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Outline

* Motivation
e Overview of RHIC and PHENIX
* Selected PHENIX heavy flavor measurements

— In small systems

* Measurement of charm and bottom via di-muon channel in
p+p and p+Au collisions.

* Forward and backward J/{ R,; via di-muon channel in p+Al,
p+Au and He3+Au collisions.

* Single muon v, from heavy flavor decays in d+Au collisions.

— In heavy ion collisions

* Mid-rapidity B/D R,, and v, via single electron channel in Au
+Au collisions.

 Summary and Outlook



Motivation

* Heavy flavor production is an ideal probe to study the
full evolution of the medium as it is produced in the
early stage of nuclear collisions due to its high mass
(Me/my>>Agcp).

e Disentangle different heavy flavor production

mechanisms at RHIC energies.
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Heavy Flavor Production in Heavy lon Collisions
 Not well understood about interaction with the medium.
* Cold Nuclear Matter (CNM) effect:

— Nuclear modification of PDFs.
— Cronin/EMC effect.
— Energy loss of partons traversing

nucleus (Initial state). FrooreOut  k time
— Breakup of charmonium before exiting \ ND T T b f
nucleus.

— Co-mover absorption for quarkonia.

 Hot nuclear matter effect:

— Energy loss of partons traversing QGP. o

Pre-equil. phase

NY

— Color screening. P
.. 2 %
— Coalescence of quarkonia in QGP. y

* Need to measure multiple observables in different
processes to isolate the initial/final state and cold/hot
nuclear matter effects.
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Overview of RHIC
* The versatility of RHIC operation allowed us to collect
data in various collision systems: p+p, p+Al, p+Au, d+Au,
He3+Au, Cu+Cu, Cu+Au, U+U, Au+Au.
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Overview of the PHENIX detector
 PHENIX had electron ID detectors at mid-rapidity and muon ID
detectors at forward/backward rapidity.
* The silicon vertex detectors: VTX and FVTX made new heavy flavor

measurement possible in small systems and Au+Au collisions.
e VTX:

MuTr:1.2<|y|<2.2, ¢=2n — With |y|<1.2 and ¢=2m coverage.

— provide precise vertex and tracking for
D,B—>X+e measurements.

— With 1.2<]|y|<2.2 and ¢=2m coverage.

— provide precise tracking and improved
mass resolution for J/y, B—=>J/y and D, B
separation measurements. 6

MulD:1.2<|y|<2.2, =21
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Heavy flavor measurements in small systems

* to understand the production mechanism
e to study the cold nuclear matter (CNM) effects
* to explore the formation of QGP droplet? Flow?



Di-muon correlations (1.2<|y|<2.2) in 200 GeV p+p collisions

Unlike-sign and like-sign di-muon pPO—>€—0p

correlations with template fit and ?}M< |
comparison with PYTHIA Tune A
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Di-muon correlations (1.2<|y|<2.2) in 200 GeV p+p collisions

* Unlike-sign and like-sign di-muon
correlations with template fit and
comparison with PYTHIA Tune A
(POWHEG) models suggests the
bottom production in 200 GeV p
+p collisions is dominated by
flavor(pair) creation.
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Di-muon correlations (1.2<|y|<2.2) in 200 GeV p+Au collisions

e Use like-sign di-muon correlations with template fit to
extract bottom contribution at forward/backward rapidity.
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* No significant nuclear modification on the bottom
production in 200 GeV p+Au collisions.

* Analysis of charm/DY di-muons in p+Au data is underway.
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Explore the CNM effect via J/Y and y’

* Mid-rapidity Y’ Ry,, measured at PHENIX in d+Au collisions
has different trend and magnitude of suppression versus
N_, from the J/U results.
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Similar initial state effect
(shadowing, energy loss

etc.) on J/P and ¢’.

Indications of impacts
from final state effects
cause the difference.

Can we study this in
forward/backward
rapidity and different
collision systems?
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J/¥ and Y’ measurement in p+Au collisions

* With improved mass resolution provided by FVTX, clear J/{
and |’ identification via di-muon channel (1.2<|y|<2.2) in
200 GeV p+Al, p+Au and 3He+Au data.

o> — @

PRC 95, 034904 (2017)
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* ClearJ/y signal in both directions.

* U’ isrelatively suppressed in Au going direction.
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Relative ratio of Y’ to J/Y vs rapidity
* Centrality integrated relative ratio of Y’ to J/{ VS rapidity.

Q P 3I:|HENIX \ sNN=200 GeV
o e+Au
—— "~ @ p+Au O d+Au

2] (/2]

Qe p+Al PRL 111 202301 (2011) H

EYES {LPRCS5034904 2017) | _____________________. ] I
ol e
| I |

) H

< N
$ $ ;
I
G 0.5 4* $ &H

—~ —~~

91‘2 l—"l \'Syn = 5-02 TeV

o lo ) ¢ p+Pb, LHCb ¥ p+Pb, ALICE
e — 0 1 JHEP 1603 (2016)I 133 JHEP 14112 (2014) 073

-4 -2 0 2 4

rapidity
* Forward rapidity: J/y and |’ have similar suppression at
PHENIX.
* Backward rapidity: strong relative suppression and
comparable with LHC results.
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Relative ratio of Y’ to J/Y vs co-moving particle density
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* The suppression of Y’ to J/ relative ratio at both
RHIC and LHC scales with co-moving particle density.
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Rapidity dependent J/y R,; in p+Al/Au, *He+Au collisions
1.5

o | Inclusive J/y |sy=200 GeV
= L (. L1 p/*He Al/Au
i c/& - — @
0.5
o PHENIX Initial or final state effect
o causing the difference?
i
15 rapidly 15
o | Inclusive J/yp |s,,=200 GeV o | Inclusive J/yp \s,=200 GeV
e ; e 1
| i | T
: 4 :
0.5* 05* T~
h PHENIX PHENIX
¢p preliminary - ¢°He+Au preliminary
rapidity rapidity

* Indication of A dependent suppression of J/{ R,; at forward
rapidity and smaller nuclear modification at backward rapidity.
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dependent J/Y R,; in small systems
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* Forward rapidity: indication of shadowing and energy loss may
be the dominant effects of the suppression with relatively low

hadron density.

* Backward rapidity: suggests “breakup” or co-mover may be the
dominate effects with relatively high hadron density.
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part
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dependent J/Y R,; results at forward and

backward rapldlty in both small and large system.

* Final state effects such as color screening can not be ignored for
the J/Y measurements.
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* Charged hadrons flow at low p; in forward and

-3.9< 1 <-3.1 }

v{EP

Do heavy quarks flow in small system?

backward rapidity in 200 GeV d+Au collisions.
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Do heavy quarks flow in small system?

* Charged hadrons flow at low p; in forward and
backward rapidity in 200 GeV d+Au collisions.

]T 1 ]IIII
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* Indication of heavy flavor muons may flow in forward
and backward rapidity as well.
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Heavy flavor measurements in Heavy lon
Collisions

* to study the Hot Nuclear Medium effects
Do charm and bottom quarks flow?
* Forward and backward B to J/y R,,



bottom separated electron R,,
results at mid-rapidity,

— Bottom has similar suppression
as charm for high p; region.

— Bottom may be less suppressed

than charm in the low p-
region.

e Consistent with the mass/

flavor dependent energy loss
in the Quark Gluon Plasma

(QGP):
— ME,>AE, 4

> AE, > AE,

Study the Hot Nuclear Matter effect via D/B production
From the PHENIX charm and
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* Do heavy quarks flow in Au+Au collisions?
* Do bottom quarks and charm quarks have the same flow?
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e fraction

Heavy flavor electron v, in Au+Au collisions

* New heavy flavor electron v, with (F)VTX is consistent with
published results but with significantly improved stat. and

Sys. uncertainties.
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Charm electron v, and Bottom electron v,

V,(c—e) Vv,(b—>e)
o 0.25 - - — i awN 0.25‘_ - - p—
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* Significant charm electron v,, smaller magnitude than
charged hadron v, might due to charm decay kinematics.

* Indication of non-zero bottom v,.
e Likely v,(b—>¢e) < v,(c—>e).
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Ongoing analysis of forward B to J/y in Au+Au collisions

Arbitrary Unit Log scale

Arbitrary Unit Linear scale

* Analysis framework has been developed for the B to J/Y
studies in p+p and Cu+Au collisions.

* Analysis procedure has been updated and data
processing is underway.

* The challenge is to minimize systematics.
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Clear J/ found in Au+Au collisions
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Summary

* Forward/backward di-muon correlations provide
information about the sub-process of the charm/
bottom production.

 Differential suppression of " to J/{ relative ratio and
J/U nuclear modification measurements in small
system shows strong evidence of final state effects.

* Evidence of non-zero heavy flavor v, in small system.

* First bottom electron v, measurement at RHIC
indicates flavor/mass dependent thermalization in
the QGP.
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Outlook

e lLarge data set in various types of heavy ion collisions
collected at PHENIX provide opportunities to study

— ' to J/Y ratio in run14/16 Au+Au collisions to
demonstrate hot nuclear matter effect like color
screening in QGP.

— Nuclear modification and thermalization properties of
D/B separate single electrons/muons in run14/16 Au
+Au collisions with higher statistics.

— Forward/backward B to J/{ via di-muon channel in
runl4/16 Au+Au collisions to understand hot nuclear
matter effect.

* More to come soon.
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Bottom cross section in p+p at PHENIX

* Consistent with NLO pQCD calcutions
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bb cross-section measurements g 10° = LHCb p+p
at p+p 1s=200 GeV at RHIC v =
-
+=s FONLL MC@NLO — stat. error © 102 oHENIX COF p+p ALICE p+p
-~ NLO(Vogt) --- POWHEG — stat. @ sys. error = p+p‘
B )
- PHENIX, dimuon 10 PHENIX UA1
this analysis = This analtl?s - Pip
| ° PHENIX, B — J/y 1=
" PRC 96, 064901 =
T E771 peSi NLO pQCD (Vogt) (mb- 4.75 GeV)
, ® ‘ 2:2N9l:. gzizlgo;;ron 10° = Wy FONLL (m,_= 4.75 GeV)
: C A POWHEG (m = 4.75 GeV)
° PHENIX, e-h correlations 102 MC@NLO (m = 4.75 GeV)
~ PRL 103, 082002 = E789 p+A:1 1 1
o r —_ 4;_ T ™ 1r—TrTrT T T T T ™rTrT T T T ™ 1T
——t— )t STAR, e-h, e-D” correlations Ol% 3
PRL 105, 202301 2|18 7 [
2
== < . l .
~ - - = —y - -
II llllllll l | . | ‘\09 1? .‘ o | | 1
1 2 3 456 7 8 9 10 5=° e e -
o, [1b] s [GeV]

CIPANP2018 Xuan Li (LANL) 28



Possible contributions to the differential suppression

 Time spent inside the nucleus

— Longer time and path length spent by the cc-bar in Au- (Al-)
going direction than the p- going direction.

2

. f;ﬁgouGeV PRIEENDC — Accordlng to the crossing
ST 15k deea preliminary time Tt dependent model
—~|=° | Ld+AuPRL 111202301 (2013) fit on world wide data (PRC
< I — * + 87 (2013) 054910), very small
T | @ y contributions.
= ZEJ 0.5 +15.6% global uncerta_in_ty on . .
=L - Bt gl uneonany apeme | — This effect can not explain
) . midrapjdity point | . e e
0 = o > the backward rapidity
rapidity H
0.1 -0.3 0.02 - 0.05 0.004 - 0.01 SUppFGSSlOﬂ.

nuclear crossing time 1T (fm/c)

o-movers

S|

 Co-movers absorption?
— Charmonium can break up with the presence of co-movers.

— Higher particle density in the Au- (Al-) going direction may cause
larger suppression.
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Nw(2S)

Nw(ZS)

Relative ratio of Y’ to J/Y VS rapidity

* Centrality integrated relative ratio of Y’ to J/{ VS rapidity for

p+Au, p+Al and d+Au (mid-rapidity).
2

15=200 GeV N , Need calculations at forward rapidity
Q - +P+AU — Ferreiro  PH--ENIX . dAu 200GeV lyl<0.35
Q comover pre“minary g CNM §
~~ — n Jhy A=0.75-2.0GeV
s 15F +p+AI model 16F — wheGev
S 1ab e v nggex II:QGng .
Z - {>d+Au PRL 111 202301 (2013) 1ol l o 3/0 11‘pH%N,)?f,PJ H&X ]
N 5 +—e— 2013 PHENIX v’
<
+ —— — — ——— 0.8
Q - @ 0.6f
z 05k 0.4
S U +15.6% global uncertainty on ool }
Z forward/backward rapidity points o Du, IRIaIp‘p‘I\‘IFI’A 943 (2015) L
~ i +16% global uncertainty on % 2 4 6 8 10 12 14 16 18
0 1 | midrapidity point . Neoll
-2 -1 0 1 2 New calculation allows for short QGP phase in
E. Ferreiro, PLB 749 (2015) rapidity central collisions + hadron resonance gas.

* Resultis generally consistent within significant statistical
uncertainties with co-mover dissociation model.

e New model calculations? Plasma effect in central collisions?
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Comparison with the LHC results

* Similar suppression trend for the rapidity dependence. More
suppression in LHC especially in the forward rapldlty?

v — —
2 \s=200 GeV = 1.4 _— LHCb + LHCb, \|' =5Te \, -
o L +p+Au PH ENIX - Preliminary —4— ALICE, \{_— 5Tev 3
Q imi 1.2— Pb ys . =5TV
g,_\ _ 15 +p+AI preliminary _ PPD Y5,y e PHENIX. \[S,y= 0.2 TeV E
gl s 1
25 Zj = {)d+Au PRL 111 202301 (2013)
~ 0.8
<\ | —— . < S
5;_\ | @ 0.6
gl = 0.4F % {
% Z% 0.5~ +15.6% global uncertainty on E . <14 GeVic LHCb QM 15
=z B forward/backward rapidity points 0.2k L
~ t1_6% g_lo_bal ur_\certainty on C Incluswe ‘Vl 5} ALlCE _]HEP 12 (2014)
0 ) I midrapjdity point | ) 0 o
-2 -1 0 1 2 —4 —2 0 2 4 v
rapidity ]
2 L ~— 200 GeV p+Au '—g 1.4 f ALICE, p-Pb |sy,= 5.02 TeV, inclusive J/y, y(2S)—u*y
2 L ;I):rit-elli mEirl:lalzgl + 1.2<y<2.2 (p-going) \ba 1ok eyl o 3535
- s § 229412 (g 8 JHEP 12 (2014) 073
|3 r e
Zz < 5
g "2 o8 |
5 L I © +
< [7)
+ & 0.6
S i c | o T
& Z 0.5 90% CL 0.4 l 1
A= C i
Zv - 0.2 [
O_ """" = ol b b b b b by
o 05 1 15 2 25 3 % T2 s a s e 7B
P, (GeV/c) p. (GeV/c)

e Larger co-mover contribution in the LHC era? Gluon
saturation change spectroscopic charmonium states ?
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Study the Hot Nuclear Matter effect via D/B

production
* Suppression of the inclusive Heavy flavor R, , provides evidence

of strong coupling between the heavy flavor and medium.
PRL 98, 172301 (2007)

g1-8_""I""I""I""I""I""I'"'I""I""
C gff(@ 0-10%central —— == Armesto et al. (I) =
s® @4’& i? e
1.4 [[] vanHees etal. (ll) . 0_‘}%.5}*‘\. __hadron
LEMY M e {3/(21:7) Moore & e =
: N
""""" 12/(2nT) Teaney (lll)

1 .
0.8
0.6

0.4

Light hadron and heavy
flavor production have

02 R different suppression,
%N 0.2 :::f,::::,:::f,::::,::::,f:::,::::,::::,::::: ﬂavor dependent
> . .
. vp, >2GeV coupling?
o " “Rwee¥ 4« Need to separate charm
005 E and bottom and study the
of ] mass dependent quark
0 : © T leevid energy loss.
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Analysis strategy to separate charm and bottom

Based on different lifetimes and decay kinematics.

e Decay length (cT): o
— Charm hadron: ct(D%=123um, ct(D*)=312um.
— : ct(B%)=455um, ct(B*)=491um.

* Measure the Distance of Closet Approach (DCA) WhICh is
proportional to the decay length.

* Simultaneously extract statistically separated charm and bottom via
Bayesian Unfolding.

2.00 < p$ < 2.50 PRC 93, 034904 (2016)
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Select charm (bottom) enriched sample based on
electron DCA;

e The fraction of charm and bottom varies in different
DCA; region.

wn
£ [ Au+Ady, |s,,=200 GeV
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Charm and bottom enriched v, measurements

* Indication of mass/flavor dependence for p;>1.5
GeV/c.

f 0'25: Min. bias Au+Au s, ,=200GeV
~ inclusive e v,
0.2
- ® IDCAI<0.02 charm enriched
L 0.03<IDCAI<0.1 bottom enriched
0.15¢ scaled background
0_1___ ". Q- ® [... i
L o
0.05| ®
ol SO SSSOSSUSSSUSPSSUSSUSSSSSOOR) ISSUPRS (SO
. PH ENIX
i preliminary
p_ [GeV/c]
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The Forward Vertex Detector (FVTX)

HDI Sensor

Mini-strips are orier
approximate an arc

m Sensor
2 columns of strips
1664 strips per column
strip length 2.8 to 11.2 mm
75 micron spacing

48 wedges per disk (7.5°/
sensor, 15°/wedge)

0.5 mm overlap with adjacent

wedges
\ = FPHX Chip
FPHX Chips (13 per column) 1 Column readout

128 channels
~ 70 microns channel spacing
Dimensions —-9mm x 1.2 mm
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Muon DCA,, of good J/{ss in Au+Au collisions

South FVTX muon DCAR in di-muons

North FVTX muon DCAR in di-muons
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