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i.e., for large dilepton masses \/c_T2 of the order of the b-quark mass m;. We work to lowest
order in A/Q, where Q = (my, \/cTQ) and include the next-to-leading order corrections from
the charm quark mass m. and the strong coupling at O(m?/Q? as). The leading A/my
corrections are parametrically suppressed. The improved Isgur-Wise form factor relations
correlate the B — K*IT1~ transversity amplitudes, which simplifies the description of the
various decay observables and provides opportunities for the extraction of the electroweak
short distance couplings. We propose new angular observables which have very small
hadronic uncertainties. We exploit existing data on B — K*IT[~ distributions and show
that the low recoil region provides powerful additional information to the large recoil one.
We find disjoint best-fit solutions, which include the Standard Model, but also beyond-the-
Standard Model ones. This ambiguity can be accessed with future precision measurements.
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1 Introduction

The study of b-flavored mesons made possible our current understanding of quark flavor
violation in the Standard Model (SM) [1, 2]|. It is an ongoing endeavour to map out the
flavor sector at the electroweak scale and beyond, and possibly thereby gaining insights on
the origin of flavor.

In this effort, flavor changing neutral current-induced exclusive B decays into dileptons
are important modes because of their sensitivity to physics beyond the SM and their
accessibility at current collider experiments and possible future high luminosity facilities [3—
6.

We focus in this work on the semileptonic decays B — K*IT1~ with [ = e, u. Their
branching ratios are measured at O(10~7 — 107%) [7], consistent with the SM [8]. Beyond
the rate, several observables can be obtained from the rare decays, in particular when
analyzed through B — K*(— K)I*TI~ [9]. The presence of multiple observables is advan-
tageous because they are, in general, complementary in their sensitivity to the electroweak



couplings, and they provide opportunities to control uncertainties. This is even more im-
portant nowadays, as flavor physics data are favoring the amount of fundamental flavor
violation being at least not far away from the one in the SM, and require a certain level of
precision to be observed.

Recently, data have become available on B — K*ITI~ decay distributions in the
dilepton invariant mass, \/¢2, from the experiments BaBar [10, 11], Belle [12] and CDF [13].
These experimental studies cover essentially the full kinematical dilepton mass range, with
the exception of the regions around ¢ ~ m?] /o and ¢ ~ mfﬁ,. Here, cuts are employed
to remove the overwhelming background induced by B — K*(éc) — K*ITI~ from the
dominant charmonium resonances (éc) = J/1, '

Most theoretical works on B — K*IT1~ decays over the past years have focussed on
the region of large recoil, that is, small ¢ < m% e However, at low recoil (large ¢* > m?p,)
dedicated studies are lacking with a similar QCD-footing as the ones at large recoil, where
QCD factorization (QCDF) applies [14, 15]. It is the goal of this work to fill this gap and
benefit from the incoming and future physics data from the low recoil region as well.

We use the heavy quark effective theory (HQET) framework by Grinstein and Pir-
jol [16], which is applicable to the low recoil region, where \/qi2 is of the order of the mass
of the b-quark, my, and the emitted vector meson is soft in the B mesons rest frame. The
original application was to extract the Cabibbo Kobayashi Maskawa (CKM) matrix ele-
ment V,; by relating the dilepton spectra of B — plv to those in B — K*IT1~ decays.
The framework has also been used previously to study the implications of the sign of the
forward-backward asymmetry in B — K*IT1~ decays being determined SM-like for large
q? [17], see also [18] for relating B — KITl~ to B — Kv decays. Here, we work out and
analyze in detail distributions of B — K*I71~ decays in this low recoil framework and give
predictions within the SM and beyond.

The description of B — K*I*1~ decays at low recoil is based on two ingredients: the
improved Isgur-Wise form factor relations [16, 19], going beyond the original ones [20],
and an operator product expansion (OPE) in 1/Q, where Q = (my, ﬁ) [16]. The latter
allows to include the contributions from quark loops, most notably charm loops in a model-
independent way. Both ingredients are first principle effective field theory tools and allow to
obtain the B — K*I*]~ matrix element in a systematic expansion in the strong coupling
and in power corrections suppressed by the heavy quark mass. The implementation of
continuum and resonance cc effects from ete™ — hadrons data [21] suggests no large
duality violation at least above the v/, supporting the aforementioned OPE.

We work to lowest order in A/m;, however, the actual leading power corrections to the
decay amplitudes arise only at order asA/m;, or with other parametric suppression factors,
and amount only to a few percent.

The plan of the paper is as follows: In section 2 we give the electroweak Hamiltonian
responsible for b — sITI~ processes and review the observables in B — K*I*t]~ decays.
The low recoil framework is summarized in section 3, where the B — K*I*]~ transversity
amplitudes and observables are computed and correlations are pointed out. SM predictions
and the comparison with the data are given in section 4. We conclude in section 5. In
several appendices we give formulae and detailed input for our analysis.



2 Generalities

We define the short distance couplings entering b — sI™1~ decays in section 2.1 and intro-
duce in section 2.2 the observables in B — K*I*]~ decays, where the former can be tested.

2.1 Quark level

For the description of processes induced by b — slT1~ we use an effective AB = 1 elec-
troweak Hamiltonian

4G .
Hest = —75%1)%3 > C(m0i(u) + e, (2.1)

which consists of the higher dimensional operators O; and their respective Wilson coef-
ficients C;. Here, 1 denotes the renormalization scale, G is Fermi’s constant and Vi,V
collects the leading flavor factors of the SM encoded in the CKM matrix elements V;;. We

neglect subleading contributions of the order V,,, V"

s> hence, there is no CP violation in the

SM in the decay amplitudes. We also set the strange quark mass to zero.
For the decays b — sltTl~ the electromagnetic dipole (O7) and semileptonic four-
fermion (Og,19) operators are the most relevant:

e s — 4 a a
07 _ me [EJMVPRb] ij, OS = (4€T)2mb [SO'M PRT b] ija
2 B e? -
Oy = e (57, PLb] [Iv"1], O = (an)? 57 PLY] [Iy"s1] (22)

where Pp g denote chiral projectors, my, is the MS mass of the b-quark and FW(Gf“,) is
the field strength tensor of the photon (gluons a = 1,...,8). The contributions from the
gluonic dipole operator Og enter the semileptonic decay amplitude at higher order in the
strong coupling g5, and have a significantly reduced sensitivity to New Physics as compared
to those from Oz g 19. For the current-current and QCD-penguin operators O;._ ¢ we use the
definitions of ref. [22]. We call the set of operators eq. (2.2) plus the four-quark operators
O1..¢ the SM basis, and stay in this work within this basis.

The goal of this work is to extract from b-physics data the coefficients C; g ;o and test
them against their respective SM predictions. All other Wilson coefficients are fixed to
their respective SM values. We restrict ourselves to real-valued Wilson coefficients, hence
allow for no CP violation beyond the SM. We made this choice because existing CP data on
the b — sl transitions [7], which are consistent with our assumption, are currently quite
limited, have rather large uncertainties, and the inclusion of phases doubles the number of
parameters in the fit. We hope to come back to this in the future.

In the following we understand all Wilson coefficients being evaluated at the scale
of the b-quark mass. In the SM at next-to-leading order their values are approximately,
for u = my,

CSM = 0.3, CSM = 4.2, Ct = —4.2. (2.3)



The coefficient of O7 is suppressed with respect to the ones of Og 19, a feature that holds
in many extensions of the SM as well, and is also respected by the data. This hierarchy in
coupling strengths is beneficial for controlling theoretical uncertainties, see section 3.

We neglect lepton flavor non-universal effects, hence, the couplings tol =e and [ = p
are considered to be equal. For recent works exploiting the possibility that New Physics
affects the final state electron and muon pairs differently, see, e.g., [23]. Since the decays

+

b — st 7~ are experimentally difficult and have not been seen so far, we do not consider

taus and can neglect the lepton masses.

2.2 The B — K*I*l~ observables

Angular analysis offers the maximal information which is accessible from the decay via
B — K*(— Km)lTl~. For an on-shell K* the differential decay width can be written
as [9, 24]

a‘r _ 3 2

dg2dcosOydcosO+dg 8 (¢7, cos i, cos O+, ), (24)
where the lepton spins have been summed over. Here, ¢? is the dilepton invariant mass
squared, that is, ¢* is the sum of pf + and pfﬂ, the four momenta of the positively and
negatively charged lepton, respectively. Furthermore, 6; is defined as the angle between
the negatively charged lepton and the B in the dilepton center of mass system (c.m.s.) and
O+ is the angle between the Kaon and the B in the (K ~7t) c.m.s.. We denote by p; the
three momentum vector of particle i in the B rest frame. Then, ¢ is given by the angle
between pr— X pr+ and p;- X p;+, i.e., the angle between the normals of the (K ~7") and
(I71") planes.

The full kinematically accessible phase space is bounded by

4m? < ¢ < (mp —mg+)?, —1<cosh <1, —1<cosfp-<1, 0<o<2m, (2.5)

where m;, mp and mg~ denote the mass of the lepton, B meson and the K*, respectively.
The dependence of the decay distribution eq. (2.4) on the angles 6;, 6+ and ¢ can be
made explicit as

J(q?,0;, 0K+, ¢) = Jisin? O« + J¢ cos® Oxex + (J5 sin? Oxes + JS cos® O+ ) cos 26,
+ J3sin? O« sin? 0; cos 2 + Jy sin 20 g+ sin 26; cos ¢
+ J5 sin 20+ sin 6; cos ¢ + Jg sin? O+ cos 0 + J7 sin 20+ sin 6; sin ¢
+ Jg sin 20~ sin 20 sin ¢ + Jg sin? O« sin® 6; sin 2, (2.6)

where the angular coefficients Ji(a) = Ji(a)(qz) fort =1,...,9 and a = s, c are functions
of the dilepton mass. We suppress in the following the g?-dependence also in expressions
derived from the Ji(a). The latter can be written in terms of the transversity amplitudes
AL |0, see appendix A. The fourth amplitude A; does not contribute in the limit m; = 0.
The transversity amplitudes at low recoil are given in the next section. The ones at large
recoil can be seen, for example, in ref. [17].



The angular coefficients Ji(a), or their normalized variants J;/(dI'/dq?) or J;/.J;, are
observables which can be extracted from an angular analysis. This method allows to test the
SM and probe a multitude of different couplings [17, 24—27]. We focus first on rather simple
observables, which can be extracted without performing a statistics intense full angular
analysis. Afterwards, we point out opportunities of measuring the angular distribution.

Data on B — K*ITI~ decays already exists from BaBar [10, 11], Belle [12] and
CDF [13] for the differential decay width dI'/dq?, the forward-backward asymmetry App
and the fraction of longitudinal polarized K*’s, F1,. They are written as

dr S C 2JS+J
WZQJl—FJl—% |AE12 4 1A |2+,A, + (L < R), (2.7)
Arp = bl 5 = Tra3 2.
FB — |:/ /:| COS ldq2dCOS(9[/dq2 dr/dqga ( 8)
|AF 12 + JAF?
FL="rag 2.9
dr/dg2 (2.9)

and are all distributions in the dilepton mass.

The experimental data on the ¢>-distributions [10-13] are currently available in ¢>-bins,
i.e., the decay rate is given as a list of rates (dI'/dq?)x, where we denote by (...)x the dg>-
integration over the k-th bin. Normalized quantities such as the forward-backward asym-
metry are then delivered as (Jg)r/(dT'/dg?)y, and likewise as (|A%|? + |AF|?)/(dT/dg?),
for the longitudinal polarization fraction. The binned distributions equal our definitions
egs. (2.8) and (2.9) for flat distributions or infinitely small bin size.

Note that the Js5659, and hence Arp are CP-odd observables, which vanish in an
untagged equally mixed sample of B and B decays in the absence of CP violation [17].

We also consider the transverse asymmetries A(2) [24] and Ag? A [25], given as

@ _ AP+ AR - |AFE - |Af
T AR+ AT+ AL+ AP

1.Js
_1Js 2.1
S (2.10)
4B _ Ao A" + A Af
®
V(4512 + | AFR) (AL12 + | AT P)
4 2 2 72
_ Tt O (2.11)
—2J5(25 + J3)
() ‘Aé’AL* AR*AR’
AW =

|[AL* AL + AR AT

_[B}JE + 4T3 (2.12)
AT} + BPJF ‘

which have not been measured yet. The factor §; is given in appendix A. Here we keep
the lepton mass dependence for generality but discard it later on when discussing the low
recoil region where m; is entirely neglibile.



We propose the following new transversity observables for the region of low recoil
(high ¢%)

L ALx Rx AR
AR+ 1ABR) (IAFR + |Af2) /=5 (25— o)
HO _ Re(Aj AL — Af AT) _ BiJs (2.1
r - C s ’ :
AR+ 1ARR) (JAL? + [a%R) V=25 QT+ )
Re(ALAL* — AR AR
) — s s O 2.15)

JOARP +1AFP) (1AL + |AFR) 25— JF

As will become clear in section 3, see also appendix B, the Hj(f) are designed to have
very small hadronic uncertainties at low recoil. While both H?) and App depend on Jg
and probe similar short distance physics, the former has a significantly smaller theoretical
uncertainty than the latter. Note also that the numerator J; of H:(FZ) is related to the
observable S5 which has good prospects to be measured with early LHCb data of 2fb~! at
least in the large recoil region [28].

Different possibilities to extract the J; from single differential distributions as well have
been outlined in [17].

3 B — K*Itl™ at low recoil

We start in section 3.1 with the model-independent description of the exclusive heavy-to-
light decays in the low recoil region following Grinstein and Pirjol [16, 19]. After calculating
and investigating the B — K*I*TI~ transversity amplitudes in section 3.2, we work out
predictions for and correlations between the B — K*ITI~ observables at low recoil in
section 3.3. A numerical study within the SM is given in section 4.1.

3.1 The model-independent framework

The description of B — K*IT1~ decays at low recoil, where g% ~ O(mg), is based on the
improved form factor relations in this region and an OPE in 1/Q [16, 19]. The latter
keeps the non-perturbative contributions from 4-quark operators (5b)(gq) under control by
expanding in mg /@Q?%. This is most important for charm quarks, since their operators can
enter with no suppression from small Wilson coefficients nor CKM matrix elements.

Following [16] we briefly sketch the derivation of the improved Isgur-Wise form factor
relations to leading order in 1/m;, between the vector and the tensor current. The starting
point is the QCD operator identity (for ms; = 0)

i0” (8i0b) = —mySyub + i0,(5b) — 25i Db, (3.1)

After taking the matrix element of eq. (3.1) using the form factors given in appendix C
one arrives at an exact relation between the form factors 77 and V and the matrix element



of the current si Bu b. The latter can be expanded in 1/my through matching onto the
HQET currents with the heavy quark field h,:

5i Db = D (ympsy,hy + DS (1)ympv,she + . ... (3.2)

We further need
5vub = C (1) 5v,h0 + C ()v,5hy + . . (3.3)
sb=C (W)shy + ..., (3.4)

to express the HQET currents in eq. (3.2) through quark currents. The ellipses denote
power suppressed contributions. The Wilson coefficients Ci(w) and Dgz) are calculable and
known in a perturbative expansion in the strong coupling, see, e.g., [16, 29].

Taking then the matrix element of eq. (3.2) yields

(v
D0 1) s, b1B) + ... (3.5)
Co (1)

(K*|5i Dub|B) =
After working out the corresponding formulae involving the axial currents, the improved
Isgur-Wise relations to leading order in 1/m; including radiative corrections are obtained as

2
mp

Ti(¢*) = wV(d?), Tr(q*) = kAi(g%), T3(¢°) = RA2((12)?7 (3.6)

where

2Dy (1) \ (1)
K= (1 + Co(?))(/i) T;)LB . (3.7)

Here, subleading terms of the order mg~/mp, A/mp are dropped and a naively anticom-
muting 5 matrix is used. The latter allows to relate the HQET Wilson coefficients of
currents without a -5 matrix to those containing one by replacing s with §(—~s) in the
matching equations. We also suppress the renormalization scale dependence of the penguin
form factors T; and of the coefficient x. It reads, up to corrections of O(a?2),

3 my

/1:1—2%111(#). (3.8)

The relations eq. (3.6) are consistent with the ones derived in [16] at lowest order in 1/my,
after changing to the Isgur-Wise form factor basis [20].



The inclusion of the 4-quark and gluon dipole operators leads to the effective couplings,
C?fg [16]. They read

11
—Cy—

2

4
C(Sﬁ = Cg + h(O, q2) |:3 Cl + CQ + 3

2 2
20,4520, — % cﬁ] (3.9)

1 4 64 4 16 16
OZ
+ 2 [C 2) 4 4C(g%) - 3C, (2B(¢%) — C(?)) _CSF8<9>(QQ)}
2
+8q;[ Ci+ = CQ+263+20(25}

Qs

1
C;ﬁ:C'?*g |:C3+3C4+20C5+366:| +47_‘_

7
(€ =6Cy) Al®) - esF (6], (3.10)
and we recall that we use the 4-quark operators O; ¢ as defined in [22]. The functions
A, B,C and Fén, F8(9) can be seen in [30] and [14], respectively.! The lowest order charm
loop function is given as

8 4 @2
h(0, In— +1im |, 3.11
(0.4%) = 27+9<nq2+z7r> (3.11)
which is simply the perturbative quark loop function for massless quarks. The m?2/Q?
corrections are given by the last line of eq. (3.9). Loops with b quarks stemming from
penguin operators are taken into account by the function

oy A w2 4 1 _Amg
h(my,q°) = 9 <lnmg + 3 + z> - §(2 + 2)v/z — larctan NEE z = 2 (3.12)
We stress that the effective coefficients egs. (3.9)—(3.10) are different from the ones used in
the low ¢? region given in [14].

The product my, k£ CST is independent of the renormalization scale [16]. As we will see in
the next section, this is important because contributions from C%H enter the B — K*IT1~
amplitudes in exactly this combination. The u-dependence of C’Sff is very small and induced
at the order a2 Cipand asCy 6.

The heavy quark matrix elements (K*|si Bu (v5)hy|B) are the only new hadronic in-
put required at order A/my for both the form factor relations and the matrix elements
related to the electromagnetic current, C‘;g [16]. However, we refrain from including these
explicit A/my corrections. Firstly, the requisite additional matrix elements are currently
only known from constituent quark model calculations [19, 33| bringing in sizable uncer-
tainties. More importantly, the leading power corrections to the form factor relations are
parametrically suppressed, see section 3.2. Note that the ones to the OPE arise only at
O(asA/my, m2/Q*). Hence, the power corrections have a reduced impact on the decay
observables. Quantitative estimates are given in section 4.1.

Note that explicit spectator effects are power suppressed and absent to the order
we are working. They only appear indirectly in the form factors, lifetime and meson

!Note that in [30] a different sign convention has been used than in the previous works [31, 32].



masses. Hence, the formulae can be used for charged and neutral B — K*I*]~ decays,
and B, — ¢lT1~ decays after the necessary replacements.
3.2 The transversity amplitudes

Application of the form factor relations in eq. (3.6) and using the effective coefficients
egs. (3.9)—(3.10) yields the low recoil transversity amplitudes to leading order in 1/my as

) 2m
AR — i {5t o)+ 7T £ (3.13)
9
AbF = {(cgff FCpo) + H% csﬁ} fis (3.14)
. o 2my e
AOL’R = —1 { (Cgﬁ F ClO) + K 3 b C7H} fo, (315)
where the form factors enter as
22 A
fJ_:NmBiAV, f”:NmB\/i(l—i-mK*)Al,
14+ Mg~
1—8—m2.)(1+mg-)24; — A A
fOZNmB( 5 nFLAK )( +TAnK ) Al 2, (316)
2 v (14 1= ) Vs
and the normalization factor reads
G a2 | \?mp VA
N = 3 9105 . (3.17)

Here, we switched to the dimensionless variables § = ¢2/ m2B, m; = m;/mp and A =
1482+ Th}l{* —2(54 §m§( + mﬁ(*) We also suppressed for brevity the dependence on the
momentum transfer in the form factors and the effective coefficients. We further neglected
subleading terms of order my+/mp in the CST-term only.

Interestingly, within our framework (SM basis, lowest order in A/m;) the transversity
amplitudes eqgs. (3.13)—(3.15) depend in exactly the same way on the short distance coef-
ficients. Comnsequently, only two independent combinations of Wilson coefficients can be
probed, related to |AF|2 £ |AE|2 since A and A do not interfere for massless leptons,
see appendix A. The independent combinations can be defined as

) 2
pr=|CST RO e (3.18)
0
P2 = Re{ <Cgff + 5 Tf”’c;‘ff) C{O} . (3.19)
S

p1 and ps are largely p-scale independent. The dominant dependence on the dilepton mass
in p;o stems from the 1/3-factor accompanying C?H. The short distance parameter p;
equals up to A/m; corrections the parameter Neg introduced in ref. [16].

The relation between all three transversity amplitudes makes the low recoil region
overconstrained and very predictive. We work out the corresponding implications in sec-
tion 3.3. Note that in the large recoil region two amplitudes are related as Aﬁ( = —A)f by
helicity conservation up to corrections in 1/Ek~ in the SM basis [34].



The leading power corrections of the OPE arise at O(asA/my, m2/Q*) ~ few percent.
The A/my corrections to the amplitudes from the form factor relations are parametrically
suppressed as well, by small dipole coefficients, such that we can estimate the leading power
correction from the form factor relations to the decay amplitudes as order (2C£T/CST)A /my,.
So in general, the dominant power corrections to the transversity amplitudes are of the
order few percent.

We simulate the effect of the 1/m, corrections by dimensional analysis when estimating
theoretical uncertainties in section 4.1.

3.3 Observables and predictions

We begin with low recoil predictions of some basic distributions. At leading order they can
be written in terms of the transversity amplitudes A o given in egs. (3.13)—(3.15) as

dr
@:2p1 X(fg+fi+f||2)7 (3.20)
P2 fLhy
App =3-—= X 3.21
RV S ) 320
I, = #22 (3.22)
fo + 11+
and
-1 [ f
AP == A — 2L AW =922 L 3.23
Ty f T r p1 f|| (3.23)
The new high ¢? transversity observables read as
a7 =1, Y =g =22 (3.24)
Pl

All observables factorize into short distance coefficients p; 2 and form factor ones fy | |-
We note the following:

e The only two independent combinations of Wilson coefficients, p; and p2, enter the
decay rate dI'/dg? and the forward-backward asymmetry Apg, respectively.

e The observables Fy,, Ag? 3) and H;l) are independent of the Wilson coefficients. Data
on F1, and Ag? ) test the form factors. In particular, Ag? ) and Ag? ) each measure the
ratio A1/V, whereas Fy, is in addition sensitive to Ay. More observables designed to
not depend on the short distance coefficients are given in appendix B, see eq. (B.10).

e More generally, in the SM basis and to the order we are working, any observable in the
decay B — K*(— Km)I*l~ is correlated with dT'/dq? or A, or is independent of the
Wilson coefficients. Data on the multitude of angular observables can hence be used
to test our framework, that is, whether there are further operators beyond eq. (2.2),
the goodness of the OPE, and the form factors.

~10 -



Vi V| 0.0409 =+ 0.0013 as(My) 0.1176 = 0.0020 [35]

Vo] 0.0417 4 0.0013 v (my) 1/133
Vil /[Vis V5| 0.088415:0%4 TR0 (1.530 £0.009) ps  [35]
me(me) (1.277597) GeV 35]| f 0 (200 + 30) MeV
my(mp) 4.240.17) GeV [35] | £ (217 +5) MeV
pole 173.1+1.3) GeV [36]| FX"(1GeV) (185 + 10) MeV
35]| Ap.+ (1.5 GeV) (0.458 & 0.115) GeV [15]
] (
] (

(
(
My (80.398 + 0.025) GeV
(
(

My 91.1876 £ 0.0021) GeV [35]|al . 0.1£0.07) MeV  [37]
B(B — X.) (10.5+0.4) % [35] |ay - 0.1+£0.1) MeV  [37]

Table 1. The numerical input used in our analysis. We neglect the mass of the strange quark. 750
denotes the lifetime of the neutral B meson.

e The H:(F1’2’3), by construction, do not depend on the form factors. Within our frame-
work, these are the only observables with this feature, see appendix B.

e Moreover, H;l) does not depend on Wilson coefficients either. Its simple predic-
tion eq. (3.24) holds beyond the SM and provides a null test of the framework.

e The set of observables egs. (3.20)—(3.24) and (B.10) with two short distance and three
form factor coefficients is heavily overconstrained. Measurements can directly yield
either products p; f; fi, or ratios pa/p1 and f;/ fi, but not the f; or the p; alone.

4 Exploiting data

We give numerical SM predictions for B — K*IT]~ decay observables in section 4.1, with
emphasis on the low recoil region. In section 4.2 we confront the distributions with existing
data and work out constraints for the Wilson coefficients. Next, we combine low with large
recoil regions and point out complementarities.

4.1 SM predictions

The low recoil predictions are obtained using the formulae given in section 3. The frame-
work applies to the region where the K* is soft in the heavy mesons rest frame, i.e.,
has energy Ex+« = mg+ + A. In terms of dilepton masses, this corresponds to large values,
q> 2 (mp—mg+)2—2mpA up to the kinematical endpoint. We use, unless otherwise stated,

iy = 14GeV? < 2 <19.2GeVZ = ., (4.1)

obtained numerically for A = 500 MeV, with the lower boundary starting just above the
1)’ resonance.

To make quantitative predictions in the low recoil region the B — K™ form factors are
requisite input. Unfortunately, the current knowledge on the form factors at low recoil is
very limited and our results can as far as form factor uncertainties are concerned provide
guidance of the achievable precision only.
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For our numerics we use the light cone sum rule (LCSR) results of ref. [37] extrapolated
from their domain of validity at large recoil to the low recoil one with physical pole or
dipole shapes. These extrapolations are supported by fits based on series expansion in the
case of B — K and B — p transitions [38]. Note that there is lattice and experimental
information available on B — p form factors at low recoil [39, 40], however, to use this for
B — K* would require knowledge of the size of SU(3) flavor breaking. More details on
the form factors and a comparison with existing lattice results for T} o [41, 42] are given in
appendix C. We use the parameters given in table 1.

From ¢?-integration in the low recoil region eq. (4.1) we obtain the integrated SM
branching ratio dB/dq? = 75dI'/d¢? as

Thax . dB
107 - dg*—5 =2.96 +0~90’ +0~18( iO.lO‘ j:0.16‘ 008 4.2
/2 e —0.7T[pp ~0-1T]gy, IWR ckm 006 (42)

dq? ‘ SD’

Qmin

For the remaining ¢?-distributions X of eqgs. (2.8)—(2.15) we define “naively integrated”
observables as

X = 22/ d’X (¢%). (4.3)
Gimax ~ 9min /42,
For these we obtain
App = —0395%8) iO'OZ‘SL iO.Ol)IWR iO.OOl‘SD, (4.4)
F =035 +°-°3) 10.03) i0.0l‘ 45
L —0.04|pp SL IWR’ (4.5)
2 0.1 0.04 .0¢
A(T) = —0.54 ir0.13 FF : .03‘SL to.og‘IWRv (4.6)
AP = 4225203 iO.ll‘SL iO'OSLWR , (4.7)
AP = 40537013 +0.08|  +002| - +0.002|_, (4.8)
: FF SL IWR SD
1 0 0
H:(r ) = +1.000 tO.OOOOQ)SL J—r0.0007’IWR ) (4.9)
2,3 0.007 0.004
a2 = 0,985 10.001‘SL +0.007 ’IWR to_oog‘SD. (4.10)

In addition, we consider the integrated observables (X) defined by replacing J; with
its integral (J;) in each of the observables X = X (J;) in egs. (2.7)—(2.15),

2

min

=X, = [ dtne) (4.11)

This definition agrees with the way B, App and F1, are obtained experimentally [11-13],
i.e., by integrating numerator and denominator before taking the ratio. Using the same
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integration boundaries as above, eq. (4.1), we obtain

(App) = —0.41 iO.O?)FF io.OQ)SL iO.Ol‘IWR t8388§(SD, (4.12)

(FL) = 035 4003|  0.08  +0.02| . (4.13)
(AD) = _.48+018 ‘FF tg;gj‘SL io.og‘IWR iO.OOl‘SD, (4.14)
(AD)) = 1.71 09 . iO.O8‘SL iO.OG‘IWR iO.OOl‘SD, (4.15)
() =ossgh| ool oot <0007 (4.16)
(HD) = +0.997 iO.OOZ‘FF 0 ol (IWR, (4.17)
(Hy = —0.972 10004 ‘FF +£0.001 ‘SL 0-008 ‘IWR tg;ggi\SD, (4.18)
(HE) = —0.958 k0001 000 1000 (4.19)

with the branching ratio as before, eq. (4.2). Uncertainties not explicitly given are be-
low O(107%).

In both definitions of integrated observables the uncertainties are estimated the same
way: The dominant uncertainty of the form factors V', A; and Ay has been assumed +15 %
(FF). Furthermore, we include a real scaling factor for each of the transversity amplitudes
Ai’7ﬁ0 in order to estimate uncertainties due to the subleading corrections of order asA/my,
by varying them with +5 % (SL). The subleading corrections to the improved Isgur-Wise
form factor relations eq. (3.6), of order A/m;, and the neglected kinematical factors of
m+/mpg in the term ~ xCST are accounted for by three real scale factors for A 1,),0 with
+20 % (IWR). Note however, that the latter are additionally suppressed in the SM by
2CsT/Cst. The uncertainties due to the CKM parameters Vi V;% correspond to their 1o
ranges (CKM), which cancel in the normalized quantities and thus appear in the branching
ratio only. The uncertainties due to the p-dependence and the ¢- and b-quark masses (at 1
o) concern the short distance couplings p; 2 only, and are subsumed under the label (SD).
The variation with the scale p € [u/2,2pp] (with central value p, = 4.2 GeV) is small,
as expected.

In figure 1 we show p; and the ratio ps/p; with error bands from different sources.
The t-pole mass and b-MS mass dependence (at 30) are comparable in size and amount to
about 5 % each. Finally, a variation of £20 % due to the subleading A/m; and mg-/mp
corrections denoted above as (IWR) results in about 6 % uncertainty. The overall uncer-
tainty of p; and po is about 9 % and 10 %, respectively, when adding all uncertainties in
quadrature. However, the uncertainties cancel to a large extent in the ratio ps/p1, provid-
ing a strong test of the SM when measuring the observables H}Q’g) [egs. (2.14)—(2.15)] with
an uncertainty of about 2 % (at 30).

The uncertainties of each group (FF), (SL), (IWR), (CKM) and (SD) are obtained by
varying each parameter separately and adding them subsequently in quadrature. Our SM
values for (App) and (F1,) are in agreement with [43].
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Figure 1. The short distance coupling p; and the ratio pa/p; in the SM.

For the SM predictions at large recoil [14, 15] we follow closely [17], with the updates
of the numerical input given in table 1. In this kinematical region, spectator effects arise
and for concreteness, we give predictions for neutral B decays.

We estimate the uncertainties due to the two large energy form factors £, || by vary-
ing them separately — for an improved treatment of this source of uncertainty using
directly the LCSRs the reader is refered to [26]. Furthermore, we estimate uncertainties

due to subleading QCDF corrections of order A/my, by varying a real scale factor for each
L,R
J-’H70
uncertainties subsequently in quadrature. The latter constitute the numerically leading
uncertainties in the observables Ag? 34) where form factor uncertainties cancel at leading
order in QCDF [25].

The differential branching ratio dB/dq?, the forward-backward asymmetry Apg and

of the transversity amplitudes A within 10 % separately and adding the resulting

the longitudinal polarization Fy, in the SM in both the low and large recoil regions are
shown in figure 2. The vertical grey bands are the regions vetoed by the experiments to
remove backgrounds from intermediate charmonia, J/1 and ¢’ decaying to muon pairs for
8.68 GeV? < ¢ < 10.09 GeV? and 12.86 GeV? < ¢ < 14.18 GeV? [12, 13]. Within QCDF,
the region of validity is approximately within (1 —7) GeV?. We mark the large recoil range
(below the J/1) outside this range by dashed lines.

In figure 3 we show the SM predictions for B, Apg and F, next to the available data.
Note that the physical region of Fy, is between 0 and 1. The data are consistent with
the SM, although they allow for large deviations from the SM as well given the sizeable
uncertainties. In particular, the data for B at low ¢* and App at high ¢? show a trend to
be slighly below the SM. The shape of App at low ¢ is currently not settled and allows for
either sign of the dipole coefficient C; while having the others kept at their SM values. In
the future the LHCb collaboration expects to surpass the precision of the existing B-factory
App measurements after an integrated luminosity of 0.3 fb~? [44], and may shed light on
this matter.

— 14 —



0.8 - I 1

il Jhy Ly
AR

0.6 - 1)

dB/dq? [107/GeV?]

0.4 -

0.2

0 T T
0 2 4 6 8 10 12 14 16 18
q?[GeVY

(a)

0.8
0.6
0.4
0.2 4~

Jy v
-0.2
-0.4
-0.6
-0.8

’1 T T
0 2 4 6 8 10 12 14 16 18
q° [GeV?]

(b)

v

0 2 4 6 8 10 12 14 16 18
q° [GeV?]

()

Figure 2. The differential branching ratio dB/dq? in units of 10~7/GeV? (a), the forward-backward
asymmetry Apg (b) and the longitudinal polarization F1, (c) in the large recoil ¢* < m? /y and
the low recoil ¢? > mi, ~ (’)(mg) regions in the SM. At low recoil, the uncertainties shown are
due to the A/Q expansion of the improved Isgur-Wise relations (green bands), subleading terms of
order asA/Q (red bands) and the form factors (blue bands). At large recoil, the bands denote the
uncertainties from A/my, A/Eg~ corrections (red bands) and the form factors (blue bands). The

vertical shaded (grey) bands mark the experimental veto regions [12, 13] to remove contributions
from B — J/y(— ptp~)K* (left band) and B — ¢/(— pTp~)K* (right band).

In figure 4 we show Ag,? 34 in the SM. The behaviour in the low and high ¢ region is
)

very different from each other. In particular, Ag? is strongly suppressed, in fact, vanishes
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Figure 3. The B — K*I*|~ distributions dB/d¢? (a), Arp (b) and Fj, (c) in the SM including
the theoretical uncertainties added in quadrature (shaded blue bands) versus the existing data from
Belle [12] (red), BaBar [10, 11] (gold) and CDF [13] (black). The experimental data for App have
their sign flipped to match the conventions used in this work. The isolated solid (black) line in the
Arp plot illustrates the case with C; = —C3M. The vertical shaded (grey) bands are defined as
in figure 2. The isolated dashed (black) lines between the ¢c-bands are theory extrapolations from
the low and large recoil region.

up to 1/Ek~« corrections by helicity conservation [34] for low dilepton masses, but is order
one for large ones. The size of Ag? ) at low ¢? can be used as an indicator for the correctness
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Figure 4. The transverse asymmetries Ag? ) (a), Aé? ) (b) and AgfL ) (c) in the SM. The explanation
of the bands is the same as in figure 2.

of our assumptions: in the presence of chirality-flipped operators beyond those in eq. (2.2),
the aforementioned suppression of Ag? ) would be lifted. Note that Ag:q’ is proportional to

1/ \/i and diverges at the endpoint A — 0. On the other hand, Agfl ) x \/i is finite in this
limit and vanishes at maximum ¢?.

The ¢*-behaviour of both the new, transverse observables Hj(g’g) can be obtained
from figure 1, where py/p; is shown in the SM.
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Figure 5. The constraints on Cy and C;, from B — K*ITI~ at large recoil and B — X1~ for
C; = C3M (a) and C, = —CEM (b) using Belle [12, 48], BaBar [49] and CDF [13] data at 68% CL
(red areas) and 95% CL (red and blue areas). The (green) square marks the SM value of (Cy,Cyq)-
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Figure 6. The constraints on Cy and C;, from B — K*I*I~ low recoil data [12, 13] only for
C, = C5M (a) and C, = —CM (b) at 68% CL (red areas) and 95% CL (red and blue areas). The
(green) square marks the SM value of (Cy,Cy)-
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Figure 7. The individual 68% CL constraints on Cq and C;, from B — K*ITI~ at large and low
recoil and B — X It~ for C; = C3M (a) and C, = —C5M (b) using Belle [12, 48], BaBar [49] and
CDF [13] data. The (grey) square marks the SM value of (Cy,Cyq). See the color key at the top for
the different constraints.
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Figure 8. The global constraints on Cy and Cy, from B — K*I*1~ and B — X I*1~ for C; = C3M
(a) and C; = —C3M (b) using Belle [12, 48], BaBar [49] and CDF [13] data at 68% CL (red area)
and 95% CL (red and blue areas). The (green) square marks the SM value of (Cy,Cyg)-
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4.2 Constraining new physics

To confront the available data with the SM we perform a parameter scan over —15 <
Co,10 < 15 for 60 x 60 points and check the goodness-of-fit for each of the observables listed
in table 2 in every point (Cg,Cig9). We implement every observable analytically with the
single exception the B — X7 branching ratio, for which we use the numerical SM results
given in [45]. Contributions to the latter from physics beyond the SM are implemented at
leading order. The integrated observables (X),: . follow the definition eq. (4.11) with

9rin 9ma:
the lower (upper) integration boundary ¢2. (g%..)- In particular we calculate

| X r—Xi | —AF
Por Xenl&in oy, o> Xop 4 Al

0B
_ ) I Xir—Xig|-AT B
Xi,E ({C]}) = % Xig < XiT — Az’,T (4.20)
0 otherwise

with the theoretical prediction of the i-th observable X;1 = X,;’T({Cj}) and its upper

(lower) uncertainty A:é_) = A;Lé_)( {Cj}) as described in section 4.1. The experimental
result from experiment E for the i-th observable is denoted by X;g and its error o; g
is obtained by adding linearly the statistical and systematic errors and subsequent sym-
metrization. From here we calculate the likelihood £ as

e =ew |5 s |- (4.21)
.,E

These scans allow us to constrain the values of the coefficients Cy and C;, under the
assumption that they are real-valued, i.e., there is no CP violation beyond the SM, and that
C,..6.s take on their respective SM values. The B(B — X,7) data constrain the magnitude
of C; strongly to a narrow range of values around |C§M|, however without determining the
sign of C,. For this reason, we present in the following our scans for C, = :|:C7SM.

In figure 5 we show the constraints in the Cy — C;, plane from B — K*ITI~ decays
at large recoil and B — X,ITI~ data, without use of the low recoil information. On
the other hand, taking into account the B — K*ITI~ data at low recoil only, we arrive
at the constraints given in figure 6. We see that the latter low recoil constraints are
presently much more powerful than the others. An important ingredient for this are the
App measurements at low recoil constraining Apg < Re{CyCj,} to be SM-like, the benefits
of which have already been pointed out in [17]. The individual constraints, overlaid on top
of each other, are given at 68% CL in figure 7. The data are consistent with each other.

The global constraints, obtained after summing over the y2-values of all aforementioned
data, are shown in figure 8. Two disjoint solutions are favored, around (CSM,CISé\A) or in
the vicinity of (—CS’M, —Cls(l)v[). There appears to be space for order one deviations from
either solution, regardless of the sign of C,. Note that the flipped-sign solution around
(—CSM, —CPM) for C, = CSM is disfavored, see figure 7. Varying C; between -0.5 and +0.5
and imposing the B — X, v constraint leads to barely noticable larger contours in the
Cy — Cy plane than the ones in figure 8 a (for C; < 0) and figure 8 b (for C; > 0), and are
not shown.
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We find that at 20 the allowed values of C;, are within 0.5 < |[C;,| < 8. This gives
branching ratios for B, — ppu~ decays enhanced or lowered with respect to the SM one,
within the interval [2 x 107!, 1.3 x 1078]. This is consistent with the current upper limit
on this mode, B(Bs — putp~) < 3.6 x 1078 (95% CL) [7]. Similarly, the values of the
transversity observables <H:(F2’3)> integrated over the low recoil region, eq. (4.1), are within
the ranges —1.0 and +0.2.

As the experimental precision improves over time, especially with the LHCb data at
the horizon, there will be opportunities to resolve the 4-fold ambiguity of the current
solutions presented in figure 8. Firstly, knowing whether App has a zero for low ¢2 as in
the SM or not, fixes the sign of Re {C.Cj,}, thereby eliminating two of the four possible
solutions. Alternatively, the sign of the interference term Re{C%Cy} in B(B — Xl T17) can
be extracted from precision measurements. In the SM, this term decreases the branching
ratio. These two effects are correlated within our framework, i.e., the existence of an A pp
zero crossing implies a destructive interference term in the branching ratio and vice versa.

At this point, there would still be two possible solutions left. Assuming, for instance,
a confirmation of the App zero, these solutions are C; g, having SM-like signs, or C; g1
having opposite signs with respect to their SM values. This last ambiguity can be resolved
with precision measurements at the level where one becomes sensitive to the (known) dif-
ference between the Wilson coefficients C; and the effective ones C¢. Then, the additional
contribution breaks the symmetry in the observables under sign reflection. Since the con-
tribution of C, to the decay amplitudes is small at large ¢?, promising observables to resolve
the final sign issue are those at low dilepton masses.

5 Conclusions

Discrepancies between b physics predictions and measurements can be caused by new
physics beyond the SM or by an insufficiently accounted for background from strong inter-
action bound state effects. Due to the decays simple transversality structure at low recoil,
these QCD and electroweak effects can be disentangled in B — K*IT]~ angular studies.

In fact, to leading order in the power corrections with subleading terms being further
suppressed, all contributing transversality amplitudes exhibit the same dependence on the
short distance electroweak physics, which moreover factorizes from the hadronic matrix
elements. This in turn allows to define new observables, H}1’2’3), see egs. (2.13)—(2.15),
which do not depend on the form factors at low recoil and cleanly test the SM. Other
observables, which do not depend on the Wilson coefficients at low recoil, such as Fy,,
Ag,? ) and the newly constructed ones in eq. (B.10), probe certain B — K* form factors
combinations. Measurements of the latter provide input to form factor parametrizations
along the lines of [38], which could be compared to (future) lattice results.

Exploiting data we find that the constraints from the low recoil region add significant
new information, while being consistent with the large recoil and inclusive decays data,
and the SM. Large deviations from the SM are, however, allowed as well due to the current
experimental uncertainties. Our findings are summarized in figures 3 and 8. Improved
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Observable SM Prediction Measurement

2V dg?dB(B — X lt17)/dg? |(1.55 £ 0.11) x 1076 [46, 47)| (1.497532) x 100 [48]

(1.8+£1.2) x 1076 [49]

B(B — Xs¥)E,>1.6Gev (3.1540.23) x 1074 [45]((3.55 £ 0.33) x 10~ [7]
(B(B — K*I*17))1.06.0 (2.607157) x 1077 [17]] (1.4975:25) x 1077 [12]
(1.6070:88) x 10-7  [13]

(App(B — K*ITI ))1.060 | +0.057004 [17]]-0.2610-37 [12]
—0.437943 [13]

(FL(B — K*I*1™))1.06.0 0.7370:53 [17]]0.677055 [12]
0.501039 [13]

(B(B — K*I"1 ))1aas1600 | (1.327053) x 1077 [17]] (1.05%531) x 1077 [12]
(1.5175:49) x 1077 [13]

<AFB(B — R*l+l7)>14.18’16.00 —0.441_8:8; —0.701_8:3(23 [12]
—0.4210-23 [13]

(B(B — K*I*1™ 16001921 | (1.547035) x 1077 [17]](2.047055) x 1077 [12]
(1.357079) x 1077 [13]

(App(B — K*IT17))16.00,19.21 | —0.38 507 —0.66"0 7% [12]
—0.70035 [13]

Table 2. The observables used to constrain C; 4 ;5. The experimental data for App have their sign
flipped to match the conventions used in this work. For the notation of the observables, see text.

measurements of the forward-backward asymmetry or precision data on the inclusive B —
X,I"1~ branching ratio can resolve the present ambiguities in the best-fit solution.

Since the decay Bs — ¢uTu~ has been seen [13], it becomes relevant in the near future
as well. The low recoil framework and our analysis applies to B, decays with the obvious
replacements of masses and hadronic input.

To conclude, we obtained from the existing data on B — K*I*1~ decays at low recoil
new and most powerful constraints. The proposed angular studies offer great opportunities,
both in terms of consistency checks and precision, to explore further the borders of the SM.
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A The angular coefficients

Here, the coefficients Ji(a) in the angular distribution eq. (2.4) are given in terms of the

transversity amplitudes A | o, [24]. Terms with finite lepton masses, which are of relevance
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at low ¢2, have been kept.

3 2

Jf:{(2+ﬁl2) [|A 2+ 1AL + (L—>R)]+4£R (ALAR*JrA”AH )} (A1)

4

4 q?

e 9 dm *
s = S L Af + g+ 25 [l 2reapaf]

<@—%@Aﬁ+mr @eRﬁ
ﬁziﬁhﬁw @eRﬂ

m@AF AP+ @ )|

Ji=- fﬁl [Re(AOA” )+ (L — R)},
f@[@ﬂ%—wem}
ﬂz [Re(A” AR — (L — R)],
Jr = iﬁl [Im(AO Af) = (L — R)],
Jg = f [ m(AF AR + (L — R)} :
o= 50 [mafab) + (2 - ).
where . 4(7;12

(A.2)
(A.3)
(A4)
(A.5)

(A.6)

(A.12)

The transversity amplitudes at low recoil are given in section 3. The ones at large recoil

can be seen in [17].

B The low recoil transversity observables

It is useful to introduce the (¢?-dependent) quantities

= |AGP + AT, Us = Re(AFA[* + AT A, Ur = Im(A§ A + AF* AP,

|A |2 + |A ‘ U5 = Re(A AL* — AR*AE)’ U8 — Im(A AL* o AR*AT)7
|A |2 + |A Us = Re(A” AL* AH Af)’ Uy = Im(AH AL* A” Af)y

which are invariant under the transformations [25]
LR _ i L,R
Ai e PL.R A‘ ’

ASH — COS GA H F sin GAR’L*, AJL_’R > COS OAJL_’R =+ sin GAf’L*.

0,1
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In the limit m; — 0 the decay rate d*I' becomes invariant under the transforma-
tions eq. (B.4) as well, reducing the number of 11 independent J,L.(a) to 9 [25].

In terms of the J;, the U; read

4 4 4

Uy =——J5, Uy = —= [2J5 + J3], Us = —[2J5 — J3],

1 35272 2 3@2[ 5+ J3] 3 3512[ 5 — J3]
V32 V8 2

Uy = —=J Us = —J, Ug = —J B.5

4 3ﬁ12 4, 5 3ﬁl 59 6 Sﬁl 69 ( )
NG V32 4

Ur = —J Us = ——J, Uy = ——Jo.

7 3/81 7 8 3512 8, 9 ?)ﬁ? 9

Whereas we refer to the Ji(a) as observables which can be extracted from the angular
analysis, the U; greatly simplify the discussion of the form factor related uncertainties.

At high ¢?, where we can set m; to zero safely, the U; factorize into the short distance
p12 and three independent form factor coefficients f;, i = 0, L, || given in section 3.2 as

Ur = 2p1f3, Uy = 2p1 7, Us = 2p1 f,
Us=2p1fof,  Us=4pafofr,  Us=4p2fjfr, Ur=Us=Uyg=0. (B.6)

The coefficients J7, Js, Jo and likewise Uz, Ug, Uy vanish, since they are proportional to
Im(AX Ai( *), 4,5 =0,]], L and by means of the identical short distance dependence of the
transversity amplitudes egs. (3.13)—(3.15).

The simple and factorizable structure of eq. (B.6) allows to test at the same time
the SM and the hadronic input used. Firstly, one can construct three independent low
recoil transversity observables free of form factors in the HQET symmetry limit, which we

define as
(1) Uy
Hy' = , B.7
P = (B.7)
Us
O _ 7 B.S
P = (B3)
(3) Us
H , B.9

see eq. (3.24) and section 2.2 for their explicit expressions in terms of the J; and the
transversity amplitudes. Secondly, ratios of the form factors f;/fi can be tested indepen-
dently of the short distance couplings p; using the observables

Jo_J Ui U _Us o fo U S U2 VU2 g
fi Us U Us Us  f1 U2 fy Us U '
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Figure 9. The B — K* form factors V, A; and As from [37].

C The form factors

The hadronic matrix elements of a B meson with 4-momentum p decaying into a vector
meson can be parametrized as [37]:

2
(V (kO b |B)) = —V ) o o, (1)
mp+my
(V(k, )] qyu15b | B(p)) = i€ 2mVA0<q2>% + (mp + my) Ay (¢?) <g,m - qq")
m2 — m2
- AQ(qz)ﬁ <(p + k) — %(p - k)u) ] )
(C.2)
(V(k, )| G0’ |B(p)) = —2T1 (%) ppor€ Pk, (C.3)
(V(k, 6)| qiowysq"b |B(p)) = iTa(¢?) (€,(mB —mi) — (¢ - @) (p + k),.)
2
HI) € 0) (0 a0 ). (C)
B 1%

where my, k and e denote the mass, 4-momentum and the polarization vector of the vector
meson, respectively. The seven form factors V, Ag 12 and 7123 are functions of the mo-
mentum transfer ¢?, and ¢ = p — k. Note that by parity-invariance (V (k,€)|gb|B(p)) = 0.

LCSR provide the form factors at large recoil, ¢ < 14 GeV? [37]. There, the outcome
of the LCSR calculation is fitted to a physical ¢> dependence, of pole or dipole structure.
It is conceivable that the form factor parametrization obtained in this way are valid at low
recoil as well.

For completeness, we give here the parametrization of the form factors V, A 5 from [37],
which we use at both low and large recoil.

1 2

2\ _
Ay = —2 C.6
1((] ) 1—q2/m§t7 ( )
As(g) 1 2 (C.7)

= —+ ,
1—q?/mf, ~ (1-¢*/mg,)?
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r1 To m2% [GeV?] m2 [GeV?]
V | 0923 —0.511 5.322 49.40
Ay — 0.290 — 40.38
Ay | —0.084  0.343 — 52.00

Table 3. The parameters of the form factors V, A; .

Set 1 ——i
Set2 F——i
Set 3

25

Ty

’ 10 1 12 13 14 15 16 17 18 19
9 [GeV?]

(a)

Set1 ———i
Set2 F——i

Set 3 '[

To

10 11 12 13 14 15 16 17 18 19
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Figure 10. The form factors 77 (a) and T3 (b) for B — K* transitions from [37] (blue bands) and
lattice QCD results (3 data sets) [41].

where the fit parameters 71 2, m% and mﬁt are given in table 3. The resulting form factors
are shown in figure 9. For the uncertainty we use 15 % as follows from the LCSR calculation.
In figure 10 we compare the LCSR fit against the lattice results, which exist for 71 o [41].
The agreement is reasonable, given the substantial uncertainties. There is consistency as
well with the preliminary unquenched findings of ref. [42], which are not shown.
How well do the LCSR form factors from [37] satisfy the low recoil form factor rela-
tions eq. (3.6)7 In figure 11 we show the ratios

Ti(q%) R, = D)
V(gd)’ 2T M@

which in the symmetry limit should all equal x, which is also shown. Note, that in the large
energy limit Ex+ > A the form factors obey to lowest order in the strong coupling very

2 T 2
i—%AZi‘é%v ©8)
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Figure 11. Comparison of the extrapolated LCSR form factors from [37] to the improved Isgur-
Wise relations eq. (3.6). Shown is R; (blue dotted line), Ry (red dashed line) and R3 (golden solid
line) as given in eq. (C.8) and k = 1+ O(a?) for u = my(my) (black thick line).

similar relations Ry 2 = 1+ O(mg+/mp) and T3/As = 14+ O(mg~/mp) [34, 50]. We learn
that the improved Isgur-Wise relations work reasonably well for the extrapolated LCSR
form factors with the exception of the one for T5. The agreement improves here somewhat
if the factor ¢?/ mQB is replaced by one, its leading term in the heavy quark expansion.

For the low ¢? form factors we employ a factorization scheme within QCDF where the
€1, are related to the V, A 2 as [15]

mpg mB+mK*A
T a4

2EK* mp

mp — MgKx

£L= v, § = As. (C.9)

mp + mg=
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