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Interacts over many time scales:
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The top quark Lagrangian in the SM

Gauge interactions:
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with the SM covariant derivative 
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in terms of the generators and gauge bosons of SU(3)         
SU(2)              and U(1)               and
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with the Weinberg angle
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Eventually, the coupling to the Higgs boson field is
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with 
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After spontaneous symmetry breaking and rotating into the mass 
eigenstate basis, the charged current interactions introduce 
flavor mixing in the SM
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with the Cabibbo-Kobayashi-Maskawa matrix:

Need 3 generations for CP-violation in SM

top quark related to origin of CP 
and possibly baryogenesis
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Early indirect evidence for heavy top quark

• After discovering of b-quark existence of top expected

• Indirect evidence from B and K meson mixing - CP phase

• Vtb measurement: single top (Tevatron) 
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unitarity of CKM Mat.
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• EW precision tests at LEP give constraint of top mass

Kobayashi-Maskawa
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Measurement of top quark properties



tt production cross sections 

‣ tt + 2jet @ NLO

‣ tt @ NLO [Nason, Dawson, Ellis (’88,’89); Beenakker, Kuijf, van Neerven, Smith]

‣ tt NNLO calculations
[Czakon, Fiedler, Ferroglia, Pecjak, Yang; Mitov; 
Bonciani, Ferroglia, Gehrmann, Maitre, Studerus; 
Anastasiou, Aybat; Kniehl, Merebashvili, Korner, 
Rogal; Bonciani, Ferroglia, Gehrmann, Studerus; ... ]

‣ tt NNLL resummed [Czakon, Mitov; Kidonakis (’09,’10); Beneke, Falgari, 
Schwinn; Czakon, Mitov, Sterman; Beneke, Czakon, 
Falgari; ...]

‣ tt + jet @ NLO

‣ tt NNLL resummed

‣ tt + (H, Z, photon) [Beenakker et al.; Dawson, Reina; Dawson, Reina, 
Wackeroth; Dawson Rein; Lazopoulos et al.; Peng-Fei 
et al.]

‣ tt including decays @ NLO

[Dittmaier, Uwer, Weinzierl (’07,’09)]

[Bevilacqua, Czakon, Papadopoulos, Worek]

[Bevilacqua, Czakon, van Hameren, 
Papadopoulos, Worek]

_

_

_

_

_

_

_

_
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• Cross section roughly same for bbbar at B-
factories as ttbar at LHC. LHC surpasses 
#Events after ~10 years (BABAR 530 ifb).

The dominant production mode: 
Top pair production

[Moch, Uwer 2008] • Measurements not statistics limited!

[@ NNLO+NNLL, Czakon, Fiedler, Mitov ’13]

LHC



tt production cross sections 
_

production cross section 
in very good agreement 
with theory prediction
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Single top production

• production modes discriminated by # of tagged b-jets
  and their kinematics

LHC 155.9 / 90.7 6.6 / 4.1 33 / 33

Tevatron 1.98 0.88 0.07

• Cross sections for top / anti-top [pb]:
t-channel s-channel Wt-channel

• At Tevatron with ~10 ifb per experiment in total 60 000 
single top events vs 150 000 pair top events
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Single top production subleading but useful for measurements

• Vtb

• Anomalous couplings in production

• Perfect factorization through NLO, like DIS and DY

[Graphs Z. Sullivan]
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Top Quark decays

Decays before hadronizes via EW 
interaction. Since 
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Rare/Anomalous Top Quark decays

FCNC can be loop-induced in the SM 
and enhanced by New Physics

ATLAS study at 7 TeV with 2 ifb

from single top prod converted

No evidence for t -> Zq decay found

mt > mW +mb (145)

�t ' 1.3 GeV (146)

BR(t ! Zq) < 0.73% (147)

BR(t ! Zq) < 0.73% (148)

BR(t ! Wb) + BR(t ! Zq) = 1 (149)

9
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Top quark spin and polarization
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The decay amplitude for is given by

and the decay rate for a given W-boson polarization is calculated as:

with and , W polarization vectors are
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and substituting the explicit polarization vectors one derives 

for , such that the fraction of longitudinally polarized W is:
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Structure of elw. top interactions
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the W coming from 
can either be left-handed or longitudinal, never right-handed, 
because of angular momentum conservation
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•  Probes Weak interactions near EW symmetry breaking scale

• Test of V-A interaction in Standard Model
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Including second stage decay
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W )2

lepton - top perfectly correlated 
to check for top polarization

2

recently, to distinguishing potential explanations of the
anomalous top AFB [15].

The main contribution of this article is the study of the
power of various leptonic observables for determining the
existence of an enhanced top forward-backward asymme-
try and discriminating amongst competing explanations
for it, using a set of relevant models and (for the LHC)
a realistic top-reconstruction algorithm. We will employ
a set of four phenomenological reference models to inject
signals characteristic of the two basic classes of models
constructed to explain the forward-backward asymme-
try: (1) models with an s-channel vector boson are rep-
resented by three reference axigluon models with fully
axial, left-handed, and right-handed couplings, while (2)
t-channel vector boson models are represented by a ref-
erence W 0. Full details of our benchmarks can be found
in App. B, but it is important to note that the particular
models at hand (i.e. the chosen masses and couplings) are
not essential to our conclusions - other s- and t-channel
models constructed to yield a similar asymmetry would
yield lead us to similar conclusions.

We first consider the prospects at the Tevatron in sec-
tion Sec. II, examining the potential impact of leptonic
observables with current and projected luminosities at
the Tevatron. We emphasize that leptonic observables
access novel information beyond that contained in the
distributions of the parent tops, and compare the util-
ity of measuring polarization directly versus indirectly,
through lepton charge asymmetries [3, 15]. In Sec. III we
will build upon prior works [15] and present a detailed
set of cuts and observables which allow for useful probes
of relevant BSM physics within the first 1 � 5 fb�1 of
7 TeV LHC data. In particular, we will see that a lep-
tonic charge asymmetry in dileptonic tt̄ events can be
established at � 3� in 5fb�1 for all of our BSM refer-
ence models. Sec. IV contains our conclusions. Finally,
in App. A we give an overview of our top reconstruction
procedure, App. B discusses our benchmark models, and
App. C contains many tabulated results.

II. TEVATRON ANALYSIS

As was mentioned in Sec. I, the polarization of the top
is reflected in the kinematic distributions of its daugh-
ters, as the top decays before hadronization e↵ects can
wash away this information. Thus top polarization P

n

along a chosen axis n̂ can be measured by the angular
distribution of the top decay products with respect to
that axis, measured in the top rest frame [16]:

1

�

d�

d cos ✓
i,n

=
1

2
(1 + P

n


i

cos ✓
i,n

) (1)

where P
n

= ±1 for tops completely polarized (anti-) par-
allel with the chosen axis, 

i

is the spin analyzing power

of decay product i, and ✓
i

is the direction of each daugh-
ter with respect to the chosen axis, as measured in the
rest frame of the top. For the b we have  = �0.4, while

for the neutrino  = �0.3, and the charged lepton has
 = 1.0. Thus, of all the particles coming from the de-
cay of the top the charged lepton is most sensitive to the
top’s polarization.

The high sensitivity of the charged lepton is conve-
nient, because of all the top decay products it is the
easiest to identify and measure. The purpose of this
section is to point out that simple variables constructed
from the leptons in semileptonic and dileptonic tt̄ events
have hitherto untapped power to distinguish between
competing explanations of the observed asymmetry even
at the Tevatron, and have the potential to significantly
strengthen the case for new physics beyond the standard
model. Models which attempt to explain the observed
top asymmetry typically predict heavy new states with
nontrivial chiral structure. This translates into a poten-
tially large net polarization of tops as well as a departure
from SM spin correlations, and therefore potentially large
signals in the lepton distributions which are capable of
distinguishing between di↵erent models [15].

For a given choice of axis n̂, the net polarization of the
top sample along that axis can be extracted as

P
n

=
N(cos ✓

`,n

> 0) � N(cos ✓
`,n

< 0)

N(cos ✓
`,n

> 0) + N(cos ✓
`,n

< 0)
. (2)

Three commonly considered polarization bases are (1)
P

h

, the helicity basis, where n̂ is given by the direction
of the parent top’s momentum in the CM frame; (2) P

b

,
the beam basis, where n̂ is given by the direction of the
beam; and (3) P

o↵�d

, the o↵-diagonal axis [17], which
maximizes SM spin correlations and interpolates between
the previous two. The SM predicts a small net polar-
ization arising from electroweak corrections to top pair
production, which we neglect3. After imposing selection
cuts [2, 5] as discussed below, however, SM tops will in
general show a nonzero polarization. In Table I we dis-
play these values as well as predictions for our reference
models in the helicity basis. Results for the beam and o↵-
diagonal bases are shown in Table XIV and Table XV in
the Appendix. The helicity basis gives better separation
between BSM models and the SM at the Tevatron than
either the beam basis or the o↵-diagonal basis. This is
not surprising: the helicity basis becomes optimal when
the top mass is small compared to its energy, while the
beam basis is e↵ective when the top is traveling with a
small velocity, precisely where contributions from BSM
physics are smallest relative to the standard model. Top
polarization from new physics will be larger at higher in-
variant mass where the helicity basis is better suited. The
o↵-diagonal basis, which interpolates between the beam
basis and the helicity basis, is intermediate in sensitivity.

3 The corrections obtained from SM EW processes will at most
shift our observables by a small linear amount and will not have
any qualitative e↵ect on our conclusions.

top completely polarized:

Pn = �1 (235)

✓ (236)

✓ ! 0 (237)

1

�

d�

d cos ✓l,n
=

1

2

(1 + Pn cos ✓l,n) (238)
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[Mahlon, Parke 1996]

or to measure top quark polarization. After summing all W helicities the 
squared matrix element is

t(pt) ! b(pb)W
+(pW ) (106)

� =
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2mt

Z
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X
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7

allows to use charged lepton to measure W helicity fractions

1

�

d�

d cos ✓⇤
= (126)

+ F�
3

8
(1� cos ✓⇤)2 (127)

F
0

� 3

4
(1� cos2 ✓⇤) (128)

+ F
+

3

8
(1 + cos ✓⇤)2 (129)

8

1

�

d�

d cos ✓⇤
= (126)

+ F�
3

8
(1� cos ✓⇤)2 (127)

F
0

3

4
(1� cos2 ✓⇤) (128)

+ F
+

3

8
(1 + cos ✓⇤)2 (129)

8

1

�

d�

d cos ✓⇤
= (126)

+ F�
3

8
(1� cos ✓⇤)2 (127)

F
0

3

4
(1� cos2 ✓⇤) (128)

+ F
+

3

8
(1 + cos ✓⇤)2 (129)

8

1

�

d�

d cos ✓⇤
= (126)

+ F�
3

8
(1� cos ✓⇤)2 (127)

F
0

3

4
(1� cos2 ✓⇤) (128)

+ F
+

3

8
(1 + cos ✓⇤)2 (129)

8

(Collins-Soper angle)
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top polarization: Important for many applications

Example: Polarized tops from stop 
decays

[Perelstein, Weiler JHEP]
[Han, Katz, Krohn, Reece JHEP]

[Bhattacherjee, Mandal, Nojiri JHEP]

stop mass terms in MSSM:

mt > mW +mb (145)

�t ' 1.3 GeV (146)

BR(t ! Zq) < 0.73% (147)

BR(t ! Zq) < 0.73% (148)

BR(t ! Wb) + BR(t ! Zq) = 1 (149)

L =
�
t̃⇤L, t̃

⇤
R

�
M2

�
t̃L, t̃R

�T (150)

9

mass eigenstates

(H±, h,H,A) (367)

mh  mH (368)

mA (369)

tan� = vu/vd (370)

mA � mZ (371)

h (372)

mh  mZ (373)
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Z +
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W
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✓
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1
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26resulting vertex:

mt > mW +mb (145)

�t ' 1.3 GeV (146)

BR(t ! Zq) < 0.73% (147)

BR(t ! Zq) < 0.73% (148)

BR(t ! Wb) + BR(t ! Zq) = 1 (149)

L =
�
t̃⇤L, t̃

⇤
R

�
M2

�
t̃L, t̃R

�T (150)

cos 2✓
e↵

= �1 (151)

cos 2✓
e↵

= 1 (152)

9

mt > mW +mb (145)

�t ' 1.3 GeV (146)

BR(t ! Zq) < 0.73% (147)

BR(t ! Zq) < 0.73% (148)

BR(t ! Wb) + BR(t ! Zq) = 1 (149)

L =
�
t̃⇤L, t̃

⇤
R

�
M2

�
t̃L, t̃R

�T (150)

cos 2✓
e↵

= �1 (151)

cos 2✓
e↵

= 1 (152)

9

Maybe can be used to measure stop mixing 
angle, i.e. composition of mass eigenstates

angle between lepton and neutralino from same stop
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Top Quark mass

The top quark mass is fundamental parameter of SM and 
input to electroweak precision measurements

Problem: the top quark mass is not an observable, unlike 
decay rates or cross sections, but is scheme and scale 
dependent quantity.
Measurement of mass of colored object by color neutral 
decay products inherently ambiguous -> Cannot be 
determined better than 

mt > mW +mb (145)

�t ' 1.3 GeV (146)

BR(t ! Zq) < 0.73% (147)

BR(t ! Zq) < 0.73% (148)

BR(t ! Wb) + BR(t ! Zq) = 1 (149)

L =
�
t̃⇤L, t̃

⇤
R

�
M2

�
t̃L, t̃R

�T (150)

cos 2✓
e↵

= �1 (151)

cos 2✓
e↵

= 1 (152)

O(⇤
QCD

) (153)

9

[Smith, Willenbrock PRL 79]

See talks by Brian and CP



top quark mass measurements

m   = 173.3 ± 1.8 GeV

ATLAS and CMS combined top mass measurement:

top
[CMS-PAS-TOP-12-001]

Measured mass is the input parameter of the used Monte Carlo
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Top reconstruction/tagging
You cant measure what you cant detect

Top physics at LHC systematics limited, not statistics!
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Top reconstruction/tagging
You cant measure what you cant detect

Leptonic top reconstruction

Hadronic top reconstruction

Using
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Top reconstruction in boosted final states
In many scenarios where top quarks have to be measured they 

are produced with large transverse momentum

top topJets Jets

high pT high pT

Proton

Proton

BSM
very heavy

• Here jet substructure cannot be avoided

• Many reconstruction techniques have been proposed 
and compared
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At the LHC many sources of radiation:

• Pileup

• Underlying Event

• Initial state radiation (ISR)

• Hard radiation from many resonances in event

Need methods to separate final state radiation (FSR) from rest of event

20

III. QCD EFFECTS

Hadronic final states of hard interactions resulting form proton-bunch crossings at the LHC are subject to
many sources of QCD radiation. Final state radiation are soft and collinear jets radiated o↵ the produced
particles, in our case the top quark. It can be described well using the parton shower, and radiation o↵
heavy states is suppressed. Initial state radiation are soft and collinear jets from initial state radiation,
arising because the incoming partons have to bridge the gap in scale between the proton and the hard
process. In the collinear limit they are also well described by the parton shower, in the harder regime they
require matrix element corrections [17].

Underlying event is additional soft QCD activity arising from a given proton-proton interaction and sur-
rounding the hard event. It is caused by semi- or non-perturbative interactions between the proton remnants.
The soft continuous underlying event radiation can have a large e↵ect on the jet mass and critically depends
on the size R of the fat jet [57]
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At the LHC, the amount of transverse momentum of the underlying event radiation per unit rapidity, ⇤
UE

,
is roughly O(10) GeV [58].

Finally, pile-up is the e↵ect of multiple proton-proton collisions in one beam crossing. Its e↵ects are already
observed now and are expected to become even harder to deal with once the LHC runs at design energy and
design luminosity. Pile-up can add up to 100 GeV of soft radiation per unit rapidity [59].

As discussed in Sec. II the kT and C/A algorithms, for a virtuality and an angular ordered shower, aim to
reverse the shower evolution. Approximately, they preserve the physical picture of the jet evolution from the
hard scale to the hadronization scale in the recombination sequence. Initial state radiation, underlying event
and pile-up spoil this picture and add noise to the jet clustering. Jet-mass-based algorithms using subjets
as part of the reverse-engineered cluster history are sensitive to a distortion by uncorrelated soft radiation.

An additional complication in identifying events with hadronically decaying electroweak resonances is that
splittings of quarks and gluons can geometrically induce a large jet mass,
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where Ci = 3 (4/3) are the color factors for gluon (quark) induced jets [60]. For very hard jets this value
can become of the order of the electroweak scale. This makes initial state radiation associated with heavy
particle production dangerous, in particular in events with generically large jet multiplicity. For the top
tagger it also means that while pT,j and R are required to be large to capture all decay products, they should
not become too large.

To discriminate a hadronically decaying heavy resonance from a QCD jet, e.g. using its invariant mass,
all final state radiation has to be properly recombined. This implies that we can separate it from initial state
radiation, underlying event and pile-up. While underlying event and pile-up tend to be soft compared to the
decay products of a boosted resonance, initial state radiation is not [32]. Its typical transverse momentum
can be of the same order as a W decay jet, in particular for moderately boosted top quarks. Therefore,
di↵erent substructure approaches are needed to cope with underlying event/pile-up and with initial state
radiation.

Jet grooming methods, like filtering (Sec. III A), trimming (III B) and pruning (Sec. III C), remove soft
uncorrelated radiation from a fat jet while retaining final state radiation o↵ the resonance. For QCD jets
grooming methods reduce the upper end of the jet mass distribution, whereas for signal events they yield
a sharper peak near the true resonance mass mj = m

res

. To keep these methods generic it is implicitly
assumed that for boosted heavy particles pT,FSR > pT,(ISR,UE,PU)

. Thus, the transverse momentum of the
subjets is an important criterion to discriminate between final state radiation and other radiation. Using
soft-collinear e↵ective theory it has recently been shown that under certain conditions grooming techniques
factorize [61].

As a matter of fact, the problem of QCD e↵ects inside geometrically large jets was early on noticed by
the authors of Ref. [62]. This is why their ‘top tagger’ is based on narrow kT jets for the top decay products
which are then combined in the spirit of the C/A-algorithm.

with
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Can add up to 100 GeV of soft radiation per unit rapidity
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A brief review of jet physics
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Jets are collimated sprays of hadrons
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• If         , then

Probability enhanced in soft and collinear region due to ~
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For more detail see also talk by 
Brian, CP or Dave Soper at CTEQ 
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IR safe definition of jets:

Observables must be insensitive to modification of final state 
with respect to soft and/or collinear splitting 

Seeded cone algorithms are infrared unsafe! 
Example: Take the hardest constituent of event as seed for jet cone

Assume 3 constituents in event with cone size R=0.5

collinear splitting of 
hardest constituent

1-jet configuration

new seed

2-jet configuration
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• Sequential recombination, e.g. inclusive kT algorithm 
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2. if     recombine them
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2. if     recombine them
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2. if     recombine them
3. if      call i a jet and remove from list of particles
4. repeat from 1. until no particles left

Minimum distance between 
jets is R

Only number of jets above pt 
cut is IR safe

Distance 
measure

Cambridge/Aachen alg. - distance measure:

O4 = q̄α
Rbα

Lq̄β
Lbβ

R (161)

O5 = q̄α
Rbβ

Lq̄β
Lbα

R (162)

σNLO =
∑

ab

∫
dΦ1+elwdx1dx2fa/P (x1, µ

2
F )fb/P (x2, µ

2
F )(σ̂LO

ab +σ̂Virt
ab (µ2

R, µ2
F ))F(p1)Θ(cuts)

(163)

+
∑

ab

∫
dΦ2+elwdx1dx2fa/P (x1, µ

2
F )fb/P (x2, µ

2
F )σ̂remF(p1 + p2)Θ(cuts) (164)

limp1·p2→0F (p1, p2) = F (p1) (165)

dij = min(p2
Ti, p

2
Tj)

∆R2
ij

R2
(166)

diB = p2
Ti (167)

∆R2
ij = (yi − yj)2 + (φi − φj)2 (168)

dij =
∆R2

ij

R2
(169)

diB = 1 (170)

12

O4 = q̄α
Rbα

Lq̄β
Lbβ

R (161)

O5 = q̄α
Rbβ

Lq̄β
Lbα

R (162)

σNLO =
∑

ab

∫
dΦ1+elwdx1dx2fa/P (x1, µ

2
F )fb/P (x2, µ

2
F )(σ̂LO

ab +σ̂Virt
ab (µ2

R, µ2
F ))F(p1)Θ(cuts)

(163)

+
∑

ab

∫
dΦ2+elwdx1dx2fa/P (x1, µ

2
F )fb/P (x2, µ

2
F )σ̂remF(p1 + p2)Θ(cuts) (164)

limp1·p2→0F (p1, p2) = F (p1) (165)

dij = min(p2
Ti, p

2
Tj)

∆R2
ij

R2
(166)

diB = p2
Ti (167)

∆R2
ij = (yi − yj)2 + (φi − φj)2 (168)

dij =
∆R2

ij

R2
(169)

diB = 1 (170)

12

O4 = q̄α
Rbα

Lq̄β
Lbβ

R (161)

O5 = q̄α
Rbβ

Lq̄β
Lbα

R (162)

σNLO =
∑

ab

∫
dΦ1+elwdx1dx2fa/P (x1, µ

2
F )fb/P (x2, µ

2
F )(σ̂LO

ab +σ̂Virt
ab (µ2

R, µ2
F ))F(p1)Θ(cuts)

(163)

+
∑

ab

∫
dΦ2+elwdx1dx2fa/P (x1, µ

2
F )fb/P (x2, µ

2
F )σ̂remF(p1 + p2)Θ(cuts) (164)

limp1·p2→0F (p1, p2) = F (p1) (165)

dij = min(p2
Ti, p

2
Tj)

∆R2
ij

R2
(166)

diB = p2
Ti (167)

∆R2
ij = (yi − yj)2 + (φi − φj)2 (168)

dij =
∆R2

ij

R2
(169)

diB = 1 (170)

12

O4 = q̄α
Rbα

Lq̄β
Lbβ

R (161)

O5 = q̄α
Rbβ

Lq̄β
Lbα

R (162)

σNLO =
∑

ab

∫
dΦ1+elwdx1dx2fa/P (x1, µ

2
F )fb/P (x2, µ

2
F )(σ̂LO

ab +σ̂Virt
ab (µ2

R, µ2
F ))F(p1)Θ(cuts)

(163)

+
∑

ab

∫
dΦ2+elwdx1dx2fa/P (x1, µ

2
F )fb/P (x2, µ

2
F )σ̂remF(p1 + p2)Θ(cuts) (164)

limp1·p2→0F (p1, p2) = F (p1) (165)

dij = min(p2
Ti, p

2
Tj)

∆R2
ij

R2
(166)

diB = p2
Ti (167)

∆R2
ij = (yi − yj)2 + (φi − φj)2 (168)

dij =
∆R2

ij

R2
(169)

diB = 1 (170)

12

O4 = q̄α
Rbα

Lq̄β
Lbβ

R (161)

O5 = q̄α
Rbβ

Lq̄β
Lbα

R (162)

σNLO =
∑

ab

∫
dΦ1+elwdx1dx2fa/P (x1, µ

2
F )fb/P (x2, µ

2
F )(σ̂LO

ab +σ̂Virt
ab (µ2

R, µ2
F ))F(p1)Θ(cuts)

(163)

+
∑

ab

∫
dΦ2+elwdx1dx2fa/P (x1, µ

2
F )fb/P (x2, µ

2
F )σ̂remF(p1 + p2)Θ(cuts) (164)

limp1·p2→0F (p1, p2) = F (p1) (165)

dij = min(p2
Ti, p

2
Tj)

∆R2
ij

R2
(166)

diB = p2
Ti (167)

∆R2
ij = (yi − yj)2 + (φi − φj)2 (168)

dij =
∆R2

ij

R2
(169)

diB = 1 (170)

iB (171)

i (172)

12

O4 = q̄α
Rbα

Lq̄β
Lbβ

R (161)

O5 = q̄α
Rbβ

Lq̄β
Lbα

R (162)

σNLO =
∑

ab

∫
dΦ1+elwdx1dx2fa/P (x1, µ

2
F )fb/P (x2, µ

2
F )(σ̂LO

ab +σ̂Virt
ab (µ2

R, µ2
F ))F(p1)Θ(cuts)

(163)

+
∑

ab

∫
dΦ2+elwdx1dx2fa/P (x1, µ

2
F )fb/P (x2, µ

2
F )σ̂remF(p1 + p2)Θ(cuts) (164)

limp1·p2→0F (p1, p2) = F (p1) (165)

dij = min(p2
Ti, p

2
Tj)

∆R2
ij

R2
(166)

diB = p2
Ti (167)

∆R2
ij = (yi − yj)2 + (φi − φj)2 (168)

dij =
∆R2

ij

R2
(169)

diB = 1 (170)

iB (171)

ij (172)

12

• Sequential recombination, e.g. inclusive kT algorithm 

O4 = q̄�
Rb�

Lq̄⇥
Lb⇥

R (161)

O5 = q̄�
Rb⇥

Lq̄⇥
Lb�

R (162)

⇥NLO =
�

ab

⇥
d⇤1+elwdx1dx2fa/P (x1, µ

2
F )fb/P (x2, µ

2
F )(⇥̂LO

ab +⇥̂Virt
ab (µ2

R, µ2
F ))F(p1)⇥(cuts)

(163)

+
�

ab

⇥
d⇤2+elwdx1dx2fa/P (x1, µ

2
F )fb/P (x2, µ

2
F )⇥̂remF(p1 + p2)⇥(cuts) (164)

limp1·p2⇥0F (p1, p2) = F (p1) (165)

dij = min(p2
Ti, p

2
Tj)

�R2
ij

R2
(166)

diB = p2
Ti (167)

�R2
ij = (yi � yj)2 + (⇤i � ⇤j)2 (168)

dij =
�R2

ij

R2
(169)

diB = 1 (170)

iB (171)

ij (172)

pT < pparton
Tmin (173)

Rmin (174)

�max (175)

pT,min (176)

dij = min(p�2
Ti , p�2

Tj )
�R2

ij

R2
(177)

12

anti-kT alg. - distance measure:

O4 = q̄�
Rb�

Lq̄⇥
Lb⇥

R (161)

O5 = q̄�
Rb⇥

Lq̄⇥
Lb�

R (162)

⇥NLO =
�

ab

⇥
d⇤1+elwdx1dx2fa/P (x1, µ

2
F )fb/P (x2, µ

2
F )(⇥̂LO

ab +⇥̂Virt
ab (µ2

R, µ2
F ))F(p1)⇥(cuts)

(163)

+
�

ab

⇥
d⇤2+elwdx1dx2fa/P (x1, µ

2
F )fb/P (x2, µ

2
F )⇥̂remF(p1 + p2)⇥(cuts) (164)

limp1·p2⇥0F (p1, p2) = F (p1) (165)

dij = min(p2
Ti, p

2
Tj)

�R2
ij

R2
(166)

diB = p2
Ti (167)

�R2
ij = (yi � yj)2 + (⇤i � ⇤j)2 (168)

dij =
�R2

ij

R2
(169)

diB = 1 (170)

iB (171)

ij (172)

pT < pparton
Tmin (173)

Rmin (174)

�max (175)

pT,min (176)

dij = min(p�2
Ti , p�2

Tj )
�R2

ij

R2
(177)

diB = p�2
Ti (178)

12

O4 = q̄α
Rbα

Lq̄β
Lbβ

R (161)

O5 = q̄α
Rbβ

Lq̄β
Lbα

R (162)

σNLO =
∑

ab

∫
dΦ1+elwdx1dx2fa/P (x1, µ

2
F )fb/P (x2, µ

2
F )(σ̂LO

ab +σ̂Virt
ab (µ2

R, µ2
F ))F(p1)Θ(cuts)

(163)

+
∑

ab

∫
dΦ2+elwdx1dx2fa/P (x1, µ

2
F )fb/P (x2, µ

2
F )σ̂remF(p1 + p2)Θ(cuts) (164)

limp1·p2→0F (p1, p2) = F (p1) (165)

dij = min(p2
Ti, p

2
Tj)

∆R2
ij

R2
(166)

diB = p2
Ti (167)

∆R2
ij = (yi − yj)2 + (φi − φj)2 (168)

12

35School on the Future of Collider Physics     IPMU      Michael Spannowsky             16.07.2013                   

[S.D. Ellis & Soper, ’93] 
[Catani, Dokshitzer, 
Seymour Webber ’93]



O4 = q̄α
Rbα

Lq̄β
Lbβ

R (161)

O5 = q̄α
Rbβ

Lq̄β
Lbα

R (162)

σNLO =
∑

ab

∫
dΦ1+elwdx1dx2fa/P (x1, µ

2
F )fb/P (x2, µ

2
F )(σ̂LO

ab +σ̂Virt
ab (µ2

R, µ2
F ))F(p1)Θ(cuts)

(163)

+
∑

ab

∫
dΦ2+elwdx1dx2fa/P (x1, µ

2
F )fb/P (x2, µ

2
F )σ̂remF(p1 + p2)Θ(cuts) (164)

limp1·p2→0F (p1, p2) = F (p1) (165)

dij = min(p2
Ti, p

2
Tj)

∆R2
ij

R2
(166)

12

O4 = q̄α
Rbα

Lq̄β
Lbβ

R (161)

O5 = q̄α
Rbβ

Lq̄β
Lbα

R (162)

σNLO =
∑

ab

∫
dΦ1+elwdx1dx2fa/P (x1, µ

2
F )fb/P (x2, µ

2
F )(σ̂LO

ab +σ̂Virt
ab (µ2

R, µ2
F ))F(p1)Θ(cuts)

(163)

+
∑

ab

∫
dΦ2+elwdx1dx2fa/P (x1, µ

2
F )fb/P (x2, µ

2
F )σ̂remF(p1 + p2)Θ(cuts) (164)

limp1·p2→0F (p1, p2) = F (p1) (165)

dij = min(p2
Ti, p

2
Tj)

∆R2
ij

R2
(166)

diB = p2
Ti (167)

12

1. Find smallest of 
2. if     recombine them
3. if      call i a jet and remove from list of particles
4. repeat from 1. until no particles left

Minimum distance between 
jets is R

Only number of jets above pt 
cut is IR safe

Distance 
measure
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1. Find smallest of 
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652 Eur. Phys. J. C (2010) 67: 637–686

Fig. 7 A sample parton-level event (generated with Herwig [112,
113]), together with many random soft “ghosts”, clustered with four
different jet algorithms, illustrating the “active” catchment areas of the

resulting hard jets (cf. Sect. 4.4). For kt and Cam/Aachen the detailed
shapes are in part determined by the specific set of ghosts used, and
change when the ghosts are modified

Figure 7 illustrates the jets that are produced with the four
“choice” IRC-safe algorithms in a simple, parton-level event
(generated with Herwig), showing among other things, the
degree of regularity (or not) of the boundaries of the result-
ing jets and their extents in the rapidity-azimuth place.

3 Computational geometry and jet finding

It takes the human eye and brain a fraction of a second to
identify the main regions of energy flow in a calorimetric
event such as Fig. 7. A good few seconds might be needed
to quantify that energy flow, and to come to a conclusion
as to how many jets it contains. Those are timescales that
usefully serve as a reference when considering the speed of
jet finders—if a jet finder takes a few seconds to classify an
event it will seem somewhat tedious, whereas a few millisec-
onds will seem fast. One can reach similar conclusions by

comparing to the time for a Monte Carlo event generator to
produce an event (from tens of milliseconds to a fraction of a
second), or for a fast detector simulation to process it. Or by
considering the number of CPU hours needed to process a
typical event sample, which might consist of O(107) events.

The time taken for jet finding by computer codes de-
pends strongly on the number of input particles (or tow-
ers, etc.), N . We do not yet know the exact average mul-
tiplicities of LHC events, but rough estimates are given in
Table 3. With the kt algorithm’s “standard” N3 timing, as-
suming about 109 computer operations per second, one ex-
pects a time for clustering a low-luminosity LHC event of
1 s (this is also what one finds in practice). So this is close to
being “tedious,” and becomes dissuasive for high-luminosity
LHC and heavy-ion collisions, or if one wishes to try out
many distinct jet definitions (e.g. several different R values
to see which is best). A more extreme example is the exact
seedless cone algorithm following the method in [21], which
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4

most ATLAS and CMS results on top tagging are at best published in internal notes, so we will be very
brief.

II. TOP TAGGING ALGORITHMS

Top tagging algorithms are typically based on two classes of observables. On the one hand, we can
generalize the well established event shapes to jet shapes, i.e. observables defined on calorimeter clusters
of the energy flow inside a geometrically large fat jet. Such jet shapes are directly accessible by the LHC
detectors. For our purpose the most relevant jet shape is the jet mass, on which all top tagging algorithms
are based. The second class of observables is the clustering history of all jet constituents. This history cannot
be observed directly. Instead, we have to rely on our understanding of QCD to simulate it, based on the
energy depositions we observe in the calorimeters (and trackers).

To backwards engineer the splitting history of a jet we can use our picture of collinear quark and gluon
splittings predicted by first principles QCD. The successive splitting of quarks and gluons radiated o↵ an
n-particle hard process (�n) factorizes in the soft or collinear limits into the simple form

�n+1

=

Z
�n

dp2j
p2j

dz
↵s

2⇡
P̂j1 j(z) , (1)

where pj is the momentum of the splitting parton and z is the energy fraction of one of the splitting products

j ! j
1

j
2

. The di↵erent splitting kernels P̂ (z) depend on the partonic quark or gluon process and are known.
They often diverge in the soft limit z ! 0, so we will encounter an overlapping enhancement and eventually
divergence for soft and for collinear radiation [17, 18]. The factorization shown in Eq.(1) describes the
splitting of parton radiation o↵ incoming as well as o↵ outgoing hard partons until the radiated partons
become soft enough to hadronize. The numerical implementation of Eq.(1) is the parton shower, and it
describes the transition from hard partons to a large number of hadrons which eventually decay and appear
in the calorimeters of the LHC experiments.

Inverting this successive splitting and hence extracting a hard parton momentum from a measured jet is
what jet algorithms do. Historically, an important issue is the infrared safety of observables and algorithms;
a soft or collinear splitting of any parton momentum cannot impact the macroscopic observables. While
some cone algorithms are not collinear save, recombination algorithms are. Such recombination algorithms
iteratively determine which of the observed calorimeter towers should be merged into subjets and which of
these subjets should then be merged together step by step, such that finally we arrive at few hard jets per
event. The end of this successive splitting can be defined in terms of a given minimum jet separation or a
given maximum number of jets. Di↵erent recombination algorithms are based on di↵erent subjet distance
measures:

kT dj1j2 =
�R2

j1j2

D2

min
�
p2T,j1 , p

2

T,j2

�
dj1B = p2T,j1

Cambridge/Aachen dj1j2 =
�R2

j1j2

D2

yj1B = 1

anti-kT dj1j2 =
�R2

j1j2

D2

min

 
1

p2T,j1

,
1

p2T,j2

!
dj1B =

1

p2T,j1

. (2)

These measures can be generalized to dj1j2 = �R2

j1j2
/D2 ⇥ min(p2nT,j1

p2nT,j2
) for n = �1, 0, 1. The kT -

algorithm [19] mimics the soft and collinear enhancement of the QCD splitting kernels in Eq.(1). For the
top tagging application it should best reconstruct the QCD splitting history. The Cambridge/Aachen (C/A)
algorithm [20] always combines the two closest (most collinear) subjets. It is sensitive to collinear but not to
soft splittings, but as we will see later it has some advantages in fat jet searches. The anti-kT [21] algorithm
first combines the hardest subjets, to define a particularly stable jet recombination with clean geometric jet
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For jet substructure study reverse cluster history
and analyze internal structure

W-boson jet QCD jet6 Theory Seminar             Berkeley     Michael Spannowsky            12/05/2011                   
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Will choose       in following for classification 
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Different scenarios based on pT vs mass
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Leptonic top reconstruction in boosted final states

Due to reconstruction of invariant masses in boosted and unboosted 
case very similar:
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and

However, for large boost lepton isolation a problem. 
Define mini-isolation criterium [Rehermann, Tweedie JHEP]

In boosted final states it is even possible to “guess” the full neutrino 
momentum [ Plehn, MS, Takeuchi JHEP]

2 assumptions:
or

good top momentum reconstruction
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y-splitter Top Tagger

Pruning

Johns Hopkins Tagger

HEP Top Tagger

top taggers:

tree-less approach

N-subjettiness

Shower deconstruction

[Ellis, Vermilion, Walsh  PRD 80 (2009)]

Template method

[Butterworth, Cox, Forshaw PRD 55 (2002)]

[Kaplan, et al. PRL 101 (2008)]

[Plehn, MS, Takeushi, Zerwas JHEP 1010]

[Jankowiak, Larkoski JHEP 1106]

[Almeida et al. PRD 82 (2010)]

[Thaler, Van Tilburg JHEP 1103]
[Kim PRD 83 (2011)]

[Soper, MS PRD 84; PRD 87]

[Broijmans ATL-COM-PHYS-2008-001]

energy flow [Thaler, Wang JHEP 0807]

Hadronic top reconstruction: Many approaches

Qjets [Ellis, Hornig, Roy, Krohn, Schwartz PRL 108]
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Tagger important to purify final state 
->  bridge gab between parton and hadron level

Taggers compared:

‣ ATLAS
‣ CMS
‣ HEP
‣ JH
‣ NSubjettiness
‣ Pruning-Tagger
‣ Thaler/Wang Tagger
‣ Trimming-Tagger

Samples used:

‣ Herwig 6.5
‣ Herwig++
‣ Sherpa incl. matching

fully hadronic tt vs dijet events 
in pT slices of 100 GeV

Event selection cuts:
anti-kT jets with R=1.0, pT > 200 GeV

Efficiency:
# tagged jets / # jets after selection cuts

Comparison of taggers in BOOST proceedings:
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Comparison of top taggers

Jet Substructure at the Tevatron and LHC 37

(a) herwig (b) herwig, fractional di↵erence

(c) herwig++ (d) herwig++, fractional di↵erence

(e) sherpa (f) sherpa, fractional di↵erence

Figure 17. Mis-tag vs. e�ciency for several top tagging methods, as tested on
herwig 6.5 and herwig++ tt̄ and dijet samples as well as sherpa matched
tt̄ + jets and multijet samples, all with pT 500–600 GeV. Events have been
run through a simple detector simulation. In the right-hand plots, results after
detector simulation are compared with results before simulation; the y axis
is (✏B(detector) � ✏B(no detector))/✏B(no detector). All plots use the input
parameters in Table 2.

Jet Substructure at the Tevatron and LHC 37

(a) herwig (b) herwig, fractional di↵erence

(c) herwig++ (d) herwig++, fractional di↵erence

(e) sherpa (f) sherpa, fractional di↵erence

Figure 17. Mis-tag vs. e�ciency for several top tagging methods, as tested on
herwig 6.5 and herwig++ tt̄ and dijet samples as well as sherpa matched
tt̄ + jets and multijet samples, all with pT 500–600 GeV. Events have been
run through a simple detector simulation. In the right-hand plots, results after
detector simulation are compared with results before simulation; the y axis
is (✏B(detector) � ✏B(no detector))/✏B(no detector). All plots use the input
parameters in Table 2.

Jet Substructure at the Tevatron and LHC 36

(a) all pT , optimised (b) pT 500–600 GeV, optimised

(c) all pT (d) pT 500–600 GeV

Figure 16. Mis-tag vs. e�ciency for several top tagging methods, as tested on
sherpa matched tt̄+ jets and multijet samples. For Figures (a) and (b), the
input parameters are optimised for each e�ciency point. The input parameters
for the unoptimised scans are taken from the 35% e�ciency point in Figure (b).

would be needed to definitively say that some are better than others. In these studies,

the N-subjettiness tagger does particularly well when compared to other taggers with

fixed input parameters, but when optimisation is included performances are extremely

similar. N-subjettiness also appears to be particularly susceptible to degradation due

to detector resolution.

Beyond the limited comparisons given in this section, we hope that the software

tools we have developed to make them will facilitate further study. Such study is clearly

warranted to seriously answer the questions posed at the beginning of this section.

Further phenomenological exploration of the broad space of substructure techniques

will help lead to a more holistic understanding of substructure physics. Monte Carlo

Jet Substructure at the Tevatron and LHC 35

(a) all pT , optimised (b) pT 500–600 GeV, optimised

(c) all pT (d) pT 500–600 GeV

Figure 15. Mis-tag vs. e�ciency for several top tagging methods, as tested
on herwig++ tt̄ and dijet samples. For Figures (a) and (b), the input
parameters are optimised for each e�ciency point. The input parameters for
the unoptimised scans are taken from the 35% e�ciency point in Figure (b).

and Thaler and Wang taggers still being outperformed. Considering the right-hand

plots in Figure 17, we can see that in some cases taggers appear to do better after

detector simulation, especially at low signal e�ciency. This e↵ect is at least partly due

to statistical noise in the e�ciency scans, but warrants further study.

The results we have presented in this report, while certainly not providing the last

word in boosted object tagging, suggest some conclusions. By any metric, methods

that use only subjet kinematic information, like the ATLAS and Thaler and Wang

taggers, are outperformed by groomed, hybrid, and jet shape taggers. Di↵erences

between the rest of the taggers are largely of similar magnitude to di↵erences between

Monte Carlo samples and before and after detector simulation: more careful study

all pT, optimized, sherpa all pT, optimized, herwig++

500-600 GeV, sherpa + smearing

500-600 GeV, 
sherpa + smearing

relative change

(BOOST 2012 proceedings)

better

worse
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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 �R

ij

. 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 �R

bjj

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 p

T

<⇠ 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 p

T

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

1
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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.

Maximum 
distance of top 
decay products

top transverse momentum

Angular separation of boosted top’s decay products
in 14 TeV ttbar samples

Need large 
cone if you 
want to do 
top tagging

50School on the Future of Collider Physics     IPMU      Michael Spannowsky             16.07.2013                   



I. Find fat jets (C/A, R=1.5, pT>200 GeV) 

II. Find hard substructure using mass drop criterion

How does the HEPTopTagger work?

Undo clustering,

�U < 0.02 (64)

U = 0 (65)

BR(H ⇤ ⌅v⌅̄4 ⇤ 4l)

BR(H ⇤ ZZ ⇤ 4l)
⌅ 1 (66)

mH = 200 GeV (67)

BR(H ⇤ ⌅4⌅̄4) ⌅ 0.1 (68)

|Ui⇥4 | (69)

BR(u4 ⇤ q +W) ⌅ 1 (70)

⇤u4b (71)

Vu4b (72)

p̄ (73)

p̄

p
v 10�4 (74)

⇥ =
nB � nB̄

n�
(75)

JGen4 = 30⇥ JSM (76)

⇥bh
2 ⌅ 0.0224 (77)

⇥ = (5.14± 0.25)⇥ 10�10 (78)

W�Jet (79)

das ist sch�n wei§

⇧(pp ⇤ jet ⌅ll
+) ⌅ 496 fb (80)

⇧(pp ⇤ b ⌅ll
+) ⌅ 4.4 fb (81)

⇧(pp ⇤ t ⇤ b ⌅ll
+) ⌅ 13.2 fb (82)

mdaughter1 < 0.8 mmother (83)

S/
⇧
B10 fb�1 ⌅ 6 (84)

5

to keep both daughters

fat jet

[Plehn, Salam, MS, Takeuchi]
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I. Find fat jets (C/A, R=1.5, pT>200 GeV) 

II. Find hard substructure using mass drop criterion

How does the HEPTopTagger work?

Undo clustering,

�U < 0.02 (64)

U = 0 (65)

BR(H ⇤ ⌅v⌅̄4 ⇤ 4l)

BR(H ⇤ ZZ ⇤ 4l)
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⇥bh
2 ⌅ 0.0224 (77)

⇥ = (5.14± 0.25)⇥ 10�10 (78)

W�Jet (79)

das ist sch�n wei§

⇧(pp ⇤ jet ⌅ll
+) ⌅ 496 fb (80)

⇧(pp ⇤ b ⌅ll
+) ⌅ 4.4 fb (81)

⇧(pp ⇤ t ⇤ b ⌅ll
+) ⌅ 13.2 fb (82)

mdaughter1 < 0.8 mmother (83)

S/
⇧
B10 fb�1 ⌅ 6 (84)

5

to keep both daughters

subjet subjet 
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I. Find fat jets (C/A, R=1.5, pT>200 GeV) 

II. Find hard substructure using mass drop criterion

How does the HEPTopTagger work?

Undo clustering,

�U < 0.02 (64)

U = 0 (65)
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to keep both daughters
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I. Find fat jets (C/A, R=1.5, pT>200 GeV) 

II. Find hard substructure using mass drop criterion

How does the HEPTopTagger work?

jet

UE/ISR

b
W1

W2

Undo clustering,

�U < 0.02 (64)

U = 0 (65)

BR(H ⇤ ⌅v⌅̄4 ⇤ 4l)

BR(H ⇤ ZZ ⇤ 4l)
⌅ 1 (66)

mH = 200 GeV (67)

BR(H ⇤ ⌅4⌅̄4) ⌅ 0.1 (68)

|Ui⇥4 | (69)

BR(u4 ⇤ q +W) ⌅ 1 (70)

⇤u4b (71)

Vu4b (72)

p̄ (73)

p̄

p
v 10�4 (74)

⇥ =
nB � nB̄

n�
(75)

JGen4 = 30⇥ JSM (76)

⇥bh
2 ⌅ 0.0224 (77)

⇥ = (5.14± 0.25)⇥ 10�10 (78)

W�Jet (79)

das ist sch�n wei§

⇧(pp ⇤ jet ⌅ll
+) ⌅ 496 fb (80)

⇧(pp ⇤ b ⌅ll
+) ⌅ 4.4 fb (81)

⇧(pp ⇤ t ⇤ b ⌅ll
+) ⌅ 13.2 fb (82)

mdaughter1 < 0.8 mmother (83)

S/
⇧
B10 fb�1 ⌅ 6 (84)

5

to keep both daughters

III. Apply jet grooming to get top decay
    candidates
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I. Find fat jets (C/A, R=1.5, pT>200 GeV) 

II. Find hard substructure using mass drop criterion

IV.0 Like JH Tagger take, mtop, mW 
and W helicity angle

How does the HEPTopTagger work?

jet

UE/ISR

b
W1

W2

Undo clustering,

�U < 0.02 (64)

U = 0 (65)

BR(H ⇤ ⌅v⌅̄4 ⇤ 4l)

BR(H ⇤ ZZ ⇤ 4l)
⌅ 1 (66)
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BR(H ⇤ ⌅4⌅̄4) ⌅ 0.1 (68)
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⇤u4b (71)

Vu4b (72)

p̄ (73)
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p
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⇥ =
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(75)

JGen4 = 30⇥ JSM (76)

⇥bh
2 ⌅ 0.0224 (77)

⇥ = (5.14± 0.25)⇥ 10�10 (78)

W�Jet (79)

das ist sch�n wei§

⇧(pp ⇤ jet ⌅ll
+) ⌅ 496 fb (80)

⇧(pp ⇤ b ⌅ll
+) ⌅ 4.4 fb (81)

⇧(pp ⇤ t ⇤ b ⌅ll
+) ⌅ 13.2 fb (82)

mdaughter1 < 0.8 mmother (83)

S/
⇧
B10 fb�1 ⌅ 6 (84)

5

to keep both daughters

III. Apply jet grooming to get top decay
    candidates

[Kaplan, et al. PRL 101 (2008)]
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IV.1 - better - check mass ratios
Cluster top candidate into 3 subjets

8
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Figure 3: Distribution of all events in the arctanm13/m12 vs m23/m123 plane. We show tt̄ (left). W+jets (center) and
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2. for each fat jet, find all hard subjets using a mass drop criterion: when undoing the last clustering of the
jet j, into two subjets j1, j2 with mj1 > mj2 , we require mj1 < 0.8 mj to keep j1 and j2. Otherwise, we
keep only j1. Each subjet ji we either further decompose (if mji > 30 GeV) or add to the list of relevant
substructures.

3. iterate through all pairings of three hard subjets: first, filter them with resolution Rfilter =
min(0.3,�Rjk/2). Next, use the five hardest filtered constituents and calculate their jet mass (for less
than five filtered constituents use all of them). Finally, select the set of three-subjet pairings with a jet
mass closest to mt.

4. construct exactly three subjets j1, j2, j3 from the five filtered constituents, ordered by pT . If the masses
(m12, m13, m23) satisfy one of the following three criteria, accept them as a top candidate:
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with Rmin = 85%⇥mW /mt and Rmax = 115%⇥mW /mt. The numerical soft cuto⇥ at 0.35 is independent
of the masses involved and only removes QCD events. The distributions for top and QCD events we show
in Fig. 3.

5. finally, require the combined pT of the three subjets to exceed 200 GeV.

In step 3 of the algorithm there exist many possible criteria to choose three jets from hard subjets inside a fat
jet. For example, we can include angular information (the W helicity angle) in the selection criterion and select
the smallest �mt +AW �mW +Ah� cosh. In that case, the tagging e⇤ciency increases, but simultaneously the
fake rate also increases, so to reach the best signal significance we simply select the combination with the best
mt. This allows us to apply e⇤cient orthogonal criteria based on the reconstructed mW and on the radiation
pattern later.

In step 4, the choice of mass variables shown in Figure 3 is of course not unique. In general, we know that
in addition to the two mass constraints (m123 = mrec

t as well as mjk = mrec
W for one (j, k)) we can exploit one

more mass or angular relation of the three main decay products. Our three subjets jk ignoring smearing and
assuming p2

i ⌅ 0 give
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2. for each fat jet, find all hard subjets using a mass drop criterion: when undoing the last clustering of the
jet j, into two subjets j1, j2 with mj1 > mj2 , we require mj1 < 0.8 mj to keep j1 and j2. Otherwise, we
keep only j1. Each subjet ji we either further decompose (if mji > 30 GeV) or add to the list of relevant
substructures.

3. iterate through all pairings of three hard subjets: first, filter them with resolution Rfilter =
min(0.3,�Rjk/2). Next, use the five hardest filtered constituents and calculate their jet mass (for less
than five filtered constituents use all of them). Finally, select the set of three-subjet pairings with a jet
mass closest to mt.

4. construct exactly three subjets j1, j2, j3 from the five filtered constituents, ordered by pT . If the masses
(m12, m13, m23) satisfy one of the following three criteria, accept them as a top candidate:
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with Rmin = 85%⇥mW /mt and Rmax = 115%⇥mW /mt. The numerical soft cuto⇥ at 0.35 is independent
of the masses involved and only removes QCD events. The distributions for top and QCD events we show
in Fig. 3.

5. finally, require the combined pT of the three subjets to exceed 200 GeV.

In step 3 of the algorithm there exist many possible criteria to choose three jets from hard subjets inside a fat
jet. For example, we can include angular information (the W helicity angle) in the selection criterion and select
the smallest �mt +AW �mW +Ah� cosh. In that case, the tagging e⇤ciency increases, but simultaneously the
fake rate also increases, so to reach the best signal significance we simply select the combination with the best
mt. This allows us to apply e⇤cient orthogonal criteria based on the reconstructed mW and on the radiation
pattern later.

In step 4, the choice of mass variables shown in Figure 3 is of course not unique. In general, we know that
in addition to the two mass constraints (m123 = mrec

t as well as mjk = mrec
W for one (j, k)) we can exploit one

more mass or angular relation of the three main decay products. Our three subjets jk ignoring smearing and
assuming p2

i ⌅ 0 give
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2. for each fat jet, find all hard subjets using a mass drop criterion: when undoing the last clustering of the
jet j, into two subjets j1, j2 with mj1 > mj2 , we require mj1 < 0.8 mj to keep j1 and j2. Otherwise, we
keep only j1. Each subjet ji we either further decompose (if mji > 30 GeV) or add to the list of relevant
substructures.

3. iterate through all pairings of three hard subjets: first, filter them with resolution Rfilter =
min(0.3,�Rjk/2). Next, use the five hardest filtered constituents and calculate their jet mass (for less
than five filtered constituents use all of them). Finally, select the set of three-subjet pairings with a jet
mass closest to mt.

4. construct exactly three subjets j1, j2, j3 from the five filtered constituents, ordered by pT . If the masses
(m12,m13,m23) satisfy one of the following three criteria, accept them as a top candidate:
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with Rmin = 85%⇥mW /mt and Rmax = 115%⇥mW /mt. The numerical soft cuto⇥ at 0.35 is independent
of the masses involved and only removes QCD events. The distributions for top and QCD events we show
in Fig. 3.

5. finally, require the combined pT of the three subjets to exceed 200 GeV.

In step 3 of the algorithm there exist many possible criteria to choose three jets from hard subjets inside a fat
jet. For example, we can include angular information (the W helicity angle) in the selection criterion and select
the smallest �mt+AW�mW +Ah� cosh. In that case, the tagging e⇤ciency increases, but simultaneously the
fake rate also increases, so to reach the best signal significance we simply select the combination with the best
mt. This allows us to apply e⇤cient orthogonal criteria based on the reconstructed mW and on the radiation
pattern later.

In step 4, the choice of mass variables shown in Figure 3 is of course not unique. In general, we know that
in addition to the two mass constraints (m123 = mrec

t as well as mjk = mrec
W for one (j, k)) we can exploit one

more mass or angular relation of the three main decay products. Our three subjets jk ignoring smearing and
assuming p2i ⌅ 0 give
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2. for each fat jet, find all hard subjets using a mass drop criterion: when undoing the last clustering of the
jet j, into two subjets j1, j2 with mj1 > mj2 , we require mj1 < 0.8 mj to keep j1 and j2. Otherwise, we
keep only j1. Each subjet ji we either further decompose (if mji > 30 GeV) or add to the list of relevant
substructures.

3. iterate through all pairings of three hard subjets: first, filter them with resolution Rfilter =
min(0.3,�Rjk/2). Next, use the five hardest filtered constituents and calculate their jet mass (for less
than five filtered constituents use all of them). Finally, select the set of three-subjet pairings with a jet
mass closest to mt.

4. construct exactly three subjets j1, j2, j3 from the five filtered constituents, ordered by pT . If the masses
(m12,m13,m23) satisfy one of the following three criteria, accept them as a top candidate:
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with Rmin = 85%⇥mW /mt and Rmax = 115%⇥mW /mt. The numerical soft cuto⇥ at 0.35 is independent
of the masses involved and only removes QCD events. The distributions for top and QCD events we show
in Fig. 3.

5. finally, require the combined pT of the three subjets to exceed 200 GeV.

In step 3 of the algorithm there exist many possible criteria to choose three jets from hard subjets inside a fat
jet. For example, we can include angular information (the W helicity angle) in the selection criterion and select
the smallest �mt+AW�mW +Ah� cosh. In that case, the tagging e⇤ciency increases, but simultaneously the
fake rate also increases, so to reach the best signal significance we simply select the combination with the best
mt. This allows us to apply e⇤cient orthogonal criteria based on the reconstructed mW and on the radiation
pattern later.

In step 4, the choice of mass variables shown in Figure 3 is of course not unique. In general, we know that
in addition to the two mass constraints (m123 = mrec

t as well as mjk = mrec
W for one (j, k)) we can exploit one

more mass or angular relation of the three main decay products. Our three subjets jk ignoring smearing and
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First generation taggers, e.g. Hopkins, CMS, HEP

make use of many properties of the top for reconstruction 
(top mass, W mass, EW structure of decay)

However, QCD radiation pattern are left mostly aside.

top QCD QCD
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One can be more quantitative...
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Radiation off bottom quark down 
to hadronization scale

angular distribution for 
radiation off W decay products
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Newer taggers, e.g. based on the method shower deconstruction, 
make explicitly use of the fact that the top and its decay products 
have special QCD radiation profile:

pTj > 200 GeV, R=1.5 CA pTj > 500 GeV, R=1.2 CA

good

bad

[Soper, MS PRD 87]
[Soper, MS PRD 84]

Idea: Reverse engineer CKKW [Catani, Krauss, Kuhn, Webber JHEP]
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BSM Physics

Using the top quark to find new physics
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The Standard Model after the 4th of July
The discovery of a Standard-Model-like scalar resonance marked milestone 
in increasing understanding of nature.  And raises questions: 
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numerically top loop dominates:
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Up to which scale    is SM valid? How to avoid excessive fine-tuning?
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Is Higgs potential stable?

No definite answer due to large 
top mass uncertainty

[Elias-Miro et al, PLB 709]
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Standard Model is valid 
to very high scale • SUSY restores 

naturalness

• Coleman-Weinberg 
potential

• .... 

Elementary scalar:

Composite scalar:

• Higgs as 
Pseudo-Nambu-
Goldstone boson

• .... 
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Energetic tops are often the key

• Almost all signal events are boosted, e.g. heavy Z’ or KK gluon...
• Background drops faster than signal, e.g. tth, top partner
• Couplings require large momentum (mtt), e.g. Afb, top radius
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Figure 19-i ATLAS sensitivity for the discovery of a Standard Model Higgs boson. The statistical significances

are plotted for individual channels, as well as for the combination of all channels, assuming integrated luminosi-

ties of 30 fb-1 (top) and 100 fb-1 (bottom). Depending on the numbers of signal and background events, the sta-

tistical significance has been computed as S/ or using Poisson statistics. In the case of the H ! WW*

channel, a systematic uncertainty of #5% on the total number of background events has been assumed (this

uncertainty has been included in this case, since no mass peak can be reconstructed and the Higgs boson sig-

nal has therefore to be extracted from an excess of events).

B

7Phenomenology  2010  Symposium                 Madison                     Michael Spannowsky                          05/10/2010                   

tth - using boosted jets
[T. Plehn, G. Salam, MS]

Motivation: • sizable cross-section
• Higgs discovery contribution in low mass range
• access to t- and b-Yukawa couplings

High expectations:

[ATLAS TDR 1999]

tth major channel

given the amount of Monte Carlo data available (out to q0 between around 9 to 16, i.e., to the level of a
3 to 4! discovery). At present it is not practical to verify directly that the chi-square formula remains
valid to the 5! level (i.e., out to q0 = 25). Thus the results on discovery significance presented here rest
on the assumption that the asymptotic distribution is a valid approximation to at least the 5! level.
The validation exercises carried here out indicate that the methods used should be valid, or in some

cases conservative, for an integrated luminosity of at least 2 fb−1. At earlier stages of the data taking,
one will be interested primarily in exclusion limits at the 95% confidence level. For this the distributions
of the test statistic qµ at different values of µ can be determined with a manageably small number of
events. It is therefore anticipated that we will rely on Monte Carlo methods for the initial phase of the
experiment.

4 Results of the combination

4.1 Combined discovery sensitivity

The full discovery likelihood ratio for all channels combined, "s+b(0), is calculated using Eq. 33. This
uses the median likelihood ratio of each channel, "s+b,i(0), found either by generating toy experiments
under the s+b hypothesis and calculating the median of the "s+b,i distribution or by approximating the
median likelihood ratio using the Asimov data sets with µA,i = 1. Both approaches were validated to
agree with each other. The discovery significance is calculated using Eq. 36, i.e., Z ⇥

√

�2ln" (0),
where " (0) is the combined median likelihood ratio.
The resulting significances per channel and the combined one are shown in Fig. 16 for an integrated

luminosity of 10 fb−1.
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Figure 16: The median discovery significance for the various channels and the combination with an integrated
luminosity of 10 fb−1 for (a) the lower mass range (b) for masses up to 600 GeV.

Themedian discovery significance as a function of the integrated luminosity and Higgs mass is shown
colour coded in Fig. 17. The full line indicates the 5! contour. Note that the approximations used do
not hold for very low luminosities (where the expected number of events is low) and therefore the results
below about 2fb−1 should be taken as indications only. In most cases, however, the approximations tend
to underestimate the true median significance.

4.2 Combined exclusion sensitivity

The full likelihood ratio of all channels used for exclusion for a signal strength µ , "b(µ), is calculated
using Eq. 34 with the median likelihood ratios of each channel, "b,i(µ), calculated, either by generating
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tth - using boosted jets
[T. Plehn, G. Salam, MS]

Motivation: • sizable cross-section
• Higgs discovery contribution in low mass range
• access to t- and b-Yukawa couplings

High expectations:

[ATLAS TDR 1999]
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given the amount of Monte Carlo data available (out to q0 between around 9 to 16, i.e., to the level of a
3 to 4! discovery). At present it is not practical to verify directly that the chi-square formula remains
valid to the 5! level (i.e., out to q0 = 25). Thus the results on discovery significance presented here rest
on the assumption that the asymptotic distribution is a valid approximation to at least the 5! level.
The validation exercises carried here out indicate that the methods used should be valid, or in some

cases conservative, for an integrated luminosity of at least 2 fb−1. At earlier stages of the data taking,
one will be interested primarily in exclusion limits at the 95% confidence level. For this the distributions
of the test statistic qµ at different values of µ can be determined with a manageably small number of
events. It is therefore anticipated that we will rely on Monte Carlo methods for the initial phase of the
experiment.

4 Results of the combination

4.1 Combined discovery sensitivity

The full discovery likelihood ratio for all channels combined, "s+b(0), is calculated using Eq. 33. This
uses the median likelihood ratio of each channel, "s+b,i(0), found either by generating toy experiments
under the s+b hypothesis and calculating the median of the "s+b,i distribution or by approximating the
median likelihood ratio using the Asimov data sets with µA,i = 1. Both approaches were validated to
agree with each other. The discovery significance is calculated using Eq. 36, i.e., Z ⇥
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where " (0) is the combined median likelihood ratio.
The resulting significances per channel and the combined one are shown in Fig. 16 for an integrated
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Figure 16: The median discovery significance for the various channels and the combination with an integrated
luminosity of 10 fb−1 for (a) the lower mass range (b) for masses up to 600 GeV.

Themedian discovery significance as a function of the integrated luminosity and Higgs mass is shown
colour coded in Fig. 17. The full line indicates the 5! contour. Note that the approximations used do
not hold for very low luminosities (where the expected number of events is low) and therefore the results
below about 2fb−1 should be taken as indications only. In most cases, however, the approximations tend
to underestimate the true median significance.

4.2 Combined exclusion sensitivity

The full likelihood ratio of all channels used for exclusion for a signal strength µ , "b(µ), is calculated
using Eq. 34 with the median likelihood ratios of each channel, "b,i(µ), calculated, either by generating
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Present results by CMS and ATLAS

CMS, 7 and 8 TeV each 5 ifb comb. ATLAS, 7 TeV at 4.7 ifb

Both experiments are sensitive at X-times the SM cross section
However, tth coupling measurement will be systematics limited. 
Low S/B will render measurement notoriously difficult with 
standard reconstruction techniques.
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2

Signal and backgrounds — We consider associated top
and Higgs production with one hadronic and one leptonic
top decay. The latter allows the events to pass the Atlas
and CMS triggers. The main backgrounds are

pp → tt̄bb̄ irreducible QCD background

pp → tt̄Z irreducible Z-peak background

pp → tt̄ + jets include fake bottoms (2)

To account for higher-order effects we normalize our to-
tal signal rate to the next-to-leading order prediction of
702 fb for mH = 120 GeV [21]. The tt̄bb̄ continuum back-
ground we normalize to 2.6 pb after the acceptance cuts
|yb| < 2.5, pT,b > 20 GeV and Rbb > 0.8 of Ref. [22]. This
conservative rate estimate for very hard events implies a
K factor of σNLO/σLO = 2.3 which we need to attach
to our leading-order background simulation — compared
to K = 1.57 for the signal. Finally, the tt̄Z background
at NLO is normalized to 1.1 pb [23]. For tt̄ plus jets
production we do not apply a higher-order correction be-
cause the background rejection cuts drives it into kine-
matic configuration in which a constant K factor cannot
be used. Throughout this analysis we use an on-shell top
mass of 172.3 GeV. All hard processes we generate using
MadEvent [24], shower and hadronize via Herwig++ [25]
(without g → bb̄ splitting) and analyze with FastJet [26].
We have verified that we obtain consistent results for sig-
nal and background using Alpgen [27] and Herwig 6.5 [28]

An additional background is W+jets production. The
Wjj rate starts from roughly 15 nb with pT,j > 20 GeV.
Asking for two very hard jets, mimicking the boosted
Higgs and top jets, and a leptonic W decay reduces this
rate by roughly three orders of magnitude. Our top
tagger described below gives a mis-tagging probability
around 5% including underlying event, the Higgs mass
window another reduction by a factor 1/10, i.e. the final
Wjj rate without flavor tags ranges around 100 fb.

Adding two bottom tags we expect a purely fake-
bottom contribution around 0.01 fb. To test the gen-
eral reliability of bottom tags in QCD background re-
jection we also simulate the Wjj background including
bottom quarks from the parton shower and find a re-
maining background of O(0.1 fb), well below 10% of the
tt̄+jets background already for two bottom tags. For
three bottom tags it is essentially zero, so we neglect it
in the following.

The charm-flavored Wcj rate starts off with 1/6 of
the purely mis-tagged Wjj rate. A tenfold mis-tagging
probability still leaves this background well below the
effect of bottoms from the parton shower. Finally, a
lower limit mrec

bb > 110 GeV keeps us safely away from
CKM-suppressed W → bc̄ decays where the charm is
mis-identified as a bottom jet.

Search strategy — The motivation for a tt̄H search
with boosted heavy states can be seen in Fig. 1: the
leading top quark and the Higgs boson both carry size-
able transverse momentum. We therefore first cluster

10
-4

10
-3

10
-2

10
-1

0 100 200 300 400 500 600 700

1/σtot dσ/dpT

pT[GeV]

ttH: pT,t

ttH: pT,H

WH: pT,HWjj: pT,j

FIG. 1: Normalized top and Higgs transverse momentum
spectra in tt̄H production (solid). We also show pT,H in
W−H production (dashed) and the pT of the harder jet in
W−jj production with pT,j > 20 GeV (dotted).

the event with the Cambridge/Aachen (C/A) jet algo-
rithm [29] using R = 1.5 and require two or more hard
jets and a lepton satisfying:

pT,j > 200 GeV |y(H)
j | < 2.5 |y(t)

j | < 4

pT,! > 15 GeV |y!| < 2.5 . (3)

The maximum Higgs jet rapidity y(H)
J is limited by the

requirement that it be possible to tag its b-content. For
lepton identification and isolation we assume an 80% ef-
ficiency, in agreement with what we expect from a fast
Atlas detector simulation. The outline of our analysis is
then as follows (cross sections at various stages are sum-
marized in Tab. I):

(1) one of the two jets should pass the top tagger (de-
scribed below). If two jets pass we choose the one whose
top candidate is closer to the top mass.
(2) the Higgs tagger (also described below) runs over all
remaining jets with |y| < 2.5. It includes a double bottom
tag.
(2’) a third b tag can be applied in a separate jet analysis
after removing the constituents associated with the top
and Higgs.
(3) to compute the statistical significance we require
mrec

bb = mH ± 10 GeV.

In this analysis, QCD tt̄ plus jets production can fake
the signal assuming three distinct topologies: first, the
Higgs candidate jet can arise from two mis-tagged QCD
jets. The total rate without flavored jets exceeds tt̄bb̄
production by a factor of 200. This ratio can be balanced
by the two b tags inside the Higgs resonance. Secondly,
there is an O(10%) probability for the bottom from the
leptonic top decay to leak into the Higgs jet and combine
with a QCD jet, to fake a Higgs candidate. This topology
is the most dangerous and can be essentially removed by
a third b tag outside the Higgs and top substructures.
Finally, the bottom from the hadronic top can also leak

pT distributions relevant for tth

background

signal
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Problems in event reconstruction:

- (b-)jet multiplicity
- reconstruction efficiency

Boost should help
but

need tagger for this 
environment

Problems in event reconstruction:

- (b-)jet multiplicity
- reconstruction efficiency

Boost should help
but

need tagger for this 
environment
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Cambridge/Aachen

jet algorithm

R=1.5

[Plehn, Salam, MS PRL 104 (2010)]
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-Development of Higgs and top 
tagger for busy final state

-Improvement of S/B from 
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Results for tth

with UE

- 5 sigma sign. with 100 1/fb

Can use Z peak to calibrate Higgs-top coupling

tth might be a window to Higgs-top coupling
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The Front-Back 
Asymmetry

3

• Measuring the forward-
backward asymmetry in the 
production of top quarks in the 
laboratory frame

Forward backward asymmetry
D0 and CDF observed anomalously large values of Afb 

‣ Charge asymmetry small NLO effect (  6%) 
‣ NLL threshold resummation reduces theory uncertainty

[Kühn, Rodrigo] 

[Almeida, Sterman, Vogelsang] 

5

calculation of the tt̄ four-vectors uses a simple ⇤2-based
fit of the lepton and jet kinematics to the tt̄ hypoth-
esis, allowing the jet energies to float within their ex-
pected uncertainties, and applying the constraints that
MW = 80.4 GeV/c2, Mt = 172.5 GeV/c2, and b-tagged
jets are associated with b-partons. This algorithm is well
understood in the context of precision top mass measure-
ments, where the fit is performed without the top mass
constraint [16], and other top physics studies that use the
top mass constraint [10]. We study the reconstructed top
quark rapidity and the di⇥erence in the reconstructed top
and anti-top rapidities, from which we derive the forward-
backward asymmetries in the pp̄ (laboratory) rest frame
and in the tt̄ rest frame.

The validity of the analysis is checked at all steps
by comparison to a standard prediction made using the
pythia [17] tt̄ model, the CDF lepton+jets+b-tag back-
ground model, and a full simulation of the CDF-II de-
tector. We use pythia 6.2.16 with CTEQ5L parton dis-
tribution functions [18] and Mt = 172.5 GeV/c2. The
background model developed in concert with the preci-
sion cross-section studies provides good measures of both
the normalizations and shapes of the non-tt̄ processes [9].
The veracity of the combined pythia plus background
model, and in particular, its reliability for the estimation
of systematic uncertainties, is well verified in many other
top-physics studies at CDF [5, 9, 10, 16, 31].

Note that because pythia does not include the NLO
QCD charge asymmetry, the standard pythia predic-
tion is not the SM prediction for the forward-backward
asymmetry. Studies with the mc@nlo generator [19] (see
Sec. IVB) predict that the magnitude of reconstructed
QCD asymmetry in our sample is smaller than the cur-
rent experimental resolution. Symmetric pythia is thus
a good approximation for SM tt̄ and provides an unbi-
ased control sample for many of our studies. We will com-
pare our measurements to the SM predictions of mc@nlo
when appropriate.

III. RAPIDITY VARIABLES AND
ASYMMETRY DEFINITIONS

In the lepton+jets decay topology of the tt̄ pair, there
is a leptonic decay, t ⇥ Wb ⇥ l⇥b, and a hadronic de-
cay t ⇥ Wb ⇥ qq̄�b. The complications of the central
lepton acceptance and the reconstruction of the neutrino
from the ⇤ET create a di⇥erence in the reconstruction res-
olution for the two di⇥erent kinds of decay. In order to
control e⇥ects of this kind, our treatment of top rapidity
variables maintains the distinction between the leptonic
and hadronic decay systems, with the t and t̄ assignments
following in accordance with the lepton charge.

The most direct measurement of the top direction with
respect to the beamline is the rapidity of the hadronic top
system in the lab frame, yh, which has acceptance out to
|�| = 2.0 and good directional precision. In events with
a negative (positive) lepton, yh is the lab rapidity of the

t quark, ypp̄t (t̄ quark, ypp̄t̄ ). If CP is a good symmetry,

the distributions of ypp̄t̄ and ypp̄t are reflections of each
other, and we can combine both samples, weighting with
the lepton charge, to use �qyh as the rapidity of the t
quark in the lab frame, ypp̄t .
A frame independent measurement is available in the

rapidity di⇥erence of the leptonic and hadronic systems
�ylh = yl�yh. After multiplication by the lepton charge
q, this variable measures the di⇥erence between the top
and antitop rapidities: q�ylh = q(yl � yh) = yt � yt̄ =
�y. The rapidity di⇥erence �y is independent of the tt̄
system longitudinal motion and is simply related to the
top quark rapidity in the tt̄ rest frame: ytt̄t = 1

2�y. Since
the rapidity preserves the sign of the production angle,
an asymmetry in �y is identical to the asymmetry in the
top quark production angle in the tt̄ rest frame.
With N as the number of events with a given rapidity,

we define the total tt̄ frame asymmetry:

Att̄ =
N(�y > 0)�N(�y < 0)

N(�y > 0) +N(�y < 0)
(1)

=
N(ytt̄t > 0)�N(ytt̄t < 0)

N(ytt̄t > 0) +N(ytt̄t < 0)

and the total laboratory frame asymmetry, assuming CP
invariance:

App̄ =
N(�qyh > 0)�N(�qyh < 0)

N(�qyh > 0) +N(�qyh < 0)
(2)

=
N(ypp̄t > 0)�N(ypp̄t < 0)

N(ypp̄t > 0) +N(ypp̄t < 0)

Since yh and �ylh are identified with either a t or an t̄
by the sign of the lepton in the event, they are the pri-
mary variables for defining the charge dependence of the
asymmetries and testing for CP invariance. We define
the forward-backward charge asymmetry in the tt̄ rest
frame to be:

A±
lh =

N±(�ylh > 0)�N±(�ylh < 0)

N±(�ylh > 0) +N±(�ylh < 0)
(3)

and in the laboratory frame to be:

A±
h =

N±(yh > 0)�N±(yh < 0)

N±(yh > 0) +N±(yh < 0)
(4)

where the superscript refers to the sign of the lepton
charge q.

d⇧LO
qq̄0!WWW ⇥ dPS

X
|Mqq̄0!WWW |2 (1)

pT < ppartonTmin (2)

Rmin (3)

�max (4)

pT,min (5)

cos ⇤ < 0.7 (6)

cos ⇤ < 0.7 (7)

msoft
1

(8)

µ = mW (9)

�m2

H ⇥ � |⇥t|
8⌅2

⇥2 + . . . (10)

�m2

H ⇥ 2
⇥s

16⌅2

⇥2 + . . . (11)

tt̄+MET (12)

Afb =
N

cos �>0

�N
cos �<0

N
cos �>0

+N
cos �<0

(13)

5⇧ (14)

2.8⇧ (15)

�y = yt � y
¯t (16)

1

CDF:

D0:

more pronounced at large invariant mass 
(> 450 GeV)

Afb = (8 ± 4(stat) ± 1(syst))%

AFB = 0.150 ± 0.050(stat) ± 0.024(syst)

AFB = 0.21 ± 0.07(stat) ± 0.02(bkg-shape) (leptonic)

(semileptonic)

~
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q q̄

t t̄

V,φ

Models to account for asymmetry

Ĝ

q

t t̄

q̄

[Jung, Murayama, Pierce et al.; Shu, Tait, 
Wang; Cheung, Keung, Yuan; Barger, Keung, 
Yu; Shelton, Zurek; Grinstein, Kagan, Trott, 
Zupan; Ligeti, Schmaltz, Tavares]

[Frampton, Shu, Wang; Chivukula, Simmons, 
Yuan; Bai, Hewett, Kaplan, Rizzo]

-gu,d gt to get pos. asymmetry

requires flavor non-universal coupling

requires flavor off-diagonal coupling

Overview: [Gresham, Kim, Zurek]

s-channel resonance:

t-channel resonance:
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We will have to measure asymmetry at the LHC

‣ Symmetric proton beams

‣ If CP conserved FB becomes Charge 
asymmetry

rapidity
2.5-2.5 -y0 y00

d⇧LO
qq̄0!WWW ⇥ dPS

X
|Mqq̄0!WWW |2 (1)

pT < ppartonTmin (2)

Rmin (3)

�max (4)

pT,min (5)

cos ⇤ < 0.7 (6)

cos ⇤ < 0.7 (7)

msoft
1

(8)

µ = mW (9)

�m2

H ⇥ � |⇥t|
8⌅2

⇥2 + . . . (10)

�m2

H ⇥ 2
⇥s

16⌅2

⇥2 + . . . (11)

tt̄+MET (12)

Afb =
N

cos �>0

�N
cos �<0

N
cos �>0

+N
cos �<0

(13)

5⇧ (14)

2.8⇧ (15)

�y = yt � y
¯t (16)
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�m2
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�m2
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cos �>0

�N
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1

u u
_

tt
_

gg dominant prod. 
mode but symmetric

need qq and qg 
initial state
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Study for charge asymmetry @ LHC 

Event reconstruction: Consider moderately boosted semileptonic tops
‣ require isolated lepton with pT > 15 GeV, y  = y
‣ require jet with pT>200 GeV, use HEPTopTagger

‣ demand b-tag in hadronic top
W+jets negligible

[Hewett, Sheldon, MS, Takeuchi, Tait]

‣    for SM after 60 ifb

d⇧LO
qq̄0!WWW ⇥ dPS

X
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‣    for BSM after 2 ifb
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14 TeV:

l lep. top

The tt̄ charge and FB asymmetries only arise in the qq̄ → tt̄ subprocess, since the

gg initial state is symmetric. At the partonic level, the kinematics of qq̄ → tt̄ can be

described by the partonic centre of mass (CM) energy ŝ (which equals the tt̄ invariant

mass squared m2

tt̄) and the CM opening angle θ between the top and the initial quark. A

third relevant quantity, independent of the former two, is the boost of the partonic CM

with respect to the laboratory frame. This boost can conveniently be parameterised by

the velocity of the tt̄ system along the beam axis in the laboratory frame,

β =
|pzt + pzt̄ |

Et + Et̄

(2)

being pz, E the momentum along the beam axis and energy, respectively.1 An asymmetry

enhancement can be achieved by a phase space selection involving one or more of these

three variablesmtt̄, θ, β, at the expense of reducing the data sample and thus the statistics.

In this respect, it is important to stress here that the tt̄ invariant mass is not a suitable

parameter to increase the asymmetry. For some models, like extra Z ′ [11] or W ′ [12]

bosons, the asymmetry grows with mtt̄ while for other models, such as light s-channel

colour octets [13–16] or scalars exchanged in the u channel [17] the mtt̄ profile of the

asymmetry can be completely different and AC may even become negative at high mtt̄.

Indeed, the asymmetry dependence on the tt̄ invariant mass is most useful for model

discrimination [18].

Previous literature already includes proposals on this topic. In the so-called forward

asymmetry [19]

Afwd =
N(|yt| > yC)−N(|yt̄| > yC)

N(|yt| > yC) +Nt̄(|yt̄| > yC)
, (3)

with yC some fixed rapidity cut, a selection is effectively placed on the angle θ (also

depending on β), to obtain a charge asymmetry larger than the inclusive one. Similar

results are found [20] by requiring the leptonic top quark in the central detector with

|η| < 2.5 and the hadronic one in the forward region |η| > 2.5 (with decay products in

|η| < 4.5), a selection which also affects both θ and β. In both proposals, the largest

improvement is found for SM extensions in which the asymmetry is most significant at

small θ, due to the exchange of a light particle (a Z ′ or W ′ boson) in the t channel. On

the other hand, for simple new physics models involving new particles in s or u channels

these kinematical selections do not bring such an improvement [10], and the statistical

significance of the asymmetry even decreases with respect to the inclusive measurement.

(A larger asymmetry may still be an advantage if the measurement is dominated by

systematic uncertainties.) In this Letter we explore an alternative way of increasing the

1Note that the velocity is related to the partonic momentum fractions x1,2 as β = |x1 −x2|/(x1 +x2).

2

The charge asymmetry as a function of mtt̄ and β is presented in Fig. 2 for the three

benchmark models with the parameters above mentioned. In all cases we observe a
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Figure 2: Charge asymmetry as a function of the tt̄ invariant mass and velocity in the

laboratory frame, for the three benchmark models.

significant asymmetry increase with β, showing the usefulness of requiring a minimum tt̄

velocity βmin to enhance it. In Fig. 3 (left) we plot the actual effect of such a cut at the

parton level. (The integrated asymmetries in Fig. 3 are related to the differential ones in

Fig. 2 by convolution with PDFs and integration over β > βmin and all the mtt̄ range.)

We observe that for the three models the integrated asymmetries increase monotonically
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Figure 3: Left: new physics contributions to the charge asymmetry as a function of the

lower cut βmin, for the three benchmark models (solid lines), and SM contribution (points

with error bars). Right: normalised mtt̄ distribution for qq̄ → tt̄ in the SM, for several

values of βmin.

up to βmin ∼ 0.6 in a model-independent fashion, as it is expected from the kinematical

enhancement of the qq̄ fraction in the sample. This feature is quite desirable, since it allows
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up to βmin ∼ 0.6 in a model-independent fashion, as it is expected from the kinematical

enhancement of the qq̄ fraction in the sample. This feature is quite desirable, since it allows

5

Axigluon Z’

asymmetry, by using a single cut on the tt̄ velocity β but without any restriction on θ or

mtt̄. As it is well known, one of the reasons for the smallness of the charge asymmetry at

the LHC, compared to the Tevatron, is the smaller fraction of ‘asymmetric’ qq̄ → tt̄ events

in the total tt̄ sample, dominated by gg fusion at LHC energies. For tt̄ events originating

from qq̄ annihilation, the partonic CM frame tends to be more boosted along the beam

axis, due to the much higher average momentum fractions for quarks than for antiquarks

in pp collisions. Therefore, the requirement of a minimum tt̄ velocity βmin increases the

qq̄ fraction in the sample, as it can be seen in Fig. 1, calculated at the tree-level using

CTEQ6L1 [21] parton density functions (PDFs) for a CM energy of 7 TeV. The choice of
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Figure 1: Relative fraction of qq̄ → tt̄ events as a function of the minimum tt̄ velocity.

β instead of the momentum |pzt + pzt̄ | to increase the asymmetry [22] is motivated by its

small correlation with other energy variables such as mtt̄, as well as by the fact that it is

experimentally a more robust observable, less affected by uncertainties on the jet energy

scale and resolution. Also, this simple cut on β is an alternative to more sophisticated

analyses [23] to enhance the qq̄ fraction by using a likelihood function built of several

kinematical variables of the tt̄ pair and its decay products, whose practical application

may suffer from important systematic uncertainties.

2 Asymmetries at the parton level

After these introductory considerations, we proceed to investigate how the asymmetry

is increased in SM extensions accommodating the Tevatron measurements, and to which

extent this increase is model-independent. For this, we select three simple benchmark

models: (i) an axigluon Gµ [24]; (ii) a Z ′ boson; (iii) a colour-triplet scalar ω4, which

correspond to the exchange of new particles in the s, t, u channels in qq̄ → tt̄, respectively.

3

7 TeV

[Aguilar-Saavedra, Juste, Rubbo]
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Anomalous top gluon couplings

[Englert, Freytas, Spira, Zerwas]

2

where |ρ| is an O(1) number. The quadratic Λ∗ dependence of κt is effectively equivalent to the scaling of the form

factor. The quadratic dependence in the heavy quark mass singles out the top-quark as unique particle for which κt

may be accessible experimentally, in contrast to much less sensitive light quarks or leptons. Assuming Λ∗ to be of

order 1 TeV and beyond, compatible with bounds on contact interactions from Tevatron and LHC [11], κt could be

expected at the level of several per-cent.

Both the anomalous parameters, color radius and color magnetic dipole moment, can be introduced through effective

Lagrangians [12] in an SU(3)c gauge-invariant and parity-even form2:

LR = −gs
R2

t

6
t̄γµ Gµν D

ν t+ h.c., (1.5)

Lκ = gs
κt

4mt
t̄σµν Gµν t , (1.6)

with the gluon field Gµ, in octet matrix notation, and the gluon field strength Gµν = DνGµ − DµGν , while

Dν = ∂ν + igs Gν denotes the covariant derivative of QCD. Besides the components generating the anomalous

top color current, the Lagrangians are complemented by additional two-gluon and three-gluon top interactions, as

demanded by gauge invariance. The effective Lagrangians unambiguously translate the anomalous parameters from

scattering to annihilation processes.

The classical method for studying radius and anomalous magnetic dipole moment of the top quark is given

by the elastic Rutherford-type scattering of a top quark t with a light quark q [taken pointlike in the present

scenario], which is mediated by the exchange of a gluon in qt → qt. Rutherford-type scattering is also embedded

in the process gq → tt̄q. At very high energies, gluon partons in the protons split into beams of long-lived

top-quark pairs traveling parallel to the gluon momentum. Thus, the events of the tt̄q process, characterized

by a forward moving t-quark plus a t̄q-pair, with the two partons in the pair balanced in transverse momentum,

signal Rutherford qt scattering. [Elastic gluon-top scattering is independent of the radius Rt and cannot be exploited.]

2. We will analyze the total cross sections for the production of top-quark pairs

pp̄/pp → qq̄, gg → tt̄ (2.1)

at Tevatron and LHC for deriving limits on the color radius Rt, the anomalous chromo-magnetic dipole moment κt and

the Λ∗ parameter in practice. Additional constraints can be derived from the angular dependence of the top-quarks,

and the correlations between longitudinal spin components of t and t̄ [13], which can be measured unperturbed by

fragmentation due to the short top lifetime [14]. Related analyses have been discussed in Refs. [15, 16]. We will

assume that the non-pointlike contributions to the observables are small and, correspondingly, we will expand the

observables linearly in the analytic formulae. The hadron cross sections are built up by the incoherent superposition

of quark-antiquark annihilation and gluon fusion to top-antitop pairs. Quark-antiquark annihilation is mediated only

by s-channel gluon exchange3, gluon fusion by s-channel gluon and t, u-channel top exchanges.

The anomalous terms of the independent cross sections at the parton level can be summarized as follows [see also

references quoted above], using β =
√

1− 4m2
t/s, where s is the partonic center-of-mass energy:

quark-antiquark annihilation:

∆σ

σB
=

s

3
R2

t +
6κt

3− β2
(2.2)

2 Electroweak gauge invariance can be ensured by expanding the Lagrangians to the complete third generation and incorporating the
Higgs field [12].

3 We neglect electroweak interactions in the following.
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Higgs field [12].

3 We neglect electroweak interactions in the following.
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FIG. 1: (a) Bands allowed in Rt,κt space by tt̄ production at Tevatron and LHC for 7 TeV, available data; (b) The same

for LHC at 14 TeV, theoretical expectation of inclusive cross sections and boosted top events. We use µR = µF = mt and

µF = µR = mT for the boosted search, where mT denotes the average transverse mass of the top quarks.

Rt |κt|

Tevatron ⊕ LHC[7 TeV] 2.9 TeV−1 ∼ 0.57 × 10−16 cm 0.17

Tevatron ⊕ LHC[14 TeV] 2.1 TeV−1 ∼ 0.41 × 10−16 cm 0.07

LHC[14 TeV]: inclusive ⊕ boosted top 0.7 TeV−1 ∼ 0.14 × 10−16 cm 0.05

TABLE I: Upper bounds on t radius and magnetic moment after combining Tevatron and LHC data / future expectations for

tt̄ production – inclusive and boosted top measurements at LHC.

resulting in the conservative upper bounds collected in Tab. I. At the LHC, the inclusive tt̄ cross section is

driven by the gluon fusion channel, which has no dependence on Rt, see Eq. (2.5). This makes it difficult to ob-

tain stringent bounds on Rt, in contrast to the Tevatron where the quark-antiquark channel is dominant, see Eq. (2.2).

For the tt̄ cross section at the Tevatron we may expect statistical improvements upon combining the data sets of

DØ and CDF. Similar improvements can be expected at the LHC for the 14 TeV run, when more data will become

available. We show a projection of this situation in Fig. 1 (b), where we scale the CDF error of Eq. (3.2) by a

factor 1/
√
2, and the LHC systematic uncertainty is saturated at 5% [29]. This shows that we can indeed expect a

significant improvement on the limits of {Rt,κt} at the level of inclusive searches.

However, despite its much larger collision energy, the sensitivity of LHC to the anomalous top couplings is

improved only moderately compared to the Tevatron, as a result of the prevalence of the Rt-insensitive gluon-fusion

component in the total hadronic cross section. A way to eliminate this obstacle is to consider boosted top final

states [30]. By restricting ourselves to large momentum transfers we probe the incoming protons at large momentum

fractions, thus naturally shifting towards the qq̄ contribution, which is more sensitive to Rt. This improvement

more than compensates for the significant reduction of the hadronic tt̄ production from imposing this cut. We

include this search channel in Fig. 1(b), where we choose pT,t ≥ 1 TeV, for which we expect σSM # 50 fb and a 30%

measurement uncertainty. A combination of either inclusive LHC cross sections together with finalized Tevatron

results, or inclusive cross sections and boosted searches solely at the LHC provide good prospects to sharpen the

bounds on anomalous top interactions.

The anomalous parameters Rt,κt can be translated to the scale parameters Λ∗ and Λ∗/
√

|ρ| [as denoted in Eqs. (1.3)

and (1.4)]. Using the estimated bounds on the radius Rt from the Tevatron and the LHC experiments, one obtains

Tevatron ⊕ LHC[7 TeV] : Λ∗ ! 0.84 TeV , (3.7)
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stop reconstruction using all hadronic top quarks
[ Plehn, MS, Takeuchi, Zerwas JHEP 1010]

‣ Separation of ISR and hard 
process improves mT2

‣ Use HEPTagger in hadronic 
final state -> 2 tagged tops

HEPTagger
HEPTagger

mT2

‣ stop reconstructable over 
wide range

‣ Use purely hadronic top decay 
mode
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mT2 as an observable to look for stops
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Consider the decay:

One can express the invariant stop mass squared by:

Of the invisible LSP only the transverse component could be 
inferred. Thus use transverse mass:
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lower bound
for stop mass (see also W mass 
measurement)
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However, in R-parity conserved SUSY mostly squark-pair 
production, thus two stops decay.
Since only sum of two LSP momenta known, the best one can do 
is to evaluate
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in the measurement of the W± mass.
In events considered in this example, however, there are expected to be

two unseen lightest supersymmetric particles (LSPs).2 Since only the sum of
the missing transverse momentum of the two neutralinos is known, the best
that can be done is to evaluate the quantity

min
/q(1)

T
+/q(2)

T
=/p

T

[

max
{

m2
T (pπ(1)

T , /q(1)
T ; mχ0

1
), m2

T (pπ(2)

T , /q(2)
T ; mχ0

1
)
}]

(7)

which is thus a lower bound on the square of the transverse mass, mT , for
events where two decays of the type (1) occur. Note that this minimisation

has forced us to introduce a pair of dummy two-vectors /q(1)
T and /q(2)

T which,
constrained by the minimisation condition, parametrise our lack of knowledge
about the two true neutralino momenta. Finally, we must recognise that
under most circumstances, the value of mχ0

1
is unlikely to be known, or may

only be known with limited precision. In order to make our ignorance of mχ0
1

explicit, we thus define a new free parameter, χ, calling it the ‘neutralino
mass parameter’, intending it to denote any guess we might have as to the
true neutralino mass mχ0

1
. Using it in place of mχ, we convert (7) into the

following definition of a new kinematic variable:

m2
T2(χ) ≡ min

/q(1)
T

+/q(2)
T

=/p
T

[

max
{

m2
T (pπ(1)

T , /q(1)
T ; χ), m2

T (pπ(2)

T , /q(2)
T ; χ)

}]

. (8)

The quantity defined in (8) is the Cambridge mT2 variable which is the
subject of this document.

Staying within the framework of this example, we can now go on to
describe some of the the desirable model-independent properties which mT2

possesses.

2.1 Properties of mT 2(χ).

Firstly, is worth noting that the mT2 variable is not strictly a ‘variable’, and
would more correctly be termed a ‘function’, as it retains a dependence on
the unknown parameter χ. Ideally, χ would ideally be set equal to the mass
of the missing heavy particle, but in most of the situations in which the
variable is likely to be used, the mass of the invisible object is unlikely to be
known, or may only be known with a large uncertainty. The χ dependence
remains, therefore. A more detailed discussion of how this can affects the
use of mT2 takes place in section 2.2.2.

2Though there may also be other unseen particles – see section 2.2.1.
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1

explicit, we thus define a new free parameter, χ, calling it the ‘neutralino
mass parameter’, intending it to denote any guess we might have as to the
true neutralino mass mχ0
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. Using it in place of mχ, we convert (7) into the

following definition of a new kinematic variable:
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. (8)

The quantity defined in (8) is the Cambridge mT2 variable which is the
subject of this document.

Staying within the framework of this example, we can now go on to
describe some of the the desirable model-independent properties which mT2

possesses.

2.1 Properties of mT 2(χ).

Firstly, is worth noting that the mT2 variable is not strictly a ‘variable’, and
would more correctly be termed a ‘function’, as it retains a dependence on
the unknown parameter χ. Ideally, χ would ideally be set equal to the mass
of the missing heavy particle, but in most of the situations in which the
variable is likely to be used, the mass of the invisible object is unlikely to be
known, or may only be known with a large uncertainty. The χ dependence
remains, therefore. A more detailed discussion of how this can affects the
use of mT2 takes place in section 2.2.2.

2Though there may also be other unseen particles – see section 2.2.1.
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Secondly, from its method of construction, it is clear that for any given
event

mπ + mχ0
1

≤ mT2(mχ0
1
) ≤ mχ+

1
, and (9)

mπ + χ ≤ mT2(χ) (10)

It is certainly not immediately clear, however, that events can always exits
for which mT2 is capable of reaching all of these endpoints. In fact it turns
out that such events do always exist, and proof of this is given in section 3.3.
So, having defined the quantity mmax

T2 (χ) by

mmax
T2 (χ) = max

many events
[mT2(χ)] , (11)

the important result to draw from all of this is that the upper kinematic limit
of mT2 satisfies

mmax
T2 (mχ0

1
) = mχ+

1
. (12)

This is the main model-independent statement that mT2 is able to offer.

2.2 Going beyond pairs of two body decays

The scenario in which mT2 has been introduced, thus far, is relatively simple;
each event contains a pair of charginos, and each of these decays via a two
body decay into a charged pion and an unseen neutralino. We will now
consider in more detail what happens when:

• the neutralinos are not the only missing particles,

• the initial (e.g. chargino) decays are not both two body decays, and

• mT2(χ) is evaluated at values of χ "= mχ0
1
.

2.2.1 Extra missing particles and multi-particle decays

The need for mT2 to be adaptable to situations in which the neutralinos
are not the only unobserved final-state particles may again be demonstrated
using as an example the model of [7]. In this model, there were found to be
some regions of parameter space in which three-body chargino decay,

χ±
1 → l±νχ0

1, (13)
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in the measurement of the W± mass.
In events considered in this example, however, there are expected to be

two unseen lightest supersymmetric particles (LSPs).2 Since only the sum of
the missing transverse momentum of the two neutralinos is known, the best
that can be done is to evaluate the quantity

min
/q(1)

T
+/q(2)

T
=/p

T

[

max
{

m2
T (pπ(1)

T , /q(1)
T ; mχ0

1
), m2

T (pπ(2)

T , /q(2)
T ; mχ0

1
)
}]

(7)

which is thus a lower bound on the square of the transverse mass, mT , for
events where two decays of the type (1) occur. Note that this minimisation

has forced us to introduce a pair of dummy two-vectors /q(1)
T and /q(2)

T which,
constrained by the minimisation condition, parametrise our lack of knowledge
about the two true neutralino momenta. Finally, we must recognise that
under most circumstances, the value of mχ0

1
is unlikely to be known, or may

only be known with limited precision. In order to make our ignorance of mχ0
1

explicit, we thus define a new free parameter, χ, calling it the ‘neutralino
mass parameter’, intending it to denote any guess we might have as to the
true neutralino mass mχ0

1
. Using it in place of mχ, we convert (7) into the

following definition of a new kinematic variable:

m2
T2(χ) ≡ min

/q(1)
T

+/q(2)
T

=/p
T

[

max
{

m2
T (pπ(1)

T , /q(1)
T ; χ), m2

T (pπ(2)

T , /q(2)
T ; χ)

}]

. (8)

The quantity defined in (8) is the Cambridge mT2 variable which is the
subject of this document.

Staying within the framework of this example, we can now go on to
describe some of the the desirable model-independent properties which mT2

possesses.

2.1 Properties of mT 2(χ).

Firstly, is worth noting that the mT2 variable is not strictly a ‘variable’, and
would more correctly be termed a ‘function’, as it retains a dependence on
the unknown parameter χ. Ideally, χ would ideally be set equal to the mass
of the missing heavy particle, but in most of the situations in which the
variable is likely to be used, the mass of the invisible object is unlikely to be
known, or may only be known with a large uncertainty. The χ dependence
remains, therefore. A more detailed discussion of how this can affects the
use of mT2 takes place in section 2.2.2.

2Though there may also be other unseen particles – see section 2.2.1.
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The quantity defined in (8) is the Cambridge mT2 variable which is the
subject of this document.

Staying within the framework of this example, we can now go on to
describe some of the the desirable model-independent properties which mT2

possesses.

2.1 Properties of mT 2(χ).

Firstly, is worth noting that the mT2 variable is not strictly a ‘variable’, and
would more correctly be termed a ‘function’, as it retains a dependence on
the unknown parameter χ. Ideally, χ would ideally be set equal to the mass
of the missing heavy particle, but in most of the situations in which the
variable is likely to be used, the mass of the invisible object is unlikely to be
known, or may only be known with a large uncertainty. The χ dependence
remains, therefore. A more detailed discussion of how this can affects the
use of mT2 takes place in section 2.2.2.

2Though there may also be other unseen particles – see section 2.2.1.
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cuts:

  

stop pairs

6

t̃1t̃
⇥
1 tt̄ QCD W+jets Z+jets S/B S/

⇥
B10 fb�1

mt̃[GeV] 340 390 440 490 540 640 340
pT,j > 200 GeV, � veto 728 447 292 187 124 46 87850 2.4 · 107 1.6 · 105 n/a 3.0 · 10�5

/pT > 150 GeV 283 234 184 133 93 35 2245 2.4 · 105 1710 2240 1.2 · 10�3

first top tag 100 91 75 57 42 15 743 7590 90 114 1.2 · 10�2

second top tag 15 12.4 11 8.4 6.3 2.3 32 129 5.7 1.4 8.3 · 10�2

b tag 8.7 7.4 6.3 5.0 3.8 1.4 19 2.6 <� 0.2 <� 0.05 0.40 5.9
mT2 > 250 GeV 4.3 5.0 4.9 4.2 3.2 1.2 4.2 <� 0.6 <� 0.1 <� 0.03 0.88 6.1

Table II: Signal (for di�erent stop masses) and backgrounds for the hadronic fat-jet analysis. All numbers given in fb,
the significance is computed for 10 fb�1. The t̃1t̃

⇥
1 and tt̄ rates are normalized to their higher-order values [12, 13].

Z+jets we simulate with the neutrino decay specified.

Moreover, it is clear that from the endpoints of the mT2 distributions we should be able to measure the stop
mass (or better the stop–neutralino mass di�erence) in this process. While making this quantitative statement
does not require any further work, actually estimating the experimental error on stop mass measurements using
fat jets goes far beyond what we can do in this paper. We therefore refrain from quoting any number for the
stop mass measurements and leave it at this statement and the encouragement for a detailed experimental
analysis including full detector simulation. For supersymmetric parameter analyses such a measurement would
of course be hugely beneficial [31, 32].

IV. OUTLOOK

We have shown that while semi-leptonically decaying stops are unlikely to be observed at the LHC, a fat-jet
analysis should be able to discover purely hadronically decaying stops with typical integrated luminosities of
10 fb�1 at 14 TeV. This is true for stop masses above 340 GeV (for mLSP = 98 GeV) and extends to stop masses
well above this range. The stop mass reach based on hadronic decays can be extended more by scaling the
di�erent cuts with the stop-neutralino mass di�erence. Moreover, our limiting factor is somewhat ine⇥cient
cuts to improve S/B, so we expect this result to improve significantly once modern statistical methods are
applied.

The dominant background after cuts and reconstruction is exclusively tt̄ production, which we can reduce
to the S/B � 1 level. QCD jet production is suppressed to a small fraction of the tt̄ background, and V +jets
backgrounds are negligible. This promising result relies on two tagged and reconstructed top quarks, which in
turn allow us to use mT2 constructed from the top momenta and the missing energy vector. Combinatorics are
automatically resolved by the top tagging algorithm.

The fact that we can reconstruct the top momenta should allow the LHC to analyze in detail the nature
of a top partner decaying to a top quark and a dark matter agent. Moreover, because of the large signal-to-
background ratio S/B = O(1) we will be able to use the endpoints of the mT2 distribution to measure the stop
mass once we know the LSP mass. Determining the experimental uncertainties for this mass measurement we
have to leave to an experimental study including a full detector simulation.

As shown in detail in the Appendix our HEPTopTagger algorithm is not only well suited to detect stop pairs
at the LHC. It can be tested in Standard Model top pair production and it can be applied to a large variety
of problems where standard methods fail, for example due to jet combinatorics. In one such application, high
multiplicities of final states from longer decay chains will be automatically resolved. In the current form the
top tagger relies on a Cambridge/Aachen algorithm with a mass drop criterion and a set of invariant mass
constraints. Once we require a fat jet with pT > 200 GeV our top tagging e⇥ciency can reach the 40% to 50%
range for reasonably boosted tops with mis-tagging probabilities around a few per-cent.

Tagger + mT2 go well together
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The quantity defined in (8) is the Cambridge mT2 variable which is the
subject of this document.
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describe some of the the desirable model-independent properties which mT2

possesses.
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Firstly, is worth noting that the mT2 variable is not strictly a ‘variable’, and
would more correctly be termed a ‘function’, as it retains a dependence on
the unknown parameter χ. Ideally, χ would ideally be set equal to the mass
of the missing heavy particle, but in most of the situations in which the
variable is likely to be used, the mass of the invisible object is unlikely to be
known, or may only be known with a large uncertainty. The χ dependence
remains, therefore. A more detailed discussion of how this can affects the
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Figure 1: Normalized mT2 distributions for the stop signal (mt̃ = 340 GeV) and the tt̄ background, after reconstructing
two (real of fake) hadronic top quarks. The hypothetical LSP mass we set to m�̃0

1
= 0 GeV (left) or to the correct value

of m�̃0
1

= 98 GeV (right).

without any physical missing energy [19], which we apply in the following. Next, we veto isolated leptons with
pT,⇥ > 15 GeV, |�⇥| < 2.5, requiring Ehad

T < 0.1Elep
T within R < 0.3 around the lepton.

At this level we apply the top tagger described later and in the Appendix and require two tops to be identified
and reconstructed. Finally, after requiring one b tag inside the first tagged top we construct mT2 [26]. Assuming
we do not know the LSP mass, i.e. setting it to zero in the mT2 construction, we require

mT2 > 250 GeV . (7)

While in Table II we will see that this cut has hardly any impact on the signal significance S/
⇥

B, at least for
small stop masses, we apply it to increase the signal-to-background ratio S/B and hence become less sensitive
to systematic and theory errors.

Constructing the mT2 distributions has two motivations, of which the background rejection cut might even
be the lesser. From the two panels of Figure 1 we see that mT2 with an assumed massless LSP is better suited
to distinguish the stop signal from the top background. As expected, Figure 1 also shows that for larger stop
masses this cut becomes increasingly e�ective. More importantly, once we know the correct value of m�̃0

1
we

can determine the stop mass from the endpoint of the mT2 distribution. Determining the uncertainties of such
a mass measurement, however, is beyond the scope of our phenomenological analysis. Obviously, due to the
wrong decay topology the endpoint of the tt̄ background has nothing to do with the physical top mass, so we
cannot use it to gauge the stop mass measurement.

For a double Standard Model top tag the mis-tagging probability when applied to a pure QCD or W+jets
sample after our process specific cuts turns out to be (not much) below 0.1%, comparable to the numbers
quoted in the Appendix, Table III. From the first column of Table II it is clear that such a reduction rate is
not su⇥cient. Therefore, we follow the example of the Higgs tagger [9, 11] and apply an additional b tag inside
the main constituents of the first tagged top. Limiting this b tag to the three main constituents of one specific
tagged top reduces the fake rate in particular from charm jets or gluons splitting into bb̄ pairs. Assuming a
60% tagging e⇥ciency and a light-flavor rejection around 1/50 this will give the first top tag a mistag rate
well below 0.1%. As it will turn out, this is su⇥cient to render the QCD and W+jets backgrounds negligible
compared to the tt̄ background. Charm jets in the QCD jets sample we do not expect to be a problem. On the
one hand, they have a 10% mis-tagging probability for our b tag, but on the other hand the will appear much
less frequently, based for example on the reduced probability of gluon jets splitting into quarks — a factor 1/4
from counting quark flavors in g � qq̄ alone. Last but not least, given the moderate boost of the top quarks
we check that including a (0.1, 0.1) granularity of the detector in a lego plot has no impact on our analysis.

The large transverse momentum of the two candidate fat jets in Eq.(6) allows us not to worry about triggering
on the one hand and to generate events with a sizeable e⇥ciency — for the actual analysis this cut has little
e�ect, because inside the top tagger we apply a lower cut on the transverse momentum of the reconstructed
top prec

T,t > 200 GeV. We explicitly check this by lowering the acceptance cuts to pT,j > 100 GeV and find no
e�ect on the final numbers of the analysis.

6

t̃1t̃
⇤
1 tt̄ QCD W+jets Z+jets S/B S/

⇥
B10 fb�1

mt̃[GeV] 340 390 440 490 540 640 340
pT,j > 200 GeV, � veto 728 447 292 187 124 46 87850 2.4 · 107 1.6 · 105 n/a 3.0 · 10�5

/pT > 150 GeV 283 234 184 133 93 35 2245 2.4 · 105 1710 2240 1.2 · 10�3

first top tag 100 91 75 57 42 15 743 7590 90 114 1.2 · 10�2

second top tag 15 12.4 11 8.4 6.3 2.3 32 129 5.7 1.4 8.3 · 10�2

b tag 8.7 7.4 6.3 5.0 3.8 1.4 19 2.6 <� 0.2 <� 0.05 0.40 5.9
mT2 > 250 GeV 4.3 5.0 4.9 4.2 3.2 1.2 4.2 <� 0.6 <� 0.1 <� 0.03 0.88 6.1

Table II: Signal (for di�erent stop masses) and backgrounds for the hadronic fat-jet analysis. All numbers given in fb,
the significance is computed for 10 fb�1. The t̃1t̃

⇤
1 and tt̄ rates are normalized to their higher-order values [12, 13].

Z+jets we simulate with the neutrino decay specified.

Moreover, it is clear that from the endpoints of the mT2 distributions we should be able to measure the stop
mass (or better the stop–neutralino mass di�erence) in this process. While making this quantitative statement
does not require any further work, actually estimating the experimental error on stop mass measurements using
fat jets goes far beyond what we can do in this paper. We therefore refrain from quoting any number for the
stop mass measurements and leave it at this statement and the encouragement for a detailed experimental
analysis including full detector simulation. For supersymmetric parameter analyses such a measurement would
of course be hugely beneficial [31, 32].

IV. OUTLOOK

We have shown that while semi-leptonically decaying stops are unlikely to be observed at the LHC, a fat-jet
analysis should be able to discover purely hadronically decaying stops with typical integrated luminosities of
10 fb�1 at 14 TeV. This is true for stop masses above 340 GeV (for mLSP = 98 GeV) and extends to stop masses
well above this range. The stop mass reach based on hadronic decays can be extended more by scaling the
di�erent cuts with the stop-neutralino mass di�erence. Moreover, our limiting factor is somewhat ine⇥cient
cuts to improve S/B, so we expect this result to improve significantly once modern statistical methods are
applied.

The dominant background after cuts and reconstruction is exclusively tt̄ production, which we can reduce
to the S/B � 1 level. QCD jet production is suppressed to a small fraction of the tt̄ background, and V+jets
backgrounds are negligible. This promising result relies on two tagged and reconstructed top quarks, which in
turn allow us to use mT2 constructed from the top momenta and the missing energy vector. Combinatorics are
automatically resolved by the top tagging algorithm.

The fact that we can reconstruct the top momenta should allow the LHC to analyze in detail the nature
of a top partner decaying to a top quark and a dark matter agent. Moreover, because of the large signal-to-
background ratio S/B = O(1) we will be able to use the endpoints of the mT2 distribution to measure the stop
mass once we know the LSP mass. Determining the experimental uncertainties for this mass measurement we
have to leave to an experimental study including a full detector simulation.

As shown in detail in the Appendix our HEPTopTagger algorithm is not only well suited to detect stop pairs
at the LHC. It can be tested in Standard Model top pair production and it can be applied to a large variety
of problems where standard methods fail, for example due to jet combinatorics. In one such application, high
multiplicities of final states from longer decay chains will be automatically resolved. In the current form the
top tagger relies on a Cambridge/Aachen algorithm with a mass drop criterion and a set of invariant mass
constraints. Once we require a fat jet with pT > 200 GeV our top tagging e⇥ciency can reach the 40% to 50%
range for reasonably boosted tops with mis-tagging probabilities around a few per-cent.

�U < 0.02 (64)

U = 0 (65)

BR(H ⇤ ⌅v⌅̄4 ⇤ 4l)

BR(H ⇤ ZZ ⇤ 4l)
⌅ 1 (66)

mH = 200 GeV (67)

BR(H ⇤ ⌅4⌅̄4) ⌅ 0.1 (68)

|Ui⇥4 | (69)

BR(u4 ⇤ q +W) ⌅ 1 (70)

⇤u4b (71)

Vu4b (72)

p̄ (73)

p̄

p
v 10�4 (74)

⇥ =
nB � nB̄

n�
(75)

JGen4 = 30⇥ JSM (76)

⇥bh
2 ⌅ 0.0224 (77)

⇥ = (5.14± 0.25)⇥ 10�10 (78)

W�Jet (79)

das ist sch�n wei§

⇧(pp ⇤ jet ⌅ll
+) ⌅ 496 fb (80)

⇧(pp ⇤ b ⌅ll
+) ⌅ 4.4 fb (81)

⇧(pp ⇤ t ⇤ b ⌅ll
+) ⌅ 13.2 fb (82)

S/
⇧
B10 fb�1 ⌅ 6 (83)
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pTvis1 pTvis2

missing pT

Min(Max)

in the measurement of the W± mass.
In events considered in this example, however, there are expected to be

two unseen lightest supersymmetric particles (LSPs).2 Since only the sum of
the missing transverse momentum of the two neutralinos is known, the best
that can be done is to evaluate the quantity

min
/q(1)

T
+/q(2)

T
=/p

T

[

max
{

m2
T (pπ(1)

T , /q(1)
T ; mχ0

1
), m2

T (pπ(2)

T , /q(2)
T ; mχ0

1
)
}]

(7)

which is thus a lower bound on the square of the transverse mass, mT , for
events where two decays of the type (1) occur. Note that this minimisation

has forced us to introduce a pair of dummy two-vectors /q(1)
T and /q(2)

T which,
constrained by the minimisation condition, parametrise our lack of knowledge
about the two true neutralino momenta. Finally, we must recognise that
under most circumstances, the value of mχ0

1
is unlikely to be known, or may

only be known with limited precision. In order to make our ignorance of mχ0
1

explicit, we thus define a new free parameter, χ, calling it the ‘neutralino
mass parameter’, intending it to denote any guess we might have as to the
true neutralino mass mχ0

1
. Using it in place of mχ, we convert (7) into the

following definition of a new kinematic variable:

m2
T2(χ) ≡ min

/q(1)
T

+/q(2)
T

=/p
T

[

max
{

m2
T (pπ(1)

T , /q(1)
T ; χ), m2

T (pπ(2)

T , /q(2)
T ; χ)

}]

. (8)

The quantity defined in (8) is the Cambridge mT2 variable which is the
subject of this document.

Staying within the framework of this example, we can now go on to
describe some of the the desirable model-independent properties which mT2

possesses.

2.1 Properties of mT 2(χ).

Firstly, is worth noting that the mT2 variable is not strictly a ‘variable’, and
would more correctly be termed a ‘function’, as it retains a dependence on
the unknown parameter χ. Ideally, χ would ideally be set equal to the mass
of the missing heavy particle, but in most of the situations in which the
variable is likely to be used, the mass of the invisible object is unlikely to be
known, or may only be known with a large uncertainty. The χ dependence
remains, therefore. A more detailed discussion of how this can affects the
use of mT2 takes place in section 2.2.2.

2Though there may also be other unseen particles – see section 2.2.1.
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Prospects in top physics for the ILC

• Better precision - less noise!

• Likely not to be systematics limited
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mt > mW +mb (145)

�t ' 1.3 GeV (146)

BR(t ! Zq) < 0.73% (147)

BR(t ! Zq) < 0.73% (148)

BR(t ! Wb) + BR(t ! Zq) = 1 (149)

L =
�
t̃⇤L, t̃

⇤
R

�
M2

�
t̃L, t̃R

�T (150)

cos 2✓
e↵

= �1 (151)

cos 2✓
e↵

= 1 (152)

O(⇤
QCD

) (153)

e+e� ! t̄t (154)
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• Potentially off-shell contributions in               from heavy 
resonances

• Improved measurement of all kinds of couplings: anomalous 
couplings, tth, hh, hbb, ... (need at least 500 GeV)

• Improved direct measurement of mass and width

• Polarized beams can enrich tops of specific polarization

• Study QCD radiation, event shapes, jet substructure



Summary

• The top quark is the new elephant 
in the room

• In pre-Higgs times we had the EW 
scale as target range for new physics
(top mass, W and Z, Unitarization). 
If not ~ 200 GeV say 3 TeV for 
composite models

Now we dont really!

Last guiding principle: Naturalness (much weaker, prepared to give 
up, .e.g Split SUSY....)

• Top affects Higgs most and is participating in all interactions

• If Higgs looks SM-like in 3 years from now, its the top to be looked into

Top partner search!
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