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T AMRIE—(ICKB/\FOVEEBEFRBIAZR

s HHEIRIEX (CF) ZFIA9 33K =Femtoscopy

s BEXRAT =Koonin-Pratt formula
Koonin('77), Pratt('86), Lednicky+('82)
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Scope of Femtoscopic s'rudz of HHI
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2 A EEh S 1HEIREIEX
s BFORE =D HEIE
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3RFTHFERT>SvIL (3)
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Lednicky-Lyuboshits (LL) analytic model
s Lednicky-Lyuboshits 223

o HORBRBEMZRE. THLtREIRENZEBIETER. B > SHIE.
Lednicky, Lyuboshits (‘8§2)
o HHBABIEIDEIELIRIE (f(q)), Y—APAL X (R), HHMHEEE (q) TRES
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QT
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‘];(}q%l‘ Fy (T}e%ff) + QI\{/G%];(EQ) F1(2x) . Im;;((l) FQ(QZU)
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= 2D NIIHBERBLSESND

id
e’ sin 0 1 1 1
f(q) q g cot o — iq 40 ao ZT f£q (q )

B 1TVITP % A. Ohnishi @ Heavy-Ion Pub #37, Dec.16, 2022, Osaka U. 17



LL 2R (TN B2

« F,(x), F(x) BERERERALTENT 3 ERNS.

2

1 v 2_ .2 1l —e™*
Fi(z) = E/ dt €' , Fa(z) = . F3(re/R) = 1 — reg/2 AR,
4Fﬁ@ﬂﬁﬁ?ﬁ&@?ﬁﬁt?bbfﬁi&ﬁ?o
[t T g \ ,
0 2 ‘
\ﬁiu_c 1 —|— 61332 ‘l_ 62374 —I— ngG
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(C| Wttt L‘S) = (0.123,{].0376, 0.0107, 0.304, 0.061?) NPA 954 (‘16), 294.

s F3(x) EERERDSITNBZ EOEHML > JICLBHIE

%()—L'Zf

¢ LL ARDEHRIERN [BRDEE] [CIRDET,
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@ ZSUEHRDIRW (LL 2. fHEHRRT>SvIV) (IREBOHRTRRZ ([FE
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» HELRIEHDIEEDIHDODTVSID,. BIL D SIEREFO>TLRWNMESHD,
s IRFTOSVILDLOSEBEHICEXAT (e.g. b=1 fm, DV p PRIF3ZH
DL >TRE ). HERZBRIDILSHETZRAE
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» HEIJIHFHIE
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p= - #1HEIR8%L (1)

s pE- HEBEIEST —H &18F QCD NUA > RIH
o 1HBIRAET —4 : pp &% (high-multiplicity events)

S. Acharya+ [ALICE] (Nature, ‘20)

@ ##F QCD S=-2 JXUA >[N (at almost physical quark masses)

K. Sasaki+ [HAL QCD](‘20)

N T T T T T T T T T T T T T T
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— —
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p= - 1HEIR8ZX (2)

s 18F QCD &HhZAWiz pE Femtoscopy
Y. Kamiya, K. Sasaki, T. Fukui, T. Hyodo, K. Morita, K. Ogata, A. Ohnishi, T. Hatsuda,
Phys. Rev. C 105 (2022), 014915 [2108.09644]
@ HAL QCD RF>>vILZAV. 9—0O0>1 - BSF v RIVEHR - LEW
DXL (pE-, nE") Z2THO ANEIAR
(ALICE imXDOHIHa T ADREIREEZFIA )
o IFHAXAZZE(ESET P Z2RIMET D E. ERIII—TOFHEiEREU
@ 1&F QCD %I Z&HEIREET —4~ TIRSE

" HALQCD with R = 1.05 fm

a 95 :‘. l ! s n ! I I I I pure Coulomb with £ = 1.05 fm
- " — o i ALICE pp 13 TeV (corrected) —e—i
| 8] ALICE data D= ¥ :
3 H{u B coulomb p=" (corrected)
. Coulomb + p-= HAL QCD 2.5
2.5 Coulomb + p-2~ HAL QCD elastic . ¢
~7F * P HALQC Y. Kamiya+(22)
= P Coulomb + p-£” HAL QCD elastic + inelastic L

Acharya+(ALICE),
., Nature (20)
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Femtoscopy [CKDEELERZHIPR (1)

s FYA XHEELF

LL ARICKDEELEDFIRTES !

s Bl 1: ELMA>BRHNSD Kp HBEIEZL

Acharya+[ALICE](‘21)

@ 7—0O2AD LL 2XHSEELRZIRE

o BRI K- BFNXICLDEELRE consistent

M. Bazzi+[SIDDHARTA] (‘12)
o fthdDFT—ERROIEBIREEIE R Siejka+[STAR, preliminary](‘19)

a7 { L o LG E
] ] ALICE Pb-Pe i, = 5.0 Tad ] =
12 J[ ——Hp B, WO-40% 7] Fr
I T R
+.' i ;,me'*'*'*‘*—“:
# . 4
T
0.9 R
k L1 L1 E::I L L 11 1|:IH:| '
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1.5F
[ SIDDHARTA

1_

0.5

ALICE

|keda at al.

[ o etal.

[ b Hoshing et al.

+

o  Borasoy at al.
O lkedaet al.

i Livelal

m Martin

1-5. L

..0.5. .D..

9 (fm)

LS RKDXREVNESICIE,

1251
STAR preliminary
- K +~n K
.y Tp TP
- K'p ~+Kp
?—)-:
1.0
e e
0.95 m el —
0 0.04 w1 Gevic) %8 0.12
Siejka+[STAR, preliminary],
NPA9S2 (‘19)359.

() 1 YITP 4935
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Femtoscopy [CKDEiELRZHIR (2)

s 5l 2:AA HESEIEX

o EFHEYE + HHEEFAMERZERD ANE KP 2%
C(q) =1 - %exp(—ﬁleqQ) + %AC(Q)
~ — s JBRDER (1/4) &

AC(q) :/drs("“) oq(m)I* = Ljo(ar)|?] HHAEDSD T 7 94— 2

o ACICLL 2V&fIALT (a,r ) ZHIR
@ J\SA—% (pair purity i2& ) Z¥EN(CER D I EDEEEZ B

AA scattering parameters

=ik = E s '.3:‘ . 1 e
o wro-4nbound NE v S i .. {55
|+ AA(NAGARA event ) 15 J 1 E NSCa9 .: / 3 i
[ oo (1/ag<-0.8 fm™) <« L (free ) | NSC97 o . g ok
Z pA (g) -._ I'.I _— ESCPEC L :E k E B STAR
£ O Al —_ =1 Ehime © 10 - ey J + HaLaco
= W it + .§ 10 ‘Q » ;‘ ’.I . fssz ® 8 - [ Fa A & Hemvy
3 [ pn (s} — - |' f FG o E L 1 & re
f o % iy HKMYY © 5 L q e
i) = N v STAR —+ i T O e S
¢ 5 H *. i i .- L peiEsiaTev oo MECEY
I BB A = 7 \ pPnyE_=soztav ] - NACOT
I LL =@ 67, [t e S B
72, () 0 ‘ ol Ay "t 2
5 4 -3 -2 -1 0 1 2
L. Adamczyk+ 1/ay (fm™) S. Acharya [ALICE],
[STAR], PRL114  K.Morita, T.Furumoto, AO, PRCI1 (‘15) PLB797 (‘19) 134822 (6 ~ a q).
(‘150022301 024916; AO, Morita, Miyahara, Hyodo,

__ NPAY54(°16)294 (0~ -a q)
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REGREOEEEHRE (1)

s 5|Oh\E<IZED LL 2XD)FE

o NERE (R<|a|) T C(q) HMEEBETIZA

o RIFREHNFELRVNES, BYAX(CLS5T C(q) (H1EX

o RGRENEET B3B8, AZTE (R>a ) TI& C(q) [HMEEEE TSI
s RIGIRREFIEORIEAZERL

@ INEIRT C(q) hitgx | R/26=-0.3

o AERIRT C(q) IC dip HHNS 03

0 0.5 1 15 2

HHEBEH RIZ T S REIRRE(ED S D ? aR  Morita+(‘20)
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FemfoscoEic Diagnosis of Bound State

= With Coulomb attraction, a bound state causes a dip.

» E.g. LL formula and the Gamow factor

C(Q) — Cstrong(Q) X AGamow(n)
AGamow (1) = 2mn/(exp(2mn) — 1) (n = Z1Z2a/v = Z1 Zzaplyaol /)

Clorrelation function

0.8
(.6
0.4

0.2

RK’ ey

Corr. func. with Gamow factor
r,Y) = —a|pyag|/x

with pag = —3.32

0.5
0.6
0.4
0.5 1 1.5
qgH
Kamiya+(22)
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R DeEendence of Correlation Function

LL model with Coulomb Realistic N€2 potential
(r =0) (J=2, HAL QCD, a,=3.4 fm)
; + Coulomb, Coupled-channel
: gurr. func. with Gamow factor Courtesy of Y. Kamiya
) |
0.5
=
5 0
-0.5
-1
1.5 Qualitative feature remains

with realistic interactions
(and coupled-channel effects)
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RIGREDERENTE (2)
s With a bound state, C(q) is expected to show a dip for R

8 KN, QN — Bound states are expected, and dip is observed in AA
Goldman+(‘87); Oka (‘88); Etminan+[HAL QCD] (‘14); Iritani+[HAL QCD](‘19);
Dalitz, Tuan (‘59); Akaishi, Yamazamki (‘02); Jido+(‘03); Hyodo, Jido (‘12);
Morita+(‘16,°20); Kamiya+(‘20); Haidenbauer(‘18).

# a (QN)=3.4 fm (Iritani+(‘19, HAL QCD)), a (K" p)=0.65-0.80i fm (SIDDHARTA)

g I weemapmen
u‘l_s- E 1'2__+| ——p B, 040 7] ACharya+
AA (AwtAu,Pb+Pb) || ZT ET | [ALICE],
. Corr. func. with Gamow facto ) :F ::::'"“ PLBSZZ((Z]),
e 136708
1.6 ug? et ] [2105.05683]
el Koy
) | ' ALICE (pp 13 TeV, HM) —e—i
_ Ca{R =009 fm) ——
a 8 25 it + Cros(R = 0.9 fin) oo 1
LL 0.6 Cip(R=16fm) — — -
: S of |
1 1.5 g © ll Wrs = 2.95
R 1.5y
pp (High-Multiplicity) | = z._"'*.
: . ] 0 50 100 150 200 250 300
- . ] IMeV/
) 0: ———% Ik*ltrwe;.uml g 30;0 ALICE(‘ZO) Kamlva+(‘20)
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RIGREDBEEZIHETE (3)

s “First study of the two-body scattering involving charm hadrons”

Acharya+[ALICE] (2201.05352, PRD106 (‘22), 052010)

@ pp & (HM) 5D pD - tHEREEZDSAIE = NIZ
o V—0O>HDHDIZ LD EGIKERETIEK (5175)
o RIBREBEEDORT > VILHOSDFEMEL

...

Model fo(I=0) fo(I=1) Ng

Coulomb (1.1-1.5)
Haidenbauer et al. [21]

~ g2 /Ar =1 0.14 —0.28 | (1.2-15) & |
—gX/Am =225 [[0:67 0.04 (08°T3V] 247
Hofmann and Lutz [22] —0.16 —0.26 | (1.3-1.6) i
Yamaguchi et al. [24] —4.38 —0.0/ | (0.6-1.1) ol
Fontoura et al. [23] 0.16 —0.25 (1.1-1.5) i

RiGIBR5. MOWVHEFRICHULT

R
ALICE pp Vs =13 TeV -
High-mult. (0-0.17% INEL >0) ]

e pD @pD 7
—— Coulomb

——— (. Fontoura ef al. .

Y. Yamaguchi ef al.
J. Hofmann and M. Lutz |
J. Haidenbauer et al. (gimn =2.25) —

BERN DDA —DH\FE

s

-I 1 1 L | 1 1 1 I 1 1 1 1 I L 1 1 I-

0 100 200 300 400
k* (MeVic)
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1HBIRIERZ AWz EOS AR

s INT workshop (INT-22-84W) TOD==m
o MUMEB/FRMRZED ANz HBT #HRICKD.
=EEWE EOS B HBITE 3D TRV ?
o BHAEE (UrQMD, SMASH)+ CRAB (Correlation After Burner)
+ J\rROEHEEEA
@ EOS [CXD1HEABREDME (or HBT radius) H 10% ZEZDNS
— REBE EOS OflIR |
# Nu Xu I(C J;% t Aut+Au Dense Nuclear MatterEquatlonof State from Heavy-lon

Collisions

(Vs =3 GeV) TOIERIEIRIZ
L DORHEHTIIE S D, e
HORBETRIEDHS UL e
o EIIIERC &3 IRRSE &
EFR3EREXEFIEERTS DIVERSITY COORDINATOR s o o

image courtesy of Dmytro Oliinychenko. Snapshots of a SMASH simulation of a

-~ lisi lab kineti 1= T met: =8

Scott Pratt :4: Au collision at lab kinetic energy Ekin = 4 A GeV and impact parameter b= 6
Michigan State University
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IS5l (E3 DDV ...
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Homework to Hadron Physics (1)

s Present chiral models do not explain D7 and DK correlation.

@ Overestimate C(D'n") — Mystery ? Extrapolation to phys. mass ?
Leading order = Weinberg-Tomozawa (vector exch., repulsive)
Further repulsive interaction ?

@ Overestimate C(D'K") — Further repulsion or bound state ?

Drrr DD

— 1.3:--'|' T T B B N B
% 12 E ALICE Preliminary pp Vs = 13 TeV 3
E New High-mult. (0 —0.17% INEL > Q) 3
g D'n ®D= 3
1E = 3
0.9 —
JG genuine CF 1
0.8 Goulomb gnly 3
Strong interaction models I=§ |
0.7 B X.Y.Guo + Coulomb -
Z H.Guo-1 + Coulomb 3
0.6 Z H.Guo-2 + Coulomb =
B.L.Huang Fit-u2 + Coulomb 3
0.5 L.Liu + Coulomb =
0.4 el e oy gy b gogrg Lo el gopilon gops 1 il
0 50 100 150 200 250 300 350
k* (MeV/c)
fd =
D+K+ @ DK
i‘ 16—
5 14F ALICE Preliminary pp Vs = 13 TeV
E High-mult. (0 — 0.17% INEL > 0)
12 D'K @ DK
1 = +
08
C e genuine CF
0.8 Coulomb anly
C Strong interaction models 1=1
0.4 B X.Y.Guo + Coulomb
ZH.Guo-1 + Coulomb
0.2 Z.H.Guo-2 + Coulomb
B.L.Huang Fit-u2 + Coulomb
0 N ew L.Liu + Coulomb
|- PP 1 I ! I 1

0 50 100 150 200 250 300 350

C(k*)

C(k*)

19gr——
1.8 ALIGE Preliminary pp Vs = 13 TeV
17 N ew High-mult. {0 - 0.17% INEL = 0)
T E '.II Dr*@D'n
1650 BGE genuine CF
Bl Coulomb anly
15K Strong Interaction models Lin. comb. =%
== {.Y.Guo + Coulomb
1.4 E Z.H.Guo-1 + Coulomb
13 El Z.H.Guo-2 + Goulomb
T E B.L.Huang Fit-u2 + Coulomb
= L.Liu + Coulomb
11E :
0 50 100 150 200 250 300 350
k* (MeV/c)
N
D*K-@® DK
4 '||I'--|----|""|""|“"|""i""|"_
ALICE Preliminary pp Vs = 13 TeV
3.5 |".I NEW High-mult. (0 - 0.17% INEL > 0) 3
m: \ DK @D'K 3
u -] genuing CF
C Coulomb only 3
25 Strong interaction models Lin. comb. 1=1,07]
- B X.Y.Guo + Coulomb .
2 - > Z.H.Guo-1 + Coulomb -
E 1 Z.H.Guo-2 + Coulomb p
B.L.Huang Fit-uz + Coulomb =
1.5 L Liu + Coulomb -
1=
0.5 Lii 1 vl | 1 ! L

0 50 100 150 200 250 300 350

k* (MeV/c)

0.00
-0.05}
—0.10}
=0.15}
-0.20¢
-0.25}
-0.30

0 100 200 300 400 500 60O

/ M, [MeV]

- s b Oksre Dawe BT 0499 A4 ACA0
& | Liu et al, Phys. Rev. D&/ (2013) 014508

& X. Guo et aIJ. Phys. Rev. D 98(2018) 014510

@ @

Fabrizio GrosawQM2022

k* (MeV/c)
@ X Y'TP *‘?HS#
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Homework to Hadron (Nuclear) Physics (2)
8 Three-body correlation function (ppp, ppA)
¢ Cumulant o — Clg3 — C1y — Oz — Cap + 2

@ Can we extract three-baryon repulsion ?
(important to solve the hyperon puzzle)
— One needs to solve continuum three-body w.f.

with Coulmb potential. -
Theoretical challenge I
E-_. 4-il""|""I""l'"'I""l""l"" —, - ]

[ = ] p—p—p genuine cumulant, flat feed-down - g N s PO cumulant ]
. [ ] p—p-Fgenuine cumulant, flat feed-down R 1
2| ] : :
i i 20 -~
0 IR W E Bl E
I ] 15 .
o [ _ C N
[ ALICE ] 10 . ]
4 o ‘+' pp Is =13 TeV N n E
[ High Mult. (0-0.17%% INEL) 1
_E'.l....|....|....|....|....|....|....'
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

f e,
Q. (GeVic) Q, (GeVic)

ALICE [2206.03344] (Raffaele Del Grande @QM?2022)
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Homework to Hadron (Nuclear) Physics (3)

# Correlation function including vector mesons
@ Femtoscopy ALICE (PRL, 2105.05578)

ap(¢pp) = 0.85 4 ¢0.16 fm

@ Contradiction with the photo production ?

scattering length is O(0.1 fm)
E.g. Strakovsky, Pentchev, Titov (2001.08851)

lao(¢p)| = (0.063 & 0.010) fm % e qb;
e DO

@ Smaller than lattice QCD result (J=3/2) ? P——

1.2 d, = 7.85 & 1.54 (stat} + 0.26 (syst)fm  —]
* Sif ) = 0,85 + 0.34 (stat.) £ 0.14 (syst) fm

Lyu, Doi, Hatsuda, Ikeda (2205.10544) PE N M-omsessimonermn
B Mo
ao(ép,J = 3/2) = 1.43 fm g

| 1 | | 1 | | -
0 50 100 150 200 250 300 350 400
k* (MeV/c)

ALICE, 2105.05578

‘ J=1/2 mixing may not be enough. Then what’s wrong ? I
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Summar'z

8 JILAPROIE—ICEKD, BRFT—HICEDVWTER CES
N\ ROEHEERAMMEXTWNS,
o HE(ICKDFREINIC)\ RO EHEHEFR OSSR
@ {EIRILF—EELINS A—H (a, rer) DHIE
o FFIKRBOBE®E(CDOUVWTORIEYZERL
s [BH—FvRI-0—021R0 - BRWIRREZE - s IRODHZEIL] TS
1R3> 57 4 2H—FEAZEZRE. 1L RTEDIThIERL.
o REDHRBILTEFIATNTVNS (HFETRSTHIORELRSZWN)
@ Lednicky-Lyuboshitz AR &ETEHEFTHD LIETE
s SEREDHINEIRE
@ Fr—LAZET/\FOCREHEEEA (Run3!). 3 &[EE (S/)\RO> - i3
FHEE ) . KDIRERIREE (JAM+CRAB?) . ...
s REFEOBET(EI—0O>N - BEFVYRIVHIR - T4 —RADMRRE
BRARBRERZRDADRBESD (> HASA - RiESA )
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Thank you for your attention |
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Relativity IREDRICIRB AL ...

w S. Cho+ [ExHIC], PPNP 95 (‘17), 279 [1702.00486] and references
therein ZZSBEIEELN,

=3
w FEHEIRIZN
Cla. P) E\EdN 2 /dpdps ]'d*-rud*.rzﬂ ||L.1'|,p|J3:L1'3-p:1-||,5"*{r, {q) :
q. £} = = . =
I:ELL.II.J"Iu']Iu'E.IrP|_:I{E:IFJHH':]"IFP:] fr..ll'l'.'l.]s Xy ) J-ﬁ.lr'l.l':ﬂj{.l'z.ﬁz}

u Hib - HhHEFSE
Er —EP
-'l":f:lm'

(p1 — pa)- P
pl

. ]
P=p +p.. g'= 4 [ pa¥ -
u RENRIEDE LD
expl—ipxy —ipaxa) = expl(—iP-X —iglx; —xz)) =expi—iP-X +ig-r) .,

|-

E;.'l'l T E:,.'l.':
X = -"*f:.n-_ ., r=x;—x>—vit—1). v—P."me+P

{t-“ d'X S (X + EXx/Miy,, p1)5S 20X — E}x/Mig,. pa)
ri:f.'l'[j LESPY Y rl:f.'l':."f-l: Al X2, pr)

§j2(r) =- (x=x—x2=(0r))
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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.

# 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 1
kcotd = —— + —regk® + O(K?)
agp 2

(Nuclear and atomic phys. convention.) =~ 1.0p——

_‘:“‘- T [ T T T T [ T T T T 'I T
= ALICE pp Vs =13 TeV -
4 High-mult. (0-0.17% INEL>0) ]
e pD ®pD’ 3r
: — Coulomb
3 i —— C. Fontoura et al. __
- Y. Yamaguchi et al. =2+
: J. Hofmann and M. Lutz ] j:"
ol J. Haidenbauer et al. (g%/4x =2.25) — O \
i ] ““""'
P ] |7 ren/R =0
L 1 1 1 | L Il il 1 | 1 1 L L I 1 1 1 L ] 0 I I I
0 100 200 300 400 O 0.5 1 15 2
k* (MeVic) qR
Morita+(1908.05414)

1
k cotd = +f - reﬁk?' + O(k?)
0

(High-E. phys. convention.)

LN B I I B I B BN
-LE -~ ALICEpp (s =13 TeV
= | High-mult. (0-0.17% INEL > 0)
'_I;- | o
T e
777 m; dependenceunc.on R,
total R4 unc.
0.0
Bound
-0.5 'D ? .D B D g 1 G
R (fm)

JALICE] (2201.05352)
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Analz‘l'ic model of correlation function

8 Correlation function in Lednicky-Lyuboshits (LL) formula
(asymptotic w.f., non-identical particle pair, short range int. (only s-wave is modified), single

channel, no Coulomb pot., static Gaussian source, real 8) (Lednickey, Lyuboshits (‘8§2))

e~ sin(qr + 9)

Cro(q) =1+ 22 fl(:) F,(2qR) — ™ 12 D £ 2qR) + |f2(1‘;)2|2 Py ("";ff)

N 1 [ 2,2 2 x
f(q) = (qeotd —iq) ™", Fi(z) = 5/0 dte” = Fy(z) = (1 —e " )/z, Fsy(x)=1- ﬁ]
1 . Li F {XT) T
1
o5 FAx) - - - | If you have a , L and R,
o draw C(q) !
5 65 you can draw C(q) !
“,
i |
h- 04 | =
. N 1+ 122 + cox? + c32
0.2 | (’F File) = 1+ (c1 4+ 2/3)x? + cax* + c525 + 328 (0 <2 <20)
| P e (c1,¢2, 3, 1, ¢5) = (0.123,0.0376,0.0107,0.304, 0.0617)
0 0.5 1 1.5 2 2.5 3 AO,Morita,Mihayara,Hyodo, NPA 954 (‘16)294.
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State-of -the-art FemfoscoEx of radii

# Systematic measurement of 3D HBT radii (side, out, long)
M. A. Lisa, S. Pratt, R. Soltz, U. Wiedemann, Ann.Rev.Nucl.Part.Sci. 55 (2005) 357-402.
- 2.35 Cev- 5.04 eVl 5.61 GeV- 4.00 Gev- 4.85 GeVf- 8.76 GeV- 12.3 GeVf- 17.5 GeV- 62 GeV - 130 Gew}- 200 Gev

SR i T T A I T | Fo t8 T F4 0+ :
I 2 AR T L U L T I T N ‘ﬁ.“
L I I I I I I 'I"*. E o EE » Iﬂ-'EE +:: » I.:

o ik # =595 T T & Eacs T & CERES v NAS o WAST O WASST = FHEM'I + PHOBOS % ‘.T.-1.|'E

'-'1_'-
0

Ry {frn)

R, (fm)

Rg (frm)
Ped e O SORD e O SO e O OO
i 1 s 1
& - ‘I -

o

"

e

/ﬂ-

0.4 0 0.4
fﬂ[GW,-"c’}

ALICE pp Vs = 13 TeV
High-mult. (0—0.17% INEL > 0)
Gaussian + Resonance Source

Figure 3: because particles with heavier masses have smaller thermal velocities,
their source volumes are more strongly confined by collective flow. For longitudi-
nal flow (left panel) this results in smaller values of Ry, for particles with higher

IIIIlIl]llll]Illlllllll]llII]IlIIlIIII

- - 1.8 2 22 24 2 6
my = m?2 + p2. For radial flow (right panel) this confines heavier particles
Y Pr i p (m_) (GeV/c?)

:i?r?.ii ‘;l;fdﬂflllufi;;{;:hlch results in both a reduced volume and an offset Ar in S, AC harya + [ A L I C E I, P L B 8 1 1 ( ¢ 2 0 ) 1 3 5 8 4 9
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FemToscoEic diagnosis of bound state existence

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

R
reg =0 — gcotd = —1/ag — — (gcotd —ig) ' = —
1 1 2y
C(x,y) =1+ 2|2 r Fi1(2x) —xFy(2z)| (x=qR,y = R/ap)
1/1  2\° 2
. Correlation function (LL model)
@ With a bound state, 1.5 g 2
CF is suppressed at low q. 1 1-2
@ Scattering w.f. needs 05 1.4
to have a node to be S 0 1-2
orthogonal to b.s. gl s
i | 0.6
0.4
-1.5 0.2
0 0.5 1 1.5 2
E.g. AO, Morita, Miyahara, Hyodo (°16) gR
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Correlation function with coupled-channel effects

s KPLLL formula = CC Schrodinger eq. e ji=1

under ¥Y© boundary cond. + channel source D
Koonin('77), Pratt+('86), Lednicky-Lyuboshits-Lyuboshits (‘98),
Heidenbauer (‘19), Kamiya, Hyodo, Morita, AO, Weise (‘20).

U (gir) = [p(q;m) — do(q; )] 015 + 9 (g5 7) "
(_|_) (_) ve /
1 [ (QJ )51j—Aj(q)uj (QJ )J

r T

Clo) = [ drsi(r) [|ota: I ~|onlasr 43 [ dres 00167 (s

+igr

8 No Coulomb (g r) = '™ ¢o(g; ) = jo(qr), ul" (gr) = eF",

AJ(Q) — \/(:ujqj)/(:u1Q1)SL'(q1) (sz‘ = ¢ — j S-matrix)

& With Coulomb
¢(q; ) = Full Coulomb w.f., ¢o(q;r) = s-wave Coulomb w.f.,

ug-i)(qr) = +eT9% [iF(qr) £ G(qr)] (F, G = regular (irregular) Coulomb fn.)
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Discriminating CouEIed-Channel Effects

8 Source size dependence again !

@ Unmeasured coupled-channel wave functions disappear soon.
— CF's 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 |

K™p
! K% ---- |
6 T eemeeeee N
5 ﬂOA o
4 R=1 fm p =50 MeV/c |
3 i
2 |
. R=5fm |
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 ‘ _ _
1.2 o ' . . . : ' ALICE (pp 13 TeV, HM) —o— 12 . . : —
iy ! — = - i
1.1 _\h wj p— 1 R 1 fm | 55 . Cﬁt[.l‘{ = (.9 [tlll.:l — | 1.1 L wj p— 1 i
Iy A ' Chs + Cros(R = 0.9 fm)
Car(R =16 fn) — — - 1 E——
N 295 Soo0l = i
e - l Wry = 4. < ;:; Kp——
08 ‘ ceee e Kp Ko - - - - i 0.8 - p Kﬁp K‘z----
"h p+ K+ a8 P f T R R
0.7 ~ Full . i \ G m Full i
R_El fmFullmthout Poul{)nib —_ R 3 f il “]thcﬂlt {uulumb —_—
0.6 1 | | i 7] 0.6 1 -
0 50 100 180 200 250 300 0 50 100 150 200 250 300 0 50100 150 200 250 300
g [MeV /] g [MeV/e] q |[MeV /|
L] ) ) ‘
Y. Kamiya, T. Hyodo, K. Morita, AO, W. Weise, PRL124(20)132501.
2.6 ! 125
K ALICEpp {s= STeV o e s p f STAR preliminary
£4 | =1.13£0.02 *; . fm & + ALICE P54 s = 5,02 Tow -
22§ 12F e 1 N - Kt
i'- : I SI:I':IE-II-I.IT'-‘:'J. o Blormascy i ol 115 ’ j(_' 5 ’ I[_ K
w1 Lt ey =T p . ﬁp
i+ 5 — s P ) " K, p " K p
[ |_ = vicahire @t ?-); a
| — ™
3 % - 1.05 .
j . *m.pﬂiwt ==
[ ] -
[ '|"++;+++ ] $ ettt
ug-_ Mb-tz:u":n-:':':jwum_- g .
0 50 100 150 200 250 e e S e T U | 0.12
k" {Mevic) k*[GeVic] '

S. Acharj)-cilhi\ﬁlLI CE], S. Acharya+[ALICE], Siejkat[STAR, preliminary],
PRL124(°20)092301 PLB822(°21)136708 NPA9S2 (‘19)359.
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Another irn‘er'es‘l'ing Eeak: Tecc

8 Tcc(ccud) observed in D* D" spectrum T T A
LHCb collaboration, arXiv 2109.01038 [hep-ex], e - on! S
2109.01056 [hep-ex] { < * i

5 Tl 3]
@ Very close to DD* thresholds : EE **“++’”*
(~ 300 keV below DD?) i f

@ Tcc =DD* molecule ? 0F
. LHM l'|++H+T + |+4$

s If the followings are confirmed, o -
the peak is likely to be a hadron molecule ! T

@ Mass is around threshold — Peak in invariant mass spectrum
@ Wave function is widely spread — Size dependence of yield

@ Attractive interactions among constituent hadrons — Femtoscopy

8 X(3872) & Tcc
@ X(3872) — 0,0,
@ Tcc — 0, ?,?
@ A(1405) —- 0O, 2,0
[A(1405) — nX is not measurable at LHC/RHIC]
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Charmed Hadron Interactions

# Charmed hadron interactions are extremely important
in exotic hadron physics.
s Example: DN DN DD DHDE (DX = ¢g, D™ = &)
@ Peaks around threshold for mesons. How about baryons ?

D*N D*N D*D’ D*D"
9,
D~ Dt D0 D D*~
o e ) e e = = -
= Din B X (3872)
=
DD
T
wd [
A,
DN DN DD*  DD*

(cq-qqq) (cq-qqq) (cg-cq) (cq-cq)

s First try: One-range Gaussian potential V (r) =V, exp(—m r?)
@ V from model scattering lengths (DN, DN)
@ V_ from binding energy (DD*, DD")
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D‘E and D*E correlation func*tions

3

s Dp correlation function (cduud , exotic)
Kamiya, Hyodo, AO (in prep.)

H‘lOdel 1 .

T
D p model 2 -----

model 3
model 4-1 — ——

|
1
il
—_ model 4-2 —.-._
@ Coupled with D’n, No lower decay channels | T exch. ..
2 7"‘ :
@ Theoretical models L
1:Hofmann+("05), 2: Haidenbauer+(“07), sl f\‘_\
3:Yamaguchi+(‘11), 4: Fontoura+(‘13) \ w/ Coulomb
Mostly repulsive from vector meson exchange
Model 3 with a bound state from pion exch.

s D’p correlation functions

@ With decay channels (cduud)

@ Theoretical models
1:Hofmann+(‘05), 2: Mizutani+(‘06),

3:Garcia-Recio+(‘09), 4:Haidenbauer+(‘11),
5: Raha+(‘18)

@ Model 3 predicts enh. from pure Coulomb
# To be judged by data

8 Models are summarized in
Hosaka, Hyodo, Sudoh, Yamaguchi, Yasui, PPNP96(‘17)88.
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DD* and DD* correlation functions

s DYD*T correlation functions (T channel)
@ Bound state feature I

| I
* Enhanced C(q) at small q with small source

* Suppressed C(q) at small q with large source | | Dop.
@ What happens when Tcc’s main component < | |
is a compact tetraquark state ?
4q source fn. — DD* process dominates ? A
(Weaker source size dependence ?)

o

1
T(RY

o '3]1':'-1{ d
s D'D*" correlation functions (

X (3872) channel)
@ Bound state feature S —

» Enh. (Suppr.) of C(q) with small (large) source |
@ Stronger size dependence than DD".

(Due to larger scattering length ?)
@ Sizable D*D™ cusp

= = = =
[o+] v och il

A 1P VITP <90

I
TiKN

A. Ohnishi @ Heavy-lon Pub #37, Dec.16, 2022, Osaka U.




="p & AA correlation functions (pp and pA)

8 Correlation function data from pp and pA collisions
S. Acharya et al. [ALICE], PLB 797(19)134822 (AA); PRL123(‘19)112002 (= p from
pA); Nature 588(20)232 (=p from pp).

@ CF(E7p)is enhanced

at low q. — Att. pot. Ml I
3 fCF(AA) is slightly enhanlced | I:E- 1l| | e
rom quantum stat. result |
kb ClIR=1.05fm | .l R=1.27 fm
— Weakly attractive pot. &\ | &L
@ CFs with coupled-channel effects
using lattice QCD potential N )
explains the data Wello i T 2[':{:}__:I \_B;;':u =0 Fo Tt g[l:,:.]-u y 11| R 1 31}
K. Sasaki [HAL QCD](‘20); P B i
Y.Kamiya+, arXiv:2108.09644. L { it
L: .I ety T l: _1{ EI I ’
f;— 0.6 | 4 06 |1
i. i q'“‘-:'””'ll‘}'l_""m:) i : iié 3:“' T : f 1 C-Jur-'.::lum]I Er.-uo{]) i : i E T
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="p & AA correlation functions (AA)

# Correlation function data from AA collisions

[c.f. Shah, Mon., Isshiki, Tue.]
K. Mi+(STAR, preliminary), Au+Au 200 AGeV, APS2021.
Moe Isshiki+ (STAR, preliminary), Strangeness physics workshop, 2021.

@ We do not see a dip in C(E- p) from Au+t+Au.
— There will be no bound state of = p.

@ Much higher statistics data of C(AA) from Au+Au are obtained.
— LL formula fit will be possible. ~12

o C m— Systematic uncertainty
o + —o— STAR PRL114.022301
IR B I I I I I AL AL I I R R I 11'_ —o— A-ADAA
2ar STAR Au+au |5 = 200 GeV 0-40%% T STAR AusAu 5, = 200 GeV 40-80% -] Tk
C —s pEafT I —» pEEpT ]
22 Coulomb (r=3.5fm) I Coulombz (r=2im) -
- Coulomb (r=4im) [ Coulomi (r=2.5m) =
o[ = = = Coulomb (r=4.5m) e b = = =« Coulomi (r=3m) 7 1 e e it e e g8 deeos
C Coulomb (r=5im) T Coulomis (r=3.5fm) . RS ' L
L8 p-= sadeband background _—-_: p-E sideband backgrownd h
= Central collision T Peripheral collision
el g T - B
|4:—_i_ o STAR Preliminary _::_ . _t_ STAR Preliminary E STAR Preliminary
[ L —— I % ]
2 o T “1 —3——3— . not corrected for feed-down
R, — N ettt — - Y . - L S |
C | | | | | o : | | | | L 0.7— Au+Au \s, =200 GeV 0-80%
] T T e T A T T e T TR -
o 005 o IE'I;:EEEEU.-'-:; 0.2 0.25 R .05 0.1 H&.‘E'e'-.-.'q 0.2 .25 0.3 - pT >= 0.4 (GeV/c)
C_ 1 1 1 1 I 1 1 11 | 1 1 1 1 | 1 1 1 1 I 11 1 1 | 1
° ° ° 0
K. Mi+(STAR, preliminary), 0 o1 0z 03 04 05 . 06
(Ge
Inv
AutAu 200 AGeV, APS2021. S
(No Dip at larger R) Moe Isshiki+ (STAR, preliminary).
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E‘E correlation function

2 —— I Hatsuda, K. Morita, AO, K. Sasaki, NPA967(‘17)856.

o IS 19— | (heavier quark mass, I=0 only, w/o CC effects)
%1 . [ | | | =p J. Haidenbauer, NPA981(‘19)1.
S | 20l (NLO(600), w/ CC effects, w/o Coulomb)
S [ (w/ Coulomb, it will be comparable with data.)
g" I o . % ! ¥ T ! . LE? SR TN TR T TR |
J s 22 o Ty D. L. Mihairov+[ALICE], NPA 1005

22 Hi)gh Mult.(0-0.072% INEL) (21)121760 (QOM2019). (Nijmegen pot.

Blpz @pT does not explain the data. w/o CC)
Caulomb + HAL-QCD ACharya'I'(ALICE), Natul"e ((20)

Caoulomb + ESC 16
Coulomb

.

S S —
PR T Ss ) B I N

I'Illlll'lI'IIIIIT:lIIIl'TIII_Ill,IlT'I'lII'i

" p-E sideband background
&t
35 T T T T
HALQCD with it = 1.05 fm
pure C'tl_l:].nrrl':m.'::.'i.'.].'_ :l'l’ 1.05 :'T_n N
0 80 . | ALICE pp 13 TeV [corrected)  —a— | K. Ml+(STAR, prellmlnary),
p="_ [corrected) AutAu 200 AGeV, APS2021.
25 4

Kamiya+, 2108.09644

L

(No Dip at larger R)

r H mn ]
° - L STAR Au+Au |B | = 200 GeV 0-40% I STAR Auvhu 5 = 200 GeV 40-80% i
w/ Lattice BB pot. at phys. m, ~ °* ety e :
04 L4 q Coulamb (r=3.5fm) + Coulomb {r=2m) -
oulomb (r=4fm} Coulomb (r=2.5m) 1
® Coulomb (r=4.5fm) rit = Coulomb {r=3fm) 1
e ects wtt ° Coulomb (r=58m}) Coulomb (r=3.5im) ]
I 5 . p-= sideban d background r p-= sideband backgrownd B
g m: - Central collision Iy Peripheral collision ]
“Er T " =
|4:— !i_ - STAR Preliminary _:_ [ u+ STAR Preliminary _:
° ° L SRS : n ]
There is no signa i T L AU
E - fuf ]
] A0 0 B A~ S .. i o B S
.:....I_....I....I....I....I....I.::..--J_....I....I....I...-I_....I.:

e ] [ [X} 0.15 0.2 025 03 005 01 0.15 02 0.25 0.3

of bound state.
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AA correlation function

Adamczyk+[STAR], PRL114(‘15)022301
(Residual source R ~ 0.5 fm was assumed.)

Morita, Furumoto, AO,PRC91(‘15)
~024916. (Res.Source + flow)

"

A 1.2
— ¥ % L AA o ace | J. Haidenbauer, NPA981(“19)1.
. r m STAR
0.8 | M (NLOG600)
S Moe Isshiki+[STAR)],
0.7 . .
0 preliminary.
systematic uncertainty
—&— STAR PRL114.022301
—— AA®AA
___________ €IS
Kamiya+, 2108.09644 06 1
w/ Lattice BB pot. at phys. m, Qe st with B 108 o ] STAR Preliminary
CC effects with AA. 0.4 LL formuls with R = 1.05 fm ——- i consdisiior ead:dowr:
a ALICE pp 13 TV +—o—
03 L1 I 1V -\ R 1] Au+Au |8, = 200 GeV 0-80%
g |MeV /e p,>= 0.4 (GeV/c)
O oz os o4 Ic%)!s(leie;//;())'e
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Ks p correlation function

8 Ks wave function Kamiya+(in prep.)

K,) = — [|K®) + |K%)] = C(K.p) =

7 [C(K°p) + C(K )]

DO | —

' A L6 . . .
— Kyoto + AJ model 1 ———
Kyoto + AJ model 2 ——
095 L 1.5 -
7 1.4 ]
0.9 b S
\::k ) f / O C (Ksp)
0.85 y <
2.2 ; . . . I_(hp mjll}_ . R=1fm © 1.2 _
\ K'+7% — | »del 1 K% only N
2 ‘\ Kp+zo+atA 79 \del 1 K%+ Ktn-—_.
‘\ el 2 K% only —— L1 7]
18 | \ d el 2 K% + K- — —. R=1fm
\ F_ro 50 200 250 300
. \ C ( ) MeV /¢ 1
1.6 |- i — ’
tr I 0-9 50 100 150 200 250 300
q [MeV /]
1.2
R=1fm _ . .
1 V(K N) :Chiral SU(3) (Kyoto-Miinich) model
. . )
08 5 50 100 Irxlfr;{]' | 200 250 300 (Mlyaharaa Hy0d07 Weise ( 18))
o eV /e
K p,KTp, K;p,and K n or Kh (missing) V(K N) :Chiral SU(3) based model
to obtain KN and KN interactions with I = 0, 1 (Aoki, Jido (’19))
o -y as o .
= N Y=1:E :t:“ # A. Ohnishi @ Heavy-lon Pub #37, Dec.16, 2022, Osaka U. 54



Other Correlation Functions

4 pp, p[_\ E.g. A. Kisiel [ALICE], Acta Phys.Polon.Supp. 6 (‘13)519

1t

J K*K"S S.Acharya+ [ALICE], PLB774 (‘17)64 [1705.04929]
@ Slightly suppressed at low q = g |
Tetraquark component of a, meson O "y KUK, |
s pA, AA [2105.05190][ALICE], A (;"((';;’?V-)'
pXx’ [¢20 [1910.14407]] [ALICE] o
s = E [STAR] (e.g. ATHIC talk by Isshiki) ~— 7 =%
o deuteron-hadron CF @ 1? . _._i+§_§§_§._ii§.i}.!."'¥'o!'l
S. Mrowczynski and P. Ston, O o 1 imm o
Acta Phys.Polon.B51(‘20)1739; °~6;{ AuisAu B = 200 GeV 0-80%
F. Etminan, M. M. Firoozabadi, jy S
[1908.11484]; N SnfEe
J. Haidenbauer, PRC102(20)034001; | | <~/ 4(GeV)
K.Ogata, T.Fukui, Y.Kamiya, AO, S AT \
PRC103(21)065205 . A\ * @ %

o 10 0 300 0gata+(‘21)
q (MeVic)
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We are sorry for using a Gaussian Source |

s Calculating HBT radius in dynamical models is not easy
(HBT puzzle).

@ M.A.Lisa, S.Pratt, R.Soltz, U.Wiedemann, Ann.Rev.Nucl.Part.Sci.55(°05)357 [nucl-
ex/0505014];

choices then tends to exceed the number of experimental constraints. In fact, all
the model results that we review in the current subsection remain unsatisfactory
with this respect: They either deviate significantly from femtoscopic data, or they
reproduce these data at the price of missing other important experimental informa-
{@iGANn particular, there is so far no dynamically consistent model that reproduces
quantitatively both the systematic trends discussed in Section 4 and the corre-
sponding single inclusive spectra. In this situation, the scope of this subsection is

@ S. Pratt, PRL102(‘09)232301 [0811.3363].

Two particle correlation data from the BNL Relativistic Heavy lon Colhider have provided detailed
femtoscopic information describing pron emission. In contrast with the success of hydrodynamics in
reproducing other classes of observables, these data had avoided description with hydrodynamic-based
approaches. This failure has inspired the term “HBT puzzle,” where HBT reters to femtoscopic studies
which were originally based on Hanbury Brown-Twiss interferometry. Here, the puzzle is shown to
originate not from a single shortcoming of hydrodynamic models, but the combination of several effects:
mainly prethermalized acceleration, using a stiffer equation of state, and adding viscosity.

How about afterburner effects ?
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High-Enerqy Heavy-Ion Collisions

# Naive Goal of HEHIC physics: History of Universe/Matter (Shigaki)

@ CGC/Glasma — QGP : Quantum simulation of inflation

@ QGP — Hadrons : last phase transition of vacuum in the Universe

@ Properties of QGP : Evolution of the Universe before 10 sec.

# HIC as a playground / tool

@ Viscos Hydro, Thermalization, Hydrodynamization, Hadronization, ...
— Development of dynamical models

@ High T, Large p, Large B & ®, Chirality imbalance, ...
— Physics of extreme conditions and/or strong field

@ Hadron physics

I1|'t ||!I,I.

CGC i i QGP I Hadron Gas | §
_ _ Hvdro _ _ Hadron _ T
=() =T o T=1 T=1

“th 4 Jet “had Cascade ~EO
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Hadron Physics using High-Enerqy HIC

s High-Energy Heavy-lon Collisions

@ Too complex — Statistical — Simple and Clean !
@ High T & Large volume — Abundant hadrons
@ Nearly 4n detector / Vertex detector

Let’s study Hadron Physics
by using High-Energy Nuclear Collisions
as Hadron Factories.

| Hadron Gas

i -
_ Hydro _ _ Hadron . _. 7
“th 4+ Jet “had Cascade ~EO

A. Ohnishi @ Heavy-lon Pub #37, Dec.16, 2022, Osaka U. 58



Exotic Hadrons

s Exotic hadrons (0", X, Y, Z, Pc ....)
— Discovered/Proposed at LEPS, Belle, BaBar, BES, LHCD, ...

O 0 @O O

X(3872)  Z(4430) Pc T

s Various pictures sl o
@ Compact multiquark state @ @
(with di-quark component)
@ Hadronic molecule
@ (Triangle) Singularity
@ QQ couples with QQ qq @

CcC

intermal
excitation g4 pair creation

Cho+[ExHIC] (17)

What is the structure of exotic hadrons ?

Can we access h-h interactions with heavy quarks ?




Dense Hadronic Matter EOS

# Important from (at least) two aspects.
@ Compact star matter EOS
(e.g. hyperon puzzle)
@ Finite density QCD phase transition
# One of the unsolved puzzles
= Non-monotonic energy dep.
of proton v_ slope

@ Softest point of EOS
(=signal of phase transition)?

@ Other explanation ?

outer crust 0.3-0.5 km

gt ions, electrons

ust 1-2 km
- electrons neutrons, nuclei

outer core ~ 9 km
neutron -proton Fermi liquid

few % electron Fermi gas

e 0-3km
quark gluon plasma?

Wikipedia

Nav. 5-6, 2002, RHIC;LHC/JHF/GST Warkshop @ CNS

¢ How Cold Matter we can make at JHF 7

400

i JHFuEW

20.01 % b) proton et I e . s

‘EL - 1 200 |w OB e QGP b

> 0 pm——— mm % ' B . 't”-;

- e = 150 - o
B i & & i - TN Pl -l'"—-'
e ettt toee———tied 100 FRTTA I &

10 s, (Gev) 107 " 11 CSC.
STAR, PRL112(°14)162301 D pRCTON

0 2 4 6 8 10 12 14

Dense QCD phase transition ? PoPo

Flow — EOS ? Hyperon potential ?
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