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Proton-lambda correlations at small relative momentum ¢ were studied in the
e3He(*He) — €/pAX reaction at Ey = 4.7(4.46) GeV using the CLAS detector at
Jefferson Lab. The enhancement of the correlation function at small ¢ was found
to be in qualitative agreement with theoretical expectations provided the emission
region size parameter 7o about 1 fm and the pA scattering length. The exprimental
correlation function is compartible with the P-matrix fit of the hyperon-nucleon data.
Small relative momentum proton-lambda correlations both for 3He (“*He) target and

for electro-production reaction was studied for the first time.

I. INTRODUCTION

It was shown by Wang and Pratt [1| that proton-Lambda correlations also can be used
for source size study. They found that an enhancement to the pA correlation function at low
relative momentum allow one to infer the size of the emitting source. The inferred lambda
source parameters may provide valuable information because lambdas are strangeness
carrying baryons. In some case pA correlations might be more sensitive than pp correlations,
because of pA system has no repulsive Coulomb interaction.

In [2| we already reported data on two-proton correlations at small relative momentum ¢
were studied in eA(®He, *He, 12C, 5°Fe)— ¢/ppX reactions. In the study [2] the correlations at
small relative momentum (femtoscopy) was applied to study the space-time characteristics of

the process in which particles are produced in the kinematic region forbidden to interactions
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with a single motionless nucleon (so called “cumulative processes”) [3-5]. The measured
reaction size for He nuclei proved to be rog >~ 1fm.

Kinematical restriction for pA system production is even stronger than for pp system.
Even for electron interaction with He(*He) as a whole the threshold energy transfer should
be more then 1 GeV'. The study of the small relative momenta correlations for such process
appears to be particularly promising. Here we report data on pA correlations at small relative
momenta in e3He(*He) — €/pAX reaction, for an incident electron energy of 4.7 (4.46)
GeV. The enhancement of the correlation function at small ¢ was found to be in qualitative
agreement with theoretical expectations provided the emission region size parameter rg
about 1 fm. There is the P-matrix description of our experimental data. The corresponding
values of the scattering length and effective range both average on the spin states are a =
—2.44 fm, r =2.64 fm.

Measured pA correlation function is affected by both residual correlation from pX°,
AA correlations [6] and pp correlations for misidentified A background. Both effects play
significant role for high energy heavy ion collisions at RICH and LHC. Lately there was
very interesting results obtained from STAR on pA correlations in central Au+ Au collisions
as \/syn—200 GeV which [7]. The so-called the residual correlations was discussed in this
paper.

At CLAS, AA and pX pair production are next order of the magnitude effects with
respect to pA pair production due to the strong kenimatical restrictions. It provides the
possibility to extract and evaluate pp correlation background for pA correlation. This is an

important methodical aspect for high energy heavy ion femtoscopy.

II. DATA SAMPLE AND REACTION IDENTIFICATION

The measurements were performed with the CEBAF Large Acceptance Spectrometer
(CLAS) [8] in Hall B at the Thomas Jefferson National Accelerator Facility. The CLAS
detector is a six-sector toroidal magnetic spectrometer. The detection systems consist of
drift chambers to determine the trajectories of charged particles [9], scintillation counters to
measure time of flight [10], Cerenkov counters to distinguish between electrons and pions [11],
and electro-magnetic shower calorimeters to identify electrons and neutrons [12|. The CLAS

was triggered on scattered electrons detected in the calorimeter with energies above 1 GeV.



Run conditions are described in detail in Ref. [13]. Only events with at least two detected
protons within momentum interval 0.3-2.0 GeV/c and at least one negative pion within
momentum interval 0.1-0.7 GeV /¢ were accepted. Misidentifying of electrons, negative pion’s
or protons was negligible. A’s were identified by decay into pm~. Pairs of tracks hitting a
single scintillator were excluded from our analysis because they have ambiguous time-of-
flight values.

To reduce target wall events from eHe ones we tuned up the vertex cut using empty
target run. The contribution of target wall in the selected events was less 1.5%.

The invariant mass distribution of proton-pion pair for combined statistics of both
reaction eHe — e'ppr~X and e*He — e'ppr~ X are shown on Fig. 1. All proton-pion
combinations in an event were included in the analysis. There are two types of contribution
in this figure. First is when both a proton and a pion are from lambda decay. And the second
is when both a proton or a pion are direct particles. We will call first one lambda contribution
and second one call direct contribution. The pairs from A decay generate a A-peak which
is clearly seen at the right position on Fig. 1. The other pairs demonstrate smooth phase
space dependence. And this contribution under the A-peak is not negligible.

To reduce direct contribution according strangeness conservation we apply two cuts: on

the transferred energy (v — Vpin) > 0.8 GeV, and on the missing mass M2, > 2.1 GeV?.

mis
Here v,,;, is the transferred energy according to strangeness conservation in the strong
interactions and M,,;s is the missing mass for reaction under study. The value 0.8 GeV for
the transferred energy cut was chosen as a compromise between direct contribution reduction
and [ambda contribution saving.

The upper histogram on Fig. 1 is the mass of all p7~ pairs (without cuts). The medium
histogram on Fig. 1 presents pm~ pairs if both cuts on the transferred energy and on the
missing mass are applied. The difference between pairs without cuts and with cuts is shown
by lower histogram on Fig. 1. After applying these two cuts lambda contribution to direct
contribution ratio for identified A for combined statistics of both reaction eHe — e/ppr= X
and e*He — €/ppr~X is increased from 0.74 to 0.99 while only 9% of A’s are lost.

The whole statistics (*He +* He) in the invariant mass interval 1.1135 < M- <
1.1175GeV is number p-7~ pairs from A is 6376, number direct p-m~ 6427 and the total
number of p-7~ pairs is 12804.

After all selections the transferred energy v is between 1.5 and 4.5 GeV with mean value



3.03 GeV. The Q? is between 0.6 and 5 (GeV/c)? with mean value 1.4 (GeV/c)?.

III. CORRELATION FUNCTION.

The measured correlation function (R,a(q) = J]\\f[;((%z))) has been defined as the ratio of the
measured distribution of the three-momenta difference of the two particles to the reference
one obtained by mixing particles from different events of a given class, normalized to unity at
sufficiently large relative momenta [14]. Here ¢ = |q], ¢ = (p, —pa)- is momentum difference
between proton and A in pA-pair reference frame, all proton-pion pars within A invariant
mass region are considered as A with momentum px = (p,+px), IV, and N, are the numbers
of pA pairs from the real events and those combined from protons and lambdas taken from
different (i.e. mixed) events, respectively.

The measured pA correlation function is shown in Fig. 2. All experimental cuts are
applied. The correlation function shows a pronounced enhancement in the small relative
momenta g. There is a slow dependence of the correlation function on ¢ (at ¢ > 0.2GeV/c.
The same dependence was for proton-proton correlation for reaction eHe — €' p p X in our
previous paper |[2|. This correlations (so-called long-range correlations(LRC)) arise mainly
from momentum conservation for real events which is not a requirement for mixed pairs.
LRC cause a smooth increase of R with q, which reflects the fact that due to momentum
conservation the probability of two particles emitted in the same direction is smaller than
that of two particles emitted in opposite directions.

Empirically, LRC can be parametrized by R o exp(bcos®), in which 9 is the angle
between the two particles and b is a constant [15]. Practically, accounting for such a week
dependence of the correlation function on ¢ is usually taken into account by introducing
into data fit a factor (1 + const - ¢*) [2]. The corrected on LRC proton-lambda correlation
functions is shown on Fig. 3. Indeed, both uncorrected and corrected for LRC correlation
functions (Fig. 2 and Fig. 3 respectively) clearly show the enhancement of the correlation
function at small q.

The decay momentum for A — pr~ (0.101GeV/c) is relatively small. Small relative
momenta region for p-A system corresponds to small relative momenta region for primordial
proton and proton from A-decay. It means that in study of p-A correlations at small relative

momenta one must take into account close-track efficiency for proton pairs in the reaction



eHe — e'ppr~ X when the pr pair mass close to M.

The ability to detect two tracks with a small relative momentum is limited because both
particles hit the same or neighboring detector cells. A detailed study of the close-track
efficiency €(g) has been done in Ref. [16]. We apply close-track efficiency correction for pair
of protons in the same manner as in [2]. The close-track efficiency for measured correlation
function is shown by the line on Fig. 3. It is not large and much more smooth compaired to
the proton-proton corrections |[2].

The calculation p-A correlation function will be according to formula

Rpntppr =10+ Bpa + (1—=mn)- Rppr (1)

where 1 >~ 0.5 is the ratio of A-pairs to pr~-pairs when M, ~ My. R,z+ppr is the measured
correlation function which is a combination of both pA and ppw correlation functions.

To measure p — pr correlation itself (from direct contribution) we used three different
experimental methods. First is p — pr~ correlation function for events when M, -
is out of A-peak (M,,- < My or My~ > M,). We used two mass interval:
1.1055 GeV < M,,- < 11135 GeV and 1.1175 GeV < M,,- < 1.1255 GeV.
Second is p — pr* correlation function for the events when M, .+ is out of A-peak with the
same mass intervals as for p — pm~ correlation function. And the third is p — pm™ correlation
function for events when M+ is in the A-peak. We used the same mass interval as for p—A
correlation function (1.1135 GeV < M,,- < 1.1175 GeV'). The three p — pr correlation
function are shown on Fig. 4. We can conclude that all three methods are in agreement
within statistical errors.

Methodically second method and third method are very close to each other. To see how
p — pr correlation can affect on final pA correlation function we use three variants of p — pr
correlation function measurements. First is p — pr~ correlation function for the out of A-
peak in M,,-. Second is average p — pr* correlation function for the out of A-peak in M, +
and for the in of A-peak in M, +. And third is average of p — pr~ and p — pr™ correlation
functions.

It should be noted that R,,, # 1 and consistent with pp-correlation function measured
in [2] smeared out by adding pion momenta. Statistical errors in R, two times better then
one for combined measured Ryappr-

Fig. 5 shows derived proton-lambda correlation function R,a(q) corrected for close-track



efficiency £(q), “long-range” correlations(LRC), and direct p — pm contribution. Statistical
and systematic errors have been added in quadrature. The data in Fig. 5 are averaged
over proton and A momenta as well as over v and Q?. The average correlation effect over
0 < gpa < 0.180GeV/c is equal 2.33 £ 0.45 which corresponds to 2.96 standard deviation
from unit (without correlation effect).

The proton and A momentum resolution within the selected kinematic range is estimated
to be dp/p ~ 2 %. Since dp is typically much smaller than the width of the effects under
study, the measured correlation functions are only slightly smeared out by the momentum
resolution. The momentum resolution corrections were estimated by applying the smearing
procedure n times to the measured CF and then extrapolating the results to n = —1. This

correction proved to be negligible.

IV. DATA ANALYSIS.
A. The source size

The two-particle correlation function at small £*-values is basically given by the square of
the wave function of the corresponding elastic transition ab — ab averaged over the distance

r* of the emitters in the two-particle c.m. system and over the particle spin projections [17]:

R(p1,p2) = (W50 )
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where Fy(z) = [Zdze” %" /z and Fy(z) = (1 — e *")/z and pg is the emission probability

(Qro)| . (2)

of the two particles in a state with the total spin S; we assume the emission of unpolarized
particles, i.e. pg = 1/4 and p; = 3/4 for pairs of spin-1/2 particles. The analytical expression

in Eq. (2) corresponds to the Gaussian r*-distribution:
d*N/d*r* ~ exp(—1*?/4r]). (3)

The mean-square radius 7, is equal v/3rg. It implies a small radius of the FSI interaction
as compared with the characteristic separation of the emitters in the two-particle c.m.

system. The non-symmetrized wave function describing the elastic transition can then be



approximated by a superposition of the plane and spherical waves, the latter being dominated

by the s-wave,

U ) = exp(—ik'r) + £ SR, N
T
The s-wave scattering amplitude
. Sexp(2i6°) — 1 e
Py = TEREOD =L (g5 ey, 5)

where 0 < n° < 1 and 0° are respectively the elasticity coefficient and the phase shift,
K% is a function of the kinetic energy, i.e. an even function of k*. In the effective range
approximation,

/K% =1/a° + %dsk*Q, (6)
where a® and d° are respectively the s-wave scattering length and effective radius at a given
total spin .S; in difference with the traditional definition of the two-baryon scattering length,
we follow here the same sign convention as for meson-baryon or two-meson systems.

One can introduce the leading correction O(|a®|*d® /r3) to the correlation function in Eq.
(2) to account for the deviation of the wave function (4) from the true solution inside the

range of the two-particle strong interaction potential [17]:

AR(p1, p2) = —(4V/7r5)” Zpslfs )Pd% (k") (7)

where the function d®(k*) = 2Rd(K*)~!/dk*?; d°(0) is the effective radius.

It should be noted that the two particles are generally produced at non-equal times in
their c.m. system and that the wave function in Eq. (2) should be substituted by the Bethe-
Salpeter amplitude. The latter depends on both space (r*) and time (¢*) separation of the
emission points in the pair rest frame and at small |[t*| coincides with the wave function °
up to a correction O(|t*/mr*?|), where m is the mass of the lighter particle. It can be shown
that the equal-time approximation in Eq. (2) is usually valid better than to few percent even
for particles as light as pions [17, 18].

The K°-function and the low energy scattering parameters are real in the case of only
one open channel as in the near threshold pA scattering. For pA system, we use the values
from [1] a® = 2.88 fm, a! = 1.66 fm, d" = 2.92 fm and d' = 3.78 fm (the same values were
used in STAR experimental paper [7]).

The curves in Fig. 5 correspond to rgys = 1.5 fm (rg = 0.85 £ 0.25fm). We neglect

here the emission duration which is effectively absorbed in the parameter rgys. Since the



contemporary theoretical approaches do not consider the relation between extracted source-
size parameters and the real value of R at large ¢, both correlation functions and the
theoretical curves are normalized to unity for ¢ > 0.2 GeV/c. Theory predicts [17, 19]
that the enhancement of R at small ¢ is inversely related to the measured size parameter.
For large rgumg values, the correlation function is mainly determined by the solution of the
scattering problem outside the range of the strong interaction potential, and is therefore
independent of the actual form of the potential, provided that it correctly reproduces the
scattering amplitudes [17, 20].

Calculated curve is in reasonable agreement with data. Measured source size proved to
be consistent with one for semi-inclusive two proton electro-production reaction for *He and
“He target at approximately the same initial energy [2].

Experimental systematic errors on rgygs arise mainly from uncertainty in the direct p—pm
contribution (=~ 10% with respect to statistical errors), ¥ — A~ contribution(~ 20%) [21],
close-track efficiency correction (= 5%), the correction for long-range correlations (= 5%),

and the correction for momentum resolution (= 2%).

B. The P-matrix approach to the Ap FSI

Ten years ago the data set on low energy YN interaction available at that time was
successfully described [22, 23] within the framework of the Jaffe-Low P -matrix [24]. The P—
matrix establishes the connection between the scattering data and the multi-quark states.
From that point of view the coupled AN — XN channels with I = 1/2, J¥ = 0% are
particularly interesting. It has been known for a long time that a pole exists near the 3" n
threshold in the ®S; hyperon-nucleon scattering amplitude [25] -[28]. There has been a good
deal of controversy concerning the position of this pole and its nature [28], [29]-[32]. The P-
matrix analysis performed in [22, 23] favors the identification of this structure with the SU(3)
partner of the deuteron. Such a pole may be called a Y N bound state and a Ap resonance,
or an unstable bound state according to the classification of Ref. [30]. The genuine six-quark
state [33, 34] can not be responsible for the structure near the > N threshold since the
corresponding pole moves away from the physical region when the coupling between the
quark and hadronic channels is turned on [22, 23|.

We applied the P-matrix analysis of the YN interaction to the new CLAS data on Ap



correlation near threshold. The P-matrix approach was reformulated in the spirit of the
Migdal-Watson FSI theory[35]. The energy region where the resulting equations can be
applied is not as wide as the applicability region of the original P-matrix. We were not
permitted to use our approach up to the >° N threshold. However our present study confirms
the conclusions made in [22, 23| on the location and the nature of the pole near the > N
threshold since the new CLAS data will be rather accurately described by the set of the P-
matrix parameters obtained in [22]. The correlation function R, (¢) calculated according
to P-matrix [24] analysis of the YN interaction is presented in Fig. 6. Corresponding
scattering length and effective radius are a = 2.44 fm, d = 2.64 fm. The agreement with the

experimental data is reasonable.

V. SUMMARY

Being summarized small relative momentum correlations between proton and A produced
in eHe interactions at 4.5-4.7 GeV have been investigated. For He nuclei in electro-production
reaction was done for the first time.

The data clearly show a narrow structure in the correlation function in the region of
small relative momenta (¢ < 0.2 GeV /c), which is in qualitative accordance with theoretical
expectations.

The important p — pm correlations were studied. It was shown that p — pm pairs in the
region of M,, M, are correlated. The measured proton-A correlation function was corrected
on p — pm correlations.

Source size for strangeness production reaction proved to be consistent with one measured
in semi-inclusive two proton production reaction.

The experimental proton-lambda correlation function is compatible with the P-matrix
fit of the hyperon-nucleon data.

Authors would like to express our special thanks to all CLAS collaborators who made

comments and suggestions for this study.
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N3mepenne pa3zMepoB MCTOYHUKA ITPOTOHA W JIAMO/1a B peaKIuun

e*He(*He) — ¢'pAX
K.MuwuxaiisioB, A. Crasuackuii, A. BiacoB, b. Kepbukos, P. Jleguunkwii

B pa6ore u3yueHbl y3Kue KOppessiui Hap IpoToH-1aM6aa B peaknuu ¢> He(*He) — ¢/pAX
IpHU SHEPTruu Iydka 3JeKTpoHoB 4.7 ['sB. Pabora Beimosnena ma ycranoske CLAS B mabo-
paropuu /Ixeddepcona (CHIA). Habmomaembiii KoppeasiiuoHHblil 3dekT B 061acT Ma-
JIBIX OTHOCHTEJIbHBIX UMITY/JIbCOB COTJIACYETCS ¢ TEOPETUICCKUM OIMUCAHUEM B PAMKAX MOJIEJIH
HE3aBUCUMBIX HCTOYHUKOB. VI3MepeHHbIi pasMep 00/IacTi W31y deHnst map MPOTOHB U JIAMO1a
okazaJsics mMacmraba 1 ¢pm. DrcrnepumenTaabHass KOPPEISIUOHHAS (DYHKIUS COIJIACYETCS C
TEOPEeTHIECKUM OIMUCAHUEM B paMKaX P-MaTpHYHOIO IMOAX0/1a K THIEPOH-HYKJIOHHOMY B3au-
MOJICHCTBHIO B KOHETHOM COCTOSTHUU. Koppeasaiun npoToH-asaMO/1a map B 3JIeKTPOPOKIeHUH

na sypax *He n *He OblIu UMepeHsl BIEPBEIE.
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Fig. 1: The p-7~ pairs invariant mass distribution for e3He(*He) — e/ppr~X reaction. Upper

histogram(1) -all pairs, medium(2)-pairs rejected by the cut v — vy, > 0.8 GeV, and the missing
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Fig. 2: Measured correlation function. The curve shows corrections on long-range correlation.
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Fig. 3: The measured correlation function which is corrected on long-range correlation (open cycles).

The dashed line corresponds to the close track efficiency.
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Fig. 4: Comparison of p — pm correlation functions which are measured by three different methods.
Symbols: cycles correspond to p — pm~ correlation function for events when M, is out of A-peak

(M,

pn— < My or M, > Mpy), open squares correspond to p — pr T correlation function for the

events when M, + is out of A-peak, open triangles correspond to p — pr* correlation function for

events when M, is in the A-peak.
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Fig. 5: The derived proton-A correlation function R,. Corrections for close-track efficiency, “long-
range” correlations, and direct p — pm contribution are applied. Solid curve corresponds to the sorce

size parameter rg = 0.85fm. The dahsed curve corresponds to rg = 1.2fm
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Fig. 6: The proton-A experimental correlation function versus the invariant mass of proton and
lambda. The curve is the description of the experimental data by P-matrix approach (solid part
corresponds to the region where P-matrix decsription is legitimate to the standard effective range

approximation for the Migdal-Watson theory).



