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The process of ee™ — pp is studied at 22 center-of-mass energy points (1/s) from 2.00 to 3.08 GeV,
exploiting 688.5 pb~! of data collected with the BESIII detector operating at the BEPCII collider. The Born
cross section (6,;) of ete™ — pp is measured with the energy-scan technique and it is found to be
consistent with previously published data, but with much improved accuracy. In addition, the electro-
magnetic form-factor ratio (|Gg/G),|) and the value of the effective (|G|), electric (|Gg|), and magnetic
(|G ) form factors are measured by studying the helicity angle of the proton at 16 center-of-mass energy
points. |Gg/Gy,| and |G| are determined with high accuracy, providing uncertainties comparable to data
in the spacelike region, and |G| is measured for the first time. We reach unprecedented accuracy, and
precision results in the timelike region provide information to improve our understanding of the proton
inner structure and to test theoretical models which depend on nonperturbative quantum chromodynamics.

DOI: 10.1103/PhysRevLett.124.042001

Despite the proton being one of the fundamental building
blocks of atomic matter, its internal structure and dynamics
are not well understood. Improving knowledge of these
properties in terms of the proton’s quark and gluonic
degrees of freedom is one of the most challenging problems

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

of modern nuclear physics. In addition, unsolved problems
such as the proton-radius puzzle have recently attracted
much attention [1].

The electric and magnetic form factors (FFs), Gg(g?)
and Gy (g?), are fundamental quantities that can provide
valuable insight into both the structure and dynamics of
nucleons. FFs enter explicitly in the coupling of a virtual
photon with the hadron electromagnetic current, and
measurements can be directly compared to hadron models
1]] giving, thereby, constraints in the description of the
internal structure of hadrons. In the spacelike (SL) kin-
ematic region (momentum transfer ¢g> < 0), FFs have been
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eT e

FIG. 1. Lowest-order Feynman diagrams for elastic electron-
baryon scattering e”B — ¢~ B (a), and for the annihilation
process e"e™ — BB (b). B is a baryon.

studied in various electron-proton scattering experiments
[Fig. 1(a)] since the 1950s, and are known with a precision
of the order of a few percent. Over the past two decades
several experiments have performed measurements that
probe the timelike (TL) region (g”> > 0), measured in
annihilation reactions [Fig. 1(b)]. In most cases these
measurements only extracted the effective FF (G.y) or
the ratio of G and G, with uncertainties above 10%. Since
the FFs in the SL and TL regions are connected via
analyticity, precise knowledge of them in the TL region
can help to solve problems in the SL region, such as the
discrepancy found between the ratio G/G,, determined
via Rosenbluth separation and that found by experiments
using polarized electron beams or targets [2].

The moduli of the FFs can be determined from the study
of the angular distribution of the annihilation process [3],
while the relative phase between the two FFs can be
determined by measuring the polarization of the outgoing
baryons.

The Born differential cross section as a function of the
eTe” center-of-mass (c.m.) energy squared s reads [3]

dapl—,(s) _ a?pC
dQ 4s

4 2
+ % |GE(s)2sin29] :
S

{|GM(s)|2(1 + cos?0)

(1)

where G and Gy, are the Sachs FFs, 6 is the polar angle of
the proton in the e*e™ c.m. frame, m, is the proton mass

andf=,/1—-4m pz /s. The Coulomb enhancement factor,

C, accounts for the electromagnetic interaction between the
outgoing baryons. This factor is usually considered as a
final-state interaction and it is C = y/(1 — ™) for point-

like fermions with y = zay/1 — #%/p. Since the Coulomb
interaction is long range, a pointlike correction is assumed
when the two charged baryons are far apart.

In the TL region, the proton FFs can be accessed by three
reactions: ete” — pp [4-10], pp — ete™ [11-13], and
the radiative-return process e e~ — ppysr [14,15]. While
there are many, generally consistent, measurements
concerning the total o, there are few and inconsistent
data on the ratio |Gg/Gy,|, mostly from PS170 [11] and

BABAR [14]. So far only two experiments [8,11] have been
able to extract the value of |G|, which together with the
knowledge of |Gr/Gy,| allows |G| to be determined.
Precise measurements of FFs in the TL region may also
be helpful for improved theoretical estimates of the proton
radius [16,17]. From threshold energies to 3 GeV, the
amplitude for the process is the sum of a leading term due
to a bare formation process taking place on a time scale

1/ \/? and a relatively small perturbation associated with
rescattering processes taking place on a longer time scale
[16]. The combination of these effects is expected to lead to
interesting phenomenology, in particular the superposition
of small oscillations on an otherwise smooth dipole
parameterization of the G-.

In this Letter, we present a study of the process eTe™ —
pp at c.m. energies /s = 2.00-3.08 GeV, including a
measurement of the Born cross section (c,5), the electro-
magnetic FF ratio (|Gg/Gy|), the absolute value of the
effective FF (|G.g|,) the magnetic FF (|Gy,|) as well as, for
the first time, the electric FF (|G|) of the proton using the
energy-scan technique. The precision of our measurement
is greatly improved with respect to that of previous
experiments. Our results in the TL region have unprec-
edented precision with uncertainties comparable to FF
measurements in the SL region.

The collision data were taken with the BESIII spec-
trometer at BEPCII. A detailed description of the detector
and its performance can be found in Ref. [18]. The detector
response, including the interaction of secondary particles
with the detector material, is simulated using a GEANT4 [19]
based program. Monte Carlo (MC) samples of 2.5 million
ete” - pp events per energy point generated with
CONEXC [20] are used for the efficiency determination
and to calculate the correction factors for radiation up to
next-to-leading order (NLO), as well as those for the
vacuum polarization (VP). MC samples of QED back-
ground processes generated with BABAYAGA [21] and
inclusive hadronic events generated with CONEXC [20]
are used for background studies.

The final state of the process of interest is characterized
by one proton and one antiproton. Hence, selected events
must have exactly two charged tracks with opposite charge.
A vertex fit is performed on both tracks under the
hypothesis that the two particles in the final state are a
proton and an antiproton to constrain them to one common
vertex. A fit quality of x> < 100 is required to select
candidate events. The opening angle between the proton
and antiproton in the rest frame of the e*e™ c.m. system is
required to be > 170° at 2.00 GeV and 2.05 GeV, > 175° at
2.1000 to 2.3094 GeV, and > 178° at 2.3864 to
3.0800 GeV. This condition ensures a back-to-back sig-
nature between the tracks. Cosmic-ray background is
rejected by requiring [Ty — T < 4 ns, where Ty
and T, are the measurements from the time-of-flight
(TOF) system for each track. For /s between 2.000 and
2.396 GeV, events are selected even if one of the two tracks

042001-4



PHYSICAL REVIEW LETTERS 124, 042001 (2020)

does not hit the TOF system because of its low momentum.
Finally, both tracks are required to be within an asymmetric
momentum window around the average momentum, pcan»
determined from a fit to the momentum distribution after
being boosted into the ete™ c.m. system, namely
(Pmean —406) < P < (Pmean + 30), where the spread o
(standard deviation) is taken from the fit.

Particle identification (PID) is performed using the TOF
and the dE/dx measurement from the main drift chamber
(MDC). At c.m. energies above 2.150 GeV this information
is used to construct a probability for each track to conform
to a particular (pion, kaon, electron, or proton) particle
hypothesis to select the proton and antiproton candidates.
For events at lower c.m. energies, the selection is made
based on the normalized pulse height of the raw dE/dx
information. To remove Bhabha events, a requirement on
E/ p, defined as the ratio between the energy deposited by
the track in the electromagnetic calorimeter (EMC) and its
momentum measured in the MDC, is imposed for energy
points above 2.150 GeV. Possible contamination from QED
processes and hadronic final states are estimated to be less
than 0.5% from studies performed on appropriate MC
samples, and are neglected in the subsequent analysis.

With the number of events N, selected, the cross
section ¢,,; of the process e"e™ — pp and |G| of the
proton can be calculated with

N, obs

opp(S) =L (149) (2)

Opp

|Geir(s)] = ; (3)

4102 pC

m2
IC (1 4 2)

N

where the efficiency e and the correction factor (1 + §) =
Oobs/ Opom are determined with MC simulations. Here, 6
is the cross section including NLO radiation and VP
corrections, and op,, is the born cross section. Results
for the 6,; and G,y measurement are summarized in
Table I.

The FFs |Gg| and |Gy|, or equivalently their ratio
|Ge/Gy| and |Gy, can be determined from a fit to the
proton angular distribution for energy points with a
sufficiently high number of selected candidates. This is
the case for 15 out of 22 energy points, as well as a
combined sample of the individual data sets taken at c.m.
energy points of 2.950, 2.981, 3.000, and 3.020 GeV with a
luminosity weighted average energy of 2.988 GeV. The
range of the angular analysis is limited to cos € from —0.8
to 0.8, because of the lack of efficiency in the gap between
the barrel and end cap regions of the TOF system and EMC.
The formula used to fit the proton angular distribution,
deduced from Egs. (1) and (2), can be expressed as

dN Lra?pC )
= 1 20
€(1+68) x dcos6 2s G [( + cos’6)
4m,2 | Gg|?
amy” % (1—00529)}, @)
s M

TABLE I. The integrated luminosity, the number of pp events, the Born cross section 6,5, |Gg/Gul, |Gerl, |Ggl, and |Gy
Vs[GeV]  L[pb™'] Nobs pp[Pb] |Gege[1072] |GE/Gul |GE|[107] |Gy [1077]
2.0000 10.1 £0.1 5321 8413+ 11.5+248 2746+0.19+0.40 1384+0.10+0.03 33.66+1.23+£0.31 24.38+0.99+0.26
2.0500 3.34 +0.03 1703 75344+ 183 +23.5 2494 +0.304+0.39 1.244+0.16+0.04 29.104+2.08+0.40 23.48 +1.434+0.42
2.1000 12.2 +£0.1 5993  712.6 £92+214 23.73+£0.154+0.36 1.27+0.09+0.02 28.07+1.10+0.31 22.084+0.74+0.17
2.1250 108 £1 50312  660.0+3.0+£19.7 22.69+0.05+034 1.18+0.04£0.01 2562+049+0.18 21.65+0.31+0.13
2.1500 2.84 +£0.02 1189 588.8+17.1 +17.8 21.34+0.314+0.32 1.62+0.24+0.06 2832+1.89+0.46 1748+ 1.51+0.37
2.1750 10.6 £0.1 3762 491.0+£8.0+148 19444+0.16+0.29 1.194+0.124+0.02 22.08+1.28+0.28 18.55+0.75+0.16
2.2000 13.7£0.1 4092 411.6 +64+123 17.78 £0.144+0.27 1.08+0.10+0.02 18.93 +£1.204+0.28 17.60 +0.63 +0.12
2.2324 145+ 0.1 3644 3419 +5.7+10.1 16.21 £0.13 +£0.24 0.85+0.11 £0.03 1448 +1.39+0.42 1698 +0.57 +0.17
2.3094 21.1£0.1 2336 148.0 3.1 £5.7 10.74 £0.11 £0.21  0.55+0.16 £0.02 6.61 £1.72+0.25 11.994+0.44 +0.14
2.3864 22.5+0.2 1851 122.0+2.8 £3.6 987+£0.11£0.15 054+£0.19+£0.02 598+1.87+0.19 10.99+0.44+0.07
2.3960 66.9 £ 0.5 5514 1219+ 1.6 £3.6 9.89+0.07+0.15 076+£0.10+£0.02 7.93 +0.86 +0.21 10.48 +0.27 £ 0.07
2.5000 1.10 £ 0.01 55 77.9 £10.5 £4.1 8.08 +£0.55 £0.21 e o o

2.6444 33.7+0.2 867 397+13+1.2 598+0.10+0.09 097+0.24+0.05 584+1.13+0.24 5.99 +£0.37 +0.11
2.6464 34.0+0.3 838 382+134+1.2 587+0.10+£0.10 0.87+0.274+0.04 5.184+1.304+0.21 599 +0.37£0.11
2.7000 1.03 +0.01 20 208 +6.7+1.6 526+0.59+0.14 e e e

2.8000 476 +0.03 68 220+£27+1.0 4.65+028+0.11 o e e

2.9000 105 £1 1010 15.0£0.54+0.5 395+0.06£0.06 054+034+£003 231+£139+0.11 429 +£0.21 £0.06
2.9500 159 +0.1 118 11.7£1.14+04 3.53+0.16 £0.07

2.9810 16.1 £0.1 131 129+ 1.1£0.5 3.75+0.16 £ 0.07

3.0000 159+0.1 92 92+1.0+03 3.19+0.17 £ 0.06 0.96+0.394£006 3254 1.09+0.17 3.37+028+0.06
3.0200 17.3£0.1 97 9.0+09+0.3 3.16 = 0.16 £+ 0.05

3.0800 157+ 1 858 9.0+03+0.3 322+0.05+0.05 047+045+0.04 1.64+1.53+0.12 3.47+0.18 £0.03
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FIG. 2. Fit to the |cos@)| distributions at (a) 2.125 GeV and
(b) 2.396 GeV after the application of angular-dependent e(1 + )
factors.

where ¢e(cosf) is the angular-dependent efficiency
obtained from MC simulations. The correction factor,
(14 6)(cos®), is calculated by dividing the cos@ distri-
bution of a MC sample generated with radiation up to NLO
and VP corrections by the distribution of a sample
generated with the Born process alone. A control sample
of eTe™ — pprtr~ events is studied to determine correc-
tion factors for discrepancies between data and MC
simulation in the angular-dependent efficiency.

After applying these corrections, the | cos 6] distribution is
fitted with Eq. (4). Theresults at2.125 GeVand 2.396 GeV are
shown in Fig. 2, while the results for all energy points are
summarized in Table I. Fits to the | cos 6] distributions as well
as €(1 4 6)(cos 0) distributions for all energy points can be
found in the Supplemental Material [22].

The model used in the MC simulation takes as input
0,5(s) and |Gg(s)/Gy(s)|. Therefore, the correction
factors, and hence the measurements themselves, have a
significant dependence on these inputs. For this reason, the
complete analysis is performed in an iterative manner,
where the obtained results are fed back into the MC
simulation. After three iterations, the results for o,;(s)
and |Gg(s)/Gy(s)| are stable to within 1%.

Several sources of systematic uncertainties are considered
in the determination of 5,;. The uncertainty associated with
the knowledge of the reconstruction efficiency of the two
charged tracks, as well as from the PID efficiency and the
E/p selection criteria, are studied with the ete™ —
pprta~ control sample. The difference of the efficiency
measured in data and MC simulation is assigned as the
uncertainty, and it is found to be 1.0% for both tracking and
PID, and 0.2% for the E/p selection. The uncertainties due
to the selection based on the TOF difference between the
tracks, the angle between the tracks, and the momentum
window are studied by varying the selection criteria. The
uncertainty associated with the residual background con-
tamination is estimated by comparing the populations of data
and MC simulation in a momentum window of the same size
as the signal region, but separated by lo. The uncertainty
from the luminosity measurement is found to be on a 1.0%
level from Ref. [23]. The uncertainty due to the iterative MC-
tuning procedure is assigned to be the difference between the
nominal result and the result from the second-iteration step.

To assess the size of any bias from the choice of the used FF
model in the MC simulations, we use the model from
PHOKHARA [24] to generate an alternative set of MC events.
The difference in the final result obtained with this new
model and the default one is taken as the uncertainty.
Many of the uncertainties in the |Gz/G,,| measurement
are assigned with the same method as used in the cross-
section analysis. This is true for all selection requirements,
the uncertainties associated with the background, the
iterative fit procedure, and the model used in the MC
simulation. To account for any imperfections due to
asymmetries between the fit model and the observed
angular distributions, we fit the cos @ distributions instead
of the |cos@| ones and assign the difference as an
uncertainty. The uncertainty from the luminosity measure-
ment is taken as an independent systematic component for
|G|, again taken from Ref. [23]. The total systematic
uncertainties on |G/Gy,| range from 0.93% to 7.40%,
while the total systematic uncertainties on |G| range from
0.60% to 2.10%.
We s.tudy the energy dependence of o, by fitting the
expression
e r’ad ,
st 014 (L2 2

Vs <2.3094 GeV,

Gpl_)(s) - 27[(12/}(.¥)C[2+(2”%)2]e2“3

35% 2 () +2)°

, V5 > 2.3094 GeV,

(5)

where a(s) is the strong coupling constant and « is the
electromagnetic constant. The running coupling constant
a,(s) is parameterized as follows:

1 7 s\ ]!
where m; = 91.1876 GeV is the mass of the Z boson and
a,(m%) = 0.11856 is the strong coupling constant at the
Z pole. Near the pp threshold, an alternative approach to
the Coulomb enhancement factor should be considered in
the cross section; concerning BB, we have proposed gluon
exchange. At large momentum transfer, the cross section
is computed in perturbative QCD to leading order.
Equation (5) takes into account strong-interaction effects
near the threshold in a manner dependent on the perturba-
tive-QCD prediction in the continuum region away
from the threshold [16]. Correlations between the system-
atic uncertainties of the measurements at each energy
point are taken into account. The results and meaning of
the fit parameters are as follows: a;=0.80£0.08 and a3 =
403708 are normalization constants, a; =0.35+0.01GeV
is the QCD parameter near the threshold, a, = 4.44 £ 0.48
is the ¢,,;, power-law dependence, which is related to the

number of valence quarks, and a; = 0.4970%0 GeV is the
QCD parameter Agcp in the continuum region.
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FIG. 3.

magnetic FF of the proton |Gy,

Results from this analysis (red solid squares) including statistical and systematic uncertainties for (a) the e™e™ — pp cross
section and a fit through the data (blue solid line); (b) the ratio |Gg/G,,| of the proton; (c) the electric FF of the proton |G

; (d) the

; (e) the effective FF of the proton |G| and a fit through the data (blue solid line) by Eq. (7) suggested in

Ref. [16]; (f) Proton effective FF values, after subtraction of the smooth function described by Eq. (7), as a function of the relative
momentum p. Also shown are previously published measurements from BESIII [8,15], BABAR [14], CMD3 [10], BES [4], FENICE [9],
E760 [12], E835 [13], PS170 [11], and DM2 [6]. y*> = >_,[f(x;) — y;]*/err?, where err; is the error of the measured results including
statistical and correlated systematic uncertainties, f is the fit function, ndf is the number of degrees of freedom.

The data on the timelike G.y are best reproduced by F,= ngCe—b?“P cos(bS*p + bY), (8)
the function proposed in Ref. [25],
A

|Gere ()] = I [ p—— (7)  where b3*=0.08+£0.01, b$* = 1.11£0.08 (GeV/c)~!,

o/t 0T1(GeV/e)? by =523 4+0.13 (GeV/c)™!, and b3° =0.3140.17

are obtained from our fit.
The data points and results of these fits are shown in
Fig. 3 together with the data points for |Gg/Gyl|, |Ggl,

where A = 9.39 +0.27 and m2 = 7.72 £ 0.54 (GeV/c)?
are obtained from our fit, illustrated in Fig. 3(e). The
results indicate some oscillating structures which are

clearly seen when the residuals are plotted as a function
of the relative momentum p of the pp pair [26]. The blue
solid curve in Fig. 3(f) describes the periodic oscillations
and has the form [26]

and |Gy

This Letter presents the most accurate measurement of
the Born cross section of the process e*e™ — pp, 6,5, for
c.m. energies in the interval from 2.00-3.08 GeV. The
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uncertainties are dominated by systematics and range
from 3.0% to 23.0%, respectively. Our data for o,; are
found to be in good agreement with previously published
results. The FF ratio |Gg/Gy| is measured with total
uncertainties around 10% for scan points ranging from
low to intermediate energy. For the first time, the accuracy
of the measured FF ratio in the TL region is comparable to
that of data in the SL region. We have obtained an update of
the FF measurement, especially for the ratio |Gz/Gl,
at c.m. energies of 2.2324 and 3.0800 GeV. We have
tested the Coulomb enhancement factor hypothesis
which depends on nonperturbative QCD. The oscillating
structures in Refs. [15,26] are clearly seen in the |G|
line shape.

Our measurement strongly favors the result of
BABAR [14] over that of PS170 [11]. The magnetic form
factor |G| is measured for the first time over a wide
range of energies with uncertainties of 1.6% to 3.9%,
greatly improving the precision compared to previous
measurements.
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