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QCD analysis of quark recombination for leading particle effect

Chao-Hsi Chang and Jian-Ping Ma
Institute of Theoretical Physics, Academia Sinica, Beijing 100080, China

Zong-Guo Si
Department of Physics, Shandong University, Jinan Shandong 250100, China
(Received 29 January 2003; published 29 July 2003

The quark recombination mechanism is proposed to explain the asymmetry between productionDates of
and of D~ in their inclusive production, and also asymmetries for other charmed hadrons. These asymmetries
are observed in experiment and are called leading particle effects. In this work we give a general analysis for
contributions of quark recombination to these asymmetries. The contributions consist of a perturbative and
nonperturbative part. We perform two types of factorization by considering the produced hadron with a large
transverse momentum and by taking the charm quark as a heavy quark, respectively. In the case of the large
transverse momentum the effect of quark recombination is the standard twist-4 effect. We find that the contri-
butions are parametrized with four nonperturbative functions, defined with four quark operators at twist-4, for
initial hadrons without polarization. By taking the charm quark as a heavy quark the factorization can be
performed with the heavy quark effective thedWQET). The effect of quark recombination is in general
parametrized by eight nonperturbative parameters which are defined as integrals with the matrix elements of
four quark operators defined in HQET. For unpolarized hadrons in the initial state, the parameters can effec-
tively be reduced to four. The perturbative parts in the two types of factorization are calculated at the tree level.
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I. INTRODUCTION rate forD™ and forD ~ is the same at this order. Experimen-
tally significant asymmetries between these production rates
Because the nonperturbative physics of QCD is still unfor a class ofc-flavored hadrons have been observed and
clear, a prediction of the inclusive hadroproduction of a hadave been called as leading particle effects. These effects are
ron cannot be made in general. However, if the producedbserved in fixed-target hadroproduction experiments for the
hadron has a large transverse momenkymone can predict production ofc-flavored hadronp4—8] and also in photopro-
the differential cross section. According to the factorizationduction experimentf9—11]. Significant asymmetries are ob-
theorem in QCD(see, e.g[1]), the prediction takes the form gerved forb™—D~, D°—D°, andD**—D*~, while for

of a convolution with parton distributions for partons in the DJ andA; the asymmetries with large errors are consistent
initial hadrons, fragmentation functions of a produced partonyith zero. These asymmetries are large wkeis small, for
decaying into the produced hadron, and perturbative funcp+ gndD~ it can be~0.7 in the forward direction in ha-
tions for partonic processes. The prediction is based on thgroproduction. Theoretically, various explanations exist
leading tgrms in the so-called twist expansion. In the 'ead'f‘%z,lﬂ, e.g., these asymmetries can be generated by intrinsic
terms twist-2 operators are used to define nonperturbatiVenarm in the initial hadrons, but the predicted asymmetries
parts, i.e., parton distributions and fragmentation functionsgre smaller than those in experiment. It should be noted that
It can be shown that the next-to-leading orders are sUpese asymmetries can also be generated at next-to-leading
pressed by cert_am power I;)g‘ relatively to Fhe leading ord_er. order of perturbative QCID14—17; the predicted asymme-

At next-to-leading order, i.e., at the twist-4 level, various yjes are too small to explain the observed asymmetries.
partonic processes can happen. The nonperturbative effects pacently, it has been suggested that these leading particle
are parametrized by matrix elements of twist-4 operators. Aéﬁects can be explained with quark recombinafid@—20.

this order, a produced meson can be formed by the recomb, o E791 experiment4] a =~ beam is scattered on a
hation of two partons in an initial hadTO”-. This is the SO huclear target, &~ meson can be produced through quark
calleq partqn recpmblnatlon_moc[a], which |s_proposed 0 recombination of a produceztquark with the valence quark
predict the inclusive production of a meson with law The g in o after hard pparton sca?tering whileks* mesonqcan

recombination can also happen with one of the two parton h h k s ¢
involved in a partonic process. This has been studig®jn e produced throug quar recombination of a produced

If we take the produced hadron containing one heawvye-quark with the sea quarkin 7. Because the distribution
quark in a hadron collision, for exampB,", and neglectthe of d andd quarks in7~ is significantly different, it results in
possiblec-quark content in the initial hadrons, then at lead-that moreD ~ are produced thaB * in the forward direction.
ing order of perturbative QCD th®™ production can be Motivated by nonrelativisic QCDOINRQCD) factorization
understood as that ec pair is produced via partonic pro- [21], the authors of18-20 take a factorization approach for
cesses, such agg—cc or qq—cc, and then thec-quark  quark recombination, in which aquark combines with a
fragments into thd " meson. It is clear that the production quark in the case for B™ meson and the combinatiard is
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in the 1S, or 3S, state, i.e., the paicd is formed as a ﬁ ﬁ
pseudoscalar state or vector state, ¢heis then inclusively

transformed into thé® *. If the d quark was a heavy quark, (a) (b) (©)
the above states would be dominant in the quark recombina

tion. However, thquuark is a light quark; a NRQCD de-

scription is not correct for it. It is possible that thoal is é f ;%6

produced in a scalar, pseudovector, and tensor state and the (d) ()

transformed intdD *. FIG. 1. Feynman diagrams for the amplitule
If one takes ac quark as a heavy quark, a factorization

different than that mentioned at the beginning can be pertélevant processes, in which hadrons are in the initial and

formed with heavy quark effective theoffHQET) [22]. In final state. We will assume that the factorization holds and
the heavy quark limitm,—, the c-flavored hadron pro- especially that the parton model can be used for initial had-

duced in a collision will carry the most momentum of the rons. With this assumption we need only to consider the

producedc-quark which is transformed into the hadron aﬁerinclusive prod_uction of a hadron in a parton collision and
focus on the final hadron.

its production. This suggests a factorization for the produc- Our work is organized as the follows: In Sec. Il we give

tion of Fhe c-flavored had.ron, and in this factorization thg our notations and analyze the quark recombination in the
production rate can be written as a product qf the_productlc_ngase with largek, where thek, is so large that all quark
rate of.ac quarlf and a matrix element de_fmed in ':'QET' masses can be neglected. The contribution to the differential
corrections to this are suppressed by certain powenof.  cross section is a convolution of perturbative functions for
This factorization was used to predict heavy quark fragmenpartonic process with nonperturbative functions defined with
tation functions23] and the spin alignment of a heavy me- 4-quark operators. In Sec. Ill we analyze the quark recombi-
son in its inclusive productiofi24]. With this factorization nation with the mentioned factorization with HQET, in
predictions for these two cases are in good agreement witiyhich nonperturbative parts are defined as matrix elements
experiment ae"e" colliders[23,24. of HQET. There are eight nonperturbative parameters char-
In this work we will take this factorization to analyze the acterizing different states of a quark pair which is trans-
possible source for generating leading particle effects. Weormed into the produced hadron. We also show in detail that
find that in general thed pair can be first formed into the these eight parameters in the case with unpolarized beams
states of scalar, pseudoscalar, vector, and pseudovector; fragan be effectively reduced to four. Discussions of our results
these states B™ can be generated by emitting unobservedare given. Section IV is our summary.
states. Our final results consist of eight nonperturbative pa-
rameters, which are defined with matrix elements of HQET. Il. QUARK RECOMBINATION AT LARGE  k;
Corrections to our results are suppressed by the inverse of a AND THE TWIST-4 EFFECT

heavy quark mass. These parameters can be calculated with We will denote a heavy quark @@ and a heavy meson

nonperturbative methods. For initial hadrons without polar- -
izations, these eight parameters can be effectively reduced {:é)ntalnlng one heay qan_% asHq. The heavy mesQHQ
lence quart. As discussed in the Introduction we

four because some perturbative coefficients of the parameteP&S @ val _ , i
in their contributions to the production rate are the same. Ifill consider the production ofig in a parton collision and
the initial hadrons are polarized, all perturbative coefficients®n initial parton is a valence parton B, . Neglecting pos-
can be different; the number of parameters cannot be resible heavy quark content in |n_|t|al_ ha(_jrons, the relevant par-
duced. In the approach p£8—20 the contributions from the ton process for quark recombination is

guark recombination for an unpolarized initial state also con- |

tain four nonperturbative parameters, but their interpretation k k
is different than our four parameters obtained from the effec-
tive reduction of the eight parameters. Our results hold not
only for low k; , but also for higtk; . If k; is large enough so
that all quark masses can be neglected, the standard factor-
ization mentioned at the beginning can be performed. In this
work we also perform an analysis for this case. This is simi-
lar to the analysis of twist-4 effects in deeply inelastic scat-
tering [25]; however, our task here is simple, because we D1 >
only need to analyze the contributions from twist-4 opera-
tors, which are defined with 4-quark operators. These twist-4
operators are corresponding to those 4-quark operators in  po I Do

deeply inelastic scattering. In our final results for laige I

there are four nonperturbative functions defined with 4-quark FIG. 2. Diagram representation for E¢). In the figurek,
operators separating along the light cone. It should be noteék, —k,+k;, the dashed line is the cut; the thick lines below the
that it is rather difficult to perform a factorization for the black box are for heavy quarks.

4%\
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g(py) +q( P2)—Ho(k)+X, (1)  where the indices,j stand for color and spin indice®(x;)
_ _ and q(0) are the fieIds_oQ andq, respegtivelyAij_is the
where momenta are given in the brackets. We can alwayémplitude for g(py)+a(p2)— Q* (ky) +* (k) + Q(pa);

gividz thet;nobsderved ftakt)et_int? a ngnpe&tur&ativgly PrOthe asterisk means that the states are not on shell. If the states
uced pardy and a perturbatively produced path, L€, 510 o shell, then the amplitudegk,);v;(kq)A;; with on-

X=Xyt Xp. At leading order ofxg, Xp is just an antiquark o .
— ) , o shell conditions for corresponding partons. The Feynman
Q. The scattering amplitude for the quark recombination Cajiagrams for the amplitudg,; are given in Fig. 1. For the

be written process we define the variables

d*k
=f—14Ai;(p1,pz,k1,p3) s=(p1+py)? t=(p,—k)2 3
(2m)

The contribution from the process in Ed) to the differ-

XJ d4xleiikl.Xl<HQ+XNlai(Xl)qj(OHO)’ @ ential cross section is

1 d3k d®ps
dog=— f 2m)*8%(p1+po—k—ps—P
OR ZSXEN (232K (277)32pg( ™) 8 (P1t P2 P3—Px,)

——Aij(P1,P2.Ky, P3) (Y°AT(p1.p2.K2.P3) Y

Xf dk,  d%,
(2m* (2m)*

Xf d*x;d*xpe™ Kt ke 20|y (0) Qi (x2) [Ho+ Xn)(Ho+ Xn|Qi(x1);(0)[0), (4)

where we use the subscrilieto denote the contribution from quark recombination, the average of spin and color of initial
partons is implied. IHq has nonzero spin, the summation over the spin is understood. Using translational covariance one can
eliminate the sum oveXy . We defineaLQ as the creation operator fét, and we obtain

dO'R:

O [ [ S e oy pake 9 (AP P ke P
2§ (2/”_)321(0 (27T)32pg (27T)4 (2’7T)4 ij P1,P2,K1,P3)(7Y P1,P2,K2,P3) Y )«

x f Ay d*xpd xge et K X2 e k(0] qy(0) Qi) a (K)a (k) Qi(x1)d;(X3)[0), (5

with k3= p;+ p,—Kk;—p3 as the momentum af after the hard scattering in the amplitudg(p,,p2.Ky,p3). This contribu-

tion can be conveniently represented by the diagram in Fig. 2, where the lower part represents the perturbative part, i.e.,
Aij(pl,pz,kl,p3)(y°AT(p1,p2,k2,p3) "), the upper part with the black box represents the nonperturbative part, i.e., the
Fourier transformed matrix element in the second line of the above equation.

The factorization can be performed by decomposing the color and Dirac indices of the matrix element. The decomposition
of color indices of the matrix element can be performed in a straightforward way and one can identify @Qag plag is in
a color singlet or a color octet. We denote the color-singlet and color-octet contributidnézléanddag), respectively, and

dog=do®+de®. (6)

The contributions read

dolD) 1 dk J d3ps J’ d*k,  d*k, 1TA( ke pa) Tr(3PAT K.p)7Y)
== : o I TAj ’ ’ ’ r ’ ’ ’
oR 25 (2m32k0) (2m2pl ) (2m) (2m)* 9 ij(P1,P2,Ky,P3) 1Y P1,P2,K2,P3) Y
x J Ay d*xpd xge™ e et e e ek 0]y (0) Qi(xz)a (K)ap (k) Qi(x1)dj(X3) 0, (7
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oR’= TrTPA; (P, P2, K1, p3) Tr(TPyPAT(p1,p2 K2, P3) YOk

@ 1 dk f d3ps J’d“kl dk, 1

25 (2m)32k) (2m32pd ) (2m)* (2m)% 2
XJ d4X1d4X2d4xaeiikl'Xﬁikz'Xrixs'k3<0|a<(0)TaQ|(Xz)aLQ(k)aHQ(k)ai(xl)Tan(Xs)|0>- 8
|
In the above equations the traces are taken over color indices ki=(zk",0,00=zk"I* fori=1,2,3, (12)

and the indices,j,k,| stand only for Dirac indices.
In this section we will consider the case where the trans-
verse momentunk; of the produced hadron is very large, in the amplitudeA andA'. Taking the color singlet in Eq7)
and all quark masses can be neglected. To evaluate the cogs an example, we obtain
tributions we take a frame in which thedirection is the
moving direction ofHy and define a light-cone coordinate

system in which a vectoY is exprgssed with components ! d3k d3p, dz, dz
V4(=0,1,2,3) in the usual coordinate system as do)=— f =
2s (2m)%2k°) (2m)%2p3 J (2m) (2m)
ARRVERVARRYE
VA=V V",V V2)= , VIR (9 X (k*)2(2m)38% (p1+pa—Ky—Pa)
V2 2 .
We also introduce two light-cone vectors: X§TrAij(plrp2121k+| \P3)
n“=(0.1,0,0, 1#=(1,00,0. (10 XTr(y°AT(p1,p2,2K1,pg) YN
The momenturk reads i
X f dx; dx, dxg e 'k (Fx ~ 22X, +25%3)
M}
CRICIC007 K g0 )M(W’O'O’Q:k”“' X(0[au0)Q 0 Maf (K2 (K)

(D X Qi(x; N)q; (x5 M)[0), (13

The x dependence of the matrix elements in Eg. and
Eq. (8) is controlled by different scales. The dependence
is controlled by the large scale’, while thex* dependence where 5% ()= 6(q7) 8(qY) 8(g?). With Eq. (12) the vari-
is controlled by the small scalke” or Agcp; the x* andx? ablezfl(i =1,2,3) is just the momentum fraction of partons
dependences are controlled By,cp. Therefore, as an ap- carried byHq. Because of the momentum conservation they
prOX|mat|on one can neglect the dependencaafx! and  are bounded, for example,>1 for i=1,2,3. Now the de-
x2. Corrections to this can be systematically added. This reeomposition of the Dirac indices can be performed. We will
sults in the so-called collinear expansion. The leading ordeonly keep the leading terms, i.e., the twist-4 terms. The de-
of the expansion is to set composition reads

dx; dx, dxg
(2m) (2m) (27)

=¥ )i (Y OTN21,22,25) + (7 ¥8)5i (v ¥e)wT5(21,25,25) + (i il ™ T8 (2y,25,23) + -+, (14)

+

e (s 722 T2 )(0]q(0) Qi(x; M (K au, (k) Qi(x1 n)g; (x5 1)[0)

where - - - denotes the terms with twist higher than 4. The sum over the imlexns from 1 to 2. The functiong;(i
=1,2,3) are defined as

k dx; dx, dxg

T(21.20,2) =75 | 55 5€ © @22 T6)(0[q(0)y " Qxz Mal an Q(xy Ny a(xs m[0),
dx; dx, dxg ., - B — B
T5(21,2,,25) = f277 o 27 ° e 7229 12350 (0) ¥ y5Q(X, n)aLQaHQQ(Xl n)y " ysq(x3 n)|0),
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k™ [dxg dx;, dxg . o _
T8(2,,2,,25) = JZW 55 ik* (2] 2% *23%3)(0|q(0)io T Q(x, n)ai{QaHQQ(x1 n)io*'q(x3n)|0).

(15

These three functions represent the nonperturbative effects related to the produced hadron. They are invariant under a Lorentz
boost along the moving direction ¢15. The dimension of these functions are 2 in mass, hence they are proportional to
A2 ocp- With these results we obtain

1 d3

f dz, dz,
2s (2m)22k° (277)32p

O_(Rl): ——(277)363,(p1+p2—k1—|03)

-K1A(P1,P2,K1,p3))Tr(y- kz’)’OAT( P1,P2.K2,P3) 7Y% 7—(11)(21 122,23)

+Tr(y- Ky ysA(P1,P2,K1,Pa)Tr(y-Koys y°AT(p1,p2 k2, p3) YY) T8(24,25,235)
+Tr(i 0Ky, A(P1, P2, K1, P2)) Tr(i 0#Ko,, Y°AT(P1,P2 Ko, P3) ¥0) - T5(24,25,25)}. (16)

For the color-octet contributions we obtain

1 dk d°ps dz; dz, 1
do’=_= J J 21)38% (pr+po—ki—
25 2m22ke) (2m)2p8 S, (23 (1 pe—ka=pa)

X{Tr(y-ky T2A(P1,P2,K1,Pa)) Tr(y-kay°T2AT(p1,ps ko, p3) ¥Y) - T8(24,25,25)
+Tr(y-kyys T2A(P1,P2. K1, Pa)) Tr(y- Ko s y°T2AT (1, P2 K2, p3) ¥0) - T8)(21,25,235)
+Tr(i ok, TPA(P1,P2. K1 ,P3)) Tr(i 01Ky, ¥ T2AT (D1, Py K2, P2) ¥0) - T8(21,25,25)}, (17

with k;=zk"l. The definitions for the functions and obtain the phase space integral as
78X z,,2,,25)(i=1,2,3) can be obtained by replacing the
color matrix 1®1 with T*®T? in the definitions for

TM(z,,2,,25)(1=1,2,3), respectively. d3k d3p; .
The integration over phase space can be easily performed J (277)32k°J (2m)%2p2 -(2)
in the center-of-mass frame. Consider the integral 3
1
J d3k f d3ps (2m)? ><5\3([31"‘pz_kl_ps)'k_+
. aa
(2m)%2k°) (27)%2p}
. | dt[ dz 20
X(sg,(pl‘i‘ pz_kl_pa)k_+ (18) 4(277)2 23)2

Because the only nonzero componenkois ki , k; can be  \jith this we can express our results fhs/dt. The remain-
set zero in the5_ function. The integration ovep; can be  der of the calculations are straightforward. Without detailed
done with thes_ function. We insert in the above integral cajculation one can find that the coefficient §) is zero;

the identity: the reason is that we consider unpolarized hadron beams here
and the polarizations of initial partons are averaged. Due to
dzk S(bF +D. —z. k" —z-kT)=1 h_eI|C|ty con;ervatlon, the coefficient must be zero. If we con-
f KT OPLH P2 ) sider polarized hadron beamgg) can lead to a nonzero

contribution. With the structure af{’ and7%’ one can also
V2(zi+ 23|k |, (19  find that the coefficients of{) and7{’ are the same. Finally
we have

fdzsﬂkw(g
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do§) 270’1l (dz dz, dzs 1 T4 7 22
dt 2432 J f—2(921+ 23)(21+82,+23)

2y 7 Z3(z4+25)% (21— 2+ 23)(5+1)

s 4t2
+ §[27z§+ 2972125+ 292,23+ 252,73+ 22%] + 7[8123(23— Z,) +24(252,+81z5) |
S

4t
— —[8125+ 925(82,+ 23) + 2, (9023 — 862,) | — 14422 + 4692, 2, — 17, 23— 109,25 — 35z§] , (22)
s
dag) ~A A~ 77052 le dZZ d23 1 ’](18)-!-7?) §2 2
~ (S,t): ~5 I > ~ A 3[6321"'23(224'6223)"'21(922"‘ 12523)]
dt 162 7y 2 Z3 (Zl+Z3) (21_22+Z3)[S+t] t
s ,. Tt?
+ ¥[207zl+ 992,75+ 331223+ 832,25+ 12425 ]+ [ 4525(25— 25) + 24(412,+ 4525) |
S
a )
— —[8122+924(2,+ 823) + 2, (15323 — 1482,) | — 1825+ 52, (792, — 47z3) + 25(19%,— 21725) . (22)
s
|
Similarly for the process where A and B are the initial hadrons, whose spin is not
observed. We define the variables
+ —Hg(k)+ X, 23
7P+ P2 =gl 29 s=(Py+P% 1=(P-k)? u=(Pi—k)% (27
we have The leading particle effect can be predicted as
dol .. mala . [dz dz, dz 1 do o —
—(s,t)=—= fd _——— ——(Hg)— =+ (Ho)
dt (0 3s? 2y Zp 73 (z3+125)? dt 9 dt e
cWe{7{)+ 71} f dog
Ql-1 2 — — _
X = | dxdXofga(X)[fas(X2) — fge(X2)] —
(Z— 2,7 2 10X f g a(X0) [ Fa(X2) — fga(X2) ] e

t22,2,+ S%24(21— 2,+ 2 i]? - -
X{[ 172 fz(f(-i-%) 2 3)]{1+K:1 ] X(Slexzsitzxzt)JffdX1dX2fg/B(X2)
s s

24 dog -~ A
24 XLt ~fatx)]- (3= xasi=x,0)

whereeq (&,) is the charge of the heawight) quark and

(28)
= i, c(l)zée, C(B):g (25)  wheredor is the sum of contributions given in E(21) and
€q 27 9 Eq. (22), andf4a(X) is the distribution for partom in had-

] . ) . ron A. Similarly, one can also obtain the leading particle
With these results one can predict the leading particle efgftect in photoproduction. Replacifgwith a photon in Eq.
fect in hadron collision and photoproduction. We denote thq2g) we obtain
antiparticle ofH, as Hg. Because of the symmetry of
charge conjugation, the differential cross section dép) d—U(H )— d_ff(ﬁ )
+q(p2)—Hq(k) +X is the same as given above. The lead- dt @ dr e
ing particle effect is generated by the asymmetry between the

distributions ofq anda We consider the production in the

dog - .
= | dxq[fge(X1)—fys(X1)] ——(S=X1S,t=X4t),
hadron collision: f il fgs(X1) ~ fop(x1)] dt (5= it

A(P1)+B(Py)—Hg(k)+X, 29
B wheredor=do®)+do® . If Ais the antiparticle 0B, then
A(P1)+B(P;)—Hqg(k)+ X, (26)  the leading particle effect vanishes because of the charge
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conjugation symmetry. Since the nonperturbative functions O(x)=et M X M(x)+ O(m=+ . . .

7 and 7 for i =1,2 are unknown, numerical predictions Q) {h()+0(mg ) (32
cannot be made. These functions may be studied with non-

perturbative methods or extracted from experimental resultsiherey is the four velocity ofHg, i.e,v=kIMy_. h(x) is

they are universal as parton distributions. Once they arg . fieid of HQET and depends an implicitly; the - - -

known, one can make numerical predictions. Our results hergg e the part of antiquark. The fields have the following
hold for the case with large transverse momentum of th%ropertieS'

produced hadron, i.e., f&— o andt—oo, but with the ratio
t/s being fixed, one obtains the power behavior v vh(x)=h(x), F(x)v ' yzﬁ(x). (39
do o — 1 . .
E(HQ)_ E(HQ)N = (30 For mg—c the most momentum of a produc&is carried
S by Hq, where the produced heavy quagkcombines with
other light quarks and gluons to form the hadteg. Using

in comparison with the production at the twist-2 level this fact and HQET one can expand the cross section for

do do 1 production ofHg in Agcp/Mmg. Following the proposed
E(HQ)NE(HQ)N -. (31  factorization in[23,24], the production rate at leading order
S

of Agcp/Mg is a product of the production rate Qfwith a
matrix element defined in HQET, the momentumHb is

Hence, the leading particle effect through quark recombi”aapproximated by the momentum & and MHQ” mq. For

tion is suppressed in comparison to the production rate by a . . . . .
PP b P y example, in the production dfiy via gluon fusion, i.e.g

factors™ !, which is typical for twist-4 effects. 4 H-+X the differential cr tion can be writtan
In [3] contributions from quark recombination to inclu- g—Ho™ A, the difierential cross section can be enas

sive 7 production are studied. Partonic processes tikp 1
— g andgq—qm are calculated by taking a wave function do(g+g—Hg+X)=do(g+g—Q+X)- 5
at leading twist forrr. This is different than our approach. If
one only keeps the contribution from$" in Eq. (21) and
neglects all other contributions, and then B one uses x(0|Trhaf, ay_h|0)-
the approximation of vacuum saturation to write it in term of e
the - wave function at leading twist, our approach is equiva-
lent to that in[3]. It is clear that there are no reasons towhere the matrix element is defined in the rest framel gf
neglect other contributions and to use the approximation of he above equation has a close correspondence to the inclu-
vacuum saturation. Ifi3] the results are given by taking the sive decay ofHq with the factorization; the corresponding
asymptotic form of the wave function, where the integrationmatrix element for the inclusive decay bfy equals 1 be-
over the momentum fraction as the variable of the wavecause of the flavor conservation of HQET. It leads to the well
function is performed analytically. This prevents us from aknown resulf22]
direct comparison with our results. From our results it is
A2
QfD) ] (35)
Ma

1+0

AZ
) o
Mg

clear that the effect of quark recombination is characterized

by two nonperturbative functions, effectively for unpolarized I'(Hg—X)=T(Q—X)-
beams, while for polarized beams there are in general six

nonperturbative functions.

1+0

At the next-to-leading order for the decay width the nonper-

turbative effect is represented by dimension 5 operators; cor-

responding operators for production can also be found. These

operators are bilinear in quark fields. Going beyond this or-
In this section we will use nonrelativistic normalization der, i.e., at the order 0ﬁ53, one will encounter four quark

for Hy and heavy quark®. If the pole massng, of the  operators, these 4-quark operators represent the nonperturba-

heavy quarkQ is heavy enough, one can expand the heavytive effect for quark recombination.

IIl. HQET FACTORIZATION FOR
QUARK RECOMBINATION

quark fieldQ(x) with the field in HQET[22]: For the contributions from quark recombination, we ne-
i . glect higher orders in Eq32). The color-singlet contribution
Q(x)=e "M X {h(x)+O(mg )+ -, reads

1 dk d3ps d*; d%, 1
M= J( J TrAij(pl,p2,k1,p3)Tr(y0AT(pl,pz,kz,pg)yo)k|

= 2m) 2 ) e 2 9

xf Ayt xge et ke X ks mimar X2 timey Xa( 0]y (0) hy(xz)al (K)ap (K)hi(x1)qj(X3)|0). (36)
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Now the space-time dependence of the matrix element is controlled by the smallsgale reflecting the fact that the most
momentum ofQ is carried by the hadroHy, the difference between the momentumand that ofHg is order ofAgcp .
At first look, one may neglect the space-time dependence as an approximation, used in derivi3g) BgEq. (35). This

implies that the light antiquarEwiII have zero momentum after scattering. It results in that the amplifudél be divergent
because of the gluon propagator attached o Fig. 1. To have meaningful predictions one cannot neglect the space-time

dependence here. The momentunyaé of order of Aqcp; one can expand the amplitude in this momentum. This approach
is used in[18—20. We will use the approach here to regularize the divergence. For doing this we write the vaxjaddes

xt'=v-xXp*+xf=wv*+xg, for i=123. (37

Momenta can also be decomposed similarly as above. The dependence of the matrix elexydine=dh2,3) can be safely
neglected, and we have

U(Rl):i ok J TPy (2m)%8%(pr1+pra— pTS)J 1TTA| (P1.P2.k1,P3) TH(¥°AT(p1, P2 Kz, P3) YO
2s (2m)%) (2m)3 '
X f doydwydwge 701172027173 03(0[qy(0)hy(wpv)af (K)ay (K)hi(w10)dj(wz0)[0), (38)
with
ky=(Mg+n)v, ky=(Mg+n2)v, K= 13v. (39

To separate the divergences more clearly, we use translational invariance for the matrix element to shift the variable of fields
with —w,v, and rearrange the variables @s— — w,, w3— w,— w1, W1~ wry— w3 and P+ 3= Po— 72, P1— N3, 73
— 1,. After this rearrangement the momentinreads

ki=(Mmg+ m3)v, kKo=(Mg+ (73t 71— 7)), Kz=mnv. (40)

The light quarka carries the momentuny,v and 7,v in the amplitudeA and A, respectively. Now we observe that for
73— 0 the amplitudeA andA is finite, while for ;—0 and#,—0 they are divergent, respectively. We expand the amplitude
A andA", respectively, inp;v and 7,0 and only keep the leading terms in the expansiominz, and 7, i.e.,

+

T 1+ i 1+- 41
771( ) 772( ) (41)

whereT;; andTi“Lj do not depend om;, 75, and 3. Using Eq.(41) the integral overp; and w3 can be performed and we
obtain

o)== : -P )f (P1.p Pa) Tr(¥°T'(p1,p P3)7")

d = o IrT; m Tr(y"T m

25 (2m3) (2m ) ) | on 9pyy, i P1P2Mev.Ps 1:P2,MqV,P3) ¥ i
dewld(”Ze mav2 iy 1<0|QK(“’2U)I'I(O)aLQ(k)aHQ(k)I'i(o)Qj(wlv)|0>- (42

The Dirac indices of the Fourier transformed matrix element can be decomposed. In general there are many terms. With the
property in Eq.(33) the number of terms can be reduced greatly and we have only four terms:

0 dwl de —inwiting o . T .
v oo e 2<O|qk(w20)hl(o)aHQ(k)aHQ(k)hi(o)qj(wlv)|O>
= (P ;i (PO (11, 12) = (¥5Py) i (Puys) kWS (11, 72)
—(Y4P) i (Poyr VP (11, 12) = (Y ysP )i (Pu v, vs) iV (11, 72), (43)
where
1+vy-v
R (44)
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and the functions are defined in the rest frameHef. By using matrix elements in the rest frame the faatbrin Eq. (43
appears because of the nonrelativistic normalization of the state. The functions are

( ) dwl dw2 —i wq+i 0]
Wi(ny, 772)— 57 27 © etz ez, <O|Q(wzv)h(0)a|-| A, h(0)q(w;v) |0),
( ) dwl de —i wq+i [0}
W5 (1, m2)=— o 2w © etz ez, <O|Q(wzv)7’5h(0)aH ay h(0)75q (010)]0),

dwl dw2 _ — v —_
W (s, 772)——12 S o€ et ez (0lq(wav) yrh(0)al au h(0) yr,a(w10)|0),

(1) dwl dwz —in w1 tiny o
Wy (1, 772)——12 S 5 € etz ez (0]q(waw) Y1 ysh(0)a au h(0) yr, vsa(w10)|0). (45)
|
In the above definitions the operata;1Q createsHg in its d*k  d%ps
rest frame. For the color-octet matrix element one has the f 2n° (2n )3(277) 6%(pr1t Pr2a—Pra)

same decomposition as in E@43) with the functions
W (51,72, m5) With i=1,...,4. Thedefinition of these m
functions are obtained by replacing the color matrix 1L ~ Q ‘J dtd 70, (49
with T2® T? in the above equation. 8772\/—

To express our results as the differential cross section kg ;o re e usec~

Mgu. Our results contain 8 parameters

do/dt we need to consider the phase-space integral which represent nonperturbative effects. These parameters
are defined as integrals with the functiorg (%8
™ P11t PT2— PT13)-
53 (23 dz, d7mp
e @m Wt L f WOy 7). (49)
mQ 7 72
Becausep; + p,—k; —ks—ps we can insert the identity These parameters are dimensionless. At first look, they may

scale asAdcp/mgy. But, the dominant contribution of the
integrals comes from the region whefg~ 7,~Aqcp, re-
f d718(v-(pr+p2—Mgu— 7w —p3))=1, (47  flecting the fact that the light antiquarx carries a small
fraction of the momentum oHg. This results in that the
parametersv®(i=1,2,3,4) scale a8 ocp/Mq . With these

where we neglecy; in Eq. (40) and the momenturkof Ho  parameters our results for the processq—Hq+X are
is approximated byk=mgqv+ 7,v. The & function in Eq.

(47 Combining those’ functions in Eq.(46) gives the usual dog) 2 wagmé 24: ()50 -
& functions 6*(p,+ p,—k—p3) for momentum conserva- di (s,t)= 2 ©“ WS (50
tion, then the phase-space integral can be calculated as usual.

We obtain: where

B gl mo[127T°— 16sT—645°] 64U 16mg§( - su)
EC T s UT? T/

B g L m3 19+4T2 26T 368U 64U% 64 L 2U%|  48mYs(8s+9T) 1
T vz U T T2 s T? T3U ’ oD

18T2 14U 8U?
u? T+T2

2 [mg§(8§2+ 85T+9T9)  mp

4s%—ST+4T?
T3 U? 2T

sU
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2 U 9T 18U 9T2 8U?| m3 266T2 3167 10U 8U?
BP=B®="{ |22+ —+ ot — |- 2 T
Y ) u T yz T2| 2T U2 u T T2
3mgs[ 9T 8U
uT? +U+7 ' (52
with
T=t-mj, U=-s-T. (53
Similarly for the procesg+q—Hq+ X, we have
dol) 2nac’edmd O
A A Q Q ~
—(5,1)= 322 (')]Zl wB, (54)
where
7 _f L 2mgs’ T| mas 2(1+,<)§+ k2T S8 (s+ksT)?
= == K=< I [ ——— KT—FX— S|~ — = (,
> 45| T2 Y ATE T s T8 sU
~ - 1 |m3s B 4(2+K)s? 2(3+7k)s 3k2T| 6mMEsA(s+«T)
=By=—{ —o | 4k(3+ k) +— + + 9
3 4 4'\ 2 K K T2 T S T3u2
s LT 2 . 2U2 s
U +? +? , (55

with ¢(*® given in Eq.(25). In the above results polariza- the initial light quarkq(p,) is averaged; it results in the

tions of initial states are averaged. _ . factor y- p,. The same leads to the coefficientwa§"):
Our results contain eight parameters in general which are

defined as integrals with matrix elements of HQET. They are
universal, i.e., they do not depend on a specific process. With

our results one can check that the ratio is a constant:

do(g+g—Hg+X)

~const,

t——|tlmin

(56)

i.e., the ratio does not depend sn hence the contribution
from the quark recombination is not suppressed by the

verse of certain powers of, and it can give a significant
contribution. This contribution is only suppressed by the pa
rameters given in Eq49).

The eight parameters can be effectively reduced to fou
because of the property @f{'®=B® and B{®=519.
One can show this property without explicit calculation.
With the expansion in Ed41) the last diagram in Fig. 1. will
not contribute. Taking any contribution from the first four
diagrams in Fig. 1, e.g., the interference between amplitud
from Fig. 1(@) and Fig. 1b), the coefficient ofw{" can be
written as a trace:

B(ll)NTr{. clyepol -,

In

(57)

where- - - denote polynomials of products gfmatrices and
| denotes a X4 unit matrix coming from Eq(43). Since we

e

B ~Tr{- (= ys)y-P2¥s- - }- (58)

It is clear that both coefficient are the same. If initial hadrons
are polarized, the coefficients are in general not the same. To
illustrate this, we consider the case where only the hadron

containing the light quarlq(p,) is transversally polarized
with the polarization vecto8; and another initial hadron is
unpolarized. In this case spin-dependent parts of perturbative
coefficients, denoted a@8{¥(i=1,2,3,4), can be calculated
by replacingy-p, with io,,ysp5Sy. The contribution to
the spin-dependent part of the cross section is a convolution

with the so-called transversity distribution function instead
Pf the usual parton distribution functiof26]. With the re-
placement one can easily find that spin-dependent parts of
perturbative coefficients have the propertigs®= —B$®

and BE®=-B3® in contrast to the spin-independent
part. Hence, if the spin-dependent parts of perturbative coef-
fécients are not zero, we will have 8 nonperturbative param-
eters which lead to different contributions to the cross sec-
tion. With symmetries one can also identify when these spin-
dependent parts are zero in this case. With the rotational
symmetry, the spin-dependent part of differential cross sec-
tions consists of two parts: one is proportionaBo k while
another is proportional t&;- (Pxk), whereP is the three-
momentum of the polarized hadron. If the parity is con-

do not observe the polarization of initial hadrons, the spin ofserved, the term proportional & -k is zero. With the time-
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reversal symmetry one can show that the term proportional IV. SUMMARY
to S;- (PXK) is zero if no absorptive parts are in amplitudes.

Further, one can show with arguments from chirality that the ﬁlnttmfs worll: we hat:\){e rpadg a g(langral anz‘:leys;s forfthe
two terms are proportional ta,. Therefore, in the case © oo O' duark recompination in inclusive production of a

considered here, we will have effectively only four param-N€avy meson. Through these effects the leading particle ef-
eters, provided that there is no parity-violating interactionf€Ct Observed in experiment can be explained. In the contri-
and absorptive part in partonic processes. Since parit)PUt'O”S of quark recomblnatlon to dlfferentlgl Cross sgctlon
violating interactions can be involved and an absorptive parfe factorize perturbative- and nonperturbative parts in two
can also appear beyond tree level, we have in general eigﬁlifferent cases. One is for large transverse momentum of the
parameters in differential cross sections. Similarly, one caroduced hadron, where the transverse momentum is so large
also show that the eight parameters lead to different contrithat any quark mass can be neglected. In this case we find the
butions in the case if all initial hadrons are polarized. Ithonperturbative effect of quark recombination is param-
should be noted that in the above discussion the polarizatiofitrized by six functions defined with four quark operators at
of the final hadron, if it is not spinless, is summed. twist-4. Four of these functions contribute to the leading par-
Because all these parameters are unknown, a numericé¢le effect, if the initial state is unpolarized. The observed
prediction cannot be made. As an estimation, one may useffect of the leading particle is of a charmed hadron; one can
vacuum saturation fon")(i=1,- - -,4), i.e., the color singlet take the charm quark as a heavy quark and perform the fac-
parts, to relate them to wave functionstef,. However, the torization with HQET. In this case the nonperturbative part
approximation of the vacuum saturation is not well estab-CONSists of eight parameters, which are d_eflned as integrals of
lished becausq is a light quark, and also the approximation matrix elements with 4-quark_(_)perators n HQEL -The.se pa-
definitely does not apply for the color octet part, i.e., forfameters represent the transition of a quark (@ in dif-
Wi(s)(i =1,...,4). With thedefinitions of these parameters ferent states into the produced hadron, the pair can be in

one may use nonperturbative methods like QCD sum rules tgolor singlet or color octet state and forms different states as
study them, or they can be extracted from experiment. Oncacalar, pse_zudoscalar, vector and pseudovector states. The re-
their numerical values are known, numerical predictions cars!/ts obtained here hold not only for large transverse mo-

be made with our results. In this work we do not make anmentum, but also for small transverse momentum. Our re-
attempt to fit the experimental results with our results forsults are different than those obtained with a factorization

determining these parameters, because[if—2q it is  Mmotivated by NRQCL}18—20, in which the pair only forms

shown that one can already describe the leading particle eft PSeudoscalar or vector state, although for unpolarized
fect observed in experiment by keeping contributions with?&2ms both results contain the same number of nonperturba-
W(z%ég) and neglecting other contributions. The relation pe.live parameters. The perturbative parts in both types of fac-

tween the parameters [19] and ours can be identified: Lﬂggﬁi‘;gnare calculated at tree level for hadro- and photo-

—, 1 1 e 1 ) The_nonperturbative functions or parameters are unknown
p1(QA("Sp)—Ho)=5w3",  p1(QACS)—Ho)=5W5",  yet. This fact prevents us from a numerical prediction for the
leading particle effect. But they can be studied by nonpertur-
_ 3 _ 3 bative methods like QCD sum rules or models, or they can
ps(QU(*Sp)—Hg)= gW(zs)a Ps(QQ(E’Sl)HHQ)Zgw(aS)- be extracted from experimental results. In this work we have
not tried to extract the eight parameters from experimental

(59 results, because it is shown [ib8—-2(Q that one can already

It should be noted that in the contributions related todescribe the leading particle effect observed in experiment
only by keeping contributions (yf/(z}és), and contributions of

w§? the pairQq is in the 'S, and ®S; states, respectively. ©''% " : .

Our results of these contributions to the cross section arl@’li"lg) in our result are proportional to the contributions of
exactly the same as those giver(19,20. From our general W23+ respectively. Hence, with effects of all possible states
analysis one can see that the p@ig can form a scalar, a of Qq the Iea}ding particle effect can also be gengrated a}nd
pseudoscalar, a vector, and a pseudovector state. All of theRN be described. It should be noted that the leading particle
can lead to contributions to the leading particle effect, whicheffect of the charmed baryon can be also analyzed in a simi-
can be predicted with the above results by using @) or  1ar way to the effects presented in this work. Results will be

Eq. (29). If the light quarkq is replaced with a heavy quark, published elsewherk27].
one can use NRQCD factorizati¢@1] to make prediction,

then at leading order of the factorization, tQe can only
form a pseudoscalar or vector state, i.e., #8- and 3S;
state. In this approach motivated by NRQCD factorization We would like to thank Professor E. Braaten, Professor
only terms WithW(Z:!'éB) will remain, while other terms are at Y.Q. Chen, Dr. Yu Jia, and Professor J.S. Xu for discussions.
higher order in the approach. This approach is usdd®-  Z.G.S. would like to thank members in the theoretical phys-
20]. With this approach for polarized beams one will still ics group of Shandong University for their useful discus-
have four parameters in contrast to our results containingions. The work of J.P.M. is supported by National Nature

eight parameters. Science Foundation of P. R. China with Grant No. 19925520.
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