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i The Direction

Jet 0, pt: 205.1 GeV.

The 2015
LONG RANGE PLAN
for NUCLEAR SCIENCE

¢

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.
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Mir LHC Phase-1 Upgrades

Expanded calorimetry
Continuos readout TPC
MAPS-based inner tracker
Improved data acquisition rate (full PbPb lumi)

Improved trigger system
New/extended inner tracker

n.b. more extensive phase-Il upgrades for

ATLAS/CMS for LHC Run IV, 2026-2030
Gunther Roland Future Directions of Jet Physics 6 INT 17-1b



Mir Future LHC Jet Capabilities

e 2015 HI run brought ~ 0.5/nb PbPb, 30/pb pp @ 5 TeV
 max PbPb collision rate > 15kHz
« pp stat ~ 1.5xPbPb in 1/5 of data taking time

* In Run 3, 4 expect ~1.5-3/nb per run per experiment;
10-20/nb total

* ATLAS, CMS should be able to take pp reference in
1/6 of PbPb running time; ALICE?

2010-2011 HL-LHC
2.76 TeV 160 yb~! | 5.5 TeV 10 nb !
Jet pr reach (GeV/c) ~ 300 ~ 1000
Dijet (pr1 > 120 GeV/c) 50k ~ 10M
b-jet (pr > 120 GeV/c) ~ 500\\ ~ 140k
Isolated 7 (p > 60 GeV/c) ~ 1.5k ~ 300k
Isolated  (p2 > 120 GeV/c) - N ~10k
W (p% > 50 GeV/c) ~ 350 S~ 70k
Z (p% > 50 GeV/c) ~ 35 ~ 7k

 In addition: larger acceptance, better tracking efficiency,
better vertex resolution, “infinite” DAQ/Trigger for Run 4




ir ...meanwhile at RHIC

Also On The First Day 8

e Dr. T. Hallman stated U.S. DOE Nuclear Physics
“Is committed to building sPHENIX”

o SPHENIX provides ||| { [ [ / ~
full jet and HF T N
gapability ,\I/:\'ip-s R ﬁ\' uSec:Ieno?d
in order to: | R ,l. Magnet
» Probe the #% - Inner HCal
sQGP with |
the hlgheSt > EEI\/ICal
resolution

possible at RHI
» Perform vital comparisons to same probes at LHC

M. Connors: Design, status and schedule of
the sPHENIX experiment at RHIC

Bill Zajc on last day of QM’17

Gunther Roland Future Directions of Jet Physics 8 INT 17-1b



llliir “State-of-the-Art Jet Detector at RHIC”

=
|

’ﬂ

Tracker i( ~ Calorimeter
| ﬂ 1.4T Solenoid

. Upgrade of PHENIX that
combines concepts from

ALICE phase-1 upgrade
and ATLAS/CMS

Full disclosure: GR is sSPHENIX co-spokesperson
(w/ D. Morrison, BNL) since Jan 2016

Gunther Roland Future Directions of Jet Physics 9 INT 17-1b



llliir “State-of-the-Art Jet Detector at RHIC”

| “‘ | ..".\. &= P
g 4 “.l ‘

?‘ Gunther Home  Find Friends

1.4T Solenoid

-n
. pgrade of PHENIX that
ombines concepts from

LICE phase-1 upgrade
1d ATLAS/CMS

sPHENIX
Experiment

@sPHENIX.Experiment
Home

Posts

Photos . AN e — S e :
About closure: GR is sSPHENIX co-spokesperson

Likes Morrison, BNL) since Jan 2016
Featured For You Science & Engineering in Upton, New York

Get in touch with sPHENIX Experiment Save sPHEN - 10 INT 17-1 b

X Search for posts on this Page




Mir sPHENIX Subdetectors

f‘u‘ i kb oty

Tracker Calorimeier stack

OUTER HCAL

INNER HCAL

Continuous readout TPC Tungsten/scintillaﬁnﬁ fi‘ber EMCal
Si strip intermediate tracker Steel/plastic scintillator HCAL
3-layer MAPS p vertex SIPM readout

15kHz+ readout in Au+Au to match expected collision rate in |z| < 10cm

Gunther Roland Future Directions of Jet Physics 11 INT 17-1b



The Next Decade

RHIC / LHC Timeline

1 Month lon Running
11/2015, 11/2016, 6/2018

1 Month lon Running

11/2020, 11/2021, 12/2022

v : .'-
7o P
i

End of The 2015
LHC Long Shutdown 1 Long Shutdown 2 LONG RANGE PLAN
7/18-12/19 for NUCLEAR SCIENCE
2015 2020 >2025 o G
L L @ @
Stochastic e-Cooling LS2 SPHENIX
Chiral Magnetic Installation
Effect Confirmation Shutdown 2021 Electron-lon Collider
/ Install LEReC (Notional BNL Plan)
RHIC 30122017 2019-2020 2022-2025 SsPHENIX Schedule
Heavy Flavor Beam Energy Precision jets y
Probes of QGP Scan Il and quarkonia o . SEpH2016
Origin of Proton CD-1 review Nov 2017
Spin Construction Phase Jul 2018

U.S. DEPARTMENT OF Ofﬁce Of

EN ERGY Science

RHIC User Meeting

Installation complete Apr 2021
Ready for Beam Jan 2022

June 8, 2016

pelvininnicim v rcinte;

rULUIE B EEE UIIS U SEL FiryoIrtoS

Data taking - 2025+




Mir The Next Decade

RHIC / LHC Timeline EACHING FOR

TPC Charge Issue Jiation Issue
Year Species Energy Physics Weeks Max dNch/deta / second Max d dNch/deta run d Evts w/ zcut d Evts w/o zcut Straight MB

2023 Au+Au 200 23.5 2.8E+07 8.1E+13 9.5E+10 3.5E+11 9.5E+10

2024 p+p
p+Au

9.5E+10

N — Developing 5 year sPHENIX runplan
== 500b events in |zvtx| < 10cm (~100/nb)

2027 Au+Au 200 23.5 4.2E+07 1.6E+14 2.2E+11 7.5E+11 9.5E+10

Integrated Charge over Run —> 5.6E+14

LONG RANGE PLAN
for NUCLEAR SCIENCE

(““. s o ’
—— _ - o w
Stochastic e-Cooling  LS2 - SPHENIX g

N | N | 0| | ot | | | ot | ot | | ot | ot | ot
m}a\ww»—-owmwmmnwwwo‘om“m“‘““‘["“"—‘

Chiral Magnetic Installation
Effect Confirmation Shutdown 2021 Electron-lon Collider
/ Install LEReC (Notional BNL Plan)
RHIC 30122017 2019-2020 2022-2025 SsPHENIX Schedule
Heavy Flavor Beam Energy Precision jets y
Probes of QGP Scan I and quarkonia o . SEpH2016
Origin of Proton CD-1 review Nov 2017
Spin Construction Phase Jul 2018
Installation complete Apr 2021
EN ERGY gg'gsczf RHIC User Meeting June 9, 2016 | Ready fo.r Beam Jan 2022
e ———— T T T T TS Data taking - 2025+




RHIC and LHC complementarity

HAAASA/#77 RHIC Today [ RHIC Tomorrow HAAAAAAZ, L HC Today [N LHC Tomorrow

RAA

X+Jet

VHH144444444444444444////// 3 Hadrons
/1111179777

A D Mesons
SIS 1

W B Mesons

/
A - e

T b Jets
V77777 Dijets (P:.,)
777777 Piets (Pr)

Ensemble-based
measurements
and x+hadron

correlations
add low p+ reach

77/ y+Jets (pyY)
7%+ Jets (p+%)

— Double b-Tag (pr 1)
I

Gunther Roland

10 102 103
pr [GeV/c]

this was based on 100b events for SPHENIX

o updated projections for 5 year run plan undervvaT\/
Future Directions of Jet Physics 14 INT 17-1b
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< N T T T T LI B I T T T T LI l T T |_
<<
® [ ATLAS Preliminary n ’
L ATLAS Proiminary . CH— -
~ W Z,0-10% (ATLAS-CONF-2017-010) ]
- + prompt J/y, 0-80% (ATLAS-CONF-2016-109) " -
0.8 "
- @ jet, 0-10% (ATLAS-CONF-2017-009) p—n *H* ___________ _—
" ¢ h?, 0-5% (ATLAS-CONF-2017-012) I _
0.6 + ; LI § 1
: | v. ¢ :
0.4 gﬂ‘im% =1
N “ ﬂ i
B M _]l—l’ 4
0.2 I m .I—
- Carerai Pb+Pb 5.02 TeV, 0.49 nb™
N | pp 5.02TeV, 25 pb’! i
0 1 1 Ll 1l L L ) L 1 I 1 Ll 1
: 10 10°
p_or m, [GeV]
JE T theory collaborat/on 2013
7 — —
‘wes MARTINIL | — McGill-AMY]
6 —E HT-BW ¢ - GLV- CUJET_~
w#s HT-M ]
5
T4
<
3¢
2 | a
1 :‘ANlTaf(DI Au+Au at RI-IICllb E
AN e Pb+Pb at LHC, |
—— <
iR N BT PR TS SR R AN SR S ST S (NS S S S |
0
0 0.1 0.2 0.3 0.4 0.5
Gunther T (GeV)

1.6

1.4

1.2

27.4 pb™ (5.02 TeV pp) + 404 ub™ (5.02 TeV Pbe)

ll]llll]llll]

‘1]llllll

—
-
-
—

_III

[[e ] cMs5.02 Tev ALICE 2.76 TeV
O CMS276TeV v ATLAS2.76TeV

T T llllll] I IIIIIII

o

Taa @nd lumi. uncertainty

.
—
-—
llll

Illlllllllllll'|l

1 1 llllll] ] |

Future Directions of Jet Physics

10
P, (GeV)

JET or its Nachfolgeorganisation needs
to follow up with systematic study -
what have we learned since 20137
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Mir Jet quenching in small systems

27.4 pb™ (pp) + 35 nb™" (pPb) + 404 ub™ (PbPb) 5.02 TeV 27.4 pb™' (5.02 TeV pp) + 404 ub™ (5.02 TeV PbPb)
IIIIII T T IIIIIII T T lllllll Ll T LI T T III'III T T I'll'l[ L] T—

1.6
[T T, uncertainty CMS ' 1'4:_CMS ’ =
5 . ) i - [*] cMs 5.02Tev ]
E’; 1 5_h1CMI <1 [ pp lumi. uncertainty 1‘2:_ o CMS 2.76 TeV _'
S I i
(3 B <
3‘.§ 1_" """"""" o 08f
E T 0.6
o -
'S 0.5 - 0.4f
z | X :
n i 0.2~ -
| 0-100% CMS-HIN-15-015 - 70-90% .
0 Ll 1 Ll 1 ..1....I2 L G": — ...,..110 —— l...l1.62
1 p1To(GeV) 10 p, (GeV)
No suppression in min bias pPb Large suppression in peripheral
PbPb
G E(d) 140 <NGF< 180
0.15f .. e 1 Hint of finite/large vz, vs at high(-ish)
of & ® Lezseet o7 in “central” pPb from ATLAS
[ o o ]
2 . R
0.05:-:00004S <|’> ? g - - n=2 . .
; @8#” | + | | & n=3 Should be possible to resolve with
e { =-n=5 2015 PbPb and 2016 8TeV pPb
N ST R

a
p> [GeV] Future Directions of Jet Physics 18 INT 17-1b



N HF Spectra at LHC

27.4 pb™' (5.02 TeV pp) + 530 ub™ (5.02 TeV PbPb)
4 6: CMS m |D°lyl<1.0

"I Preliminary * charged hadrons lyl <1.0
o = |B'lyl<24

1.4 nonprompt JAp (2.76 TeV)

+ 16<lyl<24

*x lyl<24

1.2F Tas and lumi.
[ uncertainty

Centrality 0-100%
1 1 | T I | II 1 1

0_111 1 1 1111111

10 10?
P, (GeV/c)

o B+~ Future: 0.5/nb = 10/nb+; 13+ experiments;
better resolution, efficiency; more decay channels

e Expect errors comparable to h*'-today

e Extension to low pr (~0 for DO

Gunther Roland Future Directions of Jet Physics 19
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N HF Spectra in sSPHENIX

l .2 T I T l T I T l T J | 1
i ® sPHENIX proj. 0-20% Au+Au 200 GeV, 50% b-jet eff. ¢ — B-meson
- - . . -»- D’ from B
(*]
- R g ~o- D-meson
Q 1”2 >
o 08 LHC s'*=2.76 TeV — :
) Pb+Pb 0-100% o
e T : R=03.Jn<2.. o
> - lo
% 04 — 5 L
02 i b-quark-jet, 120% uncertainty in QGP transport coef. _ e ®e ® 9000 0@ O
- — Light jet, large transport coefficient
- w CMS, PRL 113, 132301 (2014) 9 Au + Au @ 200 GeV, 100B MB
0 1 1 1 1 L | 1 1 L 0 - A A -
0 20 40 60 80 100 - 4 6 8 10
Transverse momentum [GeV/c] Transverse Momentum P, (GeV/c)
b-tagged jets Displaced D° mesons as handle B
(much smaller contribution from gluon Meson suppression

splitting than at LHC)

Connect with and extend LHC b measurements

Gunther Roland Future Directions of Jet Physics 20 INT 17-1b






Mir QGP Tomography

TOMOGRAPHY

: a method of producing a three-dimensional image of the internal structures of
a solid object by the observation and recording of the differences in the effects
on the passage of waves of energy impinging on those structures

Trigger with surface bias
(e.g. single high pt hadron)

Use pr, centrality, pathlength, /s dependence, trigger
biases, flavor tags,... to isolate different processes in time,
coordinate and momentum space




Mir Jet+X correlations

CMS 2017 Z+Jet Jet'had rOn

\Syy = 5.02 TeV PbPb 404 ub™, pp 27.4 pb”’ ALICE 2016
1ETTI*!*lvlflT’T‘T’f[flvlvlvlvlflfﬁ’rlflvlﬁﬁj g 1.8 :' T "A‘L'I'(':E HELEL DL B B B LA [rerrpreT 'f
CMS # PbPb, 0-30 % _ £ 161 0-10%Po-Pb (5= 276 Tev =
0sl- O Smeared pp  ° oo -~ Anti-k; charged, R = 0.4 ]
ot %] pZ >60 GeV/c _Qs— 1.45— ZI.L'—I'.-2A0¢53 06TT 89 —E
anti-lITjetR=0.3 | % § 120 120,50} - TT{8,} E
RS p¥'>30 GeVic | P B T -
Z |3 + Ml <16 - o 2 |
~|2 0.4] A9, > gﬂ ] —= g + + i
: ] < oo =4 1
02 + ] 0.41 £ e ALICE data =
i 0'2:_ & Shape uncertainty E
] $ # ] - | 8 : | 1 [_]Correlated uncertain’lty :
11111111111111111111 [N INAT A AN SR AT AT ATST AT A AR AT

T T T T P Fre FoTE ST % 10 20 30 40 50 60 70 80 90 100
0 02 04 06 08 1 | 1.2 14 16 18 2 Pih.et(GeV/C)

Xz =P 1P} :
Shift of final state jet Change in vield of jets recoiling
momentum relative to initial against high pr hadrons at given pr
parton () momentum (geometry bias)

(no geometry bias)
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Energy loss distribution

1 VS =5. 02 TeV g, >TX PbPb 404 ub™', pp 25.8 pb’”’
-IIIII IIIIIIII I IIIIIIIIIIIIIIII |IIII_lIIIIII|lllilI||lllllllllllllllllllllll:
105! CM,S. E|Pbe ES 30 - 100% 1
17 0 Preliminary [©]pp (smeared) _7 8 _
g 0-30% ¥ ]
0.95¢° antik, JotR=03F | @ E
A 09 - ¢ pJ‘"t >30 GeVic + E
- E o |nJet|<1 6 1 o 3
) ~ i -
y 085 : ' + 5
08f . P é ]
075F + E
07F i |
065F / ¥ E
06-““]“.:||“||||||||||||||||||||||||||'1||||||||||||1|||||||1|||||||||||||||1|:
40 50 60 70 80 90 100 110 50 60 70 80 90 100 110 120
p”T (GeV/c) pYT (GeV/c)
<Xjg>: average energy loss
Energy loss [MeV cm?/g]
12 14 1.6 1.8 2.0 2.2 24 10
108
o e B
L 100 | M (A)/M () 106 &
> =
E =
g
g \ /—Landau -Vavilov 404 :'-s
= s0 L Lo — Bichsel (Bethe-Fano theory)
' 02
0 1 0-0
04 0.6 0.7 0.8 09 1.0

Gunther Roland

Electronic energy loss A [MeV]

1 m T fslol2 l1-lelvll TTIT17T l TI117T l LI l TITT I IAI? l >II7FITI I LU l TrrT llp?lplb[ I4IOI4I §1|b;1|’ lplpl |2|5;8I lplblql
09F - cms 4 E
: t Preliminary o ¥ ]
08 - [=]Poro i ? E
0.7 :—El o + 3:— * =
o6k pp (smeared) E3 E
. r (o] 1 o b
05 3 + :
E (o} T o 1
0.4 ¢ 0-30%F N 30 - 100% 1
03F P8 antik, Jet R=03 § © E
E pJet >30GeVic § ® 3
0.2;"0 InJez|<16 F =
0.1F E3 E
o :I L1l l Ll I L1l I Ll I L1l l L1l I Ll L I Ll l: IIIII I L1l l L1l | L1l [ Ll Ll ] L1l I Ll Ll I L1l I:

40 50 60 70 80 90 100 110 50 60 70 80 90 100 110 12C

p’T (GeV/c)

Rig: tail of energy loss
distribution

pfr (GeV/c)

What is the energy loss distribution

for partons in QGP?

IS there a difference between

Future Directions of Jet Physics

models/approximations”?
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N My go-to slide on Medium response (pre-QM’17)

Mir Energy flow and medium response
_ ,_Ma, Wang PRL 2011 svy o Neufeld, Vitey PRC 2012
§ — mm’cm (@) [ :.,-—r--:ﬂl.ml-uﬂl-l . "", E.:=l‘.0=..7.l=§lh| .
:fiék ‘:‘:;.)‘-gum \, \

0.5

1<p™ <2Gevic

NPESTAE Y § SIS S SR SEEN 1.

1 2 3 4 5
A3 (rad)

; Do we have a medium, if there’s no medium response? }

Experimental and theoretical challenges:

« Strength and angular structure of medium response unknown

+ Jets are correlated with the complex e-by-e flow fields
through quenching

* How to distinguish medium-response from modified jet
branching?

Fundamentally simpler for photon-jet events!

Gunther Roland Hard Probes of the Hot Medium 60 QM'15 Student Day
—
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i Surprising development at QM’17

Jet fragmentation function Jet shapes
s= ] s = effect in the right direction,
* [ . } ] but clearly not enough
\ _ A i N1 e
} —§—§—
what physics is m
increasing #soh particles increasing #wide particles ™ | Jet-induced medium excitation in Y'hadron correlation
e

canceliation between two effects but overaey

quenching

Wei Chen
Collaborators: Yayun He, Horst Stoecker ,Longgang Pang ,Tan Luo

R ! —— . ! el Enke Wang, Xin-Nian Wang

N v i - o i /(_‘\ Institute OF Particle Physics - Central China Normal University
/ » h / ]

February 7, 2017

Charged jet mass

R B T O

Medium excitation | wake | jet-correlated medium
== a bit of the medium becomes part of the jet
-> Causing excess of soft particles at large angle

They all mean
the same?

hal University)  Jet-isduced medium excitation in y-hadron coerelation

Medium
102 . T . T
(a) Leading Jet 276 TeV.R=03
P> 120 GeVie ®  PbPH(CMS, 0-30 %)
10 PES50GeVe  —— PDPb (Shower+Hydro)-

dorp> 56 == PbPD (Showen)
- PbPb (Hydro)
100 L

Theorists discover
i cetation " medium res ponse in

Quenched parton shower

Vacuum parton shower ‘ Old ” data

p(r)

101 |

2
10 g7 17 GeV¥/fm
o= 10 GeVie

. p¥is05Geve CoLBT-Hydro model Medium response needed
10- 1 1 1L 1 M
Tachibeda et. a2 04 06 0.8 1 to explain large angle
achibana et. a
arXiv:1701.07951. Wed. 6.4 | measurements
Marta Verweij Quark Matter 2017 11

s s
D —————
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"lit  Medium response or modified jets?

Balanced by low p; particles

In-cone energy difference
(leading - subleading jet)
%

at large angles

———
. . L . . PbPb /s, =2.7&TeV 150 ub" ]
A, inclusive Subleading jet shape anti-k; R=0.3, t|<1.6 0-30 % CMS Preliinary

pp5.3pb'(2.76 TeV)  PbPb 166 ub™' (2.76 TeV) p, > 120 GeV,p_>50 GeV, Ao, > 5n/6
PbPb cent. 50-100% PbPb cent. 0-30%

pp reference
o CMS

p(Ar)

10" nl.In,1<0.50, A >0.22
3 I, I<2.4, 40, >5n/6 .
102 3 p, >120, p,,>50 GeV/ic
...I...I...I......:. 1 | I | 1 PR I T A T AN T T WO T NN SO S
2 04,06 08 3 e
0 O 0 Ar06 0.8 65 : PEPb-pp _
[ 05<p™< 1 Gev g 5 —— PbPb/pp 2 L, |
[ J1<p™<2Gev i 43_ 3 Lol Q_,:‘:#d:‘
[ 2<pi< 3 cev s g 0
<pe % 3._ »
[ ] 3_pr¢ 4 GeV == 1 s %x\% & S GeVio):
B < <p7<sGev 3 2 ™ AR A '
B - 5 Gev I SRS S S5 s SIS A o xS [H05-10
SIRX Total pl> 0.5 GeV : | | | | g | | | | %; .g-zg
0-4.
I, l< 24 02~ 04, 06 08 02" 04, 06 08 Bio.50 ]
Bl 5.0-3000 |
1 1 1 1 ] 1 1 1 1 [ 1 1 1 1 I 1 1 1 1
Jet shapes, missing pt show energy flow o o5 1 15 2

out to large angles
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"lit  Medium response or modified jets?

How to distinguish jet-stuff from medium-stuff, if there’s
no distinct angular structure of medium response?

YJ Lee: Look for medium response in HF-jet correlations

D/B-jet and D/B-photon correlation

A, inclusive Leading jet shape antik, R=03,n |<16

pp53pb'(276 TeV)  PbPb 166 pub "' (2.76 TeV) p, > 120 GeV, p'”:> 50 GeV, Ao, > 5r/6
5 pp reference PbPb cent. 50-100% PbPb cent. 0-30%
=0l CMs
D/B 1
10"
10?
2 N N N
0 0.2 0A4Ar0.6 08 g — i
B o5 <0< 1Gev s 5 - _+_
T — PLB 730 (2014) 243
1<p™<2Gev i 3 ( ) E +
I 2<p™<3Gev <
B <o)< 4 Gev &3 3 p‘**
Wt 5 2 g ¥
B > cev Y SN 5. ..._+.hw,.: ....................
=R Taa p:‘>osav L ' L L 1 L 1 L
m_ l<24 02 04, 06 08 02 04,06 08
- Ar Ar

Propose to study D/B-jet and D/B-photon correlation at RHIC and LHC

D meson and B meson as a tool to study the fate of the intermediate p; HF partons
Relatively less likely to come from medium response, mass scale >> medium scale
Jet and photon as a proxy to the initial parton direction

~

2 Yen-Ji MIT HI Physics in the 2020's @ MIT 19 Ill'-
é ‘en-Jie Lee (MIT) ysics in the s@ " INT 17-1b
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N Energy flow differences at RHIC vs LHC
RHIC (STAR) LHC (ALICE, ATLAS, CMS)

Anti-kr R=0.4, pr,1>20 GeV & p12>10 GeV with prevt>2 GeV/e
0.22 - 4

.'§ 00:;_ o :Z‘r;faﬁ:‘x’/\umsmmched Jets balanced When g \{ _2 76 Tev O 100/0 4
Wass + + mmmmeesie | iNClUAING PT > 0.2GEV Z Iq ATLAS |
w 0.14;— :+: Aquuo-zo% < A; D Pb+Pb L
. z° | $L =1.7ub"]
008 Af’reliminary : 2 -
0.06;_ Lead(p252 GeV)>20 GeV:$: == - N
" gscamnoe Energy balance found m
0021~ T T =w=_.__a_ . . i
TN O F B B S Y-Sk OUtSIde Of Jet cone 1
1Al > :
15; Run 11 AutAu {5,,=200 GeV, 60 b - mm“mm :
1»4;7 0-10% Central Collisions E unfolding uncertainty 00 O 2 0 4 06 0 8 1

[ 7. uncertainty

12 B Uncertainties added linearly A
TE pe>02Gevic R—0.2 J

1

[ Antik, R=02

Py >7.0Gevic
085

I Aoy >0.09sr e
= T ————— \ T T
06— - 2r
oaE- it ] 5 | ATLAS Pb+Pb \'s,, = 2.76 TeV
E 7 s7AR Preliminary St d i T 15} 0-10 % Centrality J L d b
02 - I’Ohg radius t=7u

o s e s s dependence of jet RAA
pc"9ed (GeV/c) <

Charged jets T jet
<
T 16: Run 11 AusAu |5,,5200 GeV, 60 b
; 14 0-10% Central Collisions
% E Antik, R=04
12} .
$ T weaewe  R=0u4 Weak radius ol | | |
2 1% e g P 1F ‘ ‘ ‘
< b [aat e 3 .
£ O aea - dependence of jet RAA | so<p <secev —
0.6} — AuAuPyth > ’
t - :xhing oﬂ“uﬂzm-m!y L | | |
04; - [ unfolding uncertainty Y
- STAR Preliminary ™ [ T, uncertainty 1 T T T
0.2 - Uncertainties added linearly 38 < P, < 44 GeV
[ A.A... - —/
% 5 10 15 20 25 30 35 0.8 g
Pre . (Gevic) ol | | |
R=0.2 R=03 R=04 R=05
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Mir Jets as Multi-Scale Probe

Final state jet Parton shower
0.4
§,03 :
o vt
% '\1‘ 4 Ll‘
a7 0.2F ' |
m \ ]/
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Jets as Multi-Scale Probe

Snapshot of angular and

Final state jet Parton shower momentum structure

0.4

Jet
pT

o

w

Particle /
T

2p
o
&

of intra-jet parton cascade

Kurkela, Wiedemann,
arXiv:1407.0293

Blocked
by t

¥ Tlorm

Late DGLAP

DGLAP

Medium cascade
of vacuum induced
s, Quanta

Momentum scales: Log(p)
- —

Gunther Roland

W LN A
: Vacuum cascade " | g,

: of medium induced
- quanta

At different scales, evolution is
dominated by different mechanisms:

* vacuum evolution _—"Detailed understanding of jet modifications on

Angular scales: Log(0)

* (jet-constituent)-medium scattering

« in-medium cascade all scales may allow to isolate interactions with

Future Directi “QGP quasiparticles”



U New Direction: Jet Substructure
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Use clustering + jet grooming techniques to map structure of final state
to evolution of parton shower (e.g., “splitting function”)

Does medium resolve early parton shower evolution?
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Mir Splitting function in AA

n.b. zg ratios not corrected; smearing effect on ratio is small
systematic uncertainty includes scale uncertainty for constituent pr sum

18CMs 5= 502TeV F ' antikR04F ' SoftDropp=0z =017
16:— Preliminary pp 25.8 pb™' +F In J<1.3 ¥ AR,,>0.1 3
“E PbPb 404 ub" ¥ : 3
1.4 Centrality: 0-10% E3 E
Q 1.2F + + 3
L moldl - i ]
o) ------ B === - - - +;‘; """"""" +--- -~ -------- =
% 08:— ++ i o i __ _
o “E I -+ I ]
0.4F o ¥ 3
0.2E 140<pTJ <160 GeV F 160<p_ <180 GeV k3 180<pw<200 GeV 3
- Je -+ el ¥ . ]
r\: 1 1 1 1 |::...I....I....I....l....I::...I....I....I....I....I:
188 T 1 T L T IR BLRL L B LRI IF LI B ILILALE EULLILE LI
1.6f p S £ |
raf i
o - _'_ i
g 1-21; -+ __.__ == : —% __¢_':%’-+ +—<%++
. T T I R """""—%)-—- B T R e e B B
n_ L
5 od Fhtp: - T 4+
0.6f + + 3
0.4 + ¥ 3
0.2F 200<p”el<250 GeV =+ 250<pT )el<300 GeV + 300<p1_jel<500 GeV 3
: I JPP IPEPETE PR PEPETE PEETEP & SPEPET PEEET IPEP A BT I &

1 | 1 1 - e
0 01 02 03 04 05 0.1 02 03 04 05 01 02 03 04 05
Zg Zg Zg

“Splitting function” is modified
for “lower” pr jets at LHC...

QGP resolves earliest
hard splitting
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Mir Splitting function in AA
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QGP resolves earliest
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hard splitting... ..0r not:
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i Zy and Formation Time

— RHIC vs LHC

Vacuum formation time of gluons with certain energy
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STAR and CMS are probing very different formation times. No overlap

Marta Verweij Quark Matter 2017 25

Close the gap with lower pt jets at LHC and
higher pr jets at RHIC (—sPHENIX)
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Uil Jet Structure at HL-LHC and FCC

Apolindrio, Milhano, Salam, Salgado :: FCC Yellow Report :: several conference talks :: paper with LHC study soon

Simple guestion

Can we more directly measure the space-time development

of the medium with jet observables? - including late times

Switch-off the cascade _ _

1 j“’"}lﬂf Boosted tops — see talk by Liliana

a possibility

‘ Main limitation: very rare - high statistics needed (HL-LHC & FCC studied here)
’ Hard Probes - September 2016 Boosted tops in HIC 2

Boost (time dilation) allows to control when/
where in plasma top/W decay products appear
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Mir Summary

* Goal: QGP microscopy using jets

« Large harvest of new results from Run 2 at LHC and RHIC
upgrades

« Light hadron and HF Raa
« Jet tomography with h, Z, y tags
* Re-interpretation of correlation data as medium response
* Studies of jet substructure
* Old questions remain; new ones arise
* Expect huge experimental progress at LHC + RHIC in 2020’s

* much more complete control over initial/propagating hard
scattered object(s)

» Critical issue is capability of theory to exploit new
experimental information



