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Abstract
We calculate the mass and residue of the newly observed 2.(3000) and €2.(3066) states with
quantum numbers J© = %_ and %_ within QCD sum rules. The calculation is carried out by using
the general form for interpolating curent for J = % baryon. Our predictions on masses are in good

agreement with the experimental results.
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I. INTRODUCTION

LHCb Collaboration observed five very narrow excited 2. baryons decaying into Z* K [1].

The masses and decay widths of these new states are:

I''=45+£06+£03 (MeV), m; =30004=£0.2%0.1 MeV,

(MeV)
I, =0.8402+0.1 (MeV), my=3050.240.1+0.1 MeV,
I3 =35+04+02 (MeV), ms=30656=+0.140.3 MeV, (1)
Iy =87+1.0%0.8 (MeV), my=3090.2+0.3=+0.5MeV,
s =11408+04 (MeV), ms=31191.1+0.340.9 MeV.

These states except 2.(3119) have also been confirmed by BELLE Collaboration [2] and
masses as well as the relative branching ratios of the hadronic decays of them are mea-
sured [3]. However, quantum numbers (J*) of these new states have not been established
in the experiments yet. Hence, in recent studies, various scenarios have been employed con-
cerning the nature of these states. The spectra of the newly discovered 2. baryons within
different approaches such as QCD sum rules [4-6], chiral perturbation theory [7], chiral
quark soliton model [8], and heavy quark + light diquark framework [9] have been widely

discussed in the literature. For instance, in Ref. [6], the two states with masses mg and m;

are assumed to have the J¥ = %Jr and %Jr quantum numbers which are radial excitations
of ground state 2. and 2 baryons, and within QCD sum rules their masses are estimated.
In [10], the authors try to answer the following questions: Why are the five states discovered?
Why are they narrow? What are their spin-parity quantum numbers? Do similar states of
other heavy baryons, as well as 2., exist for beauty baryons within the quark model? The
authors of [10] assumed these states as bound states of a c-quark and a P wave ss-diquark.
This picture predicts the existence of five states with negative parity.! Additionally, the
ground and excited state spectra of Q0 baryons are analyzed from lattice QCD in [11] and
the result strongly indicated that the states Q2(3000), Q°(3050) and Q2(3066), 22(3090) and
Q0(3119) have parity spin J” =17, 27 and 3~ respectively.

Moreover, the strong and radiative decays of 2. baryons are very promising to establish

the quantum numbers of these states. In this regard, several decay modes of these hadrons

! In this work, the authors also present an alternative possibility that the two heavy states are 2.5 excitations

with JP = 17 and JP = %Jr, while the three light states are interpreted as J” = 3", 27 and 2 states.
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are analyzed within different methods such as the constituent quark model [12], quark pair
creation model (3Py-model [13, 14]), chiral quark model [9, 15], and light-cone QCD sum
rules [16, 17]. Newly observed (2. baryon as pentaquarks within the chiral quark model
is discussed in [18] and it is shown that the == D, =.K, and Z:K are the possible decay
candidates of these new particles.

Following the work [10], we assume that the newly observed ). baryons are negative
parity baryons and in present letter within QCD sum rules method, we estimate the mass
and residues of the JX = %_, JP = %_ states respectively. The paper is organized as follows.

In section II, we derive the mass sum rules for negative parity 22(3000) and Q9(3066) with

JP = %_ and J' = %_. Section III is devoted to the numerical analysis of the obtained sum

rules. The last section contains discussions and conclusion.

II. MASS SUM RULES FOR Q.(3000) AND (,(3066) BARYONS

To derive the sum rules for the mass and residues of the €2.(3000) and €2.(3060) states

we consider the following two-point correlation functions

My (p) = / dze { (0T {no,, (2)7la, (0)}/0)} 2)

where
nQ = %E“bc{(s“TC’Qb)%Cc —(Q" Cs")y5s° 5
+B[(s" CrsQ")s° — (Q Cyss?)s°] }
and
N, = %eabc{@acwsb)@c + (s°C7,Q")s" + <@“Cwsb>80>} (4)

1

2+ and %Jr (see for example [19]).

are the interpolating currents of Qg baryons with J¥ =
In the expressions of the currents, a,b,c are the color indices, C is the charge conjugation
operator, Q is the heavy ¢ quark and [ is the arbitrary parameter, where = —1 corresponds
to so-called Ioffe current.

In order to obtain the mass sum rules, the correlation functions are calculated in terms

of hadrons and quark-gluon degrees of freedom. Then with the help of dispersion relation,

these results are equated. In this way, the mass sum rules are obtained.
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It should be noted that the interpolating currents g and 7g,interact with both positive
and negative parity baryons. Using this fact and saturating eq. (2) with positive and negative

parity baryons we get

(010257125 |7610)

TI(p) =
(p) e ——
(0101925 7) (2571010
+ 5 5 +
Mo P (5)

0oy 000, |9 ™) 7, 0)
HV(p> - m2 2
Q5" p

(Ol |% ) 17,10)
+ ¢ : +
Meee — P

Here, Qg (2%), Qg (Q77) are the ground states positive and negative parity baryons
with spin-1/2 (3/2), respectively. Moreover, for briefness, we will denote the mass of the
negative parity spin (2) Q¢ baryons as m_(m*). The dots describe for higher states and
continuum contributions.

The matrix elements entering to eqs. (4) and (5) are determined as follows:

L) = xulp)
Olnal(5 )} = A-5u(r)
(aul3/2%) = Mou,()

<77Qu|3/2_> = )\i’75uu(p)

{Olnql(

where u,(p) is the Rarita-Schwinger spinor for spin 3/2 particle.
Using these matrix elements and performing summation over the spins of baryons, we

get the phenomenological part of the correlation functions as

A (p+ M (p—m_
np) = 20 )
+ p—
) (7)
N (ptmy) | X (p—m)

Notice that, the states with masses mgc = 2695 MeV, m’{;cr = 2766 MeV are denoted as
m., m% and their residues are denoted as A and A% correspondingly. In these expressions,

the second terms in RHS of eq. (7) describe contributions of £2(3000) and €2.(3066) states.



Here we would like to make the following remark. First of all, the summation over spin
for Rarita-Schwinger spinors is performed by using formula

_ 1 2 1
g u,(p, 8)t,(p, s) = _(}’5 +m) [guv - g%ﬂv - wpupu + 3—m(p”% - plﬁu)}' (8)

Moreover, the interpolating current 7, couples not only to the J¥ = % state but also to the
% state. The contribution of J = % state is determined as

1

(Olnul5 () = [Ap, + By,]u(p). (9)

From this expression it follows that the structures proportional to p, and «, contain contri-
butions from 1/2 states and it follows from eq. (8) that only ~ g, structure contains the
contribution of % states. For this reason in the next discussion, we choose only structures
~ Pguv Or g in order to analyze the mass and residues of the spin % states.

Now let us turn our attention to the calculation of the correlator function from QCD
side by using the operator product expansion (OPE). For performing calculation, we need
the expression of light (strange quark) and heavy quark propagators. Up to dimension eight

operators, the expression of the light quark propagator in x representation is given in [20, 21]

i¢6ab 5ab 5ab - i -
T oregt T S umeg T §<SS>(1 B ZZ¢)
2 : 4 cab
LT 2 (1 — tgmy) — O e 262
192m0<88>(1 6¢m3) 2933 <SS> <gsG >
; ()\n)ab
2
$2A2 . )\n ab N
2t 290 (0.6 O o

e (x)

1

+ W(gs ZB)(¢UQB +0°0f)

_|_

m(In (—

2572
The vacuum expectation values of the quark and gluon field product also give contribution

to the quark propogator. This matrix element is determined in following way [21].

a=b, m 1 — A" a
OIT{qq,Grs}0) = 2737”(2)((1@(%5)%(7) b
i ) A
~ Sag™Mam6(440) [Foas + oast] ()" (11)
x2 A"

+

91032 (g2G?) (§q>(aaﬁ)ik(7)ab



For the heavy quark propogator we employ following expression [22]

St (x) = mgd [ mgi Ky(moV—2?) +
Q 272 m%(\/——:ﬁy Q

o ngsGZ?/

) 1
W{Z(Uuﬁf + ¢Uuu)mKl

- %{“W ~ O)meV—w*Ki(mev—z*) + <mw—x2>2KQ<mw——gﬂ>},
(12)

s tmeV =)

(mQV —2?%) + 20, Ko(mgV —932)}

where K, (mgv/—2?) is the modified Bessel function of the second kind.

Using these expressions for the propagators of the heavy and light quarks, the correlation
function can be calculated. Separating the coefficients of p and I operator structures in spin
1/2 baryons and pg,,, g Lorentz structures for spin 3/2 baryons and performing Borel

transformations over p? we get the following sum rules:

A2 mE/ME N2 et /M 1B

2 2 2 2 (13>
myAZe ™ M A2 emm /M = 110
and
)\fe—mf/MQ + )\ize—m’iz/M2 _ HTB
(14)

2 4250 2 %2 50
mi N e Mt N e M = TP

The expressions of the invariant functions 117, 112, II}Z and II5Z are presented in Ap-

pendix A.
Solving eq.(13) for the mass and residue of the spin 1/2 state we obtain:

d(57) [m 117 — 117]

2 M?2
m-_ = s
2 2
2 em=/M B B
A= eI~ T

Moreover, equations for the determination of the negative parity spin 3/2 states formally
can be obtained from eq.(15) replacing my — m?, [IZ — 1P, We take the values of
mass of ground state positive parity baryons obtained from mass sum rule, namely m, =

(2.685 £0.123) GeV, m% = (2.77 £ 0.20) GeV and (see for example [22, 23]).



III. NUMERICAL ANALYSIS

In this section, we perform numerical analysis of the mass sum rules for negative parity €.
and €2} baryons. The sum rules involve numerous input parameters. For numerical analysis

we used the following values for the input parameters:

m. = (1.27 £ 0.03) GeV,

ms = (9615) MeV,

(55) = 0.8(—0.24 4 0.01)® GeV?, (16)

mg = (0.8 £0.2) GeV?,

<%G2) = (0.012 £ 0.004) GeV*
Note that the MS-scheme is chosen for the charm quark mass which leads to reasonable
suppression of O(ag) radiative corrections in the perturbative part of the sum rules. In
addition to these input parameters, the sum rules contain three auxiliary parameters: Borel
mass square M2, continuum threshold sy and arbitrary parameter § in the expression of the
interpolating current 7 for J¥ = % states. For the prediction of the mass of the negative
parity ). and €2} baryons we need to find the working region of these parameters in such
a way that the mass is practically independent of them. The working region of M? is
determined as follows. The lower bound of M? is obtained from the condition that the
higher dimension operators contributions should be less than perturbative contribution in
order to guarantee the convergence of OPE series. On the other hand, the upper bound of
M? is determined from the condition that the contributions of the continuum and higher
states should be less than say half of the pole contributions. Our analysis shows that these
conditions are satisfied if Borel mass parameter lies in the region 2 GeV? < M? < 5 GeV?
for both baryons.

The other auxiliary parameter of the sum rules is the continuum threshold sy. This
parameter is not totally arbitrary and is related to the energy of the first excited state. The
difference A = /59 — Mgrouna is the energy to excite the particle to its first energy state.
Analysis of various sum rules shows that this parameter A varies between 0.3 GeV and
0.8 GeV. In other words, sy varies in the region (Mmgoud + 0.3 GeV)? < sy < (Mground +
0.8 GeV)?2. In performing numerical analysis, we will use values sq from this domain. Having

the values of the parameters M? and sy our last attempt is to find a region of 3 where the
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mass of (2. baryons become practically independent on §. In Figs. (1) and (2), we present
the dependence of m2 on M? at fixed values of sy = 11 GeV? and 12 GeV? at several fixed
values of 3, respectively. From the figure, it follows that the mass m_ shows good stability
to the variables of M? in the working region. In Fig. (3) we present the dependence of m_
on cos ), where 3 = tan 6, at sy = 11 GeV? and several fixed values of M?2. From this figure,
we observe that m_ becomes practically insensitive to the variation of cos# if it lies in the
domain (—1;1).

In Figs (4) and (5), we present the dependence of A_ on cosf at two fixed values of
sp = 11 GeV?2,12 GeV? and three fixed values of M? from its working region. From these
Figures, we see that the A\_ exhibits very good stability to the variation of cosf when it
changes in the domain —1 < cos@ < —0.5 . In result, we obtained that the common working
region of cosf for mass sum rules is (—1; —0.5). With these findings, our final results for

the mass and residue of €. state are

m_ = (3.00 £ 0.01) GeV,
(17)
A_ = (0.036 £ 0.007) GeV?.
We also perform a similar analysis for spin 3/2 states. In Fig. (6) we present the M?
dependence of m* at two fixed values of 5. We observe that in the working region of M? we
have good stability of m* with respect to the variation of M?. In Fig. (7) the dependence

of the residue \* on M? at two fixed values of s, is depicted. From these figures we deduce

following results:

m* = (3.06 £ 0.02)GeV,
(18)
A* = (0.027 £ 0.001) GeV?.

From comparison of our results on mass m_ and m* are compared with the experimental
data, we observed impressive agreement between them.

Finally, we would like to note that both spectroscopic analysis and decay widths studies
are crucial for the determination of the quantum states of these newly discovered baryons.
In Ref.[16], the decay widths of Q0 baryons within light-cone sum rules considering different
scenarios on quantum numbers of these states are investigated. The results ruled out the
possible identification of the states with J* = 1~ (for Q.(3000), €2.(3050)) and J* = 27 (for
2.(3066),2.(3090)). In order to make a final decision about the quantum numbers of these



states, the contributions of all existent states should be taken into account simultaneously.

This point needs further refined analysis.

IV. CONCLUSION

1-

In conclusion, we calculate the mass of newly observed excited €2, baryons with J¥ = 5

and J¥ = %_ at LHCDb. Our results show that the sum rules predict their mass successfully
once these new states are assigned as negative parity. For establishing the spin-parity assign-
ment after determination of mass and residue it is necessary to calculate the decay widths
and compare the result with the existing experimental data. Only after these comparisons,
one can determine the spin-parity content of these newly observed states.

Note added.— While we were completing this study, the work [4] appeared in arXiv
where new observed (2. particles are assigned as negative parity baryons and their masses
are studied within QCD sum rules by using the different forms of interpolating currents than

the ones we have used. Our results on mass are very close to the ones presented in [4].
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FIG. 1. The dependence of the mass of the negative parity 2. baryon on Borel mass parameter

M? at sg = 11 GeV? and for several fixed values of 3 is depicted.
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FIG. 2. Same as in Fig. (1), but at sop = 12 GeV2.
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Appendix A: Mass sum rules for the spin 1/2 (3/2) negative parity . (£2}) baryon

In this appendix, we present the expressions of the invariant function ITP (II}%) and
12 (T138) appearing in the mass sum rules for the Q. (Q}) baryon. For brevity we did
not present the terms proportional to the strange quark mass here, but in the numerical

calculations we take these terms into account.

= - M {3[5 + B(2+ 58)mi(Ts — 2miT, + m41'5)}
! 2567 c c c
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The functions Z,, (n =1,---,6) are defined as:
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where sq is the value of the continuum threshold.
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