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Wave function corrections and off-forward gluon distributions
in diffractive J/4 electroproduction
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Diffractive production ofl/ ¢ particles by virtual photons on a proton target is studied with a view towards
understanding two important corrections to the leading order result. First, the effect of Fermi motion of the
heavy quarks is studied by performing a systematic expansion in the relative velocity, and a simple correction
factor is derived. This is considerably less than estimated previously. Second, since the kinematics necessarily
requires that nonzero momentum be transferred to the proton, off-forward gluon distributions are probed by the
scattering process. To estimate the importance of the off-forwardness, we compute, in leading order perturba-
tion theory, the extent of deviation from the usual forward gluon distribution in a quark.
[S0556-282(197)03013-0

PACS numbdps): 13.60.Le, 12.38.Bx

I. INTRODUCTION Coulomb gauge for the soft gluons in the meson wave func-
tion. This is the natural choice for heavy-quark systems be-
There is considerable interest in diffractive electroproduc-cause one can then use systematic procedures, such as non-
tion of J/ mesons off protons at high energies because thigelativistic quantum chromodynami¢s] (NRQCD) or the
process is important for studying the gluon density in a proimethod developed in Refd6-8], in order to evaluate
ton at low values of the Bjorker. This interest stems from quarkonium observables of interest to any desired level of
the simplicity of the leading order QCD expression for lon-accuracy. However, for the gluons in the fast-moving proton
gitudinally polarized photons which was first derived by we shall continue to use th&" =0 gauge because this is the
Ryskin[1,2]: natural gauge to use for parton distributions. The two kinds
of gluons have very different momenta and hence are effec-
do . M e — — tively di_stinguishable, justifying the use of two difffarent
GtV TPy P)= —3¢Q—as(Q )[£9(£,Q9]°, gauges in two different parts of the same Feynman diagram.
(1) It turns out that a gauge-invariant correction factor, derived
in this paper, multiplies Eq.1):

whereQ?=1/4(Q%+M?), M is theJ/ ¢ mass, and . is the
decay width into leptons. The above equation was derived
under the assumption e&Q?>M?>t, and that Fermi mo-

tion of the quarks in the meson can be entirely neglected. lrhe second derivative of the wave function is understood to
was further supposed that the gluon density appearing in Eqye evaluated at the origin. It is a nonperturbative quantity
(1) is that which would be measured in some inclusive hardyhose value has to be inferred from some other quarkonium
process, i.e., that it corresponds to the matrix element Of)rocesses, such as decays or production, involving large mo-

gluon operators between states of equal momentum. mentum transfer. In previous wofl6,7] its value was esti-
In this paper we shall examine the effect of relaxing twomateq:

assumptions which go into E@l). The first is to take into
account the correction arising from the Fermi motion of the V2¢>

cc pair. In the work of Brodskyet al. [4] this mation is MZ¢
contained in the vector-meson light-cone wave function
#¥(k, ,x), a quantity which is in principle calculable from The correction factor due to Fermi motion is therefore
lattice QCD but whose presently unknown form is an impor-around 0.96, a value considerably below the other estimates
tant source of ambiguity. For example, Frankfattal. [3]  [2,3]. Hence, the ambiguity in extracting the normalization
conclude that wave function effects supprédsg production  of the gluon distribution may be under better control than
by a factor of 3 or more. However, Ryskat al.[2] estimate  anticipated so far.
a suppression factor of 0s4F2<0.6. The detailed shape of The second issue to be considered in this paper is the
the wave function appears to be an important source of thgluon distribution which appears in E¢l). Recently J{10]
difference. identified certain twist-two “off-forward” quark distribu-
The method of treating the diffractive process, as well agions inside the proton which, when measured, will reveal the
Fermi motion corrections, used in this paper differs fromorbital angular momentum content of the proton. Subse-
previously used methods in an essential way. Rather thaguently Radyushkifl1] extended the discussion to the off-
work in the infinite momentum frame and in te"*=0  forward or “asymmetric” gluon distribution in the proton
gauge, we shall choose the rest frame of fth¢e and the and pointed out that diffractive vector meson electroproduc-
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(a) (b)

FIG. 2. Diagrams which give a nonzero contribution at order
Q™! andv®. The relative weight at this orderb is as 1:2. Two
other diagrams, which are numerically equal by time-reveral invari-

FIG. 1. Definition of kinematic variables fod/¢ diffractive ance, are not shown. The complete expression is given ifi1lBy.
production off a proton target by a virtual photon.

2
tion necessarily measures this quantity. Here we have exam- E.=— g% p*+ %gnﬂ.
ined this issue further by considering gluon radiation from a
quark and explicitly computed the off-forward gluon distri- _ _ B
bution in a quark to leading order iag. This enables an Ehelie_gbey ﬁLKfi_Mlz \AjL.I’?L—Ok, andl EILE{L._ -1
estimate to be made of the extent to which the gluon distri-_- "t 'NW't =M?®. We have kept only leading terms
bution measured id/ ¢ diffractive production differs from and set, ~0.
that which would be measured in some inclusive process like

y+P—=dl g+ X. B. Diagrams

The leading order contribution t# ¢ diffractive produc-
Il. FERMI MOTION tion is given by the sum of the diagrams shown in Fig. 2, to
which must be added the contribution of two other diagrams
that give the same numerical values because of time-reversal
We consider a massless proton target andtth® limit. symmetry. Consider, by way of example, the first of these
Define two null vectorsp* and n* with p?=n?=0 and  Wwhich has the expression

p.n:l; ﬁ
A= | Gyt TSk HE (M),

®)

A. Kinematics

_A 1000, ne=
p V2 J2A ,, 2 |
H{"(k, /) =eqg®y"Se(k+q—Ki2+/)y"

p* is also the proton’s momentum. Although we shall not > —K/2+ /)¢ 6
need to do so explicity A can be adjusted to bring the Sr(d 7)) ©

producedJ/ to rest. The kinematic region of interest is 1he perturbative parH®*(k,/) is different for the other

(1,0,0-1). 2

considered to be>Q“>M< . With the definitions diagram but the other factors in E() remain unchanged.
) We have not indicated color explicitly in the above; its in-
£=— q 9?2=—-Q? ) clusion will amount to a simple factor which will be inserted
2p-q’ ’ at the end of the calculation. The nonperturbative informa-
tion of the vector meson is contained in the Bethe-Salpeter
the other momenta in Fig. 1 are wave functionM (/):
2
q“=—spﬂ+§—§n“, M(/)= f d*xe’” X(K,E|T[#(x/2) $(—x/2)1|0). (7)
Pm:pMJFAM In the above/* andx* are, respectively, the relative mo-
' mentum and relative distance of the pair. The nonpertur-
Ab=—gpt bative information of the gluons in the proton is contained in
' S
Em? Q?
M= My = M ; '
K¥="gz P+ 2" ) S/”(k,A)zf dixd ket M2)X(P' [T AK(— x/2) A*(x/2)]|P).
tS)

The polarization vectors of the longitudinally polarized pho-

ton andJ/y are, respectively, While the diagrams in Fig. 2 contain the leading order con-
tribution to the cross section, they also contain parts which
are next to leading orddiNLO). The sense in which these
are to be understood as “higher order” will be made precise
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1 26 1 "
MUC():) WW@): (K+q—K2+/)2—m?+ie Q2k-n—é+is’ (D
@ ®

1
(a-Ki2+ /)P —m*+is  Q°

wvvC():) M@: The inclusion of Fermi motion requires that we keep a suf-
O] @

(12

ficient number of derivatives with respect t0in Eq. (9).
These may be computed using the simple Ward identity

=—Sey°SE, (13

and theQ?—x limit should be taken after performing the
trace algebra. Stated in words, a differentiation of either
propagator in Eq(6) with respect to/” splits that propagator
FIG. 3. Diagrams which give a nonzero contribution at orderinto two. Since we shall work upt®(v?), only two deriva-
Q' andv® The crosses denote connection to external gluonsives of H**(k,/) are needed.
originating from the proton. The relative weight at this order
a:b:c:d:e:f is as —1:1:—2:2:2:—4. Note that each internal
gluon zero-momentum gluon line, in the Coulomb gauge, is actu-
ally just a differentiation of the quark propagator. Six other dia- It is obvious from the occurrence of the ordinary deriva-
grams, which are numerically equal by time-reversal invariance, aréives in Eq.(10), or the form of the BS wave function Eqg.
not shown. The complete expression is given in @6). (7), that gauge invariance has been violated. In earlier work
on quarkonium processd$—8] we have encountered an
later. Other diagrams will have to be includege Fig. 3for identical situation — the diagrams in Fig. 2 yield expressions
a complete calculation at tH&LO) level. which are not gauge invariant ©(v?) and one needs to
consider additional diagrams, which are higher ordesdn
These are shown in Fig. 3. The gluon fields indicated in these
diagrams combine with the ordinary derivatives to yield co-
The diffractive process considered here has two largeariant derivativesg®— D?, thereby restoring gauge invari-
sca|esQ2>|v|2>AéCD_ Since ac ¢ system is close to being ance. In the Coulomb gauge, the contribution of explicit glu-
a nonrelativistic Coulombic bound state, it allows for an ex-ons is O(v®) and so the reduction of the Bethe-Salpeter
pansion in powers of the heavy quark relative velocity.equation performed in Re{9] without explicit gluons is
Hence it is useful to expand the inner integral in E8): adequate up t@(v?). We therefore arrive at the following
gauge-invariant matrix elements:

i S
(e) )

D. Gauge invariance

C. Expansion

d*/ o
Q(k):J'(ZT)“HM(k’/)M(/):sz QL

_ 1 V2 K
<K,E|¢¢|0>=§M1’Z(¢+M—f>E* 1+M
1 9 d )
=> = coi——H#Y _oMe e (9 1 Vg K
ngo n' 9/ 3/ %n |/—0 ( ) _EMUZWE*<1_M ,
where 2¢

- — 1 \Y
: — —np32 *x B
<K’E|¢|Da¢|o> 3M MZ E

Mal'--a—f d's /4 NM(L)
- (27T)4/ l ><

KY
o gaﬁ+|€aBpVyM75V):

=971 - i 9(K,E| T[¢(x/2) p( —x12)]|0)] 1o

o o— 1 _ V2%
10 TN _ /2
(10 (K,E[#iD 4iD [0y = gM¥2 -

The set of constantdM“1 " "“n provides a description K K K
equivalent to that of the original Bethe-Salpe(BS) wave X| Gup— #) E* ( 1+ —)_
function in Eq.(7) . The expansion, Eq9), is useful because M M
the quarks are nearly on mass shell: K#2/)2~m? im- (14)

plies that all components of * are small relative to the

quark massm in the meson’s rest frame and, in particular, In the above$ andV2¢ are the nonrelativistic wave func-
/-n~(m/Q)2. In the largeQ? limit this implies consider- tion and its second derivative evaluated at zero separation.
able simplification, giving a limit approximately independent Inclusion of V2¢ amounts to taking the first step towards
of /- inclusion of Fermi motion.
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E. Traces

All the ingredients are now in place for calculating theJ (2 4 oK AR (k)
trace of the quark loops. Because we shall need only the
leading twist piece, symmetric ip and v, it will be suffi- dx Ny £2)
cient to calculate :f dyf >—-€

A

L

9n=Tri§292=(—g,w+ PN+ PN, TILQ] ><<P’

MoladSal e Hery). s
—NASN (y,/). (19
In the above we have set =An~ andk™=yp*. The time-
ordering operation becomes irrelevant on the light cone.

for n=0,1,2 (0 is the order of differentiation with respect to The inner integral will now be analyzed following the

/) and then keep only the leading order ternO(1/Q). We . . . ) - )
record below the results of the calculation listing, for clarity, gfgﬁﬂgﬂtg xef[]nbéisriszu(s)?)wgsl]i)gﬁyvne the “asymmet
g .

the relative contribution of only those diagrams which give a
P>

nonzero contribution: <
1 1 . )
— Eu (p,)ﬁu(p) J'O dx{elh(x7§/2)+ e*l)\(X*f/Z)}FS(X).

, ) N N
-t - = -t =
i Pin G ( 2n)n G (2”

4esg2d(0 2
QO:—%Z(l‘l'Z)(l‘l‘gm%

+0(1/Q%),

0,=0(1/Q%), 20

A sum over transverse_component;(l,Z) is implied. The

o :4ng2¢(0) ) E+f+ 4 ) V2¢ + oL proton spinor product isi(p')hu(p) = 21— ¢, with the ini-
2T 437373 3 m : tial and final protons having the same helicity and

(16) p’'=(1—&)p. Making a Fourier transformation yields

o _ O(Y)F(y)+0(E—y)F(&~Y)
The factor of 2 multiplying the brackets in the above equa-

tions comes from the diagrams which are permutations of the 1 da )
ones shown. The sum over all diagrams is - /—1_5 2776
24ng L4 Vg 5 ><<P’ n‘G“(—in)n‘G“(ln) P>. (21)

It is instructive to insert a complete set of states for

Note that this leading order contribution is in fact indepen-y>§>01
dent of the gluon momentukin the Q2— limit. The term

in the brackets represents the correction due to the Fermi _yy—9 | i

motion of the heavy quarks and its square is precisely the Fely)= J1— 2 oy 1+X)<P [ATK)CKIATP).

factor which modifies Eq(1). (22)

Herex=k-n with 0<x<1 is the momentum fraction carried
ll. GLUON DISTRIBUTION by the intermediate state. Comparing with the ugdago-
A. Asymmetric distribution Ir:)%\lzsg:ﬁgp distribution function fog=0 it immediately fol-
Let us now return to the amplitude for diffractive scatter-
ing, a typical contribution to which is given by E(). The Feo(y)=ya(y),

photon and proton both move along thelirection, and the
gluons in the proton have Iimiteldf andk?. This means that
one can perform a systematic collinear expansion in these
guantities just as in the treatment of deep-inelastic scattering
[12]: We shall now relate the matrix element in E39) to
F(y). Inverting the relatiorG*'=4"A' gives

g<y>=y2k S(y—1+x)(P|ATK)(KIATP). (23

H#Y(k,/)=H*"(k*,/)+(k—k") 0%
XHMV(k,/)|k=k++--'_ (18 Ai()\n)=n’J:daG“()\m—an)_ (24)

Keeping only the first, leading twist, term gives, in the Inserting the above into E¢19) and using the definition of
=0 gauge, F«(y) in Eq. (20),
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dn . o Y Y wave function can be computed order by order in perturba-
J’ Ze'“y‘ §/2)< P A'( - En)AI(En) P> tion theory, and the leading order matrix element is
Fely) Fe(é-y) o |A K lg — o "
=— 1—§| £ 4 £ : ] (P’s |A|k3>=9p/—+ k—z; u(p’'s")E(IN)u(ps)e*'(IN),
y(§—y—ie) (&£-y—is)(y—ie) L 31
(25)
] ) . wherel and\ are the momenta and transverse polarizations
The imaginary part of the above fgr>0 is of the emitted gluon. Using
N Fe(©) |“n?+ 1"~
TN e d(Ey) > eH(IN)e"* (IN)=—gr'+ — 3
- .
and, hence, and summing over=1,2 gives
| d'% d4/’T[ LKA HA (K, IM()] 2x 1 14+x*-¢
m NS Y(K,/ b ) —
(2m* (2m)* ’ ’ P'|Alk)(k|AT|P)=g? — :
( ) ( ) < | | >< | | ) g \/l—_‘é ka_ (1—X)(1—X—§)
1 F 33
=-37 1—5%5)9 (26) 33
Inserting this into Eq(22) yields
B. Cross section ,2y(y—9) d?k
All the ingredients are now in place for calculating the (1-§ J 167k}
cross section for the diffractive process under consideration: 14+x2—¢
do 1 ><5(y—1+x)—(1_x)(1_x_§). (39

dat 167TSE|A| . . . . .
The last integral is both infrared and ultraviolet divergent. It

2 5(5) is regulated by inserting a low momentum scale cutoff
\3\/— ( w1 #=0(Agcp) and a high momentum cutofk, =0O(Q).
Multiplying by the color factorCr =4/3, we arrive at the
(270 perturbativeasymmetriggluon distribution inside a quark:

B 1
- 16m(Q%/¢)

The factor 2/3/3 comes from summing over colors, afidis

the quantity calculated in the previous section, @4), from 2aq (1-vy) Q?
the expansion of the heavy quark loop integral. Defifinip Fely)= [ + (1-¢&) ]'” 2 (35
be the leading order decay width into lepton pairs,

by 5 Note that
167TeQae
= mZ (28)
2
yields the important result V1-EF(8)= 3
do _ 1@n3|v|r v2¢ 1
- V1 — S 2
(29)
. . . e but that the usual perturbatigymmetricdistribution, which
Making the approximate identification can also be obtained by first puttiig=0 in Eq. (35) and
- EF (&)~ £9(8), (30) then settingy=¢, is
and setting the last factor to unity reproduces Eg.once fg(g)— (1 £+ = §2) (37)
again. This identification was motivated by E&3) but the

exact relation betweeh and is far from clear. . . .
(&) 9(é) Comparison of the last two formulas gives an estimate of the

extent to which the asymmetric distribution departs from the
symmetric one ag becomes larger.

F«(£) andg(&) can be known only if the nonperturbative  Finally, we remark that there exists some confusion in the
structure of the proton state is known. However, it would beliterature about various factors of 2 and 4. First, it is claimed
highly desirable to have at least some partial knowledge oin the work of Brodskyet al. [4] that the cross section dis-
their structure. To this end, consider the following simpleplayed in Eq.(1) must be multiplied by 1/4. We do not find
solvable problem: Imagine that the target proton is replacethis to be the case; the result of Ryskih2] appears to be
by a single quark which can radiate a gluon. Its light-conecorrect. This point has been corroborated in R&f. A sec-

C. Perturbative gluon distribution
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