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8Units are Zi=c=1. The metric is (+---). The four-
vector n is null: n = (I,H), with 1%2=1. The four-poten-
tial of the plane wave is A(z) = (0,R), where - A=0 and
T=moer=f—n-r., E(r) and H(r) =X E are the electric
and magnetic fields of the plane wave. The y matrices

are chosen in the standard representation.
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The production of the T family in proton-nucleus collisions is clarified by a sixfold increase
in statistics. Constraining T,T’ masses to those observed at DORIS we find the statistical
significance of the T” to be 11 standard deviations. The dependence of T production onpy, y,
and s is presented. Limits for other resonance production in the mass range 4—18 GeV are

determined.

We report on further details of upsilon''? pro-
duction in proton-nucleus collisions at Fermilab.
In addition to data published previously,'™ we
present here results from data taken in 1978.
Our entire data sample can be divided into four
subsets: (I) published data with 400-GeV incident
proton energy and 1200 T (or T’) events, mass
resolution (AM/M) of 2.2% (rms)*2; (II) 200/300
GeV, 500 T’s, AM/M=2.2%; (1) 400 GeV, 7000
T’s, AM/M=2.2%; (IV) 400 GeV, 500 T’s, AM/M
=1.7h. Except where noted all results here-
after are from the 400-GeV data. The resolution
improvement in data set IV was achieved by low-
ering the intensity of protons so that a multiwire
proportional chamber could be installed and op-
erated halfway between the target and the analysis
magnet.

All the data from sets I, III, and IV between
masses of 7.3 and 12.9 GeV were fitted simul-
taneously. Cross sections per Pt nucleus were
converted to cross section per nucleon by divid-
ing by Ap;=195. An isotropic decay-angle dis-
tribution was assumed for resonances while 1
+cos? (Gottfried-Jackson frame) was assumed
for the continuum. A linear exponential form
was assumed for the continuum. This form fits
the continuum well in this mass range.

The continuum shape, resonance mass separa-
tions, and relative cross sections were the same
for all data sets but mass resolution,® acceptance,
normalization,’ and mass scale were particular
to each set. Assuming three resonances and let-
ting all parameters vary we obtain the first col-
umn in Table 1.° This fit yields the spacing muys
-mp=0.57+0.03 GeV. If we constrain mqr —meq
to the value of 0.555+0.011 GeV measured at
DORIS’ we obtain the result in the second column
of Table I. In this case assuming two resonances
instead of three increases x® by 125 indicating a
statistical significance of 11 standard deviations
for the T”. We consider this convincing evidence
for a third resonance. Data set III with continuum
subtracted is plotted in Fig. 1 and compared with
the fit constrained by the DORIS measurements.

These results combined with the observation of
T and T/ at DORIS™*® strongly support the inter-
pretation that the T, T/, and T” are the n°S,Q@
states (# =1,2,3) of a new heavy quark with
charge 3 (“bottom”). Successful fitting of both
J/¥ and T families with a common potential,**°
successful prediction of = 3 states," mp» —mqp, >0
r',, (Y and 1’),"®!* and B(Y— py),'* all reinforce
this interpretation.

In Fig. 2 we show the energy dependence of T
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TABLE I. Resonance fits.?

Parameter (mT.-mT Free) mT,-mT=.5551.011

Continuum Parameters (dzo/dmdy\y=0 = z\e'b‘“"‘“'r))

A; (ph/GeV) 0,262+,004(+,04) 0,262,004 (,04)
AIII (pb/GeV) +.003 (b) +.003 (b)
Ary (pb/GeV) +,004 (b) +.004 (b)
b (Gev_l) 0.954+,006(,015) 0,953+,006(+,015)

Resonance Parameters

(GeV) 9.46 (fixed) 9.46 (fixed)
(c)

My
R/C (GeV) 1.15 +.03 1.14 *.03

BdU/dy[yzO T (pb) 0.30 +.01(+.05) 0.30 +.01(x,05)

ng,-mg (GeV) 0.574%,027 0.558+.011
Bda/dy|y=0 T'/T 0.32 +.03 0.31 .03
My, ~my  (GeV) 0.97 .05 0.95 *.03
BdO/dy|y=0 T /T 0.13 +.029 0.15 +.017

Common Parameters

Am/m (rms) I 0.022 fixed 0.022 fixed
Am/m (rms) III 0.022 fixed 0.022 fixed
Am/m (rms) IV 0.020+,002 0.020+,002
m factor I 0.998+,002 0.997+.002
m factor III 1.001+,001 1.001+,001
m factor IV 1.000%,002 1.000+£,002
x2/DF 163/155 163/156

#Where significant, systematic errors are given in
parentheses.

bSince data sets TI and IV have not been carefully
normalized, the precise values of these parameters
are irrelevant.

°This parameter is B, do/dy|,-, for T production
divided by d%/dmdy|y-g, m =m for the continuum.
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FIG. 1. Mass spectrum in the T region with continu-
um subtracted (from data set III). The curve is the fit
described in the second column of Table I.

production'® and compare it to that for ¥ produc-
tion.!* We see that they are similar.

Figure 3(a) shows the P, dependence of the T
cross section (continuum subtracted). The curve
shows a fit to the continuum in adjacent mass
bins. We see a significant difference particular-
lyat the highest values of p,. (P is 1.48+ 0,04
GeV, while (P,) of the continuum is 1.20+0.02
GeV (assuming 1 +cos®@ decay instead of flat
decay yields {p,)y of 1.44+0.04). Figure 3(b)
shows the y dependence of the T (also continuum
subtracted) and a curve showing the expected
continuum behavior based on interpolation from
the surrounding continuum via the parton annihi-
lation model. We see that in contrast to the con-
tinuum distribution the T distribution is symmet-
ric abouty =0. W In(@? /dm dy)/dy],-, is 0.1+0.2
for the T vs 0.5+ 0.1 for the continuum. This, to-
gether with the p, dependence, the small ratio of
T to continuum seen in our 200-GeV data (aty
=0.4),* and the large ratio of T to continuum seen
at the CERN intersecting storage rings'® (Vs=60
GeV), suggests that the T production mechanism
differs from that of the continuum.

The observed mass spectrum [Fig. 4(a)l, com-
bined with knowledge of the mass resolution (con-
firmed by the observed resolution of J/¥, ¥/, and
T) allows us to determine upper limits for By,
Xdo/dy for narrow resonances (independent of
origin) in the mass range 4-18 GeV in proton-nu-
cleus collisions. These are presented in Fig.
4(b). To set limits on the masses of new quarkon-
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FIG. 2. s dependence of T and ¥ production. The T
data are from this experiment and Ref. 13. The J/¥
data are from Ref. 14.

487



VOLUME 42, NUMBER 8

PHYSICAL REVIEW LETTERS

19 FEBRUARY 1979

100,

m=9.1-106 GeV

<)
T

o -continuum (fb GeV nucleor’
™

ly=

Ed’o7dp®

o

0o

m=9.1-106 GeV 1

$3/2d%/dmdy - continuum (nb GeV” nucleori’)
w
T
.

ST SRS R T TN T .
=== 012345

y

FIG. 3. (a) p; dependence of T production (continuum
subtracted). The curve shows the p; dependence of the
adjacent continuum (the continuum p; spectrum is inde-
pendent of mass in this mass range). (b) y dependence
of T production (continuum subtracted). The curve
shows the continuum y dependence based on interpola-
tion from the adjacent continuum with a parton annihila-
tion model.

ium systems, we must make some assumptions.
Since no resonance production data are available
for V7 greater than 0.5, we assume the resonance
excitation curve falls no faster with V7 than that
of the continuum (the two curves are tangent be-
tween 0.3 and 0.4). We must also assume a pro-
duction model. Figure 4(b) compares the 95%-
confidence-level upper limit for [(B pudo/dy) (reso-
nance)l/[(d% /dm dy)(continuum)] with the predic-
tions of two production models.!?'® Following
Ellis et al.,'® we find m,/,> 15 GeV and m,/, > 16.5
GeV for charge-% and charge-§ quarks, respec-
tively. Following Cahn and Ellis'® we find m, /,
>15 GeV and m,/,>17.5 GeV.

In summary, further data on T production in
proton-nucleus collisions and the observation of
T’ at DORIS have increased the statistical signifi-
cance of the T” to 11 standard deviations and sup-
plied more evidence for the quarkonium inter-
pretation of the T family. Assuming that only
one additional narrow resonance above the T/ con-
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FIG. 4. (a) Mass spectrum. The 4-6-GeV region is
from data set IV. The 6—20-GeV region is from data
sets I and III. The curve shows the mass resolution.
(b) Upper limits (at 95% confidence level) onB,, do/
dylyzo for new resonance production. (c¢) Upper limits
(at 95% corifidence level) on the ratio of resonance to
continuum production. The dotted curves are the pre-
dictions calculated with the model of Ellis et al. (Ref.
15). The dashed curves are the predictions calculated
with the model of Cahn and Ellis (Ref. 12).

tributes to our mass spectrum, we determine
the T” mass to be 10.41+ 0.05 GeV. Differences
in the dynamics of T and continuum production
point to differing production mechanisms. Other
quarkonium families with comparable resonance/
continuum signals are unlikely in the mass range
4-14 GeV. A quarkonium family based on a
charge-% quark is unlikely below 16.5 GeV.
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