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Average jet-charge density and direct measurement of quark charges
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A new method for the direct measurement of the quark charge is proposed. Instead of a neutrino
beam, an electron, photon, or hadron beam can be used so the statistics is much larger in our
method. Examples of y-N and e-X collisions are presented for measuring the u- and d-quark
charge.

Model analyses' show that it is reasonable to expect
a stable relation between the average charge of jets pro-
duced by partons of type a and the charge of the parent
parton. Thus, supposing we can by some means isolate a
set of jets produced by parton u, then the quantity eJa
rejects the charge of parton 0;:

a

eJ = eJ E

i=1

Here, n is the total number of observed jets from quarks
with the same Aavor a (say, a =u) and eJ (i) refers to the

observed charge of the ith jet in this set of jets. The pre-
cise definition of the observed charge of a jet has been dis-
cussed in detail in Ref. 3. First, we address the problem,
which it is not at all obvious, of how to identify the
parent parton of a given jet.

A method of measuring the average jet charge from u

quarks was originally proposed by Feynman. ' He sug-
gested the study of jets produced in v-p inelastic scatter-
ing. This selects u-quark jets, because only d and s
quarks in the proton can absorb 8'+ bosons and then
turn into u quarks (a few charm quarks may be produced,
but they also carry charge —', ). Similarly, v-p deep-
inelastic scattering and some improved schemes ' have
been considered. The experiments have been per-
formed ' and the results are in agreement with frac-
tional quark charge. However, because fractional quark
charge is such a fundamental concept, it is desirable to
Gnd additional tests of this property. It is the purpose of
this paper to present several such tests.

In order to increase the probability of jet events and to
study harder jets, it is natural to study jets produced by
electromagnetic and strong interactions. In contrast with
v-p scattering, however, it is not obvious to select a sam-
ple of jets of one particular quark flavor in a process of
electromagnetic or strong interactions. In order to tackle
this problem, statistical criteria of selection have
achieved reasonably successful results" ' in collider ex-
pen ments.

We would, however, like to suggest a new scheme to
measure the average jet charges of u and d quarks. Since

our method does not require recognizing which jet is pro-
duced from which type of quark or gluon, it enables us to
deal with electromagnetic and strong interactions
without using statistical criteria and, because we deal
with the strong and electromagnetic interactions instead
of weak ones, the magnitude of cross sections with our
method can reach about 4X 10 times larger than those in
Ref. 1. Our scheme is particularly appropriate for the
real and virtual photon beams of very high energies
which will be available at Fermilab and DESY HERA.

Let us define a new physical quantity QJ, the average
jet-charge density for a given sample of events in region
dQ of momentum space for the process A +8~jet+X,

(2)

Here the sum over a goes over quarks, antiquarks, and
gluons, N = g n is the total number of jets, and eJ(i)
(i =1,2, . . . , n) refers to the observed charges of any
high-PT jets appearing in the region dQ of momentum
regardless of which type of quarks (or gluons) they are
produced from. In terms of the differential cross section
der jdQ for producing a jet from a present parton a and
the average jet charge eJ of Eq. (1), we have

a

QJ cc g (A +8~a+X)e~
dO

By definition, all jets produced by any type of partons are
included in QJ, so the random errors of the measurement
of observed jet charges will be canceled in each subsum-
mation

eJ (i )

of Eq. (2).
Since the fragmentation from partons to hadrons is a

strong-interaction process, charge-conjugation invariance
requires

DA(z Q2) —Dll(z Q2)
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QJ = g ( A +B~a+X)eJ
dQ a

( A +B~@+X)40'
Q

(A +B~p+X) ej
P

where the sum over P goes over quark flavors only, and
does not count antiquarks. This means that the contribu-
tions to QJ from the processes A +BOP+X and
A +B~P+X will cancel if

dQ
(A+BOP+X)= — (A+BOP+X) .

dQ
(6)

This gives us a chance to cancel all of the Aavor-singlet
contributions. In other words, we may pick up the only
contributions of valence quarks as long as we choose the
right process, for which the relation of Eq. (6) holds.

In the following, we shall give two specific examples to
illustrate how to use average jet-charge density QJ to
determine eJ and eJ .

tt d

First we consider two kinds of high-Pz jet processes

(a) y+proton —+jet+anything,

(b) y+ neutron~jet+ anything,

which can be performed at Fermilab by a photon beam
with the energy of E&,b =600 GeV. For these reactions,
most subprocesses are canceled and the only contribu-
tions come from the subprocesses

where D" (z, g ) =D" (z, g ) is a fragmentation function
from parton u into hadron h, and N, h are the charge-
conjugated partners of a and h, respectively. As usual,
D" and D" are functions of z, the fractional momentum
of the hadron, and Q, the momentum transfer squared
in the process. Equation (4) implies the simple relation

eJ = eJa a

We thus derive an important property of the average jet-
charge density:

can be calculated in QCD, and uz and d& (N =p or n)
have been given by deep-inelastic scattering. We may re-
gard Eqs. (8) and (9) as mixings of eJ and eJ . If Q JyP and

tt d

Q Jy" are measured, we can combine (8) and (9) and find
the solutions of eJ and eJ . In particular, the ratio

tt tt

eJ

eg
d

1(d Ug yP d Ug yn)

u„"Q yP —u'g y" (10)

is independent of any cross section of subprocesses.
The same information can be obtained from jet produc-

tion in electron-proton and electron-neutron scatterings,
which could be realized at high energy at HERA by per-
forming electron-proton and electron-deuteron collisions.
Substituting Qf, Q z", and (d & ldt )( eu ~ue) for Q yap,

Q J", and (d& Idt)(yu ~ug) in Eqs. (8)—(10), respective-
ly, we can get the average jet-charge densities in e-5 col-
lisions and then And eJ, eJ .

tt d

Finally, we give the predictions for the Qz's for the
above four reactions in QCD at the Born-approximation
level. In the center-of-mass system of the initial particles,
we define

/k /sin8
T

)k~ [cos8
XL =

Q yp( )
87rtxtxs

27+ aL (aL XL }x

a, —=(xr+x,')'",
x =—fp, iIE,

where p is the momentum of a valence quark in the ini-
tial nucleon, kq the momentum of the Anal high-Pz-
quark, and 0 the scattering angle of the 6nal quark, 2E
is the total c.m. energy.

By taking eJ =
—,', eJ = —

—,', the average jet-charge den-
M

sities can be predicted in terms of xL and xz--.

y+u„(or d, )~u(or d)+g . (7)
2+

2 2 Q xL L

Taking dA =dx dt, where x is the fractional momentum
of valence quark in the nucleon and t is a common Man-
delstam variable of the subprocess of Eq. (7). We have

g J'(x, t) =[u;(x,g')eJ +-„'dp(x, g')eJ 1 (yu ~ug}

(8)

X(3 —
2'4) '( Q ) (12)

4+(2—aL —xL )

(aL+xL )

X ( —', —
—,', )xu '( x, g ),

KcK xy2

Q j'(xr, xL )=
18E aL (aL —xL )x

Q yJ"(x, t)=[ (ux, g')e~ + —,'d„"(x,Q')eJ ] (yu~ug),

(9)

where u~ (dN) with N=p or n are the up- (down-}
valence-quark distribution functions in the nucleon. Q gyp

and Q z~" can be measured directly in experiment, d & Idt

g r"(x,,x, }=-',g J'(x'x. ) .

Q J"(xz., xL )=—', Q j'(xz. ,xt ),
where we have used the isospin relations

Q —6f —28 —0p n p n

(14)

(15}
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FIG. 1. The calculated average jet-charge density
Q &~(xr,xi ) distributions in the (xr, xr ) plane with ez =

—,,
Q

ez = —
3 as the input. Q~"(xr, xL )= —,Q J (xr, xi ) according

to Eqs. {14) and {15). The incident photon beam energy
E(b =600 GeV. The numbers by the curves are in units of nb.

%'e shall not consider the higher-order corrections to the
cross sections of subprocesses, since the value of e& 's,

a
especially the ratio e~ /ez, should be independent of the

M d

cross sections of any subprocess.
For numerical ca1culations, we take s =1200 GeV for

y-X collisions and s =9600 GeV for e-N collisions, and
use the nucleon structure functions by Buras and Gae-
mers. ' We also take A=0. 218 GeV, Q =4xE . The re-
sults are shown in Figs. 1 and 2. The curves of QJ in
these two figures are drawn under the input of eJ =—',

Q

eJ = —
—,'. Comparing these "theoretical" curves with the

corresponding measured, one we can determine the ex-

FIG. 2. The calculated average jet-charge density
Q j'(xz. ,xL ) distributions in (xr, xL ) plane with e~ = 3,

Q

e~ = —
3 as the input. Q z"(xr,xL)= —,Q P'(xr, xL) according to

Eqs. (14) and (15). The incident electron beam energy E~',b =30
GeV and the incident proton beam energy Ef,b = 800 GeV. The
numbers by the curves are in units of nb.

perimental value of ez and eJ .
Q d

%"e should emphasize that our method to measure
quark charge does not require identifying the parent-
quark flavors of jets. This is an important advantage.
We wish this kind of experiment would be performed at
Fermilab and HERA in the near future.

The authors wish to thank George Sterman for many
stimulating discussions and suggestions.

R. P. Feynman, Photon-Hadron Interaction {Benjamin, Read-
ing, MA, 1972);

G. R. Farrar and J. L. Rosner, Phys. Rev. D 7, 2747 ()973); 10,
2226 (1974).

3R. D. Field and R. P. Feynman, Nucl. Phys. 8136, 1 {1978).
4P. Hoger et al. , Noel. Phys. 8161, 349 {1979); A. Ali, E.

Pietarinen, G. Kramer, and J. Willrodt, Phys. Lett. 938, 155
(1980).

5W. Ochs and T. Shimada, Z. Phys. C 4, 141 (1980).
6P. A11en et a/. , Phys. Lett. 1128, 88 (1982).

J. P. Berge et a/. , Phys. Lett. 919,311 (1980).
8P. Allen et a/. , Nucl. Phys. 8181,385 {1981).
9M. Derrick et a/. , Phys. Rev. D 24, 1071 (1981).
OS Barlag et al. , Z. Phys. C 11,283 (1982).
H. Aihara et a/. , Phys. Rev. Lett. 53, 2199 (1984).
J. J. Aubert et a/. , Z. Phys. C 31, 175 (1986).
G. Arnison et a/. , CERN Report No. EP/86-55, 1986 (unpub-
lished).

~4A. J. Buras and K. J. F. Gaemers, Nucl. Phys. 8132, 249
{1978).


