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Beam-Energy Scan
STAR, 2012

High E Low E

Baryon stopping



╥

Space-Time Volume of Dense Matter

max ╥ , Ⱳ

Å ί ḗσͯ υ'Å6would be the best energy to create ” σͯ τ” with large 

spatial volume and long lifetime.

ÅLower ί is suitable to create colder matter.
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J-PARC-HI Staging Plan

KEK-BS booster

E16+‌spectrometer

Phase-I

Phase-I

Phase-II

Phase-II

NEW HI booster

NEW spectrometer
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Staging of HI Booster

RCS

Main Ring

Phase-I Phase-II

Interaction rate
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Detector Phase-I

E16 Spectrometer

‰ᴼὩὩ , ‰ᴼὑ ὑ
In-medium mass modification

Commissioning 2020-2024

E16+♪

Upgrade forward region for 

high-multiplicity counting 

UPGRADE

Hadron/lepton measurement

at wide acceptance



Detectors for Phase II

Present Extended

E16

J-PARC-HI spectrometer will 

be installed in an annex

E16 will also be replaced

J-PARC-HI

Spectrometer

E16



Hadron Spectrometer Phase-II

4“acceptance, high-intensity beam

Precise measurement of fluctuations, dileptons

Detailed design are under discussion

Hadron calorimeter

acceptance

Dimuon Setup

ALICE3-like dipole



Dilelectron Measurements Phase-II

Large acceptance measurement 

of dielectrons and hadrons

E
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c
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Precise measurement of low-mass dielectrons

search for QCD-CP & CSC phase transition



Hypernuclear Spectrometer Phase-II

Closed geometry : Sweeping  

magnet and Collimator

Interaction Rate : ~100 MHz 

Lifetime and Magnetic moment 

Search for new hypernuclei and 

strangelet
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Observing CSC in HIC

ÅDifficulties
ÅCSC would not be created if Tc is not high enough.

ÅEven if created, its lifetime would be short.

ÅSince CSC is created in the early stage, its signal 

would be blurred during the evolution in later stage.

Ohnishi, 2002

ÅStrategyin ourstudy:

ÅFocus on precursory phenomena of CSC

ÅUse dilepton production as an observable



Precursor in Metallic Superconductors
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ÅAnomalous behavior of observablesnear 

but above Tc of SC

Åelectric conductivity

Åmagnetic susceptibility

Åpseudogap

ÅEnhanced pair fluctuations is one of the origins 

of precursory phenomena.

ÅMore significant phenomena in strongly-coupled 

systems.
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Soft Modes of Second-order Phase Transitions

ÅSoft modes

ÅDivergence of order-parameter fluctuations at a 2nd-order transition.

ÅCollective fluctuations become masslessthere.

ÅQCD-CP : density-density fluctuations

ÅCSC : diquark-pair field

ÅCoupling of soft modes with 

dynamical observables

ÅEx.: dilepton production rate

Question: How do the soft modes of QCD-CP/CSC affect DPR?



Model

NJL model (2-flavor)

Parameters

diquark interaction

ÅOrder of phase transition

Å2nd in the MFA

Åcan be 1st due to gauge fluctuation

Phase Diagram in MFA

Matsuura+(õ04), Giannakis+(õ04)

Noronha+(õ06), Fejos, Yamamoto(õ19)



Di-quark Fluctuations

Dynamical Structure FactorÅDiquark Propagator

ÅRandom Phase Approximaion

ɇɇɇ

ÅDiquark field becomes massless at T=Tc

ÅSoft mode of CSC transition

ÅStrength in the space-like region

MK, Koide, Kunihiro, Nemoto, õ01,õ05



Precursor of Color Superconductivity

ÅThermodynamic Potential ÅPseudogap

MK, Koide, Kunihiro, Nemoto, õ03, ô05

Specific heat
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in DoS above Tc



Photon Self-Energy

ÅDilepton Production Rate

ÅEffect of Di-quarks on Ⱨⱨ▓

ÅDPR from CFL phase
Jaikumar, Rapp, Zahed(õ02)

Aslamasov-Larkin term Maki-Thompson term

Well-known diagrams in metallic SC

for describing paraconductivity



Production Rate at ▓ π

Red: fluctuation contribution

Blue: free quarks

Ὃ πȢχὋ, ὝḗτυMeV

ÅDi-quark fluctuations give rise to 

large enhancement in the low 

energy region ‫ ςππMeV and 

Ὕ ρȢυὝ.

ÅAnomalous enhancement is not 

sensitive to Ὕ.

Nishimura, MK, Kunihiro(õ22)



Invariant-Mass Spectrum

ÅStrong enhancement at ultra-low invariant mass.

ÅObservable in the HIC? 

Nishimura, MK, Kunihiro(õ22)



Dileptons from QCD Critical Point

NJL model (2-flavor)

Parameters

ÅRandom Phase Approximaion

ɇɇɇ

Soft Mode of QCD-CP 
= fluctuation of scalar (ήή) channel

Modification of dilepton 

production through

+ỄMT, DoS



Dilepton production rate near QCD-CP 

Invariant mass spectrum

for fixed chem. pot.: ‘ ‘

ÅEnhancement at ultra-low ὓ region near QCD-CP

ÅDistinguishment from diquark soft mode may be difficult.

Nishimura, MK, Kunihiro(õ23)



Electric Conductivity on QCD Phase Diagram

ÅDPR in the low-energy limit = electric conductivity

ÅTwo òhot spotsó on the Ὕ-‘plane
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Rough Idea

High -energy collisions Ą snapshot of the overlapping region of intrinsic states

Spherical

Deformed

transverse 
plane

Different transverse shapes for the spherical and deformed nuclei.
Distribution is reflected into anisotropic flows in the final state.

beam axis



Rough Idea 2: Ultra-Central Collisions

UCC Č Almost all particles participate in the collisions

Collision of Prolate nuclei
ÅLarge Ӷὴ Ą tip -tip Ą small ὺ
ÅSmall Ӷὴ Ą body-body Ą large ὺ

○▪ ▬╣correlation:

Bozek, PRC 93 (16)
ČInverse correlation b/w ○ & ▬╣



Triaxial Deformation
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Quantum Surface Vibration

Harmonic Oscillators

ground state

Shape of a nucleus is quantumly vibrating 

even on the ground state.

timescale of HIC ḻ surface vibration

HIC takes a snapshot of shape 

fluctuation.

See also

Liu+, 2509.09376



Spherical Nuclei

Space-fixed coordinates

Harmonic -oscillator model for surface vib.

Constraint from low -╔exp. of ║╔ⱦ

Treatment of surface vibration is apparent in the space-fixed coordinates.

Deformation params. ‍ can be constrained from transition probability.

More complicated in 

body -fixed coordinates



Initial Transverse Distr.

Transverse Distribution

droplet full -overlap model

Ni, Quadrupole Pb, Octupole

ÅDistribution differs significantly between the 

surface vibration and static deformation. 

ÅAxial deformation is insufficient to describe 

the surface vibration.



Transverse Distribution 2

Surface Vibration Static Deform.

Ni, Quadrupole, ♫ Ȣ

Short Summary ÅSurface vibration and static deformation are 

discriminable through the distributions of ‭, Ὠ.

ÅSpace-fixed prescription is more convenient in 

treating the surface vibration of spherical nuclei.

inverse mean radius



Uroboros in Nuclear Physics

Glashow (1982)

ÅHigh-Energy HIC provides us with info. of nuclear structure.

ÅNuclear structure is necessary for understanding Relativistic HIC.

Uroboros of Physics



Uroboros in Nuclear Physics

Nuclear 

structure

~1MeV

Hadron physics

~100MeV

Quark-gluon 

plasma

~1GeV

Nuclear 

reactions

~10MeV

Heavy-ion

Collisions

Glashow (1982)

ÅHigh-Energy HIC provides us with insights into nuclear structure.

ÅNuclear structure is necessary for understanding relativistic HIC.

heavy-ion

collisions

Uroboros of Physics

Workshop at YITP, April 2026
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Detector Efficiency
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ὴ
Detector

ὔparticles

true

total value:

not 

observed

ὴ

ὴ

ὲparticles

observed

total value:

Observed results are modified.

Effects must be correctd to obtain the true result.

Real detectors lose some particles

modified

˝
˝



Efficiency Correction: Total Number
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Moments (Cumulants) of Total Number



Moments (Cumulants) of Total Number

Correction Procedure:

Assumption: efficiencies of individual 

particles are independent

Use factorial moments/cumulants

Nonaka, MK, Esumi

Asakwa



Moments (Cumulants) of Total Number

Correction Procedure:

Assumption: efficiencies of individual 

particles are independent

Note

Search for QCD-CP using 

conserved-charge fluctuations

Long history of efficiency correction:
Bzdak

Bzdak, 

MK, Esumi

Use factorial moments/cumulants

Nonaka, MK, Esumi

Asakwa



Particle-Averaged Quantities



Particle-Averaged Quantities

mean ὴ, flow anisotropy ὺ ά , ὺ ὴ correlation, etc.

Many fundamental observables in HIC are of this form!
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Particle-Averaged Quantities

Many fundamental observables in HIC are of this form!

e.g. ATLAS, PRC107 635

Question: Are these formulas correct?



Correction is Necessary!!

e
ff
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 ὶ

alter mean ὴ

ὴ-dependent efficiency Azimuthally nonuniform efficiency

produce unphysical ὺ ά

More serious effects on higher-order correlations!



Check in a Simple Model
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ὔparticles

ὔparticles
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˝ efficiency 

ὶ ρ
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ςὔ: fixed for all events 

MK, Esumi, Niida, Nonaka, 

arXiv:2510.13838



Check in a Simple Model

˝

ή ρ

˝ή ρ
ὔparticles

ὔparticles
ή ρ

ή ρ

˝ efficiency 

ὶ ρ

efficiency 

ὶ ὴ

ὲparticles

ςὔ: fixed for all events 

True result

Reconstructed

Conventional formula 

does not reproduce the 

correct result even for 

the mean!!

Mean:

MK, Esumi, Niida, Nonaka, 

arXiv:2510.13838



Derivation of Correction Formulas

˝
˝

‚

‚

‚

˝True distr. func.

1. Particle production is described by a classical prob. distr. func. ὖὔȠᴆὴ .

2. Probs. to observe individual particles are independent.

3. For each observed particle, the value of efficiency ὶcan be specified.

4.

Assumptions

ὔparticles



Connecting True/Observed Distr. Funcs.

ὦ πȟρ

Probability Distr. of Observed Quantities (uniform ►)

True distr. func. Observed distr. func.

Åὲ: observed particle number

Åή ɫɴ Ȣ‚: observed sum



Generating Function

Prob. distr. func:

Generating func:

Represent the quantity that you want to express by the 

derivative of the generating function.

Then, represent it in terms of the observed variables.

Note: ‌ term compensates the ὲ πcontribution.

MK, Esumi, Niida, Nonaka, arXiv:25010.13838



Results: Efficiency Correction Formulas

Mean 2nd Order

Correction formulas are written in forms 

including integral.

This formula can reproduce the correct 

result for the previous simple model.

MK, Esumi, Niida, Nonaka, arXiv:25010.13838



Summary

Efficiency Correction Formulas

These formulas reproduce the true value in simple models.

They will play crucial roles in experimental studies in HIC.

What I have not Understood

Relation of these formulas with the conventional ones.



Summary

The beam-energy scan will reveal the QCD phase diagram. J-PARC-HI is 

one of the future experiments, which will be performed at J -PARC.

Anomalous enhancement of the dilepton production at ultra -low mass 

region will be a signal of phase transitions in dense quark matter.

Surface vibration of nuclei is observable in high-energy HIC.

New formula for the efficiency correction of particle -averaged quantities.

Many intriguing developments in the physics of 

relativistic heavy-ion collisions!



Should Self-correlations be Eliminated?

Why?

Flow correlations:

Emission of 2 independent particles

ὺ πrather ὺ π

Emission of a particle 

take away density

Argument 1: Argument 2:

suppress probability 

to emit particles to 

same direction

‰

‰ : random



Dilepton Production Rate

e+

e-

g

Generated by the decay of virtual photons

Carry information of primordial medium

Physics accessible with DPR

Medium temperature

Dispersion relations

Chiral mixing by chiral restoration

Signal of phase transitions

Sakai+, 2024Kim, Gubler, 2020


