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Mo'va'on	  for	  J+jets	  
•  Study	  QCD	  radia'on	  at	  high	  scales	  

–  Tevatron:	  ~	  every	  3rd	  top	  event	  contains	  an	  addi'onal	  jet;	  first	  pioneering	  study	  on	  
J+1jet	  from	  CDF	  (2009);	  

–  LHC	  large	  phase	  space	  for	  QCD	  radia'on	  due	  to	  higher	  sqrt(s);	  ~	  2	  third	  of	  	  top	  
events	  used	  in	  measurements	  have	  an	  addi'onal	  jet	  

	  	  
•  Large	  systema'c	  uncertain'es	  related	  to	  QCD	  radia'on	  

–  Changes	  in	  acceptance	  
–  Jet	  combina'ons	  in	  top	  quark	  reconstruc'on	  

•  Radia'on	  described	  by	  QCD	  MC	  models	  with	  free	  model	  parameters	  
–  Define	  and	  measure	  appropriate	  observables	  to	  provide	  input	  for	  MC	  tuning	  

•  Background	  processes	  for	  searches	  (BSM,	  rare	  SM,	  Higgs)	  
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αS(Q2)	  

•  Scale	  and	  coupling	  strength	  of	  the	  emission	  
•  factorisa'on	  and	  renormalisa'on	  scale	  	  
•  Func'onal	  form	  
•  Mul'ple	  scales	  within	  one	  event	  

•  Approxima'ons	  in	  calcula'ons	  
•  ME	  vs	  PS	  
•  NLO	  vs	  mul'leg	  (new:	  NLO	  plus	  mul'leg)	  
•  ME+PS	  matching	  algorithm	  +	  scale	  	  

•  Predic'ons	  	  
•  jet	  mul'plicity,	  E,	  angle,	  shape	  
•  parton	  pt,	  pt	  of	  Jbar	  system	  
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QCD	  radia'on	  	  
in	  top	  pair	  produc'on	  

Single	  jet	  based	  observables	  
	  	  	  Njet,	  jet	  pt,	  η,	  jet	  shapes	  
Integrated	  observables	  

jet	  veto,	  HT,	  ST	  	  	  
Indirect	  observables	  (recoil)	  

Lepton	  pt,	  Etmiss,	  ptW	  

Derived	  quan''es	  
top	  pt,	  Jbar	  pt	  	  



The	  Measurements	  

•  Measurements	  performed	  in	  fiducial	  volume	  (“visible	  phase	  space”)	  	  
to	  minimise	  model	  dependencies	  
–  Recent	  development:	  expand	  “fiducial	  region”	  also	  to	  object	  defini'on	  and	  

parton	  proxy	  
•  Correc'on	  of	  detector	  level	  effects	  through	  “unfolding”	  to	  par'cle	  

level	  	  
•  Measurements	  in	  single-‐lepton	  and	  di-‐lepton	  channel	  at	  7	  TeV	  and	  

8	  TeV	  
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Fiducial	  object	  defini'on*	  
	  based	  on	  stable	  par'cles	  (τ>0.3*10-‐10	  sec)	  within	  observable	  η	  range	  

Leptons	  (e,	  µ,	  ν)	  not	  from	  hadron	  decay	  
e,	  µ	  4-‐momentum	  incl.	  clustering	  with	  γ	  	  
in	  cone	  with	  R=0.1	  

An'-‐kt	  R=0.4	  

B-‐jets:	  
If	  a	  stable	  B-‐hadron	  with	  in'al	  pt>5	  GeV	  	  
Ghost	  matched	  to	  the	  jet	  
	  -‐>	  corresponding	  to	  non-‐prompt	  Bs	  from	  	  
electro-‐weak	  decays	  

ATLAS	   CMS	  

Leptons	  aqer	  radia'on	  (status	  code	  3)	  
	  from	  	  Pythia	  with	  W	  mother	  
	  

Jets:	  
clusters	  all	  but	  the	  prompt	  par'cles	  	  
(i.e.	  ν, µ	  from	  hadron	  decays	  are	  inside	  jets)	  

An'-‐kt	  R=0.5	  

B-‐jets:	  
If	  one	  of	  the	  decay	  products	  of	  a	  B-‐
hadron	  are	  clustered	  within	  a	  jet	  	  

5	  
*for	  J+jets;	  other	  analysis	  may	  use	  different	  defini'ons	  	  
See	  also	  Top	  LCPP	  WG:	  hJps://twiki.cern.ch/twiki/bin/view/LHCPhysics/Par'cleLevelTopDefini'ons	  



Fiducial	  kinema'c	  phase	  space	  for	  J+jets	  

-‐  Exactly	  one	  e	  or	  µ	  	  with	  	  
	  	  	  	  	  |η|<2.5,	  pt>25	  GeV	  
-‐  No	  addi'onal	  e	  or	  µ	  with	  	  
	  	  	  	  	  	  pt>15	  GeV	  &	  |η|<2.5	  
-‐  Etmiss	  >	  30GeV	  &	  mT(W)>35	  GeV	  
-‐  >=	  3	  Jets	  with	  pt>25	  GeV	  &	  |η|<2.5	  	  
	  	  	  	  	  	  incl.	  >=1	  b-‐tagged	  jet	  
-‐  No	  jet-‐jet	  pair	  with	  dR<0.5	  
-‐  No	  jet-‐e	  or	  jet-‐µ	  pair	  with	  dR<0.4	  
	  

-‐  Lepton	  with	  
	  	  	  	  	  	  |η|<2.5(e)	  ,	  |η|<2.1(µ),	  pt>30	  GeV	  

-‐  2	  b-‐jets+1	  jet	  with	  |η|<2.4,	  pt>35	  GeV	  
-‐  Jet	  removal	  if	  dR	  (jet,lepton)<0.4	  

CMS	  di-‐lepton	  channel:	  lower	  pt	  cuts	  to	  
20	  GeV	  (leptons)	  and	  30	  GeV	  (jets)	  
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ATLAS	  single-‐lepton	  channel	   CMS	  single-‐lepton	  channel	  



Correc'on	  to	  par'cle	  level	  
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Global	  efficiency	  correc'on	  factors	  +	  itera've	  Bayesian	  unfolding	  

S'll	  large	  correc'ons	  needed	  for	  detector	  level	  effects	  
	  but	  reduced	  dependence	  on	  MC	  model	  

arXiv:1407.0891	  



ATLAS	  Jet	  Mul'plici'es	  for	  single-‐lepton	  	  channel	  
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pt>40	  GeV...pt>60GeV…	  	  

Differen'al	  cross	  sec'on	  at	  7	  TeV	  as	  a	  func'on	  of	  jet	  mul'plicity	  with	  several	  pt	  thresholds	  

8	  

•  Uncertain'es	  dominated	  by	  JES	  and	  MC	  modeling	  of	  QCD	  radia'on	  	  
•  High	  mul'plicity	  measurements	  limited	  by	  sta's'cs	  	  
•  Model	  differences	  increase	  with	  jet	  mul'plici'es	  and	  jet	  pt	  threshold	  
•  Data	  have	  discrimina'ng	  power	  between	  different	  MC	  models	  

	  -‐MC@NLO	  too	  few	  jets	  
	  -‐POWHEG	  &	  ALPGEN	  with	  appropriate	  se{ngs	  describe	  data	  

arXiv:1407.0891	  
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12 7 Normalised differential cross section as a function of the additional jet multiplicity
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Figure 3: Normalised differential tt production cross section as a function of jet multiplicity for
jets with pT > 35 GeV in the `+jets channel. The measurement is compared to predictions from
MADGRAPH+PYTHIA, POWHEG+PYTHIA, and MC@NLO+HERWIG (left), as well as from MAD-
GRAPH with varied renormalisation and factorisation scales, and jet-parton matching threshold
(right). The inner (outer) error bars indicate the statistical (combined statistical and systematic)
uncertainty. The shaded band corresponds to the combined statistical and systematic uncer-
tainty.

For this measurement, the event selection follows the prescription discussed in Sect. 4, and
requires at least four jets (in order to perform a full event reconstruction later) with pT > 30 GeV
and |h| < 2.4. The pT requirement is lowered to gain more data and reduce the statistical
uncertainty. The particle-level jets, defined as described in Sect. 6 but with pT > 30 GeV, are
counted as additional jets if their distance to the tt decay products is DR > 0.5. We consider the
following objects as tt decay products: two b quarks, two light quarks from the hadronically
decaying W boson, and the lepton from the leptonically decaying W boson; the neutrino is not
included. The simulated tt events are classified into three categories according to the number
of additional jets (0, 1, and �2) selected according to this definition. Figure 4 illustrates the
contributions of tt events with 0, 1, and �2 additional jets to the number of reconstructed jets
in the simulation.

A full event reconstruction of the tt system is performed in order to create a variable sensitive to
additional jets, taking into account all possible jet permutations. The most likely permutation
is determined using a c2 minimisation, where the c2 is given by:

c2 =

 
mrec

Whad � mtrue
Whad

sWhad

!2

+

 
mrec

thad � mtrue
thad

sthad

!2

+

 
mrec

tlep � mtrue
tlep

stlep

!2

,

where mrec
thad and mrec

tlep are the reconstructed invariant masses of the hadronically and the lepton-
ically decaying top quark, respectively, and mWhad is the reconstructed invariant mass of the W
boson from the hadronic top-quark decay. The parameters mtrue and sthad , stlep , and sWhad are
the mean value and standard deviations of the reconstructed mass distributions in the tt simu-
lation. In each event, all jet permutations in which only b-tagged jets are assigned to b quarks
are considered. The permutation with the smallest c2 value is chosen as the best hypothesis.
For events containing the same number of reconstructed jets (Njets) the variable

p
c2 provides

CMS	  jet	  mul'plicity	  in	  single-‐	  	  
and	  di-‐lepton	  channel	  

Pt>35	  GeV	  

Normalised	  cross	  sec'on	  at	  7	  TeV	  and	  8	  TeV	  for	  pt	  thresholds	  up	  to	  100	  GeV	  

9	  

arXiv:1404.3171	  

•  Consistent	  results	  across	  different	  top-‐decay	  channels,	  at	  different	  	  energies	  and	  between	  both	  
experiments	  

•  Large	  uncertain'es	  at	  high	  jet	  mul'plici'es	  dominated	  by	  JES	  and	  MC	  modeling	  
•  Uncertain'es	  at	  high	  jet	  mul'plici'es	  @	  7	  TeV	  of	  similar	  size	  as	  ATLAS	  measurement	  

CMS-‐PAS	  TOP-‐12-‐041	  
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Figure 4: Jet multiplicity distribution in simulated tt events in the `+jets channel. The splitting
into three categories, defined by the compatibility of the selected particle level jets with the tt
decay partons is also shown (cf. Sect. 7).

good discrimination between events classified as tt + 0, 1, and �2 additional jets. The discrim-
ination power is due to the sensitivity of the event reconstruction to the relation between Njets
and the number of additional jets Nadd. jets. The best event reconstruction, thus providing a
smaller

p
c2, is achieved if the observation is close to Njets = 4 + Nadd. jets, where four is the

expected number of jets from the tt decay partons. For instance, a tt + 1 additional jet event
with Njets = 4 is likely to get a large

p
c2 value because one of the four jets from the tt decay

partons is missing for a correct event reconstruction.

The measurement of the fractions of tt events with 0, 1, and �2 additional jets is performed
using a binned maximum-likelihood fit of the

p
c2 templates to data, simultaneously in both

`+jets channels. The normalisations of the signal templates (tt + 0, 1, and �2 additional jets)
are free parameters in the fit. For the normalisations of the background processes, Gaussian
constraints corresponding to the uncertainties of the background predictions are applied. It
has been verified that the use of log-normal constraints give similar results. The result of the fit
is shown in Fig. 5. The QCD multijet and W+jets templates are estimated using the data-based
methods described in Sect. 4.

The normalisations for the three signal templates are applied to the predicted differential
cross section in the visible phase space, calculated using the simulated tt sample from MAD-
GRAPH+PYTHIA. This phase space is defined as in Sect. 6 with the requirement of four particle
level jets with pT > 30 GeV. This provides the differential cross section as a function of the
number of additional jets, which is finally normalised to the total cross section measured in the
same phase space. The results are shown in Fig. 6 and summarised in Table 4.

For each tt + additional jet template used in the maximum-likelihood fit, a full correlation is
assumed between the rate of events that fulfill the particle-level selection and the rate of events
that do not. Therefore, a single template is used for both parts.

Including an additional template made from events that are not inside the visible phase space
leads to fit results that are compatible within the estimated uncertainties. To check the model
dependency, the fit is repeated using simulated data from MC@NLO+HERWIG and POWHEG+PYTHIA

Addi'onal	  jet	  mul'plici'es	  

14 7 Normalised differential cross section as a function of the additional jet multiplicity

instead of MADGRAPH+PYTHIA. The results are stable within the uncertainties.

Figure 5: Result of the simultaneous template fit to the
p

c2 distribution in the `+jets channel.
All templates are scaled to the resulting fit parameters.
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Figure 6: Normalised differential tt production cross section as a function of the number
of additional jets in the `+jets channel. The measurement is compared to predictions from
MADGRAPH+PYTHIA, POWHEG+PYTHIA, and MC@NLO+HERWIG (left), as well as from MAD-
GRAPH with varied renormalisation and factorisation scales, and jet-parton matching threshold
(right). The inner (outer) error bars indicate the statistical (combined statistical and systematic)
uncertainty. The shaded band corresponds to the combined statistical and systematic uncer-
tainty

The sources of systematic uncertainties are the same as those discussed in Sect. 5, except for
the background normalisations, which are constrained in the fit. Their effect is propagated to
the fit uncertainty, which is quoted as the statistical uncertainty. The impact of the systematic
uncertainties on the extracted fractions of tt + 0, 1, and �2 additional jets is evaluated using

•  Determine	  jets	  not	  from	  top/an'-‐top	  decay	  through	  template	  fit	  
•  Event	  classifica'on	  at	  truth	  level:	  
	   	  dR(jet,	  top	  decay	  product)<0.5	  

	  Top	  decay	  products:	  2	  b	  quarks,	  jets	  and	  lepton	  from	  W	  decay	  
•  Addi'onal	  jet	  defini'on	  in	  data:	  

	  	  Reconstruct	  J	  system	  by	  minimising	  

10	  
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Figure 3: Normalised differential tt production cross section as a function of jet multiplicity for
jets with pT > 35 GeV in the `+jets channel. The measurement is compared to predictions from
MADGRAPH+PYTHIA, POWHEG+PYTHIA, and MC@NLO+HERWIG (left), as well as from MAD-
GRAPH with varied renormalisation and factorisation scales, and jet-parton matching threshold
(right). The inner (outer) error bars indicate the statistical (combined statistical and systematic)
uncertainty. The shaded band corresponds to the combined statistical and systematic uncer-
tainty.

For this measurement, the event selection follows the prescription discussed in Sect. 4, and
requires at least four jets (in order to perform a full event reconstruction later) with pT > 30 GeV
and |h| < 2.4. The pT requirement is lowered to gain more data and reduce the statistical
uncertainty. The particle-level jets, defined as described in Sect. 6 but with pT > 30 GeV, are
counted as additional jets if their distance to the tt decay products is DR > 0.5. We consider the
following objects as tt decay products: two b quarks, two light quarks from the hadronically
decaying W boson, and the lepton from the leptonically decaying W boson; the neutrino is not
included. The simulated tt events are classified into three categories according to the number
of additional jets (0, 1, and �2) selected according to this definition. Figure 4 illustrates the
contributions of tt events with 0, 1, and �2 additional jets to the number of reconstructed jets
in the simulation.

A full event reconstruction of the tt system is performed in order to create a variable sensitive to
additional jets, taking into account all possible jet permutations. The most likely permutation
is determined using a c2 minimisation, where the c2 is given by:

c2 =

 
mrec

Whad � mtrue
Whad

sWhad

!2

+

 
mrec

thad � mtrue
thad

sthad

!2

+

 
mrec

tlep � mtrue
tlep

stlep

!2

,

where mrec
thad and mrec

tlep are the reconstructed invariant masses of the hadronically and the lepton-
ically decaying top quark, respectively, and mWhad is the reconstructed invariant mass of the W
boson from the hadronic top-quark decay. The parameters mtrue and sthad , stlep , and sWhad are
the mean value and standard deviations of the reconstructed mass distributions in the tt simu-
lation. In each event, all jet permutations in which only b-tagged jets are assigned to b quarks
are considered. The permutation with the smallest c2 value is chosen as the best hypothesis.
For events containing the same number of reconstructed jets (Njets) the variable

p
c2 provides

arXiv:1404.3171	  

Njets	  

14 7 Normalised differential cross section as a function of the additional jet multiplicity

instead of MADGRAPH+PYTHIA. The results are stable within the uncertainties.

Figure 5: Result of the simultaneous template fit to the
p

c2 distribution in the `+jets channel.
All templates are scaled to the resulting fit parameters.
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Figure 6: Normalised differential tt production cross section as a function of the number
of additional jets in the `+jets channel. The measurement is compared to predictions from
MADGRAPH+PYTHIA, POWHEG+PYTHIA, and MC@NLO+HERWIG (left), as well as from MAD-
GRAPH with varied renormalisation and factorisation scales, and jet-parton matching threshold
(right). The inner (outer) error bars indicate the statistical (combined statistical and systematic)
uncertainty. The shaded band corresponds to the combined statistical and systematic uncer-
tainty

The sources of systematic uncertainties are the same as those discussed in Sect. 5, except for
the background normalisations, which are constrained in the fit. Their effect is propagated to
the fit uncertainty, which is quoted as the statistical uncertainty. The impact of the systematic
uncertainties on the extracted fractions of tt + 0, 1, and �2 additional jets is evaluated using

Njets	  
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Measurement	  of	  normalised	  cross	  sec'on	  as	  a	  func'on	  of	  HT,	  ST,	  Etmiss	  
Interes'ng	  observables	  par'cularly	  for	  SUSY	  searches	  
Preliminary	  data	  have	  too	  large	  uncertain'es	  to	  constrain	  QCD	  MC	  models	  	  
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Tuning Tools - The Jet Gap Fraction Measurement

♦ jet gap fraction @ 7 TeV 

● until recently only Rivet routine from ATLAS tt data

♦ jet activity in 3 different rapidity bins

● e.g. f
gap

(Q
0
) : 

number of events without any jet of p
T
>Q

0

♦ findings:

● central region well described by default
generators

● poor description in highest rapidity bin 

● hard to describe this region, failed when  

♦ changing scale (e.g. for Alpgen)

♦ using different PDFs

♦ ...

♦ concerns:

● how much can we use the result for tuning?

→ should update this measurement using

     8 TeV data and improved truth definitions  

♦ taken from validation page

Jet	  Veto	  (“gap	  frac'on”)	  analysis	  

8
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Fig. 4 The measured gap fraction as a function of Q0 is compared with the prediction from the NLO and multi-leg LO MC
generators in the three rapidity regions, (a) |y| < 0.8, (b) 0.8 ≤ |y| < 1.5 and (c) 1.5 ≤ |y| < 2.1. Also shown, (d), is the gap
fraction for the full rapidity range |y| < 2.1. The data is represented as closed (black) circles with statistical uncertainties.
The yellow band is the total experimental uncertainty on the data (statistical and systematic). The theoretical predictions are
shown as solid and dashed coloured lines. The gap fraction is shown until Q0 = 300 GeV or until the gap fraction reaches one
if that occurs before Q0 = 300 GeV.
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Di-‐lepton	  channel	  

pt	  threshold	  for	  first	  addi'onal	  jet	  

Eur.Phys.J.	  C72	  (2012)	  2043	  
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More	  radia'on	  
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Tuning Tools - The Jet Gap Fraction Measurement

♦ jet gap fraction @ 7 TeV 

● until recently only Rivet routine from ATLAS tt data

♦ jet activity in 3 different rapidity bins

● e.g. f
gap

(Q
0
) : 

number of events without any jet of p
T
>Q

0

♦ findings:

● central region well described by default
generators

● poor description in highest rapidity bin 

● hard to describe this region, failed when  

♦ changing scale (e.g. for Alpgen)

♦ using different PDFs

♦ ...

♦ concerns:

● how much can we use the result for tuning?

→ should update this measurement using

     8 TeV data and improved truth definitions  

♦ taken from validation page
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Tuning Tools - The Jet Gap Fraction Measurement

♦ jet gap fraction @ 7 TeV 

● until recently only Rivet routine from ATLAS tt data

♦ jet activity in 3 different rapidity bins

● e.g. f
gap

(Q
0
) : 

number of events without any jet of p
T
>Q

0

♦ findings:

● central region well described by default
generators

● poor description in highest rapidity bin 

● hard to describe this region, failed when  

♦ changing scale (e.g. for Alpgen)

♦ using different PDFs

♦ ...

♦ concerns:

● how much can we use the result for tuning?

→ should update this measurement using

     8 TeV data and improved truth definitions  

♦ taken from validation page
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Sum	  pt	  of	  	  addi'onal	  jets	  
Lots	  of	  different	  observables	  	  
•  Different	  sensi'vi'es?	  
•  Consistent	  picture	  of	  QCD	  radia'on?	  
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Figure 3: The P + P6, P12 sample and the predictions with different values of damping

parameter hdamp are compared for the gap fraction observables [1] in tt̄ dilepton channel events. (a)

f (Q0) and (b) f (Qsum) are shown in rapidity interval |y| <2.1. The data is represented as closed (black)

circles with statistical uncertainties. The yellow band is the total experimental uncertainty on the data

(statistical and systematic). The theoretical predictions are shown as solid and dashed coloured lines.

5.1 P

First parameter variations for the case of P + P6, P12 sample are studied. In case of P

it has been noted in Ref. [12], that the renormalisation and factorisation scale variations result in under-

estimate of uncertainties, unless a scale variation is performed in the presence of damping, switched on

by hdamp parameter described in section 2. Variations of P renormalisation and factorisation scale

variations and variations of parameter hdamp as well variations of P6 parton shower settings are

explored for gap fraction observables.

Since the value of parameter hdamp is not known from first principles, several values are considered

in Fig. 3. Predictions of P + P6, P12 sample for gap fraction observables (a) f (Q0) and (b)

f (Qsum) are shown in rapidity interval |y| <2.1 for values of hdamp parameter of mt, 2mt and 4mt. As

expected, the larger values of hdamp are closer to the nominal P + P6, P12 prediction, which

corresponds to parameter hdamp set to∞. The sample produced with hdamp = mt yields a notably higher

gap fraction than the nominal setup. For scale variation studies in the following figures value of hdamp

= 2mt, close to value of 400 GeV considered in [12] is used. The prediction of sample with hdamp =

2mt is in agreement with gap fraction data and is well suited to be a baseline for renormalisation and

factorisation scale variations.

In Fig. 4 predictions of P + P6, P12 for the gap fraction observables are shown for

renormalisation and factorisation scale variations without and with damping. Multiplicative factors of

renormalisation (µr) and factorisation (µ f ) scales are varied using the reweighting features of P-

BOX. It has been checked that the conclusions remain the same when estimating the scale variation

effects by generating (as opposed to reweighting) the events. (a,c,e) f (Q0) and (b,d,f) f (Qsum) are shown

in rapidity interval |y| < 2.1. For samples P + P, µr = X, µ f = Y , hdamp = 2mt, that correspond

to scale variation in presence of damping the following observations can be made: difference between

the scale variation samples is significant. The renormalisation (top row) and factorisation (middle) scale
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POWHEG:	  NLO	  ME	  for	  top	  pair,	  LO	  ME	  for	  first	  emission,	  matched	  to	  PS	  
Free	  model	  parameter	  to	  regulate	  hardness	  of	  first	  radia'on	  (hdamp)	  
Measurements	  are	  sensi've	  to	  the	  se{ng	  of	  this	  free	  model	  parameter	  
Best	  descrip'on	  of	  J	  data	  with	  hdamp	  ~	  mtop	   14	  

ATL-‐PHYS-‐PUB-‐2013-‐005	  	  

More	  radia'on	  

Less	  radia'on	  



Constrain	  predic'ons	  of	  	  
scale	  varia'ons	  
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Figure 2: The A + P6 as down,radLo and as up,radHi sample predictions are compared for

the jet multiplicity and gap fraction observables in tt̄ dilepton channel events. The P + P6,

P2011 and MG + P6, Z2 predictions are also shown. The normalized differential cross-

section as a function of jet multiplicity is shown for the jets with (a) pT > 30 GeV, (b) pT > 60 GeV.

The comparisons to the gap fraction observables [1] (c) f (Q0) and (d) f (Qsum) are shown. The data and

theory predictions are represented in the same way as in Fig. 1.
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•  Vary	  αS	  in	  ME+PS	  (ATLAS),	  only	  in	  ME	  (CMS)	  by	  a	  factor	  2	  up	  and	  down	  	  	  
•  Higher	  αS	  and	  more	  PS	  	  excluded	  by	  all	  data	  
•  Data	  beJer	  described	  by	  	  4*Q2	  /	  αS	  Down	  	  	  
•  Poten'al	  to	  further	  reduce	  scale	  varia'ons	  with	  data	  @	  8	  TeV	  

15	  Reminder:	  
CMS	  4*Q2	  =	  ATLAS	  αS	  Down;	  CMS	  Q2/4	  =	  ATLAS	  αS	  up	  
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	  jet	  pT	  in	  J	  events	  	  
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Ordered	  jets	  in	  pt	  and	  unfold	  single	  pt	  spectrum	  
Addi'onal	  requirement:	  leading	  jet	  pt	  >	  50	  GeV,	  sub-‐leading	  jet	  pt>35	  GeV	  

High	  probability:	  jet	  from	  top	  decay	   High	  probability:	  addi'onal	  jet	  

Soq	  scale	  preferred	  by	  data	  @	  high	  pt	  of	  leading	  jet	  and	  pt	  of	  5th	  jet	  

arXiv:1407.0891	  



Pseudo-‐top	  method	  
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Assumed	  top	  decay	  products:	  	  
2	  highest	  pt	  b-‐jets,	  lepton,	  2	  highest	  pt	  jets	  

Leptonic	  top:	  
b-‐jets	  with	  lowest	  
dφ(jet,lepton),	  
lepton,	  Etmiss	  

Hadronic	  top:	  
b-‐jet,	  	  
	  
2	  highest	  pt	  jets	  

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a

t
i
o

n
o

n
l
y

where the subscript ! refers to the electron (muon) and mW is the W boson mass. Assuming129

no neutrino mass, the pz,ν of the neutrino is taken from the solution of the resulting130

quadratic equation.131

pz,ν =
−b ±

√
b2 − 4ac

2a

where132

a = E2
" − p2

z," b = −2kpz," c = E2
" p2

T,ν − k2

and133

k =
m2

W − m2
"

2
+ pT," · pT,ν

If both solutions are real, the solution with the smallest magnitude of pz is chosen. In134

cases where (b2 − 4ac) is less than zero, the neutrino pz is taken as:135

pz,ν = −
b

2a

Given the value of pz,ν , the leptonic pseudo-top-quark is formed from the combination of136

the leptonic W boson and the assigned b-jet. The observables extracted from the pseudo-137

top-quark four vectors are used in the measurement to define, for example, the pT, rapidity138

and its mass.139
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Figure 1. The pT distribution of the hadronic top-quark evaluated at the parton level (green) and
the pT calculated at the particle level using the pseudo-top-quark definition (blue). The distributions
are evaluated for a fixed integrated luminosity. The ratio is evaluated using normalised distributions
to emphasise the difference in shape between the two distributions.

Figure 1 compares the parton-level truth pT distribution of the top-quark with the140

particle-level pT distribution of the pseudo-top-quark. The two distributions are evaluated141
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1

1 Introduction

Since its discovery in 1995 at the Fermilab Tevatron [1, 2], the top quark has been studied pri-
marily using events containing top quark-antiquark pairs (tt) and events containing a single
top quark. With the larger centre-of-mass energy and luminosity of the CERN LHC, the study
of more rare processes involving top quarks becomes possible. One such process is the pro-
duction of four top quarks (tttt). In the standard model (SM), tttt production proceeds via
gluon-gluon fusion or quark-antiquark annihilation. Feynman diagrams contributing to this
process at leading order (LO) are shown in Fig. 1. The cross section for SM tttt production at
the LHC is predicted, at LO, to be extremely small: sSM

tttt ⇡ 1 fb at
p

s = 8 TeV [3]. Next-to-
leading-order (NLO) corrections increase the cross section by as much as 30% [4]. The main
background is due to tt production, a process that has a cross section more than five orders of
magnitude larger [5] and is one of the reasons that a tttt signal has not yet been observed.
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Figure 1: Leading-order Feynman diagrams for tttt production in the SM from gluon-gluon
fusion (left) and quark-antiquark annihilation (right).

As the data used in this paper correspond to an integrated luminosity of 19.6 fb�1 , there are
⇡20 tttt events expected in the data. Because of the very large tt background, the direct obser-
vation of events leading to a measurement of stttt is unlikely. However, in many models beyond
the SM (BSM) involving massive coloured bosons, Higgs boson or top quark compositeness, or
extra dimensions, stttt is enhanced [4, 6–10]. In some supersymmetric extensions of the SM, tttt
final states can also be produced via cascade decays of coloured supersymmetric particles such
as squarks and gluinos [11]. In certain regions of BSM parameter space, these final states have
kinematics similar to those of SM tttt production. In such cases, reinterpretation of an upper
limit on SM production of tttt has the potential to constrain BSM theories. Moreover, in direct
searches for these BSM signatures, SM production of tttt can be a background. Hence, experi-
mental constraints on stttt have the potential to enhance the discovery reach of such searches.

This paper presents a search for SM production of tttt in events that contain a single lepton (`)
and multiple jets. Signal events are sought in final states with a single muon (µ) or a single
electron (e), in what are termed µ + jets and e + jets channels. The muon or electron originates
either from the direct decay of a W boson or from the leptonic decay of a t lepton in t ! bW,
W ! tnt, t ! `n`nt. The chosen final state has a larger branching ratio (⇡41%) than the
zero-lepton (⇡30%), two-lepton (⇡22%) or three- and four-lepton (⇡6%) final states, when only
muons and electrons are considered as final-state leptons. Kinematic reconstruction techniques
and multivariate analyses (MVA) are used to discriminate the tttt signal from the tt background.

σSM	  ~	  1	  �	  

BDTevent	  with	  10	  variables:	  
Top	  quark	  mul'plicity	  	  
Jet	  ac'vity:	  Njet,	  Nbjet,	  	  HT,	  pT5,	  pT6	  

b,	  e(µ,τ-‐>e,µ),	  ν	

b,	  q,	  q	  

b,	  q,	  q	  
b,	  q,	  q	  
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Figure 3: The distribution in the BDTevent discriminant for data and simulation in events with
Njets = 6 for the µ + jets and e + jets channels in (a) and (b), respectively, and the same in events
with Njets = 7 in (c) and (d), and in events with Njets > 7 in (e) and (f). The ratios plotted at the
bottom of each panel reflect the percent differences between data and MC events. The hatched
areas reflect the changes in the calculated predictions produced by factors of two and one half
changes in the factorisation and renormalisation scales (see Section 6).

comparing alternative tt samples that are generated with the renormalisation and factorisation
scales simultaneously changed up and down by a factor of two relative to the nominal tt sam-

Limit	  @	  95%CL	  :	  σJJ	  <	  32	  �	  
Expected:	  σJJ	  <	  32	  +/-‐	  17	  �	  

Simultaneous	  	  fit	  to	  signal	  +	  background	  of	  BDTevent	  
in	  6	  regions	  (e,µ,	  Njet=6,	  7,	  >7)	  

8	  TeV	  data,	  19	  �-‐1	  
Single-‐lepton	  channel,	  Nbjets>=2,	  Njet(30GeV)>=6,	  Etmiss>30GeV,	  HT>400GeV	  

arXiv:1409.7339	  



Summary	  

•  Pioneering	  work	  	  to	  define	  observables	  in	  a	  model	  independent	  
way	  at	  all	  levels	  of	  physics	  analysis	  (object	  level,	  parton	  proxie)	  

•  Many	  different	  observables	  related	  to	  QCD	  radia'on	  have	  been	  
measured	  
–  Published	  results	  on	  7	  TeV	  show	  discrimina'ng	  power	  for	  some	  MC	  

models;	  first	  MC	  op'misa'ons	  to	  these	  observables	  performed	  
–  However	  large	  uncertain'es	  in	  the	  most	  sensitve	  regions	  therefore	  

limited	  improvements	  with	  respect	  to	  scale	  uncertain'es	  

•  Preliminary	  8	  TeV	  data	  have	  significant	  smaller	  errors	  and	  are	  very	  
promising	  to	  reduce	  uncertain'es	  on	  QCD	  radia'on	  

•  Cross	  sec'on	  limits	  for	  rare	  SM	  final	  state	  of	  32	  �	  
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•  CDF	  Jbar+1	  jet:	  	  
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21	  



Backup	  

22	  



	  J+Heavy	  Flavour	  

23	  

•  Largest	  and	  irreducible	  background	  to	  JH(H-‐>bb)	  
•  Test	  of	  QCD	  predic'ons	  with	  heavy	  quarks	  
	  

•  Produc'on:	  
•  Gluon	  spli{ng	  of	  ISR	  and	  FSR	  into	  bb,	  cc	  pair	  
•  b(c)-‐quark	  in	  proton	  PDF	  could	  lead	  to	  J+b,	  J+c	  

•  Measurement:	  
•  Challenge:	  separa'on	  of	  different	  	  flavour	  of	  addi'onal	  jets	  in	  top	  pair	  produc'on	  
•  Current	  available	  publica'on:	  ra'o	  of	  J+HF/J+LF	  to	  reduce	  experimental	  uncertain'es	  
	  
	  



Ra'o	  of	  J+HF/J+LF	  
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•  Analyse	  di-‐lepton	  Jbar	  events	  with	  2	  b-‐tagged	  jets,	  >=2	  addi'onal	  jets	  
•  Event	  classifica'on	  at	  par'cle	  level:	  

	  Tt+bb:	  2	  tagged	  b-‐jets	  
	  J+bj:	  1	  tagged	  b-‐jets,	  1	  jet	  
	  J+cc:	  2	  tagged	  c-‐jets	  
	  J+LF:	  2	  untagged	  jets	  

•  Fit	  b-‐jet	  Discriminator	  of	  1st	  and	  2nd	  addi'onal	  jet	  
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9

pass the visible phase space requirement. There are also a contribution from single-top, Drell-
yan and multi-jet processes. The Drell-yan and multi-jet processes are estimated using a method
based on data. The number of events for the data-driven background are fixed in the fitting.
Since these contributions are small and the shapes of these background are similar to ttll, it
is expected that these backgrounds do not affect our measurement significantly. In order to
quantify the effect, we varied these contributions up and down with 50% uncertainty individ-
ually. The 50% variation of single-top process is conservative choice as this is larger than the
uncertainty of measured single-top cross section [28]. Single-top and Drell-yan variations give
0.8% uncertainties. The uncertainty due to multi-jet is 0.1% on the final result. Overall 1% due
to the background estimation is assigned.

The dependence of the correction factor to particle level on the assumptions made in the MC
simulation is another source of systematic uncertainty. MADGRAPH or POWHEG have been
compared in order to evaluate the impact on the applied correction to particle level. To eval-
uate its impact, obtaining a difference of 3% on the acceptance ratio is taken as systematic
uncertainty.

The tt̄bb̄ cross section strongly depends on the renormalization and factorization scale [12, 13].
Dedicated simulation samples were used to estimate this uncertainty, where the factorization
and renormalization scales Q2 were varied simultaneously by a factor two and one half scale.
The impact of the additional jet production due to the choice of the scale separating matrix
elements (ME) and parton shower (PS) in MADGRAPH is assessed by varying the matching
threshold between ME and PS using dedicated samples with a factor two and one half scale
with respect to its reference value of 20 GeV/c. An uncertainty of 6% and 3% is estimated from
the impact of Q2 scale and PS.

Depending on the fraction of tt̄cc̄ and tt̄bb̄, the acceptance of tt̄jj can also be modified slightly. In
order to quantify the difference on the acceptance ratio, we varied the tt̄cc̄ and tt̄bb̄ contribution
by 50% up and down. The tt̄cc̄ variation gives 0.5% variation and the tt̄bb̄ variation gives 1.2%
variation on the acceptance ratio. If we vary up two processes at the same time, we observed
1.6% variation on the acceptance ratio. We assigned 1.6% on the acceptance ratio due to heavy
flavor fraction. The variation of tt̄cc̄ can also alter the combined template of tt̄cc̄ and tt̄LF. A
4% uncertainty due to this varied tt̄cc̄ for the fitting is also assigned additionally.

The uncertainties considered in this analysis are summarized in Table 3.

7 Result

After correcting for the efficiency ratio and taking into account the systematic uncertainty, we
measure the cross section ratio, s(tt̄bb̄)/s(tt̄jj) in the visible phase space using the CSV b-
tagging discriminator. The measured cross section ratio for events with particle level jets with
a minimum pT of the particle level jets of 20 and 40 GeV/c is

s(tt̄bb̄)/s(tt̄jj) = 0.023 ± 0.003(stat.)± 0.005(syst.) at pT > 20 GeV/c (3)

s(tt̄bb̄)/s(tt̄jj) = 0.022 ± 0.004(stat.)± 0.005(syst.) at pT > 40 GeV/c (4)

This number can be compared to the predictions using MADGRAPH (POWHEG), which is 0.016
(0.017) ± 0.002 and 0.013 (0.014) ± 0.002 for a minimum pT of the particle level jets of 20 and
40 GeV/c, respectively. The present result is based on particle level jets clustered with final
state stable particles. We can compare the present result with NLO QCD calculations based

σJHF	  =	  58.9	  +/-‐	  12.3(stat)+/-‐15.3(sys)	  
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Measurement	  defini'on:	  
Tt+HF	  =	  Tt+b,	  J+c	  

Analyse	  di-‐lepton	  Jbar	  events	  with	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  2	  b-‐tagged	  jets,	  >=1	  addi'onal	  jets	  
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(a) 0 b-tagged jets
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(b) 1 b-tagged jet
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(c) 2 b-tagged jets

FIG. 1: Selected jet multiplicities observed using the nominal dilepton t  t event selection and 0, 1, or 2 b-tagged jets for the sum
of ee, µµ and eµ channels. Uncertainties are statistical and systematic. The last bin contains any overflow.

of the t  t + HF fiducial cross section, σfid(t  t + HF),
three or more jets are required to match a b- or c-
quark (referred to as a HF jet). All simulated b- and
c-quarks that were generated with pT > 5 GeV are con-
sidered for the matching, and are required to satisfy
ΔR(quark, jet) < 0.25. Jets that overlap both b- and c-
quarks are considered as b-jets. At least two HF jets
(and at least three total jets) are required for the mea-
surement of t  t events with at least one additional jet,
σfid(t  t+ j).

Each fiducial cross section is determined using mea-
sured quantities from the data, and an acceptance factor
derived from the Monte Carlo simulation. The ratio of
cross sections is defined as:

RHF =
σfid(t  t+HF)
σfid(t  t+ j)

. (1)

The fiducial cross section for t  t + HF production is de-
termined from:

σfid(t  t+HF) = NHF
∫

L dt · ε
; (2)

where NHF is the number, measured in data, of b-tags
from HF jets, in addition to the two b-jets from top-
quark decay.

∫

L dt is the integrated luminosity of the
sample, and ε is an acceptance factor taken from Monte
Carlo simulation that converts the number of observed
b-tags from additional HF jets to the number of events
in the signal fiducial volume. The ALPGEN t  t Monte
Carlo simulation gives a value of ε = 0.093 ± 0.004
(stat).

The denominator for RHF, σfid(t  t+ j), is computed
using the same prescription, where NHF is replaced by

Nj, the yield of dilepton events with at least two b-
tagged (and at least three total) jets in data and ε is an
acceptance factor, calculated in the ALPGEN t  t Monte
Carlo simulation to be 0.129 ± 0.001 (stat). The ac-
ceptance calculation for each fiducial cross section as-
sumes that all b-tagged jets are from real HF quarks.
Events with b-tagged jets from LF are treated as a back-
ground when computing both NHF and Nj.

The prediction for RHF from ALPGEN interfaced
with HERWIG is 3.4%. A 33% uncertainty on the pre-
dicted cross section for t  t + b  b is quoted in Ref. [3].
Since t  t+ c  c has a similar production mechanism and
these two processes are predicted to dominate the
smaller t  t+b and t  t+c contributions to t  t + HF produc-
tion, a 33% uncertainty is assigned to the predicted t  t
+ HF cross section. A parton-level study using MAD-
GRAPH5 v 1.47 [38] gives results consistent with the
fraction predicted by ALPGEN. An approximate next-
to-leading-order result obtained from a sample pro-
cessed using the POWHEG v 1.01 [39] generator [40]
is 5.2%.

V. EXPECTED SIGNAL AND BACKGROUND
YIELDS

Table I shows the number of events with ≥ 3 b-
tagged jets expected from the Monte Carlo simula-
tion, where the extra jet(s), not from the top-quark de-
cays, comes from a heavy-flavor (HF) quark (signal),
a light-flavor quark or a gluon (LF) faking a HF jet
(main background), or one of the other sources of back-
ground. The number of observed events is also shown.
While Monte Carlo simulation is used to estimate t  t +
HF rates and kinematic features, data-driven methods
and Monte Carlo simulation are both used to estimate

RHF	  determined	  from	  likelihood	  fit	  to	  vertex	  mass	  
distribu'on	  

RHF	  =	  [7.1	  +/-‐	  1.3	  (stat)	  +	  5.3-‐2.0	  (syst)]	  %	  
Alpgen:	  RHF	  =	  3.4	  +/-‐	  1.1(syst)	  
POWHEG:RHF	  =	  5.2	  +/-‐	  1.7(syst)	  
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	  jet	  pT	  in	  Jbar	  events	  	  
MC	  model	  comparisons	  
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FIG. 1: Predicted vs Observed as a function of jet multiplicity

Pi =
�ki

i · e��i

ki!
(8)

where k is the number of events in data with ”i” jets, and � is the predicted number of events with ”i” jets. More
specifically:

� = A0j · ✏0j · L · �0j
tt̄ + A+j · ✏+j · L · �+j

tt̄ + Bkg(�0j
tt̄ , �+j

tt̄ ) (9)

Ax is the acceptance, ✏ is the tagging e�ciency, L is the luminosity, and Bkg is the predicted background. The
likelihood is then:

L = �ln(P3 · P4 · P5) (10)

The likelihood is calculated for several values of the cross-section and the resulting points are fit to a two-dimensional
second order polynomial. The minimum of this curve is taken as the measured value. The result for our optimized
selection, Ht � 220 GeV and ET/ � 20 GeV, is shown in Figure 2. The measured values with statistical uncertainty
are:

�tt̄+0j = 5.5± 0.4stat pb (11)

�tt̄+j = 1.6± 0.2stat pb (12)

Kinematics plots normalized to method II predictions using the measured cross sections are shown in appendix ??.

hJp://www-‐cdf.fnal.gov/physics/new/top/2009/xsec'on/Jj_4.1inv�/	  

CDF	  conference	  study	  2009,	  4.1	  �-‐1	  data,	  data	  driven	  background	  
2	  dimensional	  likelihood	  fit	  to	  jet	  mul'plicity	  distribu'on	  to	  extract	  	  σ(J+0),	  σ(J+1jet)	  in	  full	  
phase	  space	  	  

Ttbar+1	  jet	  =1.6	  +/-‐	  0.2	  (stat)	  +/-‐	  0.5	  (sys)	  pb	  
Ttbar+0	  jet	  =	  5.5	  +/-‐0.4	  (stat)	  pb	  
SM	  predic'on	  (NLO):	  1.79	  +	  0.16	  -‐0.31	  pb	  	  	  	  
	  	  
	  

Single	  lepton	  channel:	  
1	  b-‐tag,HT>220GeV,	  MET>20GeV	  	  
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FIG. 2: Likelihood Curve For Measured tt̄ + 0j and tt̄ + j Cross-Section

V. SYSTEMATICS

Systematic uncertainties in our measure result are calculated by varying a given parameter within it’s uncertainty
and redoing the entire measurement. Each systematic is described below along with any relevant quantities. The
individual evaluated systematic uncertainties are shown in Table II at the end of the section.

A. JES

The energy of jets measured by the calorimeters is subject to multiple systematic uncertainties. We study the
e↵ect on the measurement by varying the JES for our top signal Monte Carlo and background models and then
re-performing the measurement. The e↵ect of JES on this measurement is mainly through the acceptance of signal
and background.

B. ISR/FSR

The measured value will be e↵ected if we are over or under estimating the amount of initial or final state radiation
present in top events. To study this e↵ect, we replace our standard top Monte Carlo model with top Monte Carlo
where the radiation has been increased or decreased and the measurement is redone.

C. Tagging

Because Monte Carlo does not model SecVtx tagging properly, a scale factor is applied to each tagged jet matched
to heavy flavor, and the corresponding event then re-weighted. The scale factor is derived from data and has an
uncertainty associate with it which leads to a systematic on the measurement. The e↵ect on the measured value is
calculated by fluctuating the scale factor within it’s uncertainty, applying it to each appropriate jet, calculating the
new event weights, and repeating the measurement.
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