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Abstract

This note presents studies of the sensitivity of the ATLAS experiment to Standard Model
diboson WTW~, W*Z, ZZ, W*y, andZy) production in pp collisions a{/s = 14 TeV,
using final states containing electrons, muons and photons. The studies use the ATLAS
Computer System Commissioning (CSC) Monte Carlo datasets, which include trigger in-
formation and detector calibration and alignment corrections. The influence of backgrounds
on diboson detection is assessed using large samples of fully simulated background events.
The cross section measurement uncertainties (both statistical and systematic) are estimated
as a function of integrated luminosity (from 0.1 to 30t The studies show that the
Standard ModelV*+*W—, W+Z, W*v, andZy signals can be established with statistical sen-
sitivity better than & for the first 0.1 fbr® of integrated luminosity, and th&Z signal can
be established with 1.0 f of integrated luminosity. The ATLAS experiment’s sensitivity
to anomalous triple gauge boson couplings is also established. The anomalous triple gauge
boson coupling sensitivities can be significantly improved, even with 0:1dbdata, over
the results from the Tevatron that use 1.0%lof data.
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1 Introduction

This paper presents studies of the ATLAS experiment’s sensitivity to dib®oW—, W*Z, ZZ, Wy,

Zy) production using lepton and photon final states, and the corresponding ability to set limits on triple
gauge boson couplings (TGC). Results are based on Monte Carlo datasets produced in the ATLAS Com-
puting System Commissioning (CSC) program. The analysis of diboson production at the LHC provides
an important test of the high energy behavior of electroweak interactions. Vector boson self-couplings
are fundamental predictions of the Standard Model (SM) [1], resulting from the non-Abelian nature of
theSU(2). x U(1)y gauge symmetry theory.

Any theory predicting physics beyond the Standard Model while maintaining the Standard Model
as a low-energy limit may introduce deviations in the gauge couplings at some high energy scale. Pre-
cise measurements of the couplings will not only provide stringent tests of the Standard Model, but will
also probe for new physics in the bosonic sector. These tests will provide complementary information
to other direct searches for new physics at the LHC. Many models predict deviations of vector boson
self-couplings from the Standard Model at the 30- 10~* level [2]. Experiments that can reach this
sensitivity could provide powerful constraints on these models. The signature for such anomalous cou-
plings is enhanced diboson production cross sections, particularly at high transverse monpghimim (
the bosons. Experimental limits on non-Standard Model TGC's can be obtained by comparing the shape
of the measuregbr or mass distributions (or transverse mads, for final states involvingV) with
predictions, provided that the signal is not overwhelmed by background.

This work offers two improvements over previous ATLAS diboson studies [3]- [8]: First, the de-
tector layout and the trigger system reflect the ATLAS experiment as it will operate at LHC turn-on.
The analysis uses over 30 million fully simulated and reconstructed events, thus providing a more real-
istic understanding of the detection of these diboson final states. SecBodsted Decision Tred8]|
technique is applied to selected channels, significantly enhancing measurement sensitivities.

1.1 Diboson production cross sections

Tree-level Feynman diagrams for electroweak diboson production at hadron colliders are shown in Fig-
ure[1. Thes-channel diagram contains the vector-boson self-interaction vertices of interest here. The
cross sections are calculated to next-to-leading-order (NLQ) in [10]- [12]. The Standard Model diboson
production cross sections are listed in Tdhle 1.

q VZ q Vl q V2
TGC vertex
\/
q Vi q Vo q Vi
t-channel u-channel s-channel

Figure 1: The generic Standard Model tree-level Feynman diagrams for diboson production at hadron
colliders;V,V1,Vo = {W,Z, y}. Thes-channel diagram contains the trilinear gauge boson vertex.

The LHC diboson production rates will exceed those of the Tevatron by at least a factor 200 (10
higher in cross sections and at leaskIfigher in luminosity). Furthermore, because the energy reach at
the LHC will be 7 times higher than at the Tevatron, the LHC sensitivity to anomalous TGC's is expected
to be improved by orders of magnitude over those which can be reached at the Tevatron and LEP.
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Table 1: The Standard Model diboson production total cross sections, calculated to the NLO, at the
Tevatron (/s = 1.96 TeV) and the LHC (/s = 14 TeV). The references in the first column indicate

the MC generators used for the calculations, with parton density function (PDF) CTEQ6M [13]. The
theoretical uncertainly from PDF and scale factor is typically 5%.

Diboson mode Conditions \/s=196TeV ,/s=14TeV
o[ph) o|[pb)
WTW™ [14] W-boson width included 12.4 111.6
W*Z0[14] Z andW on mass shell 3.7 47.8
Z970 [14] Z's on mass shell 1.43 14.8
Wy [15] EY > 7 GeV,AR(¢,y) > 0.7 19.3 451
Z% [16] El > 7 GeV,AR({,7) > 0.7 4.74 219

1.2 Effective Lagrangian for charged TGC's

The most general effective Lagrangian, that consetvasdP separately, for charged triple gauge boson
interactions is|[1/7]:

L/Gwwy = gy (Wi, WEVY — W, WHVY) i WiWVHY 4 iz WVYP
W

whereV refers to the neutral vector-boso@dr y, X,y = du Xy — dy X, and the overall coupling constants
gwwy are given bygwwy = —€, gwwz= —e cotby, with ethe positive electron charge afg the weak
mixing angle. The Standard Model triple gauge boson vertices are recovered byggtt:iﬂg\’ =1

andAY = 0. Experimentally, deviations from the Standard Model couplings is searched for; thus the
anomalous coupling parameters are defined as

Agi=gf -1, Aky=xy—1, Axz=Kkz—1, A, and Az

Note that electromagnetic gauge invariance reqlgfes 1 orAg’l’ =0.

Studies of three different diboson final statés;W—, W*Z andW=y will provide complementary
sensitivities to the charged anomalous TGC's [16]. For exampléthéerms inW W~ production are
proportional tos;whereas these terms are only proportional/&in W*Z andw*y production W W~
production is thus expected to be more sensitivAtp thanW*Z andW*y production. Conversely,
W=*Z production is expected to be more sensitivé\gg thanW W~ production because terms Ag?
are proportional te in W*Z production. Thel-type anomalous couplings have a stradppendence
in all three cases, thus the sensitivities will be enhanced at the high center-of-mass energy of the LHC.

1.3 Effective Lagrangian for neutral TGC'’s

In the Standard Model, neutral boson pa#% andZy, are produced via thechannel diagrams shown

in Figure[]. While the Standard Mod&FZZ andZZy triple gauge boson couplings are zero at tree level,
anomalous couplings may contribute. This study considers the effect of anomalous couplings on the pro-
duction of pairs of on-shell bosons only. In this case, the most general form oZth@y )28 (g2)VH (P) (V =

Z, vy) vertex function which respects Lorentz invariance and electromagnetic gauge invariance may be
written as|[18]

P2 M2 . .
gzl oo = e e VIifY (PO 9P + PPgi®) 1ify et PP (qy — qp)p |
zZ
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whereMy is the Z-boson mass amds the positive electron charge;, g, andP are the 4-momenta of the
two on-shell Z bosons and tleechannel propagator, respectively. The effective Lagrangian generating
thegzzy vertex function is

L— —%[f){ (0uV*B)Z4(0925) + 1Y (0%Veu) 248 Z),
Z

whereVyy = duVy — 9V, andZ*P = 1g,,,,52°°. The couplingsf (i = 4, 5) are dimensionless com-
plex functions ofy?, q% andP? and are zero at tree level. All couplings &edd;CP invariance forbids

fy, while parity conservation requires th&f vanishes. Becauskf and f; areCP-odd, contributions

to the helicity amplitudes proportional to these couplings will not interfere with the Standard Model
terms, and hencgZ production is not sensitive to the sign of these couplings. JReonserving cou-
plings fg’ contribute to the Standard Model cross section at the one-loop level, but this contribution is
0(1074) [18].

1.4 Current Tevatron results on diboson physics

Diboson production measurements and studies of anomalous TGC's have been performed at the Tevatron
with the CDF and DO experiments, using up tol2* of integratedpp luminosity. Diboson cross section
measurements usirgu decay modes, and their event statistics, measurement precision, and background
events are summarized in Taple 2. The measurments from Tevatron experjmenis [19]- [27] are consistent
with the Standard Model predictions based upon NLO matrix element calculations.

Table 2: Summary of Tevatromp — diboson production cross sections

Process Source L  observed background o(data) [pb] o(theory)
fo-!  events events =+ (stati:(sysH-(lum) [pb]
W*rW-  CDF[19] 0.83 95 385 13.6:2.3+1.6+ 1.2  12.4:0.8
(ee uu,eu) DO[20] 0.25 25 8.%.5 13.8:4.14+1.1+ 0.9 "
Wz CDF[21] 1.1 16 2.40.4 5071%+0.4 3.7+0.3
(¢fvetem)y  DOJ22] 1.0 13 4.5-0.6 2.7+1.7-1.3 (total) 8
Zy CDF[23] 0.2 72 4911  4.6+0.6 (statsys} 0.3  4.5:0.3
(tey) DO[24] 1.0 968 11712  4.96+0.3 (sta+sys) 0.3  4.7:0.2
WEy CDF[23] 0.2 323 11421  18.1+3.1 (sta+sys) 1.2 19.3t1.4
((*vy) DO [25] 0.16 273 1327 14.8+1.9 (sta+sys} 1.0 16.0:0.4
zz CDF[26] 1.9 2 0.014 %21+0.6 1.5£0.2
(¢te—ete) DOJ27] 1.0 1 0.13 <44 ”

The Tevatron’spp collisions produce the charged state$\6fZ andW*y. These states can be used
to study theV+*W~Z and the*W~y couplings independently, which is in contrast with the anomalous
TGC measurements made at LEP|[30] from\tieW — final state, where certain assumptions relating the
W*W~Z and theN "W~y couplings were made. The Tevatron limits for W&Vy and WWZ TGC'’s are
summarized in Table| 3 [25]- [22]. These limits will improve significantly by combining the constraints
from thew*y, W*Z andW*W~ channels, and by increasing the datasets using the expected integrated
luminosity of 6 fbo-! at the end of the Tevatron running.



Table 3: Anomalous gauge coupling limits (95% C.L.) Wiy andWW Zfrom the Tevatron experi-
ments.

Coupling Source L (fbh) Az o4 Ak Ay
WWy fromW*y  DO[25]  0.16 [-0.88,0.96] [-0.2,0.2]
WWZfromW=Z  DO[22] 1.0 [0.17,0.21] [-0.12,0.29]

WW Zfrom W+Z CDF 1.9  [-0.13,0.14] [-0.82,1.27]

WW Z=WWy

from W+W~ DO[28] 0.25 [-0.31,0.33] [-0.36,0.33]

fromW+W~,W*Z CDF{29] 0.35 [0.18,0.17] [-0.46, 0.39]

2 Signal and background modeling and simulated data samples

2.1 MC generators used to produce fully simulated events

The diboson physics analyses focus on leptonic decay channels of the bosok\gals (W*Z, ZZ,
W7y, andZy) produced in the proton-proton collisions at the LHC.

On-shell diboson production of th&*W—,W*Z,ZZ final states, and subsequent pure leptonic de-
cays, are modeled by the MC@NLO [14] Monte Carlo generator, which incorporates the next-to-leading-
order (NLO) QCD matrix elements into the parton shower by interfacing to thRwHG/Jimmy [31]
programs. The gauge-boson decays into tau leptons are included in the MC event generator and these
tau leptons decay to all the possible final states. Hard emission is treated as in NLO computations
and soft/collinear emission is treated as in regular parton shower MC. The matching between these
two regions is smooth (no double-counting)/-boson width and spin-spin correlations are included
in the generator. However, ‘zero-width’ approximations are us&f#z andZZ calculations, and no
Z/v* interference terms are included. MC@NLO does not include anomalous triple gauge boson cou-
plings. The process aV*W~ production via gluon-gluon fusion and the leptonic decays of\the
gg — WHW~ — ¢v/'v, is modeled by the MC generatgg2ww [32]. TheW*y and theZy produc-
tion processes and subsequent leptonic decays diVthend theZ are modeled by the MHIA MC
generator|[33], which only incorporates the leading-order (LO) QCD matrix elements into the parton
shower. To include the off-shell andy* into theZZ analysis, we have also used 1A to generate
theZ/y* +Z/y* — £*¢~¢+¢'~ events. Th&/y* mass threshold is set to 12 GeV inFHIA. Tablel4
list all the diboson signal samples used in this paper.

Major physics backgrounds for diboson signal detection come from top pairs and QCD jets associated
with W or Z gauge bosons. We have used MC@NLO to matleb ¢+ X production (700k events).

The inclusiveW + X andZ + X (X = jets, ory) processes are modeled by thetRia (30M events) and
ALPGEN[34] (1.1M events).

2.2 MC generators for TGC studies

Monte Carlo generators BHO [[L6] and BosoMC|[15] are used for anomalous TGC studies. These MC
programs are numerical parton level generators. They are used to calculate both LO and NLO cross
sections for all five diboson final state&/tW—, W*Z, ZZ, W*y, Zy) with anomalous coupling pa-
rameters. However, they do not include parton showers automatically. We use the BHO MC to model
theZZ, WTW~, andZy production cross sections and kinematics with Standard Model and anomalous
couplings. BosoMC is used faW*Z andW*y diboson final-state TGC studies. The calculated dibo-

son production rates from these generators are accurate to NLQVTWe, W*Z andZZ production
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Table 4: Diboson signal production processes, cross sections and fully simulated number of MC events.
The MC simulation *filter’ is the event selection at the generator level. The corresponding filter efficien-
cies are given in the table. We also indicate the MC generators used to produce the MC events and to
calculate the cross sections given in this table.

Process cross section (fo)egjjier Nwvc Generator
g = W™W~ = (Tviy 11718 1.0 180,000 MC@NLO
gg—WHtW~ — (tviy 540.0 0.96 180,000 gg2ww
(t=e u, 1)

qq —W+Z0 — ¢tvete 441.7 1.0 50,000 MC@NLO
aqq - W20 — ¢-vete 276.4 1.0 50,000 MC@NLO
(¢ =e, u; Z°on mass shell)

qq — 2°2° — ¢t et 66.8 1.0 49,250 MC@NLO
qq — 2°2° — ¢te-vv 397 1.0 118,000 MC@NLO
(¢ =e, u; Z°on mass shell)

qy — 292° — ¢+e—0te- 159 0.219 43,000 PrHiA

(=e u, 7, Mz, >12GeV)

(4 leptons €, ), pr >5GeV,|nf| <2.7)

qq =Wy — vy 10220 1.0 38,400 YPTHIA
Qd =W y—(vy 6820 1.0 25,600  PrHIA
(¢t=e u; El >10GeV)

aff — Z0% — ¢ty 5280 1.0 66,000 PTHIA

(t=e pu; EY>10GeV)

calculations with the Standard Model couplings are compared with the MC@NLO calculations using
PDF CTEQ6M. We found that both cross sections and kinematic distributions are in good agreement, as
shown in Figuré . The left plot shows thé*Z production differential cross section as a function of

the transverse mass of th¢"Z system. The right plot shows thé*W— production differential cross
section as a function of thé/ transverse momentum. The discrepancies between MC@NLO and the
BHO MC are within 2%.

A somewhat different procedure is used in the estimation of neutral triple gauge couplings from ZZ
events. In this case, the signal expectation with anomalous couplings was determined from the leading
order Monte Carlo calculation of BHO [L6], corrected using@a dependent k-factor derived from
MC@NLO.

3 Diboson event selection

This section discusses features of five diboson signalsz( W*y, W+W~—, Zy, ZZ), the major back-

grounds and the analysis cuts required to discriminate between them. The varied event topolology of
each diboson signal precludes a common set of universal cuts. Two analysis approaches are employed.
The first is based on a sequence of straight cuts on kinematic quantities. The second is a refined, mul-
tivariate analysis based on Boosted-Decision-Trees (BDT) which is briefly described in the following
section. Some of the diboson analyses employ both techniques. The major results of these analyses are
included here.
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Figure 2: Comparison of MC@NLO MC to BHO MC fv*Z andW+W~ production. The histograms
are normalized to production cross sections. Left plotsWH& My distributions fromW=*Z production.
Right plots: the Wpr distributions fromW "W~ production.

3.1 Physics objects

The ATLAS detector and its performance is described in detail elsewhere [35]. A brief description of the
physics objects used in diboson analysis is given below.

The major physics objects used in diboson physics analysis are electrons, photons, muons, missing
Er (Er), and hadronic jets. Electrons are identified by their distinctive pattern of energy deposition in the
calorimeter and by the presence of a track in the inner tracker that can be extrapolated from the interaction
vertex to a cluster of energy in the calorimeter. To ensure high trigger efficiency, for events with a single
electron, the transverse energy of an single electron must sajsfy 25 GeV. For events with di-
electrons, both electrons are required to hBye> 10 GeV. The electrons must be isolated from other
energy clusters. An electron is required to pass a set of cuts on shower shape, track quality and track
to calorimeter cluster matching. Photon identification is similar to an electron in the EM calorimeter,
but no charged tracks in the inner tracker should match the EM energy cluster. The average electron
identification efficiency in the barrel is about 75% and in the endcaps about 60%.

Muons are reconstructed using information from the outer muon spectrometer (MDT chambers and
trigger chambers), the inner tracking detectors and the calorimeters. Muons are identified with a tracking
algorithm that associates a track found in the muon spectrometer with the corresponding inner detector
track, after the former is corrected for energy loss in the calorimeter. The combined muon detection
rapidity coverage i$n| < 2.5. The minimumpr of reconstructed muon track is 5 GeV. The candidate
muons are required to be isolated in the calorimeter and inner tracker to minimize the contributions of
muons originating from QCD jets. The average muon identification efficiency is about 95%.

The hadronic jets are reconstructed using the fixed-cone jet algorithm. The cone size used in this
analysis is 0.7. The jet seed threshold on the transverse energy in a tower iEset 10GeV, and the
final energy cut on a jet iBr > 7 GeV. With this cut the minimum measurable kgt should be 20GeV.

Missing transverse energly, is calculated from the energy deposited in all calorimeter cells and
from muons. A correction is applied for the energy lost in the cryostat. For diboson events with neutrinos
in final states, th&r resolution is about 6.5GeV.

The ATLAS trigger consists of three levels of event selection: Level-1 (L1), Level-2 (L2) and the
event filter (EF). The L2 and EF together form the High-Level Trigger (HLT). According to the present
physics trigger menu for initial running, diboson candidate events with multi-lepton final states will be
recorded with single muon, single electron, di-electron and di-muon triggers. The trigger efficiencies
for diboson events, defined as the fraction of events accepted by the analysis cuts that have satisfied



the trigger requirements, are expected to be in a range of 95% - 100%, with the exception of a lower
efficiency (~ 90%) forWy events.

3.2 Boosted decision trees

A rather new multivariate analysis techniquggosted-Decision-Treg8DTs), has been used in our
analysis to improve the detection sensitivity for diboson signals. BDTs have been used in HEP data
analysis in recent years [36], and details can be found in the reference [9]. A further development,
allowing for weighted events, is used in these diboson physics studies [37].

The BDT technique involves a 'training’ procedure for event pattern recognition. It works with a
set of data including botkignal and background Data are represented by a set of physics variable
distributions. Adecision-treesplits data recursively based oatson the input variables until a stopping
criterion is reached. Every event ends up isignal (score=1) or éackground(score=-1)leaf of the
decision-tree. Misclassified events will be given larger weights in the next tree (boosting). This procedure
is repeated several hundreds to thousands of times until the performance is optimdiscrimsinator
from the BDT training is the sum of the weighted scores from all the decision-trees. If the total score for
a given event is relatively high this event is most likely a signal event, and if the score is low it is likely a
background event.

3.3 W*Z — rtvite— selection

TheW=Z production at hadron colliders is mainly the result of Wi/ Ztrilinear gauge boson couplings
as shown in Figure 1, the SM tree-level Feynman diagrams.

W*Z candidate events have three charged lepton final states, referred to as trileptons, produced when
Z — (T~ andW* — ¢*v, where/* aree®™ or u*. SM backgrounds can be highly suppressed by
requiring three isolated higpr leptons and large missing transverse enerdig3.(However, the pure
leptonic decay mode of th&*Z events only has a 1.5% branching ratio|[38]. The total cross sections
times the branching ratio are 441.7 fb and 276.4 fi¥0rZ andW~ Z, respectively. Event selection with
high efficiency is important for early observations of this channel.

Major backgrounds to the/*Z trilepton final states come froiZ — ¢+¢~¢*¢~ with one lepton
undetectedZ + X — ("¢~ + X (X=jets, or photon) with a jet or a photon faking a lepton; ahe-
WTW-bb — ¢+ /+ ¢+ X.

After a trigger, W*Z events are selected in two stages: (1) pre-selection with relatively loose cuts,
and (2) final selection with tightened cuts or with BDT multivariate discriminator. The overall trigger
efficiency forW*Z events with trileptons in the final state is (98.9)% using a combination of single
lepton and dilepton triggers.

The pre-selection of th&/*Z events is done by identifying three leptons (at least one lepton with
pr > 25 GeV) and requirindZr > 15 GeV in an event with characteristics consistent \ittilepton
decays M, = (91184 20) GeV) andW leptonic decays (10 Ge¥ Mt (¢,Et) < 400 GeV). The over-
all pre-selection efficiency fow*Z events is 25.8%, and fo~Z events is 29.3%. The acceptance
difference is due to the differing distributions of the leptons decaying from™ andW~. After the
preselection, the known background is about 70 times larger than the signal size.

To bring the background level below the signal, a rejection power better than 100 in the second stage
of event selections is required. To achieve this, events Btk 25 GeV and with significant hadronic
jet activities are rejected. Events must contain no more than one hadronic jeﬁﬁiﬂﬂ 30 GeV and
In’®| < 3.0. The transverse recoil of th§*Z system, calculated using the vector sum of the of
the charged leptons arift, is required to be less than 120 GeV and the sum of the hadronic transverse
energy must be less than 200 GeV. These requirements effectively rejécatie QCD jet events. To
reject theZ + X background, the leptopr is required to be greater than 20 GeV and 25 GeV for muons
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Table 5: Number of expectad/*Z signal (N\wz) and backgroundNg) for 1 fb~ data with cut-based
analysis.

Wz 7z t Z+jet Z+y DY Totalbkg Nwz/Ns

N events 5343 268 0.023 189 018 252 7.30 7.32
% of background - 36.71 0.32 2592 247 3458 - -

Table 6: Number of expected/*Z signal (with BDT selection efficiency after pre-selection), and
backgroundig) for 1 fb~! of data with BDT analysis using the cut BDI 200.

wz ZZ 't Z+jet Z+y Other Total bkg Nwz/Ns
N events 152.6 (65%) 7.7 2.8 25 20 11 161 9.5
% of background 478 174 155 125 7.0 - -

and electrons, respectively. Any pair of leptons must safify= /(An?+ A¢2) > 0.2. Leptons must

be isolated from other energy clusters based on calorimeter and inner tracker measurements. All three
leptons must be associated with isolated tracks that originate from the same collision point. The dilepton
invariant mass best matching the masg afiust be within the&-mass window ofMz — M, | < 12 GeV

or [IMz —Me¢ < 9 GeV. These mass windows are set by the mass resolutiorVif laetermined by the

third lepton (not fromZ decay) and th&y must be within the transver$®-mass window: 40 Ge\

Mt < 120 GeV.

The total and selected number of the signal and the background events for each trilepton final state,
and for 1 fbr! of integrated luminosity, are listed in Takﬂh 5. The overall signal efficiency is 8.7% and
7.1% forw~Z andW+Z, respectively. For 1 fb' of data, 53W*Z signal events and 8 background
events are expected. The dominant background contributions arezizo#i+Jet and Drell-Yan (DY)
processes, whil&y andtt contribute a small fraction of the total background events.

For 0.1 fb ! of integrated luminosity, only 5 signal events with 1 background event contamination
are expected. Th&/*Z detection significance will be onlyst To improve the detection sensitivity
the Boosted-Decision-Trees analysis technique is employed. This BDT analysis is conducted for a total
1000 trees with 20 tree-split nodes. Based on the variables used in the cut-based analysis, and the BDT
training Gini-index (a measure of a variable effectivness in separating signal from background), a total of
22 kinematic and topology variables are selected for the BDT training. About 12000 pre-selected signal
events and 18000 pre-selected background events are used in this BDT-based analysis, where 50% of
the signal and background events are used fotrtliring , and another 50% of statistically independent
events allocated to the BDfEst sample sets. The BDT output discriminator from the testing sample,
used to separate the signals from the background, is shown in Figure 8 (right), see Section 4. This
spectrum will be used to determine (fit) tth&"Z production cross section.

Results of th&V+Z event selection with the cut BDF 200 are shown in Tabjg 6. Expected numbers
of signal and background events are given for 1'fof integrated luminosity. The estimated background
uncertainties are 15-20% due to the limited number of simulated events available. The \otzall
event selection efficiency is about 18% for a signal to background ratio close to 10. Using the BDT
analysis, thaV*Z detection sensitivity in terms of Poisson statistical significance should exceed 7 for
the first 0.1 fo'! of integrated luminosity.
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3.4 W*y— (*vyselection

The production of the charged diboson final siétéy is sensitive to the triple gauge boséAWy cou-
pling in thes—channel as shown in Figure 1. TW&"y diboson events are selected from fiecollisions
using puréW leptonic decays. The&/*y signal events are modeled withvPHIA, which includes tree-
level diagrams foW production with initial state radiation (ISR) aisg-channel production depending
on the triple-gauge-coupling/ Wy vertex. TheWWy vertex introduces a destructive interference of
zero amplitudeat cos9g, = +£1/3 for W= production, wherdg, is the photon scattering angle to the
incoming anti-quarks.

The experimental signature is a final states with one ppighepton (electron or muon), one high
photon and larg&r. Major backgrounds are from the processes:

e InclusiveW + X production withW + X — £v + X , where they is from final state radiation (FSR)
from the lepton.

e InclusiveW + X — ¢v + X productions, withX = jetsand the jets faking a photon.

e InclusiveZ + X — ¢+ X productions, with one lepton escaping detection, and Xith y or jets
faking a photon.

A photon isolation cut is effective in suppressing these backgrounds.

To study theW*y detection sensitivity about 1.3 million inclusiVé events and about 100,000 in-
clusiveZ events were generated with the 1A MC generator. In these datasets, the photon transverse
energy threshold is 10 GeV and the lepton and photon separa&iit{i,y) was required to be greater
than 0.7.

TheW*y candidates are inclusive&y or u*7y events having one electron or muon observed and the
absence of the oppositely charged lepton of the same flavor. The photon selected is the most energetic
one in the events. Efficiencies for three trigger types are investigated: isolate muoprwitR0 GeV,
isolate electron withpr > 25 GeV and photon witEr (y) > 60 GeV. The overalV*y trigger efficiency
is about 90%.

Background to thaV*y signal is dominated by inclusiv&/* events with radiated jets faking a
photon. Contamination from inclusiv events with an undetected lepton is also significant. Figure 3
showsW=y signal (first column) scattering plots comparing with major backgrounds: the incNsive
events with final state radiation (FSR) (the 2nd column), and with fake photon (the third column), and
theZ events with one lepton escaping detection and a photon of any type reconstructed (the 4th column).

Table 7: The number oV signal and background events after pre-selection and BDT selection, for
an integrated luminosity of 1ft3. The signal and total background are then scaled to NLO cross sections
with the the k-factors indicated.

Signal Background
Wy W+FSRy W-+fakey Z(¢))y Total
{=e Pre-selected 1762 7890 32480 1710
BDT selection 1145 242 791 101
NLO scaled 1901 (k=1.66) 1474 (k=1.3)
¢=u Pre-selected 2758 10250 3950 2680
BDT selection 1793 413 961 409
NLO scaled 2976 (k=1.66) 2318 (k=1.3)

11
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Figure 3. Distributions of theWi(uiv)y event variables, with a photon from ISR, FSR, and fake
backgrounds, and inclusiZ&contamination.

The Boosted Decision Tree method is used to selectthg events. Three trainings are done to
separate: 1) FSR photons from other sources, 2) signal photons from fake photons, and 3) signal photons
from the contamination of inclusive events. Nineteen variables are used in the BDT analysis. Cuts are
applied to the BDT output spectra for the three trainings. The cuts chosen for signal selection corresponds
to aW*y selection efficiency of 65% with a signal to background ratio of 0.95 (0.98) for electron (muon)
final states, respectively. The numbers of events selected with the BDT cuts are listed [r] Table 7.

The BDT discriminates signal photons effectively from FSR and fake photons in thé&high re-
gion. This preserves a high detection efficiency in the region that is sensitive to discovery of phenomenon
beyond Standard Model predictions.

3.5 W™W~ — ¢tv/~v selection

The production ofiV pairs has been investigated extensively at LEP and at Tevatron. The experimen-
tal WHW~ signature is two high transverse momentum leptons with opposite charge associated with
large transverse missing enerdy."W~ production involves bothVW ZandW Wy triple gauge boson
couplings and is most sensitive to thes, anomalous coupling parameters. Furthermore Vthpair
production provides an important background to Higgs boson searchesgp theH — W*W* — ¢v/iv

channel at the LHC. In dileptoni/-decays no Higgs mass peak can be reconstructed, so this back-
ground cannot be estimated from the measured data via sideband interpolation. An understanding of the
irreducibleW-pair continuum background is therefore crucial.
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Table 8: Yield of the WW selection for 1 i3 of data. The errors shown are statistical only.

efficiency Noww Npackground Nsig./Nbkg.

Selection-A gg—WW @—WW gg—WW oq—WW

ee 2.1% 1.33% 1.250.05 17.4+1.1 1.440.3 13.3:3.0

uu 4.1% 2.80% 2.430.08 36.4+ 2.2 10.7+£ 2.1 3.6t 0.8

eu 2.8% 1.94% 3.330.13 50.6-1.8 7.2+ 1.2 7.5+ 1.3

Il 3.0% 2.00% 7.060.16 104.42.4 19.3t2.4 5.8+ 0.8
Selection-B

ee 0.94% 0.92% 0.60.04 12.0+0.9 2.8 1.2 45+ 1.9

uu 2.1% 1.96% 1.£0.03 25.5+1.8 4.8£1.0 5.54+1.2

eu 1.3% 1.36% 1.540.09 35315 7.4 1.3 5.0+ 0.9

Il 1.4% 1.40% 3.240.10 72.8+2.5 15.0+ 2.0 5.1+ 0.8

At the LHC the major background processéts {(nclusiveW and Z, and Drell-Yan) have much
higher cross sections tha™W ™. It will be necessary to achieve very high background rejection power
to suppress the events with mis-identified leptons (from jet, photon and instrumentation effects) and
leptons decay from the heavy-flavor quark jets. In the DY process the mis-me&suaézb contributes
non-negligible background.

Event selection consists of the trigger, pre-selection (two pigkeptons plugZt), and final selection
with a set of conventional cuts or with BDT selection cuts. WheW~ events are required to pass one of
two high-level trigger paths: a single, isolated electron witb- 25 GeV or a single muon, witf, > 20
GeV. The trigger efficiencies faWW — ee WW — uu andWW — eu events with two opposite sign
isolated leptonsggr > 20 GeV,| n |< 2.5) are given as follows: 98.2 %, 95.9%; and 97.4% respectively.

The cut based analysis rejects background events with tight lepton identification criteria and isolation
requirements as well as with event topology variables which clearly distinguish the signal and signifi-
cantly suppress the main background procesisasdZ + X. TheW*W~ leptonic decay events are
selected by requiring two well identified isolated leptons with opposite charge, anqb'wi1>h20 GeV
and| n |< 2.5. A jet veto requirement rejects events with any jca%ft('3 > 20 GeV) in the rapidity region
| n |< 3. This cut is efficient irtt suppression sincé contains one or two energeticjets in addition
to theW "W~ signature. An event witlr < 50 GeV is rejected to reduce the background arising from
the event pileup and frord/y« events in the DY process. To reject the dilepton events from incl&sive
production, & mass veto is applied. Finally, angular variable cuts are imposed. For cross section mea-
surements, events must pass a ¢ut< 2 rad, wherep,, is the angle between the transverse momentum
of the two leptons. For anomalous TGC studies, this cut is replaced Wm{"r:wf,p?‘ss) > 175, where
@ is the angle between the transverse momenta of the lepton pair, and the missing transverse momentum.
The first angular cut (selection-A) results in high signal detection efficiency, but it is not optimized for
high pr(¢) and pr (¢¢) event detection and thus could decrease the sensitivity to anomalous TGC's. The
second angular cut (selection-B) results in lower signal detection efficiencies, but has higher efficiency
for high pr(¢) and pr (¢¢) events. The yields of th&/ "W~ selection with cut-based analysis are sum-
marized in TabIE]S. Both signal and background events are normalized td dffdata. FigurE]4 shows
the transverse momentum distributions of leptons (left) and lepton pairs (right) after applying kinematic
cuts of Selection-B. The distributions are shown for sum of signal and various backgrounds, and for
individual backgrounds, for an integrated luminosity of 1¥lof data.

With the cut based event selection, #We'W~ overall signal detection efficiency is 1.4-2%. The
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Figure 4: Transverse momentum distributions of leptons (left) and lepton pairs (right) after applying
kinematic cuts from Selection-B. The distributions are shown for sum of signal and various backgrounds,
and for separated backgrounds for L=1¥b

signal detection significance for 0.1 thof data is expected to be below %for selection-B). The detec-

tion efficiencies can be improved by using the multivariate BDT technique. IWthl&/~ analysis one
thousand decision trees, wherein one tree hasgibiling— nodes are used to separate signal from back-
ground based on the input variables. The input data for the BDT analysis must first pass the pre-selection
cuts (two leptons witlp% > 10 GeV and¥#r > 15 GeV. The pre-selected simulated samples are divided
into two equal parts: one sample is used for BDT training and the other to test event selection perfor-
mance. The BDT output spectra for both signal and background are shown in[Higure 8 (left). By varying
the location of the cut along the BDScores(x-axis), the signal to background ratio can be optimized.
Tabl@ presents the detection sensitivities with total integrated luminosity of-1tfie selected number

of signal eventsNww), the corresponding signal efficiency ({ff), the number of backgroundgg)

events, and signal to background ratié{y/Nokg) are shown. For initial measurements using early LHC
data based on only 0.1h of integrated luminosity, application of BDT is compelling. As inferred from
Table[8, this initial data are expected to yield a total for all decay channels8o$ignal events using
conventional cuts, whereas the BDT-based analysis, which gives the same signal to background ratio of
5 as the conventional cuts, produces an expectation®f signal events.

Table 9:WW — leptons detection sensitivities of accepted signal and background events for affb
integrated luminosity. Results from the BDT analysis are shown with cuts that give similar signal to
background ratio as the cut-based analysis.

Background fraction

Modes BDT Cut Effyw(%) Nww Nbkg tt W*Z  Z+X  Nww/Nbkg
evuv 200 39.6  419.935 76.9:6.0 47.7% 27.8% 21.8%  5.46
pvpyv 290 15.5 90.3 1.6 20.0:2.8 54.1% 346% 11.3%  4.53
evev 240 15.9 60.51.4 13328 814% 7.2% 11.4%  4.54

3.6 Zy— (¢ yselection

Zy signals are produced through initial state radiation (ISR) of photon from the quarks as illustrated by
thet- andu-channel diagrams shown in Figdre 1. One of the goals is to measure the cross section of
this Z + ISRy production. Thes-channelZy production contains théy (V = Z,y) vertex, which is
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Figure 5: Distributions ofZ(e€)y event variables for ISR (left column), FSR (middle col.) and fake
photons (right col.).

forbidden at tree-level in the SM. AnomalodgV couplings can be investigated through this channel by
measuring thé&r () distribution, expecially at large values.

This analysis aims to identify “signal” events withplus an ISR photon. The backgrounds to this
Zy signal are: 1Y production with a FSR photon, 2) production with a fake photon, and 3) a small
contamination fronW + X production reconstructed ad &~y final state. Some of the event variables
are shown in Figur]5.

Events are pre-selected wil(y) > 10 GeV, a value chosen to be above therRIA generator
threshold and as low as is reasonably achievable by detector reconstruction. The FSR event rate is
almost an order of magnitude higher than the ISR rate. Backgrounds with a Z boson and a fake photon
are comparable to théy ISR photon rate.

The event selection is conducted with BDTSs trained to sep@ratvents of different photon types.

The training is in two stages: first to identify the FSR photon events and then to distinguish ISR photon
from Z events with fake photons. Separate BDT training is done for the electron and Zndecay
channels.

The BDTs are trained with 19 variables in total. As one example, FSR photons can be identified from
the opening angle from the nearest lepton. Fake photons originating from neutral mesons decaying to
two photons can not be directly identified within limits of the spacial resolution provided by the ECAL
segmentation. However, they are often accompanied by jet secondaries or underlying remnant particles.
By counting the charged tracks in a neighborhood (a cone of 0.45 rad in this case), or summing their
energies, parameters useful for differentiating background from isolated ISR photons can be formed.

With the chosen BDT cuts the signal selection efficiency is 67%, and the signal to background ratio
is 2.0 and 1.8 for the electron and mudndecay channels, respectively. The estimated numbers of
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Table 10: The number ady signal and background events after pre-selection and BDT selection is
listed, for an integrated luminosity of 1 fh. The signal and total background are then scaled to NLO
cross sections with the k-factors indicated.

Signal Background
Zy Z+FSRy Z+fakey W(lv)y Total
¢{=e Pre-selected 430 490 44 430
BDT selection 288 70 74 0
NLO scaled 337 (k=1.17) 187 (k=1.3)
¢{=pu Pre-selected 949 790 930 950
BDT selection 636 173 186 0
NLO scaled 774 (k=1.17) 467 (k=1.3)

reconstructe@y candidates for an integrated luminosity of I ftare listed in TabIE]]O.

The FSR and fake photons contribute approximately equally to the total background but have impor-
tant distinctions. The fake photons populate the EBw(y) region, and are differentiated from the ISR in
the Er(y) ~ 20 GeV region. The shape of tl&g distribution in the low energy region is important for
calibration and measurement of the production cross section with ISR photons. On the other hand, the
FSR photons have &y () distribution similar to ISR photons which carry signatures of the coupling
to the colliding quarks. Event rates in the high(y) region, where the background is primarily FSR, is
an important probe of new physics phenomenon.

3.7 ZZ— (T¢—¢t¢ selection

The cleanest experimental signature Zat detection is through the four lepton decay channels:
pp—ZZ—e'eee, ptuutu, eeputu.

TheZZ— 4¢' (¢ =e, u, 7) signal is modeled by theY@HIA LO event generator using the CTEQ6L
PDF. Thez/y* interference terms are included in the generator. With the 12 GeV mass cut on the
dileptons decay fronZ/y*, the cross section times the dilepton decay branching ratioBRis 159
fb. ‘Filter’ is applied to the simulated data to pre-select four lep®ar(du only) events by requiring
that the lepton transverse momenta must be greater than 5 GeV, and the lepton mpidityst be in
a range between -2.7 and 2.7. The overall filter efficiency is 0.219. tTlepton contribution to the
four lepton channels @ 4u, 2e2u) is less than 4% in the event sample after the filter. The fraction of
the on-shellZZ events in the sample is about 73%. The next-to-leading-order (NLO) calculations give
higher production cross sections. The k-factor is about 1.35 whenZm#re on mass shell. However,
when theZ/y* are off theZ mass shell, the k-factor varies from 1.15 to 1.52 for Hg*Z/y* mass
range from 115 GeV to 405 GeV, which is determined by using the MCFM MC calculations [10]. The
k-factor is set constant at 1.35 to normalize #®e— 4/ signal events. The four-lepton events have high
trigger efficiencies close to 100%. _ B

Major background processes for four lepton final statestareWW tb — 4¢+ X andZbbo — 4¢+X.
Thett background events, generated usMG@NLO, has a total production cross section of 833 pb.
The Zbb background events, generated ushgerMC has a production cross section of 52 pb. The
k-factor is set to 1.42 to normalize tidob background.

Leptons from b-quark decays in these processes are produced in association with hadrons. Their
contributions can be highly suppressed by lepton isolation requirements. For muons, the ratio between
the transverse energy deposited in a cone around the muon track of Adlt19.4 and the transverse
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Figure 6: The 4-lepton invariant mass distributionsZaf signal, Zbb andtt” background events with
tight (left) and loose (right) Z mass cut on the lepton pairs.

energy of the muoiEl must be below 0.2. A similar isolation cut is applied to electron selections. To
reject background with leptons not originating from thdecays, the two opposite sign lepton pairs must

have at least one lepton witlt greater than 20 GeV, and at least one lepton pair must have the invariant
mass between 70 - 110 GeV. This is referred to as Loose Z mass cut. A Tight Z mass cut requires the
second lepton pair to also have invariant mass between 70 - 110 GeV. The separation between the two
leptons must havAR(¢*¢~) larger than 0.2. Table 11 lists the signal selection cut efficiencies for all the
four lepton final states. Each cut efficiency value refers to the previous one and the product of the relative
efficiencies agrees with the one obtained from the ratio of the number of events after cuts to the original
number of generated events. The quoted uncertainties of the selected numbers of events are statistical
only.

Table 11: Signal selection cut efficiencies

4u [%] 4e[%)] 2u2e [%]
Lepton Preselection 70.67 62.27 65.40
Pair formation, dR 99.34 87.97 93.37
Isolation, p'&* 81.11 58.62 59.07
Z Mass Tight Loose Tight Loose Tight Loose
72.68 91.99 76.09 93.47 77.81 95.19
Total 41394+0.64 5238+0.72 24434050 3001+056 2807+0.37 3434+041

The total selection efficiencies for th&bb backround using these same tight cuts af28%+
0.064%, 0606%+ 0.139%, and (b10%+ 0.128% for the 4, 4e, and 212e channels, respectively. For
tt these efficiencies are@6%-+ 0.066% for all three channels. The expected number of signal and
background events fdr = 1fb~! requiring both on-shell Z’s are given in Ta 12. The expected signal
and background events with only one on-shell Z (Ladseass cut) are in TabJe [L3. Uncertainties quoted
in these tables are statistical only. Fighife 6 shows the 4-lepton invariant mass distributionsZ@r the
signal,Zbb andtt background with tight and loose Z mass cut on the lepton pairs. Based on these results
the ATLAS experiment will establish theZ — 4¢ signal with Poisson statistical significance ef With
the first 1 fo ! of integrated luminosity.
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Table 12: Expected number of signal and background evehts=at fb~! using the tighZ mass cut.

4y events 4 events A2eevents Total
Signal 4.52£0.05 2.5%:0.04 6.18:-0.06 13.3+0.09
Zhb 0.009:0.003 0.0420.007 0.0350.006 0.076:0.010
tt 0.04+0.04 0.04:0.04 0.04:0.04 0.12-0.07
Total bgr 0.0420.040 0.0820.040 0.075:0.040 0.26:0.07

Table 13: Expected signal and background events=atlfb—! using the loos& mass cut.

4u events éevents 2eevents Total
Signal 5.720.06 3.1#40.04 7.56:0.07 16.5+0.10
Zbb 0.11+0.01 0.480.02 0.280.02 0.840.03
tt 0.08:0.06 0.52-0.14 0.44:-0.13 1.03:-0.20
Total bgr 0.19-0.06 1.06:0.14 0.72+0.13 1.96:0.20

3.8 ZZ— ¢t/ vv selection

TheZZ — ¢4~ vv signature is two higtpr leptons with a large missing transverse eneffy) due to
the neutrino pair leaving the detector. The main backgrounds will either come from channels with large
cross sections, such #sandZ — ¢/~ or those with a similar signature to the signal, such aS\th&
diboson channel. Both signafZ — ¢*¢~vv) and backgroundt{, W*Z, W*W—, and DY dileptons)
are modeled by the generatddC@NLO, except for highpr Z (pr(Z) > 100 GeV) events which are
modeled by RTHIA.

To reduce the backgrounds, a set of simple cuts on discriminating parameters is invoked. In general,
each cut is used to suppress a particular background channel, as described below.

First, two oppositely charged good quality leptons with> 20 GeV are selected. This reduces much
of thett background which contains softer leptons than the signal. This cut also reduces the background
fromZ — 1t~ — (¢~ vy v, v, as the electrons and muons are produced with redpeethe leptons
must also lie within the inner detector pseudorapidity range< 2.5.

The lepton pairs are required to have an invariant mass close t@ thass, specificallym,, —
912 GeV| < 10 GeV. This is equivalent te- 50 of the signal width, and helps to reduce background
combinatorics where the lepton pair does not come directly frandecay. A lepton veto is imposed by
combining the good quality and loose lepton selection to remove any events with more than two leptons
in total. This reduces background from #M&"Z channel, whos& has an almost identical signature to
the signal, and the neutrino frowi decay also appears Es. The third-lepton veto suppresses WhéZ
background by~ 30%. If the lepton from th&V is not reconstructed, however, this background channel
becomes more problematic as it is almost indistinguishable from the signal.

A main characteristic of the signal decay is a large missing transverse eigjgydm theZ — vv
decay. An important background, due to its large cross section, comes fram-thé" ¢~ Drell-Yan
process, where jets are produced in addition to the leptons. If these jets are aligned with cracks in
the detector, then they will fakér as they will not be fully accounted for in the calorimeters. This
background can be significantly reduced by applying a 50 &e\¢ut. The background frordZ — 4¢
is also reduced, but this is less significant as it has a much smaller cross sectioN.*Ztehannel is
suppressed by this cut as only one neutrino is produced, and hertge dligtribution is slightly softer.

The signal is expected to have missimg equal and opposite to that of the reconstru@gassuming
that theZZ pair is produced with no initighr and that they decay back-to-back. Figufe 7 (left and right)
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Figure 7: Thelft — pr(Z) magnitude and angle matching distributions before cuts for the signal (red),
ZZ — 4¢ (orange)Z — ¢+ ¢~ (blue) andN*Z (green). The plots are normalised to unit area for compar-
ison of distribution shapes.

shows a clear peak in the signal for both magnitude and angle matche®/Theackground shows a
worse magnitude match as some ofWienomentum is lost to either an electron or muon on decay. This
means that the missingr will not quite match up with that of the recoiling. The angular distribution
shows a peak in both th&/*Z andZ — Il channels. In the case W+Z, this is because th&/ andZ
are produced in approximately opposite directions. WheMthaecays, the neutrino will be deflected
and so the peak has a wider distribution. In a similar way, i~ 11, theZ is likely to be produced with
some quarks recoiling against it. These will manifest themselves as jets which calirfakeuts at
([Er —pr(2)])/pr(Z2) <035 and 145< ¢z — ‘PEET < 215, reduce th&V+Z background.
A jet veto reduces backgrounds with large hadronic activity. For example, the predominant decay
channel for the top quark it is thet — W bfinal state, resulting in several higi jets. Its contribution
ga(t)n be reduced by applying a veto on events containing any jetpwitlet) > 30 GeV and |’7jet’ <
The final cut to be applied is on the of the reconstructed boson. This reduces the background
from the singleZ channel, whoser (Z) distribution drops much faster than the signal. A cupefZ) >
100 GeV significantly reduces this background, without harming the sensitivity to anomalous couplings,
which only predominantly manifest at higf .
Using the single isolated electron trigger (effectite> 25 GeV) and the single isolated muon trigger
(effective pr > 20 GeV), the trigger efficiency for fin@Z — ¢ ¢~vv events is expected to be 97%
Table[ 14 gives a summary of the cuts applied and present the expected number of events passing the
cuts. Where simulated events remain after cuts, the final row in each column gives the statistical error. If
zero events pass cuts, the figure given is the number of expected events at the 90% confidence level.
The expected sensitivity of th&Z — ¢ ¢~ vv channel is summarised in ta 15.

4 Cross section measurements

A binned likelihood method is used to determine the most likely cross sections. This likelihood method

is also used to extract the sensitivities to the anomalous TGCs which will be described in Section 5. The
likelihood is based on Poisson statistics convoluted with Gaussian probabilities to model the signal and
background uncertainties. What follows is a more detailed description of the binned likelihood method

followed by a description of the statistical and systematic uncertainties for the diboson cross section
measurements using the first fbof data.
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Table 14: Cut flow table for signal and background after cuts for an integrated luminosity of. ITie
values in brackets indicate the percentage of events passing each cut relative to the previous cut.

Cut ZZ vy ZZ—4  Z tt Wtz wWw- Z 11
Leptons 130.1 54.3 13100 4530 271.2 491.1 2170
Third-lepton veto 101.9 3.1 1900 428.9 52.9 375.6 1690
(78.3%) (5.7%) (14.5%) (9.5%) (19.5%) (76.5%) (77.9%)
Di-lepton mass 100.2 2.7 1740 110.2 45.3 83.8 40.1
(98.3%) (87.1%) (91.6%) (25.7%) (85.6%) (22.3%) (3.4%)
Missing Er 38.0 0.34 3.8 17.9 9.4 18.3 0
(39.9%) (12.6%) (0.2%) (16.2%) (20.8%) (21.8%) (0.0%)
Jet veto 34.4 0.30 0.44 6.0 7.6 16.7 0
(90.5%) (88.2%) (11.6%) (33.5%) (80.9%) (91.3%) (0.0%)
p% 10.2 0.08 0.4 3.0 1.7 0.02 0
(29.7%) (26.7%) (90.9%) (50.0%) (22.4%) (0.1%) (0.0%)
Stat. Error (90% CL) 0.2 0.01 0.2 2.1 0.1 0.22 (1.6)

Table 15: Expected signal yields and sensitivity for 1*lof integrated luminosity. The errors shown
are statistical only.

Nsignal Signal efficiency Nbackground Ns/Ng  Significance

10.2+0.2 2.6% 52+26 20+£0.8 4.5

4.1 Binned likelihood

In the binned likehood method expected (determined from high statistics MC simulation) and observed
(determined from MC simulation also for this work, but with appropriate statistical flutuation according

to the luminosity) events are binned by one or more observables. As an example, in the case of the cross
section measurement the BDT output spectrum, an example of which is shown in[Higure 8, could be
used. In the TGC analysis described in Sedtion SMhéVV) andpr (V) spectra are choosen.

For each bin expected signal and background are compared to the observed number ohevents (
events in the bin) with a likelihood, which is based on Poisson statistics. We assume the systematic
errors of the signal and background are Gaussian and uncorrelated for each bin. Thus, two Gaussian
distributions are convolved with the Poisson distribution to form the likelihood

1+3o0p /1+30-S (fsVs + fbe)n e (fsvstfovp) ell- f)2/20?
1

L=

(i=sb),
1-30y
here the total systematic uncertainty of signal and background appeaaad oy, respectively.

From these likelihoods a total log-likelihood is formed from all the bin likelihoods. Some pro-
cesses may also be separated into multiple channels (such as the three decay combinatidis, of
eeeu, uu). Also, a factor of -2 is included to make this test statistic comparable to a chi-squared distri-
bution. Thus, the negative log likelihood is

LL=-2 g log(LX).
k=channels=Dbins
In cross section measurements, the likelihood is determined as a function of cross section in each 'bin’ of

ameasured spectrum for each channel (e.g. the BDT output spectrum\fér e — evuv channel as
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shown on the left in Figure] 8). The log likelihoods are then combined and the minimum of the negative
log likelihood determines the most likely cross section (or anomalous TGC). The 68% C.L. lirhiit3 (

are taken from the minimum of the negative Log-likelihood plus 1.0. To set the 95% confidence-level
interval of the anomalous TGC limits, likelihood minimum+1.92 is taken when fitting one parameter,

and the minimum+2.99 for a fit of two parameters (e.g. two independent anomalous couplings).

ATLAS (1 fb™) $ MC Data 1 ATLAS (1 b ¢ MC Data

104 — Signal+Background , — Signal+Background

— Signal(ww—sevnv) 10 ‘—:

— Signal(zw—lllv)

Background
Background
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BDT Output BDT Output

Figure 8: BDT-output spectra from a MC experimentWrW— (left) andW=*Z (right) detection with
1 fb~1. The dots in the plots are MC ‘mock data’. The red histograms represent the 'signal’ and the blue,
‘background’.

4.2 Statistical uncertainties

Based on the diboson event selections described in S¢gtion 3, the expected number of signal and back-
ground events for 1 fbt and the statistical significance of observing the Standard Model signals are
summarized in Table 16, after taking into account the known background contributions. In the last col-
umn of the table the expected signal statistical uncertainties are also given. Fdrthel range from

1.8% to 31.3% depending on the channel. For the BDT based analyses with Ddf fiata, the signal
statistical errors are estimated to be 13% and 259%\okW~ andW*Z detections, respectively. For

Wy andZy detections the statistical errors should be less than 10% for 0'loftdata.

4.3 Systematic uncertainties

The major theoretical uncertainties on the production cross sections come from the PDF errors and the
factorization scaling uncertainties (for NLO calculations). By varying the PDF’s and scale values for
WHW-, W*Z, andZZ cross section calculations, the differences of the calculated cross sections are
found to range from 3.4% to 6.2%.

The major experimental systematic effects in the cross section measurements arise from the un-
certainties of the luminosity determination, the lepton identification efficiencies and energy/momentum
resolutions, the jet energy scale and resolutions, and background model and estimate.

A promising possibility for the precise determination of the luminosity is to us&\ttendZ pro-
ductions of single and pair leptons. The estimates show that in this way the luminosity errors could be
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Table 16: Summary of signal and background of all diboson final states for'lofintegrated lumi-

nosity. The 4th column indicates the Poisson statistical significaficeThe 5th column indicates the

type of analysis and the overall signal selection efficiency, and the last column gives the signal statistical
uncertainty. { denoteseandy.)

Diboson mode Signal BackgroundNy  Analysis (signal eff.) oS9na
WHW~ —efvuFv 4199+35 808+80 47 BDT (eff=15.2%) 4.9%
WHW- —pu+vu v 90.3:1.6  20.22.8 20 BDT (eff=6.6%) 10.5%
WTW~ — efve v 78.0+1.6 35.4:3.6 13 BDT (eff=5.7%) 11.3%
WHW~ — ftvi—y 1031+26 166+20 25 Cutbased (eff=2.0%) 9.9%
WEZ — (vt 1526+17 161+25 38 BDT (eff=17.9%) 8.1%
534+16 80+1.1 19 Cut based (6.3%) 13.7%
27— 4 16.54+0.1 1940.2 7.2 Cutbased (eff=7.7%) 24.6%
Z2Z =0T vy 10.24+0.2 52420 3.7 Cutbased (eff=2.6%) 31.3%
Wy — evy 1901+77 1474147 50 BDT (eff=6.7%) 2.3%
Wy — uvy 2076+121 2318:232 62 BDT (eff=10.5%) 1.8%
Zy—etey 3374412 18724+19 25 BDT (eff=5.5%) 5.4%
Zy— utuy 7748425 4667+47 36 BDT (eff=12%) 3.6%

controlled to~5% [39]. It should be noted that a 6.5% luminosity uncertainty was quoted in Tevatron

Run Il early physics papers.

The lepton acceptance uncertainty is about 2-3% mainly due to the isolation requirement which in-
volves the hadronic jet energy uncertainties. The lepton trigger efficiency uncertainties also contribute.
With largeZ samples, this uncertainty could be minimized based on Tevatron experience. At the Teva-
tron, electron and muon ID efficiencies at the transverse momemntatypical of W andZ decay are
measured reliably using leptons frafndecay. Z decays can typically be triggered and identified us-
ing only one of the two decay leptons. This leaves the second lepton unbiased from the point of view
of trigger and offline identification. The rate at which the unbiased lepton passes the trigger and ID
requirements provides a measurement of the respective efficiencies.

In the studies using the ATLAS simulated events the background estimate dominates the systematics
with uncertainties of 15-25% for all the diboson channels except fathes /¢~ ¢ ¢~ channel, where
the background uncertainty should be less than 2%. Even though more than 30 million fully simulated
events are used to estimate the background, the analyses are still largely limk&d-Ggts event
sample statistics in the diboson background estimate. Tevatron experiments have used data to estimate
the background, and typical uncertainties for diboson physics analyses are around 10% fafHéia.

With early LHC data (0.1 fbl), the background estimate uncertainty would be comparable to current
Tevatron diboson background uncertainties, and with more data the uncertainties of the background

estimate should decrease.

The lepton and jet energy resolution uncertainties will contribute to additional background estimate
uncertainties which will further propagate to the cross section measurement errors. A study has been
performed inW+Z analysis to estimate the size of such errors is given. In this studytt#boosted-
decision-trees are first trained with MC signal and background events simulated with the ‘standard’
detector energy resolutions and energy scale. For independent test samples, 10% and 3% are added to
the jet and lepton energy resolutions, respectively, and the reconstructed energy related quantities are
‘smeared’ to reflect the uncertainties of the diboson detection sensitivity (signal to background ratio). In
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Table 17: Change of background acceptance in a test of BDTZ(vs. ZZ) performed by smearing jet
energyEjet, and missinger, Er, by an additional 10%; and the lepton enefgyby an additional 3%.

Signal Efficiency Background Eff. Background Eff. Background Eff.
No additional smearing 10% fdfjet & Er 10% forEjet& Fr, 3% forE%
40% 3.96% 4.19% (+5.7%) 4.23%(+6.7%)
50% 8.59% 8.91% (+3.7%) 9.00%(+4.8%)
60% 14.55% 14.87% (+2.2%) 15.08%(+3.7%)
70% 22.27% 22.70% (+2.0%) 23.02%(+3.4%)

this study the signal efficiencies are fixed and changes to the background acceptance are gauged. The
results are summarized in Talplel 17. As an example, for a BDT signal selection efficiency of 60%, the
change of the signal to background ratio is 3.4%. FOMH& cross section measurement with I fof
integrated luminosity, the 3.4-6.7% background contribution uncertainty would produce additional cross
section measurement errors of about 2-3%.

4.4 Measurement errors vs. selection cuts and luminosities

The performance on cross section measurement errors versus the event selection cuts and the integrated
luminosities are carried out WtW~ andW*Z BDT based analysis. The BDT output spectra are used

to build the Log-likelihood by using ‘mock data’, which is a sample of simulated events with appropriate
statistics according to the luminosity and the Standard Model. For example, the BDT-output spectra for a
MC experiment with 1 fb! of data are shown in Figu@ 8 fav TW~ — et vuTv detection (left) and for

W*Z — (Fvit(~ detection (right). The Standard Model ‘mock data’ (dots) are compared to expected
signal (red histogram) and background (blue histogram).
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Figure 9: The relative errors faW W~ (left) and forw*Z (right) cross section measurements as a

function of the BDT cut for different luminosities. The optimal BDT cut is between 200 and 300. A total
9.2% systematical uncertainty was included in the fitting process.

To understand the optimal cut on the BDT spectra for cross section measurements, the cuts on the
BDT spectra were varied and the cross section measurements by likelihood fittings were performed. A
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Figure 10: Thew*tW~ (left) and theW*Z (right) cross section measurement errors as a function
of integrated luminosity (with BDT spectrum cut at 200). A total 9.2% systematical uncertainty was
included in the fitting process.

total 9.2% systematical uncertainty was included in the fitting process. Figure 9 shows the cross section
measurement error as a function of the BDT cut for different integrated luminosities frovid ‘tiié-
and theW*Z analysis.

Figure[ 10 shows the relative cross section errors as a function of integrated luminosity (with BDT
spectrum cut at 200) fav*+*W— (left) andW*Z (right) cross section measurements. From these plots
it should be noted that the systematic error starts to dominate after'sftintegrated luminosity for
WFW~ cross section measurements, and after 1@ for W*Z,

5 Sensitivity to anomalous couplings

The signature of anomalous couplings in diboson productions is an increase in the cross section at high
values of gauge boson transverse momentpi) @nd diboson transverse maddr). The ATLAS
sensitivity to anomalous TGC's is investigated by comparing the 'measured’ diboson production cross
sections and the vector bosgs or dibosonMy distributions to models with anomalous TGC'’s. A
binned likelihood fitting procedure using ther or pr spectrum for each channel is followed to extract
the 95% C.L. intervals of anomalous coupling parameters. The most dramatic effect is an increase
in the highMt or high pt cross sections, so it is important to also include the overflow bin in the
likelihood calculation. Details of the binned likelihood method are described in Séction 4.1. One- and
two-dimensional limits are set on the charged CP-conserving coupling parameters frowi ke,
W*Z, andW+y final states. Th&Z final state is used to probe the neutral anomalous TGC sensitivity.
With non-Standard Model coupling parameters, the amplitudes for gauge boson pair production grow
with energy, eventually violating tree-level unitarity. The unitarity violation is avoided by introducing an
effective cutoff scale/\ [40]. The anomalous couplings take a form, for example,

Ak

O e

where/§ is the invariant mass of the vector-boson pair @ndis the coupling value in the low en-
ergy limit. The scale\ is physically interpreted as the mass scale where the new phenomenon, which
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is responsible for the anomalous couplings, would be directly observabie?2 is used for charged
anomalous TGC, and= 3 for neutral anomalous TGC.

In order to compare results of this study to Tevatron’s limitsyalues of 2-3TeV are used in the
calculations A is physically interpreted as the mass scale with the new phenomenon which is responsible
for the anomalous couplings would be directly observable. In principle, hfyhvalues comparable to
the energy scale that can be reached by the LHC should be used to set the limits on the anomalous TGC's.

5.1 Re-weighting the fully simulated events

To avoid producing an impractically large number of fully simulated events in non-Standard Model
anomalous coupling parameter spaceagaveighting method was invoked to study the ATLAS de-
tector sensitivities to anomalous coupling parameters. The BHO and the BosoMC calculations are
used with different anomalous coupling parameters to re-weight the fully simulated events generated
by MC@NLO. As an example, Figu@ll shows IWé W™ production differential cross section dis-
tributions for Standard Model and some anomalous coupling parameters (left plot) and the correspond-
ing differential cross section ratiolo(non-SM)/da(SM) (right plot). These ratios have been used as
weightsto re-weight the fully simulated events to probe the anomalous TGC sensitivitiesvdigbts

TGC from WW with PDF CTEQ6M TGC from WW with PDF CTEQ6M
S 7 S
8 102 L —— Standard Model ({)— —— Standard Model
S E T Ak, =-0.1 '8 0% Axy =-0.1
- L
8 - Ag,,=04 Iy
X o0 =
= A [%7]
S A, = 0.5 é
Y
S o
3 £ Wt
8

L = S R S | . . )
0 200 400 600 800 1000 0 200 400 600 800 1000

MW W)(GeV) MAW*W)(GeV)

Figure 11: Left: WW transverse maddr, distributions. Events are generated with the Standard Model
coupling (black) and anomalous couplings (color); Right: the corresponding differential cross section
ratio,do (non-SM) /do (SM).

are generated in one-dimensional and two-dimensional anomalous coupling space according to parton
level kinematics using the BHO and the BosoMC programs. To produce the weights the step size in
coupling parameter space ranges frorh 0103 to 1.0 x 10°3. For each point in the coupling pa-
rameter space 5M events were generated to obtain the theoretical reference’ distributions. The fully
simulated events with the Standard Model couplings are required to pass the events selection cuts, and
then reweighted according to the generator level kinematics. The weighted events are equivalent to fully
simulated events with the corresponding anomalous couplings. The distributions of variables, sensitive
to the anomalous coupling, such as leptpmn of the data event can be compared to those of simulated
events with anomalous couplings included to extract the limits on the anomalous couplings. In this study
the Standard Model ‘mock data’ are used to probe the ATLAS detector sensitivities to anomalous triple
gauge boson couplings.

5.2 WW Zanomalous TGC sensitivity inW*Z analysis

TheW=*Z diboson production involves exclusively théW Zcoupling, in contrast to thé/ "W~ diboson
final state which contains botW ZandW Wy couplings. To extract the 95% C.L. sensitivity intervals of
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Figure 12: The expected signal+background of the Standard Model, superimposed with ‘mock data’
(points with error bars showing statistical uncertainty), and the non-Standard Model(anomalous cou-
plings) predicted signal+background histograms (red and blue dashed lines). The left plot isTér 1 fb
of data and the right plot is for 30 B of data.

Table 18: Summary of one-dimensional anomalous coupling parameter 95% CL sensitivities using the
M+ (W*Z) fitting for A = 2 TeV andA = 3 TeV for integrated luminosities of 0.1, 1.0, 10.0 and 30:0b

Int. Lumi  Cutoff A Ak Az AgZ

(fb_l) (TeV)

0.1 20  [0.440, 0.609] [-0.062, 0.056] [-0.063, 0.119]
1.0 20  [0.203, 0.339] [-0.028, 0.024] [-0.021, 0.054]
10.0 2.0  [0.095, 0.222] [-0.015, 0.013] [0.011, 0.034]
30.0 2.0  [0.080, 0.169] [-0.012, 0.008] [-0.005, 0.023]
0.1 3.0  [0.399, 0.547] [-0.050, 0.046] [-0.054, 0.094]
1.0 3.0 [0.178, 0.281] [-0.020, 0.018] [-0.017, 0.038]
10.0 3.0  [0.135, 0.201] [-0.015, 0.013] [0.013, 0.018]
30.0 3.0  [0.069, 0.131] [-0.008, 0.005] [-0.003, 0.016]

the anomalous parametetsgz,Agf, andAz, from theW=*2Z diboson final state, both the transverse mass
of W£Z (Mt(W*Z)) and the transverse momentum of Z (Z)) spectra are used to fit the anomalous
couplings.

MC experiments are performed with 0.1, 1.0, 10, and 30 fof integrated luminosities to study
the anomalous coupling sensitivities. Fig{iré 12 shows the expected signal+background of the Stan-
dard Model, superimposed with the ‘mock data’ (points with error bars), and the non-Standard Model
(anomalous couplings) predicted signal+background distributions. [faple 18 shows the summary of 1-
dimensional 95% C.L. anomalous coupling parameter intervals based i tNé=Z) spectra fitting.
Results corresponding to 0.1, 1.0, 10.0 and 300 fif integrated luminosities for cutoffy = 2 TeV and
A\ = 3 TeV are listed. It should be noted that even for 0.1fbf integrated luminosity, the ATLAS sen-
sitivity to WW Zanomalous couplings could be much better (tighter) compared to Tevatron experiment
limits based on 1 fb! of pp collision data.

To understand the systematic error effects on the TGC sensitivity, three different systematic error
assumptions are considered: (1) No systematic erre¢s: 0, andog = 0; (2) Assume 7.2% (5% +
6.5% Lumi.) for signal, and 12% (10% + 6.5% lumi.) for background; and (3) 9.2% uncertainty for
signal, and 18.3% uncertainty for background.
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The 95% C.L. 1-dimensional limits for th& W Zanomalous couplings, obtained from the fits to the
pr(Z) assuming\ = 2 TeV are shown in Table 19, for different scenarios of systematic errors. From this
table it is seen that only when reaching 30 ¥of integrated luminosity the systematic errors become
significant enough to effect the TGC sensitivities.

- ATLAS ~ ATLAS

0.2f—

0.2 0.1 0 0.1 0.2 0.3 0.2 0. 0 0.1 0.2 0.3
Ax,=agT Ax,=Ag]

Figure 13: The left plot: 95% C.MVW ZTGC limit contour ofA; vs. Axy = Ag%; without the systematic
errors. The right plot: the 95% C.MWW ZTGC limit contour ofAz vs. Akz = Ag%, with the systematic
errors s = 9.2%, og = 18.3%) included. The anomalous coupling limit contours from outer to inner
corresponding integrated luminosities of 0.1, 1.0, 10.0 and 307 fbspectively. The systematic errors
become significant when integrated luminosity reaching 38.fb

The studies on th&/W Zanomalous couplings in two-dimensional space are also based pn(the
fits for different integrated luminosities (0.1, 1.0, 10.0 and 30-8¥land for two cutoff values) = 2 TeV
and 3 TeV. The anomalous coupling (AC) limit contours are not very sensitive to these cutoff values.
The effects of different systematic errors on the 2-dimensional TGC sensitivity contour are shown in
Figur. The left plot shows the 95% C.L. anomalous TGC limit contody afs. Axy = Ag% without
systematic errors, and the right plot shows the 95% C.L. TGC limit contour with the systematic errors
(0s=9.2%, og = 18.3%) included. Again, the systematic errors become significant when the integrated
luminosity reaches 30 fi.

5.3 WWy anomalous TGC sensitivity inW*y analysis

The W=y diboson production involves exclusively tiieWy coupling. To extract the 95% C.L. sensi-
tivity intervals of the anomalous parametess;, , andA,, from theW*y diboson final state, the photon
transeverse enerdyr () distribution is used to fit the anomalous couplings, with- 2 TeV. The inter-
vals are calculated faW*y events of electron and muon decays channels separately.

Figure shows afer(y) distribution fromW=* (¢*v)y normalized to 1 fo® of data. The signal
expectations at LO and NLO are shown by the dashed and dotted lines on the left in Figure 14. On the
rightin Figur is shown the 95% confidence contour iMtAk, parameter space for 1h of data.

The 1-dimensional 95% C.L. intervals &f andAx, are listed in Tablg 20.

5.4 WW Zand WWy anomalous TGC sensitivity inW W~ analysis

The My spectrum ofW+tW™ pair is fitted to obtain th&/WZandWWy anomalous TGC sensitivity
intervals at 95% confidence level. A comparison ofthe W W) distribution of the ‘mock data’ to that of
models with anomalous coupling is shown in Fidurg 15. Five anomalous coupling paranfetgrsi,

Ag%, Ax,, Ay), have been studied with only one parameter varied at the time; the remaining parameters
are fixed to Standard Model values. One dimensional anomalous coupling sensitivity intervals at 95%
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Table 19: Comparison of one-dimensional anomalous coupling parameter 95% C.L. sensitivities for
different systematic errors. Results obtained in this table are usingrtf® fit for A = 2 TeV and
A = 3 TeV for integrated luminosities of 0.1, 1.0, 10 and 30%b

Systematic  Int. Lumi  Cutoff\ Ak Az Ag?

errors (forh) (TeV)

65=0 0.1 2.0  [0.942, 1.130] [-0.203, 0.193] [-0.227, 0.324]

05 =0 1.0 2.0  [0.561, 0.664] [-0.093, 0.082] [-0.106, 0.154]
10.0 2.0  [0.233, 0.231] [-0.033, 0.024] [-0.025, 0.061]
30.0 2.0  [0.128, 0.136] [-0.024, 0.013] [-0.009, 0.047]

os=7.2% 0.1 3.0  [0.950, 1.140] [-0.204, 0.194] [-0.228, 0.325]

o5 =120% 1.0 3.0  [0.574, 0.692] [-0.093, 0.083] [-0.106, 0.158]
10.0 2.0  [0.228, 0.302] [-0.033, 0.027] [-0.022, 0.070]
30.0 2.0  [0.164, 0.212] [-0.026, 0.018] [-0.009, 0.055]

65 =9.2% 0.1 3.0  [0.956, 1.150] [-0.204, 0.194] [-0.229, 0.326]

05 —=183% 1.0 3.0  [-0.583, 0.706] [-0.094, 0.084] [-0.106, 0.159]
10.0 2.0  [0.241, 0.316] [-0.033, 0.028] [-0.024, 0.071]
30.0 2.0  [0.184, 0.228] [-0.028, 0.020] [0.011, 0.056]

C.L. for different integrated luminosities are given in Tapbl¢ 21. The cutoff 2 TeV is used in these
calculations.

The two-dimensional AC limits frordv "W~ production with different scenarios relating the anoma-
lous coupling parameters have also been investigated in this study.
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Figure 14: Left: theEr(y) distributions of combinedlV(ev)y andW(uv)y sample for 1 fo! of data.
Right: the 95 % confidence contour in tig-Ax, parameter space for 1th of data. A = 2 TeV is
assumed.
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Table 20: 95% C.L. intervals for the anomaldt8/Ny coupling parameters obtained from fitting the
Er (y) distribution to the NLO expectations using the combined sampWe (@l )y andW(uv)y events,
with A =2 TeV.

W(¢v)+ ISRy
1fb? 10 fbt 30 fbt
A, [0.09,0.04] [0.05,0.02] [-0.02,0.01]
Ak, [-0.43,0.20] [-0.26,0.07] [-0.11,0.05]
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Figure 15:W+W~ transverse mass distributions for 1 (left) and 30 (right)fof integrated luminosities.
The last bins in the plots are 'overflow’-bins.

5.5 ZZZand ZZy anomalous TGC sensitivity inZZ analysis

Measurements of thpp — ZZ differential cross section can be used to measure, or set limidLn,
andZZy couplings. These couplings are zero at tree level in the Standard Model.

Measurements of the couplings provide a sensitive test of the Standard Model, and non-zero values
would indicate the presence of new physics beyond the Standard Model.

In order to estimate limits on anomalous couplings which may be obtained from measurements of
ZZ production in early ATLAS data, thpr distribution of theZ boson is considered. In th&Z — ¢¢vv
channel the visibl& boson reconstructed from the charged leptons is used. Eithe ¢£¢¢ channel one
of the two reconstructed bosons is chosen in each event at random. Simulated ‘mock data’ distributions
are fitted with the sum of expected signal and background distributions, where the signal distribution

Table 21: One-dimensional 95% C.L. interval of the anomalous coupling sensitivities from the WW final
state analysis for 0.1, 1.0, 10.0 and 30.0 integrated luminosities/witl2 TeV.

0.1 [-0.242,0.356] [-0.206,0.225] [-0.741,1.177] [-0.476,0.512] [-0.564,0.775]
1.0 [-0.117,0.187] [-0.108, 0.111] [-0.355,0.616] [-0.240,0.251] [-0.259, 0.421]
10.0 [-0.035,0.072] [-0.040,0.038] [-0.149, 0.309] [-0.088,0.089] [-0.074, 0.165]
30.0 [-0.026,0.048] [-0.028,0.027] [-0.149,0.251] [-0.056,0.054] [-0.052,0.100]
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Figure 16: Example of a fit to one ‘mock data’ sample in each channel. The points show the total number
of data events in each bin (not number per ywif). The histograms show the Standard Model prediction
(solid), the best fit (dashed) and the 95% C.L. limit|6f| (dotted).

depends on the anomalous couplings. A binned maximum likelihood fit is employed, with systematic
errors included by convolution with the predictions. Fits are performed to each channel separately, and
a combined fit is performed by multiplying together the likelihoods from the two channels assuming no
correlated errors.

Table 22: Expected 95% C.L. intervals on anomalous couplings from fits tdZhe: £¢¢¢ channel,
the ZZ — ¢¢vv channel and both channels together for various values of integrated luminosity, with
N\ =2 TeV. In each case, other anomalous couplings are assumed to be zero.

L/fb1 fZ fZ £7 £

ZZ — 0oee 1 [-0.023,0.023] [-0.024,0.024] [-0.028,0.028] [-0.029, 0.028]
10  [-0.010,0.010] [-0.010,0.010] [-0.012,0.012] [-0.013, 0.012]
30  [-0.008,0.008] [-0.008,0.008] [-0.009,0.009] [-0.009, 0.009]

ZZ— vy 1 [-0.024,0.024] [-0.024,0.025] [-0.029,0.029] [-0.030, 0.029]
10  [-0.012,0.012] [-0.012,0.012] [-0.014,0.014] [-0.015,0.014]
30  [-0.009,0.009] [-0.009,0.009] [-0.011,0.011] [-0.011,0.011]

Combined 1 [-0.018,0.018] [-0.018,0.019] [-0.022,0.022] [-0.022,0.022]
10  [-0.009,0.009] [-0.009,0.009] [-0.010,0.010] [-0.011,0.010]
30  [-0.006,0.006] [-0.006,0.007] [-0.008,0.008] [-0.008,0.008]

An example fit for each channel is shown in Figuré¢ 16. The results presented here use foias

for the ¢¢vv channel and sipy bins for the 4-lepton channel, as shown in Figuré 16. Reasonable
modifications to the number or position pf bins change the expected limits by up to 15% (12%) in
thelévv (¢4¢¢) channel. Removing the first twor bins for the/Z4¢ channel, and fitting only the region
pr > 100 GeV has a negligible effect on the limits.

Table[22 shows the mean expected limits from each channel separately, and from combining the
channels, for various values of integrated luminosity. With an integrated luminosity of-1tib sensi-
tivities of the two channels are very similar. At higher luminosities,/fé channel becomes somewhat
more sensitive, because it has lower background and hence a lower associated systematic error. With as
little as 1 flo! of data it should be possible to improve the LEP limits [30]fgn fZ and fJ by an order
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of magnitude using a single channel, while a similar improvemerfﬂomill require both channels.

At an integrated luminosity of 10 fif, the expected limits have only a low sensitivity to the back-
ground level and to the systematic errors. With the same signal efficiency but no background, the limits
from the//vv channel improve by 10%, while those from #té¢ channel change by only0.2%; in the
latter case, doubling the background has an effect of 8ly1%. Reducing all systematic errors to zero
improves the limits by 7% (6%) in th&vv (¢££¢¢) channel. Thus, the background level and systematic
errors are unlikely to be important factors in obtaining limits from early data.

As discussed above, the expected limits are affected by the choge bihs. The number of bins is
currently limited by the statistics of the fully simulated Monte Carlo events. Future studies would benefit
from increased signal Monte Carlo statistics, particularly in the lgghregion. In addition, samples
of fully simulated events with anomalous couplings should be used to investigate the dependence of the
efficiency at a particulapr value on the production diagram.

6 Summary

This note presents studies of the productiombfw—, W*z°, z07° w*y andz®% dibosons from pp
collisions at the LHC, using leptonic decay3/®f andzZ® bosons. The simulated measurements are done
using the ATLAS detector with full detector simulation and event reconstruction, and the statistics ex-
pected in the initial data taking periods. It concludes that Standard Model sigheismf | W+z°, W*y

andZ% can be established with a statistical significance better than 5 sigma using the first'0af fb
integrated luminosity.Z°Z° production can be established with 1-fbof data, using the four-lepton

and the dilepton plus neutrino-pair decay channels. Talle 16 lists the expected numbers of signal and
background events using 1fbof data, and the statistical significance of the Standard Model signals
after taking into account the known background contributions.

Any significant deviation from the Standard Model prediction for these final states can lead to in-
dications of new physics phenomena. In Section 6, the sensitivities to anomalous TGC are presented.
The sensitivities are expressed in terms of constraints on the anomalous triple gauge boson couplings in
the effective Lagrangian. Table]23 compares the 95% confidence level sensitivity interval for charged
anomalous TGC's using observables from different diboson final states with 1 @fintegrated lumi-
nosity.

Table 23: 95% C.L. interval of the anomalous coupling sensitivities MehwW—, W*Zz%, Wy final

states with 10.0 fb! of integrated luminosity and the cutoff = 2TeV. The table also indicates the
variables used in the fit to set the AC sensitivity interval. For comparison, some recently published limits
from Tevatron and LEP are also listed.

Diboson, Az Akz Ag? Ak Ay

(fit spectra)

Wz, (My)  [-0.015, 0.013] [-0.095, 0.222] [-0.011, 0.035]

Wy, (p) [-0.26, 0.07] [-0.05, 0.02]
WW, (M)  [-0.040,0.038] [-0.035,0.073] [-0.149,0.309] [-0.088,0.089] [-0.074, 0.165]
WZ (DO)

(1.0fb™ %) [-0.17,0.21] [-0.12, 0.29]4g% = Akz)

Wy (DO),

(0.16fb1) [-0.88,0.96] [-0.2,0.2]
WW, (LEP) [-0.051,0.034] [-0.105,0.069] [-0.059,0.026]
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The neutral anomalous TGC'’s can be explored withaPeandz®z° final states. In this note, only
Z°70 pair are used for constraining the anomalous coupling, with the study A8jnstill in progress.
Both thezZ% — ¢+ ¢~ ¢+¢~ andz%Z° — ¢¢~vv final states are used to constrain the neutral anomalous
TGC parameters {7, fZ, f/, 1'). The 95% C.L. intervals on the anomalous couplings for 16 ff
integrated luminosity are listed in Taljle]24.

Table 24: Expected 95% C.L. intervals on anomalous couplings from fits 6Zhe ¢¢¢¢ channel, the

ZZ — ¢¢vy channel and both channels together for 10bf integrated luminosity, withh = 2 TeV. In

each case, other anomalous couplings are assumed to be zero. The 95% C.L. limits on MTGC from LEP
ZZ detection are also listed.

fZ fZ £7 £
ZZ— 000¢  [-0.010,0.010] [-0.010,0.010] [-0.012,0.012] [-0.013,0.012]

ZZ — vy [-0.012,0.012] [-0.012,0.012] [-0.014,0.014] [-0.015, 0.014]
Combined  [-0.009, 0.009] [-0.009, 0.009] [-0.010, 0.010] [-0.011, 0.010]

LEP Limit  [-0.30,0.30]  [-0.34,0.38]  [-0.17,0.19]  [-0.32, 0.36]

The current status of the MC generators for diboson is less than satisfad@@NLO s integrated
with parton shower (Herwig), but it does not have matrix elements for the effective Lagrangian beyond
the Standard Model with the anomalous couplings. BH& MC program can generate parton-level LO
and NLO diboson events with anomalous couplings, but can not be correctly integrated with the parton
shower programs. In the current analysis, MC@NLO is used to simulate the Standard Model events. The
BHO MC with anomalous TGCs is then used to re-weight the events so that the fully simulated events
can effectively have the anomalous TGC'’s, and be used directly to compare with the simulated 'mock
data’.

Compared to the previous ATLAS studies [3-8] which were all based on fast MC simulation of the
detector, this study uses large data samples produced in recent years by much more realistic detector
simulation and the full event reconstruction. It focuses on the sensitivities that ATLAS can achieve in the
early running of LHC, rather than the ultimate sensitivites that ATLAS might reach after running at the
design luminosity. The advanced analysis technique BDT is used in analysis of most of the final states,
which improves the sensitivities significantly. As an example, the previous study of WZ final| state [5]
showed that with 30 fb! of luminosity, the number of signal and background events are 1987 and 119
events. This analysis, using BDT, predicts 153 signal events and 16 background event atol fb
integrated luminosity. While BDT helps to improve the select efficiency, the more realistic simulation of
Z+jets events increases the background level. Full simulation is essential to some of the signal channels,
such asZzZ — ¢*¢~vv, for which the previous fast simulation study [7] may have underestimated the
background by an order of magnitude.

Because of the higher center of mass energy at the LHC, the cross sections for diboson production are
an order of magnitude higher than that at the Tevatron. This will allow ATLAS to improve the Tevatron
measurements in the early running of the LHC. The large signal statistical significances and signal to
background ratios determined from these studies suggest that early observations of these channels will
take place at the LHC start up with 0.1 to 1 -fbof data. Systematical uncertainties will dominate
the cross section measurement errors starting from 5-3bdbdata. With increasing luminosity, the
constraints on the anomalous coupling will provide important probes of physics beyond the Standard
Model.
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