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Experimental"search"for"“interes;ng”"phenomena"
•  Look$at$elementary$p+p$and$p+A$collisions$

– Measure$an$observable$(e.g.$Hard$probes$such$as$jet$produc8on)$
•  Look$at$Heavy$Ion$collisions$

– Measure$the$same$observable$as$we$do$in$p+p$and$p+A$
•  Compare$them,$is$there$something$new?$
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But$how$good$is$our$baseline$data?$$
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If$no$“effects”:$
$R$<$1$in$regime$of$so_$physics$
$R$=$1$at$high@pT$where$hard$$
$$$$$$$$$$$scaJering$dominates$

Nuclear$$
Modifica8on$$
Factor:$

A$simple$Physics$Observable:$$

€ 

RAA ≡
Yield  in  A + A  Events

NBin Yield  in  p + p  Events( )
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Snow"Mass"Accord:"Define"Matching"Jets"

Experimental"and"theore;cal"
defini;ons"of"jets"must"match!"

Underlying$event$is$the$hardest$
to$match.$$

“Snowmass$accord”$for$HI$Jets?$$$$

Sevil$Salur$

Thank$you$to$M.$Connors,$C.$NaJrass,$R.$Reed$
for$many$valuable$conversa8ons.$$

Jet:%colorless% states%

Evolution)of)JetsJets)in)hadronic colliders)is)not)a)new)phenomena!)

Jets are the experimental signatures of quarks and gluons. 
They are expected to reflect kinematics and topology of partons.

Hard%scattering

Rcone

6Sevil)Salur

Jets$in$the$vacuum:$
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Jets$in$the$vacuum$

But$Jets$are$Not$Partons,$Partons$are$Not$Jets!$



LHC$data$is$dominated$by$jets$
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>"50%"of"ATLAS"&"CMS"papers"use"jets"

source"cds.cern.ch
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Any$analysis$that$require,$quark,$gluon,$i.e.,$parton or$their$absence$in$an$event.
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Jet$spectra$with$various$R$parameters$from$pp$collisions$are$well$
understood.$Consistent$with$calcula8ons.$



$Summary$of$the$cross$sec8on$measurements$of$Standard$
Model$processes.$$

Measuring$known$processes$at$LHC$energies$using$Jets$
Triumph"for"SM"and"Theory"Calcula;ons"
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Snow"Mass"Accord:"Define"Matching"Jets"

Sevil$Salur$

An$ar8s8c$view$of$a$proton@
proton$scaJering$event$at$high$
energy$(courtesy$of$F.$Krauss)$

Jets"are"complicated!"

$A$lot$of$complica8ons!$$
–$Underlying$event$$
–$Pileup$$
–$Ini8al$+$final$state$radia8on$$$

The$whole$event$is$color$connected$and$at$
higher$orders$radia8on$can$even$be$emiJed.$



courtesy$of$Gavin$Salam$Sevil$Salur$
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Snow"Mass"Accord:"Define"Matching"Jets"

Sevil$Salur$

A$resolu8on:$SnowMass$Accord$

~10$years$to$realize$the$need!$!$$



Institute of Theoretical Science, University of Oregon, 
Eugene, OR 97403 USA 

ABSTRACT 

In order to reduce uncertainties in the comparison of jet cross section 
measurements, we are proposing a standard jet definition to be adopted 
for QCD measurements involving light quarks and gluons. This definition 
involves the use of a cone in the TJ - ¢> metric with a radius of 0. 7 units. 

1 PROPOSED STANDARD 
Until now, direct comparisons of jet cross sections in hadron collisions have 
been hindered by differences in jet definition adopted by various experiments. 
As an example, the plenary discussion by S. Ellis in these proceedings [1] of 
jet cross section measurements at the SppS collider indicates the problems 
that can arise when different experiments use different definitions. Because of 
this, and with the advent of new calculations of the jet cross sections to higher 
orders in hadron collisions [3,2,4], it is desirable to agree on a standardization 
of jet reconstruction algorithms and definitions in order that both theory 
and experiment can be directly compared. As members of hadron collider 
experiments and theorists directly involved in calculating jet cross sections, 
we are proposing a standardized definition of jets to facilitate comparisons. 

This standard definition is intended for use in measurements where light 
quarks and gluons are involved, and the cross sections are sensitive to the 
definition used. It should be emphasized that there are many cases where 
experimentalists will use different algorithms to enhance the mass resolu-
tion for various processes, for example, W--+ Jet.+ Jet2 • We recognize the 
importance of ongoing work on such algorithms and encourage such efforts. 
The standardization proposed here is intended as for use as a minimal def-
inition to be applied in a variety of measurements, such as the inclusive jet 
cross section, jet angular distributions, etc, where light quarks and gluons 
are involved, and a uniform treatment will facilitate comparisons. 

The most widely accepted clustering definition for hadron collider exper-
iments involves a clustering of calorimeter cells in a metric of pseudorapidity 

2 

(1J = -ln(taniJ/2))) and azimuth(</>) (CDF, UAl, DO, UA2). IJ is the polar 
angle with respect to the beamline. The (1J,t/>) metric has the virtue of tak-
ing into account the Lorentz boosts of jet systems, and is an integral part of 
most new calorimeter designs [5] [6]. 

Several important properties that should be met by a jet definition are 
[3]: 

1. Simple to implement in an experimental analysis; 

2. Simple to implement in the theoretical calcUlation; 

3. Defined at .. any order of perturbation theory; 

4. Yields finite cross section at any order of perturbation theory; 

5. Yields a cross section that is relatively insensitive to hadronization. 

We have studied various jet cluster definitions and have reached an agree-
ment on a standard definition. As a starting point for experimental data, it is 
assumed that a cluster of energy has been identified in a segmented calorime-
ter. The theoretical starting point is that partons have been identified with 
some separation in the 1J - </> metric. 

We propose to use a standard jet definition using cones in 1}-t/> space. This 
has the advantage that it is related to the prescription for handling radiation 
in QCD introduced by Sterman and Weinberg [7]. The cone algorithms in 
pji collisions were first explored by the U Al collaboration [8]. This technique 
is to be contrasted to nearest neighbor algorithms where clusters are formed 
from contiguous towers above some energy threshold. Clusters are defined as 
separate if some local minimum can be found between peaks of energy [9]. 

A cone of a radius R, is used to define the energy associated with the jet. 
Calorimeter cells or partons have a distance from the jet center defined by the 
radius R = V(t/>;- tf>o)2 + (1J; -1}0 ) 2 , where .Po and 1Jo represent the center of 
the cone and </>; and 1J; are the coordinates of the parton or the center of the 
calorimeter tower. Either partons or the energy found in calorimeter towers 
are associated with the jet if they lie inside the cone, that is, R R,. 

There is no precise guidance for the choice of the value of R,, but studies 
involving the simulation of jet fragmentation at transverse energies in excess 
of 20 Ge V indicate that values between 0.4 and 1.0 yield results where the 
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Jet Definition for QCD

• Snowmass Accord: fermilab-conf-90-249

5

Opt imum jet  f inder  algor it hm

Tevatron)1990)Tevetron 1990

Jet Definitions
Snowmass Accord (1990)

Recent Additions (> 2000):
• Physical results independent of your choice of jet definition
• Jets should be invariant with respect to certain modifications 

of the event:
‣ collinear splitting
‣ infrared emission

18

1990:fixingtherules

SNOWMASSaccords,Tevatron1990(i.e.old!):

i.e.usablebytheoreticians(e.g.finiteperturbativeresults)
andexperimentalists(e.g.fastenough,notmuchUEsensitivity)

GŕegorySoyez LBL,Berkeley,CA,USA,January21st2009 JetsattheLHC–p.9/40

QCDdivergences

QCDprobabilityforgluonbremsstrahlungatangleθand⊥-mom.kt:

dP ∝ αs
dθ
θ

dkt

kt

Twodivergences:
θ≈ 0

pt

kt pt

Collinear Soft

ForQCDexpansiontomakesense
⇒ The(hard)jets(orstablecones)shouldnotchangewhen
onehasacollinearsplitting
i.e.replacesonepartonbytwoatthesameplace
onehasasoftemissioni.e.addsaverysoftgluon

GŕegorySoyez DIS2008,UCL,London,UK,April9th2008 Saturationandheavyquarks–p.7/14
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GŕegorySoyez DIS2008,UCL,London,UK,April9th2008 Saturationandheavyquarks–p.7/14

Must also be stable even if:

collinear splitting

soft gluon emission 
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Must also be stable even if:

collinear splitting

soft gluon emission 

Must$be$stable$for$collinear$spliong$and$so_$gluon$emission.$$$

Experimental"and"theore;cal"defini;ons"of"jets"must"match!$
$ $



A$Variety$Jet$Reconstruc8on$Algorithms$

Jet 

outgoing parton 

Fragmentation process 

Hard scatter 

Cone$jet$
An8@kT$jet$

KT$jet$

Cone Algorithm:"TopGdown"approach""

Sequen;al"recombina;on:"BoJomGup"
approach"
Cluster$pairs$of$objects$close$in$rela8ve$pT$Jet Algorithms

6

Jet  f inding -  jet  f inders

C
acciari, S

alam
, S

oyez, arX
iv:0802.1189 

MC: prot on- prot on -  s ingle event

Resolution parameter: R
For Anti-kT R~radius



Matteo Cacciari - LPTHE Hard Probes -  Wuhan - September 2016

Hierarchical substructure

99

Slide by 
Gavin Salam

merge to hardest             merge to softest        merge to closest  

There$is$no$an$unambiguous$defini8on$of$a$jet$

courtesy$of$MaJeo$Cacciari$
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A"jet"is"what"a"jet"finder"finds"–"including"pileGup"&"fake"es;ma;ons""""

Most$of$the$recent$jet$related$developments$involve$correc8ons/
removal$of$pile@up$for$precise$jet$reconstruc8on.$☺$
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Snow"Mass"Accord:"Define"Matching"Jets"
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An$ar8s8c$view$of$a$proton@
proton$scaJering$event$at$high$
energy$(courtesy$of$F.$Krauss)$

Jets"are"even"more"complicated"in"
heavy"ion"collisions!"

• Smeared$kinema8cs$
• Create$combinatorial$“jets”$
• JetGmedium"interac;ons"



Why$do$we$want$to$do$this$difficult$study$in$Nuclear$Collisions?$

23$Sevil$Salur$

Life8me$of$QGP$is$short$(O(fm/c))$@$$not$feasible$to$probe$it$with$
an$external$probe!$



Why$do$we$want$to$do$this$difficult$study$in$Nuclear$Collisions?$

24$Sevil$Salur$

So$start$with$an$internal$probe!$



Why$do$we$want$to$do$this$difficult$study$in$Nuclear$Collisions?$

Speeding$Nuclei$

25$Sevil$Salur$



Why$do$we$want$to$do$this$difficult$study$in$Nuclear$Collisions?$

Speeding$Nuclei$

Hot,$Dense$region…$QGP?$

26$Sevil$Salur$



Why$do$we$want$to$do$this$difficult$study$in$Nuclear$Collisions?$

Quarks$and$gluons$$lose$
energy$in$dense$
medium$generated$in$
collision$

Speeding$Nuclei$

Hot,$Dense$region…$QGP?$

Jets$have$to$pass$through$Hot,$Dense$
Zone!$

27$Sevil$Salur$
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Diagnosing"QCD"medium:""(simplified$idea)$pass$a$QCD@sensi8ve$
internal$probe$through$it,$then$look$for$any$modifica8ons$due$to$the$
medium.$

Goal$with$jets:$Extract$QGP$transport$coefficients$
• q:$transverse$momentum$diffusion$(radia8ve$energy$loss)$
• e:$longitudinal$drag$(collisional$energy$loss)$



Why$do$we$want$to$do$this$difficult$study$in$Nuclear$Collisions?$

Quarks$and$gluons$$lose$
energy$in$dense$
medium$generated$in$
collision$

Speeding$Nuclei$

Hot,$Dense$region…$QGP?$

Jets$have$to$pass$through$Hot,$Dense$
Zone!$

29$Sevil$Salur$

Our$Goal$is$to$study$the$fundamental$physics$processes$of$
jet$quenching$in$order$to"learn"the"proper;es"of"QGP."



Heavy$Ion$Jets:$First$steps$w/o$jet$reco$



Nuclear$modifica8on$factors$$$

Electromagne,c-probes$–$consistent$with$no$modifica8on$–$medium$is$transparent$to$them$
Strong-probes$–$significant$suppression$–$medium$is$opaque$to$them$@$even$heavy$quarks!$

Controls$in$ppb,$dAu$not$suppressed.$$
Recent$measurements$extend$to$~1$TeV!$$



•  Leading$hadron$measurements$do$not$capture$the$en8re$process$

$$$Hadron$RAA$is$not$too$discrimina8ve$between$models$ 32$

“Everybody"can"
describe"RAA"“"

Courtesy"of"Carlota"Andres"
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“Everybody"can"
describe"RAA"“"

Courtesy"of"Carlota"Andres"



trigger$ Phys-Rev-Le8-90,-082302-

p+p → dijet

Phys.$Rev.$LeJ.$91$(2003)$072304$$
Phys.$Rev.$LeJ.$97$(2006)$162301$

Sevil$Salur$

Trigger 

Associated 

Heavy$Ion$Jets:$First$Steps$w/o$jet$reco$

Jet$Measurements$are$difficult!$
Simplify$the$problem$by$looking$only$at$the$leading$hadron.$

Select high momentum particles 
→ biased towards jets 



peripheral$Au+Au$collisions$

pedestal$and$flow$subtracted$

?

Near$side$Δφ$≈$0:$p+p,$Au+Au$similar$

Phys.$Rev.$LeJ.$91$(2003)$072304$$
Phys.$Rev.$LeJ.$97$(2006)$162301$

Sevil$Salur$

Heavy$Ion$Jets:$First$Steps$w/o$jet$reco$



central$Au+Au$collisions$

Δφ$≈$0:$peripheral$and$central$Au+Au$similar$to$p+p$
Δφ$≈$π:$strong$suppression$of$back@to@back$$ $$
$$$$$$$$$$$$$correla8ons$in$central$Au+Au$ ?

Phys.$Rev.$LeJ.$91$(2003)$072304$$
Phys.$Rev.$LeJ.$97$(2006)$162301$

Sevil$Salur$

pedestal$and$flow$subtracted$

Heavy$Ion$Jets:$First$Steps$w/o$jet$reco$



Correla8ons:$What$to$subtract?$$

Sevil$Salur$ 37$

Jets! background for flow 

Flow! background for jets 

Hydro simulation of a single Au+Au 
collision 

Shown is the energy density in the transverse plane. 
For more information on the simulation refer 
to arXiv:1009.3244. 



Correla8ons:$What$to$subtract?$$

Sevil$Salur$ 38$

Courtesy"of"Eliane"Epple"



Sevil$Salur$ 39$

Courtesy"of"Joel"Mazer"
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Courtesy"of"Joel"Mazer"

Background$removal$of$correla8ons$is$
not$as$simple$as$first$believed.$



Sevil$Salur$ 41$

LHC Jet Machine: 
Heavy Ion program started 8 years ago! 

Run 1 (2010-2014)
Run 2 (2015-2018)

Run 3 And Beyond…

41$Sevil$Salur$



42$Sevil$Salur$

RHIC continues to take billions of collisions.
With STAR and sPhenix, RHIC will continue to serve as the 

necessary QCD leverage arm!



We$are$building$upon$25$years$
of$cold$QCD$jet$experience!$$$$

Many$new$techniques/variable$are$developed$and$we$“hot$QCD$
physicists$☺”,$could$u8lize$these$new$methods.$$$$
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Snow"Mass"Accord:"Define"Matching"Jets"
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A"jet"is"also"never"alone"in"HI"collisions""

Large$Fluctua8ng$
Underlying$Event$

ATLAS$&$CMS:$$itera8ve$event@by@event$rejec8on$$
ALICE$&$STAR:$$event$by$event$averaged$rejec8on$

Experimental"and"theore;cal"defini;ons"of"jets"must"match!$
Underlying$event$is$the$hardest$to$match.$$



Why$do$we$do$bkg$subtrac8on?$$
●  “Experimental"and"theore;cal"defini;ons"of"jets"must"match!”$
●  Poor$understanding$of$the$non@perturba8ve$physics$
●  Essen8al$for$HI$physics$to$access$low$pt$kinema8cs$
●  So_$sector$Phenomenological$modeling$lacks$accuracy.$$

45$

Allows$comparisons$using$event$
generators,$parton/string$models,$
NLO$and$holographic$calcula8ons…$

Jasmine$Brewer$

Shuzhe$Shi$ Yasuki$Tachibana$

Our$theory$colleagues$are$on$board!$$$



All$correc8ons$including$
fake$jets$treatment$
(pT$cons8tuent>5@8$GeV/c)$
done$with$Pythia$
fragmenta8on!$

Alice,$$Phys.$LeJ.$B746$(2015)$

Experimental"Challenges:$
“Removal$of$Fake$Jets”$

CMS,$PRC$90$(2014)$024908$

Sevil$Salur$



All$correc8ons$including$
fake$jets$treatment$
(pT$cons8tuent>5@8$GeV/c)$
done$with$Pythia$
fragmenta8on!$

Alice,$$Phys.$LeJ.$B746$(2015)$

• Are$we$throwing$away$the$physics$
that$we$are$interested$in?$$
• Introducing$biases?$$
• How$to$make$the$most$of$it?$$$$$

Experimental"Challenges:$
“Removal$of$Fake$Jets”$

CMS,$PRC$90$(2014)$024908$



What$are$the$necessary$components$of$a$
background$subtrac8on$algorithm?$$$

●  Can be used to achieve our physics goal 
●  Can be used in experimental measurements  
●  Can be used in theoretical calculations  

Minimal assumption on the factorization of “soft” physics and 
“hard” physics.  

Classification should be theoretically sound and reproducible 
in calculations. $

48$
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Don’t do background subtraction if it is not necessary – 
provide raw measurements along with corrected results & 
corrections. $



Some$Lessons$



Angular$correla8ons$of$jets$is$unmodified$by$the$medium$
Energy$imbalance$increases$with$centrality!$$

Studying$Back@to@back$jets$$

ET1$

ET2$

Use$Asymmetry$ra8o$:$
Aj$=$



Angular$correla8ons$of$jets$is$unmodified$by$the$medium$
Energy$imbalance$increases$with$centrality!$$

Studying$Back@to@back$jets$$

Use$Asymmetry$ra8o$:$
Aj$=$

ET1$

ET2$

No$significant$dependence$on$leading$jet$pT$



Studying$back@to@back$results:$Unfolded$results$$

2D$unfolding$to$account$for$
migra8on$in$the$pT$of$each$jet$
separately.$

Significant$dependence$on$leading$jet$pT$



Studying$back@to@back$results:$Unfolded$results$$

2D$unfolding$to$account$for$
migra8on$in$the$pT$of$each$jet$
separately.$

Significant$dependence$on$leading$jet$pT$

Interpreta8on$depends$on$assump8ons$for$correc8ons!$



“More$Sensi8ve”$Jet$Substructure$Observables?$$

To$what$extent$can$the$iden88es$of$underlying$partons$be$deduced$
from$proper8es$of$the$jets$they$produce?$$

55$
Sevil$Salur$

Jet$Shapes$and$Fragmenta8on$Func8ons$are$expected$to$be$
sensi8ve$to$the$possible$medium$response$to$hard$probes$and$
induced$radia8on.$$



Jet$Shapes:$

Broadened$jet$shape$due$to$the$possible$medium$response$to$hard$
probes$and$induced$radia8on!$$

Phys.$LeJ.$B$730$(2014)$243$
HIN@16@020$



Fragmenta8on$Func8ons$

Enhancement$of$par8cles$with$a$small$frac8on$and$a$large$frac8on$pT$



JHEP10(2012)087$



JHEP10(2012)087$



Jet$Fragmenta8on$Func8ons$
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Interpreta8on$depends$on$where$you$look!$



A$template$type$analysis:$Quark@gluon$discrimina8on$$

hJp://cds.cern.ch/record/1599732/files/JME@13@002@pas.pdf$$
hJps://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsJME13002$

Compared$to$gluon$jets,$$
quark$jets$in$vacuum$have:$
1.  $Fewer$cons8tuents$$
2.  $Narrower$shape$$
3.  $Harder$fragmenta8on$func8on$$
and$less$symmetric$energy$sharing$
among$cons8tuents$$

1.  Mul8plicity:$Total,$Charged,$Neutral$!$
Par8cle@Flow$in$CMS$

2.  Width$Variables$$$

3.  Energy$Sharing$Variables:$Pull,$R,$pTD,$
Girth$

Sevil$Salur$ 61$

pTD=1$single$jet$cons8tuent$
pTD=0$∞$number$of$jet$cons8tuents.$$



2σ
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Ev
en

ts
 / 

(0
.0

03
)

0

200

400

600

800

1000

1200

1400

1600

1800
Z+Jets

Data
Quark

Gluon
Unmatched+PU

| < 2η|
 < 100 GeV

T
80 < p

 = 8 TeVs at  -1CMS Preliminary, L = 18.3 fb 

Number of Constituents
5 10 15 20 25 30 35 40

Ev
en

ts
 / 

(1
)

0

200

400

600

800

1000

1200

1400

1600

1800 Z+Jets
Data
Quark

Gluon
Unmatched+PU

| < 2η|
 < 100 GeV

T
80 < p

 = 8 TeVs at  -1CMS Preliminary, L = 18.3 fb 

Gluon Jet Rejection
0 0.2 0.4 0.6 0.8 1

Q
ua

rk
 J

et
 E

ffi
cie

nc
y

0

0.2

0.4

0.6

0.8

1

Quark-Gluon LD
 < 50 GeV

T
| < 2, 40 < pη|

 < 100 GeV
T

| < 2, 80 < pη|
 < 50 GeV

T
| < 4.7, 40 < pη3 < |

 = 8 TeVsCMS Simulation Preliminary,  

D
T

p
0 0.2 0.4 0.6 0.8 1

Ev
en

ts
 / 

(0
.0

2)

0

200

400

600

800

1000

1200

1400

1600

1800

2000
Z+Jets

Data
Quark

Gluon
Unmatched+PU

| < 2η|
 < 100 GeV

T
80 < p

 = 8 TeVs at  -1CMS Preliminary, L = 18.3 fb 

Quark-Gluon Likelihood Discriminant
0 0.2 0.4 0.6 0.8 1

No
rm

al
ize

d 
To

 U
ni

ty

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2
 < 50 GeV

T
40 < p

Quark Jets

Gluon Jets

 = 8 TeVsCMS Simulation Preliminary,  

| < 2η|

Likelihood$based$discriminator$obtained$by$combining$3$variables:$
• $Total$mul8plicity$
• $Minor$axis$
• $pTD$

hJp://cds.cern.ch/record/1599732/files/JME@13@002@pas.pdf$$
hJps://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsJME13002$

Good$background$rejec8on$and$signal$efficiency$
Stability$vs$pile@up$is$under$inves8ga8on$
Is"not"directly"applicable"yet"to"AA"but"combine"it"with"other"
taggers."""

Sevil$Salur$ 62$

A$template$type$analysis:$Quark@gluon$discrimina8on$in$pp$$
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Jet$Shape$Variables$in$PbPb:$Dispersion$&$Girth$$

Jet$girth$(the$pT$weighted$jet)$width$is$narrower!$
Possible$bias$towards$quark$jets?$$$$

pTD"distribu;on"shiWed"to"larger"values"
A$selec8on$bias$towards$quark$jets$&$
harder$fragmen8ng$jets?$$



Heavy$Flavour$Parton$Dependence$$

Sevil$Salur$ 64$

CM
S,
$P
hy
s.
$R
ev
.$L
eJ

.$1
13
,$n
o.
$1
3,
$1
32
30
1$
(2
01
4)
$$

CM
S,
$P
hy
s.
$L
eJ

.$B
$7
54
,$5
9$
(2
01
6)
$

CM
S,
$a
rX
iv
:1
61
2.
08
97
2$
(2
01

6)
$$$
$

$$$$$$suppression$of$b$quarks$in$PbPb,$
while$no$suppression$in$pPb$
collisions$$

Primary$Vertex$
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Vertex$

3+"Body"Secondary"Vertex"Tagging:"
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Caveat:$b/c$jet$might$not$be$original!$$

Sevil$Salur$ 65$

Rgluon:frac8on$of$g@>b$$
$Rb$:frac8on$of$b@>b$$$
$Rother:frac8on$of$q@>b$

Huang,$Kang,$Vitev$$

At$high$pt$region,$mass$
effect$can$be$neglected$

Explore$mul8$tags$such$as$c/b$jet$with$D/B$and$γ.$Many$new$results$released!$



Z/Υ+jets$at$5$TeV$PbPb$

Sevil$Salur$ 66$

CMS$PAS$HIN@15@013$
Phys.-Rev.-Le8.-119-(2017)-082301$

Z$bosons$and$photons$aren’t$affected$by$medium$
Energy$of$the$jet$before$energy$loss$is$known.$



Sevil$Salur$ 67$

Phys.-Rev.-Le8.-119-(2017)-082301$

Z/γ+jets$at$5$TeV$PbPb$

HIN@16@002$



PbPb$

pp$

Jets$loose$~15%$energy$due$to$medium$interac8on$

arXiv:$1702.01060$
PRL$119$(2017)$082301$

PAS@HIN@16@002$

Higher$sta8s8cs$Future$LHC$data$is$needed!$$$

Z/γ+jets$at$5$TeV$PbPb$



U8lize$tools$developed$for$pp$☺$@$Jet$Grooming:$$
the$systema8c$removal$of$a$subset$of$the$jet$cons8tuents$$
!remove$so_$and$wide@angle$radia8on$from$the$jet$

High@pT$regime:$pT>2m/R$

Decay$is$collimated$i.e.,$$qq$
are$in$the$same$jet.$$

JHEP09(2013)076$

69$Sevil$Salur$



U8lize$tools$developed$for$pp$☺$@$Jet$Grooming:$$
the$systema8c$removal$of$a$subset$of$the$jet$cons8tuents$$
!remove$so_$and$wide@angle$radia8on$from$the$jet$

70$Sevil$Salur$

Jet$Grooming:

Butterworth,Davison,Rubin,Salam:Phys.Rev.Lett.100:242001,2008
Kaplan,Reherman,Schwartz,Tweedie:Phys.Rev.Lett101:142001,2008,$ arXiv:0806.0848$
Ellis,Vermilion,Walsh:Phys.Rev.D80(2009)051501,arXiv:$0903.5081
Gallicchio and$Schwartz,Phys.Rev.Lett.105:022001,2010,arXiv:$ 1001.5027v3$and$others$….

Courtesy$to$
Gavin$Salam

12Sevil$Salur

Many$methods$



U8lize$tools$developed$for$pp$☺$@$Jet$Grooming:$$
the$systema8c$removal$of$a$subset$of$the$jet$cons8tuents$$
!remove$so_$and$wide@angle$radia8on$from$the$jet$

Sevil$Salur$ 72$

JHEP09(2013)076$large@angle$so_$radia8on$and$
bkg$removed$by$grooming!$$

ΔRij$

Check$out$HP$2018$Raghav$Kunnawalkam$Elayavalli’s$talk$on$Thursday$

Courtesy$to$Marta$Verweij$



U;lizing"Jet"Grooming"

Sevil$Salur$ 73$

CERN@PH@TH/2012@291$

Modifica8on$of$branch$spliong$of$inclusive$jet$measurements$!$$
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Momentum$sharing$between$two$leading$subjets$$
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U8lizing$Jet$Grooming$

Sevil$Salur$ 74$
Courtesy$to$Marta$Verweij$

No$clear$message$from$model$comparisons$
!$Need$more$precise$and$differen8al$data$



Sevil$Salur$ 75$

$No$observable$difference$in$AuAu$in$comparison$to$pp$$

U;lizing"Jet"Grooming"at"RHIC"with"diGjets"

Hard$Core$–Dijet$Selec8on$

Courtesy$to$Kolja$Kauder$



Groomed$Jet$Mass$

Sevil$Salur$ 76$

Zcut=0.5$β=1.5$
Zcut=0.1$β=0$

Grooming$Independent$of$angular$
separa8on$$

Grooming$for$larger$angular$
separa8on$$

Core$of$the$jet$stays$the$same.$$

The$periphery$of$the$jet$is$sensi8ve$to$interac8ons$of$partons$with$the$
medium$during$the$parton$shower$evolu8on.$



Jet$Mass$w/o$grooming$

No$apparent$change$in$jet$mass.$$

Sevil$Salur$ 77$

ALICE:$arXiv:1702.00804$[nucl@ex]$
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Esha$Rao$(CEU@DNP16@EA96$Poster$Session)$

Sevil$Salur$ 78$

w/o$grooming$

Jet$Shape$FlaJens$with$larger$jet$masses.$$
Mass$and$Shape$are$convoluted$variables!$$

Raghav$Kunnawalkam$Elayavalli$

w/o$grooming$
LHC$ RHIC$



Precision$Studies:$$
Power$of$global$data$analysis$

●  Global$fiong$leverage$informa8on$and$
differen8al$power$from$individual$data/
observable$to$extract$op8mal$amount$of$
informa8on$

●  Require$large$efforts$in$simultaneously$
describing$background$and$jeJy$probes$$
@$“Standard$model(s)”$of$HI$$
@$forward$folding$in$experiments$
@$quan8fying$contribu8on$from$individual$
measurement$

●  Cau8ous$models’$validity$and$systema8c$
bias$on$interpreta8on$used$in$global$fit$

Courtesy"of"Shuzhe"Shi"

Jet$Structure$
Observables$$

79$



Why is JETSCAPE a potential solution …

7

A. Majumder, Hard Probes ‘15

JETSCAPE:  
Theoretical and  
experimental physicists, 
computer scientists,  
statisticians

❖ Multi-Stage Energy Loss
❖ … no one group can do it all
❖ Mission Statement: Extensive, extensible event generator

❖ General. Modular. Self-contained. State-of-the-art.
❖ Note: Framework is agnostic to “multi-stage”, ”energy loss”

Courtesy$to$Joern$Putschke$
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JETSCAPE:  
Theoretical and  
experimental physicists, 
computer scientists,  
statisticians

❖ Multi-Stage Energy Loss
❖ … no one group can do it all
❖ Mission Statement: Extensive, extensible event generator

❖ General. Modular. Self-contained. State-of-the-art.
❖ Note: Framework is agnostic to “multi-stage”, ”energy loss”

Courtesy$to$Joern$Putschke$

Use$MC$to$study$detector$performance/
sensi8vity$to$quenching$observables.$



Jets$are$useful$probes$to$study$QGP.$
We$have$learned$a$lot$about$QGP$w/o$&$w$reconstruc8ng$jets.$
Reconstructed$jets$with$its$structure$evolu8on$allow$us$to$do$global$
data$analysis.$$
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Treatment$of$background$&$fakes$need$to$be$handled$carefully.$
Choice$of$measurement$regions$could$affect$physics$interpreta8on.$$$
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Christine Nattrass, Santa Fe Jets and Heavy Flavor Workshop 2018 45

Conclusions
● We need to talk about background

● We should try to measure the same things

● We should report correlations between uncertainties

● We should ask whether we’re learning something

● We should think about what we’re not seeing

http://www.memes.com/searchresults/sex/205126

background
background

So the thing is, you 
should do it the way 
I do it because your 
way is wrong.

Courtesy$to$Chris8ne$NaJrass$


