
Nuclear Physics B135 (1978) 224-236 
© North-llolland Publishing Company 

HADRON PRODUCTION BY VIRTUAL PHOTONS IN THE QUARK 
FRAGMENTATION REGION 

J.M. SCARR,  C.K. CHEN *, J. KNOWLES,  D. M A R T I N ,  I.O. S K I L L I C O R N  

and K. SMITH 

University of  Glasgow, Glasgow, UK 

P. JOOS, A. LADAGE, H. MEYER * and G. WOLF 
Deutsches Elektronen-Synchrotron DESY, Hamburg, German), 

G. DREWS, J. KNOBLOCH $ $, H. NAGEL,  E. RABE,  W.-D. S C H L A T T E R  * *, 

H. SPITZER and K. W A C K E R  * 

II. Institut Jar Experimentalph),sik der Universitiit Hamburg, Hamburg, Germany 

Received 30 November 1977 

We have measured the inclusive electroproduction of positive and negative hadrons in 
the quark fragmentation region using the streamer chamber at DESY. Data are presented 
in terms of the variable Zp = ply in the kinematic region 1.8 < W < 2.8 GeV and 0.3 < 
Q2 < 1.4 GeV 2. The positive hadron distributions contain a strong proton component. 
After subtraction of the proton component and elastic rho events, the distribution 
(1/atot) do/dzp for positive and negative hadrons agrees well with the corresponding dis- 

+ tribution from e e -  annihilation (DORIS data). This behaviour supports the validity of 
the quark-patton model at surprisingly low Q2 and W. 

1. In t roduc t ion  

The observat ion in 1968 of  approx imate  scaling of  the total  inelastic ep scattering 

cross section for Q2 > 1 GeV 2 and W > 2 GeV init iated the in terpre ta t ion  o f  inelastic 

processes in terms of  quark-par ton models .  In the last few years an impressive amount  

o f  data has been accumula ted  f rom e+e - ,  lepton-hadron and hadron-hadron inter- 

actions which can be unders tood  in terms of  quark-par ton models  [ 1 - 3 ] .  However ,  

most  of  these data were obta ined at considerably higher energies than the region 

W = 2 - 3  GeV where the onset o f  scaling has been observed. 

* Now at Argonne National Laboratory, Argonne, I11., USA. 
1: Now at Bergische Universit/it, Wuppertal, Germany. 
$ $ Now at CERN, Geneva, Switzerland. 
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We have measured the electroproduction of  positive and negative hadrons in the 
transition region where scaling starts, i.e. 1.8 < W < 2.8 GeV and 0.3 < Q2 < 1.4 GeV 2. 
We here report on a study of  our inclusive data with the object of  finding whether the 
scaling properties expected from the quark-parton model apply at these low energies. 

We consider only the current fragmentation region, where the quark-parton model 
leads to specific predictions [2]: 

(i) there should be an excess of  positive over negative pions, 
(ii) the sum of the n + and n -  cross sections is twice the n o cross section, 

(iii) the normalized distributions for h ÷ + h -  production from ep and e+e - inter- 
actions should be similar. 

In order to check the above predictions we eliminate from our data backgrounds 
not due to quark-parton fragmentation. We subtract both elastic rho production 
7vP ~ pOp, and the substantial number of forward protons which are not produced 
by current fragmentation. Having applied these cuts our data agree with the quark- 
patton model predictions. 

In the following we discuss the experimental procedure in sect. 2, and the choice 
of  the variable Zp used for analyzing the data in sect. 3. In sect. 4 we present the Zp 
distributions and the h+/h - ratio in the current fragmentation region. Finally, the 
data are compared to predictions of the quark-parton model in sect. 5. 

2. Experimental procedure 

Positive and negative hadrons from inelastic ep scattering at 7.2 GeV beam energy 
have been detected in a 1 m streamer chamber at DESY. The data sample and anal- 
ysis procedure is the same as that presented in ref. [4]. This paper is based on 
11 300 reconstructed events in the kinematic region 1.8 < W < 2.8 GeV and 
0.3 < Q2 ~ 1.4 GeV 2. The data have been corrected for limited acceptance of  the 
electron detection system and for particle losses in the streamer chamber. The Q2 
and W dependence of  the topological cross sections has been radiatively corrected. 
We have not, however, corrected the Zp distributions for smearing in Zp due to 
measuring errors and radiation. 

We analyze the electroproduction of  hadrons in terms of  the process 

7vP ~ hX , 

assuming that the interaction is produced by a "beam" of  virtual photons. The con- 
nection between the electron and the virtual photon scattering cross sections can be 
found in ref. [5]. 

3. The choice of  the variable Zp 

In the quark-parton model the virtual photon is assumed to be absorbed by a 
single quark, or antiquark, which, behaving as a free particle, is ejected from the tar- 
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get proton and subsequently fragments into the hadrons of  the current fragmenta- 
tion region. The breakup of  the quarks is described by the fragmentation functions 
Dhq(z) [2], which represent the probability of  a quark, q, giving a hadron, h, carrying 
a fraction z of  the quark energy. For electroproduction z is given in invariant form 
by 

P ' h  

P . q  

where q, P, and h = (E, p) are the 4-momenta of  the virtual photon, target proton, and 
final hadron respectively. In terms of  laboratory frame variables, 

z = E/p , 

where E is the hadron energy, and ~, the photon energy. 
In practice we use the common alternative 

Zp = p/P 

which does not require particle identification. At our energies Zp differs from z by 
less than 3% for pions with z > 0.2. 

In the current fragmentation region, zp is closely related to the variable 
XF = PlT/Pmax, Zp ~ X F if  ElY ~ Pll/V, that is, for high energies and positive x F values 
not close to Xv = O. Under these circumstances the invariant structure function can 
be written 

d30 _ x  F d20 , .~Zp d20 
E ~ p  ~ dxFdp~  rr dzp-~p~ 2 =f(zp,  p~ ) .  

In most figures, however, we use the normalized distribution * 

1 do 
F ( z p )  - - -  

Oiot dzp ' 

where F(2p)d2p is the number of  particles produced per event in the interval 
Zp -~ Zp + dzp. The inclusive n -  distributions in terms of  the variable XF and Pi  have 
been presented for our data in ref. [4]. 

4. The Zp distributions for positive and negative hadrons 

First, we describe the procedure used to subtract the elastically produced rhos. 
Roughly 7% of the total inelastic cross section in our kinematic range proceeds via 
quasi-elastic p production 7vP ~ pOp. This process is known to be dominantly dif- 

* For comparison with other particle beams we normalize f to the total inelastic ep scattering 
cross section, Otot, and also integrate over p±. 
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Fig. 1. Inclusive hadron distributions for reactions 3'vP ~ h+X and 7vP ~ h - X  for 2.2 < W < 
2.8 GeV and 0.3 < Q2 < 1.4 GeV 2. Full points: elastic rho included. Crosses: elastic rho events 
were excluded by omitting all "YvP ~ P n+n- events with Mrrn < 1 GeV. The latter distribution 
has been normalized to ato t - Op. 

fractive [5]. It yields pions which are mainly in the forward region (2'p > 0.3). Since 
we are interested in the quark fragmentation properties and not in the diffractive 
contributions we subtract the p contribution by omitting all 7vP ~ P n+n- events 
with M ~  < 1 GeV. 

Fig. 1 shows the normalized distribution 

Zp do _ Zp F(zp) 
~TOto t dzp 7r 

for positive and negative hadron production in the interval 2.2 < W < 2.8 GeV and 
0.3 ~ 0 2 ( 1.4 GeV 2 (full points) *. The crosses show the same data after the rho 
subtraction. Note that the latter cross section has been normalized to Oto t -- Op. The 
p subtraction has little effect on the normalized h + distribution, whereas the h -  dis- 
tribution is reduced in the current fragmentation region **. The small excess of 

* The total inelastic "rvP cross section was determined by normalizing our data to the total 
inelastic cross section measured in a single arm experiment [6]. For consistency with our 
previous paper [4] we have excluded events with visible strange particle decay (1% of the 
events) both from the inclusive data and the above total cross section. 

** The removed ~r- have mostly large Zp values, a distribution markedly different from the non- 
rho negative hadrons. The removed positive hadrons (protons and ~r +) have a combined dis- 
tribution similar to the non-rho positive hadrons. Thus the rho subtraction has a much smaller 
effect on the normalised positive distributions. 
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Fig. 2. Inclusive hadron distributions for 1.8 < W < 2.2 GeV and two Q2 intervals (elastic rho 
excluded as in fig. 1). to is the scaling variable to = 1/x = 2Mpu/Q 2. 

positive hadrons  with Zp > 1 has to be a t t r ibuted  to fast pro tons  for which values o f  

p > v are kinemat ical ly  al lowed * 
We n o w  discuss the h+/h  - ratio and its Q2 dependence  in the current  f ragmenta t ion  

region. Fig. 2 shows the normal ized  dis t r ibut ion 

1 do 
F(Zp) = 

ato t dzp 

for h + and h-  production in the W interval 1.8-2.2 GeV for two Q2 intervals. Clearly 
there is a large excess of positive over negative hadrons. The data sets at <Q2) = 0.4 GeV 2 
and <Q2> = 0.9 GeV 2 agree within errors. Fig. 3 shows the corresponding distributions 
for 2.2 < W < 2.8 GeV. Again positive hadrons dominate over negative ones. We ob- 
serve no Q2 dependence. These trends are more clearly illustrated in fig. 4, where the 
integral of F(zp) from Zp = 0.4 to Zp = 0.9 is shown. Tile h+/h - ratio is about I0 at 
<W> = 2 GeV and decreases to 4.65 at <140 = 2.5 GeV. In view of the Q2 independence 

• The experimental resolution Z~Zp is approximately proportional to z 2 and AZp/Zp is ~6% 
for Zp = 0.9. Our distributions are thus not significantly affected by the resolution. 
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Fig. 3. Inclusive hadron distributions for 2.2 < W < 2.8 GeV (elastic rho excluded). 

of the data, we present in the following the data averaged over the interval 
0.3 < Q2 < 1.4 GeV 2. 

In our data, the low I¢ value makes it kinematically possible for protons from 
target fragmentation to attain large zp values, thus contaminating the current frag- 

mentation distributions. Since current fragmentation is expected to produce only a 
small fraction of protons, the proton background should be removed from our data 
before comparison is made with other processes, such as e÷e - ~ hadrons. Further- 
more, the electroproduction of protons is strongly W dependent [7-10]  and the 

proton component largely explains the strong W dependence of F(zp) for positive 
hadrons. 

We therefore remove the proton contribution from our distributions using the 
data of Ackermann et al. [9] which cover most of our kinematic region *. Acker- 

* The data of ref. [9] cover the region 0.08 < Q2 < 0.64 GeV 2, 1.9 < W < 2.8 GeV, 
0 < x F < 1 and 0 < p2 < 0.29 GeV 2. The measured p2 distribution can be fitted by 
exp(-2.5 p~) for x F > 0.4. We assume the same p2 dependence up to p2 = 1 GeV 2. 
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Fig. 5. Inclusive distr ibution of  positive (full points) and negative hadrons  (crosses) for 
2.2 < W < 2.8 GeV and 0.3 < Q2 < 1.4 GeV 2 (elastic rho excluded).  The open points  are f rom 
positive hadrons  after a subtract ion of  protons.  The subtract ion is based on proton data of  
ref. [9]. The curves are predict ions for "rvP ~ n - X  (full curve) and "rvP ~ ~r+X (dashed curve) 
using the formulae of  ref. [2]. 
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mann et al. have parametrized their data, which is independent of Q2, as a function 
of W, p2 and xF = plT/pmax (eq. 5.1 of ref. [10]). We have transformed their cross 
sections in small intervals ofpz  2 from xv to Zp and have obtained the corresponding 
F(zp) distribution by integration over p i  2. We estimate that the resulting F(zp) is 
accurate to within 20%. 

Fig. 5 and table 1 show the F(zp) distribution for positive hadrons before (full 
circles) and after the proton subtraction (open circles). The crosses are from negative 
hadrons *. The h+/h - ratio is now reduced to values of 2 in agreement with mea- 
surements at 3.9 < W < 5.6 GeV where the proton contribution is small [11] **. 

5. Test of parton-model predictions 

In this section we compare our data to the reactions 7vP ~ n°X and e+e - ~ h-+X 
with the object of testing quark-parton model predictions in the energy interval 
2.2 < W < 2.8 GeV. 

The parton model is specified by two sets of functions, the quark distribution 
functions q(x) (q = u, ~, d, d, s, s-) and the quark fragmentation functions Dh(z). 
x = Q2/2Mu is the fraction of the proton momentum carried by the quark, q(x) dx 
then gives the probability of finding a quark of type q in an interval between x and 
x + dx. Dhq(Z) dz gives the probability of a hadron h fragmenting from a quark of 

type q in the interval z --> z + dz. 
For electroproduction the quark-parton model of ref. [2] predicts 

I do  
- -  - -  (TvP ~ n - X )  
Oto t (L?,p 

1 ~r + 7r- +S(x) D'~- +~(x) D ~ - )  = -~(u(x) D~-  + if(x) D~ +) + "~(d(x) Du + d(x)  Du 

~(u(x) + ~(X)) + l (d(x)  + d(x)  + s(x) + ~-(x)) 
( la)  

1 do 
- -  - -  (3'vP ~ n + X )  
Oto t dzp 

1 I t - -  - -  
= -~(u(x)D~ + + f f ( x )D~- )  + ~(d(x)Du + d (x) D~ + + s(x) D~-  + F(x) Du ~ - )  

4(u(x) + i ( x )  + ~(a(x) + d(x)  + s(x) + ~-(x)) 

(Ib) 

* The peak in the h -  distribution near Zp = 0.85 is due to the reaction "YvP -* n-A++. 
** We estimate that about 15-20% of the remaining positive hadrons are K + mesons (for 

2.2 < W < 2.8 GeV). This estimate is based on the K + inclusive data of ref. [ 12] and on our 
h + data. The K - / h -  ratio is expected to be smaller than 0.1 [7,11]. 
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Fig. 6. Inclusive distributions for the reactions ~'v p ~ h - X  (crosses) from this experiment 
(elastic rho excluded) compared with 7vP -~ 7r0X (full points from ref. [13]). The open points 

1 + show ](F n (z) + F~r-(z)) from this experiment.  

Eqs. (1)lead to the prediction [2] 

I~pp do )] n + 1 do ( ? v p ~ T r _ X ) + _ _ ( T v p ~ T r +  X ~.Du +D~u- 
Oto t dzp 

=2Du ~° -  2 do (TvP o n ° X ) .  (2) 
Oto t dzp 

Qualitatively, we expect an excess of n + over n - ,  since 7r + are formed more easily than 
7r- from the dominant u-quarks; the u-quarks dominate over the d-quarks by virtue 
of their greater probability of occurrence in the proton and their larger coupling to 
the virtual photon. 

The distribution for e+e - annihilation (neglecting the small contributions from 
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Fig. 7. Inclusive distributions of the sum of positive and negative hadrons (full points). The 
open points were obtained after a subtraction of forward emitted protons. The curve gives the 
average h + + h -  distribution from e+e - --, h-+X (ref. [ 14]) at an electron beam energy of 
1.8 GeV. The spectra of ref. [ 14] are not corrected for radiative effects. We therefore nor- 
malized these data to a total e+e - cross section which is also uncorrected for radiation 
(Oto t = 18 nb; [19]). 

s and g-quarks) can be related to the e lec t roproduc t ion  dis t r ibut ion by 

1 d o  1 do 
1 ( e + e  - - ~  h -+ X ) .  ( 3 )  - -  - -  ( T v p ~ h ± X )  ~ :2 

O t o  t d z p  O t o  t dzp 

The factor  ½ in eq. (3) arises f rom the fact that  two quarks are f ragmenting in e+e - 

annihilat ion.  For  e + e -  annihi lat ion Zp = 2p/x/s.  

The distr ibut ions o f F ( z p )  = (1/Otot) do/dzp have been calculated for n + and n -  

e lec t roproduc t ion  using eqs. ( l a )  and (b) wi th  the parametr iza t ion  o f  D(z)  and 

u(x), ~ ( x )  .... given in ref. [2].  The resulting curves are shown in fig. 5 and are in good 

agreement  with the data. 
We now compare  our  results wi th  o ther  data to test the relations o f  eqs. (2) and 

(3). In fig. 6 we compare  our h -  dis t r ibut ion (which consists o f  n -  mesons together  
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with a ~< 10% K -  contamination) with recent data of  Berger et al. [13] on n o pro- 
duction (full circles) at W =- 2.8 GeV and Q2 = 0.45 GeV 2. Generally the n -  data are 
lower than the n ° data. When we average our n -  and n + data (using the open points 
in fig. 5) we find that eq. (2) is well satisfied at our energies (open circles). The same 
agreement was observed in ref. [13] using data at higher IV. 

Fig. 7 and table 1 show our h + 4 11- data (with protons subtracted). The curve 
gives the average of  

l(1/Otot)do/dgp (e+e - ~ h-+X) 

measured recentl¢ by the PLUTO group at W = 3.6 GeV [14]. The PLUTO data 
agree with our results and also with the corresponding data from DASP [15] *. We 
emphasize that the good agreement of  our electroproduction data with the DORIS 
data is only obtained after subtracting the contribution of  forward scattered protons 
and elastic rho production. This has not been done in previous comparisons of  electro- 
and muoproduction data with the SPEAR results [2,17,18]. The comparison in 
fig. 7 is made for the sum of rr and K mesons (neglecting the relatively small proton 
contribution in the e+e - data). We note that although there is general agreement 
there may be some differences in detail. For example there is a tendency for more 
kaons to be produced in e+e - annihilation [ 15] than in electroproduction [ 11 ], how- 
ever, this seems to be compensated by a higher n yield in electroproduction for 
Zp > 0.6 (see figs. 4 and 5 of  ref. [13]). 

6. Summary and conclusions 

We have measured the F(zp) = (1/Otot) do/dZp distribution for electroproduced 
~r + and 7r- mesons in file kinematic region 0.3 < Q2 < 1.4 GeV 2 and 2.2 < W < 2.8. 
The contribution from diffractive po production, 7vP ~ pop, has been subtracted. 
Furthermore, the background from fast protons, which is significant at our energies, 
has also been subtracted. The resulting distributions have relative kaon contribu- 
tions of K - / n -  <~ 0.1 and K+/Tr + ~< 0.2. 

Our resulting F(zp) distributions have been compared with expectations obtained 
using the quark fragmentation functions, Dq (z), of Feynman and Field [2] and with 
equivalent distributions obtained from 7vP ~ n°X [13] and e+e - ~ h-+X [14]. The 
agreement is found to be good. 
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