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ABSTRACT,

We present a new method, based on duality, for smoothing the ra-
HOR 2 6(6 e —» hadrons)/ o (6 ¢ —p ,jo-,u';) Our method allows us to ex-
tract from all available data the three light and charm quark contribu-
tions seperately which are successfully compared with QCD predictions.
We find m, = 1. 45 I 0. 05 GeV and A2 =0.5+ 0.6 GeVz. The method

itself provides a self consistency check of semilocal duality.
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Recent experiments in e’ e annihilation into hadrons have provided

- o(e’ e~ —» hadrons)
ole’ e —put p )

and medium energy region. Thus, R is reliably knovn from threshold up

(1)

an accurate determination of R(s) = also in the low

to 8 GeV Such high quality data ought naturally to provide for precise
tests of proposed models and theories. However; a direct confrontation
with theoretical predictions has been hampered by the local fluctuations
in R due to resonances as well as the presence of multihadron thresholds.
To this end, in this paper we present a method based on duality which he-
lps smooth out R, Our procedure simultaneously allows for a check of the

(2)

« + -
concept of duality itself in e e annihilation

FEarlier, to overcome the above-mentioned difficulty two different
methods have been suggested. In the first one (3, 4), the experimental da
ta are extrapolated from the time-like to the space-like region via dispe
rsion relationg, and then compared with the theoretical QCD predictions

for the function D(Qz) defined as

D@ Qz g R(s ) (S;rv)QZ”dH(s) ’ (1)
4 Q 4‘5 Sﬂ“ Q

where IT(g) ig the hadronic contribution to thevacuum polarization tensor.
Ignorance of R beyond the energy region accessible experimentally, dire
ctly introduces an indeterminacy in D(Qz), depending upon the assump-
tions-regarding the number and mass of heavy flavors-made for the ex-

trapolation of the data.

5
In the second approach ) a smearing procedure has been suggest-
ed which is applied directly in the time-like region. To be precise, the

quantity




is compared with the theoretical prediction for R(s) given by QCD pertur-
bation theory. The price one has to pay here is the introduction of an ar-

bitrary parameter 4.

As stated before, our smoothing procedure is based on duality, which
2
has been successfully applied earlier for this process ( ). Given the expe

rimental value, Rexp(s), we construct the zero«th moment

s
M(S) = j R (s) ds (3)
5 ©Xp
4m,
Figure (la) shows the values of R exp (s) used by us. The data have

been organized as follows. For W (2 1/'5') from 0.1 to 0. 9 GeV, the domi-
nat contribution is due to the g~resonance for which the Gounaris-Saku-
rai form (6) has been assumed. @ and ¢ resonances are introduced as
0-functions., From 0.9 to 3. 45 GeV, all available data (1) from ACO,

" VEPP-2M, DCI-M3N, ADON'E.- Y72, ADONE-MEA and SPEAR-MARKI
have been averaged over 100+ 200 MeV intervals as shown in Fig. (1a),
In the interval 3. 45 to 7. 8 GeV, we have utilized data (1) from DELCO,
DASP, PLUTO and SPEAR - MARK I, whenever available. The heavy
lepton contribution has been subtracted. Also, radiative corrections ha .
ve beeén applied(7). The band shown in Fig. (la) is mainly due to syste-

matic discrepancies between experiments in the interval 15 + 25 GeV2

and to statistical errors above 25 GeVZ. Using the above inputs, we
plot M(S) in Fig. (1b). Here the band reflects only the systematic discre
pancies between various experi:mrent:s, the statistical error on the inte-

gral being negligible,

Clearly, the local structures present in R exp (s) have almost di
sappeared in M(s). This, therefore, allows a much cleaner separation

of various quark contributions. In fact, these data naturally divide into
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(s) vs. s as explained in the text.
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A
and 4+ 2 (9 = 60 GeV*),

three regions with effective slopes: 2 (s X0 < 5 GeVz); 2:5(529GeV

2)

For clarity, we present seperately in Fig, (2), the low energy data

alone on a bigger scale. This figure confirms that the average value of

R between. 0 «+ 9 GeV2 agrees with the value of R averaged over the 0-®

¢ - resonances. This gives us confidence in the idea of semi-local dua-

lity.

M

l .

Fig. 2 - M(5) vs. § for the energy region 8 £ 10 GeV".
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A more accurate test of duality in this regién can ﬁot be made atprge_
sent because of the lack of seperation of s-quark cc;n.t‘ribrutiénz‘ifrorh those
of u and d-quarks. This also shows upin the ¢ continuum which appa-
rently sets in later (around s 2, 5 GeVz) and which may be responsible
for the change in the slope from 2 to 2. 5. The above conclusions rely on
the experimental assumption that at low energies (s2 + 6'GTeV2)'a11 pro
duced particles are pions. Indeed, the number of kaons has been obser-
ved b to increase with energy and due to the smaller detection efficien
cy for kaons (relative to pions) at low energies, thetrue Rexp(s) may
be higher than the value shown in Fig. (la). In turn, this might further

reduce the difference between the two slopes (i.e 2 and 2. 5).

At this point we can make 2 simple consistency check with first or

der correction expected from QCD:

2

Ris)~ 3 i=d,d, s i 27 )

Taking 3 massless quarks only, we have qa (g)=< m—;’iﬁ—yy— . Thus,

2
for a value of A"~ 0.5 GeV? we find R(~9 GeV™) = 2, 30. (The inclusion

of the c-quark changes this result by < 1%). We compare with a smooth-

ed value, R , defined as
av

aV(S) )

wtf =

) ,
From figure (2), we find Rav(~9 GeV?) =2, 277 0, 05 (statistical er-
ror only) in good agreement with the above value. Notice that due to the

summation over R , the statistical error on Ra is considerablyreduced.
exp v

L.et us now discuss the contribution to R of charm quaiﬂkh alone. Due
to the distance of this threshold from those of all other-quarks, it is pos

sible to isolate this quark's contribution MC(E). This is acheived by sub



-

tracting from M(S) for s » 9 GeV2 - the contribution of light quarks eva-

luated using the mean value R Jight (s)x 2.4 7% 0,1, The result is plotted
i

in fig. (3). This figure provides a precise test of duality since the strai-

- 2
ght line behaviour of Mc(s) when extrapol.ated down to (8 + 9) GeV' ™ ave-
rages quite accurately over the low-lying resonances J/% and %' . This

(2)

aspect of duality has been noticed previously ',

We evaluate the effective charm threshold and deduce therefrom the
c-quark mass using two different parametrizations. First, we use the

naive formula

and then the QCD ]g):r'edic’cion(5

R(Cz) (s) = (3 Qz) -;— B(3 - §7) [1 + % f(B)a(S)‘J : (%)

where QC = 2/3 is the charge of the c-quark, g=y1 - 4m2 /s
: c

. (B+3) &m 3 |
R e I S (6)
'an:d(8)
a(s) ¥ 12 (7)
2 s + 5r~.r12
27 In (/A7) - 2 In (= —,)
A%+ 5m
c
Us:fing eq. (4) and the data, we find 1 /sl =m Z(1.3 +1.4) GeV and

2 ¢ e
§C='(;'11‘6 + 1. 8). If we interpret Ro to be (3 th) then the above value for

the c'hai"ge QC is too high. As we show now, the QCD correction amelio-
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rates this situation. In figure (3), the QCD result as given by eq (5) is
plotted for differ ent values of m = 1,4 GeV and 1. 5 GeV and A = 0, 3,
0.5and 0.7 GeV It is clearly seenfrom the figure that the QCD expres
sion with the correct value of the charge, a mass value (1,45 0, 05) GeV

and 112 = (0.5 + 0.86) GeVz reproduces the data quite well,

We consider the above as a success of QCD and our smoothing pro-
cedure. We stress again that our method uses all data, including narrow
resonances like J/y and w'. In fact, the amount of resonance contribu-
Vtio‘ns allows us to verify the basic hypothesis of semi-local duality. On
the contrary, the smearing procedure of reference (5) discards such har

row structures.

Using the result of the above analysis we can also discuss the charm
contribution to the function D(Qz) in the space like region. From eqs. (1)
and (5) and the obtained valtzes of m = 1. 45 GeV and A2 = 0,5 GeVz,
fh(QZ). For comparison with experimental data,

we also plot DZXP(QKZ) constructed in the following way. The contribution

we plot in figure (4), D

T ‘ l x
D
15k i
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Fig., 4 - DY(Q2) vs, Q2. The solid line is D’rh(Q ) for me= 1.45

GeV and A2 = 0.5 GeVz The experimental band for D¢ exp (Qz)

Lo

is obtained as in Fig, 3.
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of the u, d and s quarks to R p(s) is subtracted as before, in the range

2 2 2
4mc & s £60GeV ., For s 7 60 GeV , Rc(s) has been extrapolated usi-

ng the QCD formula (5). Once again the agreement is quite reasonable.

In conclusion, we have presented a duality -based smoothing proce-
dure for R (g), which led us to make a rather direct comparison with the
QCD predictions. The method allows us to use all the experimental data
down to threshold and gives excellent support for semi-local duality. Iso-
lating the charm contribution, we find mcﬁ (1.45 t 0. 05) GeV. All our ana
lysis in space and time-like region is consistent with the QCD predictions
for-a value of A2 = (0.5+ 0.6) G-eVz. Obviously, a similar analysis for
b (bottom.) and higher mass quarks can be attempted when higher energy

data become available,

It is a pleasure to thank G. Parisi for helpful comments.
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