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 CMS Detector 

 Overview of most recent CMS measurements

Jet measurements

Inclusive jet production

Dijet and multijet production

Azimuthal correlations

Photon measurements

Diphoton production

Z/γ + jet production + jet production

 Summary & Conclusion 
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 Key component to extend our understanding of the Standard Model physics

 Invaluable objects to probe QCD

soft QCD - low p
T
 multiparton scattering, fragmentation, underlying event, etc. 

hard QCD - high p
T
: PDFs, strong coupling, perturbation theory, ISR & FSR, parton shower, (subjets)

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

 Check SM predictions at high energy scales.

 Abundantly produced at hadron colliders like LHC

– LHC is a jet factory!

  MotivationMotivation

 Jet and photon cross section measurements are
also important for validating the
detector/trigger/reconstruction chain, and are
“legacy” measurements for the future → among
the frst measurements at each new energy

Jets: 
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CMS DetectorCMS Detector
CMS after Long Shutdown 1

3rd of June 2015: LHC back in business 
with record pp collision energy of 13 TeV 

Run I and II pp collisions 

Particles in CMS (slice) 
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Jet Reconstruction and Jet Calibration @ CMSJet Reconstruction and Jet Calibration @ CMS

 A jet in CMS is seen as a bunch of particles in the detector

 Jet reconstruction procedure: input objects (e.g. Particles) → apply jet fnding algorithm → jet reconstruction
  
 Anti-k

t 
algorithm (infrared and collinear safe) is used 

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

  Factorized Jet Energy Correction approach in CMS: 

  Pileup → corrects for “offset” energy 

 Response → Make jet response flat on η and p
T
 

  Data/MC residuals → residual differences between data & MC

  Flavor (optional) → corrects dependence on jet flavor 

JINST 12 (2017) P02014
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Inclusive Jet Cross Sections @ 2.76 TeVInclusive Jet Cross Sections @ 2.76 TeV

 Data taken right after 8 TeV (Feb 2013, last Run I data) ensuring consistency with 8 TeV
– Fills in the region between Tevatron’s 1.96 TeV and LHC’s 7 and 8 TeV (and 13 TeV)

 Jet p
T range measured: [74 , 592] GeV

 Fixed-order NLO calculations corrected for NP effects describe the measurement very well over the whole p
T & y range

 To enhance the impact of jet data, it’s smart to consider ratios:
– the major experimental systematic - the Jet Energy Scale - cancels out, i.e. 2.76 vs 8 TeV

 

EPJC 76 (2016) 265
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Inclusive Jet Cross Sections @ 8 TeVInclusive Jet Cross Sections @ 8 TeV

 Jet p
T range measured: [21 , 2500] GeV for |y| < 3 and [21, 74] GeV for 3.2 < |y| < 4.7

 Good agreement over the whole p
T and y range for fxed-order calculations corrected for NP and EW effects

 Comparison with NLO QCD using several PDFs
      (two representative rapidity bins shown)

 

JHEP 03 (2017) 156

Double differential inclusive jet cross section 
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RatiosRatios

 Careful study of uncertainty correlations between  2.76, 7 and 8 TeV measurements

   Partial cancellation of experimental and theory systematics

 General agreement between data and theoretical predictions

 Useful for future PDF constraints

 

JHEP 03 (2017) 156

 Some discrepancies are visible at high pT

 central values of predictions not strongly
  infuenced by the choice of PDFs.

uncertainty is mostly dominated by PDF unc.

 The central value of the theoretical
prediction and its uncertainty dominated by
the choice of PDFs 

 strong sensitivity of the 2.76 to 8 TeV cross
section ratio to the description of the proton
structure.
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Inclusive Jet Cross Sections @ 13 TeVInclusive Jet Cross Sections @ 13 TeV

 Jet p
T range measured: [74 , 2500] GeV for |y| < 4.7

 Results for ∆R = 0.7 and 0.4 up to |y| = 4.7
Smaller cone size, R=0.4, enables direct comparisons to ATLAS

 Excellent agreement with Powheg+Pythia8 

p
T
 shape OK in Herwig++

Softer p
T
 in Pythia8 for larger |y|

Same results for both ΔR
 

EPJ C 76 (2016) 451



  10/22Measurement of inclusive jet, dijet and photon production in CMS, Low-x 2017                                                                                                                            D. Sunar Cerci

PDF determination  PDF determination  

 Together with HERA DIS cross section data, the inc. jet measurements provide important
      constraints on the gluon and valence-quark distributions in the kinematic range studied.
 The parametrization uncertainty is signifcantly reduced once the CMS jet measurements are
       included.

JHEP 03 (2017) 156

 Gluon and d- valence quark PDFs at  Q2 = 1.9 GeV2 obtained from 8 and 7 TeV jet x-sections.    
   The results are very similar. 

Q2 = 105 GeV2

Q2 = 1.9 GeV2
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The strong coupling constant The strong coupling constant αα
ss

Diifferent approaches

 Inclusive jets: least square minimization on p
T
(y) spectrum using NLO parton level predictions.

 Multijet: 3-jet to 2-jet cross section ratio R
32

, insensitive to many theor. and exp. systematics.

 Triple differential cross section together with PDF ft.

JHEP 03 (2017) 156

α
S
PDG = 0.1181 ± 0.0011 

JHEP 03 (2017) 156

CMS PAS-SMP-16-008

CMS PAS-SMP-16-011
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Triple-differential dijet cross sectionTriple-differential dijet cross section  

 Cross sections measured as a function of: <p
T
>, half the rapidity separation: y*=1/2|y

1
y

2
| and boost of the two leading jets

y
b
=1/2|y

1
+y

2
|

 Apart from the boosted region, the data are well described by the predictions at NLO accuracy over many orders of
magnitude.

 

arXiv:1705.02628
Submitted to EPJ C

Triple differential dijet cross section 
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Triple-differential dijet cross section (II)Triple-differential dijet cross section (II)  
 This measurement is very well suited to extract PDFs and α

S
: 

central region most suited for  α
S extraction at high energy scales

boosted region high-x region of PDFs can be better constrained
large rapidity separation PDF and detector effects can be better disentangled

 Fit combines HERA and CMS data

 

arXiv:1705.02628
Submitted to EPJ C

gluon sea quark

d valaence quark u valence kuark
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Dijet azimuthal decorrelation at 8 TeVDijet azimuthal decorrelation at 8 TeV
EPJ C 76 (2016 )536

 The dijet azimuthal angular decorrelation probes the multijet
     production processes without measuring jets beyond the leading 
     two.

 Two leading among jets with p
T
>100 GeV, |y|<5

 Compared to 3-jet production at NLO from NLOJet++
 No fx order predictions below π /2
The Δϕdijet distributions are strongly peaked at π and

become steeper with increasing p
T
max.

 At LO in pQCD the two fnal-state partons are produced back-to-back in transverse plane.

 The production of a third jet leads to a decorrelation in        
     azimuthal angle.

 If more than three jets are produced, the azimuthal angle
     between the two leading jets can approach zero.
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Multijet azimuthal decorrelation at 13 TeVMultijet azimuthal decorrelation at 13 TeV
CMS PAS-SMP-16-014

 Spectrum gets fatter, as dijet events
are no more included 

The production of a 3rd jet leads to a
decorrelation in azimuthal angle. 

 Normalized inclusive 2-jet, 3-jet, and 4-jet cross sections as a function of the azimuthal angular 
separation between the two highest p

T
 (leading) jets

 An interesting tool to test theoretical predictions of multijet production processes

Higher order predictions describe the
measurements very well
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Multijet azimuthal decorrelation at 13 TeV (II)Multijet azimuthal decorrelation at 13 TeV (II)
CMS PAS-SMP-16-014

 PH-2J (NLO dijet calculation) gives better results when matched with P8 than Herwig++

 PH-3J+P8 is generally lower than PH2J+P8.

 Predictions of PH-2J or PH-3J exhibit large deviations from the measurements
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Decorrelation of forward jets at 7 TeVDecorrelation of forward jets at 7 TeV
JHEP 08 (2016) 139

 First measurement of azimuthal decorrelation of most forward

    and most backward jets (Mueller-Navelet dijets) in pp  @ 7 TeV

  Results given for  jets with p
T > 35 GeV and up to |∆y| = 9.4

 Compared to predictions 

DGLAP-based LO MCs

HEJ: LL BFKL-based MC

NLL BFKL prediction

 Angular variables also studied as a function of ∆y

 Approaches to higher-order calculations: 

DGLAP approach: resummation in terms of ln(Q2)

BFKL approach: resummation in terms of ln(1/x)
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Mueller-Navelet dijet azimuthal decorrelationsMueller-Navelet dijet azimuthal decorrelations

 Mueller-Navelet dijets: pair of jets with
the largest rapidity interval 
 Decorrelation of Δϕ MN pair: sensitive
to QCD dynamics
 Cross section vs. Δϕ expanded in terms
of cos[n(π-Δϕ)]

expansion coeffcients and their
ratio depend on Δy 
region of large Δy probes the
BFKL evolution 

 Good data-theory agreement: NLL BFKL analytical calculations at large Δy
 DGLAP-based MC generators become less accurate at large Δy
 BFKL NLL calculations, parton level (small effects from hadronization) (JHEP 1305(2013) 096) sensitivity to MPI and
angular ordering

JHEP 08 (2016) 139
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Photon MeasurementsPhoton Measurements

  Photon identifcation in CMS:

2-dimensional clusters of different size in the barrel and in the endcap 

electrons from converted photons also reconstructed in the tracker 

Main background from light neutral mesons (i.e pi, eta) decays (105 jets / photon)

removed with shower shape id + isolation

 Measurement of the production of pairs of photons in hadron colliders help also

     to understand the QCD background to Higgs production and BSM searches.

 Prompt photons are produced at the LHC in the hard process pp → γ + X. 

provides a clean probe of pQCD

can be used to study the gluon PDF of the proton through LO process qg→ q γ. 

 

Direct photon production        
     pp → γ + X

Diphoton production
      pp → γ γ + X
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Diphoton + jets at 7 TeVDiphoton + jets at 7 TeV

 Background for Higgs produced in VBF

 Isolation template from random cones for signal and sideband for background

 Differential xsec of jet multiplicity, p
T
, angular correlations

 aMC@NLO and Sherpa agree well with data

 GoSam (corrected for PS and UE) shows some discrepancies for angular       

     distributions

CMS PAS-SMP-14-021
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Z/γZ/γ** + jets to γ + jets @ 8 TeV + jets to γ + jets @ 8 TeV

 Compare the cross sections for Z + jets and  γ + jets as a function of p
T  

is

     measured in the phase space regions: njets ≥ 1, 2, 3 

 BLACKHAT reproduces shape of the data in n
jets 

≥ 2 and n
jets 

≥ 1 in γ +jets case

 15-20% discrepancies to both LO and NLO predictions

 Possible indication of EWK corrections from recent theoretical results

JHEP 10 (2015) 128

N
jets

≥ 2 

N
jets

≥ 1 

N
jets

≥ 3 

arXiv:1605.04692
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 Many interesting results from CMS, reaching new levels of precision and exploring new regions of phase space.

wide range of jet measurements at various collision energies, improving our understanding of QCD

excellent understanding of the jet reconstruction and energy calibration and together with the high data

quality make jet measurements precision physics 

   Jet production in pp collisions is one of the main phenomenological predictions of pQCD.

The observations emphasizes the need to improve predictions for multijet production.

  Jets and photons are great QCD probes and important backgrounds to NP searches.

Results suggest that jet and photon physics is quite well understood

  Photon production measurements represent another important test of QCD 

Inclusive photon production is a critical SM measurement for Higgs γ γ decay and NP search.

Diphoton production processes are particularly sensitive to higher-order QCD phenomenology.

SummarySummary
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Thank you for your attention!
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BACKUP 
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