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Heavy Flavours: unique probes

* Produced in initial high-Q? processes - calculable with pQCD

» Large mass - short formation time - experience medium evolution
— 1/2m, (~0.07 fm/c) < QGP formation time (~0.1-1fm/c) << QGP life time (10 fm/c)

* Expected small rate of thermal production in the QGP (m_, >>T)

Collision evolution stages probed
by heavy quarks:
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I Central region

Initial stages:
- test pQCD
- probe nPDF

QGP/partonic phase:
- energy loss: radiative vs collisional

¢ quark s e - collectivity | N
- Different collision
Hadronization: systems to gain
- fragmentation gl
beam be evolution stages !

- recombination
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Heavy Flavours in small collision systems
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Phys,Lett, B738 (2014) 97

° pp: %ﬁmz
— test for pQCD -
— reference for pA and AA 101

— role of Multi Parton Interactions (MPI)

F  4-CDF,pp 1s=1.96TeV, lyl<0.6
F Y UA1,pp \s=0.63TeV, |y|<1.5 )
| M PHENIX,pp 1s=0.2TeV, |y|<0.35 _ ,g"'
| — FONLL -

@ ALICE,pp \s=2.76 TeV, |y|<0.8
@ ALICE,pp \s=7TeV, |y|<0.9

ALICE extr. unc. |
ALICE extr. unc.

* p-Pb: |
—reference for cold nuclear matter (CNM) effects o
—initial/final-state effects .

 nPDF, saturation and more effects E
(k; broadening, energy l0ss) ?
—role of collision geometry/multiplicity density 2
—collective effects in small systems? o

- Experimentally: inclusive cross sections, multiplicity differential

measurements and heavy-flavour correlations
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Heavy Flavours in Pb-Pb collisions INEN

* Energy loss of heavy-quarks in the medium:
— modifies phase-space distribution of HQ
— mechanisms: gluon radiation, elastic collisions

— depends on: AE 2 ene;}s\m
* Medium density, path-length < > x O‘sCRC] the medium
- Colour-charge, Mass AE, >AE, , >AE > AE,

“dead-cone” effect in radiative energy loss
Dokshitzer and Kharzeev, PLB 519 (2001) 199.

« Heavy-flavour azimuthal anisotropy

— at low p; = information on the transport properties of the medium,
collectivity and thermalization of HQ

— at high p;=> information on path-length dependent energy loss

 Hadronization mechanism
— role of coalescence of HQ with low-p+ light quarks in the medium

- Experimentally: differential measurements toward a quantitative picture:
charm vs beauty R,, and v,, correlations and jets, baryons vs mesons

E. Bruna (INFN) 4



Measurements of Heavy Flavours at RHIC

and LHC in A-A (and pp, pA)
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Full reconstruction of D meson hadronic deca)ks

D,* = b IKK* 7+

Displaced /Y (from B decays) Jhp
B

pp:ATLAS/CMS,LHCb
pPb (CMS) :B=> J/W K,

é
Full reconstruction of beauty decays: B and A,

Semi-leptonic decays
(charm,beauty), electrons from b

rec. track

Primary B,

vertex

do

w Jet b-tagging

/\E = Jw A+ same technique as for I
Bo — Jlp Ko JWK T D mesons based on .
B” — J/p K% displaced vertex Vertx
B = J/w ¢ topologies

Secondary
Vertex

Displaced
cks
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Heavy-flavour results in pp
collisions
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Charm in pp: Test for pQCD and B
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reference for pA and AA D0 2<y<4.5, 13 TeV

10 gx— | T — T T T Py 10 10 LHCh DV POVHEGHNPDFS 0L
_ E. N . —k— doy,. /0224 from HT2 Run 12 ) ETT 0 RRE 6: b vi=lsTY I(](:,Pi#g
s mz;‘%&\DO,D e oottt = I D ,| y|<0.5 oo, Ty il
Eor D o[ S L@ 7Tev 1e
E g N STAR preliminary 3 o T .

‘ 102 7 - ~

s 0k p+p Vs=200 GeV E = H Prompt D°, |y|<0.5 E R
g F N —— ALICE 1
-2_'- 10°E STAR: PRD 86, 072013 ( zczz\\t 200 Gev 3 %‘ L -
Cﬁ E 3 doy,. / 0.224 from Min Bias Run 09 E Q|_ it E FONLL *
wH ] e 18 L SUVPNS
Qg’ 10'7:_ R P::ly Law fitto npoospo nts \Eﬁ\j B 10? L LO kg fact E s

()E n |FOZLL. o ‘11 . (]s N é L 0 {) (\"O E - N E ’

PPY FLALEAA I AL B S L B SIS S BN B I ' ) ' x ! 1 lf”
— B —e— doy /0.224fom BHT1 data | 3 B 1 0F w0 mEm POWHEGsNNPDF3.0L
S0tk W —5— oy, /0.224 from Min Bias data [~ 1 4 3 LHCb D 7 FONLL ’ 1
E wi_ o — = doy /0565 from Min Bias data _i g 1 % 40<y<dsm=n
5 E | [ Leévy-fit to All Data E N 1 =< . l
E 10* g FONLL g =i = 15 GeVic? |5 - R S P 1 e e e S
U:H(r"":— "‘q FONLL pg = e = 1.27 GeVic? _: ™ +3.5% lumi, + 1.3% BR uncertainty not shown i = ©
'U'_ E \"U\ E | Lo b b v b b b o | l_
gk e 500GeV . 00Tz s q0 12 14 16
= F 3 — o ]
Z1E STAR preliminary N E p; (GeVic) >
© oL P¥P s=500 GeV g ALICE, arXiv:1605.07569 ﬁ

e v o by by by by by b by s 1S
T L JHEP 1201 (2012) 128 ©
" 5
FONLL: JHEP, 1210 (2012) 137
STAR, PRD 86 (2012) 072013 GM-VFNS: Eur.Phys.J., C72(2012)2082
Nucl. Phys. B, 872(2013) 253 e ]
LO k; fact: Phys.Rev., D87 (2013) 094022 O T S S U S

LHCb, JHEP1603 (2016) 159" =
Cross sections at both RHIC and LHC energies well described by pQCD

predictions. Charm cross-section on the upper side of the FONLL uncertainty
band at both RHIC and LHC
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Beauty in pp: Test for pQCD and B

C
reference for pA and AA
yl<2.4 Jhy—B, 2<y<4.5 b-e, 0<|y|<0.8

CMS Plelnmnaly 508pl) (13 TeV) P L e e T Y
s 10— ' = 3 3 3% 102F N ALICE pp, \s =2.76 TeV |
3 - i B“I“:;?TTT/VI |Y| |224‘)” E : —e— LHCb, J/y fromb(20<y <45) § > o8 R b0 e
=~ - ata e Yy - - E|
2 L == FONLL (13 TeV, bl24) % e X, _ % . . T 2-76 TeV o data
+ E Bs B FONLL(7TeV. lyJ24) = & f 1z 10 RS ~FONLL 7}
g N E._ PYTHIA (13 TeV, |y |<2.4) ] =S E 2{ 10 ) v_, - - k; factorization ]
< 10" MR “x PYTHIA(7TeV,ly |<24) — = |a” ) (a) SLELE, -  GM-VFNS
o g -~ ° 28| 10 = &£ 10°F ~TEReE
1 . 7TeV -~ i 3 107
Q 102k L - i g
B g —4— 13 TeV 3 1k 4= 102 ‘
o - + - F 5 25
10—3 ? ’ é % 1,2 B
= 1 1 3 ot s 0.51 =4
4 F — 0 5 10 15 20 . 3 ‘ izat
§ 2 E_ + E p [GeV/c] § 2_2 © I—ikj -factonzatlon 3
S 15F E 3 5 OSE ﬂ}}m KN T o S R S
S by ]z 0 S B liass = e
© 05_ 13 - & 28 @ N GM-VFNS
st 12 | 13Tev 1! &
0 20 20 60 80 700 g/ : 8 os Wl ¥
Py K) [GeV] < 10°E 0 2 4 6 8 10
CMS, PRL 106 (2011) 112001 e P (GeVie)
CMS-PAS-BPH-15-004 <) ALICE, PRD 91 (2015) 012001
. ©
AV S ok
CMS: PLB 714 (2012) 136 F —¢— LHCb J/ w-from-b, 2.0< y <4.5 LHCb EPJ C71 (2011) 1645
. [ 23 FONLL, 2.0< y <4.5 ,
ATLAS: PRD 87 (2013)3, 032002 T JHEP 1510 (2015) 172
0 5

10
p /) [GeVic]

Beauty cross sections at LHC energies well described by pQCD predictions.
The central values of 7 TeV data better agree with FONLL wrt 13 TeV
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pp: HF yields vs event multiplicity NN

C

Study the effect of multi-particle interactions on the hard heavy-flavour scale

/\|_ 257 xxxxxxxxxxxxxxxxxxxxxxx [Trrrprrrrprrt ] ;_(D\\ :T T l 1T LI T T ] L l TTTT I TTTT [ rTTT ‘ TTTT I T ‘_
S T . AAL'CE pp (5=7Tev 1 — 7 O pp \Vs=2.76TeV =
=~ B verage D% D*, D* meson ly|<0.5, 2<pT<4 GeVic ] — B 1
D 20 ¢ Iy —oe'e,lyl<09,p >0 — = [ ® pPb s, =5.02TeV 1
L ) ] U) 6 — —
NZ L ¢ Jy — utu, 2.5<y<4.0, pT>0 | — - PbPb 576 TeV S
S T . 1 = F* s,y =2.76 Te ]
~ .. AverageD°D*D™ 1 7 sf I)> ™ .
1 57 7 & ] 5_ Y -]
-+ [ I ete ] - PP 1
T | J/ I — Hp 8 a 7
2 b Y > p'p E 4~ Y(1S) P
> 4 . - (Y(1S) Tl
Ql L _ 3 @) ® _
- m B - 1 21— e R
- e +6%/-3% normalization unc. not shown = * -1
L g + 6% unc. on (dN/dn) / (dN/dn) not shown _| - -
i _,&—\ l R l L l L l L l L l R l L l L : (:-l-". CMS :
§ 0.4 B fraction hypothesis: x 1/2 (2) at low (high) multiplicity E 1 __.*z?r' —
g 02f = - _{(-0' Iy | <193 1
Q - [~ |
g OE E 0 1 ’ﬁ. l Ll ‘ ) - l L1 11 I L1l I | | l | | ‘ | - I 1Ll ‘—
§02¢ E 0 05 1 15 2 25 3 35 4
o 04 ) ) ) ) ) ) ) ) 3 Nln|<2 4/ Nh]|<2 4
0 1 2 3 4 S 6 7 8 9 tracks tracks total

(dNy/dm) / IN_/dn)

ALICE, Phys.Lett. B712 (2012) 165
JHEP 09 (2015) 148

CMS, JHEP 04 (2014) 103

Increasing trend with multiplicity for D mesons, J/y and Y in pp collisions:
» Behaviour related to HQ production process rather than to hadronization mechanism
« MPI are dominating the high-multiplicity events and affecting heavy-flavour production
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HF correlations in pp at the LHC ¢
Provide constraints to MC generators about HF production mechanisms
CMS \s=7TeV,L=3.1pb’ — e T ——
g T e, "2 B-Bbar correlations g [Amas at
&e E_iz. ;$>Iﬁ;<(;fv,ne|<zo 3 i [ e Data 2010 =§=+ =il
o e - —— Pythi |
"L‘a’w‘; == ~+. 3 Generators tend to 2 Y owm T
I = 734~ _.3 under-predict higher- i
10 _ 9 — = . . . < T
= ==, . —F% 3 order contributions (i.e. ~ 107 = ;
ol ~ —— gluon splitting) in the 7
= ™= 3 pearside 5
= Data(p]">56 GeV)x4 7 |,
o Data(p[">84GoV)x2 = . . . O0-5;|=Hi:=:ié:::'=::';::
"CF T buamom = di-b-jet correlations = 15
PYTHIA 8 E
10;@ Normalisation region _; baCk-tO-baCk § ?g:_} { I% '
I B T Sy é configuration predicted 0'5@— - :
CMS, JHEP 1103:136,2011 by MC generators ©16 18 2 22 24 26 28 3
ATLAS,EPJ C 71 (2011) 1846 ¢ [rad]
e R W L R R B e “HL L L L
o CCevents oo |3 %22# . ..o CC events a) 3
5 0‘255—I‘HCb E ::O.lZf— S Do LHCb ] . .
= b 128 ol | Azimuthal DD correlations
orsf +13 %f\s\ CC events have a clear
= F: 0.06F 35»‘ +ﬁ—f}f:
o1 *‘JF FET e s g 441 enhancement at small A,
- - F ,‘ﬁhﬂz_ab ] . . T
% + ] oo el 1 consistent with gluon splitting
00‘ I ‘OIZI ' IOf4I I I0I6I I I0|8I - 1 G0I I0!2 0.I4I l IOI.(‘:I I 0!8I 1 LHCb’ JHEPO6(2012)141
|Ag| /T |Ag| /7
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HF correlations in pp at the

D-meson trigger p;
3-5 GeVic 5-8 GeVlc

8 16 GeVIc

©>0.3 GeV/c

_Average D° D", D ALICE 1

E 3<p<5GeVic,p™*>03GeV/c J Simulations, pp, Vs =7 TeV

E P <05, janf<1 -+ —— PYTHIAS, Perugia 0
PYTHIAB, Perugia 2010

- "'pp s=7TeV I — PYTHIA6, Perugia 2011

.basehne subtraction uncertainty ]

5<p <8GeV/cp

- baseline (rad™)

+13% i I +13% :
1o Scale uncertainty 7 1o, Scale uncertainty

_;I\JOO-D-(J'I

-+

1

dNassoc
Ny dAg

o
T

8<pD<16GeV/c p

° > 0 3 GeV/c

—— PYTHIAS8, Tune 4C
—— POWHEG+PYTHIA6

+14% .
119, scale uncertainty

P255°¢>0.3 GeVic

T T T T T T
[3< PP <5 GeV/c, 0.3 < p° <1 GeV/c I

1.5F T

5< p$ <8GeV/c,0.3< p:ss‘” <1GeV/c

- baseline (rad™)

8<p$<16 GeV/c, 0.3<p‘f"‘°C

<1GeVic]

1: 13? scale uncertainty T ]gf scale uncertainty ﬂ;‘:ﬁ:scale uncertainty ]
Q r T p
S | ! !
& Ty et
‘T """""""" I
™ ]
o R AR RN RS S R AN -

vfg 21 3<p <5GeV/c, piesee >1GeV/c

@ [

2 1.5F 1% scale uncertainty
Q © [
-~ ® 1
> o r
QO .. [
O ¢lsost

8 |3 0-5g

-— %'c : +
A -2 ok-- Y B ----

= T

PP IR IEPPIPE EPENIPE PAPRPIT IPUPRPIT IPIFN IS
0 05 1 15 2 25
A (rad)

LHC NN

Charged
hadron

P
Away
side

D meson

ALICE, arXiv:1605.06963

Compatible within uncertainties with expectations from different MC generators
and tunes (PYTHIAG, PYTHIA8, POWHEG+PYTHIA) after baseline subtraction
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Heavy-flavour resulits in p-Pb
collisions
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HF in pA: control experiment INEN
D mesons B mesons Mlllcgrapldlty -
f 7TTTT{TTTT TTTT{TTTT{TTTT'TTi 34-6nb-1(ppb5-02TeV) L
=  gf ALICE p-Pb, 5y=5.02 TeV ] S:CMS B*
- E Prompt D mesons, -0.96<yoms<0.04 E 2 5:_ n RFgNLL
R —+ Average D', D07 [ [DJS{st. pPb data
i - of v 2Syst. FONLL pp ref.
| - [Syst. int. lumi + B
it [ pd [
- %31.5:_ .II‘--I
i é 1::1-- * - =
0_4:: ---- CGC (Fujii-Watanabe) E -
© == pQCD NLO (MNR) with CTEQ8M+EPS09 PDF 0.5 |y | < 2.4
0.2 ==~ Vitev et al.: power corr. + k_broad + CNM Eloss i lab '
oo Kang et al.: incoherent multiple scattering | . O-' T T T T e
N S R | R 10 2% (%OGV/?:()) 50 60
_ p- (GeV/c) T
ALICE, arXiv:1605.07569 ' CMS, PRL 116 (2016) 032301

PRL 113 (2014) 232301

H. Fuji et al., Nucl Phys A920 (2013) 78

M. Mangano et al., Nucl. Phys. B373 (1992) 295
K. J. Eskola et al., JHEP 0904 (2009) 065

Vitev et al., Phys. Rev. C 80 (2009) 05490

Z.-B. Kang et al., Phys. Lett.B740 (2015)23

R,pp~1 for D and B mesons in p-Pb collisions
Models with CNM describe the data within the uncertainties
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HF in pA: RHIC vs LHC INCH

Mid-rapidity: &

Rpr

c,b->electrons RHIC vs LHC
multiplicity integrated )
- +
2.5 [ L ‘ T 17T ‘ L ‘ L ‘ L ‘ L I T ] 0 20 /o d Au 80-80% d+Au
»p_Pb,VsiNN=5_02TeV ALICEA 2*I!III|II||IIIIIIII‘||!I|IIII|III1||!II TTT]
fcb—>(e"+e)2,-1.065<y <0.135 1 m%1 81_ B F 1
i oms ] 8 n Z b) 60-88% ]
2| 1o RHICe: | & ® ;
I ] raE |l = L 1
1.5 ] - 1 1.5
: ] 1.25— :’, i I _E !
L gE:; s, i 1_.\1,' = - . 1 R o
1 T . e LD LA LA LA Buel l* - U . :
I i T i 0.8— ﬁ ] C
I % Kang et al.: incoherent multiple scattering | oo ©® electrons, 0-20% PRL 109 242301 (2012) H 405 b
0.5 B N\ Sharma et al.: coherent scattering + CNM | F ]
s FONLL + EPS09NLO shad. R 04K . -
i = Blast wave calculation 1 - Blast Wave caloulation . P; [GeV/c]
I B Normalisation ‘uncertai‘nty ‘ ‘ i 0.21— .
1 1 1 ‘ 1 1 ‘ 1 1 1 1 1 1 1 1 1 1 1 1 1 : :
0 2 4 6 8 10 12 0011||%|||||2||||:|;|lllil|1|5|1|116||||1;|111é11119
P, (GeV/c) p, (GeV/c)

PHENIX, PRL 109 (2012) 242301
ALICE, Phys. Lett. B 754 (2016) 81

LHC: R p,~1 for electrons from c/b in p-Pb collisions

RHIC: Ry,,>1 for electrons from heavy-flavours at low p;in central d+Au.
Compatible with radial flow? Peripheral: consistent with binary-scaled pp
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HF in pA: RHIC vs LHC INCH

Mid-rapidity: &

RHIC vs LHC
D mesons vs p-Pb centralit -20°
Q 25T T N A R A AR R AR RN RRRRE RR
a ALICE ZN Energy Classes | 3 :_ A r
S - PPb |5y =5.02TeV :gzzy%/ _ = 1'85_ RHIC e= ERrys (b) 60-88% ;
Q; 2_ Average D°, D*, D** 240-60% 1'6: 1 r ]
o 096 <y, <004 *60-100% e |l = C
G C 1 15

1.2?— IM —f

-/ u 1
= e
0.8 - -

ool ® electrons,0-20%PRL109242301(012)H_: o511 .. .

ZN Energy Z:; Blast Wave calculation E pT [GeV/c]
OO_III||51|1|1|0|I|I1‘511112\01\1\2\5\\\\?_’0 00:11||‘{|||||2||||:|;|lllil|1|5|||116||||1;|111é1111:9
P, (GeV/c) p, (GeV/c)
ALICE, arXiv:1605.07569 PHENIX, PRL 109 (2012) 242301

RHIC: Ry,,>1 for electrons from heavy-flavours at low p;in central d+Au.
Compatible with radial flow? Peripheral: consistent with binary-scaled pp

LHC: No multiplicity dependent modification of D-meson production relative to
pp collisions within uncertainties.
- Smaller effect could be due to harder initial spectrum
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HF in pA: different rapidities at LHC INgh

Forward and backward

rapidity at LHC
Pb-going (backward) mid-rapidity p-going (forward)
a 2.5 r T T T T T T T T
=% —LHCbprellmmary g2 frrrrprrrrprorrT AL L L )
m o + LHCb - [+% [ _ _ m O [ T T T T ] l' T T T T T T T T T T
b [spny=5 TeV 2% CTEQ6M+EPSO09NLO ] x 1_6}AL3ICE PP, {50y=5.02 TeV B Q:& i LiCb preliminary —+— LHCb ]
I Backward . 5 Prompt D mesons, -0.96<ycms.<0.04 1 i \syn=2 TeV CTEQ6M+EPSO9NLO |
C 140 = —s— Average D°, D", D™ . 15+ Forward ]
1.5 N I 3 —=—D° j - -
1_ Fom m ﬂ——*l——_—_ 1
; - I A i
05F - E
O: P S (U S R R S SR SR S S S . 0.4:; ---- CGC (Fuijii-Watanabe) ]
0 2 4 6 8 [ == pQCD NLO (MNR) with CTEQ6M+EPS09 PDF O T T T T
[ === Vitev et al.: power corr. + kT broad + CNM Eloss |
pT [GCV/C] 0.25 wn Kang et al.: incoherent multiple scattering ; 0 2 4 p6 [GeV/C]S
LHCb-CONF-2016-003 I N I - T
P, (GeV/c)

ALICE, PRL113 (2014), 232301
ALICE, arXiv:1605.07569

Different x regimes explored in different rapidity ranges with HF probes
—shadowing/saturation relevant at low p; at the LHC

Data described within uncertainties by the models with nPDF and other CNM
effects
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HF in pA: different rapidities at RHIC .
< 3 ¢,b>H Forward and backward
) ST rapidity at RHIC
2 IIIIIH """ st 22621 Suppression at forward rapidity
1.5
1 - - Enhancement at backward rapidity
HHHHH“
00 Ll .0'30/‘.'.0 nirality Models based on different initial-state
| _ effects fail to reproduce d+Au data at
z ..o Fwd - Mid - Bwd both forward and backward rapidities at
oF 1, |smweae0cey P RHIC energies
// —_——

EPS09 NLO Q*=13.0 GeV?

— Error sets 2-31

Central set 1

Uncertainty band
_l I 1 1 1 | I l 1 1 1 I - l
10° 10 10!

Bjorken x

PHENIX, PRL112 (2014) 252301
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Rg in Au

HF in pA: different rapidities at RHIC vs LHC ~
Forward and backward rapidity at RHIC and LHC

3

c,b->u

2

1.5

IIII|IIII|IIII|III]

—

0.5

F PYTHIA+EPS09s LO,D—u @ HFu,-20<y<-14
-~ PYTHIA+EPS09s LO,D—u m HFu, 14<y<2.0

0-20% centrality

vl v g |

----- broadening <k:>—2 25 GeV%/c?
...... broadening <k2>-2 25 GeV?/c?

I IS TR N A B A

2.5

]lIlIllll[llllllllllllllllli
i

LA L LR LB BN LR B LN B
p-Pb \ sy, = 5.02 TeV, u*« c,b decays
2.5<y  <3.54

ALICE Preliminary

Illlll'll

p-going
(forward)

—— NLO (MNR) with EPS09 shadowing
—— Vitev: coherent scattering + k broad + CNM Eloss

systematic uncertainty on normalization
e b by by b b by by ol

d
)
|

EPS09 NLO Q?=13.0 GeV?

Error sets 2-31

Central set 1

Uncertainty band
ll L llllllAl 1 lJJllAll

4 6 8 10 12 14 16
pT(GeV/c)

TTTTT

]llll

llllll]lllllll]]ll

LI LA L B B S L L B LR L R BN RN B LR

p-Pb \ sy, = 5.02 TeV, u*« c,b decays
-4<y  <-2.96

Pb-going
(backward)?

Illllllllll

ALICE Preliminary

—— NLO (MNR) with EPS09 shadowing
—— Z.B.Kang et al.: incoherent multiple scattering

Illlllllllllll

systematic uncertainty on normalization
PO TS TSN SN S S SN ST S ST S T U U N N

o

10 10!

Bjorken x

PHENIX, PRL112 (2014) 252301

‘ 2 4 6 8 10 12 14 16
P, (GeV/e)

A

c,b>p

M. Mangano, P. Nason
and G. Ridolfi, Nucl.
Phys. B373 (1992) 295
K. J. Eskola, H.
Paukkunen and C. A.
Salgado, JHEP 0904
(2009) 065

R. Sharma, I. Vitev et
al., PRC 80 (2009)
054902

Z.B. Kang et al., PLB
740 (2015) 23

LHC data described within uncertainties by
the models with CNM effects
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D-h correlations in pp and p-Pb

5<p;P<8 GeV/c, p;*s°c>0.3 GeV/c

47!\\\\\\\\\\\\\\\\\\\\\\\\\\

[ Average D°D*,D*
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scale uncertainty: (pp)
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O
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ALICE, arXiv:1605.06963
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Compatibility within uncertainties between pp collisions at Vs = 7 TeV and
p-Pb collisions at Vs, = 5.02 TeV after baseline subtraction

Near-side yields and widths compatible in data and simulations within

uncertainties.

No modifications due to CNM effects in p-Pb seen within uncertainties
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b- and c- jets in p-Pb collisions M

pPb 35 nb™” (5.02 TeV
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Data/PYTHIA
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High-p; jets tagged with charm and beauty quarks
No significant CNM effects for jet p>50 GeV/c
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Heavy-flavour results in Pb-Pb
collisions
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AA: D-meson R,, at LHC b

ALICE: D°,D*,D™*,D - DO
C o CMS:D PbPb /s, = 2.76 TeV
:([ 2:""|"'}“']""]"‘]""]1"‘|"'T_ g2_II1I|IIII|IIII|IIII|I[II|I1II|IIII|IIII_L
T 4 g ALICE 0-10% Pb-Pb, | s =276 TeV 5 & oF | o i 0Rs. oM Preiminary E
C 1 8 ] |y|<1OCento10/ ]
1.6 e Average D, D", D**, [y|<0.5 - 1.6~ Syst. PbPb data -
145 o) with p_-extrapolated pp reference - 14 T [__]Err. pp reference 7
T & D; , ly1<0.5 E s Filled markers: data-extrapolated reference ]
— 1.2 [ Open markers: FONLL reference 7
.................................................................. ~: 150 :
TAMU, PLB 735 (2014) 445 . L[|, —=— Prompt D" R,,, Alice 1
— Non-strange D ] 0 8‘ Submitted to JHEP, arXiv:1509.06888 n
D 7 ) C ly| < 0.5, Cent. 0-10% 1
// _: 0.6: T _:
=7 ] - _+_ ]
s | < 04f I -
s+ i H 4 o02fF ' -
. Lovo b Lo Lo Lo O:||1||1|1||1||1||1|1||1||||1||l|1||l||1|$
10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
p. (GeV/c) p, (GeVrc)

ALICE, JHEP1603 (2016) 081 CMS-PAS-HIN-15-005

JHEP1603 (2016) 082

Strong suppression of prompt D-meson yield in central Pb-Pb collisions
- up to a factor of 5 at p;~10 GeV/c

Hint for less suppression of D_,* than non-strange D at low p;

- expected if recombination plays a role in charm hadronization

E. Bruna (INFN) 22



AA: D-meson R,, at LHC in Run 2 b

25.8 pb™' (5.02 TeV pp) + 404 ub™ (5.02 TeV PbPb) 25.8 pb™ (5.02 TeV pp) + 404 ub™' (5.02 TeV PbPb)
) 4i_ CMS - CMS
- Preliminary 2 0 1.4r Preliminary ) 5
- " |RmD I * RuD
12 1, and lumi 0 -2 1, and tumi 0-10%
1= uncertainty. 0 '1 00 ) A) 1= UNCERAINY. e
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C 0.8 lyl <1 C 0.8+ lyl < 1
. M | B, % y B
0.6~ 0.6- | _‘_H_
0.4F 0.4- A
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Ot 1 1 ool 1 1 ool OF 1 1 1 paaal 1 | poa sl
1 10 10° 1 10 10°
p. (GeVrc) p, (GeVrc)
CMS-PAS-HIN-16-001

Strong suppression of D° mesons in Pb-Pb at \s,,=5.02 TeV
- ~factor 5 at p=10 GeV/c

Similar suppression as in in Pb-Pb at Vs\=2.76 TeV
At high p; > 10 GeV: D° R,, increases as a function of D° p;
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AA: comparison to RHIC

L/,
STAR: D° .. STAR: D', ALICE: D°,D*D"
< MR N AR R U LR ]
R B L S B B BN B <ot 3.}_ ]
ik S © AurAu200Gev, 0-10% ] 18] or | E
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" ; A4 it W0, o |-
1.2:— q E _ N T B S - Gdvior E
< P—--------- R e e N o 1 -
D:< 08 + I: ALICE, 0-10% Pb-Pb, | s, = 2.76 TeV I_E
‘ 1 | P+p uncert. E i ;vAv\lltir;aagepDegrapoolatg;r(;firence ?
0.6f) ¢ - : E
% $ § % 1 i STAR 0-10% Au-Au, \ s, = 200 GeV .
0.4}, m ] t a D, |y|<1 m ]
O 2 STAR Pre”mlna D Qi) E _; O.zi ﬁ PRL 113 (2014) 142301 “ j
C....1....1...r}.ll.,..|....1....|A...1....- r &_5—487 H ]
L e Momentim o (GeVe) %510 15 20 25 3035 40
Transverse Momentum p; (GeV.c) p. (GeV/c)
STAR: PRL 113 (2014) 142301 STAR, PRL113 (2014) 142301
PLB 655 (2007) 104 ALICE, JHEP1603 (2016) 081
Similar suppression in central A-A collisions at high p;
Differences at low p+: radial flow? Shadowing? Recombination?
Crucial to go to p~0 at the LHC
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Leptons from HF at RHIC NN

L./
3_
ccg i e 0-20% c,b—>electrons
2 I’ 0-10%
. 62 GeV,
RGP T T2 YOO \F Different suppression trend at
o R e ;1 Vsy=62 and 200 GeV.

PHENIX, Phys. Rev. CO1 (2015) 044807 P [GeV/cl

< [ se.R 1O R Different effects at two energies:
X . e R R interplay between initial-state

" N HF " “AA ‘ AA . .

< F 200 GeV ki-broadening, final-state flow and
0’ 1.5} !! | energy loss

1 -~ BI@ E]IEl - 2Ty - 4 Note: 62 GeV pp reference comes from
B ISR. More data at 62 GeV
0.5 w98 g g @ ! 8 v l ,
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Leptons from HF at RHIC NN
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From 2011 Au-Au data
- Expected improvement from 2014
run with x10 statistics
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Leptons fr'om HF at LHC
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Hint for suppression for p>3 GeV/c
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RAA

R,A: D mesons and charged hadrons

)
N

Mass/colour dependence of energy loss?
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R,A: D mesons and non-prompt J/y

Mass dependence of energy loss?
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)
‘N

(3

E. Bruna (INFN)

29



)

R, At D mesons and non-prompt J/y e
Mass dependence of energy loss?
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pQCD in-medium energy loss model based on mass dependent
energy loss in agreement with data
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o [ ] [ J [ J ’N’i
Beauty jets in Pb-Pb collisions &
CMS (S = 2.76 TeV CMS (S = 2.76 TeV
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Quark-jets tagged.

B-jet suppression is described by model with strong jet-medium
coupling, consistent with inclusive jet suppression.

Quark mass effect negligible at high jet p-.

E. Bruna (INFN) 3



D-meson azimuthal anisotropy

| F Au+AU ZOOGeV 0-80% Non-flow est.
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ALICE, PRL 111, 102301 (2013)
ALICE, PRC 90 (2014) 3, 034904

« tends to be below light-hadron v, at low p+

LHC: D-meson v,>0 in 2<p< 6 GeV/c (with 5.70) (30-50%)
« compatible with v, of charged particles

—> more statistics and low-p; measurements needed to quantify HQ

thermalization at RHIC and LHC
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HF lepton azimuthal anisotropy W
(c,b)>electrons, muons
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HF lepton azimuthal anisotropy i

(c,b)>electrons, muons
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E)

R, A and v,: constraints to models N
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Cao, Quin, Bass(Langevin with coll and rad term and recombination+hydro) arXiv:1605.06447v1
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Raa and v, results start to provide constraints to models.

Simultaneous description of heavy-flavour R,, and v, still
challenging.

E. Bruna (INFN) 36



)
"N

R, . : constraints to models o
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Theoretical models (i.e. TAMU) can reproduce the general Ry,
trends at both energies in the low p; range common to both
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Current Status: HF at RHIC and LHC

HF at RHIC
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Heavy flavours are unique probes to characterize medium properties at
RHIC an LHC energies.
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Conclusions CH
« Large array of heavy flavour measurements at RHIC and LHC
— different energies and collision systems

— p(d)-Ais the system to study CNM effects, but also different x regimes
and possible collective effects on heavy flavours

* Open charm/beauty strongly affected by the medium

— from RHIC to LHC: similar suppression at high p;, enhancement at low
pr at RHIC

— mass dependence of suppression trends in agreement with models

— positive v, suggests collective motion for ¢ quarks at low p; at RHIC and
LHC

* Next: more precise measurements to sharpen the conclusions
— RHIC, LHC: new detectors and future upgrades

— Smaller uncertainties, new differential measurements will help to further
constrain theory (and add information on path-length dependence of
energy loss, energy loss mechanisms, thermalization, hadronization, ...)
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X regimes at the LHC
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The LHC Probes Snzlallest x So Far Available

High energy pp and AA colliders probe successively smaller fractional momenta, x, of ¢, g and g for
perturbative probes such as dijets, lepton pairs, gauge bosons or quarkonium produced at scale Q

0 .
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Atthe LHC, |y| < 8.6 —9.6, depending on +/syy E. Bruna (INFN)
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c,b—>e

different rapidities at LHC
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R, D mesons and charged hadrons NN
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Mass dependence of energy loss?
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What about AE(udsg)>AE(c) gR aa(D)>RaA(TT,h3)
- Different quark spectra
2> Ra(h) affected by fragmentation
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System size dependence of R, , at RHIC
electrons from heavy-flavour decays DO
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From d+Au to peripheral Cu+Cu: enhancement effects
dominating

From Cu+Cu to central Au+Au: suppression dominating

U+U: could have 20% higher energy density than Au+Au
similar DY suppression as for Au+Au, extends the trend
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System size dependence of R,, at RHIC ~

electrons from heavy-flavour decays
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Charm collective motion at RHIC -
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R, A and v,: constraints to models
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RA, @and v, results start to provide
constraints to models.

Simultaneous description of heavy-
flavour R,, and v, still challenging.

More precise measurements needed to
further constrain models
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HF electron-muon correlations at RHIC

mid-rapidity electrons (from HF) —

PHENIX: e-u correlations forward-rapidity muons (from HF)

e-u pair yields in pp and d+Au
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