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Outline 

!  Introduction & Motivation 

!  RHIC & The PHENIX Detectors 

!  Featured Results 
!  Charm and bottom production via single electrons from 

semi-leptonic D and B meson decays produced in Au+Au 
collisions at √sNN = 200 GeV - Phys. Rev. C 93, 034904 
(2016) 

!  Studying heavy flavor production (�bb  & �cc ) via e+e- in 
p+p & d+Au collisions at √sNN = 200 GeV 

!  Study of �bb via �±�± in p+p collisions at √s = 500 GeV 
utilizing B0 oscillation 

!  Summary & Outlook 
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Motivation: The Quark Gluon Plasma! 

So what is it? 
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!  Believed to exist at the beginning of the universe micro-
seconds after the Big Bang 

!  Hot, dense and strongly interacting medium that consists of 
“free” quarks and gluons 

! Matter created in heavy ion collisions that is short lived (~7 
fm/c) at T ~ 4 x 1012 K 
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!  Believed to exist at the beginning of the universe micro-
seconds after the Big Bang 

!  Hot, dense and strongly interacting medium that consists of 
“free” quarks and gluons 

! Matter created in heavy ion collisions that is short lived (~7 
fm/c) at T ~ 4 x 1012 K 

 It is important to quantify QGP properties! 
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How do we quantify QGP properties? 

! Observables/Probes 

!  Particle Flow " Study bulk properties 
!  Jets " Study energy loss 
! Quarkonia " Study medium temperature 
!  Low Mass Vector Mesons 

! Open Heavy Flavor " Study medium density 
!  Produced in the early stage of nuclear collisions due to 

mass, �b << mc,b 

!  Hard scattering dominates production mechanism 
!  Test pQCD 
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How do we quantify QGP properties? 

! Observables/Probes 

!  Particle Flow " Study bulk properties 
!  Jets " Study energy loss 
! Quarkonia " Study medium temperature 
!  Low Mass Vector Mesons 

! Open Heavy Flavor " Study medium density 
!  Produced in the early stage of nuclear collisions due to 

large mass, �b << mc,b 

!  Hard scattering dominates production mechanism 
!  Test pQCD 
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Heavy Flavor in Heavy Ion Collisions 

!  Heavy flavor quarks are a good 
probe because they transverse 
the medium 

!  They interact with medium via 
scattering leading to energy 
loss, aka “suppression” 

!  No thermal production in QGP 
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Heavy&flavor&produc@on&in&Heavy&Ion&Collisions&

•  Cold&Nuclear&Ma`er&(CNM)&effect:&
–  Nuclear&modifica@on&of&PDFs.&
–  Cronin/EMC&effect.&
–  Energy&loss&of&partons&traversing&

nucleus&(Ini@al&state).&
–  Breakup&of&charmonium&before&exi@ng&

nucleus.&
–  CoRmover&absorp@on.&

•  Hot&nuclear&ma`er&effect:&
–  Energy&loss&of&partons&traversing&QGP.&
–  Color&screening.&
–  Coalescence&of&quarkonia&in&QGP.&&

HighpT2016& Xuan&Li&(LANL)& 4&

•  Need&to&measure&mul@ple&observables&in&different&
processes&to&isolate&the&ini@al/final&state&and&cold/hot&
nuclear&ma`er&effects.&&

•  Not&well&understood&about&interac@on&with&the&medium.&
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Heavy Flavor in Heavy Ion Collisions 

!  Complications 

!  Baseline measurements 

!  Need to understand basic 
collision processes in 
which no QGP is formed 

!  Cold Nuclear Matter Effects 

!  Effects due to the 
presence of normal 
nuclear matter 

!  p+p collisions serve as 
baseline measurements to 
both Hot and Cold Nuclear 
Matter 
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Nuclear Matter Effects 

Cold Nuclear Matter 

!  Nuclear Modification in Parton 
Distribution Functions 

!  Energy loss of particles 
traversing nucleus 

!  Cronin effect – pT 
enhancement due to multiple 
scattering in initial state  

Hot Nuclear Matter 

!  Energy loss of partons 
traversing the medium  

!  Color screening 

!  Coalescence of 
quarkonia 
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!  Quantifying medium effects: 

  

!  Any modification due to the medium? 
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The Story so Far — PHENIX
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Measuring modification in the presence of a QGP 
R

AA

=
dNAuAu/dp

T

hN
coll

i ⇥ dNpp/dp
T

Yield of electrons 
significantly suppressed!
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Heavy Flavor electrons (MB)
Phys. Rev. C 84, 044905 (2011)

 (20-40%)-π++π
Phys. Rev. C 88, 024906 (2013)

 (MB)0π
PRL 101, 232301 (2008)
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v2 — Elliptical Flow

Significant v2!

charm thermalized in QGP?

Electrons suppressed as 
much as light hadrons at 

high-pT!

Nuclear Modification Factor 
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Au+Au measurement 

p+p measurement 

Average number of 
nucleon-nucleon collisions 
In Au+Au measurements #  RAA  > 1 " Enhancement 

#  RAA  = 1 " No medium effects 
#  RAA  < 1 " Suppression 
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!  Introduction & Motivation 

!  RHIC & The PHENIX Detectors 

!  Featured Results 
!  Charm and bottom production via single electrons from 

semi-leptonic D and B meson decays produced in Au+Au 
collisions at √sNN = 200 GeV - Phys. Rev. C 93, 034904 
(2016) 

!  Studying heavy flavor production (�bb  & �cc ) via e+e- in 
p+p & d+Au collisions at √sNN = 200 GeV 

!  Study of �bb via �±�± in p+p collisions at √s = 500 GeV 
utilizing B0 oscillation 

!  Summary & Outlook 

June 13, 2016 T.O.S. Haseler - GSU - BEACH2016 

12 

Simula'on*Study*of*RICH*Detector*
for*Par'cle*Iden'fica'on**

in*Forward*Region**
at*Electron=Ion*Collider*

Cheuk=Ping*Wong*
For*EIC*eRD11*Collabora'on*
Georgia*State*University*

4/11/2015* APS*April*Mee'ng*2015*

Preliminary 
Results 
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Relativistic Heavy Ion Collider (RHIC) 
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$  RHIC is an extremely versatile machine, located at Brookhaven National Lab 
(BNL), that has collided a variety of collision species at various energies 

$  Two currently operating experiments at RHIC are PHENIX and STAR 
$  Can systematically study QGP with beam energies and system size 
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$  RHIC is an extremely versatile machine, located at Brookhaven National Lab 
(BNL), that has collided a variety of collision species at various energies 

$  Two currently operating experiments at RHIC are PHENIX and STAR 
$  Can systematically study QGP with beam energies and system size 
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RHIC energies, species combinations and luminosities 
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PHENIX Detectors The PHENIX detector 

4 

µ
e

 
       measurements in p+p collisions: 
!  At √s = 200 GeV using unlike-sign e+e- pairs. 
!  At √s = 500 GeV using like-sign            pairs from B oscillation. 

bb̄

Electron acceptance:  
•  |η|<0.35 
•  pe > 0.2 GeV/c 
•  Δφ = π(2 arms x π/2) 
 
Muon acceptance:  
•  1.2 <|η|<2.2 
•  pµ > 1 GeV/c 
•  Δφ = 2π 

µ±µ±

Outline of this talk 
Uniqueness: 
!  No secondary vertex 

determination required. 
!  Results have smaller 

statistical uncertainties. 

!  Utilize both “central arms” & 
“muon arms” 
!  e± acceptance 

!  |�|< 0.35 
!  �
 = (�/2) x2 

!  �±  acceptance 
!  1.2 < |�|< 2.2 
!  �
 = 2� 
!  p�  > 1 GeV 

!  Two silicon vertex detectors, 
VTX (2011) and FVTX (2012) 
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$ Measurements done both with and without silicon vertex detectors 
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VTX – Silicon Vertex Detector The PHENIX detector 
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µ
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       measurements in p+p collisions: 
!  At √s = 200 GeV using unlike-sign e+e- pairs. 
!  At √s = 500 GeV using like-sign            pairs from B oscillation. 

bb̄

Electron acceptance:  
•  |η|<0.35 
•  pe > 0.2 GeV/c 
•  Δφ = π(2 arms x π/2) 
 
Muon acceptance:  
•  1.2 <|η|<2.2 
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µ±µ±

Outline of this talk 
Uniqueness: 
!  No secondary vertex 

determination required. 
!  Results have smaller 

statistical uncertainties. 
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!  VTX – Secondary Vertex Finder 
!  e± acceptance 

!  |�|< 1.2 
!  �
 = (0.8�) x2 
!  |z| vertex < 10 cm 

!  4 layers: 2.6-16.7 cm 
istance losest pproach 

Resolution in azimuth: 
Inner Layers: 14.4 �m 
Outer Layers: 23 �m 

VTXFVTX

 PHENIX VTX & FVTX 
upgrades improve vertex 
resolution, heavy flavor ID

 µ trigger upgrade 
installed in FY10-11 
enhances W prod’n 
triggering for spin 
program.

A Suite of Ongoing Detector Upgrades

Friday, February 15, 13



Simula'on*Study*of*RICH*Detector*
for*Par'cle*Iden'fica'on**

in*Forward*Region**
at*Electron=Ion*Collider*

Cheuk=Ping*Wong*
For*EIC*eRD11*Collabora'on*
Georgia*State*University*

4/11/2015* APS*April*Mee'ng*2015*

Outline 

!  Introduction & Motivation 

!  RHIC & The PHENIX Detectors 

!  Featured Results 
!  Charm and bottom production via single electrons from 

semi-leptonic D and B meson decays produced in Au+Au 
collisions at √sNN = 200 GeV - Phys. Rev. C 93, 034904 
(2016) 

!  Studying heavy flavor production (�bb  & �cc ) via e+e- in 
p+p & d+Au collisions at √sNN = 200 GeV 

!  Study of �bb via �±�± in p+p collisions at √s = 500 GeV 
utilizing B0 oscillation 

!  Summary & Outlook 

June 13, 2016 T.O.S. Haseler - GSU - BEACH2016 

17 

Simula'on*Study*of*RICH*Detector*
for*Par'cle*Iden'fica'on**

in*Forward*Region**
at*Electron=Ion*Collider*

Cheuk=Ping*Wong*
For*EIC*eRD11*Collabora'on*
Georgia*State*University*

4/11/2015* APS*April*Mee'ng*2015*

Preliminary 
Results 



Simula'on*Study*of*RICH*Detector*
for*Par'cle*Iden'fica'on**

in*Forward*Region**
at*Electron=Ion*Collider*

Cheuk=Ping*Wong*
For*EIC*eRD11*Collabora'on*
Georgia*State*University*

4/11/2015* APS*April*Mee'ng*2015*

!  Motivated by suppression in 
previous single electron 
measurement, from inclusive 
heavy flavor, in Au+Au collisions 

!  Want to separate c & b signals to 
consider individual modifications 

!  Decay length, c	,  is used to 
separate B and D mesons using 
their decay kinematics: 

DCA measurement " Decay 
Lengths 

Charm: D0 = 123 �m, D± = 312 �m 

Bottom: B0 = 455 �m, B± = 491 �m 
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19 Apr 2016 D. McGlinchey - PHENIX FOCUS Seminar

The Story so Far — PHENIX
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Measuring modification in the presence of a QGP 
R

AA

=
dNAuAu/dp

T

hN
coll

i ⇥ dNpp/dp
T

Yield of electrons 
significantly suppressed!

Energy loss of heavy 
quarks

 [GeV/c]
T

p
0 1 2 3 4 5 6 7 8 9 10

A
A

R
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8 =200 GeVNNsAu+Au 

Heavy Flavor electrons (MB)
Phys. Rev. C 84, 044905 (2011)

 (20-40%)-π++π

Phys. Rev. C 88, 024906 (2013)
 (MB)0π

PRL 101, 232301 (2008)

Dominated by D→e+X Dominated by B→e+X
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R
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=
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v2 — Elliptical Flow

Significant v2!

charm thermalized in QGP?

Electrons suppressed as 
much as light hadrons at 

high-pT!

Charm and bottom production via single electrons 
from semi-leptonic D and B meson decays produced 
in Au+Au collisions at √sNN = 200 GeV  
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DCAT Separated Signal 

19 Apr 2016 D. McGlinchey - PHENIX FOCUS Seminar

Data!
!

c→e!
!

b→e!
!

Total!
!
!

Unfold gives good consistency with electron
invariant yield

Comparison to Data

26

Background 
Components

and DCAT data

Phys.Rev. C93 (2016)

Phys.Rev. C93 (2016)

Phys. Rev. C 93, 034904 (2016)

Spectra agreement with data:

Timothy Rinn 16

The unfolded D0 pT spectra agrees within 
uncertainties with measurements from 
STAR

Phys. Rev. C 93, 034904 (2016)
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!  Unfolded DCAT distribution !  Invariant yield cross-check 

$  Separation done with Bayesian Inference Method 
$ Method provides consistent results between “Total” and “Data” 
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Data!
!

c→e!
!

b→e!
!

Total!
!
!

Unfold gives good consistency with electron
invariant yield

Comparison to Data

26

Background 
Components

and DCAT data

Phys.Rev. C93 (2016)

Phys.Rev. C93 (2016)

Misidentified Hadrons, 
High Multiplicity BG, 
Dalitz Decay, 
Gamma Conversions, 
J/Psi & Kaon decays 
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Bottom Fraction & RAA 
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Study&the&Hot&Nuclear&Ma`er&effect&via&D/B&produc@on&&
•  The&bo`om&frac@on&has&different&pT&dependence&between&p

+p&collisions&and&Au+Au&collisions.&

HighpT2016& Xuan&Li&(LANL)& 17&

PRC&93,&034904&(2016)& PRC&93,&034904&(2016)&

•  New&analysis&with&the&high&sta@s@cs&run14&Au+Au&data&is&
ongoing.&

•  From&the&RAA&results,&
–  Bo`om&has&similar&suppression&as&

charm&for&high&pT&region.&
–  Bo`om&may&be&less&suppressed&in&

the&low&pT&region.&

!  Bottom fraction shown with pT 
dependence in Au+Au and      
p+p collisions 
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Bottom Fraction & RAA 

!  Differences in suppressions between contributing components 

!  c suppressed much more then b in lower mass region 

!  Similar suppression in  higher mass region 
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Heavy Flavor RAA

33

(c+b) → e

Electrons from bottom less suppressed than those from charm for pT < 4 GeV/c!
Similarly suppressed for pT > 4 GeV/c

b → e

c → e

Phys.Rev. C93 (2016)
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HighpT2016& Xuan&Li&(LANL)& 17&

PRC&93,&034904&(2016)& PRC&93,&034904&(2016)&

•  New&analysis&with&the&high&sta@s@cs&run14&Au+Au&data&is&
ongoing.&

•  From&the&RAA&results,&
–  Bo`om&has&similar&suppression&as&

charm&for&high&pT&region.&
–  Bo`om&may&be&less&suppressed&in&

the&low&pT&region.&

!  Bottom fraction shown with pT 
dependence in Au+Au and      
p+p collisions 
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Heavy flavor in Heavy Ion collisions 
Because of their large masses, charm (m c ≈ 1.3 GeV) and 
bottom (mb ≈ 5 GeV) quarks are produced at the early stages 
of the collisions.  
 -> suitable probe  to study the evolution of the matter. 

HEP2016, Universidad Técnica Federico Santa María, Valparaiso, Chile 
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- Screening and recombination of  quarkonia in QGP  

Probing in p (d) + A collisions 

Probing in A + A collisions 
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Medium created " Hot Nuclear Effects 
         (Suppression) 

No Medium " Cold Nuclear Matter Effects 

No Medium " Baseline measurements 
    (RAA Measurements) 
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Studying heavy flavor (charm and beauty)
production via dielectrons in p + p and d + Au

collisions
Deepali Sharma for the PHENIX Collaboration

SUNY @ Stony Brook, N.Y.

Motivation

The dielectron mass spectrum is a unique probe to directly access the di�erent stages of a heavy-ion collision. The intermediate (1 < me+e� < 3 GeV/c2) and high
(4 < me+e� < 8 GeV/c2) mass regions are dominated by semi-leptonic decays of open charm and beauty respectively, and so provide information about the heavy
flavor dynamics. Utilizing the double di�erential information in me+e� and pT space provides sensitivity to the regions where either charm or beauty dominates.
This allows separation of cc̄ and bb̄ contributions, which are then quantified by comparison to PYTHIA and MC@NLO simulations.

Dielectron mass spectrum in p + p collisions

/G
eV

] I
N

 P
H

EN
IX

 A
C

C
EP

TA
N

C
E

2
 [c

ee
 d

N
/d

m
ev

t
1/

N

11−10

9−10

7−10

5−10

3−10  = 200 GeVsp+p (2006) 

  DATA
| < 0.35e|y

2 > 0.45 GeV/c-e+e
Tm

eeγ → 0π

eeγ → η

eeγ →’ η

 ee→ ρ

ee0
π ee & → ω

eeη ee & → φ

 ee→ ψJ/
 ee→’ ψ

 ee (PYTHIA)→ cc
 ee (PYTHIA)→ bb
 ee (PYTHIA)→DY 

sum

)2 (GeV/ceem
0 1 2 3 4 5 6 7 8 9 10 11 12

D
at

a/
C

oc
kt

ai
l 

0

1

2

]2 [GeV/c-e+em
0 0.5 1 1.5 2 2.5 3 3.5 4

/G
eV

] I
N

 P
H

EN
IX

 A
C

C
EP

TA
N

C
E

2
 [c

ee
 d

N
/d

m
ev

t
1/

N

9−10

7−10

5−10

3−10

eeγ → 0π

eeγ → η
eeγ →’ η

 ee→ ρ
ee0

π ee & → ω
eeη ee & → φ

 ee→ ψJ/
 ee→’ ψ

 ee (PYTHIA)→ cc
 ee (PYTHIA)→ bb
 ee (PYTHIA)→DY 

sum

I Good agreement with cocktail.
I Extended mass coverage to 12 GeV/c2.
I Like-sign pairs used for background
subtraction after correcting for relative
acceptance di�erence between unlike/like
sign.

I Cocktail includes contributions of:
I Hadrons
I Heavy flavor
I Drell-Yan

Hadronic cocktail

I Parametrize the ⇡± and ⇡0 data for a given
collision system
Ed

3�
dp3 =

A

(e�(apT+bp
2
T )+pT/p0)n

I Use mT scaling for shape of other hadrons:

pT !
q
p2T �m2

⇡0 +m2
hadron and fix

normalization using the existing data where
available.

Heavy flavor yield extraction

I Subtract in mass and pT
I Vector mesons
I Pseudoscalar mesons
I Drell-Yan.

IWe are left with open heavy
flavor decays

I Fit in m, pT with
I MC@NLO, an NLO event generator
I PYTHIA, a LO event generator

I Following general trends
observed
I charm dominates at

I low pT , low mass
I beauty dominates at

I low pT , high mass
I high pT , low mass ]2[GeV/c-e+em
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Separting cc̄ and bb̄ via dielectrons

IMultiple ways to produce e+e� pairs from bb̄.

I All contribute similar total pairs.

I But they populate di�erent regions of mass,
pT space.

I At high pT , decays from a single open B
meson completely dominate the mass
spectrum.

IDue to oscillations, the other decay chains
contribute to both like- and unlike-sign pairs.

Double di�erential fits to the p + p data
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PYTHIA fits to the data

Integrated mass and pT spectrum of cc̄ +bb̄ pairs
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IHighlighted region in blue, in the mass projection, is excluded from the double
di�erentail fits.

IBoth PYTHIA and MC@NLO describe the data equally well.

Extracted �cc̄ and �bb̄ in p + p and d + Au

Details of the d + Au results from the same technique can be found in PRC 91,
014907
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IVery large model dependence for
the cc̄ cross-section.

I bb̄ cross-section comes out to be
model independent.

I If mq >> p, the e± decay randomizes the
opening angle.

p + p and d + Au comparison

 [GeV/c]-e+e
T

p0 1 2 3 4 5

dA
u

R

0

1

2

 pairsb + bcc

 &&2<2.4 GeV/cee1.15<m 2<8.0 GeV/cee4.1<m

 = 200 GeVsp+p, d+Au @ 

INo significant modification seen in the
heavy flavor pair spectrum in d + Au as
compared to p + p.

IWord of caution: However, this is not the
typical RdAu plot. These are electron pairs
and so they mostly do not come from the
same quark.

D. Sharma

deepali.sharma@stonybrook.edu

Heavy flavor cross section measurement from e+e- pairs 
in p+p collisions at √sNN = 200 GeV 

$  Like sign pair background subtraction and further subtract vector 
mesons, pseudo-scalar mesons and Drell-Yan pairs. 

$  Separate c and b contributions by fitting to mass and pT simultaneously. 
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Studying heavy flavor (charm and beauty)
production via dielectrons in p + p and d + Au

collisions
Deepali Sharma for the PHENIX Collaboration
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Motivation

The dielectron mass spectrum is a unique probe to directly access the di�erent stages of a heavy-ion collision. The intermediate (1 < me+e� < 3 GeV/c2) and high
(4 < me+e� < 8 GeV/c2) mass regions are dominated by semi-leptonic decays of open charm and beauty respectively, and so provide information about the heavy
flavor dynamics. Utilizing the double di�erential information in me+e� and pT space provides sensitivity to the regions where either charm or beauty dominates.
This allows separation of cc̄ and bb̄ contributions, which are then quantified by comparison to PYTHIA and MC@NLO simulations.

Dielectron mass spectrum in p + p collisions
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I Good agreement with cocktail.
I Extended mass coverage to 12 GeV/c2.
I Like-sign pairs used for background
subtraction after correcting for relative
acceptance di�erence between unlike/like
sign.

I Cocktail includes contributions of:
I Hadrons
I Heavy flavor
I Drell-Yan

Hadronic cocktail

I Parametrize the ⇡± and ⇡0 data for a given
collision system
Ed
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I Use mT scaling for shape of other hadrons:
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hadron and fix

normalization using the existing data where
available.

Heavy flavor yield extraction

I Subtract in mass and pT
I Vector mesons
I Pseudoscalar mesons
I Drell-Yan.

IWe are left with open heavy
flavor decays

I Fit in m, pT with
I MC@NLO, an NLO event generator
I PYTHIA, a LO event generator

I Following general trends
observed
I charm dominates at

I low pT , low mass
I beauty dominates at

I low pT , high mass
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Separting cc̄ and bb̄ via dielectrons

IMultiple ways to produce e+e� pairs from bb̄.

I All contribute similar total pairs.

I But they populate di�erent regions of mass,
pT space.

I At high pT , decays from a single open B
meson completely dominate the mass
spectrum.

IDue to oscillations, the other decay chains
contribute to both like- and unlike-sign pairs.

Double di�erential fits to the p + p data
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MC@NLO fits to the data
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PYTHIA fits to the data

Integrated mass and pT spectrum of cc̄ +bb̄ pairs
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IHighlighted region in blue, in the mass projection, is excluded from the double
di�erentail fits.

IBoth PYTHIA and MC@NLO describe the data equally well.

Extracted �cc̄ and �bb̄ in p + p and d + Au

Details of the d + Au results from the same technique can be found in PRC 91,
014907
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IVery large model dependence for
the cc̄ cross-section.

I bb̄ cross-section comes out to be
model independent.

I If mq >> p, the e± decay randomizes the
opening angle.

p + p and d + Au comparison
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INo significant modification seen in the
heavy flavor pair spectrum in d + Au as
compared to p + p.

IWord of caution: However, this is not the
typical RdAu plot. These are electron pairs
and so they mostly do not come from the
same quark.
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Studying heavy flavor (charm and beauty)
production via dielectrons in p + p and d + Au

collisions
Deepali Sharma for the PHENIX Collaboration

SUNY @ Stony Brook, N.Y.

Motivation

The dielectron mass spectrum is a unique probe to directly access the di�erent stages of a heavy-ion collision. The intermediate (1 < me+e� < 3 GeV/c2) and high
(4 < me+e� < 8 GeV/c2) mass regions are dominated by semi-leptonic decays of open charm and beauty respectively, and so provide information about the heavy
flavor dynamics. Utilizing the double di�erential information in me+e� and pT space provides sensitivity to the regions where either charm or beauty dominates.
This allows separation of cc̄ and bb̄ contributions, which are then quantified by comparison to PYTHIA and MC@NLO simulations.

Dielectron mass spectrum in p + p collisions
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I Good agreement with cocktail.
I Extended mass coverage to 12 GeV/c2.
I Like-sign pairs used for background
subtraction after correcting for relative
acceptance di�erence between unlike/like
sign.

I Cocktail includes contributions of:
I Hadrons
I Heavy flavor
I Drell-Yan

Hadronic cocktail

I Parametrize the ⇡± and ⇡0 data for a given
collision system
Ed

3�
dp3 =

A

(e�(apT+bp
2
T )+pT/p0)n

I Use mT scaling for shape of other hadrons:

pT !
q
p2T �m2

⇡0 +m2
hadron and fix

normalization using the existing data where
available.

Heavy flavor yield extraction

I Subtract in mass and pT
I Vector mesons
I Pseudoscalar mesons
I Drell-Yan.

IWe are left with open heavy
flavor decays

I Fit in m, pT with
I MC@NLO, an NLO event generator
I PYTHIA, a LO event generator

I Following general trends
observed
I charm dominates at

I low pT , low mass
I beauty dominates at

I low pT , high mass
I high pT , low mass ]2[GeV/c-e+em
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Separting cc̄ and bb̄ via dielectrons

IMultiple ways to produce e+e� pairs from bb̄.

I All contribute similar total pairs.

I But they populate di�erent regions of mass,
pT space.

I At high pT , decays from a single open B
meson completely dominate the mass
spectrum.

IDue to oscillations, the other decay chains
contribute to both like- and unlike-sign pairs.

Double di�erential fits to the p + p data
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MC@NLO fits to the data
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PYTHIA fits to the data

Integrated mass and pT spectrum of cc̄ +bb̄ pairs
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IHighlighted region in blue, in the mass projection, is excluded from the double
di�erentail fits.

IBoth PYTHIA and MC@NLO describe the data equally well.

Extracted �cc̄ and �bb̄ in p + p and d + Au

Details of the d + Au results from the same technique can be found in PRC 91,
014907
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IVery large model dependence for
the cc̄ cross-section.

I bb̄ cross-section comes out to be
model independent.

I If mq >> p, the e± decay randomizes the
opening angle.

p + p and d + Au comparison
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INo significant modification seen in the
heavy flavor pair spectrum in d + Au as
compared to p + p.

IWord of caution: However, this is not the
typical RdAu plot. These are electron pairs
and so they mostly do not come from the
same quark.

D. Sharma

deepali.sharma@stonybrook.edu

Isolating charm and bottom contributions 
!  Subtract the yield of 

•  Vector and pseudo-scalar mesons!
•  Drell-Yan 

!  Left with the electron pairs from charm and bottom. 
!  Separate charm and bottom by fitting mass and pT simultaneously. 

7 

c 
c 

Studying heavy flavor (charm and beauty)
production via dielectrons in p + p and d + Au

collisions
Deepali Sharma for the PHENIX Collaboration

SUNY @ Stony Brook, N.Y.

Motivation

The dielectron mass spectrum is a unique probe to directly access the di�erent stages of a heavy-ion collision. The intermediate (1 < me+e� < 3 GeV/c2) and high
(4 < me+e� < 8 GeV/c2) mass regions are dominated by semi-leptonic decays of open charm and beauty respectively, and so provide information about the heavy
flavor dynamics. Utilizing the double di�erential information in me+e� and pT space provides sensitivity to the regions where either charm or beauty dominates.
This allows separation of cc̄ and bb̄ contributions, which are then quantified by comparison to PYTHIA and MC@NLO simulations.

Dielectron mass spectrum in p + p collisions
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I Good agreement with cocktail.
I Extended mass coverage to 12 GeV/c2.
I Like-sign pairs used for background
subtraction after correcting for relative
acceptance di�erence between unlike/like
sign.

I Cocktail includes contributions of:
I Hadrons
I Heavy flavor
I Drell-Yan

Hadronic cocktail

I Parametrize the ⇡± and ⇡0 data for a given
collision system
Ed

3�
dp3 =
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(e�(apT+bp
2
T )+pT/p0)n

I Use mT scaling for shape of other hadrons:

pT !
q
p2T �m2

⇡0 +m2
hadron and fix

normalization using the existing data where
available.

Heavy flavor yield extraction

I Subtract in mass and pT
I Vector mesons
I Pseudoscalar mesons
I Drell-Yan.

IWe are left with open heavy
flavor decays

I Fit in m, pT with
I MC@NLO, an NLO event generator
I PYTHIA, a LO event generator

I Following general trends
observed
I charm dominates at

I low pT , low mass
I beauty dominates at

I low pT , high mass
I high pT , low mass ]2[GeV/c-e+em
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Separting cc̄ and bb̄ via dielectrons

IMultiple ways to produce e+e� pairs from bb̄.

I All contribute similar total pairs.

I But they populate di�erent regions of mass,
pT space.

I At high pT , decays from a single open B
meson completely dominate the mass
spectrum.

IDue to oscillations, the other decay chains
contribute to both like- and unlike-sign pairs.

Double di�erential fits to the p + p data
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PYTHIA fits to the data

Integrated mass and pT spectrum of cc̄ +bb̄ pairs
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IHighlighted region in blue, in the mass projection, is excluded from the double
di�erentail fits.

IBoth PYTHIA and MC@NLO describe the data equally well.

Extracted �cc̄ and �bb̄ in p + p and d + Au

Details of the d + Au results from the same technique can be found in PRC 91,
014907
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IVery large model dependence for
the cc̄ cross-section.

I bb̄ cross-section comes out to be
model independent.

I If mq >> p, the e± decay randomizes the
opening angle.

p + p and d + Au comparison
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INo significant modification seen in the
heavy flavor pair spectrum in d + Au as
compared to p + p.

IWord of caution: However, this is not the
typical RdAu plot. These are electron pairs
and so they mostly do not come from the
same quark.
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Studying heavy flavor (charm and beauty)
production via dielectrons in p + p and d + Au

collisions
Deepali Sharma for the PHENIX Collaboration

SUNY @ Stony Brook, N.Y.

Motivation

The dielectron mass spectrum is a unique probe to directly access the di�erent stages of a heavy-ion collision. The intermediate (1 < me+e� < 3 GeV/c2) and high
(4 < me+e� < 8 GeV/c2) mass regions are dominated by semi-leptonic decays of open charm and beauty respectively, and so provide information about the heavy
flavor dynamics. Utilizing the double di�erential information in me+e� and pT space provides sensitivity to the regions where either charm or beauty dominates.
This allows separation of cc̄ and bb̄ contributions, which are then quantified by comparison to PYTHIA and MC@NLO simulations.

Dielectron mass spectrum in p + p collisions

/G
eV

] I
N

 P
H

EN
IX

 A
C

C
EP

TA
N

C
E

2
 [c

ee
 d

N
/d

m
ev

t
1/

N

11−10

9−10

7−10

5−10

3−10  = 200 GeVsp+p (2006) 

  DATA
| < 0.35e|y

2 > 0.45 GeV/c-e+e
Tm

eeγ → 0π

eeγ → η

eeγ →’ η

 ee→ ρ

ee0
π ee & → ω

eeη ee & → φ

 ee→ ψJ/
 ee→’ ψ

 ee (PYTHIA)→ cc
 ee (PYTHIA)→ bb
 ee (PYTHIA)→DY 

sum

)2 (GeV/ceem
0 1 2 3 4 5 6 7 8 9 10 11 12

D
at

a/
C

oc
kt

ai
l 

0

1

2

]2 [GeV/c-e+em
0 0.5 1 1.5 2 2.5 3 3.5 4

/G
eV

] I
N

 P
H

EN
IX

 A
C

C
EP

TA
N

C
E

2
 [c

ee
 d

N
/d

m
ev

t
1/

N

9−10

7−10

5−10

3−10

eeγ → 0π

eeγ → η
eeγ →’ η

 ee→ ρ
ee0

π ee & → ω
eeη ee & → φ

 ee→ ψJ/
 ee→’ ψ

 ee (PYTHIA)→ cc
 ee (PYTHIA)→ bb
 ee (PYTHIA)→DY 

sum

I Good agreement with cocktail.
I Extended mass coverage to 12 GeV/c2.
I Like-sign pairs used for background
subtraction after correcting for relative
acceptance di�erence between unlike/like
sign.

I Cocktail includes contributions of:
I Hadrons
I Heavy flavor
I Drell-Yan

Hadronic cocktail

I Parametrize the ⇡± and ⇡0 data for a given
collision system
Ed

3�
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2
T )+pT/p0)n

I Use mT scaling for shape of other hadrons:

pT !
q
p2T �m2

⇡0 +m2
hadron and fix

normalization using the existing data where
available.

Heavy flavor yield extraction

I Subtract in mass and pT
I Vector mesons
I Pseudoscalar mesons
I Drell-Yan.

IWe are left with open heavy
flavor decays

I Fit in m, pT with
I MC@NLO, an NLO event generator
I PYTHIA, a LO event generator

I Following general trends
observed
I charm dominates at

I low pT , low mass
I beauty dominates at

I low pT , high mass
I high pT , low mass ]2[GeV/c-e+em
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Separting cc̄ and bb̄ via dielectrons

IMultiple ways to produce e+e� pairs from bb̄.

I All contribute similar total pairs.

I But they populate di�erent regions of mass,
pT space.

I At high pT , decays from a single open B
meson completely dominate the mass
spectrum.

IDue to oscillations, the other decay chains
contribute to both like- and unlike-sign pairs.

Double di�erential fits to the p + p data
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Integrated mass and pT spectrum of cc̄ +bb̄ pairs
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IHighlighted region in blue, in the mass projection, is excluded from the double
di�erentail fits.

IBoth PYTHIA and MC@NLO describe the data equally well.

Extracted �cc̄ and �bb̄ in p + p and d + Au

Details of the d + Au results from the same technique can be found in PRC 91,
014907
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IVery large model dependence for
the cc̄ cross-section.

I bb̄ cross-section comes out to be
model independent.

I If mq >> p, the e± decay randomizes the
opening angle.

p + p and d + Au comparison
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INo significant modification seen in the
heavy flavor pair spectrum in d + Au as
compared to p + p.

IWord of caution: However, this is not the
typical RdAu plot. These are electron pairs
and so they mostly do not come from the
same quark.
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Studying heavy flavor (charm and beauty)
production via dielectrons in p + p and d + Au

collisions
Deepali Sharma for the PHENIX Collaboration

SUNY @ Stony Brook, N.Y.

Motivation

The dielectron mass spectrum is a unique probe to directly access the di�erent stages of a heavy-ion collision. The intermediate (1 < me+e� < 3 GeV/c2) and high
(4 < me+e� < 8 GeV/c2) mass regions are dominated by semi-leptonic decays of open charm and beauty respectively, and so provide information about the heavy
flavor dynamics. Utilizing the double di�erential information in me+e� and pT space provides sensitivity to the regions where either charm or beauty dominates.
This allows separation of cc̄ and bb̄ contributions, which are then quantified by comparison to PYTHIA and MC@NLO simulations.

Dielectron mass spectrum in p + p collisions
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I Good agreement with cocktail.
I Extended mass coverage to 12 GeV/c2.
I Like-sign pairs used for background
subtraction after correcting for relative
acceptance di�erence between unlike/like
sign.

I Cocktail includes contributions of:
I Hadrons
I Heavy flavor
I Drell-Yan

Hadronic cocktail

I Parametrize the ⇡± and ⇡0 data for a given
collision system
Ed

3�
dp3 =
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(e�(apT+bp
2
T )+pT/p0)n

I Use mT scaling for shape of other hadrons:

pT !
q
p2T �m2

⇡0 +m2
hadron and fix

normalization using the existing data where
available.

Heavy flavor yield extraction

I Subtract in mass and pT
I Vector mesons
I Pseudoscalar mesons
I Drell-Yan.

IWe are left with open heavy
flavor decays

I Fit in m, pT with
I MC@NLO, an NLO event generator
I PYTHIA, a LO event generator

I Following general trends
observed
I charm dominates at

I low pT , low mass
I beauty dominates at

I low pT , high mass
I high pT , low mass ]2[GeV/c-e+em
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Separting cc̄ and bb̄ via dielectrons

IMultiple ways to produce e+e� pairs from bb̄.

I All contribute similar total pairs.

I But they populate di�erent regions of mass,
pT space.

I At high pT , decays from a single open B
meson completely dominate the mass
spectrum.

IDue to oscillations, the other decay chains
contribute to both like- and unlike-sign pairs.

Double di�erential fits to the p + p data
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MC@NLO fits to the data
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Integrated mass and pT spectrum of cc̄ +bb̄ pairs
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IHighlighted region in blue, in the mass projection, is excluded from the double
di�erentail fits.

IBoth PYTHIA and MC@NLO describe the data equally well.

Extracted �cc̄ and �bb̄ in p + p and d + Au

Details of the d + Au results from the same technique can be found in PRC 91,
014907
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IVery large model dependence for
the cc̄ cross-section.

I bb̄ cross-section comes out to be
model independent.

I If mq >> p, the e± decay randomizes the
opening angle.

p + p and d + Au comparison
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INo significant modification seen in the
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compared to p + p.

IWord of caution: However, this is not the
typical RdAu plot. These are electron pairs
and so they mostly do not come from the
same quark.
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Both PYTHIA and MC@NLO describe the data equally well. 
Shaded region in the mass region is excluded in the fits. 
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Studying heavy flavor (charm and beauty)
production via dielectrons in p + p and d + Au

collisions
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Motivation

The dielectron mass spectrum is a unique probe to directly access the di�erent stages of a heavy-ion collision. The intermediate (1 < me+e� < 3 GeV/c2) and high
(4 < me+e� < 8 GeV/c2) mass regions are dominated by semi-leptonic decays of open charm and beauty respectively, and so provide information about the heavy
flavor dynamics. Utilizing the double di�erential information in me+e� and pT space provides sensitivity to the regions where either charm or beauty dominates.
This allows separation of cc̄ and bb̄ contributions, which are then quantified by comparison to PYTHIA and MC@NLO simulations.

Dielectron mass spectrum in p + p collisions
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I Good agreement with cocktail.
I Extended mass coverage to 12 GeV/c2.
I Like-sign pairs used for background
subtraction after correcting for relative
acceptance di�erence between unlike/like
sign.

I Cocktail includes contributions of:
I Hadrons
I Heavy flavor
I Drell-Yan

Hadronic cocktail

I Parametrize the ⇡± and ⇡0 data for a given
collision system
Ed
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2
T )+pT/p0)n

I Use mT scaling for shape of other hadrons:

pT !
q
p2T �m2

⇡0 +m2
hadron and fix

normalization using the existing data where
available.

Heavy flavor yield extraction

I Subtract in mass and pT
I Vector mesons
I Pseudoscalar mesons
I Drell-Yan.

IWe are left with open heavy
flavor decays

I Fit in m, pT with
I MC@NLO, an NLO event generator
I PYTHIA, a LO event generator

I Following general trends
observed
I charm dominates at
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Separting cc̄ and bb̄ via dielectrons

IMultiple ways to produce e+e� pairs from bb̄.

I All contribute similar total pairs.

I But they populate di�erent regions of mass,
pT space.

I At high pT , decays from a single open B
meson completely dominate the mass
spectrum.

IDue to oscillations, the other decay chains
contribute to both like- and unlike-sign pairs.

Double di�erential fits to the p + p data
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PYTHIA fits to the data

Integrated mass and pT spectrum of cc̄ +bb̄ pairs
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IHighlighted region in blue, in the mass projection, is excluded from the double
di�erentail fits.

IBoth PYTHIA and MC@NLO describe the data equally well.

Extracted �cc̄ and �bb̄ in p + p and d + Au

Details of the d + Au results from the same technique can be found in PRC 91,
014907
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IVery large model dependence for
the cc̄ cross-section.

I bb̄ cross-section comes out to be
model independent.

I If mq >> p, the e± decay randomizes the
opening angle.

p + p and d + Au comparison

 [GeV/c]-e+e
T

p0 1 2 3 4 5

dA
u

R

0

1

2

 pairsb + bcc

 &&2<2.4 GeV/cee1.15<m 2<8.0 GeV/cee4.1<m

 = 200 GeVsp+p, d+Au @ 

INo significant modification seen in the
heavy flavor pair spectrum in d + Au as
compared to p + p.

IWord of caution: However, this is not the
typical RdAu plot. These are electron pairs
and so they mostly do not come from the
same quark.
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$  Large model dependence between cc 
$  bb is model independent 
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FIG. 4: (Color) Inclusive e+e� pair yield from p+p collisions as a function of mass. The data are compared to our model of
expected sources. The inset shows in detail the mass range up to 4.5 GeV/c2. In the lower panel, the ratio of data to expected
sources is shown with systematic uncertainties.

System PYTHIA MC@NLO

d+Au/N
coll

(PRC 91, 014907) 385 ± 34 (stat) ± 119 (syst) µb 795 ± 80 (stat) ± 275 (syst) µb

p+p 356 ± 29 (stat) ± 89(syst) µb 708 ± 56 (stat) ± 175 (syst) µb

TABLE IV: Summary of cc̄ cross-section measured in p+p and d+Au collisions. The d+Au cross-section is scaled by N
coll

(= 7.6) to represent the equivalent nucleon-nucleon cross-section.

For the bb̄, it seems the cross-section in d+Au is slightly382

small as compared to p+p, but the large error bars pro-383

hibit from making any conclusive statement. Figure 12384

shows the385
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IX. SUMMARY AND CONCLUSIONS387
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FIG. 6: (Color online) Double di↵erential e+e� pair yield
from semi-leptonic decays of heavy flavor as simulated by
pythia and mc@nlo. Shown are mass projections in slices
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. The p
T

intervals are indicated in each panel
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Studying heavy flavor (charm and beauty)
production via dielectrons in p + p and d + Au

collisions
Deepali Sharma for the PHENIX Collaboration

SUNY @ Stony Brook, N.Y.

Motivation

The dielectron mass spectrum is a unique probe to directly access the di�erent stages of a heavy-ion collision. The intermediate (1 < me+e� < 3 GeV/c2) and high
(4 < me+e� < 8 GeV/c2) mass regions are dominated by semi-leptonic decays of open charm and beauty respectively, and so provide information about the heavy
flavor dynamics. Utilizing the double di�erential information in me+e� and pT space provides sensitivity to the regions where either charm or beauty dominates.
This allows separation of cc̄ and bb̄ contributions, which are then quantified by comparison to PYTHIA and MC@NLO simulations.

Dielectron mass spectrum in p + p collisions
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I Good agreement with cocktail.
I Extended mass coverage to 12 GeV/c2.
I Like-sign pairs used for background
subtraction after correcting for relative
acceptance di�erence between unlike/like
sign.

I Cocktail includes contributions of:
I Hadrons
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I Drell-Yan
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Heavy flavor yield extraction

I Subtract in mass and pT
I Vector mesons
I Pseudoscalar mesons
I Drell-Yan.

IWe are left with open heavy
flavor decays

I Fit in m, pT with
I MC@NLO, an NLO event generator
I PYTHIA, a LO event generator
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Separting cc̄ and bb̄ via dielectrons

IMultiple ways to produce e+e� pairs from bb̄.

I All contribute similar total pairs.

I But they populate di�erent regions of mass,
pT space.

I At high pT , decays from a single open B
meson completely dominate the mass
spectrum.

IDue to oscillations, the other decay chains
contribute to both like- and unlike-sign pairs.
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Integrated mass and pT spectrum of cc̄ +bb̄ pairs
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IHighlighted region in blue, in the mass projection, is excluded from the double
di�erentail fits.

IBoth PYTHIA and MC@NLO describe the data equally well.

Extracted �cc̄ and �bb̄ in p + p and d + Au

Details of the d + Au results from the same technique can be found in PRC 91,
014907
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IVery large model dependence for
the cc̄ cross-section.

I bb̄ cross-section comes out to be
model independent.

I If mq >> p, the e± decay randomizes the
opening angle.

p + p and d + Au comparison
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INo significant modification seen in the
heavy flavor pair spectrum in d + Au as
compared to p + p.

IWord of caution: However, this is not the
typical RdAu plot. These are electron pairs
and so they mostly do not come from the
same quark.
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Motivation

The dielectron mass spectrum is a unique probe to directly access the di�erent stages of a heavy-ion collision. The intermediate (1 < me+e� < 3 GeV/c2) and high
(4 < me+e� < 8 GeV/c2) mass regions are dominated by semi-leptonic decays of open charm and beauty respectively, and so provide information about the heavy
flavor dynamics. Utilizing the double di�erential information in me+e� and pT space provides sensitivity to the regions where either charm or beauty dominates.
This allows separation of cc̄ and bb̄ contributions, which are then quantified by comparison to PYTHIA and MC@NLO simulations.
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I Good agreement with cocktail.
I Extended mass coverage to 12 GeV/c2.
I Like-sign pairs used for background
subtraction after correcting for relative
acceptance di�erence between unlike/like
sign.
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Heavy flavor yield extraction

I Subtract in mass and pT
I Vector mesons
I Pseudoscalar mesons
I Drell-Yan.

IWe are left with open heavy
flavor decays

I Fit in m, pT with
I MC@NLO, an NLO event generator
I PYTHIA, a LO event generator
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Separting cc̄ and bb̄ via dielectrons

IMultiple ways to produce e+e� pairs from bb̄.

I All contribute similar total pairs.

I But they populate di�erent regions of mass,
pT space.

I At high pT , decays from a single open B
meson completely dominate the mass
spectrum.

IDue to oscillations, the other decay chains
contribute to both like- and unlike-sign pairs.

Double di�erential fits to the p + p data
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Integrated mass and pT spectrum of cc̄ +bb̄ pairs
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IHighlighted region in blue, in the mass projection, is excluded from the double
di�erentail fits.

IBoth PYTHIA and MC@NLO describe the data equally well.

Extracted �cc̄ and �bb̄ in p + p and d + Au

Details of the d + Au results from the same technique can be found in PRC 91,
014907
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IVery large model dependence for
the cc̄ cross-section.

I bb̄ cross-section comes out to be
model independent.

I If mq >> p, the e± decay randomizes the
opening angle.

p + p and d + Au comparison
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INo significant modification seen in the
heavy flavor pair spectrum in d + Au as
compared to p + p.

IWord of caution: However, this is not the
typical RdAu plot. These are electron pairs
and so they mostly do not come from the
same quark.

D. Sharma

deepali.sharma@stonybrook.edu
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$  Large model dependence between cc 
$  bb is model independent 

$  “RdAu” from e+e- pairs 
$ No substantial modification seen 
$  d+Au results from Phys. Rev. C 91, 014907 
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Heavy flavor in Heavy Ion collisions 
Because of their large masses, charm (m c ≈ 1.3 GeV) and 
bottom (mb ≈ 5 GeV) quarks are produced at the early stages 
of the collisions.  
 -> suitable probe  to study the evolution of the matter. 

HEP2016, Universidad Técnica Federico Santa María, Valparaiso, Chile 

2 

Cold nuclear matter effect 
- Nuclear modification of parton distribution functions  
- Energy loss of partons  traversing nucleus 
- Cronin effect 
- Nuclear break up of  quarknonia   

Hot nuclear matter effect 
- Energy loss of partons  traversing QGP 
- Screening and recombination of  quarkonia in QGP  

Probing in p (d) + A collisions 

Probing in A + A collisions 

p+p 
No Medium " Baseline measurements 

    (Production) 

!  Developed new technique to isolate b signal without using 
secondary vertex information 

!  Like sign pairs " Don’t have to worry about Drell-Yan or 
Quarkonia pairs 

!  Working in high mass region 
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the High Mass Region 
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a) B decay chain b) B oscillation 

!  a) shows example decay process which includes a feed 
down process 

!  b) shows B0 oscillation  which occurs through a weak 
interaction and decays directly to a lepton 

10%

10%

90% 17%(B0
d) & 49%(B0

s) 

PRC 91, 014907 (2015) 
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B0 Oscillation properties 

 

!  Fraction of like sign pairs from 
oscillation to all like sign B 
pairs 

!  Pairs from oscillation 
contribute a large portion to 
the total like sign pairs in the 
5-10 GeV range 
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Primary: 
Feed down: 

B ! l+X

B ! D̄X ! l�X

Primary-Primary decay only produces like-sign 
pairs via oscillation.  
Total number of bottom pairs: 

Nbb̄ = Nprimary�primary/(BR(B ! µ))2

Fraction of like-sign pairs comes from 
oscillations 
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RMS Average
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pairs via oscillation.  
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Nbb̄ = Nprimary�primary/(BR(B ! µ))2
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oscillations 

)2 (GeV/cµµm
0 2 4 6 8 10

(m
)

α

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

PHENIX acceptance: 1.2 < |y| < 2.2

MC@NLO (ver. 4.10)

PYTHIA 6 PS (ver. 6.421)

PYTHIA 8 (ver. 8.205)

RMS Average



Simula'on*Study*of*RICH*Detector*
for*Par'cle*Iden'fica'on**

in*Forward*Region**
at*Electron=Ion*Collider*

Cheuk=Ping*Wong*
For*EIC*eRD11*Collabora'on*
Georgia*State*University*

4/11/2015* APS*April*Mee'ng*2015*

!  First of two backgrounds that 
need to be removed 

!  Separate correlated like sign 
signal from mixed event 
(combinatorial) background 

!  Remaining signal in m��> 4 GeV 
is dominated by B decay with 
correlated hadronic background!

 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

Like Sign Dimuon Distribution: 
Removing Combinatorial Background 

22 

Dimuons at √s = 500 GeV  
! Combinatorial background was 

subtracted out using event mixing 
method. 

! In high mass region, correlated pairs 
contains: 
#  Bottom pairs 
#  Jet pairs 
 

! Jet pair contribution is estimated 
from hadronic simulation  

 
 

€ 

N±±
corr = N±±

like - N±±
mixed

jet µ⇡/K

µ⇡/K

June 13, 2016 T.O.S. Haseler - GSU - BEACH2016 
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N±±
corr = N±±

like − N±±
mixed
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!  Hadronic (Correlated) 
background is from jets     
(K & �) 

!  Remaining like sign signal is 
dominated by B mesons 

!  Differences in background 
in different rapidity regions 
due to differences in the 
PHENIX muon arms 
(absorber material)  

Extracting Open Bottom Signal  

June 13, 2016 T.O.S. Haseler - GSU - BEACH2016 
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6

TABLE IV. Parameters used in the double exponential fit.
Slopes were fixed to the values listed below and the amplitude
was allowed to vary.

Parameter Description Value

p0 hadronic background yield free

c0 hadronic background
-0.457 (GeV/c2)�1 (S)

slope -0.479 (GeV/c2)�1 (N)

p1 open bottom yield free

c1 open bottom slope
-0.879 (GeV/c2)�1 (S)

-0.875 (GeV/c2)�1 (N)

PHENIX

PHENIX

FIG. 6. (color online) Correlated like-sign dimuon spectra
for the south muon arm (a) and north muon arm (b). The
data are fit with a cocktail of know sources: open bottom and
hadronic background.

open bottom is integrated between 5 and 10 GeV/c2, re-366

sulting in 171.0±14.0 (stat) raw counts in the south arm367

and 178.2±15.7 (stat) raw counts in the north arm. Be-368

cause the shapes of the two components are not precisely369

known, we recalculate the fits after varying the slopes370

from the open bottom and hadronic background simula-371

tions by ±10% to account for the di↵erence in the line372

shapes between PYTHIA and other theory models [27].373

These di↵erences are shown by the bands in Fig. 6. Un-374

certainty in the slope of the line shapes contribute a Type375

B uncertainty to the di↵erential and total cross section376

of +7.7
�6.9% in the north arm and +8.9

�7.2% in the south arm.377378

To obtain the number of bottom pairs from the yield379

of like-sign dimuons resulting from semi-leptonic decay380

of open bottom, we first determine the number of B ! µ381

pairs due to particle-antiparticle oscillation, then convert382

to the total number of B meson pairs. For clarification383

purposes, we divide the process into two separate steps384

by defining two variables ↵(m) and �, both of which de-385

pend on the signal from like-sign dimuons due to oscil-386

lation. The ratio of like-sign dimuons, at mass m and387

from primary-primary decays, due to B0 oscillation to388

like-sign muon pairs resulting from primary-primary or a389

mixture of primary-secondary decays is defined as:390

↵(m) =
bb̄ ! BB̄ ! µ±µ± (osc)

bb̄ ! BB̄ ! µ±µ± . (6)

↵(m) is calculated between 5–10 GeV/c2, in the rapid-391

ity range 1.2 < |y| < 2.2 and extrapolates the correlated392

like-sign signal to an open bottom signal from oscillation,393

Nosc
±±. It is obtained using open bottom events from three394

model calculations: MC@NLO (ver 4.10), PYTHIA 6395

(ver 6.421) and PYTHIA 8 (ver 8.205) as shown in Fig. 7.396

The red line in Fig. 7 is a fit with a second-order polyno-397

mial with �2/ndf of 3.8/4. The shaded boxes represent398

the uncertainty based in the three model calculations.399

� is the ratio of primary-primary like-sign dimuons due400

to B0 oscillation to all B meson pairs that decay into401

primary-primary dimuons with all possible muon charge402

pairs (+ +, - - and + -). It is calculated in 4⇡ space and403

has a flat mass distribution. � converts the number of404

muon pairs from oscillation into all B meson pairs and is405

defined as:406

� =
bb̄ ! BB̄ ! µ±µ± (osc)

bb̄ ! BB̄ ! µµ
. (7)

The value of � is 0.22 ± 0.01 which is the calculated407

RMS value from the three model simulations described408

above. The error of � is the standard deviation of the409

three model calculations which represents the model-410

dependent uncertainty.411412

The total number of B meson pairs that decay into413

a primary-primary dimuon, regardless of the muon pair414

charge, within the mass range of 5–10 GeV/c2 and in the415

rapidity range of 1.2 < |y| < 2.2 are then calculated in416

two steps as follows:417

NBB̄!µµ =
Nosc

±±
�

=
↵(m)

�
⇥ NBB̄,corr

±±
A✏

⇥ 1

✏trig
. (8)

NBB̄,corr
±± is the number of correlated like-sign dimuons418

from B decay extracted from the fit to data, A✏ is the419

acceptance⇥e�ciency shown in Fig. 3, and ✏trig is the420

dimuon trigger e�ciency.421

The e�ciency of the dimuon trigger, ✏trig, is deter-422

mined using the same generated events as for calculating423

the acceptance⇥e�ciency (A✏) as described in section424

II C. A trigger emulator is used to simulate the muon425

trigger. The trigger e�ciency is calculated as the ratio426

of events that successfully meet the trigger conditions427

to the number of generated events. In the mass region428

between 5 and 10 GeV/c2 ✏trig is more than 97%.429
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N±±
BB = N±±

Corr − N±±
HadronicBG
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8.5 Cross Section Calculations

The di↵erential cross section of muons from bb̄ can be calculated from the invariant yield of

muons from B pairs

d�bb̄!µµ

dy

=
dNBB̄!µµ

dy

�

pp
total =

1

�y

NBB̄!µµ

✏

BBC
HS

✏

BBC
MB

NMB

�

pp
total. (13)

Where the cross section in p + p collisions �

pp
total at 500 GeV is 59.3 mb. The di↵erential

cross section for the north and south muon arms are listed in Table 12. Figure 32 shows

the di↵erential cross section at forward and backward rapidity. Also plotted is the relative

acceptance of the muon’s parent B meson if both muons are in the muon arm acceptance

and the dimuon mass is between 5 and 10 GeV/c2. Because this is a symmetric system,

we take an arm average of the forward and backward values. The arm averaged di↵erential

cross section is used to calculate the total cross section.

Table 12: Di↵erential cross section of dimuons from bb̄ decay. The arm averaged value

includes systematic uncertainty due to north/south discrepancy.

Rapidity d�bb̄!µµ/dy (nb)

�2.2 < y < �1.2 0.69± 0.10 (stat) +0.12
�0.10 (sys)

1.2 < y < 2.2 0.64± 0.07 (stat) +0.11
�0.09 (sys)

arm average 0.67± 0.09 (stat) +0.12
�0.10 (sys)

To extrapolate the di↵erential cross section of dimuons from bb̄ decay to a total bb̄ cross

section we scale the arm-averaged data by the ratio of B that decay to muons through the

primary decay within the visible region to those over the entire kinematic range. The scale

factor of 0.0021 was calculated using the Pythia simulation. This method is similar to that

found in Ref [17]. While we see less than 1% of the total cross section a larger area of

kinematic space is actually probed.

The total cross section is extrapolated in the following way:

�bb̄ =
d�bb̄!µµ

dy

⇤ 1

scale

⇤ 1

(BRB!µ)2
(14)

where d�bb̄!µµ/dy is the arm averaged value from Table 14, scale is the scale factor described

above, and BRB!µ is the branching ratio of B to muon through the primary decay channel

(=10.95%). This results in an experimental cross section of 26.4± 3.4 (stat) +14.2
�5.9 (sys) µb.

The �bb̄ measured at
p
s = 500 GeV is shown in Fig. 33(a) and compared to those from

other experiments [18, 19, 20, 21, 22, 23]. The solid line is the cross section from a NLO
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Global perspective 
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Results are consistent with the NLO pQCD calculation within 
uncertainties. 
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Uncertainties? 
 
 

Global Measurements of Total bb 
Cross Section 
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The di↵erential cross section of muons from bb̄ can be calculated from the invariant yield of

muons from B pairs
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total =
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Where the cross section in p + p collisions �

pp
total at 500 GeV is 59.3 mb. The di↵erential

cross section for the north and south muon arms are listed in Table 12. Figure 32 shows

the di↵erential cross section at forward and backward rapidity. Also plotted is the relative

acceptance of the muon’s parent B meson if both muons are in the muon arm acceptance

and the dimuon mass is between 5 and 10 GeV/c2. Because this is a symmetric system,

we take an arm average of the forward and backward values. The arm averaged di↵erential

cross section is used to calculate the total cross section.

Table 12: Di↵erential cross section of dimuons from bb̄ decay. The arm averaged value

includes systematic uncertainty due to north/south discrepancy.

Rapidity d�bb̄!µµ/dy (nb)

�2.2 < y < �1.2 0.69± 0.10 (stat) +0.12
�0.10 (sys)

1.2 < y < 2.2 0.64± 0.07 (stat) +0.11
�0.09 (sys)

arm average 0.67± 0.09 (stat) +0.12
�0.10 (sys)

To extrapolate the di↵erential cross section of dimuons from bb̄ decay to a total bb̄ cross

section we scale the arm-averaged data by the ratio of B that decay to muons through the

primary decay within the visible region to those over the entire kinematic range. The scale

factor of 0.0021 was calculated using the Pythia simulation. This method is similar to that

found in Ref [17]. While we see less than 1% of the total cross section a larger area of

kinematic space is actually probed.

The total cross section is extrapolated in the following way:

�bb̄ =
d�bb̄!µµ

dy

⇤ 1

scale

⇤ 1

(BRB!µ)2
(14)

where d�bb̄!µµ/dy is the arm averaged value from Table 14, scale is the scale factor described

above, and BRB!µ is the branching ratio of B to muon through the primary decay channel

(=10.95%). This results in an experimental cross section of 26.4± 3.4 (stat) +14.2
�5.9 (sys) µb.

The �bb̄ measured at
p
s = 500 GeV is shown in Fig. 33(a) and compared to those from

other experiments [18, 19, 20, 21, 22, 23]. The solid line is the cross section from a NLO
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*Scale factor extrapolates 
to full phase space  
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Outlook for PHENIX p+p 2013 Data Set 

 

$  p+p at √s = 510 GeV 

$  L =   1.04 fb-1 

$  High Statistics Run! 

$  Added Absorber in Muon 
Arms 

$  Developed iterative 
background subtraction 
technique to account for 
signal in the low mass 
region 
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Outline 

!  Introduction & Motivation 

!  RHIC & The PHENIX Detectors 

!  Featured Results 
!  Charm and bottom production via single electrons from 

semi-leptonic D and B meson decays produced in Au+Au 
collisions at √sNN = 200 GeV - Phys. Rev. C 93, 034904 
(2016) 

!  Studying heavy flavor production (�bb  & �cc ) via e+e- in 
p+p & d+Au collisions at √sNN = 200 GeV 

!  Study of �bb via �±�± in p+p collisions at √s = 500 GeV 
utilizing B0 oscillation 

!  Summary & Outlook 
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Preliminary 
Results 
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Summary 

!  Study of QGP medium 

!  Use heavy flavor as one of the many probes of QGP 
!  D/B separated signal from single electron 

!  Using DCA distribution via secondary vertex measurement 

!  Heavy flavor electrons suppressed implying loss while in the medium " c 
quarks suppressed more then b quarks 

!  p+p baseline measurements " collisions where no medium is formed  
!  Reference for RAA calculations 

!  Separate heavy flavor signals in phase space 
!  From dielectrons 

!  Measure cross sections and no nuclear modification in d+Au vs p+p 
!  From dimuons 

!  b signal in high mass region using B0 oscillation properties 

!  Measure cross section 
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Outlook & Other Recent Work 
  

!  Phys. Rev. C 93, 034903 (2016) - Forward J/� production in U+U collisions 
at √SNN = 193 GeV 
!  Hot Nuclear Matter versus Energy density 

!  J/� & �’ Ratio in a variety of asymmetric collisions at √SNN = 200 GeV 
!  Will be able to further study CNM  

!  B"J/�  ratio in p+p collisions at √SNN = 510 GeV & in Cu+Au at √SNN = 200  

!  Charm and bottom production via single electrons from semi-leptonic D 
and B meson decays produced in Au+Au collisions at √sNN = 200 GeV 
(With improved statistics from 2014 run) 

!  … 
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The future… 

 

 

 

$  PHENIX is not the end of the story 

$  Second generation experiment 

$  Study jets and jet correlations 

$  Upsilon spectroscopy 
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sPHENIX: A New Experiment at RHIC !
John Haggerty !

Brookhaven National Laboratory 
 

sPHENIX is a proposal for a second generation experiment at RHIC designed to measure

•  Jets and jet correlations

•  Upsilon spectroscopy 

to determine the temperature dependence of transport coefficients of the quark-gluon plasma using 

•  electromagnetic and hadronic calorimetry

•  precision tracking.  

The experiment enables a program of systematic measurements near the transition temperature at RHIC 
with a detector capable of acquiring a huge sample of events in p+p, p+A, and A+A collisions from a large 
acceptance spectrometer.


•  Built around 1.5 T BaBar solenoid

•  Uniform calorimetry -1.1<η<1.1

•  Compact EMCAL (W-SciFi)

•  HCAL doubles as flux return

•  Use of SiPM’s for more compact readout

•  15 kHz DAQ based on PHENIX

•  High resolution tracking system
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Jet Virtuality Evolution

 = 20-80 GeVTRHIC E

RHIC QGP Medium Influence

 = 100-1000 GeVTLHC E

LHC QGP Medium Influence

A new detector which enables a program of systematic measurements complementing those made at LHC


For more information 

•  see the proposal arXiv:1501.06197 

•  come to the first collaboration meeting at Rutgers December 10-12, 2015

•  try the software https://github.com/sPHENIX-Collaboration

•  see posters on tracking and calorimetry
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Back - up 
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DCA Measurement 
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DCAT Distribution Components 

!  Need to separate c and b contributions "Done with Bayesian Inference 
Method 
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Backgrounds: 
Misidentified Hadrons 
High Multiplicity BG 
Dalitz Decay 
Conversions 
J/Psi 
Kaon decay 
 
c & b signal 
 
data 

19 Apr 2016 D. McGlinchey - PHENIX FOCUS Seminar

Precision Tracking

18

Calculate the Distance of Closest 
Approach (DCA) of a track to the 

collision vertex. 
!

Calculated in the transverse plane (DCAT)
e+

R (=bending radius)

L (=distance)

primary!
vertex

D0

νeK-

DCAT ≡ L - R

DCAT

DCAT resolution ≈ 60 #m
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Lepton Pairs 
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Source of Di-lepton Signal 

Unlike Sign Like Sign!

mll < 4 GeV 
 

Quarkonia (J/�, ��) 
b-decay chain (same b) 
Drell-Yan 
c pairs 
 

c pairs 
b-decay chain 

mll > 4  GeV 
 

Drell-Yan 
Quarkonia (ϒ family) 
b-decay chain (diff b) 
                  (prompt) 
                  (prompt) 
 

                   (prompt with B osc.) 
b-decay chain (diff b) 
  

June 13, 2016 T.O.S. Haseler - GSU - BEACH2016 
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(qq→ γ ∗ → µ+µ− )

bb→ l+l−

cc→ l+l−

bb→ l±l±

Hadronic)background possible in all four cases 
BR ~ 10% for open leptonic decay 

Dominant signal in high mass region is from B meson decay  
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B0 Oscillation properties 

Fraction of like sign pairs from 
oscillation to all like sign B pairs 

 

 

 

 

� is fraction of primary-primary B 
decay to all B decays, a flat mass 
distribution 

A� is an acceptance and 
efficiency correction 
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Primary: 
Feed down: 

B ! l+X

B ! D̄X ! l�X

Primary-Primary decay only produces like-sign 
pairs via oscillation.  
Total number of bottom pairs: 

Nbb̄ = Nprimary�primary/(BR(B ! µ))2

Fraction of like-sign pairs comes from 
oscillations 

)2 (GeV/cµµm
0 2 4 6 8 10

(m
)

α

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

PHENIX acceptance: 1.2 < |y| < 2.2

MC@NLO (ver. 4.10)

PYTHIA 6 PS (ver. 6.421)

PYTHIA 8 (ver. 8.205)

RMS Average
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Primary: 
Feed down: 

B ! l+X

B ! D̄X ! l�X

Primary-Primary decay only produces like-sign 
pairs via oscillation.  
Total number of bottom pairs: 

Nbb̄ = Nprimary�primary/(BR(B ! µ))2

Fraction of like-sign pairs comes from 
oscillations 
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8.3 Calculating the Number of B Meson Pairs

To get the number of B ! µ pairs from the total correlated like-sign signal we first determine

the number of B ! µ pairs due to particle-antiparticle oscillation, then extrapolate to the

total number of B meson pairs. As described in Section 6, the number of correlated like-sign

pairs in the mass region we are analyzing are due to particle/anti-particle oscillations of

B

0
dB̄

0
d and B

0
s B̄

0
s can be extracted by applying a ratio correction ↵(m) to the total number

of correlated like-sign dimuons:

N

osc
±± = ↵(m) ⇤ N

BB̄,corr
±±

A✏

. (9)

Using Pythia, the total number of B meson pairs that decay into a primary dimuon

(regardless of charge) can be extrapolate.

NBB̄!µµ =
N

osc
±±
�

=
↵(m)

�

⇤ N

BB̄,corr
±±

A✏

, (10)

where � is the percent of all B meson pairs that decay into primary dimuon:

� =
bb̄ ! BB̄ ! µ

±
µ

± (osc)

bb̄ ! BB̄ ! µµ

= 0.212 (11)

Since we are analyzing dimuons, each dimuon pair corresponds to one bb̄ pair (NBB̄ = Nbb̄).

Table 10 lists the the correlated like-sign pairs due to oscillation and the total number of B

meson pairs.

Table 10: A✏ corrected yields of correlated like-sign pairs due to neutral B meson oscillation

and total B meson pairs including statistical error. Values are calculated from the total

correlated like-sign yields.

Rapidity N

osc
±± NBB̄!µµ

�2.2 < y < �1.2 786.4±64.5 (stat) 3709.4±304.2 (stat)

1.2 < y < 2.2 776.2±68.3 (stat) 3661.2±322.2 (stat)
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