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Charge asymmetry

unfold in t�t events with two leptons �j�t=`j = j�t=`+ j � j��t=`� j

AC = N(�j�j>0)�N(�j�j<0)
N(�j�j>0)+N(�j�j<0)

result:

A
lep
C = 0:011 � 0:011 � 0:007(QCD + EW(NLO) : 0:0111 � 0:0004)

A
lep
C = 0:003 � 0:006 � 0:003(QCD + EW(NLO) : 0:0064 � 0:0003)
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Spin Correlation
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B,C: polarization, spin correlation

a,b: spin quantization axes

�: angle between axis and momentum of decay particle in top quark rest frame
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Spin Correlation
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Top quark width I

dilepton t�t selection in 12:9 fb�1 13 TeV data

observable: m`b
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Top quark width II

Method:

likelihood for different �t with

nuisances

limit on SM width with CLS

Result:

measured: 0:6 � �t � 2:5 GeV @ 95%

CL

expected: 0:6 � �t � 2:4 GeV @ 95%

CL

CDF: �t � 6.38 GeV @ 95% CL

(PRL 111 (2012) 202001  [GeV]Γ
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Top mass
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G fitter SM

Jul ’14

6

of this scheme lies in the fact the numerically dangerous tadpole terms are effectively
re-summed in ṽ and explicitly contribute only in the Higgs sector (see, e.g., Ref. [13]).

In our study we made use of the first approach. Let us mention, however, that both
options should converge to the same result when vev is consistently traded for the Fermi
constant GF by inverting the last relation of (13). This option was advocated, e.g., in
Ref. [14] and renders explicitly gauge-independent relations (13) for particle masses.

The set of non-linear equations (13) on the Lagrangian parameters can be solved
analytically in PT:

�(µ) = 2

�1/2GFM
2
H [1 + �H(µ)], yf (µ) = 2

3/4G1/2
F Mf [1 + �f (µ)], (15)

where �i differ from ¯�i and depend on physical masses instead of the running ones.
Due to lack of space, we are not going to present the results for the SM couplings

at the EW scale but just refer to our paper [12] together with the C++ code [15]. In
spite of the fact that different approaches to tadpoles were utilized in Ref. [16] and our
work, numerical results turns out to be very close to each other for the same input taken
from PDG2014 [17]. However, our analysis [12] demonstrated that in [16] theoretical
uncertainty of the top-quark Yukawa coupling yt(Mt) seems to be underestimated by a
factor of 2.

Fig. 3: Phase diagram of vacuum stabil-
ity ontained at three loops (NNLO). One-
(LO) and two-loop (NLO) results are also
indicated. The present world average of
(Mt,Mh) is shown with 1-3� countors.

Let us now return to critical parame-
ters and scales. Simple criterion of (11)
serves as a good (and gauge-independent)
starting point for our study. A more elab-
orated condition (7) requires evaluation of
Ve↵ . In the latter case the prescription of
Ref. [18] was utilized to compute Ve↵ at
the two-loop order. According to this ref-
erence one not only improves the potential
via RG, but also re-ogranize the expan-
sion (4) by taking into account the scaling
� ⇠ ~g42 . The detailed description of the
procedure and the comparison of the sim-
plified and full treatment of Ve↵ can be
found in Refs. [12,18].

A warning should be issued concerning
physical meaning of “critical” (or “instabil-
ity”) scales emerging from the analysis. It
is customary to think of these scales as
scales, at which some New Physics might appear to cure potential instability. However,
one should be careful (see, e.g., discussions [19]) from associating the instability scale
with Higgs field values, due to gauge-dependence of the latter. We refrain from doing
any conclusion on the New Physics scale and ignore this issue.

The results of vacuum stability analysis are conventionally presented in a form of
phase diagram (Fig. 3) in the plane (Mh,Mt). Two critical lines correspond to the bound-
aries of the absolute stability region (green) and that of “absolute” instability (red) and
are obtained in NNLO. The importance of high-order corrections can be deduced from

(Gfitter) (Bednyakov, 1609.02503)

Top mass measurements

colored object: pole mass not well defined

direct measurements rely on MC (parton shower), not theo. computable

indirect measurements experimentally less precise
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Top mass ambiguity

Ambiguity of the Pole Mass 
•  Pole mass defined by an asymptotic series 

•  Renormalon ambiguity: the series is not Borel summable 
•  Ambiguity proportional to ΛQCD , but with what coefficient ? 
•  Relation to MS mass up to 4-loops 

•  Most recent estimate of the ambiguity 

Marquard, Smirnov, Smirnov, Steinhauser `15 

Beneke, Marquard, Nason, Steinhauser arXiv:1605.03609 7	Czakon
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Top mass and MC I

Precision m

t

determination

 [GeV]tm
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10  4.60 GeV± 4.60 ±175.50 
 syst)± stat ±(value 

CMS 2010, dilepton
-1JHEP 07 (2011) 049, 36 pb

 1.43 GeV± 0.43 ±172.50 
 syst)± stat ±(value 

CMS 2011, dilepton
-1EPJC 72 (2012) 2202, 5.0 fb

 1.21 GeV± 0.69 ±173.49 
 syst)± stat ±(value 

CMS 2011, all-jets
-1EPJC 74 (2014) 2758, 3.5 fb

 0.98 GeV± 0.43 ±173.49 
 syst)± stat ±(value 

CMS 2011, lepton+jets
-1JHEP 12 (2012) 105, 5.0 fb

 1.22 GeV± 0.19 ±172.82 
 syst)± stat ±(value 

CMS 2012, dilepton
-1This analysis, 19.7 fb

 0.59 GeV± 0.25 ±172.32 
 syst)± stat ±(value 

CMS 2012, all-jets
-1This analysis, 18.2 fb

 0.48 GeV± 0.16 ±172.35 
 syst)± stat ±(value 

CMS 2012, lepton+jets
-1This analysis, 19.7 fb

 0.47 GeV± 0.13 ±172.44 
 syst)± stat ±(value 

CMS combination

 0.52 GeV± 0.37 ±174.34 
 syst)± stat ±(value 

Tevatron combination (2014)
arXiv:1407.2682

 0.71 GeV± 0.27 ±173.34 
 syst)± stat ±(value 

World combination 2014
ATLAS, CDF, CMS, D0
arXiv:1403.4427
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Direct and indirect mt determinations

�m
(exp)
t ⇠ 0.5 GeV but spread around 2GeV

EW precision fit (mt = 177 ± 2.1GeV)
1.6� above world average

Kinematic m

pole

t determinations

excellent experimental systematics

require accurate theory understanding of

mMS
t $ mpole

t $ observables

Non-perturbative (renormalon) ambiguity in m

MS

t $ m

pole

t

intrinsic O (⇤QCD) ambiguity of pole mass much smaller than previously expected:
�mpole

t ⇠ 70MeV [Beneke et al, 1605.03609]

Monte Carlo simulations with higher-order pp ! WWbb̄ matrix elements

well defined mpole
t input (no MC mass!)

systematic precision improvements in mpole
t $ observables
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Resonance aware NLO+PS matching method
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Long-standing problem: NLO+PS for resonant pp ! WWbb̄ MEs

uncontrolled MWb shifts from resonance unaware first emission and showering

) highy ine�cient event generation

) unphysical order ↵2
Smt/�t ⇠ 1 distortion of top line shape and related observables

Resonance aware Powheg matching [Jezo and Nason, 1509.09071]

guiding principle: respects on-shellness and all-order factorisation of top
production⇥decay for �t ! 0

) assign radiation to top production or decays consistent with �t ! 0 limit

) modified NLO+PS approach to preserve resonance virtualities at all stages

see analogous approach in MC@NLO [Frederix et al, 1603.01178]
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15 / 23Pozzorini
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New MC: t�t ! b�b4`

pp ! bb̄4` vs traditional Powheg tt̄ generator I

bb̄4`: NLO+PS pp ! e+µ�⌫e⌫̄µbb̄ [Jezo et al, 1607.04538]

tt̄: NLO+PS pp ! tt̄ with LO+PS decays (hvq) [Frixione, Nason, Ridolfi, ’07]

Reconstructed top mass b-jet–lepton mass
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Significant e↵ects for mt determination

asymmetric shape distortion around the resonance

average MWjB roughly 0.5 GeV higher (within ±30GeV around mt) in bb̄4`

20–30% e↵ects around the M`jB edge

17 / 23

t�t ! b�b4` wrt t�t

difference in peak position of mWb

difference in tail mb`

Better modeling uncertainties in top mass observables in dilepton channel

Pozzorini
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Top mass and MC II

Method:

compare hadron level QCD prediction of

2-jettiness in e+e� with MC

Final Results

• All investigated MC top mass values
show consistent picture

• MC top quark mass is indeed
closely related to MSR mass

within uncertainties:
mMC

t ƒ mMSR
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Calibration : (� e+e�

2 )

Pythia 8.205, tune 7

NNLL, �t = 1.4 GeV

Moritz Preisser (University of Vienna) MC Top Mass Calibrations 2016-09-20 10 / 11
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1608.01318,Preisser
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`+jets Channel
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 GeV-1.10 +1.10172.85 CDF, lepton+jets
-1PRL 109 (2012) 152003, 8.7 fb

 GeV-1.86 +1.86173.93 CDF, MET+jets
-1PRD 88 (2013) 011101, 8.7 fb

 GeV-0.76 +0.76174.98 D0 matrix elements, lepton+jets
-1PRD 91 (2015) 112003, 9.7 fb

 GeV-1.27 +1.27172.33 ATLAS 2011, lepton+jets
-1EPJC 75 (2015) 330, 4.6 fb

 GeV-1.07 +1.07173.49 CMS 2011, lepton+jets
-1JHEP 12 (2012) 105, 5.0 fb

 GeV-0.51 +0.51172.35 CMS 2012, lepton+jets
-1PRD 93 (2016) 072004 , 19.7 fb

 GeV-0.76 +0.76173.34 
World combination
ATLAS, CDF, CMS, D0
arXiv:1403.4427 (2014)

l+jets channel
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Kinematic Fit

split in 3 permutation classes:

correct

wrong

flipped b-quarks, mistags

unmatched

no unambiguous match

kinematic fit:

two untagged jets:

mjj = 80:4 GeV

lepton and neutrino (6ET )

m`� = 80:4 GeV

combine with two b-tagged jets:

mjjb1
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Kinematic Fit
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Ideogram Method

simultaneous measurement of the
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Hybrid Method

Study interplay of 2D and 1D(JSF=1) results

Shifts with sign:
�m

2D

t (GeV) �JSF �m
1D

t (GeV) �m
hyb

t (GeV)

Ren. and fact. scales +0:17 � 0:08 �0:004 � 0:001 �0:24 � 0:06 �0:09 � 0:07

ME-PS matching threshold +0:11 � 0:09 �0:002 � 0:001 �0:07 � 0:06 +0:03 � 0:07

Underlying event +0:15 � 0:15 �0:002 � 0:001 +0:07 � 0:09 +0:08 � 0:11

Observation:

JSF from mreco
W gets larger shifts than needed for mfit

t .

i.e., mreco
W stronger affected by modeling than mt

Solution: hybrid method

Add JSF-prior to likelihood to include jet calibration measurements
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Result on Data

Result with 28 295 selected events in

`+jets channel, 19:7 fb�1

m
hyb
t = 172:35 �0:16 (stat.+JSF)

�0:48 (syst.) GeV
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 (8 TeV)1Lepton+jets, 19.7 fbCMS

�mtop (GeV)

2D hyb

Method calibration 0.04 0.04

Jet energy corrections 0.11 0.16

Lepton energy scale 0.01 0.01

6ET scale 0.04 0.04

Jet energy resolution 0.11 0.03

b tagging 0.06 0.06

Pileup 0.12 0.04

Backgrounds 0.05 0.03

JEC: Flavor-dependent 0.40 0.34

b jet modeling 0.17 0.16

PDF 0.09 0.04

Ren. and fact. scales 0.17 0.09

ME-PS matching threshold 0.11 0.07

ME generator 0.11 0.12

Top quark pT 0.16 0.02

Underlying event 0.15 0.11

Color reconnection modeling 0.13 0.09

Total systematic 0.59 0.48

Statistical 0.20 0.16

Total 0.62 0.51

Phys. Rev. D 93 (2016)
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Dilepton channel
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Dilepton channel

New ATLAS and CMS results with run 1 data
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Dilepton channel
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Phys.Lett. B761 (2016) 350, CMS PAS TOP-15-008
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All-jets channel
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Mass from �
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Top quark pole mass/direct measurements

Reinhard Schwienhorst

Differential distributions

21

Reinhard Schwienhorst

Differential distributions

21 D0 prel.
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Conclusions

Summary

test of t�t production mechanism

direct measurement of mass and width

crucial: theory understanding, MC
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