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Introduction
®0

Jets at CMS

Jet algorithms using FastJet 2.4.x:
@ anti-kt R=05,R=0.7
@ krD=04,D=0.6
@ (Iterative Cone R = 0.5)

Recombination scheme
E-scheme (sum of momentum Lorentz vectors)
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Introduction
oe

Jets at CMS

Jet types:

@ Generator jets
input: stable generated particles
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Jet types:
@ Generator jets

Jets at CMS

input: stable generated particles

@ Calorimeter jets

input: calorimeter towers (HCAL cells + ECAL
crystals) after threshold cuts against noise

Jet reconstruction at CMS
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Jets at CMS

Jet types:
@ Generator jets
input: stable generated particles A
. . § 1E CMS Preliminary Barrel
@ Calorimeter jets 209 oL 7rov | as
input: calorimeter towers (HCAL cells + ECAL LS0-8F L= T
crystals) after threshold cuts against noise Y g'ZE et
B e®
0.5s:
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0.3¢ —e— Data
0.2; —=— MC
TS0 15 20 2530
pTrack (GeV/c)
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Jets at CMS

Jet types:

@ Generator jets
input: stable generated particles

. . Ma_gmu: Field

@ Calorimeter jets “'“’“‘5"”‘

input: calorimeter towers (HCAL cells + ECAL “
crystals) after threshold cuts against noise (

@ Jet-Plus-Track jets
correct reconstructed calorimeter jets with tracks

Silicon
Tracker

Y Electromagnetic

n |lll Calorimeter
HCAL - Hadron

Calorimeter
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Jets at CMS

Jet types:
@ Generator jets
input: stable generated particles
@ Calorimeter jets Mot et
input: calorimeter towers (HCAL cells + ECAL ®,

crystals) after threshold cuts against noise %1
@ Jet-Plus-Track jets (( )})}

correct reconstructed calorimeter jets with tracks

Silicon
Tracker

@ Particle Flow
combines information from all CMS sub-detectors

ECAL
and reconstructs muons, electrons, photons, i Electromagnetic
charged hadrons and neutral hadrons » |'1-l] Calorimeter
HCAL - Hadron
Calorimeter
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Jets at CMS

Jet types:
@ Generator jets
input: stable generated particles
@ Calorimeter jets Mot et
input: calorimeter towers (HCAL cells + ECAL ®,

crystals) after threshold cuts against noise %1
@ Jet-Plus-Track jets (( )}}}

correct reconstructed calorimeter jets with tracks

Silicon
Tracker

@ Particle Flow
combines information from all CMS sub-detectors

ECAL
and reconstructs muons, electrons, photons, : Bochonagnetc
charged hadrons and neutral hadrons 5 |~1-l] Calorimeter
HCAL - Hadron
@ Track ]etS Calorimeter

input: well measured tracks
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= for data fr()m simulation - from data

""" » for simulated events

Factorized Approach:

offset: removal of pile-up and electronic noise

@ relative n: variations of jet responses with n

@ absolute: correction to particle level jet response
o

(only for data) residual: correct for differences between data and
simulation

flavor: correct to particle level assuming different flavors
parton: correct to parton level
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Monte Carlo Truth Jet Energy Corrections

Absolute and relative correction: C(pr,n)
input: PYTHIA QCD events and GEANT4 simulation

jet

goal: bring response R = F% to one
T

w 257117 » 25117

I 187 ]
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Pileup Correction

Algorithms:

@ estimate amount of Pileup using

e number of primary vertices (PVs)
e compute UE/pileup density p using FastJet

... correct jets for number of PVs or jet area
@ explicitly remove particles from other PVs before clustering jets

FEPRETY SN p—
'(20_75 o Noise-only data

%""o.sg
0.5;
0.4f
0.3; o~
0.2f o~ E
AN N
0.1 ’.""'\, PRV Va vl ~, ]
C/‘ ‘j\ww\%ﬁluhuw‘ \\:
5 -4 321012 3 4 5
n
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Pileup Correction

Algorithms:

@ estimate amount of Pileup using

e number of primary vertices (PVs)
e compute UE/pileup density p using FastJet

... correct jets for number of PVs or jet area
@ explicitly remove particles from other PVs before clustering jets

E OAsg‘éiv‘fé preiiminary 3010 | . Noisespiieup data
'(20_7§ o Noise-only data
Fos; ; .
: ] In the following:
04t validate jet reconstruction and
o3 B ] correction on datal
0.2f AR 1
o1 ,-'*\’ T N ]
C/‘ ‘»—«‘ﬁ\u%ﬁluhuw\ \\:
5 -4 -3-2-10 12 3 4 5
n

Jet reconstruction at CMS Hartmut Stadie 7/22



Measurements using Dijet Events
°

Dijet Asymmetry Method

Run : 138919
Event : 32253996

. Dijet M : 2.130 TeVv
Event Selection: al jet Tas hd

. . Er(GeV)
@ use special triggers on average pr of .t
i t 1 : 585 GeV
dijet gystem . 200 Je PT e
@ two highest pr jets: oz l ;

@ pass jet quality cuts
o Ayp(jetl,jet2) > 2.7

2" ‘Jet 2 Pp: 557 GeV

ave __ jet1 jet2 o - =
o pT*° = (pr +ﬂr )/2 n A =
; 275 et
iet3 et3 Pt N
e cuton pf ., = e k. S
) T | °
2 [

jet2

jet

@ Asymmetry: A= "t—

1
jet1 j
Pr 47

q jet1
o relative Response: R(n°2, pde) = 1+<4> ng
e

for one event
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Measurements using Dijet Events
[ 1]

Relative Response

; iat i probe ave) _ 14<A>
require one (tag) jet in barrel (|n| < 1.3) and R(n ,PFe) = 15552
® T ® T T
2 [ Ns=7Tev 1 2 [ \5=7Tev 1
o 1‘4f anti-k, R=05 CMS Preliminary | o 1~4f anti-k; R=05 CMS Preliminary |
§ i corrected Calorimeter jets g I corrected Calorimeter jets
o [ 40<pi“<60Gev 1] [ 90<p<120Gev ]
- 1.27 - 1.27 8
S =
I S N A
w 1 T e—e e w 1 e
5 [ g g—m—e— 1 8 [ ==
S I L T
¢ osp — ¢ osf ]
= [ Not corrected for the resolution bias -] [ Not corrected for the resolution bias
© S © L
3 [ oM 1 o [ o MC ]
X o © Data - X o © Data -

F v Datat+Residual ) ) 4 F v Data+Residual ) ) 4

P D A AN B P I N AN B

0 1 2 3 4 5 0 1 2 3 4 5

nl nl

@ resolution bias due to steeply falling spectrum and varying
resolution in eta

o effect due to soft radiation (FSR) (different modelling in MC
compared to data)

g dat: q
-> look at ratio i and extrapolate it to /d?‘fel =
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Measurements using Dijet Events

oe

Dijet Balance on L=

. . data
Ratio of relative responses: %:

r CMS Preliminary B

r CMS Preliminary B

\Ns=7TeV \s=7Tev )
anti-k; R=0.5 b anti-k; R=0.5 b
1.1— cCalorimeter jets - = 1.1~ Particle Flow jets =

| —e Data+Residual
0.9 |:| Uncertainty (pT =100 GeV)
b b b b
0 1 2 3 4 5
(f
@ residual correction clearly needed

@ already good precision with first data
@ update for full 2010 data set done, but not yet published

| —* Datat+Residual
L [ ]Uncertainty (pT =100 GeV)

0.9
e b b e b e e

0 1 2 3 4 5
Il

<Rel. Response Data/Simulation>
<Rel. Response Data/Simulation>
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Measurements using Dijet Events

[ Jele}

Jet Resolution from Dijet Asymmetry

ﬂeﬂ pjetZ
Asymmetry: A = W
” \s=7 T?V, L=35.9 pb“I CMS preli | i ” \s=7 TeV L=35.9 pb' CMS prelimi
2 1L0o<m<05 43<pj°<59GeV p™<0.15 - 2 1L 0<m\<05 120<pave‘<147 GeV p°“'I<015
= PFlets (Antik R=0.5) [wc 1= PFlets (Antik R=05) [uc
w -@-data w -8-data
107 E 107k
102k E 102k
10%F T T E 10° E
-4 | it 1 1 * -4
10" 05 0 05 10" 05 0 05
Asymmetry Asymmetry
et1 jet2 jet1 jet1y.
In the limit pr =< >=< pr >and o(pr) = o(py ) = o(pr ):

pT) =20,

@ extra activity from soft radiation

@ particle-level imbalance (out-of-cone showering)
-> 7?7
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Measurements using Dijet Events
e00

Jet Resolution from Dijet Asymmetry
jet1 et2
Asymmetry: A = ﬂafge,z
w  Ns=7TeV.l-359 pb’ CMS prelimi o Msr TeV, L=35.9 pb' CMS prelimi
2 4 r0<\q|‘<o.5 43<p:”<|59eev p““<‘0.15 - 2 0<m\<05 120<p“‘<147eev p°“'I<015
£ PFJets  (Antik R=05) [jwc £ TEPFJets (Anti- -k R=05)  [uc
w -@-data w -8-data

-
o
T
I
-
<
T

107 E 102k
10'37T T 3 10'3;
T
1005 0 05 10°—"%3 0 05
Asymmetry Asymmetry
In the limit pr =< P >=< p? > and o(pr) = o(P") = o(P"):

alpr) _
ol = Veoa
@ extra activity from soft radiation -> extrapolate to ﬂretfel =0

@ particle-level imbalance (out-of-cone showering)
-> 7?7
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Measurements using Dijet Events
e00

Jet Resolution from Dijet Asymmetry

ﬂeﬂ pjet2

Asymmetry: A = ﬂ
+p7

ﬁﬂ TeV, L=35.9 pb* CMS preliminary _

0.15— -

PFJets (Antik R=0.5) 1
0<n[<05 120<p]“<147GeV ]

—e— Extrapolation (MC)
—m— Extrapolation (data)

In the limit pr =< P >=< p? > and o(pr) = o(P") = o(P"):

a(pr) _
2ot = V20a.

@ extra activity from soft radiation -> extrapolate to ﬂe‘?’ =0

T,rel —
@ particle-level imbalance (out-of-cone showering)
-> 777
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Measurements using Dijet Events
e00

Jet Resolution from Dijet Asymmetry
ﬂeﬂ pjetz

et1 +'d912

Asymmetry: A =

\5=7 TeV, L=35.9 pb*
F T

CMS preliminary
T ™

PFJets (Antik R=0.5) 1
0<[n|<05 120<pj”<1A7Gev B

—e— Extrapolation (MC)
—m— Extrapolation (data)

In the limit pr =<

a(pr) _
2ot = V20a.

et1

>=<

et2

> and o(pr) =

( et1)_ ( et1).

@ extra activity from soft radiation -> extrapolate to ﬂe‘?’ =0

@ particle-level imbalance (out-of-cone showering)

-> correct measurement using simulation

Jet reconstruction at CMS

T,rel —

Hartmut Stadie
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Measurements using Dijet Events
e00

Jet Resolution from Dijet Asymmetry

ﬂeﬂ pjet2
Asymmetry: A = ﬂ
+p7
\[5=7 TeV, L=35.9 pb* CMS preliminary \5=7 Tev cMs
¢ : : - : :
L 4 [ GenJets (Anti-k R=05)
0151 B 01 0<hl<05 120<p <147 GeV -
%"f{ g 7
PFJets (Antik R=0.5) 4 0.05— . =
0<[n|<0.5 120<p™ <147GeV ] r g
0.05— T —
—&— Ext lation (MC) 4 L
o Exrapolaton (dar) 1 e Extrapolation (MC)
: : : : L : : : :
+ + : E 4 ' .
l E ; )
! L L L E , ! L L L
0.05 0.1 0.15 .. 0.05 0.1 0.15 0.
e K
et1 et2 jet1 jet1y.
In the limit pr =< >=< > and o(pr) = o(py ) = o(pr ):

a(pr) _
2ot = V20a.

@ extra activity from soft radiation -> extrapolate to ﬂe‘?’ =0

T,rel —
@ particle-level imbalance (out-of-cone showering)
-> correct measurement using simulation
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Measurements using Dijet Events
[e] Yo}

Resolution Measurement with L= 36 pb!

i olpr) _ N2 2 p(M-1) 2
fit: 281 = [sgn(N)(2)2 + 82 oM+ C
\[s=7 TeV, L=35.9 pb* CMS preliminary 2010 \[s=7 TeV, L=35.9 pb* CMS preliminary 2010
5 total systematic uncertainty ~ CaloJets 5 total systematic uncertainty ~ PFJets
5 | MC truth (cterm added)  (ANti-k  R=0.5) | 5 MC truth (c-term added)  (ANti-k  R=0.5) |
8 0.3 MC truth 0<nl<0.5 8 0.3 MC truth 0<nl<0.5
o —e— data <4 —e— data
— [ 1 — [
o o
2.0.2 L02F 7
K
0.1 0.1 i
W
[0 ——— | L L [0 ——— | L L
50 100 200 50 100 200
p, [GeV] p, [GeV]

@ PF jets have better resolution than Calorimeter jets

@ ~ 10% worse resolution in data than simulation (compatible with
larger constant term in resolution formula)
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Measurements using Dijet Events
ocoe

Resolution of PF jets with L= 36 pb~'

o, o(pr (M—1)
fit: % = \/sgn(N)( )2+ S?- p + C?

\[S=7 TeV, L=35.9 pb* CMS preliminary 2010 \/s=7 TeV, L=35.9 pb* CMS pvelimmary 2010 \/s=7 TeV, L=35.9 pb* CMS pvelimmary 2010
MC i (ctemm addeq) (ANti-k; R=0.5)

ol sysemat uncerany_ PFJet
MC uth (c-erm added) (A’“' Ky "o 5)

o ysematc neerany PF)
e i i (AT 08

resolution
o
w
T
resolution
o
w
T
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o
w
T
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- - -
o o o
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01 ¥ S g oa*M—
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50 100 200 50 100 200 50 100 200
p, [Gev] p, [Gev] p, [Gev]
\[s=7 TeV, L=35.9 pb' CMS prellmlnary 2010 \s=7 TeV, L=35.9 pb' CMS prellmmary 2010 \s=7 TeV, L=35.9 ph' CMS prellmmary 2010

total systematic uncertainy  PFJet
M tuth (cterm adec) (Anﬂk R 0.5)

otelsystemtc uncerainty  PFJet:
M it (cterm addec) (Anllk R 0.5)

otel systematc uncerainty  PFJet:
MC truth cterm addeq) (ANt-K R 0.5)

resolution
o
w
T
resolution
o
w
T
resolution
o
w
T

e win <Ris25 e win 25<his3 e win <hiss ]
e i e dan e dan

- - -

o Q (=N
202 =4 2o0.2f -4 2o0.2f B

.. f
011 Mw\i il 1 |
0 L 0 L 0 L
50 100 200 300 50 100 200 300 50 60 70 100
p, [GeV] p, [GeV]
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Measurements using Dijet Events
)

Response Tails from Dijet Balance on L= 36 pb
\s=7 TeV, L=35.9 pb' CMS preliminar

[0<mi<05 120<p™<147GeV p*<0.15 |
PFJets (Ant\-kT R=0.5) [mve
-e-dala

Entries

@ count events in tail of
asymmetry

e extrapolate p°, =

@ compare with simulation

Asymmetry

CMS preliminary CMS preliminary
2 [ \s=7Tev, L=36pb* o sScalingFactor ] 2 [ \S=7Tev, L=36pb* « sScalingFactor ]
i [ Antik, (R=0.5) PF Jets Syst. Uncertainty 4 i [ Antik, (R=0.5) PF Jets Syst. Uncertainty 4
o 250 o<p<11 1 o> 25 11<p<17 b
£ [ >250Window 1 £ [ >250Window 1
gt ] S ]
@ 20 . @ 20 B
15F I { B 15F | 4
[ ‘ 1 ] [ 1 ]
1.0F % J . 1.0f I 1 .
05 7 05 e

50 100 200 300 1000 50 100 200 300 1000
P (GeV) pi (GeV)

14/ 22

reconstruction at CMS




Measurements using Photon-Jet Events

Photon-Jet Events

Ph?ton
Event Selection: :"j” d
@ use photon trigger (,/ \
@ one photon and e
highest pr jet: I\

jet2 2= --
@ cuton priy = &

Anti-kr 0.5 PFJet
pr =139 GeV/c
0,

@=-1.1rad

jet

op
Pr

@ jet balancing: Rt =

@ MPF (missing Et projection method) Rt =~ Rupr = Ry + E?'SS)pT
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Measurements using Photon-Jet Events

Photon-jet Balance on L= 36 pb~'

jet2

estimate resolution from a(’j ), extrapolate to p'T ol =

e
w

T
CMS Preliminary 2010
\s=7TeV,L=34pb"’

e
I
a

<11
A y+Jet Extrapolation
A y+Jet Extrap. (MC)

— True Resolution

Jet B Resolution

I
N

T
A
1

Anti-k; 0.5 PFJets
40 50 6070 100 200 300
Photon [ [GeV/c]

Data/MC

25— ! !
[ CMS Preliminary 2010 Anti-k; 0.5 PFlets

[ Vs=7TeV,L=34pb" ]
Zj ]

[ l:l Syst. Uncertainty ]
1.5 | .
L 1 A ]

L A i

[ a d w9 1 —

! [ i 1 e g

A ]

l('hlet, <11 4

0.5 b

A Direct Extrap. (FIT = 1.02 = 0.06, */NDF = 8.77/4)

W Ratio Method (FIT = 1.05 = 0.02, */NDF = 4.23/5)

@ agreement between data and MC
@ cross check to dijet asymmetry result

Jet reconstruction at CMS

40 50 60 70 100 200 300
Photon [ [GeV/c]

Hartmut Stadie
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Measurements using Photon-Jet Events

Absolute Jet Energy Scale L= 2.9 pb™'

0.96

Rd?ta
& .
response ratio: m
et
CMS preliminary, 2 9 pb* \s =7 TeV 1 1CMS preliminary, 2.9 pb* \s =7 TeV

O o e ) L : T ETER
S1.04 p > 30 GeV N r MC scaled for FSR and QCD bkg
~ r —e MPF 1 ~1.08| —a— pT balance
81.02F bal 4 8 L
o F +pT alance b ‘51 06; —e— MPF
e & ] a*%F ™ e /nDF=142/12

1 1.04f

0.98 ] F
1 102F !

] TR T T T
1)

| A .St SR T
0.94
0.98
0.92
anti-kT 0.5 PF > 0.96F anti-kT 0.5 PF
P P A I I I B R L. . | L.
0.90 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 20 30 4050 100
p2d/ p) P} (GeV)

@ extrapolate to pf% =0

@ derive scale relative to ECAL for pr = 50 GeV from fit:
ratio: 0.993 + 0.004(stat.) + 0.026(syst.)
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Summary
e

Summary: Uncertainty of Jet Energy Scale

10.CMS preliminary, 2.9 pb. * \s = 7 Tev 10.CMS preliminary, 2 9 pb. * \s=7TeV
— 10¢ R — — 10 e R RaET
§. E fTotaI uncert. g § E fTotaI uncert. g
= 9 ~ Total MPF 1 > % ~ Total MPF E
€ gL calorimeter jets *Ehoton lsc_ale 3 £ gk particle flow jets +Eholon lsc_ale E
] E . - Extrapolation i @ E . - Extrapolation E
T 70 AWK 05807 ofei(napy) | £ 70 Ak 05807 ogerGapy) -
8 6F -+ Residuals E 8 6L -+ Residuals E
=} = i 3 C 1
o 5 195 3
5, & :
(2] 4; 10 4 =
g 3F - 23 E
= E 1 3 4
? 2 e . 32 -
o F [ = O -
< 1= 1< 1 e E
G: IR ainiaid a G: P alaiatd J
20 30 100 200 10002000 20 30 100 200 10002000
p, (GeV) p, (GeV)

@ uncertainty on absolute jet energy scale: 3 — 6% with
L=2.9pb~!

@ improved version for full 2010 data set soon
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Summary: Jet Resolution

0.3
& [ cMsPreliminary2010  [nj<11
=] r o
S 0250 Ns=7TeV,L=34pb" DiJet Asymmetry
& L A Photon+Jet
o L 1
® 0.2 A
8 [
[ A i
0.15F j A
01
0.05]-
[ Anti-k 0.5 CaloJets
C L L L L

I
40 5

| L L L
0 100 200 300 400
Transverse Momentum [GeV/c]

Jet p_ Resolution

T

0.15

0.

=

0.05

CMS Preliminary 2010 <11

\s=7TeV,L=34pb*

[ S—

DiJet Asymmetry

A Photon+Jet

S

Anti-k | 0.5 PFJets

L
40 50

| L L L
100 200 300 400
Transverse Momentum [GeV/c]

@ PF jets have better resolution than Calorimeter jets
@ agreement between Dijet and photon-jet results
@ with more data: improve precision and reach, add Z-jet

Jet reconstruction at CMS

Hartmut Stadie

Summary
e0

19/ 22



Summary
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Summary: Resolution Comparison for PF jets

CMS preliminary CMS preliminary
G e e e mE RS — 1§ [T T T T T T T
s r \s=7Tev +  Photon+Jet (L = 36 pb’) ] s 1.6 Vs=7Tev * Combined ratio —
=1 1.8[ Antik, (R=0.5)PFJets . pjes (=33 pb 1 % [ Antik; (R=05) PF Jets Syst. uncertainty
= [ O<hl<il Combined ratio 1 = [ Photon+Jet (L = 36 pb™) ]
% r BB stat. uncertainty 1 % 14 22<p <180Gev 7
[a] 16 o Syst. uncertainty B [a) [ Diiets(L=33 pb) ]
= F i % [ 43<p, <1000GeV ]
1.4 — 12 ]
[ ] L 1 4
L ] L. : ! ]
12 1 [ . 10 5 7
r 1 ‘T I R I 7] L 1 b
L Ll 1 o 2irl 1 I ] L i
1.0 1 15 3 r b
[ it ‘I T | ] 0.8 -
[ [ ] [ ]
0.8~ ] L ]
E i 0.6— =
L M| L R Conlbonnbndbndbnd o b oo boa e d

20 30 100 200 1000 0.0 05 1.0 1.5 2.0 25 3.0 35 40 45 50
P, (GeV) o

~ 10% worse resolution in data than simulation
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Introduction Measurements using Dijet Events Measurements using Photon-Jet Events Summary
00000 0000000 00C [eYote] To)

Summafy

@ three well established jet types:
Calorimeter jets, JetPlusTrack jets and Particle Flow jets

@ established methods to measure relative and absolute jet energy
scale corrections and jet resolution in data

@ derived (small) residual jet energy corrections using first data
uncertainty on absolute scale from 3 pb~': 3 - 6 %.

@ measured the jet resolution in Dijet and Photon-jet events

with more data:
@ improve methods
@ add additional channels (Z-jet)
@ reduce jet energy scale uncertainty
@ improve understanding of jet response (resolution)
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Physics Analysis Summaries

@ “Single-Particle Response in the CMS Calorimeters”,
CMS-PAS-JME-10-008, 2010

@ “Jet Performance in pp Collisions at 7 TeV”,
CMS-PAS-JME-10-003, 2010

@ “Jet Energy Corrections determination at 7 TeV”,
CMS-PAS-JME-10-010, 2011

@ “Jet Energy Resolution in CMS at /(s) = 7 TeV”,
CMS-PAS-JME-10-014, 2011

@ “Jet Substructure Algorithms”, CMS-PAS-JME-10-013, 2011

@ “Commissioning of the Particle-Flow reconstruction in
Minimum-Bias and Jet Events from pp Collisions at 7 TeV”,
CMS-PAS-PFT-10-002, 2010
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