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Physics
ÅThe origin of Hadron mass. A hadron, an 

excitation of QCD vacuum, reflects the nature of 
the vacuum.
Å Spontaneous breaking of the chiral symmetry.
Å An order parameter: ήή π
Å depends on environment (temperature, density )
Å Partially restored even at normal nuclear density.
Å Could result in measurable change in mass.
Å ήή ~35% 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 -
ÅDielectron mass spectra are obtained.
Åmixture of decay inside and outside the nuclear target.
ÅSensitive to spectral change of vector mesons in nuclear 

medium.

ÅSimilar as KEK -E325, but collecting more data and do 
more systematic study.
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Chiral condensate in 
dense/hot medium

Nuclear chiral perturbation 
Kaiser et al., PRC 77 (2008)

Normal
nuclear density

Density

Vacuum

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

W. Weise arXiv:1009.6201
M. Cheng et al.
PRD77, 014511(2008)

Temperature 
dependence

Density dependence

T=100 MeV
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Probe: Vector mesonĄe+e- invariant mass

5
Lepton pair in the final state.

Ą small final state interaction.

Mass

Example: p + A Ąf+ X



Blue line represents
mass distribution
without mass modification.

KEK-E325 results of fmeson
ÅThe world s first results of f modification.
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KEK-E325 
results

bg< 1.25

e-

e+

f

Nuclear target
C, Cu

12GeV  (109/spill)
Proton beam

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

Redʿ64Cu target
Blue: 12C target

p + 64Cu

bg= p/M of f

At normal nuclear density



QCD sum rule results
Gublerand Ohtani [Phys. Rev. D90, 094002(2014)]
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E325 results
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They provide „ vs mass.
The „ is how much Ӷίί reduced in nuclear matter.
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Information from p-finteraction

ÅMass reduction
ÅALICE: 5.8% ˶

ÅHAL QCD: 5.3%˶

ÅE325  : 3.6%+0.6
-0.7

Measurement of N correlation 

ALICE: Phys. Rev. Lett. 127, 172301(2021)
f_0 : scattering length.
d_0 : effective range. 

ALICE two particle correlation HAL QCD  arXiv:2205.10544 (2022)
Scattering length and effective 
ranges are deduced for spin 3/2 
combination.
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Eta  ¤ U(1)A anomaly X ήή

Åў+12C Ąeta  X ,   eta  Ą2ў

ÅDirect measurement of eta  mass modification.

Å6% mass reduction at normal nucl . Density.

Taken from slides of 
Muramatsu at HEF EX WS
Tomida at REIMEI WS 2021.

Linear sigma model
S. Sakai, D. Jido
PRC88, 064906 (2013)

-80MeV

Mass modification

k1=0.06
k2 = 125



J-PARC  (Proton Accelerator Research Complex)
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Borrowed from Tadashi Koseki sslide

Linac 400MeV

RCS 3GeVNeutrino beams
to Super K (T2K)



Beam Line at J -PARC Hadron Hall

Å30GeV proton   --- 65 kW (7x1013ppp) as of 2021.
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K1.8K1.8BR

KL

T1 targetProton beam (30GeV) LINE -A

Switch Yard (SY) Hadron Hall

E16 spectrometer

~10 10 ppp are stolen from LINE -A

COMET



The J-PARC E16 spectrometer
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X 26

Magnet  (used for KEK E325)

A module

SSD : Tracking (not visible.)
GTR : Tracking
HBD : eID (Cherenkov)
LG    : eID (Calorimeter)
26 modules in total. 8 for the 1 st physics run.



Staging approach

RUN 2 (26 modules)

RUN 1 (8 modules)

ÅRUN 0abc  - 2020,2021²403hrs.
Å6 (SSD) + 8 (GTR) + 6 (HBD) + 6 (LG) at last

ÅC+Cu targets
ÅBeam / Detector commissioning

ÅRUN 0d  - 2023  -- 200 hours.
Å10(SSD) + 10 (GTR) + 8 (HBD) + 8 (LG)
ÅBeam / Detector comm. + yield.
ÅUpgraded Accelerator / DAQ. / Detectors.

ÅRUN 1 2024(?)  -- 1280hrs (~53days)
Å10 (SSD) + 10 (GTR) + 8 (HBD) + 8(LG)
ÅPhysics data taking. Ѱ: 15k for Cu.

ÅRUN 2 -- 2560 hrs (~107 days)
Å26 (SSD) + 26 (GTR) + 26 (HBD) + 26 (LG)
Å+ Pb/CH2 target 
ÅNeeds additional budget.
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RUN1, Cu target (INPUT:E325-BW)
Fit with BW in vacuum

Å~15k f for Cu target expected in RUN1

ÅLeft plot: significant change seen (w/o bgselection)
Åfit with [vacuum shape + exponential bkg] fails due to the 

excess left side of the peak

ÅRight plot:
ÅExcluding the excess region(0.94 -1.01GeV/c 2), fit succeeds

Red:
Shape of
fin vacuum

Black points:
Expected data
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RUN1, Cu target (INPUT:E325-BW)
Fit with BW (in vacuum)

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

divide into four  bgregions

bgdependence is examined ̠ next
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RUN1, Cu (INPUT:E325-BW)
Excess ratio vs bg

larger excess in lower bg

(slower) bin : 

the tendency become more 

clear and significant

than that of E325.

Nphi

Nexcess
ὔ

ὔ ὔ

ÅAll bgbins for Cu are 
significant in E16

Å (cf) E325 only fastest 
bg bin is significant.
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Momentum dependence
(Dispersion relation)

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

ÅExpectation of RUN1 x 2.5 is shown.

ÅDispersion relation itself is an 
important property of pseudo particle.

ÅWe can extrapolate mass into 0 
momentum, where most of QCDSR 
calculation results applies.
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H.Kim P. Gubler PLB805, 10 (2020)extends the 
validity of momentum range.
Show you on later slides.

S.H. Lee PRC57, 927(1998)


