G, The 18" International Conference on
3 Strangeness in Quark Matter (SQM 2019)

10-15 June 2019, Bari (taly)

Heavy quark baryon and meson S

in productlon in pp.and AAatRHIC.and ¢ |*5

LHC within a.coalescence plus £ A
fragmentation model

Vincenzo Minissale
INFN LNS Catama(ltaly)

«--._.‘ e -

- =

-__
“\’—,
= :"-

~———TT

e

—
— _;,k__ e — ==

In collaboration wut_h S :Plumarl;;G fﬁcﬁ
' J’w — 5 K. leas,}_GTe

e —

. o




Outline

o Hadronization:
- Fragmentation
- Coalescence model

a0 Results:
- N.and D mesons spectra for RHIC and LHC energies
- N/D° ratio
- Bottom

> PP



Heavy flavour Hadronization: Fragmentation
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The distribution function is evaluated at the Fixed-Order E, 0.3 ; | | |y | | |
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We use the Peterson fragmentation function S b | |L _i I
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fragmentation at most independent of the specific production process



[ Hadronization: Coalescence }

Statistical factor Hadron Wigner
colour-spin-isospin function
n
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00 | Co flow splitting at RHIC, more than a decade
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Hadronization: Coalescence

Statistical factor
colour-spin-isospin
3

n
dN d Pi \
ooy =\9H j Hpi S dGi(Z—T[)l?)fq(xi; piJfW(xl;---;xn;plt--':pn)S (pT ] Z,piT)
i=1 -

d*pr

charm distribution function at mid-rapidity from
parton simulations solving relativistic Boltzmann
transport equation .The width parameters o in f,,(...) fixed by

Coal?scence s:mulat'ton m. a fireball with radral.ﬂow the root-mean-square charge radius ds
for light quarks =2 dimension set by exp. constraints

predicted by quark models

10— T

LHC RIC__ C.-W. Hwang, EPJ (23, 585 (2002).
TOT = = TOT ]
ot ensp’| |=== %1 C. Albertus et al., NPA 740, 333 (2004)
5 § — 3D | === c—=D
(r2)p+ = 0.184fm?; (7‘2)1);r = 0.124fm?;

.Normalization in f,,(...) fixed by requiring
that P_,,=1for p=0
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Heavy flavour: Resonance decay

In our calculations we take into account main hadronic channels, including the ground
states and the first excited states for D and A\,

MESONS - Statistical factor B
BNz ligde0) [(2) + D@L+ Dlue (mu\"* o oo
o il = *
T i [@+ D@+ DIy \my ) *
a D’ (I=0,J=0) L. .
Resonances
BARYONS
a D**(I=1/2,J=1) — D°t* B.R. 68%
— D*X B.R. 32% a A’ (=0, J=1/2)
o D*9(I=1/2,J=1) —» D°°® B.R. 62% Resonances
—D°y B.R.38%
o A(2595) (I=0,J=1/2) - A* B.R.100%
a D.**(l=0,J=1) — D./*X B.R.100% o A(2625) (1=0,J=3/2) —> N B.R.100%
o X *(2455) (I=1,J=1/2) — N1 B.R. 100%
o D, **(I=0,J=0) — D;*X B.R.100% o X.*(2520) (I=1,J=3/2) —> A B.R.100%




RHIC: results

Data from STAR Coll. PRL 113 (2014) no.14, 142301

RHIC: Au+Au@200 GeV

Data from STAR Coll., arXiv:1704.04364 [nucl-ex].

o D, STAR(0-10) %

——— charm
coalescence
— — fragmentation

coal + fragm
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L o0tk — = fragmentation - v 10
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(=¥ E 3 (=¥
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o ntE . =
D107 - 3 _ s
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o < RHIC: Au+Au@200GeV & F
10°F 107E
7l ! Ll ! ! ! Ll ! ! i ! l
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S. Plumari, V. Minissale et al., Eur. Phys. J. C78 no. 4, (2018) 348

* For D° coalescence and fragmentation comparable at 2 GeV

= fragmentation fraction for D*_ are small and less than about 8% of produced

total heavy hadrons



RHIC: results W

Data from STAR Coll. PRL 113 (2014) no.14, 142301

LA BLELEL LA BN BLELELELE BLELL LN UL RLELE L RLELE BLELELELE LR ™ .
]O(l E_'--‘_"\ 3 10[]_--\\ I I I | | I I I 7]
E o " 3 E N .
e © D'STAR(0-10% ] i ———- charm -
10"E \b — ——- charm (O-107% E = 10'15—\\-.\\\ coalescence 2
i N coalescence ] (\"> Fa N —— = fragmentation ]
107k = == fragmentation - 2 2k N ~ coal + fragm ]
E ~ 3 O E ~ E
F coal + fragm = E N N
.3; _ o] 3 \ \\
10°E =10°F
E o \
C 2
4l ] s . \
107 F - T I0'F N
[ RHIC: Au+Au@200GeV T F A N
107 Iyl (0-10)% & 107E RHIC: Au+Au@200GeV
§ e F o lyl<l (0-10)%
10°F 10°F
7L | ! ! ! ! w ! ! i
107 I 2 3 6 7 8 1075 i > 3

4 5
py (GeV)

S. Plumari, V. Minissale et al., Eur. Phys. J. C78 no. 4, (2018) 348

* For D° coalescence and fragmentation comparable at 2 GeV
= A/ fragmentation is even more smaller, coalescence gives the dominant
contribution



RHIC: Baryon/meson )

Data from STAR Coll., L. Zhou, Nucl. Phys. A967, 620 (2017).
.Compared to light baryon/meson ratio the

N T T T
o Blast Wave model o smaraoeoz ] | A/D°ratio has a larger width (flatter)
[~ coalescence: coalescence 7
[~ = " Blast Wave forp <1 GeV coal+fragm 7
- m— e fragmentation | e . .
m L~ .Similar to the one predicted in
° — - Y. Oh, C.M. Ko, S.H. Lee, S. Yasui PRC 79,044905 (2009)
g 1:— \_[ - —:\' E
OQ L - g \
<U | / - X
I T IS e~ ]
" /’ R~ Following:
~ L.W.Chen, C.M. Ko, W. Liu, M. Nielsen, PRC 76, 014906 (2007).
01F TSN Blast Wave model - K.-J. Sun, L.-W. Chen, PRC 95, 044905 (2017).
e T T T T e For hypersurface of proper time t and non relativistic limit:
0 1 2 /3 4 5 6 7 8
p; (GeV) A+ mA
for py<<m e ga g e—(mA—mD)/TC‘uz
Blast \Wave model: D°  gp\m?7
+ A A
AL _ gamp Ki(m?/Tc) —
0 D D msz(m m
D gp my Ky(mz /T¢) W, = 3V 2 Is the reduced mass of the
1/2 my = m, = mg baryon
~9A (M —(mA-mP)/T¢ A
for pT <<m o Jp <m¥> & ¢~017 S. Plumari, V. Minissale et al., Eur. Phys. J. C78 no. 4, (2018) 348
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RHIC: Baryon/meson )

| = Ko: three quark (0-5%)

=« Ko: di-quark, (0-5%)

== Greco (0-20%)
PYTHIA STAR Preliminary

Au+Au, |s,, = 200 GeV_

10-80%

QM2018 New data from STAR...



RHIC: Baryon/meson

10 N LI I LI I LI L L] I rrri I LI I LI LI I rriri I LI I 1 I_
- s Blast Wave model O  STAR (10-80)%
i coalescence: m— coalescence .
[~ T " Blast Wave for p_<1 GeV coal+fragm |
i — = {ragmentation
o
g=
8 1F -
= N i
SH: ]
< | z ]
/"" H = N pme— .
_ / l TN —
= _
~
0.1 o .
L e L — _
B 11 1 1 I L1 1 1 I L1 1 1 I 11 1 1 I 11 1 1 I 1 ﬁ Iﬁ Iﬁ H_l_l:
0 1 2 3 4 5 6 7 8

pr (GeV)

S. Plumari, V. Minissale et al., Eur. Phys. J. C78 no. 4, (2018) 348

QM2018 New data from STAR

* More flatter = does
coalescence extend to higher

pt? Indication also in light sector

V. Minissale, F. Scardina, V. Greco PRC 92, 054904
(2015)

Recent paper:
Cho, Sun, Ko et al.,arXiv:1905.09774

* Needed data at low p;

11



LHC: results

wave function widths o, of baryon and mesons are the same at RHIC and LHC!
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Data from ALICE Coll. JHEP 1209 (2012) 112
ok o B D*Im_[cmo-zo)% 1wk - °© D’ ALICE 0-20)% Coalescence lower than at
.'/ \\\ —_— f%ﬁfﬁgﬁfon ‘ 1=~ \\\ — ;gg]ren;cencp . . .
LA = S coal+fragm 1l ~. — — fragmentation ] RH|C 9 main Contr|but|0n
- ¥4 N S ——— charm i- B 2 coal+fragm 3
3 ol S from Fragmentation
2 10R ER 10 3 -~
" T tamame 3
J[ LHC: Pb+Pb@2.76 Tev - P U s 170 L=t e e e el e e e e e
10 ; lyl<0.5 (0-20)% 4_,;:: 10 3 % r O STAR (10—60)% AL —— Coal+fragm ]
i 1 ] [ [ __ coal+fragm ]
O S R e E S e S S S S T R T - (fraction PYTHIAS) 1
py(GeV) py (GeV) F - =« ===« only coal 1
—> .7\, RS d
Only Coalescence ratio is similar at both energies. — s |~ N . N
3} +
> : cé = 7 1F ~ N
Fragmentation ~ 0.1 at both energies. ~ T 1F * ]
< off - N\
the combined ratio is different because the coalescence/: 1 |
over fragmentation ratio at LHC is smaller than at RHIC L RHIC: Nb LHC: N
Au+Au@200 GeV Pb+Pb@2.76 TeV
Therefore at LHC the larger contribution in particle production from U8 | <O POV VOO SPULTOPOY POVRY NOOIY VU= | cyOt FOUTN VUL POPOY POV IO PO IO
; y i A 0 1 2 3 4 5 6 7 80 1 2 3 4 5 6 7 8
fragmentation leads to a final ratio that is smaller than at RHIC. py (GeV) pp (GeV)

S. Plumari, V. Minissale et al., Eur. Phys. J. C78 no. 4, (2018) 348



LHC: results

wave function widths o, of baryon and mesons are the same at RHIC and LHC!

Data from ALICE Coll. JHEP
R e o o o o e o
o . B D' ALICE(020)%
N coalescence 3
! o — — fragmentation
Io”-f = S coal+fragm d
4 N S ——= charm
10'g 4
10° — '“*-.:i
L T 3
- = <
4| LHC: Pb+Pb@2.76 TeV =
107F lyl<0.5 (0-20)% M
-4y 1 | il i laeaaal iy il | |
1079 1 2 3 4 5 6 1 8 9 10
p, (GeV)

D./D? ratio

1209 (2012) 112

Tl o p” ALICE (0-20)%
o'~
E N ——— charm
7N coalescence
ol ~ — — fragmentation
10 E ~ 3
coal+fragm
I(fI E
~—_
10°E .
LHC: Pb+Pb@2.76 TeV o
X lyl<0.5 (0-20)%
IU-1 E
ot
107 i 2 3 4 7 8

* larger ratio respect to only fragmentation
* does not change with centrality with simple

coalescence

* Possible strangeness enhancement?
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1[|]f|l[|1[|1l|]l|1[|1[|I1[|1l

ALICE Pb-Pb, \jsN =5.02 TeV lv|<0.5
e 0-10%
30-50%
Catania

—— 0-10% - coalescence

- == 0-10% - coalescence + fragmentation
30-50% - coalescence
30-50% - coalescence + fragmentation
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—t— [
0.25 e,
0'1;_ 13.7% BR uncertainty not shown .
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7476 8 10 12 14 16
[N (GeV/c)

Xinye Peng, ALICE, Nucl.Phys. A982 (2019) 667-670



[ Specific of Heavy Quarks }

"o i

O my, >> Nycp Produced by pQCD process (out of equilibrium) 3
. t’g § : § E

O m, >>T, nothermal production gy — o
O T,<< Tqgp Probes all the QGP life time 4
more on Plumari’s Talk I S

Simultaneous description of R,, and v, is a tough challenge for all models
JHEP 1209 (2012) 112
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RHIC results: Ry, - v, ]

BEFORE THE STUDY OF A_/ D° (early 2017)

Charmed hadrons production given by D mesons
F. Scardina, S. K. Das, V. Minissale, S. Plumari, V. Greco, PRC96 (2017) no.4, 044905
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RHIC results: R,, - v,

Data from STAR Coll. PRL 118, 212301 (2017)

2 [ T T T T | T T T T | T T T T | T T T T I T T | T T T T | ['l T T T I T T T T I T T T T I T T T T I T T T T I T
£ ) E [ B D’ STAR0-80 %
1.8 = D" STAR (0-10%) S N Charm v, b
L6E- Boltzmann (Coal+Frag) 3 “I Frag+Coal ]
= — — Boltzmgnn (Only Frag) = i Only Coal + ]
4= T/1 T Langevin (Only Frag) — L~ Only Frag i
1.2 E—/ \ T = ~ 0-I5F. . Frag after Coal ]
2 15/ e
' 1 \ AutAu @200 AGeV (0-10)% 3 = ot g
0.8 i = ol
3 No shadowing - _
0.6 %T \ % T - i ]
0.4F N ~ % . E 0051 :
0.2 ;_ = "'\L —mw \ JH E: [
: | 1 | L | 1 | | | 1 | L | L 1 | I |: a1 1 1 l 1 L 1 L I L 1 L 1 l 1 L 1 L I L 1 L 1 I 1 L 1 L I L
05 1 y 1 1 % 1 2 3 4 5 6
p, (GeV) Py [GeV]

.In 0-10% coalescence implies an increase of the R, , for p; > 1 GeV.

.The impact of coalescence decreases with p;and fragmentation is dominant at high p;.

.In 0-80% the v,(p;) due to only coalescence increase a factor 2 compared to the v,(p;) charm.
.In 0-80% coalescence+fragmentation give a good description of exp. Data

Coalescence brings up both Raaand vz

F. Scardina, S. K. Das, V. Minissale, S. Plumari, V. Greco, PRC96 (2017) no.4, 044905.
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RHIC energy
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LHC results: R,, - v,
Data from ALICE Coll. JHEP 03 (2016) 081 25' LI R L B
2 LI | LI | LI | LI | LI |: 1‘85_ Pb_Pb @ 2.76 TeV (30_50)% —g
1.8F Pb-Pb @ 2.76 TeV (0-10)% 3 FOE Y E
. 65— / \ ) _E 14 ;—/ \ Frag+Coal =
“El \ Frag+Coal = = 1.2%— % —_—— (S)QI;;Fra!g (Frag+Coal) E
1.4F — — Only Fra - s adowing (Frag+Coal) 3
57 \ Shaydowigg (Frag+Coal) 1 s 'E \ L Shadowing (Only Frag) 3
1'21_ \ ——— Shadowing (Only Frag) 3 R 0.8, f =
1L = 0.62 E
0.8F = 042 E
0.6:_ —E 0-22_ -_—
E E 0: 1 L1 1 I 11 11 I 11 1 1 l 1 1 1 1 I 11 11
0.4 - 0 4 o V)s 8 10
E - 3 Py (Ge
0.2 Ll i —]
= —"’J-'?-E Data from ALICE Coll.PRC 90, 034904 (2014
0 11 1 I 11 1 1 I 11 1 1 I 11 1 1 I 1 1 1 1 9 3 9 ( )
0 2 4 6 8 10 L | T 11 I T 11 | LI I | | LI I | | LI I B
P, (GeV) r B b’ ALICE (30-50)% ]
0.25— Only Coal. —
5 . c . - Frag+Coll .
At LHC the coalescence implies an increasing of the C = Ol Frag =
Raa fOr p1>1GeV similar to RHIC energies. 2 B
= C ]
£ 015 | .
At LHC the effect of coalescence is less significant than = kS .
0.1— — .
- // ~ - —— \E
K 0.05— / —
.Due to hadronization D meson v,(p;) get an : / Pb+Pb @ 2.76 AGeV (30-50)%
1 1 I L1 1 1 I 11 1 1 l 11 1 1 | 11 1 1 | L1 1 I—
0

enhancement of about 20% respect to charm v,(p;).

n (FDV\

=)

F. Scardina, S. K. Das, V. Minissale, S. Plumari, V. Greco, PRC96 (2017) no.4, 044905.



RHIC results: Ry, |

AFTER THE STUDY OF A_/ D° (late 2017)

Eur.Phys.J. C78 (2018) no.4, 348

Charmed hadrons production given by D mesons
and A_

Consequence: D° meson R,, dumped at low p;

18
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RHIC results: Ry, |

RHIC Au-Au @200 GeV , b=7.5 fm

i | ' | ' | | |
I O D"STAR 10-40% old data
15— Na Ac O D'STAR 10-40% QM2018+2014, y|<0.5 )
- .l = D’ coal.+ragm. with A, New STAR data in QM2018
: = — l}" coal.+Hragm. no .-‘\E {old method) ] __—
1= N — !
< | i ] > Big effect at RHIC where
as i c/ . 1 m“ ] coalescence dominates
L ) vy Wa Nl o _ » Smaller but still significant also at
0.5 () — "'-—--a;‘_____,_. "N — LHC
[o R @ ]
+ Shadowing not included !
. | . | . | |
% 2 4 6 8 10

P, [GeV]

R, 4 Of D° decreases because part of charm quark makes coalescence in
charmed Lambdas, while in pp charm quarks fragment mainly in D mesons
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Bottomed hadrons

LHC Pb-Pb @2.76 TeV, (30-50)%

I | I | I I I I L | I | 10
1.6~ B fragm. only B*, CMS (0-100)% ]
1.4 B B coal+fragm non-prompt J/y T
1.2+

o .
Abe ratio

L I ¥ = N - - R o)
4

RHIC: Au+Au @ 200GeV

R,,(py)
e &
=) =]

B >I)

————— Ko: di-quark model
0.4 — —— Ko three quark model
o M coalescence
0.2 — coalescence+fragmentation
0 L ] 1 | 1 ] 1 | 1 1 L 1 OO 1 2 3 4 S 6 7 8
0 2 4 10 12 p; (GeV)

6 8
Py [GeV]

Extended to study B quarks:
Within current uncertainties B and D can be explained with the same underlying model which imply also
a very similar Dg

/\b/ B including 2, resonances as in Oh, Ko et al., Phys.Rev. C 79, 044905 (2009)
ATTENTION: sensible to the presence of other possible resonances



Coalescence in pp?

Common consensus of possible presence of
QGP in smaller system.

What if:
Assuming QGP formation also in pp ?

What coalescence+fragmentation predicts in this
case’

[fragmentation in pp

2.5 coalescence+fragmentation in pp

2

< I / LHC: Pb+Pb@5.02 TeV| >
o 1.5
1

L Ac \ >
0.5

1_|||||||||||||||||||||||||||||||||||||

— coal+fragm pp
= coal+fragm Pb+PD

No peakin A_/ D°ratio

Big effect on A_R,, (sensible because of
really small pp fragmentation production)
—> different behaviour expecially at low
momenta

21



Conclusions

Good agreement with experimental data of D° D* mesons spectra

N, production at intermediate p; dominant role of coalescence
mechanism: A_/D° ~1.5 for p; ~3 GeV with Coal.+fragm. Model

Effect of A_ production on D° R, ,

Extension to study A, and B° spectra and their ratio

Extension to pp

The 18t International Conference on

Strangeness in Quark Matter (SQM 2019)
10-15 June 2019, Bari (ltaly)
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Elliptic Flow — Quark Number Scaling

Fourier expansion of the azimuthal distribution

flo,pr) =1+2 Z@T) COS Y
n=1

momentum anisotropy in the transverse plane

coalescence brings to

Vou(P:) =2, ,(P;/2)

Partonic
elliptic flow

Hadronic
elliptic flow

n=2 Elliptic flow

Assumption

one dimensional

Dirac delta for Wigner
function

isotropic radial flow
not including

resonance effect




Ratio p/m

W

Baryon to meson ratio at RHIC

lllll | LA LALLM NN L N N N N B L L L Frryrrpvrrrrrp rrrrr Tt rrrprrror e et e e e Ty

e PHENIX data 22F o STAR daia] E

1 ¢ STAR data - 2F a1 .

—— coal.+frag. 1.8F 3

--- coal.+frag. no flow E E

0.8 1 1.6 :

—14F .

< E ]

0.6 — 1.2} =

= E

s 1F E

0.4F 1 Ao.8E .

s E E

______ x 0.6f g

02F 1 04F -

- 1 02F

O_ 11111 Ly vw 1 Ly o0 Lo vy 1 Lo v v u s Lo v o0 Ly vow vy | A ] 0E lllll | IR Lvvw v | IR | IR Lvvu 0 lasid4% | Ml E
0 1 2 3 4 3 6 v 8 0 1 2 3 4 5 6 2

P, [GeV] P [GeV]

v" coalescence naturally predict a baryon/meson enhancement in the region p;
~ 2-4GeV with respect to pp collisions
v Lack of baryon yield in the region p; =~ 5-7GeV



LHC: ¢ meson }

Discussed question for long time:
¢ meson behaviour = meson-like or mass effect

Coalescence predicts a similar slope for ¢ and p.

v

e pALICE Proton is a combination
1 — p coal. + fragm.
10 o © f ks flowi
e ®» ALICE OT 3 quarks Tiowing
_10'F ¢ ;031 + fﬁﬁg each with a mass of
al F _—— ragim. .
> 107k _ gcoaﬁ_ tot. about 330 MeV and @ is
RN ¢ coal. only composed by > quarks
10 = . .
& 3E S AicE - - flowing each with a
107F 6| Geoalonly E mass of about
\,_? 45 5 ¢ coal. + frag. ]
Z 10 ?% 4L
- o= - -~ _:
10'5?3;_@)00 © o B
oL 1} ©
10 EE O_ PR I I Y N W ]
0 1 2 3 45 | Missing fragmentation
2

6 = Contribution usually

10 y
py [GeV] half of the yield at p,=4 GeV
Soft part same

slope (0 and p V. Minissale, F. Scardina, V. Greco PRC 92, 054904 (2015)



LHC: ¢ meson

Discussed question for long time:

¢ meson behaviour = meson-like or mass effect

Coalescence predicts a similar slope for ¢ and p.

7
- ©  ALICE
1] arXiv:1702.00555 (2017)
6 coal. only
2 coal. + frag.
5 coal+fragm(prot)
o
= 4
©
[ L
=2
a3
2
|
O |
0o [ 1 2 3 4 5 6 7

Soft part same

v

Proton is a combination
of 3 quarks flowing
each with a mass of
about 330 MeV and ¢ is
composed by > quarks
flowing each with a
mass of about

slope (0 and p V. Minissale, F. Scardina, V. Greco PRC 92, 054904 (2015)



Summary on the build-up of v2 at = fixed RAA

1.2 0 : |:|:____>|:| —

—_ 0 O
- B . ~— = Coal. _

% Varying y (T)
o 08[~ o PHENIX data depBM ~
= QPM ends _

m  AdS/CFT N doy/qg
04k ™ pQCD -K factor _
A apmlT)

T OO %gpw(T) -BM i

0 l | l | l | l | l
0 0.02 0.04 0.06 0.08 0.1

Vy(Py)




