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RECENT CUSB RESULTS AND QCD

Juliet Lee-Franzini
SUNY at Stony Brook, Stony Brook, NY, USA

ABSTRACT

The impact of the Upsilon system on QCD, based on CUSB data and analyses,
are presented. Results in the area of perturbative QCD include determinations of
Ayg from T(T')»Ygg and T(T')+ggg and the total widths of the Xp J=2,1 states.
Results in the area of non-perturbative QCD include determinations of the mass
and leptonic widths of the higher upsilon resonances (5S and 6S), and the B*-B
mass difference which measures (Qa) hyperfine splitting. Results from CUSB-II
indicate that we have not yet gone beyond QCD in so far as we have not observed
any anomalously large T radiative decays (T-»YX).

INTRODUCTION

During the past six years the CUSB1 Collaboration has mapped a dozen
different (bb) states using the CUSB-I detector ( a NaI-Pb glass calorimeter).
The masses of these states, as well as the observed major decay modes, are
depicted in figure 1. The double lines indicate two pion transitions and single
lines indicate photon transitions between the levels, where the solid lines stand
for observed transitions and the dashed lines indicate our future goals. While
the masses of the T's and (center of gravity) of the xb's, as well as the B*—B

mass difference, are germaine to testing of non relativistic quark potential
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models, decay modes of the T's and xb's
which involve the annihilation of the b
and b quarks bear on the realm of
perturbative QCD and yield determinations
of Aﬁg.

In the past year we have inferred the
existence of the T(53S1) and7163s1) from
our data taken during a prolonged scan in
the c. of m. energy region between 10.6
and 11.2 GeV, and observed the production
of 50 MeV photons (hence of B*'s) at these
resonances. Furthermore we have just
finished a test run with a module of the
upgraded CUSB detector (a Bismuth
Germanate calorimeter: CUSB-II)2 on the
T(13sl), the preliminary results from
which give stringent limits on the
inclusive branching ratio T+YX (where X
stands for anything) and confirm our
previous measurements3 of the QCD scale
parameter Agg. These results, and that of
an analysis of the x, (J=2 and J=1)

total widths are discussed in the following.

PERTURBATIVE QCD

Aﬁg -— We have measured with CUSB-I o

the Y spectra of direct photon production

from T and T' which are shown in fig. 2 as
a function of z (=EY/Ebeam)' We separate ‘i

high energy Y's from pions statistically e

4

by using the difference between the

conversion probability of s 2

(i. e. 2Y's) and direct Y's in the first
layer of Nal in our detector. The spectra
shown in fig. 2 are acceptance corrected

and continuum subtracted. Preliminary
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Figure 2 T'(T)+Ygg spectra.

analysis of our recent data taken with CUSB-II are in good agreement with these

spectra. Since within statistics these data are devoid of sharp features, we

fit them to a function of the form z(1-z)2 to obtain the total area, thus
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obtaining the total production rate of direct photons from T and T'.

Heavy quarkonia are expected to decay mostly via three gluons and a
fraction of the time into a photon and two gluons. The ratio of these two
partial rates, including next to leading order QCD termsu, is given by
(36/5)q2(u/as)[1+2.2as/w], where q is the quark charge and ag is related to the
QCD scale parameter Aﬁg including second order correctionss. Both the measured
rates and the rough shape of the spectra in fig. 2 are consistent with those
expected from the Ygg decay mode. We obtain from these measurements:

ag(T') = 0.226 +0.067 —0.042,

us(T) = 0.197 +0.122 -0.054 and
Agg = 116 +105 =57 MeV from T', 9000
Agg = 80 +195 -59 MeV from T data. 7000
These values are in good agreement with
those we obtained from measuring Buu msooo
where the theoretical uncertainty is much 53000
largerS. g|000
Agg = 140 +54 ~24 MeV from T', g s00
Ags = 95 +54 -34 MeV from T data. E
g 300
Total Widths of y, (J=2,1) states-- & 100
Since we observed the (xb')'s7 and 100
the (xb)'s8 the understanding of —50 50 56001000
relativistic corrections to photon Photon Energy(MeV)
transition rates has greatly improvedg. Figure 3 E1 transitions:T'*be+YT
Whenever the initial and final states have o v v 7 7 T
differing number of nodes in their radial 12|~ ee"— ¥y (5) COMBINED -
wave functions, for ex. T'' + Y + 13PJ, - ON T(2s) E
the rates are most sensitive to such 10 [~ M -
corrections and are very model dependent. r 1
CUSB's small upper limit for this 2 8 )
transition not only favors the choice of § R : :
the potentials of reference 9, but also = L i
indicates that relativistic corrections 4l 4
are likely to be small in the bb system. - 1
Calculations of the El1 rate for 2 :
transitions such as 13PJ + Y +T are i i
particularly reliable. These we make use sb : sb 3 |&34L éo ' |$04L7£o
of to estimate the total widths of the 5?*(Mew
Xp states which are expected to be very Figure U4 Projection of exclusive

narrow hence not directly measurable. cascade Y's on low EY axis.
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We show in fig. 3 the photon lines to and from the Xp observed in the
CUSB-I inclusive photon spectrum. The line labelled 4,5 is identified as the E1
transitions from the Xp J=2 and J=1 states to the T (transtions from the J=0
state is expected to be small). We obtained the branching ratio BR from
T'>Xp J=2,1)Y (lines 1+2) to be (6.1+1.4)% and (5.9+11.4)% respectively and the
product BR of T'+Xb(J=2,1)Y*TY to be (4+1)%. In fig. 4 we show the energy
distribution of the lower energy photon from events of the type T'+be*YT where
the T decays into an e'e” or a u+u— pair. The 107 MeV line is associated with
the T'+x,(J=2) transition and the 128 MeV line with the T'sx,(J=1) transition.
Note that their intensities are in the ratio of (0.51%0.25):1. We deduce that
the E1 BR of x,(J=2) to T is (20:5)% and the E1 BR of x,(J=1) is (47+18)%.

These values are in excellent agreement with potential model calculations and we
use these BR's and the computed E1 rates to obtain
Feot (13P,(bD)) = (173:43£18) kev, Feot(13P1(bB)) = (67+26210) keV.

The first error is due to the error in

measuring the BR's and the second to an ' * ' * ' . '

estimate of the uncertainty in the 3.2r + (o)
calculated E1 rates. QCD calculations10 +
give (x,(J=2)>gg)=190 keV and 30 %
F(xb(J=2)*qag)=60 keV with uncertainties ssb +
on the order of 50%. The excellent 1

agreement between the two sets of rates

26
indicate that we may use the Xp widths + ++ ++

someday to obtain an independent 24 *+
measurement of ag- w E
] ,
NON PERTURBATIVE QCD g —F 1 —
i3 + (b)
Higher T resonances —-—
1.8} T<0.8 -
Fig. 5 shows the CUSB scan at CESR 4

above the T(4S) r'egion11

R

. Fig. 5a shows

visible for all hadronic events, the

bottom figure is Ryis ol
passed a thrust cut, note the suppressed

*+
zero in both figures. Both show ng w *+m#w *+++ * %ﬁ#ﬂ%%

for events which ﬁ

complicated structures, which survive the

thrust cut (BB events are less "thrusty"

than continuum events) and therefore are 10.6 10.8 ( 1.0 .2
W(GeV)

resonance associated. The tall peak on

the left of the figures is the T(4S), Figure 5 Rvisible vs Ecm .

which lies below the BY production
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threshold'2. Another evidence of bb
production at these energies is the
increase in production of high energy
electrons (E>1 GeV, hence from B-decay of

b-quarks) as shown in figure 6.

Since the mass difference between B
and B* is =50 MeV and the mass difference
between the strange and normal B's is =100

MeV, six thresholds Bd(u)ga(u)’

—* * =% =
Pa)® a)r Baw)® a) BsPsr BsBs
B B g» occur within the Ecm range of

s
10.55 and 10.85 GeV indicated by arrows at
the bottom of fig. 7b. Furthermore, all
potential models indicate that three
higher T resonances, T(4S), T(5S) and
T(6S) are expected to be present in the
Ecm range 10.5 to 11.5 GeV. We performed
a coupled channel calculation using the
Eichten et al13 potential model, assuming
only four T(nS) states and the six
thresholds. In figure 7 the CUSB computed
curve is shown superimposed over our data,
the agreement between them is remarkable,

especially considering the simplifying
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Figure 7 CUSB Model Calculation:
top, superimposed over data,
7a, contributions from T(nS),

7b, from B's and Bs's.

assumptions made. 1In fig. 7a the separate contribution from each T resonance is

shown. In fig. 7b the separate contributions from ordinary and strange B mesons

are shown. One notes from these figures that the dominant contribution to the

cross section is due to the T(5S) and that it couples to all six two body

channels. The position of this resonance agrees with most potential model
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calculations once the proximity to many open channels is taken into account, an
example being the Tornquivst calculation1u. Similarly, most of the cross section
excess around 10.6 GeV is due to T(4S) coupling into B*B and B*B* channels.
There is room for some expected D state contribution, but in my opinion does not
call for the postulation of any exotic new states. The identification of the
sharp rise of the cross section at 11 GeV with the presence of the T(6S) state
is consistent, if not overwhelmingly compelling, with the data and the model

calculation. The resonance parameters are tabulated below.

Resonance Mass (GeV) T (MeV)) Tgq(keV)

CUSB PHOTON SPECTRUM/ REGION 45 9/ 8/64
T(4S) 10.5774+0.001 25+2.5 0.283t0.037 ’2‘ T T T T TTTTIT T T T T T
T(55)  10.845 $0.020 110415  0.36520.070 & | T
T(6S) 11,02 +0.03 90420  0.156+0.040 smeof 4
<
— P
In conclusion the behavior of (bb) statesguwf ]
above the free flavor threshold is well Canl
described by nonrelativistic potential models
(with coupled channel modifications). Our oor )
model calculation also predicts that B*'s 2560} ]
should be produced above 10.6 GeV. In figure
1280. - 4
8 we show the energy dependence of the BB,B*B
+BB*, and B*B* cross section (where B stands © o v gt e
PHOTON ENERCY (MEV)
for either ordinary or strange B mesons). 1In CUSD PHOTON SPECTRUAY KEGIOM . 1 e
short, in the energy region between 10.6 to & |7 T TTTTOMTToTTTRIIT mATE
11.1 GeV we expect =1.4 B* per (bb) event. gm“:
35960
os b .q‘ cuse gnao.-
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Figure 8 ARvisible vs Ecm Figure 9 Inclusive Y spectra:

for BB, BB*+BB¥, B*B*. top, T(4S), bottom, T(5S)
Observation of B¥ —-

It has been known for some time now that B*'s (vector B mesons) are not
produced on the T(4S) where BB's are produced copiously12. The method of search

is founded upon the fact that since the B*-B mass difference is known from
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scaling arguments to be =50 MeV, the only decay mode available to the B* is the
return to the ground state via emission of a photon. The search for such
photons yielded 90% c. 1. limits of the order of (6-9)% B* per (bb) events.
The inclusive photon spectrum is shown at the top of figure 9, it shows no
excess of =50 MeV photons. This result is fully consistent with our model
calculation, see also fig. 8. The photon spectrum on the T(5S) is shown at the
bottom of fig. 9, together with the polynomial fit to the T(4S) spectrum. An
apparent excess is visible; a simple subtraction yields a signal in excess of
seven sigmas whose width agrees with our computed resolution (including Doppler
broadening), centered at =50 MeV. Recall that the fraction of events which
contain a b quark pair in the energy range above the T(4S) is =7% and that the
B*'s have =15% Doppler widths, both factors render the photon search difficult.
We enhanced the (bb) fraction by (i) applying a thrust cut, choosing more
spherical events, see fig. 10b, (ii) applying Ecm cut, choosing regions where T
resonances are known to exist, see fig. 10c. We fit a cubic plus a gaussian of

known width to obtain the signals shown in figure 10.
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Figure 10 Photon spectra for events without an observed lepton. a) 10.62<Ecm<11
GeV, b) same Ecm as a, thrust <0.83, c) Ecm 10.62-10.72, 10.78-10.9, 11-11.12 .
d) background subtracted Y signal, NY=2112iN2u, corrected Ey= 51.6+1.7 MeV,
e) region b subtracted Y signal, NY=1u051350, corrected EY=M9.112.0 MeV and
f) region c subtracted Y signal, NY=1286t272, corrected EY=50.5:1.8 MeV.

An alternate way to enhance the fraction of (bb) events is to require the
presence of a high energy lepton (e or u with energy > 1GeV). 1In figure 11 we
show the Y spectrum of such lepton tagged events (solid line) superimposed over

a background curve (dotted curve) constructed with the proper fractions of (bb)
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events from the T(4S) and continuum events. wol T T T T
While the lepton tagging requirement reduces the 120
event sample tenfold, the signal/background 100|-
ratio is enhanced by a factor of four. The 80J- b
subtracted photon signal shown in fig. 11 % sor ’
contains 123428 photons in the region 35-65 MeV. % :::
] . H

We thus have a five sigma effect from the : At
restricted (no lepton) inclusive spectrum and a § 3 ®r
4.4 sigma effect from the lepton tagged events. é 20/ -
The number of B¥/(bb) event is 1.4:0.5 from the : ol .
former sample and 1.5+0.5 from the latter. Note o L“n” ” o I Menn
that both are in good agreement with our model H” W i HU]JHH
calculation. The mass difference M(B*)-M(B) we “or S T
obtain is 52 + 2 + 4 Mev 19, 0 o1 ENERGY (Mewt

Our mass difference between the vector Fig. 11 Lepton Tagged Y spectrum
and pseudoscalar B mesons is in good agreement with many potential model
calculations16. In the naive nonrelativistic picture, this hyperfine splitting

due to one gluon exchange is given by'7 {M(Qq) “M(Qa)}=(32“us/9Mqu)|W(0)|2.
(M2(Q@) *-M2(QQ) }=(64m/9) x{ag |¥(0) | /mg}.  The CUSB aM? is 0.551:0.043 GevZ. This
value joins a long list of such mass square differences (p-m, K*-K, p*-p, F*-F)
which are all equal =0.5740.02 Gev2. This implies that {as|w(0)|2/mq} is a

constant for all heavy-light (QE) mesons.
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Figure 12 CUSB-II Detector Figure 13 Preliminary CUSB-II T-+YX Limit
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BEYOND QCD?

The CUSB detector is undergoing an upgrade by inserting within the Nal
array, a twelve radiation length cylinder of Bismuth Germanate (CUSB-I1I, see
figure 12). During last fall we ran on the T(1S) with a reduced (9 radiation
lengths instead of 12) quadrant of the BGO cylinder in place, such that it
subtended 1/4 of the solid angle while the rest is covered by sodium iodide.
Approximately a total of 400,000 T's were produced during the 22 pb—1 run. The
inclusive photon spectra in Nal and in BGO were examined, no monochromatic signal
consistent with our known resolutions was found. In figure 13 we show our
preliminary limit for T+YX, where X stands for anything. The dashed line is the
predicted branching ratio for T+YH via the Wilczek18 mechanism for a Higgs boson
of the standard model. Our limit is preliminary because intensive Monte Carlo
studies are underway to determine our efficiency as a function of assumed X decay
modes. However, it is clear that we have not gone "Beyond QCD" yet, since we

have not seen any anomlously high rate of T+YX production.
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