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Single-spin polarization effects and the determination of timelike proton form factors
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We show that measurements of the proton’s polarizatioeﬁie*—>sztroneg discriminate between ana-
lytic forms of models which fit the proton form factors in the spacelike region. In particular, the single-spin
asymmetry normal to the scattering plane measures the relative phase difference between theGjnsiitte
Gy form factors. The expected proton polarization in the timelike region is large, of the order of several tens

of percent.
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[. INTRODUCTION ity e"e” colliders at Beijing, Cornell, and Frascati provides

the opportunity to make such measurements, both directly

The form factors of hadrons as measured in both theand via radiative return.
spacelike and timelike domains provide fundamental infor- ~ Although the spacelike form factors of a stable hadron are
mation on the structure and internal dynamics of hadronsieal, the timelike form factors have a phase structure reflect-
Recent measuremerit$] of the electron-to-proton polariza- ing the final-state interactions of the outgoing hadrons. In
tion transfer iné~p— e~ p scattering at Jefferson Laboratory general, form factors are analytic functiofig(g®) with a
show that the ratio of Sachs form factor§2]  discontinuity for timelike momentum above the physical
G2(g?)/GP,(q?) is monotonically decreasing with increasing thresholdg®>4M?. The analytic structure and phases of the
Q?=—q?, in strong contradiction with th&z/G,, scaling form factors in the timelike regime are thus connected by
determined by the traditional Rosenbluth separation methodlispersion relations to the spacelike regifie-9]. The ana-
The Rosenbluth method may in fact not be reliable, perhaplytic form and phases of the timelike amplitudes also reflect
because of its sensitivity to uncertain radiative correctionsfesonances in the unphysical regios §°<4M? below the
including two-photon exchange amplitud&3. The polariza-  physical threshold7] in the J°°=1"" channel, including
tion transfer method1,4] is relatively insensitive to such gluonium states and dibaryon structures.
corrections. At very large center-of-mass energies, perturbative QCD

The same data which indicate th@g: for protons falls  factorization predicts diminished final interactionsefie™
faster thanGy, at large spacelizkeQz require in turn that _ {iy since the hadrons are initially produced with small
F»/F, falls more slowly than 1p<. The conventional expec- ¢ojor dipole moments. This principle of QCD color transpar-
tation from dimensional counting rul¢§] and perturbative ency[10] is also an essential featuil] of hard exclusiveB
QCD [6] is that the Dirac form factoF,; should fall with a = gecayq12,13, and thus needs to be tested experimentally.
nominal power 1Q* and the ratio of the Pauli and Dirac  There have been a number of explanations and theoreti-
form factors,F,/Fy, should fall like 1Q% at high momen-  cajly motivated fits of the®,/F, data. Belitsky, Ji, and Yuan
tum transfers. The Dirac form factor agrees with this eXPEeCi14] have shown that factors of 10gf) arise from a careful

tation in the range? from a few GeVt to the data limit of  QCD analysis of the form factors. The perturbative QCD
31 Ge\?. However, the Pauli/Dirac ratio is not observed to form Q2F, /F,~10g?Q? which has logarithmic factors mul-

fall with the nominal expected power, aqd the experimenter%pwmg the nominal power-law behavior, fits the lar@&-
themselves have noted that the data is well fithy/F;  gpacelike data well. Othef45,16] claim to find mechanisms
«<1/Q in the momentum transfer range 2 to 5.6 GeV that modify the traditionally expected power-law behavior
The new Jefferson Laboratory results make it critical tOith fractional powers ofQ?, and they also give fits which
carefully identify and separate the timelile: andGy form  are in accord with the data. Asymptotic behaviors of the ratio
factors by measuring the center-of-mass angular distributiog, /£, for general light-front wave functions are investigated
and by measuring the polarization of the protoneine” i Ref, [17]. Each of the model forms predicts a specific
—pp or pp—¢€*¢~ reactions. The advent of high luminos- fall-off and phase structure of the form factors fran-t
crossing to the timelike domain. A fit with the dipole poly-
nomial or nominal dimensional counting rule behavior would
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e e"—BB requires a nonzero phase difference between the 2 sinfReGEGy,

Ge and G, form factors. The phase of the ratio of form Py==Pe——rm (2.9
factors Gg /G, of spin-1/2 baryons in the timelike region D‘/;

can thus be determined from measurements of the polariz%—nd

tion of one of the produced baryons. We shall show that

measurements of the proton polarization éie” —pp 2 cosh|Gy|?
strongly discriminate between the analytic forms of models Pr= PeT- (2.6
which have been suggested to fit the pro®n/G,, data in
the spacelike region. The sign ofP, can be determined from physical principles.
Angular momentum conservation and helicity conservation
[l. TIMELIKE MEASURES for the electron and positron determine tifat/P. in the

e _ forward direction must bet1, verifying the sign of the
The center-of-mass angular distribution provides the anasp\e formula.

log of the Rosenbluth method for measuring the magnitudes
of various helicity amplitudes. The differential cross section
for e e"—BB whenB is a spin-1/2 baryon is given in the
center-of-mass frame by

The polarization measurementéie™ — pp will require

a polarimeter for the outgoing protons, perhaps based on a
shell of a material such as carbon which has a good analyz-
ing power. However, timelike baryon-antibaryon production
can occur for any pair that is energetically allowed. Baryons

2
d_U: a_'fD, (2.1 such as th& andA which decay weakly are easier to study,
dQ  4q since their polarization is self-analyzing.

o The polarization observablB, is a manifestation of the

where 5= y1—4mg/q? andD is given by T-odd observabl&x p-S,, whereS, is the baryon polariza-
1 tion. This observable is zero in the spacelike case, but need
D=|Gy|2(1+cos6)+ ;|GE|Zsin20; (2.2 not be zero in the timelike case because final-state interac-

tions can give the baryon form factors a relative phase.
Notice the factor sin&in P,. The fact that this observ-
able vanishes a#=90° can be understood from first prin-
ciples. Since the leptons in the initial state are unpolarized,
the only vectorial information which th& = =1 photon can
2.3 transfer to the fingl state is thmdirepte_dline d_efined by the
electron and positron momentérhis is equivalent to the
with TEq2/4m§>1. fact that the leptonic tensdr*” does not change under the

As we shall show, polarization observables can be used tgubstitutionk— —k. We work in the center of mass frame.
completely pin down the relative phases of the timelike formWe can nevertheless define a directed normal by rotating
factors. The complex phases of the form factors in the timefrom the lepton to the hadron momentum line through the
like region make it possible for a single outgoing baryon tosmaller angle. The observablg, is proportional to the dot

be polarized ire—e*—BB. even without polarization in the product of this directed normal with the baryon polarization.
initial state. ’ However, atd=90° it is not possible to define the normal to

There are three polarization observables, corresponding '€ 1€pton to hadron plane if there is no distinction between
polarizations in three directions which are perhaps besk and—k, and thus one cannot obtain a nonzero polarization
called longitudinal, sideways, and normal but often denote@bservable. This is reflected in the extra €éector, included
z, %, andy, respectively. Longitudinalz) when discussing the in the sin @, which one obtains from the detailed derivation
final state means parallel to the direction of the outgoing18]. o _ _
baryon. Sideway$x) means perpendicular to the direction of ~ Any model which fits the spacelike form factor data with
the outgoing baryon but in the scattering plane. Norfgal ~an analytic function can be continued to the timelike region.
means normal to the scattering plane, in the direction oSpacelike form factors are usually written in terms Q@f

we have used the Sachs form factp2$
GM = F1+ F2 y

GE: Fl+ TF2,

|Z><5 wherek is the electron momentum arp?dis the baryon = —qg?. The correct relation for analytic continuation can be
momentum, withx, y, andz forming a right-handed coordi- obtained by examining denominators in loop calculations in
nate system. perturbation theory. The connection@—q%e '™, or

The polarizationP, does not require polarization in the 2 2 2
initial state and i§18] InQ*=In(—q°)—Ing"—im. (2.7)

. . If the spacelikeF,/F is fit by a rational function 0fQ?,
_sin 20Im GE Gy _ (r—Dsin20ImF3F, (2.4 then the form factors will be relatively real in the timelike
y DV D7 o region also. However, one in general gets a complex result
from the continuation.
The other two polarizations require initial state polarization. More sophisticated dispersion relation based continua-
If the electron has polarizatioR, then[18] tions could give more reliable results, if there are data also in
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the timelike region to pin down the magnitudes there. So far, 1 mi m<2,5
this is possible for the magnetic form factor aldigbut not Fi= —g{ (1-Bo=Bg) = Bom = Bs 5
for both form factors. 2 q —m, qQ=—my,
mo+8C,m, /7
lIl. POLARIZATION IN THE TIMELIKE REGION +(1-8,)-B P ,
. . o . TP P—m2+ (g2 —4m2)T a(g?)/m,,
We begin by selecting some existing fits to the spacelike P P
data. Since we are concentrating on the polarizations, which m?2 m2
depend only on the ratios of the form factors, we concentrate F,= —g| (0.120+ a,) L __ a, ¢
in turn on fits to the ratioF,/F,, rather than fits to the 2 q?—m? 92— mj
individual form factors. We attempt to present a representa- 2
tive selection of fits, and refer to others that are similar to the 3706 m,+8l',m,/m
ones included. ' qu—m,f+(q2—4m,27)l“pa(q2)/m, :

0Odd-Q fits.The Jefferson Laboratory experimenters them-
selves note that the polarization transfer data are well fitted (3.9
for Q2 in the 2 to 5.6 GeY region by

where
E: 1.25 GeV (31) , q2_4m727 1/2 2 /q2_4m37+\/¥ -
Fi Q a(gQ9)= — —In —if.
q T 2m_
There is theoretical work which obtains similar forms (3.6)

[15,16,19. Because of its simple analyticity, this form be-
comes purely imaginary in the timelike region. Simply to get
the right ratio atQ?=0, we choose to modify this form to

The functiong=g(g?) cancels in expressions for polariza-
tions. The parameters arg,=0.672, §,=1.102, B,
=0.112, a4=—0.052, m,=0.765 GeV, m,=0.784 GeV,

= 1 Q2 -12 m,=1.019 GeV, and",=0.112 GeV.
N (3.2 lachello[23] has also discussed extending the fits to the
Fi Kf, (1.25 Ge\J? ' timelike region and finds a complex phase from two sources.

One source is a modification of the overall facigg?). The
where k,=1.79 gives the anomalous magnetic moment ofoverall factor has no effect oGg/Gy and no effect on
the proton. The numerical effect of thex%/term is hardly  quantities like polarizations that only depend on ratios. The
noticeable forQ? above 2 Ge¥Y. other source of phase is the treatment of gheidths. The¢

Fits involving logarithms A number of author§14,171  andw were approximated as zero width, but [[R0] found
have given fits to th&,/F, data which have the power law thatp-width contributions were important for fitting data and
fall-off expected from QCD, with logarithmic corrections incorporated a two-pion cut into an effective width term in
that enable a good fit to the data. Belitsky, Ji, and YL the p-propagator. The extension to the timelike region seen
have motivated a form that has two powers o€f) and one  above is a straightforward and expected analytic continuation

of their fits is, withA =300 MeV, of this term.
The expression for polarizatio®,, Eq. (2.4), leads to
F2 In*(Q%/A?) results shown in Fig. 1. The polarizations are shown for four
F, =0.17 GeV Q? (33 fits listed above, and the polarizations are not small. They are

very distinct from a purely polynomial fit to the spacelike
We give here an improved fit which matches the above asdata, which gives zer®, .

ymptotically and also matches lo@? data, The predictions fofP, andP, are shown in Figs. 2 and 3.
Both figures are for scattering angle 45° aRd=1. The
F,  [1+(Q%0.791 GeV)? In"Y(1+Q%4m?)] phase differencedz— 8y) betweenGg and G, is directly
(3.9

P, cosd ImGyGe cosd

This last form also contains the cut at the two-pion threshold P - tandg—dm). (3.7
This last form also pion thresho P Pe ReGjGg Pe

in the timelike region.

Two-component fitsin 1973, lachello, Jackson, and The magnetic form factor in the 1JL model is very small in
Lande (1JL) [20] presented a model for the nucleon form the 10 to 20 Ge¥ region (taking the dipole form for com-
factors based on a two-component, core and meson clougarison and has a zero in the complex plane negr
structure for the nucleon with parameters fit to the then ex=15 Ge\£. This accounts for much of the different behavior
isting data. The fit was updated by Gari and Krumpelmanrof the 1JL model seen in the polarization plots. That the IJL
[21] and later by Lomon22]. lachello[23] has recently ratio for Gg/Gy, is strikingly large even by the standard set
noted that one of the original fits accords well with the new-by the other three models also strongly affects the angular
est Jefferson Laboratory data. Continued for timetifethe  behavior of the differential cross section. This is witnessed
fitis by Fig. 4, which shows the angular behaviordaf/d() for
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FIG. 1. (Color onling. Predicted polarizatio®, in the timelike
region for selected form factor fits described in the text. The plot ist
for 6=45°. The four curves are for an,/F,1/Q fit, using Eq.
(3.2); the (logQ?)/Q? fit of Belitsky et al, Eq. (3.3); an improved
(log”Q?%)/Q? fit, Eq. (3.4); and a fit from lachellcet al,, Eq. (3.5). spacelike region, one recalls that at higHf, the electric

form factor makes a small contribution to the cross section,
g°=10 Ge\~. The lower three models are also showing sig-and the Rosenbluth method of separating it from the mag-
nificant contributions fromGg; at 90°, the difference be- netic form factor, by its different angular dependence, is very
tween the curves shown and the value 0.5 is entirely due téensitive to experimental uncertainties and radiative correc-
|Gg|2. tions[3]. T_he_more_direct method is to use polarizatio_n trans-
fer[1,4]. Similarly, in the timelike case, the angular distribu-
tion can be used to isolat&g|, but the numerical size of the
Gg contribution is small in many models, whereas two of the

We have discussed how to measure baryon form factors ifiree polarization observables are directly proportional to
the timelike region using polarization observables. ObservGe - Additionally, the phase can only be measured using po-

ing the baryon polarization in et BB for spin-1/2 bary- larization.

. . The normal polarizatior?, is a single-spin asymmetry
onsB may be the method of choice for determining the mag- ; . y :
nitude and the phase of the form factor ra@@/G,, . In the and requires a phase difference betwegrandGy . Itis an

example of how time-reversal-odd observables can be non-
zero if final state interactions give interfering amplitudes dif-

FIG. 3. (Color onling. The predicted polarizatioP, in the
imelike region ford=45° andP,=1. The four curves correspond
to those in Fig. 1.

IV. CONCLUSIONS
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FIG. 2. (Color onling. The predicted polarizatioP, in the
timelike region ford=45° andP.=1. The four curves correspond FIG. 4. (Color online. The predicted differential cross section
to those in Fig. 1. o(#)=da/dQ. The four curves correspond to those in Fig. 1.
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ferent phases. Its analog in the spacelike case is zero. ACKNOWLEDGMENTS

A strong current motivation for further baryon form factor
study is the intriguing spacelike Jefferson Laboratory data We wish to thank V. A. Karmanov and F. lachello for
for F,/F, or Ge/Gy, on the protor{1]. We have selected a helpful discussions. This work was supported in part by the
number of fits to this spacelike data, continued them to théepartment of Energy contracts DE-AC03-76SF00515
timelike region, and predicted what size polarizations ongS.J.B), DE-AC05-84ER4015(0S.J.B. and C.E.C,.and DE-
may expect to see there. For the models we have examinde502-98ER41087J.R.H); by the National Science Founda-
the predicted polarizations are large and distinctive andion Grant PHY-0245056C.E.C); and by the LG Yonam
should encourage experimental study. Foundation(D.S.H).

[1] Jefferson Lab Hall A Collaboration, M.K. Jones al, Phys.  [11] J.D. Bjorken, Nucl. Phys. BProc. Supp). 11, 325 (1989.
Rev. Lett.84, 1398 (2000; Jefferson Lab Hall A Collabora- [12] M. Beneke, G. Buchalla, M. Neubert, and C.T. Sachrajda,

tion, O. Gayouet al, ibid. 88, 092301(2002. Nucl. Phys.B606, 245 (2001).
[2] R.G. Sachs, Phys. Red26 2256 (1962; J.D. Walecka, [13] Y.Y. Keum, H.N. Li, and A.Il. Sanda, Phys. Rev.@3, 054008
Nuovo Cimentoll, 821 (1959. (2001.
[3] P.A. Guichon and M. Vanderhaeghen, Phys. Rev. Let;. [14] A.V. Belitsky, X. Ji, and F. Yuan, Phys. Rev. Le&tl, 092003
142303(2003; P.G. Blunden, W. Melnitchouk, and J.A. Tjon, (2003.
ibid. 91, 142304(2003. [15] J.P. Ralston gndl P. Jain, hep-ph/0302043; J.P. Ralston, P. Jain,
[4] R.G. Amold, C.E. Carlson, and F. Gross, Phys. Re23C363 and R.V. Buniy, inIntersections of Particle and Nuclear Phys-

ics, edited by Zohreh Parsa and William J. Marciano, AIP
Conf. Proc. No549 (AIP, Melville, NY, 2000, p. 302.

[16] G.A. Miller and M.R. Frank, Phys. Rev. 65, 065205(2002);
M.R. Frank, B.K. Jennings, and G.A. Milleibid. 54, 920

(1981, and other references cited therein.

[5] S.J. Brodsky and G.R. Farrar, Phys. RevlD 1309 (1975;
V.A. Matveev, R.M. Muradian, and A.N. Tavkhelidze, Lett.
Nuovo Cimento Soc. Ital. Fis, 719(1973. (1996.

[6] G.P. Lepage and S.J. Brodsky, Phys. Rev. 1481545(1979; [17] S.J. Brodsky, J.R. Hiller, D.S. Hwang, and V.A. Karmanov,
43, 1625E) (1979; S.J. Brodsky and G.P. Lepage, Phys. Rev. hep-ph/0311218.

D 24, 2848(1981). [18] A.Z. Dubnickova, S. Dubnicka, and M.P. Rekalo, Nuovo
[7] R. Baldini, S. Dubnicka, P. Gauzzi, S. Pacetti, E. Pasqualucci,  cimento A109, 241 (1996: S. Rock, inProc. of the ée~
and Y. Srivastava, Eur. Phys. J.1, 709 (1999; R. Baldini Physics at Intermediate Energies Confergredited by Diego
et al, in Proc. of the € e~ Physics at Intermediate Energies Bettoni, eConfC01043Q W14 (2001) (hep-ex/0106084 (The
Conferenceedited by Diego Bettoni, eCon€01043Q T20 latter appears to have a sign error in the expressiofPfo)
(2001 (hep-ph/0106006 [19] G. Holzwarth, Z. Phys. 856, 339(1996); F. Cardarelli and S.

[8] For a discussion on the validity of continuing spacelike form Simula, Phys. Rev. 62, 065201(2000; R.F. Wagenbrunn, S.
factors to the timelike region, see B.V. Geshkenbein, B.L. Boffi, W. Klink, W. Plessas, and M. Radici, Phys. Lett581,

loffe, and M.A. Shifman, Yad. Fiz20, 128 (1974 [Sov. J. 33 (200)); S. Boffi, L.Y. Glozman, W. Klink, W. Plessas, M.

Nucl. Phys.20, 66 (1975]. Radici, and R.F. Wagenbrunn, Eur. Phys. J14\ 17 (2002.
[9] See also R. Calabrese, Rroc. of the e~ Physics at Inter-  [20] F. lachello, A.D. Jackson, and A. Lande, Phys. Lé8B, 191

mediate Energies Conferenceedited by Diego Bettoni, (1973.

eConf C01043Q0 WO7 (2001); H.W. Hammer, ibid., [21] M. Gari and W. Krumpelmann, Z. Phys. 322, 689 (1985;

No. W08 (2001 (hep-ph/010533)7 Carl E. Carlson,ibid., Phys. Lett.173B, 10(1986.

No. W09 (2001 (hep-ph/0106290 M. Karliner, ibid., No. [22] E.L. Lomon, Phys. Rev. &6, 045501 (2002; 64, 035204

W10 (2001 (hep-ph/0108106 (20012).

[10] S.J. Brodsky and A.H. Mueller, Phys. Lett.ZB6, 685(1988. [23] F. lachello(private communication

054022-5



