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Exclusive Measurements of Virtual Bremsstrahlung in Proton-Proton Scattering at 190 MeV
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Exclusive differential cross sections of virtual bremsstrahlung in proton-proton scattering below the
pion-production threshold have been measured for the first time. The total cross section integrated
over photon invariant masses of 1580 MeV/c? and integrated over the acceptance of the detector
is 3.2 £ 0.1 = 0.5 pb. The data are compared to a low-energy calculation and a fully relativistic
microscopic model, which predict a virtual bremsstrahlung cross section of 3.4 and 5.9 pb, respectively.
Over the entire experimentally covered phase space, the low-energy calculation gives a better description
of the data than the microscopic model. [S0031-9007(99)08793-1]

PACS numbers: 13.75.Cs, 25.10.+s, 25.20.Lj

The study of real-photon bremsstrahlung emissioron a relativistic low-energy theorem [8,9], as well as a
during proton-proton collisions below pion-production relativistic microscopic calculation by Martine al. [7].
threshold has recently received a large boost. HighWithin the experimental accuracy and phase-space cover-
quality, intense, polarized-proton beams together witrage, the data are in rather good agreement with the calcula-
high-precision detection equipment have provided accuratgon based on the low-energy theorem, which gives a cross
exclusive cross sections and polarization measuremensgction integrated over the experimentally covered phase
[1,2]. With the presently achieved accuracies, one is serspace of 3.4 pb. The microscopic model seems to over-
sitive to details of the nucleon-nucleon interaction. Stateestimate the experimental cross section, with a predicted
of-the-art calculations [3—6] are now relativistic, showingcross section for virtual bremsstrahlung of 5.9 pb.
the sensitivity to negative-energy states, and include non- The experiment was performed at the Kernfysisch Ver-
nucleonic degrees of freedom such as the virtual excitatiosneller Instituut (KVI) using a 190 MeV polarized-proton
of the A and meson-exchange currents. beam provided by the superconducting cyclotron AGOR.

The emission of virtual bremsstrahlugg + p — p + A cylindrically shaped (6 mm thick and 20 mm diameter)
p+ vy —p+p+e" +e) onthe other hand, has liquid-hydrogen target [10], witd xm thin Aramid win-
up to now not been investigated. The difficulty in the dows, was used with an average beam current of 6 nA.
experimental study of this process arises from the facUnder these conditions data were taken for a period of
that the cross section is lower by approximately a facapproximately 200 hours. The two protons and two lep-
tor of @ = 1/137, the fine-structure constant, than thetons were measured in coincidence using the Small-Angle
already small cross section for bremsstrahlung associatddirge-Acceptance Detector (SALAD) and the Two-Arm
with real-photon emission. The measurement of virtuaPhoton Spectrometer (TAPS), respectively. The experi-
photons allows the decomposition of the nucleon curreninental setup is illustrated in Fig. 1.
into transverse and longitudinal components as well as SALAD [2] consists of two wire chambers and 24 plastic
interference terms, the so-called nucleonic response funscintillators allowing one to measure the scattering angle
tions. Furthermore, the nucleon-nuclephvertexis mea- of the two outgoing protons in the rangé < 6, < 19°
sured in the timelike region. Calculations predict a largewith full coverage of the azimuthal angké and up to
sensitivity of the nucleonic response functions to the de26° for a reduced range ap angles. SALAD determines
tails of the nucleon-nucleon interaction [7]. the position and energy with an angular resolution of 0.5

In this paper we present the first measurements of thand an energy resolution of about 5%. To reduce the
virtual bremsstrahlung cross section. These studies, petdgger rate [11] of the elastic channel, 26 thin plastic
formed at 190 MeV, obtained a total of 600 background-scintillators were placed behind the energy scintillators
free ppete” events. The angular distribution of virtual and used as veto detectors. The TAPS detector [12],
photons as well as the invariant-mass dependence was dsensisting of 384 Bal-crystals, has been divided up into 6
termined. The data are compared with predictions basedosely packed blocks, each containing 64 crystals. These
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values. The measured cross section is not sensitive to
small variations in the applied cuts.

The experimental acceptance for determining two
protons and two leptons within the coverage of the setup
and within the previously mentioned conditions relative
to the total production oppe*e™ events is 0.1%. This
result has been obtained by performing Monte Carlo simu-
lations, using the detector simulation packagaNT3[13]
and an event generator based on a low-energy calculation
[8]. The detector acceptance depends weakly on the
photon invariant mass fob, = 15 MeV/c?; however,
it primarily determines the shape of the angular distri-
bution. Efficiencies for different detector components
were measured individually by several dedicated experi-
ments [11,14]. This includes the wire-chamber effi-
ciency 0.851 = 0.001 per proton) [14], trigger efficiency
(0.87 = 0.01) [11], and the TAPS plastic scintillator
efficiency (.84 £ 0.05 per lepton). All these efficiencies
FIG. 1. Schematic view of the experimental setup consisting\(’:vere as We.” determined by samples of data acquired con-
of SALAD (two wire-chambers and 50 plastic scintillators) urrently with the bremsstrahlung data. Background origi-

and TAPS (384 hexagonal Barystals). Not drawn are the hating from the target walls was measured by emptying
thin plastic scintillators placed in front of each BaErystal.  the target cell of liquid hydrogen. It was found to be neg-

An example of appe”e” event originating from the liquid- |igible. The contamination originating from combinatorial
hydrogen target is indicated. background, where one or more of the four coincidence
particles is accidental, has been estimated by studying
the time correlation between the outgoing particles, and
blocks are placed around the target position in the mediahy an event-mixing analysis. A contribution of less
plane at polar angles of 76,5116.5, and 156.8 at a  than 2% for all invariant masses(,, is found. Another
distance of 66 cm from the target, resulting in a coveragsource of contamination is caused by real photons, origi-
of the polar angle of the virtual photon between®60 nating from either thep + p — p + p + y or the
and 180 and providing the possibility to detect photonsp + p — p + p + v + y channel. These photons
with large invariant masses up to the kinematical limit ofinduce an electron-positron pair by the process of external
93 MeV/c2. Furthermore, in front of each Baferystal, conversion, therefore creating two charged electromag-
a 5 mm thick plastic scintillator is mounted in order to netic showers in TAPS. The corresponding contamination
distinguish between charged (electrons and positrons) arfths been studied with the help of Monte Carlo simulations
neutral particles (photons). and is found to be negligible for the data shown in this
In the experiment, the positions and total energies of.etter. Theppyy process has been measured for the first
all four outgoing particles are measured (i.e., 12 obiime in this experiment (to be published elsewhere) and
servables). Since there are only 8 independent variabldsas equal or even larger strength than the:* e~ reac-
in the outgoing channel, our measurements are kinemattion at some specific parts of the phase space. Because of
cally overdetermined. Prompt-time coincidence eventshe kinematical similarity of both processes, the use of the
with two proton candidates (two charged-particle trackghin plastic scintillators (for the identification of charged
in SALAD) and two lepton candidates (two charged elec-particles) is essential in eliminating the contribution from
tromagnetic showers in TAPS) are selected. Only leptothe ppyy reaction.
pairs for which the showers are not overlapping (separated Differential cross sections as a function of several ob-
by at least one crystal) are considered as candidates. Thservables have been determined. With the use of the con-
condition limits the acceptance in the opening angle of theurrently measured elastic chann&ll@ uncertainty), the
lepton pair tod.+.- > 8°. This limitation, together with experimentally determined differential cross sections are
the minimum energy acceptance of our lepton detectorgjiven on an absolute scale with a systematical uncertainty
sets a lower limit ofl5 MeV/c? in M,,. of £15%. The latter error is obtained by combining the
Therefore, we present the data fur, = 15 MeV/c?.  uncertainties in the efficiencies of the individual detec-
In order to make use of the kinematical overdeterminators, the uncertainty in the normalization to the elastic
tion, the momenta and energies of each particle are recochannel, and the fluctuations in the experimentally deter-
structed from the measured positions of all four particlesmined bremsstrahlung cross section with respect to the
To reduce background, for each particle the reconstructeelastic channel£10%). In Fig. 2 the differential cross
energy and momentum are checked against the measurselction as a function of the photon invariant mass and the
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) ) ) ) FIG. 3. Differential cross sections as a function of the
FIG. 2. Top: Differential cross section as a function of jnyariant mass for protons with polar angle larger thah (i&p
the invariant mass M,) of the virtual photon integrated panel) and proton angles smaller tharf {Bottom panel). The
over the entire detector acceptance. Bottom: Virtual-photorsolid lines present the results of a microscopic model and the
angular distribution in the laboratory frame for invariant massesjotted lines the results of a LET calculation. Calculations are
integrated from 15 t®0 MeV/c?. The solid lines present the fglded with the detector acceptance.
results of a microscopic model and the dotted lines the results
of a LET calculation. The calculations are discussed in the
text. Calculations are folded with the detector acceptance.

solid lines, is the result of a (fully) relativistic microscopic
calculation by Martinust al. [7] based on the Fleischer-

virtual-photon angular distribution are shown. Only sta-Tjon potential [15]. This model includes the off-shell
tistical error bars are depicted. The data are integratedynamics of the intermediate protons. Furthermore, it
over the phase space covered by the detector setup. Fuakes explicitly into account the rescattering contributions,
thermore, the energy of the particles is restrictedto-  meson-exchange currents, and the virtvésobar.
5 MeV for the leptonsfE > 20 MeV for the protons, and The second calculation, shown as the dotted lines, is
M, = 15 MeV/c%. Under these constraints the measurecbased on the low-energy (soft-photon) theorem (LET) de-
cross section integrated over the covered phase space atived by Korchinet al. [8], in analogy to the real-photon
photon invariant masses from 1586 MeV/c2?, amounts case [16]. Here, the virtual-bremsstrahlung amplitude is
to3.2 = 0.1 = 0.5 pb, where the errors are statistical andexpressed in terms of the elastip process and the static
systematical, respectively. properties (mass, charge, and magnetic moment) of the

The invariant-mass distribution for two different proton- proton. The internal amplitude takes partially rescattering
angle combinations is demonstrated in Fig. 3. In theand meson-exchange currents into account and is obtained
top panel of Fig. 3, events are selected for which botHrom gauge invariance. It is noted that Korclnhal. [8]
proton polar angles},,, are larger than 15 The bottom developed on their paper two LET approaches. For sim-
panel shows the differential cross section for proton angleplicity we show here the one, labeled VL in [8], which
smaller than 15 i.e., for large momentum transfer and clearly fits our data the best. The second approach lies
consequently large photon total energy. approximately 20% higher.

In both Figs. 2 and 3 thepe e~ data are compared  To compare the calculations with the data, an event
to two calculations. The first calculation, shown as thegenerator simulating both models has been employed.
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