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Brief plan

s Introduction
. Concept of a jet
. Jets at the LHC

s Jets and soft backgrounds
. effect on jets
. area-median background subtraction

s Jet fragmentation function
- moments of the fragmentation function
. extending the area-median subtraction
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What is a “jet”?

concept/idea
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Jets

s Final-state events are pencil-like
already observed in ete collisions:

» Consequence of the collinear divergence
QCD (quark & gluon) branching proba: £ « %
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Jets

s Final-state events are pencil-like
already observed in ete collisions:

» Consequence of the collinear divergence
QCD (quark & gluon) branching proba: £ « %

“Jets” = bunch of collimated particles = hard partons

-p. 4



Jets and partons

“Jets” = bunch of collimated particles = hard partons

obviously 2 jets
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Jets and partons

“Jets” = bunch of collimated particles = hard partons

3 jets
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Jets and partons
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Jets and partons

“Jets” = bunch of collimated particles = hard partons

3 jets... or 47

s “collinear” is arbitrary
s “parton” concept strictly valid only at LO
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Jet definition

(Partons/ParticIes/Canrimeter towers/Tracks)

|

( e )
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Jet definition

A jet definiton Is supposed to
s (give finite jet cross sections (th)
» Dbe fast enough (exp)

» be (as) consistent (as possible) across different
view of an event (th&exp)

VoW Rk N

LO partons NLO partons parton shower hadron level
Jet Defn Jet Def Jet Defn Jet Def
jet 1 jet 2 jet 1 jet 2 jet 1 jet 2 jet 1 jet 2

VN
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Note

This talk IS

how to reconstruct the jets and their properties from
the final-state particles

This talk IS NOT

about theoretical descriptions of Heavy-ion data
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What is a “jet”?

jets at the LHC
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2 major achievements

» perturbative finiteness

Tevatron & LHC initial plans: cone algorithm

» CDFJetClu, CDFMidPoint, DOMidPoint,
ATLASCone: IR-unsafe

s CMSilterativeCone: collinear-unsafe
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2 major achievements

» perturbative finiteness

Tevatron & LHC initial plans: cone algorithm

» CDFJetClu, CDFMidPoint, DOMidPoint,
ATLASCone: IR-unsafe

s CMSilterativeCone: collinear-unsafe

Recently cured
» IR-safe cone: SISCone
[G.Salam,GS, 0704.0292]

. Collinear-safe cone-like: anti-%;
[M.Cacciari,G.Salam,GS, 0802.1189]
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2 major achievements

» perturbative finiteness

» fast recombination algorithms
. Tevatron era: k; too slow: O(N?) for N particles

10! —————
I Inteld i5 760 | ]
1072
-2
% 10
o KtJe; ]
S 10-3
10 _
- low lum now PbPb
Y P N D N R AP B B
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10t 10° 10° 10% 10° 108
N
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2 major achievements

» perturbative finiteness

» fast recombination algorithms
. Tevatron era: k; too slow: O(N?) for N particles
. Now: (anti-)k; very fast: O(N?) or O(N log(N))

- Inteld i5 760 | | ]
| FastJet3o /7 ]

low lum now PbPb
- [T R S B S B
100 b 1
10t 102 10° 10* 10° 10°
N

[M.Cacciari, G.Salam, 2005]
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2 major achievements

» perturbative finiteness
» fast recombination algorithms

[M.Cacciari, G.Salam, GS, www.fastjet.fr |

. Grown way beyond just fast recombinations:
. plugins for used jet definitions
. Jet areas, background subtraction (see below)
. tools for manipulating jets
.« more to come...

. FastJet 3.0.3 in June 2012

. Standard interface for jet clustering
for both theorists and experimentalists
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www.fastjet.fr

The anti- £; jets

» All experiments use the anti-%; algorithm:
[M. Cacciari, G. Salam, GS, 2008]

. From all the objects, define the distances

dij = min(k;%, k) (Ayg; + Ag?), dip = k,;° R’

. repeatedly find the minimal distance
If d;;: recombine i and j Into k =i+ j
If d;5: call : a jet
s [1Is a size parameter (eg CMS: 0.5,0.7, ATLAS: 0.4,0.6)
» Main property: hard jets are circular
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Clustering in action: anti- k; (R = 0.7)

Start with your
favourite picture
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Clustering in action: anti- k; (R = 0.7)

p,/GeV .
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10 {=
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Clustering in action: anti- k; (R = 0.7)

p,/GeV .
60 4 dminis dij = 3.85256e-05

min IS dij —3.9107°
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Clustering in action: anti- k; (R = 0.7)

p,/GeV .

60 recombine them
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Clustering in action: anti- k; (R = 0.7)

p,/GeV .
60 4 dminis dij = 5.26121e-05

min is d;; = 5.3107°
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Clustering in action: anti- k; (R = 0.7)
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Clustering in action: anti- k; (R = 0.7)
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Clustering in action: anti- k; (R = 0.7)
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Clustering in action: anti- k; (R = 0.7)

p,/GeV .
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Clustering in action: anti- k; (R = 0.7)
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Clustering in action: anti- k; (R = 0.7)

p,/GeV .
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Clustering in action: anti- k; (R = 0.7)
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Clustering in action: anti- k; (R = 0.7)
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Clustering in action: anti- k; (R = 0.7)
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Clustering in action: anti- k; (R = 0.7)

p,/GeV .
60 4 dminisdij=0.000120261

min is d;; = 1.21074
50 -
40 A

30 -

20 -

10 {5

-p.12



Clustering in action: anti- k; (R = 0.7)
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Clustering in action: anti- k; (R = 0.7)

p,/GeV .
60 4 dminis diB = 8.78538e-05

minis d;5 = 8.8107°
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Clustering in action: anti- k; (R = 0.7)

p,/GeV .
60 -

declare as a jet
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Clustering in action: anti- k; (R = 0.7)

p,/GeV .

60 4 dminis dij = 0.00020p3 min iS dij —91 10—4
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Clustering in action: anti- k; (R = 0.7)
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Clustering in action: anti- k; (R = 0.7)

p,/GeV .
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Clustering in action: anti- k; (R = 0.7)
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Clustering in action: anti- k; (R = 0.7)
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Clustering in action: anti- k; (R = 0.7)
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Clustering in action: anti- k; (R = 0.7)

p,/GeV .
60 4 dminis diB = 0.0005§854

minis d,g = 5.610~*
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Clustering in action: anti- £; (R = 0.7)
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Clustering in action: anti- £; (R = 0.7)
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60 4 dminis diB = 0.0010f346
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Clustering in action: anti- £; (R = 0.7)
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LHC examples

15 CMS Preliminary L = 4.7 fb™
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Jets in a soft background



Pileup

7 — ¢T¢~ candidate at ATLAS

Low luminosity
(bunch populatlon)

5E, (G »\/
Ru N mber: 154817, Event Number: 968871 T ) 45GeV E, (") = 40GeV

ATLAS Date: 2010- 05 09 09:41:40 CEST
Mee—89GeV

L EXPERIMENT Z-ee candidate in 7 TeV collisions

i

duin
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Pileup

7 — ¢T¢~ candidate at ATLAS

Low luminosity High luminosity
(bunch population) (bunch population)

&~ - Run Number: 154817, Event Number: 968871 WSE'(GEVEG )= 45GeV E. (e') = 40GeV
{(\\{\v Date: 2010-05-09 09:41:40 CEST l(e)= 021 T e = -0.38
o . n (e)=0.. n (e*) =-0.

}[ﬁ: M, .= 89 GeV 10

< )

A EXPERIMENT

Z-ee candidate in 7 TeV collisions

i
HHNENE

] ) 1

| 1] NARRRE
RN ‘ ] ’\TT "L\L
| ) ) ) B

s Mmany (soft) pp interactions
with the hard one (here 25)

» soft background in all the detector
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Pileup

A CMS event with 78 pile-up vertices!

3D Tower

Rho Phi

Algorithm Name

Today (2012 run), 30 PU vertices on average
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Basic characterisation

Pileup mostly characterised by 3 numbers:
s p. the average activity in an event (per unit area)
s o the intra-event fluctuations (per unit area)
» o,: the event-to-event fluctuations of p

event 1 event 2
Dt Dt

—p.17



Basic characterisation

Pileup mostly characterised by 3 numbers:
s p. the average activity in an event (per unit area)
s o the intra-event fluctuations (per unit area)
» o,: the event-to-event fluctuations of p

For a jet (of area A) in a given event that means:
pr — pr+ pA £ oV A
When averaging over many events

pe = pr+ (p)A+0,A+0VA
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lllustration of the consequences

0.07

k, (R=0.6) ——
M., =300 GeV SISCone (R=0.6) ——
0.06 : no pileup - --- .
‘ with pileup jet 1
o~ 0.05 [
> "
8 004
N . ,' 1 \ \ /
-g ! l' “ ‘\ Z
> 0.03 R
© ‘7, \ \
Z 'll' ‘\ ‘\ >\
S 0.02 o N \
001 bowoozzzsfl . et 2
| e j
260 280 300 320 340

reconstructed Z’ mass (GeV)

» Shift due to the “pA” term
» Smearing due to the “0,A” and “ov A" terms
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Heavy ions

Note: same considerations for “spectator p and n”

In heavy ion collisions

Typical case: anti-k; R = 0.4, 20 PU or 0—10% centrality

Estimates | LHC, pp | LHC, PbPb

0 15 GeV | 200 GeV

0p 4 GeV 40 GeV

% 5 GeV 20 GeV

Ajet 0.5 0.5

0Pt jet 7.5 GeV | 100 GeV
3.5GeV | 16 GeV
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Jet-area-based subtraction

[M.Cacciari, G.P. Salam, 07; M.Cacciari, G.P. Salam, GS, 2008]

(sub)

pt,jet — pt,jet — Pest

» jet area: see e.g. M.Cacciari,G.P.Salam,GS,arXiv:0802.1188

® puie, the background p, density per unit area

s break the event In

patches of similar size

e.g. cluster with k;

s Estimate ppy, USINg

Prkg = median
jEpatches

{pt

Ajet

35

30

T
median




Jet-area-based subtraction

[M.Cacciari, G.P. Salam, 07; M.Cacciari, G.P. Salam, GS, 2008]

(sub)
pt,jet — Ptjet — pestAjet

s Jet area A per jet
» Bkg density p: (typically) per event

Consequences:
» corrects for the pA shift
» gets rid of the 0,4 smearing (across events)

» left with the fluctuations o/ A (in-event)



Subtraction benchmarks

Subtraction efficiency study:

Generate a hard event — hard jets
Add PU events — full jets
Apply subtraction — subtracted jets



Subtraction benchmarks

Subtraction efficiency study:

A p}fmsub

sub

Add PU events — full jets
Ap3

Generate a hard event — hard jets %
Apply subtraction — subtracted jets
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Subtraction benchmarks

Subtraction efficiency study:

[Ap,GeV]

A p}fmsub

sub

Add PU events — full jets
Ap3

Generate a hard event — hard jets %
Apply subtraction — subtracted jets

T T
——— unsubtracted
140 b —™— subtracted

120 b LHC, Vs=7 TeV

anti-ky(R=0.5), p;>200 GeV
10.0

8.0

6.0

4.0

2.0

0.0

2.0 | | | | |

shift (ApstP) OK
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Subtraction benchmarks

Subtraction efficiency study:

[Ap,GeV]

Generate a hard event — hard jets

16.0

14.0

12.0

10.0

8.0

6.0

4.0

2.0

0.0

-2.0

_ A unsub
Add PU events — full jets % pgub
Ap

nly subtraction — subtracted jets

9.0

T T T T T
———— unsubtracted

’ —=— subtracted

. 7.0 I LHC, Vs=7 TeV
anti-k(R=0.5), p;>200 GeV

T T
——— unsubtracted
—s— subtracted

| LHC, Vs=7 TeV
anti-ky(R=0.5), p;>200 GeV

Opp, [GeV]

shift (ApstP) OK resol o, ..o better
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Recent developments
Improvements/extensions of the method

» Methods to handle positional dependence of p
Directly relevant for the LHC (e.g. rapidity dependence)

[M.Cacciari,G.5alam,GS,2010-2011]

s Subtraction of fragmentation function (moments)
Useful for quenching in PbPb collisions

[M.Cacciari,P.Quiroga,G.Salam,GS,arXiv:1209.6086]
» Subtraction for jet mass and jet shapes

Important for jet tagging (“g v. ¢ jet”, b jet, top jet, H — bb)
[M.Cacciari,J.Kim.G.Salam,GS,arXiv:1211.2811]
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Fragmentation function in HI collisions

CMS, PbPb, |5, =276 TeV, L_ —68ub1

3 [ T T T T AR RARAR RRLRERARRE R I RARAN AR T T T RN AR I R
M 10 anti-k_ (R = 0.3) PF Jets (@) O Leading Jet (b)
o) o P> 100 GeVlc, Py >40 GeVic -- pp reference
-~ 10 A(p » >%T[ ® Subleading Jet
% 10 Tracks in cone (AR < 0.3) — pp reference
a p"a°k>4 GeVic
Z !
© -1
G 1
Z 1072
~~
H 10'3
i 1
o ) (d) 3
3: L T [0] Leading Jet 1
O 2.5H + ® Subleading Jet 3
o o ; ]
~ 24 o | E
o) - Centrality 30-100% - Centrality 0-30%
D_ 1.5__ I .
& PlappriedlHefmgeedih
: i 210 ¢
0.5F + ]
O-....I ........ [N N [N N | NS N |||-:|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

005115225335445 05115225335445

£ = In(1/2) £ = In(1/2)
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Fragmentation function in Hl

Fragmentation function: momenta of the constituents

N,
dz

with

_ Pth

& = log(1/2)

ldea: consider moments of the fragmentation function

1
MN:/ dz z
0

=
n

T T T
Pythia 6

Pyquen (0-10%) — === =

dz

1/Nqq AN/

N
jet Zhejet Pt n

[(N+1)/2]* My

N

pt,jet

2.5

2

=
ol

[EEN

0.5

T T T T T
LHC, Vs=2.76 TeV
- anti-k,(R=0.4), noUE

p>100 GeV, |y|<3




Fragmentation function in Hl

Fragmentation function: momenta of the constituents
~ Pth

d Ny, .
— with 2z = & =log(l/z
- P § = log(1/z)

ldea: consider moments of the fragmentation function

! N
dN; . D
My :/ dy 2V 20 or M}\‘?t _ ZhEJet t.h
0

N
dz pt,jet

affected by the large PbPb Underlying event

s reconstructed jet p;. see before
» additional soft particles: apply e.g. a p; cut
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“Standard” background subtraction

Underlying idea:

s Mmeasure the medium where it is not affected by
the hard jets

s subtracts that from the fragmentation function

Simple test:
region transverse to the dijet event with the same area
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Subtraction In moment space

Alternative approach:
use jet-area-based techniques in moment space

Introduce a new background property py

( N )
: Pt patch : ZiEpatch pt,i
p = median pN = median <

patches Apa,tch

patches Apatch
\ y

and subtract using

N
M]S\}lb _ Ziejet Pri — pNA
(pt — PA)N
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Fragmentation function subtraction

10° | | | | 102 T T T T T 1 25 T T T T T 1
Pythia F -~ E 1 sub
\ - 4 N - >
10% R Pythia+Hydjet ——— | / N o L |‘ Pt.fui>100 GeV
Y X z-subtracted © w 10 - \— - ><éég \
=10 = 1 < !
o e N\
@ g 1 F — =
z 1 Z ) +
= = L/ PbPb Vs=2.76 TeV ] =
-1
1072 10 0-10% (Hydjet) :
anti-k;, R=0.4, |y|<3
102 1072 A NN N N N R ol 1 1 11
0O 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6
y4 & N
10° 25 T T T T 1
1 sub
102 > L \ pt’fu||>200 GeV_
\
S Z \
=10 < 15 \
© o
oy =z
% 1 -:|-L 1
-1
10 0.5 | -
102 I NN N N N R ol 1 1 1 1
0O 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6
& N

Improvement but not better than a p, cut
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Improved subtraction

Problem: 0.04
. . 0035 L 100 <p; 77" <110 GeV |

» steeply falling jet spectrum 003 L [ et a -
anti-k(R=0.4) _|

0.025

s cuton pfiP tends to pick

smaller p; hard
with upwards fluctuations

0.02

0.015

1/N dN/dpPP [GeVY

0.01

0.005

0 50 100

Consequences: p{P [GeV]

» Dijer OVErestimated i.e. z underestimated:
underestimation at large N

s extraneous soft particles in the medium:
overestimation at small N

150 200
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Improved subtraction

Simple unfolding computed analytically in moment

space
s assuming small fluctuations (o)
» (unfolded) inclusive jet spectrum
dN/dpy o< exp(—pt/p) (locally)
s compute event-by-event:

. fluctuations o In p;
. fluctuations o in > pY

., correlations ry between Y p¥ and p;

. 2 A
MzS\lflb,lmp — ]S\}lb X (1 + N o ) — TN
HPt jet

oonA

N
lupt,jet
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Improved subtraction

Msub,imp sub

Py = 100 GeV
2.5 M I I I I I

PbPb Vs=2.76 TeV /
2 . 0-10% (Hydjet)
anti-kt, R=0.4, |y|<3

/

=
ol

-

[(N+1)/2]* My,

o
ol

[(N+1)/2]* My

2
o“A
X |14+ N——
N v HPt jet

2.5

=
ol

-

o
ol

N
'upt,jet

Py = 200 GeV

| | |
Pythia
Pyquen
N-subtracted
+ correl

Much nicer and only easily done in moments!
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Conclusion and perspectives

s Many recent developments in use at the LHC:
. Jet algorithms with finite cross-sect. at all orders
s In particular the anti-%; algorithm
. FastJet: fast implementations and jet package

s Pile-up and HI background subtraction:
. 2 key ingredients: jet area & median p

= Now many applications
s Jet p, and 4-momentum
s fragmentation function
s Jet shapes
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Backup slides



FF moments: interesting N

Some interesting values of N:
s N =0 Is the particle multiplicity

s with only charged tracks N = 1 Is the charged
fraction of momentum

» Hadron spectrum o« p; "
= M,,_1 IS the ratio of the hadron and jet spectra
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