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Previous	
  World	
  Combina2on
• First	
  ever	
  combina2on	
  of	
  LHC/Tevatron	
  data!	
  
• Great	
  forum	
  to	
  discuss	
  common	
  issues
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CDF March’07 2.66±     12.40  2.20)±1.50 ±(

Tevatron combination * 0.64±     174.34  0.52)±0.37 ±(
  syst)± stat  ±(

CDF-II MET+Jets 1.85±     173.93  1.36)±1.26 ±(

CDF-II track 9.43±     166.90  2.82)±9.00 ±(

CDF-II alljets * 1.95±     175.07  1.55)±1.19 ±(

CDF-I alljets 11.51±     186.00  5.70)±10.00 ±(

DØ-II lepton+jets 0.76±     174.98  0.63)±0.41 ±(

CDF-II lepton+jets 1.12±     172.85  0.98)±0.52 ±(

DØ-I lepton+jets 5.31±     180.10  3.60)±3.90 ±(

CDF-I lepton+jets 7.36±     176.10  5.30)±5.10 ±(

DØ-II dilepton 2.80±     174.00  1.49)±2.36 ±(

CDF-II dilepton * 3.26±     170.80  2.69)±1.83 ±(

DØ-I dilepton 12.82±     168.40  3.60)±12.30 ±(

CDF-I dilepton 11.41±     167.40  4.90)±10.30 ±(

Mass of the Top Quark
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/dof = 10.8/11 (46%)2χ
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World Comb. Mar 2014, [7]
bJSF⊕JSF⊕stat

total uncertainty
bJSF⊕JSF⊕stat

total uncertainty

   Ref.s    syst) ±bJSF ⊕JSF⊕ tot. (stat± topm

ATLAS, l+jets (*) 7 TeV  [1] 1.35)± 1.55 (0.75 ±172.31 
ATLAS, dilepton (*) 7 TeV  [2] 1.50)± 1.63 (0.64 ±173.09 
CMS, l+jets 7 TeV  [3] 0.97)± 1.06 (0.43 ±173.49 
CMS, dilepton 7 TeV  [4] 1.46)± 1.52 (0.43 ±172.50 
CMS, all jets 7 TeV  [5] 1.23)± 1.41 (0.69 ±173.49 
LHC comb. (Sep 2013) 7 TeV  [6] 0.88)± 0.95 (0.35 ±173.29 
World comb. (Mar 2014) 1.96-7 TeV  [7] 0.67)± 0.76 (0.36 ±173.34 
ATLAS, l+jets 7 TeV  [8] 1.02)± 1.27 (0.75 ±172.33 
ATLAS, dilepton 7 TeV  [8] 1.30)± 1.41 (0.54 ±173.79 
ATLAS, all jets 7 TeV  [9] 1.2)± 1.8 (1.4 ±175.1 
ATLAS, single top 8 TeV  [10] 2.0)± 2.1 (0.7 ±172.2 

)l+jets, dil.
Mar 2015(ATLAS comb.  7 TeV  [8] 0.78)± 0.91 (0.48 ±172.99 

CMS, l+jets 8 TeV  [11] 0.74)± 0.75 (0.18 ±172.04 
CMS, dilepton 8 TeV  [12] 1.40)± 1.41 (0.17 ±172.47 
CMS, all jets 8 TeV  [11] 0.80)± 0.89 (0.37 ±172.08 
CMS comb. (Sep 2014) 7+8 TeV  [11] 0.64)± 0.65 (0.14 ±172.38 
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Several	
  updated	
  or	
  new	
  results	
  from	
  each	
  experiment	
  
are	
  wai2ng	
  to	
  be	
  included,	
  more	
  expected	
  soon.
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Which	
  results	
  to	
  include?

• Can	
  only	
  combine	
  things	
  that	
  measure	
  the	
  same:	
  
• Standard	
  template	
  methods	
  extrac2ng	
  a	
  MC	
  parameter	
  
• Include	
  single	
  top	
  measurements	
  or	
  not?	
  

• What	
  about	
  ‘alterna2ve’	
  measurements?	
  
• Could	
  provide	
  gain	
  from	
  different	
  systema2cs	
  profiles	
  
• Will	
  require	
  evalua2on	
  of	
  sta2s2cal	
  overlaps	
  

• Could	
  consider	
  a	
  separate	
  combina2on	
  of 
pole-­‐mass	
  measurements	
  
• Possibly	
  separate	
  values	
  for	
  each	
  center-­‐of-­‐mass	
  point
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6 Combination of the measurements

In the following sections we describe the results obtained from the combination of the CMS
measurements listed in Tables 1 and 2.

6.1 The combined CMS result
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CMS 2010, dilepton

-1JHEP 07 (2011) 049, 36 pb
 4.6 GeV± 4.6 ±175.5 
 syst)± stat ±(value 

CMS 2010, lepton+jets
-1PAS TOP-10-009, 36 pb

 2.6 GeV± 2.1 ±173.1 
 syst)± stat ±(value 

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

 1.4 GeV± 0.4 ±172.5 
 syst)± stat ±(value 

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

 1.0 GeV± 0.4 ±173.5 
 syst)± stat ±(value 

CMS 2011, all-hadronic
-1EPJ C74 (2014) 2758, 3.5 fb

 1.2 GeV± 0.7 ±173.5 
 syst)± stat ±(value 

CMS 2012, lepton+jets
-1PAS TOP-14-001, 19.7 fb

 0.7 GeV± 0.1 ±172.0 
 syst)± stat ±(value 

CMS 2012, all-hadronic
-1PAS TOP-14-002, 18.2 fb

 0.8 GeV± 0.3 ±172.1 
 syst)± stat ±(value 

CMS 2012, dilepton
-1PAS TOP-14-010, 19.7 fb

 1.4 GeV± 0.2 ±172.5 
 syst)± stat ±(value 

CMS combination
September 2014

 0.65 GeV± 0.10 ±172.38 
 syst)± stat ±(value 

Tevatron combination
July 2014 arXiv:1407.2682

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

World combination March 2014
ATLAS, CDF, CMS, D0

 0.71 GeV± 0.27 ±173.34 
 syst)± stat ±(value 
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Figure 1: Summary of eight CMS mt measurements and their combination.

When using the BLUE method, it is possible to obtain negative combination coefficients, which
can occur when the measurements have different degrees of precision and in the presence of
large correlations. The measurements entering this combination fulfill both criteria as they vary
significantly in precision between 2010 and 2012 and most of the systematic uncertainties are
highly correlated. The nominal values of the correlation coefficients shown in Table 5 arise from
somewhat arbitrary choices, based on our understanding of each of the uncertainties. While
the use of an extreme coefficient value of unity is the normal practice in these analyses, this may
not be the best representation; not only may it lead to an over estimation of the correlations, it
will also maximize the dependence of the result on the choice of the correlation coefficient. By
their nature, determination of the true correlation values is quite difficult and this is normally
treated by varying the values over a wide range and quoting the change in the central combined
result as the uncertainty due to the chosen correlation.

If the values of a systematic uncertainty for a pair of measurements of an observable are signif-
icantly different, then this is indicative of a correlation that is significantly less than unity. For
this analysis, we have chosen to perform a combination for which the correlation coefficients
are limited and not allowed to take the value of unity. This has been done by setting the cor-
relation coefficients for each pair of measurements in the fully correlated cases (Table 5) to r =
si/sj, where si and sj are the uncorrelated components of the uncertainties in measurements

/20

Difference	
  between	
  very	
  precise	
  individual	
  results	
  
triggered	
  addi2onal	
  inves2ga2ons

• Most	
  precise	
  measurements	
  from	
  CMS	
  and	
  D0	
  spread	
  by	
  
almost	
  3	
  GeV,	
  with	
  individual	
  uncertain2es	
  of	
  ∼800	
  MeV:	
  

CMS:	
   172.04	
  ±	
  0.19	
  (stat+JSF)	
  ±	
  0.75	
  (syst)	
  GeV	
  	
  	
  (l+jets)	
  
D0:	
   	
   174.98	
  ±	
  0.58	
  (stat+JES)	
  ±	
  0.49	
  (syst)	
  GeV	
  	
  	
  (l+jets)	
  

• Would	
  play	
  an	
  important	
  role	
  in	
  new	
  world	
  combina2on	
  

• Ini2ated	
  fruiAul	
  discussions  
and	
  exchange	
  of	
  ideas	
  between  
D0	
  and	
  CMS	
  

• Performed	
  many	
  cross-­‐checks, 
some	
  s2ll	
  ongoing
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Considering	
  all	
  the	
  results,	
  there	
  is	
  no	
  serious	
  
sta2s2cal	
  incompa2bility	
  in	
  the	
  combina2on.

• Combining	
  only	
  the	
  two	
  l+jets	
  results:	
  
	
   	
   Χ2/Ndof	
  =	
  9.8	
  /	
  1,	
  Probability	
  0.2	
  %	
  

• Maximum	
  bias!	
  
• Similar	
  weight	
  for	
  both	
  results	
  
• Depending	
  on	
  assumed	
  correla2ons:	
  2-­‐3	
  sigma	
  significance	
  

• Adding	
  those	
  results	
  to	
  the	
  previous	
  world	
  combina2on:	
  
	
   	
   Χ2/Ndof	
  =	
  17.1	
  /	
  13,	
  Probability	
  19	
  %	
  

• Not	
  a	
  real	
  issue	
  from	
  sta2s2cal	
  point	
  of	
  view	
  
• Inves2gate	
  whether	
  there	
  is	
  a	
  reason	
  for	
  the	
  difference?	
  

• Some	
  studies	
  documented	
  by	
  D0	
  in	
  PRD:	
  	
  arXiv:1501.07912

6

(2014	
  WA	
  +	
  public	
  CMS	
  8	
  TeV	
  +	
  D0	
  l+jets	
  results)

http://arxiv.org/abs/1501.07912
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D0:	
  b-­‐Jet	
  Energy	
  Scale
• Large	
  correc2on	
  with	
  high	
  impact:	
  	
  2	
  %	
  shi\	
  	
  →	
  	
  1	
  GeV	
  shi\	
  in	
  mt

7

NIM	
  A763	
  442-­‐475• Dominant	
  systema2cs	
  on	
  correc2on:	
  
• Varia2on	
  of	
  func2onal	
  shapes	
  of	
  single	
  par2cle	
  response	
  

• Calorimeter	
  with	
  zero	
  suppression	
  on/off	
  
• Very	
  conserva2ve	
  es2mate

udsc	
  jets

b	
  jets

http://arxiv.org/abs/1501.07912
http://arxiv.org/abs/1501.07912
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• Jet	
  flavor	
  composi2on	
  in	
  γ+jet	
  and	
  
dijet	
  samples	
  
• Comparing	
  them	
  independently 
→	
  consistent	
  within	
  uncertainty	
  

• Shower	
  composi2on	
  
• Verified	
  comparing	
  Pythia/Herwig	
   
→	
  consistent	
  within	
  uncertainty	
  

• Verify	
  bJES	
  directly	
  using	
  Rbj	
  
observable	
  (similar	
  to	
  ATLAS	
  3D)	
  
• Consistent	
  with	
  1	
  within	
  large	
  
uncertain2es	
  (3%	
  syst.,	
  2%	
  stat.)
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D0:	
  b-­‐JES	
  Checks

8

pTb1	
  +	
  pTb2

pTj1	
  +	
  pTj2

Fbcorr,Alpgen+Herwig
Fbcorr,Alpgen+Pythia

Qbcorr	
  =	
  

arXiv:1501.07912

http://arxiv.org/abs/1501.07912
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CMS:	
  b-­‐Jet	
  Energy	
  Scale
• Independent	
  result	
  using	
  Z+b	
  events	
  in	
  the	
  data	
  
• Confirms	
  bJSF	
  consistent	
  with	
  1

9 CMS	
  JME-­‐13-­‐001

8 6 Results

correction calculated as the ratio between the b-tagged and inclusive cases is also provided.
The systematic uncertainties quoted for the inclusive case were extracted from [21], while for
the b-tagged case, we have considered in addition the total uncertainty in table 2. As it was
stated in the previous section these systematics are strongly reduced for the ratio between the
b-tagged and inclusive cases.
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Figure 4: Overview of the result for Cinc (left), Cb (center), and the final result, Ccorr (right), with
all three cross-checks: MPF at face value (final result), MPF using a fit to extrapolate to a = 0,
RpT (face value), and using a fit to extrapolate to a = 0 with RpT. Systematic uncertainties for
the b-tagged and inclusive only cases are extracted from [21].

Table 3: Summary of results obtained with the different methods for the MADGRAPH +PYTHIA
MC sample. The first uncertainty is the statistical uncertainty while the second is systematic.

Cinc Cb Ccorr
MPF (face) 1.0018 ± 0.0006 ± 0.015 1.000 ± 0.004 ± 0.016 0.998 ± 0.004 ± 0.004
MPF (fitted) 1.0026 ± 0.0009 ± 0.015 0.999 ± 0.006 ± 0.016 0.996 ± 0.006 ± 0.004
pT-Balance (face) 0.9965 ± 0.0006 ± 0.015 0.993 ± 0.004 ± 0.016 0.996 ± 0.004 ± 0.004
pT-Balance (fitted) 1.0010 ± 0.0007 ± 0.015 0.999 ± 0.005 ± 0.016 0.998 ± 0.007 ± 0.004

Table 3 shows the numerical results obtained for the MADGRAPH +PYTHIA sample. The cor-
rections calculated with the different methods are found to be compatible among them and
compatible with unity within the quoted uncertainties. We take the MPF, face value method as
our main result, because of the smallest statistical uncertainty and in order to be consistent with
the general inclusive correction [21]. Since this result is compatible with unity we conclude that
no additional correction is needed for b-jets.

Ccorr = 0.998 ± 0.004(stat) ± 0.004(sys)

The precision of this measurement has been checked to be competitive with indirect estimates
of the b-jet scale uncertainty based on PYTHIA and HERWIG ++ differences [21].

6.2 Jet response results for data, MADGRAPH, and HERWIG ++

The procedure was repeated using a DY+jets sample generated with HERWIG ++. In table
4 we present the response corrections for the MPF method, face value, for MADGRAPH and
HERWIG ++ MC generators. We provide also the ratio between the b-tagged and inclusive
cases separately for both data and MC. Only statistical uncertainties are included.

4 4 Measurement strategy

RpT =
pjet

T
pZ

T
(1)

Figure 2 (left) shows the distribution of the pT-Balance variable for data and MC simulation.
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Figure 2: RpT (left) and RMPF (right) distributions for the b-tagged case; the mean of this dis-
tribution is extracted for data and Monte Carlo simulation to compute the response. The MC
distribution is normalized to the total number of events in data.

4.2 Missing ET Projection Fraction

The Missing ET Projection Fraction method (extensively used at the Tevatron [19]) is based on
the fact that Z+jets events have no intrinsic /ET and that, at parton level, the Z boson momentum
is perfectly balanced by the hadronic recoil in the transverse plane.

~pZ
T + ~precoil

T = 0 (2)

For reconstructed objects, this equation can be re-written as:

~pZ
T + Rrecoil~precoil

T = � ~/ET (3)

where Rrecoil is the detector response of the hadronic recoil. Solving the two above equations
for Rrecoil gives

Rrecoil = 1 +
~/ET · ~pZ

T
(pZ

T)
2 ⌘ RMPF. (4)

corrC
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http://cds.cern.ch/record/1951028?ln=en
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Measure	
  mtop	
  as	
  a	
  func2on	
  of	
  event	
  kinema2cs	
  to	
  
check	
  whether	
  they	
  would	
  induce	
  a	
  shi\

• Data	
  is	
  well-­‐described	
  by	
  various	
  different	
  MC	
  setups	
  
• D0-­‐like	
  selec2on	
  gives	
  insignificant	
  shi\	
  (-­‐0.15	
  ±	
  0.30	
  GeV)

10
CMS	
  TOP-­‐14-­‐001

(=4	
  jets,	
  pT(tt)̅	
  <	
  30	
  GeV)	
  

http://cds.cern.ch/record/1690093
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FIG. 31: (a) The ratio of predicted differential cross sections from
ALPGEN+HERWIG to those from ALPGEN+PYTHIA as a function
of ptt̄

T at particle level. Also shown is the fit with a second-order
polynomial used for reweighting ALPGEN+PYTHIA events in ptt̄

T for
35 GeV < ptt̄

T < 200 GeV. Below that range the reweighting is per-
formed according to the histogram, and above with a constant factor
of 1.67. Uncertainties are only statistical. (b) Same ratio in the range
ptt̄

T < 35 GeV.

(iii) The JES calibration is derived using PYTHIA with
D0 tune A [15], and is therefore valid only for this spe-
cific configuration. The contribution from source (iii)
would not be present if a dedicated JES derived with
HERWIG was available. Like the default JES calibra-
tion using PYTHIA, the alternative calibration using
HERWIG would be affected by similar uncertainties ac-
counted for in the “detector modeling” category of Ta-
ble 5. Including the difference of the JES derived with
PYTHIA and HERWIG in the evaluation of the uncer-
tainty from the choice PS evolution, hadronization, and
UE models would lead to double-counting. To elim-
inate the contribution from the response of the detec-
tor, we use particle-level jet energies. The standard se-
lection as described in Section IV is applied at detec-
tor level to take into account any potential effects from
the trigger or selection requirements, and the detector-
level jets are matched to particle-level jets. The match-
ing is done in (h ,f) space, using the requirement of
DR( jdetector, jparticle) < Rcone/2 = 0.25. The energy of
each detector-level jet is replaced by the energy of the
matched particle-level jet, and the magnitude of the
three-momentum |~p| of the detector-level jet is adjusted
to preserve its original h , f , and m parameters. Those
modified four-momenta of jets are then used, together
with all other detector-level information in the event, to
extract mt with the ME technique just as in data.

Reducing the contribution from source (i), and factoriz-
ing out contributions from sources (ii) and (iii), as described
above, we find an effect of +0.26 GeV from the choice of the
model for PS evolution, hadronization, and UE. We verify that
kALPGEN+HERWIG

JES and kALPGEN+PYTHIA
JES are consistent within uncer-

tainties, as expected at particle level, indicating that the effect
of JES has been factorized out.

As a cross-check, we also evaluate the impact of a differ-
ent PS model and a change in the models for hadronization

and UE by comparing tt̄ events simulated with ALPGEN and
interfaced to either PYTHIA with D0 tune A (the standard MC
setup), or PYTHIA with the Perugia 2011C tune [67]. While
the former is based on a Q2 ordered PS model, the latter is p2

T
ordered [28, 29]. Furthermore, the latter is a recent tune from
the Perugia 2011 family that includes LHC data, which is rec-
ommended for this comparison [68]. Both use the CTEQ6L1
set of PDFs. We verify that the Perugia 2011 family describes
the transverse jet shapes sufficiently well and is therefore ap-
plicable to Tevatron data dominated by quark jets, despite be-
ing tuned including LHC data dominated by wider gluon jets.
For simplicity, we carry out the comparison between PYTHIA
with D0 tune A and PYTHIA with Perugia 2011C at detector
level, and find a change of +0.30 GeV in mt , which serves
as an upper estimate of the effect evaluated with particle-level
jet energies, as for the comparison of ALPGEN+HERWIG with
ALPGEN+PYTHIA.

5. Color reconnection

Our standard PYTHIA tune, D0 tune A, does not include
an explicit model for color reconnection (CR). Color recon-
nection is sometimes confused with strong color correlation
between the hard scattering process and the underlying event.
The latter is an integral part of PYTHIA D0 tune A, as not in-
cluding it would violate confinement. Recently, research has
been carried out to include CR in PYTHIA [69]. To evalu-
ate the CR effect, we compare identical ALPGEN events inter-
faced to PYTHIA with two different tunes, Perugia 2011 and
Perugia 2011NOCR. While the former tune includes an ex-
plicit CR model, the latter does not. The Perugia 2011 tune
rather than Perugia 2011C is used as an alternative model
because Perugia 2011 uses the same set of CTEQ5L PDFs
as the reference model Perugia 2011NOCR, while Perugia
2011C uses CTEQ6L1. This choice of generator setup is
advised in Ref. [68], since Perugia includes a better, more
phenomenologically-motivated CR model than the ACRpro
tune [70]. The new tune models the color-string survival prob-
ability depending on the distance in rapidity between the be-
ginning and the end of the color string, whereas the previous
model uses only an overall approximation. We find an effect
of +0.10 GeV on mt from this source of systematic uncer-
tainty.

To cross-check the impact of modeling of multiple parton
interactions (MPI) on the measurement, we compare events
generated with ALPGEN interfaced to PYTHIA with the Pe-
rugia 2011mpiHi and Perugia 2011 tunes, where the former
features harder MPI, albeit at a smaller rate, compared to the
latter. We find an effect of 0.14 GeV, with a statistical compo-
nent of ⇡ 0.15 GeV due to limited MC event statistics. Since
HERWIG and PYTHIA use different models for MPI, an uncer-
tainty from the choice of a model for MPI is already included
in the uncertainty from modeling of hadronization and the UE
discussed in Section VIII A 4. In addition, it is at least partly
included in the comparison between the Perugia 2011 and
Perugia 2011NOCR tunes discussed above, since the latter,
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mtop	
  vs	
  event	
  kinema2cs	
  at	
  D0
• HT	
  (scalar	
  sum	
  of	
  Jet	
  ET)	
  

• Only	
  two	
  bins	
  due	
  to	
  lack	
  of	
  sta2s2cs	
  
• Exclude	
  large	
  effect	
  on	
  mtop	
  extrac2on	
  
• Reweigh2ng	
  HT	
  to	
  data	
  has	
  effect	
  on	
  
the	
  order	
  of	
  100	
  MeV	
  (JSF	
  compensates)	
  

• pT	
  of	
  the	
  tt	̅
  system	
  
• Reweight	
  MC	
  to	
  data	
  (included	
  as	
  
systema2c	
  uncertainty)	
  

• Compare	
  when	
  reweigh2ng 
spectrum	
  of	
  Pythia	
  to	
  Herwig	
  

• JSF	
  compensates: 
impact	
  at	
  level	
  of	
  100	
  MeV
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FIG. 31: (a) The ratio of predicted differential cross sections from
ALPGEN+HERWIG to those from ALPGEN+PYTHIA as a function
of ptt̄

T at particle level. Also shown is the fit with a second-order
polynomial used for reweighting ALPGEN+PYTHIA events in ptt̄

T for
35 GeV < ptt̄

T < 200 GeV. Below that range the reweighting is per-
formed according to the histogram, and above with a constant factor
of 1.67. Uncertainties are only statistical. (b) Same ratio in the range
ptt̄

T < 35 GeV.

(iii) The JES calibration is derived using PYTHIA with
D0 tune A [15], and is therefore valid only for this spe-
cific configuration. The contribution from source (iii)
would not be present if a dedicated JES derived with
HERWIG was available. Like the default JES calibra-
tion using PYTHIA, the alternative calibration using
HERWIG would be affected by similar uncertainties ac-
counted for in the “detector modeling” category of Ta-
ble 5. Including the difference of the JES derived with
PYTHIA and HERWIG in the evaluation of the uncer-
tainty from the choice PS evolution, hadronization, and
UE models would lead to double-counting. To elim-
inate the contribution from the response of the detec-
tor, we use particle-level jet energies. The standard se-
lection as described in Section IV is applied at detec-
tor level to take into account any potential effects from
the trigger or selection requirements, and the detector-
level jets are matched to particle-level jets. The match-
ing is done in (h ,f) space, using the requirement of
DR( jdetector, jparticle) < Rcone/2 = 0.25. The energy of
each detector-level jet is replaced by the energy of the
matched particle-level jet, and the magnitude of the
three-momentum |~p| of the detector-level jet is adjusted
to preserve its original h , f , and m parameters. Those
modified four-momenta of jets are then used, together
with all other detector-level information in the event, to
extract mt with the ME technique just as in data.

Reducing the contribution from source (i), and factoriz-
ing out contributions from sources (ii) and (iii), as described
above, we find an effect of +0.26 GeV from the choice of the
model for PS evolution, hadronization, and UE. We verify that
kALPGEN+HERWIG

JES and kALPGEN+PYTHIA
JES are consistent within uncer-

tainties, as expected at particle level, indicating that the effect
of JES has been factorized out.

As a cross-check, we also evaluate the impact of a differ-
ent PS model and a change in the models for hadronization

and UE by comparing tt̄ events simulated with ALPGEN and
interfaced to either PYTHIA with D0 tune A (the standard MC
setup), or PYTHIA with the Perugia 2011C tune [67]. While
the former is based on a Q2 ordered PS model, the latter is p2

T
ordered [28, 29]. Furthermore, the latter is a recent tune from
the Perugia 2011 family that includes LHC data, which is rec-
ommended for this comparison [68]. Both use the CTEQ6L1
set of PDFs. We verify that the Perugia 2011 family describes
the transverse jet shapes sufficiently well and is therefore ap-
plicable to Tevatron data dominated by quark jets, despite be-
ing tuned including LHC data dominated by wider gluon jets.
For simplicity, we carry out the comparison between PYTHIA
with D0 tune A and PYTHIA with Perugia 2011C at detector
level, and find a change of +0.30 GeV in mt , which serves
as an upper estimate of the effect evaluated with particle-level
jet energies, as for the comparison of ALPGEN+HERWIG with
ALPGEN+PYTHIA.

5. Color reconnection

Our standard PYTHIA tune, D0 tune A, does not include
an explicit model for color reconnection (CR). Color recon-
nection is sometimes confused with strong color correlation
between the hard scattering process and the underlying event.
The latter is an integral part of PYTHIA D0 tune A, as not in-
cluding it would violate confinement. Recently, research has
been carried out to include CR in PYTHIA [69]. To evalu-
ate the CR effect, we compare identical ALPGEN events inter-
faced to PYTHIA with two different tunes, Perugia 2011 and
Perugia 2011NOCR. While the former tune includes an ex-
plicit CR model, the latter does not. The Perugia 2011 tune
rather than Perugia 2011C is used as an alternative model
because Perugia 2011 uses the same set of CTEQ5L PDFs
as the reference model Perugia 2011NOCR, while Perugia
2011C uses CTEQ6L1. This choice of generator setup is
advised in Ref. [68], since Perugia includes a better, more
phenomenologically-motivated CR model than the ACRpro
tune [70]. The new tune models the color-string survival prob-
ability depending on the distance in rapidity between the be-
ginning and the end of the color string, whereas the previous
model uses only an overall approximation. We find an effect
of +0.10 GeV on mt from this source of systematic uncer-
tainty.

To cross-check the impact of modeling of multiple parton
interactions (MPI) on the measurement, we compare events
generated with ALPGEN interfaced to PYTHIA with the Pe-
rugia 2011mpiHi and Perugia 2011 tunes, where the former
features harder MPI, albeit at a smaller rate, compared to the
latter. We find an effect of 0.14 GeV, with a statistical compo-
nent of ⇡ 0.15 GeV due to limited MC event statistics. Since
HERWIG and PYTHIA use different models for MPI, an uncer-
tainty from the choice of a model for MPI is already included
in the uncertainty from modeling of hadronization and the UE
discussed in Section VIII A 4. In addition, it is at least partly
included in the comparison between the Perugia 2011 and
Perugia 2011NOCR tunes discussed above, since the latter,
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The	
  remaining	
  ques2on	
  is	
  whether	
  we	
  are	
  all	
  
measuring	
  the	
  same	
  thing.
• Technically:	
  standard	
  methods	
  measure	
  a	
  MC	
  parameter	
  

• Does	
  that	
  mean	
  the	
  same	
  thing	
  for	
  the	
  different	
  generators?	
  

• Checks	
  with	
  different	
  ME	
  generators	
  give	
  small	
  shi`s:	
  
• E.g.:	
  

• As	
  far	
  as	
  we	
  can	
  tell,	
  we	
  are	
  measuring	
  the	
  same	
  
• Ul2mate	
  test	
  will	
  be	
  a	
  common	
  generator	
  setup
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Experiment Matrix Element Parton shower / hadronisation PDF Tune
CDF Pythia Pythia CTEQ5L Tune A

D0 Alpgen Pythia CTEQ6L1 Mod. Tune A
ATLAS Powheg Pythia CT10 Perugia2011C

CMS MadGraph Pythia CTEQ6.6L Z2

Table 1: Baseline tt̄ signal MC used in mtop analyses and their main settings for the various experiments. See
text for details and references.

Experiment tt̄ final state Lint [fb�1] mtop ± (stat.) ± (syst.) [GeV] Total uncertainty on mtop [GeV] ([%]) Reference

CDF

l+jets 8.7 172.85 ± 0.52 ± 0.99 1.12 (0.65) [8]
dilepton 5.6 170.28 ± 1.95 ± 3.13 3.69 (2.17) [9]

all jets 5.8 172.47 ± 1.43 ± 1.41 2.01 (1.16) [10]
Emiss

T +jets 8.7 173.93 ± 1.26 ± 1.36 1.85 (1.07) [11]

D0 l+jets 3.6 174.94 ± 0.83 ± 1.25 1.50 (0.86) [12]
dilepton 5.3 174.00 ± 2.36 ± 1.49 2.79 (1.60) [13]

ATLAS l+jets 4.7 172.31 ± 0.23 ± 1.53 1.55 (0.90) [14]
dilepton 4.7 173.09 ± 0.64 ± 1.50 1.63 (0.94) [15]

CMS
l+jets 4.9 173.49 ± 0.27 ± 1.03 1.06 (0.61) [16]

dilepton 4.9 172.50 ± 0.43 ± 1.46 1.52 (0.88) [17]
all jets 3.5 173.49 ± 0.69 ± 1.23 1.41 (0.81) [18]

Table 2: Overview of the 11 input measurements used in this mtop combination.

element calculations.
The baseline tt̄ signal MC used in the mtop analyses considered here, and their main settings across the

various experiments, are summarised in Table 1.
A systematic uncertainty covering di↵erences between generator models is assigned to the input measure-

ments, and ranges from 0.02 GeV to 0.25 GeV, depending on the analysis (typically 0.10 GeV for CDF, and
0.25 GeV for D0 measurements; 0.20 GeV for ATLAS, and in the range [0.02, 0.19] GeV for CMS inputs). This
is included together with other e↵ects in the signal modelling systematic uncertainty (labelled MC in Section 5)
described below. The systematic uncertainty related to the specific MC choice is found to be marginal with
respect to the possible intrinsic di↵erence between the top-quark mass implemented in any MC and the pole
mass definition [19].

4 Input measurements

This mtop combination takes as inputs all of the measurements from the previous LHC combination [7], and
a partial set of those from the latest Tevatron combination [6]. The chosen inputs correspond to the best
measurements per channel and per experiment (excluding results from Tevatron Run I). These comprise (i) four
CDF published results from the tt̄ ! lepton+jets, tt̄ ! dilepton, tt̄ ! all jets, and tt̄ ! Emiss

T +jets channels [8–
11], (ii) two D0 published measurements from the tt̄ ! lepton+jets, and tt̄ ! dilepton channels [12, 13],
(iii) two preliminary ATLAS results in the tt̄ ! lepton+jets and tt̄ ! dilepton channels [14, 15], and (iv)
three published results from the CMS collaboration in the tt̄ ! lepton+jets, tt̄ ! dilepton, and tt̄ ! all jets
channels [16–18].

An overview of the input mtop measurements used in this combination is shown in Table 2. Further details
are provided in the following sections.

3

120	
  MeV	
  between	
  MadGraph+PY	
  and	
  Powheg+PY	
  (CMS)	
  
220	
  MeV	
  between	
  MC@NLO+HW	
  and	
  Powheg+HW	
  (ATLAS)	
  
150	
  MeV	
  between	
  Alpgen+HW	
  and	
  MC@NLO+HW	
  (D0)
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Addi2onal	
  and	
  ongoing	
  checks
• Common	
  MC	
  setup	
  (ongoing)	
  

• Generate	
  Powheg+Pythia(P11C)	
  
• Started	
  by	
  CMS/D0,	
  but	
  should	
  also	
  include	
  ATLAS/CDF	
  

• Consistency	
  of	
  direc2ons	
  of	
  systema2c	
  shi`s	
  
• Agree	
  wherever	
  significant	
  →	
  no	
  sign	
  of	
  an2-­‐correla2ons	
  

• Par2cle-­‐level	
  studies	
  (ongoing)	
  
• Factor	
  out	
  detector	
  response	
  effects	
  
• Compare	
  different	
  MC	
  setups	
  	
  

• Considering	
  to	
  write	
  a	
  common	
  public	
  document

13
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In	
  last	
  world	
  combina2on,	
  modeling	
  of	
  hadroniza2on	
  
was	
  evaluated	
  almost	
  universally	
  by	
  comparing	
  
Pythia	
  and	
  Herwig

• Combina2on	
  of	
  many	
  different	
  and	
  overlapping	
  effects:	
  
• Different	
  parton	
  showers	
  (pT-­‐ordered	
  vs.	
  angular-­‐ordered)	
  
• Fragmenta2on	
  func2ons	
  
• Par2cle	
  composi2ons,	
  decay	
  tables	
  
• Hadroniza2on	
  model	
  (string	
  vs.	
  cluster	
  fragmenta2on)	
  
• Underlying	
  event	
  /	
  color	
  reconnec2ons	
  
• Tunes	
  

• How	
  do	
  they	
  all	
  add	
  up	
  in	
  a	
  difference	
  for	
  mtop?	
  
• Some	
  already	
  accounted	
  for	
  in	
  dedicated	
  systema2cs	
  
• Crude	
  and	
  (probably)	
  conserva2ve	
  approach

16
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CMS	
  approach	
  of	
  breaking	
  down	
  the	
  hadroniza2on	
  
modeling	
  in	
  8	
  TeV	
  analyses:

• Hard	
  scacering	
  	
  →	
  	
  partons	
  	
  →	
  	
  showering	
  
• Q2	
  scale	
  varia2ons	
  (µF,	
  µR)	
  
• ME/PS	
  matching	
  scale	
  varia2on	
  
• P.d.f’s,	
  top	
  pT,	
  etc.	
  

• Partons	
  a`er	
  showering	
  	
  →	
  	
  stable	
  par2cles	
  
• Cluster	
  vs	
  string	
  fragmenta2on	
  

• Stable	
  par2cles	
  	
  →	
  	
  reconstructed	
  jets	
  
• Neutrino	
  frac2on	
  (semi-­‐leptonic	
  B	
  branching	
  frac2ons)	
  
• b-­‐fragmenta2on	
  (hardness	
  of	
  B	
  hadrons,	
  hardness	
  of	
  neutrinos)	
  
• Flavor-­‐dependent	
  jet	
  energy	
  scale:	
  

• gluon,	
  light	
  (uds),	
  charm,	
  bopom

17

Hadroniza*on	
  modeling
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In	
  the	
  new	
  8	
  TeV	
  results,	
  CMS	
  apempted	
  to	
  split	
  the	
  
hadroniza2on	
  modeling	
  into	
  separate	
  effects

• Flavor-­‐dependent	
  JSF:	
  
• Separate	
  PY/HW	
  varia2on	
  for	
  each	
  
flavor	
  (gluon,	
  light,	
  charm,	
  b)	
  

• Signed	
  sum	
  of	
  differences	
  
• Cross-­‐check	
  with	
  Z+b	
  data	
  

• b	
  fragmenta2on:	
  
• Retune	
  Pythia	
  Z2*	
  to	
  ALEPH	
  data	
  
• Compare	
  difference	
  

• Neutrino	
  frac2on:	
  
• Vary	
  semi-­‐leptonic	
  B-­‐hadron	
  
branching	
  frac2ons	
  within	
  uncertainty	
  

• Vary	
  ME/PS	
  matching	
  threshold
18

5

Table 1: List of systematic uncertainties for the combined fit to the entire lepton+jets data set.

dmt
2D (GeV) dJSF dmt

1D (GeV)
Experimental uncertainties
Fit calibration 0.10 0.001 0.06
pT- and h-dependent JES 0.18 0.007 1.17
Lepton energy scale 0.03 <0.001 0.03
MET 0.09 0.001 0.01
Jet energy resolution 0.26 0.004 0.07
b tagging 0.02 <0.001 0.01
Pileup 0.27 0.005 0.17
Non-tt background 0.11 0.001 0.01
Modeling of hadronization
Flavor-dependent JSF 0.41 0.004 0.32
b fragmentation 0.06 0.001 0.04
Semi-leptonic B hadron decays 0.16 <0.001 0.15
Modeling of the hard scattering process
PDF 0.09 0.001 0.05
Renormalization and 0.12±0.13 0.004±0.001 0.25±0.08factorization scales
ME-PS matching threshold 0.15±0.13 0.003±0.001 0.07±0.08
ME generator 0.23±0.14 0.003±0.001 0.20±0.08
Modeling of non-perturbative QCD
Underlying event 0.14±0.17 0.002±0.002 0.06±0.10
Color reconnection modeling 0.08±0.15 0.002±0.001 0.07±0.09
Total 0.75 0.012 1.29

observed shift is used if it is larger than the shift itself. The systematic uncertainties considered
as relevant for this measurement, and the methods used to evaluate them are described below.

Experimental uncertainties

Fit calibration: We assign residual biases after the single-channel calibration as a systematic
uncertainty.

pT- and h-dependent JES: As we measure a constant jet energy scale factor we have to take
into account the influence of the pT- and h-dependent jet energy uncertainties. This
is done by scaling the energies of all jets up and down according to their individual
data/MC uncertainties [29, 31], excluding the contribution from pileup. We take the
largest difference in the measured top-quark mass and JSF as a systematic uncertainty.
In addition, the difference between the pT-dependent residual correction and a residual
correction that does not depend on pT in the central part of the detector is evaluated.

Lepton energy scale: We shift the muon [32] and electron [33] energies in simulation up and
down according to their respective uncertainties. The uncertainties on lepton trigger effi-
ciency and selection have negligible impact.

Missing transverse momentum: In addition to propagating the jet and lepton energy scale
uncertainties, we vary the energy scale of low energy particles that are not clustered into
jets up by 10% [34].

CMS	
  TOP-­‐14-­‐001

http://cds.cern.ch/record/1690093


/20

Varying	
  hadroniza2on	
  models	
  with	
  fixed	
  parton	
  
showering	
  shows	
  almost	
  no	
  effects	
  on	
  the	
  top	
  mass

• Par2cle-­‐level	
  study	
  in	
  Sherpa	
  
• Same	
  pT-­‐ordered	
  parton  
showering	
  

• Switch	
  cluster	
  fragmenta2on 
to	
  Lund	
  string	
  fragmenta2on	
  

• No	
  evidence	
  for	
  out-­‐of-­‐cone 
effects	
  

• Effect	
  on	
  jet	
  direc2ons	
  is 
very	
  small	
  as	
  well	
  

• Suggests	
  bulk	
  of	
  Pythia/Herwig	
  difference	
  is 
due	
  to	
  other	
  effects
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Conclusions
• All	
  four	
  experiments	
  have	
  presented	
  new	
  or	
  updated	
  results	
  
since	
  the	
  last	
  world	
  combina2on	
  
• Should	
  start	
  preparing	
  for	
  an	
  update	
  of	
  standard	
  combina2on	
  
• Could	
  consider	
  separate	
  combina2on	
  of	
  pole-­‐mass	
  measurements	
  

• CMS/D0	
  discussion	
  
• Sta2s2cally	
  not	
  very	
  significant:	
  fluctua2on	
  a`er	
  all?	
  
• Cross	
  checks	
  of	
  most	
  important	
  effects	
  are	
  all	
  consistent	
  

• Refined	
  treatment	
  of	
  hadroniza2on	
  uncertain2es	
  
• Could	
  use	
  some	
  consolida2on

20
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tt̄ ! lepton+jets tt̄ ! dilepton Combination
m`+jets

top [GeV] JSF bJSF mdil
top [GeV] mcomb

top [GeV] ⇢

Results 172.33 1.019 1.003 173.79 172.99
Statistics 0.75 0.003 0.008 0.54 0.48 0

– Stat. comp. (mtop) 0.23 n/a n/a 0.54
– Stat. comp. (JSF) 0.25 0.003 n/a n/a
– Stat. comp. (bJSF) 0.67 0.000 0.008 n/a

Method 0.11 ± 0.10 0.001 0.001 0.09 ± 0.07 0.07 0
Signal MC 0.22 ± 0.21 0.004 0.002 0.26 ± 0.16 0.24 +1.00
Hadronisation 0.18 ± 0.12 0.007 0.013 0.53 ± 0.09 0.34 +1.00
ISR/FSR 0.32 ± 0.06 0.017 0.007 0.47 ± 0.05 0.04 �1.00
Underlying event 0.15 ± 0.07 0.001 0.003 0.05 ± 0.05 0.06 �1.00
Colour reconnection 0.11 ± 0.07 0.001 0.002 0.14 ± 0.05 0.01 �1.00
PDF 0.25 ± 0.00 0.001 0.002 0.11 ± 0.00 0.17 +0.57
W/Z+jets norm 0.02 ± 0.00 0.000 0.000 0.01 ± 0.00 0.02 +1.00
W/Z+jets shape 0.29 ± 0.00 0.000 0.004 0.00 ± 0.00 0.16 0
NP/fake-lepton norm. 0.10 ± 0.00 0.000 0.001 0.04 ± 0.00 0.07 +1.00
NP/fake-lepton shape 0.05 ± 0.00 0.000 0.001 0.01 ± 0.00 0.03 +0.23
Jet energy scale 0.58 ± 0.11 0.018 0.009 0.75 ± 0.08 0.41 �0.23
b-jet energy scale 0.06 ± 0.03 0.000 0.010 0.68 ± 0.02 0.34 +1.00
Jet resolution 0.22 ± 0.11 0.007 0.001 0.19 ± 0.04 0.03 �1.00
Jet e�ciency 0.12 ± 0.00 0.000 0.002 0.07 ± 0.00 0.10 +1.00
Jet vertex fraction 0.01 ± 0.00 0.000 0.000 0.00 ± 0.00 0.00 �1.00
b-tagging 0.50 ± 0.00 0.001 0.007 0.07 ± 0.00 0.25 �0.77
Emiss

T 0.15 ± 0.04 0.000 0.001 0.04 ± 0.03 0.08 �0.15
Leptons 0.04 ± 0.00 0.001 0.001 0.13 ± 0.00 0.05 �0.34
Pile-up 0.02 ± 0.01 0.000 0.000 0.01 ± 0.00 0.01 0
Total 1.27 ± 0.33 0.027 0.024 1.41 ± 0.24 0.91 �0.07

Table 3: The measured values of mtop and the contributions of various sources to the uncertainty in the tt̄ !
lepton+jets and the tt̄ ! dilepton analyses. The corresponding uncertainties in the measured values of the JSF and
bJSF are also shown for the tt̄ ! lepton+jets analysis. The statistical uncertainties associated with these values
are typically 0.001 or smaller. The result of the mtop combination is shown in the rightmost columns, together with
the correlation (⇢) within each uncertainty group as described in Sect. 8. The symbol n/a stands for not applicable.
Values quoted as 0.00 are smaller than 0.005. Finally, the last line refers to the sum in quadrature of the statistical
and systematic uncertainty components.

Pile-up
The residual systematic uncertainty due to pile-up was assessed by determining the dependence of the
fitted top quark mass on the amount of pile-up activity, combined with uncertainties in modelling the
amount of pile-up in the sample.

7.5. Summary

The resulting sizes of all uncertainties and their sum in quadrature are given in Table 3. The total un-
certainties on m`+jets

top , JSF, bJSF and mdil
top, amount to 1.27 GeV, 0.027, 0.024 and 1.41 GeV, respectively.

Within uncertainties, the fitted values of JSF and bJSF are consistent with unity.
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4.1 Experimental uncertainties 3

Table 2: Categorized uncertainties for the eight CMS mt measurements. All of the mass and
uncertainty values are expressed in GeV. The entries labeled n/a and n/e refer to terms that
were not applicable or not evaluated for the specific measurement

.
2010 2011 2012

di-l l + jets di-l l + jets all-jets di-l l + jets all-jets
Measured mt 175.50 173.10 172.50 173.49 173.49 172.47 172.04 172.08
Experimental uncertainties
In-situ JSF factor n/a n/a n/a 0.33 n/a n/a 0.15 0.24
Inter-calibration JES component 0.17 0.08 0.08 0.01 0.08 0.03 0.01 0.01
MPF in-situ JES component 0.76 0.16 0.35 0.02 0.35 0.31 0.01 0.01
Uncorrelated JES component 1.48 1.90 0.69 0.24 0.69 0.53 0.12 0.25
Other JES uncertainties 3.28 n/a n/a n/a n/a n/a n/a n/a
Lepton energy scale 0.30 n/a 0.14 0.02 n/a 0.12 0.03 n/a
Emiss

T scale 0.10 0.40 0.12 0.06 n/a 0.07 0.09 n/a
Jet energy resolution 0.50 0.10 0.14 0.23 0.15 0.09 0.26 0.10
b-tagging 0.40 0.10 0.09 0.12 0.06 0.04 0.02 0.02
Trigger n/a n/a n/a n/a 0.24 n/a n/a 0.18
MHI (Pileup) 1.00 0.10 0.11 0.07 0.06 0.15 0.27 0.31
Background Data n/a 0.40 n/a n/a 0.13 0.02 n/a 0.22
Background MC 0.10 0.20 0.05 0.13 n/a 0.01 0.11 n/a
Fit calibration 0.20 0.10 0.40 0.06 0.13 0.01 0.10 0.06
Modeling of hadronization
Flavor JES component 1.21 0.87 0.58 0.11 0.58 n/a n/a n/a
Flavor-dependent hadronization uncertainty 0.90 0.90 0.76 0.61 0.49 0.28 0.39 0.31
b fragmentation and B branching fractions n/e n/e n/e n/e n/e 0.69 0.17 0.14
Modeling of the hard scattering process and radiation
Parton distribution functions 0.50 0.10 0.09 0.07 0.06 0.18 0.09 0.02
Renormalization and factorization scales 0.63 1.12 0.55 0.24 0.22 0.87 0.13 0.19
ME-PS matching threshold 0.70 0.40 0.19 0.18 0.24 0.13 0.15 0.20
ME generator 0.50 n/e 0.04 0.02 0.19 0.24 0.14 0.21
Top quark pT n/e n/e n/e n/e n/e 0.27 0.20 0.08
Modeling of non-perturbative QCD
Underlying event 1.30 0.20 0.05 0.15 0.20 0.04 0.17 0.28
Color reconnection n/e n/e 0.13 0.54 0.15 0.16 0.15 0.25
Statistical uncertainty 4.60 2.10 0.43 0.27 0.69 0.17 0.11 0.27
Total systematic uncertainty 4.52 2.66 1.46 1.03 1.23 1.40 0.74 0.84
Total uncertainty 6.45 3.39 1.52 1.06 1.41 1.41 0.75 0.89

struction and energy corrections as the later 2010 lepton+jets analysis [5], but as-
signed larger uncertainties based on the preliminary jet calibration studies. For this
reason the JES uncertainty for the 2010 di-lepton channel has been split a posteriori
into a correlated part, which has the same magnitude as the JES uncertainty in the
lepton+jets channel and an uncorrelated part which is made up of the remainder.

Lepton Energy Scale: Analogous to the JES, the energy scale of the leptons (LES) also may
induce a systematic bias. A typical variation of 0.5% is taken for electrons in the
barrel region and 2.5% in the detector end-caps. For the muons, the uncertainty
is negligible. The systematic uncertainty is taken as the largest difference that the
variation induces in the top-quark mass.

Missing ET scale: The measurement of the Emiss
T is affected by the variation in LES and JES,

but also by the uncertainty in scale of unclustered energy. The unclustered energy
scale is varied independently of LES and JES to obtain the Emiss

T uncertainty.
Jet Energy Resolution (JER): The systematic uncertainty associated to the JER in the sim-

ulation is determined by increasing or decreasing the JER by one sigma. The sys-
tematic uncertainty is taken as the largest difference among the resulting top quark
mass values.

CMS	
  Combina2on	
  (September	
  2014) CMS	
  TOP-­‐14-­‐015
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Input measurements and uncertainties in GeV
CDF D0 ATLAS CMS World

Uncertainty l+jets di-l all jets Emiss
T l+jets di-l l+jets di-l l+jets di-l all jets Combination

mtop 172.85 170.28 172.47 173.93 174.94 174.00 172.31 173.09 173.49 172.50 173.49 173.34
Stat 0.52 1.95 1.43 1.26 0.83 2.36 0.23 0.64 0.27 0.43 0.69 0.27
iJES 0.49 n.a. 0.95 1.05 0.47 0.55 0.72 n.a. 0.33 n.a. n.a. 0.24
stdJES 0.53 2.99 0.45 0.44 0.63 0.56 0.70 0.89 0.24 0.78 0.78 0.20
flavourJES 0.09 0.14 0.03 0.10 0.26 0.40 0.36 0.02 0.11 0.58 0.58 0.12
bJES 0.16 0.33 0.15 0.17 0.07 0.20 0.08 0.71 0.61 0.76 0.49 0.25
MC 0.56 0.36 0.49 0.48 0.63 0.50 0.35 0.64 0.15 0.06 0.28 0.38
Rad 0.06 0.22 0.10 0.28 0.26 0.30 0.45 0.37 0.30 0.58 0.33 0.21
CR 0.21 0.51 0.32 0.28 0.28 0.55 0.32 0.29 0.54 0.13 0.15 0.31
PDF 0.08 0.31 0.19 0.16 0.21 0.30 0.17 0.12 0.07 0.09 0.06 0.09
DetMod <0.01 <0.01 <0.01 <0.01 0.36 0.50 0.23 0.22 0.24 0.18 0.28 0.10
b-tag 0.03 n.e. 0.10 n.e. 0.10 <0.01 0.81 0.46 0.12 0.09 0.06 0.11
LepPt 0.03 0.27 n.a. n.a. 0.18 0.35 0.04 0.12 0.02 0.14 n.a. 0.02
BGMC 0.12 0.24 n.a. n.a. 0.18 n.a. n.a. 0.14 0.13 0.05 n.a. 0.10
BGData 0.16 0.14 0.56 0.15 0.21 0.20 0.10 n.a. n.a. n.a. 0.13 0.07
Meth 0.05 0.12 0.38 0.21 0.16 0.51 0.13 0.07 0.06 0.40 0.13 0.05
MHI 0.07 0.23 0.08 0.18 0.05 <0.01 0.03 0.01 0.07 0.11 0.06 0.04
Total Syst 0.99 3.13 1.41 1.36 1.25 1.49 1.53 1.50 1.03 1.46 1.23 0.71
Total 1.12 3.69 2.01 1.85 1.50 2.79 1.55 1.63 1.06 1.52 1.41 0.76

Table 3: Uncertainty categories assignment for the input measurements and the result of the world mtop com-
bination. All values are in GeV. In the table, “n.a.” stands for not applicable; “n.e.” refers to uncertainties not
evaluated (see text for details).

⇢EXP ⇢LHC ⇢TEV
⇢COL

⇢CDF ⇢D0 ⇢ATL ⇢CMS ⇢ATL�TEV ⇢CMS�TEV

Stat 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
iJES 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0

stdJES 1.0 1.0 1.0 1.0 0.0 0.0 0.0 0.0
flavourJES 1.0 1.0 1.0 1.0 0.0 0.0 0.0 0.0

bJES 1.0 1.0 1.0 1.0 0.5 1.0 1.0 0.5
MC 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Rad 1.0 1.0 1.0 1.0 1.0 1.0 0.5 0.5
CR 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

PDF 1.0 1.0 1.0 1.0 1.0 1.0 0.5 0.5
DetMod 1.0 1.0 1.0 1.0 0.0 0.0 0.0 0.0

b-tag 1.0 1.0 1.0 1.0 0.0 0.0 0.0 0.0
LepPt 1.0 1.0 1.0 1.0 0.0 0.0 0.0 0.0

BGMC† 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
BGData 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Meth 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
MHI 1.0 1.0 1.0 1.0 1.0 0.0 0.0 0.0

Table 4: Assumed correlation coe�cients for each source of uncertainty. The symbols ⇢CDF, ⇢D0, ⇢ATL, and
⇢CMS represent the assumed correlations among measurements from the same experiment, while ⇢LHC and
⇢TEV indicate the correlations assumed respectively between measurements at the LHC and at the Tevatron.
The ⇢ATL�TEV and ⇢CMS�TEV reflect the correlations between measurements from ATLAS or CMS and the
Tevatron.
† For the BGMC, the 100% correlation is assumed only for measurements using the same tt̄ final state.

5.2 JES uncertainties

The following systematic uncertainties stem from the limited knowledge of the JES [27, 28, 31–35, 65]. Since
the methodologies and assumptions to derive JES corrections and their corresponding uncertainties are not
always directly comparable between experiments, variations of the correlation assumptions described below

7
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ALEPH data
P6, Z2*
P6, Z2*rbLEP
P6, Z2*rbLEP hard
P6, Z2*rbLEP soft

10�2

10�1

1

b quark fragmentation function f (xweak
B )

1/
N
d
N
/
d
x
B

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

0.6

0.8

1

1.2

1.4

xB

M
C
/
D
at
a

 [GeV]jet
T

p

210 310

>
tru

th
T

/p
b-

je
t

T
<p

0.92
0.94
0.96
0.98

1
1.02
1.04
1.06
1.08 ATLAS simulation

| < 2.5η R = 0.4 truth b-jets |t= 7 TeV Anti-ks

PYTHIA MC10
PYTHIA PROFESSOR
PYTHIA BOWLER MODIFIED

= /

¯

!

/20

b-­‐fragmenta2on	
  was	
  measured	
  at	
  LEP	
  to	
  be	
  
significantly	
  harder	
  than	
  our	
  default	
  (Pythia	
  Z2*)

• Retune	
  Z2*	
  to	
  describe 
b-­‐fragmenta2on	
  in  
ALEPH	
  data	
  

• Quote	
  difference	
  as 
uncertainty
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