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Exotic hadrons JPC = 0++ mesonlquark model TEEHA L D5 Ly (exotic)

)z 1%
qq quark model :: nn(I=0,I=1)< nS, sn < ss
ALICE. arXiv:2400.11036 ] 5= - o(1=0) < x < f,(1=0), a,(I=1)
;‘EHTW 1 JKim(ALICE) oral ~500MeV ~700MeV  ~980MeV
1 = yI<05 3 Internal structure of exotic hadrons still under debate
- 1:CSM [#] Data . o Tetraquark: (ut + dd)ss ARG R
[ 1s1=0 |SI=2 _

PRD 103 (2021) 1, 014010, Mod.Phys.Lett. A2 (1987) 77

1 - o Molecular state: KK (f3(980)), KK* (f;(1285))
PRD 101 (2020) 9, 094034, PRD 42 (1990) 874

@ |[Conventional meson: uu + dd
PRD 67 (2003) 094011, PRD 96 (2017) 5, 054012 )

“g
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Yield ratio
=

:
:

Comparison of particle yield ratios with thermal ACEONE t

HYBRID

o/mn f./ln

e Decreasing fp /K" with |S| = 0 scenario
— Measurement suggests both particles have no (anti-)strange quarks and probably are conventional
mMesons

e Alignment of particle yield ratio for f1(1285) with |S| = 0 scenario



J.Kim(ALICE) oral
ALICE, PLB 807 (2020) 135501

ALICE, PLB 853 (2024) 138665_

. : : . . . = F o T
g ALICE f r  ALICE -
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% pp{hSBTe\f K" /Ks % 0.3 p—Pb, |5, = 5.02 TeV + —
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0.6 E@ . oo-m  60-100% ]
L i B i
D‘4_ﬂ11[£ ] - k. T_*_ .

0.2 in;.:. ":i;ﬁ"fiu‘.h ) = ‘25_'8'“ = 0‘1:_ u . ’ _:

- (New) = 2.5 X N == ]

\ | ; - (T |

= 15_ — = F |
g‘jE m:-lzﬁj:ﬂ;ﬂ'_' | ] T I BN B — | | -
- || S— . i SEER PV e Beree B _15F ]
) __.I-l-l 1 = - -
D.g Z—| %E -|§... ............................. . ....; ......... *. ....... + ------ .+-.-_-.

L R 1 =@ F M ]
2F L - 1 TTosplelsTe] , , -
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@ fp(980) yields suppressed at low pr in higher multiplicity events
— f0(980) resonances significantly affected by interactions with the hadron gas even in small
collision system
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ALICE. PLB 853 (2024) 138665

2

No Cronin-like enhancement in Qppy,
@ Internal structure to be a conventional meson (PLB 645 (2007) 138)

~ ALICE = ZNA Multiplicity ) E
o (s so2Tev, 05 <y <G|+ 0N e
z:* o | | E*. . .
~ . 1,(980) f a3 E
- o h™ PRC 91(2015) 064905

' E

PLB 645 138

p. (GeV)

Fig. 6. Rcp for LHC using the same notation as in Fig. 5.
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Fig. 7. R4 4 for LHC using the same notation as in Fig. 5.
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QM23 CMS & QM?25 Y.Wang oral

CMS PPD, S,y = 8.16 TeV (185 < Ny, < 250)
: : , | . : ; : .
i " f,(980) _
015 oKs 2A it L& nq= 2 hypothesis
- S 5 ¢ L ny = 4 hypothesis -
I CMS Callaboration,
0.1  Phys. Rev. Lett 121(2018) 082301 _

=

KE./n, (GeV)

Next:

| @ Assuming NCQ scaling, n, of £,(980) is consistent

with 2.

| e ng = 4 (tetra-quark state or KK molecule) exclude

with 7.70.
e n, = 3 (qqg hybrid) excluded with 3.5¢.

- Favor gg normal meson state for f;,(980)

— conflict with the conclusion
from hadron physics

* More rigorous coalescence calculations to support the KK molecular state for f,(980)
* Explain why the scaling behavior breaks down at hadronic level



Y.Wang oral
Coalescence calculation results for f;(980)

* Use typical molecular size estimation method: 1 1 reduced mass
Guo, F.-K., Hanhart, C., Meilner, U.-G., Wang, Q., & Zhao, KZﬁE EB; - binding energy
B -

Q. (2017). Hadronic molecules. arXiv:1705.00141.c

We consider the range from 1.0 fm to 1.5 fm as a reasonable interval for the RMS radius.
0.30

— Coal, {(980), r = 1.5 fm Coal, fy{2980), r=15fm

B it —— Coal, ®(980).r = L.0fm 0.25 - Coal, fy(980),r = 1.0 fm
'IC,T 3 —— Coal, ;3(980),r = 0.8 fm Coal, f(980), r = 0.8 fm
S i ALICE data, fy(980) Pl § CMS f;{980) 8.16 TeV
U
g 107

s ] a 0.15 -
g B

4 >
'% 107 0.10 4
=)
- 0.05 -

By .

= 1077 effects from string frag.
= ] 0.00 -

= -20° -
p+Pb @ \'s\,=5.02 TeV, 0-20% p+Pb @ \'s=5.02 TeV, 0-20%
1[}_5 T T T T T T T T —-0.05 T T T T
0 1 2 3 4 3 B i 8 9 0 ? 4 8 8 10
pr (GeV/c) pT (GeV/c)

Y. Wang, W. Zhao, C. M. Ko,

I'f) n
F. Guo. J. Xie. H. Song. in preparation. Support for “molecular structure ” for f,(980)



Y.Wang oral

Violation of scaling behavior in hadronic level

Assumption of NCQ scaling E}HZ.
pr/2.

Pr, (P.Pp) = Bexp \_ PAgil % =

2
V3

r, =

v@

-O

, Pt

1
XE Pp — ﬁ(p; - p%)

If g, is relatively large mmp farther apart in coordinate space & closer in momentum space
- Consistent with the hadronic scaling of kaon (~

v

pPh f{9B0) & kaon scaling

o]

pPb fy[980) & kaon scaling

kacn kaan
L9BONZ, F =10 0.20 698042, r = 3.0
b CM5, (38012 & CMS 9802
& ALICE kaon e & ALCE, ksorn e i
- ., a1s - L ' o,
R T o ~ 4P o
4 1 T X | P
4 o e Gl e ¢ < / .
e ’ i % 5 .
4 + - y +
A [ 0.0% - A
A : | A :
o
| % — ] - — f
r=1.0fm oo 7 = 3.0 fm
1 2 3 4 5 1 2 3
prin (GeNc) prin (Gevic]

2

v§*iin

0L

a1s

010

Ll LB

Ll i}

-0.05

ng = 4in NCQ scaling)

pPb fiy[980) & kaon scaling

LI}

el o)
.r{ F : *i
rr'.‘
Vs | *
e
A b
ko
k{38012, r= 100
r — 10 O fIIl #  oME fyjasaja
- . # ALICE kaon
1 z 3 4 5
erin (Gevic

No hadronic scaling, we need real coalescence calculation for KK component
* Coalescence calculation support for “molecular structure” for f;,(980)



Glueball candidates
f,(1370) f,(1500) f,(1710)

Counts / (20 MeV/c?)

800

600

400 |

200

100

50

f,(1500) favor
« vy f,(1500)
¢« Yy f0(1710)

f,(1710) favor

 J/y radiative decay
£,(1710) >> f,(1500)

« f,(1500)> nn’

e f,(1710)% nn’

Flavor symmetry assumption
(gb —» 7o : KK :ogn:nn' :n'y) = 3:4:1:0:1

Glue rich processes

_mé‘ﬁ?xjmé

Cemwosn @] J.KIim(ALICE) oral & Sawan(ALICE) poster

—— 4 B-W + Background
— signal ¥

----- background

 ,(1500)1% ?

°@@% =EE— RNL?

« Pt#. centralityfK1F 14,
BEAHMEL(L?

FRICHI

3
x10
E e T T ZEUS

B PP, ¥s=13.6Te ALICE Performance > 8000 —m T

i FTOM 0-100%, ly| < 0.5 e Data (stat. uncert.) § W

5 0.0 <p_<30.0GeVic —— 4 BW + Res. Bkg ;Q ¢ N

FTe, 1(1270)a%(1320) Fles. Big S l .

I signal =
* ';(1525) g 4000 —'2(‘270)152(‘320) ’ I
» ¢ £ I 1,(1525)
: 1,(1710) 8 £(1710)
o ‘ , ,
X .
10 Residual background subtraction
------ £,(1270)
------ a,(1320)"
------ ,(1525)
- == £,(1710)
o 0
1.2 1.4 1 6 1.8 2

M, oy (GeV/c?)

MKKO) (Gev)
® Four resonances are observed in the K{ K mass spectrum similar to the

HERA experiment [5].



>+ p correlation function 3.Heybeck(ALICE poster)
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>.* reconstruction in ALICE
> Tt 1m0+ p (BR = 51.57%)
-y + vy (BR=100%)

» Reconstruct secondary vertex using a
Kalman Filter approach (KFParticle[6])

» Measure photons with conversions
and the calorimeters

______________ Calorimeter

[6] M. Zyzak et al., IEEE Transactions
on Nuclear Science 60 (2013) 3703
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> T reconstruction in ALICE

First measurement of X+ at LHC energies!

P U L B B B LA L I

> stom+p  @R=stsT)  f [T
0] 1 - T ° —
m’ -y +vy (BR=100%) s s X opr©F 5 3
. “o|lg” =~ E'Q PCM-Calo, |y|<0.8 ]
» Reconstruct secondary vertex using a _I e 1/ __ = ~a— High-mutt. (VO + SPD)
. . [V p— —e— Minimum Bias (INEL) —=
Kalman Filter approach (KFParticle) : o S o -
» Measure photons with conversions L e o N
and the calorimeters : E.%.q E -
— First X+ spectra at the LHC - =S =SS
E E.:EEEQ E
: Ll | | Ll 1.,l.|l.“|..,‘*~;-~|E
0 1 2 3 4 5 6 7 8
P, (GeV/c)
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B.Heybeck(ALICE poster)

>+ reconstruction in ALICE

» Reconstruct only one photon to
improve efficiency and calculate
missing momentum from topology
and ¥ mass

» Select particles using machine
learning approach (XGBoost)

» Reconstruction efficiency improved
by one order of magnitude

» Twofold improvement of purity



Comparison with data

» Calculations weighted by
A-parameters to account for
iImpurities in the data

» Error bands arise from uncertainty
of the source size

» Large spread in model predictions
— Data very constraining despite
sizeable uncertainties

SMS NLO: J. Haidenbauer et al., Eur. Phys. J. A 56 (2020) 91
NSCI7f. T.Riken etal., Phys. Rev. C 39 (1999) 21

ESC16: M. Nagels et al., Phys. Rev. C 99 (2019) 044003
NLO(sim): J. Haidenbauer et al., Phys. Lett. B 829 (2022) 137074

B.Heybeck(ALICE poster)

GOETHE E%
UNIVERSITAT

ALICE

)

% - ALICE Preliminary .
1_3__ w pp, Vs =13 TeV ]
- High multiplicity -
- —.— p-E* @ ﬁ'f -
i — SMS NLO (NLO19 ref.) _|
1.2 — SMS NLO (a = 0.3 fm) —
- — NSC97f :
L] — ESC16 .
B — NLO(sim) .
1.1 N — Coulomb only ]
il \\v E—
L M -,‘-___--'-l'" _
A= E
0.8 —
i ] | | I 1 11 I | | 1 1 11 | 1 111 | 1 1 11 I 1 111 | 1111 | 11 I_

0 50 100 150 200 250 300 350 400

k* (MeV/c)



+ + n L
> : correlation function >* p elastic scattering
;\ TT ] | L KR | I TTIrT1T l Yl I TTTT ] TIrTT I | BB B3 G J ] TT T I Wi
% L ALICE Preliminary - T. Nanamura et al., Prog. Theor. Exp. Phys. 2022 093D01
13— w pp, Vs = 13 TeV N
i High muttiplicity . % [ (a) 044 <p (Gevic) < 0.55 - FSS
i - pr ®pL il E °F - fss2
i — SMS NLO (NLO19 ref.) _| a | NSCoTt
| | s A — 2
1.2 ‘4 _zgg;;;o Lol B . +EFT NLO13 (cutoff 600MeV)
By -ESC16 ] 7 ] === XEFTNLO1 (cutoff 600Me)
|| — NLO(sim) ] H ESCO08 (0.55 GeVic)
Bigl el B = A [E289 data (0.35<p(GeV/c)<0.75)
i ] : B E251 data (0.3<p(GeV/c)<0.6)
- ~ N TR T TN ] present work
I 1 5 gl (b)0.55<p (GeVic) < 065 (c) 0.65 < p (GeVic) < 0.80 :
[~ E B ‘c:i
» i g ]
L ] 8 i _,-"j
0.9+ = : ;
| i 4 |
[ ] 2}
0.8 —
[ NI PR RN RN AT SR AN F NN SRR A AN AAN Y 0;“"""“""""""""""""' :
! ) 082060402 0 0.2 04 06 08 —1-08-06-0402 0 0204086 08 1
0 50 100 150 200 250 300 350 400 cosh,,, cosf,,
k* (MeV/c)

NLO19lZcorrelation function, elastic scattering(0.44<p<0.55)FEIcZF Nk ) (T—3, 7=7°L
elastic scattering D EENEMRFIEITHIRE L ALy,

NSC97(5|77) Zcorrelation functionZ 2 < BIE L WL A, elastic scatteringlZxt L TlZ
FEH/RLTWD



'S, & °S, channel

B.Heybeck(ALICE poster)
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ALICE

;"“‘_IIII‘IlII|IIII|IIII|IIIIIIIII|IIII|IIII|III_
x P
o Lo ALICE Preliminary
. e : I % pp. /s = 13 TeV |
» Sensitivity to singlet strength only 130 High multpliciy _
* = - pI @®pT -
atvery low k (5 0 MeV/C) HERE — SMS NLO (NLO19ref.) ]
- - - NIRRT —SMSNLO (a =03 fm)
chanuel SPLL-parity ::| " . .
baryon pair | straugeness | isospin | singlet-even/ triplet-odd | teiplet-even /singlet-oded 12_ I|I “1 Nscg?r' . ]
N-N |.J ] (10} B :Il -.‘ll'- _-”4 Cs(k ) * 31{4 Cl(k J N
N N 0 1 (2 -l W -- 1/4 C(k*) + 3/4 Coulomb |
N-A 1 1/2 L(R)+3(2 T —(8.) + (T0)] : h W --= 1/4 Coulomb + 3/4 C (k") :
N¥ 1 1/2 5 [3(8,) — (2 “5[(8.) + (10)] ) n
N T | 3/ (27) (10) 1.1 i
'i

» Correlation function very sensitive ;
to triplet strength at higher k* hi -
» Good agreement with very N -
shallow repulsion it -
Paull Forbidden ! 3 FN VA AR NS N P PR P
0 50 100 150 200 250 300 350 400
k* (MeV/c)

’The more repulsive potential in 35,

-> The larger do/dQ (like fss2)



ALICE J-PARC E40

>+ p correlation function >* p elastic scattering
reliminar I 3
ALICE Preiminary Phase shift of 3551
High multiplicity
BEBPL a T af B
%unis[?: potentia % 31}5— B ‘u
[(Jlenc<2 = 60 B g :-IJ
[2<ns<3 - : —C i :ﬂ
no = A 4= —— =
= . ” gui/l = :'..":Sl:.:hﬁl:I
= = NSCOT7I
ﬂ:"""a:-“ == f552
_ap i_ =rrea i .-.- ...-,q:.b_' _: ... $Fl;}
_4“;_ el e ':':--:"'_"-.ﬁ
_ﬁﬂ;_ e
—80F | e

lvws v bw vy vy by vy by v v v by T I A A
Ul 0.2 03 04 05 06 07 08 09 1
¥ momentum [GeV/c]

=

Correlation function>3S113353 U F 1. ESCl6D¥EnIRE
Elastic scattering=>3S1(3. FAOEIREITNITR LS AWK, ESCLI6 L [FRE
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The Coalescence Model for light nuclei

%=

Phase space distributions of p/n (obtained from hydro)
= Ja f d*x,d°p,d°x,d°p; fo, (X1, PO (X2, P2) X pg (P, Pp)S(Pq — p1 — P2)

(—' Wigner function of deuteron
_ R R
p¥ (r.k) = [gb(r+§)f;fr* (r—i) exp(—ik - R)dR

wave function

p + n - deuteron

dN
dP;

- If take the harmonic oscillator wave functions ¢, then the Wigner function will be Gaussian.

2 ),

% _ P~ o 2
J— _I. 2"._ X ’d.
» Pd (Prpp) 8 exp [ '.;I; Pp9q

1 f f 1 / f
= — Xy — Xa /. g — = — .
P \/i( 1 2), pf \/i{pl p?)

. 2
The parameter g4 is related to the RMS radius of deuteron 0g = ﬁfd

|
4

* Similar calculation for tritium, helium-3 ...



Elliptic flow for Light nuclei from Coalescence

- ABASEEASSSSmosc peecssens naan s
A 0.5-d+d 3]
= . & Data 10-20% &
= L = Data20-30% AN
o 0.4 . Data30-40% £ Y-
X [ IEBEVISHNU+Coalescence & -
0.3~ 10-20% Jm -
F L 20-30% o f
+ B o
02 . 30-40% I
L s
- * -
. f £ -
01:‘ 'a e " =
- * -
. :*“:"3 g ALICE j
0% Pb—Pb VS =5 02 Tev—
IR IET I 8% BTN : S|
50.04 - | E
B2 N ,,r:el =
l .!' "‘~| ,v. : " 3 _
“0 02- ¢ L = ;i j
Q0.04 - -
0 1 2

* With coalescence model at hadronic level, we can describe the light nuclei (d 3He ...

Bl B
p_ (GeV/c)

v, {EP. |An| > 0.9}

ata — model
(@]
—

D
S
@)
o

ALICE

Pb-Pb, |\ISNN =5.02TeV

n1<0.8

‘He + *He
¢ 0-20%
B 20-40%

iIEBE-VISHNU + Coalescence
PRC 98, 054905 (2018)
0-20%

—

|

\ 1)
21 lrl 1!.[1 WREN! ll

L1l ul 1

-

L

i1l

Experimental data: ALICE Collaboration. arXiv:2005.14639, Phys. Lett. B 805, 135414 (2020), arXiv:1910.09718
Theoretical calculation: W. Zhao, L. Zhu, H. Zheng, C. M. Ko, and H. Song, Phys. Rev. C98 (2018) 054905

) well.



Hadronic coalescence procedure for f;(980)

Assumption: f,(980) is KK molecular

p+Pb @ \'sy\=5.02 TeV, 0-20%

10°[ ~ Hydro-Goal-Frag ALICE DaTA] 0.4 AUCECATARZ0%
an 15 — T o T 4 &
i 10E _ b K
) & _ il
- C 0.3 Hydro-CoalFrag
S 10'F | a— z
E;~1n:n 2 : 7 - -
hl"—' "
..En =
1 10°F
= |
=

107

0 2 4 (5]
p_(GeV)

CME.p+Ph BB TeV
KJ(185<N, <250) |
0P A{1BE<N_<260)

ATLAG.p+PD 5.02 TeV
h(B0<N_

p,(GeV)

kaons from early model calculation

flow from 0-6 GeV

* nicely describe the p; spectra and elliptic

-

K+ K - f,(980)

KK component

kt/)

0

deD
3 - gfn

dPp,
Klfﬁ(hrpﬂff(xzrPz)lfg(ﬂrpp)ﬁ(f)fo —P1—P2)

Phase space distributions Wigner function

f d3x1d3p1d3x2d3p2

of K and K of £,(980)
2
P 00p) =8 |- i
1 ; p 1 / /
p= E(xl—xg], Py = E(pl — Ps)
t:}'p = ﬁ}"’

25



f0(1500) and f,(1710) at BESIII BCSII

]/",b I PRL129 (2022), 192002
- — ‘}/nn PRD106 (2022), 072012
< f,(1500) — nn' : significant contribution F‘*‘”“;:' e
f0(1710) - nn' : not observed 3 soof D B‘ES]]I
5 : i I“mmn
) ]/I.b — ]’ﬂ’?f.r ]/lnb - YKSKSJ ]/l)b - ynﬂnﬂ E mﬂi
< Large fy(1710) production (assuming ob T e
f0(1810) i1s the same object) | MG )(GeVIc?)
A ovm J1¥ 2 yKKs

fo(1710) can have a large

gluonic content or a sizeable  ¥* Ky == 13 §

overlap with the ground state 5“ 15 g

scalar glueball i 1o =

4 < | % = é JLH{M +++wa }mhﬂﬂmt{'#tlid §
bl ol |

L 1 1

1.5 ?. _ 2.5 3 i 1% 14 TE 18 2 5B 24 D56 28 2
a) M, (GeVic) Mass(K K. ) [GaVic®)
. . [ ] [ .



(Gaussian potential

» Obtain correlation functions from Gauss + Coulomb potential and compare to data

p-L @p¥

Gaussian source (rﬂ=ﬂ.98 frm) :

— Coulomb potential
+ (Gaussian potential with "-u"D

--- 40 MeVY —5 MeV

--- 30 MeV¥ —10 MeV
--- =20 MeV —15 MeV
--- =10 MeV —20 MeV

triplet V_ (MeV)

9
8
7
6
5
4
3
2
1
0

=

GDETHEE

UNIVERSITAT

FREANEFURT AM MAIN

ALICE
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Phase shift analysis

Phase shift analysis for Z+p do/dQ2

strangeness

T. Nanamura et al., Prog. Theor. Exp. Phys. 2022 093D01

BB channel (I)  'Even or *0dd 3Even or '0dd

« Two parameters : 8(°S;), 3('P4)
« Other phase shifts up to D wave :
fixed on NSC97f, ESC16, pp scat

0

Fitting do/dQ2 with sum of partial waves

0.44<p(GeV/c)<0.55 0.55<p(GeVic)<0.65

dea/dil [mhbfsr]

] Leeol Ll R P | » TYR AL ool 0l o
-1 08 —0.6 04 402 0 02 04 06 “.H‘H 1 “—l —0E -6 04 02 0 02 04 06 08 1
costl., e VT

NN(I = 0) (10%)

NN(I =1) C (27) —~
EN(I=3) (27) (10)

« Constrained from NN (I1=1) channel
« Smaller uncertainty

0 200 400 600 80O 1000
Py (MeVic)




Phase shift analysis

Phase shift analysis for Z+p do/dQ
« Two parameters : 5(°S4), 8('P4)

* Otner phase shifts up to D wave : Comparison with HAL QCD XN potential
fixed on NSC97f, ESC16, pp scat

Ti. Nanamura et al., Prog. Theor. Exp. Phys. 2022 093D01

10

, . . . U tty=11 —e—
First experimental derivation of phase shift of 23S, ; “Eﬁ,g g
= A U3 T=0 t-t~= i
T gl = A 535150 0f | "Eﬂm -
a g —— B 53510 ' +
o - i :
S 60 . B 5351h0 ) . % E40 datg
< 40 “e- C 838150 5 | | |
= ----ESC16 2 20 1 O TS S S
2“: — NSC974 %
0. fasz— | |
2'}: .-.".:I-:_.:‘___‘“- _30 I NN TP N U R W S——
= e e —— ESC16 |
0 50s,) e, 4o f AL S
—601 3o(°s4-°D4;2Gauss1Yukawa2Tensor)
_B']__ fss2 L _5_{} L 3 3 3 ¥ 3
S TR T PR P DT PO PR PN T 0 20 40 60 80 100 120 140
0 01 02 03 04 05 06 07 08 09 1 Egy (MeV)

¥* momentum [GeV/c]
H. Nemura et al., EP) Web of Conf.,, 175, 05030 (2018)

Derived phase shift suggest that the 3S, interaction is moderately repulsive.



J-PARC E40 experimental setup 12

Two successive two-body reactions @ J-PARC K1.8 beam line
« X production by np—2>K*Z reaction
« Xp scattering reaction

-\.

CATC K+ ‘Eh’ .. f
ATCH /
| | KUMMA Ii KURAMA spectrometer
= « |dentification of K*
_J « Momentum analysis

LH, target " CATCH — ‘f
K~ BH2 — &% .,
—

.//. BC34

Momentum tagging of £ beam

, ./,. (MWDL)
,f
/
[
[~
| Beam-line spectrometer
Gc BHI * Momentum analysis of
NV m beam
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