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Abstract

A narrow dip structure has been observed at 1.9 GeV/c2 in a study of di�ractive
photoproduction of the 3�+3�� �nal state performed by the Fermilab experiment
E687.

1. Introduction.

The Fermilab Experiment 687 collaboration has collected a large sample
of high-energy photoproduction events, recorded with the E687 spectrometer
[1][2] during the 1990/91 �xed-target runs at the Wideband Photon beam-
line at Fermilab. Although the experiment is focussed on charm physics, a
very large sample of di�ractively photoproduced light-meson events was also
recorded. This paper reports on a study of the di�ractive photoproduction
of the 3�+3�� �nal state and the observation of a narrow dip in the mass
spectrum at 1.9 GeV/c2.

2. E687 spectrometer

In E687, a forward multiparticle spectrometer is used to measure the inter-
actions of high-energy photons on a 4-cm-thick Be target. It is a large-aperture,
�xed-target spectrometer with excellent vertexing, particle identi�cation, and
reconstruction capabilities for photons and �0's. The photon beam is derived
from the Bremsstrahlung of secondary electrons of � 300 GeV endpoint en-
ergy, which were produced by the 800 GeV/c Tevatron proton beam. The
charged particles emerging from the target are tracked by a system of twelve
planes of silicon microstrip detectors arranged in three views. These provide
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Fig. 1. Distribution of 3�+3�� invariant mass after applying a cut on the total
energy deposited in the calorimeters with respect to the total energy in the
spectrometer.

high-resolution separation of primary (production) and secondary (charm de-
cay or interaction) vertices. The momentumof a charged particle is determined
by measuring its de
ections in two analysis magnets of opposite polarity with
�ve stations of multiwire proportional chambers. Three multicell threshold
�Cerenkov counters are used to discriminate between pions, kaons, and pro-
tons. Photons and neutral pions are reconstructed by electromagnetic (EM)
calorimetry. Hadron calorimetry and muon detectors provide triggering and
additional particle identi�cation.

3. Event Selection

Pions are produced in photon interactions in the Be target. The data acqui-
sition trigger requires a minimumenergy deposition in the hadron calorimeters
located behind the electromagnetic calorimeters and at least three charged
tracks outside the pair region. The microstrip system and the forward spec-
trometer measure the 6� �nal state (in this paper, 6� refers to the 3�+3��

state) with a mass resolution � = 10 MeV=c2 at a total invariant mass of about
2 GeV/c2. It is required that a single six-prong vertex be reconstructed in the
target region by the microstrip detector, with a good con�dence level. Such
a requirement rejects background due to secondary interactions in the target.
Exclusive �nal states are selected by also requiring that the same number
of tracks be reconstructed in the magnetic spectrometer. The six microstrip
tracks and the six spectrometer tracks are required to be linked, with no am-
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Fig. 2. Tranverse momentum squared distribution showing the di�ractive peak.

biguity in associating the microstrip and spectrometer tracks. Events with
particles identi�ed by the �Cerenkov system as de�nite electrons, kaons, or
protons, or as kaon/proton ambiguous are eliminated and at least four out of
six particles have to be positively identi�ed as ��. Particle identi�cation is
tested by assuming that one or two out of the six tracks is a K�, by comput-
ing all two-track invariant mass combinations, and verifying that there is no
evidence of a peak at the K� or at the � mass. We eliminated �nal states with
�0's by rejecting events with visible energy in the electromagnetic calorime-
ters that was not associated with the charged tracks. A cut in this variable
(Ecal=E6� � 5%) is applied on the calorimetric neutral energy normalized
to the six-pion energy measured in the spectrometer. The distribution of the
six-pion invariant mass after these cuts is shown in Fig. 1. The plot shows a
structure at 1.9 GeV/c2. In the following, only the 6� mass region around this
structure will be analyzed.

For di�ractive reactions at our energies, the square of the four-momentum
transfer t can be approximated by the square of the total transverse momen-
tum P 2

T of the di�ractively produced hadronic �nal state. Using this de�ni-
tion, the P 2

T distribution of di�ractive events, Fig. 2, is well described by two
exponentials: a coherent contribution with a slope bc = 54�2 (GeV/c)�2 con-
sistent with the Be form factor [3] and an incoherent contribution with a slope
bi = 5:10� 0:25 (GeV/c)�2. Taking only events with P 2

T � 0:040 GeV2=c2, we
evaluated a contamination of about 50% from nondi�ractive events. This in-
coherent contribution shows no structure in the 1.2�3.0 GeV/c2 mass range,
Fig. 3. The di�ractive mass distribution was obtained by subtracting this con-
tribution, parametrized by a polynomial �t, and dividing the yield by the
detection e�ciency.
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The detection e�ciency was computed by modeling di�ractive photopro-
duction of a mass M, using the experimentally found slope bc, and simu-
lating the decay M! 6� according to phase space [4]. There is no thresh-
old or discontinuity for the e�ciency, particularly in the region of the dip
structure. At 1:9 GeV=c2, the (self-normalized relative) e�ciency A varied as
dA/A/dM6� = 0.15/ GeV=c2. The e�ciency and the e�ciency-corrected dis-
tribution of the six-pion invariant mass for di�ractive events, in the mass range
1.4�2:4 GeV=c2, are shown in Fig. 4. There no evidence, albeit with large com-
binatorial backgrounds, for resonance substructure, e.g., �0 ! �+��, in the 6�
data belowM6� = 2:0 GeV=c2, either at the mass region of the dip or in nearby
sidebands. Similarly, the e�ciency or acceptance exhibited no threshold, edge,
or discontinuity over the entire mass region observed, when the six pion state
was simulated as a sequence of decays of intermediate two-body resonances,
for example a+1 +a�1 ! (�0�+)+(�0��)! (�+���+)+(�+����), even under
extreme assumptions of full longitudinal or transverse polarizations for the
initial state.

The presence of a dip at 1.9 GeV/c2 was veri�ed by several systematics
checks. A Monte Carlo simulation of D0 ! �+���+���+�� photoproduc-
tion was performed to check whether this could produce a bump at � 1.85
GeV/c2 in the selection of di�ractive 3�+3�� photoproduction that could
simulate a dip nearby. Simulation showed that the detection e�ciency for
D0 ! �+���+���+��, once our event selection criteria were applied, is neg-
ligible. It was also checked that demanding more stringent cuts (i.e., requir-
ing that all six particles be identi�ed as ��, applying a sharper cut on the
calorimeter neutral energy, or subtracting the incoherent contribution bin by
bin) increases the statistical errors without signi�cantly a�ecting the behavior
shown in Fig. 3.

A three-parameter polynomial �t was performed, solid line in Fig.4, to ex-
plore the hypothesis that any structure in this distribution is a statistical 
uc-
tuation. The normalized residual distribution, evaluated for each 10-MeV/c2

bin, is good in the full invariant mass range (Fig.5: left), with the exception
of the interval centered at 1.9 GeV/c2, the region of the claimed dip, where a
poor � 10�3 con�dence level interval (Fig. 5: right), is obtained, making it
highly unlikely that the observed dip is a statistical 
uctuation. Incoherently
adding a Breit-Wigner to the �t does not improve the �t quality much, dashed
lines in Fig. 4 and Fig. 5.

4. Fitting the six-pion invariant mass distribution

Because of the narrow width, the E687 spectrometer mass resolution, � =
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a Gaussian. A �t similar to the following one is used to obtain r(x)
00

from the
unfolded data. The data after unfolding are shown in Fig. 6.

The dip structure at 1.9 GeV/c2 has been characterized by a two-component
�t, adding coherently a relativistic Breit-Wigner resonance to a di�ractive
continuum contribution. The continuum probability distribution FJS(M) has
been modeled after a Jacob-Slansky di�ractive parameterization[6], plus a
constant term c0

FJS(M) = f2JS(M) = c0 + c1
e

��

M�M0

(M �M0)2��

The Jacob-Slansky model is based on probabilities, rather than amplitude
phenomenology, and speci�cally has no prescription as to how the complex
phase of the continuum distribution varies with mass. The Jacob-Slansky am-
plitude fJS(M) is assumed to be the purely real (�JS � 0) square root of the
probability function FJS(M). For the �t, a relative phase factor ei�, indepen-
dent of mass, and a normalizing factor ar multiplied a relativistic Breit-Wigner
resonance term, giving the overall amplitude

A(M) = fJS(M) + ar
�Mr�ei�

M2 �M2
r + iMr�

Fit results are shown in Table 1 and in Fig. 6 for a �tted mass range from
1.65 to 2.15 GeV/c2, symmetric with respect to the dip. Quantities shown
are the mass and width of the resonance, the amplitude ratio ar=fJS(Mr)
between the Breit-Wigner function and the Jacob-Slansky continuum, the
relative phase and the �2/dof. The Jacob-Slansky parameters for that one

8



Table 1
Fit results for a mass range from 1.65 to 2.15 GeV=c2

Mr (GeV/c
2) 1:911� 0:004

� (MeV/c2) 29� 11

ar=fJS(Mr) 0:31� 0:07

� (deg.) 62� 12

�2/dof 1.1

M0 (GeV/c
2) 1:49� 0:02

c0 (GeV/c
2)�1 0� 50

c1(GeV/c
2)1�� 960� 80

� (GeV/c2) 0:5� 0:3

� 1:8� 0:2

mass range are also given. Fit values show consistent evidence for a narrow
resonance at Mr = 1.911 � 0.004 � 0.001 GeV/c2 with a width � = 29 � 11 �
4 MeV/c2, where the errors quoted are statistic and systematic, respectively.
The �t values shown in Fig. 6 and represented by the parameters of Table 1
are stable with acceptable �2=dof over varying mass ranges from 1.65 to 2.3
GeV/c2. We quote as systematic error the sample variance of the �t values due
to our choice of �t mass range. The quality of the �t deteriorates somewhat
as the upper limit of the �t for this simple model is extended from 2.1 to
3:0 GeV=c2. However, the only �t parameter that is a�ected is the width,
which varies from 29 � 11MeV=c2 to 40 � 20MeV=c2.

The dip structure is reminiscent of what was observed in e+e� annihilation
[7] [8]. The mechanism by which a narrow resonance may interfere destruc-
tively with a continuum, or a broad resonance, could be similar to the one
described in [9], in a di�erent context. Vector qq hybrids are predicted at �
1.9 GeV/c2 according to the 
ux tube model [10] [11]. A hybrid is expected to
have a small, but not vanishing, e+e� width and a total width constrained by
decay selection rules [12]. Vector glueballs are expected at higher masses, ac-
cording to the bag model and to lattice calculations[13][14]. Narrow resonances
have also been predicted near the NN region, but have never been conclu-
sively found [15][16][17][18][19]. These resonances should also be observed as
a steep variation in the nucleon time-like form factor[20] [21].

5. Conclusions

The di�ractive photoproduction of 3�+3�� has been studied by E687.

9



0

1
0

0

2
0

0

3
0

0

4
0

0

5
0

0

6
0

0

7
0

0

1
.5

1
.6

1
.7

1
.8

1
.9

2
2

.1
2

.2
2

.3
2

.4
M

6
π (G

e
V

/c
2)

(Events/Acceptance)/10MeV/c2

F
ig.

6.
A
ccep

tan
ce-corrected

d
istrib

u
tion

of
3
�
+
3
� �

in
varian

t
m
ass

for
d
i�
ractiv

e
even

ts.
T
h
e
m
ass

reso
lu
tion

h
as

b
een

u
n
fold

ed
.
F
it
p
aram

eters
are

listed
in

T
a
b
le
1.

E
v
id
en
ce

h
as

b
een

fou
n
d
for

a
n
arrow

stru
ctu

re
n
ear

M
6
�
=

1.9
G
eV

/c
2.
If

th
is
d
ip
is
ch
aracterized

as
th
e
d
estru

ctiv
e
in
terferen

ce
of
a
reson

an
ce

w
ith

th
e

con
tin

u
u
m

b
ack

grou
n
d
,
th
en

th
e
p
aram

eters
of

th
is
reson

an
ce

w
ou
ld

b
e
M

r

=
1.911

�
0.004

�
0.001

G
eV

/c
2,
w
ith

�
=
29
�

11
�

4
M
eV

/c
2.
T
h
ere

is
little

u
n
d
erstan

d
in
g
of

th
e
sp
eci�

c
m
ech

an
ism

resp
on
sib

le
for

th
is
d
estru

ctive
in
terferen

ce.
In

ord
er

to
facilitate

ad
d
ition

al
p
h
en
om

en
ological

stu
d
ies,

th
e

d
ata

p
oin

ts
of

F
ig.

6
are

availab
le
[22].

W
e
w
ou
ld
lik
e
to
th
an
k
th
e
sta�

s
of
F
erm

iN
ation

alA
ccelerator

L
ab
oratory,

IN
F
N
of
Italy,an

d
th
e
p
h
y
sics

d
ep
artm

en
ts
of
th
e
collab

oratin
g
in
stitu

tion
s
for

th
eir

assistan
ce.

T
h
is
research

w
as

p
artly

su
p
p
orted

b
y
th
e
U
.
S
.
D
ep
artm

en
t

of
E
n
ergy,th

e
U
.S
.N

ation
alS

cien
ce
F
ou
n
d
ation

,th
e
Italian

Istitu
to
N
azion

ale
d
i
F
isica

N
u
cleare

an
d
M
in
istero

d
ell'U

n
iv
ersit�a

e
d
ella

R
icerca

S
cien

ti�
ca

e
T
ecn

ologica,
th
e
B
razilian

C
on
selh

o
N
acion

al
d
e
D
esen

volv
im

en
to
C
ien

t���
co

e
T
ecn

ol�ogico,
C
O
N
A
C
y
T
-M

�ex
ico,

th
e
K
orean

M
in
istry

of
E
d
u
cation

,
an
d
th
e

K
orean

S
cien

ce
an
d
E
n
gin

eerin
g
F
ou
n
d
ation

.

1.
P
.L
.
F
rab

etti
et

a
l.
(E
687

C
oll.),

N
u
cl.

In
stru

m
.
M
eth

.
A

3
2
0
,
519

(1992).
2.

P
.L
.
F
rab

etti
et

a
l.,

N
u
cl.

In
stru

m
.
M
eth

.
A
3
2
9
,
62

(1993).
3.

C
.W

.
D
e
Jager,

H
.
D
e
V
ries,

an
d
C
.
D
e
V
ries,

A
tom

.
D
ata

an
d
N
u
cl.

D
ata

T
ab
les

3
6
(1987)

495.
4.

F
.
Jam

es,
G
E
N
B
O
D
N
-B
od
y
M
on
te-C

arlo
E
ven

t
G
en
erator,

C
E
R
N
C
om

-
p
u
ter

C
en
tre

P
rogram

L
ib
rary.10



5. E. Sj�ntoft, Nucl. Instrum. Meth. 163 (1979) 519.
6. M. Jacob and R. Slansky, Phys. Lett. B 37 (1971) 408, and Phys. Rev.

D 5 (1972) 1847.
7. R. Baldini et al., reported at the "Fenice" Workshop, Frascati(1988).
8. A.B. Clegg and A. Donnachie, Z.Phys. C 45 (1990) 677.
9. P.J. Franzini and F.J. Gilman, Phys.Rev. D 32 (1985) 237.
10. N. Isgur and J. Paton, Phys.Rev. D 31 (1985) 2910.
11. T. Barnes, F.E. Close, and E.S. Swanson, Phys.Rev. D 52 (1995) 5242.
12. P. Page, E.S. Swanson, and A.P. Szczepaniak, Phys. Rev. D 59 (1999)

034016.
13. G.S. Bali et al., UKQCD Collaboration, Phys. Lett. B 309 (1993) 378.
14. C. Morningstar and M. Peardon, Phys. Rev. D 60 (1999) 034509.
15. C.B. Dover, Proc. 4th Int. Symp. on NN Int., Syracuse (1975).
16. I.S. Shapiro, Phys.Rep. 35 (1978) 129.
17. R.L. Ja�e, Phys.Rev. D 17 (1978) 1444.
18. C.B. Dover and J.M. Richard, Ann. Phys. 121 (1979) 70.
19. F. Myhrer and A.W. Thomas, Phys. Lett. B 64 (1976) 59.
20. G. Bardin et al., Phys. Lett. B 255 (1991) 149.
21. A. Antonelli et al., Nucl. Phys. B 517 (1998) 3.
22. Preprint hep-ex/0106029.

11

http://xxx.lanl.gov/abs/hep-ex/0106029

