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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
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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
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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
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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] I

k, R=1

[ Jet candidates ] zil

Christine Nattrass (UTK), uBNL 2020 21



anti-k_ jet finding algorithm

[ Particles, clusters]

i

[ Jet candidates ]
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Cambridge/Aachen jet finding algorithm

[ Particles, clusters]

i

[ Jet candidates ]
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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
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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
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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
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Signal vs Background:
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Signal vs Background:

Combinatorial jets
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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 33




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

Christine Nattrass (UTK), uBNL 2020 34


http://arxiv.org/abs/0802.1189

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
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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
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https://arxiv.org/abs/hep-ph/0512210
https://arxiv.org/abs/0707.1378
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Random cones

R=0.4 ‘

Real jets

n
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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)

40
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http://dx.doi.org/10.1007/JHEP03(2012)053

Random cones
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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 % - )
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. 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
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input

< 12
s [ Pb-Pb at 2.76 TeV ‘
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£ [ ‘
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- L
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4
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Sio At
o)
a | I
< 0.8 . , ‘
g 0 500 1000 1500 rEX?WOOO
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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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Bias & background

* Experimental background subtraction methods: complex, make assumptions,
apply biases

* Survivor bias: Modified jets probably look more like the medium
* 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]

* Fragmentation bias: Experimental measurements explicitly select jets with
hard fragments

Christine Nattrass (UTK), uBNL 2020 56



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!
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300

(GeV/e)

57



1.4
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0.8

RAA

0.6
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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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Jet RAA
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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
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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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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
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J els
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Snowmass Accord: Forget the idea of a
parton. Apply the same algorithm to data and
your model. Then the measurement and the
calculation are the same.
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Rivet: Apply the same algorithm to data and
your model. Then the measurement and the
calculation are the same.
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What is Rivet?
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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
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Analysis steps: Full Monte Carlo

Particles =i
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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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« Jets are defined by a jet finder and its parameters

* All jet measurements are somewhat sensitive to non-perturbative
effects

* Background for jets in heavy ion collisions dominated by random
combinations of particles

— Other effects ~5%
— Not described well by theory

 Measurements may have a biased selection of jets
« Conservative approach: Treat models like data — Rivet!

Christine Nattrass (UTK), uBNL 2020
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