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Context	
  of	
  the	
  measurements	
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Studying	
  QCD	
  at	
  the	
  LHC	
  (I)	
  

Ê  Events	
  with	
  jets	
  in	
  final	
  state	
  are	
  copiously	
  produced	
  via	
  the	
  strong	
  
interaction	
  at	
  hadron	
  machines	
  	
  
Ø  Good	
  understanding	
  of	
  soft	
  and	
  perturbative	
  QCD	
  crucial	
  for	
  the	
  LHC	
  

physics	
  program	
  (both	
  for	
  measurements	
  and	
  searches)	
  

σ (P1, P2 ) = dx1dx2fi (x1,µF )fj(x2,µF )σ̂ ij(p1, p2,αS(µR ),Q
2,µRµF )

i, j
∑

Ê  Convolution	
  of	
  short	
  distance	
  physics	
  
and	
  non-­‐perturbative	
  effects:	
  
Ø  Hard	
  scatter	
  	
  
Ø  QCD	
  bremsstrahlung	
  

Ø  Parton	
  density	
  function	
  
Ø  Fragmentation,	
  hadronization	
  

Ø  Multiple	
  interaction	
  

(σ̂ )

(fi, j = F,G)
(D(z))

The	
  focus	
  of	
  this	
  presentation	
  is	
  on	
  short	
  distance	
  cross	
  sections	
   4	
  



Studying	
  QCD	
  at	
  the	
  LHC	
  (II)	
  

Ê  Different	
  level	
  of	
  predictions	
  to	
  be	
  tested	
  
Ø  LO	
  matrix	
  element	
  +	
  Parton	
  Shower	
  +	
  hadronization	
  

	
  e.g.:	
  Pythia,	
  Herwig	
  

Ø  LO	
  matrix	
  element	
  +	
  matching	
  to	
  parton	
  shower	
  
o  Various	
  matching	
  scheme	
  (e.g.:	
  MLM,	
  CKKW)	
  

	
  	
   	
  e.g.:	
  Alpgen,	
  Sherpa	
  

Ø  Full	
  fixed	
  order	
  NLO	
  calculation	
  
o  Method	
  based	
  on	
  Feynman	
  diagram+known	
  integrals	
  

	
  e.g.:	
  MCFM	
  
o  Method	
  based	
  on	
  unitarity	
  and	
  on-­‐shell	
  recursion	
  

	
  e.g.:	
  Blackhat+Sherpa	
  

Ø  Full	
  fixed	
  order	
  NLO	
  +	
  parton	
  shower	
  

	
  e.g.:	
  Powheg	
   5	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  =	
  tested	
  in	
  present	
  analyses	
  



Studying	
  QCD	
  at	
  the	
  LHC	
  (III)	
  

W/Z + jets theory - John Campbell -

Jet composition

Leading order estimate only.

Roughly equal mix at Tevatron, mostly quark jets at LHC ( ≈ independent of √s).

Possible issues for tuned comparisons with parton showers.
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W/Z + jets theory - John Campbell -

Vector bosons+heavy flavour

Slightly different game at the LHC, e.g. demand W+one b-tagged jet.

24

Tevatron 90% 10%

14 TeV LHC 70% 30%

Sensitivity to whether 

or not theory should 

include b-quark in PDF

~30%	
  @	
  LHC	
  	
  	
  vs	
  	
  
~10%	
  @	
  Tevatron	
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Ê  Different	
  than	
  at	
  the	
  Tevatron:	
  
Ø  Higher	
  jet	
  PT	
  and	
  multiplicity	
  	
  
Ø  Larger	
  acceptance	
  (e.g.:	
  forward	
  jets)	
  
Ø  Different	
  mixture	
  of	
  quark	
  and	
  gluons	
  
Ø  Processes	
  with	
  heavy	
  flavor	
  in	
  initial	
  state	
  

Ê  Different	
  than	
  in	
  multijet	
  events:	
  
Ø  Study	
  quark	
  radiation	
  
Ø  powerful	
  for	
  jet	
  calibration	
  	
  

Ê  Complementary	
  to	
  inclusive	
  W/Z	
  studies	
  
Ø  sensitive	
  to	
  structure	
  of	
  QCD	
  radiation;	
  	
  
Ø  Study	
  heavy	
  flavors	
  

Ê  Processes	
  involving	
  W/Z+	
  jets	
  are	
  important	
  	
  
	
  	
  	
  	
  	
  	
  	
  backgrounds	
  to	
  numerous	
  new	
  physics	
  signatures	
  

	
  	
  	
  	
  	
  	
  è	
  	
  Essential	
  studies	
  for	
  finding	
  and	
  understanding	
  new	
  physics	
  	
  

From	
  J.	
  Campbell	
  



Studying	
  QCD	
  at	
  the	
  LHC	
  (IV)	
  

W/Z + jets theory - John Campbell -

Vector bosons+heavy flavour

Slightly different game at the LHC, e.g. demand W+one b-tagged jet.

24

Tevatron 90% 10%

14 TeV LHC 70% 30%

Sensitivity to whether 

or not theory should 

include b-quark in PDF

W/Z + jets theory - John Campbell -

Vector bosons+heavy flavour

Slightly different game at the LHC, e.g. demand W+one b-tagged jet.

24

Tevatron 90% 10%

14 TeV LHC 70% 30%

Sensitivity to whether 

or not theory should 

include b-quark in PDF

Ê  Heavy	
  flavor	
  content	
  of	
  the	
  PDF	
  

Ê  Poorly	
  constrained	
  theoretically	
  
Ø  Test	
  various	
  flavor	
  schemes	
  and	
  calculation	
  approach	
  

Ø  Tension	
  between	
  theory	
  and	
  Tevatron	
  	
  

Ê  Important	
  background	
  to	
  Higgs	
  	
  
	
  	
  	
  	
  	
  	
  discovery,	
  BSM	
  searches,	
  and	
  	
  
	
  	
  	
  	
  	
  	
  precision	
  measurement	
  of	
  top	
  physics	
  

VS	
  

7	
  

W/Z + jets theory - John Campbell -

W+b jet production

At first sight, heavy flavor jets should be well described (large single top, H bkgds).

Dominant contribution is a subset of diagrams for light jet production.

7

CKM suppressed, 

irrelevant

CDF 2.74 ±0.27 (stat) ±0.42 (syst) pb

ALPGEN 0.78 pb

PYTHIA 1.10 pb

NLO 1.22 ±0.14(scale) pb

CDF, arXiv: 0909.1505

Overall: comparison of  pQCD predictions for W/Z+heavy 

flavour with Tevatron data not as satisfactory as for light jets



The	
  measurements	
  

8	
  



Vector	
  boson	
  plus	
  jets	
  (I)	
  

Ê  Measured	
  dσ/dΟ	
  for	
  various	
  observables	
  O:	
  PT,	
  y,	
  Mjj,	
  HT,	
  ΔR,	
  etc.	
  
Ø  HT	
  is	
  the	
  (robust)	
  scale	
  used	
  in	
  NLO	
  calculations	
  
Ø  Test	
  new	
  NLO	
  calculations	
  up	
  to	
  4-­‐jets	
  

Ø  Measured	
  ratios	
  with	
  precision	
  in	
  function	
  of	
  jet	
  observables	
  
o  Cancel	
  some	
  experimental	
  and	
  theoretical	
  uncertainties	
  

Ê  Same	
  lepton	
  triggers	
  and	
  offline	
  selections	
  as	
  in	
  W/Z	
  inclusive	
  measurements	
  
Ø  See	
  talk	
  of	
  M.	
  Boonekamp	
  and	
  J.	
  Moss	
  

Ê  Jets	
  are	
  reconstructed	
  using	
  the	
  anti-­‐kT	
  algorithm	
  with	
  R	
  =	
  0.4	
  	
  
Ø  Calibration	
  obtained	
  from	
  MC	
  on	
  QCD	
  dijet	
  events	
  

Ø  Uncertainty	
  improved	
  with	
  in-­‐situ	
  (single	
  hadron,	
  γ+jets,	
  Z+jets)	
  studies	
  	
  

Ê  The	
  differential	
  cross	
  section	
  for	
  a	
  given	
  jet	
  observable	
  (O):	
  	
  

dσ
dO

=
Ndata −Nbkg

L
U(O)

9	
  
where	
  U(O)	
  is	
  the	
  unfolding	
  factor	
  



Vector	
  boson	
  plus	
  jets	
  (II)	
  

Invariant	
  mass	
  (Mee)	
  in	
  Zee+jets	
  events	
   Jet	
  multiplicity	
  (Njet)	
  in	
  Wµν+jets	
  events	
  10	
  

Main	
  background:	
  	
  
10-­‐20%	
  in	
  W+jets,	
  dominated	
  by	
  top	
  and	
  QCD	
  (estimated	
  from	
  data)	
  
Z+jets:	
  1%	
  in	
  muon	
  channel,	
  5%	
  in	
  electron	
  channel	
  



W/Z+Heavy	
  flavor	
  (I)	
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b-jet cross-section with 
associated vector boson 
production

Introduction
•W/Z+b-jets is an important test of pQCD
•Small cross-section (esp. for Z+b-jets)
•Large backgrounds (esp. for W+b-jets)

•Important background to many searches
•H->bb
•Supersymmetry

•Poorly constrained theoretically
•b-jet can be produced in either initial or final 
states

•Use 35 pb-1 of 2010 data

b

b

Z

g

q

q

b

b

Z

Fiducial Cross-section
•Measure fiducial cross-
sections for robust theory 
comparison
•Statistically limited, Z+b-
jets measures inclusive b-
jet cross-section
•Large W+b-jet cross-
section: measure 
differential cross-section, 
but add jet veto to control 
backgrounds

W+b Z+b
Lepton pT  pTl > 20 GeV  pTl > 20 GeV 

Lepton η |ηl| < 2.5|ηl| < 2.5

Dilepton mass - 76 < mll < 106 GeV

Neutrino pT pTν > 25 GeV -

W mT mT > 40 GeV -
Jet pT pTj > 25 GeVpTj > 25 GeV

Jet y |yj| < 2.1|yj| < 2.1

Jet multiplicity n≤2 -

b-jet multiplicity nb =1 or nb =2 nb ≥ 1

Lepton-jet separation ΔR(l, j) > 0.5

Event Selection
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•Use single e,μ triggers
•Select Z events using invariant 
mass of two isolated leptons
•Select W events by requiring a 
single isolated lepton, MET and 
MTW
•suppress large QCD 
background with tight isolation 
cut

Di-electron mass distribution for events with at least one jet with pT > 
25 GeV and |y| < 2.1. Signal and background contributions 
estimated from MC are shown. The QCD background, estimated 
from data, is not shown.

•Identify b-jets by cutting on the decay 
length significance of the reconstructed 
secondary vertex
•Require a significance of > 5.85
•~50% b-jet efficiency in a ttbar sample
•10x c-jet rejection
•20x light-jet rejection

•Calibrate the efficiency using the muon pT 
relative to the jet axis

Primary Vertex

Jet Axis

Decay Length

Track
Impact
Parameter

Secondary Vertex

1.The ATLAS Collaboration, Measurement of the cross section for the production of a W boson 
in association with b-jets in pp collisions at sqrt(s) = 7 TeV with the ATLAS detector,  arXiv:
1109.1470, Sept 2011, Submitted to PLB.

2.The ATLAS Collaboration, Measurement of the cross-section for b-jets produced in association 
with a Z boson at sqrt(s)=7 TeV with the ATLAS detector, arXiv:1109.1403, Sept 2011, Submitted 
to PLB.

References and Further Reading

Conclusion
•First measurements from ATLAS of the W/Z cross-section with 
associated b-jet production
•Total combined statistical and systematic uncertainties are 20-30%

•Z+b-jet cross-section is consistent with theoretical expectations
•W+b-jet cross-section is measured to be slightly in excess of 
predictions

Results and Uncertainties

Value
Sherpa 3.29 ± 0.04 (stat) pb
ALPGEN 2.23 ± 0.01 (stat) pb
MCFM 3.88 ± 0.58 (stat) pb
ATLAS 3.55+0.82 (stat) +0.73 (syst) ± 0.12 (lumi) pb-0.55-0.74

Z+b Cross-section

W+b Cross-section

•Use Alpgen to unfold measured yields to fiducial cross-sections
•Largest contributions to the systematic uncertainty include
•b-tagging efficiency:10% (12%) for Z+b (W+b)
•model dependence (~10%) due to uncertainties MC modelling of 
b-jet pT spectrum and dR between pairs b-quarks

Fitting to extract the b-fraction
•Fit the mass distribution of the secondary 
vertex to determine fraction of W+b/c/l jets
•Estimate template shapes from MC
•Estimate systematic uncertainties on 
shapes by comparing data and MC in 
control regions SV0 mass [GeV]
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scale W+jet 
components by fit 
results
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Electron + 1 or 2 Jets

W+b QCD Estimate W+b Top Estimate

Yields and Backgrounds
Z+ >1 b-jet Yield W + 1b-jet Yield W + 2-jet Yield

•Z+jets (high S/B):estimate backgrounds from MC, QCD from data
•W+jets has lower S/B: estimate QCD and top from data
•Top: normalise in control region with >4 jets; extrapolate to signal region 
with MC, decreases uncertainty from b-tagging efficiency
•QCD: estimate by fitting MET distribution uses templates obtained by 
reversing certain electron ID cuts (7% uncertainty on cross-section)

Feynman diagrams illustrating the main 
contributions to Z+b production.  Production 
can occur with either b-quark in the initial 
state or with explicit final state production of 
a bb pair

Comparison of theoretical predictions for the W+b-jet cross-section to the measured ATLAS result. Results are shown 
separately for the electron and muon channels and for each jet multiplicity as well as for the combinations . Both statistical 
(inner band) and systematic (outer band) uncertainties are indicated. The yellow  band indicates the total uncertainty on the 
NLO calculation obtained by combining the renormalisation and factorisation scale uncertainties with those on the PDFs 
and non-perturbative corrections.

Comparison of theoretical predictions for the average number of b-jets produced in association 
with a Z boson to the measured ATLAS result.

Illustration of the identification of the secondary vertex in 
a jet containing a b-hadron

Results of the template fit using reversed electron identification 
control sample in MET for events containing 1- and 2-jets in the 
electron channel of the W+b-jet cross-section measurement. The 
dashed line shows the result of the fit

Results of the fit to the secondary vertex mass to determine the 
normalisation of the top background using events with >- 4 jets.
The result is extrapolated to events with 1- or 2-jets using Monte 
Carlo simulation.

Secondary vertex mass distribution for b-tagged jets in the 
selected Z+b events. The Z+b, c and light jet contributions 
are normalised to the fit results. The total contribution from 
other backgrounds is also shown.

Comparison of the secondary vertex mass distribution in 
the W+b-jet muon+2 jet channel before and after 
normalisation by the fit reults

Comparison of the number of signal and background events in 35 pb-1 of data. For the W+b-jet measurement, the number of W+jet 
events predicted by ALPGEN are shown, whereas for Z+b jet, the Z+jet yields normalised to the fit results are shown.
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Observables 

 Cross sections and their ratios 

– Inclusive σ(V  +  ≥N  jets)   

– Differential: e.g. dσ/dpT(Nth jet)  

– Ratios of cross sections: σ(V  +  ≥N  jets)/σ(V  +  ≥N-1 jets) 
Cancelation of uncertainties 

 Those are often calculated for phase-space 
resembling the detector acceptance 

– W’s  and  Z’s  are  identified  using  central 
electrons and muons 

– Anti-kT jets with R=0.4; pT
jet >20, 25, or 30 

GeV; |yjet|<2.1 .. 4.4 

– Identification of heavy quarks (b- and c-) 
utilizes secondary vertices (lifetime and 
mass) 

– Understanding of backgrounds is the key issue 

 
4 

Ø  b-­‐tagging	
  require	
  a	
  displaced	
  secondary	
  vertex	
  in	
  a	
  
jet	
  with	
  a	
  decay	
  length	
  significance	
  of	
  >	
  5.85	
  

Ê  B-­‐tagging	
  affects	
  sample	
  composition	
  

Ê  Challenging:	
  Small	
  cross	
  section	
  but	
  large	
  background	
  (especially	
  W+b)	
  

Ê  b-­‐jets	
  are	
  identified	
  by	
  exploiting	
  the	
  long	
  lifetime	
  and	
  
large	
  mass	
  of	
  B-­‐hadrons	
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W/Z+Heavy	
  flavor	
  (II)	
  

è Fraction	
  of	
  W+b/c/l	
  jets	
  from	
  a	
  fit	
  to	
  
the	
  mass	
  distribution	
  of	
  the	
  secondary	
  
vertex	
  	
  

Ø  Estimate	
  template	
  shapes	
  from	
  MC	
  

	
  

Table 2: Fitted event yields for the W+jet contributions including the statistical uncertainty from the binned likelihood fit, compared to the Alpgen
MC prediction normalized to the NNLO inclusive W cross section [25], per lepton channel and jet multiplicity. The data-driven multi-jet and t  t
estimates and the other background estimates normalized to (N)NLO cross sections are also shown.

W → µν, 1-jet W → µν, 2-jet W → eν, 1-jet W → eν, 2-jet
Pred. Fit result Pred. Fit result Pred. Fit result Pred. Fit result

W+b 25 28 ± 13 26 62 ± 18 18 33 ± 12 19 38 ± 14
W+c 108 170 ± 20 45 54 ± 19 84 105 ± 18 36 24 ± 15

W+light 38 21.2 ± 9.9 20 21 ± 10 30 22 ± 10 17 14.4 ± 7.7
Multi-jets 8 - 10 - 10 - 5.8 -

t  t 11 - 44 - 8.1 - 33 -
Single top 17 - 23 - 14 - 18 -

Other backgrounds 3.9 - 2.5 - 1.9 - 2.1 -
Total Predicted 212 - 170 - 167 - 131 -

Data 261 - 217 - 194 - 136 -
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Figure 2: mSV distributions for the b-tagged jet in data and MC, where
the W+jets samples are normalized to the results of the maximum
likelihood fit and non-W+jets backgrounds are normalized to the esti-
mates as given in the text, in the 1-jet bin in the electron channel (top)
and the muon channel (bottom). The stack order is the same as in the
legend.
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Figure 3: mSV distributions for the b-tagged jet in data and MC, where
the W+jets samples are normalized to the results of the maximum
likelihood fit and non-W+jets backgrounds are normalized to the esti-
mates as given in the text, in the 2-jet bin in the electron channel (top)
and the muon channel (bottom). The stack order is the same as in the
legend.

5

Ê  Cross	
  section	
  at	
  event	
  level	
  

Ê  First	
  measurement	
  in	
  exclusive	
  jet	
  
bins	
  
Ø  Vetoed	
  on	
  number	
  of	
  jets	
  (<3)	
  to	
  

control	
  top	
  background	
  

Ê  Inclusive	
  b-­‐jet	
  cross	
  section	
  in	
  
association	
  with	
  a	
  Z	
  

Ê  Electron	
  and	
  muon	
  channels	
  are	
  added	
  
to	
  the	
  same	
  template	
  to	
  improve	
  
statistics	
  

σ (Z+ b) = Nb

Ue ×Le +Uµ ×Lµ

σ (W + b) = n
tag ⋅ fW+b

L ⋅U
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Systematic	
  uncertainties	
  (I)	
  

Ê  Systematic	
  uncertainty	
  at	
  same	
  level	
  as	
  the	
  theory	
  uncertainty	
  for	
  
W/Z+jets	
  measurements	
  
Ø  Dominated	
  by	
  Jet	
  energy	
  scale	
  uncertainty	
  (10-­‐20%)	
  

Ø  Statistical	
  uncertainty	
  important	
  in	
  a	
  large	
  part	
  of	
  the	
  spectrum	
  
probed	
  

Ê  A	
  bit	
  different	
  for	
  W/Z+heavy	
  flavor	
  

Ê  B	
  tagging	
  uncertainty	
  
Ø  16%	
  (W)	
  –	
  10%	
  (Z)	
  

Ê  Jet	
  +b-­‐jet	
  energy	
  scale	
  
Ø  7%	
  (W)-­‐4%(Z)	
  

Ê  Background	
  in	
  W+b	
  
Ø  QCD	
  (7%),	
  top	
  (12%)	
  

13	
  



Systematic	
  uncertainties	
  (II)	
  

Ê  Systematic	
  substantially	
  reduced	
  in	
  the	
  case	
  of	
  ratios	
  
Ø  Rjets	
  dominated	
  by	
  lepton	
  rather	
  than	
  jet	
  systematics	
  and	
  prediction	
  

almost	
  insensitive	
  to	
  PDF	
  uncertainties	
  

	
  	
  	
  è	
  A	
  precision	
  observable	
  

Δσ PDF	
  

Level	
  of	
  cancellation	
  of	
  
Jet	
  effects	
  in	
  Rjets	
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Results	
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W+jets	
  

Ê  Multiplicities	
  generally	
  in	
  good	
  agreement	
  with	
  NLO	
  predictions	
  
Ø  lack	
  of	
  high-­‐energetic	
  large-­‐angle	
  emissions	
  in	
  PS	
  MC	
  (Pythia)	
  

Ø  Better	
  modeling	
  of	
  total	
  energy	
  in	
  Alpgen	
  

Phys.	
  Rev.	
  D85	
  (2012)	
  092002	
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Z+jets	
  

Ê  Similar	
  conclusion	
  as	
  in	
  W+jets	
  measurements	
  

Phys.	
  Rev.	
  D85	
  (2012)	
  032009	
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Rjets	
  

Ê  Similar	
  performance	
  of	
  W+jets	
  and	
  Z+jets	
  is	
  confirmed	
  by	
  precise	
  
measurement	
  of	
  Rjets	
  
Ø  Differential	
  measurement	
  done	
  in	
  1	
  exclusive	
  jet	
  bin	
  

Fiducial	
  phase	
  space	
   Extrapolation	
  to	
  full	
  phase	
  space	
  

Phys.	
  Lett.	
  B708	
  (2012)	
  221-­‐240	
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Z+b-­‐jets	
  

Ê  Good	
  agreement	
  with	
  NLO	
  MCFM	
  and	
  SHERPA,	
  but	
  1.2σ	
  deviation	
  
with	
  ALPGEN	
  
Ø  Seems	
  to	
  favor	
  scheme	
  where	
  b-­‐quark	
  is	
  taken	
  from	
  PDF	
  

Ê  Good	
  description	
  of	
  b-­‐jet	
  pT	
  shape	
  
Ø  Not	
  yet	
  a	
  differential	
  measurement	
  

Phys.Lett.	
  B706	
  (2012)	
  295-­‐313	
  

to the uncertainty on the NNLO t  t cross-section. The multi-jet
backgrounds in both the electron and muon channel are var-
ied according to the uncertainties on these estimates described
above.

Other smaller sources of systematic uncertainty considered
include uncertainties on lepton reconstruction: the efficiency
to reconstruct, and the energy/momentum scale and resolution.
The estimation follows closely that of the inclusive Z analysis
[21], with the same methods applied to simulated Z + b event
samples. The uncertainties on the electromagnetic energy scale,
and on the muon momentum scale and resolution, all have a
negligible (< 1%) impact.

Source SV0-mass Fit (%) Acceptance (%)

Both Electron and Muon
b-tagging efficiency 1.7 9.1
SV0-mass templates 3.5 -
Model dependence 2.7 10.0
Jet energy scale 0.7 4.0
t  t cross-section 2.0 -
MPI model negl. 1.0

Electron only
MC statistics negl. 1.3
Multi-jet background 1.6 -
Electron efficiency negl. 5.0
Total Electron 5.6 15.0

Muon only
MC statistics negl. 1.3
Multi-jet background 0.7 -
Muon efficiency negl. 2.0
Total Muon 5.4 14.3

Total Systematic +21% -16%
Uncertainty

Table 3: Fractional systematic uncertainties on the SV0-mass fit and acceptance
results from each systematic source considered. Sources for which the shift is
labelled “negl.” produced effects of less than 1% which are negligible when
added in quadrature (and not considered). When relevant, asymmetric errors
are used for the calculation of the total, but only the average error is shown
for better readability. The “Total Systematic Uncertainty” result is the total
percentage error on the combined channel b-jet cross-section, and takes into
account the correlations between SV0-mass fit and acceptance systematics.

6.3. Results and comparison to theory
The measured cross-section for b-jets produced in associa-

tion with a Z boson decaying into one of the lepton channels is
presented in Table 4, alongside values evaluated in the differ-
ent models presented in the introduction. The MCFM NLO
prediction is shown for the CTEQ6.6 PDF, with the renor-
malisation and factorisation scales taken as

√

M2
Z + p

2
T,Z. As

mentioned in the introduction, MCFM does not simulate QED
final state radiation (FSR) nor non-perturbative hadronic ef-
fects. Correction factors are computed for lepton FSR, par-

Experiment 3.55+0.82
−0.74(stat)+0.73

−0.55(syst) ± 0.12(lumi) pb

MCFM 3.88 ± 0.58 pb

ALPGEN 2.23 ± 0.01 (stat only) pb
SHERPA 3.29 ± 0.04 (stat only) pb

Table 4: Experimental measurement and predictions of σb, the cross-section
for inclusive b-jet production in association with a Z boson, per lepton channel,
as defined in the text.

ton/jet correspondence, underlying event and MPI contribution,
using events from particle-level LO simulations. The correc-
tion factor for non-perturbative hadronic effects is obtained by
comparing particle-level results to parton-level, where parton-
level jets are matched to b quarks. This is calculated using
SHERPA, PYTHIA and AcerMC [28], with the spread of these
results defining the range of the correction, which is found to
be 0.89 ± 0.07. The correction is dominated by the impact of
b-hadron decay products falling outside the jet at the particle-
level. The correction factor for lepton FSR is similarly found to
be 0.972 ± 0.002 for both lepton types, dominated by dilepton
pairs migrating out of the required mass window.

In order to estimate theoretical uncertainties on the predic-
tion, the renormalisation and factorisation scales are indepen-
dently shifted up, then down, by a factor of 2. The uncertainties
arising from the different PDF error sets is also assessed, as well
as using the CTEQ6.6 PDF with different values of αS . The raw
MCFM prediction for the Z + b cross-section in the fiducial re-
gion is 4.48 +0.55

−0.56 (scale) +0.10
−0.12 (PDF) +0.08

−0.08 (αs) pb. For compar-
ison, the prediction obtained using the MSTW2008 PDF [29]
is 4.80+0.62

−0.61 (scale) +0.09
−0.10 (PDF) +0.09

−0.11(αs) pb. The CTEQ6.6 and
MSTW2008 PDFs use different default values for αs, and, tak-
ing into account their combined PDF and αs uncertainties, there
is a marginal disagreement between the two predictions. How-
ever, given the precision of the experimental measurement, we
cannot conclude that one PDF better reproduces the experimen-
tal result than the other. We quote the prediction using the
CTEQ6.6 PDF by default, and the uncertainty quoted in Table
4 for the corrected result corresponds to the quadratic sum of
the uncertainties on the scale, PDF, αs, and the uncertainty on
the non-perturbative correction. The ALPGEN and SHERPA
predictions are also shown, with errors from the MC statistics
only.

Simulation packages such as ALPGEN and SHERPA are
based on LO calculations and thus are not expected to accu-
rately predict an absolute cross-section for the process studied
here. However, they are often used to generate fully simulated
events for the study of backgrounds to the search of other pro-
cesses, as mentioned in the introduction. A current practice is
then to normalise the cross-section of generated events to that
of a well known, more inclusive process. In this approach, the
analysis presented here is extended to measure the ratio of σb
to that of the cross-section for the inclusive production of the Z

6
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W+b-­‐jets	
  

Ê  While	
  Z+b-­‐jets	
  cross	
  section	
  measurement	
  agrees	
  well	
  with	
  NLO	
  
predictions,	
  a	
  small	
  tensions	
  is	
  again	
  observed	
  between	
  W+b-­‐jets	
  
measurements	
  and	
  theory	
  predictions	
  

CTEQ6L1 [46] PDF sets. Here the NNLO correction
factor for the inclusiveW cross section of 1.2 [25] is not
applied.

Table 4: Theoretical NLO predictions [14] for the W+b-jet fiducial
cross section for one lepton flavour. The systematic uncertainties SC,
PDF, mb, and NP correspond to the renormalisation and factorization
scale, PDF set, b quark mass, and non-perturbative correction, respec-
tively, and they are obtained as described in the text.

Fiducial cross section (NLO) [pb]
1j 2.9+0.4

−0.4 SC +0.2
−0.0 PDF +0.2

−0.1 mb ± 0.2 NP
2j 1.9+0.8

−0.4 SC +0.1
−0.0 PDF +0.1

−0.1 mb ± 0.1 NP
1+2j 4.8+1.2

−0.7 SC +0.3
−0.0 PDF +0.3

−0.2 mb ± 0.3 NP

1 jet 2 jet 1+2 jet

 1
 b

-je
t) 

[p
b]

≥
 +

 
ν l

→
(W
σ

0

5

10

15

20
Electron Chan.
Electron and Muon Chan.
Muon Chan.
NLO 5FNS
ALPGEN + JIMMY
(b-jet from ME and PS)
ALPGEN + JIMMY
(b-jet only from ME)
PYTHIA

ATLAS
=7 TeVsData 2010, 

-1Ldt = 35 pb∫

Figure 5: Measured fiducial cross section with the statistical (inner er-
ror bar) and statistical plus systematic (outer error bar) uncertainty in
the electron, muon, and combined electron plus muon channel. The
cross section is given in the 1, 2, and 1+2 jet exclusive bins. The
measurements are compared with NLO [14] predictions. The yel-
low (shaded) band represents the total uncertainty on the prediction
obtained by combining in quadrature the renormalisation and factor-
ization scale, PDF set, and non-perturbative correction uncertainties.
The leading order predictions from Alpgen interfaced with Herwig
and Jimmy are given for b-jets generated only by the matrix element
and by the matrix element and the parton shower. The prediction from
Pythia is also shown.

In summary, the cross section for the production of
a W boson with at least one b-jet has been measured
in pp collisions at

√
s = 7 TeV. The cross section is

measured separately with one and two associated jets.
The results are consistent with the NLO expectations.
The combined result lies above the expectation, but is
consistent at the 1.5 σ level.
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Ø  Larger	
  in	
  the	
  2-­‐jet	
  bin	
  

Ø  Only	
  a	
  1.5	
  sigma	
  deviation	
  

è	
  Not	
  yet	
  significant	
  

	
  

Need	
  more	
  data	
  to	
  conclude…	
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W+b-jet cross sections 

• W+b-jet cross section (event level)

• First measurement in exclusive jet bins

• event fitted yield is corrected for all detector 
effects with MC LO matched prediction for 
Wjet (including heavy flavour) from ALPGEN 

•  uncertainty: ≈ 20% stat. and ≈25% syst.

• dominant systematics:

• b-tagging & SV mass template ≈16%

• top background ≈12%

• QCD background ≈7%

• W+b-jet modeling ≈10%
• Jet + bjet energy scale ≈7% 

• NLO prediction obtained in the 5 flavour 
number scheme  [F. Caola et al. arXiv:1107.3714] 

• NLO agrees within 1.5σ with the measurements
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Conclusion	
  

Ê  With	
  first	
  35	
  pb-­‐1	
  of	
  data,	
  ATLAS	
  provided	
  serious	
  test	
  of	
  pQCD	
  
from	
  an	
  extensive	
  set	
  of	
  measurements	
  

Ø  Differential	
  cross	
  section	
  for	
  various	
  observable	
  in	
  W/Z+jets	
  	
  

Ø  Ratio	
  in	
  function	
  of	
  jet	
  observable	
  
Ø  W/Z+b-­‐jet	
  cross	
  section	
  measurements	
  

Ê  Measurements	
  challenging	
  NLO	
  predictions	
  

Ø  Control	
  systematic	
  uncertainties	
  

Ø  Well-­‐defined	
  quantity	
  

Ø  set	
  a	
  very	
  high	
  standard	
  for	
  further	
  analyses	
  

Ê  More	
  differential	
  measurements	
  are	
  coming	
  with	
  2011	
  data	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Set	
  the	
  stage	
  for	
  discovery!!!	
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Back-­‐up	
  slides	
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Generators	
  used	
  
MC Datasets

Generator v. Interfaces Comments
ALPGEN 2.13 HERWIG, JIMMY, 

PHOTOS, CTEQ6L1, 
ATLAS MC09 tune

MLM matching
pQCD normalized 

SHERPA    1.13 CTEQ6L1, Default UE 
tune

CKKW matching
pQCD normalized 

PYTHIA 6.4.21 PHOTOS, MRST 2007 
LO

LO Matrix Element + 
ISR, PS corrections
pQCD normalized 

MCFM 5.8 CTEQ6.6/CTEQ6L1 PYTHIA UE, 
fragmentation

SHERPA + 
BLACKHAT

CTEQ6.6M PYTHIA UE, 
fragmentation

 pQCD normalized using FEWZ NNLO (MRST2007LO* PDF)
22/08/2011 6Erik Devetak

Correction	
  for	
  hadronization	
  and	
  underlying	
  events	
  applied	
  to	
  parton-­‐level	
  MC	
  
24	
  



Jets	
  in	
  the	
  measurements	
  

Ê  Jets	
  are	
  reconstructed	
  using	
  the	
  anti-­‐kT	
  algorithm	
  with	
  R	
  =	
  0.4	
  	
  
Ø  Infrared	
  and	
  collinear	
  safe	
  

Ø  simple	
  cone-­‐like	
  geometrical	
  shape	
  

Ø  Used	
  both	
  on	
  predictions	
  and	
  data	
  

Ê  Calibration	
  from	
  numerical	
  inversion	
  method	
  
Ø  Obtained	
  from	
  MC	
  on	
  QCD	
  dijet	
  events	
  

Ø  Dominant	
  systematic	
  uncertainty	
  (10-­‐20%)	
  

Ø  Improve	
  with	
  in-­‐situ	
  (2011+)	
  studies	
  	
  
o  single	
  hadron,	
  γ+jets	
  and	
  Z+jets	
  events	
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More details in the presentation by
Caterina Doglioni at this conference on:

“Jet energy scale uncertainty and resolution
in the ATLAS Experiment”

Selection	
   W+jets	
   Z+jets	
   Rjets	
   W/Z+b-­‐jets	
  

Jet	
  pT	
  ≥	
   20	
   30	
   30	
   25	
  

Jet	
  |y|	
  ≤	
  	
   4.4	
   4.4	
   2.8	
   2.1	
  

ΔRjet-­‐lep	
  ≤	
  0.5	
   Jet	
  ignored	
   Event	
  rejected	
  if	
  ε	
  [0.2,0.5]	
   As	
  W+jets	
  

JVF	
  >	
  0.75	
   Applied	
  to	
  all	
  to	
  reject	
  fake	
  pile-­‐up	
  jets	
  

JVF	
  =	
  Σ	
  pT	
  (tracks)	
  in	
  a	
  jet	
  pointing	
  towards	
  
the	
  primary	
  vertex	
  /	
  Σ	
  pT	
  (tracks)	
  in	
  a	
  jet	
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Well	
  defined	
  measurements	
  

Ê  The	
  objective	
  of	
  such	
  SM	
  measurements	
  is	
  precision:	
  
Ø  Measurement	
  designed	
  to	
  minimize	
  experimental	
  errors	
  

Ø  Minimal	
  dependence	
  of	
  measurement	
  results	
  on	
  theory	
  input	
  

Ø  Well	
  defined	
  quantities	
  and	
  final	
  states	
  

è	
  Fiducial	
  measurement:	
  
Ø  Unfold	
  to	
  phase	
  space	
  as	
  close	
  as	
  possible	
  to	
  observable	
  phase	
  space	
  

o  Lepton	
  pT>20	
  GeV,	
  lepton	
  |η|	
  <	
  2.4,	
  neutrino	
  pΤ	
  >	
  25	
  GeV	
  

o  	
  MT(W)	
  >	
  40	
  GeV,	
  66	
  (71)	
  <	
  Mll	
  <	
  116	
  (106)	
  	
  for	
  Z+jet	
  (Z+b)	
  

è	
  QED	
  treatment:	
  
Ø  Unfolded	
  lepton	
  definition	
  includes	
  sum	
  of	
  all	
  photons	
  in	
  a	
  0.1	
  cone	
  

è	
  Particle	
  level	
  b-­‐jets	
  defined	
  as	
  jets	
  containing	
  a	
  B	
  hadron	
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Unfolding	
  

Ê  Measurement-­‐theory	
  comparison	
  done	
  at	
  particle	
  level:	
  

Ø  Raw	
  observation	
  corrected	
  for	
  detector	
  effects	
  
Ø  Theory	
  predictions	
  corrected	
  for	
  hadronization,	
  underlying	
  events,	
  etc.	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  èAllow	
  for	
  direct	
  comparison	
  to	
  calculation	
  and	
  tune	
  the	
  theory	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  èCorrect	
  for	
  flavor	
  effects	
  in	
  calibration	
  

Ê  Compare	
  two	
  different	
  methods:	
  

Ø  Iterative	
  Bayesian	
  unfolding	
  method	
  
o  Lower	
  MC	
  dependence	
  and	
  better	
  stat.	
  treatment	
  

Ø  Bin-­‐by-­‐bin	
  unfolding	
  	
  
o  Simpler	
  and	
  better	
  understood	
  for	
  ratios	
  

Ê  Dependence	
  on	
  prior	
  tested	
  by	
  comparing	
  results	
  from	
  different	
  
generators	
  (ALPGEN	
  vs	
  SHERPA).	
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