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Top quarks?

Standard Model of particle physics

[http://en.wikipedia.org/wiki/File:Standard Model of Elementary Particles.svg]
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Top quarks?

Top history and basics

1973 postulated by Kobayashi and Maskawa
to allow for CP violation in the Standard
Model

1995 discovery at the Tevatron

mass mt ≈ 173 GeV
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[CDF, Phys. Rev. Lett. 74, 2626 (1995)]

Why are we interested in top quarks?

decay before hadronization

weak scale mass → largest coupling to the Higgs boson → perfect
laboratory to study electroweak symmetry breaking

mediate Higgs production and decay from/to massless particles

physics beyond the Standard Model
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From a hard process to a LHC event and back

Production and decay on parton level ...

top quark pair production at leading order

top quark decay
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From a hard process to a LHC event and back

... and an event simulation for the LHC

parton density functions

parton shower

hard final and initial state
radiation

underlying event

hadronization

(pile–up)
[SHERPA, arXiv:0811.4622]
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From a hard process to a LHC event and back

Jet clustering

Reconstruction of parton level gluons and quarks from calorimeter data

1 Find the minimal distance of all
objects dmin = min(dij , diB).

2 If dmin ∈ {dij}, join the two
corresponding objects.
If dmin ∈ {diB}, remove object i
→ jet.

3 Iterate until no objects are left.

kT : dij = min(pT ,i , pT ,j)
∆Rij

R
diB = pT ,i

C/A: dij =
∆Rij

R diB = 1

anti-kT :
dij = min( 1

pT ,i
, 1
pT ,j

)
∆Rij

R

diB = 1
pT ,i

[Cacciari, Salam, Soyez, arXiv:0802.1189]
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From a hard process to a LHC event and back

Jet filtering

Remove impurities from underlying event by reclustering the jet with an
optimized cone size → reduced area.

start from the calorimeter data that ended up in jet

recluster with a reduced cone size Rfilt

keep only the Nfilt hardest objects

recluster to one object → filtered jet
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HEPTopTagger

How to detect top quarks?

problem: tops decay products will decay
into all directions
→ can not be distinguished from
background

solution: boosted top quarks → fat jets

use moderately boosted tops

HEPTopTagger
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Appendix A: HEPTopTagger: Boosted Tops in the Standard Model

Top taggers are algorithms identifying top quarks inside geometrically large and massive jets. They rely on
the way a jet algorithm combines calorimeter towers into an actual jet. An obvious limitation is the geometrical
size of the jet which for a successful tag has to include all three main decay products of the top quark. At
the parton level we can compute the size of the top quark from the three R distances of its main decay
products: following the Cambridge/Aachen algorithm [24, 25] we first identify the combination (i, j) with the
smallest �Rij . The length of the second axis in the top reconstruction we obtain from combining i and j and
computing the R distance of this vector to the third constituent. The maximum of the two R distances gives
the approximate partonic initial size �Rbjj of a C/A jet covering the main top decay products. In Figure 2 we
first correlate this partonic top size with the transverse momentum of the top quark for a complete tt̄ sample
in the Standard Model. As expected, if for technical reasons we want to limit the size of the C/A fat jet to
values below 1.5 we cannot expect to see top quarks with a partonic transverse momentum of pT

<⇠ 150 GeV.
In the right panel we show the same correlation, but after tagging the top quark as described below and based
on the reconstructed kinematics. The lower boundaries indeed trace each other, and the main body of tagged
Standard Model top quarks resides in the prec

T,t = 200 · · · 250 GeV range, correlated with �Rrec
bjj = 1 · · · 1.5. This

result illustrates that for a Standard Model top tagger it is indeed crucial to start from a large initial jet size.

Therefore, our tagger for Standard Model tops is based on the Cambridge/Aachen [24, 25] jet algorithm with
R = 1.5, combined with a mass-drop criterion [9–11]. Because the generic pT range for the tops does not exceed
500 GeV the granularity of the detector does not play a role, and we can optionally apply a b tag to improve
the QCD rejection rate. Since such a subjet b tag [30] will only enter as a probabilistic factor (60%, 10%, 2%)
for (b, c, q/g) jets we do not include it in the following discussion. Note that whenever we require a b tag in our
actual analysis, the numbers do not yet include the (70%, 1%) improvements found for a b tag inside a boosted
Higgs [30].

The algorithm proceeds in the following steps:

1. define a fat jet using the C/A algorithm with R = 1.5
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Figure 2: Left: partonic �Rbjj vs pT distribution for a Standard Model tt̄ sample. Right: the same correlation, but
only for tagged top quarks and based on the reconstructed kinematic properties.

[Plehn et al. arXiv:1006.2833]
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HEPTopTagger

HEPTopTagger – Steps I

[arXiv:1006.2833]

1 construction of fat jets:

C/A algorithm with R = 1.5
require pT > 200 GeV

t

b

W

q

q̄

2 search for hard substructures:

undo last clustering step: j → j1j2
mass drop criterion: neglect j2 if mj1 > 0.8mj

iterate until mi < msub = 30 GeV

→ hard substructures
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HEPTopTagger

HEPTopTagger – Steps II

3 filtering:
filter a triple of hard substructures to reduce contamination from
underlying event → 3 jets (j1, j2, j3).

4 mass range cut:
reject the top candidate if its mass is not inside a mass window
around mt : 150 GeV < m123 < 200 GeV
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HEPTopTagger

HEPTopTagger – Steps III

5 mass plane cuts: ask for 0.85mW
mt

<
mij

m123
< 1.15mW

mt

[Plehn et al. arXiv:1006.2833]

additional cuts to reduce background:

if m23 ≈ mW 0.2 < arctan
(
m13
m12

)
< 1.3; else m23

m123
> 0.35

6 pT -cut: Finally, require p
(tag)
T > 200 GeV

T. Schell (ITP – U Heidelberg) HEPTopTagger IMPRS-PTFS May 8, 2014 12 / 15



HEPTopTagger

It is actually used

close collaboration with ATLAS group of Prof. Schöning

used in ATLAS analyses [ATLAS, CERN-PH-EP-2012-291]
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Figure 13. Distributions of the tt̄ invariant mass mtt̄. The HEPTopTagger data, the SM tt̄
background prediction, the multijet background prediction and a hypothetical Z 0 signal with mZ0 =
1 TeV are shown in (a). The Top Template Tagger data, the SM tt̄ background prediction, the
multijet background prediction and a hypothetical KK gluon signal with mKKg = 1.6 TeV are
shown in (b). Data points show statistical uncertainties only.
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Figure 14. Expected and observed 95% CL upper limits on the production cross section times
branching fraction � ⇥ BR as a function of (a) the Z 0 boson mass and (b) the KK gluon mass
for the HEPTopTagger selection. The red bands are the model predictions including theoretical
uncertainties. The Z 0 boson leading-order (LO) cross section is multiplied by 1.3 to account for
expected higher-order corrections. The KK gluon LO cross section is used.
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[ATLAS, CERN-PH-EP-2012-291]

searches for flavor violation in the top-Higgs sector
[Greljo, Kamenik, Kopp, arXiv:1404.1278]
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HEPTopTagger

Recent developments

extensions and improvements (cut order, distance measure, angular
correlations, N–Subjettiness, low transverse momenta, . . . )
[Plehn et al. arXiv:1111.5034 & arXiv:1312.1504]

reconstruction of heavy resonances [in preparation]

next step: full–hadronic decay of tt̄H
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Summary

Summary

there are many reasons to study top quarks

the HEPTopTagger allows to reconstruct hadronically decaying top
quarks in a moderately boosted regime based on jet substructure

close collaboration with experimentalists which use the
HEPTopTagger in ATLAS analyses
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