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The ZZ production cross section in proton—proton collisions at 13 TeV
center-of-mass energy is measured using 3.2 fb~! of data recorded with the
ATLAS detector at the Large Hadron Collider. The considered Z boson
candidates decay to an electron or muon pair of mass 66-116 GeV. The
cross section is measured to be 29.7759 (stat.) 49 (syst.) 15 (lumi.) fb in a
fiducial phase space reflecting the detector acceptance. It is also extrapo-

lated to a total phase space for Z bosons in the same mass range and of all

decay modes, giving 16.775 2 (stat.) ") 2 (syst.) 75 9 (lumi.) pb. The results

agree with Standard Model predictions. Motivations for the measurement
are presented and near-future prospects discussed.
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1. Introduction

Studying the production of pairs of Z bosons in proton—proton (pp)
interactions at the Large Hadron Collider (LHC) tests the electroweak sector
of the Standard Model (SM) at the highest available energies. It also tests
quantum chromodynamics (QCD), because higher-order QCD corrections
influence the predicted production cross section and jet activity.

Figure 1 shows example Feynman diagrams of two important ZZ pro-
duction mechanisms in pp collisions at a center-of-mass energy of /s =
13 TeV. The production is dominated by quark—antiquark (¢q) interactions
(Fig. 1 (a)), with an O(10%) contribution from loop-induced gluon—gluon
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Fig. 1. Example Feynman diagrams for ZZ production initiated by quarks (a) and
gluons (b).

(g9g) interactions [1, 2| (Fig. 1 (b)). SM ZZ production is also possible via
an off-shell Higgs boson propagator. As such, non-Higgs ZZ production is
an important background in studies of the Higgs boson [3-5]. It also appears
as background in searches for new physics producing pairs of Z bosons at
high invariant mass [6, 7], as well as in SM measurements of other diboson
processes, such as WZ [8]. Finally, ZZ production is sensitive to triple
neutral-gauge-boson couplings, which are not present in the SM [9]. An
example Feynman diagram is shown in Fig. 2 (a).
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Fig. 2. Example Feynman diagram of ZZ production via triple neutral-gauge-boson
coupling, which is absent in the SM (a), and via weak-boson scattering (b).

A possible production channel for ZZ in associated with two jets is weak-
boson scattering, of which an example diagram is shown in Fig. 2 (b). This
process has a very small cross section and has not yet been observed, but
may be within the reach of Run 2 of the LHC (2015-2018).

This note summarizes the results from a recent publication by the
ATLAS Collaboration [10], which describes in detail an early measurement
of the ZZ production cross section using 3.2 fb~! of data collected with
the ATLAS detector [11] at a center-of-mass energy of 13 TeV. Only the
inclusive cross section is measured, as not enough data have been collected
at this center-of-mass energy to make a meaningful differential cross-section
measurement. The presented measurement uses the four-lepton channel,
where both Z bosons decay to a pair of either electrons or muons. This
gives rise to three signal channels: 4e, 4, and 2e2u. Since a Z boson decay-
ing to charged leptons is not strictly distinguishable from a virtual photon,
throughout this note, ‘Z boson’ refers to the superposition Z/~* with mass
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66-116 GeV, except in the context of the total cross section extrapolated
to all Z boson decay modes. The four-lepton channel has the advantage of
having very low background and providing good mass resolution for Z bo-
son candidates. Its disadvantage is a very small branching fraction of less
than 0.5% [12], leading to a modest predicted signal cross section of around
70 fb [1]. The measurement is inclusive with respect to additional jet activ-
ity. It also includes contributions from double parton scattering.

The ZZ production cross section was previously measured at /s = 7 and
8 TeV by the ATLAS and CMS collaborations [13-15] and found to be con-
sistent with SM predictions. ATLAS and CMS also performed a preliminary
measurement at 8 TeV and 13 TeV, respectively [16, 17].

2. Early inclusive cross section measurement at 13 TeV

The cross section can be calculated by counting candidate events, sub-
tracting the expected contribution from background events, correcting for
detector effects, and dividing by the integrated luminosity. Rather than per-
forming this calculation directly, the result is obtained using a maximum-
likelihood estimator in which the signal and background yields are treated as
Poisson variables and the systematic uncertainties of the background predic-
tion, correction for detector effects, and integrated luminosity are treated as
Gaussian nuisance parameters. The advantage of the maximum-likelihood
fit compared to simply using the algebraic formula is a more powerful com-
bination of the three signal channels by fitting simultaneously in all three
channels, as well as better propagation of the systematic uncertainty contri-
butions to the uncertainty of the final result.

To minimize model dependence, the cross section is measured in a fidu-
cial region representing the experimental acceptance. In simulated samples,
fiducial electrons and muons are required to be prompt, i.e. to not originate
from hadron or 7 decay. To emulate the effects of Bremsstrahlung, the four-
momenta of prompt photons within ARy, = /(A )2 + (Ag,)? = 0.1
of a lepton are added to its four-momentum, as motivated in Ref. [18]. The
leptons are required to have transverse momentum pt > 20 GeV and pseudo-
rapidity |n| < 2.7. Fiducial events must have exactly four leptons satisfying
the above criteria forming two pairs of the same-flavor oppositely charged
leptons (eTe™ or utpu~). Each lepton pair must have an invariant mass in
the range of 66-116 GeV. In the 4e and 4 channels, where there are two
possible ways to form the same-flavor oppositely charged lepton pairs, the
combination that minimizes |myq, — mz| + |mep — mz| is chosen, where
Mye,q and myyy are the invariant masses of the lepton pairs and my is the
pole mass of the Z boson [12]. The distance between any two fiducial leptons
must be greater than ARy, = 0.2.
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The selection of reconstructed candidate events is similar to the fiducial
selection. Reconstructed electrons [19] and muons [20] are required to have
pr > 20 GeV as well as |n| < 2.47 for electrons and |n| < 2.7 for muons. The
lower |n| requirement for reconstructed electrons is due to the more limited
experimental acceptance. The small extrapolation up to |n| = 2.7 for fiducial
electrons is considered acceptable, since under the implicit assumption of
lepton universality, that area of phase space is still experimentally probed in
the channels with muons. By means of impact parameter requirements, the
reconstructed leptons are required to originate from the primary vertex of
the event, defined as that reconstructed vertex with at least two associated
tracks whose associated tracks have the largest sum of squared transverse
momenta. They are also required to be isolated from other particles in
the detector. Candidate events must satisfy the same selection criteria as
fiducial events, with the following additions. The events must have passed a
single-muon or dielectron trigger, and each lepton appearing in the trigger
must be matched by a selected lepton. Events must have at most one muon
without a track in the inner detector or in the muon system.

In the recorded data, a total of 63 events are observed, of which 15, 30,
and 18 are in the 4e, 2e2u, and 4u channel, respectively.

Two categories of background contributions are considered: backgrounds
with four genuine leptons and backgrounds in which there are 1-2 nonprompt
or fake leptons (originating from jets or photons). The genuine-lepton back-
ground is estimated directly using Monte Carlo (MC) simulation. The back-
ground with nonprompt or fake leptons is not modeled well by MC simu-
lation and is, therefore, estimated using control samples and a data-driven
technique described in Ref. [13]. The total expected number of background
events is 0.20 £ 0.05 (0.257002, 0.1775:00) in the 4e (224, 4p1) channel, giv-
ing a total of 0.621'(1):(1)?? events. This corresponds to only about 1% of the
observed number of events. In some channels, the background uncertainty
is asymmetric due to truncation, as background contributions cannot be
negative.

To allow easy comparison to theoretical predictions, the measured cross
section is corrected for detector effects. This is done by dividing it by a
correction factor C'zz, which is determined using MC samples generated with
POWHEG + PYTHIA [21-27] and Sherpa [28-34]. Processes are described at
next-to-leading order (NLO) in the strong coupling, i.e. O(asg), except for
the loop-induced gg-initiated process (Fig. 1 (b)), which only enters at the
next-to-next-to-leading order (NNLO), i.e. O(a?), and is described at this
order. Its normalization is scaled to O(a?) accuracy [2]. The Czz value and
its total uncertainty is determined to be 0.55+0.02 (0.63+£0.02, 0.81+0.03)
in the 4e (2e2u, 4u) channel. The values reflect the fact that muons have
higher reconstruction efficiency than electrons.
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The measured fiducial cross sections are shown in Table I and Fig. 3 along
with a comparison to O(a2) calculations [1]. The predicted cross sections in
the fiducial phase space are corrected for QED final-state radiation effects,
which amount to a 4% reduction.

TABLE I

Cross-section measurement results compared to the O(a2) (NNLO) Standard
Model predictions. The per-channel and combined fiducial cross sections are shown.
For experimental results, the statistical, systematic, and luminosity uncertainties
are shown. For theoretical predictions, the PDF and renormalization and factor-
ization scale uncertainties added in quadrature are shown [10].

Measurement [fb] O (a?) prediction [fb]
fid +2 +0.4 +0.5 : +0.2
ol ere. 84 T3 0(stat.) T05(syst.) 0.5 (lumi.) 6.9703
fid +2.9 +0.6 +0.9 : +0.4
077 ereprp- 147 Z35(stat.) Zoiy(syst.) Zog(lumi.) 13.67 5%
fid + +0.3 +0.4 . 40.2
OF 7yt p-ptp— 08 S(stat.) TO3(syst.) T03(lumi.) 6.9703
ﬁd + +1.0 +1.7 : +0.9
Oy pro—prp— 297 I(stat.) T 9(syst.) T1%(lumi.) 27.47 0%
S P DT | A A
pp - —
Fiducial ATLAS
de * Vs =13TeV,3.2fb"
° Measurement
2e2u I S — —— Tot. uncertainty
Stat. uncertainty
—— a2 prediction
4“ —_— +1o
+20
Combined e Theory: PLB 750 (2015) 407
v Moot
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2
O-datalo-theory

Fig.3. Comparison between measured fiducial cross sections and O(a?) predic-
tions [10].

3. Extrapolation to total phase space

For easy comparison to other measurements and calculations where the
fiducial definition is different or not implemented, the cross section measured
in the fiducial phase space is also extrapolated to the total phase space. The
extrapolation factor is obtained from the same combination of MC samples
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as used in the Czz determination. The ratio of the fiducial to full phase-
space cross section is 0.39 & 0.02, in all three channels. It is corrected for
the ~ 3% increase bias introduced by the pairing algorithm in the 4e and
4 channel. In order to extrapolate to the total cross section, the fiducial
cross sections are divided by the ratio 0.39 + 0.02 and corrected for the
leptonic branching fraction (3.3658%)? [12]. This value for the branching
fraction excludes v* contributions. Including these, the branching fraction
Z7Z — 0T 070 is about 1.01-1.02 times larger.

TABLE II

Combined total cross-section result compared to the O(a?2) (NNLO) Standard
Model prediction. For the experimental result, the statistical, systematic, and
luminosity uncertainty is shown. For theoretical prediction, the PDF and renor-
malization and factorization scale uncertainty added in quadrature is shown [10].

Measurement and extrapolation [pb] O (a?) prediction [pb]
tot +2.2 +0.9 +1.0 . +0.4
oy 16.7 T55(stat.) To7(syst.) To7(lumi.) 15.67 04
=) 24: MCFM, CT14 NLO
& 22? ATLAS -----: Y4 (pm
FE  LHC Data 2015 ({5=13 TeV) —_—
§ ":l‘ 20; @ATLAS ZZ - Illl (M 66-116 GeV) 32fbt zop)
) 18F LHC Data 2012 (/s=8 TeV)
F OCMSZzzZ- il (m 66-116 GeV) 19.6 fb™
16F L pata 2011 (15=7 Tev)
E  ATLASZZ- li(iliv) (m, 66-116 GeV) 4.6 fb™*
14; ®CMS 2z~ Iill (m 60-120 GeV) 5.0fb™
12F Tevatron Data (15=1.96 TeV)
E  eCDFzz-. li(lliw) (on-shell) 9.7 fb™
10QF- ©D0ZZ- li(iv) (m, 60-120 GeV) 8.6fb™
8-
6
e
2= e
O*\r"\\\\\\\\\\\\\\\\\\\\\\\\\l\
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Fig. 4. Total cross section compared to measurements at lower center-of-mass en-
ergies by ATLAS, CMS, CDF, and DO [13-15, 36, 37], and to a prediction from
MCFM [35] at O(al) accuracy for the gg-initiated process and at O(a?2) accu-
racy for the loop-induced gg-initiated process. A full O(a?2) prediction (known
to improve agreement at /s = 13 TeV) was not yet available for all the differ-
ent center-of-mass energies. Some data points are shifted horizontally to improve
readability [10].
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The measured total cross section is shown in Table II. It is compared
to measurements at lower center-of-mass energies and to a prediction from
MCFM [35], which is calculated at O(al) accuracy for the gg-initiated pro-
cess and at O(a?) accuracy for the loop-induced gg-initiated process and is
shown versus center-of-mass energy in Fig. 4. The cross section increases by
a factor of more than two with a center-of-mass energy increase from 8 TeV
to 13 TeV.

4. Theoretical aspects

The predictions do not include the following effects. The loop-induced
gg-initiated process calculated at O(a?2) could receive large corrections at
O(a?) of 70% [2], which would increase the prediction by 4-5%. Electroweak
corrections at next-to-leading order [38, 39| are expected to reduce the cross
section by 7-8% [39]. The contribution from double parton scattering is not
accounted for in the predictions, but is expected to be an effect of less than
1% [40].

5. Summary

The ATLAS Collaboration has measured the ZZ production cross section
in 3.2 fb~! of 13 TeV pp collisions at the LHC using the fully leptonic decay
channel ZZ — ¢+¢=¢'"¢'~. Fiducial cross sections as well as a total cross
section for Z bosons with mass 66-116 GeV have been measured and agree
well with O(a2) SM predictions. They agree better with those at O(a2)
(NNLO) than those at O(as) (NLO).

6. Prospects for the near future

In the near future, differential fiducial ZZ cross sections in many vari-
ables may be measured and corrected for detector effects. The distributions
may be used to search for triple neutral-gauge-boson couplings. The QCD
scale uncertainty of the prediction for the gg-initiated process is large [2].
A new measurement of the total cross section with more data to reduce the
statistical uncertainty can help constrain this uncertainty. It will also be
interesting to study additional jet activity in ZZ events, working towards a
search for the weak boson scattering production channel, which is charac-
terized by tagging jets (Fig. 2 (b)). This channel allows testing of the SM
predictions for the quartic weak boson coupling WW ZZ.
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