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1 Introduction

The interactions of the lightest hadrons, the pions, with themselves as well as with kaons,
the next-lightest strongly-interacting particles within the pseudoscalar ground-state octet,
are known to excellent precision. The combination of dispersion relations in the form of
Roy or Roy-Steiner equations, constrained by chiral perturbation theory at lowest energies
and using experimental data as input, has increased our knowledge of the leading partial
waves of pion-pion [1-4] and pion-kaon [5] scattering enormously. This has a large impact
on a wide range of scattering or decay processes in which pions and kaons are produced:
dispersion relations allow to relate the final-state interactions to the scattering phase shifts
in a model-independent way [6-17]. Both reactions — 7 and 7K scattering — are further-
more closely intertwined in the isospin-0 S-wave system, where the reaction 77 — KK,
the crossed process of mK scattering, dominates the inelasticity in pion-pion scattering
near the KK threshold, the region of the fo(980) resonance; for these (scalar) quantum
numbers, a coupled-channel treatment is mandatory [18, 19].

Information on the scattering of pions off the 7, which would complete our under-
standing of pion reactions off the pseudoscalar ground-state octet, is much scarcer. Two
important resonances are known in the I(JF) = 1(0%) sector, namely the a¢(980) and



ap(1450) [20]. Several models for the 77 S-wave scattering amplitude have been proposed
in the literature [21-25], some of them constrained by the results from chiral perturbation
theory at threshold [26]. Very recently, first information about this amplitude has also
come from lattice QCD simulations [27, 28]. There is one remarkable similarity of 7n S-
wave scattering to the 7w I = 0 S-wave, in that also for 77, the first important inelastic
channel is given by K K, whose threshold also there coincides with the presence of a scalar
resonance, the isospin-1 a((980) resonance. Therefore also in this case, a coupled-channel
treatment of 7 and KK (in I = 1) is required to describe the energy region around 1 GeV.
A corresponding unitary T-matrix has recently been constructed in ref. [29], to which chiral
constraints [30] have been imposed as well as experimental information available on the
ap(980) and ap(1450) resonances. However, the result still has considerable uncertainties
due to the limited accuracy of the experimental input.

In this article, we give a theoretical prediction for the decay Bg — J/yr%n, not
measured so far, in which the properties of the I = 1 mn-KK S-wave system and the
ap(980) resonance could be further tested. This decay is well suited for such a purpose,
because the production mechanism is rather strongly constrained. It is closely related to
BY — J/¢ntr™, which has been analyzed in ref. [16] (together with the similar B? —
J/yrtn~). There it has been demonstrated that the S-waves can be described very well
in terms of pion (and kaon) scalar form factors, constructed in a Muskhelishvili-Omnes
formalism. Due to the 77— KK channel coupling, the isoscalar KK S-wave component
is related unambiguously to the w7 final state. However, as the source term is given
dominantly in terms of dd quark bilinears, it produces isoscalar and isovector meson pairs
with known relative sign and strengths. With the strength of the dimeson source fixed from
experimental data on BY — J/7 7~ [16], and given the analogous isovector scalar form
factors for 7 and K K [29], we can thus give an absolute prediction for the .J /17" channel.
The combination of isoscalar and isovector scalar form factors for the kaons then allows
one to fully analyze the physical KTK~ and K°K? final states. A measurement of these
systems (or likewise the pertinent decay of the charged B-meson associated with the scalar
isovector current ud) therefore would allow to further constrain theoretical models for 77
scattering, its phase shifts and inelasticities. Similar predictions for the decays of the 337 s
and B~ mesons into J/1 and isoscalar and isovector meson pairs have been discussed in
the chiral unitary approach in ref. [31] (see also ref. [32] for a general review about the use
of the chiral unitary approach to study the final-state strong interactions in weak decays).

The outline of this article is as follows. In section 2, elementary kinematics of the
decay BS — J /77 as well as the calculation of decay rates in terms of the corresponding
matrix elements are described. Flavor relations based on chiral symmetry are discussed
in section 3. We introduce the required dimeson scalar form factors in section 4, and
briefly recapitulate the Omnes formalism used to describe the latter. Results for BY —
J/ {7r77,f( K } are presented in section 5. We conclude in section 6. Two appendices
provide further arguments for our treatment of the S-waves in terms of scalar form factors,
as well as their dominance for the decays under investigation: appendix A discusses the
relation between scalar form factors and the contributions of S-waves in these B-decays by
means of a chiral Lagrangian; and in appendix B, we demonstrate the suppression of 7n
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Figure 1. Definition of the kinematical variables for Bg — J /7.

P-wave contributions both in terms of generic (chiral) power counting arguments, as well
as by two explicit calculations of ¥(2S5) and B* exchanges that simultaneously address the
importance of left-hand cuts.

2 Kinematics, form factors, decay rate

The kinematics of the decay BY(pg) — J/¢(py)7°(p1)n(p2) (J/v — utp~) can be de-
scribed by four variables: the invariant dimeson mass squared, s = (p; + p2)?, and three
helicity angles, see figure 1, namely

e the angle 6/, between the p* in the J/1 rest frame (3,,) and the J/¢ in the B
rest frame (Xp);

e the angle 6,, between the 7 in the 77 center-of-mass frame ., and the 7% line-of-
flight in X p;

e the angle ¢ between the 7% and the dimuon planes, where the latter originate from
the decay of the J/1.

The three-momenta of the pion or the 7 in the 7% center-of-mass system (pr,) and that
of the J/1 in the BY rest frame (py) are given by

po| = AV2(s, M2, M?) _Ys bl = A2 (s,m3, m¥) X
Pyl = 2./s -2 Pyl = 2mp mpg’

(2.1)

with the Killén function A(a, b,c) = a? + b + ¢ — 2(ab + ac + bc). We define two further
Mandelstam variables as

t=(pp—p1)* and u=(pg—p2)? (2.2)

where the difference of these two determines the scattering angle 6,,

Am
t—u:—QYXcosﬁn—i—T, Am:(mQB—mi)(M2—M2). (2.3)



We do not spell out the kinematic relations for the K K final state explicitly — they can
be obtained from the above in a straightforward manner.

We decompose the matrix element for the decay in the following way:

G
My = Tg%b oy MO
o B m¢P*6 Q| iﬁll
Mt = fomype, (py, A) (X( L Fo + %}—” — 7\}5 Fi- (2.4)

fy = 405MeV denotes the decay constant of the J/¢, and €},(py,A) the corresponding
polarization vector of helicity A. The three transversity form factors Fo, F|, and F
correspond to the orthogonal basis of momentum vectors

P-p - eHaBy
P(%) =Pt — p?pwpz’ pél) = X (pw)aPBQ’ya
2
Py, (P-Q) — (P-py)(Q-py) P2(Q-py) — (P-py)(P-
Q= Q"+ b - I P (Q-py) )gz py)( Q)% (25)

where P* = pi' + ph and Q" = p|' — pb, thus generalizing the formulae discussed pre-
viously [16, 33] to unequal masses. Again, the relations for the KK final state simplify

0123 _

accordingly. We employ €,,,3, with the convention €p123 = +1. The partial-wave

expansions of the transversity form factors up to D-waves read

)
Fo(s,by) = és)(s) + V3 cos an(gp)(s) + \g (3cos? 6, — 1) féD)(s) +...,

F,L(s,0y) = \/g (‘FITT(S) + V5 cos Hn.ﬁ?i)(s)) + ... (2.6)

Note that the partial waves defined this way still contain kinematical zeros that have to be
removed for a dispersive treatment [16].

The structure of the matrix element in eq. (2.4), its decomposition in terms of transver-
sity form factors, as well as the partial-wave expansion of the latter is independent of any
factorization assumption, and entirely general. Factorization of the form

M = a MM+ M = (7 (p1)n(p2) ldy(1 = 75)b| By (pp)),
M = (J[$(py, €)[e7"c|0), (2.7)

which leads to the same decomposition as in eq. (2.4), is only required if we want to identify
the transversity form factors explicitly with those that, after an isospin rotation, describe
the semileptonic decays Bg — mrnl~y; no such attempt is made in the following study.
The effective coupling a®® (1) is related to Wilson coefficients of the effective Hamiltonian
for the b — céd transition [16, 34]; the ellipsis in eq. (2.7) denotes higher-order corrections
to factorization that compensate for the scale dependence in a®f(y) [35].



The differential decay rate for the BY — J/¢n"n decay is given by
Cer
dy/sdcosb,
_ GF|Vep|* | Vea|* f3m35, XY /5
4(4m)3m3
GH\Ver | Veal 2 [3m3 XY /5
4(4m)3m3

{1Fo(s, 012 + Y2 sin? 0, (17 (5, 0) > + | Fu (s, 6,)[) }

2

{‘.7:0 +\/§(20s9 ]-"é )( )+ \25(3005,2977—1) ]—"éD)(s)’

+§Y2sin29n<‘}"(P + V5 cos b .7-'|T ‘ ‘fp)—i-\fcose .7-'( (s )’ )}, (2.8)

where in the second step partial waves up to and including D-waves are considered. Most
of the discussion in this article will concentrate on the S-wave only. We show in appendix B
that the P-wave is very small: as we discuss in appendix B.1, the production vertex for a
P-wave is chirally suppressed; it is generically smaller relative to the S-wave by a factor of
YMIQ( /(47 F,)?, which around 1 GeV amounts to one order of magnitude. In appendices B.2
and B.3, we have calculated the P-wave contributions generated by ¢- and u-channel reso-
nance exchanges, and found them to be even more suppressed than this generic estimate.
Furthermore, the mn P-wave has exotic quantum numbers; final-state-interaction effects
should thus be small below 1 GeV. We therefore find it safe to assume it to be negligible
in the energy range considered in this article, and well within the uncertainty of the S-
wave contribution. We will briefly discuss the impact of D-waves in section 5.1, mainly to
demonstrate that they also only become important for dimeson energies well above 1 GeV.
Angular integration of eq. (2.8) yields the differential decay rate

v~ g 1 (A 0

vl o sl + )

= V(Y0 (s), C= GF‘?izdflﬁmw, (2.9)

‘ 2

where the second equality relates to the angular moment (Y{)(s) commonly used by the
LHCD collaboration, in ref. [16] as well as later in this text.

3 Chiral-symmetry-based relations

We discuss now how a relation can be derived between the amplitudes By — J/¢r"n
and Bg — J/¢7n based on chiral symmetry. We start by writing the effective weak
Hamiltonian in terms of the usual set of 14 operators,

G
Heg = 7; Z >\p (Clelj =+ CQQg + Z CiQi + C77Q7’y + CSgQSg) +h.c., (3'1)

p=u,c 1=3,...,10



using the same notation as in ref. [36] except for the obvious replacement of s by d, in

particular
Ae =V Voas A= Vi Vias (3.2)
and
Qi =4 EL’YubL CZL’Y,ILCLv Qg =4 ElLfyMbjL CZJL’YMCQA
QY = 4ty by dyuur, QY = 4upy"b) d) (3.3)

where g1, p = %(1 F5)q. For the processes under consideration it is clear, at first, that the
electromagnetic penguin operators QQ7_19 as well as 7y can be neglected compared to Qf,
Q5. We make the further assumption that the two operators QY, Q4 can also be neglected.
This is justified by the OZI rule: in order to produce a J/1 in the final state from the op-
erators Y, Q4 one must proceed via quark-disconnected diagrams involving three gluons.
The OZI rule is known to be quite effective for heavy-quarkonium production or decays.

The remaining seven operators all transform simply as d;, under the SU(3); x SU(3)g
chiral group. We can then construct a chiral Lagrangian that encodes this transformation
property and describes the dynamics in the region where the light pseudoscalar meson
pair has a very small energy; this is detailed in appendix A. At leading order in the chiral
expansion, the following relation can be derived between the Bg—decay amplitudes and the
vacuum matrix elements of dd operators:

(J/0(x )izl 04l BY) _ {x"n]dd]0)
/ot n)=olOg|BY) ~ (wtn—|djo)

(3.4)

This relation will be used at energy s = 0.

We emphasize that it is important to use chiral symmetry to derive this result rather
than flavor symmetry alone. Indeed, under the flavor symmetry group SU(3)r, the state
(mm) =0 appears both in the singlet and in the octet representations, while (7n) belongs
to the octet. Therefore, no relation can be derived between the corresponding Bg decay
amplitudes based on flavor symmetry alone. For simplicity, we will however still refer to
these as flavor relations in the following.

4 Scalar form factors and Omneés formalism

We treat the Bg — J/97"n decay in an analogous manner to the J/i7* 7~ final state in
ref. [16], the isospin-0 counterpart of the process considered here. In that case, experiment
has shown that there is no structure visible in the (exotic) .J/i¢7* channel, thus any
crossed-channel processes should be negligible: there are no significant left-hand cuts in
the decay amplitude, which therefore could be described in terms of form factors containing
a right-hand cut only. This assumption is adopted in the ongoing study, where, however,
the justification is not quite so clear: e.g. the 1(2S5) decays into J/vn, and therefore will
show up as a resonance in the corresponding distribution.! However, due to the anomalous

! Actually, the same problem arises already for J/¢n®, another observed decay channel of the (25),
which however breaks isospin symmetry and hence is very weak.



nature of the ¥(2S) — J/¢n vertex, this ¢ (25)-exchange mechanism only contributes
to the transversity form factor F|, whose partial-wave expansion begins with a P-wave,
see eq. (2.6), and hence cannot contribute to the 7'y S-wave that we will concentrate on
below. In addition, the coupling ¥ (2S) — J/¢n violates the OZI rule and is still rather
weak: compare

B(BY — (25)7°%) = (1.17 £ 0.19) x 107° [37],
B((25) = J/vn) = (3.36 & 0.05) x 1072 [20] (4.1)

to B(B — J/yrTn™) = (4.03£0.18) x 1075 [20]; we will see below that the branching ratio
B(BY — J/7%n) is predicted to be of a comparable size. In appendix B.2, we calculated
the 1(2S5)-exchange contribution explicitly and showed that below /s & 1.34 GeV, where
the 1 (2S5) cannot go on-shell, its effect is even more suppressed. We assume that other
charmonium resonances whose exchange in the ¢- (or even u-)channel can contribute to
the 7% S-wave (such as axialvector ones of negative C-parity) couple similarly weakly.
Furthermore, in appendix B.3 we have studied the effect of t- and u-channel B*-exchange
diagrams, whose cut contributions lie well outside the physical decay region; however even
then, the pole terms are suppressed in the S-wave due to chiral and heavy-quark symmetry.
We therefore neglect the influence of left-hand cuts altogether.

Adopting the observation of ref. [16] that the BY — J/¢rTn~ S-wave is indeed pro-
portional to the scalar form factor (in particular, not even a linear polynomial is required
at the present accuracy of the data [38]), the BY — J/¢n’n S-wave amplitude will by
analogy be proportional to the scalar 77 isovector form factor defined via

<7T0(p1)77(p2)

r_ - -

§(uu — dd)’ 0> = Bol“fml(s), (4.2)
which is calculated in a coupled-channel formalism in ref. [29]. Both the isoscalar and the
isovector meson pairs are generated from a pure dd source. The isospin decomposition of
the scalar current reads

_ 1, _ 1, _
dd = ~5 (tu — dd) + 3 (au + dd), (4.3)
from which we read off the relative strength of the isoscalar to the isovector component,
no/m = —1. Thus given a known isoscalar S-wave C]-"éS’I:O)(s) = X0pTE=0(s) (where b is
a subtraction/normalization constant related to the fit constant b introduced in ref. [16]
and the kinematic variable X was defined in eq. (2.1)), with the scalar isoscalar pion form

factor
I1=0 + - L 7
Bl 7" (s) = ( 7 (p1)7 (p2) §(uu +dd)|0 ), (4.4)
we can predict the isovector S-wave
CFV(s) = —XBETLL(s). (4.5)

The constant 68 is the same as for the 777~ final state precisely due to the symmetry
relation (3.4). Similarly, potential linear terms in s multiplying the scalar form factors



would also be symmetry-related for both meson pairs under consideration: as long as
the data do not suggest the necessity to include such a term in the description of the
By — J/¢ymta~ S-wave, it will be negligible also in B — J/¢n'n. Adopting the fit
results of ref. [16] we have to take into account that the experimental data for the BY —
J/ymtr~ spectrum [38] (used for the determination of the parameter b2) is normalized
arbitrarily, i.e. we have to achieve a proper normalization of the 77~ distribution that we
then adapt to the wn prediction. For this purpose we use the absolute branching fraction
B(BY — J/yrtr™) = (4.03£0.18) x 107° [20] and define the strength b = /Nybj with
the normalization constant [16]

B(BY — J/ymtr) T BY)

N = N(BY = J/yrta—)

(4.6)

where N(BY — J/¢mtm™) = 24080.5 + 148 is the total number of signal events in ref. [38]
and T'*°Y(BY) = 1/7(BY), 7(BY) = (1.519 £ 0.005) - 10725 [20]. Two different values were
obtained for bf, namely (a) bj = 10.3 GeV~"/2 corresponding to a fit with only constant
subtraction polynomials for S- and P-waves, and (b) bf = 10.6 GeV~"/2, corresponding
to a fit with a linear (in s) contribution to the P-wave polynomial as well as a D-wave
contribution, which had an effect on the 7w S-wave [16, 38]. We therefore obtain b} =
2.77-10719 GeV—3 and b = 2.85-10710 GeV 3, respectively. Due to the large uncertainty
arising from the input phase d12 (see figure 2) the error in the normalization constant is
completely negligible.

By means of an isospin rotation the 77 form factor eq. (4.2) likewise describes the
transition to a charged 7+ pair via a ud source,

(m* (p1)n(p2) |ud| 0) = V2BeT'L (s). (4.7)

This straightforwardly allows for a prediction of the charged B* — J/¢7*n mode as well,
whose differential decay rate dI'/dy/s differs from the BY one, eq. (2.9), by a factor 2
(except for negligible kinematical replacements due to isospin-violating mass differences).

In a similar way the BY — J/YKTK~/K°KY angular moments are derived. Aside
from the appropriate kinematical replacements, now both the isoscalar and isovector S-
wave components contribute, with known relative strengths 79/n71 = —1 or +1 for charged
or neutral kaon systems, respectively, i.e. the S-wave amplitude reads

CGLH(s) = X (Tick (s) — Tk ().
€7 (s) = X0 (DI (s) + TR (), (4.8)

[Va)

where the kaon form factors are defined in analogy to the wm and 77 ones.

The strong coupling of two S-wave pions in the isoscalar case and the 7n pair in the
isovector one to KK near 1GeV due to the f3(980) and ag(980) resonances, respectively,
causes a sharp onset of the K K inelasticity. This necessitates a coupled-channel treatment
of the scalar isoscalar and isovector form factors and we solve the I = 0 77K K and the
I =1 KK two-channel Muskhelishvili-Omnes problems.



For the isoscalar solution of the Muskhelishvili-Omnes problem the 7T-matrix
parametrization requires three input functions: in addition to the mwm phase shift already
necessary in the elastic case, modulus and phase of the 77 — KK S-wave amplitude
also need to be known. For our main solution, the w7 phase shift is obtained from the
Roy equation analysis by the Bern group [39], the modulus of the 77 — KK S-wave
is known from the solution of Roy-Steiner equations for wK scattering performed in Or-
say [5], and its phase from partial-wave analyses [40, 41]. In order to assess the uncertainty
of these parametrizations, as an alternative we also employ the coupled-channel T-matrix
constructed in ref. [13] by fitting to 77 data, the Madrid-Krakéw Roy-equation analysis [4]
at low energies, as well as to Dalitz plots of D} — 77~ 7t [42] and D} — KT K~ 7" [43].

For the isovector sector, we use the approach of ref. [29]. In that work, a coupled-
channel T-matrix is constructed that fulfills unitarity, and the amplitudes are approxi-
mately matched with the perturbative ones derived from O(p*) chiral perturbation theory.
With this method six phenomenological parameters are introduced, to be determined by
experimental information about the ag(980) and a(1450) resonances. Specifically, five ex-
perimental constraints are imposed, and hence there is still a one-parameter freedom in
the model that can be associated with the sum of the phase shifts of the 77 (611) and KK
(022) channels at the mass of the ap(1450), d12 = (911 + d22)(s = m20(1450)).

The scalar coupled-channel form factors in the Omnes formalism read

TA20(s) (Q{?°<s> Q%;%)) [ TR0

S ) \aie o))\ Griako

(4.9)

for the isoscalar meson pairs, and

I\ (P e el e (150 o)

V2R (s) 2l (s) Q3'(s) ) \V2IR0) ‘
for the isovector m—K K system. The resulting form factors depend on two normalization
constants I'L 1, (0) each that we constrain from their chiral one-loop (or next-to-leading-
order) representations. The w7 and KK matrix elements at s = 0 are related to quark-
mass derivatives of the corresponding Goldstone boson masses via the Feynman-Hellmann

theorem, while the 71 one obeys a Ward identity relating it to a similar vector-current
matrix element [29]. At leading order in the chiral expansion we find the normalizations

RO =1 TRO=5  THO=—  rEe=g 6

The next-to-leading order results depend on certain low-energy constants. We empha-

size that for these, the universality of the relative couplings to different mesons, comparing
the scalar form factors and the S-waves appearing in the Bg decays, is not guaranteed, and
one might argue in favor of simply using the leading-order relations of eq. (4.11); see the
discussion in appendix A. However, in order to obtain at least a realistic estimate of the un-
certainties induced by next-to-leading-order corrections, we take those from the scalar form
factor matrix elements. The corresponding low-energy constants are determined in lattice



simulations with Ny = 2+ 1 4+ 1 dynamical flavors at a running scale p = 770 MeV [44],
limiting the form factor normalizations to the ranges?®

12%(0) = 0.984 + 0.006, T=1(0) = (0.56... 0.87),
i (0) = (0.44...0.68), I454(0) = (0.38...0.56). (4.12)

Since the form factor shape depends on the relative size of the two pairs of normalization
constants, there is some uncertainty in the shape of the isoscalar scalar form factors. The
variations in the isovector form factor normalizations are strongly correlated, i.e. their ratio
for small and large values of the low-energy constants varies at the 5% level only.

5 Coupled-channel and flavor related predictions

As explained in the previous section, in the coupled-channel treatment the relative strengths
between the 77 or 71 and the isoscalar or isovector KK form factors are fixed, thus
the respective final states are related to each other unambiguously. Further, the rela-
tive strength between the production amplitudes of different isospin are known. Hence,
since the BY — J/¢mTn~ parameters were fitted in ref. [16], we can make predic-
tions for the BY — J/¢n'p (and the B¥ — J/¢m*n) distribution as well as for the
BY — J/YKTK~/KYKY S-wave amplitudes, which we assume to dominate the differ-
ential decay rates in the energy region considered. The maximal range of this assumed
dominance is estimated by predicting the 7% D-wave as well.

5.1 BY— J/¢mn

In figure 2 (left panel) the differential decay rate dI'/dy/s for BY — J/¢n%n is depicted,
predicted by means of the fixed isospin relation from the results for two fit configurations (a)
and (b) of the BY — J/¢n T~ spectrum [16]. The distribution is shown for three different
input phases d1o = 90°, 110°, 125°, limited to an interval compatible with constraints
discussed in ref. [29]. We see that the dependence on 412, and hence on details of the mn
interaction, is strong, and completely overwhelms the uncertainty due to the production
strength as fixed from the corresponding 777~ channel. In order to provide a clearer
representation, we refrain from showing uncertainty bands due to the I = 1 71 and KK
form factor normalizations calculated at next-to-leading order according to eq. (4.12). We
note that the production strength is fixed from Bg — J/ipntr~ fits that were performed
for those combinations of low-energy constant that result in large isoscalar form factor
normalizations [16]; we therefore also choose the isovector form factor normalizations in
the upper allowed range. This corresponds to similar low-energy constants, though not
exactly the same, as we use updated lattice results. Furthermore, the isovector form factor
normalizations depend on additional low-energy constants.

*Note that in ref. [16] the form factor normalizations are based on lattice simulations with Ny = 2 + 1
dynamical flavors [45], which yields similar ranges. In particular, for the fits performed in ref. [16] the
normalization of the isoscalar kaon form factor was set to Ff;(:;g(O) = 0.6, which is compatible with the
range we use in this analysis.
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Figure 2. Left panel: dI'/dy/s for BY — J/¢7%n. The distribution is plotted for three different
input phases §12 = 90°, 110°, 125° and two normalization constants bj due to the fits (a) and (b).
The right panel shows the predicted D-wave contribution to dI'/d+/s (note the different ranges of
the axes).

Our conclusion is that a measurement of this decay channel will provide important
information on the final-state interactions of the mn S-wave system, and in particular the
ap(980) resonance, which dominates this partial wave in the energy range around 1 GeV.

To further substantiate the assumed S-wave dominance, we estimate the mn D-wave
background, which should become significant in the region of the ag(1320) resonance. We
model the as by a simple Breit-Wigner shape; its coupling strength is related to that of
the f(1270) by SU(3) symmetry, which decays to 7#*7~ and hence is determined in the
BY — J /7T r~ analysis of ref. [38]. In the determination of the as strength we employ two
ratios: the ratio between the isovector and the isoscalar contributions, eq. (4.3), that yields
a relative minus sign between the BS — J /1 fo and the Bg — J/1as couplings, as well as
the relative strength between the fo — 777~ and the a3 — 7% couplings. The coupling of
a tensor meson to a pseudoscalar pair is obtained from the interaction Lagrangian [15, 46]

Lrpp = gr{Tu{u",u"}), (5.1)

where (.) is the trace in flavor space, T}, contains the az and fo mesons and u,, = i(u'd,u—
u@uuT) the pseudoscalars. As we are interested in the non-strange part of the Lagrangian
only, we use for simplicity the SU(2) representations

a | fo + 4 0, m +
THV: \/§+ \/g Oa2 ; u:exp< Z¢> _ T + \/g \/571'
S BN 2F, )’ - 0
as \/2§+\/6 » V21 m +\/§

(5.2)
where F; = 92.2 MeV denotes the pion decay constant. The coupling constant gr = 28 MeV
can be obtained consistently from both the fo — 7w [46] and the ay — 7 decay [15],
confirming SU(3) symmetry. From the Lagrangian we can finally read off the relative
strength of the coupling to 77 and 7 and find gfbﬂn = gJ%QM /3.

- 11 -



The right panel of figure 2 shows the predicted D-wave. Compared to the S-wave
contribution shown in the left panel the D-wave is negligible in the energy region we
consider here, justifying the assumed S-wave dominance.

Finally we quote the branching fraction for BS — J/¢7 from the ag(980) region.
We integrate the spectrum in the region of the a¢(980) and find

dv/s

1.1 GeV R0 0
B(BY — J/vn") | ! / AL(Ba ~ J/gm )

VF<11GeV Tt BY) Jar,+m, dy/s
(6.0...6.4) x 1076  for &2 = 90°,
=4 (1.1...1.2) x 107® for 619 = 110°, (5.3)

(1.6...1.7) x 107> for &1 = 125°,

where the lower and upper values of the given ranges correspond to the l_)’(} fit results (a)
and (b), respectively. We can compare our results with those of ref. [31]. Even if this latter
work predicts the BS — J/ymm differential decay width without absolute normalization,
our distribution can be seen to be narrower. We further note that the numbers in eq. (5.3)
are around 3 to 8 times larger than the value (2.2 & 0.2) x 1079 estimated in ref. [31],
which however only refers to the ay(980) contribution. To compute it, the authors remove
a smooth but large background from the differential decay. Hence, it is quite natural to
obtain a larger value for this branching ratio than the one quoted in ref. [31].

The corresponding numbers for B(B* — J/yntn are obtained from

- ) ‘ Vs<1.1GeV
eq. (5.3) by multiplying the BY branching fractions with a factor of 2.15, taking into
account the relative isospin factor of 2 and a small correction due to the different lifetimes

of B* and B [20].

5.2 BY — J/¢KK S-wave predictions

In this section we discuss our results for the Bg — J/YKK decays, where KK can be
either a neutral or a charged kaon pair. Note that a few data points are available for
the latter channel [47]. In ref. [48] properties of the f,(980) are deduced based on an
amplitude analysis including both resonant and non-resonant terms performed in the same
paper. However, on the physical axis a decomposition into resonant and non-resonant
contributions is not possible in a model-independent way. Accordingly the only well-defined
quantity that compares the f;(980) contribution to the ag(980) contribution is

St | X200 /s TR ds

s =112 ’
417@2( }X2JK\/§FKIH ds

Rfo/a0 —

(5.4)

which is dominated by the two scalar resonances for values of s, that are not too large.
Our determinations for this quantity are shown in table 1 for different values of the input
phase 012 and of the upper integration limit s,. There is some weak dependence on s,
however, as the table clearly shows, Rfo/ao ig very sensitive to the input phase d12. This
sensitivity is even stronger than the uncertainty on the form factor normalizations, which
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Ro/a0 S12=90° 513 =100° &5 =110°  {yp = 125°
/5 =1.05GeV  0.35...046 0.25...0.35 0.16...0.23 0.11...0.15
/5 =1.20GeV  0.33...043 022...031 0.15...022 0.11...0.15

Table 1. Theoretical determination of the ratio R70/% eq. (5.4), for different values of the phase
§12 entering in the determination of the I = 1 KK form factor, I'15}, and the upper integration
limit s,. The given range for the respective values is due to the uncertainty in the form factor

normalizations.
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Figure 3. Top panels: (Y{)(s) for B — J/wKTK~ (left) and B} — J/YK°K" (right). The
curves are calculated for different values of the phase d12 (see text for further details). The error
bands reflect the uncertainties in the normalizations of the form factors. The experimental points
are taken from ref. [47]. Bottom panels: moduli (left) and phases (right) of the scalar form factors
Il for I = 0,1. The two bands for the I = 0 form factor refer to the T-matrix solutions of ref. [13]
(DP) and refs. [5, 39] (B+0), respectively.
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are not accurately determined, cf. table 1. A measurement of R0/% would thus be very
valuable to further constrain the so far badly determined phase d1s.

Next we turn to our predictions for the physical final states, K+ K~ and K°K°3 In
a very naive picture, we would expect a dd source term to produce a pair of neutral kaons
only, and no charged ones. Equation (4.12) in combination with eq. (4.8) suggests that at
(the unphysical point) s = 0, this naive view is indeed close to reality. If this behavior
persisted in the energy region around 1 GeV, we would expect a destructive interference of
f0(980) and a(980) for charged kaons, but a constructive one for the neutral pairs.

In figure 3 we present our results for (Y7) for physical KK states,® namely K™K~ (left
panel) and KYK? (right panel), which differ by the sign of the interference term between
the isoscalar and the isovector component, according to eq. (4.8). A simple inspection of the
figure shows that the interference pattern anticipated in the previous paragraph does not
hold at all. To understand the origin of this, in the bottom panel of figure 3 we show the two
(I =0,1) kaon form factors: we see that the I = 1 one completely dominates over the I = 0
form factor, or in other words, the ap(980) signal is much stronger than the f;(980) one;
hence, both the KT K~ and KYK° angular moments are dominated by the I = 1 form fac-
tor, which explains why the interference pattern is not the one naively expected. The small
value theoretically obtained for R0/ is a direct consequence of the I = 1 dominance found
here, as can be seen from its definition, eq. (5.4). The difference in strengths of the two reso-
nances is somewhat remarkable. It is not due to significant differences in the pole positions,
as the I = 1 T-matrix of ref. [29] uses an ao(980) pole position (on the second sheet) of

s os0) = (994 £ 2 = i(25.4 4+ 5.0)) MeV (5.5)

as a constraint [49, 50], while the second-sheet pole of the f,(980) corresponding to our
(main) [ = 0 T-matrix parametrization is given by [51]

T — (24,2128 v, oo
determined from pion-pion Roy equations. It seems, therefore, that rather the residues
of the resonance couplings to the respective currents are very different, which might be in
conflict with at least a simple interpretation of both scalar resonances as KK molecules:
in such a picture, similar binding energies would imply similar coupling strengths to the
KK channel according to the Weinberg criterion [52, 53], at least as long as the coupling
to the second channel (77 and 77) is weak enough to be perturbative.” More detailed

3For simplicity, we discuss the neutral kaon channel in terms of the strong eigenstates. For even par-
tial waves, the relation to the weak eigenstates, neglecting effects of C'P-violation, is given by dI'(Bj —
J/YKsKg) =dT(B) — J/YKLK) = dT(BY — J/¢YpK°K°)/2.

“Note that the decay BY — J/YK+K~ is dominated by the S-wave. In the KK P-wave there are
contributions from the p and w resonances, which, in principle, can be related to the #m P-wave. These
resonances peak below the K K threshold, however, and their contributions are expected to be rather small
above. The contribution from the ¢ resonance that dominates the K K P-wave above threshold is suppressed
by the OZI rule, as we are effectively dealing with a dd source. The suppression of the P-wave (and the
dominance of the S-wave) in this decay has indeed been confirmed experimentally in ref. [47]. Hence, we
here include only the S-wave component, and make no attempt to consider K K P-wave amplitudes.

®Note that the central values for the pole positions quoted in eqgs. (5.5), (5.6) also slightly discourage
such a simple picture, as they lie somewhat above the KK threshold.
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investigations of the couplings of the scalars to gg operators, completing ref. [51] also in
the I =1 sector, would be very interesting to clarify this issue.

It is remarkable to note that the phase of the two form factors, see bottom right panel
of figure 3, changes almost perfectly in parallel, starting from the w7 threshold — the
only difference is the low-energy phase growth in the isospin-0 channel, associated with
the fo(500). In a single-channel phase-dispersive Omnes representation, the isospin-0 will
then roughly equal the isospin-1 form factor, multiplied with a second Omnes function
that contains the low-energy phase rise between nm and 77 thresholds only. It is easily
seen that this factor, leading to the famous fp(500) enhancement, simultaneously depletes
the resonance signal of the f3(980) quite significantly: while it is (broadly) peaked around
Vs =500 MeV, it falls well below 1 around 1 GeV, the region of the second resonance.

Finally, it can be seen in figure 3 that the peak in the K™K~ angular moment is
located around /s ~ 990 MeV and is quite narrow, whereas the K°K? threshold lies at
V5 >~ 995MeV. Accordingly the peak in the K°K? distribution is phase-space suppressed.

There are three experimental points available in the charged kaon spectrum in
the region we investigate, providing a test of our prediction, which is solely based on

6 Each of the two data points that are located

coupled-channel and isospin relations.
above threshold agrees with one of our different determinations of <Y00>, depending on the
value of the input phase d12. Tempting as it would be, we refrain from fitting these data
points by modifying our theoretical input. We content ourselves with illustrating that
new and improved data would help in constraining the mn-K K form factors, and thus our
theoretical understanding of their final-state interactions and the properties of the ay(980)

and (indirectly) the f,(980) resonances.

6 Summary and outlook

In this paper we demonstrated that experimental data for BY — J/¢(mn, KK) can be
used to further constrain a parameter, 12, that is crucial to pin down the 77 scattering
amplitude. Around 1 GeV, the latter is dominated by the pole of the scalar meson a(980).
A high-accuracy determination of §12 would, however, need further theoretical development.

In addition, in the scalar sector enhanced isospin-violating effects can occur around the
two-kaon thresholds, driven by both the proximity of resonances in the isoscalar ( fy(980))
as well as isovector (ag(980)) channels, and the 8 MeV gap between the KK~ and K°K?
thresholds [54]. This phenomenon is usually referred to as ap—fp mixing in the literature,
and has been argued to be significant for, e.g., n(1405) — 37 [55, 56], weak decays of Dy/Bs;
mesons [57], and J/¢ — ¢7'n [58, 59]. The predictions of the last mentioned theoretical
calculations were confirmed experimentally at BES-III [60].

5As discussed in the previous section the experimental spectra of the decays with KK~ and ntn~
meson pairs are not equally normalized. Thus once the predicted K™K~ angular moment, whose calculation
is based on fit results of the 77~ spectrum, is compared directly to data, an appropriate normalization
between the K™K~ and 77~ spectra has to be achieved, in addition to all kinematical replacements.
For details see ref. [16]. Note also that the data we compare to is binned; to compare the spectrum with
charged to the one with neutral kaon pairs in the final states we rescale the latter.
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First steps towards a rigorous dispersive treatment of ag—fy mixing are reported in
refs. [61, 62]. An adaption of this formalism to the reactions at hand will be pursued
elsewhere. Here it would in particular be important to perform a detailed study of BY —
J /¢, since the weak decay that drives the transition leads to a purely isoscalar source.
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A Flavor relations from a chiral Lagrangian for B — J /v M; M,

We consider the decays BS — J /1My Ms, where M; is a light pseudoscalar meson (7, K, ).
We assume that there exists a kinematical regime where the light mesons are soft, and that
we can describe the dynamics in this situation via a chiral expansion. We can write a chiral
Lagrangian that reflects the chiral transformation properties of the weak transition operator
following the method described e.g. in ref. [63] for K’ — 77 and K — 37 decays, where the
K was assumed to be heavy. The two dominant operators have the following structure:

Oq ~ eryudr bry*er, (A1)

such that, under the chiral symmetry group SU(3); x SU(3)g, they transform simply as
dr,. In order to construct a chiral Lagrangian we introduce a three-vector spurion field ¢z,
which transforms as

tr, = grtr, gr, € SU<3)L, (A2)

such that tTL(Ou, O4, Os) is a chiral invariant. t7, will ultimately be set to t;, = (0,1,0).
The heavy vector field W* is left invariant by chiral symmetry, while the Bg can be
considered as part of a three-vector B = (BT, BY, B%)!, which transforms as

B — hB, (A.3)

where h is the non-linear realization of the chiral group. That is, if U is the chiral field

matrix and U = u?,

U — gr UgTL, u— gruhl = hugz, gr € SU(3)g. (A.4)

At leading chiral order the Lagrangian that describes the decays Bg — J/¢ + light mesons
has two independent terms:

L1 = g1a tTL uTuMB TH 4+ igqp tTL uTVMB U# + h.c., (A.5)
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with
uy, = i(udu — ud,ul), V.B=(0,+T,)B, r,= %(U,T@Nu +udul),  (A.6)

using the same notation as e.g. in ref. [64]. We are interested in the production of meson
pairs: expanding the Lagrangian (A.5) to quadratic order in the light fields and using
integration by parts, we find

LBy © 4F2 2 V3 6

+ BY [W+8u7r_ — 7 Ot + K9, K" — Koé?uf(o} } +he, (A7)

) 1 1 1 _
£ Zgl\I/“{aﬂBg [(ﬂ0)2 frta — —a0y 4 o +K0KO]

with g1 = 2g¢14 + g15- The second line in eq. (A.7) contributes to amplitudes where the

M My pair is in a P-wave (note that there is no contribution to 7n at this order). The

first line in eq. (A.7) contributes to amplitudes where the pair is in a relative S-wave.

This gives a set of definite relations among 7w, 71, and KK S-wave amplitudes. These

are exactly the same as for the dd scalar form factors at chiral order p?. Indeed, the dd

form factors at leading order are obtained by expanding the O(p?) chiral Lagrangian piece
F2

Lo = f X+ (A.8)

with x4 = ufxu’ +uxtu, x = 2By diag(0,1,0). Similar arguments to derive such relations
have also been formulated in ref. [32].

In addition we can write the contributions to the decays of the BT meson, BT —
J/WwMy Ms, as

2 _ % 2 __ 0 pr—
£y, = —Ww{a“w [\/;W n+ K°K }
+ B VA0 — 7 0,m”) + KO, K" — K°9, K| } +he. (A9)

The above derivation is rather general: it does not rely on factorization, the large- N,
expansion, or other hypotheses. The relations obtained are, however, valid only at leading
order. Indeed, at next-to-leading order, the one-loop divergences of the dd form factors are
absorbed into the standard chiral coupling constants L; [30], while the one-loop divergences
of the Bg amplitudes are absorbed into coupling constants gsq, g3p, - - -, pertaining to the
higher-order generalization of the Lagrangian (A.5). These are obviously unrelated to the
couplings L;. It is also likely that the chiral logarithms of the Bg amplitudes will be
different from those of the dd form factors.

B Estimates for the mn P-waves and left-hand cuts

B.1 Chiral Lagrangians

In order to generate a non-vanishing 7 P-wave contribution, the chiral Lagrangian needs
to involve an explicit symmetry-breaking mass term o y+ = ulyul + uxTu, where y =
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2B, diag(m,,, mg, ms) is proportional to the quark mass matrix. The lowest-order chiral
Lagrangian that can produce a 7n pair in a P-wave is

i /
L3 = %SHLUTBW‘@H uy) + %HL“TUMB PH{x-) +h.c. (B.1)

An expansion of L3 to quadratic order in the light fields yields

i(M2 — M?2)

us

£¢2_
P 4/BF2

[(95 + 95)0u(7°n) + (— g3 + 95)(0um°n — Ounm®)] BgH + ... + h.c,
(B.2)

where the ellipsis denotes terms involving other meson pairs than zn. The last term
contributes to a P-wave amplitude, which we can compare to the S-wave:

(93 — g5) (M — M3)

M3z p = 132 (P} —ph) EZ )
91— (93 + g5) (M — M2) .
Ml,S = 4\/3§F2 K (plf + pg) 6/" . (B3)

We express the matrix elements in the basis of the momentum vectors eq. (2.5), using

P-p
Pl = (0 +15) = — 5 ol + Py,
P
MQ_MZ

Qp Y (P-py) 7
Q" = —ph) = mi"‘”p’;ﬂr S o050, - ST ) Pl +Qf. (BA)

A natural order of magnitude estimate for the ratio of the chiral coupling constants is

/
- 1
93 =9 13 A=dArF = 1GeV. (B.5)
g1

Putting pieces together, we estimate the P-wave-to-S-wave ratio in the amplitude Fg

Fs)  (ME — MY (P-py)
fzs)(s) =K 32X ..., (B.6)

and replacing the kinematic functions X, Y, and P-py = (m% — s — mi) /2, we arrive at

FP(s) (M2 — M2) AV2(s, M2, M?) B.7
gy /3A? . +.., (B.7)
fo (3)

where we have neglected terms of higher order in the chiral expansion.

While this is derived from a chiral Lagrangian, it is plausible that the chiral estimate for
the P-wave should be valid up to /s ~ 1 GeV due to the absence of final-state interactions.
Since the final-state interactions for the S-wave increase its value significantly, we can derive
an upper bound for the ratio from (B.7):

F )/ 7P (s)] < 0.05, (B.8)

which should be valid in the region /s < 1GeV.
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Figure 4. Left panel: t-channel ¢(25) exchange diagram; right panel: t/u-channel diagrams for a
B* exchange. The weak decay vertex is marked by a gray square in both cases. Note that u-channel
1(289) exchange is negligible due to the isospin suppression of the decay ¥(25) — J/yn°.

It is obvious from eqs. (B.3) and (B.4) that the Lagrangian L3 also produces a P-wave
in the transversity form factor Fj. Just for completeness, we in addition show a Lagrangian
term that generates a P-wave in the remaining form factor F|:

Ly = %tz ul %, Vo B g (x uy). (B.9)

This also involves an explicit symmetry-breaking mass term, however, as indicated by the
notation, it is of higher chiral order than the terms in eq. (B.1).

B.2 (2S)-exchange

In this appendix, we calculate the contribution of ¢-channel exchange of the 1(2S) = ¢/
resonance to the decay amplitude BY(pg) — J/¥(py)7°(p1)n(p2) as depicted in figure 4
(left panel). We write the vertex for BY(pg) — 1'(q)7°(p1) in terms of an effective coupling
constant ¢ as

Gr
V2

where e;(q,u) denotes the polarization vector of the v’ with helicity v, which yields a

Vo Veafumy € (pB + p1)ue(q,v), (B.10)

partial width

GV *|Vedl® fym, |¢[2 N2 (my, miy, M)

F(Bg - WWO) - 2 167 m3,m?2
By

(B.11)
From the branching fraction B(BY — ¢/n%) = (1.17 £ 0.19) x 107° [37] and the life time
7po = (1.519 £ 0.005) x 107125 [20], we find
IC] ~ 0.14. (B.12)
The subsequent decay ¢'(q) — J/v¥(py)n(p2) is parametrized in terms of an amplitude
i E€uvap € (py, N) Dl € (g, 1) ¢, (B.13)
leading to a partial width

2 \3/2(m2, m2, M2
D = Jfon) = ( AR ), (B.14)
,I/J/
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From the branching fraction B(¢' — J/¢m) = (3.36 £ 0.05)% and the total width I'(¢)) =
(296 + 8) keV [20], we deduce the coupling |¢| ~ 0.218 GeV~!. Altogether, 9’-exchange
leads to a contribution to the Bg — J /47" transversity form factor ]:iw ) of the form

F)(s,1) = ¢€vsX

=
tmw,

(B.15)

The leading P-wave can be obtained from the partial-wave expansion (2.6), we find

w—1

with the kinematical variables X, Y as defined in the main text, and

1 A
w:m[E—mez,/—s—F:]’ ¥ = m +my + M7 + M. (B.17)

Note that w > 1 except for the interval s € [s1, s2],

Y

2
E—mw/_

ol (i — M) (mj, — My) £ NV2 (i, miy, ME)N/2 (i, mi, M)
/ 2 mi/
~ {(1.34GeV)?, (1.83 GeV)?}. (B.18)

The 1(2S5)-exchange mechanism contributes by far most of its strength in this interval,
where the resonance can go on-shell, and the partial-wave approximation (B.16) is insuf-
ficient; however, the integrated partial width due to this mechanism, see eq. (4.1), is two
orders of magnitude smaller compared to the one integrated in the a(980) region, eq. (5.3).
In addition, at energies around 1 GeV, in contrast, the P-wave fully dominates the (25
exchange, and contributes to the differential decay rate according to

ar | GRlValIValfimi XY /s y2FEWIP) )
d/s - 2(4m)3m .
(25) "B

(B.19)

We find this to be smaller than the a((980) signal by about five orders of magnitude:
this particular contribution to the P-wave as well as to the left-hand cut of the process is
entirely negligible.

B.3 B*-exchange

An alternative mechanism generating a left-hand-cut structure is given by the exchange
of a B* meson in either the ¢- or u-channel, see figure 4 (right panel). In contrast to the
1 (25)-exchange discussed in the previous section, the B* cannot go on-shell in the decay,
therefore the associated left-hand cut is outside the physical decay region. On the other
hand, the exchange of a B* is not suppressed in any obvious manner (such as by the OZI
mechanism), hence it is potentially much more sizable. The coupling of a B/B* to a light
pseudoscalar is given by the Lagrangian term [65]

gTr [HoHyvvs | ug,, (B.20)
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where Tr[. . ] denotes the Dirac trace, a, b are flavor indices, and H = (1 +9) By — By

is the covariant field combining the pseudoscalar and vector B mesons (B*(*), B Bﬁ*))

of velocity v, taken to be mass-degenerate in the heavy-quark limit. These fields are of mass

dimension 3/2 as factors of \/mp and /mp~ are absorbed in the B}, and B fields. Heavy-

flavor symmetry dictates that the same coupling g also determines the couplings of charmed

D/D* mesons to light pseudoscalars [with mp — mp in (B.20)]; the resulting partial width
g?m3 N32(m3.,m3, M2)

(D™ — Dt7% = B.21
(D™ = D7) = Jopr —_— (B:21)

allows one to pin down the coupling ¢ ~ 0.58. For the weak vertex B* — J/¢{Ma,
M, = 7%, 1, we use a Lagrangian with four different trace structures obeying the desired
transformation behavior under heavy-quark spin symmetry [66],

Gr tTL“T{Tr (o1 + a2 Y)YV (1 = 7°) Jyu(1 —7°)H]

+Te [3(1 = 7%) ) Te (B + Ba #')y (1 =77 H] |,

~ Gr
Grp=—
Ve
J = (1 +4)[¥,7* — neys] combines the lightest pseudoscalar (.) and vector (J/v)
charmonium fields that carry velocity v’. Similarly to the B-meson fields they are of mass

VeoVeafymy. (B.22)

dimension 3/2 and taken to be mass-degenerate in the heavy-quark limit. We therefore
can relate the required B* — J/¢Ms vertex to decays B — J/¢Ms and B® — n.Ma,

G N2, m3, M2) (i — m3)?

I BO 0 = ~ 12 ~3T BO
(B = Jfur’) AF2 16mm?3, Ampmy, |G1[* ~ 3T (BY = J/ym),
G2 N2(m%,m2 , M>)m m%+m2 |2
(B° - ) = L Br et Tm) e | L B.23
(B% = nem) = 15 167m2, R T—— (B.23)
Veal? N -
~ 2’|‘ZJ|2F(BO—H7CKO), a1 =4(oq + A1), a2 =4(az + Ba),

for which the branching fractions are measured [20],

B(B® — J/¢n°%) = (1.76 £ 0.16) x 1075,
B(B® — J/¢m) = (1.08 +0.24) x 1077,
B(B® — n.K% = (8.0 £1.2) x 107 (B.24)

We therefore can fix the (combinations of) couplings |&1| ~ 0.055 GeV, which is the average
of the values determined from the branching fractions into J/17° and J/v¢m, as well as
|Gg + (m% + mi)/(2m3m¢) -aq| ~ 0.028 GeV. To satisfy the latter relation, we have two
choices for |asl,” |az| & 0.035 GeV or |ds| ~ 0.091 GeV, with the constraint do/d&; < 0.

"As a simple estimation of the error due to the unknown sign of &1 we focus on the linear combination
of couplings |&1 + (m% + m3,)/(2mpmy) - G| entering the B* — J/¢ Mz amplitude, which is affected by
this uncertainty on a 30% level; therefore we prove the P-wave suppression for both values.
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The B*-exchange graphs for B(pg) — J/1(py)7 (p1)n(ps2) then lead to an amplitude
contribution of the form

épg,/m‘?‘Bmw m2B —|—m2 1 1 m
Me x N _—\f 2 {pl |:<051 Qm mww OZQ) 2 2 < >:|

t—m3p. mi.

2 2

- myg+my 1 1 . mp .

+p’5 [<a1 + QB wa2> 5— 1+ — <a1 + BOZZ)}
M BMy U—Mmp. My m

. o 1 1 .
+ Zeuyaﬁpw,/p2apl[3 < 5 2 > }é‘u(pw, )‘)

mymp

B GFg\/m%mw{QuK&+m2B+mid>< 1 1 ﬂ
- T = 1 2 -

B 4\/§F72 2mBm¢

2 2
~ myg+mi 1 1 2 - mp .
+Pu[<041+ 2B wO&Z)( 5~ + 2 >+ 2 <a1+Ba2>]
MBMyp L—mp. u—mp. mp. My

O 1 1
B, P = - * (Dys A B.25
+ e py, aQﬁm¢mB (t_mQB* u—mQB*)}E“(pw’ ), (B.25)

where terms of order M2 In /m% or (mp+ — mp)/mp have been neglected. In order to
project this expression onto the transversity form factors Fo, F|, we need to replace Q"
by Q?H) = Q" +~yPH* + ..., where v can be read off from eq. (2.5). We find that we can

approximate v according to

2(t — m> (1 — m2
y=1 e 2ETmB) o a2 a2y = 12U TTB) L o a2 v2), (B26)
mB—mw mB—mw

such that

2 2
x g/mpmy X 1 - mp + My,
‘F(EB )(87t7u) = ;p 2 2 <a2 =+ b ¢a1>7
\/§F7r mp — my, 2m3mw

. gy\/mEmy s m2, +m? 1 1
‘F(B )(87t7u):_73 ap + b wd? 2 2 |
| 4\/§F7% 2m3m¢ tme* U — My
* \/ X 1 1
]:J(_B )(s,t,u) _ VMBS o 5 .
41/3m¢F7%

t —my. Cu— mQB*
The partial-wave expansion of ]-'(EB*) contains an S-wave only. We find that the S-wave
expression induced by B*-exchange does not actually include a left-hand cut: the t- and
u-channel pole contributions cancel, leaving behind an effectively point-like source for an

(B.27)

S-wave 7 pair. In this way, B*-exchange provides a model for the coupling constant
that was obtained purely phenomenologically by fitting to data in the main text. In or-
der to compare the strength of the B*-exchange-induced S-wave to the phenomenological
one, we calculate the analogue of the (fitted and afterwards properly normalized) constant
by &~ 2.8-10719 GeV~3 by means of eq. (4.5). We find a strength [bF" | ~ 1.6- 1070 GeV~3:
the combination of the two couplings &/, is exactly the one fixed from B — 1.K° above,
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hence the ambiguity in &» just translates into a sign ambiguity once more. The effective cou-
pling strength therefore indeed produces an S-wave rate of the correct order of magnitude,
pointing towards an essential role of the B* in the explanation of the production mechanism;
a more systematic investigation of this strength is beyond the scope of the present article.

Our main focus here is rather on the P-waves in ]:ﬁB*) and fiB*), which are given by

. gy/mEmy s m2% + m? 1 21 1
FEIP) () <d1 LB ¢d2> (U+ Sk AT

I C4oF2 2mpmy, XY 2 vy — 1
—v_ + 032— llogZ:ji)
U = I (v B s e B e ),
vy = ﬁ [2 —2m%. — s+ A:] (B.28)

and the pairs of terms depending on vy, coming from the t- and wu-channel pole terms,
almost cancel each other (such that the D-waves are actually as large as the P-waves around
Vs & 1GeV). Both yield contributions to dI'/dy/s suppressed relative to féB*) by two
orders of magnitude, proving yet again the strong dominance of the S-wave in this decay.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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