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The sclence case
for SPHENIX ~</PH-“ENIX

An Upgrade Proposal from the PHENIX Collaboration
November 19, 2014
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What is the temperature

dependence of the T
QGP?

What are the inner
workings of the QGP?

)\probe

” How does the QGP evolve
Qhar 4 aong with the parton
shower”?

“‘Push” and “Probe” the QGP along three axes
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What are the inner
workings of the QGP?

Elastic
+
Radiative

Elastic
Only
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Dijet asymmetry
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NLO pQCD, p+p
NLO pQCD, gmed=1 .8, wmin=3 GeV

NLOpQCD, g _=2.0,w =5 GeV
NLOpQCD,g_ =2.2,w =10 GeV

0.5
A

\s=200 GeV central Au+Au R=0.6
E;>50 GeV, E_>10 GeV

w,..=0 GeV

—— NLO pQCD, p+p
..... NLO pQCD, gmed=1 8

-.-..NLOpPQCD,g__=2.0
NLO pQCD, g _ =2.2

.. hep-ph/1105.2566

.
NS
NG

11 1 1 I | I | I 11 1 | I 11 1 | I 1 1 1 I 1 dnamle I.j.J - l-J- ) el -l-ﬂ N N .

0 0.1 0.2 0.3 0.4 %5

J

Ed(R)/E(1)

0.4

E((R)/E(1)

0.4

1.0

0.8

0.6

0.2

0.0

1.0

0.8

0.6

0.2

0.0

What are fast partons in the medium
scattering from?

Jet shape

Vacuum Lead
Vacuum Sub
Lead alpha=0.3
Sub alpha = 0.3
Lead alpha=0.35
Sub alpha=0.35

Lead alpha=0.4

' LeadCut: 20 Sub alpha = 0.4
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How does the QGP evolve
along with the parton

Scale [1/fm]

(plots from B. Mueller, RHIC/AGS
Users Meeting "11 talk)

“RHIC” scenario
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pt = 30 GeV
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| Jet Virtuality Evolution
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RHIC QGP Medium Influence
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In some pictures, parton splitting
s modified only when the
medium-induced contribution to
the virtuality dominates the total.

) Jets spend more time in
""""" this regime at RHIC than
the LHC




TR N '
~<PH--ENIX Detector design

Quter HCal

Solenoid i

Inner HCal

EMCal

Reference d@Slg n Silicon tracker
In|<1, Ad=2m



Reference d@Slg n Silicon tracker

/3*5 ?,/

““PHENIX Detector design

Quter HCal

Solenoid i

Inner HCal

EMCal

In|<1, Ad=2m
BaBar magnet, 1.5 T

reconfigured pixel + new
large area strip detector to
measure charged particles

EMCal to measure photons & <7 S L
electrons

Inner+Outer HCal to measure jets oo



HCal pretotype beam tests

Test beam
@ Fermilab
Feb. 2014

“tilted plate”
HCal
prototype
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The BaBar magnet is en route!

16 January 2015, SLAC

Www.symmetrymagazine.org/article/january-2015/20-ton-magnet-heads-to-new-york
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Trigger efficiency

e
B — (— —— 7 N n
ok =+ Jet triggering
e |
61— G4 Simulation —
06: —— PYTHIA p+p 200 Gev] * Large PHENIX'DAQ rate can record
04l B o jets, ENGal only 0805, 5 10 GeV | (almost) all Au+Au data minimum
E :*: o g jets, EMCal only 0.8x0.8, > 10 GeV E bias
02:_:. :t: + q jets, EMCaI+HCaI0.8><0.8,>10GeV_: ° Trlggerlng needed |n p+p runnlng to
ofi T gEsEMeacaosog ey | sample the equivalent NN luminosity
5 10 15 20 25 30 35
: Jet E_ (GeV)
51045"'|"'|"'|" 3
. *g - —— EMCal+HCal, 0.4x0.4 .
. e p ~ —— EMCal+HCal, 0.6x0.6 i
* Wide-area EMCal+HCal “jet S o — EmcaiHcal 0.8.08 -
? tri L R N e E
patch” triggers > & -
102

* 100% efticiency tor low-pr jets

with no flavor dependence

* Rejection factors for MB p+p
events are sufficiently high

11

10

G4 Simulation, PYTHIA p+p 200 GeV
R (N T TR TR NN SR ST SR N ST S S S
4 6 8 10

Minimum ZE_. requirement (GeV)

o



. ylem]

Charged hadron capability

80F
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40F

20—
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—-1=0.0107 + 0.000267 p,

Py
resolution

OO

N
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6 8 ”10| '12' '14' '16' '18' '20”'22
pT(GeV/c)

Reconfigured silicon tracking configuration

track efficiency

performance benchmarked with full GEANT4-

based simulations

one physics-driven target: ¥ mass resolution
< 100 MeV/c? (see Jin Huang's talk)

robust behavior even in high-multiplicity
environments (HIJING Au+Au)

1?../MW©W+T+T ‘
| efficiency

Reco'd pT<3.00

P R aat Shie S
J o
purity




Photon-jet observables

3.5
] =g _=20(2) Rad.+Col.
30 - e n+p NLO
| th eOry s1’2=2ozbc::\f o
2.5 4 . >7/8 n R=0.
| calculation G e ra30 Gov
N
E 2.0 -
b -
= A A
2 10 op-ply
- 1 1207.5177
0.5 - = |
0.0—- :;
-0.5 T T T I '
0.0 0.5 1.0 1.5 2.0
ZJY

» Steeply falling cross-section at RHIC results :
in narrower initial zy, = £/ Er¥ distribution ™%,

e and a larger modification than at the
LHC

o Purity for jets on the away-side of a triggef

photon is high

* Detector effects in z, distribution can be
corrected to a high degree 13

~ 1.6 Leading Photon p_> 20 GeV/c
= 1af Ady=olde AR, Je

— - 4 Full G4 Simulation

8 12 7 PYTHIA + HIJING Au+Au @ b=4fm

=R=0.2 =R=0.3
R=04 =R=0.5
=R =0.6

1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
20 30 40 50 0
Away-Side Jet ET [GeV?

E, > 20 GeV, Eiet >10 GeV, anti-kT R=0.3

————— Truth: PYTHIA (vacuum case)

Truth: PYQUEN (Au+Au 10% central case)
—J—— Unfold: PYTHIA (vacuum case)

——— Unfold: PYQUEN (Au+Au 10% central case)




Process Fraction

Sub

Selecting gluon jets

Photons are an excellent way to select

Can we experimentally tag gluon jets?

a quark-enhanced jet sample

In a given kinematic regime,

| anear-side quark jet is

preferentially accompanied

0 95_ NLO pQCD p+p 200 GeV
0.8 %_ ° Quark-Quark
- e  Quark-Gluon
0.7—
- e  Gluon-Gluon —_—
0.6:_ —
. ‘ &
0.5—
0.4 P’
0.3 J
0.20-
0.1
0:||||||||||||||||||||||||||||||||||||||||||||

by an away-side gluon |et

0 10 20 30 40 50 60 70 80

Jet Transverse Energy [GeV]

90
14



Selecting gluon jets

Leading Jet (R=0.2) E_> 30 GeV
Away-Side Anti- ets S

Full G4 Simulation

_II

PYTHIA + HIUING Au+Au @ b=4fm |

=R =0.2

=R=0.3

- R=04 =R=0.5
020 =R=0.6
0__I 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1
10 20 30

40 50 50
Away-Side Jet ET [GeV?

Leading Track p.> 20 GeV/c
Away-Side Anti-k_Jets

Full G4 Simulation .
PYTHIA + HIJUING Au+AU @ b=4fm

=R=0.2 =R=0.3
R=04 =R=05
=R =0.6
1 I 1 1 1 1 I 1 1 1 1 I 1 1 :I 1 I 1 1 1 1 I 1 1 1
10 20 30

T a0 50 50
. Away-Side Jet ET [GeV?

 We can select quark jets a high-pr nérrow-Rjet or track

* the purity for away-side jets is high down to low pr and large R

 sSPHENIX can explore the modification of jets in a flavor-
dependent way




Extending the kinematic reach

—— with rejection 1 Purity of hard-scattered

......... without rejection

purity
[

jets (vs. background
fluctuations) in inclusive
spectrum

Application of ATLAS-

- \ S 1 style “fake jet rejection”
0.4 B R=0.3 & R=0.4 f R=0.5 ¥ N requwement
- ¢$ \“\\ » \"s —]
02— —| * relies on presence of
E e e Au+Au @ 200 GeV, 0 - 10% - , _
- ;““4”‘.N\‘q\m‘e‘e‘%\;\\\\m"“ Ef;ack-iet >7, glrack o 3, goluster § g h I g h _pT traC k_J et’ traC k
SHHT T T |
oLLL 11 | v v v v b v b by Or C | u Ste r
10 15 20 25 30 35 40 £ 45
T

Such technigues certainly bias the surviving population of low-py jets

* however, this can be exploited to perform “event shape engineering”
16



b-jet physics In HI collisions

5|0 40 60 80 100
hep ph/ 1 306 0909 CUJET RHIC (AuAu) CUJET LHC (PbPb) '
1.2 9y 05T T0.5 0.51 T 105
B gm ._20 B |
'r i D
1 1 1 B 1
. 0.4 0.4 041, D C To04
. | ] é . - §
m( 04 | b-jet R=07 — :;0 3 B"0.3 20.3' 103
I .— bijetR=04 - & e x
0.2~ Radiative E-loss — bjetR=02 — D
O B . I . I . I . I . I ] 0.2+D Y 10.2 0.2 +0.2
1 I 1 I 1 I 1 I 1 I i
1_ g™ =20 - b / hep_ph/
— Central Pb+Pb collisions, LHC s'°=2.76 TeV | 0.1t 0.1 0.1, 1402.2956 +o1
Q9 _ I I . . .
306 | 0 10 20 30 40 50 0 20 40 60 80 100
< m_-2m pr (GeV) pr (GeV) 4
< b b | .
o = - Radiative E-loss and
0.2~ collisional parton shower energy dissipation
1+ The quenching of heavy quark jets may differ in a
50

number of ways from light quarks / gluons:

e suppression of radiation at small angles

~
o
o
+
e}
©
o

100 150 200

p; [GeV]

Ratio of Raa with/without
collisional E-loss

250 300

I:{AA

different sensitivity to radiative vs. collisional
energy loss

e Important dimension for a full picture of the physicé!

17



T

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

-t
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D-|et production rates

RHIC luminosity projections

for sPHENIX:

e nominal 22 week run

e Au+Au events within the

E Hard Processes pQCD @ 200 GeV

_ FONLL pQCD - M. Cacciari

= =——t— Charm Quark (R, =1.0)

= oo Charm Hadrons (RAA=0.2)

- wwnnn Charm — Electron (RAA=0.2)

%‘Z:-.,%‘ ——e— Beauty Quark (R, =1.0)

é*; ‘z,‘ o Beauty Hadrons (RAA=0.5)

= ’z: ‘.::% ........ i Beauty — Electron (R, =0.5)
EI T > ////’r/, L1 !

0 10 20 30 40 50

Transverse Momentum (GeV/c)

18

vertex z-range needed to
perform b-tagging

e 0.1 trillion (10+11)
minimum bias Au+Au

y-axis doesn't
go low enough to
show the pr reach!



Nuclear Modification Factor

5 5 CMS Preliminary pr L 35 nb Pbe L 150 Mb
. T T T T | T T |

B oPb Luminosity Unc. - et R, , (0-100%), Ii<2
E pPb Reference Unc.

b-jet R"YTH'A 2.4<n <1.6

1.5

0.5

T 11 | T 1 | T T 1 | T 11 | T T
O
O

nucl ex/1312 4198—

o 100 200 300 7400
b- Jetp [GeV/c]

In sSPHENIX, we have explored the

“Track Counting” algorithm

b-jet tagging

Experimental selection of an enriched
sample of bottom quark initiated jets

Cottage industry at the LHC, new to HI

..CMS b-jet Raa, via reconstructing

large-mass displaced vertices

. . %
« requires one or more tracks with a o
non-zero PV impact parameter .. A

* must balance hlgh rejec’[ion of ||ght A y
jets with high efficiency for b-jets i

Decay Length

/
7 .”
- 7 Q‘
. /7 .0‘
Pt 74
L. s
. 7 ‘0
7.
4
’0
Track

19 Impact Primary Vertex

Parameter



Distance of closest approach
(DCA) reconstruction

e 2-d (transverse) distance of closest approach reconstruction
IS the major driver of this b-jet tagging method

e GEANT4-based simulations of the DCA resolution within the
reference tracking configuration

p.= 0.5-1.0 GeV/c p,= 1.0-2.0 GeV/c p.> 2.0 GeV/c E [ )
0=76.3um : 0=48.8um : 0=31.9um 70:_
103 A n 60:— o .
| T DCA resolution
[ S B ° . .
= improves with pr
% 40— °
?:: 30— ...o.
- B ..‘.o °
20— * .........'00.00'00.0
01 005 0 005 0.1 01 005 0 005 0.1 10:—
.' DCA (c DCA (cm) DCA (cm) -
! Note: large-DCA tails will be present even  gids bbb

~...-for hadrons born at the primary vertex P (GeVIO) 20



Reconstructed DCA of hadrons in |ets

* Generate py = 20 GeV truth jets from light, charm and bottom quarks

e smear the DCA of their tracks according to the G4 simulation results

* sort all tracks in jet cone by their significance Spca = DCA [ Opca

1EI | LI | LI | T T T | T T T | LI | LI | T T T | T T T | LI

0 =
Q —
3 F
s 10 1 = bottom jets =
3'2 102 f_ charm jets f
- - light jets
103 =
104 =
Ah E
107 PYTHIA p+p 200 GeV E
Jet p_ =20 GeV .
1 0'6 L | | | | | | | | | | | | | I-I- | | | | | | | | | | | | | | | | | | | | | |
4 2 0 2 4 6 8 10 12 14

highest S track

High-DCA in charm/bottom
jets from displaced vertices

High-DCA talil in light jets from tails
in DCA resolution + 2/= decays

= PYTHIA p+p 200 GeV

bottom jets

charm jets

1

o | T

light jets
Jet p.= 20 GeV
1 1 | 1 1 1 1 | 1 1

4 2 0 2 4 6 8 10 12 14

second highest S track

Asking for a high DCA in
>1 track cuts down on the
light jet background

21



D-|et performance N p+p

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

Purity of b-jets after
Track Counting cut

b-jet purity

—h
Q

(note: purity <103
before any cuts)

P vs. E curves for —— one track cut
requiring 1,20r3 108 — two track cut
tracks with Spca above —— three track cut

Tal T T T T T T T N e e
SOMe mlmmumvalue O 01 02 0.3 04 05 06 07 08 09 1

b-jet efficiency

Curves are generated by
varying the minimum Spca
that those tracks must have

Efficiency for real b-jet to
pass the Track Counting cut

22



b-jet purity

—

—
Q

102

—i
<
V)

Incoporating more realistic effects

Frrroyprrrr T T T T T T T T | T T T | LI | LI | LI | T T I:
- PYTHIA p+p 200 GeV -
- Jet p.= 20 GeV -
E Two track cut E
| — p.>0.5GeV, €=100% i
| — pT>1 GeV, €=100% |
- —— p_>0.5GeV, €=70% E
Z—pT>1GeV 6—70/ |

IIIIIIII | Ll | Ll 1l Ll 1l | Ll 1 1 Ll | Ll | Ll | Ll
0

01 0.2 0.3 04 0.5 06 07 08 09

b-jet efficiency

Ditferent assumptions of
the tracking etfticiency
and minimum por

—

b-jet purity

1

—h
Q

102

—
Q
w

Or—7171mm

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

-------
LR ~
.........
.....

-
........
~. b’

Two track cut

p.> 0.5 GeV, p+p
p.> 0.5 GeV, Au+Au b=4 fm
p.> 0.5 GeV, Au+Au b=8 fm

p.> 1 GeV, p+p
------- [ >1 GeV, Au+Au b=4 fm

------- P, >1 GeV, Au+Au b=8 fm
IIII|IIII|IIII|IIII|IIII| IIIIIIIIIIIIIIIIIIII

01 02 03 04 05 06 07 08 09 1

b-jet efficiency

Embedding into Au
+Au HIJING events

First indications are positive:
~50% purity with =30-40% efficiency



b-jet R,

1.2

0.8

0.6

0.4

0.2

D-|et projections

statistical uncertainties only

0
(@) .
X |
III|III|III

-

10 weeks p+p

22 weeks Au+Au, 0-20% events
| | | | | | | | | | | | | | | | | | | | | | | | | |

~ 20 35 40
b-jet P, (GeV)

—
01_

25 30

D
&)

Nuclear Modification Factor

CMS Preliminary
25 T T T

1.5

0.5

prL 35nb PbeL 150ub1

B T | T T |
B B oPb Luminosity Unc. - b-jet R (0 100%), l<2 ]
~ [ pPb Reference Unc. =
— b-jet RPYTH'A -2.4<n , <1.6 7
B a i
_ o i
B, - o5 b i
I nucl ex/1312 4198 N
0 00 200 300 4200

Projected statistical reach tor the inclusive b-jet Raa

b-jet P, [GeV/c].

* 0-20% Au+Au events: Raa = 0.6 with 50% b-jet tagging efﬂCieﬂCy:.':

* high b-jet purity needed to keep systematics under control

Compare to CMS prooft of principle b-jet Raa in 0-100% Pb+Pb
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Hard proobe projections
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Hard probe prOJechons

m} 1_2 | | I-JIFJI | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | I_
ﬁ]%‘] PHENIX: sPHENIX: _

1 M. i1 * NN
ﬁ] —=— direct v - directy
0.8/ T~ S —~ b-jet
I 0 i
-3 T —— jet -
06__% o) —V Y + Y Y— —o— hi —_
0.4 } -A—A—A—A—A—A—A—A—A- -A—A—A—A—A—A—A—4—+—+—+—A— —A——:
0.2 -
_.l.|.. | | | 1 T T

O
—h
o
N
o
W
o
N
of
o)
o
o),
o
~
-
Q0
o



Example: Raa vs. @-Wo
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RHIC/LHC COmp\ementarlty
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D+AU physics motivation
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* Projected statistical
reach for Rpau

10 weeks of p+Au
running

* minimum bias p+Au
collisions

e (photons not shown)
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charged hadrons

_sPHENIX projections, | < 1

B inclusive jets 1l
| -A—A—A—A—A—A—A—A—A—A—A—A—A—A—A—A—A—A—A—+—+—+—+—A—A—A—
— 10 weeks p+p T
B 10 weeks p+Au 1l
B bottom jets _
— —V—V—v—Y * y—vy— —
0 20 40 60 80

p_ (GeV/c)



PH ENIX Summary

The sPHENIX detector will crucially expand the range of length
scales and temperatures over which QGP dynamics are known

* We envision a comprehensive and precise program of jet physics
measurements

* which overlap with, and expand on, the kinematic ranges explored
at the LHC

Enormous work in the updated MIE proposal since summer 2014:

e optimization of the tracking configuration, rate and trigger
considerations, b-jet tagging, detailed simulations of jet-correlated
observables, p+Au physics, statistical projections, etc.

nucl-ex/1501.06197
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