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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 15 to80 MeVyc2 and integrated over the acceptance of the detector
is 3.2 6 0.1 6 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
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The study of real-photon bremsstrahlung emissio
during proton-proton collisions below pion-production
threshold has recently received a large boost. Hig
quality, intense, polarized-proton beams together wi
high-precision detection equipment have provided accura
exclusive cross sections and polarization measureme
[1,2]. With the presently achieved accuracies, one is se
sitive to details of the nucleon-nucleon interaction. Stat
of-the-art calculations [3–6] are now relativistic, showing
the sensitivity to negative-energy states, and include no
nucleonic degrees of freedom such as the virtual excitati
of theD and meson-exchange currents.

The emission of virtual bremsstrahlungsp 1 p ! p 1

p 1 gp ! p 1 p 1 e1 1 e2d, on the other hand, has
up to now not been investigated. The difficulty in the
experimental study of this process arises from the fa
that the cross section is lower by approximately a fa
tor of a ­ 1y137, the fine-structure constant, than the
already small cross section for bremsstrahlung associa
with real-photon emission. The measurement of virtu
photons allows the decomposition of the nucleon curre
into transverse and longitudinal components as well
interference terms, the so-called nucleonic response fun
tions. Furthermore, the nucleon-nucleon-gp vertex is mea-
sured in the timelike region. Calculations predict a larg
sensitivity of the nucleonic response functions to the d
tails of the nucleon-nucleon interaction [7].

In this paper we present the first measurements of t
virtual bremsstrahlung cross section. These studies, p
formed at 190 MeV, obtained a total of 600 background
free ppe1e2 events. The angular distribution of virtual
photons as well as the invariant-mass dependence was
termined. The data are compared with predictions bas
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on a relativistic low-energy theorem [8,9], as well as
relativistic microscopic calculation by Martinuset al. [7].
Within the experimental accuracy and phase-space cov
age, the data are in rather good agreement with the calc
tion based on the low-energy theorem, which gives a cro
section integrated over the experimentally covered ph
space of 3.4 pb. The microscopic model seems to ov
estimate the experimental cross section, with a predic
cross section for virtual bremsstrahlung of 5.9 pb.

The experiment was performed at the Kernfysisch Ve
sneller Instituut (KVI) using a 190 MeV polarized-proto
beam provided by the superconducting cyclotron AGO
A cylindrically shaped (6 mm thick and 20 mm diamete
liquid-hydrogen target [10], with4 mm thin Aramid win-
dows, was used with an average beam current of 6 n
Under these conditions data were taken for a period
approximately 200 hours. The two protons and two le
tons were measured in coincidence using the Small-An
Large-Acceptance Detector (SALAD) and the Two-Arm
Photon Spectrometer (TAPS), respectively. The expe
mental setup is illustrated in Fig. 1.

SALAD [2] consists of two wire chambers and 24 plast
scintillators allowing one to measure the scattering an
of the two outgoing protons in the range6± , up , 19±

with full coverage of the azimuthal anglef and up to
26± for a reduced range off angles. SALAD determines
the position and energy with an angular resolution of 0.±

and an energy resolution of about 5%. To reduce t
trigger rate [11] of the elastic channel, 26 thin plast
scintillators were placed behind the energy scintillato
and used as veto detectors. The TAPS detector [1
consisting of 384 BaF2 crystals, has been divided up into
closely packed blocks, each containing 64 crystals. Th
© 1999 The American Physical Society 2649



VOLUME 82, NUMBER 13 P H Y S I C A L R E V I E W L E T T E R S 29 MARCH 1999

to

o
tup
e

u-

tion
the

ri-
ts
ri-

fi-

on-
gi-
ing
g-
l
ce
ing
nd
s

igi-

s
nal
ag-
ion
ns
is
rst
nd

e of
the
d
m

b-
on-

are
inty
e
c-
tic
er-
the

the
p

p

e+

e-

p

FIG. 1. Schematic view of the experimental setup consistin
of SALAD (two wire-chambers and 50 plastic scintillators)
and TAPS (384 hexagonal BaF2 crystals). Not drawn are the
thin plastic scintillators placed in front of each BaF2 crystal.
An example of appe1e2 event originating from the liquid-
hydrogen target is indicated.

blocks are placed around the target position in the medi
plane at polar angles of 76.5±, 116.5±, and 156.5± at a
distance of 66 cm from the target, resulting in a coverag
of the polar angle of the virtual photon between 60±

and 180± and providing the possibility to detect photons
with large invariant masses up to the kinematical limit o
93 MeVyc2. Furthermore, in front of each BaF2 crystal,
a 5 mm thick plastic scintillator is mounted in order to
distinguish between charged (electrons and positrons) a
neutral particles (photons).

In the experiment, the positions and total energies
all four outgoing particles are measured (i.e., 12 ob
servables). Since there are only 8 independent variab
in the outgoing channel, our measurements are kinema
cally overdetermined. Prompt-time coincidence even
with two proton candidates (two charged-particle track
in SALAD) and two lepton candidates (two charged elec
tromagnetic showers in TAPS) are selected. Only lepto
pairs for which the showers are not overlapping (separat
by at least one crystal) are considered as candidates. T
condition limits the acceptance in the opening angle of th
lepton pair toue1e2 . 8±. This limitation, together with
the minimum energy acceptance of our lepton detecto
sets a lower limit of15 MeVyc2 in Mg.

Therefore, we present the data forMg $ 15 MeVyc2.
In order to make use of the kinematical overdetermin
tion, the momenta and energies of each particle are reco
structed from the measured positions of all four particle
To reduce background, for each particle the reconstruct
energy and momentum are checked against the measu
2650
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values. The measured cross section is not sensitive
small variations in the applied cuts.

The experimental acceptance for determining tw
protons and two leptons within the coverage of the se
and within the previously mentioned conditions relativ
to the total production ofppe1e2 events is 0.1%. This
result has been obtained by performing Monte Carlo sim
lations, using the detector simulation packageGEANT3 [13]
and an event generator based on a low-energy calcula
[8]. The detector acceptance depends weakly on
photon invariant mass forMg $ 15 MeVyc2; however,
it primarily determines the shape of the angular dist
bution. Efficiencies for different detector componen
were measured individually by several dedicated expe
ments [11,14]. This includes the wire-chamber ef
ciency (0.851 6 0.001 per proton) [14], trigger efficiency
(0.87 6 0.01) [11], and the TAPS plastic scintillator
efficiency (0.84 6 0.05 per lepton). All these efficiencies
were as well determined by samples of data acquired c
currently with the bremsstrahlung data. Background ori
nating from the target walls was measured by empty
the target cell of liquid hydrogen. It was found to be ne
ligible. The contamination originating from combinatoria
background, where one or more of the four coinciden
particles is accidental, has been estimated by study
the time correlation between the outgoing particles, a
by an event-mixing analysis. A contribution of les
than 2% for all invariant masses,Mg , is found. Another
source of contamination is caused by real photons, or
nating from either thep 1 p ! p 1 p 1 g or the
p 1 p ! p 1 p 1 g 1 g channel. These photon
induce an electron-positron pair by the process of exter
conversion, therefore creating two charged electrom
netic showers in TAPS. The corresponding contaminat
has been studied with the help of Monte Carlo simulatio
and is found to be negligible for the data shown in th
Letter. Theppgg process has been measured for the fi
time in this experiment (to be published elsewhere) a
has equal or even larger strength than theppe1e2 reac-
tion at some specific parts of the phase space. Becaus
the kinematical similarity of both processes, the use of
thin plastic scintillators (for the identification of charge
particles) is essential in eliminating the contribution fro
theppgg reaction.

Differential cross sections as a function of several o
servables have been determined. With the use of the c
currently measured elastic channel (61% uncertainty), the
experimentally determined differential cross sections
given on an absolute scale with a systematical uncerta
of 615%. The latter error is obtained by combining th
uncertainties in the efficiencies of the individual dete
tors, the uncertainty in the normalization to the elas
channel, and the fluctuations in the experimentally det
mined bremsstrahlung cross section with respect to
elastic channel (610%). In Fig. 2 the differential cross
section as a function of the photon invariant mass and
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FIG. 2. Top: Differential cross section as a function o
the invariant mass (Mg) of the virtual photon integrated
over the entire detector acceptance. Bottom: Virtual-phot
angular distribution in the laboratory frame for invariant mass
integrated from 15 to80 MeVyc2. The solid lines present the
results of a microscopic model and the dotted lines the resu
of a LET calculation. The calculations are discussed in t
text. Calculations are folded with the detector acceptance.

virtual-photon angular distribution are shown. Only sta
tistical error bars are depicted. The data are integra
over the phase space covered by the detector setup.
thermore, the energy of the particles is restricted toE .

5 MeV for the leptons,E . 20 MeV for the protons, and
Mg $ 15 MeVyc2. Under these constraints the measure
cross section integrated over the covered phase space
photon invariant masses from 15 to80 MeVyc2, amounts
to 3.2 6 0.1 6 0.5 pb, where the errors are statistical an
systematical, respectively.

The invariant-mass distribution for two different proton
angle combinations is demonstrated in Fig. 3. In th
top panel of Fig. 3, events are selected for which bo
proton polar angles,up, are larger than 15±. The bottom
panel shows the differential cross section for proton ang
smaller than 15±, i.e., for large momentum transfer and
consequently large photon total energy.

In both Figs. 2 and 3 theppe1e2 data are compared
to two calculations. The first calculation, shown as th
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FIG. 3. Differential cross sections as a function of th
invariant mass for protons with polar angle larger than 15± (top
panel) and proton angles smaller than 15± (bottom panel). The
solid lines present the results of a microscopic model and
dotted lines the results of a LET calculation. Calculations
folded with the detector acceptance.

solid lines, is the result of a (fully) relativistic microscop
calculation by Martinuset al. [7] based on the Fleischer
Tjon potential [15]. This model includes the off-she
dynamics of the intermediate protons. Furthermore
takes explicitly into account the rescattering contributio
meson-exchange currents, and the virtualD-isobar.

The second calculation, shown as the dotted lines
based on the low-energy (soft-photon) theorem (LET) d
rived by Korchinet al. [8], in analogy to the real-photon
case [16]. Here, the virtual-bremsstrahlung amplitude
expressed in terms of the elasticpp process and the stati
properties (mass, charge, and magnetic moment) of
proton. The internal amplitude takes partially rescatter
and meson-exchange currents into account and is obta
from gauge invariance. It is noted that Korchinet al. [8]
developed on their paper two LET approaches. For s
plicity we show here the one, labeled VL in [8], whic
clearly fits our data the best. The second approach
approximately 20% higher.

To compare the calculations with the data, an ev
generator simulating both models has been employ
2651
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Implementation is done by using a four-body decay pr
gram [17], generatingppe1e2 events according to phase
space distribution, and by weighting each event with t
square of the reaction amplitude obtained from the c
culations. The detector response is simulated using
software packageGEANT3 [13]. Subsequently, the simu-
lated weighted events are analyzed with the same softw
constraints as applied to the experimental data. In the
gular distribution shown in the bottom panel of Fig. 2, th
modulations shown by the lines represent the experimen
response of the six TAPS blocks.

The state-of-the-art microscopic calculation overes
mates the measured differential cross sections both a
function of the invariant mass as well as the photon ang
Since the microscopic calculation explicitly accounts f
relativistic effects and different sources of non-nucleon
contributions, the observed large discrepancy points
important modifications in off-shell dynamics or equiva
lently to important contributions from contact terms whic
have not been considered.

The general trend is that within the covered phase sp
the microscopic model predicts approximately 50% larg
cross sections than the LET calculation for the comple
invariant-mass and polar-angle distribution. The tot
integrated and accepted cross section is 5.9 and 3.4
for the microscopic and LET calculation, respectivel
As demonstrated in Fig. 3 the difference between t
two models strongly depends on the selection in t
proton angle. The difference between the two calculatio
becomes larger for protons with polar angles smaller th
15± as shown in Fig. 3, therefore making this part of th
phase space ideal for comparing data with models.
is clear that the microscopic model needs improveme
Since the discrepancy with the present data is large,
same comment is likely to be applicable as well to the re
photon bremsstrahlung observables.

In summary, the present data show for the first tim
that it is possible to determine virtual-bremsstrahlung cro
sections in proton-proton inelastic scattering. A total cro
section integrated over the accepted phase space of3.2 6

0.1 6 0.5 pb has been measured. In spite of the sm
cross section and our small overall acceptance for t
reaction channel, the virtual-bremsstrahlung yields we
explored in some detail. A state-of-the-art microscop
calculation seems to overestimate the experimental cr
section. The calculation based on a low-energy theor
is in better agreement with the data.
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