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» Physics Motivation

» Observables
» Measurement of open heavy flavours (HF) with ALICE

> Results

 D-meson and HF-decay electron production as a function of multiplicity
* Nuclear modification factor of D mesons and HF-decay electrons

* HF-hadron correlations

 HF-decay electron flow

» Summary
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Physics Motivation

» Heavy quarks, i.e. charm and beauty quarks are excellent probes to study the
properties of the strongly-interacting medium created in heavy-ion collisions :

v" Produced in the early stages of the collisions
v Witness entire space-time evolution of the system D B
v’ Interact with the hot and dense QCD matter i il
v’ Parton energy loss by radiative and elastic processes *

» Comparison of p-Pb and Pb-Pb collisions to understand
and disentangle the cold nuclear matter effects from hot A
nuclear effects w1 mE Guark

» Cold nuclear matter effects include:

v" modifications of the parton distribution functions
in nuclei (nPDF)

v Gluon saturation at low x (color glass condensate)

v" k;-broadening

v' Energy loss

» Possibility of final-state effects : Phys.Rev. D83 (2011) 114036, PLB 718 (2013) 795
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& Observables : Nuclear modification factor

> Defined as : R (po) dN py, / dp;
b\ Pr) =
i ! <Tpr >d0pp / dp T

<Tpp,> -> average nuclear overlap function

Centrality dependent nuclear modification factor:
chent /dp
QPPb (p T) - cent - -
<T;)Pb >d0pp /de
(AN 1dp) (T
(AN ™ dpy) [T ™)

» Ropp, (Qupp) = 1 at high transverse momentum (p;) indicates no medium effects, no
CNM effects

Central to peripheral —
ratio: Qcp (pT)

» Ropp (Qupp) < 1 at high p;indicates a modification/softening of the spectra at
high p; which can be related to parton energy loss.
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& Observables: Two-particle correlations

» Two-particle correlations of open heavy flavours
» Heavy-flavour electrons or D mesons (trigger particles) with charged particles
(associated particles)

» Two-particle correlation function is defined as:

s(Ap, A
h(Ag.Arj) = JOP2ID
b(Ap,An)
Where,
dZNsame A ,A dsziiced(A ,A )

N dApdAn e dA@dAn

triggers
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& ALICE : D-meson reconstruction

ACORDE

EMCal

TOF
TRD

Dipole

[P0
ITS
Tracking, PID,
- vertexing

Trigger
Chamber

L3 Magn. I n I < 0-9 e ” (L |
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& ALICE - heavy-flavour hadron decay electrons

EMCal TOE
PID, Trigger .o PID
le\ I:l[l) <0.7 . ‘ - = ; I n I <0.9 MD;gtr)]I:t

ITS
Tracking, PID, ps
vertexing

o

Tracking, PID
e In] <0.9 . B e

- | TPC
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& ALICE : heavy-flavour hadron decay muons

Tracking
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Dipole
Magnet

Forward Muon
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@ Tracking, PID, | 8 | |- I
Trigger o -

-4.0 <n<-2.5
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ALICE : centrality estimation
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VOA
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D-meson R,

Comparison with CNM Comparison with final-
based models state effect models
g IIIIIIIIIIIIIIIl[lllllll'llll]]|lllll_ g 'llllll|]||l||l||||IIIIIIIIIIIIIIIIII_
o 6 A::LICE Preliminary p—Pb, |(s,=5.02 TeV _f cGe: ma - ALICE Preliminary p-Pb, \[s)=5.02 TeV _f
Prompt D mesons, -0.96<y  <0.04 1 Nyc/. Phys. A 920, 78 Prompt D mesons, -0.96<y _ <0.04 -
1.4 = Average D°, D*, D** ] (2013) 1.4 l\ = Average DO, D*, D** 7
£ o 0 . - o 0 ]
0 | FONLL with EPS16: i ° -
1 Eur.Phys.J. C77 (2017) .
S - f Vitey ot al il L i [
- - Phys. Rev. C 80, 054902 L T E
L - . ~ .
/ 1(2009) ‘< :
- < Kangetal.: 0.6]; E
0.4/ === CGC (Fujii-Watanabe) J Phys. Lett. B 740, 23 (2015) & -
E/ = C?NLLt‘”:"h EPPS16"PD: o M E | Duke: Nucl. Part. Phys. Proc. [ - Duke
02_ “““ KI eveta ['.')OWGI' COoIr. + T. roaa + . 0SS __ 276278, 225 (2016) 02 — . POWLANG (HTL) ~
F v ang et al.: incoherent multiple scattering 4 R POWLANG (IQCD) .
O—IIIIIIIIIIIlllll[llllllllllll]]‘lllil—POWLANG:'IHEP'03(2016)123 lllllllllllllllllllllllllllllllllllll_
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> R p, Of charmed meson compatible with unity at high p; -> Cold nuclear matter
effects are negligible

» Models with CNM effects (left plot) reproduce data

» Models with final-state effects (transport models) also describe the data (right plot)
however, data disfavour a suppression larger than 10-15% at high-p-
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& Heavy-flavour hadron decay electron R,

HF hadron decay electrons at
HF hadron decay electrons v

2.5:||1||||||||||||||||||||||- 25 ll|ll|IIIIIII|Ihl||ghllp]-llllllllllll|||||
| p-Pb, ﬁ =5.02 TeV ALICE | ——®——  Minimum bias trigger (CERN-PH-EP-2015-262) |
[cb—(e"+e)2,-1.065<y  <0.135 1 Ka ng et al: of ——®—— Trigger Egc” > 11 GeV (preliminary) E
- . L u Normalization uncertainty
2 1 PLB 740(2015)23

] Sharma et al:
1 PRC 80(2009)
uwi.@&

Nuclear modification factor

| 054902 -
swwss 4 FONLL: JHEP 9805 o

| p-Pb, | sy = 5.02 TeV B
. % Kang et al.: incoherent multiple scattering ] (1 998)007 : bc—(e"+€)2,-1.06 <y  <0.14 .
i N\ Sharma et al.: coherent scattering + CNM ] . Oy bl bbb b Lo
0.5 i |l:FONLL + EPS09NLO shad. | EPOSOg JHEP 04 0 2 4 6 8101214 16 [1;8(C-‘|?eoV/c2)2
= Blast wave calculation 1 ( 2009 )06 5 !
WNomalisation uncertainty N Beauty-hadron decay
0O 2 4 6 8 10 12 o 35 electrons
p. (GeVic) PLB 754(2016)81-93 &

p-Pb, \ sy = 5.02 TeV, min. bias, -1.06 < y <0.14

M 4c,b — e arXiv:1509.07491

» Rp, Of heavy -flavour decay electrons is
consistent with unity at high p; and described by
models including initial-state effects

+b (— ¢) — e Preliminary

fic,b — e normalization uncertainty

IIIIIIIIIIIIIIIIIIIIIIII

B (> ) & nomalzaton uncertity
> EMCal detector is used to obtain high-p;data - [t ’7 )
points ik Rt :D ....... L= o
» R_p, of beauty-decay electrons is consistent _ B lfLA'CEl o
with HF-decay electrons and with unity T e
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L Heavy-flavour hadron decay muons

p-going (forward)

Pb-going (backward)

g T T ™ L L B L g PRELELE B T T | LB B L L

o o5 - p-Pb \ sy, = 5.02 TeV, u*« c,b decays 1 o o5 - p-Pb | sy = 5.02 TeV, p*«c,b decays 3

F -4y <-2.96 ] s 2.5<y <3.54 1

F ALICE Preliminary cme 1 EPOSO09: - ALICE Preliminary ems .

2 . 2k -

: 1 JHEP 0904(2009)065 ;

150 1 Vitev et al.: 151 =

o ] PRC 80(2009)054902 .}, :

0 5: ——— NLO (MNR) with EPS09 shadowing b Z'B'Kang et al.: 05 F == NLO (MNR) with EPS09 shadowing 3

’ -_-_ === Z.B.Kang et al.: incoherent multiple scattering 1 PLB 740(201 5)23 P} — Vitev: coherent scattering + k _broad + CNM Eloss "1

- systematic uncertainty on normalization . N systematic uncertainty on normalization ]
0'.,1...1...1..,1.,.1,..1...1...' o) STEINN EPEPEN RN PPN S PRI S R |

0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
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» Study in different rapidity ranges allows us to explore large (backward) and small
(forward) Bjorken-x regimes

> R, Of heavy-flavour decay muons is consistent with unity at forward rapidity
and slightly above the unity at backward rapidity in 2 < p;< 4 GeV/c

» Models including cold nuclear matter effects describe the data within uncertainties
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Q,ppand Q , of D mesons

Q,p, Of D mesons Q., of D mesons
& 2,5 T ] T I T l rrrT I T ] T ] T l T '—. % LI | T l L | L I L I LI I LI I L I T l_
OGL - ALICE Preliminary Prompt D mesons - e 2~ ALICE Preliminary e Average D°, D*, D**
B 0 + *+ | - e
- p-Pb, | s = 5.02 TeV Average D°, D', D 1 1.8~ P-Pb, | sy =5.02 TeV * Charged particles
ol 096<y <004 ] .
- —%— 0-10% ZN energy - —
- —4+ 60-100% ZN energy . _:
150 - E
i § 0.6 =
i i "L Central: 0-10% ZN energy :
- - 0.2f Peripheral: 60-100% ZN energy -
O_l — l E— l E— [ S l E— 1 S— l e l L l_‘ Fl L1 1 l L 1 1 l Ll 1 1 l Ll 1 1 l L1l 1 1 l L 1 1 l 1 1 1 l 1 l:
L L S+ % 5 10 15 20 25 30 35
P (GeVie) p. (GeV/c)

> Q,p, Values of D mesons (left plot) are centrality independent and consistent with
unity within uncertainties

> Q., of D mesons (right plot) > 1 by 1.50 in p; range 3-8 GeV/c and compatible with
charged-particle measurements
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Q,p,and Q. of HF-decay electrons

Qppb of HF decay electrons Q., of HF-decay electrons
. - — L T L -
3- ALICE Prellmmary ‘ p Pb \sNN - 5.02TeV E »5E b.c— (ere,,":';}zry 3
25k bec— (e +e)2 I -1.06<y_ <0.14 3 - p-Pb,\ s, =5.02 TeV E
S : o 2 -1.06<y_ _<0.14 —
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I <H> £ ﬂﬁ ; R N W - -
S LTI o PR ook T
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2.5F E E & oF E
F S E S YE E
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o 3 ] - =
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5 o . o . . =
Jhﬂ ‘ﬂ'_m_—$- ‘-ﬂ“ ﬁ'_ﬂ— """"" _& " < E
0.5F 3 3 2.5 E
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(1] I T D P S TP S T = = TR T PR DT D P T - S E E
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> Q,p, Of HF-decay electrons (left plot) are compatible with no centrality dependent
and consistent with unity within uncertainties

> Q., of HF-decay electrons (right plot) are compatible with unity and there is no
centrality dependence within uncertainties
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Yields vs multiplicity

D-meson D meson HF-decay electrons
~_ 18— MRS I IS I I U b o o rem
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2 % = 2<p]< 4GeVic T p reememenson 5 12 g_cb—>(e+e)/2|y|<06 ]
s 190 - 4<p < 8GeV/c —~ 8- T * x p 2
~ R 8<p < 12GeV/c - Q 7 1
= b 12<f < 24GeVic S e / + s T q\@ F 4 05<p <20GeVic 1
— 10 2 - T P ] r 1
. 2 4 + o 1S 6 .
g: o A 8 ), | i 2 6 4-20<p <40GeVic ]
° E E 25—/,) 1<p, <2GeV/c] l{’.’ 2<p < 4 GeV/c ] _8. _$_ 40< p.< 8.0 GeV/e
Z 6 ¢I -1 ~ Pt S 4+ ! -
5, | g 13 $
o .- 1 o 12 ¢
2= [i tom omalﬁ!ls‘;/du)?m/?;/jh;)w": h = % 19 ‘\"O 2— e . _
o nc. on n) n) not shown| ~ - 1 ~ L .
d "4'1[[||||| :'_ 8 y; 4 + = A L . 3,49 nommalization unc. not shown |
< 0.4 B fraction hypothesis: x 1/2 (2) at low (high) multiplicity _§: e p *, 1 7 i ' I y 83/ une. on (dN ,/dt]) dN /dn) nolshown .
c 02 ] A e T =
§ o —— S 4 T L 0 TS T s 35 4 4
E:gi: T = 1 =7 -~ 4<p, <8GeVIc] o 8<p, <12GeV/c] (aN /d )/ dN /dT])
3 SSREESUE RS U S A e e T e D-meson: JHEP 8 (20116)
(dN/dn) / (AN /dn) (dNg/dm) / (N /cn) (dNg/dn) / (AN_ /dn) 1-44
EPOS: PRC 89(2014)
064903

» D-meson and HF-decay electron yields exhibit a faster-than-linear increase as a
function of charged-particle multiplicity (dN,/dn)

Similar behaviour was found in pp collisions (JHEP 09(2015)148)

The EPOS model without hydrodynamic flow explains the data at low multiplicity
Data are reproduced by the EPOS model including hydrodynamic flow within
uncertainties

Y VY
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% Correlations between D mesons and charged particles
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Trigger particle: D mesons
Associated particle: charged particles
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> Angular correlations between HF-decay

electrons and hadrons
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Trigger particle: HF-decay electrons
Associated particle: charged particles

» Difference observed between high multiplicity (0-20%) and low multiplicity
(60-100%) (left plot)

» Subtract low-multiplicity correlation function from high-multiplicity correlation
function -> observation of v,-like modulation (right plot)
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HF-decay electron v,

v,"FE (2PC, sub)
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o e PLB 726 2013 164-177
QN 0.14F (0-20%) - (60-100%) -
—— -
N —- -
N 012 * . >
0.1 H f -
0.08 fa] 4 >
0.06 B |J¢-|
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0.04 -]
0.02 2 >
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First time measurement of HF-decay
electron v,"fFE(2PC, sub) in p-Pb
collisions

Positive v, (2PC, sub) observed

v,"FE(2PC, sub) similar to charged
particles

Initial-state / collectivity / final-state
effects?



Summary

» D-meson and HF-decay electron R, are compatible with unity and described
by models including initial- and final-state effects

» D-meson and HF-decay electron Q,p, are centrality independent and compatible with unity
within uncertainties

» Both measurements indicate that the initial-state effects are negligible
at high p;

» D-meson self-normalized yield as a function of multiplicity is consistent with model
calculations including hydrodynamic flow

» centrality-dependent Q_, indicates a D-meson enhancement in more central collisions
» New and precise measurements of correlation between D mesons and charged particles

» Positive v," E (2PC, sub) of HF-decay electrons has been measured. Initial- or final-state
effects?
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& Reconstruction of D mesons

> D-meson reconstruction via their hadronic channels with invariant mass method

chanel : -
DO -> Kt BR -> 3.88% - i
D* -> K BR ->9.13% < B, e Diecomsmuced momenum
D** -> DOt BR -> 67.7% K

T

D -> ¢r*->K'K'm*  BR->2.28%

» PID using TPC and TOF
» Analysis performed via reconstruction of decay vertex topologies displaced from

the primary vertex JHEP 01 (2012) 128
» Feed-down subtracted using pQCD prediction b
= 250
PRD 86 (2012) 112007 =
T ' . gzoo
é pp, \s =7 TeV ’ é 150]
ui; 10* ch
o » 100
) , 50 p=1.869=0.001
10 0=0.012=0.001

S(=30)=516=38
1.7 1.75 1.8 1.85 1.9 185 2
Invariant Mass (Knxt) (GeV/c?)

10 0

3x10" 1 2 3 4 5678

b (Gevic) Invariant mass distributions of D*
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% Reconstruction of heavy-flavour hadron decay electrons

v

Heavy flavour hadron decay electrons are identified using TPC and TOF for low p;
and TPC and EMCal For high p;

Non heavy-flavour background (Dalitz decay from neutral mesons and photon
conversion) removed using invariant mass method i.e. reconstruction of e*e” pairs

or cocktail method

rec. track |

Beauty-hadron decay electrons are separated using the ng;tlary ,
impact parameter distribution -/

do

Beauty-hadron decay electrons have broader track
impact parameter distribution due to the longer life

time of the beauty hadrons o URES BEANT BN e
3 10’} « Conversions (VO) sce [ O
PLB 754 (2016) 81-93 & Wiy, O | Oo
- @ ' . alitz decays

TTTITTTTTTTTT U R B | %10 !"' tz" (a) 3

[ ALIC -Pb, 5y = 5. ] H {
r20f AIcE s 3 3! I~
i 6<p <8GeVic ] N .n'. '. :t .'-. %

1000 ‘ B 5 10 s ' {
: } E K174 N
» 80r 5 2 . . . Q

2 F R 9

§ 601 + ] ! g ~
© + O o3| Conversions (VO) (b) N
a0l E = 25 | N—
E + * Electron candldatesz _g |§ . +* kD
Dhbtnggt, it T G ogf LTI Y] N

b st

T $380. e e tatannat] - - .
04 08 08 T TTTATRES %00 400 200 . - 402 (u,?,(;o
} (Gevig) L Elp ’
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% Reconstruction of heavy-flavour hadron decay muon

» Heavy-flavour hadron decay muons are reconstructed using forward muon
spectrometer

» Acceptance and geometrical cuts are applied to identify the muons

» Track matching with trigger chambers
is applied to reject hadrons

» Cut on the distance of closest approach to = )
the primary vertex to remove tracks from beam-gas™
interactions

Trigger
chambers

Magnet Filter

» Background (mainly coming from
primary k and it decays) is estimated via Monte Carlo (MC) simulations in pp
collisions or via data-tuned MC cocktail in p-Pb and Pb-Pb collisions

» High p; background from W decays are estimated using MC simulation
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& Excellent particle identification in ALICE

TPC PID
1000 “ T T T T
\

— 900 ‘\ psgrlagngCE
g 800 \‘ July 4™, 2012
= \ negative particles,
S 700E & Pb-Pb, 2011 run,
% 600 Sw =2.76 TeV
S 500
N 400
S 300
g 200

100 B S g =~~~

0.1 0.2 0.3 D 1 2 3 45
Z (GeV/c)

MPI 2017
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gttt
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" D mesons measurements at p; =0
arXiv: 1605.07569v1

K 012000 K
S 7 ALICE pp, ¥8=7 TeV ; Track-rotation bkg subtracted S LS bkg subtracted
[ ©
= =
.2 15 00 - K‘ﬂ' \010000 “:
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§ 14 § 8000 w
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3 3 3
8 & 6000 § 15009
1
" o Kn ULS pairs 4000 10009
1 =~ = LS bkg
—— EvMix bkg 2000 SR
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» combinatorial background subtraction method is used to extract the
signal
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» Models including initial state effects describe the data
within uncertainties
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€» Forward-to-backward ratio of muons from

heavy-flavour hadron decays
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D mesons-hadron correlations: near side
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