
Volume 114B, number 1 PHYSICS LETTERS 15 July 1982 

SCALE BREAKING IN INCLUSIVE CHARGED PARTICLE PRODUCTION 

BY e+e - ANNIHILATION 

TASSO Collaboration 

R. BRANDELIK, W. BRAUNSCHWEIG, K. GATHER, F.J. KIRSCHFINK, K. LUBELSMEYER, 
H.-U. MARTYN, G. PEISE, J. RIMKUS, H.G. SANDER, D. SCHMITZ, D. TRINES, W. WALLRAFF 
L Physikalisches Institut der R ICTH Achen, Germany l 

H. BOERNER 2, H.M. FISCHER, H. HARTMANN, E. HILGER, W. HILLEN, G. KNOP, 
L. K~)PKE, H. KOLANOSKI, B. L~)HR, R. WEDEMEYER, N. WERMES, M. WOLLSTADT 
Physikalisches lnstitut der Universit~t Bonn, Germany l 

H. BURKHARDT, S. COOPER, J. FRANZKE, D. HEYLAND, H. HULTSCHIG, P. JOOS, 
W. KOCH, U. K~)TZ a, H. KOWALSKI a, A. LADAGE, E. LOHRMANN, D. L~3KE, 
H.L. LYNCH a p. M~,TTIG, K.H. MESS,D. NOTZ, J. PYRLIK, D.R. QUARRIE s, 
R. RIETHM~ILLER, W. SCH~ITTE, P. SODING, G. WOLF 
Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany 

R. FOHRMANN, H.L. KRASEMANN, P. LEU, D. PANDOULAS, G. POELZ, O. R~)MER 6, 
P. SCHM~ISER, B.H. WlIK 
II. lnstitut f~r Experimentalphysik der Universit~t Hamburg, Germany 1 

I. AL-AGIL, R. BEUSELINCK, D.M. BINNIE, A.J. CAMPBELL, P.J. DORNAN, D.A. GARBUTT, 
T.D. JONES, W.G. JONES, S.L. LLOYD, J.K. SEDGBEER, R.A. STERN, S. YARKER 7 
Department o f  Physics, lmperial College, London, England s 

K.W. BELL, M.G. BOWLER, I.C. BROCK, R.J. CASHMORE, R. CARNEGIE, R. DEVENISH, 
P. GROSSMANN, J. ILLINGWORTH, M. OGG 9, G.L. SALMON, J. THOMAS, 
T.R. WYATT, C. YOUNGMAN 
Department o f  Nuclear Physics, Oxford University, England s. 

B. FOSTER, J.C. HART, J. HARVEY, J. PROUDFOOT, D.H. SAXON, P.L. WOODWORTH 
Rutherford Appleton Laboratory, Chilton, England s 

M. HOLDER 
Gesamthochschule Siegen, Germany 

E. DUCHOVNI, Y. EISENBERG, U. KARSHON, G. MIKENBERG, D. REVEL, 
E. RONAT, A. SHAPIRA 
Weizmann Institute, Rehovot, Israel 1o 

and 

T. BARKLOW, J. FREEMAN 11, T. MEYER 12, G. RUDOLPH, E. WICKLUND, 
SAU LAN WU and G. ZOBERNIG 
Department o f  Physics, University o f  Wisconsin, Madison, WI, USA l a 

Received 15 March 1982 

0 031-9163[82]0000-0000]$02.75 © 1982 North-Holland 65 



Volume 114B, number 1 PHYSICS LETTERS 15 July 1982 

The scaled cross section sda/dXla for inclusive charged-particle production in e÷e - annihilation has been studied for c.m. 
energies 14' between 12.0 and 36.7 GeV. Scale breaking is observed. For Xp > 0.2 the cross section decreases by ~20% when 
I¢ increases from 14 to 35 GeV. The production angular distribution was used to separate the longitudinal and transverse 
cross-section contributions and to determine the ratio of the structure functions mt¢ 1 and vW 2 . 

There is overwhelming experimental evidence that 
e+e - annihilation into hadrons at high energies pro- 
ceeds predominantly through productio n of  a pair o f  
quarks. Hadrons are created in the colour field of  the 
separating quarks. In the quark-par ton  model the 
fragmentation functions of  the quarks are expected 
to depend only on the fractional energy, x = 2E/W 
(W = total c.m. energy) carried by the hadron. This 
scale invariance is broken by gluon emission which as 
I¢ increases leads to a depletion of  the high-x region 
and to an increase of  the particle yield at low x. There 
is a close relationship between the e÷e - process e+e - 

hadrons + anything at high energies and deep inelas- 
tic lepton-nucleon scattering, £N ~ £' + anything. In 
QCD, the scale-breaking effects predicted for the two 
processes and established experimentally for the lat- 
ter [1] have a similar origin. 

Recently we have investigated the scaling behaviour 
of  inclusive n o and 7r -+ production and have found in- 
dications for scale breaking [2,3]. In this paper, to 
gain in statistical sensitivity, we study inclusive charged- 
particle production without particle separation, i.e. 
we sum over 7r ± , K ± , p,~. Approximately 16 000 ha- 
dronic annihilation events were collected with the 
TASSO detector at the DESY storage ring PETRA at 
c.m. energies I4/between 12.0 and 36.7 GeV. A precise 

I Supported by the Deutsches Bundesministerium/'dr For- 
schung und Technologic. 

2 Now at KEK, Oho-machi, Tsukuba-gun, Japan. 
3 On leave at CERN, Geneva, Switzerland. 
4 On leave at UC Santa Barbara, CA, USA. 
s On leave from Rutherford Appleton Laboratory, Chilton, 

England. 
6 Now at SCS, Hamburg, Germany. 
7 Now at Rutherford Appleton Laboratory, Chilton, Eng- 

land. 
a Supported by the UK Science and Engineering Research 

Council. 
9 Now at Cornel/University, Ithaca, NY, USA. 

1 o Supported by the Minerva Gesellschaft f~r Forschung mhH. 
I t Now at Fermilab, Batavia, IL, USA. 
12 Now at Texas A + M University, TX, USA. 
13 Supported by the US Department of Energy contract WY- 

76-C-02-0881. 

measurement of  the total hadronic annihilation cross 
section, Otot, obtained with these data was presented 
in a recent paper [4]. 

The track and event selection was described in ref. 
[4]. For convenience we repeat the track selection 
criteria. To be accepted a charged track had to be re- 
constructed in three dimensions, the distance of  closest 
approach to the origin in the x,  y plane (perpendicular 
to the beam) had to be d o < 5 cm, the momentum 
component perpendicular to the beam had to be Pxy 
> 0.1 GeV/c, the polar angle 0 with respect to the 
beam dire ction had t o satisfy I cos 01 < 0.87, the dis- 
tance along the beam direction (= z axis) between the 
track and the event vertex had to be Iz - zvl < 20 cm. 
The overall track-f'mding efficiency was 97%. The 
r.m.s, momentum resolution including multiple scat- 
tering was Op/p = 0.017 (1 + p2)1/2, p in GeV/c. The 
measured momentum was corrected for energy loss 
in the material in front of  the tracking chamber as- 
suming the particle to be a pion. 

The inclusive charged-particle cross sections pre- 
sented below are corrected so as to include all charged 
particles produced directly in the annihilation process 
or by decay of  produced particles with lifetime < 3 
X 10 -10 s. Thus, e.g. the charged particles from K 0 

S 

or A decay are included, irrespective of  how far away 
from the interaction point the decay occurs, while 
the charged particles from K 0 are not included. 

In order to determine the cross sections defined in 
this way the Monte Carlo technique described in ref. 
[4] was used. Events were generated [5] according 
to e+e - ~ q~t and e+e - ~ q~lg (q = u, d, s, c, b) using 
Fie ld-Feynman fragmentation functions [6] .1,2 
Baryon production was also included [8]. The pro- 
duced particles were followed through the detector. 
The generated events were passed through the track 
reconstruction and acceptance programs used for the 

,1 For the c and b quarks the same fragmentation functions 
were used as for the light quarks. 

,2 The branching ratios for B mesons were taken from ref. 
[7]. 
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real data. Using the Monte Carlo results, the measured 
cross sections were corrected for background, accep- 
tance, detection and track-reconstruction efficiency, 
for interactions in the material in the front of the 
tracking chamber (energy loss, multiple scattering, 
photon conversion, nuclear interactions), for momen- 
tum resolution and for radiative effects. The data were 
analyzed in terms of the fractional momentum Xp 
= 2p/W. Corrections were made for contamination [4] 
from 3,~/scattering [(1.6 -+ 0.8)% ofaU events] which 
produces preferentially low-momentum particles, and 
from r pair production [(1.5 -+ 1.5)% of all events at 
I¢~< 15 GeV and (1.2 -+ 1.2)% for I4//> 15 GeV] which 
accounts for (5 +- 5)% of accepted particles at high Xp 
(Xp ~ 0.4). The high-momentum region is affected by 
smearing corrections for the finite momentum resolu- 
tion, by uncertainties in the model and in the radia- 
tive corrections, leading e.g. to a systematic uncertain- 
ty of  11% for the Xp interval 0.6 - 0.8 at I¢ = 34 GeV. 
At very low Xp values, Xp < 0.05, the subtraction of 
the electrons from photon conversion represents the 
largest correction. According to the Monte Carlo study 
at 0.2 GeV/c 30% of all accepted charged particles are 
electrons from photon conversion decreasing to be- 
low 5% above 0.5 GeV/c. The Monte Carlo prediction 
was cross-checked up to 0.25 GeV/c against the yield 
of electrons identified by the inner time-of-flight 
counters. Good agreement was observed. Apart from 
an overall (i.e. independent of 141 and Xp) normaliza- 
tion uncertainty of 4.5% we estimate the systematic 
errors at Ig = 34 GeV to be typically 5% for Xp < 0.05, 
4% for 0.05 <Xp < 0.5 and 11% for 0.5 <Xp < 0.8. 

The differential cross section for producing a par- 
ticle h with mass m, momentum p, energy E and angle 
0 relative to the beam axis can be expressed [9] in 
terms of two structure functions W1 and W2: 

d2o/dx d~2 = (ot2/s)~Soc(m~l + ~ 132xvW2 sin20), (1) 

where s = W 2, ~ = p/E and v is the energy of the vir- 
tual photon as seen in the h rest system, v = (E/m)x/~. 
At particle energies E >> m, x can be replaced by Xp: 

d2o/dxp d~  "~ (ot2/S)Xp(mW 1 + ~XpVW 2 sin20), (2) 

and 

S do/dxp ~ 4rta2Xp(mW 1 + i Xp v~2). (3) 

The functions mW 1 and vie 2 in general depend on Xp 
and s. If  scale invariance holds they are functions of 

Xp alone and s da/dXp is energy independent (for E 
>> m). The contributions from the two structure func- 
tions can be separated by measuring the angular de- 
pendence of the particle yield. The angular depen- 
dence can be written in the form 

d2o/dx d~  ~ 1 + [(a T - aL)/(o T + OL) ] COS20, (4) 

where o T and o L are the cross-section contributions 
from transverse and longitudinal photons as seen in 
the h rest system. Defining A = (o T - OL)/(o T + o L) 
the ratio of the structure functions is given by 

-v 'W2/m~ 1 = 4Ix)A~(1 + A).  (5) 

In fig. 1 the corrected scaled particle cross sections 
s do/dxp are presented for c.m. energies of 14, 22 and 
34 (= average over 30.0-36.7)GeV. The error bars 
shown include the statistical as well as the systematic 
errors except for the overall normalization uncertain- 
ty of  4.5%, which is common to all cross-section data. 
The cross sections decrease steeply as a function of 
Xp. The c.m. energy dependence is more clearly seen 
in fig. 2a where sd(r/dXp is plotted for £Lxed Xp inter- 
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Fig. 1. The scaled cross section sda/dx o (x o = 2p/I¢) for in- 
elusive charged-particle production me&sur[d at I¢ = 14, 22 
and 34 GeV. The errors shown include the statistical as well 
as the systematic uncertainties except for an overall normali- 
zation uncertainty of 4.5%. 
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Fig. 2. Inclusive charged particle production. (a) The scaled 
cross section sda/dx n versus the square of the c.m. energy s 
-- W 2. The errors sho~wn include the statistical as well as the 
systematic uncertainties except for an overall normalization 
uncertainty of 4.5%. Oa) The normalized cross section (1/ 
atot)da[dx p versus s. The errors shown include the statistical 
as well as ttie systematic uncertainties. 

vals as a function of s. At small Xp, Xp ~ 0.1, a rapid 
rise is seen with s which is responsible for the observed 
growth of the charged-particle multiplicity with s. For 

Xp I> 0.2 the data show a slow significant decrease 
with s ,3. In fig. 2b instead ofsdo/dXp the normal- 

ized cross section (l/Otot)da/dx p is plotted. The nor- 
malized cross section has smaller systematic errors, 

and a possible contribution from the weak neutral 

current (expected [4] to change Oto t at W = 35 GeV 
by 2-3%)  is taken care of. The s dependence observed 
is similar to that for the scaled cross section. The ob- 
served type of scaling violation is in agreement with 
preliminary data presented in ref. [10]. In order to 
quantify the amount of scale breaking we fitted our 

cross-section data between W = 12.0 and 36.7 GeV 
to a form suggested by QCD [11] : 

sdo/dXp = b [1 + c 1 In(s/SO) ] 

and 

(1/Otot) do/dxp = d [ 1 + c 2 In (S/So)], 

where s o = 1 GeV 2. The fits yielded the results shown 
in table 1. In each one of the four Xp intervals above 
Xp = 0.2 the observed scale breaking is at the level of 
a 4 to 10 s.d. effect. Going from 14/= 14 to W = 35 
GeV sdo/dxp on the average is reduced by ~20%. 

In the quark-par ton  model scale invariance is ex- 
pected, strictly speaking, for the parent particles e.g. 
D, D*, produced directly in the fragmentation pro- 
cess, while we measure mostly the daughter particles 
resulting from the decay (chain) of the parents. We 
have studied in the Monte Carlo model mentioned be- 

fore charm and bot tom quark production, e+e - -+ c~ 
and e+e - ~ bb without perturbative QCD effects, 
using F i e l d - F e ynma n  fragmentation functions [6], 
and including the charmed and bot tom meson decays 
[7]. In both cases the resulting sdo/dxp for inclusive 
charged-particle production increases slightly with in- 

,a This decrease is not a consequence of the fact that at W 
= 12 GeV and lowx n (x o = 0.2) kaons and protons are 

* + 
not yet fully relativistic.'We have used our data on ~r pro- 
duction (ref. [3]) and our preliminary data on K -+ and p, 

production and determined (s[#)do/dx summed over all 
charged particles as a function ofx. We found that at W 
= 12 GeV and x = 0.2 (s[#)da/dx is approximately 20% 
larger than sda[dx~ at Xp = 0.2 with the difference rapid- 
ly decreasing as x mcreases, while at W = 35 GeV and x 
= 0.2 the difference is only ,-2%. Hence, we expect for 
(s[fJ)dtr/dx and x > 0.2 an even larger decrease with s. 
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Xp b 0zb GeV 2) c I d c 2 

0 .1 -0 .2  8.6 ± 1.3 -0 .008  ± 0.020 28.7 + 1.5 
0 .2-0 .3  4.3 +- 0.6 -0 .053  -+ 0.013 15.1 ± 0.8 
0 .3-0 .4  2.1 ± 0.3 -0 .063  -+ 0.013 7.3 ± 0.6 
0 .4-0 .5  0.96 ± 0.18 -0 .065  -+ 0.016 3.0 ± 0.4 
0 .5-0 .7  0.37 -+ 0.07 -0 .069  ± 0.017 1.1 -+ 0.2 

-0 .033  +- 0.007 
-0.071 + 0.005 
-0 .081 ± 0.006 
-0 .075 ~ 0.010 
-0 .074  +- 0.013 

creasing energy for Xp > 0.3 in contradistinction to 
the data. 

Hence, the observed scale breaking in the data 
seems not to be attributable to the decay of heavy 
particles. The observed amount of scale breaking ap- 
pears to be larger than the prediction of first-order 
perturbative QCD. For instance in the Monte Carlo 
model mentioned before ,4 [which includes only first- 
order QCD effects and assumes a s (s = 1000 GeV 2) 
= 0.19] we find for 0.2 < x _  < 0.7 the cross section 
to decrease by less than 10°~o between 14 and 35 GeV. 
Leading-logarithm calculations can give stronger scale 
breaking [11,12]. This depends on the value of the 
QCD parameter A. 

,4 This model uses a thrust  cut-off To to separate the per- 
turbative from the nonperturbative region. For To we used 
To = 1 - 0.63 tV-3/4, 1¢ in GeV. 
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In order to determine the ratio (o T - OL)/(o T + OL) 
the corrected angular distributions were fitted to eq. 
(4). In fig. 3a A = (o T - OL)/(a T + aL) is plotted as 
a function Of Xp for 1¢ = 14, 22 and 34 GeV. The ra- 
t ioA tends to go to zero, i.e. o L ~ OT, aSXp ~ 0 and 
approaches unity for xp > 0.2 in agreement with a 
previous measurement [13]. The approach to unity 
is faster the higher the c.m. energy W is. I fA is plot- 
ted instead as a function of the particle momentum 
p all three energies fall on top of each other (see fig. 
3b). The behaviour o f (o  T - OL)/(o T + OL) can be un- 
derstood in the quark-parton model. The produc- 
tion angular distribution of the primary q~l pairs is 
~(1 + cos2O). Since the hadrons are emitted with 
small transverse momenta relative to the quark direc- 
tion, high.momentum particles follow closely the pri- 
mary quark direction. Emission of low-momentum 
particles, on the other hand, is almost independent of 
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Fig. 3. (a,b) Inclusive charged-particle production. The ratio (a T - OL)/(a T + trL) for W = 14, 22 and 34 GeV as a function of  the 
fractional momen tum x D (a) and of  the momen tum p (b). (c) The ratio o f  the structure functions ( - r ~ 2 ) ] ( m W l )  for the Xp in- 
tervals 0 .05-0 .1 ,  0 .1 -0 .2  and 0 .2-0 .3  as a function of  the square of  the c.m. energy, s - I¢ . The dashed lines are drawn to grade 
the eye. 
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the quark direction and therefore A ~ 0 as p ~ 0. 
In fig. 3c the ratio of  the structure functions 

( - v W 2 ) / ( m ~ l )  as determined from A is displayed as 
a function of  s. Strong s dependence is observed for 
Xp < 0.2 while for 0.2 < Xp < 0.3 the ratio is s inde. 
pendent  within errors (in agreement with fig. 3a). 

In conclusion, the scaled cross section sdo/dxp for 
inclusive charged-particle product ion exhibits scale 
breaking. For  0.2 < x  o < 0.7 the cross section de- 
creases by  ~ 20% when W increases from 14 to 35 GeV. 
The measured scaling violation is stronger than expect- 
ed in a q u a r k - p a r t o n  model  modified by  the effect 
o f  hard gluon bremsstrahlung with a s (s = 1000 GeV 2) 
= 0.10. The longitudinal and transverse cross-section 
contributions a L and o T were separated with the help 
of  the angular distribution. For  Xp close to zero o L 

o T while for Xp > 0.2 o L ,~ o T. The ratio (o T - OL)/ 
(o  T + OL) when plot ted as a function Of Xp is strong- 
ly s dependent  while no s dependence is found when 
analyzed as a function of  particle momentum.  The ra- 
t io of  the structure functions ( -vW2)/ (mW1) shows 
strong s dependence for xo < 0.2 and no s dependence 
within errors for 0.2 < Xp < 0.3. 
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