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Electroweak multi-boson measurements from ATLAS and CMS:
Run 1 legacy and Run 2 prospects

Luca Perrozzi
Institute for Particle Physics (IPP), ETH Zirich,
Otto-Stern-Weg 5, CH - 8093 Zuirich

The talk focuses on Electroweak multi-boson measurements performed by the ATLAS and
CMS collaborations. An overview of the Run 1 results is presented together with prospects
for Run 2 measurements.

1 Introduction

Measurements of the multi-boson production cross section test the Standard Model (SM) at
the TeV scale!. They represent a source of irreducible background for Higgs studies and many
searches for physics beyond the SM (BSM). Multi-boson production is also capable to probe
boson self-interactions, searching for anomalous couplings. In particular, anomalous triple gauge
couplings (aTGC) are probed by di-boson production and Electroweak (EW) production of
single vector bosons, while anomalous quartic gauge couplings (aQGC) are probed by tri-boson
production and EW diboson production.

The following report describes the most recent results from the ATLAS? and CMS? experiments.

1.1 Signatures and background sources

In multi-boson production processes, the signatures are represented by combinations of v, W
and Z particles, with a production cross sections hierarchy o(v) > o(W) > o(Z). Multi-boson
analyses feature high pr, isolated charged leptons (electrons, muons) and possibly photons.
Z bosons can be easily identified by mean of an invariant mass window cut around Z pole.
W bosons are selected by requiring large missing transverse energy (£r) from the undetected
neutrino (computed from jets, leptons and calorimeter information), together with a transverse
mass selection cut. Photons appear as energy clusters in the electromagnetic calorimeter, with
characteristics similar to jets.

Examples of the di-boson, vector boson fusion (VBF), tri-boson and vector boson scattering
(VBS) production are reported in figure 1



(a) Di-boson (b) VBF (¢) Tri-boson (d) VBS

Figure 1 — Examples of Feynman diagrams for di-boson, VBF, tri-boson and VBS production.

28 1.2 Background sources

20 The major background sources are represented by events containing vector boson plus jets, with
30 large cross section. In these events the high pr leptons come from the boson or heavy flavour
a1 decays, while the jets are misidentified as charged leptons or photons. The F7 is instead faked
3 by particles falling outside acceptance. Also tt and single top events play a sizeable role, despite
33 their lower cross section, since they naturally contain prompt isolated leptons from W bosons
u and large F'p. Finally, multi-boson processes act as background sources for each other.

35 The background contributions can be estimated from MC or with data-driven methods.

s 2 Effective theory approach to BSM

37 Most of the CMS and ATLAS anomalous couplings interpretations make use of the Vertex Func-
45 approach for the neutral triple couplings (ZZ Z, Z~v, ZZ~) and the Effective Lagrangian®

39 (though without an operator basis) for charged triple couplings (WWW, WW+~).

s Only recently, a more systematic effective field theory approach (EFT) has been used to parametrize
a  the quartic gauge anomalous couplings (W*W* EW, WW~, vy — WW). In the EFT ap-

» proach® assuming that the new physics scale A is separated from the EW scale v (A > v), and

a3 that the linearly realized SU(3) x SU(2) x U(1) local symmetry is spontaneously broken by the

s vacuum expectation value of the Higgs doublet field, the Lagrangian of the SM can be expanded

45 in operator dimension D:

38 tion

EEFT — ESM + %ﬁD:B + %ED:6 + %,CDZ? + %ED:S 4. (1)
a6  where the terms with D = 5 and D = 7 can be neglected at the LHC since they are lepton flavor
s violating, and D = 8 is subleading to D = 6. For £P=0 several complete non-redundant set
48 of operators, each leading to a completely equivalent physics description, have been proposed
s in literature and are being used in the context of Higgs physics 7. Uniformity of approach in
50 the next generation of analyses need to be pursued in order to combine the different result and

st reach more stringent limits on the BSM parameters.

s2 3 WTW~ production and aTGC at 8 TeV in CMS

53 Previous ATLAS® and CMS? measurements report an excess of the W W~ cross section with
s« respect to the next-to-leading order (NLO) SM prediction. A new CMS measurement '* in the
55 electron and muon channels has been performed, on 19.4 fb~! at 8 TeV. It requires two isolated,
ss opposite sign leptons with pr > 20 GeV and pseudorapidity |n.| < 2.5 and |n,| < 2.4. The
57 projected o is required to be greated than 20 GeV and pry; > 45 GeV. Several techniques are
s used to reduce the large background, including an anti b-tagging and jet veto (Njes < 2) for
so tt, the dilepton boost and Z mass veto for Z + jet events, and a third lepton veto for WZ and
e /7. Multiple control regions are used to estimate the background yields in the signal region.

61 The systematic uncertainties sum up to 7.9% and are dominated by the jet veto and lepton
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Figure 2 — Left: data and MC distributions for the 0—jet category of the pr of the dilepton system. Center:
normalized differential WW cross section as a function of the invariant mass my;. Right: my; distribution after
full selection with all SM background sources compared to a given choice of the aTGC parameters.

efficiency uncertainties. The total measured cross section, after removing the Higgs contribution,
is:
ow+w- = 60.1 £ 0.9(stat) + 3.2(exp) £ 3.1(th) + 1.6(lumi) pb (2)

which is in agreement with the NNLO SM theory ' prediction UIJ/VV]X{}VQ = 59.8{%'3 pb.

The W W~ unfolded normalized differential cross section is measured as a function of kinematic
variables (pr., mu, pru, A¢y). They are compared to matrix element predictions interfaced to
parton shower, and some discrepancies are observed, showing the need for improved accuracy in
the calculations. Figure 2 shows the data and MC distributions for the 0—jet category of the pr
of the dilepton system, together with the normalized differential W W cross section as a function
of the invariant mass my. The latter is compared to predictions from Madgraph, Powheg and
MCQ@NLO.

aTGC are measured in the framework of EFT operators with D = 6. No deviations are observed,
and limits are set. Figure 2 shows the m;; distribution after full selection with all SM background
sources and ¢y /A? = 20/TeV, cywww /A? = 20/TeV and cg/A? = 55/TeV.

4 Evidence of W+~ production in ATLAS

The production cross section for the W~y process 2 is measured by ATLAS in the muon and

electron channels, with 20.3 fb~! at 8 TeV. The analysis is performed in the fiducial phase space
for the jet inclusive (Njes > 0) and exclusive (Njes = 0) cases. The systematic uncertainties
are dominated by the data-driven background estimate and jet energy scale. In particular, the
data-driven fake photon background from W+~j and Wjj events is estimated with a 2D template
fit to the isolation distributions of the two v candidates.

The measured cross sections in the inclusive and exclusive case are:

oy =? = 71413 (stat) < 1.5(syst) % 0.2(lumi)
ot ™" = 2.9%0% (stat) 50 (syst) & 0.1 (lumi) (3)

The total measured significance is 2.2 ¢ in the exclusive case and 3.7 ¢ in the inclusive case, thus
representing the first evidence of W~~ production. The diphoton invariant mass distribution in
the electron and muon channels is shown in figure 3. The fiducial region is defined at particle
level, including jet and isolation variables. The fiducial cross section is 1.9 ¢ higher than the
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Figure 3 — Diphoton invariant mass distribution in the electron (left) and muon (right) channels. The expected
signal based on the SHERPA prediction is shown. The hashed areas show the total systematic and statistical
uncertainty on the background sources estimate.

MCFM prediction in the inclusive case, and 1.3 ¢ higher in the exclusive case.

aQGC are measured in the framework of EFT operators with D = 8. Possible deviations
from the SM predictions are expected in the high di-photon invariant mass. A search region is
therefore defined with m., > 300 GeV. No deviations are observed, and limits are set, improving
previous results published by CMS.

5 Updates of preliminary results

5.1 Z~ production and aTGC at 8 TeV in CMS

CMS published '* the measurement of the Z~ production cross section in electron and muon
channels, with 19.5 fb~! at 8 TeV, whose total inclusive cross section is in agreement with theory
predictions. The search for aTGC in the high Er, spectrum lead to limits on ZZ~ and Z~vyvy
improves by factor 3 the 7 TeV results.

5.2 FElectroweak production of Z+2jets at 7 TeV in CMS

CMS published * a measurement of the EW production of Z+2jets at 7 TeV. The analysis uses
a quark/gluon discriminator to reduce background, and a BDT to extract signal contribution.
The measured cross section is ¢ = 174 + 15(stat) + 40(syst) fb and the ratio with the SM
prediction is o/ogpy = 0.84 £ 0.07(stat) + 0.19(syst). The analysis precision is limited by the
knowledge of large interference effects between production diagrams. A study of the hadronic
and jet activity in Z+jet events is included.

5.8 WEW* VBS production at 8 TeV in ATLAS

ATLAS published ' the evidence of VBS scattering in W W channel at 8 TeV. The analysis
is similar to the search for the Higgs decay in the WW case with VBF topology. It requires two
isolate leptons with same charge, featuring a third lepton veto to reduce the W Z background
contribution. It also requires two forward jets with high invariant mass and large pseudo-rapidity
separation. A cut on the dilepton invariant mass my > 50 GeV together with Fp > 40 GeV is
used to reduce the W+jets and top background sources. The main residual backgrounds arise
from WZ — 3lv and non-prompt leptons. The systematic uncertainties are dominated by jet
reconstruction and theory uncertainties. In the inclusive region, the measured cross section is
o =2.140.5(stat) & 0.3(syst) fb, corresponding to an observed significance of 4.50 (when 3.40
were expected). The measured cross section in the VBS enriched region, requiring m;; > 500



116

1

i

7

118

119

120

121

122

123

124

125

126

127

GeV, is instead o = 1.3 £ 0.4(stat) & 0.2(syst) fb, corresponding to 3.60 observed significance
(when 2.80 were expected).

6 Summary plots

The summary plots for the measured multi-boson cross sections and their ratio with theory
predictions are reported in figure 4 for ATLAS and CMS in figure 5.

JLdt
jy)  Reference

Multiboson Cross Section Measurements s

o'd(yy)[AR,, > 0.4] 4.9

ATLAS  Preliminary

oWy > tvy) 46
[ = 0] Runi +s5=7,8TeV 46
od(Zy > tty) 46
=[N = 0] 46
o™ (Wyy = tvyy) —— 203

— [Mjee = 0] EARLS i T — 203
(pp>WV—rqq)
oi(WEWEj) EWK
o (pp—>WW)

— 0"(WW-see) [njer=0]

= o™ (WW—pp) [njer=0]

= o (WWoep) [nje=0]

— o ™(WWosep) [njer20]
o (pp>WZ)

- o"(WZ > ever)

ol (pp—>22)

— ot (pp—>ZZ—4¢)

-o"(zZ - 4ar)

—o'(zZ* > 40)

—of(ZZ* — ttvy)

LHC pp \5=7TeV
Theory

al Observed
elrsyst
LHC pp Vs =8TeV

Theory

Observed
- |

02 04 06 08 1.0 1.2 14 16 1.8 2.0 22 24 26
observed/theory

Figure 4 — Summary plots for the measured multi-boson cross sections and their ratio with theory predictions for
ATLAS (top) and CMS (bottom).
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Figure 5 — Summary plots for the measured multi-boson cross sections and their ratio with theory predictions for
ATLAS (top) and CMS (bottom).

7 Considerations towards Run 2, and long term projections

A general consideration about the precision of multi-boson measurements in Run 1 of LHC is
that they are statistically limited, either in control regions or in signal regions (like high pr or
high mass). Therefore, major improvements are expected during LHC Run 2 at 13 TeV, both
due to a large increases of signal cross section and much larger integrated luminosity.

However, further inputs are needed for the next round of analyses. For example, higher order
MC calculations are needed to reduce the QCD scale uncertainty on the boson py. The NLO
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EW corrections are not available in most of the channels, while their contributions becomes
sizeable in the search regions, i.e. high pr or mass. Finally, very limited number of NLO MC
tools is available to generate anomalous couplings.

Generally speaking about the anomalous couplings, an unitary approach is needed with other
branches, like the measurements performed to characterize the Higgs sector, probing the same
physics. This quest for unitary approach is needed both to combine different measurements and
take into account correlated effect of BSM physics. A possible answer seems to be provided by
the EFT approach, which might become the new standard, superseeding the Vertex Function
and Effective Lagrangian proposed during LEP times.

From the experimental point of view, a major effort must be put in providing unfolded spectra.
In particular, an important caveat is represented by the definition of the background subtracted
“signal”, since BSM would coherently affect different signal (and background) channels.

Long term projections on aQGC have been released in 2013 by ATLAS '6 for the VBS
WZ — 3lv, VBS ZZ — 41, VBS W*W* — 212v, Z — 2I2y, and by CMS '7 for the VBS
WZ — 3lv. Depending on the new tools available and future analysis developments, however,
the performance could be greatly improved.
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