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The study of the Cabibbo-favored semileptonic decay A — Au"v, is reported using 4.5 fb~" of e™ e~
annihilation data collected at center-of-mass energies ranging from 4.600 to 4.699 GeV. The branching

fraction of the decay is measured to be B(Af — Autv,)

= (3.48 £ 0.14,, + 0.1044)%, 3 times more

precise than the prior world average result. Tests of lepton flavor universality using AT — AZTv, (€ = e,
u) decays are reported for the first time, based on measurements of the differential decay rates and the
forward-backward asymmetries in separate four-momentum transfer regions. The results are compatible
with Standard Model predictions. Furthermore, we improve the determination of the form-factor
parameters in A — AZVv, decays, which provide stringent tests and calibration for lattice quantum

chromodynamics calculations.

DOI: 10.1103/PhysRevD.108.L031105

Semileptonic (SL) decays play a critical role in the
determination of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix [1] elements which are fundamental parameters of
the Standard Model (SM). The SM predicts that
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electroweak interactions have identical strengths for all
three different lepton generations, which is known as lepton
flavor universality (LFU). In recent years, tests of LFU
show some hints of tension with SM predictions in both
tree-level b — ¢'vy (€ = 7, e, p) transitions [2-10] and
flavor-changing neutral current b — s£ ¢~ (€ = e, p)
transitions [11-17]. Thus far, the experimental results on
the combination of R(D) and R(D*) show a discrepancy
with respect to the SM prediction of about 3.4¢ [18].
Measurements of R(K*)) differed from the SM prediction
by about 3.16 [17] previously but this has recently
decreased to 0.2¢ [19]. Since violation of LFU would be
a clear sign of new physics, further tests of LFU in other SL
decays of heavy quarks are well motivated. The Cabibbo-
favored decays A7 — A¢ vy, the dominant A SL decays
[2], provide an ideal platform to test LFU via the e- and
pu-modes, by measuring the ratios of their differential decay
rates in separate four-momentum transfer regions. In
addition, the angular distribution and the polarization
effects in A] - AZ"v, decays have received more and
more attention in recent years [20-28]. Various asymmet-
rical parameters that characterize the angular dependence of
the decay distributions are also accessible. In particular, the
forward-backward asymmetry in the lepton system (AéB),
which is the least sensitive to uncertainties of the form
factors (FFs) parametrizing the hadronic matrix elements,
can provide a critical test of LFU [20]. The forward-
backward asymmetry in the hadronic pz~ system (Afy) can
be used to extract the longitudinal polarization of the A
baryon and the decay asymmetry parameter a, [29,30].
Therefore, a model-independent measurement of these
angular observables and decay rates is of great interest
to test various theoretical calculations [20-28] and LFU.
Furthermore, in the SM, the time-reversal (T) asymmetry in
Al — AfTv, is zero due to the absence of a weak phase in
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the Al — A transition [24,31]. Hence, measuring the T
asymmetry in A} — A v, is a clean way to search for
new physics with a CP-violating phase beyond the SM.
Throughout this Letter, charge-conjugate modes are
implied unless explicitly noted.

This Letter presents an improved measurement of the
branching fraction (BF) of AY — Aufv, [32]. We also
report the first measurement of the differential decay rates
and the forward-backward asymmetries for Af — AZ v,
decays in the full kinematic range as well as individual
four-momentum transfer regions. Using these observables,
we provide the first test on LFU using A}f — AZTv,
decays. The forward-backward asymmetries are obtained
from both the current muonic sample and a reexamination
of the previous electronic sample of Ref. [33]. Furthermore,
an improved measurement of FFs in AY — A#"v, decays
in comparison to Ref. [33] is provided, by analyzing the
data of AY — Auy, and AY — AeTv, decays simulta-
neously. The datasets are collected at the center-of-mass
energies /s = 4.600, 4.612, 4.628, 4.641, 4.661, 4.682,
and 4.699 GeV, with a total integrated luminosity of
4.5 fb~! [34,35]. At these energies, no additional hadrons
accompanying the A* A7 pairs are kinematically allowed.

Details about the BESIII detector design and perfor-
mance are provided in Refs. [36-38]. Monte Carlo (MC)
simulations for the signal and background samples are
similar to those described in Ref. [33]. We select “single
tag” (ST) and “double tag” (DT) samples to measure the
absolute BF of A} — Au*v, decay. Single tag decays are
A7 baryons reconstructed from their final state particles in
one of the 14 hadronic decays used in Ref. [39]. Double tag
decays are events with a ST and a A} baryon candidate
reconstructed as Au*v,. The ST A; signal candidates are
identified using the beam constrained mass

Mpe =/ (V5/2)” = | -

where ﬁ;\: is the measured momentum of the ST A7
candidate. A kinematic variable AE = Epe,y — Ej- 18

required to improve the signal significance for ST A7
baryons. The AFE requirements, My distributions, and
their ST yields are documented in Ref. [39]. The total ST
yield in all datasets is N5T = 122,268 & 474, where the
uncertainty is statistical only.

Candidates for the signal mode A — Aufv, are
selected from the remaining tracks recoiling against the
ST A7 candidates. The A — pz~ candidate is selected with
the same criteria as those used in the ST procedures [33].
The p candidate is identified with the combined informa-
tion of dE/dx measured in the multilayer drift chamber,
time of flight, and the energy measured in the electro-
magnetic calorimeter (EMC), and is required to satisfy
L,>0.001, £, > L,, and L, > Lg, where L,, L,, and
L are the particle identification probabilities for a muon,
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FIG. 1. Left: the M- versus Uy, distribution for the A —
Apty, candidates. The area between the dashed lines denotes the
A signal region and the hatched areas indicate the A sideband
regions. Right: projected U distribution within the A signal
region together with the fit.

electron, and kaon, respectively. Studies of inclusive MC
samples show that the backgrounds are dominated by
Af = Arnt, 2z, and Azt z°. Backgrounds from Al —
Aznt and A} — X%z are rejected by a requirement on the
Ap™ invariant mass, M,,+ < 2.12 GeV. The background
from Al — Az"z" is suppressed by requiring the maxi-
mum energy of all unused photon clusters, E, ., to be less
than 0.25 GeV and the deposited energy for the muon
candidate in the EMC to be less than 0.30 GeV. Since the
neutrino is not detected, we employ the kinematic variable
Unmiss = Enmiss — | Pmiss| t0 obtain information on the neu-
trino, where E;, and p are the missing energy and
momentum, respectively, carried by the neutrino, as
inferred from energy-momentum conservation.

Figure 1 (left) shows the distribution of M,,- versus
U s for the AT — A/ﬁyﬂ candidates in data. A cluster of
the events is located around the intersection of the A and
AuFv, signal region. Requiring M .- to be within the A
signal region, we project the distribution onto the U ;. axis,
as shown in Fig. 1 (right). To obtain the number of signal
events, the U, distribution is fitted with a signal function
which consists of a Gaussian to describe the core of the U ;g
distribution and two power law tails to account for initial and
final state radiations [40,41]. A MC-simulated background
shape is used to describe the peaking background from
Al - AzT7% and a MC-simulated nonresonant back-
ground shape is used to describe the continuous background.
In the fit, the size of peaking background from A} — Az*tz°
is fixed according to the BF B(A} — Az*z°) [2] and the
simulated efficiency [42]. From the fit, we obtain the yield
of Af —» Au'ty, decay NPT =752 + 31, where the uncer-
tainty is statistical only.

The absolute BF for Al — Au*v, is determined by

DT
B(Af = Apty,) = —STN : (1)
N> x Esemi

where €., = 0.1767 is the average efficiency for detecting
the A7 — Au'v, decay in ST events [33,40]. Inserting the
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values of NPT, NST, and e, into Eq. (1), we measure
B(Af = Apty,) = (3.48 £0.14 £0.10)%, where the first
uncertainty is statistical, and the second is systematic
uncertainty described below.

With the DT technique, the BF measurement is insensi-
tive to the systematic uncertainties of the ST selection. The
remaining systematic uncertainties in the BF measurement
are described as follows. The uncertainties of the u*
tracking and particle identification efficiencies are deter-
mined to be 0.3% and 0.5% studied using eTe™ — yuu~
events. The uncertainty due to A reconstruction is deter-
mined to be 0.2% studied with J/y — pK~A and J/y —
AA control samples. The uncertainty associated with the
simulation of the SL signal model is estimated to be 1.0%
by varying the input form-factor parameters by 1 standard
deviation as determined in this work. Further systematic
uncertainties include fit to the U, distribution (1.8%)
estimated by using alternative signal shapes and back-
ground shapes, requirements on My, (0.8%), E,pax
(0.6%), and deposited energy (0.8%), the quoted BF for
A — pr~ (0.8%) [2], the MC sample size (0.8%), and the
ST yield (1.0%). Adding these contributions in quadrature
gives a total systematic uncertainty of 2.9% for the
B(Af = Autv,) measurement.

The partial decay rate of A7 — AZ v, is measured by
analyzing the #*v, mass-squared (g®) distribution. The
candidates of AT — Ae™v, are selected as in Ref. [33]. The
g* distributions of A} — AZ*v, candidates are divided
into seven bins of [0, 0.20), [0.20, 0.40), [0.40, 0.60), [0.60,
0.80), [0.80, 1.00), [1.00, 1.20), and [1.20, g2,.) GeVZ,
where gr = (My, — My)* and M, is the mass of A
The measured partial decay rate in the ith ¢> bin, AI';, is
determined by

dl" Nbins .
Al = [d_qquz = Z(e‘l)iij)T/(rAc x NST),  (2)

Jj=1

where 7, _is the lifetime of A [2] and ¢;; is the efficiency
matrix to describe the reconstruction efficiency of SL
decays and migration effects across g> bins [43,44]. The
SL signal yield observed in the jth g* bin N{)T is obtained
from a fit to the corresponding U, distribution. The
measured differential decay rates, AI';/Ag?, for decays
Af = Aetv, and Af — ApTy, as well as their ratios

R’Z/lf AL in each bin are shown in Fig. 2 (left). The

distributions of the dI'/dq®> and R’Z/re ap 32 function

of ¢? calculated using the FFs measured in this work
(described later) and those predicted by lattice quantum
chromodynamics (LQCD) [28] are also shown in Fig. 2

(left). The ratios R” AT/Ag? measured in different g intervals
are consistent with LQCD calculation within 1 standard
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FIG. 2. Top row: measurements of (left) AI'/Ag? and (right)
Al vs ¢* for Al — Ae*v,. Middle row: the same quantities for
Al — AuTu,. Bottom row: the ratios of the above, RH¢. The
dots with error bars are data, where statistical and systematic
uncertainties are both included. The red dash-dotted curves show
the derived values using the FFs measured in this work, while the
blue dashed curves show those predicted by LQCD [28]. The
bands show the total uncertainties of dI"/dg® using the FFs
measured in this work.

deviation, which suggests that no evidence for violation of
LFU is found.

The model-independent forward-backward asymmetries
of both the lepton system, A%; (g?), and of the pz~ system,
Al (g?) are also measured with Af — A#*v, candidates.

The definition of forward-backward asymmetry A%/ (¢%)
follows [20,21]

i —o—dcost, , — dcosby ,

fO dq? dcosH,’ » f Ldq? dcosé’, »

fO dqzdcosé’,z dCOS@fp +f lmdcosefp

(3)

where d*T'/(dg*d cos 6,,) is the two-dimensional differ-
ential rate, and 6, is the angle between the lepton (e™/u™)
direction and the #*v, system direction in the A} rest
frame, and 0, is the angle between the proton and the A

direction also in the A} rest frame. To measure Al'f-]’gp (%),
the g distributions of the SL candidates are separated into
two regions of cosf, , € (0,1) and cosb,, € (=1,0).
With a similar procedure as applied in measuring the
partial decay rate defined in Eq. (2), the AT';/Aqg? within
cosfy , € (0,1) and cosf, , € (—1,0) is measured for
each g*> bin. Then we extract the forward-backward
asymmetries, Al (g%) and APy (g?), for each ¢? bin with
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Eq. (3). The results for A% (¢%) of Al = Aefv, and Al —
Apty, as well as their ratios RZ/F ¢ are shown in Fig. 2
(right), where their dependences calculated with the FFs
measured in this work and those predicted by LQCD [28]
are also presented. Measurements of RZ/F : in various g?
bins also show no evidence for a violation of the LFU.

The Afg(q?) for Af — Aetv, and AF — Auty, mea-
sured in each ¢? interval are shown in Fig. 3 (left). Using
the relation

%M%%%%L (@)

where a, is the A — pz~ decay asymmetry parameter [2],
the model-independent decay asymmetry parameter a,_for
A} - Affv, in separate ¢”> intervals is measured.
Differences in a, between the e- and p-modes are expected
at an order of 1073 [20,21,24], indistinguishable with current
statistics. Alternatively, their averaged value is determined in
each ¢? interval as shown in Fig. 3 (right). This is the first
model-independent determination of a,_ as a function of q*
distribution. In addition, we determined the value averaged
over ¢* to be (ay ) = —0.94 £ 0.07, £ 0034

d4r _ G%|VU|2 Pq2(1 - m%’/qz)z §
dg*dcos@,dcos0,dy  2(2x)* 24M3% 8

We also measure the T asymmetry parameter 7, defined
by [24]

. [(fgr - f(;[)d)d [(f()l - f?l)dCOS gﬂ}r‘f,cosﬁp
P aAFf

T

’

where ' is the total decay rate and I7) 6, is the two-

dimensional decay rate as a function of y and cos®,
distributions in A} - AZ"v,, where y is the acoplanarity
angle between the A and W' decay planes. We measure
T,(Af = Aefr,) = =0.021 £ 0.0414, £ 0.001,, and
T,(Af = Au'y,) = 0.068 £ 0.0554, + 0.002. The
two results are consistent with zero, as predicted from the
SM [24], with no indication of new physics in Al —
A¢Tv, decays.

To improve experimental precision of the FF parameters
in the Al — A transition, the candidates from Al —
Apty, in this work and Al — Ae'y, obtained in
Ref. [33] are analyzed simultaneously. The differential
decay rate of A7 — A¢Tv, depends on four kinematic
variables: ¢2, helicity angles 0, and @, [45], and the
acoplanarity angle y. The differential decay rate described
in terms of helicity amplitudes H; ;  is [29,30,46]

(1 —cos®,)*|Hy[*(1 + aycos b))

3
+ §(1 +c0s0;)|H_1_|*(1 — apcos0,)

3 3
+ Zsin29}[|H%0|2(1 +apcos6,) + |H_%0|2(1 —apcos0,)] +—=a,cosysind,sind,

2V2

X [(1 = cos0y)H_jgHy + (1 + cos0,)HiyH_1_] + ng}, (5)

-4~ Averaged
LQCD

FB

: |

1 0

1
il

-0.5F

0.5 0.5 1

4* (GeV?) 4* (GeV?)

FIG. 3. Measurements of (left) Af;(g?) for A} — AZ*v, and
(right) the averaged a,_ of the e- and y-modes in each ¢? interval.
The dots with error bars are data, where statistical and systematic
uncertainties are both included. The dashed curve shows the
derived values predicted by LQCD [28]. In drawing the blue dots,
the bin-center value of ¢ is shifted manually by 0.02 GeV? to
avoid overlap.

|
where m, is the lepton mass. The definitions of the
variables H, , . Gp, |V |, and P follow those in Ref. [33].
The detailed expression of 7, is documented in the
Supplemental Material [47].

The helicity amplitudes of vector and axial-vector
components, H; , and Hj} , . parametrized in Eq. (5)
are related to six FFs by [28]

H/" = \/20=f /9. (4%).

HY = \JOu/ /0@ £ M),
H* = 04/4*fo/90(a*)(My, F My). (6)

1 =
5t

where the scalar helicity component is denoted by Ay, = ¢
and Q. = (M, =+ M,)* - ¢*. The FFs fy(¢*) and go(q°)
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FIG. 4. Comparison of form factors with LQCD calculations.
The bands show the total uncertainties.

have a small contribution to the decay rate and hence are
difficult to determine. Hence the shapes of f,(¢*) and
go(q?) are fixed according to a LQCD calculation [28]. The
definitions of the independent free parameters formed in
the other four form factors, £, . (¢*) and g, , (¢*), follow
Ref. [33]. An additional constraint, g, (¢2aux) = 91 (G2ax)-
introduced by end point relations for baryons [48] is taken
into account, which results in g, (¢%) = g, (¢*) as we
neglect the differences of the slope parameters (o)
between ¢, (¢*) and g, (q*). Therefore, the five indepen-
dent free parameters, al*, al*, al*, re, = alJad*,
re = agL /af*, are introduced to describe the FFs.

A four-dimensional maximum-likelihood fit is per-
formed to the variables qz, cos 9}, cos 9,,, and y within
the U, signal regions defined by (—0.06,0.06) GeV for
both A} — Ae*v, and A} — Auty, decays. In order to
determine the parameter a* from the fit, the differential
decay rate of Aj — Au(e)*v,,) is constrained by the BF

of Al — Au(e)"v,(,) measured in this work (Ref. [33])

and the A/ lifetime [2] using the relation

B(AY = AP*u,)
d 2 p— ¢ . 7
i q - (7)

/Ciﬁm dF(Aj - Af+yf)

2
4

c

The projections of the fit onto ¢, cos &, cos 60,, and y, as

well as the fitted form-factor parameters of aj*, af*, a’; L
f,s and ry are shown in the Supplemental Material [47].

Using a treatment similar to Ref. [33], the systematic

uncertainties in aj*, aj*, afi, ry,and ry are estimated to

be 0.8%, 6.3%, 2.2%, 1.3%, and 5.8%, respectively. In
comparison to Ref. [33], the precision in measuring af*,
a?ﬂ Tr.s and r; is improved by 25%, 11%, 22%, and 43%,
respectively. The comparisons to the LQCD calculations
[28] are shown in Fig. 4. The dependence of the measured
FFs show different kinematic behavior compared to the
LQCD calculations, especially for the slopes of these
four FFs.

In summary, we report an improved measurement of the
absolute BFof the Al — Autv, decay, B(AF — Auty,) =
(3.48 +0.14 £0.10)%, by analyzing 4.5 fb~! data col-
lected at center-of-mass energies ranging from 4.600 to
4.699 GeV at BESIIIL. This work supersedes our previous
measurement [32] and improves the precision of the world
average value by a factor of 3. Comparisons to the theoretical
predictions are also shown in Table I. The predicted BFs in
Refs. [20,49] differ by more than 2 standard deviations from
the measured B(A! — Au*v,). Thus, our measurement
disfavors these predictions at a confidence level of more
than 95%. Combining with B(Al - Aetv,)=(3.56+0.11+
0.07)% in Ref. [33], we determine the ratio B(A —
Autv,)/B(AS = Aer,) =0.98£0.054,£0.034, which
is consistent with the value 0.97 as predicted by LQCD
[28]. The ratio of the two BFs in different four-momentum

TABLE L. Comparisons of B(Al — Au'v,) (in %), (ay ). (Afg). and (Afg) from theories and measurement.

B(Aj» - AM+U;4) <aA,> <A%B> <A’I;B>
CQM [20] 2.69 —0.87 -0.2 -0.21
RQM [21] 3.14 —0.86 —0.209 —0.242
CQM(HONR) [49] 4.25
NRQM [50] 3.72
HBM [24] 3.67 +0.23 —0.826 —0.176(5) —0.143(6)
LQCD [28] 3.69 4+ 0.22 —0.874(10) —0.201(6) —0.169(7)
LCSR [51] 30+£03
SU(3) [25] 3.6+04 —0.86(4)
LFCQM [27] 3.21+0.85 —0.97(3)
MBM [27] 3.38 -0.83
LFQM [22] 3.90£0.73 —-0.87(9) 0.20(5) 0.16(4)
LFCQM [26] 340+ 1.02 -0.97(3)
SU(3) [52] 3.45 +£0.30
This work 3.48 +0.17 —0.94(8) —0.24(3) —0.22(4)
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transfer regions is also studied, and no evidence for the LFU
violation is found.

In addition, the model-independent lepton forward-
backward asymmetries Apg(g°) as well as their ratios
are measured for the first time. Their average values are
determined to be (Afg) = —0.24 £ 0.03, & 0.014y, and
(Afg) = —0.22 + 0.044, +0.01yy, respectively. The
measured (A%;) and (Afg) are consistent with the pre-
dictions in Refs. [20,21,24,28], but clearly differ from the
predictions in Ref. [22]. The detailed comparisons are
shown in Table I. Investigations of R’;{F ; in different four-
momentum transfer regions show no evidence for the LFU
violation. As a first measurement of the forward-backward
asymmetries in the pz~ system, we determine the averaged
values (Afg) = —0.33 £0.03,, £ 0.0l and (Afy) =
—0.37 £ 0.04, + 001 for Al = Ae*v, and Al —
Au'tu,, respectively. Ignoring the negligible predicted
difference between the e- and p-modes, the (a, ) is
determined to be —0.94 4 0.07y, + 0.034y, which is
consistent with the theoretical predictions in Refs. [20-28]
and the model-dependent measurement by CLEO [30]. Our
measurements of the T asymmetry parameters, 7 ,(A} —
Aety,) = —0.021 £ 0.041y, +0.001 and 7 ,(Af —
Apty,) = 0.068 £ 0.0554, £ 0.002,, are consistent
with zero as predicted in the SM. Furthermore, our results
on the form factors provide more stringent tests of and
calibration for LQCD calculations of A — AZ"v, decays,
which are important for both charmed baryon decays
[53,54] and A,, decays [22,55-61].
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