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Physics motivation
ÅThe origin of Hadron mass.

ÅThe study of QCD vacuum
Å Spontaneous breaking of the chiral symmetry.

Å An order parameter: ήή π

Å ήή Depends on temperature, and density

Å Partially restored even at normal nuclear density .

Å Could result in a measurable change in mass.

Åήή ~40% reduction at r0 for u and d.

ÅWhat about s?  ĄWant to use fas probe, who is s̀s

QCD vacuum

♪ Hadrons ♪
Elementary Excitation of QCD

Deeply bound pionic atom
Nature Phys. 19, 788 (2023)
Isovector b1 param related to 
condensate. Probed at
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nuclear density

Density

Vacuum

NJL model : M. Lutz et al.
Nucl . Phys. A542,52(1992)
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KEK-E325 results of fmeson
ÅThe world’s first results of f modification.
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KEK-E325bg< 1.25

e-

e+

f
C, Cu

Proton
12GeV  (109/spill)

ÅConclusion: Mass decreases in nuclei!!

ïUnder the assumption of linear 
dependence of mass and width on density.

ïMass:   - 3.4 +0.6
-0.7% ↓   

ïWidth:  x 3.6+1.8
-1.2

fmeson

Red：64Cu target
Blue: 12C target

p + 64Cu

bg= p/M of f

At normal nuclear density

ά”

άπ
ρ Ὧ

”

”

ɜ”

ɜπ
ρ＋Ὧ

”

”

Nuclear target



QCD sum rule results
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E325 results
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14% 21% reduction in Ӷίί
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„[MeV]

If one takes „ from Lattice and QCD sum rule,
Mass reduction should be much smaller. ( dM<~1%) 

„[MeV]

~50 MeV

Gubler and Ohtani
PRD90, 094002(2014)

They provide mass of fmeson vs „ (strangeness sigma term)
The „ indicates how much Ӷίί is reduced in nuclear matter.
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p-fattractive interaction
Ą effective potential for f in nuclei
Ą mass reduction

arXiv: 2212.12690 femtoscopy

ὪȟὨĄ First order optical potential
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nucl-ex/0306011(2003) a nd E. Chizzali, R. Del Grande, L. Fabbietti
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ALICE-HAL: arXiv: 2212.12690

ÅMass reduction
ÅHAL           : 5.3%± 0.4%

ÅALICE        : 5.8% ± 1.8%

ÅALICE-HAL: 1.3~9.0%

ÅCLAS g+p : 0.5%

ÅE325           : 3.4% +0.6
-0.7

ALICE: Phys. Rev. Lett. 127, 172301(2021)

HAL QCD method, arXiv:2205.10544 (2022)
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arXiv: 2212.12690:
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g+p
PhysRevC.101.045201
|a|=0.063 ± 0.010 fm



I cannot help thinking, 
what if phi feels uneven density

ÅShort-Range Correlated pair could 
produce denser region.
ÅIn Cu, 20% is SRC paired.

ÅAverage pair distance 1.0 fm
ÅDensity (1.8/1)^3 

ÅLocally very high density?

ÅE325 interpretation: Width increase 
with density.
ÅCould pick up denser region 

selectively.

ÅFinite phi meson size

7
W. Weise at QNP2018 Satellite workshop

ÅDensity distribution is 
uneven in nucleus

Or Hen et al., Rev. Mod. Phys 89, 045002



ÅConclusion: Mass decreases in nuclei!!

ïMass:   - 3.4 +0.6
-0.7%   at normal nuclear density

ïWidth:  x 3.6+1.8
-1.2

ÅIn the analysis,
ÅDensity was assumed to be in WS potential shape.
Åfproduction probability proportional to density.

Å Justified by s pAᶿὃ ,   ‌Ḑρ
ÅMass and width are linearly dependent on density

Åk1,k2 parameters are obtained.

ÅApproach using transport
ÅReanalysis of E325 using PHSD   Ą Talk by P. Gubler and M. Ichikawa
ÅAnalysis for future E16(ee)/E88(KK) using PHSD
ÅIndependent analysis using BuBUU especially for E88(KK) Ą Talk by G. Balassa

KEK-E325 results of fmeson
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Physics

ÅThe origin of Hadron mass.

ÅThe study of QCD vacuum
Å Spontaneous breaking of the chiral symmetry.

Å An order parameter: ήή π

Å Depends on temperature, and density

Å Partially restored even at normal nuclear density .

Å Could result in a measurable change in mass.

Å ήή ~40% reduction at r0 for u and d. What about s?

Åήήă QCD sum ruleĄ mass

ÅJ-PARC E16 experiment:
ÅUse p + A ĄѬ/ѳ/Ѱ Ą e+e - , ( K+K- E88 ĄH.Sako)

ÅDielectron mass spectra are obtained.
Åmixture of decay inside and outside the nuclear target.

ÅSensitive to spectral change of vector mesons in the nuclear 
medium.

ÅSimilar to KEK -E325, but collecting more data and doing 
more systematic study.
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Nucleus

Proton
beam

f e-
e+

Decays in nuclei.
With mass modified.

J-PARC E16

Normal
nuclear density

Density

Vacuum

NJL model
M. Lutz et al.
Nucl . Phys. A542,52(1992)

180MeV



J-PARC
.

Japan
Proton
Accelerator
Research
Complex

Hadron Hall

Linac 400MeV

RCS 3GeV
Neutrino beams
to Super K (T2K)

Japan Atomic
Energy Agency

30 GeV proton ς92kW (SX)
8x1013 ppp(Year 2025) for 2 sec.
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Beam line(s) at J-PARC HD (Hadron Exp. Facility)

K1.8

K1.8BR

KL

COMET

High-p

30GeV proton

8x1013 ppp(as of 2025)

T1

Beam dump

Å T1 prod. Target
Å Au < 115kW
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1x1010 protons are borrowed from the main beam line,
delivered to high-p.

J-PARC E16
Spectrometer

60m



The J-PARC E16 spectrometer
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X 26

Magnet  (used for KEK E325)

A module

STS : Tracking (SSD) 
GTR : Tracking (GEM Tracker)
HBD : eID(Cherenkov)
LG    : eID(Calorimeter)
26 modules in total. 8 for the 1st physics run.

(GTR)



Staging approach

RUN 2 (26 modules)

RUN 1 (8 modules)ÅRUN 0a/b/c/d/e  - 2020,2021,2023,2024
Å10 (SSD) + 8 (GTR) + 8 (HBD) + 8 (LG)
ÅC+Cu targets
ÅBeamline and detector commissioning
ÅGradually increased acceptance and reached interm . Goal. 

Detector and DAQ upgrade.
1st physics paper based on Run0e.

ÅRUN 1 2025- (started!)
Å10 (SSD) + 8 (GTR) + 8 (HBD) + 8(LG)
ÅC+Cu targets
ÅPhysics data taking. φ: 15k for Cu.
ÅRun1a: Nov 2025 (144h), Run1b: Apr. 2026...

ÅRUN2
Å26 (SSD) + 26 (GTR) + 26 (HBD) + 26 (LG)
Å+ Pb/CH2 target
ÅNew target chamber being developed.

ÅReal SSD chamber design underway ( Kakenhi )
ÅNeeds additional budget for construction of detectors.
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High-p Area
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Photo taken in 2019.
Shield blocks now cover the area and hard to get this view.

FM Magnet

SKS magnet
(not used for E16)
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Targets（not visible）

e- e+

Momentum Measurement
(position measurement)

Leadglass Calorimeter
(LG)

Hadron Blind Det.
(HBD)

Electron identification

GEM Trackers (GTR)

Silicon Tracking System
(STS)
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Targets（not visible）

e- e+

Leadglass Calorimeter
(LG)

Hadron Blind Det.
(HBD)

Electron identification

Run1a: Beam exit window



LG (Lead glass calorimeter)
ÅLead glass (TOPAZ) + PMT (Belle)

ÅPion efficiency 10% (Reject 90%) while maintaining 90% efficiency for e - at 0.4GeV

17Magnet pole piece



Hadron Blind Detector
(Cherenkov Detector)

300x300mm2 GEM with CsI

ÅBased on PHENIX HBD.
ÅCF4 serves as radiator and amplification gas
ÅRadiator 50 cm. / p.e. ~ 11

ÅGas Electron Multiplier ( GEM) for 
amplification
ÅCsI is evaporated on top GEM
ïPhotocathode (> ~6eV)

Trigger

18

e-

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



GTR (GEM Tracker)
ÅGEM based tracker : 100um pos 

resolution.

ÅA module consists of
ÅGTR100, GTR200, GTR300 

19

GTR-100
(100x100mm2)

GTR-200

GTR-300

Carbon fiber
frames



NEW SSD (STS)
ÅUnder construction in collaboration with CBM -

STS group at GSI (Germany)
ÅSTS: Silicon Tracking System

ÅDAQ migration is ongoing by E16 Group.

Å10 sensors are prepared for Run0d and Run1.
Si sensor (HAMAMATSU)

Sensitive area 60 x 60 mm2

Thickness 300 um

Strip pitch 58 um

Position res. <30 um

Time res. ~6 nsec

Strip direction X, U(7.5deg)

Upside -down
20



J-PARC E16 Collaboration
ÅRIKEN
ÅS. Yokkaichi 

(spokesperson)

ÅH. 9ƴΩȅƻ

ÅT.N. Murakami

ÅF. Sakuma

ÅKEK
ÅK. Aoki

ÅR. Honda

ÅY. Morino

ÅR. Muto

ÅW. Nakai

ÅK. Ozawa

ÅS. Sawada

ÅM. Sekimoto

ÅH. Sugimura
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RUN1, Cu (INPUT:E325-BW)
Excess ratio vs bg

ὔ

ὔ ὔ

Å~15k f for Cu target expected in RUN1
ÅAll bgbins for Cu are significant in E16
Å(cf) E325 only fastest bgbin is significant.

ÅLarger excess in lower bgbin.
ÅThe tendency becomes clearer and more 

significant compared to E325. 22

bg<1.25,          1.25<bg<1.75,         1.75<bg<2.5,      2.5<bg

(Fit fails when vacuum shapes are used.)
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Momentum dependence
(Dispersion relation)

ÅMomentum dependence of mass 
can be obtained for the first time.

ÅExpectation of RUN1 x 1.7 is 
shown.

ÅDispersion relation itself is an 
important property of pseudo 
particles.

ÅWe can extrapolate mass into 0 
momentum

ÅCalculation predicts polarization 
dependence. Can be accessed 
using angular distribution. 23

H. Kim P. Gubler extends the validity 
of momentum range.

S.H. Lee PRC57, 927(1998)
Curve valid up to 1GeV, extrapolated.
Adjusted to match with E325 results.
E16 expectation overlayed with 
transversely polarized case.

Dispersion relation up to 3 GeV/c

Momentum of fmeson

H.J. Kim, P. Gubler,
PLB805, 135412 (2020)



PolarizationăĄ angular dist.

Pol of f: ἃȿρȟρ, ἃȿρȟρȟ ἃȿρȟπ

fĄK+K-,     pol carried by
OAM of KK

fĄe+e-,         pol carried by
spin of e+e- pair ἃȿρȟρ, ἃȿρȟρ
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Transverse Longitudinal

e+

e-

q f

Helicity rest frame
off  meson
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I.W. Park, H. Sako, K. A., P. Gubler, and S.H. Lee PRD 107, 074033 (2023)
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Polarization ăĄAngular dist.
fĄe+e-

ÅSmall FSI ă This is why E16 is good.

ÅSpin 1 is carried by ee pol.
ÅÃÏÓ— ρ: T 100%
ÅÃÏÓ— π: L 50%, T 50%

ÅSmall acceptance for ÃÏÓ— ρ

ÅSmall BR (2.98 x 10-4)
Å15kfor 53 days (E16 Run1)

fĄK+K-

ÅSuffer from FSI

ÅSpin 1 is carried by KK OAM
ÅÃÏÓ— ρ: L 100% 
ÅÃÏÓ— π: T 100%

ÅUniform ÃÏÓ—acceptance

ÅLarge BR (49.1%)
Å260kfor 30 days (E88)

Experimental separation challenging.
Refer  K. Aoki et al, JSPC 3, 100019 (2025)

T
L

LT



Angular acceptance of f .
E16 case.
ÅGEANT4 as an acceptance filter.

ÅResults
ÅSmaller acceptance for ÃÏÓ— ρ

ÅLG trig eff ~90% 0.4GeV, ~75% 0.3GeV

ÅReality is between Green and black.

ÅNeeds acceptance correction for analysis.

ÅÃÏÓ— πȢχȟπȢχmaybe used w/ correction 
but rather marginal.

ÅMore compact configuration to catch and 
PID low momentum particles is necessary.

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

none
>0.2
>0.3
>0.4

Trans. (%)

cos q
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J-PARC E88 (fĄKK)

ÅMeasure fĄKK(E88) by adding Kaon 
identification detectors outside of E16 
Run1 acceptance.

ÅPHSD calculation (P. Gubler, E. Bratkovskaya
et al.) suggests signals survive the FSI.

ÅPolarization dependent measurement 
possible.

ÅĄ Talk by H. Sako
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Expectation (E16, fĄee) in RUN2

ÅRUN2 statistics

ÅINPUT: E325-BW

ÅPbtarget

Åbg< 0.5
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Anomaly-induced chiral mixing of fandὪ(1420)
ÅChiral partner
ÅGenuine signal of chiral symmetry restoration: 

Degeneracy of chiral partner!
Åf andὪ(1420) are parity partner.
Å(Part of their components are chiral partners.)
Å[See talk by S.H. Lee (Tue evening)]

ÅPhys. Rev. D106, 5 (2022) C. Sasaki
ÅChiral mixing effect in dense matter can be seen in 

e+e- channel.
ÅT(Transverse) affected. L(Longitudinal) stays.

ÅPhys. Rev. C111, 055201 (2025) R. Ejimaet al.
ÅPHSD transport calculation
Ą realistic estimate of E16 Run2 sensitivity 
ÅSensitivity depends on
ÅUnknown strength of mixing
ÅDegrees of chiral symmetry restoration

e+e- inv mass

E16 Run2 
error band

29
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Run0e ςcommissioning run

Å206h of proton beam accepted.  (2024 April 19 ςJune 3) 

ÅDAQ live rate > 80% (was 15% @ run0c*) thanks to DAQ upgrade

ÅLive rate : Accepted / Triggered
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J-PARC E16
from commissioning run.

ÅSTS (Silicon Tracking System) was 
developed in collaboration with GSI-
CBM.

ÅOriginally developed as streaming-DAQ, 
adopted to be able to online-select hits 
in coincidence with E16 trigger.

Momentum [GeV/c]

C
h

a
rg

e
 a

t 
S

T
S

 [
fC

]

HBD

LG
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4 layers
Of traking

1 SSD
3 GEM Tr 

Target

2400 nsec

ÅTracking: 1-layer of Silicon detector 
and 3-layers of GEM tracker.

ÅClear proton locus. Demonstrating 
successful operation.

Hit timing



J-PARC E16
from commissioning run.

ÅHadron Blind Detector (Cherenkov detector) 
was used to enhance electrons in making the 
plot below.

ÅClear Momentum vs Energy (deposit on LG 
calorimeter) correlation of electron seen.
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Hadron Blind Detector
(Cherenkov detector)

Response to electrons

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

LG
(LeadglassCalorimeter)

NIM A 1082, 170956 (2026)

electrons

pions



Mass number dependence of phi meson 
production at 30 GeV
ÅPhi peak clearly seen in pilot run (27 hours)

ÅArXiv:2603.00403, to be published at PTEP, Ph.Dthesis (S. Nakasuga)

ÅThe ‌parameter („ᶿὃ ) was deduced to be
‌ πȢωω πȢσψ πȢστ(E16 Run1a, 30 GeV)
‌ πȢωσχπȢπτωπȢπρψ(E325, 12 GeV)         
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Run 1a quick analysis
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Development for Run2

35

Upside -down

RUN 2
26 modules

RUN 1
8 modules

ÅMechanical design/construction of innermost detector for RUN2 is ongoing.



ÅTarget chamber has to be smaller to 

36

Development for Run2

+

Cu
Cu C

Pb

Drawing not complete..



Bound state identification by missing mass

ÅJ-PARC E29 (K1.1) searches for bound state
Å̀ p + C/Cu/CH 2Ą [f+(A-1)] f
Å p̀+p Ąf fcross-section is large near threshold.

Å̀ p -- 1.1 GeV/c,  1 x 10 6 /spill 

p̀ + A Ą f (in nucleus)+ f(forward)

K+K-

Missing mass is calculated

K+  Λ

p p-

Strangeness > 3

ÅJ-PARC E104 (K1.8BR)
ÅStudy of p̀ + p Ąf freaction near threshold using HypTPC

Å10 days and scan beam mom 0.87 -1.17 GeV/c.

JETSET at LEAR



Summary
ÅJ-PARC E16 aims to measure in-medium spectral change of vector 

mesons via fĄee.

ÅDetectors were prepared to cover the acceptance for Run1 (physics)

ÅAdditional measurements have been proposed, including
ÅE88(fĄKK), polarization dependence, and chiral mixing effect.

ÅThe most recent beam/trigger study run, conducted in 2024, has been 
successfully completed.
ÅAll detectors operated successfully.
ÅThe Invariant mass peaks are already visible in the data.
Å1st physics paper published.

ÅPhysics data taking started.

ÅDevelopment effort for Run2.
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