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1. Inclusive W/Z measurements

The study of W* and Z! vector bosons production in proton-proton collisions at the LHC rep-
resents an important test of perturbative QCD calculations, and can be used to constrain the parton
density functions (PDF) of the proton. The Next-to-Next-to-Leading-Order (NNLO) QCD predic-
tions with different generators and QCD tunings are tested using several W and Z measurements
with ATLAS [1] and CMS [2] collision data, at a center of mass energy of 7 and 8 TeV. Processes
involving vector bosons play an important role in Higgs boson studies, as well as in the searches
of new physics phenomena, since they are often the dominant background. Precise measurements
of the properties of the W and Z bosons are essential for understanding and testing the Standard
Model at the new energy regime reached at the LHC.

The inclusive vector boson cross section has been previously measured by ATLAS and CMS
at a center-of-mass energy of 7 TeV [3, 4]. The measurement at /s = 8 TeV by CMS [5] makes use
of an integrated luminosity of 19 pb~!. The Z boson inclusive cross section is measured from the
invariant mass distribution of the dilepton final state in the range 60 < My, < 120 GeV for high pr
leptons in the pseudorapidity range of [1| < 2.4. W= boson cross inclusive cross section is extracted
by means of a binned maximum likelihood fit to the missing transverse energy distribution for
single isolated leptons in the range |1| < 2.1. The final results are then compared to the theoretical
NNLO FEwzZ [6] predictions with a MSTW?2008 [7] PDF set, for muons and electrons final state,
and for the dilepton combination (Fig.1). These measurements are consistent between the different
channels, and in agreement with NNLO cross section calculations.
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Figure 1: Summary of the W to Z (left) and W™ to W™ (right) production cross sections times branching
ratio in the leptonic channel oy x BR(V — £),V = Z, W*. Measurements in the electron and muon channels,
and combined, are compared to the theoretical predictions (yellow band) computed at the NNLO in QCD
with FEWZ and the MSTW2008 PDF set. Statistical uncertainties are represented as black error bars, while
the red error bars also include systematic uncertainties. Luminosity uncertainties cancel in the ratios.

The Drell-Yan differential cross section do/dM for Z bosons has been measured by CMS [8]
in the electron and muon pairs decay channels in the range 15< My, <1500 GeV, along with the

'In the following by “Z” boson it is intended Z° /7", being understood that the virtual photon contribution is not
treated separately.
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double-differential cross section d>c /dMdY in rapidity bins in the mass range of 20< My <1500
GeV. The dilepton mass is corrected for the leptons final state radiation (FSR). The results, pre-
sented in Fig.2 left, are compared with the predictions of perturbative QCD calculations at NNLO
(FEwz) using the CT10 [9] PDF set. Including the correlations between the two channels, the
normalized y? calculated with total uncertainties on the combined results is 1.1 between data and
theory expectation. ATLAS presented a similar measurement [10] in the electron channel in the
mass range 116< My <1500 GeV, outside the Z resonant peak, both at the dressed (FSR corrected)
and Born level. The ATLAS measured cross section at dressed level shows (Fig.2 right) that NLO
QCD predictions are not completely satisfactory in describing the data.
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Figure 2: Left: combined Drell-Yan invariant mass spectrum in the Z — ¢*¢~ channel, normalized to the
Z-peak region r = (1/06zdc /dM), as measured by CMS [8] compared to FEWZ [6] NNLO calculations.
The lower left panel shows overall good agreement between data and the theory prediction. The blue error
band for the theory calculation includes the statistical error from the FEWZ calculation and PDF uncertainty
combined in quadrature. The uncertainty of electroweak correction including yy initiated processes effect
is added in the green error band. Right: the high mass region of the Drell-Yan invariant mass spectrum as
measuread by ATLAS [10]. In the lower right panel the measurement is compared to the predictions of the
PYTHIA, MC@NLO and SHERPA MC generators including their statistical uncertainties. The cross-section
predictions of each generator have been scaled by a global factor as indicated on the ratio plots to match the
total number of events observed in data.

In hadron-hadron collisions, the W and Z vector bosons are produced with a momentum com-
ponent transverse to the beam axis, which is balanced by a recoiling hadronic system mainly arising
from initial state QCD radiation of quarks and gluons. The measurement transverse momentum of
the boson offers a very sensitive way of studying dynamical effects of the strong interactions, com-
plementary to measurements of the associated production of the bosons with jets (see Sec.2). The
simple signatures of Z — ¢*¢~ production, which can be identified with small background, enable
a precise measurement of the boson transverse momentum p% and thus provide an ideal ground
for testing predictions of QCD and phenomenological models. Moreover, the knowledge of the
p% distribution is crucial to improve the modelling of W boson production needed for a precise
measurement of the W mass, in particular in the low p! region which dominates the cross section
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[11, 12]. Atlow boson p% values, some discrepancy with the spectrum measured by CMS [13] is
observed at /s = 8 TeV when comparing different PYTHIA [14] tunes (Fig. 3 left). Resummed
Next-to-Leading-Order plus Next-to-Next-to-Leading-Log (NLO+NNLL) QCD calculations im-
plemented in RESBOS [15, 16] are in good agreement with the spectrum observed by ATLAS [17]
for p% < 10 GeV while Leading Order (LO) Monte Carlo (MC) multileg predictions (ALPGEN[18],
POWHEG(19], SHERPA[20]) provide an adequate description of the spectrum at high values of p%
> 20 GeV (Fig. 3 right). MC@NLO [21] is found to be inconsistent with the data.
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Figure 3: Left: the momentum distribution of the Z boson measured by CMS [13] at /s = 8 TeV in the
low momentum range 0 < p% < 30 GeV compared with different PYTHIA tunes predictions. The lower left
panel shows the discrepancy between data and the PYTHIA predictions in number of standard deviations.
While most of the discrepancy is contained in a 20 envelope, different tunes differ in individual bins up to 5
standard deviations. Right: the ratios of the ATLAS [17] 7 TeV data and various generator predictions over
the RESBOS prediction for the normalized differential cross section as a function of pZ.

The angular correlation between the leptons produced in the Z — £* ¢~ decay is sensitive to the
transverse momentum of the Z boson. In particular the ¢, angle is correlated to the quantity P [my
and therefore probes the same physics as the transverse momentum p#. The ¢, angle is defined as
op = tan(@) -sin(8) where @ucop = T — AP (L7, £7) being the azimuthal opening angle between
the two leptons and the angle 6, is a measure of the scattering angle of the leptons with respect

to the proton beam direction in the rest frame of the dilepton system. The angle 6, is defined via

cos(6y) = tanh[w]. The ¢, angle is an optimal experimental observable to probe the
low-p% domain of Z production because it depends exclusively on the directions of the two lepton
tracks, which are better measured than their momenta. Values of ¢, ranging from 0 to 1 probe
the p% distribution mainly up to ~ 100 GeV. ATLAS data [22] is compared to NLO+NLLL QCD
predictions (RESBOS, Banfi et al. [23, 24]), fixed order NNLO (FEwWZ) calculations and some
MC event generators (Fig.4). The measurement is typically one order of magnitude more precise
than the present theoretical uncertainties. The ¢, variable measured in Z — ¢4~ events from DO
[25] has been found in the past to be one of the most effective handles on the description of the
underlying event at the Tevatron [26], and has been effectively used to discriminate Monte Carlo
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tunes. The study of this variable shows potential for improving the low p% spectrum description
also at the LHC.
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Figure 4: The ratio of the combined normalised differential cross section from ATLAS [22] to RESBOS
predictions as a function of ¢,. The measurement is also compared to predictions, which are represented by
a dashed line, from [24] (left) and to the prediction from FEWZ 2.1 (right).
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2. Associated production of vector bosons and jets

Vector bosons (V = W or Z) produced in association with jets (V + jets in the following) pro-
vide a precise way to test pertubative QCD predictions. The small theoretical uncertainty on the
V + jets production together with the small experimental uncertainty on the selection of the V +
jets signal, makes it possible to study higher order pertubative effects and PDFs. The V + jets
production is one of the most important background processes in many searches for new physics
phenomena, therefore a good understanding of it is vital for searches at the LHC. Measurements
from ATLAS and CMS using data at /s = 7 TeV are reported. The experimental results are cor-
rected for detector effects and are compared with predictions from BLACKHAT [27], POWHEG,
MC@NLO, MCFM [28], MADGRAPH [29], ALPGEN and SHERPA. The leading order (LO) matrix
element (ME) MC event generators are interfaced with PYTHIA and HERWIG [30] for parton show-
ering (PS) with the exception of SHERPA which uses its own built-in PS. The NLO ME calculations
from POWHEG and MC@NLO are interfaced with PYTHIA and HERWIG and their predictions are
provided at particle level (NLO+PS). The MC samples from MADGRAPH, ALPGEN and SHERPA
have been normalized, for the inclusive V production, to the NNLO cross section calculated with
FEWZ. Details on the exact MC configurations including the used PDFs and the choice of scales
can be found in the cited articles.

The jet multiplicity in Z + jets data (Fig.5 left) measured by ATLAS [31] is well predicted
by BLACKHAT+SHERPA parton level NLO calculation including the generation of up to four hard
partons. The NLO+PS prediction from MC@NLO is NLO for the inclusive Drell-Yan production
and is only LO for the Z + 1-jet (Fig.5). The complexity of an exact ME calculation increases
dramatically as a function of Nj.s. While an exact ME calculation is available here, to LO for
up to five partons, jet multiplicity in data extends to N > 6. The prediction obtained using MC
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that include the PS are capable, within the present uncertainties, of describing the event rate as a
function of Nj.; observed in data.

An inclusive observable of high interest, in LHC searches, is the Z transverse momentum
(Fig.5 right) which shows a systematic trend as a function of p% for the ME+PS comparisons.
ME-+PS predicts an event yield higher than what is observed in data, the size of this effect is con-
sistent with the reduction of the Z + jets cross section due to higher-order electroweak corrections
[32]. In searches for new physics with jets and invisible energy that have Z — vv as irreducible
background, a systematic effect of this order will decrease the discovery potential of the smallest
signals of interest.
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Figure 5: Z+jets cross section measured by ATLAS [31] as a function of the jet multiplicity (left) and of the
transverse momentum of the Z boson (right) for data (full circles) and for various MC predictions.

Azimuthal correlations A¢(Z, j;) and A (j;, jj) for Njes > 3 are measured by CMS [33] in
an attempt to complement the picture in terms of angular properties (Fig.6). Predictions from
NLO+PS for the Z + 1-jet final state are of particular interest here, and show agreement with
Njus > 3 data despite the fact that, beyond the subleading jet, additional radiation comes exclu-
sively from PS. High jet multiplicity implies a large scale and an increased phase space available

for parton emission.

The question of whether the strange content of the proton is suppressed with respect to the light
quarks, is directly assessed by CMS with the measurement of the W plus charm cross section [34]
and the ratio of RF = W 0 stlVadd

¢ oW +e) o sHVaeld
the strange/anti-strange ratio. The measurements are consistent with the strange suppression s/d <

which, modulo Cabibbo-sopressed terms, is sensitive to
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Figure 6: Z+jets cross section measured by CMS [33] as a function of the azimuthal correlations A¢(Z, j;)
(left) and A¢ (i, jj) (right) for Nje,s > 3 for data (full circles) and for various MC predictions.

0.5 which is predicted by MSTWO08, CT10 [9] and NNPDF2316 [35] (Fig.7). The study of the
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the proton charm content [36].
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Figure 7: Cross section measured [34] for the W-+charm process (left) and the 6(WT +¢)/o(W ™ +¢) cross
section ratio (right).

The production of a W in association with two b-jets (W + bb) is important for the studies of
WH — Whb. This motivates the measurement of the Whb cross section which is found to be 0.53
4 0.05 (stat) &= 0.1 (sys) pb, in very good agreement with the NLO prediction 0.52 4 0.03 pb [37].
On the other hand, a systematic bias is observed in the W plus 1 b-jet final state (Fig.8 left) [38].
The disagreement becomes more significant if the single top contribution is not subtracted from the
cross section measurement [38] (Fig.8 right).



W/Z boson production and properties measurements Marco MUSICH

> [ aras " ‘ 1 = r ‘ ‘
8 1 J- Ldt=46fb" - IE)/leglarl\(/l\(§=7 = 3 1 s 1 247 pata (5=7TeV) |
8 F o —a ALPGEN 3 5 E _[ Ldt=4.61b . ALPGEN Wabijets + 7
b %&% b = C AcerMC single-top
s S 1 8 s 1
g 10 — =N S
s 7577 1 Dok T 4
© E e+u Ndet=1 “ 3 s W0E teccceces 3
L _ © - 3
) / [ e+u, Ndet=1 " ]
10° L B
E Y. , S
+ — — 10° E — -
Q 4E%47% Data/ MCFM ‘ ‘ E ]
2 3E—— theor. uncertainties  ~ 4 [ 1
8 GEeca A 3 ‘ ‘ ]
B g o F -
9 4E 747 Daa/ALPGEN % 2 s 2 7% Data/(ALPGERAcal). 4 ‘
§ jea I B
° 30 30-40 4060 60-140 25-30 30-40 40-60 60-140
b-jetp, [GeV b-jet P, [GeV]

Figure 8: Cross sections measured [38] as a function of the b-jet pr for the W+b process (left) and for the
combined W+b plus single top processes (right).

3. Conclusions

Standard Model W, Z boson measurements in LHC proton-proton collision at a center of
mass energy of 7 TeV and 8 TeV with the ATLAS and CMS experiment have been presented.
Results on the Drell-Yan process cross section and of the angular correlations in Drell-Yan lepton
pairs via the ¢, variable, at 7 TeV have been measured and compared with different theoretical
expectation from several Monte Carlo generators and PDF sets. Some discrepancy in the multileg
LO description of the distribution of the Z boson transverse momentum is observed at low boson
pr values, with significant variations from different tunes. The ¢, variable measured in Z —
0T¢~ events at Tevatron has been found in the past to be one of the most effective handles on
the description of the underlying event and has been effectively used to discriminate Monte Carlo
tunes. The study of this variable shows potential for improving the low p% spectrum description
also at the LHC. The substantial amount of delivered data to the experiments has made it possible
to probe extreme kinematics of the V + jets signal that were not previously accessible. Vector
bosons plus heavy flavours events could be used to constrain PDF sets. In particular the W plus
charm topology has been shown to be effective to discriminate different descriptions of the strange
sea of the proton. In summary with the available amount of data, no evidence of significative
deviations from the theoretical predictions are observed. Results generally agree with the Standard
Model predictions, however, different levels of agreement has been observed among the various
predictions and data, reflecting to some extent the current understanding of the LHC data.
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