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Physics Motivation

Quark Mass

chiral symmetry
restoration

=

chiral symmetry
braking

bare mass
m,=my,=5MeV/c?
m,=150MeV/c?

How we can detect such a quark mass change?

4 [<a0>p W.Weise
NPA553,59 (1993)

at very high temperature or
density, the chiral symmetry is %,
expected to restore o, "0,

Normal nuclear
density

even at normal nuclear
density, the chiral symmetry is a00 MY/

expected to restore partially T
Temperature



Vector Meson Modification

dropping mass

®Brown & Rho ('91)
m*/m=0.8 (p=py)

®Hatsuda & Lee ('92)
m*/m=1-0.16p/p, for p/®
m*/m=1-0.03p/p, for ¢

®Muroya, Nakamura & Nonaka ('03)
Lattice Calc.

width broadening

®KIlingl, Kaiser & Weise ('97&98)
1GeV> for p, 45MeV for ¢ (p=py)
®(Oset & Ramos ('01)
22MeV for ¢ (p=py)
®(Cabrera & Vicente ('03)
33MeV for ¢ (p=p,)
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Vector Meson, p/w/¢

p/@meson

®mass decreases
16% -> 130MeV/c? v,

®large production cross-section """ ~eq

@®cannot distinguish p & ®

g meson

®mass decreases o
2~4% -> 20-40MeV/c? *°
®small production cross-section

®narrow decay width (I'=4.3MeV/c?),

no other resonance nearby
=sensitive to the mass
spectrum change
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o/ 0

T.Hatsuda, S.H. Lee,
Phys. Rev. C46(1992)R34.




Expected Invariant Mass Spectra in e*e

®small FSI in e*e- decay channel
®double peak (or tail-like) structure +/m=1-0.16p/p,

»second peak is made by
Inside-nucleus decay

e
-
p 751
o e 500

outside decay 1inside decay

»depends on the nuclear
size & meson velocity

»enhanced for larger nuclei...
& slower meson

¢

m*/m=1-0.02p/p

BYIab~1 y=0.12

p+m

in vacuum modified

.

Copas 098 1 1.02 1.04

Invariant Mass (GeV)




Vector Meson Measurements

Pb-Au 158 AGeV 10~ 26%
HOt / CO | d < <dN,,/dn>=245

% : |!*I combined 95/96 data 2.1<M<265

g Fl e o p>0.2 GeV/c

O®CERES@CERN-SPS ('93) S M. 0u73 mrd
— e'te- T ﬁ CERES

— anomaly at lower region of p in A+A, golst) f@\ ;

not in p+A g v \ |

‘STAR@BNL_RHIC (,04) [;”0.2 04 06 08 1 1.2 14 16

2
—_ pen*‘n' m,. (GeV/c 7)

oo
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o

— mass shift in p+p & A+A peripheral g o __I_par)\il; 0.5 GeV/c TAPS
®CBELSA/TAPS@ELSA (05) & 7

— 0>7%(>yyy) 8 ol

—anomaly in y+Nb, not in y+p 3 200 A\ § o |
O®NAG0@CERN-SPS ('06) il = L.J*’*"‘*F
— pdute A Pl N B S
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— width broadening, no mass shift in In+In M_ [Mev/cH



KEK-PS E325 Experiment

Measurements
Invariant Mass of ete-, K*K-
in 12GeV p+A-2p,n,¢+X reactions

slowly moving vector mesons
(Piab™2GeV/c)
large probability
to decay inside a nucleus

Beam

Primary proton beam
(~10°/spill/1.8s)

Target

Very thin targets
e.g. 0.4% radiation length &

0.2% interaction length for C-target

History of E325
'93 proposed
'96 construction start
v'NIM, A457, 581 (2001).
v'NIM, A516, 390 (2004).
'97 first K*K- data

'O8 first e*e- data
v'PRL, 86, 5019 (2001).
'99~'02
X100 statistics in ete-
v'PRL, 96, 092301 (2006).
v'nucl-ex/0511019
v'nucl-ex/0603013
x10 statistics in K*K-
v'nucl-ex/0606029

'02 completed




Forward LG Calorimeter

Rear LG Calorimeter

Side LG Calorimeter

Detector Setup
M.Sekimoto et al., NIM, A516, 390 (2004).

Start Timing
Counter

Hodoscope

Aerogel Cherenkov

Forward TOF

Rear Gas Cherenkov

Front Gas Cherenkov




Observed Invariant Mass Spectra
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Result of p/o—2>e*e:

M.Naruki et al., PRL, 96, 092301 (2006).



ete Invariant Mass Spectra

counts/10MeV/c?
®from 2002 run data ook
(~70% of total data) ook C '(0(783)
: |
®C & Cu targets oo | *
i |
800 - i
®acceptance uncorrected 500 |- W.:m*ﬁﬂ*,
400 f |+, (I)(]-OZO)
O®M<0.2GeV/c? is suppressed .ot .ff w
by the detector acceptance  obd o e

- fit the spectra with known sources
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Fitting with known sources

®resonance

— p/o/dp>e*e’, o=>nlete, n>yete

— relativistic Breit-Wigner shape (with internal radiative corrections)

— nuclear cascade code JAM gives momentum distributions

— experimental effects are estimated through the Geant4 simulation
(multiple scattering, energy loss, external bremsstrahlung,

chamber resolution, [ estimated spectrum
detector acceptance, etc.) using GEANT4
¢9e+e
®background - ’
— combinatorial background obtained e:XPeﬂmental [
by the event mixing method “F effe"ts , relativistic
: oo | lBrelt -Wigner
®fit parameter | mgerilal
.  radlative
— relative abundance of jthese  correction i
components is determined : |

by the fitting




Fitting Results

eventsl/ 10MeV /c’] eventsl/ 10MeV/c?]
1500 [ C —fit result T CU —fit result
: w—>e'e [ Figt
[ “ L 1950 L v w-—>ee
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[the excess over the known hadronic sources on]
the low mass side of ® peak has been observed.

the region 0.60-0.76GeV/c? is excluded from the fit, because
the fit including this reqgion results in failure at 99.9% C.L.. 13




Fitting Results (BG subtracted)

events[/10MeV/c?] events[/10MeV/c?]
1200 [ I
I C | 1000 | Cu !
1000 F ﬂ. ' \
)| 800
| i | | — fit resylt
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_ | :gjeeigi 600 |- | g’%je e
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[

p/w ratios are consistent with zero !
p/o = 0.0£0.03(stat.)=0.09(sys.) 0.0%0.04(stat.)=*0.21(sys

)

p/®=1.0=x0.2 in former experiment (p+p, 1974)
-> the origin of the excess is modified p mesons



Toy Model Calculation

e pole mass: m*/m = 1-kp/p, (Hatsuda-Lee formula)

e generated at surface of incident

hemisphere of target nucleus

— a,~2/3 [nucl-ex/0603013]
— decay inside a nucleus: ¢ |

P

e

—illh,

C

Cu

p | 52%

66 %

o | 5%

10%

0/00

OOOOOOOOOOOOO

e mass spectrum: relativistic Breit-Wigner Shape

e no width modification

15



Fitting Results by the Toy Model
m*/m =1 - 0.092 p/p,

events[/10 MeV/ c’] events[/10 MeV/c?]
1200 p/CD =0.7/%x0.1 : p/CD =0.9%£0.2
[ [ 1000 F +L
i C | Cu |
1 , 800 |- 1 .
800 — fit result : — fiIt result
[ e [ _
_ TP T e e | g0l | g —>e’e
P00 T ) —> e’ e’ Z | P
soo | 400 |
200 _ 200 X

08 09
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the excesses for C and Cu are well reproduced
by the model including the mass modification. 18




Result of ¢p—>e'e

R.Muto et al., nucl-ex/0511019



¢—=>e’e Invariant Mass Spectra

[Counis/6.7MeV/c’]

®from 2001 & 2002 run data I C

400

®C & Cu targets $(1020)

300

®acceptance uncorrected N
ofit with
— simulated mass shape of ¢

(evaluated as same as p/m) N F——
— polynomial curve background Gev/c

-> examine the mass shape as a function of By (=p/m)

(anomaly could be enhanced for slowly moving mesons)
18



Fitting Results

Small Nucleus

Large Nucleus

<&
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2 60/ g 2
z %100 5200
3 40
501 100+
20
150 < 0 < 0
3 3 3
S =150 =
g 5 e
£100| =
8 8100+ 8
100 200
50
30¢ 100+
f
K Indf=83/50 | KIndf=43/50 | yIndf=56/50
0.9 1 1.1 1,2 0" 0o 1 1.1 1,2 O 0o 1 1.1 1,2
[GeV/c [GeV/cT [GeV/c

Rejected at 99% confidence level 9



Amount of Excess
A significant enhancement is seen in the Cu data,

In By<1.25

-> the excess is attributed to the ¢ mesons
which decay inside a nucleus and are modified

To evaluate the amount the excess N

excess?

fit again excluding the

excess region (0.95~1.01GeV/c?) and integrate the excess area.

]

™~
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150

o
o
T

50
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the fitting

0.9 1
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— 032\
)
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7
8 0.2+ ® C Data
)
<
$ 0.1
8
: <
Z —e— |
Or —o—i l
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Toy Model Calculation

Toy model like p/® case, except for

e pole mass: m*/m = 1-k,p/p, (Hatsuda-Lee formula)

e width broadening: I'*/T" = 1+k,p/p, of h
O INCrease 1tne

(no theoretical basis) decay probability
— e+e- branching ratio is not changed In a nucleus
1_wke+e-/ r*tot=re+e-/ Ftot

e uniformly generated in target nucleus
~ a,~1 [nucl-ex/0603013] P
— decay inside a nucleus (for By<1.25):

C Cu
d| 3% | 6%

21



Fitting Results by the Toy Model
m*/m =1-0.04 p/py, T*IMT =1+ 2 p/p,

Large Nucleus Small Nucleus

P
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(o]
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well reproduce the data, even slow/Cu 2



Result of ¢p2>K*K-

F.Sakuma et al., nucl-ex/0606029



¢=2>K*K Invariant Mass Spectra

®from 2001 run data

®C & Cu targets

®acceptance uncorrected

®fit with

— simulated mass shape of ¢
(evaluated as same as p/m)

N
[®)
(@)
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N
O
(@]

C |

. 6(1020)

-\|||||\\IIIII‘Il\llll‘\llllllll\\llll 1
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— combinatorial background obtained Gev/c*

by the event mixing method

-> examine the mass shape as a function of By
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Fitting Results

By<1.7 (Slow)
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I\/Iass -spectrum changes are NOT statistically significant
However, impossible to compare ¢>e*e” with ¢>K*K-, directly



Kinematical Distributions of observed ¢

®the detector acceptance is
225 sdifferent between e+e- and K*K-

rapidity

®very limited statistics for ¢2>K*K-
in By<1.25 where the modification
IS observed in g—2>ete

rapidity

the histograms for ¢>K*K-
are scaled by a factor ~3

26



Result of nuclear
mass-number
dependences of
p2>ere & ¢p2>K*K-

F.Sakuma et al., nucl-ex/0606029



Vector Meson, ¢

®mass decreases
2~4% - 20-40MeV/c?
®narrow decay width (I'=4.3MeV/c?)
= sensitive to the mass spectrum
change
/®small decay Q value )
(Qu.x.=32MeV/c2)

= the branching ratio is

. sensitive to ¢ or K modification )

simple example
B($ mass decreases

2 T'ysk+k. becomes small
BK mass decreases

2 I'ysk+k. bECOMeES large

1.050

1.025 [ .
— ® mass
< 1.000 |- N / i
L0975 KK |5 N
= \\threshol )
0950 o
0.925 [~ =
I : |
0.0 0.5 1.0 1.5 2.0
/Py

po-normal nuclear density

¢ - 7. Hatsuda, S.H.Lee,
Phys. Rev. C46(1992)R34.

K: H Fuji, T.Tatsumi,
PTPS 120(1995)289.
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[>T 45e+e- and Nuclear Mass-Number
Dependence a

O,k /T y>ere- INCreases in a nucleus

2 Nyskek- /N_@m_ be_comes Iargg
® The lager modification is expected in the
larger nucleus

o(A)=c(A=1)x A
Aa = Ay k-~ Fyere - (A>A,)

=1n N¢%K+K_(A1) N¢—>K+K‘(A2) ’
B |:N¢—>e+e(A1)/ N¢_)e+e(A2)}/ ('A&/Az)

NS

®0, .. becomes Iar_ger than o5e.e.
®The difference of o is expected to be
enhanced in slowly moving ¢ mesons

29



Results of Nuclear Mass-Number Dependence a

X 1.5F H% G151
0.5 0.5
| By | rapidity | | Pr
B IW o |2rapld|ty OOH”O‘5HH1”H1'5IHFIJTZ
_ Og+e With corrected for the
K*K- acceptance
i Py
possible modification
| \\ : .
X \§vaveraged of the decay widths is
0 [ D 0.43+/-0:12) discussed
-0.2

o"'é"'i"'ﬁys — >

Oly>k+Kk. ANd Oy 50.0. Are consistent ‘
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Discussion on I'y k.- and Ty

Ao
e 7 0.3
[y /Ts =1+ke (p/p5), éf; rdl ™
* . ,.-"'; \ .
F¢—>K+K_ /FZ—>K+K‘ =1+ Kk ('0/'00)’ o ..-"';%;? -“@gp@ 0.1
) 6
1_1415—>e+e_ /Fg—mw‘ =1+ e ('O/'OO) 20 -0

We expect k,,, =k, since the ¢ meson 10

mainly decays into KK as long as such
decays are kinematically allowed.

M The values of expected Aa are obtained by the MC.

— ¢ mesons are uniformly produced in a nucleus and decayed according
to the values of ki and k..

@The measured Aa provides constraints on k, and k..
31



Discussion on I'yyk.x- and Ty

@The constraint on ki Is obtained from the K*K- spectra.
In the K*K- spectra, we fit again excluding the region 0.987(=2m,) ~ 1.01GeV/c?.

— We obtain a surplus over the ¢ peak and BG.

— From the MC, we estimate the ratio of the number of ¢ mesons decayed inside to
outside N, /N, (inside = the half-density radius of the Woods-Saxon dist.).

— When the surpluses are assumed as the ¢-meson decayed inside a nucleus, we
obtain the constraint on k, by comparing N N, with N, /N

surplus
s00 i
. <
: f Cu < oo Cu
400 . 5 0.8 -
excluded from %m f
I the ftt y 0.6
oL | hhg ZU’ ;
| | I 0.5 ' MC
0 |- | *5' 0.4
o
gl | <
100 |- E ' : -H'P:F - Surp US = 0:2 _ data
f :J L H“'&i.} Z 0.1 -
i_._,h-r. I .+_T+4T++TW+TT+ 00.”2I.”4'1l”é...é...1IU.”1I2”.II4-”1I6“.IIB”l20 K
096 093 1 0.'2 i 04 1,086 1,08 1.1 1 12Geiv}c
Neurpius/Ny = 0.044+/-0.037+/-0.058 (C) k. =2.1+/-1.2+/-2.0 (C&Cu)

0.076+/-0.025+/-0.043 (Cu)



Discussion on I'yyk.x- and Ty

F;/Fg :1+ktot(p//00)’ !
¢—>K K- /F¢ KK~ =14k ('0/'00)’ / "é&a fromky |||
k111 E10" 03

@ Limits on the in-medium decay widths are obtained.
— We renormalize the PDF eliminating an unphysical region corresponding
to I'*/I'<0, and obtain the 90% confidence limits.

the first experimental limits assigned to the
In-medium broadening of the partial decay widths




Summary

OKEK PS-E325 measured e*e- and K*K- invariant mass
distributions in 12GeV p+A reactions.

®The significant excesses at the low-mass side of ®>e*e- and

d—=>e*e peak have been observed.
— These excesses are well reproduced by the toy model
calculations which take Hatsuda-Lee prediction into

account.

®Mass spectrum changes are not statistically significant in the

K*K- invariant mass distributions.
— Qur statistics in the K*K- decay mode are very limited in

the By region in which we see the excess in the e*e- mode.

®The observed nuclear mass-number dependences of ¢—>e*e

and ¢—>K*K- are consistent.
— We have obtained limits on the in-medium decay width

broadenings for both the ¢—>e*e- and ¢—>K*K- decay
channels.

34



Backup



Contours for p/o and k

B C and Cu data are

3

3
™~
Q. Q.

simultaneously fitted.

T r T r

B free parameters :
— production ratio p/® A I
— shift parameter k | |

=

2
B Best-Fit values are N ]
kK =0.092%+0.002
p/o =0.7%x0.1 (C) - @cC - (Cu
09 i 02 (CU) Oé%?ﬁ p@r@mgégegék Ogh?ﬁ p@r@ngéggr6k

mass of p/® meson decreases by 9% at
normal nuclear density.
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Contours for k, and k, of ¢>e*e’

Pole Mass Shift
M*/M = 1-k,p/pg

Width Broadening | 006
[*/T" = 1+k,p/pg % 005 — A=1

S e, Ay’ =

B CandCudataare & ,,, ,
: : R N e Ay© =

simultaneously fitted. 2K x

0.03 - %3
B free parameters S

— parameter k, &k,  °%

0.01 -
B Best-Fit values are i

k, =0.034 £ 0.007 T T S R BT
k,=2.6 +1.3 Param. k,




Acceptance Correction for o

S15E 315
| ++K}H} By | _ By
L e 8 *‘*5* + extrapolate o e.e.
0.5F o afe 0517 e ¢'e for the kaon
N T L oK8 . . |acceptance
0 2 4 6 0 2 4 6
By . By
assumption : o5e.e IS linearly
dependent on the y-p; plane in ‘ ‘
our detector acceptance
_.values of _.__divide e*e’ fit the data with
“.t mean & RMS *.t data into 3x3
.. for each bin .l binsinthe

H :D y-ps plane : }}?i_"’“‘*'-;é-::::.;-::-;:v:;::;i::.:- ::

.............................

rapidity rapidity:
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