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Measurements of the magnetic form factor of the proton in the timelike region at large
momentum transfer
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The cross section for the reactipp—e* e~ has been measuredsat 8.8, 10.8, 12.4, 13.1, and 14.4 GeV
by Fermilab experiment E835. A non-magnetic spectrometer is used to identiy éhefinal states generated
by the antiproton beam intersecting an internal hydrogen gas jet target. From the analysis of the 144 observed
events, new high-precision measurements of the proton magnetic form factor for timelike momentum transfers
are obtained[S0556-282(199)03013-1

PACS numbgs): 13.40.Gp, 13.75.Cs, 14.20.Dh

I. INTRODUCTION where, in the c.m. framez and P are the energy and mo-
mentum of the antiproton, ané* is the angle between the
The electromagnetic structure of the nucleon is directlyelectron and the antiproton.
probed by the measurement of electric and magnetic form
factors Gg(g?) and Gy (g?) as a function of the squared
four-momentum transfeg?. The electric and magnetic form

factors of the proton in the spacelike region?0) Experiment E835 is dedicated to the study of charmonium

have been measured in elastic electron-proton scattering Lboy resonant formation in annihilations. It has been carried

2| — 2 2| — 2
to |g%=10 (GeVk)® and |g°|=31 (GeVk)®, respec- out at the antiproton accumulator of the Fermilab Antiproton

o I o e ot S001ce an s aken i from Oclober 1996 hough Sep-
o5 . ) : tember 1997. The charmonium physics program determined
(s=qg“>0) are mainly concentrated in a small interval near

2 4 . our choices of beam momentum and of integrated luminosity
threshold 4njc<s<7 GeV? [4-12. The first attempts to accumulated in each energy region.

make measurements at larger momentum transfers were tpe circylating beam of stochastically cooled antiprotons
made by the CERN experiment R704, but they were only 1N . .
able to establish upper limits as=8.9 GeV and (up to 5x10' p) intersects an internal hydrogen gas jet

12.5 GeV [13]. The first successful measurements were relarget[16] to provide average instantaneous luminosities of

l 72 71 . B - -
ported by the Fermilab experiment E760, which obtainetﬁxmg. cm = s - The mteracuon region, as determined
G, ats=8.9, 12.4, and 13.0 GE&[14] y the intersection of the antiproton beam with the hydrogen

In this paper we present results from new, improved meaJas Jet, is approximately (§5x7) mnf.
surements of the cross section for the reaction The !583.5 apparalus has been designed to detect electro-
magnetic final states. It makes use of some of the compo-
pp—ete” (1) nents employed in experiment E76D4] as well as several
upgrades. The layout of the detector is shown in Fig. 1. It is
in the center-of-mas$c.m) energy interval 2.9 Ge¥ s  a non-magnetic spectrometer with full azimutha) (cover-
=<4.3 GeV. The differential cross section for procésscan  age and polar anglegdj acceptance ranging from 2° to 70°
be expressed in terms of the proton magnetic and electrim the lab frame. The central detector (X18<70°) has
form factorsG,, and Gg as follows[15]: cylindrical symmetry around the beam axis; its main compo-
nents are the lead glass calorimet€CAL), the threshold
Cerenkov counter foe/ 7 discrimination, the inner tracking
system and a luminosity monitor.
The central calorimetdil 7] is a matrix of 1280 lead glass
counters(64 in ¢ by 20 in 4) pointing to the interaction
region, measuring the energy and direction of electrons and
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FIG. 2. Distributions of the product of ELW indices for elec-
FIG. 1. The E835 detector layout. trons from a clean sample 8f y—e* e~ decays.

photons. The CCAL has an energy resoluteg/E=0.014
+0.06//E(GeV) and an angular resolutiom.m.s) of 11
mrad in¢ and 6 mrad ind; these angular errors include the  In this experimente™e™ cross sections of a few pico-
contribution due to the finite size of the interaction region.barns must be measured in presencesfG® mb total cross
Each counter in CCAL is equipped with an analogue to digi-section, i.e. a rejection factor of the order of'4@nust be

tal converter(ADC) to measure pulse height and a time to achieved.

digital converteTDC) to provide timing information to re- The first level trigger foe™ e~ events requires two elec-
ject pile-up. All showers with energy above 80 MeV can betrons, each defined by a coincidence between the appropriate
identified as “in time” or “out of time.” Showers with  azimuthal elements of H1, H2 and the corresponding cells of
lower energy sometimes have no TDC information and arehe Cerenkov counter; independently, two high-energy show-

lll. TRIGGER AND EVENT SELECTION

then labeled “undetermined.” ers are required in the central calorimeter, with an azimuthal
The CGerenkov countef18] contains 16 cell§8 in ¢ by 2 opening angle greater than 90°.
in #) and covers the full azimuth and from 15° to 65°64n Events which satisfy the hardware trigger are processed

Each channel is connected to an ADC. The counter is &y the on-line filter, which selects events in which the two
threshold device and serves to identify electrons and to rejedtighest-energy clusters in the CCAL have an invariant mass
pions at the trigger level, and to distinguish single electrongreater than 2Ge\¢?.
from electron-positron pairs in the analysis. Electron tracks are reconstructed off-line by associating
The inner tracking system consists of two layers of stranhodoscope hits, &€enkov counter signals and calorimeter
tube drift chamber$SC1 and SCP[19] for the measurement showers. Track information from the inner detectors is added
of ¢ and a scintillating fiber trackdSF) with VLPC readout  to improve the angular resolution. The two electron candi-
[20] for the measurement @f. The angular resolution of the dates are identified as the tracks with the highest invariant

inner traCking SyStem is 11 mrad iﬁ, whereas iy it varies mass. The selection (Ep_> e+e7 proceeds in four Steps_
from 3 mrad at small angles to 11 mrad at large angles. The (3) Electron identification For each candidate electron
intrinsic resolution of the scintillating fiber detector is better track, an electron weight indefELW) is constructed using
than 2 mrad, but thé resolution is dominated by the size of the pulse heights in the H1, H2, Hand Gerenkov counters,
the interaction region. second moments of the transverse shower distribution in

Three cylindrical plastic scintillator hodoscopg$l, H2' CCAL and the fractional shower energy in a3 block
and H2 located at increasing distances from the beam axigegion of CCAL. ELW is a likelihood ratio for the electron
are used for triggering. The pulse heights, together withypothesis versus the background hypothesis. Since in a
those in the @renkov counter, are used to distinguish singlygood event both candidates are required to be good electron
charged particles from electron-positron pairs due/toon-  tracks, a sensible variable to use is the product of the ELW
versions and tar® Dalitz decays. indices of the two candidate electrons. The distribution of

The polar angle region from 2° to 12° is covered by alog,(EW1-EW?2) in a clean electron sample is shown in
planar forward calorimeter and a plastic scintillator hodo-Fig. 2. In order to reduce the size of the data sample, a
scope, not used in this analysis. preliminary selection is applied to the raw data by imposing

The measurement of the luminosity is provided by threes |oose cut on the product of the ELW for the two electron
silicon detectors positioned &@t=86.5° to thep beam direc- candidates ELW1XELW2>0.1): only events which pass
tion, measuring the yield of elastic recoil protons. The errorghis preliminary selection undergo the subsequent analysis.
in the absolute luminosity measurements are estimated to e the final selection, the electron weight cut B W1
less than+2.5%. XELW2>1.

The experiment uses the DART data acquisition system to (b) Fiducial volume The cut in fiducial volume is neces-
acquire and store daf21]. At a typical luminosity the first sary in order to remove inhomogeneities in the response of
level trigger rate is 1 kHz and the live-time is greater thanthe detector at its edges. For this reason we accept only
90%. events in which the two electron candidates have polar
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TABLE I. Summary of the results of the form factor analysis. For each energy region, the integrated
luminosity L, the number of selected everts the cross sectionr,..=N/(Le) and the geometrical accep-
tance in the c.m. frame are shown. The results correspond to the two hypotheses described in (@e text:
|Gel=|Gy| and (b) negligible “electric” contribution. An upper limit at the 90% confidence level is
reported where there are no observed events. The errors shown are statistical and, respectively, systematic.
The systematic uncertainty is due to the errors on efficiency and luminosity. The ersrdue to the
grouping of several runs at different energies, is also included in the systematic error. The various contribu-
tions to the systematic errors are added linearly.

s L N Tace | COSH* | max 10PX |Gyl
(GeV)) (pb™h) (pb) (@ (b)
8.84+0.16 1769 93 7.93' 082180 0.451 35901803 41705 0%
10.78+0.28 1.78 3 25718793 0.544 21370590015 2403808
12.43+0.02 47.84 33 1.0433% 528 0.601 1.433129% 158513519
13.11+0.18 33.99 14 06275127908 0.621 1.12°5357007 1247318508
14.36+0.50 1.86 1 0840l 0.604 1397094013 4 571001014
18.40+0.01 0.76 0 <4.88 0.508 <4.40 <4.74
angles in the interval 152 6<60°, well within the angular <
coverage of CCAL and of thee&enkov counter. =
(c) CCAL multiplicity. To avoid rejecting events in which 2
the electron or positron radiates a Bremsstrahlung photon S
which forms a distinct cluster in the CCAL, we do not im- <
pose a strict cut demanding only two in-time clusters. Events @

with more than two in-time clusters are kept provided that
the extra clusters, when paired with either electron candidate,
give an invariant mass below 100 Me#/ In addition, any
number of out-of-time or undetermined clusters is allowed.
(d) Kinematical fit The goodness of the two body hypoth-
esis is finally tested by means of a four constraint kinemati- 2.5 3 3.5 4
cal fit. All candidate events are tested with this hypothesis M(e*e™) (GeV)
and are accepted if the fit probability is above 1%.
The numberN of events selected with these criteria is
shown in Table | for each energy region.

IV. EFFICIENCIES

The overall efficiency is the product of the trigger effi-
ciency (eyi) and the efficiencies of the preliminary selection
(eprd @nd of the off-line analysise(;nd: &= &i* &pre’ €anar

The trigger efficiencyy,; has been measured with a spe-
cial trigger run at thel/ ¢ energy, which required only one
electron track in the H1, H2 ande@enkov counters, in ad-
dition to the two cluster requirement in the central calorim-
eter; the result ig;=0.898+ 0.005.

The efficiency of the preliminary off-line cuELW1
XELW2>0.1 has been measured using clean samples of
JIy—e*e” andy’ —e*e” events selected by means of to-
pological cuts and a kinematical fit and has been found to be
€ pre= 0.966+ 0.001. ®

The efficiency of the second set of off-line cuts has been |G, 3. Invariant mass distribution for candidate electrons after
evaluated at the/¢s and ¢’ energies. Figure 3 shows the preliminary cuts only(a) at theJ/y formation energywhite) and
invariant mass distribution for candidate electrons after preat \/s=3.3 GeV(cross-hatched, rescaled by luminosit{p) at the
liminary cuts only(a) at theJ/¢ and(b) at they’ formation ' formation energy (white, all events; horizontal lines,
energies. The cross-hatched areas in both histograms shawy-inclusive subsamp)eand at\/s=3.8 GeV (cross-hatched, re-
the background contamination in these samples, calculatestaled by luminosity

Events/(50 MeV)

M(e*e”) (GeV)
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the form factor, where the systematic error takes into account
the difference in efficiency found at th¥ and at they',

the variation of efficiency with time and the effect of the
background subtraction procedure. The overall efficiency
used at all energies is thuse=0.663+0.005sta)
+0.05sys).

103

Events/(50 MeV)

102

V. BACKGROUND STUDIES

The main sources of background for the reactipm
—e'e” are photon conversions antf Dalitz decays, two
2.5 3 3.5 4 body hadronic final stategémainly 7+ #~) and inclusive

Me’e”) (GeV) J/ X events.
(a) Photon conversions and Dalitz decay¥/e consider
() the reactions

ALl R R LIl D SRR L L B AL LI R R L

103 —
pp—>7TO7TO

()

pp— 70y (4)

pp—yy. 5

Events/(50 MeV)

T

Two coalescing electron-positron pairs are generated if the
two photons in reaction 5 convert in matter. A back-to-back
electron-positron pair can be produced from reaction 4 as
well and in two waysia) the pion decays into two photons,
one of which converts in mattefbh) the pion undergoes Dal-
M(e*e™) (GeV) itz decay -°—e*e ). In both cases, the original photon
has to convert and one of the photons from the pion has to be
undetected. A similar reasoning applies to reaction 3. The
backgrounds due to reactions 3 and 4 via the mechanism just
FIG. 4. Invariant mass distribution for candidate electrons afterdescribedfeed-down are much bigger than the one arising
the whole selection(a) at theJ/ formation energywhite) and at ~ from process 5. The probability of a photon to convert before
Js=3.3 GeV(cross-hatched, rescaled by luminokitip) at they’ hodoscope H1, and thus be able to fire the first-level trigger,
formation energy(white, all events; horizontal lines/y-inclusive  has been measured in a samplenf7® events collected
subsampleand at\/s=3.8 GeV (cross-hatched, rescaled by lumi- with a special total-energy trigger with no hodoscope veto; it
nosity). is 7<<1.7x1072, and it is consistent with estimates that em-

by applying the same analysis to data taken off resonanc%oy the thickness of the material between the interaction
. — _2 . oy .
and rescaled by luminosity. In Fig.(l8 inclusive J/¢X gion and H15=1.2<10"is the probability of a pion to

events coming from the decay’ —J/ g+ X are also shown decay throughothoe Dalltg process. The feed-(,jown back-
(horizontal line$. They are selected by means of a 1C kine_grouqu fromzar” and Ty to Yy (00,0 and T n0y 1€
matical fit on events with an identifiezl' e~ pair in the final  SPECtively have been estimated in E760 with Monte Carlo
state ELW1X ELW2>1), requiring that the fit probability ~techniqueq22], and they dominate over thgp— yy con-
be higher than 1%, with the additional requirement that theinuum cross section. The low probability of not detecting
fit probability for the hypothesis)’—e*e~ be less than two photons from#°#° is compensated by the higbp
10%. These inclusive events have been rescaled by the effi- 7%7° cross section, making these two feed-down sources
ciency of this inclusive selection={95%) and subtracted. of comparable magnitude.
Figure 4 shows the corresponding distributions after com- Since the energy deposit spectra of single and double
plete event selection. It can be seen that the background cotracks overlap, the electron-positron pairs might be misiden-
tamination in these data samples is very low. tified as single electron tracks. The rejection power of the
The efficiency of the off-line analysis is defined as theELW cut has been estimated on a sample of “pairs,” defined
fraction of events in the preliminary sampléSig. 3 that as charged tracks with a large energy deposit in the CCAL
survive all cuts(Fig. 4), once backgroundincluding J/¢X  that, combined with another calorimeter cluster, giverx
events at the)') is subtracted. At the)’, only events with invariant mass. The probability that an event with two
invariant mass above 3.4 GeV are considered. The efficiendyack-to-back pairs satisfies the ELW cut ds<4x 10 2
calculated in this way is found to be 0.770.004 at thel/4  (Fig. 5.
and 0.75:0.01 at they'. A single value ofe,,+~0.764 From the above discussion, the expected background
+0.003stap+0.045sysh is used for the measurement of cross section due to processes 3, 4 and 5 is

T

()
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be taken as an upper limit for all inclusive processes in the
whole energy range. This yields a background contribution
o; less than 2.5 10 2 pb.

Summing all the contributionsg= o, + o+ o, One ob-
tains upper limits on the expected background cross section
0f 9.0x10°2 pb at 2.9 GeV and 2:910 2 pb at 3.5 GeV,

2zt A L Ly Ifh L . . .
051 0 5 10 3T 0 > 2 corresponding to approximately one event at both energies.
logi(EW1+EW2) logio(EW1+EW2) Since our background estimates are conservative, no sub-
(@) (b) traction from the number of candidate events is performed.

FIG. 5. (a) Distribution of the ELW index for events with two
electron-positron pairgb) Rejection powelw as a function of the
ELW cut for the same sample of events. The arrows indicate the
actual cut used in the analysis. The numbem of events collected with an integrated Iu-

minosity L and an overall efficiency is

VI. MEASUREMENT OF THE MAGNETIC FORM
FACTOR OF THE PROTON

op<w[(6+2 7])20';0#04— (6+27) 770';074- nzayy]. (6)
N=eLoec, (9)

Numerically,o, is less than & 1072 pb at 2.9 GeV and less
than 3<10 3 pb at 3.5 GeV.
(b) Hadronic two-body A two-body hadronic final state

where the termo,.. is the differential cross section inte-
grated over the c.m. acceptance region:

can simulate are™e” final state if the @renkov gives a
signal and a hadronic shower is generated in the CCAL with o = jJr‘COSQ*‘ma do d(coss*) (10)
the characteristics of an EM show@nergy and shapeBe- 2 )~ cos* |max | d(COSI*)
cause of its high cross section and the high velocity of the
pions, the process ~ ma?(hc)? - 4mf,c4 o2
pp— @) (12)

At different values of, the fiducial range 152 6<60° used

: . : . in the event selection corresponds to different acceptances
being generated in the CCAL with an energy compatible or 0%, At \5<3.661 GeV, it is the upstream edge of the

with thee™ e~ hypothesis has been measured with data fron)., ~. T o . )

a dedicated trigger, requiring two charged tracks as define du\(;l_al range 6_60. ) thﬁt ?jetermme@ogggmax, WE\GI’E&S

by the hodoscopes, without any requirements on teee@- or S>,3'661 GeV it is the downstream edge~15°) that
constrains the acceptance. The fact that the E835 apparatus

kov or the CCAL; the result ig=1x10"2. From _the same o . !
sample of data, the rejection inefficiency of therénkoy cannot distinguish between electrons and positrons is taken
' into account by integrating from —|cos8*|,. tO

contribution to the ELW cut comes out to be<5x 103 h - q

per track. The differential cross section of process 7 inte-H /€09 *Imax; the acceptance coefficientsand B are
grated over the acceptaneg,. of the E835 detector varies .

between 2 ub (at 2.9 GeV and 0.5 ub (at 3.6 GeV.. The AEZJ‘C‘M Imax(l+co§0*)d(cos€*) (12)
expected background is 0

is the most relevant. The probabilityof a hadronic shower

O'h<(a'acc0'ﬂ-+w*)’<2§2 BEZJ‘COQ’*‘max(l—COSZH*)d(COSB*).
=0.5x10"% pb(at 2.9 GeVy ’ (13)

=1.3x10 3 pb(at 3.6 GeV. (8) _ _
For small|cos? * | max, A is approximately equal t8 and the

relative importance of the “electric” and “magnetic” con-

(¢) Inclusive JX. Above a certain threshold, the process yiputions is weighted by m2 4s only. As |cOSH*|max ap-
pp—J/y+ X followed byJ/y—e*e” canfittheee™ two-  proaches one, the ratia/B tends to 2, and the “electric”
body kinematics, wherX is not detected. For this reason, contribution is further suppressed. Since the small number of
data taken in proximity of some charmonium resonances hagvents and the limited cé¢ range do not allow us to mea-
been excluded from the data sample for this analysis. Theure the angular distribution, two alternative hypotheses have
remaining J/ ¢-inclusive continuum observable by thi_S exX- been madeta) |Gg|=|Gy|, as is the case at the threshold of
periment is less than 5 pb and is mainly due pp  the timelike region $:4m§c4); (b) the “electric” contribu-
—J/ym®—ete yy [23]. The probability for an inclusive tion is assumed to be negligible. Under hypothebis the
event to satisfy two-body kinematics has been evaluated aheasurement of the magnetic form factor of the proton is
the x¢; and x¢, resonances. The result is<807 2 and will  achieved through the relation
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5 F
= r ¥ Castellano et al. (1973) |G |: - (]_5)
; Q. pasiors st 077 " Sn%(sA?)
| { Bisello et al. (1983,1990)
8 Bardin et al. (1994)
| Antonelli et al. (1994)
N ¥¢  Armstrong et al. (1993) _ . .
B <% t oo momeimont whereA=0.3 GeV is the QCD scale parameter @Bds a
10 & ¢ free parameteldashed ling This functional form comes
from the perturbative QCD prediction that for large momen-
C tum transfersq?|G,,| should be nearly proportional to the
- ‘;x\ square of the running coupling constant for strong interac-
- Tl t tions a2(g?) [25,26. It can be seen that the fit reproduces
9 T il% the maing? dependence of the data over the entire range
10 £ . o RSN AN explored so far. The dipole behavior of the form factors in
4 5 8 7 8910 the spacelike region for the same valueggd is also plot-
s (GeV®) ted in Fig. 6 (dot-dashed ling It is to be noted that the

o _ numerical values ofGy| in the region explored by this ex-
FIG. 6. All e_X|st|ng_] measurements of the magn_etlc form faCtorperiment are approximately twice as large as those in the
of the proton, including the results of this experime®)( All - raghonding spacelike region, consistent with the findings

values correspond to th&¢|=|Gy| hypothesis. A few upper limit . . -
values quoted in the text have been omitted for clarity. The dasheg?c E760 [14] and with calculations based on the quark

and dot-dashed curves are explained in the text. iquark model of the protof27].

1 ’J@
|Gl = a(fic) Vm
We have presented new, high-precision measurements of
Under hypothesiga), A is replaced byA+(4mf,c4/s)~B. the proton magnetic form factor in the timelike region at
The results obtained are shown in Table I. It should be obhigh g2. The results obtained are in excellent agreement with
served that the values )| determined in the two hypoth- previous measurements and follow the semi-quantitative pre-
eses differ by less than 15%. The values|/@f,| obtained dictions of QCD.
under assumptiorfa) are plotted in Fig. 6, where they are
compared with E760 results and with earlier measurements
[4—-8,10-13 It can be seen that the E835 data are in excel- ACKNOWLEDGMENTS
lent agreement with the E760 results and that they have a
much better accuracy. Some data have been taken above theWe gratefully acknowledge the technical support from
' resonance a=18.4 Ge\f. No e"e™ events have been our collaborating institutions and the contribution of the Fer-
observed. In Table | an upper limit on the form factor is milab Beams Division. This work was supported in part by
given corresponding to a 90% confidence lep&f]. Figure the U.S. Department of Energy and the Italian Istituto Na-
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JE— VII. CONCLUSIONS
eAL (14

6 shows a fit to the data in the form zionale di Fisica Nucleare.
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