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Virtual bremsstrahlung in proton-proton scattering below the pion-production threshold

J. G. Messchendorp,* J. C. S. Bacelar, M. J. van Goethem, M. N. Harakeh, M. Hoefman, H. Huisman,
N. Kalantar-Nayestanaki, H. Lo¨hner, R. W. Ostendorf, S. Schadmand,* R. Turrisi,† M. Volkerts, and H. W. Wilschut

Kernfysisch Versneller Instituut, Zernikelaan 25, NL-9747 AA Groningen, The Netherlands

R. S. Simon
Gesellschaft fu¨r Schwerionenforschung, Planckstraße 1, D-64291 Darmstadt, Germany

~Received 11 August 1999; published 16 May 2000!

Exclusive differential cross sections of virtual bremsstrahlung in proton-proton scattering below the pion-
production threshold have been measured and their leptonic-angle dependence was exploited to determine all
six nucleon-nucleon electromagnetic response functions in the timelike region. The data are compared to a
low-energy calculation and a fully relativistic microscopic model. Over the entire phase space the low-energy
calculation gives a better description of the cross sections than does the microscopic model. At large virtual-
photon masses both models are unable to account for the observed strength of the interference response
functions.

PACS number~s!: 13.75.Cs, 25.10.1s, 25.20.Lj
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I. INTRODUCTION

A detailed knowledge of the interaction between nucleo
is essential for the understanding of nuclear phenomena.
therefore of great interest to have a good description of
NN interaction. To this end, experimental and theoreti
studies of the system in which two nucleons interact are
importance. This has led to extensive studies of the ela
pp andpn scattering processes. Cross sections and spin
servables are experimentally well determined, and are w
described by present models@1–3#. The available data are
used to fit parameters of the nucleon-nucleon interaction
tential, which include higher-order effects, such as off-sh
contributions. A process which is potentially sensitive to o
shell effects is the inelastic scattering of two nucleons w
the emission of a photon~NN bremsstrahlung!. In this pro-
cess, as illustrated in Fig. 1, already at the lowest-order c
tribution in V, the nucleon is off the mass shell due to t
presence of the photon. The availability of high-luminosi
polarized proton beams has recently opened up the poss
ity of experimental studies of the bremsstrahlung proc
which have provided cross sections and analyzing pow
with outstanding accuracies@4–6#.

Closely related to the bremsstrahlung processpp→ppg
is the so-called virtual-bremsstrahlung reactionpp
→ppe1e2. This process involves the production of a lept
pair (e1e2), which, according to the theory of quantu
electrodynamics~QED!, can be described by the emission
a virtual photon. By studying virtual-photon production, ne
features can be added to the information already obta
from the real-photon process. First of all, a virtual phot
can be longitudinally polarized, in contrast with a real ph
ton, and is able therefore to probe electromagnetic curr
which propagate in the direction of the photon. Second
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from the angular distribution of the two leptons, the reacti
cross section can be decomposed into six different com
nents. Each of these components is related to a specific
larization state of the virtual photon. This gives addition
observables~response functions! which are sensitive to spe
cific ingredients of the reaction mechanism~i.e., negative-
energy states,D resonances, meson-exchange contributio
etc.! @7#. Virtual bremsstrahlung, therefore, allows a detail
analysis of thepp interaction.

Experimentally, measuring thepp→ppe1e2 reaction
process is far from easy. The cross section is approxima
a factora51/137 smaller than the real-photon process. In
grated over 4p and the virtual-photon mass the cross sect
is '10 nb, as predicted by a low-energy calculation. Thus
order to measure virtual bremsstrahlung, a high integra
luminosity together with an efficient detector system su
tending a large solid angle is required.

So far, e1e2 production in proton-proton scattering ha
been studied only at an incident beam energy of 4.9 G
@8,9#. This high-energy experiment was performed with t
DiLepton Spectrometer~DLS! @10# at the Bevalac and deter

FIG. 1. Leading-order diagrams needed for the calculation
the p1p elastic amplitude~bottom! and the real- and virtual-
bremsstrahlung amplitudes~top!. V andT are the nucleon-nucleon
potential and theT matrix, respectively.
©2000 The American Physical Society07-1
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mined the mass and transverse-momentum dependenc
the dilepton yield. At 4.9 GeV the dileptons originate main
from mesonic decays and the contribution from bremsstr
lung is small. The present experiment follows a differe
approach. It measurespp→ppe1e2 at a proton energy o
190 MeV, well below the meson-production thresholds.
this energy bremsstrahlung is the only source of dilepton

The experiment has been performed with the sup
conducting-cyclotron AGOR of the Kernfysisch Versnell
Instituut~KVI ! in Groningen. All four reaction products~two
protons and two leptons! were measured by a coincidenc
setup featuring the small-angle large-acceptance dete
~SALAD! @11# and the two-arm photon spectrometer~TAPS!
@12#. A total of 600 events were identified with thepp
→ppe1e2 process.

The outline of this paper is as follows. First, we introdu
the observables which characterize the virtual-brem
strahlung process, followed by a short description of
models used to interpret the data. Next, the experime
procedure for the measurement of thepp→ppe1e2 reaction
is outlined. Subsequently, the analysis of the data is
cussed, including the data reduction procedure, the b
ground study, the normalization of the data to obtain diff
ential cross sections, and the extraction of the respo
functions. Finally, the experimental results are compa
with theoretical predictions. A brief description of this e
periment and its results has been reported in Refs.@13–16#.

II. CROSS SECTIONS AND RESPONSE FUNCTIONS

Triggered by the experimental development, substan
progress has been achieved in refining the theoretical mo
that describe thepp→ppe1e2 reaction. In this paper, we
compare the experimental cross sections and electromag
response functions to predictions based on a relativistic l
energy theorem@17,18#, as well as to the predictions of
fully relativistic microscopic calculation by Martinuset al.
@7#.

The differential cross section of thepp→ppe1e2 pro-
cess can be written as@17,18#

d8s

dVp1
dVp2

dMgdugd cosu ldf l
5

mp
4ml

2

~2p!8F
uAu2 R, ~1!

wherep1 andp2 are the outgoing protons,Mg is the virtual-
photon mass,ug its polar angle,u l and f l are the leptonic
energy-sharing angle and dihedral angle, respectively~see
Fig. 2!. In the laboratory system with the target proton at r
the flux factorF is given asF5mpupW u. HerepW is the three-
momentum of the incoming proton andmp is the proton rest
mass. The termuAu2 is the square of the invariant amplitud
of the virtual-photon productionpp→ppe1e2. The
Lorentz-invariant phase-space factor,R, is given by

R5
4u lWu3

Mg~124ml
2/Mg

2!k0

d4~p2p12p22k!, ~2!
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2dp1p2

2dp2k2dk

Ep1
Ep2

k0
sinugdfg .

The four-momentalW5(k12k2) and k5(k11k2), where
the four-momentak15(E1 ,kW 1) andk25(E2 ,kW 2) refer to
the leptons~positron and electron! with massml . The tran-
sition amplitudeA can be obtained by coupling the nucleon
current, represented byJ, to the leptonic current, represente
by j. This coupling is described by QED. The square of t
amplitude is given by

uAu25
e4

Mg
4

u j mJmu252
e4

2ml
2Mg

4 @ uJ• l u21Mg
2~J•J* !#, ~3!

where we have dropped the indices forJ. From expression
~3! one clearly sees thatuAu2 is a sum of quadratic terms o
the hadronic currentJ.

The aim now is to express the cross section forpp
→ppe1e2, analogously to the longitudinal-transverse d
composition for electron-scattering processes@19,20#, in
terms of a set of independentelectromagnetic response func
tions. The spatial part of the currentJ is decomposed into a
longitudinal ~parallel to the virtual-photon direction! and a
transverse component~perpendicular to the virtual-photo
direction!. Furthermore, the latter can be decomposed i
two orthogonal contributions, a left- and a right-handed c
cularly polarized component. Details can be found in t
Appendix.

A convenient coordinate system in which to define t
projection of the currentJm is depicted in Fig. 2. Here, the
photon momentum is chosen along the axisOZ andXOZ is
taken as the plane of the incoming proton and virtual pho
~reaction plane!. As a result, the momentum of the incomin
proton~in the lab frame!, pW , has the components (px , 0, pz).
In this coordinate system one defines the six electromagn
response functions:WT ~transverse!, WL ~longitudinal!, WTT

FIG. 2. Schematic diagram of the coordinate system~lab frame!
used for the definition of the response functions for thepp
→ppe1e2 reaction.
7-2
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~transverse-transverse!, WLT ~longitudinal-transverse!, WTT8
~transverse-transverse prime!, WLT8 ~longitudinal-transverse
prime!, as given in the left column of Table I~see the Ap-
pendix for details!. Equation~3! takes the following form
when expressed in terms of these response functions:

uAu25
e4

2ml
2Mg

2 $WTCT1WLCL1CTT~WTT cos 2f l

1WTT8 sin 2f l !1CLT~WLT cosf l1WLT8 sinf l !%, ~4!

where the factorsCi are defined in the right column of Tabl
I. The derivation of this decomposition is given in the A
pendix. The anglesu l andf l in Eq. ~4! are the polar and the
azimuthal angle of the vectorlW in the lab system, respec
tively, as schematically drawn in Fig. 2.

Equation~4! shows how to extract the different respon
functions,Wi , experimentally. This can be achieved by d
termining the dependence of the differential cross section
the leptonic angles (u l ,f l), and making use of the orthogo
nality of the trigonometric functions cosnfl and sinnfl . In
order to determine the response functionWTT , for example,
one extracts the cos 2fl-amplitude from the measured cro
section by weighting each event with cos 2fl . Integration
over the fullf l-range of 2p eliminates all terms in Eq.~4!
except the one containingWTT . It can easily be seen that th
choice of the order of the harmonic function (n51 or 2!
allows one to distinguish between transverse-transverse
longitudinal-transverse response functions. Furthermore,
choice of the harmonic function to be used as a weight (
or sin) separatesWTT(WLT) from WTT8 (WLT8 ). In order to
probe the functionsWT and WL , one integrates over th
anglef l , which eliminates the contributions from the inte
ference termsWTT , WLT , WTT8 , andWLT8 . Furthermore, the
dependence of the cross section on the leptonic angleu l can
be used to differentiate betweenWT and WL . Selecting

TABLE I. Nucleon response functionsWi and the factorsCi

determining thepp→ppe1e2 cross section.Jx,y,z are the covariant
nucleonic currents, for the coordinate system depicted in Fig. 2.WT

andWL are the transverse and longitudinal nucleon response f
tions.WTT , WTT8 , WLT , andWLT8 are the interference terms.

Term W C

WT JxJx* 1JyJy* S12
~ lW!2

2Mg
2

sin2 ulD
WL

Mg
2

k0
2 uJzu2 S12

~ lW!2

k0
2

cos2 ulD
WTT JyJy* 2JxJx* J ~ lW!2 sin2 ul

2Mg
2WTT8 22 Re(JxJy* )

WLT 22
Mg

k0
Re(JzJx* ) J ~ lW!2 sin 2ul

2k0MgWLT8 22
Mg

k0
Re(JzJy* )
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events with a small angleu l reduces the contribution of th
longitudinal component, therefore probing the transverse
sponse. The sensitivity to the longitudinal response can
enhanced by selecting largeu l . As observed from Table I
one can also increase the sensitivity ofWL with respect to
WT by selecting large virtual-photon masses, sinceCTWT is
proportional toMg

22 andCLWL is independent ofMg (k0 is
nearly constant for our kinematics!.

III. THEORETICAL MODELS DESCRIBING
THE pp\ppe¿eÀ PROCESS

In the previous section we introduced the nuclear curr
J and coupled it to the leptonic currentj which resulted in the
decomposition of the cross section into longitudinal a
transverse components. In this section we will focus on
currentJ and present models for thepp→ppe1e2 process
describing this quantity and the related response functi
Wi . Two different approaches have been developed to
scribe virtual bremsstrahlung inpp scattering: a relativistic
low-energy calculation, inspired by the low-energy theore
~LET!, and a fully relativistic microscopic model.

A. Low-energy calculation

The LET calculation expresses the bremsstrahlung am
tude in terms of the well-known elastic process, represen
by the on-shellT matrix and the static properties of the pr
ton ~mass, charge, and magnetic moment!. This is achieved
by first calculating a so-called external amplitude, from t
external currentJext of the leading-order diagrams. Next, th
total amplitude is obtained by adding to the external curr
an internal currentJ5Jext1Jint. The internal current,Jint is
constructed by making use of current conservation (kmJm

50), and partially represents higher-order diagrams l
meson-exchange and rescattering contributions.

In general, the construction of a LET model is not uniqu
In Ref. @18# two different LET calculations have been intro
duced. Both models construct their amplitude using the
shellT matrix obtained by a one-boson-exchange potentia
solution of the Lippman-Schwinger equation. They differ
the expansion method applied to calculate from the on-s
T matrix, the matrix elements needed for the off-shell kin
matics associated with the virtual-bremsstrahlung proc
Calculations were performed for both approaches. At ki
matics close to the elastic proton-proton scattering limit, i
small photon energies, the two approaches give identica
sults, as expected from the nature of a LET expansion. At
kinematics relevant for the present experiment, difference
30% in the cross section between the two LET calculatio
are found. In this paper we only show the results of t
approach labeled VL~virtual-low! in Refs. @17,18#, since it
fits our data best.

B. Microscopic model

The basis of this model developed by Martinuset al. @7#
is the Bethe-Salpeter~BS! equation. A relativistic one-
boson-exchange potential, developed by Fleischer and T
@21–23#, forms the solution of the BS equation. The result

c-
7-3
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J. G. MESSCHENDORPet al. PHYSICAL REVIEW C 61 064007
a T matrix, which already comprises relativistic and off-sh
characteristics of thepp-scattering process. The external a
rescattering contributions for bremsstrahlung are obtained
making use of thisT matrix. In contrast to the LET calcula
tion, the microscopic model employs the fullT matrix. It
should be noted that in the on-shell limit, theT matrix of the
microscopic model is different from the on-shellT matrix
used in the LET calculations. To check the difference
tween theT matrices, the predictions of the microscop
model and the LET calculations, at kinematics close to
elastic limit were compared. Deviations were found to
less than 10%.

Two-body effects~meson exchange andD contributions!
are added perturbatively. Also in this respect, the mic
scopic model differs from the LET calculation. The latt
partially takes these higher-order diagrams into accoun
including an internal currentJint and by applying curren
conservation. Furthermore, negative energy states are c
lated explicitly. The contribution of specific diagrams to t
different RFs are shown in Fig. 3. WhereasWTT shows
equally strong contributions from two-body currents~meson
exchange currents andD excitations! and negative energy
states, the longitudinal RFs (WL andWLT) are primarily sen-
sitive to the inclusion of negative energy states. Clearly w
accurate measurements of all these observables the
vidual contributions can be tested experimentally.

IV. MONTE CARLO EVENT GENERATOR

With four particles in the exit channel there are twel
observables which in fact are all measured. Energy and
mentum conservation reduces the twelve observable
eight. Theory has chosen the parameters of the eightfold
ferential cross section of Eq.~1!. Since we want to compar

FIG. 3. Predictions of the microscopic model for the respo
functionsWT , WL , WTT , andWLT are shown as a function ofMg ,
for coplanar kinematics, withup156°, up2515°, andug5140°.
Solid lines include contributions from two-body currents~MEC and
D) and negative-energy states. Dotted lines do not include nega
energy states. Dashed lines do not include negative-energy sta
two-body currents.
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with theory, our experimental data have to be broug
into the form of Eq.~1! or a lower-order integrated versio
of it. Limited counting statistics did not allow us to produc
an eight-fold differential cross section of thepp→ppe1e2

process (d8s/dVp1
dVp2

dMgdugd cosuldfl) experimen-
tally. Therefore, the experimental data were integrated o
all observables, except the one of interest.

For a comparison with theory, the model calculatio
have to be integrated over the same phase space as the
Analytically, this is difficult to perform. First of all, the
available calculations produce response functions for a s
cific kinematics and do not give an analytical expressi
Secondly, the boundaries of the experimental setup and
detector acceptances are difficult to express analytically.
nally, as demonstrated by Block@24#, the analytical evalua-
tion of the phase space for four or more particles becom
prohibitively complex. Therefore, a Monte Carlo event ge
erator was developed to produce kinematically allowedpp
→ppe1e2 events.

We employed theN-body phase-space programGENBOD

@25#. For each event the corresponding phase-space de
is calculated and presented as a weight factorg. Next, the
amplitude squareduAu2 is obtained from the model calcula
tion in question ~LET or fully relativistic microscopic
model!, and the total weight of the event is obtained by m
tiplying uAu2 with g. The productuAu2g can be used to di-
rectly calculate the absolute cross section without the nee
further normalization. This has been checked by compar
the result obtained for a small region of phase space given
DVp1

DVp2
DugDMgDV l with an exact calculation.

Finally, the events have to be folded with the experime
tal filter. To this end we have applied the detector-simulat
packageGEANT3 @26# to describe the spatial boundaries
the experiment and to realize the electronic thresholds
effect for the energy signals of the detector components.

V. EXPERIMENTAL PROCEDURE

The experiment reported here has been performed at
to study bremsstrahlung processes in thepp system using the
190 MeV polarized-proton beam provided by the superc
ducting cyclotron AGOR. The bremsstrahlung photon can
real or virtual. The present paper discusses the virtu
bremsstrahlung process. Virtual-photon production is
tected via the electron-positron pair emitted inpp
→ppe1e2.

Due to the extremely small reaction cross sections
volved, high luminosities together with good detection a
ceptances are necessary for these measurements. The
cross section for elastic proton-proton scattering is'104

mb, while the proton-proton real-bremsstrahlung cross s
tion pp→ppg is of the order of 1mb. The total cross sec
tion of virtual bremsstrahlung is still of ordera smaller
('10 nb!. The goal of the present bremsstrahlung expe
ment is to study intermediate states far off the mass sh
This is achieved by measuring two high-energy leptons
coincidence with two protons at small forward angles. T
requested kinematics results in a dramatic reduction of
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detector acceptance for bremsstrahlung events. An effic
trigger is needed to reduce the event rate resulting from
dominant elastic channel. In addition, other trigger con
tions are concurrently measured~such as scaled-down elast
events, cosmic-ray events, minimum-bias events!. These
events are used in the off-line analysis to determine dete
efficiencies as well as estimating sources of contamina
and background. This experiment was performed with
integrated luminosity of 520 pb21. The product of the tota
experimental detector acceptance ('331023) and effi-
ciency (e50.361) was'131024. A total of 600 events
were identified with thepp→ppe1e2 process.

A. The liquid-hydrogen target

The very small cross sections required the use of r
tively thick liquid hydrogen targets with thin windows i
order to minimize background. The target cell@27# used in
the experiment is made of aluminum of high purity for op
mizing the thermal conductivity and had a minimum amou
of material in the median plane. Together with its gas lea
it is mounted on a vertical cryogenic cold head, which c
independently cool the target cell down to temperatures
low as 12 K. The operational target pressure and target t
perature were chosen to be above 140 mbar and 15 K
hydrogen. The cylindrically shaped target cell was 6 m
thick and 20 mm in diameter. This thickness translates to
mg/cm2 of hydrogen material in the target. The target w
mechanically maintained in a continuous wobbling motion
order to decrease the local heating caused by the energy
of the beam particles transversing the target. The beam
at the target was 2 mm in diameter.

To minimize the contribution from the target windo
relative to the actual target material and to minimize
stopping power of the target, a very thin target window w
used. The choice of material for the window was based
the mechanical strength at low temperatures, its resistanc
radiation and its quality of not being permeated by LH2. A
detailed test and comparison between various materials@27#
led to the use of a synthetic aramid foil of 4mm thickness.
The material of the two aramid foils~entrance and exit! cor-
responds to a combined thickness of 1.2 mg/cm2. When the
target is in its operational mode, the bulging of the cell
sults in an effective liquid-hydrogen thickness of 5
mg/cm2. Together with an averaged beam current of 6 nA
experimental luminosity of 131033cm22 s21 is achieved.
The luminosity was limited primarily by the maximum to
erable singles count rates for the forward-angle detector

B. The small-angle large-acceptance detector

The small-angle large-acceptance detector~SALAD! @11#
was used for measuring the two outgoing protons of thepp
→ppe1e2 events. This detector features two multiwire pr
portional chambers~MWPC! for determining the position o
the protons, 24 plastic energy scintillators for measur
their kinetic energy, and 26 plastic veto scintillators plac
behind the energy scintillators to reduce the trigger rate
the elastic channel. The total solid angle of the detecto
about 400 msr. Protons are detected at polar angles betw
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6° and 26° with full azimuthal coverage below 21°. A sch
matic view of the detector is given in Fig. 4.

The first chamber, labeled MWPC1 and with dimensio
3803380 mm2, consists of three wire planes: a plane wi
wires in the horizontal~x! direction, another in the vertica
~y! direction, and a diagonal plane (u), respectively. Theu
plane is used to overcome ambiguities in multiprong eve
The second chamber, labeled MWPC2 with dimensio
8403840 mm2, consists of two planes (x and y). Both
MWPCs have a central hole to allow the passage of
beam. The intersection points in the two chambers define

FIG. 4. Schematic drawing giving a perspective view~upper!
and a top view~lower! of TAPS and SALAD as used in the prese
experiment. TAPS used for detecting thee1e2 pairs is configured
in the block geometry.
7-5
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trajectory of the particle. The angular resolution of the cha
bers is 0.5°. Together with the target spot, the trajectory w
extrapolated to indicate the correct scintillator where the
ergy of the particle should have been measured.

The MWPCs were read out using the commercially av
able LeCroy PCOS III system. The efficiency maps of t
wire chambers were obtained according to the method
lined in Ref.@28#, by analyzing elastically scattered proton
which were continuously measured throughout the whole
periment. Given the dominance of the elastic channel
can be achieved within a short measuring period of a
minutes. The efficiency of each chamber is calculated
multiplying the individual plane efficiencies. The efficienc
of MWPC1 as a function of the proton scattering angleup is
shown in Fig. 5. This efficiency distribution, obtained fro
an off-line analysis of the present data, corresponds to a
measuring time of 2 h. Averaging both wire-chamber e
ciencies, weighted with the accumulated charge measure
a Faraday cup over the full experiment, gives a combin
single-proton wire chamber efficiency ofewc50.851
60.001. Detection of both protons of the event finally co
responds to an efficiency ofewc

2 .
Behind the two wire chambers, 24 plastic scintillators~Bi-

cron BC-408! were placed for measuring the energy of t
protons. As shown schematically in Fig. 4, these detec
were arranged as a curved segmented layer of scintilla
consisting of two sections~top and bottom! containing 12
scintillator bars each. Each scintillator bar is trapezoida
cross section and is pointed towards the target so that a g
proton track intersects only one bar. The height (h), width
(w), and thickness~d! of these bars areh5436 mm, w
561.2 mm~front!, w568.7 mm~back!, andd5112.5 mm,
respectively. Each bar is coupled via a light guide to
XP2282/B phototube, which is able to operate at high co
rates~1 MHz!. The scintillators were used to determine t
energy of protons with a 10% resolution up to 130 MeV. T
effective energy threshold for protons was 20 MeV, cau
by energy loss of these particles before reaching the sci
lators. Due to hadronic interactions while the proto
traverse the scintillator, these detectors are not 100%
cient.ehad is the efficiency for detecting the full energy of th

FIG. 5. Efficiency to identify a proton track in the first wir
chamber as a function of the scattering angle of the protonup .
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protons in the scintillators. The latter efficiency is obtain
by Monte Carlo simulations featuring the simulation packa
GEANT3 @26# and is found to be on average 0.95 per proto
The actual efficiency correction is done on an event-by-ev
basis with individual energy-dependent efficiencies for ea
proton. The proton energy distribution for thepp
→ppe1e2 events, as measured in the present experimen
shown in Fig. 6. Both proton energies are included in t
figure resulting in a wide energy distribution.

Protons with energies larger than 130 MeV punch throu
the 112.5 mm thick scintillator. For 190 MeV protons im
pinging on a liquid-hydrogen target, protons with energ
.130 MeV are associated with the elastic channel. In or
to reduce the elastic trigger rate, a segmented layer of
plastic veto scintillators~again consisting of a top and bo
tom section but this time of 13 scintillators each! was placed
behind the energy scintillators. Each veto scintillator ov
laps partly with two energy detectors. The dimensions
these bars areh5480 mm, w571.2 mm ~front!, w571.9
mm ~back!, and d510 mm, respectively. The solid angl
covered by the veto detectors is larger than the one of
energy detectors in order to account for multiple scattering
protons in the energy scintillators. Elastic scattering eve
corresponding to high-energy protons which punch throu
the thick energy scintillators, are detected by the thin v
scintillators and rejected by the trigger unit. One or mo
elastically scattered protons coincident in a certain time w
dow with two inelastically scattered protons are not rejec
by the trigger. In the off-line analysis, accompanying elas
cally scattered protons are recognized by analyzing th
tracks, as defined by the MWPC detectors, and by the co
sponding energy depositions in the thick energy detec
and the thin veto counters.

The luminosity of the experiment of 131033cm22 s21,
resulted in a total elastic rate of about 10 MHz in the det
tion volume. In the experiment, the individual energ
scintillator rates were'500 kHz, while the veto scintillators
were operating at a rate of'400 kHz.

A dedicated CAMAC trigger module, the SALAD trigge
module STM, was developed at KVI to provide a flexib
trigger condition for the SALAD detection system. As inpu
the trigger module receives the constant-fraction discri

FIG. 6. Measured energy distribution of the protons for thepp
→ppe1e2 events.
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VIRTUAL BREMSSTRAHLUNG IN PROTON-PROTON . . . PHYSICAL REVIEW C 61 064007
nated~CFD! signals from all 50 plastic scintillators and a
external strobe to establish a coincidence trigger. A se
internal data registers and memory-lookup units defines
programmable trigger outputs. During the experiment, o
output served as main trigger, and the remaining three w
used as diagnostic triggers. A detailed description of the t
ger module can be found in Ref.@29#.

The primary task of the STM was to recognize inelas
proton-proton coincidences by the requirementNE2NV
>2, whereNE is the number of signals from the energ
scintillators above threshold andNV the corresponding num
ber from the veto scintillators. With this condition,pp
bremsstrahlung events accompanied by elastic events
also be accepted as good candidates. The external strob
obtained from the leading-edge trigger of TAPS, defining
photon or leptons.

The STM efficiencyeSTM is determined in the off-line
analysis as outlined in Ref.@29#. The efficiency drops from
0.96 for an external strobe rate~TAPS! of 2 kHz to 0.87 for
a strobe rate of 20 kHz.

C. The two-arm photon spectrometer

The measurement of the positions and the energies o
electron and positron was done with the two-arm pho
spectrometer~TAPS! @12#. This detector consists of 384 hex
agonal BaF2 crystals, each with an inscribed diameter of 5
cm and 25 cm in length. TAPS has been divided up into
closely packed blocks, each containing 64 crystals. Th
blocks are placed around the target position in the med
plane at polar angles of 76.5°, 116.5°, and 156.5° at a
tance of 66 cm from the target~see Fig. 4!, resulting in a
coverage of the polar angle of the virtual photon betwe
60° and 180°. In this configuration TAPS provides the p
sibility to detecte1e2 pairs with large virtual-photon masse
up to the kinematical limit of 93 MeV/c2.

The full energy of a lepton with a typical energy of 30–5
MeV is determined with a resolution of 3–4 MeV. This
achieved by measuring the complete electromagn
shower, spread over several BaF2 crystals. The set of adja
cent crystals which give a signal above the CFD thresh
(60.5 MeV! is called a cluster. The direction of the lepton
determined using the information on the position and
energy deposited in each crystal of the cluster. The posi
of the clusterXW is given by

XW 5

(
i

EixW i

(
i

Ei

, ~5!

where memberi of the cluster has the positionxW i and the
deposited energyEi . The geometrical opening angle of
single TAPS crystal, as used in the present experimen
5°.

Particle identification is possible by measuring the time
flight, exploiting the excellent timing properties ('700 ps!
of BaF2 crystals. Figure 7 demonstrates the possibility
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separate particles traveling with the speed of light~photons,
electrons, and positrons! from the heavier protons. Here, th
relative time between a signal from one of the CFDs an
signal from the cyclotron RF is plotted and adjusted toDt50
for photons.

In front of each BaF2 crystal, a charged-particle counte
~CPC! was mounted~labeled CPV in Ref.@12#!, consisting
of a 5 mm thick hexagonal plastic scintillator~NE102A! with
an inscribed diameter of 6.5 cm. This detector allows
separate leptons from photons by measuring the energy
DE deposited by the traversing particles. Each CPC scin
lator is read out by an individual photomultiplier. The ligh
from the CPC paddles is transported to the photomultip
banks, above and below the BaF2 blocks, via plexiglass
lightguides. Therefore, each lepton traverses at most 15
of material before entering the BaF2 crystal. The leading-
edge discriminator levels of the CPCs were set individua
just above the noise level and below the energy depositio
minimum-ionizing particles ('1 MeV!. The DE informa-
tion obtained from the CPCs was essential to identify
pp→ppe1e2 channel against the equally strongpp
→ppgg reaction.

To determine the efficiency of the CPC detectors, we c
lected events which obeyed thepp→ppe1e2 selection cri-
teria, as described below, and for which at least one of
clusters in TAPS originated from an incident charged p
ticle, as determined by the appropriate CPC, while no cha
condition was requested for the other cluster. The efficie
of the CPC for a single lepton was then calculated as

eCPC5
number of events with both clusters charged

total number of preselected events
. ~6!

Care was taken that no background events were inclu
in the analysis of determiningeCPC. As a precaution, the
contamination was minimized by applying a cut on t
energy-sharing angle ofu l.40°, thereby enhancing th
number of events which would make it through all kinema
cal conditions. We note, however, that the measuredu l dis-

FIG. 7. The time of one of the BaF2 crystals~block F! relative to
the cyclotron radio-frequency signal, versus the energy deposi
Photons and electrons and positrons are well separated from
protons.
7-7
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tribution was found to be in good agreement with the sim
lated lepton decay kinematics. The efficiency to detec
single lepton was found to beeCPC50.84060.050 and
weakly dependent on energy. The efficiency value was
marily a consequence of the electronic threshold applied
these detectors. The total efficiency for detecting two lept
is given by the square ofeCPC, i.e., a value of 0.706
60.059. The CPC efficiencies have been studied for e
TAPS block independently and were found to be the sa
within the uncertainties.

Three leading-edge discriminators~LED!, used for trigger
purposes, were available: one for the signals from the C
and two for the BaF2 signals. The latter two were set with a
energy threshold of approximately 5 MeV, the ‘‘LED low,
and 15 MeV, the ‘‘LED high,’’ respectively. For thepp
→ppe1e2 channel the geometrical arrangement of TA
and SALAD was such that at least one of the leptons had
energy above 15 MeV. Therefore ‘‘LED high’’ was used
the main trigger in coincidence with the trigger from th
STM for observing thepp→ppe1e2 reaction. Other TAPS
discriminator signals, the RF signal of the cyclotron a
SALAD CFD signals were downscaled and ORed with t
main trigger for diagnostic purposes, for luminosity monito
ing and for the determination of individual detector efficie
cies.

VI. DATA ANALYSIS

A. Event selection

In the experiment, various triggers were used for spec
channel selections. Thepp→ppe1e2 events represent onl
a very small subset of the total amount of data which w
stored on tape because the main coincidence trigger wa
many cases generated by other reactions. In order to iso
the events which correspond to thepp→ppe1e2 reaction,
we exploited the energy, position, and time information fro
the detectors. In a presort, we selected those events for w
two inelastically scattered protons were detected by SALA
In the analysis we requested at least two wire-chamber tra
plus signals from the corresponding energy scintillators
no energy deposition in the veto scintillators behind the
Furthermore, for each event, TAPS was required to h
identified two electromagnetic showers, both with a time
flight consistent with leptons, i.e., aroundDt50 ~see Fig. 7!.

For each event of the presorted data set, the position
energy of all four exit particles~two protons and two lep-
tons! were determined, resulting in 12 observables per ev
in total. Due to energy and momentum conservation, ho
ever, one only needs eight variables in order to define the
kinematics of the process. Exploiting the four extra obse
ables leads to a strong reduction of unwanted backgro
~kinematically uncorrelated events!. Here, we have used th
following method: first the positions where the final-sta
particles hit the detectors are determined; secondly from
information we calculate~by applying energy and momen
tum conservation! the energies of these particles; and fina
we compare these ‘‘reconstructed’’ energy values with
measured values obtained from TAPS and SALAD. To c
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culate the energies of the four exit particles from their m
sured angles, we have resorted to a numerical strategy b
on the Newton-Raphson algorithm with a modification
converge from almost any initial guess@30#. The initial guess
for the particle momenta is obtained from the experimenta
measured energies of the two protons and two leptons.
reconstruction algorithm does not always find a solutio
This is primarily due to the experimental uncertainties in t
kinematical observables.e rec refers to the efficiency of the
kinematical reconstruction algorithm, which was found to
0.90060.010.

A further reduction of the data set is performed by app
ing acceptance windows when comparing the reconstru
momenta with the measured values. The sizes of the w
dows are based on the detection resolution and have b
chosen such that the contribution of the contamination
reduced to a minimum without a significant loss ofpp
→ppe1e2 candidates. The combined effect of presorti
the data and applying kinematical reconstruction cuts is
reduce the original data set by a factor of 105, resulting in
approximately 20 000 candidates.

So far the information of the CPCs has not been us
Therefore, the reduced data set contains also events from
double-photon processpp→ppgg. In order to differentiate
between the two reactions, one applies the information fr
the CPCs. We define a charged cluster if one CPC, co
sponding to a BaF2 member of the cluster, was present. F
the selection of pp→ppe1e2 events we require two
charged clusters. This requirement reduces the numbe
events by another factor of 10.

The quality of thepp→ppe1e2 events after applying the
above mentioned cuts and selecting events for whichMg
.15 MeV, is illustrated in Fig. 8. As an example, the com
ponent along the beam direction (pi) of the measured mo
mentum of the electromagnetic cluster in TAPS with t
smaller energy is compared with the reconstructedpi mo-
mentum. Such a comparison is possible because the eve

FIG. 8. Measured versus reconstructed momentum of one o
two lepton clusters inTAPS. In the top figure the reconstructio
algorithm assumes an event from thepp→ppe1e2 reaction. In the
bottom part the reconstruction is performed assuming the cluste
be the result of app→ppg event with subsequent conversion
the photon intoe1e2.
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VIRTUAL BREMSSTRAHLUNG IN PROTON-PROTON . . . PHYSICAL REVIEW C 61 064007
overdetermined. Note that no cut has been applied on
observable. In the top part of Fig. 8, we assumed the eve
result from app→ppe1e2 event. A clear correlation is ob
served, which is well reproduced by Monte Carlo simu
tions. The few events which fall significantly outside th
correlation band are events at the edge of a TAPS block
which case part of the electromagnetic shower is lost. In
bottom part of the figure, we assumed the event to be res
ing from the real-photon production processpp→ppg with
subsequent conversion of the photon intoe1e2. Most of the
events do not survive the kinematical windows used, and
those few which do survive the correlation observed in
top panel of Fig. 8 is lost. Therefore using an addition
window on this observable one can reduce further the ba
ground.

B. Study of data contamination and sources of background

In the previous section we discussed the constraints w
were put on the total data set in order to isolate events f
the pp→ppe1e2 reaction. In this section we discuss met
ods to estimate the amount of background left in the sele
data set. Different techniques have been applied, depen
upon the type of background. We studied the following typ
of background: accidental background, background origin
ing from real photons and reactions induced in the target f

We define accidental background, when a part of
event does not correlate with the rest of the event. For
ample, three of the four final-state particles result from
given reaction, whereas the fourth particle results from
other reaction which took place during the same beam bu
The amount of this type of contamination can be estima
by studying the time differences between the particles, si
the probability of a double vertex within the same bea
burst is identical to the one in consecutive beam bursts~the
cyclotron radio frequency corresponds to a time separa
between beam bursts of 17 ns!. By using an event-mixing
analysis, which allows to increase the amount of acciden
by merging the information of a given event with inform
tion from another event, one can generate an unlim
amount of accidental events. Labeling a completely co
lated event asppee, the following types of accidental even
are generated:ppex, pxee, ppxx, xxee, andpxex. Here,x
indicates the missing information obtained from another
correlated event.

These simulated accidental events are subsequently
lyzed by using the same cuts as applied to thepp
→ppe1e2 candidates. The background distributions o
tained in this way are normalized to the accidental ba
ground of the original~unmixed! data set. The normalizatio
is obtained by inspecting the time spectrum and taking
ratio between prompt coincidence events with those in c
secutive beam bursts. Due to the much larger numbe
generated accidentals, it is now possible to estimate the
background spectra even in phase-space regions of s
cross section.

The accidental background has been studied as a func
of many observables. In Fig. 9 the most dominant accide
contaminations (ppex and pxee) are shown as function o
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the virtual-photon massMg . In the top part of the figure, the
analysis is shown in case the CPC information has not b
used. Note that the contribution from the contamination
the typeppex is significant for 20,Mg,60 MeV. If the
CPCs are used in the analysis~only charged clusters are ac
cepted! all types of background reduce to a negligible co
tribution of less than 2% for the complete virtual-photo
mass range. Thus accidental background~including ppxx,
pxex, etc.! can be ignored in the analysis of thepp
→ppe1e2 reaction.

Another type of contamination results from external p
creation (g→e1e2), caused by the material near the targ
~beam pipe, walls of scattering chamber, vertical cryoge
cold-head, and target cell!. A photon initiated from thepp
→ppg process is converted into an electron-positron p
therefore giving rise to two correlated electromagnetic sho
ers in TAPS together with two correlated inelastic prot
tracks in SALAD. This process can be misidentified as
pp→ppe1e2 reaction.

To estimate this type of contamination, we made a Mo
Carlo study in which the detector-simulation packa
GEANT3, simulating the complete SALAD-TAPS setup, wa
combined with an event generator which providespp
→ppg events according to the LET calculation. The sim
lated data thus obtained were analyzed in the same wa
the actual data from the experiment. This analysis show
that the maximum contribution occurs forMg,10 MeV
where the opening angle between the electron and positro
small. For this virtual-photon mass region it is estimated
be 10%. The contamination resulting from external pair c
ation decreases rapidly as a function of the virtual-pho
mass. At larger masses (Mg.15 MeV! the contamination
from external conversion is negligible.

A similar analysis has been performed for the doub
photon process,pp→ppgg in which one of the photons
has converted externally into an electron-positron pair. T
likelihood of misidentifying such an event as app
→ppe1e2 event, within the kinematical cuts, is extreme
small.

FIG. 9. Accidental contamination of the typeppexandpxeein
comparison with unmixed events (ppee). The analysis was applied
to approximately half of the total data set. In the top panel,
CPCs were not used in the analysis. In the bottom panel, the
clusters in TAPS were required to be charged~CPC signal present!.
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The background resulting from the entrance and exit fo
of the target was measured under conditions where the ta
was emptied of liquid hydrogen. These data were recor
during the experiment for an effective time period of 8
~compared to 200 h of running with the liquid hydrogen!. A
quantitative analysis showed that the amount of misidenti
events of this kind, satisfying all applied constraints is,
the experimental integrated luminosity, less than one eve

C. Data normalization

From the number ofpp→ppe1e2 events,Nppee, the
experimental cross section,sexp, within the accepted phas
space covered by TAPS and SALAD is obtained by

sexp5h lum

Nppee

CQeff de
, ~7!

with C53.7631023 nC21 mg21 cm2 nb21, Qeff52.73106

nC, d542 mg/cm2, e50.36160.045, h lum50.81260.012.
Here,d corresponds to the nominal target thickness andQeff
to the total collected charge measured by a Faraday cup
corrected for the dead time of the acquisition system. T
latter is experimentally determined using the scaler inform
tion of the triggers. The value for the total detection ef
ciency e is obtained by multiplying the individual efficien
cies discussed previously:e5e receSTMewc

2 eCPC
2 ehad

2 . Note that
also the results for the models, simulated using an ev
generator in combination with the detector-simulation p
gramGEANT3, were corrected using the same values forehad

2

and e rec. Although we give here for simplicity an averag
value forehad

2 , the detector-simulation program calculates
an event-per-event basis separate efficiencies for each
ton. Hence, the uncertainties of the latter two efficienc
drop out in the present comparison of theory and experim
The uncertainties, however, enter in the estimation of
systematic error in the absolute values for the cross secti
A summary of all efficiencies can be found in Table II.

Due to bulging of the target and uncertainties in the m
surement of the Faraday cup, deviations from the integra
luminosity (CdQeff) are expected. These are monitored a
corrected for by the elasticpp channel which was measure
continuously throughout the experimental period. The
perimentally determinedpp elastic scattering cross section
corrected for contamination due to the target foil and c
rected for wire-chamber efficiencies, are normalized to

TABLE II. Summary of all applied corrections for detector e
ficiencies, luminosity, and fluctuations in the measuredpp→ppg
cross section.

Wire-chamber efficiency ewc 0.85160.001
Reconstruction algorithm e rec 0.90060.010
Hadronic interactions ehad 0.95060.010
SALAD-Trigger Module efficiency eSTM 0.87060.020
CPC efficiency eCPC 0.84060.050
Luminosity correction h lum 0.81260.012
s(pp→ppg) variations 1.00060.085
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world p1p data set@31#. The luminosity correction factor o
h lum50.81260.012, is dominantly the result of the bulgin
of the target@27#.

As a further check, we have monitored thepp→ppg
yield to study the stability, in time, of the measurement. F
this, we have divided the total data-taking time period in
time intervals of'15 h each, which give accurate measu
ments for the cross section of the real bremsstrahlung r
tion due to its larger yield. For each time interval the to
ppg cross section was inferred. The fluctuations in the
perimentally determined cross section are in the order
68.5% for the complete experimentally covered solid ang
The fluctuations have been added to the systematic un
tainty of the pp→ppe1e2 cross section determination
These fluctuations are partly caused by taking a constan
ficiency for the wire chambers and the trigger uniteSTM for
the complete experiment. Taking into account all the unc
tainties on the measured detector efficiencies~see Table II!
and the fluctuations in the experimentally determinedpp
→ppg cross section with respect to the elastic channel,
the covered solid angle, we obtain a systematic uncerta
of 615%.

VII. RESULTS AND COMPARISON
WITH MODEL CALCULATIONS

After correcting thepp→ppe1e2 data with the detector
efficiencies and applying the normalization to the we
known elasticp1p channel, differential cross sections int
grated over the covered phase space were determined as
lined above. These cross sections are now compared with
theoretical predictions folded with the detector acceptanc

In Fig. 10 the differential cross section is shown as
function of the virtual-photon mass and the virtual-phot
polar angle. Only statistical error bars are depicted. The
ditional systematic uncertainty is615%. Furthermore, the
energy of the particles is restricted toE.5 MeV for the
leptons,E.20 MeV for the protons, andMg.15 MeV. The
same cuts were used in the calculations. The total integr
~measured! cross section amounts to 3.260.1(stat)
60.5(sys) pb.

The virtual-photon mass distribution for two differen
proton-angle combinations is shown in Fig. 11. In the t
panel of Fig. 11, events are selected for which both pro
polar anglesup are larger than 15°. The bottom panel sho
the differential cross section for proton angles smaller th
15°, i.e., large momentum transfer and consequently la
photon total energy. In both Figs. 10 and 11 thepp
→ppe1e2 data are compared to two calculations. The so
lines refer to the microscopic model by Martinuset al. @7#,
while the dotted curves refer to the LET calculation@17,18#.

The state-of-the-art microscopic calculation overestima
the measured differential cross sections as a function of b
the virtual-photon mass and its angle. It predicts a total cr
section of 5.9 pb. Since the microscopic calculation exp
itly takes into account relativistic effects and differe
sources of non-nucleonic contributions, the observed la
discrepancy between the microscopic model and the da
surprising. Part of the discrepancy resides in the fact that
7-10
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NN potential of Refs.@21–23# used in the microscopic
model calculation does not provide a good fit to the prese
day NN database. At kinematics close to the proton-pro
elastic scattering limit, differences of 10% were found b
tween the microscopic predictions and the LET predictio
The latter use anNN potential which fits very well the elasti
phase shifts. Note, that the difference between the two
culations becomes larger for protons with polar ang
smaller than 15° as shown in Fig. 11, therefore making
part of the phase space ideal for comparing different mo
predictions with data.

Extraction of the electromagnetic response functions

By exploiting the dependence of the cross section on
lepton anglesu l andf l ~see Fig. 2!, one can experimentally
determine the response functionsWT , WL , WTT , WTT8 ,
WLT , andWLT8 . There are two techniques to disentangle
contributions from the various response functions. Using
orthogonality of the harmonic functions@see Eq.~4!#, one
can isolate all interference terms from the sum of the tra
verse and longitudinal components,WS5WT1WL . The u l
dependence can then be used to separateWL andWT in WS .
In this section we focus on the details of the experimen
procedure to extract these response functions. Furtherm
the results are compared to the models previously descri

The limited statistics forced us to integrate the data o
the acceptance of the experimental setup. As a result,
define in this section the integral observablesW̄i ( i 5T,L,

FIG. 10. Top: Differential cross section as a function of t
virtual-photon mass (Mg) of the virtual photon integrated over th
full detector acceptance. The bin width inMg is 5.5 MeV. Bottom:
Virtual-photon angular distribution in the laboratory frame int
grated overMg from 15 to 80 MeV. The bin width inug is 10°.
Only statistical errors are shown. The solid lines are the result of
microscopic calculation, while the dotted curves refer to the L
calculation.
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TT,LT,TT8,LT8), closely related to an average of the r
sponse functionsWi as defined in Eq.~4!.

We introduce the average of theWS responseW̄S

5WT1WL, and defined it as@see Eqs.~1! and ~4!#

W̄S5
~2p!8upW u

mp
3e4

E
V
S ds

dV D exp

dV

E
V

R~CT1CL! dV

5
1

E
V

R~CT1CL! dV
H E

V
R~CTWT1CLWL! dV

1E
V

R@CTT~cos 2f lWTT1sin 2f lWTT8 !# dV

1E
V

R@CLT~cosf lWLT1sinf lWLT8 !# dVJ . ~8!

In Eq. ~8!, we integrate over the solid angle,V, representing
the covered phase space of the setup. Using this definitio

is possible to determineW̄S unambiguously. The denomina
tor in Eq. ~8! is obtained by a Monte Carlo simulation~see
Sec. IV! using a model-independent phase-space event
erator and the experimental setup simulated withGEANT3. In
cases where the leptonic angle,f l , is fully covered, the in-
terference terms drop out in the integration and Eq.~8! be-
comes

FIG. 11. Differential cross sections as a function of the virtu
photon mass, for protons with polar angles larger than 15°~top
panel! and polar angles smaller than 15°~bottom panel!. The bin
width in Mg is 11 MeV. Only statistical errors are included. Th
solid lines show the result of the microscopic calculation and
dotted lines the result of the LET calculation.
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W̄S5

E
V

R~CTWT1CLWL!dV

E
V

R~CT1CL!dV

. ~9!

In order to break downW̄S into W̄T andW̄L one exploits the
different dependence ofCL andCT on u l . The contribution
from the longitudinal response can be reduced by minim
ing CL . This can be achieved by taking small values for t
energy-sharing angleu l ~see Table I!. Within this limit the
second term in the denominator on the right-hand side of
~9! becomes small. Hence, the observableW̄S approximates
an average value ofWT over the phase space covered. Co
versely, by selecting large values ofu l to maximizeCL , the
observableW̄S becomes somewhat more sensitive toWL .

The experimental setup does not fully cover the lepto
angle f l . Thus W̄S contains small contributions from th
response functionsWTT , WLT , WTT8 , and WLT8 . How well

W̄S represents the averaged transverse response func
WT , is shown in the left panel of Fig. 12. Here, the expe
mental results forW̄S with a cut ofu l,40° ~to minimize the
contribution from the longitudinal response! are shown and
compared with the models. The models, implemented b
Monte Carlo method, are analyzed in the same way as
data and result in the thick solid lines. We have chosen
rescale theWT component with a factor 0.54. This renorma
ization, which is only applied toWT , is anad hocmodifica-
tion introduced in order to fit the measured virtua
bremsstrahlung cross section~see Figs. 10 and 11!. Note that
the latter is dominated by theWT contribution. The contri-
bution of each of the response functions to the total is sho
separate. Since some of these contributions are rather s
some curves cannot be distinguished from each other in
figures. Both models predict thatW̄S represents quite wel
the average value forWT .

By analyzing the data foru l.80°, one hopes to prob
experimentally the longitudinal responseWL . In the right
panel of Fig. 12 the result foru l.80° is shown and com
pared with the simulation obtained using the microsco
model and the LET calculation. The contribution of ea
response function in the model is depicted. We have cho
to rescale theWT component of the microscopic model wit
a factor 0.54, therefore removing the discrepancy observe
Figs. 10 and 11. Clearly, the cut on large energy-shar
angles enhances the sensitivity to the longitudinal respo
as predicted. At small virtual-photon masses the transv
response function still dominates. That is not surprising si
the longitudinal response functionWL vanishes for small
virtual-photon masses~see Table I!.

Clearly the sensitivity of the data to the longitudinal r
sponse is rather poor, which is due to the large experime
uncertainties at large virtual-photon masses. Nevertheles
looking at the right panel of Fig. 12, one can conclude t
after scaling by 0.54 the microscopic model prediction
the longitudinal response function is not in disagreem
with the data.
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To extract experimentally the interference response fu
tions, we define a more general expression for the avera

response functionW̄i with i 5TT,LT,TT8,LT8 by

W̄i5

E
V

~ds/dV!expgi dV

C E
V

RCiĝi
2 dV

, ~10!

where the functionsgi and ĝi are given in Table III. As an
illustration, we assume thatf l is covered completely, and

demonstrate the relation betweenW̄TT andWTT . In that case,
the componentsT,L,LT,TT8,LT8 vanish in the integral over

dV l , due to the orthogonality of the functionsgi andĝi ~see
Table III!. Hence, the averaged transverse-transverse
sponse function,W̄TT , results in (ĝTT5gTT)

FIG. 12. The experimentally determined average response f

tion, W̄S , is compared with the LET calculation~bottom panel! and
the microscopic model~top panel!. In the left panel data are show
for which a cut ofu l,40° is made to minimize the contributio
from the longitudinal response. In the right panel data are shown
which a cut ofu l.80° is applied in order to enhance the sensitiv
to the longitudinal response. The bin width inMg is 13 MeV. The
solid thick line represents the prediction of the models. The rem
ing lines are the contributions of the different components:WT

~thin!, WL ~gray!, WTT ~dotted!, WLT ~dashed!, WTT8 ~dot-dashed!,
andWLT8 ~dot-dot-dashed!. The transverse response function of t
microscopic model for both plots in the top panel has been mu
plied by 0.54.
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W̄TT5

E
V

RWTTCTTgTT dV

E
V

RCTTgTT
2 dV

. ~11!

It can easily be shown that also the other averaged inte
ence response functions (WLT , WTT8 , andWLT8 ) behave simi-
larly in casef l is completely covered experimentally.

The weight functionsgi ~and ĝi) are chosen in order to
exploit fully the dependence of the cross section on the an
f l , given in Table I, which is purely determined by QED
For TT8 andLT8 an additional term is introduced. This wa
found necessary, since the response functionsWTT8 andWLT8
change sign under the reflection,Y→2Y. Omitting this ad-
ditional function would result in an average value of zero
WTT8 andWLT8 .

Since the dilepton anglef l is not completely covered
experimentally, the averaged interference response funct
W̄i , become a mixture of all the response functionsWi . This
can be seen from the results shown in Fig. 13. Here,
deduced response functions are shown together with the
dictions of two models shown as the solid line: LET~right
panel!, and microscopic model~left panel!. The remaining
lines are the various nonvanishing componentsWTT ~dotted!,
WLT ~dashed!, WTT8 ~dot-dashed!, WLT8 ~dot-dot-dashed!. In
this plot, the data points shown are obtained by explic
subtracting the contribution,W̄T , resulting from the trans-
verse responseWT , as predicted by each of the two mode

For the left panels, the renormalizedWT predictions were
used for the subtraction. Note that the data points are o
weakly dependent upon the model used for the subtrac
procedure. The error bars shown contain the contribution
the statistical significance of the data as well as the influe
of the systematic error~of 15%! in determining the contribu-
tion of WT which is subtracted from the data. The expe
mental results forWTT , WLT , WTT8 , andWLT8 are compared
with the corresponding predictions.

Whereas forWT the microscopic model overestimates t
data for all virtual-photon masses, the interference respo
are better described. At small virtual-photon masses the
croscopic model and the LET calculation are able to pre
the data reasonably well within statistics. The microsco

TABLE III. The definitions of the functionsgi and ĝi used in
Eq. ~10!. For theTT8 andLT8 components, a special sign-functio
~either11 or 21) related to the azimuthal angles of the protons
applied togi . Here, the index 1 refers to the proton on the side
the photon.

gT 1 ĝT
1

gL 1 ĝL
1

gTT cos 2fl ĝTT
cos 2fl

gLT cosfl ĝLT
cosfl

gTT8
1
2 sin 2fl sgn@sin 2(f12f2)# ĝTT8

sin 2fl

gLT8
1
2 sinfl sgn@sin 2(f12f2)# ĝLT8

sinfl
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model prediction for the data point corresponding to t
lower virtual-photon mass bin is in good agreement with
data for W̄LT and W̄TT8 , although it clearly underestimate

the W̄TT response. The latter is probably related to the o
served overestimation of theW̄T response, as can be ex
pected by the correlation between the definition of these
sponse functions~see Table I!.

At large virtual-photon masses, however, discrepanc
between both models and the data can be observed, e
cially in the interference termsW̄TT andW̄TT8 . Also for W̄LT

f

FIG. 13. The deduced interference response functions (W̄TT ,

W̄LT ,W̄TT8 ,W̄LT8 ) are compared with the results of the microscop
model ~left panel! and the LET calculation~right panel!. The con-
tribution from WT has been subtracted using the respective mo
predictions. The bin width inMg is 25 and 40 MeV for the two data
points, respectively. The curves are defined in the caption
Fig. 12.
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J. G. MESSCHENDORPet al. PHYSICAL REVIEW C 61 064007
the microscopic-model prediction disagrees with the data
largeMg . Clearly, improvements in the theoretical descr
tion of the nucleonic currents are needed.

VIII. SUMMARY AND CONCLUSIONS

The well-known coupling of the photon with the nucleo
together with the fact that photons~or any electromagnetic
probe! interact only relatively weakly with nucleons, mak
bremsstrahlung production an ideal tool to study details
the nucleon-nucleon interaction. In the present paper di
ton production (e1e2) in proton-proton scatteringpp
→ppe1e2 has been discussed. This process provides
information on the nucleon-nucleon interaction in addition
that obtained by studying the real-photon channelpp
→ppg. However, the relatively small cross section of t
pp→ppe1e2 reaction ~approximately a factor 1/137
smaller than the cross section of thepp→ppg reaction!
makes virtual bremsstrahlung difficult to observe. The res
shown now clearly demonstrate that these experiments h
become feasible.

For the first time, thepp→ppe1e2 channel is measure
below the pion-production threshold. The background or
nating from accidental contamination, frompp→ppg
events, and from the double-photon process (pp→ppgg)
has been reduced to a negligible level by making use of
good time resolution of the BaF2 crystals, by applying the
information from the charged-particle counters of TAPS, a
by exploiting the overdetermined kinematics of the ev
provided by SALAD. A total of'600 background-freepp
→ppe1e2 events have been extracted from the data. T
limited energy resolution of the setup is compensated by
fact that each event is kinematically overdetermined, allo
ing to reconstruct the energies from the measured pos
information. The remaining events from the complete d
set ~originating mainly frompp→pp, pp→ppg, and cos-
mic rays! have been used to calibrate the detectors, to de
mine individual detector efficiencies, and to obtain the e
perimental luminosity.

Exclusive differential cross sections have been measu
The total cross section integrated over virtual-photon mas
of 15 to 80 MeV/c2 amounts to 3.260.1(stat)60.5(sys) pb.
The data are compared to a LET calculation@17,18# and a
fully relativistic microscopic model@7#, which predict, for
the actual detector acceptance, a virtual-bremsstrahlung c
section of 3.4 and 5.9 pb, respectively. Over the entire
perimentally covered phase space, the LET calculation g
a better description of the data than the microscopic mo
The latter takes explicitly into account the off-shell dynam
of the intermediate protons and the rescattering contr
tions. Furthermore, the model adds perturbatively contri
tions from meson-exchange currents and the virtualD isobar.
Similar comparisons were made for the real-photon bre
strahlung data@6#. There, the higher statistics obtained a
lowed the comparison in very small regions of the pha
space. It is noted that the microscopic model also overe
mates the real-photon data.

The data have also demonstrated that the leptonic-a
dependence of the cross section can be exploited to p
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specific directional components of the nucleon current. T
cross section can be decomposed into six independent
servables, the electromagnetic response functionsWi . The
most dominant contribution, the transverse response func
WT , can be determined with relatively good accuracy. E
tracting the remaining response functions~longitudinal,
transverse-transverse, and longitudinal-transverse resp
functions! is difficult and requires, apart from good statistic
a complete coverage of the leptonic anglesu l andf l . Due to
the limited coverage of the leptonic angles in the pres
work, the experimental decomposition of these respo
functions has a large contribution from the dominant tra
verse response function (WT). This contribution has been
subtracted using the model predictions, making the exp
mentally obtained result somewhat model dependent.

We have compared the extracted values of the inter
ence terms with the predictions of the LET calculation a
the microscopic model. For the latter calculation, we ha
adjusted the predictedWT response function by multiplying
it with a normalization factor of 0.54 to account for the di
crepancy between data and calculation in the total cross
tion. Within this normalization and within the statistical a
curacy of our data both models show significant deviatio
from the data. For lowMg ~15–40 MeV!, the microscopic
model predicts all but theW̄TT response. The underestima
tion of the latter is most likely correlated with the overes
mation of theW̄T response. For largeMg ~40–80 MeV! both
models show significant deviations from the data. Clea
improvements in the theoretical description of the nucleo
currents are needed.
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APPENDIX

In this appendix it is explained how to obtain the squa
of the reaction amplitude for thepp→ppe1e2 process in
terms of the transverse (WT), longitudinal (WL), transverse-
transverse (WTT , WTT8 ), and longitudinal-transverse (WLT ,
WLT8 ) response functions. The coupling of the leptonic tra
sition current,j m , with the nucleonic transition currentJm is
described by QED and results in a squared amplitude gi
by @32#
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uAu252
e4

2ml
2Mg

4 @ uJ• l u21Mg
2~J•J* !#. ~A1!

We are interested in the decomposition of the spatial co
ponents of the current densityJW into a longitudinal (JWL) and
a transverse (JWT) part

JW5JWL1JWT , ~A2!

where we defineJWL to be the component in the direction o
the virtual-photon momentumkW , defined by thez axis with
unit vectoreW z :

JWL5
JW•kW

ukW u2
kW [JLeW z . ~A3!

We decompose the transverse component into two com
nents, from coupling a photon with positive helicity11,
J11, and a photon with negative helicity21,J21:

JWT5J11eW 11* 1J21eW 21* , ~A4!

with unit vectorseW 6157A1
2 (eW x6 ieW y). They axis is chosen

alongkW3pW with pW denoting the incoming proton momentu
~see Fig. 2!.

The termsJ•J* andJ• l are evaluated as

J•J* 5J0J0* 2JW•JW*

5
ukW u2

k0
2

uJLu22uJLu22uJTu2

52
Mg

2

k0
2

uJLu22uJTu2 ~A5!

and

Jml m5J0l 02JW• lW

5
ukW u2u lWucosu l

k0
2

JL2u lWucosu lJL

2A1

2
@J21~eW x1 ieW y!2J11~eW x2 ieW y!#• lW

52
Mg

2

k0
2

u lWucosu lJL2A1

2
u lWusinu l@J11e2 if l

2J21eif l#, ~A6!

where u l and f l are the polar and azimuthal angles oflW,
respectively~see Fig. 2!. Equations~A5! and ~A6! are ob-
tained by substituting the componentsJ0 and l 0, using the
relationskmJm50 andkml m50, with

J05
ukW uJL

k0
, ~A7!

l 05
ukW uu lWucosu l

k0
. ~A8!
06400
-

o-

The next step is to evaluateuJ• l u2 as given in Eq.~A1!.
One obtains

uJ• l u25
Mg

4

k0
4

u lWu2 cos2 u l uJLu21
1

2
u lWu2 sin2 u l uJTu2

2
1

2
u lWu2 sin2u l„2 Re~J11J21* !cos 2f l…

2
1

2
u lWu2 sin2u l„i ~J21J11* 2J11J21* !sin 2f l…

1
Mg

2u lWu2

2A2k0
2

sin 2u l„2 Re~JLJ11* 2JLJ21* !cosf l…

1
Mg

2u lWu2

2A2k0
2

sin 2u l@ i ~JLJ11* 2J11JL*

1JLJ21* 2J21JL* !sinf l #. ~A9!

Substitution of Eqs.~A9! and ~A5! into Eq. ~A1! together
with a transformation to spatial components

JL5Jz ,

J1152A1

2
~Jx1 iJy!,

J215A1

2
~Jx2 iJy!, ~A10!

results in

uAu25
e4

2ml
2Mg

2 F S 12
u lWu2

2Mg
2

sin2 u l D ~ uJxu21uJyu2!

1S 12
u lWu2

k0
2

cos2u l D S Mg
2

k0
2

uJzu2D
1S u lWu2

2Mg
2

sin2u l cos 2f l D ~ uJyu22uJxu2!

1S u lWu2

2Mg
2

sin2u l sin 2f l D @22 Re~JxJy* !#

1S u lWu2

2k0Mg
sin 2u l cosf l D S 22

Mg

k0
Re~JzJx* ! D

1S u lWu2

2k0Mg
sin 2u l sinf l D S 22

Mg

k0
Re~JzJy* ! D G .

~A11!

The response functionsWT , WL , WTT , WTT8 , WLT , and
WLT8 are defined by the factors containing the nucleonic c
rents in the equation above.
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