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1953

hypernucleus
hypernuclei are nuclear systems in which one or more nucleons 
are replaced by one (or more) hyperons. The more known and 
studied for a long time (almost 60 years) are Λ-hypernuclei, in 
which one Λ-hyperon replaces a nucleon of the nucleus.
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hypernuclei fathers
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hypernuclei thus provide a unique laboratory suitable not only for studying 
nuclear structure in the presence of a strange quark, but also for probing 
weak interactions between baryons
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nuclear structure in the presence of a strange quark, but also for probing 
weak interactions between baryons

hypernucleus
hypernuclei are nuclear systems in which one or more nucleons 
are replaced by one (or more) hyperons. The more known and 
studied for a long time (almost 60 years) are Λ-hypernuclei, in 
which one Λ-hyperon replaces a nucleon of the nucleus.

12C 12
Λ C

n → Λ

understand baryon-baryon interaction 
   (YN scattering experiments are diff icult to perform - data very l imited)

   from hypernuclear energy levels and theoretical models 
   information about YN interaction can be extracted 

hypernuclei fathers
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hypernuclei thus provide a unique laboratory suitable not only for studying 
nuclear structure in the presence of a strange quark, but also for probing 
weak interactions between baryons

hypernucleus
hypernuclei are nuclear systems in which one or more nucleons 
are replaced by one (or more) hyperons. The more known and 
studied for a long time (almost 60 years) are Λ-hypernuclei, in 
which one Λ-hyperon replaces a nucleon of the nucleus.

12C 12
Λ C

n → Λ

understand baryon-baryon interaction 
   (YN scattering experiments are diff icult to perform - data very l imited)

   from hypernuclear energy levels and theoretical models 
   information about YN interaction can be extracted 

investigate dynamical change of nuclear structure induced by the added Λ hyperon
the Λ reaching deep inside levels (no Pauli blocking) it can attract the surrounding 
nucleons (“glue-like” effect, “core contraction” in light hypernuclei) 

hypernuclei fathers
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hypernuclei production reactions

1)

2)

3)

π+ + n → Λ+K+

e+ p → e� + Λ+K+

strangeness exchange

electroproduction (new at JLab) 

associated production

in flight/stop

in flight/stop strangeness exchange (both “in fl ight” and “at rest”)

O. Hashimoto, H. Tamura / Progress in Particle and Nuclear Physics 57 (2006) 564–653 569

Fig. 2. A schematic presentation of three strangeness producing reactions used to study hypernuclei.

last decade, new experimental techniques have been further developed. One is hypernuclear
! -ray spectroscopy [26]. Precision spectroscopy has been carried out with unprecedented
resolution of a few keV through the use of a germanium detector array called Hyperball and
it has provided quantitative new information on hyperon–nucleon interactions. A second
development is the use of the (e, e!K +) reaction for hypernuclear spectroscopy. The high-
quality, high-intensity CW electron beams available at the Thomas Jefferson National
Accelerator Facility (JLab), USA, permitted the first successful (e, e!K +) spectroscopy
measurements [27]; this technique is going to be fully developed for ! hypernuclear
investigations in the near future. These developments are expected to greatly expand the
possibilities for strangeness nuclear physics in the coming years.

! hypernuclei in the wide mass range from 3
!H up to 208

!Pb have been investigated
during this three-stage period as summarized in Fig. 1.

In this paper, we will review the present status of ! hypernuclear spectroscopy with
an emphasis on good-quality reaction spectroscopy using the ("+, K +) and (e, e!K +)

reactions and hypernuclear ! -ray spectroscopy. Experimental efforts toward the future
hypernuclear spectroscopy will also be described.

2. Principles of ! hypernuclear spectroscopy

A ! hypernucleus is produced in a wide variety of hadronic reactions with beams of
mesons, protons, and heavy ions. It can be also produced by electromagnetic interactions,
a technique that became feasible only recently. In most cases of hypernuclear reactions,
a hypernucleus is populated in a nucleon hole hyperon–particle state (a nucleon in the
target having been converted to a ! hyperon). The elementary processes for three typical
reactions, (K ",""), ("+, K +) and (e, e!K +), are shown schematically in Fig. 2 at the
quark level. From the viewpoint of constituent quarks, an s quark in the beam kaon is
exchanged with a d quark in a neutron in the case of the (K ","") reaction, while in the

O. Hashimoto, H. Tamura PPNP 57 (2006) 564

K− + n → Λ+ π−

K− + p → Λ+ πo

mostly used because of ease of tracking

same nucleus-hypernucleus species

Z-1 hypernucleus species

Z-1 hypernucleus species

same nucleus-hypernucleus species
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in a complete program of hypernuclear spectroscopy

mostly used because of ease of tracking

same nucleus-hypernucleus species

Z-1 hypernucleus species

Z-1 hypernucleus species

same nucleus-hypernucleus species



July 24 – 29 · MIT PANIC 2011

hypernuclei formation probability as a function A g e r m a n o  b o n om i

3

hypernuclei production reactions

1)

2)

3)

π+ + n → Λ+K+

e+ p → e� + Λ+K+

strangeness exchange

electroproduction (new at JLab) 

associated production

in flight/stop

in flight/stop strangeness exchange (both “in fl ight” and “at rest”)

O. Hashimoto, H. Tamura / Progress in Particle and Nuclear Physics 57 (2006) 564–653 569

Fig. 2. A schematic presentation of three strangeness producing reactions used to study hypernuclei.

last decade, new experimental techniques have been further developed. One is hypernuclear
! -ray spectroscopy [26]. Precision spectroscopy has been carried out with unprecedented
resolution of a few keV through the use of a germanium detector array called Hyperball and
it has provided quantitative new information on hyperon–nucleon interactions. A second
development is the use of the (e, e!K +) reaction for hypernuclear spectroscopy. The high-
quality, high-intensity CW electron beams available at the Thomas Jefferson National
Accelerator Facility (JLab), USA, permitted the first successful (e, e!K +) spectroscopy
measurements [27]; this technique is going to be fully developed for ! hypernuclear
investigations in the near future. These developments are expected to greatly expand the
possibilities for strangeness nuclear physics in the coming years.

! hypernuclei in the wide mass range from 3
!H up to 208

!Pb have been investigated
during this three-stage period as summarized in Fig. 1.

In this paper, we will review the present status of ! hypernuclear spectroscopy with
an emphasis on good-quality reaction spectroscopy using the ("+, K +) and (e, e!K +)

reactions and hypernuclear ! -ray spectroscopy. Experimental efforts toward the future
hypernuclear spectroscopy will also be described.

2. Principles of ! hypernuclear spectroscopy

A ! hypernucleus is produced in a wide variety of hadronic reactions with beams of
mesons, protons, and heavy ions. It can be also produced by electromagnetic interactions,
a technique that became feasible only recently. In most cases of hypernuclear reactions,
a hypernucleus is populated in a nucleon hole hyperon–particle state (a nucleon in the
target having been converted to a ! hyperon). The elementary processes for three typical
reactions, (K ",""), ("+, K +) and (e, e!K +), are shown schematically in Fig. 2 at the
quark level. From the viewpoint of constituent quarks, an s quark in the beam kaon is
exchanged with a d quark in a neutron in the case of the (K ","") reaction, while in the

O. Hashimoto, H. Tamura PPNP 57 (2006) 564

K− + n → Λ+ π−

K− + p → Λ+ πo

each reaction has its own advantages and plays its role 

in a complete program of hypernuclear spectroscopy

mostly used because of ease of tracking

same nucleus-hypernucleus species

Z-1 hypernucleus species

Z-1 hypernucleus species

same nucleus-hypernucleus species

FINAL GOAL: spectroscopy to measure formation 
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FINUDA
the Laboratori Nazionali di Frascati (LNF) of the Istituto Nazionale di Fisica Nucleare (INFN)

DAΦNE e+-e- collider machine

energy 510 MeV

peak luminosity 1.5 1032 cm-2s-1 
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“monochromatic” source of “very low” kinetic energy K- beam (ideal for Kstop production)
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mhyp =
�

(mK− + mAZ − Eπ−)2 − p2
π

by conserving energy and momentum

−BΛ = mhyp − (mAZ−1n + mΛ)
[S. Brizzo et al. Il nuovo cimento A 51 (1967) 647] 
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- Formation probability

9Be

hypernuclei

- Binding energy

the position of the peaks gives directly the BΛ value

- FWHM has been fixed to the exp. resolution (1.76 MeV)

- absolute energy scale known at the level of 0.3 MeV
  (we know from the K+ → μν - self calibrated apparatus)

- possible systematic of the fit of 0.3  MeV 

- global error of 0.4 MeV

 which is the probability of forming an hypernucleus
 when stopping a K- in a nucleus? 

 it is connected to the number of events if the peaks,
calculated taking into account acceptances and efficiencies
(K+ → μν - rate calibrated apparatus)

experimental measured quantit ies
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Table 1
Binding energy and formation probability for the 7

!Li states. E X , as for the following
tables, represents the excitation energy, that is the binding energy difference, with
respect to the ground state.

7Li B!

(MeV)
E X
(MeV)

Formation probability
per stopped K! (10!3)

1 5.8± 0.4 – 0.37± 0.04± 0.05
2 4.1± 0.4 1.7 0.46± 0.05± 0.06
3 2.6± 0.4 3.2 0.21± 0.03± 0.03

Fig. 4. Binding energy distribution for the 9Be targets (see text for details of the fit).

5 MeV. The best fit was obtained with three Gaussians for a to-
tal number of reconstructed events of about 4000. The position
of the mean value along with the probability formation are sum-
marized in Table 1. The values are in agreement with a previous
FINUDA publication on 7

!Li [25], which was based on the data col-
lected during the first data taking period with a lower statistics.
These measurements can also be compared with KEK experiment
E336, that collected high statistics with the ("+, K+) reaction [2].
For what concerns the ground state binding energy our value of
5.8± 0.4 MeV is higher than the E336 one at 5.22± 0.08 MeV. On
the other hand our value agrees within 1# with the accurate mea-
surements in emulsion experiments in the sixties and seventies
which reported an average value of 5.58 ± 0.03 [26]. For the ex-
cited states a comparison can be made with the very precise mea-
surements performed by the Hyperball experiments [27]. Given the
FINUDA experimental error on the binding energy measurements
(0.4 MeV) it is however di!cult to a!rm which of the states cor-
responds to the one observed in FINUDA. A reasonable hypothesis
is that the state at 5.8 MeV is the 1/2+ ground state. The sec-
ond peak could be attributed to the 5/2+ state at E X = 2.05 MeV
[27], while the third peak could represent the T = 1, 1/2+ state.
Assuming the first Gaussian contains only events from the ground
state a formation probability of (0.37 ± 0.04 ± 0.05) " 10!3 has
been calculated. The sum of the rates for all the Gaussians gives a
total probability of forming a bound hypernucleus per stopped K!

of (1.04 ± 0.12 ± 0.14) " 10!3. Along with the FINUDA value re-
ported in [25] this represents the first measurement of formation
probability for 7

!Li.

Table 2
Binding energy and formation probability for the 9

!Be states.

9Be B!

(MeV)
E X
(MeV)

Formation probability
per stopped K! (10!3)

1 6.2± 0.4 – 0.16± 0.02± 0.02
2 3.7± 0.4 2.5 0.21± 0.02± 0.03

Fig. 5. Binding energy distribution for the 13C targets (see text for details of the fit).
In the inset the binding energy distribution for backward tracks only is shown. In
this way the background from K! in-flight decay is reduced and the ground state
is more clearly visible.

4.2. Formation probability and binding energy for 9
!Be

The binding energy distribution in the bound region for the
9Be targets is shown in Fig. 4. Two signals are clearly visible,
one centered at 6.2 MeV, the other at 3.7 MeV. Our background,
rising steeply above 0 MeV, doesn’t allow the ascertainment of
the existence of other exited states. The E336 experiment [2] on
the other hand reported the presence of eight states, the posi-
tion of the first two being in agreement with our measurement.
The binding energy of the ground state is somehow lower than
the value of 6.71± 0.04 MeV measured in emulsion data [26], but
still compatible within the errors. The excitation energy of the sec-
ond peak is compatible with high precision $ -spectroscopy mea-
surements reported in [28]. A total of about 1800 reconstructed
events have been found, corresponding to a formation probability
of (0.16±0.02±0.02)"10!3 and of (0.21±0.02±0.03)"10!3 for
the ground and the excited states respectively, for a total probabil-
ity of (0.37± 0.04± 0.05)" 10!3 of forming a 9

!Be when stopping
a K! . All the results are summarized in Table 2. This is the first
world measurement of formation probability for 9

!Be.

4.3. Formation probability and binding energy for 13
!C

The binding energy distribution for the 13C target is shown in
Fig. 5. Besides a clear peak above 0 MeV and a small peak around
7 MeV, no other hypernuclear state is visible. For this reason the
high quality backward tracks sample, that has much less back-
ground from in-flight K! decays, is shown in the inset. Even if
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!Li states. E X , as for the following
tables, represents the excitation energy, that is the binding energy difference, with
respect to the ground state.
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Formation probability
per stopped K! (10!3)

1 5.8± 0.4 – 0.37± 0.04± 0.05
2 4.1± 0.4 1.7 0.46± 0.05± 0.06
3 2.6± 0.4 3.2 0.21± 0.03± 0.03

Fig. 4. Binding energy distribution for the 9Be targets (see text for details of the fit).

5 MeV. The best fit was obtained with three Gaussians for a to-
tal number of reconstructed events of about 4000. The position
of the mean value along with the probability formation are sum-
marized in Table 1. The values are in agreement with a previous
FINUDA publication on 7

!Li [25], which was based on the data col-
lected during the first data taking period with a lower statistics.
These measurements can also be compared with KEK experiment
E336, that collected high statistics with the ("+, K+) reaction [2].
For what concerns the ground state binding energy our value of
5.8± 0.4 MeV is higher than the E336 one at 5.22± 0.08 MeV. On
the other hand our value agrees within 1# with the accurate mea-
surements in emulsion experiments in the sixties and seventies
which reported an average value of 5.58 ± 0.03 [26]. For the ex-
cited states a comparison can be made with the very precise mea-
surements performed by the Hyperball experiments [27]. Given the
FINUDA experimental error on the binding energy measurements
(0.4 MeV) it is however di!cult to a!rm which of the states cor-
responds to the one observed in FINUDA. A reasonable hypothesis
is that the state at 5.8 MeV is the 1/2+ ground state. The sec-
ond peak could be attributed to the 5/2+ state at E X = 2.05 MeV
[27], while the third peak could represent the T = 1, 1/2+ state.
Assuming the first Gaussian contains only events from the ground
state a formation probability of (0.37 ± 0.04 ± 0.05) " 10!3 has
been calculated. The sum of the rates for all the Gaussians gives a
total probability of forming a bound hypernucleus per stopped K!

of (1.04 ± 0.12 ± 0.14) " 10!3. Along with the FINUDA value re-
ported in [25] this represents the first measurement of formation
probability for 7

!Li.

Table 2
Binding energy and formation probability for the 9

!Be states.

9Be B!

(MeV)
E X
(MeV)

Formation probability
per stopped K! (10!3)

1 6.2± 0.4 – 0.16± 0.02± 0.02
2 3.7± 0.4 2.5 0.21± 0.02± 0.03

Fig. 5. Binding energy distribution for the 13C targets (see text for details of the fit).
In the inset the binding energy distribution for backward tracks only is shown. In
this way the background from K! in-flight decay is reduced and the ground state
is more clearly visible.

4.2. Formation probability and binding energy for 9
!Be

The binding energy distribution in the bound region for the
9Be targets is shown in Fig. 4. Two signals are clearly visible,
one centered at 6.2 MeV, the other at 3.7 MeV. Our background,
rising steeply above 0 MeV, doesn’t allow the ascertainment of
the existence of other exited states. The E336 experiment [2] on
the other hand reported the presence of eight states, the posi-
tion of the first two being in agreement with our measurement.
The binding energy of the ground state is somehow lower than
the value of 6.71± 0.04 MeV measured in emulsion data [26], but
still compatible within the errors. The excitation energy of the sec-
ond peak is compatible with high precision $ -spectroscopy mea-
surements reported in [28]. A total of about 1800 reconstructed
events have been found, corresponding to a formation probability
of (0.16±0.02±0.02)"10!3 and of (0.21±0.02±0.03)"10!3 for
the ground and the excited states respectively, for a total probabil-
ity of (0.37± 0.04± 0.05)" 10!3 of forming a 9

!Be when stopping
a K! . All the results are summarized in Table 2. This is the first
world measurement of formation probability for 9

!Be.

4.3. Formation probability and binding energy for 13
!C

The binding energy distribution for the 13C target is shown in
Fig. 5. Besides a clear peak above 0 MeV and a small peak around
7 MeV, no other hypernuclear state is visible. For this reason the
high quality backward tracks sample, that has much less back-
ground from in-flight K! decays, is shown in the inset. Even if
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 the ground state from emulsion data 
BΛ = -5.58 ± 0.03 MeV

[M. Juric et al. Nucl. Phys. B 52 (1973) 1] 

H. Tamura et al. 
Nucl. Phys. A 754 (2005) 58c 

γ spectroscopy
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Binding energy and formation probability for the 7

!Li states. E X , as for the following
tables, represents the excitation energy, that is the binding energy difference, with
respect to the ground state.

7Li B!

(MeV)
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(MeV)

Formation probability
per stopped K! (10!3)

1 5.8± 0.4 – 0.37± 0.04± 0.05
2 4.1± 0.4 1.7 0.46± 0.05± 0.06
3 2.6± 0.4 3.2 0.21± 0.03± 0.03

Fig. 4. Binding energy distribution for the 9Be targets (see text for details of the fit).

5 MeV. The best fit was obtained with three Gaussians for a to-
tal number of reconstructed events of about 4000. The position
of the mean value along with the probability formation are sum-
marized in Table 1. The values are in agreement with a previous
FINUDA publication on 7

!Li [25], which was based on the data col-
lected during the first data taking period with a lower statistics.
These measurements can also be compared with KEK experiment
E336, that collected high statistics with the ("+, K+) reaction [2].
For what concerns the ground state binding energy our value of
5.8± 0.4 MeV is higher than the E336 one at 5.22± 0.08 MeV. On
the other hand our value agrees within 1# with the accurate mea-
surements in emulsion experiments in the sixties and seventies
which reported an average value of 5.58 ± 0.03 [26]. For the ex-
cited states a comparison can be made with the very precise mea-
surements performed by the Hyperball experiments [27]. Given the
FINUDA experimental error on the binding energy measurements
(0.4 MeV) it is however di!cult to a!rm which of the states cor-
responds to the one observed in FINUDA. A reasonable hypothesis
is that the state at 5.8 MeV is the 1/2+ ground state. The sec-
ond peak could be attributed to the 5/2+ state at E X = 2.05 MeV
[27], while the third peak could represent the T = 1, 1/2+ state.
Assuming the first Gaussian contains only events from the ground
state a formation probability of (0.37 ± 0.04 ± 0.05) " 10!3 has
been calculated. The sum of the rates for all the Gaussians gives a
total probability of forming a bound hypernucleus per stopped K!

of (1.04 ± 0.12 ± 0.14) " 10!3. Along with the FINUDA value re-
ported in [25] this represents the first measurement of formation
probability for 7

!Li.

Table 2
Binding energy and formation probability for the 9

!Be states.

9Be B!

(MeV)
E X
(MeV)

Formation probability
per stopped K! (10!3)

1 6.2± 0.4 – 0.16± 0.02± 0.02
2 3.7± 0.4 2.5 0.21± 0.02± 0.03

Fig. 5. Binding energy distribution for the 13C targets (see text for details of the fit).
In the inset the binding energy distribution for backward tracks only is shown. In
this way the background from K! in-flight decay is reduced and the ground state
is more clearly visible.

4.2. Formation probability and binding energy for 9
!Be

The binding energy distribution in the bound region for the
9Be targets is shown in Fig. 4. Two signals are clearly visible,
one centered at 6.2 MeV, the other at 3.7 MeV. Our background,
rising steeply above 0 MeV, doesn’t allow the ascertainment of
the existence of other exited states. The E336 experiment [2] on
the other hand reported the presence of eight states, the posi-
tion of the first two being in agreement with our measurement.
The binding energy of the ground state is somehow lower than
the value of 6.71± 0.04 MeV measured in emulsion data [26], but
still compatible within the errors. The excitation energy of the sec-
ond peak is compatible with high precision $ -spectroscopy mea-
surements reported in [28]. A total of about 1800 reconstructed
events have been found, corresponding to a formation probability
of (0.16±0.02±0.02)"10!3 and of (0.21±0.02±0.03)"10!3 for
the ground and the excited states respectively, for a total probabil-
ity of (0.37± 0.04± 0.05)" 10!3 of forming a 9

!Be when stopping
a K! . All the results are summarized in Table 2. This is the first
world measurement of formation probability for 9

!Be.

4.3. Formation probability and binding energy for 13
!C

The binding energy distribution for the 13C target is shown in
Fig. 5. Besides a clear peak above 0 MeV and a small peak around
7 MeV, no other hypernuclear state is visible. For this reason the
high quality backward tracks sample, that has much less back-
ground from in-flight K! decays, is shown in the inset. Even if
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Table 1
Binding energy and formation probability for the 7

!Li states. E X , as for the following
tables, represents the excitation energy, that is the binding energy difference, with
respect to the ground state.

7Li B!

(MeV)
E X
(MeV)

Formation probability
per stopped K! (10!3)

1 5.8± 0.4 – 0.37± 0.04± 0.05
2 4.1± 0.4 1.7 0.46± 0.05± 0.06
3 2.6± 0.4 3.2 0.21± 0.03± 0.03

Fig. 4. Binding energy distribution for the 9Be targets (see text for details of the fit).

5 MeV. The best fit was obtained with three Gaussians for a to-
tal number of reconstructed events of about 4000. The position
of the mean value along with the probability formation are sum-
marized in Table 1. The values are in agreement with a previous
FINUDA publication on 7

!Li [25], which was based on the data col-
lected during the first data taking period with a lower statistics.
These measurements can also be compared with KEK experiment
E336, that collected high statistics with the ("+, K+) reaction [2].
For what concerns the ground state binding energy our value of
5.8± 0.4 MeV is higher than the E336 one at 5.22± 0.08 MeV. On
the other hand our value agrees within 1# with the accurate mea-
surements in emulsion experiments in the sixties and seventies
which reported an average value of 5.58 ± 0.03 [26]. For the ex-
cited states a comparison can be made with the very precise mea-
surements performed by the Hyperball experiments [27]. Given the
FINUDA experimental error on the binding energy measurements
(0.4 MeV) it is however di!cult to a!rm which of the states cor-
responds to the one observed in FINUDA. A reasonable hypothesis
is that the state at 5.8 MeV is the 1/2+ ground state. The sec-
ond peak could be attributed to the 5/2+ state at E X = 2.05 MeV
[27], while the third peak could represent the T = 1, 1/2+ state.
Assuming the first Gaussian contains only events from the ground
state a formation probability of (0.37 ± 0.04 ± 0.05) " 10!3 has
been calculated. The sum of the rates for all the Gaussians gives a
total probability of forming a bound hypernucleus per stopped K!

of (1.04 ± 0.12 ± 0.14) " 10!3. Along with the FINUDA value re-
ported in [25] this represents the first measurement of formation
probability for 7

!Li.

Table 2
Binding energy and formation probability for the 9

!Be states.

9Be B!

(MeV)
E X
(MeV)

Formation probability
per stopped K! (10!3)

1 6.2± 0.4 – 0.16± 0.02± 0.02
2 3.7± 0.4 2.5 0.21± 0.02± 0.03

Fig. 5. Binding energy distribution for the 13C targets (see text for details of the fit).
In the inset the binding energy distribution for backward tracks only is shown. In
this way the background from K! in-flight decay is reduced and the ground state
is more clearly visible.

4.2. Formation probability and binding energy for 9
!Be

The binding energy distribution in the bound region for the
9Be targets is shown in Fig. 4. Two signals are clearly visible,
one centered at 6.2 MeV, the other at 3.7 MeV. Our background,
rising steeply above 0 MeV, doesn’t allow the ascertainment of
the existence of other exited states. The E336 experiment [2] on
the other hand reported the presence of eight states, the posi-
tion of the first two being in agreement with our measurement.
The binding energy of the ground state is somehow lower than
the value of 6.71± 0.04 MeV measured in emulsion data [26], but
still compatible within the errors. The excitation energy of the sec-
ond peak is compatible with high precision $ -spectroscopy mea-
surements reported in [28]. A total of about 1800 reconstructed
events have been found, corresponding to a formation probability
of (0.16±0.02±0.02)"10!3 and of (0.21±0.02±0.03)"10!3 for
the ground and the excited states respectively, for a total probabil-
ity of (0.37± 0.04± 0.05)" 10!3 of forming a 9

!Be when stopping
a K! . All the results are summarized in Table 2. This is the first
world measurement of formation probability for 9

!Be.

4.3. Formation probability and binding energy for 13
!C

The binding energy distribution for the 13C target is shown in
Fig. 5. Besides a clear peak above 0 MeV and a small peak around
7 MeV, no other hypernuclear state is visible. For this reason the
high quality backward tracks sample, that has much less back-
ground from in-flight K! decays, is shown in the inset. Even if
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Table 1
Binding energy and formation probability for the 7

!Li states. E X , as for the following
tables, represents the excitation energy, that is the binding energy difference, with
respect to the ground state.
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Formation probability
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1 5.8± 0.4 – 0.37± 0.04± 0.05
2 4.1± 0.4 1.7 0.46± 0.05± 0.06
3 2.6± 0.4 3.2 0.21± 0.03± 0.03

Fig. 4. Binding energy distribution for the 9Be targets (see text for details of the fit).

5 MeV. The best fit was obtained with three Gaussians for a to-
tal number of reconstructed events of about 4000. The position
of the mean value along with the probability formation are sum-
marized in Table 1. The values are in agreement with a previous
FINUDA publication on 7

!Li [25], which was based on the data col-
lected during the first data taking period with a lower statistics.
These measurements can also be compared with KEK experiment
E336, that collected high statistics with the ("+, K+) reaction [2].
For what concerns the ground state binding energy our value of
5.8± 0.4 MeV is higher than the E336 one at 5.22± 0.08 MeV. On
the other hand our value agrees within 1# with the accurate mea-
surements in emulsion experiments in the sixties and seventies
which reported an average value of 5.58 ± 0.03 [26]. For the ex-
cited states a comparison can be made with the very precise mea-
surements performed by the Hyperball experiments [27]. Given the
FINUDA experimental error on the binding energy measurements
(0.4 MeV) it is however di!cult to a!rm which of the states cor-
responds to the one observed in FINUDA. A reasonable hypothesis
is that the state at 5.8 MeV is the 1/2+ ground state. The sec-
ond peak could be attributed to the 5/2+ state at E X = 2.05 MeV
[27], while the third peak could represent the T = 1, 1/2+ state.
Assuming the first Gaussian contains only events from the ground
state a formation probability of (0.37 ± 0.04 ± 0.05) " 10!3 has
been calculated. The sum of the rates for all the Gaussians gives a
total probability of forming a bound hypernucleus per stopped K!

of (1.04 ± 0.12 ± 0.14) " 10!3. Along with the FINUDA value re-
ported in [25] this represents the first measurement of formation
probability for 7

!Li.

Table 2
Binding energy and formation probability for the 9

!Be states.

9Be B!

(MeV)
E X
(MeV)

Formation probability
per stopped K! (10!3)

1 6.2± 0.4 – 0.16± 0.02± 0.02
2 3.7± 0.4 2.5 0.21± 0.02± 0.03

Fig. 5. Binding energy distribution for the 13C targets (see text for details of the fit).
In the inset the binding energy distribution for backward tracks only is shown. In
this way the background from K! in-flight decay is reduced and the ground state
is more clearly visible.

4.2. Formation probability and binding energy for 9
!Be

The binding energy distribution in the bound region for the
9Be targets is shown in Fig. 4. Two signals are clearly visible,
one centered at 6.2 MeV, the other at 3.7 MeV. Our background,
rising steeply above 0 MeV, doesn’t allow the ascertainment of
the existence of other exited states. The E336 experiment [2] on
the other hand reported the presence of eight states, the posi-
tion of the first two being in agreement with our measurement.
The binding energy of the ground state is somehow lower than
the value of 6.71± 0.04 MeV measured in emulsion data [26], but
still compatible within the errors. The excitation energy of the sec-
ond peak is compatible with high precision $ -spectroscopy mea-
surements reported in [28]. A total of about 1800 reconstructed
events have been found, corresponding to a formation probability
of (0.16±0.02±0.02)"10!3 and of (0.21±0.02±0.03)"10!3 for
the ground and the excited states respectively, for a total probabil-
ity of (0.37± 0.04± 0.05)" 10!3 of forming a 9

!Be when stopping
a K! . All the results are summarized in Table 2. This is the first
world measurement of formation probability for 9

!Be.

4.3. Formation probability and binding energy for 13
!C

The binding energy distribution for the 13C target is shown in
Fig. 5. Besides a clear peak above 0 MeV and a small peak around
7 MeV, no other hypernuclear state is visible. For this reason the
high quality backward tracks sample, that has much less back-
ground from in-flight K! decays, is shown in the inset. Even if
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Fig. 1. Level schemes of 7!Li,
9
!Be,

10
!B,

11
!B, and

16
!O determined fromHyperball experiments. Newly observed

" rays, measured level energies, and assigned spins in the recent experiments (E930(’01), E509, E518) are shown

in thick arrows and bold letters.

Fig. 2. Doppler-shift corrected spectrum of 9
!Be " rays around 3 MeV obtained in the E930(’98) experiment.

The spectrum was well represented by a two peak structure Doppler shifted by a recoiling nucleus decaying with

a lifetime less than 0.1 ps.

peak structure in Fig. 2 for a short lifetime (< 0.1 ps). From the fitting, the " -ray energies

were obtained to be 3024± 3± 1 and 3067± 3± 1 keV, and the separation energy to be

43± 5 keV. The separation energy and the lifetime have been revised from the previous

values in Ref. [7].
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Table 1
Binding energy and formation probability for the 7

!Li states. E X , as for the following
tables, represents the excitation energy, that is the binding energy difference, with
respect to the ground state.

7Li B!

(MeV)
E X
(MeV)

Formation probability
per stopped K! (10!3)

1 5.8± 0.4 – 0.37± 0.04± 0.05
2 4.1± 0.4 1.7 0.46± 0.05± 0.06
3 2.6± 0.4 3.2 0.21± 0.03± 0.03

Fig. 4. Binding energy distribution for the 9Be targets (see text for details of the fit).

5 MeV. The best fit was obtained with three Gaussians for a to-
tal number of reconstructed events of about 4000. The position
of the mean value along with the probability formation are sum-
marized in Table 1. The values are in agreement with a previous
FINUDA publication on 7

!Li [25], which was based on the data col-
lected during the first data taking period with a lower statistics.
These measurements can also be compared with KEK experiment
E336, that collected high statistics with the ("+, K+) reaction [2].
For what concerns the ground state binding energy our value of
5.8± 0.4 MeV is higher than the E336 one at 5.22± 0.08 MeV. On
the other hand our value agrees within 1# with the accurate mea-
surements in emulsion experiments in the sixties and seventies
which reported an average value of 5.58 ± 0.03 [26]. For the ex-
cited states a comparison can be made with the very precise mea-
surements performed by the Hyperball experiments [27]. Given the
FINUDA experimental error on the binding energy measurements
(0.4 MeV) it is however di!cult to a!rm which of the states cor-
responds to the one observed in FINUDA. A reasonable hypothesis
is that the state at 5.8 MeV is the 1/2+ ground state. The sec-
ond peak could be attributed to the 5/2+ state at E X = 2.05 MeV
[27], while the third peak could represent the T = 1, 1/2+ state.
Assuming the first Gaussian contains only events from the ground
state a formation probability of (0.37 ± 0.04 ± 0.05) " 10!3 has
been calculated. The sum of the rates for all the Gaussians gives a
total probability of forming a bound hypernucleus per stopped K!

of (1.04 ± 0.12 ± 0.14) " 10!3. Along with the FINUDA value re-
ported in [25] this represents the first measurement of formation
probability for 7

!Li.

Table 2
Binding energy and formation probability for the 9

!Be states.

9Be B!

(MeV)
E X
(MeV)

Formation probability
per stopped K! (10!3)

1 6.2± 0.4 – 0.16± 0.02± 0.02
2 3.7± 0.4 2.5 0.21± 0.02± 0.03

Fig. 5. Binding energy distribution for the 13C targets (see text for details of the fit).
In the inset the binding energy distribution for backward tracks only is shown. In
this way the background from K! in-flight decay is reduced and the ground state
is more clearly visible.

4.2. Formation probability and binding energy for 9
!Be

The binding energy distribution in the bound region for the
9Be targets is shown in Fig. 4. Two signals are clearly visible,
one centered at 6.2 MeV, the other at 3.7 MeV. Our background,
rising steeply above 0 MeV, doesn’t allow the ascertainment of
the existence of other exited states. The E336 experiment [2] on
the other hand reported the presence of eight states, the posi-
tion of the first two being in agreement with our measurement.
The binding energy of the ground state is somehow lower than
the value of 6.71± 0.04 MeV measured in emulsion data [26], but
still compatible within the errors. The excitation energy of the sec-
ond peak is compatible with high precision $ -spectroscopy mea-
surements reported in [28]. A total of about 1800 reconstructed
events have been found, corresponding to a formation probability
of (0.16±0.02±0.02)"10!3 and of (0.21±0.02±0.03)"10!3 for
the ground and the excited states respectively, for a total probabil-
ity of (0.37± 0.04± 0.05)" 10!3 of forming a 9

!Be when stopping
a K! . All the results are summarized in Table 2. This is the first
world measurement of formation probability for 9

!Be.

4.3. Formation probability and binding energy for 13
!C

The binding energy distribution for the 13C target is shown in
Fig. 5. Besides a clear peak above 0 MeV and a small peak around
7 MeV, no other hypernuclear state is visible. For this reason the
high quality backward tracks sample, that has much less back-
ground from in-flight K! decays, is shown in the inset. Even if
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(E336 data)

(π+, K+)

 (MeV)!B

Ev
en

ts
/0

.5
 M

eV

0

200

400

600

800

1000

1200

1400

1600

01020304050

Data
 p" #Knp 

$ ! #Kn 
% µ #K 

Hypernuclei

Fit

Be9

/NDF: 1.612&

 the ground state from emulsion data 
BΛ = -6.71 ± 0.04 MeV

[M. Juric et al. Nucl. Phys. B 52 (1973) 1] 

E930(’01), E509, E518 Collaborations / Nuclear Physics A 754 (2005) 58c–69c 61c

Fig. 1. Level schemes of 7!Li,
9
!Be,

10
!B,

11
!B, and

16
!O determined fromHyperball experiments. Newly observed

" rays, measured level energies, and assigned spins in the recent experiments (E930(’01), E509, E518) are shown

in thick arrows and bold letters.

Fig. 2. Doppler-shift corrected spectrum of 9
!Be " rays around 3 MeV obtained in the E930(’98) experiment.

The spectrum was well represented by a two peak structure Doppler shifted by a recoiling nucleus decaying with

a lifetime less than 0.1 ps.

peak structure in Fig. 2 for a short lifetime (< 0.1 ps). From the fitting, the " -ray energies

were obtained to be 3024± 3± 1 and 3067± 3± 1 keV, and the separation energy to be

43± 5 keV. The separation energy and the lifetime have been revised from the previous

values in Ref. [7].
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Table 3
Binding energy and formation probability for the 13

!C states.

13C B!

(MeV)
E X
(MeV)

Formation probability
per stopped K! (10!3)

1 11.0± 0.4 – 0.10± 0.02± 0.01
2 6.4± 0.4 4.6 0.19± 0.02± 0.03
3 0.3± 0.4 10.7 0.16± 0.02± 0.02
4 !3.7± 0.4 14.7 0.47± 0.04± 0.07

the statistics is lower, four peaks are visible and the ground state
becomes cleaner. The overall fit has been performed with four
Gaussians as suggested by theoretical predictions [29] and by the
experimental distribution. A better "2/NDF, 1.50 instead of 1.76
of Fig. 5, could be obtained with the use of 5 Gaussians, the addi-
tional peak positioning at E X = 7.6 MeV. The inclusion of this peak
does not change the measured formation probabilities reported
in Table 3 in any significant way. The peak at B! = !3.7 MeV
is assigned to an unbound 13

!C state decaying to 12C + !. For
what concerns the third peak it is sitting very close to 0 MeV.
Since the mean value is at 0.3 ± 0.4 MeV it will be considered
in the bound region. The results of the fit in terms of Gaus-
sians are reported in Table 3 for a total number of reconstructed
events of about 1100 for the first three peaks. A comparison can
be made with previous values by E336 [2]. While similar bind-
ing energies are reported for the ground state, the first excited
state and the state in the unbound region, they report the pres-
ence of two other peaks at E X = 9.73 and at E X = 11.75 MeV.
The only precise # spectroscopy measurement revealed excited
states at 4.88 MeV and 11 MeV [30], compatible with our sec-
ond and third peaks. The ground state measured in an emulsion
experiment was found at 11.69 ± 0.12 MeV [26], value within 2$
from our measurement. For what concerns the formation proba-
bilities the values are reported in Table 3. For the ground state
the value (0.10 ± 0.02 ± 0.01) " 10!3 is obtained, while sum-
ming over all the three states the total formation probability is
(0.45 ± 0.08 ± 0.09) " 10!3 per stopped K! . Also in this case this
is the first measurement of formation probability for 13

!C.

4.4. Formation probability and binding energy for 16
!O

The binding energy distribution for the D2O target is shown
in Fig. 6. In the inset the distribution for the backward tracks
sample is also shown, where the ground state is more clearly
visible. The overall distribution has been fitted to a total of six
Gaussians, needed for a good "2 to be obtained. The first two
peaks are attributed to 16

!O states, while the others are attributed
to unbound 16

!O states decaying to 15
!N hyperfragment since the

particle stability threshold in 16
!O is at about 7.8 MeV [31]. As re-

ported in Table 4, the ground state has been found at 13.4 MeV,
while the first excited state lies 6.3 MeV below it. For what con-
cerns the ground state this value is in agreement with a previous
measurement with stopped K! [7] (12.9 ± 0.4 MeV), while it is
not compatible with the value of E336 [2] (12.42 ± 0.05 MeV).
Another measurement has been also reported using the electro-
production (e, e#K+) reaction on 16O leading to the formation of
16
!N (13.76 ± 0.16 MeV) [3], in agreement with our result. The
excitation energy of 6.3 MeV is in agreement with the high preci-
sion # spectroscopy performed in Hyperball experiments [32] that
found a doublet at 6.562 and 6.786 MeV above the ground state.
The total number of reconstructed events in the first two peaks
amounts to about 750. The formation probability for the ground
state and the first excited state have been measured to be respec-
tively (0.10± 0.02± 0.01)" 10!3 and (0.26± 0.04± 0.04)" 10!3,
for a total hypernucleus formation of (0.36 ± 0.06 ± 0.05) " 10!3

Fig. 6. Binding energy distribution for the 16O targets (see text for details of the fit).
In the inset the binding energy distribution for backward tracks only is shown. In
this way the background from K! in-flight decay is reduced and the ground state
is more clearly visible.

Table 4
Binding energy and formation probability for the 16

!O states.

16O B!

(MeV)
E X
(MeV)

Formation probability
per stopped K! (10!3)

1 13.4± 0.4 – 0.10± 0.02± 0.01
2 7.1± 0.4 6.3 0.26± 0.04± 0.04
3 4.3± 0.4 9.1 0.13± 0.03± 0.02
4 2.4± 0.4 11.0 0.15± 0.03± 0.02
5 !3.3± 0.4 16.7 0.55± 0.07± 0.08
6 !4.7± 0.4 18.1 0.28± 0.06± 0.04

per stopped K! . These values are compatible with those measured
previously [7].

5. Discussion of the results and conclusions

As discussed in the previous section, Ref. [7] reported measure-
ments of formation probability with stopped K! for three types
of target elements, 4He, 12C and 16O. Probabilities for the ground
state formation have been found to be (17.9±1.5)"10!3 for 4

!He,
(0.98 ± 0.12) " 10!3 for 12

!C and (0.13 ± 0.04) " 10!3 for 16
!O. In

2005 FINUDA [9] reported a probability of (1.01 ± 0.11 ± 0.10) "
10!3 for the ground state of 12

!C. Ref. [8] also measured the hyper-
nuclei formation probability in the (K!

stop,%
o) reaction using a 12C

target and reported a value of (0.28± 0.08) " 10!3 for the ground
state, calculated on a limited sample of 13.7 ± 4 events. Based on
isospin conservation, this value must be multiplied by two to be
compared with the previous ones measured in (K!

stop,%
!) produc-

tion experiments.
From these set of data, it appears that the formation probability

is a decreasing function of the atomic mass number A but the over-
all frame is not coherent, especially due to the difference between
the ground state formation probabilities measured by [7,9] and by
[8]. The new measurements reported here give a more complete
picture of the situation, since they report for the first time also

(π+, K+)



July 24 – 29 · MIT PANIC 2011

hypernuclei formation probability as a function A g e r m a n o  b o n om i

15014

results M. Agnello et al., PLB698 (2011) 219

O. Hashimoto, H. Tamura, 
PPNP 57 (2006) 564

(E336 data)

224 M. Agnello et al. / Physics Letters B 698 (2011) 219–225

Table 3
Binding energy and formation probability for the 13

!C states.

13C B!

(MeV)
E X
(MeV)

Formation probability
per stopped K! (10!3)

1 11.0± 0.4 – 0.10± 0.02± 0.01
2 6.4± 0.4 4.6 0.19± 0.02± 0.03
3 0.3± 0.4 10.7 0.16± 0.02± 0.02
4 !3.7± 0.4 14.7 0.47± 0.04± 0.07

the statistics is lower, four peaks are visible and the ground state
becomes cleaner. The overall fit has been performed with four
Gaussians as suggested by theoretical predictions [29] and by the
experimental distribution. A better "2/NDF, 1.50 instead of 1.76
of Fig. 5, could be obtained with the use of 5 Gaussians, the addi-
tional peak positioning at E X = 7.6 MeV. The inclusion of this peak
does not change the measured formation probabilities reported
in Table 3 in any significant way. The peak at B! = !3.7 MeV
is assigned to an unbound 13

!C state decaying to 12C + !. For
what concerns the third peak it is sitting very close to 0 MeV.
Since the mean value is at 0.3 ± 0.4 MeV it will be considered
in the bound region. The results of the fit in terms of Gaus-
sians are reported in Table 3 for a total number of reconstructed
events of about 1100 for the first three peaks. A comparison can
be made with previous values by E336 [2]. While similar bind-
ing energies are reported for the ground state, the first excited
state and the state in the unbound region, they report the pres-
ence of two other peaks at E X = 9.73 and at E X = 11.75 MeV.
The only precise # spectroscopy measurement revealed excited
states at 4.88 MeV and 11 MeV [30], compatible with our sec-
ond and third peaks. The ground state measured in an emulsion
experiment was found at 11.69 ± 0.12 MeV [26], value within 2$
from our measurement. For what concerns the formation proba-
bilities the values are reported in Table 3. For the ground state
the value (0.10 ± 0.02 ± 0.01) " 10!3 is obtained, while sum-
ming over all the three states the total formation probability is
(0.45 ± 0.08 ± 0.09) " 10!3 per stopped K! . Also in this case this
is the first measurement of formation probability for 13

!C.

4.4. Formation probability and binding energy for 16
!O

The binding energy distribution for the D2O target is shown
in Fig. 6. In the inset the distribution for the backward tracks
sample is also shown, where the ground state is more clearly
visible. The overall distribution has been fitted to a total of six
Gaussians, needed for a good "2 to be obtained. The first two
peaks are attributed to 16

!O states, while the others are attributed
to unbound 16

!O states decaying to 15
!N hyperfragment since the

particle stability threshold in 16
!O is at about 7.8 MeV [31]. As re-

ported in Table 4, the ground state has been found at 13.4 MeV,
while the first excited state lies 6.3 MeV below it. For what con-
cerns the ground state this value is in agreement with a previous
measurement with stopped K! [7] (12.9 ± 0.4 MeV), while it is
not compatible with the value of E336 [2] (12.42 ± 0.05 MeV).
Another measurement has been also reported using the electro-
production (e, e#K+) reaction on 16O leading to the formation of
16
!N (13.76 ± 0.16 MeV) [3], in agreement with our result. The
excitation energy of 6.3 MeV is in agreement with the high preci-
sion # spectroscopy performed in Hyperball experiments [32] that
found a doublet at 6.562 and 6.786 MeV above the ground state.
The total number of reconstructed events in the first two peaks
amounts to about 750. The formation probability for the ground
state and the first excited state have been measured to be respec-
tively (0.10± 0.02± 0.01)" 10!3 and (0.26± 0.04± 0.04)" 10!3,
for a total hypernucleus formation of (0.36 ± 0.06 ± 0.05) " 10!3

Fig. 6. Binding energy distribution for the 16O targets (see text for details of the fit).
In the inset the binding energy distribution for backward tracks only is shown. In
this way the background from K! in-flight decay is reduced and the ground state
is more clearly visible.

Table 4
Binding energy and formation probability for the 16

!O states.

16O B!

(MeV)
E X
(MeV)

Formation probability
per stopped K! (10!3)

1 13.4± 0.4 – 0.10± 0.02± 0.01
2 7.1± 0.4 6.3 0.26± 0.04± 0.04
3 4.3± 0.4 9.1 0.13± 0.03± 0.02
4 2.4± 0.4 11.0 0.15± 0.03± 0.02
5 !3.3± 0.4 16.7 0.55± 0.07± 0.08
6 !4.7± 0.4 18.1 0.28± 0.06± 0.04

per stopped K! . These values are compatible with those measured
previously [7].

5. Discussion of the results and conclusions

As discussed in the previous section, Ref. [7] reported measure-
ments of formation probability with stopped K! for three types
of target elements, 4He, 12C and 16O. Probabilities for the ground
state formation have been found to be (17.9±1.5)"10!3 for 4

!He,
(0.98 ± 0.12) " 10!3 for 12

!C and (0.13 ± 0.04) " 10!3 for 16
!O. In

2005 FINUDA [9] reported a probability of (1.01 ± 0.11 ± 0.10) "
10!3 for the ground state of 12

!C. Ref. [8] also measured the hyper-
nuclei formation probability in the (K!

stop,%
o) reaction using a 12C

target and reported a value of (0.28± 0.08) " 10!3 for the ground
state, calculated on a limited sample of 13.7 ± 4 events. Based on
isospin conservation, this value must be multiplied by two to be
compared with the previous ones measured in (K!

stop,%
!) produc-

tion experiments.
From these set of data, it appears that the formation probability

is a decreasing function of the atomic mass number A but the over-
all frame is not coherent, especially due to the difference between
the ground state formation probabilities measured by [7,9] and by
[8]. The new measurements reported here give a more complete
picture of the situation, since they report for the first time also

(π+, K+)
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Table 3
Binding energy and formation probability for the 13

!C states.

13C B!

(MeV)
E X
(MeV)

Formation probability
per stopped K! (10!3)

1 11.0± 0.4 – 0.10± 0.02± 0.01
2 6.4± 0.4 4.6 0.19± 0.02± 0.03
3 0.3± 0.4 10.7 0.16± 0.02± 0.02
4 !3.7± 0.4 14.7 0.47± 0.04± 0.07

the statistics is lower, four peaks are visible and the ground state
becomes cleaner. The overall fit has been performed with four
Gaussians as suggested by theoretical predictions [29] and by the
experimental distribution. A better "2/NDF, 1.50 instead of 1.76
of Fig. 5, could be obtained with the use of 5 Gaussians, the addi-
tional peak positioning at E X = 7.6 MeV. The inclusion of this peak
does not change the measured formation probabilities reported
in Table 3 in any significant way. The peak at B! = !3.7 MeV
is assigned to an unbound 13

!C state decaying to 12C + !. For
what concerns the third peak it is sitting very close to 0 MeV.
Since the mean value is at 0.3 ± 0.4 MeV it will be considered
in the bound region. The results of the fit in terms of Gaus-
sians are reported in Table 3 for a total number of reconstructed
events of about 1100 for the first three peaks. A comparison can
be made with previous values by E336 [2]. While similar bind-
ing energies are reported for the ground state, the first excited
state and the state in the unbound region, they report the pres-
ence of two other peaks at E X = 9.73 and at E X = 11.75 MeV.
The only precise # spectroscopy measurement revealed excited
states at 4.88 MeV and 11 MeV [30], compatible with our sec-
ond and third peaks. The ground state measured in an emulsion
experiment was found at 11.69 ± 0.12 MeV [26], value within 2$
from our measurement. For what concerns the formation proba-
bilities the values are reported in Table 3. For the ground state
the value (0.10 ± 0.02 ± 0.01) " 10!3 is obtained, while sum-
ming over all the three states the total formation probability is
(0.45 ± 0.08 ± 0.09) " 10!3 per stopped K! . Also in this case this
is the first measurement of formation probability for 13

!C.

4.4. Formation probability and binding energy for 16
!O

The binding energy distribution for the D2O target is shown
in Fig. 6. In the inset the distribution for the backward tracks
sample is also shown, where the ground state is more clearly
visible. The overall distribution has been fitted to a total of six
Gaussians, needed for a good "2 to be obtained. The first two
peaks are attributed to 16

!O states, while the others are attributed
to unbound 16

!O states decaying to 15
!N hyperfragment since the

particle stability threshold in 16
!O is at about 7.8 MeV [31]. As re-

ported in Table 4, the ground state has been found at 13.4 MeV,
while the first excited state lies 6.3 MeV below it. For what con-
cerns the ground state this value is in agreement with a previous
measurement with stopped K! [7] (12.9 ± 0.4 MeV), while it is
not compatible with the value of E336 [2] (12.42 ± 0.05 MeV).
Another measurement has been also reported using the electro-
production (e, e#K+) reaction on 16O leading to the formation of
16
!N (13.76 ± 0.16 MeV) [3], in agreement with our result. The
excitation energy of 6.3 MeV is in agreement with the high preci-
sion # spectroscopy performed in Hyperball experiments [32] that
found a doublet at 6.562 and 6.786 MeV above the ground state.
The total number of reconstructed events in the first two peaks
amounts to about 750. The formation probability for the ground
state and the first excited state have been measured to be respec-
tively (0.10± 0.02± 0.01)" 10!3 and (0.26± 0.04± 0.04)" 10!3,
for a total hypernucleus formation of (0.36 ± 0.06 ± 0.05) " 10!3

Fig. 6. Binding energy distribution for the 16O targets (see text for details of the fit).
In the inset the binding energy distribution for backward tracks only is shown. In
this way the background from K! in-flight decay is reduced and the ground state
is more clearly visible.

Table 4
Binding energy and formation probability for the 16

!O states.

16O B!

(MeV)
E X
(MeV)

Formation probability
per stopped K! (10!3)

1 13.4± 0.4 – 0.10± 0.02± 0.01
2 7.1± 0.4 6.3 0.26± 0.04± 0.04
3 4.3± 0.4 9.1 0.13± 0.03± 0.02
4 2.4± 0.4 11.0 0.15± 0.03± 0.02
5 !3.3± 0.4 16.7 0.55± 0.07± 0.08
6 !4.7± 0.4 18.1 0.28± 0.06± 0.04

per stopped K! . These values are compatible with those measured
previously [7].

5. Discussion of the results and conclusions

As discussed in the previous section, Ref. [7] reported measure-
ments of formation probability with stopped K! for three types
of target elements, 4He, 12C and 16O. Probabilities for the ground
state formation have been found to be (17.9±1.5)"10!3 for 4

!He,
(0.98 ± 0.12) " 10!3 for 12

!C and (0.13 ± 0.04) " 10!3 for 16
!O. In

2005 FINUDA [9] reported a probability of (1.01 ± 0.11 ± 0.10) "
10!3 for the ground state of 12

!C. Ref. [8] also measured the hyper-
nuclei formation probability in the (K!

stop,%
o) reaction using a 12C

target and reported a value of (0.28± 0.08) " 10!3 for the ground
state, calculated on a limited sample of 13.7 ± 4 events. Based on
isospin conservation, this value must be multiplied by two to be
compared with the previous ones measured in (K!

stop,%
!) produc-

tion experiments.
From these set of data, it appears that the formation probability

is a decreasing function of the atomic mass number A but the over-
all frame is not coherent, especially due to the difference between
the ground state formation probabilities measured by [7,9] and by
[8]. The new measurements reported here give a more complete
picture of the situation, since they report for the first time also

(π+, K+)

 the ground state from emulsion data 
BΛ = -11.22 ± 0.08 MeV

[M. Juric et al. Nucl. Phys. B 52 (1973) 1] 
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Table 3
Binding energy and formation probability for the 13

!C states.

13C B!

(MeV)
E X
(MeV)

Formation probability
per stopped K! (10!3)

1 11.0± 0.4 – 0.10± 0.02± 0.01
2 6.4± 0.4 4.6 0.19± 0.02± 0.03
3 0.3± 0.4 10.7 0.16± 0.02± 0.02
4 !3.7± 0.4 14.7 0.47± 0.04± 0.07

the statistics is lower, four peaks are visible and the ground state
becomes cleaner. The overall fit has been performed with four
Gaussians as suggested by theoretical predictions [29] and by the
experimental distribution. A better "2/NDF, 1.50 instead of 1.76
of Fig. 5, could be obtained with the use of 5 Gaussians, the addi-
tional peak positioning at E X = 7.6 MeV. The inclusion of this peak
does not change the measured formation probabilities reported
in Table 3 in any significant way. The peak at B! = !3.7 MeV
is assigned to an unbound 13

!C state decaying to 12C + !. For
what concerns the third peak it is sitting very close to 0 MeV.
Since the mean value is at 0.3 ± 0.4 MeV it will be considered
in the bound region. The results of the fit in terms of Gaus-
sians are reported in Table 3 for a total number of reconstructed
events of about 1100 for the first three peaks. A comparison can
be made with previous values by E336 [2]. While similar bind-
ing energies are reported for the ground state, the first excited
state and the state in the unbound region, they report the pres-
ence of two other peaks at E X = 9.73 and at E X = 11.75 MeV.
The only precise # spectroscopy measurement revealed excited
states at 4.88 MeV and 11 MeV [30], compatible with our sec-
ond and third peaks. The ground state measured in an emulsion
experiment was found at 11.69 ± 0.12 MeV [26], value within 2$
from our measurement. For what concerns the formation proba-
bilities the values are reported in Table 3. For the ground state
the value (0.10 ± 0.02 ± 0.01) " 10!3 is obtained, while sum-
ming over all the three states the total formation probability is
(0.45 ± 0.08 ± 0.09) " 10!3 per stopped K! . Also in this case this
is the first measurement of formation probability for 13

!C.

4.4. Formation probability and binding energy for 16
!O

The binding energy distribution for the D2O target is shown
in Fig. 6. In the inset the distribution for the backward tracks
sample is also shown, where the ground state is more clearly
visible. The overall distribution has been fitted to a total of six
Gaussians, needed for a good "2 to be obtained. The first two
peaks are attributed to 16

!O states, while the others are attributed
to unbound 16

!O states decaying to 15
!N hyperfragment since the

particle stability threshold in 16
!O is at about 7.8 MeV [31]. As re-

ported in Table 4, the ground state has been found at 13.4 MeV,
while the first excited state lies 6.3 MeV below it. For what con-
cerns the ground state this value is in agreement with a previous
measurement with stopped K! [7] (12.9 ± 0.4 MeV), while it is
not compatible with the value of E336 [2] (12.42 ± 0.05 MeV).
Another measurement has been also reported using the electro-
production (e, e#K+) reaction on 16O leading to the formation of
16
!N (13.76 ± 0.16 MeV) [3], in agreement with our result. The
excitation energy of 6.3 MeV is in agreement with the high preci-
sion # spectroscopy performed in Hyperball experiments [32] that
found a doublet at 6.562 and 6.786 MeV above the ground state.
The total number of reconstructed events in the first two peaks
amounts to about 750. The formation probability for the ground
state and the first excited state have been measured to be respec-
tively (0.10± 0.02± 0.01)" 10!3 and (0.26± 0.04± 0.04)" 10!3,
for a total hypernucleus formation of (0.36 ± 0.06 ± 0.05) " 10!3

Fig. 6. Binding energy distribution for the 16O targets (see text for details of the fit).
In the inset the binding energy distribution for backward tracks only is shown. In
this way the background from K! in-flight decay is reduced and the ground state
is more clearly visible.

Table 4
Binding energy and formation probability for the 16

!O states.

16O B!

(MeV)
E X
(MeV)

Formation probability
per stopped K! (10!3)

1 13.4± 0.4 – 0.10± 0.02± 0.01
2 7.1± 0.4 6.3 0.26± 0.04± 0.04
3 4.3± 0.4 9.1 0.13± 0.03± 0.02
4 2.4± 0.4 11.0 0.15± 0.03± 0.02
5 !3.3± 0.4 16.7 0.55± 0.07± 0.08
6 !4.7± 0.4 18.1 0.28± 0.06± 0.04

per stopped K! . These values are compatible with those measured
previously [7].

5. Discussion of the results and conclusions

As discussed in the previous section, Ref. [7] reported measure-
ments of formation probability with stopped K! for three types
of target elements, 4He, 12C and 16O. Probabilities for the ground
state formation have been found to be (17.9±1.5)"10!3 for 4

!He,
(0.98 ± 0.12) " 10!3 for 12

!C and (0.13 ± 0.04) " 10!3 for 16
!O. In

2005 FINUDA [9] reported a probability of (1.01 ± 0.11 ± 0.10) "
10!3 for the ground state of 12

!C. Ref. [8] also measured the hyper-
nuclei formation probability in the (K!

stop,%
o) reaction using a 12C

target and reported a value of (0.28± 0.08) " 10!3 for the ground
state, calculated on a limited sample of 13.7 ± 4 events. Based on
isospin conservation, this value must be multiplied by two to be
compared with the previous ones measured in (K!

stop,%
!) produc-

tion experiments.
From these set of data, it appears that the formation probability

is a decreasing function of the atomic mass number A but the over-
all frame is not coherent, especially due to the difference between
the ground state formation probabilities measured by [7,9] and by
[8]. The new measurements reported here give a more complete
picture of the situation, since they report for the first time also

O. Hashimoto, H. Tamura, 
PPNP 57 (2006) 564

(E336 data)
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Table 3
Binding energy and formation probability for the 13

!C states.

13C B!

(MeV)
E X
(MeV)

Formation probability
per stopped K! (10!3)

1 11.0± 0.4 – 0.10± 0.02± 0.01
2 6.4± 0.4 4.6 0.19± 0.02± 0.03
3 0.3± 0.4 10.7 0.16± 0.02± 0.02
4 !3.7± 0.4 14.7 0.47± 0.04± 0.07

the statistics is lower, four peaks are visible and the ground state
becomes cleaner. The overall fit has been performed with four
Gaussians as suggested by theoretical predictions [29] and by the
experimental distribution. A better "2/NDF, 1.50 instead of 1.76
of Fig. 5, could be obtained with the use of 5 Gaussians, the addi-
tional peak positioning at E X = 7.6 MeV. The inclusion of this peak
does not change the measured formation probabilities reported
in Table 3 in any significant way. The peak at B! = !3.7 MeV
is assigned to an unbound 13

!C state decaying to 12C + !. For
what concerns the third peak it is sitting very close to 0 MeV.
Since the mean value is at 0.3 ± 0.4 MeV it will be considered
in the bound region. The results of the fit in terms of Gaus-
sians are reported in Table 3 for a total number of reconstructed
events of about 1100 for the first three peaks. A comparison can
be made with previous values by E336 [2]. While similar bind-
ing energies are reported for the ground state, the first excited
state and the state in the unbound region, they report the pres-
ence of two other peaks at E X = 9.73 and at E X = 11.75 MeV.
The only precise # spectroscopy measurement revealed excited
states at 4.88 MeV and 11 MeV [30], compatible with our sec-
ond and third peaks. The ground state measured in an emulsion
experiment was found at 11.69 ± 0.12 MeV [26], value within 2$
from our measurement. For what concerns the formation proba-
bilities the values are reported in Table 3. For the ground state
the value (0.10 ± 0.02 ± 0.01) " 10!3 is obtained, while sum-
ming over all the three states the total formation probability is
(0.45 ± 0.08 ± 0.09) " 10!3 per stopped K! . Also in this case this
is the first measurement of formation probability for 13

!C.

4.4. Formation probability and binding energy for 16
!O

The binding energy distribution for the D2O target is shown
in Fig. 6. In the inset the distribution for the backward tracks
sample is also shown, where the ground state is more clearly
visible. The overall distribution has been fitted to a total of six
Gaussians, needed for a good "2 to be obtained. The first two
peaks are attributed to 16

!O states, while the others are attributed
to unbound 16

!O states decaying to 15
!N hyperfragment since the

particle stability threshold in 16
!O is at about 7.8 MeV [31]. As re-

ported in Table 4, the ground state has been found at 13.4 MeV,
while the first excited state lies 6.3 MeV below it. For what con-
cerns the ground state this value is in agreement with a previous
measurement with stopped K! [7] (12.9 ± 0.4 MeV), while it is
not compatible with the value of E336 [2] (12.42 ± 0.05 MeV).
Another measurement has been also reported using the electro-
production (e, e#K+) reaction on 16O leading to the formation of
16
!N (13.76 ± 0.16 MeV) [3], in agreement with our result. The
excitation energy of 6.3 MeV is in agreement with the high preci-
sion # spectroscopy performed in Hyperball experiments [32] that
found a doublet at 6.562 and 6.786 MeV above the ground state.
The total number of reconstructed events in the first two peaks
amounts to about 750. The formation probability for the ground
state and the first excited state have been measured to be respec-
tively (0.10± 0.02± 0.01)" 10!3 and (0.26± 0.04± 0.04)" 10!3,
for a total hypernucleus formation of (0.36 ± 0.06 ± 0.05) " 10!3

Fig. 6. Binding energy distribution for the 16O targets (see text for details of the fit).
In the inset the binding energy distribution for backward tracks only is shown. In
this way the background from K! in-flight decay is reduced and the ground state
is more clearly visible.

Table 4
Binding energy and formation probability for the 16

!O states.

16O B!

(MeV)
E X
(MeV)

Formation probability
per stopped K! (10!3)

1 13.4± 0.4 – 0.10± 0.02± 0.01
2 7.1± 0.4 6.3 0.26± 0.04± 0.04
3 4.3± 0.4 9.1 0.13± 0.03± 0.02
4 2.4± 0.4 11.0 0.15± 0.03± 0.02
5 !3.3± 0.4 16.7 0.55± 0.07± 0.08
6 !4.7± 0.4 18.1 0.28± 0.06± 0.04

per stopped K! . These values are compatible with those measured
previously [7].

5. Discussion of the results and conclusions

As discussed in the previous section, Ref. [7] reported measure-
ments of formation probability with stopped K! for three types
of target elements, 4He, 12C and 16O. Probabilities for the ground
state formation have been found to be (17.9±1.5)"10!3 for 4

!He,
(0.98 ± 0.12) " 10!3 for 12

!C and (0.13 ± 0.04) " 10!3 for 16
!O. In

2005 FINUDA [9] reported a probability of (1.01 ± 0.11 ± 0.10) "
10!3 for the ground state of 12

!C. Ref. [8] also measured the hyper-
nuclei formation probability in the (K!

stop,%
o) reaction using a 12C

target and reported a value of (0.28± 0.08) " 10!3 for the ground
state, calculated on a limited sample of 13.7 ± 4 events. Based on
isospin conservation, this value must be multiplied by two to be
compared with the previous ones measured in (K!

stop,%
!) produc-

tion experiments.
From these set of data, it appears that the formation probability

is a decreasing function of the atomic mass number A but the over-
all frame is not coherent, especially due to the difference between
the ground state formation probabilities measured by [7,9] and by
[8]. The new measurements reported here give a more complete
picture of the situation, since they report for the first time also

O. Hashimoto, H. Tamura, 
PPNP 57 (2006) 564

(E336 data)
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Table 3
Binding energy and formation probability for the 13

!C states.

13C B!

(MeV)
E X
(MeV)

Formation probability
per stopped K! (10!3)

1 11.0± 0.4 – 0.10± 0.02± 0.01
2 6.4± 0.4 4.6 0.19± 0.02± 0.03
3 0.3± 0.4 10.7 0.16± 0.02± 0.02
4 !3.7± 0.4 14.7 0.47± 0.04± 0.07

the statistics is lower, four peaks are visible and the ground state
becomes cleaner. The overall fit has been performed with four
Gaussians as suggested by theoretical predictions [29] and by the
experimental distribution. A better "2/NDF, 1.50 instead of 1.76
of Fig. 5, could be obtained with the use of 5 Gaussians, the addi-
tional peak positioning at E X = 7.6 MeV. The inclusion of this peak
does not change the measured formation probabilities reported
in Table 3 in any significant way. The peak at B! = !3.7 MeV
is assigned to an unbound 13

!C state decaying to 12C + !. For
what concerns the third peak it is sitting very close to 0 MeV.
Since the mean value is at 0.3 ± 0.4 MeV it will be considered
in the bound region. The results of the fit in terms of Gaus-
sians are reported in Table 3 for a total number of reconstructed
events of about 1100 for the first three peaks. A comparison can
be made with previous values by E336 [2]. While similar bind-
ing energies are reported for the ground state, the first excited
state and the state in the unbound region, they report the pres-
ence of two other peaks at E X = 9.73 and at E X = 11.75 MeV.
The only precise # spectroscopy measurement revealed excited
states at 4.88 MeV and 11 MeV [30], compatible with our sec-
ond and third peaks. The ground state measured in an emulsion
experiment was found at 11.69 ± 0.12 MeV [26], value within 2$
from our measurement. For what concerns the formation proba-
bilities the values are reported in Table 3. For the ground state
the value (0.10 ± 0.02 ± 0.01) " 10!3 is obtained, while sum-
ming over all the three states the total formation probability is
(0.45 ± 0.08 ± 0.09) " 10!3 per stopped K! . Also in this case this
is the first measurement of formation probability for 13

!C.

4.4. Formation probability and binding energy for 16
!O

The binding energy distribution for the D2O target is shown
in Fig. 6. In the inset the distribution for the backward tracks
sample is also shown, where the ground state is more clearly
visible. The overall distribution has been fitted to a total of six
Gaussians, needed for a good "2 to be obtained. The first two
peaks are attributed to 16

!O states, while the others are attributed
to unbound 16

!O states decaying to 15
!N hyperfragment since the

particle stability threshold in 16
!O is at about 7.8 MeV [31]. As re-

ported in Table 4, the ground state has been found at 13.4 MeV,
while the first excited state lies 6.3 MeV below it. For what con-
cerns the ground state this value is in agreement with a previous
measurement with stopped K! [7] (12.9 ± 0.4 MeV), while it is
not compatible with the value of E336 [2] (12.42 ± 0.05 MeV).
Another measurement has been also reported using the electro-
production (e, e#K+) reaction on 16O leading to the formation of
16
!N (13.76 ± 0.16 MeV) [3], in agreement with our result. The
excitation energy of 6.3 MeV is in agreement with the high preci-
sion # spectroscopy performed in Hyperball experiments [32] that
found a doublet at 6.562 and 6.786 MeV above the ground state.
The total number of reconstructed events in the first two peaks
amounts to about 750. The formation probability for the ground
state and the first excited state have been measured to be respec-
tively (0.10± 0.02± 0.01)" 10!3 and (0.26± 0.04± 0.04)" 10!3,
for a total hypernucleus formation of (0.36 ± 0.06 ± 0.05) " 10!3

Fig. 6. Binding energy distribution for the 16O targets (see text for details of the fit).
In the inset the binding energy distribution for backward tracks only is shown. In
this way the background from K! in-flight decay is reduced and the ground state
is more clearly visible.

Table 4
Binding energy and formation probability for the 16

!O states.

16O B!

(MeV)
E X
(MeV)

Formation probability
per stopped K! (10!3)

1 13.4± 0.4 – 0.10± 0.02± 0.01
2 7.1± 0.4 6.3 0.26± 0.04± 0.04
3 4.3± 0.4 9.1 0.13± 0.03± 0.02
4 2.4± 0.4 11.0 0.15± 0.03± 0.02
5 !3.3± 0.4 16.7 0.55± 0.07± 0.08
6 !4.7± 0.4 18.1 0.28± 0.06± 0.04

per stopped K! . These values are compatible with those measured
previously [7].

5. Discussion of the results and conclusions

As discussed in the previous section, Ref. [7] reported measure-
ments of formation probability with stopped K! for three types
of target elements, 4He, 12C and 16O. Probabilities for the ground
state formation have been found to be (17.9±1.5)"10!3 for 4

!He,
(0.98 ± 0.12) " 10!3 for 12

!C and (0.13 ± 0.04) " 10!3 for 16
!O. In

2005 FINUDA [9] reported a probability of (1.01 ± 0.11 ± 0.10) "
10!3 for the ground state of 12

!C. Ref. [8] also measured the hyper-
nuclei formation probability in the (K!

stop,%
o) reaction using a 12C

target and reported a value of (0.28± 0.08) " 10!3 for the ground
state, calculated on a limited sample of 13.7 ± 4 events. Based on
isospin conservation, this value must be multiplied by two to be
compared with the previous ones measured in (K!

stop,%
!) produc-

tion experiments.
From these set of data, it appears that the formation probability

is a decreasing function of the atomic mass number A but the over-
all frame is not coherent, especially due to the difference between
the ground state formation probabilities measured by [7,9] and by
[8]. The new measurements reported here give a more complete
picture of the situation, since they report for the first time also

H. Tamura et al.
PTPS 117 (1994) 1

O. Hashimoto, H. Tamura, 
PPNP 57 (2006) 564

(E336 data)
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Fig. 7. Formation probabilities from FINUDA (a) and cross section from E336 [2] (b)
for bound states, see text for details. In (c) the ratio between the two is shown.

probabilities for 7
!Li, 9

!Be and 13
!C. These values can be compared

directly to the one reported previously by FINUDA [9] since they
are measured in the same experiment and using the same experi-
mental and reconstruction techniques. The relative behavior is thus
free from possible systematic errors in comparing values from dif-
ferent experiments.

It is not easy to draw a simple A dependence from the above
data on the K! capture probabilities for the examined p-shell hy-
pernuclei. As a matter of fact, if we considered only the ground
states of them, there are strong differences in the description
of the nuclear configurations, and in some cases a not com-
pletely clean separation, from an experimental point of view, of
the ground state from low-lying excited states (e.g. 7

!Li or 12
!C, in

which the doublet of states, one of which is the ground state, has
a spacing of some hundreds of keV). On the other hand, if we con-
sidered all states with B! > 0, we know that in some cases such
as for 16

!O, peaks at B! = 4.3 and 2.4 MeV are interpreted as due
to the formation of the 15

!N + p system. For these reasons, in or-
der to consider only well defined hypernuclides, we selected only
hypernuclear states with energy below the threshold for the decay
by proton emission. Explicitly it means states 1, 2 and 3 for 7

!Li,
1 and 2 for 9

!Be, 1, 2, 3 and 4 for 12
!C (fit 1, Table I of [9]), 1, 2

and 3 for 13
!C and 1 and 2 for 16

!O (see Tables 1–4). Fig. 7(a) shows
a plot of the capture rates chosen following the above criterion as
a function of A. A smoothly decreasing behavior appears, with the
exception of a strong enhancement corresponding to the forma-
tion of 12

!C bound states. The only other experiment which studied

the same targets with a comparable energy resolution, a compa-
rable momentum transfer (about 300 MeV/c), observing a similar
pattern of excited states, was the aforementioned E336 experiment
with the ("+, K+) reaction at 1.05 GeV/c [2]. Fig. 7(b) shows the
differential cross section integrated in the forward direction (2"–
14") for the same peaks, and Fig. 7(c) the ratio between the two
values. This ratio ranges by a factor close to five in the same p-
shell hypernuclei, from a large value for 7

!Li and 12
!C to a small

value for 16
!O, showing a distinct A dependence for the two reac-

tions, K! capture at rest and in-flight ("+, K+).
In conclusion we have reported the first measurements of the

formation probabilities of different hypernuclear states following
the capture at rest of K! from 7Li, 9Be and 13C targets, as well as a
new measurement for the 16O target. Together with previous mea-
surements on 12C target, this bank of data allows for a meaningful
study of the formation of p-shell hypernuclei from the two-body
capture of K! at rest. The possibility of disentangling the effects
due to atomic wave-function of the captured K! from those due to
the pion optical nuclear potential and from those due to the spe-
cific hypernuclear states can be achieved by a combined analysis
of several hypernuclides, as shown in the following Letter [33].
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Fig. 7. Formation probabilities from FINUDA (a) and cross section from E336 [2] (b)
for bound states, see text for details. In (c) the ratio between the two is shown.

probabilities for 7
!Li, 9

!Be and 13
!C. These values can be compared

directly to the one reported previously by FINUDA [9] since they
are measured in the same experiment and using the same experi-
mental and reconstruction techniques. The relative behavior is thus
free from possible systematic errors in comparing values from dif-
ferent experiments.

It is not easy to draw a simple A dependence from the above
data on the K! capture probabilities for the examined p-shell hy-
pernuclei. As a matter of fact, if we considered only the ground
states of them, there are strong differences in the description
of the nuclear configurations, and in some cases a not com-
pletely clean separation, from an experimental point of view, of
the ground state from low-lying excited states (e.g. 7

!Li or 12
!C, in

which the doublet of states, one of which is the ground state, has
a spacing of some hundreds of keV). On the other hand, if we con-
sidered all states with B! > 0, we know that in some cases such
as for 16

!O, peaks at B! = 4.3 and 2.4 MeV are interpreted as due
to the formation of the 15

!N + p system. For these reasons, in or-
der to consider only well defined hypernuclides, we selected only
hypernuclear states with energy below the threshold for the decay
by proton emission. Explicitly it means states 1, 2 and 3 for 7

!Li,
1 and 2 for 9

!Be, 1, 2, 3 and 4 for 12
!C (fit 1, Table I of [9]), 1, 2

and 3 for 13
!C and 1 and 2 for 16

!O (see Tables 1–4). Fig. 7(a) shows
a plot of the capture rates chosen following the above criterion as
a function of A. A smoothly decreasing behavior appears, with the
exception of a strong enhancement corresponding to the forma-
tion of 12

!C bound states. The only other experiment which studied

the same targets with a comparable energy resolution, a compa-
rable momentum transfer (about 300 MeV/c), observing a similar
pattern of excited states, was the aforementioned E336 experiment
with the ("+, K+) reaction at 1.05 GeV/c [2]. Fig. 7(b) shows the
differential cross section integrated in the forward direction (2"–
14") for the same peaks, and Fig. 7(c) the ratio between the two
values. This ratio ranges by a factor close to five in the same p-
shell hypernuclei, from a large value for 7

!Li and 12
!C to a small

value for 16
!O, showing a distinct A dependence for the two reac-

tions, K! capture at rest and in-flight ("+, K+).
In conclusion we have reported the first measurements of the

formation probabilities of different hypernuclear states following
the capture at rest of K! from 7Li, 9Be and 13C targets, as well as a
new measurement for the 16O target. Together with previous mea-
surements on 12C target, this bank of data allows for a meaningful
study of the formation of p-shell hypernuclei from the two-body
capture of K! at rest. The possibility of disentangling the effects
due to atomic wave-function of the captured K! from those due to
the pion optical nuclear potential and from those due to the spe-
cific hypernuclear states can be achieved by a combined analysis
of several hypernuclides, as shown in the following Letter [33].
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values. This ratio ranges by a factor close to five in the same p-
shell hypernuclei, from a large value for 7

!Li and 12
!C to a small

value for 16
!O, showing a distinct A dependence for the two reac-

tions, K! capture at rest and in-flight ("+, K+).
In conclusion we have reported the first measurements of the

formation probabilities of different hypernuclear states following
the capture at rest of K! from 7Li, 9Be and 13C targets, as well as a
new measurement for the 16O target. Together with previous mea-
surements on 12C target, this bank of data allows for a meaningful
study of the formation of p-shell hypernuclei from the two-body
capture of K! at rest. The possibility of disentangling the effects
due to atomic wave-function of the captured K! from those due to
the pion optical nuclear potential and from those due to the spe-
cific hypernuclear states can be achieved by a combined analysis
of several hypernuclides, as shown in the following Letter [33].
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by proton emission (e.g. for 16O, peaks at BΛ = 4.3 and 2.4 MeV are 
interpreted as due to the formation of the Λ15N + p system)

a smoothly decreasing behavior appears, with the exception of a strong 
enhancement corresponding to the formation of 12C bound states.

when compared with cross section measurements with (π+,K+) 
reaction the ratio changes by a factor of 5 from 7Li to 16O  

distinct A dependence  
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1. Introduction

How strong is the K! nuclear interaction? Various scenarios
proposed for kaon condensation in dense neutron-star matter [1],
and more recently for quasibound K! nuclear clusters [2] and for
self-bound strange hadronic matter [3] depend on the answer to
this question which has not been resolved todate. A modern theo-
retical framework for the underlying low-energy K̄ N interaction is
provided by the leading-order Tomozawa–Weinberg vector term of
the chiral effective Lagrangian which, in Born approximation, yields
a moderately attractive K! nuclear potential V K! :

V K! = ! 3
8 f 2!

# # !57
#

#0
(in MeV) (1)

where # is the nuclear density, #0 = 0.17 fm!3, and f! # 93 MeV
is the pion decay constant. This attraction is doubled, roughly,
within chirally based coupled-channel K̄ N–!$–!" calculations
which provide also for a strong absorptivity [4]. Shallower po-
tentials, Re V K! (#0) # !(40–60) MeV at threshold, are obtained
by requiring that the in-medium K!N t(#) matrix is derived
self-consistently with the potential V K! = t(#)# it generates
[5,6]. In contrast, comprehensive global fits to K!-atom strong-
interaction shifts and widths yield very deep density dependent

DOI of companion article: 10.1016/j.physletb.2011.02.060.
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K! nuclear potentials at threshold, in the range Re V K! (#0) #
!(150–200) MeV [7]. In this Letter we discuss recent FINUDA
measurements that might bear on this issue by providing con-
straints on how deep Re V K! is at threshold.

In the preceding Letter [8], the FINUDA Collaboration at DA%NE,
Frascati, reported on "-hypernuclear excitation spectra taken in
the K!

stop + AZ $ !! + A
"Z reaction on several p-shell nuclear tar-

gets. Formation rates were given per stopped K! for bound states
and for low lying continuum states. In 16

" O the bound state for-
mation rates agree nicely with a previous KEK measurement [9].
The recent FINUDA data allow for the first time to consider the A
dependence of the formation rates in detail within the nuclear p
shell where nuclear structure effects may be reliably separated out.
It is our purpose in this companion Letter to apply one’s knowl-
edge of the nuclear structure aspect of the problem in order to
extract the dynamical contents of the measured formation rates,
particularly that part which concerns the K! nuclear dynamics at
threshold. In doing so we transform the partial formation rates
reported for well defined and spectroscopically sound final " hy-
pernuclear states into 1s" hypernuclear formation rates that allow
direct comparison with DWIA calculations.

The expression for the formation rate of hypernuclear final state
f in capture at rest on target g.s. i, apart from kinematical factors,
is a product of two dynamical factors [6,10–12]: (i) the branch-
ing ratio for K!n $ !!" in K! absorption at rest in the nuclear
medium, here denoted BR; and (ii) the absolute value squared of a
DWIA amplitude given by
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formation rates reported by FINUDA for well defined and spectroscopically sound final hypernuclear states have been 
transformed into 1sΛ hypernuclear formation rates (structure fraction from previous calculations) that allowed direct 
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Table 1
1s! formation rates R(1s!) per stopped K! , derived from the strongest hypernuclear bound state peak for each of the listed targets [procedure (a)]. Data are taken from the
preceding Letter [8], and for 12

!C from [14]. The errors are statistical and systematic, in this order. The 1s! structure fractions are from [15] and, if unlisted there, from [13].
Listed in the last column, for comparison, are 1s! forward-angle integrated ("+, K+) cross sections, also derived by using procedure (a) from KEK-E336 measurements [16].

Target AZ Peak J"core E"
core (MeV) 1s! frac. R(1s!) # 103 per stopped K! #1s! (µb) ("+, K+)

7Li 3+ 2.19 0.311 1.48± 0.16± 0.19 1.56± 0.10
9Be 2+ 2.94 0.242 0.87± 0.08± 0.12 1.40± 0.05
12C (3/2)! g.s. 0.810 1.25± 0.14± 0.12 1.78± 0.04
13C 2+ 4.44 0.224 0.85± 0.09± 0.13 1.87± 0.09
16O (3/2)! 6.18 0.618 0.42± 0.06± 0.06 1.47± 0.05

Table 2
Same as in Table 1 except for using several (rather than one) well defined 1s! bound states for each of the listed targets [procedure (b)].

Target AZ Peaks 1s! frac. R(1s!) # 103 per stopped K! #1s! (µb) ("+, K+)

7Li 1, 2, 3 0.833 1.25 ± 0.14± 0.17 1.29± 0.12
9Be 1, 2 0.435 0.85± 0.09± 0.11 1.20± 0.05
12C 1, 2, 3 0.995 1.67 ± 0.23± 0.23 1.92± 0.07
13C 1, 2 0.347 0.84± 0.12± 0.12 1.93± 0.12
16O 1, 2 1.000 0.36± 0.06± 0.05 1.32± 0.05

TDWIA
f i (q f ) =

!
$ (!)"
q f

(r)% f i(r)&nLM(r)d3r, (2)

divided for a proper normalization by the integral % of the K!

atomic density overlap with the nuclear density %(r)

% =
!

%(r)
""&nLM(r)

""2 d3r. (3)

Here % f i stands for the nuclear to hypernuclear transition form
factor, $ (!)

q f
is an outgoing pion distorted wave generated by a

pion optical potential fitted to scattering data, and &nLM is a K!

atomic wavefunction obtained by solving the Klein–Gordon equa-
tion with a K! nuclear strong interaction potential V K! added to
the appropriate Coulomb potential. The integration on the r.h.s. of
Eq. (2) is confined by the bound-state form factor % f i to within
the nucleus, where &nLM is primarily determined by the strong-
interaction V K! , although &nLM is an atomic wavefunction that
peaks far outside the nucleus. The sensitivity of the DWIA am-
plitude Eq. (2) to V K! arises from the interference of &nLM with
the pion oscillatory distorted wave $ (!)

q f
. In particular, once V K! is

su!ciently deep to provide a strong-interaction bound state for a
given L, the atomic &nLM also becomes oscillatory within the nu-
cleus which magnifies the effects of interference, as verified in past
DWIA calculations [6,12].

In this Letter we point out another strong sensitivity to the
initial-state K! nuclear dynamics arising from the energy and den-
sity dependence of the K!n $ "!! BR. We show how to incor-
porate this energy and density dependence into the calculation of
a properly averaged value BR which depends on the K! atomic
orbit through L and on the mass number A of the target. The re-
sulting calculated 1s! formation rates are then compared to those
derived from the FINUDA data and conclusions are made on the
deep vs. shallow K! nuclear potential issue.

2. Derivation of 1s! capture rates from FINUDA data

The FINUDA spectra show distinct peaks for several 1s! and
1p! states in the nuclear p shell. In general, the derivation of
the 1p! formation rate is ambiguous given that the 1p! forma-
tion strength is often obscured by a rising ! continuum. In 9

!Be
and in 13

!C it is also mixed with a substantial part of the 1s!
formation strength owing particularly to high lying T = 1 parent
states in the corresponding core nuclei. For this reason, we here

deal only with the 1s! formation strength, deriving it in each p-
shell ! hypernucleus from unambiguously identified low lying 1s!
states. According to Ref. [13], the corresponding hypernuclear for-
mation rates are given by a 1s! formation rate R(1s!), which is
independent of the particular hypernuclear excitation considered,
times a structure fraction derived from neutron pick-up spectro-
scopic factors in the target nucleus. This theoretical framework is
also applicable to forward cross sections of in-flight reactions such
as ("+, K+) and (e, e%K+). In Table 1 we present 1s! formation
rates derived from the FINUDA K! capture at rest hypernuclear
spectra [8,14] for a procedure denoted (a). In each spectrum we
focus on the strongest low-lying particle-stable hypernuclear ex-
citation which is also well described in terms of a ! hyperon
weakly coupled to a nuclear core parent state. These core parent
states are listed in the table. The measured formation rates for the
corresponding hypernuclear excitations from Refs. [8,14] are then
divided by the structure fractions listed in the table to obtain val-
ues of R(1s!). For comparison, we display in the last column the
1s! component of forward-angle integrated ("+, K+) cross sec-
tions, also derived using the peaks listed in the second and third
columns. These ("+, K+) strengths show little A dependence, in
contrast to the K! capture at rest 1s! formation rates that de-
crease by a factor 3.5 in going from 7Li to 16O.

In the second procedure, denoted (b) and presented in Table 2,
we consider all the particle-stable 1s! states corresponding to ob-
served peaks for which the shell model offers reliable identifica-
tion. For three of the five targets listed, this procedure saturates
or is close to saturating the 1s! formation strength. However, in
both 9

!Be and 13
!C the 1s! particle stable hypernuclear states rep-

resent less than half of the full 1s! strength. In the last column
of Table 2 we assembled 1s! forward-angle integrated ("+, K+)
cross sections, derived this time by applying procedure (b). Simi-
larly to Table 1, the weak A dependence of these 1s! ("+, K+)
cross sections is in stark contrast to the fast decrease of the 1s!
formation rates, again by a factor 3.5, going from 7Li to 16O in K!

capture at rest. The strong A dependence of the (K!
stop,"

!) rates
with respect to the weak A dependence of the ("+, K+) cross sec-
tions reflects the sizable difference between the strongly attractive
K! nuclear interaction at threshold and the weakly repulsive K+

nuclear interaction.
It is encouraging to see that both sets of R(1s!) values in Ta-

bles 1 and 2 are consistent within statistical uncertainties with
each other, except marginally for 12C which dates back to a sep-
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Table 1
1s! formation rates R(1s!) per stopped K! , derived from the strongest hypernuclear bound state peak for each of the listed targets [procedure (a)]. Data are taken from the
preceding Letter [8], and for 12

!C from [14]. The errors are statistical and systematic, in this order. The 1s! structure fractions are from [15] and, if unlisted there, from [13].
Listed in the last column, for comparison, are 1s! forward-angle integrated ("+, K+) cross sections, also derived by using procedure (a) from KEK-E336 measurements [16].

Target AZ Peak J"core E"
core (MeV) 1s! frac. R(1s!) # 103 per stopped K! #1s! (µb) ("+, K+)

7Li 3+ 2.19 0.311 1.48± 0.16± 0.19 1.56± 0.10
9Be 2+ 2.94 0.242 0.87± 0.08± 0.12 1.40± 0.05
12C (3/2)! g.s. 0.810 1.25± 0.14± 0.12 1.78± 0.04
13C 2+ 4.44 0.224 0.85± 0.09± 0.13 1.87± 0.09
16O (3/2)! 6.18 0.618 0.42± 0.06± 0.06 1.47± 0.05

Table 2
Same as in Table 1 except for using several (rather than one) well defined 1s! bound states for each of the listed targets [procedure (b)].

Target AZ Peaks 1s! frac. R(1s!) # 103 per stopped K! #1s! (µb) ("+, K+)

7Li 1, 2, 3 0.833 1.25 ± 0.14± 0.17 1.29± 0.12
9Be 1, 2 0.435 0.85± 0.09± 0.11 1.20± 0.05
12C 1, 2, 3 0.995 1.67 ± 0.23± 0.23 1.92± 0.07
13C 1, 2 0.347 0.84± 0.12± 0.12 1.93± 0.12
16O 1, 2 1.000 0.36± 0.06± 0.05 1.32± 0.05

TDWIA
f i (q f ) =

!
$ (!)"
q f

(r)% f i(r)&nLM(r)d3r, (2)

divided for a proper normalization by the integral % of the K!

atomic density overlap with the nuclear density %(r)

% =
!

%(r)
""&nLM(r)

""2 d3r. (3)

Here % f i stands for the nuclear to hypernuclear transition form
factor, $ (!)

q f
is an outgoing pion distorted wave generated by a

pion optical potential fitted to scattering data, and &nLM is a K!

atomic wavefunction obtained by solving the Klein–Gordon equa-
tion with a K! nuclear strong interaction potential V K! added to
the appropriate Coulomb potential. The integration on the r.h.s. of
Eq. (2) is confined by the bound-state form factor % f i to within
the nucleus, where &nLM is primarily determined by the strong-
interaction V K! , although &nLM is an atomic wavefunction that
peaks far outside the nucleus. The sensitivity of the DWIA am-
plitude Eq. (2) to V K! arises from the interference of &nLM with
the pion oscillatory distorted wave $ (!)

q f
. In particular, once V K! is

su!ciently deep to provide a strong-interaction bound state for a
given L, the atomic &nLM also becomes oscillatory within the nu-
cleus which magnifies the effects of interference, as verified in past
DWIA calculations [6,12].

In this Letter we point out another strong sensitivity to the
initial-state K! nuclear dynamics arising from the energy and den-
sity dependence of the K!n $ "!! BR. We show how to incor-
porate this energy and density dependence into the calculation of
a properly averaged value BR which depends on the K! atomic
orbit through L and on the mass number A of the target. The re-
sulting calculated 1s! formation rates are then compared to those
derived from the FINUDA data and conclusions are made on the
deep vs. shallow K! nuclear potential issue.

2. Derivation of 1s! capture rates from FINUDA data

The FINUDA spectra show distinct peaks for several 1s! and
1p! states in the nuclear p shell. In general, the derivation of
the 1p! formation rate is ambiguous given that the 1p! forma-
tion strength is often obscured by a rising ! continuum. In 9

!Be
and in 13

!C it is also mixed with a substantial part of the 1s!
formation strength owing particularly to high lying T = 1 parent
states in the corresponding core nuclei. For this reason, we here

deal only with the 1s! formation strength, deriving it in each p-
shell ! hypernucleus from unambiguously identified low lying 1s!
states. According to Ref. [13], the corresponding hypernuclear for-
mation rates are given by a 1s! formation rate R(1s!), which is
independent of the particular hypernuclear excitation considered,
times a structure fraction derived from neutron pick-up spectro-
scopic factors in the target nucleus. This theoretical framework is
also applicable to forward cross sections of in-flight reactions such
as ("+, K+) and (e, e%K+). In Table 1 we present 1s! formation
rates derived from the FINUDA K! capture at rest hypernuclear
spectra [8,14] for a procedure denoted (a). In each spectrum we
focus on the strongest low-lying particle-stable hypernuclear ex-
citation which is also well described in terms of a ! hyperon
weakly coupled to a nuclear core parent state. These core parent
states are listed in the table. The measured formation rates for the
corresponding hypernuclear excitations from Refs. [8,14] are then
divided by the structure fractions listed in the table to obtain val-
ues of R(1s!). For comparison, we display in the last column the
1s! component of forward-angle integrated ("+, K+) cross sec-
tions, also derived using the peaks listed in the second and third
columns. These ("+, K+) strengths show little A dependence, in
contrast to the K! capture at rest 1s! formation rates that de-
crease by a factor 3.5 in going from 7Li to 16O.

In the second procedure, denoted (b) and presented in Table 2,
we consider all the particle-stable 1s! states corresponding to ob-
served peaks for which the shell model offers reliable identifica-
tion. For three of the five targets listed, this procedure saturates
or is close to saturating the 1s! formation strength. However, in
both 9

!Be and 13
!C the 1s! particle stable hypernuclear states rep-

resent less than half of the full 1s! strength. In the last column
of Table 2 we assembled 1s! forward-angle integrated ("+, K+)
cross sections, derived this time by applying procedure (b). Simi-
larly to Table 1, the weak A dependence of these 1s! ("+, K+)
cross sections is in stark contrast to the fast decrease of the 1s!
formation rates, again by a factor 3.5, going from 7Li to 16O in K!

capture at rest. The strong A dependence of the (K!
stop,"

!) rates
with respect to the weak A dependence of the ("+, K+) cross sec-
tions reflects the sizable difference between the strongly attractive
K! nuclear interaction at threshold and the weakly repulsive K+

nuclear interaction.
It is encouraging to see that both sets of R(1s!) values in Ta-

bles 1 and 2 are consistent within statistical uncertainties with
each other, except marginally for 12C which dates back to a sep-
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Table 1
1s! formation rates R(1s!) per stopped K! , derived from the strongest hypernuclear bound state peak for each of the listed targets [procedure (a)]. Data are taken from the
preceding Letter [8], and for 12

!C from [14]. The errors are statistical and systematic, in this order. The 1s! structure fractions are from [15] and, if unlisted there, from [13].
Listed in the last column, for comparison, are 1s! forward-angle integrated ("+, K+) cross sections, also derived by using procedure (a) from KEK-E336 measurements [16].

Target AZ Peak J"core E"
core (MeV) 1s! frac. R(1s!) # 103 per stopped K! #1s! (µb) ("+, K+)

7Li 3+ 2.19 0.311 1.48± 0.16± 0.19 1.56± 0.10
9Be 2+ 2.94 0.242 0.87± 0.08± 0.12 1.40± 0.05
12C (3/2)! g.s. 0.810 1.25± 0.14± 0.12 1.78± 0.04
13C 2+ 4.44 0.224 0.85± 0.09± 0.13 1.87± 0.09
16O (3/2)! 6.18 0.618 0.42± 0.06± 0.06 1.47± 0.05

Table 2
Same as in Table 1 except for using several (rather than one) well defined 1s! bound states for each of the listed targets [procedure (b)].

Target AZ Peaks 1s! frac. R(1s!) # 103 per stopped K! #1s! (µb) ("+, K+)

7Li 1, 2, 3 0.833 1.25 ± 0.14± 0.17 1.29± 0.12
9Be 1, 2 0.435 0.85± 0.09± 0.11 1.20± 0.05
12C 1, 2, 3 0.995 1.67 ± 0.23± 0.23 1.92± 0.07
13C 1, 2 0.347 0.84± 0.12± 0.12 1.93± 0.12
16O 1, 2 1.000 0.36± 0.06± 0.05 1.32± 0.05

TDWIA
f i (q f ) =
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(r)% f i(r)&nLM(r)d3r, (2)

divided for a proper normalization by the integral % of the K!

atomic density overlap with the nuclear density %(r)

% =
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""&nLM(r)

""2 d3r. (3)

Here % f i stands for the nuclear to hypernuclear transition form
factor, $ (!)

q f
is an outgoing pion distorted wave generated by a

pion optical potential fitted to scattering data, and &nLM is a K!

atomic wavefunction obtained by solving the Klein–Gordon equa-
tion with a K! nuclear strong interaction potential V K! added to
the appropriate Coulomb potential. The integration on the r.h.s. of
Eq. (2) is confined by the bound-state form factor % f i to within
the nucleus, where &nLM is primarily determined by the strong-
interaction V K! , although &nLM is an atomic wavefunction that
peaks far outside the nucleus. The sensitivity of the DWIA am-
plitude Eq. (2) to V K! arises from the interference of &nLM with
the pion oscillatory distorted wave $ (!)

q f
. In particular, once V K! is

su!ciently deep to provide a strong-interaction bound state for a
given L, the atomic &nLM also becomes oscillatory within the nu-
cleus which magnifies the effects of interference, as verified in past
DWIA calculations [6,12].

In this Letter we point out another strong sensitivity to the
initial-state K! nuclear dynamics arising from the energy and den-
sity dependence of the K!n $ "!! BR. We show how to incor-
porate this energy and density dependence into the calculation of
a properly averaged value BR which depends on the K! atomic
orbit through L and on the mass number A of the target. The re-
sulting calculated 1s! formation rates are then compared to those
derived from the FINUDA data and conclusions are made on the
deep vs. shallow K! nuclear potential issue.

2. Derivation of 1s! capture rates from FINUDA data

The FINUDA spectra show distinct peaks for several 1s! and
1p! states in the nuclear p shell. In general, the derivation of
the 1p! formation rate is ambiguous given that the 1p! forma-
tion strength is often obscured by a rising ! continuum. In 9

!Be
and in 13

!C it is also mixed with a substantial part of the 1s!
formation strength owing particularly to high lying T = 1 parent
states in the corresponding core nuclei. For this reason, we here

deal only with the 1s! formation strength, deriving it in each p-
shell ! hypernucleus from unambiguously identified low lying 1s!
states. According to Ref. [13], the corresponding hypernuclear for-
mation rates are given by a 1s! formation rate R(1s!), which is
independent of the particular hypernuclear excitation considered,
times a structure fraction derived from neutron pick-up spectro-
scopic factors in the target nucleus. This theoretical framework is
also applicable to forward cross sections of in-flight reactions such
as ("+, K+) and (e, e%K+). In Table 1 we present 1s! formation
rates derived from the FINUDA K! capture at rest hypernuclear
spectra [8,14] for a procedure denoted (a). In each spectrum we
focus on the strongest low-lying particle-stable hypernuclear ex-
citation which is also well described in terms of a ! hyperon
weakly coupled to a nuclear core parent state. These core parent
states are listed in the table. The measured formation rates for the
corresponding hypernuclear excitations from Refs. [8,14] are then
divided by the structure fractions listed in the table to obtain val-
ues of R(1s!). For comparison, we display in the last column the
1s! component of forward-angle integrated ("+, K+) cross sec-
tions, also derived using the peaks listed in the second and third
columns. These ("+, K+) strengths show little A dependence, in
contrast to the K! capture at rest 1s! formation rates that de-
crease by a factor 3.5 in going from 7Li to 16O.

In the second procedure, denoted (b) and presented in Table 2,
we consider all the particle-stable 1s! states corresponding to ob-
served peaks for which the shell model offers reliable identifica-
tion. For three of the five targets listed, this procedure saturates
or is close to saturating the 1s! formation strength. However, in
both 9

!Be and 13
!C the 1s! particle stable hypernuclear states rep-

resent less than half of the full 1s! strength. In the last column
of Table 2 we assembled 1s! forward-angle integrated ("+, K+)
cross sections, derived this time by applying procedure (b). Simi-
larly to Table 1, the weak A dependence of these 1s! ("+, K+)
cross sections is in stark contrast to the fast decrease of the 1s!
formation rates, again by a factor 3.5, going from 7Li to 16O in K!

capture at rest. The strong A dependence of the (K!
stop,"

!) rates
with respect to the weak A dependence of the ("+, K+) cross sec-
tions reflects the sizable difference between the strongly attractive
K! nuclear interaction at threshold and the weakly repulsive K+

nuclear interaction.
It is encouraging to see that both sets of R(1s!) values in Ta-

bles 1 and 2 are consistent within statistical uncertainties with
each other, except marginally for 12C which dates back to a sep-
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Fig. 2. Comparison between 1s! formation rates derived from the FINUDA K! cap-
ture at rest data [8,14] and DWIA calculations normalized to the 1s! formation
rate of 7

!Li listed in Table 1 for shallow (SH, solid) and deep (DD, dashed) K! nu-
clear potentials. The calculated 1s! formation rates use K!n " "!! in-medium
BRs without self energies, see Section 3, and pion optical potential "e from Ref. [6].
The error bars consist of statistical uncertainties only.

distorted waves.5 A major change here with respect to Refs. [12,24]
is the use of energy and density dependent BRs as outlined in Sec-
tion 3. The resulting BRs for the deep K! potential V DD

K! display
considerable A dependence, with values higher than the threshold
value used in Ref. [12], particularly from 12C on. In contrast, the
BRs for the shallow potential V SH

K! show little A dependence, with
values lower than the threshold value. Consequently, the difference
between the DD and SH rates is no longer as large as calculated for
a fixed BR threshold value [12]. For example, the calculated rates
are (15–18)% of the experimentally derived rate for 7Li under pro-
cedure (a) using the best-fit pion optical potential "e , Eqs. (19),
(20) of Ref. [6], and (23–26)% of it using the pion optical potential
"b employed in Ref. [12].

Here we focus on the A dependence of the 1s! formation rates.
For given K! and "! potentials the calculated rates are scaled up
by a normalization factor to achieve agreement for 7Li with the
1s! rate derived from the data under procedure (a) in Table 1. This
is shown in Fig. 2 where the uncertainties of the experimentally
derived 1s! rates consist only of statistical errors that vary from
one target to another. The systematic errors, on the other hand,
are the same for all targets and drop out when considering A de-
pendence within the present set of FINUDA data. The normalized
calculated 1s! rates shown in the figure are based on BRs calcu-
lated according to Eq. (6) from the BRs plotted on the l.h.s. of Fig. 1
(CS30, no-SE). Results are shown for the pion optical potential "e
which was fitted to "!–12C angular distributions at 162 MeV [6],
and for the two K! nuclear potentials V SH

K! and V DD
K! . We note

that the decrease of the experimentally derived 1s! rates from 7Li
to 9Be, followed by increase for 12C and subsequently decreasing
through 13C down to 16O, is well reproduced by both calculations
shown in Fig. 2. However, the deep V DD

K! calculated rates repro-
duce better the A dependence of the experimentally derived rates
than the shallow V SH

K! potential does. In reaching this conclusion
on V DD

K! , the increase of the K!n " "!! BR values between 7Li

5 The complex K! nuclear potentials V SH
K! and V DD

K! were denoted K# and KDD,
respectively, in Ref. [12] where a complete listing of their parametrization is avail-
able.

and 16O is essential, by moderating the fall off of the rates calcu-
lated using A independent BRs. Similar conclusions hold for the A
dependence of rates calculated using BRs that are derived accord-
ing to Eq. (6) from the BRs plotted on the r.h.s. of Fig. 1 (CS30,
with SE). On the other hand, if the pion optical potentials "b or "c
(applied in Ref. [12]) are used in these calculations, neither V DD

K!

nor V SH
K! do as good a job as the combination V DD

K! and the best-fit
"e does, and no firm conclusion can be drawn.

5. Conclusion

In conclusion, we have derived 1s! hypernuclear formation
rates from the AZ(K!

stop,"
!)A!Z spectra presented recently by the

FINUDA Collaboration on several nuclear targets in the p shell
[8,14]. We then compared the A dependence of these derived
rates with that provided by calculations for the two extreme
V K! scenarios discussed at present, a shallow potential [5,6]
and a density dependent deep potential [7]. The calculations
use K!n " "!! in-medium BRs generated by applying a re-
cent chirally motivated coupled channel model [18]. These BRs
exhibit a strong subthreshold energy and density dependence,
as shown in Fig. 1, and therefore result in A dependent in-
put values BR that depend sensitively on the initial-state K!

nuclear potential V K! . The calculations also demonstrate addi-
tional strong sensitivity to V K! through the atomic wavefunc-
tions it generates which enter the DWIA amplitude Eq. (2), as
discussed extensively in previous calculations of K!

stop hypernu-
clear formation rates [6,12]. The comparison between the cal-
culated A dependence and that derived from the FINUDA data
slightly favors a deep K! nuclear potential over a shallow one.
This conclusion outdates the one reached in an earlier version
in which the energy and density dependence of the BRs, re-
sulting here in a new source of sensitivity to V K! , was disre-
garded [24]. In future work, it would be interesting to use other
versions of K!N chirally motivated models and to extend the
range of nuclear targets used in stopped K! reactions to medium
and heavy weight nuclei in order to confirm the present con-
clusion, and to look for more subtle effects of density depen-
dence.
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Table 1
1s! formation rates R(1s!) per stopped K! , derived from the strongest hypernuclear bound state peak for each of the listed targets [procedure (a)]. Data are taken from the
preceding Letter [8], and for 12

!C from [14]. The errors are statistical and systematic, in this order. The 1s! structure fractions are from [15] and, if unlisted there, from [13].
Listed in the last column, for comparison, are 1s! forward-angle integrated ("+, K+) cross sections, also derived by using procedure (a) from KEK-E336 measurements [16].

Target AZ Peak J"core E"
core (MeV) 1s! frac. R(1s!) # 103 per stopped K! #1s! (µb) ("+, K+)

7Li 3+ 2.19 0.311 1.48± 0.16± 0.19 1.56± 0.10
9Be 2+ 2.94 0.242 0.87± 0.08± 0.12 1.40± 0.05
12C (3/2)! g.s. 0.810 1.25± 0.14± 0.12 1.78± 0.04
13C 2+ 4.44 0.224 0.85± 0.09± 0.13 1.87± 0.09
16O (3/2)! 6.18 0.618 0.42± 0.06± 0.06 1.47± 0.05

Table 2
Same as in Table 1 except for using several (rather than one) well defined 1s! bound states for each of the listed targets [procedure (b)].

Target AZ Peaks 1s! frac. R(1s!) # 103 per stopped K! #1s! (µb) ("+, K+)

7Li 1, 2, 3 0.833 1.25 ± 0.14± 0.17 1.29± 0.12
9Be 1, 2 0.435 0.85± 0.09± 0.11 1.20± 0.05
12C 1, 2, 3 0.995 1.67 ± 0.23± 0.23 1.92± 0.07
13C 1, 2 0.347 0.84± 0.12± 0.12 1.93± 0.12
16O 1, 2 1.000 0.36± 0.06± 0.05 1.32± 0.05

TDWIA
f i (q f ) =

!
$ (!)"
q f

(r)% f i(r)&nLM(r)d3r, (2)

divided for a proper normalization by the integral % of the K!

atomic density overlap with the nuclear density %(r)

% =
!

%(r)
""&nLM(r)

""2 d3r. (3)

Here % f i stands for the nuclear to hypernuclear transition form
factor, $ (!)

q f
is an outgoing pion distorted wave generated by a

pion optical potential fitted to scattering data, and &nLM is a K!

atomic wavefunction obtained by solving the Klein–Gordon equa-
tion with a K! nuclear strong interaction potential V K! added to
the appropriate Coulomb potential. The integration on the r.h.s. of
Eq. (2) is confined by the bound-state form factor % f i to within
the nucleus, where &nLM is primarily determined by the strong-
interaction V K! , although &nLM is an atomic wavefunction that
peaks far outside the nucleus. The sensitivity of the DWIA am-
plitude Eq. (2) to V K! arises from the interference of &nLM with
the pion oscillatory distorted wave $ (!)

q f
. In particular, once V K! is

su!ciently deep to provide a strong-interaction bound state for a
given L, the atomic &nLM also becomes oscillatory within the nu-
cleus which magnifies the effects of interference, as verified in past
DWIA calculations [6,12].

In this Letter we point out another strong sensitivity to the
initial-state K! nuclear dynamics arising from the energy and den-
sity dependence of the K!n $ "!! BR. We show how to incor-
porate this energy and density dependence into the calculation of
a properly averaged value BR which depends on the K! atomic
orbit through L and on the mass number A of the target. The re-
sulting calculated 1s! formation rates are then compared to those
derived from the FINUDA data and conclusions are made on the
deep vs. shallow K! nuclear potential issue.

2. Derivation of 1s! capture rates from FINUDA data

The FINUDA spectra show distinct peaks for several 1s! and
1p! states in the nuclear p shell. In general, the derivation of
the 1p! formation rate is ambiguous given that the 1p! forma-
tion strength is often obscured by a rising ! continuum. In 9

!Be
and in 13

!C it is also mixed with a substantial part of the 1s!
formation strength owing particularly to high lying T = 1 parent
states in the corresponding core nuclei. For this reason, we here

deal only with the 1s! formation strength, deriving it in each p-
shell ! hypernucleus from unambiguously identified low lying 1s!
states. According to Ref. [13], the corresponding hypernuclear for-
mation rates are given by a 1s! formation rate R(1s!), which is
independent of the particular hypernuclear excitation considered,
times a structure fraction derived from neutron pick-up spectro-
scopic factors in the target nucleus. This theoretical framework is
also applicable to forward cross sections of in-flight reactions such
as ("+, K+) and (e, e%K+). In Table 1 we present 1s! formation
rates derived from the FINUDA K! capture at rest hypernuclear
spectra [8,14] for a procedure denoted (a). In each spectrum we
focus on the strongest low-lying particle-stable hypernuclear ex-
citation which is also well described in terms of a ! hyperon
weakly coupled to a nuclear core parent state. These core parent
states are listed in the table. The measured formation rates for the
corresponding hypernuclear excitations from Refs. [8,14] are then
divided by the structure fractions listed in the table to obtain val-
ues of R(1s!). For comparison, we display in the last column the
1s! component of forward-angle integrated ("+, K+) cross sec-
tions, also derived using the peaks listed in the second and third
columns. These ("+, K+) strengths show little A dependence, in
contrast to the K! capture at rest 1s! formation rates that de-
crease by a factor 3.5 in going from 7Li to 16O.

In the second procedure, denoted (b) and presented in Table 2,
we consider all the particle-stable 1s! states corresponding to ob-
served peaks for which the shell model offers reliable identifica-
tion. For three of the five targets listed, this procedure saturates
or is close to saturating the 1s! formation strength. However, in
both 9

!Be and 13
!C the 1s! particle stable hypernuclear states rep-

resent less than half of the full 1s! strength. In the last column
of Table 2 we assembled 1s! forward-angle integrated ("+, K+)
cross sections, derived this time by applying procedure (b). Simi-
larly to Table 1, the weak A dependence of these 1s! ("+, K+)
cross sections is in stark contrast to the fast decrease of the 1s!
formation rates, again by a factor 3.5, going from 7Li to 16O in K!

capture at rest. The strong A dependence of the (K!
stop,"

!) rates
with respect to the weak A dependence of the ("+, K+) cross sec-
tions reflects the sizable difference between the strongly attractive
K! nuclear interaction at threshold and the weakly repulsive K+

nuclear interaction.
It is encouraging to see that both sets of R(1s!) values in Ta-

bles 1 and 2 are consistent within statistical uncertainties with
each other, except marginally for 12C which dates back to a sep-
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formation rates reported by FINUDA for well defined and spectroscopically sound final hypernuclear states have been 
transformed into 1sΛ hypernuclear formation rates (structure fraction from previous calculations) that allowed direct 
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Fig. 2. Comparison between 1s! formation rates derived from the FINUDA K! cap-
ture at rest data [8,14] and DWIA calculations normalized to the 1s! formation
rate of 7

!Li listed in Table 1 for shallow (SH, solid) and deep (DD, dashed) K! nu-
clear potentials. The calculated 1s! formation rates use K!n " "!! in-medium
BRs without self energies, see Section 3, and pion optical potential "e from Ref. [6].
The error bars consist of statistical uncertainties only.

distorted waves.5 A major change here with respect to Refs. [12,24]
is the use of energy and density dependent BRs as outlined in Sec-
tion 3. The resulting BRs for the deep K! potential V DD

K! display
considerable A dependence, with values higher than the threshold
value used in Ref. [12], particularly from 12C on. In contrast, the
BRs for the shallow potential V SH

K! show little A dependence, with
values lower than the threshold value. Consequently, the difference
between the DD and SH rates is no longer as large as calculated for
a fixed BR threshold value [12]. For example, the calculated rates
are (15–18)% of the experimentally derived rate for 7Li under pro-
cedure (a) using the best-fit pion optical potential "e , Eqs. (19),
(20) of Ref. [6], and (23–26)% of it using the pion optical potential
"b employed in Ref. [12].

Here we focus on the A dependence of the 1s! formation rates.
For given K! and "! potentials the calculated rates are scaled up
by a normalization factor to achieve agreement for 7Li with the
1s! rate derived from the data under procedure (a) in Table 1. This
is shown in Fig. 2 where the uncertainties of the experimentally
derived 1s! rates consist only of statistical errors that vary from
one target to another. The systematic errors, on the other hand,
are the same for all targets and drop out when considering A de-
pendence within the present set of FINUDA data. The normalized
calculated 1s! rates shown in the figure are based on BRs calcu-
lated according to Eq. (6) from the BRs plotted on the l.h.s. of Fig. 1
(CS30, no-SE). Results are shown for the pion optical potential "e
which was fitted to "!–12C angular distributions at 162 MeV [6],
and for the two K! nuclear potentials V SH

K! and V DD
K! . We note

that the decrease of the experimentally derived 1s! rates from 7Li
to 9Be, followed by increase for 12C and subsequently decreasing
through 13C down to 16O, is well reproduced by both calculations
shown in Fig. 2. However, the deep V DD

K! calculated rates repro-
duce better the A dependence of the experimentally derived rates
than the shallow V SH

K! potential does. In reaching this conclusion
on V DD

K! , the increase of the K!n " "!! BR values between 7Li

5 The complex K! nuclear potentials V SH
K! and V DD

K! were denoted K# and KDD,
respectively, in Ref. [12] where a complete listing of their parametrization is avail-
able.

and 16O is essential, by moderating the fall off of the rates calcu-
lated using A independent BRs. Similar conclusions hold for the A
dependence of rates calculated using BRs that are derived accord-
ing to Eq. (6) from the BRs plotted on the r.h.s. of Fig. 1 (CS30,
with SE). On the other hand, if the pion optical potentials "b or "c
(applied in Ref. [12]) are used in these calculations, neither V DD

K!

nor V SH
K! do as good a job as the combination V DD

K! and the best-fit
"e does, and no firm conclusion can be drawn.

5. Conclusion

In conclusion, we have derived 1s! hypernuclear formation
rates from the AZ(K!

stop,"
!)A!Z spectra presented recently by the

FINUDA Collaboration on several nuclear targets in the p shell
[8,14]. We then compared the A dependence of these derived
rates with that provided by calculations for the two extreme
V K! scenarios discussed at present, a shallow potential [5,6]
and a density dependent deep potential [7]. The calculations
use K!n " "!! in-medium BRs generated by applying a re-
cent chirally motivated coupled channel model [18]. These BRs
exhibit a strong subthreshold energy and density dependence,
as shown in Fig. 1, and therefore result in A dependent in-
put values BR that depend sensitively on the initial-state K!

nuclear potential V K! . The calculations also demonstrate addi-
tional strong sensitivity to V K! through the atomic wavefunc-
tions it generates which enter the DWIA amplitude Eq. (2), as
discussed extensively in previous calculations of K!

stop hypernu-
clear formation rates [6,12]. The comparison between the cal-
culated A dependence and that derived from the FINUDA data
slightly favors a deep K! nuclear potential over a shallow one.
This conclusion outdates the one reached in an earlier version
in which the energy and density dependence of the BRs, re-
sulting here in a new source of sensitivity to V K! , was disre-
garded [24]. In future work, it would be interesting to use other
versions of K!N chirally motivated models and to extend the
range of nuclear targets used in stopped K! reactions to medium
and heavy weight nuclei in order to confirm the present con-
clusion, and to look for more subtle effects of density depen-
dence.
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Table 1
1s! formation rates R(1s!) per stopped K! , derived from the strongest hypernuclear bound state peak for each of the listed targets [procedure (a)]. Data are taken from the
preceding Letter [8], and for 12

!C from [14]. The errors are statistical and systematic, in this order. The 1s! structure fractions are from [15] and, if unlisted there, from [13].
Listed in the last column, for comparison, are 1s! forward-angle integrated ("+, K+) cross sections, also derived by using procedure (a) from KEK-E336 measurements [16].

Target AZ Peak J"core E"
core (MeV) 1s! frac. R(1s!) # 103 per stopped K! #1s! (µb) ("+, K+)

7Li 3+ 2.19 0.311 1.48± 0.16± 0.19 1.56± 0.10
9Be 2+ 2.94 0.242 0.87± 0.08± 0.12 1.40± 0.05
12C (3/2)! g.s. 0.810 1.25± 0.14± 0.12 1.78± 0.04
13C 2+ 4.44 0.224 0.85± 0.09± 0.13 1.87± 0.09
16O (3/2)! 6.18 0.618 0.42± 0.06± 0.06 1.47± 0.05

Table 2
Same as in Table 1 except for using several (rather than one) well defined 1s! bound states for each of the listed targets [procedure (b)].

Target AZ Peaks 1s! frac. R(1s!) # 103 per stopped K! #1s! (µb) ("+, K+)

7Li 1, 2, 3 0.833 1.25 ± 0.14± 0.17 1.29± 0.12
9Be 1, 2 0.435 0.85± 0.09± 0.11 1.20± 0.05
12C 1, 2, 3 0.995 1.67 ± 0.23± 0.23 1.92± 0.07
13C 1, 2 0.347 0.84± 0.12± 0.12 1.93± 0.12
16O 1, 2 1.000 0.36± 0.06± 0.05 1.32± 0.05

TDWIA
f i (q f ) =

!
$ (!)"
q f

(r)% f i(r)&nLM(r)d3r, (2)

divided for a proper normalization by the integral % of the K!

atomic density overlap with the nuclear density %(r)

% =
!

%(r)
""&nLM(r)

""2 d3r. (3)

Here % f i stands for the nuclear to hypernuclear transition form
factor, $ (!)

q f
is an outgoing pion distorted wave generated by a

pion optical potential fitted to scattering data, and &nLM is a K!

atomic wavefunction obtained by solving the Klein–Gordon equa-
tion with a K! nuclear strong interaction potential V K! added to
the appropriate Coulomb potential. The integration on the r.h.s. of
Eq. (2) is confined by the bound-state form factor % f i to within
the nucleus, where &nLM is primarily determined by the strong-
interaction V K! , although &nLM is an atomic wavefunction that
peaks far outside the nucleus. The sensitivity of the DWIA am-
plitude Eq. (2) to V K! arises from the interference of &nLM with
the pion oscillatory distorted wave $ (!)

q f
. In particular, once V K! is

su!ciently deep to provide a strong-interaction bound state for a
given L, the atomic &nLM also becomes oscillatory within the nu-
cleus which magnifies the effects of interference, as verified in past
DWIA calculations [6,12].

In this Letter we point out another strong sensitivity to the
initial-state K! nuclear dynamics arising from the energy and den-
sity dependence of the K!n $ "!! BR. We show how to incor-
porate this energy and density dependence into the calculation of
a properly averaged value BR which depends on the K! atomic
orbit through L and on the mass number A of the target. The re-
sulting calculated 1s! formation rates are then compared to those
derived from the FINUDA data and conclusions are made on the
deep vs. shallow K! nuclear potential issue.

2. Derivation of 1s! capture rates from FINUDA data

The FINUDA spectra show distinct peaks for several 1s! and
1p! states in the nuclear p shell. In general, the derivation of
the 1p! formation rate is ambiguous given that the 1p! forma-
tion strength is often obscured by a rising ! continuum. In 9

!Be
and in 13

!C it is also mixed with a substantial part of the 1s!
formation strength owing particularly to high lying T = 1 parent
states in the corresponding core nuclei. For this reason, we here

deal only with the 1s! formation strength, deriving it in each p-
shell ! hypernucleus from unambiguously identified low lying 1s!
states. According to Ref. [13], the corresponding hypernuclear for-
mation rates are given by a 1s! formation rate R(1s!), which is
independent of the particular hypernuclear excitation considered,
times a structure fraction derived from neutron pick-up spectro-
scopic factors in the target nucleus. This theoretical framework is
also applicable to forward cross sections of in-flight reactions such
as ("+, K+) and (e, e%K+). In Table 1 we present 1s! formation
rates derived from the FINUDA K! capture at rest hypernuclear
spectra [8,14] for a procedure denoted (a). In each spectrum we
focus on the strongest low-lying particle-stable hypernuclear ex-
citation which is also well described in terms of a ! hyperon
weakly coupled to a nuclear core parent state. These core parent
states are listed in the table. The measured formation rates for the
corresponding hypernuclear excitations from Refs. [8,14] are then
divided by the structure fractions listed in the table to obtain val-
ues of R(1s!). For comparison, we display in the last column the
1s! component of forward-angle integrated ("+, K+) cross sec-
tions, also derived using the peaks listed in the second and third
columns. These ("+, K+) strengths show little A dependence, in
contrast to the K! capture at rest 1s! formation rates that de-
crease by a factor 3.5 in going from 7Li to 16O.

In the second procedure, denoted (b) and presented in Table 2,
we consider all the particle-stable 1s! states corresponding to ob-
served peaks for which the shell model offers reliable identifica-
tion. For three of the five targets listed, this procedure saturates
or is close to saturating the 1s! formation strength. However, in
both 9

!Be and 13
!C the 1s! particle stable hypernuclear states rep-

resent less than half of the full 1s! strength. In the last column
of Table 2 we assembled 1s! forward-angle integrated ("+, K+)
cross sections, derived this time by applying procedure (b). Simi-
larly to Table 1, the weak A dependence of these 1s! ("+, K+)
cross sections is in stark contrast to the fast decrease of the 1s!
formation rates, again by a factor 3.5, going from 7Li to 16O in K!

capture at rest. The strong A dependence of the (K!
stop,"

!) rates
with respect to the weak A dependence of the ("+, K+) cross sec-
tions reflects the sizable difference between the strongly attractive
K! nuclear interaction at threshold and the weakly repulsive K+

nuclear interaction.
It is encouraging to see that both sets of R(1s!) values in Ta-

bles 1 and 2 are consistent within statistical uncertainties with
each other, except marginally for 12C which dates back to a sep-
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Fig. 2. Comparison between 1s! formation rates derived from the FINUDA K! cap-
ture at rest data [8,14] and DWIA calculations normalized to the 1s! formation
rate of 7

!Li listed in Table 1 for shallow (SH, solid) and deep (DD, dashed) K! nu-
clear potentials. The calculated 1s! formation rates use K!n " "!! in-medium
BRs without self energies, see Section 3, and pion optical potential "e from Ref. [6].
The error bars consist of statistical uncertainties only.

distorted waves.5 A major change here with respect to Refs. [12,24]
is the use of energy and density dependent BRs as outlined in Sec-
tion 3. The resulting BRs for the deep K! potential V DD

K! display
considerable A dependence, with values higher than the threshold
value used in Ref. [12], particularly from 12C on. In contrast, the
BRs for the shallow potential V SH

K! show little A dependence, with
values lower than the threshold value. Consequently, the difference
between the DD and SH rates is no longer as large as calculated for
a fixed BR threshold value [12]. For example, the calculated rates
are (15–18)% of the experimentally derived rate for 7Li under pro-
cedure (a) using the best-fit pion optical potential "e , Eqs. (19),
(20) of Ref. [6], and (23–26)% of it using the pion optical potential
"b employed in Ref. [12].

Here we focus on the A dependence of the 1s! formation rates.
For given K! and "! potentials the calculated rates are scaled up
by a normalization factor to achieve agreement for 7Li with the
1s! rate derived from the data under procedure (a) in Table 1. This
is shown in Fig. 2 where the uncertainties of the experimentally
derived 1s! rates consist only of statistical errors that vary from
one target to another. The systematic errors, on the other hand,
are the same for all targets and drop out when considering A de-
pendence within the present set of FINUDA data. The normalized
calculated 1s! rates shown in the figure are based on BRs calcu-
lated according to Eq. (6) from the BRs plotted on the l.h.s. of Fig. 1
(CS30, no-SE). Results are shown for the pion optical potential "e
which was fitted to "!–12C angular distributions at 162 MeV [6],
and for the two K! nuclear potentials V SH

K! and V DD
K! . We note

that the decrease of the experimentally derived 1s! rates from 7Li
to 9Be, followed by increase for 12C and subsequently decreasing
through 13C down to 16O, is well reproduced by both calculations
shown in Fig. 2. However, the deep V DD

K! calculated rates repro-
duce better the A dependence of the experimentally derived rates
than the shallow V SH

K! potential does. In reaching this conclusion
on V DD

K! , the increase of the K!n " "!! BR values between 7Li

5 The complex K! nuclear potentials V SH
K! and V DD

K! were denoted K# and KDD,
respectively, in Ref. [12] where a complete listing of their parametrization is avail-
able.

and 16O is essential, by moderating the fall off of the rates calcu-
lated using A independent BRs. Similar conclusions hold for the A
dependence of rates calculated using BRs that are derived accord-
ing to Eq. (6) from the BRs plotted on the r.h.s. of Fig. 1 (CS30,
with SE). On the other hand, if the pion optical potentials "b or "c
(applied in Ref. [12]) are used in these calculations, neither V DD

K!

nor V SH
K! do as good a job as the combination V DD

K! and the best-fit
"e does, and no firm conclusion can be drawn.

5. Conclusion

In conclusion, we have derived 1s! hypernuclear formation
rates from the AZ(K!

stop,"
!)A!Z spectra presented recently by the

FINUDA Collaboration on several nuclear targets in the p shell
[8,14]. We then compared the A dependence of these derived
rates with that provided by calculations for the two extreme
V K! scenarios discussed at present, a shallow potential [5,6]
and a density dependent deep potential [7]. The calculations
use K!n " "!! in-medium BRs generated by applying a re-
cent chirally motivated coupled channel model [18]. These BRs
exhibit a strong subthreshold energy and density dependence,
as shown in Fig. 1, and therefore result in A dependent in-
put values BR that depend sensitively on the initial-state K!

nuclear potential V K! . The calculations also demonstrate addi-
tional strong sensitivity to V K! through the atomic wavefunc-
tions it generates which enter the DWIA amplitude Eq. (2), as
discussed extensively in previous calculations of K!

stop hypernu-
clear formation rates [6,12]. The comparison between the cal-
culated A dependence and that derived from the FINUDA data
slightly favors a deep K! nuclear potential over a shallow one.
This conclusion outdates the one reached in an earlier version
in which the energy and density dependence of the BRs, re-
sulting here in a new source of sensitivity to V K! , was disre-
garded [24]. In future work, it would be interesting to use other
versions of K!N chirally motivated models and to extend the
range of nuclear targets used in stopped K! reactions to medium
and heavy weight nuclei in order to confirm the present con-
clusion, and to look for more subtle effects of density depen-
dence.

Acknowledgements

We are grateful to Tullio Bressani and Germano Bonomi for use-
ful discussions of the FINUDA measurements and to Daniel Gazda
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hypernuclei formation A dependence for the extraction of the K- 
nuclear potential VK-  (important for kaon condensation in 
neutron-star matter, quasibound K- nuclear cluster, self-bound 
strange hadronic matter, etc.)

Re VK−(ρ0) ∼ −(150− 200)MeV

Re VK−(ρ0) ∼ −(40− 60)MeV

two different potentials have been tested (shallow SH and deep DD)

the comparison with the FINUDA data 
slightly favors a deep K- nuclear potential
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For the first time a study of the formation probability as a function of A for p-shell 
nuclei has been performed 

The new results gave new inputs to the theory to extract useful information about the 
K- nuclear potential

conclusions

Hypernuclei formation probability, per stopped K-, has been measured by the FINUDA 
experiment for different targets (7Li, 9Be, 13C, 16O)

The K+→ μν decay has been used for calibration both in rate and energy


