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The differential and total cross sections of the heavy quark pair production (taking
into account the quark anomalous chromomagnetic moment) are presented for electron-
-nucleon and neutrino-nucleon (at the expense of neutral weak currents) collisions. The
contribution of two pole diagrams, describing the interaction of the electron and *he neutrino
with the gluon from the initial nucleon, is taken into account. The dependence on the quark
azimuthal angle and on the virtual boson polarization parameter is studied. Those contribu-
tions to the deep-inelastic structure functions which are stimulated by the heavy quark pair
creation are calculated in this pole approximation. The influence of the initial photon polari-
zation on the heavy quark pair photoproduction is outlined. It is shown that the available
experimental data for the J/y leptoproduction allows us to obtain the following estimation

%l < 1.5+2 (in quark magnetons) for the charm quark anomalous chromomagnetic
moment.

PACS numbers: 12.40.—y, 12.20.Hx

1. Introduction

The investigation of the photo- (y+N -» QQ+X, [1], X is a nondetected set of
hadrons, Q is the heavy quark), electro- (e+N — e+ QQ+X, [2]) or_neutrino- (v+N
- v+ QQ+X, [3]) production of the heavy quark pairs is the most convenient way to
study the gluon distribution function in hadrons (of the longitudinal momenta). In these
cases the lepton-gluon fusion mechanism for the heavy quark pair production is the most
probable. These reactions are an effective source of new particles and they allow us to
study different properties of heavy quarks. Thus, the reaction v+ N — v+ QQ+X may
be exceptionally useful for the determination of the Q quark neutral weak current structure
[4). This is important for checking the correctness of various unified theories of weak
and electromagnetic interactions. At present the neutral weak current structure is deter-
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mined only for the nonstrange u and d quarks, i.e. only for one quark doublet in the
Weinberg-Salam model [5].

Since the Q quark masses are rather large, calculations of the above mentioned proc-
esses are carried out by the quantum chromodynamic methods. For all that it was assumed
that the quark-gluon interaction is the same as the electron-photon interaction in quantum
electrodynamics, i.e. the Dirac type interaction which is characterized in the coloured
SU(3) symmetry by one constant.

In this paper we investigate the influence of one more possible quark-gluon interaction
(the Pauli interaction) constant characterized by the anomalous chromomagnetic moment
(ACM) on the behaviour of various heavy quark leptoproduction variables. The quark
ACM naturally arises when we take into account the higher order corrections to the usual
standard quark-gluon interaction constant [6]. In the general case the quark ACM must
not be a constant and it must depend on the squared momentum transfer (the gluon
virtuality degree). But in the small momentum transfer region (as in the case of the consid-
ered processes) the quark ACM may be considered as some phenomenological constant.
It is necessary to stress that the quark ACM can exert a significant influence on charmo-
nium spectroscopy [7] and that of quarkonium in general [8]. It was shown previously
that taking into account the quark ACM was essential in describing the spin-spin part of
the Hamiltonian and it allowed us to improve the charmonium spectroscopy.

2. The differential cross section

The matrix element for any of the processes
e+g—+e+QQ, v+g-v+QQ,

in the lowest order in the quark-gluon coupling constant (for the two diagrams in Fig. 1)
can be written in the form

e2
M = _q‘z_ Gcfl;x']w Iu = ﬁ(kz)yp(vc'l"aeYS)u(kl)’
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where g, is the quark-gluon coupling constant, eq is the electric charge of the Q quark
(in units of the proton charge e), x is the hypothetic anomalous chromomagnetic moment
of the Q quark (in quark magnetons), m is the quark mass, U,(k) is the four-vector of the
gluon polarization (the four-momenta designations are shown in Fig. 1). For the heavy
quark pair electroproduction, it is necessary to take G; = 1, v, = 1,04 = eq, @, = ag = 0.
The matrix element of the heavy quark pair production in the neutrino-gluon collisions
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due to neutral weak currents can be obtained if in Eq. (1) we set G; = Gg*/e? /2, v, = a,
=1, aq = egl2legl, vq = (1/2—2eq sin? Oy)eq/leql, Oy is the Weinberg angle (later on
we shall consider the simplest version of the SU(2) x U(l) unified model of weak and
electromagnetic interactions [5]).
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Fig. 1. The pole approximation for leptoproduction of heavy quarks
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After summing over the final quark and antiquark polarizations and averaging over
the initial gluon polarizations the squared modulus of the matrix element can be written
in the following form

4
— e
|Ml2 =z G:fluvTuvs Tuv = JuJ:ka
q
luv = 261[(”3 + a:) (Zkl,ukZV + 2klvk2u + ngyv) i4iveaeaavaﬂk23klﬁ]’ (2)

where &, = 1/2 for the electroproduction, 8, = 1 for the neutrinoproduction. Signs + cor-
respond to the neutrino or the antineutrino scattering.

In the coordinate system where the z axis is directed along the momentum ¢ and the
xz plane is coincident with the lepton scattering plane, the product of the tensors /,, and
T,, has the form (in the c.m.s. of the quark-antiquark pair)
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where q = (q,, q), @ is the quark azimuthal angle, ¢ = <1 -2 % tg? 7‘) , 8. is the lepton
q

scattering angle in the laboratory frame. In Eq. (3) the terms proportional to v.a, are
due to the P-invariance violation in the lepton current.

The differential cross section for any of the proctsses e(v)+g — e(v)+QQ, corre-
sponding to the detection of the final lepton and quark, can be written as

_ &, IM|?

do = 7 Bd&,dQ.dQ,, O]

where &,(&,) is the energy of the initial (final) lepton in the laboratory frame, dQ, is the
final lepton solid angle in the same frame, dQq is the Q quark solid angle in the c.m.s. of

the QQ pair, f = v/ 1=4m?[s, s = (p,+p,)? is the QQ invariant mass.
The tensor T, is the squared function of the variable x and, therefore, it can be pre-
sented in the form

— o) (1), . 21(2)
T, = T, +xT,, ' +x°T,),

t
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where o, = m*—t, a, = m*—u, (k, q),, = k,q,+k.9,. Here the terms proportional to
g, are omitted since they do not contribute to the differential cross section.

The important property of the tensor T, is that its symmetric part is simultaneously
P-even and its antisymmetric part is P-odd. This is a consequence of the pole mechanism
considered here, In the general case, both P-even and P-odd parts of the tensor T,, must
contain a symmetric part. The tensor T\ was obtained earlier [9] for the processes e(v)
+g — ¢(v)+QQ. The components of the tensor T, used in Eq. (4) are given in the
Appendix.

By analysing Eq. (5) one can notice that the tensors T%,"> for the process e+g — e+ QQ
are orthogonal not only to the four-momentum ¢, (as should be by virtue of the quark
electromagnetic current conservation in the approximation considered) but it is also
orthogonal to the four-momentum k,,, viz., T\,?k, = T','*k, = 0. It means that the tensor
structure of Tf,‘v’z’ can be written in the following way

T(] W2) _ A(l 2)G +B(1 Z)Pjuply,

ki, (ks @)u
G v = § v+q2_p"‘ - - )
oS TT (kg (kg) "

where the invariant structures are determined by the formulae

= Guvp Ivy (6)
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The tensor G, is transverse in the chosen coordinate system (only G;, and G,, com-
ponents differ from zero) and the vector P, has only one nonzero component
(P, = —\/sBsin6/2, 6 is the angle between the momentum ¢ and the quark momentum
p: in the QQ c.m.s.). Therefore, the quark ACM leads to a quite definite dependence
of the cross section on the azimuthal angle ¢ for heavy quark pair electroproduction
on the gluon

2

LTO? = lq [ZA“ vy 2 ﬁ sin> 0B P(1 +¢ cos 2<p)] (8)

It follows from Egs. (7) and (8) that the quark ACM makes contribution only to the

transverse components of the differential cross section, namely, to T,, and T,,. Note

that T,..—1T,, contains only the squared contributions of x. Therefore, the quark ACM
manifestation should be sought only in these combinations.

3. The structure functions

The result of integration over the final QQ pair in y*(Z*)+g — Q+ O is determined
by the following tensor
d’ P1 d3P2
, = () J 35— 0k+q—py—p;)T,, 9
We (2n)*2p15 (27)°2p20 e ®
For y*+g — Q+ Q the tensor W,, is characterized by two standard structure func-
tions

1 k k
W,, = Fy(z, q’)(-g," 9uts ) + o Eal 40 (k”—qu q—q> (kv—qv q—i’) (10)

The tensor W, for Z*+g — Q+ Q is determined by a greater number of structure
function in the general case. Some of them are multiplied by the tensor structures propor-
tional to g, g, and do not make any contribution to the massless neutrino scattering cross
section. The structure function multiplied by &,,,4k.q, is equal to zero for the considered
mechanism by virtue of the CP-invariance of the weak interaction with neutral currents.

Using Eq. (5), we can obtain the structure functions

F, (z,¢%) and Fy (z.4%) F, (z,9%) —2zF, (z,¢%)

S
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=2

” z 1
v {8 s—=3 )43 asctan]en? 8 (3- 5 + L Graeon)
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16 —— (1= z+42%) [ 1+ 1)) % AG - z—yz+3 224+ 3y2Y)
T 2 2, 2 2 3 2 2
a—FL(z,g ) = (vg+ag) [2z°(1 —z)f—4yz A]+aQ{—4yz (1-2)p

8

+2yA(z =222 (1 - z(1 +2y)) +&[3 z(1 — )+ A(yz(1 —2)—z%)]

3 1—-z+42
+x? [r‘,—ﬁ<2+ S eios (1-2z)2) +%A(§ -z2(1+2y)>]},

m .
'y= 3 A:ln—— (11)

If k = 0 one can obtain from Eq. (11) the well-known expressions for the heavy
quark leptoproduction structure functions [9]. It is seen that the quark ACM does not
make any contribution to the QQ pair production by the longitudinal virtual photons.

In terms of the gluon structure functions the total cross section of the QQ pair lepto-
production on the nucleon is determined by the following formula

1

Tux, g%) = J dyG(y, ¢*)F,,. G q’), (12)

ax

where G(y, ¢?) is the gluon distribution function in the nucleon, ¢ = 1—4m?/q>. If one
takes an interest in only the QQ bound state production, one can use the following equa-
tion [10]

bx

un 1 X
FPIM(x, ¢%) = j—v-fdyG(y, 4)F,y (;, qz), (13)

ax

where b = 1—4m?/q?, m; is the mass of the lightest meson with the open flavour, N is
the number of the QQ bound states in the interval 4m? < s < 4m?. We shall use for the
charm production N = 8, m = 1.25 GeV, m, = 1.86 GeV and for the b quark production
N=14 m=47GeV, m = 535GeV [11].

It is seen from Fig. 2 that the quark ACM changes only the absolute values of the
electroproduction structure functions (and of the neutrinoproduction, Fig. 3), but does
not considerably change the character of the x and ¢? dependence. The gluon distribution
function for the nucleon was taken from Ref. [12). The fact that we take into account
the quark ACM only in the small interval of negative values » results in decreasing the
absolute values of the electroproduction structure function F4'(x, %) (as compared with
the quantum chromodynamic predictions). In all other cases the structure function
F'%(x, ¢?) is increased. For example, at g*> = —20 GeV? and x = 0.01 the total charm
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Fig. 2. Electroproduction strucwure functions, plotied versus (a) the quark ACM » at x = 0.01 anc
g% = —20 GeV? and (b) the squared momentum transfer g* at x = 0.01. Solid and dashed (dashed-dottec
and dotted) curvers correspond to charm (bottom) structure functions Fi°(x, %) and FL°""(x, %)
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Fig. 3. Neutrinoproduction structure functions, plotted versus (a) the quark ACM #x at x = 0.01 anc

q* =

—20 GeV? and (b) the squared momentum transfer g2 at x = 0.01. Solid and dashed (dashed-dottex

and dotted) curves correspond to charm (bottcm) structure functions Fy*'(x, ¢*) and F{(x, ¢%)

production in F5'(x, ¢%) is increased from 0.12 to 9.1 if the charm quark ACM is changec
from O to 5. The fact that we take into account the quark ACM for the neutrinoproductior
of the heavy quarks always results in increasing the absolute values of the structure func
tions Fy(x, ¢%) and F(x, ¢%). The influence of the quark ACM is increased with increasin;
lg?} and decreasing x. Not to contradict the available experimental data on F,(x, ¢°
[13], it is necessary to limit the charm quark ACM by the value |x| < 1.5+2.
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4. The heavy quarks photoproduction

The total cross section for the QQ bound state photoproduction in the considered
model is determined by the formula

4M12

_ 1
0N - QQX) = — | dsG (% , s) 0,4(5), (14)

4m?

where S = (g+px)?, 0,,(s) is the total cross section of the pair production in the photon-
-gluon fusion

8nla

G'W(S) = T Rquuv’ (15)

where R, is the initial photon density matrix.
It is seen from Eq. (10) that the total cross section of the linear polarized photon
absorbtion is equal to the total cross section of the nonpolarized photon absorption.

Therefore, setting R,, = —g,,/2 we obtain in the considered approximation
i P L. O DY .Y (16)
o = n—- e —_—1- ,
o s 1—p 2 )

where A = 4m?/s.

The available J/p photoproduction experimental data has a better agreement with
predictions for the mechanism under consideration at x # 0, viz.,, x ~ —1 (Fig. 4). At
JS S 50 GeV the Y photoproduction cross section is about two orders of magnitude
less than the J/y photoproduction cross section.

It would be interesting to investigate the dependence of the heavy quark photoproduc-
tion differential cross section on the initial photon Stokes parameters. In the general case
the tensor R,, has the form

R

™M

$1 @, @, an 82 gy @ @
uy — _% guv+ E(el(l )95 )+efl )ei ))— T(e( )es )—eu e, )

¢

+ 5 (e(VelV — Pel?), 17
where
€ = NN -N?, = PN =P, N, = tuppiaD2ply

P, = &,5,NKpdy
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£; are the photon Stokes parameters. Then, for the differential cross section of the proces:
y+g - Q+Q we obtain

do  nuael {a, L dm?s(a,x,— m?s)

= + .
dt 45> o, o ol
(a0, —m3s)s [ 8m* s? s ,
+§3 o 2 _Kz +K +K2 3 (18
2m o, 0,0 o0 Zm
2 'V?TéeV; L L g T L] L] T 02 1] T T T
) {em®)
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e o 0 e
15 x
=-31 5 i ’0.31 L 5
-z2 | i ’0-32 E 1
/]
-33 L - Bl -7
~, ‘4 -
~ ,’ ”
N 4 3 ”
Tl N\ 7 107 x // -
AN /7 - -
”~ -
-35 s - 351 s < //” -
- 15 -~ o S - ——
- ” -
~ U d 1 7 7’ -
N ~ 36 <
36 L N ,I < 7k 0 ,’ ,/
\ Y /
\\ / -1
I U T ol 1 i 1 L.l A [ 1 A
-5§-4-3-2-1 01 2 3 4 «x 0 20 X0 VT (Gev
{n) 1LY

Fig. 4. Total cross section of the QQ bound states photcpreducticn as a functicn of the quark ACM |
(a) and the energy +/S (b). Solid and dashed curves correspond to J/y and Y photoproduction. Experi
mental data are 1aken frcm Ref. {20}

As it should be expected, the differential cross section (18) does not depend on th
parameters £, and &,. It is important to stress that the sign of the contribution proportiona
to &5 in Eq. (18) depends on the value of «. It can be seen that this additional contributio
is always positive if |k] > |/ 2.1f |x] < /2 the sign can be changed by changing the quar]
jet angle. Therefore, the investigation of the polarization effects in the jets photoproductio
may be useful for the accurate definition of the quark anomalous chromomagnetic moment

5. Conclusion

The available experimental data on the J/y photo- and electroproduction does nc
contradict the charm quark ACM value [x| ~ 1.5+ 2 (in natural quark units). The large
values of k are unacceptable. It is interesting to compare the limitations we have foun
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with the estimations for the quark ACM available in literature. The values of the charm
quark ACM required in the charmonium spectroscopy are dependent on the specific
form of the potential used: x = 1.1 [7, 14], ¥ = 4.4 [15], k = 5.1 [16]. From the above
analysis it follows that the large values of « (k ~ 4 5) contradict the J/p leptoproduction
experiments. As a result of the last experimental charmonium level structure investiga-
tions [17], the situation with n, and n_ has changed essentially. Thus, the existence of 1, has
not been confirmed and the n, mass turned out to be large, m, ~ 3 GeV. Therefore, the
difficulty with the spin-spin interaction in charmonium is essentially resolved and, hence,
the introduction of the charm quark ACM becomes unnecessary. As a result, the values
K ~ 4= 5 must contradict the new charmonium spectroscopy. But nevertheless, the problem
of the D-D* and F-F* mesons mass splitting remains unsolved [18].

The quark ACM form factor calculations carried out in the framework of quantum
chromodynamics lead to the formula [19] k(g?) = (—m?/g?)°—1, where d = 3o,(—g¢?)/4.
Hence, it follows that at short distances |g?| ~ m?, k ~ 0 and at long distances k- 2 1.

In conclusion we can claim that the investigations of the deep-inelastic charm particle
leptoproduction will allow us to define precisely the value of the quark chromomagnetic
moment.

APPENDIX

The components of the tensor T, are determined by the following formulae

1+ p% cos® 0 . z(1—2)
T(0)= a’{ 2+ 2 [8———-—————-—— -32 2 29_
w = (ot ag)| By =328 sin 0 ey Ty

128yz
aq 1= Fcos® 8 [47z—(1—-2) (1—B* cos? 9)]} ,

2(1—2) (1 +4y— B cos? 0)
(1— B2 cos? 6)°

T = na, {(ug+ag)16,32 sin” @
128yz ©
aém [4)’2—(1 bt Z) (1 —ﬁz COSz 9):]} + 7;,’; s
z(1=2) (1 +4y— B? cos? 0)+ B> cos® 6—1—8yz
(1— % cos? 6)*

1 "192 1 “t?z } 0
8P | ya216—at LT,
1—p? cos? 9] “e 1—p%cos? 0 »

T = na, {(uawg) [1632 cos? 0

(0) __ 7(0)
sz - sz

1—B? cos® 0+8yz—4z(1—z) (1—B* cos® 6(1 -4?))}

= —7na, {(vé+aé)8/32 sin 6 cos 0 (1—B*cos” 6)*
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16 1—-2z(1+4y)—38% cos? 0
T = TP = oo 844
ﬂa (vQ+aQ) 1 ﬁz COS 0 aQ l_ﬁz cosz 9 4
2z(2—
14 2227V ) +38% cos? 0
TV = —no,al8 Loz
= 7Q 1—B%cos® 0 ’

245 schosG
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16 8 8 4-p?
T?(Yz) = T, {(Ué‘*’aé) [1_52 - l_ﬁz COSZ 9] +aé[1_32 cosz ] +38 l—ﬁz]} ’

A 8 882 cos? 6 16
T’ = o, {(vé+aé) 1— B2 cos* 0 +aé[ 1-2  1—p*cos’ 9]}’

8% sinfcosd ,
——1'_—[32‘“— 9

Tx(zl) Tz(xl) = moa

T® = T? = —m,

J2ivgagf cos 0

G peost gy LAF 08" O (1=22422)+ 827,

(0) _ (0) _
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16ivgagp sin 0

T = T = na, A=p7cos? 0 [(1—B? cos? 6) (1—2z)—8yz],
16ivoag(l1—22z)f sin 0
TO = - T = na, ((1)-(-2[12 oo ) [(1—pB? cos® 6) (1 —2z)—8yz],
8 cos @
TP = - TP = o l‘ﬁ;’—"ﬂ—w (13-72),
4ivqagf sin 6
TP = TP = -T =T} = ~ma, =P o0 (3-72),
1
4 P
Tx(:) = --Ty(xz) == 7r0t54iUQaQB CcOos 6 l—ﬁz -+ 1_ﬁ2 COSZ B ’

8ivgagp sin 0

TP = - TP = na, ;
or ¥ * 1—p2cos? 0

. M 2 1
Ty(zz) _- Tz(yZ) = ﬂﬁsstaQﬁ sin 0 (1 _Bz - l_ﬁz COSz 0) .
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