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Lecture 5
Future Direction and Open Questions
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* Lecturel
Why do we study relativistic heavy ion collisions?

 Lecture 2
How do we measure jets in heavy ion collisions?

* Lecture 3
Parton energy loss and its parton flavor dependence

« Lecture 4
Modification of jet substructure and medium response

« Lecture5
mm) Open questions and future direction

I
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Open Questions

* Why is the system hydrodynamize so fast? How does the strongly
Interacting medium emerge from an asymptotic free theory?

Start from “un-thermalized” objects and see how they are
hydrodynamized / thermalized in the Quark Soup

« What is the initial transverse fluid velocity and the role of the pre-
hydrodynamization phase? When is QGP formed?

Study hard probes with different formation time
Final a way to “turn off” temporarily the interaction with QGP

» How does the QGP hadronize? ' _—

Study the hadronization of a hard scattered partons
and heavy quarks

« Can we see quasi particles (quarks and gluons) in the Quark Gluon
Plasma ? Can we see medium response?

Shoot colored objects through the QGP
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Current Status

* Why is the system hydrodynamize so fast? How does the strongly
Interacting medium emerge from an asymptotic free theory?

We have a large set of jet and heavy flavor meson measurement:
hints of hydrodynamization / thermalization of the hard probes

« What is the initial transverse fluid velocity and the role of the pre-
hydrodynamization phase? When is QGP formed?

We could study TOP or boosted W or Z to turn off the jet
quenching temporarily

» How does the QGP hadronize? ' _—

Exciting results from heavy flavor mesons apd Quarkonia which
shows modified hadronization. Modified jet fragmentation function.

« Can we see quasi particles (quarks and gluons) in the Quark Gluon
Plasma ? Can we see medium response?

QGP is smooth with the current probes. Hint of medium response.

* Are we completely wrong?!| Still need to do our homework...
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TOP Production

Increasing pr

Ttop=o.15 fm/C ) q

ww=0.10 fm/c /0 qbar
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Liliana Apolinario (LIP)
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TOP Production
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TOP production in pPb collisions

Reconstructed top mass
pPb (174 nb™, s, = 8.16 TeV)
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Top pair cross section
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Detector Upgrade

 During the HL-LHC period

* RHIC experiments during the next 5-10 years
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ALICE Upgrade

CE?W AL I C E @ LH C Approved and funded
F (data taking from 2021)

Significant upgrade, including AN
— increasing data rate by factor 100
— impact parameter resolution by factor 3 ’

Collision spacing < TPC drift time
— No notion of event during data taking

Continuous data-taking
— 50 kHz Pb-Pb

— Offline reconstruction determines
which track belongs where

— Online reduction 3.4 TB/s - 0.1 GB/s _
— 10 nb = 10™ Pb-Pb events in 2021-29 Icner Tracking System Muon Forward Tracker
Y

Focus on “untriggerable” signals
_ _ _ 99 9 Monolithic active pixel sensors (MAPS)
with tiny signal over background thivined down to 50 wm

\ ITS+MFT+HIT

Fast trigger detectors
4 FIT and AD

Time Projection Chamber
GEM readout

Jan Fiete Grosse-Oetringhaus QM’18
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CMS Upgrade

CE/RW C IVI S @ L H C Approved and funded
F o (data taking from 2026)

i ”» 1 "MS DETECT
. ase |I” upgrade for hi e o 3TN
ota 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overal 15.0m Pixel (100x150 ym) ~16m* ~66M channels
sstrips (80x180 um) ~200m* ~9.6M channels

ium coil carrying ~ 18,0007

. . . . Overall length  :28.7m Micros
Magnetic field  :38T
" SUPERCONDUCTING SOLENOID
Niobium titanium ,000A

» Tracker upgrade 2 e, e
——

~ Inl<25>n| <4 U 4 = ] -

« Calorimeter upgrade R G 7> g,

— Endcap: larger granularity A |/

* Trigger and DAQ —

ELECTROMAGNETIC

CALORIMETER (ECAL

« Triggered data-taking in 2021-29 "
— 6 kHz Pb-Pb to tape )
— 0.2nb'=210° MB events
— 10 nb" triggered events

e Focus on HF jets and Y Silicon tracker Endcap calorimeter

Jan Fiete Grosse-Oetringhaus QM’18

H N
Yen-Jie Lee Jetting through the Quark Soup 12 I I I I I



ATLAS Upgrade

CE/RW ATL AS @ LH C Approved and funded
o (data taking from 2026)

* “Phase II” upgrade for high
luminosity LHC, including

ITK Inner Tracker
- Inl<2.7>|n|<4
* Timing detector HGTD
— 25<|n| <5 25m
* Forward calorimeter: granularity
* Trigger and DAQ

44m

[ T N ¥ —

it

\ LAr hadronic end-cap and
N\ forwand calorimeters

« Triggered data-taking in 2021-29

— 10 nb-' triggered events
« Focus on HF jets and Y ITS Inner Tracker Timing detector HGTD

Jan Fiete Grosse-Oetringhaus QM’18

I
Yen-Jie Lee Jetting through the Quark Soup 13 I I I I I



STAR Upgrade

STAR @ RHIC
(data taking from 2019 and from 2022)
Upgrades for BES-II (2019) upgrade

Approved and funded , ventlane
— Extend TPCto n| <1.5
— TOF to n =-1.6 (one side)

— Event plane detectors = /
(already installed) |- i Event Plane Detector

Forward upgrade (2022) . ‘
-46<n<-25 Proposed + R&D ' | m

Time Projection Chamber

<

4o RN T
e S Lt 320 I

— Tracking (Si & sTGC) EM Calorimeter ] R4 N

— Calorimeters (EMCal + HCal) Hadronic Calorimeter | "f;ﬁsTTéacc'“"é’i

Data taking

— 1.4 kHz rate (including TPC)
— 4 billion Au-Au events / year

Focus on PID, polarized p
beams and forward physics Forward tracking

Jan Fiete Grosse-Oetringhaus QM’18
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SPHENIX Physics at RHIC

Spectra_ " EEE » Jetting through lower temperature
| 1000
o sets| | Dits ] Quark Soup from Gold+Gold
- | collisions at 200 GeV

| phag. | « Direct comparison with LHC data!

3 yHets

SPHENIX detector

: E i Zo%+jetsjl
1% £ : 1 100

: % ] Outer HCal
: {‘ 3 _j Superconducting Magnet

SSssssssEsnnnn AAssassans annns
Teseen Teeew AR AR AR L AR AR Rl

Inner HCal
EMCal

; [] , Vertex and Tracker

RHIC tomorrow—{ 10
LHC tomorrow |

C—1RHIC today

Pf [GeV]
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SPHENIX performance
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Timeline

We are here

2018 20

19 2020 2021

LHC run 2
RHIC run

sPHENIX const.
STAR upgrades

A

y

2022

Upgrades “LHC LS2”
* LHC: collimators + injectors

ALICE: Tracking, DAQ (rate x100)

» ATLAS: Fast

tracker trigger (rate x2)

CMS: pixel detector (rate x2)

* LHCb: VELO, tracker, DAQ (rate x10)

A

y

2023 2024 2025

2026 2027 2028

2029 22030

RHIC run

sPHENIX

* 10" events read out
« Sampled 50 nb-!
STAR

* 10° events read out

Upgrades “LHC LS3”
ATLAS:
Tracker (acc x2)
Timing
CMS:

Tracker (acc x2)
+ Encap Calorimeter
LHCb:

TOF?

Run5 and 6?
HE-LHC(?)
PbPb at 11 TeV
FCC (?)
PbPb at 39 TeV

LHC Run 3 + 4 (numbers for Pb-Pb)
L=6-10% cm?s' ~ 50 kHz rate
* 10 nb! (ALICE, CMS, ATLAS)

Yen-Jie Lee

Modified from Jan Fiete Grosse-Oetringhaus QM’18
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HL-LHC for Heavy lon

HL-LHC for HI;: HL-LHC for HI will start in Run 3!

* Yellow chapter on HI should include Run 3 and Run 4

« Current tentative schedule based on ALICE Upgrade 2012 LOI

We need to come out with good physics plan to motivate HI in Run 5

Pb-Pb Pb-Pb p-Pb
p-Pb!
2010 2011 2012 2013 2014
J[FM[AM I3 TA[S[OINO D [FM[ATM 3 [3TA[S[O]N[| 3 [FTM[AIM[ [ 3 TAJE[O]N]of ITF J[3]AS[O[N[O| 3 [F[M[A[M]3]3TA]S[O]N[D|
[HRER
|
Run 1 RN =
PP % Pb- b Pb-Pb Pb S
Pb p-P - “Acceptance” of I plp -
2015TFL 2016~,TL 2017 2018 2019 p_Pb in LHC 2022 ‘u 2023
[3TFTMTATM] 3 [ TATS[CWID| 3 [FTMTATM3 [ TATS[OW{D| 3 [F MAM] 3 [3 TATS[OIN D] 3 [F M AIM[3 [ 3 JATS[O#E] 3 [F [M[AM] 3[3]A[S JATMI T3 TATS[OTWO| S [FTMTAM [ TATSION] B[ 3 TFMATMI 3 [IJATS[O[N S}
] s
H L (2 152 U ;;H
Epﬂnfﬂdﬂc;w;g;ccr;nica\ stop Pb-Pb p—Pb Pb-Pb
2024 2025 2026 2027 2028 2029 J 2030 2031 2032
J[F[M[AM[I[3TA[S[O[N[D[ JTFM[A[M[1]3]A[S[O J[FM[AIM[ I3 [A[S[OIN[O[ 3 [FTMATMT 3 [3 TAS[OM[D| 3 [FTMTATM[ [3 TAS[O[O| 3 TF M[ATM] 3 [ TA] SJON| 3 [FIMA[M[3 [ TATSIOIN[D| 3 [FTMIAIM[3 [ JA[S[OIN[O 3 [F[M[AJM[ 3 [3]A]
153 |4 '| 154 RUN| B
2033 2034 2035 2036 2037
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HE-LHC — LHC modifications

2 HE-LHC

LHC

NorthArea SPS"';
™ 1.3 TeV, LHCb

1140 1741

SPS

neutrinos

T2\,

CNGS

2006 Gran Sasso

East Area
N st 7| :
n-ToF PS
0 I 7 -
/ neut - -/ e
< o LEIR )
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HE-LHC for Heavy lon

« HE-LHC: With CM energy in the range of ~28 TeV (for pp) and ~11 TeV

(simple minded calculation for PbPDb)

« “Expect to have a HI program”, deliver physics beam from 2050

 Discussion with John Jewett: could try to have first rough estimation of

possible lumi and energy at HE-LHC for kick-off meeting

LHC / HL-LHC Pla (i)

LHC

HL-LHC
| Run3 ‘ Run4-5..
EYETS| R eV 14 TeV
13 TeV — 1O
i idati injector upgrade » 5to7x
splice consolidation Cryo RF P4 cryolimit HL-LHC nominal
7 TeV 8 TeV button collimators P7 11 T dip. coll. interaction : : [uminosity
T R2E project Civil Eng. P1-P5 regions installation
mmmmmmmmmmmmlm@
ATLAS - CMS —
radiation
experiment upgrade phase 1 damage ATLAS - CMS
beam pipes S 2.5 x nominal luminosity upgrade phase 2
1712;1:mal nominal luminosity ______—-y-l ALICE - LHCb P“—'—_—{

luminosity ) I/‘ upgrade
EXd 15016 | 300 " 3000 " JHTE)

Yen-Jie Lee Jetting through the Quark Soup

E——)

HE-LHC

2040-2050

20



Future collider

Future Collider Projects
(2040-50)

* 100 km circumference
— sy = 39 TeV (Pb-Pb) | 63 TeV (p-Pb) | 100 TeV (pp)

dN,./dn 3600
V' 11000 fm?
e (1=11fm/c) 35-40 GeV/im?

* Future Circular Collider @ CERN 5 :
— 35-110 nb-! per month (12-40x LHC)
— Conceptual Design Report by fall 2018

Pb-Pb

P
i
]
o it c >
i l&- s :

A ';m
o T R e 28+
: . zll'll nTlu ?ii‘;”‘!,,
« SPPC in China i an - Taw
. . . W “Eﬁ;]”ﬁ’” }"hﬂﬁnﬂ
— Combined with e*e- machine o A\ —
. . candldétes
— Funding for R&D available (close tc Hong Kong)
CEPC-SPPC: Circular Electron Positron Mangi Ruan, Hard Probes 2016

Collider — Super Proton-Proton Collider

Modified from Jan Fiete Grosse-Oetringhaus QM’18
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Parameters from LHC to FCC

Table 1: Key parameters of LHC, HL-LHC, HE-LHC (tentative), and FCC-hh.

parameter FCC-hh HE-LHC HL-LHC  LHC (pp)
centre-of-mass energy [TeV] 100 25 14 14
injection energy [TeV] 3.3(1.57) 0.45 0.45 0.45
ring circumference [km] 100 26.7 26.7 26.7
arc dipole field [T] 16 16 8.33 8.33
number of IPs 2+2 2+2 2+2 2+2
initial bunch population Nj o [1011] 1.0(0.2) 2.5(0.5) 2.2 1.15
number of bunches per beam 7, 10600 (53000) 2808 (14040) 2748 2808
beam current [A] 0.5 1.29 I.11 0.58
initial (peak) luminosity/IP [103% cm—1s™1] 5-30 5-34 5 (levelled) 1
max. no. of events per bunch crossing 170-1020 (204) 1070 (214) 135 27
stored energy per beam [GJ] 8.4 1.4 0.7 ~0.4
arc synchrotron radiation [W/m/aperture]| 28.4 4.1 0.33 0.17

Yen-Jie Lee
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Summary: Quark Gluon Plasma

S A I I I I I I -
2500 —————T T T 2 [ ¢ daa CMS PbPb |5, =2.76 TeV | 22 .
| @ CMS276TeVPb+Pb 0-5% Emoz_— Pbthﬁt Cent. 0-100%, |y < 2.4 < 3. The StOpplng power
2000[ —*—— PHOBOS 0.2TeV AutAu0-6% ésoofpii';::‘/"’/‘:e Loy = 15005 = — IS very strong
- 000 e, 0%% 1 g s E O(10GeV/fm)
— 1500 4 2 F
= - ] 400f
= L 1 C
© 1000 . 300F
L Lottt aeatety, i 200
500~ V 4 ., . c
C * '-... E 1oo:
R R
n Mass(u*l) [GeV/c?]
- 4. It flows like
1. >10x denser than 2. 1 Trillion Degree!!! -
: - - perfect fluid!
the proton or nuclei = 1 million million
1,000,000,000,000 °C : :
( ) Signal in pPb
collisions?
0°C 10°C >100°C

Ice Water Steam Quark Gluon Plasma
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Jetting through the Quark Soup

Particle Multiplicity Azimuthal Anisotropy
« Collision impact parameter « Early hydrodynamization <1 fm/c
« Energy density * Shear viscosity

’ « [nitial-state geometry fluctuation

"

4 |

Colorless Probes Jet Substructure and Hadrons
« Initial state tagging « Jet medium interaction

« Parton distributions  Medium gluon density, structure

«  Number of hard scatterings « Medium scattering power, mean free

path, temperature ...
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Backup slides
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