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SPHENIX proposal

Jets and Upsilons...
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Goal: study of QGP structure over a * jet trigger estimates
range of length scales and temperatures * b-tagged jets
with hard-scattered probes * updated luminosity proj.
¢ iet+X observables
Additional sPHENIX topics this week: e tracking performance

see D. Morrison’s talk: Thursday, Plenary | ® ctC...



Bottom Quark Jets, b-jets )

Why Bottom Quarks? They're heavy!, 4.2 GeV/c?
competition between gluon radiation and collisional energy loss
“Dead cone effect” on gluon radiation (proposed Dokshitzer & Kharzeev, 2001)
More sensitive to collisions with constituents within the plasma

light up quark slower bottom quarks
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faster bottom quarks

mass-ordering of energy loss:
(expectation)

AE, > AL, s> AE. > ARy




b-jets Calculations

Huang, Kang, Vitev: hep-ph/1306.0909
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Needs from experiment:

b-jet measurements s 75 GeV/c
Large cone sizes preferred
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LHC Bottom in Pb+Pb

large pT : no indications

smaller pr : hints of mass-ordering
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What is lost without b-jet measurements also at RHIC?

lowest b-jet momentum jets (~10 GeV/c), different part of QGP evolution

uncertainty on energy loss description

broad impact on understanding light quark and gluon jet measurements



Bottom Jet Rates at RHIC

10% Hard Processes pQCD @ 200 GeV
1= FONLL pQCD - M. Cacciari
= e Beauty Quark (R, =1.0)
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g? Nevt = 1 billion
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C-AD projections: 0.1 trillion MB Au+Au events with |z| < 10 cm

Large b-jet samples with a suitable high rate detector!



SPHENIX Detector Design

OQuter HCal
Solenoid
Inner HCall

Conceptual Design:
-1 1<n<+1.1, Ad =2m
e BaBar magnet, 1.5 T

141
VAN
AN

e reconfigured pixel + new strip layers
for charged particles

.....

4 meters

e EMCal to measure photons & electrons

e Inner+Outer HCal to complete jet measurement

e High rate DAQ), 15 kHz




SPHENIX Calorimeters

Total = 6A
* EMCAL =18X,~1A,
* Inner HCAL =1A,
* Magnet =1X, RRISHHES
* Outer HCAL =4A,

264.5

173

HCal 5\ deep (plus EMCal 1A deep)
leads to few percent energy leakage
for hadrons above 50 GeV; LIS

comparable to other contributions to %

energy resolution constant term. EMCAL

140

113.5

90

Key difference with calorimeters for

much higher energy jets. | il
p+p jet energy resolution ~ 65% / sqrt(kE)



FNAL Test Beam Exp T-1044

HCAL
prototype
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FNAL Test Beam Exp T-1044

HCAL
prototype
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EMCAL SPACAL Design

18 X, deep
2.3 cm Ry, = cell size

256x96 = 24,576
channels

Sampling fraction =
2%

Resolution = 12%/VE ..

~ 500 pe/GeV

SPACAL prototypes (Tsai)

EIC BEMC at eta=0.9, 0.3, 0, Energy Resolution
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EMCAL SPACAL Design

* 18 X, deep
* 2.3 T

120

Inner limit radius
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Silicon Tracking Layers

side view' EMCAL

R= 80.0cm ¢ strip)

R= 45.5cm (U strip)

R= 44..5cm (¢ strip)

R= 10.5cm (U strip)

R= 9.5c¢m (¢ strip)

R=4.6cm (VTX Pixel)
R=2.7cm (VTX Pixel)

sPHENIX conceptual design

Extended radial reach for
improved resolution

Quter layers minimize
material budget

Layer ¢ pitch z pitch Thickness
(um) (mm) (%)
1 50 0.425 1.3
2 50 0.425 1.3
3 60 8
2.7
4 240 2
5 60 8
2.0
6 240 2
! 60 8 2.0




Tracking Performance Target

.. ylem]

e performance estimates from GEANT4

e optimized to give Upsilon mass
resolution of < 100 MeV/c?

e robust behavior in high multiplicity
environments (central Au+Au)
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Bottom Jet Tagging Overview

CMS Slmulatlon \E 7 TeV

A

> SR R RN RN RN RN AR A g . . . .

% i ::~TCHE}<__ Track : o Expenmental b-jet tagging relatively new to

c -»- TCHP A _,c:'d heavy I0ONS

a8 Countlng T F . .

Oqgib ~SWe T A S | eadapting techniques from HEP

ol - SSVHP ' 3

. -+ JP L

2 e 1 b-jet tagging relies on B hadron properties:

I= 102k oSV 8__ e long lifetimes

© | D - e displaced, high mass vertex

> =1|  elarge decay multiplicities

-g 10-3 I P —' .............................................................................................. E)L_
E ; Modern algorithms employ multiple handles

1074 L& Al .| Differing remaining contamination from charm

0010203040506070809 1

b-jet efficiency

Common Feature: trade-off between b-jet purity and b-jet efficiency



Bottom Quark Jet Identification

Displaced

%
ec Tracks Goal: reject light jets,

S . L -

& keep b-jets with high efticiency

Secondary

Vertex “TrackCounting” algorithm

Jét Y (e.g. ATLAS-CONF-2010-091):
g B _ |
[/ requires one or more tracks with a
et non-zero DCA with respect to the

7 distance of _
closest approach primary vertex

v depends on the tracking performance
Jet

Other methods: secondary vertex reconstruction are promising,
but we've started with this straight-forward approach



DCA Resolutions

Charged hadron distance-ot-closest approach (DCA) in central Au+Au events

p. = 1.0-2.0 GeV/c p, > 2.0 GeV/c
0 =48.8 um o0=31.9um

A “ 70
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1o 40

DCA resolution (um)
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ecT for D decay: 123 um, for B decay: 457 pym

e Good 2D DCA resolution a design requirement for b-jet identification



TrackCounting Algorithm

Fast simulation study, using a
parameterized DCA resolution

Calculate true
signed DCA

Generate pr> 20 GeV light,

Smear true DCA
charm and bottom jets

with parameterized
resolution derived from
GEANT4

Secondary Vertex '

Consider charged
hadrons with

pr > 0.5 GeV - Decay teng® Reject hadrons with
in the jet cone mct/ ey Vortox DCA > 1 mm or those
Paramotor consistent with VO = hxh#

Sort remaining hadrons by their signed
DCA signiticance Soca = DCA / obca




Leading DCA Significance

L L1

3

i 107 bottom jets
§.§ 102 charm jets
- light jets

1073

Distribution of the
Soca value for the 10
highest-Spca hadron

107 PYTHIA p+p 200 GeV
Jet p_ =20 GeV
AT B R BN B A S P R
-4 -2 0 2 4 6 8 10 12
highest S track

 High-Spca in charm/bottom jets from displaced vertices
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* High-Spca tall in light jets from tails in DCA resolution and 2/=
decays (cannot be removed with two-track mass analysis)



Sub-leading DCA Significance

) 1; | | T | | | TS
0 - :
3 10'L
= = bottom jets
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S j02f .
A = charm jets
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second highest S track
» Asking for a second track with high Spca cuts down on the light

jet background

 Charm and bottom jets retain large-Spca tails



(1/N,,)(dN/dS)
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B-jet ID in p+p

cut at some
value Spca

n
L I LI I T W 1 I LI I LI I LI I L
n

only accept
: these |ets

||||||||||||||||||||||

T2 456 810 12 14
i highest S track

Calculate efficiency
for light, charm and
bottom jets

Calculate purity of b-
jets after cuts as
P=No/(No+ Nc+ N)

Vary Spca cut value
to trade oft
b-jet efficiency vs.
b-jet purity



b-jet purity

b-jet Performance in p+p

LIS e =S S R L JLLELEL B LR IR R
: PYTHIA p+p 200 Gev +=+ Purity ~ 0.5 s
. Jet p_=20 GeV 1 achievable at
107 E reasonable
- - efficiency!
10° E
E — one track cut E
108 — two track cut -« Purity <1 0-3
- — three track cut 1 before any cuts!
S e -
001 02 03 04 05 06 07 08 09 1

b-jet efficiency
P vs. E curves for requiring 1, 2 or 3 tracks with Spca
above some minimum value



Heavy lon Backgrounds

> L S B I L I LI UL LR IR I~

csz. E __________ PYTHIA p+p 200 GeV ;

."q'_'j‘ C T . .:}.:::“ Jet pT =20 GeV |

Q 1 0-1 - AR —

how does the 5 -
- Two track cut -

performance 1025 —— p. »05Gev, prp D, ]
d e p en d on  — p, >0.5 GeV, Au+Au b=4 fm "t'.‘.’ .

. | — p_>0.5GeV, Au+Au b=8 fm N | i
environment | e p>1 GV, pip )
mu/tID/ICItV,? 10 E ------- p.>1GeV, Au+Au b=4 fm S §
- e A :
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b-jet efficiency

* Pvs. E after embedding into HIJING b=4 and b=8 fm events
= ultimately, large MB dataset will allow us to study this in real data
* Requiring only a few or low-pr tracks leads to large UE-susceptibility
= resilient behavior when, for example, requiring two > 1 GeV tracks



Heavy lon Backgrounds

1 region of interest [T T TS

L1 1111l

PYTHIA p+p 200 GeV
Jet p.= 20 GeV

......
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b-jet purity

—_—
Q

how does the
performance 42

Two track cut

p.> 0.5 GeV, p+p

depend on % — p, >0.5GeV, Au+Au b=4 fm ?

.  — p_>0.5GeV, Au+Au b=8 fm i
enVlfOﬂmenf 10_3 | e pT>1 GeV, p+p PR _
mU/t/p/[CIty’? E """"" p.>1 GeV, Au+Au b=4 fm ) E

-

0O 0.1 02 0.3 04 05 06 07 08 09 1

b-jet efficiency

* Pvs. E after embedding into HIJING b=4 and b=8 fm events
= ultimately, large MB dataset will allow us to study this in real data
* Requiring only a few or low-pr tracks leads to large UE-susceptibility
= resilient behavior when, for example, requiring two > 1 GeV tracks



LHC Comparison

1 CMS \/S\y = 2.76 TeV
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0

CMS Pb+Pb b-jet spectrum: =45% Efficiency and =35% Purity
= resulting 15-20% uncertainty in Raa, dominated by b-tagging

uncertainty

= comparable to that achievable with TrackCounting



b-jet purity

Further Development

CMS Preliminary PbPb \s,, =2.76 TeV
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* These results indicate that selecting b-jets with gooad
discrimination is achievable at RHIC

= high efficiency (for good statistics)
= high purity (to control systematics on extracted b-jet fraction)

* Other approaches would be explored in a full experimental
program: soft lepton tagging, secondary vertex reconstruction




Charm Identification

16000
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* The requirement of a secondary vertex allows us to reconstruct D
mesons without particle 1D

= high signal/background ratio for mesons at intermediate z, even in
central Au+Au events!

* Important capability for calculations of modified fragmentation to
heavy flavor hadrons



b-jets at RHIC

2
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Statistical projections for the b-jet Raa and Ropa
* assuming 50% tagging-efficiency



SPHENIX and the LHC

Crucial extension to low pr for jets at sSPHENIX

I IIIIII| I IIIIII| [ I T 1T 1 11
b Jets
<C
<C
a
I | IIIIII| | I IIIIII| | | [ I I
I I IIIIII| I I IIIIII| I I R
B Mesons
<C
<C
a
| IIIIII| | I IIIIII| | | I
10 102 103
pr [GeV /(]

Completion lowest pt with meson reconstructions

Highly complementary to LHC program



Summary

e b-jets at RHIC will provide crucial information on the inner
working of the QGP and explore a different regime than
the LHC

e current projections yield a large, unbiased sample of
heavy flavor jets during two years of SPHENIX data-taking

e D-jets are identified through the selection of charged
tracks with large impact parameter to the primary vertex

e studies show that a high efficiency and purity are
simultaneously achievable

e further improvements will be possible with additional
refinements (e.g. secondary vertexing)



BACKUP SLIDES



Physics Detectors Requirements

EMCal o/E < 20%/VE

c/E < 100%/+E

Full jet reconstruction HCal / /VE sPHENIX
Ay x Ap ~ 0.1 x0.1

uniform within || <1

o/E ~15%/+vE sPHENIX
Direct 7, pr > 10GeV/c EMCal /E~15%/VE
An x A¢ ~ 0.03 x 0.03
VTX 4 layers ' Current PHENIX
Jet-hadron tracking pr < 4GeV/c
Solenoidal field sPHENIX
, Jets as above EMCal and HCal sPHENIX
High-z FFs
Tracking Ap/p ~ 2% Future Option
Jets as above EMCal and HCal sPHENIX
Tagged HF jets DCA capability Current PHENIX VTX Current PHENIX
Tracking Ap/p ~ 2% Future Option
Heavy quarkonia Electron ID
0/E ~15%/+E
EMCal v sPHENIX
An x A¢ ~ 0.03 x 0.03
, e/ rejection Future Option
Separation of Y states Preshower
fine segmentation
Tracking B=2T sPHENIX
Ap/p ~ 2% Future Option
E ~15%/+VE PHENIX
EMCal 7/E = 15%/ VE °
0 An x A¢p ~ 0.03 x 0.03
" to pr = 40GeV/c
27 separation Future Option
Preshower

fine segmentation



Heavy lon Collisions

LHC

QCD Phase Diagram 3 25
Quark-gluon plasma above a few 107> K o
. e )
Reachable by collider facilities S L .f
SR
Critical point being sought S |
qE> - Pion-Proton
= F Gas
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120 . Matter Excess, Yz (MeV)
. —— —
10.0 i ¥
8.0 Lattice QCD Calculations
6.0 3 flavour —— Energy density indicates partonic degrees
2+1 flavour ——— ~
40 | Aot of freedom open at Tc = 170 MeV
20 4 |
- To ~ 170MeV Kirsh, et. al. |deal gas of quarks and gluons at
0.0 : ' ' ' ' ' Lo
10 15 20 25 30 35 40 arbitrarily large T
T/T,

(Data) Strongly-coupled fluid near Tc



Space-Time Evolution

n, K, p, ...
e T [
/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



Tracking Optimization |
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o July 2014  foBevents New
signal only o501 Confi
250 N.., scaled . | onfig.
200l - Under Eval.
- 0,5=138 MeV 2005, = 98 + 3.0 MeV } Sept. 2014
150 — Z
= 150
100— : _ -
- AT 100
50— * 1% '.:‘ e B X
©; 75 8 85 9 95 0 1o i1 S0 '
Mass (Gev/c) oy ” A ‘. w. ‘
| O s e e 9 95 10
Mass resolution and expected counts invariant mass (GeV/c®)
(without backgrounds) from sPHENIX
Proposal Revised design improve mass
resolution

Recelved suggestion at physics review | |
to further optimize tracking and evaluate Figure of merit to preserve as we
performance/cost tradeoff further revise the design
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oF - "PYTHIA p+p 200 GeV, 3x10° evts ] >
S 4oL Ml <1, P >20 Gevic J 5
Z = 1 a
= - bottom jets 1 9
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= 107 E

10 | light jets _

10°E E
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Tracking Optimization Il

Sdca =dca/ O'dca
sPHENIX has explored b-jet tagging through
requiring tracks in the jet with
a large 2-D distance of closest approach
(d.c.a) to the primary vertex

Fast simulation using parameterized detector
responses (inc. vertex resolution of 70 um)

3 track 2 track

—
Q

1 track

102

Ml <1, p '> 20 GeVic

PYTHIA p+p 200 GeV, 3x10° evts

10'3 IIIIIIIIIIII |IIII|IIII|IIII|IIII| IIIIIIIIIIII
0 0.1 02 03 04 05 06 0.7 08 09 1

b-jet efficiency

Reasonable efficiency vs purities can be
achieved.

Preserve as design criteria during
follow-up GEANT4 studies



Jet Performance: p+p
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PYTHIA + Geant4, anti-k_R=0.2 R - O . 2 : 65 % / \/E

PYTHIA + Geant4, anti-kT R=0.4 R=O'4' 60%/ \/E
both small constant term

energy resolution
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T,true

these resolutions are substantially better than the requiread
resolution, driven by very good HCal resolution



Jet Performance: A+A

PYTHIA events embedded into central HIJING events

0.4

g 0.35 ; " HIJING + PYTHIA + Geantd, anti-k R=0.2

5 . E ®  HUING + PYTHIA + Geantd, anti-k_R=0.4

g 0 3.: 7 PYTHIA + Geant4, anti-k R=0.2

5 E PYTHIA + Geant4, anti-lg R=0.4 .

ga%;- lines: p+p
0.2} resolution @ UE

015k ' smearing

01312;; 4, | 7/ GeVforR=0.4
A 2000008 05088855005.500 31
: BRRAAAASTA T 35GeVforR=0.2
0.05
u | | . - l | )
25 30 35 40 45 50 55




SPHENIX evolution

SPHENIX+ fsPHENIX

—,1‘

~2021-22

SPHENIX evolution
into an EIC detector




p A i~ - -
*‘&" b - L O S
= RS Vel R

energy (GeV)
62 - 510
(p,d,Hed)+(AlLAu) 200
Cu+Cu 22 - 200
Cu+Au 200
Au+Au /7 -200
U+U 193

energy (GeV)
7000-8000
5020

2760




Event Geometry Controls

spectators .~~~ _ Impact parameter studied via
e \/“ —_—

B ‘_ AR St centrality selection

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

98 % . ¥ 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 SC

Includes statistical fluctuations A I

e 0

Number of Participating Nucleons, Npart > .

~ system size 5:

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




SPHENIX in GEANT4

Inner HCal

% % WS

R ERRERA
5

A ) A\
‘R EEREAY
A

\

silicon tracking
EMCal (SPACAL) granularity inn x @

HCal (both) = 0.1 x 0.1
EMCal = 0.024 x 0.024



Flavor Dependence
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Quark and Gluons have very different fragmentation functions

0.2
i PYTHIA + Geant4

0.15|-
U

0.1 iig iQQ*iiii f }
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i . L bog
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|« quark jets
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p"tM(GeV)

SPHENIX calorimetric measurement gives the
same energy scale and resolution.

Critical for extracting longitudinal redistribution of energy.



SPHENIX evolution

= SPHENIX

Evolve sPHENIX (pp and HI detector) to an
EIC Detector (ep and eA detector):

» To utilize e and p (A) beams at eRHIC
with e-energy up to 15 GeV and p(A)-
energy up to 250 GeV (100 GeV/n)

> e, p, He® polarized

» Stage-1 luminosity ~1033 cm2s- (~1fb-"
/month)




SPHENIX transforms into an EIC detector

BU|It around the BaBar Magnet and sPHENIX Calorimetry

_.-—1<.

S b e

* BaBar magnet has extra coil density near the ends — with proper flux
return shaping, provides good analyzing power at very forward angles
* SPHENIX EMCal meets EIC detector specifications
* sSPHENIX HCal doubles as requires flux return



BNL Proposed 10-year Plan

2014

2015-16

2017

2018-19

2020

2021-22

2023-24

15 GeV Au+Au
200 GeV Au+Au

p+p at 200 GeV

p+Au, d+Au, He+Au at
200 GeV

High statistics Au+Au

No Run

5.20 GeV Au+Au (BES-2)

No Run

Long 200 GeV Au+Au with
upgraded detectors
p+p, p/d+Au at 200 GeV

No Runs

Heavy flavor flow, energy loss,
thermalization, etc.
Quarkonium studies

QCD critical point search

Extract n/s(T) + constrain initial
quantum fluctuations

More heavy flavor studies
Sphaleron tests

Transverse spin physics

Search for QCD critical point and onset
of deconfinement

Jet, di-jet, y-jet probes of parton
transport and energy loss mechanism
Color screening for different quarkonia

Electron lenses
56 MHz SRF
STAR HFT
STAR MTD

PHENIX MPC-EX
Coherent e-cooling test

Low energy e-cooling
upgrade

STAR ITPC upgrade
Partial commissioning of
sPHENIX (in 2019)

Complete sPHENIX
installation
STAR forward upgrades

sPHENIX

Transition to eRHIC



