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Energy peak invariance
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The sensitivity to the boost distribution is the key

Shape changes, peak doesn’t! Shape changes, peak does too
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Proof of the concept: 5/fb LHC 7 TeV

b-jet energy

2-parameters fit: peak position, width of the distribution

message: LO effects are well under control 

100 pseudo-experiments from MadGraph5+Pythia6.4+Delphes (ATLAS-2012-097)

Detector-level

→ CMS at work!

(LO+PS)

mtop=173.1 ± 2.5 GeV (stat)
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Proof of the concept: 5/fb LHC 7 TeV

b-jet energy

2-parameters fit: peak position, width of the distribution

message: LO effects are well under control 

100 pseudo-experiments from MadGraph5+Pythia6.4+Delphes (ATLAS-2012-097)

Detector-level

→ CMS at work!

(LO+PS)

mtop=173.1(1±α/π)± 2.5 GeV (stat)



CMS PAS TOP-15-002
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 0.014 ±Width=0.595 

/ndf=0.9202χ

Uncalibrated Measurement
 0.50 GeV± = 66.28 peakE

 0.82 GeV± = 170.37 tm

Calibrated Measurement
 0.71 GeV± = 67.45 peakE
 1.17 GeV± = 172.29 tm
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mt = 172.29 ± 1.17 (stat.) ± 2.66 (syst.) GeV

leading uncertainty from theory can be reduced

pT(top) reweighting smaller than other methods (Lxy, pTℓ …)

Just released !!!



NLO: production & decay 
(MCFM) Agashe, Franceschini, Kim, Schulze - in preparation



Peak shift at NLO



Peak shift at NLO

ΔTH=BR(t→bWg)/BR(t→bW)≃0.05






















































































































hard glue Br

pT>30 GeV 
dR>0.2 0.061

pT>30 GeV 
dR>0.4 0.043

pT>20 GeV 
dR>0.2 0.10

pT>20 GeV 
dR>0.4 0.074

BR(t→bWg)  
MadGraph5@LO













































































































































































































































NLO: production & decay 
(MCFM)

Energy of b
decay at NLOdecay at LO






















































































































preliminary preliminary



Best:  
• narrow band between μhigh and μlow

• steep E vs. mtop






















































































































m=173  μ=86

m=173  μ=346

m=171  μ=171

μ∈[μlow , μhigh]

mtop(MC)

Ê
δÊ

δmtop

pQCD prediction: Ê(mtop)
1. pick top pole mass  

2. pick ren./fact. scales 

3. energy distribution  dσ/dEb 

4. peak of the distribution Ê 

5. Ê(mtop)

pQCD

energy
peaks



NLO E*(mtop)
pTⱼ>30 GeV, ηⱼ<2.4, pTℓ>20 GeV, ηℓ<2.4

Agashe, RF, Kim, Schulze - in preparation
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NLO sensitive to the scale choice: ±1 GeV on mtop
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NLO E*(mtop)
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NLO sensitive to the scale choice: ±1 GeV on mtop
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kT clustering R=0.5 

pT,b>25 GeV

ηb<1.5  
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NLO E*(mtop)
pTⱼ>30 GeV, ηⱼ<2.4, pTℓ>20 GeV, ηℓ<2.4

Agashe, RF, Kim, Schulze - in preparation

NLO sensitive to the scale choice: ±1 GeV on mtop
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Parton shower uncertainties
Sensitivity to shower parameters
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m/GeV ~ 0.5(4)⋅pTmax/mt

m/GeV ~ 11(1)⋅α(ISR)

Parton shower uncertainties
Sensitivity to shower parameters
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m/GeV ~ 0.5(4)⋅pTmax/mt

m/GeV ~ 11(1)⋅α(ISR) m/GeV ~ -60(2)⋅α(FSR)

�↵(FSR) = �0.05�↵(ISR) . 0.01

Parton shower uncertainties
Sensitivity to shower parameters
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m/GeV ~ 0.5(4)⋅pTmax/mt

m/GeV ~ 11(1)⋅α(ISR) m/GeV ~ -60(2)⋅α(FSR)

�↵(FSR) = �0.05�↵(ISR) . 0.01

Parton shower uncertainties
Sensitivity to shower parameters

my take:  
definitively ok to quote 
uncertainty from missing 
shower (well) below 1 GeV



Agashe, RF, Kim, Schulze - in preparation

m/GeV ~ 0.5(4)⋅pTmax/mt

m/GeV ~ 11(1)⋅α(ISR) m/GeV ~ -60(2)⋅α(FSR)

�↵(FSR) = �0.05�↵(ISR) . 0.01

Parton shower uncertainties
Sensitivity to shower parameters

my take:  
definitively ok to quote 
uncertainty from missing 
shower (well) below 1 GeV

m(pole) up to FSR variations?
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What next?



ATLAS?



More (B hadron) peak observables
The strength of the future LHC top mass measurement will build on the diversity of methods 

⇒ not very useful to talk about “single best measurement”

get the hadron energy entirely from tracks
















 

mean decay path peakhadron energy peak

COMING SOON



Exclusive Decay  
(Fully reconstructible with tracks)
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1309.6920 
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What next to next?



Precision Observable Programme on the TOP



Suitable to look for subtle effects

Distributions used for top mass should be well under control 

• max(mbℓ,min)  (truly?) unaffected 
• mT2  larger end-point 
• Eb   affected by top polarization (maybe small)  

• pTℓ, Lxy,s(ttj), affected by top boost (maybe small)

my guess for t̃→ tχ⁰

To know the answer we need to see signal injections

Mtop related observables



mt̃,mχ⁺,mχ=(200,150,100)

15% deviations 10% deviations

New physics effect on mbℓ and Eb

Ebmbℓ

SM/BSM SM/BSM

Ebmbℓ

cuts TOP-14-014
MG5@LO

with G. Polesello



A first look at scale uncertainties 



A first look at scale uncertainties 



A first look at scale uncertainties 



Subtleties of the subtle effects
Δmtop≲300 MeV despite 5% deviations in the tails 

μ=mtop

μ=HT/2 • despite “large” difference in 
the tails, mtop is unaffected 

• good for mtop 

• would be terrible if this was 
the effect of new physics 
sough for in mtop

Eb



pTℓ

Subtleties of the subtle effects
Δmtop≲1 GeV and large deviations in the tails 

• “large” difference in the tails, 
mtop is affected 

• not too bad for mtop  (1407.2763) 

• would be terrible if this was 
the effect of new physics 
sough for in these tails

μ=mtop

μ=HT/2



pTℓ

Subtleties of the subtle effects

• “large” difference in the tails, 
mtop is affected 

• not too bad for mtop  (1407.2763) 

• would be terrible if this was 
the effect of new physics 
sough for in these tails

μ=mtop

μ=HT/2
Eℓμ=mtop

μ=HT/2



Thank you
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Figure 3: The invariant mass distribution of the lepton and the b-jet. Note that the lepton and the b-jet do not
necessarily come from the decay of the same top quark, see text. The left panel shows the scale uncertainty bands
for µR = µF = [0.5mt, 0.75mt,mt, 1.25mt]. The right panel shows two NLO normalized mlb distributions for
mt = 171 GeV and mt = 179 GeV.

estimated theoretically. We have also chosen to calculate ⟨cos θlb⟩ for the b-jet that minimizes
the invariant mass mlb since in this case, there is a partial compensation of incorrect assignments
between the numerator and the denominator in Eq. (39). As the result, Mest becomes closer to
the input value mt as compared to the case when “correct” pairing of the b-jet and the lepton
is chosen to calculate ⟨cos θlb⟩ in Eq. (39). It is argued in Ref. [4] that with 10 fb−1 integrated
luminosity, the statistical and systematic uncertainties in the top quark mass of about 1 GeV each
can be achieved from ⟨m2

lb⟩ measurement.
To assess how realistic those uncertainties are, we consider five different values of the top quark

mass mt = [171, 173, 175, 177, 179] GeV. For each of these mt values, we compute Mest for four
values of the renormalization and the factorization scales µR = µF = [0.5mt, 0.75mt,mt, 1.25mt]
and for two sets of parton distribution functions CTEQ [28, 29] and MRST [30]. We use the
mean value and the standard deviation of these eight values to compute central value of Mest and
its error. Clearly, by no means this is an exhaustive scan through the parameter space7 but it
gives us an idea of the uncertainties on the theoretical side. Examples of mlb distributions and
the results of the calculation are shown in Figs. 3,4. The uncertainties on Mest do not depend on
mt in significant way; they are 0.1 (0.2) GeV at leading and next-to-leading order, respectively.
Performing the linear fit, we find

MLO
est = 0.8262mt + 23.22 GeV, MNLO

est = 0.7850mt + 28.70 GeV. (41)

The quality of the linear fit is very good; for example, the root mean square of the residuals of
the NLO fit is δrms = 0.032. It is instructive that the analysis of this observable at leading order
shows stronger correlation between mt and Mest than at next-to-leading order. In addition, the
theoretical uncertainty in Mest increases when NLO QCD corrections are included. The primary
reason for the increased uncertainty is stronger dependence of Mest on the renormalization and
factorization scales at NLO. This feature can be understood by considering the situation where
no phase-space cuts are applied and where all the assignments of a lepton and a b-jet are done
correctly. In this case, as follows from the discussion at the beginning of this Section, the estimator
equals to the top quark mass regardless of the renormalization and factorization scales and the
chosen parton distribution functions. At next-to-leading order, this is not true anymore because
of the gluon radiation in top decay that is sensitive to the value of the strong coupling constant
and, hence, to the renormalization scale. We note that we observe a very weak dependence of Mest

on parton distribution functions which implies that even with the phase-space cuts and incorrect
pairing, this variable is primarily sensitive to top quark decays rather than to top quark production

7For example, one can and perhaps should use different renormalization scales to compute numerator and
denominator in Eq. (39), to get a better idea of the scale uncertainties in Mest.
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Figure 17: Invariant-mass distribution of positron–b-jet system with standard cuts for
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√
s = 8TeV for dynamical scale µ0 = ET/2.
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mbℓ at NLO
on-shell tops

off-shell tops





NLO: production 
(MCFM)

very little sensitive to the scale choice (less than 400 MeV on mtop)

preliminary preliminary

mtop=173 GeV
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NLO: production 
(MCFM)

preliminary

shift ~ Rᵖ  (p~2 jet area) 
shift ~ 1/μ (real radiation)

preliminary
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preliminary

shift ~ Rᵖ  (p~2 jet area) 
shift ~ 1/μ (real radiation)

preliminary

Ê=E₀+α(μ)⋅p⋅R²+ …
























































































































decay NLO sensitive to the scale choice: ±1 GeV on mtop

NLO: production & decay

Ê= E₀ + α(μ)⋅[ p⋅R² + p⋅logR ] +…

preliminary preliminary

inclusiveinclusive



decay NLO sensitive to the scale choice: ±1 GeV on mtop

NLO: production & decay

Ê= E₀ + α(μ)⋅[ p⋅R² + p⋅logR ] +…

preliminary preliminary

cutscuts



Dependence on the scales
R=0.5  pNLO vs. pdNLO

pdNLOpNLO



Dependence on the scales

pdNLOpNLO

R=0.5  pNLO vs. pdNLO



pdNLO

Dependence on the scales
R=0.9  pNLO vs. pdNLO

pNLO



Dependence on the scales

pdNLOpNLO

R=0.9  pNLO vs. pdNLO



pdNLO

Dependence on the scales
R=0.7  pNLO vs. pdNLO

pNLO



Dependence on the scales

pdNLOpNLO

R=0.7  pNLO vs. pdNLO



A simple, yet subtle, invariance 
of the two body decay
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Event-by-event we cannot tell anything





































































Massless b-quark (for now)




























































































































unpolarized top sample          cosθ is flat

Fixed top boost decay























































































































































































































































































































































































































































































Summing over the top boosts









































































































































































































































 
















for any top boost distribution                  the peak:










































































































































































































































Lab-frame energy distribution

• is the same as in the rest frame

• encodes invariant















There is no difference when the b-mass is taken 
into account provided 

γtop < 2

(

E∗

daughter

mdaughter

)2

− 1 ⇒

{

γtop < 500 for b

γtop < 2.4 for W

1
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also Stecker 1971
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