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Bottom-up vs. Top-down
• For new physics associated, two approaches are possible:

• top-down (e.g., model parameter scanning)

• bottom-up (e.g., inverse problem, OSET)

• Different EXP strategies and different TH and MC tools:
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Well-defined models

Extremely optimized 
(→non-portable) analysis

Dedicated MC tools

Coarse structure

General searches

multi-purpose MC’s
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Bottom-up or ‘model-independent’
approach to BSM searches

• ‘Choose’ variable that could be sensitive to new physics.

• Use the best known approximations to study this variable.

• Study the possible effects from New Physics.

• Compare all results with data.

• If discrepancy is found, use other observables to determine 
properties of the new physics

• Try to develop a model that explains all discrepancies
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Top pair invariant massmtt spectrum 

low invariant mass high invariant mass

* ~90% of the total cross section
* ttbar at threshold in a 1S0[tt] state
* High-statistics sample⇒
   - early SM physics
   - CP-violation
   - top rare decays
   - low mass new resonances

!=90% !tot

* mtt >1 TeV ⇒ ~2% of the total cross section

* Events are more 2jet like  ⇒ different selection

* EW effects (e.g. P-violation) start to be important
* Relevance of qq+qg increases 
* TeV Resonances searches 
* Top partners searches

               

    NIKHEF 9 May 2008! ! ! ! ! ! !        !! ! ! !                                              ! ! ! Fabio Maltoni
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mtt spectrum: low mass

               

    NIKHEF 9 May 2008! ! ! ! ! ! !        !! ! ! !                                              ! ! ! Fabio Maltoni

NLO corrections for total cross 
section are known since a long
time (1989).

Improvements on resummation of
threshold logs recently leading to 
a (partial) reduction of scale 
uncertaintes

Spin correlations are basically 
unffected by NLO corrections.

Strong mass dependence.

Mangano, Nason & Ridolfi 1992
Bernreuther, Brandenburg, Si & Uwer 2001
Bonciani, Catani, Mangano & Nason 1998
Frixione, Nason, Webber 2003

NLO:
Incl. spin corr.:

NLL:
MC@NLO:

mtt spectrum: low mass

• NLO corrections for total cross 
section are known since a long 
time (1989)

• Resummation of threshold log’s 
leads to a (partial) reduction of in 
the scales.

• Spin correlations are unaffected 
by NLO corrections

• Strong mass dependence
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mtt spectrum: low mass

Tree-level results with dynamical scales reproduces MC@NLO 
results well: a stable observable

Tevatron LHC
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PDF uncertainties in top pair 
production

0.350 1

* ttbar production sits exactly on the minimum uncertainty x for the gluon pdf.
* Unticorrelated with the W cross section.
* PDF error is very small compared to the scale uncertainties for low ttbar invariant masses.
* higher invariant masses start to probe x areas characterized by larger uncertainties.

[Campbell,Huston,Stirling,2006]

    NIKHEF 9 May 2008! ! ! ! ! ! !        !! ! ! !                                              ! ! ! Fabio Maltoni

!tt: PDF errors

               

TeVmtt
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• Total cross section depends 
strongly on the top mass

• This could be used to 
measure the top mass from 
the total cross section

• However, the error on the 
total cross section is theory 
dominated!

• What about the shape of mtt?

mt from cross section

(a) (b)

Figure 4: The tt̄ production cross section as a function of the top quark mass mt including
scale dependence at the Tevatron (a) and the LHC (b).

fact that the tops are highly boosted and can give rise to single jet-like topologies when
they decay hadronically. The interested reader can find a detailed study for the single
lepton final state signature in Refs. [35, 46].

2.1 Top quark mass dependence

As can be clearly seen from Fig. 1, the normalization, as well as the shape of the tt̄
invariant mass distribution depends on the mass of the top quark. It is then natural to
wonder whether such a rather strong dependence could provide another way to determine
the mass of the top quark. The aim of this subsection is to provide a quantitative answer,
based only on the theoretical uncertainties.

In Fig. 4 we have plotted the tt̄ production cross section σ as a function of the top
quark mass at the Tevatron (a) and the LHC (b). The scale uncertainties, even at the
NLO, are rather large. Neglecting non-linear terms, a fit to the central curve gives

∆mt/mt ∼ 0.2∆σ/σ + 0.03 (LHC). (1)

This equation relates the relative uncertainty on the measurement of the tt̄ cross section
to the relative uncertainty on the top quark mass: the ∆σ/σ term represents the slope
and the constant term the horizontal spread, i.e., the scale uncertainty, of the curves in
Fig. 4. This means that a measurement of the cross section with an uncertainty of 5%
would lead to a 0.2 × 5% + 0.03 = 4% uncertainty of the top quark mass, the error being
mainly associated with scale variations. At the Tevatron the situation is slightly different.
The scale dependence is milder,

∆mt/mt ∼ 0.2∆σ/σ + 0.015 (Tevatron) , (2)

5
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Theoretical uncertainties
in top pair invariant mass

mt = 165 GeV mt = 175 GeVmt = 170 GeV
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Theoretical uncertainties
in top pair invariant mass

(a) (b)

Figure 5: The normalized tt̄ production cross section as a function of the tt̄ invariant mass,
mtt̄, for the Tevatron (a) and the LHC (b). Solid lines from left to right are for a top quark
mass of mt = 160, . . . , 180 GeV in steps of 5 GeV, respectively. The bands spanned by the
red lines show the scale uncertainties.

and known to be reduced at NLL [36], but the PDF errors, which are not included in the
plot, are not negligible and are found to be of a similar size [36].

We can therefore conclude that the accuracy of an independent extraction of the top
mass from a measurement of the cross section is limited by the NLO theoretical uncer-
tainties. Recent work suggests that inclusion of NNLO corrections could reduce the scale
uncertainties sizably [47].

It is therefore worth investigating whether information on the top mass can be extracted
from some other quantity besides the total cross section. In Fig. 5 the tt̄ invariant mass

distributions normalized to unity, ∂σ
∂mtt̄

∣

∣

∣

norm.
, are plotted for five different top quark masses,

mt = 160 . . . 180 GeV in steps of 5 GeV. The bands spanned by the red lines show the
left-over scale uncertainties which are sizably reduced compared to Fig. 1. We find that the
shape of the mtt̄ distribution is quite insensitive to theoretical uncertainties, while retaining
a strong dependence on the top quark mass. It is therefore interesting to consider whether
the invariant mass distribution could provide an independent measurement of the top quark
mass.

One way to quantify to which extent the shape is sensitive to the top mass vs. the
theoretical uncertainties is to perform an analysis based on the first few moments of the

normalized tt̄ invariant mass distributions ∂σ
∂mtt̄

∣

∣

∣

norm.
. This approach has the virtue of being

simple and systematic. Needless to say, alternative quantities, such as the peak position,
or more sophisticated techniques, such as Kolmogorov tests, could also be employed.

In Fig. 6 we present the mean value 〈mtt̄〉, standard deviation s, skewness γ1 and kurtosis
γ2 of the tt̄ invariant mass distributions as a function of the top quark mass mt for various

6

Tevatron LHC

Normalized mtt distributions for mt=160,...,180 GeV

Shape is under good control, normalization uncertainty is large.
Study moments to compare distributions!
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mt from mtt: moments approach

• Very promising: 
further exp. sudies 
for systematics 
needed!

(a) (b)

(c) (d)

Figure 4: The tt̄ production cross section as a function of the top quark mass mt including
scale dependence.

A quick look at the plots of Fig. 1 suggests that the scale uncertainties change the
normalization of the tt̄ invariant mass distribution, but leave the shape more or less the
same. Therefor we would like to compare the differences in shapes as a function of the top
mass. We do this by considering (functions of) the first few moments of the normalized tt̄

invariant mass distributions ∂σ
∂mtt̄

∣

∣

∣

norm.
. In general, experimental uncertainties are smaller

for normalized distributions compared to the full distributions. In Fig. 5 we present the
mean value 〈mtt̄〉, standard deviation s, skewness γ1 and kurtosis γ2 of the tt̄ invariant
mass distributions as a function of the top quark mass mt for various scales. The skewness
(kurtosis) is a dimensionless quantity that gives a measure of asymmetry (peakedness) of
a distribution. These quantities are defined as

〈mtt̄〉 =

∫

dmtt̄ mtt̄
∂σ

∂mtt̄

∣

∣

∣

norm.
, s =

√
µ2, γ1 =

µ3

µ3/2
2

and γ2 =
µ4

µ2
2

− 3, (1)

respectively. The central moments µn are defined as

µn =

∫

dmtt̄

(

mtt̄ − 〈mtt̄〉
)n ∂σ

∂mtt̄

∣

∣

∣

norm.
. (2)

We have limited the mtt̄ integrals between 2mt and 1 TeV.
Due to the small scale uncertainty in the mean of the tt̄ invariant mass distribution

〈mtt̄〉, Fig. 5(a), this is a very good quantity to estimated the top quark mass. Moreover,
the experimental errors will also be smaller compared to ones in the measurement of the
total cross section, because only the normalized distribution is needed to calculated the
mean value. A fit to the mean value shows that ∆mt/mt ∼ 1.2∆〈mtt̄〉/〈mtt̄〉 + 0.005.
Which means that if the mean value is measured with a 1% uncertainty, the uncertainty of
the top quark mass is only 1.7%, including the scale uncertainties. The standard deviation,
Fig. 5(b), is almost constant. This variable is unusable for a top quark mass measurement.
The skewness of the tt̄ invariant mass distribution as a function of the top quark mass
is plotted in Fig. 5(c). The scale uncertanties are, more or less, twice as large as for the
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Figure 3: Scale (dashed) and PDF (dotted) uncertainties in the tt̄ invariant mass spectrum
for mt = 170 GeV at NLO in QCD, with the CTEQ6M PDF-sets. Also plotted are the
LO distribution (light dash-dotted), the LO including NLO Electro-Weak corrections (dark
dash-dotted) with CTEQ6L1 PDF-set. The LO distribution is normalized to the NLO
total cross section.

deviate from the NLO order and clearly underestimates the NLO distribution (note that
curves here are normalized to the total cross section at NLO). Also, as expected, the PDF
uncertainties start to increase and dominate the theoretical errors as the most important
contributions come from the large x region. Next-to-leading order electroweak corrections
to the LO distribution are also included in this figure [43, 44]. Their effect is to decrease
the cross section by a few percent for invariant masses below 1000 GeV and up to 15%
for invariant masses around 4 TeV (the Higgs mass dependence is mild). This means that
EW effects on this distribution are negligible compared to the current PDF uncertainties
and give only a minor deviation from the LO curve.

We conclude this section by mentioning the other sources of potentially large uncertain-
ties in the determination of the tt̄ invariant mass. The first is related to its reconstruction
from the decay products. In general the uncertainty on the mtt̄ distribution will depend
on the final state signature (fully-hadronic, single-lepton and double-lepton final states),
which determine the reconstruction technique and, more importantly, on the detector ef-
ficiencies and resolutions. For completeness we briefly discuss the current proposals for
reconstruction in the various decay channels in the Appendix. The second is due to both
QCD backgrounds, i.e. multi-jet, W, Z+jets and WW+jets, and top backgrounds, i.e.
single-top and tt̄ itself as coming from a final state different signature than the one con-
sidered. While the QCD backgrounds at the Tevatron are severe but very well studied, it
has been shown that at the LHC their impact at low tt̄ invariant mass is negligible when
at least one lepton is present in the final state [45]. In the high invariant mass tail, some
QCD backgrounds, and in particular W+ one or two jets, become important due to the

4

mtt spectrum: high mass
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* Up to few percents the LO and NLO shape are the same.
* Quark initiated process start to be relevant only at high mtt>3000 GeV
* Several groups have by now calculated  the contribution from  the virtual exchange of 
electro-weak bosons (W,Z,H,!)
*The effect on the total cross section is small but it is enhaced at large mtt, up to -10/-15%. 
*SUSY could also lead to virtual corrections of similar size, relevant only for high-mtt  physics.

mtt spectrum: high mass
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Outline

• Strategies for BSM at the LHC

• Focus on mtt

• SM predictions

• pp ➙ X ➙ tt : three step analysis

• Perspectives
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New resonances

X

t̄

t

q̄

q

l+

ν

l−
ν̄

b

b̄

W−

W+To access the spin of the intermediate 
resonance spin correlations should be 
measured.

It therefore mandatory for such cases to have 
MC samples where spin correlations are kept 
and the full matrix element pp>X>tt>6f is 
used.

New resonances
In many scenarios for EWSB new resonances show up, some of which preferably couple 
to 3rd generation quarks.

Given the large number of models, in this case is more efficient to adopt a “model 
independent” search and try to get as much information as possible on the quantum 
numbers and coupling of the resonance.

q

q̄

t

t̄

Z ′

q

q̄

t

t̄

Gµν

q

q̄

t
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Φ
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Spin Color (1,!5)
[L,R]

SM-interf Example

0

0 (1,0) no Scalar

0 (0,1) no PseudoScalar

0 (0,1) yes Boso-phobic

8 (0,1),(1,0) no Techni-pi0[8]

1

0 [sm,sm] yes/no Z’

0 (1,0),(0,1)(1,1),(1,-1) yes vector

8 (1,0) yes coloron/kk-gluon

8 (0,1) “yes” axigluon

2 0 -- yes kk-graviton

                              

Zoology of new resonances
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http://madgraph.phys.ucl.ac.be/

Zoology of new resonances
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Three-phase analysis

Find an excess of events in a relatively simple 
observable, in our case: top pair invariant mass

Use a more involved observable to 
determine the spin of the resonance, 

e.g. the Collins-Soper angle

Use the full information in the event 
to determine the coupling-structure 

of the resonance

phase I

phase II

phase III
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Phase I: Excess of events

• Vector resonance in color 
singlet or octet state

• Widths and rates very 
different

• Interferences with ttbar 
backgr. not always 
negligible.

• Direct information of σ‧BR 
and Γt
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Phase I: Excess of events

• RS model with first KK 
graviton resonance at 
600 GeV

• Spectacular signature!
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Phase I:
Also non-trivial interferences

[MadGraph]

Dicus, Stange & Willenbrock 1994
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Phase I:
Also non-trivial interferences

[MadGraph]

Dicus, Stange & Willenbrock 1994
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[MadGraph]

Dicus, Stange & Willenbrock 1994

Interference effects between New Physics and SM background leads to ‘peak-dip’ 
structure. It is important to simulate signal and background consistently in one go!

Phase I:
Also non-trivial interferences
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Phase II: Determine Spin

SM

BSM
θ

t

t̄

p p
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Phase 2: ttbar angular distributions

CS angle

Robust reconstruction needed, but much easier than spin correlations...By measuring the Collins-Soper angle information about the 
spin structure of the resonance can be obtained
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X

t̄

t

q̄

q

l+

ν

l−
ν̄

b

b̄

W−

W+

• Use the full information of the 
events to determine coupling-
structure

• We also need matrix element 
simulation of the decay of the 
top quarks, i.e. the full 2→6 
process

• In general each resonance is 
more sensitive to a different 
distribution

Phase III: Spin correlations
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Phase III: Spin correlations

SM

1
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d2σ

d cos θ+d cos θ
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=
1

4
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1 − A cos θ+ cos θ
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+ b+ cos θ+ + b
−

cos θ
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Angle between     in top rest-frame 
and top in top pair rest-frame

l
+

Angle between     in anti-top rest-frame 
and anti-top in top pair rest-frame

l
−

Example: Spin-1
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Phase III: Spin correlations
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• Angle between lepton in top frame and anti-lepton in anti-top frame.

Phase III: Spin correlations



Rikkert FrederixSMLHC London Workshop, March 31, 2009

Conclusions

• Making discoveries at the LHC (most probably) won’t be 
easy

• A lot of activity in the last years in trying to identify general 
strategies to attack the problem with a  bottom-up strategy.
New tools being developed : TH, MC, statistical...

• We have studied mtt as an example of the simplest possible 
bottom-up / model-independent strategy to try to discover 
and measure the properties of resonances.

• TopBSM is publicly available as a MadGraph model and 
work in progress on extensions/improvements. 



Rikkert FrederixSMLHC London Workshop, March 31, 2009

Extra slides
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Reconstruction issues
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• Three possible different signatures (0,1,2, leptons in the final state) entail 
different event reconstruction strategies.

• Also the three different phases ask for (increasingly) sophisticated approaches

• To fix the final state (modulo combinatorics) we need 18 measurements. 

Reconstruction issues

0 lept 1 lepts 2 lepts

# measured 6x3 5x3+ ET +mw 4x3+ET+(2mw,2mt)

m(tt) no reco needed
reco 

(no comb w/ constr) full reco w/ comb

no spin comb

cos !
reco 

(no comb w/ constr)

spin corr.
full reco 

+ 4-fold spin comb
full reco

+ 2-fold spin comb


