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Outline
e Motivation

e Qverview of RHIC and PHENIX

 Recent PHENIX open heavy flavor measurements

— Inclusive heavy flavor measurements

* Single muon v, from heavy flavor decays in 200 GeV
d+Au collisions.

— Charm/bottom separated measurements

e Charm/bottom decay single electron measurements in
200 GeV p+p collisions.

* Charm/bottom decay single electron R,, and v, in 200
GeV Au+Au collisions.

* Ongoing analysis of charm/bottom decay single muon
and B to J/ measurements in 200 GeV p+p and 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 (m/my>>Aqcp).

 The number of heavy flavor quarks is conserved.

e Disentangle different heavy flavor production mechanisms at
RHIC energies.
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Heavy Flavor Production in Heavy lon Collisions
Interaction with the medium is not well understood.
Cold Nuclear Matter (CNM) effects: Collisional/Radiative

Paron Energy Loss

— Nuclear modification of PDFs. . F F

— Cronin/EMC effects. j _“i'f\ ‘__hfdr?n

— Energy loss of partons traversing .
nucleus (Initial state). ooy kfime

— Breakup of charmonium before exiting \ f

nucleus. tDT T D

— Co-mover absorption for quarkonia.

Hot nuclear matter effects:

— Energy loss of partons traversing QGP.
— Color screening.
— Coalescence of quarkonia in QGP.

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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PHENIX detector

- Central Arm (Electrons)
n| <0.35

« Ap =21

 Tracking: DC, PC, VTX

- elD: RICH, EMcal

| Forward Arms (Muons)
e 1.2<|n| <2.2

* Ap =21

 ~10 interaction length
absorbers

* MuTr (Tracking:
cathode strip
chambers), FVTX

MulD: muon

identification detector
DIS2017 Xuan Li (LANL) 6
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Overview of the PHENIX detector

* The silicon vertex detectors: VTX and FVTX made new heavy flavor
measurements possible in small systems and Au+Au collisions.

e VTX:
— With |y|<1.2 and ¢=2mr coverage.

MuTr:1.2<|y|<2.2, =21

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

) MulD:1.2<|y|<2.2, d=2n

* FVTX:
— With 1.2<|y|<2.2 and ¢$=2nt coverage.

— provide precise tracking and improved mass resolution for J/{,

B—>J/y and D, B separation measurements.
WWND2019 Xuan Li (LANL) 7



Inclusive open heavy flavor measurements in
small asymmetric systems

* To study the cold nuclear matter (CNM) effects
* To explore the formation of QGP droplet? Flow?



Previous open heavy flavor v, measurement at
PHENIX

 Heavy flavor decay single electron
v, measured in MB Au+Au
collisions at PHENIX.

Heavy flavor decay single
electron/muon v, measured in
central p+Pb collisions at ALICE.
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* How about open heavy flavor measurements in small
systems such as p/d+Au collisions at /s = 200 GeV? At
forward/backward rapidity?
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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 central d+Au collisions.
d © > € . Au
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* Clear v, of charged hadrons measured in both forward
and backward rapidity.

* How about heavy flavor?
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Do heavy quarks flow in small system?
* Indication of heavy flavor muons may flow in forward
and backward rapidity as well.
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* Fragmentation process "could smear the flow results.
* Initial state effects? Small QGP droplet formation?
* Need theoretical calculations.

WWND2019 Xuan Li (LANL)
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Charm/bottom measurements in p+p and
heavy ion collisions with the VTX/FVTX

 To understand the production mechanism.
* To study the Hot Nuclear Medium effects

Flavor/mass dependent energy loss?

Do charm and bottom quarks flow?

Extend the kinematics to forward/backward
rapidity and low p- region.



Distinguish charm and bottom production

* B/D meson will decay into other particles (e*/u*) with

the decay length (cT):
— Charm hadron: ct(D%)=123um, ct(D*)=312um.
— Bottom hadron: ct(B®)=455um, ct(B*)=491um.
* Take the semi-leptonic channel for example:

bl |

P

The VTX can precisely measure
the transverse projection of the
Distance of Closest Approach
(DCA;), which is proportional to
the decay length.

WWND2019 Xuan Li (LANL) 13



Fraction of Electron Candidates

Charm/bottom decay single electrons at mid-
rapidity in 2015 200 GeV p+p data
* Analysis procedure (l):
— Determine various background contributions.
— Measure the electron DCA; in data and backgrounds.
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Charm/bottom decay single electrons at mid-
rapidity in 2015 200 GeV p+p data

* Analysis procedure (ll):

— Simultaneous fit of the DCA; distribution and the invariant
vield and extract the charm/bottom hadron invariant
yields based on Bayesian unfolding.

— Refold back to invariant yields of ¢, b — e.
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Charm/bottom decay single electrons at mid-

rapidity in 2015 200 GeV p+p data
* The unfolded bottom fraction within |7]|<0.35 is

consistent with the FONLL calculations with significantly
smaller uncertainties.
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Charm/bottom decay single electrons at mid-

rapidity in 2015 200 GeV p+p data
* The unfolded bottom fraction within |7]|<0.35 is

consistent with the FONLL calculations with significantly
smaller uncertainties.

* Also consistent with previous RHIC results.
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Study the Hot Nuclear Matter effect via D/B production

To explore the mass/flavor PRC 93, 034904 (2016)
dependent energy loss in the T A=
’ o (c+b)—e
Quark Gluon Plasma (QGP): 19l :,;] “  Phys. Rev. C 84, 044905 (2011)| |
1.0 i )
- AEg > AEU,d,S > AEC > AEb Q:<0_8. »

From the PHENIX charm and ol
bottom separated electron R,,  °2

(b) Au+Au from Unfold

results at mid-rapidity, 35 PP om et Correlatons 110)
_ Bottom has similar suppression s_..
as charm in the high p; region. iio
— Need to improve the © 12
uncertainty in the low p; region o8 auavs Vs, amcov
to separate the charm R,, from "2 s a s o0 e e

bottom R,,.

WWND2019 Xuan Li (LANL) 18



Study the Hot Nuclear Matter effect via D/B production

Preliminary results of ¢, b — -

. L. [0-10% Au+Au, |sy,=200 GeV PH\?NIX ]
e RAA IN collisions 2:—Data 2004+2014, lyl<0.35 preliminary —
used the p+p baseline from 1.85 # c+b — e (Phys.Rev.C 84,044905)

- —c e +p from e-h correlations
b-oe

STAR’s e-h correlation results. hys.Rev.Lett.105,202301

Precision will get improved
with the new PHENIX p+p
measurements.

Bottom decay electrons with
pr > 4 GeV/c are suppressed.

Need to improve the
uncertainties in the low p; p_ [GeVic]
region as well.

[Te) lllllllllllllllllllll]llllllllllllll

Do heavy quarks flow in Au+Au collisions?

Do bottom quarks and charm quarks have the same flow?

WWND2019 Xuan Li (LANL) 19



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.

Mid-rapidity |y| <0.35

w 0.25
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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.
Mid-rapidity |y| <0.35
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Measure the electron DCA; with the
VTX and determine the charm and
bottom electron through unfolding.
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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.

Mid-rapidity |y| < 0.35 * Measure the electron DCA; with the
3 wemmAeansemcey ey, | VTX and determine the charm and
02f— € from open heavy flavor preliminary .
- e Run2014 (with VTX) bottom electron through unfolding.
015~ —e— PRC84,044905 (w/o VTX)
o.1; % + § l Au+Au, s, =200 GeV Data
- e : i ? # 0104_ minimum bias, lyl<0.35 — Re-fold
0.05— ;;{5 . § Data 2004+2014 e ---—- Charm
E_ t - [2.0-3.0 GeV/c] J — _Bottom
- ' Background
10° '
p, [GeV/c] Jl:r

e Charm enriched region:
|DCA;| <200 um
* Bottom enriched region:
300 um < |DCA.| <1000 um &

015 01 005 0 005 01 015

10°
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e fraction

Heavy flavor electron v, in Au+Au collisions

Mid-rapidity |y| <0.35
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pSenrich — syl 4 F, xvl + Fpp  xvl*9 '
2 — Ic 2 b 2 bkg 2
; bk
vy NI = FIxuS 4+ Fy'Xv8 + Fpyg'xv, 9

WWND2019

Xuan Li (LANL)

23



Charm electron v, and Bottom electron v,

V,(c—>e) V,(b—=>e)
Qv 0.251 Mi ; AutAu (s =200GeV - Q025 — :
> - n. |as+ UtAu s, = e PH ENIX o - Min. bias Au+Au |'s,,=200GeV PRENX
- ——*— e fromcharm decay preliminary ~ —e— et from bottom decay preliminary
0207 e h'PHENIX PRC92.034913 02— o htPHENIX PRC2.034913
- 8 ® -
015_— . ¥ 015; ® ' | i
- ' ] - e §
B 0 B ®
0.1 . 04 .
L 0 { N ° o
B L B (]
005 ° d ! 005 ,° } l
L ® )
e - .
e 0; _______________________________________________________________________
- - First v,> measurement at RHIC
_I - | L1111 ‘ |- | L 111 | | | L1 11 | | - ‘ L 111 | | | I | I
-0050 05 1 15 2 25 3 35 4 45 5 _0-050IIIIO?SIlll‘lllllI1‘|5IJII2|IJ112‘|5IIII3|III13>|5III14|.lIII4‘|5III15

p, [GeVic] p. [GeVIc]
* Significant charm electron v,, smaller magnitude than

charged hadron v, might be due to charm decay kinematics.
* Indication of non-zero bottom v.,.
* v,(b—>e) might be equal to or smaller than v,(c—=>e).
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How about the forward/backward rapidity?
B/D hadron is further boosted at forward rapidity.

The FVTX can precisely determine the Distance of Closest
Approach along the radial projection (DCAgR) of tracks.

No significant modifications on the B—>J/{ R 5, Which

suggests a small initial state modlflcatlon PRC9E (2017), 064901

‘PH “ENIX  |S=200 GeV

<§ 4
, O 3 ¢ Cu+Au— B—J/yp p >0
a 7 ® Cu+Au— Prompt J/xp P, >0
[JEPS09 for B— JAp
1
DCAR = Lpca - B = Lpca - % |
How about the Au+Au o] <« &>
0-L
measurements? i C
X
How about charm/bottom R ERRP SRS
muon channel? rapidity
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Arbitrary Unit Log scale

Arbitrary Unit Linear scale

Forward/backward B to J/y in Au+Au collisions

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

Clear J/ signal has been observed in partial Au+Au data.
* Analysis procedure has been updated and data analysis is

underway.

North FVTX di-muon raw mass
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Di-muon mass in partial 2014 Au+Au data.
Xuan Li (LANL)
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Forward/backward charm/bottom muon analysis

* Analysis with 2015 200 GeV p+p and 2014 200 GeV Au+Au
data is ongoing.

* Take the p+p analysis for example:

muon p;: 1-2 GeV/c, -2.2<y<-1.2 -

2.2<y<-1.2 with 1.0 GeV/c<pT<2.0 GeV/c
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Summary

Evidence of non-zero heavy flavor v, in small system
provide new path to understanding the heavy quark
interactions with the cold nuclear medium.

The charm/bottom production ratio in p+p collisions
is consistent with the FONLL calculations.

Charm/bottom decay single electrons are suppressed
within p; > 4 GeV/c region in central Au+Au
collisions, the precision of nuclear modification
factor will get improved with better statistics and the
new p+p baseline.

First bottom decay electron v, at RHIC has been
measured in the mid-rapidity region.
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Outlook

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

— Nuclear modification and thermalization properties of
D/B separate single electrons/muons in 2014/2016
Au+Au collisions with higher statistics.

— Forward/backward B to J/{ via di-muon channel in
2014/2016 Au+Au collisions to understand the hot
nuclear matter effects.

* More results to come soon.
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Charm/bottom decay electron in p+p collisions
systematic uncertainties

 Summary of the systematic uncertainties.

i = N
| p+p at \'s,=200 GeV PHUENIX
1.4— Inl<0.35 preliminary

1.2

1_ —
:%

0.8 — Intrinsic Unfold Uncertainty
) — Unfolding Prior

Unfolding Regularization
— Inclusive HFe Spectrum

0.6

Fractional Uncertainty on Bottom Elec. Fraction

— Background Cocktail

- - - Total Uncertainty

1 2 3 4 5 6 7 8 9
Electron P, [GeV/c]
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Bottom cross section in p+p at PHENIX

* Consistent with NLO pQCD calcutions

bb cross-section measurements 3 10° = LHCb p+p
at p+p 1s=200 GeV at RHIC e F
6 107
«= FONLL MC@NLO — stat. error 10? = ——
- NLO(Vogt) - - - POWHEG — stat. @ sys. error = {
PHENIX, dimuon 10= PHENIX p+p UA1 p+p
—® this analysis 3 This analysis =
I ° PHENIX, B — J/y 1=
~ PRC 96, 064901 =
. [ E771 pesi NLO pQCD (Vogt) (m = 4.75 GeV)
Py . . . PHENIX. lelOCﬂ'Ol‘l 10 % ------ FONLL {m - 4'75 Gev)
PRC 96, 024907 = y
C =imamm POWHEG (m, = 4.75 GeV)
2l HERA-B p+C/TW
° PHENIX, e-h correlations 10°= MC@NLO (m = 4.75 GeV)
PRL 103, 082002 - ET89 p+Au
1 4 L1l l ] 1 1 ] 11l ll 1 ] ] ) 11
o E - 4:[_ T T rrr T T T T T T T T T L B B B
——t—@—+— STAR, e-h, o-D” correlations Ol 3
PRL 105, 202301 2|18 % |
2F
3= « 1y
= —r— .-wm’r"-'r-——--.--v-’
[ b by Ll ;'9 1 .‘ i 1 1 1
- 0’1 1 T 1 ' 1 i ] ' 1 1 i1 i i1
1 2 3 45 6 7 8 9 10 5z e o o

o = [LDb] s [GeV]
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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)
g 1'8:' L L L L e B

C 161 (@)  0-10%central w == Armesto et al. (I)

[ ] vanHees etal. (II)

m- 3/(2rT) Moore &
-------- 12/(2nT) Teaney (Ill)

14 MO.—'@i‘fd‘"‘\ hadron
-.
.. @

? Tﬁ_&‘

1.2

osi- {4 * Light hadron and heavy
flavor production have

02 different suppression,

. ~~~~u~~~~u=~w~£ﬁidnl}~~ flavor dependent

= 7V, p >2GeVic Coupling?

* “Res J4 ¢ Need to separate charm

..........

0.4f—

o mR,,

and bottom and study the
mass dependent quark
energy loss.
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Analysis strategy to separate charm and bottom

* Based on different lifetimes and decay kinematics.

* Decay length (ct): o
— Charm hadron: ct(D%)=123um, ct(D*)=312um. o / Ar=
— Bottom hadron: 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.

200 < p$ <250 PRC 93, 034904 (2016) :
et P— 3 - - — Data
% - Au+Au MB |s,,=200 GeV [, s 2((l)))2 '5 _— — Total Background
- PHENIX 2011 e Misidenti | £.U-2.0 GEV/C [ & +— Unfolded chamn
10% e 10" bibre)=0.264 [ vessen
- 2 : 1] |— Background + charm + bottom
i Dalitz » 10 s
1 02 - < Conversion ;E}
3 i [ 9 1
Z © E
10} E— 0 |1
: Unfolding <
1 ‘ E
Q
7 o
10; 1L L bk .‘.::.-_L_.'..J...J_E_L_]_L..:;_.L J-_kl 'J ikt . %
-0.15 -0.1 -005 O 005 0.1 0.15 a

DCA; [cm] DCAT [cm]
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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.

*g ~ Au+Au, \[sNN=20 GeV B
S | min. bjas, |y|<0.3 2L
104 | - Re-fold
E P, 2/0-3.0 GeV/ — Charin
. PH ENIX — Bottgm
_ preliminary
10°F -
u @)
n t
B o)
B O
102 =
10} JH"J
t l | L | |

-0.15 -01 -0.05 0 0.05 0.1 0.15
WWND2019 Xuan Li (LANL) DCA; [cm]



Charm and bottom enriched v, measurements

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

o 0.25 - - —
> [ Min. bias Au+Au\'s,,=200GeV
o L . .
~ inclusiveeyv,
0.2—
® IDCAI<0.02 charm enriched
L 0.03<IDCAI<0.1 bottom enriched
0.15p scaled background
B "
g @O L
0.1 - ) ® i
~ 0
0.05_—
) S S
- PH ENIX
B preliminary
- llllllllllllllllllllllllIllllllIlJlJIIlIl
0.05 1 1.5 2 2.5 3 3.5 4.5 5
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The Forward Vertex Detector (FVTX)

HDI Sensor

\

FPHX Chips (13 per column)

WWND2019

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

m FPHX Chip

1 column readout

128 channels

~ 70 microns channel spacing
Dimensions —-9mm x 1.2 mm

Xuan Li (LANL)
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Muon DCA;, of good J/Ws in Au+Au collisions

North FVTX muon DCAR in di-muons
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South FVTX muon DCAR in di-muons
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