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* Heavy quarks produced early , experience the B
full evolution of the medium a D

* DYR,,: nuclear modification factor

» Flavor dependent energy loss
» Dead cone effect (Phys. Lett. B 519 (2001) 199)

A

* DO v, harmonics in PbPb : p
» At low pr , the degree of medium thermalization Reaction Z/

Plane
» At high pr, the path length dependence of energy h "

loss
* DO elliptic flow v, in high multiplicity pPb
. . I ‘ Hydro
» Evidence of QGP in small system? y \ 4 ) o

» Heavy flavor hydrodynamic flow?
Position Space
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DO Meson Reconstruction & Selection

e DY Km*,BR=3.89%, ct =120 um  Prompt:

P o

* DO candidates :
— pairing two charged tracks
— kinematic fitter

DY vertex

QF:X
Smaller D° DCA

* DY candidates selection (TMVA Rectangular Cuts)
— Pointing angle a < 0.12
— 3D decay length significance
— DY candidate vertex probability
— Distance of Closet Approach (DCA) < 0.008 cm
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DO Signal Extraction by Invariant Mass Fit

DO invariant mass distributions are fitted by
* Double Gaussian (Signal)
31 order polynomial (Combinatorial)

* Single Gaussian (K-t swapped. No PID. Candidates with wrong mass

assignment on tracks) PLB 782,474(2018)
) 5X1 03 27.4 pb'1 (5.02 TeV pp) %1 03 530 ub'1 (5.02 TeV PbPb)
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Extract Prompt Fraction from Data

27.4 pb' (5.02 TeV pp)

. . . 10° CMS upplementar; ly| <1.0
e DYin datais a mixture of prompt — e 10.(t)<ypT<12.5yGeV/c
and non-prompt D° S e bam
< [ Prompt D°
CDJ [ Non-Prompt D°
* Fit DCA of data with prompt and Q1o
non-prompt D° DCA MC templates z
10°
PLB 782,474(2018) 0 0.010.020.03 0.04 0.05 0.06 0.07
D° DCA (cm)

27.4 pb (5.02 TeV pp)

1.2:— CMS Supplementary DO + D°
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Ppo | c i
DO vertex S I 4 ‘
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D° R, , and Comparison with Model Calculations

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

B (=R
1.6+ CMS ngrdjevic et al.
. WitT CUJET 3.0
1 a4l D0 + D0 [[I1117) Vitev et al. (g=1.9-2.0)
L Caoetal.
B —— PHSD w/ shadowing
1 2__ ST CUTELE PHSD w/o shadowing
"= Ta dnd lumi. AdS/CFT HH D = const
fguncertainty AJSICFTHHDR) |
< b
< -
T o08f
06|
0.4
I S ly| < 1
0.2 Cent. 0-10%
0_ | | | | L 11 I| | | | 1L 111 |
1 10 10°
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Charm quarks lose a significant
fraction of energy in the QGP
medium

R4 4 minimal near py ~ 10
GeV/c and then increases

At high pr, both pQCD and
AdS/CFT predictions
reasonably agree with Ry4
results

At low py, PHSD with
shadowing describes data
better
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R, 4 Zoo Plot and Comparison

* Atlow p7, a hint of smaller

5.02 TeV pp (27.4 pb™) + PbPb (530/404/368 ub™) . 0
suppression of D¥ and non-

- Beauty
1 _5:— CMS Supplementary  ——"gs o promlfl)t J/y than charged
~ Light % (b—)D° particles
1.4: C- h™ (b —) Jy
- Charm + 18<|y|<24
1'25 (=] D%+ D" X |yl<24  Athighpr, the D° Ry, is
< 1| I et —  — similar to charged particles
o o8- %‘ﬁ_‘{» Ras
— il
0.6 B
B e The non-prompt J /U appear
0.4 to be less suppressed than
0ok lyl <1 the D° for p; smaller than
ef Cent. 0-100% ~15 GeV
O_Ill | | I | I| | | | I I | II| | |
1 10 10°

JHEP 04(2017)39 PRL 119,152301(2017)
P, (GeV/c)

PLB 782,474(2018) EPJC 78 (2018) 509
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DO v,, in PbPb collisions at 5.02 TeV

* v, obtained by scalar product
method

(Luzum, Ollitrault PRC 87 (2013), 044907)

* Simultaneous fit on mass
distribution and v,, vs. mass

vp TP (m) = a(m)vy (m) + [1 — a(m)]vy

Sig(m) + Swap(m)
Sig(m) + Swap(m) + Bkgd(m)

a(m) =
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MS PbPb \s,, =5.02 TeV
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Prompt D° v, Result

CMS PbPb s, = 5.02 TeV

0_252_ _._D"]‘ yl<1.0 Cent. 0-10% Cent. 10-30 r’n_;;_ﬁ Cent. 30-50 fn_é
) Charged particle, fn| < 1.0 ;
ﬂ.15;— _;
ﬂ.'lz _E

oy o
> 0.05F

Theory prediction for prompt D

—ﬂ.ﬂﬁf
s Syst. from non-prompt D° - I —LBT SUBATECH :
1 - - FHSD CUJET3.0 -
o _ [ |other syst. - | N | | | |“ EBTAMU _
_HHEIIHI'|I[}IHI'||5””2|[}””2|5|”Igl[}l”:'3|5”||4|['__i-|”|5””1[}””15”H2[}|”_|25””3[}||”35|”|4['_;-”||5|””'||[}””'||l__-',””2|[}””2|5””3|{}””3|5””4|[;
P, {GeV/c) P, {GeV/c) P, {GeV/c)
* Positive prompt D° v, is observed: PRL 120,202301(2018)

— Low pr : charm quark collective motion
— High pr : path length dependence of energy loss

* Similar py dependence to charged particle
* At centrality 10-30% and 30-50% , the v,(D°) < v,(charged particle)

— Mass ordering or other effect?
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Prompt D v3 Result

CMS PbPb s, = 5.02 TeV

0o5EF Cent. 0-10% =+ Cent. 10-30% + Cent. 30-50% 3

- D% |y < 1.0
0.2

+ Charged particle, | < 1.0

:ﬂ . - - + - 7
_G'E'E';_ : ‘$7 _; Theory prediction for prompt D _;

E Syst. from non-prompt O 3 ]
0.1 " = — BT SUBATECH -
DOther syst. T PHSD ]

0.15F + + :
v b bbb bva bvvss b e bera b b b b b b s b bvvas bvvas bvvns b b b g 1 14
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* Low pr : v3(prompt D°) >0 ; Hight pr : v3(prompt D%)=0

 Similar pr dependence to charged particle
PRL 120,202301(2018)
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Prompt D v3 Result

CMS PbPb s, = 5.02 TeV

:IIIIIIIIIIIIIIIII|||||||||||||||||||||||::||||||||||||||||||||||||||||||||||||::||||||||||||||||||||||||||||||||||||:
o 4nes T _anes T _Enos 3
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oobE ) T T =
-+ Charged particle, |n| < 1.0 ] - ]
0.15F F F 3
.......................................................... e
3 3 3 :
e s e e g e ‘ﬁ-ﬂ—m-—#]_—ﬂ—ﬂ-— P e, e, =
E i uE
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Syst. from non-prompt D° 3 Y predict promp 3
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5 10 15 20 25 a0 a5 40 5 10 15 20 25 30 35 40 5 10 15 20 25 a0 a5 40
P, {GeV/c) P, {GeV/c) P, {GeV/c)
°

Low pr : v3(prompt D°) >0 ; Hight py : v3(prompt D°)=0

 Similar pr dependence to charged particle
, _ PRL 120,202301(2018)
* Little centrality dependence
— Indicate a constant initial geometry
* v, and v3 results provide constrain on models
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DY v, in pPb Collisions at 8.16 TeV

* Two-particle correlation method

to extract v,

— Correlate D° and charged hadrons

(|A77|gap=1) < 20

— Perform Fourier fits the two particle —
correlation <

3

DO _assoc j=

DO _ Vaalpr pr770) c
B vz (pT) - \/ assoc ,,assoc N 10

VZA(pT ;pT )

0.20

« DO v5¥P | to reduce the non-flow 2
<" 0.15

contributions

— subtracting the V,, in low multiplicity

(Ntrk <35)

e Simultaneous fit on mass distribution and

v, VS. Mass
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Hard Probes 2018

40 «10° CMS pPb 8.16 TeV
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D® Meson and Light Hadrons v, vs pr

L & LN cMs ___ _ _ pPbBfETeV
015 ¢ 185 < Ny < 250 7] T oD 185 <N <250
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PRL 121,082301(2018)
e Significant D° v, have been . pD° < plight hadrons
observed in high multiplicity pPb 2
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DY Meson v, vs pr and PbPb Collisions

sub

pPb PbPb
cMs . pPbB6Tev CMS L PBPb5O2TeV
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PRL 121,082301(2018)
Pb .
« DOv) " < vEPPP for a given py
e Similar mass ordering for pPb and PbPb
Cheng-Chieh Peng Hard Probes 2018 12 PURDUE

UNIVERSIT VY.



D° NCQ Scaling v, in pPb and PbPb

cMs IpIPIb _ pPb8.16Tev CMS _Plblpb __PbPb 5.02TeV
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PRL 121,082301(2018)
 Number of constituent quarks (NCQ) scaling is motivated by quark
coalescence model
* InpPb, D° V,/n, is smaller than strange hadrons for KE;/n, <2
* InPbPb, D° 172/nq follow the same trend as other particle species
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« D°R,, at5.02 TeV PbPb e D%v, at8.16 TeV pPb
* Strong suppression of D° R, * Significant v, in high multiplicity events
* R,A(D% ~ R,,(h*) at high pr * 1,(D°% < v, (strange hadrons)

* R,A(D% >R,,(h*) at low pr

27.4 pb™ (5.02 TeV pp) + 530 ub™ (5.02 TeV PbPb) CMS pPb 8.16TeV
C O3F - - T 1 T T T T T B
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The CMS Trigger and Data Sets

Data sets
 LHCRun I 2015 pp and PbPb at y/syy =5.02 TeV and 2016 pPb data at \/syy = 8.16 TeV

e Minimum bias sample for pr < 20 GeV/c and triggered samples for p; > 20 GeV/c
* Dedicated HLT D meson filters to enhance the statistics of very high py D mesons
* High multiplicity trigger to select high multiplicity pPb events comparable to peripheral PbPb

Triggering system
Hardware Level 1 Track Selections DO Selections
Jet Trigger Selections in Software Triggers

4 N 7 N o)
N\

K
_— i
DO decay
S vertex
Primary

P, [GeVic]

K vertex /

DO online reconstruction

. /

Level 1 (L1) jet algorithm Track seed py cut applied:

with online background pr > 2 GeV/c for pp/pPb Loose selections based
subtraction pr > 8 GeV/c for PbPb on D? vertex displacement
PURDUE
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Scalar Product Method

Tracker

——
Q. Q. Q 0 I D° candidate
Q,= Y we" v, {SP} = <Qf )
j (Do 'Q;B><Qm O,

Sum over tracks (tracker),
or towers (HF)

w;: tower E; for HF, track
pr for tracker

<Q.rzB . szC>
Scaling factor from 3 sub events
Large n gap applied (|An|>3.0)

v,{SP}, non-ambiguous measure of \/@

Luzum, Ollitrault PRC 87 (2013), 044907
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D% v2 in pPb Collisions at 8.16 TeV

* Fourier series describing the azimuthal anisotropy of particle
spectrum

o 1+ Y 20 (pr n)cos[n(d — Y]

CMS Sup,ci:femenrary _pPb 8. 16Te‘u’
» Two-particle correlation method to extract v, 98" 185 {NDL”TM{ESG arXiv:1804.00767
— Correlate D° and charged hadrons (An gap = 1) I :E“pj;z(;eﬁc
. . . . g Ua<sp_ < eV/c -
— Perform Fourier fits the two particle correlation C anl > 1T
ils — Fourier fits
< 3 9.4 -
Cctribg 0 DY _ assoc - |
distribution for D" to extract Vop (7 , 07 °°°) Z T
— D% v,(pr) can be obtain by : 9.2
S$SocC Q.U_
DO VZA(pT'pT ) L
(pr) =

0 2 =

\/ Voa(07>°°¢, 07°°9°) Ao (radians)

CMS HIN-17-003
Phys. Rev. Lett 121,082301(2018)
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