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Introduction & the CMS detector

=
£ HEPLAB

Jet Measurements at LHC are very important:

They provide a test of pQCD in a previously unexplored energy region

Can be used to tune MC generators, to have a better description of the
data

May be used to constrain PDFs and probe strong coupling constant o

Understanding of multijet production is of considerable interest because
QCD induced processes constitute the dominant backgrounds for signals
of new physics at the LHC (SUSY and BSM searches)

Tracking: |n|<2.5
Central Calorimetry: |n|<3
Forward Calorimetry: 3<|n|<5
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Jets reconstruction
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* Anti-k; clustering algorithm :  »ev
* Infrared and collinear safe. %
Default for p-p collisions o

(Used by CMS and ATLAS). "

Used with parameter R=0.5

Jet Plus Tracks
e Calorimeter Jets
corrected using the
tracker info

Calorimeter Jets (Calo Jets)

e Calo Jets are the output
of the jet algorithm on
O N clusters of calorimeter

£ towers (ECAL & HCAL)

/, * Improvement of the jet
= energy and direction
) measurement
. Particle Flow Jets (PF Jets)
gases L * The Particle Flow is an event reconstruction technique which

attempts to reconstruct and identify all stable particles in the event,
through the optimal combination of all CMS sub-detectors.

* PF Jets are the output of the jet algorithm on the reconstructed
particles.

* Have the best resolution and used in most analysis

charged
hadrons
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Jet Energy Scale Calibration

g ;
£ HEPLAB

* The jet energy calibration is necessary
* due to the non-linear and non-uniform response of the calorimeters
* also pile-up events and electronics noise can lead to extra unwanted energy

 CMS adupted a Factorized approach.

. Offset Relative Absolute
Calibrated — x Correction x Correction x Correction
Jet Jet (pile-up) (vs n) (vs py)

» Offset (removes the average energy due to pile-up and noise)
* Relative (flattens jet response in pseudorapidity)
* Absolute (flattens the jet response in p;)

Corrections derived using simulated events and in-situ measurements with dijet
and photon+jet events.
3r—— T 77— \E=7 Tg\(, .L.=35'9 pb1 (;MS prelirnir!ary ‘?039

total systematic uncertainty PFJets
MC truth (c-term addedy (ANti-kR=0.5)

CMS Preliminary

Calorimeter jets

resolution
o
w

i : Ns=7Te S <mi<0.5
250 ----- Jet-lf’lus-TracI-i jets anli-kT_:iT= :)/.5 b  MCtth 0<mnl=0.5
r E=== Particle Flow jets b =200GeV ] | —e— cata
T o
- . Bo2f .
CMS PAS JME-10-010 - CMS PAS JME-10-014 Jet p; resolution:

=9% at 100 GeV

Jet Energy Correction Factor
M
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Dijet Azimuthal Decorrelations
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* Dijets are produced back to back in the azimuthal angle:
AP giier™ | Pict1™Pjer2 |=m

* Dijet azimuthal decorrelations (ie., the deviation of A@g;., from 1) can be
used to study QCD radiation effects over a wide range of jet multiplicities
without the need to measure all the additional jets.

4 )
1 dadijet

Observable :
O dijet dA@dijet
g J

* The measurement is done using anti-k;, R=0.5, PF Jets and L[=2.9pb™
* Selection: Two leading jets with p;>30 GeV and |y|<1.1

* Five P max bins : 80-110 GeV, 110-140 GeV, 140-200 GeV, 200-300 GeV, >300 GeV

* Systematics: JES & JER: 5% (=m/2) to 1%(= m)
unfolding : 8% (= 1/2) to 1.5%(= m)
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Dijet Azimuthal Decorrelations

PRL 106:122003 (2011)
10° £ o 2505"?0 fiﬁéﬂﬁi’(x1oa) CMS # * The Ay, distributions are strongly
- . 140 < 5 < 200 GoV (x109) . peaked at m and become steeper with
; o 110 < p™™ < 140 GeV (x10) e increase
F o 80<p:‘1*<110Gev /ff-" - pT,.n'jax .
10° L L=2.9pb" » * T =signifies a two jet event
= s =7TeV ‘ . :
% F \|ys|<1.1ex_ A *  TU< D@y <21/3 region is dominated by
e " three jet topologies
s 9% : S i . . . .
§ L &jf <21/3 = is the multijet regime
3 il
"o’ B - o]
S g ‘
1 -4 @/M * Data vs MC prediction
L /"‘.'.""-‘ .t;g;ijfﬁ;;/ . . .
1o Lo == * The predictions from Pythia6 and
:/ —— PYTHIAG D6T . .
S~ S e— PYTHIAG 22 Herwig++ describes the shape of data
bt e PYTHIA8 .. . ) )
102 Lo - HERWIG++ distributions well, in the entire phase
E —— MADGRAPH
C 1 1 | 1 1 | | 1 Space'
n/2 2n/3 5n/6 n

 MadGraph (Pythia8) predicts less (more)
e azimuthal decorrelation than is observed
in the data.
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Dijet Azimuthal Decorrelations

PRL 106:122003 (2011)
L=29pb" Vs=7TeV |y|<1.1
3 - NLO QCD Predictions CTEQ 6.6 p;’a">300 GeV
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Comparisons are also made to NLO
predictions of pQCD (NLOJET++ within
FASTNLO)

Data vs Theory prediction

* NLO pQCD + non-perturbative
corrections describe well the data for
A@gier > 21/3 (= three jet topologies)

* The reduced decorrelation in
theoretical predictions at small A,
is attributed to the fact that the pQCD
prediction in this region is effectively
available only at leading order, since
the contribution from tree-level four-
parton final states dominates.

P.Kokkas, Univ. of loannina 8



CMS

Dijet Azimuthal Decorrelations
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PRL 106:122003 (2011) * The sensitivity of the A,
L=29pb" \E=7TeV_|yl<1.1 distributions to initial-state parton
3 E ohee By SRR shower radiation (ISR) is investigated
2;: I S T e by ve?rying the input parameter kin
%_ 200 < p™ <300 GeV Pyth|a6
— : T IR AL e * The effects are more pronounced for
gzg% N 140 < 1™ <200 GoV smaller Ag;., angles, where
AE 2E multigluon radiation dominates.
g 1§ll!lll!ll!!llllllli"l"l“
3 SE 110 < < 140 GeV * The Ay, distributions are found to
3 be sensitive to initial-state gluon
i R il e i radiation.
3 80 < pI™ < 110 GeV
2;:”!;”““”““_“ * Qurresults could be used to tune
AR n| parameters in MC event generators
: Ko ¢ b3 Ap,, [rad] that control radiative effects in the
» keg=25 Systematic Uncert. |n|t| al state.
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Event shape variables
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 Event Shape variables
* (Can probe different QCD radiative processes

* The goal of this first measurement is to distinguish between different
models of QCD jet production

* The following two variables are mostly sensitive to the modeling of the
two-and three- jet topologies.

/ Central Transverse Thrust \

p.;-fi;| | Measure of the radiation
o Z D, along the transverse thrust axis
i P

Central Thrust Minor
- A Measure of the radiation out of
i|PixnN .
| '\~._<//’| T = Z i the plane defined by transverse
L —— <~ J m,C Z . .
\j" i PLi thrust axis and the beam axis
k Banfi, Salam, Zanderighi, JHEP 0408 (2004) 62/
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Hadronic Event Shapes
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Experimental Measurement
* anti-k;, R=0.5, PF Jets

e [=3.2pb!
e Selection: |n|<1.3 (central jets)

* Three p; bins : 90<p;<125 GeV,
125<p;,<200 GeV and
p,>200 GeV

* Systematics: JES 4%, JER<1%,
unfolding<2%

* Two-jet events are well balanced
and have low values of the
observable variables, while
isotopic multijet events have high
values.
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Data/MC Data/MC Data/MC Data/MC

Data/MC

Hadronic Event Shapes
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Data vs MC comparison

* The Pythia 6 and Herwig++ predictions
agree with the measurements, in the
entire phase space.

* The Pythia8 predictions agree with
measurements in all bins except in the
highest one where it shows a dijet deficit
(affects only 0.5% of all events)

* The Alpgen and MadGraph curves deviate
from the data as a result of an over
estimate of dijet events

* Further studies indicate that MadGraph

and Alpgen generators reproduce well the
leading jet, but the second jet is harder.
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R32

3-jet to 2-jet cross section ratio

arXiv:1106.0647
T T | T T T T | T T T T | T T T T | T T T T
1 CMS L,,=36 pb™"
\Vs=7TeV anti-K, R=0.5

L] Data
PYTHIAG tune Z2
------ PYTHIAG tune DGT
m— == PYTHIAS fune 2C

--------- HERWIG++ tune 2.3
Systematic Uncertainty

= == MADGRAPH + PYTHIAG tune DET
m—— ALPGEN + PYTHIAG tune D6T

|||I|||||||||||£|||I|

cv v by oy e oy g |
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The measurement
(9)

3
R = =
327,

o(pp —n jets + X; n>3)
c(pp—>n jets +X; n>2)

ijet

anti-k;, R=0.5, PF Jets and L=36 pb!

Selection: at least two jets with
p:>50 GeV and |y|<2.5

Systematics:

* MCshape (3-5% for H;<1 TeV, 7-8% at 2 TeV)
* Jet energy scale, effect of pile-up, difference
between caloJets and PFjets (=1%)

Measurement up to 2.5 TeV in H.
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3-jet to 2-jet cross section ratio
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arXiv:1106.0647

CMS
s=T TeV
L,=36 pb
anti-K R=0.5

PYTHIAS tune 22

------ PYTHIAS tune DET

— = PYTHIAS tune 2C

1 mm MADGRAPH + PYTHIAS tune DET

L C LEEE LT ALPGEM + PYTHIAS tune DAT

mimimimim . HERWIG+H+ fune 2.3

Combined Stafistical and Systematic Uncertainty

-
]
F
2
-
P

e Data vs MC prediction
* All MC generators describe well the data above H; > 0.5 TeV
* MadGraph is in excellent agreement with the data in the entire H; range.
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Conclusions
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The advanced understanding of the jet reconstruction and energy
calibration has allowed for precise jet measurements.

The predictions of all QCD MC generators are in good agreement with
data. Small discrepancies have been observed.

The CMS measurements can be used for further tuning of these
widely used QCD MC generators.

CMS Total Integrated Luminosity 2011 (Mar 14 09:00 - Jun 28 14:07 UTC)
T T T

I
— Delivered 1.28 fb™' | :

7 : :
£ H H
S 12— Rec"”’?d 118fb" .......... Ngw\é d

Using the 2011 data, CMS plans
to perform precision studies
(Detailed test of pQCD at NLO,
constrain PDFs and a) .
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MC generators

)/
£ HEPLAB

MC Processes PS Hadronization | Jet-parton
Generator ordered matching
threshold
PYTHIA 6 D6T 2->2:LO matrix elements CTEQ6L1 mass Lund String -
Higher-order : PS model Model
PYTHIA 6 Z2  2->2: L0 matrix elements CTEQ6L1 Pr Lund String -
Higher-order : PS model Model
PYTHIA 8 C2  2->2:LO matrix elements CTEQ6L1 Pr Lund String -
Higher-order : PS model Model
Herwig++ 2.3 LO matrix elements and MRST2001 angular  Cluster model -
simulates PS using coherent ordering
branching algorithm
MadGrraph D6T  Tree level CTEQ6L1 mass Lund String 30 GeV
Higher-order : Pythia6 Model
Alpgen D6T Tree level CTEQS mass Lund String 20 GeV
Higher-order : Pythia6 Model
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The CMS Detector

)
SUPERCONDUCTING EC;g:I‘.M-Sc():ilﬁ’!ill\lla!rlczi-rI\-gEIIDRbSWO4 HCAL Plastic scintillator
COIL Crystals copper

D —

A sandwich

Total weight : 12,500 t
Overall diameter : 15 m
Overall length : 21.6 m

/‘i%@7éﬁ§??§%% ’?

V9 s
Z' \ |!‘ \!’ .

Magnetic field : 4 Tesla IRON YOKE
< MUON
I ENDCAPS
EEEN
EmEm
EEEN
EEEEN
) EEEER
¢ e ¢
MUON BABREL j HHH =
ERENDN .

’ g o
Silicon Microstrips —ie— 7 PR
Pixels : 2?/7/——11 I strips

Drift Tube Resistive Plate Cathode Strip Chambers (CSC)
Chambers (DT)  Chambers (RPC) Resistive Plate Chambers (RPC)
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2010 data taking

3
£ HEPLAB

Total Integrated Luminosity 2010 (Mar 30 10:00 UTC - Nov 03 00:00 UTC)
T T T

50 I

T — Delivered 47.03 pb~'

'3, — Recorded 43.17 pb™' r

B | [
40_ ...................................................................................................... g
e i e
20 — g
T S e

! . I
291'0% 12/05 25/06 08/08 21/09 04/11

Date

e During the 2010 data taking
* The total Integrated Luminosity delivered to CMS was 47 pb!
* 43 pb! was recorded by the experiment.
* =85% recorded with all sub-detectors in perfect operational conditions
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k; and anti-k; : Sequential Recombination Algorithms

The algorithm first defines for each protojet its beam distance: d; =kj
and for each pair of protojets i,j their relative distance :

R2
dij:min(kt?,kt';)% where ARU?:(yi—yj)z+(gpi—goj)2

with D a jet radious resolution parameter being of the order of unity and k,;, y; and
@; the transverse momentum, rapidity and azimuth of particle i, respectively.

In a second step, if d; >d;; the protojet i is defined as a jet and removed from
the list, otherwise the two protojets i and j combine into a single object.

k; algorithm is defined for n=2 and favours clustering of low p; protojets.
anti-k; algorithm is defined for n=-2 and favours clustering of high p; protojets.
Both algorithms are infrared and collinear safe.

| anti k; Jets

20
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Jet Energy Scale Calibration
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Corrections derived using simulated events and in-situ measurements with

dijet and photon+jet events.
Barrel Jet (|n|<1.3)

For relative corrections: \ i) /
* The di-jet p; balance technique is employed

taking the barrel jet (|n|<1.3) as reference Probe Jet
atanyn
and the other jet (probe jet) at any n. / \

The absolute jet energy response is measured using photons+jet events,
with two different methods:

* The MPF (missing E; projection fraction)
* And the p; balance

Both methods exploit the balance in the
transverse plane between the photon and
the recoiling jet.

21
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Total JES Uncertainty [%]

-
o

)]

Jet Calibration

CMS PAS JME-10-010

—— Calorimeter jets
- Jet-Plus-Track jets

[p— Particle Flow jets

T T T T T TT | 1 [)
CMS Preliminary
Ns=7TeV | 8
anti-k; R=0.5
nl=0.0

Total JES Uncertainty [%]
)]

%030

100 20

Ns=7TeV
anti-k; R=0.5
P, = 200 GeV

CMS Preliminary

—— Calorimeter jets
—— Jet-Plus-Track jets
—s=— Particle Flow jets

2 3

|

Detailed studies of the jet calibration precision yield a 3-6%
uncertainty of the overall jet energy scale in a wide region of

jet p; from =20 GeV to 2 TeV.
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Pythiaé  125<p.,<200 GeV

MadGraph+Pythiab

Alpgen+Pythiaé
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Hadronic Event Shapes: 90<p;,<120 & p;,>200 GeV
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90<p,,<120 GeV PLB 699 (2011) 48 p;,>200 GeV
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Dijet Azimuthal Decorrelations
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e Data vs MC prediction

e The predictions from Pythia6 and Herwig++ describes the shape of data
distributions well, in the entire phase space.

* MadGraph (Pythia8) predicts less (more) azimouthal decorrelation than is
observed in the data

P.Kokkas, Univ. of loannina 25



CMS

Dijet Azimuthal Decorrelations
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