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THE NEW SPECTROSCOPY

George H, Trilling

Department of Physics and Lawrence Berkeley Laboratory
University of California, Berkeley, California 94720

I. THE COMING OF THE NEW SPECTROSCOPY

A, -Introductory Remarks

My task in these three lectures is to review the experimental status
ofvthe new spectroscopy thrust upon the physics world by the particle
discoveries of last fall, Beforé embarking on this discussion I want to
make a few qualifying remarks:

(1) In so rapidly varying a field, the distinction between review
lgcture and topical seminar becomes blurred. Hence there may be some
overlap between material presented here and subjects discussed in more
detail in the Topical Conference, I have endeavored not to dwell on
those areas which are on the program of the Topical Conference.

(2) By the force of circumstances I have had better access to the
pre-publication results of the SLAC-LIBL Collaboration than to the work
of other groups or laboratories., Thus although I have attempted to take
account of all contributiqns to this field, my presentation may not be
as completely balanced as might be desirable,

(3) In the matter of notation I have used the symbols ¥(3095) and
¥(3684) for the two narrow states which are presently the best-established

citizens of the new spectroscopy.

«

(4) I have not discussed in any great detail theoretical models of
the new particles except insofar as they bear directly on the interpre-
tation of experimental results. Undoubtedly this important area will

receive more emphasis in Haim Harari's subsequent lectures,

B, The "0ld" Spectroscopy

The spectroscopy of meson and baryon states was perhaps the major

focus of attention for high energy physicists during the decade of the
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1960's, The experimental consequence of this effort was the discovery
and determination of the properties ané quantum numbers of a large number
of such states, and the recognition of certain regularities exhibited by
these states. While this is not the place to go into any detailed dis-
cussion of this subject it may be useful to summarize some basic features
of the spectroscopyé |

1., There are families of meson and baryon states or resonances,
Individual states have been mostly identified in the mass region below
2 GeV. Above that mass, typical resonance widths tend to become larger
than lével séacings, and structure is much more difficult to recognize,
The occurrences of large widths for high-mass states are easy to under-
stand in terms of the large numbers of available decay channels,

2, su(2) is an exéct symmetry of the strong interactions, and su(3)
is an approximate symmetry, Baryons fit into 10, 8, 1 representations
and mesons into 8, 1 representations of SU(3). Typical SU(3)-violating
mass differences observed within given unitary multiplets amount to |
Ama ~ 0,2-0.5 GeV2 per unit of hypercharge (Y = B + S, where B = baryon
number, S = strangeness).

3. The pattern of states can be understood in terms of the Quark
Model. For this purpose one considers the three basic spin 1/2 quarks
(u, 4, s) whose properties are given in the first three rowsl of Table I.
It is assumed that baryons and mesons are constructed out of bound states
of the form qgqq and qq respectively, the binding forces being in first-
approximation spin and unitary spin invariant'(leading to su(6) symmetfyL
Higher mass states are then built up out of radial anﬂ orbital excita-
tions of these configurations. The resulting spectrum of levels agrees
reésonably Qith experiment, both in the absence of exotics and in the
fact that the observed ordering in terms of energy is consistent with
the expected excitations, A review of the quark model was given in one

of the lectures of this School last year by Gilman,2 and I shall not go
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into detail here. It is however desirable, because of later application
to the new particles, to discuss briefly the mesons in terms of the
quarks of Table I. If L is the orbital angular momentum of the gg

system and § its total spin, the basic properties are:

Angular momentum J = ]f.' +§|
Parity ‘ P=(- 1)L+1
Charge conjugation3 c = (- 1)L+s
G parity G = ¢(- 151

The application to the L = O states is given in Table II,

It is further worth mentioning here that the isoscalar states
observed in nature follow the principle suggested by Table II, namely
pure SU(3) singlet and octet for JF€ = 0% and mixed su(3) representa-

tions for JPC =1 . Specifically,

L [vu + dd - 2ss] (octet)

7' = — [uu + dd + ss] (singlet)
® = — [uu + dd] (mixed octet and singlet)

® = SsS
According.to the empirical Zweig rule,u those processes whose quark dia-
grams have both ends of a quark line belonging to the same hadron are
substantially inhibited. This principle coupled with the above represen-
tation of the ¢ leads to an understanding of its small width for decay
inﬁo nonstrange particle combinations such as pr. An identical argument
can be used, in the L =1 exéitations, to accouné'for the inhibition
of the f' decay into nonstrange final state particles, Comparison of
the pn width of the @, namely 0.6 MeV, with the pn width of thé A, which

is 100 MeV suggests a decay inhibition factor of roughly two orders of

magnitude for processes suppressed by the Zweig rule,

C. The Birth of the New Spectroscopy

The new spectroscopy was introduced to the scientific world in
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November 1974. The basic experimental inputs were the following:

(1) The M.I.T.-B.N.L. Experiment’

The MIT-BNL group studied the reaction

p + beryllium - ete + anythiné (1)
at a‘proton energy of 28.5 Gev at the Brookhaven Alternating Gradient
Synchrotron (AGS). They used a high-resolution double-arm magnetic
spectrometer specifically designed to detect high-mass particles, pro-
duced at rest in the center of mass, and decaying into an electron
positron pair, The resulting e+e- mass spectrum,6’7 shown in Fig, 1,
exhibits an extremely clear resonance at a mass of 3,112 GeV with a
width smaller than the experimental resolution, ' < 5 MeV. This particle
was given the name J by the MIT-BNL group. Information on its production,
as obtained in this experiment, will be discussed in the next lecture.
The MIT-BNL group subjected their data to the most careful tests to
establish beyond any doubt that the remarkable results shown invFig. 1
really arose from the decay of a new particle rather than from any non-
understood instrumental effect,

(2) The S.L.A,.C.~L.B,L. Experiment8

The SLAC-LBL group working at the electron-positron storage ring

SPEAR at SLAC used a solenoidal magnetic detector to study the reactions

e’ + & - hadrons (2a)
N e+ + e- (z))
- o o (2¢)

Following up on some unexplained anomalie§ detected in the course of a
systematic study of the energy dependence of the cross section for (2a),
they explored during the weekend of November 10, 1974, the cross section
behavior for (2a,b,c) in the center-of-mass energy region near 3.1 GeV.
The results, which are shown in Fig, 2, exhibit a cross section rise for
reaction (2a) of about 100 over the value of about 20 nb observed at 3.0

GeV, accompanied by substantial rises in the cross sections for both (2b)



and {2c). The energy spread of the effect is completely accounted for
by the beam energy spread in the storage ring (g =~ 1 MeV) plus the ex-
pected radiative tail (see dashed curve in Fig. 2a) and implies therefore
a full width T < 1.9 MeV. As discussed in detail in a later section it
is straightfo}ward to apply resonance theory to data such as those of
Fig. 2 and actually deduce a relatively precise value of the resonance
width, This was done by some of the interested theorists within a few
hours after the data were obtained with the startling result that the
width was actually of the order of 50 keV, The SLAC-LBL work was done
independently and without knowledge of results from the MIT-BNL experi-
ment, and the new particle was given the name ¥ by that groué.

9

(3) The Frascati Experiment

Several groups working at the electron-positron storage ring ADONE
at Frascati, having been‘informed of the results of the MIT-BNL group,
set up the machine at the appropriate energy (at the very end of the
accessible energy range) and cobserved 1a£ge increases in hadron and
dilepton cross sections, The results for the hadron detection are shown
in Fig; 3.

(4) Discovery of the Second Narrow Resonance by the SLAC-LBL GrouplO

The search for the first resonance at SPEAR in just the right energy
came about through a combination of luck plus the effects of the long
radiative tail of the cross section (see Fig. 2) at energies substan-
tially removed from the resonance. However after this discovery, the
storage ring was put into a "fine-energy~scan" operating mode by virtue
of which it could sweep the available center-of-mass energy range in
roﬁghly 2 MeV steps staying just a few mirmutes at each step to make a
very rough determination of the hadron cross section, Aﬂy large rises,
such as those produced by the Yy, could then be further explored to verify
if there were a narrow resonance, A test of this mode of operation

proving its ability to detect the already discovered ¥ is shown in Fig,



ha, and the results of its first few hours of operation in a new energy
range are shown in Fig, 4b, The evident rise in yield at around 1.85‘
GeV per beam was subsequently explored in much more detail with the
results shown in Fig. 4c. A new resonance, again of width small com-
pared to the machine energy spread, with mass'just under 3.7 GeV exhib-
ited itself via a rise of about a factor of 30 in the hadron cross
section., Accompanying rises in the dilepton cross sections turn out to
be relatively small and were measured accurately only after much more
extensive data taking, as will be discussed further. The nomenclature
proposed by the SLAC~-LBL group for denotiné the narrow resonances is
¥(3095) and ¥(3684) (the magnitudes of the mass are recent values
revised slightly downward from the original results). I shall use this
nomenqlature hereafter,

(5) Confirmation of the y(3684) at porzs*t

Successful operation of the new e+e- storage ring DORIS at the DESY
Laboratory permitted the experimental groups there to gét quickly into
the study of ¥ physics., Confirmation of both of the ¥ states with the
' superconducting solenoidal detector PLUTO operatiné.at DORIS i§ shown

in Fig. 5.

Having briefly mentioned the major experiments which detected the
existence of the new particles, I just want for completeness to comment
on why it was immediately recognized that these new states did not ade-
quately fit into the "old spectroscopy! and required something new, The
problem was the understanding of the extraordinarily nérrow width, all
the more remarkable because the high masses involved, plus the assumed
and later verified spin of 1, imply that phase space and angular momentum
barrier effects play much less of an inhibiting role than at masses of
1- 2 GeV where the usual resonance widths are of the order of 100- 300
MeV, The actual ¥ widths are 69‘and 228 keV respectively for the lower

-

and higher mass states, implying inhibitions of ~ 10 ' for hadron decays



-7—

and ~ 10-2 for first-order electrémagnetic decays, It is only the
second-order electromagnetic decays (proceeding via the emission and
reabsorption of a photon to produce lepton pairs or certain hadron
states) which are rouéhly normal in that their rates are comparable to

those of other known vector mesons, Thus the introduction of new quantum

. numbers or new selection rules to understand these new states seems

inevitable,

D, Experimental Techniques of the New Spectroscopy

Much of conventional particle spectroscopy has been carried out with

bubble chambers or with fairly straightforward electronic techniques.
The new spectroscopy poses serious experimental difficulties because of
low cross sections (at least in conventional experiments with hadron or
photon beams), and large backgrounds of other processes. Some typical
detectors are shown in Figs. 6a, 6b (for fixed target experiments with
hadron or photon beams)'r"12 and Figs. Ta, 7Tb (for e+e- storage ring
experiments).13’lh The handles used in pursuing such experiments are
thé following:

(a) Good effective-mass resolution' for two-particle or multiparticle
systems to detect narrow bumps (for example, MIT-BNL: o =~ 5 MeV),

(b) Lepton identification capability (MIT-BNL: reject hadrons by 108).

(c) Badron identification in final state: Cerenkov counters to identify
%, K, p for hadron decay modes of interesting statés.

(d) Detection of decays transverse to the beam axis when using hadron
collisions as sources of particles. Low-transverse-momentum dominance
in hadron processes tends to reduce background,

(e)‘Use of ete storage rings with large-solid-angle detectors, Vector
mesons can be directly observed in formation, and theif decay modes can

be studied effectively., Other &tates can also be produced in some of the

decay modes of the vector mesons,

lZeznppnnoo
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E. Extraction of Properties of ¥ Particles from e e Storage Ring

[

Experiments S e e

‘1, Width of the y's

' * " {a) Basic Formulas : . . RV

ER T

The Breit-Wigner formula' for the formation.of a.resonance of
. . + - . ' .
mass M, spin J, width T', by e e collisions of total energy W, in the

absence of beam energy spread and radiative corrections,

1 riae

.

T R (20+1)n - Tla . e
g = (3)
a w2 2 F2 :
T (w-M) g S ey

R ' S . . s vy '
where o, is the cross section, via the resonance, for final state a and

a
: ra ) ’ . R
tively. For a narrow resonance (F/M << 1) the cross-section integral
. 3 . |
over energy is e
2 ©rr :

R. a .
[ faw=(a54+1)-22 , - (4)

a M2

r

(b) Beam Energy Spread

+

_Because of the beam energy spread the luminosity (event rate
per unit cross section} at a fixed nominal value of the machine total
energy wo is given to reasonable approximation by

L e(w- )

aw
| (w - w)?
&t e exp[ - = (5)
- Jn (o) o o

where AW is the rms energy spread. Although in the neighborhood of a
narrow resonance AW can be considered constant, it varies with energy
roughly as W2. In (5) io is the total machine luminosity at the nominal
energy wo.

Consider now a very narrow resonance in the sense that T' << AW,

. . ~R . .
The "effective! cross section 9, measured at nominal energy wo will be

given by, R
o (W) '
~R a <4
Ua =f _—io '5’1 dw . (6)

fixed w°

r,,T, are the partial widths for decay into state a and into ete” respec-
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Substituting (5) into (6) we easily find,

i VNor3 (23+1) “e'a A
ua(Wo) = 2 P?AN) exp[ - 2(0“)2 )
and
2 ‘T
[ (W )aw = [ oh(w)aw = _2-:-2-(2“ -2, ®

that is, the cross-section inﬁegral is independent of the beam energy
spread (the effect of the spfead is just to redistribute the events in
terms of energy but not to change the cross-section intégral).

ﬁote that at the energy corresp§nding to the peak cross section,
W_ = M, the ratio of the observed cross section to the true physical

[+

cross section in the absence of energy spread is given by

. (9)

Thus the measurement of E:(M) (about 2300 nb for hadrons at y(3095)
’according to Fig. 2) does not give a physical result of direct interest
but rather one which depends on the energy épread, It is actually the
integral (8) which is of direct physical significance. If we wish to
deduce the interesting properties T’ ;nd Fe frém the measurements we can

obtain them from (8):

M2 R '
P = e————— [ G (W )aw. (10a)
e 2x2(33+ 1) éll o o
~R
r J o (W )aw
e all* o [e)
r E_B__ = — (10b)

LR ACALUA

where Be is the branching ratio for decay into e+e-.
One practical difficulty in the implementaﬁion of (10) comes froﬁ

the possibility of completely undetected ¥ decay modes (an extreme |

example would be yy) which would lead to an underestimate of 5211' If

the branching ratio for such totally undetected modes is given by Bn’

the values of T' ,I' determined from (10) neglecting such decay modes

L8727 0b k000
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would differ from the true values Pzrue’ Ftrue by the factors:
true
r/r,=1- B, : (11a)
r/rte o (1 - B“)2 ) (11b)

There is at present no evidence for any substantial contribution
from undéteqted modes., In the case of the analysis of data from the
SLAC-LBL detector, all-photon decay events would be included in the .
undetected category, Limits from yy and more complicated multi-y config-

. . i . 15 16
urations, as shown in Fig. 8 from experiments at DORIS and;SPEAR
indicate no substantial contribution at the ¥(3095). Thus for purposes

of width determination it has been assumed that Bn = O,

(c) Radiative Corrections

. -The formulas so far presented neglect an important factor in

- the interpretation of the data, namely the radiative corrections, This
is a somewhat technical subject and, rather than discussing it in detail,
we refer the reader to useful ?eferences where the appropriate ﬁormulas
are given;l7 It may be useful however to mention here that, to correct
for radiative effects, one can rgplace the cross-section integral as

used in formulas (8) and (10) by,

; ' t AWpax o '
f&'ndwo‘—»(wmax Lin, m)[z(“m:“"ﬂvf axop‘dwo - (2)

where

1)

t==F[242 - 1] 0076 for M= 3.095 Gev.

n e
Thus the cross-section integral actually diverges, but multiplication by .
the corrective factor on the right side of (12) gives it a limiting value,

It is worth noting that the radiative effects reduce the peak cross

section from the value (9) by approximately the factor
20w, t
) =06,

a very substantial change.

(d) Experimental Results

The experimental results for the energy dependence of the hadron
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and dileéton cross sections in the neighborhood of the two V¥ resonances,
obtained by the SLAC-LBL qroup,18’l9 are shown in Figs, 9 and 10, It
should‘be noted that the hadron cross sections are corrected for the
finite acceptance of the detector whereas the dilepton cross sections
apply only.to an angular region well within the detector acceptance,
namely Icos 9| £ 0,6 where 6 is the anéle between either lepton and
the incident beam, This procedure is followed because the acceptance
corrections for multihadron events, in which the multiplicitigs are
relatively large and the particles are emitted isotropically, are inde-
pendent of spin-parity assignment, whereas the angular distributions of
the dilepton events are sensitive to this spin assignment, It wil} be
shown that the correct assignment for both y's is 'J = 1, from which the
dilepton angular distribution is 1+ cos2 6, and the resonance parts of
the cross sections shown in Fig. 9b,c and 10b,c are 50% of the actual
resonance dilepton cross sections, One other important remark is that
the large background under the cross sections for the e+e- final states
arises from the t-channel scattering diagram (Rutherford scattering)
which is of course absent for the p+p- final state. This nonresonant
contribution to the e+e- scattering peaks at small anéles, and is used

to determine the luminosity of the machine.

B for the ¥(3095)

The widths and branching ratios T, Pe’ r, B.s "

B
have been determined from the data shown in Fig. 9, using a slightly
more sophisticated version of the formulas given in the previous sections
and are shown in Table III, together with corresponding results from the
Frascati group.ao There is remarkably good agreement, considering the
estimated errors (which arise pfincipally from the systematics of deter-
mining detection efficiencies for multihadron events). Furthermore the
quoted parameters also agree well with determinations of the combinations

+ - + - .
Fer/P, FE/P from cross sections for e e and p p final states [see

Eq. (4)] as measured by the DESY—DASP13 and SPEAR-HEPL groups.16 The

S LS Pop e
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corresponding properties for the y(3684) as determined from Fig, 10 by

1
the SLAC-LBL group 9

are given in Table IV, In addition to the usual
widths, masses and branching ratios, Table III and iv'contain the quanti-
tiesz,Jpc and T h* The determinations of JPC will be discusséd in the
next sectioh, and we define Frh in the following parégraph.

The qpantity PYh represents that part of the ¥ decay width into_
hadrons which proceeds via an intermediate photon (second-order electro-
magnetic process, Fig. llb); rather than directly (Fig. lla); To obtain
it one assumes that W decay iﬁto dimuons,élso proceeds via an interme- .

Vdiate'photon (Fig. 11d) and that the corresponding ratio of hadron to

dimuon production is the same on resonance as it is in a neighboring

energy range off resonance (Fig., llc,e):

r. =7 [ole+e- - hadr6Q§J
n

rh oflete” - ptu™] ]off resonance

(13)

The ratio in brackets, commonly given the symbol R, is of great interest
in its own right and has been measured over the SPEAR energy range by
the SﬂAé—LBL«groUp.al The published values were qsed in (13) to defer-
mine the values of PYh' In so doing, interference effects between second-
order elect:omagnetic and direct decays have been neglected.

It is.intefesting to compare from Tables III and IV the properties
of the y(3684)relative to those of the y(3095). The total width is
about a factor of three larger, the leptonic widths are about half as
large, ana the leptonic branching ratio is down by a factor of seven,
This circumstance helps make the y{(3684) relatively difficult to detect
in processes other ﬁhan annihilation. As will be discussed later, the’
hadronic decay processes of the y(3684) are remarkably different from
those of the ¥(3095).

2. Determination of JPC

(a) Basic Considerations

The leptonic decay widths of the ¥{3095) and y(3684) are com-

parable to those of the well-known vector mesons produced in annihilation,
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namely p, ®, @, This suggests that the ¥'s are also vector mesons with
the quantum numbers of the photon, but evidently this hypothesis requires
experimental verification., As a first step we examine in Fig, 12 the
forward-backward asymmetry in dimuon production in narrow energy regions
spanning the two § resonances, There is no significant asymmetry as
expected from the decay of a étate of definite parity. Indeed, even in
the region a few MeV below the resonance where maximal interference
between the QED amplitude and the ¥ decay amplitude can be expected to
occur (see discussion further on) there is no evidence of an asymmetry,
suggesting the same parity for the photon and the V.

The most compelling way to check if the ¥ and the photon have the
same quantum numbers is to search for interference effects in the energy
dependence of the cross section for dimuon production in the neighborhood
of the resonance energy. Consider first an ideal hn'detector andllet AY’
AW represent amplitudes for annihilation into two muons via an interme-
diate photon (QED amplitude) and an intermediate ¥, respectively (see
Figs., lle and 11d). The p+p- final state has been chosen because the
QED amplitude is well understood, the {'s decay into it; and there is no
t-channel contribution (as in e+e-) which would mostly add noise rather
than signal, Assuming p-e universality [ supported by the measured equal-
ity of T and Fp for the ¥(3095)] the resonant Bgeit-wigner amplitude AW
is just the elastic amplitude and will be positive real for W < M, and
ﬁegative real for W > M. The QED amplitude is similarly negative real
(as expected if one thinks of the photon as equivalent to a zero mass
resonance). Thus one would expect, if the ¥ has the quantum numbers of
a photén, destructive interference below the resonance and constructive
above, Because of the complications of the radiative tail for W > M
as well as the fact that destructive interference is generally easier to

detect, it is the region below the resonance which is most useful for

this study.
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The relevant cross sections for |w - M| > TV are

2
2 T bn .
AlS= =22 a
1217 = o =3 02 (1ka)
F2
2 ¥ 1t e :
IAWI = Guu =.§§ };fff?Ifé ' . (1) ’

assuming here that J = 1, Thus if the y and ¥ have the same quantum

numbers, there will be complete destructive interference when ,Ale =
IA ]2. or
v 3 (3005)
o e 1 MeV . ¥{ 3095
: . M - W:_-——-
2 0.5 Mev  (3684) (15)

This argﬁment has so far neglected the energy spread in the storage fing,
whose stapdard deviafionbéw is of the order of 1- 2 MeV, depending o;
which ¢ is being studied. It is gvident therefore that if one sits ét
a nominal energy W, 1 MeV below the resonance, as suggested by (15), a
sizable fraction of the beam will still be atfthe peak of the resonance

and itvwill be impossible to detect destructive inteérference. However,

as long as AW is not large compared to

T . :
i (16)
it is perfectly po#sible to go to energies a little further below the

resonancé, obtaining pértial but not complete destructive interference

and getting even the tails of the beam energy distribution away from the
resonance peak, ‘In practice it is most convenient to calculate, taking
thg ehergy spread into account, the expected values.-of the ratio cpp/oee

as a function of the nominal energy W, with and without interference, -

J
" and compare them with experiment, The results as obtained by the SLAC-

18,19

LBL group are shown in Figs, 13a and 13b, They provide conclusive
evidence fcr destructive interference between the QED and resonance ampli-

tudes below resonance for both y(3095) and w(368&)‘

(b) Effect of Detector Solid Angle
The above result of destructive interference betweeh the QED

‘and resonance amplitudes provides an unambiguous determination of the V¥
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quantum numbers if the detector subtends with uniform efficiency the
complete solid angle,

The real detector used at SPEAR however can be considered as fully
efficient only over the more restricted angular r;nge,

-0.6 Scos 8§ £0,6 and O £ 5 2n

vhere 6, @ are polar and azimuthal angles relativé to the Seam direction.
From this one can deduée the following:

(1) since the detector is symmetric in cos @, the observed inter-
ference implies equal parities for the ¥ and the photon, both negative,

{2) since the detector is equally sensitive to negative and positive
particlés withi; its acceptance solid angle, the interference implies
equal values of the charge conjugation quantum number for the photon
and the ¥, namely C = -1,

(3)'However, the oﬁservation of interference does not, without
further argument, rule out Iy £ 1.

We considér this question in more detail, Let A(?Zm,k+,x;) be the
amplitude for producing a p+p- in the direction ?’(angles 6,9) with
helicities 14,%; if m is the spin projection of the iﬁitial Yy or ¥ along

the beam axis, Then we can write,22’23

o . ip(m=A)
A(P,m,A ,N_) = f(m,x+,}\_)d“m(6)e (17)
where A = A - A . Furthermore we can apply the following conditions:

+

(i) Parity conservation
f(-m,—}\+,-)\_) = f(m1>"+1>‘_) . (183)
(ii) pefinite parity n of the intermediate state (ﬁr = -1 for

photons, Ny = -1 for ¥)

, . .
£(m,-A -0 ) = n(-1)" £(myA N )
’ J+1
= (-1) £(m,A A ) . (18p)
(iii) Neglecting terms of order me/M, mu/M,'the QED amplitude is

nonvanishing only for m = %1, A = #1.

It follows that the angular distribution is given by

SL&EZ20pF 000
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: 3, 1 2
r(6) = ) [£¥(m,n 7040, (6) + (0 )ak, (612 . (19)
m=+1
A=1
Using (18) and the properties of the diA functions,
J J 3 3 3 . . \J41.3
a1 =49d), 5 a,, =4 5 da,.(6)= (1) dll(n-e) (20)

we can finally write,

F(8) = 2[fw(l,1/2,—1/2)dil(9) + fr(1f1/2,-l/2)dil(6)]?‘

+ 2{f¢(1,1/2,-1/2)dil(u-e) + fr(l,1/2,—1/2)dil(x- e)]2 . (21)

From (21) we can immediately calculate the ratio of interference
for any value of J relative to that for J = 1 integrated over the

detector: . 0.6

J 1
I dll(e)dii(e)d cos O

I B N
Interference Ratio = fo.é6 . (22)
' 6

1 1
dll(e)dll(e)d cos 6

The results of such calcuiations can be summarized as follows: :

J-vValue Interference Ratio Interference (W < M)
o : o ' o
T 1 o large'désﬁructive o
2 negative constructive
3 negative constructive

>3 very small very small

Thus, even considering the finite size of the SLAC-LBL detector, one

) PC
still concludes that the observed interference demonstrates that J =

1™ for both the ¥(3095) and the ¥(3684).

Finally, from (21) with J = 1, we easily obtain the expected

dilepton angular distribution for the y's:
1
F(6) ~ [a],(0)1% + [a] (x-0)1% ~ 1 + cos® 0 . (23)

Comparison with experiment is shown in Fig, 14 and is satisfactory.
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II. THE BADRONIC PROPERTIES OF THE y'S

A, Production of ¥ in Hadronic Reactions

We summarize data on the production of ¢ in hadron-initiated proces-
ses by listing and discussing the various relevant experiments, As of
now, the statistics in most of these experiments are still relatively
sparse, but one may, in the next year or two, expect dramatic improvements

and considerably more refined results,
6,7

(1) The M.I1.T.-B.N,L. Experiment

This experiment has alréady received some discussion in the previous
lecture since it provided the very first observation of the ¥(3095). It
utilized a spectrometer (Fig, 6a) specifically desigﬁed to look for pro-
duction with center-of-mass momentum P* ~ O, in the reaction,

p + beryllium —» V¢ + anything , ¥ —»e+ef .
To transform observations iﬁ such a limited region of phase space to a

cross section for ¥ production,-one needs a production model, which the

MIT-BNL group took to be *
) ' -6p

d3d e 1

aptap*e | g
(!
With the e+e--branching ratio given in Table III, the MIT-BNL group esti-
mates a Y(3095) production cross section at 28.5 GeV incident proton
energy of about 1.k nb/nucleon. At 20'GeV_incident energy, the cross
section is down by a factor of about 10, Finally, going back to 28.5
GeV, there was no observation of Y(3684) production yielding an upper
limit of 0.1 nb/nucleon for its'cross section (due account being taken
of the e'e” branching ratio given in Table IV). -

. {2) The Columbia-Cornell-Hawaii-Illinois-FNAL Experiment2h

The CCHIF experiment was set up in a neutral beam at the Fermilab,
A 34h-meter liquid deuterium tube could be used to attenuate neutrons and
produce a highly enriched photon beam for photoproduction experiments; or,

alternatively the deuterium was removed, and a 3,8-cm lead absorber was
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used fo remove photons and produce aﬁ almost pure neutron beam, The
neutron energy spectrum, monitored with a calorimeter, peaked at around
250 GeV. The reaction studied with an absorber and magnetic spectrometer
(Fig. 6b) is:
n + beryllium — p+p- + anything ..

The dimuon mass spectrum obtained,ishown in Fig.. 15 shoﬁs in addition to
the large expected p peak a clear structure at around 3.1 GeV, with a
width compatible with the rather poor resolution (pobf because of the
large absérber traversal of the muons prior to analysis in the spectrom-
eter). The corresponding cross section, éstimated to within a factor of
2, for production of ¥(3095) is given as follows

o o =~ 24 nb/nucleon for |x| > 0,32

o =~ 50 nb/nucleon for |x| > 0,24k

Y momentum
neutron momentum

where x = and again correct;on has been made for the
dimuon branching ratio. It seems clear from these numbers that after
extrapolation:to |x| = O the cross section will be of order io?
nb/nucleon,.and hence about two orders of magnitude larger than at 28.5

GeV,

(3) The CERN-Columbia-Rockefeller-Saclay Experiment25

The CCRS experiment detected at the CERN Intersecting Storage Rings

the reaction
. .- ‘
P+p-—+ ee + anything

for a range of equivalent proton laboratory energies extending from 500

: . . + - . .
to 2000 GeV,’' in the neighborhood of P* = O, The observed e e invariant
mass disﬁfibuéion, shown in Fig. 16, shows a small but significant contri-
bution in the neighborhood of 3.1 GeV. The cross section, corrected for

+ - . . . .
the e e branching ratio, is estimated to be

do
ay = (100# 30) nb

where y is the rapidity and the cross section is averaged over the c.m,

rapidity interval -0.32 <y < +0,32, 1Integrating over rapidities gives

Ly
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a cross section of order lO2 nb which is comparable to the result from

250 GeV neutrons at Fermilab, It is worth noting that the observed V¥

cross section fails by about an order of magnitude tb account for the

direct lepton production observed in the ISR experiment.

(4) The Northeastern Experiment26

The Northeastern group has reported the results of a comparison of
the reactions
' - + - .
x + iron » pup + anything
: + = .
p + iron -» p p + anything
with the dimuons in the mass region of the y(3095) where a small but
significant signal is detected. The x and P, distributions for incident

L

protons and pions shown in Fig. 17 are parametrized in the following way:

a3g -ax-bk
L.
dxdp
a, = 9.71t1.6 . a = 6.2+0.8 -
b, = 2.2£0.5 Gev ! b =1.6%0.2 Gev 't

and
(yield.)n
Tyiela)_ - T.h+2,0 for |x| zo0.5 .
p .
Thus the cénter-of—mass longitudinal momentum spectrum'falls off more
rapidly fgr incident protons than for incident pions, -Thg large yield
from incidént pions relative to incident protons at larée |x| seems to
reflect thi;_difference in fall-off, Indeed if one éxtgapolates to x=0
the total cross section for ¥(3095) production from iycidént pions apéears
comparaﬁle_to that from incident protons.
We cap_summarize the iesﬁlts of experiments in which Yy mesons are
ptoduced‘by hadron beaﬁs: 4
(i) only cross sections for y(3095) have been measured, - The hadronic

productionbof ¥(3684) has not at this time been reported., 'This presumably

~ reflects both low cross sections and the small branching ratio of y(358k)

into dileptons.

L LS Z oD D



(ii) W(3095) production cross sections rise from about i_nb at 30 GeV
‘to hundféds of nb at energies of 200 Gev up to 2006 GeV; ;There appéars
to be no dramatic increase in production cross section between 200 and"
2000 GeV} _ o

(iii):w(3095) prbdﬁctibh by inc¢ident pions is compéiablg:to productioﬁ
by iﬁdident protohs but is less éonfined to small ;ong?tﬁqinal center-of-
mass moﬁenﬁé; | -

(iv) Tréhéverse momentum distributioné of ¥ appeaf]to;bé‘brpéaér.than :

those of lower mass hadrons, such as pions'or p.

B. Photoproduction of y
| 27

l; -Basic Relations
We start with two basic relations:

(a) Coupling constant of vector meson to virtualfphoton from its

‘leptonic ‘width, .
v N U
b 12 I-‘lepton_ -' :f n v .
(b):Vector meson dominance, o
oly +A 5 B+C) = Z% a(v+a- B+C) W (25)

IfIWe'let B be a particular vector meson and‘néglect'processes
V+No V' o+ N, V and V' being different“vector mesons; We obtain from

(25),

_ n dog
T 2dt
Ty

do, | :
-d_E(Y+N—_’ V+N)

(vr,+ N> V+ N .. o | (26)

Finally if we apply the optical theorem and neglect”theﬂxgal part of the"
forward V + N émplitude, we find easily from (26)
s 2

dg

. (o, . (w)) ,
-3 (v + N 5 V+N).=;6-c—:——~—————-t°g — . ' (27)
' t=0 T g/ :
The values of ys/hn for the y(3095) and v(3684) can be evaluated from
(24) to be 2,86+0.36 and 7.4 21,1 using results from_Tablé III and IV,

If one assumes that the same value of rs can be used in (27) as in (24)
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‘(note that there is a difference in the mass-squared of the photon of

~ 10 Gevz), then an experimental determiﬁation of the forward ¢ diffrac-
tive photoproduction cross section will immediately yield, via (27), an
estimate of ctot(WN). This, in turn, can help establish the hadronic
character of the y, We now consider‘the experimentai results,

-2,  Experimental Results on ¥ Photoproduction

Measurements of ¥ photoproduction have been reported by three groups:

(a) Cornell Group28: Y + Be at 11,8 Gev,

(b) SLAC-Wisconsin Group29: r+D, and y + H2 at 13- 21 Gev,

(c) Columbia-Cornell-Hawaii-Illinois-FNAL Grouplz: v + Be at ioo-
200 Gev,
Figures 18 and 19 show some data from thé Cornell and CCHIF experiments
and Fig. 20 (put together by the Cornell group) summarizes the.energy
dependence of the forward photoproduction cross section for ¥(:3095) using
data from all three expériments. The results from these experiments éan
be summarized as follows: ‘ »

(i) The process YN > w(3095)N' occurs with a cross section which is
measurable by these experiments, Indeed Fig, 19 shows clearly the coher-
ent diffractive photoproduction of ¥(3095) by beryllium nuciei.

(ii) Tﬁe SLAC-Wisconsin experiment has, at its highest energy of 21 GevV,
observed production of both ¥(3095) and y(3684), with a ratio
¥(3095)/¥(3684) at t in Of 6.8%+2.k. The CCHIF also has a few y(3684)
events, but no cross section for these has been reported,

g

iii) Both do N - Y(3095)N) and the slope increase with energy
dat t=0 v .
2

over the total energy range covered (slope goes from 1.2 GeV < at 11.8

GeV to about L Gev 2 at 100 Gev).
(iv) From Eq. (27), with Ys determined from Pe using (24), the highest -
energy data lead to otot[w(3095)N] =~ 1 mb, Although this cross section

is relatively small, as compared to the cross sections for other vector

mesons, it seems sufficiently large to support the interpretation of the

¥(3095) as a hadiron.12

/487060000
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C. Hadronic Decay Modes of ¥(3095)

1. General Considerations

Table V gives a summary of present information on (3095) hadronic
dec;y modes based on the experimental results of the SLAC-IBL group3o
and the DESY—DASP‘group.31 The SLAC-LBL group has, in'é further analysis,
addressed the question of whether the usual strong interaction symmetries
su(2) and SuU(3) are applicable to these hadronic decays. To do this, one
identifies those final states which have a large "direct" contribution
(éeé Fig. ila) as opposed to states whose braﬁching ratios can be accounted
.fof.by second-order electromagnetic processes (see Fig. llb), énd'which
only contribute to the width PYh defined by Eq. (13). If the ¥(3095) is
a state of definite isospin (as expected if it is a hadron), and if iso-
spin is conéerved in its direct decays, the decay modes so produced should
.be stateé of definite isospin I and G parity, the two being related in the

usual way,
I I+l
G=c- = (-1 . (28)
To test specifically whether a particular decay mode "a" has a sub-

stantial direct contributibn, one defines the cross-section ratio,

_ [oa(3095) ][cw(3000).
a” "o, (3095) "0, (3000)

o (29)

where 0(3000) represents a cross section at W = 3000 MeV, just below the
mass of the ¥(3095), where substantial data are available from earlier
running at SPEAR, If Q =~ 1, the decay mode "a" can be accounted for
by a secondborder.electromagnetic transition, whereas if a_ >> 1, the
decay is bound to have a subséantial direct component, We now discuss
the results of applying this procedure,

2. G-Parity of y(3095)

Consider as an example events in which four charged prongs of total
charge zero are detected, The missing-mass-squared distribution for
events with missing momentum > 0,2 GeV/c (to ensure that there is a

missing neutral) are shown in Fig, 2la (W = 3000 MeV) and Fig, 21b



-23-

(W = 3095 MeV). The resonance data indicate§ a substantial contribution
from the final state 2ﬂ+2n_X where X is a low~mass object which we tenta-
tively identify as a 2°. This identification will be discussed in more
detail further on. The absence of a corresponding signal in Fig., 2la
then suggests that the decay mode 2n+2n-n° is a direct one,

Figure 22.summarizes the results of determinations of the ratio @
for various pion multiplicities consisting of one or zero neutral pions
plus an even number of pions of total charge zero, identified in the
manner illustrated in Fig. 21, The remarkable result is that g = 1
for even multiplicities and @ >> 1 for odd multiplicities, The natural
interpretation of this result is that the y(3095) is a hadron state of
odd G-parity and, from (28), even isotopic spin, and that the direct
hadronic decay mode; are'isospin—cohserving.

3. Isotopic Spin of the y(3095)

by A -
(i) 7' #° decay mode:
. + -0 30 : . -
The Dalitz plot for the n n n decay mode, shown in Fig. 23, exhibits
very strong dominance by the quasi-two~body final state pm. Furthermore.
A + - -+ oo
it is clear that the three charge states pn , pn and pn populate
the Dalitz plot in roughly comparable numbe:rs, Taking account of detec-
tion efficiencies, one finds
o o
Mlox )

Mpn +pn)

= 0.59%0,17 ,

to be compared with the predicted values of 0.5 and 2.0 for isospins zero
and two respectively, these beiqg the only isospins permitted by the odd
G parity. Obviously the isospin value of zero is established.

(ii) AA decay mode:

The AA decay mode has been identified by the SLAC-LBL grbup from a
study of decay modes of the form §§n+n— in which p and p are recognized
by time—of—’flight?2 Figure 24 shows a scatter plot of the momentum of
the A vs the momentum of the A with a clear cluster at 1080 MeV/c for

both momenta, the value corresponding to the AA decay of the y(3095).

& [ &
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Sin&e the A éystem can only have isospin zero, the.only further point
which needs .consideration is whether this decay mode is indeed a direct
one, The procedure of comparison with data at 3000 MeV is not useful
here because of the small cross section involved. However Gilmé.n33 has

pointed out that from an SU(3) argument, one expects for states produced

via an intermediate photon,

r(z°A + =7K) _ 6/1

I(AR)

In fact,.with-eo AA events detected no clear-cut EOA, £ events have
been observed and the above ratio is lessvthan 1/1, and hencé far from
6/1. It follows that the AA Qecay is direct, and the w(3095) isospin is
zero, | v

(iii) pp decay mode:

Bogh ﬁhe DESY-DASP and the SLAC-LBL groups have detected the decay-v
mode pp with branching ratio ~ 0,2% (see Table V). As pointed out by
the ﬁESY—DASP group,31 this branching ratio is far too large to be accoun-
ted for via a second-order electromagnetic process, using.any reasonable
form factqr and extrapolating from lowe; energy observations, Hence the
observed éE deéay must be direct. Its isospin can only be zero or one,
and since the latter is excluded by the G-parity analysis, the isospin

"must be zero.

4, what about decay modes with the direct emission of a photon?

Certain classes of models, namely thoée which involve the quantum
number of colbr, prediét that the dominant decay modes of the ¥(3095)
are-of the form, |

¥(3095) - hadrons + v . (30)
The dominanceﬂof'such decay modes could provide an alternative interpreta-
tion of Fig. 22 if the missing neutral particle were in fact a photon
rather £han a n% Although for individual events with a low-mass missing
neutral, the distinction between a y and a 2° is often impossible to make,

the totality of the data fit far more naturally to a missing no hypothesis
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than to a missing photon hypothesis, as is clear from the following
arguments: -

-(i)vThe resolution in missing-mass-squared is roughly proportional to
the momentum of the missing neutral, Thus for low-momentum neutrals the
resolution is very good and clearly fits the missiné.no'and not the miss-
ihg v hypothesis. Even from study of the average of all events in Fig,
2lb, it is clear that the average missing-mass-squared fits much better
to 0,02 Gev2 than to zero,

(ii) A clear w signal (see Fig, 25) is observed in the 2 1 7® effective
mass for the n+n-n+n-n° final state, For those events, which amount to
about 20% of the total, the missing neutral is clearly a no,

(iii) The decomposition of the n+x_n° final state into equal amounts of
p+ﬂ-, p—n+ andvpono is easily interpretable only if the missing neutral
is a n°.

Thus while the existence at some level of deéay modes of the form
(30) can certainly not be ruled out by the data, it is very unlikely that
they account for any substanti&l fraction of ¥(3095) decays, as predicted
by color models,

5. What about interference effects?

In the énalysis of the G-parity, we have not considered the effects
of intérference between direct and second-order electromagnetic decays,
It is however a feature of the multipion final states that the electro-
magnetic decays are dominafed by isovector amplitudes and even G-parity,
whereas the direct decéys exhibit'the isoscalar and odd G-parity proper-
ties of the ¥(3095). Thus there is almost no overlap bétween the final
states, and interf;rence effects are mosfﬂlikély small,

6. 1Is the y(3095) an sSu(3) singlet?

(a) Predicted behavior on singlet hypothesis:

Consider first the decay mode



where Ml,M2 are nonstrange mesons such that the charge conjugation quan-

tum mumbers C1,02 of their neutral states are the same; i.'e.,vCl = C2,
1f ¥ is a singlet, I1 = 12, and therefore it follows from (28) that
G, = G,. Hence G(y) = GGy =+1 which of course is in conflict with

. the experimental G-parity determination G =- 1, One concludes that if

the ¥ is an isospin singlet, the above decay mode is forbidden by isospin

. . + - + - .
conservation, Thus for example the decay modes n n or p p or nA2 are
forbidden. Furthermore, since for an SU(3) singlet there is but a single

decay amplitude, decay modes into other members of the same octets as the

MI’MQ mesons above are forbidden by SU(3) symmetry., Thus the decay modes
+ - 0 — '
K'K, KK, K*(890)K*(890), kx*(1420) are forbidden.
Considering now the decay mode
v . ) .

W." M1M2

where the only change from above is that C1 = - C2, one ea;ily sees that
such decay modes are allowed for an SU(3) singlef. However there is a
definite rate relation, namely that gll copbinations of member; from a
given pair of octets are equally probable, Thus, for example, the rates
for o', 0%, o xt, K*(890)K, K'K*(890), KOR*(890), KOK*(890), etc.,
are‘all predicted to be equal, except perhaps. for small phase space and
angular momentum barrier corrections,

(b) Experimentﬁl Results:

Table VI summarizes the situation with respect to tests of the SU(3)
singlet hypothesis for ¥(3095). The decay modes which are predicted to
be absent are indeed not observed although in some cases the upper limits
are not terribly small, The ratio pn/KK*(890) is about a factor of 3
higher than predicted by the singlet hypothesis, which is subsfantially
more than can easily be accounted for by pﬁase space and angular momentum
barrier corrections. The ratio ﬁﬁ/dz, which is expected to be unity, seems

(see Table V),

to satisfy the prediction within the large uncertaintiesa Thus SU(3) sym-

metry, with the ¥(3095) a singlet, seems approximately satisfied although
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there seems to be some breaking in the pn, K*(890)K final states.

D. Hadronic Decay Modes of ¥(3684)

Table ViI summarizes present information30 on the decay modes of
the ¥(3684). The results can be best summarized as follows:

(1) The dominant decay mode is the cascade decayak

¥(3684) - ¥(3095) + x .

In about 60% of these cascade decays, the X is a n+n- pair, Except for
a small fraction of ¢ - n+ﬁ-n° or n+n~r decays, those states X which
are not‘n+n- consist of only neutral particles, presumaﬁly ﬂono for the
most part, |

The data, from the SLAC~LBL group, are shown in‘Figs. 26 and 27.
In Fig. é6, showing for dimuon and dielectron final states the scatter
plot of the positive momentum versus the negative momentum, the events
lying on the h5° bands arise from cascade decays with)x consistihg of
only neutrals, The facﬁ that these events lie on hSo bands of the form
P+ + P_ = constant implies that their effective mass is fixed (at 3095
MeV) but their total momentum can vary depending on the mass 6f X and
the decay angles. Figure 27a shows the inclusive p.+p.— mass spectrum
with clear y(3684) and y(3095) peaks. Figure 27b shows the 2% missing
mass specfrum with the peak giving evidence for the n+n_ ¥(3095) final
state. Figure 2]c is that subset of Fig. 27b corresponding to L-prong
events of zero total charge and, within errors, zero missing momentum,
The background-free peak corresponds to decays,

W(3684) > ¥(3095)x ' n"
l—) p+p_ or e+e— .

The ratio,

ITy(3684) - ¥(3095) + neutzals] )
T1¥(3684) —» ¥(3095) + anything]

has been determined by the SLAC-LBL group to be 0,4l 0,03, the rather

small uncertainty reflecting the fact that most systematic errors cancel
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out ;n thevratio. If we assume that the neutrals consist largely of ﬂoﬂo
and neglect the ¥(3095)q final state, the above ratio is predicted to
ﬁave a value of 0,33 if the nx isospin is zero, zéro if the nr isospin

is one, and 0,67 if the nn isospin is two. Taking account that there
may be other neutral states than ﬂoﬂo (specifically n = Yy and possibly
other yy radiative cascades), fhe nn isospin zero is strongly preferred,
from which it directly follows ﬁhat the y(3684) also has isospin zero.

- The most natural assumption for the snix amplitude in the ¥{ 3095 )nn
deca§ mode is that it is an S-wave. APreliminary studies of angular dis-
tributions are consistent with this assignment, However'the n+n_ mass
spectxum§5shown_in Fig. 28,.departs sﬁbstantiaLly from:phase space prgdic—
tions, even modified for final state interactions, in that the low mass
population is strongly suppressed. The correct interpretation of this
behavior is an open question.

Sin;e the ratio (31) has'a value larger than 0,33, the number expec-

ted for “ono in an isospin zero state, it.becomes of intefeét to get some
-handle on what the other neutral objects accompanying y(3095) miéht be.
In Fig. 29, the mass spectrum of all neutrals recoiling against w(3095)
is shown, Furthermore subtractibn of the expected nono contribution
calculatédwfrom ﬂ+ﬂ- usihg the:isoséin zero prediction leads to the
shaded population in Fig, 29. Besides a fairly clear y peak, there is

a roughly uniform population whose interpretation is at present the sub-
ject of considerable study. Of particular interest is the possibility
that this decay mode is

W(3684) » ¥(3095) + vy *+ 7y (32a)

where the decay proceeds via an intermediate state,-
¥(3684) —» X + 1 (32)
which itself then decays,

X - ¥(3095) + v, - (32¢c)

This question will be discussed again in the next lecture,
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One final remark concerning the cascade mode is important, Consid-
ering the available phase space for Y(3684) — ¢(3095)nn relative to
éther possible decay modes, one is forced to conclude from the large
branching ratio for that mode that it is much less inhibited than other
hadron Aecay modes of either ¥y particle., This emphasizes the necessarily
close connection which must exist between y(3684) and ¥(3095).

(2) The question of the other decay modes of the y(3684) is some-
what puzzling., Figure 30 illustrates this in connection with four-prong
events of zero total charge, and makes & comparison between ¥(3095) and
v(3684) decay modes, In particular Fig. 30a [¥(3095) decay] and Fig. 30d
[¥(3684) non-cascade decay] show strong differences, such as the suppres-
sion in the case of the ¥(3684) of the ont2n"2° decay mode which is very
prominent iﬁ the w(3095) as the slanted band of points on the right side
of Fig, 30a. Thus although one might have naively expeeted that the
partial ;idths fér various hadronic modes ought, because of increased
phase space, to be & least as large in ¥(3684) as in ¥(3095), this does
hnot appear to be true; The branching ratio measurements for various
exclusive Y(368Y4) decay modes are presently in progress, but it appears
that the sranching ratios for modes which are prominent in ¥(3095) decay

are very small here.

E. Summary
We can briefly summarize the main conclusions from data discussed

in this lecture:

(1) From both the photoproduction data and the study of the hadronic
decay modes, the y particles appear to be hadrons.

(2) Both y particles have I =0, G =- 1,

(3) There is no indication that single photon emission is the dominating
feature of V¥(3095) deéay,

(4) The cascade decay, ¥(3684) - nny(3095), is less inhibited than

other hadron decay modes of either ¥ particles.

cesZaprbkoifnn
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The n
(5) on-cascade Y(3684) decay modes do not look like the dominant
——— n

¥(3095) modes.
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III, ARE THERE OTHER STATES IN THE NEW SPECTROSCOPY?

A, Search for Narrow Resonances Coupled to e+e—

Only two narrow massive resonances have been established so far,
the y(3095) and y(3684). However the "fine-energy scan" operation mode

already described in the first lecture has been used to search for other

30, 36
such states both at SPEAR and at ADONE.37 Such a scan can be used to set

an upper limit to [see Eq. (}4)]
2 r

drons

aw = -2-“—2- (23+1)

_ R
1= f ohadrons M

If one assumes J = 1, Phadrons/P =1,
T,=—p1 : (33)

and therefore the scan sets an upper limit to Pe for any narrow resonange.
It is important to note that this technique which depends on the observa-
tion of a large resonant crosshsection'at one or th neighboring energies
of thé scan does not detect broad resonances, The resulting upper limits
given in.Table ViII cover, with the excéption of a couple of holes, "the
energy region between 1,91 and 7.6 GeV. There seem to be no additioﬁal
states with values of Pe comparable to those of the already ideﬁtified

resonances,

. + -
B. Search for Wide Resonances Coupled to e e

+ - iy s .
The results of measurements of g by e e annihilation are

21,38

shown in Fig, 31. Most of the data come from a not-so-fine scan with

hadrons

fairly substantial statistics from 2.6 to 7.4 Gev by the SLAC-LBL group,
There is a clear structure at M = 4100 MeV which, if interpreted as a
resonance, héé a width T ~ 250 MeV, Assuming a spin J = 1, the value
of Pe as determined from (33) is about 4 keV, which is éomparable to the
value for the narrow ¥ resonances as well as for the p, w and @. This
structure is presently under extensive study, and nothing more can be

said about it now except to note that it falls a bit higher than the

¥(3684) and would fit extremely well into a picture in which a new
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thresbold were opening up between 3,7 and 4 GeVv. If this ;hreshold
represents the masses of pairs of particles into which the y's like to
décay, one might be able to.interpret why the lowest two states are very
narrow and the state at L100 MeV is quite broad, Such a picture would

also explain in a natural way the increase in the ratio

c .
R hadrons o (3h)

m

UPP
seen in Fig., 31b from its value of about 2 below W = 3.5 GeV to its
value of about 5 above W = 4.5 GeV. This question of the energy depend-
ence of R is evidently closely related to the pew_spectroscopy, but we

have no time here to dwell on it in any detéil,

C. The Charmed Quark

To proceed further in discussing the evidence for new étateé,,it.is
most convenient to introduce that model which has so. far provided the
most natural interpretation for the narrow width of the y's. 1 shall do
so here only to the extent and with the degree of detail ne;essary to
,interpret the experimental results leaving to Professor Harari fhe task
of filling in further details.

When Table I was introduced in the first lecture, we discussed only
the u, 4, s quarks listed in the first three lines, which account for the
states of the "old spectroscopy.'" It is now desirable t; intfoduce the
fourth quark ¢ whiqh is an SU(3) singlet carrying a new additive quantum
number, Chafm, which, like stranéeness, is assumed to be conserved in all
but the weak interactions, One of the original motivations for introducing
the charmed quark, long before the discovery of y's, was the nice'symmetry
it provided between the four known leptons and four quarks.39 Further-
more, as will be seen a little further, with an appropriate form of the
weak interaction current, one could account for the large suppression of‘
strangeness changing weak neutral currents relative to strangeness con-

serving weak neutral currents.
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With the charmed quark, the baryon and meson states are still repre-
sented by qqq and g combinations, but the Gell—Mann/Nishijima formula
becomes:
2

Q= 13 + y/2 + 3 c, (35)

where C is the charm, Note that charmed particles (i.e., C # 0) have
fractionél hypercharge,

It is interestingrto consider what new states»are made possible by
the introduction 6f the charmed quark. This is discussed in detail in
the revieQ paper of Gaillard, Lee and Rosner""1 and we confine ourselves
here to showing in Table IX the additional meson states which contain at
least one charmed quark, Since the w's_couple to photons, they cannot
be particles with nonzero charm, but they can be interpreted as q%,.
vector bound states of cc. 1In this picture, the very small width can be.
interpreted in terms of Zweig's rule,h as already described‘ |
for the ordinary ¢, forbidding hecays into the usual hadrons, the allowed’
decay modes being those into pairs of charmed mesons (in the same sense
that the allowed @ decay is into a pair of K mesons)., If the lightest
charmed mesons have masses which are greater than -§%§& = 1842 MeV,»these
allowed decay modes are kinematically inaccessible and_the long § life-
times are at least qualitatively interpreted. 1In this picture then, the
¥(3095) represents a bound ¢C state with the same quantum numbers and in
the same sense that the @ represents an ss state, The large ¥y mass is

‘interpreted in terms of a mass for the charmed quark which is much larger
than the masses of the u, d, s ;uarks. If we consider qﬁadratic mass
formulas and take account of the fact that the D or Flcharmed mesons of
Table IX would contain one ¢ quark whereas the ¥ has two of them, a very

simple estimate of the mass of a charmed meson would be obtained as fol-

lows,
2 2 1,2 2
mDF-mpz—Q.(mw-mp) ’ v (36)

s

hence ms P ~ 0.6 +-%(9.6 -~ 0.6) =5 GeV2, my g = 2.3 GeV.
3 s
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This figure satisfies the condition of being greater than 1842 Mev,
and is in fact also a little too large to satisfy the condition for a
threshold at about L.0 GeV suggested by the data of Fig. 31. However,
given the gross uncertainties of the estimate (36), there is no problem

here,

D. cc Spectroscopy

In direct analogy with the usual quark model, one can construct low-
lying meson states arising from bound c¢c quarks, These are éhown in
Table X. The 1  state is of course the ¥(3095). The y(3684) is assumed
to be a radial excitation, with the same L = 0, S =1 as the y¥(3095),
on the grounds that the value of Fe is large enouéh to suggest a wave
function whichlis nonvanishing at the origin, Although there is not
enough knowledge to permit sure prediction of the masses of these states,
it seems reasonable to suppose that they mostly lie below the y(3684) (by
analogy with the fact that corresponding states with u, d, s quarks lie -
below the p', the radial exéitation of the p), and heﬁce that they are
states of very narrow width, B

. Since ‘the states other than the y do not have the photon quantum
numbers, . it is not surprising that they are not .directly formed in e+e—
annihilation and hence not found in.the séans summarized in Table VIII.
bther ways of searching for them is through their production in strong
interaction experiments, or via decays of y's formed in annihilation,

The problem in the strong interaction experiments arises from the fact
that it is difficult to sét up experiments to search for decay modes more
complex than two-body modes such as pp, and that the product of cross
section times branching ratio for such simple modes is likely to be so
small as to be inseparable from the general two-body hadronic background.
In any case we postpone discussion of searches for narrow states produced
by hadronic processes until Sec., E2,

A perhaps more promising avenue for finding other c¢ bound states is

to look for them among decay products of the y particles. The combination



pf isospin and G parity selection rules with the smallish (~ a few .hundred
MeV) maés differences expected do not allow much in the way of hadronic
decay modes, but electromagnetic decays with the emission of a monochro-
matic photon are in principle possible for all even charge conjugation
states in Table X, Since the overall widths of the y's are small, the
branching ratios for such electromaqnetic decays might well be sizak:sle.u2
The most natural supposition is that most of the states, particularly
those with L = 1 1lie above the y(3095) and hence are best searched for
in the decays of the y(3684), ’

Atvfhe time that these lectures were delive:ed,’the only generally
available result of such a search was that of'the,HEPL Group at SPEARu3
which detected and measured the energies'of photons emitted in w(368&)»
decay by means of two NaI crystal spectrometers located on the two sides
of the East Interaction Region, Results for photon energy spectra are
shown in Fig, 32, The '"uncorverted" spectra are those of highest resolu-
tion (4.5% FWHM),.the “converted" spectra corresponding to resolutions
varying from 13,5% FWHM at 100 MeV to 6% FWHM above LOO Mev. The spectra
of Fig. 32 are not truly inclusive because of trigger requirements and
are convertible into upper limits for monochromatic photon production
only in a somewhat model-dependent way., Although the HEPL group placed
specific limits for specific photon energy ranges, it is probably adequate
here to summarize their result as roughly 99% C.L. upper limits of 5-10%
for the branching of Y(3684) into any particular decay which produces a
monoenergetic photon between 600 and 75 MeV, the best limits corresponding
to the highest photon. energies. Obviously the sensitivity for a given
resolution is limited by the no background which accounts for the spectra
in Fig. 32.

One way of decreasing the no backgrounﬁ is to search for more specific
sorts of décay modes for the states of interest in association with mono-

chromatic gamma rays. A specific case in point. has already been discussed,

namely the cascade decay mode [see Eq. (32)],
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¥(3684) » X + v,
I;-’ ¥(3095) + Yo
I—; p+p- or e'e (32)

The DESY-DASP groupLLLL has reported evidence for such é rédiative cascade
with the photon energies at 160 and 420 MeV indicating for the intermedi-
ate a mass of either 3.52 or 3.26 GeV [dépending on which photon energy
corresponds to 18 and which corresponds to Yo ip (32)]; Further details
are given in H, Oberlack's taik at thevTopical Conference, It is however
interesting to note that thisvprocess is consistent with the roughly
uniform part of the shadéd population shown in.Fig. ég. The branching
ratio for the decay mode (32) as estimated by the DASP group or from
the data of Eig_ 2 amountg to a few pérqent. Coupled with the above
inclusive photon limits, it leads to the conclusion that the radiative
décay to w(3095j is a major or dominant decay mode of the particular
intermediate state obserQed.

cher possiblg decay modes of fhé intermediate Statés might be

X - n+n-, K+K—, 2ﬂ+2ﬁ-, 3n+3n_, n+n-K+K_,‘etc.

Evidence for states at 3.&1 and 3.53 GeV decaying via some of these modes
has, after the end of these lectures, been reported by the SLAC-LBL
group.h5 Confirmation of the radiative cascaée modes has also been
'provided.u6 The interested reader is referred to the published papers
and the Stanford‘Symposium on Lepton and Photon interactibns for details,
Here I just want to make one further point, Although the discovery of
such states is consistent with the charmed guark hypothesis it does not
establish it in any sense. There is after all, on almést any model of
the ¥ particles as hadrons, no reason to suppose that the spectroscopy
is limited to JPC =1, states, The real test of ﬁhe charm hypothesis
must come from the actual discovery of charmed particles decaying via

the weak interaction., It is to the search for such particles that we

now turn our attention,
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E, Charmed Particles

1. Decay Properties of Charmed Particles

The form of the weak interaction with the inclusion of charmed

quarks is a subject of continuing theoretical interest, We consider
. : °
here the form of the current proposed by Glashow et al_}*

J = ¢o[- 4 sin 6, + s cos 6.) + U0[d cos 8_ + s sin 6 ] (37)

i}

where O = rp(l + Ys) and @, = Cabbibo angle. As pointed out by

.Glashow et al, this current has the valuable prdperty of cancelling out

contributions from the strangeness-changing weak neutral currents while
permittiné the existence of strangeness-conserving weak neutral currents,
The smallness of the Cabbibo angle Gc permits a useful hierarchy of decay
amplitude strengths which are summarized in Table XI. Estimates of actual
amplitudes and fates require more detailed considerations than provided
by Table‘XI but general qualitative features can be obtained from the
Table, In particular, the leading amplitudes (cos ec or cos ec) in
charm-changing decays are those for which A4S = AC, Thus from nonstrange
charmed mesons, one would expect decays which favor production of a |
strange particle., Some typical preferred charmed meson decay '‘modes and
roughly estimated decay rates from Gaillard et al.l"1 are given in Table
XII, |

2. Search for States of Sharply Defined Mass Which are Decay

Products of Charmed Particles

Since charmed particles are long lived, they have sharply defined
masses, One can search for them by measuring effective masses of various
particle combinations detected in an appropriate apparatus. We consider
such searches in both hadron-initiated and e+e— initiated final states.

(a) Badron Initiated Final States

Typical experiments consist of magnetic spectrometers of good resolu-
tion looking at final states of the form:

+ - .
hadron + nucleus - A + B + anything

98 &Z 0P R OO0
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+ o+ -
where A, B are n°, K, p, p and may be the products of decays of the form
o aten .
The difficulty in obtaining high sensitivity in such experiments is the
very large background of hadron pairs A+B— of practically all kinemat-
ically allowed masses. For exampie, Winkelmann et alF7 have found that

for

n +po o+ +_ anything
with 205 GeV incident pions, the total inclusive cross section for making
n+x— pairs of invariant mass near 2.5 GeV is roughly |

8 015 ey
which is of course a very large background, even for a spectrometer of
high resoiution. It is .possible to greatly improve the sensitivity by
searching for diparticle states whiéh-decay at about 90° relative to the
beam direction, Such states will have decay products of high transverse
momentum, and the continuous hadron background will be reduced by several
orders of magnitude. In this way it i; possible to arrive at sensitivities
for the detection of charmed particles of less than one microbarn, There
is further sensitivity improvement if Cerenkov counters are used for éar—
ticle identification, We now discuss two specific experiments.

The MIT-BNL group has searched for narrow states in the mass range
1.,2-5 GeV from combinations of n+, K+, p with 1, K , P produced by
interactions of 30 GeV protons on beryllium, Typical results are shown
in Figs. 33.and 34 for pp and K+n_ respect:‘wely.é’br8 No significant signal
haé been detected, at least between 2 and 3.5 GeV where the analysis has
been completed, and the sensitivities vary from about 0,04 nb (n+Kf, n+§
at 3.1 GeV)‘to 40 nb (pn  at 2.25 GeV). This search can also serve to
find not only charmed states, but also y-like states with quantum numbers
different from the photon, The obvious difficulty of the search is well
illustrated by the pp data; it is in fact known that the ¥(3095) is

produced and decays into pp with a branching ratio of 0,2%; yet no signal
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is seen because the sensitivity (0.4 nb) is insufficient by about two
orders pf ﬁagditude. The lesson is that two-body branchiné ratios are
probably small and unless cross sections are large, ié is difficult to
have aﬁ adequate sensitivity,

At higher energy, the FNAL-Northwestern-Rochester-SLAC groupu9

have
looked for similar two-body final states produced by collisions of 200
GeV neutrons on beryllium, Looking for diffractive-like low multiplicity
eventé (withoﬁt benefit of Cerenkov counters unlike the MIT-BNL group)
they set typical upper limits of 150~ 50 nb for masses in the 2- 3,5 GeV
range,.

There have been some searches into multiparticle final states, but

50

with much less sensitivity, For example, Baltay et al, report limits

. } . +
- from 15 GeV incident n in a hydrogen bubble chamber of the order of a
few pb for each channel studied.

-
(b) e e Initiated Final States

As was noted in connection with the data of Fig. 31, the measured

rati? R = chadrqns/opp un&ergoes-just above the méss of the y(3684) a
rapid and substantial rise followed by the broad 4100 MeV structure,
Furthermore there appear to be no narrow states of higher mass. The
natural interpretation of this effect is the crossing of threshold for
production of chaimed meson pairs around 4 GeV, Furthermore if one
associates the change in R, AR =~ 2 with the production of charmed particle
pairs,vone has an effective cross-section prediction for these pairs of
aboutv2opp. At W = 4.8 GeV, where substantial data have been accumulated,

this cross section corresponds to roughly 7 nb out of a total cross section

to hadrons of about 20 nb.

‘The SLAC-LBL group has searched for narrow effective mass peaks in

*r¥ o+~ +- +- _FE+ o 1
K, Ksn n,xx , KK, Kntg, Ks >

time-of-flight particle identification was available and Kg were identi-

 + - %
n , ®x x t states, No Cerenkov or

. . . s + - s .
fied, with significant background, by cuts on n x effective mass, Typical
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mass resolutions for the above combinations were 80 MeV FWHM for two-
particle and somewhat better for three-particle final states, The data
are shown in Fig. 35. Typical results at the 90% confidence
level, are as follows:
¥t —o + - o + -
o(Kn, Kan,Knn ) <O0L45nb : .
+ - 4+ -
o(KXK, nn ) <0,08 nb

4t * —0t ot
o(Knan,Kn, K ) <0.26 nb

—o.t .o * + - % ”
KK, KK, nanx)<038n ,

Q
~~

ol = e ol

all in the mass range 1,85- 2,40 GeV. The factor 1/2 is put in because
the charmed particles are assumed to be produced in pairs, Thus typical
branching ratios of the D mesons into preferred modes like Kn and Xnn
appear smail (5.10%). Higher multiplicity, all-charged particle final
states havé also been searched for with no signal seen, It is interesting
to note the absence of significant inclusive ¥{3095) production, which
would be seen Qia its p+p_ decay mode as a spike near 3.1 GeV in the n+n-
data,

The nice feature of searching for éharmed particles in the annihila-
tion data is that there is a basis for predicting the cross section,
Branching ratios can only be estimated in a model dependent way; but any
future substantial improvements in the above upper limits may'_pose serious
difficﬁlties for charm models.

3. Search for Evidence of Charmed Particle Production in Neutrino

- Processes

(i) Manifestation via Apparent Violation of AS = 20 Rule

Consider neutrinos incident on liquid hydrogen producing the reaction, ' R
-+ ++ ; .
vp o 4 Bc where Bc 1s a charmed baryon, According to Table XI a baryon
with 8§ =0, C =+ 1 can be produced via a sin ec amplitude. (Note that
k=4 : c s ++ R
|AT] = 1/2 is satisfied because B, isthe I;=1 member of an isovector
\ . ++ : .
state formed by the quark combination (cuu) .) Referring again to Table

+ . ‘ c. .
XI, Bc can decay to normal hadrons via a AS = AC = - 1 transition with
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a cos2 ac amplitude, leaving a final hadron state of‘éharge +2 and
strangeness>-1, hence a state which violates the ‘AS = ) rule of usual
weak interactions,

A rather remarkable candidate for this sort of process has been

. . : 2 I
reported from a BNL experiment with the T-foot bubble chamber5 :

?)

- +
v+p - pu +A°+n

T R

the mass of the final hadron state being 2426+ lé MeV, Crucial to this
interpretation is the absence of a K meson either as an undetected neutral,
or as one of the observed positive particles. Unfortunately no really
convincing case can be made from a single event of this sorﬁ.

In a vp experiment in the FNAL 15-foot chamber with higher energy

_ neutrinos,53 two events with a A decay and no undetected neutrals have
been observed; in both cases one of the accompanying positiye particles
was required by the kinematics to be a K meson, As more data accumulate,
it will be interesting to see if any more events of the type oﬁserved at
BNL turn up.

(ii) Dimuon Production

Géing back to our process vp - u_B:+, the charmed baryon can undergo
semileptonic decay, B:+ - p+ + ﬁ+ + v, where as required by Table XI,
oL = ) = —l; This mechanism produces dimuons of opposite charge only
with a cross section proportional to sin2 ec. Thus roughly 5% of the
charged current neutrino events of high energy might préduce charmed
particles, of which éerhaps 10% would lead to semileptonic decays and
hence muon éairs. One'might thus expect a muon pair rate of the orderv
of 0.5%. The experimental diffiquity in the observation of such events
"is of course to establish that the additional muons do not arise from
decays of pions or kaons in the outgoing hadron jet.

Benvenuti et al.5u have reported the observation of 1} events with

+ - : - ;
# p pairs from v and v incident beams, The absence of dimuons of the

same charge, plus studies of p_L distributions lead this group to conclude

g e ez 0000
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that most of their events do not come from pion or kaon decay, Further-
more the absence of trimuons suggest a missing v or v as prediéted above.
The rate is about 0,9% of charged current neutrino events above 4O Gev,
which is roughly consistent with expectations from the charm picture as
discussed above, There are alternative interpretations such as the
production of heavy leptons decaying via p+p~v, but the charm explanation
seems to be preferred. Although indirect, these data may provide some of
the best evidence for the existence of charmed particles, Hopefully
neutrino bubble chamber experiments with neon-hydrogen fills aimed at
.searching for p-e (because electrons are easier:to récognize in a neon~
filled bubble chamber than muons) pairs may help firm up the interp;eta—
tion of the dimuon events,

4. other Methods of Searching for Charmed States

Other. approaches have been or are being pursued to search for charmed
states or other new types of particles, These include:

(i) search for enhanced production of strange particles coupled to other
symptoms of possible charm such as the presence of a lepton in a hadron-

i produced
initiated process or beingajust above the apparent threshold energy W=k
GeV in e'e” annihilation,

(ii) Attempts at studying and understanding direct lepton production in
hadron processes., Such production appears to be in excess of.the expecta;
tions from p, @, ® and ¥ production?

(iii) Study of the production of ptex (plus undetected neuﬁrals) in ete”
annihilation. A report on this work will be made by Martin Perl in the
Topical Conference.

(iv) Searéh for decays of lifetime ~ 10713 sec corresponding to flight
paths of about 30 microns in photograéhic emuilsion, The problem'here is
to establish that such events are not neutron stars or decays of A, K: or
K;. This can be done if there are enough events, or if pairs of short-

lived particles are observed., Several experiments of this sort are planned

at Fermiiab.
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As of this time, none of these approaches has yet given a conclusive

charmed particle signal.
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Table I. Quark properties,
Quark Spin I 13 Q s B Y Charm
u /2 1/2 1/2 2/3 0 1/3 1/3 0
d 1/2 1/2  -if2 -1/3 0 1/3 1/3 0
s 1/2 o o -1/3 -1 1/3 -2/3 o
c 1/2 0 o 2/3 0 1/3 0 1
Table II, .L = O meson states,
su(6) su( 3) pC
- multiplet multiplet Spin J States
. i 1 o -t »n'
k) 8 0 o %, 1, K
8+1 1 1 P, w, P, K"
6 s?2opbk0n0D
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Table III, V¥(3095) properties,

Mass

SLAC-1BL

3.095 + 0,004 GeV

1
69 £ 15 keV
4.840.6 kev
4.8%0.6 kev
124 2 keV
0.069 t 0,009
0.069 + 0,009

' Frascati

3.103% 0,008 Gev

68 + 26 xev
4,6+0,8 kev

Assumed equal to I‘e

Table Iv, V(3684) properties,

Mass

3.684 + 0,005 GeV
-
228 + 56 kev
2,1+0.3 kev

T+1.2 kev

0.0093  0,0016
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Table V. Decay modes of the y(3095).

Branching No. of events
Mode ratio (%) observed Comment s
e'e 6.940.9 ca. 2000
u+u_ ‘ 6.9% '0. 9 ‘- ca, 2000
i ' < 0.032" 90% C.L,
pn 1.3%0.3. 153+ 13 > 70% of n x 2°
onton” o.hto.1 T6+9 '
2n*ton n® 4.0£1.0 675 ko ( ’g‘g:g ﬁ:;‘—
3" 30" 0.4 +0.2 32+ 7
3wt 30 n° 2.9%0.7 181 * 26
b hn"n® 0.9%0,3 1344
KK 0.4 40,2 83418 ( l’c‘:feég;é‘i?i{:go)
onton KK 0.3%0.1
K'x™ <o0.058% 90% C. L.
L S < 0,02 £1 90% C.L.
K°x%*(892) 0.24 + 0,05 57+ 12 |
Kk *(892) 0.31%0.07 . 87+ 19
K’k °*(1420) <o0.19 53 90% C. L.
KK ¥(1420) <0.19 53 90% C.L.
K*°(892)k*°(892) < 0,06 s 3 909 C.L.
K*°(1420)K*°( 1420) <0.18 53 © 90% C. L.
K*°(892)k*°( 1420) 0.37%0,10 047
P ~ o.21:0.04 105 + 11 { :E‘;‘)‘“‘i"‘i + cos®e
0.25+0,07*
AA : 0.16+ 0,08 19+5
g
npn 0,37+0,19 87+ 30
Bor*

1
*Results from DESY—DASP.3 Others are from SLAC-LBL. 30




Table VI, SU(3) singlet tests for ¥{3095).

Relative SU(3) Observed branching
Decay mode singlet prediction ratio®
Forbidden modes:
4 - . .
o o] < 0,032%
K'x o <. 0.0 8%
K Ko o : < 0,02%
o -0
K (892)x(892) o] : < 0,06%
K°(14:20)x°(1420) o < 0,18%
+ ' ' '
K K (1420) 0 < 0.19%
K°k%( 14.20) 0 < 0.19%

Non-forbidden modes for comparison:

- x%k°(892) | 1 6. 24 + 0,059
KK (892) , 1 0.31+0.07%
K°(892)k°( 1420) no prediction 0.3740. 109
pn ' 3/2 1.3%0, 3%

a + - +_ -
The n n and K K branching ratios are from DESY—DASP.31 The others

are from SLAC-LBL. 30
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Table VII, Branching ratios for ¥(3684) decay.

Modes Branching ratio (%) Comments
ete or p.+u- . 0.93+0,16
¥(3095) + anything 57+8
¥(3095)x n 32+l These decays included in
' fraction for y(3095) +
¥(3095)q L+2 anything
p?no <01
: 90% C.L, based on
ont on 2 <o '
-1 preliminary analysis
PP < 0,03
+ -
nn < 0,09
KK <0.16"

+ - S ' ;
*The n n and K XK limits are from the DESY-DASP experiment, The other
branching ratios are from the SLAC-LBL data, Several of these have
been independently determined by' the DESY-DASP collaboration, and are

in good agreement with the above values,

Table VIII, Fine scan results,

Upper limits

Storage ring Mass range (GeV) 1 (nb-Mev) ry (xev)

ADONE : 1.910- 2. 20 %0 0.17
2.20 - 2,545 660 0.16
2.97 -3.09 830 0.33

SPEAR 3.2 -13.5 . 970 o.bT
3.5 -.3.68 : 780 0.k
3.72 - 4.0 850 0.55
Lo -U4.4 620 0.4%7
b4 -k.9 580 . - 0.54
4.9 -5.4 780 .90
54 -5.9 © 800 1,11

5.9 ~-T.6 450 0.87




Table IX, Meson states with 2 1 charmed quark.

Name

Quark content Pseudoscalar Vector I Charm Strangeness

—_t —_
(3)", (u)° p*, o° p*", p*°  1/2 +1 o
(cu)°, (<a)” © 1% D p*, ¥ 1/2 -1 o
(cs)* F P 0 1 #
(es)” - F F o -1 -1

—y\ QO .
(cc) LR P o] o . o

Table X, Lowest lying cc states,

L s 3 G 1

o o ot +1 o

o 1 1 -1 o

1 o 1™ -1 0

1 1 ot +1 o

1 1 1+ +1 o
++




e b Table XI.

53

Charmed particle decay selection rules,

Amplitude dependence on 8.

Selection rules

Leptonic or semileptonic decays

cos GC

sin GC

Hadronic decays

2
cos Gc

cosveC sin 8

C

B
:

or AS = IXC =

8S = 0, IC = D = *1

1, &£ =0

I+

or OS = D =

85 =0, &5 =21, |AT] =
“or &S = $1, &C =0, |&T] =

50 = 21, |aT] = o
0, & = *1, |47

ol ol

toko

Binaec AS=—AC=:1, IA-I_'|=O,1
Table XIXI, Examples of preferred charmed meson decay modes,
Leptonic r

Ff -t ~ 107 - 1019 sec?
Semileptonic

ot -+ §°l+v ~ 1011-1012 sec-l

i+ +

F = n8v
Hadronic

Y ! -

p° o K n +x's ~ 1013'sec 1
- + + ; -

F' > qn + n's

P &6 &7 0 800800
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FIGURE CAPTIONS
+ 5
1. e e mass spectrum from J, J Aubert et al,

2. Cross sectlon versus total energy for (a) multihadron final states,
e - L rvt.,,: B

(b) ete f1na1'states,~6c) p T flnal states. The .curve ipn_(a) is

the expected shape of apd functlon resonance w1th due account taken

-of beam energy spread and radiative: correctlons - The cross section

(a),ris corrected -for detection efficiency whereas the cross sections -
(pb) and (c) apply only .to. therdetector acceptance., From.J,~E,

August et al, 8

: . L e

3. 'Relatlve multlhadron production rate as a function of total energy
(' MRS AR =% LJ ‘

From C .Bacci et al, 9

k. (a),(b) Fine-energy-scan data in the nelghborhood ofxthe w(3095) and

, . + N
w(368h)urespect1velyﬁ.Qc)mcross section for e e = hadréns , versus |

3
total energy. The curve is the expected beam energy resolution folded
= te . - ,.: !G m . :‘1'!10 % EOn .

w1th radiative corrections, From G, S, Abrams et al,
+ = 17’ "") .n f‘ w gq,(:\‘ 4y )

5. Relatlve rates for hadron events with more than three tracks versus
11 )

total energy;ffFromiL.zCriegee et al. : A iy

o

1. (a) DESY-DASP spectrometer.13» (b) sLAC-LBL Magnetrc:Detector.lhu

. + - . . .
8. Cross sections for the production by e e of (a) collinear photon

;,v,\ 7 rnoyza i wop a2 gf [T R et o e - e e 1
paljs{_(b) ‘nonZédi1 bacas” photon~p ‘rs39fr6m§wﬁﬁBraunschwengbt a1, 2

e e W
e UIEATING ST AL R et et v e

= .
(c) Obsexved e e - 2r rate as a function of energy per beam from

WwIlis J.?"gtu.
P v o 16

R, -L, Ford et-al,, o 3 -g

o - : sy

3

9. Cross sectlons for (a) e hadrons, (b) e e‘if B H and (c) e

ia"’wete"‘“versqs total enexgy, in the neighborhood: of W(3095) from A, M,
¥ s e -
18

Boyarski et al, ) . . ‘. +,

10. . Cross sectlons for (a) ele - hadrons, (b) ete o p P<wr d- (c) e'e
o ’n"‘

-

- e'e” vekrsus total emergy in the neighborhood of ¥(:3684) from V.
1iith et al.19 Bl b an e

11, Diagrams.for hadron and.u'y. production in annihilation (a) direct y

decay to hadrons, (b) ¥ decay to hadrons via intermediate photon,



3

12,

13.

14,

15.

16,

17.

18,

19.

21,

22,

23.
2.

¥(3095), from A, M. Boyarski et a
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v "y . ’ + -
(¢) off-resonance annihilation to hadrons, (d) ¥ decay to p pu via
. ; : fas . + -
intermediate photon, (e) off-resonance annihilation to p u .-
. . +_.'+_ : .
Forward-backward asymmetry in e e — pp as a function of energy

in (a) neighborhood of ¥(3095), (b) neighborhood of ¥(3684), from

sLAc-Lew, 18919

+ - + - + - + - "
Energy dependence of ratio of o(e e — pp )/olee —» ee ). in

the neighborhood of (a) ¥(3095), (b) ¥(3684), from SLAC—LBL.18’19

Angular distributions for (a) ete” » e'e” and (b) efe” p+p
near peak of y(3095), frg; A. M;lBoyarski et ai.le

Invariant mass distribution of p+p-.0f energy greater than 70 Gev,
produced by incident neutrons, from B. Knapp et al,

Invariant mass distributioﬁ of e+e- p;oduéed in pp collisions of
the ISR, The curves indicate the shapes of the acceptance, from

F, W, Blsser et al.25

x and P, distributions for y(3095) production by 200 GeV protons

1
- ) 26
and n on iron, from G, J. Blanar et al,

\

Photoproduction of -y(3095) on beryllium at 11,8 GeV, from B,

Gittelman et al.28

Photoproduction of ¥(3095) on beryllium at 100- 200 GeV, from B,

Knapp et al.12

Energy dependence of forward photoproduction cross section of

W(3095); from compilation by B. Gittelman et al.28

ﬂi distribution for e e - .21 2n X (a) at 3,0 Gev and (b) for
1.3

Plot of ratio ¢ (defined in text) versus multiplicity for y(3095)

from A, M. Boyarski et a1.3o

' + - .
Dalitz plot for ¥(3095) -» = n a° from A, M, Boyarski et.al, 3°

Momentum of A versus momentum of A in reaction w(3o95) > M+

anything, from A, M, Boyarski et al.30

+ - O : 4, -
non no effective mass distribution from ¥(3095) - 2n 2x no, from -
SLAC-LBL data (unpublished),

T s er 0




26.

28.

31.
32.

35.

‘converted events, (b) unconverted events, from J. W, Simpson et al.

'56f

Momentum of positive lepton versus momentum of neQafive lepton for
near-collinear 2-prong events from y(3684). Dashed lines indicate
cuts used to select direct decays of y(3684), from v, Liith et al.19
{(a) Inclusive p+p- mass spectrum from y(3684). (b) Missing mass
distribution recoiling against ata. (c).Samg as (b) for 4-prong,
Q = 0O events with mi;sipg momentum and energy compatible with zero,
from G, S. Abrams et a1.3h

a1 mass spectrum from y(3684) - n+n-¢(3095).> The curve is a
phase spaée distribution corrected bjfthe.acceptance,.from J. A,
Kadyk et a1.35

Spectrum of missing. mass £ecoiling against_w(3095) fo; events of the
type ¥(368:) - ¥(3095) + neutrals, ¥(30%5) - u'W, from W,
Tanenbaum et al;u6 .

Scatter plots of missing m9mentum versus total observed energy for

zero charge, h-prong events. (a) ¥(3095) - anything, (b) y(3684)

- anything, (c) ¥(3684) — = 7 ¥(3095), (8) w(3684) A n'n ¥(3095).

From A, M, Boyarski et al.3'o
o(e+e- — hadrons) ‘and R versus. total energy, from G, J. Feldmanr3a
Inclusive photon energy spectra produced in y(3684) decay; (a)

43

pp mass spectra produced in P-Be collisions from J. J, Aubert et
a1.6,h8
6,48

K+n— mass spectra from J. J. Aubert et al, o o,
Invariant mass spectra for various particle hypotheses at a total

energy of 4,8 Gev, from A, M, Boyarski et a1.”t
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infiﬂinge privately
owned rights.
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