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Recent experimental progress on baryonic rare decays has spurred a deeper investigation on flavor-
changing neutral current transitions in the baryon sector. Within the framework of QCD sum rules, we
derive a complete set of form factors for the Λc → p process in the large recoil region and use the z-series
parametrization to extrapolate them across the full physical range. Employing these form factors and flavor
symmetries, we compute branching fractions for the decays Λc → peþe− and Λc → pμþμ−, as well as for
rare Ξc decay modes. We examine as well the new physics effects through specific angular observables
such as the lepton forward-backward asymmetry and the fraction of longitudinally polarized dileptons.
Results indicate that new physics models may be testified in baryonic rare decays, with immense data
collected in running and future colliders.
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I. INTRODUCTION

Rare flavor-changing neutral current (FCNC) decays,
induced by b → sll, s → dll, and c → ull, are excellent
candidates for probing new physics due to their severe
suppression by the Glashow-Iliopoulos-Maiani mechanism
within the Standard Model (SM) [1]. These decays are
prohibited at the tree level and occur only through loop
diagrams. Flavor-changing neutral current processes enable
precise determination of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix elements, which can be used to rigorously
test the SM and its possible extensions. Additionally,
because their amplitudes can interfere with contributions
from non-SM particles, these rare decays provide a unique
opportunity to explore the existence of yet unobserved
particles, including supersymmetry and dark matter can-
didates [2–5].
Experimental analysis of the rare decays are predomi-

nantly focused on the meson system [6–20], while baryonic
rare decays remain less explored due to the complexity of
baryon structures and their comparatively lower production
rates. However, baryonic decays have distinct advantages.
They allow the extraction of helicity structures from the
effective Hamiltonian, which are often obscured in mesonic
decays [21]. Furthermore, baryonic decays involve a
diquark system as a spectator, unlike mesonic decays

where a single quark is involved, leading to different
hadronic physics. Baryonic decays may also exhibit con-
tributions from W exchange involving both two-quark and
three-quark transitions [22]. Hence, baryonic rare decays
provide crucial complementary information for the mesonic
processes.
To date, only a few baryonic rare decay channels

involving b → sll and s → dll have been observed
experimentally [23–26]. In contrast, up-type quark transi-
tions c → ull remain unobserved. Recently, the LHCb
collaboration set an upper limit on the branching fraction of
Λc → pμþμ− [27] to be 3.2 × 10−8, improving upon pre-
vious results from the BABAR and LHCb [14,28].
Transitions involving c → ull are subject to significantly
stronger Glashow-Iliopoulos-Maiani suppression compared
to the bottom counterparts, leading to extremely small
branching fractions [29–31]. Consequently, rare charm
decays are relatively uncharted territory both theoretically
and experimentally, which makes such studies desirable.
Probing new physics in rare decays can be achieved by

measuring angular observables that are particularly sensi-
tive to non-SM effects. For instance, the forward-backward
asymmetry in Λc → pll exhibit an heavily dependence on
the value of Wilson coefficient C10, which is predicted to be
zero within the SM [32]. Moreover, deviations from the SM
predictions of the angular observables have been already
observed in the b → sll transitions [33], making it
essential to examine similar effects in the c → ull case.
However, before attributing any observed anomalies to new
physics, careful scrutiny of experimental data and SM
predictions is required to ensure that these deviations are
not due to overlooked factors within the SM itself, such as
higher-order corrections or soft-gluon effects [34].
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Theoretically, description of baryonic rare decays relies
on the effective Hamiltonian, where intermediate gauge
bosons are integrated out. Using the operator product
expansion (OPE), the dilepton and hadronic parts can be
separated. The dilepton component is governed by the
Wilson coefficients, whereas the hadronic component is
generally parametrized in terms of form factors. At present,
the form factors for baryonic rare decays are mainly derived
from several phenomenological models, such as the
MIT bag model [35], the relativistic quark model (RQM)
[36–38], the covariant constituent quark model [39], the
Bethe-Salpeter equation approach [40,41], the light-cone
sum rules (LCSR) [34,42–44], and the lattice QCD
(LQCD) [45,46]. Additionally, the heavy quark effective
theory (HQET) is commonly applied to simplify form
factor calculations, particularly in the context of the
b-quark systems [47–50]. For example, Huang and Yan
utilized the QCD sum rules method to determine two
HQET form factors of Λb → Λll decay mode and com-
puted the corresponding decay width [50]. The QCD sum
rules (QCDSR) method they used, has been extensively
applied to study the decay properties of hadrons in the past
few decades, including both strong [51–55] and semi-
leptonic decays [50,56–64]. Unlike phenomenological
models, QCDSR is a theoretical framework grounded in
the first principles of QCD. This method begins by

constructing three-point correlation functions using suit-
able interpolating current operators, with nonperturbative
effects captured as vacuum expectation values across
various dimensions. Once the equivalence between the
QCD and phenomenological representations of the three-
point correlation functions is established through quark-
hadron duality, the form factors associated with weak
transitions are rigorously determined. In this work, we
employ QCDSR to calculate the complete set of the form
factors of the rare decay mode Λc → pll, after which the
branching fractions as well as the angular observables are
obtained. The potential new physics effects are also
analyzed. Besides, by exploiting certain flavor symmetry,
rare Ξc decay modes can be investigated.
The paper is organized as follows: in Sec. II we explain

the foundational concept of QCDSR for three-point corre-
lation functions. The numerical results along with a
detailed analysis are presented in Sec. III. Finally, the
conclusions and discussions are provided in the last section.

II. FORMALISM

The amplitudes of Λc → pll are derived by calculating
the hadronic matrix element between theΛc and proton (p).
In general, the hadronic matrix element can be parame-
trized in terms of the form factors [36,65]:

hpðq2Þjūγμð1 − γ5ÞcjΛcðq1Þi ¼ ū2ðq2Þ
�
f1ðq2Þγμ þ if2ðq2Þ

σμνqν

MΛc

þ f3ðq2Þ
qμ
MΛc

�
u1ðq1Þ

− ū2ðq2Þ
�
g1ðq2Þγμ þ ig2ðq2Þ

σμνqν

MΛc

þ g3ðq2Þ
qμ
MΛc

�
γ5u1ðq1Þ;

hpðq2Þjūiσμνqνð1þ γ5ÞcjΛcðq1Þi ¼ ū2ðq2Þ
�
fT1 ðq2Þ
MΛc

ðγμq2 − qμ=qÞ − fT2 ðq2Þiσμνqν
�
u1ðq1Þ

þ ū2ðq2Þ
�
gT1 ðq2Þ
MΛc

ðγμq2 − qμ=qÞ − gT2 ðq2Þiσμνqν
�
γ5u1ðq1Þ; ð1Þ

where q1 and q2 denote the four-vector momentum of the
initial and final state baryons and the momentum transfer is
defined as q ¼ q1 − q2. To calculate the above form factors
in the framework of QCDSR, the three-point correlation
functions could be constructed as

Πμðq21; q22; q2Þ ¼ i2
Z

d4xd4yeið−q1xþq2yÞ

× h0jTfjpðyÞjI;IIμ ð0Þj†Λc
ðxÞgj0i: ð2Þ

Here, two weak transition currents and the hadron
currents take the following quark structure [61,66]:

jIμ ¼ ūγμð1 − γ5Þc; ð3Þ

jIIμ ¼ ūiσμνqνð1þ γ5Þc; ð4Þ

jΛc
¼ ϵijkðuTi Cγ5djÞck; ð5Þ

jp ¼ ϵijkðuTi Cγ5djÞuk; ð6Þ

where the subscripts i, j, and k denote the color indices, and
C represents the charge conjugation matrix.
On the phenomenological side, by inserting a complete

set of intermediate hadronic states and applying double
dispersion relations, the three-point correlation functions in
Eq. (2) can be expressed as
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Πphe
μ ðq21; q22; q2Þ ¼

X
spins

h0jjpjpðq2Þihpðq2ÞjjI;IIμ jΛcðq1ÞihΛcðq1ÞjjΛc
j0i

ðq21 −M2
Λc
Þðq22 −M2

pÞ
þ higher resonances and continuum states: ð7Þ

Here, the transition amplitudes from the vacuum to baryon states can be parametrized by introducing the decay constants:

h0jjΛc
jΛcðq1Þi ¼ λΛc

uΛc
ðq1Þ; ð8Þ

h0jjpjpðq2Þi ¼ λpupðq2Þ; ð9Þ

where λΛc
and λp represent the decay constants ofΛc and the proton, respectively. Introducing the hadronic transition matrix

elements in Eq. (1) and utilizing the spin sum completeness relations,
P

uΛc
ðq1ÞūΛc

ðq1Þ ¼ =q1 þMΛc
andP

upðq2Þūpðq2Þ ¼ =q2 þMp, one can derive the phenomenological representation of the three-point correlation functions
in Eq. (2),

ΠI;phe
μ ðq21; q22; q2Þ ¼

λpð=q2 þMpÞ
h
f1ðq2Þγμ þ if2ðq2Þ σμνq

ν

MΛc
þ f3ðq2Þ qμ

MΛc

i
λΛc

ð=q1 þMΛc
Þ

ðq21 −M2
Λc
Þðq22 −M2

pÞ

−
λpð=q2 þMpÞ

h
g1ðq2Þγμ þ ig2ðq2Þ σμνq

ν

MΛc
þ g3ðq2Þ qμ

MΛc

i
γ5λΛc

ð=q1 þMΛc
Þ

ðq21 −M2
Λc
Þðq22 −M2

pÞ
þ higher resonances and continuum states; ð10Þ

ΠII;phe
μ ðq21; q22; q2Þ ¼

λpð=q2 þMpÞ
h
fT
1
ðq2Þ

MΛc
ðγμq2 − qμ=qÞ − fT2 ðq2Þiσμνqν

i
λΛc

ð=q1 þMΛc
Þ

ðq21 −M2
Λc
Þðq22 −M2

pÞ

þ
λpð=q2 þMpÞ

h
gT
1
ðq2Þ

MΛc
ðγμq2 − qμ=qÞ − gT2 ðq2Þiσμνqν

i
γ5λΛc

ð=q1 þMΛc
Þ

ðq21 −M2
Λc
Þðq22 −M2

pÞ
þ higher resonances and continuum states: ð11Þ

On the QCD side, the three-point correlation functions shown in Eq. (2) can be expressed using the OPE and double
dispersion relations:

ΠQCD
μ ðq21; q22; q2Þ ¼

Z
∞

smin
1

ds1

Z
∞

smin
2

ds2
ρQCDμ ðs1; s2; q2Þ

ðs1 − q21Þðs2 − q22Þ
; ð12Þ

where s min
1ð2Þ denotes the kinematic limit. The spectral density ρQCDμ ðs1; s2; q2Þ can be derived by employing Cutkosky

cutting rules [59–63,67–69]. In this work, contributions up to dimension six are taken into account for ρQCDμ ðs1; s2; q2Þ and
expressed as

ρQCDμ ðs1;s2;q2Þ¼ρpertμ ðs1;s2;q2Þþρhq̄qiμ ðs1;s2;q2Þþρhg
2
sG2i

μ ðs1;s2;q2Þþρhgsq̄σ·Gqiμ ðs1;s2;q2Þþρhq̄qi
2

μ ðs1;s2;q2Þ: ð13Þ

Here the first term represents to the perturbative contribution, whereas hq̄qi, hg2sG2i, hgsq̄σ ·Gqi, and hq̄qi2 reflect
nonperturbative effects, each corresponding to a different order of vacuum expectation values known as condensates.
To establish the equivalence between phenomenological and QCD representations, one should employ quark-hadron

duality and the double Borel transform. As a result, the general form of the form factors can be derived:

fΛc→pðq2Þ ¼ eM
2
Λc
=τ2

1eM
2
p=τ22

λΛc
λp

Z
s0
1

smin
1

ds1

Z
s0
2

smin
2

ds2ρðs1; s2; q2Þe−s1=τ21e−s2=τ22 þ Π0: ð14Þ
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Here, s01 and s
0
2 represent the threshold parameters of the Λc

and proton, respectively. Π0 includes contributions to the
correlation function that lack an imaginary part but exhibit
nontrivial features after the Borel transform. Additionally,
τ21 and τ

2
2 denote the Borel parameters that appear following

the double Borel transform.

III. NUMERICAL RESULTS AND DISCUSSIONS

A. Calculation of form factors

To calculate the form factors numerically, we adopt the
following input parameters [68–79],

hq̄qi ¼ −ð0.24� 0.01Þ3 GeV3;

s01 ¼ ð9.5 ∼ 10.5Þ GeV2; s02 ¼ ð2.4 ∼ 3.0Þ GeV2;

mc ¼ 1.27� 0.02 GeV; mu ¼ 2.16� 0.07 MeV;

λΛc
¼ 0.0119 GeV3; λp ¼ 0.02 GeV3;

MΛc
¼ 2.286 GeV; Mp ¼ 0.938 GeV; ð15Þ

where the decay constants and threshold parameters are
obtained using the two-point sum rules [75,76], employing
the same interpolating currents as specified in Eqs. (5)
and (6). Additionally, two additional free parameters, τ21
and τ22, are introduced as described in Eq. (14). For
simplicity, we utilize the following relation for the Borel
parameters [59,60,80]:

τ21
τ22

¼ M2
Λc

−m2
c

M2
p −m2

u
: ð16Þ

Typically, two criteria are used to determine the values of
the Borel parameters. The first criterion relates to the pole
contribution. To ensure that the contribution of ground-
state hadrons is significant, the pole contribution must
dominate the spectrum. Consequently, a pole contribution
greater than 40% is often chosen for the transition form
factors, as formulated below:

RPC
Λc

¼
R s0

1

smin
1

ds1
R s0

2

smin
2

ds2R
∞
smin
1

ds1
R s0

2

smin
2

ds2
; ð17Þ

RPC
p ¼

R s0
1

smin
1

ds1
R s0

2

smin
2

ds2R s0
1

smin
1

ds1
R∞
smin
2

ds2
: ð18Þ

These two ratios can be regarded as the pole contribution
from the Λc channel and proton channel, respectively.
The second criterion addresses the convergence of the

OPE, which ensures the validity of the truncated OPE. In
Eq. (13), nonperturbative effects up to dimension six are
considered, meaning that the relative contribution from the
highest dimension condensate hq̄qi2 should be below 30%.
Additionally, as physical observables, form factors should
ideally be independent of any artificial parameters.
Therefore, a reliable result is obtained within an optimal
region where the form factors show minimal dependence
on τ21 and τ

2
2. Practically, we adjust the threshold parameters

s01;2 by 0.1 GeV2 to determine the acceptable range of the
Borel parameters.
With the above setup, the form factors forΛc → pll can

be numerically determined. The results for the form factors
at the maximum recoil point q2 ¼ 0, directly evaluated
using QCD sum rules, are presented in Table I, where the
uncertainties arise from variations in the Borel parameters
and the input parameters listed in Eq. (15). We also
compared our results with predictions from other
approaches and found that most results show reasonable
agreement except f3ð0Þ, fT1 ð0Þ, and gT1 ð0Þ. Since the
current lack of experimental data and theoretical studies,
further research on these form factors is necessary.
Additionally, we observe that fT2 ð0Þ is equal to gT2 ð0Þ,
which aligns with the conclusion in Ref. [39].
Notably, by substituting the c quark in the Λc current (5)

with a b quark, the second u quark in the proton current (6)
with a d quark, and adjusting the weak transition currents

TABLE I. Theoretical predictions for the form factors of the rare decayΛc → pll at the maximum recoil point q2 ¼ 0, obtained using
different approaches.

Method f1ð0Þ f2ð0Þ f3ð0Þ fT1 ð0Þ fT2 ð0Þ
This work 0.54� 0.04 −0.25� 0.02 0.73� 0.09 −0.62� 0.06 −0.35� 0.04
RQM [38] 0.627 −0.259 0.179 −0.310 −0.380
LCSR [75] 0.59þ0.13−0.16 −0.43þ0.13−0.12
LQCD [46] 0.672� 0.039 −0.321� 0.038

g1ð0Þ g2ð0Þ g3ð0Þ gT1 ð0Þ gT2 ð0Þ
This work 0.54� 0.04 −0.25� 0.02 −0.73� 0.09 0.51� 0.12 −0.35� 0.04
RQM [38] 0.627 −0.259 −0.744 0.202 −0.388
LCSR [75] 0.55þ0.14−0.15 −0.16þ0.08−0.05
LQCD [46] 0.602� 0.031 0.003� 0.052
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(3), (4), as well as the hadronic matrix element (1)
accordingly, the Λb → nll decay process can also be
investigated. However, our calculations revealed that the
highest-order condensate term hq̄qi2 significantly contrib-

utes to the form factors. In Fig. 1, Rhq̄qi2
OPE illustrates the

relative contribution of hq̄qi2 to the form factors. It shows
that within the permissible range of Borel parameters, the
contribution of hq̄qi2 can reach 50%–90% in Λb → nll
decay process, which severely compromises the validity
of the OPE. In contrast, the contribution of hq̄qi2 in the
Λc → pll process is much smaller. Our result is consistent
with the conclusion in Ref. [81], which states that three-
point QCDSR has some general limitations in the context
of b-quark decays. Specifically, the coefficient of the hq̄qi2
condensate terms increases more rapidly with mb than the
coefficient of the perturbative contribution, an effect that
does not manifest in the two-point QCDSR [82]. Therefore,
the QCDSR method appears unreliable for b-hadron decay
due to the nonconvergence of the OPE. An alternative
approach is to consider the expansion of the correlation
function in the light cone, known as light cone sum rules.
Additionally, QCDSR method can be applied within the
framework of HQET to address b-hadron decays, as
demonstrated in Refs. [50,58].

To obtain the q2 dependence of the form factors,
we calculate them over a small spacelike interval
q2 ∈ ½−0.4; 0.4� GeV2. Then we fit the data by employing
the z-series parametrization [83], presented as follows:

fiðq2Þ ¼
fið0Þ

1 − q2=ðmpoleÞ2
f1þ a1ðzðq2; t0Þ − zð0; t0ÞÞg;

zðq2; t0Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − q2

p
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − t0

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − q2

p
þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

tþ − t0
p ; ð19Þ

where a1 is a fitting parameter, and fið0Þ denotes the value
of form factors at q2 ¼ 0, which is also treated as a fitted
parameter. The variables are defined as t� ¼ ðMΛc

�MpÞ2,
and t0 ¼ tþ −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − t−

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − tmin

p
. In the numerical analy-

sis, we choose tmin ¼ −0.4 GeV2. For the pole masses, we

use Mpole ¼ MD� ¼ 2.01 GeV for fðTÞ1;2 , Mpole ¼ MD1
¼

2.423 GeV for gðTÞ1;2 , Mpole ¼ MD0
¼ 2.351 GeV for f3,

and Mpole ¼ MD ¼ 1.87 GeV for g3 [73]. The nonlinear
least squares (χ2) fitting method are employed in our
analysis. The fitting results are listed in Table II, where
the values of fið0Þ obtained from the fitting procedure are
consistent with our directly calculated results shown in
Table I. The q2 dependence of the form factors are
displayed in Fig. 2.
With the obtained form factors, we can now syste-

matically analyzed the branching fractions and corres-
ponding asymmetry observables of the rare decay
Λc → pll.

B. Phenomenological analysis of Λc → p rare decays

The effective Hamiltonian depicting c → u transition can
be written as [29,46]

Heff ¼
GFα

2
ffiffiffi
2

p
π

�
C9½ūγμð1 − γ5Þc�½lγμl�

þ C10½ūγμð1 − γ5Þc�½lγμγ5l�

− C7

2mc

q2
½ūiσμνqνð1þ γ5Þc�½lγμl�

�
; ð20Þ

FIG. 1. The relative contributions of the highest dimension
condensate hq̄qi2 (red for Λb → nll, blue for Λc → pll) as
functions of the Borel parameters τ22, where the error bands
denote the uncertainties from threshold parameters.

TABLE II. Summary of the fitted parameters for the form factors.

f1 f2 f3 fT1 fT2

fið0Þ 0.54� 0.02 −0.25� 0.02 0.74� 0.04 −0.62� 0.03 −0.35� 0.02
a1 −0.36� 4.44 −12.75� 0.97 −17.90� 7.97 −6.88� 6.41 −7.55� 7.62

g1 g2 g3 gT1 gT2

fið0Þ 0.54� 0.02 −0.25� 0.02 −0.74� 0.04 0.51� 0.06 −0.35� 0.02
a1 −3.59� 4.45 −16.01� 0.97 −13.47� 8.03 −23.25� 16.28 −10.18� 7.84
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where GF ¼ 1.166 × 10−5 GeV−2 denotes the Fermion
constant and α ¼ 1=137 is the fine structure constant.
The Wilson coefficient C10 is predicted to be zero within
the standard model and C7;9 are functions of q2, which are
defined as [29]

C7;9ðq2Þ ¼
4π

αs
½V�

cdVudC
effðdÞ
7;9 ðq2Þ þ V�

csVusC
effðsÞ
7;9 ðq2Þ�:

ð21Þ

Here, Vq1q2 are the CKMmatrix elements taken from UTFit
[84]. Varying charm scale mc=

ffiffiffi
2

p
≤ μc ≤

ffiffiffi
2

p
mc, the

effective coefficient Ceff
7 exhibits negligible dependence

on q2 and falls within the range [29,85]:

Ceff
7 ∈ ½−0.00151 − i0.00556js

þ i0.00005jCKM;−0.00088 − i0.00327js
þ i0.00002jCKM�; ð22Þ

where the subscripts denote the contributions to the
imaginary part arising from the strong interaction phases
and the phases of the CKM matrix. Another Wilson
coefficient C9ðq2Þ is

−0.060Xds

�
μc ¼

ffiffiffi
2

p
mc

�
≤ C9 ≤ 0.030Xds

�
μc ¼mc=

ffiffiffi
2

p �
;

ð23Þ

where the function Xds is defined as follows [29]:

Xds ¼ ðV�
cdVudLðm2

d; q
2Þ þ V�

csVusLðm2
s ; q2ÞÞ;

Lðm2; q2Þ ¼ 5

3
þ ln

μ2c
m2

þ x −
1

2
ð2þ xÞj1 − xj1=2

8<
:

ln 1þ ffiffiffiffiffiffi
1−x

p
1−

ffiffiffiffiffiffi
1−x

p − iπ x≡ ð2mÞ2
q2 < 1

2 tan−1
h

1ffiffiffiffiffiffi
x−1

p
i

x≡ ð2mÞ2
q2 > 1

: ð24Þ

The Wilson coefficient C9 includes extra perturbation as well as long-distance contributions from the vector resonances
ρ, ω, and ϕ decaying in to lepton pair lþl−, which can be modeled using a usual Breit-Wigner structure:

FIG. 2. The q2 dependence of form factors with the central value of fitting parameters listed in Table II. The symbol points denote the
fitted points for each of the form factor.
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CR
9 ðq2Þ ¼ aωeiδω

	
1

q2 −M2
ω þ iMωΓω

−
3

q2 −M2
ρ þ iMρΓρ




þ aϕeiδϕ

q2 −M2
ϕ þ iMϕΓϕ

; ð25Þ

where the isospin relation is considered to connect the ρ
and ω contributions to reduce the theoretical uncertainties
[32]. MV and ΓV represent the mass and total decay width
of the vector mesons V ¼ ρ;ω;ϕ, with the values taken
from the Particle Data Group [73]. To fix the two couplings

aω and aϕ, the following approximation is employed:

BrðΛcð→ pVÞ→ pμþμ−Þ ¼ BrðΛc → pVÞBrðV → μþμ−Þ;
V ¼ ω;ϕ: ð26Þ

Here, the left-hand side is directly calculated using only
CR
9 ðq2Þ, considering only the contributions from the ω and

ϕ, while the right-hand side is evaluated by the latest
experimental data [27,73]:

BrðΛc → pϕÞ ¼ ð1.06� 0.14Þ × 10−3; Brðϕ → μþμ−Þ ¼ ð2.85� 0.22Þ × 10−4;

BðΛc → pωÞBðω → μþμ−Þ
BðΛc → pϕÞBðϕ → μþμ−Þ ¼ 0.24� 0.03� 0.018: ð27Þ

As a result, we obtain

aω ¼ 0.072� 0.015; aϕ ¼ 0.104� 0.010; ð28Þ

which are in excellent agreement with Refs. [32,38,46].
Since the strong phases δω and δϕ are experimentally
unknown, we vary them independently in 0 to 2π range
when calculating the decay observables of Λc → pll.
CR
9 ðq2Þ can be of order 1, rendering the SM contributions

from Ceff
7;9 negligible across the entire physical region [32].

Consequently, we will neglect the effects of Ceff
7;9 in the

analysis of resonance contributions.
To further aid in the phenomenological analysis, it is

beneficial to introduce helicity amplitudes, as they offer a
clearer conceptual framework and streamline the expres-
sions of asymmetric observables. The relations between
helicity amplitudes and the form factors are as follows [39]:

HVm
1
2
;0

¼
ffiffiffiffiffiffiffi
Q−

q2

s 	
MþFVm

1 þ q2

MΛc

FVm
2



; HAm

1
2
;0

¼
ffiffiffiffiffiffiffi
Qþ
q2

s 	
M−FAm

1 −
q2

MΛc

FAm
2



;

HVm
1
2
;1

¼
ffiffiffiffiffiffiffiffiffi
2Q−

p 	
FVm
1 þ Mþ

MΛc

FVm
2



; HAm

1
2
;1

¼ ffiffiffiffiffiffiffiffiffi
2Qþ

p 	
FAm
1 −

M−

MΛc

FAm
2



;

HVm
1
2
;t

¼
ffiffiffiffiffiffiffi
Qþ
q2

s 	
M−FVm

1 þ q2

MΛc

FVm
3



; HAm

1
2
;t

¼
ffiffiffiffiffiffiffi
Q−

q2

s 	
MþFAm

1 −
q2

MΛc

FAm
3



: ð29Þ

Here,HVðAÞm
λ0;λ is the helicity amplitudes for weak transitions induced by vector and axial-vector currents, where λ0 represents

the helicity of the proton and λ ¼ 0;�1; t correspond to longitudinal, transverse, and timelike helicities, respectively.Q� is

defined as Q� ¼ M2
� − q2 and M� ¼ MΛc

�Mp. The form factors FVm
i and FAm

i are linear combinations of fðTÞi and gðTÞi
and also incorporate with the Wilson coefficients, which are defined as

FV1
1 ¼ Ceff

9 f1 −
2mc

MΛc

Ceff
7 fT1 ; FA1

1 ¼ Ceff
9 g1 þ

2mc

MΛc

Ceff
7 gT1 ;

FV1
2 ¼ Ceff

9 f2 −
2mcMΛc

q2
Ceff
7 fT2 ; FA1

2 ¼ Ceff
9 g2 þ

2mcMΛc

q2
Ceff
7 gT2 ;

FV1
3 ¼ Ceff

9 f3 þ
2mcM−

q2
Ceff
7 fT1 ; FA1

3 ¼ Ceff
9 g3 þ

2mcMþ
q2

Ceff
7 gT1 ;

FV2
i ¼ C10fi; FA2

i ¼ C10gi: ð30Þ
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The negative helicity amplitudes can be derived using the
following relations:

HVm
−λ0;−λ ¼ HVm

λ0;λ; HAm
−λ0;−λ ¼ −HAm

λ0;λ: ð31Þ
Then the total helicity amplitudes can be obtained:

Hm
λ0;λ ¼ HVm

λ0;λ −HAm
λ0;λ: ð32Þ

With the above helicity amplitudes, the differential decay
width, the lepton forward-backward asymmetry, and the
fraction of longitudinally polarized dileptons of Λc → pll
can be expressed as [36,39]

dΓðΛc → pllÞ
dq2

¼ α2G2
Fq

2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
QþQ−

p
ð2πÞ548M3

Λc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
l

q2

s
Htot; ð33Þ

Al
FBðq2Þ ¼ −

3

4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

l
q2

q
H12

P

Htot
; ð34Þ

FLðq2Þ ¼
1
2

�
1− 4m2

l
q2

�
ðH11

L þH22
L Þþm2

l
q2 ðH11

U þH11
L þH22

S Þ
Htot

;

ð35Þ

where Htot is defined as

Htot ¼
1

2
ðH11

U þH22
U þH11

L þH22
L Þ

	
1 −

4m2
l

q2




þ 3m2
l

q2
ðH11

U þH11
L þH22

S Þ;

Hmm0
U ¼ ReðHm

1
2
;1
H†m0

1
2
;1
Þ þ ReðHm

−1
2
;−1H

†m0

−1
2
;−1Þ;

Hmm0
L ¼ ReðHm

1
2
;0
H†m0

1
2
;0
Þ þ ReðHm

−1
2
;0
H†m0

−1
2
;0
Þ;

Hmm0
S ¼ ReðHm

1
2
;t
H†m0

1
2
;t
Þ þ ReðHm

−1
2
;t
H†m0

−1
2
;t
Þ;

Hmm0
P ¼ ReðHm

1
2
;1
H†m0

1
2
;1
Þ − ReðHm

−1
2
;−1H

†m0

−1
2
;−1Þ: ð36Þ

The helicity amplitudes show that the lepton forward-
backward asymmetry AFB is proportional to the Wilson
coefficient C10 and thus will vanish within the SM. The
form factors f3 and g3 only appear in the term H22

S , which
includesC10, resulting in no contributions to theHtot within
the SM. They are also heavily suppressed by the factor m2

l.
In order to obtain the numerical results of decay observ-
ables, the following input parameters are used [73]:

me ¼ 0.511 MeV; mμ ¼ 0.106 GeV;

τΛc
¼ ð201.5� 2.7Þ × 10−15 s; ð37Þ

where τΛc
is the mean lifetime of Λc. By replacing the

decay form factors calculated in our model into the helicity

expressions, we can derive predictions for the decay
observables of Λc → pll. In Fig. 3, we plot the q2

dependence of the differential branching fractions
dBr=dq2 ≡ τΛc

dΓ=dq2, AFB, and FL for the decay mode
Λc → pμþμ−, with and without the contributions from the
long-distance vector resonances ρ, ω, ϕ. The LHCb upper
limit of the branching fraction in the

ffiffiffiffiffi
q2

p
region, which

excludes �40 MeV intervals around mω and mϕ, yields
BrðΛc → pμþμ−Þ < 3.2 × 10−8 (95% confidence level)
[27] as shown in Fig. 3. We observe that the calculated
branching fraction, excluding the resonance contributions,
aligns well with the experimental upper limit. The forward-
backward asymmetry AFB is zero across the entire physical
region as mentioned earlier. As for the fraction of
longitudinally polarized dileptons FL, we find at both
minimal and maximum recoil points FLðq2 ¼ 4m2

lÞ ¼
FLðq2 ¼ ðMΛc

−MpÞ2Þ ¼ 1=3, which is in agreement
with Refs. [32,38,46]. This is not a coincidence. At
q2¼4m2

l, Eq. (35) simplifies to FL¼ððH11
U þH11

L þH22
S Þ=

4Þ=ð3ðH11
U þH11

L þH22
S Þ=4Þ¼1=3. At q2¼ðMΛc

−MpÞ2,
m2

l becomes negligible, and Eq. (35) reduces to FL ¼
H11

L =ðH11
U þH11

L Þ ¼ 1=ð1þH11
U =H11

L Þ (H22
S ¼ H22

L ¼ 0

within the SM). Since HV1
1=2;0ð1Þ ¼ 0, we have H11

U =H11
L ¼

jHA1
1=2;1j2=jHA1

1=2;0j2, following Eqs. (31), (32), and (36).

Considering q2 ¼ ðMΛc
−MpÞ2, jHA1

1=2;1j2=jHA1
1=2;0j2 ¼ 2,

leading to FL ¼ 1=3. In addition, the global behavior of
dBr=dq2 and FL aligns well with the findings in
Refs. [32,38,46].
Integrating over the q2 of the curves in Fig. 3, we obtain

the total decay width, which allows for determining the
decay branching fractions and the mean values of the
fraction of longitudinally polarized dileptons FL. These
results are listed in Table III and compared with other
theoretical predictions. For results including resonance
contributions, different theoretical approaches show rel-
atively significant similarity. Our predictions are close to
the values obtained by LQCD and RQM, while the results
in Ref. [86] differ from ours by an order of magnitude. The
errors of the branching fractions and hFLi stem from the
uncertainties of the fitted parameters presented in Table II.
However, results that exclude resonance contributions
exhibit relatively large discrepancies. The observed
deviations are not solely attributed to differences in form
factors, but are predominantly influenced by variations in
the selection of Wilson coefficients. The uncertainties
caused by the Wilson coefficients in our results contribute
approximately 60%, indicating that the choice of
charm scale μc plays a critical role in rare decays. The
forward-backward asymmetry AFB is predicted to vanish
within the SM, thus, any experimental deviation from zero
in AFB would signal the presence of new physics. The
potential new physics effects will be discussed in
Sec. III C.
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Other three-body rare charmdecays of spin-1=2 baryons to
a spin-1=2 baryon and a lepton pair, such asΞc decays, can be
analyzed in a similar way. This includes processes like
Ξ0
c → Σ0ll, Ξ0

c → Λll, and Ξþ
c → Σþll. Flavor sym-

metries are employed to derive the form factors of Ξc rare
decays. Specifically, Ξþ

c → Σþ is related to Λc → p via U-
spin symmetry, which corresponds to the complete exchange
of a d quark with an s quark. Due to isospin symmetry, Ξ0

c →
Σ0 includes an additional factor of 1=

ffiffiffi
2

p
compared to

Ξþ
c → Σþ. U-spin symmetry then relates Ξ0

c → Σ0 to Ξ0
c →

Λwith a relative factor of
ffiffiffi
3

p
[22,87]. In summary, for any of

the ten form factors, denoted here as fBi→Bf
, we use the

relations: fΛc→p ¼ fΞþ
c →Σþ ¼ ffiffiffi

2
p

fΞ0
c→Σ0 ¼ ffiffiffi

6
p

fΞ0
c→Λ.

Regarding the couplings aϕ and aω, only one relevant two-
body decay mode, Ξ0

c → Λϕ, has been observed. The
branching fraction for this decay is BrðΞ0

c → ΛϕÞ ¼ ð4.9�
1.5Þ × 10−4 [88], which suggest aϕ ¼ 0.20� 0.04 in Ξc

decay mode. There is no sufficient experimental data to
determine aω, so we adopt the same value as in the Λc → p
process.Applying the sameanalysis procedure, the branching
fractions and themeanvalues ofFL ofΞc raredecaymode can
be roughly estimated, which are also listed in Table III. The
input mass and lifetime of Ξc are mΞ0

c
¼ 2.470 GeV,

τΞ0
c
¼ ð1.504� 0.028Þ × 10−13s, mΞþ

c
¼ 2.468 GeV, and

τΞþ
c
¼ ð4.53� 0.05Þ × 10−13s [73].

TABLE III. Theoretical predictions of the branching fractions, and the mean value of FL for the rare decay Λc → pll and Ξc →
ðΣ;ΛÞll with and without resonances contributions.

Br hFLi
No-resonance Resonance No-resonance Resonance

Λc → peþe−
This work ð3.2� 2.3Þ × 10−13 ð4.9� 1.4Þ × 10−7 0.54� 0.01 0.55� 0.01
RQM [38] ð3.8� 0.5Þ × 10−12 ð3.7� 0.8Þ × 10−7
[86] ð4.5� 2.4Þ × 10−14 ð4.2� 0.7Þ × 10−6

Λc → pμþμ−
This work ð2.4� 1.8Þ × 10−13 ð4.9� 1.4Þ × 10−7 0.47� 0.01 0.48� 0.01
LQCD [46] ð4.1� 0.4þ6.1−1.9Þ × 10−11 ð3.7� 1.3Þ × 10−7
RQM [38] ð2.8� 0.4Þ × 10−12 ð3.7� 0.8Þ × 10−7 0.52� 0.02
[86] ð3.77� 2.28Þ × 10−14 ð3.2� 0.7Þ × 10−6

Ξþ
c → Σþeþe− ð6.9� 4.9Þ × 10−13 ð3.0� 1.5Þ × 10−6 0.57� 0.02 0.57� 0.01

Ξþ
c → Σþμþμ− ð5.2� 3.7Þ × 10−13 ð3.0� 1.5Þ × 10−6 0.49� 0.02 0.49� 0.01

Ξ0
c → Σ0eþe− ð1.1� 0.8Þ × 10−13 ð4.9� 2.4Þ × 10−7 0.57� 0.02 0.57� 0.01

Ξ0
c → Σ0μþμ− ð8.6� 6.2Þ × 10−14 ð4.9� 2.4Þ × 10−7 0.49� 0.02 0.49� 0.01

Ξ0
c → Λþeþe− ð4.5� 2.8Þ × 10−14 ð2.0� 1.0Þ × 10−7 0.56� 0.02 0.56� 0.01

Ξ0
c → Λþμþμ− ð3.4� 2.2Þ × 10−14 ð1.9� 1.0Þ × 10−7 0.48� 0.01 0.49� 0.01

FIG. 3. Predictions for the q2 dependence of dBr=dq2, AFB and FL for Λc → pμþμ− decay mode with and without the vector
resonance contributions. The red line represents the contribution excluding resonances, while the red error band reflects uncertainties
from the Wilson coefficients and form factors. The blue lines denote the contribution including resonances. The blue error bands
represent uncertainties from strong phases δω and δϕ varying 0 to 2π, as well as the uncertainties from the couplings aω, aϕ. The

horizontal purple line marks the LHCb upper limit on BrðΛc → pμþμ−Þ in the
ffiffiffiffiffi
q2

p
region excluding �40 MeV intervals around mω

and mϕ.
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C. Potential new physics effects

In this section, we will briefly explore the potential new
physics effects through the decay observables inΛc → pll
decay. For the Wilson coefficients, we use the constraints in
Ref. [32], where jC7j≲ 0.3, jC10j≲ 0.8 and we retain
C9 ¼ CR

9 ðq2Þ. New physics effects on the differential
branching fraction, forward-backward asymmetry, and
the fraction of longitudinally polarized dileptons are
examined with different Wilson coefficient values, as
shown in Fig. 4.
The differential branching fraction shows a significant

dependence on the parameter C7, especially in the low q2

region. In this region, the branching fraction increases sharply
with rising values of C7, indicating a strong correlation
between this parameter and the decay process. In contrast,
the influence of C10 is minimal throughout the entire q2

spectrum, suggesting that variations in C10 do not notably
affect the branching fractions in the same way as C7 does.

The forward-backward asymmetry AFB in theΛc → pll
decay demonstrates notable sensitivity to new physics
effects. As illustrated in Fig. 4, both C7 and C10 substan-
tially affect the behavior of AFB. Notably, AFB is heavily
suppressed near the resonances, where the total helicity
amplitude Htot reaches its peak. Conversely, away from the
resonances, even a small value of C10, such as 0.1, can lead
to appreciable values of AFB, making it a clean observable
for detecting new physics [89]. However, the considerable
hadronic uncertainties will pose challenges for accurately
extracting the Wilson coefficients [32].
The fraction of longitudinally polarized dileptons FL

exhibits distinct resonance contributions as illustrated
Fig. 4, which are not apparent within the SM as placed
in Fig. 3. The reason for this lack of visibility in the SM is
primarily due to the fact that C7 is significantly smaller than
CR
9 ðq2Þ. When C7 is effectively neglected, both the numer-

ator and denominator in Eq. (35) become dominated by the

FIG. 4. New physics effects for the differential branching fraction, the forward-backward asymmetry, and the fraction of longitudinally
polarized dileptons with different values of the Wilson coefficients. Strong phases are fixed to δω ¼ δϕ ¼ 0.
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term jCR
9 j2. This results in a cancellation of the contribu-

tions from the resonance state, obscuring any potential
signals associated with the resonances in FL. Thus, the
observable FL provides a crucial distinction between
potential new physics scenarios and the predictions of
the SM.

IV. CONCLUSIONS

In this work, we investigate the rare decay Λc → pll
within the framework of QCD sum rules. By employing
Cutkosky cutting rules and input parameters, we derive
the complete expressions of the form factors as well as the
numerical values at the maximum recoil point q2 ¼ 0. The
obtained form factors are extrapolated across the entire
physical region using z-series parametrizations, which
effectively capture the behavior of the q2 dependence.
Then these form factors are utilized to calculate the

branching fractions, the forward-backward asymmetry AFB,
and the fraction of longitudinally polarized dileptons FL,
with and without long-distance contributions from the
vector resonances ρ, ω, and ϕ. The resonance contributions
are modeled using a Breit-Wigner structure, with coeffi-
cients derived from available experimental data. We find
that the results including the contributions from resonance
are generally similar across different theoretical models,
while the results excluding resonance contributions show
significant discrepancies. This phenomenon is primarily

due to the different choice of Wilson coefficients.
Moreover, we provide rough estimates of the branching
fractions and FL for Ξc rare decays, offering predictions for
experimental verification.
Finally, we briefly investigate the potential new physics

effects on the differential branching fraction, the forward-
backward asymmetry AFB, and the fraction of longitudi-
nally polarized dileptons FL. The differential branching
fraction shows a strong dependence on C7 in the low q2

region. AFB is zero in the standard model, but becomes non-
negligible when C10 ≠ 0, making it a clean test for probing
new physics. Additionally, FL exhibits resonance peaks
under new physics effects, absent in the standard model,
providing a crucial distinction between new physics and
SM, which is detectable in experiment with present data
at hand.
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