PROCEEDINGS

OF SCIENCE

Study of the e"e” — pp process at BABAR

David R. Muller*for the BABAR collaboration
SLAC National Accelerator Laboratory
E-mail: mul | er @l ac. st anf ord. edu

Low-energye™e~ annihilation processes are accessibl8B34r via initial state radiation. The
ete” — pp cross section is measured over a wide energy range from giioduhreshold up to
4.5 GeV, using a data set of 469 b The proton magnetic form factor and the ratio of the electri
to magnetic form factors are extracted from the measuresk@ection and angular distribution,
respectively, with unprecedented accuracy. The steemfidee form factor at energies close to
the production threshold, as well as unexplained strustat@igher energies are confirmed.

XXI International Workshop on Deep-Inelastic Scattering and Related Subject -DIS2013,
22-26 April 2013
Marseilles,France

*Speaker.

(© Copyright owned by the author(s) under the terms of the @e&ommons Attribution-NonCommercial-ShareAlike Licen http://pos.sissa.it/



Thee"e — pp process at BABAR David R. Muller

1. Introduction

We present a study [1] of electron-positron annihilatiane the proton-antiproton final state
using the tagged initial-state radiation (ISR) techniqu&4Bar. This study is based on our full
data sample and supersedes our previous measurement {@j, wged roughly half the data.

The cross section for the-22 body annihilation process e~ — pp can be expressed as

2

o _ O <|GM(s,)|2(1+cos2 6p) + 4—Z%|GE(S)|Zsin2 ep> ,

where:my, B, and6, are the outgoing proton mass, velocity and angle with rédpehe incoming
e, respectively, in the™ e center-of-mass (CM) frames— m%b is the squared CM energy; the
Coulomb ternC(s) = ra (1— e ™/Pr) /B, leads to a nonzero value at threshold; @dandGy
are the electric and magnetic form factors of the proton. ha¢ghold, the two form factors are
expected to be equal in magnitude; at higlisg becomes invisible an@y is expected to fall as
a2(s)/s"

Experimentally, we measure the total cross section andipelar distribution of the final state
proton. From the latter, we extract the raf{&: /G|, whereas the cross section is proportional to
the “effective form factor’FZ(s) = (|Gm(s)|? + [2m3/s]|Ge(s)[?)/(1+ [2m3/s]). However, the
angular distribution can be difficult to measure and afféwtsextraction of the cross section.

Previous measurements cover limited energy ranges arabkmprecision. They indicate an
unexpected rise toward threshokl-{ 4m%), which, together with a number of near-threshold en-
hancements in baryon-antibaryon mass spectra from vagxperiments, remains to be explained.
At higher energies, there are quite precise measuremartat bnly a few energies. Our previous
result also indicates possible structure in the 2-3.5 Gelgea

2. Thel SR process and event reconstruction

The BABAR experiment [3] recorded™ e~ data at CM energies near 10.6 GeV. However, the
initial e* or e~ sometimes emits an energetic, real photon, dengtggd before annihilating at a
reduced CM energy, and the cross section for a process sugteas— Jisgpp can be related to
thee™ e~ — pp cross section at the reduced energy by a well known radiatatibn. Using ISR
events, one can therefore measure the reduced-energysproeer a wide range of energies in a
single experiment.

Most ISR photons are emitted at small angles with respetige’t beams and escape detec-
tion, but 10% are emitted within the acceptance ofABAR calorimeter and can be reconstructed.
If such a “tagged” photon is sufficiently energetic, then pipesystem is also well contained in the
detector and is boosted toward it, resulting in full angaleceptance and good resolution for en-
ergies all the way down to threshold. Untagged ISR, in whieh/sr is not detected, but inferred
from the kinematics of the reconstructeg system, is useful at higher energies, and we have an
analysis in progress.

We selece’ e — Jisrpp events by requiring at least one reconstructed photon datedivith
energy above 3 GeV in the CM frame and two oppositely chargatks both well within the
acceptance of the tracking and particle identificationesyst The identification of both tracks
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Figure 1: a) Thepp invariant mass distribution for the selectete™ — pp sample. b) Background sub-
tracted distribution of the polar angle of the proton withpect to the electron beam in thee™ CM frame

for events withmyg in the range 1.95-2.025 G#&Y¥. The points represent the data, the dashed, dotted and
solid lines represent the fitté@y | and|Gg| contributions and their sum, respectively. c) The ratioleteic

to magnetic form factors extracted from this and similarifitethermpy regions.

as (anti)protons suppresses the backgrounds ffegik K, yisrrm" T~ andyisgu ™ U~ events by

a factor of 16, while keeping 70% of the signal. A furthe¢50-fold suppression is provided
by a set of kinematic fits under various hypotheses. We reqpﬁgb < 30 andx&KH(, > 30,
which retains 75% of the remaining signal. These backgrsand cross-calibrated, along with the
particle (mis)identification efficiencies, using the fouest types and two suppression techniques,
resulting in well understood backgrounds of at most 0.2%.

The invariant mass distribution for the selected eventlsasva in Fig. 1a, and is quite uniform
from threshold up to 2.2 Ge\¢. It then falls rapidly with energy, except for prominelity and
W(2S) peaks. The dominant background is from the proegss — ppr°, in which an energetic
m° is mistaken for ajsg. We evaluate this background from the data by combiningstitecandi-
date with other photon candidates in the event and meastimingize of ther® peak. It amounts
to 5.0:0.5% in the threshold region, and then grows with increasimgrgy to 58-:20% at 4 GeV,
limiting the measurement. Remaining backgrounds are atedufrom simulation ang? control
regions, and found to be small. We subtract the total estidhbickground in each bin.

3. Results

We study the angular distribution at the detector level inranges ofmgp, as shown for a
representative range in Fig. 1b.|Gg| = |Gu|, then this distribution would be nearly uniform. We
normalize simulated pur&g| and|Gy | contributions, shown as the dashed and dotted histograms,
respectively, such that the total (solid histogram) besttfie data. The ratigGg /Gy | extracted
from each range is shown in Fig. 1c. It differs significantlgrh unity below 2.25 Get?, and
is inconsistent with previous results from PS170. The cusvihe result of a fit to an empiri-
cal function constrained to be unity at threshold and to @ggn unity asymptotically. A small
forward-backward asymmetry is expected due to higherrquocesses. We fit the cg distribu-
tion for the combined range from threshold to 3 @GeMwith an additional linear term, and obtain
an asymmetry of-0.025=+ 0.014, consistent with both zero and a few-percent asymmetry.
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Figure 2: Theee — pp cross section as a function ofyp, along with previoug®e™ results. The two
plots are identical, except for differemi,; ranges and linear (left) vs. logarithmic (right) verticehtes.

Our detection efficiency varies slowly withyg, and is studied extensively in data and simula-
tion. Itis insensistive tdGg /Gy |, and includes corrections to the simulation of up to 2%. il t
uncertainty is 2.6% near threshold and drops slowly to 2.Béve about 3 GeX¢?, dominated by
contributions from the proton identification ap@r reconstruction efficiencies.

We fit the J/ and @(2S) peaks in the data, obtaining signals of 88D and 44-8 events,
respectively. Correcting for efficiency and luminosity, wistain the products of the electronic
widths and branching fractions fup

rSBF (J/y — pp) =113+ 0.440.3 and MSBF (y(2S)) — pp) = 0.67+£0.12+0.13,

where the first error is statistical and the second systeniaividing by the PDG values dfe, we
obtain competitive measurements of the branching fras®M(J/y — pp) = 2.04+0.10x 103
andBF (/(2S) — pp) = 2.86+0.52x 104,

Excluding theJ/yy and /(2S) signals, we extract the"e™ — pp cross section as a function
of mpp, shown in Fig. 3 with both linear (left) and logarithmic (nigy vertical scales. All previous
results frome*e~ experiments are also shown, and are consistent. Our da& aovery wide
range and are more precise except at the higimgstvalues. The cross section is very nearly
uniform from threshold to 2.1 Ge'¢?, beyond which it drops rapidly with increasimg,p. there
are indications of structure near 2.2, 2.5 and 3 (B&V

From this we calculate the effective form factey, shown in Fig. 3 over twan,p ranges. Also
shown are previous™e™ results, as well as corresponding results frpmannihilation experi-
ments. There is a rapid rise i toward threshold; the shape of this rise in our data is ctersis
with that seen by PS170, but our results are higher overabloyt 37. At higher masses, structures
similar to those observed in the cross section are visible.
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Figure 3: The effective proton form factor as a functionrafp, along with previous results. The two plots
cover overlappingngp ranges. The lines represent the result of the QCD-motiviittdescribed in the text.

We test the asymtotic prediction of QCD by fitting the worldsta above 3 Gel¢? with the
function f(mpp) = Aasz(m%.p) /mﬁﬂp whereA andn are free parameters. The fit result, shown as
the dashed lines on Fig. 3, is consistent with all data abo@e\#/c?, as well as with much of the
lowermy, data. The fitted value afis consistent with the predicted value of2is not constrained
theoretically, but is expected to be the same for spacefkietianelike form factors. The timelike
values shown here are about twice the existing spacelikdtsen the 3—4.5 GeXt? region.

4. Conclusion

In summary, we have measured e~ — pp cross section from threshold to 4.5 Ge¥,
and we have extractedly and (2S) braching fractions tqp, the effective proton form factor
over this range, and the electric:magnetic form factoorai to 3 Geyc?. This study uses our full
data sample and supersedes our previous result.

Our measurements are consistent with most previous resai®r a wider range and are
generally more precisdGg /Gu| exceeds unity for B < myp < 2.2 GeV/c?, and is inconsistent
with the PS170 result fronpp anihilation. The cross section is nonzero at threshold aaily
uniform just above threshold, arig, shows the corresponding sharp rise toward threshold. Our
results are consistent in shape with those from PS170, ffer @ magnitude. These features
remain to be explained, and any hypothesis must explainfpand|Gg /Gy |.

At high mgp, the data are consistent with the asymptotic form predibyeQCD. However, the
existing time- and spacelike measurements are not conistefurther measurements are needed
at higher energies. In the intermediatg, region, there is evidence for structure near 2.2, 2.5 and
3 GeV/c? that needs to be explained.
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