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Measurements of the differential spectra oftt̄ pairs in
√

s= 7 TeV collisions at the ATLAS ex-

periment at the LHC are presented. In the decay channel whereexactly one top quark decays to a

prompt electron or muon, measurements are presented of the invariant mass of thett̄ system, the

pT of thett̄ system, and the rapidity of thett̄ system. Additionally, measurements are presented of

the multiplicity of extra jets that are radiated in association with thett̄ pair. Radiated jets are also

studied in the channel where both top quarks decay to a promptelectron or a muon. In this case

the flavour of the jets is studied usingb-tagging, and the fraction of radiated jets that are heavy

flavour (bottom or charm quark-initiated) is measured. In all cases the measurements are unfolded

to particle or parton-level quantities and comparisons aremade with various predictions from the-

ory. A precise understanding of these distributions is necessary to constrain the backgrounds for

many searches for new physics.
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1. Introduction1

In these proceedings several measurements of differential propertiesof tt̄ collision events in2 √
s= 7 TeV collisions at the ATLAS experiment at the LHC are presented. In Section 2 differen-3

tial measurements of various kinematic spectra oftt̄ pairs are presented. Comparisons are made4

with the predictions of a number of Monte Carlo generators as well as with the NLO predictions5

of MCFM [1]. The prospects for using such measurements to constrain Parton Distribution Func-6

tions (PDFs) are discussed. In Section 3 measurements of the multiplicity of extra radiated jets7

are presented. These measurements are compared to the predictions of a variety of Monte Carlo8

generators and showering tunes. Finally, in Section 4 a measurement of thefraction of events with9

extra radiated jets that are heavy flavour (charm or bottom) is presented and compared with the10

predictions of various generators and showering tunes. All of these measurements are important to11

understand the backgrounds for many new physics searches.12

2. Measurements of differential kinematic spectra13

ATLAS has published three measurements of kinematic quantities involving top quarks using14

2.05 fb−1 of
√

s= 7 TeV data [2]. These measurements are of the invariant mass (mtt̄), pT , and15

rapidity (ytt̄) of thett̄ system in the decay channel with a single prompt lepton. The ATLAS detector16

itself is extensively documented elsewhere [3]. Events are required to have at least four jets, exactly17

one electron or muon, ab-tagged jet, and to pass a requirement on the missing transverse energy to18

reject events with fake leptons. A kinematic likelihood fit is also performed to reconstruct the top19

quark andW boson masses in the event from the reconstructed objects. This fit is required to pass20

a minimumχ2 probability for consistency with att̄ pair hypothesis.21

Each of the measured quantities for the analysis are reconstructed using the measured jets, lep-22

tons and missing transverse energy. However these quantities have beensmeared by the imperfect23

reconstruction and resolution of the detector. An unfolding procedure corrects for these effects:24

σi =

∑
j
M−1

i j (Nj −B j)

Ai
∫

L
(2.1)

whereσi is the cross section for att̄ pair to be produced with true kinematic properties in bin25

i after final state radiation,Mi j is a migration matrix that determines the probability for an event26

in bin i to be reconstructed in binj, Nj is the number of reconstructed events in binj, B j is the27

number of estimated non-tt̄ background events in binj, A j is the probability (“acceptance") for att̄28

pair to be produced and decay in a manner that leads to its identification and reconstruction in bin29

j, and
∫

L is the integrated luminosity of the data that is analyzed.30

It is expected that the data from analyses such as this could be used to constrain PDF mod-31

eling uncertainties. However, in addition to PDFs, other modeling uncertaintiesincluding scale32

uncertainties, the strong coupling constant (αS) uncertainty, the top mass uncertainty, and the LHC33

beam energy uncertainty [4] must be considered. Comparisons of the relative size of the sources34

of modeling uncertainty have been made [5]. They are shown based uponthe predictions of the35

NLO NNPDF 2.3 PDF set interfaced with NLO MCFM in Figure 1. It can be seen that while PDF36
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Figure 1: Relativett̄ modeling uncertainties on the differential cross section as a function ofmtt̄ (a) andytt̄

(b) are presented using the NNPDF 2.3 PDF set. Further details can be found elsewhere [5].

3

 [p
b/

T
eV

]
tt

/d
m

σ
 dσ

1/

1

2

3

4

5 MCFM NLO with:
 prob = 0.892χCT10, 

 prob = 0.912χMSTW 2008, 
 prob = 0.962χNNPDF 2.3, 

 prob = 12χHERAPDF1.5, 
 prob = 12χABM11, 

-1ATLAS 7 TeV, 2.05 fb

 [GeV]
tt

m

310

R
at

io
 to

 C
T

10

0.4
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2

(a)

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

 [p
b/

T
eV

]
tt

/d
y

σ
 dσ

1/

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8 MCFM NLO with:
 prob = 0.212χCT10, 

 prob = 0.422χMSTW 2008, 
 prob = 0.832χNNPDF 2.3, 

 prob = 0.772χHERAPDF1.5, 
 prob = 0.572χABM11, 

-1ATLAS 7 TeV, 2.05 fb

 
tt

y
-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

R
at

io
 to

 C
T

10

0.7

0.8

0.9

1

1.1

(b)

Figure 2: Kinematic distributions are compared between the data and NLO MCFM interfaced to five dif-
ferent NLO PDF sets. In this figure the vertical width of the points for each model represents the size of
all modeling uncertainties added in quadrature. The distributions that are shown represent (a) the invariant
mass of thett̄ system and (b) the rapidity of thett̄ system. Further details can be found elsewhere [5].

uncertainties are the dominant modeling uncertainties for the rapidity distribution, other important37

uncertainties may effect themtt̄ distribution to a greater extent.38

The fully unfolded data is compared to the predictions from five PDF sets in Figure 2. In each39

case aχ2 probability is evaluated for consistency between the data and the modeling prediction,40

accounting for correlations between each bin in the data. Even accountingfor all sources of mod-41

eling uncertainty, it appears that the discrepancies between the predictions of various PDF sets are42

large enough that more precise data measurements in the future may be used toconstrain which43

PDFs are correct.44
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3. Measurements of the multiplicity of radiated jets45

A differential analysis of jets intt̄ events in the single lepton decay channel has been per-46

formed at ATLAS [6] using 4.7 fb−1 of
√

s= 7 TeV data. The selection requirements are similar47

to those of the kinematic differential cross section measurement of Section 2. However, due to48

combinatoric difficulties in many-jet final states, no kinematic fitter is run to reconstruct the top49

quark decays. Instead the number of observed jets is simply compared with expectations.50

The number of reconstructed jets are unfolded to the number of expected jets clustered using51

stable, final state particles. This unfolding is done according to the followingformula:52

Ni
part= f i

part!reco Mi j
reco→ part f j

reco!part f j
accept(N

j
reco−N j

background) (3.1)

Here,N j
recois the number of events withj reconstructed jets,N j

backgroundis the number of53

non-tt̄ background events,f j
acceptcorrects for the acceptance of non-jet based selection require-54

ments, f j
reco!partcorrects for events which pass the reconstructed jet requirements but not the55

particle-level jet requirements,Mi j
reco→ part is a matrix that corrects for the jet resolution effects56

that may lead to a different number of reconstructed jets than particle jets in a given event, and57

f i
part!recocorrects for events which are identified at parton level but are not reconstructed. Finally,58

Ni
part is the resulting unfolded distribution of the number of parton jets.59

Unfolded results are compared to the predictions of a wide variety of generators and showering60

schemes. In Figure 3a a comparison is made with ALPGENshowered with PYTHIA under a variety61

of settings for the strong coupling constantαS. A strong dependence on the number of radiated62

jets is observed, and it is observed that a lower setting leads to the best agreement with data.63

In Figure 3b comparisons are made with additional generators including MC@NLO showered64

with HERWIG, POWHEG showered with PYTHIA , and ALPGEN showered with HERWIG. Decent65

agreement is observed with most generators except for MC@NLO plus HERWIG. It may be that66

the HERWIG showering underestimates the number of radiated jets when coupled with MC@NLO,67

while it leads to good agreement in association with jets from the matrix element in ALPGEN.68

Additional comparisons with higherpT jet thresholds [6] also lead to the same observations.69

4. Measurement of the flavour of radiated jets70

One of the most significant backgrounds to searches for many new processes, including the71

associated production oftt̄ with a Higgs boson, is the production oftt̄ events in association with72

one or more heavy flavour radiated jets. The flavour of radiated jets in association withtt̄ has been73

measured in
√

s= 7 TeV collisions [7]. This analysis is performed in a channel with two leptons74

plus missing transverse energy in order to minimize the presence of charm jetsthat are occasionally75

misidentified asb jets in a single lepton analysis. At least two jets areb-tagged, and a third jet is76

also required to be present. Studies of all three jets must be performed to see if one of them might77

be an extra radiated heavy flavor jet. Overall the analysis then measures the quantityRHF:78

RHF =
σ(tt̄ +HF jet)

σ(tt̄ + jet)
, σ(tt̄ +HF jet) =

NHF∫
L ε

(4.1)
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Figure 3: Unfolded jet multiplicity distributions in single leptontt̄ events are compared between data and
a variety of generators and showering schemes. The dominantuncertainty in the data is the jet energy scale
uncertainty. Further details can be found elsewhere [6].

whereσ(tt̄ + jet) represents the cross section to produce att̄ pair in association with a particle79

jet, andσ(tt̄ +HF jet) represents the same cross section but where the extra jet is initiated by either80

a charm or a bottom quark. Here, the cross-sections are defined in the usual way, based upon the81

number of events divided by the integrated luminosity and the selection efficiency, ε.82

The denominator on the left of Equation 4.1 is measured simply by simply counting the num-83

ber of events with twob-tags, subtracting the expected backgrounds, and unfolding to a cross-84

section result. For the numerator, however, it is necessary to measure thenumber of these events85

that have an extra heavy flavour jet. To do this the invariant mass distributionof the reconstructed86

secondary decay vertices within theb-tagged jets is formed. The distribution for tagged jets that87

originate from direct top decays is taken from control regions in the data,while the distributions88

for extra radiated tagged jets intt̄ events and from background processes is modeled in the simu-89

lation and validated in control regions of the data. This distribution is formed in three regions of90

increasingb-flavour purity based upon the tightness of the tagger that is used, and allthree regions91

are fit to determine the number of radiated heavy flavour jets in the data as shown in Figure 4.92

The fit of Figure 4 is performed using separate templates forb, c, and light flavour tagged jets.93

However due to the limited number of events in the 7 TeV dataset, the statistical resolution of the94

number of radiatedb or c jets is poor when the flavours are considered individually. Instead the total95

number of heavy-flavourb+c jets is measured. This choice leads to a complication, however, when96

evaluating the cross section for the process because the acceptance efficiency factor,ε, includes the97

probability for the heavy flavour jet to be tagged. Sinceε is much larger forb-jets than it is for98

c-jets, the resulting heavy-flavour cross-section is strongly dependenton what fraction (Fb/HF) of99

the radiated heavy flavour jets originate fromb-jets. The effects of this on the analysis result,RHF,100

5
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Figure 4: The distribution that is fitted in order to determine the number of heavy-flavour jets that are
radiated in association withtt̄ pairs. The invariant mass of secondary vertices inb-tagged jets is fit in three
regions ofb-flavour purity to determine the fraction of events with extra heavy flavour jets. Further details
can be found elsewhere [7].

is illustrated in Figure 5. The measuredFb/HF value from the three-component fit of Figure 4 with101

the unphysical value of -0.02 is shown, along with the significant statistical uncertainties. This fit102

result is consistent at roughly the two sigma level with the LO predictions fromtt̄ events generated103

with MADGRAPH or with ALPGEN plus HERWIG. The simulated value ofFb/HF from ALPGEN is104

therefore used to determine the baseline analysis result, and an asymmetric systematic modeling105

uncertainty is taken that covers the analysis result that arises if the measured data value forFb/HF106

is used instead. This modeling uncertainty onFb/HF ends up being the largest uncertainty of the107

analysis.108

RHF is measured to be(7.1± 1.3 (stat)+5.3
−2.0 (syst))%, consistent with the LO predictions of109

(3.4±1.1)% using ALPGEN plus HERWIG and(5.2±1.7)% using POWHEG plus HERWIG. Fu-110

ture measurements using more statistics will allow for the simultaneous measurementof the indi-111

vidual b andc flavour fractions with higher statistical precision and without the currently-limiting112

uncertainty fromFb/HF.113

5. Conclusions114

Measurements of a variety of differential distributions using
√

s= 7 TeV collisions at AT-115

LAS have been presented. Measurements of the kinematic distributions oftt̄ pairs show promise116

for constraining PDF uncertainties if experimental uncertainties can be reduced in future measure-117

ments. Measurements of the multiplicity of jets intt̄ events provide important information for118

validating different generators and shower models. Finally, a first measurement of the flavour of an119

additional radiated jet intt̄ events has been performed. While experimental uncertainties are signif-120

icant, they promise to become much smaller in future measurements with additional statistics. All121
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as shown in the red distribution. The fitted value ofFb/HF is shown in the solid vertical black line at -0.02.
This negative value, while unphysical, has significant statistical uncertainties. This is shown in the yellow
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predictions ofFb/HF according tott̄ events generated using MADGRAPH and ALPGEN.

of these measurements are important for understanding backgrounds that are key to a wide variety122

of searches for new physics.123
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