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the neutrinos are not seen

• The final state BSM not necessarily a  pair:

– different flavour neutrinos (lepton flavour violation)
– new invisible particle pairs can be sterile neutrinos or something else 
– consider only pair produced new invisible particles

• models with a symmetry that requires pair production
• single invisible particle studied extensively by others and observed decay is 

consistent with 3-body spectrum
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Quantifying the “excess”

• To constrain neutrino couplings we use

• As constraints on new invisible particles, we use instead

– combined with limits obtained from 90% c.l upper limits
–

–

–

Rνν
K = ℬ(B+ → K+νν̄)

ℬ(B+ → K+νν̄)$%
= 5.4 ± 1.6 using new result

= 3.2 ± 0.9 or using average

Rνν
K* = ℬ(B → K*νν̄)

ℬ(B → K*νν̄)$%
≤ 2.7 Belle combined

≤ 1.9 best for neutral mode

ℬ(B+ → K+ + invisible)'( ≡ ℬ(B+ → K+νν̄)*+, − ℬ(B+ → K+νν̄)$% = (2.0 ± 0.7) × 10−5

ℬ(B0 → K0 + invisible)'( ≤ 2.3 × 10−5

ℬ(B+ → K*+ + invisible)'( ≤ 3.1 × 10−5

ℬ(B0 → K*0 + invisible)'( ≤ 1.0 × 10−5



models with additional  final statesν
• We start from an effective interaction at the B scale 

• At the weak scale we have in mind leptoquarks and/or a 
non-universal  coupling the SM to the light RH neutrino

• Both cases are also constrained by  
processes
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low energy constants from leptoquarks

• scalar or vector leptoquarks coupling to SM fermions

• result in

•  also modifies  via the induced operator S0 R(*)
D c̄bτ̄νi
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Scanning over  shows solutions in generalCij
L − Cij

R

• One LQ at a time

•  generate only  terms: 

•  with only off-diagonal terms also:  

S0, S1, V1 CL Rνν
K = Rνν

K*
S1/2, V1/2 Rνν

K = Rνν
K*
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correlations with the B anomalies with CL

• Effect on  constrains :

•  with  results in   

• explaining  with  would lead to 

• global fits to suggest values  and  smaller

• for  this means minimal effect on :
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K* rD(*)
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rD(*) = RD(*)

RD(*) SM

rD = 1.19 ± 0.10
rD* = 1.12 ± 0.06

• for the case of  there is a correlation with S0 rD(*)
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 with both diagonal and off-diagonal 
terms

S1/2, V1/2

• These two LQs can reproduce the solution region

• Find the parameters and see if the models are viable

•  recall that  affecting Cij
R = 1

2 Cij
9′ = − 1
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• at least one of the diagonal 
terms is large (around 10)

• cannot be  from  global fits 
to 

• the only possibility is then to 
have a large 
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R

xi=4,5,6 = Ceμ,eτ,μτ
R
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predictions for this solution
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comparing the average to the new result
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comparing the average to the new result
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CLFV and  B → K(*)νν̄

Wilson coe�cients for Eq. (6) gives,
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All of these leptoquarks contribute to R
⌫

K(⇤) but their contributions are correlated with di↵erent

modes [30–33]. We begin with the lepton flavour number violating case which adds incoherently to

the SM values for R⌫

K(⇤) . There are several CLFV modes with existing experimental upper bounds

and we list them in Table 3. The corresponding predictions using Eq. (20) are
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The best current experimental bounds on these modes as given in [20] are listed in Table 3 along

with the constraints they impose on the Wilson coe�cients taken one non-zero at a time. The
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Table 3: Current experimental upper bounds on lepton flavour changing modes and the limits they

imply for the coe�cients C``
0

i
of Eq. (21) taken one non-zero at a time for the corresponding lepton

flavour indices. The last column shows the upper bound on |C``
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minimal set of Wilson coe�cients consistent with the leptoquark origin of Eq. (20) implies more
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8

• How competitive is  with existing limits on CLFV?B → K(*)νν̄



CLFV and  B → K(*)νν̄

• Each LQ, allowing only off-diagonal terms, produces only  
or only  resulting in  

• The current upper bound from CLFV processes is less 
restrictive than the bound from  except for  flavours

• This bound for the case of  is comparable to that from  
but less restrictive than the one from 

CL
CR Rνν

K = Rνν
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Rνν
K μe

S1 Rνν
K

Rνν
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• in general, this scenario can also reproduce the new result
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• in our specific model,  (one loop vs tree) resulting in 

•  mixing further restricts  to 

•  can be enhanced by up to  (could also be suppressed)
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New light invisible particles

• mass window to invisible light particles:  
• we assume they are pair-produced (3 body decay)

• we consider spins  

• Mediators are assumed at the weak scale and integrated 
out to produce a LEFT of the form 

• We define a window to match the new Belle II result as 

• Consider constraints from other modes

• finally we look for an enhancement in 

m < mB − mK

0, 1
2 , 1

ℒ = ∑ Ci Oi

ℬ(B+ → K+ + invisible)'( ≡ ℬ(B+ → K+νν̄)*+, − ℬ(B+ → K+νν̄)$%

= (2.0 ± 0.7) × 10−5

3 ≤ q2 ≤ 7 GeV2



scalars up to dim 6 that contribute to 
B+ → K+ + invisible

•

• use 

• they both arise at dim 6 in SMEFT (blue vanishes for real scalar fields)

*S,sb
qϕ = (sb)(ϕ†ϕ), *V,sb

qϕ = (sγμb)(ϕ†i∂μϕ)
CS,sb

qϕ ≡ Λ−1
eff , CV,sb

qϕ ≡ Λ−2
eff
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plots explained

• pink shaded region 
reproduces the new Belle II 
result:

• region below the solid green 
line gives a rate for 

 that 
is too large

• similarly for the dashed blue 
and green lines for the 
modes 

 and 
 

respectively

• the region of interest is then 
the pink region that is above 
all the other lines.

ℬ(B+ → K+ + invisible) = (2.4 ± 0.7) × 10−5

B+ → K*+ + invisible

B0 → K0 + invisible
B0 → K*0 + invisible
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fermions: six operators at dim 6
1S,sb

qχ1 = (sb)(χχ), 1S,sb
qχ2 = (sb)(χ iγ5 χ),

1V,sb
qχ1 = (sγμb)(χγμ χ), 1V,sb

qχ2 = (sγμb)(χγμγ5 χ),

1T,sb
qχ1 = (sσμνb)(χσμν χ), 1T,sb

qχ2 = (sσμνb)(χσμνγ5 χ),
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FIG. 6: The pink region shows the parameter space that could explain the recent Belle II excess with
fermion DM for the operators in Eq. (15). The gray region is excluded by other B meson decay modes
that are indicated in the plots by coloured lines.

these four operators arises from the upper limit on the neutral mode B0 ! K0��. If we insist on

an excess of events concentrated in the 3  q2  7 GeV2 bins, only the vector current operators

OV,sb
q�1,2 with certain DM masses remain viable as we illustrate in Fig. 8.

C. Vector DM case

Finally, we consider the vector DM. There are two parametrizations that can be used in this

case as discussed in [39]. Here we adopt the one with a four-vector field Xµ for simplicity. The

operators have been classified by us in [39], and the ones relevant for B+ ! K+XX transitions

are,
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vectors up to dim 6

• vector field formulation

• operators in blue vanish for real fields
• these operators produce amplitudes that diverge in the massless 

limit

• this known problem is addressed by assuming that  is a gauge 
boson, and gauge invariance forbids its direct appearance

• these operators are thus assumed to inherit a coefficient that 
vanishes for massless 

X

X

1S,sb
qX = (sb)(X†

μXμ),

1T,sb
qX1 = i

2 (sσμνb)(X†
μXν − X†

ν Xμ),

1T,sb
qX2 = 1

2 (sσμνγ5b)(X†
μXν − X†

ν Xμ),

1V,sb
qX2 = (sγμb)∂ν(Xμ†Xν + Xν†Xμ)

1V,sb
qX3 = (sγμb)(X†

ρ ∂νXσ)ϵμνρσ,

1V,sb
qX4 = (sγμb)(X†

ν i∂μXν),

1V,sb
qX5 = (sγμb)i∂ν(Xμ†Xν − Xν†Xμ),

1V,sb
qX6 = (sγμb)i∂ν(X†

ρ Xσ)ϵμνρσ



results with vector operators
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FIG. 7: The pink region shows the parameter space that could explain the recent Belle II excess with
vector DM for the operators in Eq. (16). The grey region is excluded by other B meson decay modes
that are indicated in the plots by coloured lines.

The symbol “(⇥)” indicates that the corresponding operator vanishes for real vector fields. To

address the well-known singularity problem that a↵ects vector fields in the limit of vanishing mass,

for our numerical analysis, we scale the Wilson coe�cients of these operators in the following

manner,

CS
qX ⌘ m2

⇤3
e↵

, CT
qX1,2 ⌘

m2

⇤3
e↵

, CV
qX2,4,5 ⌘

m2

⇤4
e↵

, CV
qX3,6 ⌘

m

⇤3
e↵

. (17)

In Fig. 7, we show the parameter space resulting in a branching ratio in agreement with Eq. (13).

It can be seen, that except for the two operators with tensor quark currents OT,sb
qX1,2, the remaining

operators contain a large acceptable parameter region.

D. The q2 distribution

The excess of events observed by Belle II appears to occur mainly for q2 values between 3 �
7GeV2 [1].6 It is thus interesting to compare the q2 distributions that follow from the di↵erent

DM cases. Because the new particles would add incoherently to the SM rate, we combine the two

to obtain a normalized q2 distribution as,

d�̃

q2
⌘

d�SM

dq2 + d�NP

dq2

�SM + �NP

=
d�̃SM

dq2 + (RK
⌫⌫ � 1)d�̃NP

dq2

RK
⌫⌫

, (18)

where d�̃SM,NP/dq2 ⌘ (d�SM,NP/dq2)/�SM,NP.

6 We thank Eldar Ganiev for confirming this observation.
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• scaling including mass factors to address divergence 

• Two of the operators, , are mostly ruled out by other modes

CS
qX ≡ m2

Λ3
eff

, CT
qX1,2 ≡ m2

Λ3
eff

, CV
qX2,4,5 ≡ m2

Λ4
eff

, CV
qX3,6 ≡ m

Λ3
eff

1T,sb
qX1, 1T,sb

qX2



• first Belle II result suggests excess over SM shape around   

•  with lower  appears preferred

3 ≤ q2 ≤ 7 GeV2

1V,sb
qϕ = (sγμb)(ϕ†i∂μϕ) mϕ

spectrum scalarsq2

0 5 10 15 20
0

1

2

3

4

5

6

7

F
IG

.
7:

T
h
e
p
in
k
re
gi
on

sh
ow

s
th
e
p
ar
am

et
er

sp
ac
e
th
at

co
u
ld

ex
p
la
in

th
e
re
ce
nt

B
el
le

II
ex
ce
ss

w
it
h

ve
ct
or

D
M

fo
r
th
e
op

er
at
or
s
in

E
q.

(1
6)
.
T
h
e
gr
ey

re
gi
on

is
ex
cl
u
d
ed

by
ot
h
er

B
m
es
on

d
ec
ay

m
od

es
th
at

ar
e
in
d
ic
at
ed

in
th
e
p
lo
ts

by
co
lo
u
re
d
li
n
es
.

T
h
e
sy
m
b
ol

“(
⇥
)”

in
d
ic
at
es

th
at

th
e
co
rr
es
p
on

d
in
g
op

er
at
or

va
n
is
h
es

fo
r
re
al

ve
ct
or

fi
el
d
s.

T
o

ad
d
re
ss

th
e
w
el
l-
kn

ow
n
si
n
gu

la
ri
ty

p
ro
b
le
m

th
at

a↵
ec
ts

ve
ct
or

fi
el
d
s
in

th
e
li
m
it
of

va
n
is
h
in
g
m
as
s,

fo
r
ou

r
nu

m
er
ic
al

an
al
ys
is
,
w
e
sc
al
e
th
e
W

il
so
n
co
e�

ci
en
ts

of
th
es
e
op

er
at
or
s
in

th
e
fo
ll
ow

in
g

m
an

n
er
,

C
S qX

⌘
m

2

⇤
3 e↵

,
C

T qX
1
,2
⌘

m
2

⇤
3 e↵

,
C

V qX
2
,4
,5
⌘

m
2

⇤
4 e↵

,
C

V qX
3
,6
⌘

m ⇤
3 e↵

.
(1
7)

In
F
ig
.7
,w

e
sh
ow

th
e
p
ar
am

et
er

sp
ac
e
re
su
lt
in
g
in

a
b
ra
n
ch
in
g
ra
ti
o
in

ag
re
em

en
t
w
it
h
E
q.

(1
3)
.

It
ca
n
b
e
se
en
,
th
at

ex
ce
p
t
fo
r
th
e
tw

o
op

er
at
or
s
w
it
h
te
n
so
r
qu

ar
k
cu
rr
en
ts

O
T
,s
b

qX
1
,2
,
th
e
re
m
ai
n
in
g

op
er
at
or
s
co
nt
ai
n
a
la
rg
e
ac
ce
p
ta
b
le

p
ar
am

et
er

re
gi
on

.

D
.

T
h
e
q2

d
is
tr
ib
u
ti
o
n

T
h
e
ex
ce
ss

of
ev
en
ts

ob
se
rv
ed

by
B
el
le

II
ap

p
ea
rs

to
oc
cu
r
m
ai
n
ly

fo
r
q2

va
lu
es

b
et
w
ee
n
3
�

7
G
eV

2
[1
].
6
It

is
th
u
s
in
te
re
st
in
g
to

co
m
p
ar
e
th
e
q2

d
is
tr
ib
u
ti
on

s
th
at

fo
ll
ow

fr
om

th
e
d
i↵
er
en
t

D
M

ca
se
s.

B
ec
au

se
th
e
n
ew

p
ar
ti
cl
es

w
ou

ld
ad

d
in
co
h
er
en
tl
y
to

th
e
S
M

ra
te
,
w
e
co
m
b
in
e
th
e
tw

o

to
ob

ta
in

a
n
or
m
al
iz
ed

q2
d
is
tr
ib
u
ti
on

as
,

d�̃ q2
⌘

d
�
S
M

d
q2

+
d
�
N
P

d
q2

�
S
M
+
�
N
P

=
d
�̃
S
M

d
q2

+
(R

K ⌫
⌫
�
1)

d
�̃
N
P

d
q2

R
K ⌫
⌫

,
(1
8)

w
h
er
e
d�̃

S
M
,N
P
/d
q2

⌘
(d
�
S
M
,N
P
/d
q2
)/
�
S
M
,N
P
.

6
W
e
th
an

k
E
ld
ar

G
an

ie
v
fo
r
co
n
fi
rm

in
g
th
is

ob
se
rv
at
io
n
.

12



spectrum vectorsq2

• pairs of spin one particles appear disfavoured by the shape of the 
spectrum

• will be useful to discriminate among models if excess confirmed
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spectrum fermionsq2

• two operators have a spectrum that peaks in the low 
• vector couplings of fermions would thus be preferred 

 and with masses on the 
low kinematic end

q2

1V,sb
qχ2 = (sγμb)(χγμ χ), (sγμb)(χγμγ5χ)
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experimental efficiency

Combination and comparison with other measurements

● Inclusive and hadronic measurements are combined, taking into account common correlated 
uncertainties. The resulting branching fraction is
Bcomb(B+ →K+ νν) = (2.4 ± 0.7) x 10−5  =[2.4 ± 0.5(stat)+0.5

−0.4(syst)]x10−5

significance of observation is 3.6𝜎 the result is within 2.8𝜎 vs standard model
● Some tensions between inclusive and semileptonic results for Belle and BaBar, however 

overall compatibility of the results is good with χ2/dof = 4.3/4
23

*Belle reports upper limits only; branching fractions are estimated using published number of events and efficiency  

 *

Privately produced comparison

 *

=B/BSM

Inclusive
Hadronic

3

FIG. 3: Signal e�ciency as a function of the dineutrino in-
variant mass squared q2 for events in the SR (BDT1 > 0.9
and BDT2 > 0.95). The error bars indicate the statistical
uncertainty.

FIG. 4: The branching fraction measured by Belle II, pre-
vious experiments [14–16] and the Standard Model expecta-
tion [17]. The values reported for Belle are computed based
on the quoted observed number of events and e�ciency. The
weighted average is computed assuming that uncertainties are
uncorrelated.
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• affects constraints on NP because BR limits assume the SM spectrum

• not enough information in the latest results but we can use 2021 result for 
illustration



conclusions

• motivated by the recent Belle II result, we have looked at BSM 
physics that could enhance the mode  over its SM 
value, broadly interpreting it as 

• at the same time we require consistency with existing 90% c.l upper 
bounds on the related modes  and 

• we also consider correlations with charged lepton modes

neutrino LFV couplings with only LH neutrinos can reproduce the 
rates for these modes

• when induced by a single LQ exchange,  can reproduce 
the rates provided at least one LF diagonal coupling is 

• the  global fits rule out this possibility for 
 modes

• This solution results in enhanced modes with taus that can be 
probed experimentally.

B+ → K+νν̄
B+ → K+ + invisible

B → K(*)νν̄ B0 → K0νν̄

S1/2, V1/2
∼ 10

b → sℓ+ℓ−

e+e−, μ+μ−



conclusions continued

a light sterile (RH) neutrino 
– the parameter space in LEFT can produce the desired pattern 

in  rates

– a specific model with a non-universal  mediator cannot 
sufficiently enhance  due to  mixing constraints

pairs of new invisible scalars, vectors or fermions
– we constructed the lowest dimension LEFT for these three 

cases and selected the operators relevant for these modes
– there are viable regions of parameter space to explain the 

desired pattern in  rates for all three cases
– only a few of them (one with scalars, two with fermions) 

achieve the enhanced  rate with a  shape 
similar to the preliminary result from Belle II.

B → K(*)νν̄
Z′ 

B+ → K+νν̄ Bs

B → K(*)νν̄

B+ → K+νν̄ q2





form factors

III. B ! (K,K⇤,⇡, ⇢)+DM+DM

To calculate the decay rate for the B ! M transition (where M denotes either a pseudo-scalar

meson P = K, ⇡ or a vector meson V = K
⇤
, ⇢) from the e↵ective interactions in Eqs. (2-4), we first

need to know the hadronic transition matrix elements hM |q̄�b|Bi. These are usually parametrized

in terms of scalar form factors associated with each possible allowed Lorentz structure. The Lorentz

structures can be organized according to parity and charge conjugation. While some of the form

factors can be determined from experimental data, others require theoretical models for the non-

perturbative aspects of QCD. In the following subsections, we first collect the relevant form factors

and their determination using light-cone sum rules [47–51]. We then consider the decay rates for

both scalar and vector DM scenarios and the implications for the parameter space.

A. Form factors

We follow the parametrization of B meson form factors in [47]. For the B ! P (JP = 0�)

transition with a final state pseudo-scalar P = ⇡, K, the non-vanishing hadronic matrix elements

from the scalar, vector, and tensor quark currents are parametrized by the form factors f0, f+,

and fT ,

hP (k)|q̄b|B(p)i =
m

2
B
�m

2
P

mb �mq

f0(q
2), (5a)

hP (k)|q̄�µ
b|B(p)i =


(p+ k)µ �

m
2
B
�m

2
P

q2
q
µ

�
f+(q

2) +
m

2
B
�m

2
P

q2
q
µ
f0(q

2), (5b)

hP (k)|q̄�µ⌫
b|B(p)i =

2i

mB +mP

(pµq⌫ � p
⌫
q
µ)fT (q

2), (5c)

where k and p are the 4-momenta of P and B respectively, qµ = p
µ
� k

µ, mB and mP are the

masses of the initial B meson and final state P meson, and mb and mq are the masses of the

quarks appearing in the currents. In the q2 ! 0 limit, f+(0) = f0(0), and we follow the light-cone

sum rule (LCSR) methods [48] to parametrize the dependence on the momentum transfer s ⌘ q
2

as,

f0(s) =
r2

1� s/m
2
fit

, f
⇡

+(T )(s) =
r1

1� s/m
2
R

+
r2

1� s/m
2
fit

, f
K

+(T )(s) =
r1

1� s/m
2
R

+
r2

(1� s/m
2
R
)2
. (6)

Above, r1,2, m2
R
, and m

2
fit, are parameters with the preferred values given in [48] and collected in

appendix D for reference. 6

6 After submitting the manuscript, we became aware of a recent lattice calculation of the B ! K form factors

[52]. We find that using these new lattice results has no significant impact on the sensitivity curves we obtained

with the LCSR calculation of the form factors from [48].
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use LCSR results from P. Ball and R. Zwicky Phys. Rev. D 71, 014015 (2005) 
For the transition into a vector meson V , B ! V (JP = 1�) with V = ⇢, K

⇤, the non-vanishing

form factors V0, A0,1,2,3, T1,2,3 are defined as

hV (k)|q̄�5b|B(p)i = �i✏⇤
V,⌫

q
⌫

2mV

mb +mq

A0, (7a)

hV (k)|q̄�µ
b|B(p)i = ✏

µ⌫⇢�
✏
⇤
V,⌫

p⇢k�
2

mB +mV

V0, (7b)

hV (k)|q̄�µ
�5b|B(p)i = i✏

⇤
V,⌫


g
µ⌫(mB +mV )A1 �

(p+ k)µq⌫

mB +mV

A2 � q
µ
q
⌫
2mV

q2
(A3 � A0)

�
, (7c)

hV (k)|q̄�µ⌫b|B(p)i = i✏µ⌫⇢�✏
⇤
V,↵

⇢
g
↵⇢(p+ k)�T1 � g

↵⇢
q
�
m

2
B
�m

2
V

q2
(T1 � T2)

+ 2q↵p⇢k�


1

m
2
B
�m

2
V

T3 �
1

q2
(T1 � T2)

��
, (7d)

where ✏V is the polarization vector of the spin-one meson and mV its mass.7 The axial-vector and

pseudo-scalar current matrix elements can be related by EoM via the relation i@µhP |q̄�
µ
�5b|Bi =

hP |q̄i( /D +
 �
/D)�5b|Bi. Equivalently in momentum space, qµhP (k)|q̄�µ

�5b|B(p)i = �(mb +

mq)hP (k)|q̄�5b|B(p)i, which implies that the form factor A3 is a redundant and can be expressed

in terms of A1 and A2 as,

A3 ⌘
mB +mV

2mV

A1 �
mB �mV

2mV

A2. (9)

It is common practice to replace A2 and T3 by

A12 ⌘
(mB +mV )2(m2

B
�m

2
V
� q

2)A1 � �(m2
B
,m

2
V
, q

2)A2

16mBm
2
V
(mB +mV )

, (10a)

T23 ⌘
(m2

B
�m

2
V
)(m2

B
+ 3m2

V
� q

2)T2 � �(m2
B
,m

2
V
, q

2)T3

8mBm
2
V
(mB �mV )

. (10b)

where the Källen function �(x, y, x) is the usual,

�(x, y, z) ⌘ x
2 + y

2 + z
2
� 2(xy + yz + zx). (11)

In the q
2
! 0 limit, some of form factors are related with as follows,

A0(0) = A3(0), T1(0) = T2(0), A12(0) =
m

2
B
�m

2
V

8mBmV

A0(0). (12)

7 In literature, the tensor current is usually parametrized by multiplying by the four-momentum q⌫ . From the

tensor current in Eq. (7), they can be directly calculated to take the form,

hV (k)|q̄i�µ⌫q⌫b|B(p)i = 2✏µ⌫⇢�✏⇤V,⌫p⇢k�T1, (8a)

hV (k)|q̄i�µ⌫�5q⌫b|B(p)i = i✏⇤V,⌫

⇢⇥
gµ⌫(m2

B �m2
V )� (p+ k)µq⌫

⇤
T2 + q⌫


qµ �

q2(p+ k)µ

m2
B �m2

V

�
T3

�
. (8b)
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Relabeling the form factors {A0, A1, A12, V0, T1, T2, T23} as F1,2,3,4,5,6,7, their momentum transfer

dependence can be parametrized as [49],

Fi(s) =
1

1� s/m
2
R,i

X

k

↵
i

k
[z(s)� z(0)]k, z(s) ⌘

p
s+ � s�

p
s+ � s0

p
s+ � s+

p
s+ � s0

, (13)

where s± ⌘ (mB ±mV )2 and s0 ⌘ s+(1�
p

1� s�/s+). mR,i are the resonance masses associated

with the transition modes and are taken from Tab. 3 in [49]. The parameters ↵i

k
are truncated at

quadratic order in z, kmax = 2, so that three fit parameters ↵
i

0,↵
i

1,↵
i

3 are needed for each form
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