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In two series of high-resolution coincidence experiments at the three-spectrometer facility at MAMI, the
H(e,e’7")X and ?H(e,e’'p)X reactions were studied to search for narrow nucleon resonances below pion
threshold. The missing-mass resolution was 0.6—1.6 M&¥ll width at half maximum in the proton experi-
ment and 0.9-1.3 Me\¢? in the deuteron experiment. The experiments covered the missing-mass region from
the neutron mass up to about 1050 and 1100 Mé\Wespectively. None of our measurements showed a signal
for narrow resonances to a level of down to f@vith respect to the neutron peak in the missing-mass spectra.

DOI: 10.1103/PhysRevC.67.065204 PACS nuniderl4.20.Gk, 12.38.Qk

[. INTRODUCTION Recently, there have been two experiments reported in the
literature, one performed at the SATURNE synchrotron in
It is an important issue of modern experiments in hadrorSaclay and the other at the INR in Moscow, which claimed
physics to provide significant information on the manifesta-the observation of excited states of the nucleon below pion
tions of QCD. As is well known(see, e.g., Ref[1]), the threshold[2,3]. Tatischeffet al. utilized the Hfp,p’ 7*)X
description of the experimentally observed baryon excitatiorreaction to measure the invariant-mass spectrum of the miss-
spectrum in terms of the colorless three-quagk)(configu-  ing nucleor(2]. They claimed to have found resonance states
ration within the various quark models has been quite sucat My=1004, 1044, and 1094 MeV¥?, with a statistical
cessful. Moreover, QCD allows for exotic structures such asignificance of up to 17 standard deviations. However, the
multiquark configurations, glueballs, and hybrids. Suchmissing-mass resolution of this experiment was limited and
states are mainly expected in the mass region aboveanged from 7 to 25 Me\W? [full width at half maximum,
1.5 GeVE?. It is one of the irritating facts, however, that (FWHM)]. Very recently, Tatischefkt al. reported further
already theg® description predicts far more resonance stateshe observation of additional states at 1136, 1173, 1249,
than experimentally observed. Thus, the search for missing277, 1384, and possibly 1339 Me&#/ using the
resonances is one of the major concerns of hadron experid(p,p’ 7*)X, ?H(p,p’p)X, and H(,p’p) reactiong4].
ments. On the other hand, the existing low-lying states Filkov etal. [3] found resonance structures in the
(nucleon,A, N*) are well accounted for within the three- 2H(p,p’p)X reaction in the spectra of the invariant masses
quark picture and neither QCD-inspired calculations at lowM ,x as well asMx and claimed the observation of “super-
momentum and close to the chiral linfite., chiral perturba- narrow” dibaryons (SND) at M x=1904, 1926, and
tion theory nor perturbative QCD in the high-momentum 1942 MeVk?. The additionally observed resonance struc-
regime predict states below or close to pion threshold. Itures atM =966, 986, and 1003 Me¢/ differ from those
such low-lying states did exist, configurations beyond thereported inM ,x by about one nucleon mass. They were in-
naiveq® picture would be required for an explanation. terpreted to be either genuine, i.e., SNBp+ X, or to result
Since the strong decay via pion emission is energeticalljrom the decay SND-p+n+ y under the restrictions of a
forbidden for states below pion threshold, these states woulemall phase space and experimental acceptance. The signifi-
necessarily be narroless than a few ke)Mwith lifetimes  cance for the SND peaks was estimated to be 6 to 7 standard
typical of electromagnetic or weak decays. A precise examideviations, with a moderate missing-mass resolution of about
nation of the low-lying nucleon excitation spectrum with 5 MeV/c?.
various probes is thus a powerful tool to test QCD. So far, various attempts for an explanation of the narrow
resonance$2,3] have been offered. Model assumptions be-
yond the g® picture result in mass formula prescriptions
*Present address: MIT-Bates Linear Accelerator, Middletonbased on colorefb] and colorles$6] quark clusters. It has

MA 01949. been argued7], however, that narrow nucleon resonances
TCorresponding  author. Email address: richter@ikp.tu-should be completely excluded, since they were not observed
darmstadt.de in real Compton scattering experimertd]. Another ap-
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proach describes the narrow resonances as possible memb#tierotron MAMI [16]. The target was a standard liquid
of the SU6) spin-flavor multiplet, where only the two- hydrogen/deuterium target, which was operated at beam cur-
photon transition channel is allowg®]. This picture ac- rents of up to 15uA. The target cell has been made of a thin
counts for the fact that narrow resonances were not observagavaRr foil of 10.2-um thickness (8.um in case of the

in photon-induced reactions like in real Compton scatteringjeuterium target The cell geometry is stadionlike with a
experiments. Recently, it was proposed to interpret the nallangth of 5 cm along the beam axis and a width of 1 cm in
row states as collective excitations of the quark condensatge perpendicular direction. The beam was swept before en-
through the multiple production of “genuine” Goldstone (qring the scattering chamber to fill a square of4mn? on

. . . — 2 .
pions with a light mass ofm~20 MeV/c® [10]. In this 0 306t The three magnetic spectrometers3, and C
model, the narrow states are spatially extended structures arhctji

thus thev are likelv inaccessible to the real photon probe ve been used for the detection of the scattered electrons
Y Y P P ' . and of the pions or protons of the respective reactions. The

Another theoretical interest in the narrow baryons is their ectrometers are equipped with vertical drift chambers for
influence on astrophysical objects. It was pointed out that th pect ) quipped with vertical driit ch
racking, a thin and a thick layer of plastic scintillators for

existence of narrow nucleon resonances would drastically a ) f SN
fect the structure of neutron stars by lowering their possibléN€ tigger and forr™/p discrimination, and a large-volume
maximal mass, which would be inconsistent with the obserdas @renkov counter foe™/7~ identification. The setup
vations[11]. However, the existence of light pions would allows for very clean and high-resolution Af/p
still be compatible with the observed masses of neutron starss 10~ %, A¢<3 mrad) coincidence measurements yielding
Meanwhile, there have been reported experiments in dimissing-mass resolutions of typically 1 Me¥/ (FWHM).
rect response to Tatischeff’s and Fil’kov’s findings. In a pilot
study of the Hg,e’ 7)X reaction at the Jefferson Labora-
tory [12], the yield ratio He,e' 77 )X/H(e,e’ #")n was
measured, which excludes narrow nucleon resonances to a The first pilot measurement in the ele’ 7+)X reaction
level of 10" 2. The ?H(p,p’p)X reaction has been revisited based on our proposal to the Program Advisory Committee at
at the RCNP in Osak@l3], yielding a null result for the MAMI [17] was carried out in July 2000 with a total runtime
above claimed states. However, the significance of the resufif 18 h. The missing-mass spectrum showed a resonancelike
of the latter experiment has been questioned in Refl. In structure around,~1007 MeVik?, with a width of about
fact, we have also reanalyzed the data of the virtual Compton MeV/c?, i.e., with the resolution of the setup. However,
scattering experiments at MAMI, but we did not find any {he sjgnificance was only-3 standard deviations, not war-
signal above a significance of three standard deviations. In fanting an interpretation of this finding as a positive identi-
photoproduction experiment at MAMI, the reactions fication.
H(y,7" yn) and H(y,7" yyn) have been measured with a A dedicated Hé,e’ )X experiment was thus performed
high luminosity and results are awaitgtb]. _in February and August 2002 with a total runtime of 257 h.
The issue of the occurrence of resonances below piofne parameters of the kinematical settings are listed in Table
threshold is thus unsettled. The observation of such narroy
states is always limited by the achievable resolution. Experi- The scattered electrons were detected in spectrorBeder
ments providing highest resolution are therefore best suiteghwyard angles, and both spectrometeandC were used in
to perform such studies. In this paper, we report the results qfpincidence wittB to detect the pions along the momentum-
two series of high-resolution measurements using thggnsfer direction(pion center-of-mass anglé* ~0°), and
H(e,e’ w")X and ?H(e,e’p)X reactions. The first'reaction almost perpendicular to it ~100° and 1100)’ respec-
has been chosen as the analogous reaction to t ﬁ/ely. Most of theAB and BC measurements were carried

r __+ H
H(p,p"a~)X process of Tatlschef{_at al. [2.]' The energy out simultaneously, exploiting the full capabilities of the
transfer corresponds to the excitation region of theeso- three-spectrometer facility

nance. With the detection of the scattered electron in coinci- The resolution of the measured coincidence time, after

?enCﬁ W'tE the produccted F;'OS t_?_ﬁ missing masts of the éeetxcé plying corrections due to individual path lengths and
lon has been reconstructed. 1he experiment covere etector-related influences on the timing signals, varied from
missing-mass region from the neutron mass up to abo%B to 1.2 ns(FWHM). The true events were selected by a

2 . .
1050 MeVE®. In addition, the second electromagnetic reac-,, ; 5 ng eyt on the coincidence time spectrum. The shape of

tion ?H(e,e’p)X has been studied as the analog of theth k h termi lecti | )
strong 2H(p.p'p)X experiment by Filkovet al. [3]. The e background has been determined by selecting purely ran

) dom coincidences. Furthermore, the data were normalized to
energy transfer varied from close to the threshold of the deume collected charge and the target thickness and were cor-

teron breakup up to the quasielastic region. With the deteGzy e for deadtime effects. The loss of pions due to their
tion of both the scattered electron and the emitted proton, thge 4y in flight from the origin to the detector has been cor-
missing mass of the reaction has been reconstructed. The o 1y weighting each pionic event with an individual
experiment covered the missing-mass region from the neus,ival probability, depending on the pion momentum and
tron mass up to about 1100 Med/ on the length of the pion track. The acceptance was deter-
mined by a simulation code, which accounts for the energy
loss in the target and window materials of the scattering
The measurements were carried out at the threechamber and the spectrometer entrance, as well as for the
spectrometer facility of the A1 Collaboration at the Mainz Bethe-Heitler radiation of the electrons. After subtraction of

A. The H(e,é )X reaction

Il. MEASUREMENTS
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TABLE I. Kinematics of the Hé,e’ 7*)X reaction. The columnp,. (6./) andp,+ (#,+) are the central momenta and angles of the
spectrometers. Also shown are the four-momentum trar@ferthe y* p invariant massw, and the pion center-of-mass anglg. The
average beam currehtaind the net runtim& are shown in the rightmost columns. The settifg4, 2, and 3 refer to the measurements with
spectrometers andB; settingsH-4, 5, and 6 withB and C, respectively.

Eo Per Pt Q? w I T
Kinematics (MeV) B 6+ (MeV/c) (MeV/c) (GeV?/c?) (MeVI/c?) o* (nA) (h)
(AB)
H-1 855.1 17.4° 22.4° 510 290 0.04 1220 0° 5.3 2.0
H-2 855.1 17.4° 22.4° 510 225 0.04 1220 0° 7.0 50.8
H-3 855.1 17.4° 22.4° 510 236 0.04 1220 0° 6.7 26.4
(BC)
H-4 855.1 17.4° 55.0° 510 215 0.04 1220 100° 5.3 2.2
H-5 855.1 17.4° 55.0° 510 150 0.04 1220 100° 6.9 79.8
H-6 659.7 20.3° 88.4° 150 290 0.0125 1350 110° 14.3 96.0

the random background and application of the mentioned,~950-1050 MeV¢? shows a smooth radiation tail. The
corrections, normalized yields for the &j¢’ 7 ") X reaction  measurements include a repetition of the kinematics of the
have been obtained. pilot run (settingsH-2/H-3 in Fig. 1) with about five times
Figures 1 and 2 summarize the results of the )d(7 )X the statistics of the first run. In order to quantify the sensi-
measurements. In the upper halves of Figs. 1 and 2, the nofivity of our measurements, we show yield ratios in the lower
malized yields of three kinematical settings are presented asalves of Figs. 1 and 2. They are obtained by subtracting the
a function of the mlssmg mass. The missing-mass resolutiopadiation tail, modeled by a fifth-order polynomial, and di-
was ~0.6 MeV/c® (FWHM) for the AB runs shown in Fig. viding the spectra by the height of the respective neutron
1, and~1.5-1.6 MeV£? for the BC runs plotted in Fig. 2. peak. The differential cross section for the e = *)n
The invariant masses of the states claimed by Tatischefthannel can be estimated using the unitary isobar model
et al. [2] and Filkov et al. [3] are indicated by the vertical “MAID” [18]. For the three kinematics of Figs. ]LaZ and
arrows. As is seen from the spectra, no significant narrovp(b), one 0bta|nsd3g/(dQe,dEe,dQ*) 2.6x10°4, 8.2
structure other than the peak corresponding to the grounst 10-4, and 1.9< 10~ 5 ubl/(sP MeV). As the yield ratios in
state of the neutron is found. The missing-mass region fromhe lower halves indicate, narrow structures can be excluded
to a level of 104, 10 3, and 2<10 2 with respect to the
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FIG. 1. Upper half: Missing-mass spectrum of theel( 7 *)X Missing Mass M, (MeV /c?)
reaction, measured with spectrometarandB at #% =0°. The plot
shows the result of setting-1 (with the neutron peak height set to
unity) and the combined settings-2 andH-3 (at the electron beam
energy and spectrometer settings listed in TableThe achieved (a) shows the setting$l-4 (with the neutron peak height set to
missing-mass resolution is 0.6 Me3#/ (FWHM) as given by the unity) andH-5, and(b) settingH-6 (at the electron beam energy
width of the neutron peak. A fifth-order polynomial is fit to the data and spectrometer settings listed in TableThe achieved missing-
to model the radiation tail. The invariant masses of the statesnass resolution is(a ~1.6 MeV/c? (FWHM) and (b)
claimed by Refs[2,3] are indicated by the arrows. Lower half: ~1.5 MeV/c?, respectively. The vertical arrows are the same as in
Yield ratio of the above spectrum after subtraction of the radiationFig. 1. The solid curves and the yield ratios in the lower half are
tail and division by the height of the neutron peak. Narrow struc-obtained in the same way as in Fig. 1. Narrow structise® the
tures(see the experiments of Ref&,3]) are excluded to a level of experiments of Refd2,3]) are excluded to a level db) 10 2 and
10~ of the height of the neutron peak. (b) 2x 102 of the height of the neutron peak, respectively.

FIG. 2. Upper half: Missing-mass spectra of theelt( 7*)X
reaction, measured with spectrometBrand C at % ~100°. Plot

065204-3
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TABLE II. Kinematics of the2H(e,e’p)X reaction. The columng, (6,/) and pp (6,) are the central momenta and angles of the
electron spectrometdC) and the proton spectrometeBY, respectively. Also shown are the four-momentum tran§iérand thep-X
relative energyE,x. The average beam currenand the net runtimd are shown in the rightmost columns.

Eo Per Pp Q? Epx | T
Kinematics (MeV) Oor 0, (MeV/c) (MeV/c) (GeV?/c?) (MeV) (nA) (h)
D-1 659.7 110° 26° 420 444 0.8 0-6 15 181.2
D-2 659.7 110° 26° 420 504 0.8 0-18 15 60.2
D-3 659.7 110° 26° 400 580 0.7 10-45 12.5 68.5
D-4 659.7 110° 26° 385 665 0.7 25-90 15 14.7
D-5 659.7 103° 26° 355 740 0.6 75-145 125 29.5
D-6 883.1 107° 25° 485 570 1.2 0-14 10 212.5
D-7 883.1 107° 25° 485 610 1.1 0-24 10 47.0
D-8 883.1 107° 25° 485 713 1.1 10-60 10 3.7
D-9 883.1 92.3° 30° 485 705 0.8 20-80 10 13.5
D-10 883.1 92.3° 30° 485 805 0.8 60-130 10 1.0

elementary pion production process leaving the neutron invhere thee’'p and 7=~ p peaks are separated by about 2 ns.

the ground state, respectively. The resulting normalized yields and yield ratios of the
2H(e,e’p) X reaction are presented in Figs. 3 and 4. Figure 3
B. The ?H(e,e’p)X reaction shows the results of the near-threshold settings, while the

The Die,e’p)X reaction was studied between May and results of the quasielastic settings are depicted in Fig. 4. The

. . _ . 2
August 2002 with a total runtime of 632 h. The measured o> 9 MasSS resolution was1.3 Mevic™ (FWHM) for the

kinematics can be characterized by the relative en&igy near-threshold runs, ane0.9 (1.3) MeVL? for the runs
—W-—M,— My of the p-X System, whera¥ is the photon- near the quasielastic maximum. The continuous part of the

. . missing-mass distribution is mainly due to the radiation tail,
deuteron invariant mas$/, the proton mass, anily the 9 y

S , ) : . with the above mentioned~ p background giving a small
missing mass of théH(e,e’ p) X reaction. The kinematics of contribution in the higher missing-mass region. In Figh)4

the measured settings varied from the threshold regiolghe pion threshold is open abotéy>1070 MeVk2, yield-
(Epx—0) ~up to the quaSIeIastl.c region Efx ing additional strength. The invariant masses of the states
%100_1.50 MevV). The near—thre;hold "'“e”.‘a“cs have bee@laimed by Tatischeffet al. [2] and Fil'kov et al. [3] are
chosen in analogy to the experiment by Fi'keval. [3], indicated by the vertical arrows. Here again, as in the case of

where the relatlye energy of the two qutgomg ngclepm\s_ the hydrogen experiment described above, no significant
(or possiblypX) is small and a strong final-state interaction

is expected. In this case, the detected proton is emitted into a
small forward cone around the direction of momentum trans-s — 1 |
fer. The kinematical parameters of the measured settings of =
the 2H(e,e’p) X reaction are listed in Table II. 05

The 2H(e,e’ p)X measurements were carried out simulta-
neously with a dedicated experiment to measure the electri

form factor of the neutroiGe , via the 2H(e,e’n) reaction

[19]. The Gg , experiment utilized spectrometéy for the
scattered electrons and a separate setup to measure the neu
tron polarization. Spectromet& (at angles=90° right of
the beam and spectrometeB (at forward angles left of the I ]
bean were used in coincidence for the detection of electrons 950 990 1030 950 990 1030 1070
and protons, respectively, in a parasitic mode. The electron
scattering angle was restricted to large values, which, though
not optimal, resulted in quite sizable four-momentum trans- FIG. 3. Upper half: Missing-mass spectra of th(e,e’p)X

2
fer Q. . . .reaction in the region of the deuteron-breakup threshold at the four-
The analysis of the missing-mass spectra has been carriegh entum transfea Q2=0.8 (GeVk)? and (b) Q’=1.1 to

out in a way very similar to that of the lé(e’ 7 )X mea- 1 5 (Gevi)? (with the neutron peak height set to unitfhe plot
surements described above. To a very large extent, the trugows the combined settings) D-1,2,3, and(b) D-6,7 (cf. Table
"~ p coincidence events, which occurred in addition to theyj). The achieved missing-mass resolution~i€.3 MeV/c2. The
random background events, could be identified and removesbiid curves and the yield ratios in the lower half are obtained in the
by requiring a signal in the &enkov detector in the electron same way as in Fig. 1. Significant structures are excluded to a level
arm (spectrometerC). Most of the remaining truer p  of (a) 10 2 and (b) 5x10 2 of the height of the neutron peak,
events could be identified in the coincidence time spectrunrespectively.

(arb. uni

g 0.
|-
[e]
& —no.

o N MO

|
N

xYield Ratio
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102
L

Missing Mass M, (MeV/c?)
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et al.[20]. For the threshold settings of Figs@Band 3b),

T > L

o é -0 one obtains an average ozﬂ3a/(dQe,dEe,dQ;)~l.4

~ 5 o5 X108 (2.8x10°7) ub/(sPMeV), respectively, whereas

£ g7 the average differential cross section of the quasielastic set-
=3 tings of Fig. 4a) and 4b) is aboutd®s/(dQe dE. dQ})

~1.1x10"3 (2.3x107%) ub/(s?MeV). Significant struc-

o &r (XDN tures are excluded to a level of 19(5x 10~ 2) for the near-

g 3 = threshold settings, and 18 (10"?) for the quasielastic set-
2 © a tings compared to the height of the neutron peak,
= 73 D respectively.

X —6 | -

ﬁ‘o . . . . . . . )

= 950 990 1030 950 990 1030 1070 . SUMMARY

Missing Mass M, (MeV /c?) . o
We have searched for narrow structures in the missing-

FIG. 4. Upper half: Missing-mass spectra of thid(e,e’p)X  mass spectra of the electromagneticet( )X and

reaction in the region near the quasielastic peatarQ?=0.6 to  2H(e,e’p)X reactions in kinematics corresponding to the

0.7 (GeVk)? and (b) Q?=0.8 to 1.1 (GeVe)? (with the neutron  hadronic beam experiments of Tatischedf al. [2] and

peak height set to unify The plot shows the combined settings  Fil’kov et al.[3]. Our measurements exclude narrow nucleon

D-4,5 and(b) D-8,9,10 (with the spectrometer settings listed in resonances below pion threshold for theet$( =) X reac-

Table 1). The achieved missing-mass resolution &  tion down to the level of 10* compared to the respective

~0.9 MeV/c? and (b) ~1.3 MeV/c?. The solid curves and the transition to the neutron ground state. For thé(e,e’ p)X

yield ratios in the lower half are obtained in the same way as in Figreaction, narrow structures are excluded to a level 6410

1. Significant structures are excluded to a leve(@f10™* and(b)  rejative to the neutron peak in the quasielastic and 10

1077 of the height of the neutron peak, respectively. the near-threshold measurements. On the basis of those re-

héults the various theoretical attemp8s9,1Q for an explana-

dion of the observed structures in Reffg,3] might be ques-

tioned. In order to draw a final conclusion on the existence of

éhe narrow resonances of Ref&,3], the hadronic experi-

dnents should be repeated with the same accuracy as the

present electromagnetic ones.

peak structure other than the one corresponding to t

ments in the threshold region took most of the beamtisee
Table 1), the statistics is quite poor even for the ground-stat
breakup of the deuteron. This is due to the fact that thi
kinematics maps out very high missing momenta of the pro
ton in the order of 450 Me\. In the quasielastic settings
(Fig. 4), the cross section is much larger. The differential
cross section for théH(e,e’p) n channel can be estimated  This work was supported by the Deutsche Forschungsge-
using the deuteron electrodisintegration model of Araeho meinschaft(Grant Nos. SFB 443 and RI 242/15-2
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