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Questions an experimentalist should ask

What do | want to learn?

What am | measuring?

What assumptions am | making?
What are the dominant uncertainties?
How do | compare to models?

The answers for jets are highly non-trivial!
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Probing the Quark Gluon Plasma

Medium

Probe Detector

Want a probe which traveled through the collision
QGP 1s very short-lived (~1-10 fm/c) —
cannot use an external probe
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Probes of the Quark Gluon Plasma

Want a probe which traveled
through the medium

QGP 1s short lived — need a nucleus
probe created in the collision 0
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Probes of the Quark Gluon Plasma

Want a probe which traveled
through the medium

QGP 1s short lived — need a nucleus
probe created in the collision
We expect the medium to be
dense — absorb/modity
probe

nucleus
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Probes of the Quark Gl
®

nucleus
Phys.Rev.Lett. 105 (2010) 252303
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http://prl.aps.org/abstract/PRL/v105/i25/e252303

Probes of the Quark Gluon Plasma
®

nucleus
Phys.Rev.Lett. 105 (2010) 252303
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Nuclear modification factor

* Measure spectra of probe (jets) and compare to those in p+p collisions or
peripheral A+A collisions

 If high-p; probes (jets) are suppressed, this is evidence of jet quenching

14+
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R . d NAA/ded?] —
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Taad?o?? [dprdn - R< 1
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007 7 2 3 r 5 5

Transverse Momentum (GeV/c)
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Nuclear modlflcatlon factor

pPb

D: 1.8}

Rpopo »

1.4}
121

Control—

Probe — %

16L S

N Pb(CMS) Kk y,Pb-Pb s, _276TeV 0-10% (CMS)

=2.76TeV, 0-5%| | & W* Pb-Pb s, =276 TeV, 0-10% (CMS

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

¥ Z° Pb-Pb s, =2.76 TeV, 0-10% (CMS) ]

)

<+— Control

1020 30 40 50 60 70 80 90 100
p. (GeV/c) or mass (GeV/c?)

 Charged hadrons (colored probes) suppressed in Pb—Pb

* Charged hadrons not suppressed in p—Pb at midrapidity

« _Electroweak probes not suppressed in Pb—PDb
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Nuclear modification factor R A

<“"7L PHENIX Au+Au, \s,, =200 GeV, 0-10% most central ‘4 ALICE CMS
2.2 @ direct y (PRL109, 152302) § J/iy 0-20% cent. (PRL98, 232301) -5% 1= Phys. Rev. C 93 (2016) 03491 5% h* EPJC 72 (2012) 1945

r ‘TE PRL101 232301) ‘(D 0-20% cent. (PRCS4 044902) -5% K= Phys. Rev. C 93 (201 5) 03491 10% ¥ P_LB 710 (2012) 256
2- in ( PR082 011902) Jet_ (PRCS4, 044902 -5% p,p Phys. Rev. C 93 (2016) 03491 100% W= Phys. Lett. B 715 (2012) 66
B HF o,
1.81 §0 (PRGBS, 024904)  _§ K'(PRO8S, 064903 Connors, Natrass, Reed Salur
16 #p (PRCBS, 064903 R H I C | Rev. Mod. Phys. 90, 025005 (2018).
1.47
1.2 s l?
1 AT T L S S
0.8 %
0.6/
0.4 I
0.2 - :
B 0 Pb+Pb\j 276TeV
b2 g 8 10 12 14 16 18 20 o |
(GeV/c) 40 50 60 70 80 90 100

p,(GeV/c)
Electromagnetic probes — consistent with no modification — medium
Is transparent to them

Strong probes — significant suppression — medium is opaque to them
- even heavy quarks!
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Factorization theorem

* Assumption: Parton distribution
functions, perturbative cross
section, fragmentation function
factorize

* What people really mean by
“perturbatively calculable”

— D and f are explicitly non-
perturbative!

- D is for parton ¢ — hadron h
Not what is experimentally
measured

* Most theories for jet quenching

modify fragmentation function D d3 o

dyd2p:r

- s
perturbative ¢
’OQJ'—'
\0’0_:!—" A £
S Jet 1
scattering 3 Ty
. W 8 Jet 2
s
\ AN J
' Y

Parton  Hadronization

S er
Image from http:/www.gk-sichtheorien. physik uni-mainz de/Dateien/Ze ppenfeld-3.pdf

fdx fdxbf fb<xb>doc-;bf_)cx DC(Z)
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What is a jet?
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What is a jet?

A measurement of a jet is a measurement of a
parton.
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What is a jet?

: of oot of
parton:
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What is a jet?

CM3S Experiment at LHC, CERN
Data recorded: Fri Oct 512:29:33 2012 CEST
Run/Event: 204541 { 52508234

o | Lumi section: 32
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CMS Experiment at LHC, CERN

Data recorded: Fri Oct 5 12:29:33 2012 CEST
Run/Event: 204541 [ 52508234

.| Lumi section: 32

“I know 1t when I see it”

. US Supreme Court Justice Potter Stewart, Jacobellis v. Ohio
Christine Nattrass (UTK), uBNL 2020
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Jet finding algorithms

Tracks

[ Clusters

[ Particles

* Any list of objects works as input

* Use the same algorithm on theory &
experiment

e Output only as good as input

Christine Nattrass (UTK), uBNL 2020

24



Jet finding in pp collisions
S A * Jet finder: groups final state
== } Jet 1 particles into jet candidates

S b - Anti-k; algorithm

éI]-IEP 0804 (2008) 063 [arXiv:0802.118

} set2 * Depends on hadronization
* |deally

scattering

\ AN
b 4 Y

- Infrared safe

Image from http:/iwww.gk-eichtheorien. physik. uni-mainz de /Dateien.

— Colinear safe
Snowmass Accord: Theoretical calculations and experimental
measurements should use the same jet finding algorithm. Otherwise
_they will not be comparable.
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http://arxiv.org/abs/0802.1189
http://arxiv.org/abs/0802.1189

Jets in principle

o o

S A

} dek - Jet measures partons
N * Hadronic degrees of
Hard Ny freedom are integrated out
scattering i a4 i .

TN A } e * Algorithms are infrared and

7, Py colinear safe

OK BAD: 2 jets
are merged
in one
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k. jet finding algorithm

[ Particles, clusters]

i

p, [GeV) L kR

[ Jet candidates ] zil

Christine Nattrass (UTK), uBNL 2020 27



anti-k_ jet finding algorithm

[ Particles, clusters]

i

[ Jet candidates ]
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Cambridge/Aachen jet finding algorithm

[ Particles, clusters]

i

[ Jet candidates ]

Christine Nattrass (UTK), uBNL 2020 29



A jet is what a jet finder finds.
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Jet cross-section 1n pp
arXiv:1301.3475 \/S =2.76 TGV, R = 0.2 Inclusive

PLB: 10.1016/j.physletb.2013.04.026

% 10° anti-k,, R = 0.2, Il<0.5 -
o - . - PR
) = ¥ ALICEpp /s=2.76TeV: L, , =13.6nb" 3 sGreen and magenta bands: NLO
2 404 il 4. [__] Systematic uncertainty ki .
ETE — on Parton level
S0 s = |
8 F Lo (. Armesto I ] *Blue band: NLO +
= -6 . Armesto . .
5 19" N0 (@. Soyen = hadronization
107 ‘_ NLO + Hadronization (G. Soyez)

2 O ®Hadronization calculations
BT e i e e i —— N necessary to describe data

mimmn ||||ja|1 | |||||||

NLO/data NLO/data
o
[3,]

1 uuﬂijﬁug—.___ o
0.5 , , , ‘ =
20 40 60 80 100 120
Pr ot (GeV/c)
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Jet ratios 1n pp
Vs =2.76 TeV, R = 0.2, 0.4 Inclusive

g :
' 1.4 anti-k;, m|<0.5
T s ALICE pp V5=276 TeV
e t [_] Systematic uncertainty
L12r ] LO(G. Soyez)
N ] NLO (G. Soyez)
A ] NLO + Hadronization (G. Soyez)
o B
© 0-8:_ S, Y
08T s ‘“‘“i e
r — 8 T
0.4 +
0ol arxiv:1301.3475
- PLB: 10.1016/j.physletb.2013.04.026
_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIIIIII
0“3 a0 50 60 70 80 90 100
P, ot (GeV/c)
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Mini-summary

Tracks

Clusters

Particles

« Jets are not partons

e Good jet finders:

- Infrared and colinear safe
- k;, anti-k;, Cambridge/Aachen, SISCone

« Jetis defined by jet finder, its parameters

* PDFs, fragmentation functions non-perturbative
— all jet measurements sensitive to somewhat non-perturbative effects

 (Good agreement between theory and experiment

Christine Nattrass (UTK), uBNL 2020
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p+p vs A+A

Christine Nattrass (UTK), uBNL 2020
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Signal vs Background:

Christine Nattrass (UTK), uBNL 2020



Signal vs Background:

Combinatorial jets

Christine Nattrass (UTK), uBNL 2020
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Signal vs Background:

Combinatorial jets
= “fake” jets

Christine Nattrass (UTK), uBNL 2020
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Signal vs Background:

Combinatorial jets

. *Some gray areas
Christine Nattrass (UTK), uBNL 2020 39




Jet finding in AA collisions

. * Jet finder: groups final state particles
5 AN into jet candidates
et } Jet 1

- Anti-k; algorithm
JHEP 0804 (2008) 063 [arXiv:0802.1189]

* Combinatorial jet candidates

scattering

} set2 * Energy smearing from background

* Sensitive to methods to suppress

g . : A
o N - combinatorial jets and correct energy

~shower
rien. physi

k. uni

e T * Focus on narrow/high energy jets

Image from http-i'www.gk-eichtheo
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TnnGen background generator

C lyl<0.5
- mentum spectra
E o4 ﬁ%ﬁﬁfﬁjﬁx g

ALICE PLBT720 (2013) 52-62

Pr

Fit

ALICE JHEP 1609 (2016) 164
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http://arxiv.org/abs/arXiv:1303.0737
https://arxiv.org/abs/1208.2711
https://arxiv.org/abs/1606.06057

PYTHIA Angantyr

JHEP (2018) 2018: 134

Based on PYTHIA 8

Sjostrand, Mrenna & Skands, E}.n 1
JHEPO5 (2006) 026 PR
Comput. Phys. Comm. 178 (2008) 852. ;.3“ i
Based on Fritiof & wounded
nucleons o
* N-N collisions w/fluctuating radii -
- fluctuating o 0

MC/ Data (PbPb)
==
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=
=3
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https://arxiv.org/abs/hep-ph/0603175
https://www.sciencedirect.com/science/article/pii/S0010465508000441
https://arxiv.org/abs/1806.10820

Area-based background subtraction

[ Particles, clusters]

i

7k algorlthm
k pT:AR \/ 771 77] (¢i_¢j)2
e Foralliy calculate

d mln(pT l’pT ])A
diB.:pT,i
« Combine smallestd
If d, smallest, d - Jet

ereat until no partlcles Iefu

2

[ Jet candidates ]

1

Median p=p_/A
jet __ __reco

pT pT _lomedian Ajet

Cacciari & Salam, PLB659:119-126,2008

50GeV jets + minbias + ghosts |

— Cacciari DIS
7)) 2006
e

c 30

S 28N e

O W FTRET e

—

cU 15 e el R

~ Cacman &Salem _

>10 Phy: 57-61,2008"
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https://arxiv.org/abs/hep-ph/0512210
https://arxiv.org/abs/0707.1378

p (GeV/c)

Background density p

5 FastJet k, (p'“i" =0.15 GeV/c)
| Fit: (-3.3:0.3) GeVie + (0.0623:0.0002) GeV/c x N
200- = ALICE . o
150 = -
100 _
0 20000 Pb-Pb 1s =2.76 TeV
- entries e =
i = 20000 — —
i I \_\ 0-10%
r | 4
— ." w
. : L L I 1 L 0 L L l L 12500| L I L L
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Nraw
input

10°

= 10°

10*

50

10?

10

—Fit:
eBackground Generator

-1.20 GeV/c + 0.0611 GeV/c=x

arX|v 2005 02320
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Random cones

R=0.4 ‘

Real jets

n

Christine Nattrass (UTK), uBNL 2020
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Random cones in ALICE

I ® random cones -+ utiS = 0.0, 0" =9.7, 6= 11.0
* Estimate p
1 EA RC (w/o lead. jet) o=10.1
vV RC randomized g ------ uth® =-0.9, 05 =8.0,0=8.6

- Ky jet finder - jet candidates
- p = Median(p/A)
 Draw Random cone

— f1a,=144.3,a =14 c/GeV
JHEP 03 (2012) 053

probability density
s o

‘W  Pb-Pb: 0-10%
". AN R = 0.4
‘Yae p/"=0.15GeV/c

103

10 °
Sp.— reco A 10° ; RS
Pr—=Pr —pP o id N e,
-50 0 50 100
op;" (GeV/c)

46

Christine Nattrass (UTK), uBNL 2020


http://dx.doi.org/10.1007/JHEP03(2012)053

Random cones

- 10

% " ® randomcones  --:- u"HS = 0.0, ¢*"=9.7, 0 =11.0 % % Sp , (0-1 09/0) Pb'Pb
P 1 EA RC (/o lead. jet) o=10.1 = 1-_ «Dala
Q F vV RC randomized ng ==+ WS =.09, otHS=8.0,0=86 | = = u =-0.50 +£0.01 (GeV/c)
fe | o 1443 0 ni4cioey | L - o =9.72 +0.01 (GeV/c)
_.,? 107 B JHEP 03 (2012) 053 i ’ E 107! = --:Ilga;n?erJr 0.30 (GeV/0)
s C : N oo - 1{* e = 9.97 +0.18 (GeV/c)
g 102 g 10°¢ v s - Background Generator
o : = 5 - ot U= }0.43 +0.12 (G?;fc)
- = = - - =1. + (.
1 10° & Pb-Pb: 0-10% E 10 = e R 0 =7.36 £0.05 (GeVic)
E 4] R=04 4 ¥ o
- “{ae P/"=0.15GeVc 107 =4 - = -F:
10° ® 50 - +
: . 10°g =+ ¥
i . L = .- -
-5 Lk —6 [ .
10° ¢ 10°¢ T arXiv:2005.02320 ++
H ; : A @ :
. = 1 i . : : - . r A . . - —7 | | | | | | | | | | | | | | | | | | | | | | | | | | |
fige === = 107740 20 0 20 40 60 80
-50 0 50h 10 5 A GeV/
5p" (GeV/c) Pr = Pr cone ™ P Acone (GEV/C)
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Shape of width of the distribution

~ Single particle spectra

fr(pT,p,b):W(pr)p_le_bx 2p, of N particles - N-f;l;lmglonvolutlon |
dN . ( 7 b) b —kp, ‘fN(p:r’pab):fr(pT’Np’b) 8 OCfN<pT’Np b)
dy r\Pr,<, Pré N:Nmtalﬂ:R2 u :&:NM O \/7p \/>O'
. % e % A ol =}, .2 Otoral — |
Tannenbaum, PLB(498),1-2,Pg.29-34(2001) !’
Add Poissonian fluctuations in N: &=y N o, +N 10,

-

Add non-Poissonian fluctuations in N due to flow

sV N2E )
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https://www.sciencedirect.com/science/article/abs/pii/S0370269300013253

Width vs multiplicity

— < 120
o | ® random cones = n
> (0] L ® Background Generator, no v,
()] - A RC (w/o lead. jet) G 14 0— .
0] ~ B B Background Generator, with v,
<. 15 v RC randomized n % - )
E-- ~—— Poissonian limit E B Equation 3 s
e - PoissONian limit + v, (0%, =2 N3 v3) o 8 e Equation 4 [ °
kot — Poissonian limit + v,,v, (o3, = 2 N3 (V2+v2)) . " -

L A 6—

10 — N
I 4
: 2 TennGen
5 — | 1 ‘ L 1 | 1 1 L ‘ 1 L 1 ‘ 1 1 1 ‘ 1 L 1 ‘ 1 1 1

L o 5 1.06~ = m

o 21.04— = -

. Pb-Pb Vs = 2.76 TeV 81021 . .

K A L I C E R =0.4, p™" = 0.15 GeV/c o ] . .

0l | I B P 0.9 | | |
0 1000 2000 3000 8 80 500 1000 1500 ra2W000
Ninp Nput
put

. Small deviations
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SE/ME

Au+Au @ 200 GeV, 0%-10%

- M AL>020,R=03 antik
101! f *-‘:,,* 9.0 < p:"“ < 30.0 GeV/c
E # * xsame event (SE) 3
10_2; - g ~mixed event (ME)
= ‘-‘,"* -Norm. region
3: * L I-L‘,**
107°F § " g
= 3 )
107 | T
S e
107F T
L STAR
1075% Phys. Rev. C 96 (2017) 24905
e =
10* ' & * i
= _.n..ft__ . )
10°k 7 =
102 K (GeVie
mg_- .3
1 |- F sl kR |
0 20
P (GeV/c)
T at

Mixed events

Gets background up to a
normalization factor

Good agreement with the
data... but 20%
discrepancies still within
uncertainties

In measurement with
background suppressed (h-
jet correlations)

Did not see such agreement
at the LHC
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Width vs multiplicity

- ® random cones

- A RC (w/o lead. jet)

—V RC randomized n¢
|"—— Poissonian limit

t

o(op) (GeV/c)

-
o

- Poissonian limit + v, (o}, =2 N3 v3)
[ Poissonian limit + v,,v, (o3, = 2 N2 (v3+v3))

Pb-Pb Vs =2.76 TeV

5 A L I C E R=0.4, p™ = 0.15 GeV/c
0 | | 1 | | 1 1 | 1 I

0 1000

2000

3000
Nraw

input

< 12
s [ Pb-Pb at 2.76 TeV ‘
q) [
g 10__ ® Angantyr (Randomized)
£ [ ‘
._g 8—_ — Random background
- L
& [ _% *
6~
4
A3 Angantyr
oo b v b by v e v by by by
S1.4] —+—
Sio At
o)
a | I
< 0.8 . , ‘
g 0 500 1000 1500 rEX?WOOO
Ninput

Doesn’t go away with random track orientation!
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Shape of width of the distribution

" Single particle spectra

b _ e ‘ / _ \ 
fo(pp,p,b)= (bp,)P e 2p, of N particles - N foldtoglonvolutlon |
L(p)
[dN fe(pr,2,b)=b>pre " ]‘fN(pT,p,b)zfr(pT’Np’m <fy(pr,Np,b)
oC r pT: ’ pTe ' N 1/
dy [ N= o JTRz Mtotal:&:NM ’ Ototal p WG ‘
:£ O :M \ Atotal b Pr ‘
| 4 Pr b > 7 pr b | L
Tannenbaum, PLB(498),1-2,Pg.29-34(2001) | !'

Assumes shape [Add Poissonian fluctuations in N: o,,,,= \/No‘Z—-I-NMp l

>

~
Add non-Poissonian fluctuations in N due to flow Assumes
uncorrelated

o, =INo +(N42) v’ |u number
\ ol \/ oot {Z” "]MPT ) fluctuations
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Mini-summary

* Jet finders put all input clusters, tracks in a jet candidate
* Background is dominated by random particles

- But 5% effects from flow
* Models have background too!
- And it doesn'’t agree with data!

50GeV jets + minbias + ghosts

~_ Cacciari DIS
i 2006

L
o

[
()]

)
(=]

Phys.Lett.B641:57-61,2006

- Sensitive to multiplicity, p

shape of spectrum

Energy (arb. units)

Do
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Focus on smaller angles

* Pros _
o i FastJet k, (p:"'": 0.15 GeV/c)
—_ Background iS Sma”er % _ Fit: (-3.320.3) GeV/c + (0.0623:0.0002) Ge\\'.-'cxN:':m
_ %200_ —— JHEP 03 (2012) 053 =5 -
- Background fluctuations smaller I
* Cons: C
- Modifications expected at higher R i
_ 100
- Biases sample towards quarks ¢ PP fe =276 TeN
Aside: “quark” and “gluon” jet B f ,-\\
only defined at leading order. P L I
% 7000 3000 3000

N raw

input
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Focus on high p_

* Pros:
- Reduces combinatorial background
* Cons:

— Cuts signal where we expect
modifications

— Could bias towards partons which
have not interacted

- Biases sample towards quark jets

“Quark” and “gluon” jets only
defined at leading order!

-
o
S

PoS High-pTphysics09:023,2009

—— HYDJET++: all t*

-—h
o
w

----- HYDJET++: jet part

dY, c?/GeV?

---------- HYDJET++: hydro part

1dpL

1/(2m) d°N/N p

—
<
w
o TTTT [ILLLL [ILLL INRLL [LL URLRRLL
7 sy
- :1—":._

P, I(GU;V/IC)
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102

arb. units

Area-based subtraction

10

IIIII|'|T| lII|I|'|T| TTT

SALICE/STAR
sRequire leading track p. > 5 GeV/c

® Suppresses combinatorial “jets”

* Biases fragmentation

*No threshold on constituents

'I_I'ITITI'I IIIIII'ITI IIIII|'|T| lIIIlI'ITl TTTIT

Pb-Pb \s,,=2.76 TeV
0-10% Centrality

Anti-k; R=0.2 Il < 0.5
>0.15 GeV/c

P Ttrack

Eqciuster > 0.30 GeV

—e— Inclusive
leading
R S 2GeVic
p'eadng 5 5 Gev/e
T,track

leading
v >8 GeV/c
pT,track

p'eadi:s >10 GeV/c

T,tra

L ALICE

Py PERFORMANCE

LS 15/10/2012
n

°[_1imited to small R

Combinatorial “jets”

|IliIII%IIri_:_lIilllilllilllillli!llill

-40 -20 0 20 40 60 80 100 120 140
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Survivor bias

B
. [
e | il
| 1 E |
|""=""'-._i
. : @ ... @ - -F-_ll'ia . e
|I"=H1.‘|_.'_|r * ":I g= r|I 1y -..l. :'l.l - l‘::ll:l."..l..::.
g g W .. a....ll ..Jal.ﬂ.l.‘l =
L I' Il'-r ‘. ;.__q- e
| ey
.|"
i i
:.II
|
| 1
[ ™ 3 0 B
:I- ¥l :.'I|‘. l]q

« WWII Example: holes planes returning indicate where it's safer to get hit
* We’'re looking at the jets which remain
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https://en.wikipedia.org/wiki/Survivorship_bias
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¥ % ¢ Survivor bias: Modified jets probably look more like the medium
4 * Quark/Gluon bias:

- Quark jets are narrower, have fewer tracks, fragment harder [Z Phys C 68,
179-201 (1995), Z Phys C 70, 179-196 (1996), |

— Gluon jets reconstructed with k. algorithm have more particles than jets
reconstructed with anti-k algorithm [Phys. Rev. D 45, 1448 (1992)]

= Gluon jets fragment into more baryons [EPJC 8, 241-254, 1998]

2 . Fragmentation bias: Experimental measurements explicitly select jets with
; hard fragments
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Iterative procedure

* Used by ATLAS & CMS
 ATLAS

- Calorimeter jets: Reconstruct jets with R=0.2. v,

modulated <Bkgd> estimated by energy in
calorimeters excluding jets with at least one tower
with

<E, >

Etower tower

Track jets: Use tracks with p;>4 GeV/c

— Calorimeter jets from above with E>25 GeV and
track jets with p;>10 GeV/c used to estimate

background again.

- Calorimeter tracks matching one track with p>7

GeV/c or containing a high energy cluster E >7
GeV are used for analysis down to E, = 20 GeV

Constituent biases
don’'t matter that much
up here

-2 777 CMS 0 - 5%

" 7777 ATLAS 0 - 10%

ALICE Pb-Pb s, =2J76 TeV

Anti-ky R=0.2 |0 | <05
p'Tead'G“ >5GeV/c
ESES ALICE0-10%

HIN-12-004-PAS

PRL 114 (2015) 072302

ATLAS scall A =0.4 to A =0.2 using A ratios in PLB 719 (2013) 220
1 1

T,jet

But they do matter
down-here!

Christine Nattrass (UTK), uBNL 2020
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1.4

1.2

0.8

RAA

0.6

0.4

0.2

Jet RAA

LHC Run1 Data; PbPb (0-10%) \'s,, = 2.76 TeV

T T I T T T T | T T T T | T T T T

CMS 1609.05383
[ ]R=02
Ce JR=03
R=04

ALICE PLB 746(2015) 1-14
R=0.2
ATLAS PRL 114(2015) no.7
R=04

I|III|III|III*III|III|I_

200
Jet P, [GeV/c]

400
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https://arxiv.org/abs/1705.01974

Jet RAA

LHC Run1 Data; PbPb (0-10%) \'s,, = 2.76 TeV

_l T T I T T T T | T T T T | T T T T ]

1.4 B CMS 1609.05383 ALICE PLB 746(2015) 1-14 ]

- [C®JR=02 i R=0.2 _

1o ~— [ e JR=03 ATLAS PRL 114(2015) no.7 ]

=l &3] R=04 R=0.4 |

I 7

n arXiv:1705.01974 i

508 ]

oc R

0.6~

0.4 — g

0.2 -

_I | 1 | 1 | | 1 | 1 | | | | 1 | 1 | ]

200 400
Jet P, [GeV/c]

Tension between ATLAS & ALICE/CMS
Christine Nattrass (UTK), uBNL 2020



https://arxiv.org/abs/1705.01974

ATLAS

Background subtraction method:

* lterative procedure < 2

. . ) ) s - ALICE Pb-Pb |s.,=2.76 TeV :
- Calorimeter jets: Reconstruct jets with R=0.2. v, '"®F A a o2 10 nos C_onstltuen't
3 biases don't

modulated <Bkgd> estimated by energy in

P > 5 GeV/c

. . . . 1.4
calorimeters excluding jets with at least one tower | | s auceo- o matter that
with 17 | if;zs-cga:-f’;i mUCh up here
E E...> S

tower tower 0.8F PRL 114 (2015) 072302

Track jets: Use tracks with p>4 GeV/c o6k -

. ) . r Vg Gaaar

- Calorimeter jets from above with E>25 GeV and %"z ==
track jets with p;>10 GeV/c used to estimate O A o N0 1 1 - 02 i i s n LB 719 2012 220
: 0 ——— e B

background again. 0 R 200%61 Gavi Y0

» Calorimeter tracks matching one track with
p>7 GeV/c or containing a high energy cluster

E >7 GeV are used for analysis down to E, =
20 GeV

Phys. Lett. B 719 (2013) 220-241 iiE, ke
Christine Nattrass (UTK), uBNL 2020 66

But they do matter
down here!




What you see depends on whre you look '

_I T T T T | T T T T I T T T T I T T T T | T T T T | T ]
- CMS Preliminary L,,=150ub"'
SE =1 2010, 0-30%, Leading jet 1
- ® 2011, 0-10%, Inclusive jet .
2.5 2011, 10-30%,Inclusive jet —
a - Phys. Rev. C 90, 024908 (2014) -]
o 2 __ JHEP10(2012)087 -
L n
& -
o 1.5 |
- -
1Ry - - B |-
0.5
:I | L I I i I L L I I | i i L L | I I:
0 o 1 2 3 4 5
/ £ = In(1/z) \
' z=p.lE Low
ngh pT pT jet I:’T
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Mini-summary

* Most studies do one or more of the following:
- Explicitly apply a (non-purturbative) bias
- Implicitly apply a (non-purturbative) bias
- Focus on small R
— Focus on high pT

* May also — survivor bias

* Background subtraction should be part of definition of
algorithm

Christine Nattrass (UTK), uBNL 2020
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Analysis steps

Tracks

Clusters

\ K@ [ ALICE |5y =2.76 TeV \

/,_. 250
Q
2 E " =
Az_ Pb-Pb | 5,=2.76 TeV Ant|~k1R=0.2lr|I<0.5\ % 1 S
£ F o0-10%Centrality  Prwes >015GeVe O 00k 10° ® s .
10 Exciuster > 0.30 GeV ° % g 1 0—6 = Ant|'k-|— R=0.2 Injetl <05
E S 28 e 3
1; . —e— Inclusive :Q.'_ - > _gf E O, g ﬂ-?ad'Ch >5GeVe
1] - p:f:::> 2GeVic 150 10 i% L
107 ;* " . - p';':‘:‘;f> 5GeVic Q %_.-
F o —~ ";a“‘"g>se VI = 7L
sl - p:;:fn; : Vj 0 v—|Zﬂ) 10 : @““
o Prya > 10 GeVie ‘_| § F =] ol
10°E P54 < [ % s
ok h, 104 _' | P e
% ALICE 10°F 4 0-10% Pb-Pb B
v L) £
0°E . ", T (© E & 10-30% Pb-Pb FE
oL "ot "'. 1 1 1 10° I [__] [ Correlated uncertainty
= oy *-L'H-T % 40 60 80 00 120 | EEE B Shape uncertainty
e . pr=s (Vo) 0%k
B b b b e
: 0 50 1(()8 -
] . p eVv/C
Jet spectrum smeared Unfolding — corrects for single

by energy resolution, track reco ¢, E resolution, Corrected spectra
\@Ckground f'UCtuat'Oy ackground fluctuations
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Unfolding

*It : the “true” histogram
N N - *V :the actual data we measure
v=Ru+ f

73 : background

* R : the response matrix

M
v = Z(Rijﬂj) + B;
=1

Christine Nattrass (UTK), uBNL 2020
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Simple Solution (Inversion)

- Rearrange ¥ = Rji+ Btogeti= R 1% — B)

* Problem: we don’t have v, we have n, the measured data, which is subject to statistical
fluxuations.

* We assume n; is the maximum likelihood estimator for v;, then solve for the estimator
A =R1'n - p).

* R~1is obtained from R through simple matrix inversion

Christine Nattrass (UTK), uBNL 2020
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lterative Bayesian Method

» Using prior knowledge, start with an initial guess for the distribution of true histograms P° ()

P(v5"1m:)P° ()
n, (v 1) PO ()

* Use Bayes’ Theorem to invert the response matrix P(ﬁﬂvjﬂg) =

~ 1 <N v-sigp
J

==X (ﬁi|vjs'“g) where €; is the detector efficiency
L

* Plug in the newly obtained P(ﬁdiji‘Q) and [1; as new priors, then repeat

*Terminate before the wildly oscillating true inverse is reached (usually ~4 iterations) to preserve

some smoothness

Christine Nattrass (UTK), uBNL 2020
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RooUnfold-Bayes

* RooUnfoldTest.cxx

* method = Bayes

* Exponential training and testing

Christine Nattrass (UTK), uBNL 2020 74



About unfolding...

* d'Agostini (author of Bayesian unfolding algorithm) says you should avoid it
if you can

* Necessary when experimental resolution is poor
O
- Ex: Single particle spectra — < w,;, — unfolding unnecessary
O .
- Ex: Jet spectra —~w,,— unfolding necessary
. p .

* Algorithm assumes response matrix is correct

— Matching reconstructed and simulated jets is non-trivial!
* Corrects for multiple experimental effects simultaneously

— Difficult to disentangle different effects
- Leads to non-trivial uncertainty correlations between data points due to algorithm
- May not handle systematic correlations between effects correctly
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Jets in ALICE: Response Matrix Construction

251

—~ 250 — 250 —
QO O )
% c“RMbkg | RM
g g 200 g 200 10"
8 e e
Q Q Q — 102
150 150k 7
>
100 100 8 10%
N
IS 50 S 10
R S
(i S &— QOQ[: (c)
R T NG . ' 5720 %o 40 86 8 To0 720 107
pe, (GeVic) prees (GeVic) pIe=e (GeVie)
ag + Pythia {s = 2.76 TeV
g 1
S5 L bR At R=0.2 Pb-Pb\s,,=2.76 TeV
== Lyt _10° :
Y oet Py > 015 GeV/c 0-10% Centrality
L Leading track P > 5 GeVic ET st > 0.30 GeV
L scluster -
06~ R=02 exdng & GeV/c
L pT,track
0.4 %
r ALIGE (a) RMdel Detector response matrix H L IC E
02l BERFORTIETCE (b) Rthg Background fluctuation matrix PERFORMANCE
L 19/06/2013 (c) Rme = RMbkg x RM 4 15/10/2012
30"‘4|0‘"s‘o"lsloll‘ﬂggg;n‘(G;}ég) . .
T RMbkg and RM_, are approximately factorizable
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Jets in ALICE: Response Matrix Construction

DETECTOR EFFECT

1 " 1 " 1 " 1 '
50 100 150 200 N9
p’e (GeVic)
>g + Pythia {s = 2.76 TeV
S5 1 N
ok ++‘+"+‘+"'H"‘+‘+‘
85 NN
=11} F
L 0.8f
L Leading track P > 5 GeVic
0.6 R=0.2
i ALICE
0.2 PERFORMANCE
- 19/06/2013
I R B R B
% 40 60 80 1

00, 120
pI™ (GeVo)

200

150

100

M 1 "
00 120 %

p?ie;:s (GeVic)

Anti-k; R=0.2

pmmk > 0.15 GeV/c

E cluster > 0-30 GeV

p'eading 5 5 GeV/e
Titrack
(a) FiMdet Detector response matrix
(b) Rthg Background fluctuation matrix
(¢) RM_ = RMy,; x RM,

RM and RMdet

(Ge!/!c)

true
Tet

p

150

100

are approximately factorizable

RM

(c)

i i 1 i
0 60 80 100 120
meas \/
pT. jet (Ge C)

Pb-Pb\s,,=2.76 TeV
0-10% Centrality

ALICE

PERFORMANCE
15/10/2012
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J els

DETECTOR EFFEC

(GeV/c)

gen
T,jet

p

imn ALICE:

| 1 1 1 1 L
50 100 150

pre (GeV/c)

Response Matrix Construction

>g + Pythia {s = 2.76 TeV
Sz 1 N
D5 = ++‘+"+‘+"'H"‘+‘+‘
8 b
=T, =+-
L 0.8
L Leading track P > 5 GeVic
0_6; R=0.2
A
0.4
ALICE
0.2 PERFORMANCE
19/06/2013
o e b e b |
QO 40 60 80 100

120
P (GeVo)

— || 250
)
- RMbkg = RM
200} g 200 10"
NOT A T
150 —DETECTOR I 150F 73 10
~
‘EFFECT!! >
100~ = 100 8 10%
[~
50 N 10
s R
(b) E S ©
5720 %o Q~'40 B0 B0 To0 720 10°
prees (GeVic) pyes (GeVic)
Anti-k; R=0.2 Pb-Pb\s,,=2.76 TeV
p > 0.15 GeV/c 0-10% Centrality
Ttrack
E cluster > 0-30 GeV
p'eading 5 5 GeV/e
Titrack
(a) RM__ Detector response matrix H LIC E
(b) Rthg Background fluctuation matrix PERFORMANCE
(c) RM,_ = RMy,; x RM, 15/10/2012

RMbkg and RM__ are approximately factorizable

Christin

e Nattrass (UTK), uBNL 2020

78



Response matrix includes assumptions about

* Detector response

- Including particle composition of jets!
* Fragmentation and hadronization

- How does hadronization influence the width of your jet?
* Background and/or background fluctuations

* How you match reconstructed (“detector level”) and true
(“particle level”) jets

Christine Nattrass (UTK), uBNL 2020
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Jet Momentum Resolution

—_

- [TTTT ‘ TTTT ‘ TTTT ‘ TTTT | TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT TTTT1]
E ;% - Anti-k; R=0.2 Centrality: 0-10% -
o %9 = Background fluctuations
5 © 08 +  Detector effects =
Ti%'_ 07 « Combined =
© 06~ Leadingtrackp_>5 GeVic =
0.5?—. Full .
Cm ]
0.4 me ALICE -
E ... PERFORMANCE E
03— = %eq 28/06/2013 —
E "s “"'n.u... ]
0.2 asaaaa E-lﬁ‘ ‘AAAAAAA::::==gfggfflgfi!l,l!llglllg
C Epy .
- Smg ]
0.1 - "llll-....ll-n---nlnllllﬁ

CLii ‘ [ ‘ [ ‘ [ | | [ | ‘ | ‘ [ ‘ [ ‘ [ | ‘ [ |

% 20 30 40 50 60 70 80 90 100 110
part V

pT,jet (GeV/c)

aJet resolution

part
T,ch jet

)p

det
T,ch jet

o(p

0.9

0.8

0.7

0.6

0.5

0.4

03

0.2

0.1

| An‘ti-kT‘R=0l.2 Celmtral‘ity: 0‘-10"/‘0
= Background fluctuations
s Detector effects
e Combined

Leading track p.> 5 GeV/c %
Charged

ALICE

PERFORMANCE

28/06/2013

o

20 30 40 50 60 70 80 90 100 110

pP"  (GeVlc)

T,ch jet

» Dominated by background fluctuations at low momentum

* Dominated by detector effects at high momentum
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Mini-summary

* Jet energy resolution is fundamentally large

- Measuring multiple correlated particles!
- Be skeptical of jet measurements with <10% uncertainties

* Unfolding is complicated, often unstable, and hard
* Construction of response matrix includes several assumptions

Christine Nattrass (UTK), uBNL 2020
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Snowmass Accord: Apply the same algorithm
to data and your model. Then the measurement
and the calculation are the same.

Christine Nattrass (UTK), uBNL 2020
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Rivet: Apply the same algorithm to data and
your model. Then the measurement and the
calculation are the same.

Christine Nattrass (UTK), uBNL 2020
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What is Rivet?

Christine Nattrass (UTK), uBNL 2020
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&) Aver FabodecbteftRe  HIING D\ ctn
"™ Monte Carlo Model

JETSCRPE

= wm
i i
HepMC

X

HEPData mf Rivet
. .

comparison = - F
to data
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Why use Rivet?

e Facilitates comparisons between Monte Carlos
and data

e |[t's not that hard
e |t preserves analysis details

Christine Nattrass (UTK), uBNL 2020
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Rivetizing Heavy lon Collisions at RHIC 2020

November 30, 2020 to December 4, 2020

Online
US/Eastern imezanea
Overview

Workshop to implement RHIC analyses in Rivet
Remote connection

Announcement
Starts Nov 30, 2020, 9:00 AM

Registration \—/ Ends Dec 4, 2020, 12:00 PM
Participant List

. a, Antonio Carlos Oliveira da Silva

Organizing Committee
Christine Mattrass

Code of Conduct

oy

Online

There are no materials yet.

Fou

HEPData@RHIC @ Registration
Registration for this event is currently open.

Register now »

Support

| christine.nattrass@utk.edu

4 antonio silva@cemn.ch

Christine Nattrass (UTK), uBNL 2020
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J els

DETECTOR EFFEC
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T,jet
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Response Matrix Construction

>g + Pythia {s = 2.76 TeV
Sz 1 N
D5 = ++‘+"+‘+"'H"‘+‘+‘
8 b
=T, =+-
L 0.8
L Leading track P > 5 GeVic
0_6; R=0.2
A
0.4
ALICE
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o e b e b |
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)
- RMbkg = RM
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NOT A T
150 —DETECTOR I 150F 73 10
~
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(b) E S ©
5720 %o Q~'40 B0 B0 To0 720 10°
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Anti-k; R=0.2 Pb-Pb\s,,=2.76 TeV
p > 0.15 GeV/c 0-10% Centrality
Ttrack
E cluster > 0-30 GeV
p'eading 5 5 GeV/e
Titrack
(a) RM__ Detector response matrix H LIC E
(b) Rthg Background fluctuation matrix PERFORMANCE
(c) RM,_ = RMy,; x RM, 15/10/2012

RMbkg and RM__ are approximately factorizable
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Analysis steps: Full Monte Carlo

Particles =i

\

2N

\gy energy resolution/

jet Py gon (Gev/c)
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Mini-summary

* Experimental techniques can bias measurement in subtle ways

Background subtraction

Kinematic cuts

Choice of jet finder, R

Centrality determination

Technique for finding reaction plane

 Unclear how these influence the measurement

» Safest to do the same analysis on data and model
- But unfolding is necessary in a full Monte Carlo model!

Christine Nattrass (UTK), uBNL 2020
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A skeptic's guide to jets
Part 2: Where we are going

Christine Nattrass
University of Tennessee, Knoxville



There is no partionic energy loss.

Christine Nattrass (UTK), uBNL 2020
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There is only partionic energy
redistribution.

Christine Nattrass (UTK), uBNL 2020
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What is jet (sub)structure?

A Whatever | am measuring!
B Any new jet observable

C Any observable which measures the structure of jets.
D A cool buzzword

E | don’t know but it sounds cool and gets me talks/grants

Christine Nattrass (UTK), uBNL 2020
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Types of observables

I. Minimally sensitive to structure Il. Sensitive to <structure> of <jets>

Observables ... ...~ SRR Observables ;s o™ ] Jet

(Jet) RAA 1-2;—%2:322 ] Jet . Fragmentation Mhowm' e ] pr%pertles:

Ln n . . 13 pe'>100 GeV °

e A 200 properties: functions 1'2** " | . Const

| : - E * Jet shapes R ml” P

AA " * Correlations ¢ ® 0

(Jet) V2 GE 1(‘)0 260 3(‘)0 4;)0 ° AL 1071 ;

Je_tg_@wc]

Average background subtraction OK
Need new background subtraction technique

Higher precision

Higher/different sensitivity?

Jets required @—— Jets not required

lll. Sensitive to distribution of structures IV. Sensitive to parton shower structure
Observables $ , o=, ... Jet Observables " « 1 Jet "
. 5 whmmmmiosmiTil, | properties: : 1af} 2oer, ey 4 properties:
O SN - * Grooming s+ W\ " 1 E

p 155_ %a\:liﬂﬂm%mgiaﬂgluons{ . Const pT SUbjettiness % 0.85_ _ ° ConSt pT’
* pTD 1ot [/} : ° 0f ::'_:Q:i"_,.iii-'.—f ¢, N

=3 = @ : > ] .

 Jet mass =7 e o4 771 e« Multi-const.
. °o“b.bé'b.64‘b.bé‘b.m29‘ oT0E e 0 e correlations
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(1/N))dN/dAd

PYTHIA
recoil

A IAA=ArecoiI
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[JHEP 09 (2015) 170,

Au+Au Vs =200 GeV

G=1.2+0.3 GeV~’

Pb+Pb Vs =2.76 TeV
Gg=1.9+0.7 GeV’

[Phys. Rev. C 90, 014909 (2014)]

Phys. Rev. C 96, 024905 (2017)]
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Fragmentation functions with jets Leading Di-jet asyFTa%grgssm
' = ' = ' . arxiv: .

oS0 ATLAS 1516k ATLAS 1516 ATLAS 3 . g
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Jets get widerand constituents get softer
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Di-hadron correlations = 1 Camray So00 T Gerwaiy soson :
[Lots of papers] 8 gp 1Pr<2Gev F Prje> 120 Gev E

| —— PbPb Inclusive Jets I

Jet Shapes _ %FG:— —&— pp Inclusive Jets _:_ E
[arXiv:1708.09429, g b - ¥ s ]
arXiv:1512.07882, Jet-had =i s, i - e ]
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Jet mass

= = =
S 60 <P; 4jq (GeVL) <80 S 80 <Py 4,4 (GeVL) <100 S - 100 < p,,, (@Vc) <120
T = - :
= 0. ALICE Preli mnary o S o £ ® Fob- Fo O- 10/(7N_2761a/
e o el PYHA Rriga N Vsu W 276 TeV

JEVE +PYTH A Recoil on 0- 10% PoFb
:* JEVA +PYTH A Recoi | off 0- 10% PoFo
Fe————— Q PYTH A

30- £ arXiv:1702.00804 j

N oM

-.-z&: - =t
o. Ir o.r == <
—— *ﬁ + - ﬂ
=, __-t-'-l-0- E oo =tam—te -o:a'&
41 61 2 & 5 T0 15 S Ea— To0 15 20 25
M, .. (V) M, .. (GVc) M, .. (GVCc)
7L Tz
i
M = 1I|'_.".I.I.uj — P%— — _3.323 P = E PT; cosh ;. P = E Py sinh 7;
t—1

i—1

Quenching models (JEWEL, Q-PYTHIA) show a larger mass than
pp-like PYTHIA jets

* Pb-Pb measurement can discriminate among these predictions
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Jets are slightly more collimated than in pp Agrees with PYTHIA
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*A selection. Don'’t be offended if | skip your favorite.
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New tool: jet splittings

Interested in the original parton
shower splittings of the jet

Which form subjets inside the jet!
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Jet splittings: in vacuum
Vacuum jets splittings form at different times

Wider jets form earlier and narrower jets form later
Christine Nattrass (UTK), uBNL 2020 107




Jet splittings: in medium

Vacuum splittings in/out of the medium

Medium-induced splittings from gluon radiation

med __ W
gmed — /=
q
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Jet splittings: in medium

Coherence: subjets
unresolved and |et loses energy
as a whole

Decoherence: medium
resolves the subjets resulting in a
stronger e-loss

Medium-induced Vacuum splittings  Vacuum splittings Vacuum splittings
splittings inside medium, inside medium, outside medium
resolved unresolved

109
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Exploring the Lund Plane: in vacuum

® Lund Diagram*:
phase space of
jet splitting

*Z. Phys. G43 (1989)
JHEP 12 (2018)

® log(kr) >0
separates
perturbative from
non-perturbative
regime

®  Formation time: how
long until the
splitting occurred 1

{J 4 -
Y. L. Dokshitzer. etal. = (1 — z)k AR

In(kr)

& In(1/AR) ——

arXiv:1808.03689

Christine Nattrass (UTK), uBNL 2020
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https://arxiv.org/abs/1808.03689
https://link.springer.com/article/10.1007/JHEP12(2018)064
https://link.springer.com/article/10.1007/BF01550942
https://www.lpthe.jussieu.fr/~yuri/BPQCD/BPQCD.pdf

Soft drop grooming

® Reconstruct anti-kr R=0.4 charged jets with jet-by-jet constituent
background subtraction” ‘|HEP 06 (2014) 092
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Soft drop grooming

® Reconstruct anti-kr R=0.4 charged jets with jet-by-jet constituent

background subtraction™ *JHEP 06 (2014) 092
Remove from each —HS
constituent inside the jet D g b —F’ri":;tg
instead of from the whole jet T J
Jet-by-jet:

jetecorr __ _jet
Pr =Pr pA | _|J,..||.|
0 \ | 11 y
Track-by-track (i) in jet:

P = pr — pA \/
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Groomed variables

® Soft drop grooming variables probe jet splitting

Z,: shared momentum
fraction between two hardest min(pﬁjpﬁ)
subjets in parton shower

How symmetric is the
jet splitting?

R,: distance

;Setween subjets R, = \/A,; + ;_\qa ‘
0
How far apart are the subjets? “ ]
Wl nso: number of splittings ,
passing Soft Drop ,;’ ;
Number of subjets within-a .

jet? T ——

Christine Nattrass (UTK), uBNL 2020
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Z4- jet splitting

i

-
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et Tl CRLL el
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e : 1 E
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. i 1 fntks) >0 |
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Zq: Opening anale

Wide: more significant A o
suppression of symmetric pe . 5
Tagr R R R T R R T N
splittings e

wide A, > 0.2 collimated R; < 0.1

N [ALICE Preliminary 1 " anti-k, charged jets R = 0.4\]
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Unfolding: jet splitting
Uncorrelated background leads to subjets being
picked up as incorrect or “fake” splittings

dominate at low z,4 and at large Rq gone in nNsp?
OB AEE Pratminary T e oy T Faucerreminay A
0.7 -0-107% Pb-Po Embedded PYTHIA | 5,,, = 2.76 Tel 0.7 —0-10% Po-Pb Embedded PYTHIA | 5,,, = 276 TeV 12/~ 0-107 Pb-Pb Embedded PYTHIA | 5,,, = 2.76 TaV
© Anti-k, Gharged Jats, A=0.4 Anti-k, Charged Jsts, F=0.4
06 ;—an <P < 120 GeVic o 08 80 < g < 120 GaVle b -
0.5 "
= Y
gooab i
0.3f 10 10 e
0.2 - e
0.15
é.... i e s S AT ot - S i evrs R L | R 10
G 01702 03 04 05 06 07 08 01 02 03 04 05 08 0.7 08 6 01
1 ue ue
2ve o Hg s

. Non-diagonal response prohibits unfolding
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Mini-summary

* “Jet substructure” is used inconsistently

« Search for new observables
- Haven't really used most of the “old” ones!
* So farit’s a mixed bag

- Many are insensitive
- Some may have some promise
- Background tricky
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JET collaboration

Phys. Rev. C 90, 014909 (2014)

~—#— PHEMIX Au-+Au 200 GeV, 0-10% central

—— ALICE+CMS 0-5% |
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1 I 1 1 I 1
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https://arxiv.org/abs/1312.5003

Bayesian Statistical Analysis

Models and Data Analysis Initiative
http://madai.us
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JETSCAPE Event generator

Jet Energy-loss Tomography with a Statistically and Computationally Advanced Program Envelope
http://jetscape.wayne.edu/

Experimental
techniques

JEVILAPE
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Event Generator + Bayesian Statistical analysi

ALICE CMs ATLAS ATLAS
HE0-5% == Phyl. R-v c BS (2016) 034913  [@10-5% h” EPJC 72 (2012) 1945 ' PhOPb m ~2.76 TeV Pb+Pb \[5,=2.76 TeV ‘| Pb+Pb\5,=2.76 TeV
L @o-s% K 0-10% 7 PLB 7 OF 0.4 b OF 01406 F 0.14nb"
10-5% p, Phys. Rw C 9! (201 6) 034913 [¥]0-100% W~ Phys. Lett. B 715 (2012) 66 1. anti-ky R=0.4 gF O 1. -
-\‘HO%DJNEPW(ZNG) [#10-100% Z JHEP 03 (2015) 022 D">1005ev () Systematic Uncertainty n+ + Tc
1 0-10%/60-80% | t 10-20%/60-80% 2030%/60-60%

wl 1

} i 0’ 810-5%x2° [815-10%x2°
”||| n .”{H | 10-20% x 2/ 20-30% x 2°
LT ) P ©30-40%x2° [ 40-50%x 2"
Yay W b o + \ 9150-60%x2°  8]60-70% x 2
== = L 07 o 0 o \ [#70-80%x2'  [e480-90%
ALICE Preliminary
Pb-Pb | s, = 5.02 TeV

of ATLAS ATLAS o ATLAS
Pb+Pb\s, =276 TeV Pb+Pb\§,=2.76 TeV PbvPb\5,, =276 TeV -
0.14 nb™ “E 0.14nb™ ~F 0.14nb" -
1 14

¢

¢
+0

¢
’#
¢

t

Pb+Pb Sy, = 2.76 TeV

10 20 30 40 50 60 70 80 90 100 w wt i, skl ty
p,(GeVic) - t

¢
+0
bt
tt
tt
{

t

t
t

¢
t
t

¢
¢ ¢ k’
¢
Ll ol ol o

¢ ,#

#’ ¢‘ é‘#‘
Y
i

b1t

[ K ) +

¢
t
b it

¢

’i
¢¢
t
+ }
t

40-12% Au+Au, PRC 80 (2009) 64912 + ZYAM v_v, Inplane.. ¥ Qutchplane Aangles
¥0-12% AusAu, PRC 80 (2009) 64912 + NSF v -4, * o % 27 g g
©20-60% Au+Au, PRC 94 (2016) 011901(R) AUCE Pretminary

.3—vd+Au, arXiv:1010.0690

¢¢
t
t

*'b
t
4

Uncertainties: stat. (bars), sys. (boxes)
o b b b b By n 1

4 6 10 12
Py (GeV/c)

)y h
o[Ag-n|<r/2 5<p,<9GeV/cx 0.5<p]<7GeVic

= [Ag-|<n/3 -
F Cenaly 50-100% F Contalty 30-50% Gentaly 10.30% Centaly 0-10%
A]|AQ-n|<n/6 1cpcacev Prye> 120GoV antik jols, R =03 Projected 3 ¢ 10

b Inclusive Jets l<16
F —e— pp Inclusive Jets

¥ ' E =
Hé Eiﬂ _ m i

cms PbPb 166 ub’ (2.76 TeV) P53 pb” (276 TeV)

ERA © o
s s D
3 2° o,

v,{2, |An[>0.9}

IaallA¢-n|<n/2)

® 1 (180T <6) *

=4 PbPb- pp Inclusive Jets:

L

E 0-40% AusAu @200 GeV _ (b) |
1 15

&

Christine Nattrass (UTK), uBNL 2020 123



Christine Nattrass (UTK), uBNL 2020 124



Conclusions

* Jets are complicated and hard to measure to high precision
* Much of the physics we want does not require them

* Extra insight from studying them anyways

* Be skeptical, especially of background subtraction

* Make sure the measurement is comparable to model
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Exploring the Lund Plane: in medium

® Jet splittings in heavy-ion
(HI) collisions

Splittings happen at
different times
> Earlier/wider
splittings experience
more medium
Vacuum splittings vs.
non-perturbative In-
medium splittings

Coherence vs.
decoherence

pri = (1-z) pr

i

( In(1/AR)

=

Christine Nattrass (UTK), uBNL 2020
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Exploring the Lund Plane: in medium

® Jet splittings in heavy-ion
(HI) collisions

1: Vacuum splitting outside
of medium

2: Vacuum splitting in-
medium, resolved
(decoherence)

3: Vacuum splittings in-
medium, unresolved
(coherence)

4: Medium-induced
splittings <n(1fﬁﬂ) =swill
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Jets in ALICE: Response matrix RM_

RM

@ “Particle” level jets — defined by jet finder on MC particles
@ Pythia with Pb-Pb tracking efficiency

4 quantifies detector response to jets

@ “Detector” level jets — defined by jet finder after event reconstruction through GEANT
@ Particle level jets are geometrically matched to detector level jets
@ Matrix has a dependence on spectral shape and fragmentation

Jet-finding efficiency is probability of a matched particle level jet

— 250 1 = 5 1
S = - Pythia ys = 2.76 TeV %|:E' Pythia {s = 2.76 TeV
& 10 7 1 S g
e s I H-+-++++H+++—*++
o 102 & [ +++++ 102
5
10° 081 10°
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10° B ' 10" PEHRFI;RII'»ENECE
0.6 R=0.2
10 B 107 19/06/2013
10°® r €
107 i 107
ALICE i ALICE R=02
50 PERFORMANCE 10°® 0.2 PERFORMANCE 10 Leading track p_> 5 GeVic
25/06/2013 - 19/06/2013 * Particle Level
10°® - 10°® m Detector Level
55-,.«.\10|0||||15|0||\|20|0||||250 10-10 gél I |4|0| |6|0| |8|0| |10|0| |12|0 1010|| e v b b by
50 100 150 200 50
pe (GeVic) p>" (GeVic) (Ge\f/2
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MOdIerd fragmentatlon

— T T ﬁ‘ T T — C — T T T T

N

=3 ATLAS ATLAS E ATLAS

1.6F - 1.6 = 1.6 E
o 6; Pb+Pb \[S,,,=2.76 TeV n: 6; Pb+Pb \[s,,,=2.76 TeV E o 6; Pb+Pb \/5,,,=2.76 TeV

1.5F 1 = 1.5F b = 1.5F 1 E

E 0.14 nb E 0.14 nb F 0.14 nb
1 _4;_ antl k R=0.4 2] 1_4;_ - Data 3 1 _4;_ =
13 >100 GeV 1.30 [ Systematic Uncertainty E 1 3'_ E
' 0 10%/60-80% ’ E -30%/60-80% E
1_2_1' i 1.2:+ ' 10-20%/60-80% | ” 12* 20-30%/60-80% E
1.1F I 1.1F * * 116 *

1 §++ '*‘* 1 ** *li 1 *,* fl.'!'l,'!'..l:
0.9F *q.** 4 o9k **i} 0.9f g™t 3
0.8——— i — 0.8F——— et e 0.85————— el

10 1 10 1 10 1
Z Z Z
& B = - IS S aass -~ N R — ] B F o
o t ATLAS 1 .2 E ATLAS E FE ATLAS
1.6 = 1.6 -3 1.6 =
o 6; Pb+Pb \[S,,,=2.76 TeV ;'x 6; Pb+Pb \[s$,,,=2.76 TeV E o 6; Pb+Pb \/s,,,=2.76 TeV
1.5 0.14 nb E 1.5 0.14 nb! E 1-5E 0.14 np E
1.4F = 1.4F 3 1.4F =
1.3F 1 1.3 4  1.3F 1
1 2:* 30-40%/60-80% q.8E 40-50%/60-80% 1 6k 50-60%/60-80%
E 4 H” iy | Ty lull :

1; + * * — |; 1E $ i * * I t I_ 1; % + * i * * i, LI I L IE
0.9 tt = 0.9F t 0.9F t =
0.8 N e 0.8——— i 0.8F———— el e

10 1 10 E 10 1
z z z

 Enhancement at low z
* No modification/enhancement at high z?
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Nsp: iterative declustering
N ALICE 5.02 TeV
ew measurement at e ///’

Modification: enhancement at

small nsp and suppression at \ \w
intermediate nsp

& O4ETALCE Prefminay " anti-k, charged jets R = 0.4
XS, 0.35E 2018 0-10% Pb-Pb |s,,, = 5.02 TeV Softdrop 2., =0.15=0
Consistent with =* 03 #Data RSk =reeel
Wider/ear”er E. 0.25 = Pythia embedded
being > 02
suppressedin = o5
the medium, 0.1
leading to more
jets with lower .

Nsp
TarXiv:1907.11248v1
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Di-jet asymmetry

Anti-kt R=0.4, pt-°29>20 GeV & p1SubLead> |0 GeV with pt<>2 GeV/c

|
2. 0.22
2 - o pp HT ® AuAu MB p‘:">2 GeV
o =3 O pp HT ® AuAu MB Matched
= o.1a"=+=+= A Dgapiepad
Q I ® AuAu HT p:"':-z GeV
= onae —y— = AuAu HT Matched p™>0.2 GeV
E—— o — &
e - 3; Central Au+Au
L1290 | anti-k, R=0.4
3 : P
T% o reliminary
“98E" Sys. Uncertainties: =%~ " Kolja Kauder, RHICIAGS
0.06|— Tracking:6% . B User's Meeting 2016
. voal Towepensioysaale; Q% —$— arXiv:1609.03878
leading ___subleading®-02|— T . . S
T T - L A A I 1 1 1 1 I 1 A A A I 1 1 1 1 I 1 1 L A I A | 1 1
A.= : . o 0.1 0.2 0.3 0.4 0.5 0.6 7
J leading + subleading
Pr Pr |A

Au+Au di-jets more imbalanced than p+p for pwut>2 GeV/

Christina Natwass (UTKL tBNE~ 2020t e i mte (B— A 133


http://arxiv.org/abs/1609.03878

Width vs multiplicity

) 5 12r Remove 0 leading jets
4 L ® random cones S | e Angantyr
> . © | —— Random Background
@ - A RC (w/o lead. jet) O 1 0l Remove 1 leading jets ++
g 15 —v RC randomized ng = r o ﬁ;ﬁﬁgmrgackg_mu_nd
E-- ~—— Poissonian limit S L Egg:r:ﬁrz leading jets
- ..o Poissonian limit + v, (o2, = 2 N2 v2) = 8+ Random Background
= - Poissonian limit + v,,v, (05, = 2 N2 (v2+v2)) U%_'_ i +
10 - o
L 4 ;
+t )y Angantyr
[ C B [ ‘ 11 | | I | 11 ‘ 11| | | - | 11 ] | L1 | | | I — | 1]
| R
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§ A L I C E R =0.4, p™" = 0.15 GeV/c g4 —
0 I | 1 I | I 1 I 1 | ~
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0 1000 2000 it 8 0 400 800 1200 1600 2000

input input

Discrepancy not from an excess of jets!
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Jet-hadron correlations

cms PbPb 166 ub' (2.76 TeV) pp 5.3 pb™ (2.76 TeV)
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» Jets are broader, constituents are softer

 Also seen in:

— Di-hadron correlations [Lots of papers]
- Jet shapes [arXiv:1708.09429, arXiv:1512.07882, arXiv:1704.030406]
— Dijet asymmetry with soft constituents [PRL119 (2017) 62301]
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