arXiv:1405.1628v1 [nucl-th] 7 May 2014

The electromagnetic form factors of the proton in the tikeeliegion

J. Haidenbauér X.-W. Kang', U.-G. MeiRne?-2

Institute for Advanced Simulation, Institut fir Kernpityand Jilich Center for Hadron Physics, Forschungszemtdiilich, D-52425 Jilich,
Germany
PHelmholtz Institut fur Strahlen- und Kernphysik and Beftenter for Theoretical Physics, Universitat Bonn, D-53Bonn, Germany

Abstract

The reactionpp — e'e” ande*e” — pp are analyzed in the near-threshold region. Specific empliggiut on
the role played by the interaction in the initial- or final ianicleon-nucleonN) state which is taken into account
rigorously. For that purpose a recently publisi¢N potential derived within chiralféective field theory and fitted

to results of a new partial-wave analysispyf scattering data is employed. Our results provide strongatipor the
conjecture that the pronounced energy dependence ef the— pp cross section, seen in pertinent experiments, is
primarily due to theppinteraction. Predictions for the proton electromagneatiof factorsGe andGy in the timelike
region, close to th& N threshold, and for spin-dependent observables are pezkefhe steep rise of thdfective
form factor for energies close to tlpg threshold is explained solely in terms of thpinteraction. The corresponding
experimental information is quantitatively described Iy calculation.
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1. Introduction

The electromagnetic form factors (EMFFs) of the proton drelrieutron play an important role in our under-
standing of the nucleon structure. Experimental and theatestudies of these quantities in the spacelike region,
i.e. in electron-proton scattering, started already mioa@ thalf a century ago. Over the last decades there is also an
increased interest in their properties in the timelike sagiaccessible in the reactiopp — e*e” andete™ — pp,
as witnessed by various publicationsl[1} 2,13,/4, %, 6, 7, 8]anecent extensive review article [9]. In particular, the
observation of a strong energy dependence of the proton EMIEEe to theopthreshold, i.e. at momentum transfers
o = (2Mp)?, has attracted quite some attention. This behavior wasdipstrted by the PS170 collaboration/[10], and
detected in a measurement of fyp — e*e™ reaction cross section at LEAR. In recent years the BaBéaloaiation
has measured the cross section for the time-reversed p®®es— pp[l1,/12]. Their data are of similar precision
as those from the PS170 collaboration and cover also esargig close to th@pthreshold. The form factor deduced
from those data substantiates the finding of the PS170 aulidibn.

A strong dependence of the proton EMFFs on the momentumférasisnply reflects the fact that the under-
lying (measuredg*e” — pp cross section shows a significant enhancement neapphthreshold. Such near-
threshold enhancements were also reported in entirélsrdnt reactions involving thep system, for example, in the
¥(3686)>ypp [13] and theB* — ppK* [14] decays, and in particular in the radiative dedgy — ypp [13,115].

For the latter case several explanations have been put fodliding scenarios that invokeN bound states or so
far unobserved meson resonances. However, it was also siaiva conventional but plausible interpretation of
the data can be given simply in terms of the final-state ictéva (FSI) between the produced proton and antiproton
[16,117,18| 19, 20]. Specifically, calculations of our groufilizing the JulichNN model [21]| 2P, 23] and performed
within the Watson-Migdal approach [24,/25], could reproglttie mass dependence of e spectrum close to the
threshold by th&-wave pp FSI for various decays [16, 26,/27].

The success of those investigations suggests that the sBeutsenamely the FSI between proton and antiproton,
could be also responsible for the near-threshold enhantgeméheete” — pp cross section and, accordingly, for
the strongy? dependence of the proton EMFF in the timelike region mgax (2Mp)?. Indeed, a few years ago we
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have studied the energy dependence ofdtes « pp cross section close to threshold, within the Watson-Migdal
approach/[28]. We could show that the near-threshold erdraent in thee*e™ — ppcross section can be explained
qualitatively by pp FSI dfects in the®S; partial wave as generated by the Julich nucleon-antioucteodel [21].
Similar results were also reported by other authors basetmewhat dierent approaches and employing otNex
interactions|[29, 30, 31, 32,133,/34, 35].

The present study of the proton EMFF in the timelike regionsaat an improvement of our earlier work [28] in
various aspects: First and foremost the new calculationed'te” < pptransition is based on a refined and formally
exact treatment of theffects from theN N interaction in the initial or final state. Second, we takeiatcount the
coupling between théS; and3D; partial waves. In the commonly adopted one-photon appratiam these are
the only two partial waves that can contribute. The inclnsid the®D; state allows us to extend the energy range
of our study. Furthermore, it enables us to obtain nonatikgsults for angular distributions and compare those to
available data, and we can make concrete predictions farygioneasured) spin-dependent observables. Finally, in
the meantime results of a new partial-wave analysis (PWAJmécattering data have been published [36]. Based on
that work anNN potential has been constructed by lus [37], in the framewbdhmal effective field theory (EFT),
that reproduces the amplitudes determined in the PWA velyupedo laboratory energies Gfiap ~ 200— 250 MeV.
This potential will be now employed for the final-state itetion, besides the phenomenologid model of the
Julich groupl[211] used in our earlier wotk [28].

The paper is structured in the following way: In the subseteection we summarize the formalism. Specifically,
we provide details about how thep FSI is included in our calculation. In Sect. 3 we compare @sults with
measured integrated andiérential cross sections for the reacti@is — ppandpp — €*e” in the region near
the pp threshold. Furthermore, we provide predictions for spipehdent observables for which so far there is no
experimental information. Finally, we present resultstfee EMFFsGeg andGy, for their ratio as well as for the
relative phase. The paper closes with a summary.

2. Formalism
We adopt the standard conventions so that tiferintial cross section for the reactiei®e™ — ppis given by [9]

2
do_op Cp(9) |IGm(S)* (1 + cos) + 4—IZ|p IGe(s)* sinfe

dQ = 4s ' (1)

Here,a = 1/137.036 is the fine-structure constant ghe k,/ke a phase-space factor, whéggandk. are the center-
of-mass three-momenta in tipg ande*e™ systems, respectively, related to the total energywsa= 2 , /M% + k% =

2+/mg + k3. Furtherme (My) is the electron (proton) mass. TBewave Sommerfeld-Gamow fact@y(s) is given by
Cp = y/(1-e¥)withy = raM,/k,. GE andGy are the electric and magnetic form factors, respectivehe dross
section as written in Eg.{1) results from the one-photorharge approximation and by setting the electron mass
to zero (in that casg = 2k,/ v/s). We will restrict ourselves throughout this work to the guteoton exchange so that
the total angular momentum is fixed Jo= 1 and thee*e~ andNN system can be only in the partial wav&; and
3D;. We use the standard spectral notatfShVL ;, whereS is the total spin and the orbital angular momentum. Let
us mention that there are indications that two-photon exgbaontributions are important in the spacelike region and
can account for the discrepancy between the form factoegadutracted from polarization data and from Rosenbluth
separation of cross section datal [38,139,40! 41, 42, 43]ir thportance in the timelike region is less clear, see for
example Refs| [44, 45].

The integrated reaction cross section is readily found to be

2 2M2
Tee = oL Cy(9) [|GM(s)|2 T |GE(s)|2} . 0

Another quantity used in various analyses is tfieaive proton form factoGet which is defined by

0'e+er—>ﬁp(s)

Ger(S)] = — .
22 Cy(9 1+ 2|
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In the helicity basis, the amplitudes for the reac@da™ — ppfor one-photon exchange are given by [46, 47]

br=(++IFl++) = —wcowGE=<++lFl——>=¢z,

¢3=(+=IFl+-) = -3 (1+cost) G,

¢a=(+=IFl=+) = -3 (1-cost) G, (4)
Mpa .

ps=(++|F|+-) = f5|nGGE=_<++|F|_+>=_¢7,

do=(+—IFl++) = —%sineeM=—<—+|F|++>=—¢8.

For convenience we include the electron mass explicitle fzerd in the formulae below and also in our numerical
calculation. In terms of those amplitudes thé&eliential cross section is given by

do 1 8 2
a0 " 2s Co ) Il (5)
i=1

which reduces to the result in EqJ (1) fog — 0. Note that the amplitudes for the inverse reacfign— e*e™ are
given by the same expressions but with the obvious replagtspe —» —¢¢ andgg — —¢s.

In order to implement the FSI we perform a partial wave priopecof theete — pp amplitudes and switch
from the helicity basis to the more conveniehtS representation. The corresponding formalism is docungente
various publications in the literature. We follow here thieqedure described in detail in the Appendices B and C of
Ref. [48]. Then we end up with four amplitudes, correspogdanthe coupling between trege™ and thepp systems
and the coupledS;-D; partial waves. We can write these in the foFm.., whereL’(L) = 0,2 characterizes the
orbital angular momentum in the initial (final) state. Th@lkit expressions for the reacti@ie — NN are

20 2M 2me
Fero= -Gy - —2Gel|1- ==,
22 o™ Vs H v&}
4a M Me
FAv = ——|Gw+ —GC¢ 1+—],
9 Vs Vs
s 2V2a Mp 2me
Foo = - 9 GM+78GE 1—$ )
Py - —2‘@’[@ _2Mog |14 e 6)
ST Y- | R

For reasons of clarity we include in E{J] (6) and in the next fie®s superscripts for the channels£ e*e™ and
u = pp), but we will omit them again later in order to simplify thetation. Time reversal invariance requires that
F.(p, ') = F[7L(p, p) so that for the reactiopp — e*e” the amplitude$ o, andF», are interchanged.

It is obvious from Eq.[(b) that the amplitud€’], can be written as a product of factors, which is simply a
consequence of the one-photon exchange which amountsgela@mnnel pole diagram in the reactiosi®™ < pp.
The factors correspond to tieée™y andppy vertices, respectively, and reflect whether the coupliriozin anS or

D wave. Thus, we can write the amplitude in the folm [’ = 0, 2)

4o

Fft = -3 ff fl,, with
M 1 2M
f* = (G +—pG),f”=—(G _—pe), 7
0 ( M \/5 E 2 \/E M \/§ E ()

3



p p p p p p
= +
e’ e~ e’ e e’ e~

Figure 1: Graphic representation of our treatment of thetimae"e~ — pp. The small (large) filled circle symbolizes the bare (drd$$@Ny
vertex whileT stands for theN N scattering amplitude.

and similar expressions fd}, the vertex functions of the‘e™ pair. The FSI &ects due to th@pinteraction influence
only the pp vertex and that means onfy (simply denoted byf, in the following), see Fid.J1. Thesdfects can be
calculated rigorously and within our formalism they amatenévaluating the equation

LB = 209+ 3] [ B fotpy i TPk . ®

where the first term on the right-hand side, the so-callechBam, represents the bakeN production \ vertem‘0 and
the integral provides the dressing of this vertexNil rescattering. The quantifji, (p, p’; Ex) is theNN scatterlng
amplitude in the couple®s;-3D; partial wave and is the solution of a corresponding Lippm&ohwinger equation:

/7’ /7’ // 1 /.
RGO BRI R W D VAV Py TR FIED . (@)
p

see Ref.[[37]. For the potenti®lin Eq. (9) we utilize a recently published interaction dedwithin chiral EFT[3]7]
and fitted to results of a new PWA pfoscattering data [36], and one of the phenomenolodidamodels constructed

by the Julich group [21]. In the above equatiofis = 2Ex = 2, /M,ZJ + k2, wherek is thepp on-shell momentum.

The bareNNy vertex functions,f? (L=0,2) in Eq. [8), can be written in terms of bare EMFE{, andGY,
in complete analogy to EqL](7). On a microscopic level thesantjties are given by the direct coupling of the
photon to theNN system. But they can be also expressed in terms of the cqupfithe photon to the hadrons
through intermediate vector mesons {, ¢, etc.) which forms the basis of the vector meson dominan®a¥)/
model [5,08,49| 50]. There will be also contributions f® (or, equivalently, toG2 andG,) from intermediate
mesonic states such @as— 7"z~ — pp, etc. Thus, in principlefg and f2° are complex and can depend on the total
energy and on the {Bshell) momentum of th&l N system.

In the present study we assume that the whole energy depemdethe dressed vertex functiofiss generated by
the FSl alone and thdg andf20 themselves are energy-independent. In particular, weprrgethe explicit dependence
of fLO on +/sthat is implied by Eq.[{7) as a dependence on the momentuned khsystem. Accordingly, we use

M
£0 = (GO G°)= G+ —2 G2,
0(p) M 2Ep M 2 M%+p2 E
1 M 1 M
9(p) = —(GO——pGO)z— Gy - —F G0, 10
> (P) 5 M E, E NG M E (10)



for the bare vertex functions, whepes the center-of-mass momentum in &l system, and we assume ti& and
G?, are real and constant.

The replacemeny/s — 2E, is anyhow required in order to guarantee the correct thiddiehavior of theD-
wave vertex functiorfzo(p) which has to behave like p?. Indeed, the partial-wave representation oféhe™ < pp
amplitudes in form of Eqs[{7) o _(110) is rather instructiwxhuse it makes clear that the condit@@: GRA andor
Ge = Gy at theppthreshold is mandatory for implementing the proper thr&hehavior of theD-wave amplitude.
Assumptions likgGg| = 0 imposed in the past in an analysis of the neutron form faatdne timelike region for
energies fairly close to the threshald|[53] constitute asticaviolation of this condition.

Our assumption tha2 andG{, are constant automatically implies that we have toGgt= GP,. G2 (G,) is
taken to be real because any overall phase drops out in thea&ea of observables. Thus, there is onlgiagle
free parameter in our calculation. The bare vertex funstitg’nand f2° are calculated from Eq[(10) and inserted
into Eq. [8). Due to the FSI the resulting dressed vertextfans fy and f, are energy-dependent and also complex.
Inverting Eqg. [T) we can obtaiGe andGy and then evaluate argfe” « pp observable based on the formulae
provided at the beginning of this section. Note that &sandGy are complex quantities and, in genefa # Gy
where the dference is likewise solely due to the FSI.

3. Results

For evaluating the FSlffects we employ amplitudes generated fronf\ed interaction that was recently derived
by us within chiral EFTI[3[7]. In that referenc&N potentials up to next-to-next-to-leading order (NNLO) wer
constructed, based on a modified Weinberg power countinglose analogy to pertinent studies of the nucleon-
nucleon interaction [51]. The low-energy constants asgediwith the arising contact interactions are fixed by a
fit to phase shifts and inelasticities provided by a receptiplished phase-shift analysis pp scattering date [36].

In the 3S;-D; partial wave that is needed for the study of the reacppn« e*e~ good overall agreement with

the antinucleon-nucleon phase shifts and inelasticitias @btained up to laboratory energies of around 200 MeV
[37]. For convenience the corresponding results are regedi here, see Figl 2. Accordingly, in the present study
we restrict ourselves to excess enerdes: /s — 2M;, of around 100 MeV in the\N system. In any case, it is
primarily the threshold region where we expect that H&¢as are relevant and determine the energy dependence
of the observables. At higher kinetic energies or, gengraller a larger energy region, the intrinsic energy- and
momentum dependence of thEeN production mechanism itself may become significant or ev@nidant and then

our assumption th@2 andGj, are constant is no longer valid.

Besides the EFT interaction we consider again the JiNishmodel A(OBE) [21], which has already been used
in our earlier study [28].

Results for theete™ — ppreaction cross section are displayed in Eig. 3 as a functid@ and compared with
experiments [11, 12, 52, 53]. We are interested in the rfegashold region and, therefore, we compare to the BaBar
data with a smaller bin size listed in Table VII of their papEl,[12]. Since the old and new BaBar data are given for
precisely the same bins we shifted the 2006 data [11] totsfipigher Q values in Fig[B for a better discrimination.

As said above, there is only a single parameter in our calonlanamelyG2, which, in essence, amounts to an
overall normalization factor. It is fixed by g fit to thee*e~ — pp cross section data up @ ~ 60 MeV for each
of the consideredl N interactions. We want to emphasize again that the energgndigmce of the cross section itself
is not influenced by this parameter. It is given entirely by #SI dfects generated by the various potentials. In
case of the EFT interactions (at NLO and NNLO) bands are sholttose bands reflect the ctitalependence of
the corresponding results and can be viewed as an estimateeftheoretical uncertainty of the interactions, cf. the
discussion in Ref| [37]. B

Obviously the energy dependence of #ie” — pp cross section is very well reproduced by HIN potentials
considered for the FSI, over the whole energy range up to 160. Mhis is reflected in the achievgd/dof which
amountsto 0.81--1.01 and 0.63-- 0.71 for the NLO and NNLO interactions, respectively, an@.84 for the Julich
model A(OBE). This is a strong support for the conjecturé tha energy dependence exhibited by the cross section
is dominated more or less completely by the one ofiNinteraction. It is interesting to compare the present tesul
with that of our earlier study [28], where only tR&; partial wave was taken into account and which relied on the
Migdal-Watson approximation with regard to the treatmdri®l effects. In that work only the rapid rise of the cross
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Figure 2: Real and imaginary parts of the phase shift ir*®g-2D; partial wave in the isospih = 0 andl = 1 channels. The r¢dark band
shows the chiral EFT results up to NNLO while the gright band are results to NLO. The bands reflect the ffutependence of the results as
discussed in Refl_[37]. The solid line is the prediction @ filichNN model A(OBE) [21L]. The circles represent the solution of plaetial-wave
analysis of Ref[[36].
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Figure 3: Cross section of the reactiehe” — pp as a function of the excess energy. The data are from the DElY(fifangles), FENICE [53]
(squares), and BaBar [11] (empty circle$).|[12] (filled &) collaborations. The rggdark band shows results based on i amplitude of the
chiral EFT interaction up to NNLO while the greight band are those for NLO. The solid line is the result fe@ NN amplitude predicted by the
Julich model A(OBE)|[21]. The BaBar 2006 data are shiftedlightly higherQ values, see text.

section close to the threshold could be reproduced andleidiéviations started already at excess energies around
50 MeV. Now, with the coupling to th&D; partial wave included and an accurate treatment of the F&tts, there
is quantitative agreement with the data (within the errespbap to significantly higher energies.

The results in Fid.13 and those presented below are all adatdig using thepp amplitude in Eq.[(B) which is the
sum of the isospin = 0 andl = 1 amplitudes, i.eTPP = (T'=! + T'=9)/2. However, we did perform exploratory
calculations employing alsb'=! andT'=C separately. The corresponding results turned out to besimijar to each
other and also to the one based on geamplitude. Indeed, in all cases we obtain excellent agreemith the
energy dependence exhibited by the data. Thus, we do nohgemigence for a possible dominance of the isoscalar
amplitude as suggested in Ref.|[34].

A comparison with data for the inverse reactipmp,— e*e™, that were taken by the PS170 Collaboration at LEAR
is provided in Fig[4. This cross section is related to the fone&*e” — pp by detailed balance and time-reversal
invariance, i.e. by

2
Oppoete = ﬁ Tere—pp - (11)

P
There is a well-known systematicalfdirence between trefe™ — ppandpp — e*e™ cross section datal[9], where
the latter are smaller by a factor of about 1.47. But once We that into account by a proper renormalization
of our results (using the same renormalization factor focahsidered\N interactions) we reproduce the PS170
measurement rather nicely as can be seen i Fig. 4. Obvjdlislgnergy dependence of thp — e"e™ cross section
revealed by the PS170 data[10] is perfectly consistent thithone of thee"e™ — pp data measured by the BaBar
collaboration|[11, 12].

Results for the #ective proton form factor in the timelike region, defined ig. ), are displayed in Figl 5. Data

for this quantity, which provides a quantitative indicatifor the deviation of the measured cross section from the
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Figure 4: Cross section of the reactipp — e*e™ as a function of the excess energy. The data are from the F$0y6ollaborations. Same
description of curves as in Figl 3.

point-like casel[9] can be readily found in those publicasiovhere experiments fe&e~ « pp were reported [11,
12,152, 58]. The fective form factor for the point-like case would be simplytaight line in Fig[®, i.e. there would
be no dependence on the excess energy. The experimentéeition on the other hand, shows a significant rise for
energies close to the threshold as already mentioned imtraduction. Our results that include tNeN FSI are very
well in line with this behaviour. This is not surprising inewi of the fact that we reproduce tete~ < pp cross
sections that form the basis for determining tifeetive proton form factor, see E@l (3).

There is also experimental information on angular distiims. For the reactioa’e™ — pp such distributions
are provided for dferent intervals of th@ pinvariant mass_[11, 12]. We consider here solely the lowest because
only those concern the energy region for which our BE¥N potentials are designed. The corresponding intervals
in terms of the excess energies ar&@ < 73 MeV and 73< Q < 148 MeV. It is clear that data which sample
over such a large energy range cannot reflect any more sbitgions of the angular distribution with energy. Thus,
we perform our calculations for the average energies ofetlimtgrvals, namel® = 36.5 MeV and 110.5 MeV. The
results are confronted with the BaBar data in Elg. 6. Theaeremarkable agreement in case of EFT interactions. We
want to emphasize that the angular distributions are gerpriedictions. They are completely fixed by the properties
of the employedN N FSI. Note that the overall normalization is arbitrary bessaonly the number of events are given
in Refs. [11] 12]. Again the 2006 data [11] are slightly siffor a better discrimination.

In case ofpp — e*e™ proper diferential cross sections were measured, at laboratory marnéd16, 505, 581,
681, and 888 Me)t [10]. Also here we restrict ourselves to energies withardmnge where our EFT interactions are
applicable which means we compare our results to the dale dirst four momenta only. The corresponding excess
energies are 43.5, 62.6, 80.9 and 107.5 MeV, respectivedipartinent results are presented in Elg. 7. Again there is
reasonable agreement of the results based on the EFT im@sawith the trend exhibited by the experiment.

Note that in both cases the highest considered en€rgy,110 MeV (Tiap ~ 220 MeV), is already in a region
where our NLO and NNLO interactions no longer reproducepeamplitudes of the PWA dficiently well, see
Fig.[2. Thus, those results may be questionable and theyisrefficted by large uncertainties as reflected by the
bands. We show them only for illustrative purposes.
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Figure 6: Diferential cross section fefe~ — ppat the excess energi€s= 36.5 MeV (left) andQ = 1105 MeV (right). The data are an average
over 0< Q < 73 MeV and over 7X Q < 148 MeV, respectively, and are taken from Refs| [11, 12]. &description of curves as in F[g. 3. The
BaBar 2006 data are slightly shifted, see text.

The prediction based on the phenomenological Julich mddagrees with the trend shown by the BaBar data
at the higher energy but is still in line with the PS170 measwnt at practically the same excess ene@y(
107 MeV). ThisNN potential produces a fierentD wave admixture in the*e~ < pp amplitude as compared to
the EFT interactions — which is not surprising in view of thé&&tences in the correspondilgN phase shifts, cf.
Fig.[2. Obviously, the dierential cross sections are more sensitive to details ofNénteraction than the (energy
dependence of the) integrated cross section where thesésudll NN considered interactions more or less coincide.
Thus, it would be indeed very valuable to have further datdifirrential cross sections with improved statistics.

Since our calculation agrees rather well with all meas@fed < pp observables in the near-threshold region it
is instructive to consider now predictions for other quidedilike spin observables and also for the EMB&gsand
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Gwm themselves. Results for the latter are presented il Fig.e3ewve display the modulus and the argument of the
ratio Ge /Gy as a function of the excess energy. The riig/Gy| drops to values slightly below 1 right above the
pp threshold but quickly turns to values larger than 1 with @asing energy. At higher energies the EFT interaction
fitted to theN N PWA and the Jilich meson-exchange model exhilfiedent trends for the ratio. Again this is simply
due to diferences in the pertineNtN amplitudes at these energies, as reflected in the phasestfivn in Figl 2. In
that figure one can also see that the EFT interaction doeepatduce théD; phase shifts of th&lN PWA so well
anymore for energies aboVgy, ~ 130 MeV @ ~ 65 MeV). Thus, since thB-waves are responsible for the deviation
of |Ge/Gwl from 1, one should refrain from associating the results éhaseour EFT interaction with those implied
by the originalNN amplitudes of the PWA at higher energies. In any case, teaaksd an increasing uncertainty due
to the cutdf dependence as visible from the bands.

4 — " 40,

O PS170
® BABAR2013

20- B

0

-20

arg(G/G,,) (deg)

40+ J

%30 60 90 12 %30 e 90 1ix
VS - 2V, (MeV) VS - 2V, (MeV)

Figure 8:|Gg /G| and arg(G/Gw) as a function of the excess energy. Data are taken from [€fisand [12]. Same description of curves as in
Fig.[3.
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Figure 9: Analyzing power fopp — e*e™ at the excess enerdy = 45 MeV. Same description of curves as in [Eiy. 3.

Predictions for the phase betwe®p andGy, are shown in Fid.18. It is negative over a larger energy ratagéirsg
from the threshold. Also here the EFT interaction and thielinodel exhibit a dferent behavior for higher energies.
Overall, the phase remains small with values betwe2d degrees.

Finally, let us present some results for spin-dependergrohbles for the reactiopp — e*e™, in particular, for
the analyzing poweA, and the spin-correlation parameté%s. These observables can be written in terms of the
(e*e” — pp) helicity amplitudes given in EqJ4) following the standgrocedure outlined in Refs. [48,/54]:

Ay = —(Imos(dz — ¢a) — IMmpg(h1 + ¢2))/D,
Ax = (Rep g+ ¢3pal +Iosl” — I¢el) /D,
Ay = (Relpid2 — dipal +16sl* + |¢6l?)/D,
A = (161 + 162 — Ipal® — |9al® + 25l — 2¢6l?)/(2D),
Ac = —(Regi(ds — ¢a) + Redy(¢1 + 42))/D, (12)

whereD = (Z‘,?:l l¢il?)/2. Corresponding expressions in terms3gf andGy can be found in Refs, [44, 46,/55,/56].
Our predictions forA, andAjj at the excess enerdy = 45 MeV are depicted in Figsl 9 aqd| 10, respectively. These
observables show clear symmetry properties in case of tagohnton exchange approximation considered here, as
one can readfdthe formulae given in Ref._[46]. Specifically, andAy, are proportional to sin andAyx andAyy
are proportional to sfig. The magnitudes ofy andAy; are given by the relative phase Gt andGy, namely by
Re G:G,,) in case of the former and by I&(G;,) for the latter[45]. Predictions for these quantities carfdund
in Fig.[11, again as a function of the excess energy.

Results for spin-dependent observables have been alssipedblby other authors|[3,.33,/55, 56, 57] based on
various models, however, in general, for much higher eeergi

Anissue that arises in the context of any observed enhanmuénmthe near-thresholdp production cross sections
orin the correspondingpinvariant mass spectra is the question whether this is akignanN N bound state. Indeed
sometimes it is argued that explanations in terms of B8Les or via arN N bound state would mutually exclude each
other. This is clearly not the case as we know very well fromdligts of near-threshold pion production in the reaction
NN — NNz [58]. In this case th&IN forces in the!Sy andor 3S; final NN state allow one to achieve a quantitative
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Figure 11: ReGcG},) and Im GGj,) as a function of the excess energy. Same description oésuas in Fid.13.

description of the enhancements seen in the measuremetiseavery same forces also produce the deuteron bound
state in the’S;—3D; partial wave and a virtual state in tH&,. Of course, not every enhancement seen in the
experiments is a signal for forces that are strong enoughoyze a pole in the near-threshold region. For example,
a pronounced near-threshold enhancement was also obserthedA p invariant mass spectrum as measured in the
reactionpp — pAK™*, see for example [59]. However, evidently there is no nbeggholdA p bound state. Thus, one
has to be cautious with conclusions concerning the existehsuch bound states from production reactions.
Anyway, let us come back to tHéN interaction investigated here. For the employed EFT ptksra search for
poles near the threshold was performed and the results epogted in Ref.[[37]. No bound state was found for the
3S,-3D; partial wave in the isospih = 1 channel. There is a pole in the= 0 channel, however, it corresponds
to a “binding” energy ofQy = +(5.6-- - 7.7) —i1(49.2 - - - 60.5) MeV, depending on the cufs, at NLO andQy =
+(4.8---21.3)-i(60.6---74.9) MeV at NNLO [37]. We used quotation marks above becauspdlgive sign of the
real part ofQp indicates that these poles are actually located abovh téhreshold. They lie on the physical sheet
and, therefore, do not correspond to resonances eitheefl{&)] such poles are referred to as unstable bound states.

12



4. Conclusions

We analyzed the reactiomg — e"e” ande*e” — ppin the near-threshold region with specific emphasis on the
role played by the interaction in the initial- or finldIN state. The study is based on the one-photon approximation fo
the elementary reaction mechanism, but takes into accmorbusly the ects of thepp interaction. For the latter
we utilized a recently publisheld N potential derived within chiralféective field theory![37] and fitted to results of
a new partial-wave analysis @fp scattering data [36], and also one of the phenomenolofjidhineson-exchange
models constructed by the Julich group [21].

Our results confirm the conjecture drawn from previous ssif28| 29, 30, 31, 32, 33,134, 35] that the pronounced
energy dependence of tkée™ < pp cross section, seen in pertinent experiments, is indeathpity due to thepp
interaction. However, the evidence provided now is muchenwonvincing. First the present calculation is technically
superior to the earlier ones because it relies on an rigareasment of the FSIfeects. Secondly, it utilizesIN
amplitudes that have been determined from a PWA. And, finlaylyncluding not only théS; but also théD; partial
wave the energy dependence of the experimental crossisecto be described quantitatively and over a significantly
larger energy region. In addition, even existing data orutarglistributions are well reproduced.

Based on our results for the reactiai®™ < ppwe can produce reliable predictions for the proton elecagm
netic form factorsGg andGy, in the timelike region, fog? near theN N threshold. The fective proton form factor
usually considered in the literature exhibits a stroiglependence fog? ~ (2M,)? and this behavior is perfectly
described by our calculation. The stragfgdependence is likewise a consequence of the interactidwe mp system.

For the ratiolGg/Gw| we predict a non-trivial energy dependence. The ratio dtopslues slightly below 1 right
above theN N threshold but turns to values larger than 1 within a coupMeY. The phase between the form factors,
argGe/Gw), is negative for energies close to tRé\ threshold with values in the order 6fLl0 to—20 degrees.

The predictions for the elierential cross sections, and alsofég /Gu| and argGe/Gw), based on the chiral EFT
interaction and on the phenomenological JuleN potential, show dferent tendencies with increasing energy. The
presently available data (for thefiirential cross section) aréflicted with sizable uncertainties and, thus, do not
allow to discriminate between thesefdrences. Moreover, the BaBar and the PS170 data themselssts be
incompatible at higher excess energies as visible, for pl@nn the extracted ratifisg /G| [12], see also Fid.]8.
Therefore, it would be very interesting to perform new measients of the reactioreSe” « pp with improved
statistics. As discussed in the review [9], such experisieatild be accomplished at the VEPP-2000 accelerator in
Novosibirsk [61] or the BEPC-II collider in Beijing (fog*e~ — pp), but also by the®PANDA set-up at the planned
FAIR facility in Darmstadt|[62] (for the inverse reactiggp — €*e™). Evidently, aside from pinning down the
electromagnetic form factors in the time like region morewmately, such data would also provide further constraints
on our knowledge of the elementaN interaction where direct information in the near-threshregion is still rather
scarce.
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