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Hadron-spectroscopy experiments carried out with the Lepton facility are reviewed. These
experiments led to the discovery and investigation of the new vector meson C(1480), whichisa
candidate for an exotic state; searches have been made for radiative decays of mesons, and the
decay D(1285) — @y has been discovered; and data have been obtained on the extent to which the
OZI ruleis satisfied in hadron reactions and decays. The results of investigations of rare
electromagnetic leptonic decays of the 7, 7, and @ mesons are also given. The general picture of
the development of the physics of exotic hadrons is described in an appendix.

INTRODUCTION

In recent years, the spectroscopy of “light” hadrons,
which has already been carried on for more than a quarter of
a century, has advanced to a qualitatively new level and un-
dergone a second burst. This progress is to a large degree
associated with the general development of experimental
techniques and the construction of multichannel hodoscope
¥ spectrometers for the detection of hard photons. Experi-
mentalists have constructed complex, high-luminosity faci-
lities capable of operating in intense hadron and photon
beams and detecting all secondary particles—both charged
and neutral. Thus, it has become possible to separate certain
exclusive reactions for investigated states and to reconstruct
completely events with additional kinematic redetermina-
tions. All this permits a very significant lowering of the back-
ground and the investigation of rare processes in the region
of nanobarn cross sections.

In experiments with colliding e ¥ e~ beams there have
also been some very interesting results for new classes of
phenomena associated with the production of hadrons in
decays of J /4 particles and in yy collisions (both for almost
real and for virtual photons).

The new experiments have led to significant successes
in developing the systematics of “ordinary” hadrons, which
have the simplest quark structure (gg for mesons and ggq for
baryons). Some rare electromagnetic decays of strongly in-
teracting particles have also been discovered, and important
information about their internal structure and other proper-
ties has been obtained. However, the most serious successes
of modern hadron spectroscopy are probably those associat-
ed with searches for new forms of hadronic matter—exotic
hadrons. These unusual particles can include multiquark
formations (gggg mesons, ggqqg baryons), hybrid states
with valence quarks and gluons (ggg mesons, gggg baryons),
or glueballs, i.e., particles consisting solely of valence gluons
(gg, ggg)- The results of such investigations have far-reach-
ing consequences for quantum chromodyamics, for the con-
cept of confinement, and for specific models of hadron struc-
ture (lattice, string, and bag models).

During the last few years, the Lepton-F facility at the
Institute of High Energy Physics (IHEP) at Serpukhov!’
has been used in a series of experiments associated with
searches for exotic mesons and other related aspects of me-
son spectroscopy [the properties of axial mesons and the
E /iota problem, the nature of the £(1420) meson, the OZI
rule® and the properties of exotic states, etc.]. It is these
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investigations that are discussed in the present review. Basi-
cally, it is devoted to the following questions.

1. C(1480) — @7°, a new vector meson and a candidate
for an exotic state.'®

2. Searches for the decay B(1235) — @7, the OZI rule,
and decays of exotic mesons.’

3. The reaction 7~ p—gn at p, = 32.5 GeV and the
OZI rule in hadronic processes.

4. Searches for the radiative decays D(1285) - gy,
E(1420) - ¢y and the nature of the E(1420) meson.>”°

In order to compare the experimental results obtained
with the Lepton facility with the general picture of investiga-
tions of exotic states, we have added to the review an appen-
dix in which we briefly describe the modern development of
the physics of exotic mesons. This appendix is to a large
degree based on the proceedings of the Working Symposium
on Hybrids, Glueballs, and Exotic Hadrons held at BNL in
August 1988: Glueballs-88. The data given in this review
were discussed in detail at that symposium. For complete-
ness, the review also covers briefly the experiments per-
formed with the facility’>"'* Lepton-G,*’ which led to the
discovery of rare electromagnetic decays of the 7, ', and @
mesons and yielded data on the internal electromagnetic
structure of these particles. The results of the investigations
of Refs. 10-14 were discussed in more detail in Ref. 15.

It should be emphasized that, quite generally, investiga-
tions of electromagnetic decays of hadrons play an impor-
tant part in elementary-particle physics. These processes,
determined by the interaction of real or virtual photons with
the electric charges of the quark fields, yield unique informa-
tion about the various quark configurations in hadrons,
about -the mixing mechanism, about the electromagnetic
structure of the strongly interacting particles, and about a
number of their phenomenological properties, such as the
magnetic moments, form factors, etc. It is a pleasure to note
that many important experimental results in this field have
been obtained at the Institute of Theoretical and Experimen-
tal Physics (discovery of the @ —#°y decay), at JINR (dis-
covery of the decaysp—e™ e~ and ¢—»e ™ e~ , searches for
rare decays of 7 mesons), at IHEP (discovery of a number of
rare electromagnetic decays of light mesons), and at the In-
stitute of Nuclear Physics of the Siberian Branch of the
USSR Academy of Sciences (discovery of the resonance re-
action e* e~ —p—7* 77, investigation of radiative de-
cays of the @ = and 7 mesons). These data were considered
in the reviews of Refs. 15 and 16, which also give a detailed
bibliography (see also Refs. 17 and 18).
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1. THENEW VECTOR MESON C(1480): ACANDIDATE FOR AN
EXOTICSTATE

In this section, we shall consider the results of investiga-
tion of the @¢7® system, formed in the exclusive charge-ex-
change reaction

a-p— (en°) n. (1)

The @7 system possesses unique properties, which make it
particularly promising for searches for exotic hadrons.!®
The isotopic spin of such a system is equal to unity, i.e., it
contains the isospin “carriers,” the # and d quarks [in the
combination (1/y2)(u —dd)]. At the same time, the ¢
meson is characterized by hidden strangeness and consists of
55 quarks. The coupling between the u# and dd quarkonium
states and ss system is suppressed by the OZI rule. Therefore,
the states strongly coupled to @7° must have a complicated
quark valence structure different from that of the ‘“‘ordi-
nary’”’ gg mesons.

An experimental study of the reaction (1) was made
with the 70-GeV accelerator at IHEP with the facility Lep-
ton-F during 1983-1986. The first data on the process (1),
which gave weighty indications of the existence of a reso-
nance C state (decaying through the channel C— @7°) with
mass around 1.5 GeV and properties that did not fit into the
picture of meson states of the ordinary type,' stimulated
further investigations with an improved facility, and these
culminated in the discovery of the new vector meson
C(1480), a candidate for an exotic state.>* Further discus-
sions of the properties of C(1480) are contained in Refs. 5
and 6 and in the present review.

1.1. Experiments with the facility Lepton-F

The combined facility Lepton-F (Fig. 1), which per-
mits effective detection of charged particles and ¥ rays, in-
cluded a magnetic spectrometer with proportional chambers
and a hodoscope ¥ spectrometer. The charged particles in
the initial and final states were defined by means of gas
threshold Cherenkov counters. Measurements were made in
a beam of negatively charged particles with momentum 32.5
GeV.

During the time of exposure of the spectrometer in the
beam, 4 10'! 7= mesons and 8 10° K~ mesons passed
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through its target. The facility was triggered by three types
of trigger signals, which made it possible to detect the follow-
ing events:

n-p—> (K*K~my) »; (2)
— (ntn-my) n; (3)
K-N— (K*E-my) Y

(m = 01 11 2)' (4)

These events were then used to search for and separate the
processes

n-p— (K*K-n% n;

— (@) 1, g K*K; (5)

— (K*K-y) n; (6)

"= (py) n; 9= K*K-, (M
K-N-— (K*K-n%) Y; (8)
— (en") Y; o— K*K~; C)]
— (K*K-y) Y. (10)

For the calibration of the facility, study of the background,
and normalization of the cross sections and decay probabili-
ties, known processes with similar topology were used:

n-p— (n*R-nd) n; (11)
— nn; n— ntu-nd; (12)
— on; o— ntn-al; (13)
— (n*m=y) n; (14)
—Mn; N> TRy, (15)
—1n'n; n'— xtny, (16)

To identify exclusive reactions with production of
K * K~ 7°and 7 7~ 7° states, the following event selec-
tion criteria were used.

1. Detection of two and only two tracks of charged par-
ticles with opposite signs of the charges, emanating from an
interaction point within the target.

2. For separation of secondary 7 and K mesons a selec-

FIG. 1. Schematic diagram of the combined spectrometer
Lepton-F: §,-S,, B,, and B, are scintillation counters; H,—H
are scintillation hodoscopes; 4,-4, are protective scintilla-
tion counters; PC_,; are proportional chambers; C,—C, are
gas threshold Chernkov counters; LiH is the target with pro-
tective system to separate exclusive reactions; LiH is the tar-
get with protective system to separate exclusive reactions: M
is the magnet of the wide-aperture magnetic spectrometer of
the secondary particles; AC is the active converter of y rays;
GAMS-200 is the y-ray hodoscope spectrometer.
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tion was, when necessary, made on the basis of a minimal
momentum p > 7.3 GeV of the charged particles (since the
threshold for 7~ detection in the Cherenkov counter C, was
Pathe = 5.5 GeV).

3. Detection in the spectrometer GAMS of the decay
7= ¥,%,, identified in accordance with the requirements
E,,E;>05GeV;E, +E,>5GeV; 100<M,,,, <180
MeV.

4. The use of a comparatively soft requirement of
“elasticity” for exclusive processes: 29<E, +E,

+E, +E_<35GeV (E . and E_ are the energies of the

charged hadrons). These selection criteria made it possible
to identify the reactions (5), (8), and (11) with a low back-
ground level.

The data given in Figs. 2-4 characterize the possibilities
of Lepton-F for identification of well-known processes with
charged particles and 7° mesons (down to very small cross
sections—see Fig. 4). Questions relating to the identifica-
tion of radiative decays in (6), (7), (10), and (14)-(16)
will be considered below in Sec. 3.

1.2, Separation of the reaction =~ p— (¢=°)nin the analysis of
wp-(K*K—=%n

In the mass spectrum of the K * K~ system in the pro-
cess (5) there is a clear peak corresponding to production of
the g meson in (1) (Fig. 5). Events of the reaction (1) were
selected from the region of the peak (1016 <M b o =

< 1024 MeV). The contribution of the background was tak-
en into account by an integral method (by subtracting the
number of events averaged over the neighboring mass inter-
vals 1002-1010 and 1030-1038 MeV). A different, differen-
tial method of background subtraction was also used. The
entire spectrum of effective masses M, . - .» for the reaction
(5) was divided into intervals with AM x +k -0 = 60 MeV,
and for each interval the distribution with respect to the
massofthe K * K~ system was constructed. The number of
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FIG. 2. Effective-mass spectrum of the 7+ 7~ #° system in the reaction
7 p—(m* 7~ 7% n (20% of the statistics). The peaks correspond to
production of 7 and @ mesons (the widths of the peaks are due to the
resolution of the spectrometer).
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FIG. 3. Effective-mass spectrum of the X * K ~ system in the reaction
K~ N— (K * K~ 7°)Y. The peak corresponds to production of the ¢ me-
son. The peak width ', = 9.3 4 1.4 MeV is determined by the spectrom-
eter resolution.

@ mesons in the given interval was determined by means of a
fitting procedure. Examples of the fitting are shown in Fig. 6.
The differential method made it possible, in each interval of
masses AMy . x - .o, to determine the number of events of the
reaction (1), ie., to construct the spectrum of effective
masses of the g7 system. The two methods (integral and
differential) gave identical results. These methods were also
used to obtain all the other distributions for the @7° system
that are discussed below. The total number of detected ¢
mesons in the reaction (1) for different cutoffs lies in the
range 350-450 events.

1.3. Spectrum of effective masses for the ¢ system in the
reaction w—p - (¢w°)n

Figure 7a gives the spectrum of effective masses of the
@m° system in the reaction (1), obtained after subtraction of
the background under the ¢ peak; it is weighted with
allowance for the acceptance of the facility (Fig. 7b). The
dominant feature in the spectrum is a resonance peak with
parameters

M = (1480 + 40)MeV and T' = (130 4 60) MeV, (17)

which has become known as the C(1480) state.

In the analysis of the data on the reaction (5) with the
separation of (1) the event selection criteria were varied,
different methods of subtracting the background (differen-
tial and integral) were used, the influence of cutoffs with
respect to the momentum transfer and a number of other
quantities was investigated, and the step of the histogram
and the fitting parameters were varied. Various hypotheses
were made about the production mechanism of the @7° sys-
tem in the determination of the facility efficiency. It is im-
portant to note that the efficiency depended weakly on the
choice of the model (this is due to the comparatively small
energy release in the investigated region of M. or)- The meth-
ods of determining the efficiency were tested and the abso-
lute normalization of the cross sections was determined us-
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FIG. 4. Investigation of the reaction 7~ p— (K *K ~7")nat
momentum p,. = 32.5 GeV: a) effective-mass spectrum of
the K + K~ #°system in the region M < 1375 MeV. The peak
corresponds to production of the D(1285) meson. The cross
section of the reaction 7~ p—D(1285)n,
D(1285) »K * K~ 7is 30X 10~ * cm? b) the same spec-
trum in the complete investigated range of masses for
b |t]>0.1 GeV2.
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ing the known reactions 7~ p—un, y—7* 7~ 7 and
7~ p—own, @—7" 7~ 7° with nearly the same kinematic
properties (see Fig. 2).

The spectrum of the masses M o obtained by the differ-
ent methods were found to be very similar. The small differ-
ences between them were used to estimate the systematic
errors. Thus, the results [Fig. 7a and the parameters (17) ]
are stable with respect to appreciable variations in the proce-
dure for the analysis. The cross section for production of the
C(1480) state is

o [w-p— C (1480) n] BR [C (1480)— ']

— (40 = 15)-10-% cm?. (18)
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FIG. 5. Effective-mass spectrum of the K * K~ system in the reaction
7~ p— (K * K~ 7°)n. The peak corresponds to production of the ¢ me-
son. The parameters of the fit (Gaussian distribution and smooth back-
ground) are M, =1019.7+07 MeV, r,=106+16 MeV,
N, =349 + 46. The peak width corresponds to the spectrometer resolu-
tion.
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The uncertainties in the values of (17) and (18) include
both the statistical and the systematic errors.

A test of the procedure for subtracting the background
under the @ peak in the separation of the g7 system is the
absence of a signal from the D(1285) meson in the Mmf’

mass spectrum. The D(1285) meson is clearly manifested
for K * K~ 7°states in the reaction (5) (see Fig. 4) and can
be seen even for events from the region of the ¢ peak,
1016 < My g - <1024 MeV [because of the background,
since the decay D (1285) — @7° is forbidden by C parity and
isotopic invariance]. Having determined the suppression of
the signal from the D(1285) meson in the spectrum of the
@n° system and used the upper limit for the ratio
E(1420)/D(1285) in the reaction (5), we can show that the
background from the E(1420) meson did not exceed a few
percent of the total number of @7° events.

A study was made of the effect of incorrect identifica-
tion of X mesons in the reaction (5), particularly of the pos-
sible background from kinematic ‘“reflections” of 7,
w—1+ 7~ 7°events from the reactions (12) and (13). This
background was readily monitored; it was assumed that the
investigated K * K~ 7" events for the region of the ¢ meson
and for the background intervals were “7 = 7~ 7° events,
and the corresponding effective-mass spectra were con-
structed. The investigation showed that for the selection cri-
teria used in the analysis of the data the background from the
kinematic 7 and w reflections was very small— its contribu-
tion to the total number of 7" events was less than 2%.

For an additional global verification of the entire proce-
dure for separating the @7° system, a special “background
experiment” was performed; in it, to imitate the ¢ mesons
the mass region 1044 <M, . <1052 MeV (ie, outside
the @ peak ) was chosen, and, as “neighboring intervals,” the
M, . - regions 1030-1038 and 1058-1066 MeV. A spur-
ious mass spectrum of the “ ¢ > 7° system was determined
with the same event selection criteria and the same integral
method for subtracting the background that was used to sep-
arate the true @7° system. This spurious spectrum, weighted
with the facility acceptance, is shown in Fig. 7c. The total
number of events in the spurious spectrum did not exceed
20% of the true @n° events. Resonance peaks are not ob-
served in the spurious spectrum. The background experi-
ment confirmed the correctness of the procedure for the
analysis and the reliability of the data on the C(1480) peak
in the mass spectrum of the g7° system.
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N/4 MeV

FIG. 6. Effective-mass spectrum of the K * K~ system in the
reaction 77 p—(K* K~ 7%n in ranges of My »
masses: a) 1390-1450 MeV; b) 1450-1510 MeV; ¢) 1510-
1570 MeV. The curves show the results of the fit. The param-
eters of the ¢ peak (M, = 1019.8 MeV, I, =93 MeV)
were determined from the data of Fig. 3. The background
was approximated by a smooth two-parameter distribution.

1.4. OPE dominance in the reaction =—p— C(1480)nand the
quantum numbers of the C(1480) state

The distribution of the events of the reaction

a~p— C (1480) n (19)

with respect to the square of the 4-momentum transfer
t' =t — t,;, was investigated. The experimental data (Fig.
8) are well described by the dependence for pion exchange

dN/d | ¢' | = const [| ¢’ |/(| t' | + m&)?] exp bty  (20)

with the free parameter b = 13.7 4+ 5 GeV 2 [the expected
value of the slope in (20) for pion exchangeis b~7 GeV ~2].

An attempt was also made to describe the experimental
t' distribution under the assumption of exchange of the dif-
ferent nearest possible pole 4,, which leads to a dependence
of the form

dN/d|t'| = const (1 + g |t'|) exp (). (21)

T
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FIG. 7. Investigation of the reaction 7~ p— (@#°)n at momentum
P = 32.5 GeV: a) effective-mass spectrum of the @n° system, weighted
with the acceptance of the facility. The spectrum was approximated by the
relativistic Breit-Wigner formula for orbital angular momentum / = 1
and a polynomial background. The experimental resolution for M,
~1.5 GeV is 45 MeV FWHM; b) acceptance of the spectrometer for
detection of the @7° system in the reaction (1); ¢) results of the “back-
ground experiment” for the spectrum of spurious “@* #° events (see the
text).
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The standard parameters for 4, exchange, ¢ = 8.4 GeV ~2
and g = 31 GeV 2, were used. However, the confidence lev-
el of this fit was below 10~* (Fig. 8). The description of the
experimental data in the form (21) with a free value of the
slope parameter leads to ¢ = 33 4+ 5 GeV ~ 2, i.e., to an un-
reasonably large slope for a reaction with elementary parti-
cles. All this suggests that the dominant mechanism in the
charge-exchange reaction with production of the C(1480)
state is pion exchange. Since the ¢ distribution in the case of
pion exchange is concentrated in the region of small |¢’|, the
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FIG. 8. Distribution of events from the C(1480) peak with respect to the
square of the 4-momentum transfer ¢ ', weighted with the acceptance of the
facility. Curve 1 is the result of fitting the experimental data by the ¢’
dependence expected for pion exchange [see (20) ]; curve 2 is the expect-
ed form of the ¢’ distribution for 4, exchange [see (21)].

final mass spectra (see Figs. 5 and 7) were obtained using the
additional selection criterion |#’| <0.2 GeV?, which some-
what reduces the background, although it does not signifi-
cantly change the results.

The distribution with respect to the momentum trans-
fer for the reaction (19) confirms, in particular, the conclu-
sion drawn earlier about the small contribution to the ¢7°
system from the background due to the processes

7 p—(q@)n—(r* 7~ 7°)n,

7~ p—(D,E)yn—(K * K~ 7°)n.
In these processes, pion exchange is forbidden, and their ¢
distributions must be considerably broader than for the reac-
tion (19) (they have the form of curve 2 in Fig. 8). On the

other hand, for the control background intervals of masses

M, . . - adjacenttog, thet distribution has precisely sucha

gently sloping nature.

The existence of the dominant pion-exchange mecha-
nism restricts the possible quantum numbers of the C(1480)
state by the condition P = C = ( — 1)”. It follows from the
C(1480) —@n° decay scheme that this state has isospin
I=1and negative charge parity.*’ Therefore, only odd val-
ues are allowed for the total angular momentum, i.e.,
JPC = 1-~, 3~ —, etc. We can evidently restrict ourselves
to considering the first two sets of quantum numbers, since
all known mesons with J> 3 have mass greater than 2 GeV.

1.5. Direct measurement of the spin and parity of the C(1480)
state by analysis of the angular distributions of cascade
decays

Direct data on the quantum numbers of the C(1480)
state can be obtained by analyzing the cascade decays
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400

C(1480)-»@n®, @—-K*+*K~. To analyze the decay
C(1480) —@7°, the Gottfried-Jackson system is used for
the reaction (19) [i.e., the C(1480) rest system ], which for
the analysis of g — K * K ~ the rest system of the ¢ meson is
used. The choice of the coordinate systems is as follows:
a) Gottfried-Jackson system: e, =p._/|p._|; e,
= (p.- Xp,)/|(p.- Xp,)|; ex = (e, Xe,);b) rest frame
of @: €. =ph/[pll; € = (Pl XPH)/|(B2- XPL)|;
e, = (e, Xe, ). Here, p”_ and p”_ are the momenta of
the primary meson in these systems; p;, is the momentum of
the recoil neutron in the Gottfried-Jackson system; p”, is the
7° momentum in the ¢ rest frame; ', ¢ ' are the polar and
azimuthal angles of the 7° meson in the Gottfried—Jackson
system; and &} ", @ " are the same angles for K~ in the ¢ rest
frame.
The distribution of the events with respect to the angle
" between the K~ meson and the 7° meson in the rest
frame of the ¢ meson determines the helicity of the ¢ meson:
for A, = +1 it must have the form dN/dcosd”
= const'sin’> ¢ ”, and for A, =0 the form dN /d cos "
= const-cos’? ”. Theexperimental distribution with respect
to " is practically undistorted by the acceptance of the fa-
cility. It was described in the form dN/d |cosd”|
= const[1 — (b /3) + b cos’} " ]. For the parameter b, the
value b= — 1.36 +-0.37 (Fig. 9a) was obtained. This
means that the helicity of the ¢ meson is compatible with the
values A, = + 1 (b= — 1.5) and, in particular, reliably
excludes a spin of C(1480) equal to zero, for which 4, =0
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FIG. 9. Angular distributions of weighted events from the C(1480) peak:
a) with respect to cos & ” in the rest frame of the @ meson; the curve is the
result of fitting by the dependence dN/d|cosg”|~1—b/3
+ bcos’ #”, b= — 1.36 + 0.37, where ¢ " is the angle between the K ~
and 7° in the rest frame of the ¢ meson; b) with respect to the azimuthal
angle @"; the curve is the result of fitting by the dependence
dN /dp " ~sin® @ " (the confidence level of the fitis 0.13); ¢) with respect
to cos &' [ is the emission angle of the #° in the Gottfried-Jackson sys-
tem for (19) ]; curve 1 is the expected form of the distribution for the case
JP€ =1~ [see (25)];curve2is for the case J’© = 3~ ~ [see (26)]; the
simplest OPE model is used with density matrix for the reaction
7~ p—C(1480)n of the form py, = 1, p,,,,, = 0 for m, m'0; d) the same
distribution, but curves 1 and 2 correspond to the expected form
dN /d cos &' for C(1480) quantum numbers J°© =1~ ~ and 3~ ~ inthe
Ochs-Wagner OPE model.**
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(i.e., b = 3). The conclusion that the C(1480) has nonzero
spin follows from the form of the distribution dN /d |cos ¢ " |
and does not depend on the assumption of a dominant role of
one-pion exchange in the reaction (19).

Figure 9b shows the distribution of the events with re-
spect to the azimuthal angle ¢ " for the emission of the K ~
mesons in the rest frame of the ¢ meson [the angle ¢ ” in this
system is measured from the C(1480) — @7° decay plane].
The azimuthal distribution has the form dN/dg"”

= const-sin’ @ ”.

The distributions with respect to cos 4 " and ¢ " in the
background mass intervals for the K © K~ system (for the
integral method of subtracting the background under the ¢
peak) shows that the background is isotropic and cannot
lead to serious systematic distortions of the angular distribu-
tions for the decays C(1480) -¢n°, p—-K +* K~

We now turn to a complete analysis of the angular dis-
tributions of the cascade decays in (19), using for this the
formalism of helicity amplitudes.?® The general expression
for the angular distribution of the secondary particles has
the form (here and in what follows, see, for example, Ref.
21)

We', ¢’ 9, m"):ﬁ}%’n(x, A A (A A); ™

R (M A')= 2 exp [i(m—m') §'] pumedima, (cos 0¥

m, m’ >

X d{n'?\.' (cos 8 A (M) A* (\');

A M)=expli (A—A) 9"] diy, (cos §") b (cos 97). &)
(22)

Here, A, A" are the helicities of the g meson; Pmme are the
elements of the density matrix for the production of
C(1480) in (19); A(A) is the helicity amplitude of the decay
C(1480) — 7" and Jis the spin, and m, m' are the magnetic
quantum numbers of C(1480).

The helicity amplitudes of the C(1480) —¢@7° decay
satisfy the symmetry relation

A (M) = 0g040,4 (— L) = —opd (—L)

[here, o =P(— 1)’ is the naturalness of the meson;
o0, = + 15 0, = — 1]. In particular, for natural spin and
parity of C(1480) (i.e., for o = 1) we have

A Q) =—A (—)

And 4(0) =0, i.e., the @ meson has helicity A = + 1 (a
result that, as we have seen, agrees with experiment).

The angular distributions of the decay particles for the
cascade process 7 p—C(1480)n, C(1480) -7,
@—K * K~ can be obtained from (22) if certain assump-
tions are made about the reaction mechanism and the well-
known symmetry relations for the Wigner d functions and
the elements p,,,.. of the density matrix of the reaction (19)
are taken into account. In the simplest model of one-pion
exchange, the density matrix p,,,, , has the form p,, = 1,
Pmme =0 for m, m'#0. In this case, the angular distribu-
tions of the decay particles are determined by the expression
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W@, ¢; 7, §") = const-sinp" sin)” [ (cos 0')]".

(23)

Thus, in the rest frame of the ¢ meson the distributions of the
decay K~ mesons with respect to <+ " and ¢ " agree with the
experimental data (Figs. 9a and 9b) and confirms the domi-
nance of the pion-exchange mechanism in the C(1480) pro-
duction process that was established by studying the corre-
sponding ¢ distribution (Fig. 8).

If pion exchange dominates in the reaction (19), then,
as was already said in Sec. 1.4, the quantum numbers of
C(1480) mustbe J7 =1-~,3~ —, etc.

To choose between these possibilities, it is necessary to
investigate the distributions of the C(1480) —@n° decay
products with respect to the polar angle # ' of emission of the
7° meson in the Gottfried-Jackson system for (19). In ac-
cordance with (23), this angular distribution has the form

dN/d cos 9" = const [d], (cos &)I% (24)
Hence, for the possible spins of the C(1480) state
dN/d cos 8’ = const sin*®’ (J = 1) (25)

or
dN/d cos &' = const sin?3’ (5 cos? ¥ — 1) (J = 3).

(26)

The distribution of the C(1480) —@7° decay events
with respect to the polar angle 4 ' is shown in Fig. 9c. Here,
the spectrometer acceptance has been taken into account; it
restricts the effective range of angles to the interval
0.3<cos ' < 1.

As can be seen from Fig. 9c, the investigated angular
distribution agrees with the C(1480) quantum numbers
JP€ =1~ [i.e.,, with (25)] and rules out J?¢ =3~ -
(26); the corresponding confidence levels are 0.2 and 10~ 7.
For the higher spin values J°° = 5~ —, etc., the confidence
levels for the description of the experimental angular distri-
bution with respect to cos ¢’ are even lower than for
T=3F L

Thus, analysis of the decay angular distributions (22)
for C(1480) »@7°, =K * K~ in (19) has permitted a
model-free elimination of the C(1480) spin value J = 0 and,
in the one-pion exchange (OPE) model for the reaction
(19), has made it possible to establish the quantum numbers
JP€ =1~ ~ for the C(1480) state.

This conclusion is stable and is not changed by modifi-
cations of the OPE model that take into account absorption
effects. In this case, the density matrix that describes the
C(1480) production in the reaction (19) is more complicat-
ed, and the form of the angular distributions (25) and (26)
is somewhat changed. An additional analysis was made on
the basis of the one-pion exchange model with Ochs-Wag-
ner absorption,* which agrees well with the experiments for
all investigated OPE processes. It can be seen from Fig. 9d
that in this case too the angular distributions in the Gott-
fried-Jackson system agree with the quantum numbers of
the C(1480) state J“ =1~ and rule out J/* =3~ -
(the confidence levels are 0.27 and 3x 10~ #; for more de-
tails, see Ref. 22).
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1.6. The C(1480) state: anew vector meson

As is well known, resonance behavior of a physical sys-
tem can be imitated by a threshold Deck effect. Figure 10
shows some diagrams in which such near-threshold singu-
larities can be manifested. The corresponding matrix ele-
ments decrease fairly rapidly with increasing mass m (V)
near the threshold, and this may lead to a resonance-like
behavior of the spectrum of the effective masses of the Var
system in the reactions 7~ p— (V7°)n (V=p°; w; ).

Attempts to explain the mass spectrum of the @7° sys-
tem in the reaction (1) by means of the threshold Deck effect
showed that the probability of such a description is negligi-
bly small—the C(1480) peak was separated above the
“theoretical background” from the Deck effect,** normal-
ized outside this peak, i.e., outside the two channels with the
maximal number of events in Fig. 7a), by more than 10 stan-
dard deviations. Other estimates associated with a compara-
tive analysis of the ¢7° and w#° states with nearly equal
energy release Q in the reactions 7 p—g@n’n and
7~ p—om°n showed that with allowance for the OZI prohi-
bition on the production of a nonresonance @7° system the
contribution of the Deck effect to the cross section (19) does
not exceed 10 ** cm? in order of magnitude.

Thus, the @7 state with mass 1480 MeV has quantum
numbers I = 1 and J?¢ = 1~ ~. It cannot be explained by
threshold effects and is a new resonance—the C(1480) me-
son. The conclusions about the spin and parity of the
C(1480) meson follow from the data on the dominant role of
pion exchange in the reaction (19) and from analysis of the
angular distributions for the cascade decays C(1480) —@r°
and ¢~ K * K~ in this reaction.

The existence of a resonance in the @ system in the
investigated region of masses is also confirmed by data of an
experiment with the SIGMA spectrometer,® in which a
peak was found in the inclusive process 7~ p— (o7~ )X,
@—p* u~ in the mass spectrum of the @7 system, with
parameters close to those of the C(1480) meson (Fig. 11).

1.7.The decays C(1480) - ¢w?and C(1480) - on®

A very important quantity that characterizes the quark
structure of the C(1480) meson is the ratio of the decay
probabilities

R, = BR [C (1480)— @n’l/BR [C (1480)— on®], (27)

i.e., for processes forbidden and allowed by the OZI rule for
mesons consisting of « and d quarks. In Refs. 2—4 the deter-
mination of R was based on not only (18) but also data on
the reaction
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FIG. 11. Spectrum of effective masses of the p* p~ 7” system in the
inclusive reaction 7~ p— (@7~ ) + X, ¢—p* = (after subtraction of
the background below the @ peak) for initial momentum p__ = 50 GeV:
a) all events detected by the spectrometer; b) events for which the total
momentum of the wp*p~ 7~ system satisfies the condition
Pyt P+ <45 GeV.

obtained at momentum p__ = 38 GeV in experiments with
the GAMS-2000 spectrometer.”® The mass spectrum of the
w7 system in (28) was found to contain peaks from the
mesons B(1235) - w7 and g(1680) - w7, and no statisti-
cally significant structures were observed in the region of 1.5
GeV. This gave the bound

Rs > 0,5 (95 %- confidence level j (29)

The anomalous nature of this ratio for the C(1480) meson
can be seen clearly from a comparison with data on the anal-

ogous decays of the well-known “ordinary”” meson B(1235)
(JC =1+

R, — BR [B (1285)— ¢n°l/BR [B (1235)—~ on’]

< 5-10-3 (30)

The upper limit (30) for Ry is obtained by comparing data
on the spectra of the effective masses of the ¢7° system in the
reaction (1) (Lepton-F) and of the w7’ system in the reac-
tion (28) (GAMS-2000) in the region of masses of the

n-p—> (on') n, (28)  B(1235) meson.®
b Pa - 14 e w
&= HE Joh .
= 7? L 7? ——7
£ i "
P = =n p b nop s n FIG. 10. Diagrams for near-threshold singularities in exclu-
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sive reactions with production of a ¥z system (¥7°=pn®,
e, 0m°):2) 7~ p—pn°n; b) 77 po@rn;c) T p—wn';
d) K~ p-gnY°.
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To suppress the background from (19) in the analysis
of the @7 system, selection with respect to the momentum
transfer was used: |z'|>0.1 GeV? (“anti-OPE cutoff »*).
This selection reduced the efficiency of detection of the
B(1235) mesons by not more than 25% [for B(1235) me-
sons with quantum numbers J°“ = 1+ ~, pion exchange is
forbidden] and at the same time suppressed the reaction
(19) with C(1480) mesons by about five times (see Fig. 8).
After the introduction of this selection, the bound

o [n-p— B (1235)° n] BR [B (1235) — @n’]
< 5.10-% cm?

(95% confidence level) was obtained.

These data together with the estimates of the cross sec-
tion o[7~ p—~B(1235)n]BR[B(1235) »wn®] ~1x 103
cm® (from experiments with the GAMS-2000 spectrom-
eter) led to the upper bound (30) for the ratio R, which
was found to be at least two orders of magnitude smaller
than the ratio R [see (29)].

1.8.Searches for other decay channels of the C(1480) meson

In the analysis of the reaction (5) in the region |¢'| < 0.1
GeV?, searches were made for decays of the C mesons
through other channels not associated with the productlon
of @ mesons: C(1480) - K *K and C(1480)-K * K~ #°.
The upper bounds obtained for the branching ratios of these
decays were

BR [C (1480)—~ K**K- + K*-K*l/

BR [C (1480)— ¢pn®] < 0,8; (31)
BR [C [1480)— K*K-nl/
BR [C (1480)— @n®] << 1,5 (32)

(95% confidence level).
On the basis of isotopic invariance, we can obtain from
(31)

BR[C (1480) — K* K*+ K*'K-)/
BR[C (1480) — @n®] << 2,4;
BR|C (1480) — K*E + K*K)/

(33)

BR[C (1480) — ¢n°] << 4,8

(95% ) confidence level).
Assuming the OPE model for the reaction (19), and
using (18) we can show that

BR [C (1480)— n*n~] BR [C (1480)— @a’]
o (1 — 2).10-8 (34)
(8. N. Grudtsin and A. Yu. Khodzhamiryan, private com-

munications). Indeed, from the diagram of Fig. 12 the cross
section of the OPE process is found to be

o[n~p — C(1480) n]

D) IN[C (1480) - m*m=]|2 g o
(#'—m2)?

[Fa ()12

=Sdt’
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The form factor F, (¢ ) is determined by the ““departure’ of
the virtual pion from the mass shell and can be estimated
from data on production of the p meson in the reaction
7~ p—pn [for primary momentum p,- =325 GeV, the
form factor F, (t') depends weakly on the difference be-
tween the masses of the p(770) and C(1480) mesons]. The
square of the matrix element of the transition
C(1480) »7* 7~ (the upper vertex in the diagram of Fig.
12), summed over the C(1480) spin states
(2|N[C(1480) -7 * 7~ ]|?), determines the decay width:

I'[C (1480) — t*s7)

ac (3 1N [C (1480) — w*-] %)

=T¢BR [C (1480) — n*n] = 8nM% (2 ¢+ 1)

Comparing the processes of OPE production and dipion de-
cays of the vector C(1480) and p mesons, we can readily find
a relation for the decay widths of the C(1480) meson:

1" 2
BRIC (1480) — ] BR [C (1480) — x| = [ 122975,
oME

5 9 la7p > € (1480) n] BR [C (1480) — gmt] (35)

o (np — pn]

Here, M and I' are the mass and total width of the
C(1480) meson; g is the pion momentum in the decay
C(1480) -7+ 7~ [in the rest frame of the C(1480) me-
son], etc. Using in (35) the properties (17) and (18) of the
C(1480) meson, the tabulated parameters of the p meson,
and the cross section o[7 p-pn] ipfr . s
=~13X 10 cm?® (extrapolation from the region of lower
energies), we can obtain the estimate for the decay widths
(34) given above.

1.9. Searches for production of C(1480) mesonsin K~ p
interactions

As was already said in Sec. 1.1, in the Lepton-F experi-
ments a fairly intense effective flux of K~ mesons
(0.8X 10" particles) was passed through the target of the
facility, and 3< 10° events from the K~ N— (K * K~ 7°) Y
reaction were detected.

Production of the ¢7° system in K ~ p interactions was
also investigated. As can be seen in Fig. 3, which gives the
spectrum of effective masses of the K * K~ system in the
reaction (8), the contribution of the process
K~ N- (@n")Yis here clearly revealed However, the spec-
trum of effective masses of the g#° system in (9) (Fig. 13)
differs strongly from the analogous spectrum for the reac-
tion (1), and a signal from the C(1480) meson was not

N(G(1480) =T T0)Fy (t)

___\*/. C(80)
=

Trny

FIG. 12. Diagram for production of the C(1480) meson in the reaction
(19) in the OPE mechanism.
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found here. An upper limit was determined for the cross-
section ratio:

o [K"N— C (1480) Y1/o [n"p—
C (1480) n] < 12 (36)

(95% confidence level). This ratio is two orders of magni-
tude lower than the ratio of the cross sections for the analo-
gous two-particle exclusive processes of g-meson produc-
tion in K~ N and 7~ p interactions at the same energy.

1.10. The nature of the C(1480) meson

In principle, there are three possibilities for interpreting
data'™* on the vector C(1480) meson.

1. The meson C(1480) has the usual quark structure of
a meson with isotopic spin I=1: |C(1480))
=|(1/y2)(u% —dd)). Then what is experimentally ob-
served is a rare decay C(1480) — @7°, which is strongly sup-
pressed by the OZI rule and takes place with a very low
probability ( < 1% or even €1%).

2. The C(1480) meson is an isotopically scalar particle
of the type @ ' with quark composition |C(1480),_, = [55)
(with hidden strangeness), and, since the state @° is char-
acterized by isospin I = 1, the decay C(1480) —»¢1r° is due to
breaking of isotopic invariance.

3. The C(1480) meson is an exotic state, i.e., a multi-
quark or hybrid meson. Such a hadron could be strongly
coupled to the p7° system.'?

We now consider these three possibilities successively.

1.10.1. Could the C(1480) meson be an ordinary vector meson
ofthetypep'?

If the C(1480) meson has the quark structure
(uii — dd)/\2 and in the experiments'™ a rare OZI-sup-
pressed decay C(1480) —gn”, is observed, then it appears
rather natural to attempt to identify it with the already
known vector p' meson. Although these states do differ in
the tabulated values of the masses and widths, it should be
borne in mind that the current data on the p’ meson are
extremely contradictory, and the masses and widths of these
states in different studies lie in the ranges
1430 <m(p') < 1780 MeV and 100 < T'(p’) < 850 MeV.*" It
appears difficult to explain all these results by the existence

N/60 MeV
300t
200 |-
100 |
g ] 1 1 L l al
10001100 1300 1500 1700
M, , MeV

FIG. 13. Effectivesmass spectrum of the @#° system in the reaction
K~ N- (¢n°) Y, weighted with the acceptance of the facility.
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of a single p’ meson. The analysis made in Ref. 28 suggests
the existence of two such states, with m(p}) = 1465 + 25
MeV, I'(p]) =235+ 25 MeV and m(p;) = 1700 + 25
MeV, T'(p3) = 220 + 25 MeV. Then C(1480) - @7° could
be a new rare decay of the vector p| meson, and the experi-
ments of Refs. 1-4 should be regarded as the first direct ex-
perimental discovery of the p] meson and determination of
its parameters (the study of Ref. 28 appeared later and was
based, not on direct measurements, but on an analysis of a set
of data for several reactions in which p’ mesons were ob-
served).

A similar interpretation of the C(1480) state can be
found, for example, in Refs. 29 and 30, in which the p’ meson
was taken to have parameters m(p') and I" (p’) close to those
of C(1480) or pi, and the decay p'—@m" with branching
ratio ~0.005 was taken to arise from dynamical breaking of
the OZI rule through intermediate processes
p—K *K + K *f—»rpqro. As was shown in Ref. 29, such a
model makes it possible to describe, to within a factor ~2,
the data on the reaction (1) and on the value of the cross
section (18).

However, both in this model and in any other known
mechanism of OZI breaking for |C)=|(u — dd)/J2) a
serious difficulty arises. It is true that the low probability of
OZI-forbidden processes [i.e., the smallness of
BR(C(1480) — @7") makes it easy to explain the small value
of o[7~ p—C(1480)n] BR[C(1480) »gn"] [see (18)],
but the complete description of the experimental data of
Refs. 14 also requires an explanation of the anomalously
large value of R [see (29)]. Indeed, it is precisely the ratio
of probabilities of the processes with ¢ and @ mesons that is
used to analyze the extent to which the OZI rule for particles
with light quarks holds. From the data for a number known
processes [comparison of the reactions 7~ p—g@n and
7~ p-wn (see Sec. 2) and of the widths of the decays
@ — 7y and @ - 7°y, @— 37 and @ — 37] it can be estimated
that for ordinary (1/y2) (u#i — dd) vector mesons the ratio
R - must be of order 1/200-1/400. This estimate deviates by
two orders of magnitude from the experimental bound
R >0.5. At the same time, according to QCD sum rules, it
is precisely in the vector channel that the OZI suppression
must hold particularly well.' This is why the large value of
R -led to the exotic interpretation of the C(1480) meson in
Refs. 1-4.

As an additional illustration of the expected smallness
of R, for isovector mesons of ordinary ¢g type, let us
compare the ratios of the probabilities of the p#° and wn®
decay channels for the C(1480) and B(1235) mesons:
Rc>05 and Ry <5x107°. For the well-known
B(1235) meson [I° =1F, JP =1* ~, quark structure
(1/2)(uti —dd)] the decays B(1235)—wn® and
B(1235) - @n° take place mainly in states with / = 0. There-
fore, the ratio Rz can be represented in the form

Rp= [P&B)/p(mm] [8hpno/ghano] <5108

or

[ghono/€homo] < 1,2 1072,

Here, PP, p{P’ are the momenta of the decay ¢ and » me-
sons in the rest frame of the B(1235) meson; g Bono? €1C., are
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the corresponding coupling constants. Since ¢7° and w7°
decays of the vector C(1480) mesons take place in states
with /= 1,

R, = [prc)/P((uc)]a [gE¢m0/8Ewno] = 0,4 [t gnol gbamo]-

If C(1480) were a meson of the ordinary ¢ type, then under
the natural assumption

[gBono/EBuno] 2 [ghz1forb; 34/80z1 all ]

~ [g%'vﬁﬂ/gg‘muﬂ] < 102

(in both cases, the OZI-forbidden decay takes place through
the three-gluon vertex) we would again obtain a very low
expected bound R < 5x 1077, in sharp disagreement with
experiment.

It is important to emphasize that the model of Refs. 29
and 30 also cannot explain the large value of R.. The esti-
mate BR(p' —@7n°) =~0.005 in this model is based on the
large tabulated value of BR (p’—-]? *K + K*E)

= 0.09 4+ 0.02 (Ref. 27) (in what follows, we shall denote
this decay more briefly by p' » K *K). Then in accordance
with SU(3) symmetry, the p'—w7° decay should have, in
the quark  model, probability BR(p'—»wm®)
~4BR(p' _»K*K)~0 4 (Ref. 30), i.e., in this mechanism
too it is natural to expect a small ratio R o ~1/50-1100.
Breaking of SU(3) symmetry (suppression of processes
with s quarks) can only increase the expected value of
BR(p'—wn°), i.e., decrease still further the prediction for
R, . At the same time, it follows from a number of experi-
mental data that BR (p'—w7°) <0.01-0.03 (see the discus-
sion in Ref. 30). Then if BR(p'—@7”) =~0.005, we must
have R, >0.2-0.5, and it is difficult to reconcile this with
the properties of a p’ meson as an ordinary g7 state. In Ref.
30, the small value of BR (p' —wn°) was regarded as a mys-
tery of the o’ meson.

However, as was shown in Ref. 6, for the model of Refs.
29 and 30, with all its achievements and puzzles, there are
now simply no weighty experimental grounds. The touch-
stone for this model is the large value of the branchmg ratio
BR(p' - K *K) = 0.09 + 0.02, whichis givenin the PDG ta-
ble.”’ Let us therefore consider how well this value is estab-
lished. It is based on the single experiment with colliding
e™ e~ beams,”* in which there is a difficult problem of
separating the e* e~ »p'>K*K and et ¢~ —@ 'K *K
contributions (the latter process is the dominant one). The
complete statistics of K *K events for the two processes does
not exceed 150, and the analysis used to estimate the partial
cross sections is model-dependent and does not take into
account the uncertainties in the parameters of the p’ state. In
addition, even in the framework of this experiment the tabu-
lated value of BR (p' SK*K)is strongly overestimated by a
misunderstanding. Indeed, it should be BR(p'
—~K *K) = 0.045 4 0.010and, for a different normalization,
even 0.025 + 0.007. All this shows that at the present time
there exists merely an upper bound for this branching ratio:
BR(p'-K *K) <0.05. Therefore, there are at present no se-
rious grounds for speaking of a mysterious weakness of the
decay p’— 7", as is done in Ref. 30; rather, the upper limit
for the corresponding probability can be used in the SU(3)
scheme to make a more sensitive estimate of the upper bound
BR(p'-K *K) ~1BR(p'»wn°) $0.025 — 0.01. It is ob-
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vious that such a small value of BR (p'—»f *K) (which, of
course, must still be confirmed in direct experiments) com-
pletely rules out an explanation of the @7° peak in (1) with
the parameters (17) and (18) through a mechanism?*° as-
sociated with the p’ meson.

Summarizing this part of the discussion, we must em-
phasize that at the present time there does not exist an expla-
nation for the large value R > 0.5 for the C(1480) meson if
it is assumed that this hadron is an ordinary state with quark
structure (1/4/2) (uii — dd). Therefore, such a conjecture
appears improbable.

1.10.2. Could C(1480) be ameson of the type ¢'?

Now suppose that C(1480) is an isoscalar meson with
hidden strangeness of the type @’, and let us estimate the
probability of the decay |C(1480)}|,_, = |s5) »@7° (with
nonconservation of isospin).

As a mechanism leading to maximal breaking of iso-
topic invariance in the decay C(1480);_, —@7°, we must
consider 7°-7 mixing. The contribution of such a mecha-
nism can be estimated from the branching ratio
L (y'»7°ra)/T (7' >qmr) (ie., from decays that take
place without and with isospin conservation) by means of
the method developed in Ref. 34. As follows from the calcu-
lations of Ref. 34,

re-=I (1" > 1)/ (1 = nntad)

—my\2
~16,8N =16,8[ ().
Here, the first factor 16.8 is due to the phase spaces, while
the second factor N = & [ (m, — m, )/m, ]’ represents the
suppression due to 7%~ mixing; m,, m,, and m, are the
masses of the current quarks.

Two methods can be used to estimate V.

a) The theoretical estimate of (m,; — m,, )/m, from the
w—7+ 7~ width and from other data (see, for example,
Ref. 35): Nyoor S 104,

b) The expenmcntal estimate from data on ' - 37 de-
cays. Unfortunately, there is as yet no information about the
width T' (%’ > 7°7* 7~ ). However, there has been observa-
tion of the decay %' — 37°, in which there is also nonconser-
vation of isospin, and there has been a measurement of
roo =T (7' =37°) /T (7' > pr°7°) = 0.0075 + 0.0018 (Ref.

36). Since P _ ~Fyo it follows that
New =7, _ /16.8~ry/16.8 =5x 104,
Thus, the suppression factor of the decay

C(1480)|;_ o —@m° due to breaking of isotopic invariance
in the mechanism of 77" mixing must be ~5x10~*. It is
therefore to be expected that BR[C(1480),_,
—@n’] <5X10~* (oreven €5x 10~ *), since this is only
one of the possible C(1480),_, decay channels. The partial
width is [((C (1480),_, »@7°) MeV (for I'. =130
MeV). But if the decay C(1480), _ , — @7 is due to second-
order electromagnetic processes, the corresponding width is
well below this limit. It should be noted that quite generally
the partial widths are very small for all known decays due to
breaking of isotopic invariance. For example,
['(@-m* 7~ )=0.17 MeV (in this case, the breaking of
the isotopic invariance is anomalously large, owing to the
proximity of the masses m, and m,,), and I'(%' - 37) 0.4
keV.
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For BR(C(1480),_, —»@m] <5Xx10~* and the cross
section of the OZI-suppressed reaction
o[m p—C(1480),_o,n] <1x 103" cm? we can finally
obtain an upper bound for the probability of the considered
process: o[7~ p—(C(1480);_o=¢ )n]BR[C(1480),;_o
-@7°] <5107 cm®. This deviates by three orders of
magnitude from the experimental value for the cross section:
olm~ p—C(1480)n] BR[C(1480) »@7°] = (40 + 15)
X107 * cm?

In addition, the reaction 7~ p—[C(1480);,_,=¢']n
is not only OZI-suppressed but also, for pion exchange, sup-
pressed by G parity, since G(mm) = + 1, while
G(p')=C, (— 1Y = — (—1)"= — 1. This also disa-
grees with experiment.

Thus, the interpretation of the experimental data of
Refs. 1-4 in the model of an ordinary s5 hadron of the type ¢ '
with hidden strangeness (|C(1480));_, ~|s5)) and subse-
quent decay C(1480),_, —@n” with nonconservation of
isospin is completely ruled out.

1.10.3. Is the C(1480) an exotic state?

A consistent explanation of all the properties of the
C(1480) meson and, above all, of the large value of R [see
(29)] can be obtained if it is interpreted as a cryptoexotic
four-quark state with the quark structure

1

V2

In this case there is a natural explanation of the isotopic
spin I =1 of this state and its strong coupling to the g7°
system.®) Possibilities of looking for four-quark vector
states in the @ system were first noted in Ref. 19. The exis-
tence of a resonance @ state was also predicted on phenom-
enological grounds.>”

Another possible explanation of the nature of the

C(1480) meson is based on a model of hybrid states (meik-
tons).***° In this scheme

|C (1480)) = (un—dd) sE) ; (37

NpT—
1€ (1480)) = | 7 (uie—dd) g)- (38)

A vector meikton was considered in particular in Ref. 40,
and for it a mass 1520 MeV was predicted. The branching
ratios of decays of vector meiktons through the g7’ and w°
channels must be of the same order of magnitude (because
the constant of the coupling of a gluon to a gg quark pair does
not depend on their flavor).

Thus, if no new explanations are found for the large
breaking of the OZI rule in the decays of the C(1480) meson
(R¢ >0.5), this new hadron must have an exotic structure.

Further information about the exotic nature of the
C(1480) meson can be obtained from analysis of its various
decay channels, and also from searches for other objects
with a similar nature. For example, a study was made in Ref.
41 of the possible SU(3) structure of an exotic family of
particles to which the C(1480) meson belongs if it is a
(ggqq) hadron of the type (37). A coupling of C(1480)
to the pn channel with BR(C(1480)-pn)
~41BR(C(1480) —@n°) was predicted. Also predicted was
the existence of an isoscalar partner of the C(1480) meson: a
meson |C ) = |(1/4/2) (u# + dd)s5) with mass and width
similar to that of C(1480). The |C ) state may be manifested
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as a resonance in the mass spectrum of the w7 system. It
should be noted that an  isoscalar  state
|E‘) = | (1/ J2) (u@i + dd)g) with a similar mass could also
exist in the hybrid model for the C(1480) meson.

In Ref. 42 the nature of the C(1480) meson and pro-
cesses of its production and decay are discussed. Possible
mechanisms of mixing of the quark combinations in the
wave function of the four-quark exotic state are considered.
It is suggested that in this case there must exist states with
similar properties conjugate with respect to G and C parity.
In the framework of this hypothesis, there must exist not
only the C(1480) meson with J°* =1~ ~ but also a meson
with similar mass and exotic quantum numbers
JPC =1-*. Just such a particle, M(1405) with mass
M = 1406 4 20 MeV and width I" = 180 + 30 MeV, was
discovered in an entirely different experiment in an analysis
of the mass spectrum of the 77° system in the reaction
7~ p—nm°n with the GAMS-4000 facility*® (see the Appen-
dix). The possible coupling between these states is of very
great interest and requires further study. In particular, an-
other possibility was discussed in Ref. 44; according to it, the
mesons C(1480) and M(1405) and hybrid states conjugate
with respect to G and C parity (meiktons).

It was also shown in Ref. 42 that if the C(1480) meson
belongs to the 10-10* representation of SU(3), i.e., if itis a
superposition of states from the representation 10 and the
conjugate representation 10*, which has definite G parity,
then there must exist a relation between probabilities of the
decay channels C(1480)—-@7° and C(1480)-wn":
BR[C(1480) - @7n°] = 2BR[C(1480) »w7°],i.e, Rc = 2.
This does not contradict the experimental data, according to
which R > 0.5 [see (29)].

Potential models for exotic multiquark mesons and the
position of C(1480) in such models were considered in Ref.
45,

1.11. The C(1480) meson in electromagnetic processes

Since the quantum numbers of the C(1480) meson,
JP€ =1~ —, are the same as those of the photon, there is
considerable interest in a search for production of this parti-
cle in electromagnetic processes.

An experiment with the OMEGA spectrometer*® led to
detection of about 25 events of the yp — @7°p reaction in the
range of energies from 20 to 70 GeV. Although the number
of events is small, a certain excess of events is observed in the
mass spectrum of the g7 system in the region of ~ 1.4 GeV
(Fig. 14). From the data of Ref. 46 it is possible to obtain the
cross section for photoproduction of the C(1480) meson:
o(yp— C(1480)p)BR(C(1480) - p7°)~(3 + 1.5) X 10~
cm? or, more precisely, the upper limit

o [yp— C (1480)p] BR [C (1480)— pn°]<< 6:10-%% cm’
(39)
(95% confidence level).
Theoretical estimates for the cross section of diffraction

photoproduction of the C(1480) meson can be made in the
vector-dominance model (VDM)'® (Fig. 15a):

o [C(1480) p] 12
o [yp — C (1480) p] 2~ o [yp — p°p] [%ﬁﬁﬂ

98l

(40)
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FIG. 14. Effective-mass spectrum of the K * K~ 7° in the photoproduc-
tion reaction yp— K * K~ 7% at photon energy 20 < E, <70 GeV (for
events from the region of the ¢ peak 1.01<M, ., <1.03 GeV). The
scale on the right gives the acceptance of the facility (broken curve).

Here, 0ot [C(1480)pl/at/ o, [p°P] = [0 (p°P)
+ Ot (@P) ]/0,0, [p°p] =3/2 is the ratio of the correspond-
ing total interaction cross sections in the additive quark
model, b0 /b ~1 is the ratio of the slopes of the diffraction
peaks, and p° denotes “ordinary” vector mesons with J = 1:
p°(770) and p” . From the upper bound (39), from data on
the cross sections of diffraction photoproduction,
olyp-p°(770)p]=13xX10"*° cm?® or o[yp—p®p]
~1.3x10"%* cm? and from the values of the electron
widths T'[p°(770) we* e~ 1 =T [p" —e* e~ ] =T keV, we
can estimate

I'[C (1480) — e*e”] BR [C (1480) — qn?]

4 3B eV from dataon p? (770); (41)
{ 21 aB eV from dataon p®’ (42)

(95% confidence level).

The limit (42) based on data for the p meson, is evi-
dently more reliable because of the proximity of the masses
M[C(1480)] and M(p" ), as well as the corresponding de-
crease in the uncertainties of the VDM estimates associated
with the transition from real to virtual photons with
F=M33"

Thus, we see that under the assumption of a large value
of BR(C(1480) —¢7?) the electron width for the C(1480)
meson differs sharply from the electron widths for “ordi-
nary” vector mesons. This emphasizes once more the exotic
nature of the C(1480) meson. The small electron width of
the C(1480) meson finds a natural explanation in the four-
quark model.**

FIG. 15. Diagram of diffraction photoproduction of a vector meson in the
vector-dominance model (diagonal approximation) (a) and diagram of
photoproduction of the C(1480) meson in the OPE model (b).
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Photoproduction of the C(1480) meson can also take
place through one-pion exchange (Fig. 15b). In this mech-
anism, all constants can be estimated from experimental
data. N. N. Achasov (private communication) obtained the
relation

o [yp — C (1480) pl|ope BR [C (1480) — @n°]

- Lw;.'_fﬁ [BR (C (1480) — qn?)]? (43)

(here, s is measured in GeV?). Hence, and from data on
photoproduction of C(1480) in experiments with the
OMEGA spectrometer, a bound is established for
BR[C( 1480)p/¢p17'°] :o[yp—C(1480) |BR[C( 1480)¢>1r°]
=35X10"* cm® [BR(C(1480)—-@n°)]? + diffraction
contribution) <6 X 10~** ¢m? or

BRI C (1480) — @n®]l < 0,4 (95%- confidence level
(44)

Following Ref. 19, we can estimate the cross section for
resonance production of the C(1480) meson in colliding
e e~ beams:

o le*e~— C (1480)] BR [C (1480) - ¢a®] < 0,16-10-32 cm’
(45)

{for T'[C(1480) —e* e~ |BR[C(1480) »p7°] <21 eV
(42)}. Here, the resonance background is estimated from
data on the nonresonance reaction e* e~ w7’ with

allowance for OZI suppression:'®
0 (e+ek _» q)no)nﬂnrcs

.
nonres 300
The existing experimental data establish an upper bound for
resonance production of the C(1480) mesonine ™ e~ colli-
sions; it is several times higher than the levels (42) and (45):
I[C(1480) e ™ e~ 1BR[C(1480) —pn°] <85 eV.48

In connection with the possible existence of an isoscalar
partner of the C(1480) meson, C( 1/2) (ufi + dd)s5 or
C= (1/Y2) (u# + dd)g, with parameters close to those of
the C(1480) meson and with C— @ as one of the main de-
cay channels*' (see Sec. 1.10), the results of an experiment
on photoproduction of mesons performed with the OMEGA
spectrometer at CERN, in which the yp— (w%)p reaction in
the region of energies 20 < E, <50 GeV was studied,*’ are
noteworthy. In the mass spectrum of the w7 system there is
found to be a structure X(1600) with mass M = 1.16 + 0.04
GeV and width I'=0.234+0.08 GeV. The possible
quantum numbers of this state are JF¥ =1, 1+, 2,
The cross section is estimated at o [yp—X(1600)p]BR
X [X(1600) 7] ~40x 10~ cm? The nature of this
peak and the possibility of identifying it with the predicted
isoscalar C meson remain open questions.

=0 (ete” — onl) ~ 0,03.107% cm? (46)

1.12. Searches for C(1480) mesons in decays of J/{ particles
and in gp annihilation

The DM2 facility*® was used to investi gate the decay of
J /3 mesons through the channel J /¢Y—»@r* 7, and its
probability ~ was  measured: BR[J/¢—@r* 7 ]
=(7.8£0.3+0.3)x10"*. In an analysis of the g+
mass spectrum, a search was made for a signal from the
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C(1480) meson, i.e., from the decay J /¢—C(1480) = 7 .
Decays of the type J/¢—Xm are natural processes for
searches for exotic hybrid mesons X = ggg with isospin
I =1, since the intermediate states for these decays are en-
riched with gluons. Although in the p7* mass spectrum in
J/—@m* 7w~ thereisa certain excess of states compatible
with a manifestation of the C(1480) meson, the statistical
significance of the excess is low and permits only the estab-
lishment of an upper bound for the probability:
BR[J /¢—C(1480) + 7F | BR[C(1480) + —@m* ] <1.5
% 10~* (95% confidence level).

Searches for the C(1480) mesoninJ /¢ —@m* 7~ de-
cays are complicated not only by the combinatorial back-
ground (two combinations with @ * ) but also by the fact
that experiments reveal in the 77 7~ mass spectrum an
appreciable contribution from resonance 777 processes: pro-
duction of the a,(975) meson and, perhaps, some state in the
region of masses 1.1<M,, <15 GeV (BR[J /Y
—@ay(975)1BR[a,(975) »7* w7~ 1 =(24+£02 + 0.4)
x10~* and BR[J/v-@(r* 7~ )|1.1 <M, <1.5GeV]
= (2.5+ 0.2 +0.4)x1074).

To confirm production of C(1480) mesons in J /¢ de-
cays, there must be a significant increase in the statistics
using the accelerators of the new generation with high lumi-
nosity. In particular, with the recently commissioned e ™ e~
accelerator BEPC (Chinese People’s Republic), it should be
possible to increase the statistics by at least an order of mag-
nitude.

Analysis of thepp—K * K~ 7+ 7~ reaction in experi-
ments with ASTERIX revealed a certain maximum in the
region of the C(1480) meson in the KK mass spectrum.
However, it was interpreted as due to kinematic reflections
from production of the K *K * system.’® A detailed analysis
of processes with production of @ states in pp annihilation
reactions can be made in new-generation experiments with
the antiproton source LEAR.

Questions relating to the nature of C(1480) were also
discussed in Refs. 51-61 and in some other studies (see also
Appendix 2).

2.INVESTIGATIONS OF THE REACTION =—p— K*K—n AT
MOMENTUM p, =32.5GeV AND DATA ON THE OZI-
SUPPRESSED PROCESS =~ p—¢n

The reaction
n-p— K*K-n (47)
(6 10° events at momentum 32.5 GeV) was analyzed, and

preliminary data were obtained on the cross section of the
process

n-p—>- PR, (48)

which is suppressed by the OZI rule. Figure 16 shows the
mass spectrum for K * K~ pairs in (47), in which one can
observe a clear peak of the ¢ meson. The total cross section
was found to be

o (-p— on) = (13 == 5)-10-* cm? (49)

(the error is due to the systematic errors associated with the
normalization of the cross sections). Comparison of (49)
with data on the reaction

nTp— on, (50)
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FIG. 16. Effective-mass spectrum of the K * K~ system in the reaction
7~ p—~K * K~ n (in the region of small masses) for ['| > 0.1 GeV?2 The
arrow shows the tabulated value of the mass of the ¢ meson.

obtained in Ref. 62, yields the branching ratio

_O(np—~>¢n)
R ((p/m) I pn—=32.5GeV-" o (- p — ©n) p-=32,5 GeV

— (0,42 = 0,17)- 10", (51)

This ratio characterizes the extent to which the processes
with vector mesons are suppressed by the OZI selection rule.
The data on the reactions (48) and (50) at various energies
are presented in Fig. 17.

The ratio (51) can be used in a simple quark model to
determine the mixing angle ¢, for the nonet of vector me-
sons. The deviation of the mixing angle from the ideal value
a, =3y — Jy (3, = 35.3" is the ideal mixing angle) is re-
lated to (51) by the equation tan® a,, = R (g /@).** Hence
|ay| = 3.7 4+ 0.7, in good agreement with the results ob-
tained from comparison of the radiative widths I' (¢ — 7°y)
and T'(w—7"%) (|a;| = 3.0 + 0.2°, Ref. 65) and from the
quadratic mass formula (|ay | = 3.7 + 0.4°, Ref. 27).

3.SEARCHES FOR THE RADIATIVE DECAYS D(1285)~ ¢y
AND E(1420) - ¢y AND NATURE OF THE £ MESON

3.1. The E/iota problem and properties of axial-vector
mesons

Searches for exotic hadronic states are intimately inter-
twined with experiments in which the structure of the fam-
ilies of ordinary mesons and baryons is determined more
precisely. Without such work, the interpretation of new re-
sonances frequently cannot be unambiguously carried
through. Exotic particles must be “superfluous states™ that
do not fit into the schemes of ordinary SU(3) families (or
their radial excitations). Therefore, searches for exotic ha-
drons and investigations of “blank spots” in ordinary had-
ron spectroscopy are indissolubly linked.
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. FIG. 17. Experimental data for total cross sections of the reactions
7~ p—~wnand 7~ p—@n as functions of the initial momentum: the reac-
tion 7~ p—wn (scale on the left, Ref. 62): the open circles are the cross
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dependences o~p~** and p~'*; the reaction 7~ p—gn (scale on the
right): the crosses are the data at low energies, and the black square is the
result of the Lepton-F experiment.

As an example, we may mention the well-known E /iota
problem, which arises in connection with searches for glue-
balls.® For its solution, it is important to obtain new and
more informative data on the quantum numbers of the state
E(1420), on the composition of the axial meson nonet
(J° =1%*+*),andon radially excited pseudoscalar states.

- For the axial-vector nonet of two isoscalar states in this
family, only one can be regarded as firmly established—the
D(1285) meson. The E(1420) meson is usually considered
as another isoscalar. However, its quantum numbers, as we
have already noted, have not yet been unambiguously deter-
mined.

The situation with regard to the structure of the nonet
of axial mesons is still more complicated, since for the role of
the isotopic singlet (s5) in this family there is now not only
the original pretender—the E(1420) meson—but a further
candidate—the so-called D’ (1530) meson. Data on possible
observation of such a particle in K~ p reactions were ob-
tained in bubble-chamber experiments®® and in the wide-
aperture magnetic spectrometer LASS. 57

New information about the composition of the axial
nonet and its mixing angle can be obtained from radiative
decays of axial mesons and, in particular, from the decays
M(J" =1** ). gpy.Since the @ meson is an almost pure
55 state, the @y decay is a good analyzer, separating the s5
component in the meson wave function.

3.2. Separation of radiative decays

The experimental study of radiative decays of hadrons
involves serious difficulties. As a rule, they are rare pro-
cesses with a small branching ratio under conditions of a
large background from 7°— yy decays with “lost” photons.
To separate the radiative decays, it is necessary to detect all
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secondary products (charged particles and photons), mea-
sure their momenta, and reconstruct the effective mass of the
decaying particle. An important part here is played in kine-
matic overdetermination, since this permits suppression of
background processes.”’

In experiments with the Lepton facility the source of
the investigated particles is exclusive charge-exchange reac-
tions, in which one can realize the best background condi-
tions for rare phenomena. For example, the decays

M — oy

(- (52

were investigated by means of the reactions 7~ p—Mn,
M-@y,p—-K* K~ or K~ N-MY,M-g@y,p—-K+ K~ .
To separate these processes and detect the known decays
n—m" 7~ yand 9’7" 7~ y (which are used to calibrate
the facility), 7~ p— (K * K~ 9)n, K~ N> (K* K~ MY,
and 7~ p— (7" 7~ ¥)n events were analyzed.

To reduce the background from the 7° mesons with lost
photons, Lepton-F was equipped with a special protective
system of scintillation counters sandwiched with lead, which
suppressed at the trigger level events with ¥ rays emitted
outside the aperture of the multichannel hodoscope ¥ spec-
trometer GAMS-200 (see Fig. 1). The spectrometer itself is
also part of a protective system, since the data analysis re-
quired detection of one and only one ¥ ray in it.

The protective system reduced the background from
“lost” photons by a factor 10-20.

To separate processes of the type (6), (10), and (14)-
(16), and to investigate radiative decays, the following set of
standard event selection criteria was used:

a) the event is characterized by two (and only two)
tracks of charged particles in the spectrometer with opposite
signs of the charge and emitted from an interaction point
within the target;

b) the event is characterized by asingle y ray with mini-
mal energy E, > 5 GeV (in some reactions E, >6GeV);

¢) no additional photons with energy E, >0.5 GeV
must be detected in the gamma spectrometer;

d) the total released energy satisfies the condition 30.8
GeV<(Ew=E, +E_+E,) <34GeV (E + and E _
are the energies of the charged particles).

In the evaluation of these criteria, which are needed for
optimal suppression of the lost photons, the well-known ra-
diative decays 7—7* 7~ ¢ (under conditions of a back-
ground from p—7" 7~ 7°) and ' =7+ 7~ ¥ were used.
To this end, the spectrum of effective masses of 7+ 7~ ¥
events in the reaction (14) was analyzed (Fig. 18).

By variation of the selection criteria (minimal photon
energy E,.;, and range of variation of the total energy E cort)
the ratio

N(pr )

] _ no. of spurious events,p -7+ 7 p" ey
N(p—n*a"y)

no. of true events -7+ 7~ FAT
7 ¥ ¥

n

( spurious events from 1 — ntnn?).
was monitored. The choice of the selection criteria was re-
garded as optimal when R, was minimal for insignificant
loss of A»7* 7~ y detection efficiency (for more details,
see Ref. 9).

The possibilities of studying rare radiative decays of
mesons in Lepton-F experiments can be well illustrated by
the results of searches for the decay
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FIG. 18. Investigations of the effective-mass spectrum ofthert 7~y
system in the reaction 7~ p— (7 7~ ¥)n (20% of the statistics). Four
structures are observed in the spectrum: 1) a “spurious peak” due to the
process 7~ p—7n, -7+ m~ 7° 7°— 2y with one lost photon; 2) a peak
from the radiative decay n—7+ 7~ yinthereaction7~ p—nn; 3) a spur-
ious peak due to the process 7~ p—wn, @ 7" T" 7%, 7°—2y with one
lost photon; 4) a peak from the radiative decay %' -7 * 7~ y in the reac-
tion 7 p—-7'n.

w— iy (53)
under difficult background conditions due to the main decay
w—m+ 7 7° (with one lost photon) of this meson.

Figure 19 gives the spectrum of effective masses of the
7+ o~ ysystemin (14) in the region of the ® meson. The
events included in this spectrum satisfied, in addition to the
selection criteria (a)—(d), an additional criterion:

e) for the selected events, the momentum transfer must
satisfy [z'| > 0.1 GeV?2. This requirement, which suppresses
the contribution of pion-exchange processes to the reaction
(14), served to reduce the background from p mesons (ra-
diative decay p—7* 7~ ¥, background of random coinci-
dences of the decay p—7 7~ and a shower in the gamma
spectrometer).
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FIG. 19. Total effective-mass spectrum of w7+ 7~ y events from the region
of the “spurious @ peak” (see Fig. 18), i.e., for events basically due to the
process 7~ p—on, @—7 T 7°, 7°— vy with one lost photon. The ar-
row shows the expected position of the peak for the radiative decay
w7t T Y.
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The spectrum of 7 7~ y effective masses in Fig. 19
was used to look for the radiative decay (53). Monte Carlo
simulation showed that the spurious peak from the decay
w—m* 7~ 7°, 7°— 2y with loss of one photon is displaced
relative to the true position of the @-meson mass by about 30
MeV and has a width of about 65 MeV. The experimental
data agree well with this result.

Analysis of the spectrum of 7 7~ y effective masses
(Fig. 19) yielded an estimate for the number of events:
N@—-m*t 7" ¥)=30+52. The total mnumber of
w—7mT 7~ 7° decays detected during measurements on
Lepton-F was N(w—7* 7~ #°) = 26 400. With allowance
for the efficiency of the facility, upper limits were deter-
mined for the cross section

o [n-p— anl] BR [o— ntn-y)] < 17-10-% cm?,
and for the branching ratio,

BR (o— ntn~y) =T (0— atn=y)/T [@— ( all channels )]

< 4-10-%

(95% confidence level).

This bound strengthens by more than an order of
magnitude the previously existing limit:
BR(w-m+ 7~ ¥) <5%.*" These results show that in the
Lepton-F experiments it is possible to study rare radiative
decays of hadrons that have branching ratios of the order of
one or a few percent of the main channels for decay of these
particles with 7° mesons, which determine the background
level.

(54)

3.3.Searches for radiative decays M- ¢y and detection of the
decay D(1287)- ¢y

During the Lepton-F experiments 4.5X 10? events of
the 7~ p— (K * K~ y)n reaction [see (6)] satisfying the
standard selection criteria (see Sec. 3.2) were detected.
However, most of these were background events, corre-
sponding to the reaction 7~ p— (K +* K~ 7°)n, =y + v
with one lost y ray. The data on (6) were used to separate the
reactions 7 p—(@y)n and 7~ p—Mn, M- gy,
@—K * K~ . This is needed above all to suppress the back-
ground due to the events 7~ p— (pn°)n, p—-K* K™,
7°— ¥ + y with a lost photon. Since the reaction (1) is char-
acterized by anarrow ¢ distribution, dueto the OPE (see Fig.
8), to suppress this background the requirement ¢’ > 0.1
GeV? was introduced, decreasing it by about five times. Si-
multaneously, this requirement reduced relatively little the
probability for production of axial mesons in charge-ex-
change reactions, since for such processes pion exchange is
forbidden, and the corresponding ¢ distribution is broader.
Thus, the yields of D(1285) mesons (see Fig. 4) for |t'| >0.1
GeV? are reduced by not more than 25%.

In the spectrum of masses of the K * K~ system a clear
peak is observed in the reaction (6), corresponding to pro-
duction of the ¢ meson (Fig. 20).

The events (7) were selected from the region of the @
peak (1018 <M, . . <1026 MeV). The contribution of
the background was taken into account by subtracting the
half-sum of the number of events in the neighboring mass
intervals (1006 <M, ., - < 1014 MeV and
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FIG. 20. Effective-mass spectrum of the K *K ~ system in the reaction
7~ p—(K* K~ y)nforevents with |t'| > 0.1 GeV2 The arrow shows the
tabulated value of the mass of the ¢ meson. The position of the peak
[M k+x =1022 4+ 2 MeV] agrees with the tabulated value, while its
width [7.3 4 1.2 MeV] is determined by the instrumental resolution.

1030 < M x +x - <1038 MeV). The total number of events

(7) was 87 4 14. The effective mass spectrum of the events
(7) is shown in Fig. 21.

For further analysis of the @y system and searches for
radiative decays of axial mesons, the corresponding angular
distributions in the reaction (7) were studied. By the well-
known Landau—-Yang theorem, a particle with spin 1 cannot
decay into two massless photons. This prohibition is due to
the fact that photons do not have a component with zero
helicity. Since the @ meson is a massive vector particle, the
decay

M (JPC = 1+)— @y (55)

is not forbidden by this theorem, but in it the @ component
with zero helicity, /IV, =0, is dominant.”® To separate the
processes of production of ¢ mesons with Ay =0, a study

N/20 MeV

12 |-

oy
T

Rl

0
W K2 13 14 45 16 1,7 1.8
M,,. GeV

FIG. 21. Effective-mass spectrum of the @y system in the reaction
T~ p—(@yIn [|t’]| > 0.1 GeV?].
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FIG. 22. Mass dependence of the coefficient b in the normalized angular
distribution dN /d |cos 9 =N [1—8/3+bcos’d, ] (in the
rest frame of the g meson) for the gy events of Fig. 21 (a) and the angular
distribution for the @y events from the region of the D(1285) meson

[1230 < M(gpy) <1330 MeV]; the broken curve corresponds to
b=1.7+0.7 (b).

was made of the distribution with respect to the angle X <

(in the rest frame of the ¢ meson) for various intervals of the
spectrum of effective masses of the @y system in (7). The
angular distribution was represented in the normalized form
dN/d|cos ¥, _ | = const [1—(8/3) + b cos? 29y B
For A, =0 [i.e., for the decay (55)], this distribution must
have the form dN /d |cos & ,yl ~ cos? 9y - (i.e, b =3).
For decay of the pseudoscalar mesons
M(J*® =0~ * )@y the ¢ mesons are formed only in
stateswith A, = + 1, and the corresponding angular distri-
bution has the form dN/d |cos yx -, |~sin® 3¢, (ie.,
b= — 1.5). Figure 22a shows the coefficient 4 in the angu-
lar distribution as a function of the effective mass M (@y) in
(7). It can be seen that in the region of D(1285) masses the
angular distribution is very different from the other parts of
the mass spectrum (see also Fig. 22b).

Thus, for the separation of decays of the type (55) the
requirement [cos ¢, .| >2/3 may play an important part,
since for radiative decays of axial mesons it reduces the num-
ber of events by just 30%, whereas the decays of the pseudo-
scalar particles are suppressed at the same time by a factor of
more than 6. Figure 23 shows spectra of the effective masses
of the K * K~ y system for events (6) that satisfy all the
introduced selection criteria, and also the new requirement
|cos #, __|>2/3, both for events lying in the band of
K*+*K- masses for the @ meson [1018
<M(K* K~ ) <1026 MeV] and for the two background
bands. The background in the control bands was very small,
and the procedure for its subtraction (which in principle is
not necessary) did not create any problems.

The resulting spectrum of effective masses of the @y
events (with [cos &, -,|>2/3) is shown in Fig. 24. In this
spectrum there is a dominant peak with mass
M =1278 + 10 MeV and width ' =77 + 18 MeV. The
peak contains 19 + 5 events. The position of the peak agrees
well with the tabulated value of the D(1285) mass, while its
width is determined by the instrumental resolution. The sta-
tistical significance of the observed peak exceeds seven stan-
dard deviations.
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An attempt to explain the observed peak by ¢y decays
of certain other known mesons®’ showed that all such al-
lowed decays are incompatible with the peak observed in
Fig. 24 as regards the masses and (or) widths by not less
than six standard deviations.

Thus, the data on the mass, width, and angular distribu-
tion for the peak found in the mass spectrum of the @y sys-
tem (Fig. 24) shows that this experiment has detected the
radiative decay

D (1285) —@y. (56)
The cross section of the process is found to be

o [n-p —D (1285) n]l BR [D (1285)

— @yl = (1,5 &= 0,4):10-3% cm? (57)

The corresponding normalization was based on the reaction
(15) with separation of the radiative decay of the # meson:
n-at T ¥y

Using data on the reaction 7~ p—D(1285)n,
D(1285) =K T K~ 7° obtained in the same experiment (see
Fig. 4), we can determine the ratios

BR [D(1285) — ¢vyl/BR [D (1285) — K*K-n"]
= (49 + 1,3 + 1,2).102;

s (58)
BR [D (1285) — @v]/BR [D (1285) — KK
=(0,82 4 0,21 + 0,20)-102.
Hence, and from the tabulated wvalues for

BR[D(1285) - KKm) and T, (Ref. 27), we obtain
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FIG. 23. Effective-mass spectrum of the K * K~ y system for

1800 events of the reaction 7~ p— (K * K~ y)n(|t') > 0.1 GeV?
and |cos &, _|>2/3) for mass interval of the K * K~ sys-
tem corresponding to the @ meson (1018 <M, ., <1026
MeV) (b) and for two background intervals:
1006<M, ., <1014 MeV (a) and 1030<M, .,
<1038 MeV (c).

BRI[D (1285) — @y] = (0,9 & 0,2 £ 0,4)- 1073, } &%
T' (D (1285) — gy] = (23 =& 5 == 10) keV. (o)
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FIG. 24. Effective-mass spectrum of the @y system in the reaction
7~ p— (@y)n for events with |¢'| > 0.1 GeV* and |cos &, - | >2/3. The
arrows show the tabulated masses of the D(1285) and E(1420) mesons.a
The broken curve and the scale on the right show the acceptance of the
facility.
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The systematic errors include the uncertainties asso-
ciated with the normalization and the errors in the tabulated
parameters.

The value I'[D(1285) - @y] (59) was compared with
the predictions of various theoretical models®®7'-"* (Table
I). The comparison shows that the deviation of the mixing
angle #, for the axial nonet from the ideal value
(4o = 35.3°) must be large: |a, | = |#, — &,| 220-30", i.e.,
the wave function of the D(1285) meson must contain a
significant 5§ component.

Independent information about the angle @, can be ob-
tained from the results of experiments on the facilities
DM?2 and MARK III, in which searches were made for
the decays J/¢—@D(1285); wD(1285). The branching
ratio for these decays, BR] J/Y—@-D(1285)" )/
BR{ J/Y—w. D(1285)"] = 0.37 4 0.22 (Ref. 74) is deter-
mined by the value of tan’a,.'” Hence |a, |=~22-37°, in
agreement with the data on the probability of the radiative
decay (56).

Searches were also made for another radiative decay of
the D(1285) meson:

D (1285) —py; p -m*n-. (60)

Here, the statistics for the reaction 7~ p—7* 7~ ¥ were
used, and the data were analyzed by the same method as in
the investigation of the decay (56). To separate the radiative
processes with participation of the p meson, a restriction on
the mass of the two-pion system was introduced:
550 < M_. _ <850 MeV. For calibration and monitoring,
data for the reactions 7~ p—n~n, ' >py—7* 7~ y and
m~ p—D(1285)n, D(1285) =K * K~ 7° from experiments
with the Lepton-F facility (see Figs. 18 and 4) were used.
The decay (60) was not detected, and bounds were obtained
on its branching ratio and partial width:

BR[D (1285) — py] << 5%: } (61)

T'[D(1285) — py] << 1250 keV

(95% confidence level).”®

Analysis of the mass spectrum of the py system in the
decaysJ /¥ — yyp, made with the MARK III facility, yielded
indications of observation of the radiative decays (60) with

TABLE I. Theoretical and experimental values of the widths I'[ D(1285) — Fy], keV.

Reference D(1285) ~ @y D (1285) - ay

Theory:

J. Babcock et al. [70] — ~ 16 cos? a4

M. K. Volkov [71] 22 sin® ay 138 cos? a4

M. Dineikhan et al. [72] 46 sin? oy 0,08 cos? ay

B. V. Geshkenbein ez al. [73] 54 sin? a4 111 cos? o4

S. Ishida et al. [69] 136 sin? a4 64,5 cos? oy
Experiment:

Lepton-F [7-9] 2345410 —

Reference D (1285) + py loyl, deg

Theory:

J. Babcock et al. [70] 150 cos? a4

M. K. Volkov [71] 1258 cos? oy 47—90

M. Dineikhan et al. [72] 938 cos? oty 31—-59

B. V. Geshkenbein et al. [73] ~ 1000 cos? a4 2852

8. Ishida et al. [69] 607 cos? a4 17—30
Experiment:

Lepton-F [78] < 1250 —

(95% conf. level)
MARKIII [79] 26004700

Notes: 1) a, =&, — ¥, where J, = 35.3° (i.e., the difference of the mix-
ing angle in the axial-vector meson nonet from the ideal value).

2) The difference of the mixing angle for the vector nonet of mesons from
the ideal value is ignored.

3) The values of |, | given in the table are obtained from a comparison of
T'[D(1285) - @¥].,, with theoretical calculations in various models.

4) In most theoretical models I'[D(1285) - py] /T [ D(1285) —ay]~9,
a value that finds a natural explanation in a simple quark model:

T [D(1285) —pyl T {| (wu-+dd)/V3)~ | (su—dd)/V FH+y) _ (
T'[D(1285) — @y] ™ T {| (uu—+dd)/ V' 2)— | (wz+dd)/V 2)+v}

(if |@4 | is not large).
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width T'[D(1285)—py] = 2600 + 700 keV.” This result
appreciably exceeds the upper limit (61), and also theoreti-
cal estimates (see Table I).

3.4. Nature of the £(1420) meson

As was noted above, the question of the nature of the
E(1420) meson is intimately related to the E /iota problem
and the structure of the axial meson nonet. The results of
investigations in the region of masses of the E /iota in hadron
reactions are contradictory. In some experiments mesons
with the quantum numbers J°° =0~ * are observed, and in
others, mesons with J*¢€ =1+ * _ In particular, in charge-
exchange reactions of the type 7~ p— (KK)n the spectrum
of effective masses of the KK system is found to include a
pseudoscalar state, but in central-production reactions an
axial-vector state (see Ref. 61, and also the Appendix). It is
possible that here different mesons are manifested in differ-
ent processes. It is also possible that the procedures of phase-
shift analysis used to determine the quantum numbers of the
meson are not perfect and in some cases lead to incorrect
results. One way or the other, new investigations are needed.

A new approach could be realized by analyzing data on
the radiative decays of mesons. In the K * K~ #° mass
spectrum in the charge-exchange reaction (5) there is found
to be a narrow peak corresponding to production of the
D(1285) meson, and also some structure in the region of
E /iota masses (see Fig. 4). We make the assumption that in
these experiments D(1285) and E(1420) mesons, belonging
to a single axial meson nonet, are produced. Then in
the framework of a simple quark model one can show
that the ratio of the charge-exchange cross sections
is o[m~ p—D(1285)n]/o[7~ p—E(1420)n] =tan™’a,
(Ref. 64) and that the branching ratio of the radiative
decays is BR[D(1285) »@y]/BR[E(1420) - @y]

= (T/Tp)(Kp/Kg)? tan %a, (here, K, and K are the

momenta of the photons for the corresponding decays, and
', and T'; are the total widths of the mesons). From this we
obtain the expected ratio for the number of events of the
radiative decays (55)

N [E (1420) — qy]

R=Fip(msm > ov

__o[ap—E (1420) n] BR [E (1420) — ¢yl
— o [np — D (1285) n] BR [D (1285) — oyl

=(Kg/Kp)? (Tp/T'g) 154. (62)

The experiment (Fig. 24) gives for this ratio the upper
limit

R, < 0,6 (95% confidence level ) (63)

(when the background is subtracted, this limit is <0.4).

Thus, the result of the experiment, with observation of
radiative decay of the D(1285) meson and nonobservation
of the decay of the axial meson of mass 1420 MeV and width
55 MeV, indicates that the E(1420) does not belong to the
axial nonet [under the assumption that the simple quark
relation (62) holds]. We note that the validity of such an
approach has been tested in charge-exchange experiments
for pseudoscalar (7, ') and vector (w,p) mesons (see Ref.
75 and Sec. 2).
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If instead of E(1420) the axial nonet contains a meson
with M2 1.5-1.6 GeV and T > 150nd200 MeV, then the ex-
pected number of events for its ¢y decay does not contradict
the data of this experiment. For the D'(1530) meson with
M = 1530 MeV and T = 107 MeV (Refs. 66 and 67),
Ry o < 1.1 (95% confidence level), and Rp: cxpecrea = 14
[i.e., here there is no great contradiction, and the D’ meson
can occur with the D meson in a single axial SU(3) nonet].

In the relativistic model of the radiative decays of me-

sons,® the ratio of the partial radiative widths is predicted to
have a more complicated dependence on the photon momen-
tum than the one used in the derivation of (62). This model
yields the predictions R ;1420 ¢heor = 0-63 and R . ;530 mieor
= 0.45 [under the assumption that the axial nonet of me-
sons contains, together with D(1285), either E(1420) or
D’(1530) ]. Comparison with the experimental bounds also
shows that the £(1420) meson probably does not occur in
the axial nonet, although this conclusion becomes less signif-
icant than the one drawn earlier on the basis of (62).

The question of the nature of the £(1420) meson re-
mains open. For its analysis, one must also bear in mind the
data on radiative @y decays and the contradictory results of
experiments to determine the quantum numbers of the
E(1420) meson in hadron beams and the discovery of an
E(1420) peak in yy* = (Q?) collisionsine™ e~ colliders,
and the observation of decays J /- wE(1420) [in the ab-
sence of J /1/—@E(1420) ]. Some models forthe 1 " * fam-
ily are shown in Table II. It appears that all data on the
E(1420) meson can be explained by assuming that this parti-
cle, if it does have the quantum numbers J7© = 1+ * | does
not belong to an axial SU(3) nonet and, thus, is probably a
“superfluous” exotic hadron.

4, SEARCHES FOR THE RADIATIVE M(0—*)— ¢y AND
f;(1525)- ¢y

Investigations were made of the mass spectrum of the
@y system for events (7) corresponding to the requirement
|cos &, - | <2/3, 1.e., under the conditions when events en-
riched with states in which the ¢ mesons have helicities
A, = + 1 are selected. Then the contribution from the de-
cays M (J°¢ = 1+ ) - gy is suppressed by more than a fac-
tor of 3, and the decays M( J°¢ =0~ * ) are separated very
efficiently. However, as the results of investigation of the gy,
mass spectrum obtained by such a selection showed, it is
possible to determine under these conditions only upper lim-
its for the product of the production cross sections and the
probabilities of radiative decays of the mesons 7(1440) and
7(1275) with the quantum numbers J =0~ *:

o [-p — 1 (1440) nl BR [n (1440) — @yl < 2,4-10-% em?;
(64)

o [n=p —n (1275) n] BR (n (1275) — ¢yl < 1,3-10-%9 cm’,
(65)

1t follows from (57) and (63) that for the £(1420) meson
withJ?€ =1+ +
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TABLE II. Models for the 1 * * nonet and the £(1420) meson.

Model for neutral mesons I =0

1. A very old model: D(1285) and E(1420) mesons as members ofa 1 * * nonet:

1

Y

Ideal mixing: @, =0 (4, = 9,)
(@a=0%4—By §,=35,3°)

| D(1285))= 5 (uu+dd) cos aq—ss sin ay

| E (1420)) = —

(wu--dd) sin 0,4 —s5 cos a4

V2

2. The axial nonet contains D(1285) and [1+ ) with M2 1.5-1.6 GeV,
£E(1420) meson does not belong to the axial nonet (“superfluous”

I'2 150 MeV. It is possible that this particle is the D'(1530) meson. The
exotic meson?**¢! ),

3. New model (J. lizuka et al.*®): the D(1285) meson is an ssmesonina 1 * * nonet. The

(1/2) (uii + d@) term of this nonet has mass ~ 1075 4+ 25

MeV (almost degenerate with the 4, meson). Decays of this meson (through the channels 4, p27) have not been observed because of the large

background.

4. Sh. S. Eremyan and A. E. Nazaryan.*' Model J°¢ = 1" + of the family as 10 mesons (mixing with glueball )

1

| 9)=2 | —7 iat-dd)+y | )45 | 6) (22245 =1)
D(1285) E(1420) D'(1530)
x 0.74 4+ 0.04 —0.3140.03 0.60 + 0.05
y —0.67 + 0.04 —0.43 4+ 0.07 0.61 +0.03
z 0.07 + 0.01 —0.85 4 0.05 —0.53 +0.07

Problems and conclusions

a) R, = N[E-@y]/N[D-@y] <0.6 (95% confidence level) but should be R = 1.4 [see (62), (63)].
b) Large 55 component in D(1285), incompatible with ideal mixing (|a, | > 30°).

c¢) The data on the production of the D(1285) and E(1420) mesons in y¥* (@%0) collisions are incompatible with ideal

d) The decays J /—wE(1420) are observed, but not J /¢ — @E(1420).

mixing (10 <, 30°).

Summary: £(1420) evidently does not belong to an axial nonet. In the axial nonet ideal mixing is strongly violated.

In this case there are no particular difficulties with the ratio R(63) [even for the D '(1530) meson]. There is a strong violation of ideal mixin gin the axial

nonet.

In this model there are no difficulties with the D(1285) — @y decay. Init, the E(1420) meson does not belong to the axial nonet. however,

itis necessary to

make a very careful investigation of all the experimental data on the D(1285) meson in order to show that there are no contradictions with such a

revolutionary model.

In this model:
a) large s5 component in D(1285) (|o, | ~40%);

b) No difficulties with the ratio R; = N[E(1420) - ¢gy]/N[D(1285) - gy] <0.6, since in this
model there is not a single mixing angle but two parameters. Theoretical prediction:

R; =0.09 +0.05, i.e,, <0.6.

Problem: Glueball with 1 + *+ strongly mixed with other 1 * * mesons? The
must evidently have a large mass.

No difficulties with the D(1285) — gy decay.

(gg) state is doubtful because of the Landau-Yang theorem. The state (ggg)

o [n=p — E (1420)n] BR [E (1420) — ¢y] < 0,9-10-%3 cm?
(66)

[all the bounds (64)-(66) are given at the 95% confidence
level].

Analysis of the events K~ N-(py)Y and
K~ N-K ™ K~ Y established the following bound for the
probability of radiative decay of the tensor £} (1525) meson:

BR [f; (1525) — ¢yl
= T'[f; (1525) — @yI/T [f, (1525) — K*K-] < 4108
(67)
(95% confidence level).
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In most theoretical models’®’%”” the value of
BR [f;(1525) »@y] is in the range from 2.5%10~2 to
2102, From the branching ratio
BR[f;(1525) »7y] = (1.6 + 0.7) X 10~ (Ref. 27) and
from the vector-dominance model the expected value of
BR [f1(1525) »py] is 6X107%-1.6X10~° (obtained
from Ref. 70).

5.ELECTROMAGNETIC TRANSITION FORM FACTORS IN
THEDECAYS - p*pu~q-pu*u=y,n'—»pu*u-y, AND
o-7ptu-

5.1. Experiments with Lepton-G and searches for
electromagnetic leptonic decays of the n, ', and  mesons

The facility Lepton-G (a previous form of the spec-
trometer Lepton) was used during 1978-1980 to carry out
large series of experiments to detect and investigate conver-
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sion electromagnetic decays (Refs. 10-12):'"

= WRY; (68)
N = pruy; (69)
o —nptp, (70)

Also investigated was the decay'®

n—pruT, (71)

which had been discovered earlier in experiments at
CERN.*

Searches were made for the processes

N — TR (72)
N — aprpy; (73)
LIk T T (74)
N —>npp- (75)

and upper bounds for their branching ratios were estab-
lished."

The facility Lepton-G (Refs. 10 and 83) used in these
investigations (Fig. 25) was a combined spectrometer that
permitted effective detection of processes with simultaneous
emission of muon pairs and photons.

The facility included detectors of the primary beam, a
target with protective counters, and wire proportional
chambers for measuring the coordinates of charged particles
directly behind the target. For measurement of the coordi-
nates and energies of the photons, a 64-channel hodoscope
spectrometer with lead-glass counters was used. The muon
pairs were detected, and their momenta were measured, in
the wide-aperture magnetic spectrometer with wire spark
chambers and in a multichannel muon detector.

The experiments were carried out with beams of sec-
ondary negative particles of energy 70 GeV from the IHEP
accelerator with momenta p__ equal to 25 and 33 GeV and
intensity up to 4 X 10° particles/cycle.

The source of the mesons was quasi-two-particle exclu-
sive reactions of the type

ap—>Mn(M=m; 7; o), (76)

which were investigated in detail in the working range of
energies and ensure favorable background conditions for
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FIG. 26. Mass spectrum of the g+ u~ ¥ system in the reaction
7~ p—(pt " y)nat E, > 1.5 GeV. The peak corresponds to the decay
7—p " p~ y. The arrow indicates the tabulated mass of the 7 meson; the
thin histogram represents all events, and the heavy histogram represents
the events with M, - <024 GeV? used to determine the transition form
factor of the 7 meson.

searches for and studies of rare electromagnetic decay pro-
cesses.

One of the features of the facility Lepton-G was the
position of the gamma spectrometer and the copper filter
standing behind it near the target of the facility, in front of
the wide-aperture magnetic spectrometer. This configura-
tion of the experimental apparatus appreciably reduced the
background from decays of secondary 7 and K mesons in
flight with emission of muons, and also reduced the size of
the gamma detector. In addition, the load of the spark cham-
bers of the magnetic spectrometer was reduced by several
times, and this made it possible to increase the intensity of
the primary beam.

During the time of the measurements, about 5x 10"
7~ mesons were passed through the facility, and this corre-
sponded to production in the target of ~2% 107 7 mesons
and ~ 107 of each ' and @ mesons in the binary reactions
(76).

In the first stage of analysis of the experimental data,
events with two energetic muons (E, > 4.5 GeV) detected in
the magnetic spectrometer were selected.

Hoxz

FIG. 25. Schematic arrangement of the experimental
facility Lepton-G: S-S, are scintillation counters; 4,—
A, are protective scintillation counters; PC_, are pro-
portional chambers; H,,.~H,,. are scintillation ho-
doscopes; WSC,—~WSC, are wire spark chambers; LiH
is the target; Cu is a copper filter; GAMS is the hodo-
socope gamma spectrometer; M is a magnet.
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A search was then made for electromagnetic showers in
the gamma spectrometer, and events were selected without
photons, and with one, two, and even three photons in the
final state. For the final analysis, events whose kinematics
corresponded to the exclusive reactions

ap—pu (ky) n mn

(k=0,1,2,3) were selected.

Figure 26 shows the spectrum of effective masses of the
‘w u~ y system for events of the type (77) for k=1 and
E, > 1.5 GeV. This spectrum clearly shows a peak with ef-
fective mass 563 MeV, a value that, with allowance for the
systematic errors, agrees with the tabulated value of the -
meson mass. The peak width (I" < 60 MeV') corresponds to
the instrumental resolution of the facility. The peak contains
about 600 events (at a background level not exceeding 8% ).
Thus, the existence of decay of the 7 meson into a muon pair
and a photon, 7 —pu * 1~ ¥, was established experimentally.

Searches for the decays #'—u ™ p~ ¥, the expected
number of which must be at a much lower level than for
(68), were made by investigating the spectrum of effective
masses of the 4 * = y states in the region above the 7-me-
son mass. For maximal suppression of the background, more
stringent cutoffs on the energies of the photons detected in
the gamma spectrometer were introduced: 5 < E,, < 16 GeV.
A Monte Carlo analysis showed that these cutoffs reduced
the efficiency for detection of the decay (69) by not more
than 25%. At the same time, the increase in the threshold for
the photon energy made possible an additional suppression
of the background from the detection of hadronic showers,
while the cutoff with respect to the maximal energy (£, < 16
GeV) reduced the background from fast 7° mesons, for
which showers from two photons were not resolved in the
detector. The final spectrum of effective masses of the
put p” ysystem from (77) fork=1and M ., >M, is
shown in Fig. 27.

In this spectrum there is a clear peak at mass
M = 0.95 + 0.01 GeV, corresponding to the tabulated mass

N/40 MeV
15|
10 |-

5 L

n' _L‘
a2 L 1 1 * 1 1
0,6 0,8 1,0 1,2
M GeV

wipoyo
FIG. 27. Mass spectrum of the p* p~ ¥ system in the reaction

7~ p—(u™ p~ y)nintheregion above m, . The arrow indicates the tabu-
lated mass of the 7' meson.
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FIG. 28. Mass spectrum of the u* u~ #” system in the reaction
7" p—(7’n* p~ )n for events with M. <0.4 GeV? (used then to
measure the transition form factor). The peak corresponds to the decay
w—7"u* p~ . The arrow shows the tabulated mass of the @ meson. The
outer and inner histograms correspond to energy thresholds of the pho-
tons equal to 1 and 1.4 GeV, respectively [with increasing (E, ), the
1 kground conditions of the experiment improved].

of the " meson. The width of the peak is due to the experi-
mental resolution. The peak, after subtraction of the 20%
background, contains 33 + 7 events of 7' - * 1~ ¥ decay.

The decay @ —7°u * u~ was discovered by analysis of
the exclusive events (77) with two muons and two photons
(E, > 1GeV) in the final state. Special calibration measure-
ments showed that the efficiency of simultaneous detection
of two photon showers in the ¥ detector was close to 100%
for distances between the shower axes greater than 30 mm.
Monte Carlo modeling showed that this is precisely the re-
gion that contains practically all events from the decay
w—71w ™ 1™, so that for them the correction for loss in the
detection of two showers did not exceed 1%.

Figure 28 gives the distribution with respect to the ef-
fective mass M Bt for events with M, ~m _,. To reduce
the background, events were selected if M ﬁ 4 <0.4 GeV?,
i.e., in the kinematic region in which the transition form
factor of the @7 vertex was subsequently investigated. The
mass spectrum contains a clear peak corresponding to the
tabulated value of the w-meson mass. After subtraction of
the 119 nonresonance background and the 3% calculated
background from the processes w—7t 7~ 7° and
7% -u* + v (decay of pions in flight before the gamma
detector and the absorber of the facility) and p® - 7% + 1 —,
the peak contains 60 + 9 of the events (70). Its width corre-
sponds to the instrumental resolution.

For separation of the decay (71), an analysis was made
of events that satisfied kinematics of the type (77) with
k =0 and with two hard muons unaccompanied by addi-
tional tracks of charged particles from the interaction ver-
tex. In addition, it was required that there should be no pho-
ton or hadron showers in the hodoscope gamma
spectrometer of the facility Lepton-G (Fig. 25), i.e., the
gamma spectrometer was used in the anticoincidence regime
with low thresheld with respect to the energy (0.5 GeV for a
photon). The spectrum of effective masses of the muon pairs
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FIG. 29. Mass spectrum of u*pu~ pairs in the reaction

7~ p—(u* p~ )n. The arrow indicates the tabulated mass of the 77 me-
son. The broken curve is the result of fitting the background. The hatched
peak corresponds to the p—u * 1~ decay.

for the selected events was investigated (Fig. 29).

The dominant process in this spectrum is
7~ p—p(@)n, p(@)->p* u= . In the region of n-meson
masses there is a peak corresponding to the decay
-4 " p~ . The width of the peak is determined by the in-
strumental resolution, while the mass, equal to 551 + 4
MeV, agrees with the tabulated value for the %7 meson. The
peak contains 27 + 8 events of the decay (71), rising above
the background by more than five standard deviations. The

background below the peak has a physical nature and can be
described in the vector-dominance model as a direct process
of production of muon pairs. The contribution of the decay
N—pu " p~ y with a “lost” photon (and also of decays of
pions in flight with meson production) is negligibly small.

The results of measurements of the branching ratios of
the decays (68)-(71), made with Lepton-G, are given in
Table III together with the upper limits established in these
experiments for the probabilities of (72)—(75). The method
of analysis of the data used in the searches for (72)-(75) was
similar to the one used to select the events o —» 7%+ .

The probability of the decay (71), BR(y
—ut )= (6.5+2.1)%10"9%, was found to be half the
value obtained earlier in Ref. 82: (2.2 4+ 0.8) X 10~ . When
comparing the results of these experiments on the
n—p* p~ decay, it should be borne in mind that the data
obtained at Serpukhov are more reliable, since they were
normalized by means of the well-determined probability of
the conversion decay 7—u * 1~ ¥, which was observed in
the same experiment. In addition, a measurement of the
probability of the decay p—pu* u~ (Ref. 84), made at
CERN with the same facility and simultaneously with the
study of the decay (71), led to
BR(p—-p* pu~ )= (097 +£031)x10-*, which greatly
exceeds the average world value  BR(p
—et e ) =(0.45+0.02) 10" * (Ref. 27). It may there-
fore be supposed that in the experiments of Refs. 82 and 84
there is a common systematic error in the normalization,
which leads to an overestimation of M—»u * u~ decay prob-
ability.

The comparatively large value of BR(p—-pu™ u=)
from Ref. 82 was in contradiction with most theoretical esti-
mates for this probability. This contradiction was eliminated

TABLE III. Results of experimental investigations of rare electromagnetic decays of light mesons with the Lepton-G facility.

o @ Branching ratio Fit for fs_igtp;%ffsrm
Reference Decay S § : fForn.'zl fnctor berps byDM:
ZB Experiment VDM QED (g7) GeV-? | Gev—2
10 - 600 3,140,4)-10~4 | (3,08—3,13).10-¢ | 2,1.40-% | (1—q?/Aq)~! 1,94+0,4 1,8
T n-rwiey ¢ ( Ay = (0,72+-0,09)
GeV
I
(1] | % — prpy 33 | (8,9+2,4)-107® (7,0—8,7)-10-% | 3,4-10" |Qualitative agreement 1,7+0,4| 1,5
with p-pole fit
[12] © — nptp- 60 | (9,6+2,3)-10-5 8-10-5 5,0-10-5 | (1—g?/A2)"2 2,440,2] 1,7
Ay =(0,65+0,03)
GeV
13] n—> prp- | 27 | (6,5+2,1)-10-¢ (4—5)-10-8 — - — —
n - woutp- o <5.10-¢
N’ - Aot e < 6-10-°
[14] 90% confidence level
n e | — | <1540
N = TOPFPTY I — <3.10-° ]

*The experimental values for the decay branching ratios BR(exp) are given together with the expected probabilities in the vector-

dominance model [BR(VDM)] and for structureless mesons [BR(QED) ].

**Theslope of the form factoris b = dF /dg’| g2-o- i the form factor is parametrized in the form F,, = (1 — g /N*) "' thenb = 1/A>

The values of b,

exp

are given together with the predictions for these slopes in the VDM.
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by the result of the experiment of p—p * 1~ decay carried
out with Lepton-G (for a more detailed discussion of this
problem, see Refs. 13 and 15).

5.2. Conversion decays of mesons and their transition
electromagnetic form factors

For conversion decays of mesons
A—B + yy —Bl*il, (78)

examples of which are the processes (68)—(70), the proba-
bility of production of a lepton pair with a definite value of
the effective mass M, ., _ is proportional to the probability
of emission of a virtual photon with timelike 4-momentum
¢’ =M} ., _.Theprobability of emission of such a photon is
due to the dynamical electromagnetic structure which arises
in the vertex of the transition 4 — B. This electromagnetic
structure, which is due to a cloud of virtual states in the
region of the transition, is characterized by a specific form
factor, which has become known as the transition form fac-
tor.

Data on the electromagnetic structure in the region of
the transition A - B can be obtained by studying the proba-
bility of the decay 4 »B 4 (I * [~ ) as a function of the
square of the effective mass of the lepton pair, g* = M7 ., _,
i.e., by analyzing the mass spectrum of the lepton pairs.'?

If the particles 4 and B were structureless objects, then
one could calculate with a high accuracy the mass spectrum
of the lepton pairs, [dT'/dg*]qep, by means of the methods
of quantum electrodynamics. The complicated internal
structure of the particles changes this spectrum:

[dT/dG ) o = [dT/dF ) qen | fap (8% |2 (79)

Comparing the measured spectrum of lepton pairs in
the decays (78) with the QED calculations for point parti-
cles, it is possible to determine experimentally the square of
the transition form factor |f, (g%)|? in the timelike region
of momentum transfers.

Quantitatively, the effective-mass spectrum of the lep-
ton pairs for the conversion decays (78), normalized to the
width of the corresponding radiative decay 4 — By, has the

form

Sppemn (e (1) (125
[+ ) e ] )
x |45 (@) 14 (0)? e i

(for vector and pseudoscalar mesons, i.e., for decays
V=Pl * 1~ or P-VI* 1~ ).Here,m;, m,,and my are the
masses of the lepton and of the mesons 4 and B;
@=M2,,_; {.}=[dT/d4*]oep/T(4—By) (ie., for
point particles).

We shall denote the normalized form factor of the 4 — B
transition by

Fan(@)/fas(0) = F,p(g?) (81)

[the normalization has the form F,, (0) = 1].
Somewhat different is the special case of conversion de-
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cay of a pseudoscalar meson (4 = P), in which the second-
ary particle B is a photon:

P14y (82)

(the corresponding radiative decay is P—2y). The energy
spectrum of lepton pairs for decays of the type (82) (nor-
malized to the total probability of the radiative transition
P-2y) is determined by the expression

dl' (P — I*ly) _ 20 (1 __ fm} )”2
dg®T' (P —2y) 3= q2

% (1+275) J (A= gmb)? |Fo (1 (83)

Here, mp is the mass of the pseudoscalar meson P, and
Fp(g?) is the normalized transition form factor for the de-
cay(82).

We shall also denote this transition form factor by
Fp (g*; 0; m>) in order to emphasize that the second photon
is on the mass shell.

The good background conditions under which the de-
cays (68)—(70) were identified made it possible to study the
electromagnetic transition form factors for the -y, n'-y,
and w-7° vertices in these decays. The relations (80) and
(83) were used to analyze the spectrum of muon pairs. The
results of the measurements of the transition form factors
are shown in Figs. 30-32 and in Table III.

The general behavior of the transition form factors
agrees basically with the vector-dominance model (VDM),
although there are certain deviations from the predictions of
this model for the -7 transitions. Such agreement with the
VDM for processes of the type (82) was established for the
first time in the Lepton-G experiments (Fig. 33). A subse-
quent theoretical analysis based on QCD showed that in
these decays the deviations from the VDM must be small
(not exceeding ~ 10% ).%" The transition form factors in the
decays (82) were also analyzed by means of “Q? duality,”
which establishes the equivalence of two different descrip-

IFo(g?; 0;m)1?

4 5 /’
| A~MTHTY /

I I 70 P

0 lg05 0,10 0,15 020 0'2503.’,7

(emy )t T Misum GOV -

FIG. 30. Measurement of the electromagnetic transition form factor
B () =F, (g% 0; m}) of the % meson in the dccay n—p"u~y. The
pomts are thc cxpcnmcntal values for |F, (g% 0; m3)|". The continuous
curve is the result of fitting the expenmental data by the pole dependence
K(1—¢*/A%) 7% where A, =0.72 + 0.09 GeV, and the coefficient K
takes into account the error in the absolute normalization of the results of
measurements of | F, |°. The broken curve is the prediction based on the
vector-dominance model.
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FIG. 31. Measurement of the electromagnetic transition form factor of
the %" meson (in the decay %' —pu * u~ ¥). The black circles are the ex-
perimental values of the square of the form factor; |F, (qz;ﬂ;m}f )|% the
open circles are the same but with maximal correction for a 20% back-
ground below the 7' —u* 1~  peak in Fig. 27 (under the assumption
that the entire background lies in the region of masses of the p meson); the
continuous curve gives the predictions of the VDM, and broken curve

gives the predictions based on the nonlocal quark model (NQM) of Ref.
85.

tions of low-enérgy phenomena—the purely phenomenolog-
ical one based on vector dominance, and the dynamical one
based on the model of triangle quark loops (with masses of
the constituent quarks) (see, for example, Ref. 88 and Fig.
34).

Vomelg®)?
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50 W Tt

T T rrrr]

20

10

FIG. 32. Transition form factor for the w-7" vertex (in the decay
-7’ " p~ ). The points are the experimental values of |F, ,(g*)|%
curve 1 is the result of fitting the experimental data by the pole dependence
K(1 — ¢*/A%) ~? (the coefficient K takes into account the uncertainty in
the absolute normalization of the experimental data), A, = 0.65 4- 0.03
GeV; curve 2 is the prediction of the model of Ref. 86 with a modified p
propagator; curve 3 is the calculation in accordance with the vector-domi-
nance model; curve 4 is the prediction of the nonlocal quark model.®*
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FIG. 33. Experimental data (year by year) on the slopes of the electro-
magnetic transition form factors of neutral mesons: [dF /dq’]|,_,. The
open tnangles are for the decay n°—e* e~ y, the open c1rcles for the
decay 7—e™ e y, the black circle for the decay —p * u~ ¥ (Ref. 10),
the open square for the decay #'—u™* p~ ¥ (Ref. 11), and the black
square for the decay w—7°u* u~ (Ref. 12). For references to the inves-
tigations of 7°—e* e~ yand n—e* e~ 7, see Ref. 15; the broken line is
the VDM prediction for the slope of the 7-meson form factor
[dF,/dq*] |70 = 1.8 GeV* (the VDM predictions for the remaining
slopes are similar; see Table III).

For a detailed analysis of data on the transition form
factors in electromagnetic decays, see Ref. 15.

CONCLUSIONS

We summarize here the main results of the hadron-
spectroscopy experiments carried out with the Lepton facili-
ty.

1. The facility Lepton-F was used to investigate the
charge-exchange reaction 7~ p— (@n°)n at momentum
32.5 MeV. The mass spectrum of the g7° system is dominat-
ed by a peak with mass M = 1480 + 40 MeV and width
I' =130 + 60 MeV.

2. It has been shown that the observed state cannot be
explained by threshold effects such as the Deck effect and is
a new resonance—the C(1480) meson.

3. The cross section for exclusive production
of the C(1480) meson has been found to
be o[7~ p—C(1480)n]1BR[C(1480) - @n°] = (40 + 15
*x10~* cm?

4. The ¢’ distribution has been studied for the process
7~ p—C(1480)n, and it has been shown that this reaction is
due to pion exchange. The OPE model also agrees with the
angular distributions for the cascade decays C(1480) — @7°
andg-K*K~.

5. It follows (in a model-independent way) from the
data on the decay C(1480) —@n’, ¢—K * K~ that the
C(1480) meson has isotopic spin I = 1, negative charge par-
ity, and spin J > 0. Analysis of the angular distribution in the
OPE model led to determination of its quantum numbers:
FI=0=,

6. Some bounds for the decay channels of the C(1480)
meson have been obtained:

BR [C (1480) —n*n~] BR [C (1480) — gn?]

&~ (1 — 2)-10-9

BR [C (1480) - K*K 4 K*K|/BR [C (1480) — gn®] < 4,8;
BRC (1480) — K*K-n%)/BR [C (1480) — @n®] < 1,5.

All bounds are at the 95% confidence level.
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7 The bound BR[C(1480) »@7°]/
BR[C(1480) » 7] > 1/2 (95% confidence level) has
been obtained. For ordinary gg mesons, this ratio must be
~1/200-1/400 (from the OZI rule). From this it is con-
cluded that the C(1480) meson is a strong candidate for an
exotic state. The properties of the C meson can be explained
in the framework of an interpretation of it as a four-quark
state or a hybrid quark—gluon meson:

1C(1480))=\7i§—(ui—dtﬁ s§> or |C (1480))

s |t trigs =)
5 | - (ui—dd) g> .

8. A bound has been obtained on the probability of the
OZI-suppressed decay of the B(1235)° meson:

BR [B (1235)° — @n®] << 5-10~2® (95% confidence level ).

9. The OZI-forbidden reaction 7~ p—@n has been
studied at momentum 32.5 GeV. This process was found to
have cross section o(7~ p—@n) = (13 +5)x10~** c¢m?
and ratio R(p/w)|, =32.5GeV=o0o(r p-gn)/

a'(ﬁ_p—)wn){pﬁ_ =32.5GeV = (042 +0.17) x 10 —2.

10. The radiative decay D(1285) — gy has been discov-
ered. It was found to have BR[D(1285)-¢y]/
BR[D(1285) -KKw] = (0.82 +0.21 +0.2) X 10~2. Tab-
ulated data have been used to determine the branching ratio
BR[D(1285) »¢py] = (0.9 + 0.2 +0.4) X 10~ > and par-
tial width I'[D(1285) - @y] = (23 + 5 + 10) keV.

It has been concluded that there is a strong violation of
ideal mixing in the nonet of axial mesons.

11. The decay E(1420) — @y has not been found; the
experimental bounds show that the E(1420) meson does not
apparently belong to the axial nonet.

12. Bounds have been obtained for the probabilities of
radiative decays: BR [f}(1525) -y ] = [ [f}(1525)
—@yl/T[f5(1525) =K *K ~] <4Xx107?;

BRlo—7* 7~ y]  <4x107%  BR[D(1285)—py]
< 5% 1072 (95% confidence level).

13. Earlier experiments with the facility Lepton-G led
to the discovery of the rare electromagnetic decays
n-ptu v, -utuy, o-7°u* p- and a more ac-
curate probability of the process 7—p * 1~ . The transition
form factors for the #—y, 5'—y, and w-7" vertices were inves-
tigated. New upper bounds were obtained for the probabili-
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FIG. 34. Transition form factor of the % meson and Q2 duality
(Ref. 88): a) diagram for the decay 7—u* u~ y in the quark-
loop model; b) comparison of the experimental data on the 7-
meson transition from factor |F,(g%0;m%)| with predictions
based on the model of triangle quark loops: the points are the
experimental data'® (see Fig. 30); the continuous curve
represents the VDM predictions; the broken curve, the
results of calculation in the quark-loop model (in the approxi-
mation of “soft mesons”) for the 7-meson wave function

|7y = (1/3)(uti + dd —Fs), e, for mixing angle
?p = —19°) and quark masses m, ~m, =0.25 GeV and
m; = 0.35 GeV; the dotted curve represents the model with
“double counting,” in which the dependence on ¢? is obtained
with allowance for both the quark masses and the propagator of
the vector meson (for details and references, see Ref. 15).

tiesof 7wt pu= 9’ >7%  u-,andp’ »nu*t p (see
Table III).

APPENDIX 1. GLUEBALLS-88 (PROCEEDINGS OF THE
WORKING SYMPOSIUM ON GLUEBALLS, HYBRIDS, AND
EXOTIC HADRONS, BNL, USA, AUGUST 29-SEPTEMBER 1,
1988)'®

Investigations in the physics of resonances, which have
already been going on for more than a quarter of a century,
have significantly changed our ideas about the nature of ha-
drons, i.e., the particles that participate in the strong interac-
tions. After the classical studies of Alvarez, Magli¢, and oth-
ers, which led to the discovery of the w mesons, this
approach began to develop very rapidly. In a comparatively
short period several hundred new particles—baryons and
mesons—were discovered; a brief reference description of
these now occupies a weighty tome.**

It became obvious that none of these hadrons were ele-
mentary particles, contrary to earlier assumptions, and that
a truly elementary level must lie much deeper. The existence
of colored quarks and gluons was discovered, and quantum
chromodynamics, which describes the interactions between
these fundamental objects, was created. It was found that it
is the quarks that are the structural elements of hadronic
matter, determining the diversity of the hadron world. It was
established that all known hadrons satisfy an SU(3) system-
atics, which is a reflection of their very simple quark struc-
ture: Mesons are gg systems consisting of valence quark—
antiquark pairs, while the baryons consist of three valence
quarks (ggq). Of course, these valence structures are sur-
rounded by a virtual “sea” of quark—antiquark pairs and
gluons, but it is the fundamental valence particles that deter-
mine the main quantum numbers and systematics of the ha-
drons.

However, from the “ancient times” of the quark era and
almost to the present day there remained the question of
whether or not there exist hadrons with a more complicated
valence composition—multiquark mesons (gqgq), baryons
(gg99499), or dibaryons (gqqqqq). With the development of
QCD, it was natural to suppose that gluons too could play
the part of fundamental valence structural elements, i.e.,
that there must exist mesons consisting solely of gluons
(they became known as glueballs)®® or mixed hadrons
formed from valence quarks and gluons—so-called hybrids
or meiktons(ggg or ggqg).***° All these new particle species
are usually called exotic hadrons.

For a long time, the searches for exotic states were un-
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successful. However, in recent years, in connection with the
development of experimental techniques, the situation has
changed considerably. There have appeared new directions
of scientific research involving experiments with colliding
e e~ beams (study of hadronic states produced in decays
of J /v particles and in yy interactions) . But the most impor-
tant part has surely been played by experiments with hadron
beams; these have been carried to a new qualitative level by
the use of high-luminosity facilities that permit the detection
and identification of both the charged and neutral secondary
particles and the study of processes with nanobarn cross sec-
tions.

This has all led to significant development of the sys-
tematics of the already known hadron families and to the
discovery of several new particles, the properties of which
are hard to explain in the framework of a simple quark model
of hadron structure. These particles became very serious
candidates for exotic hadrons.

This new stage of the searches for exotic states was re-
cently reviewed for the first time at the Working Symposium
at BNL: Glueballs, Hybrids, and Exotic Hadrons. In this
Appendix, we briefly summarize the main results discussed
at the Symposium and attempt to sketch a general picture of
the present status of the physics of exotic hadrons. In accor-
dance with the themes of the Symposium, we shall here con-
sider questions almost exclusively associated with meson
spectroscopy, since the investigations into exotic baryons
are only at an early stage of their development, and the situa-
tion with regard to them is as yet very uncertain.

A.1. Types of exotic hadrons

All the exotic hadron states can be divided into three
groups:

Exotics of the first kind. These are states with manifestly
exotic values of basic quantum numbers such as the electric
charge, strangeness, and isotopic spin (mesons with |Q |>2,
or |§|>2, or I> 1, and baryons with |Q | > 2, or > 3/2, or
§'>0). Such particles simply cannot have an ordinary quark
structure of the type g or ggg and must be exotic multiquark
states.

Exotics of the second kind. These are particles possess-
ing exotic combinations of quantum numbers such as the
spin J, parity P, and charge parity C that hadrons with ordi-
nary quark structure cannot possess. For example, for me-
sons exotic sets of these quantum numbers are J°° =0+ —,
0-—,1-*,2%~,3-*, etc. All forms of exotic mesons—
multiquark states as well as hybrids and glueballs—can pos-
sess such J7¢ values.

Exotics of the third kind. These are hadronic states with
hidden exotics (cryptoexotic hadrons). For such particles,
there are no external exotic indicators, and their complicat-
ed internal structure can be established only indirectly—
from specific features in their properties (anomalously small
widths, anomalous decay channels, special production
mechanisms, etc.). Exotic hadrons of all forms can also be-
long to the exotics of the third kind.

A. 2. Searches for exotics of the first kind

Searches for exotics of the first kind have long been
made but have not been crowned with particular successes.
The reports from time to time of the observation of such
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manifestly exotic objects were subsequently refuted by the
results of later and more accurate experiments.

At the present time, there exist only two possible candi-
dates for this category of exotic mesons:

The U mesons, which form an isotopic quartet of parti-
cles with isospin I = 3/2, strangeness § = — 1, and masses
around 3.1 GeV (U=U*, U° U~ , U™~ and the corre-
sponding antiparticles U= T~ ,U% U *,U* * ). Dataon
the possible observation of U mesons, which decay through
the channels U— Ap + charged pions, were obtained in the
WAG62 experiment’! with the hyperon beam at CERN and in
the JINR spectrometer BIS-2 (Ref. 92) in a neutron beam of
the Serpukhov accelerator. In these experiments, the cross
section for production of the U/ mesons, multiplied by the
decay probability for a definite channel, was several micro-
barns. However, the general view is that these data should be
regarded only as indications of the possible existence of exot-
ic Umesons. They require further confirmation. At the Sym-
posium results were presented on searches for U mesons in
Pp annihilation at p, equal to 6.6 and 8 GeV (experiment
E771, MPS BNL). No U mesons were found. Upper limits
for their production cross sections were established:
o(@p-U** +X-")BR(U** ->Apr+ )<98x10~*
cm?® and o(Bp—-U° + X°)BR(U - Apr~ ) <364x 10~ %
cm? (90% confidence level).

Mesons with isospin I = 2, manifested indirectly in the
production of pairs of vector mesons in ¥y collisions,
y¥— VV. According to the models of Refs. 93 and 94, the
experimental data on the reactions yy—p%° and
yy—p* p~ can be explained by interference of isoscalar
and isotensor exotic mesons in the intermediate state for the
reaction y¥— (X)—pp (in the region of masses 1.3-1.8
GeV).

However, it is not yet definitely clear whether these
models are unambiguous and whether all data on the
¥y — (X) - V¥V reactions can be consistently described on
their basis. It is therefore very important to carry out direct
searches for manifestations of such exotic resonances in oth-
er reactions, for example, in the production of the p* p*
system in central pp—n,(p ™ p™ )n, collisions or in anti-
proton annihilation pn— (p~ p~ )mw* , ete.!¥

A.3.Searches for exotics of the second kind

Atthe BNL Symposium there were detailed discussions
of data on the existence of the exotic meson of the second
kind M (1405) with the quantum numbers J* =1~ * , ob-
tained by the GAMS (IHEP-CERN) collaboration in the
study of the process

np— X%; X%°— n'y (A.1)

(momentum 100 GeV; 3 X 10* events).** The dominant con-
tribution to the reaction (A.1) is made by production of the
tensor meson A4,(1320) —n7°. However, a partial-wave
analysis of the data of (A.1) also identifies the reaction

ap— M (1405) n; M (1405)— ni%y (A.2)

with cross section o[7~ p—M(1405)n]BR[M(1405) —
73] = (9.1 4+ 2.0) X 10~* cm? The basic properties of
the exotic M(1405) meson are M = 1406 + 20 MeV,
=180+ 30MeV,J™® =1~ ,I% =1~ .Ithasapossible
interpretation as a hybrid (ggg) state or a multiquark me-
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son. Experiments of the same collaboration at the Serpuk-
hov accelerator at momentum 38 GeV detected 3 X 10° of the
(A.1) events, which are now being analyzed.

Searches for exotic states with J*° =1~ * were also
made in the Coulomb-production reactions

at + (Z, A)— [pn*; nat; D (1285) n*]l + (Z, 4), (A.3)

at a high initial energy (E,- = 200 GeV; E272 experiments
at FNAL).? This method is very promising for searches for
exotic mesons of the second kind, which have a fairly strong
coupling to the p7 channel (needed for effective Coulomb
production of such particles). Searches for states with the
exotic quantum numbers J*¢ = 1~ * were made by means
of a partial-wave analysis, which becomes more reliable for
the clearly defined Coulomb mechanism in the reaction
(A.3).19

However, the results of a new analysis of measurements
already made at the FNAL accelerator showed that the ex-
isting data are not sufficiently sensitive for detection of exot-
ic states. All that has been obtained are certain restrictions
on the possible properties of such hadrons. In particular, it

TABLE IV. Some decay channels for exotic mesons M- @, gp, M' - go.

has been shown that there are no exotic mesons with
JPC€ =1-*, mass M < 1.5 GeV, and decay width I" <200
MeV having BR[|1~ * ) »pm] > 3%. Some possible mani-
festations of exotic structures with masses in the region 1.6-
1.9 GeV and decaying through the channel D(1285)# have
been found. But these indications are not unambiguous; they
need to be confirmed in more sensitive experiments.

Possibilities of new experiments on Coulomb produc-
tion of exotic mesons at the FNAL accelerator and, later, at
the UNK (the large accelerator and storage facility to be
operated at Serpukhov) are under discussion.

A. 4. Searches for exotics of the third kind

Searches for exotic states of the third kind (cryptoexo-
tic hadrons) occupy a special place in investigations in the
nanobarn hadron spectroscopy of recent years. Since the
complicated internal structure of cryptoexotic particles can
be deduced only from indirect dynamical indicators, the cor-
responding experiments are rather difficult. Their success is
largely associated with the felicitous choice of exclusive pro-

(4) ;~ , @7 (OZI-forbidden) For M., = (4755), (47g)

(55) 1 — o+ (isospin-forbidden) R=T(M,, —om)/T(M,, —»or~1
(Ref. 3)

(49); - o+@w (OZI-forbidden) For (gg)

R ~1/400-1/200

G—un, 7', 'y’ are characteristic decays for glueballs®®
Diagrams for glueball decays:

e

Y

')

a) quark diagram (the same for gg me- | b) Gluon color-rearrangement diagram

sons) (characteristic of a glueball )

The gluon color-rearrangement mechanism is due to strong coupling between the gg sys-
tem and the 7 and »’ mesons. From data on the decay J /¢/— ygg— 7, y7' for glueballs
with J© = 0** large probabilities of the decays G-, 777', 7'y’ are predicted.

Ratio of the squares of the matrix elements for the decays G— P, P, (Pis a pseudoscalar
meson)

G — PP, nn mm m’ n'n’
|42 «1 1 10 30
M — 4n0

The decay (gg)—47m* is enhanced by production of p  mesons:

(99) —p°p°—»w+ 77" 7, etc. Therefore
BR [(gq) — 4n°)/BR [(gq) — 4n] ~ 1/50 (p — 79719 is forbidden).

For glueballs, G—47* is enhanced by p production (quark diagrams): G—4#" is en-
hanced by the gluon color-rearrangement mechanism.

Result
BR [G — 4n9] ~ 10-1
BR [(gq) = 4n%] ~ 10-2 — 10-3 J teristic glueball property.'®'
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Large probability of the decay G—47#° is a charac- -
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cesses with hadronic systems in which, on qualitative
grounds, one can expect a clearer manifestation of the exotic
states. Some examples of this approach are given in Tables
IV and V. Despite the complexity of the searches for the
cryptoexotic particles, as discussed above, it is precisely here
that, in recent years, important progress has been achieved
and several very serious candidates for the role of exotic ha-
drons have been identified.

Searches for cryptoexotic states are intimately inter-
twined with experiments in which the structure of the fam-
ilies of ordinary mesons and baryons is more accurately de-
termined. Without such work, the problem of interpreting
new resonances often cannot be solved unambiguously; for
the exotic particles must be “superfluous”’ states that do not
fit into the schemes of the ordinary meson nonets.

Very interesting results on the structure of some SU(3)
nonets of ordinary mesons have been obtained with the fa-
cility LASS. In particular, the LASS data for the reaction
K~ p—K * K~ Aindicate that the £(2210) meson, which is
observedin thedecaysJ /1 —y£(2210),£(2210) K + K,
K3K?2 (MARK III) and in the hadronic reactions
7~ p—£(2210)n,  £(2210)-nn’ (GAMS), 7 p
—£(2210)n, £(2210) - K $K§ (MIS at IHEP), is appar-
ently a meson of the type (s5) with spin J = 4 and belongs to
the same SU(3) nonet as the 4(2030) meson.

Most candidates for exotic states discussed at the Sym-
posium have cryptoexotic quantum numbers, i.e., are exotics
of the third kind. The most interest and most extensive dis-
cussions were associated with the cryptoexotic mesons listed
in Table VI.

The C(1480) meson.'™ The vector C(1480) meson was
discovered in the reaction

n-p— C (1480) n;  C (1480)— qm® (A.4)

at momentum 32.5 GeV (Lepton-F, IHEP). In an
investigation of the possible decays of C(1480)
through the @#° and @#® channels it was found
that R = BR [C(1480) »¢@n°1/BR [C(1480) »w7°] > 0.5
(95% confidence level) is anomalously large for meson
states of the ordinary gg type, for which decay through the

TABLE V. Production of exotic mesons J /¢¥— y(gg) — ¥G.

Lo fmat A S 8
This decay channel, enriched with gluons, is promising for glueball and,
perhaps, hybrid searches.

@n° channel is suppressed by the OZI rule. The expected
value of R for such particles must be ~ 1/200-1/400. For
example, for the well-known B(1235) meson this ratio is
<5x 107 *. The anomalous violation of the OZI rule in the
decays of C(1480) cannot be explained if this state belongs
to the ordinary gg mesons, and it is a weighty argument for
the interpretation of C(1480) as an exotic hadron with the
structure

| C (1480) ) = | -];,—2 (uw — dd) ss) (multiquark meson) or
| C (1480)) = | — (uiz — dd) g) (hybrid meson).
V2

The G(1590) meson and other GAMS results. The scalar
G(1590) meson found by the GAMS collaboration in the
charge-exchange reaction

np— G (1590) n; G (1590)—> mm; mn’;  4n° (A.5)

at momenta 38 and 100 geV is a strong candidate for a glue-
ball.’**” The grounds for this interpretation are the follow-
ing:

a) The probabilities of the decays G(1590) - nx, 77,
47° and the upper bounds for the decay of this particle
through the KK and 777 channels agree well with predictions
based on the mechanism of gluon color rearrangement®®
characteristic of glueball decay and cannot be explained for
particles of the ordinary gg type.

b) The G(1590) is very clearly observed in the central-
production reaction®

np— a7 [G (1590)— n] p, (A.6)

at initial momentum 300 GeV, where processes due to gg
interactions of sea gluons must be well manifested.

It should be noted that the GAMS collaboration found
some others mesons. Some of them are also candidates for
exotic states [X(1750) -»nn(Ref. 100), X(1810)—4#°
(Ref. 101), X(1920) —»nn' (Ref. 102) ]. Data were also giv-
en at the Symposium on observation of two new mesons:
X(1640) »ww and X(1960)-ww in the reaction
7~ p—woh— (7°) (7°y)n. They have quantum numbers
I°JPC =0+ 2+, masses M,=1643+7 MeV and

L(J/§—~yG), large width for . (Stickiness» §x= [T (J/4 — yX)/LIPS,]/[T' (X
glueballs; — vY)/LIPS,]

I'(G—yy), small width for: p Inaroughapproximation, this quantity is determined
glueballs by the ratio of the color and electric charges of the

parton constituents X.
Glueballs: §; > 1 and 55> S5, (see the review of Ref. 105)

Glueballs are produced in gg collisions in

central-production

processes

h+ N-h;[G— P P,]N,. Withincreasing Vs, theimportance of gg collisions in the central

region increases, and glueball production may be more clearly manifested.”

Reactions suppressed by the OZI rule for standard (gg) mesons [for example,
7~ p—(@@)n, 7~ p— (@n°)n] can be successfully used to look for exotic mesons [i.e.,
cascade processes 7~ p—grh, gr —@@ or 7 p—C(1480)n, C(1480) — p7°]. Because of
the complicated color structure of the exotic mesons the OZI rule may be strongly violated

when they are produced.**'%*

Note. LIPS: Lorentz-invariant phase space.
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TABLE VI. Main candidates for cryptoexotic states discussed at the BNL Symposium.

Types of cryptoexotic. Collaboration it;t:bf:g its:quantum, Mass, MeV |Width, MeV| Decay channels
mesons .
Multiquark mesons Lepton-F (IHEP) C (MP%O) 148040 13060 C (1480) — qno
(gg7g) or hybrids (ggg) IGJPC — {+1—-
2 G (1590) 1590430 | 280440 | G (1590) — 4m
Glueballs gﬁxg_z‘m } GAMS Ié DB i : vy
(IHEP-CERN) mm
MARK II L (1440) 14494-4 6647 L (1440) — KK *
CB - ?n
MAPK III GJPC_ g+o-+ — KK
it I67PC =00 =
MARK II 6 (1720) 17094-2+-20| 1831030 | B (1720) — KK
MARK 1II IGJPC = gra++ -
DM2 — T
MIS IHEP
OMEGA spectrometer
MPS BNL g (2010) 2011152 202787 | ey > 99
gq0 (2300) 2297-+28 14941
g (2340) 2339455 918!
i il

M, =1956 + 20 MeV, and widths I'; <70 MeV and

[, = 200 + 60 MeV.'%? Their possible interpretation is as

exotic states or radial excitations of the £ (1270) meson.
The g mesons.'™ Investigation of the reaction

nTp— pon (A.7)

with the MPS facility at BNL at momentum 22 GeV
(~6.7x 10° events) led as a result of a phase-shift analysis
to identification of three resonance states: g,(2010),
g7~ (2300), and g (2340), which have the quantum
numbers J°¢ =2+ + | It was shown that in the reaction
(A.7) there is strong violation of the OZI rule in the inter-
mediate two-gluon channel. This violation is a strong argu-
ment for interpreting the g, mesons as glueballs (although
there are other models that permit description of the proper-
ties of these particles as multiquark s55s mesons or hybrids).

A.5. Radiative decays of J/1 particles and searches for
glueballs

The radiative decays

Jhp— v (gg)— vG (A.8)

of J /¢ mesons have long been regarded as very promising
processes for searches for glueballs, in which one can expect
a high probability for the production of these exotic
states.'®” On the other hand, it is expected that for glueballs
which do not contain charged valence quarks the radiative
decay widths I' (G- ) must be very small. On the basis of
these qualitative arguments, Chanowitz formulated a crite-
rion for glueball identification:>?

8 = [T (J/p— ¥G)/LIPS, V[T (G— yy)/LIPS,]> 1.
(A.9)
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Here, LIPS, and LIPS, are the corresponding relativistically
invariant phase spaces of the J /¥ and G decays. In the reac-
tion (A.8) two states were already observed several years
ago that were regarded as very serious candidates for glue-
balls. These are the 6(1720) meson with the quantum
numbers J°© =2+ * and, especially, the ¢(1440) meson
with J€ =0~ * ;.
Jp— v (1440);

(1440)— KKn (JPC = 0~+); (A.10)

— 0 (1720); 0 (1720) > KK; nn; i (JPC = 2++),
(A.11)

For these mesons, the experimental parameter values
S[¢(1440) ] > 60-80 and S[#(1720) ] > 28 distinguish them
among other mesons and are strong arguments for their in-
terpretation as glueballs. Some new data on these states were
presented at the Working Symposium at BNL.

t(1440). A phase-shift analysis was made for the data on
the (A.10) decays obtained with the facilities MARK III
and DM2. These data are consistent with the ¢ (1440) meson
having the quantum numbers J° =0""*, mass
M = 1449 + 4 MeV, and width I" = 66 + 7 MeV (DM2 re-
sult). The main decay channels of the : meson are
¢(1440) ~KK *, 87(6-KK)(50%/50%). The decay
1(1440) —»py may exist. The large probability at the decay
(A.10) and the low bound for the radiative width
I'[¢(1440) - yy] (S, > 60-80) support the interpretation of
the iota meson as a glueball.

6(1720). The 6(1720) meson, which was first discov-
ered in the decays (A.11), was apparently also observed in
the reaction 7~ p—K 3K %n in the MIS spectrometer at
IHEP (at momentum p__ = 40 GeV, Ref. 106) and, even

more clearly, in central collisions in the OMEGA spectrom-
eter in the reaction pp—p,[8(1720) - KK ]ps at initial mo-
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mentum 300 GeV.'’ %

Among the decays of the 8(1720) mesons, the 6 - KK
channels are predominant. On the other hand, the 8(1720)
meson is not observed in the reaction K ~p—KKA (LASS,
MIS at IHEP), and this is evidence against its interpretation
as a meson with the quark structure s5. Thus, the data on the
production and decay of the §(1720) meson suggest that this
state could be a glueball. Note that although for the 6(1720)
meson the quantum numbers J°¢ = 2+ * are the most prob-
able, the values J°© =07 cannot yet be completely ex-
cluded.

A. 6. The E/iota problem

After the first detection of the ¢(1440) meson and its
decay through the channel ¢(1440) - KK in the radiative
process (A.10), the questions arose of the connection be-
tween this pseudoscalar meson (J°© =0~ * ) and a state
with nearly the same mass (and decay): E(1420) —>KI?1T,
which was observed in hadronic processes but at that time
appeared to belong to the axial meson nonet (J*© =1+ *+ ),
However, the quantum numbers of the £(1420) meson were
not determined very reliably. The question of whether there
exist one, two, or an even larger number of states became
known as the E /iota problem. It is intimately related to ex-
periments to clarify the structure of the axial nonet of me-
sons, and also of pseudoscalar radially excited states. In
what follows, to emphasize the difference between the quan-
tum numbers of E and of the iota particle, we shall speak of
pseudoscalar £(1440)/17(1440) and axial-vector
E(1420)/f,(1420) mesons (here, the old notation empha-
sizes the already long established designations of these parti-
cles and of the E /iota problem itself, while the new designa-
tions emphasize their quantum numbers—see Ref. 89).

Searches for the E(1420)/f,(1420) and ¢(1440)/
71(1440) mesons were made in a number of experiments in
many hadronic processes. The earlier results and a corre-
sponding bibliography can be found in the reviews of Ref. 61.
Many new data were presented at the BNL Symposium. We
briefly summarize the main conclusions of the investigation
of the E /iota problem:

a) The E(1420)/f,(1420) meson with J7€ =1+ * is
produced in central-production processes 7~ (p)p
—7~ (p);[KKwlps and, possibly, in collisions
y¥*(Q?#0) -» KK (with tagged virtual photons—see Refs.
109 and 110; b) in 7~ p charge-exchange reactions and in pp
annihilation one observes only states with J7¢ =0-+
[£(1440), 17(1400) and, perhaps, something else]; ¢) in the
reaction K~ p— (KKm)Y in the LASS facility D’(1530)
with J€ = 1* T was detected, but the E(1420) was not
observed; d) in the Lepton-F facility the radiative decay
D(1285) — @y was found, but not the decay E(1420) —@y.
On the basis of all these data, it can be concluded that an
E(1420)/f,(1420) meson with J° = 1 * * does apparent-
ly exist but probably does not belong to the same axial nonet
as the D(1285) meson and is some new and, possible, exotic
state. The D '(1530) does belong to the axial meson nonet.
Overall, the E /iota problem and the question of the nature of
the E(1420) meson have not yet been finally settled despite
studies that have been going on since 1980. Here new and
very serious efforts are needed.
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CONCLUSIONS

Thus, as the discussions at the Working Symposium at
BNL (Glueballs-88) showed, at the present time there are
very serious candidates for the role of exotic mesons (multi-
quark states, hybrids, glueballs). However, the discussions
emphasized the importance of further independent experi-
mental investigations to confirm the already existing data
and to obtain the new information needed to finally establish
the existence of exotic hadrons. Some new experiments in
this direction under preparation at IHEP, BNL, KEK, and
CERN.

A more detailed exposition of the questions discussed in
this Appendix can be found in the review of Ref. 111.

APPENDIX 2. POSSIBLE EXPERIMENTS TO INVESTIGATE
THE NATURE OF THE C(1480) MESON

Study of Coulomb production of the C(1480) ~ meson
[the charged isotopic partner of the C(1480)° discovered in
experiments with the Lepton-F facility]

n- + (Z, A)— C (1480)~ + (2, A); C (1480)"— qn=
(A.12)

could be a decisive experiment for elucidating the nature of
this state. The prospects of using coherent processes of parti-
cle production in the Coulomb field of nuclei at very high
energies in searches for exotic states strongly coupled to the
Vm~ channel (Vis a vector meson) were discussed in Ref.
95 (see Appendix 1).

The cross section of the reaction (A.12) is proportional
to the radiative width T'[C(1480) ~ —#~ ¥], which in
the vector-dominance model (VDM) is related to
I'[C(1480) " w@mr~ ]:

T [C (1480)" — ny] o< [at/(g%/m)] (ky/keg)® T [C (1480)~ — qn7]

= [a/(g}/n)] (ky/kq)® TcBR [C (1480)" — qn7]

=[7,4-10% keV] BR [C (1480)" — @x"]. (A.13)

Here, k,,, k, are the momenta of the photon and ¢ meson for
the corresponding decay channels of the C(1480) meson,
['¢ = 130 + 60 MeV is its total width [see (17)], and g2 /7
~9is the coupling constant of the ¢y transition in the VDM.

The cross section of the Coulomb process (A.12) has
the form

o[C(1480) " @7 ) cou =0 [+ (£, A) — C (1480)"
+(Z, A)] BR[C (1480)" — @n"]
~ 8naZ? (2] ¢ + 1) [M o/ (ME— m2)]?

X BR[C (1480)~ — -] T'[C (1480)" — ¢yl
A
X § lt—taali® P2 02 1081 (a.14)
| tm!n I

Here, |ty | = [M & —mZ |*/4E? is the minimal square of
the momentum transfer, A =1 10~3 GeV? (for the coher-
ent process on lead nuclei), M and J are the mass and spin
of the C(1480), E, is the initial energy of the pion, m,, is its
mass, and F (¢) is the form factor of the target nucleus.

Experiments on Coulomb production of C(1480) ~ me-
sons can be made on lead nuclei at E,. * 150 GeV. The cross
section (A.14) increases logarithmically with increasing
E..  AtE, =500 GeV,
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o[C(1480) ™ @7~ lcou
o~ 1,5.108 ( ub/Pb nucleus) { BR [C (1480)~ — @n~]}2.

(A.15)

Corresponding estimates showed that in experiments of this
type it is possible to observe production of C(1480) -~ me-
sons and measure BR[C(1480) ~ — @] if this branching
ratio exceeds ~0.004. If BR[C(1480) ~ —g@mr~ ]20.1-
0.05, this would be a weighty argument in support of an
exotic interpretation of the C(1480) meson.

" The Lepton-F collaboration: S. I. Bityukov, G.V. Borisov, V. A. Vik-
torov, N. K. Vishnevskii, S. V. Golovkin, R. I. Dzhelyadin, V. A. Doro-
feev, A. M. Zaitsev, A. S. Konstantinov, V. P. Kubarovskil, A. I. Ku-
lyavtsev, V. F. Kurshetsov, L. G. Landsberg, V. V. Lapin, V. A.
Mukhin, Yu. B. Novozhilov, V. F. Obraztsov, Yu. D. Prokoshkin, V. 1.
Solyanik (IHEP), and M. V. Gritsuk (Institute of Theoretical and
Experimental Physics).

) The OZI rule is the Okubo-Zweig-lizuka rule of continuous quark
lines, in accordance with which processes described by diagrams of
quark-annihilation type must be strongly suppressed.

» The Letpon-G collaboration: V. A. Viktorov, S. V. Golovkin, R. L
Dzhelyadin, A. M. Zaitsev, V. A. Kachanov, A. S. Konstantinov, V. F.
Konstantinov, V. P. Kubarovskii, A. V. Kulik, L. G. Landsberg, V. M.
Leont’ev, V. A. Mukhin, V. F. Obraztsov, T. I. Petrunina, Yu. D. Pro-
koshkin (IHEP), and M. V. Gritsuk (Institute of Theoretical and Ex-
perimental Physics).

*)The question of the possible breaking of isotopic invariance in the
C(1480) — @° decay will be considered below (see Sec. 1.10).

%) It should be noted that the value of BR (p'—K *K) is not given in the
original papers. It was obtained in the table of Ref. 27 for a certain
normalization but was based for some reason on the preliminary result
of Ref. 32. The original numbers in the last study®® on
et e~ —p'= K *K are two times lower than these preliminary results.

©) On the question of mixing in the wave function of the C(1480) meson,
see Ref. 42.

M Ifp is two states p| and p; (Ref. 28), the estimate (42) may be some-
what changed.

® For a discussion of the E /iota problem, see, for example, the reviews of
Ref. 61, and also the Appendix.

) General questions relating to investigations of radiative decays of me-
sons are discussed in the reviews of Refs. 15, 16, and 68.

19 The designation “D(1285)” means that this state with the mass and
width of the D(1285) meson is observed in the spectrum of effective
masses, but its quantum numbers have not been reliably determined.
Therefore, the corresponding data on |a,, | are preliminary.

') The physics of conversion decays is discussed in Sec. 5.2.

'2) For the neutral mesons 4 and B, the single-photon transitions (78) are
possible if the charge parities of 4 and B have opposite signs.

'3 Glueballs, Hybrids and Exotic Hadrons (Upton, New York, (1988);
Particles and Fields, edited by Suh-Urk Chung) (New York, 1989),
Ser. 36.

') Here, n, and ng denote the fast and slow particles in the laboratory
system [for central production of the investigated systems—in the giv-
encase, (p* p*)].

') In the reaction (A.3), charged meson resonances with J* =1~ and
I =1~ were sought. The quantum numbers J°© = 1~ * character-
ize neutral mesons belonging to the same isotopic triplets.

16) See the review of Ref. 105, which gives a corresponding bibliography.

'S. I. Bityukov, V. A. Viktorov, N. K. Vishnevskii et al., Yad. Fiz. 38,
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