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b-Jet energy scale 2 / 19

Jet = Cone of hadrons and other particles produced by the hadronization of a quark or gluon

bJES = b-Jet Energy Scale = Correction of b-jet energy applied after data acquisition
to compensate the imperfect calibration of the ATLAS detector and jet calibration procedure

Nazar Bartosik

Event display: H(→ bb) + Z(→ e+e−), ATLAS Collaboration

b-jets play a leading role in many analyses
e.g. main decay of the Higgs is H → bb

⇒ Need for a dedicated calibration of b-jet energy
Romain Bouquet APC - LPNHE - Paris romain.bouquet@cern.ch
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Looking for events with b jets. . .
LHC = "top factory"→ tt events

(LHC Run 2,
√
s = 13 TeV, L = 139 fb−1)
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â BR(t→ Wb) ≈ 100%
â σ(tt → X) = 832 pb

[Particle Data Group]
â Use mqqb invariant

mass to calibrate b-jet
energy
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Status: July 2021

ATLAS Preliminary
√
s = 7,8,13 TeV

Theory

LHC pp
√
s = 13 TeV

Data 3.2 − 139 fb−1

LHC pp
√
s = 8 TeV

Data 20.2 − 20.3 fb−1

LHC pp
√
s = 7 TeV

Data 4.5 − 4.6 fb−1

Standard Model Total Production Cross Section Measurements

Total cross-section at LHC
plot from ATLAS SM physics group
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Energy scale factor α & Template method 4 / 19

â Energy scale factor (α): E′b = (1 + α)Eb, p′T b = (1 + α)pT b

Compare reconstructed mqqb invariant mass distributions
t→ Wb→ qq ′b in Data and MC simulation to determine α

â Compute mqqb distribution for Data
â Create MC templates mqqb distribution shifting b-jet energy by:

(1 + αi)→ one mqqb distribution per value αi

E′
MC
b (αi) = (1 + αi)E

MC
b , p′T

MC
b (αi) = (1 + αi)pT

MC
b

â Compute χ2(αi) between MC template and (Pseudo-)Data using mqqb distributions
→ find minimum αmin of χ2(α) curve

â Determine statistical and systematic uncertainties: δαstat & δαsyst

NB: MC samples are taken as reference to correct data:
the final correction will be applied in Data

EData corrected
b = EData

b /(1 + αmin), pT
Data corrected
b = pT

Data
b /(1 + αmin)

NEW MEASUREMENT: bJES was previously assumed to be equal to the light jet calibration
+ uncertainties extracted from MC simulations

bJES measurement using tt lepton+jets was never performed in ATLAS
⇒ Test procedure using Pseudo-Data then use Data

Romain Bouquet APC - LPNHE - Paris romain.bouquet@cern.ch
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MC templates for mqqb −mqq distribution &
Statistical error determination δαstat 5 / 19

Usemqqb −mqq instead ofmqqb to reduce sensitivity to light jet calibration
Shift of b-jet energy⇒ Shift of the mqqb −mqq distribution
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-1 = 13 TeV, 139 fbs
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α

χ2

αmin

χ2
min

χ2
min + 1

∆χ2 = 1

δαstat. = max(δαl, δαr)

δαl δαr

χ2 → compare shifted MC template and (Pseudo-)Data

χ2(αi) =
∑

k

(Ok − Ek(αi))
2

Ok

=
∑

k

(NData
k −NMC

k (αi))
2

NData
k

χ2
min := χ2(αmin)

To increase precision on αmin ± δα
stat use penalized spline (≈ mix between fit and interpolation)

with smoothing parameter λ
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tt→ lepton+jets event and jet selections for t→ Wb→ qq ′b 6 / 19

at least 4 jets

exactly 

2 b-tagged jets

exactly 1 lepton

tt→ lepton+jets events
` = e, µ, U = u, c and D = d, s

â σ(tt→ X) = 832 pb
â BR(tt→ lepton+jets) = 44%
â Ntt→lepton+jets = BR × L× σ ≈ 51M events
â Good rejection of QCD hadronic background
â mW = 80.4 GeV
â mt = 172.5 GeV

Selection criteria
â plepton

T ≥ 40 GeV â ET
miss ≥ 30 GeV â m

W
T +ET

miss ≥ 60GeV

â Exactly 4 jets:
• Exactly two light jets: q1 and q2

• Exactly 2 b-tagged jets: among the 2 b-tagged jets, select the b-jet such
that the invariant mass mq1q2b,min is the closest to the top quark mass:∣∣∣mt −mq1q2bmin

∣∣∣ = min
bk,k=1,2

∣∣∣mt −mq1q2bk

∣∣∣
â Additionally require:∣∣∣mW −mq1q2

∣∣∣ ≤ 50 GeV and 130 GeV ≤ mq1q2bmin
≤ 210 GeV

Romain Bouquet APC - LPNHE - Paris romain.bouquet@cern.ch
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tt lepton+jets main sources of contamination 7 / 19

â tt dilepton events:

g
t

t

b
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â Single top events (t-channel, s-channel, Wt)

b t

W

q q ′

q

q ′

W+
t

b

b
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Single top t-channel and s-channel contributions are negligble
⇒ only consider tt dilepton and single top Wt contamination
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mqqb −mqq distribution: Data vs Nominal MC sample
with no bJES corrections

(Run 2,
√
s = 13 TeV,L = 139 fb−1)
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-1 = 13 TeV, 139 fbs

Romain Bouquet APC - LPNHE - Paris romain.bouquet@cern.ch

mailto:romain.bouquet@cern.ch


Inclusive measurement in Data:
αnominal

min ± δαstat for Nominal FS mqqb −mqq
(OP spline)
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Systematic uncertainties
δαsyst = αsystematic

min − αnominal
min
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Compute δαsyst = αsystematic
min − αnominal

min
using αnominal

min (FS) or αnominal
min (AFII) whether the systematic is FS or AFII samples

Total of 296 uncertainties
â 219 Alternative weights including :

FS: b-tagging , scale µR & µF , ISR, FSR. . .
FS: PDF sets (PDF4LHC) compare results of alternative PDF sets (90901→90930)
to the nominal PDF set (90900)
AFII: RadHigh (ISR uncertainty)
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Figure 1: MMHT2014 NNLO PDFs at Q2 = 10 GeV2 and Q2 = 104 GeV2, with associated 68%
confidence-level uncertainty bands. The corresponding plot of NLO PDFs is shown in Fig. 20.

2 Changes in the theoretical procedures

In this Section, we list the changes in our theoretical description of the data, from that used

in the MSTW analysis [1]. We also glance ahead to mention some of the main e↵ects on the

resulting PDFs.

2.1 Input distributions

As is clear from the discussion in the Introduction, one improvement is to use parameterisations

for the input distributions based on Chebyshev polynomials. Following the detailed study in

[11], we take for most PDFs a parameterisation of the form

xf(x, Q2
0) = A(1 � x)⌘x�

 
1 +

nX

i=1

aiT
Ch
i (y(x))

!
, (1)

where Q2
0 = 1 GeV2 is the input scale, and TCh

i (y) are Chebyshev polynomials in y, with

y = 1 � 2xk where we take k = 0.5 and n = 4. The global fit determines the values of the

set of parameters A, �, ⌘, ai for each PDF, namely for f = uV , dV , S, s+, where S is the

light-quark sea distribution

S ⌘ 2(ū + d̄) + s + s̄. (2)

For s+ ⌘ s + s̄ we set �+ = �S. As argued in [1] the sea quarks at very low x are governed

almost entirely by perturbative evolution, which is flavour independent, and any di↵erence in

6

Parton distribution function uncertainties
Harland-Lang, L. A. and Martin, A. D. and

Motylinski, P. and Thorne, R. S.
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Systematic uncertainties
δαsyst = αsystematic

min − αnominal
min

11 / 19

â 72 Detector systematics including (FS) :
JER, NP Detector, NP Statistical, NP Modelling, Eta calibration, PileUp . . .

â 2 MC Event generators uncertainties (AFII) symmetrization of error as it is one sided systematics
δαsyst(symmetrized) = ±δαsyst(one sided):

parton shower modelling (use alternative shower, Powheg+Herwig7) &
matrix elements computation (use alternative generator, aMCatNLO)

Figure 3: Sketch of a hadron-hadron collision as simulated by a Monte-Carlo event generator. The red
blob in the center represents the hard collision, surrounded by a tree-like structure representing
Bremsstrahlung as simulated by parton showers. The purple blob indicates a secondary hard
scattering event. Parton-to-hadron transitions are represented by light green blobs, dark
green blobs indicate hadron decays, while yellow lines signal soft photon radiation.

At hadron colliders, multiple scattering and rescattering e↵ects arise, which must be simulated by Monte-
Carlo event generators in order to reflect the full complexity of the event structure. This will be discussed
in Sec. 5. Eventually we need to convert the full partonic final state into a set of color-neutral hadrons,
which is the topic of Sec. 6. The interplay of all these e↵ects makes for the full simulation of hadron-hadron
collisions. This is sketched in Fig. 3.

2 The hard scattering

Event simulation in parton-shower Monte-Carlo event generators starts with the computation of the hard-
scattering cross section at some given order in perturbation theory. Traditionally, this calculation was
performed at leading order (LO), but nowadays, with next-to-leading-order (NLO) calculations completely
automated, it is often done at NLO. Computing the hard cross section at NLO requires a dedicated
matching to the parton shower, which will be discussed in Sec. 4. For now we focus on the evaluation of
the di↵erential cross sections and the related phase-space integrals.

The basis for our calculations is the factorization formula, Eq. (1.1). We rewrite it here, in order to
simplify the discussions in the following sections. The full initial and final state in a 2 ! (n � 2)
reaction can be identified by a set of n particles, which is denoted by {~a} = {a1, . . . , an}. Their flavors

and momenta are similarly specified as {~f } = {f1, . . . , fn} and {~p} = {p1, . . . , pn}. The di↵erential
cross section at leading order is a sum over all flavor configurations, and it depends only on the parton
momenta:

d�(LO)({~p}) =
X

{~f }

d�(B)
n ({~a}) , where d�(B)

n ({~a}) = d�̄n({~p}) Bn({~a}) . (2.1)

Each individual term in the sum consists of the di↵erential phase-space element, d�n, the squared matrix

6

Sketch MC event generation, Stefan Höche

â 2 top mass variated samples (AFII, mNominal
t ± 0.5 GeV,mNominal

t = 172.5GeV):
mtop = 172.0 GeV and 173.0 GeV

Romain Bouquet APC - LPNHE - Paris romain.bouquet@cern.ch
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Inclusive measurement in Data:
Systematic uncertainties δαsyst = ±+2.05%

−1.75%
12 / 19
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mqqb −mqq distribution Data vs Nominal MC sample
before and after b-JES corrections

13 / 19

Before

 [GeV]qq - mqqbm

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

N
E

ve
nt

s

qq - mqqbm

Data

 lep+jetstt

 dileptt

Wt

65 70 75 80 85 90 95 100 105 110
 [GeV]qq - mqqbm

0.9
1

1.1

D
at

a/
M

C

ATLAS Work in Progress
-1 = 13 TeV, 139 fbs

After

 [GeV]qq - mqqbm

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

N
E

ve
nt

s

qq - mqqbm

Data

 lep+jetstt

 dileptt

Wt

65 70 75 80 85 90 95 100 105 110
 [GeV]qq - mqqbm

0.9
1

1.1

D
at

a/
M

C

ATLAS Work in Progress
-1 = 13 TeV, 139 fbs

EData corrected
b = EData

b /(1 + αmin), pT
Data corrected
b = pT

Data
b /(1 + αmin)

αmin ± δα
stat ± δαsyst = 0.93%± 0.10%± +2.05%

−1.75%
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Differential measurement w.r.t pbT 14 / 19
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T
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â Main systematic uncertainties are related to modelling and top mass uncertainties
â Inclusive and differential measurement are in agreement
â Good precision on the energy scale factor
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mqqb −mqq distribution Data vs Nominal MC sample
before and after b-JES corrections

for pbT ∈ [30, 50) GeV
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mqqb −mqq distribution Data vs Nominal MC sample
before and after b-JES corrections

for pbT ∈ [100, 130) GeV
16 / 19

Before

 [GeV]qq - mqqbm

0

500

1000

1500

2000

2500

N
E

ve
nt

s

qq - mqqbm

Data

 lep+jetstt

 dileptt

Wt

75 80 85 90 95 100 105 110
 [GeV]qq - mqqbm

0.9
1

1.1
1.2

D
at

a/
M

C

ATLAS Work in Progress
-1 = 13 TeV, 139 fbs

After

 [GeV]qq - mqqbm

0

500

1000

1500

2000

2500

N
E

ve
nt

s

qq - mqqbm

Data

 lep+jetstt

 dileptt

Wt

75 80 85 90 95 100 105 110
 [GeV]qq - mqqbm

0.9
1

1.1
1.2

D
at

a/
M

C

ATLAS Work in Progress
-1 = 13 TeV, 139 fbs

Romain Bouquet APC - LPNHE - Paris romain.bouquet@cern.ch

mailto:romain.bouquet@cern.ch


mqqb −mqq distribution Data vs Nominal MC sample
before and after b-JES corrections

for pbT ∈ [250, 500) GeV
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Correction less visible in high pb
T -regions

because the bJES corrections are closer to 0 when pb
T increases
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A word from yesterday night. . . 18 / 19

Wanted to share those results with my oysters colleagues
from La Rochelle. . .

. . . Could not find them
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Conclusion 19 / 19

â First time b-jet energy scale factor is measured in Data
â Energy correction of the order of 1% with a total uncertainty of the order of 2%
â Differential measurement in 1 dimension w.r.t pb

T as more variations are expected
compared to η

â Improvement of the MC vs Data agreement after aplying bJES corrections in Data
especially in low pb

T -regions

Thanks for your attention!
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b-JES corrections. . . link with oyster b© 2 / 35
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The Large Hadron collider b© 3 / 35
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Julie Haffner
â 27 km of circumference
â pp collisions at

√
s = 7, 8, 13 TeV (but not only. . . sometimes Pb− Pb collisions)

â Bunch crossing every 25 ns
â 〈µ〉 = 30 inelastic collisions per bunch crossing
â 4 main detectors:

l ATLAS & CMS: general purpose detectors to precisely study the SM
l LHCb: studies differences between matter and antimatter with bottom and charm

hadrons
l ALICE: heavy-ion collisions and properties of the quark-gluon plasma produced

in those collisions
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â Transverse momentum pT =
√
p2

x + p2
y

â Pseudorapidity η = − ln(tan(θ/2))
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Main top-quark pair (tt) production processes at the LHC b© 5 / 35
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BERT model was used in Run 1, consisting of a quark–
gluon string model and the Bertini intra-nuclear cascade
model. A description of the various models and a detailed
comparison between FTFP BERT and QGSP BERT can be
found in Ref. [34]. A parametrized simulation of the
ATLAS calorimeter called Atlfast-II (AFII) [32] is used
for faster MC production, and a dedicated MC-based
calibration is derived for AFII samples.
The data set used in this study consists of 3.2 fb−1 of

pp collisions collected by ATLAS between August and
December of 2015 with all subdetectors operational. The
LHC was operated at

ffiffiffi
s

p
¼ 13 TeV, with bunch crossing

intervals of 25 ns. The mean number of interactions per
bunch crossing was estimated through luminosity mea-
surements [35] to be on average hμi ¼ 13.7. The specific
trigger requirements and object selections vary among the
in situ analyses and are described in the relevant sections.

V. JET ENERGY SCALE CALIBRATION

Figure 1 presents an overview of the 2015 ATLAS
calibration scheme for EM-scale calorimeter jets. This
calibration restores the jet energy scale to that of truth jets
reconstructed at the particle-level energy scale. Each stage
of the calibration corrects the full four-momentum unless
otherwise stated, scaling the jet pT, energy, and mass.
First, the origin correction recalculates the four-

momentum of jets to point to the hard-scatter primary
vertex rather than the center of the detector, while keeping
the jet energy constant. This correction improves the η
resolution of jets, as measured from the difference between
reconstructed jets and truth jets in MC simulation. The η
resolution improves from roughly 0.06 to 0.045 at a jet pT
of 20 GeV and from 0.03 to below 0.006 above 200 GeV.
The origin correction procedure in 2015 is identical to that
used in the 2011 calibration [3].
Next, the pile-up correction removes the excess energy due

to in-time and out-of-time pile-up. It consists of two compo-
nents: an area-based pT density subtraction [15], applied at
the per-event level, and a residual correction derived from the

MC simulation, both detailed in Sec. VA. The absolute JES
calibration corrects the jet four-momentum to the particle-
level energy scale, as derived using truth jets in dijet MC
events, and is discussed in Sec.V B. Further improvements to
the reconstructed energy and related uncertainties are
achieved through the use of calorimeter,MS, and track-based
variables in the global sequential calibration, as discussed in
Sec. V C. Finally, a residual in situ calibration is applied to
correct jets in data using well-measured reference objects,
including photons,Z bosons, and calibrated jets, as discussed
in Sec. V D. The full treatment and reduction of the
systematic uncertainties are discussed in Sec. VI.

A. Pile-up corrections

The pile-up contribution to the JES in the 2015 data-
taking environment differs in several ways from Run 1. The
larger center-of-mass energy affects the jet pT dependence
on pile-up-sensitive variables, while the switch from 50 to
25 ns bunch spacing increases the amount of out-of-time
pile-up. In addition, the higher topo-clustering noise thresh-
olds alter the impact of pile-up on the JES. The pile-up
correction is therefore evaluated using updated MC sim-
ulations of the 2015 detector and beam conditions. The
pile-up correction in 2015 is derived using the same
methods developed in 2012 [4], summarized in the follow-
ing paragraphs.
First, an area-based method subtracts the per-event pile-

up contribution to the pT of each jet according to its area.
The pile-up contribution is calculated from the median pT
density ρ of jets in the η–ϕ plane. The calculation of ρ uses
only positive-energy topo-clusters with jηj < 2 that are
clustered using the kt algorithm [10,36] with radius
parameter R ¼ 0.4. The kt algorithm is chosen for its
sensitivity to soft radiation, and is only used in the area-
based method. The central jηj selection is necessitated by
the higher calorimeter occupancy in the forward region.
The pT density of each jet is taken to be pT=A, where the
area A of a jet is calculated using ghost association. In this
procedure, simulated ghost particles of infinitesimal
momentum are added uniformly in solid angle to the event

FIG. 1. Calibration stages for EM-scale jets. Other than the origin correction, each stage of the calibration is applied to the four-
momentum of the jet.

M. AABOUD et al. PHYSICAL REVIEW D 96, 072002 (2017)

072002-4

ATLAS Collaboration
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pb
T regions mqqb −mqq number of bins mqqb −mqq bounds

[30, 50) GeV 25 [65, 110] GeV

[50, 75) GeV 25 [65, 110] GeV

[75, 100) GeV 20 [70, 110] GeV

[100, 130) GeV 20 [75, 110] GeV

[130, 160) GeV 20 [75, 110] GeV

[160, 200) GeV 20 [80, 110] GeV

[200, 250) GeV 15 [80, 110] GeV

[250, 500) GeV 10 [80, 110] GeV

Table: mqqb −mqq distribution: number of bins and bounds depending on the pb
T -region

â For the inclusive measurement 25 bins with bounds = [65, 110] GeV for the mqqb −mqq
distribution

â Reasonably large enough pb
T -regions

â Low number of bins to avoid bin fluctuations
â The bounds of the mqqb −mqq distribution are chosen so that the peak position is

centered and both side on the left and right of the peak have roughly the same importance
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mqqb −mqq distribution Data vs Nominal MC sample
before and after b-JES corrections

for pbT ∈ [30, 50) GeV
b© 9 / 35
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αnominal
min ± δαstat for Nominal FS mqqb −mqq

for pbT ∈ [30, 50) GeV
(OP spline)
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Systematic uncertainties δαsyst for pbT ∈ [30, 50) GeV b© 11 / 35
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mqqb −mqq distribution Data vs Nominal MC sample
before and after b-JES corrections

for pbT ∈ [50, 75) GeV
b© 12 / 35
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αnominal
min ± δαstat for Nominal FS mqqb −mqq

for pbT ∈ [50, 75) GeV
(OP spline)
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Systematic uncertainties δαsyst for pbT ∈ [50, 75) GeV b© 14 / 35
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mqqb −mqq distribution Data vs Nominal MC sample
before and after b-JES corrections

for pbT ∈ [75, 100) GeV
b© 15 / 35
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αnominal
min ± δαstat for Nominal FS mqqb −mqq

for pbT ∈ [75, 100) GeV
(OP spline)
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Systematic uncertainties δαsyst for pbT ∈ [75, 100) GeV b© 17 / 35
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mqqb −mqq distribution Data vs Nominal MC sample
before and after b-JES corrections

for pbT ∈ [100, 130) GeV
b© 18 / 35
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min ± δαstat for Nominal FS mqqb −mqq

for pbT ∈ [100, 130) GeV
(OP spline)
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mqqb −mqq distribution Data vs Nominal MC sample
before and after b-JES corrections

for pbT ∈ [130, 160) GeV
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αnominal
min ± δαstat for Nominal FS mqqb −mqq

for pbT ∈ [130, 160) GeV
(OP spline)
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mqqb −mqq distribution Data vs Nominal MC sample
before and after b-JES corrections

for pbT ∈ [160, 200) GeV
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αnominal
min ± δαstat for Nominal FS mqqb −mqq

for pbT ∈ [160, 200) GeV
(OP spline)
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mqqb −mqq distribution Data vs Nominal MC sample
before and after b-JES corrections

for pbT ∈ [200, 250) GeV
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αnominal
min ± δαstat for Nominal FS mqqb −mqq

for pbT ∈ [200, 250) GeV
(OP spline)
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Systematic uncertainties δαsyst for pbT ∈ [200, 250) GeV b© 29 / 35
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mqqb −mqq distribution Data vs Nominal MC sample
before and after b-JES corrections

for pbT ∈ [250, 500) GeV
b© 30 / 35
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αnominal
min ± δαstat for Nominal FS mqqb −mqq

for pbT ∈ [250, 500) GeV
(OP spline)
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Systematic uncertainties δαsyst for pbT ∈ [250, 500) GeV b© 32 / 35
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PseudoData test



PseudoData test: αtrue = 0.55%
αnominal

min ± δαstat for Nominal FS mqqb −mqq
(OP spline)
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