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We propose a novel method to probe the persistent hints of lepton flavor universality violation
observed in semileptonic B decays. Relying on the specific properties of the Belle II experiment, it
consists in comparing the inclusive rates of Y'(4S) — e*u¥X, Y(4S) - u*7l X and Y(4S) - e*r] X.
We show that such a measurement can be directly related to the ratio R(X),, ='(B —» Xtw)/T'(B — X¢v)
(¢ = e or u), once appropriate experimental cuts are applied to suppress the effects of neutral B mixing and
leptons emitted through charm or tau decays. Such a measurement would thus constitute an additional
and potentially competitive probe of lepton flavor universality in b — c£v transitions, complementary to
existing exclusive measurements, accessible in the Belle II environment.
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I. INTRODUCTION

The universality of electroweak interactions of leptons is
a direct consequence of the gauge structure of the Standard
Model (SM). Within the SM, lepton flavor universality
(LFU) is violated solely due to the different masses of the
charged leptons. In the past several years a number of
experiments observed the violation of LFU in the b — c7v,
decays, represented by the ratios R, = B(B — D(*)‘w,) /
B(B — D™Iy,) [1-10]. Heavy flavor averaging group [1]
currently reports Rp- = 0.295 +0.011 +0.008 and R, =
0.340 +0.027 £ 0.013, which differ from the SM predic-
tions R = 0.258 4 0.0005 and RPM = 0.299 £ 0.003 on
the level of ~30. A related 1.8¢ tension has also been
reported in the B, — J/wtv decay branching ratio [11].

In light of these intriguing results, several associated
tests of LFU have been proposed in processes involving
third generation quarks and leptons, including the
rare B meson decays B, — v [12,13], B — K®up [14],
B —» K" zt77[15,16], as well as high-p7 mono-tau [17] or
tau-pair production [18] at the LHC. Finally, following the
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proposal in Ref. [19], the BABAR collaboration has recently
measured the LFU ratio in Y(3S) decays [20]

y@s) _ B(Y(3S) —» 7777)
T B(Y(3S) = uta)

R

= 0.966 £ 0.008 £ 0.014,

(1)

where the first (second) uncertainty estimate is due to
statistics (systematics). The measured value is within 1.8¢

of the SM prediction [R)*¥]g = 0.9948(1) [19]. This
measurement is probing the R, LFU anomaly through
bb — £ ¢~ transitions [21].

In the following we propose a related but potentially
more direct test through inclusive dileptonic Y (4S) decays

by defining

B = B(Y(4S) » £+£-X), (2)
as the inclusive dileptonic branching fraction for Y(4S)
decays to a pair of opposite charged leptons of different
flavors, where X denotes all the other (hadronic) activity
and missing momentum in the event.

This fully inclusive measurement exploits several key
capabilities of the Belle II experiment as well as some
specific features of Y'(4S) and b hadron decays. On the
experimental side, the excellent beam energy calibration
of SuperKEKB can ensure that the Y(4S) resonance is
produced on shell even if its invariant mass is not
reconstructed explicitly from the final state. This also
allows the nonresonant background to be well estimated

Published by the American Physical Society
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from sideband measurements. On the theory side, this
inclusive decay is almost entirely saturated by decays into
BB final states. Moreover, one can analyse the production
of the leptons either from an initial b-quark decay or from
subsequent parts of the decay chain in detail. All in all,
ratios of the form

us) BYAS)

Y(4S) _ Moy

Ryp ' = BYésS)” (3)
fﬂf/

where £, ¢, ¢ are three different flavors of leptons e, u, 7,
provide a very interesting ground to probe lepton flavor
universality with an inclusive measurement at Belle 11,
complementary to exclusive measurements accessible to
both Belle IT and LHCb experiments. In particular, under
suitable experimental conditions one can relate

Y(4S
REY = R(X),p + ..s 4)

where £ = e, y and R(X),, =T'(B - Xw)/T'(B - X¢v)
is the inclusive B decay LFU ratio, which can be precisely
computed in the SM as R(X),, = 0.223(4) [23]. The dots
denote corrections due to neutral B meson mixing effects
and charm pollution. In the following we discuss both
effects and estimate the accuracy with which this ratio can
be measured and compared with the SM expectation, in
order to extract potential violations of LFU.

II. ANALYSIS OF THE DECAY CHAIN
A. Y(4S) decay

The Y (4S) resonance overwhelmingly decays into BB final
states. In particular, there is an experimental bound
B(Y(4S) - BB) > 0.96 [22]but B(Y(4S) — BB) could
actually be even much closer to one. Indeed the dominant
non-BB final states are expected to consist in light
hadrons mediated by Y(4S) —» 3¢ decays as well as
decays to lighter bottomonium states, in particular,
Y(4S) - (Y(n'S), hy(n"P))(zm,n,y')  with n"”" <4.
Experimental measurements already exist for the latter
contributions, in particular B(Y(4S) — Y(1S) + X) <
4 x 1073, B(Y(4S) - Y(2S)z"z~) = 8.2(8) x 1073,
B(Y(4S) = h,(1P)n) = 2.18(21) x 1073 with other known
modes below the 10~ level [24]. In total we thus estimate
B(Y(4S) — bottomonia) < 7 x 1072. On the other hand, the
Y (4S) — 3g decay width can be estimated in nonrelativistic
QCD [25]. At leading order (LO) in velocity and quantum
chromodynamics (QCD) expansion, it is given by [26]

a3<02l>Y‘ (5)

my

(Y - 3g) = 0.0716

'In principle, a similar test could be envisioned using y(3770)
at BESIII since B(y(3770) —» DD) ~93% [22].

Both leading velocity and QCD corrections are of
negative sign and thus serve to decrease the above LO
estimate [26]. We thus take it as a conservative upper
bound. Using a;, = 0.22, m,;, = 4.6 and the upper estimate
on (Op)yus) < (O1)y@s) = 1.279 GeV? [27] we obtain
B(Y(4S) - 3g) <2 x 1073,
that B(Y'(4S) — BB) = 0.99.

In total we thus estimate

B. Lepton production

Having established that Y'(4S) decays almost only into
pairs of B mesons, we consider their subsequent decays
inclusively, focusing on final states containing leptons

) = e, u, 7 in the final state. We can differentiate between
several measurable inclusive dilepton signatures such as

Y(4S) - etuTX, Y(4S) - utr X,
Y(4S) - e*r X, (6)

where 7,4 denotes a 7 lepton reconstructed from its
hadronic decays (e.g., 7 — 371).> We will thus define

BY’(4S) BY<4S>

Y(4S Tha J(45) — Zethe

Ryl = 3/;'&3 and  Rey) = NESE Q
pe He

To relate these ratios to inclusive B-decay LFU ratios,
we need to isolate contributions where each of the two
leptons is produced in a separate B-meson decay and
suppress backgrounds where one or both leptons do not
originate from a direct semileptonic B decay. Requiring
different opposite-sign lepton flavor final states removes
such contributions from Y(4S) = X + ((bb) — £+¢7),
b — q((ct) - £+¢7) as well as from rare (semileptonic)
flavor changing neutral current (FCNC) B and charm
decays.3

This approach is however not effective against contami-
nation from b — g(c - ¢'¢*v)(¢c - ¢"¢"v) and b —
(¢ » q¢v)¢"v) transitions, which we will address in
Sec. IIE.

For the moment we assume that each of the two different

lepton tags originates from a separate B-meson decay

(45)

pattern. We will focus on R};md,, for the time being, but

a very similar analysis can be performed for R}iﬁji)
swapping muons and electrons in the discussion. The
single hadronic tau can be produced in the quark-level

transition chains

*These hadronic tau lepton decays need to be efficiently
disentangled from backgrounds like hadronic B decays involving
three or more charged pions.

The exceptions with #* = 7= where one of the taus decays
leptonically and the other hadronically, leading to a final
state with a hadronic tau and a lighter lepton, turn out to be
numerically negligible as they are suppressed by small
Y (4S) — X + bottomonium, B — X + charmonium [24], and
B — X7t~ [15] branching ratios, respectively.
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b — qrv,

b= qq'(c = q"w). (8)

On the other hand a single muon (or equivalently electron)
can originate from

b - quv,

b—qg'(c - q"w),

b - q(t - uw)r,

b= qf'(c = q"(z > p)v). )

Inclusive semileptonic b hadron decays (i.e., b — gfv) are
well under theoretical control and thus the associated rates
can be well predicted, including possible effects of LFU
violation [23]. The same cannot necessarily be said for
inclusive semileptonic charm decays [28], which thus
represent a challenging background. One could imagine
that the charge of the leptons could help us to disentangle
the origin of the lepton, either from a b or from a c-quark.
However, one should take into account that in approx-
imately half of the cases, the Y'(4S) decays into neutral B
mesons, which can oscillate and spoil the identification
between the charge of initial quark and that of the lepton.
We discuss strategies of how to mitigate this effect next.

C. Mixing effects

We first define the amplitudes A(B® — #7X),A(B° —
£tX),A(B" = ¢£7X),A(B° - ¢~X) embedding the com-
plete meson decay chains (for instance it may contain
B — Dr followed by D — £X), so that the lepton is not
necessarily produced by the decay of the b-quark.
However, it is not produced by the decay of the light
quark in the B, which means that in the isospin limit, we
have equalities of the type

AB" = ¢7X) = A(B" - £7X) = Ap-
AB = ¢X) = A(B~ > ¢°X) = A~ .. (10)

where the presence/absence of the bar indicates the charge
of the b-quark inside the B-meson and the subscript denotes
the charge and flavor of the lepton.

If we look for Y(4S) — ¢,£,X (with one and two being
different, either by flavor or charge) through an intermediate
BYBY state, we can use the description introduced for the study
of charge conjugation parity symmetry (CP) violation from the
production of an intricated B-meson pair (sec 1.2.3 in Ref. [29]),
leading to the time-dependent rate where one of the two B
mesons decay into a state containing £ at a time ¢, and the
other one into a state containing ¢, at a time 7,, leading to

R(ll, tz) = Ce_r(tl_HZ)[I - COS(Am(tl - tz))c
+ 25in(Am(t1 - tz))S], (11)

where C is a normalization coming from angular integration,
Am is the difference of mass between the two mass
eigenstates, I" is their average width, the approximations
|g/p| = 1 and AT" = 0 have been used, and we have

7- {<|A1|2 AP (Ao + Aa)

—4Re<qATA1>Re<qA§A2>}, (12)

p p
¢ = [(iP - A P):P - 3P
+4Im(§A’{A1>Im<%A§A2>}, (13)
5= im(%aiA) ) (4. - aop)
+ (1A = 1A, ) Im (%A;AQ)]. (14)

In order to prevent too large effects from mixing, one
could consider cutting too large time differences |¢; — 1],
so that there has not been enough time for the evolution to
take place. Cutting at |¢t; — 7,| = a/ Am (where « is the cut
parameter) leads to

a/Am
R = / R(¢")dr

a/Am
2C « l—e™ — xsi
_ 2 etz e (cosoz2 xsma)c ’
r 1 +x

(15)

where x = Am/I" ~0.769 [1]. In the case of Bt B~, where
no mixing is involved, we have

a/Am 2C Py
Ry = [ RO lapoadt =T (1= (T =0,

a/Am
(16)

Denoting the result without cut in the time difference as
Rpp = R§y. we see then that the effect of mixing corre-
sponds to

Ra

a
BB R

BTB~

B <1 e (1 + x? —cosa+xsina))

x2

X (RBOB’Q_RBJrBf), (17)
whereas we have

R%+B, = (1 - e_%)RBwB—, (18)
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FIG. 1. Relative branching fraction (blue solid) and mixing
effect (yellow dashed) as a function of the cut parameter o.

In Fig. 1, we illustrate the impact of the cut on the
branching fraction of the decay into B"B~ and on the
mixing effect. We see that this cut can efficiently suppress
the impact of mixing while keeping a large fraction of the
BT B~ signal.

We can study the impact of this cut on the Y(4S) decay
rate. Introducing p=B(Y(4S)— B"B~)=0.5144+0.006
[1], we have B(Y(4S)— B°B%)=0.48640.006=1—p—¢
with € < 0.01 according to our estimates. We have then the
total rate R = B(Y'(4S) — BB)

R =pRpip- + (1 —-p— G)RBUBO
= (1 —€)Rp+p-+ (1 —p —€)(Rpopo — R+ -), (19)
where the first term corresponds to the rate without mixing

(in the isospin limit) and the second term to the contami-
nation due to mixing. Cutting |#; — #,| < a/Am, we have

RO = (1= )RS, + (1—p—€) (Rl —R% ) (20)
= (1—€)(1 - e™)Rpp-
L —p—e)(l e (142 —cgsa%—xsina))

X

X(RBogo—RB+B—). (21)

The first term in Eq. (21) goes like O(a) whereas the
second term goes like O(a?). Moreover, (Rgopo — Rg+p-) is
equal to

2C x?
RBOB_O - RB*B_ = ﬁmc, (22)

so it goes like O(x?) and it is isospin suppressed. Then the
second term in Eq. (21), corresponding to the mixing
effects, is suppressed significantly.

From Fig. 1, we see that @ = 0.53 would ensure that the
second contribution is O(1%) of R+ -, taking into account
the suppressions by the a-dependent factor, by x2/(1 + x?)
and by 1—p (but not taking into account the isospin
suppression, which would further suppress this term). On
the other hand, the first contribution in Eq. (21) would be
half of Rp+p- (essentially R without the effect of mixing in
the isospin limit). More generally, a fit to R* as a function
of & would allow one to put a bound on (Rpzogo — Rp+p-)
and to extract Rp+p- directly.

D. Charm pollution

As shown in the previous section, cutting on the time
difference of the two decaying B mesons can suppress
mixing effects and allow one to distinguish leptons origi-
nating from B and charm decays by charge. However, we
still need to quantify the expected initial amount of charm
contamination. Under the assumption that each tagged

lepton originates from a separate B decay chain (which

we will relax in the next section), the ratio Rz(j,f ) can be

conveniently expressed in terms of

B(B = Xtpv) + B(B = X(h, = X'tpuqv))
B(z — pww)

Y(4S)1—
[R’-'hgdﬂn =

B(t — 7paa) ’ (23)

where /. denotes any weakly decaying charmed hadron,
ie, DY, D° D, A, and their charge conjugates. As
discussed above, using charge identification (ID), but also
possibly a cut on leptons not originating from the secon-
dary vertex (i.e., from B decays), it should be possible to
suppress contributions where the leptons originate from
secondary charm or, in the case of muons, tau decays, by
efficiency factors e() < 1. This allows us to simplify the
above expression and write it in terms of the inverse of the
inclusive ratio R(X),,. We obtain

Y(45)1—
[thgdﬂz} !

—{ R0, 1= e

B(B - X(h, - X’w))}

B(B e d XTZ/)
+eVB(z > ) + @ BB g( ;f (_)hcxjyif)’uv))}
X [B(T - Thad)]_la (24)

where y;, denotes muons consistent with originating from
the secondary (i.e., b-decay) vertex and we have already
used the fact that B(B — Xwv) > B(B — X(h. —» X'w)),
which we verify below.

We can estimate the size of all three corrections on the
right-hand side of Eq. (24) (up to the ¢l efficiencies) based
almost purely on experimental information. Starting with

113009-4
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the V) term, B(t — piv) = (17.39 4 0.04)% [24] we see,
that even without cuts (for e(!) ~ 1) it leads to an order 4%
(computable) systematic effect in R(X),,.

We estimate the second and third term thanks to the
identity

B(B - X(h, — X'tv))
=B(B —X.)> _flc - h"\B(h! - X¢tv), (25)

where the sum runs over all weakly decaying charmed

hadrons and f(c — hgi)) are the corresponding fragmenta-
tion functions. We use Ref. [30] for the charm-inclusive
decay branching ratio B(B — X.) = (97 +4)% and
|

Ref. [31] for the charm fragmentation functions. Note that
the above estimate relies on factorization of the inclusive
B-decay amplitudes and is thus subject to related theoreti-
cal uncertainties. In addition, the application of charm
fragmentation functions extracted from high energy e* e~
and ep collision data to B decays carries further systematic
errors. Consequently, our background evaluations should
be taken as order-of-magnitude estimates, which are how-
ever sufficient for our purpose. For B(D, — Xuv) we use
values measured by CLEO for the electron in the final state
[32] B(Dy; — Xev) = (6.52 +0.39 £ 0.15)% which can
serve as an effective upper bound on B(D; — Xuv)
assuming e¢ —pu LFU in charm decays. We also use
B(DT - Xev) = 0.1607 £ 0.0030 and B(D° — Xev) =
0.0649 + 0.0011 [24]. Finally, we obtain

B(B — X(h, — X)) = B(b » X,){f(c = DY)YB(D® — Xpw) + f(c » D*B(D* — Xu)
+ f(c » D)B(D; » Xuv) + f(c = A)B(A, — Xuv) + ...} < 0.088,
B(B = X(h, - X'w)) = B(b - X ){f(c » D")B(D" = w) + f(c = Dy)B(Ds; - tv) + ...} ~0.0067. (26)

These values are to be compared with the large electron
positron collider (LEP) experimental determination of
B(b - qw)~B(B - Xtv) = (241 £0.23)% [23]. In
particular, before cuts and without lepton charge ID (for
€@ ~ 1) the second term in Eq. (24) would represent a
dominant 80% systematic effect in the determination of
R(X),,- Finally, the effect of the €®) term before cuts (for

€B) ~ 1) represents a relative 28% systematic effect on the
determination of R(X),,.

In summary, the term with e(!) is small thanks to the low
value of B(z — ubv), whereas the factors of € and €
have large values but are related to charm pollution, which
(hopefully) can be reduced thanks to charge ID leading to
small efficiencies e(>?).
|

B(B - X)B(B — Xte)

E. Leptons emitted from the same B-meson

Lastly we need to consider backgrounds where both
leptons are of different charge and flavor, but originate from
the same B-decay chain, corresponding to the parton-level
chain

b—q(c—qg¢v)(c—q"¢v) and
b— (c— qtv) v (27)

Denoting these processes collectively as B — X£¢’, and
assuming they can be suppressed by cutting on leptons not
originating from the secondary vertex (i.e., from b decays),
we can again write the relative correction to Eq. (24) due to
these contributions expanded to leading order in all e!!) as

B(B - X)B(B — Xue)

[RTY(“S)]—I

adHb = [R(X) B(T - Thad)}_l 1- 6(4)

H

B(B - Xtv)B(B - Xev)

el +..., (28)

B(B - Xuv)B(B — Xev)

where the inclusive hadronic B-decay branching ratio is denoted as B(B — X) <1 - >, B(B — X¢v) ~0.76, we take
B(B - X.ev)~B(B - X.uv) ~0.11 [24], and the ellipsis denotes the remaining corrections on the right-hand side of
Eq. (24). Using the numerical values given above we obtain for the relevant b — (¢ — ¢£"v)¢'~v transitions

B(B = X(h, —» X'ev)tv) = B(B — X, w)[f(c — D°)B(D® — Xev) + f(c - DT)B(D* — Xev)
+ f(c = D)B(D; —» Xev) + f(c —» A )B(A, = Xev) + ...] ~0.0021,
B(B = X(h, - X'tw)ev) = B(B — X ev)f(c = Dy)B(D; — v) ~0.00042,
B(B = X(h, — X'ev)uv) = B(B = X uv)[f(c = D°)B(D° - Xev) + f(c = DT)B(D* — Xev)
+ f(c = Dy)B(Dy - Xev) + f(c = A.)B(A. — Xev) + ...] ~0.0095
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B(B = X(h, —» X'uv)ev) = B(B = X .ev)[f(c = D°)B(D° — Xuv) + f(c - DF)B(D* — Xuv)
+ f(c » D)B(Dg —» Xuv) + f(c = A)B(A. = Xuv) + ...] £0.010. (29)

Finally, for the decay chain b — gc¢(c — qfv)(¢ — ¢'¢'v), using B(B — X.z) ~22% [33] and after including ¢ — g¢v

and ¢ — ¢'£'v transition rates, we find

B(B = X(h, — X'ev)(h; — X"w)) = B(B - X,;)f(¢c = D,)B(D; - 1)
x [f(c = D°)B(D° — Xev) + f(c » DT)B(D* — Xev)
+ f(c = D)B(Dg = Xev) + f(c = A.)B(A, —» Xev)] ~0.0001,
BB = X(h, — X'ev) (b, X)) = B(B — Xee) x [f(c  DYBDO — Xya) + flc — D*)B(D* — Xju)
+ f(e = DYB(D, - Xyu) + flc — AJBIA, — Xju)]
x [f(c = D°)B(D® - Xev) + f(c = DT)B(D" - Xev)
+ f(c - Ds)B(Dy — Xev) + f(c = A.)B(A. — Xev)] ~0.0018. (30)

Putting these values together we observe that these
backgrounds are individually comparable in size to the
signal (i.e., they would represent approximately 80% and
150% relative corrections, respectively) in absence of cuts
to suppress them (for (*>) ~ 1). While they are similar in
magnitude, they are highly correlated and contribute with
opposite signs, so that they tend to cancel to a degree for
e® ~ 0 In fact, the two terms become exactly equal in

the limit where one can neglect charm decays to muons and

taus (in the ratio Rffm these would be charm decays to

electrons and taus). On the other hand, contrary to the
corrections outlined in Eq. (24), the corrections considered
in this section cannot be suppressed using only lepton
charge ID. This highlights the crucial importance of
discriminating against leptons originating from the same
B-decay chain, for instance through geometrical consid-
erations. An alternative strategy could consist in discrimi-
nating leptons arising from the secondary (B-decay)
vertices from those arising further down in the decay
chains. A quantitative assessment of the feasibility of
either of the two approaches through an appropriate
experimental analysis would require a dedicated experi-
mental study and is beyond the scope of this work.

III. CONCLUSIONS

Relying on the specific properties of B-factories and in
particular the Belle II experiment, we have proposed to
compare the inclusive rates of Y(4S) — eTuTX, Y(4S) —
prrl X and Y (4S) — e*7f X. This measurement can be
related to the ratio R(X),, =T(b - Xw)/T'(b - X¢v)
( = e or u), once appropriate experimental cuts are
applied to suppress the effects of neutral B mixing and
leptons emitted from rare FCNC (semileptonic) B decays,
as well as secondary charmonium, charm and tau decays.
The feasibility of our proposal crucially assumes that

|
hadronically decaying tau leptons originating from the B
decay vertices can be efficiently disentangled from
backgrounds (e.g., from hadronic B decays involving three
or more charged pions) at Belle II. A dedicated exper-
imental study of this is however beyond the scope of the
present paper.

We have focused on the case of R;MS) ~ R(X),,, but our

discussion applies equally well to the tau-electron combi-
nation, swapping the roles played by electrons and muons.
The current deviations in B - D*/v and B — DZv when
channels are compared to electronic or muonic modes are at
the level of 10% (for the LFU ratios of branching ratios)
and provide a benchmark for the target sensitivity of
our proposal. This is illustrated by the very simple case
where new physics mimics the V — A structure of b — ctv
currents in the SM, leading to a universal rescaling of all
b — ctv branching ratios.

Given our estimates, the systematic uncertainties in the
determination of R(X), from a measurement of RZ;‘S)
could be brought below a given value (eys) provided that
(1) cuts on the B — B impact parameter difference can
suppress the neutral B meson mixing effects below ey
combined with an efficient lepton charge ID to suppress
semileptonic charm-decay contamination; (2a) multiple
leptons originating from the same B decay chain can be
suppressed to better than €y, or alternatively (2b) leptons
arising from the secondary (B-decay) vertices can be
discriminated against those arising further down in the
decay chains to roughly better than e,. Further dedicated
experimental studies are needed to establish the actually
attainable precision by Belle II.

In summary, we have proposed a novel method to test
the persistent hints of violation of LFU observed in semi-
leptonic B decays. This measurement would constitute
an additional and potentially competitive probe of LFU
violations in b — cfv transitions, complementary to
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exclusive measurements and accessible in the Belle II
environment.
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