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We report on a comparison of two possible Λþ
c spin hypotheses, J ¼ 1

2
and 3

2
, via the process

eþe− → Λþ
c Λ̄−

c , using the angular distributions of Λþ
c decays into pK0

S, Λπþ, Σ0πþ, and Σþπ0. The data
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were recorded at
ffiffiffi
s

p ¼ 4.6 GeV with the BESIII detector and correspond to an integrated luminosity of
587 pb−1. The Λþ

c spin is determined to be J ¼ 1
2
, with this value favored over the 3

2
hypothesis with a

significance corresponding to more than 6 Gaussian standard deviations.

DOI: 10.1103/PhysRevD.103.L091101

Since the discovery of theΛþ
c particle more than 30 years

ago [1], many other charmed baryons have been found and
studied by experiments [2]. However, the Λþ

c spin quantum
number has not been determined conclusively until now.
Unlike stable particles, whose spin can be measured with a
dedicated detector, e.g., Stern-Gerlach setup, the spin of
short-lived Λþ

c can be only studied via its decays. Although
the spin quantum number can be inferred from the
phenomenological Regge trajectory [3–8], the establish-
ment of the Λþ

c spin needs a direct experimental measure-
ment, making use of information on the angular distribution
for the decayed particles. Thus a large size and clean data
events are need in the analysis. The only previous inves-
tigation of this property was performed by the NA32 fixed-
target experiment [9]. The charmed baryon Λþ

c was
produced in the process π−Cu → Λþ

c D̄X, where X indicates
the other particles produced from the interaction, and the
decay Λþ

c → pK−πþ was used to reconstruct the charmed
baryon with 160 selected candidate events. The result was
compatible with a spin-1=2 assignment, but was not
conclusive due to the small sample size.
Currently, the spin of the Λþ

c is inferred to be 1
2
from the

naive quark model [10], in which charmed baryons are built
from udc quarks, and Λþ

c is classified into the mixed-
symmetric 20 multiplet with spin-1=2 assignment.
Theoretically, the Λþ

c system is suggested as a unique
and excellent laboratory to study heavy quark symmetry
and chiral symmetry of the u, d light quarks [4–6]. A large
number of theoretical predictions on the Λþ

c properties and
decays are made based on the spin-1=2 assumption [4–6].
Although the quark model works well for the ground states
[2], experimental confirmation of the Λþ

c spin is essential
for testing the quark model spin assignment and theoretical
predictions. Knowledge of the Λþ

c spin is also important for
measurement of its intrinsic properties, such as its anoma-
lous magnetic moment [11], magnetic dipole moments [12]
and electromagnetic dipole moments [13,14]. Moreover, its
decays can be used as a spin polarimeter [15] to determine
the c-quark polarization at the Large Hadron Collider.
Furthermore the Λþ

c spin and polarization are intimately
related to the understanding of other charmed baryon
properties, e.g., the newly observed Ξþþ

cc [16], which
decays into final states with Λþ

c .
In this paper, an analysis of the Λþ

c spin is performed via
the process eþe− → Λþ

c Λ̄−
c at the center-of-mass (CM)

energy
ffiffiffi
s

p ¼ 4.6 GeV. The data accumulated with the
BESIII [17] detector corresponds to an integrated lumi-
nosity of 587 pb−1. We test the spin-1=2 and 3=2

hypotheses based on the angular distributions of the Λþ
c

decays into pK0
S, Λπþ, Σ0πþ and Σþπ0. The decays are

studied by the single-tag method, i.e., either the Λþ
c or Λ̄−

c

from eþe− → Λþ
c Λ̄−

c is reconstructed while the presence of
its recoiled Λþ

c or Λ̄−
c is inferred from kinematics.

Throughout the paper, the charged-conjugation modes
are always implied, unless explicitly stated.
The helicity formalism [18,19] is applied in order to

examine the implications of the Λþ
c spin hypotheses for the

joint angular distribution of the charmed baryon and its
daughter particles. Figure 1 shows the helicity frame for the
eþe− → Λþ

c Λ̄−
c process. The helicity angle, θ0, is defined as

the polar angle of the Λþ
c in the eþe− CM system, with the

z axis pointing along the positron beam direction. For the
Λþ
c decay into a spin-1

2
baryon (B) and a pseudoscalar

meson (P), the z0 axis is defined along the direction of the
Λþ
c , and y0 axis along ẑ × ẑ0, and the x0 axis is determined

by ŷ0 × ẑ0. The helicity angle ϕ1 is defined as the angle
between the Λþ

c production and decay planes and the
helicity angle θ1 is the angle between the B momentum in
the Λþ

c rest frame and the z0 axis. The helicity angles for the
subsequential baryon B decays, ðθi;ϕiÞ with i > 2, can be
defined following the same procedure.
The two Λþ

c spin hypotheses, J ¼ 1
2
or 3

2
, are tested using

WJ, which is the trace of the product of three matrices
describing the joint angular distribution of the sequential
decays:

WJ ¼ Tr½ρJ · T J · T B�: ð1Þ

Here ρJ is the spin density matrix for aΛþ
c baryon produced

in the process eþe− → Λþ
c Λ̄−

c , T J is a matrix describing the
Λþ
c decay to a baryon B and a pseudoscalar meson P, and

the baryon B sequentially decaying to the final states is
described with a matrix T B. The full formulas can be found
in Refs [20–22]. As an example, the Λþ

c → pK0
S, decay

FIG. 1. Definition of the helicity frame for eþe− → Λþ
c Λ̄−

c ,
Λþ
c → BP, where B and P denote a spin-1

2
baryon and a meson,

respectively.
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matrix, T B, reduces to the identity matrix, and the joint
angular distribution is given by

WJ¼1
2ðθ0; θ1;ϕ1Þ ∝ 1þ αcos2θ0 þ PT sin θ1 sinϕ1;

with PT ¼ α½pK0
S�

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − α2

p
cos θ0 sin θ0 sin ξ; ð2Þ

where α is the angular-distribution parameter of the Λþ
c ,

α½pK0
S� the asymmetry parameter for the Λþ

c → pK0
S weak

decay and ξ the relative phase between the two independent
helicity amplitudes of the produced Λþ

c .
The joint angular distribution derived for the spin-3

2

hypothesis for Λþ
c → pK0

S is [21]

WJ¼3
2ðθ0;θ1;ϕ1Þ∝ 40r00− 10

ffiffiffi
3

p
r20ð3cos2θ1þ 1Þ

− 60½r21 sin2θ1 cosϕ1þ r22sin
2θ1 cos2ϕ1�

þ sinθ1α½pK0
S�½8

ffiffiffiffiffi
15

p
r1−1 sinϕ1

þ 90r3−2 sin2θ1 sin2ϕ1

− 9
ffiffiffiffiffi
10

p
r3−1ð5cos2θ1þ 3Þsinϕ1�; ð3Þ

where the real multipole parameters, rLM, are defined in
terms of the helicity amplitudes for charmed baryon pair
production [21].
The BESIII detector is an approximately cylindrically

symmetric detector with 93% coverage of the solid angle
around the eþe− interaction point (IP). The components of
the apparatus are a helium-based main drift chamber
(MDC), a plastic time-of-flight (TOF) system, a 6240-cell
CsI(Tl) crystal electromagnetic calorimeter (EMC), a
superconducting solenoid providing a 1.0 T magnetic field
aligned with the beam axis, and a muon counter with
resistive plate chambers as the active element. The momen-
tum resolution for charged tracks in the MDC is 0.5% for a
transverse momentum of 1 GeV=c. The photon energy
resolution in the EMC is 2.5% in the barrel region and 5.0%
in the end-cap region for 1 GeV photons. The combined
information of the energy deposit in the MDC and the flight
time measured by the TOF is used for particle identification
(PID) of charged tracks. More details about the design and
performance of the BESIII detector are given in Ref. [23].
We use a large Monte Carlo (MC) simulated sample of

eþe− annihilations to understand background and to
estimate the detection efficiencies. The event generation
is performed by the KKMC generator [24], taking the beam-
energy spread and initial-state radiation (ISR) into account.
Inclusive MC samples, consisting of generic Λþ

c Λ̄−
c events,

D�
ðsÞD̄

�
ðsÞ þ X production [25], ISR production of lower-

lying charmonium(-like) ψ states as well as continuum
processes eþe− → qq̄ðq ¼ u; d; sÞ are generated for a
complete description of the background. The decays are
generated using EvtGen [26] with the decay fractions from

Ref. [2] as input. The propagation through the detector and
material interactions are simulated by using GEANT4 [27].
TheΛþ

c candidates are reconstructed from the pK0
S,Λπþ,

Σþπ0, and Σ0πþ final states as done in Refs. [22,28]. The
intermediate states, K0

S, Λ, Σþ, Σ0 and π0, are reconstructed
from the πþπ−, pπ−, pπ0, γΛ and γγ decays, respectively.
Charged tracks are required to originate from the

interaction region, defined by a cylinder with a radius of
1 cm and a distance from the IP along the beam direction of
�10 cm, except for those charged tracks coming from Λ
and K0

S decays. The polar angle θ of each track with respect
to the beam direction is required to fulfill j cos θj < 0.93.
Protons are identified by requiring the PID likelihood L to
satisfy LðpÞ > LðKÞ and LðpÞ > LðπÞ, while charged
pions are identified using LðπÞ > LðKÞ, except for those
from Λ and K0

S decays.
Clusters in the EMC with no associated charged tracks

are identified as photon candidates if the energy deposit in
the barrel region (j cos θj < 0.80) is larger than 25 MeV, or
if in the endcap region (0.86 < j cos θj < 0.92) it is larger
than 50 MeV. To suppress background from electronic
noise and coincidental EMC showers, the difference
between the event start time and EMC signal is required
to be smaller than 700 ns. The π0 candidates are recon-
structed from photon pairs with an invariant mass, MðγγÞ,
which satisfies 115 < MðγγÞ < 150 MeV=c2. To improve
the momentum resolution, a mass-constrained fit to the π0

nominal mass is applied to the photon pairs and the
resulting π0 energy and momentum is used for the further
analysis.
The ΛðK0

SÞ candidates are formed by combining the
final states pπ−ðπþπ−Þwith a displacement less than 20 cm
from the IP along the electron beam direction. The χ2

of the vertex fit is required to be smaller than 100 and the
distance from the IP must be larger than twice the vertex
resolution. The momenta of the daughter particles
obtained from the fit are used in the further analysis.
The charged pions associated with the Λ and K0

S candidates
are not subjected to any PID requirement, while proton
PID is applied in order to improve the signal signifi-
cance. To select K0

S, Λ, Σ0, and Σþ candidates, we
require 487<Mðπþπ−Þ<511MeV=c2, 1111<Mðpπ−Þ<
1121MeV=c2, 1179 < MðΛγÞ < 1203 MeV=c2, and
1176 < Mðpπ0Þ < 1200 MeV=c2, respectively. These
requirements correspond to windows of approximately
�3 standard deviations around the nominal masses. In
order to remove pK0

S, K
0
S → π0π0 background in the Σþπ0

sample, the mass of the π0π0 pair is required to lie outside
the range (400; 550Þ MeV=c2.
The Λþ

c candidates in each decay mode are selected by

requiring the beam-constrained massMBC≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
beam−p2

Λþ
c

q

to be within the range ð2.278; 2.294Þ GeV=c2, where Ebeam
is the beam energy and pΛþ

c
is the measured Λþ

c momentum

DETERMINATION OF THE Λþ
c SPIN VIA THE … PHYS. REV. D 103, L091101 (2021)

L091101-5



in the CM system of the eþe− collision. The numbers of
reconstructedΛþ

c candidates are 1227, 696, 614 and 412 for
the pK0

S, Λπþ, Σ0πþ and Σþπ0 modes, respectively. If
multiple candidates are found in a single event, we keep the
one with the smallest energy difference jΔEj, where ΔE≡
EΛþ

c
− Ebeam and EΛþ

c
is the total measured energy of the

Λþ
c candidate. To improve the signal purity, ΔE is required

to be smaller than three times the resolution of energy
difference distribution. TheMBC distributions of the differ-
ent Λþ

c decay modes are shown in Fig. 2. The Λþ
c

candidates appear as a peak at the nominal Λþ
c mass

whereas the backgrounds, studied in inclusiveMC samples,
have smooth MBC distributions that are modeled with an
Argus function [29]. The background level in the signal
region can be estimated from sidebands, defined by MBC

values within the range ð2.250; 2.270Þ GeV=c2. Table I
lists the numbers of observed (Nobs) and normalized
background events (Nbg) in the Λþ

c signal region, where
Nbg is estimated from the sideband.

The Λþ
c spin-J hypotheses are tested using a likelihood

function, which is defined for a given process i as

LJ
i ðNiÞ ¼

YNi

k¼1

1

Ci
WJðθk0; θk1;ϕk

1;…; θkn;ϕk
nÞ; ð4Þ

where Ni is the number of events of ith decay mode
defined in Table I, (θk0; θ

k
1;ϕ

k
1;…; θkn;ϕk

n) are the helicity
angles for the k-th event with n-step Λþ

c decays, and Ci ¼R
WJðθ0; θ1;ϕ1;…; θkn;ϕk

nÞd cos θ0
Q

m¼n
m¼1 d cos θmdϕm is a

normalization factor, calculated using a large phase-space
MC sample.
The physics parameters are obtained by applying a

simultaneous fit to the joint angular distribution of the
selected events in the signal region. The background
contributions are subtracted from the log-likelihood values
using the weighted sideband events. The net log-likelihood
for a given process i is defined by

lnLJ
i ¼ lnLJ

i ðNi
sÞ − ωbg lnLJ

i ðNi
bÞ; ð5Þ

where Ni
sðNi

bÞ is the number of selected data (background)
events. The background weight, ωbg, is the ratio between
the number of background events in the signal region, and
the number of sideband events. In estimating the back-
ground weight, its line shape in the fit is taken as an Argus
function.
The MINUIT [30] package is used to minimize the

objective function, S ¼ −
P

i lnL
J
i , in the simultaneous

fit to the pK0
S, Λπþ, Σ0πþ, and Σþπ0 decay modes. The

decay asymmetry parameters for the spin-1
2
hypothesis, e.g.,

α½pK0
S� in Eq. (2) are constrained to the range ½−1; 1� in the

simultaneous fit. For the spin-3
2
hypothesis, the asymmetry

parameters in the fit are constrained to be in the physical
region [31] for each mode, i.e., − 1

3
≤ α½BP� ≤ 1

3
. The relative

phase between the helicity amplitudes are fixed to the
expected values near threshold [21], whereas the moduli of
the helicity amplitudes in rLM are obtained from the fit. The
minimum log-likelihood, given by −

P
i lnL

J
i , is deter-

mined to be −45.18 for the spin-1
2
hypothesis and −21.50

for the spin-3
2
hypothesis. Hence, our data favors the spin-1

2

hypothesis.
The distribution of estimates of the expectation value

hsin 2θ1 cosϕ1i moment, an average observed in each bin,
is a useful observable to illustrate the different behaviour
expected for the two hypotheses. Figure 3 shows the first
moment of the hsin 2θ1 cosϕ1i distribution under the two
spin hypotheses for the all-mode-combined events, and the
projections of the two fits suggest that the data favor the
spin-1

2
to the spin-3

2
hypothesis.

In order to quantify the discriminating power of the
test, we study the likelihood ratio distribution, t≡
−2 lnðLJ¼3=2=LJ¼1=2Þ, obtained from a series of MC
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FIG. 2. TheMBC distributions for different decay modes. Points
with error bars represent the MBC distribution for the data,
unfilled histograms for signal MC samples and shaded histo-
grams for MC simulated background. The long vertical arrows
indicate the Λþ

c mass window, while the sideband region is to the
left of the short arrow.

TABLE I. Summary of observed (Nobs) and normalized back-
ground events (Nbg) in the Λþ

c signal region, where Nbg is
estimated from the sideband.

Decay Nobs Nbg

Λþ
c → pK0

S 618 25.4
Λ̄−
c → p̄K0

S 609 23.6
Λþ
c → Λπþ 352 10.6

Λ̄−
c → Λ̄π− 344 11.8

Λþ
c → Σ0πþ 251 26.3

Λ̄−
c → Σ̄0π− 279 24.2

Λþ
c → Σþπ0 192 67.4

Λ̄−
c → Σ̄þπ0 184 52.4
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simulations, following the method in Ref. [32]. The MC
sample for each hypothesis is generated according to its
joint angular distribution, propagated through the detector
model and subjected to the same event selection criteria as
applied to the data events. Each MC subset has the same
size as the data sample and is assumed to have the same
amount of background. The test statistic t distributions are
shown in Fig. 4 for about 20,000 MC simulations. The
simulations for the right peak (t > 0) are performed under
the J ¼ 1

2
hypothesis, while those in the left peak (t < 0)

correspond to the J ¼ 3
2
hypothesis. It is clear that the

t-distributions of the two hypotheses are well separated,
and can be discriminated between by setting an acceptance
criterion of t ≥ 0 for J ¼ 1

2
and t < 0 for J ¼ 3

2
. Since the

t-value from the data fulfills t ≥ 0, as shown in Fig. 4, it is
inconsistent with the spin-3

2
hypothesis. Hence, our data

favor the spin-1
2
assignment. The statistical significance for

the spin-3
2
over spin-1

2
hypothesis is estimated approxi-

mately with ðtdata − htiÞ=σðtÞ [32], where hti and σðtÞ are
the mean and standard deviation for the ensemble of MC
simulations under the spin-3

2
hypothesis with t < 0. We find

that the spin-3
2
hypothesis can be rejected with a signifi-

cance of 6.07σ in favor of the spin-1
2
hypothesis.

The significance to accept the spin-1
2
hypothesis over the

spin-3
2
hypothesis can be affected by the systematic sources

listed in Table II. We estimate these systematic variations
with the same MC method that was used for the likelihood
ratio. The results are listed in Table II.
The efficiencies of the tracking and PID for charged

tracks and their dependence on transverse momentum and
polar angle are measured using a control data sample
J=ψ → pp̄πþπ− decays [33]. The uncertainties associated
with the detection efficiency of the radiative photon in
Σ0 → γΛ decays are assessed with a control sample of
J=ψ→πþπ−π0;π0→γγ decays. The efficiency differences
between data and MC simulations are determined to be
0.5% and 1.5% in the barrel and endcap region, respec-
tively [34]. The difference between data andMC simulation
of the π0 reconstruction efficiency in the Λþ

c → Σþπ0
decay, and its dependence on momentum, is studied using
the processes ψð3686Þ → π0π0J=ψ and eþe− → π0ω atffiffiffi
s

p ¼ 3773 MeV. The Λ reconstruction efficiency is stud-
ied as a function of momentum and polar angle in the
reaction Λþ

c → Λþ X [35]. To take into account the
correlations between the different sources of correction
and uncertainty, we perform an overall weighting of MC
events in the fit according to these efficiency corrections.
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FIG. 3. The moments hsin 2θ1 cosϕ1i as a function of cos θ0.
Points with error bars represent the combined data events from
the tagged four Λþ

c decay modes, where the background con-
tribution has been subtracted. The red solid curve shows the fitted
result of the spin-1

2
hypothesis, whereas the blue dashed curve

shows that of the spin-3
2
hypothesis. The bands represent the fit

uncertainty due to statistical uncertainties.
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FIG. 4. Distributions of the test statistic t≡
−2 ln½LJ¼3=2=LJ¼1=2�, for a series of MC simulations performed
under the spin-1

2
(right peak) and spin-3

2
(left peak) hypotheses.

The curve is the Gaussian-fitted distribution to the left peak. The
t value obtained from experimental data is indicated by the
vertical bar.

TABLE II. Systematic uncertainties for estimating the signifi-
cance of spin-1

2
versus the spin-3

2
hypothesis determined with the

toy MC method.

Source Significance

Nominal fit 6.07 σ
Tracks and PID
Photon 6.16 σ
π0 (Combined)

Λ
Sideband window ð6.26; 6.45Þσ
Signal window ð5.92; 6.07Þσ
ΔE ð5.77; 6.39Þσ
ωbg ð6.37; 6.41Þσ
Mπ0π0 veto ð6.06; 6.30Þσ
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We determine the significance of spin-1
2
hypothesis to be

6.16σ with this approach.
The systematic uncertainties due to the event selection

criteria of the ΔE, signal and sideband events are estimated
by varying their requirements by 1 MeV. The uncertainty
due to the Mπ0π0 rejection criterion in the Λþ

c → Σþπ0
channel is checked with a tight and loose requirement, i.e.,
Mπ0π0 ∈ ½0.42; 0.53� GeV=c2 and ½0.38; 0.57� GeV=c2.
The potential bias due to the sideband scale factor, ωbg,
is evaluated through varying the parameters by 1σ for the
Argus fit function. The ranges of significance estimation
are given in Table II. The resulting significance comparing
the two hypothesis tests are found to be 6.07σ with a
systematic boundary ð5.77 ∼ 6.45Þσ, where the uncertain-
ties correspond to the smallest and largest values listed in
Table II.
In conclusion, we have compared the two spin hypoth-

eses 1
2
and 3

2
for the Λþ

c baryon by studying the process
eþe− → Λþ

c Λ̄−
c , using 587 pb−1 of BESIII data collected atffiffiffi

s
p ¼ 4.6 GeV. The analysis considered the joint angular
distribution of the production and decay modes
Λþ
c → pK0

S, Λπþ, Σ0πþ and Σþπ0. We found that the spin
of 1

2
hypothesis is preferred over the 3

2
with a significance of

about 6σ. Hence, we conclude the spin of the Λþ
c baryon to

be 1
2
, consistent with the expectation of the naive quark

model. Since the Λþ
c is the lightest charmed baryon,

this experimental determination of its spin is also a
cornerstone in the extraction of the properties of heavier
charmed and beauty baryons whose decay chains include
this particle.
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