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Abstract We analyse B — K™*¢¢ decays in the region
of low hadronic recoil, where an operator product expan-
sion (OPE) in 1/my applies. Using a local model for charm
contributions based on eTe™ — hadrons against the OPE
provides a data-driven method to access the limitations to
the OPE’s accuracy related to binnings in the dilepton mass.
Model-independent fits to B — K*uu low recoil angular
observables exhibit presently only small sensitivity to differ-
ent charm models. They give similar results to the fits based
on the OPE and are in agreement with the standard model,
but leave also room for new physics. Measurements with res-
olution small enough to probe charm resonances would be
desirable.

1 Introduction

Rare (semi-)leptonic decays induced by b — s£¢ flavour-
changing neutral current (FCNC) transitions are highly sup-
pressed in the Standard Model (SM) and therefore sensi-
tive to effects from non-standard interactions. The corre-
sponding exclusive B-meson decays have been investigated
by the experimental collaborations LHCb [1,2], CMS [3],
CDF [4], Belle [5] and BaBar [6]. Recently, LHCb presented
updated results on the full angular distribution of the process
B — (K* — Km)uu fromthe data sample that corresponds
to the total integrated luminosity of 3 fb—! [2]. Further signif-
icant improvements in the precision of the measurements are
expected in the ongoing LHC run and the LHCb upgrade [7],
as well as future machines [8].

To fully exploit the forthcoming measurements it requires
sufficient understanding of the long-distance backgrounds
within the SM and/or the methods to disentangle them
from the short-distance effects that might carry information
as regards beyond-the-standard-model (BSM) physics. The
nonperturbative QCD dynamics in the matrix elements of
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the local quark currents between the initial and final meson
states is parameterised by hadronic transition form factors.
The latter can be computed in the region of low hadronic
recoil, which is the focus of this work, in the framework of
lattice QCD. Recent progress for B — K* and By — ¢
transitions has been reported in [9].

Another important irreducible class of long-distance phe-
nomena stems from the resonances that are induced by four-
quark operators. The model-independent description of these
effects, based on first principles, is currently not available
and one needs to rely on models, which ideally can then be
tested, i.e., compared to data. One such tool is the low recoil
Operator Product Expansion (OPE), in which the effects
of the non-local matrix elements of the four-quark opera-
tors can be computed in terms of local matrix elements in
powers of 1/Q [10,11]. Here, the hard scale is provided by
Q ~ (\/LJT2 , mp), Where \/672 denotes the invariant mass of
the dileptons which at low recoil is of the order of the b-quark
mass, mp [12].

The QCD equations of motion can be used to derive the
improved Isgur—Wise relations [13] between form factors,
valid at leading order in 1/my [14]. Together with the OPE,
these relations imply universality, that is, independence on
the polarisation of the final state hadron, of the transversity
amplitudes in the high-¢? region [14]. This feature enables
the construction of observables free of short-distance depen-
dence assuming no significant right-handed currents [14,15].
One can then use these observables to extract ratios of
form factors independently of the underlying short-distance
physics to be used directly in SM tests [16,17]. Uncertainties
due to next-to-leading order 1/m-corrections to the univer-
sality relations turn out to be parametrically suppressed, at
percent level [14,15].

In the region above the cc-threshold, the charm-loop
effects turn into the nonperturbative resonant spectrum in
B — K¢ distributions, which shows up as peaks from
narrow resonances J /v, ¥ (2S) and “wiggles” for higher
1~ states above the D D-threshold [18,19]. While the nar-
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row resonances are removed by kinematic cuts and are not
directly relevant at low recoil anyway, the wiggles, observed
in BT — KT uu decays [20], constitute a background not
captured locally by the OPE. Since the local resonance struc-
ture is a nonperturbative effect, it is not revealed at any order
of the perturbative OPE. The amount of duality violation
was investigated in a toy model in Ref. [11]; one expects
that the OPE gives a reasonably good description for binned
observables. In view of the increasing precision it is there-
fore important to understand this quantitatively for given bin
position and size.

To assess the performance of the OPE we exploit existing
data on B — (K* — Km)up angular distributions [2] in
different binnings

[15—19] GeVZ, [15—17],[17—19]GeV?,
[15—16],...,[18—19] GeV?, (1)

allowing one to zoom in with resolution qu = 4,2 and
1 GeV?, respectively. The differential branching fraction is
available in the two larger binnings only [21]. As we assume
new physics at the electroweak scale or higher, a binning-
related effect is due to resonances, not BSM physics.

The plan of the paper is as follows: in Sect. 2 we give
the effective Hamiltonian and B — K*(— K )uu angular
observables. In Sect. 3 we briefly review the low recoil OPE
and the Kriiger—Sehgal approach [18] modelling resonance
distributions locally and to be used as a test-case against the
OPE. Section 4 is devoted to the details of such tests and gives
results of a global fit for resonance parameters. In Sect. 5 we
present the outcome of the global fit for the BSM Wilson
coefficients and provide estimates of OPE uncertainties. We
conclude in Sect. 6. Auxiliary information can be found in
three appendices.

2 B — K™{{ generalities

We briefly review the effective Hamiltonian in Sect. 2.1 and
the basics of the B — K™*(— K)€l angular observables
in Sect. 2.2, respectively.

2.1 The effective Hamiltonian

We employ in this work the effective weak Hamiltonian
description for b — s£¢ transitions

4GE

Heit = ——= Vi, Vit Y Ci(w)Oi () + h.c.. )
i

V2

where O; and C; denote the dimension-six operators and their
Wilson coefficients, respectively. u is an (arbitrary) renor-
malisation scale and V;; are CKM matrix elements. We use
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the basis of the four-quark operators O, ¢ introduced in
Refs. [22,23], i.e., the so called CCM-basis

O1 = GLyuTcL)(cLy T br),

02 = GrLypcL)(CLytbr),
O3 = GLyubL) Y _(Gv"q).
q

O = GLyuT“bL) Y _(@Gv*T%).

q
Os = GLyuwyobL) Y _@Gyv"y"v*q).
q
O6 = GLYun Y, T bL) Y _(Gy"y vy T q). 3)

q

Here, T¢ denote the generators of QCD and the sums are
over active quark flavours ¢ = u, d, s, c, b.

The photon (gluon) penguin operators O7(0g) and the
semileptonic operators Oy 19 are given as

e _
0’7 = mmb(SO'MUPRb)FMV,
Og = lé‘;zmb(EJ’”PRT“b)sz,
2
Oy = 16n2(§V“PLb)(5Vu£),
2
010 = 16n2(§VMPLb)(£VuV55)a 4)

with chiral projectors Pr g = (1 F y5)/2. The mass of the
b-quark is the running mass in the M S scheme at the scale
. We neglect the mass of the s-quark as well as the ones of
the leptons and CKM-subleading contributions proportional
to V, V.

2.2 The angular distribution

The full angular distribution [24] of B — K*(— K )L

decays! can be written as
d‘r 3

dg2d cos6yd cosbxdg ~ 8

where

T (g, 6e, k., ¢)
=J; sin? Ok + Ji cos? Ox
+(J3 sin? O + J5 cos? Ok ) cos 26,
+J3 sin’ O¢ sin® Ok cos 2¢ + J4 sin 26, sin 26k cos ¢
~+J5 sin By sin 26k cos ¢ + Jg cos by sin? Ok

J (g%, cos by, cos bk, d), (5)

I Since we are concerned with CP-averaged quantities only we do not
distinguish in the notation between mesons and their CP-conjugates.
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~+J7 sin By sin 26k sin ¢ + Jg sin 26, sin 26k sin ¢
+Jo sin? 6 sin® Ok sin 2¢. (6)

We adopt the definitions of the angles from [15], that is, 0y is
the angle between the u~ and the B in the rest frame of the
muon pair, 6k is the angle between the kaon and the negative
direction of flight of the B in the K -rest frame and ¢ is the
angle between the normals to the planes spanned by the K
and T " pairs in the rest frame of the B. The angular coef-
ficients J; = J;(¢%) can be expressed in terms of transversity
amplitudes A7, i.e., the transition amplitudes with speci-
fied polarisation of the final vector meson, i =1, 0, || and
the lepton pair, a = L, R; see Appendix A. Neglecting
the mass of the leptons the number of independent angu-
lar coefficients is eight [25]. The angular distribution for
the CP-conjugate decay, d*T", can be obtained by replac-
ing in J all angular coefficients J 2347 — +J1.2.3.4.7 and
J5689 — —J_5,6,g,9, where J; equal J; with the weak phases
complex-conjugated [26].

We consider the observables Fr, the fraction of the longi-
tudinally polarised K* mesons, and the CP-averaged ratios

_ Ji + J;

~dr/dg? +dr/dg?
The forward-backward asymmetry in the lepton angles can
be identified as Arg = Sg. Due to the different definitions of

angles and normalisation of the Jl.j the following relations to
the conventions used by LHCb [2,27] hold:

)

i

3
LHCb LHCb
FL=F""", S$3579= 153,5,7,9,

3
Sa8 = —ZSAI(,I{;ICb, Apg = — AR, 3
Furthermore, endpoint relations apply, which are based on

general grounds [28] and hold irrespective of the underlying
electroweak model

FL(gRa) = 1/3, S3(qha) = —1/4,  Sa(ghq) = 1/4,
S5(q2a)/S6(@2a) = 1/2, S5.67.89(q2a) = 0. ©9)

3 The high-¢? region

We consider B — K *uu decays in the high-¢2 region above
the peaking charmonium resonances in the OPE (Sect. 3.1)
and a phenomenological data-driven test case (Sect. 3.2).

3.1 The high-¢> OPE

At high g% one may exploit the presence of this hard scale to
employ an OPE [10] to control quark-loop effects. The cor-
responding contributions can be absorbed into the effective
coefficients of 07 9 following [14]:

1 4 20 80
Ceff 2 —Cr— —Cr— -Cy— —Cs — —C
7(Q)733943596
A
+ 1€ = 6C) Ag?) — s F (@),
1
C§"(q*) = Co+ 5", 0)
8 4 64
X |:§C1 +2Cy + 11C3—§C4+104C5 — ?C6i|
+8 mf
3 g2
O 2 2
+4— [Cl(B(CI ) +4C(g%))
TT

4
|:§C1 + Cy 4+ 6C3 + 60C5i|

—3C,(2B(g%) — C(g?) — CsFY <q2)]

1 4 4
__h(q2, mi) |:7C3 + —C4 + 76C5 + 6—66]

4 16 16

3 ERcirall 10
+3|:C3+3C5+9C6i| (10)

The functions F8(7)’(9) can be found in [29], while A, B and C
are given in [30]. The function % (g2, mé) specifies the one-
loop contributions to the vacuum polarisation induced by the
quarks and reads

4 w2
h(qz, mi) =3 (log ) + 3 + w)
q

_g(z_{_w)\/mx {Q(w — 1) arctan

1+J/T—w in
" 2|

w—1

+0(1 —w) (l (11

with w = 4m(21 /q?, where mg denotes the quark’s mass. In
the limit of the massless quark one finds

2
h(g?,0) = %+g<1og‘;—2+in). (12)
One can then employ the heavy-quark expansion and the
operator identities of the QCD to derive the improved Isgur-
Wise relations between the (axial)-vector and tensor form
factors [13]. A simple derivation is found in [14]. After apply-
ing these relations one finds that at leading order in 1/m, the
transversity amplitudes are functions of the universal linear
combinations of the Wilson coefficients CL-X [14], namely

. 2mpmp
A Rg? = +i [csff(qz) FClo+hk—>%
q

C$H(q2)} fLg®

+i CER @) f1g?).
. 2mpm .
—i [csff (®) FCro + x%csf‘ <q2>} fo.1@®

—i R fo 1P, (13)

L,R, 2
AO,H g7)
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where k = 1 4 (o5 /(37)) ln(m%/uz). Note that the above
form of the transversity amplitudes follows from the univer-
sality of Cgff(qz), i.e., its independence on the polarisation
of the final vector meson. This is a property of the high-
q2 OPE [13]. The 1/myp-corrections to these relations are
parametrically suppressed [15]. The transversity form fac-
tors f |0 are defined as the following combinations of the
standard form factors Al,z(qz) and V(q2):

fLg® V2i 2

= 1%
N(¢%) — mp+mg= @,
fi@® B 2
NG V2 (mp +mg+) A1(g7)

fo@®  (m§ —mi. —g*)(mp +mi)? A1 (%) — A Ax(q?)

N(qz) - 2mK* (mp + mK*)\/qz
myg=mpg 2
=38 A12(q7), (14)
/6]2
2
2 g2 vV

N(g*) = Gr aem Vi Vi§ 3205 md (15)
where A = k(qz, m%, mzK*) denotes the Killén function

Aa,b,c) = a’+br 42— 2(ab+ac+bc). The form factor
fo(g?) is proportional to Aj2(g?), which has been directly
computed in lattice QCD [9].

To ease notation in the remainder of this work we fre-
quently drop the explicit g>-dependence for transversity
amplitudes, form factors, effective coefficients etc.

3.2 The Kriiger—Sehgal approach

In this section we describe the method which aims at a local
description of charm resonances in the high-¢? region of
B — K®¢¢ decays using the charm contribution to the
self-energy of the photon and a factorisation ansatz. The full
nonperturbative form of the charm vacuum polarisation func-
tion can be extracted from data on the ete™ — h; scattering,
where h; denotes all produced hadrons in the given kinematic
region. This idea was first proposed in [18,31]. Such analysis
was recently performed in Ref. [32] for the case B — Kpupu.

The experimentally accessible observable is the ratio of
the cross section of eTe™ scattering into hadrons normalised
to the corresponding cross section of the scattering into muon
pairs as the function of the center-of-mass energy s = g2,
namely

G(e*e*—>h[) ()

R(s) = (16)

glete =ntur)(g)’
We fit for the function R(s) in the interval /s = 3.7 GeV to

/s = 4.8GeV using the available data on the ete™ — h;
processes from the BES experiment [35,37,38]. The ratio
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R(s) is the sum of the resonant and the continuum contribu-
tions

R(s) = Ryes(s) + Reont(s). an

The explicit form of Ryes, cont(s) with further details of the
fitting procedure can be found in Appendix B. The charm
contribution to Eq. (16) is extracted using

Re(s) = R(s) — Ruds, (18)

where R,gs = 2.16 is the asymptotic value of the light-quark
contributions.
The relevant scattering amplitude can be written as

4
A(ete™ = hie — ete™) = S @ye)@ne) T s).
N

(19)

Gauge invariance dictates the form of the photon’s self-
energy, I1,,(s) = (—g,wq2 + quqv)I1(s). The optical the-
orem relates the imaginary part of this amplitude to the total
hadronic cross section, which implies

2 Tm[I19 (s)]

Rc(s) = —ez Im[l_[('“)(s)]'

(20)

For easier comparison with Kriiger and Sehgal (KS) [18], we
introduce

&S (5) = 2 Im [T (s)]. (21)
Using Im[TT"] = 1/(127) we obtain
Im[n®S) ()] = %Tch(s). 22)

The charm polarisation function A.(s) is defined in such a
way to match the perturbative evaluations in Eq. (11), as

he(g?) = airl(KS)(q%. 23)

em
Then Egs. (23) and (22) imply

Im[h(q%)] = %Rc(q%. (24)

Together with Eq. (18) we extract the imaginary part of the
function h(g?) from the fit for the function R(s).
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14 15 16 17 18 19
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Fig. 1 The imaginary and the real part of the charm polarisation function /. (g?) extracted from the fit (blue 1o band) to eTe™ — h; data from
BES-II [35] in the region ¢2€(3.6%, 4.8%) GeV2. The corresponding OPE-contributions, imaginary and real part of 4 (g2, m%), are shown by the

blue dashed lines

We obtain the real part of h.(s) from its imaginary part
using the subtracted dispersion relation

Re[hc(s)] = Re[hc(s0)]

42 _SOP/OOd—S/Im[h (s"]
w 0 (=96 —s) 7

(25)

where the arbitrary subtraction point sg and the lower limit
of integration #y are convincingly chosen in the perturbative
regime below the J/v-resonance peak and P denotes the
principal part. The function A is shown in Fig. 1.

We proceed using a factorisation ansatz and absorb ITKS)
into the charm contribution of the effective coefficient of
Qg. The corresponding B — K*££ matrix element, which
includes B — K*(¢cc) — K*{£ charmonium contributions,
can be obtained by replacing the propagating resonances with
the self-energy TT*"(¢?)

Gr Y _
M = 7ﬁvtbvg3a2ncn<’<5>(q2)<1< 15y, (1 — y5)b|B) Ly™e .
(26)

Therefore,
1
C5"(q*) = Cy +3ar e he(q®) = 5h(g?,0)
4 64
X [C3 + §C4 + 16Cs + ?C(,:|
1 4 64
—Eh(qz, m3) [703 + §C4 +76Cs + ?06}
4 16 16
~|C3+ —=—Cs5+ —C¢ |- 27
+3|:3+35+961| (27)
Here, we explicitly included terms that arise from the per-
turbative b- and light-quark contributions. a; is a combina-

tion of Wilson coefficients that accounts for the perturbative
charm-loop

1

4
a) = — <§Cl +Cy 4+ 6C3 + 60C5> . (28)

3

To be specific, in this work we employ the value obtained at
next-to-next-to-leading order (NNLO) at the b-mass scale,
ay = 0.2 in the numerical analyses. (In the operator basis
used in earlier works 3a, corresponds to C© [19].) Fur-
thermore, we introduced in Eq. (27) a fudge function n, =
N (K }" qz), which corrects for effects beyond factorisation.
In general 7. is complex-valued and depends on the transver-
sity state of the K*, j =1,],0. For previous usage of
fudge factors; see, e.g., [19,32-34,36]. Note, that in prin-
ciple, a dependence on the decay angles is possible as well:
0¢-dependence can arise from electromagnetic corrections,
while 6k -dependence can arise from the K* beyond the nar-
row width approximation, however, both of these effects are
neglected in this work.

4 Wiggles and non-universality

Both wiggles in binned ¢>-distributions and non-universality
would signal a breakdown of the OPE. We compare the pre-
dictions of the OPE (red curves and boxes with form factors
from [9]) to data (black) in Figs. 2 and 3, zooming in from 2
GeV? bins (plots to the left) to finer resolution with 1 GeV?
bins (plots to the right). Quite generally one expects an onset
of resonance structure, consistent with the measured R-ratio
[37,38]; see also Figs. 1 and 8. As the branching ratio has
not been measured with resolution smaller than 2 GeV? bins
we only show this binning in Fig. 4.

From these figures one cannot draw firm conclusions on
observing a resonance structure in any of the observables
due to the limited experimental precision. While currently
resonance effects are not noticeable in the 2 GeV? bins, the
alternating patterns in the 1 GeV? bins, however, may be hint-
ing at such as structure. Further data with improved precision
is required to clarify this point.

@ Springer
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Fig. 2 The angular observables Fi , S3 and S4 in the OPE for 2 GeV?
bins (plots to the left) and 1 GeV?2 bins (plots to the right) shown as
red boxes versus data (black) from LHCb [2]. Systematic and statistical
uncertainties are added in quadrature. The light-shaded red bands illus-

In addition, the data have to meet the endpoint predictions
(9) irrespective of BSM contributions. A significant viola-
tion of Eq. (9) would, for instance, point to underestimated
backgrounds other than from K* — K. In particular with
1 GeV? bins data on S 4 5 are presently in mild conflict at
~ 1-20 with the endpoint relations. Note, however, that the
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¢*[GeV?]

trate the OPE for infinitesimal binning. Form factors are taken from [9].
The binned observables approach the continuous functions in the limit
of infinitesimal bin width

endpoint bin is challenged by the dying statistics and needs
to be viewed with a grain of salt; see Fig. 2.

In Sect. 4.1 we discuss different classes of angular observ-
ables according to their sensitivity to short-distance physics
and resonance parameters. As wiggles and non-universality
are both effects beyond the OPE, yet need to be measured,
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therefore, and only therefore, we use the phenomenological
KS-approach as an efficient parameterisation of local spec-
tra. In Sect. 4.2 we work out phenomenological constraints
on the resonance parameters.

4.1 Short-distance freedom and short-distance sensitivity

The universal feature of the OPE-amplitudes (13) enables
the construction of observables in which the dependence on
the short-distance coefficients, CL- R cancels [14]. F, S3, S4
belong to this class of short-distance free observables, which
are defined in terms of transversity amplitudes as follows,
respectively:

|AG > + 1AF1?
FL=—rF—5—,
dI'/dg?
3IALP — AR + AR P — AR
T8 dr/dg? ’
3 Re(AFA[* + AFA[™)
54 = AR (29)
42 dI'/dq
where the differential decay rate is given as
dr dar; dr; Lo R2
@z Z W @=|Aj|+|Aj|. (30)

J=0.II,.L

Inserting the transversity amplitudes (13) into Eq. (29), one
finds that the dependence on Wilson coefficients in the limit
of the infinitesimal bin width cancels

P fo P - A
FT R TSR
3 Jof|
S4 = . 31

The measured observables correspond to the binned values
of the angular coefficients, i.e., fbm J;dg? such that
in (31) products of type f; fj, fOI'l =0, ||, L are integrated

as [y Plfifjdq2, where

1
p1(g?) = EGCRF-+|CLF>

- 2m b
_ eft B
= C9

ceft + [Crol*. (32)
Since the effective coefficients that follow from the OPE are
slowly varying functions of ¢ the resulting binning effect is
small [16].

By the same argument which makes Fi, S3, S4 short-
distance insensitive contributions to Cgff as in Eq. (27) with
universal 1. (K ;“ ¢?) drop out in these observables. The good
agreement between the data and the OPE shown in Fig. 2
therefore implies that there are no extremely large contribu-
tions from non-universal pieces. It also implies constraints

on right-handed currents, which could spoil Eq. (31).2 Such
BSM effects, however, would induce shapes essentially flat
in ¢2.

Another class of observables are short-distance dependent
angular observables. These include Agg, S and S7.8.9. The
former read in terms of transversity amplitudes

55— 3V2Re(Af Al — AfARY)
4 dr/dq? ’
32Re(ALAL* — AR ARx)
Apg = S¢ = - [ T (33)
4 dr'/dq?
Within the OPE (13) these observables reduce to
S5 — 32 02(q?) fofL

2 pi@HUg+ I+ D

3 2
App = 02(q°) fir fL ’ (34)

P15+ [T+ D

with
1
p2(q*) = ZucRF<—|cLF>
_ [(c"ff m;mB C"ff) CTO} , (35)

and pj can be seen in Eq. (32). Apg and Sg are shown in the
SM in Fig. 3, where we employ the SM Wilson coefficients
(3), (4), evaluated at NNLO [39,40]. Universality predicts
further J7 g 9 = 0 [14], and consequently

§57.89 =0, (36)

which can be explicitly seen from Appendix A.

The branching ratio, shown in Fig. 4 for the smallest avail-
able binning, depends on BSM physics and is highly sensitive
to wiggles whether universal or not, as no cancellations as in
the previously discussed observables can take place. Also in
the branching ratio the OPE plus SM is in agreement within
lo with the data [21].

We learn that in order to maximally probe for local struc-
tures and their deviations from binned OPE-results one has to
simultaneously fit to BSM coefficients and resonance param-
eters.

4.2 Probing resonances

In this section we extract information from data on the
ne(KF, g?)-parameters. To begin we note that by means of

2 In the presence of chirality-flipped operators beyond (4) the apparent
universality of the short-distance coefficients following from the lowest
order OPE, Eq. (13), breaks down to a partial one. Specifically, only the
longitudinal and parallel coefficients remain the same.
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Fig. 3 The angular observables Ss and Agp in the OPE in the SM (red boxes) versus data (black) [2] as in Fig. 2
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Fig. 4 The dilepton invariant mass spectrum d53/dg? in the OPE in
the SM versus data (black) [21]; see Fig. 2

Lorentz invariance all non-factorisable contributions have to
vanish at the endpoint g2, [28]. This implies

nC(Kg’ qr%lax) = nc(Kﬂk, q,%m) . (37)
To facilitate a fit already with presently available data we

assume constant 7.-functions in the entire high-¢> region.
This is, of course, a simplifying working-assumption, how-

@ Springer

ever, as we show in Sect. 5, it describes B — K™uu data
well. Similarly, there is support for this from B — Kupu
data, which also gives a good fit for this assumption [32].
With better data one should investigate more general shapes.

Let us illustrate how S7g59 are informative for non-
universal 7. [15], as within our assumptions, approximately,

9
——= fo fiCroaaImlhc(q*) (ne(K§, g*) —ne(K . ™)1,

J7 >~
T2
(38)
2

Jy = = ffof (eff mon Bceff) arIm[he(g?)

x (nc(KO 7> — ne(K%, g, (39)

~ ——fn fL (ceff 2o Bceff) arIm[he(g?)
x (e(Kf. q%) — ne(KT. g, (40)

where C Sff equals C, gff with the charm contribution removed.
Terms quadratic in a; have not been spelled out explicitly;
they require relative phases in the n. and are mildly sup-
pressed by 3az/Co.
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= 1GeV? bins

-3-2-10 1 2 3
M=o

Fig. 5 Left plot allowed 68% C.L. (inner) and 95% C.L. (outer)
regions from a simultaneous fit to 8Cy, C1g and 1 = no and 1 using
4 GeV? bins (green contours), 2 GeV? bins (blue contours) and 1 GeV2
bins (red contours); see text. The dashed magenta line denotes the uni-
versality limit n; = n = no. Right plot lllustration of allowed 68%
C.L. (inner) regions for n| = no and n in the SM using 1 GeV? bins
for Sg, So (magenta area), Arp (blue area) and 2 GeV? bins for the
branching fraction [21] (green area)

In order to comply with Eq. (37) we fix 9 = 17”3
and fit simultaneously to the resonance parameters 17, 171
and the BSM Wilson coefficients 8Cy, §C1g, using all three
available binnings. Here and in the following we abbreviate
nj =ne(K% ¢%),j =0,]|, L InFig.5 (plot to the left) we
show constraints on 59 = nj and n for 4 GeV? bins (green
contours), 2 GeV? bins (blue contours) and 1 GeV? bins (red
contours). Naive factorisation ; = 11is allowed, but also val-
ues away from universality, the latter indicated by the dashed
magenta line. The fits are also consistent with no charm-loop
contribution, n; = 0. However, modulo experimental effects,
the small binning-induced differences between constraints
may hint at the presence of such structure.

The weakest constraints stem from the largest bin size. We
stress that the constraints in the left plot of Fig. 5 are obtained
without assuming the SM. The corresponding predictions of
the fit for the BSM coefficients are discussed in the next
Sect. 5.

For illustrational purposes we show in the plot to the right
of Fig. 5 the allowed lo contour for ny = n; and 1, for 1
GeV? bins in the SM. The constraints are more tight than in
the model-independent fit. We also show the individual 1o
areas of various constraining observables, Sg, So (magenta
area), Arg (blue area) and 2 GeV? bins for the branching
fraction [21] (green area).

The sensitivity of Apg and the branching fraction to the
resonance parameters is illustrated in Fig. 6. (B — K*¢¢

2_spectra including resonance effects have been given pre-
viously in [19,33,34], and recently in [32] using B — Kup
data.) The sensitivity of S5 is very similar to the one of Agg
and not shown. We recall that in these observables already
universal resonance effects do not cancel. Shown are local

3 Dataon B — K *(Y, ¥ (25)), far away from the endpoint, indicate
indeed 0.8 < |%| < 1.4, see Appendix C for details.

SM spectra for universal and constant 7o, = 1. This
choice is consistent with the measured B — J/WK™* and
B — W (28)K* branching ratios; see Appendix C. In addi-
tion, we show the impact of non-universality, 0 = 1,
n1 = —1 (dotted purple curve). The resulting spread for
different n; is rather small above ~15 GeV? except in the
branching ratio, which could be used to detail the charm con-
tribution locally, asin BY — K uu decays [20]. Ideally this
should be done for each K* transversity state, dI"; / dg?; see
Eq. (30).

5 Model-independent analysis

The constraints on the BSM coefficients from the different
fits using the three available ¢>-binnings are presented in
Fig. 7. We recall that all fits are based on B — K*uu data at
low recoil only. The black dashed contours are from a simul-
taneous fit to Wilson coefficients and resonance parameters
no, n1 as discussed in Sect. 4.2. The red shaded areas are
obtained within the OPE. In these plots, only two BSM coef-
ficients are switched on at a time, that is, §Cg, 8Cig in the
upper plots and Cj, C, in the lower plots (formulae which
include right-handed currents can be taken from [15].).

We find that within the OPE, as well as the local charm
models, the SM agrees well with the data at the current level
of precision. The findings are consistent with the pure low
recoil analysis of Ref. [41]. Zooming in from large to small
bins, the OPE result undergoes small changes, caused by the
binning-dependent experimental uncertainties. With the local
KS-model zooming in increases the resolution to charmo-
nium contributions. In the fits for Cy 1o we find Xz/d.o.f. =
(1.3, 0.8, 1.3) within the OPE and (1.0, 0.6, 1.2) within the
KS-model (simultaneously fitting for Co 19 and 1o 1) for
(1,2, 4) GeV? bins, respectively. Similar results are obtained
for the corresponding fits to Cé,l()' All plots exhibit consis-
tency between local modelling and the OPE. We conclude
that within current precision, charm effects appear to be con-
trolled and do not endanger the validity of BSM constrains.

To estimate the uncertainties of the OPE predictions for a
given binning, we suggest to use the ratios

o = Jonpda o fn 3 da”
Join PY PEd‘I Join P PEdq

c1r = Join 05 >dg? fbm Prdg? (41)
Join P 3 Pdg? Join 1Sd‘1

where p; 2 are given in Egs. (32) and (35) and evaluated with
the respective Cgff. The €y are theory measures of the OPE’s
binning-related uncertainty. Their relation to the observables
is straight-forward in the universality-limit.
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Fig. 7 1and 2 o constraints on the BSM coefficients §Cy, 6C1o (upper
plots) and Cé, C”IO (lower plots) from B — K*puu decays at low recoil
for different binning 4 GeV? (left), 2 GeV? (center) and 1 GeV? (right)

The €k are worked out in Table 1, taking into account the
lo ranges of g, 1, Co, 10 of the fit shown in Fig. 5.

As expected, larger bins are better behaved than smaller
ones, i.e., have ¢x closer to 1, except for those near the
endpoint. The [17-19] GeV?2 and the [18-19] GeV?2 one are
preferable to the [15-19] GeV?2 bin. We also learn that the cor-
rections to p2/ p1, €12, are not always favoured with respect to
€1 or €3, caused by inefficient cancellation of charm effects.
Presently deviations of around 30 % exist in [15-16] GeV2,

@ Springer

as in Eq. (1). Red shaded areas (dashed black contours) denote the
allowed regions in the OPE (in the KS-approach with n,,n9 = 7
simultaneously fitted); see text for details

[16-17] GeV? and the [15-17] GeV? bins. The deviations
for the preferred bins are at most 16 %, and directed towards
reducing KS- versus OPE-distributions. In Table 1 mostly
ex < 1.Thisisdriven by Re[A(¢?)] < Re[h(g?, m?)] above
g% ~ 16.4GeV?; see Fig. 1.

If the resonance parameters 7, would be determined more
precisely, the uncertainty on the mismatch between the OPE
and the KS-model would shrink. This way, the deviations
|ex — 1] given here correspond to upper limits.
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Table 1 Ratios € defined in Eq. (41) for different qz—bins and 1o ranges of parameters 79, 7 and Co 10. The coefficients Cé,lo are set to zero

Bin in GeV? 15-19 15-17 17—-19 15—16 16—17 17-18 18—19

€1 (0.85,1.16) (0.81, 1.30 (0.87, 1.03) (0.76, 1.20) (0.84, 1.38) (0.84, 1.03) (0.86, 1.05)
€ (0.82,1.0) (0.74, 1.13) (0.85,0.91) (0.71, 1.17) (0.78, 1.08) (0.76, 0.95) (0.84,0.97)
€12 (0.86, 1.05) (0.87, 1.05) (0.84, 1.05) (0.95, 1.06) (0.78, 1.05) (0.75, 1.05) (0.93, 1.05)

Note the possible ambiguity that could arise if there is
a significant constant or slowly varying contribution to Cgff
stemming from non-resonant D D-backgrounds. Such effect
might be differentiated from a new physics contribution to
Cy only in the case the latter is CP-violating or lepton flavour
non-universal. Hadronic backgrounds not captured by the
OPE for a given binning cause the KS-fit and the OPE-fit to
disagree. We interpret this as an uncertainty of the OPE-fit
to the Wilson coefficients. A possible binning-independent
uncertainty will be one of the limiting factors to test the SM
at low recoil.

6 Conclusions

The low recoil region in semileptonic |[AB| = |AS| = 1
decays is inhabited by wider charm resonances, locally not
captured by the OPE. While with current data such resonance
patterns may be only at the border of being visible in B —
K*pp decays, see Figs. 2 and 3, in the near future this will
be an important background to SM precision tests. In order to
understand these effects, which are inaccessible from within
the OPE, we use the KS-model [18], cf. Sect. 3.2, which does
describe resonances locally, as a test-case against the OPE.

Using available B — K*puu data at low recoil, we per-
formed simultaneous fits to resonance parameters of the KS-
model and BSM Wilson coefficients, and compare it to the
plain OPE-fit. We find that the resulting constraints are con-
sistent with each other, and consistent with the SM; see Fig. 7.
There is room left for sizeable BSM contributions. Let us
emphasise the difference between our work and the recent
global fits [41-43] that used the experimental data for all
b — s processes as an input but included only the total low
recoil bin for B — K™*¢£. We focus solely on the low recoil
region of this decay mode and use all available data for this
kinematic region including also the smaller bins, since our
goal is to scrutinise the local g2-shape. Specifically, in the
KS-model fit we do not fix the hadronic parameters expressed
by the fudge factors but use them as fit parameters together
with the short-distance Wilson coefficients.

To estimate the uncertainties of the OPE for a given bin-
ning, we use the coefficients e defined in Eq. (41), with
current evaluations shown in Table 1. Preferred are the end-
point bins, [17—19] GeV? and [18—19] GeV? followed by

the large one [15—19] GeV?2. For the [17—19] GeV? bin, we
find model-independently (strongly directional) deviations
from the OPE not exceeding 15%.

In the future more precise data with even smaller bin-
ning than currently exist would be desirable to determine
the resonance parameters more accurately. This will directly
influence the estimates in Table 1, which measure not only
the mismatch between local spectra and the OPE, but include
also uncertainties within the KS-model. Refinements of the
method, such as less minimal parameterisations for the
ne (K j ¢?) and h.(g?) functions, may also be envisaged. As
dominant uncertainties within the OPE are due to hadronic
form factors, improving their predictions would be desirable,
too.
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Appendix A: The angular coefficients

The angular coefficients in Eq. (5) are given in terms of the
transversity amplitudes as follows:

9
a = [|Aﬁ|2 + AP 4+ (L — R)]
. 3
=3[R+~ ]
3
;= [|Ai|2 AP+ (L~ R)]
3
s == 4P+ @~ B)]
J—E[A“—A“ L— R
3—8|L| |\||+(_>)

3 *
= [Re(AéAﬁ )+ (L — R)]
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3\/_[

Js = Re (AL AL )—(L—>R)]
Jo = 3 [Re(AﬁAﬁ*) —(L — R)]
3
Jr = ‘/_[I m(A AL )—(L—>R)]
3
= [Im(AFALS) + (L > B)]

3
Jo = [meaf ALy + @ > B (A1)
where we neglected terms proportional to m% /q>. The full

expressions can be found in Ref. [14].

Appendix B: Fitting R(¢?)

Here we describe the fitting procedure for the ratio R(g?)
defined in Eq. (16) using the experimental input on the
ete™ — h; cross section from the BES-II experiment [37,
38]. Above the DD threshold the four wide charmonium
resonances, ¥ (3770), ¥ (4040), ¥ (4150) and v (4415), with
quantum numbers J € = 177, appear in the spectrum. We
adopt the fitting procedure from [37,38] and model the back-
ground according to [32].

The transition amplitude of the resonance r into a final
state f is modelled by the Breit—Wigner ansatz with a phase
Sy and mass m,:

mr\/rr»e‘*e =1 (s) i
+lmrF (s) ’

Tr—>f

(B1)

Since only three relative phases carry a physical information,
we set 8y (3770) = 0. The s-dependent decay widths of r — f
are given by the formula

ZZL-H

2m;
my -I—\/—Z B,

r~/(s) =T, (B2)

Here, I'; denotes a fit parameter specified for every given
resonance and Zg = p Pr, wherep >~ 1GeV. The sum over
the orbital angular momenta of the decaying final states and
the energy dependent partial wave function B, are given
in [37,38]. The momentum Pr of the two body decay of the
resonance f into the final mesons with masses m | and m; is
given by the familiar formula

)‘-(mlvm27 2)

Pr = (B3)

2my

The different decay channels are given in Table 2. The total
hadronic width is the sum over all final states
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rd(s) = (B4)

ZF’_)f(s).
f

The total width of a charmonium resonance is the sum of the
hadronic and leptonic widths

Fr(s) — Fr~>8+€7 + FFHILJrMi + 1"}’~>T+1’7 + F?ad . (BS)

Lepton universality I7>¢" ¢ = I+ 4" is assumed for
the leptonic decay widths of the electron and the muon. The
kinematic suppression factors are included for the decay rates
of the resonances that involve tau pairs in the final state. The
total square of the modulus of the inclusive amplitude of the
resonances is the following incoherent sum over the final

states:

2

TP=)

f

Z Traf(s)

T

(B6)

The resonance contribution Rypes(s) to R(s) (see Eq. (17)) is
given by

9
—— | Tres |-

CII]

Ries(s) = (B7)

The continuum background is modelled as [32]

Ruds + 0(s — 4m3)(1 — x)(ARc + Xacont),
(B8)

Reont(s) =
ARc = Rudsc - Ruds’

with x = 4m2D /s. For the light-quark ratio Rygs and the
one including charm, Ry4sc, we use the predictions from
Refs. [44,45]. Specifically, we employ Rys = R(s =
(3.73GeV)?) and Rugse = R(s = (4.8GeV)?). The result
of the fit for R(s) in the fit interval /s = (3.7, 4.8) GeV
is shown in Fig. 8. We use 76 data points for R(s) and find
x2/d.o.f. = 1.01,ford.o.f. = 76— 17 — 1. Our fit results are
consistent with Refs. [37,38]. The charm contribution R.(s)
can be extracted from Eq. (18).

To evaluate the dispersion integral (25) also below the fit
interval, we require contributions to R(s) from the narrow
resonances J /v and 1 (2S), parameterised as

mrFr—>Z+l_

3
heaaow(s) ===~ 3 (B9)

— m2 i

em /g S T M T imd
The values of the parameters in (B9) used in the fit are

given in Table 3. Above the fit interval in the open charm

region, we use the Schwinger O(w) result, in the form

adopted from [32],
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Table 2 Two body decays of

charm resonances into final v @3770) ~ DD

states f ¥ (4040) — DD D*D* DD* Dy Dy
¥ (4140) — DD D*D* DD* DDy DD}
W (4415) — DD D*D* DD* DDy DD} DI D} DD DD3

Table 3 The values of the parameters for the narrow charm resonances oM = (CypPrLo)(syH PLD),

taken from [49] used in the fit O(g) _ (ETa )/;LPLC) (ET“ y“ PLb). (C2)
r my/MeV I;/keV rr—ete” /kev ) ) )
respectively. The Wilson coefficients of these operators read
I/ 3096.916 + 0.011 92.9+2.8 5.55+0.14 in terms of the ones in the CCM-basis (Eq. (3)) as C'V = ay,
¥ (25) 3686.109 +0.013 299 +8 2.36 +£0.04 given in Eq. (28), and C® = % (—C1 + 6C2). We employ the
value of ap at NNLO [39,40] thereby including perturbative
6 ' ' ' ' corrections to the weak b — ccs vertex.
Assuming factorisation, the B — ¢; K ) matrix element
reads

Mpac(B — ¥ K®)

Gr _ _
= 72vg;,vcsazxwi|cmc|0><1<<*>|sy“<1 — y5)b|B).
(C3)
1 ! ! ! ! ! For k = 1 this ansatz represents the naive factorisation
38 40 42 44 46 48 approximation (NFA). Note that the color octet operator
Vs [GeV] does not contribute; see, e.g., [46]. The dependence on the

. ) 5 renormalisation scale  does not cancel between the Wilson
Fig. 8 The result of the fit for the function R(g”) (blue +1 o band) efficients and the effective operators in the ansatz (C3).
defined in Eq. (16) using the experimental input on the e™e™ — h; . K
cross section from the BES-II experiment [37,38] For further aspects of the factorisation ansatz the reader is

referred to [47]. The matrix element in factorisation can be
expressed in terms of charmonium decays constants, which
can be extracted from data on I'(yy; — ££) and form factors,

2 2
Imlfe,apove(s)] = -3 = B2GDIA) to be evaluated at ¢* = m,y2
4 3 3 (g, €)|cyucl0) =i fy.my.€",
142 T _+,B(s) T 3 ’ (Yi(q, €)|cyucl0) Jyimy; €,
3 28(s) 4 4 12 4n ) sz _mzK
B10) (K®ISyub|B(p)) = f+(g7) | (P +K)p — g2
w.here.,B(s.) = /1 —4m2/s. The final result for hc(q?) is L m3 —m? s
given in Fig. 1. +fo(q )—q2 qu (C4)
. . . * P — 2V(q2) k0 01T
Appendix C: B — ¥; K™ data and factorisation (K™ (k, m|Syub|B(p)) = mp + mye e P k™, (C5)
Here we give a brief overview on phenomenological data on (K*(k, m)|5yuysb|B(p)) = in** [ZmK*Ao(qz)%
B — ;K™ decays, where y; denotes a generic charmo- q
nium 1™~ resonance, within factorisation..The matrix ele- T (mp + mg)A1(g2) <gup _ qﬂgf’)
ment of the B — v; K™ decays can be written as q
2 2
4Gp Dl 2 49p mp — My
M(B = YK ™) = —= Vi Ves (4 K21 OW = Aag)) | (PR = |
+Cc®0®) By, (Cl) (C6)

where the commonly used color singlet and octet operators ~ where 7 (¢) denotes the K* (y;) polarisation vector, k, p the
read 4-momenta of the K™, B mesons, respectively, and ¢ =

@ Springer
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p — k. Due to € - ¢ = 0 the terms proportional to g, do not
contribute. We use f;/y = 0.416 = 0.006 GeV, fy s =
0.297£0.003 GeV and fy 3770y = 0.100£0.004 GeV [48].

There are several processes for which the measurements
reveal deviations from NFA. For instance, the branching frac-
tion of the process B~ — K™ x.o has been observed to
be significantly non-vanishing, while the corresponding fac-
torisation contribution vanishes due to parity conservation
of QCD. As a second example, the branching fraction of
B — K J/y also deviates from its NFA value, to be dis-
cussed in Sect. C.1 A possible source of non-factorisable cor-
rections are B-meson decays to DS(*)D(*) pairs which after-
wards re-scatter into K 1; pairs. The analysis of such effects
was performed in Ref. [50]. It contains significant theoreti-
cal uncertainty related to the vague knowledge of the relevant
strongly coupled meson vertices. In the following sections we
follow the phenomenological point of view and extract the
fudge factors for the processes B — K™ (J /v, ¥(25)), in
order to gain some further insights.

We stress that for form factors from lattice QCD in the
intermediate ¢2-region around peaking charmonium reso-
nances additional uncertainties apply.

B — K(J/¥, ¥(25))

The B — ;K branching ratio can be written as

% B
FC—bCS2|% |f)ﬁ/2

B(B — %K) = .

(mg. mj,. mK>[f+(m3m. )1 (€7
Using [49]
BB — J/yK") = (0.873 £0.032) x 1073,
B(B~™ — J/¥K~) = (1.026 + 0.031) x 1073, (C8)
B(B® — ¢ (25)K% = (0.58 £ 0.05) x 1073,
B(B~ — ¥ (28)K ™) = (0.626 £0.024) x 1073, (C9)
B(B~ — ¢ (3770)K~) = (0.49+0.13) x 1073, (C10)

we obtain, after error-weighted averaging of neutral and
charged B decay modes if applicable, the following coef-
ficients:

|Kj/wK| =140+ 0.09, |K1/,(25) K| =172+ 0.08,

licy 37700 k| = 4.54 % 0.68. (C11)

Here, we used the form factor f3 (mfm) evaluated in lattice
QCD in [51]; see also [52]. Form factors extrapolated to
g = m2 from light cone sum rules from [36] yield very
similar results. The value for ¥ (3770) is only given for com-
pleteness as this resonance is included in the fit to BES-data.

The values in Eq. (C11) reveal an order one deviation from
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naive factorisation, k = 1. Note that the corresponding signs
(phases) remain undetermined from this extraction.

B — K*(J/¥,¥(29))

Assuming universal fudge factors for all polarisations of the

K*,where ky, g+ = nc(K*, mzwl_ ),the B — ; K* branching

fraction can be written as

G| Ve Ves

3

32rmy

X (mp, m3, . my.)(mp + mye)’my [Ag(m3)]

x[(a = bx)* +2(1 + 7)),

B(B — y;K*) = 13 a3 licy, k1> £, 1/

(C12)

where

2 2 2
Y My — My — My,
- b
2m g <my,

kg miemi)
© 2mgemy, (mp 4+ mg+)?’

12,2 2 9
L T S (C13)
(mp + mg+)?

and the ratios of the B — K™* form factors

_ Aamy) _ Vmy) i
CAm3) S Amd)
Using [49]

B(B® — J/yK™) = (1.32+£0.06) x 107,

BB~ — J/YK™*) = (1.43 £ 0.08) x 1073, (C15)
B(B® — ¢ (28)K™) = (0.59 & 0.04) x 1073,
BB~ — ¢(2S)K ™) = (0.67 £0.14) x 1073, (Cl16)

we obtain after averaging over neutral and charged B decay
modes values of || close to unity:

Iy /p k+] =0.96 £0.06, |ky2s) k+| =0.85 £ 0.06.

(C17)

Here, we employed the B — K* form factors from [9].
Equations (C11) and (C17) suggest that non-factorisable cor-
rections for processes involving a K* are smaller than those
witha K.

Further information on universality can be obtained from
data on the polarisation fractions of the K* in B —
K*(J /¥, ¥(25)) decays [28,53,54]

22

1AL |2—2—y, 1412 ==

r=(a—bx)*+2(1+c*?, (C18)

which are normalised as | Ag|>+|A | |>+]AL|> = 1. We com-
pare data to the factorisation predictions in Table 4 for form
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Table 4 K*-polarisation fractions from data with statistical and systematic uncertainties added in quadrature [53,54] and in factorisation with form
factors extrapolated from the lattice [9] and a phenomenological fit (SE2LEL) [17]

|A L3 |ALI74 (9] |ALIZ, [17] | A} 2p | A} 154 [9] | A 54 [17]
J/WK* 0.213 £ 0.007 0.22 +£0.07 0.21 £0.05 0.219 £ 0.008 0.39+0.10 0.14 +£0.01
Y(2S)K* 0.30 £ 0.06 0.21 +£0.04 0.29 +£0.07 0.22 + 0.06 0.48 +0.09 0.24 +0.03

factors extrapolated from the lattice [9] and a phenomeno-
logical fit (SE2LEL) [17]. Results based on [36] have larger
uncertainties and are consistent with both theoretical predic-
tions.

The factorisation predictions work for the perpendicular

polarisation fraction, but exhibit larger spread and uncertain-
ties in the other two, in particular for the J /v final state. The
spread in theory predictions points to the sensitivity to form
factor predictions, which in this intermediate ¢ region need

to

be extrapolated which brings about additional uncertain-

ties.
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