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Meson mass spectrum and Symmetry Breaking Pattern (PS)

schematic view of the mass of T, K,n & n’
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s by independent groups

5 mesons produced with

TABLE 5 on the
element briments ]pared by Metag (2008a)
hass
@5 @ KEK ] CLAS g7 @ Jlab a

Reaction PA 12 GeV ~vA 0.6 — 3.8 GeV P ~vA 1.5 — 2.5 GeV
Momentum p > 0.5 GeV/e p> 08 GeVe p < 0.5 GeV /e 04 <p<1.7GeV/e 1.1 <p<22GeV/e
) Am(po)/m = —3.4% o4N = 35mb

Lu(po) = 1.51\10\"/5-’J — Iy(po) = 80 MeV /c?

1 This may change

Mass shift: 3.4%

\_

[y (po) ~ 15[MeV /c?]

~N

J

result of the ongoing reanalysis (Metag, 2008b).
-Ryugo S. Hayano and Tetsuo Hatsuda: Hadron propa

Gon = 35[mb]

(I\/Iass shift: no mention

= Ly(po) ~ 80[MeV/c?]

165 in the nuclear medium

. Phys. 82 (2010) 2949-2990




Muto, R., et al. (KEK-PS E325 Collaboration), 2007, Phys.
— Rev. Lett. 98, 042501.
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We consider (b here.

e —
*DATA by KEK E325, LEPS/SPring8, JPARC E16

R. Muto et al., Phys. Rev. Lett. 98 (2007) 042501
T. Ishikawa et al., Phys. Lett. B 608 (2005) 215-222
T. Sawada, Doctor Thesis, Osaka University (2013)

*Thoretical works from Hatsuda and Lee, importance and sensitivity to

S quark condensate.
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Vector meson masses mainly drop due to
changes of the quark condensates.

The most important condensates are:
(999q)p tor  p, W

'I,l,3<58>p for C'b



Motivation / Interests

* Determine the <N|sbar s|N> from in-medium :Z

* Importance of <N|sbar s|N>
= How much is the strangeness component in nucleon
(important for hadron structure studies.)

= <N|sbar s|N> basic quantity for nuclear matter,
which relate to various phenomena
(KN sigma term => kaon condensattion in neutron star,
etc )



* Now, we like to have
‘Stable (consistent) interpretation of data’

* Then, we may safely deduce the condensate from the
observed in-medium phi properties.

* Mass shift is not mandatory. |If, it is zero, it's
important to confirm how accurately 0.

=» Recent theoretical works.



PHYSICAL REVIEW D 90, 094002 (2014)

Constraining the strangeness content of the nucleon by measuring
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FIG. 4 (color online). (Upper plot): Peak position of ¢ meson as
a function of the density p, for value ranges of the strange sigma
term o, obtained from the MILC [10] and JLQCD [12] lattice
QCD collaborations. The &,y values are 61 += 9 MeV for MILC
and 8 +21 MeV for JLQCD. (Lower plot): Peak positions of the
¢ meson at nuclear matter density p, as a function of
oy, = m,(N|5s|N). For both plots, the peak positions are given
relative to the ¢ mass in vacuum.



5 mesons produced with

TABLE 5 on the
element briments 'parcd by Metag (2008a)
nass ation
@5 @ KEK_ ] CLAS g7 @ Jlab
Reaction PA 12 GeV ~vA 0.6 — 3.8 GeV PP P ~vA 1.5 — 2.5 GeV
Momentum p> 0.5 GeV/e p> 08 GeVe p < 0.5 GeV /e 04 <p<1.7GeV/e 1.1 <p<22GeV/e
) Am(po)/m = —-3.4% o4N = 35mb
Lys(po) =~ 151\[0\"/62J — Iy(po) = 80 MeV /c?

T This may change

Mass shift: 3.4%
[y (po) ~ 15[MeV /c?]
_

~N

result of the ongoing reanalysis (Metag, 2008b).
-Ryugo S. Hayano and Tetsuo Hatsuda: Hadron propa
. Phys. 82 (2010) 2949-2990

OpN = 35 [mb]

J

(I\/Iass shift: no mention

= Ly(po) ~ 80[MeV/c?]

165 in the nuclear medium



First step

* Describe ‘Transparency ratio (LEPS/SPring8)’
and ‘Invariant Mass (KEK E325)" in an unified manner.

* Find the consistent interpretation of the observables.
And deepen the understanding between observables
and meson properties.

(* Possible suggestions to future experiments ?)

14



Formula of the transparency ratio

L
-T. Ishikawa et al., Phys. Lett. B 608 (2005) 215-222
-T. Sawada, Doctor Thesis, Osaka University (2013)

Transparency ratio 74

Th= ¢ [ @S P)p()3(7)

A :mass number N;,: incident photon number

Si(F) = exp | — Oy / dz’p(g,z')] : Flux loss of the incident photon
S (7) =exp —G¢N/ dlp(|7’|)] . Flux loss of phi
‘ 0
= .k _ 5
r'=r+iz path of the phi k : phi momentum

15
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Formula for Invariant Mass

= Unified treatment with Transparency

— Calcualte Invariant mass dist. by the same model
parameters as the Transparency

Decay phi number ~ Nj**

Ny = Ny (20) = No (2)
Ny (z0) = Ninexp [—G,-N /0 dz’p(B,z’)]p(B,zO) : Produced phi at (b, z0)

: Number of phi at
Ny(z) = No(20) exp . (b, z) p

1

e 1
— 06N / d;’p(b,:’)] exp |:—% (:—ZO)X(B.R.),T
2

Nin : Num of Incident particles

(B.R.); : Branching Ratio of phi in vacuum, }_(B-R.)i =1

17



An Example

¢ Production at origin
target : e

-
S
Nip =1 = ©
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Phi meson decay number per unit length n?,ecay(z)

decay

_ d ecay __
N (Z)—d—Zprl _n¢N+ne+e—+nK+K—+"‘

Phi meson decay number to e+e- channel 1,4, (z)

1
Nete—(2) = — gt X Ny(2
+e—(2) ol 0(2)
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d P
Phi meson decay number per unit length 7o (2)

decay

d .
n (Z):d_ZNfPlecay =NgN + Nptoe— T+ Ng+g- + -
Phi meson decay number to e+e- channel 7+, (2)

1
Nete— (Z> — %Fﬁe_ X N¢ (Z)

Invariant mass distribution seen in e+e- decay channel S+ .- (m)
Ty |
2m (}m. —mg(1— Cp(r)/po))2 + 1—-920/4

oo
Sete-(m) = /dBro/ dzn,+,-(z)
A2 L2 :0

ro=(b,z9) phi production point
[y = Ff;'ee+1“¢(p) ; 1“3’“ Full width in vacuum ¢ : phi mass in vacuum

C : Parameter for mass shift
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Numerical Results — Invariant Mass of e+e- pair

T
o Input data
y-distortion: proton-distortion:

, 1
GiN — O 14[lnb] OiN = 5{(0-;)(;; . Gl;?[l)a) + (O.lt)(l)]t - O,l;]]a)}

= 29.52[mb)]

TABLE IV Compilation of experimental results on the in-medium mass and width of the p, w and ¢ mesons produced with
elementary reactions, measured in different experiments. This is based on and updating the table prepared by Metag (2008a)

Invariant mass I] Attenuation
E325 @ KEK CLAS g7 @ Jlab CBELSA /TAPS LEPS @ SPring-8
Reaction pA 12 GeV ~vA 0.6 — 3.8 GeV ~vA 0.7 — 2.5 GeV ~vA 1.5 — 2.5 GeV
Momentum p > 0.5 GeV/e p > 08 GeVe p < 0.5 GeV/e 04 <p<1.7GeV/e 1.1 <p<22GeV/e
i) Am(pg)/m = —3‘4(;{] i o4N = 35mb
[s(po) = 151\‘1(_‘\".‘/‘(‘2 — I'y(po) = 80 I\IC\"'/Q
——

-Ryugo S. Hayano and Tetsuo Hatsuda: Hadron propaties in fhe nuclear medium

1 This may change as ar/ult of the ongoing reanalysis (Metag, 2008b).

Rev. Mod. Phys. §2 (2010) 2949-2990

I’y (Po) = BPooyn
By=1.0
po =0.17[fm ™)

Gon = 35[mb]

—10pN = 6.3 [mb)] c=0
¢ =0.034




KEK-PS E325 exp. Target : 2C. By=1.0
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KEK-PS E325 exp, Target:®*Cu . By=1.0
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J-PARC E16 exp, Target: “’>Pb__ (Simulation by Yokkaichi )

T 100x 1074 . : '

Pb
By <0.5 ‘ 1

Se+e— (m)[afb]

Sete- (m)[afb-q

1050 1100
+e- [MeV/c?

900 950 19

-S. Yokkaichi, _ -k )

Jliﬂlf:;tér’?ments of di-electron| 900 950) ] ODO 1050 1100
. , - 2

tza(;lif.lven at Hadrons in Nucle - me+ e [MeV/C ]
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Hadron in medium WS @ Tokail 20150ct20 S.Yokkaichi

E325 Results (2)

Production Cross sections

T.Tabaru et al., PRC74(2006)025201

nuclear dependence of CS : G(A):00>1<A°‘

o, =0.710 + 0.021(stat.) + 0.037(syst.)
o, = 0.937 + 0.049(stat.) + 0.018(syst.)

Note:
o ~2/3 : production on the surface of nucleus
o ~1 . production in the whole nucleus




Summary for vector mesons

e
m In-medium vector (phi) meson -- interesting

Data exist. But no consistent interpretation

= Unified description of “Transparency Ratio’ and ‘Invariant mass’ ??

One possibility
m All disappearance attributed to sigma_phiN => LEPS results,

m Some of them may be due to Re V (elastic) and/or 2step
production

m Re V changes invariant mass and will be related to the observed
mass shift.

Further
m Transparency by simulation (JAM?)

m realistic meson self-energy.
31



n'(958) mesic nucleus
——————

H.Nagahiro, S.Hirenzaki, Phys.Rev.Lett.94 (2005)232503

H.Nagahiro, M.Takizawa, S.Hirenzaki, Phys.Rev.C74 (2006)045203

D. Jido, H. Nagahiro, S. Hirenzaki, Phys.Rev.C 85, 032201 (R) (2012)

H. Nagahiro, S. Hirenzaki, E. Oset, A. Ramos, Phys. Lett. B 709 (2012) 87-92

K. Itahashi, H. Fujioka, H. Geissel, R. S. Hayano, S Hirenzaki, S. Itoh, D. Jido, V. Metag, H. Nagahiro, M.
Nanova, T. Nishi, K. Okochi, H. Outa, K. Suzuki, Y. K. Tanaka, H. Weick, Prog. Theor. Phys. 128 (2012)
601-613.

H. Nagahiro, D. Jido, H. Fujioka, K. Itahashi, S. Hirenzaki,
Phys. Rev. C 87, 045201 (2013).
M. Miyatani, N. lkeno, H. Nagahiro, S. Hirenzaki, Euro. Phys. J. A, submitted (2016).




Meson mass spectrum and Symmetry Breaking Pattern (PS)

schematic view of the mass of T, K,n & n’
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Slide by Fujioka
I
Summary of various report for eta(958)-N and eta(958)-Nucleus int.

150 -100 50 COsY-11 10
l Vo [MeV]

/cosv-1 1

mu?exp. (nAint.)

CBELSR/TAPS exp. (n'Nint.)
theory

COSY-11
—-20

chiral
unitary

Wo [MeV]

),  NIL linearc QMC
& (=T/2)

NISIHII\]A H. Fujioka




Theoretical Model for eta(958)-N  Oset-Ramos, PLB704(11)334

P. P

pseudoscalar-baryon (PB) : Weinberg-Tomozawa interaction

B_\’_B

nN,yN,KA, KX +n'N by the n -1 mixing
theirresult: |a,y| =001 fm &  |a,y|~0.1 — 0.8 fm [PLB’00]

vector-baryon channels : through PB-VB interaction

v v P~V P v
N 3 il

B B B B B B

their result : |an’1v| = 0.03 fm

coupling of the singlet component of pseudoscalar to baryons

- _

oo oM Lpgs n§(d,By"B — By*a,B)

B— >~ B Borasoy , PRD61(00)014011
o a... free parameter Kawarabayashi-Ohta, PTP66(81)1789

their result : |an’ x| = 0.1 fin can be reproduced



Proposed formation reactions

L
Theoretical spectra predicted by

H. Nagahiro, M. Miyatani,
= (gamma,p)

= (p,d)

= Pion induced

m 2-nucleon transfer ( (gamm,d), ....)



ncifg-al;)llcﬂiz-sﬁeng—aﬂfaeﬁen-(v—w g)=—(100,10) MeV
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12Ci/ W;)llCﬂ’-&sh-aHﬁwef-e-ase-(v—Wﬂ, )=—(56:5) MeV
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L
« st Step : Inclusive measurement of (p,d) reaction with FRS at GSI

S at : t 285000 | (V,, W,)=—(200, 5) MeV (V, W,)=—(150, 5) MeV (V_, W)=—(100, 5) MeV
imulation of spectra | , Y
. > o0 /)N’ productio
- n’ x C formation and 3. 275000 ’ |
background processes & 270000
c { b
3 265000 _. b " A
- 4.5 days DAQ assumed 20000 / /7 background
285000 l (Vo’ W0)=—(200, 10) MeV (Vo’ Wo)=—(150, 10) MeV (Vo’ Wo)z—(100, 10) MeV

280000
275000

By K. Itahashi, Y. Tanaka,

y 270000
H. Fujioka |

265000

counts/2MeV

260000 /"

285000 | (V.. W,)=—(200, 20) MeV (V,, W)=—(150, 20) MeV (V, W)=-(100,20) MeV |
280000

275000
270000
265000

counts/2MeV

260000 "

255000 -
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Excitation Energy [MeV] Excitation Energy [MeV] Excitation Energy [MeV] 39



Slide by Fujioka
e —

Structure-finding Probability for First Step (GSI)
-150 -100 -50 11 40
| COSY-11 Vo IMeV]
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muc)exp. (nAint.)

CBELSR/TAPS exp. (n'Nint.)
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Slide by Sekihara@ Tokai Workshop Oct. 2015 (Sakai, Jido)

++yd-->pX (X =nn,n n)reaction from the sum ++
= For observation of the signal of the ’ » bound state in real Exps.,

the signal should be comparable to the quasi-free n’ contribution.

--> We plot sum of two differential cross sections foryd->pn’n
and vy d --> p n’ n reactions with Eab = 2.1 GeV, 0p = 0°.

o We clearly find two peaks

> e ﬁ around the y’ » threshold.
g --- The lower is the bound
RS state signal, and the higher
; ) is the quasi-free n’ part.
2‘ o Both the contributions are
AR comparable with each other.
o / --> In our model we can
1.8 1.85 e observe the signal of
o the n’ » bound state.
s ¥£3 RCNP EFEEE o Fo vif% I @ KEK Wil (2015 4£ 10 H 19 -20 H) 2




Slide by Ishikawa @ _Tokai Workshop Oct. 2015
@) AV BT ORMRE Lap”

search for n'n bound state ... N. Muramatsu (LEPS collaboration)
Fitting test using the LD, 1/10 sample

After applying E >2.1 GeV & 6,°*<5°to the 1/10 sample of 200-2007 LD, data,
unbinned fits were performed with the 2 assumptions without & with a signal process.

* Quasi-free ', ®, & ¢ photoproduction: Template shapes were fixed by MC simulation.
T. Sekihara, ELPH workshop (2014).
5

* Non-resonant BG (multi-rs) : = S
g
* 1'n bound state signal : Gaussian with 0=16.1 MeV (mass resolution from MCsim.) = M eeeee
A fit without the i'n signal A fit with the signal @ M(1’n)=1.887 GeV/® S 3:
3 = a .
- - -~ -4
5 3 -
£ i =
Wie Rox = 1
®©
® o

. e + . ' ' | S0 & ' ; L] 5 e
-Polynomial BG ; 1N 9“' f My [GeV]
e e —17-5-61- awm«

_ _ [ BIRXARGHELE
et e ST BRI

1 N ) 19 195 - 205 Las 17
MM.[7,p) GEP = =1 MM v n) Baly=me et

il J5 5 1 7200 Th LS RRHRIEEN SO N FHRRIT 528 AT &

T. Ishikawa, KEK (4if#) W9 2=
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m Recent Activities on Pionic Atoms

—————————————eee—
= N. Ikeno, J. Yamagata-Sekihara, H. Nagahiro

= GSlI — RIBF/RIKEN
* Higher Intensity—> Syatematic study
* Finite angle observation
* Better resolution
* Unstable nuclei

N. Ikeno , J. Yamagata-Sekihara, H. Nagahiro and S. Hirenzaki, PTEP(2013) 063D01

N. Ikeno, H. Nagahiro and S. Hirenzaki, EPJA47 (2011) 161

N. Ikeno, R. Kimura, J. Yamagata-Sekihara, H. Nagahiro, D. Jido, K. ltahashi, L. S. Geng
and S. Hirenzaki, PTP126 (2011) 483




I Introduction: Deeply bound pionic atom

> (d,3He) reaction: Pionic 1s states in 115,119, 1235 K. Suzuki et al., PRL92(04)072302
Initial: Final: n 30 :_'Z‘S"*d-:*:) e pOHEE =
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» GOR relation + Tomozawa-Weinberg relatlon
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Theoretical basis " M
E.E. Kolomeitsev, N. Kaiser, W. Weise, PRL90(03)092501 B MoV] N ;
D. Jido, T. Hatsuda, T. Kunihiro, PLB670(08)109 0 b
SHe Kinetic Energy [MeV]
Useful system to study pion properties at finite density and
partial restoration of chiral symmetry 5 I




IWhat’s next?

Interests
qq condensate: More accurate determination

Beyond the linear density approximation (Goda, Jido)
In asymmetric (n or p rich) nuclear matter
= Aspects of symmetry and pion properties in “‘various conditions (densities)”

Difficulties for precise studies
Nuclear density probed by pionic atom
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I ]
m Density probed by pionic atom is almost same for all
states

m Linear density dependence of condensate up to normal
nuclear density ?7?

>

* To deduce more precise information,
Finite angle: several pionic states for one nucleus
Odd target: No residual interaction effects

* Asymmetric nuclear matter



Odd neutron target case

/~ Even target: '*25n (07) _\ /_ L
Initial: Initial:
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Final:
Final:
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INumerical Results: Even vs. Odd target

0 degrees
Even target: 1225n (0*) Odd target: 1¥7Sn (1/2*)
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* Pionic 1s state formation with neutron s-hole state is large in both spectra.

© Yground

-

» Bound pionic state formation spectra in 117Sn(d,3He) are spread over wider energy range.

» Absolute value of cross section in 117Sn(d,3He) is smaller.
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INumerical Results: Even vs. Odd target

2 degrees
Even target: 122Sn (0*) Odd target: 117Sn (1/2*)
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Even target:
Simultaneous observation of several pionic 1s, 2s and 2p states
at forward and finite angles 5 l
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INumerical Results: Even vs. Odd target

2 degrees
Even target: 122Sn (0*) Odd target: 1¥7Sn (1/2%)
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" 0dd target:

Isolated peak and single subcomponent (No residual interaction effect)
= This pionic 1s state is preferable for extracting accurate information on pion properties




I K. Itahashi’s slide in EXA2014 Odd target *’Sn.

First observation with an even neutron number nucleus

New Data
in 2014
- 1178n(d,3He)
8 < 10 mrad

no acc. correction

1s

-100 -50 o S0 100
Focal Position [mm)]

First observation of pionic atom with even N

- better separation in the neutron hole configurations.
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- IPionic atom in unstable nuclei

» Nuclear densities probed by pionic 1s states in 1121325
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m Recent Activities on Kaonic Atoms
—————————

E17—-E62: Kaonic helium atom X rays

= S. Okada,

= J. Yamagata-Sekihara, E. Hiyama




Precision goal : £ 2eV = £ 0.2 eV

: Many of theoretical calculations
- Experlments predict finite values of shift & width

with SDDs | AE2p | <~1 eV , Tp>~1eV

l * 0.2eV

2p Level Shift [eV]
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@KEK-PS ? ' Precision goal
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aly .

Breakthrough in energy resolution
with TES microcalorimeters

Width Width measurement




___ Summary

s Meson property at finite density,
Mesic atoms and Mesic nuclel

Some topics

Vector meson, phi, unified treatment
n'(958) : Anomaly effect at finite density
Pionic atom, systematic data at RIKEN
Kaonic atom, pricision frontier





