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tA detailed study is presented of elasti
 WW s
attering in the s
enario that there are no newparti
les dis
overed prior to the 
ommissioning of the LHC. We work within the framework of theele
troweak 
hiral lagrangian and two di�erent unitarisation proto
ols are investigated. Signalsand ba
kgrounds are simulated to the �nal-state-parti
le level. A new te
hnique for identifyingthe hadroni
ally de
aying W is developed, whi
h is more generally appli
able to massive parti
leswhi
h de
ay to jets where the separation of the jets is small. The e�e
t of di�erent assumptionsabout the underlying event is also studied. We 
on
lude that the 
hannel WW → jj + lν may
ontain s
alar and/or ve
tor resonan
es whi
h 
ould be measurable after 100 fb−1 of LHC data.
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1 Introdu
tionIt is quite possible that no new parti
les will be dis
overed before the start of the LargeHadron Collider (LHC). Nevertheless, it is 
ertain that new physi
s must reveal itself inor below the TeV region and it is likely that the LHC will be able to study this new physi
sin some detail. Pre
ise data 
olle
ted at LEP, SLC and the Tevatron interpreted withinthe Standard Model (or supersymmetri
 extensions of the Standard Model) suggest thatthis new physi
s should manifest itself as a higgs boson with mass less than around 200GeV [1℄. However, su
h a limit is model dependent and it is possible for there to be nolight s
alar parti
le at all [2, 3℄.The s
attering of longitudinally polarised ve
tor bosons via the pro
essWLWL → WLWL
1is parti
ularly sensitive to the physi
s of ele
troweak symmetry breaking for it is in this
hannel that perturbative unitarity is violated at a 
entre-of-mass energy of 1.2 TeV. Thuswe know that interesting physi
s must emerge before then. In the absen
e of a light higgs,or any other new physi
s, below some s
ale Λ, one 
an develop a quite general, modelindependent treatment of physi
s well below Λ. This treatment is underpinned by theele
troweak 
hiral lagrangian (EWChL) [4℄. In this paper we investigate sensitivity atthe LHC to new physi
s within the EWChL.The pro
ess WW → WW at high energy hadron 
olliders has been studied previously,usually in the 
ontext of sear
hes for a heavy Higgs (for an overview see [5, 6, 7, 8℄).The ZZ de
ay modes 
onstitute the prin
ipal dis
overy 
hannel for Higgs masses above160 GeV or so, and the WW 
hannels be
ome important around 600 GeV. Within the
hiral lagrangian, it has been usual to fo
us on leptoni
 de
ay modes of the gauge bosonsin order to redu
e hadroni
 ba
kgrounds [9, 10℄. In this paper we fo
us on the more
ompli
ated semi-leptoni
 �nal state. Cuts developed in previous studies [6, 7, 11, 12, 13℄are re-examined as a tool for measuring the 
ross-se
tion di�erential in the WW invariantmass in the general 
ase (i.e. with no assumption as to the presen
e or otherwise of aresonan
e). A novel te
hnique for identifying the hadroni
 de
ays of boosted massiveparti
les using the longitudinally invariant kT algorithm [14℄ is introdu
ed, and appliedto identi�
ation of the hadroni
ally de
aying W . We also examine the sensitivity ofthe 
uts and re
onstru
tion methods to 
urrent simulations of the underlying hadroni
a
tivity.The paper is set out as follows: The EWChL formalism is introdu
ed in Se
tion 2, and inSe
tion 3 we dis
uss the unitarisation of the s
attering amplitude for WLWL → WLWL.Unitarisation often leads to the predi
tion of resonan
es. We investigate the modeldependen
e of su
h predi
tions and the nature of the resonan
es (s
alar or ve
tor) bylooking at two di�erent unitarisation proto
ols. In Se
tion 4 we present parton levelpredi
tions for the WW produ
tion 
ross-se
tion at the LHC for a variety of possibles
enarios. The goal for the LHC will be to distinguish between these di�erent physi
ss
enarios. To study the potential for this, we have implemented the general formalism ofthe EWChL in the pythia Monte Carlo program [15℄. Se
tions 5 to 8 
over our analysis1We often use the symbol W to denote both W and Z bosons.2



of both signal and ba
kground. We su

eed in redu
ing the ba
kground to manageablelevels using a variety of 
uts whi
h are dis
ussed in detail. Se
tion 9 
ontains a summaryand 
on
lusions.2 The Ele
troweak Chiral LagrangianIn the EWChL approa
h, new physi
s 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 physi
s 
an be 
omputed systemati
ally bytrun
ating 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 ele
troweak gauge symmetry already informs us that the s
ale of thisnew physi
s 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) whi
h 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 ele
troweak lagrangian with massless ve
tor bosons.It is
L(2) =

v2

4
〈DµUDµU †〉 (1)where 〈· · ·〉 indi
ates the SU(2) tra
e, and

U = exp

(

i
~π · ~τ

v

) (2)(~τ are the Pauli matri
es). This term 
ontains no physi
s 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 in
lude all possible dimension-4 terms.There are only two su
h terms that will be of relevan
e to us. They are
L(4) = a4(〈DµUDνU †〉)2 + a5(〈DµUDµU †〉)2 (3)where a4 and a5 parametrise our ignoran
e of the new physi
s and they are renormalisedby one-loop 
orre
tions 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 ve
tor bosons. In this paper we fo
us only on the quarti

ouplings. In the parti
ular 
ase of the Standard Model with a heavy higgs boson ofmass mH , a5 = v2/(8m2

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



To date, other than �xing the s
ale v the main 
onstraint on the parameters of theEWChL 
ome from the pre
ision data on the Z0. Bagger, Falk & Swartz have shownthat the EWChL 
an be a

ommodated without any �ne tuning for Λ all the way up to 3TeV (general arguments based on unitarity indi
ate that Λ <∼ 3 TeV) [3℄. They show thatthe Z0 data 
onstrain the 
ouplings asso
iated with a dimension-2 
ustodial symmetryviolating term and a dimension-4 term whi
h 
ontributes to the ele
troweak 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 renormalisations
ale) [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 whi
h 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 Equivalen
e Theorem wherein the longitudinal Wbosons are repla
ed 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�e
ts of the newphysi
s manifest themselves as small perturbations. At the LHC, we will be hoping tosee mu
h more than small perturbations to existing physi
s. For example, we might seenew parti
les asso
iated with the physi
s of ele
troweak symmetry breaking. It wouldbe very useful if we 
ould in some way extend the domain of validity of the EWChLapproa
h to at least address the physi
s that might emerge around the s
ale Λ. To adegree, this 
an be done by invoking some unitarisation proto
ol whi
h ensures that (4)develops a high energy behaviour that is 
onsistent with partial wave unitarity [18℄. Inthe next se
tion, we will 
onsider proto
ols that do not spoil the one-loop predi
tions ofthe EWChL at lower energies. Su
h an approa
h has met with some su

ess in extendingstudies of 
hiral perturbation theory in QCD [19℄. We will fo
us on two unitarisationproto
ols: the Padé proto
ol and the N/D proto
ol.3 UnitarisationThe amplitude in the weak isospin basis, AI , 
an be proje
ted 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 s
attering angle. The WW s
attering 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 stri
tly of order s2/v4 but they are numeri
allysmall and we negle
t 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 (negle
ting 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-se
tion is
dσ

d cos θ
=

|A(s, t)|2
32π M2

WW

. (18)To obtain the 
ross-se
tion for pp → WWjj + X we need to fold in the parton densityfun
tions, 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 whi
h 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 in
oming W± bosons [20℄ and τ = M2

WW /(x1x2spp).The Padé proto
ol Otherwise known as the Inverse Amplitude Method, this is a simpleunitarisation pro
edure, 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, whi
h implies
t−1
IJ = Re(t−1

IJ ) − i. (20)To the a

ura
y in whi
h we work, we 
an write
tIJ =

t
(2)
IJ

(

1 − t
(4)
IJ

(s)

t
(2)
IJ

(s)

) (21)whi
h has the virtue that it satis�es the elasti
 unitarity 
ondition identi
ally. We stressthat this method of unitarisation leads to an amplitude that is equivalent to the one-loopEWChL 
al
ulation modulo higher-orders in s/v2.Having unitarised the amplitude it is natural to ask what the 
onsequen
es are. Typi
ally,the partial waves develop resonan
es whi
h 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 resonan
es depends 
riti
ally upon the unitarisation proto
ol and we investigatean alternative proto
ol in the following subse
tion. At high enough energy, the partialwaves e�e
tively lose all memory of the underlying 
hiral perturbation theory and theirnature is driven solely by the 
hoi
e of unitarisation proto
ol. We therefore rely on ourunitarisation proto
ol to provide us with some feeling for the pattern of lowest lyingresonan
es whi
h may be observed at future 
olliders.
6
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C
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Figure 1: Map of the parameter spa
e as determined by the Padé proto
ol [10℄. Thesmall triangle in the 
entre is the region of no resonan
es and the region belowthe dotted line is forbidden. Also shown are the points 
orresponding to thevarious s
enarios 
onsidered in the text.Resonan
es are found whenever the 
orresponding phase shift passes through π/2, i.e.when
cot δIJ = Re(t−1

IJ ) = 0.In the Padé approa
h we 
an solve this equation to obtain the 
orresponding masses andwidths [10℄. For s
alar resonan
es:
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 ve
tor resonan
es:

m2
V =

v2

4(a4(µ) − 2a5(µ)) + 1
16π2

1
9

(23)and
ΓV =

m3
V

96πv2
.There are no resonan
es in the isotensor 
hannel, i.e. from t20. There is however a regionof parameter spa
e where the phase shift passes through −π/2. This would violate
ausality and so we are for
ed to forbid su
h regions of parameter spa
e. It o

urs 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 spa
e showing the 
orresponding resonan
e stru
ture ispresented in Figure 1. We �x µ = 1 TeV and, using equations (22) and (23), we de�nethe regions to 
ontain a resonan
e of the spe
i�ed type with mass below 2 TeV. The bluepoints labelled TC and SM 
orrespond to the naive NTC = 3 te
hni
olor (TC) and 1TeV Standard Model Higgs (SM) models.The N/D proto
ol This provides our alternative to the Padé proto
ol. This methodensures that the amplitude has improved analyti
 properties in addition to satisfyingpartial wave unitarity and mat
hing the one-loop EWChL 
al
ulation. The right-hand
ut is pla
ed wholly into the denominator fun
tion, D, while the left-hand 
ut is en
ap-sulated in the numerator fun
tion, N , i.e. analyti
ity 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 fun
tion 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 
onstru
ted so as to satisfy (25) and (28) identi
allywhilst (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 resonan
e mass, varying from 600 GeV to2 TeV in steps of 100 GeV, as a fun
tion of the appropriate 
ombination of a4(1 TeV),

a5(1 TeV), and M . The horizontal lines obtained using the Padé proto
ol are tangentto the 
orresponding N/D 
ontours. Over large regions of parameter spa
e, the twoproto
ols yield similar results. However, the N/D method predi
ts a larger region withoutresonan
es, indeed for M below around 1 TeV there are no resonan
es at all. Referringba
k to Figure 1, we see that as M in
reases the lines whi
h de�ne the s
alar and ve
tor8
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log   M
10Figure 2: Contours of 
onstant s
alar resonan
e mass in steps of 100 GeV. The horizontallines are obtained using the Padé proto
ol and the 
urved lines are obtainedusing the N/D method whi
h depends upon the parameter M .
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10Figure 3: Contours of 
onstant ve
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e mass in steps of 100 GeV. The horizontallines are obtained using the Padé proto
ol and the 
urved lines are obtainedusing the N/D method whi
h depends upon the parameter M .9
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Tensor Channel
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800 GeV

      

log   M
10Figure 4: Contours of 
onstant isotensor resonan
e mass in steps of 100 GeV. The 
urvedlines are obtained using the N/D method whi
h depends upon the parameter

M . The horizontal lines and dotted 
urves populate the unphysi
al region ofparameter spa
e, see the dis
ussion in the text.regions move slowly outwards. From Figure 4 we see that for M above ∼ 1 TeV the regionex
luded in the Padé proto
ol is not ex
luded in the N/D proto
ol leading instead to aregion without any resonan
es. For M below ∼ 1 TeV, there is a region ex
luded 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 de
reases. Note that wedo not know the natural value for M , e.g. it 
an be mu
h smaller than 1 TeV. Finally, wenote from Figure 4 that the N/D method does allow for the existen
e of doubly 
hargedresonan
es.4 Parton Level Predi
tions for the LHCIn this se
tion the parton level predi
tions for the pro
ess pp → W+W−jj + X at 14TeV 
entre-of-mass energy are presented for the 5 di�erent 
hoi
es of a4 and a5 shownin Table 1. In the Padé approa
h these 
hoi
es produ
e a 1 TeV s
alar (s
enario A), a 1TeV ve
tor (s
enario B), a 1.9 TeV ve
tor (s
enario C), a 800 GeV s
alar and a 1.4 TeVve
tor (s
enario D), and a s
enario with no resonan
es (s
enario E). The green pointslabelled A-E on Figure 1 
orrespond to the 5 s
enarios we 
onsider. Throughout thispaper the CTEQ4L [25℄ parton density fun
tions as implemented in PDFLIB [26℄ areused, evaluated at the WW 
entre-of-mass energy (MWW ). The renormalisation s
ale2The s
alar and ve
tor se
tors have ex
lusion regions similar to the tensor se
tor.10



S
enario 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 s
enarios whi
h we 
onsider.

Figure 5: Parton level 
ross-se
tion for S
enario 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-se
tion dσ/dMWW for ea
h of s
enarios A-E areshown in Figures 5-9. We 
ompare the Padé proto
ol with results using the N/D proto
olfor three di�erent values of the mass parameter M .Note that, for values of M below around 10 TeV there are no resonan
es at all in theN/D s
enario. This is in a

ord with expe
tations based on Figures 2 to 4. Also, if
M be
omes too large then it leads to unusual behaviour of the amplitudes due to thedominan
e of the g(s) term whi
h suppresses the amplitudes away from the region ofresonan
es and 
an produ
e zeros in the individual partial wave amplitudes. The tail inthe dotted line shown in Figure 9 is a 
onsequen
e of su
h behaviour. Just dis
ernablein Figure 8 is an isospin 2 s
alar resonan
e just below 1.5 TeV in the N/D dotted 
urve.

11



Figure 6: Parton level 
ross-se
tion for S
enario B. We 
ompare the Padé result with theN/D results as in Figure 5.

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



Figure 8: Parton level 
ross-se
tion for S
enario D. We 
ompare the Padé result with theN/D results as in Figure 5.

Figure 9: Parton level 
ross-se
tion for S
enario E. We 
ompare the Padé result with theN/D results as in Figure 5. 13
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Figure 10: Typi
al diagrams for signal and ba
kground pro
esses: (a) signal; (b) W+jets;(
) tt̄5 Monte Carlo SimulationsWe have modi�ed the Pythia Monte Carlo generator [15℄ to in
lude the EWChL ap-proa
h using both Padé and N/D proto
ols. Signal samples 
ontaining the W±W± �nalstate (in
luding all 
harge 
ombinations) are generated using Pythia 6.146 with thePadé unitarisation s
heme3. As a 
ross 
he
k, a sample with a 1 TeV Higgs was alsogenerated using Herwig 6.1 [27℄.The dominant ba
kgrounds are QCD tt̄ produ
tion and radiative W+jets, as illustratedin Figure 10. These pro
esses are implemented in the Pythia 6.146 and Herwig 6.1generators. To improve generation e�
ien
y the minimum pT of the hard s
atter is set to250 GeV for the W+ jets sample and to 300 GeV for the tt̄ sample [6℄. In addition to thehard subpro
esses, the e�e
ts of the �underlying event� are simulated in both signal andba
kground. Our default model in Pythia [28℄ is obtained by setting a �xed minimum
pT 
ut o� of pmin

T = 3 GeV for se
ondary s
atters. The default energy dependen
e of3The 
ode is available from the authors on request.14



this 
ut-o� has been expli
itly turned o�. No pile-up from multiple pp intera
tions isin
luded. Other models, in both Herwig and Pythia, are dis
ussed in Se
tion 8, alongwith their e�e
ts. The leading order 
ross-se
tions are used to obtain rates and there istherefore a rather large degree of un
ertainty, parti
ularly in tt̄ produ
tion, whi
h is apure QCD, dominantly gluon indu
ed, pro
ess. NLO 
al
ulations [29℄ suggest K-fa
torsof order two are appropriate; the �nal word would 
ome from measurements at the LHCitself.6 Extra
ting the SignalTo identify semileptoni
 de
ays, we sele
t �rst on the leptoni
ally de
aying W (ele
-tron/muon and missing transverse energy), then on the hadroni
ally de
aying W (jetinvariant mass, rapidity and transverse energy) and �nally on the event environment(tagging jets at high rapidities, vetoing on 
entral minijet a
tivity). In all 
ases we haveused only parti
les within a rapidity region of |η| < 4.5 to approximate the a

eptan
eof a general purpose dete
tor at the LHC. For 
larity, we show just one signal sample asan example. The 1 TeV s
alar resonan
e (s
enario A) is 
hosen, sin
e this has the lowestaverage MWW and therefore has a shape 
losest to that of the ba
kgrounds. The others
enarios, while in general very like this sample, have a harder spe
trum 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 hadroni
ally de
aying 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 whi
h are des
ribed below.6.1 Leptoni
 VariablesFigure 11 shows (a) the transverse momentum and (b) rapidity of the highest transversemomentum 
harged lepton for signal and ba
kground pro
esses. The W+jets ba
kgroundis very similar to the signal in these distributions. Leptons from the tt ba
kground areslightly softer and more 
entral. Figure 11(
) shows the missing transverse momentum.Again, the tt ba
kground is slightly softer than the other two samples.All leptons in an event are then 
ombined one-by-one to give, if possible, a re
onstru
ted
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 ba
kgrounds. A sele
tion 
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 De
ayFigure 12(a) shows the transverse momentum and (b) the pseudorapidity (η) of thehighest transverse momentum jet in the remaining signal and ba
kground samples. Jet15
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Figure 11: Leptoni
 variables for signals and ba
kground (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 
onstru
tedfrom 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 a

eptan
e.
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�nding is performed with the in
lusive kT algorithm [14℄, and the E re
ombination s
hemeis used throughout. To re
onstru
t the W mass, the highest transverse momentum jetwithin the region |η| < 4 is sele
ted. In the E re
ombination s
heme 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 se
ond and third rowsof Table 2.The jet is next for
ed to de
ompose into two subjets. The possibility of using subjets tore
onstru
t massive parti
les de
aying to hadrons has been dis
ussed previously [30℄. Inthis analysis we develop a new te
hnique. The extra pie
es of information gained fromthe subjet de
omposition are the y 
ut at whi
h the subjets are de�ned and the four-ve
tors of the subjets. For a genuine W de
ay the expe
tation is that the s
ale at whi
hthe 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 s
ale of the splitting is indeed high in the signal and softerin the W+ jets ba
kground, where the hadroni
 W is in general a QCD jet rather thana genuine se
ond W . A 
ut is applied at 1.6 < log(pT
√

y) < 2.0. The e�e
t of this 
ut isshown in the fourth row of the table. Whilst this is a powerful 
ut for redu
ing the W+jets ba
kground, the e�e
t on the tt ba
kground, whi
h more often 
ontains two real Wbosons, is less marked.6.3 The Hadroni
 EnvironmentTo further redu
e ba
kgrounds, 
uts must be applied to 
hara
teristi
s of the event otherthan those dire
tly related to the de
aying 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 withea
h su
h 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 reje
ted.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 arede
ribed as a �top quark veto�, and their e�e
t is shown row �ve of Table 2.Tag jets In the WW s
attering pro
ess the bosons are radiated from quarks in theinitial state (see Figure 10(a)). The quark from whi
h the boson is radiated will givea jet at high rapidity (i.e. 
lose to the dire
tion of the hadron from whi
h it emerged).These jets are not in general present in the ba
kground pro
esses and demanding theirpresen
e 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 ; �ba
kward�, i.e. ba
kward of the most ba
kward W ; and �
entral�,17
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Figure 12: Kinemati
 variables for the hadroni
ally de
aying 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, whi
h in
ludes both W 
andidates. A forward (ba
kward) tagjet is de�ned as the highest transverse energy jet in the forward (ba
kward) region. InFigure 13(b) the rapidity distribution of the tag jets with pT > 20 GeV is shown. Signalevents display an enhan
ement at high |η| and a suppression at low |η|, in dramati

ontrast to the ba
kground pro
esses, where most jets are 
entral. For an event to beretained it must have a tag jet in both the forward and ba
kward 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 ba
kground is redu
ed by a fa
tor 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 s
attering� system 
om-prising the two tags jets and the two W 
andidates. For events surviving the 
uts so far,the ba
kground events have a harder spe
trum than the signal, sin
e in the signal eventsthis system is the 
omplete result of a s
attering between 
olinear partons, whereas inthe ba
kgrounds extra jets from hard QCD radiation may be pi
ked 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 whi
h has been employed before in similar analyses [5, 11,12℄ exploits the fa
t that for signal events no 
olour is ex
hanged between the quarkswhi
h radiate the W bosons and the jets whi
h are produ
ed by the hadroni
ally de
aying
W . This leads to a suppression of QCD radiation in the 
entral region in the signalwith respe
t to the ba
kground. However, signi�
ant a
tivity is expe
ted in all 
lassesof event due to remnant-remnant intera
tions (�underlying event�). This a
tivity 
anprodu
e additional (mini)jets, and so it is important to 
hoose a 
ut on additional jeta
tivity whi
h is robust against the large un
ertainties 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 dis
ussed further in Se
tion 8.7 Analysing the signal7.1 E�
ien
y and Event NumbersHaving applied the 
uts des
ribed in the previous se
tion, the WW mass distributionobtained is shown in Figure 14(a) and (b) for all �ve signal samples dis
ussed above.The resolution obtained in this variable is around 10 GeV, before any dete
tor smearing.The e�
ien
y is shown as a fun
tion 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�
ien
y in
ludesthe bran
hing ratio for semileptoni
 W de
ays of around 15% . Ex
luding the bran
hingratio, the e�
ien
y 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 re
onstru
ted WW mass for signals and ba
kgroundsseparately. (
,d) Distribution of | cos θ∗|, the absolute value of the 
osine ofthe 
entre-of-mass s
attering angle for signals and ba
kgrounds seperately. (e)E�
ien
y for signal events as a fun
tion of the true MWW and (f) | cos θ∗|.The errors re�e
t the statisti
s whi
h would be obtained after approximatelyone year of running at the LHC, i.e. 100 fb−1.21



A key variable for distinguishing between s
alar and ve
tor resonan
es is the angulardistribution of the s
attered 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 s
attered
W and the in
oming W dire
tion, in the WW 
entre-of-mass frame. In (f) the e�
ien
yis shown. The e�
ien
y is very dependent on the mass distribution, sin
e for the sametransverse momentum, high s
attering angles have high mass. This means that thetransverse momentum 
uts bias this distribution. However, this bias is well understoodand 
ould be 
orre
ted for in a �nal measurement using a two-dimensional 
orre
tion inmass and angle regardless of the input distribution.7.2 Simulated MeasurementIf it is assumed that the ba
kgrounds 
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 statisti
al error on an extra
tion of the
MWW and | cos θ∗| distributions 
an be estimated by adding the statisti
al errors on thesignal and ba
kground distributions in quadrature. Under this assumption, a simulationof an expe
ted measurement of the di�erential 
ross-se
tion dσ/dMWW after 100 fb−1of LHC luminosity is shown in Figure 15(a), (
) and (e). The s
enarios 
ontaining reso-nan
es are distinguishable above the ba
kground, and are also distinguishable from ea
hother due to their di�erent resonant masses. In Figure 15(
) the double resonan
e sample(D) is shown, with two peaks 
learly measured. Also shown (in all three �gures) is the
ontinuum model (E).The expe
ted measurement of the di�erential 
ross-se
tion 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 ve
tor and s
alar resonan
es have the expe
ted behaviour, with the ve
torrising towards high | cos θ∗| and the s
alar being �at. In Figure 15(d) the distributionfor the double resonan
e model is shown in two mass bins: 750 < MWW < 1200 GeVand MWW > 1200 GeV. With the high statisti
s generated (
orresponding to a very highintegrated luminosity), the lower mass resonan
e 
an be seen to be a s
alar whilst thehigher mass is a ve
tor. However, within the simulated errors the measurement of thespin of the lower mass resonan
e would be marginal.8 The Underlying EventOne of the more un
ertain aspe
ts of the analysis is the understanding of the so-
alled�underlying event�. This is de�ned here as parti
le and energy �ow in the event asso
iatedwith the same proton-proton intera
tion but in
oherent with the W produ
tion pro
ess.Hen
e we expli
itly ex
lude from our de�nition the e�e
ts of multiple pp intera
tionsin the same bun
h 
rossing, any dete
tor e�e
ts su
h as those asso
iated with noise or22
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Figure 15: Measurement expe
tation 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 resonan
e model, separatedby a 
ut at 1200 GeV. 23



Cuts E�
ien
y 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�e
t of 
uts on the signal and ba
kground samples. A: 1 TeV s
alar, B:1.4 TeV Ve
tor, C: 2 TeV Ve
tor, D: Double Resonan
e and E: Continuum.24



pile-up, and hard QCD radiation asso
iated dire
tly with the hard s
atter. The �rsttwo of these are not simulated here and 
ontrolling and understanding them requiresdetailed experimental work. The third is simulated to leading-logarithmi
 a

ura
y inboth Pythia and Herwig. While this simulation should and probably will be improvedin the future, for now it is 
onsidered adequate.The remaining a
tivity 
an be 
hara
terised as intera
tions between the proton remnantsystems. It is important be
ause it is largely independent of the hard s
attering pro
ess,and therefore 
ontributes to minijet a
tivity in both signal and ba
kground, degradingthe e�e
tiveness of the minijet veto. In addition, underlying event a
tivity 
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 resonan
e, sample A) usingour default underlying event model. In addition, several other underlying event modelsare shown. In Pythia, we turn o� multiparton intera
tions (sample A1), and turn onthe default model (sample A2) whi
h 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 multipartonintera
tions generated with �xed pmin

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

y) is similar for all models, implyingthat this 
ut should be robust against su
h un
ertainties.For the same samples, the minijet pT distribution and the number of minjets passingthe 15 GeV 
ut, whi
h we introdu
ed in the analysis of Se
tion 6.3, are shown in Figure16(
) and (d), with absolute normalisation. In 
ontrast to the W mass distribution, inthese distributions the Herwig multiparton intera
tion 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 be
ome worse for lower 
hoi
es of 
ut. Lowering the
ut further without introdu
ing large un
ertainties 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/ba
kgroundfor the s
enario 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 photoprodu
tion at HERA (seefor example [32℄ and referen
es therein), strongly disfavour models without underlyingevent (A1, A3) and are generally more 
onsistent with the other models 
onsideredhere (though none provides a perfe
t des
ription). However, further work is needed on
onstraining these models to improve 
on�den
e in the extrapolation to the LHC. Atpresent a systemati
 error of 40-50% would have to be assigned to the measurement from25



this sour
e alone.9 Summary and Con
lusionsA major goal of the LHC is to extra
t the WW → WW 
ross-se
tion as a

uratelyas possible to the highest 
entre-of-mass energies in order to shed light on the natureof ele
troweak symmetry breaking. We have performed a study of the WW → WWs
attering 
ross-se
tion in the s
enario that there is no new physi
s below the TeV s
aleusing the formalism of the Ele
troweak Chiral Lagrangian extended by the impositionof unitarity 
onstraints. Two di�erent unitarisation proto
ols are used: Padé and N/D.These proto
ols determine the behaviour of the s
attering 
ross-se
tion into the TeVregime and they typi
ally predi
t the emergen
e of new ve
tor and/or s
alar resonan
es.We have performed a detailed 
omparison of these two unitarisation methods.We have implemented the physi
s of the unitarised Ele
troweak Chiral Lagrangian ina realisti
 general-purpose Monte Carlo (Pythia). The semi-leptoni
 de
ay mode ofthe �nal state W pair has been studied at the �nal state parti
le level with dete
tora

eptan
e 
uts but no smearing. We have 
onsidered �ve di�erent physi
s s
enarioswhi
h are representative of the di�erent types of physi
s whi
h we might reasonablyexpe
t at the LHC. The prin
ipal ba
kgrounds 
ome from W+ jet and tt produ
tion,and we 
onsider these ba
kgrounds using both the pythia and herwig Monte Carlos.A new method for identifying hadroni
ally de
aying W bosons is introdu
ed whi
h weexpe
t to be useful more generally in the identi�
ation of hadroni
ally de
aying massiveparti
les whi
h have energy large 
ompared to their mass. Other new features in
ludea 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-
he
ked with Herwig using a simulation of a 1 TeV Higgs boson for the signal. Thee�e
t of un
ertainties in the underlying event leads to a model dependent systemati
error of 40-50%. New data from Tevatron and HERA should help to redu
e this beforethe LHC turns on.The results 
ompare very well with previous Higgs sear
h studies in the semi-leptoni

hannel. Over a wide range of parameter spa
e signal/ba
kground ratios of greaterthan unity 
an be obtained, and the 
ross-se
tion 
an be measured di�erentially in the
WW 
entre-of-mass energy within one year of high luminosity LHC running (100 fb−1).Ve
tor and s
alar resonan
es up to around 1.5 TeV may well be observable, and theirspins measureable. Detailing the exa
t regions of sensitivity, as well as verifying theimprovements in signal/ba
kground arising from the new 
uts, requires a more detailedsimulation of the LHC general purpose dete
tors.
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Figure 16: The e�e
t 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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