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® Heavy quarkonia probe all the energy regimes of QCD, and are thus an
ideal, and to some extent, unique laboratory to test our understanding
of QCD (both perturbative and nonperturbative aspects). (Brambilla
et al., 2005).

® NRQCD provides an elegant approach to separate relativistic physics
of annihilation from the nonrelativistic physics of quarkonium
structure; (BBL, 1995)

® [arge discrepancies are found between leading order (LO) theoretical
prediction and the experimental measurements for the process
ete”™ - J/¥ + H at B-factory, Belle, and BaBar. (Brambilla, et al., 2011)

g/ + 1, J/ 4+ X0 /0 + 1.(25)
nx!.i’}g{fb]{Belle) 25606 -284+3.4 644+1.7+-1.0 16,5 +3.0+ 2.4
o x Bso (fb) (BABAR) 17.6 +2.8%3% 10.3+2.51% 164+ 3.713]
o (fb) (Liu, He, Chao) 5.5 5.9 3.7
o (fb) (Braaten, Lee) 3.7T8 +£1.26 2.40 £+ 1.02 1.57 = 0.52
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® Corrections of higher order in both ag; and v can bring theory
into agreement with experiment. (Zhang, Gao, and Zhao
(2005), Gong, and Wang (2007), He, Fan, and Chao (2007),

Zhang, Ma, and Chao (2008))
® v:~0.3, a,(m)~0.24, thus relativistic correction is as

significant as radiation correction. And contribution of colour
octet states is as important as that of colour singlet states.
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® (ross section fore*e™ — H.: + y can be larger than that
forete™ —» J/¥ + H by 2 orders, and thus could be
observed at B-factory. (Chung, Lee, and Yu, 2008)

et +e” > Hz+y
Previous works:

® Chung, Lee, and Yu (2008):
LO for S-wave and P-wave

® Sang, and Chen (2010):
NLO in af for S-wave and P-wave, NLO inv forn,;

® Li, Xu, Liu, and Zhang (2013);
NLO in both a2 and v for S-wave and P-wave
(Contributions of color octet operators were not considered);



Hamiltonian:

11 M
1 _ -
——gPB 0¥ ———gPy°(D-E—E-D)¥ + --- 1
oy o 8ngy( WA, (DD
where
” ( z/)> __— field annihilates a heavy quark
- \x) " field creates an heavy antiquark

(Newton-Wigner representation)
g' = v |6t 07| = 2ieVkq).
Particle number densities:

1 -
i = E‘P*(l +yO)@  conserved individually



Factorization

Decay rate:
ran =Y 22 o, @

n

fa(A):  effective coupling constant

0,,(A): four-fermion interactions

Inclusive cross section:
o) = ) RMWOIOFWI0)  (3)

n
E,(A): short-distance coefficients (SDCs)
Perturbative & process-dependent

(0]0F (M)]0): long-distance matrix elements (LDMEs)

Nonperturbative & process-independent



Factorization at amplitude level

(for electromagnetic decay or exclusive
electromagnetic production)

M) = ) CUHIPIGY 100 ()

Colour octet

Contribution of colour octet state and that of colour
single state are of the same order inv for P-wave

states.

S . arising from amplitude for
Considering h. for instance, Fock state |ccg)
taking n= D",

(ce|PDiw|0) ~ v, v ({ccg|PD¥|0) ~ v




Velocity-scaling rules

Operator Estimate Description

O v effective quark-gluon coupling constant

¥ (Mv)*/? heavy-quark (annihilation) field
(Mv)?/? heavy-antiquark (creation) field

D; Myv? gauge-covariant time derivative

D Mv gauge-covariant spatial derivative

gE M*® chromoelectric field

gB M** chromomagnetic field

g¢ (in Coulomb gauge) Myv? scalar pﬂtgﬂtiﬂl

gA (in Coulomb gauge) Mav? vector potential

"The sum in the factorization formula is a v expansion”
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QCD amplitude:

colour
singlet

colour
octet




QCD amplitude:

The QCD amplitudes are calculated in the standard way.

M= —lyaem=L(s0 - 0 viset = Ly (5)
st s (Q0)? s {

Wher'e Q = l1 + lz, S = QZ, VH = ﬁ(lz)yMU(ll), T'# ’5 the
amplitude for the decay of a virtual photon. We stay in the
rest frame of the hadron. Thus p; + p, + k, = 0, where k,

is the momentum of the soft gluon.

(The final result is too lengthy to be presented here.)




NRQCD amplitude:

colour
singlet

colour
octet
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more NRQCD vertexes :
Lig'{_fy(’(E XD—DXE)-o¥,

8m?2
- —PDY ~—g¥P(D?B - o + B -oD*)¥
NRQCD Feynman rules:
i
p on-shell energy
P -Epm
_ 1 p 1 L “ExXD—-DXE)-0g -
S ) _ﬂgB -0, 3112 Lgy ‘ o
l' 1 - E
%(Pl"‘l’z)'f ) %g(kXE)'G ' 8m2 gl(p1+p2) X €] -0




NRQCD operators:

1 - 1 _ T
_ = 2 L
LA G
[ _ i 5 i )
Xco —W‘I”D'Y‘z”, W‘*’D-yD v, —PYE-y¥

—L'TJ( x D)'y ilﬁ X D)!D?Y sz O(y x E)i¥
Xc1 m2 14 ) A (y ) , 3 v (y

L G i i NS
— 2 0
Xc2 _mz 'PY(lD])'z”, - lP]/(lD])D v, ﬁqj)/ y(lE])SU,

- N P
— g lyphp.v ——=yUphHp2 |y
m* (y Y 5]/

jl o .
? W‘P(y X B)llp
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matching
To do matching, spinors in QCD amplitude are substituted by
E(p,m) +m ( $
u(p) = p-o ) (5)
N 2E(p.m) E(p,m) + mf
p-o
E(pm)+m(E ( n
i pm)+m"’| 6
Y= [“5pm ( ) ) (6)
The QCD amplitude thus obtained are expanded in power series
of v.

Contribution of a specific angular momentum state is extracted
by decomposing the amplitude into spherical tensors (Coope, and
Snider, 1970):

A'BJ = ACBD + AliBIl + —A-BSY  (7)

3




The short-distance coefficients are obtained by matching QCD
amplitude and NRQCD amplitude.

SDCs for amplitude:

(The superscript corresponds to the order of the corresponding
operator listed in page 13)

(i) = 4maQ?V' x €p ° Rp )((2 = —%1’(2{1 - 1)?TEIQ§1}’E;
B\ — 8 Fo o x T 2 32 6 .
Cap EﬂaQEV x €, - kp )((C()) = (Eﬂ — E)?T::EQ‘EV’EP

B3 _ . o
Cn. = A(1+ a)maQiV’ x €p - Kp )(( ()) (4a + 6a + DraQ?V' x €p ° kp

) = 2imaQ? [2(1+E)W x €)' + Vkp(ep, kp)]

@ 2.0 f e eV AV (* % B )i
Cy = —EHTD.‘QC [2(8+3¢1)(V x€5) +4Viky (e xkp]}
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SDCs for amplitude :

¢ = 2maQ2|(2a2 +3a+ (V' x ) + (L + V' - k(e x kp)']

X 1

(1) _ . 2 * [T . _ N =

Crey = 2imaQz (V' Epkpkiﬂ —2aV"e) —V'kykier)) +i = j:

(2)= . 2 i %7 6 ! *Aiaj 1. 1.t # ] .o

Xz T imaQz(2aV "€} — EV cepkpk) — 2VkpkLe)) +i =

Crn =70Q2 (402 + 20)V"e7 — 21+ a)V' - i + 2(1 + )V hphies?] +i = js
(4’) = 50 I 20 1 / * 1.0 7.7 D 40 1. 1.0 %] . _ N
Cxep =imaQ): L}lav = (ga+ =)V -ehpky + (57 — o) V'kkye’ | +95 7

e = 1aQ? {2(1 +2a)V ket — 4(1 + a}VfE;;%;}

where € is the polarization vector for the photon, and a = |k—m|
p
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cross section

The cross section is obtained by summing the squared norm of
amplitude over polar'izations and integrating over phase space.

dHZ|M|264< Zp) (8)

where the summation of |M|? is taken over all the

) ) ; . : _ d>p;
polarizations of particles in the final state, dIl = []; Z72h0D
and Y; p; is the total momentum of the final state.

Hadron mass M arising from phase space integration can be
eliminated by applying Gremm-Kapustin relation, which is a
direct consequence of a more general relation:

(M — 2m)<0|0n|H> - (Ol[onr H]|H>




cross section
(To save writing, here I only explicitly show the result for x.,)

_ 8m2a2Q. (s — M?)(s — 4m?)? (010, 3P[0}
4 9s3m?2(s — 4m?)? 1(7Fo)

8m2a30.*(s — M») (s — 4m?)(96sm? — 560m* — 952
N A Q. ( )( )( )<0|?1(3P0)|0>
45s3m?(s — 4m?)3

42 a3Q.* (s — M?)(s — 4m?)
T T e S MiAGSIY

where
] 1_ r
A S —3 7D -y¥¥D - y¥;

1. ~ il 8 1
(0|PL( °Py)|0) = c¥D-y¥¥D. yD2Y + c¥D- yD2WyD .y

1 B i i o
(0|75 ( °Py)|0} = c¥D- YYPyOE - y¥ + gl}'yOE - YyYPD - yY
S IaaaaE—————
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QCD amplitude:
colour X +
singlet
colour + +

octet
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NRQCD amplitude:

colour
singlet

colour
octet

NRQCD amplitude for decay is just the complex conj ugate
of that for production with different SDCs.
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matching

Similar to the case of production, the SDCs are obtained by
matching QCD amplitude and NRQCD amplitude. The decay
rate is obtained by summing the squared norm of amplitude
over polarizations, and integrating over phase space.

L n)4]d“Z'M'254< ZP> D

(The detail of the result is too lengthy to be presented here, and is
thus omitted.)

The SDCs for amplitude are exactly the same as those in Sang
(2013), which are obtained by FWT transformation. And SDCs
for decay rate are the same as those in Brambilla, Mereghetti,
and Vairo (2006), which are obtained by matching decay rate
directly.




We calculated the relativistic corrections for the
production of charmonia with | < 2, for which,
contributions of colour octet operators were
considered.

We verified that the SDCs were independent of the
hadron state.

The LO results were consistent with those in Chung,
Lee, and Yu (2008), and Sang and Chen (2010).

The relativistic corrections differed from those in
Li, Xu, Liu, and Zhang (2013).




B
| ! f
-

Thanks for your attention!




