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Time Scales

e QGP life time
‘“ Freeze-Out .' ’ 10 fm/c ~ 3e 10-23 S

e thermalization time
0.2 fm/c = 71¢10°%°>s

e formation time
(e.g. charm quark):
1/2m. = 0.08 fm/c
~ 3°10°2°s

e collision time
2R/y = 0.005 fm/c
~ 201026 ¢

Plot: courtesy of R. Stock.
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Heavy - flavor: a unique probe

Higgs Vacuum
... Electroweak symmetry breaking
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QCD Vacuum
% Symmetry breaking

10 10°

Total quark mass (MeV)

X. Zhu, M. Bleicher, S.L. Huang, ks, H. Stocker,
N. Xu, and P. Zhuang, PLB 647 (2007) 366.

6/27/2016

Mcp » Agep, Togp + NEW scale
m., = const., m,,, # const.

initial conditions:
S SbE
test pQCD
probe gluon distribution

early partonic stage:
diffusion (y), drag (a)
flow, jets, correlations
probe thermalization

hadronization:
chiral symmetry restoration
confinement
statistical coalescence
J/wv enhancement / suppression
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Where do,gs all the heavy flavor go ?
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Heavy-quark detection

© .
& % K

Amﬂ?@gj . e.g., D> K + r+,
a ct = 123 um

/

C - displaced decay vertex
W is signature of heavy-
o BO0”

%"8’ quark decay

plot: courtesy of D. Tlusty.
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RHIC Amazing QCD Machine: Many Species and Many Energies!

RHIC energies, species combinations and luminosities (Run-1 to 16)

Rachid Nouicer

9 12 15 20 23 27 39 56 62 130 193 200 410 500 510

Center-of-mass energy Vsy~ [GeV] (scale not linear)




What NEW on Open Heavy Flavor? W
c/b separation by secondary veﬁéx

e VIX (2011):
- Midrapidity: |n | <1.2
- AuAu 200 GeV:
~ 60 uym DCAT
A o resolution

o

vertex plane

e FVTX (2012):

- Forward rapidity - 1.2 < |n| < 2.2

- Improved muon momentum
resolution & precise
tracking

DCAg/,

_ FVTX detector

NATIONAL LABORATORY

Rachid Nouicer — PHENIX Collaboration 10



What NEW on Open Heavy Flavor? mm

PN
First Results from PHENIX VTX: b/c separation

PHENIC: PRC 93, 034904 (2016) Bottom and Charm R, PHENIC: PRC 93, 034904 (2016)
1 _é_ FOMLL . 1.68- \ - ic4 b_:l ) -
w— rfold Resull °  Phys, Rev, C 84, 044005 (2011)
# STAR o-h correlation inp | p 1.4 ":'h —
1.0+ ¥ STARe-D" corelationinptp |~~~ ~" "~ ~"~" -~ --~--—1 B it i
™y ; | : futil from Unficld
v ¢ PHENIX e-h correlationinp 4 p 1.2, |® - ,E'Z:I |:'+u|= it M
v 0.8} ks o Phys Rev Lett, 105 [2010)
: I IS M L
ar
-, ﬁ_ | o
o 0.6 X ps "
>
Toa 0.6
i}
0.2 ly|<0.35 | 0.4
' Au+Au MB /syy =200 GeV
0.0 PHENIX 2011 0.2 aussu MB 5, =200 GoV/
. - - - - - - - P
1 2 3 4 5 6 7 8 9 1 tEEHéIH Hun§+Runi1 5 5 ? B !
P} [GeVic] p [GeVic]
e _ (1=F HF
RA = N R
Rbe — Fauas gHF Stay Tuned: o
A4 Fpp “tAAY « 2014 data set x10 better statistics than 2011

i We see that around p, < 4 GeV the electrons from !
bottom expenence much less suppression than :
| electrons from charm. ;

- Decrease uncertainties
- Increase p; reach
- Centrality separation
« Good 2015 p+p and p+Au data sets

BROOKHEVEN
: Rachid Nouicer — PHENIX Collaboration 15



What NEW on Open Heavy Flavor? M

PIs
First Results from the PHENIX FVTX: B = |J/y
B->J/y fraction

PHENIX: Au+Cu at 200 GeV

e s O

® F,jp was determined EE’ 0.6F- o (huging) 0GV 22942
 for both the gold and :g,.ﬂﬁ_ PH ‘ENIX O (Co-going) ;=200 GeV 1 2y2.2

i copper going directions. E T : : prellmlnary 0 ﬁfLIFE Pbr+Ph ﬁ%?a T.c"v' H-Sm{j,[:m' I:r.'I':n_';a
i E o ﬂ.4:— A CMS Pb+Pbys,, =276 TeV 0-100% Cent [y}<2.4
E Difference is attributed i {HE_ ¢ CMS Ph+Pb y5,,,=2.76 TeV 0-100% Cent 1.6<|y]<2.4
 to a smaller suppression E F ﬁ %

 of B mesons relative to 0 % %

' mcluswe J/y at RHIC 5 01f %

i energles 5 :

e e e e 0 e by o b Ly o by b by e by o by gy

Xuan Li, Tu. 9:40
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R PO Rachid Nouicer — PHENIX Collaboration 19



Yezhen Yu

STAR Heavy Flavor Tracker oo

Michael Lomnitz

Wei Li
First application of Monolithic Active
Pixel Sensor technology in collider
experiments. DCA resolution <50
Mm for pT=750 MeV/c Kaon

Recorded about 3B Minimum Bias
200 GeV Au+Au events for DO, D=,
Ds, Ac, and 1 nb-1 high pT electron
and dimuon samples for D/B=>»e and
B=> J/w studies in 2014 and 2016.

Results presented today are based
on partial 2014 MB data

STAR Preliminary Au+Au sy, = 200 GeV STAR Preliminary
Au+Au WISR= 200 GeV STAR Preliminary } Au+Au \'Snn = 200 GeV

RHIC Run 2014 RHIC Run 2014

750M MinBias Events
S/\S+B =8

Counts (per 10 MeV/c?)

With HFT Cuts 125M MinBias Events s/\S+B = 8
563M Events

175 18 18 19 19 2 2.05 . . . 1.8 1.85 1.9 1.95 2 2 . 2 2.05
. m,_(GeVic .
Invariant mass, my, (GeV/c2) ol GeVIC) Invariant mass, M (GeV/c?)

g

| S SWS+B=18



D% Nuclear modification Factor R,,

T | T ‘ T
Au+Au — D° @ 200 GeV 0-10%
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D° 2010/11
t 0-12% STAR -
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p. (Gevic)

pp, \s=7 TeV

Prompt D°, |y|<0.5

—é— with vertexing

(]
]

—=— w/o vertexing

* 3.5% lumi, = 1.3% BR uncertainty not shown EE
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0

2 4 6 8 10 12 14 16
pT(GeV/c)

w/o0 topological selection

« At RHICR,, > 1, at LHC not - shadowing (?)

C. Terrevoli, Tu. 14:40



Nuclear modificatin of parton
distributions - p-Pb Collisions

-~ beauty-jet ..

Lvobn b Tl
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b jet p, [GeV/c]
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Data/PYTHIA
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—=— PYTHIA Z2 (5.02 TeV

N

=5

T |II|IH| I

b A1

= =

==
[=—
charm-jet

I IHHII| I IIIIHI[ T |IIIIH‘ T HIIIH|

—

Qo
ocuviawun
\lllllll\

—— NLO (MNR) with EPS09 shadowing
-—=-Yieviwheteniscattarng 4 b hroad + CNM Eloss

systematic uncertainty on normalization
PP BRI BT BRI BT BT B |

6 8 10 12 14 I16
P, (GeV/c)
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Comparison with Theory

~ Au+Au 200GeV, 0-10% — =T
o D 2014 . N | = Lattice QCD: Banerjee et al. | ﬂ
O ']I?:_\fﬂod 0/11 _: X [ © Lattice QCD: Ding et al. pQGDLO ______ :>U
1.4 — SUBATECH = 0 30 T -3
] i (1]
1.2 3
(D
o

F Au+Au 200GeV, 0-80%

025t e D Non-flow est. E
T F  TAMU with c difs. .
0_2: —— SUBATECH ] i . :
] Models with charm diffusion

- —— Duke

coefficient of 2-11 describe STAR DO°

Raa @nd v, results. Lattice calculations

v_ are consistent with these values

- STAR Preliminary . :
Iy MRS Bl | o cd from data. 12/25

0 1 2 3 4 5 6 7
Transverse Momentum P, (GeV/c)



Kinematic reflections

CMS Preliminary PbPD |5y, = 2.76 TeV

Cent. 0-100% - Data
lyl < 1.0 —Fit

D%+D° Signal
=== Combinatorial

Rmisid. D°

25< p, < 3.5 GeV/c

Entries / (10 MeV/c?)

b
o
o
o

. 2
m_ (GeV/c?)

6/27/2016 SQM16, Berkeley

DO > K + x*
anti-D® —» K* + 7~

in absence of particle
identification, particle
gets reconstructed as
anti-particle under
wrong mass assumption
- Correlated

background

13/25



Neutral D mesons from CMS, muons from ATLAS

25.8 pb™' (5.02 TeV pp) + 404 ub' (5.02 TeV PbPb) 25.8 pb' (5.02 TeV pp) + 404 ub (5.02 TeV PbPb)
- R,, D’ -
B CMS % Hﬁ charged hadrons B CMS EI Raa D’

L Preliminary lg U?J'Eorrgigﬁ] “*L Preliminary
—— S.Caoetal.
T lumi —— PHSD w/ shadowing
AA antj umi. PHSD w/o shadowing
..Uﬁ.féﬁ['t&imy. wE 1L.Vitev (g=1.8-2.0)

Centrality 0-10%
LIyl <

—*— R,, charged hadrons

— 5. Cao et al. 0-80%:
M. Djordjevic
Centrality 0-100%

T4 @nd lumi.

IIIIII[\J_IIIIIIIII

10 10? 10 10?
p. (GeV/c) p,. (GeV/c)

D up to 100 GeV/c (!)

n.b. D mesons at central bin make up 40% of all min.bias D mesons (Ny;,,,~ scaling)

Centrality dependence oberved by ALICE
pp reference corresponds to more than 1000 x 1 billion collisions, taken within 3

days Qipeng Hu

K. Jung, Thu. 9:00
In muons fromHF decay, momentum dependence washed out 3. Wang Tu. 15:20,




Yezhen Yu
Long Xu

Mass dependence on RAA Michael Lomnitz

Wei Li

Pb-Pb, \s, = 2.76 TeV

A 7~ (ALICE) 8<pT<16 GeVie, |y|<0.8
m D mesons (ALICE) 8<pT<1 6 GeV/ce, |y|<0.5

(empty) filled boxes: (un)correlated syst. uncert.

Pb-Pb, \s, = 2.76 TeV

B D mesons (ALICE) 8<pT<1 6 GeV/c, |y|<0.5

@ Non-prompt J/w (CMS Preliminary)
B.S{pT<30 GeV/ce, |y|<1.2CMS-PAS-HIN-12-014
(empty) filled boxes: (un)correlated syst. uncert.

Djordjevic et al. Phys.LettB 737 (2014) 208
— = D mesons
— = Non-prompt J/y
Non-prompt J/y with ¢ guark energy loss

20-30%
n* shifted by +10 in (Npan)

80-40% 50309,

{*) 50-100% for non-prompt J/y

50 100 150 200 250 300 350 400
(Nparl)

50 100 150 200 250 300 350 400
(Nparl)

Raa(D) < Raa(B—J/w)
hint for mass hierarchy of the RAA

described by model including mass-dependent radiative and collisional
energy loss
6/27/2016

SQM16, Berkeley 15/25



D meson acceptance at LHC*

P (GeVl/c)

(o] o

« Rapidity dependence (!)
« Full coverage in p4,
« Below 2 GeV/c at y=0
- w/o topological selection

= PID is key

Also for A> p K=

STAR at RHIC: |y| <1, p+ >0
*LHCb in collider mode

6/27/2016 SQM16, Berkeley 16/25



Open-charm cross section

—@— ALICE (total unc.)
|:| ALICE extr. unc.
—&— ATLAS (total unc.)
|:| ATLAS extr. unc.
—=— LHCDb (total unc.)
* STAR
A PHENIX
—— NLO (MNR)

6/27/2016

[] HERA-B (pA)
B E653 (pA)

\/ E743 (pA)
¥V NA27 (pA)

¢ NAI16 (pA)
O E769 (pA)

SQM16, Berkeley

STAR, pp@200GeV

updated from run 12

ALICE p; range
extended to 0 GeV/c

experimental data sits
in the upper theory
band

hints at lower charm

GRS

17/25



(484 Experimental appr

=» study hadronic collisions
as a function of the centre-of-mass energy
for different beam-target combinations
reference given by pp collisons

Collider mode

Pb
Sy =69 GeV
— &

Fixed target mode

- LHCDb is mid-rapidity (He,Ne, Ar...) Pb Gas (Ne, Ar)

detector, -3 <y <1

M. Schmelling, SQM2016, June 27, 2016 3



Events /( 0.1 )

0 - “2
log(2,(D)

Events/(4 MeV/c?)

20
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F
=
T TT

W
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=» forward production of open charm in pA collisions
B reconstruction in D° — K~ 7" decays
O L =0.11nb! (forward) and L = 0.05nb~?! (backward)
B pr < 8GeV/c, 1.5 < y* < 4.0 (forward), —5.0 < y* < —2.5 (backward)
O simultaneous 2D fit of invariant mass and impact parameter
-» different method than for J /4,1 (285) since the D° has a finite lifetime

=» extraction of prompt yields down to pr — 0

%10°
N

-7
[ LHCb prelininary
-lllsquiTeV

:Fm'w:ard

1800 1850 1900
MK ') [MeV/c']

_ M. Schmelling, SOM2018, June 27, 2016 18

LHCb-CONF-2016-003




Open heavy flavor jet reconstruction

—\\

PbPb, 150 ub™ 7 N
80 < p. < 90 GeVié h~||\3:: 2N
/
,/ 0-100%

!'-..,_j

Secondary vertex mass (GeV/c’)
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Multiplicity dependence

¥
T

ALICE pPb 5 =502 TeV | glonion: 05 < P < 20 GeVlc
ey e O meson: 20 < p_ =< 4.0 GeVic
—4—ch (e +a)2 | =08
ALICE Praliminary
—#— Average O°, 0", 0™ meson, by | =0.8
arkiv:1602.07240

ormalization une. not shown
. on (dWVyfdn) £V fdmy not shown

(d°N/dydp. ) / {d*Nidyd

EPOS 3.116 (D mason)
= with hydra
= = = without hydro

10

Electron: 2.0 < o =40 Ge\le
D meson: 4.0 < p_< B.O GeVie

o

":J":—
a8
=
=
=
i)
-
Q.
8
=,
°
=
e

15 2 25 3 35 4 45 . 15 2 25 3 35 4 45 5
fdn) fdnh fdn) fdn)
(ANe/dn) / (AN, fdn (dNdn) / (dN /e J. Wagner, Tu. 17:40
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D meson correlations

sk-Average D,D*,D"* ALICE 3. © <} <@ Gevic, o< 0.3 Gevic B < p? < 16 GeVic, o™= > 0.3 GeVic
3<p° <5 GeVic, pi= > 0.3 GeV/c 3 Simulations, pp, Vs = 7 TeV
1 0.5, janl < 1 = PYTHIAG, Perugia 0
| . PYTHIAE, Perugia 2010
qf #ppNs=7Tev —— PYTHIAS, Perugla 2011

= PYTHIAB, Tune 4C °
=—— POWHEG+PYTHIAG

- baseline (rad )

B baseline-subtraction uncertainly

D meson correlated with

_1- N;.!S.WC
lNll:l d‘—‘“p

all other charged

B=p? < 18 GeWlc, 0.3 = g™ = 1 GeWlc p a rt i C | e S

"1 scale uncertainty

+

baseline (rad™)

o
wn

%.
'_|C1

[ ]
<.

‘Baseline’ subtracted,

3= P = 5GeVic, :‘T" =1 GeVic 5« p'l:' = B GeV/g, p?™= = 1 GaVic B« p'i" = 16 GeVie, p'l'""" =1 GeVic

assuming no Yyield at
‘I scale uncertainty ‘I scale uncertainty 11 scale uncertainty

- baseline (rad™)

minimum of distribution

N, dAg

o2

_‘L N;.'I!x-ii-ﬂ(:

115 2 25 30 05 1 15 2 25 30 05 1 15 2 25 3
Ay (rad) Ag (rad)

A (rad)

F. Colomaria, Tu. 16:00
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Heavy - quark Correlations*

CMS \s=7TeV,L=31pt" - CMS trigger: inspected
200 x 10° p+p collisions

- B-Bbar

Blaletet Tty Tty Ty By ly Tty BTy Tyl
aaaaa‘:aa‘-:a‘-:ag‘ﬁ;‘g‘*

- -
““““. =z
— R R R AL A AR A A ® ( ; I l IOI l S | Ittl I l
%=—E—I_E¥‘.Rﬂ:‘.§“\“ﬂ“

'-:'ﬂ't'ﬂ'-."'ﬂ'ﬁ'ﬂ'ﬁ'ﬂ'ﬂ'{'ﬂ'{"

underestimated in
Data (pT'h‘ =56 GeV B 3 \“:‘:-:.E:E:: PYTH IA

Data (p" >84 GeV
Data (p;" >120 GeV)

—— « Lower charm mass
E&;ﬁ'ﬁ] Normalisation region

would increase gluon-
splitting rate

*CMS collaboration:JHEP 1102 (2011) 136;
arXiv:1192.3194v2 [hep-ex].

H1: m, =1.26 GeV/c?, arXiv:1211.1182;

DO: Z boson + c jet, arXiv:1308.4384;
DO:photon + ¢ jet, arXiv:1210.5033;

CDF, photon + c,b jet, arXiv:1303.6136;
6/27/2016 SQM16, Berkeley CMS: W + charm, CMS-PAS-SMP-12-002.




B mesons from CMS and ALICE

34.6 nb' (pPb 5.02 TeV)

CMS 10 <p, < 15 GeV/c
Y ol <24

—1
n
o

-o- Data
— Fit
Signal
== Combinatorial

-]
o

Q1
=2

o
o
=

O
=
o
«
gy
"
Q0
—
c
LLI

D. Silvermyer,
Fri. 9:00

6/27/2016 SQM16, Berkeley 24/25



Conclusions

QM 2004, Oakland
first sight of open charm

No secondary vertexing

SQM 2016
electrons, muons from heavy-flavor decays

System size and energy scan
Fully reconstructed D, B mesons, diplayed J/vy

Charm jets, beauty jets
correlations, ...

RHIC experiments still pushing the limits
All 4 large-scale at LHC participate in HI program
- Looking forward to SQM2017 !



