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Open Heavy Quarks from PHENIX
Mike Leitch - LANL- leitch@bnl.gov
UCLA Heavy-Quark Workshop - 22 Jan 2009

* Charm & Beauty production inp+p 2o
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techniques I T e by
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Physics Questions for p+p measurements to address

What is the charm cross section?
* are cross sections really
somewhat larger than pQCD?

e important input for regeneration
models in charmonia production

What is the balance between
beauty and charm production & at
what p does beauty start to
dominate?

e important for studies of QGP
effects, since charm & beauty
behave differently (dE/dx & flow)

Ratio

101 —

A.

Andronic et al. NPA 789 (2007) 334

S
o L J
Ty 20 do,/dy (mb) 128 .
P £ .
S 175 =
Q; 1.5 -
> 085..- 3
125 -
2 E. 064 7
x 1= — —
S o7s5F e s 043 . 7
05— 0.32 =
025~ \ery sensitive o o, -
A SR SRR U BRI NE B B
9750 100 150 200 250 300 350
Npart
- Phys.Rev.Lett 95 122001
I FONLL b/(b+c) |
FONLL Tm) )
1 | 1 | |
2 4 6

8 10
Electron P [GeV/c]



Heavy Quark Measurement

Direct Measurement:

OD—>Kn,D—>Knm f wm{b
j ——< 7/ [Indirect
/

] Measurement via
D semi-leptonic decays

& lepton pairs, with both leptons
from semi-leptonic decay
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Inclusive e* measurement: roadmap

PHENIX central arm coverage:
- In] <0.35
- Ap=2xm/2 P{fm Vol T
- p>0.26eV/c

- typical vertex selection: |z,,| <
20 cm

charged particle tracking
analysis using DC and PC1
electron identification based on
- Ring Imaging Cherenkov
detector (RICH)

- Electro-Magnetic Calorimeter
(EMC)

PHENIX Detector - Second Year Physics Run

P

West Beam View East
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Electron identification

Electron identificaition is very

easy for py<5 GeV/c
After RICH hit is required,

basically all tracks are electrons
Electron signal is clearly visible

in E/p ratio distribution (the
peak ~ 1 is the electron)

The tail part is due to of f
vertex conversion and Ke3
decay.

MC reproduces the distribution

very well.

In the plots, the data and the
MC are absolutely normalized
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Electron Signal and Background

Photonic electron Non-photonic electron
m Photon conversions m Heavy flavor electrons
N =>77, D—oet+X
vy = et e” in material m Weak Kaon decays
Main background K Kt>mlety,
m Dalitz decays < 3% of non-photonic in p; > 1.0 GeV/c
', ->yete m Vector Meson Decays
m Direct Photon ®, p, O, JY,Y > efe
Small but significant at high p; < 2-3% of non-photonic in all p;

Measured by PHENIX

Background is subtracted by two independent technigues:
e Cockail Method

e Converter method



Background Subtraction: Cocktail Method

Most sources of backgr'ound
have been measured in PHENIX ;

Decay kinematics and
photon conversions can be
reconstructed by detector
simulation

Then, subtract "cocktail” of all
backgr'ound electrons from the
inclusive spectrum

Advantage is small statistical
error.

Au+Au @ ﬁ 200 GeV (Run 4)
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Inclusive vs cocktai

+ . . . .
(e +e7)/2 inclusive inv. xsection hxs_mb_nconv

Entries 872407

Mean 0.3191
RMS 0.1331

. Ihclusf;ve - c::ock’r;ail = heavyf/ flav:or signal
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Converter subtraction method

1 Photon Converter

» introduce additional
converter in PHENIX
acceptance for a limited
Time

- 1.68 % X, brass foil close to
beam pipe

- increases Yield of photonic
electrons by a fixed factor

- comparison of spectra with
and without converter
installed allows separation of
electrons from photonic and

hon-photonic sources

1/22/2009 Mike Leitch - LANL/PHENIX



Converter subtraction: the calculation

- electron yields: PRL 94(2005)082301 (run2 AuAu)

_ _ =102 E chg Raw yield of incl. e" + & (a) i

Ngonv out — N7 +NgOn 4 510_3 = e . . NG =
i _ g E . 5 E

NS™ ™" =R NZ + (1-e)NJ™"7 By | e 0 ® -
» useful definitions: %10 . :
Conv—i Conv —out 10° e =

R, = NComv-in /N Senv-ou g SR F
R — N "on-7 /N7 e 2 ® =
NP - e e °Z 18: ]

ﬂ:o = ®e0 =

- i m w B ° —

* then: electron loss :j: .. Jr e
in Conver‘-rer‘ 1_22 e R, with error band E

{ 1 é R, with error band _E

_ 1.5 W Systematic uncertainty I

_ R +A-8)Re e ;

CN — ‘ 1 — I —

+ R g :

NP - ! ’ ]

05 2 B —]

u R % | ¢ 7

simulated \ of ®E :
measured calculated from . .. . . .
) ) ~0 05 1 15 2 25 3 35 4

this equation! Pr (GeV/c)
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Converter/(no converter), Ry, in p+p Run-5

R RCN % I ndf 22.93/28
i 3 - | | po 1.179  0.01782

Expec‘red for p1 -0.2985 + 0.01376
Pure photonic 23 e RMIS 0

/

— T | {. approaches pure

Measured Reny L | A U USRS SUSUUNS SOOI SN NS SRS SN W T direct electrons at
high pr

.
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35 4 45

5 5
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* Ry is ratio of "raw" electron spectral

» signal/background is LARGE (see next slide) and increases
as function of p¢l

o
o
o
—
- 5
)
3]
(4]
w

0 IIII|IIIJIIIII|IIIl|IIIIIIIIlIIIIIIIlIIIIIII
. .

1/22/2009 Mike Leitch - LANL/PHENIX 11



measured/cocktail

Cross-check: Cocktail vs Photonic (measured)

|(e++e')»‘2 photonic inv. xsection|

hxs_mb_ph
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Red:
Measured photonic

| ~"electron spectrum using

the converter method

Curve:

" Cocktail calculation

Photonic electron
Measured/Cocktail=0.94+0.04

Consistent within cocktail
systematic error
—~> Used to re-normalize

cocktail
12



Signal/Background of Heavy Flavor electrons

o 10¢
E ~ e
« [ PH ENIX i *
- [}
o [ ]
: | y +
S i
8
o 1
= ~
E‘ - . converter method
2 : ) | cocktail method
[~ Ked
10~ e p— ee
- W — ee
: ........ Hadron
1n—2 L.l |"I 151"1.”:”-' ":-['I'.I.-I_-I.I-.I'I‘-I‘Id-lal--l‘rql‘f-II"|-I-"|‘L--Ir:r|_:J..‘I-.-:I:-J-;‘-II_JI: J- |‘
0 1 2 3 4 5 6 T 8 9 10

p; (GeVic)

e« S/B=0.11%10~3

* Large S/B is due to small conversion material in PHENIX
acceptance

1/22/2009 Mike Leitch - LANL/PHENIX



Heavy flavor measurement at mid-rapidity

Phys. Rev. Lett. 97, 252002 (2006)

— 1ﬂ-1 LI I rrru I LILILIL I LILILIL I LEBLELIL] I LILBLIL I LILBLIL I LILELIL I LILELIL I LI T T T T T T T T T T T T T T T T
i . - [ | | | | |
"‘.} 0% pep — (2" + )2 + X at Js=200 GeV {a} -l | ® STAR (nuclex/0607012) .
= = & STAR (PRL 84 (2005) 062301} smes P/ FONLL 4
< 0 E o PHENIX (hep-ex/0605010] ¢
= « PHEMNIX data
n‘; 10* FOMLL(total) -91 -
g . —— FONLL(c — &) o .
a5 FONLL(b — &) = .
W gt —— FONLL(b — ¢ — &) = 1
107 1
10° x.“:ax . -
x."'mh""‘ﬂ-\.__ :
10° ., i -
"'l___‘\_\-ﬁ‘\% —
1ﬂ-‘ ] I! L1 l! L L1 ! L L1 !I 11 !I L1 I! L1 ;-!.lll.ll ! L1 I-\-I--!.l'll =
3 = i ]
=25 ':h]—f
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"-_-; 15 abiss 5 5. 4 } é 0 2 4 6 8 10
E . = P, (GeVl/c)
0.5 TN
o 1 2 3 4 5 & 7 & 8 10
pr (GeVic)

Ratio to FONLL calculations are on the high side of theoretical uncertainties.

About a factor 2 discrepancy with STAR measurement (being worked on)

14

1/22/2009 Mike Leitch - LANL/PHENIX



c - (Lb/N

cC

bil ary)

10°

10?
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10

Total Charm Cross Section

I = 10
" ¥ PHENIX (AuAu) E
" PHENIX (pp) i
-1 SPS/FNA oz 1
= = 10°
§ 1.0<p;<1.4 G |
3 210°
- pr1.4Gevic  dog/dy -
N < ® PHENIX ]
= 2 & CCRS 510
- 4 4 Basile .
B __c—oe i
1 1 1 1 | | 1
10
\s (GeV)

O, =507x57(stat)£224(syst)ub
Phys. Rev. Lett. 97, 252002 (2006)

do,/dy (nbIN,, . )



Heavy flavor measurement at forward rapidity

Measure inclusive single muon spectrum Central Magne!

* Front absorber to reject hadrons

- Cathode strip chambers to track muons

- Tarocci tubes + absorbers for identification
and trigger

2D Norh
|
MulD

Subtract background sources using
simulated hadron cockfail

* Muons from hadron decay

» punch-through hadrons Side View North

Tune the cocktail on real data to reproduce :

- Stopped hadrons distributions in MuID gap 2 and 3
- Decay muons stopping at gap 3, (estimated using vertex z distribution)

1/22/2009 Mike Leitch - LANL/PHENIX 16



Edo/(dp’) (mb GeV’c?)

Ratio of data/FONLL

Heavy flavors in p+p collisions at forward rapidity
p+p single muon spectra

p+p — p+X at /s=200 GeV

e = Snale muons <yooL65 Forward and backward (<y>=1.65 )
S o, measurements are in good
NG . FONL bota 1.6 ol agreement and statistically
TE T combined
"E Consistent with the previous
10" - PHENIX single muon measurement
E (PRD 76, 092992 (2007))
- Compare to FONLL c+b:
::' BEEEN from 4 at low py to 2 at high p+,
L] L] . e .
oo 0§ | very similar to case at mid-
1T_'_“_:_“_:_”.:.".:_".:.".:.".:.".:.".:."-:-“-:-“-:-“-:-”-:-"-:-"-:-"-:-"-:-"-:-"-:-"-:-“-:-“-:-“-:- rapidiTY.
"1 15 2 25 3 a5 4 45 5
Pr

Ratio to FONLL is 3.75 £0.07 (stat.) £1.35 (sys.)
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Integrated spectra: do,.,./dy y=0 and y=1.65

leptons pr> 1.0 GeV/c

p+p\'s = 200 GeV

00006

0.0004 —

0.0002

o

L ‘4 p+p\/s = 200 GeV

3 , Integrate the single muon spectra,
= " PHENIX electrons

S , s extrapolate to pt=0and convert to
.:::_-U.{J{JIZ— . J ) preliminary doccbar./dy using FONLL,

= 0001 A L RN FONLL leptons

= . cent

DE 0.0008 [~ LNl I upper!

= ' lower

4 5}, 0
Forward muon result in good agreement =, »
with the existing mid-rapidity single <

LN

electron point.
dGcE /dy |y=0 0.1
=0.123+£9.8% (stat) =36.5% (sys)
do/dy]| .65

005

B PHENIX electrons
(PRL 97, 252002)
® PHENIX muons
preliminary
FONLL charm
cent. —_
upperilower -«---

o

=0.145+1.1% (stat) +42.7% /—49.8% (sys)
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Charm and bottom separation (mid-rapidity)

p+p@\s=200 GeV  e-K(NO PID) reconstruction

—0.005 Preliminary

. . L —
- L eleciron ~ evi/c hadron A~ evic

D/B semi-leptonic deca o 0.0135 lectron P, 3~4Gev/c hadron P, 0.4~5Gev/
< L data (RUNE)
-
& ST 1t ammmmies simulation (charm)
8 - T T - R T T T I simulation (bottom)

(« i 0'01 __ simulation @ b/(b+c)=0.42 (best fit)

=
a - PH-“ENIX

b/(b+c)=0.42 + ‘H' T

1 1.5 2 3.5 4.5 5
eh(GeVIc )

|||||

A
+ Ny on-phot e Am,\ 0.2GeV
o

o

(=]

o

4]
O‘I_IIII

Study the b,c — e-h decay unlike-sign pair correlations (meh)
* subtract like-sign to remove (photonic) backgrounds
- efficiency for correlation larger for charm (smaller mass) than beauty

* data lies in between Pythia c and b efficiency, fit o determine fractions

1/22/2009 Mike Leitch - LANL/PHENIX 19



Tagging efficiency as function of p;

p+p at\'s=200 GeV

>
u -
c c ~ =—data(RUN6)
N -g 0127 — charm
© e ~ ==Dbottom
C e o -
X o g - Preliminary
_l o 0.08_— ._+_.
v D B
= =g 0.06 — + c
S3 I data
~ — L
| -
"'6 g- 0.047 ++ 8
o - ' D
R 0.02 —h— b o
P B S e
07 | | ‘ | | | | | | | | | | | | | | ‘ | | | | | | | | ‘ | |
2 3 4 5 6 7

Electron pt(GeV/c)

If electrons are purely from charm decay, tagging efficiency should increase
with increasing electron py

The tagging efficiency of pure b-decay is small and almost constant. The data is
in between, indicating that the b fraction increases with p+
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Charm and bottom separation (mid-rapidity)

b/(c+b) ratio

p+p ws=200 GeV
— 1
= — PHEMIY [RUKSRE] [y <0,35
T g = PHEM RUNE] [y <0.35
¥ - =—— FOMLL y=
@ gaF FOMLL maxinum Land y=0 ;"\
T E FOMLL sinimusm haned = I PEEECLE
2 o7
@ - | —
T 08 —
.n -
0.5 90% C.L
e S W = e
P = o .
- -\-\.."J_,__
0.2F PH ENIX
- | T - ——
04 Preliminary
n 1 I 1 1 I 1 1 1 1 1
2 3 4 o & T
Electron P(GeVic)

Measured ratios are in good
agreement with FONLL calculations,
but both experimental and theoretical
uncertainties are large.

o, = 4.61%1.31(stat) +2.57 /—2.22(sys) ub
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Heavy quark measurement via di-electrons

[ ------ DY — ee (PYTHIA)

-
<
-3

— sum

T 17T | T 17T | T T T T | T T T T | T T 7 | | T T 7 ‘ T T T T —

10° p+p ats = 200 GeV . % p+p at\/s = 200 GeV « DATA- COCKTAIL .
£ ¢ Dama 107 m=<03s5 - =
107 = p,>02GeVic cC — ee (PYTHIA) 3
N - — bb  ee (PYTHIA) _
107 -6 —

10

) <
@ ~
T

heavy quark is dominant
[]source @m,,>1.1GeV

.y .y -
[=]

108

1IN, dN/dm,, (c%GeV) IN PHENIX ACCEPTANCE

L dN/dm,, (c%/GeV) IN PHENIX ACCEPTANC

m,, (GeV/c?)

10—10
* e'e” mass spectrum with 3 B )
cocktail subtraction R AR
* high-mass is composed of
cc,bb, Drell-Yan (& J/v, v PHENIX - PLB 670, 313 (2009)
peaks) o .. =544+ 39(stat) £142(sys) £ 200(model) 1b

e uncertainties due to -
correlations (20%), charm
particle mix & BR's (33%), PDF's O = 518+ 47(stat) £135(sys) £190(model) ub

(11%), bbar+DY (7%) o, =3.9+2.4(stat) + 3/—2(sys) £ 1.6(model) ub

or with simultaneous charm & bottom fit :



Charm and bottom cross sections at RHIC
First measurements of bottom cross section at RHIC energies!!!
CHARM BOTTOM
Dilepton measurement in agreement

Dilepton measurement in agreement
with single electron, single muon, and  with measurement from e-h correlation
with FONLL (upper end) and with FONLL (upper end)

) CDF p+p. ..
= 10 corrected) ®
. Cer PHENIX UA2 P o
3 10°F ] 5 [ oy
=, F ni 10L PHENIX p+p I
0" spectra & spectra it
di-electron - di-eleatron
1L LO pQCD
10° E &
{: NLO pQCD 10" ; E771.p+S s
1 i tHERA B p+CIT/W Pmlx
10 102 |- E789 prAy’ K
E‘T‘ I SPS/FNAL E i Preliminary
L ] ] T R B | ] ] ] Lo H i | i | | |
10° 10 10? 10°
Vs (GeV)

\'s (GeV)

single -electronmsmt: o, =567+57+224ub PRL 97,252002 (2006)
di-electronmsmt: o, =544+39+142ub PLB 670,313 (2009)



Open charm in Cold Nuclear matter?

'
-

N
o

2 __d+Au (0-20%) [(c"+e)
Chal= —— Non-photonic 3
Bio [ —— Systematic error | ]
s — PHENIX ppfit |7
3107 PHENIX E
10° Preliminary d+Au is consistent with
10 L V= § p+p scaled by #binary
Wl ] collisions
107 gl "1_'5"52_53"3_5"4"?(!3:;;,',}
p; [GeV/c
Ryau(Prompt ')
Sr
ask _ . But at forward rapidit
. South: PHENIX Preliminary
45 Northiy Y|=1.6 (deuteron direction)
3.5F < < 1. ' . .
g Ry _ suppression is observed. And
25t ’ enhancement at backward
2 rapidity
1.5;— ||
1E- i i
0.55- B ] i
: Lo b b b ben i b by b g Bl

092141618 2 2224 2628 3 32
pT (GeV)
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Physics from Heavy Quarks in the Hot-dense matter?

Do heavy quarks lose energy like light
quarks?

What is the balance between beauty and
charm production & how is it altered in A+A
collisions

« important for studies of QGP effects,
since charm & beauty behave differently
(dE/dx & flow)

 these modifications need to be
theoretically described in a self consistent
way

Are they thermalized in the medium & do
they exhibit flow like light quarks?

Knowing the charm production cross section
in A+A collisions is critical in regeneration
models for charmonia production

1/22/2009 Mike Leitch - LANL/PHENIX

Charm R,, with FVTX |

§.2
14

: Charm with FVTX (pp: T0pb™; Auu: 2nb™ )

Beauty R, , with FVTX ‘

§.2
14

1r—

0.8

0.6

0.4

0.2

D....I

1

Beauty with FVTX (pp: T0pb™; Ausu: 2nb™)

Collisional Dissociation
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Run-4 Au+Au Result at Vs, = 200 GeV

Same methods as for p+p
S/B>1forp;>26GeV/c Suppression level is the almost the

Heavy flavor electron compared to binary ~ S@Me as m° and 7 in high py region
scaled p+p data (FONLL*1.71)

A A R
= 10k 281723012007 031.3; Ry 0-10% ; :oi,:_,.b,.poin.m,
S 107\ - : Au+Au @ \[s,, = 200 GeV cang ermor
S 1Py & - L 16 IPRL 98,'172'5"01 (2007) [ UncertanyinT,,

A x°without scaling error

B 1 without scaling error
@ e*from heavy flavor

yieldin AA
N, -yieldinpp

A4 =

11l .[ AEEEERE EEEE N

IITT[I[TI][IT[]I

n A A
e . _ Y =

- E_L_ | 14 FYRITN E

1 0-10 Min-Bias x 10 - 1 : 0.2 __ b 4 . | P ' -

=Rt - PH . ENIX ! I3

107 @ osmni’ - 1 0= I | | l [, l LI | 7]

Loy NS e ¢ 0 1 2 3 4 5 6 7 8 9

1:13 o :gxi:g: PH " ENIX i - pT [Gev!c]
10 o

= p+p % 10942mb Au+Au @ \s,, = 200 GeV
10.'(4'11.1-' 111111111111111-1 l-llllxll;ltx-lli-l-li
0 1 2 3 4 5 6 7 8 9

pT[GeWc]
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Run-4 Au+Au Result at \/sNN 200 GeV

e
- AUTAU e i
1.6/ IPRL 98, 15‘1}1 (2007) W UncerteinyinT,,
— — — 145 i A % without scaling error
— ! - F B 1 without scaling error |
e 140 Au+Au @ \[sy = 200 GeV . - 12} ® o from heavy flavor
- - 1 il
M 0.8| '
L 0.4 5 *
- 02 g en . P VSPY TN o5
i - TPH'“'.E".IX . Ll N oo DI PR
i % 1 2 3 4 5 & 71 8 9
. m ﬁ - p, [GeVic]
oal H B E g | High pt suppression is similar to light
[ @ :p >03GeVlc ) " 1 mesons measurements.
O &:p.>3.0GeVic . . L
0.2 .
" . O P, >40 Gevic PH ENIX PRL98,172301 (2007) ] UHCXPZCTed In tferms Of radiative
. - Ll lvvislov.t...i energy loss, due to dead-cone effect
% 50 100 150 200 250 300 350 . . .
N..w  Possible explanations include:
* Binary scaling works well for p+> 0.3 GeV/c + Elastic (collisional) energy loss

(total charm yield is not changed)
* but large suppression for high pr (> 4 GeV/c) - QGP effect

+ in-medium D and B dissociation
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Elliptic Flow for light and heavy quarks

Phys. Rev. Lett. 99, 052301 (2007)
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Large positive elliptic flow observed for
light particles.

This requires an early thermalization of
the medium.

Scaling properties suggest pre-hadronic
degrees of freedom.

Large positive elliptic flow also
observed for D and B.

Heavy quarks are also thermalized.
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Collective motion in Aut+Au: single electron v,
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J/vy elliptic flow
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This is a first measurement, at both mid and forward rapidity

Very limited statistics so that no strong conclusion can be drawn

Need more data, and detector upgrades
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Measurement of di-electron(Au+Au@200GeV)

arXiv:0706.3034
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- No significant centrality dependencem.. (Gevic) + suppression)
- consistent with PYTHIA & random cc scenarios



Summary - with Newest Results
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Details of the Analysis

€
X I/Nnon—pho’re data
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Dominant sources of tracks in the muon arm
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Methodology of this single muon analysis
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Raw Count
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Tracks stopping in Gap 2

+——hadrons

3 4 5 6

Raw Count

Momentum (GeV/c)
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Muons above 2.7 GeV/c punch
through the entlre detector.
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DO K-t*nl reconstruction

large branching ratio(14.1%) S.Butsyk[poster]

DO>K- n* n® decay channel
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electron tag reduce combinatorial background
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e” Ryat @ Challenge for Models
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Constrain Bottom vyields
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* pQCD predicts significant B=>J/V
 Correlations shows low B contribution
» can used to further constrain B yields
* PYTHIA productions all show strong
near-side correlation =
higher order production mechanism?
 constrain Correlation from jet fragmentation
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Unexpected: Heavy Quarks Suppressed and Flow

Dead cone effect implies lower heavy quark

energy loss in matter:
Q- A’f’

Dokshitzer and Kharzeev, PLB 519 (2001) 199. ;

Semileptonic decays: c,b—e X

2 [ (et+er)2 |
oL Au+Au (central) Vsyn=200 GeV
" ® STAR Au+Au 0-5% (PRL98, 152301)

- & PHENIX Au+Au 0-10% (PRL96,032301)

--- DVGL Rad di/dy = 1000 7
= == BDMPS c+b §= 10 GeVim
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Collisional dissociation
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Substantial suppression on same
level to that of light mesons

Charm flows |

Describing suppression and flow Is
difficult for models
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