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2Department of Physis & AstronomyUniversity of ManhesterManhester M13 9PLEnglandAbstratA detailed study is presented of elasti WW sattering in the senario that there are no newpartiles disovered prior to the ommissioning of the LHC. We work within the framework of theeletroweak hiral lagrangian and two di�erent unitarisation protools are investigated. Signalsand bakgrounds are simulated to the �nal-state-partile level. A new tehnique for identifyingthe hadronially deaying W is developed, whih is more generally appliable to massive partileswhih deay to jets where the separation of the jets is small. The e�et of di�erent assumptionsabout the underlying event is also studied. We onlude that the hannel WW → jj + lν mayontain salar and/or vetor resonanes whih ould be measurable after 100 fb−1 of LHC data.
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1 IntrodutionIt is quite possible that no new partiles will be disovered before the start of the LargeHadron Collider (LHC). Nevertheless, it is ertain that new physis must reveal itself inor below the TeV region and it is likely that the LHC will be able to study this new physisin some detail. Preise data olleted at LEP, SLC and the Tevatron interpreted withinthe Standard Model (or supersymmetri extensions of the Standard Model) suggest thatthis new physis should manifest itself as a higgs boson with mass less than around 200GeV [1℄. However, suh a limit is model dependent and it is possible for there to be nolight salar partile at all [2, 3℄.The sattering of longitudinally polarised vetor bosons via the proessWLWL → WLWL
1is partiularly sensitive to the physis of eletroweak symmetry breaking for it is in thishannel that perturbative unitarity is violated at a entre-of-mass energy of 1.2 TeV. Thuswe know that interesting physis must emerge before then. In the absene of a light higgs,or any other new physis, below some sale Λ, one an develop a quite general, modelindependent treatment of physis well below Λ. This treatment is underpinned by theeletroweak hiral lagrangian (EWChL) [4℄. In this paper we investigate sensitivity atthe LHC to new physis within the EWChL.The proess WW → WW at high energy hadron olliders has been studied previously,usually in the ontext of searhes for a heavy Higgs (for an overview see [5, 6, 7, 8℄).The ZZ deay modes onstitute the prinipal disovery hannel for Higgs masses above160 GeV or so, and the WW hannels beome important around 600 GeV. Within thehiral lagrangian, it has been usual to fous on leptoni deay modes of the gauge bosonsin order to redue hadroni bakgrounds [9, 10℄. In this paper we fous on the moreompliated semi-leptoni �nal state. Cuts developed in previous studies [6, 7, 11, 12, 13℄are re-examined as a tool for measuring the ross-setion di�erential in the WW invariantmass in the general ase (i.e. with no assumption as to the presene or otherwise of aresonane). A novel tehnique for identifying the hadroni deays of boosted massivepartiles using the longitudinally invariant kT algorithm [14℄ is introdued, and appliedto identi�ation of the hadronially deaying W . We also examine the sensitivity ofthe uts and reonstrution methods to urrent simulations of the underlying hadroniativity.The paper is set out as follows: The EWChL formalism is introdued in Setion 2, and inSetion 3 we disuss the unitarisation of the sattering amplitude for WLWL → WLWL.Unitarisation often leads to the predition of resonanes. We investigate the modeldependene of suh preditions and the nature of the resonanes (salar or vetor) bylooking at two di�erent unitarisation protools. In Setion 4 we present parton levelpreditions for the WW prodution ross-setion at the LHC for a variety of possiblesenarios. The goal for the LHC will be to distinguish between these di�erent physissenarios. To study the potential for this, we have implemented the general formalism ofthe EWChL in the pythia Monte Carlo program [15℄. Setions 5 to 8 over our analysis1We often use the symbol W to denote both W and Z bosons.2



of both signal and bakground. We sueed in reduing the bakground to manageablelevels using a variety of uts whih are disussed in detail. Setion 9 ontains a summaryand onlusions.2 The Eletroweak Chiral LagrangianIn the EWChL approah, new physis formally appears in the lagrangian via an in�nitetower of non-renormalisable terms of progressively higher dimension. However, orre-tions to observables arising from the new physis an be omputed systematially bytrunating the tower at some �nite order. This is equivalent to omputing the observableto some �xed order in E/Λ where E is the relevant energy of the experiment.The breaking of eletroweak gauge symmetry already informs us that the sale of thisnew physis should be around v = 246 GeV and the degree of symmetry breaking di-tates that our lagrangian should involve three would-be Goldstone bosons (~π). Moreover,experiment has told us that after symmetry breaking there remains, to a good approx-imation, a residual global SU(2) symmetry (often alled ustodial symmetry) whih isresponsible for a ρ-parameter of unity (ρ = M2
W /(M2

Z cos2 θW)). In hiral perturbationtheory the residual SU(2) symmetry is the result of the breaking of a global hiral sym-metry, SU(2)L × SU(2)R. With these onstraints, there is only one dimension-2 termthat an be added to the standard eletroweak lagrangian with massless vetor bosons.It is
L(2) =

v2

4
〈DµUDµU †〉 (1)where 〈· · ·〉 indiates the SU(2) trae, and

U = exp

(

i
~π · ~τ

v

) (2)(~τ are the Pauli matries). This term ontains no physis that we do not already know. Itis responsible for giving the gauge bosons their mass (this is easiest to see in the unitarygauge where U = 1).At the next order in the hiral expansion, we must inlude all possible dimension-4 terms.There are only two suh terms that will be of relevane to us. They are
L(4) = a4(〈DµUDνU †〉)2 + a5(〈DµUDµU †〉)2 (3)where a4 and a5 parametrise our ignorane of the new physis and they are renormalisedby one-loop orretions arising from the dimension-2 term. There are a number of addi-tional dimension-4 terms that an arise. However they generally ontribute to anomaloustrilinear ouplings between vetor bosons. In this paper we fous only on the quartiouplings. In the partiular ase of the Standard Model with a heavy higgs boson ofmass mH , a5 = v2/(8m2

H) and a4 = 0 before renormalisation, whilst for the simplesttehniolor models a4 = −2a5 = NTC/(96π2).3



To date, other than �xing the sale v the main onstraint on the parameters of theEWChL ome from the preision data on the Z0. Bagger, Falk & Swartz have shownthat the EWChL an be aommodated without any �ne tuning for Λ all the way up to 3TeV (general arguments based on unitarity indiate that Λ <∼ 3 TeV) [3℄. They show thatthe Z0 data onstrain the ouplings assoiated with a dimension-2 ustodial symmetryviolating term and a dimension-4 term whih ontributes to the eletroweak parameter
S. There are however no strong onstraints on a4 and a5 and in this paper we assumethat they an vary in the range [-0.01,0.01℄ [16℄.To one-loop, the EWChL yields the following key amplitude (µ is the renormalisationsale) [7℄:

A(s, t, u) =
s

v2
+

4

v4

[

2a5(µ)s2 + a4(µ)(t2 + u2) +
1

(4π)2
10s2 + 13(t2 + u2)

72

]

− 1

96π2v4

[

t(s + 2t) log(
−t

µ2
) + u(s + 2u) log(

−u

µ2
) + 3s2 log(

−s

µ2
)

] (4)in terms of whih the individual WLWL → WLWL isospin amplitudes an be written:
A0(s, t, u) = 3A(s, t, u) + A(t, s, u) + A(u, t, s) (5)
A1(s, t, u) = A(t, s, u) − A(u, t, s) (6)
A2(s, t, u) = A(t, s, u) + A(u, t, s). (7)Equation (4) is derived assuming the Equivalene Theorem wherein the longitudinal Wbosons are replaed by the Goldstone bosons [17℄. This approximation is valid for energiessu�iently large ompared to the W mass.In addition, (4) is useful only for energies well below Λ, where the e�ets of the newphysis manifest themselves as small perturbations. At the LHC, we will be hoping tosee muh more than small perturbations to existing physis. For example, we might seenew partiles assoiated with the physis of eletroweak symmetry breaking. It wouldbe very useful if we ould in some way extend the domain of validity of the EWChLapproah to at least address the physis that might emerge around the sale Λ. To adegree, this an be done by invoking some unitarisation protool whih ensures that (4)develops a high energy behaviour that is onsistent with partial wave unitarity [18℄. Inthe next setion, we will onsider protools that do not spoil the one-loop preditions ofthe EWChL at lower energies. Suh an approah has met with some suess in extendingstudies of hiral perturbation theory in QCD [19℄. We will fous on two unitarisationprotools: the Padé protool and the N/D protool.3 UnitarisationThe amplitude in the weak isospin basis, AI , an be projeted onto partial waves, tIJ ,with de�nite angular momentum J and weak isospin I:

tIJ =
1

64π

∫ 1

−1
d(cos θ)PJ(cos θ)AI(s, t, u) (8)4



where θ is the entre-of-mass sattering angle. The WW sattering system an have
I = 0, 1, 2 and Bose symmetry further implies that only even J are allowed for I = 0 and2, while only odd J are allowed for I = 1. Subsequently we onsider the three amplitudes
t00, t11, t20. The higher partial waves are stritly of order s2/v4 but they are numeriallysmall and we neglet them.Writing tIJ = t

(2)
IJ + t

(4)
IJ + · · · , the �rst two terms of the expansion are given by [10℄:

t
(2)
00 =

s

16πv2
(9)

t
(4)
00 =

s2

64πv4

[

16(11a5(µ) + 7a4(µ))

3
+

1

16π2

(

101 − 50 log(s/µ2)

9
+ 4iπ

)] (10)
t
(2)
11 =

s

96πv2
(11)

t
(4)
11 =

s2

96πv4

[

4(a4(µ) − 2a5(µ)) +
1

16π2

(

1

9
+

iπ

6

)] (12)
t
(2)
20 = − s

32πv2
(13)

t
(4)
20 =

s2

64πv4

[

32(a5(µ) + 2a4(µ))

3
+

1

16π2

(

91

18
− 20 log(s/µ2)

9
+ iπ

)]

. (14)Using
AI(s, t, u) = 32π

∞
∑

J=0

(2J + 1)tIJ PJ (cos θ) (15)we have (negleting higher partial waves)
A0(s, t, u) = 32π t00

A1(s, t, u) = 32π 3t11 cos θ

A2(s, t, u) = 32π t20. (16)In terms of these amplitudes we an write
A(W+W− → W+W−) =

1

3
A0 +

1

2
A1 +

1

6
A2

A(W+W− → ZZ) =
1

3
A0 −

1

3
A2 (17)

A(ZZ → ZZ) =
1

3
A0 +

2

3
A2

A(WZ → WZ) =
1

2
A1 +

1

2
A2

A(W±W± → W±W±) = A2.5



The di�erential WW ross-setion is
dσ

d cos θ
=

|A(s, t)|2
32π M2

WW

. (18)To obtain the ross-setion for pp → WWjj + X we need to fold in the parton densityfuntions, fi(x,Q2), and the WW luminosity:
dσ

dM2
WW

=
∑

i,j

∫ 1

M2
WW

/s

∫ 1

M2
WW

/(x1s)

dx1 dx2

x1x2spp
fi(x1,M

2
W ) fj(x2,M

2
W )

dLWW

dτ

∫ 1

−1

dσ

d cos θ
d cos θ(19)where √

spp is the entre-of-mass energy whih we take to be 14 TeV, as appropriate forthe LHC,
dLWW

dτ
≈
(

α

4π sin2 θW

)2 1

τ
[(1 + τ) ln(1/τ) − 2(1 − τ)]for inoming W± bosons [20℄ and τ = M2

WW /(x1x2spp).The Padé protool Otherwise known as the Inverse Amplitude Method, this is a simpleunitarisation proedure, and is widely employed [10, 21, 22℄. Elasti unitarity demandsthat for s > 0 the imaginary part of the amplitude is equal to the modulus squared ofthe amplitude, whih implies
t−1
IJ = Re(t−1

IJ ) − i. (20)To the auray in whih we work, we an write
tIJ =

t
(2)
IJ

(

1 − t
(4)
IJ

(s)

t
(2)
IJ

(s)

) (21)whih has the virtue that it satis�es the elasti unitarity ondition identially. We stressthat this method of unitarisation leads to an amplitude that is equivalent to the one-loopEWChL alulation modulo higher-orders in s/v2.Having unitarised the amplitude it is natural to ask what the onsequenes are. Typially,the partial waves develop resonanes whih serve to implement the demands of unitarity;this is the role played by the Higgs boson in the Standard Model. The position and natureof the resonanes depends ritially upon the unitarisation protool and we investigatean alternative protool in the following subsetion. At high enough energy, the partialwaves e�etively lose all memory of the underlying hiral perturbation theory and theirnature is driven solely by the hoie of unitarisation protool. We therefore rely on ourunitarisation protool to provide us with some feeling for the pattern of lowest lyingresonanes whih may be observed at future olliders.
6
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Figure 1: Map of the parameter spae as determined by the Padé protool [10℄. Thesmall triangle in the entre is the region of no resonanes and the region belowthe dotted line is forbidden. Also shown are the points orresponding to thevarious senarios onsidered in the text.Resonanes are found whenever the orresponding phase shift passes through π/2, i.e.when
cot δIJ = Re(t−1

IJ ) = 0.In the Padé approah we an solve this equation to obtain the orresponding masses andwidths [10℄. For salar resonanes:
m2

S =
4v2

16
3 (11a5(µ) + 7a4(µ)) + 1

16π2

(

101−50 log(m2
S

/µ2)
9

) (22)and
ΓS =

m3
S

16πv2
.For vetor resonanes:

m2
V =

v2

4(a4(µ) − 2a5(µ)) + 1
16π2

1
9

(23)and
ΓV =

m3
V

96πv2
.There are no resonanes in the isotensor hannel, i.e. from t20. There is however a regionof parameter spae where the phase shift passes through −π/2. This would violateausality and so we are fored to forbid suh regions of parameter spae. It ours when

32

3
(a5(µ) + 2a4(µ)) +

1

16π2

(

273

54
− 20

9
log

s

µ2

)

< 0. (24)7



A map of the a4 − a5 parameter spae showing the orresponding resonane struture ispresented in Figure 1. We �x µ = 1 TeV and, using equations (22) and (23), we de�nethe regions to ontain a resonane of the spei�ed type with mass below 2 TeV. The bluepoints labelled TC and SM orrespond to the naive NTC = 3 tehniolor (TC) and 1TeV Standard Model Higgs (SM) models.The N/D protool This provides our alternative to the Padé protool. This methodensures that the amplitude has improved analyti properties in addition to satisfyingpartial wave unitarity and mathing the one-loop EWChL alulation. The right-handut is plaed wholly into the denominator funtion, D, while the left-hand ut is enap-sulated in the numerator funtion, N , i.e. analytiity and unitarity demand the followingrelations [22, 23, 24℄:
Im(tIJ(s)−1) = −1 s > 0 (25)

Im D(s) = 0 s < 0 (26)
Im N(s) = D Im tIJ(s) s < 0 (27)

Im N(s) = 0 s > 0 (28)where
tIJ(s) =

N(s)

D(s)
. (29)Following Oller, we de�ne the following funtion to ontain the right-hand ut at s = M2[23℄:

g(s) =
1

π
log

(

− s

M2

) (30)where M is an unknown parameter. The N/D unitarised partial wave amplitude is thenwritten
tIJ(s) =

XIJ(s)

1 + g(s)XIJ (s)
(31)where

XIJ(s) = t
(2)
IJ (s) + t

(4)
IJ (s) + g(s)(t

(2)
IJ (s))2. (32)The amplitude thus de�ned has been onstruted so as to satisfy (25) and (28) identiallywhilst (26) and (27) are satis�ed to one-loop in hiral perturbation theory. Note thatthe ontribution to Im D(s) for s < 0 is beyond the one-loop approximation.In Figures 2 to 4 we show urves of onstant resonane mass, varying from 600 GeV to2 TeV in steps of 100 GeV, as a funtion of the appropriate ombination of a4(1 TeV),

a5(1 TeV), and M . The horizontal lines obtained using the Padé protool are tangentto the orresponding N/D ontours. Over large regions of parameter spae, the twoprotools yield similar results. However, the N/D method predits a larger region withoutresonanes, indeed for M below around 1 TeV there are no resonanes at all. Referringbak to Figure 1, we see that as M inreases the lines whih de�ne the salar and vetor8
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M . The horizontal lines and dotted urves populate the unphysial region ofparameter spae, see the disussion in the text.regions move slowly outwards. From Figure 4 we see that for M above ∼ 1 TeV the regionexluded in the Padé protool is not exluded in the N/D protool leading instead to aregion without any resonanes. For M below ∼ 1 TeV, there is a region exluded by N/Dunitarisation (for the same reason as in the earlier Padé ase)2. The line delineating theforbidden region in Figure 1 thus moves slowly downwards as M dereases. Note that wedo not know the natural value for M , e.g. it an be muh smaller than 1 TeV. Finally, wenote from Figure 4 that the N/D method does allow for the existene of doubly hargedresonanes.4 Parton Level Preditions for the LHCIn this setion the parton level preditions for the proess pp → W+W−jj + X at 14TeV entre-of-mass energy are presented for the 5 di�erent hoies of a4 and a5 shownin Table 1. In the Padé approah these hoies produe a 1 TeV salar (senario A), a 1TeV vetor (senario B), a 1.9 TeV vetor (senario C), a 800 GeV salar and a 1.4 TeVvetor (senario D), and a senario with no resonanes (senario E). The green pointslabelled A-E on Figure 1 orrespond to the 5 senarios we onsider. Throughout thispaper the CTEQ4L [25℄ parton density funtions as implemented in PDFLIB [26℄ areused, evaluated at the WW entre-of-mass energy (MWW ). The renormalisation sale2The salar and vetor setors have exlusion regions similar to the tensor setor.10



Senario a4(1 TeV) a5(1 TeV)A 0.0 0.003B 0.002 -0.003C 0.002 -0.001D 0.008 0E 0 0Table 1: Parameters for the �ve senarios whih we onsider.

Figure 5: Parton level ross-setion for Senario A. We ompare the Padé result (solidline) with the N/D results for M = 103 GeV(dashed line), M = 104 GeV(dashed-dotted line) and M = 105 GeV (dotted line).is �xed to 1 TeV. The di�erential ross-setion dσ/dMWW for eah of senarios A-E areshown in Figures 5-9. We ompare the Padé protool with results using the N/D protoolfor three di�erent values of the mass parameter M .Note that, for values of M below around 10 TeV there are no resonanes at all in theN/D senario. This is in aord with expetations based on Figures 2 to 4. Also, if
M beomes too large then it leads to unusual behaviour of the amplitudes due to thedominane of the g(s) term whih suppresses the amplitudes away from the region ofresonanes and an produe zeros in the individual partial wave amplitudes. The tail inthe dotted line shown in Figure 9 is a onsequene of suh behaviour. Just disernablein Figure 8 is an isospin 2 salar resonane just below 1.5 TeV in the N/D dotted urve.
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Figure 6: Parton level ross-setion for Senario B. We ompare the Padé result with theN/D results as in Figure 5.

Figure 7: Parton level ross-setion for Senario C. We ompare the Padé result with theN/D results as in Figure 5.
12



Figure 8: Parton level ross-setion for Senario D. We ompare the Padé result with theN/D results as in Figure 5.

Figure 9: Parton level ross-setion for Senario E. We ompare the Padé result with theN/D results as in Figure 5. 13
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Figure 10: Typial diagrams for signal and bakground proesses: (a) signal; (b) W+jets;() tt̄5 Monte Carlo SimulationsWe have modi�ed the Pythia Monte Carlo generator [15℄ to inlude the EWChL ap-proah using both Padé and N/D protools. Signal samples ontaining the W±W± �nalstate (inluding all harge ombinations) are generated using Pythia 6.146 with thePadé unitarisation sheme3. As a ross hek, a sample with a 1 TeV Higgs was alsogenerated using Herwig 6.1 [27℄.The dominant bakgrounds are QCD tt̄ prodution and radiative W+jets, as illustratedin Figure 10. These proesses are implemented in the Pythia 6.146 and Herwig 6.1generators. To improve generation e�ieny the minimum pT of the hard satter is set to250 GeV for the W+ jets sample and to 300 GeV for the tt̄ sample [6℄. In addition to thehard subproesses, the e�ets of the �underlying event� are simulated in both signal andbakground. Our default model in Pythia [28℄ is obtained by setting a �xed minimum
pT ut o� of pmin

T = 3 GeV for seondary satters. The default energy dependene of3The ode is available from the authors on request.14



this ut-o� has been expliitly turned o�. No pile-up from multiple pp interations isinluded. Other models, in both Herwig and Pythia, are disussed in Setion 8, alongwith their e�ets. The leading order ross-setions are used to obtain rates and there istherefore a rather large degree of unertainty, partiularly in tt̄ prodution, whih is apure QCD, dominantly gluon indued, proess. NLO alulations [29℄ suggest K-fatorsof order two are appropriate; the �nal word would ome from measurements at the LHCitself.6 Extrating the SignalTo identify semileptoni deays, we selet �rst on the leptonially deaying W (ele-tron/muon and missing transverse energy), then on the hadronially deaying W (jetinvariant mass, rapidity and transverse energy) and �nally on the event environment(tagging jets at high rapidities, vetoing on entral minijet ativity). In all ases we haveused only partiles within a rapidity region of |η| < 4.5 to approximate the aeptaneof a general purpose detetor at the LHC. For larity, we show just one signal sample asan example. The 1 TeV salar resonane (senario A) is hosen, sine this has the lowestaverage MWW and therefore has a shape losest to that of the bakgrounds. The othersenarios, while in general very like this sample, have a harder spetrum in the transversemomentum variables. The analysis follows the 1 TeV Higgs study of [6℄ quite losely formany uts. However, we di�er in the identi�ation of hadronially deaying W bosonsvia the subjet method, in the top quark veto, in the ut on the transverse momentum ofthe hard system, and in details of other uts; all of whih are desribed below.6.1 Leptoni VariablesFigure 11 shows (a) the transverse momentum and (b) rapidity of the highest transversemomentum harged lepton for signal and bakground proesses. The W+jets bakgroundis very similar to the signal in these distributions. Leptons from the tt bakground areslightly softer and more entral. Figure 11() shows the missing transverse momentum.Again, the tt bakground is slightly softer than the other two samples.All leptons in an event are then ombined one-by-one to give, if possible, a reonstruted
W boson (to within a twofold ambiguity due to the unknown z omponent of the neutrinomomentum). The transverse momentum of all these W andidates is shown in Figure11(d). The signal has a harder distribution than both bakgrounds. A seletion ut isapplied at 320 GeV on this distribution and in the ase that more than one andidate ispresent, that with the highest transverse momentum is used.6.2 The Hadroni W DeayFigure 12(a) shows the transverse momentum and (b) the pseudorapidity (η) of thehighest transverse momentum jet in the remaining signal and bakground samples. Jet15
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Figure 11: Leptoni variables for signals and bakground (a) transverse momentum of thehighest pT harged lepton (e or µ), (b) pseudorapidity of the same lepton, ()missing transverse momentum and (d) the pT of the W andidate onstrutedfrom the lepton and the assumed neutrino. The area under the histogramsis set to one to allow omparison of the shapes. A trigger ut at 80 GeV inthe pT of the highest pT jet and at 40 GeV in the highest pT harge lepton isapplied before making the plots, as well as a realisti rapidity aeptane.
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�nding is performed with the inlusive kT algorithm [14℄, and the E reombination shemeis used throughout. To reonstrut the W mass, the highest transverse momentum jetwithin the region |η| < 4 is seleted. In the E reombination sheme the andidate Wmass, MJ is then the invariant mass of this jet. Figure 12() shows this distribution,with W mass peaks visible in the signal and in the tt sample, and a top mass peak alsovisible in the tt events. Cuts are applied at pT > 320 GeV, and 70 GeV< MJ < 90 GeV.The results (after this ut and the leptoni uts) are shown in the seond and third rowsof Table 2.The jet is next fored to deompose into two subjets. The possibility of using subjets toreonstrut massive partiles deaying to hadrons has been disussed previously [30℄. Inthis analysis we develop a new tehnique. The extra piees of information gained fromthe subjet deomposition are the y ut at whih the subjets are de�ned and the four-vetors of the subjets. For a genuine W deay the expetation is that the sale at whihthe jet is resolved into subjets (i.e. yp2
T ) will be O(M2

W ). The distribution of log(pT
√

y)is shown in Figure 12(d). The sale of the splitting is indeed high in the signal and softerin the W+ jets bakground, where the hadroni W is in general a QCD jet rather thana genuine seond W . A ut is applied at 1.6 < log(pT
√

y) < 2.0. The e�et of this ut isshown in the fourth row of the table. Whilst this is a powerful ut for reduing the W+jets bakground, the e�et on the tt bakground, whih more often ontains two real Wbosons, is less marked.6.3 The Hadroni EnvironmentTo further redue bakgrounds, uts must be applied to harateristis of the event otherthan those diretly related to the deaying W bosons.Top quark veto In the remaining tt events ontaining a genuine leptoni W , the Wwill ombine with a jet other than the hadroni W andidate to give a mass lose to thetop mass. This mass distribution for the leptoni W andidate ombined separately witheah suh jet in the event is shown in Figure 13(a). The top peak is learly visible in the
tt sample. Any event with a mass in the region 130 GeV < Mwj < 240 GeV is rejeted.A similar distribution (not shown) is obtained by ombining the hadroni W andidatewith other jets in the event, and the same ut is applied. In ombination these uts arederibed as a �top quark veto�, and their e�et is shown row �ve of Table 2.Tag jets In the WW sattering proess the bosons are radiated from quarks in theinitial state (see Figure 10(a)). The quark from whih the boson is radiated will givea jet at high rapidity (i.e. lose to the diretion of the hadron from whih it emerged).These jets are not in general present in the bakground proesses and demanding theirpresene is therefore a powerful tag of the signal [13℄. In this analysis we de�ne a �tag jet�as follows. The event is divided into three regions of rapidity: �forward�, i.e. forward ofthe most forward W ; �bakward�, i.e. bakward of the most bakward W ; and �entral�,17
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Figure 12: Kinemati variables for the hadronially deaying W andidate. (a) pT , (b) η,() Invariant mass (d) pT
√

y . The area under the histograms is set to unityto allow omparison of the shapes.
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i.e. the remaining region, whih inludes both W andidates. A forward (bakward) tagjet is de�ned as the highest transverse energy jet in the forward (bakward) region. InFigure 13(b) the rapidity distribution of the tag jets with pT > 20 GeV is shown. Signalevents display an enhanement at high |η| and a suppression at low |η|, in dramationtrast to the bakground proesses, where most jets are entral. For an event to beretained it must have a tag jet in both the forward and bakward regions satisfying
pT > 20 GeV, E > 300 GeV and 4.5 > |η| > 2. The result of imposing this ut is shownin row six of Table 2. The bakground is redued by a fator of around �fty, at the ostof a loss less than two thirds of the signal.Hard pT Figure 13() shows the pT distribution for the �hard sattering� system om-prising the two tags jets and the two W andidates. For events surviving the uts so far,the bakground events have a harder spetrum than the signal, sine in the signal eventsthis system is the omplete result of a sattering between olinear partons, whereas inthe bakgrounds extra jets from hard QCD radiation may be piked up and/or missed.An upper ut is applied at 50 GeV, and the results are shown in row seven of Table 2.Minijet Veto Finally, a ut whih has been employed before in similar analyses [5, 11,12℄ exploits the fat that for signal events no olour is exhanged between the quarkswhih radiate the W bosons and the jets whih are produed by the hadronially deaying
W . This leads to a suppression of QCD radiation in the entral region in the signalwith respet to the bakground. However, signi�ant ativity is expeted in all lassesof event due to remnant-remnant interations (�underlying event�). This ativity anprodue additional (mini)jets, and so it is important to hoose a ut on additional jetativity whih is robust against the large unertainties in urrent understanding of theunderlying event at the LHC. In this analysis minijets are de�ned as all jets apart fromthe hadroni W andidate with |η| < 2. Events are vetoed if the number of minijets with
pT > 15 GeV is greater than one. The distribution of the number of jets satisfying thesedemands is shown in Figure 13(d). The result of applying this ut is shown in row eightof Table 2. This ut is disussed further in Setion 8.7 Analysing the signal7.1 E�ieny and Event NumbersHaving applied the uts desribed in the previous setion, the WW mass distributionobtained is shown in Figure 14(a) and (b) for all �ve signal samples disussed above.The resolution obtained in this variable is around 10 GeV, before any detetor smearing.The e�ieny is shown as a funtion of the true WW mass in (e). It rises from zero to6% between 500 GeV and 1.5 TeV, and is �at above this value. This e�ieny inludesthe branhing ratio for semileptoni W deays of around 15% . Exluding the branhingratio, the e�ieny is around 40%. 19
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Figure 13: (a) The mass distribution for the leptoni W andidate ombined seperatelywith all other jets in the event other than the hadroni W andidate. (b) Therapidity distribution for tag jets (see text). () The transverse momentumdistribution for the WW+ tag jets system. (d) The number of minijets (seetext).
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Figure 14: (a,b) Distribution of the reonstruted WW mass for signals and bakgroundsseparately. (,d) Distribution of | cos θ∗|, the absolute value of the osine ofthe entre-of-mass sattering angle for signals and bakgrounds seperately. (e)E�ieny for signal events as a funtion of the true MWW and (f) | cos θ∗|.The errors re�et the statistis whih would be obtained after approximatelyone year of running at the LHC, i.e. 100 fb−1.21



A key variable for distinguishing between salar and vetor resonanes is the angulardistribution of the sattered W pair in the WW entre-of-mass system. In Figure 14()and (d) the distribution of | cos θ∗| is shown, where θ∗ is the angle between the sattered
W and the inoming W diretion, in the WW entre-of-mass frame. In (f) the e�ienyis shown. The e�ieny is very dependent on the mass distribution, sine for the sametransverse momentum, high sattering angles have high mass. This means that thetransverse momentum uts bias this distribution. However, this bias is well understoodand ould be orreted for in a �nal measurement using a two-dimensional orretion inmass and angle regardless of the input distribution.7.2 Simulated MeasurementIf it is assumed that the bakgrounds an be well onstrained from developments in the-ory, measurements at the Tevatron and HERA over the next few years, and measurementsat the LHC in other kinemati regions, then the statistial error on an extration of the
MWW and | cos θ∗| distributions an be estimated by adding the statistial errors on thesignal and bakground distributions in quadrature. Under this assumption, a simulationof an expeted measurement of the di�erential ross-setion dσ/dMWW after 100 fb−1of LHC luminosity is shown in Figure 15(a), () and (e). The senarios ontaining reso-nanes are distinguishable above the bakground, and are also distinguishable from eahother due to their di�erent resonant masses. In Figure 15() the double resonane sample(D) is shown, with two peaks learly measured. Also shown (in all three �gures) is theontinuum model (E).The expeted measurement of the di�erential ross-setion dσ/d| cos ϑ∗| after 100 fb−1of LHC luminosity is shown in Figure 15(b),(d) and (f) for MWW > 750 GeV. The inter-mediate mass vetor and salar resonanes have the expeted behaviour, with the vetorrising towards high | cos θ∗| and the salar being �at. In Figure 15(d) the distributionfor the double resonane model is shown in two mass bins: 750 < MWW < 1200 GeVand MWW > 1200 GeV. With the high statistis generated (orresponding to a very highintegrated luminosity), the lower mass resonane an be seen to be a salar whilst thehigher mass is a vetor. However, within the simulated errors the measurement of thespin of the lower mass resonane would be marginal.8 The Underlying EventOne of the more unertain aspets of the analysis is the understanding of the so-alled�underlying event�. This is de�ned here as partile and energy �ow in the event assoiatedwith the same proton-proton interation but inoherent with the W prodution proess.Hene we expliitly exlude from our de�nition the e�ets of multiple pp interationsin the same bunh rossing, any detetor e�ets suh as those assoiated with noise or22
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Figure 15: Measurement expetation after 100 fb−1 of LHC luminosity at 14 TeV menergy. (a,,e) dσ/dMWW and (b,d,f) dσ/d| cos θ∗|. (d) shows dσ/d| cos θ∗| forthe high and low mass subsamples for the double resonane model, separatedby a ut at 1200 GeV. 23



Cuts E�ieny Signal tt W+Jets Sig/B
σ (fb) σ (fb) σ (fb)Generated A:100% 72 Pythia 8.7 × 10−4B:100% 104 18,000 65,000 1.3 × 10−3C:100% 44 Herwig 5.3 × 10−4D:100% 113 14,000 53,000 1.4 × 10−3E:100% 47 5.0 × 10−4

pT (Lep. W )> 320 GeV A:11% 8.2 Pythia 1.5 × 10−3and B:11% 11 910 4400 2.1 × 10−3

pT (Had. W ) > 320 GeV C:10% 4.4 Herwig 8.3 × 10−4D:10% 11 750 3600 2.1 × 10−3E:10% 4.7 8.8 × 10−470 GeV < M(Had. W ) A:6.7% 4.8 Pythia 6.3 × 10−3

< 90 GeV B:6.2% 6.4 56 700 8.4 × 10−3C:5.8% 2.6 Herwig 3.4 × 10−3D:5.6% 6.3 52 480 8.3 × 10−3E:5.8% 2.7 3.6 × 10−3

1.6 < log(pT ×√
y ) < 2.0 A:4.7% 3.4 Pythia 3.2 × 10−2B:4.4% 4.5 28 78 4.3 × 10−2C:4.1% 1.8 Herwig 1.7 × 10−2D:4.0% 4.5 27 66 4.3 × 10−2E:4.1% 1.9 1.8 × 10−2Top quark veto A:4.3% 3.1 Pythia 5.6 × 10−2(see text) B:4.0% 4.2 3.2 52 7.5 × 10−2C:3.8% 1.7 Herwig 3.0 × 10−2D:3.6% 4.1 3.4 43 7.3 × 10−2E:3.8% 1.8 3.2 × 10−2Tag jets A:1.6% 1.1 Pythia 2.7

pT > 20 GeV, E > 300 GeV B:1.5% 1.6 0.030 0.38 3.8(see text) C:1.4% 0.63 Herwig 1.5D:1.3% 1.5 0.082 0.42 3.6E:1.4% 0.67 1.6Hard pT < 50 GeV A:1.5% 1.1 Pythia 3.2B:1.5% 1.5 0.020 0.32 4.5C:1.4% 0.61 Herwig 1.8D:1.3% 1.4 0.048 0.37 4.3E:1.4% 0.65 1.9Minijet veto A:1.5% 1.1 Pythia 4.3
pT > 15 GeV, see text B:1.5% 1.5 0.013 0.24 6.0C:1.4% 0.61 Herwig 2.4D:1.3% 1.4 0.048 0.36 5.6E:1.4% 0.65 2.6Table 2: The e�et of uts on the signal and bakground samples. A: 1 TeV salar, B:1.4 TeV Vetor, C: 2 TeV Vetor, D: Double Resonane and E: Continuum.24



pile-up, and hard QCD radiation assoiated diretly with the hard satter. The �rsttwo of these are not simulated here and ontrolling and understanding them requiresdetailed experimental work. The third is simulated to leading-logarithmi auray inboth Pythia and Herwig. While this simulation should and probably will be improvedin the future, for now it is onsidered adequate.The remaining ativity an be haraterised as interations between the proton remnantsystems. It is important beause it is largely independent of the hard sattering proess,and therefore ontributes to minijet ativity in both signal and bakground, degradingthe e�etiveness of the minijet veto. In addition, underlying event ativity ontributes tothe observed W width and the position of the mass peaks in a highly model-dependentway.In Figure 16(a) and (b) the jet mass distribution and the log(pT
√

y) are shown again(as in Figure 12() and (d)) for the signal events (1 TeV resonane, sample A) usingour default underlying event model. In addition, several other underlying event modelsare shown. In Pythia, we turn o� multiparton interations (sample A1), and turn onthe default model (sample A2) whih has a pmin
T of 2.89 GeV at LHC energies. Alsoshown are three samples of 1 TeV Higgs events generated using herwig. These haveno underlying event (sample A3), soft underlying event (sample A4) and multipartoninterations generated with �xed pmin

T = 3.0 GeV (sample A5)[31℄. The width of the Wmass peak is muh greater in general for those samples whih inlude an underlying event.Whilst the pythia multiparton interation models and the Herwig soft underlying eventare fairly onsistent with eah other, the Herwig multiparton interation model gives avery di�erent distribution. However, the log(pT
√

y) is similar for all models, implyingthat this ut should be robust against suh unertainties.For the same samples, the minijet pT distribution and the number of minjets passingthe 15 GeV ut, whih we introdued in the analysis of Setion 6.3, are shown in Figure16() and (d), with absolute normalisation. In ontrast to the W mass distribution, inthese distributions the Herwig multiparton interation model is lose to the pythiamultiparton models, whereas the soft underlying event model is loser to the modelswithout underlying event. The pT distribution is very steeply falling, and is sensitiveto the underlying event below around 20 GeV. Thus, there is sensitivity in the numberof jets at 15 GeV, and this would beome worse for lower hoies of ut. Lowering theut further without introduing large unertainties requires a better knowledge of theunderlying event than is urrently available.If the no underlying event model is used in pythia (sample A1), the signal/bakgroundfor the senario A is 8.0. However, for all other ases (models A, A2-A5) the ratiois between 2.5 and 4.0. Data from the Tevatron and photoprodution at HERA (seefor example [32℄ and referenes therein), strongly disfavour models without underlyingevent (A1, A3) and are generally more onsistent with the other models onsideredhere (though none provides a perfet desription). However, further work is needed ononstraining these models to improve on�dene in the extrapolation to the LHC. Atpresent a systemati error of 40-50% would have to be assigned to the measurement from25



this soure alone.9 Summary and ConlusionsA major goal of the LHC is to extrat the WW → WW ross-setion as auratelyas possible to the highest entre-of-mass energies in order to shed light on the natureof eletroweak symmetry breaking. We have performed a study of the WW → WWsattering ross-setion in the senario that there is no new physis below the TeV saleusing the formalism of the Eletroweak Chiral Lagrangian extended by the impositionof unitarity onstraints. Two di�erent unitarisation protools are used: Padé and N/D.These protools determine the behaviour of the sattering ross-setion into the TeVregime and they typially predit the emergene of new vetor and/or salar resonanes.We have performed a detailed omparison of these two unitarisation methods.We have implemented the physis of the unitarised Eletroweak Chiral Lagrangian ina realisti general-purpose Monte Carlo (Pythia). The semi-leptoni deay mode ofthe �nal state W pair has been studied at the �nal state partile level with detetoraeptane uts but no smearing. We have onsidered �ve di�erent physis senarioswhih are representative of the di�erent types of physis whih we might reasonablyexpet at the LHC. The prinipal bakgrounds ome from W+ jet and tt prodution,and we onsider these bakgrounds using both the pythia and herwig Monte Carlos.A new method for identifying hadronially deaying W bosons is introdued whih weexpet to be useful more generally in the identi�ation of hadronially deaying massivepartiles whih have energy large ompared to their mass. Other new features inludea top quark veto and a ut on the transverse momentum of the hard subsystem. Inaddition, the established tag jet and minijet veto uts are applied. The results are ross-heked with Herwig using a simulation of a 1 TeV Higgs boson for the signal. Thee�et of unertainties in the underlying event leads to a model dependent systematierror of 40-50%. New data from Tevatron and HERA should help to redue this beforethe LHC turns on.The results ompare very well with previous Higgs searh studies in the semi-leptonihannel. Over a wide range of parameter spae signal/bakground ratios of greaterthan unity an be obtained, and the ross-setion an be measured di�erentially in the
WW entre-of-mass energy within one year of high luminosity LHC running (100 fb−1).Vetor and salar resonanes up to around 1.5 TeV may well be observable, and theirspins measureable. Detailing the exat regions of sensitivity, as well as verifying theimprovements in signal/bakground arising from the new uts, requires a more detailedsimulation of the LHC general purpose detetors.
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Figure 16: The e�et of the underlying event. (a) Hadroni W mass, (b) pT
√

y , ()Number of minijets and (d) the pT distribution of the minijets.
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