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Relativistic Heavy-Ion Collisions
made by Chun Shen

® heavy-ion collisions at
ultra-relativistic energy

U

only experimental tool
to study hot and dense
QCD matter in the lab!

free streaming

T collision evolution
) t~1fm/c T ~10 fm/c T~ 10" fm/c
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Hard probes of QCD matter

® hard (large Q2) probes of
QCD matter Probe
e photons, W, Z, jets, heavy quarks

® self generated in the collision
att~1/Q (ort~1/m)

® “tomographic” probes of
the hottest and densest phase
of the collision

‘pQCD”
probe out

“‘pQCD”
probe in
Ll Modification?

QCD medium A

__ Pre-Equilibrium
Phase (< 1,)
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Heavy flavor: a unique probe

® heavy quarks: charm (m, ~ 1.5 GeV), beauty (m, ~ 5 GeV)
o mc,b >> AQCD
- heavy quarks = genuine hard probes, even at low p;

® large mass - short formation time:
Tep ~ 1/2m , ~ 0.1 fm < tthe™ (QGP) << 1'*(QGP) ~ 5-10 fm

® heavy quarks are unique
e interactions with produced QCD medium don‘t change the flavor
but can modify the phase-space distribution of heavy quarks
e thermal production rate in the QGP is “small“ (may be measurable > T)

-> destruction or creation in the medium is difficult
-> transported through the whole evolution of the system
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Two ,historical® pillars

@ dissociation of qq @ mass dependence of
via color screening radiative parton

e Matsui and Satz, 1986 energy loss (,,dead cone)

e Dokshitzer and Kharzeev, 2001

- energy loss decreases with
increasing quark mass m,

,9299 __Zaaes

Q *g 2
e probe of deconfinement _ _ _
and medium temperature e probe of QCD interaction dynamics

in extended systems

Color Screening

Quarkonia Open heavy flavor

® both pillars:
evolved and extended significantly over the years
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Open heavy-flavor measurements

® heavy-flavor hadron decays via weak interaction:
decay lengths ct ~ few 100 um - measure decay products

Full reconstruction of D meson hadronic Semi-leptonic decays (c,b)

rec. track

Primary B D

= vertex &
D* \
(-10 \

e,

Secondary
Vertex

Displaced |/ (from B decays)
w*

Jhp W

Xy
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Experiments at RHIC ...

® pp, d-Au, Cu-Cu, Au-Au, U-U collisions at Vs, < 0.2 TeV

® since 2000: first systematic open heavy-flavor studies
in heavy-ion collisions

e PHENIX e STAR

— heavy flavor via — heavy flavor via
e* at mid rapidity and D-meson reconstruction
u* at forward rapidity and e* at mid rapidity

® high resolution silicon vertex trackers only after upgrades
_(first comprehensive results presented in 2015)
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... and at the LHC

® LHC: pp (Vs £ 13 TeV), p-Pb (Vsyy = 5.02 TeV),
and Pb-Pb (\sy, = 2.76 and 5.02 TeV) collisions

® all experiments: precision vertex tracking from Day-1

CMS

— targeted AA program:
HF jets, non-prompt J/y,
D mesons (w/o PID)

ALICE
— general purpose: all HF

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

» — B physics in pp &
vl p-Pb collisions

-i' - / — Pb-Pb program
y started

\ — fixed target AA
ket ekt et Potecio Wt programm

— targeted AA program: ||}
HF - leptons
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... and at the LHC

® LHC: pp (Vs £ 13 TeV), p-Pb (Vsyy = 5.02 TeV),
and Pb-Pb (Vs = 2.76 and 5.02 TeV) collisions

® all experiments: precision vertex tracking from Day-1

® complementary in terms of LHCb =
phase-space coverage S mm JEN 0
® hadron PID only with L Auce n
ALICE (mid rapidity) and - — -
LHCDb (forward rapidity) T
® muons and jets (with HCAL ATLAS !
ECAL) at mid rapidity only - a -
with ATLAS and CMS s s 4 2 0 2 &
CMS+TOTEM k
 ——

® muon system
hadron PID
messssssm HCAL
sssssssm ECAL
tracking
lumi counters
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Testing pQCD calculations
In pp collisions



Heavy quarks in pp collisions

® test understanding of heavy-quark production

e which are the relevant production °-
mechanisms on the parton level Toue

— LO contributions: *2 05 .
gluon fusion, quark-antiquark annihilation e,

— NLO contributions:
gluon splitting, flavor excitation

— or even more complex, , " , o
e.g. Multi Parton Interactions (MPI) 3NV

e testing ground for perturbative QCD oy o )
calculations ®.%

— theoretical uncertainties are driven by
— renormalization and factorization scales
— quark masses
e investigate production mechanisms via
more differential measurements
— multiplicity dependence of heavy-flavor production cross sections
— D meson - hadron correlation measurements

e reference for p-Pb and Pb-Pb collisions
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Heavy-flavor hadron production
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Leptons from heavy-flavor decays
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® e* (u*) from HF decays at mid (forward) rapidity

® pQCD calculations in reasonable agreement with data
within uncertainties
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Electrons from beauty decays

@ statistical separation of e* from charm and beauty decays
® beauty hadrons: ct ~ 500 um - displaced secondary vertex

@ near-side peak in electron-hadron angular correlation wider for
electrons from beauty decays than for those from charm decays
PLB 708(2012)265
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Electrons from beauty decays

@ differential cross sections in pp collisions at Vs = 2.76 TeV

PLB 738(2014)97 PLB 708(2012)265
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® relative contributions of charm and beauty decays as well as
beauty-decay electron cross section reproduced by pQCD

calculations (also at Vs = 7 TeV) e FONLL: JHEP 1210(2012)37
e GM-VFNS: EPJ C72(2012)2082

' e ky factorization: PRD 87(2013)094022
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Beauty production
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Total charm & beauty cross sections
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® experimental precision not yet satisfactory
(e.g. for quarkonia reference!)

e extend kinematic coverage (low p+!)
e larger data samples
e improved control of systematic uncertainties

® can data constrain pQCD parameters?

@ further constraints: more differential measurements
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D-meson yields vs. multiplicity

® do Multi-Parton Interactions (MPI) play a role on the
hard scale relevant for heavy-flavor production?

,,,,,,,,,,,,,,,,,,,,,,,, R R
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® D-meson yields increase more than linear with dN_,/dn

® similar increase for open and hidden charm
- behavior driven by production mechanism, not hadronization

® similar trend for non-prompt JAp from open-beauty decays
- @ models including MPI describe observed trend
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D meson — hadron correlations

® measurement of associated hadron yields on the near and away side
® sensitive to charm production mechanism and fragmentation

- charm jet properties
- constrain models

................................

* D meson crargm p'mu‘ln corralason
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|
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+

-

+

.................................

D meson - charged parlicle correlation | 3
Average D°.D'.D" -
8-47I <16 GeV/e, p7™= = 1.0 GeVie, lag) < 1.0

—— pp (5«7 ToV Data ALICE Prellmmary

Simuations, pp fE<7 TeV J
i PyiaB gbuim urcartainy

—— Pyval, Perugia2010 .
—4— Pytat, Perugia2011 e scabe usCMENY ]

8<p,P<16 GeVlc, -
pessec>1 GeVie 3

Charged
hadron

Away
side

@ different PYTHIA tunes are compatible with correlation
measurement in pp collisions after baseline subtraction

better precision requires more data from Run-2 at the LHC
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Cold nuclear matter effects
(and more?) in p(d)-A collisions



Heavy quarks in p(d)-A collisions

® quantify cold nuclear matter effects

e nuclear modification of
Parton Distribution Functions
(shadowing, gluon saturation)

e k; broadening
e energy loss in cold nuclear matter
e multiple binary collisions

K.J. EskoI]a et al., \IIHEP 09?4(2009)65

® final state effects? 14 L4
.. > g0 2
®reference for A-A collisions 3 ' F .
% 0.8 0.8
_«,L 0.6 F 0.6
= 04 5 0.4
g 0.2 - 0.2
0.0 - _ 0.0
10 107 10 100 1

D),
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Electrons from HF decays at RHIC
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® R, , > 1 for low-p; electrons at mid rapidity
(also for muons at backward rapidity)

® no “large” enhancement via anti-shadowing expected

® consistent with radial flow!?

. > D-meson measurement highly desirable
()
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HF decay electron R, at the LHC

T T I 1 T T | T 1 T I T alrIXIY I15|OI9 9?491 R do-ppb/de
pPb —
;be [Suy = 5.02 TeV ALICE ] AXdoy,/dpr
"cb (e +e)/2,-1.065<y_ <0.135 ] o 350 -
of : < [  e*from beauty decays
3 p-Pb, | s\ = 5.02 TeV, min. bias, -1.06 <y_  <0.14
- M 4c,b — e arXiv:1509.07491
2.5 .
] C +b (— c) - e Preliminary
2 :— ,_ ] #c,b — e normalization uncertainty
| - B ] #b (— ¢) — e normalization uncertainty
Emmilinlaiiaiailiiati % 'l'_' 15 —_ -- ‘
- %, Kang et al.: incoherent multiple scattering ] : k i IT" l 1] ] T
050 N\'Sharma et al.: coherent scattering + CNM | by T —lTﬂ """""""" g B
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1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 L1 1 C I l l 1 1
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® R, consistent with unity and described by models
including initial-state effects or radial flow within uncertainties

® R, of beauty-hadron decay electrons consistent with
inclusive HF decay electron R, and with unity

® no indication for suppression at intermediate/high p;

Kang et al.: PL B740 (2015) 23; Sharma et al.: PR C80 (2009) 054902:;
FONLL: M. Cacciari et al., JHEP 9805 (1998) 007; EPS09: K. J. Eskola et al., JHEP 04 (2009) 065
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: Backward:
- e P Pb-going
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o 253_ pr\sNN-502TeV u* c,b decays o 253_ pr\sNN-502TeV ure c,b decays
T 2.5<y <354 E T -4<y  <-2.96 E

- ALICE Preliminary ] - ALICE Preliminary ]

2 - 2 -
15 - 15 -

1 oo RS - | R -

[ —— NLO (MNR) with EPS09 shadowing ] [ —— NLO (MNR) with EPS09 shadowing ]

0.5 :_ —— Vitev: coherent scattering + kT broad + CNM Eloss _: 0.5 :_ —— Z. B. Kang et al.: incoherent multiple scattering _:

- systematic uncertainty on normalization ] - systematic uncertainty on normalization ]

O I-I 1 1 I 1 1 1 I L 1 1 I L '} 1 I L 1 1 I L 1 1 I 1 1 1 I 1 L 1 I y O I-I 1 1 I 1 1 1 I L 1 1 I L '} 1 I L 1 1 I L 1 1 I 1 1 1 I 1 L 1 I y

0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16

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

® R, of HF decay muons is consistent with unity at forward rapidity
and slightly larger than unity at backward rapidity for 2 < p; <4 GeV/c

® described within uncertainties by models including
cold nuclear matter effects

NLO (MNR): M. Mangano et al., NP B373 (1992) 295; EPS09: K. J. Eskola et al., JHEP 04 (2009) 065;
Z.B. Kang et al.: PL B740 (2015) 23; |. Vitev: PR C75 (2007) 064906
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D mesons: p;-differential R ;

1 dNpa/dpr  1dopa/dpr

Rpa = / /
< Tpa > dop,/dpr ~ Adoy,/dor PRL 113(2014)232301
%2-1111Il'lll‘ll'l‘ll']‘|'lI:_lll]lllllI]l]llll[lI]llll.-llll"lllll[l|]llflI]llll--llllll[]lll'llllllll‘lll]: ﬂg- :IAILIICIE T | Pb { 502TV :
o | Prompt D° Prompt D Prompt D** Prompt D ALICE o 160 P \SNN' € =
1.8 T T T 7 - Average D°, D", D
p-Pb, | 5,,,=5.02 TeV L -0.96<y_ <0.04
16F -0.96<y_ <0.04 14 g
121 . -
T 1 e | S X
.................... 1+ 0'8:_ il I _:
I + 0.6/ N -
0.4[ ]
0.4f + hs + B I ---- CGC (Fuji-Watanabe) 1
3 1 1 *+ 1 + ] 0'2__ ——= pQCD NLO (MNR) with CTEQ6M+EPS09 PDF 1
0% DO D+ D Ds L o= Vitev: power corr. + kT broad + CNM Eloss i
I FRETE FRETY FENTE FERRE I RN SRANE AR FRAR FRRRE N SRANE FRRRY SRR ARRRY SRNTE K SURTY FEUTY FERTY FUTTY FAET 0_1|1|1111111|1||||1|l1111|;|_
5 10 15 20 25 5 10 15 20 25 5 10 15 20 25 5 10 15 20 25 0 5 10 15 20 25
P, (GeVic) p. (GeVic) P, (GeVic) p. (GeVic) p. (GeV/c)
.

® R, consistent with unity for all D-meson species
® D-meson R, can be described by
® Color Glass Condensate (CGC) calculations (arXiv:1308.1258)

@ MNR pQCD calculations (NPB 373(1992)295) with EPS09 nuclear PDF
(JHEP 04(2009)065)

® model including energy loss in cold nuclear matter, nuclear shadowing,
and k; broadening (PRC 75(2007)064906)

- cold nuclear matter effects are small at high p-!
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D-meson yields vs. multiplicity

® self-normalized D-meson yields vs. charged-particle multiplicity

/\|_ B T T T I T T T T I T I T l T ] /\l_ 9 [ T I I l ]
Q 14— ALICE Preliminary — Q - ALICE Preliminary .
g C  D° meson, [ylab|<0.5 - g 8:— D° meson, [ylab|<0.5 =
S C . LS, C ¢ pp,\s=7TeV ‘H .
D\ 12— ¢ pp!\s=7TeV — D\ 7: ggp <4 GeV/c -
P C 2<p_<4 GeV/c ] P u T ]
- T . - # p-Pb,\s, =502TeV -

o 10 -Pb =5.02 TeV . N 6f AN E
E — % p-Pb,\s, =5 e ] S . 2<p <4 GeV/c =
g - 2<p <4 GeV/c . g - 4 Pb-Pb,\s,, =276TeV -
— 8_ | —~ 5: 2<p <3 GeV/c Lot ]
= St R = oor T ]
QT ] - Q I ® R E
e - ] T 4fF .
> 6 ] > F L] .
Q - = T ] Q 3 C .
Q Tl o T ] Q - =
P 41— 21 — P - IBJ .
— (R0 " — (o] — . __

L e . 5 % T -
ol B oA = T 1% (1w P POP .

C r:ﬂ' 6% (3%) unc. in pp (p-Pb) a C 6% (3%) [3.1%] unc. in pp (p-Pb) [Pb-Pb] ]

L L. on dN/dn / < dN/dn > not shown  _| - Lo’m on dN/dn / < dN/dn > not shown .

. :ﬂl } ! ! ! (- ! | I T ! 1 - . :—é *I } ! T ! T N ! T T | ! T T | ! T t

8 0.4 B fraction hypothesis in pp and p-Pb: x 1/2 (2) at low (high) multiplicity = 8 0.4 B fraction hypothesis in pp and p-Pb: x 1/2 (2) at low (high) multiplicity =

=} 02 E = S 0.2 E B fraction hypothesis in Pb-Pb: 1 < R,,(D from B)/R,,(prompt D) < 3 =

c L _ c . -
M 3 S —

g oF : - = | — e T

© E : - o E J

- 02 eeeeehemesesesesececocooecenenenons = 5 -02F e hereeeeeeeeeceeeoeeeieeneeesees =

[0} E = [0} E 7

QO -04F . , , , E L 04 ‘ . . . =

o 0 1 2 3 4 5 6 m 0 1 2 3 4 5 6
dN/dn / (AN _/dn) dN/cn / (N_/dm)

® similar trend of D-meson yields vs. multiplicity in pp and p-Pb collisions
® pp collisions: high-multiplicity events mainly from MPI
® p-Pb collisions: high multiplicity events also due to N
® similar trend also in Pb-Pb collisions
® highest multiplicity bin in Pb-Pb (pp) collisions: 10% (1%) of the total cross section
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B-meson Rpr at the LHC

34.6 nb™' (pPb 5.02 TeV)

3
CMS B “fcms B’
2.5»_ RFONLL 25_ . RFONLL
E DSyst pPb data E DSyst pPb data
ol () Syst. FONLL pp ref. ol [CSyst. FONLL pp ref.
4 [CISyst. int. lumi + B . [ISyst. int. lumi + B
= - = L
8&&1.5:— Q
- [t
0.5
: Iylabl <24
OL ....................... 1

10 20 30 40 50
P, (GeV/c)

® B-meson R, for various species
® pp reference from FONLL pQCD

® consistent with unity
- no indication for significant
cold nuclear matter effects
® capability to reconstruct B mesons
in Pb-Pb collisions as well!
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-CMS

2 5 F = RFONLL

' DSyst pPb data

2 [CSyst. FONLL pp ref.
- [OSyst. int. lumi + B

10 20 30 40 50
P, (GeVl/c)

60

CMS Prellmlnary Pbe 2. 76 TeV

+ +Data

N 30 B ey, —Fit E
< - Py > 8 GeV/c Signal
%J 25:_|)/|<2-4 ----- Combinatorial -
= A B - Jy X
P 20+
Al L
Z 15F MB-5266+5MeV/c -
8 . P -Pb :
— 10» i i
c
L 5: IT + I | |+ Hlllé

SNt TR T R ALLLE

(@]

5 52 54 56 58
Invariant mass (GeV/c?)
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Beauty and charm jets

pr 35 nb (5.02 TeV) 35 nb' (5.02 TeV
g 2.5 LI 'lllll llllllll I I llll III- f?104 C S relimina’y g
= [CMS e | bjetR™™A 25<n <15 T = .
- PA ™ i _lo 107 [e]pPbdata,-2<n_ <23
X L —_ = Huang, Kang, Vitev (Ref. [34]) — la E = —a— PYTHIA Z2 (5.02 TeV)
[ i U|°< 10° == E
- . ‘—'_Q. E E
1.5 pr . 07 == .
- E Lo ¢ + ] 10" ;_ Y S ?;
1'* ------- o----- [ B : :
- 2 —
i ] ECMSCR291‘§3§1”1 llllllll N
0.5~ M pPb luminosity uncert. 7 < ETT T I 3
| i I 15F
- [ pp reference uncert. ] N EE::: _______________________ 3
oLt to .1, SRS a 05t | 1 1 F
0 50 100 150 200 250 300 350 400 % 0 100 200 300 400
jet P [GeV/c] = c jet p_[GeV/c]
® b-jet R ;,, consistent with ® first c-jet measurement
unity within uncertainties in nuclear collisions
® no significant suppression due ® PYTHIA agrees with
to cold nuclear matter effects measured spectrum
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Dense/hot QCD matter effects
In A-A collisions



Energy loss

® interaction of heavy quarks with hot/dense medium

e parton energy loss via radiative and
collisional processes K ] R

— depends on
— color charge

— quark mass
— path length in the medium
— medium density and temperature

- expect: AE, > AE, 4, > AE_ > AE,

u,d,s

dN g4/dpr
< TAA > X dO'pp/de

__ Pre-Equilibrium
" Phase (<1,)

Ry =

=2 Ra(light hadron) < R,,(D) < RaA(B)?
— caveats:
- different shapes of parton p; distributions in pp collisions
— different fragmentation functions
— role of soft particle production at low p;

& v )
IHex:
’v
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Azimuthal asymmetry

® collectivity in the hot/dense medium out-of-plane

@ initial spatial anisotropy }/
-> anisotropy of particle emission
in momentum space

® quantified via a Fourier expansion in @ s _dgplane
azimuthal angle with respect to the ‘/ X
reaction/symmetry planes

nucI

dN N,
E = ﬁ(l + 2v4 cos(p — ¥;) + 2v, cos(p — ¥,) + ...)

® heavy quarks participate in collectivity of the medium in case of
sufficient re-scattering - approach to thermalization

® high p;: path-length dependence of energy loss - azimuthal asymmetry

® various methods are available to evaluate v,
® event plane
® 2-particle cumulants (QC, SP methods), 4-particle cumulants ...

. @ Lee-Yang zeros
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Electrons at RHIC

10 'IlllllllllllllI||IIII|III||IIII||I|I|IIII|

® electrons from HF decays in Au-Au T o\ o
collisions at 200 GeV e i A
® suppression of the yield at high p; j::*}f,’.'l N / e

® binary scaling of the total yield 4 T

— —
S ©
(-] 5
»
]

® positive v, BRI " ;
® model comparison:
constrain <<t185_(a)|1%|||111 10° -.‘_t}}:‘o.:. ¥ . T +

0 16 - = Armesto et al. (I) 10E. O MinBasx10® Mg
10. L in-| X &

transport 14 [ ] vanHeesetal. (ll) ® 0-10%x10° st 7 I

10" ™ 1020%x 10"
- 3/(2rT) Moore &

- -
]
L ~

| 3

A 20-40%x 10°
1072E v 40-60%x 10"

properties ™ O

of the

12/(21T) Teaney (1ll)

..............

13 © 6092%x10°
107 2
= p+p x 10%/42mb

-14
105 1 2 3

4 5 6 7 8 9
p; [GeV/c]

produced
medium

PRL 98(2007)1 72301
AusAu @ ﬁ 200 Gev g

o nRAA

o
[-o=
—
[ 1@ ]
[ E—

= 7%V, p >2GeV/c

® et R,,, 7 ViHF

F
04r " ® e:p >03GeV/c ]
0.2 _o et 1p;>3.0 GeV/c _:

s 7m0 p,>4.0 GeVic

7 8 9 00'....|...l..l...l....l....l....l....
50 100 150 200 250 300 350
p; [GeV/c] Npart

= Od
= [
| |

IIIII|lIII|IIII|IIII

o
—
N
W}l
F=Y
(4]
(=]
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Electrons in U-U collisions at RHIC

® new pp reference from STAR
for electrons from HF decays § <5, locmocer’ - mesomc

—e— Run05+Run08'"

® p; reach extended to higher § :
and lower p+

® U-U collisions

® energy density ~20% larger
than in same centrality
Au-Au collisions

& U+U, centrality 0-5% (ToF+ZDC)
—%—— Au+Au, centrality 0-5%

Data/FONLL

10

'ﬁf“" Preliminary — — |Vitev; large Cronin

------- .Vitev; small Cronin
#ﬁ it B o ceranyon) | @ R, 4 fOr electrons from HF

T IIIIIIII

L WEN B sl decays in 5% most central
: _fjj* LI L collisions systematically lower
j _.—f:‘_‘_‘j:---:--\.:.:#._—#: than for Au-Au collisions, but
N Y 1) still within uncertainties
} @’ Py (GeVic)
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c—~2e vs. b>e at RHIC

® PHENIX Silicon Vertex Detector (VTX)
® DCA; resolution ~ 60 um

® unfolding of measured electron
dN/dp; and DCA- distributions
-> dN/dp; of .

— b e
c & b hadrons s e
19 " Phys. Rev. C 84, 044905 (2011)
n - Total Background
. p < 4 GeV/C 5(1'0%-7‘1:,: ----------------------------- |: 3n;o:geg§arm
x 0.8 L'”m A nfolded bottom
i —— Background + charm + bottom
® electrons from s 3 52(8)2 .5 _ V./ Au+A216('l)VIg V§
0.4 1 £.U-2. ev/c S = ev|
beauty decays o4 150008 10° 2028 G VR NETE“F’JX )y
I arkive r un 4 + Run ]
2
Suppressed 35 (b) Au+Au ;rom Ur;]fold - ..g 10 E
less than ' P P hye.Rev.Lelt 105 (2010)| 3 :
those from > | 810"}
¥.25 ' :
o< 0
charm decays Z:. 10” s
i§15 ke |
@]
® new constraints* ., . 2 28
for models 03] A e 0o = el -
0.0 PHENIX Run 4 + Run 11 . . S 05 I o _<|
12 3 4 5 6 7 8 9 8 -0.15-0.10 - 005 OOO 005 010 0.15

pr [GeV/c] DCA; [cm]
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HF decay leptons at the LHC: R, ,

HF decay e, U
<< [ L .
= : Pbe\s _2.76 TeV. 3
T 18 - Centrallty’c’rass 0-10% AL|CE Preliminary E
1.6 -
14 - —4%— e'«HF* -0.6<y<0.6 ]
' F —4— ufHF, 2.5<y<4 3
12 [ syst. uncertainty =
T B
0.6 - A
0.2 :— 3
- (*) e"«W contribution not subtracted -
0t S

0 16 18 20
P, (GeV/c)

® high-p; leptons from HF decays suppressed ** T
® similar for HF decay electrons (|y] < 0.6) and 2f B b0 >0 ly| <08

muons (2.5<y <4, |y|<1)

<
<
o

HF decay u
L L L B AL B

1= ATLAS Prehmmary _
- Sy = 2.76 TeV ]
os T -
DRSS
- \ .
osf- UHt ) ]
- L +[ Fa T ]
0.4 + pa= e { ]
[ «0-10% 2011 Pb+Pb L, =0.14nb™" -
%2 +20-30%  2013pplL_=4.0pb” 7
Ao < T ATLAS-CONF-2015-053

0= 6 8 10 12 14
p, [GeV]

® pronounced centrality dependence

® also: hint for suppression of electrons

from beauty decays

® cold nuclear matter effects small at high p;  EL257™ L

= = hot/dense medium effect

O It 322016 35
e

Pb-Pb, \ s\, = 2.76 TeV, 0-20% centrality ]

- [ syst. uncertainty

15F + nomalization uncertainty -
Fa ++ ]

— 4
T

-
b_

05F
L ALICE Preliminary

0 1 2 3 4 5 6 7 8
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HF decay leptons at the LHC: v

N— HF decay e, HF decay u |
> . ~ il 4<p <45GeV I 45<p <5 Gev ]
0_4 L —e— Heavy-flavour decay e, v,{EP, |an| > 0.9}, |y| < 0.7 — > 7 . 1 i
B reliminar 7 T ——
: ALICE Prel ary . a + N pe l + —— ]
03 - —= Heavy-flavour decay p*, vy{2, |An| > 1.7},2.5 <y <4 0051 ATLAiZfljrm'\'/Wafy e 1
O arxivi1507.03134 B i |Syy=2.76Te ! ——]
i Pb-Pb, Sy =276 TeV ] of o ONPosRbLa O ]
- 20-40% Centrality Class - - : : : . . , . , .
0.2 ] o 0_1:_ 5<p, <55GeV __ 55<p <6 GeV _
I ; T 4 1
0.1 II + ] | 1 - 0.05‘++++ ___+_ 4 + ]
: T B ; —+ —+
0 :_ _________________ l_ - 1 _: 0:_ """""""""""""""""""" [ N _
C 20 40% ] N 0_1:_ 6<p, <8GeV __ 8<p, <10GeV _
_0.1 L 11 1 [ I .| | L1 1 | 11 : + :— :
0 2 4 6 8 10 12 14 0.05‘:__§_' —_, 1 l ++ ]
P, (GeV/ce) - —— —+—
] ] ] °"ATLAS-CONF 2015- Q5G]
v, > 0 at intermediate/high p; . . oo TR T
® similar for e* and p* at mid rapidity =~ | [ I
and muons at forward rapidity
® v, decreases towards central collisions . 1 [ "
60 50 40 30 20 1 0 . 50 40 30 20 1 0 .
® confirms strong interaction of centrallty [%] centralty [%]

heavy quarks with the medium
® low-p; charm quarks participate in the collectivity of the QGP
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D-meson suppressmn

PRL 1 1 3(201 4)23230

1

5 B L T . _— ™ DS(Run 14) [l Extrapolated error from p+p ref.
-2 - ALICE —=— p- Pb (s_ 5.02 Tev R : 0 mm Ny, uncertainty
3 16 I 096y <004 ] - = D (Run10+11)
= - Average D', D", D 1 3[- Au+Au 10-40%
o " Pb-PDb, |s,,=2.76 TeV- i
'(% 14__ [yn_6|<o_5 ] :E 2T T T T T T < STAR Preliminary
o L —e— centrality 0-20% o 1.8_— ALICE 0-10% Pb-Pb, |\ s = 0:< =
5 12 —o Centrality 40-80% - I
=} N 1.6¢ e Average D°, D', D** :
E ) | + MMM 1.4 o with p_-extrapolated pp | 1 _T ............ -
5 C ' ¢+ D,ly<0.5 L,
o o8F l 1.2} i
Q "k J i [ ! L Ll Ll .
> EIM o % 2 3 4 5
Z o6l i ; TAMU, PLB 735 (201
. U O.8j . — g?n-strange D p (GeV/C)
0.4 | - Pb J  osyf | U |
C L —P- 0 4i | n Y, <7 Kuznetsova, Rafelski EPJ C 51 (2007) 113
I o/ L iFe—==" He et al. PRL 110 (2013) 112301
0.2 7 0.2 ﬁ E _ﬂ__ﬁ— Andronic et al. PLB 659 (2008) 149
o ar .
G-l RN BT SR E B R | let? lijlt)l 10121q l/ol- 0:| T A L o i
0 5 10 15 20 25 0 5 1 0 15 20 25 30 35{/ 40
p, (GeV/c) p; (GeVic)

® observed suppression in ® hint for less suppression of
central Pb-Pb collisions at D_.* compared to non-strange
the LHC is due to the strong D mesons at LHC/RHIC

interaction of charm quarks e expected if recombination plays

with the dense/hot partonic a role in charm hadronization

TAMU: He et al.: PRL 110(2013)112301; Kuznetsova, Rafelski:
EPJ C51(2007)113; Andronic et al.: PL B659(2008)149
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D? mesons at the

e D%, D*, D™, D_.,* mesons
measured by ALICE

® prompt D° measured
by CMS in the range
2.5<p;:<40 GeV/c

PbPb ys,, = 2.76 TeV

é2_||||I||]|||||||||||I||||I||||[]|||| f
m‘ 1.8~ —e— Prompt D° R},, CMS Preliminary .
£ 3 ly| < 1.0, Cent. 0-10% .

16 systPoPbdata oS PAS-HIN-15-005

1 4 [JEmppreference  arxiv:1509.06888

L Filled markers: data-extrapolated reference
1.2 [ Open markers: FONLL reference

|IIIIIIll

—=— Prompt D° Rya. Alice
Submitted to JHEP, arXiv:1509.06888

o
mlll“_‘ T

ly| < 0.5, Cent. 0-10%

[ ] Syst.
L

o
22
TTT[TT1T

0.4

0.2F g
0:1 11 l 1111 l | . l 1111 l 1111 l L1l l 1111 l 111 lT
0 5 10 15 20 25 30 35 40

P, (GeV/c)

the LHC

CMS Prellmmary Pbe VSNN =2 76 TeV CMS Preliminary PbPb |5, = 2.76 TeV
Ng : T ] “‘(\, 40:_vw.||“.|||[|H|||..||.|j
E 6000 Cent. 0-100% ~Data E g, © Cent. 0-100% ~Data |
o - lyl<1.0 —Fit 1 o 35F1lyl<10 —Fit -
E 5000F- 25<p_<35GeVic D°4D° Signal E S 3 280<p <400GeVlc o TS g
2 N - Combinatorial 1 2 L ‘ - Combinatorial 3
< C < . Intici 0 3
W 40005 w  25f + AMisid. D ]
E 20
3000F
C 15§
2000 JARE
F 10k r : popefeemees | =
1000f sf + +T+ T ++||T I
0:____4_“_‘_1_ PR HOC SR RO AN aw s . | ?: o a0 Y SR RARY NN SN SN NN NN “t
18 185 19 1 95 7 175 18 185 19 1 95 gos
m, (GeVIc? ) m_ (GeV/c )

® R,, shows suppression in
central Pb-Pb collisions relative
to data/FONLL based reference

® significant interaction of charm
quarks with the medium

® pronounced centrality dependence

® tension with ALICE D-meson R,,
for pr > 16 GeV/c
- different reference

= Kolkata, 3.2.2016
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® STAR Heavy Flavor Tracker (HFT)
® DCA; resolution ~ 30 um

0'3_’ L LR UL | T TTT T
[ Au+Au 200GeV, 0-80% ] E
, ’ Non-flow est. ] 700
0.25f e D° - - -Au-Au
[ —— TAMU w c diff. 1 S 600
0.2f —— TAMU w/o c diff. — ® E
- = 500- P " .
0.15 2 LooF t ]
~ T 400 e —— e E
> (O] C 0 + B
0.1 £ 300F | Without HFT Cuts +FF
Q - 10°r b B
0.05f 3 200512? ; =
- 8 E"r With HFT Cuts ! 125M MinBias Events
B 100 10 ™. ] SWS+B=18 =
- B — 1.7 18 19 2 21 -1
- i { 1 YTV UN T T W NN U T T N T ST S [N S S S [N T S ST S N S ST S | IR B R
OGEIIIST,?\RPreIIImmar}{ 07" 775 78 185 18 18 2 505 24
0 1 2 3 4 5 6 [ Invariant mass, my, (GeV/c?)

Transverse Momentum p_ (GeV/c)

18 % ”ALIJLAulgooGév 0J10/ . DO mesons in AU'Au at 200 Gev

O D°2010/11 3

iy { ev,>0forp;>2GeVic

PRL 113(2014)142301 Z i i
EE§ -t -"'th'e'dfj-é(f)'(w'1'5'06'03'9'81l . yleld suppressed at hlgh pT
) p+p uncert ® enhancement at 1< p; <2 GeV/c
04 (charm coalescence with flowing medium)
"I smrpeimnay  * 1  @Ra, and v, model comparisons
% 1 2 3 4 5 6 7 8 AA . 2 . . . .
Transverse Momentum p_(GeV/c) constrain charm diffusion coefficient
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D-meson R,,: RHIC vs. LHC

® D mesons at the LHC and at RHIC

@ different trend for D-meson R,, at low p;?

ALICE: arXiv:1509.06888
STAR PRL 113(2014)142301

@ differences between < 2 T P AARRARSAANRARS
Pb-Pb collisions at Vsy, = 2.76 TeV 3 8 S f
and 1.6 E3 0. I
Au-Au collisions at Vs, =0.2 TeV  1.4f é%ﬂ Hﬁ@%ﬂ@_,_
@ different shape of pp reference 1.2; LR R T

® different modification of nPDFs 1t
® different radial flow 0.8
@ different impact of coalescence °°

n 04 - ﬁ .!BRL 1|¥(J<2114 142301 m
® some models describe both & Iy | ﬂ
measurements reasonably |

ALICE, 0- 10/ Pb-Pb, \ s, = 2.76 TeV
e Average D D', D*, |y|<O. 5
o with pp P, extrapolated reference

STAR 0-10% Au-Au, \ Snn =200 GeV

:llllllllllllllllllllllllllllllll[lllll

Wﬁmﬂllll|

-Er—g——ﬂ—+
O 1
well (e.g. TAMU, PLB 735(2014)445) 0 5 10 18 20 25 ps‘%GS\S//C)“O
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D-meson v,: RHIC vs. LHC

0. 3 prerr————— III]I:I

PRL 111(2013)102301
PRC 90(2014)034904

>N -|'||'|||||||'|||||||'||I||||'|||||||.Illlll|||IlllllllIllllllllllllllllll lllIIIIIIIIlIIIIIII IIIIIIIlIIIIIIII.
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® RHIC: D? v, < light-hadron v, for p; < 3 GeV/c
® D-meson v, measured by ALICE at the LHC

® D-meson v2 > 0 and similar to charged-particle v,
® hint for increasing v, with decreasing centrality

® significant interaction of charm quarks with the medium

/? collective motion of low-p; charm quarks with the medium
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R,.: D-mesons vs. &

naively: AE(g) > AE(u,d,s) > AE(c) > AE(b) < R, A(B)
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® D-meson and n R,, are compatible within uncertainties
® agreement consistent with models including

® energy loss hierarchy: AE(g) > AE(u,d,s) > AE(c)

@ different shapes of the parton p; distributions

@ different fragmentation functions
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B-Let suppre on at the LHC
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® fully reconstructed b jets in Pb-Pb collisions at 2.76 TeV
® suppressed compared to measured pp reference
® qualitatively consistent with light-flavor jet suppression
. ® b-jet suppression shows strong centrality dependence
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R, D mesons vs. non-prompt J/y

naively: AE(g) > AE(u,d,s) > AE(c) > AE(b) > Raa(t) <Raa(D) < Raa(B)
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® pQCD model including mass-dependent energy loss predicts a
difference between the R,, of D mesons and non-prompt Jhy
similar to the observation

. ® similar for other calculations (BAMPS, WHDG, Vitev et al.)
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D-meson R,, and v, vs. models

PRL 111(2013)102301, PRC 90(2014)034904
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- simultaneous reproduction of R,, and v, challenging for models
- task for us: reduction of stat. and sys. uncertainties of data
® e* and u* from heavy-flavor decays: similar situation

 — —

WHDG: Nucl. Phys. A 872 (2011) 265; MC@sHQ+EPOS, Coll+Rad(LPM): Phys. Rec. C89 (2004) 014905; TAMU elastic: arXiv:1401.3817
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Summary

® pp collisions
® pQCD calculations describe heavy-flavor cross sections
@ interplay of soft and hard processes under investigation

® what about correlations?

® p(d)-A collisions
® no indication for substantial cold nuclear matter effects
® what about collectivity in small systems?

® A-A collisions

@ strong interaction of heavy quarks with the medium
—> suppression of yields at high p; consistent with partonic energy loss
- indication for charm (maybe beauty?) participating in the medium'’s

collective expansion
® what is missing?
® better precision, more statistics, extended p; coverage (high and low (!) p;)
® smaller uncertainties and new differential measurements will help to

® constrain model calculations quantitatively

® address open questions concerning the energy-loss mechanisms, their path-
length dependence, thermalization, coalescence involving heavy quarks ....
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