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cv; History / Current Status of HIC
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I JPARGHI Staging Plan
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Staging of HI Booster
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Staging of HI Booster
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Hadron Spectrometer

4* acceptance, high-intensity beam
Precise measurement of fluctuations, dileptons
Detailed design are under discussion

Hadron calorimeter

» Zero-degree
Calorimeter

Silicon Pixel
Trackers ' )

to
Meutron co uﬁer

Target

ol z
— " | Hadron
N\ Calorimeter

SPT

acceptance
p

Dimuon Setup

~

Blue: Si

ggggggg




I Dilelectron Measurements LSl
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Observing CSC in HIC
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A Difficulties
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Precursor in Metallic Superconductors
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Soft Modes of Secorokrder Phase Transitions

A Soft modes

A Divergence of ordeparameter fluctuations at a 2rmrder transition.
A Collective fluctuations become mastess.

A QCDCP: densitydensity fluctuations
A CSC : diquardpair field

———

A Coupling of soft modes with ——
dynamical observables m<‘ ,>\,W
A Ex.: dilepton production rate

¢

Question: How do the soft modes of QCOP/CSC affect DPR?




NJL model (2flavor) Phase Diagram in MFA

200

L =idy + Ls + Lo _
175+ "“'l-.\
Ls=Gg ((W)z -+ (wi%ﬂp)z) 150
Lc :Gc((@ifyg)TA)\Az/)C)(h.c.) _ 125
Ydiquark interactioﬁn S 0:9Gs-
75 Go=0.705
Parameters N Byl
0.5Gg
Gs = 5.01 GeV~2, A =650MeV, m, =0 25,
0 .
0 100 500
A Order of phase transition
A 2nd in the MFA Mat s uur Ganhrfakisd (49 Q 4 )

A can be 1st due to gauge fluctuatioRo r o n h aFej¢sd OYea)ma mo



Drquark Fluctuations

A Diquark Propagator Dynamical Structure Factor
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Precursor of Color Superconductivity
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Photon SelEnergy

A Dilepton Production Rate
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Production Rate &
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InvariantMass Spectrum
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Dileptons from QCD Ciritical Point
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Dilepton production rate near Q&IP
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Electric Conductivity on QCD Phase Diagram
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transverse
plane

Deformed

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

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



I Rough Idea 2: Ultra-Central Collisions
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I Quantum Surface Vibration

% Harmonic Oscillators
ground state

\\ () 4

==

Shape of a nucleus isquantumly vibrating
even on the ground state.

timescale of HIC| surface vibration
See also

) HIC takes a snapshot of shape
fluctuation. Liu+, 2509.09376



I Spherical Nuclel

Space-fixed coordinates

B PO
r) = I o R@a)/a
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R(0,¢) = Ro [ 1= > laxal® + D ana Y3, ()

Harmonic -oscillator model for surface vib.

=3 (Bl + Colanal?) <Z am>—(m)2 ‘ S
Ay p
Constraint from low - [ exp. of H 4 More complicated in
o \/ BEN 1 body -fixed coordinates
Pr= 3Z R} e?

Treatment of surface vibration is apparent in the space-fixed coordinates.
Deformation params.f can be constrained from transition probability.



Transverse Distribution

Initial Transverse Distr. Ni, Quadrupole Pb, Octupole
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A Distribution differs significantly between the  ®xi o) sV | 0.112(1) 0.0554(7) 0.49(3) -0.02(11)

surface vibration and static deformation. SD | 0.119(1)  0.0500(5) -0.79(3) -0.62(6)
SV-A| 0.090(1) 0.0816(13) 1.22(4) 1.12(20)

the surface vibration. SD | 0.0821(8) 0.0461(4) -0.38(3) -1.29(3)
SV-A|0.0650(12) 0.0649(11) 1.35(5) 1.49(22)




Transverse Distribution 2
Ni, Quadrupole, 8

Surface Vibration Static Deform.
0125 (a) surface vibration T (b) static deformation
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iInverse mean radius

Short Summary A Surface vibration and static deformation are
discriminable through the distributions of 7 , Q
A Spacefixed prescription is more convenient in
treating the surface vibration of spherical nuclei.



I Uroboros in Nuclear Physics

Uroboros of Physics

1030 cm

Glashow (1982)

A High-Energy HIC provides us with info. of nuclear structure.
A Nuclear structure is necessary for understanding Relativistic HIC.



Uroboros in Nuclear Physics

Uroboros of Physics
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A High-Energy HIC provides us with insights into nuclear structure.
A Nuclear structure is necessary for understanding relativistic HIC.
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I Detector Efficiency

~& particles
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total value:

(S1)

Detector
t >
NO
¢
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¢ )%‘
modified ‘-'
observed << pz >>
total value: ™,y

Real detectors lose some particles

Observed results are modified.
Effects must be correctd to obtain the true result.



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

(Zr))



I Moments (Cumulants) of Total Number

(Zr))

Correction Procedure:

Use factorial moments/cumulants

(Zr) ) ={(=:%)),

Assumption: efficiencies of individual
particles are independent

Nonaka, MK, Esumi
Asakwa



I Moments (Cumulants) of Total Number

n Note
< ( D i pi) > Search for QCDCP using
conserved-charge fluctuations

Correction Procedure:

Use factorial moments/cumulants

(Zr) ) ={(=:%) ),

Long history of efficiency correction:
. . . . . . . BZdak
Assumption: efficiencies of individual Bzdak
particles are independent |
MK, Esumi
Nonaka, MK, Esumi

Asakwa



I Particle-Averaged Quantities
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I Particle-Averaged Quantities

<% i pi>v <(% Zipi)n>a <N(I\}—1) Zi;éj pgl)P§2)>

Many fundamental observables in HIC are of this form!

mean , flow anisotropy U a ,0 n correlation, etc.

v {2} = <N(N1— 3 Zei”(‘bi_¢j)>
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I Particle-Averaged Quantities
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I Particle-Averaged Quantities

" 1 (1),.(2)
<% Zz‘pi>v <(% Zzpz) >v <N(N—1) D iti Py P >
Many fundamental observables in HIC are of this form!

1 2
(i Sl = ([ Zeaa? s s
N(N-1) 7 7 ZZ?&J 1/’1“7;7“3'

1#]
e.g. ATLAS, PR107 635

Question: Are these formulas correct?



Correction is Necessary!!

. A
>
O
-
R,
=
©
>
pPT
N -dependent efficiency Azimuthally nonuniform efficiency
alter mean n produce unphysical v {a }

More serious effects on higher-order correlations!



I Check in a Simple Model

cU : fixed for all events

.~ U particles

efficiency

\

P

~ 0 particles efficiency

|

N

4
4

MK, Esumi Niida, Nonaka,
arXiv:2510.13838

¢ particles
- .
Q= Z qi
1€ (obs)




MK,_ Esumi Niida, Nonaka,
CheCk N a S|mp|e MOdel arXiv:2510.13838

cU : fixed for all events

) R _ N h
_ 0 particles  €fficiency, C
0 | € particles
o T8
- U particles efficiency Q= )
0 i r\.] 4 1€ (obs)
Mean: ' . N=w
10-1 * m N=20
Q - . = ° e N=50
True result <—> =0 = LR |
N E 1.t Conventional formula
> qi/r § " ! does not reproduce the
Reconstructed < S 1/m > - " |correct result even for
‘ 10 the mean!!

0.0 0.2 0.4 0.6 0.8 1.0
p



I Derivation of Correction Formulas

1. Particle production is described by a classical prob. distr.func. 0 O Mp .
2. Probs. to observe individual particles are independent.

3. For each observed patrticle, the value of efficiencyl can be specified.

4

True distr. func.

—

P(N;¢)

~ 0 particles




I Connecting True/Observed Distr. Funcs.

True distr. func. Observed distr. func.
P(N;¢) ” P(n;q)

A &: observed particle number
An +. g :observedsum

Probability Distr. of Observed Quantities (uniform »




I Genera'“ ng Fu nctlon MK, Esumi Niida, Nonaka, arXiv:25010.13838

2

Prob. distr. func: P(n;q) = i fdgz [H(1 _ T)l—birbi}amzibié(q — %;b&)P(N; €)
N=1

{bi} =1

Generating func: G(s,t) = Z / dgPs"t9 = Z/d{p H(1 —r 4 rsté)
n N ?

Represent the quantity that you want to express by the
derivative of the generating function.
Then, represent it in terms of the observed variables.

<Z&I§@ >true = /: dsg [Qté(s,t)hzl _ <Z;L§’& (1 B an)>0bs 0 r ; 1

Note: (2% - 2 | term compensates the ¢  Ttcontribution.
true obs



I Results: Efficiency Correction Formulas
MK, Esumi Niilda, Nonaka, arXiv:25010.13838

Mean 2nd Order

()= (X ek, (vvon) = (T nmsbns),
kt-=:t/{; daH"”ﬁ""‘f kh_,,_mjf da/ do E+a;)

A Il
Correction formulas are written in forms {Quy Qus } = ng”ﬂg_ng)
Including integral. i
This formula can reproduce the correct 1 -7

a; —

result for the previous simple model. T



I Summary

Efficiency Correction Formulas

<Q> - <<i<fikz’>>n#" < {QIQJ} > <<Z'?1 iq2 szzj>>méu]

1 a+’ra
i Jo J#i &

/do"/ do E+()ﬂg)

I#i,1#]

These formulas reproduce the true value in simple models.
They will play crucial roles in experimental studies in HIC.

What | have not Understood
Relation of these formulas with the conventional ones.



I Summary

Many intriguing developments in the physics of
relativistic heavy-ion collisions!

The beam-energy scan will reveal the QCD phase diagram. <PARCHI 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 guantities.



I Should Self-correlations be Eliminated?
¢;)

Z() et(di—
Flow correlations: v2 = < ;\;;ZN 0 >
Why?
Argument 1. Argument 2:

Emission of 2 independent particles

%0 . random Emission of a particle
| take away density
suppress probability

to emit particles to
same direction

U Ttrather v



I Dilepton Production Rate

0 0{p_|_<5 GeV/ic  p+p & Au+Au als,, = 200 GeV
® Au+Au min. bias x 10°

05 1 15 2 25 3 35 4 45
(b) m,, (GeV/c?)

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

Kim, Gubler, 2020 Sakai+, 2024



