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Introduction 

Jet shapes: differential/
integrated measures of 

energy flow calculated from 
the jet constituents 

Jets are composite objects so information can be gained by looking  
at the internal structure 

The shape of a jet is dependent on the partons  
that give rise to the jet in the final state: 

¥  Distinguish highly boosted massive particles from the QCD background 
  becomes increasingly important as the centre of mass energy increases 

¥  Distinguish quark- and gluon-like jets 
¥  Constrain phenomenological models for parton showering, hadronization and 
soft physics 

Two analyses considered here: 

¥  Differences between b- and light-quark jets in top pair events in terms of jet shapes 
Sensitive to different parton shower models 

¥  Boosted Z  bb cross section measurement 
  Tests predictions at high pT and validates searches for TeV scale resonances  
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Jet shapes in top pair events 

Use top pair events to study the differences in the jet shapes of b- and light-quark jets 
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Consider two jet shapes: 

¥  Differential: 

¥  Integrated:  

! 

" (r) =
1
#r

pT r $
#r
2

,r +
#r
2

% 

& 
' 

( 

) 
* 

pT (0,R)

! 

" (r) =
pT (0,r)
pT (0,R) ! 

r " R#
$r
2

! 

r " R

Using top quark pair events: 

Dilepton channel 

Clean source 
of b-quarks 

Source of 
light quarks 

2011 data, 1.8 fb-1 
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Event Selection (single-lepton) 

¥  Inclusive Trigger :   20 GeV electron        18 GeV muon 

¥  1 isolated lepton :       GeV       GeV 

¥  Missing energy :           GeV           GeV 

¥  Transverse mass :        GeV        GeV 

¥  4 anti-kT R=0.4 jets :      GeV and  
   1 b-tagged  

! 

pT
e > 25

! 

pT
µ > 20

! 

ET
miss(e) > 35

! 

ET
miss(µ) > 20

€ 

mT = 2pT
l ET

miss(1− cosΔφ lυ )! 

mT > 25

! 

mT + ET
miss > 60

! 

pT > 25

! 

" < 2.5

Process Expected events Fraction 
tt 14000 ± 700 77.4% 

W+jets 2310 ± 280 12.8% 

Other EW 198 ± 18 1.1% 

Single top 668 ± 14 3.7% 

Multi-jet 900 ± 450 5.0% 

Total Expected 18000 ± 900 

Total Observed 17019 
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Event Selection (dilepton) 

¥  Inclusive Trigger :       20 GeV electron         18 GeV muon 

¥  2 oppositely charged  
     isolated leptons :               

¥  Missing energy :      GeV (ee, µµ),        GeV (eµ) 

¥  Dilepton invariant mass :       GeV  and     GeV  

¥  2 anti-kT R=0.4 jets:          GeV and  
   1 b-tagged 

! 

pT
e > 25

! 

pT
µ > 20

! 

ET
miss > 60

! 

pT > 25

! 

" < 2.5

Process Expected events Fraction 
tt 2100 ± 110 94.9% 

Z+jets 14 ± 1 0.6% 

Other EW 4 ± 2 0.2% 

Single top 95 ± 2 4.3% 

Multi-jet 0+2
-0 0.0% 

Total Expected 2210 ± 110 

Total Observed 2067 

 GeV GeV 

! 

HT >130

€ 

mll >15

! 

mll " mZ #10
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Jet Selection 

b-quark jets 

¥  b-tagged (efficiency 57%) 

¥  ΔRbj > 0.8 (isolated) 

¥  JVF > 0.75 (avoid pileup) 

Purity (lqq) = (88.5 ± 5.7)% 

Purity (ll) = (99.3+0.7
-6.5)% 

light-quark jets 

¥  pair with closest mass to the W 
¥  anti b-tagged (efficiency 57%) 

¥  ΔRlj > 0.8 (isolated) 

¥  JVF > 0.75 (avoid pileup) 

Purity (lqq) = (66.2 ± 4.1)% 
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ρ(r) – detector level 
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The distribution of the differential jet shape !(r ) for b- and light-quark jets in the 
single lepton channel 

b-jets light-quark jets 

Peak at 0  
 energy 
 concentrated 
 around a few 
 particles 

Falls off faster at 
high r 

 less energy 
 on the edge 
 of the jet 

Light jets have a 
flatter 
distribution at 
low r 
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Kinematic dependence 
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Look at the dependence of the average values with pT and "  

Strong 
dependence 

on pT 

Only weak 
dependence 

on η 
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Unfolding and systematics 

Correct to particle level using bin-by-bin factors for the average values of both 
shapes: 

! 

Fl ,b
" (r) =

" (r)l ,b MC,part

" (r)l ,b MC,det

! 

Fl ,b
" (r) =

" (r)l ,b MC,part

" (r)l ,b MC,det

Particle jet : anti-kT jet formed from stable particles excluding muons and neutrinos 

  must pass the same kinematic requirements: pT > 25 GeV, |! | < 2.5, "R jj > 0.8 

 Particle b-jet: has a b-hadron within "R Bj = 0.3 of the jet axis 
 Particle light-jets: pair of non-b particle jets with mass closest to the W 

Source Description Impact: Δρ/ρ 
Cluster systematics Energy scale, angular resolution 2 - 10% 

Pileup Number of primary vertices 2 - 10% 

Unfolding Model Parton shower model 1 - 8% 

Jet Energy Scale Uncertainty on jet calibration ~5% 

Jet Energy Resolution Calorimeter energy resolution ~5% 

JVF JVF related uncertainty < 1% 

Systematic Uncertainties:  
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Unfolded results (30 < pT < 40 GeV) 
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b-jets wider than light jets, good agreement with MC  
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Unfolded results (100 < pT < 150 GeV) 
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Differences between b- and light-jets less pronounced than at lower pT 
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Boosted Z -> bb analysis 

Observation and cross section measurement of boosted Z->bb in a fully hadronic  
final state  

Event Pre-selection: 
¥  Trigger: OR of 6 jet-based triggers using online b-tagging 

¥  2 anti-kT R=0.4 jets:  
¥  pT > 40 GeV 
¥  |! | < 2.5 
¥  b-tagged (efficiency 70%) 

¥  Njets < 6, Nb-jets == 2    reduces tt background 

Form a dijet: 
¥  pT > 200 GeV 
¥  "R < 1.2 

Measure the production cross section and compare to NLO matrix element plus parton 
shower predictions: 

¥  Useful in the search for a H  bb signal 
¥  Useful in future searches for TeV scale resonances decaying to ZZ, ZH, HH 

¥  Tests theoretical predictions at high pT 

2012 data, 19.5 fb-1 
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Signal and Control regions 

SNN is minimally correlated with the dijet mass 
control region provides a data 
driven background model 

Look at the normalised ratio of the control and 
signal regions outside the z mass window 

    fits with a flat line at 1 

Fit both the signal and control regions simultaneously 
using a binned extended maximum likelihood fit 

Form an artificial neural network from the dijet η 
and Δη : SNN 

 Control region: SNN < 0.45 

 Signal region: SNN > 0.58 
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Fitting procedure 

Signal model: sum of 3 gaussians  

    normalisation and peak position free parameters 
    ratio of yield in signal and control regions fixed 
       validated using Z       µµ events 

Multijet background: 7th order Bernstein polynomial 
   Coefficients the same for the signal and background fit 

Other backgrounds: taken from MC 
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Systematic Uncertainties 

Source of uncertainty ! NZ! bb(%) ! CZ! bb(%) ! ! Þd
Z! bb

(%)

Jet Energy Scale +3.0/-1.5 ±8.4 +6.5/-5.0
Jet Energy Resolution ±5.3 ±0.2 ±5.1
b-tagging ±0.1 ±3.6 ±3.6
Trigger Modelling N/A ±6 ±6
Control Region Bias +4.9/-5.5 N/A +4.9/-5.5
SignalSNN Modelling ±0.9 " 2.0 ±2.9
Signalmdijet Shape ±2.2 N/A ±2.2
Z ! cc Normalisation ±0.4 N/A ±0.4
tt Normalisation ±1.2 N/A ±1.1
W ! qq# Normalisation ±1.0 N/A ±1.0

Table 1: The relative systematic uncertainties onNZ! bb, CZ! bb and! Þd
Z! bb

from each of the sources of uncertainty considered.

estimate of the uncertainty on the measurement due to possible325

mis-modelling of themdijet shape in the MC signal.326

The impact from the uncertainty on theW ! qq# andtt nor-327

malisations are each assessed by conservatively varying the328

Þxed number of events in the Signal and Control Regions in-329

dependently by 50%, and repeating the EML Þt.330

8. Results, cross-checks and theoretical predictions331

Using the extractedZ ! bb yield, the estimated signal e" -332

ciency correction factor and the integrated luminosity of the333

dataset, the cross section in the Þducial region deÞned in Sec-334

tion 5 is measured to be335

! Þd
Z! bb

= 2.02± 0.20 (stat.) ± 0.25 (syst.) ± 0.06 (lumi.) pb336

The total systematic uncertainty is the result of adding337

in quadrature all the individual systematic uncertainties on338

! Þd
Z! bb

listed in Table1. It is further found that the signal339

mdijet peak position is consistent with theZ ! bb expectation:340

" MZ = $1.5 ± 0.7 (stat.)+3.4
$2.5 (syst.) GeV341

The robustness of the measurement is supported by several342

cross-checks and complementary studies. In particular, a con-343

sistent cross section measurement is obtained by applying a344

tighter b-tagging selection (with an e" ciency of 60% for tag-345

ging b-jets in a MC sample oftt events) or when the require-346

ment onpdijet
T is raised to 250 GeV or 300 GeV. Furthermore,347

when the same methodology is repeated on two independent348

classes of events, those accepted by the dominant trigger de-349

scribed above and all other events, both measured cross sec-350

tions are fully consistent with the baseline measurement, even351

though themdijet distributions are signiÞcantly di#erent in the352

two classes of events. Finally, repeating the analysis with a353

number of alternative functional forms for the empirical de-354

scription of the background shape (such as a Lognormal func-355

tion convoluted with a 4th order Bernstein polynomial) leads to356

negligible variations in the measured cross section compared to357

the systematic uncertainties of the measurement.358

The measured cross section is compared to the particle-level,359

NLO-plus-parton-shower predictions of two MC generators,360

POWHEG and aMC@NLO, in the same Þducial region. In361

both cases, the cross section of theZ + 1 jet process is calcu-362

lated to NLO accuracy. For aMC@NLO, theZ decay is sim-363

ulated with MadSpin [36]. POWHEG is interfaced to Pythia364

for parton showering, hadronisation and underlying event con-365

tributions, whilst aMC@NLO is interfaced to Herwig++ [8].366

The particle-level predictions are then formed by applying to367

the generated events the Þducial selection deÞned in Section5.368

The predicted cross sections are:369

POWHEG : ! Þd
Z! bb

= 2.02 +0.25
$0.19(scales)+0.03

$0.04(PDF) pb

aMC@NLO : ! Þd
Z! bb

= 1.98 +0.16
$0.08(scales)± 0.03(PDF) pb.

Both generators use the CT10 PDF set for the central value of370

the prediction, and the renormalisation and factorisation scales371

are set to thepT of the Z boson. The uncertainty due to the372

ambiguity in the renormalisation and factorisation scales is es-373

timated by doubling or halving them simultaneously. The PDF374

uncertainty is evaluated by varying the 52 PDFs in the CT10375

NLO error set following the Hessian method and rescaling to376

the 68% conÞdence level. Within the experimental and theo-377

retical uncertainties, both predictions are completely consistent378

with the measured cross section.379

POWHEG and aMC@NLO can also be used to provide380

an indication for the fraction of the total cross section for381

Z ! bb production at the LHC, withpT > 200 GeV, that is382

contained within the measured Þducial region. The ratio of383

the above cross sections to the cross sections calculated with-384

out applying any particle-level requirements, only requiring385

pT > 200 GeV for theZ boson before parton showering, is 0.53386

for POWHEG and 0.47 for aMC@NLO, indicating that a good387

fraction of the totalZ production cross section is included in the388

Þducial region of the measurement. The acceptance decreases389

for Z bosonpT > 400 GeV since the likelihood for theZ de-390

cay products to be resolved as two separate anti-kt R = 0.4 jets391

decreases.392
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from each of the sources of uncertainty considered.
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mis-modelling of themdijet shape in the MC signal.326
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dependently by 50%, and repeating the EML Þt.330

8. Results, cross-checks and theoretical predictions331
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tion 5 is measured to be335
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The total systematic uncertainty is the result of adding337

in quadrature all the individual systematic uncertainties on338
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listed in Table1. It is further found that the signal339

mdijet peak position is consistent with theZ ! bb expectation:340

" MZ = $1.5 ± 0.7 (stat.)+3.4
$2.5 (syst.) GeV341

The robustness of the measurement is supported by several342

cross-checks and complementary studies. In particular, a con-343

sistent cross section measurement is obtained by applying a344

tighter b-tagging selection (with an e" ciency of 60% for tag-345

ging b-jets in a MC sample oftt events) or when the require-346

ment onpdijet
T is raised to 250 GeV or 300 GeV. Furthermore,347

when the same methodology is repeated on two independent348

classes of events, those accepted by the dominant trigger de-349

scribed above and all other events, both measured cross sec-350

tions are fully consistent with the baseline measurement, even351

though themdijet distributions are signiÞcantly di#erent in the352

two classes of events. Finally, repeating the analysis with a353

number of alternative functional forms for the empirical de-354

scription of the background shape (such as a Lognormal func-355

tion convoluted with a 4th order Bernstein polynomial) leads to356

negligible variations in the measured cross section compared to357

the systematic uncertainties of the measurement.358

The measured cross section is compared to the particle-level,359

NLO-plus-parton-shower predictions of two MC generators,360

POWHEG and aMC@NLO, in the same Þducial region. In361

both cases, the cross section of theZ + 1 jet process is calcu-362

lated to NLO accuracy. For aMC@NLO, theZ decay is sim-363

ulated with MadSpin [36]. POWHEG is interfaced to Pythia364

for parton showering, hadronisation and underlying event con-365

tributions, whilst aMC@NLO is interfaced to Herwig++ [8].366

The particle-level predictions are then formed by applying to367

the generated events the Þducial selection deÞned in Section5.368

The predicted cross sections are:369

POWHEG : ! Þd
Z! bb

= 2.02 +0.25
$0.19(scales)+0.03

$0.04(PDF) pb

aMC@NLO : ! Þd
Z! bb

= 1.98 +0.16
$0.08(scales)± 0.03(PDF) pb.

Both generators use the CT10 PDF set for the central value of370

the prediction, and the renormalisation and factorisation scales371

are set to thepT of the Z boson. The uncertainty due to the372

ambiguity in the renormalisation and factorisation scales is es-373

timated by doubling or halving them simultaneously. The PDF374

uncertainty is evaluated by varying the 52 PDFs in the CT10375

NLO error set following the Hessian method and rescaling to376

the 68% conÞdence level. Within the experimental and theo-377

retical uncertainties, both predictions are completely consistent378

with the measured cross section.379

POWHEG and aMC@NLO can also be used to provide380

an indication for the fraction of the total cross section for381

Z ! bb production at the LHC, withpT > 200 GeV, that is382

contained within the measured Þducial region. The ratio of383

the above cross sections to the cross sections calculated with-384

out applying any particle-level requirements, only requiring385

pT > 200 GeV for theZ boson before parton showering, is 0.53386

for POWHEG and 0.47 for aMC@NLO, indicating that a good387

fraction of the totalZ production cross section is included in the388

Þducial region of the measurement. The acceptance decreases389

for Z bosonpT > 400 GeV since the likelihood for theZ de-390

cay products to be resolved as two separate anti-kt R = 0.4 jets391

decreases.392

6

Efficiency cross-checked in data 
using a prescaled trigger 

Vary the SNN cut used 
for the control region 

Compare data and MC 
using Z  µµ events 

Use Pythia 8 rather 
than Sherpa to define 

the signal shape 

Total systematic sums the sources in quadrature 
15 
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Z -> bb results 

Calculate the cross section using: 

! 

"
Z # bb 
fid =

N
Z # bb 

L $ C
Z # bb 

Efficiency correction 
factor (16.2%) 

! 

NZ " bb = 6420± 640(stat)

! 

"
Z # bb 
fid = 2.02± 0.2(stat.) ± 0.25(syst.) ± 0.06(lumi.)pb

! 

"
Z # bb 
fid = 2.02$0.19

+0.25(scales)$0.04
+0.03(PDF)pb

! 

"
Z # bb 
fid =1.98$0.08

+0.16 (scales) ± 0.03(PDF)pb

Extracted signal yield:  

Compared to:  POWHEG+PYTHIA: 

    aMC@NLO+HERWIG++: 

Good agreement with NLO + PS predictions 
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Conclusions 

The jet structure of b- and light-jets has been studied in the context of top pair events 

¥   The jet shapes are strongly dependent on the jet pT and only weakly 
 dependent on the jet η 

¥   Light-jets are narrower than b-jets with the difference most pronounced 
 at low pT 

¥   The shapes are well described by the MC using NLO generators with 
 either the Pythia or Herwig+jimmy parton showers 

A high pT Z    bb signal was observed and the cross section extracted 

¥   There is good agreement between data and NLO+PS predictions 

¥   This opens up opportunities for further studies of high pT bb resonances 
Increasingly important as the LHC centre of mass energy increases 
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Back up 
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Ψ(r) – detector level 
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The distribution of the integrated jet shape #(r ) for b- and light-quark jets in the 
single lepton channel 

b-jets light-quark jets 

Very close to 1 at 
high r: 

 all contained 
 within that 
 radius 

Flatter at low r 
for light jets 
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Comparing b- and light-jets 

Compare the distributions of the average values as a function of r  

Slight differences between b- and light-jets, especially for low values of r 
20 



Unfolded results (40 < pT < 50 GeV) 
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Unfolded results (50 < pT < 70 GeV) 
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Unfolded results (70 < pT < 100 GeV) 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

 (
r)

 >
!

<
 

0

2

4

6

8

10

12

14

b-jets

 sys)"Data (stat 
MC@NLO+Herwig
PowHeg+Pythia

light jets
 sys)"Data (stat 

MC@NLO+Herwig
PowHeg+Pythia

 < 100 GeV
T

70 GeV < p

 = 7 TeVs   ATLAS -1
 L dt = 1.8 fb#

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

M
C

@
N

LO
/D

at
a

0.8

1

1.2

r
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

P
ow

H
eg

/D
at

a

0.8

1

1.2

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

 (
r)

 >
!

<
 

0

0.2

0.4

0.6

0.8

1

b-jets

 sys)"Data (stat 
MC@NLO+Herwig
PowHeg+Pythia

light jets

 sys)"Data (stat 
MC@NLO+Herwig
PowHeg+Pythia

 < 100 GeV
T

70 GeV < p

 = 7 TeVs   ATLAS

-1
 L dt = 1.8 fb#

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
M

C
@

N
LO

/D
at

a

0.8

1

1.2

r
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

P
ow

H
eg

/D
at

a

0.8

1

1.2

23 



Z -> bb 
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