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Physics motivation

AThe origin of Hadron mass.
AThe study of QCD vacuum

A Spontaneous breaking of the chiral symmetry.
A An order parameter: (nf)) Tt
A (An) Depends on temperature, and density
A Partially restored even at normal nuclear density
A Could result in a measurable change in mass.
A (nn) ~40% reduction at r, for v and d.
A What about s? A Wantto use f as probe, who is’ss
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KEK-E325 results of f meson

AThe worl d’ s ffimpdfication.e sul ts of
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QCD sum rule results

They provide mass of f mesonvs , (strangeness sigma term)
The ,, indicates how much (i[) is reduced in nuclear matter.
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Mass reduction should be much smaller. ( dM<~1%)



p-/ afttractive interaction
A effective potential forf in nuclel
A mass reduction

AMass reduction

A HAL - 5.3%+ 0.4%
A ALICE :5.8%+ 1.8%
A ALICE-HAL: 1.3~9.0%
ACLAS gtp :0.5%

A E325 1 3.4% %06 _

nucl-ex/0306011(2003) and E. Chizzali, R. Del Grande, L. Fabbietti
"OQ A First order optical potential
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HAL QCD method, arXiv:2205.10544 (2022)
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ALICE: Phys. Rev. Lett. 127, 172301(2021)
d,=7.85+ 1.54 (stat.) + 0.26 (syst.) fm

ﬂi(fo) =0.85 + 0.34 (stat.) + 0.14 (syst.) fm
S(fo) =0.16 £ 0.10 (stat.) £ 0.09 (syst.) fm

ALICEHAL:arXiv 2212.12690

i f(gl/z) _

—1.47F 5 (stat.) 701 (syst,) fm,

Re (181/2) = 4+0.370 0 (stat.) 1003 (syst.) fm,

PhysRevC.101.045201
|aj=0.063 + 0.010 fm



| cannot help thinking,
what If phi feels uneven density

ADensity distribution i' ] AShort-Range Correlated pair could

produce denser region.

o

AlIn Cu, 20% is SRC paired. b =
- AAverage pair distance 1.0 fm oy

gi:;:::;s:::les in ] A Density (1.8/1)3 /’ O
Paryome atter ALocally very high density? e
et AE325 interpretation: Width increase
N with density.
T ACould pick up denser region

11111111

selectively.
AFinite phi meson size

@ Quark cores of nucleons overlap (percolate) at baryon densities

@ (Multi-)pion fields in space between baryonic sources (ChEFT)
B > 5 po

% 3 e—— ] ]
W. Weise at QNP2018 Satellite workshop Or Hen et al., Rev. Mod. Phys 89, 045002 '



KEK-E325 results of f meson

A Conclusion: Mass decreases in nuclei!!
i Mass: - 3.4 %06
I Width: X 3.6*18_ |
Aln the analysis,

A Density was assumed to be in WS potential shape.

A f production probablllty proportional to density.
A Justifiedby s ,® 0 , | Dp

A Mass and width are linearly dependent on density
a ” a o
a 1 P ”
i 0 L
3T P ”
A k1,k2 parameters are obtained.
AApproach using transport

% at normal nuclear density

A Reanalysis of E325 using PHSD A Talk by P. Gubler and M. Ichikawa

A Analysis for future E16(ee)/E88(KK) using PHSD
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A Independent analysis using BuBUU especially for EB8(KK) A Talk by G. Balassa



Physics

AThe origin of Hadron mass.
AThe study of QCD vacuum

A Spontaneous breaking of the chiral symmetry.
A An order parameter: (An) T

Vacuum
A Depends on temperature, and density NJL model
A Partially restored even at normal nuclear density . M. Lutz et al.
A Could result in a measurable change in mass. Nucl. Phys. A542,52(1992)

A (An) ~40% reduction at r, for v and d. What about s?
A(nr) & QCD sum rule”A mass

AJ-PARC E16 experiment: us

AUse p+A A R/ w/lH\W e+e- , ( K*K- E88 A H.Sako)
A Dielectron mass spectra are obtained.
A mixture of decay inside and outside the nuclear target.

A Sensitive to spectral change of vector mesons in the nuclear
medium.

A Similar to KEK -E325, but collecting more data and doing J‘ PARC E16

more systematic study.

ecays in nuclei.
With mass modified.
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Beam line(s) atBARC HD (Hadron Exp.-Facllity)

Beam dumphN-ett

A T1 prod. Target -\ Y S > Spctrometer ‘,—, .
A Au< 115kW = e ’::a‘HI .

30GeV proton P
8x10- ppp (as of 2025 (0&

1x10° protons are borrowed from the main beam line,
delivered to highp.
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The J-PARC E16 spectrometer

Magnet (used. for,KEKIE3SRS)

PbGl Calorimeters bfam N
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STS : Tracking (SSD) o0®
GTR : Tracking (GEM Tracker) L JL J : X 26
HBD eID(Cherenkov) L JL ®
LG elD(Calorimeter) LIPS
—— 12

26 modules in total. 8 for thestphysics run.



Staging approach

ARUN Oa/b/c/d/le - 2020,2021,2023,2024 |RUN 1 (8 modules) |
A 10 (SSD) +8(GTRY) * -8 (HBD)* 8(EG).G)
A C+Cu targets
A Beamline and detector commissioning

A Gradually increased acceptance and reached interm . Goal.
Detector and DAQ upgrade.
15t physics paper based on RunOe.

ARUN 1 2025- (started!)
A 10 (SSD) +8(GTRY*+ 8 (HBD)» 8(LG).G)

A C+Cu targets

APhysics data taking. ¢: 15k |RUNPR@Embdules)
ARunla: Nov 2025 (144h), Runlb: Apr. 2026...

ARUN2
A 26 (SSD) +266(GTRY * 26 (HBD) [+ 26 (EG).G)
A + Pb/CH2 target
A New target chamber being developed.
A Real SSD chamber design underway ( Kakenhi)
A Needs additional budget for construction of detectors.
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Photo taken in 2019.

=1 FM Magnet F=
—

SKS magnet
(not used for E16)




a2
Electron identification

Leadglass Calorimeter

(LG) :
Hadron Blind Det.
(HBD)

— R
- “.—
N

Silicon Tracklng System
(STS)

Momentum Measurement

(position measurement)
|




Runla: Beam exit window

Targets not visible




LG (Lead glass calorimeter) \

ALead glass (TOPAZ) + PMT (Belle)
APlon eff|C|ency 10% (Reject 90%) whlle malntalnlng 90% efficiency fore - at 0.4GeV

: Magnet pole plece




Hadron Blind Detector

(Cherenkov Detector) ]
A Based on PHENIX HBD. fm e S S
A CF4 serves as radiator and amplification gas : S —

A Radiator 50 cm. / p.e. ~ 11 L B

C 1.5 mm / GEM

A Gas Electron Multiplier ( GEM) for P, , .
amplification Trigger] 2mm | GEM

A Csl is evaporated on top GEM
I Photocathode (> ~6eV)

A Pion efficiency 2% (rejection
92%) while maintaining
electron efficiency of 68%




GTR (GEM Tracker)

AGEM based tracker : 100um pos
resolution.

AA module consists of
AGTR100, GTR200, GTR30 _
ST e B " Carbon fiber

frames

= y = g |

= 4GTR-200

| A GTR 100 Amiin

\

- ‘ 4 (100x100mm?)

+. W



NEW SSD (STS) ——

AUnder construction in collaboration with CBM - Thickness 300 um

STS group at GSI (Germany) Strip pitch 58 um
ASTS: Silicon Tracking System Position res. <30 um
Time res. ~6 nsec

ADAQ migration is ongoing by E16 Group.

A10 sensors are prepared for Run0d and Runl.
Si sensor (HAMAMATSU)

Strip direction X, U(7.5degQ)




JPARC E16 Collaboration
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RUN1, Cu (INPUT:E325BW)
Excess ratio vsb g

bgl.25, bgl.75, blg22%< bgl.752.

o
Prob 00007 Prob 0001139 ::: ' ;l Prob
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(Fit fails when vacuum shapes are used.)

A ~15k f for Cu target expected in RUN1
A All b gbins for Cu are significant in E16
A (cf) E325 only fastest b din is significant.

Excess fraction, .,

A Larger excess in lower b gpin. [ S PO PUUE P TS PO PO
A The tendency becomes clearer and more | | b mf f
significant compared to E325. @

o
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Momentum dependence
(Dispersion relation)

AMomentum dependence of mass  _ ., o r*;g:‘n:htifnb'gngﬁe”ds the validity
can be obtained for the first time. 2 | omass (1020)
= 1020F
AExpectatlon of RUN1 x 1.7 Is - [—— E325 AM~35 MeV Dispersion relation up to 3 GeV/c
shown. 1010;_ —— Expected 1.05 | | '
1000[- 1 104
: S 1.03
. . . . . 990 |- + @
ADispersion relation itself is an ] ._TLL 18 e
iImportant property of pseudo i Sl ¥ 101
particles. a70F 1,00
B 0.99 ! - ' ! :
AWe can extrapolate mass into 0 960 00 05 10 15 20
momentum bl e L lere L, Momentum of £ meson

0 o.5m n; nt1.n51 [sz ]2.5 3 H.J. Kim, P. Gubler,
omentum [GeV/c PLB805, 135412 (2020)

. : : : S.H. Lee PRC57, 927(1998)
A Calculation predicts polarization Curve valid up to 1GeV, extrapolated.
dependence. Can be accessed /égigsted 0 rpatch vvitlh E6;25_:ﬁsult8-
. - . . expectation overiayea wi
USIng angl*”ar dIStrlbUthn. transversely polarized case.



Polarizationa A

|.W. Park, H. Sako, K. A., P. Gubler, and S.H. Lee PRD 107, 074033 (2023)
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Polarizatiora A Angular dist.

fAe e fAKK-
__ASpin 1 is carried by g®l. ASpin 1 is carried by KKAM
© AAT-O p:T100% o AARI-© p:L100%
& AAT-O m:L50%, T50% 5  AAI-O m:T100%
@ Asmall acceptance fok I -©  p = AUniformA T -Gacceptance
@ ASmall BR (2.98 x #p Alarge BR (49.1%)
A 15kfor 53 days (E16 Runil) S A 260kfor 30 days (E88)

Experimental separation challengingfo'/znO ,
Refer K. Aoki et al, JSPC 3, 100019 (202%)° hoje

* Small FSI €< This is why E16 is good. 1.0
* Spin 1 is carried by ee pol. 0.81 T
e cosf =+1:T100% T

0.6
e cos@ =0 :L50%,T50%

i y=x?
* Small acceptance for cos 8 = +1 0.4
* Small BR (2.98 x 10%) 0.2
* 15k for 53 days (E16 Runl) 0.0

~1.00-0.75-0.50-0.25 0.00 025 0.50 0.75 1.00




Angular acceptance off .

E16 case.
AGEANT4 as an acceptance filter.
AResults

ASmaller acceptance for A 6~ p

ALG trig eff ~90% 0.4GeV, ~75% 0.3GeV
AReality is between Green and black.

In the acceptance & phi mom<1.25 &
e+- momentum cut

none
>0.2

>0.4

ANeeds acceptance correction for analysis.

AAT-© t&I maybe used w/ correction

but rather marginal.

AMore compact configuration to catch and

PID low momentum particles is necessary.

hist5

180—

Entries 3545
Mean 0.0004858

Trans. (%

A%D 0 \



J}PARC E8FA KK e

o U } i
AMeasurefA KK(E88) by dding Kaon Z oo endof eaton
identification detectors outside of E16
Runl acceptance. "
APHSD calculation (P. GubleBEatkovskaya -
et al.) suggests signals survive the FSI.
APolarization dependent measurement o Stat. srrors (pePb)
possible. § oo
5 —0.02;
—0.03f
AA Talk by H. Sako
-0.05 —
o aMevatp)

0 02 04 06 08 1 12 14 16 18 2
p (GeV/c)



Expectation (E16,A ee) iIn RUN2

ARUNZ2 statistics
AINPUT: E32BW

APbtarget
Ab & 0.5




Anomalyinduced chiral mixing af and (X1420)

AChiral partner

AGenuine signal of chiral symmetry restoration:
Degeneracy of chiral partner!

Af and"((1420) are parity partner.
A (Part of their components are chiral partners.)
A [See talk by S.H. Lee (Tue evening)]

APhys. Rev. D106, 5 (2022) C. Sasaki

A Chiral mixing effect in dense matter can be seen
e*e  channel.

AT(Transverse) affected. L(Longitudinal) stays.

APhys. Rev. C111, 055201 (2025jRnaet al.

APHSD transport calculation
A realistic estimate oE16 Run2 sensitivity
A Sensitivity depends on
A Unknown strength of mixing
A Degrees of chiral symmetry restoration

— w/ Chiral Mixing
-— w/o Chiral Mixing

103 Pb target, 30% CSR at p,
b »
! ¢ = 042 [GeV]
% 102_ ]
S - \\ 04 <p<0.8[GeV]
f,(1420)
10!- R
S
IDD i \'-a._
2.51
= - E16 Run2
=2,
2. ~_ error band
% 1.0-J". / o
= 0.5 v
0.0 110 1:5 210

ete inv mass MmlGeV]




RunOec commissioning run

A206h of proton beam accepted. (2024 Aprilcl@une 3)

ADAQ live rate> 80% (was 15% @ runOc*) thanks to DAQ upgrade
ALive rate : Accepted/ Triggered



4 layers
JPARC E16 Of traking
ccinni 1 SSD
from commissioning run. 3 GEM Tr
ASTS (Silicon Tracking System) was

developed in collaboration with GSI | S ’ Target

CBM. ATracking: dayer of Silicon detector
AOriginally developed as streamHDAQ, and 3layers of GEM tracker.

adopted to be able to onlinselect hits & cjear proton locus. Demonstrating
In coincidence with E16 trigger. successful operatlon
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JPARC E16

from commissioning run.

Hadron Blind Detector
(Cherenkov detector)

LG
(Leadglas€alorimeter)

83000E) A Hadron Blind Detector (Cherenkov detector)

£ 2500 L - -

5 oo Response to electrons was used to enhance electrons in making the
s00L plot below.

A Clear Momentum vs Energy (deposit on LG
calorimeter) correlation of electron seen.

1000E
500;“ =

OF

~500F

....................................... < 2r

0 5 10 15 20 25 30 35 40 ©
primary charge [p.e] ©) i
s ____ NIMA1082, 170956 (2026) =i,
! Sl . () L
. Q. L

-~ pion )
a [
S 1
10mm E i
Cherenkov blob 0.5¢

15__:‘_:}--.Aéé?"'é né““'”} 34mm
cluster size

i PR R T P R P SR R TR N SR N S
Y05 1 15 2
momentum [GeV/c] 32

Cluster size Cherenkov from e spreads
While residual signal from pion does not




Mass number dependence of phi meson
production at 30 GeV

APhi peak clearly seen in pilot run (27 hours)
AArXiv:2603.00403, to be published at PTEPPthesis (SNakasugh

AThel parameter( ® 0 ) was deduced to be
| mow 1T P 1 1(EL16 Runla, 30 GeV)
| T 0 X TBT T w13t p (E325, 12 GeV)

R T

f = 201 ; f
j: { " 10;— }[ er{ %
AT S I



Run 1a quick analysis

V‘I cross point of two tracks I -

100~ I I ...... + =)

L e ] ; e

- 35-_— )j
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sol _ 255-
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_—

RUN 1
8 modules

RUN 2
26 modules

A Mechanical design/construction of innermost detector for RUN2

IS ongoing.
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Development for Run2

ATarget chamber has to be smaller to

Drawing not complete..
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Bound state identification by missing mass

AJPARC E29 (K1.1) searches for bound state

JETSET at LEAR
A'p+CI/ICu/lCH ,A [f+ (-A)f

..... . — M . +
A p+p A f f cross-section is large near threshold. g“ 4 +f‘r+
A p-- 1.1 GeVic, 1x 108 /spill 5 144 *
%2 +¢ —+—+ <
‘p+A A f(innucleus) + f (forward) f J=+H +’+r }
L, K+ /\ L, K+ K- incident  momentum (GeV/e)

Strangeness > 3

5 Missing mass Is calculated

AJPARC E104 (K1.8BR)

AStudy of “p+p A ff reaction near threshold using HypTPC
A10 days and scan beam mom 0.87 -1.17 GeV/c.




Summary

AJPARC E16 aims to measurariadium spectral change of vector
mesons vid A ee.

ADetectors were prepared to cover the acceptance for Runl (physics)

AAdditional measurements have been proposed, including
AE88{ A KR, polarization dependence, and chiral mixing effect.

AThe most recent beam/trigger study run, conducted in 2024, has been
successfully completed.
AAIll detectors operated successfully.
AThe Invariant mass peaks are already visible in the data.

A 1st physics paper published.
APhysics data taking started.
ADevelopment effort for Run2.



