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Jet Energy Scale
The Why and How

Mikko Voutilainen, Helsinki



Whenever we measure jets, we need to 
correct their momentum (“energy”), e.g.

Jet counting

Steep spectra

Resonance masses

Calibration experimentally challenging, for 
reasons we cover today

Hardware: hadron != electron

Software: jet != hadron

Theory: parton != jet

JES is fundamentally based on energy-
momentum conservation with biases on

Theory: Initial and Final State Radiation 
(ISR+FSR) and Underlying Event (UE)

Phenomenology: jet flavour response with 
Parton Shower (PS) and hadronization

Experiment: approximations and 
uncertainties in detector simulation
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Why do we need it?
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Physics examples
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Most of standard model produces jets 
at least in association to something else

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-039/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-039/


Inclusive jets cross section is core 
measurement for PDFs and αS

Steep spectra are very sensitive to 
small changes on the pT axis (=JES)

Speciality: a significant fractions of 
the jets are gluon jets

Rule of thumb: 1% in JES is 5% in 
cross section (and X% in αS?)
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Inclusive jets
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Key parameter of the standard 
model relevant for vacuum stability

Top quark mass uncertainty is 
dominated by JES uncertainties

Speciality: limiting uncertainty 
primarily from b-flavored jets

Rule of thumb: 1% in bJES is 1 GeV 
in top quark mass
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Top quark mass
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Dijet mass is key search for new 
physics at the very highest scale

JES requires extrapolation to the 
multi-TeV scale

Speciality: needs early calibration

Rule of thumb: reconstruction 
breaks at >2 TeV in prompt data
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Dijet mass
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Vector boson scattering (VBS) 
is a fundamental test of EW 
symmetry breaking

Requires good calibration for 
two forward quark jets used for 
high mjj tagging

Speciality: jets outside tracker 
coverage

Rule of thumb: tracker is better!
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Vector boson scattering
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80% of Higgs bosons decay to bb 
so key decay for di-Higgs search

B-jet scale and resolution needed 
to reconstruct mass peak

Speciality: need neutrino recovery

Rule of thumb: νs don’t enter JES

Jet energy scale Mikko Voutilainen, Helsinki

Higgs to bb
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Jet energy scale after calibrating detectors for 
individual electrons, photons and muons:

1. Particle energies (from jet or calorimeter 
shower) falling below detection thresholds

2. Hadrons depositing (ionisation/scintillation) 
energy less efficiently than electrons/photons

3. Pileup interactions adding energy offset
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Origins of JES
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FIGURE 3. (a) MARS10 simulations of the neutron spectra in a lead beam stop for incident proton
energies of 10, 100, and 1000 GeV. They are normalized for relative agreement at low energies to
emphasize the shape similarity below the beam energy cutoff. (b) MARS10 simulation of the neutron,
proton, and pion spectra for 100 GeV protons on lead. At low energies the charged particles are removed
by ionization loss. Above about 1 GeV protons and neutrons have similar spectra. The relative numbers
depend upon the material.

The “universal spectrum”

In either case, the cascade or shower grows exponentially until the lowest-energy
particles stop or are absorbed. Except in the case of Cherenkov light, the ionization
by charged particles in the sensitive part of the calorimeter constitutes the observable
signal. In the em case much of the ionization is by electrons below the critical energy, of
order 10 MeV (13.8 MeV in Fe and 6.0 MeV in U). In the case of hadronic deposit, it
is by ionization losses by pions, protons, neutron interaction products, Compton recoil
electrons, spallation fragments, etc. The low-energy particles responsible for most of the
deposit have some interesting features:

• The spectra have no memory of the initial hadron or even of the early stages of the
cascade. A proton, pion, or kaon generates the same spectrum of a given species
and the same ratios of the spectra of different species. For example, the relative
low-energy particle spectra are the same for an incident pion or proton.

• There is also no memory of the energy of the incident hadron.

MAR10 simulations illustrate these points[1]. The neutron spectra shown in Fig. 3(a)
are normalized for relative agreement. Over two orders of magnitude in the incident
proton energy, the shapes of the neutron spectra below the lowest incident proton energy
(or slightly lower) agree. The flux is 700 times higher at the peak than at 10 GeV;
contributions to the total flux by high-energy particles have little affect. The neutron,
pion, and proton fluxes shown in Fig. 3(b) have ratios dependent on the calorimeter
environment but independent of the nature of the incident hadron.
The universality of the low-energy spectra in a given calorimeter environment has im-

portant consequences for calorimetry, among these the possibility of defining a constant

1054 7 50403020 40030020070 100
0.50

0.60

0.70

0.80

0.90

1.00

π
/e

Incident pion energy (GeV)

Lead/scint-fiber (SPACAL)

CDF end-plug upgrade
(50 mm iron/3mm scintillator)

Copper/quartz-fiber

FIGURE 5. Fits to test-beam results for a lead/scintillator-fiber)[4], for the CDF upgrade end-
cap hadron calorimeter (50 mm iron/3 mm scintillator sheets)[5] and for a copper/quartz-fiber test
calorimeter[6].

as fh fγ , so that the total em energy contribution to the visible signal is E( fπ0 + fh fγ),
with mean E( f 0π0 + f 0h fγ). We can repeat the algebra leading to Eqn. 6 to find

π/e= 1− (1−h′/e)(1− fγ) f 0h
≈ 1− (1−h′/e)(1− fγ)(E/E0)m−1 ≡ 1−aEm−1 . (7)

The most important conclusion from Eqn. 7 is that the power law is retained, with the
same experimental parameter a, even though part of the em contribution tracks with fh.
One can use either Eqn. 6 or Eqn. 7. The only difference is that the hadron detection
efficiency h′ does not contain contributions from nuclear gamma rays.

The p/π response ratio

In a hadronic collision a leading particle (highest energy secondary) tends to have the
same quark number as the incident particle. If it is a pion, there is a high probability
that the leading particle is a π0. If this is the case, a large fraction of the incident energy
is removed to the electromagnetic sector; if not, a leading π± can dump a significant
fraction of the energy into the em sector on the next collision. A smaller energy fraction
(with mean f 0π−) is available for the hadronic sector than would be the case without
leading particle effects. If the incident hadron is a proton, the leading particle is usually
a proton or neutron, and the net effect is a larger mean hadronic fraction than in the pion
case: f 0p > f 0π− .
The “universal spectrum” idea tells us that the cascade’s low-energy composition is

the same in either case, not only as a function of energy but for either projectile. The
ratio f 0p/ f 0π− should therefore be the same at any incident energy, even though both f

0
π−

and f 0p are functions of energy.

Large pp pileup ~ 
PbPb underlying event

https://arxiv.org/abs/1102.1957
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Parton (quark, gluon) loses energy out of 
jet cone due to final state radiation (FSR)

Jet cone accumulates some compensating 
energy from underlying event (UE)

Jet radius typically chosen to balance the 
two effects out

NB: gluon jets need large cone than quark jets

This is not part of JES yet!
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Parton => jet
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https://arxiv.org/abs/1304.4739
https://arxiv.org/abs/1304.4739
https://www.quantumdiaries.org/2011/06/01/anatomy-of-a-jet-in-cms/


Jet contains many kinds of hadrons

Ones with long lifetime (cτ>1 cm) 
included in the definition of JES

Neutrinos usually excluded from 
definition of JES (cf. b/c jets)

Jet four-momentum is the sum of 
all its particle four-momenta

Jet energy scale Mikko Voutilainen, Helsinki

Jet => hadrons (gen)
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We cannot identify hadrons so

Charged hadrons = track 
(+calorimeter cluster(s))

Photons = ECAL cluster

Neutral hadrons = HCAL cluster

Electron = track + ECAL cluster

Muon = (muon) track + no cluster

Jet energy scale Mikko Voutilainen, Helsinki

Jet => hadrons (det)
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Photon and electron showers 
contained in ECAL (~20 X0)

Hadron showers can start in 
ECAL (~1 λ) and continue in 
HCAL (6–8 λ)

Two components to hadron 
shower:

EM component:  γ>e+e- pair 
production & bremsstrahlung 
e>eγ alternate

Hadronic component: 
h+N>5-6h, of which π0>γγ 
moves energy to EM sector

Jet energy scale Mikko Voutilainen, Helsinki

Hadron => shower
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Electrons and photons in EM component 
of hadron shower produce ionization/
scintillation efficiently

Hadrons in hadronic component ionize 
less well and lose energy to nuclear 
interactions

Most of ionization by particles at the 
end of cascade: fraction of energy ending 
up in EM sector depends on log(E)

Jet energy scale Mikko Voutilainen, Helsinki

Shower => electron
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(1− Fπ0)
E

nE
E/n

Fπ0}

}
FIGURE 4. Cartoon of a hadronic cascade. It is assumed that in each generation the average energy of
cascade particles decreases by a factor n and than an average fraction Fπ0 of the energy leaves the hadronic
sector via π0 production.

hadron detection efficiency h.

Can we understand the π/e ratio from basic principles?

The mean hadronic fraction in a cascade

Real hadronic cascades are lumpy affairs, often with a few separated regions of high
energy deposit. A low-energy cascade of this sort is shown in Fig. 1. Dramatic examples
of this were shown by Richard Wigmans in his talk at this Symposium. But in the spirit
of my approach, we instead imagine the cartoon cascade shown in Fig. 4.
In this Figure, a hadron with energy nE interacts with the production of π 0’s and

secondary hadrons. If the multiplicity is n, then an average hadron after the interaction
has energy E. In this single collision an average energy fraction of Fπ0 goes into π0’s.
(This is not to be confused with fπ0 , indicated in Fig. 2 as the total fraction going into
π0’s in the cascade.)
Now let A(E) be some measure of the level of hadronic activity induced by a hadron

with energy E. There are many candidates: radioactivation, the length of all tracks made
by particles with energies above some cutoff, the number of stars with energies above
some cutoff, ionization energy deposit, the total energy of nuclear gamma rays, or, in the
case of interest here, hadronic activity. So we can write

A(nE) = ∑
secondaries !=π0

A(Ei) , (1)

since except for the ionization of a stray track or two the activity induced by A(nE) has
to be the same as that induced by the hadronic daughters.
So far this is incontestable; nothing has been said about the energy distribution of the

2nd generation hadrons. But now I replace the summation by n times the activity induced
by the average hadron. A fraction Fπ0 has been carried out of the hadronic sector by π0’s,
so

A(nE) ≈ (1−Fπ0)nA(E) . (2)

This is immediately recognizable as the recursion equation for a power law, so we can
write

A(E) = KEm . (3)

1054 7 50403020 40030020070 100
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0.70
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0.90

1.00

π
/e

Incident pion energy (GeV)

Lead/scint-fiber (SPACAL)

CDF end-plug upgrade
(50 mm iron/3mm scintillator)

Copper/quartz-fiber

FIGURE 5. Fits to test-beam results for a lead/scintillator-fiber)[4], for the CDF upgrade end-
cap hadron calorimeter (50 mm iron/3 mm scintillator sheets)[5] and for a copper/quartz-fiber test
calorimeter[6].

as fh fγ , so that the total em energy contribution to the visible signal is E( fπ0 + fh fγ),
with mean E( f 0π0 + f 0h fγ). We can repeat the algebra leading to Eqn. 6 to find

π/e= 1− (1−h′/e)(1− fγ) f 0h
≈ 1− (1−h′/e)(1− fγ)(E/E0)m−1 ≡ 1−aEm−1 . (7)

The most important conclusion from Eqn. 7 is that the power law is retained, with the
same experimental parameter a, even though part of the em contribution tracks with fh.
One can use either Eqn. 6 or Eqn. 7. The only difference is that the hadron detection
efficiency h′ does not contain contributions from nuclear gamma rays.

The p/π response ratio

In a hadronic collision a leading particle (highest energy secondary) tends to have the
same quark number as the incident particle. If it is a pion, there is a high probability
that the leading particle is a π0. If this is the case, a large fraction of the incident energy
is removed to the electromagnetic sector; if not, a leading π± can dump a significant
fraction of the energy into the em sector on the next collision. A smaller energy fraction
(with mean f 0π−) is available for the hadronic sector than would be the case without
leading particle effects. If the incident hadron is a proton, the leading particle is usually
a proton or neutron, and the net effect is a larger mean hadronic fraction than in the pion
case: f 0p > f 0π− .
The “universal spectrum” idea tells us that the cascade’s low-energy composition is

the same in either case, not only as a function of energy but for either projectile. The
ratio f 0p/ f 0π− should therefore be the same at any incident energy, even though both f

0
π−

and f 0p are functions of energy.

https://www.osti.gov/servlets/purl/923647
https://www.osti.gov/servlets/purl/923647


In the end, hadron energy is 
transferred to electrons 
counted by electronics

High-energy electrons from 
Z>ee standard candle are 
the foundation of 
calorimeter calibration

Jet energy scale Mikko Voutilainen, Helsinki

Electron => Z
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https://www.researchgate.net/figure/Z-boson-invariant-mass-distribution-in-the-electron-channel-ATLAS_fig5_221661119


LHC adds a lot of pileup (2023: 
<μ> > 50)

Charged pileup removed using 
vertex association

Neutral pileup removed either 
on average or using weights

Jet energy scale Mikko Voutilainen, Helsinki

Add (and remove) pileup
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https://cms.cern/news/how-cms-weeds-out-particles-pile
https://cms.cern/news/how-cms-weeds-out-particles-pile


Three fundamental principles:

1. Improve MC wherever you can: best JES is no JES (residual)

2. Start with Z>μμ standard candle

3. Enforce energy and momentum conservation

Jet energy scale Mikko Voutilainen, Helsinki

Methods of JES
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https://cerncourier.com/a/first-measurements-of-electroweak-boson-fusion/
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Correction charts
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Target

2Andrea Malara JERC report 04 July 2023

‣Primary goal: 
‣Document the state-of-the-art techniques 

‣Secondary goal: 
‣present the ultimate performance achieved 

‣Content: 
‣Pileup corrections  
‣MC truth corrections  
‣Residual corrections 
‣Jet  resolution 
‣Jet composition 
‣PF hadron & ECAL cluster calibration 
‣Detector effects to jet response 

‣Focus on AK4CHS jets

pT

Applied to  
data

Applied to  
simulation

Pileup

MC

Response ( )pT, η Residuals ( )η Residuals ( )pT Resolution Calibrated 

dijets 
Z+jet Jets

MC
MC + RC dijets /Z+jet, MJBγ

‣Legend for the next slides: 
‣V final 
‣V need final review, but it’s complete 
‣X missing/ to be finalised 

‣N.B. X missing for corrections means 
only for the updated version!!

Method Corrections Text Figure

V V V X

‣Disclaimer: not official corrections yet!

Applied as a function of
event pile-up pT density

and jet area.

Removes residual pile-up
dependence, as a 

function of μ and NPV.

Reconstructed
jets

Jet finding applied to 
tracking- and/or 

calorimeter-based inputs.
Corrects jet 4-momentum

to the particle-level energy
scale. Both the energy and

direction are calibrated.

Reduces flavour dependence
and energy leakage effects

using calorimeter, track, and
muon-segment variables.

A residual calibration
is applied only to data
to correct for data/MC

differences.

pT-density-based
pile-up correction

Residual pile-up
correction

Absolute MC-based
calibration

Global sequential
calibration

Residual in situ
calibration

ATLAS

CMS

https://arxiv.org/abs/2007.02645


Pileup is easiest to measure with 
random cones

Closely related method is FastJet 
energy density ρ from either

Median pTjet/Ajet of kT-clustered jets

Median pT,grid/Agrid from fixed grid

Interference between signal and 
pileup best left for MC, e.g.

un-zero-suppression of signal+PU
μ-dependent tracking efficiency 
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Pileup: Random Cone
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Detector simulation
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Detector simulation is (supposed to be) bulk of corrections: best JES is no JES (residual)

Accounts for (at least partly)
Tracking inefficiencies (dynamically increasing at higher pileup)
Calorimeter thresholds (raised at higher integrated luminosity)
Calorimeter non-linearity for π/e response (evolving over time)
Calorimeter radiation damage (crystal/plastic scintillator transparency)
Dead detector regions (persistent and transient)
… etc. Lots and lots of subtle effects!
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Z boson mass reconstructed 
from muons is possibly the 
most precise quantity at LHC

Z boson pT provides 
reference momentum for jet 
calibration

Z boson decay to electrons 
also used as a reference for 
jets and photons
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Z mass
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Z to µ+µ-


https://cds.cern.ch/record/2139655


Step 1: transfer Z(>μμ) scale to 
mostly quark jets in barrel 
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Z + jet balance
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Step 2: extend to higher pT using 
more numerous γ+jet events

Photon calibrated with Z(>ee)

High pT photon scale confirmed 
with Z(>μμ)+jet overlap region



Step 3: Extrapolate to highest pT 
using leading jet in multijet events

Lower pT recoil jets calibrated 
with γ+jet overlap region
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Multijet balance
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Step 4: Extend barrel calibration to 
other parts using dijet events

One jet in barrel calibrated by Z/
γ/multijet, another more forward

Main caveat: barrel jet more often 
gluon jet than in Z/γ+jet events

Jet energy scale Mikko Voutilainen, Helsinki

Dijet balance
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Step 5: confirm qJES + ISR+FSR 
+ UE + νs with known W(qq’) 
resonance mass in tt

In-situ calibration often used in 
mt measurements

Mostly ud, cs jet pairs
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W (>qq’) mass
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Methods based on direct pT balance 
are biased depending on how much 
extra radiation is allowed

α is defined as hardest extra jet pT over 
reference pT, e.g. pT,2/pT,Z

Measurement of full hadronic recoil 
(jet+FSR) through missing ET (MPF) is 
less biased and agrees better with data

MPF is modern baseline, but many early 
JES measurements used pT balance

Data/MC difference is reduced by using 
higher order MC (NLO or multileg-LO)
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Missing-ET Projection Fraction
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Parameterizing JES at or outside 
edges of phase space is challenging

Currently best approach is to 
model leading effects in MC

e.g. here variation of HCAL scale by 
+/-3% for PF and Calo jets

tracking in PF reduces dependence 
on HCAL scale at low pT, while 
Calo jet JES change is more uniform

Past calibrations have often used 
simple log-linear approximations

JES = p0 + p1 * log(pT)

can over- or undershoot outside the 
range of data used for JES fit
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Detector simulation (again)
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MPF-method is insensitive to UE: 
isotropic so cancels out in missing ET

Direct pT balance sensitive to UE 
relative to parton level

Offset subtraction with ρ removes 
UE with PU, unless explicitly fixed

Mostly rely on good modelling of UE 
(and PU) through MC tuning
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Simulation: UE tunes
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Simulation of ISR+FSR is better in NLO and multileg MC

Biases observed especially for multijet balance and central-forward dijet pairs with LO MCs

Opposite effects for angular-ordered (Herwig++) and pT-ordered (Pythia6) showers in the past

Modern alternatives Powheg, Sherpa and MadGraph aMC@NLO generally better, but not perfect

Caveat for early Run 1 results using direct pT balance and LO MC for JES
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Simulation: ISR+FSR
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Putting it all together
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We [CMS] find pk and εj given Di that minimise 

χ2 = Σi((Di+Σjεjδij) - JES(pT,i; pk))2/σi2 + Σjεj2 + Σkpk2 ,


where Di are data points
at jet transverse momentum pT,i

given statistical uncertainty σi

and systematic uncertainties δij

scaled by nuisance parameters εj

and fitted with JES with parameters pk

with prior distribution Gaus(0,1)

that also contribute to chi-squared χ2
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https://arxiv.org/abs/2007.02645


Run 2 results from CMS 
and ATLAS using PF 
converge to ~2% residual

Potentially shared biases in 
MC modelling of non-
perturbative effects, e.g.

Flavor JES

Baryon number

Strangeness

Particle multiplicity

Leading particle
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Global fit of JES
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One obviously badly modelled 
effect is gluon JES

Both ATLAS and CMS have so far 
relied on Pythia for MC JES

Herwig used as alternative to assess 
systematic uncertainties

Data almost certainly miscalibrated
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Gluon JES
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Bottom JES
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Bottom JES not well constrained due to 
lack of statistics

Only 3–4% of dijet events with b jets

Similar for Z+jet

Leading candidate methods will improve 
on full Run 2 data set at 13 TeV

Z+b (CMS Z+jet)

Rbq = (pT,b1+pT,b2)/(pT,q1+pT,q2) (ATLAS tt)

https://arxiv.org/abs/1503.05427
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Systematics
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Leading systematic uncertainty across much of phase space is flavour JEC (gluon JES)

Absolute scale uncertainties from e, μ, γ scales are ultimately small
systematics more FSR, limited statistics and channel inconsistencies (again flavour JES)

Pileup significant at low pT, but absorbed into JES in range of Z/γ+jet data (explicit in CMS)
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Impact statement
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For vacuum metastability, regular JES would move mt and αS along diagonal or cancel out

Flavor JES can produce non-trivial effects towards or away from stability boundary
No (precise enough) LHC measurement from data yet for either b JES or gluon JES

In absence of new fields and particles, implications on upper scale of vacuum stability 



Jet energy scale corrects to particle level 
(cτ>1 cm, no ν, ignore ISR+FSR and UE)

Used across CMS and ATLAS in 
thousands of analyses with special needs

Data-based calibration: Zμμ and 
momentum conservation through MET

Dijet, γ+jet, multijet extend phase space

Open issue: flavour JES
Currently based on MC only
Particularly gluon JES and b JES important
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Summary
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Find a way to measure αS at LHC x2 more precisely than PDG world average in 2024
Rules: must compare to NNLO pQCD prediction or higher. Must reduce theory scale uncertainty
Can assume (flavour)JES at ultimate 0.1–0.2% level
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School challenge
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Table 1: World average values of ↵s(mZ
) over time.

year ↵s(mZ
) �↵s(mZ

) comment ref.

1989 0.11 ±0.01 NLO (pre-LEP) [1]

1994 0.117 ±0.006 + LEP + HERA [5]

1998 0.119 ±0.004 [6]

2000 0.1184 ±0.0031 at NNLO [7]

2002 0.1183 ±0.0027 [8]

2004 0.1182 ±0.0027 [9]

2006 0.1189 ±0.0010 + lattice [10]

2009 0.1184 ±0.0007 [11]

2012 0.1184 ±0.0007 [12]

2014 0.1185 ±0.0006 [13]

2016 0.1181 ±0.0011 [2]

Figure 1: World average values of ↵s(mZ
) over time.

8

2015: 0.1185 +/- 0.0006 (0.5%)

2016: 0.1181 +/- 0.0011 (0.9%)

2024: 0.1180 +/- 0.0009 (0.8%)


https://indico.cern.ch/event/746380/attachments/1776946/3080776/alphas_2019_proceeds_July_1st.pdf
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Backup
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HCAL structure
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