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Production of 3H and 4H in central 11.5 GeV/c Au+Pt heavy ion collisions
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We present measurements from BNL AGS Experiment 864 of, thejield and of an upper limit on th&H

yield in central 11.B GeV/c Au+Pt collisions. The measurements span a rapidity range from center of mass,
Ye.ms 10Yem*1 and a transverse momentum range eff)<1.5 GeV k. We compare these results with E864
measurements of stable light nuclei and particle unstable nuclei yields of the same baryon number. The
implications of these results for the coalescence of strange clusters are discussed.
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I. INTRODUCTION

- Relativistic heavy-ion collisions are the main experimen-
*Present address: Vanderbilt University, Nashville, Tennesseg| tool for studying the behavior of nuclear matter under

37235. conditions of extreme energy and baryon density. In addition,
TPresent address: Istituto di Cosmo-Geofisica del CNR, Torinothese collisions offer the only method to produce large mul-
Italy/INFN Torino, Italy. tistrange bound systems in a controlled manner, since they

*Present address: Anderson Consulting, Hartford, CT. provide copious strangeness production.
SPresent address: Univ. of Denver, Denver, CO 80208. Hypernuclei, which are nuclei in which at least one
'Deceased. nucleon is replaced by a hyperon, exist and have been stud-
TPresent address: Argonne National Laboratory, 9700 S. Caded for many years. More exotic forms of multistrange
Ave., Argonne, lllinois 60439. nuclear systems have been hypothesized to exist. These in-
** Present address: Cambridge Systematics, Cambridge, Ma&lude MEMOS (metastable exotic multihypernuclear ob-
02139. jects [1] which may be neutral or even negatively charged
MPresent address: McKinsey & Co., New York, NY 10022. and strangelet$2—4] which are single “bags” of approxi-
Hpresent address: Department of Radiation Oncology, Medicamately equal numbers of strange, up and down quarks with
College of Virginia, Richmond, VA 23298. baryon number greater than 1. In many cases the quantum

$present address: University of Tennessee, Knoxville, TN 37996numbers of the proposed MEMOS and of strangelets are the
lpresent address: Geology and Physics Dept., Lock Haven Unsame. In these cases, and assuming strangelets exist, the

versity, Lock Haven, PA 17745. MEMOS would decay into the more deeply bound strange-
Mpresent address: Institut de Physique Nucléaire, 91406 Orsdgts. The production of these exotic hypernuclei could then
Cedex, France. be a doorway to the production of strangelets. In Experiment
%Present address: Institute for Defense Analysis, Alexandria, VA864, 10% most central, 11.5 Ge¥per nucleon Au on Pt or
22311. Pb collisions were sampled in a search for strangelets with
bPresent address: MIT Lincoln Laboratory, Lexington, MA 02420- A<<100 and lifetimes greater than 50 ns. No strangelets were
9185. observed at a level of10°8 per central collisior{5-7).
°Present address: Brookhaven National Laboratory, Upton, New The study of the production of the light hypernucfe
York 11973. and 4AH is very instructive in understanding the production
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mechanism of exotic objects such as multihypernuclei or
MEMOS and the strangelets they might decay into. There are Plan vi
various proposed production mechanisms for multihypernu- an view \ \\\ \

-2

clei and strangelets in heavy-ion collisions, including quark-
gluon plasma distillation [8-1Q, thermal production 3
[12-15, and coalescence mechanisfhgl]]. In coalescence
production of normal nuclei, it is knowfil6] that when a
number of nucleons coalesce there is a “penalty factor” for s 10 5 » 2
each nucleon that is added to a cluster. In the case of hypel
nuclei there is also an additional suppression factor due tcﬁﬂ:'#}ﬁﬂwmyz
the different yields of strange baryons as compared with Elevation view 2
nucleons. On top of this, it is unknown whether there may
also be an extra “strangeness penalty factor” if for some FIG. 1. The E864 spectrometer in plan and elevation views,
reason strange baryons are less likely than nucleons to paghowing the dipole magnetd1 andM2), hodoscopegH1, H2,
ticipate in coalescence. and H3), straw tube array$S2 and S3), and hadronic calorimeter
The study of light nuclei in E86416] is informative  (CAL). The vacuum chamber is not shown in the plan view.
about the coalescence process of nucleons at freeze-out and
the penalty factor involved when adding a nucleon to a clustime, and charge information from these detectors together
ter. When the invariant yields of light nuclei with=1 to  with the knowledge of the magnetic field and the assumption
A=7 are examined in a small kinematic region near thethat they come from the target. The hadronic calorimeter
center-of-mass rapidity and at low, (p,/A=<300 MeV), = measures the energy and time of flight for all particles. The
they show an exponential dependence on baryon numbecalorimeter is the primary detector for identifying neutral
suggesting a penalty factor of approximately 48 for eactparticles and can act as a powerful tool for background re-
nucleon added. However, in order to determine whether thergction for charged particles. It has excellent resolution for
is some extra strangeness penalty factor when hyperons anadronic showers in enerdy</E=0.34/(VE)+0.035 forE
coalesced, the study gH and}H is important. in GeV] and time(o;~400 p3g and is described in detail in
Finally, the production ofH and{H in relativistic heavy-  Ref. [18]. There is a vacuum tank along the beam line to
ion collisions is a novel measurement and interesting in itselfeduce the background from beam particles interacting
for further understanding the strangeness degree of freedotiownstream. Near the target there are beam counters and a
in hadronic systems. In this paper we present measuremenisultiplicity counter which are used to set a first level trigger
from BNL AGS Experiment 864 of thgH invariant multi-  that selects interactions according to their centrality. The
plicity and of a 90% confidence level upper limit on thid  calorimeter energy and time of flight measurements are also
yield. used to make a level-2 trigg€rET) that rejects interactions
which produce no high mass particle in the spectrometer
[19]. Each calorimeter phototube amplitude and time are
digitized and the digitized results are used to address a
Experiment 864 is an open geometry, high data rate spedookup table which determines if that time and energy satisfy
trometer designed primarily for the search for strange quarkhe trigger. The final LET trigger is just the logical OR of all
matter produced in relativistic Au+Pt collisions. The openthe phototube lookup table results.
geometry allows for a large region of the phase space for For this study the magnetic field of the spectrometer was
produced heavy clusters to be sampled. A beam of Au ions0.2 T, which is the optimum magnetic field for the simul-
with momentum 11.5 GeW per nucleon is incident on a taneous acceptance of both the decay products of the hyper-
fixed Pt target. The interaction products can be identified bywclei (7~ and *He or “He). We triggered on the 10% most
their charge and mass in the tracking system and by theigentral events as defined by our multiplicity counters and
energy and time of flight in the calorimeter. A detailed de-used an additional high mass LET trigger which was set for
scription of the E864 apparatus is given in Rgf7]. Dia- the enhancement oiHe and“He nuclei. This LET trigger
grams of the plan and elevation views of the apparatus areejected interactions that did not result in any high mass
shown in Fig. 1. objects in the calorimeter by a factor of approximately 60. In
The tracking system consists of two dipole analyzingthis way, 13.5<10° 10% most central collisions were
magnetyM1 andM2) with vertical fields, three scintillator sampled as part of this studly.
time of flight hodoscope plang$il,H2, andH3), and two
straw-tube stationéS2 andS3). The dipole magnets11 and IIl. DATA ANALYSIS
M2 can be set to different field strengths to optimize the
acceptance for various particles of interest. The three hodo- The light hypernucle/?\H and“AH decay weakly via me-
scope planes measure the time, charge, and spatial positisonic and nonmesonic channels. Their lifetimes =2
for each charged particle that passes through them. The 1071°sec(cr~6 cm) imply that they decay far outside the
straw-tube planes provide improved spatial resolution for theollision fireball, so we can observe them through the detec-
charged tracks. The magnetic rigidity, momentum, and maston of their decay products which can be identified in the
of the tracked particles can be determined by the positionspectrometef16,17. Because E864 has good particle iden-
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tification for charged particles, we have concentrated on th x102f ‘ — ]

following mesonic channels. 2000 [ Same Event 7
(1 zHew‘+3He, branching ratio: 25%20,21. g ]
(2) 4H— 7 +“He, branching ratio: 50%24,25. b 3 .

x 1025 L —

T T T T T T T T E

Mixed Event

A. 3H analysis AR

The chief problem in reconstructing tfjél signal fromits ..o, |
decay products is the combinatorial background produced b
uncorrelated®He, 7 pairs. In order to subtract away this

5 e R A e
background, the “mixed event method” is used, as explaine 4000 [ - — ]
presently. First, events that contain at least Ghte, 7) pair MLC

are selected. The invariant mass of each such pair is calci 2000 |- o .
lated and a histogram of all these invariant masses is create I |
This “same event” invariant mass spectry8E) contains a - .JJ— L R NS S S |
small iH signal and a large background that is due to par- 00 ‘+ - - F P ‘t ]
ticles that are not the decay products of a hypernucleus. Th | subtracted spectrum v
background shapéBg) is obtained by constructing the in- 2000 |-

variant mass spectrum of uncorrelat€ile, 7~) pairs that o - - _,|H t . . ]
come from different eventgbut still only using the sub- T i T AR
sample of events that contain at least one pair of the particle ! n~ = invariant mass (GeV/c?)

of interesj. Specifically, we combine the daughter particle of

one type from one event with all daughter particles of the FiG. 2. (Color) The top panel shows the same event invariant
other type from a number of subsequent events. We have t@ass spectrum fqr-#~. The second panel shows the invariant mass
make sure, however, that the mixed event spectrum does ngpectrum fop-=~ coming from mixed events. The following panel
contain pairs of overlappingHe and tracks, which for  shows the simulated signal. The bottom panel shows the sub-
some reason could not be found if both tracks were in theracted invariant mass spectrum formz", and the solid histogram
same event. This is achieved by requiring that tHe and  overlaid on the data is the M@ signal.
7~ are in different sides of the detector horizontdliy the
magnetic bend direction with the sides assigned to give
optimum efficiency for simulated decays.

We then simulate the shape of the hypernucleus ma

to be He and pions tracks, we generally use very efficient
cuts. This is because any background coming from incor-
Srg_ctly identified tracks will be largely subtracted away by the

. . . ixed event methodof course, adding extra background
Eeak by using a GEANT simulation of the decay proqlucts O{jﬂoes dilute the signal and so at some point opening the cuts
1H passing through the apparatus and reconstructing the

. ) o flirther reduces the signal to background ratWith this in
invariant mass spectrugMC). This gives us the shape that mind, we use the following definitions: AHe track is de-
we believe th%H signal should have. Finally,

liev we fitalinear fineq as a charge two track with rapidity less than 2.7 and
cqmblnatlon of the Monte Carlo shape of the signal and th€sconstructed mass between 1 and 3.4 GRVA pion is
mixed event spectrum to the same event spectrum, defined as a negative particle with measured mass less than
a X (Bg) + B X (MC) = SE. (1 04 GeV/? Due to the finite time resolution in the hodo-
scopes, the measurgtof a particle could be greater than 1;
The determination of the parametersand 8 allows us to  any such particle with negative charge is defined to be a
measure the signal either by subtracting the histogram pion. High efficiency cuts on the quality of tracking fits are
X (Bg) from SE and then integrating the subtracted spectrunalso used for both pions anite.
over the region of the expected signal, or simply as the full When identifying the pion, we avoid imposing strjgtor
integration of 3 X (MC). mass cuts which would imply strict time of flight cuts. The
As a check of this technique, we looked at the proten - reason for this is that both of the decay particles’ time of
invariant mass spectrum from 6&L(P events to observe the flight measurements have a common start time, so that any
similar signal fromA decays. In Fig. 2 we show the same fluctuation of the start time will create correlations in the
event and mixed event spectra, the MC signal, and the sulmeasured masses and velocities of #He and«~. This can
tracted spectrum on which we overlay the MC signal. Thethen create artificial structure in the same event spectrum
agreement between the MC shape and the data is good amdnich is not present in the mixed event spectrum. Also to
the fit suggests a signal of 7.2%&bove background. We have avoid creating artificial structure, we divide the apparatus
calculated theA invariant multiplicities in several rapidity into two horizontal sections and require that tiée be ob-
and transverse momentum bins and they are found to be iserved in one part of the detector and tfein the other. As
good agreement with measurements from AGS Experimentsoted above, this is to avoid creating mixed events contain-
891 and 877122,23. This gives us added confidence in this ing overlapping tracks which could not both be found if they
mixed event method. were in the same event.
In order to reconstruct th}:H signal, we have to identify With these definitions for théHe and pions, we construct
its decay products. In defining what tracks we will considerthe same event invariant mass spectii@g) and the mixed-

024902-3



T. A. ARMSTRONG et al. PHYSICAL REVIEW C 70, 024902(2004)

(13.5x 10°), andAy, Ap,, andp, are the momentum bin size
and average;. €. IS the total efficiency for finding a given
i ] iH; it includes geometric acceptance, efficiency, of the LET,
1500 reconstruction efficiency, method efficiency, and other effi-
I 1 ciencies which are listed below. These efficiencies are ex-
] plained in detail in the following paragraphs.
, — data 1 The geometric acceptance is the fractiorFA’bf nuclei in
1000 - subtracted spectrum |1 this kinematic bin whose decay products traverse all the
- M.C. | downstream detectors and leave sufficient signals in these
1 detectors. The E864 acceptance is determined by generating
500! | a Monte Carlo distribution oiH particles, allowing them to
i ] decay into®He and#~ and tracking the daughter particles
’ ’ } ] using a full GEANT simulation of the experiment. The par-
’ l \ l m HH ]l { | o | ticle hit information is recorded in each of the detectors and
i HHHH | ™ | 1. iy ','H' #, ++ +++#; then “faked” by smearing the hits according to the detector
I T

resolutions. The faked data is then analyzed in the same
| manner as the real data but with no cuts besides fiducial cuts.
1 If the 3H can be reconstructed from these fake tracks, it is
‘ counted as accepted. The geometric acceptance is the ratio of
3 3‘2 — 3‘4 —— 3J6 — 3‘8 these accepteﬁH nuclei to the generated ones in the same
‘ ‘ ‘ ‘ kinematic bin. For the acceptance calculation, ihbnucle|
7~ — He® Invariant mass (Gev/c?) are generated according to a production model that is Gauss-
ian in rapidity with a width(o,=1) which is determined by
FIG. 3. (Colon) Subtracted invariant mass spectrum fble-n~  folding together the rapidity distribution of the [22,23 and
when strict hodoscope cuts are applied on the data. The solid higpe deuteror{16]. A Boltzmann distribution is assumed for
togram overlaid on the data is the simula@®dC) AH signal nor-  the transverse mass with a temperatgireerse slopg of
malized so that the peak bin matches the data. 450 MeV. In order to study the variation of the acceptance
with the assumed production model, different widths of the
event background spectrufBg) as described aboveve mix  rapidity distribution (varying from 0,=0.7 to 1.3 and
each event with six others in forming the background specslightly different transverse distributioiicluding a flat dis-
trum). The linear fit, ax (Bg)+BX(MC)=SE, yields 8 tribution in p,) were used. From these exercises we deter-

=500}

=3.37+1.67. mined a systematic error of £9% due to this choice of input
This result for the fit paramete suggests a signal of distribution.
2.0 0. Figure 3 shows the subtracted spectrum @&-Bg, The LET efficiency is the fraction of the particles of a

with the MC shape of the signal overlaid on the data. Yhe given species that are selected by using a specific LET
per d.o.f. of the fit is 1.1 which implies a confidence level of lookup table. This trigger efficiency can be calculated by
~32%. If we only perform the linear fit within ten bins of applying the LET lookup table to Monte Carlo simulated
where we expect our signal to be, the signal to backgroundhowers that the particles of interest create in the calorimeter.
ratio does not change significantly and the confidence levefFor this purpose a Monte CarfH distribution is generated
of the fit increases te-40% which gives us increased con- and the®He decay daughters that reach the calorimeter are
fidence that we actually have a signal. examined. The peak tower energy and time associated with
Assuming that the peak in the invariant mass spectrum ishese®He nuclei are compared with the actual energy-time
a signal, the invariant yield in a rapidity ang bin can be  lookup table and it is determined whether the tower would or
calculated. Due to low statistics the yield has to be calculateevould not fire the trigger. The ratio of the number of Monte
in a single rapidity(1.6<y<2.6) and transverse momentum Carlo ®H particles that fire the LET to the total number of
(0<p;<1.5 GeVk) bin. This bin includes much of our ac- 3He nuclei that reach the calorimeter is the trigger efficiency.
ceptance, leaving out some of momentum space in which thBetermining the efficiency by this method has systematic
acceptance changes sharply which would lead to increasegirors that depend on the simulated calorimeter shower re-
systematic errors. Restricting the analysis to this kinematisponse. Also, time shiftéwhich cannot be fully calibrated
region does decrease somewhat the significance of the resuétway) in the apparatus will cause a difference between the

ing signal. real data and the theoretical lookup table. For these reasons,
The invariant multiplicity of the}H is calculated accord- a more reliable method of calculating the efficieriegpe-
ing to cially for low efficiencies like those ofH) is by using the
measured numbers 8He that did and did not fire the trig-
_ 1 % Neount @) ger. The number ofHe particles firing the trigger is
2mpAYApP;  NsampledX €total X et N er=Y X Ngyt X RX €t (3)

where N, is determined by the linear fit parameters aswhereY is the production rate ofHe, Ng,; the number of
Neoun=B X (MC), Ngampieqis the number of sampled events LET triggered eventsR the trigger rejection factor, angl gt
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TABLE |. Efficiencies and invariant yield fofH in 10% most
central Au-Pt collisions in units of?/GeV? for 1.6<y<2.6 and
p;<1.5 GeVc.

Rapidity 1.6-2.6
p( GeV/c) 0-15

Nepent 13.5x 1¢°
Neount 1220+854
€total = €acc X ELET X €ADDMC X €method 1.96x10°*
Detector efficiency et 0.82
Charge cut efficiencyz, 0.84
Target absorption probabilityiarg 0.78
X cut efficiency:z,2 0.90

Invariant yield(GeV/c)2 (5.27+4.04x 10°*

the trigger efficiency. The number &He particles not firing
the trigger is

NionLer=Y X Ngye X (1-€E7), (4)

S0 combining these,

NLET (5)

€LET= .
N et + R X NponLet

We note that the LET logic is operated on every type of

PHYSICAL REVIEW C 70, 024902(2004)

mass peak. ThéH invariant yield, with the statistical and
systematic errors combined, is listed in Table I.

Because of the marginal signal, increasing the efficiency
in detecting theiH is important. One way of achieving this
is by requiring that®He and 7 tracks are separated by a
specific distanceéAx| in the x direction in each of the detec-
tor planes instead of requiring that each decay particle is
observed in a different side of the detector. However, due to
specific considerations that have to be taken into account to
ensure that the same and mixed event spectra are treated
similarly, we could not in this manner achieve a significantly
improved signal to background ratio. The results from this
method agree with the results obtained by applying strict
hodoscope cuts to within the statistical errors.

As another variation on the analysis, we can instead de-
fine thew™ as any negative particle with, <3 GeV/c (keep-
ing all other cuts the sameWe then obtain the fit parameter
B=2.79+1.69. The invariant yields obtained from the three
different methods agree to within 25% of each other. Though
not independent results, the agreement of the results obtained
from these various methods makes it more probable that the
peak in the invariant mass spectrum is indeed a signal and
not just the result of background fluctuations.

B. 1H analysis

The analysis for th§H is very similar to that for th§H.

trigger and its output is recorded for every trigger. For “non-The first requirement for the reconstruction of ftté signal
LET" triggers the output is simply not used in the trigger is to identify its decay productsHe and#~. A “He is de-
decision, thus the LET trigger dead times are the same for afined as a charge two object with measured rapidity less than
trigger types. Since the LET rejection facRand hence the 2.7 and reconstructed mass in the range 3.2—-6 GeW

LET efficiency may vary with varying calibrations, the ef- pion is defined as a negative charge track with measpred
ficiency is calculated separately for each run and the overafireater than 1.0, or a negative particle with mass less than

efficiency is the weighted average.

0.4 GeV[? (for measuregB less than 1.9 It is required that

Since it is possible for more than one track to hit the samdhe *He is observed in the left part of the detector and+fie
detector element and for these tracks therefore to not be réa the right part.

constructed, there is a track reconstructionADDMC) ef-

With these track requirements, the same event invariant

ficiency. The ADDMC efficiency is determined by using mass spectruniSE) of is constructed and the background

Monte Carlo tracks embedded in real events.

(Bg) shape determined from mixed everiggain using six

The method efficiency is the efficiency of requiring the events for mixing. The resulting fit paramete=0.8+1.4,

%He to be in the left part of the detector and the in the

suggests that we do not have a statistically significant signal

right. It is calculated by counting the number reconstructecdnd Fig. 4 shows the subtracted spectrum, &&-Bg, with
(simulated 3H in a kinematic bin before and after this cut is the MC shape of the signal overlaid on the data.

applied.

The efficiency of théHe mass cut is calculated using real choose a

To estimate a 90% confidence upper limit ijﬂ we
reasonable momentum bin <1y8<2.6,

data to be 97%. A systematic error of 1% is associated withp;<1.5 GeVk. The fit is then performed for events inside
this mass cut, resulting from varying the fit parameters foithis momentum range, and the fit resulfds -0.2+1.3. The
the mass spectrum. The mass cut for the pions has an effit parameterg is negative which implies that the measured
ciency of essentially 100%. Other efficiencies include thesignal(8XMC=-53+344 and resultant invariant yield are

charge two cut efficiency, the efficiency of cuts on tge

unphysical due to random error. The way to deal with that is

distributions for various reconstruction fits, and the probabil-to calculate the invariant yielglY) and its errorsY according
ity that theiH will interact with the target. The values of all to Eg. (2) (even thoughY will be unphysica)l. Then from

these efficiencies are listed in Table I. Finally, o that

these numbers we construct the Gaussian with méand

are reconstructed fromHe that fired the LET can be in- variance (6Y)?. The physical region of this Gaussian is
cluded in our measured signal. The efficiency of this requirebounded from below by 0, so our upper lin¥i{ is a number

ment is 84%.

such that the integral from 0 t¥; is 90% of the integral

The chief systematic errors which we have identified infrom 0 to infinity (all of the physical region[26].
this analysis are the 9% systematic error in the calculated The various efficiencies involved in this analysis are listed

acceptance and a 1% systematic error from the fit to'lthee

in Table Il. Using these and the method described above, the
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I L coalescing strangeness, the difference in the production of
400 - — dota i strange and nonstrange baryons should first .be taken into
TSR p—— account. Therefore, the relevant quantity is Fhe ratio
| YiH/YaHg< (YalYp), WhereYiH, Y3pe, Y, Yp are the invari-
- MC. ] ant yields of the particles in the momentum range
1.6<y<2.6,p;<0.5A GeV/c. This simple ratio can be mis-
leading, however, since the yields for different species have
different kinematic dependences due to collective motion
and the efficiency of detecting trie-l is strongly momentum
dependent. We therefore calculate the following ratio:

200 8

R=

| YiH
| : N - ©
_s00k | 2<Y3He><7p><e)i/§i:ei

where the index runs over the various momentum bins and
g is the efficiency for detecting the hypernucleus at each bin.

7 T Y Y —yY To perform the calculation, momentum space is divided into
’ ' ' ' bins of 0.16A GeV/c in p; and 0.2 units iry.
m — He* Invariant mass (Gev/c?) The invariant yields for protons measured by Eg§@a8|

S _are used to calculate the weighted average yields for each
FIG. 4. (Colon Subtracted invariant mass spectrum fole-n~  momentum bin. For the kinematic regions where we have

when strict hodoscope cuts are applied on the data. The solid hig;ot measured protons, we use values obtained by the follow-
togram overlaid on the data is the simulat&4C) j‘\H signal. ing parametrization which fits our data:

90% confidence level upper limit for the invariant yield of m, — 0.938 5
4H is calculated to be % 107 (GeV/c)™2. Yoemxexp - — — o= | X[25.8-0.1Ty = Yem),

(7

wherem, is the transverse mass in units of Ge¥./Simi-
A. Comparison of hypernuclei production to nonstrange nuclei  larly, for *He the following parametrization from our data:

E864 has measured the invariant yields of light stable m, - 2.809
nuclei with mass numbeA=1—7 [16]. It is instructive to Y o my X ex ~ o405 | % [8+ 17y ~Ycm)?] (8)
compare the yields or limits of these light hypernuclei to the '

yields of normal nuclei with the samk Specifically, such @ s ,seq for the bins where we have no measurement. Finally,
comparison should allow a measurement of the extra penal%r the A results from E891 and E877 were used and the
factor involved in the coalescence of strangeness, if there iﬁarametrization usef2?] is

any.
First, we compare the yields §H and®He (details of the Y o exp{- m{4.3+ 6.5 costy - Ve m) = 4.2y = Ve m)2]}-
measurement ofHe can be found in Ref[16]). The iH e e
yield is approximately a factor of 20 smaller than that of the 9
He in the same kinematic region. However, in order to make \With these numbers we obtain a value R 0.36+0.26
a statement of whether there is an extra penalty factor whefor the ratio of Eq.(6). This indicates that there is an extra
suppression in the coalescence productiorikbfof about a
TABLE |I. Efficiencies for thetH in 10% most central Au-Pt factor of 3 compared to that dHe, after accounting for the
collisions in units ofc?/GeV? for 1.8<y< 2.6 andp;< 1.5 GeVL. different abundances of the coalescence ingredients.
We can then make a similar comparison betwgenand

IV. RESULTS AND DISCUSSION

Rapidity 1.8-2.6 “He, this time using the upper limit we have determined for
pi( GeV/e) 0-15 thetH yield. In E864, thé'He production has been measured
[16] and the following parametrization is used for the regions
Neyent 13.5x10° where there is no measurement:
€total™ €acc X ELET X €ADDMC X €method 9.3x10°*
Detector efficiencyzget 0.82 m,— 3.727 ~ )
Charge cut efficiencyz, 0.84 Yo my X exp[ 0.435 } X [1+3.14Y = Yem)):
Target absorption probabilitysarg 0.89 (10)
X cut efficiency:z,2 0.90

For the}H, we are interested in the ratio

024902-6



PRODUCTION OFiH AND f\H IN CENTRAL ... PHYSICAL REVIEW C 70, 024902(2004)

ORY4H tor, C4(Ry, Pg), whereRy and P4 are the deuteron’s position
R= A , (11)  and momentum space coordinates in the fireball rest frame.
s (Y4He>< Ya % 6) /2 € C4 provides a measure for the homogeneity of the nucleon
i Yo i i phase space around the deuteron center-of-mass coordinates.

] o ] The measured deuteron momentum spectra do not contain
where ¢ is the efficiency for detecting thgH and forYa  information on the point of formation, so the average correc-
we use the 90% confidence level upper limit which was detion factor over the freeze-out hypersurface is the relevant
termined in Sec. Il B. quantity, which has a simple approximate form:

The factorgg which appears in the numerator represents a
correction due to the fact th4H has a ground state with 1

. _ . . . 4 <Cd> = 2 2’
spinJ=0 and an excited state with spir1, while *He has [ +< d ) } \/ +( d )
2R(m) 2R (m)

(12

only aJ=0 ground state. Because we expect that the invari-

ant yields of different species should be proportional to their

spin degeneracy factof@J+1) [16], we assigrgg=1/4. We ~ whereR(m) andR(m,) are the longitudinal and transverse
find then an upper limit from Eq11) to beR<0.225 at the lengths of homogeneity for the constituent nucleons. This
90% confidence level. Just as with tf\]bl, this indicates an implies that the approximate correction factor from thermal
extra suppression in the productionidﬂﬂ of at least a factor production depends only on the ratio of the size parameter of
of 4 as compared to that dfHe (after correcting for the the deuteron’s wave function, to the radii of homogeneity
differences in abundance of the coalescence ingredients amd the constituent nucleons with zero transverse momentum.

the spin degeneracies of the different stat®ghat can we The iH has a rms radius of approximately 5 ff28],
conclude from these results? which is much bigger than the rms radius3fe (1.74 fm).
We therefore expect that finite size effects may produce a
B. Implications of 3H, {H results significant difference in their relative yields. In order to make

a rough calculation, we assume that fm is a system simi-

There is an apparent suppression in the production of thg, - %, ¢\ nich consists of A bound to?H and that théHe
light hypernuclei as compared with the yields of nonstrange

. . . consists of a proton bound ft1. We further assume a har-
nuclei, which would seem to imply an extra penalty factor . . ; . .
monic oscillator internal wave function for tigH with a

for coalescence of strange baryons. However, before drawiné%r%e parameter equal to the mean distance fromithe the
such a conclusion, other possible reasons for this suppressi O ter of mass of thiH, d(iH): \ngls fm (we make

should be examined. We will look briefly at two possible
explanations. Y P the same assumption foPHe, using d(*He)=(r?)yq

(1) The relatively large size of these states could be &= 2.6 fm). Under these assumptions, and using a variety of
factor in their production. estimates of the radii of homogeneity at the AG®-33
(2) Both hypernuclei are very weakly bound and there-(Which vary from 3—10 fm the relevant correction factors

fore could be easily destroyed in final state soft interactions¢@n be calculated by using E¢l2). We find as a rough
approximation to the ratio between the two correction factors

1. Finite size effects

C3H
The effect of the finite size of nuclear clusters in their LS 0.41+0.1, (13
production has been studied by Scheibl and HE2TZ. Their Cape

coalescence model includes the dynamical expansion of the =~ i
collision zone which results in correlations between the mo33"’h'Ch implies that the yield ofH as compared to that of
menta and positions of particles at freeze-out. The invariant 1€ could be a factor between 2 and 3 smaller just due to
spectrum of the formed clusters with mass numbeand  Siz€ effects. _ _ _

transverse mass, is proportional to some effective volume _ N the case ofH, its rms radius of 2 fnj28] is not much
V,{(my), which is approximately proportional to the “homo- bigger than the*He radius(1.41 fm). Following a similar

: : ) th i - [2
geneity volume”[Vp{m)] of constituent nucleons having treatment as before{\zmth size parametersdy; = (9
transverse masmy=y(P/A)2-ng. (Here, P, is the trans- =3.9 fm anddse=(r,~1.9 fm), we have
verse momentum of the nucleus amglis the nucleon mass.

The advantage of usiny,.{m) is that it is accessible inOS? (14)
through HBT interferometry measurements. Che

In this approach, the number of created clusters at a given
momentum is calculated by projecting the cluster’s densityso this finite size effect is a relatively small correction in the
matrix onto the constituent nucleons’ density matrices in thecase of the\ H.
fireball at freeze-out. In the case of the deuteron as treated in
Ref. [27], one of the internal wave functions considered is
the spherical harmonic oscillator with size parameter E864 has previously reported that the yields of light nu-
=3.2 fm. Under various assumptions it is shown that theclei near midrapidity and at loy, are well described by the
yield of deuterons is identical with the classic thermal specformula(1/48* X exd-B/T,] whereB is the binding energy
trum with only an extra quantum mechanical correction facper nucleon and@,=5.9+1.1 MeV[34]. This binding energy

2. Small binding energy
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dependence cannot be explained by the coalescence or théer, we obtainR<1.7. Given that the binding energies are
mal models that assume a simple exponential dependence smilar (using the method described above, we expect that
the total binding energ of the form exp—-B/T] with the  production ofH is suppressed by 0.79 relative jtbl), this
temperatureT of the collisions at freeze-out on the order of ratio does not necessarily indicate any extra suppression due

100-140 MeV. to the coalescence of strangeness.
The binding energy per nucleon of tfie-l is 0.8 MeV
compared tdB=2.7 MeV for ®He. Therefore, by taking into V. SUMMARY

account the exponential dependence described abovy}che

yield should be only 70% of that gHe simply due to the and set an upper limit for the production §H in central
small binding energy. In the case of tﬁH (B=2.5 MeV) Au-Au collisions at the AGS. Naively, the results would

and the*He (B=7 MeV) the effect is even bigger—we . .

would expect suppression by a factor of 2.2 due to the qifSeem to imply an extra suppression factor for the coalgscence
A . ' of strangeness. However, using simple model calculations we

ference in binding energies.

While examining the effect of the binding energy in the have found that the low yields may be explained by the

roduction of hypernuclei, it is also instructive to com arecombined effects of the small binding energies and the large
P yp ' PA€sizes of these hypernuclei. With these effects taken into ac-

count, the measured production level of fit¢ would seem

% rule out any such large penalty for strangeness coales-
cence. However, the low statistical significance of the signal
makes it impossible to make a definitive statement from this
data.

We have made a measurement of the productiorirbf

sured (along with other particle-unstable nuclg€35]) by
E864. Proceeding as before, we form the ratio

me gRYf\H
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