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The CMS Detector
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Hadronic Calorimeter (HCAL)

Solenoid magnet

Muon chambers



CMS detector (for jets )
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!

!

!

!
Barrel region

!
CMS specifics 
¥ Very precise tracker and ECAL 
¥ Highly granular ECAL 
¥ Tracking and calorimeters 

contained within superconducting 
magnet 

¥ Strong magnetic field (3.8 T)



Particle Flow jet

Generator level

Try to reconstruct individual particle 
candidates, combining information 
from various detectors  
¥ Charged hadrons (tracker) 
¥ Photons (ECAL) 
¥ Neutral hadrons (HCAL) 
¥ +Electrons/muons 

à Form jets and MET using particle 
candidates  

à PF greatly improves CMS jet 
energy resolution as compared 
to calorimeter-only 
reconstruction. 

à However, need precise calibration 
of low-level detector 
components

Particle Flow (PF) approach
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Calorimeter jet



Muon momentum scale calibration
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! Muons critical e.g. as reference objects for jet energy scale calibration 
! Biases e.g. due to residual tracker misalignment are corrected for by using Z 

peak as reference
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Calorimeter  calibrations
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!

Calibration procedure described in [1] 
! Response change (! ) 

! main monitoring done with laser 
light 

! Intercalibration (in each ! -ring) 
! " -symmetry (from zero bias events) 
! " 0 !  ## and !  !  ## (dedicated 

triggers with 8 (2.5) kHz barrel 
(endcap)) 

! E/p with electrons from W and Z 
events 

! !  and absolute energy scale 
! Z !  ee events in reference region 

for absolute scale (|! | < 0.35; 1.7 < |
! | < 2.1) 

! Calibration workflow highly 
automatised, included in prompt 
reconstruction

[1]: doi:10.1088/1748-0221/8/09/P09009

DP2016-031



Calorimeter  calibrations
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!

! Response change (! ) 
! Main monitoring of radiation damage done 

with laser light (all layers individually)  
! Also monitoring signal decrease of Z !  $$   
! Z !  ee additional channel for HF (different 

technology) 
! Intercalibration (in each ! -ring) exploiting 

azimuthal symmetry 
! mean deposited energy in the cells after 

noise subtraction  
! either MinBias events 
! or physics dataset independent of HCAL 

(SingleMuon) 
! Isolated tracks without energy deposit in 

ECAL 
! used to determine scale in tracker-covered 

region 
! New local reconstruction for Run2 to cope 

with 25ns operation.
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! ECAL and HCAL are calibrated separately (absolute scale fixed with electrons 
and pions) 

! However, hadrons usually deposit energy in both ECAL/HCAL 
! e/h largely different between CMS ECAL/HCAL 
! Energy sharing between ECAL/HCAL energy-dependent 

! PF hadron calibration is determined from single pion MC and/or isolated tracks 
in data 

! Procedure fixes scale as a function of true hadron energy and improves the 
resolution, especially at low pt, where energy is lost due to threshold effects 

PF hadron calibration

Particle Flow jet

3.5 Calorimeter cluster calibration 21

the following calibration function644

Ecalib = a+ b(E) ⇥ f (h) ⇥ EECAL + c(E) ⇥ g(h) ⇥ EHCAL (8)

where EECAL and EHCAL are the energies measured in ECAL (calibrated as explained in Sec-645

tion 3.5.1) and HCAL, and E an estimate of the true energy. Similarly to what is done for646

photons in Section 3.5.1, a large sample of simulated single neutral hadrons (speciÞcally,K0
L) is647

used to determine the calibration coefÞcients a, b, and c, and the functions f and g. Only the648

hadrons which do not interact with the tracker material are considered in this analysis.649

The calibration method goes as follows. In a Þrst pass, the functions f (h) and g(h) are Þxed650

to unity for all h values. The coefÞcienta is a geometrical constant (in GeV) that accounts for651

the energy lost because the energy thresholds of the clustering algorithm. For a given value of652

a, the coefÞcientsb and c are obtained by minimizing with respect to these coefÞcients and in653

each bin of E, the following c2:654

c2 =
N

!
i= 1

!
Ei

calib � Ei
"2

s2
i (Ei

calib)
, (9)

where Ei and si are the true energy and the expected calorimetric energy resolution of the ith655

single hadron. The minimization is performed separately on four exclusive event sub-samples,656

namely (i) in the barrel and the endcap regions of the calorimeter separately, to account for the657

different thresholds and cell sizes in these two regions; and (ii) separately for hadrons leaving658

energy either solely in the HCAL (in which case only c is determined) or in both calorimeters659

simultaneously. No attempt is made to calibrate the hadrons leaving energy in the ECAL only,660

as such clusters are identiÞed as photons in the particle-ßow algorithm, as described in the next661

section. For each of the four samples, the relatively small residual dependence of the calibrated662

energy on the particle pseudo-rapidity h is corrected a posteriori with second-order polyno-663

mials f (h) and g(h), the coefÞcients of which are determined with the same c2 minimization664

technique as used for the b and c coefÞcients.665

The constant a is estimated to amount to 2.5 GeV for hadrons showering in the HCAL only,666

and 3.5 GeV for hadrons interacting with both ECAL and HCAL. These values are chosen to667

minimize the dependence on E of the b and c coefÞcients, for E in excess of 10 GeV, a useful668

feature when no accurate true energy estimate is available. The b and c coefÞcients determined669

for each energy bin in the barrel region are shown in Fig. 8a as a function of the true hadron670

energy. The residual dependence of these coefÞcients on E is Þnally Þt to adequate continuous671

functional forms b(E) and c(E), for later use in the cluster calibration.672

The energy resolution si (E) is determined iteratively. Prior to the Þrst iteration of the c2 mini-673

mization, it is taken to be the Gaussian sigma of the raw energy, EECAL + EHCAL , distributions674

in each bin of true energy, and it is replaced in the subsequent iterations by the Gaussian sigma675

of the calibrated energy, Ecalib, distributions in each bin of true energy. It turns out that the pro-676

cedure converges already after the Þrst iteration. Both raw and calibrated energy resolutions677

in the barrel are displayed in Fig. 8b as a function of the true hadron energy.678

As expected, the c coefÞcient for 50 GeV hadrons leaving energy in HCAL only is compatible679

with unity. The larger c coefÞcient for the hadrons that leave energy also in ECAL is meant at680

compensating the energy lost in the dead material between ECAL and HCAL, which amounts681

to about half an interaction length. The fact that the b and c coefÞcients depend on the true en-682

ergy up to very large values is the consequence of the non-linearity of the calorimeter response683

to hadrons with energy.684

With these coefÞcients, the mean relative difference between the calibrated energy and the685

CMS Particle Flow legacy 
paper in the making! 



Jet energy corrections  at CMS
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! /Z+jet,MJB (p T)

JEC corrects reconstructed jets - on average -  
back to particle level  
<pT,reco>/<pT,gen> = 1 (vs. pT,gen , ! , pileup $) 

Factorized approach to JEC :  
¥Pileup corrections to correct for offset energy  
¥Correction to particle level jet vs. ! "  and !  from simulation  

¥Only for data: Small residual corrections (Pileup/relative and absolute) to correct 
for differences between data and simulation. Corrections are small,  but these are 
full-blown analyses! 

Particle Flow jet

Generator level

CMS Run I legacy paper on JEC is out 
10.1088/1748-0221/12/02/P02014 



10

! Average per-event UE/pileup density % and jet-area A used to subtract offset 
energy from additional minimum bias events (pileup).  

! Parameterized as a function of %,A, !"  and !   (determined from MC samples 
with/without PU) 

! Data/MC scale factors from random cone method on zero bias data&

3 

Jet Energy Correction data/MC SF 
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MCTruth corrections
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! Correction for ! "  and !  dependence, determined in fine !  bins. 
! Reference scale is that of the particle/generator jet  
! Final correction step for simulated data 

2 

Jet Energy Scale (JES) 
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Jet Energy Correction data/MC SF 
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Relative corrections from dijets
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! Dijet events used to relate response in central 
barrel region to any !  

! Suppression of additional event activity (third jet) 
! MPF method default, traditional dijet balance as 

cross-check 
! Below 3% within tracker coverage

DP-2016/020 

2017 JINST 12 P02014
This symmetricpT binning also cancels out to Þrst order the relative biases from ISR+FSR.

In general,! y/x" ! ! y"/! x", unlessx is constant, which is generally the case only for a su! ciently
narrow bin inx. To avoid biases in the ratio variables, the denominator must therefore also use
pT,ave. This leads to the following deÞnitions forpT balance and MPF in dijet events:

RpT
rel =

1 + !A "
1 # ! A "

, where (6.3)

A =
pT, probe# pT, tag

2pT, ave
, and (6.4)

RMPF
rel =

1 + !B"
1 # ! B"

, where (6.5)

B =
!pmiss

T á(!pT, tag/pT, tag)

2pT, ave
. (6.6)

With su! ciently Þne binning inpT, ave, and by extrapolating the additional jet activity, not
coming from the leading jet, to zero with! = pT, 3rd jet/pT, ave, both variablesRpT

rel andRMPF
rel reduce

to Rrel = !pT, probe"/! pT, tag". Under the assumption that!pT, probe, ptcl" = !pT, tag, ptcl", which is true
after correcting for the various small second-order biases from JER and ISR+FSR, this is equivalent
to the ratio of the jet responses for the tag and probe jets such thatRrel = Rjet, probe/Rjet, tag. The
residual" -dependent corrections are based on results obtained with the MPF method, thepT balance
results are used as a crosscheck.

As shown in Þgure15, the relative" - and pT-dependent correctionRrel,MC/Rrel,data varies
between 0.99 and 1.01 in the barrel at|" | < 1.3, between 0.99 and 1.06 at1.3 < |" | < 2.9, and
increases to1.15 in HF. SomepT dependence is observed in the endcaps relative to the barrel,
with the residual corrections approaching unity at highpT, where nonlinearities in calorimeter
response are reduced. In the following we will review the corrections for ISR+FSR, JER, and jet
pT dependence, as well as the associated uncertainties for the" -dependent corrections.

Initial- and Þnal-state radiation correction. For central-forward jet pairs there is a higher
probability for the ISR to be radiated opposite to the central jet, and the FSR activity may di" er
slightly for the jets at di" erent" , which leads to some residual dependence of the measured value of
thepT-balance or MPF response,Rrel, on additional jet activity! . We evaluate this dependence in
bins of" , for the linearly extrapolated! $ 0 and! < 0.2 respectively, and compute the following
data/simulation double ratio:

kFSR(! = 0.2) = !
"

Rdata
rel (! $ 0)

RMC
rel (! $ 0)

#
$

!
!
"

Rdata
rel (! < 0.2)

RMC
rel (! < 0.2)

#
$
. (6.7)

The correction factorkFSR (we use the subscript FSR instead of ISR+FSR for brevity) is
determined separately for the MPF andpT-balance methods and for!"#$%&6.4 and$'()%* ++ 2.3,
as shown in Þgure16, and is then parameterized versus|" | with the same functional form as in
ref. [13]. The di" erences between!"#$%&6.4 and$'()%* ++ 2.3 for thepT-balance method are
up to 6% at|" | < 5.2 prior to the application of ISR+FSR corrections, as seen in Þgure16 (left).
Both agree well after the ISR+FSR correction, as shown in Þgure16(right), but the MPF method is
much less sensitive to ISR and FSR biases than thepT-balance method, because the entire hadronic
recoil is used for the MPF balance.
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Figure 14. Response correction factors with their systematic uncertainty band from simulation for the 2012
data collected at 8 TeV for PF jets with CHS andR = 0.5, compared to corrections at 7 TeV corresponding to
36 pb! 1 of data taken in 2010 [13] and 5 fb! 1 taken in 2011 [46]. The comparison is shown at|! | = 0 versus
pT,corr (top left), and as a function of|! | at pT,corr = 30GeV (top right),pT,corr = 100GeV (bottom left) and
pT,corr = 1000GeV (bottom right). The plots are limited to a jet energyE = pT cosh! = 3500GeV so as to
show only the correction factors for reasonablepT in the considered data-taking periods.

6.1 Relative! -dependent corrections

Residual! -dependent corrections to the jet response are obtained using dijet events, where the Òtag"
jet has|! | < 1.3, and the Òprobe" jet pseudorapidity is unconstrained. In this way, the response for
all jets is corrected relative to the response for central jets (|! | < 1.3). These residual corrections
are derived from jets already corrected with the simulation-based corrections and account for any
residual di! erence between data and simulation, as a function of both! andpT.

For dijet events, where the reference object (barrel jet) has poor resolution, the biases from
JER are minimized by binning in average jetpT instead ofpT,tag: pT,ave = 0.5(pT,tag + pT,probe).
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Figure 24. Comparison of the data-to-simulation ratio of the jet response measurements fromZ(! µµ)+jet,
Z(! ee)+jet, ! +jet, and multijet samples after applying the corrections for JES and ISR+FSR (left) and after
applying, in addition, the nuisance parameter values found by the global Þt (right). The uncertainty in the
ratio, excluding jet-ßavor and time-dependent e! ects, is shown by the shaded region. The solid line shows
the global Þt central value and the dotted curves the statistical uncertainty of the Þt. As the multijet analysis
connects the energy scale of jets in two di! erentpT ranges (eq. (6.17)), it can be used to constrain the high-pT

region given the low-pT one (black triangles) or vice versa (grey triangles).

¥ EM footprint uncertainty for photons and electrons in the MPF method (0.2% for photons
with footprint correction, and 0.5% for electrons without footprint correction, independently
of each other, and independent ofpT).

¥ Pileup uncertainty coming from the di! erence in the o! set calculated inside versus outside
of the jet distance parameter.

¥ Multijet uncertainties from JES, JER, and pileup, separately for MPF and MJB.

The total number of nuisance parameters is three for the lepton/photon scales,2 " 3 " 3 = 18 for
ISR+FSR, two for EM footprint, one for pileup, and2 " 3 = 6 for multijet balance, for a total of 30
sources.

The global Þt has two parameters of interest, one for Þtting the absolute scale and one for Þtting
thepT dependence under the assumption that the shape of the response variation is consistent with
the one caused by a constant shift in single-pion response in HCAL, shown in Þgure13 (right),
and referred to asfHCAL (pT) in the following. This assumption is supported by the time stability
of charged-pionE/ p in HCAL barrel. The function used to Þt thepT dependence is of the form
a+ b( fHCAL (pT)# fHCAL (pT,0)), hence introducing a reference momentumpT,0 and Þtting the shape
relative to it. The value ofpT,0 = 208GeV is chosen to minimize the correlation betweena andb.

The result of thepT-dependent Þt is shown in Þgure24 (right). The data points are shifted by
the nuisance parameter values found by the global Þt in order to demonstrate the good consistency
between the data sets. The nuisance parameters are normally distributed, with no outliers beyond

Ð 39 Ð

Absolute corrections from ' /Z+jet,MJB (p T)

15

! Combination of four samples, #+jet, Z(($$ )+jet, Z(( ee)+jet, multijet balance 
! pT-dependence of parametrisation inspired by constant shift in single-pion 

response in HCAL 
! Individual scale uncertainties of reference objects as nuisance parameters 
! Parametrisation works for Run2 as well

10.1088/1748-0221/12/02/P02014
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Figure 44. Summary of JES systematic uncertainties as a function of jetpT (for 3 di! erent|! jet| values,
left) and of! jet (for 3 di! erentpT values, right). The markers show the single e! ect of di! erent sources, the
gray dark band the cumulative total uncertainty. The total uncertainty, when excluding the e! ects of time
dependence and ßavor, is also shown in yellow light. The plots are limited to a jet energyE = pT cosh! =
4000GeV so as to show only the correction factors for reasonablepT in the considered data-taking period.
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Figure 44. Summary of JES systematic uncertainties as a function of jetpT (for 3 di! erent|! jet| values,
left) and of! jet (for 3 di! erentpT values, right). The markers show the single e! ect of di! erent sources, the
gray dark band the cumulative total uncertainty. The total uncertainty, when excluding the e! ects of time
dependence and ßavor, is also shown in yellow light. The plots are limited to a jet energyE = pT cosh! =
4000GeV so as to show only the correction factors for reasonablepT in the considered data-taking period.
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Conclusion

16

! Run 1 legacy paper just arrived. Describes all currently used techniques in 
detail. 
! Pileup, extrapolation, and jet flavor dominating uncertainties in |! |<1.3, 

relative scale at high |! |. Uncertainties below 1% for jets with ! " >100 GeV.  
! Run 2 on par, but expect to take over soon with larger dataset than Run 1 

! CMS factorises jet energy corrections (building on top of low-level 
calibration):  
! Make best use of simulation that accurately describes data 
! Correct for small remaining differences using data-driven residual 

corrections (relying on reference objects like ' /Z)&

10.1088/1748-0221/12/02/P02014 10.1088/1748-0221/12/02/P02014



Particle Flow (PF) approach
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