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Scale [1/fm]

Jets as QGP probes

RHIC @ 200 GeV
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Complementary measurements at RHIC & LHC
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Heavy quark—medium interactions

slower bottom quarks

Heavy-Flavor Jets

* Collisional vs radiative energy loss

— Separate g and ¢ —N
B
* Dead cone effect: 0,,;,, <my/E
. 14Pb§b1§6pb". pp‘5.4pb"' _ ‘\'sNN=2.75TfeV
Upsilon States £ s
1.21 v Preliminary
* Sequential melting & color screening 1 .
2 Tihc ~30% higher Tgpyc oy e
0.6 &
 Reduced coalescence at RHIC : b
0.4 e
— Lower Y rates, compensated by RHIC luminosities _f | t u
— Compare J/y and Y'(2S) where size and binding obiteiit TN

) . 050 100 150 200 250 300 350 400
energies are similar Non

Complementary measurements at RHIC & LHC



The 3 Pillars of sSPHENIX

e

Three-legged Buddha by Zhang Huan at'StormmKing Art Center, NY
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Physics driven detector requirements

Physics goal Detector requirement

Accept/sample full delivered luminosity (15kHz rate)

Figh statistics for rare probes Full azimuthal and large rapidity acceptance

. . Hadron rejection > 99% with good e*- acceptance
Precision Upsilon spectroscopy Mass resolution 1% @ my
Full hadron and EM calorimetry

High jet efficiency and resolution Tracking from low to high pT

Precision vertexing for heavy flavor ID

Control rt
ontrol over parton mass DCAwx < 70pm

Control over initial parton pr Large acceptance, high resolution photon 1D
Full characterization of jet final High efficiency tracking for 0.2 < pt < 40GeV
state Uniform, constant tracking efficiency

9/16/2016 Sarah Campbell - Hot Quarks 7



large b,
acceptance
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SPHENIX
Design

Outer HCal

Superconducting coil
Inner HCal
EMCal

Vertexer/ Tracker




Outer Subsystems Radi

* HCal: Tilted Steel-Si plates o
— Inner and Outer HCal
—ApxAn=0.1x0.1

— Single particle: o/E < 100%/VE R

264.5

173

e 1.5T Superconducting magnet

— From BaBar, cold tested at BNL 1.4 X,

« EMCal: W powder-Sifiber T—
— Ad x An = 0.025 x 0.025 1o G

18 Xo, 1.0 2 | Bt

— 0/E < 15%/VE i

— R&D on 1D (¢) or 2D (d,n) EMCAL + HCAL ~ 5.5 7.
projective modules
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EMCal

Lightguide and
Si-photomultiplier

readout
9/16/2016

Calorimeter R&D

2D projective (1, ¢) modules HCal

Polystyrene
panels
embedded
with 1mm
wavelength
shifting fiber

1D projective (¢) modules

Sarah Campbell - Hot Quarks
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Calorimeter Test Beam

|

/ VOW3

FermilLab’s MTest Facility
S, i L

GEANT4 simulation
of hadronic shower

120 GeV/c proton
1-60 GeV secondary
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Early Test Beam Results
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AE/E = [Tﬂ 6% - 95.7%])/VE Electron Resolution in EMCal
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{J.E:— —: ll.:II.1:— .
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{].4:— 0.08|— N -
0.3f 0.06 -
n.ef— 0.04
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Meets design goals of <100%/VE and <15%/VE for EMCal
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Tracking Subsystems

MAPS

INTT
* 4 layers Si strips

3 layers Si sensors
Based on ALICE
ITS upgrade
DCA,, <70 um
|z,,, | <10 cm

Reuse PHENIX
FVTX electronics
Pattern recognition, DCA,
connect tracking systemes,
reject pile-up

Radius 20—78 cm
~250 um effective
hit resolution

Continuous (non-gated) readout

Pattern recognition, momentum
resolution, p; 0.2-40 GeV/c
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Single track efficiency

Detector capabiliti
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Tracking simulationsimprovements ongoing
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pQCD Rates

22 weeks of Au+Au at RHIC
- 100B MB events
- 20B 0-20% events

Yields in 0-20% centrality:

107 jets
10° jets

pr > 20 GeV/c
o, > 30 GeV/c
o, > 20 GeV/c
pr > 20 GeV/c

Hard Processes pQCD @ 200 GeV
FONLL pQCD - M. Cacciari
g Charm Quark {RM=1.0)
wuonn Charm Hadrons (RAA=02]
wmwnmn Charm — Electron (RM=0.2]
e Beauty Quark (RAA=1.0}
wunn Beauty Hadrons {RM=0.5}
e Beauty — Electron [RM=0.5)
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Q -
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Kinematic Reach

Extends range at RHIC Overlaps with LHC

G RAIC Today I RY\C Tomorow  227//0///, \HC Todzy N LHC Tomorrow
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T !‘.II'I T TTTTT.’!] T T LI | P P
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— b-jet (X 7477770777777 ) —
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e
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T

p. (GeVic) =5 Double b-Tag (pr.,)

1 L1111l 1 ! 110l L L i)

10 102 103
pr [Gev/c]

9/16/2016 Sarah Campbell - Hot Quarks 16



Method 1 Multlple Iarge DCA tracks

b-Jet Tagging

-‘g Dgz_ P}.lthlaB p+p 200 GeV
o E
E 03 E— Truth Jet, po= 20 GeV
£ E sPHEMNIX GEANTH tracking
orE MAPS+ITsTPC
ol =
05¢- Large DCA methods:
04 one track cut
D.E—;— two track cut
D.zf— liree track cut
0.1
oE L ¥--_ -
0 0.2 0.4 0.e 1
b-jet efficiency

Meth9d 2: Secondary vertex

0.9—
08—

0.7—

b-jet purity

Pythia8 p+p @ 200 GeV
Truth jet p':-ZD GeVic, n|<0.6
sPHENIX GEANTA tracking
MAPS+IT+TPC

Secondary vertex method
No p™™ cut
p:">0.5 GeVic
— p""'.a-'[.Cl GeVic

b-jet taggmg eﬂlclency

Method 3: B-meson tagging by semi-leptonic
decay or by my = in progress
9/16/2016
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LMC s'

R=03

= beel 120% uncertainty in QGP transport coefficients

- Light jet, large transport coefficient
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Upsilon states

' Y(1S,25,3S) — e'e |

i . 3 1 '2_ Strickland & Bazow
600 Yields: e [ e Y(1S) NP A879 (2011) 25
- p+p, 10 weeks R Y(15) 8800 _
500} Y'(2S) 2200
;  Y'(35) 1160
400

- 0,5 =80 = 1.4 MeV

300 Exceeds 1% G, at my

200f. SPHENIX simulation

.
vl b by by g b Py T
0 50 100 150 200 250 300 350

art

100t

- -5
do o 4+ 4" 1 )

%75 8 85 9 95 10 105 i1
invariant mass (GeV/c?)

First time Y'(1S), Y'(2S), Y'(3S) separation achievable at RHIC!
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Timeline
From Tim Hallman at 2016 RHIC/AGS Users meeting:

1 Month lon Running 1 Month lon Running
11/2015, 11/2016, 6/2018 11/2020, 11/2021, 12/2022
End of

LH C Long Shutdown 1

Long Shutdown 2
7/18-12/19

2020

>2025

2015

s LS2 ,
. l ) : Electron-lon Collider
' -Re( (Notional BNL Plan)

EDNEMERWREEFY ggigﬁczf RHIC User Meeting June 9, 2016

9/16/2016 Sarah Campbell — Hot Quarks 19
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Conclusions

New RHIC experiment @
needed to understand QGP
— Complement LHC results

— Extend RHIC results beyond
PHENIX and STAR capabilities

IIJ}JIIILX'III'

sPHENIX design tailored to =)
T (GeVic)
jet, Y, and b+jet physics B S
Preparing for beam in 2022 ///////////////////////////‘W e 5
. 1111 >
RiCh futu r‘e at RH IC With o A v 8MCSOHSDMesom
S P H E N IX . m— T R

V/

vy Pies Pra) g
Ensemble-based

http://www.phenix.bnl.gov/phenix/ messurements | Yoy 1115 (57

WWW/publish/documents/sPHENIX Wy sopesipnl e
ﬁ ouble b-Tag (pr;)
proposal 19112014.pdf | |

10 102 103
pr [Gev/c]

X+Jet
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http://www.phenix.bnl.gov/phenix/WWW/publish/documents/sPHENIX_proposal_19112014.pdf
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Goals of the new RHIC detector

RECOMMENDATION |

The progress achieved under the guidance of the 2007

Long Range Plan has reinforced U.S. world leadership

The 2015

in nuclear science. The highest priority in this 2015 Plan
is to capitalize on the investments made.

.. other facilities ...

® The upqraded RHIC facility provides unique

LONG RANGE PLAN
£ NUCLEAR SCIEN O capabilities that must be utilized to explore the
o i properties and phases of quark and gluon matter in
O the high temperatures of the early universe and to

explore the spin structure of the proton.

From sPHENIX Cost and
Schedule Review:

9/16/2016

There are two central goals of measurements planned

at RHIC, as it completes its scientific mission, and at the
LHC: (1) Probe the inner workings of QGP by resolving
its properties at shorter and shorter length scales. The
complementarity of the two facilities is essential to this
goal, as is a state-of-the-art jet detector at RHIC, called
sPHENIX. (2) Map the phase diagram of QCD with
experiments planned at RHIC.

Sarah Campbell - Hot Quarks 22



Scale [1/fm]

Jet Evolution and Virtuality

5 """""""""""""""""""
|| Jet Virtuality Evolution L T “ ’ .
RHIC E, = 20-80 GeV 45\ | vacuum | E;_HFS Osgi;':\r/'o
- RHIC QGP Medium Influence — [ | | dominated | 0 v
— LHCE, = 100-1000 GeV > 3 ' pr =30 Ge
|| w— | HC QOGP Mediom Influence E . N
S 2f medium dominated
. oo e
Little QGP 1 T
10~ interaction o
- 0 1 2 3 4 5 6
- | t [fm/c]
; Interacts with QGP 10g '
- 1501 06197 3l “LHC” scenario
| | | | l l ar}'lzw. il - i oy
100 150 200 250 300 350 400 450 500 550 600 > 6 pt =200 GeV
Temperature [MeV] )
S 4
. . o
Lower energy jets, jets at RHIC 2}
have increased senS|t|V|ty to 0% i ’ 3 4 5 6
QGP interactions £ e

Complementary measurements at RHIC & LHC
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Partonic Composition of Jets

Higher quark-jet fraction at RHIC  LHC gluon-jet dominated until

\ significantly higher jet energies
1 RHIC @ 200 GeV 1l__HC @ 5.5 TeV (solid), 14 TeV (dash) .
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2 r 2 r Ry
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C r c F

0.8 0.8

=2 _ | _
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I|IIII|III

QCD Leading O
pacD Legding Or
T

0.3F Gluon Jet Fraction (LO) 0.35-
0.2 0.2
0.1F 01
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0 20 40 60 80 100 0 50 100 150 200 250 300 350 400 450 500
P, (GeVi/c) P, (GeV/c)

Complementary measurements at RHIC & LHC
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1D vs 2D projective EMCal modules

2-D Projective SPACAL, 0.9 < < 1.0, E =8 GeV 1-D Projective SPACAL, 0.9 < n< 1.0, E =8 GeV
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|
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|
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Pion Re
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5
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improves e/t |
separation ol Singhe Particles

HLING AuAu 0-10% Cantral ™,
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https://github.com/sPHENIX-Collaboration
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Increased luminosity at RHIC

Heavy ion runs - time evolution of Au+Aun

| 20

sl

I

Integrated nucleon-pair luminosity L. [pb]

2k

22-weeks 200 GeV Au+Au
—> 100B Min Bias events

Ml

o+ An

2

2014 Aw*An 200
i
o
8 150
©
k=
=
w 100
g
E
=
I Ahatdm 200 Autika
0
2007 Ak A
S A+ Au
=———-_'_-_-_-_-Tl|| At b
L a0
] ] = 10 12 14 16 | % 20
80

Time [weeks in physics|

avg lumi over 10 hours for zl<s [mmcm g 1:1

High statistics requirement met
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Luminosity projections from C-AD

1.6x10° Au
2 0x10° Au 2MV on 56MHz
22%10° Au 2MV on 56MHz
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2 4 6 8 10
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- ,ﬁ-""f
g |
g 4
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/.f
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20 40 &0 80 100
distance from IP {cm)
27



Increased Kinematic Range

Extended re

ach > i

D||l|I||||I||||I||||I||||I

__Hﬂw%ﬁ

sPHENIX:

—= direct y

— b-jet

—— Jet

+hi

%

0 10 20 30 40 50

60 70 80
P (GeV/c)
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Jet Reconstruction

Inspired by ATLAS’ heavy ion jet reconstruction:

Run jet reco algorithm on Determine set of seed jets
0.1x0.1 calorimeter cells 4 Er max
1% pass: towers in jet: ; >3 [

< Ep >

2™ pass: jet Er>20

v

Determine v2 for event
- exclude towers within An <0.4

Determine background Er in 1 strips

Grseed jet - demodulate by v2
- exclude towers within AR < 0.4 of seed jet
Subtract background from jets Subtract background from event
tower-by-tower tower-by-tower
- first remodulate background by v2 - first remodulate background by v2
| 1
A

[ Run jet reco algorithm)

Output: background subtracted
Hanks et al. Phys. Rev. C 86:024908, 2012 | reco jets of various R values

9/16/2016 Sarah Campbell - Hot Quarks
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Jet Reconstruction

Fluctuations in the underlying event create ‘fake jets’

— 10

= 1 - HINING True Jets
3 . @ sPHENIX Recon. Jets '5
Qo e — SPHENIX Recon. matched .
=1 k -+~ sPHENIX Recon. not matched 3
g 10?2 R=0.2Anti-k; Jets
i‘gm‘“ ﬂ
©a 10° E
3 E
ZE 10° 7
= 10° -
107 ~
10°F ‘Fake iets’ 2
10° -E
i e e b b e L ey 1
10 AU"'AU @ 200 GOV 0- 10%1

- HUJING True Jets
e ® SPHENIX Recon. Jets !
, . — SPHENIX Recon. matched .
10 " ---- SPHENIX Recon. not matched 3
R=0.3 Anti-k; Jets

1N,y 0N, /dE; [(GeV)]
a

10°® 1
107 1
"°F ‘Fake jets’ 1
10°* ] ] A

Au+Au @ 200 GeV, 0 - 10%

T R R O
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04 *R=0.2 7
. 22 =R =0.3 ]
T ‘R=0.4 .
i A B B S R B
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\Q

0.8

Jet Purity

0.6

0.4

0.2
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——@—— Ideal Detector w/ Underlying Evt
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energy resolution

Jet Energy Resolution and Unfolding

o ™ ™ Au+Au Central Real Stats with PYTHLA-B Jets
. |
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0.35 - " HIJING + PYTHIA + Geantd, anti® R=0.2 o F - . * sPHENIX measured with res. @ underying evt.
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Unfolding corrects for the resolution and
underlying event fluctuation effects
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Path Length Dependence
OF | | | | IhOftljﬂ— = | | | | IhOftlfJn -
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< | 1 | |to energy loss models
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Fragmentation Functions, D(z)

‘ Energy distribution within the jet - Dynamics of jet quenching ‘

uw 2 —
Fragmentation Function ~ H sPHENIX FF Modification 40 GeV Jets X=0.70
. True D(z) Jet E>40 GeV a 1-8p Theory E_=E o  [X=1.0,0.95,0.90,0.85,... X=0.75
L L . Reco D - _
10 i e B —£1.6, ¢ Projected Uncertainties X=0.80
- ¥  Unfold N
- o

z [=p/E] (Jet Measured E>40 GeV

1= .
: 3] X=0.85
} D.E:—
10';‘ ¥ -
: 0.4 X=0.90
L i l 0.2 X=0.95
.2 : :II||||||||||||I||||||||||||||||||| |||II||||||||| =
10°""0.1 02 03 04 05 06 0.7 0.8 09 1 %" 01 02 03 04 05 06 07 08B 09 1 X=1.00

z(=p/E) z [= p/E]

X = fraction of parton energy retained in jet cone
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Ydir

Gamma-lJet

10% vg;r 7> 20 GeV/c
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Photon provides unmodified reference for jet energy loss
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Ydir

Gamma-Jet

'E 10 p+p Ratios (NLO pQCD) E 10 Au+Au | Ph+Pb Ratios (Scaled HLO pGED)
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Secondary

Vertex

Ly
',‘

/\

).do /

distance of

%:Iosest approach

b-jet purity

b-Jet Tagging

" Displaced
| Tracks

* Require 30% purity, 70% efficiency
* 3 Methods:

— Multiple large DCA tracks

— Secondary vertex mass

— B-meson tagging by semi-leptonic
decay or by m,,, g =2 in progress

AL I v s oy A
ﬂﬂi' Truth Jet, p._> 20 GeV =

E SPHENIX GEANT4 tracking =
e MAPS+ITsTPC E
u&%— .g
05E- Large DCA methods: 3
”-‘*z_ one track cut _z
0.3 i— two track cut —i
0.2 f— three track cut —f
0.15— _E
co: S I Ta— ;E‘__ F T -
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b-jet efficiency
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b-jet purity
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Pythia8 p+p @ 200 GeV
Truth jet p')20 GeV/c, n|<0.6
sPHENIX GEANTA tracking
MAPS+IT+TPC

Secondary vertex method
No p:' cut
p:">0.5 GeVic
—_— p""'>1 .0 GeVic

b-jet tagging efficiency
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b-Jets

9 10% Hard Processes pQCD @ 200 GeV

Q& 1t FONLL pQCD - M. Cacciari

) mmgmm  Charm Quark (R, =1.0) 12 , ] . ] . - , : .

- 1 =

< 107 muenn Charm Hadrons (R, ,=0.2) "~ @ sPHENIX proj. 0-20% AusAu 200 GeV, 50% b-jet eff.

3 2 - mmuwnmm Charm — Electron (RM=D-2) = |

< 10°= et Beauty Quark (R, =1.0) o | |

: _3 E EEnniEERNI BEﬂuty Hadrﬂns {R =0.5) Q I

= 107 ez AA . - U, e s o

2 = ?';_ AN mnwnmn - Beauty — Electron (R =0.5) 8 0.8 LHCs %72 Oeg

D.'- A0 % s AR O s ‘ .

1075 % e e

A = 2 So6fF o o0 —

2 1075 3 - +_.--
LELE - LELLELY E ----- "j‘_ demmmmmmnsn (1] -

p= 6 B D04 —

s V% CIE . ;

= 10.? _E % : ’ 02k = bejet 120% uncentainty in QGP transport coefficients

g E %, — Light jet, large transport coefficient

w 80 - W CMS prelim. 0-100%. In| <2 1

5 107 ob— 11,

= 9 = 0 20 40 60 80 100

3 10 = %, ", ", D Transverse momentum [GeV/c¢]

© 10'1['_ N B 4’?*.: |H"‘r», T B l'ft.-| AN

(=]

10 20 30 40 50
Transverse Momentum (GeVic)

— 10% c-, b-jets p; >20 GeV/c
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