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Heavy flavor as a probe of the QGP

« Large mass of heavy quarks —> only produced in initial hard scatterings

Initial State

QaQ.

-
T~0 fm/c ~0.08fm/c ~1fm/c Collision Time Scale ~5 fm/c > 8fm/c
Credit: Luis Bichon IlI

Vv PH ENIX 2

VANDERBILT



Heavy flavor as a probe of the QGP

« Large mass of heavy quarks —> only produced in initial hard scatterings
» Energy loss and flow effects as they pass through QGP —> particle yields and angular
distributions can be modified by interaction with the QGP

Initial State Pre-equilibrium

aQ Interaction with the QGP vecays

_
T~0 fm/c ~0.08fm/c ~1fm/c Collision Time Scale ~5 fm/c > 8fm/c
Credit: Luis Bichon Il
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Heavy flavor particles as a probe of the QGP

« Large mass of heavy quarks —> only produced in initial hard scatterings

» Energy loss and flow effects as they pass through QGP —> particle yields and angular
distributions can be modified by interaction with the QGP

» Heavy flavor particles reconstructed or their semi-leptonic decays —> understanding
of heavy quark interaction with QGP medium

Initial State Pre-equilibrium QGP Phase Hadronization Freezeout
‘i/<
/ et
—l- — T
\v
QaQ Interaction with the QGP Decays >
T~0 fm/c ~0.08fm/c ~1fm/c Collision Time Scale ~5 fm/c > 8fm/c

Credit: Luis Bichon Il
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J/'¥ R, , and v, as probes of QGP

2
Color Screening ’ ’ .
N L L
, . > [ ALICE 20-40% Pb-Pb |\, =5.02 TeV |
e Quarkonium suppression probes T and 0.2 e
. E e v, {SP, |An| > 1.1} -
denS]ty Of QGP B [ |Syst. (unchreIated) g
0.1— -
e Multiple mechanisms for J/W flow | [JF i
e Path length dependent dissociation L. N
e Charm equilibration and J/W TAMU (. Duetal) |
. [ |Inclusive Jhy i
regeneratlon . . -0.1— - = Primordial J/y —]
e Primordial J/W equilibration - small E o
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JHEP 10 (2020) 141
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Rapidity dependence of QGP interactions

PHOBOS, PRL 89 (2002), 222301

« Rapidity dependence of flow gives o.osf_ Charged hadrons ;
access to the longitudinal dynamics - 2+ éé i .
of QGP 0.04 i‘é I $A s

» Heavy flavor and quarkonia 0.03— 5 i =
dynamics have rapidity-dependent - + é I é A :
initial state effects i % 8 H -

:_ AN 200 GeV minimum-bias Au+Au _:

e PHENIX has unique capabilities at 0'01: 1 2 130 GeV minimum-bia: Au+Au Z

RHIC for separating charm and .. ..

beauty with decay vertex - Eos . . =
determination at forward rapidity
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PHENIX detector

TOF-

RPC3

« muons and hadrons e
e VTX-FVTX: Precise HF tracking and ID over full PHENIX |||||||

West Beam View East

Central Magnet
W
7

e Central arms: |y|<0.35
« electrons, hadrons, and photons
e Muon arms: 1.2< ly| <2.2 ZDC South ZDC North
MulD

rapidity range

—— v
18.5 = 60 ft
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J/¥ Raa and coalescence

1.4

5 1.4 e e : <<: Inclusive J/y — p*u, Pb-Pb VS_NN=2.76 TeV and Au-Au VS—NN=0.2 TeV
oo m 2004 Au+Au, lyl<0.35, global sys. =+ 12% | m 19 W ALICE (PLB 734 (2014) 314), 2.5<y<4, 0<p <8 GeV/c global syst.= + 15%
. : [J PHENIX (PRC 84(2011) 054912), 1.2<y|<2.2, p >0 GeV/c  global syst.=  9.2%
b ® 2007 Au+Au, 1.2<lyl<2.2, global sys. = 9.2% | s . .
] | R —
. [ Inclusive J/y - e gl ,1‘@
0.6 il H H — :
h EI - 0.4 = ;g Coalescence?
- ¥ @ ﬂ 3 g (A . oo = R
i W % {Mid-rapidity ! l
0.2 E] ¢] __Forward 0_,1.,||...I....I...||||||||||||||1|||1|l
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£E316 ' - . e ' l —: FWD _ _MID (N ,1>
= 3 e At RHIC: Run <Ru ”
° . RHIC HC
£ 12 . . v LHC vs RHIC: R,, < <R’ "y
e e & < > Both contrary to expectations of how medium density
= 08 ['H g $ E and temperature influence suppression
gj 03 Iﬂ $ $ 1 e« Coalescence can explain these results. Most cc pairs

~50 100 150 200 250 300 350 are produced at mid-rapidity and ~10x more cc pairs at
hys Rev.C 84 (2011) 054912 N, LHC energies
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v, of J/¥ at RHIC and LHC

0.3

T T T T T T T T T T T T T T T T e é\l ~ AutAu- JAp + X \[Syy = 200 GeV
: B _ ® PHENIX Runl4, 10-60%, 1.2 < |y| < 2.2
0.2 [~ ® Prompt J/Y (CMS) PbPb 5.02 TeV 10-60% lyl < 2.4 o 0.2/~ pb+Pb - I + X \Syy = 5.02 TeV
" @ Prompt J/y (CMS) PbPb 5.02 TeV 10-60% 1.6 < lyl < 2.4_ — ® ALICE, 20-40%, 2.5 < |y| <4.4 (JHEP 10 (2020) 141)
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» JHEP 10 (2020) 141 (® » CMS-PAS-HIN-21-008 (@

» CMS-PAS-HIN-21-008 (1 pr [GeV/c]

e At LHC energies, J/W has significant v2 across rapidity
e At RHIC , v2 of J/W is consistent with zero both at mid- and forward rapidity
> Improvement needed for RHIC results to assess the role of coalescence
N\
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J/¥ and ¥ (2S) modification

s 25 T T T = 25 | T ;
Negative Positive Mz& 12<y<22, Inclusive Mg 2.2<y<-12, Inclusive
s 4 s 4 W R, v(2S), ptAu \s,,=200 GeV ~—— [ | au V(2S), prAu \5,,=200 GeV ~——
Ra p]d]ty Ra Pld]ty 2 @ R:Au Iy, p+Au SNVN=T;00 GeV PHIXKE NIX — 2 @ :?;Au Jhy, p+Au SNVN=T;00 GeV PHI/\<E NIX —
< —l (Phys. Rev. C 102, 014902) prefiminary (Phys. Rev. C 102, 014902) preliminary
[ ] w(2S) EPPS16 (Shao et al) [ ] w(2S) EPPS16 (Shao et al)
1.5/ EZ3 y(25) nCTEQIS (Shao et al) - 1.5\~ EZ3 y(2S) nCTEQI5 (Shao et al) —

1
. . 0.5 — 0.5

e The modification of J/W¥
and W(2S) at forward ° 3 0 zN > g i g ?N )
rapidity are both o -
reasonably described by %_ e l,2<y<2_2! Inclusive I l {fi = -2_2<y<-1_l2,Inclusive ' I
models that include cold R S e e T S I M- o e T T
nuclear matter effects B s 00 A 5 BV s (o A )

1.5 J/\V Transport Model(Du & Rapp) — 1.5 J/\y Transport Model(Du & Rapp)

« At backward rapidity there e @j mm——
is a clear difference o5l E+3
between J/W and W(25) , , , | | |

0 n 6 8 0 4 6 8
(N ) (N

coll
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¥(2S) modification

2.5 T T T

= =

g 1.2 <y <22, Inclusive g

a2 E R\, W(28), p+Au V5xn=200 GeV a2 £l R A, W(2S), p+Au V5u=200 GeV

B D Y(2S) Transport Model (Du & Rapp) B D Y(2S) Transport Model (Du & Rapp)
—— CNM Effects Contribution (Du & Rapp) —— CNM Effects Contribution (Du & Rapp)

1.5 — 1.5 —

2.5

|
-2.2 <y <-1.2, Inclusive

0.5

= =t

(N_»

e At both forward and backward rapidity the contribution from CNM effects alone fails
to describe the modification of W(25)

coll coll

» Strong evidence for final state effects in small systems
YV PHIEN
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Inclusive heavy flavor v and Raa
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o2 q16j(a) 0-10% central — - Armesto et al. (1)

e Electrons from inclusive heavy flavor 14 B van Hees etal. (I
. el . STy 3/(2nT) Moore &
show significant R,, suppression and 12 feh a0 T 12/(2xT) Teaney (Il

1

NON-Zero vz

0.8

0.6

e Both measurements show significant
differences compared to neutral pions

0.4

. . . 02— . . . memaang .l
e Indicates mass ordering of particle it hn sbadedl & RER e ea L

. . . w 0.2 [
interactions with QGP N E o S e :
0-15:_ minimum bias EI s nlv,, pT>2GeV/c —:
e Do separated c and b exhibit the same o= " [‘E meRaow. [
mass ordering behavior? - < -
0.05— 1 RN S ey - - =
B ARt LY e :
0 ,l ]
0. 9 2 3 & 5 & T B <9
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Raa of separated charm and beauty

. arXiv:2203.17058 L S S R T BT
2.9¢ PH ENIX | - @ (b—) [ (ATLAS) PbPb 5.02 TeV 10-20% Il < 2 i
i Au+Au. MB i o [ ® (c~) 1 (ATLAS) PbPb 5.02 TeV 10-20% Inl < 2 "
. — . - @ Light h* (CMS) PbPb 5.02 TeV 10-30% lyl < 1 -
- \'Syn=200 GeV . i -
218 - 15 .
I — PHENIXb e - s ]
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a 1.9 o STARb—e ] : :
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05 \\ o - » PLB 829 (2022) 137077 (@ » PLB 829 (2022) 137077 (®
o [ N ) f | » JHEP 04 (2017) 039 (®
_ s B S
B ———————__ - e (Clear mass ordering between b->( and

Ot g e c->( at RHIC and LHC energies
ps [GeVic] » Raa measurement of open heavy flavor at
forward rapidity will provide further
insights
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PHENIX separated c and b v,

V,5(c—e€) Vv,°(b—e)
oo 0.251 g . o~ 025
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[ g ot h d preliminary o - PH ENIX
- e* from charm decay . ——eo— e from bottom decay preliminary
02~ — e h* PHENIX PRC92.034913 02 — e h* PHENIX PRC92.034913
E ® ® B ® ®
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p. [GeVic] P, [GeV/c]

e V2(C—>e) is positive with ~3.5 sigma and follows trend of charged hadron v:
« vV2(b—>e) indicates positive with 1.1 sigma
« Mass ordering is seen, as in R,

N\
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PHENIX muon arm heavy flavor analysis

Hadron (e.g. Kaon or a charged pion) MulD
Muon
e Hit a
MuTr
— lastgap=4
FVTX . -
lastgap=l
[ -
—
LI
4
DCAR distribution for heavy and light flavor muons
45 maion PH ENIX
« PHENIX has unique capabilities for forward heavy flavor o277 Lt
C — HF —>
measurements at RHIC 0.04;_—DCARCL‘t
 Separation of hadrons and muons (MulD) oal-
» Secondary vertex determination (FVTX) ot
0.012—//!
V PH/>X<\ENIX _02"'_'0'1'5'"m"':00'5"'5'"5.05'"'0'.1"'5215;(';“1'?.2 s
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Extracting heavy flavor in the muon arms

Hadron and muon ratios, muon rich

= [ ™
< 1~H T |
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c =
s |
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208 o Sos
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g [ -1.2>n>-2.0
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Light and heavy flavor decay muons

— v

- PH “ENIX
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e Using tuned PYTHIA+GEANT4 embedded in real Au+Au events we
can extract the inclusive muon fraction

e Extract the HF muon fraction by comparing data to tuned
simulation with HF contribution excluded

e Determine heavy flavor muon v; in the inclusive muon sample:

HF

v
2

Vv PHZENIX
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Flow of charged hadrons and heavy flavor muons at forward rapidity

.. Charged hadron elliptic flow Open Heavy Flavor Elliptic Flow
~ O ~ 025
> i e O In[<0.35 charged hadron (PRC92.034913) > e .
PH-“ENIX ® charged hadron - PH <ENIX © Inf<0.35 HF—>e (PRL98.172301)

preliminary ,,F preliminary ® charged hadron

Au+Au 200 GeV - AutAu200Gev @ HF—H

1.25n5-2.0 ﬁ ﬁ | E $
i C$ H : § OH O% E (;E g
ocooo(ﬁ ’ %

DO 0.05
0lIII|IIIl|IIIIIIIIIII[IIIIIIIIIIIIlIIII 0||||[||||||||||||||||||||||||I|||||||||

0 0.5 1 1.5 2 25 3 3.5 4 0 0.5 1 1.5 2 25 3 3.5 4
. o pT (GeV/c) . pt (GeV/c)
e Hint of rapidity-dependence of charged hadron vz, while open heavy flavor v;

results are consistent with PHENIX results at mid-rapidity
« Takeaway: heavy flavor particles flow with the QGP, but less than charged
hadrons
« Unlike charged hadrons, no rapidity-dependence for heavy flavor v
—~—
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« PHENIX has many measurements (and ongoing analyses) using heavy flavor as a probe
of the unique properties of the QGP

» Coalescence of ccC pairs could explain the difference between forward and mid-
rapidity J/W Raa results

e J/W v, at RHIC has no rapidity dependence, but the results are not yet conclusive
(ongoing analysis)

 In small systems HF probes indicate final state effects consistent with QGP formation
e v2 and Raa light and heavy flavor (¢ and b) show mass ordering at mid- and forward
rapidity

e No obvious rapidity-dependence for heavy flavor vz at RHIC energies

« Inclusion of the Run16 Au+Au 200 GeV dataset will double statistics for ongoing
PHENIX heavy flavor analyses

N
V' PHIENIX 18

IIIIIIIIIII



Back-up



Radial distance of closest approach (DCA,)

e DCA! is determined by projecting the
particle track determined by the FVTX
onto a plane in the z-axis located at the
initial collision point

 Essentially this is a measurement of the
distance from the primary vertex at
which a particle was produced, i.e. for a
prompt particle DCA-=0

« With a precise measurement you can
separate detected muons according the
particle from which they decayed

Vv PHZENIX
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3D visualization

of DCA:
o | (b)
= Y r-z plane
) - visualization
> o of DCA:
N Ayl
ey > 2
< 5 _ R
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Y(2S) Modification at RHIC and LHC

o 25 =1 T T T
= Inclusive y(2S) Inclusive y(2S)
@) ® PHENIX p+Au {57=200 GeV, -22 <y <-1.2 ® PHENIX p+Au y5,:=200 GeV, 1.2 <y <22
) 2 @ ALICE p+Pb %=8.16 TeV,-446 <y <-296 —+ @ ALICE p+Pb ys,=8.16 TeV, 2.03 <y <3.53 —
< [ ] w(2S) PHENIX Transport Model (Du & Rapp) [ ] w(2S) PHENIX Transport Model (Du & Rapp)
J. Y(2S) ALICE Transport Model (Du & Rapp) y(2S) ALICE Transport Model (Du & Rapp)
1.5 (JHEP02 (2021) 002) b (JHEP02 (2021) 002)

o 1(25)nuclear modification compared with Du & Rapp Transport Models
o PHENIX prediction at RHIC energies shown in black

o ALICE prediction at LHC energies shown in red

V PH/>X<\ENIX Credit: Krista Smith o1
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VANDERBILT.

Cold Nuclear Matter Effects in p+A Systems

Gluon Shadowing/Anti-Shadowing:
Modification (suppression/enhancement) of heavy quark cross section due to modifications

of the gluon nuclear parton distribution functions (nPDFs) in the target

Nuclear Absorption:
The break up of the bound J/v (or precursor state) in collisions with other target nucleons

passing through J/v production point
Cronin Effect:
Modification of the J/v pp distribution due to multiple elastic scattering of partons

Parton Energy Loss:
The projectile gluon experiences multiple scattering passing through the target prior

to J/1 production, reducing the J/v rapidity

Credit: Krista Smith 79



Model Overview

nCTEQ15 and EPPS16 NLO (Shao, et. al.) IRIRUL 1201 (05010

o Reweighted using LHC p+Pb data, giving tighter J/v constraints

Nuclear Absorption Model PRCE 87 054910 2013

o Estimated from global fit to world data
o Added to Shao, et. al. at backward rapidity only

EPS09 NLO + Transport Model (Du & Rapp) JHIEE 03¢ 015
o Includes fireball, MC Glauber for initial conditions
o pr broadening included
o Backward rapidity: Nuclear absorption added

V Credit: Krista Smith 23
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