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•  p+Au (preliminary results)
•  Summary

05-16-2018 

Yue	  Hang	  Leung	  -‐	  Quark	  Ma/er	  2018,	  Venezia,	  Italy	   0	  

sNN



Probing nuclear matter with heavy flavor
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Heavy flavor produced at the early 
stages of the collision

•  Classic probe to study cold and 
hot nuclear matter effects
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p+p à	  No	  Nuclear	  Ma/er
–  Baseline measurement
–  Test pQCD calculations
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ma/er	  effects	  

p/d+A à	  Cold	  Nuclear	  Ma/er	  
IniFal	  state	  effects	  
Final state effects	  

Heavy flavor produced at the early 
stages of the collision (?)

•  Next-to-leading order processes 
complicate interpretation of data

Need	  good	  understanding	  
HF	  in	  small	  systems	  to	  
interpret	  A+A	  data!!	  
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Heavy flavor correlations
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•  Angular correlations – a unique 
probe to study heavy flavor 
production
–  LO flavor creation (FC)

•  strong back-to-back peak
–  NLO flavor excitation (FE)/gluon 

splitting (GS) processes
•  broader azimuthal angle distributions

–  Measuring angular correlations
•  can disentangle different of heavy flavor 

production mechanisms

•  Study energy dependence of HF 
production
–  GS contribution increases as beam 

energy increases

Production and Hadronization of Heavy Quarks 
Eur.Phys.J.C17:
137-161,2000



Heavy flavor correlations

2	  Yue	  Hang	  Leung	  -‐	  Quark	  Ma/er	  2018,	  Venezia,	  Italy	  

•  Angular correlations – a unique 
probe to study heavy flavor 
production
–  LO flavor creation (FC)

•  strong back-to-back peak
–  NLO flavor excitation (FE)/gluon 

splitting (GS) processes
•  broader azimuthal angle distributions

–  Measuring angular correlations
•  can disentangle different of heavy flavor 

production mechanisms

•  Study energy dependence of HF 
production
–  GS contribution increases as beam 

energy increases

Production and Hadronization of Heavy Quarks 
Eur.Phys.J.C17:
137-161,2000



The PHENIX detector

3	  

electrons at Central arm
|η|<0.35,  Δφ=π

p/d

Au

muons at Muon arm
1.2<|η|<2.2, Δφ=2π
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Measuring dileptons with the PHENIX detector
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Semi-leptonic decays from Charm and 
Bottom produce unlike-sign leptons pairs !
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Measuring dileptons with the PHENIX detector
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Semi-leptonic decays from Charm and 
Bottom produce unlike-sign leptons pairs !
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Semi-leptonic decays from Bottom can 
also produce like-sign lepton pairs!



Measuring dileptons with the PHENIX detector
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ee pairs at mid-mid rapidity (p+p, d+Au 200 GeV): PRC 96.024907, PRC 91.014907

eµ pairs at mid-forward rapidity (p+p, d+Au 200 GeV): PRC 89.034915

µµ pairs at forward-forward rapidity (p+p 200 GeV): arXiv:1805.02448 (NEW)
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First measurement of the dimuon continuum at RHIC
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•  Simultaneous fitting in mass-pT using unlike-and like-sign spectra!
•  Cocktail describes unlike-sign data and like-sign data well!

Unlike-sign pairs Like-sign pairs
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Measuring dimuons 
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High mass 
(3.5-10.0 GeV/c2)
like-sign pairs 
dominated by 
bottom

arXiv:1805.02448
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Measuring dimuons 
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High mass 
(3.5-10.0 GeV/c2)
like-sign pairs 
dominated by 
bottom

High mass 
(4.8-15.0 GeV/c2)
unlike-sign pairs 
dominated by Drell-
Yan

arXiv:1805.02448
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Charm S/B 
highest in 
intermediate 
mass region
(1.5-2.5 GeV/c2)
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b]µ [bbσ
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stat. error
 sys. error⊕stat. 

MC@NLO
POWHEG

FONLL
NLO(Vogt)

PHENIX, dimuon
this analysis

 cross-section measurementsbb
=200 GeV at RHICsat p+p 

ψ J/→PHENIX, B 
PRC 96, 064901

PHENIX, dielectron
PRC 96, 024907

PHENIX, e-h correlations
PRL 103, 082002

 correlations0STAR, e-h, e-D
PRL 105, 202301

bb cross-section and comparison with other RHIC measurements

•  Consistent with other 
RHIC measurements at 
200 GeV

•  Data is consistent with 
FONLL within large  
theoretical uncertainties

•  Data is 2x from central 
FONLL value

5	  

High mass like-sign pairs is 
dominated by dimuon pairs 
from bottom: 

•  Extrapolate to 4π 
phase space 
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arXiv:1805.02448



Charm and bottom azimuthal correlations
•  Extract charm and bottom in separate kinematic regions 
•  Charm and bottom dimuon Δφ compared to PYTHIA Tune A and POWHEG 

–  Theoretical curves normalized with cross-sections from fitting technique 
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Charm and bottom azimuthal correlations
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•  POWHEG predicts 
broader distributions 
compared to 
PYTHIA.

•  Data favors PYTHIA 
description.

PYTHIA	   POWHEG	  

χ2/NDF	   20.1/14	  	   35.8/14	  	  
arXiv:1805.02448

•  Extract charm and bottom in separate kinematic regions 
•  Charm and bottom dimuon Δφ compared to PYTHIA Tune A and POWHEG 

–  Theoretical curves normalized with cross-sections from fitting technique 



Charm and bottom azimuthal correlations
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•  PYTHIA and  
POWHEG both 
describes bottom 
well to within 
uncertainties.

PYTHIA	   POWHEG	  

χ2/NDF	   9.8/7	   7.2/7	  

arXiv:1805.02448

•  Extract charm and bottom in separate kinematic regions 
•  Charm and bottom dimuon Δφ compared to PYTHIA Tune A and POWHEG 

–  Theoretical curves normalized with cross-sections from fitting technique 



Extrapolating beyond the measured phase space
•  Theoretical curves normalized with same 

cross-sections from µµ analysis 
•  ee and eµ yields are dominated by charm 

7	  

 [rad.]ee
op
θ

0 0.5 1 1.5 2 2.5 3

]
-1

 [r
ad

eeop θ
dN

/d

0

10

20

30

40

50

60
9−10×

 X-e+ e→ b, bc(b) c
Like-sign subtracted

2 = 1.15-2.4, 4.1-8.0 GeV/ceem
| < 0.35e > 0.2 GeV/c, |y

T,e
p

in PHENIX central arm acceptance
10% Scale uncertainty 

PHENIX

 
b+bcc

 
 (PC)cc
 (FE)cc
 (GS)cc

b+bcc
 

b+bcc

DATA (p+p 200 GeV)
 
PYTHIAv6 (Tune A)
 
 
 
 
POWHEG
 

 [rad.]
µeφ∆

1− 0 1 2 3 4

]
-1

 [r
ad

µeφ
∆d e

dy
µ

N
/d

y
3 d

0

0.02

0.04

0.06

0.08

0.1

0.12

6−10×

 X

±

µ± e→ b, bc(a) c
Like-sign subtracted

| < 0.5eη> 0.5 GeV/c, |
T,e

p
< 2.1
µ
η> 1.0 GeV/c, 1.4 <

µT,
p

16.1% Scale uncertainty 

 
b+bcc

 
b)µ = 343ccσ (cc
b)µ = 3.59bbσ (bb

b+bcc
 

b)µ = 316ccσ (cc
b)µ = 3.94bbσ  (bb

b+bcc

DATA (p+p 200 GeV)
 
PYTHIAv6 (Tune A)
 
 
 
POWHEG
 
 
 

PHENIXPHENIX
eµ ee

•  PYTHIA tune A 
consistent with 
data over wide 
kinematic range

•  Distributions 
from POWHEG 
are broader than 
data in all data 
sets.
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PYTHIA	   POWHEG	  

χ2/NDF	   59.6/47	  	   94.2/47	  

arXiv:1805.04075
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Bayesian analysis using PYTHIA tune A
•  Fit pair creation (PC), flavor excitation (FE) 

and gluon splitting (GS) shapes to data (D)	  
–  cc	   	  e+e-‐,	  e+µ-‐,	  µ+µ-‐	  	  
–  bb	   	  µ±µ±	  	  

•  Bayesian	  approach	  
–  Nuisance	  parameters	  account	  for	  systemaFc	  
uncertainFes	  

–  Uniform	  prior	  
•  0	  <	  FPC,	  FFE,	  FGS<	  1	  
•  FPC	  +	  FFE	  +	  FGS	  =	  1	  
•  FPC,	  FFE,	  FGS	  are	  the	  relaFve	  contribuFons	  of	  PC,	  
FE	  and	  GS	  in	  4π	  respecFvely.	  

–  Monte-‐Carlo	  sampling	  

8	  Yue	  Hang	  Leung	  -‐	  Quark	  Ma/er	  2018,	  Venezia,	  Italy	  

EXAMPLE 2

EXAMPLE 1

arXiv:1805.04075



Bayesian analysis using PYTHIA tune A
•  68%	  and	  95%	  credible	  intervals	  constructed	  from	  posterior	  probability	  density	  

9	  Yue	  Hang	  Leung	  -‐	  Quark	  Ma/er	  2018,	  Venezia,	  Italy	  
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Bayesian analysis using PYTHIA tune A
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Charm
•  Supports scenario 

in which flavor 
excitation 
dominates cc 
production.

•  Data favors 
FFE>FPC>FGS

•  95% C.I. upper 
limit for GS is 
52%.

•  68%	  and	  95%	  credible	  intervals	  constructed	  from	  posterior	  probability	  density	  
arXiv:1805.04075



Bayesian analysis using PYTHIA tune A
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Bottom
•  Dominant 

source is 
leading order 
pair creation 

•  Data favors 
FPC>FFE>FGS

•  95% C.I. upper 
limit for GS is 
31%.

•  68%	  and	  95%	  credible	  intervals	  constructed	  from	  posterior	  probability	  density	  
arXiv:1805.04075



Implications
•  Based on PC/FE/GS shapes from PYTHIA Tune A: !

–  Dominant production mechanism for bottom at 200 GeV is 
leading order PC !

–  Small gluon splitting contribution at RHIC energies!

!
•  Contrasts to LHC energies where NLO processes dominate !

Yue	  Hang	  Leung	  -‐	  Quark	  Ma/er	  2018,	  Venezia,	  Italy	   10	  

•  Bottom may be utilized to study initial gluon dynamics at RHIC energies!
•  Clean interpretation of bottom measurements at RHIC energies!

–  Gluon splitting complicate interpretation of heavy flavor A+A data!
•  Similar measurements in p+A: probe process dependent cold nuclear 

matter effects!



Bottom like-sign dimuons in p+Au
•  Analysis method applied to p+Au collisions at 200 GeV. 
•  Modification of hadronic background estimated from 

forward hadron measurements. 	  
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•  Integrated yield 
of dimuons from 
bb in measured 
phase space in   
p+Au consistent 
with binary 
scaled p+p

•  No modification 
of azimuthal 
correlations 
within 
uncertainties

Yue	  Hang	  Leung	  -‐	  Quark	  Ma/er	  2018,	  Venezia,	  Italy	  
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Bottom like-sign dimuons in p+Au
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•  Small 
enhancement at 
low pair pT

•  Followed by 
decreasing trend

Yue	  Hang	  Leung	  -‐	  Quark	  Ma/er	  2018,	  Venezia,	  Italy	  

Kinematic constraints limits single 
pT of muon: <pT, µ>~2.5 GeV/c



Cold nuclear matter effects at forward/backward
•  Enhancement of µµ from bottom 

not described by EPPS16!

•  Similar mechanism behind 
modifications at forward/backward 
rapidity for charm/charged hadrons?!

Yue	  Hang	  Leung	  -‐	  Quark	  Ma/er	  2018,	  Venezia,	  Italy	   13	  

[GeV/c]
T

pair p
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

pAR

0

0.5

1

1.5

2

2.5

[GeV/c]
T

pair p
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

C
ou

nt
s[

ar
bi

tr
ar

y 
sc

al
e]

0

0.5

1

1.5

2

2.5

< -1.2 (Au-going)
µ
η-2.2< 

EPPS16+PYTHIA
< 2.2 (p-going)
µ
η1.2< 

EPPS16+PYTHIA

 X±µ±µ → X b b→p+Au 
 = 200 GeVNNs

] < 10.02 [GeV/c±µ±µ3.5 < m
 > 3 GeV/c
µ

p

PH ENIX
preliminary

µµ from bottom (<pT, µ>~2.5 GeV/c)



 (GeV/c)
T

p
0 2 4 6 8 10

pA
R

0

0.5

1

1.5

2

2.5

3
=200 GeVNNs+X ±h→p+Au

0-100% centrality
<-1.2 (Au-going)η-2.2<

<2.4 (p-going)η1.2<

<-1.2ηEPPS16+PYTHIA, -2.2<
<2.4ηEPPS16+PYTHIA, 1.2<

 (GeV/c)
T

p
0 2 4 6 8 10

pA
R

0

0.5

1

1.5

2

2.5

3
=200 GeVNNs+X ±h→p+Al

0-100% centrality
<-1.2 (Al-going)η-2.2<

<2.4 (p-going)η1.2<

<-1.2ηEPPS16+PYTHIA, -2.2<
<2.4ηEPPS16+PYTHIA, 1.2<

PH ENIX
preliminary

Cold nuclear matter effects at forward/backward
•  Enhancement of µµ from bottom 

not described by EPPS16!

•  Common mechanism behind 
modifications for charm/charged 
hadrons?!
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p+p Drell-Yan cross-section
•  First Drell-Yan 

measurement at 
RHIC energies 
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•  Consistent with 
NLO calculations

•  No final state 
effects
–  p+Au: clean 

probe of initial 
state effects

Yue	  Hang	  Leung	  -‐	  Quark	  Ma/er	  2018,	  Venezia,	  Italy	  

arXiv:1805.02448



Summary and prospects
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•  Presented first measurement of dimuon continuum at p+p and p+Au 200 
GeV at RHIC. !

•  p+p: !
–  bb cross-section about 2x FONLL central value. !
–  Bayesian analysis based on PYTHIA tune A: !

•  Indicates that dominant source of bb production is leading order pair 
creation at 200 GeV. !

•  Small fraction of gluon splitting in bottom allows clean interpretation of 
bottom HI data at RHIC energies. !

•  p+Au: !
–  Yield at low pair pT shows small enhancement, followed by decreasing trend. !

•  DY in p+Au: probe initial state effects. !
•  cc correlations in p+Au: probe cold nuclear matter effects. !
•  bb cross-section and correlations at p+p 510 GeV: provide information on 

energy dependence of production processes!



Summary and prospects
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•  Presented first measurement of dimuon continuum at p+p and p+Au 200 
GeV at RHIC. !

•  p+p: !
–  bb cross-section about 2x FONLL central value. !
–  Bayesian analysis based on PYTHIA tune A: !

•  Indicates that dominant source of bb production is leading order pair 
creation at 200 GeV. !

•  Small fraction of gluon splitting in bottom allows clean interpretation of HI 
data at RHIC energies. !

•  p+Au: !
–  Yield at low pair pT shows small enhancement, followed by decreasing trend. !

•  DY in p+Au: probe initial state effects. !
•  cc correlations in p+Au: probe cold nuclear matter effects. !
•  bb cross-section and correlations at p+p 510 GeV: provide information on 

energy dependence of production processes!

STAY	  TUNED..	  



BACKUP
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(a) s-channel Flavor
Creation

(b) t-channel Flavor
Creation

(c) Flavor Excitation (d) Gluon Splitting
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Charm and bottom pair pT

B1	  

Charm Bottom

Yue	  Hang	  Leung	  -‐	  Quark	  Ma/er	  2018,	  Venezia,	  Italy	  

arXiv:1805.02448

•  Extract charm and bottom in separate kinematic regions 
•  Charm and bottom dimuon pair pT compared to PYTHIA Tune A and POWHEG 

–  Theoretical curves normalized with cross-sections from fitting technique 
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Charm
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•  POWHEG 
predicts harder 
pT spectrum 
compared to 
PYTHIA.

arXiv:1805.02448

•  Extract charm and bottom in separate kinematic regions 
•  Charm and bottom dimuon pair pT compared to PYTHIA Tune A and POWHEG 

–  Theoretical curves normalized with cross-sections from fitting technique 
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Bottom

Yue	  Hang	  Leung	  -‐	  Quark	  Ma/er	  2018,	  Venezia,	  Italy	  

•  Less model 
dependence for 
bottom.

•  Both models 
consistent with 
data.

arXiv:1805.02448

•  Extract charm and bottom in separate kinematic regions 
•  Charm and bottom dimuon pair pT compared to PYTHIA Tune A and POWHEG 

–  Theoretical curves normalized with cross-sections from fitting technique 



bb cross-section and comparison with world trend
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•  Theoretical curves generated with 
mb = 4.75 GeV/c2 shows good 
agreement with each other. 

•  Data points from 
Tevatron and LHC in good 
agreement with central 
values of FONLL, in 
contrast with RHIC.

•  Indication of missing 
effects at lower beam 
energies?

Yue	  Hang	  Leung	  -‐	  Quark	  Ma/er	  2018,	  Venezia,	  Italy	  

arXiv:1805.02448



Previous heavy flavor dilepton measurements at RHIC
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•  Significant model 
dependence in cc is 
revealed when 
extrapolating to 4π phase 
space!

•  bb is less model 
dependent; distributions 
are dominated by decay 
kinematics!

•  No nuclear modification 
observed in d+Au to 
within experimental 
uncertainties!

•  PHENIX has measured heavy flavor (cc+bb) dielectrons at mid-mid-rapidity and 
electron-muon pairs at mid-forward rapidity in p+p and d+Au at 200 GeV
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Previous heavy flavor dilepton measurements at RHIC
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•  PHENIX has measured heavy flavor (cc+bb) dielectrons at mid-mid-rapidity and 
electron-muon pairs at mid-forward rapidity in p+p and d+Au at 200 GeV
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Previous heavy flavor dilepton measurements at RHIC
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•  Significant model 
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differential distributions 
from cc!

•  Suppression of away-side 
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•  Shadowing? Multiple 
scattering? Gluon 
saturation?!
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•  PHENIX has measured heavy flavor (cc+bb) dielectrons at mid-mid-rapidity and 
electron-muon pairs at mid-forward rapidity in p+p and d+Au at 200 GeV



Previous heavy flavor dilepton measurements at RHIC
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electron-muon pairs at mid-forward rapidity in p+p and d+Au at 200 GeV
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Fitting in mass-pT to constrain normalization of cocktail components (p+Au)
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Signal extraction for charm (p+p)
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Signal extraction for bottom (p+p)
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Signal extraction for bottom (p+Au)
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Signal extraction for Drell-Yan (p+p)
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Previous heavy flavor dilepton measurements at RHIC
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•  PHENIX has measured heavy flavor (cc+bb) dielectrons and electron-muon pairs in p+p and d+Au 
at 200 GeV
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