17 -nucleus interaction from the
d -+ d reaction around the 7) production

threshold
e

Satoru Hirenzaki (Nara Womens University, Japan)

BT AN

O/ R T K

2nd Jagiellonian Symposium On Fundamental and Applied Subatomic Physics, Krakow
June 4-9, 2017, (Talk June 6, 2017)




T
m Interests of Meson — Nucleus bound systems

1. Hadron properties in Nucleus,
Aspects of the strong interaction symmetry at finite density



— Meson_mass_spectrum_and_Symmetry Breaking Pattern (PS)
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I ]
m Interests of Meson — Nucleus bound systems

1. Hadron properties in Nucleus,
Aspects of the strong interaction symmetry at finite density

2. New exotic Hadron many body systems



» Exotic Many Body Physics

Core nucleus + Halo neutrons + pion

Kaonic nucleus

Double Pionic atom Pionic & Kaonic atom
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m Interests of Meson — Nucleus bound systems

1. Hadron properties in Nucleus,
Aspects of the strong interaction symmetry at finite density

2. New exotic Hadron many body systems

3. Baryon resonances at finite density

N*(1535) — 17 +Nucleus
A(1405) — K~ +Nucleus



17 -nucleus interaction from the
d -+ d reaction around the 7) production

threshold
e

with

N. Ikeno (Tottori Univ.)

H. Nagahiro (Nara Women’s Univ.)
D. Jido (Tokyo Metropolitan Univ)

2nd Jagiellonian Symposium On Fundamental and Applied Subatomic Physics, Krakow
June 4-9, 2017, (Talk June 6, 2017)




—Introduction_of n-mesic_nuclei

properties of eta meson
1 meson

» My = H47.3 [MeV] » [ = ()7 JP =0
» I' = 1.18 [keV] (2v, 37°, nta~x%,--)

nNN* system

-No 1=3/2 baryon contamination

-Large coupling constant
n-N system -no suppression at threshold
. 1~ s-wave couplin
B Strong Coupling to N*(1535), J' == ( piing) _
2 Lonn = gnnINN + h.c.

» FT('N ~ FnN ~ 75[M6V

eta-Nucleus system | nmmsp pJoYo] a"VE\VA (ol \ (¢ S 15)

Motivation and our aim

» n-N system ... strongly couples to the N*(1535) resonance
- n-mesic nuculei ... doorway to in-medium N*(1535)

» N*(1535) ... a candidate of the chiral partner of nucleon
- chiral symmetry for baryons



n-Nucleus Interaction: general remark

energy dependence

9 / p\

o
~ N* dominance model ~ ' .
. . N N
optical potential
o

Vopt = ,
P 2pw +my(p) —mn=(p) + Iy (s;p)/2 (Chiang, Oset, Liu PRC44(1991)738)
(D.Jido, H.N., S.Hirenzaki, PRC66(2002)045202)
density-dependence gn = 2.0
potential nature to reproduce the partial width
I'n«pn = 75 MeV
In free space (V ~ tp) at tree level.

w+my —mpy+ <0 == attractive
(my, + my —mpy+ ~ —50MeV)

NS General feature

my & m,. change ??

medium effect T

w—+mpy(p) —mp+«(p) >0 == Repulsive ??

N & N* properties in medium evaluated
by two kinds of Chiral Models




Chi odels fo * and_n-nucleus interaction

/Chiral doublet model \ /" Chiral unitary model N

DeTar, Kunihiro, PRD39 (89)2805
Jido, Nemoto, Oka, Hosaka NPAG71(00)471

Jido, Oka, Hosaka, PTP106(01)873 Garcia-Recio, Nieves, Inoue, Oset, PLB550(02)47
Jido, Hatsuda, Kunihiro, PRL84(00)3252 Inoue, Oset, NPA710(02) 354

Extended SU(2)iimeansSigmaiviod el ote
forINandiN: A coupled channel Bethe-Salpeter eq.

Lagrangian {np, m'n, nn, K°A, K'2~, K’2° nrp, n7nn}

ﬁ = Z [NJZ aN] — ngj(U + (—)j_l’i’)/5’7_'" ﬁ)Nk]
7=1,2

\/ \] h
—mo(N1v5 N2 — NoysNy) @
Physical fields n@n = O -
o
N\ [ cosé vssin 6\ [Ny
(N*> N (—75 sinf  cos#f ) (Nz) @
N* : chiral partner of nucleon NN

Mass difference

Kaiser, Siegel, Weise, PLB362(95)23
Waas, Weise, NPA625(97)287

* the N* is introduced as @ resonance

P generated dynamically from meson-baryon scattering.

my(p) — my-(p) = (1—05)(mN—mN*) & P
* C~0.2 :the strength of the Chiral restoration * No mass shift of N* is expected
at the nuclear saturation density in the nuclear medium.

* reduction of mass difference
\_ W,

Q this study, we directly take the eta-self-energy in the ref. NPA710(02)354 J




n -Nucleus optical potential

I
repulsive core| associated with mass reduction
40
20 Chiral doublet (C=0.2 (M))
_ attractive pocket
> 0
Q
2,
> -20¢ -
Chiral Unitary Model
40| (Inoue, Oset, NPA710(02) 354) |
-60 1
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— EXP@COSY

d+d— (*He+n) = *He+ N + 7

(*He

n)

= 2008: (3He +p + 7T_) final state (W. Krzemien, P. Moskal)

= 2010: (3He +n + WO) and (3He - p 7r_) states

(*He + 1)

(M. Skurzok and W. Krzemien, P. Moskal)

Search for n-mesic “He in the dd — *Henn? and
dd — *Hepm ~ reactions with the WASA-at-COSY
facility

Nuclear Physics A 959 (2017) 102-115

s 2014: From proton + deuteron



___ Expected spectrafor d+d — (*“He+1n) - *He+ N +

Schematic picture

d
d

mmame- n
- - o }Vopt

Correspond to 'n Production EXP.’
total O| o(dd>%Hen) data

"
Bound State ~ escape j :
conversion ‘ ‘
| threshold Eiot threshold Eot
d+d— (*He-n) — p+ n +He

Correspond to the ‘Decay Product Observation’




Theoretical Model for @ + d — (*He-n) — p+ m~ +°He

Some remarks

- Momentum transfer — Large
= py = 1.025 GeV/c, p,=p,=0 atthresholdin C.M.

- Energy range — Narrow (around threshold)

= Calculated range is;
1004 — 1041 MeV/c for p,
-20 — +15 MeV for energy around the threshold

- Momentum transfer — Range is about 100MeV/c
= from 920 — 1024MeV/c
Conjecture, Assumption (should be checked numerically)

Energy dependence of the dd distortion and eta-alpha potential
=» Effects to the ‘spectrum SHAPE’ could be small

Momentum transfer varies 100MeV/c = Include ‘Form factor’



Theoretical Model for @ + d — (*He-n) — p+ m~ +°He

Additional remarks

- System consists of
2 Nucleon + 2 Nucleon = 4 Nucleon + 1 meson

= Simple spectral structure is expected for light systems
(.... 1 or 0 bound state with small binding energy ?)

- Data of d d 2 4He n above threshold

= Information on the strength of the nuclear fusion,
eta production, dd distortion etc at this energy region

Conjecture, Assumption
= Absolute value of the spectra could be determined
based on the data




eoretical Model for ¢ + 4 — (*He-n) — p + 7~ +"He

* Transition (n-production) part

o vy,

o Uy

High q transfer at each propagator

—— Parameterize this part. Fix by n production data



eoretic odel fo d+ d — (*He-n) — p+ n—+3He

Schematic picture

d
d

a - Z } Green function method
with n-a optical potential

Transition form factor

Correspond to 'n Production EXP.’
total O| o(dd>%Hen) data

escape <:>
conversion ‘ ‘
| threshold Etot threshold Etot
d+d— (*He-n) — p+ n +He

Correspond to the ‘Decay Product Observation’




Theoretical Model for @4+ d — (4He-77) — p+ 7 +°He

< ‘ Coupling:
euvpad“AydpAUP oupling

Axial vector -- Axial vector -- Pseudoscalar — Scalar

Hine = —ice’*((0, Vz — :BOV ) (11)%(12))

a:);g (1 )(,:)L (o) F(x1,22) Interaction Hamiltonian
74 | d Y L
Flanm) = @l p@eea=) rol]] )@ -2
d T &

Transition Form Factor

. 4 4 ijkyc i o i
S = —z.NledanNac/d z1d 22677 (020Vy, — 0,0Vy,)
S-matrix

’ Z T ’I, T ’L T —’L T
[\d1\ P1- 1™ P2-T2 + X X e P2- le P1- 2]

dq : o o
X F GZQ'(ml—fBZ) 75* T ezEn:t:1 ?5* T ezEQ:E2
/ (2m)4 (a) Oy (@1) Do (2)



Theoretical Model for d +d — (*He-n) — p + n~+°He

S = —i2wd(Ey + Ey — Ef)Na,Ng,N¢
XCEiij(Eg])il — Elpé)xﬁlxi‘ig

. . M, my
X/der el (P1+p2) R e"(mn+m—f-apl—mzpz)-"'

dq —1qQ-7r | * —ips-R
x/(2ﬂ)3F(q)e TT)%(r)ePIot.

(Center of Mass and Relative coordinates)

ObtainTby S =1 — z’(27r)4T54 (p)

do =+ > " (2m)*6™ (p; — py)
9 8Pc.m. Ed
XdqsXdgsf

dp
(2m)32E ’



Theoretical Model for d +d — (*He-n) — p + n~+°He

8T o

0 === € Pem Im / ridriradry f(r1)f*(ro)

x ) _(20+1) je(pr1) G*(Eisr1,72) je(pra),
€ : Total Cross section

87T
ooms = =g Cpem [ 1drirddraridrs £(r)f* (1o

X Inonpt(TQ) Z(2€ +1)je(pr1)
¢

x G™*(Ei;r1,7m2) GY(Ei;r2,73) je(prs), |
: Conversion part
Zo Ef — E;)¢%(r1)ds(r2)

1 1 |
:—;Imzf:@f 1 Ef—Ez-—l—ie(pf(TQ)

1I Z () 1 () . Green’s function
=—Im)» o¢%(r1)= of(rs),

T 7 A H — FE; + ¢ A




__Theoretical Modelfor  d +d — (*He-n) — p+ 7~

4 parameters in this model

* p-a. optical potential (2 parameters )

Vot = (Vo + szo)[’j"‘Egi

*Transition form factor
(n production and nuclear fusion parts dd > “Hen)

F'(q) = N exp {—g—;}

* Possibilities of other functional form

*Coupling strength C




Numerical Results, An example

(Ideal case)

(Vy,W,) = (=100, -10) MeV
P, = 500 MeV/c

Arbitrary unit




Eta-production data and Calculated escape part

R.Frascaria et al., Rhys.Rev.C50 (1994) 573,

EXD. Data of dd = 4HeT] N. Wills et al., Phys. Lett. B 406 (1997) 14,
A.Wronska et al., Eur. Phys. J. A 26, 421-428 (2005).
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Fig. 4. Calculated escape part ge. In Fig. 3 plotted with
the experimental data of d + d — 1 + o reaction indicated
by black squares [32], black circles [33], and open circles [34].
The parameters of the 5 — a optical potential are (Vp, Wp) =
—(100,10) MeV and the po parameter 1s fixed to be po = 500
MeV /e, The height of the calculated spectrum 1s adjusted so
as to reproduce the data by changing the interaction strength
c given 1n Eq. (1).



Search for n-mesic *He in the dd — *Henn® and

dd — *Hepr ~ reactions with the WAS A-at-COSY

facility
(3 He n 7.‘-0 ) Nuclear Physics A 959 (2017) 102-115
__200; 12
.g - —= DATA = "
= 000?—pol2¢ew S, 10f
" R i
800 pol % 8- Excluded
i _._++ - - &—" B
400:— 44
200:— 2
ey o v el Fote | P Lt Pedet ralerd ot
=70 -60 -50 -40 -30 -20 -10 0 10 20 30 0

5 10 15 20 25 30 35 40 45 50
Q [MeV] T [MeV]

Excitation function and Upper limit of total cross section



Search for n-mesic “*He in the dd — *Henz® and
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EXperimental upper limits Nuclear Physics A 959 (2017) 102-115

L
Table 1
The upper limit of the total cross-section for the dd — (*He-1)pound —
3Henn® process determined at CL=90% for different values of binding en-
ergy Bs and width I'. The upper limit of the total cross-section for the
dd — (*He-0)pound — - Hepm — process according to isospin relation is two
times larger.

Bs [MeV] T [MeV] g5 [nb] Bs[MeV] T [MeV] agl¥ [nb]

10 5 3.8 30 5 3.8
10 10 2.6 30 10 2.5
10 20 2.6 30 20 2.4
10 30 3.1 30 30 2.6
10 40 3.8 30 40 3.1
10 50 4.8 30 50 3.7
20 5 39 40 5 39
20 10 2.6 40 10 2.6
20 20 2.6 40 20 24
20 30 3.0 40 30 2.7
20 40 3.7 40 40 3.1
20 50 4.7 40 50 3.7

*These numbers correspond to the calculated
CONVERSION parts.
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Fig. 2. Calculated total cross sections of the d+d — (n+a) —
X reaction for the formation of the 5 — o bound system with
po = 400,500,600 MeV /c cases plotted as functions of the 75
excited energy F, —m,. The parameters of the  — a optical
potential are fixed to be (Vo, Wo) = —(100, 10) MeV. It 1s noted
that the result with pyp = 600 MeV /¢ 1s scaled by factor 0.24
and that with po = 400 MeV /¢ scaled by factor 10.
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Fig. 5. Calculated cross sections of the d+d — (n+a) - X
reaction for the formation of the —a bound system plotted as
functions of the i excited energy F, — m,,. The parameters of
the n—a optical potential are (Vo, Wo) = —(100,5), — (100, 20),
and —(100,40) MeV, and the py parameter 1s fixed to be py =
500 MeV /c. The solid lines indicate the total cross sections o
and the dashed lines the conversion parts o ...



30 T L) L) L)
Vo= -100 MeV Wo=-5 MeV ==
Wy = -20 MeVmmmm
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Fig. 9. Calculated escape part oesc plotted with the exper-
imental data of d + d — 75 + a reaction indicated by black
squares [32], black circles [33], and open circles [34]. The
parameters of the 5 — a optical potential are (Vp, Wy) =
—(100,5), —(100, 20), and —(100,40) MeV as shown 1n the fig-
ure. The py parameter is fixed to be pyp = 500 MeV /c.
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Fig. 13. Calculated total cross sections of d+d — (p+a) =+ X
reaction scaled by the same factor used in Fig. 9 plotted as
functions of the n excited energy F, — m,. The flat contri-
butions are subtracted. The parameters of the n — o optical
potential are (Vp, Wy) = —(100,5), —(100, 20), and — (100, 40)
MeV, and the po parameter is fixed to be po = 500 MeV /c.
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Fig. 17. Calculated conversion part of cross sections of d +
d — (n+ a) = X reaction scaled by the same factor used in
Fig. 9 plotted as functions of the 5 excited energy F, — m,,.
The flat contributions are subtracted. The parameters of the
n—a optical potential are (Vy, Wy) = —(100, 5), —(100, 20), and
—(100,40) MeV, and the po parameter 1s fixed to be po = 500
MeV /ec.
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*Contour plot of ‘Peak Hight’ of Conversion spectra

*Height=0 on the ‘W0=0’ axis because of No-conversion
*There are Two Mountains in this contour.
(1) Large VO, Small WO area => High peak due to bound states

(2)Small VO, Large W0 area => Some structure due to large conversion effect
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—Summary for d+d reaction for eta threshold region

m Formation of 1 mesic nucleus
» d +d 2> (*He-n) > N + = + 3He reaction
» High momentum transfer (~1GeV/c)
» 1 production data above threshold
» Simple spectra are expected

= A model with Green’s function
=» Provide useful estimation and interpretation of data.

Fit to the real experimental spectra could be necessary.





