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General formalism

Two sources of the enhancement of the nonrelativistic cross section for the
double charmonium production are revealed to the present: the radiative
corrections of order O(as) and relative motion of c-quarks forming the
bound states.

In the following we investigate second relative order relativistic corrections
to the double P-wave charmonium production amplitudes in LO as as well
as to the quarks bound state wave functions.

Two stages of the production process:

1. The virtual photon ~+* produces two heavy c-quarks and two heavy
c-antiquarks. Pertubative QCD.

1 1
pl,ZZEPipv (pP):Oa Q1,2:§Qiq7 (CIQ)ZO, (1)

P, @ — the total four-momenta,
p=Lp(0,p), g = Lo(0,q) — the relative four-momenta.
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General formalism

2. In the second nonpertubative stage quarks and antiquarks form the
final P-wave mesons h. and x.,, J = 0,1, 2. Quasipotential approach to
the relativistic quark model. The color-singlet mechanism is considered as
a basic one for the pair charmonium production.

The production amplitude [8]:

8m2a s (4m?) Q. _ dp dq
M(p-,p+,P,Q) = o v(p+)vsu(p-) / (2r)? / (2m)3
X Tr{\Tlhc(p, P)IY (p, g, P, Q)WX<(q, Q)+

+0(q. Q13" (p. 9. P. Q¥ (p. P . (2)

Q. — c-quark electric charge,
s=P=(ps+p-)
I'y 5 — vertex functions.

[8] D. Ebert and A.P. Martynenko, Phys. Rev. D 74, 054008 (2006) 4/16



Production diagrams

The leading order in a:
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ki2 = p12 + q12 — gluon four-momenta,
I=pi+p-=P+Q.
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Bound quarks wave functions

The relativistic wave functions was transformed from the rest frame (CM)
to the moving one with four-momenta P, Q:

e [En\)u‘g‘(;i)m)] T ey T 2w
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Expansions of quark and gluon propagators

1 4 4(Ip + | 4 2 16(Ip + Iq)?
<1$ (Ip+1q) 4(p+q) n (Ip + Iq) +>

k3, T s s s s?
1 1 b p*  4(p)?
—11 i:2
(I—pa)—m  w < w2 T ’ (5)

Relativistic corrections was preserved up to the second relative order
in |p|/s. [al/s.
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The angular integration

o0

/qawg’(q)(::)3 = —fgﬁsa(Q,Lz)/pr(q)dq,
) 0
/qaqﬁqu\lf%’(q)(;?)g = 5\1[ (eu(Q, Lz)Pag+

+EQ(Q L )Pﬂu‘i‘fﬁ(Q L a,u /QSRP dqv (7)
0

Pocﬁ = (gaﬂ - VaVB)

Summing over S, and L, with Clebsch-Gordon coefficients:
1

\ﬁ(gaﬁ —vav2g), J=0,
SZEQ’LZ;LSZU’ J212a(Q. L2)e3(Q, 52) = éeaﬁa vien(Q, Jz), J
Q). J=2
(8)
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Effective relativistic Hamiltonian

H=Ho+ AU + AU> + AUs,

Ho = 21/p?+ m* — 2m — Cias + Ar+ B,
Cra?
AU (r) =— - (260 In(¢r) + a1 + 2’YE50),
_ Cras (o r(p)PY |, 3CFas oy
AUsx(r) = T om2, <p + 2 + 533 (SL)
_ Cras i2 - 3(SI’)2 _ CACFOzg
2m? \ r3 r° 2mr?
a 4 2 Sr)?
AUs(r) = fu - <3s2 ~1+3(5L) - 5(S*- 3 r2) >> _
A
—(1- fv)zmerL,

as(m?) ~ 0.314, das(m?) ~ 0.242.



Effective relativistic Hamiltonian

A=0.18 Ge\?, B =-0.16 GeV,

(14)
m = 1.55 GeV.
Kinetic energy operator:
2 2 2
2

T=2Vp2+m? = Mz%_i_ m (15)

/p2 +m2 m E

. E 1

n=2=3 P2 + m2. (16)

Table I: The parameters of the effective relativistic Hamiltonian and
masses of P-wave charmonium states.

(c2) | n?5FLLy | JPC | per®, GeV2 | in, GeV | M&P, GeV | Mtheor GeVv
Xeo 3Py |0t 0.54 0.857 3.415 3.418
Xa 13p; | 1+t 0.54 0.857 3.511 3.493
Xes 13p, | 2F+ 0.54 0.857 3.556 3.557
he 1Py |1t 0.54 0.857 3.526 3.499
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The structure of the production amplitudes

16aa5(4m2)Qr _ P
M(p-,p+,P,Q) = A2 w1 u)} v(p+)y"u(p-)x
- 0 - (17)
% 3 3 € m
0/ o i (p) B 0/ Kalp.]a* Ry, (0) T3 " de.

Ks(he + Xeo) = Arearus Vi va e,

Kplhe +Xa) = Bi(vigy,, )eh 5+ Ba(woeh,)ex,, , + Ba(viey,, ) (vasi ) vip+
+Ba(eh ex, Jvis + Bs(viey,, ) (vaeh, ) vag + Be (e X, ) vas,

Kﬁ(hc + Xcz) = Cleau,BVE*(sVVléVgeZ#"i_ (18)

(Cgs P4 Gt 5”v15v15 + C45 v25v15> EappVi Vs s}k,”—l—

Xeo 23
*0), . _*xv * * *0), o M
+Coey L VisVipeaumwpVi vV €p, + (Ceé?hc(; + C7(V25hc)‘/15)5xc§eauﬂpvl vy +

*0p o K
+C3€XC2 Vig€auBpVi Ep, -
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The structure of the production amplitudes

Ai = Ai(p,da; K, u;r), Bi=Bi(p,a;k,u;r), Ci= Ci(p,q;k,u;r)

m MXcJ
K=-—), U= :
Mo Mo (19)
MO — th + MXCJ>
2
2 M (20)
s

Dependence on p, q can be described in terms of the following

functions:
aoa=(750) (750)
i=0...2, j=0...2
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The structure of the cross sections

20202(4m?)Q2mr®/1 — r2,/1 — r2(2u — 1)2 y

o(he + x¢,) = 9/<;4u11(1 )t
><|R’Z( )2 \R' Z FO (2,
(MXc + Mh 10 prs i
+m (m—e(q)\"
I :/ 3Rp(q) 2 < > da,
B oy 1. /2

_ 1’ — , = s w3 = Wy,
wo w1 Jo(he) w2 Jo(he) 3 1

J1(xes) _ J2(Xes) we = wz2l w7 = WiW4.

(22)

(23)

(24)
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Numerical results

Table Il: Numerical values of the charmonium wave functions

integrals
(cg) | n?*1L, | JPC | Ry(0), GeV? | wy or wa | wy or ws
Xeo 3Py |[0tF 0.33 —0.28 0.13
Xey 13py | 1+F 0.20 —0.18 0.07
X B3p, |2 0.13 —0.08 0.01
he 1Py |1t 0.17 —-0.14 0.04
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Numerical results

Table 111: Comparison of the obtained results with previous theoretical predictions and experimental data
State O Belle X OBaBar X o (3], | o (4. | o[5] oo [6], Our result
HiHs xBso [1), b | xBso [2], b b b b b (22), b
I+ Xe | 64417410 | 103+25712 | 67 | 144 (273}9—,) 24+1.02 | 1447 +5.64
J/ + X - — 11 — — 0.38 +£0.12 1.78 £ 0.69
J/ + Xe, - — 1.6 — — 0.69 +0.13 0.44 £0.17
e + he — — 1.6 — — 0.308 £0.017 | 0.25+0.10
he + X - - — — — 0.053 +0.019 | 0.075 £ 0.029
he + Xar - — - — — [ 0.258 +0.064 | 0.132 + 0.051
he + Xe - - — — — 0.017 +0.002 | 0.004 £ 0.002

Table 1V: The role of the relativistic corrections (r.c.) to o (fb)

State w/o r.c. | r.c. to ampl. only | r.c. to w.f. only | r.c. to w.f. and ampl. | r.c. to w.f. and ampl.
it Uty G

he + X 0.14 0.10 0.097 0.13 0.075

he + Xa 0.60 0.83 0.15 0.37 0.13

he + Xe, 0.035 0.11 0.0039 0.015 0.0036
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Conclusion

o We presented a systematic treatment of relativistic effects in the
P-wave double charmonium production in eTe™ annihilation.
We separated two different types of relativistic contributions to the
production cross sections: v/c corrections to the wave functions and
p/+/s corrections appearing from the expansion of the quark and
gluon propagators in amplitude.

@ Relativistic corrections to the quark bound state wave functions in
the rest frame was considered by means of the Breit-like potential.
Mass spectrum of P-wave charmonium was obtained.

@ It turns out that the examined effects change essentially the
nonrelativistic results of the cross section for the reaction
ete™ — hc + X, at the center-of-mass energy /s = 10.6 GeV, e.g.
relativistic corrections to the amplitude increase o(h: + x,) and
o(he + Xc,) in 1.38 and 3.14 times respectively. Nevertheless, all
types of corrections taken together significantly decrease double
P-wave production cross sections.
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