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Virtual bremsstrahlung in proton-proton scattering below the pion-production threshold
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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 numbgs): 13.75.Cs, 25.16:s, 25.20.Lj

I. INTRODUCTION from the angular distribution of the two leptons, the reaction
cross section can be decomposed into six different compo-
A detailed knowledge of the interaction between nucleongients. Each of these components is related to a specific po-
is essential for the understanding of nuclear phenomena. It lgrization state of the virtual photon. This gives additional
therefore of great interest to have a good description of th@bservablegresponse functionsvhich are sensitive to spe-
NN interaction. To this end, experimental and theoreticarific ingredients of the reaction mechanigire., negative-
studies of the system in which two nucleons interact are ofnergy statesi resonances, meson-exchange contributions,
importance. This has led to extensive studies of the elastigtc) [7]. Virtual bremsstrahlung, therefore, allows a detailed
pp andpn scattering processes. Cross sections and spin olgnalysis of thepp interaction.
servables are experimentally well determined, and are well Experimentally, measuring th@p—ppe‘e” reaction
described by present moddls—3]. The available data are Process is far from easy. The cross section is approximately
used to fit parameters of the nucleon-nucleon interaction poa factora=1/137 smaller than the real-photon process. Inte-
tential, which include higher-order effects, such as off-shellgrated over 4r and the virtual-photon mass the cross section
contributions. A process which is potentially sensitive to off-is ~10 nb, as predicted by a low-energy calculation. Thus, in
shell effects is the inelastic scattering of two nucleons withorder to measure virtual bremsstrahlung, a high integrated
the emission of a photofNN bremsstrahlung In this pro- luminosity together with an efficient detector system sub-
cess, as illustrated in Fig. 1, already at the lowest-order corfending a large solid angle is required.
tribution in V, the nucleon is off the mass shell due to the So far,e”e™ production in proton-proton scattering has
presence of the photon. The availability of high-luminosity,been studied only at an incident beam energy of 4.9 GeV
polarized proton beams has recently opened up the possibll8,9]. This high-energy experiment was performed with the
ity of experimental studies of the bremsstrahlung proces®iLepton SpectrometgiDLS) [10] at the Bevalac and deter-
which have provided cross sections and analyzing powers

with outstanding accuracig¢g4—6|. ¥
Closely related to the bremsstrahlung procpgs—ppy
is the so-called virtual-bremsstrahlung reactiopp _
—ppe"e”. This process involves the production of a lepton - o +
pair (€"e™), which, according to the theory of quantum
T A\

- + e
electrodynamic$QED), can be described by the emission of

a virtual photon. By studying virtual-photon production, new
features can be added to the information already obtaine(n

N
from the real-photon process. First of all, a virtual photon
can be longitudinally polarized, in contrast with a real pho- o
ton, and is able therefore to probe electromagnetic current: = TP, + _ + e

2

A%

which propagate in the direction of the photon. Secondly,

N N
*Present address: Univerdit&ieRen, Heinrich-Buff-Ring 16, FIG. 1. Leading-order diagrams needed for the calculation of
D-35392 GielRen, Germany. the p+p elastic amplitude(bottom) and the real- and virtual-
"Present address: Dipartimento di Fisica del’'Univérsitorso  bremsstrahlung amplitudetop). V and T are the nucleon-nucleon
Italia 57, 1-95129 Catania, Italy. potential and thd matrix, respectively.
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mined the mass and transverse-momentum dependence Y|
the dilepton yield. At 4.9 GeV the dileptons originate mainly
from mesonic decays and the contribution from bremsstrah-
lung is small. The present experiment follows a different
approach. It measurgsp—ppe‘e” at a proton energy of ©
190 MeV, well below the meson-production thresholds. At
this energy bremsstrahlung is the only source of dileptons.

The experiment has been performed with the super-
conducting-cyclotron AGOR of the Kernfysisch Versneller
Instituut(KVI) in Groningen. All four reaction productswo
protons and two leptonsvere measured by a coincidence
setup featuring the small-angle large-acceptance detectc
(SALAD) [11] and the two-arm photon spectromef€APS)

[12]. A total of 600 events were identified with thep
—ppe"e” process.

The outline of this paper is as follows. First, we introduce
the observables which characterize the virtual-brems-
strahlung process, followed by a short description of the
models used to interpret the data. Next, the experimental FIG. 2. Schematic diagram of the coordinate systt frame
procedure for the measurement of the— ppe*e™ reaction used for the definition of the response functions for thp
is outlined. Subsequently, the analysis of the data is dis—ppe e reaction.
cussed, including the data reduction procedure, the back-

ground study, the normalization of the data to obtain differ- pidp,p3dp,k?dk
ential cross sections, and the extraction of the response E, E, ko sing,dé, .
functions. Finally, the experimental results are compared 2

with theoretical predictions. A brief description of this ex-

periment and its results has been reported in Réf3-16. The four-momentd = (k. —k_) andk=(k,+k-), where

the four-moment&., =(E. ,k,) andk_=(E_ ,k_) refer to
the leptongpositron and electrgrwith massm;. The tran-
[l. CROSS SECTIONS AND RESPONSE FUNCTIONS sition amplitudeA can be obtained by coupling the nucleonic

. : ._current, represented hkly to the leptonic current, represented
Triggered by the experimental development, substanti ur! . L .
progress has been achieved in refining the theoretical modZ}I)QIJ' This coupling is described by QED. The square of the

that describe th@p—ppee™ reaction. In this paper, we amplitude is given by

compare the experimental cross sections and electromagnetic 4 ot

response functions to predictions based on a rglqtivistic |OW|-A|2:_4|jMJM|2: -—— [|3-1]2+ Mi(‘]"l*)]' 3

energy theorenj17,1§, as well as to the predictions of a y 2miM;

fully relativistic microscopic calculation by Martinust al. o _

[7]. where we have dropped the indices fbrFrom expression
The differential cross section of thep—ppe'e™ pro-  (3) one clearly sees tha#|? is a sum of quadratic terms of

cess can be written 447,18 the hadronic curren.

The aim now is to express the cross section gy
. 4o —ppee”, analogously to the longitudinal-transverse de-
d°c . mpm, 2 1 composition for electron-scattering procesdd®,2Q, in
deldeszyd 6.,,d cosg,d ¢, o (2m)8F [AFR, (1) terms of a set of independeeliectromagnetic response func-
tions The spatial part of the curredtis decomposed into a
. i i longitudinal (parallel to the virtual-photon directiprand a
wherep, andp, are the outgoing protond], is the virtual-  transverse componeriperpendicular to the virtual-photon
photon massg, its polar angle,§, and ¢, are the leptonic  gjrection. Furthermore, the latter can be decomposed into
energy-sharing angle and dihedral angle, respecti® o orthogonal contributions, a left- and a right-handed cir-
Fig. 2). In the laboratory system WIEh the target proton at resieyjarly polarized component. Details can be found in the
the flux factorF is given asF =mg|p|. Herep is the three-  Appendix.
momentum of the incoming proton amd, is the proton rest A convenient coordinate system in which to define the
mass. The termpA|? is the square of the invariant amplitude projection of the currend , is depicted in Fig. 2. Here, the
of the virtual-photon productionpp—ppe"e™. The photon momentum is chosen along the ai& andXOZ is

Lorentz-invariant phase-space factBy,is given by taken as the plane of the incoming proton and virtual photon
(reaction plang As a result, the momentum of the incoming
4] r|3 proton(in the lab framg, 5 has the componentp(, 0, p,).
= — S p—p1—po—k), (2)  Inthis coordinate system one defines the six electromagnetic
M, (1—4mi/M?)ko response functiondV; (transversg W, (longitudina), Wt
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TABLE I. Nucleon response functiond/; and the factors<C, events with a small anglé, reduces the contribution of the
determining thepp—ppe’e™ cross section), , , are the covariant  |ongitudinal component, therefore probing the transverse re-
nucleonic currents, for the coordinate system depicted in Fii2.  sponse. The sensitivity to the longitudinal response can be
e_deL are the transverse and Iongitudir_1a| nucleon response funGnhanced by selecting largg. As observed from Table |,
tions. Wrr, Wrr, W, andW, are the interference terms. one can also increase the sensitivityWf with respect to
W5 by selecting large virtual-photon masses, siig&V; is

Term w c proportional toM ;2 andC, W,_ is independent oM, (kg is
(i2 nearly constant for our kinematics
Wy I 5 +3,35 (1— — sir? 0.)
, 2M5 IIl. THEORETICAL MODELS DESCRIBING
M 2 THE pp—ppete” PROCE
w, “2 1P (1_Qco§ a) THE PPppeTer PROCESS
0 k5 In the previous section we introduced the nuclear current
N . Jand coupled it to the leptonic currgnivhich resulted in the
Wrr Jydy = JIdy (I?sir? 4 decomposition of the cross section into longitudinal and
Wiy ~2 Re(1,J}) 2M? transverse components. In this section we v+vill_focus on the
M currer_ltq and _present_models for thep—ppe'e process
Wir - k—yRe(JZJ*;) (12sin 24 describing this quantity and the related response functions
, M ] oM, W;. Two different approaches have been developed to de-
Wit - k—(;/Re(JZJ;‘) 7 scribe virtual bremsstrahlung ipp scattering: a relativistic

low-energy calculation, inspired by the low-energy theorem
(LET), and a fully relativistic microscopic model.
(transverse-transverseW, 1 (longitudinal-transverse Wyt

(transverse-transverse primaV,; (longitudinal-transverse A. Low-energy calculation

prime), as given in the left column of Table(kee the Ap-
pendix for details Equation(3) takes the following form
when expressed in terms of these response functions:

The LET calculation expresses the bremsstrahlung ampli-
tude in terms of the well-known elastic process, represented
by the on-shelll matrix and the static properties of the pro-

o ton (mass, charge, and magnetic momeifhis is achieved
2_ by first calculating a so-called external amplitude, from the
Al 2m|2|\/|§{WTCT+WLCL+CTT(WTT coS 2y external curreng® of the leading-order diagrams. Next, the
total amplitude is obtained by adding to the external current
+Wrysin 2¢) + C (Wit cosé+ W/ rsing))}, (49  an internal currenf=J®4J", The internal current)™ is
constructed by making use of current conservati&pJ(
where the factor€; are defined in the right column of Table =0), and partially represents higher-order diagrams like
I. The derivation of this decomposition is given in the Ap- meson-exchange and rescattering contributions.

pendix. The angle$, and ¢, in Eq. (4) are the polar and the In general, the construction of a LET model is not unique.
azimuthal ang|e of the Vectd—f in the lab system, respec- In Ref. [18] two different LET calculations have been intro-
tively, as schematically drawn in Fig. 2. duced. Both models construct their amplitude using the on-

Equation(4) shows how to extract the different responseshell T matrix obtained by a one-boson-exchange potential as
functions,W, , experimentally. This can be achieved by de-Solution of the Lippman-Schwinger equation. They differ in
termining the dependence of the differential cross section of€ expansion method applied to calculate from the on-shell
the leptonic anglesq , ), and making use of the orthogo- T mMatrix, the matrix elements needed for the off-shell kine-
nality of the trigonometric functions cogs and sim¢y. In ~ Matics associated with the virtual-bremsstrahlung process.
order to determine the response functidhy, for example, ~Calculations were performed for both approaches. At kine-
one extracts the cosfiamplitude from the measured cross Matics close to the elastic proton-proton scattering limit, i.e.,
section by weighting each event with ca# 2 Integration small photon energies, the two approaches give |d_ent|cal re-
over the full ¢,-range of 2r eliminates all terms in Eq4) s_ults, as expected from the nature of a LI_ET expansion. At the
except the one containifgy; 1. It can easily be seen that the kmemaucs relevant for.the present experiment, dn‘ferencc_as of
choice of the order of the harmonic function=1 or 2 30% in the cross section between the two LET calculations
allows one to distinguish between transverse-transverse argi¢ found. In this paper we only show the results of the
longitudinal-transverse response functions. Furthermore, th@PProach labeled Vivirtual-low) in Refs.[17,18, since it
choice of the harmonic function to be used as a weight (codtS our data best.
or sin) separate$Vr(W_ ) from Wi(W,1). In order to _ )
probe the functiondV; and W, , one integrates over the B. Microscopic model
angle ¢, which eliminates the contributions from the inter-  The basis of this model developed by Martiretsal. [7]
ference term®Vy1, W, Wy, andW, ;. Furthermore, the is the Bethe-SalpetefBS) equation. A relativistic one-
dependence of the cross section on the leptonic af\gtan  boson-exchange potential, developed by Fleischer and Tjon
be used to differentiate betweetW; and W, . Selecting [21-23, forms the solution of the BS equation. The result is
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with theory, our experimental data have to be brought
into the form of Eq.(1) or a lower-order integrated version
of it. Limited counting statistics did not allow us to produce
an eight-fold differential cross section of tigp—ppe‘e”
process dsa/dﬂpldeZdMydayd cosfdd) experimen-
tally. Therefore, the experimental data were integrated over
all observables, except the one of interest.

For a comparison with theory, the model calculations
have to be integrated over the same phase space as the data.
Analytically, this is difficult to perform. First of all, the
available calculations produce response functions for a spe-
cific kinematics and do not give an analytical expression.
Secondly, the boundaries of the experimental setup and the
! detector acceptances are difficult to express analytically. Fi-
20 40 nally, as demonstrated by Blo¢R4], the analytical evalua-

My(MeV) MY(MeV) tion of the phase space for four or more particles becomes
prohibitively complex. Therefore, a Monte Carlo event gen-

FIG. 3. Predictions of the microscopic model for the responseerator was developed to produce kinematically allovpgd
functionsWy, W, W, andW, 1 are shown as a function o, —ppe"e” events.
for coplanar kinematics, witt9,;=6°, 6,,=15°, and6,=140°. We employed theN-body phase-space prograsENBOD
Solid lines include contributions from two-body curre@$EC and  [25]. For each event the corresponding phase-space density
A) and negative-energy states. Dotted lines do not include negativés calculated and presented as a weight fagtoNext, the
energy states. Dashed lines do not include negative-energy states@mnplitude square(dA|2 is obtained from the model calcula-
two-body currents. tion in question (LET or fully relativistic microscopic
mode), and the total weight of the event is obtained by mul-

aT matrix, which already comprises relativistic and off-shell tiplying |A|? with g. The producfA|?g can be used to di-
characteristics of thp p-scattering process. The external andectly calculate the absolute cross section without the need of
rescattering contributions for bremsstrahlung are obtained bfgrther normalization. This has been checked by comparing
making use of thisT matrix. In contrast to the LET calcula- the result obtained for a small region of phase space given by
tion, the microscopic model employs the fill matrix. It AL, AQ, A6 AM AQ, with an exact calculation.
should be noted that in the on-shell limit, thematrix of the Finally, the events have to be folded with the experimen-
microscopic model is different from the on-sh@llmatrix  tal filter. To this end we have applied the detector-simulation
used in the LET calculations. To check the difference bepackageGEANT3 [26] to describe the spatial boundaries of
tween theT matrices, the predictions of the microscopic the experiment and to realize the electronic thresholds in
model and the LET calculations, at kinematics close to theeffect for the energy signals of the detector components.
elastic limit were compared. Deviations were found to be
less than 10%.

Two-body effectgymeson exchange anl contributions V. EXPERIMENTAL PROCEDURE
are added perturbatively. Also in this respect, the micro- .
scopic model differs from the LET calculation. The latter  1he €xperiment reported here has been performed at KVI
partially takes these higher-order diagrams into account b%o study bremsstrahlung processes infifpesystem using the
including an internal currend™ and by applying current 90 _MeV polarized-proton beam provided by the supercon-
conservation. Furthermore, negative energy states are calcg¥cting cyclotron AGOR. The bremsstrahlung photon can be
lated explicitly. The contribution of specific diagrams to the €@l or virtual. The present paper discusses the virtual-
different RFs are shown in Fig. 3. Whereslé;; shows bremsstra_lhlung process. Vlrtu_al—photon prod_uctlon_ is de-
equally strong contributions from two-body curreftseson  tected va the electron-positron pair emitted ipp
exchange currents anfl excitation$ and negative energy —PP€ € . _ o
states, the longitudinal RF&\(_ andW, ;) are primarily sen- Due to the e>§tren_1_ely small reaction cross sections in-
sitive to the inclusion of negative energy states. Clearly with/CIved, high luminosities together with good detection ac-
accurate measurements of all these observables the ind€Ptances are necessary for these measurements. The total

vidual contributions can be tested experimentally. cross section for elastic proton-proton scattering~ig0*
mb, while the proton-proton real-bremsstrahlung cross sec-
V. MONTE CARLO EVENT GENERATOR tion pp— ppvy is of the order of 1ub. The total cross sec-

tion of virtual bremsstrahlung is still of ordew smaller
With four particles in the exit channel there are twelve (~10 nb. The goal of the present bremsstrahlung experi-
observables which in fact are all measured. Energy and mawent is to study intermediate states far off the mass shell.
mentum conservation reduces the twelve observables tbhis is achieved by measuring two high-energy leptons in
eight. Theory has chosen the parameters of the eightfold difeoincidence with two protons at small forward angles. The
ferential cross section of Eql). Since we want to compare requested kinematics results in a dramatic reduction of the
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detector acceptance for bremsstrahlung events. An efficien
trigger is needed to reduce the event rate resulting from the
dominant elastic channel. In addition, other trigger condi-
tions are concurrently measuréglich as scaled-down elastic
events, cosmic-ray events, minimum-bias evenfEhese
events are used in the off-line analysis to determine detecto
efficiencies as well as estimating sources of contaminatior]
and background. This experiment was performed with an
integrated luminosity of 520 pid. The product of the total
experimental detector acceptance-3x10 %) and effi-
ciency (e=0.361) was~1x10 4. A total of 600 events
were identified with thegp— ppe*e™ process.

A. The liquid-hydrogen target

The very small cross sections required the use of rela-
tively thick liquid hydrogen targets with thin windows in
order to minimize background. The target dell’] used in
the experiment is made of aluminum of high purity for opti-
mizing the thermal conductivity and had a minimum amount
of material in the median plane. Together with its gas leads,
it is mounted on a vertical cryogenic cold head, which can
independently cool the target cell down to temperatures as
low as 12 K. The operational target pressure and target tem 21
perature were chosen to be above 140 mbar and 15 K fo 6
hydrogen. The cylindrically shaped target cell was 6 mm .
thick and 20 mm in diameter. This thickness translates to 42 :
mg/cn?t .of hydro.gen. matgrlal in the target. Thg target was 27| mwper s
mechanically maintained in a continuous wobbling motion in 0 :
order to decrease the local heating caused by the energy los---=:
of the beam particles transversing the target. The beam spc
at the target was 2 mm in diameter.

To minimize the contribution from the target window
relative to the actual target material and to minimize the
stopping power of the target, a very thin target window was
used. The choice of material for the window was based on
the mechanical strength at low temperatures, its resistance t .
radiation and its quality of not being permeated by,LIA
detailed test and comparison between various matg2alls
led to the use of a synthetic aramid foil ofgdm thickness.

The material of the two aramid foilentrance and exitcor-
responds to a combined thickness of 1.2 mdi.civhen the
target is in its operational mode, the bulging of the cell re-
sults in an effective liquid-hydrogen thickness of 50
mg/cn?. Together with an averaged beam current of 6 nA an  FIG. 4. Schematic drawing giving a perspective viéwppe)
experimental luminosity of X 1033cm 25! is achieved. and atop viewlower) of TAPS and SALAD as used in the present
The luminosity was limited primarily by the maximum tol- experiment. TAPS used for detecting thée™ pairs is configured
erable singles count rates for the forward-angle detectors. in the block geometry.

SALAD

Veto scintillators

111

MWPG2 Energy scintillators

6° and 26° with full azimuthal coverage below 21°. A sche-
matic view of the detector is given in Fig. 4.

The small-angle large-acceptance dete¢B%LAD) [11] The first chamber, labeled MWPC1 and with dimensions
was used for measuring the two outgoing protons ofptpe 380X 380 mn?, consists of three wire planes: a plane with
—ppe"e” events. This detector features two multiwire pro- wires in the horizontalx) direction, another in the vertical
portional chamber§MWPC) for determining the position of (y) direction, and a diagonal plane), respectively. Thai
the protons, 24 plastic energy scintillators for measuringplane is used to overcome ambiguities in multiprong events.
their kinetic energy, and 26 plastic veto scintillators placedThe second chamber, labeled MWPC2 with dimensions
behind the energy scintillators to reduce the trigger rate 0840xX840 mnt, consists of two planesx(and y). Both
the elastic channel. The total solid angle of the detector iMWPCs have a central hole to allow the passage of the
about 400 msr. Protons are detected at polar angles betwebeam. The intersection points in the two chambers define the

B. The small-angle large-acceptance detector
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FIG. 6. Measured energy distribution of the protons for e
FIG. 5. Efficiency to identify a proton track in the first wire —ppete” events.

chamber as a function of the scattering angle of the préjon _ o o ) )
protons in the scintillators. The latter efficiency is obtained

trajectory of the particle. The angular resolution of the chamby Monte Carlo simulations featuring the simulation package
bers is 0.5°. Together with the target spot, the trajectory waseanT3 [26] and is found to be on average 0.95 per proton.
extrapolated to indicate the correct scintillator where the enThe actual efficiency correction is done on an event-by-event
ergy of the particle should have been measured. basis with individual energy-dependent efficiencies for each
The MWPCs were read out using the commercially avail-proton. The proton energy distribution for th@p
able LeCroy PCOS lIl system. The efficiency maps of the—ppe*“e™ events, as measured in the present experiment, is
wire chambers were obtained according to the method oushown in Fig. 6. Both proton energies are included in this
lined in Ref.[28], by analyzing elastically scattered protons, figure resulting in a wide energy distribution.
which were continuously measured throughout the whole ex- Protons with energies larger than 130 MeV punch through
periment. Given the dominance of the elastic channel thishe 112.5 mm thick scintillator. For 190 MeV protons im-
can be achieved within a short measuring period of a fewinging on a liquid-hydrogen target, protons with energies
minutes. The efficiency of each chamber is calculated by-130 MeV are associated with the elastic channel. In order
multiplying the individual plane efficiencies. The efficiency to reduce the elastic trigger rate, a segmented layer of 26
of MWPC1 as a function of the proton scattering anglds  plastic veto scintillatorgagain consisting of a top and bot-
shown in Fig. 5. This efficiency distribution, obtained from tom section but this time of 13 scintillators eaetas placed
an off-line analysis of the present data, corresponds to a tot@lehind the energy scintillators. Each veto scintillator over-
measuring time of 2 h. Averaging both wire-chamber effi-laps partly with two energy detectors. The dimensions of
ciencies, weighted with the accumulated charge measured hjiese bars aré@=480 mm,w=71.2 mm (front), w=71.9
a Faraday cup over the full experiment, gives a combinednm (back, and d=10 mm, respectively. The solid angle
single-proton wire chamber efficiency ok, .=0.851 covered by the veto detectors is larger than the one of the
*=0.001. Detection of both protons of the event finally cor-energy detectors in order to account for multiple scattering of
responds to an efficiency Qﬁ,c. protons in the energy scintillators. Elastic scattering events,
Behind the two wire chambers, 24 plastic scintillatBs  corresponding to high-energy protons which punch through
cron BC-408 were placed for measuring the energy of thethe thick energy scintillators, are detected by the thin veto
protons. As shown schematically in Fig. 4, these detectorscintillators and rejected by the trigger unit. One or more
were arranged as a curved segmented layer of scintillatorglastically scattered protons coincident in a certain time win-
consisting of two sectiongtop and bottom containing 12  dow with two inelastically scattered protons are not rejected
scintillator bars each. Each scintillator bar is trapezoidal inby the trigger. In the off-line analysis, accompanying elasti-
cross section and is pointed towards the target so that a giverally scattered protons are recognized by analyzing their
proton track intersects only one bar. The heighy, (width  tracks, as defined by the MWPC detectors, and by the corre-
(w), and thicknesgd) of these bars aréh=436 mm,w  sponding energy depositions in the thick energy detectors
=61.2 mm(front), w=68.7 mm(back, andd=112.5 mm, and the thin veto counters.
respectively. Each bar is coupled via a light guide to a The luminosity of the experiment of>410*3cm 2571,
XP2282/B phototube, which is able to operate at high countesulted in a total elastic rate of about 10 MHz in the detec-
rates(1 MHz). The scintillators were used to determine thetion volume. In the experiment, the individual energy-
energy of protons with a 10% resolution up to 130 MeV. Thescintillator rates were=500 kHz, while the veto scintillators
effective energy threshold for protons was 20 MeV, causedvere operating at a rate 8400 kHz.
by energy loss of these particles before reaching the scintil- A dedicated CAMAC trigger module, the SALAD trigger
lators. Due to hadronic interactions while the protonsmodule STM, was developed at KVI to provide a flexible
traverse the scintillator, these detectors are not 100% effirigger condition for the SALAD detection system. As input,
cient. en,5qis the efficiency for detecting the full energy of the the trigger module receives the constant-fraction discrimi-
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nated(CFD) signals from all 50 plastic scintillators and an <100 |
external strobe to establish a coincidence trigger. A set of '
internal data registers and memory-lookup units defines four
programmable trigger outputs. During the experiment, one
output served as main trigger, and the remaining three were i 2
used as diagnostic triggers. A detailed description of the trig- 60 - "
ger module can be found in R¢R9]. 50 -
The primary task of the STM was to recognize inelastic

nergy (MeV
0]
o
T

70 ; photons I protons

proton-proton coincidences by the requireme¥t— Ny 40 P

=2, whereNg is the number of signals from the energy 30 ©

scintillators above threshold amdl, the corresponding num- 20 -

ber from the veto scintillators. With this conditiomp 10 - | m .

bremsstrahlung events accompanied by elastic events will 4 -2 0 2 4 6 8 10

also be accepted as good candidates. The external strobe wa: BaF2 time (ns)
obtained from the leading-edge trigger of TAPS, defining the _ _
photon or leptons. FIG. 7. The time of one of the Barystals(block F) relative to

the cyclotron radio-frequency signal, versus the energy deposition.
Photons and electrons and positrons are well separated from the
protons.

The STM efficiencyegry is determined in the off-line
analysis as outlined in Ref29]. The efficiency drops from
0.96 for an external strobe rat€APS) of 2 kHz to 0.87 for

a strobe rate of 20 kHz. _ ) i _
separate particles traveling with the speed of ligittotons,

electrons, and positropfrom the heavier protons. Here, the
relative time between a signal from one of the CFDs and a
The measurement of the positions and the energies of thsignal from the cyclotron RF is plotted and adjustec\te=0
electron and positron was done with the two-arm photorfor photons.
spectrometefTAPS) [12]. This detector consists of 384 hex-  |n front of each Bak crystal, a charged-particle counter
agonal Bak, crystals, each with an inscribed diameter of 5.4(CPQ was mountedlabeled CPV in Ref[12]), consisting
cm and 25 cm in length. TAPS has been divided up into sixof a 5 mm thick hexagonal plastic scintillatddE102A) with
closely packed blocks, each containing 64 crystals. Thesgn inscribed diameter of 6.5 cm. This detector allows to
blocks are placed around the target position in the mediageparate leptons from photons by measuring the energy loss
plane at polar angles of 76.5°, 116.5°, and 156.5° at a diSAE deposited by the traversing particles. Each CPC scintil-
tance of 66 cm from the targésee Fig. 4, resulting in a lator is read out by an individual photomultiplier. The light
coverage of the polar angle of the virtual photon betweerfrom the CPC paddles is transported to the photomultiplier
60° and 180°. In this configuration TAPS provides the posbanks, above and below the BalbBlocks, via plexiglass
sibility to detecte™ e pairs with large virtual-photon masses lightguides. Therefore, each lepton traverses at most 15 mm
up to the kinematical limit of 93 Me\?. of material before entering the Bafrystal. The leading-
The full energy of a lepton with a typical energy of 30—50 edge discriminator levels of the CPCs were set individually
MeV is determined with a resolution of 3—4 MeV. This is just above the noise level and below the energy deposition of
achieved by measuring the complete electromagnetigninimum-ionizing particles £1 MeV). The AE informa-
shower, spread over several Bagtystals. The set of adja- tion obtained from the CPCs was essential to identify the
cent crystals which give a signal above the CFD thresholgp—ppe*e” channel against the equally strongp
(*£0.5MeV) is called a cluster. The direction of the lepton is — ppyy reaction.
determined using the information on the position and the To determine the efficiency of the CPC detectors, we col-
energy deposited in each crystal of the cluster. The positiofected events which obeyed tipgp— ppee” selection cri-

C. The two-arm photon spectrometer

of the clusterX is given by teria, as described below, and for which at least one of the
clusters in TAPS originated from an incident charged par-
2 Ex ticle, as determined by the appropriate CPC, while no charge
R condition was requested for the other cluster. The efficiency
X= ) 5 of the CPC for a single lepton was then calculated as

> E

! number of events with both clusters charged
€CPC™ " {otal number of preselected events

where membei of the cluster has the positioq and the

deposited energ¥;. The geometrical opening angle of a  Care was taken that no background events were included

single TAPS crystal, as used in the present experiment, i the analysis of determiningcpc. As a precaution, the

5°. contamination was minimized by applying a cut on the
Particle identification is possible by measuring the time ofenergy-sharing angle of)>40°, thereby enhancing the

flight, exploiting the excellent timing properties=(700 p3 number of events which would make it through all kinemati-

of Bak, crystals. Figure 7 demonstrates the possibility tocal conditions. We note, however, that the measutedis-
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tribution was found to be in good agreement with the simu-
lated lepton decay kinematics. The efficiency to detect a
single lepton was found to be&cpc=0.840+0.050 and

weakly dependent on energy. The efficiency value was pri-
marily a consequence of the electronic threshold applied to
these detectors. The total efficiency for detecting two leptons
is given by the square Okcpc, i.e., a value of 0.706

40 .m0
pp—>ppee

lpI"*“(MeV)

1

10

+0.059. The CPC efficiencies have been studied for each 30 PP > PPY
TAPS block independently and were found to be the same -
within the uncertainties. 20 = - — 1

Three leading-edge discriminatqisED), used for trigger 10 = — n
purposes, were available: one for the signals from the CPCs 1 —
and two for the Baksignals. The latter two were set with an % 5 10 15 20 25 30 35 40
energy threshold of approximately 5 MeV, the “LED low,” Ip, "% (MeV)

and 15 MeV, the “LED high,” respectively. For thep
—ppe*e” channel the geometrical arrangement of TAPS FIG. 8. Measured versus reconstructed momentum of one of the
and SALAD was such that at least one of the leptons had aR'© Ifepton clusters immaps. In the top figure the reqonstruction
energy above 15 MeV. Therefore “LED high” was used as algorithm assumes an even_t frqm thp—ppe‘e” rea_ctlon. In the
the main trigger in coincidence with the trigger from the bottom part the reconstruction is pe_rformed assuming the c_Iuster to
STM for observing theop— ppe"e~ reaction. Other TAPS be the resu'lt OfJ?:)E)pr'}/ event with subsequent conversion of
discriminator signals, the RF signal of the cyclotron andthe photon intce”e".
SALAD CFD signals were downscaled and ORed with the
main trigger for diagnostic purposes, for luminosity monitor- culate the energies of the four exit particles from their mea-
ing and for the determination of individual detector efficien-sured angles, we have resorted to a numerical strategy based
cies. on the Newton-Raphson algorithm with a modification to
converge from almost any initial guels30]. The initial guess
for the particle momenta is obtained from the experimentally
V1. DATA ANALYSIS measured energies of the two protons and two leptons. The
reconstruction algorithm does not always find a solution.
This is primarily due to the experimental uncertainties in the
In the experiment, various triggers were used for specifikinematical observableg, . refers to the efficiency of the
channel selections. Thep—ppee™ events represent only kinematical reconstruction algorithm, which was found to be
a very small subset of the total amount of data which weré).900=0.010.
stored on tape because the main coincidence trigger was in A further reduction of the data set is performed by apply-
many cases generated by other reactions. In order to isolateg acceptance windows when comparing the reconstructed
the events which correspond to th@—ppee™ reaction, momenta with the measured values. The sizes of the win-
we exploited the energy, position, and time information fromdows are based on the detection resolution and have been
the detectors. In a presort, we selected those events for whigthosen such that the contribution of the contamination is
two inelastically scattered protons were detected by SALADreduced to a minimum without a significant loss pp
In the analysis we requested at least two wire-chamber tracks>ppe”e” candidates. The combined effect of presorting
plus signals from the corresponding energy scintillators andhe data and applying kinematical reconstruction cuts is to
no energy deposition in the veto scintillators behind themreduce the original data set by a factor of 1@esulting in
Furthermore, for each event, TAPS was required to hav@pproximately 20 000 candidates.
identified two electromagnetic showers, both with a time of So far the information of the CPCs has not been used.
flight consistent with leptons, i.e., around=0 (see Fig. .  Therefore, the reduced data set contains also events from the
For each event of the presorted data set, the position ardpbuble-photon procegsp— ppyy. In order to differentiate
energy of all four exit particlestwo protons and two lep- between the two reactions, one applies the information from
tons were determined, resulting in 12 observables per everthe CPCs. We define a charged cluster if one CPC, corre-
in total. Due to energy and momentum conservation, howsponding to a BajFmember of the cluster, was present. For
ever, one only needs eight variables in order to define the fulhe selection ofpp—ppe“e” events we require two
kinematics of the process. Exploiting the four extra observcharged clusters. This requirement reduces the number of
ables leads to a strong reduction of unwanted backgrounevents by another factor of 10.
(kinematically uncorrelated eventsdere, we have used the  The quality of thepp—ppe*e™ events after applying the
following method: first the positions where the final-stateabove mentioned cuts and selecting events for wiith
particles hit the detectors are determined; secondly from this-15 MeV, is illustrated in Fig. 8. As an example, the com-
information we calculatéby applying energy and momen- ponent along the beam directiop,j of the measured mo-
tum conservationthe energies of these particles; and finally mentum of the electromagnetic cluster in TAPS with the
we compare these “reconstructed” energy values with thesmaller energy is compared with the reconstrugpgdno-
measured values obtained from TAPS and SALAD. To calimnentum. Such a comparison is possible because the event is

A. Event selection
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overdetermined. Note that no cut has been applied on this
observable. In the top part of Fig. 8, we assumed the event to
result from app—ppe’ e event. A clear correlation is ob-
served, which is well reproduced by Monte Carlo simula-
tions. The few events which fall significantly outside the
correlation band are events at the edge of a TAPS block, in
which case part of the electromagnetic shower is lost. In the
bottom part of the figure, we assumed the event to be result-
ing from the real-photon production procgsg— ppy with
subsequent conversion of the photon iatee™. Most of the
events do not survive the kinematical windows used, and of
those few which do survive the correlation observed in the
top panel of Fig. 8 is lost. Therefore using an additional
window on this observable one can reduce further the back-

FIG. 9. Accidental contamination of the typgexandpxeein
ground. comparison with unmixed eventpped. The analysis was applied
to approximately half of the total data set. In the top panel, the
B. Study of data contamination and sources of background CPCs were not used in the analysis. In the bottom panel, the two

In the previous section we discussed the constraints Whicﬁlusmrs In TAPS were required to be charge@C signal present

were put on the total data set in order to isolate events from
thepp—ppe"e™ reaction. In this section we discuss meth- the virtual-photon massl . In the top part of the figure, the
ods to estimate the amount of background left in the selecte@nalysis is shown in case the CPC information has not been
data set. Different techniques have been applied, dependirged. Note that the contribution from the contamination of
upon the type of background. We studied the following typeghe typeppexis significant for 26<M, <60 MeV. If the
of background: accidental background, background originatCPCs are used in the analysenly charged clusters are ac-
ing from real photons and reactions induced in the target foilcepted all types of background reduce to a negligible con-
We define accidental background, when a part of thdribution of less than 2% for the complete virtual-photon
event does not correlate with the rest of the event. For exmass range. Thus accidental backgrouimtluding ppxx
ample, three of the four final-state particles result from apxex etc) can be ignored in the analysis of thep
given reaction, whereas the fourth particle results from an—ppe“e~ reaction.
other reaction which took place during the same beam burst. Another type of contamination results from external pair
The amount of this type of contamination can be estimatedreation (y—e"e™), caused by the material near the target
by studying the time differences between the particles, sincéoeam pipe, walls of scattering chamber, vertical cryogenic
the probability of a double vertex within the same beamcold-head, and target cgllA photon initiated from thepp
burst is identical to the one in consecutive beam buttsis — ppy process is converted into an electron-positron pair,
cyclotron radio frequency corresponds to a time separatiotherefore giving rise to two correlated electromagnetic show-
between beam bursts of 17)n8y using an event-mixing ers in TAPS together with two correlated inelastic proton
analysis, which allows to increase the amount of accidentaltracks in SALAD. This process can be misidentified as a
by merging the information of a given event with informa- pp—ppe‘e™ reaction.
tion from another event, one can generate an unlimited To estimate this type of contamination, we made a Monte
amount of accidental events. Labeling a completely correCarlo study in which the detector-simulation package
lated event appee the following types of accidental events GEANTS3, simulating the complete SALAD-TAPS setup, was
are generatehpex pxee ppxx xxee andpxex Here,x ~ combined with an event generator which providpp
indicates the missing information obtained from another un— ppy events according to the LET calculation. The simu-
correlated event. lated data thus obtained were analyzed in the same way as
These simulated accidental events are subsequently anére actual data from the experiment. This analysis showed
lyzed by using the same cuts as applied to thp  that the maximum contribution occurs fo <10 MeV
—ppe*te” candidates. The background distributions ob-where the opening angle between the electron and positron is
tained in this way are normalized to the accidental backsmall. For this virtual-photon mass region it is estimated to
ground of the origina(unmixed data set. The normalization be 10%. The contamination resulting from external pair cre-
is obtained by inspecting the time spectrum and taking thetion decreases rapidly as a function of the virtual-photon
ratio between prompt coincidence events with those in conmass. At larger massed(,>15 MeV) the contamination
secutive beam bursts. Due to the much larger number dfom external conversion is negligible.
generated accidentals, it is now possible to estimate the full A similar analysis has been performed for the double-
background spectra even in phase-space regions of smahoton processpp—ppyy in which one of the photons
cross section. has converted externally into an electron-positron pair. The
The accidental background has been studied as a functidikelihood of misidentifying such an event as pp
of many observables. In Fig. 9 the most dominant accidental-ppe“e™ event, within the kinematical cuts, is extremely
contaminations fpexand pxe@ are shown as function of small.
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TABLE II. Summary of all applied corrections for detector ef- world p+ p data sef31]. The luminosity correction factor of
ficiencies, luminosity, and fluctuations in the measupgd-ppy  5,,,=0.812+-0.012, is dominantly the result of the bulging
cross section. of the targe{27].

As a further check, we have monitored tpg—ppy

Wire-chamber efficiency €wc  0.851:0.001  yie|q to study the stability, in time, of the measurement. For
Reconstruction algorithm €rec  0.900:0.010 this, we have divided the total data-taking time period into
Hadronic interactions €had  0.950-0.010 time intervals of~15 h each, which give accurate measure-
SALAD-Trigger Module efficiency esty  0.870£0.020 ments for the cross section of the real bremsstrahlung reac-
CPC efficiency €cec  0.840£0.050 tion due to its larger yield. For each time interval the total
Luminosity correction Mum  0.812£0.012 ppy cross section was inferred. The fluctuations in the ex-
o(pp—ppy) variations 1.006:0.085 perimentally determined cross section are in the order of

+8.5% for the complete experimentally covered solid angle.
The fluctuations have been added to the systematic uncer-
The background resulting from the entrance and exit foilsainty of the pp—ppe“e” cross section determination.

of the target was measured under conditions where the targ@hese fluctuations are partly caused by taking a constant ef-
was emptied of liquid hydrogen. These data were recordeficiency for the wire chambers and the trigger ueity, for
during the experiment for an effective time period of 8 hthe complete experiment. Taking into account all the uncer-
(compared to 200 h of running with the liquid hydrogeA  tainties on the measured detector efficiendigese Table I
quantitative analysis showed that the amount of misidentifieéind the fluctuations in the experimentally determirsgl
events of this kind, satisfying all applied constraints is, for—ppy cross section with respect to the elastic channel, for
the experimental integrated luminosity, less than one eventthe covered solid angle, we obtain a systematic uncertainty

of =15%.
C. Data normalization
From the number opp—ppe‘e” events,N,,c, the VIl. RESULTS AND COMPARISON
experimental cross sectiotr,,, within the accepted phase WITH MODEL CALCULATIONS

space covered by TAPS and SALAD is obtained by After correcting thepp—ppe"e™ data with the detector

N efficiencies and applying the normalization to the well-
ppee . . : . )
Texp™ ﬂlumm, (7) known elasticp+ p channel, differential cross sections inte-
eff grated over the covered phase space were determined as out-
lined above. These cross sections are now compared with the

with C=3.76x10"° nC *mg ‘cm’nb™*, Q¢=2.7X10°  theoretical predictions folded with the detector acceptance.
nC, d=42 mg/cnf, e=0.361+0.045, 7,,,=0.812+0.012. In Fig. 10 the differential cross section is shown as a
Here,d corresponds to the nominal target thickness @g  function of the virtual-photon mass and the virtual-photon
to the total collected charge measured by a Faraday cup argblar angle. Only statistical error bars are depicted. The ad-
corrected for the dead time of the acquisition system. Thejitional systematic uncertainty is 15%. Furthermore, the
latter is experimentally determined using the scaler informaenergy of the particles is restricted E>5 MeV for the
tion of the triggers. The value for the total detection effi- leptons,E>20 MeV for the protons, anM ,>15 MeV. The
ciency € is obtained by multiplying the individual efficien- same cuts were used in the calculations. The total integrated
cies discussed previously= eecestmencecpceiad: NOte that  (measureyl cross section amounts to 3:D.1(staf)
also the results for the models, simulated using an event 0.5(sys) pb.
generator in combination with the detector-simulation pro- The virtual-photon mass distribution for two different
gramGEANT3, were corrected using the same valuesdfy;  proton-angle combinations is shown in Fig. 11. In the top
and e,,.. Although we give here for simplicity an average panel of Fig. 11, events are selected for which both proton
value foreﬁad, the detector-simulation program calculates onpolar angled,, are larger than 15°. The bottom panel shows
an event-per-event basis separate efficiencies for each prthe differential cross section for proton angles smaller than
ton. Hence, the uncertainties of the latter two efficienciesl5®, i.e., large momentum transfer and consequently large
drop out in the present comparison of theory and experimenphoton total energy. In both Figs. 10 and 11 th@
The uncertainties, however, enter in the estimation of the—~ppe"e™ data are compared to two calculations. The solid
systematic error in the absolute values for the cross sectionbnes refer to the microscopic model by Martinasal. [7],
A summary of all efficiencies can be found in Table II. while the dotted curves refer to the LET calculat{dry,18§.

Due to bulging of the target and uncertainties in the mea- The state-of-the-art microscopic calculation overestimates
surement of the Faraday cup, deviations from the integratethe measured differential cross sections as a function of both
luminosity (CdQe¢) are expected. These are monitored andthe virtual-photon mass and its angle. It predicts a total cross
corrected for by the elastigp channel which was measured section of 5.9 pb. Since the microscopic calculation explic-
continuously throughout the experimental period. The exitly takes into account relativistic effects and different
perimentally determine@p elastic scattering cross sections, sources of non-nucleonic contributions, the observed large
corrected for contamination due to the target foil and cor-discrepancy between the microscopic model and the data is
rected for wire-chamber efficiencies, are normalized to thesurprising. Part of the discrepancy resides in the fact that the
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6, (deg) FIG. 11. Differential cross sections as a function of the virtual-

photon mass, for protons with polar angles larger than @8f
FIG. 10. Top: Differential cross section as a function of the pane) and polar angles smaller than 1&8ottom panél The bin
virtual-photon massN,) of the virtual photon integrated over the width in M, is 11 MeV. Only statistical errors are included. The
full detector acceptance. The bin widthlih, is 5.5 MeV. Bottom:  solid lines show the result of the microscopic calculation and the
Virtual-photon angular distribution in the laboratory frame inte- dotted lines the result of the LET calculation.
grated overM,, from 15 to 80 MeV. The bin width ir9,, is 10°.

Only statistical errors are shown. The solid lines are the result of the , ,
microscopic calculation, while the dotted curves refer to the LETTT’LT'TT ,LT"), closely related to an average of the re-

calculation. sponse function®V; as defined in Eq4).
We introduce the average of th&/gs responseWg

NN potential of Refs.[21-23 used in the microscopic- =w,+W,, and defined it afsee Eqgs(1) and (4)]
model calculation does not provide a good fit to the present-

day NN database. At kinematics close to the proton-proton do | &P

elastic scattering limit, differences of 10% were found be- (2m)8|p| fﬂ a0 de

tween the microscopic predictions and the LET predictions.  Wg= 4

The latter use all N potential which fits very well the elastic mye f R(Cy+C,) dQ
)

phase shifts. Note, that the difference between the two cal-
culations becomes larger for protons with polar angles

smaller than 15° as shown in Fig. 11, therefore making this 1 f R(CyWy+ C W, ) dQ
part of the phase space ideal for comparing different model Cot Ciydo 70 T
predictions with data. QR( THCL)
E i f the el i fi i . ,
xtraction of the electromagnetic response functions + fQR[CTT(COS 2¢IWTT+ sin 2¢IWTT)] do

By exploiting the dependence of the cross section on the
lepton angled), and ¢, (see Fig. 2, one can experimentally
determine the response functiok®;, W, , Wy, Wip, +J R[C_t(cos¢W t+sind W, 1)] dQ}. (8
W, 1, andW, ;. There are two techniques to disentangle the @
contributions from the various response functions. Using the

orthogonality of the harmonic functiorijsee Eq.(4)], one , , i
can isolate all interference terms from the sum of the trans!" Ed: (8), we integrate over the solid angl@, representing

verse and longitudinal componentls=W;+W, . The 6, the covered phase space of the setup. Using this definition, it
dependence can then be used to sepatatand W+ in Ws. is possible to determin®/s unambiguously. The denomina-
In this section we focus on the details of the experimentator in Eq.(8) is obtained by a Monte Carlo simulatideee
procedure to extract these response functions. Furthermor8gec. 1V) using a model-independent phase-space event gen-
the results are compared to the models previously describedrator and the experimental setup simulated @i#aNT3. In

The limited statistics forced us to integrate the data ovetases where the leptonic angtg,, is fully covered, the in-
the acceptance of the experimental setup. As a result, werference terms drop out in the integration and @).be-

define in this section the integral observabWs (i=T,L,  comes
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f R(CyWy+C W,)dQ ,91<‘,‘00 | _ ,el>,800 |
— QO
Ws= ) (9) 5 MIC MIC

f R(C1+C.)dQ
Q

In order to break dowiWsg into Wy andW, one exploits the
different dependence @, andCy on 6,. The contribution
from the longitudinal response can be reduced by minimiz-
ing C, . This can be achieved by taking small values for the
energy-sharing anglé, (see Table ). Within this limit the R S TR S T SR S
second term in the denominator on the right-hand side of Eq. LET LET
(9) becomes small. Hence, the observalle approximates
an average value olV; over the phase space covered. Con- J

versely, by selecting large values @fto maximizeC, , the

observabléNg becomes somewhat more sensitiveilp .
The experimental setup does not fully cover the leptonic

angle ¢,. Thus V_VS contains small contributions from the e
response function®Vyr, W, Wi, andW, . How well 0 mmmes RSB [ T i

Wy represents the averaged transverse response function, TR R S S L L
W+, is shown in the left panel of Fig. 12. Here, the experi- 20 40 60 80 20 40 60 80

he 1€ e M, (MeV) M, (MeV)
mental results foWg with a cut of 6;<<40° (to minimize the
contribution from the longitudinal responsare shown and FIG. 12. The experimentally determined average response func-

compared with the models. The models, implemented by &on, Ws, is compared with the LET calculatigbottom paneland

Monte Carlo method, are analyzed in the same way as the microscopic modetop panel. In the left panel data are shown
data and result in the thick solid lines. We have chosen t@or which a cut of§,<40° is made to minimize the contribution

rescale thé\V; component with a factor 0.54. This renormal- from the longitudinal response. In the right panel data are shown for
ization, which is only applied t®;, is anad hocmodifica-  which a cut ofg,>80° is applied in order to enhance the sensitivity
tion introduced in order to fit the measured virtual- to the longitudinal response. The bin widthh, is 13 MeV. The
bremsstrahlung cross sectigee Figs. 10 and 11Note that  solid thick line represents the prediction of the models. The remain-
the latter is dominated by thé/; contribution. The contri- ing lines are the contributions of the different compones:
bution of each of the response functions to the total is showithin), W (gray), Wy (dotted, W, 1 (dashedl Wry (dot-dashe)
separate. Since some of these contributions are rather smaldW, (dot-dot-dashed The transverse response function of the
some curves cannot be distinguished from each other in th&icroscopic model for both plots in the top panel has been multi-

figures. Both models predict thas represents quite well Pli€d by 0-54.
the average value fony.

By analyzing the data fos,>80°, one hopes to probe To extract experimentally the interference response func-
experimentally the longitudinal respon®g . In the right tions, we define a more general expression for the averaged
panel of Fig. 12 the result fof,>80° is shown and com- response functioh; with i=TT,LT,TT',LT’ by
pared with the simulation obtained using the microscopic
model and the LET calculation. The contribution of each
response function in the model is depicted. We have chosen
to rescale th&V; component of the microscopic model with f (do/dQ)®®g. dO
a factor 0.54, therefore removing the discrepancy observed in _ Ja 7 9
Figs. 10 and 11. Clearly, the cut on large energy-sharing W= , (10
angles enhances the sensitivity to the longitudinal response C f Rci@f do
as predicted. At small virtual-photon masses the transverse Q
response function still dominates. That is not surprising since
the longitudinal response functiow, vanishes for small
virtual-photon massesee Table)l where the functiong; and@i are given in Table Ill. As an

Clearly the sensitivity of the data to the longitudinal re-jjystration, we assume thap, is covered completely, and
sponse is rather poor, which is due to the large eXpe”ment%Jemonstrate the relation betwedh; andWs+. In that case,

uncertainties at large virtual-photon masses. Nevertheless, R o .
looking at the right panel of Fig. 12, one can conclude thatt? e component3,L LT, TT',LT" vanish in the integral over

after scaling by 0.54 the microscopic model prediction ford€2;, due to the orthogonality of the functiogs andg; (see
the longitudinal response function is not in disagreemenfable Ill). Hence, the averaged transverse-transverse re-
with the data. sponse functionWy, results in §rr=977)

%)

WS (fm
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TABLE Ill. The definitions of the functiong; and@i used in
Eq. (10). For theTT’ andL T’ components, a special sign-function MIC LET
(either+1 or —1) related to the azimuthal angles of the protons is N
applied tog; . Here, the index 1 refers to the proton on the side of __

the photon. Zli 0 ]
Or 1 gr 1
aL 1 oL 1 2 7
977 COSs 2 Orr oS 2
Ot Cos¢ Ot Cosd 1
grr zsin2gsgisin2@b—d)]  grr SN2k
gur zsingisgisin2@—¢)] g Sind oL ]
%
B
B fQRMTCTTgTT dQ T |
Wrr= . (11
J' RCTTg‘%TdQ | | | | | |
o) 3

It can easily be shown that also the other averaged interfer- z- 1 F -
ence response function®/ 1, Wi, andW, ;) behave simi-

larly in caseg, is completely covered experimentally. %1 L i i
The weight functiongy; (andg;) are chosen in order to &

exploit fully the dependence of the cross section on the angle ol geeciwsvuimemzmnmns -
¢, given in Table I, which is purely determined by QED. |
ForTT' andLT’ an additional term is introduced. This was ! ! ! ! ! !
found necessary, since the response functibths and W, ; 1
change sign under the reflectioti,» — Y. Omitting this ad-
ditional function would result in an average value of zero for
Wi andW| ;. oF =
Since the dilepton angleb, is not completely covered
experimentally, the averaged interference response functions i

e

W, , become a mixture of all the response functitvs This 1T J l
can be seen from the results shown in Fig. 13. Here, the
deduced response functions are shown together with the pre , , , , , ,
dictions of two models shown as the solid line: LETght 20 40 60 8 20 14 60
pane), and microscopic moddleft pane). The remaining M, (MeV) M, (MeV)
lines are the various nonvanishing componéfis- (dotted, : L —
W, r (dashed) Wry (dot-dashell W[ ; (dot-dot-dashed In — FICiI 13._,The deduced mterft_erence response funct{w&( .

; . . o Wi Wor W 1) are compared with the results of the microscopic
this plot, the data points shown are obtained by explicitly o

’ S ) model (left pane) and the LET calculatioriright panel. The con-

subtracting the contributioVy, resulting from the trans-  tripution from W, has been subtracted using the respective model
verse respons@/r, as predicted by each of the two models. predictions. The bin width i, is 25 and 40 MeV for the two data

For the left panels, the renormaliz¥d; predictions were points, respectively. The curves are defined in the caption of
used for the subtraction. Note that the data points are onlgig. 12.
weakly dependent upon the model used for the subtraction

procedure. The error bars shown contain the contribution ofyodel prediction for the data point corresponding to the

the statistical significance of the data as well as the influencgyyer virtual-photon mass bin is in good agreement with the
> op - b U on

of the systematic errgiof 15%) in determining the contribu data forW,; and W/, although it clearly underestimates

tion of Wy which is subtracted from the data. The experi- )
mental results foVyr, Wy, Wi, andW|; are compared the Wyt response. The latter is probably related to the ob-

with the corresponding predictions. served overestimation of thé/; response, as can be ex-
Whereas foiW; the microscopic model overestimates the pected by the correlation between the definition of these re-

data for all virtual-photon masses, the interference responsé®onse functiongsee Table)l

are better described. At small virtual-photon masses the mi- At large virtual-photon masses, however, discrepancies

croscopic model and the LET calculation are able to predicPetween both models and the data can be observed, espe-

the data reasonably well within statistics. The microscopicially in the interference termé/r+ andWs;1. Also for W, ¢

(%)

LT

RS

064007-13



J. G. MESSCHENDORZRLt al. PHYSICAL REVIEW C 61 064007

the microscopic-model prediction disagrees with the data aspecific directional components of the nucleon current. The
largeM . Clearly, improvements in the theoretical descrip-cross section can be decomposed into six independent ob-
tion of the nucleonic currents are needed. servables, the electromagnetic response functiths The
most dominant contribution, the transverse response function
W5, can be determined with relatively good accuracy. Ex-
tracting the remaining response functioringitudinal,

The well-known coupling of the photon with the nucleon transverse-transverse, and longitudinal-transverse response
together with the fact that photorisr any electromagnetic functiong is difficult and requires, apart from good statistics,
probe interact only relatively weakly with nucleons, make a complete coverage of the leptonic angleand ¢, . Due to
bremsstrahlung production an ideal tool to study details othe limited coverage of the leptonic angles in the present
the nucleon-nucleon interaction. In the present paper dilepaork, the experimental decomposition of these response
ton production é*e”) in proton-proton scatteringpp  functions has a large contribution from the dominant trans-
—ppe*te” has been discussed. This process provides newerse response functiodAi). This contribution has been
information on the nucleon-nucleon interaction in addition tosubtracted using the model predictions, making the experi-
that obtained by studying the real-photon chanmped  mentally obtained result somewhat model dependent.

— ppy. However, the relatively small cross section of the We have compared the extracted values of the interfer-
pp—ppe‘e” reaction (approximately a factor 1/137 ence terms with the predictions of the LET calculation and
smaller than the cross section of tip— ppy reaction  the microscopic model. For the latter calculation, we have
makes virtual bremsstrahlung difficult to observe. The resultsidjusted the predicted/; response function by multiplying
shown now clearly demonstrate that these experiments havewith a normalization factor of 0.54 to account for the dis-
become feasible. crepancy between data and calculation in the total cross sec-

For the first time, theop— ppe’ e channel is measured tion. Within this normalization and within the statistical ac-
below the pion-production threshold. The background origi-curacy of our data both models show significant deviations
nating from accidental contamination, frorpp—ppy  from the data. For lowM, (15-40 MeV}, the microscopic
events, and from the double-photon procep®-Gppyy) model predicts all but th&V;; response. The underestima-
has been reduced to a negligible level by making use of théon of the latter is most likely correlated with the overesti-
good time resolution of the BaFcrystals, by applying the mation of theW: response. For largi , (40-80 Me\j both
information from the charged-particle counters of TAPS, andyodels show significant deviations from the data. Clearly,

by exploiting the overdetermined kinematics of the evenmprovements in the theoretical description of the nucleonic
provided by SALAD. A total of~600 background-fre@p  rrents are needed.

—ppe’e” events have been extracted from the data. The
limited energy resolution of the setup is compensated by the
fact that each event is kinematically overdetermined, allow-
ing to reconstruct the energies from the measured position
information. The remaining events from the complete data The authors acknowledge the support by the TAPS Col-
set (originating mainly frompp—pp, pp—ppy, and cos- laboration in the operation of the two-arm photon spectrom-
mic ray9 have been used to calibrate the detectors, to deteeter at KVI and thank A.Yu. Korchin, G. Martinus, O. Schol-
mine individual detector efficiencies, and to obtain the ex-ten, and R. Timmermans for making available their computer
perimental luminosity. codes and for valuable discussions. The efforts of the cyclo-
Exclusive differential cross sections have been measuretton and polarized-ion source groups in delivering a high-
The total cross section integrated over virtual-photon masseaguality beam are gratefully acknowledged. This work was
of 15 to 80 MeVkL? amounts to 3.2 0.1(stat)- 0.5(sys) pb. supported in part by the “Stichting voor Fundamenteel
The data are compared to a LET calculat{d7,18 and a  Onderzoek der Materie(FOM) with financial support from
fully relativistic microscopic mode[7], which predict, for the “Nederlandse Organisatie voor Wetenschappelijk Onder-
the actual detector acceptance, a virtual-bremsstrahlung crogzeek” (NWO), by the German BMBF, by GSI Darmstadt,
section of 3.4 and 5.9 pb, respectively. Over the entire exand by the European Union HCM network under Contract
perimentally covered phase space, the LET calculation giveNlo. HRXCT94066.
a better description of the data than the microscopic model.
The latter takes explicitly into account the off-shell dynamics

VIIl. SUMMARY AND CONCLUSIONS

ACKNOWLEDGMENTS

of the intermediate protons and the rescattering contribu- APPENDIX
tions. Furthermore, the model adds perturbatively contribu- _ o _ .
tions from meson-exchange currents and the viruiobar. In this appendix it is explained how to obtain the square

Similar comparisons were made for the real-photon bremsof the reaction amplitude for thpp—ppe"e™ process in
strahlung datd6]. There, the higher statistics obtained al- terms of the transversé\(;), longitudinal (), transverse-
lowed the comparison in very small regions of the phasdransverse \Wrr, Wz), and longitudinal-transversen( r,
space. It is noted that the microscopic model also overestiW, 1) response functions. The coupling of the leptonic tran-
mates the real-photon data. sition current,j ,, with the nucleonic transition curred, is

The data have also demonstrated that the leptonic-angléescribed by QED and results in a squared amplitude given
dependence of the cross section can be exploited to proli®y [32]
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4 The next step is to evaluatd-1|? as given in Eq(Al).

|A|2:— [|J-I|2+M27(J-J*)]. (A1) One obtains

2mim?,
. 1
We are interested in the decomposition of the spatial com- |J'||2=k—47|I |2 cos? 6|3, |>+ §| 1% sir? 6/ 3+/2
ponents of the current densiflyinto a longitudinal §,) and 0

a transverseX;) part 1cioa
sverseJy) p —§|I|25|n20,(2 ReJ, 1J*;)cos 2¢))

j: jL+‘_jT y (AZ)
= . N 1.
Wherg we definel_ to be the Eomppnent in the dlrectlgn of _ E|| |2 Sir6,(i (3_13% ;— 31 13* ;)sin 26,)
the virtual-photon momenturk, defined by thez axis with
unit vectore, : M2| T2
Gk + 2\}/—k2 sin26,(2 RgJ J* ;,—J,J* ))cose))
‘]L: *ZkEJLeZ. (AS) 0
|k| M2| |—>|2
We decompose the transverse component into two compo- + ijkz sin26/[i(J 3%, — 313}
nents, from coupling a photon with positive helicity1, 0
Jy1,and a photor: with n?gatlve hfzhcmyl,‘],l: +3,0%— 3 3%)sing . (A9)
JT=J+1eil+J,1efl, (A4)

. ) R R o Substitution of Eqs(A9) and (A5) into Eq. (Al) together
with unit vectorse.. ;= + \/;(exiley)- They axis is chosen  with a transformation to spatial components

anngIZX 5 with 5 denoting the incoming proton momentum

(see Fig. 2 J=Jz,
The termsJ-J* andJ-| are evaluated as I
J-J*=Jpd5—J. J* JH:—\[E(JXHJy),
K[>
=— 32— 37— |3[? N1 .
k3 Jo1= 5313y, (A10)
2
= _27|JL|2_ REE (A5)  results in
k0
and 2 4 |r|2 . 2 9
L |Al :2 2012 1- 2M25|n2 01 | (|3 +|Jy| )
JN#=plo—J-1 mivy y
ool r|2 M2
[k|?|T|cos6, _ n e 132
1 - - - - > |r|2 i 2 2
— V3l-u(ectiey) —Joa(e—iey]- + P VE sin’ 6, cos 2, | (|3y°—3,]%)
Y
M%/ e 1 ) —i |r|2 . . *
:_7|||COS‘9I‘]L_ SlIsinO[d, 67 + msmzﬂ sin2¢; |[—2 Re&J,J7)]
0 Y
—J_,€'9], (A6) iz M,
R | S Sin 26, cos¢, —2k—Re(JZJ§)
where 6, and ¢, are the polar and azimuthal angles lgf 0™y 0
respectively(see Fig. 2 Equations(A5) and (A6) are ob- |r|2 M
tained by substituting the componerltg and |, using the + sin 26, sin ¢|) ( B, M 4 Re(JZJ;‘)”.
relationsk ,J*=0 andk ,|*=0, with 2koM,, Ko
IKlJ, (A1)
0= (A7)
0
IKI[T|cos6 The response function®/;, W_, Wyr, Wir, W, and
LML it are defined by the factors containing the nucleonic cur-
o L (A8) W+ defined by the fact taining th leoni
ko rents in the equation above.
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