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Abstract: The strong coupling constants are basic quantities that carry information on the strong interactions

among the baryon and meson multiplets as well as information on the nature and internal structures of the involved

hadrons. These parameters are introduced in the transition matrix elements of various decays as main inputs and play

key roles in analyses of experimental data including various hadrons. We derive the strong coupling constants

among the doubly heavy spin-3/2 baryons, E*Q o and Q*Q

Q>

and light pseudoscalar mesons, 7z, K, and 7, using the

light-cone QCD. The values obtained for these constants under study may be used to construct the strong potentials

among the doubly heavy spin-3/2 baryons and light pseudoscalar mesons.
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I. INTRODUCTION

Doubly heavy baryons composed of two heavy
quarks and a single light quark are interesting objects.
Their investigation can help us better understand the non-
perturbative nature of QCD and set up a good framework
for understanding and predicting the spectrum of heavy
baryons. Moreover, theoretical studies on different as-
pects of these baryons may shed light on the experiment-
al searches for their states. These baryons have been in
the focus of various theoretical studies [1-32]. Some in-
teresting progress on OPE calculations of their lifetimes
can be found in [33, 34]. Despite their predictions dec-
ades ago via quark model, we have very limited experi-
mental knowledge on these baryons. Nevertheless, 2017
was a special year in this regard, because it was marked
by the discovery of the doubly charmed =} baryon by
the LHCb Collaboration [35]. This state was then con-
firmed in the decay channel & — Efz* [36]. Although

the charmed-bottom state Egc has been searched in the
Egc — DpK~ decay by the LHCb collaboration, no evid-
ence for a signal has been found [37]. However, the de-
tection of £} has raised hopes for the discovery of other

members of doubly heavy baryons. It is remarkable that

the LHC is opening new horizons in the discovery of
heavy baryons, thus enabling the investigation of their
electromagnetic, weak, and strong decays.

Beyond the quark models [38-40], many effective
models such as lattice QCD [41], Quark Spin Symmetry
[42, 43], QCD Sum Rules [22-26], and Light-Cone Sum
Rules [19, 20, 44-51] have been proposed to describe
masses, residues, lifetimes, strong coupling constants,
and other properties of doubly heavy baryons. Given that
the expectations to discover more doubly heavy baryons
are growing, we are witnessing the rise of further theoret-
ical investigations in this respect.

Concerning the strong decays of doubly heavy bary-
ons, the strong coupling constants are building blocks.
They are introduced in the amplitudes of the strong de-
cays, and the widths of the related decays are calculated
in terms of these constants. They can also be used to con-
struct the strong potential energy among the hadronic
multiplets. These couplings appear in the low-energy
(long-distance) region of QCD, where the running coup-
ling becomes larger and the perturbation theory breaks
down. Therefore, to calculate such coupling constants, a
non-perturbative approach should be used. One of the
comprehensive and reliable methods for evaluating non-
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perturbative effects is the light-cone QCD sum rule (LC-
SR), which has provided many successful descriptions of
the hadronic properties so far. This method is a de-
veloped version of the standard technique of SVZ sum
rule [52], using the conventional distribution amplitudes
(DAs) of the on-sell states. The main difference between
the SVZ sum rule and LCSR is that the latter employs the
operator product expansion (OPE) near the light-cone
x? ~ 0 instead of short distance x ~ 0, and the correspond-
ing matrix elements are parametrized in terms of hadron-
ic DAs, which are classified according to their twists [53-
55].

In this study, we derive the strong coupling constants
among the doubly heavy spin-3/2 baryons, =f,, and
Q- and light pseudoscalar mesons 7, K, and 7. Here
both Q and Q' can be b or ¢ quarks. The paper is organ-
ized as follows. In the next section, we derive the sum
rules for the strong coupling constants using the LCSR.
Numerical analysis and results are presented in Sec. III.
Finally, Sec. IV is devoted to the summary and conclu-
sion.

II. LIGHT-CONE SUM RULES FOR B} B;#
STRONG COUPLINGS

In this section, we aim to derive the sum rules for the
strong coupling constants among the doubly heavy spin-
3/2 baryons (E, and Qp,) and light pseudoscalar
mesons (7, K, and #) using the method of LCSR. The
quark content of the doubly heavy spin-3/2 baryons is
presented in Table 1.

The first step to calculate the strong couplings is to
write the proper correlation function (CF) in terms of

doubly heavy baryons' interpolating current, 7,. That is,
(p,g) =1 f dtxe? (P@IT {n. (07, 0}10), (1)

where P(q) represents the pseudoscalar meson carrying
the four-momentum ¢, and p represents the outgoing
doubly heavy baryon four-momentum. The above CF can
be calculated in two ways:

e By inserting the complete set of hadronic states
with the same quantum numbers of the corresponding
doubly heavy baryons. This is called the physical or phe-

Table 1. Quark content of the doubly heavy
spin-3/2 baryons.
Baryon q 0 o
Eoor uord borc borc
Qoo s borc borc

nomenological side of the CF. It is calculated in the time-
like region and contains observables such as strong coup-
ling constants.

e By calculating in the deep Euclidean spacelike re-
gion with the help of OPE and in terms of DAs of the on-
shell mesons and other QCD degrees of freedom. This is
called the theoretical or QCD side of the CF.

These two sides are matched via a dispersion integral
that leads to the sum rules for the corresponding coup-
ling constants. To suppress the contributions of the high-
er states and continuum, Borel transformation and con-
tinuum subtraction procedures are applied. Next, we ex-
plain each of these steps in detail.

A. Constructing interpolating current

The procedure to construct the doubly heavy spin-3/2
interpolating current is to create a diquark structure with
spin one and then attach the remaining spin-1/2 quark to
build a spin-3/2 structure, which has to contain the
quantum numbers of the related baryon. According to the
results reported in [23] and [47], the corresponding inter-
polating current can be found as follows. The diquark
structure has the form

Ndiquark = CI{ CTq, ()

where T and C represent the transposition and charge
conjugation operators, respectively, and I' = I,ys, ., yu¥s,
o The dependence of the spinors on the spacetime x is
omitted for now. Attaching the third quark, the general
form of the corresponding structure is [g] CTq2]I"qgs.
Considering the color indices (a,b and c), the possible
structures have the following forms: &,,.(Q*'CT Q)" ¢,
Eabe(q“TCT QNI O, and &4 (¢“"CT QP Q°, where Q¥
and ¢ are the heavy and light quark spinors respectively
and the antisymmetric Levi-Civita tensor, &,4., makes the
interpolating current color singlet.

The I' matrices can be determined by investigating the
diquark part of the interpolating current. In the first form,
as the diquark structure has spin 1, it must be symmetric
under the exchange of the heavy quarks Q < Q’. Trans-
posing yields to

T
€0 CrQ"| =—en @1 CT' Q"
=0T C(CTTCTNQ", 3)

where we have used the identities C” = C~! and C? = -1,
and consider the anticommutation of the spinor compon-
ents because they are Grassmann numbers. Given that
C = iy»Yy, the quantity CTTC~! would be
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. I forI'=1,ys5,v.ys, @ where the + .and — signs are for I'=y,,0,, and T'=1,ys,

T forT =y,.0. Y5V rgspect;ve?ly. Moreover, we know that the structure

€0 CT'Q’” is a number (1x1 matrix), and therefore,

the transposition leaves it unchanged. This leads us to

conclude that the only possible choice for the I' matrices
would be I' =y, or oy.

The aforementioned symmetry of exchanging heavy
quarks should be properly respected by the two remain-
ing  structures, i.e., £ (¢TCCOHI'QC  and
where the + and - signs are for I'=7y,,0y, and I'=1, Eape(q®T CT QP Q°, which leads to the following form:
¥s,¥sYu, respectively. Moreover, given that the RHS of
the above equation has to be symmetric with respect to
the exchange of heavy quarks, we have

Therefore, after switching the dummy indices in the
LHS of Eq. (3), we obtain

T
€@ CTQ"| = tew.Q " CTQ, (5)

Eabe[(q*T CT QO Q' + (g7 CT Q"I 0], (7)

where I' =y, or o,,. Consequently, the interpolating cur-

al 'b T _ aTl ’b
[E“’“‘Q re ] = *eape Q7 CTO™, ©)  rent can be written in two possible forms as

Eabe{(Q7 CyuQ)Tq° + (g7 Cru Q)T Q' + (¢ Cy, @)} 0°}, ®)

Eabe{(Q7 Co Q)" + (g7 Copy QTS0 + (¢ oy @) 0. ©)

To determine I'| and I}, one should consider Lorentz and Note that these currents couple not only to the posit-
parity symmetries. Given that Egs. (8) and (9) must have ive-parity but to negative-parity doubly-heavy baryons
the Lorentz vector structure, I, =1 or ys and I'; =y, or [56-61]. Note also that the negative-parity partners bring
v,ys. However, parity considerations exclude the ys mat- uncertainties in the numerical results discussed in [62].
rix and therefore I} =1 and I", = y,. Moreover, Eq. (9) Here, we do not consider the contribution of negative-
will not remain if the three quarks are deemed the same,  parity baryons.

and therefore, the only possible choice comes from Eq.

(8) as B. Physical side
At hadronic (low energy) level, first we insert the
1,(%) _ L aabc{[Q"T(x)Cy,lQ'b(x)]q"(x) complete set of hadronic states with the same quantum
V3 numbers of the corresponding initial and final doubly
+[¢T ()Cy, 0 (x)] 0 (%) heavy spin-3/2 baryons and then perform the Fourier
o " ; transformation by integrating over four-x. By isolating
14" v Q"] (x)}. (10) the ground state, we obtain
! (Olnu| B (p, )XB5(p, NP(IB(p + g, )X B (P + g, 5)I7l0)
HEBYS(P,4)= 2 2 5 > ! 5 5 ! K. , (11)
(p*—my)[(p+q)” —mj]
[
where Bj(p+g.s) and B;(p,r) are the incoming and out- Lorentz and parity considerations as
going doubly heavy spin-3/2 baryons with masses m; and
my, respectively; s and 7 are their spins; and the dots rep- (By(p, P Q\B\(p+q,5)) = g ppia(p.1)ysu" (p+q,5),
resent the higher states and continuum. The matrix ele- 13)

ment (Ol |B; (p, 5)) is defined as where g p.p is the strong coupling constant of the doubly

. heavy spin-3/2 baryons B} and B; with the light pseudo-

(Oln,|B; (p, $)) = Ap; (P, ), (12) scalar meson P. After substituting the above matrix ele-

ments, i.e., Egs. (12) and (13), in Eq. (11), given that the

where u,(p,s) is the Rarita—Schwinger spinor and Ap is initial and final baryons are unpolarized, we need to sum

the residue for the baryon B;. The matrix element over their spins using the following completeness rela-
(B5(p.NP(q)|B|(p+q,s)) can be determined using the tion:
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1
Z Uy (p, $)it(p, $) == (P + m)(gw ~ Yy

2pﬂpv PuYv = PvYu

N 3m ) ’ (14
which may lead to the corresponding physical side of the
CF. However, we face two major problems here: First,
not all emerging Lorentz structures are independent;
second, given that the interpolating current 7, also
couples to the spin-1/2 doubly heavy baryon states, there
are some unwanted contributions from them that must be
removed properly. Imposing the condition y#7, = 0, these
contributions can be written as

4
Olnu|B(p,s =1/2)) = A(V,u - %Py)M(P, s=1/2).  (15)

To fix the above-mentioned problems, we re-order the
Dirac matrices in a way that helps us eliminate the spin-
1/2 states' contributions easily. The ordering we choose is
YuP4yvys, which leads us to the final form of the physic-
al side,

Phys.
L, (p,q) =

Ag; g, 28pBp
. { —qudvPAYs

[(p+@?—m)I(p*-md) | 3m?
+ structures beginning with vy, and ending with

Yy¥s5,0r terms that are proportional to p,, or

(p+q), +other structures}

+fdsldsze_("‘”Z)/ZMZPPhyS'(Sl,Sz),
(16)

where p™%(sy,s,) represents the spectral density for the
higher states and continuum. Note that there are many
structures such as g,,p4ys that emerge in the QCD side
of the CF, which are not included in the Eq. (16) expan-
sion; these structures can be considered to calculate the
strong coupling constant ggp. We select a structure

with large number of momenta, g,q,#¢ys, which leads to
more stable and reliable results and it is free of the un-
wanted doubly heavy spin-1/2 contributions.

Now, to suppress the contributions of the higher states
and continuum, we perform the double Borel transforma-
tion with respect to the squared momenta, i.e.,
pt=(p+q)* and p3 = p*, which leads to

By (MD)B,,, (MO (p,q) =TT (M?)

_2ss l;z‘P A, A, M
3my :
XCIuQVI’ﬁQVS tee,
17

where the dots represent suppressed higher states and
continuum contributions, M? and M; are the Borel para-
meters, and M? = M?M3 /(M3 + M?). The Borel paramet-
ers are chosen to be equal because the mass of the initial
and final baryons are the same, and therefore,
M? = M2 =2M?. After matching the physical and QCD
sides, we perform the continuum subtraction according to
the quark-hadron duality assumption.

C. QCD side

After evaluating the physical side of the CF, the next
stage is to calculate the QCD side in the deep Euclidean
spacelike region, where —(p+¢)> — oo and —p? — co.
The CF is thus calculated in terms of QCD degrees of
freedom as well as non-local matrix elements of pseudo-
scalar mesons expressed in terms of the DAs of different
twists [63-65].

To proceed, according to Eq. (16), we choose the rel-
evant structure g,.q, p¢ys from the QCD side and express
the CF as

12 (p,q) = (P, )quqv P s, (18)

where I1(p,q) is an invariant function of (p+¢)> and p?.
To calculate I1(p,q), we insert the interpolating current,
i.e., Eq. (10), into the CF, i.e., Eq. (1), and using the Wick
theorem, we find the QCD side of the CF as follows:

i : , - ’
(M), (P-0) =7 Cabecrve f d*xe (P97, (0)g5(x)/0) X {6pa6ﬁoTr[S“Q“ @)7,S Y ]

+0up (1S G S Y (), +0up(nS G S E @), +3a0(SG S E )

pa

~05o(SG RS G (o) + (1S ), (57 ) ~(CnsS G W), (SG )

pa

po B

~(CrusF ) (S g’(x)yvc)pﬁ +(nSYy (x)yﬂ)ﬁa(s 4 (x) } (19)

po
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where S 44'(x) is the propagator of the heavy quark Q with
color 1nd1ces a and a', and S =CSTC; p and v are
Minkowski indices, whereas p and o are Dirac indices.
The propagators in the above equation contain both the
perturbative and the non-perturbative contributions. As
we previously mentioned, the non-local matrix elements
(P(q)lqg(O)qg(x)IO), are written in terms of DAs of the
corresponding light pseudoscalar meson P(g).

The next step is to insert the explicit expression of the
heavy quark propagator in Eq. (19) as follows [66]:

KimoV=x2) . mp¥ —
Saa( ) _Q2 l(mQ : X )6aa 4 S 2K2(mQ —x )6(,1(,1
—X
k. (! k+
4e—1kxf du > mQ2 . /lTGaa (th)
2n) 0 [2m3-k2)
pbereARA g
(20)

where mg is the heavy quark mass, K; and K, are the
modified Bessel functions of the second kind, and G‘j‘f is
the gluon field strength tensor, which is defined as
G =Ghg, 1)
with 4 and 7 being the Minkowski indices; tj“' = /lf‘“' /2,
where 14 denotes the Gell-Mann matrices with
A=1,---,8; and a,a’ are the color indices. The free
propagator contribution is determined by the first two
terms, and the rest, which are ~ Gjﬁ/, are due to the inter-
action with the gluon field.
Inserting Eq. (20) into Eq. (19) leads to several contri-
butions. The first one results from replacing both heavy
quark propagators with their free parts:

QKl(mQV—x) ) Q/x

S(peIT)( )_
—2 a2

Kx(mg V=-22). (22)

(2> )pa_(p, q)

The DAS in this case are two-particle DAs. Repla-
cing one heavy quark propagator (say S ‘é“') with its
gluonic part, we obtain

aa’ - . d4k
o "0 = —igs f

1
@ e fo duG3 (ux)AG (x),

(23)

where

AL (x) = |k +mo)o ™™ + 2u(md - k)x'y™]. (24)

1
2(m2Q —k2)2

and the other with its free part leads to the one gluon ex-
change between the heavy quark Q and the light pseudo-
scalar meson #. The non-local matrix elements of this
contribution can be calculated in terms of three-particle
DAs of meson #. Replacing both heavy quark propagat-
ors with their gluonic parts involves £ meson four-
particle DAs that are not yet determined, and we ignore
them in the present study. Instead, we considered the two-
gluon condensate contributions.

The non-local matrix elements can be expanded us-
ing proper Fierz identities such as

—c' C 1 cc’ =1~J
o = — 13 T1)pad™ G g, (25)

where TV =1,ys, ¥4 iysyu, 0/ V2. Tt puts them in a
form to be determined in terms of the corresponding DAs
of different twists, which can be found in Refs. [63-65].

Bringing all things together, one can calculate differ-
ent contributions to the corresponding strong coupling.
The leading order contribution corresponding to no gluon
exchange can be obtained by replacing both heavy quark
propagators with their free parts as follows:

_i ig.x = & (pert.) (pert.)
=2 f d* el <P<q>|q(0)r’q<x>|0>{Tr[sQp @S g 0n|(r)

S g S5 0),, T SE o 55 ),

+HEmSg s g @)+

G MSE @) -

(pert.) & (pert.) (pert.) 3 (pert.)
(S, ~ (S5 mE s g ), |

where the superscript (0) indicates no gluon exchange.
The contribution of the exchange of one gluon between

& (pert.) (pert.)
(TS ™ s g™ ) |

(S&™ @nTms g™ w)

(26)

the heavy quark Q and the light pseudoscalar meson P is
obtained as
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s [ dk ! < er
(™) o= it f ot fo du<7>(q)|q<0>r’6hq<x>|0>><{Tr[A*Q%x)y,,Sg’, Deom(r)

+ Tr[ A (T (S g’?“'>(x))pa_ +Tr[ TS (Qp,m')(x)yﬂ](Ag(x))W +

(pert.) A AT
(S&™ mAG omls)

HEmSE™ WrAg W)+

AT (pert.)
(CorAG s 5™ @) |

(pert.) ™ T
~(Sg™ @nlmag)

~(AF S Comly) - (Agumm,,sg,e“%x))m}, 27)

where the superscript (1) indicates one gluon exchange.
By exchanging Q and Q' in the above equation one can
simply find the contribution of one gluon exchange
between the heavy quark Q' and the light pseudoscalar
meson P.

The general configurations appear in the calculation
of the QCD side of the CF, i.e., Egs. (26) and (27) have
the form

1
T[ ,ﬂ,yv,...](p’q) =ifd4xf dvfﬂa'elp.x(xz)n
0

X [ei(aq+v{lp)q.xg(a[), eiq.Xf(M)]

X [1, x4, XXy, ...

X Ky, (my N=x)Ky, (ma V—x2). (28)

The expressions in the brackets on the RHS correspond to
different configurations that might arise in the calcula-
tions and

1 1 1
f Da= f da, f day f days(1 - ay—ag-ap). (29)
0 0 0

On the LHS, the blank subscript indicates no x, in the
corresponding configuration. There are several represent-
ations for the modified Bessel function of the second
kind, and we use the cosine representation as

T(n+1/2)2" [ V—x*)"
Sl )= FE [ ot
(30)

[
Note that choosing this representation increases the radi-
us of convergence of the Borel transformed CF [44]. To
perform the Fourier integral over x, we write the x config-
urations in the exponential representation as

(xZ)n =(_1)n aﬁn (e—ﬁx ) |ﬁ o
0
g (i) P 31

D. Borel transformation and continuum subtraction

Performing the Fourier transformation produces the
version of CF that has to be Borel transformed to sup-
press the divergences that arise owing to the dispersion
integral. Having two independent momenta (p +¢) and p,
we use the double Borel transformation with respect to
the square of these momenta as

: 1 L
By, (M)B,, (M) P+ = MZa(b ¥ W)(S(Mo — u)e VT

(32)

where ug = M?/(M? +M3). To be specific, we select the
following configuration:

1
Tﬂy(p, q) :ifd4xf dvfDael[ﬁ+(llq+Va/p)qJ.Xg(a,i)(x2)n
0
X X%, Ky, (mo, N=x2)K,,(mg, V—x7),

(33)

which leads, after Fourier and Borel transformations, to

2~4-n,-n, M2+M2 mQ‘ THm} 2
Tyv(Mz) _ 2 € f@af dvf Z(MP=4B) an lznzfl
Mszn, n
0,
2 1 5 M?
X (M2 = 48)" ™ 51y — (g + va/g)][Pva +(vag + @) (Puqy + qupy) + (Vg + @g) quqy + Tg“"]' (34)

Ref. [44] reports the details of calculations for had-
rons containing different numbers of heavy quarks (zero

to five).
The dispersion integral that matches the physical and
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QCD sides of the CF contains contributions from both the
ground state and the excited and continuum ones calcu-
lated in Eq. (16) as a double dispersion integral over
"5 (s, 55). To suppress the latter, a proper version of
subtraction is required that enhances the contribution of
the ground state as well. There are several versions of
subtraction. Using quark-hadron duality, p™(s;,s,) can
be approximated by the physical spectral density, with its
theoretical counterpart, p?°P(sy, s,). For more details see
also Refs. [66-71].

To proceed, for the generic factor (M?)Ne™ /M’ the
replacement [72]

(MZ)N e mIM % ffo dse /M’ (s—mz)AF1 , (35

is used for N > 0, while keeping it unchanged for N <0,
where the energy threshold for higher states and con-
tinuum is considered as +/so. Then we restrict the bound-
aries of the z integral to further suppress the unwanted ex-
cited states and continuum. Solving the equation

2 = 5
’nQI Z+mQ22

ez =e M (36)

for z gives us the proper boundaries as follows:

g
M;+M;

M?
o(M*, s0) = Vo

'—‘/I _.”71

1

Zmax(min) :g (s0 "'mZQI _mZQZ)
0

+(-) \/(so +mgy, —mg, )? —4m, so]. (37)

Replacing them in the z integral as

1 Zmax
f dz — f dz, (38)
0 Zmin

enhances the ground state and suppresses the higher
states and continuum as much as possible.

Finally, selecting the coefficient of the corresponding
structure g,q,p4ys gives us the invariant function to be
used to find the corresponding strong coupling constants.
The Borel transformed subtracted version of the invari-
ant function for the vertex B]B;#P can be written as

Mg, pp(M*, 50) = Topp(M?, 50) + T . p (M2, 50),  (39)

=%

where the above functions for the vertex ‘—‘bb“‘bbﬂo as an
example, are expressed as

{6uofnmbm,%i1 (V@) D[Z-1.00m) = Loo(my)]

+ 6110 frmpmziy (V- (@), |1 00mp) = Zo.0(my) |

+uﬂ(—3[i2<ag'r<a,-),v>—2i2(agT(a,»),v2>+iz(aq"r(ai>, D

= 2ix(ag T (@), ) || 260 mws 50, M) = 211 my; 50, MP))

+ (=1 + P2 (o) = 21 mps 50, M?) +§“><mb,so,M2>])} (40)

qZ
MM

M? =g:(GGy—————
e (MP.50) =6G6)

'—‘hb /1

{6uofnm m2ir (V@) D[ 2.00mp) + 1 -1 (my)|

+ 6g frmpmziy (V(@), D|-a.00mp) + 1 -1 (my)|

+ﬂﬂ(—3[iz(amai),v>—2iz(agﬂai>,v2> +ir(, T (@), 1)

= 2ix(ay T (), )| [ 24 s 0mps 50, M?) + 25, (my; 50, M7))

+ Zéii(mb; s0. M)} -2(-1 +pi)uézsa(uo)[m,,gf_l o3 s0, M%)

21
+mb§

) my: 50, MP) + 220 (my: 50, MP) = 26 (mys 50, MP)

—mb§ D (my; 50, M?) — 25(2)(mb,S05M2)])} (41)
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Here the function &, ,(m;,my) is defined as

2 2
mom

Zmax 2
§n1,n(m1,m2) :f dzz"7'e Mz Mz (42)
z

min

where m and n are integers and &, ,(mi,m) = Gnn(m).
Also Z,%(ml ,my1; S0, M?) is defined as follows:

) 1 Zimax So
%) =

my,ma; sg, M) = dz ds
S (1, m2; 50, M”) T'(N) fz f+

2 2
ve m m5\N-1
x e 5M z’"Z”(s— —1_ —2) , (43)

. Z
where  Zo)(my,my;s0, M) = Zo(my; s0,M?). The  func-
tions i; and i, are also defined as

1
16 f) = [ Do [ dvbtaguag. ) =)
(44)

1
ip(Plai), f(v) = f Da; fo dve(ag, ag, ) f(V)6(k—uo) ,
(45)

where k = o, —va,.

Finally, matching both the physical and QCD sides of
the CF leads to the sum rules for the strong coupling con-
stant as

3m% emf/M,Z emé/M%

8BBP = —

g gp(M?, s0). 46
5 1 s BB:p(M~, 50) (46)

III. NUMERICAL RESULTS

In this section, we present the numerical results of the
sum rules for the strong coupling constants of the light
pseudoscalar meson with doubly heavy spin-3/2 baryons.
For numerical evaluations, two sets of parameters were
employed. One corresponds to light pseudoscalar mesons
that have their masses and decay constants as well as
their non-perturbative parameters appearing in their DAs
of different twists, which are listed in Tables 2 and 3 re-
spectively. The other set includes the masses and residues
of the doubly heavy spin-3/2 baryons, which are listed in
Table 4.

The first step in the numerical analysis was to fix the
working intervals of the auxiliary parameters. These are
the continuum threshold sy and Borel parameter M?. To
this end, we imposed the conditions of OPE convergence,
pole dominance, and relatively weak dependence of the
results on auxiliary parameters. The threshold sy de-

Table 2. Meson masses and leptonic decay constants along
with the quark masses [73].
Parameters Values
m 93*11 MeV
me 1.27+302 GeV
my, 4.18t8:g% GeV
ngo 134.9768 + 0.0005 MeV
s 139.57039 £ 0.00018 MeV
my 957.862 +0.017 MeV
mgo 497.611+0.013 MeV
Mg 493.677 +0.016 MeV
Ju 131 MeV
I 130 MeV
fx 160 MeV
Table 3. Input parameters for DAs of twist 2, 3, and 4 at the

renormalization scale u = 1 GeV [63, 64].

meson az m w3 4 w4
T 0.44 0.015 -3 10 0.2
K 0.16 0.015 -3 0.6 0.2
n 02 0.013 -3 0.5 02
Table 4. Masses and residues of spin-3/2 doubly heavy ba-
ryons [23].
Baryon Mass/GeV Residue/GeV’
Shl 3.69+0.16 0.12+0.01
By 7.25+0.20 0.15+0.01
b 10.14+1.0 0.22+0.03
Q. 3.78+0.16 0.14+0.02
Q. 7.3+02 0.18+0.02
Q, 10.5+0.2 0.25+0.03

pends on the energy of the first excited state at each chan-
nel. We did not have any experimental information on the
excited states of the doubly heavy baryons. However, our
analyses show that in the interval mp +0.3 < /50 <
mp +0.5 GeV the standard requirements are satisfied. To
fix the Borel parameter M> we proceeded with the fol-
lowing steps: for its upper limit, we imposed the condi-
tion of pole dominance; for its lower limit, we imposed
the OPE convergence condition. These requirements led
to the working regions 14 < M?< 18 GeV~, 8 < M*< 11
GeVz, and 4 < M? <6 GeV’ for the bb, bc, and cc chan-
nels, respectively.

In Fig. 1, as an example, we show the dependence of
the coupling constant g on the continuum threshold at
some fixed values of the Borel parameter for the vertices

=k S * ()* ® + x w10
BB 2, Q) Er K*, and Q=7 KV, Note that
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oot —_ 2 —
150 - SR ¢ M? =18 (GeV?)
- —#= M? =16 (GeV?)
125 = M? =14 (GeV?)
o 100 =
75 :--A—-A—A—*—A—*—A—**-*dr-*dr-td—
50 =
: Il I Il Il Il I Il Il Il I Il Il Il I Il
110 112 114 116
So(GeVQ)
300 —
F RS ET —e— 2 = 18 (GeV?)
250 = —&= M? =16 (GeV?)
- es M2 =14 (GeV?)
200 =
> 000090 -0-0-0:-0-0-0:-0-0-0-0- 8-
150 e S R R Sy S Sy S S S S R S
100 =
: Il Il Il I Il Il Il I Il Il Il I Il Il Il I Il
116 118 120 122 124

S0 (GSVZ)

250 Q0 Qnn —e— M2 =18 (GeV?)
- —x= M2 =16 (GeV2)
200 = e M? =14 (GeV?)
150 [0 0-0:0:0:0:0-90:00:9:0-0-0:-0:0-0"
e = = e A A e = A A A —h— A ok A A ok —A—
100 s
50 -I Il Il I Il Il Il I Il Il Il I Il Il Il I Il
116 118 120 122 124
SU(GGVZ)
300 -
[ £Z{)b:)(} K —— A12 =18 (GeVz)
250 = —+=- M2 =16 (GeV?)
- M? = 14 (GeV?)
200 =
150 |-
Ei—A—*i—A—A-i—A—A--A*—A—-Adr—A—-A—A—
100 =
: Il Il Il I Il Il Il I Il Il Il I Il Il Il I Il
116 118 120 122 124

s[](GeVZ)

Fig. 1. (color online) Dependence of the strong coupling constant g on the continuum threshold at different values of the Borel para-

meter M2 =14, 16 and 18 GeV".

the strong coupling constants depend very weakly on sg.
In another example, we show the dependence of g on the

2 . =% + * %
Borel parameter M~ for the vertices E;, =) 7%, Q) Q) n,

Q;,=;,K*, and szEszO at fixed values of sy in Fig 2.
From these plots, we see that the strong coupling con-
stants show some dependence on the Borel parameter.
This constitutes the main source of uncertainties.
However, these uncertainties remain inside the limits al-
lowed by the method.

Taking into account all the input values as well as the
working intervals for the auxiliary parameters, we extrac-
ted the numerical values for the strong coupling con-
stants from the light-cone sum rules (46). The numerical
results of g for all the considered vertices in cc, bc, and
bb channels are presented in Table 5. There are three
sources of errors in the results. The first is from the input
parameters we used in the calculations. The second is the
intrinsic error, which is due to the quark-hadron duality
assumption. Finally, the third one is the error resulting
from the variations with respect to the auxiliary paramet-
ers in their working intervals. The total error in the res-
ults amounts to 20%.

IV. SUMMARY AND CONCLUSIONS

In the present study, we investigated the strong coup-
ling constants of the doubly heavy spin-3/2 baryons,
Q*QQ, and E’fQQ,, with the light pseudoscalar mesons, 7, K,

Table 5. Working regions of the Borel parameter M? and
continuum threshold so as well as numerical values for differ-
ent strong coupling constants extracted from the analyses.

Vertex M2/GeV’ 50/GeV’ strong coupling constant
Decays to 7
5,50 l4<M2<18 109< s <117 50.072
EpEnm™  l4<M2P<18  109<s<117 70.8114
52 T<MP<10  5T<s0<63 13414
S5 T<M2<10  5T<s50<63 18.920
B’ 3<M2<6  16<s<19 3.803
BBl 3<MP<6  16<s0<19 5.509
Decays to n
Q2 14<MP<18 116<s5<125 125723
Qn  T<ME<10  5T<so<64 18.42)
Qe 3<MP<6  16<50<20 5.903
Decays to K
0,5,k 14<M?<18 116<s5 <125 142.9266
QE KT 1a<M?P<18 116<s9 <125 1423264
Q.5 K" 7<MP<10  5T<so<64 27539
Q5 K 7<M><10  ST<s<64 27339
QEK"  3<M’<6  16<5)<20 8708
QELK*  3<M?<6  16<s5<20 8.607
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150 oA o so = 117 (GeV?)
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M?(GeV?)
250 = =5, K s0.= 125 (GeV?)

- === 50 =121 (GeV?)
200 - e gy = 116 (GEVQ)
100 =

50 _-I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
14 15 16 17 18

M?(GeV?)
Fig. 2.

250 = O, 50 =125 (GeV?)
- ——- 5o =121 (GeV?)
200 = e 50 =116 (GeV?)
= 150 \\
100 =
50 _-I Ll I 1 Ll I Ll 1l I Ll 1l
14 15 16 17 18
M?(GeV?)
250 :- 52;;/)5;1{7 I\'() S0 = 125 (GeVz)
- ——- 50=121 (GeV?)
200 = 50 = 116 (GeV?)
g
= 150 T ——
N -.-.‘-'""‘—..
100 =
50 _-I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
14 15 16 17 18
M?(GeV?)

(color online) Dependence of the strong coupling constant g on the Borel parameter at different values of the continuum

threshhold sy. The lines correspond to so =109, 113, and 117 GeV” for the =, &% z* channel and so=116, 121, and 125 GeV’ for the

Q. 0, @, =r K*, and Qp, =r KO channels.

and 5, by applying the LCSR formalism. We used the in-
terpolating currents of the doubly heavy baryons and DAs
of the mesons to construct the sum rules for the strong
coupling constants. By fixing the auxiliary parameters,
we addressed the calculations through the Borel trans-
formation as well as continuum subtraction. We obtained
the numerical results for different possible vertices con-
sidering the quark contents of the participating particles
and other considerations.

The results show that the heavier the doubly heavy
baryons, the larger their strong couplings to the same
pseudoscalar mesons. The significant difference between
the c- and b-baryons can be explained using the heavy-
quark spin symmetry, which states that the partial strong
decay widths of heavy quark hadronic systems are inde-
pendent of the heavy quark flavor and spin [74]. Consid-

Zbb=bb

ering the Fermi golden rule and the fact that the amp-
litude is proportional to the strong coupling constant, de-
fining the corresponding vertex immediately implies that
the heavier the doubly-heavy baryon, the larger the strong
coupling constant. Moreover, comparing with the results
presented in Ref. [47], the values of the strong coupling
constants among the doubly heavy spin-3/2 baryons and
light pseudoscalar mesons are mostly larger than that of
the spin-1/2 baryons with the same mesons according to
Ref. [47].

Our results may help experimental groups in analyses
of data including the hadrons examined in the present
study. The results may also be used in the construction of
strong potentials among the doubly heavy baryons and
pseudoscalar mesons.
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