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In the E373 experiment at KEK-PS, we have located nearly 2 x 10* stopping events of &~
hyperon candidates in nuclear emulsion. Among these, the identification of the E~ hyperon was
performed with the constant sagitta (CS) method, by measuring multiple Coulomb scattering for
695 clear stopping events, o -stop, with emission of nuclear fragments due to negatively charged
hadrons. With use of a Geant4 simulation, the parameters for the CS method were optimized and
we obtained the number of real E~ stopping events to be 432.3 & 7.67 %9 with 3.2% systematic
error by contamination by the ¥~ hyperon. We have classified the events for E~ hyperon capture
by light (C, N, O) and heavy (Ag, Br) elements in the emulsion. The trapping probabilities of two
A hyperons for light and heavy nuclei were found to be 5.0 &= 1.7% and 4.2 & 1.4%, respectively,
for o-stop via E~ hyperon capture at rest in the emulsion. For at least one A trapping, the
probabilities were 69.4 £ 8.1% for light nuclei and 51.1 4= 5.7% for heavy nuclei. These results
allow us to present the trapping probabilities of A hyperons via E~ hyperon capture at rest in
emulsion for the first time, because the previous E176 experiment showed the lower limits due
to fewer statistics.

Subject Index D25

1. Introduction Investigation of the double-strangeness system provides information about the
A-A and E-nucleon (N) interactions, which are very important in understanding baryon—baryon
interactions in the SU(3), symmetry scheme. To produce double-A hypernuclei and E hypernuclei,
S = —2 nuclei, the at-rest capture reaction of £~ hyperons was utilized in nuclear emulsion for
a long time, where E~ hyperons were created via quasi-free “p”(K~, KT)E™ reactions. Since the
Q-value for the conversion reaction of E~ +p — A + A is at most 28 MeV, the path length of
double-A hypernuclei is very short, e.g. several um, in the emulsion. From this point of view, an
emulsion with high spatial resolution better than 1 um would be very useful to detect the production
and decay processes of § = —2 nuclei.

At the capture point of E~ hyperons, S = —2 nuclei were formed through the above conversion
reaction in a certain possibility. It is very important to get the trapping probability for two A hyperons,
because it can be affected by the strength of the E—N interaction and the formation mechanism of

© The Author(s) 2019. Published by Oxford University Press on behalf of the Physical Society of Japan.
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610z Alenigad gz uo Jasn AdvddlT ALISHIAINN N9 Ad 24929€G/10A120/2/610Z/A0ENSqe-[oile/da)d/wod dnoolwepese//:sdpy wolj papeojumo(q



PTEP 2019, 021D01 A. M. M. Theint et al.

double- A hypernuclei. Although little is known about the trapping probability, an experimental result
has been obtained by E176 at KEK-PS.

The E176 experiment at KEK-PS, an emulsion-counter hybrid experiment, was performed with
1.66 GeV/c K~ beam-induced “p”(K~, K*)E™ reactions by high-momentum K* tagging. The
emulsion acted not only as a detector of S = —2 nuclei, but also as a production target of E~
hyperons; thus we were able to recognize the background of the capture reaction of £~ candidates
with a precise study of the kinematics at (K~, K™) reaction vertices. Based on the stop events of
certain E~ hyperons, it was reported that the lower limits of the probabilities for two-A trapping
were 4.8% and 1.7% for light (C, N, O) and heavy (Ag, Br) elements at the 90% confidence level,
respectively [1].

To get 10 times higher statistics of E176, we performed the E373 experiment at KEK-PS, also with
a1.66 GeV/c K~ beam, and obtained ~700 a—stop1 events. However, the amount of background for
the certain capture of E~ hyperons was not known. The main reason for this was that the “p”(K~,
K*)E™ reaction vertices were in the diamond target but not in the emulsion [2], so it was not possible
to check the kinematics sufficiently, due to scattering in the target.

To obtain the trapping probabilities, we have developed a method to identify the &~ hyperon
in o-stop events by measuring multiple Coulomb scattering with respect to almost-straight beam
tracks. We applied this method to &~ candidate tracks of o-stop events with checking by known
double hypernuclei, and obtained the trapping probabilities of two A hyperons for both light and
heavy elements in the emulsion.

In Sect. 2, we will briefly review the E373 experiment; an evaluation of the method will be

introduced in Sect. 3. Trapping probabilities will be discussed in Sect. 4.

2. The E373 experiment at KEK-PS The KEK-PS E373 experiment was performed with two
main purposes. The first one is to identify the A—A interaction energy by detection of the ground-
state double- A hypernucleus. The energy should set a limit on the mass of the H dibaryon [3], which
was predicted to be stable under the strong interaction. The other purpose is to study energy states
of the nuclei absorbing &~ hyperons via analyses of twin single-A hypernuclear events, and then
the information can provide for the presence of the E hypernucleus.

To accomplish the above two purposes, one of the key points is to obtain 10 times more double
hypernuclei than E176 by separating the production target for £~ hyperons and for double hyper-
nuclei, under the limited K~ content in the beam at KEK-PS. We utilized a diamond for production
of E™ hyperons, because its effective proton number is higher than the elements composing the
emulsion. The size of the diamond target was 2 x 2 x 3 (beam direction) cm®. The diamond target
was located just upstream of a scintillating-fiber (Scifi)-bundle tracker [4], which was set 0.5 mm
upstream of the emulsion stack. The produced E~ hyperon loses its kinetic energy in the diamond
target and the emulsion, so the stopping of &~ hyperons could be increased before their decay in
the emulsion. Details of the experimental setup are introduced in Ref. [2] and in unpublished work
by K. Nakazawa et al.

The E~ candidates stopping in the emulsion were nominated by the checking absence of a thin
track like 7w —, the decay daughter of the E~ hyperon, or a thick track of the E~ hyperon through the
stack with an event-by-event image of the Scifi-block tracker [2] located downstream of the stack.

! At least one charged nuclear fragment is emitted from the end point of the £~ hyperon candidate track.
This emission shows the capture of negatively charged particles.
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Table 1. The scanned results for 2~ hyperon candidate tracks in the emulsion for E373. The results from
E176 are also listed.

Type E373 El176
(1) our 16798 165
(2) Stop (o-stop) 766 52
Stop (p-stop) 12655 46
(3) Beamint. 3525 -
(4) Secondary int. 2070 8
(5) Lost 1322 -
(6) Decay 799 284
Total 37935 555

The emulsion stack consisted of one thin-coated emulsion and 11 thick-coated emulsion sheets. The
thin-coated sheet was scanned for detection of the E~ hyperon candidate track predicted by the
Scifi-bundle tracker. The detected candidate tracks were followed downstream in the thick-coated
sheets to their end points.

The end points of incident £~ candidate tracks into the emulsion were categorized according to
the following six types: (1) OUT (escaping from the emulsion stack), (2) Stop (o-stop and p-stop?
in the emulsion), (3) Beam int. (originating from beam interaction), (4) Secondary int. (secondary
interaction with the emulsion nuclei), (5) Lost (lost in the gap or support film of the emulsion sheet),
and (6) Decay (decay into a pion-like thin track). The results are summarized in Table 1.

The scanned results for the track followings are also summarized with the results of E176 in Table 1.
In the E176 experiment, K™ candidate tracks were followed back to the upstream and arrived at 797
(K—, K™) reaction vertices, where the momentum of outgoing K™ mesons was px+ > 1.0 GeV/c.
Among these, E~ candidate tracks were detected at 555 reaction vertices. This discrepancy gave the
mean-free path of the E~ hyperon inside the nucleus [5]. In the case of type (2) in E176, the number

of Stop events was concluded to be 77.6 + 5.1 “_ng'g (systematic error by contamination by the ¥~

hyperon), where the o -stop and p-stop events were 52 £ 0.0 fg:g and 25.6 £ 5.1 J_rgjg, respectively,
with kinematic correction by the data at the (K, K*) vertex [1].

In the E373 experiment, we searched for £~ candidate tracks in the thin-coated sheet for 14 8§54
(K, KT) events tagged by px+ > 0.9 GeV/c. Among these, we followed 37935 tracks as B~
candidates from 13726 (K~, K*) events, where multiple £~ candidate tracks were detected for
each tagged event in the first emulsion sheet due to insufficient prediction accuracy with the Scifi-
bundle tracker. The numbers of o-stop and p-stop events were 766 and 12 655, respectively. By
no kinematic study at the (K—, K™) vertices, some background events can be contained in o -stop
events caused by negatively charged hadrons such as ¥~ and 7 . In the p-stop events, almost all of
them would be caused by positively charged particles such as protons in consideration of the ratio
of p-stop to o-stop events of ~0.5 given by the E176 result.

To identify the E~ hyperon with multiple Coulomb scattering, sufficient track length from the end
point in the emulsion is necessary, where the minimum length is 800 um. Since the mass of the
proton is close to that of the E~ hyperon, it was found to be impossible to separate nearly a few

2 No charged nuclear fragments are emitted from the end point of the £~ candidate track. However, the stop
of a positively charged particle also shows the topology of the p-stop.
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“ W

Fig. 1. A schematic drawing of o -stop coming from a negatively charged particle from the right. “x” marks
show measured positions in 20 um steps along the beam. The arrow for the z-direction points upstream of the
stack. The cell length #; is calculated by Eq. (1). The “o” marks assigned for R; show the position from the
stopping point with the length of R;.

hundred &~ hyperon from 1.2 x 10* protons in the preceding study [6]. Therefore we measured the
multiple Coulomb scattering of the candidate tracks for 695 o -stop events among 766 ones.

3. &7 identification with multiple Coulomb scattering measurement

3.1.  Constant sagitta (CS) method

For a high-energy particle with velocity 8 ~ 1, the scattering angles measured after passing through
a medium with fixed thickness and root-mean-square (RMS) values of the angular variation can be
useful to estimate the momentum of the particle [7]. Regarding slow particles likely to stop, the CS
method has been developed to uniformize scattering by changing the medium thickness, called cell
length ¢, as in Eq. (1) [8]. The numerical values in Eq. (1) are empirical ones for particles in the
emulsion introduced in Ref. [8]:

2
1 3
ti = | oo Ri0.58 % ZO.16 % M0.42 . (1)
0.003 48 x K,

We measured the track coordinates in 20 um step from the o -stop point upstream along the beam
direction as “x” marks in Fig. 1(a). The track with a dizzy shape is approximated as a linearly
interpolated line as shown in Fig. 1(b). In Eq. (1), R; is the range of track length from the stopping
point, where R; starts at 500 wm from the stopping point to avoid the very dizzy region. The position
with track lengths of R; is shown by “o” marks in Fig. 1(b), where the relation between R; and ¢;
is Riy1 = Rj + t;. Ji, the so-called second difference, is the spatial length between the position of
Ri 7 and the extrapolated line from the positions of R; and R;; | as shown in Fig. 1(b). The scattering
constant, K, of an empirical parameter depending on the emulsion will be assigned to well present
the RMS value of the measured second differences of a particle to be close to the value of the oy
(constant sagitta). og corresponds to the RMS value of a set of §;, when we take suitable #; for a
particle with a charge of Z and a mass of M by Eq. (1). oy is set to the expected RMS value of the
second differences. If we apply M of the mass of the E~ hyperon to trajectories of the 7~ meson,
the obtained RMS values of the second differences can be different from the expected og of real E~
hyperons.
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Fig.3. Obtained mean of the RMS of second differences as §,,s for simulated £~ hyperons for several K
values.

3.2.  Assignment of scattering constant, K, with Geant4 simulation

In order to assign the value of K, we produced data samples of E~ and 7~ in the emulsion with
the aid of a Geant4 simulation. The elemental composition of the emulsion of ET-7D type was
used in the simulation and the density was 3.60 g/cm?®. The data produced have no measurement
errors. However, the track measurement must be done with finite accuracy under distortion due to
non-uniform drying of emulsion gel during the sheet making.

To correct the distortion effect of the emulsion, we measured the positions of two beam tracks at
each measured position of a E~ candidate track, where the beam would be recorded almost straight
with a high momentum of 1.66 GeV/c. The distortion effects are presented as displacements from a
straight line, as shown in Fig. 2, which shows the measured points as “x” marks for two beam tracks
#1 and #2. The displacement vector has two elements of (Ax;, Ay;), which are changed along the
z-axis. We measured the elements of displacement from the line made by two measured positions on
both surfaces of the base, which is transparent film to support the emulsion layers, to the measured
positions of track #1. These elements were applied to the measured positions of track #2, and obtained
variabilities from a straight line as o, and o), for the x- and y-directions, respectively, with linear
fitting. oy and o, were 0.246 & 0.020 um and 0.251 & 0.025 um, respectively.

We revised the data produced with measurement errors. By tentatively setting og to 1.0 um, we
calculated RMS values of the second differences for the revised 20 000 samples made by Geant4
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Fig.4. RMS of second differences of the revised data samples with measurement errors for &~ and 7~
produced by the Geant4 package.

for the &~ hyperon in the range from 500 to 4000 um by changing the K value. The K; value is
obtained by providing the mean of the RMS values, 8., for each sample to be close to the set o
value of 1.0 um. Figure 3 shows the 8, for several K values. At the point of 6, = 1.0, the most
suitable K value is obtained as 20.75.

We applied K and oq values of 20.75 and 1.0 um, respectively, to the revised data for E~ and
7~. The RMS values of second differences for each sample are shown in Fig. 4. It seems that the
two particles are well separated, where the numbers of entries are the same as 20 000 for each E~
and .

3.3. Number of B~ hyperon-captured events with the topology of o -stop
As mentioned above, since there is a huge amount of background for p-stop events, we applied the
CS method to & hyperon candidate tracks of o-stop events. To get the real number of £~ stopping,
we tentatively set og and K to 1.0 um and 20.75, respectively, which are the best combinational
values. We performed a template fitting by minimizing x?/ndf for the revised Geant4 data for 2~
and 7~ to our experimental data for 695 tracks by changing the ratio of E~ to 7, where ndf is
the number of degrees of freedom. However, the revised Geant4 data suggest that these low-energy
scattering data should be reproduced by the only optical potential to provide a minimal difference
from that used for pionic atom analysis [9]. Our experimental data have a bigger tail than that of
the revised Geant4 data in the large RMS of second differences. To be free from such differences,
we change the cut region for the large RMS of second differences and also change the mixing rate
of 2~ and 7~ from the Geant4 data. Figure 5 expresses x 2/ndf versus the ratio of 2~ and 7~ for
various cut regions. For the case of a cut region set to be over 5 um, we found the minimum y 2/ndf
to be 0.633, where x? =22.1 and ndf = 35, when we took £~ and 7~ at 0.62 and 0.38, respectively.
A histogram of the RMS values of second differences for &~ and 7~ is presented for our experi-
mental data and the revised Geant4 data in Fig. 6. In this figure, the straight line shows the RMS of
second difference distribution of the E373 data and the dashed line shows the Geant4 sample data
revised by measurement errors. By applying the ratio of the number of &~ hyperons from 0.615 to
0.625 in steps of 0.001, the number of E~ hyperons under the ratio (E : # = 0.622 : 0.378) with
0.629 of the minimum x ?/ndf was obtained to be 432.3 for o'-stop events among the 695 where the
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x? value was 22.0. The statistical error was estimated to be 7.6 as a fitting uncertainty, by which the
x? varies by 1 from the minimum value.

In Fig. 7, minimum values of x 2/ndf are presented for several settings of 0. The case of o9 = 1.0
gives the minimum x 2/ndf. Therefore, we take the number of o-stop events due to at-rest capture of
real E~ hyperons to be 432.3 £ 7.6.

In the E176 experiment, the contamination by X~ hyperons in the Stop events of E~ hyperons was
a not-so-small amount as a systematic error. With the Geant4 simulation, we estimated the ratio of
3~ stop to E~ stopping events to be 8.0 £ 0.3%. The ratio of the E176 result was 15.7 4= 4.8%, 12.2
3.~ stops among 77.6 E~ stopping events, which is 2.0 times larger than the result of the simulation.
If we assume that the difference could be caused by insufficient knowledge of the cascade reaction
producing ¥~ and E~ hyperons inside emulsion nuclei, this difference can be reproduced in the
E373. The Geant4 simulation for the E373 setup gave the ratio as 1.6£0.2%; thus E~ stopping events
will be contaminated by X~ stops at 3.2%, which corresponds to 14.0 events among 432.3 o-stop
events. Since the momenta of the ¥~ hyperons produced via the reaction K~ +'2C — KT+~ +X
are smaller than those of the E~ hyperons, the ¥~ hyperons produced stop in the diamond target
more easily than the 2~ hyperons.
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Table 2. Presence of short tracks and Auger electrons in comparison with the results of E176 [1].

Short track  Auger E373 (%) E176 (%)

Yes Yes 25 (63+1.2) Light 4 (8x4) Light

Yes No 155 (369+34) 432+38% 18 (35+9) 42+11%

No Yes 103 (24.6 £2.7) Heavy 17 (33+9) Heavy

No No 134 (323+3.1) 56.8+46% 13 (25+£8) 58+23%
Total 417 52

By taking the ratio of 1/2 for p- to o -stop events [ 1] into account, the number of E~ stopping events
can be ~650, which is nearly ten times larger than that of E176. Since the double-A hypernuclear
events were clearly produced by real E~ hyperon capture, we checked their RMS values of the
second difference. The RMS values of the E~ for the double-A hypernuclear events introduced in
Ref. [10] such as Nagara, Mikage, Demachi—Yanagi, and Hida events are 1.04, 1.18, 0.97, and 1.34,
respectively. Therefore, it was found that they were well located in the region of E~ as shown in
Fig. 6. Finally, we concluded the number of o -stop events via at-rest capture of £~ hyperons to be
4323 £7.6 59,

4. Trapping probability

4.1. E~ captured in the light and heavy nuclei

The emulsion consists of nuclear species of light and heavy elements as (C, N, O) and (Ag, Br),
respectively. The emitted particles have various minimum energies by repulsive Coulomb potential
for light and heavy elements. According to the detailed discussion in Ref. [1], the length for at least
one track emitted from the E~ captured in light elements will be between 3 and 31 um for the E373
emulsion with a typical density of 3.60 g/cm>. We also checked the presence of Auger electrons at
the &~ captured points. To check the individual events, we picked up 417 events in the region less
than 1.5 of RMS of second differences, where the region could be contaminated by at most 1.2 7~
capture events.

Table 2 summarizes the presence of short tracks and Auger electrons at the E~ hyperon capture

point. The ratio of E~ capture in light to heavy nuclei was precisely obtained as 0.76 £ 0.08,
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Table 3. Number of events with A trapping by light nuclei (C, N, O) compared to the data of E176. The
parenthetical values are the number of E~ candidates with shorter track lengths than 800 pm, although these
candidates were not used in the above analyses.

Signal E373 E176
Double-A hypernucleus 7 (0) 1
Twin single-A hypernucleus 2 (0) 2
Single-A hypernucleus 28 (4) 7

o -stop events with E;; >28 MeV 88 (15) 8
Total (E~ trapped by light nuclei) 180 (32) 22

Table 4. Number of events with A trapping by heavy nuclei (Ag, Br) compared to the data of E176. The
meaning of the parenthetical values is the same as in Table 3.

Signal E373 E176
o-stop events with E,;; >160 MeV (Double-A) 10  (0) 3
o-stop events with E,;; >28 MeV 111 (17) 19
Total (E~ trapped by heavy nuclei) 237 (39) 30

Table 5. Trapping probabilities of A hyperons by nuclear fragments from o -stop.

Trapping probability ~Light nuclei (C, N, O) Heavy nuclei (Ag, Br)

2A 50£1.7% 42+1.4%
Atleast1 A 69.4 £8.1% 51.1 £5.7%

which is in good agreement with 0.73 & 0.21 of the E176 result and the estimated value of (2/3) by
Hill [11]. The emission rate of the Auger electrons associated with o -stop events was obtained to be
30.7 &£ 3.1%, which is consistent with the result of E176 (40 4= 7%) within one standard deviation
error. However, our result seems slightly different from the rate (37.8 +2.1%) of X~ capture reported
in Ref. [12].

4.2.  Trapping probabilities of A in charged nuclear fragments via E~ hyperon capture

In order to find the trapping probability of at least one A hyperon in o-stop events, we count the
events with visible energy release, E.js, which is the O-value for the reactionof E= +p — A 4+ A
for tracks emitted from a capture point greater than 28 MeV. We assumed the emitted tracks to be
protons. For the light nuclei with short track(s), we will also count events with a fragment of a
single-A hypernucleus as trapping of at least one A hyperon. In the case of the trapping of two A
hyperons, the signal is double-A and twin single- A hypernuclei for the E~ capture in light nuclei. In
the capture by heavy nuclei, the events with Eyis >160 MeV can be assigned to trap two A hyperons,
where this is the same condition for non-mesonic decay of the crypto-fragment of a heavy double-A
hypernucleus as in E176 [1]. The counted results are summarized in Tables 3 and 4. Since several
single- A hypernuclei were detected in the events caused by the E~ candidates with shorter lengths
than 800 um, some amount of events by E~ stopping at rest can be included in 71 (= 766 — 695)
events.

The trapping probabilities of two A hyperons for light and heavy nuclei were obtained as 5.04+1.7%
and 4.2 + 1.4%, respectively. Regarding the trapping of at least one A hyperon, its probabilities were
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69.4 £ 8.1% and 51.1 + 5.7% for light and heavy nuclei, respectively. They are summarized in
Table 5.

5. Conclusion In the emulsion of the E373 experiment at KEK, we have detected 766 o -stop
events caused by at-rest stopping of negatively charged particles, which were the candidates of
E~ hyperons tagged as quasi-free (K, K™) events. Among these, the constant sagitta method was
applied to the tracks of 695 E~ candidates with lengths over 800 pm. With the use of simulated data
for £~ and 7~ from Geant4, we obtained suitable values of scattering constant, K, and constant
sagitta, og. Comparing multiple Coulomb scattering of the candidate tracks with simulated data for
E~ and 7, we obtained the number of 432.3 &£ 7.6 tracks for real E~ hyperons with a systematic
error of ¥~ hyperons of 3.2%. The total number of the real £~ stopping events could be at least
~650, which is nearly ten times higher than that of E176.

Finally, with high statistics of o -stop events captured by E~ hyperons, we obtained the trapping
probabilities of two A hyperons captured by light (C, N, O) and heavy (Ag, Br) emulsion nuclei
to be 5.0 = 1.7% and 4.2 + 1.4%, respectively. In the case of the probabilities for at least one A
hyperon, these are 69.4 + 8.1% and 51.1 £ 5.7% for light and heavy nuclei, respectively. In a new
emulsion-counter hybrid experiment, J-PARC E07 [13], we expect that 100 double-A hypernuclear
events will be detected. The constant sagitta method will be useful for the identification of not only
the primary particles but also decay daughters of double hypernuclei.
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