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Executive Summary

Three recent heavy ion experiments (HypHI, STAR and ALICE) announced surprisingly short life-
time for /3\H mesonic weak decay (MWD), which is difficult to interpret given the fact that f\H is a very
loosely bound system. It will be very interesting to study this issue with a different experimental ap-
proach. We propose a direct measurement for 13\H hypernucleus MWD lifetime with ~20% resolution;
j‘\H hypernucleus lifetime will also be measured as a feasibility test for our experimental approach. The
major parameters of this experiment are summarized below:

Reaction . 34He(K, 7r0)3(4H reaction

Secondary beam : 1GeV/c K~

Beamline : KI1.8BR

Target . liquid *He and “He

Detector . Cylindrical Detector System (CDS) and PbF; y-ray calorimeter
Beam time : 3 days for detector commissioning

50 kW x 5 weeks for production run (1 week for j‘\H; 4 weeks for f\H)
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1 Introduction and physics motivation

As a very loosely bound system, Hypertriton(?\H, BA=130+50 keV[1]) is expected to possess a similar
lifetime as free A hyperon (7 =263.2+2.0 ps). For instance, high precision few-body calculation shows
that A hyperon is separated by ~10 fm from np-pair(deuteron) inside f\H[Z]. However, three heavy
ion experiments(STAR[3], HypHI[4] and ALICE[5]) found surprisingly short lifetime for iH in their
measurements. This situation is summarized in Tablel.

Collaboration | Experimental method ?\H lifetime [ps] Release date
STAR Au collider 142+3](stat.)£29(syst.) 2018
ALICE Pb collider 1817*3(stat.)£33(syst.) 2016
HypHI fixed target 183t‘3‘§(stat.)i37(syst.) 2013

Table 1: Summary of recent measurements on ?\H lifetime.

Figure 1: Neither fish nor fowl?[6]

This puzzling situation can be illustrated with Fig.1[6]. In order to shed light on this puzzling is-
sue, we propose to measure 3 H mesonic weak decay lifetime(3 H—?He + 77) with *He(K™, %)} H
production reaction. The advantage of this approach is that it allows us to carry out a direct lifetime
measurement, which is different from the heavy ion experiments listed above. Data analysis technique
is also established during previous KEK weak decay experiments [7][8]. On the other hand, the in-
volvement of 7° detection makes the reconstruction of hypernuclear ground state with missing mass
method very difficult. Our solution is to construct a hadron blind y-ray calorimeter to tag high energy
7" events in very forward angle, which corresponds to A hyperon production with small recoil momen-
tum. The yield of f’\H hypernucleus can be enhanced by this event selection condition and result in a
relatively good signal to background ratio. The momentum of 7~ emitted from ?\H mesonic weak decay
at rest will be mono-chromatically distributed around 114.3 MeV/c because there is only one quantum
state for this decay channel. We can identify the /3\H events by selecting this peak on the delayed 7~



momentum spectrum. The background suppression can be achieved by subtracting the time distribution
of the neighboring 7~ in momentum spectrum as described in [8].

The same idea can be applied to the iH hypernucleus production and its mesonic weak decay
measurement because it shares the same experimental setup except the target material. The j‘\H MWD

stopped” 7%) reaction, which will be used as a reference channel

lifetime has been measured by [8] with (K
to test the performance of our approach.

2 Production method

With a simple phenomenological model, the production of A hypernucleus can be treated as a two-step
process. First, a A hyperon is generated by one of the reactions listed in Fig.2; then the A hyperon has
to be combined with the rest of nucleus described by a parameter called sticking probability. Quali-
tatively, A hyperon with smaller recoil momentum has larger sticking probability, which can be used
as a guideline for hypernucleus production estimation. This argument is particularly true for s-shell
hypernucleus because there is only one bound state for A hyperon in s-orbit and any Ap > 200 MeV/c
reaction will cause Al = 1 transition. Therefore, we plan to employ **He(K~, no)f\AH reaction to
populate 13\’4H for their lifetime measurements because of the small recoil momentum among all three
production channels.

In an ideal experimental setup, one can set the K~ beam momentum to be ~0.5 GeV/c because
the populated A hyperon will have no recoil momentum, which is often cited as magic momentum.
However, it is difficult to prepare K~ beam with such a low momentum because of the K~ decay during
transportation. In addition, the A hyperon production cross section is relatively low at this K~ beam
momentum. A more common choice for A hypernucleus production with K™ beam is px->0.75 GeV/c.
The current K™ intensity at J-PARC K1.8BR as a function of beam momentum is given in Fig.3[9]. On
the other hand, hyperon production cross section for p(K™, m)A(X) elementary process as a function
of K™ beam momentum when the projectile 7 meson comes out at 0 degree is given Fig.4[10]. By
combining the K~ beam intensity and hyperon production cross section, a figure of merit can be
obtained as shown in Fig.5. Taking into account the A to X ratio and A hyperon recoil momentum, our
best choice is to perform the experiment at px-~1 GeV/c, which is used through out this proposal.
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Figure 2: Recoil momentum of A hyperon from three different production method; p(K~, 7%)A
reaction has the lowest recoil momentum.
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Figure 3: K~ beam intensity at K1.8BR beam line of J-PARC.
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Figure 4: Production cross section for p(K™, m)A,X reaction[10].
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Figure 5: Figure of merit by combining K~ beam intensity and production cross section.



3 Production cross section estimation for >*He(K~, n°)}"H process

The production cross section data for 34He(K, 7'(0)13\’4H process at pg-=1.0GeV/c is not available. We
will rely on a recent theoretical calculation as shown in Fig.6[11]. Quasi-free A hyperon production,
which is the most dominant background, is estimated to be ~10 times more than hypertriton yield in
the forward region. Because these A hyperons decay in-flight, the 77~ momentum will be distributed
between 80 ~ 140MeV/c. So that the actual S/N ratio for 7~ of 114MeV/c signal region will be much
better than 1/10. A GEANT4 based evaluation will be given in the Section 5 of this proposal. The
production cross section of ‘}\H is assumed to be three times of f\H
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Figure 6: Calculated production cross section for 3He(K", 7TO)/3\H reaction at 1 GeV/c.[11]



4 Experimental setup

The experimental concept is shown in Fig.7. A Cylindrical Detector System(CDS) used in J-PARC
E15/E31 experiment is employed to capture the delayed 7~ as a weak decay product from 3(4H hypernuclei[12];
a calorimeter is installed in the very forward region to tag fast 7° meson along ~0 degree, which cor-
responds to small recoil momentum of A hyperon. Such a selection will improve the ratio between

13\’4H and quasi-free A and X background. In the rest of this section, we will present the details of each
detector component.

K~ +3He =3 H+7°

slows dow inside 3He target
and decays at rest

&&OX\?\H —3 He+m~
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Figure 7: Schematic view of the experimental setup; Cylindrical Detector System(CDS) is used to
capture delayed n~ particle from f\’4H weak decay; high-energy y rays (E, > 600 MeV) are tagged
with PbF, calorimeter.

4.1 vy-ray calorimeter

The most challenging task for the 13\’4H production with (K=, 7°) method is to identify the ground state
of 13\’4H hypernuclei, which involves the detection of 7° particle. The outgoing 7° decays into two y rays
almost immediately. The fast 7¥ at the forward scattering angle boosts the decayed y rays more forward
O events as illustrated in Fig.8. For 7° with momentum of ~0.9 GeV/c and 6,0=0, the
opening angle between decayed y rays is centered at +7°. By covering the 0° ~7° region of polar angle,

than the slow «

we can tag the y ray decayed from 7° with higher energies.

One can expect very high background rate from the unreacted beam hitting on the forward y-ray
calorimeter. After searching for available materials available on the market, we decide to use PbF,
crystal as Cherenkov based y-ray calorimeter. Table2 summarizes related property of PbF; crystal. As
shown in Fig.9, the PbF, crystals have a nice separation between pion and electron (and also y) because
of Cherenkov radiation mechanism [13]. As demonstrated by Fig.10, the PbF, crystal possesses good
radiation hardness. For instance, an average of ~240 MeV will be deposited into 2.5 x 2.5 x 14 cm?
PbF; crystal by K™ beam particle of 1 GeV/c according to GEANT4 simulation. Assuming an intensity
of 10%/s, including 7~ contamination, 4 Gy/day of radiation dose can be expected. The accumulated
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Figure 8: Angular correlation of y rays decayed from #° with different momentum; upper curve is for
poo = 0.73 GeV/c; lower curve is for p,o = 0.93 GeV/c.

radiation dose during one month of data taking will be ~100 Gy, which will not have any significant
performance degradation according to Fig.10 [13]. In addition, it is found that the PbF, can be recovered
from radiation damage by exposed to light source of 365 nm wave length [13]. PbF, crystal also
generates very fast signal with duration of ~20 ns because of its Cherenkov nature.

In the present design, we will use a 5 by 5 (25 pieces) PbF, segments with 2.5x2.5x 14 cm? dimen-
sion, which costs ~1k USD per crystal. Total budget including photon sensor and readout electronics is
~50k USD. Our funding application was approved in 2017 and the construction of y-ray calorimeter is
in progress.

Crystal | Radiation length | Moliere radius Density Cost!

PbF, 0.93 cm 222 cm 7.77 g/em® | 12 USD/cc

Table 2: Summary of PbF, crystal property.

1Unofficial quotation from SIC, CAS, Shanghai, China.
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4.2 7 tracker

The produced /3\’4H hypernucleus partially (~25% and ~50%, respectively) decays into >*He and 7~,
whose lifetime will be derived by the proposed experiment. If the 3{4H hypernuclei decay at rest, the
i~ meson will have a well defined momentum of 114.3 and 133 MeV/c, respectively. The actual 7~
distribution will be smeared out slightly because of the i’“H in-flight decay. As can be seen in Appendix
A, the recoiling 3(4H will be stopped within ~200 ps (or, ~1 mm) due to stopping effect inside the target.
As one can easily estimate, for 3{4H hypernuclei, the in-flight decay effect for 7~ is very limited because
of the slow velocity of the recoiling mother particle. This observation is confirmed by our simulation
in Section 5.

The proposed experiment is, in principle, a semi-inclusive measurement. The momentum resolution
for n~ is the key factor for a successful identification for the production of 13\’4H hypernuclei. We
will use Cylindrical Detector System (CDS) originally designed for J-PARC E15 experiment for its
demonstrated good performance. The CDS consists of a solenoid magnet, Cylindrical Drift Chamber
(CDC) and a hodoscope made of plastic scintillator (CDH). For details, please refer to [12]. The
momentum resolution of CDS is given in Fig.11, which is obtained with 0.7 T magnetic field[14]. The
transverse momentum resolution for the interested region (p,-=114 MeV/c) is as good as ~1.5%. For
1~ momentum lower than 110 MeV/c, the resolution becomes worse rapidly because of the energy loss
of charged n~ inside target materials. This can be improved by correcting for the energy loss inside
the CDS. According to our simulation, a total momentum resolution of ~2% can be achieved without
major modification of the current setup.
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Figure 11: Momentum resolution of CDS [12].
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5 Performance estimation

5.1 *H yield estimation

The yield of 13\H has been summarized in Table 3. The location of y-ray calorimeter plays important role
in the signal yield estimation because of the 7 acceptance strongly depends on the distance between
calorimeter and target. However, one can not leave the calorimeter very close to the target because of
the large material budget of PbF; crystal causes serious contamination inside the CDS spectrometer. In
the current estimation, we suppose the calorimeter is installed 70cm down stream from the target center.

Parameter Value Yield
iH integrated cross section 00~20 = 0.0126mb
3He target(10 cm) A=1x0.08g/cm®x10cmx6.02x10%=1.6x10*/cm?
K™ at 1 GeV/c(4 weeks) B=2x10°/5.25x3600x24x28=9 x 10'°
Total yield T0-20XAXB 1.8x10°
3 H— 7~ branching ratio 0.25 4.5x10*
Beam acceptance & DAQ eff. ~0.5 2.2x10%
7 & 7~ acceptance
6% 1.3x10°
& event selection

Table 3: j\H Yield estimation.

As can be read from Table 3, ~1.3k /3\H events will be collected with 4 weeks beam time. If we
assume o H/O'z/t\ y = 1/3 and taking into account the factor of 2 from two-body 7~ decay branching ratio
between j‘\H(b.r. = 50%) and f\H(b.r.:ZS%), one can expect 1.8k events from ‘/‘\H hypernucleus with
one week beam time.

5.2 Background processes and simulation study

As described in Appendix B, most contamination come from quasi-free A and X~ production after
requesting forward 7° and single 7~ track inside CDS. To have a reliable estimation for the signal to
noise ratio, we performed GEANT4 simulation directly with 1 GeV/c K~ beam bombarding liquid
3He target. So that the GEANT4 built-in Hyperon production cross section can provide an order of
magnitude estimation for the final 7~ spectrum. A realistic experimental setup including all target
materials has also been implemented in the current simulation. Because of the heavy computing load
needed to track all the particles in GEANT4 simulation model, we artificially increased the density of
liquid *He target by a factor of ten (from 0.081 g/cm’ to 0.81 g/cm?). This modification allows us to
simulate one day experimental luminosity with one week computing time on a 40 CPU Linux server.
The simulation data was analyzed with offline analyzer. In the offline analysis, we request y-ray energy
>600 MeV from calorimeter and a single minus charged CDS track with mass in-between 0.3 GeV/c?

12



and 0.05 GeV/c?.? From the simulation, we also found that the trigger rate is ~100 Hz by requesting
forward y-ray events and CDH>1 hit.

The 7~ spectrum survived all event selection conditions are shown in Fig.12.3 Different from the
stopped-K experiment in [8], we found from the simulation that the contamination from prompt reaction
is not so serious. If this is the case, there is no need to select the delayed events and the whole event
sample can be used to derive the lifetime.
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Figure 12: 7~ momentum distribution: peak in red is from iH decay, blue curve shows 7~ from other
hyperon weak decay channels based on GEANT4 simulation.

5.3 Analysis procedure

Similar to [8], the first step of the data analysis is to select 7~ decayed from 3(4H based on Fig.12. In this
example for iH we have set signal region in between 111MeV/c and 116MeV/c; lower background
region as 108.5 MeV/c ~ 111 MeV/c; higher background region as 116 MeV/c ~ 118.5 MeV/c. By
subtracting the background n~ time distribution from the event region, the time distribution related to
?\H is obtained in Fig.13, where 13\H lifetime has been assumed to be ~200 ps.

The relation of /3\’4H lifetime and measured timing information is illustrated in Fig.7. The experi-
mental accessible information is Tepg-To, which is composed of tpeam, t-— and 7o as

Tcepn — To = theam + - + T0. (D

The value of tp.,;, and t;- can be calculated by CDS tracking4. The 7 is not the exact lifetime of iH
but the lifetime convoluted with CDS time resolution, which can be written as:

@) = f - e~ R(u)du, 2)

(%)

2The mass calculated as the TOF between reaction vertex and CDH hit position doesn’t include the weak decay lifetime
effect. Therefore, the calculated mass is shifted to the heavier side by ~50MeV/c?. As far as the PID can separate 7~ from
K=, this mass shift will not cause serious problem in the energy loss correction and event selection.

3The background events from hyperon decay are scaled by a factor of two in order to tolerate the ambiguity in GEANT4
simulation. As one can see, the S/N is still in an acceptable level even after scaling.

“For details of vertex reconstruction and velocity derivation with CDS, please refer to [12].
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where R(u) is the response function due to limited time resolution. By assuming R(u) as a Gaussian
function with o = 200 ps, which is the current CDS time resolution, the 13\’4H lifetime can be derived by
fitting the 7~ time spectrum with f(¢). Qualitatively, one can estimate the achievable lifetime resolution
by calculating its standard deviation of the mean as the order of a few ten ps. A quick fitting gives a
reasonable resolution of ~40ps.
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Figure 13: Time distribution of 7~ after event selection: blue data points are background events from
hyperon decay; red data points are ?\H events after subtracting background distribution.
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6 Proposal timeline

6.1 Liquid *He target modification

The current E15 target system uses a large cylindrical vacuum chamber, which conflicts with the pro-
posed PbF, calorimeter installation position. We have to modify the current design with a thinner
vacuum pipe to allocate space for the calorimeter. There are feasible design experience from J-PARC
E13 collaboration for us to follow. In principle, target modification can be finished in one year from
now. The remaining *He purchased for E15 experiment can be used for our measurement.

6.2 PbF, calorimeter construction and commissioning

We will receive 30 pieces of PbF; crystals from SIC, CAS, Shanghai, China in this autumn(2018). We
will assemble the crystals to construct y-ray calorimeter and test its performance in winter at ELPH of
Tohoku University with gamma-ray beam. The gain of the photon sensors will be studied and aligned
with the test beam.

One of the possible challenges we need to verify is the particle flux into CDC due to the installation
of PbF, calorimeter, which has a rather high density (7.7 g/cm?). If there are too many CDC hits caused
by d-ray and y-ray emitted from the calorimeter, the safe operation of CDC will become a problem.
The simulation result with 1 x 10 K~ beam is shown in Fig.14. It seems that the CDC flux will only
increase slightly if we install calorimeter at 70 cm from target center, which is represented by red curve
in Fig.14. However, we need to verify the feasibility of this setup in the beginning of the beam time.

CDC flux
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Figure 14: CDC hits flux distribution per event with different detector setup: W/O PbF, calorimeter
(green), PbF, calorimeter located at 70 cm downstream of target center (red), PbF; calorimeter located
at 30 cm of target center (blue).
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7 Beam time request

Based on the estimation described in the previous sections, we require in total 38 days beam time with
50 kW beam power. The details for the beam time schedule is listed as:

Detector commissioning : 3 days
4+ H production . 7 days
3 H production ;28 days
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A H stopping time estimation

The recoiling f\H gradually stops inside liquid *He target before it decays. The stopping power in
[MeV/mm] units for different kinetic energy of f\H is given in Fig.15 based on calculation with S RIM[?].
The stopping power in Fig.15 is fitted with a 4th order polynomial. This curve can be converted into
stopping time and recoil momentum relation. The results is shown in Fig.16. We can read from Fig.16
that the /3\H with p < 0.2 GeV/c(p < 0.3 GeV/c) recoiling momentum will be stopped after ~150
ps(~400 ps). It implies that by selecting 7~ event with long enough delay, the 13\H hypernucleus is
effectively decay at rest.

Liquid *He stopping power [MeV/mm]
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Figure 15: Stopping power of liquid *He target for recoiling f’\H hypernucleus.
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Figure 16: Slowing down of recoiling iH hypernucleus within liquid *He target as a function of time.

B Background Survey

The survey for K™ related reaction channels as possible background are listed in Table 4[10]. The
reactions involve a prompt 7~ can be effectively suppressed by selecting delayed events[8]. Most con-
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tamination after selecting fast 7° and delayed 7~ comes from quasi-free A and £~ production, which is
used in this proposal to give a performance estimation.
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Reaction(decay) and final states Charged particle timing | Branching o [mb/Sr] for
structure ratio px-=0.9 GeV/c
and 6,0=0
7% 77 3He — 2y n~ 3He delayed n~ 7% 7%
K~ 3He — n° j\H —
A pnn;—2ypnn delayed p 7% 7%
7r0,u‘17,1 - Vu prompt y~ 3.32%
K= 1 2% — prompt 71~ 20.92% Not included
7% - prompt 7~ 1.76%
%0 —4yn N. A. 35.8%
Kp— A - 4.5
A p-o2ynp delayed n~, p 63.9%
0. 0
myn n—S5yn N. A. 35.8%
Kp-a2-ryA— 0.36 (scaled)
Ay p-o3yap delayed n~, p 63.9%
ama’p— prompt 7~ delayed p 51.57%
K'p—-n It - 0.9
-t n N. A. 48.31%
K'p->ra"E »a"n n N. A. 100% Not included
7 a'n— n prompt 7~ 35.8%
Kin-onA—- Not included
T p—o2np N. A. 63.9%
0 nyn'n— n prompt 7~ 35.8%
Kinon->nyA- Not included
Tyn p—oy22n p N. A. 63.9%
Kn-a% 52’2 n->2yn n delayed 7~ 100% 0.9 (scaled)

Table 4: Survey for K~ + 3He — forward 7° + delayed ™.




