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Scale [1/fm]

Reconstructing Jets at RHIC

Rich program of jet observables at
the LHC is leading an entirely new

program for studying the plasma

Jets at RHIC interact with the QGP:
for a larger time fraction

at larger length scales in medium
at temperatures closer to T.

RHIC Jet Probes
LHC Jet Probes
" QGP Influence

10

Y
H><ENIX

New sPHENIX detector will follow
through fully on this program
(stay for Megan'’s talk later this morning)



PHENIX Detector
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Magnet TE

PC2

Electromagnetic Calorimeters for photon
Torl » and electron clusters

3

3 p+p: trigger condition
Drift and Pad Chambers + Ring Imaging

v Cherenkov Detector for charged particle

West Beam View East B tracks
i} &o‘% Central Magnet 0@&(\6\ _ .
%, W modest coverage at mid-rapidity,
Inl< 0.35 and A¢ = 180°
200 sour © 200 Nogiy Beam-_beam counters provide vertex,
MulD] 1l MulD centrality, reaction plane
S (2.1 <Inl <3.8)

d+Au centrality: only Au-going direction

Ad South Side View North
18.5m = 60 ft
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Jet Results from PHENIX

Two new results shown first at Quark Matter 2015

- d+Au and p+p jet spectra (2008 data) d
- lead analyzer: Dennis Perepelitsa (BNL) %
* nhucl-ex/1509.04657, accepted to PRL
- R=0.3 anti-kt algorithm, establish nuclear effects

- Nature teaches us: impact of kinematic constraints on our geometric controls

« Cu+Au and p+p jet spectra (2012 data)
* lead analyzer: Arbin Timilsina (ISU)

* Preliminary measurement, manuscript being written

- R=0.2 anti-kt to heavily suppress backgrounds in HI environment
- develop techniques to utilize PHENIX as a jet detector

- initial look by PHENIX at suppression of jet spectra by the QGP



Jet Spectra in p+p Collisions
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p+p jets: compare well with

important step in validating PHENIX for jet reconstruction



d+Au Collisions:
Testing Ground for Nuclear Effects
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Centrality in d+Au Collisions

«— Au d-Au @ 200 GeV Results

------------- Minimum Bias 0-100% <N_,> = 7.590
C Centrality 00-20% <N__ >=15.061
- Centrality 20-40% <N_ > = 10.249
Centrality 40-60% <N e 6.580
( BBC O & Centrality 60-88% <N""'> = 3.199
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» Total charge Q in Au-going beam-beam counter (-3.8 <n < -2.1)
used to characterize centrality

Glauber Monte Carlo simulation of d+Au collisions + model dN/dQ
distribution as scaling with Ngoj

= gcstimate nuclear overlap factor Tga, for classes of d+Au collisions

= previously successful with hard and soft observables



Validation: Spectator Neutron Rate

Deuterons are not compact

Events where only the proton
Interacts are common

Neutron-Tag Fraction
o
w

0.25
0.2
0.15
0.1
p+
0.05
Zero
Calorimeter

d— —Au

111 L

e d+Au @ 200 GeV
|:| Geometric Model

l

| l | l
-~ r
~5 S 70% 70. 20 %20.30%3&40%40.50% 50“6‘0%60‘ }0% 0-88%
Centrality

The fraction of neutron spectator events within the centrality class can be used
to confirm the geometrical configuration (impact parameter)



Previous Results with Single Hadrons

Large pr neutral pions: 12}

Minimum Bias consistent with unity o i | I Lot

Central Events suggest a suppression 1.

Peripheral Events suggest a rise "o

1.6
1.4
1.2

This was noticed at the time, but
the uncertainties do not support
a conclusion other than consistency

0.8

1.6
1.4
1.2

Jet kinematics allow a much greater 0;
extension of this data and stress '

test these models :j_
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Jet yields in d+Au
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d+Au per-event yields: first publication of jet
production in asymmetric systems at RHIC



Minimum Bias Jet Rate

1.2

d+Au yield |

1.1
RdAu — de+Au/de
| Taa X doP+e/dpr | &1

nuclear  p+p cross- ,,
overlap section

PHENIX  d+Au,|s,, =200 GeV
anti-k,, R=0.3 jet

0.8

¢ | Data, 0-100%

( ~ A X Od+AU / Op+p)
0.7

o
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20 30 40

: : .o p_ (GeV/c)
* |n centrality-integrated collisions, Rgauy = 1 '
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Minimum Bias Jet Rate

1.2 I .

- PHENIX d+Au, \s,,, =200 GeV -

i anti-k,, R=0.3 jet i

1.1 _

Raau = ANe+AYdpr|  _ b -
< ===l i

[ Tan X doP2fdlpr | ot~ et 4
0.9 o Tl . k

0.8 [#] Data, 0-100% R

~ === EPSO09 (Eskola et al.) -

kT 20 30 0 50

P, (GeV/c)

In centrality-integrated collisions, Rgay = 1

= compares favorably to global nuclear PDF analyses
(EPS09) within uncertainties



Minimum Bias Jet Rate

1.2 ' '
- PHENIX d+Au, \'s,,, = 200 GeV .
i anti-k,, R=0.3 jet i
1.1 -
Raau = ANO+AY/dpr| :
= A _
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e "
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0710 2|O ......... 3|O 4'0 5'0
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In centrality-integrated collisions, Rgay = 1

= compares favorably to global nuclear PDF analyses
(EPS09) within uncertainties

= within an initial state E-loss calculations, favors only
small parton < nuclear material momentum transter



Jet Rate with Centrality Selection
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e Suppression of jet rate in central 0-20% (large Ncoil) events
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Jet Rate with Centrality Selection

, g PHENIX d+Au, \s,, =200 GeV, anti-k, R=0.3 jet E
1.6 -
- ® | 0-20% -
1.4 " E-loss 0-20% (Kang et al) ]
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Jet Rate with Centrality Selection

; g PHENIX d+Au, s, = 200 GeV, anti-k,, R=0.3 jet | B
: 4 | 20-40% -
oE ® | 0-20% B
1_4:_ ----- E-loss 0-20% (Kang et al) _:
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Jet Rate with Centrality Selection

, g PHENIX d+Au, \s, = 200 GeV, anti-k,, R=0.3 jet B
- | % | 60-88% | 4 | 20-40% -
1.6 -
- | % | 40-60% | ¥ | 0-20% =

1 4 " E-loss 0-20% (Kang et al) + ‘l’ _:
E ¥ * + + + ¥ |
1.2~ -IT + + =
Sl & w e 1 E
0 R LTI PP (+ 7 _:
T -
20 30 40 50

P, (GeV/c)

= comparable with initial state E-loss calculation?

 Enhancement in 40-60% and 60-88% (small Ncon) events
= very challenging to explain within existing frameworks. ..




Centrality with Hard Scattering
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Previously known effect present in p+p collisions shows correlations
between BBC charge and large momentum pions

Common feature of all PHENIX d+Au publications has been to correct for
the bias as a set of individual nucleon-nucleon collisions

Correction is small w.r.t. other systematics and also pulls the wrong
direction to explain the new d+Au puzzle



Reconciling the Puzzle
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et events

= not a trivial bias which arises “just” from a feature
of p+p collisions

= somehow |

1.2

he presence of the nucleus is

important...

- PHENIX  d+Au, |'s,, =200 GeV
anti-k,, R=0.3 jet
$ - r
¢ ! ¢ ¢
— 4] Data, 0-100% ]
10 20 30 20 50
P, (GeV/c)

* Physics bias aftects the centrality signals for high-pr



An Additional Clue from ATLAS

PLB 748 (2015) 392

04T
e [+1.2°<y* < 12 1‘qj+ " [ATLAS 2013 p+Pb data, 27.8 b -
| i _ : anti-k,, R=0.4, | s, = 5.02 TeV:
_ 4 OI- L RRGGELEEEELLLEE EELEEEEEEEEE LD ~
i i | Mwee 0-10%/60-90%
L. u :
. % O 10% -ﬂ'- _ - A 136<y'<+44 Ii'% M- ]
| o _ 04 Y +2.8<y*<+3.6 —
i ¢ 23 gg;o i - % 12.13*::2.8 -ﬂ'_ l*' +_f
'|' R — § +1.2<y*<+2.1 + -k | —
40 100 1000  [* #08sy'<+12 JE
p_ [GeV] 40 100 10()()
.

p_ % cosh(<y*>) [GeV]
 Same modification pattern, in the same Bjorken-x range

» Modifications to the Ropn / Rcp shown to scale only with
proton-x and not depend on nuclear-x -
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= Same (universal) hadron physics at RHIC and the LHC?



“Shrinking” Proton Model

M. Strikman, DVP, et al. hep-ex/1409.7381

—_— K
‘ 1 )) “
nucleon nucleon

 (Geometric interpretation: as these compact configurations
traverse the large nucleus, they strike fewer nucleons

= 30 peripheral Raau > 1, central Raau < 1
e [arge nucleus acts as a filter on the transverse nucleon size

= |arger deuteron-x (nuclear-x irrelevant) = more compact
configurations = larger deviations from Rgau = 1

See also Bzdak et al. hep-ph/1408.3156, Armesto et al. PLB 747 (2015) 441

MPM: | speculate that less exotic (beam remnant)-(nucleon) descriptions are
needed to follow the hard scattering and reduce the backward going production



Cu+Au Collisions:
Interactions with the Quark-Gluon Plasma




Jets in Cu+Au Collisions

2012 Vs, = 200 GeV p+p and Cu+Au

Jets reconstructed using the anti-k,
algorithm with R =0.2
* track p; > 500 MeV/c

e clusters energy > 500 MeV

Jet level cuts
* number of constituents = 3
* 0.2 <charged fraction < 0.7

Centrality-dependent response
matrices generated by embedding
PYTHIA p+p jets into real Cu+Au
events

(GeV/c)

(0] —
2 40—

pT, T

35—
30—

25—

Sample Response Matrices

50
PYTHIA p+p
45

15 20 25 30 35 40 45 50

P

, Reco (

GeV/c)



Fake Jet Rate Estimations

c
@ 10 = Cu+Au, 0-20%, anti-k,, R =0.2 o Raw jet
..g o e Estimated fake jet
8 10°® g_' 9 e Estimated signal jet
S .4
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o £ ¢
E 107 _ ) )
= 8
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-8 |
10 = ¢ *
107 =~ T
— 1 | | L 1 1 1 | L 1 1 1 | L 1 1 1 | L 1 1 1 | L 1 1 1 | | I |
15 20 25 30 35 40
p (GeV/c)

T, Reco

Data driven method of estimating and statistically subtracting fake

jet contribution
* For events in which jet is not reconstructed, position (n, ¢) of tracks and
clusters are randomly swapped independently
e Jet reconstruction performed in these swapped tracks and clusters
-> returns estimated fake jet
e Estimated fake jet yield is statistically subtracted from the raw jet yield
-> returns estimated signal jet



Cu+Au Spectral Coverage

S E  CurAu, |5, =200 GeV, antik, R=0.2 jet 181 0-20%
N 10 E #120-40%
£ 107 = . F] 40-60%
SIPPY - *] 60-90%
- 107" ¢ - - =l p+p
20t e— = ¢
g 10 — . ¢ o
~ 105 e = + ¢
= 107 * + . .
c = - * ¢
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s = - . *
(D) 8 [
o 10° =
— *
— [ |
9
107~ -
10_10 SR IR B B R B B R R B B B I B R
10 15 20 25 30 35 40
p- (GeV/c)

* Expanded systematics for low-pr jets in most central events



Suppression in Cu+Au

Cu+Au yield

Haa = dN/de
| Taa X do/dpr

nuclear pP+p
overlap X-Sect.

<
<

2
1.8
1.6
1.4
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1
0.8
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0.4

0.2

]

—  Cu+Au, s\ = 200 GeV, anti-k,, R = 0.2 jet

— o t [®] 0-20% +|40-60%

— Y =

—  PH ENIX ¢120-40%  [%]60-90%

— preliminary

S ! + |

I I S R R e | e
15§81

= | | R |

0 15 20 25 30 35 40

P (GeV/c)

» Differential, centrality-dependent suppression of Neoi-

scaled yield

= peripheral events just consistent with RHaa = 1
= factor of 2 suppression in central events
* Interestingly, flat with pr



Suppression in Cu+Au vs Npart

RAA

2
— \'Syy = 200 GeV

;] e Cu+Au R=0.2 jet, 17-20 GeV/c
— PH>>><<<ENIX [ ¢ ] Cu+AuR=0.2jet, 29-35 GeV/c

1.6— D %

— preliminary (gl. sys. 12%)
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0.6 — .*
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02—
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Npart

* Another look at the Npart-dependence of suppression
* No pr dependence within sensitivity over this kKinematic

range




Theory Prediction

21
—  Cu+Au, s, = 200 GeV, anti-k,, R = 0.2 jet
1.8 —~—
| 1 s~ PH-SENIX [®] 0-20%
Using SCETg —  preliminary
calculation in 1.4 — Calculations done by Vitev/Chien
__ Small CNM, g=2.0
hep-ph/ < 12 ——— Small CNM, g=2.2
1500.07257 oo
0.8—
g3 -
0.4 l
0.2
— ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ]
%0 15 20 25 30 35 40
[ (GeV/c)

 Cu+Au system is relatively novel, more calculations

welcome

= guantitatively in line with state-of-the-art jet
guenching calculations



Summary

* Progress on jet measurements in small and large systems
with PHENIX detector

= good guidance for future heavy ion jet program at RHIC

e Jetrate in p+p and minimum bias d+Au collisions
establish pQCD / nPDF baseline

= |[Imits on initial state energy loss in new regime
e Surprising, unexpected centrality dependence

= one possibility: are we sensitive to the tact that high-x
nucleons are “smaller” than average”

* Preliminary measurement of a centrality-dependent
suppression of narrow-cone jets in Cu+Au collisions






Heavy lon Collisions

LHC

QCD Phase Diagram

— 25
X

Quark-gluon plasma above a few 1012 <

K - 2
o

Reachable by collider facilities = 15
)

Critical point being sought € T Ppion-Proton
|2 C Gas
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10-0 . | Lattice QCD Calculations
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20 | :
To =~ 170MeV Kirsh, et. al.
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(Data) Strongly-coupled fluid near Tc



Space-Time Evolution

n, K, p, ...
Iy
/fo Teh
| | %

Kinetic Freeze Out (~10-15 fm/c)

Chemical Freeze Out (~7 fm/c)

Mid Rapidity

Hadron Gas

Phase Transition (~4 fm/c)

QGP

Hydrodynamic
Evolution Pre-Equilibrium _ _
Phase (< 1) Thermalization (~0.6 fm/c)
[
a) without QGP b) with QGP :

Nuclear Crossing (~0.1 fm/c)

*values for RHIC at 200 GeV



Event Geometry Controls

spectators .- ==~ Impact parameter studied via
e S —_—

e , CAR I e centrality selection

@ Large impact parameter
: — peripheral events, <100%

28 4% . ¥ Small impact parameter
& N participants
— central events, =0%
before collision after collision

Measured at large pseudorapidity

10_ PHOBOS Glauber MC

Tool: Glauber Monte Carlo simulation -

Simple geometric description of A+A S

Includes statistical fluctuations A I

e 0

Number of Participating Nucleons, Npart > :

~ system size 5:_

Number of Binary Scatterings, Ncoi
~ hard process cross-section o




Jets in hadronic
collisions

nization
order
parton ~
shower

hard-
scattered
parton

* Most abundant, fundamental final-state QCD observable

* Approximate relationship to hard parton-parton kinematics

* |ncreased kinematic reach over single hadron measurements
2




beam  energy (GeV)
p+p 62 - 510
(p,d,He®)+Au 22-200
Cu+Cu 22 - 200
Cu+Au 200
Au+Au 7/ -200
U+U 193

g - = - g
‘&" RN e
i C e

energy (GeV)
7000-8000
5020

2760




Jet Purity
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— * 60-90%
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T, Reco

* Fake jet contribution is both p;and centrality dependent; the

contribution being largest for central collisions and at low p;
* for 0-20%, purity is 70% (93%) at 15 GeV/c (23 GeV/c)

Concept: Restrict analysis to large purity regions
limits uncertainty on systematics from removal
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- [1 0.75-1.0 GeV/c H (0.75-1.0 GeV/c
~ A 1.0-1.5 GeV/e A 1.0-15GeV/c
1073 rag 1072
X

e Strong centrality dependence in forward hadron and di-
hadron production in d+Au

= even though <b> does not change so much

= attributed by many to low nuclear-x effects (CGC?), but
Kinematic region also associated with large deuteron-x

My two cents: there’s an overall suppression, but most of
the centrality "dependence” is from large x4, not small xau ,,




