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Why Heavy Flavor?

arXiv:1309.7616 QGP and :::r:r:ieczgh:::

hydrodynamic expansion

initial state

 Large mass - predominantly produced in initial hard parton
scatterings.

* Long lifetime - experience full evolution of medium produced In

neavy-ion collisions.

 Mass hierarchy:

- Comparison of QGP-guark interaction for light flavor, charm
and bottom may allow detailed study of collisional and
radiative energy losses within medium.

- Thermalization in medium is mass dependent. Are charm and
bottom thermalized?

pre-equilibrium

“Glasma” Hydrodynamics Hadronic gas
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STAR Detector

Time Projection
Chamber (TPC)
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Full azimuthal coverage
Uniform acceptance for -1 <n<1



Time of Flight

(TOF)

- Full azimuthal coverage
- Uniform acceptance for-1<n<1

STAR Detector



STAR Detector

Barrel
Electromagnetic
Calorimeter
(BEMC)

S B 4 s : 18 re electron sample (conversion)
o Au+Au 200 GeV

Like-sign
—+ Unlike-sign

electron Eo ~ 0.8
hadron Eo~ 0.5

Eo is highest tower
in the cluster.

Ry |

Full azimuthal coverage
Uniform acceptance for -1 <n<1



STAR Detector

PXL: 2 layers of silicon pixel (MAPS)
- Low material budget, 0.5% * X0 (2014)
- Excellent resolution
-+ Pitch 20.7 ym x 20.7 ym
- 2.8 cm and 8 cm from beam
IST & SSD: Silicon pad/strip detectors
- Fast signals to remove pileup
- 14 cm and 22 cm from beam
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In use: 2014 - 2016 (R.l.P.)




b/c—e in Au+Au 200 GeV
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The improved track pointing resolution with the HFT allows use of
DCA to separate individual contributions to inclusive electrons.
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b/c—e in Au+Au 200 GeV
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o 1 2 3 4 5 6 7 8 9 10

Conversion Radius [cm]

Photonic electrons from Dalitz decays and gamma conversions.
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b/c—e in Au+Au 200 GeV

Courtesy '_?\ [ T | 1 1 I 1 1 I 1 1 I 1 1 I 1 1 I 1 1 I L I 1 1 I T 1 ]
Kunsu Oh X 5107 =~ AutAu |5y =200 GeV 0-80%  ° ¢ Inclusive e E
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| Secondary % [ mi<07  D—se i
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B or D \ = t o i
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Hadron contamination is primarily from pions misidentified
as electron candidates.
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b/c—e in Au+Au 200 GeV

Courtesy
Kunsu Oh

|| Secondary
A Jertex

5 s
Y

B orD \

Primary Vertex ﬂ

These inputs, along with
floating contribution
parameters, are used to
fit the data.

SFJHF 17

‘:\ | | | | [ | | [ | | [ | | [ | [ | [ | | [ | [ | | | ]
5107 = Au+Au |5 =200 GeV 0-80% ¢ Inclusive e =
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<06 I — Photonic e —
QIO = STAR Preliminary T =
A - i — Hadron contamiation
— B — Fit result ]
7 s
1 — g
=0 E =
10% ==
103 — _:
=N I B IR IR AN U RN RN
E1sE X /NDF 61/48 E
g %ﬁf + Ty
a 1 '+’$—+—_f_ ‘+"+'—'¢—_’_ —0-946%, 20000000, - .’*O‘—O—FP_;_*‘ —'$=+ '+‘ --- %*{
-01 008 -0.06 —0.04 -002 0 002 004 006 008 0.
DCA, (cm)
Zachariah Miller 11




b/c—e in Au+Au 200 GeV

T T 17T 17T 17T 17T 17T 17T 17 177177 T rTrrrrrryrrrrTr T r T T T T T T T T
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12~ STAR Preliminary Au+Au @ 200 GeV —
@ STAR Au+Au HFT 0-80 % i
1 @ STAR p+p e-hadron correlation ]
~ — PHENIX Au+Au VTX i .
08 roNLpw s * b—e ratio shows enhancement
+ _ e :
z 06 + | + g ~ relative to p+p measurement at
0'2__ + (STAR) p+p: Phys. Rev. Lett. 105 202301 (2010) _|
B 4¢_ PHENIX: Phys. Rev. C. 93.034904 (2015) |
e | 1 F(TNLL: Phys. JRev. Lett. 95,l 122001 (20105) i B
’ 1 2 3 e4(G V/§ 6 7 8 B—e Au+Au(data) inc. e
P R, = R “(data)
q T - Bse |
E< : DGLV Rad. dN/dy = 1000 Au+Au @ 200 GeV : f + ( data )
~—— DGLV Rad+EL 0-80%(<N_ >=291) | p+p
15l — MinHeetal. & 2""13 ] .
. - Collisonal dissociation. ~o— Hun . —>e
-= Gossiaux et al. :A-WAU N::' u:cer' RD—)e_ I _f A“'*'A”(data) inc. e d
o ] VS P 14 (data)
‘ I-f, . (data)
p+p
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b/c—e in Au+Au 200 GeV
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-« Gossiaux et al I Aurhu Ny, uncer. ] !
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e (Consistent with mass hierarchy of
energy loss (AEc > AEp)

0:_ STAR Preliminary

3 4 5 6 7 8 9
Electron from HF decay Py (GeV/©)
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b/c—e in Au+Au 200 GeV
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t_ - |+ Competitive precision compared to
ALICE measurements in the same pr
ranges.
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3 4 5 6 7 8 9
Electron from HF decay Py (GeV/©)
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Non- prompt DO Production
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 HFT significantly reduces background.
e Use DCA fitting to find B—DP0 from secondary vertex.
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Non-prompt DO Production

20_15 | I ! | | I | I | I | l | I | I |
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E = : (2);)2—(6)(()70% FONLL: Phys. Rev. Lett. 95, 122001 (2005) _ | 0-10% m ® B—D ’ (0-20 %o/F ONLL)_
5 e 0.80% p+p: Nucl. Phys. 4931, 520-524 (2014) | O @ inclusive D .
< R i ~ -- DUKE: B—D 1
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O lllllllllllllllll IIIIIIlIIlIIIII[IIIlIIII|III]|IIII]IIIlII
0 2 4 6 . 8 1 2 3 4 5 6 8
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 No observed centrality dependence
B—D' incl. D’ Is '
pimr_ 1 Sawsa X dNiiai /dpy or the non-prompt DO fraction.
AA B’ .
Near> dNroni/dpy * Hint that non-prompt DO sees less

suppression than inclusive DO,
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Non-prompt J/W Production
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e Extract the J/W signal then calculate the pseudo proper
decay length.

e Template based fitting to lyw distribution is used to
separate the contributions.
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Non-prompt J/W Production
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0.1 —E i $
005 : : 0
° | é T ‘11 T é T é . 1:0 02 FONLL B—J/ i $ |
pT (GeV/C) 11| lil 1 1 lzll?r?clerrallnltylil 1 1 | I 111 | l | - I | I L1
3 > 6 pZ(Ge\?/c)
B data) * Observe strong suppression
B—J/ u+Au inc. : L
Ri™'=——~ i "(data) of B—=J/W at high pr. Similar
Jpe~(theory) trend for Raa as DO,
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N\c and Ds Motivation

STAR arXiv:nucl-ex/0601042 (STAR) Y. F. Zhang, J. Phys. G38, 124142 (2011)

Ko model : Y. Oh, et.al. PRC 79,044905 (2009) 25 H. Min et al. PRL 110,112301 (2013)
Greco model : S.Ghosh, et. al. PRD 90,054018 (2014) ~1 i 4 . ’ i ' ) v N v ) 0
T T T T T [T T T T T[T T T L (a) T m STAR,D
® i | ] : 7/ ‘. - — -c-quark -
9 (ptp) 1 +++ (AMA) 1 Ao ] 2.0F ’ \ — . Dqt T -
5 L R LT | ’ . atT,,
o 15 1 % + S+ i . \ 1
| | ‘ Lo - » . =——D,atT_ ]
cC + 1 Ko di-quark i 1 5:_ * s c -‘
2 |, ST B o . == hydroD,
o | o2ue ® I I - '
1 o 1 1 - ]
- | ¢ .. T 1 . Ko: three-quark E 1_0
g ° [ ] ® : : Q 60- 8()%¢¢¢ ¢ + $ : ¢ (0-5 %) ».,...f,f,;:‘:::. : : v
G 0sf oooo%%OOO o *eef Q $ 1k (Ao/D) . .4
m aoswi 070 C | ﬁ .. Greco 1 05p
NI AR R T [ S S S S S NI S N ftic [ Au + Au, sgrt(s,, )=200 GeV, b=7.24 fm "~..
o 1t 2 3 4 5 1 2 3 4 5 1 2 3 4 5 0.0 — . L
0 1 2 3 - S 6
Transverse Momentum P (GeV/c)
p; (GeV)

* Baryon-to-meson ratio and strangeness enhancement
observed for light flavors. Attributed to coalescence.

* Coalescence hadronization models predict
enhancement of Ds and Ac in Au+Au collisions
compared to p+p collisions.

* Can help constrain total charm vyield.

SEHEAT7 Zachariah Miller



\c Production

1201 Au+Au @ 200GeV 3.0<p_<6.0 GeV/c
" 10-60% —~pKn* + pK'n
"o 100 A — wrong-sign
>
% - V
80
P I + + + #(A.) = 108 = 21
‘?-)’ 50 "_I! Courtesy G. Xie
- S~/ 4 A/ Deca
S | 'Ir-n ..... D | Y
O B TN
40 |- = r Iy “ dca daughte
Z . + g
| STAR Preliminary + Decay Length
20 L ! A, Decay detail
2.1 2.2 2.3 2.5 Y
V/c? ¢
MpKJt (Ge ¢ ) Primary Vertex

* First measurement of /\c in heavy-ion collisions.
* Measured in Act—=pKm" channel (BR ~ 6.35%).
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\c Production
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C ‘ P ' ~,~' _+ Q Q_) D
o L 0-12% o® 1 L] ¢ 1 RS 10-60% | g
o ‘ot o, 1 00°0s0 F i

O ok o, | S I .- 31
2 [ ®e 1 Q ¢¢ ¢ 4) + T Ko:three-quark ': - %
= 00 . | 60-80% | (0-5%) 920
= o ©® ¢ S o g
OOO e} N RS
@) Q@ T NS S
> Q 60-80% 1 § S
® Q 250
m c 1 SHM Greco (/\C/D) ™~ B o
S 3™
@ L~ O
PYTHIA -~ =~
oS o b e =

0 1 2 3 4 5 60 1 2 3 4 5 60 1 2 3 4 5 6

Transverse Momentum p_ (GeV/c)

* Observed an enhancement of A¢/DO ratio relative to PYTHIA
prediction.
» NAc/DO0 =1.3 = 0.3 (stat) = 0.4 (sys)

* Model including coalescence and thermalized charm quark is
consistent with the data.

* Magnitude of the enhancement is similar to observations for light
hadrons.
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Ds and D= Production

STAR Preliminary ( )
400 _Au+Au 200GeV,0-80% __ Riaht-Sian q) 1 020
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: : 15 22 o B
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% ) = D - D*—¢nr*, 0-10%
S . L[ . 8- D"—>¢n", 10-40%/10
* Dt andD=(BR=027%)are 3 | S DK, 0%
. -0 ()
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B (@)
decay channel. d 107 = o
- < B ()
* D= also reconstructed in Knimt S oL o
Channel (BR -0 46%) - STAR Preliminary )
107
Agreement between channels. S T T '
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I T 1 T ] L] ' L] I T 1 T I

o - -
an 1.2 |-STAR Preliminary —@— Pb+Pb(2.76 TeV, 0-10%) —
0 - —@— Au+Au(200 GeV, 0-10%) -
1 | —®— Au+Au(200 GeV, 10-40%)—

i = eelppl/ep average 1

0.8} -l

B ® ® il

06 I =
0.4 a "'E + + } =

| 1 ] | Ly
02 4 6 8 10 12
ALICE: JHEP 03, 082(2016) P, (GeV/c)

* No strong centrality dependence
to the enhancement.

* Ds/DO shows enhancement
compared to PYTHIA and TAMU
model.

e Same magnitude as K/m ratio
above 3.5 GeV/c, but
disagreement at low prt.
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DO Flow (v2)

>3 10 STAR Aushu @ 20 Gev, 00 . faew STAR Aurnhu @ 200 GV
o) i ® event plane method >“ o3l 2 E .,
g 0.01 o correlation method (Shifted) % " o A 10-40% ]
g B I’i‘ a g 02:_ - KS IZE © 2 % ) E _:
D>-. 01:_ $ ¢$¢ i% T $— _ Oai | E nﬁﬁgﬂu%g & . - E
gol i # 15 f =t I
8 | L 18 F =% " :
g O ﬂ """"""""""""""""""""""""""""""""" [ -
0o 1 2 3 4 5 6 7 o 3 4 5 ©
p. (GeVrc) p. (GeV/c)

 Multiple methods for I - . . . —

o S -p) ¢ D STAR Au+Au @ 200 GeV
determining vz agree. RLAL] S 10.40%
» DO follows with mass ordering % ok o mr= R md C
at pr < 2 GeV/c | I stz F o T r
e DO follows NCQ scaling, 005 = 23
. (@) n i
suggesting that charm quarks 5 | & :
may be just as thermalizedas & " | | | e

light flavors.
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L. Adamczyk et al. (STAR), arXiv:1701.06060
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DO Flow (v2)

1 ] 1 I 1 I I l I I 1 l 1 °

- @ STARD' STAR Au+Au @ 200 Gev| Different models:

Snins SUBATECH .
>~ | —— TAMU c-quark diff. 0-80% 4 <+ SUBATECH: pQCD + hard thermal loop
o = TAMU no c-quark diff. - « P.B. Gossiaux, J. Aichelin, T. Gousset, and V. Guiho, Strangeness in quark matter
£ 0.2~~~ Duke-2rTD,=7 -+ TAMU: T-matrix, non-perturbative model with
S | -~~~ PHSD i i internal energy potential
g | — - 3D viscous hydrg i « M. He,R.J. Fries, and R. Rapp, PRC86, 014903 (2012)

— .
o - - N 1+ Duke: free constant Dy, fit to LHC high pt Raa
3 0.1 Y B # — * S.Cao, G.-Y. Qin, and S. A. Bass, PRC88, 044907 (2013)
o i 1 ¢ hydro: A 3D viscous hydrodynamic model
"6 i - 1 » L.-G. Pang, Y. Hatta, X.-N. Wang, and B.-W. Xiao,PRD91, 074027 (2015)
2 | A e T e LT -3« PHSD: Parton-Hadron-String Dynamics, a
< O transport model
i « H. Berrehrah et al. PRC90 (2014) 051901
B | | | | | | N

« LBT: A Linearized Boltzmann Transport model

0 1 2 pT3 ( Ger.C) 5 6 7 * S.Cao, T. Luo, G.-Y. Qin, and X.-N. Wang, PRC94, 014909 (2016)
compare with v2/n.df. p-value
3D viscous hydro - 36/6 0.73
LBT 3-6 11.1/8 0.19
PHSD 5-12 8.7/17 0.28
TAMU c quark diff. 2-12 100/8 0.26
SUBATECH 2-4 152/8 0.06
TAMU no c¢ quark diff. - 295/8 2x104
DUKE 7 375/8 2x10-5
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RN LR e 0'06_I"'I"'I"'I"'I |
0.14— Ausg\u 200 GeV 0-80% . - Au+Au 200 GeV 0-80% B
- @ VT . - oD° * .
0.12} & ¢ 0 & M % — 0'05: N .
- O A - S mT B
: I 7 45 o
0.08} = B
>’ : EEUD D|DD u F 1L
0.06:— vv | + “:' -
nl - Py .
0.04_ O 3 £} .
nl v N
0.02] %Dﬂﬁ‘ .
b B .- : ——
N STAR Preliminary 1 - STAR Preliminary
_ _l ) —— I | I 11 | | I | I | I | - l 1] | | I 1 | | [ L1 | | l Ll | l— e _I | 1 1 I | | 1 I | | | I | 1 1 I | | | I | 1 1 I | 1 1 I | | I—
0'020 0.5 1 15 2 25 3 35 4 45 5 UL 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
p. (GeV/c) (m_-mg)/NCQ (GeV/c?)

0'3_'"'I""I""I""I""III

* First measurement of DO vz at STAR. [ Awavzoocev E

® D° 10-40%

e DO vsis non-zero for Au+Au o2~ SUBATECH 10-20% E
o [ — SUBATECH 20-40% :
collisions at 200 GeV. 0.15)- # 3
« Consistent with NCQ scaling within e # :
0.05/- L ---mmmmmooToooce.
Iar_ge error bars. o | : ¢/$
e Still need more statistics to begin

testing models in detall. | b (GeVio
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sSummary

e Separate measurements of B—2e and D—e Raa is consistent
with mass hierarchy in energy loss(AEc > AEyp).

e See strong suppression of B—=J/W and B—DO0in high pr region.

* Observe significant enhancement in A¢/D° and Ds/DO ratios with
respect to PYTHIA predictions. The Ac¢/DOratio is consistent with
models that include coalescence hadronization and charm
quark thermalization.

DO voameasurements are consistent with models including
charm quark flow.
» 3D viscous hydrodynamic model describes data suggesting

charm quarks have achieved thermal equilibrium.

» Dynamic models describe data well with a diffusion

coefficient 2rmTDs of ~2-5 at T¢, and a temperature dependent
range of ~2-12 within 2Tc.
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Outlook

Already on disk at STAR:

* High statistics p+p data at vs = 200 GeV to improve the
baseline for heavy flavor production measurements.

* High statistics p+Au data at s = 200 GeV to investigate

CNM effects on heavy flavor production.

* Another large Au+Au dataset at vsvv = 200 GeV.

The next few years at STAR will be filled
with exciting heavy flavor results!
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b/c—e in Au+Au 200 GeV

TIIIIIII]IITTTTTTTIIITIIIIII]IITI]IIIIIII < ||||||||||||II|IIII|IIII|IIII|IIII|IIII|II
- - < L .. .
1.2— STAR Preliminary Au+Au @ 200 GeV — =~ . Au+Au \/% =200 GeV STAR Prellmmary 1
B . | ® B—e
_ @ STAR Au+Au HFT 0-80 % ’ - 0-80% O De |
1__ @ STAR p+p e-hadron correlation ] b — ¢ PHENIX .- DUKE : B—e
- —— PHENIX Au+Au VTX . BMic — ¢ PHENIX DUKE : D—e
7 0.8 FONLL p+p S N —
+ B R
$ L + 1 IRVt
Z 0.6 . AAAAAAAA L
<. - ~ -
04— : * - --------------------------- i
0.2 N 4 l / p+p: Phys. Rev. Lett. 105 202301 (2010) —_
- ¢ PHENIX: Phys. Rev. C. 93.034904 (2015) | 02+ ..
_ FONLL: Phys. Rev. Lett. 95, 122001 (2005) _| Ry ¢ uncertainty
0/1/—’1’7171lJJJJJJllJlllllllllllllllllllllllllll IIIlllllllllllllIIII|||||||IIII|IIII|||||||
1 2 3 4G v/ 5 6 7 8 L4 _
¢ (GeV/c s
Py ( ) g 2.1x0.5(stat)=0.3(sys) $ % ®
< _. —T T T T T T T T T T T T T T T T T T T T T T T T T T T T -_ © 2u IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII e
m‘t 2: DGLV Rad. dNy/dy = 1000 Au+Au @ 200 GeV : . S LT é _______________________________
—— DGLV Rad+EL 0'800/0(<Nco">=291) | 0 ! ! . L .
1 5'_ = Min He et al. —+— Run14 _- 2 4 6 8
. — Collisonal dissociation. -e— Run10 1 DUKE: Phys. Rev. C 92, 024907 pT (GeV/ce)
L G . t al * Au+Au N, uncer. .
osslaux et al. .- p+p uncer.

i_ . Generally agree with PHENIX results,
=5 "

| _ though within large errors bars from
of STAR Preliminary : PHENIX at high pr.

3 4 5 6 7 8 9
Electron from HF decay P, (GeVic)
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Ds and D= Production

DY - K nrgt

= Au+Au @ 200 GeV
- imi 2 107
160 STAR Preliminary + %, SRS o —8- D'—¢n*, 0-10%
1405 Au+Au S =200 GeV S L - - D"—¢n", 10-40%/10
120F Centrality: 0-10% ;\>, - - - =~ b'=Ka'n*, 0-10%
®»100 = 3.0 <p_<35GeVic %" 104 | (X D=
S 80 Significance: 11.4 O F " g _
O 60 a 10° ) a
© 40F Z o
20:_ © 108 & =
N +¢+H++ *H% % = STAR Preliminary ]
—20%+ + T + + ++ 107 |
I T | | S| P | P PR IR SR R R R A
17 175 1.8 185 1.9 195 2205 2. 2 s v
.
M, .. [GeV/c?] . _
. ~ 18E D"‘ STAR Preliminary
See strong suppression at < F { AusAu e = 200 GeY,0-10%
: : : S —=— D% 2010/2011
g 14 T —=— D% 2014
high pr, consistent with E e } $ St
suppression seen in DO, T NS I ST ProsneeEyY g
: : = 0.8~ i
Indicates substantial energy & 0_6:_+ ! $3$ T
: S = il =
loss for charm quarks in g 04 0§
2 02:— Ll |
QGP
P, [GeV/c]
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