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Why heavy flavor, bottom & charm ? PH ENIX

* Mainly created at early stage of the collision
» Production can be calculated by pQCD Mc~1.3GeV s Tace ~400MeV

 Suffer energy loss and flow effects — p; and angular distributions can be modified in QGP

Au

QQ interaction with QGP decays

~0.02 ~0.08 ~0.3-1fm/c time scale ~5 fm/c ~ 120 um/c ~ 460 pm/

Modification of Heavy flavor is good tool to study property of QGP
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Heavy flavor suppression in HI Collisions PH ENIX
« PHENIX observed in electron RAAzNCZflfg:Zl;(A’f )
measurements T e _
e Raa(b) ~ Raa(c) < 1 at high p T L. PRC93.034904 (2016)
+ Ry(b) > Rua(C) at low py L4 T oy *
_ _ 1 ol 8 " Phyb. Rev. C 84, 044905 (2011) |
« Consistent with the expected mass |

ordering
* AE; > AE, 4, > AE. > AE,

« Radiative loss @ high py
 Collisional loss @ low p+

« To understand the suppressions of
bottom and charm, need systematic
study

. Azimuthal anisotropy to understand the QGP properties
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PHENIX Detector AN PHTENIX

N © Central Arms
W e |y[<0.35, ¢~2-7/2

e Electrons, vy, hadrons

(X
il * DC, PC, RICH, EMCAL,TOF

{ . . ;;J:"::f "]Hl'!%
= A \\\ e Muon Arms

o 1.27|y|<2.2, p~2-1/2

* Muons, Hadrons

—TL»y

\ :
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PHENIX Detector - PH ENIX
PHENIX Silicon Vertex Detector, VTX & FVTX
v
FfOnNs
VICAL,TOF
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Raa(b—e) & Ry (c—e) In Au+Au 200GeV

—~—
PH ENIX

Min. Bias in Run2014

o
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2 Data 2004+2014, lyl<0.35
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0-10% in Run2014
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— Data 2004+2014, |y|<0.35
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hys.Rev.Letl.105,202301

. -
PH--ENIX _
preliminary —

—h

2

3

4

5 6 7
p [GeVic]

8

ol

e In 0-10%, bottom and charm are more clearly separated

e« Charm is more suppressed than MB

2017515 ¢ Bottom is similar




Bottom and charm with large statistics

—~—
PH ENIX

counts

10*

10°

10

-0.15

[ Au+Au, |'s,,=200 GeV
- min. bias, |y|<0.35

P, 2.0-3.0 GeV/c

PH ENIX
preliminary

— Data

- Re-fold
— Charm
— Bottom

Background

-01 -0.05 0

0.05

0.1 0.15
DCA; [cm]

e Recorded large statistics of Au+Au 200
GeV in 2014

e 17 B events = 4 times larger

 The dataset is available for the analysis.

e Charm and bottom separation using the
DCA decomposition in progress

e Dataset enables heavy flavor v2HF
measurement

2017/5/15
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Heavy Flavor electron v, PHENIX

w 025
EA: 'V'+‘"- bias Au+Au |'sy=200GeV pHENx | Heavy flavor electron v,"" with
02~ € from open heavy flavor preliminary | (F)VTX is consistent with published
- —e— Run2014 (with VTX)
015~ —e— PRC84,044905 (w/o VTX) measurement
- e Smaller statistical and systematic
0.1~ %{, + uncertainty
bosl ? % e VTX and FVTX improve the v,
N ﬁé H . + m measurement significantly
0 ?  VTX reduces the photonic BG
: e FVTX provides twice higher RP resolution
'0'050'"'0.|5""4""1.|5""£""2.|5"" ""3.|5' "a|1""z1.|5""
P, [GeV/c]
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v, for c- and b- enriched DCA range PHENIX

., Peak region : Charm enriched Tail region : Bottom enriched
€ [ AutAy § "I Min. bias Au+Au (s, =200GeV S "L Min. bias Au+Au|5,,=200GeV
g [ mmn. b i e 1: [DCA|<0.02(cm) : charm enriched E L 0.03<|DCA|<0.1(cm) : bottom enriched
a1 = — “— i
10 ; pT: 2 m °t =Ic-‘.|::rm s °or
- p I-iVEI 0.8; [ | b:tt:)m_ ;?r'glfsnElrll\lalzg 0.8;
| prelimir m E -ﬁa:rz:lc i =E::rm
3 0.6— 06— W bottom
10° i photonic
- L L M hadron
- 04 0.4
i - B PHENIX
L L L preliminary
0.2— 0.2
102 - :
- R N B Y R N 0TS 2 28 3 as 4 48 s
I p_[GeVic] p_ [GeVic]
—0.1I5I I—O’I —005 | OI 005 . IO.1I | I(I:l.‘|5 . r 2 A \ bg
DCA inc _ . . 1,C )
DCA ranges: r [om] * v, =b-vy(b-oe)+c-v;(c—>e)+bg- v,
Peak : c-enriched : | DCA|<200um * Look at v, from these DCA range
. . . b : ) : _ :
Tail : b-enriched : 300|DCA|<1000um If v3 is small, v,(b-enriched) < v,(c-enriched)
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HF v, for c- and b-enriched DCA ranges PH ENIX

L 0.25 - - | £ [ AutAl, |s5,,=200 GeV
T~ [ Min. bias Au+Au\s,, =200GeV § - min. bjas, [y|<0.3 _ga‘:‘ .
4 — Re-T10
) ~ e v, from open heavy flavor 9% p:203.0Gevi — Chatm
0.2 T PHE —
- e |DCA|<0.02 charm enriched " preimitary St
. e 0.03<|DCAJ<0.1 bottom enriched e |§€ Mo
0.15 g é
: 10°F 2
i F e
0.1~ . * - ©
- i b i 10 °
— 1 [RTEY N ST I - P B P S TR
— i ? T -0.15 -01 -0.05 0 0.05 0.1 0.15
0.05 — } - o 1 DCA. [cm]
B L . .
- | e Clear difference for c- and b- enriched DCA ranges
U__P]-IKV’ENIX """""""""""""""""""""""""""" S * Photonic and hadron background subtracted
- prelﬁninary  No b-fraction information is used
_I | L1 11 | [ | | I | I | L1 11 | [ | | || | [ |
-0.05

t 15 2 25 3 35 4 45 5 Syggests v,’(b—e)<v,5(c—e)atlow p;
P, [GeV/c]
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v,¢(c—e) and v,P(b—e) in Au+Au 200GeV ~ PHTENIX

V,¢(c—e) v,P(b—e)
ow 0.25 o~ 025
> - Min. bi (S, = - > —  Min. bi [San= '
o i Min. bias Au+Au s, ,=200GeV PH%NM o - Min. bias Au+Au |s,,=200GeV PH ENIX
. ——e— e from charm decay preliminary - —e— e*from bottom decay preliminary
02~ e Kt PHENIX PRC92.034913 02~ e h*PHENIX PRC92.034913
B » ® ® B » e ®
015— 015—
- » * - o * 5
B ™ B )
01— . 01— °
B ° - ] ¢
B e { C °
0.05— .. i i 0.05— .'
e . e
- -
Oj ''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' O,_ '''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''
B - First v,> measurement at RHIC
_005_\I\Il\III|I\II‘I\\I‘IIII|\Il\l\\l\llllll\l\ll\ll\ _005_|I|||I|\I‘IIII‘I\Illl\I\|IIII‘I\I\ll\l\llll\l\lll
0 05 1 1.5 2 25 3 35 4 45 5 70 05 1 15 2 25 3 35 4 45 5

p. [GeVic] p, [GeV/c]
* V,(C — e) is positive and smaller than charged hadron v,

 First b » e v,(b —» e) measurement at RHIC

e consistent with zero within large uncertainty
 Likely smaller than v,(c—e)
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Vv,°(b—e) comparison with LHC PH ENIX
b
DNO;éZ (b_)e) 025CMS Pbe)j_ 2.76 Tev
> : ; e = — : L B BRI IR T A I B A I I R R
o - Min. bias Au+Au |'s,,=200GeV PHENIX [ Nonprompt J/\I’ Cont. 10-60% J'N0'25:+Rfromp\uc5
L —=eo— et from bottom decay prEllmIﬁar‘f i en ° = : ev b Calculated With
027 e nh* PHENIX PRC92.034913 0.2 EP- C77(2017) 252 Giobatuncen. 27% 02p = %2
- L +16<|y|<24 «|y[<24 0.15 ALICE HFe v,
- 8 1 3 E - 2.76 TeV Pb+Pb 20-40%!
0.15[- 3 0.15 o1k g
B ¢ ¢ [ N ]
- ° [ 0.05f ]
0-1__ 0 01__ — 7] [ H ]
B ° i ] F ]
0.05— ,° } ] 0.05- 4 -0.05f E
- e [ ] ]
- e [ ] 0.1 arXiv:1705.00161 -
O O | N _015:..|....|....|....|....|....|....|..:
- 0 5} 10 15 25 30 ' 2 3 4 5 6 T 8
- P, (GeV/C) p_ (GeVlc)
_0-05 L 11 1 | I | 111 | | L1 11 | 1L 111 ‘ L 11 1 | 1 11 | | L 11 1 | I | L 111 T
o 05 1 15 2 25 3 35 4 45 5
P, [GeV/c]
Consistent with LHC results
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Heavy flavor muon v,"F in small system

T

PH ENIX

—_—

0-20% d+Au \s, =200 GEV

[ « p from open heavy flavor decays
+ = Charged hadrons

1.4 < n<2.0
Sys  =1.9%

+
b

|IIII
-4

—

-
II|IIII|IIII|IIII|IIII

PLELELELEN BLELELELE DR IR L
031 0-20% d+Au |s,=200 GeV T
0 252_- u from open heavy flavor decays
~ [ =Charged hadrons
= - -2.0<n<-14 £
v 0.2: Sys =1.9% i
= - Global H ]
o 0.15} —
n_*ﬁ N F ]
w 0.1 -
| +
I _
005" pHTENIX
- preliminary ]
o b v b sy by ey ey T
0.5 1 1.5 2 2.5
P, [GeVIic]

0.5 1 1.5 2 2.5

P [GeVic]

e First measurement at RHIC

* Significant non-zero v, in d+Au collisions !!
e 99.93% (98.61%) confidence level at backward (forward)

jcharged

hadrons

iheavy flavor
imuons

2017/5/15
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Future prospects PHENIX

102 o o = e« b->e and c->e separation in progress for Au+Au 200GeV
. E Run14, min. bias - . . 4.
S 107 B o - with full statistics
© = - Run4, min. bias = ] ] o
2 104 *a.pt - Combined Fit - e 20 B events in Run2014 = 4 times larger than the preliminary
2 105 T ; e HF yields are consistent w/ published result
> = o 3
PN - B e 16 B events more from run2016
€ 107L- m“m 1 * New p+p reference in run2015 coming soon
+  F - E .
g1t @ .2 * p+Ain 2015 to study CNM effect
= .F  PH ENIX “HL3
107 preliminary E
10710 ] o :
i —++== + New b-fraction in Au+Au improves v, (b—e) and v,(c—e)
T m . : . . :
s L o 1 ¢ B—>J/yin Au+Au with 16x more statistics than in Cu+Au
8 1: xunnunﬂﬂu H H B E .: \ll
03

I S— 7 g .
p_[Gevic] * Heavy flavor in small system
Detailed bottom and charm measurements in progress

to study mass dependence of QGP effects

2017/5/15 Quark Matter 2018 Venezia, Takashi HACHIYA 14
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Summary PHENIX

* Open heavy flavor yield and v, measurements in progress

* PHENIX measures heavy flavor e v,, charm and bottom electron v, in min.bias
Au+Au collisions at 200 GeV

e HF v,"F for charm- & bottom- enriched DCA range shows
* v,(b—e) is smaller than v,(c—e) at low p;

e Separated charm and bottom electron v,(c—e)
* v,¢(c—>e) increase smoothly with p;

* v,°(b—e) is consistent with zero within statistical and systematic uncertainty
* Likely smaller than v, (c—e)

e Outlook

 New bottom and charm results are coming soon for both Mid- and FW rapidity in Au+Au
and p+p 200GeV, others

* Not only charm & bottom yield but flow with large statistics



N

PH ENIX

Backup
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PHENIX Silicon Vertex Detector, VTX & FVTX PHRENIX

VTX installed in 2011

ly|<1.2, ¢~2xr : 4 layers (2 pixels + 2 strips)
FVTX installed in 2012

1.2<|y|<2.2, $=2n : 4 layers

+
L e

e Purpose
« Measure DCA for charm-bottom separation
» Proportional to decay length
e BO: 455 um, DO : 123 um ‘
« VTX : Collision vertex determination Collision D\CA
 FVTX: Event plane :twice higher resolution vertex

2017/5/15 Quark Matter 2018 Venezia, Takashi HACHIYA 17



Heavy flavor e yield at Au+Au 200GeV

10*2 1072
Lk [« ] Run14, min. bias 102 = [« | Run14, cent. 0-10%
3610 E Run4, min. bias :_G s IIl Run4, cent. 0-10%
3104 ed i 3 107 i ined Fi
8 - ---- Combined Fit 8 E% ---- Combined Fit
Z10° T, Z10° g,
o = o . e,
210° T, g0 E“E‘%
z = z, . pRIL)
n_.c.10—7 m-,‘. @9\10_ [ﬂh\‘~‘
= LN - -
g10°® T, Z1o0® N L
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107 preliminary 10 preliminary
1070 1070 e
2 —
i [ﬂ i
® , s
5 SR 8 0
0 ‘ ' ‘ g
1 2 3 4 7 8
p, [GeVic] P, [GeVic]
To a2 A B I P L e A B R I
103 0n |+ | Run14, cent. 20-40% 3E Run14, cent 40-60%
) - | = | Run4, cent. 20-40% K107, | = Run4, cent 40-60%
_ o = =
2 107 o ---- Combined Fit 3 104 ---- Combined Fit
=g i S 10 e
=10 =10 ey
3 i = T
g10° E“*g,\ §10° s
& 107 - =z T
o 10 Tt % 107 -
= RS = ‘ﬁ:_h
g0 ‘L@#ﬁ 210 R
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107 e e 1070
2 2 ' ‘ ‘ ' ‘ ‘
i i i
3 R @ [ e Py =y Py BN | 1 [.h Eil:l
z 1 £ 14 @ Eb %] 5 eEiafelsler i i
2017 O =23 1 6 7.8 O34 3% T8
p. [GeVic] p, [GeVic]

[ e | Run14, cent. 10-20%
| = | Run4, cent 10-20%
---- Combined Fit

PH "ENIX

prellmlnary

i

7 8
P, [GeVic]

| » | Run14, cent. 60-92%
| = | Run4, cent. 60-92%

---- Combined Fit

= _5 mm
= 10 E%
_8_'_1 0—6 EEII
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= PH ENIX
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Data/Fit
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Inclusive e v, for the c- and b-enriched DCA ranges PH ENIX

0.25 ——

>(\I 257 - - = = ] .
o [ Min.bias Au+Auys,,=200GeV e Clear difference for c- and b- enriched DCA
~ inclusiveev,
0.2 ranges
- —e—— |DCAJ<0.02 charm enriched . .
L. * 003<IDCAI<O.1 bottom enriched e Backgrounds contribute it:
- scaledbackground * Need to be subtracted :

0.1—

bg

0.05 Vit =b-vl(b—>e)+c-vi(c—e)+bg -,

_-y..—
PH ENIX
preliminary
_0.D5I|II | II|IIII|IIII|IIII|IIIIII

1| 1 1 | 1| 111 |
1 1.5 2 2.5 3 3.5 4 4.5 5
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Extract v,¢ (c > e) and v,° (b — e) PHTENIX

0.25 —
o "L Min. bias Au+Au|s_=200GeV vIF = b vP +c-vS
) ~ e v, from open heavy flavor
02
- ——® — |DCA|<0.02 charm enriched HF _ _ :
- —e— 0.03<|DCA|<0.1 bottom enriched * 2 HFe VZ from c and b eanChed
0.15+ . .
: e b->e and c->e fractions are determined
01E : . by the DCA analysis with VTX
g i ? ¢ ! -- e Unfolding provides yields and DCA shape
T } I of b->e and c->e
U_— ...... et o] é 1'2: Min. bias Au+Au\'s,=200GeV § 1'2_ Min. bias Au+Au s, =200GeV _
: PH><EN|X % 1:_[2;':|::).l212(cm):charm enriched % 1_0.03<|DCA|¢0.1(cm).bottom enriched
_D 05:I | 1 IF)IrIEI|”IT1IIIrIIa|rIyI [ | L1 11 | 11 11 | 11 11 | L 111 | L1 11 G-B;EEEEEMHIC [?rﬁquall'xy 0'8_
1 15 2 25 3 35 4 45 5 - - nadron - o
p_ [GeV/c] "o " M pownic
T L M hadron
04— [N 0.4_ Erlélﬁl\la%
e R R B Y R B Y ;T [(;;wc]s 05 2 25 3 35 ;T ;(;:wc]ﬁ
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Unfolding: Bayesian inference PH ENIX
* Purpose: extract parent B/C hadron yield P(B|A) = —12) TLE)
P(A)
e Bayesian inference technique 4
e MCMC(Markov chain Monte Carlo) sampling f‘> likelihood
e Obtain probability of B/C yield for pT bins (\
Input Calc: HFe Pata:HFe
ron yie|d B/C—e [YieId, 5DCA! [Yleld’ SDCA]
| 2V model
c—>e Pg
Charm
b—e
- P1 ) s
HEE e
C DC 103;
Botta AT e f{”‘ DCAT
b4~ m I ﬁﬂm
— D AT 10915 01 0.0 'o'ad.né'ogi[cgﬁs
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Unfolding: Bayesian inference PH ENIX

e Purpose: extract parent B/C hadron yield P(B|A) = P(Alﬁg ')P(B)
P(A

e Bayesian inference technique
e MCMC(Markov chain Monte Carlo) sampling
e Obtain probability of B/C yield for pT bins

Calc: HFe Data:HFe

Input .
B/C—e \iald FrOCAl [Y|e|d, SDCA]

Hadron yield

Decay model Likelihood distribution
<PYTHIAG> 3.5<pS <4.0 e
® TR =

AN\

Smoothness

2017/5/15 Quark Matter 2018 Venezia, Takashi HACHIYA 22
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Bottom electron fraction in 0-10% PHENIX
[ *=== min. bias (Phys Rev.C,93,034904)  New result in MB is consistent with
e published measurement
1
i « 3 time more statistics that the
Tosf —— published result
& =
é oof .
Rt * higher fraction@0-10%
o » Suppression can be different
0'2:_ Au+Au, 5,=200 GeV L E NIX
- Data 2004+2014, lyl<0.35 preliminary
D 1 1 11 | L 1 1 1 | I I | | L 1 1 1 | I I | | 1 11 1 | I | 1 11 1

1 2 3 4 9 6 7 8 9

p}? [GeV/c]
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Model comparisons in 0-10% PH ENIX

b—e/(coe+h—e)

Sensitive to relative modification Sensitive to total modification

I ey Djordjevic et al. (0-10%) Phys.Rev.C 90,034910 (2014) 2'5_ 0-10% Au+Au, y'th:ﬂ]{) GeV Phys.Rev.C 90,034910 |

"L == D(2 7 T)=30, van Hees et al. (0-10%) Eur.Phys.J.C 61,799 (2009) - Data 2004+2014, lyl<0.35 D — e (DGLV) _

SR D(2 = T)=6, van Hees et al (0-10%) e — Pth—; 2:%5753“31 100z ]

o D(2 7 T)=4, van Hees et al. (0-10%) 2__ PH\’\E NIX E _} o |{.S|:|B.I,B;TECH} ]

- -E,'H - Phys.Rev.Let,100,192301

- - D — e (T-Matrix) .

0.8 - T L -.B = e (T-Matrix) 4

o P 0 1 .5__ y. 4 __

. ¢ _ Vi il

0.6_— T L .
i CA |

L ==0-10% central ’ L i

04r - e [ ]

L Au+Au, \,'SN"=200 GeV L |

0ol Data 2004+2014, lyl<0.35 0.5~ : -

- | _-H"'v"_ L = -_________-- \x\ _ -

preliminary i B —
0 |||||||||||||||||||||||||||||||||||||| 0||||||||||||||-|_|_|"|‘|‘|"|'_|'|_|||||||||||_'|||||‘|
1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
p? [GeV/c] p. [GeV/c]

Data prefers smaller diffusion parameter(D=4) = strong coupling

Need smaller uncertainty to distinguish these models
« These models are consistent with our result though slightly smaller at low pT

2017/5/15
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Unfold results for 0-10% PH ENIX
0-10% Au+Au 200GeV 0-10% AUFAU200GEeV
5 R et T T [ 0 meeninoon omte 200anzone
ﬁ o 0-10% central, lyl=0.35 Ec hadrons "Ia 100 ! E {Sl;rkfygé.%_e].&f;tt, 113.142301)
= Data 2004+2014 b hadrons ) ;
g_m_ﬂ PI-i%ENI){ E 10™ -? ‘T ® T~ —
g g Prenany © = o PH ENIX
EJG = gac 1 -.1072! - preliminary
S 104f = 4 ¢ : L
= - 1 .43
10 — 1 2107 ¢ &
= ] 3 2
- - @
107 . T 107} .
107 : - & | .
-aE = E 107 D" ly|<1 =
107F E - Au+Au at /sy, =200 GeV
1:]_EEII|III|III|III|III|III|III|IIIIII|IIE 10_5_ , , , , , , 3
0 2 4 6 8 10 12 14 1ﬁpT [E}aewg]ﬂ 0 1 5 3 A 5 6 7
pr [GeV/c]
« Invariant yields of bottom and charm hadrons
« Unfold charm hadron is in good agreement with direct
D measurement by STAR
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B—J/y R,y In Cu+Au at Forward rapidity

—

PH ENIX

DCA from FVTX

PRC 96, 064901

“— [(b)1.2<y<2.2 Cu-goingF,_,,=0.089% 0.026 = 5
§103 3 Data - BG < 4pH- 's =200 GeV
=, PHENIX o e = 4PHENIX Sy~ e
<m — Prompt Ty O 3F e CutAu— B-=J/y pT>0
8102 3 s ﬁ%}}fw - oL = CutAu— Prompt J/y p~0
S f oy EPS09 for B— J/y
Z . S
o 10 1

\ 1

- 5 x TR O A i
g 2t Lﬂ‘l_{_‘—'* 4x1071F
= Op 3107 i
= 2F | | | | | | | | | |
E _[]-_éll_lﬂ_zlll_l(]_llllIGIIII{}_[IIII{}_ZIIII[]_E 2><10—1 [ N [ I L1 11 [ I [ I [ I
DCA,, [cm] - =2 -1 0 I 2 3
: : : : rapidity

e B — J/yv : No suppression — consistent with unity

» Also consistent with a modest enhancement by EPS09 ~Cudu

] : B—=Jly B—Jly pinc.Jiy
« Prompt J/y : Large suppression Reww =—3 apd
. . F, B—Jly
« breaks up in final state
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