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1. Distorted-wave impulse approximation
(DWIA)
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Distorted-wave Impulse Approximation (DWIA)

J. Hufner et al, NPA234 (1974) 429.
E.H. Auerbach et al., Ann. Phys. (N.Y.) 148 (1983) 38]1.

C.B. Dover et al.,PRC22 (1980) 2073.
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Distorted-wave Impulse Approximation (DWIA)
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B W% F D A % (Effective number method)

Effective number

Differential cross section (closed shell targets JP= 0+)
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J1)—2 B8 D A% (Green’s function method)

Green’s function

Double-differential cross sections
aN—bY Morimatsu, Yazaki,

( d’o ):ﬂ(d_a) S(E) NPA483 (1988) 493.
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Strength functions
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CROSS SECTION (ub/sr)

Elementary cross sections of tN->K*A, K*¥~ reactions
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j}) There 1s a strong energy dependence of (do/dQ2).



Optimal Fermi-averaging (OFA) procedure #i#7 = /L 3 Fij
T. Harada and Y. Hirabayashi, NPA744 (2004) 323.

B Optimal" cross section for m-p -> K+X~ reaction

d_U opt: Pk Ex }Iopt (P @ q)}Z 3
e Q7 )2v, | ANKZ WP @D oLl

(", K*) reaction

B Optimal Fermi-averaged ntN -> KX t-matrix

cosOy = Pg - Py

op Elementary -matrix

TNKz(p*Ta(U q) U

B [y sinfy doy fboo dpn Py PPN YtzN k5 (ExN; Prs PN)
Jy sinox dow [y™ dp pyp(p) o

momentum dist.

B On-energy-shell equation for a struck proton momentum: py

W = \/ ( pN 4 q)z + mz \/ P + mN including the binding effects.

Optimal momentum approximation (OMA):
S. A. Gurvitz, PRC33 (1986) 422. h = G;' — G~ vanishes
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Optimal cross section of the T'n—>K"A reaction in nuclei

CROSS SECTION (ub/sr) [CAL.]
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j The o dependence at 1.05 GeV/c are different from that 1.2GeV/c.



Application of Optimal Fermi-averaging (OFA) procedure

1.20GeV/c

(ub/sr MeV)[EXP.]

1.05GeV/c

CROSS 3

(do /d§2)°P"
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nn —-K*A
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L (b) 1,05GeV/c

[Tvol(ASW Is/qM) NOLLOAS SSO¥D
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A production

R2C(n*, K*) reactions

- The ® energy-dependence originates
from the nature of the “optimal Fermi-
averaging’”’ t-matrix.

- Need careful consideration for energy-
dependent of the elementary cross
section.

- The calculated spectra in the QF region
can explain the experimental data at

1.20GeV/c and 1.05GeV/c.



CROSS SECTION (ub/sr MeV)[EXP.]

(nb/sr MeV) [EXP.]

Og_14°

Application of Optimal Fermi-averaging (OFA) procedure
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Angular dependence of the optimal Fermi-av. cross section

“mp>K*X reactions” in the nucleus
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» There exists a strong energy dependence in the amplitudes.
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Fig. 2. (Top) Real and (bottom) imaginary parts of the X-nucleus potential plus the finite Coulomb potential for (a) -2 (b} £~ 7Co and ic) £~ 27T). The solid.
long-dashed and dashed curves denote the radial distribution of the potentials for DD, LDA-NF and t.q0. respectively. The strength for the real part includes the finite Coulomb
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CROSS SECTION (ub/sr MeV)[EXP.]

Dependnce of >~ spectrra in (n~,K*) reactions on (V5. Wy)

T. Harada, Y. Hirabayashi, Nncl. Phys. A767 (2006)206.
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Mass-number dependence of the integrated cross sections
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Angular distributions of n=+'>C and K*+ '2C elastic reactions
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CROSS SECTION (pb/sr MeV)
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+ Distorted wave solving Klein-Gordon eq.
+ Absorption potential arising from XN — XN elastic scatterings
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Mass-number dependence of the integrated cross sections
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2. Z-nucleus potentials studied by
(K~, K%) reactions

T. Harada, Y. Hirabayashi, PRC102 (2020) 024618.
T. Harada, Y. Hirabayashi, PRC103 (2021) 024605.



Study of the =™ -nucleus potential (1992-2010)

Emulsion @E173 point A : £~ + 12C — 4H + %Be

Y. Yamamoto, et al, PTP. Suppl. 117 (1994) 361.

V= £-16)MeV

DWIA analysis of ?C(K-,K+) data at 1.8GeV/c . | I
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Recent observations of =~ hypernuclel from emulsion
compared with theoretical predictions
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v E- capture from the 2P state: B- (2P)=1.03 MeV(KISO)-1.27 MeV (IBUKI)
- The =-nucleus potential is attractive in the real part.
- The 2P capture rate (4%) obtained from cascade cal.
- EN-AA coupling is weak (consistent with HAL-QCD).



= QF spectra of the "Be(K~, K*) reaction at BNL-E906
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Contour plots of the y*-value distribution in {¥V;, W} plane

Uz (1) =(Vor+ Wo)/[1 + exp{(r — R)/a}]
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respectively.

v" The value of »? is almost insensitive to W,




Remarks

B KEK-E224 and BNL-E&85: Fukuda et al., (1998)
_VOE =14 MeV, <20 MeV Khaustov et al. (2000)

B BNL-E906:
_VOE = 17+6 MeV  Harada-Hirabayashi (2021)

B Density dependence of V= (p,) :
—V,E(p,) =21.940.7 MeV  Friedman-Gal (2021)

B Microscopic calculations + ZN G-matrix
Lattice QCD, ChEFT: —VF <10 MeV
Ehime, NHD, NSCO08, NSC16, ...

—> Contributions of EN->AA coupling and ZNN force?
weak (from HAL-QCD)




3. 34, H productions for 3, H lifetime puzzle

T. Harada, Y. Hirabayashi, NP1015 (2021) 122301.



M 3, H lifetime puzzle reported by high-energy heavy-ion collisions

[\
¥

N

ALICE (2020) STAR (2022) free A (PDG)

254 + 15427 ps | 221415+ 29 ps 26342 ps

THEIA-STRONG 2020  PRL128,202301 (2022)

B Experimental plans of measurements of a 3, H lifetime at J-PARC

J-PARC E74

J-PARC E73

Direct measurement of the *, H and 4, H lifetimes using
34He (n~,K°)**, H reaction, A. Feliciello et al.

3 Hand 4, H mesonic weak decay lifetime measurement with
34He (K-,n%)**, H reaction, Y. Ma et al.

Phase-0 (June,2020): “He(K-,119)* \H

O—> @ |$ @ - Phase-l(May,2021);3He(K-,1T0)3A|_|

3He

0 P

P

(K—,m°) productlon N
@ I$ weak decay
*AH " 3le

(lifetime measurement)

B Theoretical calculations for the production cross sections

3’4He(Tr+,K+)3’4AHe T. Harada, unpu.blished (2.006)
@1.05 GeV/c T. Harada, Y. Hirabayashi, PRC 100 (2019) 024605;

JPS Conf. Proc., 17 (2017) 012008.



Counts/2 MeV/c

J P ARC E73 3 \H and #, H mesonic weak decay lifetime measurement with
- 34He (K-,n%)%*, H reaction, Y. Ma et al.

Pi— momentum distributions from 3AH and 4AH decays
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Data from the slide [ J-PARC/\FRA2HZE=2022 | by Akaishi (Osaka Univ)
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Relative density distributions for >*,H and 3*He
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Comparison in production between 3,H and #,H

To reduce uncertainties of several approximations and input
parameters, we estimate 2, ) — [do /d Qb L H)]/[do/d Quan(RH)]

1 D | | | | | | T | | | | | | | ]
T — (K™, m°) ’ ] (m, K9
L - (1KY /] 5
08— ¢ (eek) _ S ZerCal)
_ DW R Zege(*4H)
- ! T wave functions
0.6 - —
mﬁ - |- d ] ~ Zegs(CpH) % al]_fm\ CaH)?
& L e &7 ZeCal) " olf, (P
0.4 - Production
F ) (K~,n%)
0.2 —
B PwW 1 T. Harada, Y. Hirabayashi,
O‘O_ 1 1 1 1 | | | 1 | | | 1 | | | 1 1 1 1 ] NPIOIS (2021) 122301.
0 ) 10 15 20

O (degree)
R;, dependence on the 3,H binding energy (A wave function)

Emulsion STAR



J P ARC E73 3 H and #, H mesonic weak decay lifetime measurement with
_ 34He (K-,n%)%*, H reaction, Y. Ma et al.

cross section ratio 3,H/ 4,\H

= Rough estimation

Hypernucleus 4\H 3.H 3,.H/4,H
# of Beam 5.04 G Kaon 8.84 G Kaon 1.75 meng
Measured | # of target | 0.145g/cm3/4 0.070 g/cm?3/3 0.64 almost same
# of signal ~1200 ~200 0.15
Relative o 1 0.3 R=0.3

R = 01,,(?AH)/0)3(*AH)

R~ 0.3—0.4 @ B,=0.13 MeV(Emulsion), ~ 0.65 @ B,=0.41 MeV(STAR)

T. Harada and Y. Hirabayashi,

Nuclear Physics A 1015 (2021) 122301

— Binding energy does not seem to be large up to 0.41 MeV

J-PARC/\ RO > A3 =20220322-24

{l
2022/03/23 @

slide by Akaishi (Osaka Univ)



Remarks

B We have investigated theoretically productions of 3#, H bound
states via >*He(K™,n") reactions in the DWIA with the optimal
Fermi-averaging K p—nA t-matrix. We have calculated the
differential cross sections do/d€2 and the integrated cross sections
Gy, 10 the >*He(K™,n%) reactions at 1.0 GeV/c and 6,,,=0°—20-.

B The comparison in do/dQ,,, and o, between #,H and ° , H
provides examining the mechanism of the production and

structure of 3#,H in the (K~,n") reactions on >*He at p,_=1.0

GeV/c;
Ry = 0,,C\H)/0,(*\H) =03 -0.4

B This investigation confirms the feasibility of the lifetime
measurements of °, H at the J-PARC experiments.

T. Harada and Y. Hirabayashi, NP1015 (2021) 122301.




4. Search for a YNN quasibound state

T. Harada, Y. Hirabayashi, PRC89, 054603 (2014)



Spectroscopic study of a possible Ann _and NN resonances
via the (e, e’K™) reaction with a 3H target

B. Pandy et al., (Hall A Collaboration), PRC 105, L051001 (2022).

Counts / 3.0 MeV
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Historical background

B Faddeev calculation for XNN found a near-threshold 7= 0 resonance

in Ad elastic scattering. 1. R. Afnan, B. F. Gibson, PRC 47, 1000 (1993).
B.F. Gibson, HYP2022 talk for 7= 1 resonance

B Three-body variational calculations for NN found a quasi bound
state with 7’= 1, S = 1/2. Y. H. Koike, T. Harada, NPA 611, 461 (1996).

B Faddeev calculation for 2NN 1n a chiral constituent quark model
found a near-threshold resonance with 7=1, S =1/2.
H. Garcilazo, et al., PRC 75, 034002 (2007).

B Recently, the JLab 3H(e, e’ K)X%n experiment showed that
these were interpreted as possible 2NN resonances.
B. Pandy et al., PRC 105, L051001 (2022).

Our purpose

We study a search for a ENN quasibound state in the 3He(K~, © )
reactions theoretically.

T. Harada and Y. Hirabayshi, PRC 89, 054603(2014).
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Microscopic (2N)-Y folding-model potentials
T.Harada, Y.Hirabayashi, PRC89, 054603 (2014)
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Coupled-channels DWIA calculation for A-X production

Coupled-channel Green's function T-Harada, NPA6722000181 B
A _ A (0) A (O) A A /f d ) ‘\\
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~ Y
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Strength function Green's function method | Morimatsu, Yazaki, NPA483(1988)493
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Poles of the S-matrix
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Solving the multichannel Lippmann-Schwinger equation
Lippmann-Schwinger equation 1

W) = [or) + —U[w)
: : E — H{)‘Hé‘
Partial wave expansion
RC)’Q(AB:T) — }Ca’rjf(kar)aﬁa
+ D / dr'gs (ks v YUsn (F) RS (ks )
— Jo I |

Green s function for [-channel  [Pearce, Gibson, PRC40(1989)902]
with bounda,y conditions [Miyagawa, Yamamura, PRC60(1999)024003]

( 213 2 > 12 )7 'T" p==k
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Poles of the S-matrix for X-2N on 24 Riemann Sheets
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Inclusive spectrum in SHe(K~-,t ™) reactions at 600MeV/c

CROSS SECTION (ub/sr MeV) [CAL.]

T.Harada, Y.Hirabayashi, PRC89, 054603 (2014)
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Conparison with the data in SHe(K-,t") reactions at 600MeV/c
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Interference between K-'N-nY amplitudes in the spectra (I1I)
For *He(K-,nt*) reactions

THE ™)~ geo({nn}X)? H{)Jrfg {pn}S~PHe) + fx-([pn]X~|He)

= e C( — 2 He) + < —1|3H¢ [(TlngL)

dynamlcally admixtures

1
—$<T =1, |, but it depends on (2N)-Y pot.

We assume <T:1(_)|:$<T— s

1 D\f f R 3
= fu- (E( — )FH O =1 }FHC) an.s.
most attractive
Reduced 0.51 Enhanced
\/ﬂ\[ T =1 Hc})
1.219

» This reduction mechanism must appear in *He(K-,t*) reactions !



Remarks

B There 1s a quasibound 1n 2NN systems with
Jp=1/2", L=0, S = 1/2 state.  $He, 3H, in

B The pole 1s located as
s He) = 4096 — i 4.5 MeV (K7, 77)
-+
cP(3n) = —0.58 — i 5.3 MeV (K™, m™)

C 0 v H
measured from the d + X" threshold .

B The pole positions reside on the second Riemann
sheet [— + + +] on the complex £ plane.

[Imk{pp}/\? Imk[pn]z+ ) Imk{pn}z+ ) Imk{nn}zo |



5.He(K-, ") ppA reactions
by CDCC method

T. Harada, Y. Hirabayashi, NPA934 (2015) 8.



Continuum Discretized Coupled Channel method

(CDCC) M. Kamimura et al., PTP. Suppl. 89, 1 (1986)
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Incluswe spectrum in 3He( K-,m )ppA at 870MeV/c
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Inclusive spectrum in 3He( K-,m )ppA at 870MeV/c
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Remarks

The coupled-channel framework 1s very important for
calculating the spectra of the He(K-,n*) reactions.

taking into account K-N-nY amplitudes and threshold-differences .
The effective “2N”-Y potential 1s constructed from the
MS theory with correlation functions.

More detailed investigations are needed. € -> Full 3B calculations

Both the = and n* spectra provide valuable information
to understand the nature of the ZNN quasistates and also

the YN (XN) interactions.

To determine a quasibound state [+ —] or cusp state [— +].

It 1s easy to apply this framework to the CDCC 1n order
to take into account the nuclear breakup processes in
continuum states. Considering the ppA spectra via *He(K-,n-) reactions.



6. DCX productions via (r~, K*) and
(K~, K") reactions

Harada, Hirabayashi, PRC105 (2022) 064606.



7. Extended optimal Fermi averaging

Harada, Hirabayashi, PRC105 (2022) 064606.
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Summary

Distorted wave impulse approximation (DWIA)
=-nucleus potentials studied by (K~, K™) reactions
34 H productions for 3, H lifetime puzzle

Search for a YNN quasibound state

SHe(K-, ©°) ppA reactions by CDCC method

DCX productions via (mt~, K¥), (K~,K™) reactions
Extended Optimal Fermi averaging (EOFA)
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