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— Relativistic heavy ion collisions
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— Charmed hadrons

1) Charmonium states .
Bound states made up of a charm and an anti-charm quarks
- the 1S scalar nc and vector J/y, three 1P states xc (scalar, vector,
and ftensor), and the 2S vector state y’

2) Charmed baryons and mesons :
D, D*, D., DJ*, A.(2286), A.(2595), A (2625), X .(2455), £.(2520),
=.(2470). =.(2578), =.(2645), Q.(2695), Q.(2770).

3) Doubly charmed hadrons, exotic hadrons

= T, X(3872)
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— Charmed hadrons, SU(4) Neanss/
=+ = Charm = +2
(a)
A. De Rujula, H. Georgi, And S. Glashaw, A
Phys. Rev. D 12, 147 (1975)
=37 Charm = 42
L:* Charm = 41
Charm =0
-1_ li##
Charm=10
IS
%" Baryons
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: Recent measurements of a doubly charmed baryon in 2017

WAL LI

PHYSICAL REVIEW LETTERS 15 SEPTEMBER 2017

5

Observation of the Doubly Charmed Baryon Z}*

PRL 119, 112001 (2017)

R. Aaij et al.”
(LHCb Collaboration)
(Received 6 July 2017; revised manuscript received 2 August 2017; published 11 September 2017)

- Particle m [MeV] (1.J%
TCC (CCQQ) Mesons TL 3797 (0.17)

S. Cho et al. (EXHIC Collaboration), Phys. Rev. C 84, 064910 (2011)
S. Cho et al. (EXHIC Collaboration), Prog. Part. Nucl. Phys. 95, 279 (2017)
J. Hong, S. Cho, T. Song, and S-H. Lee, Phys. Rev. C 98, 014913 (2018)

- X(3872) mesons [x(s72) IS(UPC) 0+ (1+ )

J. Beringer et al. (PDG), Phys. Rev. D86, Mass m = 3871.68 + 0.17 MeV
010001 (2012) Mx(3872) = Mypp = 175 = 4 MeV
MX(3872) — My(25)
Full width I < 1.2 MeV, CL = 90%

: The first measurement in 2003
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Yukawa Institute for Theoretical Physics Quark Model, and Heavy lon Collisions



— Yields of exotic hadrons

Particle Scenario 1 Scenario 2 Mol Stat.
qq,/qqq Multiquark qq,/qqq Multiquark
RHIC
D.(2317) 2.3 x 1072 2.4 % 1074 2.3 x 1072 2.5 x 10— 6.5 x 1073 6.6 x 1072
X(3872) 54 % 1074 5.0 % 105 56 % 104 53% 1075 0.1% 10~ 57 % 10~*
Z.(3000) - 1.5 % 104 - 1.6 x 104 - 1.5 3 103
Z.(4430) - 1.5 % 104 - 1.6 % 105 50% 10 6.5 % 105
Z,(10610) - 20% 101 - 21% 107 - 2.1 % 1078
Z5(10650) - 20% 107 - 21% 107 - 1.6 % 10°%
X(5568) - 51105 - 52% 1075 - 2.3 % 1073
P.(4380) - 25 %105 - 26% 1075 2.0 % 105 9.2 % 105
P.(4450) - 1.5 % 10°5 - 1.5 % 105 - 9.1 105
LHC (2.76 TeV)
D.(2317) 5.2 % 102 4.3 % 103 5.0 x 102 45 % 1073 1.4 =% 102 1.5 % 10~
X(3872) 1.6 x 1072 1.1 % 107? 1.7 x 107 1.3 % 107* 27 =107 1.7 » 1077
Z.(3000) - 34%x107? - 40 107* - 43 %1077
Z.(4430) - 34 %107 - 40x% 107* 1.4 % 107% 1.7 = 107*
Z,(10610) - 1.3 %1077 - 1.5 % 1077 - 1.9 % 10°°
Z,(10650) - 1.3 %1077 - 1.5 % 1077 - 1.5 % 10°°
X(5568) - 50%10°* - 52x10°* - 3.1 % 1072
P.(4380) - 5.0 10°° - 58 x 10°° 6.4x 107° 2.1 x 107*
P.{4450) - 2.9 %1077 - 3.2 % 1077 - 2.0 x 107*
LHC (5.02 TeV)
D.(2317) 6.5 x 102 5.4 %102 6.4 x 1072 57 % 1073 1.8 % 1072 1.9 3 10~
X(3872) 2.5 % 103 1.8 % 104 27 » 1073 21% 104 45 % 103 2.8 % 1073
Z.(3000) - 54 %104 - 6.4% 104 - 7.1 % 1073
Z.(4430) - 54 %104 - 6.4% 104 2.3 % 104 2.8 x 10~*
Z,(10610) - 3.4 %107 - 39 % 107 - 5.0 x 1075
Z5(10650) - 3.4 %107 - 39 % 107 - 3.0 % 105
X(5568) - 7.0 % 104 - g2x% 104 - 5.0 x 1072
P.(4380) - 7.0 %1075 - 0.3 % 105 1.0 » 10-% 3.4 % 10~*
P.(4450) - 47 w105 - 50% 1075 - 3.4 % 10~*

S. Cho et al. (EXHIC Collaboration), Prog. Part. Nucl. Phys. 95, 279 (2017)
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1) Factors for the internal structure of hadrons ooags”

N, (4r07)%

s-wave —~0.168
g, VA+24To7)
N. (47zc7i2 )3/ 22 21T Giz
W Ve —— — | ~0.040
9. VA+2uTo7) 3| 1+2uT0o))
N. (47TO'i2)3/2 8 2:UiTO'i2 2 ~ 0011
d-wave @, V@A+2uTo?)15| (1+2uTo?) |

2) General forms of yields in quark recombination

o TN (Are?)? @ [ 2uTe? |
NE = gT TN T ] (47o;) 2 (2;) 4lor
it Oi i VA+24T07) 2L+ A+ 24Toy)

1 1 1 1
O =— = + —
i m [
y7X0, A i+1
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— Infernal structure of X(3872) mesons

1) Possible structures of X(3872) mesons, 3 independent relative
coordinates 1‘.

Fl. Stancu, hep-th/0607077 7

2) The relative coordinates and momentum of X(3872) mesons

miT1 + Mmara2 + Mm3ars + mars

R =
my + m2 + m3 + my
Pl =171 — 72
L, myT1 +maTs
T'Q - — TB
my + Mo
L, Ty +moTy +mgfy
T'B = — T4
my + mo +ms
5. = — — — =
k = pir + Py + Per + Per k = pip + Pir + Per + Pers
- mipyy — ﬂlfﬁ}T 7 mipp — m;;ﬁ}T
1 — 3 '] —
my + 1y ! my + my
—‘,2 _ ?Rc(ﬁi" + ﬁ%}") B (m-i + m‘i_)ﬁ:‘T 'I-L'z _ T?léﬁ;i—- - ?RC}'S:ET.
my + mp + me ' me + ma
Marct . ma(flp + By + Bar) — (mu + my + me) i, g)?ron Irz _ (et me) @ + Ppp) — (mu + mu) By + Per) g
" g e W] 3 — 7
Yukav ~3 my + my + me + ma o m; +my+ m, +mg

« ollfioN<s



Charmed hadrons
IN heavy ion collisions

— Charmonium states

T. Matsui and H. Satz, Phys. Lett. B 178 416 (1986)

1) J/w suppression and Debye screening
At T>T_ color charges are Debye screened in QGP, and the Debye
screening prevents the formation of the bound states

2) The different charmonium states melt sequentially as a function
of their binding strength;
the most loosely bound state disappears first, the ground state last

‘ ‘ ‘ T<T, | | A T-1.1T,

W Xc ITAd W Le v

H. Satz, J. Phys. G.
32, R25 (2006)

o March 26th 201 ‘ ‘ T~T, | | | T >>T. ‘on from Lattice QCD, 10
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— Regeneration of J/p mesons

1) The nuclear modification
factor of J/y mesons

B. Abelev et al, (ALICE Collaboration),
Phys. Rev. Lett. 109, 072301

0.3

r @ ALICE (Pb-Pb 5, = 2.76 TeV), centrality 20%-40%, 2.5 <y < 4.0

02

01+ global syst = + 1.3%

0 1 2 3 4 5 6 7 8 9 10

GeV/
March 26th 2019 Py (GeVic)
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1.4
m ALICE (Pb-Pb 5,,,=2.76 TeV), 2.5<<4 global sys.=+ 12%
1.2 o PHENIX (Au-Au |5, =200 GeV), 1.2<[y]<2.2 global sys.=+9.2%
o PHENIX (Au-Au |5, = 200 GeV), [v|<0.35 global sys.=+ 12%
1

0.8

0.6

L

04 #'s w iy,
0.2 U & B
0650 100 150500 250" 800 850 400

(N

2) Elliptic flow of the J/y

E. Abbas et al, Phys. Rev. Lett. 111, 162301 (2013)
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— Charmonium states in heavy ion collisions s’

1) The nuclear modification factor ratio between the J/p and the g’

V. Khachatryan et al, Phys. Rev. Lett. 113, 262301 (2014)
M. Aaboud et al, Eur. Phys. J. C 78, 762 (2018)

& _I TTT | TTTT | TTTT | T I TT | TTTT | TTTT | TTTT TTTT | I__ ] 5— _| TTT | TTTT I TTTT | TTTT | TTTT | TTTT I TTTT TTTT |
"% 3[-CMS PbPb & pp {5y = 2.76 TeV + = 1L ATLAS ]
= | ®3<p <30GeVic,1.6<[y|<24 Cent. 1 S F | PoePby5,=502Tev, 042 nb” ’
@ [ wes<p <30GeVrc, ly| <16 T 0%-100%] a 14 pp. (5=502Tev,25pb" ]

S350 _oswcl T [ 9<p <40GeV, |y <2 -
zZ B ® T ] , C T ]
= s + - | 2 .

g 2 T |:_ Prompt y(2S)to Jly doubleratio. ]

o - 4 - - -

= - T ] L ]
z 15¢ —+ L 0.8 _—H 7

N T 0.6 b -
2 C i .

- T 0af| =
05| [+:| + [l 02F 3
E EE E :I L1 1 | L1111 I L1 11 | L1 11 | L1 11 | L1111 I L1111 | L1 11 |:
0||||||||||||||||||||||||||||||||||||||||| 0 50 100 150 200 250 300 350 400
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part Npart
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— Doubly charmed hadron production \/

1) Yields in statistical models

—_
o
[

. > E- ] ] ] —

> 1 i L N E il wils | e = ! 3
© r ﬁ‘“@‘ Au-Au "ENN=2C0 GeV | g = i Pb'pb \s N_z'76 TeV =
Z 1 - :
° T 102 e —— .
> 10%F E > E ety E
= E 3 — E o — 5
S b as : g F ] w -
S | \ S 10 - E
s L T i s c e s :
S 10¢ B : ¥ ¢ E = 4L ] 4
g = =+ : & = =

[l r i

No) 107 i E

1 | Data - ] B 3

- D STA = 102 3

[ [ |PHENIX ] - = Dala, ALICE, 0-10% :

i -3 _

107 A |BRAKIMS o, . 10 E Statistical model E
F——{Thernal inodel fit, y&/N=358/12 | i ] C —— FitiT=156 MeV, i =0 MeV, V=5380 {n7 riern

C T=162 M&V,in =+ 24 MV, V=P1d0 fin® T ] 104 ° ++—:
T Py Ve 1 E i T=164/MeV, 1 = 1 MeV R

T KKpp AAZZ Q¢ dd KA n+n'K+K'KgK*U¢p_A__QQd3H3H

A. Andronic, P. Braun-Munzinger, K. Redlich and J. Stachel, Nucl. Phys. A 904-905, 535c (2013)
J. Stachel, A. Andronic, P. Braun-Munzinger, and K. Redlich, J. Phys. Conf. Ser. 509, 012019 (2014)

S. Cho et al. [ExHIC Collaboration], Prog. Part. Nucl. Phys. 95, 279 (2017)

RHIC LHC
Stat. Coal. Stat. Coal.
Zee  37x107% 44 %x107* 1.0x 1072 1.6 x 103
. —4 5 o~ —3 T —4
March 26th 2019 Tee 89x1077 53 x 1077 2.7x 1077 1.3 x 107" S o Lattice QCD,
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Hadron production

by quark coalescence

— Yields of hadrons in the coalescence model

V. Greco, C. M. Ko, and P. Levai, Phys. Rev. C 68, 034904 (2003)
R. J. Freis. B. Muller, C. Nonaka, and S. Bass, Phys. Rev. C 68, 044902 (2003)

"1 p-do d°p.
NcoaI: ! | If X., . fW X,OOO’X : ,...,
gj{lill T @ E p.)} (%, % = Py, Py)

1) The Wigner function, the coalescence probability function
fW(Xl"”’Xn P pn)
— d _epiyi * X _|_h,...’x _|_h X _h’...’x _ﬁ
“:Iy "”(1 2" 2)"”(1 2"

2) A Lorentz-invariant phase space integration of a space-like
hyper-surface constraints the number of particles in the system
3
| pi-do 9B _f(x,p)=N

., P,
March 26th 2019 (Zm)isdEn Inferactions and Polarization from Lattice QCD,
Yukawa Institute for Theoretical Physics : Quark Model, and Heavy lon Collisions
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— Hadron production by recombination Negass/

: Transverse momentum distributions of hadron yields

1) The puzzle in antiproton/pion ratio

V. Greco, C. M. Ko, and P. Levai, Phys. Rev. Lett. 90, 202302 (2003)
R. J. Freis. B. Muller, C. Nonaka, and S. Bass, Phys. Rev. Lett. 90, 202303 (2003)

Au+Au@200 AGeV |

originated from a competition 18
between two parficle e

(central)

. . 1.2
production mechanisms s |
. . -
: A fragmentation dominates £
at large fransverse momenta < .t
N

and a coalescence prevails 04 |
at lower transverse momenta 0.2 f

[}f|||I||||I||||I||||I||||I|

March 26th 2019
Yukawa Institute for Theoretical Physics



2) The fransverse momentum spectra

dNys B 6 J pyrd?p dN, dNg
S EMT T 5 3 170" PaT 5
d*pr TAVRIA; Pit |y j<agn @ P21 |jy j<ayn
) , 1 _
X 83(pr—pi1—p21)® (A= 7(Pir— Por)— 1 (1= myr)2—(my—m,)*]).

O
] —_— ol —_— 1
JadX1.x2:p1.02) = T{ }(A X3)" ) A charged hadrons @ 200 GeV
2(. xt p} Rl == recombination+fragmentation
, 1 > 1 5 '% 10 8 — fragmir?tatti_c-n 1
X0 (4, _I(pl_pg}' +1{?”1—F”1} ). N recombination
n'__10 ~
X,
and 2 100
EdNM f dRP - u(R) f d*q F
- — = 10
& M Q)P (27)> a
[ p ' T 10°
>{11‘(R )'CD W (R—+ )
a .. 2 ‘r_f( ) b q 1.4
o 12
w 3.4 I = 1.0
G, lq)= | dr®,lr.q) =08
E 0.6
W o "y . x| =04
Dy (r. fl:':f Frle ‘PM( r=s5 )‘Pu(l 3 ) g‘g
March 26th 2019 " ' Hadron'Ir o 3 4 5 6 7 8 9
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Charmed hadron production
by recombination

— Charmonia production by recombination

S. Cho, Phys. Rev. C 91, 054914 (2015)

1) Coalescence production of charmonium states
&I’p.
(27 )3E,. (2m)3E;

Ny = gy f Pe + doepz - dog fe(re,pe) fe(re, pe) Wy (Te, T3 Pes Pe).

The transverse momentum distribution of the charmonium yield

di’\}"w gTIL" 3 2 2 d \'T d.':\c'r_ —+
L = 22 | @BFd* G d* e 0P (Br — Per — B —Wy (7. k
— 2 _ k22 . 16 /1 A e 3
Hr’r ( ,It) = 7 o H’{t;"u{] (i‘_', k} — ? (!_4 — ZL? + ; o 202&2 + J:Lkri
| - 16 2 16 2 12 a a =
Ty — [ 2 __”'_k 7 2 k202
I’ifp(f!k) - ( 3 o2 — 8+ 3 ok ) —2-1'2};2 +—1(F k)?)ﬁ—ﬁ—kzg .
March 26th 2019 Hadron Interactions and Polarization from Lattice QCD,
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2) Integration of the Wigner function over the spatfial
coordinates

/ d* Wy (7, k)
(((2y/mo)e TNt LT
2(2/Fo)3e ko o2k Ui
_ ! 3(2 ?TO'JSE_kzg (Jzkz — %) 5 0(25)
4 e ¥Gs; I/
| 8mad (St Y3 $(25)

[asrw (v k) =l (k)

M. Hillery, R. F. O'Connel, M. O. Scully and E. P. Wigner, Phys. Rept. 106, 121 (1984)

dN, g, 45 d5 S5 -5 5y 9Ne dNg |
d e V ch péT (pT o ch o ch) d5.. dp
Pr Per OPgr
A March 26th 2019 Hadron Interactions and Polarization from Lattice QCD,

Yukawa Institute for Theoretical Physics Quark Model, and Heavy lon Collisions .



3) Transverse momentum distributions

i ' ' LG ' ' s ] =
14 (33ﬁ —+—J‘|"wc _D_w{zs}c E
124 / “x\* —-—J;"'q_l _*_W{ZS} } ":;,"_

1 G 12
ol T 7t sy P-200 Gev |

4 ".II

8 | éi 1.00 i
5__ || I"-. 075, \ ILiz.___S_,}_ :"l Jhp _
1 D.ED-\\- |
. G G )
* 5] W(2S) 11y
29 0.00 N . _
15 3.0 45 6.0 5
D 1 - L l."'.\l>
0.0 1.5 3.0 4.5 6.0 <
p. (GeV) =
=
Al
2
=t
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— Production of doubly charmed hadron by
recombination

1) Coalescence production of doubly charmed hadrons

T &I dPp., &P
_,.*V =g=,, -/pg dc:r;pcl dcr.;-lpcg dJCQ {QW]BE; (QW)BE:ljfl (QW)SE‘Q

fulri, ) fey (Tey s Pey )

xfﬂi(rCETpci)[L\:Ep(rITTC]_".'rCE?pE.pCl .g}t‘-g) 3 5 3
. d’p . d°pp dpe d°p:
N =ax [ - down- dope- docve - doe o s o o
xff(rhpI)fE_(vapf)fC(Tc‘.vpC)fE(Tﬁva)Ifer(rE:'rfs TCETE;pf:pf:pC:pﬁ)
2) The fransverse momentum distributions

dz "NTE-:T gE ce 3 = 2 — — — dg *INTI
dzﬁT“ = 5 /d \ Lo d?pir AP, 7d> P, 0P (BT — PiT — PeyT —PEQT)m
dﬁ_\r d*N I
5= = = _M(F'l F' 9, k1, ko, ks),
d pC]T d pCQT
d?Nx gx B . d*N; dQN—

=73 [dg 1 d*od* Py d? Py d*prrd* Per d*er 62 (Fr — Pir — i — Per — Per)

@N. &N T
dzp 7 d2par - adron Inferactions and Polarization from Lattice QCD,
YUkuwu ISHIVIC 101 ITISUICSHCUI TTYSILY Quark Model, and Heavy lon Collisions
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— Parameters in the coalescence model

Table 3.1
Statistical and coalescence model parameters for Scenario 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 are taken to be my = 350 MeV, m: = 500 MeV, m: = 1500 MeV and my = 4700 MeV. In Refs. [14,15], light
quark masses were taken to be my = 300 MeV.

RHIC LHC (2.76 TeV) LHC (5.02 TeV) RHIC LHC (5 TeV)
Sc. 1 Sc.2 Sc.1 Sc.2 5c.1 Sc.2 Refs [14,15]

T (MeV) 162 156 175

Vi (fm?) 2100 5380 1908 5152

1y (MeV) 24 0 20 0

s (MeV) 10 0 10 0

Ve 22 39 50 6.40 15.8

i 4.0 x 107 8.6 x 10° 1.4 % 10° 2.2 % 10° 3.3 % 107

Te (MeV) 162 166 156 166 156 166 175

Ve (fm?) 2100 1791 5380 3533 5380 3533 1000 2700

w (MeV) 590 608 564 609 564 609 550

w; (MeV) 431 462 426 502 126 502 519

w, (MeV) 222 244 219 278 220 279 385

o (MeV) 183 202 181 232 182 234 338

N, =N 320 302 700 503 700 503 245 662

N, = N; 183 176 386 347 386 347 150 405

N = N: 4.1 1 14 3 20

Np = N; 0.03 0.44 071 0.02 0.8

S. Cho et al. (EXHIC Collaboration), Prog. Part. Nucl. Phys. 95, 279 (2017)

1) Transverse momentum distributions of charm quarks

Table 3 Parameters for charm distributions at mid-rapidity for Au+Au

az . - — 7 i2ions T —

ch ap exp [_ﬁ,] p -] pPT < Po collisions at Syy = 200 GeV and Pb+Pb collisions at /Gyy =
— T

d?pr  |aoexpl—aipFl+as(1+ p7)™™ pr = po i
RHIC p ay az az a4 as
pr<po 069 122 157
S. Plumari, V. Minissale, S.K. Das, G. Coci, and pr>po 108 304 071 379 202 348
V. Greco, Eur. Phys. J. C 78, 348 (2018) LHC ap ap ay a3 aq as
pr=po 197 035 247
March 26th 2019 Hadron Inter pr>py 795 349 359 87335 05 14.31
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2) Oscillator frequency for charm quark hadrons, w.

10”4 . v a—
g, Sy =200 GeV (@) §
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> 104 RN 1
(b 3 RN \:.\.‘\‘5\\*\%\ ?
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o 10°9 B
a 3 A N
Q 8 1 =D —x—D* O\g};“:‘:; \Cxﬁﬂfé
Z 1077 —._ A (2286 NS
g 3 A ( ) O\‘:;'sc 3
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Conclusion

— Charmed hadron from heavy ion collisions

1) Heavy ion collision experiments provide better chances to study
production of doubly charmed hadrons as well as exotic hadrons

2) The enhanced transverse momentum distribution of @(2S) mesons,
compared to that of J/y mesons, is originated from intrinsic wave
function distributions between @(2S) and J/@ mesons

3) The investigation on the transverse momentum distribution ratio
between doubly charmed baryons and X(3872) mesons, or other
combinations between charmed hadrons helps us understand
more the production of charmed hadrons in heavy ion collisions

4) Not only the internal structure but also kinds of constituents
can be identified from transverse momentum distributions of
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Thank you for your attention!
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