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In this article, we study the momentum dependence of the hadronic coupling constants Gp:p v,
Gg:p,sy» Gg,g,v» and Gg g 7, with the off-shell Y and J/y using the three-point QCD sum rules. Then
we fit the hadronic coupling constants into analytical functions and extrapolate them into deep time-like
regions to obtain the on-shell values GBZB(Y(qz = M3), GBZ‘B(J/W(q2 = Mi/w), GB(B(Y(q2 = M%), and
G,y /,,,(q2 = M% /W) for the first time. These hadronic coupling constants can be taken as basic input

parameters in phenomenological analyses.
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I. INTRODUCTION

The suppression of J/y production in relativistic heavy
ion collisions is considered an important signature to
identify the quark-gluon plasma [1]. The dissociation of
J/y in the quark-gluon plasma due to color screening can
lead to a reduction of its production. The bottomonium
states are also sensitive to the color screening: the Y
suppression in high-energy heavy ion collisions can also
be taken as a signature to identify the quark-gluon plasma
[2]. The suppressions of Y production in ultrarelativistic
heavy ion collisions will be studied in detail at the
Relativistic Heavy Ion Collider (RHIC) and LHC.
Before drawing a definite conclusion on the appearance
of the quark-gluon plasma, we have to disentangle the color
screening versus recombination of the off-diagonal cc (or
bb) pairs in the hot dense medium versus cold nuclear
matter effects, such as nuclear absorption, shadowing, and
antishadowing [3,4].

We can study the heavy quarkonium absorptions with the
effective Lagrangians in meson-exchange models [5], and
calculate the absorption cross sections based on the
interactions among the heavy quarkonia and heavy mesons,
where the hadronic coupling constants are basic input
parameters. A detailed knowledge of the hadronic coupling
constants is of great importance in understanding the
effects of heavy quarkonium absorptions in hadronic
matter. Furthermore, the hadronic coupling constants
among the heavy quarkonia and heavy mesons play an
important role in understanding final-state interactions in
the heavy quarkonium decays [6].

The hadronic coupling constants in the D*Dx, D*D K,
D:DK, B*Br, BiBK, DDp, D,DK*, B;BK*, D*Dp,
D;DK*, B;BK*, D*D*p, B*B*p, B,BK, B;B'K,
D:DK,, B:BK,, J/wDD, J/wDD*, J/wD*D* vertices
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have been studied with the three-point QCD sum rules
(QCDSR) [7,8], while the hadronic coupling constants in
the D*Dn, D*D,K, D:DK, B*Br, DDp, DD,K*, DD,
BBp, D*Dp, D*D,K*, D:D,$, B*Bp, D*D*n, D*D’K,
B*B*n, D*D*p, DyDx, BoBrn, DyD,K, DWDK, B, BK,
D]D*T[, B]B*JT, Dle*K, BSIB*K, B]Boﬂ', BzB]T[, BzB*ﬂ,
B{B*p, B1Bp, B,B*p, B,Bp vertices have been studied
with the light-cone QCDSR [9].

To our knowledge, the hadronic coupling constants
among the heavy quarkonium states have not been studied
with the three-point QCDSR or light-cone QCDSR. In this
article, we study the vertices B:B.Y, B:B.J/w, B.B.Y,
and B.B.J/y with the three-point QCDSR. The QCD sum
rules are a powerful nonperturbative approach in studying
the heavy quarkonium states, and they have given many
successful descriptions of the masses, decay constants,
form factors, and hadronic coupling constants [10—12].

The B}* mesons have not been observed yet, but they are
expected to be observed at the LHC through the radiative
transitions. In previous works, we studied the vector and
axial-vector B, mesons with the QCDSR and made reason-
able predictions of the masses and decay constants, then
calculated the B — B, electromagnetic form factor with the
three-point QCDSR, and finally obtained the decay width of
the radiative transitions B* — BXy [13,14].

This article is arranged as follows. We study the B;B_.Y,
B:B.J/w, B.B.Y, and B.B.J/w vertices using the three-
point QCDSR in Sec. II. In Sec. IIl, we present the
numerical results and discussions, and Sec. IV is reserved
for our conclusions.

II. THE B:B,Y AND B_.B,Y (ALSO B;B.J/y AND
B.B.J/w) VERTICES WITH QCD SUM RULES

We study the B;B,.Y and B.B,.Y vertices with the three-
point correlation functions II,(p,p') and IIL,(p,p’),
respectively,

© 2014 American Physical Society
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I, (p. p/) = i / dhxd*ye? o= 1 (O[T {5 (x)], ()73 (0)}0).

,(p.p") =1 / dxdye? =P (O[T {J5(x)j, (v)J5(0)}]0), (D

where

Ju(x) = b(x)y,b(x).

(x)iysb(x),
(X)r,c(x), )

and the currents j,(x), Js(x), and J§(x) interpolate the heavy quarkonia Y, B,, and B, respectively.

We can insert a complete set of intermediate hadronic states with the same quantum numbers as the current operators
Ju(¥), Js(x), J5(0), and J%(0) into the correlation functions I, (p, p") and I1,(p, p’) to obtain the hadronic representation
[10,11]. After isolating the ground-state contributions coming from the heavy quarkonia Y, B, and B, we get

<0|Js(0)|Bc(p’)><0|j,4(0)IY(Q)><Bi(p)|fu"(0)|0><Bc(p’)1f’(Q)IE(O)IBZ‘(p)>Jr

ey Gpep (@) €uapp™ P + - - 3)

H;w(PJ’/) = (M%?c —p'z)(M% — qz)(M%; _pZ)
_ fB(M%}CfBzMB;fTMY
— (my +me)(My — p?) (MG — p?) (M3 — g
o (0175(0)[B.(9))(01u(0)[Y () (B (p)73(0)[0) (B (p") Y (q)|£(0)|B.(p))
,(p.p') = ¥

f3.Mp fyMy

(M3 — p*) (M3 — ¢*) (M3 — p?)

= G Y
(my, +me)*(My_— p?) (M}, — p?) (M3 —¢?) "™

(P p+p),+

=0L,(p.P )Py +Ty(p. P )pu+ - )
where we have used the following effective Lagrangian £ and definitions for the decay constants fg:, fp5 , fy:
L = Gy p v€10psBLP YT B + iGp p 1, Y (BLO,B. — 9,BLB.), (5)

(017,(0)[B:(p)) = fp:Mp:L,.

o S ME
(015(0)|B.(p)) = pra—
(017, (0)[Y(q)) = frMé,. (6)

where g, = (p — p'),, and {, and &, are the polarization
vectors. The tensor structures p, and p), are associated with
the correlation functions I',(p, p') and Ty (p, p’), respec-
tively, and we obtain the QCDSR by considering the
combination T, (p, p’) + Ty (p. p').

The effective fields describe point-like particles only in
the case that all the interacting particles are on the mass
shell. When at least one particle in the vertex is off-shell,
the finite-size effects of the hadrons become important. We
should introduce form factors in the hadronic coupling
constants to parametrize the off-shell effects, which are of
great importance in calculating scattering amplitudes at the
hadronic level. In this article, we parametrize the ¢>
dependence of the hadronic coupling constants G(g?) with
suitable functions, then obtain the on-shell values G(g°> =
—Q? = M3) by analytically continuing the ¢? to the
physical region.
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Now we briefly outline the operator product expansion
for the correlation functions IL,(p.p’) and IL,(p,p’).
First, we contract the quark fields in the correlation
functions I1,,(p. p’) and IL,(p, p') with Wick’s theorem,

Hﬂb(p,p/> = /d4xd4yeip’~x+i(p_p/),y
X Tr{inan (x — )’)J/ﬂB"k (y)},yckm(_x)}’
' ,(p.p') = / d*xd*ye'r < +ilp=p)y

x Tr{iysB™" (x — y)y,B"*(y)iysC"(—x)}.
(7

FIG. 1. The leading-order contributions. The dashed lines Then, we replace the b and ¢ quark propagators Bi (x) and
denote the Cutkosky cuts. ij : :

enote the Lutkosky cuts C'(x) with the corresponding full propagators S;;(x),
|

j » 5ij sGopti; o (k k B 5, (PCGYmk® + m2k
) = /d4ke_’k‘x{ i 95Gaptij o™ (k+mg) + (k+ mg)o /{g:GG)myg 0 } ®)

- (2n)* k—myg 4 (k2 —m})? 12 (K —m))*

where O = ¢, b, (5;GG) = (5;G,G"*), " =%, the A" are the Gell-Mann matrixes, and the i, j are color indices [11].
Finally, we then compute the integrals. In this article, we take into account the leading-order contributions Hgy( PP,
IT)(p. p') and gluon condensate contributions I (p, p'), TIS%(p, p') in the operator product expansion, and show them
explicitly using the Feynman diagrams in Figs. 1 and 2.

The leading-order contributions I19, (p, p’), ITS(p, p’) can be written as

Vo3 [ Tk ml ke mlnk A ) [ pu(sag?)
0. #) = o | e p =P =l PP ] S ©
o o _ 30 o, Tr{rslk +myly [k +p—p' +myyslk—p' +m.]} <du pus.u.q?)
0.7 = e | 4 s o = ] SO e 0

A\

X
0 X

X

0 ‘y 0 ‘y
0 0

FIG. 2. The gluon condensate contributions.
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We put all the quark lines on mass shell using Cutkosky’s rules (see Fig. 1) and obtain the leading-order spectral densities
(s u.q*) and p,(s.u.q%),

3
s | k00 =3k p = ' = mila{ (k= )
T
X Tr{yslk + mply, [k + p—p' + mply, [k — ' + m.]}
3¢uapp"P” { n (my—m,)(s +u—q* +2mj — Zm%)qz}
= m )
4 \/A(s,u, q°) ’ As.u.q?)

Pu(s.u.4%) = —

(11

puls o) = s [ A = ol p = ' = ok — ) = ]

X Tr{ys[k + mply, [k + p— p' + mplys[k — p + m.]}

3

= mﬂs +u—q* —2(my —m)*|(Cpp, + Cppl)+u— (my, —m.)q, +¢*p,}. (12)
7[ b b

where

(s u— )t md—m2) = 2u(u— g+ m3 — md)

c

P As,u, q?) ’
s+u—qg?)u—q*>+m>—m2)—2s(u+mi —m?
¢, L= )=t =) =2t ) )
A(s, u, g%)

and A(a, b, c) = a’? + b*> + ¢*> —2ab — 2bc — 2ca. (We have used the formulas presented in Refs. [15,16] to compute the
integrals.)

We calculate the gluon condensate contributions directly (see Fig. 2) and obtain the following formulas:

i€ a.GG
nSe(p. p') = ﬂ< :

2 (SO Ty + T 0 = = ) Ty + T

— mymZl14p®p” + mi(m, — mb)j(fmqﬂ — myl3, p*p"’ — mbig’npﬂ—l—mbfffﬂp"’j + mci(ﬁﬂﬁ}

ic a.GG - - _ -
+ ﬁ < Sﬂ >{(mb - mc‘)(lgﬂ + I?zz)qﬁ + my (I + 1122)17(117//}
_2mbjglzp/ﬁ —3(my, — mc)iglz‘]ﬂ - 3mb721zpal)'ﬂ}’ (14)
p / i [a,GG 2 2 2\(FH Y H i NG
HGG(P,P )= ) {mb[_(z(mb —-m.)*+q )(1411 + 1141> + Ky + Ky + Ny

+Nyy = (my —me)*(Lyyy + Tiay) g + (Nagy + N1ai)@* + ¢* Loy + Tiay) p¥]
+mg[=(2(my, —m.)* + @)1y + Ky + Ny — (my — m.)*11aq" + Nyjag”
+@*Lap™] + my[2(m, — my) (I3, + Ifyy) + my I3y +1i31) p*

+(2m — my)3116"] + m[(2my, — me) (28 5 + 113¢")]}

i /a,GG o _
1372 < - >{(12mbmc —4my —2mg + q*) Iy, + Koy, + Nby,

+ [(6mpm, — m}, — m2)(Ing; + I122) + Nogy + Nino]g* + (2m3 — q*) 1, p™*

+ (18mym, — 8mj — 4mZ — ¢*)(Iy, + Iyy,) + 3KY, + Nipy 4 Kb, + 3N5),

+ (4m3, + ¢*) (1122 + Inio) p* + 3(4mym, — mj — m2) 126" + 3N,15q"

— (2191 + 31115 4 31011)q" + (11 — 21115 + Iy ) p™* — (611, + 41, + 615,))}, (15)
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where

_ \ 1
Iij”_/dk[kz—m%]"[(k+p—p’) P=mp[(k—p')? = me]"

K. — 4 p2

Kijn /dk[k 2—mili{(k+p—p')? —mi[(k—p')*—ml]"

_ . 12

N"f'"‘/"k[kZ—mbwmp P —mlPlk— PP —m]

a 4 k(l

’lf"/‘”‘[kz—m,,u(kw PV —mP k= p) =l

. . kaa

Kw"‘/d"[kZ—m,,]KHp P U D e

. . /Zka

M= [ Tkt o= PP k= ) =l (1o

We take quark-hadron duality below the thresholds s, and i for the mesons B} (or B,) and B, respectively, perform a
double Borel transform with respect to the variables P> = —p? and P> = —p'?, respectively, and obtain the QCDSR for the
coupling constants Gp5 v(¢*) and Gp p v(4*),

V(M3 —g? M>. ]W2 3 s u
GBZBCY(qZ): (my + me)(My qz) exp ( l; + 2) / 0 ds/ i du# exp <_%—L2)
foB;fBCMYMBT‘MBc M M 471- (mb+mu)2 (mb+mr)2 /’{(S,u, qz) Ml M2

X{mb+(mb—mc)(S+u—q +2my —2m2)q? } _(mb+mc)(M%—q2)M%M%<asGG>

A(s,u,q%) Soaa)<t  SyfefeMyMg My z
X exp (M%z* Aﬂfz){r%(lm_l_lm) ”1%)(42c)(1411+I141)+”Zb”2151(1)14+m%(";c;mb>1(1)i4
- 2(18“_13”4‘13”) = ”3+8 1)21(2)12+ L Me (221 4 1122) = (1221+1122)
+1’;1b2 I%z_mbg 2 1212}’ (17)

V(M2 —g? M} M3\ 3 fs “ C
GBCBCY(QZ) = (m;,—i—mcz) (M 7 7) exp ( 2) / ' ds/ ' du = €Xp <_iz_iz>
2fy[5MyMy, M3 ) 87 Jimem Sy, A(s,u,q%) My M;

o 2 2 2 2 2_ 2
x{[s+u—q2—2(mb—mc)2] {(u -4 )(u+2mb mcl)-f—( —u=g - q2+mb mc)} +q2}‘
A(s.u.q?) A(s,u.q”) f (54?1

(my+me)* (M3 —¢*)MIM3 /2,GG Mj, M3\ [m}
_ ¢ s Zbi_(2 _ 2 1411 1141
2fo%3L,MYM‘£‘3C z eXp M2 872 [ ( (mb mc) +q )( + )

2

FKAT 4 KM N N g (1411+1141)]+ﬂ[_(2(mb_ LR N SILNE I

87 2
| 2my(me—my) (151" +1oi') +mp (15" +15%) 4 2me (2my, —me) gy
8>

N 12m,m, —4mi2— 2m?2 +q2[%%1 T 18m,m, —8ml2,2—4m% —q (122 4 1212

487 43r
L KGH NG 3K + Noi® + KGi? +3Ngi” + (2m) — ) I

4872
(4my+q*) (1™ +15"%) 317" +2051° + 315" +1521 =20, + 13" a18)
487° 247° 487> '
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where

f(s’u’qz) =

(s +u—q*)(u—q*+mj—

PHYSICAL REVIEW D 89, 034017 (2014)

m?) —2s(u + mj — m?)

VA ) (= g2+ mif — m2)? — dsm)]

AraC AraC
C= 11— — g
\/3113. [ xp < 3y

: 4mym,
v, = _
‘ S = (mh - mc)2

\/ 4dmym,
Y e N ——
u— (mb - mc)

explicit exprgssions for Ig", Kf)j”, Nf)j", I’ij(;l, If)jl”, K%”, Kf)jl",
N, and Ny, are presented in the Appendix. For the heavy
quarkonium states B and B,, the relative velocities of
quark movements are small; we should account for the

. . ¢ .
Coulomb-like corrections ;é and 2= corresponding to the

currents J5(0) [or J1(0)] and Js(x), respectively. After
taking into account all the Coulomb-like contributions
shown in Fig. 3, we obtain the coefficient C to dress the
quark-meson vertices [17,18], and take the approximation
af = a,(u) in numerical calculations [13].

We can obtain the hadronic coupling constants
Gp:p.7/y(q*) and Gg p 5/, (g*) with the following simple
replacements:

GBZ.BL.J/V/(CIZ) = GB:‘.BL.Y'(CIZ)

b
my<>me.fy=f, My—M,;),

GBCBCJ/y/<q2) = GBCBCY(qz) (20)

my<me.fy=f i, My—>M,;p,

In this article, we calculate the hadronic coupling
constants Gg:p v, Gp p,v» Gp:p.1jy> and Gp p 5/, in the
space-like region Q% = —g*> > 1 x GeV?, then fit the

0 c X

FIG. 3. The ladder Feynman diagram for the Coulomb-like
interactions.

1 J4zaS e 4o\ 7!
—exp [ — ’
3v, P 3v,

(19)

Gg:s,y» Gp.p,y» Gp:pyps and Gppj,, into suitable
analytical functions, and finally obtain the values
GBZ;BCY(qzzM%')’ GBCBCY(QZZM%‘)’ GBZ;BCJ/V/(CIZZM%/V/),
and Gp gy, (q> = M3,,) by analytically continuing the
variable ¢> to the physical regions.

III. NUMERICAL RESULTS
AND DISCUSSIONS

The hadronic input parameters are taken as
fp: =0.384 GeV, Mg = 6.337 GeV from the QCDSR
[13], f B, = 395 MeV from the QCD-motivated potential
model [19], and My = 6.277 GeV, My = 9.4603 GeV,
M;,;, =3.096916 GeV from the Particle Data Group [20].
We extract the values of the decay constants fy =
0.700 GeV and f,,, = 0.415 GeV from the decays Y —
ete™ and J/yw — eTe™, respectively [20]. The decay
constants have the relation f5: ~ fp , and the masses have
the splitting Mp. —Mp = 60 MeV. The calculations
based on the nonrelativistic renormalization group indicate
that My 1-)— Mg ) = (50 £ 171}3) MeV  [21]; the
mass Mp. = 6.337 GeV from the QCDSR is satisfactory.
Accordingly, we take the threshold parameters and
Borel parameters as sy = uy = (45 + 1) GeV?, M? =
M3 = (5—7) GeV? from the QCDSR [13]. The uncer-
tainties of the hadronic coupling constants G5 v(Q?),
6Gp,py(Q?), 6Gp:p 11, (Q%), and 6G p 5, (Q?) originat-
ing from the decay constants f; can be estimated as %,
where i =Y,J/y, B, B,.. For more references on the
decay constants fp. and fp , one can consult Ref. [14].

The value of the gluon condensate (“S%) has been
updated from time to time and changes greatly; we use the
recently updated value (%“9%) = (0.022 £0.004) GeV*
[22]. For the heavy-quark masses, we take the MS
masses m,.(m2) = (1.275 £0.025) GeV and m,(m3) =
(4.18 £0.03) GeV from the Particle Data Group [20],

034017-6



ANALYSIS OF HADRONIC COUPLING CONSTANTS...

63T T T T T T T —
56 — Al
49 ---Bj|]
[ |- c
2 ‘3‘2 O D:| ]
S oot E. ]
B g [T 4]
T4 .
07| ]
00b - - ________1]
_07 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 "
50 52 54 56 58 6.0 62 64 66 6.8 7.0
M,*(GeV?)
72 T T T T T T T T T T T
6.4 —A;
___B‘ ]
of a |- ci]
< F —--—-D;
> 4oF E.|]
O 32y ]
6 24 _-_-—-_:
1'6:-----.-----------.----------------—-
08-_ =
020
_08 " 1 " 1. 1 " 1 " 1 " 1 " 1 " 1 " 1 "
50 52 54 56 58 60 62 64 66 68 7.0
M (GeV?)
20 T T T T T T T T T T
18| —A |
s (am |77
14 L -Gl
P D’
12 | E.|1
[ e I -
sl ]
I T h
oL ]
2+ 4
0_-.--r-r-o-.—c—.—l—.—l—.-l-.-l-.-4--.-+-.--
50 52 54 56 58 6.0 62 64 66 68 7.0
M,*(GeV?)

PHYSICAL REVIEW D 89, 034017 (2014)

6.3 L B T T T T 1 1  —
56 —A;| 4
___B. 4
49 |
M | cl]
~42r - =D
S oas| E.| ]
q) 4
o™ 28} ]
G g [mrmr s ]
D
0.7
X
_07 " 1 n 1 L 1 n 1 n 1 L 1 n 1 " 1 L 1 " i
50 52 54 56 58 60 62 64 66 68 7.0
2 2
M, (GeV")
7-2_ LA LA B ENLEN BN B L L IR N
64 — A
56 |- ---B;| 4
__ 48 L (”) Tt (D:; ]
S a0l b
[0)] F -
o™ 32} N
O 24 y
I R AT RTRTORRERTRTRETETS :
08 F =
00 - o o o m e e oo
_0_8— 1 1 1 1 1 n 1 n 1 n 1 " 1 " ]
50 52 54 56 58 60 62 64 66 68 7.0
2 2
M, (GeV")
7-0_' T T T T T T T T T
6.3 - —A; 1
ser V) |78
a9 )|
- — — D‘
a2f £l
O 35} ]
% g
2 N
141 n
07F ]
Yo} T R R S e el i
50 52 54 56 58 6.0 62 64 66 68 7.0

2 2
M. %(GeV?)

FIG. 4 (color online). The hadronic coupling constants G- B(_Y(Qz) (M), Gp:p,s /V,(Qz) (IT), G, B(Y(Qz) (M), and G p /V,(Q2) av)
with variations of the Borel parameters M % or M% at the value Q% = 1 GeV2. A, B, C, D, and E denote the perturbative contributions,
gluon condensate contributions, leading-order Coulomb-like corrections [O(aS /vy, aS /v,)], total Coulomb-like corrections, and total
contributions, respectively. The values of unplotted parameters are tacitly taken as M? = 6 GeV? or M3 = 6 GeV>.

and account for the energy-scale dependence of the MS
masses,

a,(m,.)
a(u) 1%
m4) = my )| 22 |
1 bilogt bi(log*t—logt—1)+ byb,
ag(u) =—— ) ) ’
byt by t byt
2D

2 33-2n; 153—19n
where t =log %, by = % by =5~ L
2857393 4352
by = —5g——L, and A =213 MeV, 296 MeV, and

339 MeV for the flavors ng= 5,4, and 4, respectively [20].
In this article, we take the typical energy scale y = 2 GeV,
as in Refs. [13,14].

In Fig. 4, we plot the contributions to the hadronic
GB;B‘_Y(QZ), GB;‘.B(J/V/(QZ),
Gp px(0?), and Gp g j,,(0*) from different terms in

coupling constants
the operator product expansion at the value Q* = 1 GeV?
with variations of the Borel parameters M? and M3. From
the figure, we can see that the values are rather stable with
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FIG. 5 (color online). The hadronic coupling constants Gp. 5 v(Q?) (a), Gp: s, (0*) (b), Gp g v(0?) (¢), and G p ;/,(Q?) (d) with
variations of Q> = —q?, where the fitted curve denotes the central values of the fitted functions. The data between the two perpendicular
lines are used to fit the parameters of the hadronic coupling constants.

variations of the Borel parameters, and Borel platforms
appear. The ratios among the perturbative contributions,
gluon condensate contributions, leading-order Coulomb-
like corrections [O(aS/v,,a/v,)], total Coulomb-like
corrections, and total contributions are about
(20 —25)%: (1 —8)%:50%: (70 —80)%:1.  Although
the contributions of the leading-order Coulomb-like cor-
rections are twice as large as those of the perturbative terms,
the Coulomb-like corrections decrease quickly with an
increase of the orders of af/v,,af/v,,

4mab 1 2o 1 [4maS\?
=1+ +—=
39 < 4,mc) 3v 12\ 3v
l—exp | -5
1 [4maS\*
(== 22
720( 31}) T @)

where » denotes v, and v,; hence, the operator product
expansion is well convergent.
In calculations, we observe that 0.0001 < exp(—75) <

1
0.00186 and 0.0001 < exp(— ;%) < 0.00186. The contri-
2

butions of high resonances and continuum states are greatly
suppressed, and the hadronic coupling constants

Gppx(0Q%), Gp:p.1/y(0%), Gpp,y(0%), and
Gp.p.J /V,(Qz) are not sensitive to the threshold parameters.
The two criteria (pole dominance and convergence of the
operator product expansion) of the QCDSR are fully
satisfied. Furthermore, there exist Borel platforms to
extract the numerical values of the hadronic coupling
constants Gg.p v(0?), Gp:p.ysy(Q*), Gppy(Q?), and
GBEBL.J/V/(Qz)-

The numerical values of the hadronic coupling constants
GB;BCY(Q2)’ GBﬁBCJ/y/(Qz)’ GB[BCY(Q2>’ and GBCB[J/y/(QZ)
are shown explicitly in Fig. 5, and are fitted into the
following analytical functions using MINUIT:

GB;B(,Y(QZ) = A exp (—BQZ),

C
Gp:p,ypy(0%) = 11 D0+ EQ° exp (—FQ?) +H,
A/
GBCBCY(QZ) = TB/QZ’
C/
Gp.p,1,(0%) exp (—F'Q%) + H',

1+ DQ +EQ
(23)
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where

A =3.0667 + 0.43429 GeV~!,

B = 0.037120 + 0.040971 GeV~2,
C =6.1944 £+ 11.883 GeV !,

D = 0.18488 =+ 3.1480 GeV 2,

E = 0.063663 4 1.2289 GeV ™,

F =0.29199 +2.9767 GeV~2,

H = 0.044515 + 3.6666 GeV~',
A’ =12.802 £ 0.68184,

B’ = 0.0078868 & 0.016091 GeV~2,
C' = 6.6854 4 9.7404,

D' = 0.31276 £ 1.9985 GeV~2,

E' =0.086261 + 1.0481 GeV—*,
F' = 0.14764 4 1.7194 GeV~2,

H' =0.20721 4+ 2.2281. (24)

Although the uncertainties of the parameters in
Gp:p.1y(0%), Gg p s (Q%) are very large, the central
values of the fitted functions Gp.p v(0?), Gp:p s/, (0?),

Gp p,v(0%), and Gp p ;/,(Q?) coincide with the central
values from the QCDSR.

100 et
90 [
80
70 [
60 |
50 [
40 [
30 [
20 [
10 [
of

G(GeV™")

0-.|.|.|.|.|.|.|.|.|.
90 -80 -70 -60 -50 -40 -30 -20 -10 O 10

Q% (GeV?)
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From the numerical values of Gpp y(0?),
Gp:p.yiy(Q?), Gppy(0?), and Gppy,(0?) at
0> =1 GeV?,

Gpop (0 =1 GeV2) =3.0+0.6 GeV,

GB?BE.I/I/I(QZ - 1 GeVz) - 37 :l: 08 GCV_I,

Gy pr(0? =1 GeV?) = 12.8 +2.3,
G .1y (0 = 1 GeV2) = 43 +0.9, (25)

we can obtain the ratios

GB(,BCY(QZ =1 GeV?)
GB:BJ‘(Q2 =1 GeVz)
GB(BFJ/V/(QZ =1 GCVZ)
GB;BCJI//<Q2 =1 GeVz)

=43+ 1.2 GeV ~ my(m?),

=12+04 GeV ~ m,(m?) (26)

G 5.v(0%)
Gprp.x(0%)
increases slowly with an increase of Q?, while the ratio
Giee1/w(Q7)
GBZ‘,BFJI;/(QZ)

range 0% = (1 —6) GeV>.

In Fig. 6, we analytically extrapolate the hadronic
coupling  constants  Gp.p yv(0%),  Gpp s, (0%,
Gp py(0?), and Gp p 5/, (0%) into the deep time-like

if the uncertainties are neglected. The ratio

increases quickly with an increase of Q2 in the

G(GeV™")

Q*(GeV?)

FIG. 6. The central values of the hadronic coupling constants Gp- v(Q?) (), Gp:p s/, (Q?) (b), Gp_p v(Q?) (¢), and Gp g s/, (0?)

(d) extrapolated into the time-like regions.
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regions. From the figure, we can see that G5 v(Q?) and
Gp,_p,y(Q?) increase monotonously with an increase of the
squared momentum ¢* =—Q% Gy ;,,(0%) also
increases steadily with an increase of the squared momen-
tum ¢>=—Q and develops a shoulder at about
q* =3 GeV?, while Gg p ;/,(¢*) develops a broad peak
at about ¢> = 2.4 GeV?. The fitted functions G:p_;,,(¢*)
and Gy p ;/,(¢*) in the time-like region ¢* = —Q? >0
can be reexpressed in the following forms:

_ Cexp (Fg?)
- 1-Dg* + Eq*

C exp (Fg>
= Dzzp(q)02 ;HH,
(1-34¢°) +(E-F)q

C' exp (F'q?)
1_D1q2 +Elq4
B C' exp (F'q?)
(1-5¢) +(E - 5)¢*

GB:B(.J/I//(qz)

!

GBCBCJ/I//<q2) =

+H, (27

with E — DTZ > 0and E' — DTQ > 0 for the central values of
the parameters. Peaks may appear in the neighborhood of
the values ¢*> = 3, 3, 2 and 2.

The extrapolation to deep time-like regions is highly
mode dependent and leads to systematic uncertainties for
the hadronic coupling constants. In order to minimize the
systematic uncertainties, we can study the vertices simul-
taneously by putting B, B., and Y (or J/y) off shell
sequentially, and then fitting the hadronic coupling con-
stants to suitable analytical functions and extrapolating
them to the physical regions by requiring that the on-shell
values of the hadronic coupling constants coincide [8]. We
postpone these tedious calculations to our next work.

Finally, we obtain the on-shell values of Gp.p v(¢%),
Gp.p,v(4%). Ggp.ysy(q?), and Gy p 5/, (g*) from the fitted
functions,

PHYSICAL REVIEW D 89, 034017 (2014)

where we retain the central values only, as the uncertainties
are too large to make sense. The uncertainties originating
from the uncertainties 6B, 5C, 6D, SE, 6F, 6B, 6C', 6D’
6E', and O6F are greatly amplified in the
deep time-like regions and are much larger than the
central values, while the uncertainties originating from
the uncertainties A and A’ are moderate. For example,
the uncertainties S5A = +0.43429 GeV~!, 6B =
+0.040971 GeV~2, 6A’ = 40.68184, and 6B =
+0.016091 GeV—2? lead to 8Gppy(q> =M3) =
+12 GeV, 5Gpp v(q* = M%) = £312 GeV !,
8Gp py(¢> =M3) =42, and 6Gp py(q> = M3) =
4213, respectively. It is obvious that the uncertainties
8Gppy(q* = M%) = £312 GeV™' and 6Gp p y(q> =
M3) = £213 are too large to make sense. On the other
hand, although the uncertainties SH and SH' do not vary
with g2, they are about 10 times as large as the corre-
sponding central values. So we only retain the central
values, which are more reasonable than the uncertainties.
We can take these hadronic coupling constants as basic
input parameters to study final-state interactions in the
heavy quarkonium decays, or calculate the absorption cross
sections at the hadronic level to understand the heavy
quarkonium absorptions in hadronic matter.

IV. CONCLUSION

In this article we studied the momentum dependence of
the hadronic coupling constants Gg:p v, Gg:g s/ Gp B, v
and G g ;,, with the off-shell Y and J /y using the three-
point QCDSR. Then we fit the hadronic coupling constants
GBZ:B(,Y(Q2), GBﬁB‘.J/y/(QZ)a GBCBL.Y(Qz)a and GB(.B(,J/y/(Qz)
into analytical functions, extrapolated them into the
deep time-like regions, and obtained the on-shell
values GBjBCY(QZ = —M3), GB;B.J/(,/(Q2 = —Mg/.,,),
Gy py(Q> = —M3), and Gy 5, (Q° = —M3,,) for the
first time. No other theoretical work on this subject exists.
The hadronic coupling constants can be taken as basic input
parameters in studying the heavy quarkonium absorptions
in hadronic matter and final-state interactions in the heavy
quarkonium hadronic decays.

Gpepy(q* = M3) =85 GeV™!,
Gg:p.py(q° = M7;,) =20 GeV~!, ACKNOWLEDGMENTS
Gp.p,x(q° = M5) = 44, This work is supported by the National Natural Science
22 V=5 73 Foundation, Grant No. 11375063, and the Fundamental
Cb.8.1/ .,,(q =M / ”’> o (28) Research Funds for the Central Universities.
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APPENDIX

ijn ijn

The explicit expressions of 13", K§", NJ", I, 1, K

Lpijn 7
lIO = B—pzﬂM%B—p/z—)Mglijn

(_1)i+j+nl-ﬂ.2

Kg', Niy. and Ng|" are as follows:

B N (1-0)Q> m? m>
- r<i>r<j>r<n><M%>i<M%>/’<M2>"-2/) Py P {‘MM% 7 R Ty —A>M2}’

(AD)
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LpAjn 2
lKO _B—p2—>M$B—p’2—>M§Kijn

d 1 i+j+n' 2 1 /11 i—j 2 2 2
PP - )2 -1 12 2/ di T SXP{— ('2 )Qz - nsz_ e Ve . (A2)
dtT(i)L(j)T(n)(M3)' (M)~ (M?)"=2 Jo (1= 2)" AMy+M3) aM* (1=A)M> ]|
lNlO]n :B—pzﬁM%B—p’zaMZNijn
d 1 i+j+n;_2 1 llfifj 1—21 2 2 2
= T - )21 1m2 A2 n—2/ di pr exp{— (‘2 )92 _”sz_ mc‘z} » (A3)
drU(D)L()T(n)(M3) (MTY (M?)"= Jo (1 =2) MMy +M3) am> (1=)M* ]| o

"
lIz/n = przﬁM%B ’2—>M21Un

B <_1)l+j+n+1lﬂ.2 1 /11 i—j B (1_/1>Q2 B m2 B m% o
‘r<i>r<j>r<n><M%>f<M%>f+'<M2>"3/ =22 e"p{ TS (1—z>M2}“’ ?)

(— 1):+/+nm.2 /14',1 )2-i=j {_ (1—=24) _ m%} _ m? } ”
TGN (M2 (M2 (22 fy =21 P\ amz +m2) am? ™~ (1= aym?f?
11’1’0”(p p)”+zl”1"p (A4)

A
lejn_B—p _,MzB p”—»MZKz]n

:i ( 1)1+J+n+1 2 /1 A== exp{ (_ )QZ B nZZ B mg ] } (p_p/)”
dtT ()T (j)T(n)(M3)' (M7)! (M?)"— (1-2)2 AMY+M3) aMP (1=)MP [,y
+£ (—1)ititnjg? /ld/l 2—i—j exp { — (1—,1)Q2 _ m2 B m? Iz
dtT ()T (j)T(n) (M3)' (M7~ (M?)" 2 Jo (1= 2)" MM +M3) M (1=)M? |y
= iKiy (p— p')" + iKg)'p", (AS5)
lN’?m_B_pz_,M%B_p/z_,MzN/-l-
:d ( 1)1+/+n+lm2 ] /ld/l Al=i=j exp{_ (1_ /1)92 B nzz B m% ] } (p_p’)ﬂ
drT (DT ()T (n) (M3) (M) (M) Jo — (1=2)"72 AMI+M3) AP (1=)MP oy
L o /1 G T o [ 000w i
drU(i)T ()T (n)(M3) 1 (M7) (MP)"2 Jo — (1=2)"" MM +M3) a2 (=M |y -y
=iN{ (p—p/ ) +iNg' ™, (A0)
where
M3iM; _ M3M3 _ _
M2—M2+M2, M2:ﬁ, M} =tM?, M3 =rM3, (A7)
1 2

and B_ >, wB_ e denotes the double Borel transform.
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