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Heavy Quarks (Charm & Bottom)

» Produced by gluon fusion in early stages of

collision
m,, >T,AQCD

» Experience full evolution of medium
;K+
T

» Measured through semi-leptonic decay
- Electrons at mid-rapidity
- Muons at forward/backward rapidity
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Expectation

» Heavy quarks
expected to lose less
energy than light
quarks

> Supression of gluon
radiation - “dead cone”
effect
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Heavy Flavor at PHENIX

» In p+p collisions
> Test pQCD calculations
- Provide baseline for heavy ion collisions
» Heavy lon (Au+Au & Cu+Cu)
- Probe effects of the hot medium
» d+Au collisions
> Study cold nuclear matter (CNM) effects
» Mid vs forward rapidities probe different
kinematic regions inside the nucleus

N

coll %1 WALy cu+Cu
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Mid-rapidity heavy flavor
y et |r]| < 0.35 PHENIX Detector

PC3  Central
- DC/PC: tracking
o RICH: elD )
- EMCal: energy N

~ Beam View
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Mid-rapidity heavy flavor

y et |n| < 0.35 PHENIin[UDjtector
- DC/PC: tracking Vag
> RICH: elD ) |
- EMCal: energy

» Cocktail subtraction

- n9 Dalitz largest background: fit to
PHENIX data

> Also includes electrons from
conversion vy, direct y & Ke3 decays

- Subtract J/W¥, Y, DY for open heavy
flavor

o Large systematic uncertainties

Central Cu+Cu @ Vsy= 200GeV
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Mid-rapidity heavy flavor

PHENIX Detect
} ei |n| < 0'35 Cenlraleecor
- DC/PC: tracking -
> RICH: elD

- EMCal: energy

» Cocktail subtraction

- n9 Dalitz largest background: fit to
PHENIX data

> Also includes electrons from
conversion vy, direct y & Ke3 decays

- Subtract J/W¥, Y, DY for open heavy

flavor i
o Large systematic uncertainties West Beam View
Central Cu+Cu @ Vsy,= 200GeV ) CO nve rte r Method
i - ° C_onverter increases photonic
1n-r‘ N\ . COI”lversiorjs rec y| e I d

- Statistically limited
Niﬂc — N’T + Nﬂﬂﬂ—’}'

N‘gc — RYN’T + (]‘ o E) Nﬂﬂﬂ—"‘f
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Forward/Backward heavy flavor
» Lli 1.2 < |r|| < 2.2 }|H|H|| %%% PHENIX Detecto ﬁ&

» Muon candidates

H
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%6"‘0@{ *é&o\‘h
- Pass through MuTr and all % § |

MulD layers

South Side View North

MuID|:|

dzN# B 1 N; — N, — Ng
2rndprdn B 2mprAprAn N, pr€ppc 7 H A€
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Forward/Backward heavy flavor

L

> “i ] ] 2 < |r|| < 2 ] 2 %0%%0 PHEir{ﬁa :g)neettector \Mﬁ&
. %, &
» Muon candidates % |
> Pass through MuTr and all § [ oo
MulD layers
» Background |H|| / m
- Decay muons from light St SideView  Norh
vector mesons
d?N, 1 N; — Ng — Ng
> Punch through hadrons T T T T v —T=y
» Hadron cocktail |

- Data-driven: input tuned to
match data distributions

- Decay muon z-vertex
dependence

- “stopped” hadron spectra

log (particle flux)

Z(cm) |
0

40 120 690 770 870

N.Apadula - WWND 2013



Heavy Flavor in p+p collisions

» Combined statistics from
2005 & 2006 p+p runs
» Increased pT range

> New background subtraction
technique
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» Extended |n| range

» Smaller systematic
errors
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Heavy Flavor in p+p collisions

— .25
< p+p @ \ sy =200 GeV
\':- b_ B PHENIX electrons > EXt ra p O I ate to pT — O
é' il PH: ‘ENIX (PRL 97, 252002) .
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0.151— ] .~ A ]
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Quantifying Medium effects

®  PHENIX 0-10% Au+Au, non-photonic & +&°
#  STAR 0-5% Au+Au, non-photonic €™+e
- —  g'+¢ from B+D meson decay, central Cu+Cu

» Nuclear modification
factor R - dN
=

<NCO”>><dep

» Radiative energy loss
not enough to describe
large suppression

» Other energy loss
mechanisms added
- Elastic scattering,

——  e'+¢ from B+D meson decay, central Au+Au

Phys. Rev. C 80, 054902(2009)

dissociation, etc. p; [GeV]
» Addition of CNM b Nﬁw m)odel (Sharma, Vitev, &
. Zhang
* Nuclear shadowing > Includes partonic energy loss &
- Parton multiple scattering collisional dissociation

> Includes CNM effects

» Predictions for mid-rapidity
Au+Au & Cu+Cu, and
forward Cu+Cu & d+Au

N.Apadula - WWND 2013 12




O
o

» Enhancement in mid-central electrons
Suppression in central muons

Phys. Rev. C 86, 024909 (2012)

Heavy Flavor in Cu+Cu

Mid: electrons

2: PHENIX Preliminary

Cu+Cu @ s, = 200 GeV
e'+e’
2

from heavy flavor

E 0-20%‘ Cenlral‘
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2: PHENIX Preliminary
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Forward: muons
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R, 20 - 40 % Central
Cu=Cu at 5, = 200 GeV
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Raa- 0 - 20 % Central
Cu=Cu at B = 200 GaV




Heavy Flavor in Cu+Cu

R

Auag- 40-60% & Rcm:u: 0-20%
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Au+Au and Cu+Cu agree in similar N, regions
<Neoi>auau = 91 & <N gi>cycu = 152
<Npart>AuAu =60 & <Npart>CuCu = 86
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Heavy Flavor in Cu+Cu

2

: — - -
g -~ PHENIX Preliminary ®  0-20% Cu+Cu e’ |y|<0.35
1.8
14 - B 0-20% Cu+Cup- 1.4<|y|<1.9
1.6
1.4
1.2 )
= + LI ]
1 : : ? : .
0.8
o ¥
0.6— 5 * *
0'4:_ Theoretical prediction: R.
0.2 :_ Sharma, . Vitev, B.-W. Zhang,
E Pfllys. Rev. C |86, 024909| (2012) l Phys. Rev. C 80, 054902(2009)
| 1 1 | 1 1 | 1 | 1 1 | 1 | | 1 | 1 1 | | 1 | 1 1 | | 1 1 |
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Pr

» 0-20% most central heavy flavor electrons and muons

» Suppression in muon yield

- Additional CNM effects at forward rapidity (shadowing/initial-
state energy loss)
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Heavy Flavor in d+Au: Electrons

» No hot medium expected

- Explores CNM effects Phys. Rev. Lett. 109, 242301 (2012)
S [ b)60-88% : n:% - d+Au @ \|s,, =200 GeV -
o 2 1% 2 a)0-20% E

8
P [GeV/c]

» Consistent with 1 in the most peripheral

» Enhancement as centrality is increased - similar
to Cronin effect in hadron production
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Heavy Flavor in d+Au: Electrons

» d+Au and Cu+Cu consistent in similar N, region

<Neon>gau = 6.6 & <N g1>cycy = 3-1 <Neon>gay = 151 & <N g>cycy = 22.3
<Npart>dau = 7-7 & <Np;>cycy = 6.4 <Npart>gau = 15.6 & <N > cycy = 21.2
[ Ry, 40-60% & R_ _ : 60-94% | (R, 0-20% & R__ : 40-60% |
f 2; + dAu40-60% (N__=6.6) f 2; « dAu0-20% (N_ =15.1)

1'8:_ I m  CuCu60-94% (N_ =5.1) 1‘8:_ m  CuCu40-60% (N_=22.3)

1.6 { 1.6 .+ -}

1-45_ 4 } | 1-45_ la il;;;%

= [ | < L

= I \ I = ] F

0.8— 0.8—
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0.2F~ 32 from heavy flavor PHENIX Preliminary 0.2F~ 32 from heavy flavor PHENIX Preliminary

P, Py

Phys. Rev. Lett. 109, 242301 (2012)
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Heavy Flavor in d+Au: Muons ;';

» Asymmetric system
- Studies different kinematic regions in the nucleus
- Backward: Au-direction
- Forward: d-direction

. 1 . 1
§ N d+Au— '+X @ \'s,,=200 GeV § o d+Au— '+X @ \'s,,=200 GeV
2 10_2 -2.0 <n < -1.4 (Au-direction) «  0.100% x 10? & 10_2 1.4 < < 2.0 (d-direction)  «  0.100% x 10?
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T/f 107 =  p+px 10742 mb T/f 10 =  p+px 10742 mb
¢ 10 ¢ 10
& &
< 107 < 107
10°® 10°®
10°® 10°®
1 0-10 1 0-10
10°" 10°"
12 e 12 H ED
10 PH - E NIX 10 PH - E NIX
1012k preliminary 1012k preliminary
14 | | | l | | 14 | | | | | |
10 L 1 2 3 4 5 6 7
P, (GeVl/c)
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Heavy flavor in d+Au: Muons

0-20%
é 3
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Heavy flavor in d+Au: Muons

20-40%

2
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d+Au @ |'s,,=200 GeV
20-40% centrality

HF u,-20<n<-14
(Au-direction)

HF 1, 1.4 <1 < 2.0

(d-direction)

=
—
s
[
r
[
[
=

PH-“ENIX
preliminary
| | 1
3 5 6 7
P; (GeV/c)

N.Apadula - WWND 2013



Heavy flavor in d+Au: Muons
40-60%
,f’ 3

d+Au @ \s,,=200GeV ® HF,-20<n<-14
. (Au-direction)
2.5~ 40-60% centrality . HF |, 1.4<n<2.0

(d-direction)
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Heavy flavor in d+Au: Muons
60-88%

3
<

d+Au @ \s,,=200GeV ® HFp,-20<n<-1.4
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d+Au: Predictions

o d+Au @ \s,,,=200 GeV
25(~ 0-100% centrality = HFp,-20<n<-1.4

({Au-direction)

m HFu,14<n<2.0

{d-direction)

2 ) — D,B =, <y> = 1.7 (l. Vitev)
s TR ]
I .
1 i ij b ) = = 'L
q 2 il 1
0.5} \l/— |
PH ENIX
preliminary
0 | 1 a E | 1
0 1 2 3 4 5 6 7

P; (GeV/c)
» Theoretical calculation
> Muons from D & B mesons at <y>=1.7
- Considers shadowing, initial state energy loss, Cronin
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Heavy flavor in d+Au: function of N

24
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Electrons in d+Au, Cu+Cu, Au+Au

» Hierarchy between the 3 systems

2
& °E _PHENIX Preliminary  » d+Au 0-20%
18 = Cu+Cu 0-20%
1.6 « Au+Au 0-10%
1.43— A ‘;;H}} }
1200 ) : } {
e, L1y
1: lrl' ITJ. I. i + % I -
0.85 . +
0.6— ."
- 711!
04— ¥
0.2 #from heavy flavor t +
0:|||||||||||||||||||||||||||||||l|||||||||||||||||
0 1 2 3 4 5 6 7 8 9 10

Phys. Rev. Lett. 109, 242301 (2012)

d+Au Phys. Rev. C 84, 044905 (2011)
n . Rev. C 84,
< > Cu+Cu » Au+Au >

5<N_, <151 N, ~ 1000

col
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<Raa> VS Neg

o 2F o 2r
= - e'+e > - e'+e
8 18— 7 from heavy flavor 8 18— 7 from heavy flavor
™ C wn =
v C v C
- 14— g '_% © 1.4 e 3 =
Aﬁ C +h§4 + Aﬁ C +
1.2 1.2 +
¥ n ¢ 12 &
1= R & | 1= 4
0.8 3 08 [
0.6— 0.6—
C C i
0.4— «d+Au  Phys. Rev. Lett. 109, 242301 (2012) 0.4— «d+Au  Phys. Rev. Lett. 109, 242301 (2012) ~e
0.2 - = Cu+Cu PHENIX Preliminary 0.2 - = Cu+Cu PHENIX Preliminary
“E eAutAu Phys. Rev. C 84, 044905 (2011) | “E eAutAu Phys. Rev. C 84, 044905 (2011) |
0 1 1 1 1 11 1 1 1 1 1 1 11 1 1 1 1 1 11 1 0 1 1 1 1 11 1 1 1 1 1 1 11 1 1 1 1 1 11 1
10 102 10° 10 102 10°
N(:oll N(:oll

» Move from CNM effects in d+Au/peripheral Cu+Cu to
where the hot medium takes over as collision size
increases in Cu+Cu and Au+Au systems
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Summary

» Cu+Cu

- Heavy flavor electrons agree with d+Au and Au+Au results
- fill in N¢,, region

> Suppression in most central heavy flavor muons -
additional CNM effects

» d+Au

- Enhancement in central open heavy flavor electrons
> New preliminary heavy flavor muon result
- Suppression in most central forward (d-going) rapidity

- Enhancment in most central backward (Au-going) rapidity -
consistent with mid-rapidity d+Au electrons

» Theoretical predictions

o Consistent with forward (d+Au and Cu+Cu) results

> Consistent with mid-rapidity Au+Au, over predicts
suppression in Cu+Cu

- Would be interesting to make comparison with backward &
mid-rapidity d+Au
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Backup




<Rpa> 1<p_<3 GeVic
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from heavy flavor

-

& d+Au Phys. Rev. Lett. 109, 242301 (2012)
m Cu+Cu PHENIX Preliminary
# Au+Au  Phys. Rev. C 84, 044905 (2011)

10 102

NPart

<Rpa> 3<p_<5 GeVic
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0 o N e o 0N

0.6
0.4
0.2
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from heavy flavor

& d+Au Phys. Rev. Lett. 109, 242301 (2012)
m Cu+Cu PHENIX Preliminary

III|III|III|III|III|III|III|III|III|III
-
»—i—|
——

s Au+Au  Phys. Rev. C 84, 044905 (2011)

10 102

» Np,. rate of soft bulk production
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Heavy flavor predictions
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Cronin mass dependence
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D+p muons

" 107
n‘ = i
:—g 3 p+p = W + X @ \5,,=200 GeV
= ? ® Preliminary(2009), <y>=1.7
& iy
S 10 FONLL scaled charm
?; 10t = FONLL bottom
SEE FONLL bottom + scaled charm
10°
10° E
107 é—
= \(_
[ PHENIX
= preliminary
-9
10 I—gl 1 1 1 I L 1 1 1 I L 1 1 1 I L 1 1 1 I L 1 1 1 I L L 1 1
3 SIS

DATA/ FONLL
-t n
e
.
15
>
=

N.Apadula - WWND 2013




Muon background
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Background subtraction for p+p
electrons
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