Heavy Quark Production
at RHIC-PHENIX

Takashi HACHIYA
for the PHENIX collaboration

.
RiizN DISHINA

2012/10/23 High pT Physics at LHC, Takashi Hachiya



Outline

Introduction
Heavy flavor measurement

PHENIX Silicon Vertex Detector (VTX)

Result
— p+p 200GeV
— Au+Au 200GeV

Summary



Introduction

* Heavy quarks in heavy ion collisions
— HQ is created at the early stage of the collisions

e Mainly initial hard scattering
* Due to large mass, the production can be calculated by pQCD

— Pass through the hot and dense medium

* Sensitive to the medium property

* Nuclear modification factor (R,,)
— Sensitive to parton energy loss in the medium
— We expected that HQ suffers less energy loss than light quarks.
* “Dead cone effect” : Energy loss: AE, > AEo>AEy
* Azimuthal anisotropy: v,
— Sensitive to the collective motion and thermalization
— less (or no) flow is expected.



PHENIX measured HF electrons in Au+Au
One of the most surprising results
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Open Heavy Flavor Measurements

Indirect method f
/@/ =
/

Direct method

* Direct method
— Reconstruct parent HQ hadron using decay products.

— Clear signal, but BR is too small (large BG)
DO 2 Knt (BR:3.9%)

* Indirect method
— Measure electrons from semi-leptonic decays of heavy-flavors
— Large branching ratio. Branching ratio

. . > e+ X (BR:9.6%)
— PHENIX relies on this method ¢
b>e+X(BR:11%)
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PHENIX Detector and electron ID

L e e PHENIX Central Arm
Coverage:
* |n|<0.35, Ad=m/2 x 2,

2011

Central
M

TOF-W

* Charged particle tracking
* Drift chamber
* Pad chamber

Aerogel
e Electron Identification
* RICH is primary elD

device.

 EMCal measures energy :
allow E/p matching

West Beam View East

Detector Upgrade:
 Silicon Vertex Detector (2011-)
* Provide a capability to
separate charm and bottom

2012/10/23 High pT Physics at LHC, Takashi Hachiya 6



e VTX was installed from Run2011

— Large coverage
* IMm|<1.2,¢~2m
— 4 layer silicon detectors
e 2inner pixel detector
e 2 outer stripixel detector

— charge particle track
— Primary vertex
 Two capability
— Tag and reject photon conversions
— Separate charms and bottoms

RUN2011: Au+Au at 200 GeV
-60 l[P- ! T a0 60

. AuAu at 200 GeV .
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Distance of Closest Approach (DCA)

Secondary
Vertex

* Distance of Closest Approach

* DCA of electron track from
primary vertex
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 DCA corresponds to the life
time(ct)

Charms and bottoms have a unique lifetime

beam beam

' DO 122.9 um
Primary Vertex
e D+ 311.8 um Charm
10’ T |p+p T 50 4579 o
. 200 (5e¥ B+ 491.1pum | Bottom
10° p, > 1 GeVic

Precise DCA measurement allows
clear separation of charms and bottoms

e DCA resolution of 77um is archived

o Raw DCA distribution for
4 0.6 hadronsand electrons in p+p 200GeV

Number of Tracks
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Heavy Flavor Signal

* Inclusive electrons are composed from :

— Signal Electrons:

* Heavy flavor electrons
— Electrons from heavy flavor decays (b—>e, c>e)

— Background Electrons:

* Photonic electrons : major background source
— Dalitz decays of pi0 and neutral mesons
— Photon conversions at the material

* Ke3 decays (K =2 evn)
* Di-electron decays of rho, omega, phi

e Signal extraction with VTX
1. ldentifying inclusive electrons in the data
2. Photonic electron Veto with VTX : isolation cut
3. DCA decomposition



Photonic Electron Veto with VTX

* Main background in HF electron measurement is
photonic electrons.

— Most conversions happen in the outer layers

* (total X0: 12 % (BO: 1.3%, B1: 1.3%, B2:4.7% and B3: 4.7%).
They are suppressed by requiring a hit in inner silicon layer BO.

e |solation cut

— Photonic electrons:
e Created by pair with small opening angle
* Additional hit made by its conversion partner

) sociated Hit
— Non-photonic electrons:
* Single track without any near-by hit B-field

Isolation cut

— We can veto photonic electrons
: : : OHit by track
using the isolation cut Y



Fraction of Heavy Flavor Electrons

90% heavy flavor e
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 Fraction of HF electrons
after conversion Veto

Ry = eHF/einc = gHF/(eHF+ @PH)
- 90% heavy flavor e

Consistent or better than
previous measurement

— Photonic electron Veto
works well

Yield of the remaining
conversions and Dalitz are
estimated using the veto
efficiency.
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Invariant Yield

data / Fit

HFe invariant yield in Au+Au

» Using the photonic electron estimated by the VTX, we

measure the heavy flavor (HF) electron spectra

10
1

PHENIX Preliminary

10" HF electron

10° *  Run-11:200 GeV Au+Au MB
10° x  PHENIX PRC 84 044905 (2011)
10°*

10°

10°

i
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0 2 4 b B 10
P, [GeVic]

Run 2011 HF spectra
consistent with
previously published
HF by PHENIX within
the statistical and
systematic
uncertainty



Track Number
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DCA Decomposition

DCA data are fit by expected DCA shapes of

Signal components : c2>e and b—2>e (right column)
Background components (left column)

—

| —— Hadron cont.

Dalitz

—— Conversion e ¢

Random BG
Ke3 Decay

3 expected DCA shape

= Charm/Bottom
assumes PYTHIA
spectra

= Background : detector
simulation with
measured data input

0.2 :0.15 01 -0.05 0 0.05 01 015 0.2

Fit range :

0.2<|DCA|<1.5(mm)
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DCA (cm)
b/(b+c)=0.22+-0.06
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Bottom to HF(b+c) ratio in p+p

b—e

c—>e+b—e
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First direct measurements of bottom production at RHIC in p+p
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Comparison

From Fit of the DCA distribution

—

S ok N
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Electron pT(GeV/c)

VTX direct measurement of b/b+c using DCA confirms
published results using e-h correlation
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b— e/(c— e+b— e)

Comparison
From Fit of the DCA distribution

—

/N
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PHENIX
Preliminary

i
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5 6

Electron pT(GeV/c)

7

agree with new
data

FONLL agree
with data

indirect
measurement is
consistent with our
data

VTX direct measurement of b/b+c using DCA confirms
published results using e-h correlation
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Bottom to HF(b+c) ratio in Au+Au

The DCA fit yields small b/b+c, less
than half of the value 0.22 in p+p Iin

the same pT bin

 CAUTION :

rack Number

103 I;r « Data
——— Hadron cont.
, [~ Dalitz
10 E— Conversion e* ] ‘/
—— Random BG
10 & Ke3 Decay 4o /|
sl

200 GeV Au+Au MB

2GeVic < P, <25 GeVic E

— Charm -

The extracted b/b+c and R,, assume PYTHIA D and B pT distribution.

 The Au+Au data are inconsistent with these input assumptions

—> A large suppression implies a large modification of the parent B pT distributions

(i.e. input assumptions).

—> This implies that the electron DCA distributions used in the DCA fit is modified

spectra

QM2012 result of b/b+c and R,, includes no uncertainties from modified pT

* We are working on the iterative / unfolding procedure to obtain the fully

corrected b/b+c and R,,



What does this mean

PYTHIA assumption does not match the Au+Au data.
— The parent B pT distribution is different from PYTHIA

The Au+Au data implies

[ If the B pT modification is small, b = e is strongly suppressed
(QM2012 result)
OR/ AND

O B pT modification is large
— R, is larger than QM2012 result

e Any of these explanations implies very interesting physics of B
mesons in Au+Au collisions

e We are working on developing a procedure to extract fully corrected
b/b+c and R,,. Stay tuned



Summary

PHENIX measures heavy flavor electrons with VTX in p+p and
Au+Au 200GeV

— VTX works nicely

First measurement of separated charms and bottoms at RHIC
is archived

— Inp+p, FONLL pQCD prediction is consistent with the data.

— In Au+Au,
* Au+Au data are inconsistent with R,,=1 in PYTHIA assumption

* The data implies (1) a large suppression of b->e or (2) a large modification
of B meson pT distribution

* Quantitative analysis is in progress. Stay tuned

Systematic study of HF production (not shown in this talk)
— R,a in d+Au and Cu+Cu
— Heavy flavor e v, in low energy
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How were the DCA measurement used?

* DCA data are fit by background components (left column)
and c>e and b—>e “expected DCA” (right column)

* The fit produces relative c2>e to b—>e fractions

. Where d|d the expected DCA” dlstrlbutlons come from?

| | |
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Where did the “expected DCA” distributions come from?

Simple Answer: For the QM Preliminary result, the analysis just used
the PYTHIA output. That assumes the PYTHIA parent (e.g. D, B) p-
distribution and decay kinematics

All curves normalized to same integral for shape comparison

The “expected DCA” b—>e

1 DCA B (p;=0.0-0.5) = electron (p; = 1.5-2.0)

is a convolution of { DCA B (p;=0.5-1.0) = electron (p; = 1.5-2.0)
+  DCA B (p;=1.0-1.5) = electron (p; = 1.5-2.0)

the B meson parent Pr 1 DCAB (p;=1.5-2.0) = electron (p; = 1.5-2.0)

spectrum with the electron 105
decay kinematics and
corresponding DCA

DCAB (p;=2.5-3.0) = electron (p; = 1.5-2.0)

102

For these p; electrons,

if the parent B meson p; 10
distribution is significantly
modified from PYTHIA, the
“expected DCA” from 107 Voo N

23a71 High pT Physi@ at LHC, Tals@%achiva 0.1 0.15 0.2 0.25
PYPHIA*Will be wrong 53 electron DCA




An Extreme Example Just to Demonstrate the Point

Compare PYTHIA B meson p; distribution (Black) and a
Scenario with all B mesons at p; = 0 (Red)
We said it was extreme...

* B meson Parents B—>X—>electron Daughters B—>X—>electron DCA
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B meson p [GeWc] electrons (from B) p . [GeVic] P,

Because of decay kinematics, even in the Red Scenario, one will have
B—>X->e all the way out beyond electron p; = 2 GeV/c.

However, these electrons will all have DCA = 0O (since the B is at rest) and
thus wou uld not be properléﬁ extracted using the PYTHIA DCA template.
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Result

d+Au 200GeV
— Studying CNM effect

Cu+Cu 200GeV

— Studying system size dependence

Au+Au 62.4GeV
— Studying energy dependence

Au+Au 200GeV



Heavy flavor electrons in d+Au

arXiv:1208.1293, submitted to PRL

| d+Au @ |s,,, = 200 GeV, |y|<0.35

o
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3
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Heavy Flavor Electrons in d+Au 200GeV
e Cocktail method
e Conversion method

In peripheral,
* Consistent with p+p within uncertainty.

In central,
* Enhancement at intermediate p;
—> Cronin-like k; scattering?

* No suppression from CNM
—> Large suppression in Au+Au can be
attributed to the hot and dense matter effect
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Heavy Flavor Electrons in Cu+Cu

g 25 PHENIX Preliminary
3 1 n * In mid-central,
E ¢ ' .
e } ; | } | — similar enhancement
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System Size Dependence

< 2 : ,
< [ PHENIX PRELIMINARY [8]0.20% CutCy
a7 & y|<0.35
= [40-60% AutAu
1 5 0 \| Syn=200GeV
] heavy flavor — e*

CuCu: <Ngg> = 150, <N, > = 86

- AUAU: <Ngg> =91, <N > =62

| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
% 1 > 3 4 ; 6 7

P, [GeV/c]
 Comparison of central Cu+Cu with mid- central Au+Au
at the same energy, 200 GeV, shows good agreement.
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System Size Dependence

<Rpp> 1<p_r<3 GeV/c

2r v 2
C e'te S T
1.8 3 from heavy flavor 1< pT<3GeV/C S 18 € ;e from heavy flavor 3<pT<SGeV/C
- o F
16— v|_ 1.6 —
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L i hed —
1.4 & « T + o 1.4
AR o
25 ke ¢ 12 o T ow +
1= = B i B 1= &
C = +
0.8— H 0.8— [ |
C - ! |
0.6— 0.6— B
0.4 ad+Au . 0.4 ad+Au - it
C PHENIX Preliminary C PHENIX Preliminary
0.2 m Cu+Cu 0.2 m Cu+Cu
"E eAu+Au Phys. Rev. Lett. 98, 172301 (2007) | "E eAutAu Phys. Rev. Lett. 98, 172301 (2007) |
D 1 1 1 1 111 1 1 1 1 11 11 1 11| 0 1 1 1 1 111 1 1 1 1 1111 1 1 1 11|
10 10? ~10° 10 10° ~10®
Ncoll Ncoll

* Compare RAA of HF electrons in d+Au, Cu+Cu, Au+Au

 RAA consistent across systems as a function of
centrality for d+Au, Cu+Cu and Au+Au at the same
energy, 200 GeV.



Heavy Flavor Electron v2
in 62.4 GeV Au+Au

o = ~ 0.5
2 0.5 _—— = E i
s f PH “ENIX 0.4 : PH ENIX
+ 0.4 preliminary - preliminary
E 2 0.3
2o3- £ .
E 0.2~ . o e = o M
L - L
0.2f - N + \
E + | el | $ +
0.1 - e * !
E + oF -
OF - 20%<AuAu Centraltity<40%
01 Run10 AuAuB2GeV 0.1 :_ v heavy flavor e v2:AuAu62Gev
C . = B heavy flavor e v2:AuAu200Gev
E 20%-<Centrality<40% 0.2 (Phys. Rev. C 84.044905(2011))
g2 B —=— Heavy flavor e v2 = ] 7% v2: AuAu62Gev (PHENIX Preliminary)
- e S TN O R R A S Ol O M S S M MY S O |
= B (YRRCTONT TR LA LT Y oty N N O T N v ot T BT £ ST Y M O 120 1 O 3 OO 1 T -0'30 1 2 3 5
0% ~"095 1 15 2 25 3 35 & p_(GeV/d)
p, (GeVic) T

* Heavy flavor v2 in 62.4GeV AuAu
— Finite v2 is measured

* v2in 62.4GeV is consistent with the 200GeV within
statistical and systematic uncertainty.
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Azimuthal anisotropy: v2

Non-central collision

Initial spatial anisotropy makes pressure gradient.

Azimuthal anisotropy of particle emission
in momentum space.

v2 is the second Fourier coefficient of the particle

emission w.r.t reaction plane
dN/d(¢) = N (1 + 2v,cos(2¢)+..)

Reaction Plane Method : Beam Beam Counter

01

Au+AulS,, = 200GeV
L e
% 0.08— A g W <cos2(¥ggc N-Vaec_s)”?
O
2 T -A-
.k
B: 0.06
z | A A
g [
D 504 A
=
_‘_
8 0.02 e
v L N
-1.2 1.2 3.1 3.9 i e
n o _‘_*A*—A_._A_
vmeasz _llll‘\llll\\llll‘\llll\ll\ll‘ll\ll\l\l

ptrue, =

0 10 20 30 40 50 60 70 80
Res centrality {%)

Res = \/2 < COSZ(‘PBBC_N — ‘PBBC_S) >
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Elliptic flow

Cause the azimuthal anisotropy in the range of low and middle pT

* Flow --- collective motion of the matter

* Elliptic shape --- flow strength is different for x and y direction
w.r.t. reaction plane

Shape of the collision participants in non-central collisions is like “ALMOND” .

Non-central collisions

Small emission

Elliptic flow
CRAVAVAVA B AR s . P
s 7 ’ Small pressure P, '
no /v gradient

77 7

/7 7 , s = P,

Reaction el
Large part.

plane . Large
X correction-------= "T=---- gradient

Interact with material - Local thermal equilibrium (QGP)
-> Pressure gradient - Elliptic flow - finite v2

V2 IS the second Fourier coefficient of the azimuthal distribution of
particle yield dN/d(¢) = N (1 + 2v,cos(2¢))
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