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Ax = 1fm
Ap = 200MeV

Big picture: Experiment

2015 US NP LRP

“Perfect Liquid”

AdS/CFT low viscosity goo /

What is the scale-dependent
microscopic structure of QGP?

What is its quasi-particle nature
at intermediate scales?

| LONG RANGE PLAN
i for NUCLEAR SCIENCE
| R e AX « 1fm
— - Ap >> 1GeV
.’o .* Cad
« i i ing it ro¢_ . | .
Probe the inner workings of QGP by resolving its - Free quarks + gluons

properties at shorter and shorter length scales. The
complementarity of [RHIC and the LHC] is essential to
this goal, as is a state-of-the-art jet detector at RHIC,
called sSPHENIX.” Leonardo da Vinci

pQCD kinetic plasma

late 15th century



Jet observables in our toolKit (in order of appearance) /M

JETILAPE

from Yi Chen

Leading Hadron Full jet Constituent Substructure

27.4 pb’' (5.02 TeV pp) + 404 ub™' (5.02 TeV PbPb)
2_[ IIIIlI T TTTTT T T IIIII T T
- CMS
1.8}
1.6F

1.4F

O ALICE (0-5%)
1.2 7 ATLAS (0-5%)
§ 1: 5 CMS (0-5%) ]
g il




Jet physics with jets M

JETILAPE

from Yi Chen

Full jet



C CMS Experiment at LHC, CERN

N, | Data recorded: Sun Nov 14 19:31:39 2010 CEST
Run/Event: 151076 / 1328520
) Lumi section: 249

Jet 0, pt: 205.1 GeV

Jet 1, pt: 70.0 GeV




From parton shower to jet

AN

Parton
shower

Jet: construct reflecting momentum and angular structure of
a parton shower, as well as initial parton flavor/charge

Nature + experiment

Experiment + theory/models

JETILAPE




From parton shower 1o jet

AN

How is parton shower modified in QGP?

How are modifications related to
properties of QGP?

How are modifications/properties related
to nature of QGP?

JETILAPE



From parton shower to jet M

JETILAPE

How is parton shower modified in QGP?

How are modifications related to
properties of QGP?

How are modifications/properties related ——
to nature of QGP? How are modifications of parton

shower reflected in jet?

Nature + experiment

Experiment + theory/models



From parton shower to jet: What is a jet” M

Cacciari, Salam, Soyez, JHEP 0804 (2008) 063 JEVSCEAPE

Same pp collision event

anti-k,, R=1 |

2008: Fastjet revolution
“anti-kt” became algorithm of choicee:

from Gavin Salam e conceptually simple
e theoretically sound
Need to define algorithm (e.g., anti-k) * infrared safe
and parameters (i.e., “radius” R) e collinear safe

e computationally efficient & robust
¢ part of Fastjet package 0



What is a jet in a heavy-ion collision? NS

JETILAPE

Need to “subtract” UE to Jet

determine jet energy, but also to
examine jet substructure /

Underlying event (UE)

™~

n.b., CMS jet energy correction corrects to E(jet + UEpp) 10



What is a jet in a heavy-ion collision?

AN

Jet

/

UE

UE subtraction non-
trivial for low pr jets
and/or large R

0.03

0.025

0.02

0.015

1/N dN/dp [GeV™ ]

0.01

0.005

0

UE energy/area

I

I

T T T T T T |
RHIC ——
LHC ——

-

Hydjet v1.6
lyl<1, 0-10% central
Ky, Rp=0.5, 2 excl.

X R2

—

0

50 100 150 200 250 300 350 400 450
p [GeV]

- Statistical UE subtraction

Correct jet pr for {p)

Unfold distributions for o

1/N dN/do [GeV™]

0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

JETSLCAPE
UE fluctuations

Cacciari, Rojo, Salam, Soyez (2010)

I I I I | |
RHIC ——
LHC — T
Hydjet v1.6 |

lyl<1, 0-10% central

ki, Ry=0.5, 2 excl.

o [GeV]

Constituent based corrections for substructure measurements
Individual jets: irreducible smearing of jet-by-jet structure

11



What is a jet in a heavy-ion collision? NS

JETILAPE

— - =

« Operational definition of jets assumes separability of jet and UE

- Trivially true for high pileup pp collisions (source of many of our technigques)
 HI challenge:

- Nature gives us jets in medium, but we measure jets on top of medium

12



How much energy do jets lose in QGP? Mt

JETILAPE

“Energy loss” out-of-cone

13




CMS Experiment at LHC, CERN
Data recorded: Mon Dec 7 06:42:40 2015 CET

Run/Event: 263410 / 4195409
Lumi section: 106

Cleanest “energy loss” probe: Z+jet

Muon 1,

pt = 32.66
eta=-0.435
phi = 1.958

Muon O,
pt = 145.58
eta = 0.076

phi = -3.027

Jet 0,
et=101.90
eta =-0.350
phi =-0.063




Vs =5.02 TeV pp 27.4 pb™

eMS  mzeseea | Z(Y) + j€t COrrelations
L PF:Lt119(2017)222301 i (y) J M
LN B y+jet, Smeared pp ] AETSLERAPE
i - PLB 785 (2018) 14 i
0.8— ; _ 7
Z'>q‘>< i +D-g F p‘T'>6(\)/C;eZ\}/Z: |
© IO o6 © O antik, jetR=0.3
-z i : + pe'>30 GeVic o . .
T *;fl" 167« Observe shift in Z(y)-jet pr ratio from pp to PbPb
L : >g" o
02- 2 - 1+ Shift in jet energy by 10-15%
OZErEJ} """"""""" ||‘B|&Bg:

. CMS :: 1@ Z+jet, 0-30 % il
- PRL 119 (2017) 082301 -
0.8/~ 6 y+jet, 0-10 % 7

: PLB 785 (2018) 14 .

L Lo o

1 s 06F %3 ho V=27

Z | X | pY>60 GeV/c |
No] T
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Vs =5.02 TeV pp 27.4 pb™

1.2’_1\ T [ 1T I L I L | T 1T | LI | T T | LI ] 1T T IT_

- CMS ® Z+jet, Smeared pp .

L PRL 119 (2017) 082301 -
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i PLB 785 (2018) 14 i
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. CMS ® Z+jet, 0-30 % i

- : PRL 119 (2017) 082301 -

08~ 6 y+jet, 0-10 % 7

- PLB 785 (2018) 14 .

% _é i p‘T’>60 GeV/ic |

r anti-k; jet R=0.3 ~

—|=" o4 ot -

i p'T >30 GeV/c |

: M <16 -

[ Z -

0.2 1] Ay, > gt |

. : <_ 'ﬂ!'E+_ A

ol e

0 02 04 06 08 1 12 14 16 18 2

Z(y) + jet correlations

AN

Observe shift in Z(y)-jet pr ratio from pp to PbPb

Shift in jet energy by 10-15%
- Broadly consistent with ALICE h+jet correlations

12

10

[GeV/c]
(o)) (0]

T,jet
N

-Ap_
N

JETILAPE

RHIC STAR \HC ALICEi

—_< e R=02 +Au 200 Ge Pb+Pb276 TeV

- +R=04

— * R=0.5 *x

— PYTHIA-6 STAR tune pp reference

:_ PYTHIA-8 p|':> reference + :

- o

- oe ¢ § .

[ b g

N . *

[ * : - .

__pi :10-20 GeV/c pe" :10-20 GeVic :: p::e‘:15-25 GeVl/c 5 P, < ;10-20 GeV/c :60-100 GeVic

— HP2020 ; arXiv:2006.00582 IPRC 96 (2017) 024905I JHEP09 (2015) 170
v Het m+jet Inclusive jet h+jet h+jet




Another old friend:

et R, (ok, Rc-p) M

JETILAPE

ATLAS (2012)

F I I | [ [ [ [ ‘ i I I | [ I L ] ]
9 2l ATLAS Pb+Pb |, =2.76 TeV
T s anti-k, R =0.4 fL dt=7ub"
50 - 60 %
0 el | | 11l ‘ 11| 1| ‘ 11 | | | 11 | 11 I 3
1FT T l TTT ‘ TTrT 1 7T1T [ TTT l 1T l T I TTT I T4
30-40%
(0] I [ 11 | II\ Lo Lol
1! | [ [ [ | ‘ [ I I | [ I I ]
osk — =S S———
10-20 %
ObL 1 | [ | | | [
T [T I [ R L
05 .(_'_' o I — —) T -]
0-10%
(o] I I | | [ |
40 60 80 100 120 140 160 180 200 :
b [GeV] Rp not as bad for jets as for charged hadrons,
T

selection bias for peripheral collisions, but still..

Jet yields in central PbPb suppressed
by ~constant factor of 2
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Pushing towards low pr, large R
O(10GeV) O(100GeV) O(1TeV)

Cu+AU, [5yg, = 200 GV, antik, R = 0.2

Xk
JETILAPE

Pr

0.1

|||II|II| ll[\ll\ |II|I|!|

2r R
8 ATLAS Pb+Pb \'s,, =2.76 TeV
E, ..., O%20% —0r2q-22 « 1.5} anti-k,R=0.4 fL dt=7ub’
865 =Sast w20 o s28m T 35 40
Jet p_(GeVic)
L] S e m ——— e R R
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< i - i =
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o (GeV/c)

Low prjets at LHC

AN

100

JHEP 1203 (2012) 053

- FastJet k, (p:nin =0.15 GeV/c)

- —

0-10%

L
0 20000
— entries

n
o
(=3
(=3
o

il 0-10%

.
ity

entries

L

2500
1 '

| Fit: (-3.3:0.3) GeV/c + (0.0623+0.0002) GeV/c x Ni':;’ut

Pb-Pb \s =2.76 TeV

PR TR T TR T T L
1000 2000

3000

N raw

input

102

10

JETILAPE

Challenge for low pr jets results from large UE
fluctuations

- Can produce “fake” jets
* Loss of control over JES

Limits inclusive jets to pr 2 60GeV
Limits tagged jets (e.g., y + jet) to pt = 25GeV

Remedies:

- Small R (physics compromise)
* Require high pt constituent (bias)

19



Low pr jets at LHC: pr estimation using ML NS

JHEP 1203 (2012) 053 JETSLCRAPE

g FastJet kt (p:nin= 0.15 GeV/c) 3 0.1 E —T T — T T T T T T T E
° L Fit: (-3.320.3) GeV/c + (0.0623+0.0002) GeV/c x Nf::m KR = PYTHIA + Pb-Pb VS_ -5.02 TeV. 0-10% —+— Area Based ) —
== - < 3 NN ! Mean: 2.71 , Width: 13.20 3 : 3 3 ]
€ 200 s 8 cosE-Fulljets, antik;, R=04, |7, |<0.3 —e— Neural Network = The novel background estimator introduced in this pa-
2 oo~ ALICE Performance . Moan: 0.81 , Width: 5.35 3 per follows a different approach. Instead of calculating the
= E_40<p, <120 GeV/c Mean: 0.01 , Width: 5.52 _3 on i
- T. de / +— Linoa: Rograesion E back.ground once for an. event,. the b:ackgrounq cgrrechog is
S UE /b Mean: -0.95 , Width: 5.83-3 applied completely on a jet-by-jet basis. The main idea behind
s E_ 4] 3 i . :
1001 e Z: 3 /1 E this is that the properties of background particles and those
S Pb-Pb {8 =2.76 TeV E “ E belonging to the jet process are very different. While the
0.02 = — . . . . .
A ooiE % e, 3 background is dominated by low-py particles, the jet signal
o i _ 0-10% OTE= A = . . . . .
I 10 oF - ; A Aas IOy g should contain sizable higher momentum contributions. The
- \ -60 -40 -20 0 0 40 60
B e e - GeV/c
% 7000 3000 3000 1 P rec Pr.oa |
Nr

TABLE II. Random forest feature importances. A higher score
corresponds to a higher importance of the feature. pi . is the
transverse momentum of the ith-hardest particles. The four most

- Use ML estimator, trained on PYTHIA + UE, to ““""“a‘“f"'msa“"m‘““"dms"°“fa°e- S
. . ¢ 9 . Feature core Feature core
determine jet energy (vs. “area-based” UE subtraction) ..o e
« Uses a set of jet-by-jet features as input to ANN o s 00007 P 0.003

Jet pr (area-based corr.) 0.7876 PT. const 0.0011

- Significantly improved momentum estimation on LeSub 00004 o 0.0009
(PYTHI A +UE) teSt Sampl e Radial moment 0.0005 DS const 0.0009

Momentum dispersion 0.0007 PT. const 0.0008
Number of constituents 0.0008 P% const 0.0007
Mean of const. pr 0.0585 PY. const 0.0006
Median of const. pr 0.0023 PY const 0.0007
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Low pr jets at LHC: pr estimation using ML NS

4

2

0

6

I T T T [ T T T l T T T I T T T l T T T I T T
ALICE Pb-Pb VSNN =5.02 TeV, 0-10%
Full Jets, anti-k; R = 0.4, |'71ex|< 07-R
ML Estimator Trained on PYTHIA

S iiiiib i

[ e ML-Based

i B Area Based (pT ead > 7 GeV/c)

%
i

ALICE Preliminary -

—Allllllllllllllllllllllll
20 40 60 80 100 120 140

p, ., (GeVic)

T 44 ALICE Pb-Pb 5.02 TeV, 0-10%

Charged jets, anti-kq, |I7]‘el| <09-R

1.2 ML estimator trained on PYTHIA

e R=04
1 |
mm 7 ,, normalization uncertainty
0.8
0.6
0.4 ]
- —3——— o & -
.—.—.
0.2

ALICE Preliminary

%0 40 50 60 70 80 90 100

pT. ch jet (GeV/C)

JETILAPE

- Allows significant extension of pr range, large R =~ 0.6
- n.b., charged jet pt # full jet pt

- Caveats:
- PYTHIA fragmentation barely describes pp; PbPb further
modified (some studies shown, but more work needed)

- How does this work? UE fluctuations are real.

« My interpretation:
« Improvement possible by overweighting core high S/B

region at expense of low S/B periphery

* Reduced sensitivity to UE noise, but also jet modifications
- Different jet definition vs HI definition of “jets on top of UE”
* Need to be very careful when going beyond inclusive jets

* Promising direction, but handle with care!

21



Large R jets at LHC

— < Pp<nm

from Kaya Tatar
pp. Vs = 5.02 TeV
L B B B | I I_

Small: R=0.2

1-6 C LI B | I T T
r Pythia 8.2
141 anti-ky jets
L M <16 ]
*R=0.8 -

A L - o . m
s 14 - e .
AT * o AN
Yo R=0.3 - v

04 o 7 ~
02 — ] V
C | I | I | | 7
%" 100 120 140 160 180 200 lf).
pP"" (GeV/o) @\

Large: R =1

Fraction of energy captured
increases vs R

(n.b., would not matter for Raa

It fragmentation unmodified) Jet clustering provides excess
energy over UE in O(zR?) region




R-dependence: Balance of competing effects NS

JETILAPE

A

Less suppressed than R = 0.2

4
v

More suppressed than R = 0.2

RaaR / Ran02

from Yi Chen 23



R-dependence: Balance of competing effects NS

JETILAPE

Large angle
contribution

>

R

RaaR / Raa0-2

Quenched energy

from Yi Chen 24



R-dependence: Balance of competing effects NS

JETILAPE

Wider jets more suppressed
(energy more spread out,
more resolved source, etc)

—

RaaR / Raa0-2

from Yi Chen 25



R-dependence: Balance of competing effects NS

JETSCAPE
\ J, A
Large R 4
Small R
A
(@)
<
<
o
~ >
But also: different jet populations! m:g R
oC

not every R=0.2 jet is found as R=1 jet
and vice versa

To describe R dependence, models need to
get many aspects of jet modifications ~ right from Yi Chen 2




R-dependence: Balance of competing effects

AN

R=0.2
A/RAA

Ra

CMS Preliminary

PbPb 404 Mb PP 27.4 pb1

| 500 <p*' < 1000 GeV

i antlk In |<2 010%.

-e- CMS

— PYQUEN
PYQUEN w/ wide angle rad!
JEWEL i

— JEWEL w/o recaoill
|

02 04 06 08 1 02 04 06 08 1

Jet R

RaaR / Raa0-2

JETILAPE

Molly Taylor,2Ved.



R-dependence: Balance of competing effects NS

JETICAFE

CMS Preliminary PbPb 404 Mb PP 27.4 pb1 A

- 500 <p <1000 GeV | antlk ln |<2 0-10% |
S 15 + T ; N Large angle
o I T 1 S . .
= | T _' < contribution
D'Z:E i T —PYQUEN ] o
o ' 1 PYQUEN w/ wide angle rad: — >

0.5- 1 JEWEL ] o0 R
I I — JEWEL w/o recoil ] :E
02 04 06 08 1 02 04 06 08 1 s
Jet R Quenched energy

Mild increase of Raa with increasing R

Molly Taylor,2Ved.



R-dependence

AN

CMS Prellm/nary

PbPb 404 ub™, pp 27.4 pb”

0.2

R=
I Rya

R
RAA

500 < p t 1000 GeV

I I I
anti-k, Injetl <2 0-10%

-o- CMS
— Factorization
1 SCET w/o coll. E-loss
[ Li and Vitev
Coherent antenna BDMPS
— HYBRID w/ wake
— HYBRID w/o wake i
HYBRID w/ pos wake 7
— MARTINI T
— PYQUEN
PYQUEN w/ wide angle rad.
JEWEL .
— JEWEL w/o recaoll -
1LBT w/ showers only .
LBT w/ med. response

0.2

0.6 0.8 1 0.2
Jet R

0.4 0.6 0.8 1

Surprisingly challenging for models

What is the value of comparing at single value of R?

JETILAPE
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Meanwhile at RHIC NS

JETSLAPE
12: CU+AU'W 200Gev antlk R 02 : Q 10:""l""l""l""l'"'l""l""l""l""l'::'"'I""I """""" | RERALE LEEA] LN AL EC AR RILEL REREY EALAY RARLE EASAS LA LR 2LE RARE]Y BT
2 e (= s I STAR I i  ch. jets: -
i _:] ﬁ m m mm l':r.zla'l mErEf'-)lzgl m 7] Emé [ Au+Au sy, = 200 GeV R=0.2 1 R=0.3 + po chasgéd\llets 1 R=0.4 = H)::];T::::p]e{s
+ 4 - + [ jet normalizatio + :
1?. J m m + = L Central (0-10%) & ]F ull jets: 1 pos. resp. from wake
030 e - P 11 PR T - - 7 anti-k o SeET full medium resp.
g T h o ¥ i 1 I L
® 0.6 = == -
e . s
04:_—-_—_—'_"_0"_"_"__ .......................................................... = “ﬁ —E ———
- 3 SCET, 40-60% 20-40%
0.2— | 40%-60%: -- g = 2.0 w22 E [ } 10~" :— = + :
- | 0%-20%: —g=20--22 [#/020% ST I L T L B R T T ]
9 A5 20 25 90 35 (Gw4)0 056 15 50 55750 854045 510 1550 55 B0 5E 40 45 510 15 50" 55 50 85 40" 45
et p_(GeVic ch
pT, jet’ pT, jet (GeVic)

- By necessity, RHIC experiments live in “low pt” region

« Control over UE through small R, small systems and/or fragmentation
bias requiring hard jet core or high prt constituent

. pp statistics remain challenge: Rp or R} /4

- Still, recent efforts show results broadly consistent with model
predictions and observations at LHC

- Existence proof, demonstrating possibilities at RHIC
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PYTHIA as reference (somewhat unfair, | know)

AN

It is important to remember that PYTHIA,
when looking at observables or kinematic
regions w/o prior constraints from data, can
and does get things utterly wrong

In particular, it does not describe
fragmentation functions brilliantly in the best of
circumstances, and sometimes this happens

Ll
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_ N
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w S
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JETILAPE

jet = J/y fragmentation functions

CMS

Preliminary

- Data
PYTHIA 8
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OO
B L
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06
Z
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Access QGP structure through jet “Moliere scattering” M

JETILAPE

Moliére Scattering in Quark-Gluon Plasma: Finding
Point-Like Scatterers in a Liquid

Francesco D’'Eramo,*? Krishna Rajagopal, Yi Yin®

A brick of QGP A,p
S -(5.9-
—
L

Z, v, h™, jet
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Broadening of back-to-back distributions

AN

Dljet

_e_ 10 T T T T T T T T T T
3 ® Pb-Pb Data

% Op+p Data

; [JHUING+PYTHIA

~

Need to correct for
uncorrelated/combinatorial
contribution in PbPb

Z+jet
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T I T | T T | L I T ‘ LI | T
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25

e PbPb, 0-30 %
2; o Smeared pp ]

N N -pZ>60GeV/c i

[N

Z < 15 antlkT]etR 0.3

1_|£ - pf'>30GeVic ]
1 |q'e‘|<16 ]
05 . +E
C = ]
0__ ..... — ¥ 9 ............. ‘ .......... * ..................... ]
11 II 11 |I 11 | 11| Il I 1 ‘l ||| |
0 0.5 1 1.5 2 2.5 3
A¢jz
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Golden opportunity for

RHIC

D o[
S107°F
3 [ —— Pb-Pb Sy =5.02TeV (0-10%)
8 L o =0.163 + 0.001 (stat)
g F — pp {s=5.02TeV
3 r o =0.204 £ 0.005 (stat
S r fit:aexp”o.(o+b
10731 charged anti-k; R = 0.4 jet L
F Il <0.9 - R -
[ 40< p;"el <45GeVig=mmmnre LT ..
- L
+ ALICEOpgrade simulation ;f* ".‘
L JEWEL recoil OFF +++¢*' .
-” s * .:
104* |\P..|||r\\||||\\\||||HL$'|’|
0 05 Fread5,, . 2..002:5" 3
Ag (rad)

CERN Yellow Report projections for Runs 3,4

Fig. 31: JEWEL simulation of the angular distribution of charged jet yield in the ALICE acceptance f

40 < p%k:jct < 45 GeV/c and R = 0.4 recoiling from a high-py reference hadron (20 < DT trig < O
GeV/c), for central Pb-Pb collisions at /5 = 5.02 TeV with 10 nb~ ' int. luminosity, and pp collision|
at /s = 5.02 TeV with 6 pb71 int. luminosity. The recoil jet azimuthal angle Ay is defined wit
respect to the reference axis. The observable shown is ®(Ay) which incorporates statistical suppressio

D(AY) (sr™)

of uncorrelated background. Figure from Ref. [1].
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At comparable jet energies:

- much smaller contribution from ISR/FSR at RHIC
smaller smearing from UE fluctuations
Also, access to lower pr jets at RHIC
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-e-Pythia Truth
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R =0.4 Jets
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A brief interlude before moving on to
constituent based jet measurements...

SCHooL FOR
THE GIFTED

( arLarson ',
Late 20th century
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* We have spent the better part of a
decade “entering the precision phase”

* go-to phrase for justifying more running/new
experiments/more theory resources

 Where do we stand?

* Where should we be going?
* (Can we achieve and exploit precision?

PRECISION ERA

of

jQE que_y\ah(,\t‘\s n.b. ’mignoring the distinction between “precision” and “accuracy”,

and am really referring to the latter 36




“Precision era”
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“Precision era”
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low pr

! enhancement

.
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.

Fragmentation function comparison at high z saved by large CMS errors
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Precision era M
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Mass of the Z Boson

Experiment M, [MeV]
ALEPH : . 11893 =31 1. 5 it time for a “HI jet” working group?
: « Understand inter-experiment
L3 | 91189.4 + 3.0 . .
: discrepancies
OPAL ¢ : 91185.3 + 2.9 . . :
: 2 raot = o013 | Provide properly compiled/combined
or = <. .
ep ‘ X 011875 + o1 results to theory community
: ~_ |+ Fit within JETSCAPE structure/
common error : 1.7 .
; extension of STAT WG effort?
T B
91182 91187 91192
M, [MeV]

LEP Electroweak working group
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Jet physics with jets and their constituents NS

JETILAPE

from Yi Chen

Full jet Constituent

40



Missing energy has been found

ATLAS 2010 | PbPb {5,276 TeV 150ub"

< T T T T L 0-30 % CMS Preliminary i
S s=2.76 TeV 0-10%
zZ Io NN ATLAS
= Pb+Pb S0
z° ++ L,=1.7ub" >
Z 2F E (0]
A
et
T ] V220
I’f]1|,h'|2|<0.50, AJ >0.22
O "6z ""04 08~ 038

m,,l<2.4,A¢, ,>51/6 .
P, 1>120. P, 2>50 GeVic
|- ST N R T S T

Jets more unbalanced
in PbPb
Where does “missing”
energy go?

o
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“Missing pr”’ (CMS, 2010):
Energy balanced by low pr tracks out
to very large angles, up to AR > 2
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(Qualitatively) similar observations at RHIC

AN

JETSCAPE
—— A jat -
_ZEI Trigger p, 4.0-5.0 GeV/c | SSO%/THQQQ
ar n%-hadron (20-40%) -
! 200 GeV Au+Au '
frack pr i (2010 & 2011) h
(GeV) [ % PHENIX ]
0.5-1.0—1 preliminary '
1.020 4 |E| |§| — Away-side enhancement of low pr
20-3.0 | BE-EHEC ;
3.0-5.0 T s oy | | ~ ~
- : # -
5.0-7.0 [ T #:;+§¢ N Away-side suppression of high pr
ot 3 £ Ad

Quantitative comparison to LHC
observations awaits model studies
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What is a jet?

AN

JETILAPE

Operational definition of jets in HI based
on separation of observed energy flow into
Hjet” and “UE!!

Data show that fraction (O(10%)) of
parton shower related energy gets lumped
into UE, predominantly in form of low pr
hadrons

Mechanism?

« Medium transport?
- Modified angular structure of shower?
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Y + jet fragmentation functions M

AETISLCRAPE
VS\y = 5.02 TeV p‘Trk >1GeV/c, anti-k_jet R =0.3
T T T IV T T T I T | T T T T T T . i
y-tag (p, = 80-126 GeV, p’:‘ =63-144 GeV) PbPb 404 ub™ pﬂf‘ > 30 GeV/e, || < 1.6
E Data, 5.02 TeV, 0-30% Pb+Pb / pp pp 27.4 pb-1 pjfr > 60 GeVi/c, mYl <1.44, A‘l’jy S _78_7t

[] SCET,

L DL L L L L DL L B L L

Inclusive jets (0" = 80-110 GeV) 'CMS Cent.10-30% | 9 SCET Cent. 0 - 10% |

[5] Data, 2.76 TeV, 0-10% Pb+Pb / pp - Supplementary + CoLBT(';-hy dro -
] sceT, | [® Data 1 Hybrid
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S S

Photon tag changes fragmentation functions wrt inclusive jets:
 onset of “low pt” enhancement shifts to higher z
+ depletion extends to highest z (ignoring the z ~0.5 point)
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Inclusive jet vs y-jet fragmentation functions NS
JETSLCAPE

N f y+jet (pp: mostly q)

« High z enhancement for inclusive jets
« “gluon filtering” with surviving quark
jets showing harder fragmentation?

 Not seen in y+jet

- dominated by g jets also in pp
- Sign of elusive g/g E-loss difference?

PP, V§|= 5.0|2 TeV
e ik

low pr high pr o Prtias el
3 pi{ '> 6300(:(13?9\(;70 wever 3
- Shift in low pTt crossover s, “ swelnoos * ¢ Harder fragmentation for
o er : “"%ng's? * ~ quark jets vs gluons
» Origin of shift in medium response E 2 A
: . ' ——
interpretation? . D
- Surface bias of incl. jets vs y tag? = NI .




Jet charge and g/g ratio

CcMS anti-k; R = 0.4 jets, p‘T‘" >120 GeV, h]lml <1.5 x = 0.5, track p_ > 1 GeV pp 27.4 pb™", PbPb 404 pub ™ (5.02 TeV)
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QK — E quTz

icjet

(PT

Fit with PYTHIA-based templates
does not show expected depletion of
gluon-like jets in central PbPb vs pp

Width of Q distribution (independent
of PYTHIA!) shows minimal change
from pp to peripheral and central PbPb
- compensating effects?
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Jet physics with jet substructure M

JETILAPE

from Yi Chen

Substructure
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Accessing jet substructure M

JETILAPE

Reclustering Grooming
Recluster constituents into Clean up (drop) soft
small radius jets parts of the jet

Typically controlled
through momentum cut
with angular weight:

min(PT,la PT,2) V:
Z, = > Zout?
Pri1tPro
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Why substructure? M

JETILAPE
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Why substructure?

AN

Subjet: proxy for the
hardest shower splitting

Splitting

Subjets may provide window into
evolution of parton shower

JETILAPE
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Why substructure? M

JETILAPE
EMMI RRTF Jet Workshop 2019
o LAAM AALS I"':h'."'I:"'"lLT"TL'.".;'i_'_'l""l"" 30
Subjet: proxy for the - L,

hardest shower splitting

log(Hardest shower splitting kr)
N

Splitting

IlllllllIlIlllIlllllllllllllll]llll

—llIlIlIlIIIllllllllIIIIIlIIIIIIIIIIIIII

- - .
] F.
- r -
N = i -
e e m v bvyaa by m by m s Lo baaaa buas

l 111
05 1 15 2 25 3 35 4 45 5
log(Groomed kr)

|
d\:IIII

Indication that (some) shower
iInformation survives hadronization and
experimental procedure

Subjets may provide window into
evolution of parton shower
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Can medium resolve subjets? M

[Sie = 5.02 TeV, pp 27.4 pb, PbPb 404 b Larkoski, Marzani, Thaler (2015) JETSLRAPE
A LR B EL ELLELELE BRI
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PbPb/pp subjets vs Hg(Rg) and z, M
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Groomed jet m
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JHEP 10 (2018) 161 fu" let
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dN
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AN

PbPb 404 ub' (5.02 TeV), pp 27.4 pb" (5.02 TeV)

- CMS

— Supplementa

. == PbPb Centrality: 0-10% —
|  =A- Smearedpp 140< ijet <160 GeV |

Small modification
at large mass

dN

NdM,/p

jet core

—_ = —
o N b
L L L

N b OO
TTTTTTTT

PbPb 404 ub™ (5.02 TeV), pp 27.4 pb™' (5.02 TeV)

N .
Centrality: 0-10% —

140<p,  <160GeV -

EEF PbPb e
&A= Smearedpp

o
O

No modification seen

Related to modification of jet structure
In large angle range

JETILAPE
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Jet modification in grooming space NS

0.5 F JETILAPE
M,Ipr, 24 = 0.5, B = 1.5
no change
0.4
0.3
Zcut
0.2 7
0.1
M,/pr, 2o = 0.1, f =0
enhancement @ large M

0.1 0.2 0.3 0.4 min(pr.;, Pr)
> Zoud’

z
Rg ¢ pr1+Pro >




Jet modification in grooming space

N\ e,

0.5

JETILAPE

M,/pr, 2y =05, =15
no change

0.4

0.3

Zcut

0.2

Lg> Leur = 0.2, ﬁ =0

no change,

0.1

Mg/pT, 2., =0.1,=0
enhancement @ large M

0.1 0.2 0.3 0.4

<

Zg’ Seut = 01’ :B =0
depletion @ large Zg

_ min(pT,l’ PT,2)

= > Zoud”
# Pri1+Pr2
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Jet modification in grooming space M

0.5 JETSCRAFE
M,/pr, 2y = 0.5, f = 1.5
no change
0.4
03 eg’ Zeut = 0.2, :B =0 Qg, Seut = 0.2, ﬁ =0
Qg enhancement 0, depletion
Zcut
0.2 Zgr Zey = 02, =0
. no change,
0.1

M, /pr, Zee = 0.1, = 0] % 2w =01, f=0
enhancement @ large M depletion @ large z,

0.1 0.2 0.3 0.4

min(pT,l’ PT,2)
Z, = > 7.0’
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Two-step jet clustering

AN
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JETILAPE

Probes a special jet population
of R=1.0 madeupofR=0.2
constituents of >35 GeV each

“Cleaned” jets — soft part
removed

Similar Raa as inclusive R = 0.4

Without the soft part,
Nno Raa increase

Martin Rybar,¥ved.



Grooming multiplicity (nSD)

AN

Repeatedly apply grooming

number of shower splittings

Smaller nsp in PbPb

algorithm on the stronger subjet

In vacuum nsp IS correlated with

Consistent with zg observations
where jets are softened
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Exciting future ahead

A\

JETILAPE

End of LS1 Run 2 LS2 Run 3
?
< >« > < PoPDb* >
2015 2016 2017 2018 2019 2020 2021 2022* 2023 2024 2025
? ? Installation-”
e DOE CD-0 BNL PD-2/3
sPHENIX “Mission need” Start of construction

science approval DOE CD-1/3A

collaboration
Cost, schedule,

advance purchase .

approval Year | Species | Energy [GeV] | Phys. Wks | Rec. Lum. | Samp. Lum. | Samp. Lum. All-Z
Year-1 | Au+Au 200 16.0 7 nb~! 8.7nb ! 34 nb~!
Year-2 | p+p 200 11.5 — 48 pb~! 267 pb~!
Year-2 | p+Au 200 11.5 — 0.33 pb~! 1.46 pb~!

| Year-3 | Au+Au | 200 | 235 | 14nb' | 26nb! | 88 nb~! |
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LHC Phase-1 Upgrades M

JETILAPE

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

Improved trigger system  FESES =
New/extended inner tracker Sgwass- (

Improved trigger system
New/extended inner tracker

n.b. more extensive phase-Il upgrades for
ATLAS/CMS for LHC Run IV, 2026-2030
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SPHENIX detector

Outer HCAL

SC Magnet

Inner HCAL
EMCAL

TPC

INTermediate Tracker

MAPS VerTeX Detector

.

All subdetectors:

* -1.1<n<1.1

« 211in azimuth

« 15kHz readout rate

Qualitative improvement on 2 years of studies at RHIC through
higher statistics ( x10+), full calorimetry and higher precision tracking

Employ proven and cost-effective detector technology

AN

JETILAPE
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Construction proceeding on all subsystems
All oHCAL sectors at BNL

0 i e s

Scintillating tile production
proceeding at Uniplast

iIHCAL instrumentation resolved

W

SAMPA v5 TPC FE chip
successfully produced
and qualified (USP/Lund)

EMCAL “ " , ; . . .
protCotypeSpe)(r:cgcc)iLged , = S = GEM factories starting up

(Temple, VU, WSU)
Block production has T
resumed at UIUC

50% of SiPM o
daughterboards
received

First INTT module | |Fjrst SPHENIX MVTX staves
assembled (NCU) | produced at CERN &




Key approach: Transport coefficients vs T M

JETSCAFE
30_' | | 20 _\‘ | | 5
[ 08y () 4 Bayesian Analysis: Bayes' rule and Posterior
251 ‘\| T:: 3 Posterior o< L(Exp|p, Model) x Prior(p)
20l T o6l | 7 Lo =1 e o =1
@ TR (b) E=3GeV Yo | \ ; _ = “ny s 4 - Szszsoses
o 15F e 1 Soal \ 02 0% e el e B’W - hal e L b SPLIER XMV
d r ‘\WQGP 0 e T S oemimenm B e N RIS Workshop
10 ] - v TS It “ .M L ESZIERCN
L = N ] F ol N ALk
b (a) E=30GeV — 1 L w‘ -
0.|2 o.|3 o!4 o.ls o.le 0 \07.2/0!3 o.|4 ?58 0{6 | ok o /”5\\.. \ » 2 { }5 3 "‘Q
e e L e AT RaLEanaRms
T-dependence of QGP structure, as By
reflected e.g. in transport coefficients Bayesian inference key approach
has been sPHENIX focus since for both HF and jet sector (started
beginning in soft sector)

Data from two energy regimes, RHIC & LHC, essential to constrain T dependence

Many points of contact between sPHENIX and theory/LHC communities
(e.g., LBNL HF workshop, work with Duke group, JETSCAPE collaboration).
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Summary M

* Key goal of Hot QCD: Understand microscopic structure of QGP and the AETSLAFE
emergence of its unique long-wavelength properties

* Toolkit of jet olbservables plays essential role
* Enormous growth in quantity and depth of jet measurements
* Growth comes with some growing pain

* Need careful evaluation of experimental consistency and relation
between different observables

* |t is not always clear whether we can exploit increased breadth/precision
* Pressing problem as Run 3/sPHENIX are approaching
* JETSCAPE should play an essential role at theory/experiment interface

* Much effort required to make connection to QGP microscopic structure
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