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Summary. — From the first beginning the weak decay of ⇤-hypernuclei has been
considered a very interesting physics case, since its study could shed light on several
topics in nuclear and particle physics, among which the ⇤N ! NN four-baryon weak
interaction not otherwise accessible. However, only in the last decade a substantial
series of reliable experimental data samples has been produced thanks to the synergic
e↵ort of dedicated facilities at some laboratories in the world. The existing pattern
of data on lifetimes, partial decay widths for mesonic and non-mesonic decay (both
one- and two-nucleon induced) and energy spectra and correlations of the emitted
particles is reviewed and compared with existing theoretical predictions. Updated
tables and plots summarizing the existing experimental information are presented.
For each item a brief account of possible new experimental e↵orts, approved, planned
or futuristic is given. From these analyses the full pattern of partial decay widths for
4
⇤He, 5

⇤He, 11
⇤ B and 12

⇤ C is discussed. Rare decay channels and polarization studies
are also briefly analyzed.

PACS 21.80.+a – 25.80.Pw.

1. – Introduction

The first strange particle was observed in 1947 [1], the hypothesis of an associated
production of the newly discovered particles was put forward in 1951-1952 [2, 3] and
in 1953 M. Danysz and J. Pniewski, in the analysis of events recorded by a stack of
photographic emulsions, interpreted an event with unusual features as signature of a
nuclear fragment containing one of those still mysterious particles (known today as ⇤-
hyperon) [4]. It was the first example of what we call now a ⇤-hypernucleus (shortened
in hypernucleus in the following). In the same year, Gell-Mann introduced the concept
and the name of strangeness [5]. We recall these quite well-known dates in the history
of particle physics for the sake of emphasizing the intuition and the intellectual courage
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BΛ (MeV) τ (ps) 
Λ  -- 263.2±2.0  

CPC 38(9) (2104) 
090001 

3
ΛH 0.13±0.05±0.04  

Juric NPB 52 (1973) 1 
216 +19 

-16 
RNC 

4
ΛH 2.08±0.08 Juric NPB 52 (1973) 1 

2.04±0.04±0.04   
                      Davis, NPA 754 (2005) 1 
2.12±0.01±0.09  
              Esser PRL 114 (2015) 232501          

192 +20 
-18 

RNC 
 

4
ΛHe 2.39±0.03±0.04   

                      Davis, NPA 754 (2005) 1 
ΔB(1+à0+) = 1.406±0.002± 
0.003 (Yamamoto arXiv:a508.00376) 

250±18 
RNC 

5
ΛHe 3.12±0.02 Davis, NPA 754 (2005) 1 273±10 

RNC 

puzzling situation: 
A=1, 3, 4, 5 lifetime 
A=4 I3=-1/2 vs I3=1/2   BΛ    &&    lifetime      

•  present experimental knowledge	
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3
ΛH 

•  ions & HI: precise, not completely consistent  
•  new precise dedicated counter experiments to 

find out eventual systematic effects due to 
measurement method  

 

4
ΛH 

•  new precise dedicated counter experiments  
 à resolution below 10% (3-5%) 

•  UR-HI: statistics, schedule …? 
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•  how to measure τ(3
ΛH, 4ΛH) 

•  counter experiments, MM spectra 
•  direct time delayed spectra technique (tdecay - treact) 
 
•  production reaction detection to identify the hypernucleus (MM) 

and measure treact (HI/Ions) à trigger, apparatus (ε, ΔΩ) 
•  coincidence detection of MWD products (2b&3b) (tdecay) 

 à coincidence apparatus (ε’, ΔΩ’) 
•  good MM spectroscopy resolution  
•  start and stop time counters with very good time resolution  
•  energy measurement for decay charged particles (π, p) 
•  background reactions (Λq.f. production and decay, …) rejection 
•  prompt reaction for system time response function (σ~50 ps) 
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The Weak Decay Widths of ⇤ Hypernuclei – H. Bhang et al. -1463-

Table 1. The present (3rd. column) experimental results
of the weak decay widths of 12

⇤ C are [8–12] are listed and
compared with the previous ones (2nd. column).

(�⇤) 12
⇤ C(previous) 12

⇤ C(E508)

�
tot

1.14 ± 0.08 [2] 1.241 ± 0.041

�
⇡

� 0.113 ± 0.015 [4] 0.123 ± 0.015

�
⇡

0 0.200 ± 0.068 [13] 0.165 ± 0.008

�
nm

0.828 ± 0.087 [4] 0.953 ± 0.044

�
n

/�
p

0.51 ± 0.15 [5] 0.51 ± 0.14

�2N

0.27 ± 0.13

�
n

0.23 ± 0.08

�
p

0.45 ± 0.10

Fig. 3. (Color online) The prompt time distribution of
12C(⇡+, pp) events (upper) and the decay time distribution
of 12

⇤ C(g.s.).

ing counter (T2) of the decay particle counter set as

�t = t2 � t1 � (l
b

/v
b

+ l
d

/v
d

) (2)

where (l
b

, l
d

) and (v
b

and v
d

) are the flight lengths and
velcities of the beam and the decay particle, respectively.
The lower box of Fig. 3 shows the delayed time distribu-
tion of the weak decay of the ground state of 12

⇤ C along
with the prompt time distribution of the events of (⇡,pp)
reaction of the upper one. The lifetime is obtained fitting
the delayed time distribution with the exponetial func-
tion folded with the experimental time response function
in the upper figure. The measured lifetime of 12

⇤ C (g.s.)
is ⌧ = 212 ± 7 ps with the improved uncertainty by a
factor 2 from that of the previous measurement, ⌧ = 230
± 15 ps [2,12]. The corresponding total decay width is
�(12⇤ C) = 1.24 ± 0.04 �⇤ compared to the previous 1.14
± 0.08 �⇤.

⇡0 decay width: Until recently, the errors in �
nm

of
12
⇤ C mainly came from the ⇡0 mesonic decay width so
that the accurate measurement of �

⇡

0 has been awaited.
The previous status of the �

nm

measurement of 12
⇤ C is

shown in the second column of Table 1.
The neutral particles from the decay were detected by

Fig. 4. The 1/� distribution of neutral particles is shown
for 12

⇤ C.

T4 counter. Charged particles were vetoed by the 2 cm
thick T3 scintillator installed before T4. 1/� spectrum
obtained from the time-of-flight (TOF) between the tar-
get vertex measured with the SKS tracking chambers
and T4 is shown in Fig. 4 which shows a good sepera-
tion of � and neutrons. The ⇡0 from the mesonic weak
decay of 12

⇤ C was identified by detecting a high energy
� ray, because the energy of the � is ⇠70 MeV and those
from other decay processes are a few MeV.

The detection e�ciency of � of the setup was es-
timated with GEANT-based Monte Carlo simulation.
Figure 5 shows the � energy spectra for 12

⇤ C with the
layer multiplicity M � 2. The points with error bars
are the experimental data and the shaded histogram is
the result of the simulation with the detection e�ciency
9.5 percent. The obtained branching ratio for n⇡0 mode
was, b

⇡

0 = 0.133 ± 0.005 (statistical error) and the cor-
responding width �

⇡

0 = 0.165 ± 0.008 �⇤ [10,11] which
drastically improved the accuracy from that of the pre-
vious 35% uncertainty [13].

⇡� decay width: Figure 6 shows the mono-energetic
⇡� spectrum around 22 MeV in the mesonic decay of
12
⇤ C in the experiment E307, which indicates that the
e↵ect of FSI is not so severe. Therefore the e�ciency
corrected pion number above the threshold gives the
branching ratio b

⇡

� directly when compared to the total
produced hypernuclear number and also the �

⇡

� value
combining with the total decay width, �

tot

, obtained in
the lifetime measurement. We obtained �

⇡

� = 0.123 ±
0.015 �⇤ for 12

⇤ C in E508 experiment. Thus we obtained
�

nm

= 0.953 ± 0.044 combining �
tot

, �
⇡

0 and �
⇡

� with
a much improved uncertainty from the previous 10% one
as shown in Table 1.

III. NONMESONIC WEAK DECAY

Though it is di�cult to measure each �
n

and �
p

be-
cause of FSI, �

n

/�
p

can be accuratly measured exploit-
ing the cancellation of FSI. Among the important issues
of NMWD, such as decay widths, asymmetry and the
isospin dependence (�I), especially the �

n

/�
p

ratio has
been the long standing concern because of the serious in-
consistency between experimental and theoretical values

H.Bhang et al., Jou. Kor. Phys. Soc., 59 (2011) 1461, 12C target 

(π+, pp) 

(π+, K+ p) 
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•  how to measure τ(3
ΛH, 4ΛH) at J-PARC 

•  π, K beams à3
ΛH, 4ΛH produced through associated production reaction:  

    
 π- (1.05 GeV/c) + 3,4He à 3,4

ΛH (~400 MeV/c) + K0(~700 MeV/c) forw. dir.   
 
•  E22 Proposal: ΛN weak interaction in A=4 Λ-hypernuclei (Γn, Γp, αNM

p, ΔI=1/2)  
K1.8 beamline, 1.1 GeV/c, 4He (π+, K+) 4ΛHe, beam & SKS spectrometer & 
decay arm (E15 CDC without magnet) 
 
•  Day-2 experiment to study NMWD of 4ΛH 

 production reaction 4He (π-, K0) 4ΛH isospin simmetric   
 K0 from Ks decay (π+ π-: 68.95%) à small detection efficiency à HIHR (?) 

 

A Measurement of NMWD of 4
ΛH hypernucleus

As a future experiment, here we describe the study of the NMWD of the 4
ΛH hypernucleus,

although the experiment have to wait the construction of the HIHR beamline. We discuss
event rates in the future experiment, but these numbers may have large ambiguity due to the
performance of the HIHR beamline and the tolerable maximum count rate of the decay counter
system. More realistic estimation can be made after the construction of the HIHR beamline
and the studies in the Day-1 experiment.

A.1 Production of 4
ΛH hypernucleus

To produce 4
ΛH hypernucleus, we need to use single charge-exchange reactions. Here we propose

to use the (π−, K0) reaction. Since the 4He(π−, K0)4
ΛH and 4He(π+, K+)4

ΛHe reactions are
isospin symmetric reactions with each other, we can use the cross section in Fig.6 as an input
in the following yield estimation.

The most significant difference between the (π+, K+) and the (π−, K0) reactions is the
detection of the K0 particle. Since K0 is usually detected as KS and KS decays mainly to
a π+π− (68.95%) or 2π0 (31.05%) pair, the detection efficiency of K0 is much smaller than
that of K+. To override the difficulty of the small detection efficiency, we propose to use the
high-intensity and high-resolution (HIHR) beamline and spectrometer[41]. We can obtain and
handle pion beams with intensity up to 109 per spill with the HIHR beamline at J-PARC.

The binding energy of the ground state of 4
ΛH is 2.08 ± 0.06 MeV[44], so the spectrome-

ter have to have a better energy resolution of 1.5 MeV (FWHM). The HIHR beamline and
spectrometer system can be designed so that we can have an enough resolution for the study
(see Appendix B for more details). Based on the use of the HIHR beamline and experimental
parameters listed in Table 10, we estimated the yield of the 4

ΛH hypernuclei as follows:

Table 10: Basic parameters for the measurement of the 4
ΛH NMWD events.

Parameters Values Parameter in Eqs.(5)
π+ beam momentum 1.1 GeV/c
π+ beam intensity 1 × 109 /spill NBeam

PS acceleration cycle 3.4 sec/spill TCycle
4He target thickness 1 g/cm2 NTarget

Reaction cross section 10 µb/sr dσ/dΩ
Spectrometer solid angle 0.02 sr ΩSP

Spectrometer efficiency 0.03 εSP

Analysis efficiency 0.5 εAnal

Decay counter acceptance for proton 0.26 (or 0.4) ap
Decay

Decay counter acceptance for neutron 0.4 an
Decay

Efficiency for decay protons 0.8 εp

Efficiency for decay neutrons 0.3 εn

Branching ratio of Λn→nn 0.1∗ BR(Λn→nn)
Branching ratio of Λp→np 0.01∗ BR(Λp→np)

* Experimentally obtained NMWD decay branching ratio, BR(Λn→nn)+BR(Λp→np),
is 0.13 ± 0.08 [22].

23

E
22 proposal	
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Y ield (4
ΛH) = NBeam × NTarget

4
× NA × dσ

dΩ
× ΩSP × εSP × εAnal ×

Time

TCycle
(5)

In Table 10, the spectrometer acceptance εSP includes the decay branching ratio of K0 (K0

→ KS → π+π−; 34.5%) and the efficiency of the detection of the π+π− pair. We expect a
production rate of ∼11.4k 4

ΛH/day.

A.2 Measurement of NMWD

The decay arm detector system discussed in Sec.3.1.2 and shown in Figs.10 and 11 can be
used also for this experiment. We expect roughly 460 events for the Λn→nn decay and 80
events for Λp→np in 4 weeks. We can achieve 11 % statistical error even for the Λp→np decay
which we have to measure, while we have only the decay rate of the non-mesonic weak decay,
Γnm=(0.17 ± 0.11)ΓΛ, so far [22]. In the measurement of the 4He(π+, K+)4

ΛHe reaction, we
have a smaller angular acceptance for the proton detection than that of neutrons, but the
acceptance of the proton side is easily increased by an addition of the range counter modules.
We expect an improvement of the decay counter acceptance for protons, ap

Decay = 0.26 → 0.4.
As discussed in Sec.3.1.5, the π− absorption at rest is a possible background for the

measurement of the NMWD process. The π− partial decay width for 4
ΛH hypernucleus,

Γπ−(4
ΛH)=(1.00+0.18

−0.15)ΓΛ [20], is roughly 3 times larger than that for the 4
ΛHe hypernucleus,

Γπ−(4
ΛHe)=(0.33± 0.05)ΓΛ [22]. Fortunately, the π− absorption background is serious only for

the nn pair detection and the branching ratio to the nn channel is expected to be 10% level for
the 4

ΛH hypernucleus (1% level for 4
ΛHe), and the overall S/N ratio is expected to be 3 times

better compared with the 4
ΛHe case.

24
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24

Yield(4
ΛHà 4He + π-) = Yield(4

ΛH) * BR * Ωπ * επ * εanalysis 
   
     = Yield(4

ΛH) * 0.49 * 0.5 * 1 * 0.8 ~ Yield(4
ΛH) * 0.2 

       Tamura PRC 40 (1989) R479 
 

 ~ 2 103/day  109 π-/spill à 1-2 beam days (full HIHR) à 2-4 103 entries  
   

 ~ 2 102/day  108 π-/spill à 5-10 beam days (10% HIHR) à 1-2 103 entries 
   

 ~ 2 101/day  107 π-/spill à 10-20 beam days (present beam) 2-4 102 entries     
  

 lifetime measurement: tdecay – treact = T1 – T0 = t π-(react) + τ + tπ-(decay)  
 
prompt reaction: T1 – T0 = tdecay - treact = t π-(react) + tπ-(decay)    

π-
react + 3,4He à 3,4

ΛH + K0    3,4
ΛH à 4He + π-

decay / d+p+π-
decay	
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Yield(3

ΛH) = Yield(4
ΛH) * 4/3 * [dσ/dΩ]3/[dσ/dΩ]4  

 
    = Yield(4

ΛH) * 1  à 11.4 103/day  109 π-/spill 
      à 11.4 102/day  108 π-/spill 
      à 11.4 101/day  107 π-/spill 

 
 

     = Yield(4
ΛH) * 0.1 à 11.4 102/day  109 π-/spill 

       à 11.4 101/day  108 π-/spill 
       à 11.4 /day   107 π-/spill 

 
Yield(3

ΛHà d + p + π-) = Yield(3
ΛH) * BR * Ωπ * επ * εanalysis 

   
     ~ Yield(3

ΛH) * 0.4 * 0.5 * 1 * 0.4 ~ Yield(3
ΛH) * 0.08 

      Kamada PRC 57 (1998) 1595 && Λ BR 
 

 ~ 1.0 103/day  109 π-/spill && 1à 1-2 days à 1-2 103 entries  
 ~ 1.0 102/day  108 π-/spill && 1à 5-10 days à 0.5-1 103 entries 
 ~ 1.0 101/day  107 π-/spill && 1à 10-20 days à 1-2 102 entries 

   
 ~ 1.0 102/day  109 π-/spill && 0.1à 5-10 days à 0.5-1 103 entries   
 ~ 1.0 101/day  108 π-/spill && 0.1à 10-20 days à 1-2 102 entries 
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Apparatus hints/ideas 
(high K1.8/HIHR momentum and MM resolution performances) 
 
•  LHe target, E15 He target cell, very thin material layers  

 (threshold on π- momentum ~ 70 MeV/c) 
 inserted inside the inner CDC wall  

 
 
 
“free space” between LHe target outer wall and CDC inner wall ~ 0.4 
cm radius 

Figure 4: Design of 3He target cell

However, still there are many of the mile stones to complete. Basic R&D project
for the target construction is in progress.

3.4 Cylindrical Detector System (CDS)

Efficient reconstruction of Λ with high resolution will be a key measurement for the
proposed experiment. Therefore, CDS is designed to maximizing detection efficiency
and reconstructed mass resolution of Λ. The concept of the detector system is as
follows. CDS will consist of 3 components, Solenoid magnet, Cylindrical Drift Chamber
(CDC) for the charged particle tracking and Scintillation Counter Hodoscope (CDH)
for the charged particle trigger.

It is well known that momentum resolution of the CDC, which takes into account
special resolution of the detector, is expressed as follows[14].

δP =

√

√

√

√

(

δPT

sin θ

)2

+

(

PT

cos θ

sin2 θ
δθ

)2

, (3)

where PT is the transverse momentum expressed by PT = Psinθ, δPT is the transverse
momentum resolution, and δθ is the polar angle resolution. Transverse momentum
resolution is expressed as follows

δPT

PT

=

√

√

√

√

(

δPT

PT

)2

m

+

(

δPT

PT

)2

MS

(4)

where (δPT /PT )m represents resolution from measurement error of special position and
(δPT /PT )MS is the effect from multiple coulomb scattering. Each component will be
described as follows.

(

δPT

PT

)

m

=
PT σrφ

0.3L2B

√

AN (5)

7
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•   time counters: start (T0), small segmented scintillator system (107/cm2 s  vs π-/spill ) 
          stop (T1), scintillator barrel (12-15 slabs), 3 mm thick, 15 cm length,  
     ~80-100 ps σ res., located between LHe target and CDC (r~7.8 cm) 

 
•  CDC used by E22 to reject n background due to MWD π- absorption at rest  

 à track straight charged decay particles à vertex and PId 
 à use as tracker if magnet is present (E15) à vertex, π- momentum 
               and PId 

 
•  range counter: π-  energy measurement and PId (dE/dx vs E, R, hit position)  

    (10 layers, 5.5 cm tot) 
    à energy resolution < 4-5 MeV FWHM 
    à PId contamination < 1% 

0

200

400

600

800

1000

1200

1400

1600

1800

2000

x 10 2

-10 -7.5 -5 -2.5 0 2.5 5 7.5 10 12.5 15

Excitation Energy of 4ΛHe (MeV)

C
ou

nt
s /

 0
.5

M
eV

4ΛHe g.s.

QF Λ Production

Figure 9: Simulation calculation of the excitation energy spectrum of the 4He(π+, K+) reac-
tion. The energy resolution of 2 MeV (FWHM) and the quasi-free background of integrated
yield (Ex<15MeV) 10 times as much as that of the signal events were assumed.

Figure 10: A conceptual design of the decay arm
detector system. Figure shows a side view.

Figure 11: Same as Fig.10. Figure shows a
beam view.
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T0, T1 (L~15 cm) 
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Figure 5: Expected momentum resolution
of Pion and Proton which emitted from cen-
ter of the target with θ=90◦
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Figure 6: Reconstructed Λ mass distribu-
tion where Λ is generated as a decay prod-
uct of K−pp.

Figure 7: Schematical view of CDS together with beam line counters
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•  prompt reaction: (π-, π+ π-prompt), time thresholds/windows  
    - π- from production reaction: π- + 3,4He à 3,4

ΛH + K0, K0
Sàπ+ π-   

      π+: 2o-14o, pπ>650 MeV/c à π-: 40o-100o, pπ<100 MeV/c, τ well known 
     - π-prompt from (π-, π+ π-) inelastic scattering 

  

•  background: Λ q.f. 
 - “absent” for 4ΛH (BΛ ~ 2 MeV, MM resolution! 
     pπ ≈ 133 MeV/c)  

 
  - 3ΛH (BΛ ~ 0.13 MeV) à 3b MWD: 3ΛH à d + p + π-  
    lower π- momentum (70-100 MeV/c): range counters à magnetic analysis 
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Figure 9: Simulation calculation of the excitation energy spectrum of the 4He(π+, K+) reac-
tion. The energy resolution of 2 MeV (FWHM) and the quasi-free background of integrated
yield (Ex<15MeV) 10 times as much as that of the signal events were assumed.

Figure 10: A conceptual design of the decay arm
detector system. Figure shows a side view.

Figure 11: Same as Fig.10. Figure shows a
beam view.
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•  3,4
ΛH not stopped before decay (~400 MeV/c, R~βcτ, ≥ 50% (?) decay in flight in the 

target) à γ ~ 1.005, 0.5% max. syst. 

4
ΛH g. s. 	
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•  how to measure τ(3
ΛH, 4ΛH) at JLab 

•  e beams à produce 3ΛH, 4ΛH through electroproduction reaction:  
    
        e + 3,4He à e’ + 3,4

ΛH + K+   
                 

 
                   HRS     HKS 

 
                

 
 
 
 
 
 
 
 
 

       MM2 = (qµ + Pmiss tot – pµ
K)2 

 

 adapted from      σ MM ~ 500-600 keV FWHM 
 F. Cusanno - HYPX 

  

       MM calibration: p(e, e’ K+)Λ

e 

K+ 

e’ 

Λ 

γ* 
p 

be
am

 

θe 
θγ

θγΚ
Eγ = E(e) – E(e’)   
 
Q2 = Eγ

2 – pγ2   
 
pγ = p(K+) + p(Λ)   
 
p(Λ) ~ 0.35 GeV/c  

dσ/dΩ α 1/Q2 à low Q2  
 
dσ/dΩ à small θe   
 
p(Λ) small à θγΚ ~ 0o    
 
high p(K+) for surv. prob. 
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3. Experimental Setup 

3.1 Experimental configuration 

The proposed experiment is to obtain high precision mass spectroscopy of hypernuclei 
produced by the (e,e′K+) reaction and will employ a configuration including a pair of room 
temperature Septum magnets, the high resolution HRS (Hall A) and the large solid-angle 
HKS spectrometers, as schematically illustrated in Fig. 3-1.  

 

This pair of Septum magnets will be used to separate the scattered electrons and 
electro-produced kaons at small forward angles to sufficiently large spectrometer angles, 
while allowing the post-beam to be directly transported to the dump.  It also minimizes the 
chance for the high rate backgrounds (electrons and positrons) at near zero degrees to enter 
either of the two spectrometers. The collaboration has demonstrated the technique 
successful in avoiding the background from e′  and K+ accidental coincidences by 
maintaining sufficiently low singles rates at each of the two spectrometers under high 
luminosity conditions. 

 
Figure 3-1: Schematic illustration of the experimental layout.  A pair of Septum magnets will 
be used to separate the scattered electrons (analyzed by HRS) and the reaction kaons (analyzed 
by HKS).  All particles at near zero degrees will be sent to the dump. 
 
 
 
 
 
 
 

 
•  Proposal JLab Hypernuclear Collaboration (JLab PAC43) 
 
 

- ΛN interaction & charge-zero exotic hyp. (nΛ, nnΛ)  
- CSB A=4  
- BΛ for heavier hypernuclei (A=40-50, 208) 

cryogenic gaseous 3,4He target: thickness ~ 58 mg/cm2 

   (200 psi, 20 cm lengthà  
    ρ ~ 0.0029 g/cm3 ~ 20 * ρgas) 

Table 3-I:  Basic kinematics parameters of the Septum+HRS and Septum+HKS systems. 

Beam energy (12 GeV mode, 2-passes, injector energy included) 4.5238 GeV 

E’ (HRS) central angle  (horizontal and vertical bites) 7° (±1.5° and ±2.5°) 

E’ (HRS) central momentum (percentage bite) 3.0296 GeV/c (±4.0%) 

Virtual photon central angle (φ=π) 14° 

Virtual photon energy range 1.37 – 1.62 GeV 

Virtual photon momentum range 1.42 – 1.70 GeV/c 

Average Q2 -0.21 (GeV/c)2 

K+ (HKS) central angle (horizontal and vertical bites) 14° (±4.5° and ±2.5°) 

K+ (HKS) central momentum (percentage bite) 1.2 GeV/c (±12.5%) 

 
A GEANT simulation taking into account the realistic and known conditions of both the 

HRS and HKS was performed. No additional acceptance limitation was included for the 
new Septum magnets. Fig. 3-2 (a) shows the distribution of the Lab virtual photon angle θγ 
with the kinematics shown in Table 3-I.  The shape of the distribution is due to the HRS 
momentum and angular acceptances. The virtual photons are aiming into the HKS angular 
acceptance. This maximizes the production yield due to maximized differential cross 
section. Fig. 3-2 (b) shows the Q2 range within the acceptance of the system. 
 

 

Figure 3-2:  (a) Virtual photon angular distribution (symmetric with respect to φ = π plane 
defined by the central e and e’ plane) in Lab system with respect to beam; (b) Q2 acceptance.  

θeγ Lab (Degrees) (a) Q2 (GeV/c)2 (b) 
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with the numbers of signal in ±1σ of Gaussian peak and background events under the 
peak. 

 
Table 4-II: Yields estimation for various targets. 

Target and objective 
hypernucleus 

 

Beam 

current 

(µA) 

Target 

thickness 

(mg/cm2) 

Assumed 

cross 

section 

(nb/sr) 

Expected 

Yield 

(/hour) 

Num. of 

events  

Req. 

beamtime 

(hours) 

B.G. 

Rate 

(/MeV/h) 

S/N 

(±1σ) 

Comments 

CH2 2 500 200 19 1000 54 0.05 252 Calibration 
6,7Li 50 100 10 5.4 150 28 1.3 4.9 Calibration 
9Be 100 100 10 36 150 9 4.7 8.8 Calibration 
10,11B 

25 100 10 16 150 19 0.29 33 Calibration 
12C 100 100 100  54 2000 37 4.4 17 Calibration 

Subtotal for calibration 
targets 

      
147 

   

H2 (Λ, Σ0) 20 30 200 78 4000 52 0.09 1.3 Gas 
Calibration 

D2  ([nΛ]) 20 59 1 0.38 50 130 0.09 1.3 Gas 

T2  ([nnΛ]) 20 89 1 0.38 50 130 0.18 1.4 Gas 
3He (3

ΛΗ) 
20 58 5 1.3 100 80 0.08 18 Gas, 

Reference 
4He (4

ΛΗ) 20 58 20 3.8 1000 266 0.07 57 Gas 

Subtotal for cryogenic 
targets      658 

   

40Ca (40
ΛΚ) 50  100 20 1.6 200 124 0.86 2.7  

48Ca (48
ΛΚ) 50  100 20 1.4 200 148 0.84 2.4  

208Pb(208
ΛTl) 25 100 10 0.16 sΛ 50 

pΛ 200 
642 0.16 0.7 

2.8 

 

Subtotal for heavier 
targets 

     
914 

   

 
Total      1719 

   

with the numbers of signal in ±1σ of Gaussian peak and background events under the 
peak. 

 
Table 4-II: Yields estimation for various targets. 

Target and objective 
hypernucleus 

 

Beam 

current 

(µA) 

Target 

thickness 

(mg/cm2) 

Assumed 

cross 

section 

(nb/sr) 

Expected 

Yield 

(/hour) 

Num. of 

events  

Req. 

beamtime 

(hours) 

B.G. 

Rate 

(/MeV/h) 

S/N 

(±1σ) 

Comments 

CH2 2 500 200 19 1000 54 0.05 252 Calibration 
6,7Li 50 100 10 5.4 150 28 1.3 4.9 Calibration 
9Be 100 100 10 36 150 9 4.7 8.8 Calibration 
10,11B 

25 100 10 16 150 19 0.29 33 Calibration 
12C 100 100 100  54 2000 37 4.4 17 Calibration 

Subtotal for calibration 
targets 

      
147 

   

H2 (Λ, Σ0) 20 30 200 78 4000 52 0.09 1.3 Gas 
Calibration 

D2  ([nΛ]) 20 59 1 0.38 50 130 0.09 1.3 Gas 

T2  ([nnΛ]) 20 89 1 0.38 50 130 0.18 1.4 Gas 
3He (3

ΛΗ) 
20 58 5 1.3 100 80 0.08 18 Gas, 

Reference 
4He (4

ΛΗ) 20 58 20 3.8 1000 266 0.07 57 Gas 

Subtotal for cryogenic 
targets      658 

   

40Ca (40
ΛΚ) 50  100 20 1.6 200 124 0.86 2.7  

48Ca (48
ΛΚ) 50  100 20 1.4 200 148 0.84 2.4  

208Pb(208
ΛTl) 25 100 10 0.16 sΛ 50 

pΛ 200 
642 0.16 0.7 

2.8 

 

Subtotal for heavier 
targets 

     
914 

   

 
Total      1719 

   

Yield(4
ΛH, 3ΛH) production 	
  

 
Yield(4

ΛHà 4He + π-) = Yield(4
ΛH) * BR * Ωπ * επ * ε analysis 

   
     = Yield(4

ΛH) * 0.49 * 0.5 * 1 * 0.8 ~ 18/day 
  
    500-1000 entries: 30-60 days  

 
 
Yield(3

ΛHà 3He + π-) = Yield(3
ΛH) * BR * Ωπ * επ * ε analysis 

   
     = Yield(3

ΛH) * 0.4 * 0.5 * 1 * 0.4 ~ 2.5/day 
 

    100-500 entries: 40-200 days 
  

very thin target à negligible energy loss, good momentum resolution à good S/N
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Hall A & C results 



more dense target: à ρdense  
 
Dohrmann, PRL 93, 242501 
high density cryogenic targets 3He: 0.310 g/cm2 à ρdense ~0.0775 g/cm3 , 4He: 0.546 g/cm2 

à ρdense ~0.1365 g/cm3   
 
 

 Yield(4
ΛH, 3ΛH)dense =  Yield(4

ΛH, 3ΛH) * ρdense / ρ 

          3ΛH: 1.3/hour à ~ 35/hour ~ 800/day 
 

         4ΛH: 1.3/hour à ~ 179/hour ~ 4300/day 
 
 

 Yield(4
ΛH, 3ΛH decay)dense :  

   

         3ΛH: ~ 60/day   500-1000 entries: 8-15 days 
 

     4ΛH: ~ 800/day  1000-2000 entries: 2-3 days 
 
 
Drawbacks:  
 - worse momentum resolution (e’, K+, π-), worse spectroscopy S/N 
 - higher energy loss à higher momentum threshold on MWD π-  
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Apparatus hints/ideas 
 
•  cryogenic gaseous He target: higher density needed 
      - common (gas/liquid/solid) target chamber, external diameter 60-90 cm …?? 
      - define dimensions, smaller diameter or T1 inside the chamber 
       
•  T0: probably not a direct measurement (I=20 µA), treact calculated from time signals on 

the K+ trajectory or from beam clock signal (DC?) 
 
•  T1: scintillator barrel (12-15 slabs?), 20 cm length, 4-5 mm thick, radius … 

•  hollow cylindrical drift chamber (inner radius depending on target dimensions,  
 thickness ~ 30 cm) 
 à track straight charged decay particles, vertex 
 à use as tracker if a magnet can be added (difficult, background): vertex,  
             π- momentum and PId 
                

•  range counter: π-  energy measurement and PId (dE/dx vs E, R, hit position) w/out 
magnet (and drift chamber?) 
    (8-10 layers, 5-10 cm tot, to be studied!) 
    à energy resolution < 4-5 MeV FWHM 
    à PId contamination < 1%: e (β~1), π (~100 MeV/c), p (≤400 MeV/c)  
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3. Experimental Setup 

3.1 Experimental configuration 

The proposed experiment is to obtain high precision mass spectroscopy of hypernuclei 
produced by the (e,e′K+) reaction and will employ a configuration including a pair of room 
temperature Septum magnets, the high resolution HRS (Hall A) and the large solid-angle 
HKS spectrometers, as schematically illustrated in Fig. 3-1.  

 

This pair of Septum magnets will be used to separate the scattered electrons and 
electro-produced kaons at small forward angles to sufficiently large spectrometer angles, 
while allowing the post-beam to be directly transported to the dump.  It also minimizes the 
chance for the high rate backgrounds (electrons and positrons) at near zero degrees to enter 
either of the two spectrometers. The collaboration has demonstrated the technique 
successful in avoiding the background from e′  and K+ accidental coincidences by 
maintaining sufficiently low singles rates at each of the two spectrometers under high 
luminosity conditions. 

 
Figure 3-1: Schematic illustration of the experimental layout.  A pair of Septum magnets will 
be used to separate the scattered electrons (analyzed by HRS) and the reaction kaons (analyzed 
by HKS).  All particles at near zero degrees will be sent to the dump. 
 
 
 
 
 
 
 

T1 
drift (?) and range 
magnet? 

adapted	
  from	
  	
  
Proposal	
  JLab	
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•   total material thickness:  

-  low density target: He completely negligible, only apparatus materials 
-  high density target: similar to LHe in J-PARC 
 
in general, presumably comparable to the J-PARC situation  
à momentum cut on MWD π- ~ 70 MeV/c 

•  3,4
ΛH not stopped in He before decay (~ 350 MeV/c, γ ~ 1.004, 0.4% syst.)  

 - low density target: R>>βcτà mainly decay in flight, outside the target  
          
 - high density target (~ LHe): R~βcτ, ≥ 50% decay in flight, inside the target  

•  prompt reaction: (e, e’ K+(e+) π-) inelastic scattering
 
•  background:  

  Λ q.f. 
 -  “absent” for 4ΛH (BΛ ~ 2 MeV, MM resolution~ 600 keV)  
 -  3ΛH (BΛ ~ 0.13 MeV) à 3b MWD,  
    lower π- momentum (70-100 MeV/c): range counters (à magnetic analysis ..) 

 
accidental (e’ K+) reduced by large opening angles of HRS and HKS  

to	
  be	
  carefully	
  	
  evaluated	
  !!	
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J-PARC ü   YES 
•  present beam for 4ΛH 
•  present beam/HIHR for 3ΛH vs dσ/dΩ
•  careful study of T1 insertion 
•  prompt reaction (K0

s lifetime) 
•  parasitic measurement possible 

JLab 
 
 
 
 
 
 
 
 
 
MAMI …? 

ü   YES 4ΛH, 3ΛH 
•  dense target (rate, decay point) 
•  T0 not directly measured 

ü  HOWEVER 
•  no tracking for MWD products 
•  range counter critical (Pid, E) 
•  prompt reaction 
•  background study 

ü  NO 
•  parasitic measurement 

THANK YOU !!! 21	
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Kamada PRC 57 (1998) 1595 && Λ BR 
 
3
ΛH à d+p+π- and d+n+π0: Γ/ΓΛ= 0.619 
Γtot/ΓΛ= 1.03 
 
 
Λà p +π-  BR: 0.639 
  à n +π0   BR: 0.358 
 
 3ΛH à d+p+π-  BR: 0.619 * 0.639 ~ 0.4  
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year ref. method lab./react τ (ps) events 

1963 Block, St.  Cergue p.63 He BC K-, LBL Bevatron 105 +20
-18 29f + 7r 

1964 Prem, PR 136 B1803 emuls. K-, BNL AGS 90 +220
-40 3f+1r 

1965 Kang, PR 139 B401 emuls. K-, BNL AGS 340 +820
-140 5f+18r 

1968 Keyes, PRL 20 819  He BC K-, ANL ZGS 232 +45
-34 3f+1r 

1968 Phillips PRL 20 1383 emuls. K-, BNL AGS 274 +110
-72 21f+32r 

1969 Phillips PR 180 1307 emuls. K-, BNL AGS  285 +114
-75 3f+1r 

1970 Bohm, NPB 16 46 emuls. K-, CERN PS 128 +35
-26 120f+34r 

1970 Keyes, PRD 1 66 He BC K-, ANL ZGS  264 +84
-52 27f 

1973 Keyes, NPB 67 269 He BC K-, ANL ZGS   246 +62
-41 40f 

1992    (A) Avramenko, NPA 547 95c ions He, Li on C, Dubna 240 +170
-100 few events 

2010 STAR, Science 328, 58 HI Au, BNL RHIC 182 +89
-45 ± 27 

2013    (B) STAR, NPA 904, 551c HI Au, BNL RHIC 123 +26
-22 ± 10 > stat. ? 

2013 HypHI, NPA 913, 170 Ions Li on C, GSI SIS 183 +42
-32 ± 37 

 

2014 Rappold et al., PLB 728, 543  analysis no (A) and (B) 216 +19
-16 

2015 ALICE, arXiv:1506.08453 HI  Pb CERN LHC 181 +54
-38 ± 33 

3
ΛH lifetime measurements •  detailed situation analysis	
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year ref. method lab./react τ (ps) events 

1962 Crayton, HEP CERN, p. 460 emuls. K-, LBL Bevatron < 120 +70 
-30 52f 

1964 Prem, PR 136 B1803 emuls. K-, BNL AGS 180 +250
-70 3f + 4r 

1965 Kang, PR 139 B401 emuls. K-, BNL AGS 240 +600
-100 5f + 40r 

1969 Phillips PR 180 1307 emuls. K-, BNL AGS 268 +166
-107 10f + 5r 

1991 (C) Szymanski PRC 43 849 counter K- on 6Li, BNL AGS 160 ± 20 

1992 (‘89) Avramenko, NPA 547 95c ions He, Li on C, Dubna 220 +50
-40 22 

1992 Outa, NPA 547 109c counter K-
stop on 4He, KEK PS 

1995 Outa, NPA 585 109c counter K-
stop on 4He, KEK PS 194 +24

-26 

1998 Outa, NPA 639 251c counter K-
stop on 4He, KEK PS 

2013 HypHI, NPA 913, 170 ions Li on C, GSI SIS 140 +48
-33 ±35 

2014 Rappold et al., PLB 728, 543  analysis no (C) 192 +20
-18 

4
ΛH lifetime measurements 

w.a.	
  =	
  173	
  ±	
  14	
  ps	
  with	
  (C)	
  (weighted	
  average)	
  
w.a.	
  =	
  183	
  ±	
  18	
  ps	
  w/out	
  (C)	
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energy of 3:245 GeV and beam currents of 20–25 !A
incident upon specially developed high density cryo-
genic targets for A ! 1–4. The helium target lengths
were approximately 4 cm, the thicknesses being
310 mg=cm2 "3He# and 546 mg=cm2 "4He#, $1% respec-
tively. The backgrounds from uncorrelated "e0; K%# pairs,
as well as contributions from the aluminum walls of the
cryogenic targets, were subtracted in the charge normal-
ized yields.

The scattered electrons were detected in the high mo-
mentum spectrometer (HMS, momentum acceptance
!p=p ’ $10%, solid angle &6:7 msr) in coincidence
with the electroproduced kaons, detected in the short
orbit spectrometer (SOS, momentum acceptance !p=p ’
$20%, solid angle &7:5 msr). The detector packages of
the two spectrometers are very similar [3]. Two drift
chambers near the focal plane, utilized for reconstructing
the particle trajectories, are followed by two pairs of
segmented plastic scintillators that provide the main trig-
ger signal as well as time-of-flight information. The time-
of-flight resolution is &150 ps""#. For electron identifi-
cation, a lead-glass shower detector array is used together
with a gas threshold Čerenkov, in order to distinguish
between e' and #'. For kaon identification in the SOS, a
silica aerogel detector (n ! 1:034) provided K%=#% dis-
crimination while an acrylic Čerenkov counter (n !
1:49) was used for K%=p discrimination. Utilizing
time-of flight together with the Čerenkov detectors,
kaons are clearly separated from background pions and
protons [4,5]. Electroproduction processes exchange vir-
tual photons, $(, between projectile and target. The spec-
trometer angle for electron detection was kept fixed
during the experiment, thereby holding the virtual photon
flux constant (cf. Ref. [6]). The angle of the kaon arm was
varied to measure angular distributions with respect to

the direction of $(. The invariant mass of $( was Q2 !
0:35 GeV2, the total energy in the photon-nucleon system
was W ! 1:91 GeV. The 3;4He"e; e0K%#X process was
studied for three different angle settings between $(

and the ejected kaon (K), %lab$(K% ’ 1:7); 6); 12), that cor-
respond to increasing the momentum transfer to the hy-
pernucleus [ j t j’ "0:12; 0:14; 0:23# GeV2]. The central
spectrometer momenta were 1:29 GeV=c for the kaon
arm and 1:58 GeV=c for the electron arm.

The final states, X, in 3;4He"e; e0K#X in the recon-
structed missing mass spectra of the recoiling system
are shown in Fig. 1, were identified using the four-
momenta q of the virtual photon, pK of the outgoing
kaon, and total missing momentum Pmiss, M2

x !
"q% Pmiss ' pK#2. For 4He, a 4

"H bound state is clearly
visible for all three angles just below the 3H–" threshold
of 3:925 MeV. For 3He, just below the 2H–" threshold of
2:993 MeV, the 3

"H bound state is barely visible as a weak
shoulder for 1:7), but clearly present for 6) and 12).

Two states of the 4
"H system are known [1], the ground

state with a binding energy of "2:04$ 0:04# MeV, J# !
0%, and an excited state, bound by "1:00$ 0:06# MeV,
J# ! 1%. The experimental resolution of &4 MeV is,
however, not sufficient to resolve the ground and excited
states of the 4

"H system. The calibration of the missing
mass spectrum has been performed using elastic
1H"e; e0p# data as well as 1H"e; e0K%#" data, both ob-
tained during the same experiment. The precision of the
calibration is estimated to be better than 1 MeV. Since
the missing mass spectra have not been shifted with
respect to the known binding energy of the 4

"H state after
calibration, the observed agreement shows the adequacy
of the procedure. Inasmuch as electroproduction has a
large spin-flip probability in the forward direction [7], the
excited state of the 4

"H system should be favored and the
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FIG. 1 (color online). Reconstructed
missing mass spectra for 3He (left)
and 4He (right) targets in the region of
quasifree " production for different
kinematic settings. Data points are
shown with statistical error bars.
Simulations of the quasifree (QF) re-
actions 3;4He"e; e0K%# are shown by
dashed lines. Solid lines represent the
sum of simulations of the QF back-
ground and the bound state reactions,
3;4He"e; e0K%#3;4" H. The thresholds for
QF production, "% 2H, "% 3H, re-
spectively, are denoted by vertical lines.
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 σ=4 MeV
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