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We investigate relativistic corrections of an order 1=m2, where m is the constituent quark mass, to heavy
baryon decays by emitting one pseudoscalar meson in the quark model. This work is motivated by
shortcomings in the previous studies in the nonrelativistic quark model for decays of the Roper-like states,
such as Λcð2765Þ. We find that the relativistic corrections due to the internal motion of quarks are essential
ingredients in improving their decay properties, such that the decay widths are significantly increased. In
addition, such corrections can explain a phenomenological suppression of the quark axial-vector coupling
constant gqA for the Σcð2455Þ and Σcð2520Þ decays.
DOI: 10.1103/PhysRevD.103.094003

I. INTRODUCTION

In recent years, many states of hadrons that contain
heavy quarks are discovered in many experiments, such as
SLAC, KEK, and LHC experiments. Among them, the
newly observed Λbð6072Þ in LHC experiments [1,2] is
particularly interesting. From its mass and decay properties,
this state is suggested to be the first radial excitation of the
Λb baryon [3,4], which is an analogous state of the Roper
resonance, Nð1440Þ [5]. In fact, there are other candidates
of the Roper-like states with heavy quark flavors, such as
Λcð2765Þ and Ξcð2970Þ. Such analogy is further confirmed
from the recent result by Belle that Ξcð2970Þ favors spin-
parity 1=2þ [6]. Interestingly, they appear to have not only
a similar excitation energy but also a large decay width [3].
Historically, the Roper resonance has been a mysterious

state because the observed mass is much lower than that
predicted by the quark model, and the inverse ordering with
the negative parity state is puzzling. These unexpected
results have induced great amount of discussions to under-
stand its nature both experimentally [7,8] and theoretically
[9–16]. One promising physical interpretation is that the
Roper resonance is a quark core coupled by meson clouds
[17,18]. Moreover, the relativistic effects are found to be
important [19–21].

One of the difficulties of the Roper-like states is that their
observed broad decay widths seem to contradict with the
prediction of the narrow width by the quark model [22–27].
Due to a large discrepancy, one may expect that the
nonresonant process or f0ð500Þ contribution may be
essential. However, in our previous study, it is suggested
that such a contribution is insignificant [3]. The suppres-
sion is also supported by the chiral effective model [28].
Therefore, the prediction of the narrow width is indeed a
serious problem of the previous studies in the quark model.
In this work, we investigate relativistic corrections in the

constituent quark model primarily to solve the problem in
the decays of the Roper-like states. At the same time, we
also study the corrections to other low-lying states. For this
purpose, we will use the Foldy-Wouthuysen-Tani (FWT)
transformation. This method was employed long ago by
Kubota and Ohta in analyzing the photoexcitation ampli-
tudes of nucleon resonances [19]. They emphasized that
such corrections are crucial to give the correct sign of the
photoexcitation amplitude of Nð1440Þ, leading to better
agreement with the data. The relativistic effects in the
photoexcitation amplitudes are also confirmed by other
computation [20]. Furthermore, the relativistic treatments
give better agreement for the mass of Nð1440Þ [21].
Motivated by these observations, we expect that the
relativistic corrections will also play important roles for
heavy baryons.

II. NONRELATIVISTIC QUARK MODEL

The quark model computation of heavy baryon decays
follows Refs. [22,24]. The harmonic oscillator wave
functions of baryons are formed in the heavy quark basis.
They are denoted as YQðnlξ; JðjÞPÞ, where nl stand for the
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node and orbital angular momentum quantum numbers,
and ξ ¼ λ or ρ indicate the two internal excitation modes of
quarks. Its spin (J) and parity (P) together with the brown
muck spin (j) are denoted by JðjÞP.
In the quark model, the one-pion emission decay of

heavy baryon is depicted in Fig. 1. Here, we employ the
axial-vector type coupling for the interaction between the
pion and a light quark inside a heavy baryon as

Lπqq ¼
gqA
2fπ

q̄γμγ5τ⃗q · ∂μπ⃗: ð1Þ

This interaction is inspired by the low-energy theorem of
chiral symmetry. In many cases, the nonrelativistic calcu-
lations have been performed by expanding the interaction
in powers of 1=m and considering the terms up to order
1=m as given by

HNR ¼ g

�
σ · qþ ωπ

2m
ðσ · q − 2σ · piÞ

�
; ð2Þ

where we define g ¼ gqA=2fπ with gqA ¼ 1 the quark axial-
vector coupling constant and fπ ¼ 93 MeV the pion decay
constant. Here, we denote the energy and momentum of the
outgoing pion as ðωπ; qÞ. For kaon emission decays, the
parameters, such as the kaon decay constant (fK ¼
111 MeV), energy and momentum should be changed
accordingly. The initial and final momenta of the light quark
are denoted by pi and pf.
In the previous works [22–24], decay widths of heavy

baryons were investigated by using the interaction in
Eq. (2). However, the resulting decay widths turned out
to be too small for the Roper-like states, e.g., Λcð2765Þ
baryonas shown in the column denoted as ΓNR of Table I.

YQ Y  Q

pfpi

q

FIG. 1. Schematic picture of one-pion emission decay of heavy
baryon YQ in the quark model, where the pion is regarded as a
Nambu-Goldstone boson.

TABLE I. Decay widths estimated by the nonrelativistic quark model with the relativistic corrections (NRþ RC) and without them
(NR) for various charmed baryons in units of MeV. The minimum and maximum values of the decay widths are found numerically
within the parameter range as indicated in the section of “model parameters.”

State Multiplet Channel ΓNR ΓNRþRC ΓExp Ref.

Σcð2455Þþþ Σcð1S; 1=2ð1ÞþÞ Λcπ 4.27–4.34 0.36–1.95 1.84� 0.04 Belle [29]
Σcð2520Þþþ Σcð1S; 3=2ð1ÞþÞ Λcπ 29.8–31.4 2.70–14.1 14.77� 0.25 Belle [29]
Λcð2595Þþ Λcð1Pλ; 1=2ð1Þ−Þ Σcð2455Þπ 1.35–3.16 1.36–3.20 2.6� 0.6 CDF [30]
Λcð2625Þþ Λcð1Pλ; 3=2ð1Þ−Þ Σcð2455Þπ 0.08–0.15 0.01–0.06

Σcð2520Þπ 0.07–0.18 0.08–0.20
Sum 0.15–0.33 0.09–0.26 < 0.97 CDF [30]

Λcð2765Þþ Λcð2Sλλ; 1=2ð0ÞþÞ Σcð2455Þπ 0.71–2.66 5.56–26.1
Σcð2520Þπ 0.67–2.04 5.26–22.9

Sum 1.38–4.70 10.8–49.0 73� 5 Belle [31]
Λcð3136Þþ a Λcð2Sρρ; 1=2ð0ÞþÞ Σcð2455Þπ 2.22–42.0 106–657

Σcð2520Þπ 8.78–81.3 208–1142
Sum 11.0–123 314–1799 � � � � � �

Ξ0þ
c Ξ0

cð1S; 1=2ð1ÞþÞ Ξcπ … b � � � � � � � � �
Ξcð2645Þþ Ξ0

cð1S; 3=2ð1ÞþÞ Ξcπ 5.16–5.26 0.93–2.75 2.06� 0.13 Belle [32]
Ξcð2790Þþ Ξcð1Pλ; 1=2ð1Þ−Þ Ξ0

cπ 4.24–11.6 4.33–11.7 8.9� 1.0 Belle [32]
Ξcð2815Þþ Ξcð1Pλ; 3=2ð1Þ−Þ Ξ0

cπ 0.18–0.34 0.04–0.12
Ξcð2645Þπ 1.83–4.16 1.26–2.92

Sum 2.01–4.50 1.30–3.04 2.43� 0.26 Belle [32]
Ξcð2970Þþ Ξcð2Sλλ; 1=2ð0ÞþÞ Ξ0

cπ 0.16–0.87 1.62–8.36
Ξcð2645Þπ 0.23–0.95 2.07–9.40
Σcð2455ÞK 0.16–0.35 0.38–1.18

Sum 0.55–2.17 4.07–18.9 28.1� 2.4 Belle [32]
Ξcð3318Þþ a Ξcð2Sρρ; 1=2ð0ÞþÞ Ξ0

cπ 0.00–7.58 17.6–133
Ξcð2645Þπ 0.35–13.1 37.4–238
Σcð2455ÞK 2.61–24.5 29.6–183

Sum 2.96–45.2 84.6–554 � � � � � �
aMasses are estimated in the quark model for the ρ-mode Roper-like state.
bThe null results for the decay width are due to insufficient phase space.
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III. RELATIVISTIC CORRECTIONS
OF ORDER 1=m2

To estimate them properly, we perform the FWT trans-
formation [33] for the Lagrangian in Eq (1). After some
calculations, we obtain

HRC ¼ g
8m2

½m2
πσ · qþ 2σ · ðq − 2piÞ × ðq × piÞ�; ð3Þ

wheremπ is the pion mass. Note thatmπ should be replaced
by mK for the kaon emission decay. What we found in this
work is that the term proportional to p2i in the second term
of Eq. (3) plays an important role not only for the Roper-
like state but also for Σc’s. This term is due to the internal
motion of the quarks inside a heavy baryon. In the
electromagnetic interaction, such a term appears as the
spin-orbit coupling in the relativistic correction [19].

IV. MODEL PARAMETERS

In the quark model, there are three parameters: the light
quark mass m, the heavy quark mass M, and the spring
constant k. Following our previous study [24], for Λc and
Λb baryons, we will use the constituent quark masses as
muðdÞ ¼ 0.35� 0.05 GeV, Mc ¼ 1.5� 0.1 GeV, and
Mb ¼ 5.0� 0.1 GeV. For Ξc and Ξb baryons, they consist
of three different quarks so that we use the averaged mass

m ¼ 0.40� 0.05 GeV for the u, d, and s quarks. Here, we
have used the strange quark mass as ms ¼ 0.45�
0.05 GeV. In this work, the spring constant is adjusted
as k ¼ 0.03� 0.01 GeV3 in order to get the level spacing
around ωλ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kð2mþMÞ=ðmMÞp ¼ 0.35� 0.05 GeV,

which is the typical excitation energy of the first excited
state of heavy baryons. We will use the same value of the
spring constant for various quark flavors contents. From the
above parameters, we obtain the range parameter of
the harmonic oscillator wave functions as aλ ¼ ffiffiffiffiffiffiffiffiffiffiffi

mλωλ
p ¼

0.40� 0.04 GeV and aρ ¼ ffiffiffiffiffiffiffiffiffiffiffimρωρ
p ¼ 0.29� 0.03 GeV

for Λc baryons, where we define mλ ¼ 2mM=ð2mþMÞ,
mρ ¼ m=2, and ωρ ¼

ffiffiffiffiffiffiffiffiffiffiffi
3k=m

p
. The values of the range

parameters slightly vary for Ξc, Λb, and Ξb.
In actual computations, we use the heavy baryon masses

from the experimental data when available. Otherwise, we
use the theoretical input as given in the footnotes of Tables I
and II. In the following, we will look at the decays of low-
lying states one by one.

V. GROUND STATES

Let us start from the Σcð2455Þ and Σcð2520Þ. These
states are regarded as ground states because the quarks are
in the lowest S-wave orbit. However, they have an energy
excess due to the spin-one (bad) diquark that can decay into
the spin-zero (good) diquark by emitting one pion.

TABLE II. Similar to Table. I, but for bottom baryons.

State Multiplet Channel ΓNR ΓNRþRC ΓExp Ref.

Σbð5810Þþ Σbð1S; 1=2ð1ÞþÞ Λbπ 11.9–12.3 0.62–5.11 4.83� 0.31 LHCb [34]
Σbð5830Þþ Σbð1S; 3=2ð1ÞþÞ Λbπ 20.4–21.4 1.08–8.80 9.34� 0.47 LHCb [34]
Λbð5912Þ0 Λbð1Pλ; 1=2ð1Þ−Þ Σbπ 0.001–0.003 0.001–0.003 < 0.25 LHCb [2]
Λbð5920Þ0 Λbð1Pλ; 3=2ð1Þ−Þ Σ�

bπ 0.004–0.008 0.004–0.009 < 0.19 LHCb [2]
Λbð6072Þ0 Λbð2Sλλ; 1=2ð0ÞþÞ Σbπ 0.72–2.17 4.97–20.8

Σ�
bπ 1.08–3.00 7.81–31.5

Sum 1.80–5.17 12.8–52.3 72� 11 LHCb [2]
Λbð6469Þ0 a Λbð2Sρρ; 1=2ð0ÞþÞ Σbπ 3.29–51.6 107–725

Σ�
bπ 8.05–102 215–1396

Sum 11.3–154 322–2121 � � � � � �
Ξbð5935Þ− Ξ0

bð1S; 1=2ð1ÞþÞ Ξbπ 0.25–0.25 0.04–0.13 < 0.08 LHCb [35]
Ξbð5945Þ− Ξ0

bð1S; 3=2ð1ÞþÞ Ξbπ 2.87–2.90 0.43–1.43 1.65� 0.31 LHCb [35]
Ξbð6096Þ− b Ξbð1Pλ; 1=2ð1Þ−Þ Ξ0

bπ 2.40–5.49 2.41–5.50 � � � � � �
Ξbð6100Þ− c Ξbð1Pλ; 3=2ð1Þ−Þ Ξ0

bπ 0.01–0.01 0.00–0.00
Ξ�
bπ 0.91–1.93 0.63–1.36

Sum 0.92–1.94 0.63–1.36 < 1.9 CMS [36]
Ξbð6255Þ− b Ξbð2Sλλ; 1=2ð0ÞþÞ Ξ0

bπ 0.19–0.72 1.49–6.33
Ξ�
bπ 0.31–1.13 2.75–11.4

Sum 0.50–1.85 4.24–17.7 � � � � � �
Ξbð6647Þ− a Ξbð2Sρρ; 1=2ð0ÞþÞ Ξ0

bπ 0.14–8.80 17.9–132
Ξ�
bπ 0.28–14.7 36.3–261

Sum 0.42–23.5 54.2–393 � � � � � �
aMasses are estimated in the quark model for the ρ-mode Roper-like state.
bMasses are taken from Ref. [37].
cMass is taken from the latest result [36].

RELATIVISTIC CORRECTIONS TO DECAYS OF HEAVY … PHYS. REV. D 103, 094003 (2021)

094003-3



The nonrelativistic quark model of order 1=m over-
predicts the decay widths of Σc states and their siblings by a
factor of 2 as shown in the column denoted as ΓNR of
Tables I and II. In our previous study [24], the discrepancy
has led to the discussion of the suppression factor of about
3=4 for the quark axial-vector coupling constant gqA. In the
literature, the universal suppression parameter is introduced
to explain the experimental data [23]. The necessity of the
suppression factor for gqA has been known for long time for
the nucleon gA; in the nonrelativistic quark model
gA ¼ 5=3, about 30% larger than the observed value gA ∼
1.25 [38]. The situation is essentially the same for the decay
of Σc → Λcπ.
Now, let us see the suppression mechanism by including

the relativistic corrections in more detail. The matrix
element of the leading term of order 1=m0 is the spin-
isospin factor of σiτa times the overlap of the common
ground state wave functions for Σc and Λc which is unity in
the long-wavelength limit of the pion momentum. For the
term of order 1=m, the matrix elements of σ · pi and σ · q
cancel each other giving only a small contribution of
around 0.1% of the total width by using the interaction
in Eq. (2). The cancellation can be understood since the
ratio Rp=q ¼ hσ · pii=hσ · qi is around 0.42 for this case. In
the relativistic corrections of order 1=m2, the matrix
element of p2i in Eq. (3) gives a factor proportional to
the square of the range parameter a2. This term appears
with the opposite sign to the leading term of 1=m0. This
explains the reduction of the quark axial-vector coupling
constant gqA. As shown in Tables I and II, it is fair to say that
the agreement with the data is improved when observing
that the data marginally fall into the calculated range.

VI. NEGATIVE PARITY STATES

These are the first excited states of quark orbital motion
in the Pwave (1P state). We expect that they are dominated
by the lower λ modes. We assume that this is the case not
only for the 1P states, but also for the 2S Roper-like states
in the following.
The relativistic correction is found to be insignificant for

the negative parity states. For instance, the correction to the
decay of Λcð2595Þ with JP ¼ 1=2− is negligible, and the
interaction in Eq. (2) is sufficiently good in explaining
the experimental data. For this decay, the leading term of
order 1=m0 with σ · q is negligible because it results in a
term proportional to q2, which is vanishing in the long-
wavelength limit. Meanwhile, for the term of order 1=m,
the matrix element of σ · pi gives a finite term of order q0.
As a result, the σ · pi becomes the dominant term. This is in
the line with the S-wave decay of Λcð2595Þ → Σcð2455Þπ.
For the relativistic correction terms of order 1=m2

as in Eq. (3), the matrix element is found to give only a
term proportional to q2 resulting in a small contribution.
For the case of Λcð2625Þ with JP ¼ 3=2−, the relativistic

correction is found to be sizable for Σcð2455Þπ channel.
However, because of the D-wave nature, the actual value is
relatively small, and the agreement with the data is still
good. This behavior applies to other siblings such as
Ξcð2790Þ and Ξcð2815Þ as given in Tables I and II.
Very recently, CMS Collaboration [36] observed the new

Ξbð6100Þ state with a narrow width Γ < 1.9 MeV. It is
found that our prediction of the decay width agrees well
with the data as shown in Table II, when the spin and parity
are identified as 3=2−.

VII. ROPER-LIKE STATES

Now, let us come to the main result of the present work.
Here, we found that the relativistic correction is essential
for the Roper-like states. As discussed earlier, the non-
relativistic quark model predicts narrow widths around a
few MeV that are smaller than the experimental data by 1
order of magnitude. However, by taking into account the
relativistic corrections in Eq. (3), the decay widths are
significantly improved and have better agreement with the
data as shown in the column denoted as ΓNRþRC of Tables I
and II.
It is also worth mentioning that there are other decay

modes, e.g., f0ð500Þ contribution in a two-pion emission
decay, that may contribute to the total width of the Roper-
like state. However, from the experimental observations,
such a contribution is insignificant as discussed in our
previous studies [3,22].
The shortcoming in the nonrelativistic quark model can

be understood from the orthogonality of the wave func-
tions. The leading term of order 1=m0 with σ · q, which is
the spin-flip transition process, contains a vanishing over-
lap of the orthogonal orbital wave functions in the long-
wavelength limit. In contrast, the σ · pi term of order 1=m in
Eq. (2) provides a finite contribution. However, the odd
power of the quark momentum operator will translate into
the pion momentum q and always come with the pion
energy ωπ, which makes the role of σ · pi term not very
important resulting in only small decay widths up to order
1=m [24]. On the other hand, in the relativistic correction of
1=m2, the matrix elements consist of the higher terms of the
quark momentum of p2i as given in Eq. (3). The even power
of the quark momentum operator will translate into the
square of the range parameter a2 giving considerable
contributions. Together with the σ · pi term of order 1=m
with the same sign, the corrections of order 1=m2 lead to a
large increase of the total decay widths.
From the above discussion, it is essential to include the

next leading order term (1=m2 term), especially when the
leading term is suppressed. In other words, the 1=m2 term is
the leading term for the decay of the Roper-like states. In
contrast to other cases such as the ground states and the
negative parity states, the leading order term play the
dominant role.
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As anticipated earlier, we have so far discussed the
λ-mode excited states. To complete our discussions, we also
mention the results for ρ-mode ones. The excitation
energies of the ρ modes are expected to be larger; in the
harmonic oscillator base, we expect that the mass of the
ρ-mode Roper-like state is about 1 GeV above the ground
state. In more realistic calculations with a linear confine-
ment potential, this energy is somewhat lowered [39]. We
expect that the mass of the ρ-mode Roper-like state is about
850 MeVabove the ground state Λcð2286Þ. In Tables I and
II, results are shown by using this value. The resulting
widths are largely increased. Note that there are also other
possible decay modes, such as D meson emission decay,
that make the width even larger. Therefore, we consider that
this could be the reason that the ρ-mode Roper-like state is
not likely to be observed.
For the Λcð2765Þ and Λbð6072Þ baryons, the computed

decay widths are found to be similar. This behavior follows
the heavy-quark flavor symmetry [40]; i.e., the dynamics of
charmed and bottom baryons are similar. Also, the branch-
ing ratio R ¼ ΓðΣcð2520ÞπÞ=ΓðΣcð2455ÞπÞ is not signifi-
cantly changed with the inclusion of the relativistic
corrections and still consistent with the prediction from
the heavy-quark spin symmetry [41]. For the case of Roper-
like ΞcðbÞ baryons, the decay widths are found to be smaller
than Roper-like ΛcðbÞ baryons despite having a similar
phase space. This can be understood by the fact that the
ΞcðbÞ baryons have only one light quark that couples to
a pion.
For the case of Ξc, the Σcð2455ÞK channel is open. In

this case, the relativistic correction for the kaon emission
decay is not large as compared to the pion emission decay
because of the smaller phase space volume. As a result, the
ratio of Σcð2455ÞþþK− to Ξcð2645Þ0πþ becomes smaller
around 10% when the relativistic correction is included as

compared to the case without it, which is around 40%. This
prediction can be tested in the experiment to further clarify
the role of relativistic effects for the Roper-like states.

VIII. SUMMARY

We have investigated relativistic corrections up to order
1=m2 to the decays of low-lying heavy baryons through
pseudoscalar meson emission in the quark model. As a
result, we have found that the agreement with the data is
significantly improved. In particular, the decay widths of
the Λcð2765Þ and other Roper-like states are greatly
increased by 1 order of magnitude as compared to the
previously calculated values up to order 1=m. Our present
work implies that a better relativistic approach is desired in
analyzing baryon decays, which is a challenging problem.
It is emphasized that we do not need a suppression of the

quark axial-vector coupling constant gqA by hand [42], but
rather it is naturally explained by the relativistic effect. The
fact that we can consistently use gqA ¼ 1 supports the
discussion by Weinberg on the mended symmetry for
the quark axial-vector coupling constant [43,44].
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