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We measured the ratios of electroproduction cross sections from a proton target for three exclusive
meson-baryon final states: AK*, pz°, and nzt, with the CLAS detector at Jefferson Lab. Using a simple
model of quark hadronization, we extract gg creation probabilities for the first time in exclusive two-body
production, in which only a single gg pair is created. We observe a sizable suppression of strange quark-
antiquark pairs compared to nonstrange pairs, similar to that seen in high-energy production.

DOI: 10.1103/PhysRevLett.113.152004

At high energies, the production of hadrons is well
described by a model in which the color “flux tube” is
“broken” by a series of gg pair creation events followed by
a regrouping of the quarks and antiquarks into color singlet
hadrons. The modeling of the strong force as a color flux
tube explained the linear binding potential of heavy ¢g
“quarkonia” states, while quark-pair creation models [1]
developed in the 1970s accounted for hadronic production
and the nonobservance of free quarks.

The “Lund model” [2] was formulated in the 1980s to
quantify the fragmentation of very high-momentum quarks
into “jets” of observed hadrons. The ¢g pair creation
process is modeled as tunneling in a linear potential,
resulting in a probability proportional to the exponential
of the quark mass squared divided by the flux-tube tension
of ~1 GeV/fm. Calculations with plausible quark masses
indicated that 5§ production is reduced by a factor of about
one third relative to that for uit or dd. This reduction factor
is known as the “strangeness suppression factor” and is
empirically adjusted to approximate the observed produc-
tion rates of hadrons.

Strangeness suppression has been studied by various
hadron-production experiments [3] resulting in a successful
extension of the Lund model into, among others, the
JETSET and PYTHIA event generators [4] which reproduce
observed hadronic production rates in high energy reac-
tions. Typically, a strangeness suppression factor, 4, ~ 0.3
describes the data well in e* e~ collisions up to center-of-
mass energies of the Z boson mass [5] and in high-energy
deep-inelastic electron proton scattering [6].

Although ¢gg creation is the “kernel” of the process
which transforms quarks into observable hadrons, it is not
well understood. We designed our study to extract the
flavor dependence of ¢g creation in a new kinematic
region: the two-body exclusive limit in which a single
qq pair is created, there are no decay chains to model and
for which we can do an explicit phase-space correction.

In pseudoscalar-meson electroproduction, a beam of
electrons is incident upon a proton target, producing a
final state consisting of the scattered electron and the
outgoing baryon and pseudoscalar meson. After integrating

PACS numbers: 13.60.Le, 13.60.Rj, 13.87.Fh, 14.65.Bt

over the azimuthal angle of the scattered electron, the cross
section can be expressed in terms of the variables Q%, W,
0%, and ¢, where g> = —Q? is the squared four momentum
of the virtual photon, W is the total hadronic energy in the
center-of-mass frame, &, is the meson angle in the y*p
center-of-mass system, and ¢ is the azimuthal angle of the
reaction plane with respect to the electron scattering plane.
The differential cross section can be expressed as:

do

m = Fv(GT + €0y, + e€orr COS 2¢

+ Vele+ oprcos ), (1)

where I, is the flux of virtual photons, € is the polarization
parameter, and the four structure functions, o, o7, 677, and
o1 are the transverse and longitudinal response functions
and the two interference terms, respectively. This formal-
ism is explained in more detail in a previous CLAS
collaboration paper [7].

Our study was part of a larger program to measure
electroproduction of hadrons from a proton target. The
electron beam energy was 5.499 GeV, with a typical
intensity of 7 nA, incident on a 5-cm liquid hydrogen
target. The signal from the scattered electron provided the
data-acquisition trigger. The data-taking period lasted for
42 days and resulted in the collection of ~4.3 billion events.
After event reconstruction, ~650 million events remained
with at least one good electron candidate.

The scattered electron and associated hadrons were
measured in the CLAS detector, a large-acceptance mag-
netic spectrometer [8] based on a six-coil toroidal magnet
with drift chambers providing charged particle tracking,
followed by a Cherenkov detector for electron identifica-
tion, and scintillators and an electromagnetic calorimeter
for particle identification by time of flight and energy
deposition, respectively.

The electron was identified by matching a negatively
charged track in the drift chambers with signals in the
Cherenkov counter and in the electromagnetic calorimeter.
The identity of the positively charged particle candidate

152004-2


http://dx.doi.org/10.1103/PhysRevLett.113.152004
http://dx.doi.org/10.1103/PhysRevLett.113.152004
http://dx.doi.org/10.1103/PhysRevLett.113.152004
http://dx.doi.org/10.1103/PhysRevLett.113.152004

PRL 113, 152004 (2014)

PHYSICAL REVIEW LETTERS

week ending
10 OCTOBER 2014

TABLE I. Kinematic binning used in this analysis.

Quantity  Number Bin Bin Limits

W (GeV) 6 1.65, 1.75, 1.85, 1.95, 2.05, 2.25, 2.55
0% (GeV?) 2 1.6, 2.6, 4.6

cos 65, 5 -1.0, -0.6, —0.2, 0.2, 0.6, 1.0

¢ (deg) 12 —180, —150,...150, 180

was determined by combining the flight time from the time-
of-flight counters with the momentum and track length
from the drift chamber track to calculate the particle’s
velocity (f) and mass.

We analyzed events with a final state consisting of the
scattered electron plus one positively charged particle
(a KT, ", or proton). We measured the four momenta
of the scattered electron and charged hadron, and deter-
mined by missing mass that the undetected neutral particle
was a A, a neutron, or a z°, respectively.

The scattered electron’s and charged hadron’s four
momenta were used to calculate the independent kinematic
variables: Q%, W, cos @, and ¢. Our kinematic coverages
are W = 1.65-2.55 GeV, Q? = 1.6-4.6 GeV? and the full
range of cos®;, and ¢. We defined 720 bins in this
four-dimensional space (see Table I).

For each event, the missing-mass recoiling from the
scattered electron and identified hadron was calculated and,
by accumulating over all events, a missing-mass distribu-
tion was formed for each four-dimensional kinematic bin.
For the pz° final state, an additional series of cuts was
employed to remove radiative elastic-scattering events
before our fits and mass cuts were applied. We then fit
each missing-mass distribution to a function consisting of
a Gaussian peak for the signal and a smooth polynomial
for the background. We subtracted the background portion
of the fit and counted the number of events within a fixed
missing-mass range to obtain the raw yield, using the fit
values for determination of the statistical uncertainty of
the yield.

Corrections for finite acceptance and inefficiencies in
track reconstruction, particle identification, and missing-
mass cuts were made. A Monte Carlo simulation, tuned to
match the momentum resolution of the detector, accounted
for run-dependent inefficiencies due to malfunctioning
subsystem components.

The acceptance-corrected yields were further corrected
by a two-body phase-space factor [9],

Apy = [Ky|/(167°W), 2)

where |K;|, the momentum in the center-of-mass frame,
and W are evaluated at bin center. We did not correct our
data for radiative effects because explicit calculations
showed that the radiative correction factors for the AK™
and nxt channels agreed within +10% for all bins [10],
which is smaller than the systematic uncertainty of the

TABLE II.  Sources and estimates of systematic uncertainties of
the acceptance-corrected yields.

Systematic Uncertainty

Procedure nat pa° AK*
Raw yield determination 7% 17% 12%
Hadron PID cuts 3% 10% 11%
Missing-mass cuts 3.5% 10.5% 2.5%
Background subtraction 5% 6% 0.3%
Efficiency correction 6% 5% 5%

Event generator dependence 1% 1% 0.7%
Fiducial cuts 2.5% 0.5% 0.2%
Trigger or tracking efficiency 5% 5% 5%

Phase space correction 1.0% 0.4% 0.1%
Total Uncertainty 9% 18% 13%

ratio, and showed no discernible kinematic dependence.
Some corrected yields for the pz° channel were rejected for
further analysis if the acceptance for the bin in question was
lower than 2%.

The major sources and sizes of systematic uncertainties
in the determination of the yields are summarized in
Table II, grouped by category. Overall, we assign a
systematic uncertainty of 9%, 18%, or 13% to the nx™,
pn®, or AK™ corrected yields, respectively.

We then fit the ¢ distributions of the corrected yields in
each bin of 02, W, and cos &5, to the form A + B cos2¢ +
Ccos ¢. Some fits were rejected in the case of the pz°
channel if there were fewer than 9 ¢ data points (of a
nominal 12) surviving the minimum acceptance cut. This
procedure resulted in 60 independent fitted values of the
(A) terms for the AK™ and na™ channels, but only 48 for
the pz® channel. We divided the (A) terms for the different
channels to form the cross section ratios [11].

Figure 1 shows the three ratios of corrected yields plotted
versus cos @y, with the different symbols representing
different W bins. The two columns show the (Q?) =
1.9 GeV? bin (left) and the (Q?) = 3.2 GeV? bin (right).
The shaded band is centered on the statistical average for
each cos@;, bin with half-width equal to the systematic
uncertainty on the ratio. Note that the three ratios are
approximately the same for the two Q2 bins while there is a
noticeable falloff of the AK*/nzt and pz®/na™ ratios
with cos ;. Figure 2 shows the same ratios as in Fig. 1, but
plotted versus W. Again the two columns are for the two
bins in Q%. One can see that the ratios are approximately
independent of W.

For purposes of comparing with the single value of A,
used to characterize the ratio of strange to nonstrange
hadronic production at high energy, we performed a
weighted average over all bins for each ratio of final
states, indicated by the flat dashed line. We obtain the
following average values for the ratios: (AK™/na')=
0.19+£0.0140.03, (pz°/nx*) = 0.43 +0.01 & 0.09, and
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coso,

FIG. 1 (color online). Ratio of the three exclusive cross
sections, AK* to nz* (top), pa° to nz* (middle), and AK™"
to pz° (bottom), for bins of (Q?) = 1.9 GeV? (left) and (Q?) =
3.2 GeV? (right), plotted versus cos %, with different bins in W
shown as different symbols. The systematic uncertainty is
indicated by the shaded band, centered on the solid (red) line
which connects the statistically weighted average for each bin.
The flat dashed line represents the overall statistical average for
each ratio. The data points are plotted slightly offset for clarity.

(AK*/pr®) = 0.50 £ 0.02 £ 0.12; the first uncertainty is
statistical and the second systematic.

We extracted the ratio of gg creation probabilities from
these measured hadronic ratios using a simple factorization
model in which a quark is knocked out of the proton
followed by a single gg creation and appearance of the
lightest baryon and pseudoscalar meson consistent with
the quark flavor. We ignored other processes such as vector-
meson coupling to the virtual photon or ¢-channel
exchange, which might be responsible for the cos &},
dependence of our data. Nevertheless, we hope that the
results from our simplified modeling are useful for com-
parison with strangeness suppression results from semi-
inclusive production experiments analyzed under similar
factorization assumptions. We note similarities of our
model with that used by M. M. Kaskulov et al. [12] in
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FIG. 2 (color online). Ratio of the three exclusive cross
sections, displayed as in Fig. 1, but plotted versus W with
different bins of cos@;, shown as different symbols.

fitting other data from Jefferson Lab on electroproduction
of nz* from the proton.

In our model, events are initiated by virtual photon
absorption by a valence u quark or d quark in the ratio
of the sums of squares of the quark charges (8:1). This is
followed by a single ¢gg produced with probability P(qg),
resulting in a gg state recoiling form a gggq state. Finally, the
qq state hadronizes into the lowest energy meson state and
the gqq state hadronizes into the lowest energy baryon state,
in both cases with unit probability, resulting in three possible
final states: nz*, pa°, or AK*. Note also that we take into
account that the z° is a 50:50 mixture of uii and dd.

Following this simple arithmetic, the hadronic produc-
tion rates () can be written in terms of the gg probabilities
(P(qg)) as such: R(AK") o 8P(s5), N(nzt) «x 8P(dd),
and N (pa°) « 1/2(8P(uir) + 1P(dd)).

We use the (AK " /nz*) ratio to solve for s5/dd and the
(pr°/nz*t) ratio to solve for uii/dd:

55/dd = (AK*/nax*) = 0.19 +0.01 £ 0.03,
uit/dd = 2((pa°/nx*) — 1/16) = 0.74 + 0.02 £ 0.18.
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Finally, we use the (AK"/pz®) ratio to determine an
independent measure of the s5/dd ratio. We obtain
s5/dd = 1/2(uii/dd + 1/8)(AK "/ pz°), yielding

s5/dd =0.28 £0.01 £0.07,
s5/dd =0.22+£0.01 £0.07,

assuming uii/dd = 1.0, or
assuming uii/dd = 0.74

(asmeasured).

The systematic uncertainty on a ¢g ratio is simply that of
the particle production ratio from which it is derived. We do
not include factors due to the angular dependence of the
ratios, nor do we attempt to quantify the systematic
uncertainty of our hadronization model. Table III summa-
rizes the results of this extraction.

We point out that our result of 0.74 & 0.18 for the uit/dd
ratio is different from the value of unity expected from
isospin invariance arguments, as assumed, for example, in
high-energy hadronization models. However, we note that
our hadron-production environment is explicitly not isospin
invariant because the target is a proton, with two valence
u quarks and one valence d quark. We speculate that the
isospin dependence of our result for the uii/dd ratio is
related to the difference between the intrinsic # and d
content of the proton as measured in Drell-Yan [13] and
semi-inclusive DIS experiments [14]. Although intriguing,
unfortunately our measurement is not significantly different
from unity, especially when model uncertainties are
included.

To summarize, our results show a sizable suppression of
the AK* channel relative to the nz* and pz° channels from
which we use a simple factorization model to estimate a
strangeness suppression factor (s5/dd) of 0.19 +0.03,
0.22 +0.07, or 0.28 £0.07, depending on which data
ratios we use and what we assume for the wit/dd ratio.
Interestingly, these values are similar to measurements of
flavor suppression at high energies [3,5,6].

These determinations of the flavor dependence of gg
creation are the first in the low-energy exclusive limit where
the connection between the observed hadronic ratios and
qq production probabilities is simple because only a single
qq pair is created. However, further development of

TABLE III.  Values of ratio of 55 to dd and uii to dd shown
according to the experimental ratios from which they are derived.
The “a” and “b” cases for the AK*/pz° data set refer to the values
of uir/dd used in the extraction of the s5/dd ratio: 0.74 for the “a”
case and 1.0 for the “b” case. The uncertainties are the systematic
uncertainties.

Ratio s5/dd uin/dd
AK* /nmt 0.19£0.03

AK*/pr® “a” 0.22 £ 0.07

AK*/ pa® “b” 0.28 +0.07 .
pr°/nxt e 0.74 +£0.18

exclusive reaction theory is needed to reduce the model
dependence in the extraction of the ¢g creation probabil-
ities from our data. We conclude by noting that under-
standing g production dynamics is an important part of
understanding color confinement in QCD and the fact that
our values for strangeness suppression agree well with
measurements done at much higher energy argues strongly
for the universal nature of these dynamics.
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