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Collision Systems

* p+pcollision @&—— D—

-> Provide the critical test for pQCD calculations of heavy-quark production.
Baseline for the study of modification of production in HI collision.

—
* p(d) + A collision

-> Cold nuclear matter (CNM) effects
(parton shadowing, CGC, breakup. See slide 3 & 4).

e A+ A collision
-> Hot nuclear medium effects + CNM effects.
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Cold nuclear matter effects ()

o . xG, (x,0°
1. Parton distributions of nucleus are modified. R’ (x,Q°)= A (50 2)
| | — AxG,(x,Q7)
Q2 = 1.69 GeV? NG
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—-Ep-g(;;" s 2. During propagation, quarkonia get
ing ’ broken up due to inelastic scattering in
- shadoWI'e,£p505 .
— ,x the nuclear medium.
107" 1q | 11 1
3. Initial state energy loss.
A 1S‘arxlv :0902.4154 &Y
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Cold nuclear matter effects (ll)

Gribov, Levin, Ryskin, Mueller, Qiu
4. Saturation criterion

Number of gluon per unit area: high x
3G, (x0")
P 7R’
Recombination cross section:
LY v
8¢—>8 Q2 low X

Recombination happensif po, .. 21, i.e. Q2 SQSZ, with:

Q2 - aSXGA (X,Q;) - A1/3 1
2

S 03
TR,

At saturation, the phase-space density is:

dN 0 1 _
&~ -~ MPC can access low x region.
dzxLa,'zpl 0 o

S
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Probes (I)

cc bb
1. Quarkonia production. state (U % | W | Y | Y | Y
: L 1S) | (1P) | (2S 1S 2S 3S
- Have different binding energy. (15) ] (AP) ] (25) ] (AS) ] (28) | (39)
_ Give different kinematics. mass [GeV] | 3.10 | 3.53 | 3.68 | 9.46 | 10.02 | 10.36
radius [fm] | 0.25 | 0.36 | 0.45 | 0.14 | 0.28 | 0.39
AE [GeV] | 0.64 | 0.20 | 0.05 | 1.10 | 0.54 | 0.20
hep-ph/0609197v1 H. Satz
T
—- Y
12<y<22
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10000
8000
6000
4000

2000

Kwangbok Lee

/ ‘

| PRI e 0 SIS RS

1 —_ Il Il Il L L
0.002 0.004 0.006 0.008

L L
0.01

L L L
0.012 0.014 0.016 0.018 0.02

X

N

Fig. x, distribution of J/ayp and Y
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Probes (Il)

2(LCeptons)from semi-leptonic decays from heavy flavors (c,b quarks).
- Charm and bottom quarks are dominantly produced in the early stages of
the collision, they experience the complete evolution of the system.

3. Correlated back-to-back hadron pair yields. trigger
- Reach to low x region and study x-dependence. I
A¢
4. Light hadrons and direct photons _
associate
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PHENIX forward rapidity detectors

* Muon arm
D, B->p?
Y - Y, I/, p/w, © -> pHy
.Z-D(‘South | ‘ ZDC North 1.2<|y| <2.2
MulD MulD AD =21t
d Au
Th
u

* Muon Piston Calorimeter (MPC)
Y%/ n -> photon
3.1<n| <3.8,40 =2n
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PHENIX mid rapidity detectors

2007 PHENIX Detector
_~PC3 Central T (.P(w
Magnet -

* Central arm
D, B->et
P, Y ->ete
-0.35<y<0.35
AD =Tt

West Beam View East

* Drift chamber + Pad Chamber (momentum measurement)
* Ring Imaging Cherenkov detector (hadron rejection ~ 100)
* Electromagnetic Calorimeter (E/p = hadron rejection ~ 10)
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Nuclear modification factors

r N ) . g%

o
pp
Ninv .’C'/ '\:.
0-20% 0-20%
Ro_zo% . Ninv /<Ncoll >
CP 7 3 760-88% 60-88%
Ninv /<Ncoll >
pp dAu dAu dAu
(all centralities) | (0-20%) (60-88%)
N 1 7604 15.1+1.0 | 3.2+0.2

N, : number of binary (pp) collisions in one HI collision.

* If the production of d+Au behaves like in pp,
RdAu = ch= 1
* If there is suppression, Ry, , R, <1
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I/ Ry, rapidity dependence in d+Au

PHENIX PRL 107(2011) 142301

R 4a,(0-100%)
o © o o =
(=] ~ (o) O -

o
()]

—— EPSO09 and cbr=4 mb

o
>

—— Glluon Saturatlion

o
y W

'!‘.

Global Scale Uncertainty + 7.8% "ttt e Gluon Saturation (gree N

L l L1 1 1 J | I T ] l § I T )

* Shadowing model, EPS09 +
Opreakup (r€d line) =4 mb
 Dashed lines are the maximum variation.

Nucl. rlhys f770 :40-56,2006

- Good agreement at forward rapidity

(] Illlllllllll[llIIIIIIIIIIIIIIIIIII

2 -1

0 1 2 3 Deviates from the data quickly as y<1.

-2.2<y<-1.2 -0.35<y<0.35 1.2<y<2.2
x~0.1 x~0.03 x ~ 0.005

(d)—>
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Nuclear thickness, A for each N-Au collision

§ E d+Aur,
E 1'_—~\\ — — d+Au A(r)
* Assume that CNM effects are related to £ F A
N\ at the ryvalue for each nucleon. < 08/~ N
. . . . . 0.6;
*Define the longitudinal density integrated - 0-20%
nuclear thickness, A in Au at impact parameter o4 d \\
: 1 Z s a)
dx A(r,) = _f dZ,O(Z,rT) sl 40-60% \\
0 B 60-88"
obtained from a Woods Saxon distribution. % — T

ry (fm)

* Use a Glauber calculation to average a

postulated CNM effect over the PHENIX A
centrality bins.
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N\ dependence of J/y R, & Rep

PHENIX:PRL 107(2011) 142301

%1.2_
o - —@— Jy12<y<24 1
1.1

Exponentid : M(r,) = ™"
Linear : M(r;) =1.0-aA(r;)
Quadratic: M(r;) =1.0 —aA(r,)’

- —m— Jy-05<y<0.5

- o Jy-22<y<-1.2

0.9

0.8
idity data
0.7

* The forward rapidity data points are
barely consistent with even a pure
guadratic thickness dependence.

0.6

0.5 —— Exponential Case

o4 - /7 e Linear Case

/ — — Quadratic Case

I."l"ll/llJllJIlJllllllllllllllllllllllllllllllll
03 04 05 06 07 08 09 1 1.1 1.2
R., (0-100%)

dAu

R, (0-20%) vs R, (0-100%)

0.3
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Open heavy flavor R,

3 O
@ -
25— d+Au @\/sy, = 200 GeV
2 0-20% Central
15—
1 |
0.5 PHENIX Preliminary I
o_llllllllllllllIIIIIIllllllllllllll[Illlllllll
0 1 2 3 4 5 6 7 8 9
P, [GeVIc]

* Semi-leptonic open heavy flavor decay R,,, at y=0.
* Indication of an excess at 1-4 GeV/c, but not far outside the systematics.
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Y distribution in PHENIX

*: 10; PH-_ENIX PRELIMINARY
Z L pip VI<0.35 \5=200 GeV

8

st T correlated B * Physical backgrounds of Drell-Yan, open
Lo Drell-Ye .

4 = e charm and open beauty are simulated
C Y (15+25+3S) . .

of and subtracted off with corresponding

o- | systematic uncertainties.

-2:_HH\|HIH||I|| T _T_

11 | 111l J 11 1 | | | | | | 111l \ 1111
6 7 8 9 10 11 12 13 14 15 16
e*e invariant mass [Ge v/ ]

-0.35<y<0.35

;11 PTTTTTTT T e Total Sum +13‘ PTTTTTTT T e Total Sum
z::_ mmmmm Drell Yan(Pythia) zj_ Fo mmmmm Drell Yan(Pythia)
R msmms QOpen Bottom(Pythia) B mmms= Open Bottom(Pythia)
102 5 Run6pp Open Charm(Pythia) Run8dAu Open Charm(Pythia)
South Arm-—= Upsilon(1S+28+38S) e Upsilon(1S+2S+38S)

South Arm
TN 22<y<-1.2
PI1>>X<<ENIX Preliminary

22<y<-12

TN 10
PH <ENIX Preliminary 1

10 2 .
u 108

1E 1
:[ 1 . I B L —_T 1 TR B - S I |1l S B
4 5 6 7 9 10 1" 2 4 5 6 7 1
p*u invariant mass[GeV/c?] w*u” invariant mass[GeVi/c?]
-2.2<y<-1.2 1.2<y<2.2
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Y R4, rapidity distribution

31-8 T T T T T T T T T T T T T T T
S C | | () Y(15+25+3S) — p'i, lyl € [1.2,2.2] ]
o 1.6 :— \’SNN =200 GeV O T(1S+25+38) — e'e’, y < [-0.5,0.5)(STAR) E
— l Jy = I,y e [-2.2,2.2] ]
1'4:_ NLO EPS09 for T(1S+25+3S) with c_:0to 8 mb by2mbE
12— —
- Neecy] -
— \ { ]
08 _ < \‘ —
- N _
0.6— /B N —
Y -
0.4— + 11% Global Uncertainty —
E N\ E
0.2— _— =
0: | 1 | | | | 1 | | | | | | | 1 | | | | 1 |Plrlelllmllnlarlyl | :
-3 2 -1 0 . 2 3
Rapidity
-2.2<y<-1.2 1.2<y<2.2
x~0.2 x~0.01

* Theory curves are from NLO EPS09 + breakup cross sections.
* Shows suppression at forward rapidity.
* Shows similar trend with J/1.
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J/w RdAu VS I:)T

arXiv:1204.0777
R R R L L L L
s -2.2<y<-1.2 (8.3%)
o |y|<0.35 (7.8%)
1.2<y<2.2 (8.2%)

25

0.5

RdA_g
- (4]
't J
[
%%
—_— ;E M
IIIlIiIIIlIIIIlIIIIII-

ol 11 1

0 1 2 3 4 5 6
P, [GeVic]
* Both models use nDSg for shadowing.
The stronger modulation with P; of Kopeliovich
et al. is presumably due to the added Cronin
effect (although an effect from the different
kinematics assumptions is possible).

* Models do not do well for backward rapidity.

RdAu

3
<
;e

(14

> Global Scale Uncertainty 8.3%
i Kopeliovich et al.
— — Lansberg et al.
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Global Scale Uncertainty 7.8%
SEIEY Kopeliovich et al.

— - Lansberg et al.
nDSgoc,, =4.2 mb
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C |y|<0.35 by
25 Global Scale Uncertainty 8.2% T
L0 === Kopeliovich et al. 3
- —~ Lansberg et al. E
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Lansberg et al.-nDSg/EKS98+linear thickness dependence

-2.2<y<-1.2
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| Global Scale Uncertainty 9.0%
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RdAu

RdAu

RdAu

R dAu
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Back-to-back di-hadron measurement in d+Au

1 o’ /o,,
<N oll> o

C

JdA=

pair
pp / OPP

v

7 caveats:

1. Low P; (but back-to-back peak is selected)
2. Di-Hadrons not di-jets (but ok if fragmentation unmodified)

We do not know Bjorken x in
the Au nucleus unless the two fag < Pp>€ "+<p.,>e
hadrons carry all of the parton Au T S
energy. Instead, use:

Ly -1

NN
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Large Suppression in Central d+Au

- Eskola, Paukkunen, Salgado, JHP04 (2009)065;
EPSO9 NLO gluons

L
|||||||||||||||||||||||||||||||

L b=0-100% 1y
Q2 + 4 GeV? g

1] d+Au60-88p™  d+Au0-20 p™

10 © 05-0.75 GeV/e @ 0.5-0.75 GeV/e b3
- 00.75-1.0 GeVie ™ 0.75-1.0 GeVi/e B
- 2 1015GeV/e & 10-15 GeVie [l o
103 Xo o8 102 10 10 102 10" Xp,'
A ab—cd
pazrs
J = Oii | O fd (xd)@:)fAu(xAu)@O ®D(anzd)
d4 — <N > pairs ab—scd
o’ /o
o !Cor " Cer L ey, )®f (x, >®o ®D(z,.2,)
D O I
High x, mostly quarks, fd ( ) week effect™ AL
, (xp Low x, mostly gluons — JdA <> R
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CGC vs “pQCD” Approach

Stasto, Xiao, Yuan [arxiv:1109.1817] Kang, Vitev, Xing [arxiv:1112.6021]
B . N 2.5
i J — peripheral | = B T shadowing+e-loss ===~ shadowing
- A —= central E

y,I<0.35  3.0<y,<3.8 mid-forward
i 1 i" """ Py 2 et = %' y ::’"'""'"": seTTTTmmmmmEmmmmmEes oo
4 - , - ear

! 05 F / f‘ﬁ : M
I : 1 1 I l ' I 1 I I I I l 1 I I l ' 1 L ] 1 i i I ' I '

P BT

2 -
1.5 - % 3.0<y,,<3.8 forward-forward
1 - - % """"""""""""""""""""""""""""""""
AL pe ) )
107 05 ¢ 4 s
: 0 : L L I l 1 1 L l L L ' l il L L lDl 1 1 1 L ' ' I A O ? l L A '
1 1 1 1 Ll I L L Ll l L 7 4 ( 8 1 O ] ? l 4 1 6 1 8
-3 _2 frag YA 4 H 2 /
10 10 xAu Ncoll

® |eft: CGC saturation approach.

e Right: Perturbative approach incorporates ISl and FSI for
momentum imbalance (multiple scattering broadening), plus energy loss and
coherent power corrections.

e Win-win scenario? Either saturation is found, or one can extract g, (x).
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Summary and near Future

Open heavy flavor:
* No suppression for 1-5 GeV/c, likely some enhancement.

Quarkonia:

* J/U Ry, Rep are inconsistent with models which has several dependences on nuclear
thickness over the full rapidity and centrality.

* Models with nDSg for shadowing do not explain well for backward rapidity at J/y R,,,
vs P.

* Y(1S+25+3S) are suppressed at forward rapidity — similar to J/ .

Forward/forward and forward/mid dihadrons:

* Forward/forward dihadrons shows strong suppression at lower x, mostly due to
the gluon.

* Described by CGC or pQCD approach.

Near Future =1
* VTX/FVTX would make Drell-Yan, charm/bottom and {’ mea“
with improved mass resolution and vertex measurement. &

Kwangbok Lee RHIC & AGS User’s Meeting — June-12-2012 21



Kwangbok Lee

RHIC & AGS User’s Meeting — June-12-2012

22



0.8

0.6

R,,,(60-88%)

0.4

0.2

0.8

0.6

R,,,(0-20%)
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1

0.8

Rep

0.6

0.4

0.2

J/y in d+Au at\/s,,, =200 GeV

Centrality 60-88%

Global Scale Uncertainty +10%

—— — Gluon Saturation

EPS09 and S,

=4 mb
r

I
S~

S~

perlphera

Centrality 0-20%

Global Scale Uncertainty +8.5%
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Centrality 0-20%/60-88%
Global Scale Uncertainty +8.2%

I I P FE N RN AEn el RN AR N RN AR,

Illllllllll

entral/perlpheral

€= R, (0-20%) =

-2
Kwangbok Lee

0

I/ Ry, centrality & R

EPSO9(linear) + fixed Breakup cross
section(exponential) for central and
peripheral collisions.

Forward rapidity data inconsistent with
a linear dependence on thickness.
Expect the nuclear effects are
dependent on the geometric thickness
through the gold nucleus.

Need to consider modification stronger
than linear or exponential dependence
on density-weighted longitudinal
thickness like quadratic.

Ry, (0-20%)
R, (60-88%)

arXiv:1010.1246
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