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Outline

® Hydrodynamic flow in Au+Au and d+Au
Flow in d+Au?
What does this say about thermalization?
® Heavy quark production
Cold nuclear matter affects initial production
Bound state suppessed by color screening in plasma

® Direct photons
Nuclear gluon distribution we start out with
i.e. what does plasma thermalize *from*?

@® Future prospects
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Cent 20 - 25 (%)

Measuring the collective flow (v,) in A+A

Cent 40 - 45 (%)
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dN/d¢ ~ 1 + 2 v,(py) cos (2¢) + ...

“elliptic flow” .
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Hydrodynamics reproduces
elliptic flow of q-q and 3q states
Mass dependence requires

OGP - NOT gas of hadrons

1

= central

* huge pressure buildup
 large anisotropy —

it all happens fast

e efficient equilibration
mechanism??

Kolb, et al

[ ¢ STAR
hydro

Low viscosity/entropy ratio
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D. Teaney, PRC68, 2003
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So how about p/d + A and p+p?

® Hydrodynamics needs approximate equipartition of
particle momenta to be usable (~local equilibrium)

And a system of sufficient volume to call it “matter’

4

® Can these conditions be satisfied in small systems?
i.e. do they also evolve hydrodynamically?

® Until a few years ago, everyone thought “no”

.
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Two-particle angular correlations

CMS N =110, 1.DGEWC-:pT-c3.ﬂGeWc

R(AN,A0)

Near-side ridges
apparent in high
multiplicity events

C. Loizides

86

CMS PbPb |5, = 2.76 TeV, 220 < N) ™ < 260
T

1<p™ <3 GeVic

1e p:sn-: <3 GeVie "r

Looks like there might be flow at LHC in small
systems when the number of final particles > 100

_PbPb

) 213

CMS, JHEP 1009 (2010) 91

CMS pPb \s,,, = 5.02 TeV, N/ > 110
1<p. <3GeVic L

CMS, PLB 718 (2012) 795

pyPb \s,,=5.02 TeV

ATLAS, PRL 110 (2013) 182302  ALICE, PL

2< meg <4 GeVic
T<p . ..< 2 GeVic
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1 dzNﬂSSDC

N,,, dAndag
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p-Pb s, =5.02TeV
0-20%
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How about at RHIC?

@® To quantify the Fourier expansion must remove the jet

p44 \su=5.02 TeV

0.5<p3’<d GeV " E;">80 GeV

® Do by subtraction: (central d+Au — peripheral d+Au)
i.e. high multiplicity — low multiplicity

.
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Y(A9), AY(A¢)
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A¢ (rad)

Di-hadrons in the
PHENIX central arms

0.48 <|An| < 0.7

Central - peripheral to
remove remaining jet

Looks awfully flow-like!

Opposite sign enhances
jet contribution;
subtraction works!

arXiv: 1303.1794
Accepted in PRL 8



Vv, value
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vo/g9 vs multiplicity

ng_'li PHEINled;ALI((lglélzooév)l T T TTT] _E
""E 4 PHENIX Au+Au v,{EP}/:2™ (Y8=200 GeV) -
. = O CMS Pb+Pb v,{EP}/e)™" (18=2.76 TeV) E
0.7F O CMS Pb+Pb v,{2)/c,{2} (5=2.76 TeV) =
065_ ar ATLAS p+Pb (Ys=5 TeV) & g E
S " E A ALICE p+Pb (/s=5 TeV) -
~ 0.5k d E
AN — =
~ 04F R o8! E
0.3F A% 45 :
0.2F % © (p;) =1.4GeV/lc =
E A -
0'15_ PHENIX: 1303.1794
O.O—I'I'I L] Ll L1
10 102 103

dN,, /en| o
Glauber MC & pointlike centers to calculate &2

— approximate scaling of v2/g2 with dN/dn
a common relationship between geometry and v;?

A. M. Sickles



Larger rapidity gap reduces jet contribution

d Au
Muon Piston Calorimeters
both d-going & Au- l ( >

gOiIlg directions Central Magnet
3<|n| <4
Look at E; > 300 MeV/c clusters
i MPC :
-l/ partner
— - =
trigger
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Long range correlations in d+Au at RHIC!

1.04F a) @ d+Au 0-5% (BbcQs)
1.0<meg<3.0 GeVic

Asso: Au-going, -3.7<n<-3.1

105E ¢) @ d+Au 10-20%

TN
PH-<ENIX
preliminary
e by v 0 by oy b b by oy oy by

-1 0 1 2 3 4

ENIX

1.04F a) @ d+Au 0-5% (BbcQs)

1 .0<pT'mg<3.0 GeV/c

Assor-d-going, 3.1<n<3.9

1.05& c) @ d+Au 10-20%

—
PH-<ENIX
preliminary

o0 1 2 3 4

A

“ridge” @ large n  NB: jets not removed; v; ~0

S. Huang
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Even larger rapidity gap

S. Huang

a)l ' d + Au 0-5% AT]>I6 |

MPC E 1.015

=—1+X2c cos(nAd)
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® v, is still non-zero!

PH-ENIX
preliminary

® Looks like hydrodynamic oo oo preliminary
flow... 10 1 2 3 4

® Other evidence? Ao (rad)

13
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Should be radial expansion, too

® Radial velocity boost -> mass dependent momentum boost
@® Mass splitting seen; smaller than at LHC... less dense & less flow

Or maybe LHC p; increase is not all due to radial flow?
C

" ® How can small systems thermalize so quickly??? N
_ Insufficient quark-gluon scatterings to get there! 7]
> @ Maybe we don’t start with totally independent gluons?? _:
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Mg,

039
® Production of c+cbar and b+bbar
Probes nuclear gluon distribution in d+Au

initial state effects:
gluon saturation

Heavy Flavor

= X

—

PHOBOS PRC72 031901

. . . L L L L L L L L L B B B
shadowing, anti-shadowing 25! d+AU . 0o0n T
parton energy loss IR, 220 CeV o 2040% 1
. . 20— . 2 = 40-60% —
parton multiple scattering - - 60-80%
= quarkonia, open heavy flavor S As|S g, 010
® Quarkonia survival = y & o, A
Screening in QGP breaks them up e B e N
ea ® ° ° ° °0° .'- oope 0o, coo0P00g 'U O;.
Sensitivity to medium in d+Au I R
P e e
* .’/lll vs. tp’ e 0 eI AT T I I‘T“%?!’.'l.
. . . . 5 -4-3-2-101 2 3 45
different radius & binding energy "
—~—— 15
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Initial State:
what’s where?

LS FAu antishadowing Fermi-
B motion
) SRS
10 .__. ....................................
< . B
&~ - EMC-
0.6 B effect -
Yo T shadowing
02 |- X, X,
i | | IIIIII| | | IIIIIII | | IIIIII
107 10° 10" 1
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Forward Backward
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J/p in d+Au at \s =2

Centrality 60-88%

Global Scale Uncertainty +10%

— Gluon Saturation|
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Shadowing, breakup & Cronin effect prcs7, 034911 2013)

L LR B L BRI LA BRI I J/'lp 25:_GIobaIScaIeUncertalnty83%
i } Rt Kopeliovich et al.
- 7 2-— - Lansberg et al.
L sl N - nDSgo,, =4.2 mb
? r . 315 $
S o8 - -
N I s
& o B - g T
Y’ o2y m 7 osf-
,.A?_ 0 } - -2.2<y<-1.2
e' l B dtAu 22<y<-1.2 T
02 ® drAulyl<085 5L Global Scale Uncertainty 7.8%
d+Au 1.2<y<2.2 n - _
el vl b b e T - Kopeliovich et al.
2 4 6 12 |16 2" —- Lansberg et al.
Neou = nDSg o, =4.2 mb
+ p, broadens (multiple scattering) m% “E
w/N.,,; effect stronger at y=0 1'—--------E-@----H}E]---'Eﬂ;:::-; Srassararers
: g =t =S ——
+ J/W suppressed to higher p; @ S | 1035
mid &fOrwardY(lOwerXin AU); 251:::':::: T
. “F Global Scale Uncertainty 8.2%
+RdA>.1 at hlgl‘.l p, backward 2 e fg.?:gé’é}%'} et al.
(Cronin effect in Au nucleus ) zast  "0S90wSA2ME
S F
+ p;, Y, centrality dependence was © i - @_ L S S
_mﬂ@ --------- L—
not reproduced by the models Y| St
= 1.2<y<2.2
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I Centrality 0-20%
——————————

1 Centrality 20-40%
F—————————

I

L

I Centrality 40-60%

e

1 Centrality 60-88%

0 4
p; (GeV)

coherent parton energy loss and p;
broadening from multiple scattering in
the nucleus is consistent with data!

0

2 4
pr (GeV)

"q, = 0.075 GeV?/fm

.
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6 8

but  Areo, et al 1304.090

y=[-0.35;0.35]

I Centrality 0-20%
——

+—+—+ —T———
+= | | | =
3 Il | 3
m T THmI T T
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0 ——0
0 2 4 6 4 8
pr (GeV) p; (GeV)
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Raaupp(Pr)

I Centrality 40-60% 1 Centrality 60-88%
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Larger, less tightly bound C- cbar b’

arXiv: 1305.5516 AT

—_ 5 'O NA38 p+A
S b B A R S 2‘16:— NAS50 p+A
& 4:_ Global Sys 127,8% E -;_ aL- ¢ HERA-Bp+A
1.2E =} Jllw Phlys.Rev.Lctt. 107, 142301 (2011) - E ® PHENIX d+Au MB
: . °‘? e 214.0% . S 1.2} % A NAS50 Pb+Pb
) 1t li . 5 ‘i,&* v NA38S+U
; o i ] = r \%
> %0 8: 3 T ] T 08 &
T o6 = 2 £ °
: ] = o6 +
. - > C
0.4F - Z04F #f
0.2 3 3 o2k £L
" |y|<0.35 |Sy,=200GeVdsAu [ ° o 0.2
1 Ll 1 1 L1 - llI : . -
R S S S T [ PR T of L H“,Isg T,
oll dN,,/an[’"

+ Clearly more suppressed than J/ + ¢’/ J/Y decreases

+ Cannot be shadowing or parton linearly with dN./dn
energy loss + Break-up of some sort!
These are initial state effects early or late?

19
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Vs dependence is a key tool!

1.6— - ey
14
1.2

Ay ;}‘ﬁﬁ: FRRRn=,

Relative Modification (v' / J/v)

0.6 —=— NASQ

0.4 - - —8— E866/NuSea
—&— PHENIX d+Au

0.2 } - F. Arleo et al.

c 1 1 1 1 1 1 11 l
10™
Quarkonia time in nucleus (z) [fm/c]

4+ 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)
20
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l:‘dA

Open heavy flavor: mid-rapidity e*

b) 60-88%

+ R,,=1 for peripheral collisions

TN
PH-<ENIX

PRL109, 242301 (2012)

d+Au @ \sy, = 200 GeV
a) 0-20% E

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

21



Rapidity dependence of open heavy flavor

- "y "y —
N B (o2} [00]

Raa (1.0< p, < 3.0 GeV/c)

0.8

0.6

0.4
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Y
PH--ENIX
preliminary

;

[[—m—T ]

N
Global sys. =+ 10.1% |E|
] HF e*, d+Au, Inl < 0.35 (PRL 109, 242301)

n HF uw’, d+Au, -2.0 < < -1.4 (Au-direction)
] HF w, d+Au, 1.4 << 2.0 (d-direction)

2 4 6 8 10 12

14
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PHENIX measures:

@® non-photonic single
leptons

® also intermediate
mass lepton pairs

+ 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

P T/ NEINIA

22
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ﬂ‘?
» Los Alamos

NATIONAL LABORATORY
EST.1943

HF e-u pair yields

§ 80  P+p\s=200 GeV

= | ShRA0.Ge)G k0.5 |
§ GQLE‘WVM\@THIAQKZJ }
o), [ 16:71%'Stdle DRCEHERL

MC@NLO

10" arXiv:1311.1427
‘_A 0.5 [ T T | T T T T I T T T T I T T T { T T T T I T T T T I T T l_
b I e p >0.5 GeV/c, i<0.5
- 0.4 \'Snn=200 GeV w=: p.>1 GeV/e, 1.4<n<2.1 -

- 13.4% Scale Uncertainty H

—
—
—a—
—
=
e
—=—
==
==
L —
- —a—
—e—
i =
—=—
e ]
= =
e
Illlmllllllll

Fit p+p yield with shapes from generators: In d+Au, peak @ Ad = mmis GONE

PYTHIA: 0 = 340+29+114
POWHEG: 0, = 511+44+198

MC@NLO: o = 7641641284
g radiation broadens A¢

-Parton scattering/energy loss after cc
production affects angular correlation

-Shadowing at forward y reduces charm yield

-Charmed baryon enhancement in dA reduces
HF lepton yields

Consistent with previous measurements... NB: rapidity acceptance effects

e
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We’ve learned

® Gluons are suppressed at small x (deep in nucleus)
Therefore production of heavy quarks also suppressed
Scattering/energy loss before & after hard collision??

@ At larger x no such suppression
See effects expected from multiple scattering

Shift particles to larger p;...

® Some of the J/1 suppression in Au+Au is due to Au nucleus
Make fewer charm-anticharm pairs to begin with
Gluons lose some energy before producing c-cbar pair
Some J/v break up by colliding with surrounding particles
Looser bound {’ is more easily broken up

® What is the initial gluon distribution?
24
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FUTURE PROSPECTS

Untangling the initial state
Quantifying properties of the quark gluon plasma

25
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MPC-EX upgrade

RPC3 RPCS

' - T4 3
3 ] < n < 3 8 "("’5 Central Magnet iy
® ® ,,q .

MulD

‘j_(“l:: L
\\ L0 Nort
] - =

Al South Side View North

1.8mm x 15Smm “minipad” sensor

absorber/sensor/readout
(8 layers) ;

Dual SVX-4 Readout Card

F;M Reconstruct prompt y and 7t” to 80 GeV: low & high x!
INE. .-
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0.4 N
S r NN . .
2 2-4 weeks running per species
NN
0.2 |5 =200 GeV, L _dt=450 nb™, L_dit=50 pb", Izl<40cm |\
pSi PP N
C \ 27
- \Q )

’V
\\\/// oLt 11 Lo v v b v by b
P H///\\\E 3 25 2 1.5 T 595, O

10" gluon



SPHENIX upgrade

* Jet, di-jet and y-jet physics

#* Additional inner tracking
(RIKEN)

=» high-z fragmentation
fn.

% Add pre-shower to EMCAL
2> n’ R, to 40 GeV/c; vy,
=>»elD for Y states
=>tag c,b jets

#* Add forward detectors for

p+A

% Fits on a truck!

.
PH--ENIX

BABAR magnet

OUTER HCAL

INNER HCAL

SOLENOID
EMCAL

28



Evolution: sPHENIX -> ePHENIX for elC

300 — 2
-
~ -~ - - : '/'/
N e
n=_1 '\\\ e Hcal ' ,"/ Hcal
200 — | }\ ‘ Z - - - 3 \ & ’y ‘ '
| i ——7 7 et i "I"“’;__j;’ QE) EMCa|
R\ >/
I X -12\ = ‘:f' 6%’/
DIRC = |

100 \ _‘
- EMC&IJ\ :l'PC —=P= |° n=4
0 ‘JFEA:>* . A 4 ' [ l_ l o L — P> - — 4% — =1 - : /,
-1 =300 -200 -100 100 200 300 400 (
2 (cm) GEMs  GEMs GEM GEM GEM (cm)

Stationl Station2  Station3  Station4d

@ For p+A: add EM and hadron calorimeter endcap +
tracking to sPHENIX barrel

® Further GEM trackers forward, TPC mid-y, and RICH/DIRC/
Aerogel for forward PID to produce “ePHENIX"

29
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e+A and e+p

@ Cleanest way to study initial gluon & quark distribution deep
inside the nucleus

What is it that thermalizes so fast??
Do we really need a tiny black hole to drive thermalization??
(as expected in eo coupling approximation)

@ Exciting opportunity to find spin carriers inside the proton

@® Add electrons to RHIC (via an energy recovery linac)
Or add hadrons to CEBAF

@® Evolve sPHENIX to measure particles from e+A & e+p

30

.
PH-<ENIX



PH
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@ Backup slides

N
ENIX
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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

| PHENIX muon trackers only
’J,] * | —+— with FYTX opesing angle

32
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Di-electrons from thermal y conversions in Au+Au

'}; 10 [a).. (bjn. 4
> T, ‘e, AutAu 0't PHENIX T
{5 107 P ) ... - . VN = 200GeV preliminary P * -
I\_/ 102 --"'--___‘_. -—.__:' . 3e-- i ol - +
_. _-: 10 \\o --"“--_\ . ) - - P 3
’f:.é 10+ \\\\\. \\\‘\4. N =2 Ty -1
_Lg 10 k 0-20% T 20-40% Y t ' o |
i 10 7 - s = |- B
o e - Al
H])U- . preliminary n ¢ 20072010 1
=
102 .'. Tfo : — ey
10~} '\. j--\’\:" 10~ e pr ‘:»O.df(:ev.,/c v opr> l.O(:eV,.»"c
10-4 \ s pr> Q.QGeV,,":c* + pr> l.ZGeV,-'.c
10-°} 40-60% -\\T\-] 60925 * K s pr>08GeV/je » pr>14GeV/e
R T S B S S S it 0"
pr|GeV/cl Npar
- dN,/dy ~aN__1'5
< - [ external conversions (PHENIX preliminary) ~ °
2 025 Y Yy part
-g_ - . . .
5 02F- * o anwttosatzs similar in hydro
S C
0.15 *}3 @ reaction plane: 1< |n|<2.8 (U HeinZ)
- *o ’
o.1_—h $ @ %
0.05 f— o] o) o) %
: ¢ { 1 | photons flow!
0 :_ ]
oosk . more than in hydro...
B= Au+Au 200 GeV min. bias
’—Y i _0.10: 2| 1 4| 1 1 1 6' 1 1 1 é 1 1 1 1|0 1 1 12 33
PHWRENI p, [GeVic]




Initial State: are gluons shadowed or saturated?

\'s =200 GeV p+p, d+Au > h + 1’ + X PHENIX Preliminary
B Forward-Forward Mid-Forward
— M
« F +
—-
D"Te ° - d+Au 60-88 pi™ d+Au 0-20 p'
arton
P ° <= P_ is bal d a O 0.5-0.75 GeV/e ® (.5-0.75 GeV/c
0 b | - O 0.75-1.0 GeV/e B (.75-1.0 GeV/c
(deuteron) y many gluons n
- A 1.0-15 GeVie A 1.0-1.5GeV/c
10 -3 rag 102
Xyu
Dense gluon p4p = N"W4X, Vs = 200 GeV d+Au = nr’+X, Vs = 200 GeV
. & 0.0225F T 52 GeV/e, 1 GeV/c< prs<p | 8 0.0225F  p 52 Gev/e, 1 GeV/c< pas
b P2 GeV/e, eV /CSPysS Py Pu ' Prs“Pu
fleld (Au) é.q 0.02 §nv)-3 2 (n'§.},1 g;‘ 0.02 +, <> =3.2, <ne>=3.2
2§ €5 T
Eg) 0175} E_'ﬁ?.u?s
® <& 3 ;\: +
E)\ 0.015 v+ pp ' ®© 0015 , \ dAu -
Use direct photons (g+g) =
°a J fo Oa { ' +¥ e
g e . e cg t—: et T
no final state effects on y! > =~ o ¥
- 0.0075F 7 \ o . 0.0075F Peaks
. M Ap ©
o Jeo 0.005F A, ““  Peaks °°°5”$'\_- 0 0.47+0.01
Forward rapidity to reach  ..33%  ¥cion| o) §% 7 120
Prelummor\ n 0.63:0.01 | Preliminary
o.A_lA..AO‘...i.u.é.A.Aj“A.;..., L; 0 1 > 3 3 5

small x & high g density > b
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Many types of strongly coupled matter

Quark gluon plasma is like other systems with strong coupling
- all flow and exhibit phase transitions

_ Cold atoms:
coldest & hottest 33
"1 matter on earth §
are alike! '

In all these cases have a competition:

Attractive forces <> repulsive force or Kinetic energy
High T_ superconductors: magnetic vs. potential energy
Result: many-body interactions, not pairwise!
QCD is a great test lab: we know the Lagrangian!



1/N,,, dN/dm_, [c%/GeV] IN PHENIX ACCEPTANCE

Data/Cocktail

S
PH-«

Another handle on c & b: di-electrons

w LA B B B B S B I B B I B AL R R B S B B B SR S S S B B B B
d+Au \/s = 200 GeV g 102 . -
< « R —yee Jiy — ee =
-3 * DATA s ¥ .. n- yee v'— ee -
10 ly°] <0.35 g 10° e vees 6E— e (PYTHIA) —=
pS > 0.2 GeVic 8 0> 00 —bb - ee (PYTHIA) =
4 T X 404 , .-+ DY - ee (PYTHIA) -]
10 % w—oeelnee —— &+ b + DY sum E!
o === ¢—ee &nee — sum -
z -5 i
= 10 =
10° 3 S
. B 10° =
10° = N § =
s 107 —-|
° =
7 2 =
10 § 10°* N
- B b X o N v el L AT (TSSO DEPRRTART IR UOTSNTU ST Ol SRR
8 o, 0 0.5 1.5 25 3 35
10 N i e m,.,. [GeVic?]
10-9 ~—
= PH ENIX
— \ preliminary
10’10 =] N _:v' —
L | | | | | ! | Sateteiaeg t\
| 1 T I |l | 1 l I I T I T
2 B e S
D] R
0 ++
_2 1 1 1 I 1 1 1 I 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
0 2 4 6 8 10 12 4
m,, (GeV/c?)
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p.Vs. mass provides b/c separation

_MC@NLO

—
S
(=2}

—
S,
©

10-10 |

10-12 B

0.0<p, <0.5GeVic 1

---cc (MC@NLO)
-.-bb (MC@NLO)

@ Data =

20<p <25GeV/c

® Cocktail subtracted data
® MC@NLO charm, bottom

Y

o
N
N

® Double differential
analysis

® Charm dominant at
Low mass, low p;

— —
S, S
© (=2}

-

o
o
o

@® Bottom dominant at
High p,, but low mass
Statistics still good!

— —l-‘
o o
-] D N
T

-

o
N
=)

iy

o
N
N

15<p,<20 @ o =704 =+ 47 (stat) + 183 (syst) 4 40 (model) b.

stat) & 1.08 (syst) = 0.11 (model) ub.

Ty iy O o Q O-ZZ — 429 :I: 039 (
i T

1/N,,, dN/dm,, [(GeV/c®)"] 1/N,,, dN/dm,, [(GeV/c®)™ 1/N,, dN/dm,, [(GeV/c)™ 1/N_,, dN/dm,, [(GeV/c?)]
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BeV/c)™ 1/N,, dN/dm,, [(GeV/c?)] 1/N,,, dN/dm,, [(GeV/c®)™ 1/N,, dN/dm,, [(GeV/c?)]

4N

d+Au, |'s,, =200 G

Sensitive to c-cbar opening angle b. sharma

Acceptance PYTHIA eTe™ pairs | MC@NLO e e~ pairs
from cc [F%%_l] from cc [F ge_l]
4 1 1
vor &y, [ <05 0.042 0.035
Vot &y, | < 0.5 0.0047 0.00022
m,+,— > 1.16GeV/c?
v &y [pHENX 0.0023 0.0016

_

PYTHIA e e~ pairs

from bb [Fg’;’e a 1]

MC@NLO eTe™ pairs
from bb [Fg%_l]

IR 7

|y, + &y, — [PrENIX

0.0084

0.0080

@ If m, >> p, the eTe™ decay pair
randomizes the correlation of gg pair.

@ For a very heavy quark, the decay electron
has no directional preference.

@ The number of e™ e~ pairs from c¢ in 1 unit of rapidity differ by 1.2, that

increases to 2.2 if one restricts the mass range above 1 GeVc?.

@ For bb, the two simulations yield similar results within 5%.
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J/ (c-cbar bound state) melts in QGP

:E 1.4 B Inclusive J/y — p*u’, Pb-Pb \s, = 2.76 TeV and Au-Au s, = 0.2 TeV
m 1 2 f B ALICE (arXiv:1311.0214), 2.5<y<4, 0<pT<8 GeV/c global syst.= + 15%
) [] PHENIX (PRCS4(2011)054912),1.2<|y|<2.2,pT>0GeV/c global syst.= + 9.2%
15
0.8 1
- LA o
0.6 - @ Ej
B @ ]
: o o
0.2 :— @ [;H Eﬁl
O_IIIIIIIIIIIIII|IIII|IIII|IIII|IIII|IIII
0 50 100 150 200 250 300 350 400
<Npalrt>

Suppressed by ~ 5 at RHIC, less at LHC
how much is due to cold nuclear matter effects?
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Analysis of spectra for flow at freezeout time

ALICE. arXiv:1307.6796

% 0.25- 1 T[T s 1 DAL B AL B B E
N T :
c 016 %—+» | ALICE
I_:.: 014 E_ %‘\J "_\:Qb | %ﬁ“q PRELIMINARY _E
0.12 : ' ° Q :
A2 000 =

- ) - SIS -

0.1F " e Py

0.08 = o  ALICE, p-Pb, s = 5.02 TeV =

- o ALICE, Pb-Pb, \s,,, = 2.76 TeV -

0.06 F o+ ALICE, pp,1s=7TeV E

0.04 - PYTHIASB, \s = 7 TeV (with Color Reconnection) =

" o =l PYTHIAS8, \s = 7 TeV (without Color Reconnection)

00%-IllII.IIIII]II.IIIII.IIIII.IIIII.]II.]IIIIIII.IIIIIIII.]I-

.2 025 0.3 0.35 04 045 0.5 055 0.6 0.65 0.7

B)
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T

Counts/Event with p.>Pp (cut) [AuAu 0-20%)]

10°

-—h -—h
e <
(-] ~

IIII|'|T|] IIII|'|T|'| IIIII"]] IIIII|T|] IIII|'|T|] IIIIIm] Illllm'l“;lll!lﬂTll IIIII|T|]

-—h
Q
©

10—10

o

Study jets with strong medium interaction

LLLLLLLL

—s— Light q + g jets
——=— Directy

——=— Fragmentation y

0 =
—a— U (RAA—O.Z)

Hard Processes pQCD @ 200 GeV
NLO pQCD W. Vogelsang

IIII|IIII|IIII|IIII|I I|

10

30 40 50 60
Transverse Momentun

@® Rates, performance good
for Au+Au at 100 GeV

@ studying b tagging
NN

PH

A
D)

ENIX

Jet Purity

—

o
(=)

0.6

0.4

0.2

30-50 GeV jet fragments at scale
of QGP medium

Modified jets, di-jets , y-jet
High rate capability will provide

10° jets above 30 GeV

10° photons above 30 GeV

------

-
. -
_____

R
.
-

HIJING Au+Au 0-10%, Anti-k R=0.2

——@—— Ideal Detector w/ Underlying Evt
——@—— G4 Detector Res w/ Underlying Evt

====fa=== |deal Detector w/ Underlying Evt [Shifted]

====(a-=== G4 Detector Res w/ Underlying Evt [Shifted] ]
| .

a

1 I 1 1 1 1 1 1 1 1 1 1
20 25 30 35 40 45
E. Reconstructed [GeV]



Conclusions

® Di-hadron correlations look hydrodynamic at RHIC
As at LHC. v, /¢, slope vs. dN/dy reflects viscous effects?

® Evidence for (expected) shadowing & antishadowing
Suppression of J/Y 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?
sensitivity to fluctuations?

final state effects break up quarkonia, too

® No strong evidence for direct photon modification at mid-y
Need forward rapidity to probe low-x and pin down nPDFs

NEED data vs. y, p,, centrality, Vs, species to sort it all out!
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Extraction of double ridge structure ¢ toizides 83

p-Pb \s,, = 5.02 TeV

2< meg <4 GeVic
717N\ (0-20%) - (60-100%)

ALICE, PLB 719 (2013) 29
1<pT’assoc <2 GeVic

2<p,, <4GeV/c p-Pb |5, =5.02 TeV 2<p,, . <4GeVic
1 <Py o, < 2 GeVie 0-20% '

« Extract double ridge structure using a standard technique
In AA collisions, namely by subtracting the jet-like correlations

It is assumed that the 60-100% class is free of non-jet like correlations

The near-side ridge is accompanied by an almost identical ridge structure
on the away-side
« Similar analysis strategy by ATLAS (PRL 110 (2013) 182302)
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Di-hadrons in d+Au: initial or final state effect?

@ Jet correlations
High p;. maximize jet signal/minimize combinatorial bkgd
Near side/same jet produces small An correlation

® Correlations in underlying event
21 low p; particle for sensitivity to underlying event

Select maximum An
In PHENIX central arms: 0.48 < |An| < 0.7
MPC-central correlations: 3.0< |An| <4.0

RPC3 N RPC3
T WIS s Central Magnet *9A |
il y entral Magne R
0.12 p Yo, o
v N 1 /IZ'/) AO@
2 0_1 — BO- &00, S 7
0.08 - — . MPC ,
- ‘ = B L
g = [ |
0.06 ZDC South |3 - MH(\L:' ZDC North
0.04 F MuID| W k MulD
. - [9%) -
- @
0.02 ‘ = l M“'“{ ' RPC1
0
> A ¥ B -
0 Dugling & Venugopalan 12113701, JEIILY  South Side View North .
1302.7018 B 18.5m = 60 fi }
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Control the geometry: 3He + Au

5 Iso increase the triangularity of the initial
o state! what happens to vs3?
o d+Au & He?+Au in 2015
i increased acceptance relative to
(1 previous d+Au run (VIX/FVTX)
4 compare with p+A
s o 2 4
SOT S
- € - €
osf 2 3 03 ° He*+Au
u He +Au C oo
05 o fﬁtﬁ_;'_m 0.251— e +++
C . * + C o
" . ¢+ + 02: —- i
04— @ —@ L
te + - e T, d+Au +
r o 15— =@ -&-
0.3E o prAu + 0 15E p+AU +#++
02 + d+Au 01l
C -
0.1 0.05®-
O:||||||||||||I|||I|I|II|l|||||||||||||l||l||| :IIIIIllllIIIIIIIIIIlIIIIIlIII||||I|ll|
0 10 15 20 25 30 35 40<N 4 0 10 15 20 25 30 35<N .
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VTX & FVTX
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NEED vy, p,, b, Vs, species to understand J/y

2

] EKS98 O NA3

] Jhy 51 NA50-400
0 E,., = 158 GeV

1 & 0.28<y<0.78 ¥ NAS50-450

] ® E866
81 NAGO O HERA-B

i E,,, = 400 GeV PHENIX
6— -0.17<y<0.33 ly|<0.35
4__ power-law
,Cold matter

Tee . . 2
,ceffective absorption

LI L L L L L |

T T
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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?

I I [

__ Q?=1.69 GeV? Onﬂsbda 1.4
Gluon saturation a ol 4 1.2
B D
m _____r!-___-s;;_.-.‘_;___._.# [ 10
—— " THKNO7 A .
rrasasanasannsnnasunnssse W/ 0.8
~  EKS98 /7 o
| 5% _ A 0.6
— S '
 EPS09 ’ 04
- shadoW!S e N
L . 0.2
---- l l 1 0.0
10 1070 107 10" 1

arXiv:o902.4164 49
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To answer this: PHENIX studies

® Heavy flavor production:
g+g P c + cbar

g, .
® Jet and di-jet production:| 2,
g+g = di-jet

® Direct photon production:
(QCD Compton process) ///
%,

\'%

q+g =» y + hadrons

N

.
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Turn now to jets and direct photons

arXiv 1205.5359

Hellenius, Eskola,

eta

au(Pr)

Ry

Fit data, including
PHENIX n°R,,,

Get b-dependent

nPDFs

PH

Al
N

TN
ENIX

au(Pr)

Ry

2 Rl 6 8 10 12 14 16 2 4 6 8 10 12 I- 16
15— T T T r T r v r v 1.5
! . = ! e .
1t (1}2%8% PHENIX || o . T igio ;HE\I\ — EPS09s fDSS NLO [{ 14
13 - - -—- EPS09s KKP NLO 1 “ ‘ EPS09s errors fDSS | 13
T S — EPS09s AKK NLO [§ 112
Ll C tls 111
L0 10
09 109
0 4 08
07 ———t——t 07
14 [ 1.009*PHENIX 114
135 413
12F 112
Ll I 111
10 10
09 K 109
g+ $ 408
o7 L L . L . L . 4 . 3 L 07
2 4+ 6 8 10 12 14 16 2 Nl 6 g 10 12 14 16
pr [GeVic] pr [GeVi]
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Suprising behavior of jets in d+Au

Central Peripheral
<2.2 i} )
o of Ry 60-88%
1.8 - {3 * n
¥ |
14 RS TR
i ; 1 : 1.2 WLLEY +
Y QN AT |
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 %510 15 20 25 30 35 40
P, (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?
52
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Do the ©t° and jets agree?

s
&

® Scale n° by 1/0.7
i.e. 1/<Zlead|ng

® Agreement is excellent

® 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”?

.
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PRL107, 142301 (2011)

Jy In deAu aty s, 5200 GeV

J/U in d+Au

~1.2; :
§ . @ Jy12<cy<24
O D118 Jy038ey<035
» 81 1'_ y y | /
N o [ - dy22cye- 12 N o
> 2 - . J. (N
E ¢ r A R A T
S “I ’.T.:F; \1' —" <:’-"/"':'I'I
= n:‘b.B,— NV /
~ 07~ VTN
E : \ ':;"0."
~ : Py
S 06 (s b)
8 ,7{ »i._\.‘\_ ) Exponential Case
05/ / 4N
: Ay / - Linear Case
04 Quadratic Case
0 11111 l 1 1 Ll Lil
'8.3 04 05 06 07 08 09 1 11 1.2
Ry, (MB)

Suppression level

.
PH-<ENIX

forward rapidity probes low-x in Au
saturation predicts suppression

forward data: non-linear suppression
vs. density weighted Iongitudinal
thickness A(rr)= L fdzp(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...
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Dense gluonic matter effects observed
PRI_1107', 142391 (2011)

e : PRL107, 172301 (2011)
S & = = \'s =200 GeV p+p, d+Au > h+7’ + X PHIZENIX
% °8F E -~ Forward-Forward Mid-Forward
g ..F E - — < >
\_% ’ [ Centrality 60-88% ] — T
o e et E I
ok EPS09 and c,,=4 mb = 1 =TT -
g O.Sf— —f _g — +
S oo ERE
© L comanty 020% e = d+Au 60-88 p™ d+Au 0-20 p)™
0.4_— GlobelScsle Unoeriainty28s%. = —E 10.‘ E— = 05-075GeVie ® 035-0.75GeVie
Ry — - 0 0.75-10 GeVic B 0.75-1.0 GeVie
y S B A 10-15GeVie A 10-15GeVie
. 0.8 ] 10+ for:g 107
o 0.6 | |
- Centrality 0-20%/60-88% $ D 3 h d = l
®“E Global Seals Uncertainty 16.2% E 1-hadron suppression at low x
S pocket formula (for 232):
Shadowing/absorption stronger fg  <Pr>€ " +<pp>e "
than linear w/nuclear thickness A Js

S

PH--ENIX As expected for CGC ...



Another handle: di-electrons

PLB 670, 313 (2009)

pHp

—
<
w

p+p at\s = 200 GeV

® DATA

Iy <0.35
P, > 0.2 GeVic

— — — —
o (= (=] o
LN ) & [N

1/N,,, dN/dm,, (c%GeV) IN PHENIX ACCEPTANCE
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,8
m,, (GeV/c?)
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p+p at\s = 200 GeV
lyl <0.35
P, > 0.2 GeVic

* DATA- COCKTAIL
------ € — ee (PYTHIA)

— bb — ee (PYTHIA)
------ DY — ee (PYTHIA)

— sum

IIIIIII_I.| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| |1

___________
.....

1/N,,, dN/dm, (c¥GeV) IN PHENIX ACCEPTANCE
e

.11Illllllllllllll[llllll
107g 1 2 3 4 5

O harm 1N P+P: 544ub £39(stat)
+142(syst) £ 200 (model)
O}t 3.9ub £2.5(stat) *°,(syst)
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NB: Classic does not always mean right!

d+Au (s, = 200 GeV |
1.5'_‘ o w4t 3
s | oK
| S

T w i st
p. (GeV/ic) p, (GeVic) p. (GeVic)

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