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Abstract. Data on jet masses, resulting from the de-
composition of e e~ hadronic final states into two
hemispheres, are presented at centre of mass energies
between 12 and 43.5 GeV. Comparisons are made
with bare O(x2) QCD predictions as well as with
QCD based fragmentation models. Values for o, and
Ay are determined, both with and without hadroni-
zation effects included. Upper and lower limits for
Ay independent of fragmentation models have been
determined to be  0.48040.025GeV  and
0.047 +0.007 GeV respectively.

1 Introduction

Considerable efforts have been devoted in recent years
to the study of multihadronic final states produced
in e* e~ annihilation. In order to test quantum chro-
modynamic usefully, the need to measure jet quanti-
ties which are only mildly sensitive to colour radiative
corrections and to power corrections or fragmenta-
tion effects, has been stressed [1]. Jet masses were
proposed long ago [2] for that purpose. Recently a
systematic study of the propertics exhibited by jet
masses in perturbative QCD as well as the influence
of fragmentation effects upon them, has been per-
formed [3, 4]. In that study it was found useful to
define the jet masses as follows:

e divide each event into two hemispheres using the
plane perpendicular to the thrust axis [5]

@ calculate the invariant mass of the particles in each
hemisphere, denoting by M (M) the heavier (lighter)
of the two.

: do . M?* M2 M}
sections m, with <=5 S
, were calculated in [3, 4] to O(a?) using

2

Cross
(Mj—M3)

5 M

the ERT matrix elements [6]. The results for —=
s

M2 . )
( = Mi) can be written in the form:
s

L)

where o, is the total cross-section to O(«?) which
in terms of the quark parton model cross-section o,
is given, in the MS scheme and for five flavours, by

or=0, [1 + “S(RQZ) + 1.4(“3(7?2))2] @)

1 do _a(0),

O'TdM2 n

N

2
F (A/I—) is a function calculated at O(x) [7] and
s

2
R(—) a function which measures the importance
s

of second order corrections, roughly taking values:
2 M2 _M2
R (—Aﬁ)~ 10, R (—”—£>~6.
s s

These corrections lead to the following expansions
for the mean values:

2 2
<&> =105 %469 (ﬁ)
S n n
2 M2 2
<MH _L> ~1.05% 429 (as) i 3
s S T n

It is now generally accepted that the energy-ener-
gy correlation EEC and its corresponding asymmetry
AEEC [8] are very powerful tools to test meaningful-
ly low order perturbative QCD [1]. In a comparative
QCD study presented in [3, 4] it was argued that
since

REEC ~10, RAEEC ~3

My Ma—Mi)

both —= are also quantities well suit-
s

ed to test low order perturbative QCD.
2

. Mj, . . .
Notice that —~ is to O(a,) identically zero for
S

massless quarks and gluons. It is therefore a quantity
sensitive to higher order QCD and fragmentation ef-
fects.

In spite of the interesting properties discussed

above, data on jet masses are meagre [9—11]. In par-

2 MZ
ticular, the energy variation of —%, —% and

(M —M}) ST
is poorly measured. The purpose of this

paper is twofold:

1. to present data on jet masses in a wide centre
of mass energy range, namely 12-43.5 GeV, and

2. to make comparisons with bare QCD results,
both with and without fragmentation effects included.

2 The data

The experiment was performed with the TASSO de-
tector at PETRA. Details of the detector can be found
elsewhere [12]. The data used for this analysis were
taken in the period 1980-1986 at the centre of mass
energies given in Table 1. Hadronic final states from



Table 1. Number of events and energy range of the data samples
used in this analysis

[/; range (GeV) <]/§> (GeV) No. of events
11.6-12.4 12.0 169
12.4-144 14.0 2530
21.0-23.0 220 1782
24.0-26.0 250 215
29.0-32.0 30.5 808
32.0-35.2 34.8 48558
352-38.4 37.5 2621
38.4-46.8 43.5 5913

et e” annihilation were selected using the information
on charged particle momenta measured in the central
detector. The selection criteria for charged particles
and for multihadron events are described in {13]. Bas-
ically, a charged track has to have a momentum com-
ponent transverse to the beam of p,,>0.1 GeV/c and
a cosine of the polar angle of |cos 6] <0.87. The r.m.s.
momentum resolution including multiple scattering

s 5;—P=0.016(1+ p»)Y2, with p in GeV/c. The main

criterion for multihadron events is based on the
momentum sum of the accepted charged particles,

Y p;>0.265]/s.
j

Only charged particles were used in our analysis.
To ensure a large acceptance for charged particles
in jets we required |cos 8,,| < 0.8, where 8,, is the angle
between the event thrust axis and the beam direction.

As already discussed in the introduction, in order

) ) M?* Mj M}
to measure the various jet masses, — = ,
(Mj—M3) TR
. , we start by determining the jet axis using

a standard algorithm. The event is then partitioned
into two hemispheres by the plane perpendicular to
the jet axis. We then calculate the invariant masses
squared of the particles in each of both hemispheres
assigning them the pion mass. Finally these values
are normalized to the visible charged energy squared.

The data distributions were corrected for initial
state radiation and selection cuts bin by bin, and for
neutral particles and detector effects with a probabili-
ty matrix using standard Monte Carlo techniques
[13]. For the sake of illustration we quote the total

correction factors at ]/ 43.5 GeV, namely 1.0+0.2
(ME—Mj)

H

M2
for and S and 1.8+0.2 for & over
s

most of the spectrum.
Systematic uncertainties in the correction proce-
dure have been studied, in particular those coming

13

from:

@ cuts applied on the raw data

o differences in the fragmentation models used for
calculating the correction factors

® the method used to divide the events into two hem-
ispheres, either the plane perpendicular to the thrust
or sphericity axis.

The largest contribution came from the second
source. Four different models were considered for cor-
rection purposes, namely: the independent jet frag-
mentation model including O(a?) corrections of Ali
et al. [14], the string fragmentation model a la Lund
including O(a2) matrix elements [15], as well as two
different parton shower models, i.e. the Lund [16]
and Webber [17] models.

We then followed a procedure similar to that used
by the MARK II Collaboration [9], i.e. we calculated
a weighted average of the corrected distributions for

2 2 2
(A/I—H—SLL), MH and — Mi using the four fragmenta-
tion models mentioned above. The weights were cho-
sen to be proportional to the probability of the var-
ious models considered fitting our raw jet masses
data. Deviations from the average value [11] were
taken as a measure of the systematic uncertainty in
the correction procedure.

3 Comparison between data and Monte Carlo models

2 2

We show in Figs. 1, 2, 3 the corrected &, & and
Mi—MD) o S
———— (distributions at ]ﬁ= 14, 22, 348,
43.5 GeV, together with the corresponding O («?) bare
QCD calculations with Agg=0.2 GeV. The numerical
values for these data are given in Tables 2, 3, 4. The
errors quoted are the quadratic sums of statistical
and systematic errors obtained following the prescrip-
tion discussed in the preceding section.

The three quantities show a similar trend with
increasing centre of mass energy, namely the distribu-
tions become narrower and the position of the peaks

2

. ) M .
shift to lower values of the variables ——. Notice that
S

while the experimental distributions are normalized
to unit area, the theoretical curves are normalized
in such a way that their integral gives the sum of
three- and four-jet cross-section as a fraction of the
total cross section. One might then expect data and
bare QCD predictions to converge, at high enough
energies, in the so called perturbative tail, where the
contribution from two jets is expected to be smallest

(3, 4].
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In fact, we observe that the experimental distribu-
tions tend to approach the bare QCD predictions
as the c.m. energy increases. However, even at the
highest energies the experimental cross-section for the
light jet mass is off by a large factor (5-10) with respect
to the O(x2) QCD calculation.
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data distributions for ]/Q: 14, 22, 35 and 43.5 GeV and comparison with O{aZ) QCD for Aygs=0.2 GeV

As discussed in detail in [3, 4] the light jet mass
receives non-zero contributions in perturbative QCD
only beyond O(a). Indeed, higher order effects as esti-
mated with the help of a parton shower model [17]
are found to be very large. We consider that this is
an important reason for the large discrepancy be-



1/0 do/d{M,?/s)
0.00 :

1/0 do/d(My?/s)
.00 :

10 . : 100 : :
o 14 GeV TASSO o 22 GeV TASSO
10.000 - O(as®) QCD 10.000 } LI - O(as?) QCD ;
¢
1,000 t 1.000 ;
0.100 } 0.100 } ]
0.010 0.010 ;
0.001 } 4 0.001 }p ;
0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3 0.
100. 00 : . - 100. 00 : . .
o 35 GeV TASSO o 43.5 GeV TASSO
10.000 . - O(ag?) QCD 10.000 ¢} - O(ag?) QCD 4
1.000 »} 1.000 :
0.100 } 0.100 1
0.010 0.010 .
0.001 | o 0.001 | g4 4
0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4

My 2/s My 2/s

2
Fig. 2a—d. Ma data distributions for ]/§= 14, 22, 35 and 43.5 GeV and comparison with O(a2) QCD for Ags=0.2 GeV
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Table 2. Differential cross sections ——————
o d(My—M3)/s

at four centre of mass energies

(ME—M3)/s }/s=140 GeV }/s=220 GeV }/5=348 GeV [/s=43.5 GeV
0.00-0.02 12.25 +0.81 1598 +0.84 20.35 +0.93 219 11
0.02-0.04 10.44 40.64 12.64 40.68 12.93 +0.32 12.06 +0.47
0.04-0.06 8.65 +0.47 8.26 +0.47 6.64 +0.20 585 £0.40
0.06-0.08 6.43 1+0.37 519 +043 3.57 £0.27 337 1£0.28
0.08-0.10 4.19 +0.32 3.00 +042 2.15 +0.29 219 +031
0.10-0.12 3.00 +£0.32 1.77 +0.28 147 +£0.18 141 +021
0.12-0.14 181 +0.35 1.10 £0.22 095 £0.10 096 +0.11
0.14-0.16 122 +£022 0.78 £0.13 0.6354+0.074 0.76240.085
0.16-0.18 0.78 +0.16 045 +£0.11 0.476 +0.062 0.50 +0.10
0.18-0.20 045 +0.11 032 £0.10 0.32040.043 0.374+0.051
0.20-0.22 0.35 +0.10 0.184 £0.060 0.203 +£0.031 0.2234+0.074
0.22-0.24 0.174+0.070 0.112+0.038 0.146 +0.031 0.173+0.033
0.24-0.26 0.091 +0.044 0.078 £0.035 0.083 +0.020 0.1024+0.034
0.26-0.28 0.067 +£0.037 0.033+0.020 0.041 +£0.016 0.058+0.016
0.28-0.30 0.024 +£0.017 - 0.021 £0.003 0.0274+0.017
0.30-0.32 - - 0.006 +0.005 0.009 £ 0.009
0.32-0.34 - - 0.002 +£0.001 -

Table 3. Differential cross sections %—os at four centre of mass energies

Miys [/s=14.0 GeV }/s=220 GeV }/5=34.8 GeV [/s=43.5 Gev
0.00-0.02 0.13 +0.09 0.35 +£0.20 1.22 +044 223 +0.57
0.02-0.04 1.38 +0.38 346 10.68 9.89 +0.64 13.35 +1.05
0.04-0.06 398 1+0.61 9.00 +0.81 13.96 +1.18 1296 +1.18
0.06-0.08 7.01 +0.58 11.23 +1.15 9.19 +043 7.19 +0.62
0.08-0.10 8.84 +0.97 9.32 +0.67 543 +0.22 430 +0.32
0.10-0.12 790 +0.66 6.12 +0.52 339 +£0.27 3.04 +0.37
0.12-0.14 6.51 +043 3.82 +£0.64 224 +0.25 206 +0.28
0.14-0.16 496 +0.46 2.55 +0.36 1.55 £0.17 149 +0.14
0.16-0.18 377 +045 1.53 +0.32 1.088 +£0.088 1.11 +0.13
0.18-0.20 235 +£0.31 1.07 +£0.17 0.752+0.071 0.78 +0.14
0.20-0.22 144 +0.29 0.66 +0.13 0.505 +0.056 0.551+0.058
0.22-0.24 084 +0.17 0.344 +0.092 0.351+0.025 0.342+0.093
0.24-0.26 047 +0.12 0.242+0.078 0.233+0.031 0.2304-0.045
0.26-0.28 0.219+0.076 0.170+0.052 0.137+0.032 0.156+0.033
0.28-0.30 0.106 +£0.053 0.056 +£0.030 0.066+0.016 0.08040.026
0.30-0.32 0.061 +0.033 0.026 +0.022 0.028 +0.005 0.044 4+ 0.015
0.32-0.34 0.026 +0.020 - 0.009 +0.004 -

Table 4. Differential cross sections %A—J S at four centre of mass energies

M¥s }/s=14.0 Gev }/5=220 GeV }/5=34.8 GeV }/s=43.5 GeV
0.00-0.02 3.66 +0.92 704 +1.14 12.28 +1.62 16.88 +1.38
0.02-0.04 11.00 +0.59 16.42 +0.77 2241 +1.67 22.00 +1.33
0.04-0.06 13.07 +£095 1420 +1.33 10.23 +0.43 7.58 +0.38
0.06-0.08 1040 +0.80 777 £0.51 345 +0.26 238 +0.17
0.08-0.10 6.30 +0.40 3.02 +0.46 1.18 +0.11 0.82 +0.10
0.10-0.12 324 +0.50 1.21 £0.28 0.38 +0.042 0.248 +0.050
0.12-0.14 172 £024 0.38 £0.13 0.12 £0.015 0.080£0.027
0.14-0.16 0.60 +0.14 0.096 +0.048 0.024 +0.007 0.016 +0.011
0.16-0.18 0.087+0.048 - - -
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Fig. 4a—c. Comparison of the data distributions of TASSO at
35 GeV and MARKII at 29 GeV
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tween data and bare QCD predictions for the light
jet mass, as well as for the much milder disagreements
between the experimental distributions for the jet
mass difference and the 0(x2) bare QCD predictions.
For the sake of completeness we show in Fig. 4
2 2 2 2
the (—Mﬂ:—ML) % 9% distributions for the 29 GeV
MARKII data [9] and the 34.8 GeV TASSO data.
The agreement is very good, despite the fact that the
energies are slightly different.
In order to describe the experimental distribution
2 2 2 2
for %, %'ﬂ and ———(MH_ML)
of variation, we need to convolute the bare QCD
predictions to O(«2) with model dependent fragmen-
tation schemes for quarks and gluons. We will consid-
er two rather different fragmentation pictures, the in-
dependent jet fragmentation model by Ali et al. (IJF)
[14] and the Lund model (Lund) [15]. The model
parameter values were taken from [11], [18]. In Fig. 5
we present a comparison between our data at the
highest energy, [/§=43.5 GeV, where the influence of
fragmentation effects is relatively smaller, and the re-
sults of fits using the models of [14] and [15]. The
agreement between data and both models is satisfac-
tory. Values obtained for a; and the QCD scale Ayg
are given in Table 5. The systematic errors are a qua-
dratic sum of those coming from the correction proce-

, over their whole range
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Table 5. Values of o from fits to the jet mass data distributions
at 43.5 GeV, using the independent jet fragmentation model (IJF)
and the Lund model with exact O(«2) corrections. The systematic
errors quoted come from the correction procedure and the choice
of fragmentation parameters

Model Measure 2,(43.5 GeV) Aggs(GeV)
M} Mi:
1JF —=——=0.120+0.002+0.007 0.100+0.012+0.030
s s
M3
IJF = 0.1344+0.002+0.007 0.210+0.01440.055
s
ME M
Lund —=——=0.14740.003+0.009 0.340+0.032+0.100
s s
M}
Lund —_— 0.158 £0.002 £0.009 0.500+0.0244+0.135

dure (2%-3%) and those coming from the depen-
dence on the fragmentation parameters (5%—6%). We
do not use the light jet mass to determine o, because
it is a quantity very sensitive to hadronization fluctua-
tions.

The values for o, shown in Table 5 exhibit uncer-
tainties similar to those affecting other jet measures
like the AEEC. As is well known, different fragmenta-
tion schemes give rather different values of . The
systematic errors quoted in Table 5 do not reflect this
model dependence. For this reason in the next section
we will extract model independent limits of o, and
Asrs-

An estimate of the importance of the fragmenta-
tion term can be obtained from the quantity:

1 do 1 do
A %2 =U dMZ/S ¥R OT sz/S QCD (4)
s 1 do
Or dMZ/S QCD

where the subscripts QCD and FR denote parton
(O(x2)) and hadron level respectively.

Using both the independent jet fragmentation and
the Lund models, it has been shown [3, 4] that

® A(M?/s) decreases as ]/g increases
® A((M%/s) strongly decreases when M7/s increases,

ie. becomes small when at high energies (1/&
>20 GeV) one approaches the perturbative tail

MZ
(J > 0.2)
S

® A((;—M3)/s) is negative and non-negligible even
at our highest energies.

4 The energy behaviour of jet masses

In order to have a closer look at the energy behaviour
of the jet masses, we plot in Fig. 6 the integrated cross

, b1 do [M? M2 M
sections ;1“ ; m d (T) . for T = T

f /o do/d(NE /s)
0.

1.0 % T T a
3 ¢ o8 @
%é j oed §
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Fig. 6a—c. Integrated cross section for data in the region a M—<0‘1;
M2 M? "
b 0.1 <—<0.2; ¢ ——>0.2 of the jet mass difference and the heavy
s s

jet mass as a function of the c.m. energy
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data as a function of the c.m. energy

Miz—M
(—H——) over three regions of the spectrum, namely
s

2 2 2
(0.0 < % <0. 1), (0.1 < MS— < 0.2) and (0.2 < MT), as
S

a function of the centre of mass energy. The data
show a rather strong energy variation for the small
c.m. energies. This is due to fragmentation effects. At
higher c.m. energies, where fragmentation effects be-
come smaller, the data tend to flatten off as one would
expect for the logarithmic energy dependence implicit
in (1) through the energy variation of «,. The onset
of this flattening off takes place at smaller c.m. ener-
2

. . M .
gies for the highest —,~ Tegion.
For the sake of completeness we also show in

M3 — M2 2
Fig. 7 the mean values < S > <(—H‘—L)> and <%>
s

as a function of the centre of mass energy. These data

0

0
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Fig. 8. Energy dependence of o, calculated applying Eq. 3 to data

M

on <M > (squares) and applying (5) with A( ) 0 to the heavy
2

jet mass over the region —2>0.2 (diamonds) and to the jet mass
s

. . M%— M3 .

difference over the region 0.1<(—H—ML)<0.2 (circles). The full

s

lines correspond to the O(x2) QCD dependence for Ayg=0.480 GeV
(upper curve) Agg=0.170 GeV (middle curve) and Ay =0.045 GeV
{lower curve)

exhibit a behaviour similar to that discussed above
for the integrated cross sections.

These observations on the importance of fragmen-
tation effects to the measured energy behaviour of
the jet masses agree with the discussion in the pre-
vious section.

If we naively assume that the cross sections can
be expressed as the sum of the perturbative contribu-
tion to O(«2) plus a fragmentation term [10, 19], we
can write

f%@%F@ﬁ
T

| o2 ()
(ool )

S

[}

)

(Mp—
s s

By going to a region where fragmentation effects
are small, we can derive approximate values for o,
in a model independent way from (5) by setting

MZ
4 (—) equal to zero. Values of ay, for ]/;>20 GeV,
s

M7)

obtained when applying (5) to the integrated cross

sections in such a region, where fragmentation effects
2

M
are small, namely TH>0.2, are shown as the dia-

monds in Fig. 8. The line is the result of a fit using
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the «, energy variation:

2n
OCs(Q2)= 0 5
1 153—19N
632N 1“(%)+((3TW,,{)1““(%)
(6)

obtaining Ayg=0.170+0.047 GeV. If we only look

at the highest energy point, ]/_;:43.5 GeV, where
fragmentation effects are the smallest*, we obtain the
«, value, a,=0.135+0.014.

In those regions where fragmentation effects are

not small, the values of a,, estimated when using (5)
2

M .
with 4 (—b——) =0, can be considered as upper or lower
s

limits depending on whether the fragmentation term

is positive or negative respectively. An example of

(Mi—M3)
s

such a region is 0.1< <0.2 for energies

above 20 GeV. We parametrise the energy depen-
dence in Fig. 6b by the sum [10]

b
(ay a/m)(1+a, o /m)+—=
l/

N

where a; and a, are the integrals over the region

M2 M? 2 a2
0.1<(—”—S—L)<0.2 of F(w) and

2 2
R (%’T&) respectively and b represents the en-
s
ergy variation of the fragmentation term as given in
a limited p, parton model. Fitting the above formula
to our data for all Agxg values greater than 0.045 GeV
results in b<0. This points to the fact that the frag-
mentation term is indeed negative as was found from
Monte Carlo calculations in [3, 4]. Values of «, for

]/;>20 GeV obtained from the jet mass difference
data displayed in Fig. 6b are presented as open circles
in Fig. 8. The lower line corresponds to a fit using
as the o energy variation the expression given above
(6). From that fit we obtain the value Ayg=0.045
+0.016 GeV. By using as before only the highest en-
ergy point, we obtain o« (43.5 GeV)=0.110+0.011,
which can therefore be considered as a lower limit.
An alternative way to extract limits to o« is to
use (3) to fit the data of Fig. 7a. Again, if the neglected
fragmentation term is positive or negative, an upper
or lower limit respectively would come out. It is clear-
ly seen from Fig. 2 that the heavy jet mass experimen-
tal distributions peak at higher values than the pertur-
bative QCD predictions. This indicates that the frag-

* According to Monte Carlo calculations performed in [3, 4] those
fragmentation effects are ~5% for IJF and ~15% for Lund

. - MZ\ . .
mentation contribution to {—=) is positive. An ex-
s

plicit Monte Carlo calculation using both IJF and
Lund models corroborates our expectation [4].

Values of «, obtained when applying (3) to desribe
2

M . .
our data on <TH> are represented in Fig. 8 as

squares. According to the previous discussion these
values should be considered as upper limits. At the
highest energy we obtain o« (43.5 GeV)
=0.153 1+ 0.004. Also plotted is the result of a fit for
energies above 20 GeV using the «, energy variation
given by (6). From that fit we obtain the value Ayg
=0.4804+0.025 GeV. The Monte Carlo calculations
with the IJF and Lund models also show that

(Mg—Mj) . . .
<As——> receives a negative fragmentation con-
tribution, at least for ]/§> 20 GeV. This indicates that
values of o, obtained when applying (3) to describe
the data of Fig. 7a are indeed lower limits. The point
at 43.5 GeV leads to the value o, =0.107 +0.006, while
the energy variation from 22 to 43.5 GeV gives Agg
=0.047+0.007 GeV.

We would like to point out that these upper and
lower limits are in agreement with those extracted
by other experiments using a similar technique [10,
19, 20].

5 Summary

We have presented data on heavy and light jet masses,

2 2 2 2
%, %, as well as their difference, M, in
the range of centre of mass energies from 12 GeV
to 43.5 GeV. We observe that the experimental distri-
butions for heavy jet masses as well as for jet mass
differences approach the bare QCD predictions when
the energy increases. The differential cross section as
a function of light jet mass is very much greater than
the corresponding low order QCD predictions at all
centre of mass energies which we have studied, as
expected.

Convoluting the O(x2) bare QCD prediction ei-
ther with the Ali et al. independent jet fragmentation
or with Lund fragmentation, we obtained a reason-
able description of our data across the whole mass
spectrum. Values of a, obtained with these models
are in the range of those obtained with other jet mea-
sures [21, 22].

By using O(a2) bare QCD to describe the energy

2

. M .
variation of the —2 cross section above 0.2, where
s



fragmentation effects are expected to be small, we
have determined the QCD scale parameter, to be
Agg=0.170+0.047 GeV  (corresponding to o,

=0.1294-0.006 at [/;=43.5 GeV). This determination
is very nicely bracketed between model independent
upper and lower limits for Ayxg obtained using the

. M3 MZ—M?
energy variation of <TH> and <LLQ> These
s

values are: 0.480+0.025 GeV and 0.047 +-0.007 GeV
respectively (corresponding to o,=0.15740.002 and

2,=0.107+0.002 at |/s=43.5 GeV).
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