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Introduction

Å QCD processes are dominant at LHC. LHC is a jet factory.

Å Jet measurements @ LHC 

Åprovide a test of pQCDin a previously unexplored energy region.

ÅCheck SM predictions at high energy scales.

ÅMeasure and understand the main background to many new physics searches

ÅProvide ŎƻƴǎǘǊŀƛƴǘǎ ƻƴ t5CΩǎ.
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PDG 2013

First LHC
results

Å Jets at the LHC probe the 
highest energy transfers at 
which to determine the 
strong coupling.



Introduction ςh Smeasurements with jets
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LO diagram for
Å Incl. Jet production
Å Di-Jet production

LO diagram for
Å 3-Jet production
Å 3-Jet mass cross section

ᴼ‌ ᴼ‌

ᴼ‌

Inclusive Jet cross section 
ratios : Cancelation or 
reduction of various 
uncertainties 
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Introduction ςh Sprobes new physics
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arXiv:1403.7411
PRD 91 (2015) 015010

Å Any deviation in the running of hSprobes to New Physics.

ÅTest for the appearance of new coloredmatter at the TeV
region (eg. new coloredfermion at 500 GeV).



Jet Reconstruction & Energy Scale Calibration
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Å Anti-kT clustering algorithm :  Infrared and collinear safe.                        
Used with R=0.5 and 0.7 for CMS and R=0.4 and 0.6 for ATLAS. 

Å CMS Particle Flow Jets (PF Jets) : Clustering of Particle Flow 
candidates constructed by combining information from all 
sub-detector systems.

Å ATLAS: Clustering of Calorimeter Towers composed of ECAL 
and HCAL energy deposits
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Sh from the inclusive jet cross section at 7 TeV

Å Measurement is based on the 2011 inclusive jet 
cross section at 7 TeVpublished by CMS: PRD 
87,112002(2013).

Å Observable 

Å tƘŀǎŜ ǎǇŀŎŜ Υ μȅμҖнΦр ŀƴŘ ƧŜǘ pT: 114GeV-2TeV

Å Scale choice : ˃r= f˃=pT
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CMS :arXiv1410.6765
Å NP corrections:  account for multiparton

interactions (MPI) and hadronization(HAD)

Å Not included in perturbative L0, NLO calculations 

Å Derived with Monte Carlo calculations
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Sh from the inclusive jet cross section at 7 TeV
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Construct ̝2

Including all
correlationsSh=0.112

Sh=0.126

CMS :arXiv1410.6765

… Ὀ Ὕὅ Ὀ Ὕ
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Å Systematics: 
Å PDF uncertainty : repeat fit for PDF sets errors following prescriptions of each set 

eigenvectors (CT10, MSTW2008) or replicas (NNPDF2.1)
Å NP uncertainty : vary the non-pertubativecorrection factor considering the half of the 

spread of the three MC calculations as uncertainty.
Å Scale uncertainty : repeat fit for different scale settings by varying independently  r˃/Q 

and ˃ f/Q from ½ to 2, and get maximal deviation.



Sh from the inclusive jet cross section at 7 TeV

P.Kokkas, Univ. of Ioannina
9

Å Shrunning : Perform fit 
for separate pT bins

Å Test consistency with 
the h Srunning 

Å PDF sets used for hSextraction: CT10, MSTW2008, NNPDF2.1.

Å Central fit : all rapidity bins with CT10-NLO. 

Å Determination at NLO

Å Results using MSTW2018 and NNPDF2.1 are in agreement with central CT10 result

Å Total uncertainty 3.5 to 5.5 %. 

Å Dominated by missing-order terms (˃ rΣ ˃f)

( ) ( ) ( )scaleNPPDFM ZS    0.0004 )(0028.0 (exp)0019.0  1185.0 0055.0
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Sh from the inclusive jet cross section at 7 TeV

Å Shdetermination by B.Malaescu& P.StarovoitovEPJC(2012) 72:2041

Å Based on the inclusive jet cross sections                                                                  
measured by ATLAS(2010 data 37pb-1)

PRD 86 (2012) 014022

Å Phase space : |y|ҖпΦп and jet pT: 20GeV-1TeV

Å Scale choice : ˃r= f˃=pT

Å PDF sets used for hSextraction: CT10, 

MSTW2008, HERAPDF1.5 and NNPDF2.1.

Å Use two cone sizes: R=0.4 and R=0.6

Å Total uncertainty 8%

Å Observed differences when using different jet sizes!

P.Kokkas, Univ. of Ioannina 10

( )

( ) ( )

( )NPeigPDF

choicePDFscalesizejet

rangepsyststatM TZS

   ) (0010.0                              

       ) (0060.0                              

) (0014.0)(exp0047.0)(0001.0  1151.0

0009.0

0034.0

0022.0

0015.0

0044.0

0011.0

°°

°°°

°°°=a

A
T

L
A

S
 : PR

D
 86

 (2
0

1
2

) 0
1

4
0

2
2



Sh from the 3-jet mass cross section at 7 TeV

Å Measurement by CMSof the double differential 3-jet cross section in m3
and ymax(CMS : arXiv:1412.1633accepted in EPJC)

Å Phase space: Jets pT>100 GeV,  Two rapidity bins: |y| max<1  and   1< |y| max<2

Å Scale choice: ˃r= f˃=m3/2  
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Å pQCDis able to describe the 3-jet 
mass cross section over five 
orders of magnitude and for 3-jet 
masses up to 3 TeV.
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Å Within uncertainties most PDF sets are able to describe the data.

Sh from the 3-jet mass cross section at 7 TeV
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Sh from the 3-jet mass cross section at 7 TeV
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Å Central fit : Two rapidity bins with CT10-NLO

Å Determination at NLO

Å Total uncertainty 4 to 6 %

Å Dominated by missing-order terms (˃ rΣ ˃f)
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Sh from 3/2 inclusive jet cross sections ratio (R32) at 7 TeV
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Å The measurement by CMS

Å Phase space: Jet pT>150 GeV, |y|<2.5.  Scale choice: ˃r= f˃=<pT1,2> 

Å Advantages : Reduces experimental and other theoretical uncertainties.
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Å Calculations using the NNPDF2.1, MSTW2008, 
and CT10 PDF sets are in agreement with the 
measured ratio R32 throughout the range of this 
measurement.
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Sh from 3/2 inclusive jet cross sections ratio (R32) at 7 TeV

Å Using PDFs as external input we can 
ŘŜǘŜǊƳƛƴŜ ʰS(MZ)  (NNPDF2.1PDF set)

Å Determination at NLO

Å Total uncertainty 4.7 %

Å Dominated by missing-order terms (˃ rΣ ˃f)
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Å Central fit : MSTW2008-NLO

Å Determination at NLO

Å Total uncertainty 6-15 %

Å Dominated by missing-order terms (˃ rΣ ˃f)

Sh from 3/2 inclusive jet cross sections ratio (N3/2) at 7 TeV

Å The measurement by Atlas:

Å Data : 2010

Å Phase space: jet pT>40 GeV, pT
lead>60 GeV, |y|< 2.8

Å Scale choice: ˃r= f˃=pT,j
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Determination of h S from top-pair production cross section

Å Shdetermination from the top-pair production cross section in the dilepton
channel. (7 TeVCMS Phys. Rev.D85(2012) 112007)

Å The top-pair production is sensitive to mt
pole and h S.
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CMS : PLB 728 (2014) 496

Fix h S= 0.1184±0.0007
Ҧ ŎƻƴǎǘǊŀƛƴ mt

pole
Fix mt

pole=173.2±1.4 GeV
Ҧconstrain h S



Å Central fit : NNPDF2.3-NNLO 
(Theory at NNLO+NNLL)

Å Most precise measurement at 
Hadron collider : total 
uncertainty 2.4 %. 

Å Large difference of hSwith 
ABM11 compared to the 
intrinsic value.

Determination of h S from top-pair production cross section

P.Kokkas, Univ. of Ioannina 18

( ) ( ) ( ) ( )
0028.0

0027.0

0009.0

0008.0

0013.0

0011.0

0017.0

0018.0

   0.1151               

  0.0008  0.0013 )(   (exp)    1151.0

°=

°°°°°= scaleEmPDFM LHC

pole

tZSa

CMS : PLB 728 (2014) 496



The running of h S

19No deviation from the predicted running of Sh is observed.

R32

Incl. Jets
3Jet-Mass

ttbar



Summary

Å LHC RUN I : Already several 
measurements of hS from 7 TeV
analysis.

Å Excellent precision reached for a 
hadron collider.

Å We have even the first NNLO
measurement done at a hadron 
collider.

Å All new measurements are in 
agreement with previous 
measurements with hadrons, 
and with the word average 
value.   
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Å Shrunning has been checked at the 1 TeVregion, for first time. No deviation 
from the predicted runningis observed.

Å NNLO calculations are needed to make the next major step.

Å New results at 7 & 8 TeVare on the way. And more to come at 13 TeV.
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Definition of the observables



Inclusive Jetcross section

Å Publications CMS : PRD 87,112002(2013) andarXiv1410.6765

Å Observable: Double differential inclusive jet cross section vs the jet pT and 
y.

Å Jet Reconstruction : anti-kt with size 0.7

Å Selection:  jet pT > 114 GeV,  

Five rapidity bins: |y|<2.5 with bin ɲ|y|=0.5 
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Njets: Number of jets



3-Jet mass cross section 

Å Publication CMS : arXiv:1412.1633

Å Observable:  Double-differential 3-jet production cross section vs the 
invariant 3-jet mass m3 and the maximum rapidity ymaxof the three jets with 
the highest transverse momenta.

Å Jet Reconstruction : anti-kt with size 0.7

Å Selection: minimum jet pT =100 GeV,  

Two rapidity bins: |y| max<1  and   1< |y| max<2 
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Ratios R32 and N32

Å Publication CMS : Eur. Phys. J.C (2013)73:2604

Å Observable: Ratio of inclusive 3 to 2-jet cross section

Å Jet Reconstruction : anti-kt with size 0.7

Å Selection: minimum jet pT =150 GeVand  two leading jet |y|<2.5
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Å Conference Note ATLAS :CONF 2013 041

Å Observable: Ratio of inclusive 3 to 2-jet cross section

Å Jet Reconstruction : anti-kt with size 0.6

Å Selection: jet pT>40 GeV, pT
lead>60 GeV and jet |y|<2.8
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Other Spare Slides



LHC ςPhase Space
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Å QCD processes are dominant @ LHC. 
LHC is a jet factory.

Å Jet measurements at LHC are very 
important:

Å They provide a test of pQCDin a 
previously unexplored energy 
region. A hugenew phase space is 
accessible at LHC.

Å Check SM predictions at high 
energy scales.

Å Measure and understand the main 
background to many new physics 
searches.

Å Determine the strong coupling and 
test its running at high Q scales.

ÅtǊƻǾƛŘŜ ŎƻƴǎǘǊŀƛƴǘǎ ƻƴ t5CΩǎΦ

Kinematic plane of process Q2 vs x

S.Glazov, Braz.J.Ph. 37 (2007) 793

LHC

Tevatron

HERA
fixed



CMS & ATLAS Detectors
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Pixels, Si strips
„Ⱦὴ ρͯȢυɇρπὴ ὋὩὠṥπȢππυ
ECAL

„ὉȾὉͯ ςȢωϷȾὉὋὩὠṥπȢυϷṥπȢρσὋὩὠȾὉ
HCAL

„ὉȾὉͯ ρςπϷȾὉὋὩὠṥφȢωϷ
Muons
„ὴȾὴ ρͯ% for low pT muons
„ὴȾὴ υͯ% for 1 TeVmuons

Pixels, Si strips, Straw tubes 
„Ⱦὴ σͯȢψɇρπὴ ὋὩὠṥπȢπρυ
ECAL

„ὉȾὉͯ ρπϷȾὉὋὩὠṥπȢχϷṥπȢςὋὩὠȾὉ
HCAL

„ὉȾὉͯ φπȤρππϷȾὉὋὩὠṥσϷ
Muons
„ὴȾὴ ρπ% up to 1TeV muons



CMS detector and Integrated Luminosity
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CMS detector pseudorapiditycoverage:

Å Tracking: |́ |<2.5

Å Central Calorimetry: | |́<3

Å Forward Calorimetry: 3<| |́<5

Very successful LHC operation and CMS 
data recording during Run 1 :

Å 7 TeV(2010 & 2011)

Å 8 TeV(2012)
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Jet reconstruction algorithm requirements

Å Infrared safety
ÅA jet algorithm is infrared safe if, for any 

n-partonconfiguration, adding an infinitely 
soft partondoes not affect the result at all.

Å Collinear safety
ÅA jet algorithm is collinear safe if, for any 

n-partonconfiguration, replacing any 
masslesspartonby an exactly collinear 
pair of masslesspartonsdoes not affect 
the result at all.

Å Same jet algorithms for data and theoretical predictions.
Åso that perturbativecalculations can be compared to experiments.

Å Detector independence.

Å Not too sensitive to underlying event and pile up.
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soft radiation may cause
merging of 2 jets



Å The algorithm first defines for each protojet its beam distance:

and for each pair of protojets i,j their relative distance :

with D a jet radiousresolution parameter being of the order of unity and kti, yi and 

i˒ the transverse momentum, rapidity and azimuth of particle i, respectively.

Å In a second step, if                   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. 

Å kT algorithm is defined for n=2 and favours clustering of low pT protojets.

Å anti-kT algorithm is defined for n=-2 and favoursclustering of high pT protojets.

Å Both algorithms are infrared and collinear safe.

kT and anti-kT : Sequential Recombination Algorithms
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Jet Energy Scale Calibration (CMS)
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Å For the jet energy scale calibration CMS adopted a Factorized approach.

Å Offsetᴼsubstruction ” ! (”: the global energy density,  ! : the jet area)

Å Relativeᴼderived from Di-jet Balance
Å Absoluteᴼderived from ‎ ὮὩὸand ὤ ὮὩὸ(pT balance and MPF)
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Jet

Raw
Jet

Offset
Correction
(pile-up)

Relative 
Correction
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Jet Energy Scale Calibration (CMS)

Å Corrections derived using simulated events and in-situ measurements with 
dijet and photon+jet events.

Å Forrelative corrections: 

Å The di-jet pT balance technique is employed

taking the barrel jet (|́ | <1.3) as reference

and the other jet (probe jet) at any ́Φ

32

ProbeJet
at any ́

Barrel Jet (|́ | <1.3)

Å The absolute jet energy response is measured using photons+jet events, 
with two different methods:
Å The MPF (missing ET projection fraction)

Å And the pT balance 

Å Both methods exploit the balance in the 

transverse plane between the photon and 

the recoiling jet. 

ʴ



Inclusive Jet cross section
Comparison to theory (7 TeV) 
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7 TeV: Agreement is observed between data and theory (using NNPDF2.1, CT10, 
HERA1.5, MSTW2008 and ABKM09 PDF sets) in all rapidity bins.
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PDF sets used by CMS
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CMS: arXiv1410.6765



Sh from the inclusive jet cross section at 7 TeV
NP corrections

NP corrections derived by Pythia6 (Z2), Herwig++(2.3) and Powheg+Pythia6 (Z2*, P11)
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CMS: arXiv1410.6765



Sh from the inclusive jet cross section at 7 TeV
Sensitivity plots (CT10-NLO)
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CMS: arXiv1410.6765



Sh from the inclusive jet cross section at 7 TeV
Sensitivity plots (ABM11-NLO)
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CMS: arXiv1410.6765



Sh from the inclusive jet cross section at 7 TeV
Determination for each rapidity bin
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CMS: arXiv1410.6765



Sh from the inclusive jet cross section at 7 TeV
Determination for various PDF sets
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CMS: arXiv1410.6765


