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Abstract: We estimate the coupling constants and decay widths of the S U(3) partners of the Q(2012) hyperon, as

discovered by the BELLE Collaboration, using the distribution amplitudes of the octet baryons within light cone sum
rules method. Our study includes a comparison of the obtained results for the relevant decay widths with those de-
rived within the framework of the flavor S U(3) analysis. We observe a good agreement between the predictions of
both approaches. Moreover, our results on the decay width of the Q — ZK is compatible with the existing experi-

mental result within the uncertainties of the model predictions. These results can provide helpful insights for determ-
ining the nature of the S U(3) partners of the 2(2012) baryon.
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I. INTRODUCTION

In 2018, the BELLE Collaboration made an exciting
announcement regarding the discovery of the Q(2012)
hyperon. This discovery was based on the Q*~ — =K~
and Q" - Z°K? decay channels, with a measured mass
of m=2012.4+0.7 (stat) + 0.6 (sys)MeV, and decay width
of Ty = 6.4737 (stat) + 1.6(sys)MeV [1]. However, know-
ing only the mass of the state is not sufficient enough to
determine the quantum numbers of ‘a state. For instance,
within the QCD sum rule method, the mass of the
Q(2012) baryon is estimated, assuming it to be either 1P
or 2S excitation state [2]. Both assumptions yield the
same mass value, although the estimated residues differ.
Thus, additional physical quantities, such as the decay
width, are necessary to identify the quantum numbers of
newly discovered particles.

In a previous study [3], the ©Q(2012) —» Z°K~ trans-
ition was investigated, and its corresponding decay width
was estimated by considering two possible scenarios for
Q(2012): either a 1P or 2S state. A comparison of the
total decay widths obtained in this work led to the conclu-
sion that the ©(2012) is itself a J* = %_ state. Moreover,
predictions from various theoretical models also con-
verge on the likely quantum numbers J” =3~ for the ob-
served state [4—15].

In this study, considering ©(2012) as J” =3 state,
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strong couplings of SU(3) partners of this state are invest-
igated within the framework of light cone sum rules (LC-
SR) by using the octet baryon's distribution amplitudes
(DAs). It should be noted that this problem was also stud-
ied in [16] using the flavor SU(3) symmetry approach.

The structure of this paper is as follows: Section II in-
troduces the LCSR for the strong couplings of the trans-
itions 2 — %+ + pseudoscalar mesons, Section III provides
a numerical analysis of the LCSR, focusing on the relev-
ant strong couplings. Within this section, we also present
the computed values of the decay widths based on the ob-
tained coupling constants. Additionally, we compare our
results with those obtained from the flavor SU(3) sym-
metry method. Finally, our conclusions are summarized
in the last section.

II. LCSR FOR THE STRONG COUPLINGS OF
SU3) PARTNERS OF Q(2012)

To calculate the strong couplings of SU(3) partners,
denoted as 3 states in the following discussions, we in-
troduce the vacuum-to-octet baryon correlation function:

M(p,g) =i / d*xe™ (01T {n, (01,0 }OP)) , (1)
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where 7, represents the interpolating current of the dec-
uplet baryons, J, = 17,54 is the interpolating current of
the pseudoscalar mesons, and |O(p)) represents the octet
baryon state.

The interpolating current of the decuplet baryons can
be written as:

ny =& A{ (¢ Cruh) 45 + (45 Cvudl) 4

+ (@ Cvudh) 5} 2)
where a,b,c are the color indices, C is the charge conjug-
ation operator, and 4 is the normalization factor. The
quark content of the decuplet baryons and the normaliza-
tion factor 4 are presented in Table 1.

To derive the Light Cone Sum Rules for the strong
coupling constants, the approach involves computing the
correlation function in two ways: in terms of hadrons and
in terms of quark-gluon fields within the deep Euclidean
domain. By applying the quark-hadron duality ansatz, the
relevant sum rules can be derived.

The strong coupling constants appear in double. dis-
persion relation for the correlation function given in Eq.
(1). Hence, to calculate these constants, double disper-
sion relation for the correlation function needs to be cal-
culated. The double dispersion relation is obtained by
analytical continuation of the imaginary part of the cor-
responding invariant amplitudes with respect to the vari-
ables p? and ¢* in spin-3/2 and pseudoscalar meson
channels, respectively.

Before delving into the details of the calculations, it is
important to highlight the following aspect: the interpol-
ating current for the decuplet baryons interacts not only
with the ground positive parity states JZ = %+ but also
with the negative parity states J*=2"
states of J* = 1.

To eliminate the contributions from unwanted states,
JP=3"and J” =17, a technique involving linear contri-
butions of different Lorentz structures is employed (for
more details about this approach refer to [17]).

and even with

Table 1. The quark content of the decuplet baryons and the
normalization factor 4.

A q1 q2 q3
At \@ u u d
=*(3/2) i u u s
203/2) NE u d s
= (312) Vi d d s
20 (3/2) NG s s u
E(3/2) I s s d
Q- 1 K Ky K

Following the standard procedure, we insert the total
set of baryons with J* = % into the correlation function as
well as the corresponding pseudoscalar mesons. Then, we
get,

O3 ) (' P@IOoP))

m; = p”

w(p,q) = Z

i=+

O (0)IP()) ;

mh—q?
3)

where summation is‘over positive and negative states, and
myp 1S the mass of the corresponding pseudoscalar meson
# with momentum ¢. The matrix elements in the above
equation are defined as,

)
o

<%+(p')¢’(q)‘t0(p)> = g+ita(Pu(p)q" ,

3+
t5 (p’)> =Aau,(p),

3-
5 (p’)> = Aysu,(p'),

<%7(p')¢)(q)‘t0(p)> = 8- (p")ysu(p)q” ,

where A. are the residues of the related %i baryons, g.
stands for the coupling constants of the J” = %i baryons
with the octet baryons and the pseudoscalar mesons, fp is
the decay constant of the pseudoscalar meson and ¢ de-
notes its 4-momentum, and u,(p’) and u(p) are the Rarita-
Schwinger and Dirac spinors respectively. Performing
summation over the spins of the Rarita-Schwinger spinors
with the help of the following formula,

’ AN / ’ / 1
Z“p(l’ S (p',s") = = (P +m) |:g,ur1_ §7p7v

’

200, N PiYa = PoYu
3m? 3m

}, )

and using Egs. (3) and (4) one can obtain the expression
of the correlation function from the hadronic part. It
should be reminded here that the interpolating current in-
teracts not only with spin % states, but also with spin %
states.

Using the condition y*5, =0, it can easily be shown
that

(0]m |3 p)) ~ o =Bl up') ©

It follows from this equation that any structure con-
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taining vy, or p;, is "contaminated" by the contributions of
spin 5 -states. Hence, to remove the contributions of spin
%—states, these structures are all discarded.

Another problem is all Dirac structures not being in-
dependent of each other. To overcome this issue, Dirac
structures need to be arranged in a specific order. In the
present work we choose the ordering vy, p" 4v,.

Keeping these notes in mind, and using Egs. (3), (4)
and (5), we obtain the correlation function from the phe-
nomenological part as follows:

Age(— g+my + mo)qu%fw
(m3 — p?)(mp — ¢%)
A-g-(g+m_—mo)q,q,fr
(m2 — p)(mg — ¢%)

I, =

u(p)

u(p)+..., @)

where mp is the mass of the relevant octet baryon,
m,(m_) is the mass of the spin—% positive (negative) par-
ity baryon. Here, ... indicates the contributions of the ex-
cited states and continuum.

As a last step, we need to eliminate the contributions
of JF = %+ states. For this purpose, the linear combina-
tions of the invariant functions corresponding to different
Lorentz structures are considered.

We now turn our attention to the calculation of the
correlation function by using the operator product expan-
sion (OPE) in the deep Euclidean region for the variables
p?=(p-¢g)*, and ¢*> < 0. To calculate the OPE, the ex-
plicit forms of the interpolating current are placed in the
correlator and possible contractions \ are performed
between quark fields by using Wick's theorem. As an ex-
ample, for the correlation function of £°(3/2) —» NK, we

get,
2 4. ,igx
g d*xe e (C711 )Q,B s )P‘T

{<0|u3<0>u2(x>d;<0>|zv>sw(—x>

I, =

®)
+ (Ol (0)utg (X)d5 (OIS g ()

+{0lug(0ug ()5 (—x)IN)S np(_x)}

where S(—x) is the strange quark propagator. From this
expression it follows that the OPE results is obtained by
convolution of the quark propagator to the sum of the
nucleon distribution amplitudes, obtained from
e“”“<0|u‘;(0)u§(x)d;(0)|N) matrix element. Diagrammatic
description of the Eq.(8) is given in Fig. 1. Once we use
the explicit expressions of the quark propagators and
definition of DAs of octet baryons, the following master
integral appears in the coefficients of different Lorentz
structures

P—q
Fig. 1. Diagrammatic representation of the correlation func-
tion is depicted. The wavy lines describes the external cur-
rents, solid lined corresponds to the quark fields and shaded
regions corresponds to the DAs of the nucleon.

uk
In,k 5 /du—n s n= 1,2,3.
[m? = (pu—q)?]

For the calculation of the double spectral densities it
is enough to find the double spectral representations of
the master integrals. The details of the calculations for the
spectral density for n =1 case are presented in Appendix
A. The cases n =2 and n =3 are calculated in the similar
manner.

The invariant amplitudes are related to the spectral
densities via double dispersion relation as follows:

i(p— 2’ 2 :/d /d p(s1,52)
p=ar.q] . Sz[sl—(p—q)z](Sz—qz)Jr

The spectral density can be obtained from
[(p—¢)*,¢*] by applying two subsequent double Borel
transformations (for more details of the calculation see
Appendix A.)

Matching the OPE results with the double dispersion
relations for the relevant Lorentz structures for the had-
rons, applying the quark-hadron duality ansatz, and per-
forming double Borel transformation with respect to the
variables —(p —¢)* and —¢?, we obtain the LCSR for the
relevant coupling constants whose explicit form can be
written as,

emg/Mf em;/M% 1 /90 d
= 51
& o m rm 72 J,

min(sg,t2(s1)) ) 2

X / dsy e 1M g2 /My Im, Im;,
t1(s1)

{Hl("h—mo)"'nz}’ (10

where II; and II, are the invariant functions of the
Lorentz structures 4q,q, and g,q,, respectively, and
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ta = 51 +mdF 2mo sy —m?

where m is the corresponding mass of light quarks. Here,
sy is the continuum threshold in pseudoscalar meson
channel. The continuum threshold s is chosen as a mass
square of the first radial excitation of the corresponding
pseudoscalar meson. Finally, note that in the my — 0 lim-
it, the applied method needs to modified (for more de-
tails, see [18,19]).

III. NUMERICAL ANALYSIS

The present section is devoted to the numerical ana-
lysis of the coupling constants derived in the previous
section within LCSR. The main nonperturbative input of
the considered LCSR is the distribution amplitudes of the
octet baryons, namely N, X and E. The explicit expres-
sions of the relevant DAs are obtained in [20—23]. The
DAs contain the normalization constants f, 4; and A,
which are determined from the analysis of mass sum rules
as well as lattice QCD [24,25]. The normalization con-
stant of the leading twist £, (for N, Z, and E baryons). is
defined via the matrix element of the local current (all
quark fields are at the same point).

€”{0I(g(0)C hg3(0)ys hg5OIO(p)) = f(pn) hu(p) .
(11)

Besides, the DAs of higher twist contributions in-
volve two additional normalization constants, 4; and A,
and they are defined as the matrix elements of local three
quark twist-four operators,

€"*{0l(g1(0)CY,q3(0)ys¥a5(0I0(P)) = Aimou(p) ,

(0l (0)C T g5(0))ysa** g5 (0IO(p)) = Asmou(p) ,
(12)

where n is the light-like vector and u(p) is the Dirac
bispinor.

The normalization constants f, 1;, and 4, for A bary-
on can be obtained from Egs. (11) and (12) with the help
of following replacements:

Chr—>Cysth vs h—h for f (13)
ny - C757y 757;1 - 7/1 for /11 (14)
Coy = Cys  ys0, — 1 for A, (15)

In our analysis, we used the values of these paramet-

ers obtained from lattice QCD that are presented in Table
2 for completeness. The masses of the S U(3) partners of
Q(2012) are obtained in [16] and presented below.

1700+ 90 MeV for A,
_J 1805 +100 MeV for £(3/2),
"o 1910+ 110 MeV  for E(3/2),
2012.4+0.9MeV for Q [26].

These mass values are used in our numerical analysis.
For the masses of the ground state baryons, we adapted
values from PDG [26]. In addition, the value of the quark
condensate is taken as (Ggq) = —(246'35 MeV)’ [17] and
(55) = 0.8(2q) [27].

The residues of the negative parity J” =3 baryons
are related to the residues of the radial excitations of the
decuplet baryons as follows,

m_—m,

A=A d .
“CN m_+m,

The residues of the radial excitations of the decuplet
baryons are calculated in [2]. Using these results one can
casily determine the residues of the J* = 3~ baryons.

The working regions of the Borel mass parameters

Table 2. Numerical values of the parameters f,4; and A
given in units of 1073 GeV?2.
S A4 e
N 3.54 -44.9 93.4
z 5.31 —46.1 85.2
= 6.11 —49.8 99.5
A 4.87 -42.2 98.9
Table 3. Working regions of the Borel mass parameters and
continuum threshold s¢.
Borel mass Continuum Continuum
parameters threshold threshold
M}(GeV?) M2(GeV?)  50(GeV?) 5(,(GeV?)
A— Nm 3+4  0.25+0.35 5.0+0.2 1.7
X(3/2) > NK 3+4 0.25+0.35 55+0.2 2.0
X3/2)>Ar 3+4 042+044 55+0.2 1.7
X3/2)—>Zr  3+4 042+0.44 55+0.2 1.7
Z2(3/2)>AK 3+4 045+047 6.0+0.2 2.0
2(3/2)—> XK 3+4 0.60+0.65 6.0+0.2 2.0
2(3/2)—>Er  3+4 0.50+0.60 6.0+0.2 1.7
Q- EK 3+4  0.55+0.65 6.5+0.2 2.0
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and continuum thresholds, s, and s;, used in the numeric-
al analysis are presented in Table 3. Determination of
working region of Borel parameters is based on the criter-
ia that both power corrections and continuum contribu-
tions should be suppressed. Moreover, The continuum
threshold s, is obtained from the condition that the mass
of the considered states reproduce the experimental val-
ues about 10% accuracy.

Having the values of all input parameters at hand, we
can proceed to perform the numerical analysis of the rel-
evant coupling constants. As an example, in Fig. 2, we
present the dependency of the coupling constant on M? at
the fixed values of the continuum thresholds sy, s, and
M3 for the Q — EK transition since this transition has
already been discovered. From this figure, we observe
that there exists good stability of the coupling constant
when M7 varies in its working region (see Table 3). The
obtained coupling constants are presented in Table 4. The
errors in the results for the coupling constants can be at-
tributed to the uncertainties in the input parameters as
well as errors to the Borel mass parameters M7, M3, and
continuum threshold s, and ;.

Having determined coupling constants, we can calcu-
late the decay widths of the corresponding transitions.
Using the matrix elements for the ~considered
37— 1"+ pseudoscalar meson transitions, the decay width
can be written as,

2
8-
= i [(mf —mo)z—mé] (778 (16)
where
1 4 b 4ol 22 202 2,2
ltplt = T \/m, +mg, +mg — 2m2mz — 2m2mg — 2mams,

is the momentum of octet baryon, my and me are the
mass of the octet baryon and pseudoscalar meson, re-
spectively, Using the values of the coupling constants ob-
tained within this work, we estimated the decay widths of
the relevant transitions that are summarized in Table 4.
For comparison we also present the results of the decay
widths obtained from the flavor S U(3) analysis [16]. We
would like to make the following remark at this point.
From the expression of the decay width, we see that it is
quite sensitive to the mass splitting among the SU(3)
partners of the Q(2012) and ground state baryons. Thus,
for a fair comparison, we used the same mass values as in
[16].

As a final remark, we compare our results with the
values obtained within the framework of the flavor S U(3)
method [16]. In this analysis, the coupling constant for
Q — ZK istaken as the input parameter, and all the re-
maining couplings are expressed in terms of this coup-

175 |
X A e e S
g
o125 )
T S —6—o6—e—6—o6—6 0o o o
& 100F
= D . .
s 15)
w ;
=t M3 = 0.55 (GeV)? —=— ‘
' M2 =0.60 (GeV)? —o—  s0=0.5 GeV?
as | M =0.65 (GeV)? —o—
0.0 s w w
3.00 325 3.50 3.75 4.00
]le (GeV?)
Fig. 2. (color online) The dependency of the coupling con-

stant of the Q(2012) » E~K* transition on the Borel mass para-
meter M?, at several fixed values of the Borel parameter M2,
and the continuum threshold sy = 6.5 GeV?2.

Table 4. Decay widths of the J” = 3™ baryons.

Decay channels  g_(GeV™!) I'(MeV) (This work) T['(MeV) [16]
A— Nr 12+3 71.6x (1.0+0.5) 39-58
- NK 62 11.1x(1.0+0.6) 7-12
T An 943 23.7%(1.0£0.6) 11-18
T 3n 5+1 45%(1.0+0.4) 4-7
2 AK 10+2 15.5%(1.0+0.4) 5-10
E-3IK 62 2.7%(1.0£0.6) 2-5
2o Er T+2 6.9%(1.0+0.5) 5-9
Q—EK 12+3.5 7.4%(1.0£0.6) -

ling with the help of S U(3) symmetry relations. Using the
experimental value of the decay width Q — ZK, one can
determine the coupling constant of this transition with the
help of Eq. (16), and hence all the other coupling con-
stants can be determined. When we compare our results
for the coupling constants and decay widths of the con-
sidered decays with those obtained within flavor SU(3)
analysis, we see they are compatible within the uncertain-
ties of the the model predictions. Small deviations in the
results can be attributed to the SU(3) violation effects,
uncertainties of the input parameters of the theory. Fur-
thermore, our prediction on decay width for Q — EK is
compatible with the ones observed by BELLE Collabora-
tion within the uncertainties [1]. Also note that the coup-
ling constant, hence the decay width of Q — EK within
light cone sum rules method was calculated by using the
DAs of pseudoscalar mesons in [3]. However, in present
work, we recalculated these quantities within the same
framework by using the DAs of Z baryon. In this method,
the calculations of the theoretical part of the sum rules
can be achieved by using only one quark propagator,
however in [3], two quark propagators are needed and
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that makes the calculations difficult since each quark
propagator contains many terms. Another advantage of
the present method appears in dealing with the contribu-
tions of baryons with different parities, especially when
mass splittings are small. In this method, no pollution will
arise due to negative parity baryons. However, with the
methods used in [3], the problem of separation of the con-
tributions of positive baryons remains unsolved. Another
difference between two methods is that in this study we
take into account both Borel mass parameters M7 and M3
but in [3], M? = M3 is considered. On the other hand, the
uncertainties of the parameters entering to distribution
amplitudes of baryons are larger than compared to meson
DAs. Once the errors are minimized in the determination
of these parameters, more precise results can be obtained.
When we compare our results on coupling constant for
Q — EK, we find out that our result is consistent with the
one in [3] within the uncertainties.

IV. CONCLUSION

In conclusion, we employed the LCSR method to
compute the strong coupling constants and decay widths
for the SU(3) partners of the Q(2012) baryon in
37— 1"+ pseudoscalar meson transmons The "contamin-
ation" caused by the J” = 2" baryons are ¢liminated by
considering the linear comb1nat10ns of the sum rules ob-
tained from different Lorentz structures. By comparing
our decay width results with the findings of [16], we as-
certain the compatibility of our decay width predictions
with the outcomes of the flavor S U(3) symmetry analys-
is. Small discrepancy between the two methods' predic-
tions may be attributed to the SU(3) violation effects.
Moreover, our estimated decay width for Q — ZK trans-
ition is also compatible with the measurement of BELLE
collaboration within the uncertainty limits. In addition
our result on coupling constant for Q — ZK calculated
using DAs of E are also consistent with the prediction [3]
where the DAs of pseudoscalar mesons are used.
Our results on the branching ratios can give useful
hints about the nature of the SU(3) partners of Q(2012)
baryon.
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APPENDIX A: DERIVATION OF THE SPECTRAL
DENSITY
Here we demonstrate the details of the derivation of

the spectral density (See also [28]).
After applying the double Borel transformation over

the variables variables —p’> and —¢? to Eq. (9), we get,

% (M2, M%) = / ds, / dsye MM (s sy (AD)

Before implementing the second double Borel transform-
ation, we introduce new variables o, = —». The second

Borel transformation can be performed over the new
Borel parameter 7; by using the relation,

1
B =6 (f - s) . (A2)
T
As a result, we have
B 2 2 1 1
B B, (M M) =p( . ) . (A3)
Tl 2

Hence, double spectral density can be obtained as fol-

lows,
1 L)
0'|’O'2 '

Let us now pay our attention to the double spectral
density for the n =1 case. Using

p(s1,82) = B%(Ul)ﬂi((rz)nB (

—(pu—q)* = —u(p—q)* — iig” + uitmy, ,

where &2 = 1—u. I, can be written as,

Uk
Liy= [ du
L / m* —u(p —q)* —iiq® + iumy |

I/tk

d77
“D

where m is the corresponding quark mass. Using the
Schwinger representation for the denominator and carry-
ing out the first double Borel transformation over the
variables —(p —¢)? and —¢*, we get

k
o o107
Ly=—>—ex {_m27_m20- +0 },
1k (0 + o)t P 00’1 n (o1 2)
k 2
o5 o+ o3 < ) mo)
= expmy——C m 4+ —
(o1 + oyt P { 0o +0ma) 2
X (0-1 + 0—2):| )
1
where o; = e In order to perform the second double

i . .
Borel transformation we use the relation,
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o1+0; >

+ (o)
/M/ dxlexp[ a1 to
2 _ 2

Then we get,

, 1 +00 +o00 O'k
Isz—/ dxl/ dxzﬁexp{—a'l(m2+
1
27rF(k)/ dxl/ dxz/ dii* la’éexp

(mo + x1)* + x5

2
{ (m +7(m0+x') +x2+t>—a-2(m2+ 5

X; =0 moxl} exp

2 2
myo;

1

2(o+07)

(mo + x2)* + x3

2 2)_“2(m2+ 2 ﬂ

(mo+x)* +x3

)

2
27rF(k)/ dxl/ dxz/ dit" exp m(m +(m0+x‘) t 4 )}

{ ( (Mo + x2)* + x3
exp| =\ m’ + ————

(-5)

2

After performing the second Borel transformation, we obtain the the spectral density corresponding to 7, as is given be-

low,

1
P1i(S1,82) = 271F(k) 8sz / dxl/ de/ dei* 15 Sl ( >

(mo +x)* +x3

H )

1
d d dnk-lé - (
o F(k) asz / N / = / S 2

xé[sZ - <m2+ 7(m0+x22)2+x1

W)

(mo +x1)* +x3

o)

(mo + x1)* + X3

)

Using two Dirac delta functions, one can-easily perform integrals over ¢ and x, whose result is given below,

k

g (ax) [ s (e
— - si— |\ m
2rl(k)ymo s, o s

P1x(81,82) =

where

S2— 85

Xy = + X,

mo

and O(x) is the Heaviside step function which restricts the
integral over x; between the limits y.(s;, s,) where

—my+ s — s+ VA
2m0

Vi(81,82) =

s

and

A = —mly— (51— 52)* +2m5(-2m* + 51 + 57) .

Thus as a result of above summarized calculations, the
spectral density can takes the following form,

(mo +x1)* +x3

k-1

)] ol (e R

( S)_Hl(_a)"
PSS =5 Ty mg N 85,

Y+ k
X / dx|(y. - 0)(x—y_)] ©(A).
y,

In order to evaluate the x integral, we introduce a new
variable through the relation,

xX=s—y)y+y_,

so that the spectral density can be written as,

IF(k)l( o\

P1i(S1,82) = Em@ _7) [Ak‘fG)(A)} . (A4

(9S2

Double spectral densities for I, and I3, can be calcu-
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lated with the help of the following relations,

I —(—i)l and
2% = a2 ) e ,

2

1 0
=5 )

(see also [17] for the calculation of the spectral dens-
ities I,; and I3;).
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