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Outline
• V+HF cross section measurements presented at this 

workshop last year 

• ATLAS Z+b(b), W+b(b), W+c @ 7 TeV 

• CMS Z+b(b), W+bb̅, W+c @ 7 TeV 

• This talk covers the measurements made public since last 
year 

• ATLAS ɣ+b, ɣ+c @ 8 TeV 

• CMS Z+b(b), Z+c, W+bb̅ @ 8 TeV
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Physics motivation
• Test of pQCD 

• New topologies 

• 4-flavour scheme vs 5-flavour scheme (4F vs 5F) 

• Sensitive to b- and c-PDF 

• V + HF processes background to Higgs measurements 
and to various searches 

• 8 TeV might be better than 13 TeV to probe high x values
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ATLAS ɣ+b, ɣ+c @ 8 TeV
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ɣ+b, ɣ+c
• p+p→ɣ+b and p+p→ɣ+c 

• Fiducial differential cross sections as a function 
of ET

ɣ in two |ηɣ| regions 

• Fiducial region: 

• Also ratio of central / forward |ηɣ| regions 

• Both signals simultaneously extracted from fit to 
the MV1c b-tagging discriminant 

• Correlates the two measurements
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considers parton densities of gluons and of the first two quark generations in the proton.

The other is the five-flavour number scheme (5FNS), which allows a b-quark density in the

initial state and raises the prospect that measurements of heavy flavour production could

constrain the b-quark parton density function (PDF) of the proton. In a calculation to all

orders, the 4FNS and 5FNS methods must give identical results; however, at a given order

differences can occur between the two. A recent discussion on the status of theoretical

calculations and the advantages and disadvantages of the different flavour number schemes

can be found in Ref. [1].

Next-to-leading-order (NLO) matrix element calculations have been available for as-

sociated Z+b and Z+bb̄ production at parton-level for a number of years [2–4]. The

leading order (LO) Feynman diagrams shown in Figure 1 illustrate some of the contribut-

ing processes. Full particle-level predictions have existed at LO for some time, obtained

by matching parton shower generators to LO multi-leg matrix elements in the 4FNS [5,6],

5FNS [7], or both [8]. More recently, a full particle-level prediction for Z+ ≥ 2 b-jets at

NLO in the 4FNS with matched parton shower has become available [9, 10]. The same

framework can also be used to provide a full particle-level prediction for Z+ ≥ 1 b-jet at

NLO in the 5FNS. In this article data are compared with several theoretical predictions

following different approaches.

Differential measurements of Z+b-jets production have been made in proton-antiproton

collisions at
√
s=1.96 TeV by the CDF and D0 experiments [11, 12] as well as inclusively

in
√
s=7 TeV proton-proton collisions at the LHC by the ATLAS and CMS experiments

[13, 14]. The results presented in this paper significantly extend the scope of the previous

ATLAS measurement, which used around 36 pb−1of data recorded in 2010. The current

analysis takes advantage of the full sample of
√
s=7 TeV proton-proton collisions recorded

in 2011, corresponding to an integrated luminosity of 4.6 fb−1, and uses improved methods

for b-jet identification to cover a wider kinematic region. The larger data sample allows

differential production cross-section measurements of a Z boson with b-jets at the LHC.

These complement the recently reported results of associated production of a Z boson with

two b-hadrons at
√
s=7 TeV by CMS [15].

A total of 12 differential cross-sections are presented here, covering a variety of Z boson

and b-jet kinematics and angular variables sensitive to different aspects of the theoretical
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Figure 1. Leading order Feynman diagrams contributing to Z+b-jets production. Process 1(a) is
only present in a 5FNS calculation, while 1(b) and 1(c) are present in both the 4FNS and 5FNS
calculations.
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• Isolated photon: 
   ET > 25 GeV and |η| < 1.37 or 1.56 < |η| < 2.37

• One b- or c-jet (anti-kt R=0.4): 
   pT > 20 GeV and |η| < 2.5

• Angular separation: ΔRɣ-jet > 1



ɣ+b: ET
ɣ cross section

• Predictions 

• Better agreement from 5F 
NLO than 4F NLO 

• Still, both underestimate 
data at high ET, where 
gluon-splitting dominates 

• Best agreement from Sherpa
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• Sherpa 1: 
   LO 2→2,3,4,5 in massive 5F

• Pythia 8: 
   LO 2→2 in 5F

• Madgraph5_aMC@NLO + Pythia 8: 
   NLO in 4F and 5F
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Intrinsic charm

• Intrinsic charm: non-perturbative charm (non PC) component in proton 

• c(x,Q=mc) ≠ 0 

• Different parameterization: valence-like (BHPS), sea-like (SEA), fitted to data (FC) 

• Would be manifest at large ET
ɣ and large |ηɣ|
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ɣ+c: ET
ɣ cross section

• Predictions: 

• ɣ+c: 
Larger measurement uncertainties 
than ɣ+b 

• Agreement will all predictions, 
within uncertainties 

• BHPS2, containing large intrinsic 
charm contributions, deviates from 
nominal predictions at high ET

8 Sebastien Prince, McGillHF@LHC 17, 6-8 Sept 2017

 [GeV]γ
TE

 [p
b/

G
eV

]
γ T

/d
E

σd

5−10

4−10

3−10

2−10

1−10
1

10

210 ATLAS Preliminary
-1 - 20.2 fb-1 = 8 TeV, 4.58 pbs

 < 2.37γη1.56 < 

+cγ
Data 2012
Sherpa
Pythia

 NNPDF3.1nlo PC⊗MG5_aMC+Py8 
 NNPDF3.1nlo FC⊗MG5_aMC+Py8 
 CT14nnlo⊗MG5_aMC+Py8 
 CT14nnlo BHPS1⊗MG5_aMC+Py8 
 CT14nnlo BHPS2⊗MG5_aMC+Py8 

LO
/D

at
a

0.5
1

1.5

 [GeV]γ
TE

30 40 50 60 100 200 300

N
LO

/D
at

a

0.5
1

1.5

• Sherpa 1: 
   LO 2→2,3,4,5 in massive 5F

• Pythia 8: 
   LO 2→2 in 5F

• Madgraph5_aMC@NLO + Pythia 8: 
   NLO (5F) with PDFs including  
   intrinsic charm contributions (FC, 
   BHPS1,2)
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ɣ+b, ɣ+c cross-section ratios
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Data falls in-between predictions with and 
without intrinsic charm, but agrees with all 

predictions given the uncertainties

Sherpa again provides 
best description of the data



CMS Z+b(b) @ 8 TeV
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Z+b(b)
• p+p → Z(→ℓℓ)̅+b(b) 

• Fiducial differential cross sections, with 
following observables: 

• Fiducial region: 

• Also Z+b / Z+jets ratio 

• Signal extracted by fitting the jet secondary 
vertex mass
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Figure 1. Leading order Feynman diagrams contributing to Z+b-jets production. Process 1(a) is
only present in a 5FNS calculation, while 1(b) and 1(c) are present in both the 4FNS and 5FNS
calculations.
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Figure 1: Representative diagrams contributing to ℓνbb̄ and ℓ+ℓ−bb̄ production at the leading
order. ℓνbb̄ production can proceed only via a qq̄′ channel, diagram (a). For ℓ+ℓ−bb̄ production the
qq̄ channel, diagram (a), is dominant at the Tevatron, while the gg channel, diagram (b), largely
dominates at the LHC.

Cross section (pb)

Tevatron
√
s =1.96 TeV LHC

√
s =7 TeV

LO NLO K factor LO NLO K factor

ℓνbb̄ 4.63 8.04 1.74 19.4 38.9 2.01

ℓ+ℓ−bb̄ 0.860 1.509 1.75 9.66 16.1 1.67

Table 2: Total cross sections for ℓνbb̄ and ℓ+ℓ−bb̄ production at the Tevatron (pp̄ collisions at√
s = 1.96 TeV) and the LHC (pp collisions at

√
s = 7 TeV), to LO and NLO accuracy. These

rates are relevant to one lepton flavour, and the results for ℓνbb̄ production are the sums of those
for ℓ+νbb̄ and ℓ−ν̄bb̄ production. The integration uncertainty is always well below 1%.

that of studying the defining features of the production mechanisms, in the CKM matrix

(relevant to the Wbb̄ results) we have neglected off-diagonal terms: this cannot change the

conclusions we shall arrive at, but helps reduce the computing time. It should be clear that

this is not a limitation of the code, since a non-diagonal CKMmatrix can simply be given in

input if one so wishes. Our runs are fully inclusive and no cuts are applied at the generation

level, except for mℓ+ℓ− > 30 GeV in the ℓ+ℓ−bb̄ sample. The predicted production rates at

the Tevatron and at the LHC are given in table 2 where, for ease of reading, we also show

the fully inclusive K factors. The contribution of the gg → Zbb̄ + X channels is clearly

visible in these results: at the Tevatron σ(ℓ+ℓ−bb̄)/σ(ℓνbb̄) is quite small (and of the same

order of the ratio of the fully-inclusive cross sections σ(Z)/σ(W )), whereas at the LHC

ℓ+ℓ−bb̄ and ℓνbb̄ differ only by a factor of two.

We now study the impact of NLO QCD corrections on differential distributions, at

both the parton level and after showering and hadronisation, and in doing so we limit

ourselves to the case of the LHC, where the kinematical differences between Wbb̄ and Zbb̄

production are more evident. The parton shower in aMC@NLO has been performed with

– 4 –

• Two electrons or muons: 
   pT > 20 GeV and |η| < 2.4, 
   within 20 GeV of Z mass window

• One or two b-jets (anti-kt R=0.5): 
   pT > 30 GeV and |η| < 2.4

• Angular separation: ΔRℓ-jet > 0.5

• Z+b: 
   pTbjet, |η|bjet, pTZ, HT, ΔφZb

• Z+bb: 
   pTleading bjet, pTsubleading bjet, pTZ, 
   Mbb, MZbb, Δφbb, ΔRbb, ΔRZbmin, AZbb

https://arxiv.org/abs/1611.06507


Z+b: pT
Z cross section

• pTZ  and pTbjet sensitive to PDF 
and flavour scheme 

• Predictions: 

• LO and NLO Madgraph show 
overall good agreement 

• Better shape description by 
Madgraph 4FS than 5FS below 
130 GeV
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• LO Madgraph5 + Pythia 6: 
   2→2,3,4,5 in 4FS and 5FS

• NLO Madgraph5_aMC@NLO + Pythia 8 (5FS): 
   FxFx-merged samples of 0, 1 and 2 partons 

• NLO Powheg + Pythia 8 (5FS): 
   Scale choice based on MINLO



Z+b: pT
bjet cross section
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Below 80 GeV, Madgraph 4FS underestimates, 
while Powheg overestimates



Z+bb: ΔRbb cross section

• ΔRbb sensitive to bb production 
mechanism 

• Small values: gluon-splitting 

• Large values: hard process 

• Z+bb: 
Larger experimental uncertainties 
than Z+b 

• Agreement will all predictions, within 
uncertainties 

• Similar for other Z+bb observables
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Z+bb: pT
leading bjet, pT

Z
 cross sections
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Z+c
• p+p → Z(→ℓℓ)̅+c

• Fiducial differential cross sections as 
function of pTZ, pTjet

• Fiducial region: 

• Also Z+c / Z+b ratio 

• Differential signal extracted from fit to jet 
secondary vertex mass for semileptonic 
decays
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CMS-PAS-SMP-15-009

considers parton densities of gluons and of the first two quark generations in the proton.

The other is the five-flavour number scheme (5FNS), which allows a b-quark density in the

initial state and raises the prospect that measurements of heavy flavour production could

constrain the b-quark parton density function (PDF) of the proton. In a calculation to all

orders, the 4FNS and 5FNS methods must give identical results; however, at a given order

differences can occur between the two. A recent discussion on the status of theoretical

calculations and the advantages and disadvantages of the different flavour number schemes

can be found in Ref. [1].

Next-to-leading-order (NLO) matrix element calculations have been available for as-

sociated Z+b and Z+bb̄ production at parton-level for a number of years [2–4]. The

leading order (LO) Feynman diagrams shown in Figure 1 illustrate some of the contribut-

ing processes. Full particle-level predictions have existed at LO for some time, obtained

by matching parton shower generators to LO multi-leg matrix elements in the 4FNS [5,6],

5FNS [7], or both [8]. More recently, a full particle-level prediction for Z+ ≥ 2 b-jets at

NLO in the 4FNS with matched parton shower has become available [9, 10]. The same

framework can also be used to provide a full particle-level prediction for Z+ ≥ 1 b-jet at

NLO in the 5FNS. In this article data are compared with several theoretical predictions

following different approaches.

Differential measurements of Z+b-jets production have been made in proton-antiproton

collisions at
√
s=1.96 TeV by the CDF and D0 experiments [11, 12] as well as inclusively

in
√
s=7 TeV proton-proton collisions at the LHC by the ATLAS and CMS experiments

[13, 14]. The results presented in this paper significantly extend the scope of the previous

ATLAS measurement, which used around 36 pb−1of data recorded in 2010. The current

analysis takes advantage of the full sample of
√
s=7 TeV proton-proton collisions recorded

in 2011, corresponding to an integrated luminosity of 4.6 fb−1, and uses improved methods

for b-jet identification to cover a wider kinematic region. The larger data sample allows

differential production cross-section measurements of a Z boson with b-jets at the LHC.

These complement the recently reported results of associated production of a Z boson with

two b-hadrons at
√
s=7 TeV by CMS [15].

A total of 12 differential cross-sections are presented here, covering a variety of Z boson

and b-jet kinematics and angular variables sensitive to different aspects of the theoretical

b
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q

q
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q Z
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bq
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Figure 1. Leading order Feynman diagrams contributing to Z+b-jets production. Process 1(a) is
only present in a 5FNS calculation, while 1(b) and 1(c) are present in both the 4FNS and 5FNS
calculations.
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• Two electrons or muons: 
   pT > 20 GeV and |η| < 2.1, 
   within 20 GeV of Z mass window

• One c-jet (anti-kt R=0.5): 
   pT > 25 GeV and |η| < 2.5

• Angular separation: ΔRℓ-jet > 0.5

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-15-009/index.html
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Z+c: pT
Z cross section 

• Predictions: 

• Madgraph predictions in 
agreement with data 

• MCFM underestimates the 
data, no matter the PDF 

• Intrinsic charm effects beyond   
measurement range
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• LO Madgraph5 + Pythia 6: 
   2→2,3,4,5

• NLO Madgraph5_aMC@NLO + Pythia 8: 
   FxFx-merged samples of 0, 1 and 2 partons

• NLO MCFM 7 with different PDFs: 
   Parton-level corrected for hadronization



Z+c: pT
jet cross section 
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W+bb̅
• p+p → W(→ℓ𝞶)+bb ̅

• Fiducial integrated cross 
section 

• Fiducial region: 

• Signal extracted from fit to the 
transverse mass of the W boson 

• Electron and muon channels 
combined for final results
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Figure 1: Representative diagrams contributing to ℓνbb̄ and ℓ+ℓ−bb̄ production at the leading
order. ℓνbb̄ production can proceed only via a qq̄′ channel, diagram (a). For ℓ+ℓ−bb̄ production the
qq̄ channel, diagram (a), is dominant at the Tevatron, while the gg channel, diagram (b), largely
dominates at the LHC.

Cross section (pb)

Tevatron
√
s =1.96 TeV LHC

√
s =7 TeV

LO NLO K factor LO NLO K factor

ℓνbb̄ 4.63 8.04 1.74 19.4 38.9 2.01

ℓ+ℓ−bb̄ 0.860 1.509 1.75 9.66 16.1 1.67

Table 2: Total cross sections for ℓνbb̄ and ℓ+ℓ−bb̄ production at the Tevatron (pp̄ collisions at√
s = 1.96 TeV) and the LHC (pp collisions at

√
s = 7 TeV), to LO and NLO accuracy. These

rates are relevant to one lepton flavour, and the results for ℓνbb̄ production are the sums of those
for ℓ+νbb̄ and ℓ−ν̄bb̄ production. The integration uncertainty is always well below 1%.

that of studying the defining features of the production mechanisms, in the CKM matrix

(relevant to the Wbb̄ results) we have neglected off-diagonal terms: this cannot change the

conclusions we shall arrive at, but helps reduce the computing time. It should be clear that

this is not a limitation of the code, since a non-diagonal CKMmatrix can simply be given in

input if one so wishes. Our runs are fully inclusive and no cuts are applied at the generation

level, except for mℓ+ℓ− > 30 GeV in the ℓ+ℓ−bb̄ sample. The predicted production rates at

the Tevatron and at the LHC are given in table 2 where, for ease of reading, we also show

the fully inclusive K factors. The contribution of the gg → Zbb̄ + X channels is clearly

visible in these results: at the Tevatron σ(ℓ+ℓ−bb̄)/σ(ℓνbb̄) is quite small (and of the same

order of the ratio of the fully-inclusive cross sections σ(Z)/σ(W )), whereas at the LHC

ℓ+ℓ−bb̄ and ℓνbb̄ differ only by a factor of two.

We now study the impact of NLO QCD corrections on differential distributions, at

both the parton level and after showering and hadronisation, and in doing so we limit

ourselves to the case of the LHC, where the kinematical differences between Wbb̄ and Zbb̄

production are more evident. The parton shower in aMC@NLO has been performed with

– 4 –

• Exactly one muon or electron: 
   pT > 30 GeV and |η| < 2.1

• Exactly two b-jets (anti-kt R=0.5): 
   pT > 25 GeV and |η| < 2.4

• Angular separation: ΔRℓ-jet > 0.5

https://arxiv.org/abs/1608.07561
https://link.springer.com/article/10.1140/epjc/s10052-016-4573-z


) [pb]b)+bν(W(lσ
0 0.5 1

 (8 TeV)-119.8 fbCMS

Total uncertainty
PDF uncertainty
DPI uncertainty

 CMS
 0.10 (syst)± 0.03 (stat) ±0.64 

 0.02 (lumi) pb± 0.06 (theo) ±

MCFM (x Hadronization)
  pb  DPI  0.06±  PDF  0.02±0.51 

MadGraph5 + Pythia6 5F
  pb  PDF  0.03±0.51 

MadGraph5 + Pythia6 4F
  pb  DPI  0.06±  PDF  0.02±0.49 

MadGraph5 + Pythia8 4F
  pb  DPI  0.06±  PDF  0.03±0.50 

W+bb̅: cross section

• Reduced relative uncertainty 
compared to 7 TeV measurement 

• σ(pp → W + bb) × B(W → μν) = 
0.53 ± 0.05 (stat) ± 0.09 (syst) 
± 0.06 (theo.) ± 0.01 (lumi) pb  

• Predictions: 

• Good agreement with theory, 
within 1σ
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• NLO MCFM 7: 
   Parton-level + hadronization 

• LO Madgraph5 + Pythia 6 and 8: 
   in 5F and 4F



Conclusion
• Extensive kinematic description of V+HF at 8 TeV: 

CMS Z+b(b) 

• Three measurements sensitive to the b-PDF and to 4F vs 5F:  
ATLAS ɣ+b and CMS Z+b(b) and W+bb̅ 

• Two measurements probing the c-PDF and intrinsic charm:  
ATLAS ɣ+c and CMS Z+c 

• Overall good agreement with theory predictions, but with some 
discrepancies 

• Hopefully these measurements can help theory developments
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ɣ+b: ET
ɣ cross section, forward region
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ɣ+c: ET
ɣ cross section, central region
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Z+b: pT
Z cross section, ratio
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Z+b:  |η|bjet cross section, ratio
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Z+b:  HT cross section, ratio
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Z+b: ΔφZb cross section, ratio
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Z+bb: pT
subleading bjet

, Δφbb cross sections
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Z+bb: Mbb, MZbb
 cross sections
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Z+bb: ΔRZb
min, AZbb cross sections
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Z+c: pT
Z cross section, ratio 
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