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Heavy Flavor as a QGP probe

« Heavy quark is mainly produced via initial hard scattering
b mb > mC > AQCD’ TQGP
4.5GeV 1.2GeV 0.2 GeV

Production can be calculated by pQCD

>@ /-

Au

Q0 interaction with QGP ‘(/jecays

~0.02 ~0.08 ~O.3—1fm/c time scale ~b fm/c ~ 120 U m/c ~ 460 U

Heavy quark carries the QGP information when passing through QGP

e Energy loss and flow effects
_ pr and angular distributions can be modified in QGP
e Quarkonia would be melted

Open bottom and charm, and quarkonia are important probes to QGP
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Bottom and Charm suppression in Au+Au

Electrons from bottom and charm decays Yield(Au + Au)

R, =
Au+Au in 2011 " Neoll «Yield(p +p)
High pT 1:6r (a) m— G}
e R,,: Bottom ~ Charm (p;>5GeV/c) 1.4f | T t:;%
e Radiative loss dominant 1 o | " Phys. Rev. C 84, 044905 (2011)|
Low~Mid pT §1'0"'""~r?1|"]".'_""' U
e Ry, : Bottom > Charm (p;<5GeV/c) 0.8 I O 4 ﬂ
e Collisional loss dominant 0.6l B 'l”'ml,. .
N _
0.4l W

Expected quark mass dependence
« AE, <AE. <AE, <AE,

0.2

PRC93 034904 (2016)
1 2 3 4 5 6 7 8 9
peT [GeV/c]

Further investigation to extract transport properties of QGP
Rap @and v, of bottom and charm precisely
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e

AN e Central Arms

N . y[<0.35, p~2-1/2

e Electrons, vy, hadrons
« DC, PC,

RICH

PH Ele Detector
— -

EMCAL=—
TOF |

N 4 RICH, TOF, EMCAL
PC el | |
o/ Sy ol I'l'-—h 1| a——__,
ptap e Muon Arms
' e 1.2~]y|<2.2, 4~2.1/2
e Muons, Hadrons

M N
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PH ENIX Detect
etector
%

EMCAI=——

AN -:\_j ° C entra | A rms
\ X |y|<0351 ¢~27’E/2

e Electrons, vy, hadrons

« DC, PC,
RICH, TOF, EMCAL

W

&

o 1.2~ly|<2.2, ~2-1t/2
e Muons, Hadrons

e VIX + FVIX
o lyl<1.1, ¢~2n
e Precise displaced tracking

e Primary vertex

o]



Open heavy flavor in p+p

Baseline measurement



Understanding the production mechanism

p+p 200GeV PRD 99, 072003 (2019) p+p 510GeV arXiv:2005.14276

Charm Bottom
—_ 162107 —_ x107° ~ 0 Bottom
5 EPHENIX @pp —ccX — wiwX ‘g, LPHENIX (0 pp —bBX — u=u= X B 3] [ pvrians fever eotaton
X 1 :— -:..Tmé maf:m ) = vt --_:;p wf;znnﬁf:Mh . g 3} I PYTHIAG (gluon splitting)
5]’- 12:_-P‘f'THIAvﬁ .::,,_=|5.343mh fj‘_ 2:_-F"|"Tl-lnvﬂ ;:;:C-l-.mh 2 - PYTHIAG (fc + fe + gs) |
=) C PYTHIAVS {pair creation) = - PYTHIAVE (pair creaticn} = 2.5 e p+p \s=510GeV ] L*
= 10+ PYTHIAwE (flavor axcitation) % = C PYTHIAVE (flavor sxcitation) % E |
© E I PYTHIAWS (gluon splitting) = 1 5-_-F'm-|mna (gluon splitting) 2L ‘ ’ T
Erph:»an;a\rfc,mzchﬁ«czz [ p,>3GeW 12<k1<22 -
F 15<m, [GeWicl<25 @ R T e [ 35<m,..[GeV/ic’] <10.0 1.5)
E__ Glcbal l.huartﬂi'ltr‘lz.m.__.r'- 1_— Global Uncertainty 12.0% :
B a - L 1
ar C fﬁ g
of 0-5¢ o4 05
Df Liveiler il | | | of | | | | | | °F
0 05 1 15 2 25 3 0 05 1 15 2 25 _ 3 osELLd L
arXiv:1805.02448 |¢y,1_ ¢M,2|[rad] |¢p,1_ ‘ﬂ,z"rad] 14 16 18 2 22 24 26 2.8A¢ ?rad)
L\g RA2000000 m—— . .
% Production mechanism
rd e Charm : Flavor excitation
) h 1 Fl b) t-ch | FI - -
O reaton . Creation e Bottom : Pair creation

back to back « + flavor excitation @ 510 GeV

P N « Bottom is simple and sensitive to initial gluon dynamics at RHIC

(¢) Flavor Excitation (d) Gluon Splitting . . . .
ntermediate Round shap « Gluon splitting is expected to be dominant at LHC
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Electrons from bottom and charm decays

4 T T T T T
107 £ (p) p+p
D- O 1.8-2.1 GeV/c \EQEQ&(:XGQV
e~ 10° L In|<0.35

Collision
vertex

.15-0.10-0.050.00 0.05 0.10 0.15
DCA; [cm]

o Uouiown

Data / Re-fold
O NN

e Electrons from semi-leptonic decay of bottom and
charm hadrons e b>e and c>e is separated using DCA and yield

distributions with the unfolding method

o Utilize decay length to separate b and c . Bayesian inference technique

* B%: 43spm, DR : 123 im b->e and c>e DCA sh duce d I
. e and c>e shape reproduce data we
« \VTX enables distance of closest approach, DCA, g P

« DCA resolution ~ 60pum
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b—oe/(b—oe+c —>e)

nD+p Baseline : Bottom Electron Fraction

PRD 99, 092003 (2019)

e« FONLL is consistent with data

1m0 SNy—

o.gg—PH ENIX . b-oe

O-BE_IF;-;-ZE’TS#SE_zooGeV b boetc—oe

0.7F N

0.6F

0.5F

0.4F

0.3 2— — PHENIX Unfolding

0.2

0_15 FONLL

(1]= PRI AT T T N N U T N T T N T T T N A T T T T I O MO |
1 2 3 4 5 6 7 8 9

Electron P, [GeV/c]
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b-oe/(b—>e+c —e)

nD+p Baseline : Bottom Electron Fraction

PRD 99, 092003 (2019)

1 — 5 e
0 9; PH ENIX 4
" E p+pat Vs =200 GeV
0.8 -l <035
0.7F 1 .
0.6 ﬂ
0.5F [h m
0.45
03E = PHENIX Unfolding
~E FONLL
0.2 ;— 49 + STAR e-h Correlation
0.1E- + STAR e-D° Correlation
T E v = PHENIX e-h Correlation
Or_ullllllllllIIIIIIIIIIIIiIIIIIIIIIIIIII
1 2 3 4 5 6 7 8 9
Electron P, [GeV/c]
2020/10/22

e FONLL is consistent with data

« New data shows significantly
small uncertainty

e consistent with previous results
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nD+p Baseline : Bottom Electron Fraction

1 2 3 4 5 6 7 8 9
Electron P, [GeV/c]

(b —e)/FONLL (c—e)/FONLL

1o TN PRD 99, 092003 (2019) w—‘"p',,,;;,'g#;_zlglnlg,;"'"”"'”""”"""”"
095 PH_E_NIX 4 — 0°E PHENIX * c—e
) E_p+p at Vs =200 GeV “% b .« e (b—-e)x10?
- 10-4
< 0.8 :—m| <0.35 % . —— FONLL c —e
— [= 10
T 0.7 + = qnt
o - ! - e g 1° —— FONLL b—e
[ o -7 )
:; 0-6 :_ —-m "pE 1D_E '.'...
— & 10 °
T 0-5 :_ :" 10-°
=) 0.4 = EE 107"
~— = :_ — _“hv_
* 03E — PHENIX Unfolding 10" PH ENIX
- FONLL L =R T U B DU PR FUUUT TR -
< 0.2 — = STAR e-h Correlation L3E =
0.1E- + STAR e-D° Correlation 1:2: §R08004,, . =
- il = PHENIX e-h Correlation - R T S -
0 L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 i L1 1 1 I L1 1 1 I L1 1 1 0.5:5_ " _E
— ) 9

Electron P [GeV/c]

« New P+P Baseline of bottoms and charms available w/ 1~9GeV/c in p
« HF electrons, p for mid- & forward rapidity
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Open heavy flavor in Au+Au

Suppressions & Flows



Rya(c > e, b —e)

3 times more data in Run14 than in Runlil

Ce ntra ‘ |ty De pe A d ence New p+p baseline is not used

0-10% Au+Au Min. Bias

2.2 S 2.2 —
-0-10% Au+Au, {sy,=200 GeV p|.| "ENIX - - min. bias Au+Au, \'s =200 GeV PH "ENIX |
2 Data 2004+2014, |y|<0.35 preliminary f 2—Data 2004+2014, |y|<0.35 preliminary —
1.8 % c+b — e (Phys.Rev.C 84,044905) = 1.8 % c+b — e (Phys.Rev.C 84,044905) —
- —/cCc e, +p from e-h correlations B - —c —e p from e-h correlations ]
1-6: b e %hys Rev.Lett.105,202301 : m 1.6; —boe ‘Ehys Rev.Lett.105,202301 e
14— / - T 1.45 -
- e ] 0 - .
1.2 / ] iy 1.2 ]
1 i T 14! ]
: L 1 ]
0.8 ] < 0.8— ]
0.6— 3 © 06 =
0.4— - 0.4— =
0.2— - 0.2 =
0:I L1 1 ‘ I | | _\h‘l“r‘\&“l7_I7_I7_T7_\7+/If\'fr‘l;| || ‘ 7\_7_\777 L 111 \: 0:\ || | [ | ‘ [ | ‘ | I | || | || ‘ I I ‘ 11 \:
1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9

P, [GeVic] P [GeVIc]
* Raa(b>€e) ~ Rya(c>e) at high pr Rai(c>e) 0-10% < Min. Bias

* Rya(b>e) > Ryp(c>e) at low py
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NModel comparisons

b>e & c=2e in 0-10% « Compared with 3 models
2.57 0-10% Au+Au, |s,,=200 GeV Phgs.neu.gé&umgm _ o T-Matrix + diffusion (2rTD=4)
[ Data 2004+2014, lyl0.36 BZSEDGW}) i > Strongly coupled QGP
- —C—> e P Phys.Rev.C,78,014904 . o : :
7 I ;rell-i}ﬁliglﬁ{y _E?:SESHEEEEH% B SUBATECH: E-loss + running C.ouplmg |
—~ | Phys.Rev.Let,100,192301 « DGLV: E-loss + plasma w/ static potentials
e - D — e (T-Matrix) .
T s - .B — e (T-Matrix) :
o 151 P
g | y, 1 ¢ Precise measurement is necessary to distinguish
0 i 1 these models
e .
n:ﬁ ! 1
i | * Theresult will be updated using
0.5[ | g &,J\: new p+p baseline and
i et | et 1 full 2014 + 2016 Au+Au dataset (36 billion)
?\‘*—\-/r
D_l taaliiaal I-I_-J--l-I_I_I_J_l+_l_l-_l-[-| 111 |_| bl 1_ ¢ EXtend to |OW pT
1 2 3 4“’7 [Gsev.fc]s 7 8 9 « Centrality dependence
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Charm and Bottom
vV, (c—>e)

ey 0025
= | i i = i
- Min. bias Au+Au | s, =200GeV PH ENIX
L ——ea— @ from charm decay preliminary
0.2 & h* PHENIX PRC92.034913
| L] ]
0.15 L
} ™ ] M
| L
"Il
»
oos- o 4
| L ]
| L ]
0|
P, [GeV/c]

liptic Flow

O N

o

O 2\E)/Zb(b—>e)
- Min. bias Au+Au ysNN=200GeV PHVI_ENIK
. ——e— e*from bottom decay preliminary
02~ e h*PHENIX PRC92.034913
L a ® ™
015—
- ® L
B ™
B ™ ®
B °
005— ,°
e
: [
e
_005_\I\\|\\II‘II\I|III\ll\\I‘\I\\l\\l\‘ll\ll\ll\ll\\l
20 0.5 1 1.5 2 25 3 35 4 4.5 5
P, [GeV/c]

« Bottom and charm v, successfully extracted at low p+

e Positive charm v,¢(c — e)

e Hint for finite bottom v,?(b — e)

e also consistent w/ zero

Likely to be v,(b—e) < v,(c—e)

2020/10/22
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fE'N I.I'.O_ ——— o YD
o - 5= o C e HE|
- Min. bias Au+Au |5,,=200 GeV PH ENIX ® = Min. bias Au+Au |5, =200 GeV PH ENIX
[ —e— celectronv, preliminary - —e— belectron v, preliminary
025 ¢ quark (EPJC71.1666) 0950 b quark (EPJC71.1666)
| ————— D mesoni (EPJC71.1666) = - - B meson (EPJCT71.16686)
. electron from D meson (EPJCY1.1666) I electron from B meson (EPJCT1.1666)
0.2 0.2
0.151 0.151
0.1— 0.1
i { . - o
0.05— ® } I - M- 0.05_—
:LLJ_LJJ_LLI_LLLIJ_JJ.J_UJ_LH_H_LLH_L_I_LUJ_LLLM_LLH_L_LHJJ_ - . - -"“I-:-..u-—l-:::l
00 0_5 1 _15 2 25 3 35 4 5 D AIJ.IJJJJJ.L—I-I—L[.].LA-LLLI—J "]'l"]'l-JJ.J.-I_I 5 Ll

45 5
0 05 1 15 2 25 3 35 4 45 5
p, [GeVic] p, [Gevrc]

e Hydro without coalescence underestimate charm and bottom v,
e Langevin + viscous hydro
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NVodel comparison

%‘N o

o i Pyt

[ Min. bias Au+Au \'s =200 GeV PH ENIX
- —&— c electron v, prehmmary .
0.251- Glauber for hydro (PRC88.044907) 0.25
i KLN for hydro (PRC88.044907) '
0.2 0.2
0.15— 0.15|
0.1 + 0.1
0.05- ) 8 0.05|

0:]l/I.JlIJIJIJlJlIlIlI.JLJlI]IJlJlJlllllllLILI'IILIII I:I II--

0 05 1 15 2 25 3 35 4 45 5 0

T

PH ENIX

preliminary

e Hydro with coalescence shows similar trend of charm v,
e Light quarks drags charms in coalescence

2020/10/22

PHENIX HF overview, T. Hachiya
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Charm vs J/y v,

e J/y v, non-zero with 1.1 &

o 0.25_ ~
T PHENXAURAY 12006V e
0_2: ——  Min bn.:s & from charm decay (lyl<0.35), 2014 pI‘E“mII‘lat‘Y
_:+ 20-60% IncrusweJa'ur11.2<|y|c:2.2].201[!‘ X ° Charm V2 <C_>e) > _J/\'] V2
- . .
015} , ! L+ with 0.7 ¢ at mid-p+
- _ ) t
0.1_— *
- ¢ { { : . :
oos— A s | « Consistent with the scenario
C o0 0 P e Light quarks drags charms in
T n coalescence
—0,05:""'"""""""""""""""""' |

0 05 1 15 2 25 3 35 4 45 5
pT[GeWc]

Jy i 1.2<]y|<2.2 (pp)
Charm : |yl < 0.35
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Quarkonia in small system



Quarkonia as QGP probe  [[iiads T

450 MeV Y(1S)

Illll)

e Quarkonia can be melted in QGP due to Debye color screening

e Sequential melting of bound states should be seen
e QGP thermometer!

Xb(lp)

240 MeV J/(1S)

200 MeV %(1P)

Not simple---

e Cold nuclear matter effects (CNM)
e Initial state: shadowing(nPDF), k; broadening
e Final state : absorption, co-movers

e Regeneration/Recombination (not negligible)
e Significant at LHC

Recombine non-initial pair of HQ

-

(Re)generation

« CNM effect is key to quantify quarkonia melting in A+A

e Systematic study of CNM effect by changing nuclear thickness
with p+Al, and p/d/3He+Au

QGP melting

Quarkonium R,

Energy llensit;

2020/10/22 PHENIX HF overview, T. Hachiya 20



J/y : CNM effects in p+Al, p+Au, SHe+Au 200GeV

Al/Au-going O , < p/d/3He-going direction
L 5
p+Al p+Au He+Au
1_6 T T T T T T T T T T T T T T T T T T
o= F o 0%100%p+Al  Inclusive Jiy (2)'F o 0%-100% prAu’ Inclusive JAy (b) E e 0%-100% ‘He+Au Inclisive JAy (c) 3
1.4¢ VS\=200 GeV  F Ysa=200 GeV VS =200 GeV 7
12F HH PHENIX 3 PHENIX i PHENIX E
1:‘.... ------------- M---—--—------- -------------------.—--—---- ------------------------—-
0.8F + a0 T Ei it 3
- ¥ on| [{Ezh] ]
0.6 + I e
0.4F + F 2
0.2F =2 F .
O:I 1 1 1 1 1 1 :I 1 1 1 1 1 1 1 1 1 1 1 1 1
3 2 1 0 1 2 33 2 1 0 1 2 33 2 1 0 1 2 3
y y y

Phys. Rev. C 102, 014902

e Systematic study of CNM effects
e Suppression at forward rapidity for Au. pAl ~1, pAl < pAu, 3HeAu



J/wv

01.6
<L
14

0.6

04

0.2F

2020/10/22

CNM effects in p+Al, p+Au, *He+Au 200GeV
A.I/Ag?going O

p+Al

p/d/3He-going direction

SHe+Au

p+Au

e 0%-100% p+Au Inclusive JAy (b) ' F'
ﬂsNN=2OO GeV
PHENIX

0 1 . | N | " .~ 1 v
o 0%-100% “He+Au Inclusive Jiy  (c)

ﬂsNN=2OD GeV
PHENIX

Incrusi\./e Jhp '(a) 'E:

fsNN=2DD GeV '
PHENIX

L' . 0%-100% p+Al

k" EPPS16 (Shao, et al) EPPS16 + Abs EPPS16 (Shao, et al) EPPS16 + Abs EPPS16 (Shao, et al) EPPS16 + Abs 1

F 1 nCTEQ15 (Shao, etal) == nCTEQ15 + Abs I 5 nCTEQ1S (Shao, et al) nCTEQ15 + Abst & nCTEQ15 (Shao, et al) nCTEQ15 + Abs]

-I 'l I 1 I ] I 1 I ] I ] I-- ] 1 1 I 1 1 T 1 1 '] I ] ] "]

-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
y y y

Phys. Rev. C 102, 014902

e Systematic study of CNM effects
e pAl ~1, pAl < pAu, 3HeAu

e Forward :described by shadowing (ISE, EPPS16, nCTEQ15)

« Backward : adding nuclear absorption (FSE) reasonably reproduce data

PHENIX HF overview, T. Hachiya 22



J/w Ry, ratio in p+Au, SHe+Au 200GeV

Al/Au-going direction

p/3He-going direction

(Backward) ©— - . (Forward) .
s Open HF in d+Au
m L. T I T [ T I | T T | T I T TTT T I T [ T I T I T | ! I T [ T I
< [ Inclusive Jy 2.2<y<-1.2 (@ I Inclusive Jhy 1.2<y<2.2 (b) 1 =gl ] . ]
& « 0%-20%, p+Au I |'5,,=200 GeV = 0%-20%, p+Au ] F ===« L Vitev (shadowing, p, broadening, CNM E-loss)
2 o 0%-20%, "He+Au HNENIX o 0%-20%, “He+Au — C
T . 2 e -20<y<-1.4
15 E B 1d=y=20
1.5 ﬂ K
1 - i i
1_— = -n--*--r-------u sanl-"
0.5 o5E Ll :
= (c) 0-100%
PR T N TR TN TN T (NN TR TN TN NN AN TN N TN M | PR T R T |
0 — T+ T 0 1 2 3 4 5 & 7
Fit: 0.89+0.03(stats. }-0.08(syst.) T Fit: 0.96+0.03(stats.+0.05(syst.) - P, (GeVic)

*He+Au / p+Au

o
o
Hef~
o
o
|

?@ﬂi@ﬁﬁ.}:@ﬁ:@::&}:;::::::;: ------- *#@m@wgﬂﬂtﬁ%r

Suppression at forward
Enhancement at backward

6'123455"}'30123456
P, (GeVic) phys Rev. C 102, 014902

e Suppression at both forward and backward rapidity
e Forward: shadowing effect (ISE)
e Backward: absorption (FSE)

e Stronger suppression in He+Au than in p+Au with 1.3 ¢ :

P, (GeVic)

small final state effect at backward



Summary and Outlook
« P+P baseline updated

e Pair creation and flavor excitation is dominant for bottom and charm
* b > e and ¢ — e spectra with broad p;range (1-9 GeV/c) and small uncertainty

e Au+Au
« Suppression: Ry (b —e) >R, (c > e) at mid-p;
cV,:V(b—>e)<v,(c—>e)
» Coalescence model describe v, (c > e),
e charm quark is dragged by light quarks

e v, (c > e) >v, (J/y) suggests this scenario

e Quarkonia in small system

 J/y suppressed with absorption (FSE) at backward rapidity
e Shadowing (ISE) at forward rapidity

e Qutlook
o Analysis with Au+Au full statistics (36 billion events) from 2014 and 2016 is going

 New heavy flavor results, bottom R,, and v, will come soon.
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PHENIX for 16 years of data taking

e« PHENIX recorded data for 16

s [GeV]

510
200
130
62.4
39
27
20
14.5
7.7

2020/10/22 PHENIX HF overview, T. Hachiya

W 2D LN O D Cuthn o years and completed the data
B R W PR {okingin 2016

 Moving to the next generation

« PHENIX collected wide range
of different collision system in

the last three years with
VTX+FVTX

Runl4d: Au+Au, 3He+Au
Runlb: p+p, p+Al, p+Au
Runl6: d+Au BES, Au+Au

Data analyses continues with
these dataset

26



data/cocktail

p+p Baseline measurements via up pairs

 Semi-leptonic decays of charm and bottom produce lepton pairs

Unlike sign pair Like sign pair, Bottom : hi-mass Like sign
p Q (3.5-10.0 GeV/c?)

X X x @0

\cp '}@p Q@{@ 'Eﬁf Charm : Lo-mass unlike sign

(1.5 -2.5 GeV/c?)

< B B
/ / / | L
X X X X Drell-Yan : Hi-mass unlike sign

(4.8-8.2,11.2-15.0

@

Like sign up pags

103:

vl
— T{15+25+35)

dN/dm[c’/GeV]
)

-
=1

i -

Drell-Ya

—

data/cocktail

01 2 3 45 6 7 8 9 10
m,.. [GeV/c?]

8 10 12
mass [GeV/c?)
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D+p Baseline measurements via pup pairs in p+p 200GeV

Bottom production

_—
— . o= 3L
bb cross-section measurements 3 10E
at p+p Vs=200 GeV at RHIC e CoF g
© a2l o
..... FONLL MC@NLO — stat. error 10° e TALIGE e
— NLO(Vogt) - - POWHEG — stat. @ sys. error = uA1 "‘*’i
i 10= RHIC p+p :%:-:Em)cl ptp
o PHENIX, dimuon = |t s analysis
this analysis - R T
1 el
_ PHENIX, B — J/y = .~/NL0 pacD
E" H . PRC 96, 064901 10_1 I — p+Sin"‘ '_" (Vogt; Eur.Phys.J).ST 155:213-222,2008)
@ . PHENIX, dielectron - '} ERA-B prcrTW
PRC 96, 024907 102 S
E ﬁﬁ?ss p+Au (a)
Py S PHENIX, e-h correlations B 4:; ] | |
PRL 103, 082002 £ 3 T ®)
B 25 Tt '; ............ grerrne s
oo b b b b s by bvvaan b g 1;____:,_.]'._'_.:.]..‘.‘..1 -------- e . "'.'"FT;'.",'.'J' ------- ?---?:---I--:--.'.:'...l-J--...
1 2 3 4 5 6 7 8 9 10 0 10° 10° < Gevy 10
S €
S [MP1 PRD 99, 072003 (2019) arXiv:2005.14276 (2020)

« New bb cross section is consistent w/ previous PHENIX measurements
e Bottom production is 2 times higher than FONLL
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Bottom electron fraction in AutAu 200GeV

1.4

1.2

-y

o
o)

b—e/(c—>e+b—e)
o
»

©
N

0.2

2014 Au+Au Data

| == Djordjevic et al. dN/dy1000 (0-10%) Phys.Lett.B 632,81 (2006)

----- Djordjevic et al. dN/dy3500 (0-10%)

---------- Djordjevic et al. (0-10%) Phys.Rev.C 90,034910 (2014)

= D(2 7 T)=30, van Hees et al. (0-10%) Eur.Phys.J.C 61,799 (2009)
----- D(2 = T)=6, van Hees et al. (0-10%)

---------- D(2 = T)=4, van Hees et al. (0-10%)
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2014 result with 3 time more data
consistent with 2011 published result

T-Matrix+ small diffusion scenarios
(2nTD=4-6) are consistent with data

— Large diffusion scenario (2rTD=30)
rejected by data

— Strongly coupling QGP
DGLV models with different gluon
densities also consistent with data
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Open heavy flavor in d + A

PHENIX measured v, and v; in small system.
Data are well described by hydro models including the QGP formation

2020/10/22

Nature Physics 15, 214 (2019)
p+AU d+Au 3He+Au

0.2 T I R L
0.18Fp+Au 8, = 200 GeV 0-5% d+Au |s,, = 200 GeV 0-5% ) + *He+Au |5, =200 GeV 0-5%  (c) -
0.16f ¢ Y:0u PHENIX :
0.14F == v. SONIC

= = v, IEBE-VISHMU

Heavy flavor is also flows in small system?

PHENIX HF overview, T. Hachiya 31



Heavy flavor muon v,”" in d4+Au 200GeV

Au-going direction

d- going direction

MLELELELEN BLELELELE DAL IR B T
0.3 0-20% d+Au |s,=200 GeV -; 0-20% d+Au \fﬁ_ =200 GeV .
0 252_- u from open heavy flavor decays | ¢ u from open heavy flavor decays |
-~ - = Charged hadrons + = Charged hadrons
5 02F-20<n<-14 F14<1n<20 E
v ~ Sys =1.9% 1 Sys =1.9%
= - Global | - Global i
v 0.15F + } 1 + .
9 :
o o { + + “ 1
> -
005" pHTENIX ES ;
- preliminary
0 1
v b e b v v e v w v s by v o by o T v a1y A I TR U T N U NN SR W AN B
0.5 1 1.5 2 2.5 0.5 1 1.5 2 2.5
P, [GeVic] P [GeVic]
e Re-analyzed run8 dataset
« Significant non-zero v, in d+Au collisions !
e both Au-going and d-going direction
2020/10/22 PHENIX HF overview, T. Hachiya
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dhadrons
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imuons
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BSottom v, : comparison to LHC ATLAS EPD.C (2018) 76:754

CMS EP.J C (2017) 77: 252

v,°(b—e) 0.25 | | 7
am025F N Non prompt J/\|/ -
o [ Min.bias AutAu|s,=200GeV PHENIX : Pb+Pb,\/Syy =2.76 TeV ]
- —e— et from bottom decay preliminary 02 NN ' o ]
027 —e— h* PHENIX PRC92.034913 T *1.6<|y| <24, 10-60% -
- s . i * |y| < 2.4, 10-60% i
o1 . * . 0.15[ Pb+Pb,\/syn =5.02 TeV
- M ~ - e |yl <2.0, 0-60% ]
0.1— . = B ]
- o ? 01— g ]
- L B ]
0.05 ,°® { ] N i
L o - .
- . 0.05 | ]
L [ = =
_OOSD_I L1 \Dls\ L1 | % L1 | I1 |5\ L1 | 2| L1 1 I2|5\ L1 1 :|3 L1 | I:3‘5I L1 1 4|. L1 | |4.‘5I L1 1 5 0 . . , | I . A f . , . . ! I 1 , | \ | A f \ | I \ \ A f
5 [GeVic] 0 5 10 15 20 25 30
.

P, (GeV/c)

« ATLAS and CMS also measured positive bottom v2 for pr > 3GeV/c

e Low p;is sensitive to flow, and high p;is good for energy loss?
e consistent with these results
e b-quark suffer flow?

Bottom v2 became available. Need precise measurement
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J/y : CNM effects in p+Al, p+Au, d+Au, 3He+Au 200GeV

Al/Au-going direction o > < . p/d/3He-going direction

1.5 — -
Inclusive J/y |5,,=200 GeV PH-“ENIX Inclusive J/y |/s,,=200 GeV pHENIX
D:':'{:‘ i -2.2<y<-1.2 (Al/Au-going) preliminary D:E i 1.2<y<2.2 (p/d/*He-going) Preliminary

0.5 0.5

ebrAu oy
L p+Au
@d+Au PRL 111 202301 (2013) I &d+Au PRL 111 202301 (2013)
. ¢ He+Au | | #°He+Au
1 L U i | ] |
0 10 20 0 10 20
Npaﬂ: N

e Systematic study of CNM effects ;
 J/y Ry, vs Npart is on a common scaling curve in p/d/3He going and Au/Al going
e Consistent with unity at small Npart
e Ryg ~< 1 atlarger Npart
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J/w v, model calculations

0.2

Au+Au—J/y+X \/s,,=200 GeV .

I

EPHENIX PRELIMINARY (1.2<lyl<2.2)20-60% centlahtv PH “ENIX
. prellmlnary

y=0 predictions

‘oalecence at freezeout|Greco,Ko Rapp- PLBS9’§ 202] -

—_— Tlansport model[Ravagli,Rapp- PLB6§5,126]

-=-== Coalescence in fireball[Yan,Zhuang XuvPRL97 232 ‘%Ol]

-------- Coalescence + initial mlx[Zhao,RapPrhucl thf08(}6 1239]

—— Regeneration in fireball[Song Han-PRCS3 01—1914]

_— Hydro w/ viscosity T—l')OMeV[Hemz Shen]-

—— Hydro w/ viscosity T=165Me¥ [Heinz Shen]

-------- Hydro wo/ viscosity T=120MeV[Heinz,Shen] —

==== Hydro wo/ viscosity T= L6€\/IeV[Hemz Shen|

-=== Prompt J/y[Y an,Zhuafl‘i0 Xu- PRLS")r 232301]

B 2010 Au+Au Data
O lE=—1 1 1 | T SR TN SN NN NN SR SR SR NN SR SR SR SN N S RN SR T N
0 1 2 3 4 5

P, [GeV/c]
2020/10/22 PHENIX HF overview, T. Hachiya
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CNM effects : Ryg vs prin p/?He + Au

i : 3He goin
Au going Open HF in d+Au , p/ §0INg
< Inclusive Jiy |s,, =200 GeV 255 ..... L Vitey (shadowing, p_ broadening, CNM E-loss) = E Inclusive Jy |[s,, =200 GeV
I [-22<y<1.2(A-going) - ] £ [12<y<22(pHe-going)
CEB : K * 20<y<-1.4] ™
m1d<y=20 ¢|
() 0-100% PH  ENIX
preliminary N S preliminary
% pewAl oy, e 0 1 2 3 4 5 6 : N S S
2 4 6 p, (GeVic) 2 4 6
p, (GeVic) p, (GeVic)

 J/y is suppressed in both p-going and Au-going direction
e p/3He-going : Shadowing effect (ISE) - Similar w/ HF

« Au-going : Break up effect (FSE) — different w/ HFp
(enhancement)

e Large multiplicity for Au going
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J/y : Regeneration at RHIC and LHC

_ﬁ [ T T T T T T T T I T ﬁ Illll lIIIIIlllIlIIlII.
- 7 o 1.4 Inclusive Jiy — i
J/ Y/ —>LLLL 7 ' E ® ALICE, Pb-Pb s, =5.02TeV,25<y <4 p <BGeVic
S 10L& ® ALICE, Pb-Pb s, =276 TeV, 26« y < p_<BGeVie
! O PHEMIX, Au-Au m =02TeV 12 y|<p2 p_>0GeVie
Cu+Au lli:iNN =200 GeV (gl. sys. 7.1%)

0.5

ol.2<y<l2 O —2.2<y<-1.12

O AutAu ys,, =200 GeV (gl. sys. 9.2%) 1

Nuclear Modification Factor, R

5.02Tev 1M
2.76 Tev 081l

LowpJ/y.

& i
3 . 200 GeV °5f = :
E o T 0.4F H .
@8 5 4 : BB :
: ? 0.2 L
ﬂ'U[} J J][%l-[}l — Izij}[}L 13[“!';[}1 14(]{] ﬂ‘....l....|....|...é|...é|....|....|....|.:
Number of Participants 0 60 100 160 200 250 300 360 400
part

Cu (Cu+Au) < Au (Cu+Au) < Au (Au+Au)

e Rua(RHIC) < Rya(LHC) at low
e Regeneration (recombination)

Debye screening failed to describe data
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