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Photoproduction ofl/ ¢ is considered including the color-octet contributions from the various partial wave
states,2S*1L,=1S,, 3S,, and 3P,. The production cross section depends on three new nonperturbative
parameters defined in NRQCD, called the color-octet matrix elements. Using the color-octet matrix elements
determined by fitting theJ/y production at the Fermilab Tevatron, we find that the color-octet
(cc)g(*Spand®P;) contributions to thel/y photoproduction at the fixed target experiments and at DESY
HERA are too large compared to the datawfy+ p—J/¢+ X) in the forward direction, and the distribu-
tion of J/¢. The P% distribution of J/¢4 and the total inelastid/ production rate as a function gfs,, are
predicted including color-octet contributions. We also briefly digress onBthel/ ¢+ X and observe the
similar situation. This may be an indication that the color-octet matrix elements determined frahthe
production at the Tevatron, especia{ly| O4(1Sp)|0) and(0|O4(3P,)|0), might have been overestimated by
an order of magnitudd S0556-282(96)00619-4

PACS numbgs): 13.60.Le, 12.38.Bx, 12.39.Jh, 14.40.Lb

[. INTRODUCTION at the short distance scale, and the subsequent evolution of
the (cc)g(*>"1L ;) object into a physical/ ¢ by absorbing or

In the conventional approach, the inelastiaclusive emitting soft gluons at the long distance scale. The short
J/ photoproduction has been studied in the framework ofdistance process can be calculated using PQCD in powers of
perturbative QCD(PQCD and the color-singlet modglL]. ags, whereas the long distance part is treated as a new pa-
In this model, one considerg+g— J/¢+g which can pro-  rameter 0]O%(>5*1L,)|0) which characterizes the probabil-
duce highpy J/¢'s at ep or yp collisions. However, the ity that the color-octet €c)g(*S"1L;) state evolves into a
same approach, when applied to the or ¢’ production at  physicalJ/ . By fitting the J/ production at the Tevatron
the Fermilab Tevatron, severely underestimates the producising the usual color-singlet production and the cascades
tion rate[2]. In order to reconcile the data and PQCD pre-from y.(1P) and the color-octet contributions, the authors of
dictions, a new mechanism for heavy quarkonium producRef.[5] determined
tions has been suggestefB]: the color-octet gluon

fragmentation inta)/ . Also, the color-octet mechanism in (0|0g(®s))]0)=(6.6-2.1)x 1072 Ge\?, (1.3
heavy quarkonium production at hadron colliders through the 03 vl

color-octet €C)g pair in various partial wave statéS™ 1L ; (0[O5(°Po)[0)  (0]O5(*S)[0)

has been considered beyond the color-octet gluon fragmen- M2 3

tation approach4,5]. The main motivation is that inclusive 5

Y productions at the Tevatron also shows the excess of the =(2.2£0.5)x10°2 GeV’ 14

data over theoretical estimates of the production based op, \ —1.48 Gev Although the numerical values of two
: =1 .
PQCD and the color-singlet modgs]. Here, thep of the matrix elementg0|O%(3P,)|0) and(0]O¥(1Sy)|0) are not

Yis nottbthat h'gz SO that. th?. gluon fragmelntalg;n ]p'Ctureseparately known in Eqg1.4), one can still extract some
May ot bé a good approximation any more. in ), a useful information from it. Since both of the color-octet ma-

large class of color-octet diagrams has been consideret - : - -
; . . X ix elements in Eq(1.4) are positive definite, one has
which can contribute to thé/ ¢ production at hadron collid- at.4 P

ers. At the partonic level, there appear new2 subpro- O<(0|Og’(180)|0)<(6.6i 1.5 %102 Ge\®, (1.5

Cesses. y
0|0¥¢(3P,)|0
5 {0IOECPoI0)

ag—(co)(°s), (1. MZ < (22£05X107% GeV. (1§

—— 1c(8) - 3(8) These inequalities can provide us with some predictions on
99— (co)(*sy7or 3P, (1.2 various quantities related with inclusi#y productions in
other high energy processes, which enables us to test the idea
of color-octet mechanism.

*Electronic address: pko@phyb.snu.ac.kr Since the color-octet mechanism in heavy quarkonium
"Electronic address: jungil@phyb.snu.ac.kr production is an idea proposed in order to resolve #He
*Electronic address: hssong@physs.snu.ac.kr anomaly at the Tevatron, it is important to test this idea in
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other high energy processes with inclusive heavy quarkoalthough it is expected to be suppressed relative to the usual
nium productions. Up to now, the following processes haveyg fusion color-singlet diagram by*. We keep it, however,
been consideredl/ ¢ production at the Tevatron and fixed in order to be consistent in thes expansion, and make it
target experiment4,5,7], spin alignment of the color-octet sure thev? scaling rule works in this case. All of these color-
producedl/ ¢ [8], the polar angle distribution of th& ¢ in octet 2—2 subprocesses are discussed in Sec. Il C. Numeri-
the e e~ annihilations intad/ -+ X [9], inclusiveJ/ pro-  cal analyses relevant to the fixed target experiments and the
duction in B meson decay$10] and thez® decays at the DESY ep collider HERA are performed in Sec. IV A. We
CERNe"e™ collider LEP[11]. These processes also dependshow that relationg1.5) and (1.6) yield too large a cross
on the aforementioned three color-octet matrix elements igection for thel/ s photoproduction in the forward direction.
different combinations from Ed1.4). Thus, one can check if They also lead to too rapidly growirdy/dz distribution for
the color-octet mechanism provides reasonable agreemertifgh z region compared to the experimental observations. In
between PQCD and the experimental data on includivie  Sec. IV B, we briefly digress on thB— J/+ X using the
production rates from these processes. factorization formula derived in Reff10], and find again that
In the above list of various inclusiv&/ s productions at relations(1.5) and(1.6) overestimate the branching ratio for
high energies, thé/y photoproduction is missing, however. B— J/ ¢+ X. All of these seem to indicate that relatiofis3)
It is the purpose of this work to study the color-octet mecha-and(1.4), especially the latter, are probably overestimated by
nism in thed/y photoproductiort. This paper is organized as an order of magnitude. This is not surprising at all, since the
following. analyses in Ref[5] employed the leading order calculations
In Sec. Il, we demonstrate how to get the inclusive pro-for the color-singlet parton subprocess for the hadropro-
duction rate of a heavy quarkonium in the nonrelativisticduction. We summarize our results and speculate the origins
QCD (NRQCD) formalism of Bodwin, Braaten, and Lepage of these overestimates dfis photoproductions anB meson
[14]. Then, we review briefly the/g fusion intoJ/#+g in  decays in Sec. V.
the color-singlet model in Sec. Il A. In Sec. Ill B, we con-
sider the color-octet subprocesses Il. NRQCD FORMALISM FOR HEAVY

T~ 1a(8) 35(8) QUARKONIUM PRODUCTIONS
+tg—(cc or *PyZo2), 1. . .
rrom(eals =02 a7 To begin, we consider the method to get the NRQCD

which have not been included in previous studies. The sizeross section of the processtb—QQ(?S"1L{+®) H,

of these color-octet contributions to tt#y photoproduc- whereH is the final quarkonium state ar@Q(?S™*L{®)
tions is suppressed hy' relative to the color-singlet contri- s the intermediat€Q pair which fragments into a specific
butions, but of lower order ifmxg. This subprocess contrib- heavy quarkonium statel in the long distance scale. The
utes to th_eJ/w phqtoproduction i2n the forward scattering superscript (1,8) in the spectroscopy notation for U@a
(the elastic pegkwith z~1 andP7~0. These color-octet gystem represents the color-singlet and the color-octet con-
2—1 subprocesses can also contribute to theZ2subpro-  figyration, respectively. After writing the on-shell scattering
cesses through amplitude of the processl(a+b—Q+Q), we project out
=1a(®) 3p(8) the 2571L{+®) component for th@Q Q system from the on-
yHg= (e or Pyte. 18 shell scattering amplitude by using the Clebsch-Gordan co-
efficients for the angular momentum and color space. Then,
we perform the integration over the relative momentum be-

These are also resolved photon processes at lower ordd¥eenQ andQ. T_h(zaéezorel,aghe scattering amplitude of the
[O(aa?)] than the color-singlet modgD(aa?)]in the per-  Processa+b—QQ(** L) (P) is given by

turbation expansion i although the color-octet contribu- o541 (L&)

tions are suppressed by compared to the color-singlet re- A@+b—QQ( Ly (P)

y+q—(cc)(*s® or *PP¥)+q. (1.9

solved photon process. Thus, the color-octgy and 3P; d3q Iq/2 i
states can contribute to the elastic peak ofthg photopro- => > 2 f 2m)%2¢° 6( q°- W) fLZ(Q)
duction as well as contribute to the resolved photon process. Lz5z 152 1] Q

It is quite important to estimate the latter and compare with %(s:°5,|S LL-SS|J3-)(3i3i|1 8

the resolved photon process in the color-singlet model, since (5175 S)N(LL2:SHIIJ7)(3i3j[1.8a)

it is a common statement thatys photoproduction is a good (P —(P

place to measure the gluon distribution function in a proton. XAlatb—Q >7d +Q 54| 2.1

We find that the quark contributions are small compared to
the gluon contribution even if we include E(L.9. When  Treating the relative momentumto be small, the dominant

one considers Eq$1.8) and(1.9), one has to consider contribution comes from the term in the lowest ordeqadh
L the amplitude. After integrating over the relative momentum
y+g—(co) (> 1LP) +g, (1.10 g, we get
A(@a+b—QQ(3S*IL(®))= /C M| (a+b—QQ
While we were finishing this work, we received two papers X(28+1L31,8a)))’ (2.2)

which discussed the same topit2,13. We find our results agree
with theirs in the case where direct comparison is possible. where
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M! (a+b— _28+1L(l,83) N4_1)
L( QQ( J )) Tr(TaTbTCTaTbTC):_l_ﬁr,

C

=2 > > (s1;5SSNLL2;SS[II)(303]]1,8)

2% I aTbTC aTbTCc) — (N(Z:—l)
A(a+b—>Q‘+Qj)|q:0 (L=9), Tr(TeT°TE)Tr(TT T =— an, ,
x| (b A@rbQ Qo (7P, bem —aromn . (NZ=1)(N2—2)
€5 5(L) AP (@a+b—Q +Q))|q—o (L=D), Tr(TAT°TE) Tr(TATCT?) = + —eN, (2.7)
(2.3

At this stage we can derive the explicit form of the matrix

; .
and \/C, is the remaining factor after the integration overelemem/\/(L In general, the on-shell amplitude can be ex-

g in Eq. (2.1). Here, theA® and A®* are derivatives of the PreSsed as
on-shell amplitude with respect to the relative momentum: b 5
5 <3|3]|18a)A a+b—>Q' +q +QJ( ”
A%(P,q)= iA(P q) and A*3(P,q)= iquA(P q). 5 .
(2.9 =UJ(§+CI:51)O(P,OI)U E_q;sz), (2.9

If the Qasystem is in a color-singlet state, we can relate thevhere O is the matrix relevant to the on-shell amplitude. If
coefficientsC, to the radial wave function of the bound state we introduce the spin projection opera®gs(P,q) as
as

P P
Psg(PyQ)ijzg <Sl;52|SSZ>Ui(§_q;SZ)Tj(E+q;Sl),

— 1 2 — 3 ’ 2
CS_E|RS(O)| , CP_ElRP(OH , 2.9

we can simplify the form of the matrix elementt| as

N 2
and Co |R O @9 ME=THO(P,0)Pss(P,0)], (2.10

The color SU3) coefficients are given by )
Mp= |_st er(Ly(LL, ;S§|JJZ)Tr[O“PS§+ OPg%]qzo,

z

(3i;3j|1)=5,; /N, and (3i;3j|8a)=12T2. (2.6) 2.19)

Some identities involving the traces of the color matrices are M= 2
D™

aB
useful in squaring the matrix elements: €ap(L2)(LL;SS[II)TIO Pss + 0" PS SS

z

NZ—1 +OPPEg+OPEE 0. (2.12

Tr(1)=+Ng, Tr(TT%=+

[

2’ —

Note that© includes the color coefficient3i3j|1,8a), and
Pss, possesses the spin coefficigist ;s,|SS). Expanding

2_1\2
Tr(TATPTPTS) = + M Pss(P,q) to the second order of the relative momentgm
4Nc we get
TH(TaTOTaTP) = — Ne-1 PoolP.0)= = y5(P+2My), (213
4N, ool \/—75 Q/)s :
TR Tr(TeT) = 4 et a L e
r( )Tr( )—+T, POO(P,O)zmy vsP, (2.19
TI’(TaTchTCTbTa)_ + (N(Z:_l)s apB — 1 apf
BEA Poo(P,0)=— 2\/§MQg s (2.19
Tr(TeTPTeTOTOT?) = — (Ne—17 Pis(P.0)= iné*(sz)(m 2Mg) (2.16
TN P S
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1/(2J+ 1) in advance in order to avoid the unnecessary fac-

1
PfSZ(P,O)z [£°(S)(P+2Mq) y* tor after imposing the heavy quark spin symmetry property
4\2Mq as
Ty (S)(P+2Mg)], (2.17) 010%(351) (0
w_%m@w(lsglﬁ))m), (2.23
1 1
£(P.O=- [gaﬂé*(sa——(mzm )
5 2\2Mq 4Mq @ (0[0"(*P§9)|0) (e
53+ 1 —(0|0?(°Pg-?)|0). (2.29
X[e* @ B+ exh « } 2.1
[9(S)y"+ (S) ¥ (219 The four-fermion operator®,, with dimensiond,, are de-
fined as
When L=P, we need further relations to get the correct
polarization state of the intermediate state, d,=6,
e y= sty(al t
S (L) HS(1L,118/9-03,-0) S x(Eudrx
LS
- Os(*S0) = ¥ Tx (@) X T4,
_ 1 N pap’ _ _
NI 0,38 =y'ox(aljan)x o'y,
05(3S) =y o' T2x(a]an) x T’ T2y,
D € (L) e A(S)(1L,;18,d=1J,)
LzS7 d,=8,
i : i : i
— aBuv | < |
€ #en(3)P,, 01(1P1):¢T( -5D X(aLaH)XT( -3 D) ¥,
1 i [
2 € L) AS)(IL,18[=207) = (3, 0,(°Pg) = 5%( -5D-o x(aLaH)x*( -5D- «r) v,
A

(2.19

i o
o . N 3py— ot — =
where the polarization vector and the symmetric polarization 01(°P1)= 5‘// ( 2 DXeo
tensor have the properties

[P
x<aLaH>x*( -5 DXo

X(aLaH)XT( - |§ 5“0”) W,
(2.25

whereal]) destroys(createy a heavy quarkonium state,

Once the cross section of the on-shell parton level procesg,q (aLaH)ZEx|H X)(H,X|. The dimension-eight opera-
is obtained, one can expand it in factorized forms following,,s related to the relativistic corrections are

Bodwin, Braaten, and Lepad&BL) [14] as

i > . .
P,e(J,)=0, P,e"(J,)=0, 01(3Py) = W( — 5 Dlo)

€2(J)=0, €P(I)=€""(J)). (2.20

: 2
wa(aLaH)XT< — IE 5) Y+H.c.

_ 1

. — R, _(0]02%0) PS)=5

O'(a"_b_)(QQ)n):MdnfSX 5311 (2.21
Q

2
Yy+H.c.

3 1 t t t RS
H Pa( Sl)zz y'ox(ayap) x' ol 3 D
7 - " B Mgn*“ 2J+1

i\ 2
) ! | o o
wo'x(aLaH)x*oJ( —5) DDy

P1(°S;,°D )=E
(2.22 1701,"P1) = 5

We useo instead ofo as a subprocess cross section, since

we will consider theyp collision where the particléd is +H.c.
treated as a parton inside a proton. The indedenotes the

intermediateQ Q state?S* 1L {*® which may differ from that ~ where

of H. The factor multiplied to théd production cross section -
differs from theQ Q-pair production cross section by unity in x'Dy=x"(Dy)—(Dx) ", (2.27
mass dimension. This makes the long range factor coincide 1 1

with the conventionally normalized wave function of the (i) — = ¢ Afj o AJiy_ ii

bound state for the color-singlet case. We extracted the factor AT _2(A1+AI ) 3Tr(A)5”, (2.28

, (2.26
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and D is the covariant derivative. There are Pauli spinor
fields in the previous equationg. annihilates a heavy quark

Q andy creates a heavy antiquagk Color and spin indices
on the fieldsy, x have been suppressed.

PYUNGWON KO, JUNGIL LEE, AND H. S. SONG

F(@(py)+b(p2)—(QQ)n(P))

1 d3p
= gf m(zﬂ)%{‘”@— P1—P2)

Vacuum expectation values of the production operators

O and O are
©I0%10)= (ol Kyt 3 3 11+
J

X(H+X||¢"K}x]0),

<0|025|0>=<0|x*w( > 1QQ(S L))
my

x <Q&25+1L51'8>>|) o)

= (23+1)(0]ORQ(ZST L) 0y, (2.29

x> [A@+b—(QQ),)?
=g, XC. XC,

., _{0l08%0)

_UnXW’ (2.33

where

P — _
aa:c—gﬂs—méi [M{ @+b—(QQI%
(2.39

the indexn represents the partial wavéS(lL;) and the
color quantum numbers @@Q, ands is the invariant mass

The factorsk, andK;, are products of a color matrix, a spin f the initial particlesa andb. Then, the bound state cross

matrix, and a polynomial in the covariant derivatieand
other fields , which are same with those®f. According to
the heavy quark spin symmetry, tRé"*L{"® state has the
same properties with thdS *1L{®) state (with the same

L) except for them; multiplicity factor 2J+1, which ap-
pears in the last equation.

Now let us explain how to derive the short distance coef-
ficientsF,,. Regardless of the on-shell scattering amplitude

a+b—Q+Q, the intermediate bound sta@Q(25" 1L (1))
production cross sections have a common

(0]0R9|0). Using the intermediate state ket

QQES1LE)(P))
- dq a2\ . .
_'—;z 512;2 ; f(27'r)32q0 5<q0_ ZMQ)YLLZ(q)

X (51;52|SSNLL7;SS[II;)(3i3)|1,8)

« Q[ qlolE- 2.3
Qlz+a|Q5~af) (2.30
one obtains the matrix eleme(@ ©%9|0) as

(0]0390)

W_CLXCW (2.3)
where

2N, (color singlej,
Cn (2.32

“|IN2-1 (color octet,

andC, is defined in Eqs(2.2) and(2.5). The cross section of
the processi(p1) +b(po)— (QQ)n(P) (with n representing
the partial wave and the color quantum number£@®)) is
given by

factor

section and the short distance coefficieRtsare given by

o(a(py) +b(p2)—(QQ)—H+X)
_ o, (0]07]0)
" Mg 23+1

~yypdn=5
_ oMy " {0]0510)

2 2.39
dn 4 4 3 (

MQ 2J+1

Fn=0/X Mgn‘5. (2.36

In case ofyp scattering, we should convolute the above
result with the parton structure functions to get the cross
section:

a(a(py) +b(p2)—(QQ)—H+X)
(0l0}|0)
2J+1
(2.37

1
= M_Q% oy (b) X

where
!’ ~r m
73)= [ Axtup005= T X0 -y
n™Q

x>, |M{(@+b—(QQ)y|2 (2.39

For the case of 2:2 process, we need to modify the formu-
las only a little. The quarkoniuni photoproduction cross
section via 2-2 subprocesa(p;) +b(P,)/p—(QQ),(P)
+c¢(p3)—H+ X (with b being a parton of the initial proton
is given by
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FIG. 1. Feynman diagrams for the color-singlet and the color-

octet subprocesg+g— (cc); ¢(3Sy) +9.

do(a(py)+b(Py)/p

—(QQ)n(P)+c(p3)—H+X)

- ! §|M'(( )+b(Py)
CiMq 16482 P1 2

Xfpp(X)

—(QQ)n(P)+c(pa))I? 21—-2) dzdF;.
(2.39

For example, if we consider th# ¢ production via*S®,
3g(® 3p® 3p®) and3p®) intermediate states, we get

&<H>=Miq(&'<l )% (0]0*(*s)|0)+ &' (3SY)
¥3a(8)
LLolo (381 o),

(0]0**PP)|0)
2J+1

2 o' (3PP

- Mi{<o|0w(lsg)8))|o>x(&’(1388))+a-/(35(18)))
Q

. (2.40

HOIOP 0 S 5 (PP)

. J/¢ PHOTOPRODUCTION SUBPROCESSES

A. Color-singlet contributions
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at the order oo(aa§v3) in the nonrelativistic limit. Thus,

the production cross section is proportional to the gluon dis-
tribution inside the proton. This is why ttiés photoproduc-

tion has been advocated as a clean probe for the gluon struc-
ture function of a proton in the color-singlet model. Without
further details, we show the lowest order color-singlet con-
tribution to J/¢ photoproduction through-gluon fusion in

the nonrelativistic limit:

> IM(yg—3lyg)|?

§2(5—4M2)2+12(t—4M2) 2+ G(G—4M2)?
(5—4MOA(t—AMY*(U—4amp)? 7

—JV1

(3.3
where
= E_¢|Iab:Mv
E, Pn-K
s=(k+qy)%=xs, (3.9
t=(P—-k)2=(z—1)s.
The overall normalizationV; is defined as
32
M=7 (4ma)*(4ma)elMG,(J/y). (3.9
The paramete6,(J/ ), which is defined as
6,31y = SHOCSIY) 39

Mc

in the NRQCD, is proportional to the probability that a color-
singletcc pair in the 3S{}) state to form a physicall ¢ state.
It is related with the leptonic decay via

2 2
F(J/zp—>l+|_)=gwecazGl(Jh/f), (3.7

to the lowest order ixg. From the measured leptonic decay
rate of J/4, one can extract

G41(J/)~106 MeV, (3.9

The inelastic)/ s photoproduction has long been studied Including the radiative corrections ofO(ag) with
in the framework of PQCD and the color-singlet model o (M.)=0.27, it is increased te=184 MeV. Relativistic
[1,15]. The lowest order subprocess at the parton level foeorrections tend to increas®; (J/y) further to~195 MeV
v+p—Jd/y+ X is the y-gluon fusion at the short distance [10].

scale(Fig. 1), The partonic cross section for+ a—J/+b is given by
y+9—(co (s +g, (3.0 4 1 —
followed by the long distance process at 167r§22 [ MCy+a=dy+b)l% 39
(co(3s)— 1y, (3.2 The double differential cross section is
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d’c
(y+p(pn)— I P(P,e)+X)
dzdP N
xg(x,Q%) 1 & s - +
=—_—A22 |IMIZ(5,D), A
2(1-2) 1675 {6‘(’
(3.10
where FIG. 2. Feynman diagrams for the color-octet subprocess
s 1] , P2 y+9—(c0)a(*Sy or °Py).
X=-=—IMy+-—| (3.11 . :
S Zs 1-z terms of aK factor suitable to the energy range we consider.
) . ’ Another consequence of the radiative corrections to the
One has the following constraints fayz,t, andP7: color-singletd/ ¢ photoproduction is that the PQCD becomes
M2 out of control forz>0.9 at EMC energy. For HERA, one
N (3.12 gets reasonable results in PQCD when one imposes the fol-
s ’ lowing cuts inz and P%: z<0.8 andP2>1Ge\? . Thus, it
. oo = does not make much sense to talk aboutzha p; distri-
—(s—M ¢)$t( =t)<0, .13 butions for suctz region in PQCD. One has to introduce cuts
M2 b2 in z as well as inpy. Following Ref.[16], we adopt the
M2< ¥ LI (3.14 following sets of cuts:
vz z(1-2)
z<0.9 for EMC, (3.19
The z and P2 distributions can be obtained in the following
manner: 0.2<z<0.8 for HERA. (3.20
do (1-2)(zs-M2) d?a 5 At HERA energies, the lower cut in(z>0.2) is employed
az 0 dZdP’ZdPT' (3.19 in order to reduce backgrounds from the resolved photon
T process and thé decays intod/¢. For these cuts, th&
do 2o 20 factor is approximatel\K =1.8 both at HERA and the fixed
d_PZ:f amdz, (3.16 target experiments._We include these r_adiative corrections to
Zmin AZ0F7 the subprocesg3.1) in Sec. IV A by settingK=1.8.
Zmax:%(s"i_ le//_,_ \/(S— Mi)2_4s P%), (3.17) B. Color-octet contributions to 2— 1 subprocesses

Let us consider color-octet contributions to the:2 sub-
processes via

y(K)+g%(9)— (cO[BILE(P), (3.2

Thgre are two kinds of corrections to thg Ipwest orderg|owed by (C)g fragmenting intod/y with emission of
result in the color-singlet mode(3.1): the relativistic correc- gy gluons. This subprocess occurs @faxaw?). Here
tions of O(v?) and the PQCD radiative corrections of g p, are color indices for the initial gluon and the final color-
O(as) relative to the lowest order result shown in E8.1). octet cc state, and we are interested $=L=J=0 and
We briefly summarize both types of corrections in the restoflg—| =1 3j=01.2. There are two diagrams representing the
this subsection, since they have to be included in principl§crtex as shown in Fig. 2. Here we consider the process
for consistency, when one includes the color-octet mechayhere only the gluon is off shell. Following the conventions

nism in many cases. _ , adopted in the previous section, we first write the matpix
The relativistic corrections to the-gluon fusion were q|5ted to this effective vertex:

studied by Junget al. [15]. They found that relativistic cor-

zmin=%(s+ M7—(s—M%)>—4sPf). (3.9

rections are important for hige>0.9 at European Muon ee.g. " P12+ ¢—K+M

Collaboration (EMC) energy (/s,,=14.7 GeV. Since it O(P,q)= > 9

mainly affects the higlz region only, we neglect the relativ- V2 (PI2q=k)"=Mg

istic corrections, keeping in mind that it enhances the cross P2+ d4—g+M

section at large>0.9. +ég(P/2+q—g)2— I\;IZ £, (3.22
Cc

The radiative corrections to th# ¢ photoproduction is
rather important in practice. This calculation has been dong, . . . . . .
recently in Ref[16], and the scale dependence of the Iowest%v ith thls_rznsa+tr1|x((g) we can derive the effective vertices for
order resulf Q2 in the structure function in Eq3.10] be- the yg(cc)™""L;" as
comes considerably reduced. For the EMC energy region, e
the K factor is rather large{ ~2. For HERA, it depends on M (18®)) =4 %

g _4Mc

5abe“V"}‘eZegPKk)\, (3.23
the cuts inz and P2 We include the radiative corrections in
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M'(CSPHy=0, (3.24
b/ 2 19N 2
M'(3P38>)=2ee°gs5a (g 12|v|20>
\/§MC 92_4Mc
Iz
X g’“’+22—k2) 62;6%, (3.29
g°—4Mg
V2ee,gs6®
’ 8)\ _ S var
M (3PP = MZ(g7—am?) g2 e T+ 2K, FIG. 3. Feynman diagrams for the color-octet contribution to the
C C

resolved photory+g(or q)— (cc)g(*Sy or 3P;)+g(or q).

92( P,LLGVQ/K’T_ PVG,LLCYKT) +4gVM§6,lL0(KT
X 92— 4M?2 Sinceox 6(1—1z), these 2-1 color-octet subprocesses con-
¢ tribute to the elastic peak in th# ¢ photoproduction. It is

X ea(JZ)eZegPT, (3.26  timely to recall that the color-singlet model with relativistic
corrections still underestimates the cross sectionzfef.9
M (3PE) = M | graqre by an appreciable amoufit5]. As z— 1, the final state gluon
277 g2—am? C 979 in the y-gluon fusion becomes softer and softer, although
this does not cause any infrared divergence in the transition
kPgHv+ PrgrP—krghh v g matrix element. Therefore, it would be more meaningful to
92— 4M? €ap(J2) €€, . factorize the effect of this final soft gluon into the color-octet
matrix elements(O§(1Sy)) and(OF(3P,)). The color-octet
(3.27) 15, and 3P, states might reduce the gap between the color-

SinceJ/y can be produced via the21 subprocesses with Singlet prediction and the experimental valuedef/dz for
these effective vertices, we can obtain the:2 color-octet 0-9<z<1.
contribution by using the following average squared ampli-

tudes a$ C. Color-octet contributions to the 2—2 subprocesses

+2k®

< (1 BN [2_ ) The color-octet 2-1 subproces$3.21) considered in the

> IM(ASP)?=2(eegs)?, (328 previous subsection not only contributes to the elastic peak
of the J/¢ photoproduction, but it also contributes to the
resolved photon processes @(aaﬁzﬂ), shown in Fig. 3,

SETVIENCNEE
E (M (°S7)]*=0, (329 where the initial partons can be either gluon or light quarks
(g=u,d,s). These diagrams are suppressedvlybut en-
< 6 hanced by 1, relative to the resolved photon process in
13p(8|2— 2 s
2 M P Mg(eech) ' (3:30 the color-singlet model. Also, the jet structures from Fig. 3
are different from that from the resolved photon process in
< .. the color-singlet model. They can enhance the high-
> M CPP)P=0, (33

p7Jd/¢’s, which might be relevant to thé/ s photoproduc-
tion at HERA. This can be a background to the determination
4@ 2 8 ) of gluon distribution function of a proton, if the cross section
> IMCPY) _W(eecgs) - (332 s appreciable. The resolved photon process in the color-
¢ singlet model is dominant over thg-gluon fusion in the
TheJ/ photoproduction cross section via2l process can lower z region,z<0.2, and it can be discarded by a suitable
be obtained from Eq(2.40, assuming heavy quark spin cut onz. Since the color-octet contribution to the resolved
symmetry: photon process has not been studied in the literature, we
address this issue in this subsection. When one considers Fig.

0)(8) . . o . .
o(y+p—(cc)®—y) 3, one has to include Fig. 1 witlt€) simultaneously, since

7m(eegs)? both are the same order @(«aaZv’). This diagram is the
= sas  XTap(¥) I-amzs same as the color-singlet case except for the color factor of
€ the (cc) state.
0|0*EPP)|0y  (0]0*(*s®))|0) It is straightforward, although lengthy, to calculate the

amplitudes for the processes shown in Figs. 1 and 3. Using
REDUCE in order to perform the spinor algebra in a symbolic
(3.33 manner, we can get the averag@d squared for various
2—2 processes. Since the full expressions are rather in-
volved, they are shown in the Appendix.
20ur results agree with those obtained in Réfs2,13. Note, Another color-octet ¢C_)(3S(18)) contribution to the
however, that our convention of the invariant matrix is different J/ ¢»-photoproduction comes from the Compton-scattering-
from theirs. type subprocessdsee Fig. &

M2 7
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where eg, is the electric charge of the light quark inside
proton @=u,d,s). The average amplitude squared for the
color-octet3S, state is given by

> M (ya—(co)(3S?)g) |2

2 (02 )2(§+G+SM§) (337
=~ 3n2\9s€ st xto——|. (o
am2 9CW T

FIG. 4. Feynman diagrams for the color-octet-2 subprocess,

—(co), 3 i =
y+a=(c0)s(*S) +q with g=u.d.s. This completes our discussions on the color-octet2 sub-
— 3c(82) process ford/ ¢ photoproductions.
y(K,€) +d(p1)—(cc)(°S™) (P, €*) +a(pa),

(3.34 IV. NUMERICAL RESULTS

whereP ande* are the four momentum and the polarization A. J/4 photoproductions at fixed targets and HERA

vector of th6381 color-octet State, and is its color index. Now, we are ready to show the numerical results using
This subprocess, if important, can be a background to théhe analytic expressions obtained in the previous section. Let
determination of the gluon distribution function in a proton, ys first summarize the input parameters and the structure
since it is initiated by light quarks. From the naive powerfynctions we will use in the following. The results are quite
counting, however, we infer this subprocess occurs agensitive to the numerical values af andm, and the fac-
O(«a3) in the coupling constant expansion, and also Suptorization scaleQ. We shall useag(M2)=0.3, m,=1.48
pressed byv* compared to the color-singlet contribution Gev andQ2=(2m.)2. For the structure functions, we use
(31) due to its color-octet nature. Thus, this Subpl’oceSS |$he most recent ones, Martin_Roberts_Stirling SdWSA)
expected to be negligible. [17] and CTEQ3M[18], which incorporate the new data
One can actually quantify this argument by explicitly from HERA [19], on the lepton asymmetry M/-boson pro-
evaluating the Feynman diagrams shown in Fig. 4. The efyyction[20] and on the difference in Drell-Yan cross sec-
fective vertex forgg— (cc)(®S{*?) is given by(Fig. 5 [4]:  tions from proton and neutron targé®l]. For the 21, we
show results using both structure functions. For the 2

M’ (q(p1)a(p,)—(co)(3SEY)) case, we show the results with the CTEQ3M structure func-
tions only, since the MRSA structure functions yield almost
dmas a * the same results within-10% or so.
~ oM, v(p2) Y*Tou(pa) €, (P1t P2, Sy, Let us first consider thel/« photoproduction via the
(3.39 color-octet 2-1 subprocess considered in Sec. Il B. Since

the subprocess cross secti33 vanishes except &=1,
one can infer that it contributes to tliéy photoproductions

where €}, is the polarization of the produced spin-1 color jn the forward direction #~1,P2=0). In Figs. 6a) and

octet object. Using this effective vertex, one can calculate thg(p), we show thel/y photoproduction cross section in the

amplitude for the Feynman diagrams shown in Fig. 4: forward direction (a9 as well as the data from the fixed
target experiments and the preliminary data from H1 at
M (yg—(co)(*s?)q) HERA, respectively. In each case, the upper and the lower
) curves define the region allowed by relati¢h4) for two
__ & | K+p1+M; color-octet matrix  elements, (0|O4(3S;)|0) and
T 2M, u(p2) (P’SZ)Ta(k+ p)2—M2"7 (0|O4(3Py)|0). In the case of fixed target experiments,

OTforward IS Usually characterized tg>0.9, with the remain-

pr—P+M. der being associated with the inelaslia photoproduction.
+é,——=7 26 (P,S)Ta|u(py), : : o :
(p1—P)“—Mg According to this criterion, the experimental value of
(3.36 Texp Y+ P— I+ X) contains contributions from inelastic

production of J/¢'s. Thus, the data should lie above the
predictions from the color-octet2 1 subprocess, E¢3.21.
Figure &a) shows that the situation is opposite to this expec-
tation. Color-octet contributions are larger than the data,
which indicates that the numerical values of the color-octet
matrix elements are probably too large. At HERA, one has
the elasticl/ ¢ photoproduction data, which can be identified
with the color-octet 2-1 subprocess. By saturating relation
(1.4) by either color-octet matrix element, we get tha)
photoproduction cross section in the forward directiBiy.
6(b)]. We observe again that the color-octet contribution
FIG. 5. A Feynman diagram fayg— (cc)g(3S,). with Eq. (1.4) overestimates the cross section by a large
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FIG. 6. (a) The cross sections for-+ p—J/y+ X in the forward FIG. 7. (8 The differential cross sectionsla/dz for

direction at the fixed target experiments as a functiofe pf The
solid and the dashed curves were obtained using the CTEQ3M and,riputions are in the thick dotted curve, the color-od&g con-
the MRSA structure functions. Here, TQTs the *S{ saturated yipytions in the thick dashed curve(with (OY(‘Sy))
curve and TOT, is the 3P88) saturated onelb) The cross sections —g gx 102 Ge\®), and the color-octefP, contributionss in the
for y+p—J/y+Xin the forward direction at HERA as a function hin dashed curvdwith (O4(3P,))/M2=2.2x10"2 Ge\?]. The
of the square root 0§,,. The solid and the dashed curves were ygi5 is shown in the solid curve. Relatidh.4) allows the region
obtained using the CTEQ3M and the MRSA structure functionsanveen two solid curves. Here, TQT the 1888) saturated curve
Here, TOT; is the 'S{’ saturated curve and TQTis the °P 14 TOT is the 3p(® saturated one(b) The differential cross
saturated one. sectionsgo/dz for y+p—J/y+X at HERA as a function of

o ) ) z=Ey,/E,. The singlet contributions are in the thick dotted curve,
amount. This disagreement can arise from two sour@es: the color-octet'S, contributions in the thick dashed curyeith

the radiative corrections tpp—J/+X, which were ig-  (0¥('S;))=6.6x10"2 Ge\?], and the color-octefP; contribu-

nored in Ref[5], are important, and/aiii) the heavy quark tions in the thin dashed curve[with (OY(®P;))/M?

spin symmetry foK0|O%(3P,)|0)~(2J+1)(0|O§(3Py)|0)  =2.2x1072 Ge\P]. The total is shown in the solid curve. Relation

may not be a good approximation. Although the heavy quarkl.4) allows the region between two solid curves. Here, T@&Tthe

spin symmetry relation is used quite often in heavy quarko-'S{? saturated curve and TQTis the *P{®) saturated one.

nium physics, it may be violated by a considerable amount

[10]. compatible with relation (1.4), since the resulting
Recently, Amundsoret al. performed they? fit to the  (Og(®Py)) is negative. This is another way to say that the

available fixed target experiments and the HERA data indedetermination of the color-octet matrix elements from the

y+p—J/y+X at EMC as a function of=E;,,/E, . The singlet

pendently, and found th&d.3] J/¢ productions at the Tevatron may not be that reliable. In
. fact, this is not very surprising, since the radiative correc-
w1 o w3 tions to the lowest-order color-singlet contributions to the

(0105 (*Sp)|0) + M2<0|O8( Po)l0) J/ hadroproductions are not included yet.

Next, we consider thel/¢ photoproduction through
2—2 parton-level subprocesses. As discussed at the end of
Sec. IlIA, the PQCD corrections to the lowest order
using the MRSA" and CTEQ3M structure functions with y+g—J/¢+g are not under proper control far>0.9.
ag(2M)=0.26 andM .= 1.5 GeV. This determination is not Therefore, we impose a cug<0.9 at EMC energy,

=(0.020+0.00) Ge\?, (4.1
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FIG. 8. (@ The differential cross sectionslo/dP? for
v+p—J/y+X at HERA as a function oP% The singlet contri-
butions in the thick dotted curve, the color-oct&, contributions
in the thick dashed curvavith (O¥(*S;))=6.6xX10"2 GeV?], and
the color-octet®P; contributions in the thin dashed curjeith
(0¥(®P;))IM2=2.2x10"? Ge\]. The total is shown in the solid
curve. Relation(1.4) allows the region between two solid curves.
Here, TOT, is the 'S®) saturated curve and TQTis the 3p{®
saturated one(b) The differential cross sectiondo/d P% for
v+p—Jd/y+X at HERA as a function oP% of J/¢. The singlet
contributions in the thick dotted curve, the color-oct&, contri-
butions in the thick dashed curve[with (O¥(!Sy))
=6.6x10"2 Ge\?], and the color-octefP; contributions in the
thin dashed curvéwith (O4(°P,))/M2=2.2x10"2 Ge\*]. The
total is shown in the solid curve. Relatidf.4) allows the region
between two solid curves. Here, TQ® the 'S{®) saturated curve
and TOT, is the °P{® saturated one.

VS,p=14.7 GeV, and at HERA with/s,,=100 GeV, we
impose cuts orz and P2 [16]:

0.2<z<0.8, P2>1Ge\’.

In both cases, we sét=1.8.

In Figs. 1a) and 1b), we show thedo/dz distributions of
J/ at EMC (NMC) and HERA along with the correspond-
ing data. In both cases, the color-oct&, contribution
(Compton scattering typds negligible in most regions of

PYUNGWON KO, JUNGIL LEE, AND H. S. SONG

nb 100
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._E_' H1 3S(1) ________ 3S(]8)
q " L .
40 80 120 160 200
Vs, GeV

P

FIG. 9. Total inelasticl/¢ photoproduction cross section for
z<0.8 as a function of the square root®f,. The singlet contri-
butions in the thick dotted curve, the color-oct&, contributions
in the thick dashed curvavith (0%(1Sy))=6.6x 102 Ge\?], and
the color-octet®P; contributions in the thin dashed curjeith
(O¥(3P;))/M2=2.2x10"2 Ge\?]. The total is shown in the solid
curve. Relation(1.4) allows the region between two solid curves.
Here, TOT, is the 'S{®) saturated curve and TQTis the 3P{?
saturated one.

(1.4) is saturated by0|O4(3P;)|0) and{0|O¥(*Sy)|0), re-
spectively. The thick and the thin solid curves represent the
sum of the color-singlet and the color-octet contributions, in
case that relatior{1.4) is saturated by 0|O4(1S,)|0) and
(0|O4(3Py)|0), respectively. In either case, we observe that
the color-octet'S, and 2P contributions begin to dominate
the color-singlet contributions foz>0.6, and become too
large for highz region considering we have not added the
enhancements at high due to the relativistic corrections.
Thus, this behavior of rapid growing at highdoes not agree
with the data points at EMC and HERA, if we adopt the
determination(1.4) by Cho and Leibovich5].

In Figs. 8a) and 8b), we show theP% distributions of
J/¢ at EMC and HERA, respectively. We find that the color-
octet contributions through 22 subprocesses become
dominant over the color-singlet contributions for md%
region. Also, the color-octet contributions frorts, and
3p, are more important than the charm quark fragmentation
considered by Godbolet al. [22]. However, this situation
may be due to the overestimated color-octet matrix elements
as alluded in the previous paragraph.

In Fig. 9, we show the inelastid/¢ photoproduction
cross section as a function gf.,, with the cut,z<0.8 and
P2>1Ge\2. Again, the color-octef’S; contribution is too
small, and thus not shown in the figure. Here again, the
color-octet 'S, and 3P; contributions via 2-2 subpro-
cessegFig. 3) dominate the color-singlet contribution, if re-
lation (1.4) is imposed. Although the total seems to be in
reasonable agreement with the preliminary H1 data, direct
comparison may be meaningful only if the cascadée’s
from b decays have been subtracted out. There are also con-
siderable amount of uncertainties coming fréfp and as.
Therefore, it is sufficient to say that the color-oct&, and

z, and thus can be safely neglected. The thick dashed and tH#®; states dominate the singlet contribution to fti¢ pho-
thin dashed curves correspond to the cases where relatiaaproduction, if relation1.4) is imposed.
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B. Digression onB—J/ ¢+ X case of)/ 4 photoproductions at fixed target experiments and
HERA, it is timely to reconsider the color-octet contributions
Finding that the color-octet matrix elements determinecto inclusive B meson decays intd/+ X. In Ref.[10], a
from J/ ¢ productions at the Tevatron seem to be too large imew factorization formula is derived f@— J/ ¢+ X:

(0l07"(*sp[0)  {0IP1"(°Sy)|0)
3Mm2 oM?

(20, .y 1+%)A (<0|03’*”<3sl>|0>
+ - 2 T om2

TTB%N¢+XF{ Tot o2
C

b

(0/03"(°Py)|0) 8MZ| . 3(0/05"('0)[0) -
+-———]E?———-(c++c,ﬁ 1+ M{ 0 TV (C,+C_)Ty, (4.2
|
with distributions ofJ/ ¢ at EMC and HERA, and the preliminary
) - result on the inelastid/¢ photoproduction total cross sec-
IV Gk vim [ 1— 4AM¢ 3 tion at HERA. One finds that the relati¢h.4) color octet led
071 Vebl | 1447 )07 C Mg | ' to too large contributions of the color-octés, and 3P,

states to the above observables. Especially, the first two ob-
Two numbersC. (M;,)~0.87 andC_(M,)~1.34 are the servables contradict the observation. This is also against the
Wilson coefficients of thdAB|=1 effective weak Hamil- najve expectation that the color-octet contribution may not
ton_lan. Using reIan;QlA), we _estlmate the above branching e prominent as in the case of tdéy hadroproductions,
ratio to be(for as(M7)=0.28 in Ref.[10]) since they are suppressed ¥ (although enhanced by one
o o power of ) relative to the color-singlet contribution to the
(0429128 <B(B—J/y+X)<(0.42%x 13'8)(4_4) J/ ¢ photoproduction. It is also pointed out that the same is
true of the procesB— J/ ¢+ X, in which relation(1.4) pre-
which is larger than the recent CLEO data by an order oflicts its branching ratio to be too large by an order of mag-
magnitude? nitude compared with the data.
Therefore, one may conclude that the color-octet matrix
elements involving €c)g(1Sy,3P;) might be overestimated
by an order of magnitude. Since relati6h4) has been ex-
unless these large color-octet contributions are canceled HjACted by fitting thel/y production at the Tevatron to the
the color-singlet contributions of higher order @(a) !owest order color-singlet and the polor-octet cc_)nt_rlbutlons,
which were not included in Ref10]. If there are no such 't may be changed when one C‘_’”S'ders th? raq|at|ve correc-
fortuitous cancellations among various color-octet and thdions to the lowest order color-singlet contributions.
color-singlet contributions, this disaster could be attributed While we were finishing our work, there appeared two
to relation(1.4) being too large compared to the naive veloc-Papers considering the same subjét,13. Our results
ity scaling rule in NRQCD, as noticed in R¢E]. It seems to  agree with these two works where they overlap.
be crucial to include the higher order corrections@(fa‘s‘)

for the color-singletl/ s productions at the Tevatron, which
is still lacking in the literature. ACKNOWLEDGMENTS

Bexp B—J/ 46+ X) = (0.80+0.08 %. (4.6)

The situation is the same f&— ¢’ + X. This is problematic,
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In summary,
to (i) the subprocess y+p—J/yg+X through
y9—(cc)g(1S, and 3P;) and the subsequent evolution o
(cc)g into a physicald/ with z~1 and P2~0, (i) the
subprocesses y+g(orq)—(cc)g(*Sy or 3P;)+g(or q).
These are compared with the measured/ ¢ photoproduc-
tion cross section in the forward direction, afid) the z

APPENDIX: THE INVARIANT AMPLITUDE SQUARED
FOR THE 2—2 SUBPROCESSES CONSIDERED IN
SEC. IIC

. . o In this appendix, we give explicit expressions for the in-
Even if we use the new determinati¢s.1) by Amundsoret al.  yariant amplitude squared for the color-octet-2 subpro-
[13], we still get a large branching ratio: cesses shown in Figs. 1 and 3. The results were obtained
(0.42%x 3.45 <B(B—J/+X)<(0.42%x5.45, (4.5  using the symbolic manipulations with the aid REDUCE
although the discrepancy gets milder than c@sé). package. Without further details, we show the results:
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650(ee.g?)?
t(s+D)2(t+0)2(0+5

S MR+ g—(SO(SE) + )= )2{4(§+ ()4~ 850(5+ (1) 2+ 582012

+ 288+ 0)[4(5+0)2+S0]+12(13(5+ 1)+ 250) + 103(5+ ) + 5t} (A1)

250(ee,g?)?

2N2(a L1\ 2 aeLmM4_qgan/a1L N2 a2n2
M§E(§+E)4(E+ﬁ)4(ﬁ+§)4[gs uc(s+u)4(s+u)*—8su(s+u)-+5s-u]

> M P(y+g—(cOCPE)+g)=
+12t50(5+0)(6(5+ 0)%— 650(5+ U)*+ 55202(8%+ 350+ 0?)) + 2t2(18(5+ 1) 8+ 7280(5+ 1) 8
— 17820%(5+ 0)*+ 15083U3(5+ u) 2+ 108%u*) + 4t3(5+ 0)(36(5+ 1) 6+ 5150(5+ )+ 958202(5+ (1)2
+568%0°) +t4(305(8+ (1) 8+ 38CBU(S+ U)*+ 505202(5+ )2+ 48530°%) + 4t5(5+ 0) (116(5+ 0)*
+113B0(S+0)2+585202) + 2t8(257(5+ ) *+ 1450(5+ )2+ 208%02) + 127 (5+ () (3182 + 7080+ 3107)

+18(149%% + 31450+ 1490%) + 28°(5+ 1) + 4117, (A2)

6(eegl)?
M2(5+D4t+0)4(0+98)*

§|M’|2(7+ g—(co)(*P®)+g)= [5045*(5—0)2(5+0) +t3303(12(5*+ %) + 2150(5%+ 01

+88%02) + 2t28202(5+ 0) (12(8*+ 0% + 3650( 8%+ U?) + 308202) + 21350 (6( 38+ U) + 61sU(5* + 0%
+1588202(8%+ U%) + 1948303) + t4(5+ 1) (5(8%+ U®) + 6650 (3* + U*) + 21 820%(8%+ U?) + 24830°)
+3(17(S8+ U8 + 12480 (8% + U%) + 265620%(8%+ 0%) + 2968303 + 2t8(5+ 0) (11(5*+ %) + 3280(8%+ 1%)

+14820%) + 217 (7(3*+ U%) + 1280( 5%+ 02) + 6520%) + t8(5+ 1) (5(32+ %) — 280) +12%(82+ 0],  (A3)

2(ee.g?)?
M2Zt(s+D)4t+0)4(a+8)*

§|M' |2(y+g—(co)(®P®)) +g)= [120%83(5+ 0)2(4(5*+ %) + 850U(5%+ U?) + 135%0°7)

+3t8202(5+ 0)(32(8°+ 0°) + 14480 (3% + %) + 2778203(3%+ 0?) + 3508%0°) + 1250 (48(8%+ (1%)
+57650(8%+ U°) + 188&202(5% + U%) + 339%°30°(52+ %) + 408G*0%) + 4t°S0(5+ 1) (60(8°+ 1)
+33B0(8%+ 0%) + 6465202(32+ 02) + 8048%0°%) + 4t430(142 8%+ 01%) + 67680(5* + U%)
+139&20%(8%+ 0?) + 17335303) + 13(5+ 1) (9(8%+ 1®) + 81881 (8* + %) + 2295202(§%+ U1?)
+302&°%0°%) +t8(21(5%+ 0°) + 71650(5*+ 0%) + 216 F20%(5°+ 02) + 294430°%) + 2t7(5+ () (3(5*+ U%)
+13680( 8%+ U2) + 2068202) — 2t8(9(5*+ U%) + 1480(8%+ 0%) + 12520%) — t9(5+ ) (35+ 50) (55+ 301)

—t1%(352+850+30%)], (A4)

= _ 16 §+02
> M A(y+a—(co)(*SP) +q)=— g(eecgi)zf(gm)z, (A5)

= 16 (82+02)(t—12m5)?
M 2(y+q—(co)(PP®) + )= — —(ee.g?)>— : A6
2 M P(y+a—(co)PPE) +9)=— 5 (eegd) TRV (A6)
p— _ 32 (82+ 02t + 16M 250
2 N 3p(8) __°° 2,2 c
2 [MPy+a—(co) PP +a)=— - (eeg?) SR (A7)
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b, (3T 0)2(12+96M %) — 280 (5+ U+ 4M2)2+ 8M2(5+ 1) ]

4325

— _ 32
2 M P(y+a—(co)PPE) +g)= - 5 (eegd)

~ A8
t(5+0)*m?2 (A8)

Here, thee,=2/3 and we have summed over the electric charges of light quarkau(d,s) in the above expressions,

assumingmg=0.
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