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Sezione d’urto inclusiva di produzione di W/Z
CMS-PAS-SMP-12-011 e Phys. Rev. D 85 (2012) 072004

Misura di precisione, incertezza sperimentale totale sulle sezioni d’urto ∼ 5%,
dominata dall’incertezza sulla determinazione della luminosità, ∼ 4%.

Dati ben riprodotti da predizione NNLO QCD (Fewz).
Universalità e/µ in decadimenti W → `ν testata allo stesso livello di precisione del PDG.
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¼ 1:006$ 0:004ðstaÞ $ 0:006ðuncÞ $ 0:022ðcorÞ
¼ 1:006$ 0:024:

This can be compared with the current world average of
1:017$ 0:019 [65] and a similar measurement performed
by CDF giving 1:018$ 0:025 [24]. Similarly, one obtains
for the Z decays into electrons and muons a ratio

RZ ¼ !e
Z

!"
Z

¼ BrðZ ! eeÞ
BrðZ ! ""Þ

¼ 1:018$ 0:014ðstaÞ $ 0:016ðuncÞ $ 0:028ðcorÞ
¼ 1:018$ 0:031:

This confirms e%" universality in Z decays as well, but
the result is much less accurate than the world average
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FIG. 16 (color online). Measured and predicted total cross sections times leptonic branching ratios: !Wþ vs !W% (left panel) and
(!Wþ þ !W% ) vs !Z=$' (right panel). The ellipses illustrate the 68% C.L. coverage for total uncertainties (full) and excluding the
luminosity uncertainty (open black). The uncertainties of the theoretical predictions correspond to the PDF uncertainties only.
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FIG. 17 (color online). The correlated measurement of the
electron-to-muon cross section ratios in the W and the Z chan-
nels. The vertical (horizontal) band represents the uncertainty of
the corresponding Z (W) branching fractions based on the
current world average data. The ellipse illustrates the
68% C.L. for the correlated measurement of RW and RZ, while
the error bars correspond to the one-dimensional uncertainties of
either RW or RZ, respectively.

TABLE XIV. Measured ratios of the cross sections times lep-
tonic branching ratios for Wþ=W%, Wþ=Z, W%=Z, and ðWþ þ
W%Þ=Z, obtained in the fiducial regions and combining the
electron and muon final states. The uncertainties denote the
statistical (sta), the experimental systematic (sys), and the ac-
ceptance (acc) uncertainties.

sta sys acc

Wþ=W% 1:542$ 0:007$ 0:012$ 0:001
Wþ=Z 6:493$ 0:049$ 0:064$ 0:005
W%=Z 4:210$ 0:033$ 0:049$ 0:003
W$=Z 10:703$ 0:078$ 0:110$ 0:008

TABLE XV. Measured ratios of the total cross sections times
leptonic branching ratios for Wþ=W%, Wþ=Z, W%=Z, and
ðWþ þW%Þ=Z, combining the electron and muon final states.
The uncertainties denote the statistical (sta), the experimental
systematic (sys), and the acceptance (acc) uncertainties.

sta sys acc

Wþ=W% 1:454$ 0:006$ 0:012$ 0:022
Wþ=Z 6:454$ 0:048$ 0:065$ 0:072
W%=Z 4:439$ 0:034$ 0:050$ 0:049
W$=Z 10:893$ 0:079$ 0:110$ 0:116

MEASUREMENT OF THE INCLUSIVE W$ AND . . . PHYSICAL REVIEW D 85, 072004 (2012)
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Drell-Yan
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP13003

Misurate distribuzioni differenziali
dσ/dM e dσ/(dMdY) normalizzate
alla sezione d’urto nella regione del
picco della Z (60 < M [GeV] < 120).

Dati confrontati su un’ampio
intervallo di massa invariante
([15 GeV, 1500 GeV]) alle predizioni
QCD al NNLO (Fewz) ed NLO
(Powheg).
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Drell-Yan ad alta massa
ATLAS-CONF-2012-159

Drell-Yan ad alta massa invariante, 116 < m``[GeV] < 1500.
Sensibile alle funzioni di distribuzione partoniche ad “alto-x”?

Necessaria più statistica.
Dati confrontati con predizioni NNLO QCD (Fewz) + NLO EW + γγ→ `+`−.

NLO QCD insufficiente per descrivere in modo accurato i dati.
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Impulso trasverso della Z
CMS-PAS-SMP-12-025 e Phys. Lett. B 705 (2011) 415

Misurata la distribuzione dell’impulso trasverso della Z.
QCD al NLO+NNLL (ResBos) descrive meglio la regione di basso qT (. 10 GeV); predizioni LO
multileg (Alpgen, Madgraph, Sherpa) descrivono bene i dati ad alto qT (qT & 20 GeV).

Mc@nlo inconsistente con i dati.
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Correlazione angolare dei leptoni prodotti in Z/γ∗ → ``
Phys. Lett. B 720 (2013) 32-51

Correlazione angolare dei leptoni prodotti in Z/γ∗ → `` è sensibile all’impulso trasverso della Z.
Misurare la distribuzione dell’angolo φ∗η: φ∗η = tan(φacop/2) sin(θ∗η) .

φacop = π − ∆φ(`+ , `−) , cos(θ∗η) = tanh
[

(η(`− )−η(`+ ))
2

]
.

φ∗η é correlato a pZ
T ma ha migliore risoluzione a basso impulso trasverso (puritá di & 85%).

Dati confrontati alle predizioni NLO+NNLL (ResBos, A. Banfi, et al. Phys. Lett. B 715 (2012)
152), NNLO (Fewz) e vari generatori MC.
Incertezze sperimentali (dominate dalla statistica) tipicamente un ordine di grandezza piú
piccole delle incertezze teoriche.
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Produzione associata di jets a bosoni Z/γ∗
arXiv:1304.7098 [hep-ex]

Dati accuratamente descritti da predizioni LO multileg (Alpgen, Sherpa) ed NLO multileg
(Blackhat+sherpa).

Parton shower (Herwig) in NLO QCD MC (Mc@nlo) insufficiente ad alta molteplicità (Njets ≥ 3)
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Correlazioni angolari azimutali in eventi con produzione di Z/γ∗+jets
arXiv:1301.1646 [hep-ex]

Distribuzioni angolari azimutali presentate in bin inclusivi di molteplicità di jets.
Dati confrontati alle predizioni QCD LO multi-leg (Madgraph e Sherpa), NLO (Powheg) ed LO
(Pythia).
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Figure 3: Normalized Df(Z, j1) distributions for the leading jet in the inclusive jet-multiplicity
bins Njets � 1,� 2, and � 3: (a) all pZ

T and (b) pZ
T > 150 GeV. Plots in (c) and (d) show

the corresponding ratios of the data (solid points), and of other MC predictions, relative to
MADGRAPH. The ratio for PYTHIA MC is not included in these plots. The error bars on the data
points represent their statistical uncertainties, the solid yellow shaded band around the points
represent the sum of statistical and systematic uncertainties taken in quadrature, while the
cross-hatched (cyan) bands reflect the statistical uncertainties on the MADGRAPH calculations.
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Figure 3: Normalized Df(Z, j1) distributions for the leading jet in the inclusive jet-multiplicity
bins Njets � 1,� 2, and � 3: (a) all pZ

T and (b) pZ
T > 150 GeV. Plots in (c) and (d) show

the corresponding ratios of the data (solid points), and of other MC predictions, relative to
MADGRAPH. The ratio for PYTHIA MC is not included in these plots. The error bars on the data
points represent their statistical uncertainties, the solid yellow shaded band around the points
represent the sum of statistical and systematic uncertainties taken in quadrature, while the
cross-hatched (cyan) bands reflect the statistical uncertainties on the MADGRAPH calculations.
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Figure 5: Normalized Df(ji, jj) distributions for the inclusive Njets � 3 jet-multiplicity bin:
(a) all pZ

T and (b) pZ
T > 150 GeV. Plots in (c) and (d) show the ratios of the data and other MC

predictions, relative to MADGRAPH, as described in Fig. 3.
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DPI e scale di splitting kt in W (→ `ν) + jets
ArXiv:1301.6872 and ArXiv:1302.1415

Misurata la rate di
interazoni-partoniche-doppie, DPI, in eventi di
W+2jets.

Risultato presentato in termini di parametro
d’area efficace (σeff ).

I dati non evidenziano dipendenza dall’energia
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Sezione d’urto di produzione di bosoni W in associazione a b-jets
ArXiv:1302.2929 and CMS-PAS-SMP-12-026

Sezione d’urto in bin di molteplicità di jets.
DPI importante ingrediente della sezione d’urto
(35%-20%, in base al numero di b-jets).

Misura consistente con le predizioni NLO QCD
(Mcfm) ed LO multi-leg (Alpgen).
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result of the binned maximum likelihood fit. (right) The invariant mass of the two additional
light jets in the tt control region, also normalized to the results of the fit.

The statistical and systematic uncertainties are introduced in the form of nuisance parameters
via log-normal distributions around the estimated central values. The fitted yields for each
one of the processes can be found in Table 1, compared to the Monte Carlo predictions. To
calculate the final uncertainties, first the total errors are calculated by taking both the statistical
and systematic errors into account in the fit. Then the systematic nuisance parameters are
removed, the fit is re-run and the statistical uncertainty is obtained. The total systematic error
is calculated by subtracting in quadrature the statistical uncertainty from the total error.

Process Prediction Fitted Yield
W + bb 332 ± 66 300 ± 60

W + c, W + cc 21 ± 4 20 ± 4
W+usdg 1.5 ± 0.2 1 ± 1

Z+jets 31 ± 3 32 ± 3
tt 596 ± 35 647 ± 52

Single top 160 ± 13 170 ± 13
WW, WZ 19 ± 3 17 ± 3

QCD 33 ± 17 33 ± 16
Total 1194 ± 78 1220 ± 82

Observed Events 1230 ± 35

Table 1: Comparison of the expected (before the fit) and measured (after the fit) yields for each
of the processes. The uncertainty on the Monte Carlo prediction takes into account the variation
allowed to the nuisance parameters in the fit. The uncertainty in the fitted yields corresponds
to the full uncertainty after the fit.

The observed number of events in data after selection in the signal region is N(S + B)data =
1230 ± 35. The number of signal events obtained in the binned maximum likelihood fit is
300 ± 60.

To show the robustness of the W + bb fit result a separate study was performed with two se-
lected b-tagged jets that require each jet to fulfill a looser CSV b-tagging criterion, correspond-
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Sezione d’urto di produzione di bosoni W in associazione a b-jets
ArXiv:1302.2929 [hep-ex]

Misura differenziale di sezione d’urto di produzione di b-jets in associazione a bosoni W in bin
di pT del b-jet.
Segnale “W+b” definito sottraendo (non sottraendo) il contributo di top-singolo, plot a sinistra
(destra).
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W+charm
CMS-PAS-SMP-12-002

Misura di sezione d’urto inclusiva di W±(→ `ν) + c e distribuzione della pseudorapidità dei
leptoni carichi prodotti nei decadimenti del W.

Jets con adroni charmati identificati attraverso decadimenti adronici esclusivi dei mesoni D± e
D∗±(2010), e decadimenti semileptonici inclusivi.

Dati confrontati alle predizioni al NLO in QCD (Mcfm) ottenute con vari sets di PDFs.
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12 6 Measurement of the W + c cross section

For the semileptonic channels the s(W + c) cross section is simply obtained by counting of
the total number of dilepton selected events (Figure 4). The acceptance times efficiency factors
for the different lepton cuts are estimated in the simulation as: A e = 0.2035 ± 0.0021 (pµ

T >
25 GeV) and A e = 0.1706 ± 0.0021 (pe

T > 35 GeV), where the quoted uncertainties are statisti-
cal only. In the dimuon channel, the accepted Drell-Yan background corresponds to a region of
significant missing transverse energy, with one low-pT lepton inside a jet. Potential discrepan-
cies between data and MC are corrected by analyzing the Drell-Yan dominated control region
with dimuon invariant mass above 85 GeV. A correction factor of 1.2 ± 0.1 is found to provide
agreement between data and simulation in this region. The uncertainty, propagated as a sys-
tematic uncertainty, takes conservatively into account possible differences in the description of
events below and around the Z pole.

We perform two combinations of cross section measurements. A first combination uses all
channels associated to W ! µn decays with a muon cut of pµ

T > 25 GeV. A second combination
considers all channels associated to W decays into muons and electrons, for a lepton cut of
p`T > 35 GeV. Tables 1 and 2 contain all the relevant inputs used in the measurements, as well
as the total cross sections obtained for each final state and their average, including systematic
uncertainties. In all presented averages, correlations are taken into account. Full correlation is
taken between channels sharing a given source of systematic uncertainty.

W ! µn, pµ
T > 25 GeV

Final state (S + B)data Sdata A e [%] s(W + c) [pb]
D± 1502 ± 62 1203 ± 91 11.1 ± 0.3 103.6 ± 7.8 (stat.) ± 8.1 (syst.)

D⇤±(2010) 318 ± 21 309 ± 23 8.5 ± 0.4 116.9 ± 8.7 (stat.) ± 10.0 (syst.)
c ! µ 14215 ± 196 9867 ± 237 20.4 ± 0.2 106.5 ± 2.6 (stat.) ± 9.6 (syst.)

Average 107.7 ± 3.3 (stat.) ± 6.9 (syst.)

Table 1: Cross section results for a transverse momentum lepton cut of pµ
T > 25 GeV in

the different final states considered. (S + B)data is the number of selected events in the sig-
nal region (around the resonance in the case of D± and D⇤±(2010) final states). Sdata is the
corrected number of signal events after background subtraction using the method described
in the text. s(W + c) is the measured W + c cross section after correction for the charm
fractions as discussed in the text, namely: B(c ! D± ! K⌥p±p±) = (2.085 ± 0.100)%,
B(c ! D⇤±(2010); D⇤±(2010) ! D0p±; D0 ! K⌥p±) = (0.622 ± 0.020)% and B(c ! `n) =
(9.11 ± 0.49)%. All uncertainties quoted in the Table are just statistical, except for the measured
cross section.

Several sources of systematic uncertainties are considered. Their contribution to the total un-
certainty is presented in Table 3. The limited precision on the branching fractions of the charm
decays is one of the dominant sources of systematics. Tracking reconstruction inefficiencies
are intrinsically small (< 1% [40]). Given the nature of the method used to build secondary
vertices, tracks are assigned to either the primary vertex or the secondary vertex in a way that
may be different in data and in MC. In order to estimate the size of a potential discrepancy, the
set of secondary tracks is either increased by adding a nearby primary track or decreased by
dropping one of the original secondary tracks. The observed differences at the resonant D0 and
D± peaks between data and simulation suggest a possible maximum bias of 3.3%. This uncer-
tainty is assigned to the D± and D⇤±(2010) channels and assumed to be fully correlated be-
tween them. Pileup uncertainties are accounted for by increasing the assumed minimum bias
cross section by its estimated uncertainty (⇡ 6%). Jet enegy scale uncertainties are extracted
from dedicated CMS studies [41], which also take into account possible variations in the jet
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Produzione di bosoni Z in associazione a b-jets
CMS-PAS-SMP-13-004

Misure di sezioni d’urto inclusive di Z+b e Z+bb confrontate alle predizioni QCD LO multileg
nello schema a 4 e 5 flavors (Madgraph).

I dati “privilegiano” lo schema a 5 flavors.

13

8 Results
The final cross sections are estimated per b-jet multiplicity bin and for each lepton flavor sepa-
rately. The results are summarised in Table 4.

Table 4: Cross sections at the particle level for the production of a Z boson in association with
exactly 1 b jet and at least 2 b jets, and the combination of the two (at least 1 b jet). The first
uncertainty is the statistical uncertainty, the second the systematic uncertainty.

Multiplicity bin µµ ee
s(Z(``)+1b) (pb) 3.52 ± 0.03 ± 0.22 3.51 ± 0.04 ± 0.23
s(Z(``)+2b) (pb) 0.38 ± 0.02 ± 0.07 0.32 ± 0.02 ± 0.06
s(Z(``)+b) (pb) 3.91 ± 0.04 ± 0.23 3.84 ± 0.04 ± 0.24
s(Z(``)+b)/s(Z(``)+j) (%) 5.23 ± 0.04 ± 0.24 5.08 ± 0.05 ± 0.24

Using the best linear unbiased estimator [35], results for the ee and µµ channels are found to
be compatible with a c2 probability of 42% and 78% respectively in the Z+1b and Z+2b cases.
They are therefore combined into a single measurement using the optimal set of coefficients
that minimise the total uncertainty on the combined result, taking into account statistical and
systematic uncertainties and their correlations.

The results are summarised in Table 5, and compared with the expectation from MadGraph
in both the five-flavor (5F) and the four-flavor (4F) scheme, using a global k-factor to correct
the inclusive Drell-Yan cross section to the next-to-next-to-leading order calculation. The com-
parisons show that the estimated cross sections are compatible, within uncertainties, with the
theoretical expectations from MadGraph in both calculation schemes.

Table 5: Cross sections for the production of a Z boson in association with exactly 1 b jet and
at least 2 b jets, and the combination of the two (at least 1 b jet), showing the statistical and
systematic uncertainties. The expectation from MadGraph includes the statistical uncertainty.

Multiplicity bin Measured MadGraph 5F MadGraph 4F
s(Z(``)+1b) (pb) 3.52 ± 0.02 ± 0.20 3.66 ± 0.02 3.11±0.03
s(Z(``)+2b) (pb) 0.36 ± 0.01 ± 0.07 0.37 ± 0.01 0.38±0.01
s(Z(``)+b) (pb) 3.88 ± 0.02 ± 0.22 4.03 ± 0.02 3.49±0.03
s(Z(``)+b)/s(Z(``)+j) (%) 5.15 ± 0.03 ± 0.25 5.35 ± 0.02 4.60±0.03

9 Conclusions
Cross sections of the Z(``)+b-jet(s) processes have been measured for events containing leptons
with p`T > 20 GeV, |h`| < 2.4, a dilepton invariant mass 76 < M`` < 106 GeV, jets with pj

T > 25
GeV and |h j| < 2.1, and a separation between the leptons and the jets of DR(l, j) > 0.5 The
results have been compared with the expectations at the particle level, and found to be in
agreement with the expectations from MadGraph in different calculation schemes for different
b-jet multiplicities: the production in association with any number of b jets, as well as for the
production in association with exactly one or at least two b jets.

Comparisons of the kinematic properties with simulations show potential limitations of the
MC event generator, which employs the Matrix Element + Particle Shower approach at leading
order with massless b quarks. Next-to-leading order simulations and/or simulations with mas-
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Produzione di Z e due adroni B: correlazioni angolari
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEWK11015

Correlazioni angolari in eventi con
produzione di Z(→ ``) e due
adroni B.

Misura degli adroni B basata
sull’identificazione di vertici
secondari.

Predizione QCD LO multileg nello
schema a 4 flavors (Madgraph)
descrive bene i dati.
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEWK11015


Outline Produzione inclusiva di bosoni W/Z W/Z + jets W/Z + heavy flavors Migliorare “la teoria” usando i dati Conclusioni e prospettive

Uso dei dati di LHC: PDFs fit
Phys. Rev. D 85 (2012) 072004 e Phys. Rev. Lett. 109 (2012) 012001

Misure di sezioni d’urto di produzione di W±/Z usate in combinazione ai dati di HERA per
fittare la PDF del quark strange.

Risultato confrontato alle predizioni di Abkm09, Ct10, Mstw08 ed NNPDF2.1.
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Uso dei dati di LHC: MC tuning?
Phys. Lett. B 720 (2013) 32-51 e CMS-PAS-SMP-12-025

Sensibilità dei dati alla modellizzazione del pT della Z?
Usare l’osservabile φ∗ per tuning di MC?

Discussione avviata nel meeting di Les Houches 2011 (si guardi slides Tuning WG report)
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number of points minus one because of the normalization.
We have taken the full covariance matrix into account
when computing the !2 values. At low momentum, there
is poor agreement, suggesting the need for additional tun-
ing of the combination of POWHEG and PYTHIA in this
region, where both contribute to the observed qT.

At low transverse-momenta, qT < 30 GeV, the distribu-
tion is determined by nonperturbative QCD, which is
modeled by PYTHIA with a few free parameters. Several
parameter sets called ‘‘tunes’’ are available, including the
Perugia 2011 [28], ProQ20 [29], and Z2 tune [19]. The
shapes predicted with these tunes are compared to this
measurement in Fig. 7. Agreement is observed for the Z2
(!2=ndof ¼ 9:4=8) and the ProQ20 tunes (!2=ndof ¼
13:3=8), but disagreement for the Perugia 2011 tune
(!2=ndof ¼ 48:8=8) and for POWHEG + PYTHIA (!2=ndof ¼
76:3=8). These results provide a validation of the Z2 tune
for a high momentum-scale process that is rather different
from the low-momentum-scale processes that determine
the characteristics of minimum-bias events and the under-
lying event from which the parameters of the Z2 tune were
originally obtained.

At high qT, the precision of the prediction is dominated
by the perturbative order of the calculation and the han-
dling of the factorization and renormalization scale depen-
dence. In Fig. 8 the measured normalized differential
distribution is compared to the prediction of POWHEG as
well as the ‘‘Fully Exclusive W, Z Production through
NNLO in Perturbative QCD’’ (FEWZ) package version 2.0
[30] for qT > 20 GeV and j"j< 2:1, calculated at both
Oð#sÞ and Oð#2

sÞ. The predictions were each normalized to
their own predicted total cross sections. The FEWZ calcu-
lation used the effective dynamic scale definitionffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

Z þ hqTi2
q

rather than the fixed scale of the Z-boson

mass. The FEWZ Oð#2
sÞ prediction produces a !2=ndof of

30:5=9, which is a poorer agreement than the POWHEG

prediction (19:1=9), particularly at the highest qT.

VII. SUMMARY

Measurements of the normalized differential cross sec-
tions for Drell–Yan muon and electron pairs in the Z-boson
mass region (60<M‘‘ < 120 GeV) have been reported as
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FIG. 7 (color online). The combined electron and muon mea-
surement of the Z-boson transverse-momentum distribution
(points) and the predictions of four PYTHIA tunes and of
POWHEG interfaced with PYTHIA using the Z2 tune (histograms).
The error bars on the points represent the sum of the statistical
and systematic uncertainties on the data. The lower portion of
the figure shows the difference between the data and the simu-
lation predictions divided by the uncertainty $ on the data. The
green (inner) and yellow (outer) bands are the %1$ and %2$
experimental uncertainties.

FIG. 8 (color online). The combined electron and muon
Z-boson normalized differential cross section as a function of
transverse-momentum (points) and the POWHEG and FEWZ pre-
dictions for qT > 20 GeV. The horizontal error bars indicate the
bin boundaries and the data points are positioned at the center-
of-gravity of the bins based on the POWHEG prediction. The
bands in the upper plot represent the uncertainty on the predic-
tions from factorization and renormalization scales and PDFs.
The lower plot shows the ratio between the data and the theory
predictions. The bands in the lower plot represent the 1 standard
deviation combined theoretical and experimental uncertainties.
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Conclusioni e prospettive

ATLAS e CMS hanno studiato in dettaglio la produzione di bosoni di gauge W±/Z misurando
una grande varietà di osservabili in molteplici topologie.
“Ottimizzare” le misure per derivare informazioni sulle PDF o per tuning di MC:

misure doppio-differenziali per fit di PDF?
fittare simultaneamente le PDF dei quark charm e strange alle sezioni d’urto inclusive W±/Z?
usare φ∗ per tuning di generatori (nella regione di basso qT dei bosoni vettori)?
misurare distribuzioni angolari.

Prospettive a breve/lungo termine?
Investire più lavoro sull’interpretazione dei dati pubblicati o in fase di pubblicazione: W±/Z inclusivo,
Z+b, W+c.
Misure più esclusive e misure di precisione.
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Produzione di W/Z ad LHC
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pp→V+X, √s=7 TeV

In Fig. 5 we present the rapidity distribution for on-shell Z
production at run II of the Tevatron. The scale variation is
unnaturally small at LO; it is 3% at central rapidities and
varies from 0.1% to 5% from Y!1 to Y!2. This occurs
because the direction of the scale variation reverses within
the range of ! considered—i.e., d"LO /d!!0 for a value of
! which satisfies MZ/2#!#2MZ . This value of ! depends
upon rapidity, leading to scale dependences which vary
strongly with Y. The scale variation exhibits a more proper
behavior at NLO, starting at 3% at central rapidities and
increasing to 5%–6% at Y!2.5. At NNLO the scale depen-
dence is drastically reduced, as at the LHC, and remains
below 1% for all relevant rapidity values. The magnitude of
the higher-order corrections is slightly larger at the Tevatron
than at the LHC. The NLO prediction is higher than the LO
result by nearly 45% at central rapidities; this shift decreases

to 30% at Y!1.5 and to 15% at Y!2.5. The NNLO correc-
tions further increase the NLO prediction by 3%–5% over
the rapidity range Y#2.
This remarkable stability of the rapidity distribution with

respect to scale variation cannot be attributed to the small-
ness of the NNLO QCD corrections to the partonic cross
sections. These corrections are the d" (2)/dY terms defined in
Eq. $4.1% $after renormalization and mass factorization%, con-
voluted with the MRST PDFs and with all partonic channels
included. We vary the scale in these terms and normalize this
variation to the NLO cross section. We find that the NNLO
corrections contribute a scale dependence of &5% at central
rapidities. When we form the complete NNLO cross section,
which requires adding these corrections to the con volution
of the d" (0)/dY and d" (1)/dY terms of Eq. $4.1% with
NNLO PDFs, the width of this band is decreased to less

FIG. 4. $Color online% More general varia-
tions of the renormalization and factorization
scales, for production of an on-shell Z boson at
the LHC, at central rapidity Y!0. For each order
in perturbation theory $LO, NLO, NNLO%, three
curves are shown. The solid curves depict com-
mon variation of the renormalization and factor-
ization scales, !F!!R!! , as used in the rest of
the paper, but extending the range of variation to
M /5"!"5M . The dashed curves represent
variation of the factorization scale alone, holding
the renormalization scale fixed at M. The dotted
curves result from varying the renormalization
scale instead, holding the factorization scale fixed
at M.

FIG. 5. $Color online% The c.m.s. rapidity dis-
tribution of an on-shell Z boson at run II of the
Tevatron. The LO, NLO, and NNLO results have
been included. The bands indicate the variation of
the renormalization and factorization scales in the
range MZ/2#!#2MZ .

ANASTASIOU et al. PHYSICAL REVIEW D 69, 094008 $2004%

094008-18

ZW

Produzione di bosoni W/Z al LO

Importanza relativa  della produzione 
associata a jets

Produzione di W/Z(+0jets): sottoprocessi

Oltre l’approssimazione LO ... e k-factors
Dipendenza dalle scale di fattorizzazione/rinormalizzazione

W.J. Stirling W.J. Stirling

Z. Bern et al.,  arXiv:1304.1253v1
H. Ita, et al., Phys Rev D 85, 031501 (2012) 

C. Anastasiou et al., Phys Rev D 69, 094008 (2004)
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Sistematiche, due esempi
CMS-PAS-SMP-12-011 e ArXiv:1302.2929 [hep-ex]

7

Table 3: Systematic uncertainties in percent for the electron channel. “-” means that the source
does not apply or is negligible.

Source W+ W� W W+/W� Z W/Z
Lepton reconstruction & identification 2.8% 2.5% 2.5% 3.8% 2.8% 3.8%
Momentum scale & resolution 0.4% 0.7% 0.5% 0.3% - 0.5%
Emiss

T scale & resolution 0.8% 0.7% 0.8% 0.3% - 0.8%
Background subtraction / modeling 0.2% 0.3% 0.3% 0.1% 0.4% 0.5%
Total experimental 3.0% 2.7% 2.7% 3.8% 2.8% 3.9%
Theoretical uncertainty 2.1% 2.6% 2.7% 1.5% 2.6% 2.0%
Lumi 4.4% 4.4% 4.4% - 4.4% -
Total 5.7% 5.8% 5.8% 4.1% 5.8% 4.4%

Table 4: Systematic uncertainties in percent for the muon channel. “-” means that the source
does not apply or is negligible.

Source W+ W� W W+/W� Z W/Z
Lepton reconstruction & identification 1.0% 0.9% 1.0% 1.2% 1.1% 1.5%
Momentum scale & resolution 0.3% 0.3% 0.3% 0.1% - 0.3%
Emiss

T scale & resolution 0.5% 0.5% 0.5% 0.1% - 0.5%
Background subtraction / modeling 0.2% 0.1% 0.1% 0.2% 0.4% 0.4%
Total experimental 1.2% 1.1% 1.2% 1.2% 1.2% 1.7%
Theoretical uncertainty 2.0% 2.5% 2.2% 1.4% 1.9% 2.5%
Lumi 4.4% 4.4% 4.4% - 4.4% -
Total 5.0% 5.2% 5.1% 1.8% 4.9% 3.0%

6 Systematic uncertainties
Table 3 and 4 summarize all systematic uncertainties and the total uncertainty on the measure-
ment is calculated for the electron and muon channel. The methods used to extract the sys-
tematic uncertainties for the acceptance, efficiency and signal extraction have been described
in the respective sections and follow closely the W and Z boson cross section measurements
performed at

p
s = 7 TeV [2].

7 Results
The results for the electron and muon channels are presented separately. Assuming lepton
universality, we combine our measurements in the different lepton decay modes. The electron
and muon channels are combined by calculating an average value weighted by the combined
statistical and systematic uncertainties, taking into account the correlated uncertainties. For
the cross-section measurements, correlations are only numerically relevant for theoretical un-
certainties, including the PDF uncertainties on the acceptance. For the cross-section ratio mea-
surements, the correlations of lepton efficiencies are taken into account in each lepton channel.
In the combination of lepton channels, fully correlated theoretical uncertainties are assumed
for the acceptance factor, with other uncertainties assumed uncorrelated. The luminosity un-
certainty cancels exactly in the cross-section ratios.
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and muon channels are combined by calculating an average value weighted by the combined
statistical and systematic uncertainties, taking into account the correlated uncertainties. For
the cross-section measurements, correlations are only numerically relevant for theoretical un-
certainties, including the PDF uncertainties on the acceptance. For the cross-section ratio mea-
surements, the correlations of lepton efficiencies are taken into account in each lepton channel.
In the combination of lepton channels, fully correlated theoretical uncertainties are assumed
for the acceptance factor, with other uncertainties assumed uncorrelated. The luminosity un-
certainty cancels exactly in the cross-section ratios.

Table 4. Measured fiducial W+b-jets cross-sections for the combination of the electron and muon
channels with statistical and systematic uncertainties and breakdown of relative systematic uncer-
tainties per jet multiplicity, and combined across jet bins.

Fiducial cross-section [pb]
1 jet 2 jet 1+2 jet

�fid 5.0 2.2 7.1

Statistical uncertainty 0.5 0.2 0.5

Systematic uncertainty 1.2 0.5 1.4

Breakdown of systematic uncertainty [%]
Jet energy scale 15 15 15

Jet energy resolution 14 4 8

b-jet efficiency 6 4 5

c-jet efficiency 1 1 0

light-jet efficiency 1 3 2

ISR/FSR 4 8 3

MC modelling 8 4 6

Lepton resolution 1 1 0

Trigger efficiency 1 2 2

Lepton efficiency 1 2 1

Emiss
T scale 3 6 2

Emiss
T pile-up 2 2 2

b-jet template 3 5 4

c-jet template 4 2 3

light-jet template 0 0 0

Multijet template 2 2 2

Total syst. uncertainty 24 23 20

– 20 –

Canale elettronico

Canale muonico

W/Z W+b
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Hard double-parton interactions in W (→ `ν) + 2 jets events
ArXiv:1301.6872

Testing double-parton-interactions, DPI, in W+2jets measuring the fraction of DPI (f (D)
DPI) and the

effective parameter area (σeff ).
The measurement procedure exploit the assumption of factorization of DPI dynamic.

f (D)
DPI =

NW(0j) + 2j(DPI)

NW+2j
σeff =

NW(0j)

f (D)
DPI NW+2j

·
N2j

L2j ε2j

Extract from data f (D)
DPI by a fit to the distribution ∆n

jets =
−→p j1

T +−→p j2
T

|
−→p j1

T |+|
−→p j2

T |
.

∆n
jets proved to be robust against jet-related systematics.

No dependence on the CM energy has been observed for DPI.
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