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Abstract

BELLE has recently reported the measurement of the branching fraction of the semileptonic
B~ — wtm {1, decay, where ¢ represents an electron or a muon. With the new information
on the 77 invariant mass spectrum, we extract |Vyp| = (3.31 £ 0.61) x 1072 in agreement with
those from the other exclusive B decays. In particular, we determine the non-resonant B — 77
transition form factors, and predict the non-resonant branching fraction B(B~ — wtn (") =

(3.5 4+ 1.475%) x 107°, which is accessible to the BELLEIT and LHCb experiments.
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I. INTRODUCTION

For the Cabibbo-Kobayashi-Maskawa (CKM) matrix element |V,;|, there have been the
long-standing inconsistent determinations from the inclusive and exclusive b-hadron de-
cays |1, 2], which might indicate the existence of new physics [3-11]. For a careful ex-
amination, the exclusive B~ — w71~ ¢~ 1, decay can provide another path to determining
|Vis|, where £ represents an electron or a muon. Nonetheless, although B~ — 777~ ¢~y has
been observed many times [13-16], it is essentially B~ — p°/~, along with p® — 7t7~,
instead of a genuine four-body decay.

Recently, BELLE has newly reported the measurement of the branching fractions of
B~ — ntn~ (", with the full 77 invariant mass (M,,) spectrum [17]. In addition to the
resonant processes of B~ — R{" v, R — nrn~ with R = p° and f, = f,(1270), the non-
resonant contribution is also found. Explicitly, we present the branching fractions as |1, [17,

18]

Br(B™ = ata (") = (227112 £3.4) x 1077,

B,(B™ = p™ vy, p° = atn7) = (158 £ 1.1) x 107°,

B,(B™ — fol "0y, fo = atan) = (1.8 £0.970%) x 1072,

By(B™ — ata ) = (5.14+4.3) x 1077, (1)

where B n denote the total and non-resonant branching fractions, respectively, while B, ~
B(B~ = p°0~ ) x B(p® — ntw~) is from PDG [1]. By excluding B, f, from Br, we estimate
By in Eq. ().

As depicted in Fig. [l B~ — 77~ {1, proceeds through the resonant and non-resonant
B — 7w transitions, respectively, with the lepton-pair produced from the emitted WW-boson.
One has been enabled to parameterize the resonant B — p(fa), p(f2) — 7 transition [19].
Despite the theoretical attempts [3, 12, 20-29], the non-resonant B — 77 transition is still
poorly understood. With the full 77 invariant mass spectrum provided for the first time, the
information on the non-resonant B — n7 transition form factors (Fy,) becomes available.
Hence, we propose to newly extract |V,,| and Fy,, by which we will be able to study By.
We will also study the angular distribution and its asymmetry to be compared to the future

measurements.
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FIG. 1. B~ — ntn ¢ i, with (a) non-resonant and (b) resonant contributions.
II. THEORETICAL FRAMEWORK

The semileptonic B~ — 77 ¢~ 1, decay is observed with the full M., spectrum, which
indicates the existence of the non-resonant contribution [17]. Moreover, the simulation is
performed to seek the resonances that contribute to B~ — w7 £~ ,. It turns out that only
a dominant peak and a small bump are observed, which correspond to B~ — p’li, foli,
respectively, with p°, fo — 777 ~. Therefore, the total amplitude of B~ — "7~ ¢~ i, can be

written as

My = Mx(B™ = 77 lp)) + M(B™ = p% g, p° — nhn7)

+ MfZ(B_ — fQE_Db .f2 — 7T+7T—) )

GrV, L _ B
Mur) = f/i Pt [y (1 — 75)0 B )Ny ey (1 — 50, (2)

with R = (p, f2). The matrix elements of the (non-)resonant B meson to 77 transitions can

be parameterized as [12, 130]

(7 (pa)7™ (po) |y, (1 — 5)b| B™)
= h€uaplsD™ (Do — Pa)’ + 74, + iwip, +iw_(py — pa)
(T (pa)7™ (o) @7, (1 = 75)b| B7) (1)

1
= (r 77 |p(f2)) .
(t = m2p) + imp(e) Upra)

(p(f2)|uyu(1 = 75)b[B7) (3)

with p = pp+Da, ¢ = PB—DP = Pe+Dy, (5,t) = (¢%, p?), and the form factors Frr = (h, 7, wy).

The matrix elements of B — p(fs) transition are written as [33-35]
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_ ) p QVI(,)
WU B) = Guase by =

O pp €Oy

_ : € ,
(Ul anstlB) = i|ef) = L2 g, i+ mpi ) AL + L2 g, (2mp(1) A
2 2 "
. MmB — Mpy(fy) " Ay
—i|(p+p - 22, (" pp) ————— 1
(b + ) = (€O )
with €* = e"pp,/mp and the form factors F,s,) = (Vl(/),A(()?Lz), where €’ and e are

the polarization vector and tensor, respectively. To describe the p°, fo — 77~ decays,

(rm|p, f2) in Eq. (2)) are given by [9, 19, 136]

(rlp) = gr€ - (Db — Pa) ,
(r7|fa) = 926" PapPbu (5)
where ¢, 5 are strong coupling constants. To sum over the vector and tensor spins for p and

fa2, respectively, as the intermediate states in the resonant B — 77 transitions, we use the

following identities [33-35],

ey = My,
o1 1 1
ZE;WEM/,/ = §Muu’Muu’ + 5 /M//MV/J/ - g uuMu’V’a (6)
with M, = —guuw + pupw/P?. The form factors in Egs. (BlH]) are momentum-dependent,
modelled in the single-pole or double-pole forms [33-35]:
F,(0
FP(S) = % )
1 —s/mj,
Fy,(0)
Fo(g)= 1Y)
fz(s) (l_s/mQB)z )
F.(0)
F..(t) = : 7
®) 1 —a(t/m%) +b(t/m%)? (M

where F), r,(s) have been studied in QCD models, whereas (a, b, Fr-(0)) need to be extracted
in the global fit.

For the four-body decay channel B~ (pg) — 7 (pa)7 (po)¢™ (pe)7e(p,), one has to inte-
grate over the kinematic variables (s,t,0x,0r,¢) in the phase space. See Fig. 2 0y(r) is
the angle between 71 and 7~ (¢~ and ;) moving directions in the 777~ (£~ 1) rest frame.

In addition, the angle ¢ is between the #*7~ and ¢~y planes, defined by p,, and py s,
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FIG. 2. The angular variables (6y7,60r,$) in the four-body B~ — 777~ £~ i, decay.

respectively, in the B-meson rest frame. Then, the partial decay width reads |37, 13§]

IM?

dl' = —————
4(47)5m3,

Xayar dsdt deos8y, decos O, do ,

where X, s and «y, are defined by
1 1/2

X = Z(mQB—s—t)Q—st :

1
apnr = Z)\l/2(t> m72r7 m72r) >

1
_ 1/2 2 2
arp = g>\/ (Suméumﬁ)v

(9)

with A(a, b, ¢) = a® + b* + ¢ — 2ab — 2bc — 2ca. The allowed ranges for (s,t) and the angular

variables (6,0, ¢) are given by

with my +my, >~ 0. From Eq. (8), we define the angular distribution asymmetry as

+1

A = o dCOSGMdCOSHM f_l dCOSGMdCOSHM
M — 41 0

0 dcongdCOSQM—l—f 17dcongdCOSQM

where dI'/d cos ), is the angular distribution.

(10)

(11)



TABLE I. The B to (p, f2) transition form factors with My = 7.0 GeV in Eq. (1) [32, 134]. Here,

we present V2F 00 = F, for the B to po transition.

y0 A A

V2F0(0)] 0.355008 0278003 026700
Fp,(0) [(0.18 £ 0.02) (0.13 + 0.02) (0.12 + 0.02)

III. NUMERICAL ANALYSIS

In the numerical analysis, we perform the minimum x2-fit, in order to extract |Vy|, Frr
and d; o as the free parameters, where d;(9) is the relative phase for A,,). The equation of

the Y2-fit is given by
X2 _ <Bpth - Bpex)z + (szth - szew)z

Opex Ofsex
T — % o~ Finptn
+Z( Mr . M7r7r) +Z( PUJ2 J P2 ) , (12)
Ocu ' 5Fthp(f)

where dB/dM,. denotes the partial branching ratio, and o, (6Fy,) the uncertainty from
the observation (form factor). Byp)w and dBy,/dMy, are the theoretical inputs from the
amplitudes in Eq. (2), and the experimental inputs are given in Eq. (1) and Fig. Bl We
take F), and FYy, in Table [l as the initial values in Eq. (I2]), together with |g;| = 5.98 and
lg2| = 18.56 GeV~! [36, 139)].

Subsequently, we extract that
V| = (3.31 £ 0.61) x 1072
a=(0.9640.93) x m%, b= (1.84 £ 0.87) x mp,
h(0) = 1.90 + 0.43, w4 (0) = 6.16 £ 3.41, w_(0) = 3.67 + 1.79
(61,02) = (—111.6 +29.3,0.0 & 1.4)°
2/nd.f=1.1, (13)

with n.d.f = 7 the number of degrees of freedom. The form factors Vl(') and Agl)z are fitted
to slightly deviate from their initial inputs in Table [[ given by

(V1(0), A1 (0), A5(0)) = (0.35 + 0.06,0.29 4 0.04, 0.28 = 0.04) ,
(V/(0), 4,(0), A(0)) = (0.18 + 0.02,0.11 £ 0.02, 0.14 & 0.02) . (14)
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Nonetheless, r and Ag) in Egs. (B @) are not involved in the global fit, since they have
been vanishing with ¢,u,v"*(1 —v5)v, = 0 in the amplitudes, where the lepton pair is nearly
massless.

Using the fit results in Eqs. (I3I14]), we obtain
Br(B™ = ata (") = (19.6 £ 7.97510T) % 107°,
B,(B™ = p% g, p° — ntn7) = (158 £6.4711) x 107°,
By,(B™ = fol "0y, fo > 7im) = (26 £ 1.1733) x 1077,
By(B™ — atn ) = (35414753 x 1072, (15)
where the first errors are from |V, the second ones from the form factors, and the third
error for By from the relative phase d;. Moreover, we draw the partial branching fractions

as the functions of M., and cos,; in Fig. Bland Fig. 4] respectively. We also calculate the

angular distribution asymmetries, given by

Ag,,v(B~ = wtn 07 5) = (1.34+8.979%)%,

Agy p(B™ = pl 0, p° — 777) = (0.20 £ 0.04)%,

Agyy 1,(B™ = fol g, fo — ) = (0.31 £0.08)%,

Agy, n(B™ = wtn ) = (—43.0 £22.3)%, (16)

where the first errors come from the uncertainties of the form factors, and the second error

for Ag,, 7 is from the relative phase 9.

IV. DISCUSSIONS AND CONCLUSIONS

We study B~ — «t7~ ¢, in order to explain the 77 invariant mass spectrum observed
by BELLE [17]. In Fig. Bl the curves for B~ — (p° fo)w, (0%, fo) — w7~ are shown
to barely fit the first three data points in the spectrum. Nonetheless, the non-resonant
B~ — wt7 (v raises the contribution as the dot-dashed curve describes. As a result, the
solid curve that takes into account the resonant and non-resonant contributions is able to
explain the data, with x?/d.o.f = 1.1 that presents a reasonable fit. The relative phase
d; = —111.6° causes a destructive interference between the non-resonant B~ — 777 {7 and
B~ — p%u, p° — 7F7~. As a demonstration, we turn off §; and obtain By = 22.2 x 1075,

By contrast, d, is fitted to be zero, in accordance with the fact that the non-resonant
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FIG. 3. The 77 invariant mass spectrum, where the solid curve that takes into account the all
contributions explains the data points from BELLE [17]. On the other hand, the dashed (dotted)
and dot-dashed curves depict the contributions from B~ — p(f2)lv, p(f2) — m7 7w, and non-

resonant B~ — w7~ {~ 1, respectively.

dB/dcosfy (107°)
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FIG. 4. Angular distributions of B~ — 77~ ¢~ iy, where the solid, dashed, dotted and dot-dashed

curves represent the same contributions as those in Fig. Bl

contribution is tiny in the range of M,, > 1 GeV, barely having the interference with
B™ — foly, fo — Tt
It turns out that By = (3.5 £1.475%) x 107° is given for the first time. Also importantly,

we determine |V = (3.3140.61) x 1073 from the first genuine four-body semileptonic B —
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7l decay, instead of B~ — p%w, p° — 7ntn~. For the angular distribution asymmetries,
we obtain Ag,, ,r,) = 0, showing the symmetric distributions as the curves in Fig. @l By
contrast, |Ay,, n| is as large as 40%. This is due to the main contributions from the form
factors w. (py + pa), and w_(py — pa). With p, + p, = (2E, 0) and p, — po = (0,25,) in the
7 (pa)m (pp) rest frame (see Fig. [2), the projection of w4 (py, F p,) onto the four-momentum
of the lepton pair system causes a cosy,-(in)dependent term, such that their interference
leads to the large angular distribution asymmetry.

In summary, we have studied the semileptonic B~ — 7t7 (0 decay. With the full 77
invariant mass spectrum observed by BELLE, we have determined |V,;| = (3.3140.61)x 1073
agreeing with the other exclusive determinations. Besides, we have extracted the non-
resonant B — 77 transition form factors, by which we have predicted the non-resonant
branching fraction By (B~ — nt7 47) = (3.54£1.4753) x 107°. We have also predicted the
non-resonant angular distribution asymmetry Ag,, n(B~ — ntn {"1y) = (—43.0 £ 22.3)%

to be checked by the future measurements.
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