
KIT – The Research University in the Helmholtz Association www.kit.edu

Jet measurements in CMS
Daniel Savoiu on behalf of the CMS Collaboration
LP2021, Manchester, 12 January 2022



2  D. Savoiu 30th Symposium on Lepton-Photon interactions (LP2021), 12 Jan 2022

Jets at hadron colliders

Insights beyond pure QCD
▪ exploit precision of jet observables to probe rare processes, 

or to constrain extensions to the Standard Model
▪ improve experimental methods (pileup, reconstruction, resolution 

effects) & theoretical models (parton shower, underlying event, 
hadronization, MPI)

values just for illustration

Fit
fixed-order theory

state of the art: NNLO pQCD

precision measurements
LHC: jet cross sections at √s = 13 TeV

Direct measurements
▪ determination of fundamental QCD parameters (αs) and PDFs
▪ jets produced in large numbers

  → high statistical precision
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Inclusive jet production at  s = 13 TeV
double-differential cross section in jet pT and rapidity y
anti-kT jets with R = 0.4 and 0.7 (shown here: R = 0.7)
comparison to pQCD theory at NLO+NLL and NNLO
  + non-perturbative (NP) and electroweak (EW) corrections

range: 97 GeV – 3.1 TeV

NNLO

NLO+NLL

overall good description of data by theory,
tangible improvement at NNLO

however, predictions differ between PDFs,
theory uncertainties remain large

[1] CMS-SMP-20-011 
arXiv:2111.10431
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Inclusive jet production at  s = 13 TeV
PDF + αs(mZ) fit at NNLO
determine PDFs and QCD parameters 
in a fit to the present CMS jet data 
together with data from HERA and 
using a HERAPDF-like PDF 
parametrization

gluon PDF: reduced
uncertainty at high x

 αs(mZ) = 0.1170 ± 0.0014 (fit) 
± 0.0007 (model) 
± 0.0008 (scale) 
± 0.0001 (parametrization)

strong coupling in good agreement with
world average and previous CMS results

x g (x )  = Ag xBg (1 – x)Cg (1 + Dgx + Eg x2)
x u (x )  = Au xBu (1 – x)Cu (1 + Eu x2)
x d (x )  = Ad xBd (1 – x)Cd

x U (x ) = AU xBU (1 – x)CU (1 + DU x)
x D (x ) = AD xBD (1 – x)CD  (1 + EU x2)

good fit quality
  → χ2/Ndof ~ 1.18

[1] CMS-SMP-20-011 
arXiv:2111.10431
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Inclusive jet production at  s = 13 TeV

constraints on CI model → fit Wilson coefficient c1 as free 
parameter, no significant deviation from SM expectation (c1 = 0)

gluon PDF: SM+CI
very similar to SM

CI couplings → three scenarios, fix
relationship between Wilson coefficients:

axial → c3 = –2c1, c5 = c1
vector → c3 = 2c1, c5 = c1
left-handed → c3 = c5 = 0

PDF + αs(mZ) + mt (pole) fit at NLO
fit inclusive jet and tt̄ data simultaneously
to benefit from constraining power of inclusive
jet data on PDFs & strong coupling constant

constrain EFT extensions to the Standard Model
involving four-quark contact interactions (CI)

 αs(mZ) = 0.1188 ± 0.0017 (fit) 
± 0.0004 (model) 
± 0.0025 (scale) 
± 0.0001 (parametrization)

   mt 
(pole) [GeV]  = 170.4 ± 0.6 (fit) 

± 0.1 (model) 
± 0.1 (scale) 
± 0.1 (parametrization) 

strong coupling in good agreement with
world average and previous CMS results

top quark mass in good agreement with 
previous CMS results using only tt̄ data

[1] CMS-SMP-20-011 
arXiv:2111.10431

energy scale Λ of the new CI
  → investigated range from 5 to 50 TeV
  → exclusion limit on CI model: Λ > 24 TeV
      (95% CL for left-handed CI with c1 = –1)
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Inclusive jet production at  s = 5.02 TeV
complementary measurement at lower center-of-
mass energy using anti-kT jets with R = 0.4

study of data/theory agreement at NLO and NNLO for 
different PDF sets and central scale choices for μR & μF

[2] CMS-SMP-21-009

sensitivity to strong coupling constant
among NNLO predictions obtained with NNPDF31nnlo PDFs 
closest agreement with data observed for αs(mZ) = 0.120

CT14 NNPDF31

μR = μF = HT μR = μF = pT 
jetNLO NLO

NNLO NNLO
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pT spectra of first four pT-leading jets are measured 
in multijet events
benchmark for SM calculations, in particular parton showers for 
higher jet multiplicities
conventional parton shower + collinear PDFs are compared to 
newer models using parton branching (PB) approach with 
transverse-momentum-dependent PDFs (TMDs)

disagreement between LO models at high pT, NLO models perform better
conventional and PB-TMD approaches yield comparable results

jet 2Multijet measurements [3] CMS-SMP-21-006

[5, 6]

jet 1

jet 4jet 3
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jet multiplicity in bins of leading jet pT and 
azimuthal angle separation Δϕ1,2

can measure multiplicities of up to seven jets

overall reasonable description by LO models
NLO models mostly describe the low-multiplicity region, 
but perform worse at higher multiplicities

Multijet measurements [3]

conventional parton shower + collinear PDFs
vs. parton branching (PB) approach + TMDs [5, 6]
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Jet substructure measurements
useful tool for distinguishing between quark and gluon jets
and evaluating the performance of MC simulations

dijet (gluon-jet-enriched) vs.
Z+Jet (quark-jet-enriched)

generalized angularities
weighted sums of jet constituents by 
momentum fraction z and angular 
distance ΔR to jet axis 

groomed jets: soft-drop algorithm 
removes soft and wide-angle radiation 
from jets
  → more resilient to pileup, UE, ISR

 ⨉ 3
 ⨉ 5

 ⨉ 2
 ⨉ 2
 ⨉ 2

large number of measurements performed

only charged constituents 
benefit from increased tracking 
resolution

[4] CMS-SMP-20-010 
arXiv:2109.03340
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Jet substructure measurements

MC generators systematically overestimate ratio of λβκ in g-/q-jet samples 
 → improved modeling needed to fully describe jet substructure

predictions of jet substructure observables from MC generators at NLO are 
compared to the measurements (5 representative configurations shown)

IR- & collinear-safe observables
more sensitive to perturbative emissions in 
jets

not IR- & collinear-safe
larger contributions from
non-perturbative effects

[4] CMS-SMP-20-010 
arXiv:2109.03340
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Summary – recent jet-related results from CMS

inclusive jet cross section measured across a large phase space, compared to NNLO pQCD predictions
▪ reference results at 13 TeV for R = 0.4 and 0.7, complemented by R = 0.4 measurement at 5.02 TeV
▪ improved description of data by NNLO theory compared to NLO(+NLL)

detailed QCD analyses using latest theory predictions and tests of EFT extensions to the Standard Model
▪ simultaneous fit of PDFs and αs(mZ): 

    
▪ inclusive jet data provide additional constraints leading to improvements on top quark mass from tt̄ data
▪ study of four-quark contact interactions (CI) with different coupling structures at several energy scales

multijet observables → jet multiplicities, pT spectra of first four pT-leading jets
▪ comparison of parton branching (PB) parton shower model with transverse-momentum-dependent PDFs (TMDs) to 

conventional parton shower models with collinear PDFs → similar description of data

extensive investigation of jet substructure observables in data and MC simulation at LO and NLO
▪ MC modeling of substructure still in need of improvement

▫ CMS jet data result in smaller uncertainties, esp. for gluon PDF at high x,
▫ reduction in scale uncertainty on αs(mZ)

Summary – recent jet-related results from CMS

Thank you for your attention!
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Inclusive jet production at  s = 13 TeV [1] CMS-SMP-20-011 
arXiv:2111.10431

double-differential cross section in jet pT and rapidity y
shown here: anti-kT jets with R = 0.4
comparison to pQCD theory at NLO+NLL and NNLO,
  + non-perturbative (NP) and electroweak (EW) corrections

NNLO

NLO+NLL
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corrections for non-perturbative (NP) effects:
hadronization, multi-parton interactions (MPI)

derived from particle-level MC simulations
effect size depends strongly on jet radius

Non-perturbative and electroweak corrections
electroweak (EW) corrections 

largest at high pT at central rapidities
little dependence on jet radius
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Inclusive jets at  s = 13 TeV – unfolding
full 2D unfolding across jet pT and |y|
response matrix depicts event migrations
between the particle and detector levels

statistical correlations on particle-level spectra 
induced by the unfolding procedure
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profiling analysis of PDFs
evaluate impact of new data with 
CT14 PDFs as a starting point
▪ theory at NLO and NNLO
▪ inclusive jet and tt̄ data

Inclusive jet production at  s = 13 TeV

jets + tt̄ @ NLOjets @ NNLOjets @ NLO

profiling analysis of αs(mZ)
strong coupling constant is varied 
consistently with αs series PDFs    0.1170 ± 0.0018 (PDF)

 ± 0.0035 (scale)
   0.1130 ± 0.0016 (PDF)

 ± 0.0014 (scale)
   0.1154 ± 0.0009 (PDF)

 ± 0.0015 (scale)

overall reduction of PDF uncertainty
inclusion of tt̄ data beneficial at high x

slightly lower αs(mZ) value at NNLO
uncertainty due to missing higher 
orders (scale uncertainty) is reduced

[1] CMS-SMP-20-011 
arXiv:2111.10431
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PDF profiling – impact of CMS jet data at NLO & NNLO
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Full PDF fit – impact of CMS jet data & uncertainties
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Full PDF fit – inclusion of tt̄ data & SMEFT fit
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CI model fit – energy scales and Wilson coefficients
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Inclusive jets  s = 5.02 TeV – comparison to NLO theory
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Inclusive jets  s = 5.02 TeV – comparison to NNLO theory



24  D. Savoiu 30th Symposium on Lepton-Photon interactions (LP2021), 12 Jan 2022

Inclusive jets  s = 5.02 TeV – sensitivity to αs(mZ)
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Multijet measurements – jet pT spectra at LO & NLO

[3] CMS-SMP-21-006LO 
models

NLO 
models
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Multijet measurements – jet multiplicities (lower pT range)

[3] CMS-SMP-21-006
LO 

models

NLO 
models
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Multijet measurements – jet multiplicities (medium pT range)

[3] CMS-SMP-21-006
LO 

models

NLO 
models
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Multijet measurements – jet multiplicities (higher pT range)

[3] CMS-SMP-21-006
LO 

models

NLO 
models
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