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Motivation of heavy flavor

 Heavy quark is produced in the early stage of the
collisions, can used as the probe to investigate the
hot and dense matter
— light quarks : can be produced in the medium also
— Electroweak bosons : cannot interact with colored partons in the
medium
« With combined light quark, we can check the mass
or flavor dependence
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Energy loss mechanism

Energy loss mechanism of heavy quarks

¢ KinematiCS: “Dead pQCD: Collisional Radiative
cone effect” : gluon £ B
radiation is ~, E, ® | \/"‘E
suppressed at angles = EAE
< quark mass/energy -

* E, . inlight quarks > ~2E o T? L
E,.<< in heavy quarks

o Suppression of hot and dense medium

induced radiation at "’2‘1“___&(:_.
low p+ and the

disappearance of this

effect at high p;
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Nuclear modification factors

(Rpa OF Rpp)
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inclusive B meson
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B+ meson

28.0 pb™' (pp 5.02 TeV) + 351 ub' (PbPb 5.02 TeV)
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First exclusively
reconstructed in heavy-
ion collisions
Suppression of B+
meson production in
PbPb collisions

B+ meson Ry, ~ 0.3 to
0.6 with no obvious trend
within uncertainty
Compatible with theory
prediction within
uncertainty for p; 10-50
GeV/c

Necessity for high p+
measurement :
distinguishing pQCD vs
AdS/CFT base models
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Beauty and beauty+charm electron results
are compatible within uncertainties

Models describe well the R p,
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« 2.76 TeV(0-20% centrality) -> 5.02 TeV(0-10% centrality), energy independent
» hint of a smaller suppression for beauty than charm+beauty decay electrons at the

same electron pT
 large contribution to the systematic uncertainties from the rescaled pp cross section

« agreement within the uncertainties with models implementing mass-dependent

energy loss
CMS Preliminary 5.02 TeV pp + PbPb
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B->D R, in RHIC
Raa(b—e) & Ryi(c—e) in Au+Au 200GeV
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* In 0-10%, bottom and charm are more clearly separated
 Charm is more suppressed than MB

2017515« Bottom is similar
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Bonus! — in XeXe

— New Rp, measured down to p, = 0.2 GeV/c thanks to the low B field used in ALICE during the Xe-Xe data taking!
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— Possible future measurement of total charm cross section in heavy-ion collisions
— Data are reproduced by model calculations
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Strangeness in B meson
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« First reconstructed in heavy-ion collisions
* Indication of less suppression of B, comparing to B*
» Ratio -> correlated uncertainties are cancelled
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Preview from LHCDb
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Zoo with heavy flavors
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Compatible results from
three beauty RAA
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prompt D, B+, and non-
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Beauty seems to separate
from charm and light flavor
at ~ 20 GeV

RAA between prompt D,
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B meson (Hyunchul’s summary)

* In pPb, nuclear modification factor shows unity
within uncertainties

* In PbPb, we can see the suppression, independent
of energy, rapidity

* Get hint of strangeness enhancement

+ At high p;, models only with collisional energy loss
can’t describe data well

* No significant system size dependence?
 Bottom is less suppress than Charm

 LHCDb will prepare exclusive B meson measurement
in 8.16 TeV pPb
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Prompt D meson R,

ALICE Preliminary  p-Pb, {5, = 5,02 TeV
Prompt D mesons, -0.96<ym<0.04
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* D% Rypp, compatible with D-meson R p,
« Both compatible with unity
* More stringent constraints to models at low pT
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Prompt D*

T
ATLAS Preliminary
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Prompt D*—D"x,~Kxx, Backward, -05<y* <0
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* Forward: 0 < y* < 0.5, Backward: -0.5 <y*<0

* No obvious modification in forward wrt. backward for prompt D

® Prompt D ~ Non-prompt J/y
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2N /dpy
Tcentral
Qcp = ( pPD ) dZNpel'i/d
ppb / 9PT
peri
ey

* Hintof Qp>1in3<p; <8 GeV/c
for D mesons with 1.5c¢ significance.
Initial- or final-state effect?

* D-meson Q. similar to charged
particles

Posters: oo
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C. Terrevoli oo
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* Raa in central events < 1 at all pr
+ Suppression at high princreases with

centrality
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ALICE, D meson Ry,

Poster ID: 45 by F.Grosa

[1] Djordjevic, Phys. Rev. C92 (2015) 024918
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® Strong suppression of non-strange D meson in Pb-Pb at \/syy = 5.02 TeV, increasing with centrality

@® Similar suppression between /syy = 2.76 TeV and /syy = 5.02 TeV

» Described by model [1] at two energies -> harder spectra and denser medium counterbalance
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ALICE, D meson Ry,

$1° ......... UMD A At hatd Madd Meds MMM MMM LA - it Matt ead Maad Jaats M et et
o 46k ALICE Prellmmary 1 eAverage D', 0", 0", |y <05 I ; .

Pb-Pb, 5, = 5.02 TeV F anKv1804.00089 1 3 Submitted!
1.4 F em. <05 4 3

w Charged particles, |n| < 0.8 ¥ 3

1.2 1 arXwi1802.09145 : ]

1
08

n* ALICE preliminary

Charged-particle: arXiv:1802.09145

532-: | :
< : b, il :
e e e
T 7t L A % S A 0 arXiv:1804.09083
® SimilarD-meson, m* and charged-particle Ry, result for pr > 10 GeV/c in 0-10% and 30-50%, compatible results in 60-80% for
pr>1GeVic

® D-meson Ry, larger than that of charged pions at low p for 0-10% and 30-50% centrality classes
» Not straightforward interpretation: N,,.., vs N scaling at low pq, different fragmentation and initial spectra shapes, possible

mass and Casimir factor effects, different impact of coalescence and radial flow
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CMS, D? meson R,

-
—_ N B

RAA
o
oo

o O !
BEN D
— IIIIITIII\ITIII
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o
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(o))
T

27.4 pb™ (5.02 TeV pp) + 530 ub ' (5.02 TeV PbPb)

CMS — .

= Djordjevic et al.

) HitH CUJET 3.0 .
s D + DO (I771) Vitev et al. (g=1.9-2.0)

n Cao et al.

C ——— PHSD w/ shadowing
el e PHSD wi/o shadowing

-~ Taa a@nd lumi AdS/CFT HH D = const
E'."Uncertajnty AdS/CFT HH D(p)

1

ly| <1
Cent. 0-10%
1 1 L. 1.1 ll 1 1 1 1 L. 1.1 ll
10 107
P, (GeV/c)
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Seen increasing trends,
going to higher p;

Charm quarks lose a
significant fraction of
energy in the QGP
medium

RAA minimal near pT ~ 10
GeV/c and then increases
at high pT, both pQCD
and Ads/CFT predictions
reasonably agree with
data

at low pT, PHSD with
shadowing describes our
data better

SELE
L2 ©
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A, (udc, 2.29 GeV/c)

\c¢c and Heavy Flavor Hadronization

STAR: QM17
| I I I L B B

« Strong enhancement of A/DPO ratio seen in

n
Au+Au collisions by STAR L p METEY wam
- Enhancement predicted from coalescence - D"+D") |
hadronization c | .--- Ko diuark '“l
8 1L os% ~“. 10-60% ]
- An enhancement relative to PYTHIA also seen g L Ko three-quark %, '
in p+p and p+Pb collisions at LHC (\% o,
-
@
- P SHM Greco (NSD)
. | _ ALIIC‘E. ar)l(lv.l1 712.'09581 Ko: PRC 79 (2009) 044905
© 4 pp is=7Tev p-Pb, |5, =502 TeV Greco: PRD 90 (2014) 054018 PYTHIA
2 I wi<os 0.96 < y < 0.04 . SHM: PRC 79 (2009) 044905  _ .l PR (TR (NTU NN N
1.2 —e— ALICE —=— ALICE N 107 1 2 3 B 5 6
ok N ;mps:i; ::;‘%m),o, o p— Transverse Momentum (GeV/c)
— Hsnwx;m ]
0.8 - -
g ] « How does /A\: production change from
% Tﬂg@%: | peripheral to central A+A collisions?
04 W .. — __ﬂ? -1
I E - What is the pr dependence of A: production
O S W '-110 ] in A+A collisions?
[ (GeV/c)

f Sooraj Radhakrishnan 5



ot Dependence of /\¢/D° Ratio

IOQ | = Ko: three quark (0-5%) il
ot | -:Ko:di-quark, (0-5%) ]
e |~ Greco (0-20%) o
= PYTHIA STAR Preliminary
T ok Au+Au, \[s,,, = 200 GeV._
<t 10-80% .
;e j
. \ ‘\
1— /-/ R '\. . + —
B ; - o ;\\;’\ + ]
L’ \\}Q&s i Ko: Phys.Rev.C 79 (2009) 044905
- “N Greco: Eur.Phys.J.C (2018) 78:348
——————— N~ § SHM: Phys.Rev.C 79 (2009) 044905
ol———— 1
25 3.5 5 8
P, [GeV/c]

 Strong enhancement of /\: production compared to PYTHIA calculations

« Enhancement increases towards low pr

+ Coalescence model predictions are closer to data, but the observed
enhancement is larger than that predicted by models, particularly at higher pr

+ Ratio not described by Statistical Hadronization Models

Sooraj Radhakrishnan 8
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Centrality Dependence of /\c Production

o | -
cg @ Au+Au, |5, =200 GeV, 3<p_<6 GeVic ]
:.\"3 | mALICE, p+p, /s =7 TeV,3<p <4 GeV/c
5 of )
+ O
S - -
I :
P + 4 ALICE: arXiv:1712.09581
i STAR Preliminary |
O l 1 1 1 1 l 1 1 1 | l L 1 1 1 l 1 1
0 100 200 300
Npart
+ First measurement of centrality dependence of /\: production in heavy-ion
collisions
* \¢/DOratio increases from peripheral to central, indicative of hot medium
effects

+ Ratio for peripheral Au+Au consistent with p+p values at 7 TeV

Sooraj Radhakrishnan 9




INFN /\
A{/DY ratio in pp and p-Pb [New!]™ o

1 LB | LB | LB | T LI L

..9-' ) . g 0.8 o Ll Ll l’ T LA A ' T v L Ll ] L A A S ] LA A Al T L L I T T T T l A Ll L L l T Ll L) T ] v v v
« [ :l;:ls;.‘ -fgzo;l’ov ALICE Preliminary : @ . PP\ S = 7 TeV + ALICE pre‘|m|na,yT
L e ALICE Pralminary po, \s =7 TaV . 5 ¥l<05 T P(—)F;% \Sw = 5(;)34 eV
<08 ... g - Y O ALICE, arv:171209581 ] 8 T OO Y oy <O
- with EPSUENLO nPDF ‘ N E 0.6} —e— AZD®, arXiv:1712.09581 =+ D" B
— - PYTHIAS (Monash) & 0 - A
b —o— AKC, PRL111(2013) 222301  + —o— AK® PLB 760 (2018) 720
L — — PYTHIAB (CR Modet) | 8 : ( )
) 5 —e- p/x, PLB 760 (2016) 720 1 —e— p/x, PLB 728 (2014) 25-38
0.6 === DIFSY (rOpes) - s
r -~~~ HERWIGT 1
g ﬁ {1 @oas -
0.4 # ...................................... B
I ]
0.2’_ s —
Lo o L e s, \‘A-/.;i TN Ll e
_;;‘ *
O.Illl.llll.llllnl-llAl. Glllllllllllllllllllllll e e b b s e by g
5 10 15 20 5 10 15 20 10 15 20
P, (GeVic) P, (GeV/c) P, (GeV/c)

® A}/D° compatible within uncertainties in pp and p-Pb collisions
® A} /DO ratio higher than expectation from MC (PYTHIA8 with enhanced colour reconnection closer to data)

® New, more precise, preliminary result in p-Pb collisions shows decreasing values from pr = 4 GeV/c. Trend

similar to baryon-to-meson ratio in the light-flavour sector
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POWHEG+PYTHIAG with CTLONLO+EPS09
PDF: JHEP 09 (2007) 126, Phys. Rev. D82 (2010)

A'(*:‘ Rpr 074024, JHEP 04 (2009) 065

POWLANG: JHEP 03 (2016) 123

ey T 1dopa/dpr
p-Pb, | s5,,,=5.02 TeV ] pA A dO'pp/de

-096<y__<0.04 E

POWHEG+PYTHIAB

0.4F @ Al (- pKn', pK{ combined) =~ with CT1ONLO+EPS09 PDF (A,) 2

0.2 - - D mesons (average D°, D', D*) . POWLANG transport model 3

“t Phys. Rev. C94 (2016) no.5, 054908 (charmed hadrons) ;

o-llllllllllllllllllllllllllI lIllllllllllllllllIllllllll-
2 4 5 8 10 12 2 4 6 8 10 12

P, (GeV/c) P, (GeV/c)

® R,pp Of A7 consistent with unity, D-meson R,pp, and models within uncertainties:
» CNM effects: POWHEG+PYTHIA with CT10NLO+EPS09 PDF

» Hot medium effects: POWLANG with ‘small-size’ QGP formation, collisional energy loss
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ALICE

Poster ID: 132 by Y.Watanabe

6 < pr <12GeVic 0-80%
x10°
(’z)\ n L Y | T Al T T ' T T T T [ I-
S (gl ALICE Preliminary 6<p, <12GeVic ]
2 7} 0-80% Pb-Pb, |5 = 5.02 TeV 1
w [ Az -pK! 5 pn) ]
% 14 [ and charge conj. N
pm_
3 [ t 4 7
13“— W = 2.286 + 0.003 GeV/c® ]
(73 o, = 14 MeV/c? .
- S(30) = 2327 + 466 )
2 | N X L L | L L L N |
1 2.2 24
M(pK,) (GeV/c?)

‘IE

1.5

D e

Al invariant mass and Ry, in Pb-Pb

l!lllllllll

i ALICE Preliminary

Ag, ly|<0.5, 0-80%

p-Pb reference from arXivi1712.09581

Average D’, D', D", |y|<0.5, 0-10% (arXiv:1804.09083)
pp rescaled reference
D;, ly|<0.5, 0-10% (arXiv:1804.09083)
pp rescaled reference
=%, lv|<0.5, 0-10%
charged particles, |771<0.8, 0-10% (arXivi1802.09145)

— Pb-Pb, |, = 5.02 TeV i'
—.Al M NS | " s 4 g el M P
107! 1 10

P (GeV/c)

® Hint of larger Rpa for A¢ at 0-80% than D meson at 0-10%

» Hierarchy AY Raa > DI Rpa > non-strange D-meson Raa > pion Rap?

Baryon Meson

Strangeness
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At/D° ratio in Pb-Pb

g

o
Q
+ 0
<
| |
AutAu @ 200 GeV (:\ﬁ_x)
STAR Preliminan (I)’LI_)”)
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&5% P

: di-quark
e, .. f(l.(}l,‘{

7 Ko: three-quark
Ve,
‘Q-,.
.

Greco tA D)

4

.

Ok et al: Phys.Rev. C79(2009) 044905

Ghosh et al: Phys.Rev. D90 no. 5, (2014) 054018

Das et al: Phys.Rev. D94 no. 11, (2016) 114039

Plamari et al: Eur.Phys.J.C (2018) 78:348

STAR Preliminary: Nucl. Phys. A967, 928 (2017), 1704.04353

[ ALICE Preliminary i
B O pp.\s=7TeV, |yl <05 (arXiv:1712.08581) .
1 T ---
i 0-80% Pb-Pb, | 5, = 5.02 TeV, ly| < 0.5 7
-t . Ohetal, AuAu (central) ~0.35(py =
- ~+ . : 200 GeV 6 GeVic)
1 L - Ghoshet 0.15-0.2 (py =
i H g ) al.  "Heete g Gevie)
! — .
i i Pb-Pb (0-20%) ~0.2(py =
e , Dasetal. s 9 GeVic)
% 5 10
P, (GeV/c) Plumari  poeb20%) 0.1-0.2 (py =
etal 2.76 TeV 8 GeV/c)

.sm.:/
U bl -

Sy -

"_,“
AVassl I

PYIHIA
|

0

1

2

3

4 .

5

6

® A}/DO ratio measured in Pb-Pb, hint of enhancement w.r.t pp and p-Pb
® Models tend to underestimate the data

Transverse Momentum p_(GeV/c) @ Similar value than that measured by STAR at low p; in Au-Au @ 200 GeV
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At/DO ratio in Pb-Pb

Oh et al: Phys.Rev. C79(2009) 044905
Ghosh et al: Phys.Rev. D90 no. 5, (2014) 054018

Das et al: Phys.Rev. D94 no. 11, (2016) 114039
Plamari et al: Eur.Phys.J.C (2018) 78:348
STAR Preliminary: Nucl. Phys. A967, 928 (2017), 1704.04353

Au-hu (central)  ~0.35 (py =
Oh et al. 200 GeV 6 GeV/c)
Ghosh et 0.15-0.2 (py =
o RHIC and LHC 9 GeVic)
Popb020%)  ~0.2(py =
Das et al. 5.5TeV 9 GeVic)
Plumari  poPb@©20%) 0.1-0.2 (py =
etal. 2.76 TeV 8 GeV/c)

|°9 | - Ko: three quark (0-5%) 3 [ ) . ' I T ]
o | =-Ko: di-quark, (0-5%) i ALICE Preliminary |
o - Greco (0-20%)
= | —PYTHA STAR Preliminary - 0 pp. is=7TeV, ly| < 0.5 (arXiv:1712 09581) -
O = B - e
$ 2+ Au+Au, |s,,, = 200 GeV | ol = pPb\s,, =502TeV,-0.96 <y <0.04 (arXiv:1712.09581) _
<} 10-80% | . i
- e 0-80% Pb-Pb, |8, - 5.02 TeV, ly| <0.5
X ’“\“‘.“’\-"-A\ : - :
1 * . ) —
-2 oo i :
| SHM "‘\_\ ¢t H : g g — .
0 | | | M " " M 1 1
2535 5 8 Cb 5 10
p, [GeVic] P, (GeV/c)
SHM ,‘:,./ » Greco !:\,/1)} o
V o ™ o i ® A}/DO ratio measured in Pb-Pb, hint of enhancement w.r.t pp and p-Pb
. A ‘»~']"‘ , |
10

0 1 2 3 4 5

® Models tend to underestimate the data
Transverse Momentum p_(GeV/c) @ Similar value than that measured by STAR at low p; in Au-Au @ 200 GeV

consistent STAR and ALICE?
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PHSD: Phys. Rev. C93 no. 3, (2016) 034906
TAMU: Phys.Lett. B735 (2014) 445450
Catania: Eur.Phys.J.C (2018) 78:348

strange and non-strange D-meson R

Py

« Average D°, D", D*

[ 3. 7% Bﬂ unceﬂannty not shown
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n ;’ &ﬁ g © D mesonsin Pb-Pb collisions. Expected from models

0.2 h e B » Effect of coalescence + strangeness enhancement?
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PHSD: Phys. Rev. C93 no. 3, (2016) 034906

TAMU: Phys.Lett. B735 (2014) 445450
Catania: Eur.Phys.J.C (2018) 78:348

strange and non-strange D-meson R, ,

ALICE

o B A w st s
° _Tlll' Illll llll lllllnllllYl ll-hllll‘lllllllll'_ D . = :
< C ALICE 3 0.8 e 0-10% _
x 2 0-10% Pb-Pb, |/ = 5.02 TeV E =" Geune :
o ] 0.7 — 0-10% - coalescence .
1 8 - lyl<05 — 0 65— . 361& ?gxm‘; fragmentason _ -
165 - PHSD, Average D’, D*, D** 3 N 30-50% - coaleacence + fragmentation lSubmltted! I
1. 4_ —?233 gverage D% D', D* j :
4t TAMU, D ; ; %:+
1-2._ Filled markers: pp rescaled reference —: . :
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C 3 0'15 43.7% BR uncertainty not shown _
0.8} . g‘jerage 0%, D", D™ e e 0 12 14(G ) )
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0.6 ’ E . .
0 4-5 P S 7 @ Hint of enhanced D, productionin comparison to non-strange
- .:' “-//— ol . - -
u : iﬁ = 8 —4— H 1 D mesonsin Pb-Pb collisions. Expected from models
0.2t E » Effect of coalescence + strangeness enhancement?

1 Loaialoe labiaaalnal 3 0.
00 5 10 15 20 55 30 35 40 45 “50® D </D": no evidence for centrality dependence within

p. (GeV/c) uncertainties
. i » Negligible centrality-dependence expected by pure-
AESRVCS(R. G505 coalescence scenario
HIM 2018-05 (May 25th-26th, 2018) - Hyunchul Kim 32




D meson (Hyunchul’'s summary)

 Non-strange D meson is strongly suppressed in
PbPb, increasing with centrality, no significant
energy dependence

« Strangeness is enhanced, independent of centrality

- Baryon/meson ratio shows centrality and p+
dependency, energy independence, and larger than

expected in PYTHIA
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Heavy-flavour decay electrons in pp collisions

ALICE
276 TeV ——P 502TeV —— 7TeV ——P 13TeV

T T T T T T T T T ™ vvvv&
ALICE Praliminary

] hd M 1

10 arXiv:1805.04379 -
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— Testing the centre-of-mass energy dependence down to p; = 0.5 GeV/c
— Large range of collision energy analysed, data consistently at the upper edge of FONLL calculation at all energies
— Large reduction of systematic uncertainty in the measurements w.r.t. previous publications! 5
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Charm and bottom azimuthal correlations PH-“ENIX

» Extract charm and bottom in separate kinematic regions
* Charm and bottom dimuon A¢ compared to PYTHIA Tune A and POWHEG

— Theoretical curves normalized with cross-sections from fitting technique

. Charm . Bottom
= 16)(10 = X10-
090000000 —<—— g PHENIX (22 pp = ccX = ' X| © o gf! FPHENIX (b) pp = bbB X — p=u= X
2.14 ® pip (5= 200GeV .g‘ “F ® pp (5= 200GeV
{ S 125 meviaars o easem ey veed
3 11 PYTHIAVE (pair crestion) 3 2 o PYTHIAVS (i crestion)
% 10 =PYnIAv0(!mwMon) * % Z=rmun(uwor-uuon)
200000000 —p—— PYTHIAVE (gluon splitting) - [0 PYTHIAVE (gluon splitting)
(@ s—channgl Flavor (b) t-channgl Flavor 8 p,>3 GeVic, 1.2<hf1 <22 1 '52 p, >3 GeVic, 1.2< i1 <22
Creation Creation 15<m,, [GeVic] <25 o™ § e .. [ 35<m, . [GeVic] <10.0
6 — Global Uncertainty 12.0%
4 :
2 S 0.5
oollllolsllll|1/lll:llslllléllllzlsllllall OOI:IIIIOISII I.IIIlII1-I5IlIléIlI12I51IIléI
(c) Flavor Excitation (d) Gluon Splitting - . . . -
arXiv:1805.02448 W - ¢ ,llradl b, ¢,,llrad]

=
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Coalescence vs. Fragmentation SR

W Fragmentation:
* Leading parton pp = p,=Z Pr
according to a probability D, (z)

= 7 < |, energy needed to create quarks
from vacuum

Coalescence:

* partons are already there

. U I . I "p=npr,n=2,3
AE T~ R $ to be close in phase space $
r @
P P
. cone() (%)
Even if eventually N2 2 L [ G ) (p, )
Fragm. takes over .. ‘ £ )
gm F(p,) = (I)_)
‘e <
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Quark recombination 7

S. Voloshin, QM2002

q
Recombination
Fragmentation Baryon
Baryon Meson )
Meson

Pu®2py Ps®3P;



v
Recombination+Fragmentation Mo

R.). Fries, C. Nonaka, B. Mueller & S.A.
Bass, PRL 90 202303 (2003) ; PRCES,

basic assumptions: 044902 (2003)

« at low p, the quarks and antiquark spectrum is

thermal and they recombine into hadrons locally
“at an instant™

99 > M  qqq— B

» features of the parton spectrum are shifted to higher p, in
the hadron spectrum

at high p,, the parton spectrum is given by a pQCD

power law, partons suffer jet energy loss and

hadrons are formed via fragmentation of quarks
and gluons
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