C9 �V��(q

2)C 0
9 +

2mbmB

q2

⇣
T̃�(q

2)C7 � T̃��(q
2)C 0

7

⌘
�16⇡2m2

B

q2
h�(q

2)

HA(�) / Ṽ�(q
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= � Im(H+

V H�⇤
V +H+

AH�⇤
A )

|H+
V |2 + |H�

V |2 + |H+
A |2 + |H�

A |2

P1 ⇡ 2
Re(C7C

0
7
⇤)

|C7|2 + |C 0
7|2

PCP
3 ⇡ Im(C7C

0
7
⇤)

|C7|2 + |C 0
7|2

1

close to q2 = 0 (photon 
pole dominance)

J
H
E
P
0
5
(
2
0
1
3
)
0
4
3

not change the structure or infrared safety of (3.4), i.e. factorization can be proven to all

orders [83]. In particular, the vanishing of T
+

and V
+

at leading power is an all-orders

result [21, 84], which looks this simple only in the helicity basis. The O(↵2

s

) contributions

have been calculated in [84–87], and their numerical impact was found to be small, mainly

reducing the residual (unphysical) scale dependence.

Thus, in the heavy-quark/large-recoil limit, the form factors T
+

and V
+

exactly vanish.

Combining (3.1) and (3.4), we have at low q2

T
+

(q2) = O(q2/m2

B

)⇥O(⇤/m
b

), (3.8)

V
+

(q2) = O(⇤/m
b

). (3.9)

On the other hand, T
0

and V
0

are not suppressed, and are independent of any hadronic

information related to the transversal polarizations of the vector meson. Notice also that,

with our choice of soft form factors, the vector form factor V , and hence V�, has a purely

residual (higher-order) scale dependence µ at any given order of perturbation theory, from

the factorization into the scale-dependent ⇠? and a scale-dependent perturbative factor.

One can explicitly check that this produces a relative change in the form factor of no more

than a 1.5% in the range m
b

/2  µ  2m
b

.

3.1.2 Numerical values of the B ! K⇤ soft form factors

Although the symmetry relations reduce (at leading power) the number of independent non-

perturbative functions, for a quantitative treatment one still has to compute the soft form

factors by a nonperturbative method and estimate (or calculate) the power corrections.

Sum rules formulated on the light cone (LCSR) are customarily used in exclusive B decays

to obtain numerical values of the form factors in the large-recoil domain [47, 70, 78]. Other

approaches that have been used to calculate the form factors in this regime include local

QCD sum rules (QCDSR) [88] and (truncated) Dyson-Schwinger equations (DSE) [89]. We

list in table 1 the results on the B ! K⇤ form factors at q2 = 0 and in the transversity

basis for the di↵erent calculations considered in this paper. The central values of most

of the form factors are quite similar, except some (prominently A
0

) for which di↵erent

methods disagree.

A well known issue between the generic results of LCSR calculations (e.g. those of

ref. [78]), QCD factorization, and the SM value of the Wilson coe�cient C
7

is that they lead

to a branching fraction of the decay B ! K⇤� that is larger than the experimental value.

Given that C
7

is constrained to be close to its SM value by the inclusive B ! X
s

� decay

rate (at least when assuming C 0
7

= 0 and C
7

real), it is often assumed that this discrepancy

is due to a systematic error in the LCSR model which produces an overestimation in the

value of the relevant form factor T
1

at q2 = 0 [24]. A possible solution to this problem is to

re-scale the form factors such that T
1

(0), in combination with the SM value for C
7

, lead to

the experimental branching fraction of the radiative decay [40]. Although this procedure

discards in part the sensitivity of the B ! K⇤`+`� decay rate to new physics, it does not

a↵ect any physical information extracted from asymmetries or ratios, which are, indeed,

the most interesting observables in the semileptonic decay [40].
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TABLE III. Binned results in the SM for the branching fraction, the longitudinal polarization fraction F
L

and the angular observables in the P (0)
i

basis

(using the LHCb conventions [45, 49]). For the electronic mode we give predictions for the bin [0.0020+0.0008

�0.0008
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�0.06

] [91].
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The advantage of our parametrization of the power corrections is that they are related to specific

QCD matrix elements and the outcome of our analysis can be compared directly to the results of

nonperturbative calculations. For instance, our SM fit on the left-hand side of Fig. 5 favours a

value of a
V� , more generally of a

V� � a
T� or equivalently a correction to the ratio V 1

� (0)/T1
� (0)

computed in QCDF, that is negative. However, as it was advanced in Sec. II A 1, this is a scenario

that is not compatible with the LCSR calculation of ref. [78], where the correction is obtained with

the opposite sign. This is illustrated by the blue box in the plot, which describes the size of the

power corrections predicted by the LCSR and estimated as described in Sec. II A 1.

In conclusion, the interpretation B ! K⇤µ+µ� anomaly is blurred by the sensitivity of the

relevant observables to power corrections. From the discussion above it is clear that implement-

ing the QCD form factors in the LCSR enhances the signal and that a careful assessment of the

accuracy of the various nonperturbative approaches seems to be still necessary to unambiguously

attribute this anomaly to NP (for some recent developments within LCSR see [92]).

D. Constraints on right-handed currents

In Sec. II A and III, we argued that the angular observables P
1

and PCP

3

stand out among the

others because they are sensitive to H+

V

. This makes them zero in the SM, up to subleading power

corrections or up to leading ones that are further suppressed by a factor q2/m2

B

. Thus, around the

low q2 endpoint, P
1

and PCP

3

are null tests of the SM in very good approximation, becoming very

sensitive to right-handed currents BSM entering through the electromagnetic penguin operator Q0
7

.

TABLE IV. Error budget for the P
1

and PCP

3

for the electronic mode in the bin [0.002, 1.12] GeV2.

Result QCDF Fact. p.c.’s Non-fact. p.c.’s

P
1

0.030+0.047

�0.044

+0.008

�0.003

±0.012 +0.028

�0.026

PCP

3

[10�4] 0.1+0.7

�0.6

±0.3 ±0.2 ±0.3

On the experimental side, there are the measurements of the muonic mode in the lowest-q2 bin

and those in the electronic channel, which are best due to its lower endpoint. Indeed, most of the

difference between their branching fractions in the lowest bin shown in Tab. III (roughly a factor

3) stems from events in the region between the two endpoints. This region is especially sensitive
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line represents the B0 ! K⇤0e+e� contribution and the grey area corresponds to the 3.8%
B0! K⇤0�

e

+
e
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acceptance in the low-q2 region, the value of the lower q2 e↵ective limit is increased; because
of bremsstrahlung radiation, events with a true q2 greater than 1GeV2/c4 are accepted by
the selection and the higher q2 e↵ective limit is also increased. The values of these e↵ective
boundaries are obtained by requiring that in the low- and high- q2 regions the same number
of events are obtained in a uniform acceptance model and in the LHCb simulation. The
true q2 e↵ective region is thus determined to be between 0.002 and 1.12GeV2/c4. It is
checked, using the LHCb simulation, that the average values of the true q2 and of the
angular observables evaluated with a uniform acceptance in the region between 0.002 and
1.12GeV2/c4 are in agreement with those obtained from the angular fit performed on the
events selected in the reconstructed q2 interval 0.0004 to 1GeV2/c4. An uncertainty on
the q2 e↵ective limits is assigned as half of the q2 limit modification. The true q2 e↵ective
range is thus from 0.0020± 0.0008 to 1.120± 0.060GeV2/c4. This range should be used to

compare the FL, A(2)
T , AIm

T and ARe
T measurements with predictions.

8 Summary

An angular analysis of the B0! K⇤0e+e� decay is performed using proton-proton colli-
sion data, corresponding to an integrated luminosity of 3.0 fb�1, collected by the LHCb
experiment in 2011 and 2012. Angular observables are measured for the first time in an
e↵ective q2 range from 0.0020 ± 0.0008 to 1.120 ± 0.060GeV2/c4. The results are

FL = 0.16 ± 0.06 ± 0.03

A(2)
T = �0.23 ± 0.23 ± 0.05

AIm
T = +0.14 ± 0.22 ± 0.05

ARe
T = +0.10 ± 0.18 ± 0.05,
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Predictions at very low q2

• Very clean, very insensitive to form factor input

• Boost in BR: nearly 3x more electrons, most of the extra ones in 
the relevant q2 region -> partly offsets lower efficiency in LHCb

SJ, Martin Camalich 
1412.3183

[0.0004,1.12+/-0.06]
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TABLE III. Binned results in the SM for the branching fraction, the longitudinal polarization fraction F
L

and the angular observables in the P (0)
i

basis

(using the LHCb conventions [45, 49]). For the electronic mode we give predictions for the bin [0.0020+0.0008

�0.0008

, 1.12+0.06

�0.06

] [91].
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The advantage of our parametrization of the power corrections is that they are related to specific

QCD matrix elements and the outcome of our analysis can be compared directly to the results of

nonperturbative calculations. For instance, our SM fit on the left-hand side of Fig. 5 favours a

value of a
V� , more generally of a

V� � a
T� or equivalently a correction to the ratio V 1

� (0)/T1
� (0)

computed in QCDF, that is negative. However, as it was advanced in Sec. II A 1, this is a scenario

that is not compatible with the LCSR calculation of ref. [78], where the correction is obtained with

the opposite sign. This is illustrated by the blue box in the plot, which describes the size of the

power corrections predicted by the LCSR and estimated as described in Sec. II A 1.

In conclusion, the interpretation B ! K⇤µ+µ� anomaly is blurred by the sensitivity of the

relevant observables to power corrections. From the discussion above it is clear that implement-

ing the QCD form factors in the LCSR enhances the signal and that a careful assessment of the

accuracy of the various nonperturbative approaches seems to be still necessary to unambiguously

attribute this anomaly to NP (for some recent developments within LCSR see [92]).

D. Constraints on right-handed currents

In Sec. II A and III, we argued that the angular observables P
1

and PCP

3

stand out among the

others because they are sensitive to H+

V

. This makes them zero in the SM, up to subleading power

corrections or up to leading ones that are further suppressed by a factor q2/m2

B

. Thus, around the

low q2 endpoint, P
1

and PCP

3

are null tests of the SM in very good approximation, becoming very

sensitive to right-handed currents BSM entering through the electromagnetic penguin operator Q0
7

.

TABLE IV. Error budget for the P
1

and PCP

3

for the electronic mode in the bin [0.002, 1.12] GeV2.

Result QCDF Fact. p.c.’s Non-fact. p.c.’s

P
1

0.030+0.047

�0.044

+0.008

�0.003

±0.012 +0.028

�0.026

PCP

3

[10�4] 0.1+0.7

�0.6

±0.3 ±0.2 ±0.3

On the experimental side, there are the measurements of the muonic mode in the lowest-q2 bin

and those in the electronic channel, which are best due to its lower endpoint. Indeed, most of the

difference between their branching fractions in the lowest bin shown in Tab. III (roughly a factor

3) stems from events in the region between the two endpoints. This region is especially sensitive
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Figure 5: Distribution of the reconstructed q2 from an sPlot of data (black points). The dashed
line represents the B0 ! K⇤0e+e� contribution and the grey area corresponds to the 3.8%
B0! K⇤0�

e

+
e

� contamination. The solid line is the sum of the two.

acceptance in the low-q2 region, the value of the lower q2 e↵ective limit is increased; because
of bremsstrahlung radiation, events with a true q2 greater than 1GeV2/c4 are accepted by
the selection and the higher q2 e↵ective limit is also increased. The values of these e↵ective
boundaries are obtained by requiring that in the low- and high- q2 regions the same number
of events are obtained in a uniform acceptance model and in the LHCb simulation. The
true q2 e↵ective region is thus determined to be between 0.002 and 1.12GeV2/c4. It is
checked, using the LHCb simulation, that the average values of the true q2 and of the
angular observables evaluated with a uniform acceptance in the region between 0.002 and
1.12GeV2/c4 are in agreement with those obtained from the angular fit performed on the
events selected in the reconstructed q2 interval 0.0004 to 1GeV2/c4. An uncertainty on
the q2 e↵ective limits is assigned as half of the q2 limit modification. The true q2 e↵ective
range is thus from 0.0020± 0.0008 to 1.120± 0.060GeV2/c4. This range should be used to

compare the FL, A(2)
T , AIm

T and ARe
T measurements with predictions.

8 Summary

An angular analysis of the B0! K⇤0e+e� decay is performed using proton-proton colli-
sion data, corresponding to an integrated luminosity of 3.0 fb�1, collected by the LHCb
experiment in 2011 and 2012. Angular observables are measured for the first time in an
e↵ective q2 range from 0.0020 ± 0.0008 to 1.120 ± 0.060GeV2/c4. The results are

FL = 0.16 ± 0.06 ± 0.03

A(2)
T = �0.23 ± 0.23 ± 0.05

AIm
T = +0.14 ± 0.22 ± 0.05

ARe
T = +0.10 ± 0.18 ± 0.05,
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Sensitivity to C7’(muonic mode)

• Two angular observables remain clean null tests of the SM 
in the presence of long-distance corrections

• (theoretical limit on) sensitivity to Re C7’ at <10% (C7SM) 
level, to Im C7’ at <1% 

• sensitivity stems from q2 < 2 GeV2

SJ, Martin Camalich 2012
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Figure 11: Study of the sensitivity of the observables P1 and PCP
3 to the a purely

real or purely imaginary NPs contribution through C ⇤
7 (dashed line, blue bands).

These are confronted with the SM expectation (solid line, red band).

4.4 Sensitivity to C ⌅
7

The analysis of the low q2 region of the B̄ ⇥ K̄⇥↵+↵� can provide tight constraints
on NPs scenarios with right-handed flavour-changing neutral currents, specially
those giving contributions to the chirally-flipped magnetic penguin operator O⇤

7.
This is due to the fact that the angular coe⌃cients I3 and I9, at low-q2, are

I3 ⇤ Re
�
H�

V H
+⇥
V

⇥
, I9 ⇤ Im

�
H�

V H
+⇥
V

⇥
, (91)

where H+
V ⇤ C ⇤

7/q
2, so, approximately, they vanish unless C ⇤

7 ⇧= 0. (Corrections
involving H+

A are also suppressed by the smallness of C ⇤
9 and C ⇤

10 in the Stan-
dard Model, but any BSM e⇤ects generating H+

A are suppressed at q2 � 0 due
to the absence of a photon pole.) In the SM, small contributions to these ob-
servables are generated by the strange-quark mass and other e⇤ects quantified
in this work as contributions to the H+

V helicity amplitude. Other decays and
observables provide valuable and independent constraints on the C7 and the C ⇤

7

planes, in particular the inclusive B ⇥ Xs� decay and the isospin and the time-
dependent CP-asymmetries in the exclusive B ⇥ K⇥� decay (see e.g. [56]). The
interest of the radiative decays onto higher-mass K⇥ resonances has been also
recently pointed out [40]. In this work we focus on studying the sensitivity of
the vicinity of low-q2 end-point to the chirally-flipped Wilson coe⌃cient C ⇤

7. A
more comprehensive analysis should also consider studying new-physics e⇤ects in
C7 [56, 57, 55], although I3 and I9 can be used to e⌃ciently constrain also this
Wilson coe⌃cient only if C ⇤

7 is far from zero.
In the context of CP-combinations, one can construct 4 independent observ-

ables with these angular coe⌃cients and their CP-conjugates. However, I3 and I9
are a CP-odd and a CP-even observable, respectively, and the combinations �3

and ⇥9 become not very sensitive to the chirality of dilepton pair. Therefore, only
1 CP-average and 1 CP-asymmetry, constructed from ⇥3 and �9, in order, are
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Relation to B->K*γ

(only λ=+/- 1)
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reasons, P1, q20, and similar observables are often termed “clean”. An optimized
set has been recently defined in [54] and will be studied in the phenomenological
part below.

A second point is that P1 actually vanishes under the stated approximations,
as a consequence of all terms being proportional to either V+ or T+. Hence, it is
an approximate null-test of the Standard Model, and a probe of any new physics
that generates the Wilson coe⌅cients C ⇤

7, C
⇤
9, or C

⇤
10. The same is true of I9 and

certain combinations constructed from it.
Clearly, the actual theoretical cleanness of the observables will depend on

the size of the radiative and power corrections and non-factorizable e⇥ects. The
following section is devoted to a thorough study of these e⇥ects, and their impact
on the “wrong-helicity” amplitudes H+

V and H+
A in particular. We will show that,

under very conservative assumptions, H+
V and H+

A remain suppressed, such that
the clean character of I3 and I9 as null tests, but not of other observables, is
preserved by non-factorizable and power corrections.

Finally, let us recall that the radiative decay B̄ ⇤ V � is described in terms
of a subset of the amplitudes for B̄ ⇤ V ✏+✏�. The precise relation is (⇥ = ±1)

A(B̄ ⇤ V (⇥)�(⇥)) = lim
q2⇥0

q2

e
HV (q

2 = 0;⇥)

=
iNm2

B

e

�
2m̂b

mB
(C7T̃�(0)� C ⇤

7T̃��)(0)� 16⇤2h�(q
2 = 0)

⇥
.

(43)

3 Helicity amplitudes: anatomy, hierarchies, and
hadronic uncertainties

The helicity amplitudes governing the observables involve form factors and the
nonlocal objects h�, all of which carry hadronic uncertainties, limiting the sensi-
tivity of rare B decays to new physics. However, hadronic uncertainties can be
constrained by means of the equations of motion, the V �A structure of the weak
hamiltonian, and an expansion in �/mb (QCD factorization). Our main point is
that this results in the suppression of entire helicity amplitudes, including non-
factorizable e⇥ects, such that the discussion is indeed best framed in terms of
helicity (rather than transversity) amplitudes and helicity form factors. We first
translate what is known about the form factors to the helicity basis, including
the fact that the heavy-quark limit implies the suppression of two of them [17].
We next survey how this bears out in various theoretical approaches to form fac-
tor determinations, concluding with a brief argument for the suppression of the
positive-helicity form factors in the framework of light-cone sum rules, at the level
of the correlation function. We then show that the V � A structure also implies

13

same amplitudes as in B->Kll  incuding all long-distance details

exact (LSZ)

HV (�) / Ṽ�(q
2)C9 �V��(q

2)C 0
9 +

2mbmB

q2

⇣
T̃�(q

2)C7 � T̃��(q
2)C 0

7

⌘
�16⇡2m2

B

q2
h�(q

2)

HA(�) / Ṽ�(q
2)C10 � V��(q

2)C 0
10

P1 ⌘ I3 + Ī3
2(I2s + Ī2s)

PCP
3 ⌘ � I9 � Ī9

4(I2s + Ī2s)
= � Im(H+

V H�⇤
V +H+

AH�⇤
A )

|H+
V |2 + |H�

V |2 + |H+
A |2 + |H�

A |2

P1 ⇡ 2
Re(C7C

0
7
⇤)

|C7|2 + |C 0
7|2

PCP
3 ⇡ Im(C7C

0
7
⇤)

|C7|2 + |C 0
7|2

SK⇤� = 2
Im(e�i�dH+

V (0)H�⇤
V (0))

|H+
V (0)|2 + |H�

V (0)|2
⇡ 2

Im(e�i�dC7C
0
7
⇤)

|C7|2 + |C 0
7|2

1
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Status/prospects

• Left: assuming                   for muons and electrons, no theory errors

• Right: Profile likelihood for 2014 data (1sigma and 95% CL)

• excellent sensitivity to right-handed currents remains with 
conservative treatment of QCD uncertainties

Prospects and current bounds on C0
7

PRELIMINARY Jäger and JMC, to appear

S'
2Im(e�2i �C7 C0

7)

|C7|2+|C0
7|

2 , P1'
2Re(C7 C0

7)

|C7|2+|C0
7|

2 , PCP
3 '

2Im(C7 C0
7)

|C7|2+|C0
7|

2

Left: Ideal plot assuming �Pi = 0.25 for µ and e modes (1 and 2�)

Right: Profile likelihood to current data (slight tension driven by Aµ
9 !)

B ! K ⇤ {mumu, ee} provide excellent theoretically clean window on C0
7

With radiative they form a complete system to determine C7 and C0
7

J. Martin Camalich (UCSD) Low q2 b ! sll and interplay with radiative 11 / 16
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F I G . 6 . B o u n d s i n t h e C 0
7

p l an e . Left panel: I d e al 68% an d 95% c o n t o u r p l o t s f o r t h e c e n t r al v al u e s

o f t h e t h e o r e t i c al p ar am e t e r s . T h e d i ag o n al b an d c o r r e s p o n d s t o t h e S
K

⇤
�

m e as u r e m e n t an d t h e v e r t i c al

an d h o r i z o n t al o n e s t o h y p o t h e t i c al n u l l m e as u r e m e n t s o f P
1

an d PCP

3

, r e s p e c t i v e l y , w i t h an as s u m e d

e x p e r i m e n t al p r e c i s i o n o f 0.1. T h e g r e e n an d b l ac k l i n e s ar e f o r t h e m u o n i c m o d e an d t h e b r o w n an d o r an g e

f o r t h e e l e c t r o n i c o n e . Right panel: C u r r e n t b o u n d s at 68%an d 95% C L i n t h e C 0
7

p l an e u s i n g al l t h e c u r r e n t

d at ao f B ! K⇤µ+µ� i n t h e l o w e r b i n s [0.1, 2] an d [2, 4.3] G e V 2 an d o f B ! K⇤� an d B ! X
s

� . W e

u s e t h e p r o fi l e l i k e l i h o o d m e t h o d an d s e t al l o t h e r W i l s o n c o e f fi c i e n t s t o t h e i r S M v al u e s .

W e c o n c l u d e t h at P
1

an d PCP

3

c o n f o r m , i n c o m b i n at i o n w i t h S
K

⇤
�

an d B(B ! X
s

�) , an d

n e g l e c t i n g N P c o n t r i b u t i o n s t o t h e p h as e o f t h e B
d

m i x i n g am p l i t u d e , ab as i s o f c l e an o b s e r v ab l e s

t h at c o m p l e t e l y d e t e r m i n e C
7

an d C 0
7

f r o m e x p e r i m e n t , w i t h t h e s i m p l e e x p r e s s i o n s g i v e n i n [ 9 8 ,

9 9 ] b e i n g p r o t e c t e d f r o m Q C D u n c e r t ai n t i e s t o ah i g h d e g r e e .

W i t h t h e s m al l t h e o r e t i c al u n c e r t ai n t i e s i n t h e S M p r e d i c t i o n s , o n e e x p e c t s t h at t h e d e t e r m i n a-

t i o n o f t h e s e W i l s o n c o e f fi c i e n t s w i l l b e d o m i n at e d b y t h e e x p e r i m e n t al e r r o r s . I n t h i s r e g ar d , an d

as s h o w n i n t h e l e f t - h an d p an e l o f F i g . 6 , t h e m e as u r e m e n t s p r o v i d e d b y t h e e l e c t r o n i c m o d e ar e

v e r y p r o m i s i n g . I t i s al s o w o r t h p o i n t i n g o u t i n t h e r i g h t - h an d p an e l o f F i g . 6 t h e s m al l d i s c r e p -

an c y w i t h t h e S M i n t h e i m ag i n ar y p ar t t h at i s d r i v e n b y t h e c u r r e n t m e as u r e m e n t o f t h e an g u l ar

o b s e r v ab l e A
9

i n t h e m u o n i c m o d e . 6

A t h i g h e r q2 , P
1

an d PCP

3

ar e al s o af f e c t e d b y O(⇤/m
B

) p o w e r c o r r e c t i o n s i n d u c e d , i n t h i s

c as e , c h i e fl y b y t h e v e c t o r f o r m f ac t o r V
+

(q2) . H o w e v e r , g i v e n t h e i r s p e c i fi c s e n s i t i v i t y t o r i g h t -

h an d e d q u ar k c u r r e n t s t h e y c o u l d al s o s e r v e t o p r o b e C 0
9

an d C 0
10

, e s p e c i al l y i f t h e s e ar e as l ar g e
6 S i n c e t h i s d i s c u s s i o n i s m e an t t o b e an i l l u s t r at i o n o f t h e i m p ac t o f t h e ap p r o ac h o f t h i s p ap e r i n t h e p h e n o m e n o l o g y ,

w e o b t ai n e d o u r e x p e r i m e n t al PCP
3 f r o m t h e m e as u r e d A9 an d FL v i aPCP

3 = A9/(1 � FL) , p r o p ag at i n g e r r o r s

q u ad r at i c al l y an d i g n o r i n g e x p e r i m e n t al c o r r e l at i o n s .
2 5

SJ, Martin Camalich
1412.2183

awaiting update with 
2015 electron and 
muon data!
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A note on LUV tests
SM predicts lepton universality to great accuracy. In particular, apart 
from lepton mass effects all helicity amplitudes coincide and hence, to 
our accuracy, the theory error on any LUV ratio or difference is zero.

Lepton-flavour-dependence of position of zero-crossings 

have negligible uncertainty (ie zero in SM within our approximations)

Complementary to ratios, as around the zeroes ratios will have large 
uncertainties (due to low statistics)

Probably not for LHCb alone due to energy resolution issues, but could 
be good opportunity for LHCb-Belle2 interplay.

Altmannshofer, Straub; Hiller, Schmaltz;...; SJ, Martin Camalich 1412.3183

FIG. 8. Lepton-universality ratios for B0 ! K⇤0`` in the SM and in different NP scenarios. The SM is the

solid (red), A the dashed (blue), B the dot-dashed (green) and C the dotted (black) lines. In the right-hand

plot of the lower panel (R
3

) we show, instead, the A0, B0 and C 0 scenarios.

the SM. Therefore, a contribution �C
9

< 0 is expected to reduce the interference, increasing the

transversal rate at low q2. This is what we observe on the right-hand side of upper panel in Fig. 8,

where, in the scenario A, R
K

⇤
T
> 1 for most of the low q2 region and up to the point where the

term |Cµ

9

|2 dominates and makes R
K

⇤
T
< 1. Scenario B involves only a reduction of the quadratic

term |Cµ

10

|2 and therefore it causes an overall reduction of R
K

⇤
T

with respect to 1.

Besides that, the ratios R
i

between different coefficients of the angular observables offer unique

opportunities to investigate LUV. Some of these coefficients, like I
6

(q2) (the one entering A
FB

and

P
2

) and I
5

(q2) (entering P 0
5

) have zeroes at low q2 due to the cancellations between C`

9

and C
7

/q2

at work within H�
V

(see eg [5]). Therefore, a displacement of the zero-crossings between a muonic

angular coefficient and its electronic counterpart would be also an unambiguous signal of LUV, as

all long-distance QCD effects cancel out. Defining:

�

i

0

⌘ (q2
0

)

(µ)

Ii
� (q2

0

)

(e)

Ii
, (34)

an observation of a nonvanishing �

0

i

would provide provide sensitivity to LUV in �C
9? (primarily

28
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Conclusions

Very low q2 provides excellent sensitivity to right-handed dipole 
transitions (Wilson coefficient C7’).

Reaching this conclusion involves combining heavy-quark expansions 
and LCSR methods to establish a double suppression of the “wrong-
helicity” amplitude in the SM

Electrons are very useful: factor 3 higher rate partially offsets lower 
acceptance in LHCb.
Good complementarity of  LHCb electron and muon data

Possible LHCb-Belle2 interplay
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Light-quark contributions
Operators without charm have strong charm or CKM suppression; 
power corrections should be negligible.

However, they generate (mild) resonance structure even below the 
charm threshold, presumably “duality violation”
Presumably ρ,ω,φ most important; use vector meson dominance
supplemented by heavy-quark limit B➔VK* amplitudes

estimate uncertainty from difference between VMD model and the 
subset of heavy-quark limit diagrams corresponding to 
intermediate V states.

Helicity hierarchies in hadronic B decays prevent large 
uncertainties in HV+ from this source, too.
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Figure 4. Graphical representation of the VMD model. The filled bulb represents the B̄ � V K̄�

decay vertex, as obtained in QCD factorization, the solid bulb fV , as obtained from experiment,
and the double lines resonance propagators, with the cross indicating the multi-particle dressing of
the respective pole.

In this paper we use a model to estimate the contribution of the light hadronic degrees

of freedom in the low-q2 region. We start by making a factorization approximation of the

correlation function eq. (3.30), using a basis of hadronic states |P (0)⌅ and |P ⌅(x)⌅,

ãhad, lqµ =

⇥
d4x e�iq·x

�

P,P ⇤

⇤0|jem,lq
µ (x)|P ⌅⌅⇤P ⌅(x)|P (0)⌅⇤K̄⇤P |Hhad

e� (0)|B̄⌅, (3.31)

where the sums include further integrations for multi-particle states. We next assume that

these sums are saturated by the lightest neutral vector resonances V = �(770), ⌅(782)

and ⇥(1020), i.e. vector meson dominance (VMD). This hypothesis has proven very fruit-

ful in modelling the electromagnetic structure of light hadrons at low energies. It finds

microscopic justification in the large Nc limit of QCD [105] and it has been successfully

implemented to connect the short-range part of the low-energy interactions of pions with

QCD [98, 99]. (For a compilation of phenomenological applications of the model in the

weak decays of mesons see ref. [106].) In the VMD, the first factor in the r.h.s. of eq. (3.31)

is a semileptonic decay constant, fV , the second the vector-meson propagator and the third

a B̄ � V K̄⇤ decay amplitude. Finally, we (partially) take into account the e�ect of the

continuum of multi-particle hadronic states by dressing the poles of the resonance by their

(o�-shell) width. All in all, the estimate for the hadronic contribution at low q2 can be

pictured as in figure 4.

In order to carry out the computation, it is convenient to use an e�ective Lagrangian

containing fields which serve as interpolators for the vector resonances. We choose the

anti-symmetric representation advocated in refs. [98, 99] for applications in ⇤PT. Other

Lagrangian formulations consistent with chiral symmetry and electromagnetic gauge in-

variance8 are equivalent to this one, once consistency with QCD asymptotic behavior of

2-point spectral functions is demanded [99]. We address the reader to appendix B for the

details and conventions used in the model.

As for the B̄ � V K̄⇤ decay amplitude, it is natural, in the present context, to use

the QCD factorization calculation reported in ref. [108]. In fact, as already discussed

in [23], there is a one-to-one correspondence between a subclass of diagrams in the QCDF

calculation of B̄ � K̄⇤↵+↵� and of the diagrams appearing in the QCDF calculation for

8Notice that in a previous VMD analysis [107] of the vector-meson contribution to the B � K⇥⇤+⇤�

decay, electromagnetic gauge and non-gauge invariant Lagrangians were considered in the same footing

and large di � erences between the two approaches have been reported at low q2. In this paper we work

exclusively with approaches consistent with electromagnetic gauge symmetry (and QCD, as stated in the

main text).
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Figure 4. Graphical representat ion of the VMD model. The filled bulb represents the �B � V �K�

decay vertex, as obtained in QCD factorizat ion, the solid bulb fV , as obtained from experiment ,
and the double lines resonance propagators, with the cross indicat ing themult i-part icle dressing of
the respect ive pole.

In this paper we use a model to est imate the contribut ion of the light hadronic degrees
of freedom in the low-q2 region. We start by making a factorizat ion approximat ion of the
correlat ion funct ion eq. (3.30), using a basis of hadronic states |P (0)⌅ and |P ⌅(x)⌅,

ãhad, lqµ =
⇥

d4x e�iq·x
�

P,P ⇤

⇤0|jem,lq
µ (x)|P ⌅⌅⇤P ⌅(x)|P (0)⌅⇤ �K⇤P |Hhad

e� (0)| �B⌅, (3.31)

where the sums include further integrat ions for mult i-part icle states. We next assume that
these sums are saturated by the lightest neut ral vector resonances V = �(770), ⌅(782)
and ⇥(1020), i.e. vector meson dominance (VMD). This hypothesis has proven very fruit -
ful in modelling the elect romagnet ic st ructure of light hadrons at low energies. It finds
microscopic just ificat ion in the large Nc limit of QCD [105] and it has been successfully
implemented to connect the short -range part of the low-energy interact ions of pions with
QCD [98, 99]. (For a compilat ion of phenomenological applicat ions of the model in the
weak decays of mesons see ref. [106].) In theVMD, the first factor in the r.h.s. of eq. (3.31)
is a semileptonic decay constant , fV , the second the vector-meson propagator and the third
a �B � V �K⇤ decay amplitude. Finally, we (part ially) take into account the e�ect of the
cont inuum of mult i-part icle hadronic states by dressing the poles of the resonance by their
(o�-shell) width. All in all, the est imate for the hadronic cont ribut ion at low q2 can be
pictured as in figure 4.

In order to carry out the computat ion, it is convenient to use an e�ect ive Lagrangian
containing fields which serve as interpolators for the vector resonances. We choose the
ant i-symmetric representat ion advocated in refs. [98, 99] for applicat ions in ⇤PT. Other
Lagrangian formulat ions consistent with chiral symmetry and elect romagnet ic gauge in-
variance8 are equivalent to this one, once consistency with QCD asymptot ic behavior of
2-point spect ral funct ions is demanded [99]. We address the reader to appendix B for the
details and convent ions used in the model.

As for the �B � V �K⇤ decay amplitude, it is natural, in the present context , to use
the QCD factorizat ion calculat ion reported in ref. [108]. In fact , as already discussed
in [23], there is a one-to-one correspondence between a subclass of diagrams in the QCDF
calculat ion of �B � �K⇤↵+↵� and of the diagrams appearing in the QCDF calculat ion for

8Notice that in a previous VMD analysis [107] of the vector-meson contribution to the B � K⇥⇤+⇤�

decay, electromagnetic gauge and non-gauge invariant Lagrangians were considered in the same footing

and large di�erences between the two approaches have been reported at low q2. In this paper we work

exclusively with approaches consistent with electromagnetic gauge symmetry (and QCD, as stated in the

main text).
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