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series of recent works by

Gavin Salam (GPS)
Matteo Cacciari
Gregory Soyez

o fast kit jet finding algorithm (FastJet)

@ infrared safe algorithm (SISCone)

@ the notion of "= crec” : UE and pileup

bhysics searches

- S




based on

Gavin P. Salam
habilitation thesis presentation

given 5 May, 2009
at the LPTHE, Paris




. quarks as jets of hadrons

Aleph Higgs event:

@ Claim: it corresponds to
ZH — qqgbb.

@ But actually just bunches (‘jets’)
of hadrons.

@ Can they be related?
And How?

Need understanding of QCD
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jet as a “string” of hadrons |
|
; Existence of Jets was envisaged from “parton models” in the late 1960's. |
Kogut—Susskind vacuum breaking picture : |
| @ In a DIS a green quark in the proton is hit by a virtual photon; '
virtual photon |
| N 5
hN
| proton
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jet as a “string” of hadrons |
Existence of Jets was envisaged from “parton models” in the late 1960's. |

Kogut—Susskind vacuum breaking picture : |
@ In a DIS a green quark in the proton is hit by a virtual photon;

@ The quark leaves the stage and the colour field starts to build up; i
colour -

field
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Existence of Jets was envisaged from “parton models” in the late 1960's.

Kogut—Susskind vacuum breaking picture :
@ In a DIS a green quark in the proton is hit by a virtual photon;

@ The quark leaves the stage and the colour field starts to build up;
@ A green—anti-green quark pair pops up from the vacuum, splitting the
system into two globally blanched sub-systems.

_ Vacuum break—up
--"  in the external field

oz
| —- | —— -
'~ colour A Y colour |
| field | field |
Repeating, one gets the “Feynman Plateau” :
N Aw o
One” hadron per ——; Hadron multiplicity o< In @ .
w

jet as a “string” of hadrons
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. Lund fragmentation 1

Phenomenological realization of the Kogut—Susskind scenario

AV AV 4 — a "String” of hadrons
_’g ) ; 34 o ; 3 3: The base of the Lund Model

The key features of the Lund hadronization model:

d
@ Uniformity in rapidity: dNp = const x #
h

@ Limited k, of hadrons

 y d vs. s

@ Quark combinatorics at work:
& mesons VS. baryons
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comparing hadron multiplicities i
| |
from gluon & quark jets |
Look at experimental findings !
i i Gluon-Gluon /4 v |
| ~—— Prediction (Eden et al.) / *
[« CLEO: Y Decays *.f‘* Lessons :
; [+ TRISTAN: 3-Jets : |
b 4 OPAL:leading J/ @ N increases faster than In E .
' - A OPAL: 3-Jets j (= Feynman was wrong)
| - DELPHI: 3-Jets ﬁ
b 2 ;s [ O sym.evs. Je . @ Ng/Ng < 2 however
| [ & slevis e o Nz _ N. _ 2N: _ 9 5
| i . dN, = G — N2-1 — 4 =
- N CI i
0 [ Ko Quark-Antiquark (= bremsstrahlung gluons
- / © PETRA o LEP add to the hadron yield; QCD
f 8 O TRISTAN e PEP : i
! - respectin arton cascades
5 — < ——  Fit (Webber et al.) P Ep ) :
; [ ol 1 L1l L 'E
10 , 10°

E_ [GeV] |
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Parton fragmentation

Gluon emission:
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At low scales:
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Jets are what we see.
Clearly(?) 2 jets here




Jets are what we see.
Clearly(?) 2 jets here

seeing vs. defining jets
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How many jets do you see?
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Jets are what we see.
Clearly(?) 2 jets here

How many jets do you see?
Do you really want to ask yourself
this question for 10° events?




|
: Les Houches 2007 proceedings, arXiv:0803.0678

jet algorithm

P} — {lk}

particles,
4-momenta,
calorimeter towers, ....

| + parameters (usually at least the radius R)
'

Reminder: running a jet definition gives a well defined physical observable,
which we can measure and, hopefully, calculate
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Jets as projections

N/ A

: LO partons NLO partons parton shower hadron level
' Jet | Def" Jet | Def" Jet | Def™" Jet | Def™"
| jet1 jet 2 jet 1 jet 2 jet 1 jet 2 jet 1 jet 2

VNV

Projection to jets should be resilient to QCD effects
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QCD Jefs f lowcharf
( Tree level } (Monte Carlo} - - —@ [BSM Searches)

' (Jets (theory tool) ? [nggs searches)
cxxwl 3

| MLM g

(MC + Tree i / ( top physics |

i l ¥

| Detector sim. Jet Xesct | \( MC validation |
i

|

l / \[ PDF fits |

Jet X=sct
( Detector unfolding]

( DETECTOR | @

Jet (definitions) provide central link between expt., “theory” and theory
And jets are an input to almost all analyses
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What jet algorithms are out there?

2 broad classes:

1. sequential recombination

“bottom up”, e.g. k;, preferred by many theorists

2. cone type

“top down", preferred by many experimenters




k; or “Durham” alg.

sequential recombination algorithms

Catani, D-1, Olsson, Seymour; Turnock, Webber “91
Ellis, Soper 93

Bottom-up jets:

Sequential recombination




sequential recombination algorithms

Catani, D-1, Olsson, Seymour; Turnock, Webber “91

kt or “Durham” alg. Ellis, Soper *93

> Find smallest of all djj= min(k3. kZ)ARZ/R* and dig = k7
» Recombine i,j (if iB: i — jet)

» Repeat

NB: hadron collider variables

> ARZ = (6i — ¢)° + (vi — j)°
» rapidity y; = %In E%Z

» AR is boost invariant angle
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sequential recombination algorithms

Catani, D-1, Olsson, Seymour; Turnock, Webber “91

kt or “Durham” alg. Ellis, Soper 93

> Find smallest of all djj= min(kg, kZ)ARZ/R? and dig = k7

ti’
» Recombine i,j (if iB: i — jet)

» Repeat

NB: hadron collider variables

> AR = (6 — )% + (vi — ¥;)?

» rapidity y; = %In g%g;

» AR is boost invariant angle

R sets minimal interjet angle
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why the relative ki ?

k: distance measures
12 12 2 2
dU — m|n(kti, ktj)Ale‘ d,B — kti

are closely related to structure of divergences for QCD emissions

asCa  dky  dAR;
27 min(kt,-,ktj) ARU ’

[dii1 Mg g, (k)| ~ (kij < ki, AR <1)

and
as Cp dkyj

v ktl

[dki]|Méea/77—.Beal77+g/(ki)| ~ d77i ) (kt21 < {§ %* Z\I})

k: algorithm attempts approximate inversion of
branching process
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cones with Split Merge (SM)

Tevatron & ATLAS cone algs have two main steps:

» Find some/all stable cones
= cone pointing in same direction as the momentum of its contents
Found by iterating from some initial seed directions
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cones with Split Merge (SM)

Tevatron & ATLAS cone algs have two main steps:

» Find some/all stable cones
= cone pointing in same direction as the momentum of its contents
Found by iterating from some initial seed directions
» Resolve cases of overlapping stable cones
By running a ‘split—-merge’ procedure




cones with Split Merge (SM)

Tevatron & ATLAS cone algs have two main steps:

» Find some/all stable cones
= cone pointing in same direction as the momentum of its contents
Found by iterating from some initial seed directions
» Resolve cases of overlapping stable cones
By running a ‘split—-merge’ procedure

what seeds do you see?

— = originally [ JetClu, Atlas | :
all particles above some threshold

== Midpoint Cone | Tevatron Run II | :
+midpoints btw stable cones as seeds




Readying jet “technology”

for the LHC era

[a.k.a. satisfying Snowmass]
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Snowmass Accord

“Snowmass Accord (1990): FERMILAB-Conf-90/249-E
[E-74/CDF]

Toward a Standardization of Jet Definitions -

Several important properti§§ 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.

o o ' T+ g v " T b Ak - b ” - ¥ Y T -
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Snowmass Accord

“Snowmass Accord (1990): FERMILAB-Conf-90/249-E
[E-74/CDF]

Toward a Standardization of Jet Definitions -

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

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;

Property 1 < speed. (+other aspects)

LHC events may have up to N = 4000 particles (at high-lumi)
Sequential recombination algs. (k) slow, ~ N® — 60s for N = 4000

ke not practical for O (10%) events




Snowmass Accord

“Snowmass Accord (1990): FERMILAB-Conf-90/249-E
[E-74/CDF]

Toward a Standardization of Jet Definitions -

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

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;

Property 4 = Infrared and Collinear (IRC) Safety. It helps ensure:

» Soft (low-energy) emissions & collinear splittings don’t change jets

» Each order of perturbation theory is smaller than previous (at high p;)

Wasn't satisfied by the cone algorithms




Computing and k;

Snowmass issue #1

The k; algorithm and its speed
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| Computing and k;

“Trivial’ computational issue:

» for N particles: N? d;; searched through N times = N3

» 4000 particles (or calo cells): 1 minute
NB: often study 107 — 10° events (20-2000 CPU years)

» Heavy lons: 30000 particles: 10 hours/event

| As far as possible physics choices should not be limited by computing.

Even if we're clever about repeating the full search each time, we still have
O (N?) djj's to establish

i



; k: and geometry

There are N(N — 1)/2 distances d;; — surely we have to calculate them all
in order to find smallest?

| k: distance measure is partly geometrical:

min djj = mi.n(min{kf,-, kg-}AR,-?)

, N i

= min(kzAR?)

| Iy

= m_in(kf, min AR,-?)
J

i I

2D dist. on rap., ¢ cylinder

In words: for each i look only at the k; distance to its 2D geometrical
nearest neighbour (GNN).

ks distance need only be calculated between GNNs |

Each point has 1 GNN — need only calculate N dj;'s
Cacciari & GPS, '05
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How does use of GNN help?
Aren’t there still % AR,% to check...?

Geometrical nearest neighbour finding
Is a classic problem in the field of

Computational Geometry
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Given a set of vertices on plane
(1...10) a Voronoi diagram parti-
tions plane into cells containing all
points closest to each vertex
Dirichlet '1850, Voronoi '1908

A vertex's nearest other vertex is al-
ways in an adjacent cell.
E.g. GNN of point 7 must be among 1,4,2,8,3 (it is 3)

Construction of Voronoi diagram for N points: N In /N time Fortune '88

Update of 1 point in Voronoi diagram: expected In NV time
Devillers '99 [+ related work by other authors|
Convenient C++ package available: CGAL, http://www.cgal.org

with help of CGAL, k; clustering can be done in NIn N time
Coded in the FastJet package (v1), Cacciari & GPS '06




LHC Io-IurEni LHC hi-lumi ' LHC Pb-Pb

: 100 1000 N 10000 100000
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LHC Io-IurEni LHC hi-lumi ' LHC Pb-Pb

100 1000 10000

N

Factorisation of momentum & geometry
‘ — 2-3 orders of magnitude gain in speed!

Speed competitive with fast cone algorithms

100000




JetClu (& Atlas Cone) in Wjj @ NLO

jet jet jet jet jet

—— soft divergence —

W W W
a?aEW agaEW agaEW
1-jet 400
2-jet  O(1) —00 0

With these (& most) cone algorithms, perturbative infinities fail to
cancel at some order = IR unsafety
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Real life does not have infinities, but pert. infinity leaves a real-life trace

Ct+ad+alxoco—oai+ad+al xnp/N— a2+ ol + ol
“

BOTH WASTED

Among consequences of IR unsafety:

Last meaningful order
; JetClu, ATLAS MidPoint CMS it. cone Known at
cone (csM] | [ICmp-SM] [IC-PR]
} Inclusive jets LO NLO NLO NLO (— NNLO)
W/Z + 1 jet LO NLO NLO NLO
| 3 jets none LO LO NLO [nlojet++]
W/Z + 2 jets none LO LO NLO [MCFM]
Miee in 2/ + X none none none LO
NB: 50,000,000%/ £/CHF /€ investment in NLO
e e o et o i e e e ek s i it o b ot Pt e e

IRC safety & real;.lifé
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Cadainns .

Real life does not have infinities, but pert. infinity leaves a real-life trace

4

ag + g X 00 — C.}:g + afg X Inps /N — C.}:g + o

S

BOTH WASTED

Among consequences of IR unsafety:

Last meaningful order
JetClu, ATLAS MidPoint CMS it. cone Known at
cone (csM] | [ICmp-SM] [IC-PR]
Inclusive jets LO NLO NLO NLO (— NNLO)
W/Z + 1 jet LO NLO NLO NLO
3 jets none LO LO NLO [nlojet++]
W/Z + 2 jets none LO LO NLO [MCFM]
Miee in 2/ + X none none none LO

NB: 50,000,000%/ £/CHF /€ investment in NLO

Multi-jet contexts much more sensitive: ubiquitous at LHC
And LHC will rely on QCD for background double-checks
extraction of cross sections, extraction of parameters

IRC safety & real-.life




rescuing cones : two directions

GPS & Soyez '07
Same family as Tev. Run Il alg

Cacciari, GPS & Soyez '08
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| essential characteristics of cones ?

P, [GeV] JS_O___M (ICPR)'——f4 T ' (Some) cone algorithms give

i 250—; - \::h\ v\... R o
' 2004

circular jets in y — ¢ plane

_I_-J—f—** Much appreciated by experi-
R ments e.g. for acceptance

corrections

— . | kp R=1[F
" ‘ I T ' [Fastief] |

k: jets are irregular 2508
i 200_: S .

Because soft junk clusters to- ™

gether first: e DB
Iy mIin{ Kz;, tj i . |
Regularly held against k; K s

0k




essential characteristics of cones ?2

Is there some other, non

cone-based way of getting
circular jets?

A
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strange It may seem,
but sequential recombination

can be adjusted to give
“circular jets”




I adapting sequential recombination to give circular jets
|

Soft stuff clusters with nearest neighbour |

ARg

max(k, ki)

ke: dij = min(kZ, kg-)ARg — anti-k;: dj =

Hard stuff clusters with nearest neighbour i

livergence over soft divergence |
P, [GeV] __________.-J Bl 9= 100e 100 | Cacciari, GPS & Soyez '08




I adapting sequential recombination to give circular jets
|

Soft stuff clusters with nearest neighbour |

ARg

max(k, ki)

ke: dij = min(kZ, kg-)ARg — anti-k;: dj =

Hard stuff clusters with nearest neighbour i

livergence over soft divergence |
P, [GeV] _——f—-fff_‘f{_ ”‘avnfl»-\l\(\t,d=2.98e-06| Cacciari, GPS & Soyez '08
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adapting sequential recombination to give circular jets

Soft stuff clusters with nearest neighbour |

2 |
AR;;

max(k, ki)

ke: dij = min(kZ, kg-)ARg — anti-k;: dj =

Hard stuff clusters with nearest neighbour i

livergence over soft divergence |
P, [GeV] _-——ffff{v_ v‘anylk-\!\(\t,d=7.sse-05| Cacciari, GPS & Soyez '08




I adapting sequential recombination to give circular jets

Soft stuff clusters with nearest neighbour |

k.: di; = min(kZ. k3)AR? i-k,: d; = AR'% [
i+ dj = min(ky, tj) j o antirke dy = maX(kf,..ktzj)

! Hard stuff clusters with nearest neighbour

. livergence over soft divergence
i p, [GeV] ek 00sF100]) Cacciari, GPS & Soyez '08

I anti-k; gives |

| R D | T cone-like jets

[ - O without using stable
cones

o My —_ il el " * T " SRS e EPRTIRC— - b g A - . B Y e WA
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: A full set of IRC-safe jet algorithms

Generalise inclusive-type sequential recombination with

dj = min(k;” k" )ARZ/R®  dip = ki

Alg. name Comment time
. p=1 k: Hierarchical in rel. k;
' CDOSTW '91-03; ES 03 Nin N exp.
1 p=0 | Cambridge/Aachen Hierarchical in angle
5 Dok, Leder, Moretti, Webber "7 Scan multiple R at once NinN
Wengler, Wobisch 98 « QCD angular ordering
|
' p = —1 | anti-k; Cacciari, GPS, Soyez '08 | Hierarchy meaningless, jets
~ reverse-K; Delsart like CMS cone (IC-PR) N3/2
SC-SM | SISCone Replaces JetClu, ATLAS
: GPS Soyez '07 + Tevatron run Il '00 MidPoint (XC-SM) cones N2 In NV eXPp.

All these algorithms coded in (efficient) C++ at
http://fastjet.fr/ (Cacciari, GPS & Soyez '05-08)

:
?4




Thus, Snowmass is solved.

But that was the problem of the 1990s ...

What are the problems
we should be trying to solve
In the LHC epoch ?




Whach jet definition(s) to use for LHC' ?

choice ot algorithm (kt, anti-kt, SISCone, ...)
choice of parameters (R, ...)

can we address these questions
| systematically
1.e. sctentifically ?
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what R is best to isolate a jet ?

E.g. to reconstruct my ~ (pig + Prz)

PT radiation:
g CF

a: (Bp)="LpnR

Hadronisation:
Cr
qg: (Aps) =~ — R 0.4 GeV

Underlying event:

R2
q,.8: (Apy) >~ 7-2.5—15 GeV

Minimise fluctuations in p;

Use crude approximation:
(Bp2) = (Ap;)?

- - - " ' 1 - - = T T Y i
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Ny o o y vkl o Cadainns .

what R is best to isolate a jet ?

E.g. to reconstruct my ~ (pig + Prz)

PT radiation:
g CF

a: (Bp)="LpnR

Hadronisation:

Cr

qg: (Aps) =~ — R 0.4 GeV

Underlying event:

R2
q,.8: (Apy) >~ 7-2.5—15 GeV

Minimise fluctuations in p;

Use crude approximation:
(Bp2) = (Ap;)?
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| what R is best to isolate a jet ?

E.g. to reconstruct my ~ (pig + Prz)
PT radiation:

aC
| qg: (Ap) =~ WFptInR

Hadronisation:

Cr

qg: (Aps) =~ — R 0.4 GeV

Underlying event:

| R?
q.8 : (Aps) =~ 7-2.5—15 GeV

Minimise fluctuations in p;

Use crude approximation:
(Bp2) = (Ap;)?

My - - - " ' 1 - - = T T Y i
T e et e riumy v S B v a0 T A P Y DAY P T A Y | S Y P N rae W i AN N o PN AP Y B e - . v wwand s T
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| what R is best to isolate a jet ?

50 GeV quark jet

| PT radiation: 30 T T T

. aCr . LHC

| q: (Apr) = S,,r peInR S 25| quarkjets 8

3 p; = 50 GeV

Hadronisation: w2 20| ]

Cr &

qg: (Aps) =~ - 0.4 GeV RARCE ]

| g

: . 10 f -

| Underlying even;\:).2 % (oo

q.8: (Ape) = —-25-15 GeV g 5¢ GPYOE .

0 <8pt)$ert ] 1 1 ] ]

. Minimise ﬂuctuations in pt 04 0.5 0.6 0.7 0.8 0.9 1 1.1

R

| Use crude approximation: in small-R limit (?1)
(Ap?) ~ (Ap:)? cf. Dasgupta, Magnea & GPS '07




—

what R is best

PT radiation: 50

aC
q: (Aps) ~ F 0

30

Underlying event:

R2
(Dpe) = —-2.5-15 GeV

(®Pyhert + (3P + (Opype [GeV]

q.8 :

Minimise fluctuations in p; 0.4

Use crude approximation:
(AP2) = (Ap)?

to isolate a jet ?

1 TeV quark jet

05 06 07 08 09 1 11
R

in small-R limit (?!)
cf. Dasgupta, Magnea & GPS '07




what R is best to isolate a jet ?

At low p;, small R limits relative impact of UE

At high p,, perturbative effects dominate over
non-perturbative — Rpest ~ 1.

LA & - A 2 R

1 @ T TS Rty o YT ARG . s Ty 3ot 8 Y N o :
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fate of a resonance peak

Dijet mass: scan over R [Pythia 6.4]

0.08

0.04

1/N dn/dbin /2

0.02

0.06

R=0.3

Resonance X — dijets
qq, M =100 GeV

SISCone, R=0.3, =0.75 |

Qfig o4 =24.0 GeV

YOEL OLBOAX &

60

80 100 120
dijet mass [GeV]

140
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Dijet mass: scan over R [Pythia 6.4]

fate of a resonance peak |

0.08

0.04

1/N dn/dbin /2

0.02

0.06

R=04
qq, M =100 GeV

SISCone, R=0.4, =0.75 |

Qfigos =225 GeV

YOEL OLBOAX &

80 100 120

dijet mass [GeV]

140

Resonance X — dijets i
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Dijet mass: scan over R [Pythia 6.4]

fate of a resonance peak |

0.08

0.04

1/N dn/dbin /2

0.02

0.06

R=1.3
qq, M =100 GeV

SISCone, R=1.3, {=0.75 |

Qfigos =423 GeV

YOEL 0LBOAIX &

60

80 100 120
dijet mass [GeV]

140

Resonance X — dijets
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fate of a resonance peak

Dijet mass: scan over R [Pythia 6.4]

R=1.3 '
qq, M = 100 GeV qq, M = 100 GeV 5

008 —mr—r———r+——7++— T T
i | SISCone, R=1.3, 1=0.75 ]: [ SISCone, f=0.75
i W i
i 006 - Qf=0.24 =423 GeV H

YOEL OLBOAX &
w
|
|
YOEL OLBOAIX &

0.04 =

1/N dn/dbin /2

0.02 - =

| 60 80 100 120 140 05 1 15
dijet mass [GeV] R

! After scanning, summarise “quality” v. R. Minimum = BEST
picture not so different from crude analytical estimate

'

:

1

1

b ]

Mty - - - o ' T - - 2 A ¥ Y T e

SO A SN . - WS (S A AR TR B A CA AT A WA AT T o PRGNSRV v At A S




Scan through gg mass values

Mgq = 100 GeV Best R is at minimum of curve
qg, M = 100 GeV

S A RS

5 [ SISCone =075 1%

15

R

i
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Scan through gg mass values

Mgq = 1000 GeV Best R is at minimum of curve
qq, M = 1000 GeV

S A RS

5 [ SISCone =075 1%

1.5

R

i

LA L e v - R v L S PP P W A A Y Y P crae R s v A e



| Scan through gg mass values
Mgq = 4000 GeV Best R is at minimum of curve I
qq, M = 4000 GeV » Best R depends strongly on I
I T I lg mass of system
ISCone f= 075 1% , . .
e 18 > Increases with mass, just like
3 o5\ e _é crude analytical prediction |
;d'_' T ‘ NB: current analytics too crude '
R
= i f BUT: so far, LHC's plans
| LR NG E involve running with fixed
. smallish R values |
s s e.g. CMS arXiv:0807.4961 |

R
~ about 100,000 plots for various jet algorithms, ) |
narrow gq and gg resonances |

can be found at http://quality.fastjet.fr

Cacmarl, ROJO, Salam & Soyez, 2008 |




Towards Jetography, G. Salam (p. 40)

ptyscs wih ot http://quality.fastjet.fr/

Dijet resonances

File Edit View History Bookmarks Tools Help [@

< v & . 4k |5 httpypiwwwlpthe jussisu frj~salamjjet-qualitys

h.'ETesting jot definitions: qq & gg c... ] cs

Testing jet definitions: qgq & gg cases

bv M. Caccian, J. Rojo, G.P, Salam and G. Sovez, arXiv.0810.1304

qq, M = 2000 GeV qq, M = 2000 GeV

Thiz page 15 intended 10 help

T N visualize how the choics of et
definition impacis a dilet invariant
mass reconsiruction at LHC.

T T T T T U R | T T

SISCane, A=0.8 f=075 | k R:ﬂ 3
QY p 42 = 21.3 GeV Qf_m. =61.5GeV

PO 1090 AN E
POE |0 SUANLE

The controfs fall into 4 groups:

* the jet definition
the binning and guality
measures
the Jet-type (quark, gluon) and
_,_:—' mass scale .
rrn ® pileup and subtraction
1800 2000 2100 19“0 2000 2|UO

-
c
L
-
=
=
puy
s
<
=

. The events were simulated with
dijet masz [GeV] dijet mass [CeV] Pythia 6.4 (DWT tune) and

reconstructed with Fastiet 2. 3.

Okt O cia Oanti-ky ® sIsCone O C/a-il @l Ccia Coanti-ky O SISCone O CIAIt , :
o o S o For more infarmation, visw and listan
| - [IR=08B + | | =alRr - |R:0.31 ey | =allRr | 10 the flash demo or clicic an
~ ¢ XK —0 = At indnidual terms
® Q?=z " Qw=xvM I'x2 L Qw=kvM [l x2
e Yrabin=31 ThiS page nas been tested with Firerax
Lo jrebin=2] + | - jrebin=2] + | v2 end 3, [E7, Safan v3 Opsra v9.5.
o - - ;. hrome 0.2.
@nq Cgg @gg Ogg Rl

[ - |mass=2000[ + | | - |mass =2000| +

| Reset
pileup; ®none 0,05 ©0.25mb ey pileup: @ none © 0.05 C 0.25 mo ey ) ’
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: doing physics with jets: boosted heavy particles

How about task of resolving separate jets
from separate partons?

lllustrate in context of boosted H — bb
reconstruction
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example : “#iggsstrahlung” - WH/ZH @ LHC

» Signal is W — (v, H— bb ) Studied e.g. in ATLAS TDR
» Backgrounds include Wbb, . twbbjj, ...

i
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example : “#iggsstrahlung” - WH/ZH @ LHC

| » Signalis W — tv, H— bb. ) Studied e.g. in ATLAS TDR
| > Backgrounds include Wbb, {f]— (bbj, ...
|

i
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example : “#iggsstrahlung” - WH/ZH @ LHC

| » Signal is W — (v, H — bb. ) Studied e.g. in ATLAS TDR
» Backgrounds include Whbb, tt — (vbbjj, ...
3 Difficulties, e.g.
- oo | » gg — tt has fvbb with same intrinsic
mass scale, but much higher partonic
j luminosity
| so0 | N » Need exquisite control of bkgd shape
i ! ‘+ pp — WH — £fuvbb + bkgds
' ATLAS TDR
0 L

N '1. 1 1 /b
0 50 100
m,; (GeV) H
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| example : “#iggsstrahlung” - WH/ZH @ LHC
| » Signalis W — (v, H— bb. ) Studied e.g. in ATLAS TDR
» Backgrounds include Whb, tt — (vbbjj, ...
3 Difficulties, e.g.
g o [ » gg — tt has fvbb with same intrinsic
mass scale, but much higher partonic
j luminosity
; oo | N » Need exquisite control of bkgd shape
i ! ‘+ pp — WH — £fvbb + bkgds b ,'
| ATLAS TDR /P
0 = T T S

i ’ . . m,;; (GeV) // H
Try a long shot? fJJZ
» Go to high p; (ptH, Prv > 200 GeV) w

» Lose 95% of signal, but more efficient? _

» Maybe kill tT & gain clarity? . R

sl "

LA L e v - R v L S PP P W A A Y Y P crae R s v A e

24




: example : “#iggsstrahlung” - WH/ZH @ LHC

| Question:

What's the best strategy to identify the

two-pronged structure of the boosted
Higgs decay?
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the tool

The Cambridge/Aachen jet alg. Dokshitzer et al '97
Wengler & Wobisch '98

Work out AR,% =A y,-Jz- + Ad)g- between all pairs of objects i, j;
Recombine the closest pair;
Repeat until all objects separated by ARj; > R. [in FastJet]

Gives “hierarchical” view of the event; work through it backwards to analyse jet

k: algorithm Cam/Aachen algorithm

Allows you to “dial” the correct R to
keep perturbative radiation, but throw out UE

.y hD 5 " b ) T oo WS »
e -

e . - cerae A
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Towards Jetography, G. Salam (p. 45)

Lprysics with jets pp — ZH — vivbb, @14TeV, my=115GeV

Boosted heavy particles

Cadainns .

Herwig 6.510 + Jimmy 4.31 + Fastlet 2

3

p, [GeV] | _ alllets defaultR =12

Cluster event, C/A, R=1.2

T

Ll

1

P

i

Moy - - + 1 ” - " ” ———— o Y e ol

YDA SO - vra B LTI B 78, VYA PP ALY A AT e 8 Y S Ll Y W R N A o L ol A A e P AP Y R -~ - e P e Cini i VR
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Towards Jetography, G. Salam (p. 45)

Lo "B — ZH — vibb, @14TeV, my=115GeV

Boosted heavy particles

NP

Herwig 6.510 + Jimmy 4.31 + FastJet 2.3

poan | s, doaut =12

T~

— -,

. 3 e H
i A e S T
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Towards Jetography, G. Salam (p. 45)

Cadainns .

Lprysics with jets pp — ZH — vivbb, @14TeV, my=115GeV

Boosted heavy particles

Herwig 6.510 + Jimmy 4.31 + FastJet 2.3

Hardest jet, pt=246.211 m=150.465

p,1GeV] =

SIGNAL

200 = pyz = 250 GeV
0.15 T T T

0.1 =

0.05:- »-\- -
| j\ N

0 i "
80 100 120 140 160
my [GeV]

Zbb BACKGROUND

200 <= pyz <= 250 GeV
0.008 ——

0.006 :\/\/\ 1

0.004

0.002 .

1 1 1

o
80 100 120 140 160
my [GeV]

arbitrary norm.

T

. 3 e H
i A e S T
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Towards Jetography, G. Salam (p. 45)

Lo "B — ZH — vibb, @14TeV, my=115GeV

Boosted heavy particles

| SIGNAL
Herwig 6.510 + Jimmy 4.31 + FastJet 2.3 200 < piz =250 GeV

0.15 . . . i
i

Drop step 1 Delta R = 1.03129; pt1=243.291 m1=139.156; pt2=3.944 m2=5.24475 I F 1
— - 0.1 b

0.05:- ~_ -
| j\ o |

0 i "
80 100 120 140 160
my [GeV]

Zbb BACKGROUND

200 <= pyz <= 250 GeV
0.008 ——

0.006 :\/\/\ 1

0.004 | \ -

p,1GeV]

; 0.002 | ) -
i split: m = 150 GeV, max(’,"n“’"z) = 0.92 — repeat #0100 20 140 jea

arbitrary norm.

o oy 0 o hwinn, > 4 T T " 0 & - e . T . 3 e H
B E et riumy v B vy a0 T P Y DAY P T A A ) Y | - Y P rae W i AN N o PN AP Y B e - . i A e S T
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Towards Jetography, G. Salam (p. 45)

Lo "B — ZH — vibb, @14TeV, my=115GeV

Boosted heavy particles

| SIGNAL
Herwig 6.510 + Jimmy 4.31 + FastJet 2.3 200 < piz =250 GeV

0.15 . . . i
i

Dro 2. Delta R = 0.87699; pt1=146.636 m1=52.3423; 102.622 m2=27.7967
p. [GeV] |__propstee L P |

| - ™~ 0.1 —

1 § |

' 80 10:;“1[2%\/]140 160
/bb BACKGROUND

200 <= pyz <= 250 GeV
0.008 ——

0.006 .

0.004 | : ;

0.002 ¢ E
! NN ..—-‘\_ e~

Split: m = 139 GeV, max(r’nn1,m2) — 0.37 — mass drop ®s0 100 1[‘éov1];o 160

arbitrary norm.

o oy 0 o hwinn, > 4 T T " 0 & - e . T . 3 e H
B E et riumy v B vy a0 T P Y DAY P T A A ) Y | - Y P rae W i AN N o PN AP Y B e - . i A e S T
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Towards Jetography, G. Salam (p. 45)

Lo "B — ZH — vibb, @14TeV, my=115GeV

Boosted heavy particles

| SIGNAL
Herwig 6.510 + Jimmy 4.31 + FastJet 2.3 200 < piz =250 GeV

| 0.15 . . . i
I p, [GeV] | Dropstep2: Df R = 0.87699; pt1-146.630 m1=52.3423; ?ioz.ezz m2=27.7967 | o _ _
| 0.05 |
' .. |
: ~ :
§ O — | " 1 " L " ] i
i 80 100 120 140 160 |
it my [GeV]
Zbb BACKGROUND

200 <= pyz <= 250 GeV
0.008 ——

0.006 .

I 0.004 ] I
. 0.002 | . 5
! N TN . i
i R i
| © : : ‘ |
80 100 120 140 160 5
, my [GeV] :
arbitrary norm. :
I H
|
|
i . ;

o oy 0 o hwinn, > 4 T T " 0 & - e . T . 3 e H
B E et riumy v B vy a0 T P Y DAY P T A A ) Y | - Y P rae W i AN N o PN AP Y B e - . i A e S T
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Physics with jets pp

|

!

j Towards Jetography, G. Salam (p. 45)
j Boosted heavy particles

Cadainns .

— ZH — visbb, @14 TeV, my=115GeV

Herwig 6.510 + Jimmy 4.31 + FastJet 2.3

SIGNAL

200 = pyz = 250 GeV
0.15 T T T

Rfilt = 0.3
m[GeV] | Hmﬂwf

0.05 .

™~

0 —— 1 " 1 "
80 100 120 140 160
my [GeV]

Zbb BACKGROUND

200 <= pyz <= 250 GeV
0.008 ——

0.006 .
0.004 .

0.002 |+ -
™ TN\ ~—

1 1 1

100 120 140 160
my [GeV]

(o]
80

arbitrary norm.

. 3 e H
i A e S T
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Towards Jetography, G. Salam (p. 45)

Lprysics with jets pp — ZH — vivbb, @14TeV, my=115GeV

Boosted heavy particles
SIGNAL

200 = pyz = 250 GeV
0.15 T T T

Herwig 6.510 + Jimmy 4.31 + FastJet 2.3

p,1GeV]

Final filtered result, pt=227.257 m=117.211 |

o R | “ 0.05 | n

-

I —

ol L. Zbb BACKGROUND

0.006 .

6 0.004 [ .

y 0.002 -

Rfir = 0.3: take 3 hardest, m = 117 GeV 0 5 750 750 T30 160

my [GeV]

arbitrary norm.

. 3 e H
i A e S T
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comparing jet algorithms

Cross section for signal and the Z+jets background in the leptonic Z
i channel for 200 < p1z/GeV < 600 and 110 < my/GeV < 125, with
perfect b-tagging; shown for our jet definition (C/A MD-F), and other
standard ones close to their optimal R values.

Jet definition os/ftb | og/tb | S/VB-1tb
C/A, R=12, MD-F | 057 | 051 0.80
ke, R = 1.0, yeur 0.19 | 0.74 0.22
SISCone, R = 0.8 0.49 | 1.33 0.42
anti-k;, R = 0.8 0.22 | 1.06 0.21

:
?4




Combined HZ + HW, pt > 200 GeV |

"a180} i e — B ~ :
2% Zaa > Take Z — (H0~, Z — vi, |
| 160 SNB=5.9 we VHjets o ;
| = [ in112-128GeV vV W — v t=ep |
B140F = V+Higgs > 200 GeV
| G100 = Ptv . PtH = €
! [eo] - |
| ek B
S sof Fiavileckd » Assume real /fake b-tag rates of 1l
> e, 5
| w T 0.7/0.01. |
OO peuii
i aof-{ERE AR » Some extra cuts in HW
. e . < i
| ook 3:\:3 SRR channels to reject tt.
I m R ’

3640 €0 80 100120 140 1e0 18030 > Assume mpy = 115 GeV.

| Mass (GeV)

At ~ 50 for 30 fb™! this looks like a competitive channel for light
? Higgs discovery. Deserves serious exp. study!
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@ “eternal” fight btw kt and cone jet finding
algorithms is finally over

@ competitive and theoretically sound SIScone
(Seedless Infrared Safe) cone algorithm constructed

@ fast (the fastest !) kt jet finder FastJet is working

@ choosing cleverly jet algorithm and dialing its

parameters one significantly increases potential for
searches for new physics
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the only existing dynamical model
of the vacuum breakup
has been developed by
Volodya Gribov in the 90’s

H
?4
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What happens with the Coulomb field when the sources move apart?

* Bearing in mind that virtual quarks
live in the background of gluons

ro fl ions of luon fiel
Colorless (subjsystems (jets) (zero fluctuations o /'!_L gluon Tie dS?
T what we look for is a mechanism

& n,
“IEI 4 for binding (negative energy) vacuum
W =1 p = quarks into colorless hadrons (positive
l%‘ u Y d i* energy physical states of the theory)
T

V.Gribov suggested such a mechanism — the supercritical binding
of light fermions subject to a Coulomb-like interaction. It develops when
the coupling constant hits a definite “critical value” (Gribov 1990)

bt St 2L LT ey
e M"v'.umi0'.|dt»
L L L T T ey -y

-w-g.:uh-. Ay -

Phasis Publishing House
Moscow (2002)

www.prospero.hu/gribov.html
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