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INnfroduction

— Relativistic heavy ion collisions
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— Recent measurements of a doubly
charmed baryon in 2017

PRL 119, 112001 (2017) PHYSICAL REVIEW LETTERS 15 SEPTEMBER 2017

5

Observation of the Doubly Charmed Baryon Z}*

R. Aaij er al.”

(LHCb Collaboration)
(Received 6 July 2017; revised manuscript received 2 August 2017; published 11 September 2017)

Particle m [MeV] (a.J%

- T.. (ccag) mesons o 019

S. Cho et al. (EXHIC Collaboration), Phys. Rev. C 84, 064910 (2011)
S. Cho ef 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 [xGar2) ISPy =0T

Mass m = 3871.68 = 0.17 MeV
J. Beringer ef al. (PDG), Phys. Rev. D86, mx(3g72) — My = 175 = 4 MeV

010001 (2012) Mx (3872) — My(25)
Full width ' < 1.2 MeV, CL = 90%

S.K. Choi et al. [Belle Collaboration], Phys. Rev. Lett. 90, 242001 (2003)
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: XNU
— Charmed hadrons, SU(4) Negass”
2 cram=+ 2PN T 1) Charmonium states :

Uuc-p%z® Charm = +1 r]C, J/LlJ, XC, LIJ’

2) Charmed baryons
and mesons : D, D¥,

o- esons F Baryons D,, D.*, A.(2286), A.(2595),

A.De éﬂjulc, H. Georgi, And S. Glashaw, mh /\C(2625) / ZC(2455) / ZC(2520) /

Phys. Rev. D 12, 147 (1975) N =.(2470), =.(2578), =.(2645),
=t Grarm e 12 Q_(2695), Q_(2770)

weny cam=+1 3] DoOUbly and friply
charmed hadrons,
exotfic hadrons : =, =*

(e(e = (CC”

E:'.‘;harm=|::|| QCC' Q*CC' QCCC', TCC' X(3872)

1- Mesons 3* Baryons R. A. Briceno, H.-W. Lin, and D. R. Bolton,

2 Phys. Rev. D 86 094504 (2012)
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1) Charmonium states :
nc, J/y, xc, @’

2) Charmed baryons
: = and mesons : D, D¥,
0- Mesons T"E: ciaryons DS' DS*' /\C(2286), /\C(2595)'

_a A.(2625), T.(2455), T.(2520),
=_(2470), =_(2578), = (2645),
Q.(2695), Q.(2770)

weny cam=+1 3] DoOUbly and friply
charmed hadrons,
Jwst" exofic hadrons @ =, =* ...
onarm =0 Qcc' Q*cc' Qccc', ch' X(3872)

3* Baryons R. A. Briceno, H.-W. Lin, and D. R. Bolton,
T 2 Phys. Rev. D 86 094504 (2012)
Jungbl1th 2019 {d)
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— Intfernal structure of X(3872) mesons

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

D. M. Brink and Fl. Stancu,
Phys. Rev. D 49, 4665 (1994) 9 4

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

mi17T1 + mara + mars + mary

R =
m1 +ms2 + m3 + my
Fl =71 — 7
+ miT +maTy
2 Ty + ma
L, MT] +moTy +mary
T'B = — T4
My + Mo + My
. = — — — T
k = pir + Prr + Per + Pers k = pir + Py + Por + Dt
T = Ml — MuPpp 7 mpPip — My Py
1 — 3 '] =
Ty + g ! my + my
- me(Pir + Pip) — (mu +mp) Py iy = MePyp — MePer
: my + mp+ m, ' me+ms
1 = =y _ Y =
;]/LIJI:ZJeR kg = ma(Pir + O + Per) — (mu +my + ﬂlc)ﬂ{'ﬂ?} kg = (me + me) (P + Pip) — (mu + my) (Per + Per) o7

my + mp+ Mme + Mg my + myp+ M, + mg



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, | | l T~1.1T,

W Xc ITAd W Le v

H. Satz, J. Phys. G.
32, R25 (2004)
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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

" @ ALICE (Pb-Pb s, = 2.76 TeV), centrality 20%-40%, 2.5 <y < 4.0
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June 11th 2019 P, (GeVic)
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m ALICE (Pb-Pb 5,,,=2.76 TeV), 2.5<<4 global sys.=+ 12%
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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)
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— Multi-charm hadron production

1) Yields in statistical hadronization models

Multiplicity dN/dy

A. Andronic, P. Braun-Munzinger, K. Redlich and J. Stachel, Nucl. Phys. A 904-905, 5
J. Stachel, A. Andronic, P. Braun-Munzinger, and K. Redlich, J. Phys. Conf. Ser. 509, O
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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: [ [ 'fX-, _ fW X, oo XD Dyyeee
g[{l;[gi o £ p.)} (%% Pyyes Py)

1) The Wigner function, the coalescence probability function
fW(X11""Xn Py pn)
— d _epiyi * X —|—£,'“,X +h X _h’...,x _h
j];[ yl 4 [ 1 2 n 2 jlﬂ( 1 2 n 2

2) A Lorentz-invariant phase space integration of a space-like
hyper-surface constraints the number of particles in the system

d3p.
in°d0i 5 i f(xi, pi) =N,

3
( 7[) Ei Strangeness in Quark Matter ® 12
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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)

originated from a competition 18
between two particle 4

. . 1.2
production mechanisms e |

. . -

: A fragmentation dominates £
at large fransverse momenta < .t

2o

and a coalescence prevails 0.4
at lower transverse momenta 0.2 f

Au+Au@200 AGeV |

(central)

[}f_ﬁ|||I||||I||||I||||I||||I|
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2) The fransverse momentum spectra
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Transverse momentum
distributions of charmed hadrons™

— Charmonia production by recombination

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

1) Coalescence production of charmonium states

: dc’pe dpe ;
Ny =gy [ pc-doepe - doe (277E, (2n)°E, felre,pe) fe(re, pe) Wy (re, 12 Pe, De).

The transverse momentum distribution of the charmonium yield

dNy Gy 3 19 o dl ‘J d ‘f —
Y = Brd*pord*perd® (Pr — Per — Pe Wy (7, k
P U P . 16 7 4 2
Hr ( 'It)_ ” Iﬁf"é‘l{](ﬁ’l‘):?(r_ﬂ:_ I_Z'—I_ 9 - zkE—I_J k
| I =2 A 16 1 16 2 ——'i-—kz 7 7 ) 2 .2
I{rp(!!‘l") — (?_2 8 + ?J k ) —212}-,2 +—1(F k)?)e——z—k a”
June 11th 2019
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2) Integration of the Wigner function over the spatfial
coordinates

/ dPFWy (7, k)
((2y/7o)3e K" P& T/
%{Qﬁcr)se_kzgz o k? tﬁf; Xe
_ ] 200 F e (o2 - 8) uiu(s)
64T oo s /i
| 8mad Sl Y5 0(25)

. _ =2
[drw (r, k) =7 (k)
M. Hillery, R. F. O'Connel, M. O. Scully and E. P. Wigner, Phys. Rept. 106, 121 (1984)

dN, dN,
dﬁCT derT

dN g L . ~
= VW J-dchdch5( Pr — Per — ch)

— E 2
B v (K)

June 11th 2019 :
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3) Transverse momentum distributions

of charmonium states
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— Production of mulfi-charm hadrons by
recombination

1) Coalescence production of multi-charm hadrons

. &’p dPp. d*p.
‘N - g'—'m" /pf dgfpfl dgflpfz dJCE {QW]SEI (21‘1')3}1{:(-1 (ZW)SE:CEf(Tf:pE)fﬂl (TC:[ 'rpi‘-l)

xfci(rcz'.'pcj)[-{r&cn(ri!TE‘-]vng-.!pE,pcl.pc‘.g)
dS_—* dS_—*_ dB — dS —*
Nx = gx [pz - doypy - dogp - docpe - doe (27)°F, (27)°F, (27)°E, (27)°F,
X filre, ) Ji(re, o) fe(Tes pe) fo(Te, e) Wx (70, 75, Tey T3 DL P Pes Pe)
2) The fransverse momentum distributions

dgi\'r: = — — — dgiﬁﬁ
dﬂ;;c — g;g /dS Erad*pird pclezpczTﬁ NPT — PiT — PeyT —PEQT)m
N, &N, DR
= =2 W= (7.7 R ko, k),
dQPCIT d chT '—'t“l."‘(lrl T 2. 3)
d?N ax . d*N; dQN-

=33 [dg 1 d*Pod* Fad? pirr P prrd® Per d*per 6 (Fr — Pir — Brr — Per — Per)

dzf\f dQN /o

V|”U KUHIUIIULLI \.«UIUU&,&,I pury, 1auJry

d*pr dszT dQPfT
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3) Transverse momentum distributions of charm and light
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S. Plumairi, V. Minissale, S. K. Das, G. Coci and V. Greco, Eur. Phys. J. C 78:348 (2017)

Y. Oh, C. M. Ko, S.-H. Lee, and S. Yasui, Phys. Rev. C 79 044905 (2009)

S. Cho ef al. (EXHIC Collaboration), Prog. Part. Nucl. Phys. 95, 279 (2017)
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J. Adam et al. [STAR Collaboration], Phys. Rev. C 99, no. 3, 034908 (2019).
J. Adam et al. [ALICE Collaboration], JHEP 1603, 081 (2016).
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5) Transverse momentum distributions

of multi-charm hadrons
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6) Transverse momentum distribution ratios
a) Baryon/baryon (ccc/ccq, ccc/ccs, ccg/ccs, and ccg/cqq)
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b) Boryon/bqryon (ccc/cqq or ccs/cqq)
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— Dependence of the transverse momentun
distribution on internal relative coordinates

1) The Wigner function of the (3872) meson

_,

Wix (71,72, 73, k1, ko, k

f% J:2 3 2.2 r3
83 exp exp| ——=% —o5ky | exp| — = — o2k?
2 2 272 2 33

a1 79 73

_,

Lo —f — —f =
k= pir + ojr + Per + Pers k = pir + Dyp + Per + Dot
— —
El _ My — Mubp T mp — m,{ﬁ;—T
mp+m; T T m+ my
. me(Pp + 35}]“) — (my + my)plp Py — MePop — MePop
? my + my+ me ' Me + Mz
T me(Pr + Pyp + Por) — (mu + mp + me)pp 2) s = (me +me) (Plp + Byp) — (mu +my) (Bor + Per)
’ m; +mj+m. + me R mp + myp+ M, + Mg
mymy (m; + mg)m. [y = mymy fg = Mellle
M =—— pf2= — Tt my 2 e fmg
my 4+ my my 4+ my—+ me L € ¢
(my +myp+m,) 3 = (my + mg)(m. + mz)
L ——— mp—+me +mg’ my +my+ me + Me
22 22 2,2 1 1 (-m; + me + mz ),2 n Me + mz+ ny ),2 +ma +my +my ),.3 n my+my+ -m.g_Jf 2
—oiky —asky —osks = —— 1 — T _ ¢ _ 3
e e w my +my+me + me ! my Me e
N T B A A - A e A
R lih 2019 . =2y Py Dp Do+ D Pz TP De TPy Ve T 07 1 35)) in Quark Matter @25
Villa Romanazzi Carducci, Bary, Italy



— Comparison with results from stafistical

hadronization model
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Conclusion

— Charmed hadron production by
recombination in heavy ion collisions

1) Heavy ion collision experiments provide better chances to study
production of multi-charm hadrons as well as exotic hadrons

2) Transverse momentum distributions of charmonium states are
affected by their intrinsic wave function distributions

3) Transverse momentum distribution ratios between multi-charm
hadrons and X(3872) mesons, or other combinations between
heavy quark hadrons reflect the distribution of momentum
among constituent quarks : the momentum of the heavy quark
hadron is mostly carried by the heavy quark

4) The transverse momentum distribution is also dependent on the

June 11th 2019 :
[ Wﬂlfﬂbﬁ’na{dﬁimtfd@@@i |i'<me hOdrOﬂ Strangeness in Quark Matter @ 27



Thank you for your attention!
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