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Abstract

Ž 0. 0 X X XThe reactions pp™p X p , where X is observed decaying to hh and hh , have been studied at 450 GeVrc. This isf s

the first time that these channels have been observed in central production and only the second time that the h
X
h

X channel has
X Ž .been observed in any production mechanism. In the hh channel there is evidence for the f 1500 and a peak at 1.95 GeV.0

The h
X
h

X channel shows a peak at threshold which is compatible with having J PCs2qq and spin projection J s0. q 2000Z
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The hh, hh
X and h

X
h

X channels are considered to
be promising places to look for glueballs since it is
thought likely that glueballs will decay with the

X w xemission of hs and h s 1 . Central production is
proposed as a good place to search for glueballs via

Ž . w xDouble Pomeron Exchange DPE 2 . However, to
date, only the hh channel has been studied in this

w x X Xproduction mechanism 3 . In fact the hh channel
has only ever been observed once and that was by
the VES experiment in the reaction pyp ™h

X
h

X n
w xwhere they observed 14 events 4 .

In this paper a study is presented of the hh
X and

h
X
h

X final states formed in the reaction

pp™p X 0 p 1Ž . Ž .f s

at 450 GeVrc. The data come from the WA102
experiment which has been performed using the
CERN Omega Spectrometer, the layout of which is

w xdescribed in Ref. 5 .
Ž . 0 XReaction 1 , with X being the hh final state

has been isolated using the following decay modes:

h™gg h
X ™hpqpy,h™gg

X q y q y 0h™gg h ™hp p ,h™p p p

Xq y 0 q yh™p p p h ™hp p ,h™gg

X 0 0 q yh™gg h ™r 770 g ,r 770 ™p pŽ . Ž .
Other decay modes are possible but they have been
found either to have too much combinatorial back-
ground or have too few events due to the small
branching fraction of the h

X. The above decay modes
0Ž .account for 26.5 % of the total. The r 770 is

observed decaying to pqpy and is selected by
Ž q y.requiring 0.7FM p p F0.84 GeV.

Ž .Fig. 1a shows a scatter plot of M gg against
Ž q y.M hp p with h™gg which has been extracted

from the sample of events having two outgoing
central charged tracks and four g s reconstructed in
the GAMS-4000 calorimeter using momentum and
energy balance. A clear signal of the hh

X channel
can be observed. Fig. 1e shows the gg mass spec-
trum if the hpqpy is compatible with being an h

X

Ž Ž q y. .0.9FM hp p F1.02 GeV where a clear h sig-
nal can be observed. Fig. 1f shows the hpqpy mass
spectrum if the gg is compatible with being an h

Ž Ž . . X0.45FM gg F0.65 GeV where a clear h signal
can be observed. The hh

X final state has been se-
lected using the mass cuts described above.

X . Ž .Fig. 1. Selection of the hh final state. a M gg versus
Ž q y . . Ž . Ž q y .M hp p with h™gg , b M gg versus M hp p with

q y 0 . Ž q y 0 . Ž q y .h™p p p , c M p p p versus M hp p with h™gg ,
. Ž . Ž q y . 0Ž . . Ž .d M gg versus M hp p with h™ r 770 g , e M gg if

Ž q y . . Ž q y .0.9F M hp p F1.02 GeV and f shows the M hp p if
Ž .0.45F M gg F0.65 GeV.

Ž .Fig. 1b shows a scatter plot of M gg against
Ž q y. q y 0M hp p with h™p p p for the sample of

events having four outgoing central charged tracks
and four g s reconstructed in the GAMS-4000
calorimeter after imposing momentum and energy
balance. A clear signal of the hh

X channel can be
observed. The hh

X final state has been selected by
Ž .requiring that the 0.45FM gg F0.65 GeV and

Ž q y.0.9FM hp p F1.02 GeV. Fig. 1c shows a scat-
Ž q y 0. Ž q y.ter plot of M p p p against M hp p with

h™gg for the the sample of events having four
outgoing central charged tracks and four g s recon-
structed in the GAMS-4000 calorimeter after impos-
ing momentum and energy balance. A signal of the
hh

X channel can be observed. The hh
X final state has

been selected by requiring that the 0.5 F
Ž q y 0. Ž q y.M p p p F0.6 GeV and 0.9FM hp p F
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Ž .1.02 GeV. Fig. 1d shows a scatter plot of M gg

Ž 0Ž . .against M r 770 g for the the sample of events
having two outgoing central charged tracks and three
g s reconstructed in the GAMS-4000 calorimeter af-
ter imposing momentum and energy balance. A sig-
nal of the hh

X channel can be observed. The hh
X

final state has been selected by requiring that the
Ž . Ž 0Ž . .0.45FM gg F0.65 GeV and 0.9FM r 770 g

F1.02 GeV.
The background varies from 30 % to 50 % depen-

dent on the decay topology. The total background in
the combined hh

X mass spectrum is 38 % of the
data. In order to determine the effect of this back-
ground events that have the same final state particles
but do not balance momentum have been studied.
There is no signal for the h or h

X in the correspond-
ing mass spectra but the distributions do represent
the background in the data quite well. The effect of
this background in the hh

X mass spectrum is a
smooth distribution that reaches a maximum at 1.8
GeV.

The resulting hh
X mass spectra from each channel

are very similar and the combined mass spectrum is

. . XFig. 2. a and b the hh mass spectrum with fit described in the
Ž . . Ž . .text. The cos u distribution a for the f 1500 region and b for0

the 1.95 GeV region.

shown in Fig. 2a and consists of 872 events. The
mass spectrum has a threshold enhancement and a
shoulder around 1.95 GeV. In previous analyses of

X w x w xthe hh system by Crystal Barrel 6 and NA12 7
this threshold has been interpreted as being due to

Ž .the f 1500 .0

In order to determine the spin of the hh
X system,

an analysis has been performed assuming that the
hh

X system is produced by the collision of two
Ž .particles referred to as exchanged particles emitted

by the scattered protons. The z axis is defined by the
momentum vector of the exchanged particle with the
greatest four-momentum transferred in the hh

X centre
of mass. The y axis is defined by the cross product
of the two exchanged particles momenta in the pp
centre of mass. The two variables needed to specify
the decay process were taken as the polar and az-

Ž . Ximuthal angles u , f of the h in the hh centre of
mass relative to the coordinate system described
above.

Ž .Fig. 2c shows the acceptance corrected cos u

Ž .distribution for the f 1500 region. The distribution0

is flat as would be expected for a spin 0 particle. A
fit has been performed to the mass spectrum using a

w x Ž .Flatte like formula 8 to describe the f 1500 , a´ 0

Breit-Wigner to describe the shoulder at 1.95 GeV
Ž .b Žand a background of the form a mym exp ycmth

2 . X Xydm , where m is the hh mass, m is the hhth

threshold mass and a, b, c, d are fit parameters. The
resulting fit is shown in Fig. 2a and gives sheet II

w x Ž .pole positions 9 for the f 1500 of0

f 1500 Ms 1515"12 y i 55"12 MeVŽ . Ž . Ž .0

w xThese parameters are consistent with the PDG 10
Ž .values for the f 1500 . For the peak at 1.95 GeV0

the fit gives

Ms1934"16 MeV, Gs141"41 MeV
These parameters are similar to those found in the

X w xhh final state by the NA12 experiment 11 which
they claimed may have an exotic nature. The PDG
w x10 have listed this observation with a state seen
with similar mass and width in the vv final state
which has been found to have J P C s2qq. This state

Ž . w xis called the X 1910 by the PDG 10 . The back-
ground distribution found from the fit is similar in
size and shape to that which was determined by
using events that do not balance momentum de-
scribed above.
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In order to try to learn more about the spin of the
peak at 1.95 GeV, the hh

X mass spectrum has been
Ž .fitted in four intervals of cos u and the number of

events in each bin determined from the fit. The
Ž .resulting cos u distribution is shown in Fig. 2d.

Superimposed on the distribution are the three spin
hypotheses which best describe the data. The solid
curve represents a J P C s0qq state, the dashed curve

P C yq < <a J s1 with spin projection J s1 and theZ
P C qq < <dotted curve a J s2 with spin projection JZ

s2. All other spin projections can be discounted. It
should be noted that no evidence has previously been
found in central production for a resonance with spin

< <projection J s2. Further information will comeZ

from an analysis of the centrally produced vv sys-
tem which is in progress.

It is possible to decrease the x 2rNDF of the fit to
the mass spectrum from 16r15 to 10r12 by intro-
ducing a third Breit-Wigner in the 2.4 GeV region.
The resulting parameters for this Breit-Wigner are
Ms2369"10 MeV, Gs52"31 MeV. If this were
interpreted as a resonance it could be due to the
Ž .f 2340 which has been observed in the centrally2

w xproduced ff final state 12 .
In previous analyses a study has been made of

how different resonances are produced as a function
of the parameter dP , which is the difference in theT

transverse momentum vectors of the two exchange
w xparticles 5 , and of the azimuthal angle f which is

defined as the angle between the p vectors of theT

two outgoing protons.
In order to learn more about the resonances pro-

duced in the hh
X channel a study has been made of

the dP and f dependences. These dependences areT

consistent with the threshold region being due to the
Ž . w xf 1500 13 .0

Correcting for the unseen decay modes and the
effects of the detector the branching ratio of the
Ž . Xf 1500 to hh rpp is determined to be 0.095 "0

0.026, consistent with the value that is derived from
w xthe PDG 10 of 0.066 " 0.033.

After taking into account the background, correct-
ing for geometrical acceptances, detector efficien-
cies, losses due to cuts and unseen decay modes, the

X 'cross-section for the hh channel at s s29.1 GeV
< < Ž X .in the x interval x F0.2 is s hh s145 " 18F F

nb. Above the h
X
h

X threshold the cross section is 53
" 10 nb.

The remainder of this paper describes the h
X
h

X

Ž . 0 X Xchannel. Reaction 1 , with X being the hh final
state has been isolated using the following decay
modes:

h
X ™r 0 770 g h

X ™r 0 770 gŽ . Ž .
X X0 q yh ™r 770 g h ™hp p ,h™ggŽ .

X Xq y q yh ™hp p ,h™gg h ™hp p ,h™gg

Other decay modes are possible but they have been
found either to have too much combinatorial back-
ground or have too few events due to the small
branching fraction of the h

X. The above decay modes
account for 22.4 % of the total.

Ž 0Ž . .Fig. 3a shows a scatter plot of M r 770 g

Ž 0Ž . .against M r 770 g which has been extracted from
the sample of events having four outgoing central

X X . Ž 0Ž . .Fig. 3. Selection of the hh final state. a M r 770 g versus
Ž 0Ž . . . Ž 0Ž . .M r 770 g , b the M r 770 g distribution if the other
Ž 0Ž . . X .M r 770 g distribution is compatible with being an h . c
Ž q y . Ž 0Ž . . . Ž 0Ž . .M hp p versus M r 770 g , d the M r 770 g distribu-

Ž q y . X .tion if M hp p distribution is compatible with being an h . e
Ž q y . Ž 0Ž . .the M hp p distribution if M r 770 g distribution is com-

X . Ž q y . Ž q y .patible with being an h . f M hp p versus M hp p and
. Ž q y . Ž q y .g the M hp p distribution if the other M hp p is com-

patible with being an h
X.
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charged tracks and two g s reconstructed in the
GAMS-4000 calorimeter using momentum and en-
ergy balance. A clear signal of the h

X
h

X channel can
0Ž .be observed. Fig. 3b shows the r 770 g mass

0Ž .spectrum if the other r 770 g mass is compatible
X Ž Ž 0Ž . . .with being an h 0.9FM r 770 g F1.02 GeV

where a clear h
X signal can be observed. The h

X
h

X

final state has been selected using the mass cuts
described above.

Ž 0Ž . .Fig. 3c shows a scatter plot of M r 770 g

Ž q y.against M hp p with the h decaying to gg which
has been extracted from the sample of events having
four outgoing central charged tracks and three g s
reconstructed in the GAMS-4000 calorimeter using
momentum and energy balance. A clear signal of the
h

X
h

X channel can be observed. Fig. 3d shows the
0Ž . q yr 770 g mass spectrum if the hp p mass is

X Ž Ž q y.compatible with being an h 0.9FM hp p F
. q y1.02 GeV and Fig. 3e shows the hp p mass

0Ž .spectrum if the r 770 g mass is compatible with
being an h

X. In both cases a clear h
X signal can be

observed. The h
X
h

X final state has been selected using
the mass cuts described above.

Ž q y.Fig. 3f shows a scatter plot of M hp p against
Ž q y.M hp p with both hs decaying to gg which has

been extracted from the sample of events having four
outgoing central charged tracks and four g s recon-
structed in the GAMS-4000 calorimeter using mo-
mentum and energy balance. A clear signal of the
h

X
h

X channel can be observed. Fig. 3g shows the
hpqpy mass spectrum if the other hpqpy mass is

X Ž Ž q y.compatible with being an h 0.9FM hp p F
. X1.02 GeV where a clear h signal can be observed.

The h
X
h

X final state has been selected using the mass
cuts described above.

The background varies from 23 % to 55 % depen-
dent on the decay topology. The total background in
the combined hh

X mass spectrum is 36 % of the
data. In order to determine the effect of this back-
ground events that have the same final state particles
but do not balance momentum have been studied.
There is no signal for the h

X in the corresponding
mass spectra but the distributions do represent the
background in the data quite well. The effect of this
background in the h

X
h

X mass spectrum is a smooth
distribution that reaches a maximum at 2.2 GeV.

The resulting h
X
h

X mass spectra from each channel
are very similar and the combined mass spectrum

consists of 166 events and is shown in Fig. 4a in 40
MeV bins and in Fig. 4b in 80 MeV bins. The mass
spectrum has a peak around 2 GeV.

Ž .Fig. 4c shows the acceptance corrected cos u

distribution for the 2 GeV region. The distribution is
not flat. Superimposed on the distribution is the
result of a fit to the distribution of the form aq
Ž 2 .2b 3r2cos uy1r2 representing what would be ex-

pected for a spin 2 particle with spin projection
J s0 and a flat background. The fit well reproducesZ

the data and gives as1.5 and bs9.0.
A fit has been performed to the mass spectrum

using a Breit-Wigner to describe the 2 GeV region
Ž .b Žand a background of the form a mym exp ycmth

2 . X X X Xydm , where m is the hh mass, m is the hhth

threshold mass and a, b, c, d are fit parameters. The
fit results in Ms2007"24 MeV, Gs90"43
MeV. Based on the mass and width of this state and
taking into account the h

X
h

X threshold this peak could
Ž .be described as being due to the X 1910 observed

in the hh
X channel. However the spin projection

Ž .found for the X 1910 is completely different.

. . X XFig. 4. a and b the hh mass distribution with fit described in
. Ž . .the text. c The cos u distribution for the 1.9–2.1 GeV region. d

the f distribution for the h
X
h

X channel.
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The broad distribution, described as the back-
ground above, is compatible in shape with what

Ž .would be expected from the f 1950 observed de-2
Ž .caying to f 1270 pp which also has possible ff2

) ) w xand K K decay modes 12 . In order to see if the
Ž . X Xf 1950 does have an hh decay mode a study has2

been made of the dP and f dependences of the h
X
h

X

T

channel. The fraction of h
X
h

X events has been calcu-
lated for dP F0.2 GeV, 0.2FdP F0.5 GeV andT T

dP G0.5 GeV and gives 0.10 " 0.03, 0.44 " 0.05T

and 0.46 " 0.05 respectively. This results in a ratio
of production at small dP to large dP of 0.22 "T T

Ž .0.07. The azimuthal angle f between the p vec-T

tors of the two protons is shown in Fig. 4d. Both the
dP and f distributions are different to what wasT

Ž . w xobserved for the f 1950 12 and hence would2

suggest that the h
X
h

X channel is not mainly due to the
Ž .f 1950 .2

After taking into account the background, correct-
ing for geometrical acceptances, detector efficien-
cies, losses due to cuts, and unseen decay modes, the

X X 'cross-section for the hh channel at s s29.1 GeV
< < Ž X X .in the x interval x F0.2 is s hh s146"24F F

nb.
In summary, a study of the hh

X and h
X
h

X channels
has been performed for the first time in central
production. The h

X
h

X channel has been observed with
more than a factor of 10 times the statistics of the
only other previous observation of this channel in

w x Xany production mechanism 4 . In the hh channel
Ž .there is evidence for the f 1500 and a peak at 1.950

GeV. The h
X
h

X channel shows a peak at threshold
which is compatible with having J P C s2qq and
spin projection J s0.Z
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