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hot nuclear matter

Direct vy
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hot nuclear matter

central Aut+Au:

large excess over
binary scaled p+p

Direct vy
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hot nuclear matter

central Aut+Au:
large excess over
binary scaled p+p

excess:
221+23+18MeV

consistent with initial
T ~ 300-600MeV

Ed®N/dp*(GeV3c?) or Ed’c/dp? (mb GeV2c?)
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high pt particle production

p+p collisions

Parton Distribution
Functions: Measured in ‘

/

Deep Inelastic
Scattering t/

Hard Scattering Cross

Section: Calculated
with pQCD

Fragmentation into /

Hadrons: Measured in e
+e- Collisions
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high pt particle production

Au+Au collisions

Parton Distribution

Functions: Measured in p
Deep Inelastic /

Scattering V

Hard Scattering Cross

Section: Calculated
with pQCD

Parton-Medium
Interactions & Hadron
Formation
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Y. control measurement

RAA yleldAA m&‘ 1'6: PHENIX Preliminary o e Ch OO
- 1.4 Au+Au,\ s, = 200 GeV
Y|eldpp * Ncol[ 1.2
Raa =1 0.8| & % H : {
0.6
0.4
0.2
no nuclear effects Qe bt
2 4 6 8 10 12 14 16 18 20

P, (GeV/c)

Y: no color charge — insensitive to produced matter
Raa(pr<14GeV/c) consistent with unity
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1% light meson

- PHENIX Preliminary

parton energy loss
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Heavy Flavor via Semi-leptonic decays

Decay

Branching Ratio

Do e+X

16.0%

D%—-e+X

6.5%

® single particles: measure e* from D, B decay

® hadronic decays: large backgrounds

problem: how do you know if e* came
from charm or bottom?

Anne Sickles May 20, 2009 9




...and heavy quarks!?
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® electrons from decay of heavy mesons are modified by the matter in
heavy ion collisions

® yields are suppressed at nearly same level as TT°

PHENIX, PRL 98 172301 (2007)
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...and heavy quarks!?
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® electrons from decay of heavy mesons are modified by the matter in
heavy ion collisions

® yields are suppressed at nearly same level as TT°

heavy quarks are a good probe of hot nuclear matter!

PHENIX, PRL 98 172301 (2007)
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heavy quark energy loss

Raa(charm)/Raa(light quarks)

radiative energy loss should be
suppressed for heavy quarks:“dead
cone effect” (Dokshitzer &
Kharzeev)

some calculations expect large
collisional energy loss

experimental question: how does the energy loss pattern of
heavy quarks differ from light partons?

Anne Sickles May 20, 2009 I




final state effects

® jets are produced
before the matter, but
the see the entire
lifetime of the system

® final state effects could
change which hadrons
are formed
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final state effects
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recombination

basic idea: valence quarks coalesce to
form final state hadrons

Fries et al.,, Hwa et al., Ko et al.
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recombination

basic idea: valence quarks coalesce to
form final state hadrons

® quark momenta add:
® pr(hadron) > pr(quark) ‘ ‘

® baryons get an extra
boost—extra quark
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recombination

basic idea: valence quarks coalesce to
form final state hadrons

® quark momenta add:

® pr(hadron) > pr(quark)

® baryons get an extra
boost—extra quark

® if heavy quarks also recombine, it
could lower their Raa

® heavy baryons don’t decay into
electrons as much as mesons

Fries et al.,, Hwa et al., Ko et al.
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D/B in medium formation

e D/B form & dissociate in el [ e e || o
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2 particle correlations

® complementary to single
particle observables

e different sensitivity to
geometry

® sensitive to energy flow

quantifcation

conditional yield in AuAu

laa =

conditional yield in pp

Quark Matter 2009 Anne M. Sickles March 31,2009 15
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changing beam energy
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changing beam energy
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changing beam energy
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The Landscape:
Heavy Flavor in p+p



charm & bottom: theory

Single electrons from heavy flavor
102 . | . | .
10l

10~ 7

1013(1) B bands show
1072 F D—oe - theoretical
1073 — uncertainty
o - (FONLL) in
e e components

do/d?p,dy (ub/GeV?)

oI |I |I |I |I |I |I |I

108 R. Vogt, QM2005
10—° >
10—10 QRS
10—11 . I . I . .
5 10 15
P, (GeV)

knowledge of relative c¢/b contributions crucial for
understanding HF modifications in Au+Au collisions
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what can experiment say?

idea: D—eKv, reconstruct eK invariant mass

e-K(NO PID) reconstruction

’;;gm:' @ ';Cb%};' Lit_;;t'r'o'n' p, 3-4Gevic

® heavy meson decay: e & K _C ot - simlson(charn) ]
ha.ve OPPOSlte Slgns %g %wo_os__ — simulation(charm+bottom at _

= . -1 measured b—e/(c—>e+b—e)) _

® |ike sign pairs ~|%o ]
approximate the ]
background g

® compare to simulations to
get relative contributions
from charm and bottom

11 | 11
. 4 45
M., (GeV/c?)

arXiv:0903.485 I [nucl-ex]

Anne Sickles May 20, 2009 20



relative b—e contribution vs pTe
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two types of electrons

Heavy Flavor
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two types of electrons

Heavy Flavor
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separating the correlations

NeH F Yer —h + Neph,ot Y;phot —h
News + Ne

Yein cl—h —

phot
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separating the correlations
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separating the correlations
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ephot-h correlations

Yeur—h = RHP \s
- s = 200 GeV (Run-5
= 10°f +p @\s =200 GeV (Run-o)
£ 10 _ _ E
® photonic electrons: Dalitz 3 + cocktail: (e'+e)/2
decays and Y conversions poons

® dominantly from 1%
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® measure Yinc-h correlations
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® also dominantly from 110
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ephot-h correlations (ll)

®  Yinc(PT) ™ €phot(pT) !

0.6

3 o5

® conversions:yinc(pT) + PHENIX

GEANT + reco. eff.

e Dalitz decays: TT(pt) — Ye*e get Y*

from e*e-

® both methods: ephot(PT) ~ Yinc(pT) = TT(PT) o

® T10 spectrum falls very steeply

0.3

0.2

0.4f

3.0<pT1,<3.5GeV/c

Yeonoe—n(p1,i) = Y wi(pr,;) Yy-n(pT,5)
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einc-h correlations
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adding ephot-h ...

dN
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PHENIX PRELIMINARY, p+p\s = 200GeV
e* - hadron: 2.0 < p. < 3.0GeV/c, inclusive (black), photonic (red)
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heavy flavor correlations

=|< 0.3 0.15 0.08
<
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PHENIX PRELIMINARY, p+p\'s = 200GeV
heavy flavor e” - hadron: 2.0 < p, <3.0GeV/c,R _=1.1
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near side widths

PHENIX PRELIMINARY, Run 5 & 6 p+p\'s = 200GeV
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near side widths

PHENIX PRELIMINARY, Run 5 & 6 p+p\'s = 200GeV
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OHF > Ophot: D/B decay kinematics
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near side widths

PHENIX PRELIMINARY Run 5 & 6 p+p\r 200GeV
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OHF > Ophot: D/B decay kinematics
good agreement with PYTHIA (charm production)
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charm production subprocesses

10F——T—T—
y=0
1

£ 0.1 ‘ _g_’ g
bm _________ cq(q) Cﬂ(a)

001 -7 gg—cC

TR qa_}CE

A T B

O.OOIO 5 ; . g

P, [GeV] _
most of the time a D is not balanced by a mid-rapidity D
(caveat: LO calculation)

Vitev et al PRD 74 054010 (2006)
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Next to Leading Order

® POWHEG NLO Monte Carlo: 2—2 & 2— 3 processes
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Next to Leading Order

® POWHEG NLO Monte Carlo: 2—2 & 2— 3 processes

charm quark: 2.0 < p < 5.0GeV/c, lyl<i
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Next to Leading Order

® POWHEG NLO Monte Carlo: 2—2 & 2— 3 processes

. charm quark: 2.0 < p < 5.0GeV/c, lyl<i charm quark: 2.0 < p_<5.0GeV/c, lyl<1
o 2 1— '
-cl-?e T g%, o Ul'g - )
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- "02200 o light quark, gluon, lyl<1 0.8~ . C, p, >1GeV/c, lyl<i
B o ‘...000
L '..‘ OOO |
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Next to Leading Order

® POWHEG NLO Monte Carlo: 2—2 & 2— 3 processes

charm quark: 2.0 < p < 5.0GeV/c, lyl<i charm quark: 2.0 < p_<5.0GeV/c, lyl<1
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light parton jets are a significant contribution to the
away side correlations
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Light Quark Fragmentation

® fragmentation functions from
e*e” collisions

® most particles carry small
fraction of jet energy

/o, do/dx x c(Vs)

0'10 0.1 02 03 0.4 05 0.6 0.7 0.8 09 1

X
Anne Sickles May 20, 2009 32
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what about heavy quark jets!?

c—D fragmentatlon

16 T . 35
14 F 5@% - 3
- D’ D % (@) ]
=212 O e CLEO ﬁ % ]
2 10 | 5 5 : 5
©) B ] s 2
. 8 A % 5 iS]
5 ¢ 5 015
5 6F 3 a . =
S 5 .
m 4 A 1
v §§5 .AA‘A‘ “A“A‘Ah @K
2r iﬁﬁ% ‘Ab“’“ . g 0>
0 "~ /@KETA‘@A.A# ol
0 0.1 02 03 0 4 O 5 0 6 0 7 O 8 0 9 1 0
X, =P/Pnax

® ¢—D fragmentation hard

b— B fragmentation

- (b)
O ALEPH 91 GeV
® OPAL 91 GeV b
A SLD 91 GeV ﬁ i
g *? #
A
L #ﬁﬁf 39
,i—f‘f
e T T T T 31
01 02 03 04 0506 07 08 09

® b—B fragmentation harder

Particle Data Book
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...and the rest of jet energy!

25

s | THIS FIT / KRE

05

1.5

et — e — s h— .,
—_—
..

L 1E - 1
0.5_—va E ]

c,b — hadrons softer than q, g jets

de Florian et al PRD 76 074033 (2007)
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conditional yields

- 10 FPHENIX PRELIMINARY Bun 5 & 6 p+p\[§:200GeV = 10° r_PHeENlr)‘( PRELIMINARY Run 5 & 6 p+p Js=200GeV
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§ 1 ® e § — 1 [“ “w 2.0<p 4 3.0GeVic x 10
) Q:- r 3.0 K 40GeVex 10 zﬂ Q. . ® 3.0<p ! 4.0GeVic x 10
% glO" - 9 . . @ 40 <45GeVicx 10 U,_ !_1’10" E & . & i @ 40<p_<45GeVicx 10
* *
10 2 v 2 2 L] ® 10.;- ® N 8 .
@ - 2
10° ® & * 107 = “ ® : .
4 * @ ® : : . ? ;
= K 107 E *
51 -
= SN 10 .
N
10° } : PH ENIX | ol S o
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® near side: heavy quarks, dominated by decays

® away side: heavy & light partons, fragmentation and decays
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comparison to light jets

PHENIX PRELIMINARY Run 5 & 6 p+p\s=200GeV
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comparison to light jets

negative slopes

9
I | | | . g PHENIX PRELIMINARY Run 5 & 6 p+p\s=200GeV
. v p./p. slopes ] £ 8F
Ta' Tt w -
L . s 7 ® p+pdata
- o Xgslopes /] g 'F
8_ — o -
i O ] S 6 .
i 0 \\ i aj - O  PYTHIA, charm production
- T°=h, ptp W] g st i .
- D\ - %
= \ — o 4
- v 7 ® F °
[ / | £ 3 ? ¢
L v 5 - - 0
6— M — 2 C . -B(pT h/pTE)
. O / i i cond.yield=Ae ™ "
i ] - 1.67<A¢<mnrad
B 7] _ 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
- . 05 2 2.5 3 3.5 4 4.5 5
53 | | | | 4| | | | | | | | | | 6| | | | | 7 pT,trigger

5
P, [GeV/c]

PHENIX PRD 74 072002 (2006)
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comparison to light jets

negative slopes

©
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PHENIX PRD 74 072002 (2006)

enr-h harder @ same pT.rig (FPTparton)
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effects of the matter...
Au+Au



energy loss: TT%-h Vv Vdirect-h

%-h

YVdirect™ h

g,q interact strongly--energy loss

v don’t interact strongly

Quark Matter 2009 Anne M. Sickles

March 31,2009
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energy loss: TT%-h Vv Vdirect-h

/

%-h

YVdirect™ h

g,q interact strongly--energy loss

surface bias

v don’t interact strongly

no surface bias
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energy loss: TT%-h Vv Vdirect-h

/

%-h

YVdirect™ h

g,q interact strongly--energy loss

surface bias

PT,0 < PTjet

v don’t interact strongly

no surface bias

PTy = PTjet
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energy loss: TT%-h Vv Vdirect-h

/

%-h

YVdirect™ h

g,q interact strongly--energy loss

surface bias

PT,0 < PTjet

v don’t interact strongly

no surface bias

PTy = PTjet

away side more likely
to be quark:

q+tg—qty

Quark Matter 2009 Anne M. Sickles

March 31,2009 38



T1%-hadron: opacity
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T1%-hadron: opacity
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|AA: T1%-h & Vdirect'h
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|AA: T1%-h & Ydirect‘h
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® no significant difference between T1°-h and y4i--h suppression
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|AA: T1%-h & Ydirect‘h
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® no significant difference between T1°-h and y4i--h suppression

® just how important is the TT? surface bias?
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T1°%-h: away side shape

increasing 1° pr

T

[ 57x12,0-20%

PHENIX preliminary

e e R 2-Caussian away side fit

Perdtrigoer yield (AU)

no evidence for double peaks
for very high pr m°

Perdrigger yleld (AU

Per-lripger yield (A.U.)
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T1°%-h: away side shape

increasing 1° pr

Perdtrigoer yield (AU)

Perdrigger yleld (AU

Per-lripger yield (A.U.)
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. + Absolute background normalization
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I 5-7 x 1-2,0-20%
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i 2-Causslan away side fit
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=
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no evidence for double peaks
for very high pr m°

don’t have the statistical
precision to exclude it
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T1°%-h: away side shape

increasing 10 pr
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T1°-h: away side shape!?
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T1°-h: away side shape!?

IaA
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T1°-h: away side shape!?

IaA
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Heavy Flavor: Au+Au
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utAu vs p+p
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heavy flavor: Iaa

laa (1.25-trad ) 14, (0-1.25rad)

'AA ( 251 -nrad )

heavy flavor e - h, Au+Au
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heavy flavor: Iaa

laa (1.25-trad ) 14, (0-1.25rad)

laa (2.51 -7 rad)

heavy flavor e - h, Au+Au

<laan>

PHENIX PREL!MI;NARY AD 2 0<PT <3.0GeV/c
THER : 0-1.25rad 1.1740.21
|
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heavy flavor

:laa

laa (1.25-trad ) 14, (0-1.25rad)

-nrad)

laa ( 2.51

heavy flavor e - h, Au+Au
PHENIX PREL!MI;NARY

mi

Pttt PO DU ST TUUN TS DU TSN ™

- 12.0<p ,<3.0GeVic

<laa>
AP 2.0<pme<3.0GeV/c
0-1.25rad [.17£0.21
|.25-TTrad |.43+£0.31
2.51-TTrad 0.67£0.16

® |arge errors
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heavy flavor: Iaa

laa (1.25-trad ) 14, (0-1.25rad)

laa (2.51 -7 rad)

heavy flavor e - h, Au+Au < IAA>
PHENIX PREL_IM[ONARY AD 0 0<PT <3.0GeV/c
ij | 0-1.25rad 1.170.21
A | 25-Ttrad | 434031
- l 2.51-Ttrad 0.67+0.16

- §20< p, <3.0GeVic

“ .
11l & e large errors
. .
PHENIX ® |aa(near side) ~ |
- ® consistent with D decays
! f
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heavy flavor: Iaa

laa (1.25-trad ) 14, (0-1.25rad)

laa (2.51 -7 rad)

heavy flavor e - h, Au+Au

PHENIX PRELIMINARY

—

] ?
| 1
« ¢ I

.

|

.

- §20< p, <3.0GeVic

| -

<laa>
AP 2.0<pme<3.0GeV/c
0-1.25rad [.17£0.21
|.25-TTrad |.43+£0.31
2.51-TTrad 0.67£0.16

® |arge errors

® |aa(near side) ~ |

® consistent with D decays

® [aa(1.25-TT) > [an(2.51-TT)

® cvidence for shoulder?
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conclusions
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conclusions

® open heavy flavor is an important frontier in jet
physics

® complementary to Y-h & T1%-h measurements

® it will be crucial for energy loss & hadronization
models to describe all these observables

® however, it is harder to interpret, more statistics
starved and a harder measurement than Y-h or T1°%-h

Quark Matter 2009 Anne M. Sickles March 31,2009
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a promising future

® p+p:jet properties & understanding parton subprocesses
® Run 10:200 GeV AutAu: 4-6x statistics for PHENIX enf-h
® |uminosity & acceptance increases

® Hadron Blind Detector can reject some photonic
electrons further improving the measurement

® 2.3x statistics for TT%-h & Ydir-h
® Run | I:SiliconVertex Detector:

® separation of charm and bottom

Quark Matter 2009 Anne M. Sickles March 31,2009

47



IaA straight line fits

AD |.5<p1e<2.0GeV/c | 2.0<p1e<3.0GeV/c | 3.0<p1<4.0GeV/c
0-1.25rad 0.53+0.17 |.17£0.21 0.29+0.40
|.25-TTrad |.18+0.28 |.43+0.31 1.05+0.63
2.51-1trad 0.52+0.13 0.67+0.16 0.47+0.31

Quark Matter 2009

Anne M. Sickles

March 31,2009
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conclusions & outlook

HF correlations provide a new tool to study
passage of fast parton through matter

® ¢/b ratio in p+p consistent with FONLL

® this ratio crucial to understanding et results in Aut+Au
® enr-h conditional yields in p+p measured

® method established to extract HF correlations

® useful for testing charm fragmentation into hadrons

® baseline for AutAu results, being analyzed now
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Double Peak Structure
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PHENIX, PRC 78 014901 (2008), Noronha et al. arXiv:0807.1038, Neufeld arXiv:0807.2996
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Double Peak Structure

00a—(b) ® 3-4x 2-3GeVic

O'; e Au + Au 0-20%
s 8 o ptp

l 1 1 1 I 1

AdS/CFT: Correlations from Neck region

PHENIX, PRC 78 014901 (2008), Noronha et al. arXiv:0807.1038, Neufeld arXiv:0807.2996
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Double Peak Structure
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Double Peak Structure
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Heavy quark correlations should help discriminate!
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RAA of hadrons
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and what about heavy quarks?

® |.04 for a 4 GeV bottom quark
® |.2 for a 3GeV charm quark

® work backward, if you wanted to see this number
march in to 0.7 at RHIC you would need v= 0.45
which is a 2.3GeV bottom quark
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are the measurements

sensitive!

coslyy = o
Ujet
phase Cs Om (rad)
QGP 1/+/3 ~0.57 0.95
hadron gas V0.2 ~ 0.44 .1
mixed phase 0 1.57?
RHIC (time average) 0.33 |.2

numbers from: Casalderry-Solona, et al hep-ph/0411315
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