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Heavy Flavors: Unique Probes to Hot and Cold QCD

Y=In1/x$
Saturation
2
INQZM=AY
T "G
bbbbb - Quark-6Gluon Plasma
(,’e(:,:’,::,d | @ Dilute system
Hadronic matter > il T BFKL
confined, Colour
1-SB
superconductor DGLAP
° ”
Nuclei
clei !IB Inl\gm " Qk“‘
m, my ms  Aqcp mg m, MeV
| | | 1 5
1 10 102 10° 104
Tc TQGP
Hot QCD: HFs retain QGP dynamics - microscopic structure of QGP
Cold QCD: HFs access to gluon dynamics - gluonic structure of nucleon/nucleus
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RHIC Mission: Quantitative Measure of QGP
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Hot QCD white paper - arXiv: 1502.02730

strongly coupled I a I

hydrodynamics

JET Coll., PRC 90 (2015) 014909

weakly coupled
pQCD

»\ What is the microscopic picture of “perfect fluid”?
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Heavy Flavor Quark Transport in QGP
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coupling nature of QGP A
\ R. Rapp and H. van Hees, 0903.1096/ \ collisional vs. radiative energy Iossj

Heavy quark transport — to probe QGP with comprehensive p; coverage
/\l ‘A - unique insights to both perturbative and non-perturbative regimes
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Heavy Quark Diffusion Coefficient
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HotQCD white paper - arXiv: 1502.02730 Big Challenge

Combinatorial background in heavy-ion collisions

Silicon pixel detector to separate secondary decay vertex
- STAR Heavy Flavor Tracker (HFT) upgrade
f‘\l \'ﬁl - PHENIX VTX/FVTX upgrade
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Outline

e Heavy flavors at RHIC to date ( -2021)
- Quantifying QGP properties - Phase-I
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G. Contin et al, NIMA 907 (2018) 60
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\ - ALICE ITS2/ITS3, sPHENIX MVTX, CBM MVD, EIC Si Tracker
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* First application of Monolithic Active Pixel Sensor (MAPS) at a collider experiment

* MAPS technology widely used/planned in NP experiments
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D9 Meson Raa/Rcp in A+A Collisions

STAR, PRC 99 (2019) 034908
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 Raa(D) ~ Raa(h) at pt > ~4 GeV/c

e vo(D) follows the (mt-mg)/nq scaling as light hadrons

- significant charm quark energy loss in the QGP medium

Evidence of charm quarks reaching local thermal equilibrium!
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DO vo Compared with Models
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State-of-the-art model calculations from various approaches
reasonably describe D% meson v, data at RHIC

Charm quark 227D~ 2-5 at near T¢

- consistent with quenched lattice calculations
~ larger uncertainty in temperature dependence
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Charm Spatial Diffusion Coefficient
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Strongly interacting QGP!
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DO vq - sQGP Properties and Initial B-field

S. Chatterjee & P Bozek, PRL 120 (2018) 192301 STAR, PRL 123 (2019) 162301
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e v4(D) >> vi(h)
- Constraints on T-dependence of HQ diffusion coefficient

e v1(D) - vi(Dbar) - experimental uncertainty large
/—‘\l \ - Need more precise measurement to access the B-field signal
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/\c Reconstruction in Heavy-lon Collisions
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 Ac/DOratio comparable to light/strange hadrons in A+A collisions
* A/D% enhancement w.r.t the PYTHIA predictions (w/ and w/o CR)

/—‘\l \  (Coalescence models qualitatively reproduce the large Ac/DO ratio
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Summary |: Heavy Flavor at RHIC to-date
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Significant charm hadron flow -> 2nTDs~ 2-5@T.
-> T-dependence, c vs. b universality, relation to n/s etc.

Large Ds/D° and A./D° enhancement -> coalescence hadronization
-> precise heavy baryon, relation to color confinement
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Outline

e Heavy flavors at RHIC in the near future (2022 - 202x)
- Quantifying QGP properties - Phase-II
- Glimpsing at gluon distributions in nucleon/nucleus
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MAPS-based VTX (MVTX) @ sPHENIX

MVTX @ sPHENIX: Next generation fast MAPS detector (leveraging ALICE ITS2)
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Precision Measurement of Open-Bottom Production

B-meson via non-prompt DO
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Fruitful Charm/Bottom Physics

f Charm/Bottom Hadrochemistry\
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e Precise measurement of various charm
hadrons (A,D7)
e Enable access to open bottom hadrons

(A, B, etc)
e Detail investigation of charm baryon

\spectrosoopy in p+p collisions
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Impact on Charm Diffusion Coefficient

Bayesian analysis to constrain HQ diffusion coefficient
- Weiyao Ke (Duke), HF Workshop, LBNL, 2019
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Accessing Gluon Dynamics with (polarized) p+p

D-meson A1

- Gluon helicity distribution

D-meson An

- twist-3 tri-gluon

correlation / gluon Sivers

function
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S

sPHENIX:

D* without secondary vertexing
0.8 trillion -> 4500 (3200 each charge sign)
DO with secondary vertexing

utilizing secondary topology to improve signal significance
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Streaming DAQ for HF Program in p+p

Streaming recording 10% of all M.B. p+p collisions in 2024
- xO (500) improve compared to the triggered mode
- critical for low pt charm/bottom hadron measurements for Raa reference

- enable high statistics measurements of D-meson Ay, A; | etc.
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Opportunities with STAR Forward Upgrades
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Celx, QF =225 GeV?)
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~

frerrerrer ‘ﬂ

Forward tracking + calorimeters

25< |n|<4.0
xp A Ll ey low x reach: 10+
NG high x reach: ~0.05 - 0.5

Heavy flavors: cleaner probe to gluon
distributions in nucleon/nucleus
- trigger capabilities?
- secondary vertex? or D*?

LELILE | T T T LELELE |

- = nolC

= BPHS
-=-=-+ Meson cloud
-+ e= Sealike

Intrinsic charm?

0.001 0.01 0.1 1

V.P. Goncalves et al,x NPA 842 (2010) 59

A. Kusina et al, 2012.11462
i ] lllllll L Illllll T IIIIIII LI IIIIIII T lllllll T TT

- Q=2 GeV, 90CL U= Uo j

1.4 ---- EPPS16

| —— EPPS16rwD

1.6

f Pb /fgCT14

g

——————————————————

Pb
Rg
=
o

0.4}

0.290="10-% 103 10-2 10-1

X
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STAR Forward Upgrade Opportunity

e Heavy flavors at EIC (203x -)

- Scrutinizing gluon dynamics in nucleon/nucleus

>
\
]
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Heavy Flavors at EIC

: 4 - ottt et -
N u Z
% 3 5 Charm Events | <3 . 3
* EIC is a machine for precision O, S| 77 etp18+275GeV E
investigation of gluon dynamics in s o evp 104100 Gev 5
9 9 y gc 25F —— e+p 5+41 GeV E
nucleon/nucleus of o =
e Heavy flavor in NC channel - ~ sk E
sensitive probe to initial gluons 1E ‘ =
05F . E
0 - " | .
—4 -3 ) -1 | 0
og (X)
g 109 | el-l-pI18 IGeIV+I27.I5 GIeVl
S 10°
2 10’
g 10°
Ug) 10°
—” 10* — Q%1 GeV?
= 10° ) I
<l>) ’ = Q°>5 GeV
2 10 o 2 _
10 Q*>20 GeV 10 fb-1
1 PR IR TR TN W S P TR TR N T 1 PR N TR TN T -
—4 -3 -2 -1 0

~

rr/r_rr\rrl rﬁ loglo(x)
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An All-Silicon Tracker Based on Ultra-Thin MAPS

0.047

All-Si compact tracker

Momentum resolution dp/p

0 0.5 1 1.5 2 2.5 3

arXiv: 2102.08337 Pseudo-rapidity

ALICE ITS3 aims for 65nm MAPS with A
extremely low mass Structural Shel

- O(10x10 um) SRl
- 20-40 um-thick (0.05% Xo)
- stitched, bendable, self-support

- low power consumption (<20mW/cm?2)
- short integration time (<200 ns)

ALICE-PUBLIC-2018-013
EIC Silicon Consortium

- joining and leveraging ITS3 sensor R&D for EIC detector

- other R&D associated with services, support, readout etc.

~

recoeocoer| |
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Momentum Resolution

7, 10 um pixel, X/Xo =0.3% ( eSTARLight + AII—Si\
Full (Geant4) simulations AAAARAAARE A a T
o 10 fb=/197 -
K2 0.0<n<05 3.0<n<35 \ 50% K vias i
requirement 12 requirement :: 15T
dplp S0.04%p®1% dplp S02%p @ 5% - Y(@S)
1.5t 10t :
9 : < 8 —o
5 ? . a . 14T L R R R AR R AR
o] 14T g bl vaof " 10 fb"1/197-
.- 4+ X |
O o~ 30T b rree———" " 30T
looe® - 2_"00 -
| | | | | | ] | | |
O 5 10 15 20 25 30 O 5 10 15 20 25 30
\ p [GeV/c] p [GeV/c] /
~ ‘AII—Si tracker offers a momentum resolution satisfying the physics requirement‘

A
frreeeer ‘m
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Inclusive Charm -> Gluon nPDF at High x

Pb _ rPb 2 D 2
R,” =1,"(x, Q)/f,(x, Q%) E. Chudakov et al, 1610.08536

E.C. Aschenauer et al, 1708.01527 2 ——r—rrrry r—
present uncertainty EPS09

with EIC F,(charm)
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Vs =31.6 - 89.4 GeV
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Proton Neutron

~
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|

gluon probe to
short range correlation
at “EMC” region

02 EPPS16
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A Y
\
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Charm Structure Function F;° and Gluon nPDF

O | ! ! ! ! | ! ! ! ! |
x 107! EPYTHIAG e+p Vs ~ 63,29 GeV
(\,l-\
4

f1072 12,9
(S o]
=~

[e— [e—
OI C>|
S w
SUNRLLLL SRl BRIl B L
= o
w .
- =)
- S
; =)
=W
= =
W {\}: o
e
~
w
o
- g
=]
B N
- . G
i )
& &

e Linear fit to 6° at 10+100 and 5+41 GeV e+p

 Extend HERA measurement to high x region

: e Significant impact on gluon nPDF with ep/eA,
. especially at high x region

I
w
|
[\
I
[W—

' log(x,) Projections with D-meson + DMT requirement
arXiv: 2102.08337 1fb~ ep+1fb~l/A eAu
21 eppsis  Q*=2GeV? nCTEQ1S ©QP=2GeV? JT B nwwepR2o QP=2GeV? T
:: Baseline 5 Baseline ¢! R Baseline 1
<D . - A i i
1.5 —withFy = With F; e T ! m‘— With F; W“‘} Iy
O" ) S0 g | Vallh B
< ot i |
= T I
< &0 : h \'f i L
R o (il U
il L
>, [ N | 1 1 J",,.
2 . .. NNNPDF2.0 ."*:g
= '~ — Baseline /3 3
+ ' . c® &
= S KW FE o F
= o N
- EPPS16 nCTEQ15 ="
Q>) Baseline Baseline ]
p= i With F° With F
o 107 E
m MR B B B RN T T R TR T T W N T T W T T W T el PR oo el
< —4 -3 -2 -1 -3 -2 -1 -3 -2 -1 0
:r—n\n| ‘.ﬁ log(x) log(x) log(x)
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Gluon Helicity Ag/g¢

Understanding proton spin is one of the EIC science goals

HF - better sensitivity to the gluon dynamics
- complementary to the inclusive measurement

- direct access to Ag/g LO

Ay xdpp X Aglg

data placed at each measured (x,, Q?) position

error bars - uncertainty of AL

0.8
0.6
0.4

Aglg

0.2

| SGer1OOGeV |

- IS |
Int. Luminosity:100fb

COMPASS data from open charm I I L1
5" ) J S i e s - DO S S i R ot
s P e+p—oe + + X : R
i i ' A A A :. : :
C AN S S s U S S SO S S S 0 A S SIS S S -
r [ | COMPASS, high p , Q* > 1 (GeVicY’, [02,06] data, { u*) = 3 (GeVic)? 50 :  f P
C [ ] COMPASS, high p , Q* <1 (GeV/c)’, [02,04] data,  u*) = 3 (GeVic)’ — : . . . : : ; ; A -
:_ * COMPASS, Open Charm, LO, all @, [02,07] data, ( u* ) = 13 (GeVic)’ 4 O ' ' 5 : ; : : ' ' ' ' ' ' ' '
C O SMC, highp , @*> 1 (GeVIe), (u?} = 3 (GeVic)* I ‘8- gev 5 275 GeV l .: :‘ : : *: r : ‘. Polarizations:
—_ A HERMES, highp , all @2 { u?}) = 3 (GeVic)? i H o e: 80%, p:70% +
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0.2

0.6

—{:>-—<
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arXiv: 2102.08337, EIC YR 2021
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DD Pair - Probe Gluon TMDs

Quark Polarization

Charm hadron pair in transverse polarized exp.
- gluon Sivers functions
L. Zheng et. al., PRD 98 (2018) 034011
Charm hadron pair in unpolarized exp.
- linearly polarized Boer-Mulders function

D. Boer et. al., JHEP 08 (2016) 001 : e Cb @ i é ~ é d)

Transversity

Un-Polarized . Longitudinally Polarized Transversely Polarized

(L) (T

L - —
HIOENO
Boer-Mulders

9u=@" N @" h,*

Helicity

®~@~

Sivers hﬁ. @ -
Ayr(bes. kr) = do(prs, kr) — dot(drs, kr) -

’ do1(pks, kr) + do*(drs, kr) _

9 h'L g ( 2 ) BCQ-*GQQ

ANf $ (:IJ k ) q 1 T, Pr
g/pt\ Ly kL , |<COSZ¢T>| _ ’_I‘2 . .
2o/ (@, k1) M2 T ph) g
— A —————————

é"‘) e+p18x275GeV  Projected Luminosity 100 fb’ gk - e+p18x275GeV Projected Luminosity 100 f6° T
i n o=y q - ]
< | . p7" >0 GeVic 8 0.05 Det.Matrix PID -
0.05( S - :

| I .Y D o -
1 & T 1.7 ; ;

- parton | B |
0.05f 0D’ RSt 0.05— |
- Q®>1GeV? .

- Q%> 1GeV? - | | T

. | . ! : | 0 T 2 3
0 2 4 6 0.
- Os

“/”>‘| ‘Q ~0.4% projected uncertainty on both Aut and cos(2¢;) with 100 fb-
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Charm Hadrochemistry for Hadronization

|
- ALICE —
—e— pp, {s=5.02TeV

- PYTHIA 8 (Monash)
-------- PYTHIA 8 (CR Mode 2)

- HERWIG 7

Catania, fragm.+coal.
M. He and R. Rapp:
~——— SH model + PDG
SH model + RQM

0.5 R —

/D°

+
C
—

A

P, (GeV/c)

Systematic measurement of AZT In ep, pp and

AA collisions to understand charm baryon
production and hadronization

- multi-differential (pt, multiplicity etc)
measurements

- new opportunities: other charm

baryons, A’ spin transfer etc.

S

frreeeer ‘m
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arXiv: 2102.08337
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Summary

2020 2030

2022 p+p 510
2023  Au+Au 200
2024 p+p 200
p+Au 200
2025 Au+Au 200

Quantifying QGP Properties Glimpsing at gluon distributions in p/A

(7)) ;. T T T T T T T T T T T T T - - —— LI B L L L L L L L LN L L LA BB LI~
Q = I i < | -
< 20| % laticeQCD = 0.03~ sPHENIX Projection, p'+p—D%D +X, P=0.57
| = B © Ding et al. N '— —
SV = Banerjee et al. ] - —— 6.2 pb’str. p+p, Years 1-3 -
| "-_ 4 Kaczmarek et al. ] 002:_— _;

151 3% “@,d__ - Kang, PRD78, A, =4,=0 .

L i (S 0.01 e Kang, PRD78, A, = -, = 70 MeV —
A } = .
RS D, et - -

oF e | g oF + 44 F -

- S| | s - -

N S ™ 5 I 3 — -
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Uniqueness of Heavy Flavor Quarks

u My mq Aqcp m. m, MeV
| | | | L

1 10 102 103 104

Tc 7-QGP

M., >> Aqcp  @menable to perturbative QCD
m., >> Tqcp Predominately created from initial hard scatterings

“Brownian” motion \

Diffusion Equation

I _pop (X*(D) - (X)) ~

\ gt X

D or Ds - spacial diffusion coefficient

- used to reveal medium substructures

- €.0. RT kgT
KMQ >> 1, Mqg>> gT D= N 467na - 6mna j

fffffff
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Anisotropy Parameter,v_/n

D Meson v»

~

rrreernr
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DO v, Compared with pQCD Calculation

o
—

oD’ OA
AE  OKg

STAR Au+Au |5, = 200 GeV
10-40%

;ﬂ@%&g§m§@§§$$
& i

""""""""""""""""""""""""""""""""""" pQCD c-quark
1

| | | 1

o
0%

0.5 1 1.5 2 2.5

(m_-mg) /n_(GeVic ?)

0.35

0.25
0.20}
0.15}
0.10}
0.05
0.00"

A
‘m

LT

0.30F

LI — o rere ettt
—— Strong  pp-pb, 5.02TeV, 30%-50%

pQCD c-quark (b=7fm):
R. Rapp & H. van Hees, arXiv: 0903.71096
S. Liu et al, PRC 99 (2019) 055201

= = D-meson,HRG =~ '~ " ' 7 ]
== c-quark, QGP, Qq+Qg T-matrix, U-pot. -

c-quark, QGP, Qq+Qg T-matrix, F-pot. 1
=+ =c-quark, QGP, pQCD with o,=0.4 i

L = c-quark, la

 pQCD calculation and T-Matrix with F-pot. cannot reproduce the data
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Quantitative Measure of QGP

approximate range of by LHC ..... MART! | o 'M'CGmLA.MYLE
maximal initial temperatures 6 = HI-BW » - GLV'CUJET';
probed by RHIC 5 28 HI-M :
MH 4 - e .
&b
3 -
2 :_ WAOOOOOOONNN -l
1 . 3 <Au+Au at RHIC, 1
4N/ Te(DL _Pb+Pbat LHC, |
0 #A_ M M IR 1\. MR B : 1]
0 0.1 0.2 0.3 04 0.5

T (GeV)

(’) ; I I I | I I I I I I I I I I I I

E 20 |- B Lattice QCD |
| = B o Ding et al. ]
Al : ® Banerjee et al. :
| A Kaczmarek et al. _
15 [ =

10 -

5 |

O |

~
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27nTD, vs. 4rnls

2xTD: Y. Xu et al, PRC 97 (2018) 014907 n/s: J. Bernhard et al, Nature Physics 115 (2019) 1113
8 | ] | ]

i Duke Bayesian

2rnTD, or 4nv/s
|

4
2 I
i Quantum Limit
0 | . | . |
1 1.5 2
I/T ¢
rfr>| A charm vs. bottom universality? momentum/temperature dependence?
]
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D9 Meson Raa/Rcp in A+A Collisions

....... T

1.5 Au+Au |Sy = 200 GeV

B ! ! ' ! ' ! ' !
1
Au+Au \'s,, =200 GeV z
i 0.5
B ® ©D°0-10%
S |
I - 1.5

Rep (/40-60%)

]
o
3

I

e Raa(D) ~ Raa(h) at pt > ~4 GeV/c
- significant charm quark energy loss in the QGP medium
:'—:‘\”l ‘.ﬁ‘ - Importance of radiative and collisional energy loss
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0.4

T (GeV)

S
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DO Radial Flow

0.2

Au+Au \s, = 200 GeV Central AutAu sy = 200 GeV

0.3

< ‘ e

°
—o-
*
-0~
T, (GeV)
=
N
' I
<,>'
W

60-809
o ® 0-109,
o-D°
0.1~ ) ©o OO0
< n,K,p 0-59
— 0
K AS)A = QDI IJ/W l 0 1 | 1 | 1 | ] | 1 | 1 | L
2 4 0 01 02 03 04 05 06
Mass (GeV/c?) (B) (c)

e T-slope parameter (expo fit to mt spectra) follows the similar
trend as other strange particles
e Similar to multi-strange hadrons, D% mesons kinetically freeze
out earlier than light hadrons
- collectivity from partonic stage interactions

CFNS Workshop on RHIC Science Informative towards EIC ~ 5/24-26, 2021 X. Dong/LBNL

40



DO vo Compared with Models

. ® STARD’ STAR Au+Au |s,, = 200 GeV
S . —— TAMU c-quark diff. 0-80%
o I TAMU no c-quark diff.
D 02 .
) | — = 3D viscous hydro
& i
©
| -
©
al
> 0.1
Q
@)
=
e)
12
-
<< 0
B 1 | 1 l 1 I 1 I 1 l 1 l 1

STAR, PRL 118 (2017) 212301

e | arge DO vz ordinated from charm quark diffusion in QGP
e 3D viscous hydro consistent with D9 v2 data up to 4 GeV/c

S

/—\ /\
rrreerr
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D+ and D*+ Productionin Au+Au Collisions

+ -+ _+ * 0 -~
DY - K xn'n DT D%t —> Kata*
o 1.1 DIE - 1.6 —m——————pr-yr——v—oroo e ——
Q _t STAR Preliminary —e— 10-40% 0*/0° ~Yimad ] L .
0 —e— 40-80% D*/D° -*Q 14 F Antin @ 20‘"}"‘" STAR Preliminary ]
v e N (Y —4— 30-50% D*/D° ALICE 5.02 TeV iRk i ]
08" Vo= — %~ 60-80% D*/D° ALICE 5.02 TeV 12 F —#— ALICE, 0-10% Pb+Pb @ 5.02TeV .
e , PYTHIA8 - —}— PYTHIAS (STAR-HF Tune) 1
0.7F- B i
- | M M N
N I s T E -~ t = z 0.8
- r (22 e T \ I P
0.5: 6 i A= +ﬁ“%ez L 0.6 F
gl ALY s 1|3 wees :
= ‘ 0.4
0.3F — -
0.2F- 0.2
= | L1 1 , . .
i 1 2 3 4 5 6 7 0
2 4 6 8 10
pT (GeV/C) P, (GeV/e)

~

/\ /\
rrreerr

e D+/DO. D*/DO ratios consistent with PYTHIA model calculations

* No significant modification to charm-light meson production in
A+A collisions
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D} /D" Enhancement in Au+Au Collisions

- Au+Au |s . =200 GeV (a)

N ! cn < " @ Au+Au, 0-10% 0-10%:
3 _ (1);20%‘)% '8 GeVic D 0.8 | O AutAu, 10-20%  -.-.- Tsinghua (seq. coal.)
@© 1000 (- ’ Ty | —PYTHIA p+p . Catania (coal.)
> . Q 06 |- He,Rapp, 0-20%  —— Catania (coal.+frag.)
(o0} - Qo — — Cao,Ko
@ i = |
o . @
%) 500 | +
= !
8 ¥ .
O i A - s\ = 200 GeV  (a)
| ! | | | i —
0 1.85 1.9 1.95 2 2.05 0.8 _0 Au+Au, ---- Tsinghua (seq. coal.), 20-40%
Invariant Mass M., . (GeV/c?) ~ 7| OAUtAU, —— Tsinghua (seq. coal.), 40-80%
OQ 06 - PYTHIA p+p
+ 0 . ' s . 09, | | —

o D /D" significantly higher than '§’ 04 Eﬁ _ 5‘_, @
fragmentation baseline calculated from SO S T
PYTHIA < 9ok ————————— T T

- (b)

e Models with coalescence hadronization 2 3 4 5 &6 7
+ strangeness enhancement Transverse Momentum P, (GeV/c)
qualitatively reproduce the data

/—‘\l A STAR, arXiv: 2101.11793
frrreeer ‘m
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(dN/dy) / (dN_/dy)
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Statistical Hadronization

n; —

d;

27T2 m?THKQ(

TH

'
N

Feeddown contribution to Ac

direct production

{

—

4#
e ——— _
| |
10 10°
sy, (GeV)

A. Andronic et al., arXiv:0710.1851
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re D+/D° D**/D° D¥/D° A}/D°
PDG(170) 0.4391  0.4315  0.2736  0.2851
PDG(160)  0.4450 0.4229 0.2624  0.2404
RQM(170) 0.4391 0.4315 0.2726  0.5696
RQM(160) 0.4450 0.4229 0.2624  0.4409
M. He & R. Rapp, PLB 795 (2019) 117
SHM: A_/D° ~ 0.25-0.3 (PDG states)

However, ratio can be doubled when
including charm baryon resonances

- existence of unmeasured charm baryon
resonances supported by Lattice QCD

calculation
A. Bazavov et al, PLB 737 (2014) 210
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DO vq4 - New Insight to sQGP Properties

S. Chatterjee & P Bozek, PRL 120 (2018) 192301

D-meson v1 sensitive to

x0

© e geometry tilt of QGP source
« HQ diffusion coefficient D (T)

Hydro model
Y y = D JET
T ' T _ T
[ A D,D Ay o T
1.2 i o T15 il
£ m°\° ot Oy o< T .
:clj - il s ¢ = Ié' 1 — —
g [ ¢« * . ~— TF 4 E
“osf- o ¢ . . S _g’ N .
- . AMPT simu © i ov ]
0.6; b ¢ ‘\_I,_,_/
=ailN é Au+Au 200 GeV 0-80% charged particles
i =3 ¢ + dv /dy(t) / dv /dy(t=15 fm) 10_1 3 Dat <]T>v =
: ; =Y B (b) :
021 e o —4— Vy(t) /v (t=15 fm) - O nydaro ]
: i + raaal 1 1 " B A A | 1 1 L
of-¢ * 2 3
e o 10
time (fm/c) s Gev
NN
:r—n\n| ‘.ﬁl X. Ju, DNP 2013 S. Chatterjee & P Bozek, PLB 798 (2019) 134955
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Bottom Suppression at Low pr

STAR Preliminary + 1.6t (a) |

Au+Au SNN=2()() GeV

0-80% + P Y S — DUKE c—e

(c+b)—e

Phys. Rev. C 84, 044905 (2011)|_

lllIlllIlllllllllll!lllllllllllllllIlll
lHIHIhI”IHIH!Ht”IHIHIhl”l“

$ $ 2% Null hyp. o DUKE

3

1l RN Y [N
-— | T
N

o> JTIL AL

A
NORRITE AR 7 R
o > “...'."""‘..."..'.'. P i niny,
.',.-‘ ML LLLCTTET PETTS
o
O
Ry |
- I IR I e Yy e M s s 9 Ao . s . e A ™M O o WP ' DR N T R D AT .
1

) 4 6

8
p. (GeVic)

STAR QM19

rrererer

4

5

6

pT [GeV/c]

7

PHENIX, PRC 93 (2016) 034904

e RHIC: Raa(es) < Raalep) at 3-8 GeV/c (30)

Evidence of mass hierarchy of parton energy loss

A
‘m‘
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Charm Hadrochemistry

o 07 .
. é - e+p _
fragmentation measured in ee 8 06 1 | ]
16 L e L B B L 5 E l I I : E
14 | ﬁ% 1 BosfE I =
212t 2 % curo ¥ %% ) E 0, 1
- ’ — - —_
" A A BELLE ] % 804 fle=>Db") 1
% 10 & A - £ - e f(c—>D") 4
5 2 3 C ' : I . fc—=Ds) 1
g o S 8 02 [- 1 i o e A)
Q4T . Wierm ] . :
, : A%ég “A .‘A‘ 4 A“ﬁ 65 : 0.1 - ‘l I ‘I | I ]
: . 5 1E ! | -
: éﬁfgz ol * e - ! : I N .
060102 03 04 05 0.6 07 08 09 1 o= D wh @B % -
xp=p/pmax HZEE:ASII I-?EEI;.J/?I HZEEFlIJASI i
PDG 2018
ZEUS, JHEP 1309 (2013) 058
r 5 N
+ + +
o.=D"+D"+D;+ A, +cc
o o o o
60.8% 24.0% 8.0% 6.2% Lisovyi, et. al. EPJ C 76 (2016) 397
" .
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Total Charm Production Cross Section

Charm Hadron

Cross Section do/dy (ub)

DY
D+
Au+Au 200 GeV Dt
(10-40%) :
A+

Total

p+p 200 GeV Total

41+ 1 x5
18+ 1+ 3
1515
78 + 13 + 28*
152 13 £ 29

130 £ 30 £ 26

* extracted from 10-80%

* Total charm cross section follows ~ Npin scaling from p+p to Au+Au
* However, charm hadrochemistry changes considerably!
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Theory Uncenrtainties

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

EMMI Rapid Reaction Task Force - R. Rapp et al., NPA 979 (2018) 21
Jet-HQ Working Group - S.S. Cao et al., PRC 99 (2019) 054907
Raa of charm quark in a static medium p= 10 [GeV]
1T —— E—— E— e E— m— m—
=== Duke 20 -
T =300 MeV (tune 1) === LBL-CCNU |1
12k — — Catania QPM | | 1 Linear. Boltzmann
21 | Catania pQCD | :
{ |=—=TAMU _ 15 - mproved Langevin
L“ I e Frankfurt PHSD
09 _’\ t=2fm | Nantes col.+rad. ||
< : ‘ " Nantes col. - >n TD 8 T3
. - ] S = 3
~ :\\\ ..,.-A"“"M’“‘“ t=4fm I: 10- 4(p —0)
0.6F Q™ - O
a""”“*
03} Nymanr - ok
- \/—
006200 10 20 30 01— - - : :
pr (GeV) pr (GeV) 0.2 0.3 0.4 0.5 0.6
all models in their full calculations T [GeV]
r duce experimental Raa
r,,,”,\| ‘,ﬁ S.S. Cao et al., PRC 99 (2019) 054907 W.Y. Ke et al., PRC 98 (2018) 064901
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Heavy Flavor Program at RHIC

2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 2022+
RHIC HF Phase-I Pp CME BES-II HF Phase-ll
LHC | LS1 Run-2 LS2 Run-3

Next generation MAPS pixel detectors: [ITS2@ALICE, MVTX@sPHENIX
Precision open bottom
Heavy flavor baryons and correlations

\/SNN =5.02 TeV pp + PbPb
—~ T T T | T T T | T T T | T T T T T T
- ®  Charged hadrons N — SPHENIX Simulation i
or E MS y (p; <50 GeV), 0.2 nb” o B Au+Au |5, =200 GeV, 240B MB i
e rojection (p; > 50 GeV), 10 nb™! o - -
T [ m ] D°(p; <20 GeV),0.2nb" % 1.2 —B-meson A
L _ P\ =
s of D° (p; > 20 GeV), 10 nb” S _ e D° from B
<L & B, 10nb’ - A -
1: *  Non-prompt J/p, 10 nb™ =3 - —®- D-meson
- a 0.8
&) it
cr::E 0.8 : o B
T 06/ N\ e
0.6/ A N PO 3
. 0.4 =1
0.4 B |
N ] 0.2
0.2: Centrality 0-1000/0 O: 1 1 1 | 1 1 1 | 1 1 | 1 1 | 1 1 1 |
_I L 11 | | | I I | | | | | I | | | | 1 1 O 2 4 6 8 1 O
~ 0 )
A 1 10 10 Transverse Momentum [GeV/c
rr/r:r\rrl ‘ml pT (GeV) [ ]
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Pointing & Vertex Resolution

DCA, o Resolution (ULm)

I 1 L] L] I L] L] I I 1 L) I I

GEANT4 $ Oanct

1<n<2

All-S1 Detector ¥ 2en<3

= = Det. Matrix n|<1

>

L PYTHIA+GEANT4
50 [ ALLS1. IXEt@CEOL. .5y s

S

-

-

-

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

10 um pixel, X/Xo =0.3% :
S SN I~ b 2 13 T €72 VA

Q2> 1 GeV?2

W
-}
u‘ll!lnlullnlllnlu!nllllllln!nluln

Vertex Resolution (m)

I Y (O R AR A SR

: : - gﬂF
NSO oAy, g T g

flavor events

LU LI

S

frreeeer ‘m

..
P l
~~
(-
oo

| S i

5 10 15 20
# Tracks 1in Vertex Fit

Track P, (GeV/c)

All-Si tracker pointing resolution: o, ~ 25um @ 1 GeV/c (|n|<1)
- slight/anticipated degradation at higher 1

All-Si tracker vertexing resolution: oy, < 20um for HF events

- Satisfying experimental requirements for reconstructing charm/
bottom decays (c7 ~ 60-500 um)
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fFrrorrnrnr

1.2

1.1
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0.8

0.7

EMC <-> Short-Range Correlation

o SLAC
= JLab Hall C
-= This work

| | I

0.2 0.4 0.6 0.8

EMC effect at large x <-> SRC-np

A
‘m

Proton

Neutron

%
\

\
Nucleus

° (x,Q%)

3

(Ra°(x.Q%)-1) /a}

charm -> gluon probe to SRC

@?*=10 GeV?, /s =10.95 GeV

110}
105}
1.00 |
095}
0.90 |
0.85 }
0.80 f

0.02
0.01}
0.00 |
-0.01}
~0.02
-0.03 }
~0.04 |

X
J. Xu and F. Yuan, PLB 801 (2019) 135187
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Hadronization and CNM

Charm hadrochemistry Cold Nuclear Matter Effect on

L Auce | light/heavy hadron production
—e— pp, Vs =5.02TeV
B ——— PYTHIA 8 (Monash) 4
-------- PYTHIA 8 (CR Mode 2)
- woeeoo HERWIG 7 .
Catania, fragm.+coal.
M. He and R. Rapp:
~——— SH model + PDG
SH model + RQM

1D°

A

0.5

.
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.
.
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T
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. e —— e et -
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P, (GeV/c)

STAR, PRL 124 (2020) 172301

H. Liu et. al., 2007.10994
|6" PYTHIA -~ Catania 2.0 T y T T 2.0 . . r . , r
3 2 — — Tsinghua n"at5 GeV (e) x 40 GeV (A) D" at 5 GeV (e) x 40 GeV (A)
% 1sp  2GeV<pr<3 Gev — —2<<0 | sl 2GeV<pr<3 GeVv — —2<n<0
< TN Au+Au, \s,,, = 200 GeV ' --- 0<n<2
+ 1 5_ / \ -~ r 00 oy;gg;= A MA<PDP<G 1 |} ammm_———— 2< <4
+<o VZ + \ N ’;;;========I-n.e°._~ n
= S \ < W]
1_/’_ Tl . \ Q:
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DD Pair - Probe Gluon TMDs

Quark Polarization

Charm hadron palr In transverse p0|arlzed exp Un-Polarized Longitudinally Polarized  Transversely Polarized
- gluon Sivers functions © ™

R L el O
& -0

h,=
L

Charm hadron pair in unpolarized exp.
- linearly polarized Boer-Mulders function

Transversity

,:j T fﬂ“é - @ h, =® - é)

Sivers

do'(pks, kr) — do*(¢rs, kr)

Aur(drs, kr) =
’ doT(¢rs, kr) + do¥(dks, kr) pLo 2)| | ges—+eQ@
ANF (k) g | (=p1)| |B;
g/pt\Z; KL |<cos 2¢T>| — Ve 7 5 00
) € €
2fo/p(@, k1) L(@Pr) A
_g 0.12 l<cos 207> |
/\ = 10% pos e 01 +
\ E | charm quarks
-+ 11 = 0.08 1 0’= 100 GeV?
. | Q’=10GeV? - ---
—.2 0.06 | Q%=1 Gev? -]
Neark e
- 0.04 -
— 10% pos E
parton level \_/ —: 002 U 77 AIQ=M -
e T 0(;'....0.5,....1....1.5.....2..,.2.5....3
N s Lrad] ar 1GeV]
r””r}l ‘,’,} L. Zheng et. al., PRD 98 (2018) 034011 D. Boer et. al., JHEP 08 (2016) 001
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Projection on Gluon Sivers Function

PYTHIA6 Simulation

wU.I_ T T

! ! ! T ~_ U.I
@ : 2
€ [ - initial gluon e+pl18x275GeV. 1 & I initial gluon e+p18x275GeV
=S ccbar P . 5 - ccbar P
< I i ] < o .. N
0.05~  , ppbar S 0.05~ ., ppbar U & N
PYTHIA6.4 e . - PYTHIA 6.4 & T ]
Of.. . OF N
- 5 — -
R Se— 4
N ] [ e ]
-0.051 e 7 0<p.<10GeVic — -0.05— a7 0< p, < 10 GeV/c —
- i - e ]
i | Excluding events where photon splits to c-quark pair and
L L one of the c-quarks scatters off the gluon il
—_ -0.1 D e
-2 0 2 s B s

* PYTHIA simulation shows a small impact on
DD angular correlation

- larger dilution due to process selection - under
investigation

e same input asymmetry assumed as in L. Zheng et
al., PRD 98 (2018) 034011

S

A
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AP I84275.GeV. —_— _—
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Kinematic Distributions

D? Momentum vs Theta (10 fb™)
pla)—

+“—e

|||. 1
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S e
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B— D” Momentum vs Theta (10 fb ')
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Similar for J/¥—u - —_
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g _ 5 |
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Impact of Pointing Resolution on D° Significance

o ~ 20um @1aGevrc o ~ 30um e1Gevrc o~ 10um e1Gevic
pT>OGeV pT>0GeV pT>OGeV
— ] " T T "B T T T T T T T ] LA % —_—
#D’ = 7536 . : #D° = 7199 j _ #D’ = 8936 .
3000' S/B =0.414 ' : S/B = 0.361 i 3000F S/B = 0.560 )
s/Ns+B=4697 | 300 S/S+B=43.71 ] . S/S+B=56.65 -
bﬁ‘ - ] _ .
2000F ' :
. : yq 1000
] . . . | . . . | . . - o 2 L | : L : | L : L ) 1 L 1 | L 1 1 I 1 1 L
1.6 1.8 2 ¥ 1.6 1.8 2 2.¢: 1.6 1.8 2 %.2
M, [GeV/c?] My, [GeV/c?] My, [GeV/cT]
DO significance -10% +20%

- vertex res. assumed to be 20 um
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Full Simulation with Fun4All

P
All-Silicon Detector Concept y Y
10 pm x 10 pm pixel devices - Q |[K ||R |[43.28
| |T s |8 (|2 |[S || cem
X /X0 per layer - .
— :
Beampipe r=3.1 cm 3
B=30T :
A
Outer barrel r = 39, 42 cm ‘[ ‘[
z=25 49 73 97 121 cm
0.25
50 0.2 ===+ beampipe
Z<_/ = barrel
= forward disks

% 0.15 backward disks

C Al support

9 = Total

_(S 0.1—

[

©

© 0.05
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Topological Reconstruction of Heavy Flavor Decays

pT>OGeV

50000F T T3
- #D° = 18908
S/B = 0.047

S/S+B = 29.07

45000+

40000-

- KnPID EIC
35000 Detector Matrix
1 ' - No Verte}dng 1
! :'I i \\ D’ Decay detail 1 6 1 8 2 2:
DCA}jl,\\ lH 6 /}\
DeAts” POAS HEH bt 1
Primary Vertex - y '
I #D° = 8496
e — - 3000: S/B = 0.482 .
1.0<p, <2.0GeV 1 1.0<p_<2.0GeV
T q [ ’ : S/\S+B = 52.58
-‘\. Signal 2000
Background R :
] 1072
\\ i“h F
G‘;f t bt 1000F knPiDEIC
mﬁ . Detector Matrix
LSRN VORIRNg |
2 1 & f:
OO decayLen899r? [ rr(\)]0 cos(6,,) 16 18 2 2.c
M., [GeV/c?]

Moo
| Ill‘
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ALICE

Specifications

Parameter ALPIDE (existing) Wafer-scale sensor (this proposal)
Technology node 180 nm 65 nm

Silicon thickness 50 um 20-40 um

Pixel size 27 x 29 um O(10 x 10 um)

Chip dimensions 1.5x3.0cm scalable up to 28 x 10 cm
Front-end pulse duration ~ 35 us ~ 200 ns

Time resolution ~ 1 us < 100 ns (option: <10ns)
Max particle fluence 100 MHz/cm’ 100 MHz/cm’

Max particle readout rate 10 MHz/cm’ 100 MHz/cm?

Power Consumption 40 mW/cm’ < 20 mW/cm? (pixel matrix)
Detection efficiency > 99% > 99%

Fake hit rate

< 107" event/pixel

< 10”7 event/pixel

NIEL radiation tolerance

~3x 10" 1 MeV ne/em’

10" 1 MeV neg/cm’

TID radiation tolerance

3 MRad

10 MRad

M. Mager | ITS3 kickoff | 04.12.2019 ||

~

rrererer

A
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Benefits of Ultra-thin Fine-pitch MAPS Detector

807
E. Sichtermann: eRD25 report
T ol A larger beampipe leads to worsening of
= . g .
z pointing resolution
g - high mom region can be recovered
g 407 : . .
2 with smaller pitch design (10x10 ,umz)
b - low mom region can only be recovered
5 > with ultra-thin detector design (0.05%Xo)
0 .
0 2 4 6 8
Momentum [GeV] o g 60:— ———@——  3inner, 2 outer, New BP, ITS2, 20x20 pm?
é E 2 inner, 2 outer, 1 time-stamping, Old BP, ITS2, 20x20 unv¥
g 50—
: A 8’3 E —— 3mner,20u!er|NewBP, ITS3, 10x10 un? |
: r { £ a0 10 pm pixel, X/Xo = 0.05%
New Configuration: qé :
(EICroot event display) @ -
% 5 30— .
e g r full sim.
i 20 H. Wennlof
10—
: 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 J 1 1 1 1 l | !
0

§

19
u'v %

%
o

~ 2 3 4 5

Momentum [GeV/c]
f(reeeer ‘M
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Low-prt Cut-off and D* Reconstruction

%k %

Dt - D%t c —= D (~24%)
£ C 1 T 1 I ]
= N ¢ Pseudo-Data
A2000 — Pseudo-BKG
O _ o 4 Data-BKG .

10000 — 1 —— Truth Signal -
8000 .
X c./p ~ 10% for slow pions 1
6000 - p'P ° P -
- pr>100 MeV/c .
4000 |8 =
2000 ' ‘
0 e :
0.14 0.16 0.18 0.2 0.22
m(D’1t*)-m(D°) (GeV/c?)
© 2000 ¢ : I =
Q - * -
§ 1800 3 —p* E
% 1600 E_ - Do —E
5 1400 £ E
7 1200 =
1000 e
800 F- =
600 - =
400 :
200— Scaled to 10 fb- E
0 o 1 1 1 | L L 1 | -
. 0 2 4 6
Py (GeV/c)
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pr th.
0.2 GeV/c

e D'+ can be a viable channel

* Inner vertex layer optimization
- a third layer for redundancy +

low pr acceptance
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Kinematic Distributions

e+p 18+27/5 PYTHIAGA4
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Inclusive Charm -> Gluon nPDF at High x

Pb _ rPb 2 D 2
R,” =1,"(x, Q)/f,(x, Q%) E. Chudakov et al, 1610.08536

E.C. Aschenauer et al, 1708.01527 2 ———r—rrrry —
present uncertainty EPS09

with EIC F,(charm)
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Detector Resolution Parametrization for Physics Simulation

Momentum Resolution (DM) Pointing Resolution
n Region |Resolution (%) n Region |Detector Matrix (um) | Stringent (xm)
_3.5< n <-2.5 0.1p & 0.5 -3.0< n <-2.5 30/pT @ 40 30/pT @ 10
25<n <-2.0 0.1p® 0.5 -2.5< n <-2.0 30/pr @ 20 30/pr & 10
-2.0< 7 <-1.0 30/pr @ 20 25/pr @ 10
-2.0< n <-1.0| 0.05:p & 0.5 1.0< 1 <1.0 20/pr & 5 20/pr @ 5
-1.0<n <1.0| 0.05-p & 0.5 1.0< 1 <2.0 30/pr & 20 25 /pr @ 10
1.0<n <2.5 | 0.00.p & 1.0 2.0< n <2.5 30/pr @ 20 30/pr @ 10
25<n<35 | 01p® 20 2.5< n <3.0 30/pr @ 40 30/pr & 10
3.0< n <3.5 30/pT @ 60 N/A

PID criteria follows the Detector Matrix table guidance
(K/7r 30 separation up to 7 GeV/c within |r]|<1)

 Charm and bottom reconstruction using fast simulation smearing of PYTHIA 6.4 output

* Momentum and pointing resolutions taken from detector matrix page as baseline
- A more stringent pointing resolution also used for comparison
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Validation of Fast Simulation w/ Fun4All
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< Fast simulation reproduces all topological distributions and DO efficiency !
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