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The Compact Muon Solenoid (CMS) is one of the two large multipurpose experiments at the
LHC. CMS has been successfully operating since the start-up of the LHC, and has recorded in
2010 around 1 billion of the most interesting proton-proton collisions out of the approximately
3 trillion (3 × 1012) provided by the LHC. The accumulated data has been used to perform
stringent tests of the Standard Model of particle physics, and to search for signs of new physics.
Here we report on the first year (2010) jet results from the 3.5+3.5 TeV proton-proton run,
with some updates from 2011, focusing on probes of hard QCD. The highlights of the first
year of jet measurements in proton-proton collisions include precise determination of the jet
energy scale, measurements of inclusive jet production, inclusive b-jet production and isolated
prompt photon production, hadronic event shapes, dijet azimuthal decorrelations and dijet
angular distributions. These measurements have validated the experimental techniques and
theoretical models used at CMS. They have also extended the energy reach beyond previous
experiments, and have paved the road for discoveries of new physical phenomena.

1 Introduction

The main goal of studies of quantum chromodynamics (QCD) is to improve our detailed de-
scription of the standard model physics. The QCD physics can be broadly categorized in hard
QCD dealing with perturbation theory (pQCD), proton parton distribution functions (PDFs),
initial and final state radiation (ISR, FSR) and parton shower modeling, and soft QCD dealing
with multiparton scattering, fragmentation, underlying event (UE) etc. In this conference report
we focus on the former aspect of hard QCD, which can be probed with inclusive jets, isolated
prompt photons and heavy flavor jets.

The QCD jet events are background for many new physics searches which makes it important
to understand their properties and topology in detail. The dijet and photon+jet events are also
important high statistics calibration sources, which have been used to determine the jet energy
scale and jet pT resolution from data with good accuracy. Finally, the jet events themselves can
also be used to search for signs of new physics, with potential signal exhibiting itself as bumps
in dijet mass spectrum, as enhanced production at small angles in dijet angular distribution, or
as changes in the slope of inclusive jet production versus pT .

This conference report is organized around four main topics: jet reconstruction and jet
performance results, tests of pQCD and PDFs, studies of event topology with emphasis on
parton showers and ISR/FSR modeling, and searches of new physics in jet events. The results
reported here are mainly from the first LHC physics run in 2010, with some first updates from
the second higher luminosity run in 2011. The data presented here was collected by the Compact
Muon Solenoid (CMS) experiment, whose detailed description can be found elsewhere 1.



2 Jet reconstruction and performance

The start of the LHC physics program has seen the introduction of many novel techniques
for jet physics at CMS: introduction and main stream adoption of Particle Flow algorithm 2,
jet clustering with the anti-kT algorithm 3, pile-up subtraction with a hybrid of Tevatron-style
average offset and recent FastJet area/median approach 4,5, and jet calibration techniques with
built-in compensation for ISR+FSR, UE and fragmentation losses out of jet cone 6.

The particle-flow event reconstruction2 consists in reconstructing and identifying each single
particle with an optimised combination of all sub-detector information, and the particle-flow
candidates obtained this way are clustered into jets with the anti-kT clustering algorithm. The
particle-flow (PF) reconstruction is a novelty at hadron colliders, but was successfully used at
LEP in the Aleph collaboration. The PF reconstruction benefits from precise silicon pixel and
strip trackers, highly granular ECAL and strong magnetic field, which are CMS specialities.
The strong magnetic field separates charged particles, which aids in identification of neutral
particles, and the high granularity of ECAL aids in discriminating photons and neutral hadrons.

The jet momentum is determined as the vectorial sum of all particle momenta in this jet,
and is found in the simulation to be within 5% to 10% of the true momentum over the whole pT
spectrum and detector acceptance. An offset correction based on FastJet area/median approach
4,5,6 is applied to take into account the extra energy clustered in jets due to additional proton-
proton interactions within the same bunch crossing. Jet energy corrections are derived from
the simulation, and are confirmed with in situ measurements with the energy balance of dijet,
photon+jet and Z+jet events.

The residual data/MC differences in jet energy scale (JES) are generally less than few per-
cent 6, with the exception of tracker/end-cap transition region of 2.5 < |η| < 3, where they
go up to 5–10%. The data/MC scale factor in the barrel at |η| < 1.3 is 0.985, as shown in
Fig. 1 (left), consistent between photon+jet and Z+jet samples using the missing-ET projection
fraction (MPF) method. The resulting uncertainty for the absolute scale is between 1.5% and
5% at jet pT 18–2000 GeV, as shown in Fig. 1 (middle) for the full 2010 data set of 36 pb−1.
However, due to time constraints most analyses presented here still used the early 2010 JES
from the first 3 pb−1 of data, with factor 2–3 higher uncertainties.

The jet pT resolutions (JER) are determined with the dijet asymmetry method 6, explicitly
taking into account ISR and FSR by extrapolating additional jet activity to zero, and by sub-
tracting the particle level imbalance obtained from MC to account for out-of-cone radiation and
underlying event. The resolutions in data and MC agree to within about 10%, with uncertainty
on the data-based determination of JER also about 10%, as shown in Fig. 1 (right).

Figure 1: Determination of absolute jet energy scale relative to MC with γ+jet and Z+jet events (left), absolute
JES uncertainty and its main components (middle), and jet pT resolution from data with dijet asymmetry (right).



3 Tests of pQCD

The tests of pQCD use inclusive objects: jets, isolated prompt photons and b-tagged jets.
These objects can be used to constrain empirical parton distribution functions at a fixed order
of perturbation theory, which for most calculations today is next-to-leading order (NLO).

The measurement of inclusive jet cross section 7 with anti-kT jets with distance parameter
R = 0.5, shown in Fig. 2 (left), covers jet pT from 18 GeV to above 1 TeV and spans over ten
orders of magnitude in cross section. The highest pT jets enter a new energy regime at the TeV
scale, and the systematic uncertainties start to be competitive with the Tevatron experiments,
although not yet small enough to constrain PDFs further. This is expected to change with the
analysis of the full 2011 data set that will use the reduced JES uncertainties comparable to those
for the full 2010 data set shown in Fig. 1 (middle). The data and NLO theory predictions with
CT10 8, MSTW2008 9 and NNDPF2.0 10 PDF sets are found to be in agreeement.

The isolated prompt photon production happens in the leading order through q+g → γ+jet,
and is therefore sensitive to quark and gluon PDFs. The photon escapes the hard interaction
essentially unchanged, which makes it a good probe of the energy at parton level. The current
measurement 11 spans photon pT from 25 GeV to about 400 GeV at |η| < 2.5, as shown in
Fig. 2 (middle). The use of isolated prompt photons in global PDF fits has so far been limited
due to discrepancies between data and NLO prediction observed at the Tevatron. The new CMS
results, however, find good agreement between data and NLO theory predictions. Improvements
in experimental systematic uncertainties and increased statistics from 2011 running can still
make this channel useful for PDF fits at the LHC, in particular with extensions to higher pT
and to triple differential distributions including jet rapidity.

The b-tagging is one of the most demanding experimental tools, but worked from the start
at CMS. The b-tagged jets allow to probe the b quark PDFs, but are also sensitive to b quarks
produced in gluon splitting process that dominates at LHC. Two different analyses were per-
formed 12, one with jet triggered events, another one with muon triggered events. The b-jets in
these analyses are tagged with secondary vertex decay length, which is a robust variable that is
expected to be well modeled by MC. The b-tagged sample purity was determined using template
fits to secondary vertex mass, and the b-tagging efficiency was determined using template fits to
relative muon pT,rel in the muon tagged sample. The shape of the ratio of b-jet and inclusive jet
cross section versus pT and |η| was found to be well modeled by Pythia 13 tune Z2, as shown in
Fig. 2 (right), while the MC@NLO prediction 14,15 was found to agree with data on the overall
cross section.

Figure 2: Inclusive jet cross section (left), isolated prompt photon cross section (middle), and ratio of b-jet to
inclusive jet cross section (right).



4 Studies of event topology

The inclusive analyses are useful for testing pQCD predictions and constrain PDFs, while more
exclusive topologies can probe details of ISR, FSR and parton shower modeling. Interesting
examples are the dijet azimuthal decorrelations that are sensitive to initial state radiation,
hadronic event shapes that probe multijet production, and 3-jet/2-jet ratio measurement that
directly tests leading order jet production. These analyses are also less sensitive to experimental
systematics from JES and JER, and are already found to discriminate between Monte Carlo
models.

The dijet azimuthal decorrelations16 are a good probe of additional jet radiation, particularly
of ISR. The data are found to be in good agreement with Pythia 6 tunes Z2 and D6T using the
default setting for ISR, as shown in Fig. 3 (left). The data also agree well with Herwig++17,
while MadGraph 18 predicts too few and Pythia 8 19 too many jets at small angles near
∆φdijet ≈ π/2. The data also agree with pQCD predictions, within the limited range of pQCD
applicability that excludes very small and very large angles.

The hadronic event shapes analysis 20 measures multijet production with variables such as

the central transverse thrust τ⊥,C ≡ 1−maxn̂T

∑
i
|~p⊥,i·n̂T |∑
i
p⊥,i

, shown in Fig. 3 (middle). The ~p⊥,i are

the transverse momenta of the jets, where the maximization takes place over all transverse unit
vectors n̂T . The large negative values of ln τ⊥,C probe dijet production (pen-like events), while
small negative values probe multijet topologies (spherical events). Pythia 6 and Herwig++are
found to be in good agreement with the data, while Pythia 8 is in general agreement, but
predicts too few multijet events. MadGraphand Alpgen 21 predict significantly too many
2-jet events and too few 3-jet events.

The 3-jet/2-jet ratio analysis 22 uses jets with pT > 50 GeV and |y| < 2.5 to measure

R32 = dσ3/dHT

dσ2/dHT
, where HT is the scale sum of jet pT , HT =

∑
i pT,i, and σ3 and σ2 are the 3-jet

and 2-jet cross sections, respectively. The R32 rapidly rises at low HT as phase space for third jet
production opens up, and then converges to a plateau that is sensitive to strong coupling αS at
high HT , as seen in Fig. 3 (right). All tested models agree with data at high HT , but significant
differences arise at low HT , with only MadGraphagreeing well with data everywhere. Although
MadGraphstruggled with the hadronic event shapes and dijet azimuthal decorrelations, the
probability of 3rd parton emission seems to be correct in this analysis. Because MadGraphand
Alpgenboth use tree-level helicity amplitudes for their predictions, the differences seen here
are expected to arise from the details of parton matching.

Figure 3: Dijet azimuthal decorrelation ∆φdijet (left), hadronic event shapes with central transverse thrust τ⊥,C

(middle), and ratio of 3-jet to 2-jet cross sections R32 (right).



5 New physics searches

The jet observables are sensitive to new physics in multiple ways: changes in inclusive jet pT
spectra at high pT could reveal quark substructure, bumps in dijet mass spectrum might reveal
bumps from new exotic heavy particles, and changes in dijet angular distributions might reveal
contact interactions. What makes jet observables particularly interesting is that they probe the
very highest scales, with the updated dijet mass spectrum reaching all the way to almost 4 TeV.

The analysis of dijet angular distributions 23 is based on the assumption that isotropic new
physics would peak at low χdijet = exp(|y1 − y2|). The QCD jet production is mostly t-channel
and flat in this variable. The 2010 analysis has sensitivity to contact interactions up to Λ = 5 TeV
with 36 pb−1, to be compared to Tevatron limits of Λ > 2.8–3 TeV. No evidence of new physics
is found, but the data can confirm QCD predictions of small shaping in χdijet as compared to
perfectly flat distribution for ideal Rutherford scattering, as shown in Fig. 4 (left).

The dijet mass spectrum measurement 24,25,26 using anti-kT clustering with distance param-
eter R = 0.7 is a good test of pQCD predictions, but it also doubles as the ultimate bump hunt
for new resonances at very high mass. The analysis of full 2010 data set of 36 pb−1 reached
up to dijet masses of almost 2 TeV and found good agreement with NLO predictions 25, while
the update with the first 1 fb−1 of 2011 data reaches up to almost 4 TeV in dijet mass 26. No
deviations from a smooth spectrum are seen, as shown in Fig. 4 (right), setting some of the most
stringent limits to date on exotic particles such as excited quarks and string resonances.

Figure 4: Dijet angular distribution vs χdijet = exp(|y1 − y2|) (left), and dijet mass cross section with 1 fb−1 of
2011 data, showing fit, pulls and various new physics models (right).

6 Conclusions and outlook

Since the start of the LHC physics run, there has been a wealth of precise standard model
results coming out from CMS. The more inclusive measurements have in general found good
agreement with perturbative QCD predictions, and approach precision where they can start to
constrain parton distribution functions and test higher orders of pQCD predictions. The more
exclusive channels with reduced sensitivity to experimental systematic uncertainties are in many



cases already precise enough to discriminate between alternative Monte Carlo models for various
aspects such as initial and final state radiation and parton shower modeling.

The first interesting new phenomena to come out from the LHC were the jet quenching
results observed in heavy ion collisions 27, and more interesting results are hoped for from the
analysis of 2011 proton-proton collisions with more than a factor hundred increase in integrated
luminosity compared to 2010. We expect to soon confront standard model with high precision
and start probing the high-x regime at the LHC.
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