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Chiral symmetry and measurements of vector
meson masses in huclear matter

Satoshi Yokkaichi
(RIKEN Nishina Center)

* |ntroduction

— restoration of chiral symmetry in
hot/dense matter and the
meson mass modification

- measurements of vector meson
Masses

 KEK-PS E325 experiment

— observation of vector meson
mass modification in nuclei

e Future : J-PARC E16 experiment

- systematic study of mass
modification
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Origin of Mass (Higgs)
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Origin of Mass (QCD)

Big Bang 10p[sec]/1P[K] 100u[sec]/1TIK]
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quark confinement : generation of hadrons

nucleon and mesons

e Origin of quark and hadron mass : spontaneous breaking of
chiral symmetry, originally proposed by Nambu
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* Origin of quark and hadron mass : spontaneous1o®

Mass and chiral symmetry in nuclear matter

breaking of chiral symmetry

* In hot/dense matter, chiral symmetry is

expected to be restored
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- hadron modification is also expected

- many theoretical predictions...
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Vector meson mass spectra in dense matter

PRL 66(91)2720, etc
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sum rule
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dispersion (mass VS momentum) in dense matter
)

g S.H.Lee (PRC57(98)927) « Harada & Sasaki (arXiv:0902.3608v1)
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Vector meson measurements in the world

HELIOS/3 (ee, up) 450GeV p+Be / 200GeV A+A

~

/

-
g DLS (ee) 1 GeV A+A
= - CERES (ee) 450GeV p+Be/Au / 40-200GeV A+A
§ E325  (ee,KK) 12GeV p+C/Cu
i NAGO (M) 400GeV p+A/158GeV In+in (" published/ :modifi§Q' |
% PHENIX (eeKK)  p+p/AutAu Ejfr':fnge/‘,j,f aﬂ‘;ﬁ?f‘ed
= HADES (ee) 45GeV p+A/ 1-2GeV A+A 25 of 2009/ Dec

CLAS-G7 (ee) 172 GeV y+A N

(ee) 30/50GeV p+A / "20GeV A+A ?
(ee) 20730GeV A+A

TAGX (1) "1 GeV y+A

STAR  (mutKK) p+p/Au+Au

LEPS (KK) 1.572.4 GeV y+A

CBELSA/TAPS(+) (ry) 0.64-2.53 GeV y+ p/Nb
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Vector meson measurements in Heavy lon Collision

» CERES:e'e” (EPJC 41('05)475) * NAGO : (PRL96(06)162302)
- anomaly at the lower region of p/fo = P = MM
e in A+A, not in p+A — width broadening
~ relative abundance is determined by their ~ ~ BR scaling is ruled out’

statistical model
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Discussion is continuing : various model can reproduce the data

— mass dropping and/or broadening? chiral restoration or not?
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Vector meson measurements in Heavy lon Collision

e PHENIX : (arXiv:0706.3034v1, 0912.0244v1)
- 200GeV /u Au+Au — e'e’

— enhancement below W

— cannot reproduced by any model at low pT
— at high pT, thermal photons reproduce
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Experiment KEK-PS E325
e 12GeV p+A - plwlp +X (p/lw@ - e'e, p - K'K™ )

* Experimental key issues:

- Very thin target to suppress the conversion electron background (typ.
0.1% interaction/0.2% radiation length of C)

- To compensate the thin target, high intensity proton beam to collect
high statistics (typ. 10° ppp — 10°Hz interaction)

- Large acceptance spectrometer to detect slowly moving mesons,
which have larger probability decaying inside nuclei (1<By<3)

;ollaboration

J. Chiba, H. En'yo, Y. Fukao, H. Funahashi, H. Hamagaki, M. Ieiri, M. Ishino, H. Kandas
M. Kitaguchi, S. Mihara, K. Miwa, T. Miyashita,T. Murakami, R. Muto, T. Nakura,

M. Naruki, K.Ozawa, F. Sakuma, O. Sasaki, M.Sekimoto,
T.Tabaru, K.H. Tanaka, M.Togawa, S. Yamada, S.Yokkaichi, Y.Yoshimura
(Kyoto Univ. , RIKEN, KEK, CNS-U.Tokyo, ICEPP-U.Tokyo, Tohoku-Univ.)
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- 1993 proposed HiStO Of E325

- 1994 R&D start E325 spectrometer
located at KEK-PS EP1-B primary beam line

- 1996 construction start
— '97 data taking start
- '98 first ee data

* PRL86(01)5019 plw(ee)
- 99,00,01,02....

e x100 statistics
PRL96(06)092301 p/w (ee)
PRC74(06)025201 a (ee)
PRL98(07)042501 ¢ (ee)
PRL98(07)152302 ¢ (KK),a

(
(
— '02 completed

- spectrometer paper

e NIM A457(01)581
* NIM A516(04)390
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Experimental setup

* Typical e'e” Event
- blue:electron
- red : other

— invariant mass and
momentum of
mother particle can
be calculated

e Experimental condition_

- 1GHz proton beam,

3000

2000

1000

1000

1MHz interaction, —z000

1K @ mesons, 0.3 ee

decays, 9% come into_

detector, 10% overall
efficiency, ...

30020

II|IIII|IIII|||!_.J.-|-.L__I.II|IIII|IIII|III
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E325 Results
e'e”Invariant mass spectra

-+ -

M. Naruki et al.,

PRL 96 (2006) 092301
R.Muto et al,,

PRL 98 (2007) 042501
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measured kinematic distribution of W@ - e'e

. O<PT<1,

* 1<Py(=p/m)<3

0b<y<?2

(y,=1-66)

(0.8<p<2.4GeV/c for w, 1<p<3 GeV/c for @)
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Expected Invariant mass spectra in e'e
* smaller FSI in e'e” decay channel

1) decay inside nuclei 2) decay outside nuclei

* double peak (or tail-like) structure : s
— second peak is made by inside-nucleus
decay (modified meson) : amount depend P

on the nuclear size and meson velocity

* could be enhanced for slower mesons &
larger nuclei

longer-life meson(w & @)cases : Schematic picture

outside decay inside decay
(natural) (modified) expected
3 ‘ 3 : to be observed
n + — L
A N = R
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Expected Invariant mass spectra in e'e
* smaller FSI in e'e” decay channel

1) decay inside nuclei 2) decay outside nuclei

* double peak (or tail-like) structure : s
— second peak is made by inside-nucleus
decay (modified meson) : amount depend P

on the nuclear size and meson velocity

* could be enhanced for slower mesons &
larger nuclei

shorter-life meson (p)case : Schematic picture
outside decay inside decay
(natural) (modified) expected

i N i to be observed

. Kyoto GCOE 2010Feb16 S.Yokkaichi |
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E325 observed the meson modifications
* inthe e'e” channel

* below the wand ¢, statistically significant excesses over the
known hadronic sources including experimental effects

PRLI6(06)092301 150

1000 | L W (783)
800 i {\ Cu

100 ¢

600

400

o0 |

200

PRL98(07)042501

9] ‘ — ‘
I I I | I I I | I I I | I I I

09 10 11 12
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Fitting results ( p/w)
eventsl/ 10Mev/c”l  X2/dof=161/140  eventsl/ 10Mev/c  x2/dof=154/140

() C 1500 [ (b) Cu
R - reali't : | —fit result
w—>eea i .
1250 F C S eteT 1250_-< :u Ww—>e e
i e+e_ ; —p—>e'e
1000 | e Ef_ 1000 F —p—>e'e
?]—>ee'yD [ n—>eey
_ . : 2
750 | j wTreeT 750 [ w—>e'em
[ background : - background
500 | 500
250 | : 250 b j
: : .
oL i .H"'.""“*.MN-._ e ot |
1 1.5 > g _ ! P e]
[GeV /c’] [Ge“\z’/ci]

° 1) excess at the low-mass side ot w

* To reproduce the data by the fitting, we have to exclude the excess
region : 0.60-0.76 GeV

* 2) p meson component seems to be vanished !
. Kyoto GCOE 2010Feb16 S.Yokkaichi




e'e” spectra of @ meson (divided by By)

By<1.25 (Slow) 1.25<By<1.75 1.75<By (Fast)

—
o
o
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o
o

50! 100}

<150
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e'e” spectra of @ meson (divided by By)

By<1.25 (Slow) 1.25<By<1.75 1.75<By (Fast)

60

—
o
o

counts/[6.7MeV/c?]
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o
o

50! 100}

o

o
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o
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(&)
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( only slow/Cu is not reproduced in 99% C.L. )
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Discussion : modification parameters

* MC type model analysis to include the 1) decay inside nuclei  2) decay outside nuclei
nuclear size/meson velocity effects

— generation point : uniform for ¢ meson P

» from the measured A-dependence
— measured momentum distribution

— Woods-Saxon density distribution

- decay in-flight : linearly dependent on the ~ ™°

density of the decay point

* dropping mass:  M(p)/M(0) = 1 =k, (p/p,) 100 |
e width broadening: I'(p)/I(0) =1 +k, (p/p,) |
e consistent with the predictions s | 4T

For @, 3.4% mass reduction (35MeV)

k =0.03470.> |3.6 times width broadening(16MeV)

tot +1.8

0 . . . .
at p, 0.9 1.0 1.1 1.2
[GeV]

: .
For p/w, 9.2% mass reduction. " Kyoto GCOE 2010Feb16 S.Yokkaichi |




CBELSA/TAPS (PRL94(05)192A) ;

—Sm llllllllll
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CLAS-G7(PRCT78(2008)015201) o

- I
- X 2
* \ff/\ -V 5 e'e @ H i
200
* no anomaly for p >0.8GeV/c 5 i
100 | '
: _ 200 - I |
300 - - - - O — 1o Tever 180 7700 Ceren T i iw'i"’t" b 4
250 F 77 B renut “ 122 T st (b) 0
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100 | g 60 i S 100 F
E 1V 40 f Q : g
S0F ¥iis 10 b 20 bl | © 50 [ ; w
e R B R O 06 08 s !E!h*:ﬁﬁ '
e+e= Invariant Mass (GeV) e+e= Invariant Mass (GeV) 0 B 4

120

elog Jama-++-atiis 100 F ,
100 T e (c) - (¢) Fe+Ti ||
80 [ 75 3
5 6o} | 50 | H’Il.l}
o i : .
20 ¢ | [ ok e
. LT 0 02 04 06 08 1 1.2
0 06 08 1 12

02 04

e+e= Invariant Mass (GeV) Invariant Mass (GeV
BKG subtracted PRC78(2008)015201 oY
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Summary (1) .

mass modification of vector mesons in nuclear matter exist (E325/CLAS-
G7/(TAPS) at the lower energy, NA60/CERES/PHENIX in HI collision)

— interpretations are not converged

* mass dropping and/or width broadening?
* interpretation model dependence ?

— space-time evolution of the (T, p) of matter in the real world
— physics
* hadronic many-body effect? chiral symmetry restoration?
Next step in the invariant-mass approach

~ @ — e'e” :lessuncertain than the p/w case

* p's broad and complicated shape, p—w interference, p/w ratio, etc.
— systematic study of the mass modification

e matter-size dependence: larger/smaller nuclei, impact parameter
e momentum dependence :  never measured

— check the interpretation models " Kyoto GCOE 2010Feb16 S.Yokkaichi |
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J-PARC E16 experiment

Systematic study of the modification of vector meson
spectra in nuclei
to approach the chiral symmetry restoration

éa )
Collaboration
RIKEN S.Yokkaichi, H. En'yo, F. Sakuma, K. Aoki, J. Kanaya
U-Tokyo K. Ozawa, K. Utsunomiya, Y. Watanabe, Y.Komatsu, S.Masumoto
CNS, U-Tokyo H. Hamagaki Hiroshima-U K. Shigaki
KEK A Kiyomichi, M. Naruki, R. Muto, S. Sawada, M. Sekimoto

Proposal  http://ribf.riken.jp/ “yokkaich/paper/jparc-proposal-0604.pdf

. .

Scientific approval : 2007/3
... Detector R&D ...

Ready for beam  :2012/autumn

. Kyoto GCOE 2010Feb16 S.Yokkaichi |
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J-PARC E16 experiment

Systematic study of the modification of vector meson
spectra in nuclei
to approach the chiral symmetry restoration

Location of E16 : High-momentum beam line

SM1: branched by 5°

- 1Experfmental Area # /

beam dump

‘ Beam dump and shields are for 10'° protons/s ‘

. Kyoto GCOE 2010Feb16 S.Yokkaichi |
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To collect high statistics

* For the statistics 100 times as large as E325, new spectrometer is

required.

— To cover larger acceptance
— Higher energy beam (12 - 30/50 GeV)

~ Higher intensity beam ( 10° = 10" /spill (1sec))

X~ b
. X "2 of production

x 10 ( - 10MHz
interaction on targets)

Proposed Spectrometer

Plan View

Prototype Module

__Kyoto GCOE 2010Feb16 S.Yokkaichi/ |




Detector R&D

Beam test results of the Prototype Detector Module

Chfﬁsl‘k"" photon-*] |
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(GEM & GEM chamber schematics )

g
g/
a .
—— , Drift
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’ Gas Cherenkov
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o GEW
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— — | Readout

h3
Entries 6422
Mean 0.02104

RMS 0.1448
%2/ ndf 19.34 /17
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Mean 0.02115+ 0.00172
Sigma 0.1062+ 0.0018

| | | | L o &
3§76 04 0z 0 0z 04 06 08 e @
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GEM Chamber : Hadron Blind Detector :

required position resolution("100u UV Cherenkov photons from the
m) is achieved electron beam are detected by
Csl-GEM in CF4
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/ | D Readout
Electronics

\ J
@BD(Hadron Blind Gas Cherenkoy
Detector )schematics

CF4 radia:oré‘?q?
r:::oeo-:-!§occmomesh
. 2
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= =8 s 8 ™
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mass resolution requirement
* mass resolution should be kept less than "10MeV

g=11MeV J=5MeV J=20MeV

Fast -

By>3

Slow

By <15

C 1 I 1
0.8 1 1.2 0.8 1 1.2 0.8 1 1.2

(model calc. for the Cu target) " Kyoto GCOE 2010Feb16 S.Yokkaichi |
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mass resolution requirement
* mass resolution should be kept less than "10MeV

* Very ideal case : very slow mesons w/ best mass resolution:

150

100

By<0.5, o=5 MeV

50 |

; PRL98(07)042501¢ +"f - Cu $(1020) : Pb $»(1020)
0.9 1.0 1.1 [Gel’l]z _ _
(E325 data ) i - -35MeV

] ) =

l 1
D95 1 105 11

0.8 095 1 105 1.
(model calc. ) " Kyoto GCOE 2010Feb16 S.Yokkaichi |
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velocity and nuclear size dependence

* velocity dependence of excesses ('modified’ component)

* E325 only one data point for ¢ (slow/Cu) has significant excess

“% Eu:(_'j Py<1.25 ’“%
£ w0 g
N 5 - 0.3
L 2‘9 — Cu Model Calc. k=0.04
20} iy - guhl';lfloddeilgeilc kk=0 .02
[ 2 D S odel Calc. k=0.04
- 3 -- C Model Calc. k=0.02
w O I 302 F
: 0 = =
<
& 100 =4 0
k >
[ 01 -
- ="
T & 0
E,EUD: i
E 5 | | | |
I -0.1
! 1 15 2 2.5 3
By

" fgevic " Kyoto GCOE 2010Feb16 S.Yokkaichi |
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velocity and nuclear size dependence

» velocity dependence of excesses ('modified’ component)

* E325 only one data point for ¢ (slow/Cu) has significant excess

e systematic study : all the data should be explained the interpretation model

= — Cu Model| Calc. k=0.04 =
y -- Cu Model| Calc. k=0.02 +,
@ 1 = C Mode| Calc. k=0.04 a
8 -- C Model Calc. k=0.02 S
0.2 203
3 <
@ @}
2360.1 - >°

: x 100 stat. o H— 3+ F—+

proton
- I I | | 0.1 ! 1 | 1
01 1 1.5 2 2.5 3

1 1.5 2 2.5 3

- establish the modificati6h

__Kyoto GCOE 2010Feb14 S.Yokkaichi
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velocity and nuclear size dependence

» velocity dependence of excesses ('modified’ component)

* E325 only one data point for ¢ (slow/Cu) has significant excess

e systematic study : all the data should be explained the interpretation model

)

o

w
[

N excess / (N excess+ N<|>

- establish the modification
- check the interpretation model with shape analysis

for each hlsmgram __Kyoto GCOE 2010Feb14 S.Yokkaichi
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dispersion relation (mass VS momentum)

* prediction for @by
S.H.Lee(p<1GeV/c)

* current E325 analysis
neglects the dispersion
(limited by the statistics)

counts/[67MeV/c]
- &

counts/[6 TMeV/ &)
5

—, 0.3
= [ = GuModel Galc. k=0.04
+ Cu Model Calc. k=0.02
@ - — C Model Calc. k=0.04
§02 -- C Model Calc. k=0.02
S02 -
2
N
~
w0
8
2?.50.1 -
0
-01 ‘ ' I !

b " Kyoto GCOE 2010Feb16 S.Yokkaichi




counts/[67MeV/c]
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dispersion relation (mass VS momentum)

counts/[6 TMeV/ &)
5

* prediction for @by (MeV]|
S.H.Lee(p<1GeV/c) oo ¢ mass (1020)
« current E325 analysis }
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dispersion relation (mass VS momentum)

* prediction for @by [MeV]|

S.H.Lee(p<1GeV/c) ool & mass(1020)
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dispersion relation (mass VS momentum)

* prediction for @by [MeV]|

S.H.Lee(p<1GeV/c) ool & mass(1020)

* current E325 analysis

neglects the dispersion '~ [Measured by E325
(limited by the statistics) - AM~35MeVv
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Summary (2) : J-PARC E16

Main goal : collect "1-2 x 10° @ — e'e for each target in 5 weeks
using 30 (or 50) GeV p +A (C/CHZ/Cu/Pb) reactions

— statistics : “100 times as large as E325

- systematic study of the modification @

* velocity & nuclear size (0710 fm) dependence

0 O
- proton/Pb targets / collision geometry (impact paramett Q

C Cu Pb

 momentum dependence (dispersion relation)
— mass resolution : 0< 10 MeV (E325:10.7 MeV for o)
* double peak structure can be seenw/ By< 05,6 5-6 MeV

— Confirm the modification observed in E325, and provide new
information about the mass of hadrons
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