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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

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

CcC

intermal
excitation 04q pair creation

What is the structure of exotic hadrons ?

| Can we access h-h interactions with heavy quarks ?
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Multiguark or Molecule ?

s Multiquark states
@ “good” diquark (flavor antisym., spin 0) [Z[&

1/m m, [ZHH9 H5RUN5 1 A HMEIK )

— Tce Tl tetraquark & {cclj—1|ud|j—o BEF
S. Zouzou+(‘86), ZPC30,457.

o FALIAHAIZKHEE - HIRRE — a2/ Uk

# Hadronic molecule

o NFOVH (HF—1EIRM) OBREERICKHHER -GS
o RULVREKREBTRXRELGYHA4X
° BHREEFRN (BELRERBIRILF—DRAER)

Ry >~ 1/+/2uB, a9 — Ry, (B — 0)

@ ?\ ;”fg‘x Key quantities
@/ 1\\___../': = Hadron Size

..... & Scattering length

Te'(raquarks Hadronic Molecules
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High-Enerqy Heavy-Ion & Nuclear Collisions

s High-Energy Heavy-lon Collisions
& High-Energy (and High-Multiplicity) pp and pA collisions
@ Too complex — Statistical — Simple and Clean !
@ High T & Large volume — Abundant hadrons

@ Nearly 4n detector / Vertex detector
— Let's regard High-Energy Nuclear Collisions

CGC | Glasma | QGP  Hadron Gas
. | | | g
_n CYM _ Hydro _ _ Hadron _ _ T
O fee T +Jet | "had Cageade | O

We will demonstrate that high-energy nuclear collisions
are useful in hadron phyics !




Exotic Hadron Yields
in High-Energy Nuclear Collisions

e S.Cho et al. [ExHIC], PRL 106 (‘11), 212001; PRC 84 (2011), 064910;
PPNP 95(2017), 279-322.
o H.Taya et al. [ExHIC-P], PRC 102 (2020), 021901(R)

°ﬁ 2YITP 4 A. Ohnishi @ RBI+YFvo, Aug.18-19,2022 5



Statistical Model
a4 Statistical model /Qc
0

p?dp
—LeEn/Tu + 1

Th
(N, =dN /dy (y=rapidity), V_=Chem. freeze-out vol.)
— Successful to predict the hadron yield ratio at RHIC
o Fugacity factor Y d-wave effects: Kanada-En'yo, Muller ('06)

fstat T 9h
N =Vg =~

.._.-.."I.

. : o I I [
@ u,d,s: chem. equil. T 1 e -
@ ¢,b: enhanced by initial g
hard processes Al o) ]
oyo 10 £ _
Fugacities of ¢ and b quarks : — ]
are set to reproduce expected b O STAR I
¢ and b quark numbers. 10 g O PHENIX o E
- A BRAHMS 0. -
[ —— T=160.5, u =20 MeV il I
0L - T=155, uy=26 MeV N
S I I e O Y | | -
Y = e tneny T e B Btia S) [ Th TKPAEOKKDAZOAd o KAA"

T KpAZQraronagrnrxapp KKADPp
A. Andronic, P. Braun-Munzinger, J. Stachel, NPA772('06)167.

= \?Qs
S YITP * A. Ohnishi @ KBTI+ Fv5, Aug.18-19,2022 6




Heag guarks in statistical models

s RHIC, LHC ORILERTIE s-quark FTIXM{EREFHE IITZELT
NS, ¢, b quarks (& jet TELNST-0 ., HistHREITFEINS
KUHLZLIEBNS — Fugacity factor

p-dp
V -
JEJTE jﬂ

¥y Vol T 4 ]

h

Table 3.1: Statistical and coalescence model parameters for Scenano 1 and 2 at RHIC (200 GeV), LHC (2.76 TeV) and
LHC (5.02 TeV), and those given in Refs. [14,[15). Quark masses arce taken o be my = 350 MeV, m; = 500 MV,
m. = 1500 MeV and my, = 4700 MeV. In Refs. [14,115], light quark masses were taken to be m, = 300 MeV.

Num Vi = '}"ﬂ m,. ﬂ.& g {;JHHI;.:,'E Wy

RHIC LHC (2.76 TeV) LHC (5.02TeV) | RHIC _ LHC (5 TeV)
Sc.l Sc.2 | Sc. 1 Sc. 2 Sc. 1 Sc. 2 Refs |14, 15]
Ty (McV) 162 156 175
Vy (fm®) 2100 5380 1908 5152
15 (MeV) 24 0 20 0
11, (MeV) 10 0 10 0
N 22 39 50 6.40 15.8
v 4.0 x 107 8.6 x 10° 1.4 % 10° 22%106  33x107
Te MeV) | 162 166 | 156 166 156 166 175
Ve (fm®) | 2100 1791 | 5380 3533 5380 3533 1000 2700
wMeV) | 590 608 | 564 609 564 609 550
w(MeV) | 431 462 | 426 502 426 502 519
wAMeV) | 222 244 | 219 278 220 279 385
wpMeV) | 183 202 | 181 232 182 234 338 AGS, SPS ThD
N,=N, | 320 302 | 700 593 700 593 245 662 B AFZETE
N, = N 183 176 | 38 347 386 347 150 405 \
=N it . 4 X " strange quark [Z2DVT
Ny = N; 0.03 0.44 0.71 0.02 0.8 Eqb,ﬂ 7"—/- BFEIELLY
= Ik
Cho+{ExHIC](‘17) B R 2

LIIYITP T
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Coalescence model

s Yield = Overlap of const. dist. & Hadron intrinsic Wigner func.

(Sudden approximation)
Sato, Yazaki (1984), Hwa, Yang (2003), Greco, Ko, Levai (2003), Fries, Muller, Nonaka,

Bass (2003), Chen, Ko, Lee (2003)

"1 pi - do; dp,

coal || Pi i Pi

Ni™ = g /{ gi (2r)® E; flzi,pi) | < fY (21, ,Zp 1 P1, -+ o Pn)
. i—1 i i ]

Dist. of constituents Intrinsic Wigner func.

# Yield in HIC
@ Quark & hadron dist. = Transverse Boltzmann + Bjorken
Chen, Ko, Liu, Nielsen (2007)
@ Hadron intr. Wigner func. = s-wave and p-wave HO w.{.
Kanada-En'yo, Muller (2006)

.:u‘-xl =0k H Y ?ﬁ- ﬂ"j '32 Lluu']—":rj :
L g Vi 1—|—2,L5Tf:r]| 3(1 +2p,To?)

i—=1

c = Gaussian Wldth, n=reduced mass, N = constituent yield
@ Available structure information — ¢ (or z®)
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S YITP # A. Ohnishi @ BT+ Fv5, Aug.18-19,2022 8




Which hadrons are enhanced in coalescence ?

# Simple estimate: 2-body, Gaussian w.f. + Thermal dist. of constiuents
— Yield is large when f,, shape is similar to f;; in phase space.

N, / CZ:;;)DPfW(x,p) fin(z,p) = K%) ((Ap>2 + uT) ((Ag;)Z 4 232)] —D/2

Intrinsic Constituents (thermal)

no\" 2 p? h2 \"? > p?
fw(x,p) = (AxAp) exP <2(A$)2 B Q(Ap>2> fon(@,p) = (2NTR2> P (_ AR? 2ﬂT>

T ~ 400 MeV Ap ~ 300 MeV Ap ~ /T2 T ~ 400 MeV
— —p Az ~ \/h/2puw
o ! o hadronic R~ 5 fm
pp collisions normal molecule HIC

hadrons (hw ~ 6 x B.E. ~ 312/2u(r?))

D\ =N \QQS
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Which hadrons are enhanced in coalescence ?

s “Optimal” size of hadrons
@ The shapes of f,, and f;;, are similar in phase space.

(Ap/Az)? = uT/2R? — hw = \/R2T /2 R2
@ hadrons with heavy-quarks (n ~ 1 GeV),

T ~Tc~160 MeV, 2 Coal. / Stat. ratio at RHIC
HIC (R ~5 fm) ! Mormal
— ko =11 MeV i sl .
(B.E. ~2 MeV) o | ' Mol =
3 e
Loosely bound z b,
hadronic molecules o0 — —
° [ | [ *
are favored in HIC, 52 L. . 8 :
with coalescence ! ot L ' 3
s o L]
* L ]
O e e o
AO+(“13) [Hyp2012 proc.] tie Me V)

D\ =N \?QS
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Coalescence / Statistical Ratio

s If the coalescence is the underlying hadronization mechanism,
hadron yields will deviate from statistical model estimate
depending on the number of constituents, spin, and size.

ExHIC (2011) ExHIC (2017)

Coal. f Stat. ratio at RHIC

RHIC {Scanario 1)
JEE3 33 31 E . 3
ﬁ;ﬁiii_ﬁ“ 2 -
10" § f?ﬁ‘:li?zf‘%'f {‘:a g EI’ 1
|
N [ | .
i 1 l bl l
z 0 | '1' Ji' I L' i/ '| s
] + L 3 1! i :
EZ Tin i S ) '!! ol
TN TY -
a_ RS S A
;1{' i llld. I+ | q __,.'-"'#.J
_ !.]"I J [ | -
10 ! _"I_' 'I Il '_I LV T Normal
IFFEIEEE 3 I gy -
IgeEiife LDV dgigsy
# “u I ﬁ. . . . I!'n'illrl , : . L .
0 1 203 4 5 5 T 8 0 1 2 3 o 5
Mass (GeV) Mass (GaV)

Coalescence deuteron yield
is larger than stat. model.
(R®%; ~1in data.)

Freeze-out T is carefully chosen
to give R®5, ~ 1.

mmy \?Qs
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Conclusion by ExHIC collaboration (2017)

Provided that coalescence is the underlying
hadron production mechanism,
loosely bound hadronic molecules will be
produced as frequently as normal hadrons,
while compact multiquark states
would be suppressed (by coal. penalty factor)
in heavy-ion collisions.

N . omzs \?Qs
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A New Insight from CMS: Exotic/Normal Ratio

1.7 b {PbPh 5.02 [E'n."|

8 ExHIC index = Coalescence / Statistical Ratio _

Yields in Coalescence

RCS
Yields in Statistical model

a CMS index = Exotic / Normal Ratio
Sirunyan+ [CMS], arXiv:2102.13048

N (Exotic hadron candidate)

Pexo/nor = N (Normal hadron)
1.8
@ X(3872) / w(2S) ratio o
in pp and PbPb collisions. 1B 12
px/»(PbPb) = 1.08 = 0.49(stat.) % 0.52(syst.) 220;
PX/w(pp) ~ (.1 gu CI:E
g 04

ExHIC prediction is found
to be (qualitatively) true !

ESEDL o =+ I'..EﬂLIJEI:r%: L
S 300t i | JrT{HJFH ‘|-'+H T
‘;.;25113— _i J‘Jf__.H’ { x{a87z) ‘T-'F L{ 1
'.Eznu_— 1 e -
o T et .
SO N
i) ?Dé_b-ennmm (T » 0.1 mm) *‘:?:IT;“ EC
% 'rEE'_ __bachgrnuﬂd 32
= _'u|:|:— il 1
S a0f i EL g
M ER
£ aogy iy ! *m{ru *m h
E 1of -+¢H44§ 3
ok

SIE EIT-‘ 3 38 335 3‘3 3.956

m,,” (GeVic)

d

1.7 nb” (PbPh 5.02 TeV)}

m PbPb (5.02 Tev)
y] ¢ 1.6, 0-90%

H pp (7 TeV)
¥ € 1.2 {CMS)
B pp B TeV)
¥ € 0.75 (ATLAS)
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Toward Quantitative Understanding. ..

“ With the mass difference from M(y(2S)=3686 MeV),
RS, from data would be larger than ExHIC prediction (R~2).

[ExHIC(2011) precition: R ~ 2.8]
RX<3872)(HIC) = 1.08 x exp((3872/3686)/T) ~ 3.1

— Earlier hadronic coalescence with heavy quarks ?
“ AMPT prediction Zhang+(PRL 126, 012301 (2021))

Rmolecule > Rtetraquark (RAA — Nh (AA) /Nh (pp))

“ TAMU transport model Wu+ (EPJA 57, 122 (2021))
molecule etraquark
R 1 | th q /2

« Suppression of y(2S) (R¥®>, . ~0.14) causes the apparent
enhancement ?

Theorists have to work harder on production of exotic hadrons
with heavy quarks toward a few 10 % level of accuarcy !




Another usage of hadron zields: Vorticitz

s Global rotation in HIC was measured s [ ﬁ  AurAu20-50%
via A polarization. EB__ . e ]
L. Adamczyk+(“17)[STAR], Nature 548 (2017) 62-65. ~ ¢| Koo o |
s How about the “local” vorticity? AL |
H.Taya, A.Park, S.Cho, P.Gubler, K.Hattori, J.Hong, i
X.-G.Huang, S.H.Lee, A.Monnai, A.Ohnishi, M.Oka, 5L #j f _
D.-L.Yang [ExHIC-P Collaboration], (‘20). iﬁ: $
@ Stat./Coal. model with vorticity 0 ‘ﬁ
B(w) = Bw=0)—w-J gyt
s (GEV)
V@ s |
’ N(w — O) o 5] T2 3L (Ty.Ta) in MeV
. | === (180,153
(Almost model independent.) (155,155)
——— (150,155)

@ ¢(1030)/m1°(958) double ratio will |
clearly show the existence of local
vorticity.

-

- =
-
=
—

——-—--._

-
—
————
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Hadron-Hadron Interaction
from High-Energy Nuclear Collisions

c.f. HASADER
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Two particle momentum correlation function

s Single particle emission function D1
)
Ni(p) = [ da,(a.p) .

P2

# Two particle momentum correlation function

@ Two particles are produced independently,
and correlation is generated in the final state.
(Koonin-Pratt formula)
Koonin('77), Pratt+('86), Lednicky+('82) 2 bOdy w.t.

C(q) = N12(p1, p2) N fd4xd4y51(x,p1)32(y,p2)||<I>p1’p2(%y)|‘2
Ni(p1)Na(p2) | d*zd*ySi(z,p1)S2(, p2)
o~ [ drs@lletrigP <1+ [ anS() ot ) = lin(ar) ]

CM var. int. Source fn. . S-wave
relative w.f.

Spherical static source,
non-identical particles, s-wave,
No Coulomb

A. Ohnishi @ RIGELF+J/Fvo, Aug.18-19, 2022 17



Bir'd-eze view of correlation function
s THEABIRI Source size (R) ERNELE (a) [SHRURE

o HMEXHEMNKZVLEHELERE — NSE q TREGC(Q R/ |a| <<1)
o HIEREDHEICI>THAXKEENEIL

Morita+(‘16, ‘20), Kamiya+(‘20), Kamiya+(2108.09644)

w/0 Coulomb With Coulomb
1.5 2 1.5 : 2
nlE, = -:'uZlu'.!,lr.'|.|l.-"1.'
| 1.5 1 .; | 1..'.'i.1.h pag = —3.32 o R
o | — 1.0
0.5 . 14 0.5 Bound 14
g 1.2 [~
R L 1.2
P
‘" 5 L A | Unbound 1
-05F (L8 051"
0.6 0.3
= -1 |
(.4 ()6
=13 : =1.1 " (.4
1.0 (.2 }” 05 1

JR Kamlya+é108 09644)
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Measured Correlation Functions (examples)

Adamczyk+[STAR], [ oo b
L&) ' ]
PRL114(‘15)022301 15k} Medel:R, = R, = 2.5 fm| 7 LICE Nature588 Q
1 e s ! €
= H20)232. E
AA 5 Ik
E o B _ - C ][ 1 _'L_IE—+—:| E+2I [—+—:|
= 0 ®  AABAA it % 4 41 T4 —
s ns : :
——— LL wio residual 3f . 1 S
; AL ) - 200 1
0.6 |- ‘, LL with residual JE :-{;-:l k* (MeVic) E
,: [h} E C4-1 :
b . ] . ] 0.5} "= L1 4
1] 01 0.2 0.3 0.4 0.5 ’ co — ST
2o ASTAR, PLB79) (19)————
° 490r11808202511]. ’
if - ALICEpp {5=5TsaV _ T sF T T M||CE T 13TI\-’ T T
: - 4 = 12 pp {5 =13 Te -
26 L L fy=113£0.02 J'*“f 3 © E High-mult. (0 — 0.17% INEL > 0) ]
04 F (D) ALICE p-—Pb |5, =5.02 TeV - 22 3= D.EB +0.07 3 g 078, <10 p E
E o -= @ -Ef — E 20 _' - 'E_ 8 pb®pd ¢ E
22 P P ph_‘ - — 18 C :_I " p B _: 13F +‘ Lednicky-Lyuboshits modal 3
o) :_ Coulomb + HAL-QCD _: = & i - -.I""'q......-"'- E 12F d,=7.85 % 1.54 stat) + 0.26 jsyst) fm  —]
- Coulombs ] Sl F sl - ' ‘* 9(f ) = 0.85 + 0.34 (stat) £ 0.14 (syst) fm 3
= 18F - 1.4 3 11— Sif ) = 0.16 4 0.10 {stat.) £ 0.0 (syst) fm ]
'& 1.65— p-Z sideband background _E I.EE *"'m_ E_ ,+:*;_¢_f+;_°_1+1+!+_5
aF + . Acharya+(ALICE), N 07 o 3 NIV U ST SOOI
E Nature (‘20) E 0.8 - . . J-|- . . 7 0 50 100 150 200 250 300 kﬁS;[;ev;:DO
1.2 :— * - _: i) ail 100 150 S0 250 ( }
18 L NP k* (MeVic) ALICE, 2105.05578
oof oo d S Acharpa+[ALICE],
k" (MeVic) PRL124(20)092301

JITYITP AT

llllllllllllllll
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From a, to Exotic Hadron Structure

# Loosely bound hadronic molecule
— Eigenmomentum k ~i/aq, ag ~ Ry, =1/v/2uB
# What happens when multiquark state mixes ?

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

Kamiya, Hyodo, (1607.01899), Kunigawa, Hyodo (2112.00249)

2X _
ap = Rp [H—X] + O(Riyp) [Rtyp = max(mﬁl,”reff)}

s Smaller scattering length than R may signal

the admixture of compact multiquark (and normal) component
Bignamini+(‘09)

.............

................

O 6 @ O\ /e

\ﬁ J %I xi«s \gf = 1 1

quark core + hadronic halo  kcotd —ik  —1/ag — ik
(w.f FEXLEFEAS..) (Nucl. phys. convention)

o YTP * A. Ohnishi @ BBI+YFv5, Aug.18-19,2022 20




BT G2 (or BEIF/LF—pp,pA BHRE) ZHIT
I+ FvoNnkOo>DiEi& (e.g. compositeness) Z
BANSNBATREMEDH Y.,

/2L OR,, ) DFEMABEDT.

ERT—IH5E % compositeness ZRHDBDIT
#LIVDTILZETLLED N ?

Multiquark f£5'¢ Molecule B 2 ERE D HE -
R GRE L T

(e.g. Yamaguchi, Takizawa, Takeuchi, Yasui,...) .
W RGBAEZHT ECESBELENET,

mmy \?Qs
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Summarz

s Multiquark K& -/ \FAV R FLREADHEIX, TXFIFVI-\F
AVMBEDORSEFRBETHY . E(FUERIE, (L<OHDRKRE
NDHET) CORBEICKELFEESTETHOMREELDH S,

@ Coalescence [C&kAH/N\FOVERTIL.

B ERETHALHEE L=/ \FOVSFH
BHEONFOVEREELERINS

o BILE—EFREEH,SOHEBEMIT/—ZXH1X (R) &
HELE (a,) [<HUR

o REIRILT—LERFELERNELIZHDINIL,
compositeness HHEFE TESHHE,

s To do (EB5R)

@ pp . pA (et+e-?) mRTOHDIXYFYI/\FOVERLE

@ Flavor hadron interaction DEEL.RZRHFEHICFEL THLZE

@ hadron-deuteron fHESRE%L. 3 AHHEHRI S, ---

. 0y YTP * A. Ohnishi @ BWBI+YFv2, Aug.18-19, 2022 22
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Thank you for attention !
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Schematic picture of HIC

s HIC picture based on the (approximate) first order phase
transition
@ t=1., I=T, , V=V . — QGP start to hadronize (quark coal.)

@ t=1,, T=T =T_., V=V, — Hadronization is over (stat. model)

@ t=1., T=T, , V=V_— Hadronic Freeze-out (hadron coal.)
RHIC  LHC
N.=Ns 245 662
N.=N: 150 405
N.=N: 3 20
N,=N;,  0.02 0.8

Ve 1000 fm* 2700 fm®
Te =Ty 175 MeV 175 MeV
Vi 1908 fm® 5152 fm”
i 20 MeV 20 MeV
s 10 MeV 10 MeV
Ve 11322 fm® 30569 fm®
T 125 MeV 125 MeV

L.W.Chen, V.Greco, C.M.Ko, S.H.Lee, W.Liu, PLB 601('04)34.

- QS
""Y:TP 4
- 'YUKAWA INSTITUTE FOR
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How can we access flavored hh interactions ?

\ \ )»m

s Experimental approaches

@ hh scattering (NN, YN, N, KN) X >< /)
@ Hadronic nuclei (normal nuclei, T / —>
hypernuclei, kaonic nuclei) / D2

and atom (n, K-, X, =, ...) Ni2(p1, p2)
@ Femtoscopy ¢la) Y (p1)Na2(p2)
s Femtoscopic study of hh interactions ~ NiE™e(py, po)
@ Correlation function contains information - Npixed(p;, p,)

of hh interactions. _ / drS(r)o(r: q) 2
@ Koonin-Pratt formula ’

=Valid when the source is chaotic
@ Applicable to various hh pairs S 1o
(NN, YN, KN, DN, YY, Yd, YNN, ...)
@ Weakly decaying particles
— Good pair purity 2
@ Future measurements: D N SN SO ~S—

Charmed hadron, hNN, ... " A N
DAY ALICE [1805.12455]

A\ W - \QQS
O L # A. Ohnishi @ RBI+YFvo, Aug.18-19,2022 25

| VITP Kvoto 3 37

%108
e —

—

ALICE pp Vs = 7 TeV
—— Acandidates: M,

—— A candidates: Ma;'

dN/
]
s
LRI RRRN RN RR) ERR) RARN RARN RARY




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).

V) (g;r) = [8(g;m) — dol(g; )] 615+ (g57) »
(_|_) (_) 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) — \/(quj)/(NIQ1)SL(Q1) (Sﬂ =1—] S—matrix)
a8 With Coulomb
¢(q; ) = Full Coulomb w.f., ¢o(q;r) = s-wave Coulomb w.f.,
(:IZ) Fioj [ _ .
us (qr \)qns +e [iF'(qr) + G(qr)] (F, G = regular (irregular) Coulomb fn.)
YITP S ‘# A. Ohnishi @ RBTHFv0, Aug.18-19, 2022 26
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vwave jJurncuion around uwviireornoid (o-wdve,

—attraction)— ———

s Low energy w.f. and phase shift

u(r) = qrxq(r) — sin(qr + 6(q)) ~ sin(q(r — ao))

1 1
qceot§ = —— + —regq” + O(q4) (0 ~ —aoq)

ao 2 4

a, =scatt. length
=eff. range

Nucl. and Atomic Phys.
convention

@ Wave function grows rapidly at small r with attraction.
@ With a bound state (a,>0), a node appears around r=a,

— Suppressed [w.f.|> on average

a0<0<R a0>R

A. Ohnishi @ RIGELF+J/Fvo, Aug.18-19, 2022 27



Charmed Hadron Interactions

# C(q) including a charmed hadron

@ Extremely important in recent hadron physics.
@ D (cd)-p(uud) correlation

s Probes O (c-ud-ud) state (replace s in ©(s-ud-ud) with c)

D. O. Riska, N. N. Scoccola, PLB299(‘93)338 (pred.);
A. Aktaset+ [H1], PLB588(‘04)17 (positive);

J. M. Linket+ [FOCUS/, PLB622(°05)229 (negative).
* Attraction from two pion exchange

D*

S. Yasui, K. Sudoh, PRD80(“09)034008. Bl
* Easy to calculate the potential in LQCD. :s|

Y. Ikeda et al. (private communication)

mckdel 2] e

pure Coulomb

|
s D(cd)-p(uud) CFs from proposed potentials . [}
Hofmann, Lutz (‘05) (repulsive); It

Haidenbauer+(‘07) (repulsive); 15 ||

w/ Coulomb

Yamaguchi+(‘11) (att., w/ bs); Fontoura+(‘13) (repulsive)

W .
1 - Q‘:-\.'::_._ - 2

L5
ol T T

Data will discriminate these potentials !

| 11
q [MaV /e

ALl

Kamiya, Hyodo, AO (in prog.)

A. Ohnishi @ RIGELF+J/Fvo, Aug.18-19, 2022 28



Marginal case: D - p correlation function

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

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

‘h [ T T T T |' T T T T |' T T T T '| T T
= | ALICE pp Vs = 13 TeV :
@ Enhanced CF from Coulomb. i High-mult. (0-0.17% INEL >0) ]
@ One range gaussian potential [ ot o0 ‘
o L Coulomb
with strength fitted to the I=0 3l e _
scattering length of the model |1 L. ¥ Vamaguchi et ai
o o i J. Hofmann and M. Lutz
— attractive potentials are favored i AR T
Model fod=0) fo(I=1) N -
Coulomb (1.1-1.5) i ; , ]
Haidenbauer et al. [21] 1 =_____,__+ e S -
— g2 /Am =1 0.14 028 | (1.2-15) | b e j
— g2 /4m =2.25 0.67 0.04 | (0.8-1.3) s o Py B e g g
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* (MeV/c)
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] Yamaguchi, Ohkoda, Yasui, Hosaka (1105.0734) (att., w/ bound state (I=0))

* A. Ohnishi @ RHIC-BES 2022, June 21, 2022, Online 29




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
, , k cotd = —i-f + Teﬁk2 + O(k?)
N 2 3 0
k cotd = ” + 27“eff]<? + O(k°) (High-E. phys. convention.)

(Nuclear and atomic phys. convention.) —~ 1.0p———— 7T 17—

-~ ALICEpp (s =13 TeV
- High-mult. (0-0.17% INEL > 0)

o (fm~

T [ T T T T [ T T T T ] T T T LI
ALICE pp Vs =13 TeV - o , .
High-mult. (0-0.17% INEL>0) R/ag=-0.3
s pD ®fpD" J . -

20
I

-1

Coulomb

68+ CL

. .

&5__ + Bestfit Unb()

——— C. Fontoura et al.

|
L
I

777] m; dependence unc. on H

I. \\ III
= ] l'\ \\ III'-, B -
Y. Yamaguchi ef al. . g 2F & "\ \ bound 7] total A4 unc.
4 = ' LY - h
J Y % '
—'u B W

J. Hotmann and M. Lutz

J. Haidenbauer et al. (g%/4x = 2.25) | \ AN -
. h‘"""--:r_,________ U‘ﬂ
1 e R T R D P !
1S j»—“# ' —~+ *‘+‘—‘+'—_ T refe/R=0 ] e
L 1 1 1 | L I+T 1 | 1 1 1 1 I 1 1 1 L : 0 0 OI 5 I]- 1' 5 2 i I I BOund
; . e 30:? (MeWi;]O | gR | 05 0.7 0.8 Q. 9 E :::
JF:i'as:ff {fm}

A. Ohnishi @ RHIC-BES 2022, June 21, 2022, Online 30



Is it interesting ? Yes !

Chiral symmetry — PS-B int. is dominated by vector exch.
@ Weinberg-Tomozawa interaction (vector coupling) appears
in the leading order in the chiral quark model.
@ WT int. is generally repulsive in exotic channels.
With heavy-quarks, PS and V meson masses becomes closer
(heavy-quark sym.), then (two) PS meson exch. can be important.

(higer-order in chiral perturbation) u
Yasui, Sudoh (0906.1452) d
Charmed pentaquark (@ ) may exist. d u

D~ (ed)—p(uud) = c—ud—ud (pentaquark) p & p p

Attraction btw PS-B suggests
importance of higher-order term(s)
in chiral perturbation theory.

Femtoscopy may cause change
of paradigm in hadron physics !

A. Ohnishi @ RHIC-BES 2022, June 21, 2022, Online 31



Recently observed / studied
correlation functions,
Homeworks,

and perspectives
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Exotic Hadrons including CcC {cc {EE

# Main play ground of exotic hadron physics
@ X(3872) Belle (‘03) ccqq

@ Many X,Y,Z states
Belle, CDF, BaBar, LHCb, CMS, BESII], ...

@ Charmed pentaquark Pc LHCb (‘15, ‘19)

@ Doubly charmed tetraquark state Tcc
LHCb (21) ccqq

# Structure of exotic hadrons

@ Compact multiquark states
— “good” [ud] diquark gains energy

@ Hadronic molecules
— Many exotic states around thresholds

@ Their mixture...

.-"J!M s‘ﬁﬁ\x
(&)
@ O/

TEtraquarks Hadronic Molecules

Yield /{500 kt'\"..-"(-f]

Beijing Spectrometer

TTL 0 g+

h o)doto
- 300 s
G -
2 1X(3872) -
E 100 |- J .
0:| ,JM
0.40 0.80 1.20
Mz TT) - M(IT) (GeV)
S.K.Choi+/[Belle],
PRLYI, 262001 (‘03)
B o
ook LHCh 59 B E
C O = .4 ]
w | qoh
L T
20;— ﬁ' :].I.JJJ_*,:.”':: + J[ J[+ E
10F | -
b Mt j* i f f *Hﬂ{
3.87 — 3.ISS - 3.:'39 - 3__9

[Gev/e?]

R. Aaji+ [LHCb], 2109.01038, 2109.01056

o Al
- Y TP 4
- 'YUKAWA INSTITUTE FOR

| VITP Kvoto 3 37
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ComEacf Tetraguar‘ks or Hadronic Molecules

s Tcce = Compact Tetraquark ? 3885 cctid ccqq
Good |ud] diquark gains energy B =270keV B =40 keV
S. Zouzou+(‘86), ZPC30,457. 3880 DD (3879.92) T
> DF D (3RT6.51)
s X(3872) g 3875 ==
@ cc component ? production g 3870 } oty ST
cross section Bignamini+ (0906.0882) s
o Lal‘ge yield ill Pb+Pb — MOlecule? 3865 DY DV"(3864.66) |
Sirunyan+ [CMS] (2102.13048)

c.f. Ar/Ap is similar in HIC and molecule. vy
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 2/ interaction hh int. with charm ?

— Femtoscopy

A | shi '
a TEIF A. Ohnishi @ Quark Matter 2022, Apr.07, 2022, Online/ Krakow, Poland 34

| VITP Kvoto 3 37




Femtoscoeic studz of charmed hadron int.

8 DD* and DD* correlation functions. Kamiya, Hyodo, AO (2203.13814)

@ Related with Tcc and X(3872)
@ ALICE run3 can measure the correlation functions.

# Model interaction

@ Range = one pion exchange Yasui, Sudoh (0906.1452)
@ Strength is fitted to the pole mass.
@ Isospin dep.
* I=0: One range gaussian, strength fitted to the mass
* I=1: ignored
{D°D*"} = (D°D*® 4+ D°D*%)/V2 (C = +1)

D* D {DTD*"} = (D"D*~ + D™ D*")/V2 (C = +1)
- DD+ Vo [MeV] a? P [fm] el P [fm]
----- —36.569 —i1.243 —-7.16+i1.85 —1.75+ il.82
)+ o [MeV i1 m g m
DD Vi [MeV] W fm) a7 [fm)

—43.265 — 6,091 —4.234:3.95 041 +:1.47

A. Ohnishi @ RIGLFYFv2, Aug.18-19, 2022 35



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

s Features of C(q) with a bound state

@ Enhancement at small source, Dip at large source.

@ Modification of potential

(Changing the range, — DYD™(3876.51)
V(I=1)=0 or £ V(I1=0)/3) === D D*+(3875.10)
does not change C(q) N (3874.83)
significantly.

PP Dt (3869.45)
DY Dt (3869.25)

(dominated by the pole)

@ Measurement in Run3
is awaited.

T
1fm ——
2 Hm
Jefri, s |
L | 1 I

DOD -

1 1 1 1 1
0 a0 100 150 200 250 300
q |[MeV /¢

0.4

DT D" (3879.92)

DO (58T1.69)

N (3872)(3871.65)

DY Mt 3864.66)

e

‘r------

50

o0

L i |
150 200 250 3
q |MeV /e

"YITP 474

| VITP Kvoto 3 37
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Tcc and X(3872) structure

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

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

Kunigawa, Hyodo (2112.00249)

2X
1+ X

[Rtyp = max(m; ", re), R = 1/\/2,u73}

@ Hadronic molecule assumption — X=1
Pure multiquark state — X=0

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

s ]Wtyp)

0 20 YiTP T A. Ohnishi @ FBIFYFys, Aug.18-19,2022 37
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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 ?

Dtrt P D7 Dt @ Dzt e e
—~ 13— Ty —~ 19gr— T
S 12F ALIGE Preliminary pp {5 = 13 TeV E ALIGE Preliminary pp 15 = 13 TeV (.00
E N ew High-mult. (0 —0.17% INEL > Q) 17 N ew High-mult. {0 - 0.17% INEL = 0)
HiE D'n* ®@Dx 3 :| Dw* @ D' 0058
1E —— - 5l 1650 BEEE genuine GF EI
o _ 3 Bl Coulomb anly =
0.9 = 156 W Strong interaction models Lin. comb. 1=3,% = =0 10F
somE genuine CF E £ \ ESSS X.Y.Guo + Coulomb =
0.8 Goulomb only = 14F Z.H.Guo-1 + Coulomb P
Strong interaction models |=} = 1afE Z.H.Guo-2 + Coulomb = —{} E 5 g
0.7 == X.Y.Guo + Coulomb — “E B.L.Huang Fit-u2 + Coulomb o
Z H.Guo-1 + Coulomb E 19E L.Liu + Goulomb = £ -
0.6 Z.H.Guo-2 + Coulomb b= E e —{} L I.-.' o
§ B.L.Huang Fit-u2 + Coulomb 3 1.1 o
5 L.Liu + Coulomb | E -
B e . —— —— —y 25
04........|....|....|....|....|....1..: 1'.‘9?""@*' ] [P Y B e o 0.25
] 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
k* (MeV/c) k* (MeV/c) —(1.30 . . : . . .
D+K+ @ D-K- D+K- @ DK+ 0 100 200 300 400 500 600
~ 66— —~ 4dgrrT e e
g— 14E ALICE Preliminary pp Vs = 13 TeV = "1 N ALIGE Preliminary pp Vs = 13 TeV E M_ [ MMeV |
- High-mult. (0 — 0.17% INEL > 0) 3.5 \ ew High-mult. (0 — 0.17% INEL > 0) E gk
12 DK @DK H ) DK' @ DK 3
1F —— 3 r \ | genuina GF 7 s = L A
E = - Coulomb only ] -vL Liu |, Phys. Rev. D87 (2013) 014508
08k 2.5 Strong interaction models Lin. comb. |=1, 0—
o e genuine CF = B X.Y.Guo + Coulomb o gﬁ "1-' GUU et a| Ph}rS REII.II D ?B{ED‘]B} D‘]_,l_‘l_S'][}
0.6 Coulomb only 2 Z H.Guo-1 + Coulomb -
Strong interaction models I=1 E Z.H.Guo-2 + Coulomb 3 -
0.4 B X.Y.Guo + Coulomb = e B.L.Huang Fit-u2 + Coulami = ?
Z.H.Guo-1 + Coulomb 1.5 |\ N L.Liu + Coulomb > -
0.2 Z.H.Guo-2 + Goulomb E — E o
B.L.Huang Fit-u2 + Coulomb o E
0 New L.Liu + Coulomb ! E
_0_2:....|....|.,..|....|....|....|....1,. 05:|||
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350

K (MeVo) i {ihaVic) Fabrizio Grosa@wQM?2022

JIYITP A
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Homework to Hadron (Nuclear) Physics (2)

# Three-body correlation function (ppp, ppA)
¢ Cumulant .. 05 — Oy — Cog — Cy + 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

Eﬁ 4~ [ p-p-p genuine cumulant, flat feed-down - % e p-P—A cumnulant .
o . [ ] p—p-Fgenuine cumulant, flat feed-down w251 —
ol - : -
[ i 20 r
IR W . T .
of W : sk :
s . 10 =
C ALICE i - §
I pp (5 = 13 TeV N 3
[ High Mult. (0-0.17% INEL)
—E-'"""""'""""""""' |

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 , . . 06 07 08
Q. (GeVic) Q. (GeV/c)

ALICE [2206.03344] (Raffaele Del Grande @QM?2022)

A. Ohnishi @ Nucl. Theor. Group Collogium, Apr. 27, 2022. 39



Homework to Hadron (Nuclear) Physics (3)

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

ap(¢pp) = 0.85 +40.16 fm

@ Contradiction with the photo production ?

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

ao(¢p)| = (0.063£0.010) fm 5 TS

@ Smaller than lattice QCD result (J=3/2) ? ‘} : mwp ¢ :
Lyu, Doi, Hatsuda, Ikeda (2205.10544) 1121: A dfff?}sf.fl?gf};D?JES}”T;” :
ao(¢p,J = 3/2) = 1.43 fm | SO ot |
ALICE, 2105.055 7; o

‘ What’s wrong ? I

VL pQs
_ YMTP > 1* A. Ohnishi @ Nucl. Theor. Group Collogium, Apr. 27, 2022. 40
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Toward dznamical 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-
@6fNIn 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

8 But carefully constructed hydrodynamic model may answer.
S. Pratt, PRL102(°09)232301 [0811.3363].

Two particle correlation data from the BNL Relativistic Heavy Ion Collider have provided detailed
temtoscopic information describing pion emission. In contrast with the success of hydrodvnamics in
reproducing other classes of observables, these data had avoided descrniption with hydrodynamic-based
approaches. This failure has inspired the term “HBT puzzle,” where HBT refers 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 ?

A. Ohnishi @ RIGLFYFvo, Aug.18-19,2022 41
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