
Soure size measurements in the e3He(4He) → e′pΛX reation(For CLAS ollaboration)K. Mikhailov,1, ∗ A. Stavinsky,1 A. Vlassov,1 B. Kerbikov,1 and R. Ledniky21Institute of Theoretial and Experimental Physis, Mosow, 117218, Russia2Joint Institute for Nulear Researh, Dubna, Mosow Region, 141980, Russia †Proton-lambda orrelations at small relative momentum q were studied in the
e3He(4He) → e′pΛX reation at E0 = 4.7(4.46) GeV using the CLAS detetor atJe�erson Lab. The enhanement of the orrelation funtion at small q was foundto be in qualitative agreement with theoretial expetations provided the emissionregion size parameter r0 about 1 fm and the pΛ sattering length. The exprimentalorrelation funtion is ompartible with the P-matrix �t of the hyperon-nuleon data.Small relative momentum proton-lambda orrelations both for 3He (4He) target andfor eletro-prodution reation was studied for the �rst time.

I. INTRODUCTIONIt was shown by Wang and Pratt [1℄ that proton-Lambda orrelations also an be usedfor soure size study. They found that an enhanement to the pΛ orrelation funtion at lowrelative momentum allow one to infer the size of the emitting soure. The inferred lambdasoure parameters may provide valuable information beause lambdas are strangenessarrying baryons. In some ase pΛ orrelations might be more sensitive than pp orrelations,beause of pΛ system has no repulsive Coulomb interation.In [2℄ we already reported data on two-proton orrelations at small relative momentum qwere studied in eA(3He, 4He, 12C, 56Fe)→ e′ppX reations. In the study [2℄ the orrelations atsmall relative momentum (femtosopy) was applied to study the spae-time harateristis ofthe proess in whih partiles are produed in the kinemati region forbidden to interations
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2with a single motionless nuleon (so alled �umulative proesses�) [3�5℄. The measuredreation size for He nulei proved to be r0 ≃ 1fm.Kinematial restrition for pΛ system prodution is even stronger than for pp system.Even for eletron interation with 3He(4He) as a whole the threshold energy transfer shouldbe more then 1 GeV . The study of the small relative momenta orrelations for suh proessappears to be partiularly promising. Here we report data on pΛ orrelations at small relativemomenta in e3He(4He) → e′pΛX reation, for an inident eletron energy of 4.7 (4.46)GeV. The enhanement of the orrelation funtion at small q was found to be in qualitativeagreement with theoretial expetations provided the emission region size parameter r0about 1 fm. There is the P -matrix desription of our experimental data. The orrespondingvalues of the sattering length and e�etive range both average on the spin states are a =

−2.44 fm, r = 2.64 fm.Measured pΛ orrelation funtion is a�eted by both residual orrelation from pΣ0,
ΛΛ orrelations [6℄ and pp orrelations for misidenti�ed Λ bakground. Both e�ets playsigni�ant role for high energy heavy ion ollisions at RICH and LHC. Lately there wasvery interesting results obtained from STAR on pΛ orrelations in entral Au+Au ollisionsas √sNN=200 GeV whih [7℄. The so-alled the residual orrelations was disussed in thispaper.At CLAS, ΛΛ and pΣ0 pair prodution are next order of the magnitude e�ets withrespet to pΛ pair prodution due to the strong kenimatial restritions. It provides thepossibility to extrat and evaluate pp orrelation bakground for pΛ orrelation. This is animportant methodial aspet for high energy heavy ion femtosopy.II. DATA SAMPLE AND REACTION IDENTIFICATIONThe measurements were performed with the CEBAF Large Aeptane Spetrometer(CLAS) [8℄ in Hall B at the Thomas Je�erson National Aelerator Faility. The CLASdetetor is a six-setor toroidal magneti spetrometer. The detetion systems onsist ofdrift hambers to determine the trajetories of harged partiles [9℄, sintillation ounters tomeasure time of �ight [10℄, Cerenkov ounters to distinguish between eletrons and pions [11℄,and eletro-magneti shower alorimeters to identify eletrons and neutrons [12℄. The CLASwas triggered on sattered eletrons deteted in the alorimeter with energies above 1 GeV.



3Run onditions are desribed in detail in Ref. [13℄. Only events with at least two detetedprotons within momentum interval 0.3-2.0 GeV/ and at least one negative pion withinmomentum interval 0.1-0.7 GeV/ were aepted. Misidentifying of eletrons, negative pion'sor protons was negligible. Λ's were identi�ed by deay into pπ−. Pairs of traks hitting asingle sintillator were exluded from our analysis beause they have ambiguous time-of-�ight values.To redue target wall events from eHe ones we tuned up the vertex ut using emptytarget run. The ontribution of target wall in the seleted events was less 1.5%.The invariant mass distribution of proton-pion pair for ombined statistis of bothreation e3He → e′ppπ−X and e4He → e′ppπ−X are shown on Fig. 1. All proton-pionombinations in an event were inluded in the analysis. There are two types of ontributionin this �gure. First is when both a proton and a pion are from lambda deay. And the seondis when both a proton or a pion are diret partiles. We will all �rst one lambda ontributionand seond one all diret ontribution. The pairs from Λ deay generate a Λ-peak whihis learly seen at the right position on Fig. 1. The other pairs demonstrate smooth phasespae dependene. And this ontribution under the Λ-peak is not negligible.To redue diret ontribution aording strangeness onservation we apply two uts: onthe transferred energy (ν − νmin) > 0.8 GeV , and on the missing mass M2
mis > 2.1 GeV 2.Here νmin is the transferred energy aording to strangeness onservation in the stronginterations and Mmis is the missing mass for reation under study. The value 0.8 GeV forthe transferred energy ut was hosen as a ompromise between diret ontribution redutionand lambda ontribution saving.The upper histogram on Fig. 1 is the mass of all pπ− pairs (without uts). The mediumhistogram on Fig. 1 presents pπ− pairs if both uts on the transferred energy and on themissing mass are applied. The di�erene between pairs without uts and with uts is shownby lower histogram on Fig. 1. After applying these two uts lambda ontribution to diretontribution ratio for identi�ed Λ for ombined statistis of both reation e3He→ e′ppπ−Xand e4He→ e′ppπ−X is inreased from 0.74 to 0.99 while only 9% of Λ's are lost.The whole statistis (3He +4 He) in the invariant mass interval 1.1135 < Mpπ− <

1.1175GeV is number p-π− pairs from Λ is 6376, number diret p-π− 6427 and the totalnumber of p-π− pairs is 12804.After all seletions the transferred energy ν is between 1.5 and 4.5 GeV with mean value



43.03 GeV. The Q2 is between 0.6 and 5 (GeV/c)2 with mean value 1.4 (GeV/c)2.III. CORRELATION FUNCTION.The measured orrelation funtion (RpΛ(q) = Nr(q)
Nm(q)

) has been de�ned as the ratio of themeasured distribution of the three-momenta di�erene of the two partiles to the refereneone obtained by mixing partiles from di�erent events of a given lass, normalized to unity atsu�iently large relative momenta [14℄. Here q = |~q|, ~q = (~pp− ~pΛ)- is momentum di�erenebetween proton and Λ in pΛ-pair referene frame, all proton-pion pars within Λ invariantmass region are onsidered as Λ with momentum ~pΛ = (~pp+ ~pπ), Nr and Nm are the numbersof pΛ pairs from the real events and those ombined from protons and lambdas taken fromdi�erent (i.e. mixed) events, respetively.The measured pΛ orrelation funtion is shown in Fig. 2. All experimental uts areapplied. The orrelation funtion shows a pronouned enhanement in the small relativemomenta q. There is a slow dependene of the orrelation funtion on q (at q ≥ 0.2GeV/c.The same dependene was for proton-proton orrelation for reation eHe→ e′ p p X in ourprevious paper [2℄. This orrelations (so-alled long-range orrelations(LRC)) arise mainlyfrom momentum onservation for real events whih is not a requirement for mixed pairs.LRC ause a smooth inrease of R with q, whih re�ets the fat that due to momentumonservation the probability of two partiles emitted in the same diretion is smaller thanthat of two partiles emitted in opposite diretions.Empirially, LRC an be parametrized by R ∝ exp(b cosψ), in whih ψ is the anglebetween the two partiles and b is a onstant [15℄. Pratially, aounting for suh a weekdependene of the orrelation funtion on q is usually taken into aount by introduinginto data �t a fator (1 + const · q2) [2℄. The orreted on LRC proton-lambda orrelationfuntions is shown on Fig. 3. Indeed, both unorreted and orreted for LRC orrelationfuntions (Fig. 2 and Fig. 3 respetively) learly show the enhanement of the orrelationfuntion at small q.The deay momentum for Λ → pπ− (0.101GeV/) is relatively small. Small relativemomenta region for p-Λ system orresponds to small relative momenta region for primordialproton and proton from Λ-deay. It means that in study of p-Λ orrelations at small relativemomenta one must take into aount lose-trak e�ieny for proton pairs in the reation



5
eHe→ e′ppπ−X when the pπ pair mass lose to MΛ.The ability to detet two traks with a small relative momentum is limited beause bothpartiles hit the same or neighboring detetor ells. A detailed study of the lose-trake�ieny ε(q) has been done in Ref. [16℄. We apply lose-trak e�ieny orretion for pairof protons in the same manner as in [2℄. The lose-trak e�ieny for measured orrelationfuntion is shown by the line on Fig. 3. It is not large and muh more smooth ompaired tothe proton-proton orretions [2℄.The alulation p-Λ orrelation funtion will be aording to formula

RpΛ+ppπ = η ·RpΛ + (1 − η) · Rppπ , (1)where η ≃ 0.5 is the ratio of Λ-pairs to pπ−-pairs when Mpπ ∼MΛ. RpΛ+ppπ is the measuredorrelation funtion whih is a ombination of both pΛ and ppπ orrelation funtions.To measure p − pπ orrelation itself (from diret ontribution) we used three di�erentexperimental methods. First is p − pπ− orrelation funtion for events when Mpπ−is out of Λ-peak (Mpπ− < MΛ or Mpπ− > MΛ). We used two mass interval:
1.1055 GeV < Mpπ− < 1.1135 GeV and 1.1175 GeV < Mpπ− < 1.1255 GeV .Seond is p− pπ+ orrelation funtion for the events when Mpπ+ is out of Λ-peak with thesame mass intervals as for p−pπ− orrelation funtion. And the third is p−pπ+ orrelationfuntion for events when Mpπ+ is in the Λ-peak. We used the same mass interval as for p−Λorrelation funtion (1.1135 GeV < Mpπ− < 1.1175 GeV ). The three p− pπ orrelationfuntion are shown on Fig. 4. We an onlude that all three methods are in agreementwithin statistial errors.Methodially seond method and third method are very lose to eah other. To see how
p− pπ orrelation an a�et on �nal pΛ orrelation funtion we use three variants of p− pπorrelation funtion measurements. First is p − pπ− orrelation funtion for the out of Λ-peak in Mpπ−. Seond is average p− pπ+ orrelation funtion for the out of Λ-peak in Mpπ+and for the in of Λ-peak in Mpπ+ . And third is average of p− pπ− and p− pπ+ orrelationfuntions.It should be noted that Rppπ 6= 1 and onsistent with pp-orrelation funtion measuredin [2℄ smeared out by adding pion momenta. Statistial errors in Rppπ two times better thenone for ombined measured RpΛ+ppπ.Fig. 5 shows derived proton-lambda orrelation funtion RpΛ(q) orreted for lose-trak



6e�ieny ε(q), �long-range� orrelations(LRC), and diret p − pπ ontribution. Statistialand systemati errors have been added in quadrature. The data in Fig. 5 are averagedover proton and Λ momenta as well as over ν and Q2. The average orrelation e�et over
0 < qpΛ < 0.180GeV/c is equal 2.33 ± 0.45 whih orresponds to 2.96 standard deviationfrom unit (without orrelation e�et).The proton and Λ momentum resolution within the seleted kinemati range is estimatedto be δp/p ∼ 2 %. Sine δp is typially muh smaller than the width of the e�ets understudy, the measured orrelation funtions are only slightly smeared out by the momentumresolution. The momentum resolution orretions were estimated by applying the smearingproedure n times to the measured CF and then extrapolating the results to n = −1. Thisorretion proved to be negligible.IV. DATA ANALYSIS.A. The soure sizeThe two-partile orrelation funtion at small k∗-values is basially given by the square ofthe wave funtion of the orresponding elasti transition ab → ab averaged over the distane
r∗ of the emitters in the two-partile .m. system and over the partile spin projetions [17℄:
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)/z and ρS is the emission probabilityof the two partiles in a state with the total spin S; we assume the emission of unpolarizedpartiles, i.e. ρ0 = 1/4 and ρ1 = 3/4 for pairs of spin-1/2 partiles. The analytial expressionin Eq. (2) orresponds to the Gaussian r∗-distribution:
d3N/d3r∗ ∼ exp(−r∗2/4r2

0). (3)The mean-square radius rrms is equal √3r0. It implies a small radius of the FSI interationas ompared with the harateristi separation of the emitters in the two-partile .m.system. The non-symmetrized wave funtion desribing the elasti transition an then be



7approximated by a superposition of the plane and spherial waves, the latter being dominatedby the s-wave,
ψ

S(+)
−k∗ (r∗)

.
= exp(−ik∗r∗) + fS(k∗)

exp(ik∗r∗)

r∗
. (4)The s-wave sattering amplitude

fS(k∗) =
ηS exp(2iδS) − 1

2ik∗
= (1/KS − ik∗)−1, (5)where 0 ≤ ηS ≤ 1 and δS are respetively the elastiity oe�ient and the phase shift,

KS is a funtion of the kineti energy, i.e. an even funtion of k∗. In the e�etive rangeapproximation,
1/KS .

= 1/aS +
1

2
dSk∗2, (6)where aS and dS are respetively the s-wave sattering length and e�etive radius at a giventotal spin S; in di�erene with the traditional de�nition of the two-baryon sattering length,we follow here the same sign onvention as for meson-baryon or two-meson systems.One an introdue the leading orretion O(|aS|2dS/r3

0) to the orrelation funtion in Eq.(2) to aount for the deviation of the wave funtion (4) from the true solution inside therange of the two-partile strong interation potential [17℄:
∆R(p1,p2) = −(4

√
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ρS|fS(k∗)|2dS(k∗), (7)where the funtion dS(k∗) = 2ℜd(KS)−1/dk∗2; dS(0) is the e�etive radius.It should be noted that the two partiles are generally produed at non-equal times intheir .m. system and that the wave funtion in Eq. (2) should be substituted by the Bethe-Salpeter amplitude. The latter depends on both spae (r∗) and time (t∗) separation of theemission points in the pair rest frame and at small |t∗| oinides with the wave funtion ψSup to a orretion O(|t∗/mr∗2|), where m is the mass of the lighter partile. It an be shownthat the equal-time approximation in Eq. (2) is usually valid better than to few perent evenfor partiles as light as pions [17, 18℄.The KS-funtion and the low energy sattering parameters are real in the ase of onlyone open hannel as in the near threshold pΛ sattering. For pΛ system, we use the valuesfrom [1℄ a0 = 2.88 fm, a1 = 1.66 fm, d0 = 2.92 fm and d1 = 3.78 fm (the same values wereused in STAR experimental paper [7℄).The urves in Fig. 5 orrespond to rRMS = 1.5 fm (r0 = 0.85 ± 0.25fm). We neglethere the emission duration whih is e�etively absorbed in the parameter rRMS. Sine the



8ontemporary theoretial approahes do not onsider the relation between extrated soure-size parameters and the real value of R at large q, both orrelation funtions and thetheoretial urves are normalized to unity for q > 0.2 GeV/. Theory predits [17, 19℄that the enhanement of R at small q is inversely related to the measured size parameter.For large rRMS values, the orrelation funtion is mainly determined by the solution of thesattering problem outside the range of the strong interation potential, and is thereforeindependent of the atual form of the potential, provided that it orretly reprodues thesattering amplitudes [17, 20℄.Calulated urve is in reasonable agreement with data. Measured soure size proved tobe onsistent with one for semi-inlusive two proton eletro-prodution reation for 3He and
4He target at approximately the same initial energy [2℄.Experimental systemati errors on rRMS arise mainly from unertainty in the diret p−pπontribution (≈ 10% with respet to statistial errors), Σ → Λγ ontribution(≈ 20%) [21℄,lose-trak e�ieny orretion (≈ 5%), the orretion for long-range orrelations (≈ 5%),and the orretion for momentum resolution (≈ 2%).B. The P-matrix approah to the Λp FSITen years ago the data set on low energy YN interation available at that time wassuessfully desribed [22, 23℄ within the framework of the Ja�e-Low P -matrix [24℄. The P�matrix establishes the onnetion between the sattering data and the multi-quark states.From that point of view the oupled ΛN − ΣN hannels with I = 1/2, JP = 0+ arepartiularly interesting. It has been known for a long time that a pole exists near the ∑+ nthreshold in the 3S1 hyperon-nuleon sattering amplitude [25℄ -[28℄. There has been a gooddeal of ontroversy onerning the position of this pole and its nature [28℄, [29℄-[32℄. The P -matrix analysis performed in [22, 23℄ favors the identi�ation of this struture with the SU(3)partner of the deuteron. Suh a pole may be alled a ∑

N bound state and a Λp resonane,or an unstable bound state aording to the lassi�ation of Ref. [30℄. The genuine six-quarkstate [33, 34℄ an not be responsible for the struture near the ∑

N threshold sine theorresponding pole moves away from the physial region when the oupling between thequark and hadroni hannels is turned on [22, 23℄.We applied the P -matrix analysis of the YN interation to the new CLAS data on Λp



9orrelation near threshold. The P -matrix approah was reformulated in the spirit of theMigdal-Watson FSI theory[35℄. The energy region where the resulting equations an beapplied is not as wide as the appliability region of the original P -matrix. We were notpermitted to use our approah up to the ∑

N threshold. However our present study on�rmsthe onlusions made in [22, 23℄ on the loation and the nature of the pole near the ∑

Nthreshold sine the new CLAS data will be rather aurately desribed by the set of the P -matrix parameters obtained in [22℄. The orrelation funtion RpΛ(ε) alulated aordingto P -matrix [24℄ analysis of the YN interation is presented in Fig. 6. Correspondingsattering length and e�etive radius are a = 2.44 fm, d = 2.64 fm. The agreement with theexperimental data is reasonable. V. SUMMARYBeing summarized small relative momentum orrelations between proton and Λ produedin eHe interations at 4.5-4.7 GeV have been investigated. For He nulei in eletro-produtionreation was done for the �rst time.The data learly show a narrow struture in the orrelation funtion in the region ofsmall relative momenta (q < 0.2 GeV/), whih is in qualitative aordane with theoretialexpetations.The important p − pπ orrelations were studied. It was shown that p − pπ pairs in theregion ofMpπ MΛ are orrelated. The measured proton-Λ orrelation funtion was orretedon p− pπ orrelations.Soure size for strangeness prodution reation proved to be onsistent with one measuredin semi-inlusive two proton prodution reation.The experimental proton-lambda orrelation funtion is ompatible with the P -matrix�t of the hyperon-nuleon data.Authors would like to express our speial thanks to all CLAS ollaborators who madeomments and suggestions for this study.
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12Èçìåðåíèå ðàçìåðîâ èñòî÷íèêà ïðîòîíà è ëÿìáäà â ðåàêöèè
e3He(4He) → e′pΛXÊ.Ìèõàéëîâ, À. Ñòàâèíñêèé, À. Âëàñîâ, Á. Êåðáèêîâ, �. ËåäíèöêèéÂ ðàáîòå èçó÷åíû óçêèå êîððåëÿöèè ïàð ïðîòîí-ëÿìáäà â ðåàêöèè e3He(4He) → e′pΛXïðè ýíåðãèè ïó÷êà ýëåêòðîíîâ 4.7 �ýÂ. �àáîòà âûïîëíåíà íà óñòàíîâêå CLAS â ëàáî-ðàòîðèè Äæå��åðñîíà (ÑØÀ). Íàáëþäàåìûé êîððåëÿöèîííûé ý��åêò â îáëàñòè ìà-ëûõ îòíîñèòåëüíûõ èìïóëüñîâ ñîãëàñóåòñÿ ñ òåîðåòè÷åñêèì îïèñàíèåì â ðàìêàõ ìîäåëèíåçàâèñèìûõ èñòî÷íèêîâ. Èçìåðåííûé ðàçìåð îáëàñòè èçëó÷åíèÿ ïàð ïðîòîíâ è ëÿìáäàîêàçàëñÿ ìàñøòàáà 1 �ì. Ýêñïåðèìåíòàëüíàÿ êîððåëÿöèîííàÿ �óíêöèÿ ñîãëàñóåòñÿ ñòåîðåòè÷åñêèì îïèñàíèåì â ðàìêàõ �-ìàòðè÷íîãî ïîäõîäà ê ãèïåðîí-íóêëîííîìó âçàè-ìîäåéñòâèþ â êîíå÷íîì ñîñòîÿíèè. Êîððåëÿöèè ïðîòîí-ëÿìáäà ïàð â ýëåêòðîðîæäåíèèíà ÿäðàõ 3He è 4He áûëè èìåðåíû âïåðâûå.
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Fig. 1: The p-π− pairs invariant mass distribution for e3He(4He) → e′ppπ−X reation. Upperhistogram(1) -all pairs, medium(2)-pairs rejeted by the ut ν − νmin > 0.8 GeV, and the missingmass ut M2
mis > 2.1 GeV2. Lower - the di�erene between (1) and (2).
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Fig. 2: Measured orrelation funtion. The urve shows orretions on long-range orrelation.



15

q [GeV/c]

0 0.1 0.2 0.3 0.4 0.5 0.6

m
ea

su
re

d
R

0

1

2

3

4

5

Fig. 3: The measured orrelation funtion whih is orreted on long-range orrelation (open yles).The dashed line orresponds to the lose trak e�ieny.
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Fig. 4: Comparison of p− pπ orrelation funtions whih are measured by three di�erent methods.Symbols: yles orrespond to p− pπ− orrelation funtion for events when Mpπ− is out of Λ-peak(Mpπ− < MΛ or Mpπ− > MΛ), open squares orrespond to p − pπ+ orrelation funtion for theevents when Mpπ+ is out of Λ-peak, open triangles orrespond to p − pπ+ orrelation funtion forevents when Mpπ− is in the Λ-peak.
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Fig. 5: The derived proton-Λ orrelation funtion RpΛ. Corretions for lose-trak e�ieny, �long-range� orrelations, and diret p−pπ ontribution are applied. Solid urve orresponds to the soresize parameter r0 = 0.85fm. The dahsed urve orresponds to r0 = 1.2fm
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Fig. 6: The proton-Λ experimental orrelation funtion versus the invariant mass of proton andlambda. The urve is the desription of the experimental data by P-matrix approah (solid partorresponds to the region where P-matrix desription is legitimate to the standard e�etive rangeapproximation for the Migdal-Watson theory).


