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I Beam-Energy Scan
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I Highest Baryon Density
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I Highest Baryon Density

E/A = 20GeV
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" SN[?;V] History / Current Status of HIC
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cvy History / Current Status of HIC
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cvy History / Current Status of HIC
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Exploring Dense Medium
O O Plasma

Neutron stars
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Dilepton Production
as experimental observables of

Color Superconductivity & QCD-CP

Nishimura, MK, Kunihiro, PTEP2022, 093D02
Nishimura, MK, Kunihiro, PTEP2023, 053D01



Observing CSC in HIC

O Difficulties o] )
0 CSC would not be created if Tc is not high enough. s
[ Even if created, its lifetime would be short. Eiloo‘ TG
[ Since CSC is created in the early stage, its signal : G =01TGs

would be blurred during the evolution in later stage.

- -
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500

300
[dStrategy in the present study: 250 |
O Use dilepton production as an observable s 20
150
O Focus on precursory phenomena of CSC s o
. Ohnishi, 2002
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Precursor of CSC

O Anomalous behavior of observables near > _
> | o) 10
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Precursor of Color Superconductivity

MK, Koide, Kunihiro, Nemoto, '03, ‘05

COThermodynamic Potential OPseudogap

@ » Specific heat
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Cv [fm™]
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ression
DoS above Tc

density of states




NJL model (2-flavor) Phase Diagram in MFA

L =Pid + Ls+ Lc 200____
Ls =Gs((¢)* + (PiysT1)?) EZ i
Lc :Gc((?,;i'}/g)TA)\A’d}C)(h.C.) 1251
Tdiquark interaction } TN e 0-9Gs
75 Go=07G
Parameters o ~'~ _;_(:.:
Gs = 5.01 GeV~2, A =650MeV, m, =0 25
%0 100 500
O Order of phase transition
L) 2nd in the MFA Matsuura+("04), Giannakis+(’04)

[ can be 1st due to gauge fluctuation Noronha+('06), Fejos, Yamamoto('19)



Di-quark Fluctuations

O Diquark Propagator

D"(z) = ({[AT(z), A(0)])6(t) = P=

0 Random Phase Approximaion

- <I><I><I>

QE (k,w)
]- + GCQR(kaw)

Q" (k,w) = >

[ Diquark field becomes massless at T=Tc
[ Soft mode of CSC transition
[ Strength in the space-like region
MK, Koide, Kunihiro, Nemoto, '01,’05

Dynamical Structure Factor

1 1
S(k,w)=—— ImD®(k, w)

w1l — e Bw
RPA T — 105Tc

0 100 200 (
k| [MeV]



Photon Self-Energy: Precursor of CSC

O Dilepton Production Rate

d‘T a 1 1 =
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Production Rate at k = 0

Nishimura, MK, Kunihiro (’22)

1= 350 [MeV]
—_—fluc (T=1.017)) free (T—1.017)) Red: fluctuation contribution
1078 —_— _ —— .
fluc (T'=1.05T) free (1= 1.057,) Blue: free qUC”.kS
mem fluc (7= 1.207,) —-= free (T'=1.207,)

sem flue (T=1501,)  =w=eer free (7= 1.507.) GC = 0.7GS, Tc ~ 45 MeV

O Di-quark fluctuations give rise to
large enhancement in the low
energy region w < 200 MeV and
T < 1.5T..

J Anomalous enhancement is not

0 100 200 300 400 sensitive to T.



Invariant-Mass Spectrum

Nishimura, MK, Kunihiro (’22)
T=90 [MeV], =350 [MeV]

| 200
memm fluc (G =0.9Gg, T, =78 [MeV]) 175 =~
= fluc (G = 0.7Gs, T, = 43 [MeV)) =
150-
e fluc (G = 0.5Gs, T, = 14 [MeV])
1251
o
= 100 0.9Gs
_________________ =
75 Ge=0.7Gg
50 5Gs.
25
°0 100 500
] ! ! I.""!- ! -':"!- ! .
0O 25 50 75 100 125 150 175
M [MeV]

[ Strong enhancement at low invariant mass.

[0 Observable in the HIC?



Dileptons from QCD Ciritical Point

200+

first order
® critical point

NJL model (2-flavor)
L =p(i@ — m)p + G ((¥v)? + (YivsTe)?)

1751

Parameters e
= 100
Gs = 5.5 GeV ™2, A = 631MeV, m, = 5.5 MeV = 75
50
254 ‘\\
Soft Mode of QCD'CP 00 50 100 150 200 250 300 350
= fluctuation of scalar (qq) channel # [MeV]

»

D®(x) = ([p(x), p(0)])0(t) = = Modification of dilepton

production through
b

P =<>-|—<:><:>+ ;{v A}‘ + .+« MT, DoS

+

0 Random Phase Approximaion




Dilepton production rate near QCD-CP

; ishi K, Kunihiro (2
Invariant mass spectrum Nishimura, MK, Kunthiro ("23)

102

m—— fluc (T=0.99 T.) free (T'=0.99 T,) 200-
103 == fluc (T=0.957,) ---- free (T=0.95T,) s fir_S’F Order_
. ] s fluc (T=0.9T,) —-—- free (I'=0.9 T,) ® critical point
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S ]
Q ] i [<b]
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-8 _ SN NS
107 R 25 \
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for fixed chem. pot.: U = U,

0 Enhancement at low M;; region near QCD-CP
[ Distinguishment from diquark soft mode may be difficult.



Summary

Exploring dense quark matter

— Is an interesting subject in heavy-ion collisions
that are investigated actively all over the world.
B J-PARC-HI will accelerate this research field.

Dilepton production at ultra-low mass region

B can be used for experimental signals to detect
— onset of color-superconducting phase transition
— existence of QCD critical point
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Gauge-Invariant Construction of Il ,,, (k)

Insert two photon vertices in thermodynamic potential

T (k) =

~

(Aslqmqsov-Lquin (AL)\ (qui-Thompson (MT) Density of States (DoS) A
g " N e
«/m.<n v>fw» ) 4 Y Y 4
‘ < >
\_ J . J

O WT identity k, IT*V (k) = 0 is satisfied with AL, MT and DoS terms.



(Modified) Time-Dependent Ginzburg-Landau Approximation

TDGL approximation for T-matrix =" (k)
Gc R
. - DE(k,
=R(k,w)= — CC_ o : NoEDR ko)
! 1+ GeQF(k,w) ~ cw+ ER(k,0)1 T T 0w lu—o
300 RPA TDGL
Note: | .
O Valid in low energy region 200
O[2f(0,0)] ' =0atT =T, o AT . pARS
0 We do not expand w.r.t. k = Lo
S plem e z
1 1 —100 I--I --------------------------------------- I--I ...................
— R ! ! ! !
=7 (k o~ o
;) cw+ =1k, 0)"1  cwék a b bk? oo B N N
“TDGL equation: z'ch +aA —bV*A =0 —300
ot 0 100 200 O 100 200

k| [MeV]



4 )

—p—
Vertices must be determined to be T () = W<‘_ ,>,\, I (k) =
kconsis’ren’r with the TDGL approx. M

J ==

O WT identity for AL vertex

At the lowest order in k

k,JH(q,q+k)=E" g+ k)—Z= g
M =enpc
: 825((])_1 . .
% [ =en (2¢" + k")
( | - 0q*
M+ k
ep: electric charge of diquarks
COMT+DoS

Similar formula for
MT+DoS vertex

5 g



Energy-Momentum Dependence

Nishimura, MK, Kunihiro (’22)

fluc (T'=1.017,) free (I'=1.017}.)
=== fluc (IT'=110T,) - free (1'=1.101.)
...... fluc (T= L50T,) - free (T=1.50T) T Red: fluctuation contribution

Blue: free quarks

G- = 0.7G,, T, ~ 45 MeV

O Enhancement due to diquark
fluctuations is more suppressed
for larger k.




Production Mechanism of Virtual Photons

RPA

300

dProduction mechanism ¢ = (q1, @)

[ scattering of diquarks
O diquarks: space-like region

W =w; — W2

N 1
42 = (g2, w3) 10

k=q —q>

» Production in the time-like region is possible.

p
“ O C.f.) Scattering of free quarks
produces virtual photons only

in the space-like region.

0 100 200 (
k| [MeV

q1 = (qq, wq)

‘ql o q2| Z Wi — W2 qz2 = (g2, w3)




Formulation

O Diquark Fluctuations

AL term

-

b

v>fw» +..- MT, DoS

2

Attach 2 photons

[0 Scalar Fluctuations

AL term

Pe

0 @ » ool P e o

»

Photon self-energy including the soft mode of QCD-CP
can be constructed in a similar manner as before.



Dilepton production rate near QCD-CP

Nishimura, MK, Kunihiro (’23)

Ow — k plane Olinvariant mass spectrum
fluc (T=1.01T,)

free (T=1.01T,)

-2

= fluc (T=11T,) - free (T=1.1 T.) 10 fluc (T'=0.99 T,) free (T'=0.99 T.)

...... fluc (T=1.2T,) o free (T=1.2T.) T 10°3 = fluc (I'=0.95T,) -——= free (T'=0.95T,)

ﬁ — : « fluc (T=0.9T7T,) —-—- free (T=091T,)
[ 10-4
£ fluc (T=0.8T,) free (T=0.8T,)
. 10°
Q
<)
— 10°
£
2 407
I L ——
e T T T vy
350300250 108 S
200, SIS
/&/ 10" | | | BRG
/‘],J 0 50 100 150 200 250
el
/ my; [MeV]

chemical potential: 4 = U,

[0 Enhancement at low w, k, m;; regions near QCD-CP
[ Distinguishment from diquark soft mode may be difficult.



Electric Conductivity

O Soft mode leads to enhancement of conductivity o.

- Iloz CINote:
Both DPR and o are given
11 from photon self-energy.
3
& 107 1 0 11
1.0 8 245 = o2 T = 1gWImHRW(k,w),
0.9§
. ‘ | | | . . 0.8 i i i ] 10° 7= Ev}:lgloil;g ImHRii(O:w).
0.80 0.85 0.90 0.95 1.00 1.05 1.10 1.15 1.20 0.98 0.99 1.00 1.01 =
T/Tc W/ e
CCritical Exponents
QCD-CP CSC O Conductivity diverges with different
o T —T.|72% T —T.|~'/? critical exponents in QCD-CP & CSC.

[ Can they distinguishable in HIC?22

T T —T.|~* T — T, *
Nishimura, MK, Kunihiro, in prep.




