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First Determination of the Nucleon-Nucleon Response Functions in the Timelike Region
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The virtual-bremsstrahlung yields in proton-proton scattering,pp ! ppe1e2, below the pion
threshold were measured. The leptonic-angle dependence of the experimentally determined cross
section is exploited in order to extract the nucleon-nucleon response functions in the timelike region.
All six response functions are compared to the predictions of a microscopic, fully relativistic nucleon-
nucleon model, as well as a model based on a low-energy-theorem expansion.
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The knowledge of the strong (NN) interaction be-
tween nucleons is the basis of our understanding
nuclear phenomena. For a good description of t
NN interaction, experimental and theoretical studies
two interacting nucleons are of importance. Of spec
interest is bremsstrahlung production in proton-proto
collisions, pp ! ppg. In this case, charge-exchang
contributions are suppressed and increased sensitivity
higher-order diagrams of theNN interaction is obtained.
Closely related to the bremsstrahlung process, is
virtual-bremsstrahlung reactionpp ! ppe1e2. Con-
trary to real photons, virtual photons possess longitudin
as well as transverse polarization allowing the momentu
and energy transfer to be varied independently.

The study of virtual-bremsstrahlung emission durin
proton-proton collisions provides a complete set of o
servables to determine details of theNN interaction
[1–5]. The virtual-photon polarizations, longitudinal an
transverse, as well as their interference terms proj
the nucleon-nucleon current, which involves theNN
T -matrix, onto six independent components, i.e., th
nucleon-nucleon response functions. Since the virtu
photon mass is positive, the extracted response functi
are in the timelike region. Calculations [3–5] show se
sitivity to two-body currents in the magnitude and sign o
the transverse responses, whereas the effects of nega
energy states can be observed in the terms containing
longitudinal components. Up to now there has been
determination of these response functions in the timeli
region, as opposed to the large volume of data obtain
in electron scattering for the spacelike region. The d
ficulty in the experimental study of this process arise
from the fact that the cross section is extremely sma
For the experiment discussed here the total measu
cross section amounts to 3.2 pb [1]. On the other han
the response functions are well defined experimenta
The polarization of the virtual photon is determined in
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model-independent way solely by the momenta of b
leptons. Following Ref. [4], thepp ! ppe1e2 reaction
cross section is expressed as

d8s

dVp1dVp2dMgdugd cosu�df�
�

�mpe�4

�2p�8j
JjAj2, (1)

where Vpi are the solid angles of protons 1 and 2,mp

is the proton mass,j the flux factor, Mg and ug are
the mass and polar angles of the virtual photon, anJ
is the Jacobian. The anglesu� and f� are the polar
and azimuthal angles of the momentum-difference vec
�, of the two leptons (k1, k2) as shown in Fig. 1. The
square of the amplitude,A, is given by [4]

jAj2 �
1

2M2
g

�WTCT 1 WLCL

1 CTT �WTT cos2f� 1 W 0
TT sin2f��

1 CLT �WLT cosf� 1 W 0
LT sinf��� , (2)

where the six independent response functions (Wi), de-
pending only on hadronic variables, and the factorsCi ,

FIG. 1. Schematic view of the virtual-bremsstrahlung em
sion in proton-proton scattering.
© 1999 The American Physical Society



VOLUME 83, NUMBER 13 P H Y S I C A L R E V I E W L E T T E R S 27 SEPTEMBER 1999
which depend only on leptonic variables, are defined in
Table I. Equation (2) demonstrates how to obtain the
different response functions separately by measuring the
cross section, as functions of Mg , u�, and f�.

The decomposition of the pp ! ppe1e2 amplitude
into the six response functions is in principle independent
of the nucleon-nucleon model used.

The experiment was performed at the Kernfysisch
Versneller Instituut using a 190 MeV polarized-proton
beam provided by the superconducting cyclotron AGOR.
A cylindrically shaped (6 mm thick and 20 mm
diameter) liquid-hydrogen target [6], with 4 mm thin
Aramid windows, was used. The reaction products were
measured in coincidence using the Small-Angle Large-
Acceptance Detector (SALAD) [7] and the Two-Arm
Photon Spectrometer (TAPS) [8]. SALAD measures the
scattering angle of the two outgoing protons in the range
6± , up , 26± as well as their energies. TAPS measured
the position and energy of both leptons, resulting in a
coverage of the polar angle of the virtual photon between
60± and 180±. The experimental acceptance depends
weakly on Mg . In total 600 pp ! ppe1e2 events were
obtained [1,2], which correspond to a total integrated
cross section of 3.2 6 0.1�stat� 6 0.5�syst� pb over the
acceptance of the detector. The angular distribution of the
virtual photon as well as its invariant-mass dependence
have been presented in earlier publications [1,2].

Equation (2) shows that, after integration over the full
azimuthal angle f�, the cross section is determined by
the first two terms: the transverse (WT ) and longitudinal
(WL) components. Furthermore, for small angles u�,
the contribution of WT will be enhanced relative to
WL. The full data set was divided into two regions
of u�, each containing the same number of events.
To study experimentally the transverse response, WT ,

TABLE I. Nucleon response functions Wi and the factors Ci
determining the pp ! ppe1e2 cross section. Mx,y,z are the
covariant nucleonic currents [3–5], for the coordinate system
depicted in Fig. 1.

Term W C

T MxM�
x 1 MyM�

y

√
1 2
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2M2
g

sin2u�
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Re�MzM
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�2 sin2u�

2k0Mg
events in the region u� , 40 (see top panel of Fig. 2)
were selected. In Fig. 2, the experimentally determined
averaged transverse response function, denoted as WT , is
shown. The averaging is carried out per invariant-mass
bin over the accepted phase space, Vexp and is defined as

WT �
M2

g

j

R
Vexp

� ds

dV �exp dVR
Vexp

�CT J�th dV
, (3)

where j � �mpe�4��2p�8j [see Eq. (1)]. In practice, the
histogram shown in Fig. 2 is obtained by dividing the
histogram of all events within the applied u� window
(the experimental cross section) by one obtained by
performing a Monte Carlo integration of CT J over a
model of the experimental acceptance for each bin. The
lines in Fig. 2 show the results of a model based on a low-
energy theorem (LET) expansion, developed by Korchin
et al. [4,5]. The amplitude is expressed in terms of a NN
model describing the pp elastic data. The model takes
partially rescattering and meson-exchange currents into
account by applying gauge invariance.

To compare the calculation with the data, an event
generator simulating the model has been developed. It

FIG. 2. Experimentally determined average response function
WT , for events with an energy-sharing angle u� , 40± (top
panel) and u� . 40± (bottom panel). Errors are statistical, and
data points are placed at the center of each bin. The results of
the LET model [4,5] are shown (solid lines). The contributions
from the transverse (dashed lines) and longitudinal (dotted
lines) components are shown separately.
2531
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is implemented using a four-body decay program [9],
generating pp ! ppe1e2 events according to phase-
space distribution, and by weighting each event with the
square of the reaction amplitude, jAj2, obtained from the
calculations. The detector response is simulated using
GEANT3 [10]. Subsequently, the simulated events are
analyzed with the same software constraints as applied
to the experimental data. The averaging procedure to
obtain the simulated response function, WT , is identical
to the one used in the analysis of the data. Although
not shown in Fig. 2, contributions from the interference
terms are not zero, albeit very small, due to the incomplete
coverage of the azimuthal angle of the two leptons.
Within the statistical (error bars shown in the figure) and
systematic accuracy of our data (615%), the theoretical
results for the invariant-mass dependence of WT 1 WL

are in agreement with the experimental data. In particular,
for the data set with u� . 40± (bottom panel of Fig. 2)
the strong increase in the WL component with Mg is
consistent with the data.

Inspecting Eq. (2) it is clear that the measured dif-
ferential cross section as a function of the azimuthal
angle f� allows the determination of the terms contain-
ing the individual interference response functions. To ob-
tain the interference terms (WTT , WLT , W 0

TT , and W 0
LT ), the

amplitudes of the periodic functions j�f��, chosen from
cos�2f��, cos�f��, sin�2f��, or sin�f��, respectively, were
extracted from the data. This can be achieved by weight-
ing each event with the value of j�f�� for that event and
integrating over the accepted phase space. As a result, the
transverse and longitudinal terms, which do not explicitly
depend on f�, cancel. Also, the contribution from other
interference terms cancel due to the orthogonality of the
j�f�� functions. Since the experimental coverage of the
azimuthal angle f� is not complete, this cancellation is
not fully achieved. The nonvanishing transverse and lon-
gitudinal contributions calculated using the model are sub-
tracted from the data in Fig. 3 which shows the averaged
observables, obtained by probing the cos�2f��, cos�f��,
sin�2f��, and sin�f�� amplitudes, labeled as WTT , WLT ,
W

0
TT , and W

0
LT , respectively.

Demonstrating the procedure for WTT , one defines

WTT �
M2

g

j

R
Vexp

� ds

dV �exp cos2f� dVR
Vexp

cos22f��CTTJ�th dV
. (4)

For this observable, the nonvanishing contribution from
WT is calculated with the following integral:

M2
g

j

R
Vexp

cos2f��WTCTT J�th dVR
Vexp

cos22f��CTTJ�th dV
. (5)

To extract the interference terms W 0
TT and W 0

LT , one has
to realize that parity conservation, i.e., a reflection in the
xz plane (see Fig. 1), requires that W 0

TT ! 2W 0
TT and

W 0
LT ! 2W 0

LT [see Eq. (2)]. Since the response func-
tions depend only on the nucleonic degrees of freedom,
the latter implies that W 0

TT and W 0
LT change sign with the
2532
FIG. 3. The interference terms WTT , WLT , W
0

TT , and W
0

LT .
The data are shown for two Mg bins: 15 , Mg , 40 and
40 , Mg , 80 MeV�c2, and the points placed at the center of
each bin. The solid lines are the predictions of a microscopic
calculation [3], and the dashed lines the predictions of the LET
model [4,5].

noncoplanarity angle of the event [3–5], to compensate
the change of sign of sinf� and sin2f�. Therefore, the
change of sign is applied for these terms as an additional
weight function. Without this action, these two terms
would integrate out to zero over the full phase space. Ex-
actly the same procedure is applied to the microscopic
calculations using the Monte Carlo technique.

The solid lines in Fig. 3 are the result of a fully rela-
tivistic microscopic calculation by Martinus [3] based on
the Fleischer-Tjon potential [11]. This model includes
the off-shell dynamics of the interacting protons. Fur-
thermore, it takes explicitly into account the rescatter-
ing contributions, the meson-exchange currents, and the
virtual D isobar. The dashed lines are the predictions
of the LET model. It is observed that for small pho-
ton masses (15 , Mg , 40 MeV�c2), the measured re-
sponse functions are in general in good agreement with
the predictions of both calculations, both in sign and mag-
nitude. An exception is the overestimation by the micro-
scopic model of the WTT response, which is connected
with a similar discrepancy, also by a factor of 2, found
for WT (i.e., the differential cross sections discussed in
Refs. [1,2]), as well as for the real photon amplitude [7].
However the larger magnitude predicted for the longi-
tudinal terms (in particular, WLT ) seems to be in better
agreement with our data. Significant deviations are found
at large invariant masses (40 , Mg , 80 MeV�c2), for
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FIG. 4. The determination of WL. The binning of the data
and the curves are explained in the caption of Fig. 3.

WTT , WLT , and W 0
TT , for both models. It is noted that for

this high invariant-mass region, WTT (WLT ) contains sig-
nificant contributions from the term WLT (WTT ). This is
caused by the limited acceptance of the azimuthal angle
f� at large electron-positron opening angles, and there-
fore, large photon masses.

To complete the determination of all six response func-
tions, Fig. 4 shows the results for WL. These are obtained
from the data set with u� . 40. The nonvanishing con-
tributions of WT , WTT , and WLT were subtracted from the
data points shown in the bottom panel of Fig. 2. The data
are compared in Fig. 4 with the predictions of both mod-
els. As pointed out above, the data clearly show the ex-
pected increase of WL with increasing Mg , although it is
not sufficiently accurate to differentiate between the two
model predictions. This is the first determination of the
longitudinal nucleonic currents.

In summary, the response functions of the pp !
ppe1e2 amplitude in the timelike region are extracted
for the first time from an analysis of the azimuthal
dependence of the virtual-bremsstrahlung yields. The
extracted values are compared with a fully relativistic
microscopic calculation, as well as an LET calculation. It
is shown that at low invariant masses the interference re-
sponse functions are well predicted by the models both in
sign and magnitude. In particular, the special new feature
associated with virtual bremsstrahlung, the longitudinal
responses, are well reproduced by the microscopic model
over the entire invariant-mass range. However, there are
statistically significant discrepancies between theory and
data for the interference response functions, which clearly
require improvements in the theoretical description of the
nucleonic currents.
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