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Abstract

Searches for exclusively produc®d boson pairs in the procegg(yy) —» pW"W~p and
exclusively produced Higgs boson in the proces%gg) — pHp have been performed
usinge*u™ final states. These measurements use 20.2db pp collisions collected by
the ATLAS experiment at a center-of-mass energy = 8 TeV at the LHC. Exclusive
production of W*W~ consistent with the Standard Model prediction is found vatho-
significance. The exclusivé&/*W~ production cross-section is determined tod(gy —
WW~ — efu™X) = 6.9 + 2.2(stat.)+ 1.4(sys.) fb, in agreement with the Standard Model
prediction. Limits on anomalous quartic gauge couplingssat at 95% confidence-level as
—-17x10° < a)//A? < 1.7x10° GeV?and-6.4x10°°® < a¥/A? < 6.3x10° GeV 2 A
95% confidence-level upper limit on the total productionssrgection for exclusive Higgs
boson is setto 1.2 pb.
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1 Introduction

In the Standard Model (SM) of particle physics, the intaoarcst between electroweak gauge bosons are
described by the non-Abelia@ U(2) x U(1) structure of the electroweak sector. Measurement of the
strengths of the trilineaMVV, whereV = y, W, or Z) and quartic YV VV) gauge couplings represent an
important test of the SM, as deviations from SM predictiorgild indicate new physics. The discovery
of a Higgs bosonl], 2] at the Large Hadron Collider (LHC) has taken a major stepatozonfirming the
mechanism of electroweak symmetry breaking. Anomaloustigugauge couplings (aQGCs) provide a
window to further probe possible new physics extensiondegftmweak theory. Exclusive production of
W boson pairspp(yy) — pW*"W~p, provides an opportunity to stugy — W*W~ aQGC couplings3,

4].

In pp collisions, exclusiveN*W~ events are produced when each proton emits a photon and the tw
photons annihilate, either vitaandu-channelW-exchange diagrams involving trilinear gauge couplings



(a) Elastic production (b) Single-dissociation (c) Double-dissociation

Figure 1: Diagrams for the exclusivey — W*W- production representing the (a) elastic process, (b) singl
dissociation where one initial proton dissociates (SD) @)ddouble-dissociation where both protons fragment
(DD). The symbolsX and X’ denote any additional final state created.

or via quartic gauge coupling diagram, to cread/a\~ pair. Figurel shows the exclusive production
of aW*W~ pair, where the blobs represent thehannelu-channel, and quartic diagrams. After the col-
lisions, either both protons remain intact as shown in E{g) (referred to a®lastichereafter), only one
proton remains intact as in Fi@(b) (single-dissociationSD), or both protons dissociate as in Flgc)
(double-dissociationDD). In all three cases the trajectories of the protons eir ttemnants deviate only
slightly from their initial directions so that they nevertenthe acceptance of the ATLAS detector. On the
other hand, inclusive processes are produced with accorimgaactivity such as initial- and final-state
radiation and additional scattering in the sapyecollision. The accompanying activity is collectively
called the underlying event and emits particles into theptance of the ATLAS detector.

Photon scattering in hadron colliders can be describedantgun electrodynamics (QED) by the equivalent-
photon approximation (EPAP[ 6]. In this framework the exclusivé/*W~ cross-section can be written
as

oSy = [ O FO)ry, s (F, e, (1)

wheref(x), fori € {1, 2}, is the number of equivalent photons carrying a fractiorhefgroton’s energy,
X, that are emitted, whilen,,, is the two-photon center-of-mass energy. This approactbées used to
describe similar exclusive processes in the COF$TAR [8], and CMS P, 10] experiments.

ExclusiveW*W- pair production is particularly sensitive to new physicattmay be described by anoma-
lous quartic gauge coupling (aQGC) of the foii\yy [4, 11]. The dimension-6 operators in Re8] are
the lowest-dimension operators that give rise to anomalg\g,y couplings,a.‘f"/A2 andag"/A2 where

A is the scale of new physics. A procedure adopted by previeemssarementslpP-14] uses a dipole
form factor to preserve unitarity at high,,. The couplingsy’/A? anda®’/A? then become:

W
1
a(\;YC/AZ_)%—nﬁ > 2)
(142

whereA it defines the scale of possible new physics, and the term oingdt ensures that unitarity is
preserved.

Anomalous triple gauge couplings (aTGCs) could also prediimilar @fects but the sensitivity of this
study to aTGCs is not competitive compared with other preee#], so these are taken to be zero.



More recent parameterizations of aQGCs are of dimensionh@. prameterization of the dimension-8
couplings, fu01.23/A% in Ref. [15] are linearly related to the'./A? as follows:

fuo 8 1 fma a1

A4 T A2g232 A T AZgy2 3

whereg = e/ sin(w) andv is the Higgs boson vacuum expectation value. Also, with paiameteriza-
tiOI’], fM,2 =2X fM,O and fM’3 =2X fM,l-

In addition to the discovery of the Higgs boson, severalggpibperties — such as mass, coupling strengths
to various final-state particles, and branching ratios ©fdiéecay — have been determindd 6] using
Higgs boson candidates from inclusive production. Higgsomocandidates from the exclusive produc-
tion (pp — pggp — pHpP) would have lower systematic uncertainties due to theiarede production
environment 17-20]. Since measurements using these Higgs boson candidatéd ave better preci-
sion, they could be used to improve knowledge of the Higg®ba®ctor. It is therefore interesting to
determine the cross-section for exclusive Higgs bosonumtimh and examine the feasibility of using
exclusive Higgs boson candidates for Higgs boson propedggsmrements. This interest is reflected in
the inclusion of the exclusive Higgs boson process studiegaat of the physics program of forward
proton-tagging detector2]—23] that extend the ATLAS and CMS coverage for LHC runs at 13 TeV.

Unlike exclusiveNV*W~ production, exclusive Higgs boson production proceedsuin a quantum chro-
modynamics (QCD) process involving at least three gluonshasvn in Fig.2. Two gluons from the
colliding protons interact through a top-quark loop to progl a Higgs boson while additional gluon ex-
change between the colliding protons keeps the protons-oelatral and allows the protons to remain
intact after the collision. The proton trajectories dewialightly after the collision. On&/ boson from
Higgs boson decays must bé& shell so the event selection for that study needs to fierdint than the
exclusiveW*W™ event selection, and the samples are largely orthogonal.

Figure 2: The lowest-order Feynman diagram for the excéubliggs boson production. The variabbesand x,
are the fractions of the momenta carried by the gluons thatriboite to the production of the Higgs boson, with
respect to the momenta of the protdhsandP,. The variables(l, andx’z, on the other hand, are the fractions of
the momentum carried by the exchanged third gluon with dpehe momenta of the protofs andP».

The exclusive Higgs boson production cross-section canrlitewas p4]

2

~ d ’ 7
T ppigg)—>ppH < 0(99 — H) (f ?Qf fo (X, Xy, t2) fy(X2, X5, Qtz)) 4)
b

whereo(gg — H) is the cross-section for the gluon fusion process thatymresl the Higgs boson. The
functions f, [25] are the generalized gluon densities for the finite protae,shat take into account the
impact parameter. The variablag and x, are the fractions of the momenta carried by the gluons that



contribute to the production of the Higgs boson, with respethe momenta of the protori® and Po.

The variables(1 and x2 are the fractions of the momentum carried by the exchanged ghuon with
respect to the momenta of the protdhsandP, as shown in Fig2. These gluon densities are integrated
over the exchanged (third) gluon transverse momer@mrhis formalism, used in several theoretical
calculations, predicts cross-sections that vary by overdar of magnitudeZ4, 26]. This wide disparity

in predictions is an additional motivation for this measneat. While either proton could dissociate, the
predictions presented here are for elastic production amtlycould underestimate the cross-section by an
order of magnitudeZ4].

This paper describes searches for exclusiaV- andH — W*W- production usinge*u™ final states.
Events where &V boson decays to alepton that subsequently decays to an electron or muon swe al
included. This final state is denotedX, whereX represents the neutrinos. Sectibdescribes the exper-
imental setup. SectioBdescribes the dataset and simulation tools used to modellsagd background
processes. Initial selection of electron, muon, jet ancktcandidates is discussed in Sectbrsections
introduces a new approach to separate exclusive from imelpsoduction processes. Secti@describes
the event selections including signal regions for both tkausive W*W~ and Higgs boson processes.
Section7 outlines studies of the exclusive event selection and Uyidgrevent models using samples of
same-flavor opposite-sign lepton pairsgpyp — pf*¢~ p candidatesf = u or €) to validate modeling
and selection criteria. In Secti@) data control regions designed to test and correct physitsiatector
modeling are described. Systematic uncertainties are suiredl in Sectio® and the results of the study
are described in detail in Sectidf. Sectionll summarizes the findings.

2 The ATLASdetector

ATLAS [27] is a multipurpose cylindrical detectothat consists of an inner detector surrounded by a
superconducting solenoid, a calorimeter system, and a spectrometer that includes superconducting
toroidal magnets. The inner detector system consists eéthubsystems: a pixel detector, a silicon mi-
crostrip detector, and a transition radiation tracker. Brgad in a 2 T magnetic field provided by the su-
perconducting solenoid, these three subsystems enabiteredetector to accurately reconstruct the tra-
jectories of charged particles in a pseudorapidity rdnige 2.5 and measure their momenta and charges.
The inner detector is surrounded by high-granularity fégad-argon (LAr) sampling electromagnetic
calorimeters covering the pseudorapidity ramge< 3.2. A steelscintillator tile calorimeter provides
hadronic energy measurements in the pseudorapidity réglienl.7. In the regions b < || < 4.9 the
hadronic energy measurements are provided by two endcapaldrimeters using copper or tungsten as
absorbers. The calorimeters are surrounded by a muon epetér that provides muon tracking beyond
the calorimeters in the rangg < 2.7, and improves muon momentum resolution, charge measatsme
and identification including triggering.

Events are selected using a three-level trigger sys@h A hardware-based Level-1 trigger uses a
subset of detector information to reduce the event rate tkHZSor less. The rate of accepted events is
then reduced to about 400 Hz by two software-based triggetdeLevel-2 and the Event Filter. These
events are then stored for latdflme reconstruction and analysis.

1 The ATLAS experiment uses a right-handed coordinate systémmits origin at the nominal interaction point (IP) in the
center of the detector and te@xis along the beam direction. Tkeaxis points from the IP to the center of the LHC ring and
the y-axis points upward. Cylindrical coordinatesd) are used in the transverse §) plane,¢ being the azimuthal angle
around thez-axis. The pseudorapidity is defined in terms of the polatefgsn = —Intan@/2). The angular distanc&R
in then-¢ space is defined asR = +/(An)? + (A¢)?.



3 Data and simulated event samples

This analysis uses a data setpb collisions collected at a center-of-mass energy = 8 TeV during
2012 under stable beam conditions. After applying dataityusquirements, the data set has a total
integrated luminosity of 2@ + 0.4 fb™ [29].

The exclusive SMy — W*W~ signal sample is generated using thex¥ic++ [30] Monte Carlo (MC)
generator, whileyy — W*W~ signal samples with both the SM and non-SM aQGC predictioagen-
erated by FPMC31]. These two generators use the EPA formalism with a stardipade parameteriza-
tion [32] of the proton electromagnetic form factors to produce anedent photon flux inpp collisions.
FPMC is used in these studies to genemape— pggp — pHp events. None of these exclusiVe W~
and Higgs boson generators support the case where one aftibthinitial protons dissociate.

Produced via a mechanism similar to that for the exclusW@N~ signal, exclusiver®z~ production

is an irreducible background when the twdeptons decay to ag*u™ final state. Elastigy — 17,

vy — utu~ andyy — ete” backgrounds are generated usinghic++. Single- and double-dissociative
vy — utu~ andyy — ete” backgrounds are produced using LPAIR 48[ while Pytuia 8 [34] is used

to produce single-dissociativey — 7~ candidates. Double-dissociatiyy — 747~ samples are not
available but their contribution is small. This paper refer ther processes described in this paragraph
as the exclusive background. In the exclusive Higgs bosarcke exclusiveN*W~ production is an
additional background.

InclusiveW*W~ production is a dominant background and has similar finaésti the signal process,
except that it is usually accompanied by additional changadicles from the underlying event. The
inclusive W*W~ background is the sum of nonresonggt— W*W- events,gg — W*W~ events from
nonresonant direct production, and resonant productichdacay of the 125 GeV Higgs boson. The
gq — W*W~andH — W*W- samples are generated using the/Rec-Box [35-39] generator (hereafter
referred to as BwvuEec) interfaced to Pruia8 (Pownec+PytHia8) for parton showering, hadronization, and
underlying-event simulation. The AUZ(] parameter set (“tune”) is used for the underlying event. Fo
the nonresonanty — W*W~ sample, theéc2ww [41] program is used and the showering, hadronization,
and underlying event are simulated usingriiic [42] and dmmy [43], with the AUET2 [44] tune. The
CT10 PDF set45] is employed for all of these samples. The contribution freaetor-boson fusion
production ofWW*W~ events, generated withafkea [46] with CT10 PDFs, is also included. In all regions
of phase space, a normalization factor of 1.2 is applieddlugive W+W~ background as a correction to
the cross-section as described in Sec8dh

Other backgrounds such ¥W§Z+jets are easier to reject than inclusis& W~ production, because, in ad-
dition to being produced with extra charged particles,rtfieal state topologies are alsdidirent. How-
ever, their contribution is non-negligible due to their es&l orders of magnitude higher cross-section.
Both W/Z+jets processes are modeled witheden [47] interfaced to RTHia6 [48] (ALPGEN+PyYTHIAG)
using the CTEQ6L1 PDF set§] and Perugia 2011Gp] tune. Diboson processes suchi& andZZ 2

are also sources of background if exactly two charged lepamdidates are reconstructed and identified.
TheWZ andZZ samples are generated usingwiec+PyTtia8 [51] with the AU2 tune and the CT10
PDF set. Other diboson process¥gy(andZy) are also considered, but their contributions are found to
be negligible. The Bwhec generator interfaced toyPHia6 with the CT10 PDF set is used to simuléte
background. Single-top-quark production throughttebannel is modeled with&rMC [52] interfaced

2 The symbolZ in WZ andZZ is used here for bot# andy* production decaying to a lepton pair.



to Pytaia6 with the CTEQG6L1 PDF set, whilechannel andVt single-top-quark backgrounds are simu-
lated using MC@NLO%3] interfaced to Hrwic and dmmy with the CT10 PDF set and AUET2 tune. The
underlying event AUET2B44] tune is employed for th& andt-channel single-to-quark backgrounds. A
summary of the processes and simulation tools used in thisr@ae given in Tablé.

The same background samples are used for the exclusive Higgs search, except f@rjets, which

is modeled with Apcen interfaced to Hrwic and dvmy (Arpcen+Herwic) and top-quark background

whose contribution to the exclusive Higgs boson signalargs negligible. The CTEQ6L1 PDF set is
employed for the Arcen+Herwic Z+jets samples. Two more sets &f-jets samples, generated using
Pownec+PyTHiAa8 and Sierea With CT10 PDF set, are used for additional background studie

All the background samples mentioned above are processeuagth a simulation of the ATLAS detec-
tor [54] based on GEANT445]. The signal samples are processed through the fast detsntala-
tion program ATLFAST2 56]. The dfect of the multiplepp collisions, which is referred to as pileup
throughout this paper, is also simulated by overlaying minn-bias events generated usingiga 8 and
corrected to agree with data.

Process MC Generator
ExclusiveW*W- signal
vy > WW™ = &0 v (6,0 = e u,1) HerRwIG++
aQGC signal
yy = WYW™ = £y with &l /A2 # 0 FPMC
Exclusive Higgs boson signal
Exclusivegg > H - WW™ — v’y FPMC
Exclusive dilepton
vy = (=eu,1) Herwic++, LPAIR, PyTHIA8
Inclusive W*W~
WW™ = 50 v (6,0 = e u,1) PowHEG+PyYTHIAS, GG2ww +HERWIG
Inclusivegg - H - WW~ — £tyf’~y PowHEG+PyTHIA8
Vector-boson fusioW* W~ — v~ v SHERPA
Non-W*W- diboson (OtheiV diboson)
Wz 727 PowHEG+PyTHIA8
Other background
W + jets ALPGEN+PYTHIAG
Z + jets ALPGEN+PYTHIAG, ALPGEN+HERWIG
tt, single top-quarkyt PowneG+PyTHIAG, ACERMC+PyYTHIAG, MC@NLO+HERWIG

Table 1: A list of the simulated samples used for estimathg éxpected contributions to the exclusixeW-
signal region and exclusive Higgs boson signal region. NRatusiveW*W~ production is treated as background
in the exclusive Higgs boson channel. Similarly, the exgkisliggs boson production is a background to exclusive
W*W-~ signal.

4 Selection of leptons, jets, and charged particles

Selection criteria are applied to the data and simulategkznto identify events that have good quality
electron and muon candidates. Electron candidates arasteagoted from clusters of energy deposited



in the electromagnetic calorimeter that are matched tdksracthe inner detector. They are required to
have transverse momentups > 10 GeV, and be within a pseudorapidity rarige< 2.47, excluding
the region 137 < |p| < 1.52. Also, they satisfy shower shape and track selectioer@ithat make
up the “very tight” likelihood criteria$7] defined by a multivariate likelihood algorithm. Electroaise
required to be isolated based on tracking and calorimetemivation. Hificiencies for very tight electron
identification range from 60% to 70%. Muon candidates with> 10 GeV are reconstructed from tracks
in the inner detector matched to tracks in the muon spectemm&luon candidates are required to be
within a pseudorapidity rangg| < 2.5 and must satisfy the criteria outlined in Réf8], providing muon
identification éficiencies of up to 95%. The tracking and calorimeter isohatateria for muon and
electron candidates are the same as those used ingREf. [

Jets withiy| < 4.5 are reconstructed from energy clusters in the calorimesiag the antk; algorithm [60]
with a radius parameter of 0.4. To suppress jets from pileapy jets withpr > 25 GeV are consid-
ered. Missing transverse momentquff’“‘ with magnitudeE$1iss is reconstructed as the magnitude of the
negative vector sum of the momentum of reconstructed physigects -e, u, photons, and jets — and
remaining calorimeter clusters that are not associated &y hard objects are also included with the
proper calibration§1].

Charged particle tracks havingr > 0.4 GeV andjp| < 2.5 reconstructed by the inner detector are used
in this paper to reject nonexclusive production. They acpired to leave at least one hit in the pixel
detector and at least four hits in the silicon microstripedédr.

5 Exclusivity selection

Exclusive candidates are characterized by large rapidipg §p2, 63] between the protons and the system
of interest — aNV*W- pair or Higgs boson. A signature for this, in the ATLAS detects an absence of
tracks, other than tracks from tWe*W~ pair or Higgs boson decay products. Inclusive candidates, i
contrast, are produced with extra particles that origifrate the emission and hadronization of additional
gluons, the underlying event. These extra particles usymtiduce tracks in the inner detector. This
analysis takes advantage of the absence of additional exthgua@rticle tracks to separate exclusive from
inclusive (color processes) production.

In exclusive Higgs boson antf*W- production, no further charged particles are produced #&uen the
two final-state leptons. So in order to select exclusive &ydhe distance between thgof the leptons

is required to be less than 1 mm, whegas thez-coordinate at the point of closest approach of a lepton
(or track) to the beam line in the¢ plane. Then the averagg of the two leptonsZ’, is taken as
the event vertex and is referred to as kgton vertex In this paper, amxclusivity selectioiis applied,
which requires zero additional tracks negf with |z§)raCk -3 < Az'bso. To improve the ficiency for
exclusive events whose leptons have more than one assbtriatk (due to bremsstrahlung for example),
candidate tracks considered for this selection are regjuodoe unmatched to either of the final-state
leptons. Therefore, a candidate track within an angulaadi® AR < 0.01 and within 1 mm ingy of
either of the final-state leptons is considered matched siighored. The vaIqu‘cf*o is optimized using
exclusive Higgs boson and exclusive"W~ simulated samples. A value aiz5° = 1 mm is chosen for
all results in this paper. The exclusivity selectidfia@ency is found to be 58% and is largely process
independent as is discussed in SecBah In Fig. 3 the exclusivity diciency is extracted from exclusive
Higgs boson signal simulated by FPMC, plotted against tlezaae number of interactions per beam
crossing(u). For the dataset used in this stug@y is 20.7.
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Figure 3: Hficiency of the exclusivity selection, extracted from thelegive Higgs boson signal simulation, is
plotted against the average number of interactions per b@assing(u). The average is 20.7 for the current
dataset.

6 Event selection

Events are required to satisfy at least one of the single-ddapton triggers in Tabl@. They are further
categorized inteee uu, andeu final states. A combination of single-lepton andfaient-flavor dilepton
triggers is used to select the signal events, while the dkawmer dilepton triggers are used to seleet
anduu events for validation and control regions.

For both the exclusiv®V*W- and Higgs boson channels, this analysis selects candicanssstent with
leptonic decays ofV-boson pairs into oppositely chargedfdrent-flavor leptons. Additional kinematic
requirements reject background while retaining as muchefsignal as possible. Exclusivd*W-
production is a large background in the exclusive Higgs basgarch, while the exclusive Higgs boson
contribution to the exclusiv&V*W- signal is negligible. So the kinematic requirements for tilve
channels dfer slightly. Table3 summarizes the selection criteria for both channels.

Trigger Leptonpr criteria [GeV ]
Single electron P > 24
Single muon > 24
Symmetric dielectron pe > 12, p¥ > 12
Asymmetric dimuon pf;l > 18, pf;2 >8
Electron-muon pS > 12, pf > 8

Table 2: Single-lepton and dilepton triggers are used &cselvent candidates. Single-lepton triggers requireeith
of the leptons to satisfy the specifipd criterion, while dilepton triggers have two specifi¢ criteria.



6.1 Exclusive WtW~ candidate selection

For the exclusivaV*W~ channel, requiring oppositely chargetlu® leptons rejects same-flavor lepton
events from Drell-Yan and exclusive dilepton processese ifiariant mass of the dilepton system is
required to be greater than 20 GeV. This rejects a signififrantion of the remaining background in
which jets have non-prompt or fake electron gmdnuon signatures. The lepton with the higheris
referred to as the leading leptofil] and the other, the subleading lept@@)( The pr requirement on
the leading lepton is chosen to be higher than the singkedefrigger threshold, resulting in féierent
leading and subleading leptons requiremerng’. > 25 GeV andp?}2 > 20 GeV, respectively. These
selection criteria definpreselection

To reduceyy — v~ andZ/y* — "t~ contamination, the magnitude of the transverse momentum of
the dilepton systempﬁ‘) is required to be greater than 30 GeV. The exclusivity negméent rejects most

of the remaining inclusive background. After applying #heelection criteria, 70% of the predicted back-
ground is due to inclusiveévV*W~ production, whileyy — "t~ contributes 15% and the contributions
from other categories are negligible.

The limits on aQGCs are extracted from the region v;ﬁh > 120 GeV. This requirement considerably
reduces the SM contribution.

6.2 Exclusive Higgs Boson candidate selection

The Higgs boson decays W*W- give one on-shell and onefeshell W boson. Thus the subleading
lepton minimumpr is lowered to 15 GeV. For the same reason,tgthreshold is lowered to 10 GeV.
The other requirements in the preselection are the same #zefexclusiveV*W~ sample. In contrast
to theW*W- topology, the zero spin of the Higgs boson implies that thalfatate leptons have small
angular separation. Therefore the angular separationeaetfitons in the transverse plangpg, ) and
the dilepton massngy,) are two good discriminating variables against the remagirgxclusiveW*W-
background, which has a wider angular separation andvehathigher dilepton mass. Thusy, and
Age, selection criteria are further imposed in the Higgs bos@mcse The transverse mass of the Higgs
boson systenmy, is defined as:

mr = (EF' + P92 - [p + s, 5)

where EY = ,/lp;"‘|2 +mg, andlpTT“issl = EMSS. Requiringmy < 140 GeV further reduces both the

inclusive and exclusiv®V"W~ backgrounds and improves the signal significance by 20%Rg&péd.5).
The exclusivity selection usesz3°= 1 mm here as well.

7 Pileup and exclusivity validation with yy — £*¢~ events

The selection strategy described in Sectorepresents a new approach to extract exclusive processes
without using usual vertex reconstructiodd]. This section describes two studies designed to validate
this technique. The first one demonstrates howﬁk@’ selection gives results comparable to those of
previous strategies employed by the ATLAS Collaboratioa ielated measurement gfs = 7 TeV [65],

and the second one shows how simulation of pileup and magefinnderlying event activity are verified.
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W*W~ selection Higgs boson selection
Oppositely chargedu final states
Preselection pit > 25 GeV andp? > 20 GeV | pt > 25 GeV andp’? > 15 GeV
Mg, > 20 GeV Mg, > 10 GeV
p3' > 30 GeV
Exclusivity selectionAzS°
aQGC signal p?' > 120 GeV -
-~ Mg, < 55 GeV
Spin-0 Higgs bosor - A¢e, < 1.8
- mr < 140 GeV

Table 3: Selection criteria for the two analysis channels.

Except for possible non-standard couplings, the exclugiegluction of W*W~ and ¢*¢~ are similar.
Exclusive dilepton candidates are therefore used in boitiest because elastigy — ¢*¢~ production
can be separated from SD and DD production using dileptosterse momentunp,‘;[, and acoplanarity
(1 — |A¢¢el/7) of the dilepton system, whersp,, is the dilepton azimuthal separation. The — u*u~
candidates are used for these studies whyle-> e e~ candidates are used for cross-checks.

First, a measurement is made of the correction fadtgr, defined as the ratio of observed elastic—
u*u~ candidates to the #dwic++ prediction based on the EPA formalism. This factor is exgetd be
lower than 1.0 due to the finite siz&ects of the protondg]. Candidates are required to have two muons
with pf > 20 GeV, invariant mass 45 m,, < 75 GeV orm,, > 105 GeV and pass the exclusivity
selection Az‘g'o =1 mm). The elastig’y — u*u~ signal is enhanced by selecting the Iq»f}f-region with

an upper limit orp?}" varied between 3 GeV to 5 GeV to study systematic uncerésinti

The value offg, is extracted from template fits in acoplanarity. Some of ihtributing processes have
similar acoplanarity shapes; in particular the Drell-Yad ®D backgrounds are not distinguishable. Two
fitting strategies are pursued. The first template stratdgyngts to distinguish three shapes: elastic, SD,
and combined DD plus background. The relative weighting Bfahd background is varied to estimate
the associated systematic uncertainty. The second teargiiategy uses the elastic and combined SD
and DD shapes, with the background yield constrained toithelation’s prediction. These two fitting
strategies give consistent results and are stable at tbedé0% under the variation qﬁ#" andAz{)So
selections, the four éerent Drell-Yan generators, bin width, and fit range. Thes@tions reflect mis-
modeling ofp‘#‘ and systematic uncertainties related to shape corretatiod signal strength. Théect

of these variations is much larger than the 3% combirtieteof the systematic uncertainties discussed
in Ref. [65], which can then be ignored. The best-fit valudds = 0.76 + 0.04(stat. }+ 0.07(sys.), where
the systematic uncertainty covers the spread of fit valueb F&g. 4 shows the acoplanarity distribution
compared to SM expectation normalized by the factors détein this fit. An additional uncertainty
of 10% related to pileup is discussed in the following paaphr A similar study usingy — ete”
candidates yields a consistent correction factor but vather precision; thus the final value fdg, is
taken from theyy — u*u~ sample. This correction factor is used to correct the nurobey — 751~
candidates predicted by simulation in both the exclusW8N~ and the exclusive Higgs boson signal

11
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Figure 4: Dimuon acoplanarity distributions after applyithe exclusivity selection and requiriggf* < 3 GeV.
The expected Drell-Yan shape and the elastic and combinesh8D (Dissociative) shapes normalized from the
fit are stacked. This fit determines the facfgr.

regions. Similar suppression is expectéé][and observeddy] in dissociative events, so thig, factor
is applied to dissociative events as well.

In the second study, the impact of pileup on the sigriatiency and accuracy of the modeling in the
simulation is evaluated. A kinematic selection is definedrtbance the fraction of elastic events. Events
with p < 3 GeV and acoplanarity: 0.0015 are studied with both the nominal exclusivity sédect
criteria and by demanding exactly one extra track with#§® = 3 mm. In the case of exclusive signal,
when there is one extra track, the extra track is from pilewpis Az = |zgaCk—zg"| has a locally constant
distribution while for any inclusive background the tradkgmnates from the same vertex and thg,
distribution peaks at zero as can be seen in EigA normalization factor, the background-subtracted
ratio of observed exclusive events to the predicted sumasitiel SD, and DD is determined for both
selections. For nominal (zero track) exclusivity this nafization factor is 073+ 0.03(stat) + 0.01(sys).
The one-track selection, illustrated in Fi.gives a factor of O + 0.06(stat) + 0.03(sys) where the
systematic uncertainties result from the uncertainty & lthckground normalization factor. The zero-
track and one-track normalization factors are consistethiedevel of 10%, which is taken to be a measure
of the accuracy of the pileup simulation in predicting sigeféciency.

The value offg_with the additionak-10% relative systematic uncertainty for signéia@ency added in
quadrature with the previous systematic uncertainty

feL = 0.76 + 0.04(stat. 1 0.10(sys.) (6)

is consistent with the value of 181+ 0.041 (staf) + 0.026 (sys) + 0.013 (theory) obtained in an earlier
analysis using data fromp collisions atv/s= 7 TeV [65]. This value is also consistent with the theoretical
estimate offg ~ 0.73-0.75, related to the proton siz€eets in the probed region of dimuon mas$][
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Figure 5: Absolute\z, of the extra track to the lepton vertex in the region definedtyplanarity< 0.0015. The
exclusivity requirement was changed to select exactly attva ¢rack within 3 mm. The exclusive predictions are
scaled by a factor of 0.70.

8 Signal and background control regions

Several control regions are established to use data eweatsss-check simulations in areas where they
are known to be less reliable. The ratio of elastic to disga@ contributions is extracted from one
control region, since a simulation fory — W*W~ dissociative events is not available. Another set of
control regions is used to study the proximity of small numshaf extra tracks to the lepton vertex. This
is another regime where the underlying-event models havbe®n thoroughly tested, so relying on the
data is preferred. Finally a control region is establishadriclusiveW*W~ production, a predominant
background. This control region has &dient exclusivity requirement, one to four extra tracksriher

to increase the fraction of inclusiv@*W~- events. The inclusiv&V*W~ contribution to the exclusive
W*W- signal region is estimated using a data-driven method. as¢he number of events observed in
this control region, this method makes some assumptionst &be rejection of background when going
from the control (one to four tracks) to the nominal (zeraks) exclusivity requirement, and derives an
estimate for the background from inclusivé"W-, Drell-Yan, W+jets, and top-quark production. The
latter three processes have collectively a smaller caritdb and are referred to agher background
Other contributions to the background are derived from Ma@arlo simulation and are found to be
negligible.

8.1 Single-dissociative and double-dissociative contributions

Without detecting the outgoing protons, the elagiic—» W*W- events are indistinguishable from SD and
DD candidates. However, simulations are only availabldterelasticyy — W+*W- process; predictions
for dissociative production &V*W~ are not available. Following the strategy in Réf7][a normalization
factor, f,, is determined. This factor is used to correct the predichio elasticyy — W*W~ to account
for dissociative events. It is computed from data usipg— u*u~ candidates that satisfy the exclusivity
selection withAZ® = 1 mm, py > 20 GeV andm,,, > 160 GeV ¢ 2my). The factorf, is defined as the
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Figure 6: The dilepton invariant mass distribution for muamdidates (left) and electron candidates (right). The
elastic yield is scaled by, = 0.76 and the SD distribution is scaled to bring the sum of thetieland SD
contributions to the Ekwic++ prediction for the elastic process multiplied by thefactor in the mass region
above 160 GeV. The last bin includes overflow.

ratio of observed dimuons in data to therwic++ prediction for elastic dimuon production:

Npata — Nggvt:VES?oun
f, = N = 3.30+ 0.22(stat) + 0.06(sys), @)
Elastic m,,>160 GeV

whereNpata is the number of candidates in the d Vg;‘gfoundis the expected number of background

events, andxlgg“s‘;’if“ is the expected number of elastig¢ — u*u~ candidates directly from kkwic++,
i.e, the unscaled EPA prediction. Drell-Yan processes lagentain sources of background, whereas
inclusive and exclusiveV*W~ processes contribute less than 10%. The uncertainty iopriedntly
statistical, but also contains a systematic componenieastid by varying the ®vuec+PytHia8 Drell-

Yan correction factor by-20%, as is be discussed in Secti®ha.

The dilepton invariant mass distributions for theu~ ande*e™ final states are shown in Fi§. The
elastic contribution is scaled bfg, = 0.76 and the SD contribution is normalized so that the sum of
the elastic and SD contributions correspondd,te NE‘IZ‘;V{;CG**. The shapes of the SD and DD samples
are quite similar, so the SD shape is used to describe botBDhand DD processes. The data are well
described by the simulation over the full mass range. Whiéerange ofn,, > 160 GeV was chosen to
correspond to the thresholdyw > 2my, the value off, is in fact rather insensitive to the choice of this
threshold. TheN*W~ sample tends to have highexyw than these dilepton control sampies,. The

mee distribution in Fig.6 shows thatf, is also valid for the electron channel. Therefore, the texglected

vy — WHW-~ event yield in both the exclusiv&/*W~ and the exclusive Higgs boson channels is taken

to be the product of, times the Hrwic++ prediction for elastioyy — W*W~ production.

The dimuon signal sample with mass above 160 GeV is also oséeteérmine the signalffeciency for
exclusivity, which is (68 + 0.06 where the 10% uncertainty arises from pileup modelingessribed in
Section?. Other signal samples give compatible results.

14



8.2 Track multiplicity modeling

In pp collisions, inclusive Drell-YanW*W-, tt, and many other events are initiated by quarks or gluons.
Through hard radiation and the accompanying underlyingnitewseich events are produced with several
additional charged particles. The exclusivity selectisrdésigned to reject such inclusive candidates
that have additional tracks near the dilepton vertex. Tonegé inclusive backgrounds from Drell-Yan
production ofr*r~ and inclusiveNV*W- production, the track multiplicity modeling of low-multipity
candidates is studied with a high-purifyposon sample and scaled with appropriate correction factor

Drell-Yan candidates are selected by requiring exactly tmmns withd; > 20 GeV andln| < 2.4,
and satisfyingm,, > 45 GeV. TheZ-resonance region, 8& m,, < 100 GeV, is used to measure
the dficiency of the exclusivity selection in both the data and $ithon. The contributions from non-
Z processes are subtracted before and after the exclusafiggton for both the data and simulated
samples. This noi- contribution is estimated from the sideband regions<70n,, < 80 GeV and
100 < m,, < 110 GeV. The fiiciency of the exclusivity selection for inclusieevents in data is found
to be 0.004. This was compared tfiigiencies for simulated Drell-Yan samples from four geramsat
ALPGEN+PyTHIAG, ALPGEN+HERWIG, PownEG+PyTHIA8, and Sierea. In general, the exclusivity criterion
rejects more/y — u*u~ candidates in the data than in the simulation. The study &@esated for events
with one to four additional tracks.

Correction factors are defined as the ratio of the exclysadiection éiciency in data to the one in the
simulation. They are reported in Table 4 and denotecﬁﬁfﬁﬂgckg where sim is P for Bwvuec+PyTHia8, AH

for ALprgen+HerwiG, and AP for Arcen+PyTHiA6, and nTracks is the number of additional tracks. These
correction factors are used to scale the Monte Carlo piiediébr the inclusive processes considered in
the paper. The background event tuning for simulation of hawltiplicity in 8 TeV data is seen to vary
widely.

The uncertainties in these correction factors are estuifaten the variation of the exclusivefeiency

as a function ofn,, of the various generators. To check the consistency of #igtions of evolution of
underlying event multiplicity as a function of mass, ratidshe predictions of the three generators to the
one by Sierea are listed in Tabl®. These are normalized such that the average over the full raage is

1. The variations are typically within 20%, which is takentlas systematic uncertainty in extrapolating

sim H
the fnTrackscorrectlon factors.

Number of extra tracks Pownec+Pythia8 fF | Arpcen+Herwic A7 | ALpcEn+PytHIAG fAP
n=0 0.58 0.21 0.69
n=1-4 0.88 0.39 0.85

Table 4: Ratio of exclusivityféciencies foiZ — uu production in data and simulation forftérent generators after

sideband subtraction of nonresonant contributions. Tieency ratiosfﬁ‘TTackSare shown for exclusive selection

(n = 0) as well as for a relaxed selection with one to four addéldracks 6 = 1-4).

To validate the correction factovfﬁiTTackg ane*u™ sample was defined. Figurgleft) shows the distribu-
tion of the number of additional tracks after applying WeW— preselection as defined in TaldeApply-
ing a relaxed exclusivity selection to selegu™ candidates with one to four extra tracks yields a sample
that has low enough statistical uncertainties and is daimihly Drell-Yan events fop.?‘ < 30 GeVv

as illustrated in Fig7 (right). Selectingme, < 90 GeV further rejects non Drell-Yan contamination as
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Mass [GeV ]| ALPGEN+HERWIG | ALPGEN+PYTHIAG | PowHEG+PyYTHIAS
44-60 0.81+0.02 0.84+0.03 0.99+ 0.09
60-90 1.04+0.02 0.98+ 0.03 1.01+0.02
90-116 1.00+0.01 1.02+0.02 1.00+0.02
116-200 0.89+0.10 1.04+0.19 0.76+ 0.10

Table 5: Ratio of the exclusivity selectioffieiency in Drell-Yaru*u~ production as a function of dimuon mass of
different generators tas8rra. A common normalization factor is applied to each columntitam an average ratio
of 1. Only statistical uncertainties are shown. The siatifuncertainty from 8erea is included and contributes
2.9%, 0.8%, 0.7% and 57% in the four mass regions.
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Figure 7: Distribution of track multiplicities after requig the exclusiveN*W- preselection (left) and thp{e.“
distribution of candidates that have 1-4 extra tracks yigkhe enriched inclusiv&/*W~ control region is the 1-4

extra-track region abovp?’ > 30 GeV. The simulation includes all appropriate correcfamtors such a$r$‘TTackS

(Table4) for Drell-Yan and inclusivéV*W- production. The band around the D& ratio of one illustrates the
systemic uncertainties. The upward red arrows indicatesautside the plotting range.

shown in Fig.8. The correction factor for fecen+PytHia6 Drell-Yan, computed in the region defined by
p?' < 30 GeV andmg, < 90 GeV, is found to be 00+ 0.11, in good agreement with{*f, = 0.85 found
above forZ — u*u-.

8.3 Inclusive W*W~ normalization

Inclusive W*W~ production is a significant background in both the exclusiiggs boson and exclusive
W*W- channels. From previous measureme®g Bg, it it known that the NLO prediction for the
aq — W*W~ process as provided byRuec+Pytaia8 underestimates the observéti W- event yield.

It is therefore necessary to understand the simulationisfadckground before requiring the exclusivity
selection. A region close in phase space to the exclusivgHigson signal region is chosen, referred
to here as the Higgs-specific inclusiVié" W~ control region. It has the same definition except: 5
Mg, < 110 GeV,A¢e, < 2.6 to reduce Drell-Yan background, no jets to redticeackground, and no
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Figure 8: Themy, distribution after requiring 1-4 extra tracks withizs° = 1.0 mm andp? < 30 GeV. The
Drell-Yan and inclusivé\*W- samples are scaled by the factéf$, andf] ,, respectively. The other samples are
normalized as mentioned in the text. In the D&M ratio plot, the color band illustrates the systematicantain-
ties, the red upward arrows indicate ratios outside theipfptange.

requirement on exclusivity. This region is dominated bylusive W*W~ production and has a purity
of 60%. After subtracting the predicted backgrounds fromadé20+ 5)% more data is observed than
is predicted by Pwuec+PytHia8. A normalization factor of 20 + 0.05(stat.) is therefore taken as a
correction to the cross-section and applied to the inckMivW- prediction in all regions of phase space
studied here, as done in Rebq. The transverse massr distributions in the Higgs-specific inclusive
W*W-™ control region after applying the normalization factorlie ®owuec+PyTHiA8 prediction is shown
in Fig. 9.

8.4 Sum of inclusive W*W~ and other background

An estimate of the sum of inclusiv&*W~ background and smaller contributions from Drell- Y& jets,
and top-quark production (collectively referred to as otheckground) is performed using an inclusive
W+W--enriched control region defined with the same criteria assttclusiveW*W- signal region, ex-
cept the exclusivity selection requires 1-4 extra tracldsﬂwiAz{)SO = 1 mm. This control region is shown
in Fig. 7 (right) in the region abovp?.“ > 30 GeV. Itis dominated by the inclusi¥é*W- process and also
has small contributions of exclusive events, MW~ (otherVV) dibosons, and other background.

Figurel0shows the leading Ieptqvf;1 distribution in this control region. The prediction is sysiatically
lower than the data. The processes contributing to thisrabrégion can be found in Tablg and the
total SM expectation is compared to the data. The data exdbedsimulation by @. This discrepancy is
attributed to a component from jets faking leptons that ieliably simulated. Events produced with jets
such adV+jets,Z+jets, and top-quark production, particularly jets fakiagtbns, are more easily rejected
by the exclusivity selection, while oth&V and Drell-Yan (without accompanying jets) processes are
likely to extrapolate from the 1-4 extra-track control mygio the zero-track region with a scale factor
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Figure 10: The Ieading—leptqnf}l distribution in the inclusiveV/"W- control region. The simulation includes all
appropriate correction factors suchfg$) for Drell-Yan andf£4 for inclusiveW*W- production.

similar to that for inclusiveNV*W~ background. Therefore, this control region is used to caisthe
inclusiveW*W- plus other background involving fake leptons.

For the purpose of estimating the contribution of inclusiVeW- events and other background in the
zero-track region, the number of these events in the 1-4-¢sdck control region is bracketed by the
number of observed events in the data, after subtractingxhlkeisive and othe¥*V contributions, as

an upper bound and by the predicted number of inclug&&V- obtained from BwrueG+PyTHIA8 as a

lower bound. To obtain the contribution for the exclusi¥&¢ W~ signal region, the two estimates are
extrapolated from the 1-4 extra-track control region tozbm-track signal region. In this framework,
the lower bound corresponds to the optimistic case wheretttex background contribution is completely
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Processes | InclusiveW*W~

Inclusive W*W~ 102+ 20
ExclusiveW*W~ 55+04
Exclusiver*r~ 1.2+ 0.2
Other diboson 10.9+ 2.2
Other backgroung 27.4+6.2
Total SM 147+ 21
Data 191

Table 6: Event yields in the inclusis®* W~ control region. The uncertainties quoted are statisticelsystematic.

rejected by the zero-track exclusivity requirement, witile upper bound corresponds to the case where
all observed candidates in the control region are suppitdsgehe same factor as the inclusivéW-
process. Finally the average of the two estimates (afteagalation) is taken as the contribution for the
signal region.

The extrapolation is achieved by multiplying the estimdtgsghe ratio of the predicted numbers of inclu-

sive WtW~ events: _
Predicted

. . WO
N(I)Estlmated: N]I-E;sztllmated NPr\gjicted (8)
WW1-4
whereNESﬁmatedan_dNE_S}{matedare the estimates for the lower bound or upper bound mentiabeve, and
NG edcteandNfyed*dare respectively the number of incluské& W~ events predicted bydWneG+PytHia8
for the zero-track and 1-4 extra-track regions. This ratifound to be W48+ 0.014, where the uncer-
tainty is dominated by the 20% systematic uncertaintiesrta& be uncorrelated between tfeand f”,
factors that are included in the predicted numbers of evérgsnentioned above, the small exclusive and
otherVV contributions are subtracted before the extrapolationfoBinclusive W*W~ and Drell-Yan
processes, the expected number of events in the zero-giris 20 times less than the prediction for

the 1-4 extra-track control region.

As mentioned above, the inclusiW&*W~ and other background contributions to the signal region are
taken as the average of the two estimates. Half tfferéince is included as an additional contribution to
the uncertainty in this determination. This results in alfesimate of & + 2.5 background candidates
for the exclusiveN*W~ signal region.

This background estimate,86+ 2.5 events in the exclusiv&/*W~ signal region, corresponds to scaling
the Pwaec+PytHia8 WW™ prediction by a normalization factor of 0.79. This factouged to estimate
the inclusiveW*W~ and other background contamination in the Higgs boson a&agignal regions.

9 Systematic uncertainties

The main sources of systematic uncertainty are relatedet@xblusivity selection and the background
determination. The uncertainty in théieiency of the exclusive signal selection contributes 10%&
exclusiveW*W~ and Higgs boson signal yields, as estimated in Segtioom the ratios of dimuon event
yields without extra tracks and those with exactly one etxttek. The prediction of the exclusiW*W-
process uses thg factor as described in Sectidhl and thus carries the 7% uncertainty fin The
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Source of uncertainty Uncertainty [%]
Statistics 33%
Background determination 18%
Exclusivity signal #iciency 10%
All other < 5%
Total 39%

Table 7: Sources of uncertainty for the measured exclusft/d/~ cross-section. All other includes othdfieien-
cies, acceptance, luminosity, and lepton scales and tésalu

vy — 1~ background has an uncertainty of 14% that is propagated tinenf, factor. As described
in Section?, the fg,. uncertainty includes 10% related to the exclusive signiaictien and another 10%
that results from acoplanarity fits. There is a 38% uncettaim the inclusiveW*W~ background, as
discussed in Sectiof.4. This 38% uncertainty contains a component from #28% uncertainty in
Drell-Yan background described in Secti®r2.

The contributions from these systematic uncertaintieeg¢arieasured exclusiv®*W- cross-section can
be found in Table7. The overall background contribution is 18%, predominafitbm uncertainty in
the extrapolation from the 1-4 track control region. In #ddito the systematic uncertainty from the
exclusivity selection (10%), other systematic uncertamflepton selectionfigciencies and acceptance,
luminosity and lepton scales and resolution) contribuge than 5%. The statistical uncertainty dominates
the uncertainties in the cross-section.
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Figure 11: Thep' distribution before exclusivity, i.e., after requirim§’ > 30 GeV. The main backgrounds at this
stage are top-quark production, inclusi¥¢ W~ and Drell-Yan. In the Day&M ratio plot, the color band illustrates
systematic uncertainties.
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10 Results

This paper presents three main results: the exclusv@/~ production cross-section, limits on possible
aQGCs, and a limit from a search for exclusive Higgs bosomlymtion. Each is summarized in the
following. The exclusiveV*W~ signal is the sum of elastic and single- and double-disteei@vents
through thef, factor discussed in Sectiéhl

10.1 Standard Model exclusive W*W~ production

Before the exclusivity selection, good agreement betweda a@hd background prediction is observed. In
the eu final state, the overall event yield agrees to within 2% amelraéquiringp.er" > 30 GeV it agrees
to within 0.5%. Thep?‘ distribution before the exclusivity requirement is showrrig. 11

The numbers of candidates at various stages of the analgsisted in Table8 and the uncertainties
quoted include both the statistical and systematic unio¢iga. Top-quark and Drell-Yag/y* — "1~
processes are the dominant backgrounds before exclysititie after requiring exclusivity their contri-
butions are less than 0.5 events. These two backgrounds witm\W+jets are grouped together as other
background (Tabl@). The inclusiveW*W~ estimate (described in Secti@&) already includes these
three processes; thus the other background contributten raquiring exclusivity is not added to the to-
tal background. NoW*W~ (otherVV) diboson processes are also highly suppressed by the mitglus
selection: they contribute 8+ 0.2 events. DifractiveW*W~ production was considered as a background
and found to be insignificant. The expected signal yield.8491.2 events, including the dissociative
contributions €, factor) discussed in Sectidhl The total predicted background is3& 2.6, while 23
candidates are observed in the data.

Figure12 shows thqo.?l andAgg, distributions after applying all selection criteria. THepes of the sig-
nal and the inclusivéV*W~ distributions are similar. The remainingr~ background has an azimuthal
opening angle close ¢, ~ 7, i.€., the leptons are back-to-back. No further requirenseapplied to
Age, 10 reject this background, as the aQGC signal also has ameam&nt forA¢e, ~ 7.

| Expected Signal  Data  Total BKgIncl W*W- Excl. 7t OtherVV  Other Bkg|| SM/Data €A (Signal)
Preselection 226+ 19 99424 97877 11443 21.4 1385 8502 0.98 0.254
p%.[ > 30 GeV 176+ 15 63329 63023 8072 4.30 896.3 5405 1.00 0.198
Az'g° requirement 93+12 23 83+26 6.6+ 25 14+03 03+02 - 0.77 0105+ 0.012
aQGC signal region
pq.[ > 120 GeV 0.37+0.04 1 Q37+013 ‘ 0.32+0.12 005+0.03 0 - H 0.74 Q0042+ 0.0005

Table 8: The event yield at filerent stages of the selection. The expected signa{ W*W~) is compared to the
data and total background. The SM-to-data ratio (S#a) gives the level of agreement between prediction and
data. The product offéciency and acceptanceX) for the signal is computed from they - W*W~ — e*u™ MC
generator. The statistical and systematic uncertainteeadded in quadrature. For the background, the uncedainti
are only shown for the yields after exclusivity selectiomere they are relevant for the measurement.

10.1.1 yy » W*W~ cross-section

The full phase space cross-section predicted bywht++ is o-HERW\}\‘;jVT,_ = 416 fb. This number
Yy

is well defined but~20% corrections similar to those for the EPA dilepton predit are expected,
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Figure 12: Thep?’(left) andAge, (right) distributions in the exclusive/*W- signal region. The inclusivéy*W-
estimate includes small contributions from other backgdsuDrell-Yan W+jets, and top-quark production).

as discussed with Equatiol)(above. The branching ratio of th&*W~ pair decaying toe*u™X is
BRW*W~ — efu™X) = 3.23% [69] (including the leptonic decays af leptons). Therefore, the pre-
dicted cross-section corrected for BR{(W~- — €*u¥X) and including the dissociative contributions
through the normalizatioi, = 3.30+ 0.23 becomes:

T e ex = Ty o e BRWW™ — €57 X) = 44+ 0.3 fh, 9)
which corresponds to the prediction Mfedicted= 9.3+ 1.2 signal events, quoted in Tatlle The number
of candidates observed in the datdig = 23, while the predicted backgroundNgackground= 8.3+ 2.6
events. So the observation exceeds the prediction by a ratio

R= (Ndata_ Nbackgrouna/Npredictedz 157+ 0.62 (10)

The uncertainty irR results from propagation of the uncertainties of each ohtimabers that go into the
calculation. The uncertainty in the factbr contributes 7%.

The measured cross-section is determined in the exclWiW/~ region and extrapolated to the full
W*W- — efu™ + X phase space:

U,’;,Ayejl)?/\l}l-t?,(\j/—_)ety¥x = (Ndata— Nbackgroun()/(-E GA) =69+22 (Stat-)i 14 (sys.) f (11)
where£ = 20.2 + 0.4 fb~. The acceptancey] is the ratio of the number of simulated events passing the
kinematic requirements in Tab&to the total number of events generated. Thgiencies €) account
for the detector ficiencies due to lepton identification and reconstructioggéering, and pileup. BotA
ande are computed using theeklwic++ prediction for the elastigy — W*W~ process. At the end of
the event selection, the acceptancA is 0.280+ 0.001 and the &iciency, which includes the exclusivity
selection €iciency, ise = 0.37 + 0.04.

The dhiciency of the exclusivity selection is%B + 0.06. The elastic, SD, and DD predicted acceptances
can be compared using — u*u~ events withm,,, > 160 GeV, and they are found to be the same within
3%. Therefore, the measurement of the cross-section carrfmmped with the acceptances for elastic
vy — W*W~ events. The products of acceptance afiitiencies €A) at different stages of the event
selection are given in Tabk
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The sources of uncertainty are given in TaBleThe statistical uncertainty dominates. The contribution
from intermediater leptons to the accepted signal MC is determined using tevid++ generator to be
9.1%. The background-only hypothesis hap-aalue about 0.0012, corresponding to a significance of
3.0

10.1.2 Limitson anomalous Quartic Gauge Couplings

The aQGC limit setting was performed using the regiﬁ‘h > 120 GeV where the aQGC contributions
are expected to be important and Standard Model backgroamdsuppressed. Tl"pﬁ’ distribution is
shown in Fig.13 for data compared to the Standard Model prediction and war&@GC scenarios. The
aQGCs enhance the exclusive signal at mﬁ‘n while the background is negligible wiqbﬁ" > 80 GeV.
The 95% CL limits on the couplingg)/A? anda/A? are extracted with a likelihood test using the one
observed data event as a constraint.

To extract one-dimensional (1D) limits, one of the aQGCe®td® zero. The 95% CL allowed ranges for
the cases with a dipole form factor defined in Equatignwith Acuiar = 500 GeV and without a form
factor (Acutqr — o0) are listed in Tabl®. The uncertainties in the yields are included in the likedit
test as nuisance parameters. Also, limits on the two aQG&hpeters are shown in Fig4 for the case
with a dipole form factor withAcuioqr = 500 GeV. The region outside the contour is ruled out at 95%
confidence-level. The limits are comparable to the CMS caetbi7 and 8 TeV resultd. 4.

The 95% CL limits on the dimension-8,0123/A* couplings are given in Tabl&0 for the cases with
and without a form factor. They are derived from EIXESC /A? couplings using Equatiors).

10.2 Limitson exclusive Higgs Boson production
As described in Sectiof, exclusive production of Higgs bosons is simulated usirgRRMC genera-

tor. ExclusiveW*W~ contamination in the exclusive Higgs boson signal regioasigmated by using
Herwic++ samples that are scaled by= 3.30 to account for single-dissociative and double-dissive
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Coupling Acuar  Observed allowed range [Ge¥] Expected allowed range [GeV]

ag’/A®> 500 GeV [0.96x 1074, 0.93x 107/] [-0.90x 1074, 0.87x 1074]
al/A®> 500 GeV [35x10%, 33x10% [-33x 10, 3.1x 10
ap'/AN? oo [-1.7x 1076, 1.7x 1079 [-1.5%x 1076, 1.6 x 10°9]
ay /A2 00 [-6.4x 10°%, 6.3x 1079 [-5.9x 1076, 58x 107

Table 9: The observed allowed ranges &t/ A? anday’/A?, for dipole form factor withAcur = 500 GeV and
without form factor cuir — o0). The regions outside the quoted ranges are excluded at 86filence-level.

Coupling Acuar Observed allowed range [Ge¥] Expected allowed range [GeY]

fmo/A* 500 GeV F3.7x107°, 3.6 x 1077 [-35%x10°°, 3.4x 1077
fu1/A* 500 GeV F13x107°, 14x 1079 [-12x107°, 13x 1079

fmo/A% 0o [-6.6x 10711, 6.6 x 10714 [-5.8x 1071, 6.2x 1071
fma/A% 00 [-24x 10711, 25 10714 [-23x 1071, 23x 10714

Table 10: The allowed ranges for dimension-8 couplings eslderived from theag" andag’ parameters, for a
dipole form factor withAqyiqr = 500 GeV and without form factor. The regions outside the gdatinges are
excluded at 95% confidence-level. The limits fap3/A* can be determined using the relatiorig;; = 2 x fyo
and fM’g =2x fM,l-
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Figure 14: The observed log-likelihood 95% confidencedlegatour and 1D limits for the case with a dipole form
factor with A¢yier = 500 GeV. The CMS combined 7 and 8 TeV result is shown for coiapar
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Figure 15: Distributions in the exclusive Higgs boson sigegion, without including the selection on the variable
plotted. The dominant processes are inclusive and exelMghW~ production. The expected signal is scaled by a
factor of 100 for visibility. The arrows denote the selentio

processes. The predicted background from excludiv®V- is derived from the observed cross-section
in the exclusiveW*W- signal region (Sectiod0.1). As discussed in Sectior&2-8.4, the estimate for
inclusive WW~ and minor contributions oZ/y* — "t~ and W+jets is obtained from the inclusive
W+W- samples scaled by a factor of 0.79. The contribution frortusiee Higgs production is expected
to be negligible. Exclusive dileptons are not scaledpgecause LPAIR simulates SD and DD processes
as discussed in Sectiah except foryy — "1~ production of which only SD is simulated. The rest of
the background sources are scaled by their respectivectiorrdactors to account for the mismodeling
of the underlying event. Six candidates are observed indktee @vhile 30+ 0.8 events are predicted from
background, and.023+0.003 from signal. The quoted uncertainty is the sum in quadeaif systematic
uncertainties. Tabl&l summarizes expected and observed yields in the signalregid at earlier selec-
tion points in the selection criteria summarized in Takl§ he exclusive Higgs boson prediction quoted
here is from elastic contribution only. Observed data reably agrees with predictions. Figuté shows
kinematic distributions in the signal region.

[ Excl. H Signal Data Total Bkg Incl. W"W~ Excl. W*W~  Other Bkg

Preselection 0.065+ 0.005 129018 120090 12844 43 107200
p? >30 GeV,mg, < 55 GeV,A¢e, < 1.8 || 0.043+£0.004 18568 1706( 2026 5.7 15030
AZS° requirement 0.023+ 0.003 8 47+13 1.4+ 05 3.1+1.3 0.2+0.1
mr < 140 GeV [Signal Region] 0.023+ 0.003 6 3.0:0.8 1.0+0.4 1.8+08 0.2+0.1

Table 11: Summary of signal and background yields fiedént stages of the Higgs boson event selection. Only
major background sources are listed explicitly. All theestbackground sources are summed up in the ‘Other’
category. For the background, the uncertainties are omywslfior the yields after exclusivity selection, where they
are relevant for the measurement. They include the sysiearad statistical components, added in quadrature.

Yields summarized in the preceding paragraph are convertagper limits on the exclusive Higgs boson
total production cross-section using #i&s technique 70]. The branching rati@RH — W*W~) used
to compute these limits is (B+0.9)% [71]. Table12shows a summary of the 95% CL upper limits on the
exclusive Higgs boson total production cross-section. dibeerved upper limit is 1.2 pb, which is ir.1
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| +20 [pb] +10 [pb] | Expected [pb]| =10 [pb] —20 [pb] || Observed [pb]|
| 16 1.0 | 0.7 | 05 0.4 | 1.2 |

Table 12: Upper limits oy [pb] at 95% CL. Thetlo and+20 uncertainties quoted here are on the expected
upper limit.

higher than the expected upper limit of 0.7 pb. The sta#iftimcertainty in the predicted background
dominates the uncertainty involved in calculating thiserppmit, while systematic uncertainties worsen
the upper limits by at most 10%. This upper limit value is 4B0es the cross-section predicte2d].
However, the limit would not change if the model predictievhich is for elastic production only, in-
creased by an order of magnitude. This limit calculationeheimtly assumes that the acceptance and
efficiency for dissociative events is not significantlyfeient than for elastic events, hence the associated
systematic uncertainty is insignificant.

11 Conclusion

A measurement of the exclusiW¥*W~- production cross-section and a search for exclusive Higgs b
son production via diraction usinge*u™ final states are presented using a data sample that corre-
sponds to 20.2 ft of LHC pp collisions at /S = 8 TeV collected with the ATLAS detector. A
track-based technique for selecting exclusive candidates developed and validated in th&u~ fi-
nal state, resulting in a ratio of data to the EPA predictionthe exclusiveyy — ¢*¢~ process of
fer = 0.76 + 0.04(stat) + 0.10(sys) in agreement with previous ATLAS measurementsyat= 7 TeV.
For exclusiveW*W- production, the cross-section is determined taifgy — WW~ — e*u™X) =
6.9 + 2.2(stat.)+ 1.4(sys.) fb from 23 observed candidates witB 8 2.6 predicted background events.
While evidence of SM exclusivé&/*W~ production is at the 8o level, no evidence for an excess was
seen in the kinematic region that would be enhanced by amamajuartic gauge couplings. Rather,
independent limits are placed on anomalous quartic gauggliogs that are more stringent than earlier
published results from the OPAL, DO, and CMS experiments. c8ndidates consistent with exclusive
Higgs boson production are observed in the data, with anctegeSM background of.G + 0.8 events.
This result corresponds to an upper limit at 95% CL on thd fotaduction cross-section of the exclusive
Higgs boson of 1.2 pb, whereas the expected limitis 0.7 pb.
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