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# Introduction

s BIRIIVF—EFEEZRAVCZ/\RO>EHEBERBODE
@ Femtoscopic study of charm hadron interactions —

8 BIRINF—EBMAEHREEZAVCEEE QCD 1HEEB D

@ Does non-monotonic behavior of proton directed flow
imply the onset of QGP formation ?

8 Summary

o
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QCD phase diagram
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QCD phase diagram

(o) quac QED phase diagram
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Hp | « Does the first-order phase transition
exist at finite baryon density ?
* Do hyperons mix in neutron star core ?
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=EEMEDHEE (KEHiEN - 18EEE ) ZMBICE
ESThIELW?
Bottom-up approach:
I\ROEHEBEERZASNNCUT, S4B TFUT S,
Top-down approach:

QCD [CEDWNWTEHET B,
TN5EDRL (SHE - PIIE ) BADITONTVSH,
(B—REHETERICROSNRVES ) TORREIRBTRIETNELSS,
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Femtoscopic study of
charm hadron interactions

A. Ohnishi @ Nucl. Theor. Group Collogium, Apr. 27, 2022. 6



Exotic Hadrons including cC {cc {EE

# Main play ground of exotic hadron physics T Qdate |

300 -

@ X(3872) Belle (‘03) cCqq s | ]

@ Many X,Y,Z states Z 200[ .

Belle, CDF, BaBar, LHCb, CMS, BESII]I, ... s I X(3872) ]

@ Charmed pentaquark Pc LHCb (“15, ‘19) g '°F / -

@ Doubly charmed tetraquark state Tcc 1 I et
LHCb (°21) ccqq 0.40 0.80 1.20

s Structure of exotic hadrons M@ TT) - M) (GeV)

S.K.Choi+[Belle],

@ Compact multiquark states

PRLI1, 262001 (‘03)

— “g00d” [ud] diquark gains energy o s
@ Hadronic molecules = oF o0t 23 | |
° = 50 = |
— Many exotic states around thresholds -} | RO
. . = 40F st Tt
@ Their mixture... b B e e o]
/O N of ﬁ. 7D {H 3
G . . ... ... . 1 } 10f- | I i 5
x\\_ ---- ../j \\5“/ o ﬁﬂﬁ H#JH ijrh it +++ﬂ ’rﬁr{ I ’inﬁﬂ
3_5? - 3.I88 - 3.;39 — _. I 3__9
Tet k Hadronic Molecules [Gev/e']
clraquarks R. Aaji+ [LHCb], 2109.01038, 2109.01056

s £Qs
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“"Good” diguar‘k

8 A color-(anti)triplet & spin-singlet diquark pair gains energy
@ One-gluon exchange potential

O0GE _ ¥ (\(i) , \G)y | L _ Ts A1 Aoy
Vi NAA)L32W>W+W+WM'+’

color

spin
@ Attractive for color (anti-)triplet, spin-singlet
(then flavor antisymmetric) pairs

E :)\(z) n(AM)?2 £ n(n—1)AD - X2) =0
N 2N2 — 1)
AW A0y = ¢ = —16/3,—16/6,—16/9 (for ¢4 7q
— ) N.(n— 1) 6/3,-16/6,—16/9 (for qq,qqq,99qq)

o;,-0; =25(5+1) — 3 = —3,1(for spin singlet and triplet)

s spin 0 @ [ud] (Fud-du) A —ITHEKRERXE5I HZESD
(good diquark) — Tcc [ compact tetraquark BAIDEEIRIZESS

# A. Ohnishi @ Nucl. Theor. Group Collogium, Apr. 27, 2022. 8




ComEacf Te'l'r'aguarks or Hadronic Molecules

s Tce = Compact Tetraquark ? . ccud €cqq
Good [ud] diquark gains energy B =270keV B =40 keV
S. Zouzou+(‘86), ZPC30,457. 3880 D*D*(3870.02) 1
X(3872 2 3875) —
s X(3872) = Nt |
@ cc component ? production g 3870 } ety NOSFOUNTLE)
cross section Bignamini+ (0906.0882) s
@ Large yield in Pb+Pb — Molecule? 3865 Do |
Sirunyan+ [CMS] (2102.13048)

c.f. Ar/Ap is similar in HIC and molecule.
ExHIC (‘11,°11,°17)

# Hadronic Molecule Conditions

@ Appears around the threshold — OK
@ Have large size R~ 1/\/2uB — Yield | How can we access
@ Described by the A/ interaction hh int. with charm ?

— Femtoscopy

.= pas
wi YTP > # A. Ohnishi @ Nucl. Theor. Group Collogium, Apr. 27, 2022. 9




Femtoscopic study of hadron-hadron interaction

\ \ \\apl

s How can we study interactions between

short-lived particles ? — Femtoscopy ! ! X A
# Correlation function (CF) T / / 7)2
@ Koonin-Pratt formula
Koonin('77), Pmtt+]<;86)(, Ledmc;fyﬂ '82) source fn. relative w.f.
C(py. _ 12\P1, P2 f:/drS , |2
(pl p2) Nl(pl)N2<p2) 12( )|QOCI( )‘

# Source size from quantum stat. + CF (Femtoscopy)
Hanbury Brown & Twiss (‘56); Goldhaber, Goldhaber, Lee, Pais (‘60)

# Hadron-hadron interaction from source size + CF

@ CF of non-identical pair from Gaussian source
R. Lednicky, V. L. Lyuboshits ('82); K. Morita, T. Furumoto, AO (‘15)

C(q) =1 + / drS(r) oo ()2 — Ljolar)®} (w0 = s-wave w.L.)

CF shows how much ||’ is enhanced — V, effects !

A. Ohnishi @ Nucl. Theor. Group Collogium, Apr. 27, 2022. 10



Measured Correlation Functions (examEIes)

Adamczyk+[STAR], %) 20507 o .
PRL 1 14(‘ 15)022301 S, .| Modst:h, = A, = 26 m]. it ALICE, Nature588 _
1= s = ' A ]( 20 ) 232. p - E
y AA ; N
G‘ _ — L ul [-+-:| 3
o 08 . ;*;‘BM 1t < 4f [ ST o = ]
——— LL wio residual 3 f . i —f
| ——— LL with residual C 200 .
06| oF e k* (MeVic) E
g (b} - £-4-3 ]
. T ST 0.5 T - = =
0 0.1 0.2 0.3 0.4 0.5 _?S ’ - — ]
Q (GeVic) | T14|R) PLB 790 ( 19)1] 16@ k* (MeVic) 26(] 36_0
o 490°]1808202511]. |
26 — e — , T I I I I — % 1.5 f— ALICE pp V5 = 13 TeV =
s (b)  ALICE p-Pb {Sou=5.02 TeV ] 26F ALICE pp (5=5TeV E 3 High-mult. {0 — 0.17% INEL > ) E
2'4__ ] _:UN !:!—__ 2.4 r —113+0.02° .,l|:.f 3 1'4: 0.7¢85,<1.0 p¢ .
22 i pP= 2.2 i = 068 + 0.07 ; 13_?‘}“ —JANAAT- E
N ] - r ednicky-Lyuboshits model -
2F Coulomb + HAL-QCD 3 2 i - '-_l_ K — 17 12F * dy=7.85 + 1.54 (stat} & 0.26 (syst)fm  —
x - = 1.BL &k 14 c ‘ ’ Sf ) = 0.85 + 0.34 (stat) £ 0.14 (syst. -
- 1.8 :— Coulomb —: f_ﬂ E I ; :.Ih\.'-_.."l.. p . 11 :-\[E{n]]:n;].;gslg.?:{{stat.;; C?.;:;s:st.:f:l -
% 6 C p-E sideband background ] S 16 F PR EEE c e s 0§ 3
“F _ 1.4 L " 3 = e R SR
4 f_ * ‘:’ ACharya-I_(ALI EE-’ 12 ""’n“"_: 0: 50700150 500 50 300550 400
2F LW ]\f’:”’”e (‘20) E l: i il K* (Mevic)
- .- o Lo - GB ;_ 1 T lT B 1 ] 1 _:
3 ety bt . .3 ALICE, 2105.05578
e 0 a0 k" (MeVifc) Cf talk by
k* (MeV/ e
e S. Acharya+[ALICE], V. Mantovani Sarti,
€
PRL124(°20)092301 F. Grosa, N. Agrawal

. @QS
-m A\
A\
2
NE
"= w 'YUKAWA INSTITUTE FOR
- THEORETICAL PHYSICS ITE Kvoto 3 3.
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Theoretical femtoscopic study of hh int. (examples)

3.5 T T T T
704 v T T T T T T HALQCD with R = 1.05 fm ———
| pQ, t/a=12 0-10% -—=- 3 . r r | | ] pure Coulomb with R = 1.05 fm
1.8 | %0‘20% ] : ALICE (pp 13 TeV. HM) +— 3L ALICE pp 13 TéV (corrected) r—a— |
0-40% Cre( £ = 0.9 fm) : p= ((’()L‘l‘(‘(-t('t[]

1.4

| :

L 40-60% . 2.5 . , , .
e l[ Q 60-80% — ’ l'( gyt T Cres(R =09 fm) -oooev. 2 |
B | p Cie(R=16fm) — — . f

§ il ‘E':' 2 [ - i p—
Q |} I'. ° i e ° () . ] |
il (lattice) s (chiral SU(3)) = P
1 ‘n‘\ """ vl b s aadiiids i i i _":_. . |
el “Uﬁ%ﬁwww"ﬁw HHHHHHH _* | Ty L X% _ i (lattlce)
1 ! 1 | L | I ] -":[] lll]l] lg'l*,[} Qlli[} ZE’:J'JU 300 L el g
0.6 g |MeV /] -

I | |
0 100 200 . 3](![) 100 500
(&

0 20 40 60 80 100 120 140 g
* Kamiya+(1911.01041
[ amiya+( ) Y.Kamiya, K.Sasaki,

Morita, Gongyo et al.,
(1908.05414), etal., (2108.09644)

Morita, AO, Etminan, N 2 . S
Hatsuda (1605.06765) ofd T ]
«»| hadron-deuteron W\ SR
15| R, =2.00fm z _L. 3 — p
L0H- “ :_g;__i_:;:_.-:_—; 15 I "x\_\ 3 I
05 ~f =1730m I S g___?___g_“__.__. . -
o Resw ) S P
) S 104 Zing |Mc\;|2€m .k{MaWc]
(covariant yEFT,
Mrowczynski, Ston (1904.08320, K-d), S=-2)

o Haidenbauer (2005.05012, Ad), Z.-W. Liu, K.-W. Li,

. Etminan, Firoozabadi (1908.11484, Qd), |.-.S G
Haidenbauer(1808.05049), . -=3. Geng
Morita+(1408.6682) K.Ogata+ (5~ d,2103.00100) (2201.04997)

A. Ohnishi @ Nucl. Theor. Group Collogium, Apr. 27, 2022. 12



Femtoscopic study of charmed hadron int.(1)

8 “First study of the two-body scattering involving charm hadrons”
Acharya+[ALICE] (2201.05352)

@ D~ p corr. func. is measured. o

5 1) TR N S R L BB S S
S ALICE pp Vs = 13 TeV .
@ Enhanced CF from Coulomb. B AT High-mult. (0-0.17% INEL>0) ]
@ One range gaussian potential [ - po- & pot
° L Coulomb
with strength fitted to the I=0 3l — _
scattering length of the model [ 4. ¥ Yamaguchi etal
o o F J. Hofmann and M. Lutz
— attractive potentials are favored o T,
Coulomb (1.1-1.5) _
Haidenbauer et al. [21] ” +
g2 /an =1 0.14 —0.28 | (1.2-1.5) i
— g /4w =2.25 0.67 0.04 (0.8-1.3) L b . »
Hofmann and Lutz [22] —0.16 —0.26 (1.3-1.6) 0 100 200 300 400
Yamaguchi et al. [24] —4.38 —0.07 (0.6-1.1) k™ (MeVic)
Fontoura et al. [23] 0.16 —0.25 (1.1-1.5)

[21] Haidenbauer+(0704.3668) (weakly / mildly attractive (I=0))

[22] Hofmann, Lutz (hep-ph/0507071) (repulsive (I=0))

[23] Fontoura+(1208.4058) (weakly attractive (I=0))

[24] Ya aguchi, Ohkoda, Yasui, Hosaka (1105.0734) (att., w/ bound state (I=0))
._- : Y TP ¥ 1 A. Ohnishi @ Nucl. Theor. Group Collogium, Apr. 27, 2022. 13
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Pion Exchange in D-

s Chiral Effective Field Theory (EFT) MDZXZEIA (leading order
terms) (& vector HHE{EA (Weinberg-Tomozawa) TdHD.
RE - BEMNF Y RIVICKDREDOTNS,

exotic channel TIXZFEEFRFHN. D™ p = (¢d)(uud)
T. Hyodo, D. Jido, A. Hosaka (PRL(06), hep-ph/0609014)

s VA—DBEHNENEE. pseudoscalar meson (0°) & vector meson
(1) OREIDEEHIRS RS, — pion exchange B EZEKFD,
S. Yasui, K. Sudoh (0906.1452)

ey e D N P N
B g

P Sien P St2en. .\ [/ L.a=="

o) q) WT D*| 1

pr %S N pr Dy N D N D N
Yasui, Sudoh (‘09)

o " YTP # A. Ohnishi @ Nucl. Theor. Group Collogium, Apr. 27, 2022. 14




To be bound or not to be bound

# When there is a bound state, CF shows interesting dependence
on the source size and relative momentum.

8 D~ p corr. func. shows the behavior with a bound state,
and the best fit parameter set (R, a ) is in the bound region.

(If bound, it is the first weakly decaying pentaquark state.)

1
k cotd = + + refka + O(k?)
1 Jfo

1
kcotd = —— + —regk? k3
cot 0 ao + g eft +O() (High-E. phys. convention.)

(Nuclear and atomic phys. convention.) —~ 1.0p—————7+———— 7T 777

;"‘- [ T T T T [ T T T T [ T T T T '| T T T T 4 :.E i ALIEE pp H’E = 13 Te.v.
= ALICE pp Vs =13 TeV ] - . . ~— I High-mult. (0-0.17% INEL > 0)
&4 High-mult. (0-0.17% INEL>0) Rfao=-0-i =t
. - ® B0 i 3 - I'. - 1 o -
i pD- @ pD ] . \ . 05 + Bestfit UnbO 1
L Coulomb 4 | - i) o -
3 —— C. Fontoura et al m -"\\ \ - 68% CL :
- : ' ' 7] mydependenceunc.on R 7
1 ¥. Yamaguchi et al. =2+ total B unc
: J. Hofmann and M. Lutz 1 ;’f = ’
ol J. Haidenbauer et al. (g2/dx =2.25) - O . \\ 5
) ] S see 0.0
i 1 ________——‘Wh !
1 — === T+_‘+_ refi/R =0
L 1 1 1 | L 1 1 1 | 1 1 1 1 | 1 1 1 L ] 0 0 0 5 1 1' 5 2 Bound
0 100 200 300* 400 . . 0.5 'D ? {] B ﬂ 9 1 ﬂ
k* (MeVic) qR (fm)
° 'Eﬂ:
Morita+(1908.05414) [ALICE] (2201.05352)

A. Ohnishi @ Nucl. Theor. Group Collogium, Apr. 27, 2022. 15



Fem'roscoEic diagnosis of bound state existence

# Lednicky-Lyuboshits model with zero effective range
— CF=C(qR, R/a)) 5
1

ref =0 — qcotd = —1/ag — f(q) = (gcotd —iq)~ :_R/ao+iqR
1 [1 %

3 Py (2z) — ng(Zx)] (z =qR,y = R/ao)

+1—-— (F1—>1,F2—>Oata:—>0)
T
. Correlation function (LL model)
@ With a bound state, 1.5 2
CF is suppressed at low q. 1 1-2
@ Scattering w.f. needs 05 1.4
to have a node to be é:? 0 1.2
1
orthogonal to b.s. e | in
i | 0.6
0.4
-1.5 0.2
0 0.5 1 1.5 2
E.g. AO, Morita, Miyahara, Hyodo (’16) gR

A. Ohnishi @ Nucl. Theor. Group Collogium, Apr. 27, 2022. 16



Femtoscopic study of charmed hadron int. (2)

8 DD* and DD* correlation functions. Kamiya, Hyodo, AO, in prep.
@ Related with Tcc and X(3872)
@ DD* and DD* interactions

(VI—O + Vi1 Vieo — VI—l)

s
N Vico — Vi=1 Vieo + Vi=1

2
@ J=0: One range gaussian, strength fitted to the mass
@ I=1: ignored
@ Range = one pion exchange Yasui, Sudoh (0906.1452)
@ Strength is fitted to the pole mass.

{DOD*O} — (DOD*O —|—DOD*O)/\/§ (C _ _|_1)

D" D {D"D*"} = (DT™D*” + D" D*")/V2 (C = +1)
- DD+ Vo [MeV] al P [fm] el TP [fm]
----- —36.569 — i1.243 —7.16 +i1.85 —1.75 +il.82
P o [MeV alP P al” o m
{DD*} Vo [MeV] 50 fm) b [fm)

—43.265 — ¢6.091 —4.234i3.95 —0.41 4+ 41.47

A. Ohnishi @ Nucl. Theor. Group Collogium, Apr. 27, 2022. 17



We are sorry, but we use a Gaussian Source !

# Calculating HBT radius in dynamical models is not easy
M.A.Lisa, S.Pratt, R.Soltz, U.Wiedemann, Ann.Rev.Nucl.Part.Sci.55(°05)357

[nucl-ex/0505014]; S. Pratt, PRL102(‘09)232301 [0811.3363].

# and a Gaussian source seems to work
at the current precision of hh interaction studies.
S. Acharya+[ALICE], PLB811(°20)135849.

@ primary (universal ?)+ decay of short-lived resonances
~ eff. Gaussian

I T L] L I T T T 'I L] T T I T L] L] I T T T I T T T I T T T I T Ll L] I T

E 14
@ Flow and source geometry ¢ 4 ALICE pp Vs = 13 TeV
ffects are seen in CF Sl High-mult. (0—0.17% INEL > 0)
v ' ) 1.2 Gaussian + Resonance Source

but the uncertainty of
hh int. is the largest.

1.1
1

0.9

0.8

IIIIIIIIIlII]Il]IlIIIllIIllIIIlIIlIIII

0.7

| I P I I I BRI NE = - - A
1 12 14 16 18 2 22 24 26
(m_) (GeV/c®)

A. Ohnishi @ Nucl. Theor. Group Collogium, Apr. 27, 2022. 18



D°D** and DT D*° Correlation Functions

# For small source (R=1 fm)
C(q) > 8 for the lower channel (D’D™) (Very strong)
C(q) ~ 2.5 for upper channel (D*D™) (strong)

# For large source (R=5 fm), CF show a dip

s Strong enhancement for small source, dip for large source
— Characteristic dependence with a bound state (Tcc)

# Cusp is not significant

T L T . T
1 fin 1 fin
- El'm——-_ - El'm——-_
dfm - =-- dfm = =--
5 fin 5 hn
¥ 0 .
0 y*+ +*0
: 5 DD ™| ;| D™D "]
—_— DY DP™(3876.51) | :
o . 24| 74
=ma— D'D'*(3875.10) & A
T S i a2 L 3 F
T (3874.83)
a9 L
] . ' - a
________ D°D*x"({3869.45) g I B S 1 X_ i
D¥ DY T 3869.25) R
“ :: i i i 1 “ i i i i |
{ ol 1) 1500 2000 250 RN () ol 1) 1500 2000 25l) A0
g |[MeV /e i [MeV /e

A. Ohnishi @ Nucl. Theor. Group Collogium, Apr. 27, 2022. 19



D°D*° and DT D*~ Correlation Functions

8 C(D°D*°): Strong enh. for small source, dip for large source
— Characteristic dependence with a bound state (X(3872))

s C(DTD*"): Coulomb dominant
# Cusp may be observed for small size

DT D (3879.92)

DY DT RT1.69)
X (3872)(3871.65)

DY DY Y 3864.66)

= VQS
™ \( TP ,‘\
e e fon
THEORETICAL PHYSI

ICS | VITP Kvoto 3 L.

2.4 | ] 1fm —— ; [ 1 o —
2 T T
2im — = T+ r o R
22 L ; e |3 ([ S WS 2fm
\ ._i [.lI] 3.9 K g £ T e ]
9 ' 5 f i 1]| 2 0.5 -JJ b
.l 0 ~*0 | 3 “.|| = 1 EEREY RRL
it DD 3| D™D
: 16 1 o -:Ill 1.5 1
E i : 2.0 _-I|| || 9 | g .
e LA by : Q H 0 100 200 300
- \ : ~ "\ g [MeV /c]
L2 - . 2 F I||. II|
i E 'I |
1k \ R ;_.L..__ ST L n et N 'II' |III
LI SE __w!\_____——"—_— 1.5 L I,ll'
1) LA E P : ; AR
L T -.:.,' "*-\
06 foi= : ; g
0.4 . b . L : = : L L -
(0 50 00 150 200 250 300 0 50 100 150 200 250  30(
q [MeV /¢ q [MeV /¢l
A. Ohnishi @ Nucl. Theor. Group Collogium, Apr. 27, 2022. 20



Tcc and X(3872) structure

# Hadronic molecule structure is assumed
— Eigenmomentum % ~ —i/ag, ag ~ R=1/+/2uB
# What happens when multiquark state mixes ?

— Deviation from weak binding relation
Weinberg, Phys. Rev. 137, B672 (1965), Hyodo, Jido, Hosaka (1108.5524),

Kunigawa, Hyodo (2112.00249)

2.X
ap = R [H—X] + O(Rtyp)

[Rtyp = max(m; ,Te), R = 1/\/2,uB}

@ Smaller scattering length in DD* may signal
the genuine tetraquark nature of Tcc.

o 1 N 1
 kcotd —ik  1/ag — ik
(High-energy phys. convention)

# A. Ohnishi @ Nucl. Theor. Group Collogium, Apr. 27, 2022. 21




Short Summary

s Two-particle correlation functions are useful to deduce

@ Scattering length
@ Existence of a bound state
@ and hopefully the compositeness
# Charm hadron interactions are within the reach.

@ D~ p correlation function has been measured,

and the data favor attractive interaction. ALICE (2201.05352)
@ DD* and DD* correlation functions are predicted to reflect

the existence of bound states (Tcc and X(3872))

by using simple potentials fitting to the mass and width.

Y. Kamiya, T. Hyodo, AO (2203.13814)

& ALICE3 LOI: CERN-LHCC-2022-009

@ Precise measurement of the correlation function = "* e

will constrain the scattering length, which may
tell us the structure of exotic hadrons.

(Letter of Intent is submitted to measure 1
DD* and DD* correlation functions in ALICE3.), . f

3x107"

N Whso
— T

T T T ‘ T T T T ‘ T T I T
ALICE 3 upgrade projection

—— 5fm (Pb-Pb)
Simulated data

- pp, L, =181"

- Pb-Pb,L_=35nb"

H. S. Scheid @ QM2022 >0 o oz

* A. Ohnishi @ Nucl. Theor. Group Collogium, Apr. 27, 2022. 22



ALICE h5SDTER-E

s A SIVEBRTEDRVWERERE S MZ kT SDh ?

@ C(D+n-) BMEEGIE L DRF NN —> puzzle

a C(D'K) W=RBIEEHR LD ) > o 3Z#E ? (higher-order in chiEFT)
s 3 FHEAREED S 3 FAEEIESHESIH?

@ Born Tl (Z5) @DV, 3 FRHBEISZHELESDD,

Dt @ D7 Dt @ D-nt
= 1l3:""l""l""1""[""I""I""I“: —~ 19gr——rrrrere T
% 19 f_ N ow ALICE Preliminary pp V5 = 13 TeV _f % 18 N ow ALICE Preliminary pp V5 = 13 TeV _f
- High-muilt. (0 —0.179% INEL = @) 3 1.7 High-mult. (0 —0.179% INEL = 0)
e Dr @Dx E H | Dw @D'x
= =0= - 5 16F "-.\ @ genuine CF
E - 3 £l N I
0.9 _E 15F \\ Simng}Iﬁz::;t{;anmyoda!sun.cnmb.I=,§,21—; aﬂ 30— LZES SRS B AR EE GRS LT LR R R
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Dense Baryonic Matter EOS
from Collective Flow in HIC
& Onset energy of QGP

A. Ohnishi @ Nucl. Theor. Group Collogium, Apr. 27, 2022. 24



Main Goals of Heaﬂ-Ion thsics

s Study of QGP and its properties (EOS, viscosity, constituents, ...)
8 Study of QCD phase diagram (phase boundary and critical point)

# Study of physics of matter under extreme conditions
(dense hadronic matter, matter with strong vorticity and
magnetic field)

5u=50 MeV in Asym., g /g =0.2
BH: Shen EOS, 40 M, |

Quark-Gluon Plasma

LR04
............ e o LRO2
- PSRy 0 LCO8
: ';.;‘H".- G} PNJLS
P e
m*'ﬁ T3+p32f3 ’=const. |
@ 3 '_/-/

Stat, - :
CP(Lat.) ©
"ot gy e, CP(models) ©
Hadronic Gas 0 CP(Asym.) = X :
. 0 300 600 900 1200
: Hma;n:'uh::uhm Lg (MeV)
STAR (1007.2613) A0 (1112.3210)

A. Ohnishi @ Nucl. Theor. Group Collogium, Apr. 27, 2022. 25



Onset Beam Energy of (bulk) Q6P formation

- Nagamiya Plot Signatures of Quark-Gluan Plasma
@ Simultaneous change of many signals = Mo S < SR
Upsilen y 0 MaV. .
° ° ® i () ¢ (h)
@ Finite volume smears sharp signal ‘ \\.w_,{,,, ‘ f/—".:—;;—-f
of 1st ord. p.t. even if it exists. g Tl
C i
[ L4 6)
— Gradual increase of QGP fraction ? Chily  NatWye, lsospin
. . F | it JSEE U
ol er= 1.0 GeV/fm |z|<:1.:;r:rzv Hadromcﬂmd 1 Wg ) ‘ _c"x rﬁ:mﬁ“"‘
é 06l ST, : i:gggi or QGP ? Ir:-—l.-hug..ly—-l{l{ ,::I_E.[ P — %—l
& - 3-:23 Y. Akamatsu, M.Asakawa, "5 Y
5 04f S T.Hirano, M.Kitazawa, Noamma (Br > 2GeV) Feparm ‘E’,’;ﬂgﬂmmm,
302 K.Morita, K. Murase, (UL Jpm—y) fomrz g e
0.0 A T Y.Nara, C.Nonaka, AO, / Radiation from 4
| 15 20 pRC98(“18)024909 WA AR, | e
time (fm/c) (‘18) ' : - Qo . - O
. -LE ¥ I-'-,: ¥
# Non-monotonic dep. on beam E. == Radistion from
Nnal‘nmarpT <1GeY) sy C‘15 (thermal)
@ Net-Proton Number Cumulants joo A{.u TypicalLevel
of EFror
STAR Collab. PRL 112(°14)032302; —/ P
PRC104 (21) 024902. —
ﬂ [ ]
Directed Flow Taken from

STAR Collab., PRL 112(°14)162301. S. Nagamiya’s Talk

@ RIKEN, 2013/08/02

A. Ohnishi @ Nucl. Theor. Group Collogium, Apr. 27, 2022. 26




Net-Proton Number Cumulants & Directed Flow

———r — T T/ Aot T .
:2 ‘AutAu Collisions at RHIC | 10-40% Centrality o |
R R I Skellam Distribution | 0.02 1 i . _
) osf ET @ T sl B * .
o ®&. 0-3% [ + tiorot
04f  Netproton . ;. . -0.04+ a) antiproton-
-2 . D:A::ﬁTT:ILE iGEWE:mr ﬂ::LE — :lﬂ: . : .I. - F 4 | N - - -
12} . 3
| g 0.01- = b) proton
ey O ' I EE —=
v o at i _ _
= 0.6 B s A 70-80°% > O TS
Aushu 0-5% . o i h P "‘* _
04 8 i e ks _B_% R
e 1.05f = : - ¢) net proton-
= 0 q
o " 0.01- +1—
0 095 L i
© pao p
2 0ss . A — T --'—':ﬁ'r'i-'-"-';—'-ﬁéa-' |
S678 10 20 30 40 100 200 - 8 & | uramp | -
Colliding Energy s, (GeV) s
0 s, (GeV) 10
STAR, PRL 112(°14)032302 STAR, PRL 112(°14)162301.
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Non-Monotonic Beam E. dep. of v, slope

L.,

s Directed tlow (v, or <p_>) is created

in the overlapping stage of two nuclei
— Sensitive to the EOS of dense matter.

s BES (Beam Energy Scan) result
— Non-monotonic beam E. dep. of v_ slope

Attraction
@ EOS softening ? Vv < p > (Softening)
Y.Nara, H.Niemi, AO, H.Stoecker, PRC94 (‘16)034906, 1, X7\
Y.Nara, H.Niemi, J.Steinheimer, H.Stoecker, PLB769 (‘17) 543,
Y.Nara, H.Niemi, AO, J.Steinheimer, X.F.Luo, H.Stoecker, EPJA54 (‘18)18.

@ None of fluid and hybrid models explain y
the beam energy dependence
with a single EOS
3 g,gl-— * b) proton ~
5 ti e o — |

10 s, (GeV) 10°
STAR, PRL112(’14)162301
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0.20

JAM-RQMD

Past tries

HSD/PHSD

JAM+ALt.

s el " v\ protons ol : STk . t _
010 | 11aGevProtan T % 11AGevProon ° Y ] -2 1 - - HSD 27 GeV ; protons.
_ » - 0 0.02 : i
g 0.05 o i K
& 000 0.02
él-k-ﬂ.ﬂfi }'_
010 fy S 0.02 ;
-0.15 0} 0.02] sSTAR
020 0.02 :
0.0zl 19-6GeV |
0.02 L H
o —
0.02 =
g 0.02 oozl --JAM =STAR
bl b —JAM Attraptive
0.02 L :
0.02] 11.5GeV |
20 1.0 0.0 1.0 2020 -1.0 0.0 1.0 2.0 .02} :
¥ ¥ 1
. o} asanerrs e
0.15 h .02 :
. . 7
010 158 AGeV Proton + 158 AGeV Proton ),:')l q 'I"“'I B 19'6 J_G_}_:c_\_’\_u |
/ P ] 002 D.GE_—
s o} - goe : -
02 G \ o.ozk
17115 GeV
.04 : _
"""" 0.02 N = OF
v H
L . ’ o —- - - g™ - -
<20 -1.0 O:I 1.0 2020 1.0 0‘.’0 1.0 2.0 0,02 D_G_E L B E
3 fwr o q i i
p_dep. p_lndep. KB.IVC”’IOV, -

Y.Nara, H.Niemi,
AO, H.Stoecker,
PRC94 (‘16)034906

A.4.5 olcfatov, V.P.Konchakovski,

PRCII(*I5) W.Cassing, Y.B.Ivanov,

024915 V. D. Toneey,
PRC90('14)014903

M.Isse, AO, N.Otuka,
P.K.Sahu, Y.Nara,
PRC72(°05)064908
(There was a mistake...)
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What happens ?
s Positive & Negative Flow DitEilf

o EHEIFD/FA — positive flow (dv /dy > 0)
o [aRHFO) tilted matter — negative flow (dv /dy <0)
s NIVRIRILF— (Vs ~10 GeV) Tl
EOS DL or #1HA-ZRADHMYESLHEETINSESS,

Nara+(‘16,°17,’18); Y. Nara, AO, arXIv:2109.07594
0.5

vy = / dyvi(y)sign(y)
—0.5
= D'Gg'mm-femral Au + Au at 11,5 GeV
Ty
> 0.02F N default
? - == pré-tormed
- 0.01 ==: N0 SpaCtator
. AN =——
‘S 0.00 r"‘ng::"“’ A
. -0.01% . :
18 GeV, 3-fluid 0 Et' I:ﬂf ] 15
ime |I'myc
Toneev et al. ('03)

Y. Nara, AO, arXiv:2109.07594

= QQS
- . Y TP .o
m"= = @ YUKAWA INSTITUTEFOR
- THEORETICAL PHYSICS | YVITE Kvoto 3 M
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Relativistic QMD/Simplified (RQMD/S)
s RQMD is developed based on constraint Hamiltonian dynamics
H. Sorge, H. Stoecker, W. Greiner, Ann. Phys. 192 (1989), 266.
@ 8N dof — 2N constraints — 6N (phase space)
@ Constraints = on-mass-shell constraints + time fixation

s RQMD/S uses simplified time-fixation
Tomoyuki Maruyama, et al. Prog. Theor. Phys. 96(1996),263.

@ Single particle energy (on-mass-shell constraint) and EOM

dr; _ Di m; OV, dp; m; OV
0 — 2 24 9m,;V, : : J L= _J
bi \/pz tmi e amaVi = dt  p? 0+ Z ﬁpz Todt Z 87“Z ’

@ Potential V. is Lorentz scalar and becomes weaker at hlgh E

8 Stronger potential effect is necessary — Vector-type potential
Y.Nara, T.Maruyama, H.Stoecker, PRCI 02( ‘20)02491 3; Y.Nara,AO,arXiv:2109.07594

— /P2 mE VO "”'—

dp; oV
*u Viu i «pu S Vijn
8}?2 dt B Zvj 813-

j
;" =pff = VI, i =pit py0)
@ Potential effect remains at high energy.

." YTP # A. Ohnishi @ Nucl. Theor. Group Collogium, Apr. 27, 2022. 31




¥ [fm]

x [fm]
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5F |II|
#f/ ///
of - Z/ /
.'.- :Tﬁ' |
//l/;-l:' &
st (=
N/
~10} . : - t]=?.0fmfcl
10} Suw =11.5 GeV b=6f
JAM2
5_
n
=
O W
=
.
_5_
—10} | tf3'nfm‘rc.
=10 -5 Q 5 10

JAM2 + RQMDv

s Beam energy dependence of dv /dy
can be explained in JAM2+RQMDyv.

# The negative flow in the expansion stage
becomes dominant at higher beam energies.

P po

o
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Onset energy, revisited

s Vs =10 GeV {HETD EOS OFILIZRT UEHE TR,

s EREUGE - RIFREREUE. /s =5-20 GeV T 50% B LFFRDH
EBNBEETFE,

8 RERD (IRIIVF—EE > 1 GeV/im?®) D—EBIE
QGP [CI2DTTWB EEBEZXDDMBEA.

s QGP BEEMDTHIIBSDIIFHIVIE?

s ARBZESIEBEHBCSVWTHR T SIS,

(HBESK ) BNRVHAEMSF (dynamical initialization) &

Ak - RIFODEKFERE (integrated model) 1.0 Gevim?  pi<Lo
T \ 0.8+
ZRAVWCEENHARDBE, c L 27 eV
E 0.6F g . —— 4.9 GeV
o ¢ e 12,4 GeV
w 0.4} s oo 17.3Gev
-E ;
Y.Akamatsu, M. Asakawa, = 0.2
T.Hirano, M.Kitazawa, A 0.0zl ey L
K.Morita, K.Murase, () et = ' e
Y.Nara, C.Nonaka, AO, 0 > 10 12 20

PRC98(“18)024909. time (fm/c)

* A. Ohnishi @ Nucl. Theor. Group Collogium, Apr. 27, 2022. 33




Short Summary

s BIREE QCD tHEBDMRFEIC(E.
APIRIVF—0 [FEBGRAREE] HNEEHEIHNRL,
o BFFHROWSE (F1,L5> 6 ). Directed flow
s BBF directed flow slope DIEEGRATEDIEIR(T ?
o BNUASEETORRESERXDY I ME
— BIEDIRILF—TODIRDEFVVHERIAHETLRL,
o B/INUACEETDERWVWFEN
— [E4EES - BARIFDIEAD contributions DFIDSVVHIEBAME EH T
Nara, AO, PRC105 (22), 014911 (2109.07594)
o J\ROVEMRELD—E UIZEAI/TSNTULRLN,
s Directed flow slope Bi@8WLVFHIC KBRS, D)\ FO>TIEX?
2 BSEETOD A DEBVWFART>S VIV,
PEFEDI\A ROV EELS BHRIRR.
— ADJ0O—E? (HEFSADIER)

# A. Ohnishi @ Nucl. Theor. Group Collogium, Apr. 27, 2022. 34




- Oummary

s BIRINF—RFEERT/\ROCNBZECEERATSHS.

o IFYVFYII\ROVOMEBIIRERSRED ERDZRETHD.,

B LRIV —RFEZE (pp, pA, AA) DERRBRE L.

o J\FRO>HEELS/\ FO>EEEFAZHIIRY SHEIEFESEICER,

@ EMAEHRTOIO—IEEETCORESENZERDIE> MeEXD.
s HEREZ AW\ RO EHEFROHRF

@ Fy—ALADA—VaECHEFAEGRIRTERFERECIRDTZ,

o HERBOY 1 XIKFIEIRGIRBOBREZHEIT SO MEEX S,

o INRE[XO>IND MRZIA—-DREEII\ RO FIREZERITIE> K,
s Proton dv./dy puzzle

o ASTIRIVF—(CDOWVWTOIEERMEE—RBEEBIR U THEERAIEE.

o RIFDHABIIKRIEE.

@ I\ ROVIINZXIIVDOEFRIC DR ?

# A. Ohnishi @ Nucl. Theor. Group Collogium, Apr. 27, 2022. 35




Thank you for your attention |
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Hadronic molecules sugges’red bz CFs
s pQand K p

@ Bound states are expected.
Goldman+(‘87); Oka (‘88); Etminan+[HAL QCD] (‘14); Iritani+[HAL QCD](‘19);
Dalitz, Tuan (‘59); Akaishi, Yamazamki (‘02); Jido+(“03); Hyodo, Jido (‘12)

@ Dip is expected at R ~ |a | Morita+(‘16,°20); Kamiya-+(‘20); Haidenbauer(‘18)
@ Data support the existence of a BS.

5 ; t 1-2}+:| w1 Acharya+
4 = o=l | [ALICE],
_Comr. fanc. with Gamow factor T e PLB822(‘21),
- e 1 [2105.05683]
el Kp

1 3

| ALICE (pp 13 TV, HM) —e—s
3 0 Cue(R = 0.9 fru) —— |
Che + Cres(R =09 frm) -ooeeeee

) -

o 0.6 - Cht[R 1.6 f
r;‘}z 13 ges < _!I ALICE(‘ZO) 95 |
15 —1\ e Kamlya+{£%0) |

1| = i
1 1 1 1 1

0 a0 100 150 200 250 300

g [MeV /¢

E . . . o o H
0 100 200 300
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CouEIed-Channel Correlation Function

# Schrodinger Equation (s-wave, measured channel=1)
Vl 1+ Vi Vig %—) 5_)
v? (=) | _ (—)
V12 —55 tVaa+ Ay - 2 =F | V5

p; = reduced mass

— L . ) V;; = strong 4+ Coulomb
¢§. )(7“) — [0;1 €4 + A;(q)e "] /2igjr (No Coulomb case) A; — threshold difference

s KPLLL formula =1

Lednicky, Lyuboshits, Lyuboshits, Phys. Atom. Nucl. 61 (1998), 2950, K~
J. Haudenbauer, NPA981(‘19) 1 [1808.05049];
Y. Kamiya, T.Hyodo, K. Morita, AO, W.Weise, PRL(‘20).

Cla) =1+ [ drsu(r) [1$ (r30) * = Lio(ar)
+ [dr 3 wisin) w7 (i)

iz (-)
@ Wave functions of other channels w] ( )W (7“ q )l
also contribute to correlation functions.

Source Normalized
@ Source weights o, (j#1) appear weight  Source fn.

addltag al parameters
_"Y TP “‘_ _ A. Ohnishi @ Nucl. Theor. Group Collogium, Apr. 27, 2022. 38




Discriminating CouEIed-Channel Effects

# Source size dependence again !

@ Unmeasured coupled-channel wave functions disappear soon.
— CFs with large source is dominated
by the measured channel wave function !

@ Scattering parameters from CFs with large source
Coupled-channel effects from CFs with small source.

8 |
Kp ——
L7 N i
K'n ----
0 /(DI h
5 WOA ]
4 p=>50 MeV/c |
- 3 B
- |
b R=51m
Y0 1 2 3 1 5
r [fm]

w.f. Kamiya+,arXiv:1911.01041v1
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Source Size Dependence of C(K™ p)

# Coupled-channel effects are suppressed when R is large,
and “pure” K p wave function may be observed in HIC.

3 ) . .
12— : : : : : ALICE (pp 13 TeV, HM) +—e—i 12 ' ' ' oy
1 — T1lL
REAY w.: = 1 S Cot(R =09 fm) —— | 11tk wW: = 1 i
i A J ' Ciy + Cres(R = 0.9 fm) ool J
Cye(R =16 fm) — — - . E———
N — 9 1 Zootb 4= .
o 5 . I wwz — .95 &} :‘__‘;r Kp——
0.8 L l‘ e 1*; p+ K - - - 4 0.8 - K Kﬁp th"' ]
“'h p+t K4 al P Al e
0.7 -~ Full - 0.7 = m Full .
0 R*l fm Full v.11.hout f‘sulﬁnib —— ] 0.6 R 3 f full “]thcmt [ oulomb S~
6 I I I I . -
0 50 lnn 1u0 20[1 250 300 ] 50 100 150 200 250 300 0 aﬂ lﬂO LJﬂ 200 250 300
g [MeV /e g [MeV /¢ ¢ [MeV/d]
L] L] L] ‘
Y. Kamiya, T. Hyodo, K. Morita, AO, W. Weise, PRL124(20)132501.
26F T T 1.25 1
Ik ALICEpp {s= STe'u’ - ————r————T——— t STAR preliminary
2.4 =1.13+0.02 * 1 fm g [ aucersrepgesw
2-§ ). =0.68 +0.07 1.2 | eEc s ] - K . K
4 2 r SIEOIAAT Doy o ul - + = -
— 1.8} 3 I _F P TP
.,_,- Bl - pp 1.1+ ] — s [P ;f, K' p - K p
016 [ ;. —— bcahine st .:(.-); - .
- T - e - —
14k & paaVc| [ + ] 1.05 :
12p - 0 e .
i o e sl ] - e
3 N e ] ¢ ettt
03:_ 0? S <1 u_g-_ Mq_-:::l.'";nﬁ':::_ﬁwnn_- e  ~lli .
A L 4 1 i TN TR N TR N TR MR MR MR M BN T 0.95 . .
0 SG 'JDD 150 200 250 ifi] 100 0 0.04 0.08 0.12
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S. Acharya+7;lLI CE], S. Acharya+{ALICE], Stejka*[STAR, preliminary],
PRL124(°20)092301 PLB822(21)136708 NPA9S2 (19)359.
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RHIC Heavy-ion Program

Main goals:

( b
1. Study QGP and its properties:

- Detalled studies for temperature,

1 viscosity, and energy density

(2. Study QCD phase diagram: A

- Search for the signals of possible
phase boundary

- 1st order phase transition

- Search for the possible QCD Ciritical
Point

—> Beam Energy Scan

Yy ry

STAR: Nucl. Phys. A 757, 102 (2005)

QCD Phase Diagram:

http://drupal.star.bnl.gov/STAR/starnotes/public/sn0493: arXiv:1007.2613

Lokesh Kumar, Jammu, Sep. 2013 2
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