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Quark-Gluon Plasma and Early Universe
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» Lattice QCD predicts a new state of QCD matter at high temperature/density
- quark-gluon plasma (quarks and gluons not confined within hadrons)

» Expected to be the state of early universe a few us after Big-Bang
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High Energy Nucleus-Nucleus Collisions
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RHIC Discoveries

“Jet Quenching”

- Significant suppression in particle yield at high
pr in central heavy ion collisions

“Partonic Collectivity’

- Strong collective flow, even for multi-strange

hadrons (¢, €2)

- Flow driven by Number-of-Constituent-Quark

(NCQ) in hadrons
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- Re-affirmed by LHC measurements
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Quantitative Measure of QGP

Quark-Gluon Plasma

Temperature (MeV)

Color
Superconductor
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At top RHIC and LHC energies:

To precisely determine (temperature
dependence of) emergent QCD
transport parameters in QGP

-n/s - gluons
- g-hat - high energy partons
- D, - heavy quarks

JET Coll., PRC 90 (2015) 014909
Hot QCD white paper - arXiv: 1502.02730

Baryon Chemical Potential - uy(MeV)
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Uniqueness of Heavy Quarks in QCD
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Brownian Motion and Einstein’s Theory

5. Uber die von der molekularkinetischen Theorie
A der Wirme geforderte B gung von in ruhend.
Tlissigk dierten Teilchen;
von A. Einstein.

BRIEF ACCOUNT

or

TROSCOPIC ISERVAT T \ In dieser Arbeit soll gezeigt werden, daB nach der molekular-
MICROSCOPICAT, OBSERVATIONS kinetischen Theorie der Wirme in Fl;lssig](aiten suspendierte

Kirper von mikroskopisch sichtbarer GroBe infolge der Mole-

Made ia the Months of June, Joly, and August, 1827, kularbewegung der Wirme Bewegungen von solcher GriBe

N ausfithren milssen, daB diese Béwegungen leicht mit dem

ON THE PARTICLES CONTAIL IN THE Mikroskop nachgewiesen werden kdnnen. Es ist moglich, daB
POLLEN OF PLA die bier zu behandelnden Bewegungen mit der

»Brownschen Molekularbewegung® identisch sind; die mir
erreichbaren Angaben iiber letziere sind jedoch so ungenau,
daB ich mir hieriiber kein Urteil bilden konnte.

‘Wenn sich die hier zu behandelnde Bewegung samt den
fir sie zu erwartenden G Bigkeiten wirklich beobach
1a8%, so ist die klassische Thermodynamik schon fiir mikro~
skopisch unterscheidbare Réume nicht mehr als genau giltig
anzusehen und es ist dann eine exakte Bestimmung der wahren
Atomgrofe mbglich. Erwiese sich umgekehrt die Voraussage
dieser Bewegung als unzutreffend, so wire damit ein schwer-
wiegendes Argument gegen die molekularkinetische Auffassung
der Wirme gegeben.

AND

ON THE GENERAL EXISTENCE OF ACTIVE
MOLECU LES

IN ORGANIC AND INORGANIC BODIES

BY

ROBERT BROWN,

§ 1. Uber den Teilchen
oemotischen Druck.

Im Teilvolumen 7* einer Fliissigheit vom Gesamtvolumen 7
seien z-Gramm-Molekille eines Nichtelektrol gelost. Ist
das Volumen #* durch eine fir das Lisungsmittel, nicht aber
fitr die geltiste Substanz durchliissige Wand vom reinen Lsungs-

BAVAKLA, BTC

Robert Brown, 1827 Albert Einstein, 1905

» Brownian Motion — jittery motion of pollen grains in water
 Einstein’s 1905 paper mathematically explained the Brownian motion

2
P _pP (1)) = (x*0)) ~ Dt

ot ox*
* D — diffusion coefficient

 Validated by Jean Perrin’s experiment in 1909 (awarded Nobel Prize in 1926)

May 29-June 2, 2018 CIPANP 2018, Palms Spring X. Dong



Physics Goals of Heavy Quark Measurements in HIC

» Mass dependence of parton energy loss

* Quantify QGP transport parameter

- AE > AE > AE, > AE,
- HQ spatial diffusion coefficient, D

A Kaczmarek et al.

QU) T | T T | T T | T T I I 6\| \\\\\\\\\\ |
— . d“% \\\\\\\ —
I~ Lattice QCD 00»9 \\\\\\\\ o
\\\\\\\ L O=V. aun
ti s O Ding et al. QO . .9(-:D-----'§"" _
. amn ‘\\‘\--lll""'
(\] 30 15— u Banerjee eta/,"_ ssamauanune® ..----\\ " —

Duke (Bayesial)

AdS/CFT
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Experimental Methods

dron Abundance ot (um) 1) Secondary vertex reconstruction
(fragmentation) H e.g. D9 -> Kx, B->J/yK
DO 56% 123 L
- 2) Inclusive impact parameter method
= i i e.g. D/B->e, B->D, B->J/
D 10% 150 -9- ’ ’ L
A, 10% 60 Precision silicon vertex tracker is
B* 40% 491 crucial, particularly in high
BO 40% 456 multiplicity heavy-ion collisions

Courtesy of K. Oh

Secondary

: " 0

: ' 10% A, Jertex
: \‘ : 0 \‘
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: \:/\“‘ : Primary Vertex \/“
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Key Instruments — Pixel Silicon Detector

ALICE | ATLAS | CMS | LHCb | PHENIX| STAR
Sensor tech. Hybrid Hybrid Hybrid Hybrid Hybrid MAPS
(F:frg';)s'ze 50x425 | 50x400 | 100x150 | 200x200 | 50x425 | 20x20
Radius of first) 4 g 5.1 4.4 N/A 2.5 2.8
layer (cm)
Thickness of | qoix | ~1o%X, | ~1%X, | ~1%X, | 1%X, | 0.4%X,

first layer

STAR Pixel — first application of MAPS technology in collider experiments
(MAPS - Monolithic Active Pixel Sensor)

Next generation MAPS planed for future experiments:

ALICE ITS upgrade, sPHENIX MVTX
- to address the QGP medium properties
Also for CBM, EIC detector R&D
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50 um

Monolithic Active Pixel Sensors (MAPS)

MAPS pixel cross-section (not to scale)

Properties:
/ionizing particle = Standard commercial CMOS technology
/ passivation = Sensor and signal processing are
oxide integrated in the same silicon wafer

= Signal is created in the low-doped epitaxial
layer (typically ~10-15 ym) — MIP signal is
limited to <1000 electrons

\ Aoy N il
N 3 \

N
»

:\ NN
region
= Charge collection is mainly through

thermal diffusion (~100 ns), reflective
boundaries at p-well and substrate

Hybrid
MAPS and competition | MAPS Pixel CCD
Granularity + - +
Small material budget + - +
Readout speed + ++ -
Radiation tolerance + ++ -

MAPS - particularly chosen for measuring HF hadron decays in heavy ion collisions
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A Heavy-lon Event Display
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STAR Heavy Flavor Tracker
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Pixel Detector Performance

Exclusive reconstruction of HF hadrons

z T T 1 in heavy-ion collisions
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do/dp_dyl

Charm Production in p+p Collisions

0.2-7 TeV 13 TeV

=~ 10°r mid-rapidity [ .~ | forward-rapidity T
- e p“‘+‘“p(p‘)“=>‘“i) D +X | o T — N
102 1 (P O (@ ............................................................................................................................................... 21;0(‘):____ = ‘ i | ‘ ‘ » J
o H Oo”ﬁql”, """"""""""""""""""""""""""""" (g'lo -_:_:_ i . 1 3_0()}(3}5."‘:4 1
- 0 M ol = R
Thoo gy S P TVIOY | D e e |
? O e .(COF 5 107F - R
> 9 o ................... PS j .............................. 108} o t } ; \ 40<y<45,m=8 -
el e o e p1osTevpac] | M
U 8 ‘0% e
. U OO S N STAR, PRD 86 (2012) 072013, QM14
' R, o CDF, PRL 91 (2003) 241804

—
o
1
;
o
©
o
o
Q)
D
<<
x
=)

- ALICE, JHEP 01(2012) 128, arXiv: 1702.00766
5. o LHCb, JHEP 03 (2016) 159, 09 (2016) 013

1078 | ................................................. = _.pp. 200 GeV..

L. F@NLL .............................. ............................................
- | | 1 « Charm hadron spectra well

0 5 10 15 20 described by pQCD FONLL
- data prefer upper bounds

of FONLL calculations
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Transverse Momentum P, (GeV/c)
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p+A to Constrain Cold Nuclear Matter Effects

g 1.8 T T T T T w _ d®oppb(pT, +ly*|)/dprdy*
g oty o presse | nn) = G e
1.4;—2 -
1o H H &b LHCb
1_ { $ ........

Average D°, D, D™

|III|III|III|IITII|IIIIIII|II

O . 6 ;l,’ ( / measured pp reference at Vs = 5.02 TeV
oal/  CISerawess . D-mesons
E // ..- 5323 :tt :Il.l:' ;I)r:)?:re ;ir:.wj‘:fozzaﬁm Eloss i EP§09 LO ’
02l e - —EPS09 NLO :
% Loy Fgm:% o | | | | : L HQTEQ > l ! I |
o &5 10 165 20 25 30 35 OO 2 4 6 8 10
p_ (GeVic) p.[GeVic]

ALICE, PRC 94 (2016) 054908, QM18; LHCb, JHEP 10 (2017) 090

pQCD+nPDF / models with CNM effects describe R p,, at mid-rapidity
and F/B asymmetry reasonably well.
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Charm Hadron R,,— Energy Loss in Hot QGP

— T T T
| Au+Au /s, = 200 GeV
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27.4 pb™ (5.02 TeV pp) + 530 ub™' (5.02 TeV PbPb)

-CMS (= Do+

:_ ® charged hadrons

- Taa and lumi.
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STAR PRL 113 (2014) 142301, QM18; CMS-HIN-16-001

* Raa (D) ~ Raa(h) at pr > 5 GeV/e in central A+A collisions
- strong interactions between charm and medium

May 29-June 2, 2018
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Anisotropy Parameter, v,

Charm Hadron v, at RHIC
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STAR, PRL 118 (2017) 212301
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Anisotropy Parameter, v_/n
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» Mass ordering at p; < 2 GeV/c (hydrodynamic behavior)
* v,(D) follows the (m-m;) NCQ scaling as light hadrons below 1 GeV/c?

Evidence of charm quarks flowing the same with the medium

May 29-June 2, 2018

CIPANP 2018, Palms Spring

X. Dong

17



CMS Prellmlnary

Charm Hadron v, at LHC

PbPb |'s, = 5.02 TeV

CMS-HIN-16-007; ALICE, 1804.09083

T IlYll]lTII

| | | |

» Significant D-meson v, at 5.02 TeV Pb+Pb collisions

« DO v, follows the same trend as light hadrons at LHC

May 29-June 2, 2018
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ALICE 2.76 TeV data: JHEP 06 (2015) 190



Charm Quark Hadronization — A

C
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A B ol ; sy .
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o : Significance = 10.8

= 80
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STAR, QM18
N —pK n*
cT = 60um * A, reconstructed first time in A+A collisions
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A, Enhancement in Heavy lon Collisions

J T I T I T I T I Ll I T LJ 1 I 1 I 1 I 1 I 1 I 1 LJ 1 I 1 I 1 I 1 I T I T L
— _— Au+Au @ 200GeV _—
S (P+P)_ 1 (A+A) s T (AR
= oy S0 STAR Preliminary T
T ()| 2K | T D) |
oC 0-5% o**%e, ]090/ +
(- ¢ 'Y o’ h s Dy "-—L -
) ° ’ . .. L
8 1p 1% e 0'.. T ;Oooc)cp 2 SCSA :Q\i T'.
) [ + | R '\7~~ 4
< . e, 1 2 0o, ¢ ! NS
2 ° T Q ¢¢ L ==Ko: three-quark (0-5%) °‘R& 1
< oOoOq;c% . .| 60-80% $ % | A
o f (0] OO o o ¢ 1 1 Ko: di-quark (0-5%) "",'
- ¢ 1 = * Greco (0-20%) |
S o 60-80%
m s 1 SHM
@
PYTHIA
SR T T T O [ O Y U S U | Y o Y R N B

o 1 2 3 4 5 60 1 2 3 4 5 60 1 2 3 4 5 6

Transverse Momentum (GeV/c)
Ko model : Y. Oh, et.al. PRC 79 (2009) 044905; Greco model : S.Plumatri, et. al. EPJC 78 (2018) 348

« Significant enhancement in A/D compared to PYTHIA/fragmentation baseline
« The A/DP ratio is compatible with light flavor baryon-to-meson ratios
» Consistent with coalescence + thermalized charm quarks
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Summary - Charm

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

- CMS (= JDo+D
o ®  charged hadrons
; Ta and lumi.
}—_uncertamty_+_ ......
[ '0’...—0- :

’@ lyl <1
- Cent. 0-10%
—I II 1 1 1 I | | 1 1 | I | l|

1 10 10°
P, (GeV/c)

Ar+AL)/(D°+DO)
(Ac+A¢

!0 ! | | | ]
& | °P STAR Au+Au @ 200 GeV-
0.15 A E_ -]
>T L oA 10-40%
5 = K
OE) 0.1} S i
S | Fo = —
s | T 088 | o
e | ﬁfﬁf@ & = 5t ¥
ao.os— m? =
5 . :
3 g
2 |
g 0
| | | ]

1.5 2

(m_-mg) /n_(GeVic 2)

3
= Ko: three quark (0-5%)
=+ Ko: di-quark, (0-5%)
=+ Greco (0-20%)
PYTHIA STAR Preliminary
oL Au+Au, |[s,, = 200 GeV |
N 10-80%
;." ~"\‘“\—
( , .
| SN + .
/,—--~\.\\‘\
:’l; ) ;\;}i\\ +
<
‘.
i N~
0 L1 | - L
25 3.5 5

Raa(D) ~ Raa(h) (pr>5 GeVic)

V,(D) ~ vy(h) vs. m;

A./DP and D/D° enhancement

- charm quarks lose significant energy
- charm quarks flow like light quarks
- coalescence hadronization

Charm quarks very strongly coupled with QGP
Evidence of charm quark flowing with the QGP

May 29-June 2, 2018
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Towards Extraction of Heavy Quark Diffusion Coefficient

HQ propagation in QM & URHIC...

Effects and
consequence in
various systems

$

1

H

1
Core !
ingredients:
:

;

:

;

\

HQ — (local)

Transport of Hadronization

HQ in medium

Transport

Coupling to coefficients

hot matter

process at FO

Effective lagrangian,  Transport equation,
Effective potential, Path integrals,...
\ Effective DOF

~

______________________________________________________________

S

Theoretical
understanding

of other QGP
aspects

Courtesy of P.B. Gossiaux — QM18

Rapid developments among theorists to understand trivial/non-
trivial differences between models/groups

« Heavy Quark Working Group
« EMMI Rapid Response Tasking Force - R. Rapp et al. 1803.03824
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Bayesian Analysis to Extract HQ Diffusion Coefficient

2.0 0.3 0.3 . .
§}  STAR DY, 0-10% }  STAR DY, 0-80% }  STAR DY, 10-40% Bayesian analysis based on Duke model:
15 0.2 0.2 e Langevin + Hydro
@)
f =
«E ]..O = N
& 0.1 M o1 i g
0.5 i . E m— MC@sHQ, elastic K=1.5 === Duke-LGV i
a2 , =1. uke- , median
o,o} 0.0 = = MC@sHQ, elat+rad K=0.8 Duke-LGV, 90% C.R
0.0 " N N = PHSD [ZZ c-quark T-matrix U-po'
2 3 4 9 6 7 2 3 4 by 6 7 2 3 4 2 6 7 20 me QPM(Catania), BM ® c-quark lattice Ding et.
pr [GCV] pr [GC\/] pr [Ge\'] = = QPM(Catania), LGV i’ HQ lattice Banergee et
1.2 1.2 0.4 —_
ALICE D°, D", D** ALICE D', D", D** § ALICE D, D", D" (@)
* 5<pr<8GeV/e * 8 < pr <16 GeV/e 0.3 30-50% o
08 § 0.8 & e 15
< ! < 0.2 © @_‘
3 3 s s S
0.4 ' 0.4 0.1 2
0.0 0.0 N 10
0 100 200 300 400 0 100 200 300 400 _0'10 2 4 6 8 101214 N
Ilp,m npan pr [GCV] Q
1.2 0.4 0.4
" ALICE Rps §  CMS wy, 30-50% §  CMS wy, 10-30% 5
: 0% 0.3 0.3 >
0.8}, =
= ||t L 02 .02 §
04 \-\-\—‘J 01 M - ;: 0
£
(s
0.0 0.0
0'% 5 10 15 20 25 30 0 5 10 15 20 25 30 0 2 4 6 &8 1012 14
pr [GeV] pr [GeV] pr [GeV]

Y. Xu et al, PRC 97 (2018) 014907

Open question: Charm heavy enough ? (as compared to medium interactions)
-> Go Heavier !!!
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Nuclear Modification Factor

B-meson and b-jet at high p+

166 pb’’ (Pbe 2.76 TeV

1 _2 i L ] L T 171 | L | L | | L |
"CMS i
1} e Inclusivejet R (0-5%) Ini<2
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P, (GeV/c)
CMS, PRL 113 (2014) 132301, PRL 119 (2017) 152301

I:KAA

25.8 pb™' (5.02 TeV pp) + 350.68 pb™ (5.02 TeV PbPb)

1 4:—CMS ‘a B 24
’ - Pre[iminary S ‘ lyl <
- [ |D°lyl<1.0
1.2F |
oy Tawandlumi. [ ] charged hadrons |y| < 1.0
(. UNCEHRAINY | e
: Centrality 0-100%
0.8/ I ' +H"
0.6 —_,.t
BT B —
0.4 :
0.2
- CMS-PAS-HIN-16-011
0’_ 1 1 L1 1 11 ll L l Ll L Ll ll | 1
1 10 10

P, (GeV/c)

Raa(B+) ~

* Raa(b-jet) ~
Raa (D) ~

Raa(incl. jet) at p; > 70 GeV/c
Raa(h) at pr > 10 GeV/c
Mass hierarchy? -> Going to lower p;

May 29-June 2, 2018
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Bottom Suppression at Low p; at LHC

27.4 pb™ (5.02 TeV pp) + 530 ub™' (5.02 TeV PbPb) CMS (Suy = 2.76 TeV
EDO D° é REEEE R B L L L L L
1 .6:— CMS s cha+r od hadrons Y 14 — Open beauty: nonprompt J/y ]
- larg - o 65<p_<30GeVic, |y] <1.2 -
1 4—_ E B |y| <24 1 2_ |
it nonprompt JAip (2.76 TeV) L Open charm: prompt D (ALICE) i
1 of + 16<lyl<24 0 8<p,<16GeVic, [y <05 -
[ Taaandlumi. * lyl<24 s -
1‘___l!_r_‘9‘_’tr_t_'€1_'_r_‘f‘}’_ ..................................................... i B->J/ i
s B>/ ] 0.8_—+ | v .
C o8- / Mp o - v .
= D + + 0.6 bob ]
0.61 = ' ? i
- .0“"_. | N
0.4 y 04 i g 5 ol
- lyl <1 0.2 D & N
0.2p Cent. 0-100% 5 =
O_HI | Ll Lol | ! 0llllllllllllllllllllllllllllllllllIllll-

1 10 10° 0 50 100 150 r$l00 250 300 350 400

P, (GeV/c) part

CMS, arXiv: 1708.04962

* Raa(Jpg) > Raa(D) at p; < 10 GeV/c

Evidence of suppression mass hierarchy at low p;
- consistent with pQCD calculations

May 29-June 2, 2018 CIPANP 2018, Palms Spring X. Dong
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RAA

Bottom Measurements at RHIC

Frrr[yprrryrrrprrrprrrp T

- 7
§107 £ AutAu |5y = 200 GeV 0-80% 4 Tnclusive e E
=~ [ 25<p <35GeV/c —B—e 3
Z L mi<o7 D—e 1
<10° o .. — ' -
Qlo E  STAR Preliminary Photonic e -
Q = —— Hadron contamiatior]
— Fit result
>
10°
=]

| NN I| \III\IH‘ L1l

1\‘III|I\\|III|\\!llll‘\\\‘lllI
1*/NDF = 61/48 — Fit works well!

1 %{t$£+*-+;f++#*-t”w‘f~“~." ;g,_,,’,#*,t*ﬁ*ﬁ_fff%*{:

002 004 006 008 0.1
DCA, (cm)

01 -0.08 -0.06 -0.04 —0.02 0

| L | | L | | | L | T T | L | | L | | | (L
| AutAu |5e =200 GeV STAR Preliminary |
0-80% ® B-e ]
O D—e

i DUKE : B—e |

DUKE : D—e

b->e
1 ___.__'.'.'.'.'_'_ 'ﬁ--"-.-ébh-.~§'-._~..§ """"""""""""" i """"" —_
! s @ e N .
I % ) —
DUKE: Phys. Rev. C 92, 024907
0'2 B B+D—se . ]
R,  uncertainty

| .| | 1111 I 111 | | .| | | .| | | .| [ N T A | 1 1
P = i

& | 2.1x0.5(stat)=0.3(sys) ®
-G:Z- 0 ________________________________________ : ________

2 4 6 8
P, (GeVl/e)
STAR, QM17

May 29-June 2, 2018

CIPANP 2018, Palms Spring

Impact parameter method to
separate c/b electrons and
non-prompt DO, JAp

* Raa(€g) < Rpn(ep) at 3-8
GeV/c (20)

mass hierarchy of
parton energy loss

X. Dong 26



Summary - Bottom

LHC 2.76 TeV
Raa(Jpg) > Raa(D)

RHIC 200 GeV

Raa(€s) > Raa(€p)

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

C P 5 _"|'"'I""l""I""I""'|"".|'."'|"_
16:_CMS ;I cl?ha+rgDed hadrons a - AutAu VSN_'N=200 GeV () ;f{:R e i
s a4k (9B <24 L 0-80% O Dse
T nonprompt JAp (2.76 TeV) - DUKE: B—e
1'2; Tya @nd lumi. : |1y-|6<<2|£<2l4 ML
< 1;..‘.’.’?99’1‘?.'.’]?)’. .....................................................
£ ﬁ“& i $ V3 .
0.6 %+ " i e
o000% + r
0.4 * SLiEnliane I
.00 _FI lyl <1 | DUKE: Phys. Rev. C92, 024907 §
< Cent. 0-100% L
0-,,| Lo gl Ll L S R S WA WA WA S T
1 10 10 2 4 6 8
p. (GeV/c) Py (GeVio)

* Rpa (BT, b-jet, non-prompt Jhp’s) ~ Raa (D,jet) at pr> 10 GeV/c
* Rya (nON-prompt JAp’s, eg) > Raa (D, €p) at pr< 10 GeV/c

Evidence of less energy loss of bottom in the QGP
- mass hierarchy of parton energy loss !

Precision low p; bottom measurements (Rp,, V,)
- to quantify medium transport parameter

May 29-June 2, 2018 CIPANP 2018, Palms Spring X. Dong




Future — Precision Open Bottom Measurements

Precision bottom (B-meson and b-jet) measurements

next generation fast MAPS detector with high luminosity heavy ion runs
- systematic investigation of mass dependence of parton energy loss
- precision determination of heavy quark diffusion coefficient

ITS upgrade at ALICE, MVTX@sPHENIX (~ 2020+)

Upgrade of the
Inner Tracking System

A Monolithic Active Pixel Sensor
Detector for the sSPHENIX
Experiment

May 29-June 2, 2018 CIPANP 2018, Palms Spring X. Dong
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1900s

Microscope
Brownian motion kinetic theory

1950s-1970s

Bubble chamber
Yang-Mills -> QCD theory

— . 1 v
Laco = i (i(y*Du)ij —m8ij) ¥ — 7 Gl Ga

2000s-2020s

MAPS at RHIC/LHC
Femtoscopic “Brownian” motion
to investigate hot QCD matter

- o
-

I

“Cutting edge experimental research is largely defined by new technology”

- C.N. Yang, 2017
29
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Backups
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Quark-Gluon Plasma — “Perfect Liquid”

State-of-the-art viscous hydrodynamic simulations

0.2 v, RHIC 200GeV, 30-40%
Vo = | filled: STAR prelim. . .
0.5 | lv- open: PHENIX “Perfect liquid”
o n/s =0.12
01 Flvg e 5,— - strongly coupled (not gas)
> -‘X'_—
gt _—‘I’— . . . .
0.05 ¢ % .o % _=-%1 |-low viscosity (transporting particles
0 keLloratiom R R freely)
0 0.5 1 1.5 2
pr [GeV] | Ultra-Cold Quark-Gluon
Atoms Hellum Water Plasma
Gale et al., PRL 110 (2012) 012302 102
- E / \./
06 -
T
; = l
8
E 10 -
T
3 f
2 L
1L String Theory Limit
F 1 1 | g0y ] e | ey | — | 1 | /11 1
0 ,8 a4 8 1274 8 1271 2
2013 NSAC Tribble Committee report =0 "1°Temperature (12;) 0
http://science.energy.gov/np/nsca/reports/
May 29-June 2, 2018 CIPANP 2018, Palms Spring X. Dong 31



Charm Production in p+p Collisions

25.

0.2-7 TeV
mid-rapidit

CMS

10° Preliminary

lyl < 1.0
[C¢ ] data

[ ] FONLL pp ref.
Global uncert. 12.1%

(d%6) /(dydpr) - 107" [ub/(GeVe )]

101

13 TeV
forward-rapidity |l

B 71—

20<y<25,m=0 |

25<y<3.0,m=2

30<y<35 m=4

35<y<40,m=6 |

40<y<45 m=8 A

STAR, PRD 86 (2012) 072013, QM14
CDF, PRL 91 (2003) 241804
ALICE, JHEP 01(2012) 128, EPJC 77 (2017) 550

14
pr(GeV/c]

32

_ _ _ _ B
10k CMS-PAS-HIN-16-001 LHCb, JHEP 03 (2016) 159, 09 (2016) 013
=125 : ‘J -
Z oF
8 1.5 :;‘ - -
%o; """""""""""" - « Charm hadron spectra well
Q oE . - described by pQCD FONLL
p, (GeVic) - data prefer upper bounds
! of FONLL calculations
May 29-June 2, 2018 CIPANP 2018, Palms Spring X. Dong



D, Enhancement in Heavy lon Collisions

VA
_ ALICE ly|<0.5
® 0-10% Pb-Pb, |/s,, =5.02 TeV
© 30-50% Pb-Pb, |sy, = 5.02 TeV
® 60-80% Pb-Pb, s, = 5.02 TeV
& pp, Vs=7TeV
Eur. Phys. J. C77 (2017) no.8, 550

D;/D°

0.8

0.6

III|III|III|III|I

(7))
L
=

ﬁ_@_ ' .

+ 3.7% BR uncertainty not shown

0.4

A

IIII

0.2

1| I I | 11 1 | 11 1 | 11 1 I 11 1 I 11

IlI|III|III|III|III|III|III|III|III|III

2 4 6 8
p. (GeV/c)

ALICE, arXiv: 1804.09083; STAR QM17

10 12 14 16 18 20

& 0-10%

—8— 10-40%

—— ee/pp/ep average
B PYTHIA(ver. 6.4)

0.6 Il TAMU(b=7.24fm)

D./D°

0.8

01111111111111111111

1ITTT]TTTIIIIIIIIIIIITTTT[TITIIIIIIIIIIT

Au+Au @ 200 GeV
STAR Preliminary

- Coalescence hadronization

« D,/D% enhancement in mid-central Au+Au and Pb+Pb collisions w.r.t
fragmentation baseline or p+p measurement

A. Andronic et al., PLB 571 (2003) 36

- Statistical Hadronization Model predicts D./D° ratio ~ 0.35-0.40 (central)

May 29-June 2, 2018

CIPANP 2018, Palms Spring

X. Dong
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s 10 CMS/ATLAS 7 TeV LHCb 7 TeV 1o MS_ CMS 13 TeV
- mid-rapidity forward-rapidity F N mid-rapidity
= : ~ “TRTS DT GIICCITaTTy = TE \ - ALaCy R =
10k = By FONLL(20<y<45) 1 § [ =»o D EkeAbine AN
2k . N EE iy omem 3
2 402k \s=7TeV L R rof Y E
Lo ATLAs 2417 <225 M %10 = -~ =
%10 = —5— CMS, 5.8 pb”, lyl<2.4 " prosmgena © 103 —+= ]
S - A B Y E =t 3
104E = FONLL, lyl<2.25 { oL + ! e
F Qs 3 % 102k . z 2F E
-5E =z ++ 10 DR SRR 8 15 _f
IR - D R e
106050 a4 o 0 10 0 30 W0 § oS E
67810 20 30 40 100 g E . . . __
pT [GeV] pT (GGV/C) 0 20 40 60 80 p$1[(é)eV]
->’ u.4h m
§o.ss§ x PHENIX 510.G.eV CMS, PRL 106 (2011) 112001; ATLAS, JHEP 10 (2013) 042;
S A forward-rapidity LHCb, JHEP 08 (2013) 117;: CMS, arXiv: 1609.00873;
= 4 LHCb prpisch Tov 3.0y<35 PHENIX, arXiv: 1701.01342
G 025" . LHob pepect3 Tev 309985
5 ,,r PHENIX510 GeV
S PHENIX 200 GeV _ :
B 0151 , « pPQCD FONLL calculations describe the
S of + it bottom production
éo.os— - consistent with FONLL central values at
ARG pr > 20 GeV/c (CMS/ATLAS)
10 1 10
Center of mass energy \s (TeV)
D
May 29-June 2, 2018 CIPANP 2018, Palms Spring X. Dong 34
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Relativistic Heavy lon Collider (RHIC)

'\PHENIX :

LI\AC

NEREE
\EBIS o o

« Successfully operated for 17 years since 2000
* Beam species from proton to Uranium,
7.7 —200 GeV (ions) /510 GeV (polarized protons)

May 29-June 2, 2018 CIPANP 2018, Palms Spring




Heavy Flavor Tracker for STAR

ter Field Cz

~<Q/q o @

May 29-June 2, 2018 CIPANP 2018, Palms Spring

X. Dong




Heavy Flavor Tracker for STAR

= HFT consists of 3 sub-detector systems inside the STAR Inner Field

Cage

Radius| Hit Resolution .
Detector (cm) |Rip - Z (um - um) Thickness
SSD 22 30 /860 1% X,
IST 14 170 / 1800 1.32 %X,
8 6.2/6.2 ~0.52 %X,
PIXEL
2.8 6.2/6.2 ~0.39% X,

» SSD existing single layer detector, double side strips (electronic
upgrade)

» IST one layer of silicon strips along beam direction, guiding tracks from
the SSD through PIXEL detector - proven pad technology

» PIXEL double layers, Monolithic Active Pixel Sensor (MAPS), 20.7x20.7
um?, 0.4%X, thick per layer, air cooled

TPC

~1mm

SSD

~300um

May 29-June 2, 2018

~250um

IST

< 30um

PXL

CIPANP 2018, Palms Spring

— first application of MAPS technology at a collider experI'ment

X. Dong
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Charm Hadron v, Compared to Models

= 0
® STARD STAR Au+Au \s,, = 200 GeV|

- --- SUBATECH

SN b —— TAMU c-quark diff. 0-80%

oo B TAMU no c-quark diff.

®© 0.2 — Duke-2rTD,=7

O L . LBT

£ | .- PHSD

© . — - 3D viscous hydro -

© * —~

al B ~ |

> 0.1 +/ N i ’#

Q— I ‘s

O X ‘ .

b 7 Z ' < .

O s ™

82

(-

< 0
[ | | | | | | | | | | | | |

0 1 2 3 4 3) 6 7

p, (GeVic) STAR, PRL 118 (2017) 212301

« 3D viscous hydro model calculations describe the D° v, at p;< 3-4 GeV/c
- Indication of charm quark thermalization in the QGP

« Data precision good enough to constrain model calculations

May 29-June 2, 2018 CIPANP 2018, Palms Spring X. Dong
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Raa and v, Compared to Models

® STARD®
--- SUBATECH
—— TAMU c-quark diff.
---------- TAMU no c-quark diff.

STAR Au+Au \sy,, = 200 GeV|
0-80%
— Duke - 2rnTD =7

----- LBT
~.- PHSD

— - 3D viscous hydro 1_ -
s - i
/ .

o1~ STAR Au+Au  D° + X @ 200 GeV Central 0-10% - -
D’ QM15 i ~ |
D° 2010/11 € 1 > -
— TAMU 1 o -
...... SUBATECH 4 9802
.......... Torino - (O} L
Duke w shad. - % -
Duke w/o shad. - E L
g LANL g1 O i
| I_— > 0.1
. o |
4 9 i
4 O i
- @
. . c i
,' < 0
0 | | | | C
0 2 4 6 8 0

* Understand the trivial/non-trivial
differences between models

 Precision data starts to provide
constraints on medium transport
parameter

- e.g. Bayesian analysis

May 29-June 2, 2018

CIPANP 2018, Palms Spring

prior
= AuAu, 90% CR
12 [ ] PbPb, 90% CR
[0 Au&Pb, 90% CR

D 27T
o)

05

1.0 1.5 2.0 2.5 3.0
T/T.
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2

o
no

Anisotropy Parameter, v
o

o

Charm Hadron v, Compared to Models

| STAR 200 GeV | CMS Preliminary | CMS 5.02 TeV

B 0 :I T 1T l T T 1T I T T T I T 1T l v .
® STARD STAR Au+Au @ 200 GeV - Cent. 30-50% .
- e SUBATECH 0255 L 1vi<1.0 DO =
L TAMU c-quark diff. 0-80% - yb<1. oS
. TAMU no c-quark diff. 0.20 @ ® + Charged particle 7
e LEEL Duke - 2nTDs=7 Cof e arXiv:1702.00630 ]
I LBT 0.15F= —
| -~ PHSD = ]
| —— 3D viscous hydro | i/ 0.1F *EF -
- - o« $ =
- — [{l -
B * N # $ >"0.05(] ¥ 4 & G
i - Theory prediction for prompt D -
I i —0.05 — LBT —— L. Pang —
0 15 — TAMU —— CUJET3 -
e = Filled box: syst. from non-prompt D° .
-0.15 Open box: other syst. —
_I 11 | | | L 111 | | - | I | | L 111 I | | 11 l_

0 5 10 15 20 25 30 35 40

o (GeV/c)

« 3D viscous hydro model calculations describe the D° v, at p;< 3-4 GeV/c
- Indication of charm quark thermalization in the QGP

 Data precision good enough to constrain model calculations

May 29-June 2, 2018 CIPANP 2018, Palms Spring X. Dong 40



v{EP, IAn>0.9}
© o o
IR (6) (0))

o o
N W

| [
© o =
N —_ o —_

Charm Flowing - Next Steps

:|"'|'.'.'|' — II

= ALICE Prellmlna| ALICE, 502 TeV -le— . ATLAS PreliminaryJ ATLAS, 816 TeV r

:_:;o-sociogob-gf, S mid-rapidity ' b psPb|s,=8.16Te forward-rapidity |-

- Prompt D”, D" average ] e a —

[ syst aaa ounbased | 05<pI<5 GV

E Syst:Bfeed-down H E o o O Q g O e 0 00ooo Dq

F e E L0 :

— '$' %_, = -

- _$_—E*5— - 0.05 ‘ 1 ! [|| :

= —Es— s i E i % ' [ | :

. <08 ' - : O 0.5<p?<5 GeV (h-h Correlations) :

- D ]

- Inqlpcl<0.8 E - O 4<pi<6 GeV (h-u Correlations) -

: : 1 1 1 1 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 L 1 L

e IR ST %750 100 150 200 300

rec
p; (GeVic) CONF-2017-006 Ne,
 How do charm quarks reach thermal equilibrium?
- Correlation with light hadrons
- Charm quark collectivity in small system
May 29-June 2, 2018 CIPANP 2018, Palms Spring X. Dong 41



Bottom Electron R,, at RHIC

| PHENIX, 200 GeV mid-rapidity |
| =

' ' ' =S =200 GeV e .

1.6 \ il (C «-b) e : 2—_D 200442014 N|N| PHI/\Ele =

" Phys, Rev, C 84, 044905 (2011) — Data 2004+2014, lyl<0.35 preliminary

1.4l — e | 1.8~ # c+b — e (Phys.Rev.C 84,044905) ]

T i — |y — - ]

5 - —C—>e +p from e-h correlations .

19 o Au+Au from Unfold @ 160 | .o Phys.Rev.Lett.105,202301 =

LI p+p from e-h correlations ? - ]

e | Y Phys.Rev,Lett, 105 (2010) 1.4 -

1.0IE1--_—E-F ----- ---- ------------------ d-----1 -Q‘ 1 2— ]

| ! Q = .

5 m Al - .

X 08 o t 1 ]

L ]

0.8 B ~

0.6} n:é - .

it 0.6 C . H =

0.4 0.4 0

0.2F Au+Au MB /5y =200 GeV o 0'2:_ E

PHENllx Run.4+Run?1 . ..' . . o_l 111 I 1111 l | I 1111 11 11 l | I | I 11| 1 111 l_

1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
% [GeVic] P, [GeVic]

PHENIX, PRC 93 (2016) 034904

* Raa(€g) < Raa(ep) at 3 — 5 GeV/ce in central Au+Au 200 GeV collisions
mass hierarchy of parton energy loss

May 29-June 2, 2018 CIPANP 2018, Palms Spring X. Dong 42



Nuclear Modification Factor

1.2

0.8

061

0.4

0.2

Bottom Jet Suppression at LHC

CMS, PRL 113 (2014) 132301; JHEP 03 (2018) 181

e’ CMS, 2.76 TeV ‘CMS 2.02 TeV
-CMS mid-rapidity Bpb’ (5.02 TeV pp) + 404 ub'( mid-rapidity
} e Inclusivejet R~ (0-5%) MI<2 - 3 CMS -'0'071_
- L« bjetR,, (0-10%) hi<2 ‘ 3|(i|1 00% 10-30% -:0 02
- 1 F | i 0-10% 10 o
B IPbe Lumi. Unc. _ \ﬁ °_;_0.02 g
- = e 2 F i 3-0.04 R
e [ o
I _i T { ] _ S _5_0_1 LS
B — E =] Inclusive dijets ]
: - []b dijets 17012
SN AT W T A S '._. ....l....I....I....I....l....I....l....l.-;—0'14
0 50 100 130 2°°p (Zé‘éwgg)o 0 50 100 150 200 250 300 350 400
T o (1) = 22
Pr1

* Rp4 Of inclusive b-jets at p>80 GeV/c comparable to that of light jets

* b-dijet <x,> no significant difference between light and heavy jets vs. centrality

May 29-June 2,

2018

CIPANP 2018, Palms Spring

X. Dong
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B-meson and non-prompt J/ip at high p+

25.8 pb™' (5.02 TeV pp) + 350.68

CMS, 5.02 TeV

ATLAS, 5.02 TeV

14 CMS wg'yd mid-rapidity |[1.4- ATLASPreliminary mid-rapidity
- Preliminary =~ [ PbPb, |[s, = 5.02 TeV, 0.42"w -
1oF [ ]D°lyl<1.0 100 PP, /s =5.02 TeV, 25 pb N
" Taaandlumi.  [&7] charged hadrons |y| < 1.0 T Non-oPrompt Jy, lyl <2 i
(E.uncertainty ] g B Ay 2
L Centrality 0-100% - .
B B Non-Prompt JA
20.8f- | ‘|++_+_ 0.8 P w—_
o [ 't B i
0.6 — 0.6 .
o4 04 bbbt
02 === 0.2 ]
0" 20 40 60 80 100  A\SHIN-16-011 B i
os " CUJET LHC (PbPb) 'x | | - o | . L
| 010 9 10 20 30 40
04 -b g + 04 pT [GeV]
R
& |\
; 0.3 1 103
Es
l ., * Raa(B+) ~ Raa(Jpg) at pr > 10 GeV, and
i comparable to Ry, (D) ~ Raa(h) at pr > 10 GeV
1 Pb+Pb 0-5% + o1 Note: rapidity window difference
o 2 4 6 80 10 Mass hierarchy? -> Going to lower p-
pr (GeV)

May 29-June 2, 2018

CIPANP 2018, Palms Spring
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Heavy Quark Diffusion Coefficient in QGP

s O Ding etal.

-
L
L
e
e

10 %%

t Lattice QCD

Temperature (K) D, (cm?/s)
Oxygen (Q) in air (g) 298 0.176
Air in water (l) 298 2.00 x 10°
Hydrogen in iron (s) 283 1.66 x 10

HQ in QGP

(1.8-3.6) x 1012

(100-600) x 105

May 29-June 2, 2018

CIPANP 2018, Palms Spring X. Dong
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Uniqueness at RHIC

Uniqueness at RHIC

- dominated by pair creation, clean interpretation for experimental results

Pair Creation PYTHIAG
- - 10000 ——rrr———rrrr— LHC
J Q9 Q 1000 [ } L=
100 RHIC T
: i e
_ 1 0 2 g =
5 i o ;
= O . 1 = /'/,'I’ —
oL s 3 ' /. 7 Total bottom ——
Flavor Excitation Gluon Splitting © 0ooi L /-  Paircreation - 1
Q _ [~ Flavour excitation - _
A g Q 0.001 ¢ - - Gluon splitting - ;
0.0001 £ - .
Q :’ :
tes bt e
g g 100 1000 10000
g g Vs (GeV)
I. Sjostrand, EPJC17 (2000) 137
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Bottom Suppression at Low p; at LHC

3 T I T ] LI I LI [ 7T l LB I L I L | [ LB ] LI 274 pb-1 (502 Tev pp) + 530 Mb-1 (5'02 TeV Pbe)
S 0-20% Pb-Pb, |5,y = 2.76 TeV  ALICE - - 04D
oS [ NN ) 160 CMS [ m |D°+D
8 o 5; sb(>c)>e |y, <08 b - o ct;larged hadrons
= eb,coe, |y <06 Z 1.4/ Ce] Byl <24
c - cms , C nonprompt JAp (2.76 TeV)
'-og 2 ] 1.9 . + 16<lyl<24
8 - Taa and_ lumi. *  lyl<2.4
o = uncertainty
— }f‘ < ] it b
-8 1 5_ u I< B _+_ ¢+_+_+
- Lo
S ~ b =2¢c 2e™ R _+. -
8 e S — - 0.6F r—
[ ] s k7
0.5 $ tl : z ' Iyl <1
0= ¢ : - y
e : 0.2¢ Cent. 0-100%
hllllllllllllllllllIlll[lll[lll[lllllllﬂ O_Ill | IIIIIII| IIIIII| 1
0 2 4 6 8 10 12 14 16 18 20 1 10 10°
P, (GeV/c) P, (GeV/c)

ALICE, JHEP 07 (2017) 052 * Raa(€g) > Raa(€css) and Raa(Jpg) > Raa(D)
CMS, arXiv: 1708.04962 Evidence of suppression mass hierarchy at low p;
- consistent with pQCD calculations
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DY R,, and v, Compared to Models at LHC

| ALICE 5.02 TeV |

<21IIIIIII|IIIIIIIII|]III|IIII|IIIIIIII_8 __IIII|IIII.|I.IIlllllllllllI_
o= E ALICE Preliminary 1< 03- ALICE Preliminary ]
1.8¢ 30-50% Pb-Pb, |/S = 5.02 TeV 72_0_253_ 30-50% Pb-Pb, |[s,, = 5.02 TeV E
1.6[: o Average D°, D*, D** lyl<0.5 - - lyl<0.8 0 .
E 1 o gok e PromptD’, D" average
145 MC@sHQ+EPOS2  — . POWLANGHTL 7 LI - [ Syst. from data :
gl g PHSD ——AdSICFT:HHDp) 1 ™ B Syst. from B feed-down
{ o} = XuCao,Bass — — AdS/CFT:HH D, , A 0.15
"&L% —— SCET, o NLO s BAMPS el +rad. - -
_-v-- Djordevic  ----TAMU i 0.1
0.8 / = 0.05”—%».-
0.67','. 4 < ]
) ] O%’ " _.w- Xu,Cao,Bass .
I ’:, ) T - mmm BAMPS el +rad. _
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« Charm mesons at LHC show
significant suppression at high p;, Raa(D) ~ Raa(h)
significant flow at low-intermediate p;, v,(D) ~ v,(h) vs. m-m,

 Data precision good enough to constrain models

May 29-June 2, 2018 CIPANP 2018, Palms Spring X. Dong



Go Heavier - Open Bottom Production

Open bottom production over a wide range of momentum

Mass/Flavor dependence of parton energy loss
Cleanest probe to quantify medium transport properties — e.g. Dyq
Total bottom yield for precision interpretation of Upsilon suppression

Langevin/Boltamann
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Das et al., PRC 90 (2014) 044901
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Is charm heavy enough? Sizable correction to the Langevin approach for charm
- may limit the precision in determining Dyq

May 29-June 2, 2018

CIPANP 2018, Palms Spring

X. Dong
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