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Outline INFN

¢ Heavy-ion collisions and Heavy Flavour
¢ HF reference measurements in pp collisions

¢ HF production in nucleus-nucleus and proton-nucleus
collisions at RHIC and LHC:

» Effects of hot and cold nuclear medium
» HF azimuthal anisotropy
4 Conclusions and Outlook
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Heavy Quarks as probes of the QGP [M7¥

¢ Large mass (m~1.5 GeV, m,~5 GeV) - produced in large
virtuality processes at the initial stage of the collision with short
formation time At < 1/2mg ~ 0.1 fm << 15gp ~ 5-10 fm

¢ Production in QGP expected to be ~negligible (<<10% at LHC)
¢ (Strong) Interactions with QGP conserve flavour

- Uniqueness of heavy quarks: “see” full system evolution

¢ Effective probes of:

» The mechanisms of quark-medium interaction: energy
loss (and gain)
» The strength of the collective expansion of the system




)

Parton energy loss "”FI N
Parton Energy Loss by
» medium-induced gluon radiation
__)Jﬁﬁ@;; = collisions with medium gluons
|
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Heavy Flavour energy loss INFN

Heavy Quarks (charm and beauty): a tool to characterize the
properties of the parton-medium interaction

Parton Energy Loss predicted to
depend on:

g: m=0, Cr=3 T = Color charge Cj, (larger for gluons)
» Mass m (larger for heavy quarks)

T
u,d,s: m~0, Cp=413 ___,;ﬁ&? AE(E,,jms Cr>)

¢: m~1.5 GeV, Cp=4/3 -——)/|)7B pred: AL g~ AECzq > AE,

Recall:

R (p,)= 1 dN,,/dp,
‘QGP medium’ TN, ) dN,, L dp,

Seee.g.:

Dokshitzer and Kharzeev, PLB 519 (2001) 199. Armesto, Salgado, Wiedemann, PRD 69 (2004) 114003.
Djordjevic, Gyulassy, Horowitz, Wicks, NPA 783 (2007) 493.
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The role of proton-nucleus collisions /NN

¢ In high-energy nucleus-nucleus collisions, large energy
density (> 1 GeV/fm?®) over large volume (>> 1000 fm?)

§ s G

208pb
¢ Control experiment: high-energy proton-nucleus collisions,
large energy densities (?) in a very small volume

Control experiment:

i s
( R _io [nitial-state

D A" effects?




Initial-state effects: )
Gluon Saturation at small xg C

jorken

¢ Saturation: when gluons are numerous enough (low-x) &
extended enough (low-Q?) to overlap

¢ Enhanced in Au/Pb nuclei: factor A3 (=6) more gluons per unit @
transverse area
Effective reduction of the parton flux (shadowing) X +X,

—> also described with nuclear-modified PDFs M

¢ Shadowing factor for PDFs: xG,(x,Q?) = A xg(x,Q?) Rz (x,Q?)
valence quarks sea quarks gluons
14 : ok BE
12 | 12 - RAA <1

\Y: P
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see e.g. Eskola et al. JHEP0904(2009)065




D and B mesons here




HF “detection” channels INFN

PHENIX STAR
HF electrons v v
HF muons v AA
D¢, D+, D** v
Dt
B—J/y
B jets
B electrons
Originally compiled by Z. Conesa dV
PHENIX STAR
HF electrons v
HF muons v
DY, D+, D*+ v
p(d)A D
B—=J/y
B jets
B electrons
B

Only a selection in this talk!
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pp “reference”: pQCD calculations vs data |
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HF-decay lepton p-differential cross section -~
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+ HF-decay electrons and muons at central and forward y
¢ FONLL: “b > ¢” for p; > 4 (5) GeV/c at RHIC (LHC)




pp “‘reference’: pQCD calculations vs data

)
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Charm and beauty p-differential cross section L~
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¢ Charm production described within uncertainties
+ “Consistently” at upper limit of FONLL band from 0.2 to 7 TeV

+ Beauty production described by FONLL central value

ALICE, JHEPO1 (2012) 128




HF-decay electrons at RHIC INFN

R (p,)= 1 dN,,/dp,
e <Ncoll> dep /de

9

+ “Total” yield compatible with binary scaling (Rap ~ 11+ 0.3) <—
¢ Large suppression above 3 GeV/c

¢ Same as for pions above 5 GeV/c <«
¢ R;z21 = Au-Au high-p; suppression is a hot medium effect <—

PHENIX, PRL109 (2012) 242301 P, [GeV/c]
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I—IF decay e* and u* at LHC o
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decay e and u at LHC
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Charm: D mesons in Pb-Pb at LHC  INFN

Secondary vertex

0- 20% centrality
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¢ First D Ry, measurement with data from LHC 2010 run

¢ Extended with LHC 2011 run, from 1 to 30 GeV/c: factor ~5
suppression at ~10 GeV/c in 0-7.5% centr.

ALICE, JHEP 09 (2012) 112 Z.Conesa (QM2012)
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Charm D mésons n p-Pbat LHC NN
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¢ D meson R, consistent with unity
» Calculations with nuclear PDFs describe the data
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Charm: D mesons In p Pb at LHC w"
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¢ D meson R, consistent with unity
» Calculations with nuclear PDFs describe the data

» Shadowing not expected to contribute to suppression in Pb-Pb above
~5 GeV/c

- Pb-Pb high-p; suppression is a final state effect




Colour charge dependence of energy loss;
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| NFN
D mesons vs. pions -
, l . , : I ; S SARA AARAE RS RAREE RARRE RS BARSARSAS
o= O RHIC, 200 GeV < 15 LHC, 2.76 TeV
: 0'10% (d) 1:65 « Average D’,D*,D", y|<0.5, 0-7.5%

o with pp p,-ex trapolated reference

- 1 4_
1 5 £ E 1_25_ o Charged partlcles, ml<0.8, 0-10%

= Charged pions, n|<0.8, 0-10%

: STAR PRL108, 072302 (2012)
05E n I 0-12%
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STAR, PRL 113 (2014) 142301

¢ D R,, at RHC: x3 suppression at high p-, similar to LHC

¢ R,, of D and &t consistent within current uncertainties, both
RHIC and LHC

» |s it consistent with the colour charge dependence of
energy loss in the hot medium?
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Colour charge dependence: theory wN

T 18 PoPbysy =276 TeV - ¢ Calculation by M. Djordjevic (rad+coll energy loss)
1.6 — .
b * Average D°D"D", /<05, 0-7.5% - can describe both R,
AE o with pp pT-eftrapolated reference i E . .
12 G nesos | ® Shows strong colour charge effect in partonic Ry,
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| Pions T D mesons
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1 - 02l V 02+
08L T e SR B R S
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< 06}
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04

Ru\P~Ru"

M. Djordjevic and M. Djordjevic, PRL112 (2014) 042302
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Beauty in Pb-Pb at LHC

. K
4 .
¢ CMs: ¢ ALICE:
3
m -
CMéYPfellrlnlnal'ylll‘ g 25T
PbPb\[s,, = 2.76 TeV : T " Pb-Pb, |5 = 2.76 TeV, 0-20% centrality ]
7 2r —4—b(=c)—=elyi<08
N - [ syst. uncertainty ]
1 I — 15 C + I nomalization uncertainty ]
Non-prompt J/y- 1 : ; ‘+‘+ 3
] - = ]
+++ ; osf 4 -
’ * [ ALICE Preliminary }
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) 0 1 2 3 4 5 6 7 8
lyl <2.4 -
O lllllljlllllllllllllly:f‘llljl pT(GeV/c)
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p, (GeVrc)
» Large uncertainties

» Large suppression at high p; > Indication of R,,<1 for

» Dependence on collision electron p;>3 GeV/c
centrality in next slide

CMS-PAS-HIN-12-014 A. Festanti (QM2014)
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Beauty in p-Pb at LHC h

¢ LHCb: e & CMS: fully-reco B, B*, B,
v-"‘fg/h """" » Using Jhp + hadron channels
ol - L L B B L 2'S:CMS Preliminary  pPb |s,,=5.02 TeV
o F (b) L_;Ibfit;m o7y % LHCb Jiyfromb -y, <193 L=34.8nb"
" p, <14 GeVic 2F @ REQMW 5
1.2 E L [ ]Syst. L+BR
= * | - ) 1_5:— Syst. err. from FONLL pp ref.
0.8f i - 23 i
0.6E- e LN n +
0.4:— —_ 0.5:_
0.2 EPS09 LO = [
0:.l.nqsg.|-?. PR S (T ST T S NN S S I.- v b b b by b Py g s
4 > 0 > 4 % 10 20 30 40 50 60 70
p. (GeV/c)
Yy T
» From p=0 > Limited to high p; (>10)
» Consistent with mild modification, > Consistent with unity within
described by nuclear PDFs 20-30% uncertainties

LHCDb, JHEP 1402 (2014) 072 CMS-HIN-14-004




Mass dependence of HQ energy loss: -
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R, of D and B at LHC -
¢ D mesons (ALICE) and J/p from B decays (CMS)

LRI | UL | UL | UL I LI | LI | LI I LI
i N m ALICE Preliminary D mesons ]
i ew 8<p <16 GeV/c, lyl<0.5

- [ Correlated systematic uncertainties —|
[ Uncorrelated systematic uncertainties |

= 6.5<pT<30 GeVle, y|<1.2 .
- [ Systematic uncertainties ]
- H CMS-PAS-HIN-12-014

SRURT B

g  m-

- Pb-Pb, |5, = 2.76 TeV
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A. Festanti (QM2014)
¢ First clear indication of: R,,®> R,,P

( Npa  weighted with Nco")

L @,

Similar <p;> for B and D:

« B<p>~11GeV (FONLL
+EvGen)

* D<p>~10GeV




Mass dependence: theory

¢ D mesons (ALICE) and J/p from B decays (CMS)

51.4

c

A. Festanti (QM2014)
¢ Described by model calculations with AE_>AE,
» Also other models (WHDG, Nantes, Vitev, TAMU, Duke)
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- Pb-Pb, S, = 2.76 TeV -

® ALICE Preliminary D mesons -
8<pr<16 GeVl/c, lyl<0.5

[0 Correlated systematic uncertainties
[ Uncorrelated systematic uncertainties

L - -~ Diordjevic Non-prompt Jiyy (6.5<p_<30 GeVic) |

Djordjevic Non-prompt Jiy (with ¢ quark energy loss) 1
- - Djordjevic D mesons (8 < p, <16 GeV/ic)

)

Similar <p;> for B and D:

« B<p>~11GeV (FONLL
+EvGen)

* D<p>~10GeV

¥ Djordjevic: non-prompt J/s
Raa considering for energy
loss

|~ [] Systematic uncertainties CMS-PAS-HIN-12-014 \
0 lllllllllllllllllllllllllllllllllllll

( Npa . weighted with N}
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0‘4:_ m e & - . - b quark mass to test the
i TRl ——" cquarkmass } mass
0.2~ ® CMS Preliminary Non-prompt Jiy Er TTeeal :_ « dependence

¥ Djordjevic: D meson Raa

M. Djordjevic et al., PRL112 (2014) 042302



¢ System geometry asymmetric in non-
i '
o parameter v,
qub ~ 142wy cos(2(¢ — Wgrp)) + higher harmonics (v;, v,, ...)

central collisions
¢ Expansion under azimuth-dep.
¢ v, provides a measure of strength of collectivity (mean free path of
outgoing partons)

)
pressure gradient results in azimuth-
dep. momentum distributions

¢ To what extent do heavy quarks take part in the collective

expansion?

Azimuthal anisotropy: collective flow [NFN
¢ Measured by the elliptic flow
» Probe of the interaction mechanism

» Sensitive to medium viscosity
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' INFN
D meson anisotropy at LHC C

¢ The v, coefficient can be measured by comparing the
production yield in two orthogonal directions wrt estimated
reaction plane

~N ||l71vllrvr|I771|I111llvrIllIrrlIlrrr

(&) - -
2> 450 = D°—K'n* and charge con. ALICE E
ﬁ 4001~ 3<p <4 GeVl/c Pb-Pb E
% 3502 VS = 2.76 TeV
£ 300f Centrality 30-50%
z W 2s0F
VZ 200F l
x, b 150
100
50
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I—Ieavy Flavour v, at LHC and RHIC w"

S04 T T T L =
| ALICE H C Pb—Pb J_N 2. 76 TeV |
non-photonic electron v,
L Centrality 30-50% -
Aiﬂ; 0.15 Minimum bias RH IC
0 _
0.2~ -
fm{w
0

0.05
O -
| Charged particles, v,{EP,IAn|>2} ]

= Prompt D°,D%, D" average, lyl<0.8, v,{EP} 0
" [_] Syst. from data

-0.21- . from B feed- -
lD ISys‘t rlom lB eled ‘dowln X l ) l ) l X l ) l _0.050 L1l I0|5I 111 ': L1l l1 I5I 111 é 111 I2|5I 111 é 111 I3I5I 11 l4| 111 I4I5I 111 5
0 2 4 6 8 10 12 14 16 18 ' ' ' ' pr{GeV/c)

GeV/
See also: STAR, arXiv:1405.6348

¢ D meson v, ~0.2 in 2-6 GeV/c at ¢ Electrons from HF show a v, of up
LHC (ALICE) to 0.10 at RHIC (PHENIX, STAR)

» Comparable with charged particle v,

¢ What is the origin of this v,? ¢ quark flow induced by multiple elastic
interactions? recombination with light quarks from medium?

Illllllllllllllllllllll
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Conclusions INFN

C
¢ Heavy Flavour probes now accessible using several (>6)
“detection” channels and by all (6) experiments

¢ HF energy loss:
» Large suppression in AA in all channels at p; > 5 GeV/c
» ltis a final state effect (R ,~1)
» D Ryp ~ m Rys = described by charge-dep. E loss
» B Rap > D Ry, (at 10 GeV/e) - described by m,-dep. E loss

¢ HF azimuthal anisotropy:

» Significant v, suggests that collisional processes in “collective
medium”, and maybe recombination, play a role at intermediate/low p;

¢ More direct and precise measurements needed to solidify
these conclusions and address the open questions
» Experiment upgrades! (see next slide)
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Outlook: upgrades at RHIC and LHC w"

¢ Heavy flavour: a central topic for upgrades of all HI

experiments!

> %-level precision!
> c¢/b decay leptons
> Low-p; D, D, B
> HF baryons

> HF correlations
>

Already online: PHENIX VTX, STAR HFT

Isilioon stripixel detector|

Also:
STAR MTD,
ATLAS, CMS,
LHCDb tracker
upgrades,
sPHENIX




Thank You !
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Heavy flavour production in pp wN

¢ Example pQCD calculation: Fixed Order Next-to-Leading Log

do a . o .
s A(m)oZ + B(m) o + G(m,pr) |o? Za,- o log(pe/m)]" + o 2 b o log(p/m)]’

. 1= =1
FONLL: Cacciari, Frixione, Mangano, Nason and Ridolfi, JHEP0407 (2004) 033 U= pPr

[coincides with NLO for low p- (total cross section); more accurate at high p+]

p— T T T T TTT T T T T T —TTTTTT P~ T T T T T
[1] STAR Collaborat oh, Bhys. Rev. D 86, 72013 Q
%1 04 | (2] STAR Collaboration, arXiv-1404.6188 ‘\A%\ = @ ALICE, pp Vs=2.76 TeV, lyl<0.8 —h
— - 3] ALICE Coliaboration, JHEPO7(2012)191 PR e E —h > 102 F 94 A
Z 10 [ [4] A.Vogt et. al., Phys. Rev. C 87, 014908 (2013) |‘(\\‘,_.~' 7 - ) . @ ALICE, pp Vs=7TeV, lyl<0.9 | (@)
Zo" " o f \\,Jf‘,\‘..,s«.— ..... . % g [ 4COF,pp V5=196TeV, lyl<0.6 13
| m=127 GeV/c 1 \\35 A1V 5 [ K UA1,pp Vs=0.63TeV, lyl<1.5 ) 1o
10° E u/m=21 m\‘ R\ = N " WPHENIX,pp Vs=02TeV, Iyl035 L . ;
Fu/m=16 W < " - FONLL - T =
I STAR preliminary ® 10 +4 A
~~ - ] A
10 - = g - 1 O
F = 1 Ol
- (4 4 "
/A ¢ STAR p+p Run 12, 11 NLO gcj B i
AiFs w sTARpspRun9ll oo NLO limit = T =~
10, + STARAu+Au®@ & SPS/FNALY =
= = A
7% o ALICE® O PHENIXe! ~ 1E E
® ATLAS Preliminary ¢ PamirMuon - r ALICE extr. unc. |
4 LHCb Preliminary [ ] UA2 N Ls ALICE extr. unc. ]
il P | L | L ool ) vl
10 10° 10°* 10? 10° 10°
\'s [GeV] 's (GeV)

¢ Describes consistently energy dependence of total cross sections
¢ Charm (beauty) x10 (100) from 0.2 to 2.76 TeV




pp: pQCD calculations vs data INFN
Charm p-differential cross section C

200 GeV 7/ TeV

—
w
™
4
4
4
4

. > ) ALICE -
10 2N T T T T T T T T T T T T T T T [} 2‘ D"ppE=7Tev‘Lm=5nb-1 E
. _.\\ —— do,,/0.224 from HT2 Run 12 % 10°F E
L 1";\ —@ — do,. /0.224 from Min Bias Run 12 2 F .
o 10°E — M do_,/0.565 from Min Bias Run 12| 5 10k _
> 8 *\ : E o 10F
() - . -+ Levy fit to Run 12 points . . 2 = B
g 10% " - = = = Power Law fit to Run 12 points . —= s N
= = = . cl =y

E £ : 3 STAR preliminary A = -
3 "F N p+pVs=200GeV F 8 w0 Or ==
Q_’— - ] F Clomvins E ]
© .5 — o] x35% lumi, = 1.5% BR norm. unc. (not shown) |
102k o
g % E STAR: PRD 86, 072013 (2012) s 3 OE e
g\i " | —@— do,. /0.224 from Min Bias Run 09 ;;i - g SE — o =
E‘u 10® E~| —&— doy;:/0.565 from Min Bias Run 09 S = a SE [T e -
%‘0 = | e Levy fit to Run 09 points \\‘-.\ E 2 =
e Power Law fit to Run 09 points 2D Sl i iE b
0 E FONLL $'\. ; s ® Qmmmmm:z
1 1 L I L 1 1 I 1 1 1 I L L L l 1 1 I'\§ c"-':-':- ..... _::
0 2 4 6 8 10 5 0 5 pf°(e oVie)

P, [GeV/c]
STAR, PRD 86 (2012) 72013 (200 GeV) ALICE, JHEPO1 (2012) 128

Z. Ye (QM2014)

¢ Charm production described within uncertainties

+ Consistently at upper limit of theoretical band from 0.2 to 7 TeV
» alsoat0.5,1.96 and 2.76 TeV (not shown)
~ deviation below 1 GeV?




pp: pQCD calculations vs data )
Beauty p-differential cross section C

1.96 TeV [ TeV

101 - - L A N 3
W T T [ T T | T T T 3 > — i ~ E
g 3 % 10 EZS.ngZONLL : g 10 pp,\s =7 TeV,ILdt =22nb" 3
&) ® 3
3 y(3/9)| < 0.6 S ol PYTHIA ¢ ol ebogoe
~ 100 ] ‘E 10 = 'g vcoe 3
3 ‘ E = —— CMS data = ol —FONLLb (- ¢) > e ]
i 2 G 1 g E ~—FONLLc —» e
B> g 16<ly |<2.4 7 s 0k
& 10—1 . _ % ' yJ/'P ] q;_ F (@)
N " o(p(1/9)>1.25 GeV) BR: .;;,., %, gk
E L 19. 9+gg nb (CDF) & L& ‘; 10 E = additional 3.5% normalization uncertainty :
g L i
S 10® 18.3'82 nb (FONLL) — T ]
: 102F CMS,\s=7TeV E 8
[ Solid histogram: MC@NLO, 17.2 nb, » "'5
- Dashed histogram: MC@NLO, 16.4 nb L=314nb 8
oo L v b b ey T —~— e
0 5 10 15 20 0 5 10 15 20 25 30
Pe(/9) (GeV) p’™ (GeV/c) p, (GeVic)
CDF, PRD71 (2005) 032001 CMS, EPJC71 (2011) 1575 ALICE, PLB721 (2013) 13

+ Beauty production described very well by central value of
calculation




pp: pQCD calculations vs data
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INFN

HF-decay lepton p-differential cross section -~

200 GeV

T T T T T

P -_———

o 107K pap - (e* + €)/2 + X at\'s=200 GeV

2 10°

g © arXiv:1005.1627v2

£ 10 *  PHENIX data 2006

=~ .8 ~—— FONLL(total) upper

%10 ——— FONLL(total)_lower

© 10° FONLL(c — e)

o FONLL(b - e)

w 10 FONLL(b — ¢ — e) v
10° B
10° - ?
10 N -

. PH ENIX N
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107 . e } —
4 E
3.5 =
33 3
025 E
<. 2 E
=15 T e
g 1 . —
0.5 : . C ' : =
0 2 4 6 8 10 12

P, (G;\?lc)
PHENIX, PRC84 (2011) 044905
S. Lim (QM2014)

2.76 TeV

§ E T _ T il . T < IE
% 10 E\ALICE pp Ys=2.76 TeV, u*«HF in 2.5<y<4 N
0] Fa —e— data
g 107 ENN [] p*<HF, FONLL =
5 F - ——— p*echarm, FONLL i
S105E - e
o & oo prebeauty, FONLL 3
2 108} ]
w
E E
I 3
R 3
10°k §\
FoL,=19nb” TSR
10°F - _ . 1
E 1.9% normalization uncertainty not included E
; 2.2 3 1 1 1 1 1
2 15 @w_@ﬁ
% O.SE 1 1 1 1
© G 2 4 6 8 0
p. (GeV/c)

ALICE, PRL 109 (2012) 112301

Data/FONLL

1/(2xp) Fal(dp dy) (mb/(GeVic)’ )

[ TeV

pp, ls=7TeV

S,

- - - - -
o o (=1 o, o
& n A [ [

-
S
%

—4-ALICEc,b—e
2| —&- ATLASc,b—e
—FONLLc,b—e,lyl<0.5 .
10°F — FONLLc, b— e, lyl <2 excl. 1.37 < lyl < 1.52"%,3

-
o

45F
oF
3sf
sk
25k
oF
15F . 3
1 1 OOFRE GRS e = =
a1 e e = = b

05F :

0 1 )
4x10" 1 2 3 4 5678910

20 30
P, (GeVic)

ALICE, PRD86 (2012) 112007
ATLAS, PLB707 (2012) 438

+ HF-decay electrons and muons at central and forward y
¢ FONLL: “b > ¢” for p; > 4 (5) GeV/c at RHIC (LHC)
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HF-decay w at LHC vs. centrality  M™¥

ATLAS-CONF-2012-081

1.2

T
m§ : ALICE Pb Pb SN _2 76 Tev u P HF In 2 5<y<4 : m m& 1 _4 _l L I LB l L I ) I T 1l L) I LI I UL I LI I I I L |
T T epat0Geve | = E [Late7w PoPb
1: 1 8 g ATLAS Preliminary S = 2.76 TeV 3
0.8 15 = Il < 1.05 =
N o n } .
- N 0.5 =
0.6 B ~ ~ .
[ H ry 0.6 {.}% -
- N - N
0.4} w C .
: ® S 04F _ 4<p <5GeV HH -
: E - - — 6 < p,r < 7 GeV :
02" Fijed: Correlated systematic uncertainties ] 0-2 — —+—8<p <9GeV -
i | C —— 10« D <14 GeV
| Open: Uncorrelated systematlc uncertainties C | | | | .
) 0 Ll 1.1l 11 L1l L 1 1 L 1L 1l L 1 1l
% 50 100 150 200 250 300 350N 400 050100 Y50 H00 550 #0050 400
¢ part ) <Npan>

¢ Clear and consistent centrality dependence for
» R, of muons at forward rapidity (ALICE)
» Rcp of muons at central rapidity (ATLAS)

¢ No sign of p; dependence from 4 to 12 GeV/c
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HF-decay electrons at RHIC (200 GeV) (NN

¢ Inclusive measurement (c+b) using non-photonic electrons

2- ! ' ' I b ! l I i i ! l g2:|||||"||I||||I||||[II||||l|||||||||‘lll|||l
- - . - . o,
s is\ym Preliminary ®  0-10% (Ncoll: 941) Ir1.8:— PHENIX Rua : 0-10 % Central
Bz 1.6 Au+Au @\[s, = 200 GeV
LS " normalization uncertainty -

RAA

lllllllllllllllll-lllllllllllllllll

LAl

p, (GeVic) [GeV/c]

W. Xie (QM2012)
see also Phys. Rev. Lett. 98, 192301 (2007) Phys. Rev. C 84, 044905 (2011)

¢ Same suppression as for light-flavour hadrons above 5 GeV/c

¢ Smaller suppression at 2-3 GeV/c, but cannot conclude on
mass effects




HF-decay e at RHIC INFN

2f ]
[ d+Au \s,, =200 GeV | L
970 Ry, 5f e + protons
“ 0 R AA < f + K+ PH ENIX }
T 1 = pep .
o
l! 051 « ¢ T
, e E PHENIX, arXivt13(
-G ML L g':ll'E"l"-‘f'i"i'] A= =273 7 5 0 1 2 3 a 0
- P, (GeV/c) P, (GeV/c) |
I (2:""|"{'|""|"' .
o | ~ ~ e A.Sickles
e ok afe oo ol L arXivi1309.6924
.................... sA )y As. 2 g .7. . g .8. 2, .sA ) ME_ § M ‘ Mid rapidity —_
PHENIX, PRL109 82012) 242301 P, [GeVic] b A H H m<—Hﬂ ;
¢ Low-p; electrons at mid-y (and muons at A £
baCkwa rd : R >1 0.6;— e electrons, 0-20% PRL 109 242301 (2012) _;
C y ) dA y - ] ] 04| Blast wave E
+ This “Cronin peak” is very interesting!
~ Not seen in pions, but seen in protons €— L S

» More “enhanced” than expected from anti-shadowing?
» Consistent with radial flow? <€—
Larger effect expected for D mesons!
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HF-decay e and w in d-Au at RHIC NN

d+Au @ | S =200 GeV ® HFu,-20<n<-14

= ) (Au-direction)
: 0-20% centrality = HFp,1.4<n<20

(d-direction)

5 3
o

—

L

1

05+ U B iy g—
PH ENIX
preliminary

| | I |

GeV/c % 1 2 3 a 5 6 7
PHENIX, PRL109 82012) 242301 P, [GeVic] N.Apadula (WWND2013) P, (GeVi)

¢ Low-p; electrons (mid-y) and muons (backward y) largely

enhanced
+ More than expected from anti-shadowing?
+ Significant role of (mass-dependent?) k; broadening?

—> Au-Au high-p; suppression is a final state effect
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HF-decay electrons at RHIC (62 GeV) NIN

< 0
. se: R “n0 Ry, ﬂeHFo-zo%
m§1 . Bz’ 0-10%
TN
Modjegae-d  F [MUCHEHETORRG (R 1
Au+Au, \/ls =62 GeV
| P ISR N
6

o 1 2 3 4 5 6 7 8 9
PHENIX, PRL109 82012) 242301 P, [GeV/c] PHENIX, arXiv:1405.3301

¢ Lower energy RHIC runs give the unique opportunity to
study the onset of the suppression

¢ R,, at 62 GeV obtained with reference data from ISR

¢ Large uncertainties show the need for a high-stat RHIC pp
run at 62 GeV




p-Pb at LHC: more than a control experiment! 'Nﬁ

e-h correlations in high-mult collisions -

¢ Correlation between HF-decay electrons and hadrons in
(high-mult) — (low-mult) p-Pb collisions: a “double ridge”
similar to what observed for hadron-hadron

HFe-h

p-Pb, \{STN =5.02 TeV

(0-20%) - (60-100%), Multiplicity Classes from VOA
(e from c,b)-h correlation 1.

1.0 <p? <2.0 GeV/c

L p-Pb, |5, = 5.02 TeV

: (e from c,b)-h correlation
34 0.20%) - (60-100%), Multplicity Classes from VOA
| 1.0<p"<2.0 GeVic
. ALICE

33}-05< p"‘ <20Geve  pRELIMINARY
k<09, il <1.6

0.5 <p <2.0 Gevie ALICE

PRELIMINARY

| Global normalization uncertainty = 0.022 rad™

(1/N,) @N, / dA) per An (rad")

(1/N) (N, / dAndA¢) (rad™)

o I ot ALICE, PLB719 (2013) 29
3oj-++ +++—+-++ M
I T 3 A;;(rad)

E. Pereira, HP2013
¢ Resembles the structure that in AA is interpreted in terms of
collective flow
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Charm D Mesons in Pb-Pb at LHC [NEN

2 ——— ~
D o n D 2 IIIIIIIIIIII | IIIIIIII I IIIIIIII I 71T
- - ‘4 i - -
Q 1.8_ AverageD DD = 8,4 Pb Pb\sNN-276TeV E
g ] ly|<0.5 ALICE - g T ]
a 1 6'— nnnnnnnnnnn ] O - ALICE =
F Pb-Pb,\ s,=2.76 TeV S 1.6 §
» ] < L . 4
mé 1.4 0-7.5% centrality - o 1.4 * Average D°, D, D" 0-7.5%, |y|<0.5 =
C 0- 20% centrality ] | ® D 0-7.5%, |y|<0.5
1 -2 - Filled markers: pp rescaled reference ~ 1.2 - Filled markers : pp rescaled reference ™|
- Open markers: pp P -extrapolated reference C Open markers: pp p_-extrapolated reference -]
M . A At M. =
- N - - -]
0.8~ = 0.8 =
0.6) = 0.6 =
0.4 ﬂl ﬁ 1 el L -
0.2F ﬁ:ﬂ:i—l]— 4 oz B :@:—B——Iﬂ— ﬂ -
—l Ll 1 l Ll 1l l llllllll l llllllllllllllll 0— 111 l 1111 l 1111 l | - l 1111 l L1 11 l L1 1 l 111 :
%5 70 15 20 25 30 35 40 05095 a0 25 a0 3. 40
p, (GeVrc) p, (GeV/o)

¢ First D Ry, measurement with data from LHC 2010 run

¢ Extended with LHC 2011 run, from 1 to 30 GeV/c: factor ~5
suppression at ~10 GeV/c in 0-7.5% centr.

¢ First R,, of D: suggestive of cs recombination at low p; ?
ALICE, JHEP 09 (2012) 112 Z.Conesa (QM2012)




D Rya at RHIC and LHC INFN

24 = 2 I S I B
, : 1 : , - ; . < 2F T ] T T T T ]
2["STAR Au+Au — D° + X @ 200 GeV Central 0-10% @ [ ALICE Preliminary ]
i data ’ 18 Pp-Pb, \ls =276 TeV -
® TAMU . 0 ]
L —_— B H 0 o+ ]
o | ---- SUBATECH A 16 ®Average D , D', D" IA<05 1.\ oy
15~ Torino — aE 0-7.5% centrality —= 8’}’5"’ mc "és 0 3
[ - Duke w shad. . L gggg,;g,fgggg i
B / Duke w/o shad. - 1.2k = [itov, radidissoc ()
L /R A m LANL i : - Bavesel (), ]
) | £ SR A N . SRS Norerfororee BB e S | BAMPS el.+rad (") _ B
i I , . :."‘ . (") predictions for 0-10% 1
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- 0.8 1% Filled markers : pp rescaled reference
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5—'+ o.6Ffl - -
- e el . il -
0 _l 1 l 1 l I l 1 ] 0'2 : ’%
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- (] 20 40
STAR, arXiv:1404.6185 pT (GeV/c) ) (GeV/ )

¢ D R,, similar at RHIC and LHC at 5-6 GeV/c
¢ Looks quite different at 1-2 GeV/c:

» Could it be shadowing + recombination + radial flow? (stronger effect
at RHIC because of steeper dN/dp-)

» Two transport models (TAMU and Duke) with these ingredients
predict maximum Ry, ~1.3-1.5 at RHIC and ~0.7-0.8 at LHC
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b-jet Ryp at LHC o

o5 CMS Preliminary pr L 35 nb": PbPb L = 150 ub‘ pPb \s \[_ 5.02 TeV PbPb |s,,, = 2.76 TeV
| — . T T T T ] T T T T T T l T T 11 [+ v rypverra I LI L ' LB L I LI L I P I LB I LR B
o - b -
8 - bietR_, (0-10%), <2 i i T* Inclusivejet R, (0-5%) mi<2 ]
s 1L ]
c 2| i
S I 1 F i
§ ; i i - ]
% 151 b-jets | [ g/g-jets .
=
@ [T I
Q@ i
S [ it } i
Z 0.5~ . most central Ry, N ceeneett, -
0_1111111111111111111_ -1|||||||||||||||1||||||||||||||||||||||-
0 100 200 300 400 O 50 100 150 200 250 300 350 400
b-jet P, [GeV/c] P, [GeV/c]

¢ CMS measured b-jets with p;>80 GeV/c in Pb-Pb and p-Pb
¢ Same R,, for b-jets as for g/g-jets, as expected at this p;

CMS-HIN-12-003, CMS-HIN-14-007
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b-jet Ryp at LHC o

CMS Preliminary pr L 35 nb": PbPb L = 150 p.b h pPb \s y]_ 5.02 TeV PbPb s, =2.76 TeV
§ i T T T T ] T T T T T T I T T ] prrrrprred I LI L l LB L I LI l P I LB I LI I-l
8 " [ oPo Luminosity Unc. - biet R, (0-10%), <2 i i T * Inclusivejet R, (0-5%) hi<2 ]
LIC. 2:_ [ et Reterence unc. - — 24e <167 i - —8— Inclusive jet RpA ! <0.5 ]
O .
g . b-jets 1 [ gl/g-jets :
S 15 jets 1 [ dlg- .
© i - i
§ N . . o O o 1
= ____inclusive R;AJ g Pe_ "800 8 0 p g "]
Q@
O
-] + i
Z most central R,, N EEpeitiy . s
0_1111111111111111111- NN RN NN NN FE NN NN NN
0 100 200 300 400 O 50 100 150 200 250 300 350 400
b-jet P, [GeV/c] P, [GeV/c]

¢ CMS measured b-jets with p;>80 GeV/c in Pb-Pb and p-Pb
¢ Same R,, for b-jets as for g/g-jets, as expected at this p;

¢ R, consistent with unity: no strong initial-state effects
CMS-HIN-12-003, CMS-HIN-14-007




R, of D and B at the LHC INFN
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Two-particle A correlations and 7]

azimuthal anisotropy in Pb-Pb -

Example of azimuthal modulation: Vv,: amplitude of 2"d order (elliptic)
28-30% central modulation
gf v 028 (5P, oy SOLETRISSIST Pb-Pb |5, = 276 TeV 10-20%
6 " (W)= [o]= « *
(=)p [S1p+p . .
ALICE 0.2/ Taik }
1.02- e Peiassins ! ‘:t ¢
! 0.15— .-.:l:tn ++ .
] ¢ .-':'- t“ ¢
0.1 i '
>- L -.. ™ p
005~ T
T ALICE
* l l . PREILIMINF!RY
O 1 2 3 a5 s

P, (GeV/c)

¢ Particle-species and p; dependence
follow expectations from
hydrodynamical models, in which v, is
built from collective expansion




)

HF flow INFN

¢ Do HQs take part in the “collectivity”? - look for radial and elliptic flow
¢ Information on QGP transport coefficient, role of E loss mechanisms, and
hadronization mechanisms

» Due to their large mass, HQs need frequent interactions with large coupling to
build flow (a clear expectation: v,P < v,°)

» Collisional energy loss gives larger v, than radiative <>
» Coalescence increases radial and elliptic flow at intermediate p; <>

Coll+Rad Coll only Coll (via resonance)
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J. Aichelin et al., arXiv:1201.4192 J. Uphoff et al., arXiv:1205.4945 T. Lang et al., arXiv:1211.6912
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¢ Models without HQ interactions with expanding medium underestimate
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¢ Max v,~0.15-0.20 is best described by models that include collisional
energy loss of heavy quarks in expanding medium (BAMPS, UrQMD,
TAMU, MC@sHQ); they also include a component of recombination

¢ Suggests that these mechanisms play a role in HQ-medium interactions
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ALICE Upgrade: Heavy flavour R, . wN

Present data at p;~10 GeV Upgrade: Charm and beauty R,, down
to pT~0 using D? and B-decay Jhp
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Upgrade: Charm and beauty v, down
to p;~0 using prompt and B-decay D°

ALICE Upgrade: Heavy flavour flow

Present data on charm v,
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Input values from BAMPS model:
C. Greiner et al. arXiv:1205.4945
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ALICE Upgrade: HF "hadrochemistry™ NN

¢ A~ pKr and D, KKn (ct=60 and 150 um) measured with
good precision in ALICE with upgrades and 10/nb
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