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Heavy mass of the ’(958) meson
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schematic view of the mass of ߨ, ,ܭ ′ߟ	&	ߟ cf.) NJL model with KMT
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’ property in medium
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 Phenomenologically poorly understood

?

 mass reduction in finite T/?
Δ݉ ∼ െ150 MeV @ ߩ଴ [NJL model w/ KMT interaction]
Δ݉ ∼ െ200 MeV ? in finite T [in Au+Au collisions at RHIC]

[experimentally observed enhanced production of soft pions
Interpreted as mass reduction of  ’ in the hot medium [Csorgo et al., PRL105(10)182301]]

 small scattering length ?
Re	ܽఎᇲே ൏ 0.8 fm, [݌݌ → COSY, Moskal @′ߟ݌݌ et al., PLB474(00)416]

ܽఎᇲே ∼ 0.1fm,        [ … , Moskal et al., PLB482(00)356]

[estimated from FSI on ݌݌ → ′ߟ݌݌ observed at COSY]

 smaller absorption width in medium ?
Γఎᇲሺߩ଴; |Ԧఎᇲ݌| ∼ 1GeV/ܿሻ ∼ 15 െ 25 MeV@ߩ଴, 

CBELSA/TAPS [M.Nanova et al., PLB710(12)600]
[estimated transparency ratio ܣߛ → [ᇱܺߟ
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M.Nanova et al., PLB710(12)600



Our strategy for studying the ’ properties

 Possible ’ bound states and their formation 
» with missing mass spectroscopy : (,p), (,N), (p,d), …

› H.N., S.Hirenzaki, PRL94 (05) 232503
› H.N., M.Takizawa, S.Hirenzaki, PRC74 (06)045203
› … and references in title page !

 ’ in-medium strongly affects its observation possibilities
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phenomenological approach [H.N., S. Hirenzaki, E. Oset, A, Ramos, PLB] 

Based on : Coupled-channel calculation [Oset-Ramos, PLB704(11)334]

P-B N, N, ’N)+ V-B (K∗Λ, K∗Σ)  + oB

Experimental information [CBELSA/TAPS [M.Nanova et al., PLB710(12)600]

Γఎᇲ ∼ 15 െ 25 MeV@ߩ଴ [estimated transparency ratio ܣߛ → [ᇱܺߟ
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Phenomenological approach for ߟᇱܰ interaction Oset-Ramos, PLB704(11)334

Unitarized scattering amplitude by coupled-channel BS eq.

ൌ ܸ ܸ

Interaction kernel ܸ
(1) Weinberg-Tomozawa interaction : pseudoscalar-baryon (PB) channel

,ܰߨ ,ܰߟ ,Λܭ Σܭ by the  -’ mixing൅	ࣁᇱࡺ
their result : ܽఎᇲே ൌ 0.01 fm ⟺ ܽఎᇲே ~0.1 െ 0.8 fm [PLB’00] 

(2) Vector meson-baryon (VB) channel
ܽఎᇲே ൌ 0.03 fmtheir result : 

Borasoy , PRD61(00)014011
Kawarabayashi-Ohta, PTP66(81)1789ߟ଴

B B

଴ߟ

 … free parameter → ܽఎᇲே ൌ 0.1 fm

ࣦఎబ஻ ∝ ଴ଶߟ ఓ߲ܤതߛఓܤ െ ఓߛതܤ ఓ߲ܤ

(3) coupling of the singlet component of pseudoscalar to baryons 



phenomenological estimation for ఎᇲ
௢௣௧

Re	 ఎܸᇲ	and Im	 ఎܸᇲwith various ߙ values

We consider only the attractive case & energy-independent potential.

′ߟ′ߟ

N

t

Optical potential ఎܸᇲ

ఎܸᇲ
ଵ௦௧ ൌ ఎܸᇲ

ଶ௡ௗ ൌ

[H.N., S. Hirenzaki, E. Oset, A. Ramos, PLB709(12)87]

′ߟ′ߟ

ݐ ݐ

ࢻ |ࡺᇲࣁࢇ| fm ᇲࣁࢂ
૚࢙࢚ ࣋૙ ᇲࣁࢂ

૛ࢊ࢔ ࣋૙ ᇲࣁࢂ
࢒ࢇ࢚࢕࢚ ࣋૙

െ0.193 0.1 െ8.6 െ 1.7݅ െ0.1 െ 0.1݅ െૡ. ૠ െ ૚. ૡ࢏
െ0.834 0.3 െ26.3 െ 2.1݅ െ0.6 െ 0.9݅ െ૛૟. ૡ െ ૜. ૙࢏

െ1.79 0.5 െ43.8 െ 3.0݅ െ1.3 െ 2.5݅ െ૝૝. ૚ െ ૞. ૞࢏
െ9.67 1.0 െ87.7 െ 6.9݅ െ4.1 െ 10.4݅ െૢ૚. ૡ െ ૚ૠ. ૛࢏

Re ࢂ ≫ Im	ࢂ

in unit of MeV
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phenomenological estimation for ఎᇲ
௢௣௧

଴ߟ

B B


 resembles that of the anomaly effect discussed by D. Jido PRC85(12)
 seems to dominate the ߟᇱܰ interaction
 contributes mostly to the ࣁ′ elastic channel & barely to the inelastic channel

଴ߟ

The reason why Re	ܸ	 ≫ Im	ܸ in coupled channel calculation

′ߟ

B B

M

WT interaction for ߟ′

→ gives attraction →	width [small]

Kawarabayashi-Ohta, PTP66(81)1789
Borasoy , PRD61(00)014011

This interaction …

ongoing work [A. Hinata (NaraWU) et al. ]

 energy-dependence of ࣁࢂᇲ : 
we discuss over a wide energy range (deep bound state ↔ ܽఎᇲே at threshold )

 possible ࢻ value evaluated from, ex.) ܰߨ → ᇱܰߟ cross section
7
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formation by (p,d) reaction @ GSI (→ Y.K.Tanaka’s talk)

momentum transfer elementary cross section ݊݌	 → ݀′ߟ

target : 12C, (16O, 40Ca)
proton kinetic energy ௣ܶ ൌ 2.5 GeV

missing mass spectroscopy

forward reaction :  d = 0 deg.

݉ఎᇲ

m’ – 50 MeV

m’ – 100 MeV

dp

target
ᇱߟ meson

-holeneutron

No information

௣௣→௣௣ఎᇲߪ
J.Klaja et al., PRC81(10)035209 (COSY)

assumptions

ߪ݀
݀Ω ௣௡→ఎᇲௗ

௟௔௕

ൌ ݎݏ/ܾߤ	30

Itahashi et al., PTP128(12)601
K.Nakayama in private comm.

K. Itahashi, H. Fujioka et al., PTP128(12)601



target-nucleus dependence 
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one neutron-hole state (excited states of daughter nucleus)
hole Δܵ௣ Γ hole Δܵ௣ Γ hole Δܵ௣ Γ

0p3/2 െ െ 0p1/2 െ െ 0d3/2 െ െ
0s1/2 18 12 0p3/2 6.3 0 1s1/2 3.2 7.7

0s1/2 29 19 0d5/2 8 3.7
0p1/2 25 21.6
0p3/2 25 21.6
0s1/2 48 30.5

ᇱࣁ bound states : ࢂ૙,ࢃ૙ ൌ െ ૚૙૙, ૚૙ MeV case
11C 15O 39Ca

s, p s, p, d s, p, d, f, g

light nucleus heavy nucleus
less (shallow) ߟ′ bound states
less hole-states
 simpler structure

many (deeper) ߟ′ bound states
many hole-states
 complex structure

merit
demerit to see peaks
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target-nucleus dependence : strong attraction case
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light nucleus heavy nucleus
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଴ܸ, ଴ܹ ൌ െ 100,10 MeV

less (shallow) ߟ′ bound states
less hole-states
 simpler structure

many (deeper) ߟ′ bound states
many hole-states
 complex structure



target-nucleus dependence : shallower case
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40

30

20

10

0

[n
b/

sr
/M

eV
]

0 50–50
Eex – E0 [MeV]

Shallower case : ଴ܸ, ଴ܹ ൌ െ 50,5 MeV

0 50–50
Eex – E0 [MeV]

30

20

10

0

[n
b/

sr
/M

eV
]

12C target 40Ca target

ଷ/ଶ݌0 ௡
ିଵ ⊗ ఎᇲ݌

ଷ/ଶ݌0 ௡
ିଵ ⊗ ఎᇲݏ

less (shallow) ߟ′ bound states
less hole-states
 simpler structure

many (deeper) ߟ′ bound states
many hole-states
 complex structure



Contributions from and mesons

′ߟ contribution
଴ܸ, ଴ܹ ൌ െሺ150,20ሻ MeV

ࣘ contribution
଴ܸ, ଴ܹ ൌ െሺ30, 10ሻ MeV

࣓ contribution
଴ܸ, ଴ܹ ൌ ሺ൅43 െ 19݅ሻ MeV

(repulsive case)
large tail but smooth

total
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elementary corss sections
′ߟ ... 13.5 b/sr (Lab.)
߶ ... 20.8 b/sr (Lab.)
߱ ...  27 b/sr (Lab.)

ܥ ,݌ ݀ ଵଵܥఎᇲ,ఠ,థ
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Nagahiro et al.,  PRC (2013)



decomposition into different final states
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Based on the coupled-channel cal.
three final states

′ߟ

(a) ߟ′ escape

′ߟ

(b) ߟᇱܰ → ܤܯ

ܰ

ܤ

ܯ

′ߟ

(c) ߟᇱܰܰ → ܰܰ
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( N) and ( ,N) reactions are also possible
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H. Nagahiro et al.,  PLB
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We are now revisiting the ߟᇱܰ scattering and ߟᇱ-nucleus optical potential ఎܸᇲ

 considering “possibility to have ߟᇱܰ bound state” 
	→ subtraction const. positive → negative value (Λ~1GeV)

Briefly about on-going theoretical works : 

ߙ ൌ െ2
ߙ ൌ െ1
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Calculations by A. Hinata (w/o VB channels)
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 trying to extract possible ࢻ value
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N*(1535)

 different model for vector-meson-baryon channel (K.P. Khemchandani, PRD84)

→ ᇱܰߟ scattering length, ܰߨ → ᇱܰߟ production, ߟ′ transparency ratio, …
& also ߟᇱ-mesic nuclei formation, … Sakamoto, Kiyomura (Nara WU)

(Oset-Ramos, PLB) (Hinata et al.)



Summary : ’(958)-meson-nucleus bound system

Partial restoration of Chiral sym and UA(1) anomaly effect
in the viewpoint of mesic-nuclei

(possible) large mass reduction without large absorption

 attraction from contact interaction
 smaller inelastic channel

special feature of ’
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possibilities to observe bound state peaks

ongoing theoretical works in NaraWU

estimate possible ߙ (strength of singlet meson-baryon int.) 
↔ transparency ratio of ߟ′
↔ ܰߨ → ᇱܰߟ cross section
↔ ᇱܰߟ scattering length   and so on…


