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TOPICS IN UPSILON SPECTROSCOPY AND B PHYSICS WITH CUSB

P. M. Tuts
S.U.N.Y. at Stony Brook
Stony Brook, NY
U.S.A.

ABSTRACT

We discuss some recent results in ¥ spectroscopy and B meson physics from
the CUSB collaboration at CESR. In particular, the recent observation of the
Xp(13P7) state at (9901+3) MeV in both the inclusive, (%(28)->yXp), and
exclusive, (%(28)->yXp—>yy%(18)), photon spectra. Splittings and branching
ratios are given. Results on the search for ¥'''—>B*B, limits on the B meson

mass, and the relative couplings strengths for b quark decay are also given.
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1.0 INTRODUCTION

The Y system, which consists of a bound b quark and its antiquark, has
proved to be a very rich testing ground for the study of b quarks, in terms of
both their decay properties, and the forces that bind them (for a review of X
physics see Ref. 1). The experimental study2] of the Y system at CESR has
progressed extremely rapidly, from the observation3] of the ¥, ¥’ %', and %'"
states in 1980, to the observation by CUSB4] of the Xf in 1982, and the
Xp in5] 1983. In this paper we will discuss the CUSB results on the
observation of the X, states from ¥’ decays together with a summary of some
of our results on B physics from recent running on the Y’'' as well as some

other selected results from M(GeV)

CUSB6], The ¥ system spectrum 0.6 43S|
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2.0 THE CUSB DETECTOR . ° qq

The CUSB detector, which is shown in perspective in Figure 2, is a high
resolution segmented Nal and 1lead glass calorimeter. The innermost portion
consists of four planes of tracking chambers, which are followed by ~9
radiation lengths of Nal crystals (324), ~7 radiation lengths of lead glass
blocks (256), and Nal end caps (168). Intersperced between the five Nal layers
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Figure 2. Perspective view of the CUSB detector, with the main detection

elements 1listed. The end caps are shown pulled out for ease of display. The

chambers between the Nal layers are not shown.

were additional tracking chambers; these chambers were removed for the most
recent Y’ running in an effort to improve the resolution of the central
detector from op/E ~4%/E1/4 (E in GeV). Outside the lead glass array there is
a scintillator hodoscope which provides us with a two muon trigger (in
addition, horizontally moving muons pass through an iron muon identifier
system). The solid angles are ~80%, and ~36% of 4n for back to back electronms,
and muon pairs respectively. The relative energy calibration of all the Nal
crystals is maintained by continuosly monitoring the positions of the photon
lines from 137Cs(.66 MeV) and 60C0(1.17,1.33 MeV) sources which are mounted on
the NaI crystals. This monitoring takes place simultaneously with data taking,
allowing for continuous gain monitoring of the entire system. The 1lead glass
calibration is maintained through daily monitoring of LED light sources placed
on the blocks. The energy calibration obtained in this manner is then
corrected for Monte Carlo calculated losses in the inactive material between
crystals. The final energy calibration is then checked against summed photon

energies from exclusive photon events and Bhabha scattering events; it differs

by only a few percent.
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3.0 X SPECTROSCOPY

3.1 The N3S; States

The agreement of the measured leptonic widths and masses

of

the

four X

states observed in R (shown in Figure 1 of Ref. 7) with potential models2] has

lead to the association of these states with the first four triplet S states of

the bb system. The values are summarised in Table I where masses are scaled to

-M(1)=9460 MeV as measured8] at VEPP-4.

Note that the Y(43S;) state lies above

the b flavor threshold since the observed3] width is significantly wider than

the measured machine resolution, providing us with a B factory with which to

study B decay.

3.2 Search For Other States

Besides the four prominent
resonances that have been observed

*e~ cross section, we have

in the e
searched for others in the
continuum regions between the
various resonances. The scans and
the results are shown in Figures
3a,b,c for the regions below the
Y’, below the Y'' and between the
Y'" and the X'’ respectively. The

most thorough scanning was carried
out in the latter region, where
there is a prediction9] for the
lowest lying vibrational state,
having a leptonic width of 70-270
eV.

Figure 3. The 90% CL upper 1limit
leptonic width in KeV for narrow
resonances (top), and the scan data
points in R for the energy regions:
(a)  9.93<M<10.01 GeV/c2, (b)
10.27¢M<10.335 GeV/c2, (c)
10.37<M<10.55 GeV/c2.
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There is no evidence for any narrow states (i.e. of machine resolution)
in any of the regions. In particular, a vibrational state with leptonic width

greater than 20 eV is excluded, in conflict with vibrational state predictions.

Table I. The masses and leptonic widths for the 3s states of the ¥ system.
The Y mass is from Ref. 8. The theoretical predictions are from Ref. 2, with

the leptonic widths calculated using the Y experimental value.

Resonance —-- Mass (MeV/c2) -- Leptonic width (keV)
Experiment Theory Experiment Theory
1(13s7) 9459.7 9459.7 1.1440.05 1.05-1.07
1(2389) 10020.5+0.7 10025 0.50+0.03 .44-.50
¥(33s7) 10350.0+0.7 10322-10360 0.35+0.03 .31-.40
1(4357) 10578.0+3.0 10568-10640 0.2110.05 .25-.31

3.3 Decays Of The ¥''(33Sy)

Since the CUSB results on the decays of the X(3S) have been discussed
elsewhere4] and in the Moriond Workshop proceedings”, we will limit ourselves
here to a brief summary of those results. The most significant discovery made
was the observation of the X{ (or 23PJ=0'1'2) state in both the inclusive
photon spectrum, Y(38)->y+X, and the exclusive decay chain X(3S)->y+X§, Xj
—>y+(2(28) or ¥(1S)) with the final S state decaying to e*e” or ptp~. The
results were obtained from a sample of ~65 000 hadronic events on the ¥(3S)
peak, and are summarised (together with the results from Y(2S) decays) in Table
III. In addition, the n*n~ hadronic transitions from the X(3S) to the ¥(2S)

and Y(1S) have been measuredl0] and are summarised in Table II.

Table II. The hadronic nn transition branching ratios measured by CUSB (see

Ref. 10). The theoretical predictions are from Ref. 11.

Transition Branching Ratio (%)
Experiment Theory

Y'->yntn— 18+6 17-18

bALEDSAS &F o 3.1+2.0 1.5-2.3

Y ->¥ata~ 3.9+41.3 1.4-3.4
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3.4 Decays Of The y'(238;)
3.4.1 Inclusive Photons -

Encouraged by the success of having discovered the X states in the
decays of the ¥(3S), the CUSB group has spent the last running period at CESR
(Dec 1982 - March 1983) studying the decays of the Y(2S) with the hope of
observing the X, state in El photon transitions. Such transitions have been
observed in both the inclusive and exclusive photon spectra5]. and can be
associated with the X states (13PJ=0'1'2). During this run CESR delivered
~30 pb~1 of integrated luminosity, corresponding to ~230 000 hadronic events in
CUSB, of which ~153 000 are observed Y(2S) decays (or ~180 000 produced ¥(2S)
events). The principal philosophy behind the photon algorithm for shower
recognition from the transverse and longitudinal shower shape has not changed
from the Y(3S) analysis4]. However, we have since increased the efficiency for
hadronic event recognition by ~30%, and tightened the photon criteria so as to
maintain a constant photon finding efficiency of 13% over the emergy range from
80 to 500 MeV. In addition the resolution for showers was improved to

UE/E~3.6%/E1/4 (E in GeV), due in part to the removal of the chambers between

T T T T T T T T T

the Nal layers. The inclusive

photon spectrum from the X(2S) 9000| T3 (a)

is shown in Figure 4a. There L
is evident structure at ~125 7000
MeV which is not visible in the
¥(1S) or continuum spectra. 5000 |

The background curve is

ins

3000 [

obtained from the spectrum by
fitting the region from 65 to 1000 |

280 MeV with a cubic plus 3

gaussians of arbitrary position

and normalization (the width of

(5]

o
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o
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Figure 4. The inclusive photon
8 P 2000

T

spectra, X(nS)->yX, for decays
of (a) the ¥(2S), and (b) the

Y(3S). The solid lime is the 1000

background, for details see
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Photon Energy (MeV)
each was held fixed at og/E ~6%), and the remainder of the spectrum with

1

text.

polynomials (excluding two bins around 430 MeV, where we expect to see a

signal). The cubic fit is also required to match the polynomial fits at the
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boundaries. The solid 1line shown in Figure 4a represents the cubic and
polynomial terms alone. The contribution from the decay Y(28) =-> n°n®x(1S)
(which has a BR~ 10%) is automatically taken into account because it
contributes a smooth distribution from 20 to 420 MeV, peaking at 175 MeV on the
plot. In addition, we show, in Figure 4b, the inclusive photon spectrum for
decays of the YX(3S) using both the new hadronic event and photon finding
algorithm, We still see a distinct excess of photons in the 100 MeV region,

leading to the the same positions and the same4] BR(2(38)-) Y+23PJ) ~34%,

Returning to the Y(2S) 500/
spectrum, we find a prominent
. . 300 |
excess in the region from 90
to 160 MeV (31104323 counts) p 100
R o
and another smaller excess in -
o
the region around ~427 MeV of g-—IOO -
833+166 counts, as shown in E"g
® 500
~
[72)
Figure 5. The background __8_300
subtracted photon spectrum 2
[+

for x(2S)->yX. The error 100 |-

bars are shown in (a), and ”hJuhuH un"nwﬁm UJ -Lu UH“J kuu

(b) shows the fits to the -100}-

1 M L 1 L1 L

excess. The numbers in (b) 50 100 500 [000
refer to Figure 6. Photon Energy(MeV)

the subtracted spectrum of Figure 5a. The three gaussian fit to the excess at
~125 MeV yields photon 1line energies of 108, 128, and 149 MeV respectively.
The individual gaussians are shown in Figure 5b superimposed on the subtracted
spectrum, where the numbers refer to the —W T(ZBS)
photon lines indicated on Figure 6. Since 1.°2°3

the lines are more widely separated than in \\ J=2
the 23PJ case and since our resolution is —%A— J= |3PJ
slightly improved, we are able to partially _+—

resolve the three photon lines as evidenced /

by figures 4a, and 5b. The final energy /

scale, after Monte Carlo correction for /

Figure 6. The El transitions for /
¥(28)->yXp and Xp->yX(1S) decays. The /

dashed line indicates that this transition

3
is suppressed. T(l S)
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energy loss in the inactive material, is determined by a sample of ¥(28)-)
Y(18)n%n°-> ¥(1S)+4y events, where the summed 4y energy (including ¥(1S)
recoil) must add to M(X’')-M(¥) ~561 MeV (as shown in Figure 7). This amounts

to a 2% upward correction to ! ! ! ! ! !

the energy scale. If indeed 141 MT’_MT 7

these photons correspond to 12 |- -

the E1 transitions to a P wave T’->1r°ﬂ”(ﬁg) 1

state, then one expects to see % or h[;

the 'mirror’ transition from g 8| 47 -

the P wave back down to the g 6l R

©

Figure 7. The total energy 4l APgH?gB3 i}

distribution for the four y's 2| -

from the hadronic decay o ) ) JAJ][1 [ . .

¥(28)->n°n%%(18), where o] 200 400 600 800
- — .

2(18)->e"e” or pTuT. EEYi [MeV]

ground state, ¥Y(1S). The energy of the two photons (plus recoil energy of
~10.5 MeV) must therefore equal M(X(2S))- M(¥(1S)). The product branching
ratios for the three transitions via the P wave state are in the ratio of
2:5:~0 for the J=2,1,0 spin states respectively (as is shown in the following
section on exclusive Y(2S) decays). Thus from the measured inclusive photon
lines we find that (108x2 + 128X5)/7 + 427 +10.5 ~560 MeV (including recoil) is
precisely the M(2S)-M(1S) mass difference, from which we conclude that we have
indeed seen the decay chain from the Y(2S) to the Y(1S) via an intermediate
state that we associate with the Xp. The photon excess observed in the 125 MeV
region leads to a BR(X(28)->yXp)= (15.5+2.5)% with an additional systematic
uncertainty of +5% and -2.5%; if the excess at (427+1+8) MeV is from the
above decay chain, then we find the BR(X(2S)-)>yXy)x BR(Xp—> 7r(18))= (4+1)%.
Using the above ratio of product BR's we find BR(13P2—> v¥(18))=(20+5)%, and
BR(13P1-) y2(18))=(47+18)%.

The individual intensities of the three lines are consistent with those
expected for E1 transitions (i.e. proportional to k3(2J+1), where k is the
photon energy). After correction for that factor we find them to be 1.04+0.3,
1, and 1.13+0.5 for the J=2,1, and O states respectively, normalizing to the
middle line. This evidence, together with the good agreement of the cog
position with potential models, leads us to associate the observed lines with
the lowest three triplet P wave states, 13PJ=0‘1,2. We summarise the inclusive

photon results for the 13PJ and 23Py states in Table III.
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Table III. Summary of inclusive photon transitions. For potential model

predictions, see Ref. 2.
E, Energy -- Mass (MeV/c2) —-  BR(X(nS)->y(n-1)Py) E1 width (keV)
Line (MeV) Experiment Theory n J BR(%) Expt. Theory
23P;  84.5+2.0+4 10265 3 2
23P;  99.5+3.2+4 10250 3 1
23P) 117.245.0+4 10232 3 0
2Pcog 93.1%5 10256+5 10242-10271 all 3443 8.441.4 4.8-7.6
13, 108.2+0.3+2 9912 2 2 6.1+41.4
13P; 128.140.4+3 9892 2 1 5.9+41.4
13P) 149.4+0.7+5 9870 2 0 3.5+1.4
1Pcog 119.443 9900+3 9888-9924 all 15+2.5 4.9+1.0 3.1-4.4

3.4.2 Exclusive Photons -

In addition to the observation of the Xps in the inclusive

have observed them in the exclusive events Y(28)-> yXp—> yyX(1S)-> yy(ete™

T T T g

e wpyy
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e % cusB
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Figure 8. Scatter plot of y energies
for p*ty~ final state cascade decays

of the x(2S).

spectrum, we
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700 |- . * -
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= I
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s 500}
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100 -
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1
Ey’ " [Mev]

Figure 9. Scatter plot of y energies
e*e” final state cascade

of the ¥(28).
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p*p~). Again, the proceedure is the same as that for the ¥(3S) exclusive
events described elsewhere4,71, except that the muon solid angle was increased
to 36% of 4n. The acceptances for these exclusive events are 17% for events
with e*e” final states and 12% for those with p*p~. The data are plotted in
scatter plots of the two photon energies, E%°W vs E%igh. for electron and
muon final state events separately in figures 8,9 respectively. Both plots
show a distinct clustering at (E%°W. Egigh) ~ (120,430) MeV which we
interpret as radiative cascade events via the X,. The fact that we are indeed
observing cascade events to the Y(1S) is well demonstrated in figure 10 which
shows the sum of the two photon energies with a clear peak at the Y(2S)-X(1S)

mass difference (after recoil correction).

Y T T T T T T T
The backgrounds are of

interest only in the region of 20r e+e_—’ ([el-[el-)yy _ ]

the clustering; hadronic 18 ON T, (25) -1

cascade backgrounds via non©

are negligable above a summed 16 F 1

energy of ~500 MeV. Other 14 F 1

backgrounds for the > 12k cuss 7 i

u*p~ events are negligable @ APRIL 1983 i

(1+1 events), whereas for E 10 F .

ete™ events there is a Q’ L

background from double % 8 1

radiative Bhabha events which 6t E

is calculated to be 4+3

events in the region of 4r ]

2k .

Figure 10. The summed photon R . . L N N R

energy for all the cascade 0 100 300 500 700 900

events in Figures 8 and 9. LOW _HIGH

Ey+EY" [Mev]
clustering of 80¢< E%“’ ¢ 150 MeV. The total observed number of events in that
region is 51. Correcting for acceptance and background (together with a
Bllu=‘028 +.003) we derive the product branching ratio BR(X(2S)-)>yXp) «x
BR(Xp->yx(18))= (3.940.9)%. We have compared the splitting observed in these
exclusive events with that obtained from the inclusive analysis, by combining
both the e*e” and p*y~ data, constraining the yy energy sum to 560 MeV
(corrected for recoil and weighted by resolution) and fitting the 1low energy
photon spectrum. The spectrum is shown in figure 11, where two clear peaks are
visible; a two Gaussian fit (of equal widths) leads to fitted peak values of

(106+3) MeV and (127+2) MeV with a resolution of op/E= (4.5+0.7)%. The
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[N ] L [ 1 1 1 [] n ] [] J
fitted intensities are in the B
ratio of (.45+.19):1. The 12 |- e’e“—.}')’(ﬁﬁ)COMBINED .
total product branching ratio, . ON T (2S) -
and intensity ratios, are in 10 |- _
agreement with theoretical
.. - CcusB -1
predictions (see Table 1IV), APRIL 1983
which 1leads us to make the > 81 7
[
association of these two lines % - T
with the 13P2 and 13P1 states. E 6 I- -
he)
These results are summarised in . .
Table IV.
4 |- .
Figure 11. The projection of
the low energy photon for Y(2S) 2r 7
decays, showing peaks at 106 . - [1 1
and 127 MeV. 1 1 1 1 1 bl 1 L 1 1
60 80

100 120 140 160

Table IV. Summary of ¥(2S) and ¥(3S) exclusive events. E:M (MeV)

Branching Ratio (%)

Reaction Experiment Theory
T =IBROX" ->7Xp;) xBR(XG;=>12")  5.942.1 3.3
T 5=1BR(X""=>7 X3 ;) xBR(Xg;->7Y) 3.6+1.2
Zj=1BR(X""~>7jXp ;) xBR(Xp =372 ") <3.0
BR(X'->7 jXp2) xBR(Xp2-> 1Y) 1.3+.7
BR(X’->7jXp1) xBR(Xp1->7%) 2.6+.8 3.3+.3
BR(!’—>7jlbo)xBR(Xbo—>1¥) .4

4.0 B PHYSICS

In this section we present a brief summary of some of the recent results
obtained by CUSB in the area of B physics. For more details on the CUSB B
physics see Ref. 7.

4.1 Search For B*'s

In a sample of 39 000 Y(4S) events, we have searched for the decay ¥(4S)->
B*B, where the B*-) yB. The energy of the y is expected to be ~50 MeV from
scaling arguments. We do not observe any events in the inclusive photon
spectrum of Y(48) decayslz], as shown in Figure 12. The shaded region in the

figure indicates the expected signal if there were omne photon per event. A
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F' e 12. The contin“ulﬂ T T T 7 rrir T T T T 1 rrrr T
8nE cusB
subtracted inclusive photon % 2500 b Feb. 1983
spectrum, Y(48)->yX. The &

z o -
shaded curve represents the W 2000

B3
expected photon signal if ® 1500 F B

~
there were one 50 MeV y per o

Z 1000 |- :
event. =

2

a 500} 4
maximum likelihood analysis i i Y
yields an upper limit on 10 50 100 500 1000

PHOTON ENERGY (MmeV)
BR(Y(4S)-> B*B) <71% (90% CL)

for 40<E7(60 MeV. From these results and the measured width of the ¥(4S), we
calculatel2?] that 5263¢ Mg< 5278 MeV, in good agreement with the recently
obtained CLEO valuel3l,

4.2 Electron Spectrum From B Decay

We have measured  the L e e e S B IS e s s e e o
2401 cusa
electron spectrum (>1GeV + * Feb, 1983
electrons) for B decays on the EZOO i + + +
i o
x(4S). The experimental S ol
spectrum is shown in Figure >
3 120
o]
& t
5
Figure 13. The measured u 8o | .
electron spectrum (Eg> 1GeV) w 4
40 | -
for ¥(4S) decays. The solid
line is the measured O e e s e e B i i e
1 2 3 4

background off resonance.
ELECTRON ENERGY (GeV)
13, where the solid line is a fit to the measured continuum spectrum taken off
the 2x(4S) peak. The continuum spectrum comes from electrons from D decay
(recall that only ~30% of the events at the Y''’ energy are resonance events).
The efficiency for >1 GeV electrons is ~7% (due to 20% electron identification
and 34% solid angle). We observe 711+47 events (after subtraction of 114
events from y conversions and hadronic interactions) which leads to a BR(B->
e¥X)= (13.7+0.9+2)%. The above branching ratio was obtained assuming that
88% of electrons from B-> evX decay are above 1 GeV, and a 12% background

contribution from B-)> DX decays.
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The shape of the electron spectrum has been used to determine the ratio of
contributions from b->u vs b-)>c, by comparison with the calculations of
Altarelli et a1l14], The three curves in Figure 14 represent the expected
spectra for the cases that mg=1.8 GeV/c2 (curve B), or that mg=150
MeV/c2 (curve A), and the contribution from B-) DX decay (curve C). A maximum
likelihood calculation results in a spectrum consistent with no b-)u

contribution, the 90% CL 1limit

leads to BR(B->e¥X,)/BR(B->edX;)  'Of cuSB ]
(7% or in terms of the coupling >'40 " Feb. 1983 -
%]
parameters of the mixing matrix g 120 |- b
o]
IVpu/ Vpc 12¢.03 (for details see & 100f -
(%2}
Ref. 7). 8 so|- -
&
S eol |
@ 60
Figure 14. The subtracted W 44| |
electron spectrum on the Y(4S). 20| 1
The curves are: (A) complete o A 4 L oaa
IY 1 ,l 1 I’l 1 IVIT
b->u, (B) complete b->c, and (C) 2
electrons from D decay. ELECTRON ENERGY (GeV)

5.0 CONCLUSIONS

The Y system has provided an amazing laboratory for the study of both weak
and strong interactions. The X spectrum2] has filled out experimentally in the
last year with the addition of the X and Xy members4:5] to the X family, in
support of the flavor independent potential model predictions for the bound bb
system. The E1 rates are in agreement with theoretical expectationsS], and the
hadronic transitions between triplet S states have been measured10] and agree
with those predicted by the QCD multipole expansionll]. although some of the
spectra for these transitions are unexpected theoretically. In B physics, the
B meson mass has been measuredl2] and tight bounds have been placed on the
quark mixing matrix parameters from the shape of the B decay electron
spectrum7]. Although much has been accomplished these past few years, there
still remains the challenge of explicitely resolving the P wave lines, and
observing the singlet S state, the n, (see Figure 1). We hope to accomplish
these tasks with the addition of a BGO upgradels] of the CUSB detector. The
first quadrant of BGO should be installed and running by the end of 1983 (the
np must await a full cylinder of BGO), and perhaps by the next Moriond meeting

we will be able to report on yet more exciting results.
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