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1. Introduction

The study of vector-boson pair production with the ATLAS experiment [1] at the LHC provides
an important test of the Standard Model (SM) at the TeV scale. In addition, an understanding of
such processes allows for a precise background estimation needed for many measurements. Finally,
the study of multi-boson production allows constraints to be set on many exotic models through
the study of cross-sections and triple and quartic gauge boson couplings (TGC’s and QGC'’s).

The multi-boson measurement strategy at the ATLAS experiment consists of four main mea-
surements. The first being the measurement of the fiducial cross-section. This is defined in equa-
tion 1.1, where Ny, is the number of observed events, Ny, is the number of expected background
events, .Z is the integrated luminosity and Cyy is the ratio of the number of measured to the gen-
erated number of events in the fiducial region.

(1.1

The fiducial cross-section can be extrapolated to the total phase space through the inclusion
of one extra factor, Ayy %. This is shown in equation 1.2, where Ayy is the ratio of events in the
fiducial region to all generated events and 4 is the branching ratio of the process.

1
Unfolded differential distributions are also studied. Finally, high momentum events are probed
to set limits on anomalous TGC’s and QGC’s (aTGC’s and aQGC’s). In the SM only charged
couplings are allowed, neutral couplings are not allowed. Any observation of additional couplings

Otor = Ofig X (1.2)

would indicate the presence of new physics.
One method used to study anomalous gauge boson couplings (aGCs) is through an effective

Lagrangian approach [2]. This probes for new physics at an energy scale A in a model independent
way. The effective Lagrangian is defined in equation 1.3, where Oti(")

4+n

are coupling coefficients and

n . .
ﬁi( ) are operators of dimension mass

1 n n
Z=Y oro"o” (1.3)

When expanding up to dimension 6 and including only CP conserving couplings the following
expression is obtained

A
L = —igwwv[g! (Wi, WH = WHW VY + KWW, Vi + m—gW{uW#v”], (1.4)
w

where the coefficients g}, kv and Ay are defined to be 1, 1 and O respectively in the SM.
Limits on anomalous couplings are set in several different scenarios. In the ‘LEP’ scenario, the
coefficients are defined such that Ak, = (cos® 8y )/(sin® By )(Ags — Akz) and Az = A,. In the
‘HISZ’ scenario AgZ = Aky/(cos? By — sin® Oy ), Aky = 2Akzcos? Oy /(cos? By — sin® By) and
Az = Ay. Finally, in the ‘equal couplings’ scenario Ak, = Ak, g{ = 1 and Az = A4,. An additional
factor is often required for each parameter in order to restore unitarity, this factor is of the form
a($) =A/(1+35/A%)>.
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The following sections will discuss recent di-boson and multi-boson measurements with the
ATLAS experiment. Measurements of W*W~ — ¢t vi~v, WEZ — (Fv¢t(~ and Zy/ Zyy (where
Z — 070~ or vv) production have been made at 8 TeV. Also, measurements of ZZ — (10~ ¢+¢~
and W*Z — (Fv/* (= production have been made at 13 TeV.

2. WTW~ — £" vl v production at /s =8 TeV

The W*W~ — T v/~ v production cross-section has been measured with 20.3 fb~! of data
collected at /s =8 TeV with the ATLAS detector. In addition unfolded differential distributions
have been produced, and limits have been set on aTGC parameters in multiple scenarios [3].

Events are selected with two high transverse momentum (py), opposite-charge leptons (elec-
trons or muons). It is required that the invariant mass of the two leptons (m;;) must satisfy |m;; —
mz| > 15 GeV. Also, events must have exactly zero jets in order to suppress the top quark back-
ground. Requirements are also made on Eﬁé‘;l which is defined such that

miss _ (EFSxsinag, 1f Age<m/2

ET,RL’I - {E;r‘liss lf A¢(<ﬂ'/2 ’ (2 1)

where E'S is the missing transverse momentum in the event and A¢ is the difference in azimuthal
angle ¢ between E'Tniss and the nearest lepton. The bold notation indicates a vector. It is required
that E7"5, > 15 GeV for the eyt final state and E7'z5; > 45 GeV for the ee/pp final states. This is
applied in order to reduce the contribution from the Drell-Yan background.

A total of 6636 events were selected with a total expectation of 5747 £ 473 signal plus back-
ground events. The dominant background contribution is from the top-quark background, which is
estimated using a data driven approach. The background contribution is of the order 20 — 30%.

The fiducial cross-section measurements are shown for each final state in Figure 1 (a), com-
pared to the corresponding theoretical prediction. Figure 1 (b) shows the total cross-section mea-
surements compared with the theretocal predictions. The total cross-section was measured to be
ot (WW™ = 0tvev)=T71.1+1.1 (stat.)fgf) (syst.)£ 1.4 (lumi.) pb, which can be compared to
the next-to-next-to-leading order (NNLO) theoretical prediction of GT;1E(,,y(W+W_ —0Tviv) =
63.2 j:f{:g (scale) £ 1.2 (PDF) pb. The systematic uncertainties dominate the overall uncertainty
on the cross-section, with the largest contributions coming from the uncertainty on the jet energy
scale (4%) and the knowledge of the W+jets background (3%). It is evident that in all cases the
measurements lie slightly higher than the theoretical prediction by around 1-20.

The unfolded differential cross-section for the pr of the highest momentum (leading) lepton is
shown in Figure 2. Good agreement can be seen between the shape of the data and the prediction,
although the prediction slightly undershoots the data.

Finally, limits on aTGC parameters were set. The limits in the ‘LEP’ scenario are shown in
Figure 3 compared to the limits on the charged couplings from ATLAS [5] [4], CMS [6], DO [7]
and the LEP combination [8]. It is evident that the limits set from this analysis are consistent with
the SM and are the most stringent limits available at this time. Limits are shown for A = oo and are
set by fitting the leading lepton pr distribution.



Diboson and multiboson results with ATLAS Sarah Louise Barnes

— T T T T T T T e T
ATLAS ATLAS Total cross section pp—> WW
\s=8TeV,20.3 ft' ) WW — etv pfy \s=8TeV, 20.3 '
—— Normalized Data + — A efv ufv
— stat
stat+syst ——————+———— e'vev
*y o VTR
4 20prox NNLOSNNLL ot WW — e'v e'v ———— wvy
[arXiv:1410.4745] {
— Combined
‘ approx. NNLO |
* [arXiv:1408.5243] + SM prediction (MsTw 2008 PDF)
NNLO p -Resum | WW — p*v uv Orheory=63.271 4 (scaey1.2(v0r) pb NNLO
‘ * [arXiv:1407.4481] 4 [arXiv:1408.5243], [arXiv:1307.1347]
P IR IR B o PP R WY M P I B P P T N I
0.4 0.6 0.8 1 1.2 1.4 45 50 55 60 65 70 75 80 85 90 95
Ratio of predictions to measurement oV [pb]
(a) (b)

Figure 1: The fiducial (a) and total (b) cross-section measurements compared with the NNLO theoretical
predictions. The theoretical predictions are shown by the grey points for (a) and by the blue band in (b). The
measurement is shown by the blue line in (a), with the blue band representing the total uncertainty. In (b)
the measurements are shown by the black points with the total uncertainties represented by the error bar [3].
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Figure 2: The WW differential cross section as a function of the leading lepton p7. The theoretical predic-
tions from Powheg are indicated by the red and red-dashed lines and the predictions from MC@NLO are
shown by the blue lines. The data points are shown in black and the total uncertainty is shown by the blue
band. The lower panel shows the ratio of the MC predictions to the data. [3].

3. W*Z — (*v/{* ¢~ production at /s =8 TeV

For the W*Z — ¢*v/¢*+ ¢~ analysis an equivalent set of measurements to the WW analysis have
been made. These measurements also use 20.3 fb~! of data collected at Vs =8 TeV [4].

Events are required to have exactly three high pr leptons, this is applied in order to reduce
the ZZ background contribution. Two of the leptons are required to have an invariant mass such
that |m;; —mz| < 10 GeV. The final lepton is assigned to the W boson, which is required to have a

transverse mass (m) ) > 30 GeV. The transverse mass is defined to be mr = \/ 2(ELEY — P
A total of 2091 events were selected with a total prediction of 1824.8 + 7.0 signal plus background
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Figure 3: Comparison of aTGC limits set in WW and WZ events at the ATLAS [5] [4], CMS [6] and DO
experiments [7] along with the LEP combination [8]. The results from the WW and WZ analyses at § TeV
are shown by the yellow solid line and red lines respectively [4].

events. The dominant backgrounds for this process come from ZZ production and from non-prompt
sources. The ZZ background is estimated from Monte-Carlo (MC) and the non-prompt contribu-
tion is estimated using a data-driven approach. The W*Z fiducial cross-section measurements
compared with the Powheg NLO theoretical prediction are shown in Figure 4 (a), along with the
W*Z/W~Z ratio in Figure 4 (b). The total cross-section for all final states combined was calcu-
lated to be G (WFZ — (FvETE™) =24.340.6 (stat.) & 0.6 (syst.) = 0.4 (Ilumi.) pb., this can be
compared to the theoretical prediction of 20.98 +-0.02 (stat.) =0.70 (PDF.) £ 0.90 (scale.) pb. The
measured fiducial and total cross-sections are both higher than the theoretical predictions by around
10 %. The theoretical prediction, however, is calculated at NLO. Recently a NNLO prediction has
become available [9], when comparing the measurements to the NNLO prediction the agreement
is significantly improved. This will be discussed further in section 6. The uncertainties on the
cross-section measurements have equal contributions from the statistics and the systematics. The
dominant systematic uncertainties arise due to the electron and muon identification efficiencies (1%
and 1.4% respectively) as well as the knowledge of the non-prompt background (1.3%).

Differential cross-section measurements were also presented. Figure 5 shows the differential
cross-section for the mvTVZ variable, which was also used to set limits on aTGC’s. From Figure 5 it
is evident that in general there is good agreement between the shape of the data and the MC. The
aTGC limits for the ‘LEP’ scenario are shown in Figure 3, and can be seen to be consistent with
the SM predictions.

4. Zy and Zyy production at /s =8 TeV

For the Zy and Zvyy analyses, leptonic decay modes of the Z boson are considered (Z —

+

ete”,ut " or v). The Z bosons are associated with one or two photons + ‘X’, where ‘X’ is

the recoil system. Both an inclusive and exclusive selection is made, the inclusive selection implies
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Figure 4: The W*Z (a) and W+ Z/W~Z (b) fiducial cross-section measurements at 8 TeV compared with
the Powheg NLO theoretical predictions. The theoretical predictions are indicated by the yellow band and
the measurements are indicated by the black points and error bars. In (b) an alternative prediction using the
ATLAS-epWZ12 PDF set is shown by the blue dashed line [4].
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Figure 5: The W*Z differential cross section as a function of m‘}VZ . The theoretical predictions from Powheg
(red line), MC@NLO (blue line) and Sherpa (purple line) are shown. The data points are indicated in black
and the total uncertainty is indicated by the yellow band. The lower panel shows the ratio of the data,
MC@NLO and Shepra to the Powheg prediction [4].

that the number of additional jets observed is > 0 and for the exclusive case no additional jets are
observed. Measurements are made using 20.3 fb~! of data collected at /s =8 TeV [10]. For the
Z — (70~ channels events are selected which have two same-flavour opposite-sign leptons with
my; > 40 GeV. Events are also required to have high photon transverse energy Er,y, with the exact
selection depending on the final state. For the Z — vV channels high EJ** is required. (E** >100
GeV for Zy and EX**** >110 GeV for Zyy). The Er y selection is summarised in Table 1.

A total of 53867 Zy data events were observed, along with 131 Zyy events. The dominant
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Selection (Y0~ y+X (T yy+X  viy+X  vvyy+X
Ery GeV 15 15 130 22

Table 1: Requirements on E7 y for the Zy and Zyy analysis.

background for this analysis comes from photon misidentification. Both channels have a significant
contribution from the background, this can be seen in Figure 6 which shows the E%/ distribution for
the Z(eTe™ )y (a) and Z(vV)y (b) channels. Good agreement can be seen between data and the MC

prediction.
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Figure 6: E! distributions for the Z(e*e™)y (a) and Z(vV)y (b) channels. Data is indicated by the black
points. The signal prediction is shown in blue (a) and white (b). The Background predictions are indicated
by the various coloured histograms. The lower panel shows the ratio of the data to the expectation [10].

For all final states fiducial cross-section measurements were made. Many final states result
from this analysis, the cross-section measurements for each are summarised in Figure 7. In all cases
there is good agreement between the measurement and the prediction, with a maximum deviation
of around 1.70 for the /¢~ yy final state. The uncertainties are generally systematically dominated
for the Zy channel and statistically dominated for the Z7yy channel. The systematic uncertainties
vary depending on the final state but are generally dominated by uncertainties relating to photon
identification, electromagnetic energy scale and lepton isolation and impact parameter selection
efficiency.

Limits were also set on the neutral aTGC coupling parameters /!, hf{, hg and h%. Also, limits
were set on the aQGC parameters ag and a.. These are shown in Figure 8. It can be seen that the
aTGC limits are equal to or improving upon the most stringent limits available. Also, the aQGC
limits are the first limits to be set on these parameters from Zyy events.

5. ZZ — 0T¢~ ('~ production at /s =13 TeV

For the ZZ — (100 +(~ analysis measurements are made using 3.2 fb~! of data collected at
/s =13 TeV [11]. Measurements of both the total and fiducial cross-sections were made. Events
were selected with exactly two same-flavour opposite-sign pairs of leptons with 66 GeV < my; <
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Figure 7: Measured cross-sections for the Zy and Z7yy processes at 4/s = 8 TeV in multiple fiducial regions
defined in reference [10]. The SM predictions at NLO from the MCEM generator are given, along with the
NNLO predictions for the Zy channel only [10].

116 GeV . A total of 63 data events were observed, with a small total background contribution
of around 1%, dominated by ##Z production and misidentified leptons. The fiducial cross-section
measurements are given in Figure 9 (a) and are compared with the NNLO theoretical prediction.
The measurements are in good agreement with the prediction. Figure 9 (b) shows the ZZ total
cross-section as a function /s. In this plot the theoretical prediction shown is calculated using
MCFM at NLO. It is evident that all of the measurements at energies between 2 - 13 TeV lie
slightly above the expectation, however are all consistent within the uncertainties. The agreement
is likely to be improved when compared to the NNLO prediction. The ZZ 13 TeV cross-section
measurements are currently statistically limited. The dominant systematic uncertainties are due to
the lepton reconstruction and identification efficiency scale factors and the difference between the
MC generators used to model the signal processes.

6. W*Z — (*v{*{~ production at /s =13 TeV

Measurements of W*Z — ¢*v¢+¢~ production were also made using 3.2 fb~! of data col-
lected at /s =13 TeV [12]. The event selection applied is as described in section 3. A total of
569 events were observed, with a corresponding expectation of 506 4= 38 signal plus background
events. As with the 8 TeV analysis, the dominant background processes are from non-prompt
sources and ZZ production. The W*Z fiducial cross section measurements are shown in Figure 10
(a), compared with the NLO theoretical prediction from Powheg. Figure 10 (b) shows the ratio of
the W*Z/W~Z fiducial cross-sections again compared with the MC prediction. In both cases the
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Figure 8: Limits from the Z7 analysis on aTGC parameters h?, hZ (a) and K%, h4Z (b). Also shown are limits
from the Zyy analysis on aQGC parameters ag and a. (c). The limits from these analyses are shown in red
[10].
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Figure 9: Fiducial cross-section measurements (a) for ZZ production at 13 TeV compared with the NNLO
theoretical prediction indicated by the green and yellow band. The measurements are indicated by the black
points, the statistical uncertainty is shown in grey and the total unceryainty is given by the error bar. Also
shown is the ZZ total cross-section measurement as a function of /s (b). The 13 TeV measurement discussed
is shown by the right-most red point, the theoretical prediction is indicated by the red line. Other ATLAS
and CMS measurements are indicated in red and turquoise respectively. The p — p prediction is given in
blue with measurements from the Tevatron in purple and blue [11].

measurements agree well with the predictions. The measurements are currently statistically domi-
nated, however the dominant systematic uncertainty is due to the determination of the non-prompt
background.

Figure 11 shows the W*Z total cross-section measurement as a function of /s. The measure-
ments from the LHC are compared with both the NLO and NNLO predictions from Powheg. It
is evident that the measurements all lie above the NLO prediction. The NNLO prediction, how-
ever, lies above the NLO prediction by around 10%. This means that it can now be stated that the
measurements documented in section 3 are in good agreement with the theoretical prediction.

Finally a first look at the differential distribution for the number of jets in the event (Nj¢s) was
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Figure 10: The W*Z (a) and W+Z /W~Z (b) fiducial cross-section measurements at 13 TeV compared with
the Powheg NLO theoretical predictions. The theoretical predictions are indicated by the purple band and

the measurements are indicated by the black po

ints and error bands [12].
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Figure 11: W=Z total cross-section measurement as a function of y/s. The 13 TeV measurement discussed
is shown by the right-most blue circular point, the theoretical prediction is indicated by the red line at NLO
and in purple at NNLO. The other blue points indicate previous ATLAS measurements. The green dashed
line indicates the p — p theoretical prediction and the hollow red points are measurements from the Tevatron

experiments [12].

presented. This can be seen in Figure 12. For N, < 3 good agreement is seen between the data

and both MC predictions. Good agreement is also found between data and Sherpa at Nj¢;s > 3, as

would be expected.

7. Summary

Measurements of di-boson and multi-boson production have been presented at both 8 TeV and
13 TeV. Measurements of WW, WZ, Zy and Zyy production at /s = 8 TeV are presented along
with measurements of ZZ and WZ production at /s = 13 TeV. All cross-section measurements are
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Figure 12: Differential distribution for the N, distribution for W=*Z events at 13 TeV. The prediction from
Powheg is shown in red and the prediction from Sherpa is shown in blue. The data is indicated by the black
points and error bars. The lower panel shows the ratio of the data and Shepra to the Powheg prediction [12].

found to agree well with the corresponding theoretical predictions. Differential distributions have
also been studied with a new theoretical precision. In general, good agreement is seen between the
data and MC shapes. Finally, new 8 TeV aTGC and aQGC measurements are found to be in good
agreement with the SM. The limits presented are all improving upon or equaling the most stringent
limits previously available. All analyses, however, stand to gain from the enhanced statistics of
run-2.
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