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BVJ history with Wit

@ Began reading his papers in 1980’s
To guide first comparisons pp = pA = AA in HELIOS

® Met Wit at conferences
Many discussions

some even in Polish...|

Hung out together
QM2002, 2005, etc.
2002 KITP program on
“QCD in the RHIC era”

® Workshop in Santa Fe
In 1993

| always learned a lot! |
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The big question in p+A physics
® Then (the pre-RHIC era):

What do subsequent p-nucleon collisions in p+A have to
do with one another?

® Now (the RHIC and LHC era):

What do gluons at small x inside a nucleus have to do
with one another?
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Gluon saturation
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To answer this: PHENIX studies

gy,

® Heavy flavor production: c
g+g =» c + cbar 4

o

g

@ Jet and di-jet production:
g+g = di-jet

8

@® Direct photon production:
(QCD Compton process) 7777,%1 ///
q+g = y + hadrons / > leeee

.
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® Production of ct+cbar and b+bbar
Nuclear gluon distribution in d+Au

@® Quarkonia survival probability

PH

Heavy Flavor

initial state effects:
saturation

shadowing, anti-shadowing

parton energy loss
parton (re)scattering

« quarkonia, open heavy flavor

Sensitive to surrounding
medium in d+Au

« J/Pvs. P’vs. Y

S
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Initial State:

what’s where?
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PRL107, 142301 (2011)
Jy In dvAu aty s, 5200 GeV

J/U in d+Au
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Suppression level
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forward rapidity probes low-x in Au
saturation predicts suppression

forward data: non-linear suppression
vs. density weighted longitudinal
thickness A(rr)= L [dzp(z,rr)

« EPS09 nPDF’s: linear
» break-up w/fixed o, ,: exponential
- data: “quadratic

increased suppression at forward
rapidity also expected from initial
state parton energy loss...



Dense gluonic matter effects observed

PRL107, 142301 (2011)
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[~ J/y in d+Au at\/s,,,=200 GeV ~

Centrality 60-88%
Global Scale Uncertainty +10%
—— —— Gluon Saturation
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Shadowing/absorption stronger
than linear w/nuclear thickness
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PRL107, 172301 (2011)

\s =200 GeV p+p, d+Au—>h+7 +X PHZENIX
Forward-Forward Mid-Forward
- M ‘ ’

d+Au 60-88 p:'d d+Au 0-20 p‘;“
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Di-hadron suppression at low x
pocket formula (for 2>2):

—<Ny>

—<7”1>
frag _ < Pr1 =€ +<Pr,>¢€

X du s
As expected for CGC ...




Shadowing, breakup & Cronin effect prcs7, 034011 2013)
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but

y=0-22;-12[ y=0-0.35;0.35]]
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Parton p; broadening and energy loss 1 }E T s
calculation (Arleo, et al 1304.0901) = ﬂ

consistent with the data!

shadowing+eloss or saturation?
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Smaller, more tightly bound probe

2 T WS3YE 1 T =
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E 3+ Hard to quantify comparison
oaf 3 Y in line with data at lower Vs
F 1+ Consistent with EPS09
sl *7.8%Global Uncertainty ® E shadowing + some nuclear
s S breakup (recall: backward
Rapidity

rapidity = Au-going)
11
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Larger, less tightly bound ¢’

RdAu

17| ® y' PHENIX Preliminary ]
1.2 Global Sys + 28.4% —]
- = J/y Phys.Rev.Lett. 107, 142301 (2011) .
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coll
+ Clearly more suppressed than J/

+ Not shadowing or parton energy
loss

These are initial state effects

.
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+ World data on ¢’/ J/:

Decreases linearly with

dN_/dn
(independent of Vs)

+ Supports: effect is not
due to c-cbar production
suppression

break-up of some kind:
early or late?

12



Vs dependence is a key tool!
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10!
Quarkonia (or precursor) time in nucleus [fm/c]

+ Time in nucleus is short at Vs = 200 GeV
Shorter than bound state formation time! Late final state effect?

+ Suppression vs. dN_, /dn suggests breakup by comoving hadrons?
dN_/dn=15 in central d+Au; {’ easier to break up than J/¢ (R. Vogt)

13
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Rapidity dependence is coming

Forward vertex detector FVTX
improves mass resolution =

W’ at forward rapidity!

Run-13 510 GeV p+p

.
PH-<ENIX

3 180; | | PHENIX muon trackers only

B e

. 2 { NT i .

; i —+— with FYTX opesing angle
: 5 140!
; g
1 123:

0! { {

)
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Open Heavy Flavor production in d+Au

@ Leave aside the question of final state breakup

@® Harder to measure the production cross sections

PHENIX approach is to use semi-leptonic decays
Measure non-photonic single leptons
Or intermediate mass lepton pairs

® PHENIX provides reach in rapidity and N

Neo _Q—d—A“—b1 :r"' CutCu | A a
° ; AutAu >

5<N,,<151  N,,~1000

coll

|

15
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Open heavy flavor rapidity dependence
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G} PH ~ENIX
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<Ngo>

+ Clear enhancement in Au-going direction sensitive to high-x in
Au (Anti-shadowing regime)

+ Suppression in d-going direction sensitive to low-x
(shadowing)

-+ Enhancement also at mid-rapidity 16
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At mid-rapidity

PRL109, 242301 (2012)

d+Au @ \s, = 200 GeV
2- a) 0-20%

o ] %
g ~ b) 60-88% -

+ R,,=1 for peripheral collisions

+ Enhancement at low p; in central collisions
Recall J/ p; evidence for parton multiple scattering
“classic” reason for Cronin Effect

17
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NB: Classic does not always mean right!

2f 1
d+Au |s,,,, = 200 GeV |
1.5F » mert 3
3 [ . K+K*
c + .5
! p+p

© “old” problem with “Cronin effect = parton multiple scattering”
How does the parton know it will produce a proton?

18
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<Neon™gau = 6.6 & <N 5> cycy = 5-1
<Npm>dAu =7.7 & <Npart>CuCu = 6.4

Heavy Flavor in d+Au: Electrons

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

<Ncoll>dAu . ]5.] & <Nco||>cucu = 22.3
<Npart>dAu = ]5.6 & <Npart>CuCu = 2] 2

Ron,: 0-20% & R_,_ : 40-60%

[ Ry, 40-60% &R__ : 60-94%
2
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Phys. Rev. Lett. 109, 242301 (2012)
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<R,,> Vs. Ncoll

v 2r o 2r
3 1.8 E_ °—,:3 from heavy flavor 3 1.8 E_ °—,:3 from heavy flavor
?;" 16— F 'i_ 16—
v 14 % "5' H ] | @ 14 % * H
.;‘1.2:—1 11 B + 4 g“-zi—ﬂ +
ol o B & |} 1 + i
0.8/ 4 o8 *
0.6 0.6 { i}
o - gl
0.4— «d+Au  Phys. Rev. Lett. 109, 242301 (2012) 0.4— «d+Au  Phys. Rev. Lett. 109, 242301 (2012) -
~ mCu+Cu reliminary ~ mCu+Cu reliminary
0.2 _'_ PHENIX Prelimi 0.2 _'_ PHENIX Prelimi
"L aAusAu Phys. Rev. C 84, 044905 (2011 "L aAusAu Phys. Rev. C 84, 044905 (2011
C 1 | | C 1 ] l
o 1 1 1 L L 1 1 1 1 | . L1 1 1 L 1 L L L1l o 1 1 1 LA L1 1 1 1 | - L1 1 1 L 1 L L L1l
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® Enhancement in cold nuclear matter
® Then suppression in hot medium in A+A

20
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Should take both into account!

2 ——
é - PHENIX Preliminary s d+Au 0-20%
18- » Cu+Cu 0-20%
1.6: « Au+Au 0-10%
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1 — L
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- Yo ]
02 €€ from heavy flavor b § PRC84, 044905 {2011)
o—lllllllllllllllllllllllllllllllLllllllllllllllll
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p
Phys. Rev. Lett. 109, 242301 (2012) T

¥ CNM baseline differs for it° & et
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PLB 670, 313 (2009)

Another handle: di-electrons

pHp

107
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10}
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Di-electrons in d+Au
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I/'\-I 0—3 __d+AU Vg = 200 GeV

(oY - @® 0.0<p_<0.5 GeV/c (x 1°103) 2.0<p.<2.5 GeV/c (x 1 10'5)
o e T T
S | ly'1<0.35 , © ° °
— 0.5<p_<1.0 GeV/c (x 510 2.5<p_<3.0 GeV/c (x 1" 10°
5 [ p-020evc waosees o) ezssaccaci e OO statistics
g 1 0—6 : me® > 450 MeV/c 1.0<p,<1.5 GeV/c (x 5-10"°) @ 3.0<p <38.5 GeV/c (x2'10™)

in d+Au 2008 run

® 1.5<p <2.0 GeV/c (x 1'10") @ 8.5<p <B.0 GeV/c (x 1°107)

differential
distributions in
mass and p;!
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Charm
dominates

.
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Separate charm and bottom
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PH

centrality, Vs, species to sort it out!

NEED vy, p,

EKS98 O NA3
] Jhy 51 NA50-400
0 E,., = 158 GeV
7 I8.28<y<0.78 ¥ NAS50-450
] ® E866
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i E,,, = 400 GeV PHENIX
6— -0.17<y<0.33 ly|<0.35
4__ power-law
,.Cold matter
Tee . . 2
,ceffective absorption
LI DL DL DL |
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=
=
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S
S<ENIX

Vs
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- Shadowing, etc. in CNM
=
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Turn now to jets and direct photons

2 4 6 £ 10 12 14 16 2 Kl 6 8 10 12 14 16

L5 T T T T T T T T T T T T T T
arXiv 1205.5359 ..4:(1}.0%?&1*( s mems 03 PHENIX. [ — EPstss DSSNLO |
. 13: = -—- EPS09s KKPNLO 12 ' EPS09s errors fDSS |.
Hellenius, Eskola, T 12 [
et al 9,

Fit data, including
PHENIX n° Ry,

(Pr)

Get b-dependent
nPDFs

Au

Ry

1 09
4 08

07

114
113
112
1011

10

4 09
-1 08

07

2 4 6 & 10 12 14 16 2 4 6 8 10 12 14 16
pr [GeVic] pr [GeVic]
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Suprising behavior of jets in d+Au

Central Peripheral
<2.2 i} )
o oF Ry 60-88%
1.8 S {3 * ]
¥ |
14 Ll 4, |
; 1 : 1.2 nat"*S 4 +
S I A |
1 I B (e EEEEELEE EEEEE 1
o', + + 0.8
PHENIX Preliminary 0.6 PHENIX Preliminary
d+Au, |'s,,=200 GeV gg d+Au, |'s,,=200 GeV
% "5 10 15 20 25 30 35 40 % 5 10 15 20 25 30 35 40
(GeV/C) P, (GeV/c)

+ Enhancement in peripheral, slight suppression in central
Surprisingly strong centrality dependence in nuclear PDFs

+ Competing cold nuclear matter effects? Auto-correlations

between high p; processes & centrality measure?
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Do the ©t° and jets agree?

s
&

® Scale n° by 1/0.7
i.e.1/<Z

® Agreement is excellent

Ieadlng

® R , shows strong
centrality dependence

Autocorrelation?

How does the presence of .
a jet with p>10 GeV/c
modify definition of a
“peripheral d+Au
collision”?

.
PH-<ENIX

18 PHENIX Preliminary
1.6 Ree. 40-60%/60-88%
1.4 d+Au, & =200 GeV
1.2
geterrta - SRS ISR DAY TR, S
0.6 .
0.4 ——n0 (p 1.41)
02~ s jets . . . . .
s 10 15 20 25 30 35 &
p‘(Oou‘o)
1.8
18 Ry, 20-40%/60-85% PHENIX Preliminary
1.4 d+Au, (B =200 GeV
1.2
.J.'.!.'.’.!o.ﬁ.'.-------------- S R
oa‘ Plavar o -f * }
0.6 +
04~ ——7 (p "1.41)
b Tl i
- — T
p'(Oowo)
1.8
18 Ry, 0-20%/50-80% PHENIX Preliminary
1.4 d+Au, [ =200 GeV
1.2
1 ';0"“";-‘ """""""""""""""""""""""""""""""""""" &=
0.8 s
0.6 .."l""'IhE + + +
0.4 ——n° (p *1.41)
0.2 —=— ]ets

Al a2 L2 a2 2 Lo 2 2 a2 1 2 3 1 1 U T |
15 20 25 30 [
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Ydirect in d+Au

2] 5?— d+Au e Vvirtualy
- |S\w=200GeV o  x°-tagging
o Cronin+lsospin
- Cronin+lsospin+Shadowing
< 1509 Cronin+lsospin+Shadowing+AE, .,
o -
= X
- 0) s
0.5 - | ¢ 0
B e S T '+1'2' 6
éeV?c%
® No modification of direct photons in
initial hard scattering and PDF

compared to p+p at mid-rapidity
PH-<ENIX



Initial State: shadowed or CGC?

\'s =200 GeV p+p,d+Au - h + 7’ + X

' P . .
PH ENIX Preliminary

Forward-Forward
M

Mid-Forward

AR R TN

d+Au 60-88 pf;‘ﬁd *

i B d+Au 0-20 p™
Dilute . . u0-20p,
par.ron PT is b C(l anced 10" £ 0.5-0.75 GeV/e 0.5-0.75 GeV/c
system by man - 0 0.75-1.0 GeV/e B (.75-1.0 GeV/c
Y Y 4 — A 1.0-1.5 GeV/c A 1.0-1.5GeV/c

(deuteron) gluons . s .
103 xirag 102
Dense Au
gluon p4p = MN"4X, Vs = 200 GeV d+Au = X, Vs = 200 GeV
field (AU) g 0.0225F  p,>2GeV/c, 1GeV/c<ps<py | g 0.0228F  p.>2GeV/e, 1 GaV/e< pys<py
57 oo <po=32. <nwdt | 8= geaf 4, SmO=32, =32
5 £5 7+
t;'g)or.h 7 :‘_ﬁ;.‘n?s \
?i:ons AR PP £ ?;;oo's~ v+ dAu e
g?omsh I £3 010 ' L "r+
;0 . P M gg‘ W “c':-’ '-‘
S& 00 - \ 55 00f
0.0075F 7 \ o N 0.0075f Peaks
y ~ ” b | Mp ©
&QUD:”\_ e Z:ols 0005} A ) 0 0.47+0.01
0.0025 %TAR 0 5.61:2‘.-:\1 0.0025f 1§T‘R. m 1.2020.05
Use direct photons! Preliminary " 064001 | Prelimingry |, ...
p ¢ e e H R S i o0 1 2 3 % &
Ay Ay
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MPC-EX upgrade

RPC3 = ____RPC3

T £ SF
3 .l < 77 < 3 8 oy Cenoral Magnet N
® ® i, o
‘%

¢ l, -
",A'f,‘_, ﬂ‘&

MPC
BHC L |
\ LU Nortt
e ! o

] 0N A MulD

Side View North

1.8mm x 15Smm “minipad” sensor

absorber/sensor/reaQout
(8 layers) ;

Dual SVX-4 Readout Card

F;IR[_ Reconstruct prompt y and &t” to 80 GeV: low & high x!
INE. .-
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p+Au

Will measure p+A in 2015
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Conclusions

® Evidence for (expected) shadowing & antishadowing
Suppression of J/ and di-h beyond shadowing at low x!!

® Heavy Flavor indicates
parton multiple scattering (Cronin effect)
parton energy loss; interplay w/other initial state effects?
final state effects break up quarkonia, too

® Cronin effect: modifies charm suppression in A+Al

@ Jet trend with centrality remains mysterious
Need that “centrality” workshop — for RHIC+LHC!

® No strong evidence for direct photon modification at mid-y
At least, not with current statistics
Need forward rapidity to probe low-x and pin down nPDFs

NEED data vs. y, p,, centrality, Vs, species to sort it all out!
to Wit: still lots of fun to be had with p/d+Au!
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