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Motivation of Hypernuclear γ spectroscopy	

YN, YY interactions
 (a) Provide YN data substituting YN scattering exp.
     - Unified picture of octet baryon interactions
     Level energies => ΛN spin-spin, spin-orbit, tensor forces
 (b) YN interactions in nuclear matter
     - High density nuclear matter in neutron stars
     Level energies => ΛN-ΣN force, CSB, 3-body force

Medium effects of baryons in nuclei
     - Modification of baryon properties
     Lifetime  => Spin-flip B(M1) ( ~μΛ in nucleus ≠ free space? ) 
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High-precision (ΔE〜a few keV) spectroscopy with Ge detectors	

u, d, s�クォークから構成される核子の仲間
バリオン（重粒子） = 3つのクォークからなる粒子

ハイペロン�＝�sクォークを含むバリオン（寿命~10-10秒）

すべて原子核の構成
要素になれる

ハイペロンの回転周期
2πR/V ~ 10-14/0.3c

 ������~ 10-22 秒

寿命の間に~1012回まわる

52011年2月21日月曜日



Experimental History	

Year	 Facility	 Detector	 Target / Reaction	 Hypernuclei	

1998	 KEK	 Ge (Hyperball)	 7Li  /  (π+, K+)	 7
ΛLi	

2000	 BNL	 NaI	 13C  /  (K−, π−)	 13
ΛC	

2002	 BNL	 Ge (Hyperball)	 9Be  /  (π+, K+)	 9
ΛBe	

2004	 BNL	 Ge (Hyperball)	 10B, 16O  /  (K−, π−)	 7
ΛLi, 9ΛBe, 15

ΛN, 16
ΛO	

2004	 KEK	 Ge (Hyperball)	 10B, 11B  /  (K−
stop, X)	 7

ΛLi	

2004	 KEK	 Ge (Hyperball)	 11B  /  (π+, K+)	 11
ΛB	

2005	 KEK	 Ge (Hyperball2)	 12C  /  (π+, K+)	 11
ΛB, 12

ΛC	

2015	 J-PARC	 Ge (Hyperball-J)	 4He, 19F  /  (K−, π−)	 4
ΛHe, 19

ΛF	
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Hypernuclear γ-ray data in 2015	
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  ΛN spin-dependent interaction strengths determined:
   

    Δ = 0.33 (A>10),  0.42 (A<10),  SΛ = -0.01,  SN = -0.4, T =0.03 MeV

•  Almost all these p-shell levels are reproduced
    by this parameter set. (D.J. Millener)

•  Feedback to BB interaction models.  
   - Nijmegen ESC08 model is almost OK.
   - But ΛN-ΣN force is not well studied yet.
   => go to s-shell and sd-shell



Hypernuclear γ-ray data in 2015	
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M1	3He	

4
ΛHe	
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1/2+	

1+	
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4He	  (K−,	  π−γ)	  J-‐PARC	  E13	

PRL 115 (2015) 222501	

New	  data	  in	  s-‐shell	  
(published)	

19F	  (K−,	  π−γ)	  J-‐PARC	  E13	

New	  data	  in	  sd-‐shell	  
(analysis	  is	  on	  going)	



Gamma-ray detectors (Hyperball series)	
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	  	  	  1998                                    2005                                       2015         	

Hyperball-J
32 detectors
(6.1% p.p.e.)	

Hyperball-X for Ξ-atom X ray

Hyperball-2
20 detectors
(4.0% p.p.e.)	

Hyperball
14 detectors
(2.5% p.p.e.)	

p.p.e. = photo peak efficiency for 1-MeV gamma ray	



2010/06/04 原子核ハドロン実験のための検出器と大規模読み出しに関するワークショップ

Hyperball-J

Features
32 Ge detectors (maximum)
– N-type, Relative efficiency > 60 %
– Transistor-reset preamp. (150 MeV / reset )

Large photo-peak efficiency
– 6.1 % @ 1.33 MeV (Sim.)

Radiation hardness
– Mechanical cooling

Fast background suppression
– 246 PWO counters

Adjustable detector geometry
Remote control and monitor
Waveform readout

4

Ge detector PWO counter

Pulse-tube cooler

beam direction

Lower half of Hyperball-J

1 
m

Hyperball-J	

Features
  Large photo-peak efficiency

–  6.1% @ 1 MeV with 32 Ge detectors 

  Fast readout system
–  Transistor-reset preamp.                           

+ ultra-high rate shaping amp.
–  Waveform readout (under development)

  Radiation-hard Ge detector
–  Mechanical cooling system	  

  Fast background suppression
–  246 PWO counters with ~10 ns decay 

constant

2016/01/19	 21th Reimei Workshop on Hadron Physics	 9	

Target	

Designed to tolerate high-intensity hadron beams
 (a few M particle/sec) provided by J-APRC Acc. 	
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Designed to tolerate high-intensity hadron beams
 (a few M particle/sec) provided by J-APRC Acc. 	

Black:	  aOer	  1012	  pions	  irradiaQon	  	  	  
Red	  :	  before	  the	  experiment	

Crystal temp. is kept ~ 70 K
                 (cf. LN2 : ~ 90 K)	
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Designed to tolerate high-intensity hadron beams
 (a few M particle/sec) provided by J-APRC Acc. 	

10B(1+→3+)	

Ge

charged particle	

Compton scatt.	

Black: w/o suppression
Red : w/ suppression	



J-PARC Hadron Facility	
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30 GeV primary protons
from J-PARC MR
(~5 x 1013 ppp)	

Acc. cycle : 5.5 sec
pulse (flat top) : ~2 sec
ppp : particles per pulse	



Experimental Setup	
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Reaction-gamma coincidence	

4
ΛHe : liq.He target　(2.5 g/cm2)

　　　　pK = 1.5 GeV/c
19
ΛF  : liq. CF4 target (20 g/cm2)

          pK = 1.8 GeV/c	

Pion 
Spectrometer
“SksMinus”	

K1.8 Beamline
Spectrometer

Ge array
“Hyperball-J”	

K－
	

π－	
＊Z),(Z AA

Λ
−− πK

γ+→ ΛZ
A

  Tagging hypernuclear production                          
–  Beamline Spectrometer
–  Pion Spectrometer

  Detection of γ rays from hypernuclei
–  Hyperball-J	



Missing mass for 4He(K−, π−) at 1.5 GeV/c	
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Mainly from
K- → π- + π0	

K－
	

π－
	

  Ground state (0+) dominant spectrum
–  Ex (1+) = ~ 1 MeV
–  Y(1+) / Y(0+) = ~ 0.24 (DWIA calc. by Harada)

  Missing mass resolution
–  5 MeV (FWHM)

  Low B.G. in bound region (~10%)
–  Main source is K- beam decay

0+	

1+	

T.O. Yamamoto et al., PRL 115 (2015) 222501 



Gamma-ray Spectrum for 4He(K−, π−) 	
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  Gamma-ray energy resolution
–  ~5 keV (FWHM) at 1.4 MeV 
–  Summing 27 Ge detectors

  No significant peak in bound region 
w/o Doppler shift correction
–  Recoil velocity(β) : 3-10%

Doppler shift correction	

T.O. Yamamoto et al., PRL 115 (2015) 222501 



Gamma-ray Spectrum for 4He(K−, π−) 	
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  A peak is observed after Dpp. correction
–  Peak shape consists with the simulation
–  Unique assignment to 4ΛHe(1+→0+)
–  Transition energy is 1406 ± 2 ± 2 keV

95±13 counts 	

Simulation	

Present Data	

Doppler shift correction	

T.O. Yamamoto et al., PRL 115 (2015) 222501 



Results	
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Present data	

Bedjidian et al. 
PLB 83 (1979) 252 

Stopped K- on 7Li
Tagged by 4ΛHe → 4He + π0

	

To resolve this problem, confirmation and improvement
of experimental data on CSB are also necessary. Since
systematic errors are not well evaluated in the old emulsion
data for BΛ, new data, ideally also gathered by different
experimental methods, have been awaited. Recently, the π−

momentum in the 4
ΛH → 4Heþ π− weak decay was pre-

cisely measured at MAMI-C [5], and the obtained value of
BΛ(

4
ΛHð0þÞ) ¼ 2.12% 0.01ðstatÞ % 0.09ðsystÞ MeV is

consistent with the emulsion value.
The BΛ difference for the excited 1þ states provides

additional important information on the spin dependent
CSB effect from which the origin of CSB can be studied.
The BΛ values for the 1þ state are obtained via the
1þ → 0þ γ-ray transition energies. The 4

ΛH γ ray was
measured three times, and the 4

ΛHð1þ; 0þÞ energy spacing
was determined to be 1.09% 0.02 MeV as the weighted
average of these three measurements (1.09% 0.03 MeV
[6], 1.04% 0.04 MeV [7], and 1.114% 0.030 MeV [8]), as
shown in Fig. 1 (on the left). On the other hand, observation
of the 4

ΛHe γ ray was reported only once by an experiment
with stopped K− absorption on a 7Li target, which claimed
the (1þ, 0þ) energy spacing to be 1.15% 0.04 MeV [7].
This result suggests a significantly large CSB effect also in
the 1þ state with ΔBΛð1þÞ ¼ 0.29% 0.06 MeV. However,
this 4

ΛHe γ-ray spectrum is statistically insufficient, and
identification of the 4

ΛHe hyperfragment through high
energy γ rays attributed to the 4

ΛHe →
4Heþ π0 weak

decay seems to be ambiguous.
In order to clarify this situation, we performed a γ-ray

spectroscopic experiment for 4
ΛHe at J-PARC [9], in which

the 1þ excited state of 4
ΛHe was directly produced via the

4HeðK−; π−Þ reaction with a 1.5 GeV=cK− beam, and γ
rays were measured using germanium (Ge) detectors with

an energy resolution one order of magnitude better than that
of the NaI counters used in all of the previous 4

ΛH and
4
ΛHe γ-ray experiments. In this Letter, we present the result
which clearly supersedes the previously claimed γ-ray
transition energy and firmly establishes the level scheme
of 4

ΛHe, as shown in Fig. 1 (on the right).
The J-PARC E13 experiment was carried out at the K1.8

beam line in the J-PARC Hadron Experimental Facility
[10]. The 4HeðK−; π−Þ reaction was used to produce
4
ΛHeð1þÞ, which was populated via the spin-flip amplitude
of the K− þ n → Λþ π− process. A beam momentum of
1.5 GeV=c was chosen considering the elementary cross
section of the spin-flip Λ production and the available
beam intensity. A 2.8 g=cm2-thick liquid 4He target was
irradiated with a total of 2.3 × 1010 kaons. A K− beam
(K−=π− ¼ 2 ∼ 3) was delivered to the target with a typical
intensity of 3 × 105 over a 2.1 s duration of the beam spill
occurring every 6 s. Incident K− and outgoing π− mesons
were particle identified and momentum analyzed by the
beam line spectrometer and the Superconducting Kaon
Spectrometer (SKS) [11], respectively. In addition, γ rays
were detected by a Ge detector array (Hyperball-J) sur-
rounding the target. Through a coincidence measurement
between these spectrometer systems and Hyperball-J, γ
rays from hypernuclei were measured. The detector system
surrounding the target is shown in Fig. 2.
The detector setting in SKS was configured for γ-ray

spectroscopic experiments via the ðK−; π−Þ reaction
(SksMinus). SksMinus had a large acceptance
(∼100 msr) for detecting the outgoing pions in the labo-
ratory scattering angle range of θKπ ¼ 0°–20°. The

FIG. 1 (color online). Level schemes of the mirror hypernuclei,
4
ΛH and 4

ΛHe. Λ binding energies (BΛ) of 4
ΛHð0þÞ and 4

ΛHeð0þÞ
are taken from past emulsion experiments [2]. BΛ(

4
ΛHeð1þÞ) and

BΛ(
4
ΛHð1þÞ) are obtained using the present data and past γ-ray

data [6–8], respectively. Recently, BΛ(
4
ΛHð0þÞ) ¼ 2.12%

0.01ðstatÞ % 0.09ðsystÞ MeV was obtained with an independent
technique [5].

FIG. 2 (color online). A schematic view of the experimental
setup around the liquid 4He target (side view). SKS is a super-
conducting dipole magnet (2.5 T); BH2 is a plastic scintillation
counter hodoscope; BAC1,2 and SAC1 are aerogel Čerenkov
counters with n ¼ 1.03; SDC1,2 are drift chambers. SP0 is an
electromagnetic shower counter to tag high energy photons from
π0 decay. Hyperball-J consists of 27 Ge detectors, each sur-
rounded by PWO counters for background suppression.

PRL 115, 222501 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

27 NOVEMBER 2015

222501-2

  Old NaI data (1.15 MeV) was denied.
  Existence of CSB is confirmed             

only by γ-ray data. 
  Combining with emulsion data

–  ΔBΛ(1+) :  0.03±0.05 MeV	
–  ΔBΛ(0+) :  0.35±0.05 MeV

  Large spin dependence in CSB is found.

Λ+	  p n
n

Λ+	  p p
n

Λp	  ≠	  Λn	  	  

4
ΛH	

4
ΛHe	



What is the origin of CSB ?	

  Akaishi et al. predicts Σ mixing through ΛNN 3-body force is large for 0+ but very 
small for 1+.

–  Present data shows the same spin dependence.
–  ΔBΛ(0+) ~350 keV,       ΔBΛ(1+) ~30 keV

  Exact calc. including Σ+Σ− mass difference as well as CSB in BB force (Nijmegen 
SC97e) gives only ΔBΛ(0+) ~70 keV.

–  Nogga et al., PRL 88 (2002) 172501
  p-shell hypernuclear levels are very well reproduced by Λ-Σ coupling from D2 

interaction.
–  Millener (2005) 

  Shell model calc. using D2 gives ΔBΛ(0+) ~250 keV and ΔBΛ(1+) ~40 keV. 
–  A. Gal, PLB 744 (2015) 352
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ΛN-ΣN coupling
force	

1+	  
-‐0.98	  

4
ΛHe	 Akaishi et al., PRL 84 (2000) 3539	

D2: central ΛN and ΣN
SC: tensor dominated
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ΛN-ΣN coupling
force	

1+	  
-‐0.98	  

4
ΛHe	 Akaishi et al., PRL 84 (2000) 3539	

D2: central ΛN and ΣN
SC: tensor dominatedΛN-ΣN coupling causes ΔBΛ(0+) in A=4 hypernuclei ?

If yes,
The observed CSB effect is sensitive to

the ΛN-ΣN coupling force.	



Next plan for 4ΛH measurement 	
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Fig. 2. The ,y-spectra obtained with K- stopped m EL1 and 7Li 
targets and taken in coincidence with charged pions and n o 
mesons. (a) Added -r-spectrum for ELI and 7Li targets, N K- 
= 6.5 × 108, E~rch = (48-58) MeV. (b) Same as A, but EnO = 
(45-85) MeV (c)The ~,-spectrum for a ELi target, N K- = 
4.2 X 108, E ~  = (200-400) MeV. (d) The ~/-spectrum for 
7LI target, N K  -= 2.3 X 108, ETr o = (100-180) MeV. 

In fig. 2b the same added ")'-spectrum is presented, 
but the lr 0 mesons of energy ( 4 5 - 8 5 )  MeV were taken 
in coincidence. The energy resolution of the 7r 0 detec- 
tor (2.5 times worse than that of  the charged plon 
telescope) made it necessary to use a broad energy 
Interval around 57 MeV, thus decreasing the peak-to- 
background ratio. In this spectrum the only statistically 
significant maximum was found at (1.15 -+ 0.04) MeV 

and its product ion rate is about (0.15 + 0.04)% per 
stopped K - .  The fact that this 7-11ne appears for the 
4He trigger, and that its energy does not  correspond 
to the nuclear background hnes observed m other 
spectra, indicates that it should belong to the 4He 
7-transition. From this 7-hne intensity one can estimate 
that the product ion rate of 4He* hypernuclet is about 
0.3% per stopped K - .  It should be noted,  however, 
that the production rates of  bo th  4H* and 4He* 
hypernuclei were obtained from the 7-11nes in added 
spectra of  K -  mesons stopped m 6 L1 and 7LI targets. 
The examined maxima are also seen in the separate 
spectra, but  they reach a statistical certainty of about 
4 standard deviations for the added ones, only. 

In the case of  the 6 L1 target, the same line is also 
observed if the 7-spectrum is obtained with the 7r 0 
mesons of  energy ( 2 0 0 - 4 0 0 )  MeV (fig. 2c, N K_ = 
4 × 108). Such 7r 0 mesons cannot be correlated with 
the production or decay of  4He  hypernuclei.  How- 
ever, the large sohd angle ( - 3 0 % )  of  the 7r 0 counter 
enables one to detect the fictitious 7r ° decays re- 
sultlng from the coincidence of  uncorrelated 7-rays 
from two different 7r 0 mesons, e.g. from the hyper- 
nucleus decay and production.  Using a Monte Carlo 
calculation it was found that m the actual set-up 
the probabil i ty  of  detecting ficntious ( 2 0 0 - 4 0 0 )  MeV 

mesons as a result ot such coincidence may be 
about 6%, if the 4He decay 7r 0 mesons are correlated 
with 4He production 7r 0 mesons of  energy range 
( 9 0 - 1 5 0 )  MeV. This value 6% was obtained on the 
basis that 70% of  all 4He hypernuclel are decaying with 
the emission of  a 7r 0 meson, and that 7r 0 mesons of  
energy lower than 57 MeV (an the case of  many-body 
4He decays) make contributions to the fictitious 
(200 400) MeV 7r 0 mesons similar to those made by 
the 57 MeV ones. With this efficiency one can estimate 
that the product ion rate of the ")'-line observed in the 
spectrum in fig. 2c is equal to about 0.1%. This corre- 
sponds to about 0.15% product ion rate of  all 4He 
correlated with the emission of ( 9 0 - 1 5 0 )  MeV 7r 0 
mesons. Assuming that the 4He* product ion rate In a 
ELi target is about 0.3% one obtains that only a part 
(say, ha l0  of  all 4He* produced m this target would 
be correlated with high-energy ( 9 0 - 1 5 0 )  MeV 7r 0 
mesons. 

Such a strong enhancement of  a "),-line with the fic- 
titious zr 0 mesons was not observed for similar investi- 
gations made for the 3,-spectra obtained with K -  

254 
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  Three experimental data for 4ΛH
–  Hyperfragments from stopped K− on 6,7Li
–  Tagging of 4ΛH→4He + π−　weak decay
–  NaI detectors (ΔE = 12%)
–  Large Doppler broadening (~50 keV)
–  Eγ(1+ → 0+)  = 1.09 ± 0.02 MeV (average)

  In-flight (K−, π−) reaction on 7Li
–  Repeat of old exp. with high accuracy
–  SksMinus + Hyperball-J (ΔE = 0.5%)
–  Distinction between 4ΛH and 4ΛHe using 

only γ-ray energies.
–  Doppler broadening is suppressed by 

selecting small recoil energy in missing 
mass. (37 keV → 18 keV)

–  Expected accuracy is ~ 0.002 MeV for 
4
ΛH(1+→0+)	

Bedjidian et al. PLB 83 (1979) 252 

M.	  May	  et	  al.,	  PRL	  51	  (1983)	  2085	

stopped K−

In-flight (K−, π−)	

Hyperfragment region	

bound region	

4
ΛH(1+→0+)	

1.11 MeV	



Missing mass for 19F(K−, π−) at 1.8 GeV/c	
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Preliminary	
Thin CF2 target
(cf. CH2 target)	

Thick CF4 target	

sΛ	

pΛ	

sdΛ	

  Missing mass resolution (FWHM)
–  Thin CF2(CH2) target : 6 MeV
–  Thick CF4 target         : ~10 MeV

  No clear structure in CF4 spectrum
–  But, small contamination from 12

ΛC 
in 19

ΛF(sΛ) region
–  12

ΛC gamma rays are already known 19
Λ
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Gamma-ray Spectrum for 19F(K−, π−) 	
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Black: 19
ΛF (sΛ) region            

Red: highly unbound region

Very preliminary	

19F(197) 

315 keV	

895 keV	580 keV?	

w/o Dpp. correction	

  Most likely, the 315 keV peak is assigned as the g.s. doublet M1 
transition, 19

ΛF(3/2+→1/2+)
–  Study of ΛN spin-spin interaction in sd-shell. (compared with p-shell data)

  If the 580 keV is confirmed to be a peak, right level scheme is 
reconstructed. The initial state may be able to be assigned.

  Analysis is going on for assignments and search for more γ rays.
1/2+	

3/2+	

580?	 895	
315	

?	

19
ΛF	

Selected mass regions	



Summary	

 Hypernuclear gamma spectroscopy is essential to 
study ΛN interaction (spin-dependent parts).
–  p-shell Λ hypernuclear data was almost accomplished.
 Recently, new data in s-shell (4

ΛHe) and sd-shell 
(19

ΛF) were obtained by a J-PARC experiment. 
– Large CSB in A=4 hypernuclei was confirmed.
– Three γ-ray candidates were found in 19

ΛF data.
 Next plan

– Remeasurement of 4ΛH(1+→0+) with high accuracy
– Measurement of B(M1) in 7ΛLi to study medium 

effects of baryon in nuclei	
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Thank you	
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