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Distinguishing Among Models of Strong WLWL Scattering at the LHC 

William B. Kilgore 
Fenni National Accelerator Laboratory 

p.0. Box 500 
Batavia, IL 60510, USA 

ABSTRACT 

Using a multi-channel analysis of W, W, scattering signals, I 
study the LHC’s ability to distinguish among various models of 
strongly interacting electroweak symmetry breaking sectors. 

I. INTRODUCTION 

The most important question in particle physics today con- 
cerns the nature of the electroweak symmetry breaking mecha- 
nism. One of the most interesting and experimentally challeng- 
ing possibilities is that the electroweak symmetry is broken by 
some new strong interaction. If this is the case, there may be no 
light quanta (of order a few hundred GeV or less), such as the 
Higgs boson. supersymmetric partners, etc., associated with the 
symmetry breaking sector. There will however be an identifiable 
signal of the symmetry breaking sector: strong WL Wt scatter- 
ing. 

The Goldstone boson equivalence theorem (11 states that at 
high energy, longitudinally polarized massive gauge bosons “re- 
member” that they are the Goldstone bosons of the symmetry 
breaking sector. Accordingly, longitudinal gauge bosons in high 
energy scattering amplitudes can be replaced by the correspond- 
ing Goldstone bosons. For weakly interacting symmetry break- 
ing sectors, this is merely a computational convenience. For 
strongly interacting symmetry breaking sectors, however, the 
equivalence theorem, coupled with the effective-W approxima- 
tion [2] becomes a powerful tool for modeling high energy gauge 
boson scattering amplitudes. 

Observing strong WLWL scattering presents a very difficult 
experimental challenge. The scattering amplitudes grow with 
center of mass energy, but do not become large until the mass 
of the W, WL system exceeds w 1 TeV. At the LHC, the lumi- 
nosity at such energies will be small and falling steeply, so that 
even though the scattering amplitudes are large, the cross see- 
tion will be small. amounting to no more than tens of events 
per year. Nevertheless, it has been shown [3, 4, 51 that for all 
but a few pathological cases [6] the LHC will be able to estab- 
lish the presence of strong W, WL scattering, if it exists, in at 
least one scattering channel. It has also been shown that if strong 
WL WL scattering is dominated by a single low-lying (- 1 TeV) 
resonance, that resonance can be identified. The purpose of this 
study is to take a first look at the difficult task of distinguishing 
among different models of the symmetry breaking sector, even 
when there is not a single identifiable resonance. I will perform 
a multi-channel analysis on several different models of the sym- 
metry breaking sector, comparing the predicted signals in each 
WL Wr, scattering channel to those predicted by other models. 

As the basis for this study, I will use the background calcula- 
tions and signal identification cuts of Bagger et. al. [3], in which 
a standard set of cuts is identified for each scattering channel, 

and imposed consistently on the background processes and on 
a variety of models of strongly interacting symmetry breaking 
sectors. 

II. WLWL SCAlTERlNG CHANNELS 

This analysis looks at WL WL scattering into 5 different final 
states: 

l zz + .!+ef+&- 

l zz - f+f- UP 

0 w*z --+ @uf+f- 

0 w+w- + f+uf-iT 

l w*w* +Lfu@u 

The ZZ -, f+P vi7 is included because the small branching 
fraction of Z bosons into charged leptons severely limits the sta- 
tistical significance of the ZZ -, L+f-L+L’ process. 

In general, longitudinal WL pair production is dominated by 
the WL WL fusion process, in which two incoming quarks ra- 
diate longitudinal WL bosons. which then rescatter off of one 
another as in Figure 1. Vector resonances also receive sitable 
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Figure 1: WL WL Fusion process 

contributions from qq annihilation into a gauge boson followed 
by mixing of the gauge boson into the vector resonance state, 
qi$‘w*+p-wLW& 

The background in this study is taken to be the standard model 
with a light (100 GeV) I-Eggs boson. The signal for strong 
WL WL scattering is an observable excess of gauge boson pairs 
over the expected rate from the standard model. The dominant 
background processes are WL WL fusion into transverse W pairs 
(qq - qq’wTwT (WT WL )), qg ahhilatbn into w p&S @US 

jets, and top quark induced backgrounds. 
The strongly interacting vector boson fusion process gives 

the signal events several distinctive characteristics which allow 
them to be distinguished from the background. The incoming 
quarks tend to emit longitudinal gauge bosons in the forward 
direction which then rescatter strongly off of one another. The 
forward emission tends to give the spectator quarks little recoil 
transverse momentum while the strong scattering process, which 
grows stronger with increasing center of mass energy, tends to be 



isotropic, throwing a large number of events into central rapid- 
ity regions. Thus, the signal is characterixed by high invariant 
mass back-to-back gauge boson pairs accompanied by two for- 
ward jets from the spectator quarks and little central jet activity. 

This is to be contrasted with the various background pro- 
cesses. q$ annihilation tends to produce transversely polar- 
ized gauge bosons and no forward spectator jets. When jets 
are produced in association with q$ annihilation, they often 
appear in central rapidities. Top induced backgrounds tend to 
produce very active events, characterized by jet activity in the 
vicinity of the gauge bosons. Perhaps the most dangerous back- 
ground is the gauge boson fusion process producing at least one 
transversely polar&d gauge boson since this process produces 
events with the same topology as the signal. Still, there are im- 
portant differences. Interactions involving transvemely polar- 
ized gauge bosons are weak (characterized by the weak gauge 
coupling) at all energies. In order for energetic gauge bosons to 
be thrown into the central region, they must typically recoil off 
of the emitting quarks, rather than off of one another. This hard 
recoil off of the quarks tends to throw the accompanying jets into 
the central region, rather than the forward. 

These signatures can be used to help formulate a set of cuts 
which will enhance the signal at the expense of the background. 
One expects to find very energetic leptons in the central region of 
the detector. In addition, the leptons from one gauge boson tend 
to be back-to-back with those from the other gauge boson. In 
22 modes, the invariant mass of the 22 pair tends to be large. 
In other modes, which cannot be fully reconstructed, the trans- 
verse mass of the gauge boson pair tends to be large. In addition, 
one can veto events with significant centA jet activity, and tag 
for the forward spectator jets. The standard cuts used in Refer- 
ence [3] are sutnmarixed in Table I, where pcm (2) is the mag- 
nitude of the Z boson momentum in the diboson center of mass, 

p-(Z) = ;4-, 

and the transverse masses are 

(1) 

A!fG(ZZ) = [@GzE+ $Giqa 

- (l?rw + P] a 

(2) 

WWZ) = [dm+ lwf 

- (p&?u) + #y3. 

The cuts in Table I are chosen to maximize the significance 
of each channel in the 1 TeV Riggs model. These cuts are not 
well suited for observing vector resonances in the W*Z chan- 
nel. In the Higgs model, this channel, like all others, is dom- 
inated by the vector boson fusion process. The cuts therefore 
call for a forward jet tag. In vector resonance models, however, 
more than half of the signal in the W*Z channel comes from 
direct q$ annihilation via mixing of the gauge boson and vector 
resonance states. Since these events are not accompanied by for- 
ward spectator jets, the jet tag cuts them out of the event sample. 

Table I: Leptonic. single-jet-tagging and central-jet-vetoing cuts 
for generic W’L WL fusion processes at the LHC energy, by final- 
state mode. 

ZZ(W) Leptonic cuts Jet Cuts 

I~(41 < 2.5 Et,,, > 0.8 TeV 
pT(C) > 40 GeV 

PAZ) > Pmr(Z)l:! 

3.0 c lyto,I < 5.0 
pr tot > 40 GeV 

M(ZZ) > 500 Gev No Veto 

ZZ(Uw) Leptonic Cuts Jet Cuts 

I~(41 < 2.5 Eta, > 0.8 TeV 
q(C) > 40 GeV 3.0 < lYta,I c 5.0 
w > 250 GeV pi to, > 40 GeV 

MT(ZZ) > 500 GeV pi V,to > 60 GeV 

m(u) > MT(zz)/4 lYw,tol c 3.0 
w+w- Leptonic Cuts Jet Cuts 

IYWI < 2.0 Eta, > 0.8 TeV 
pr(L) > 100 GeV 3.0 < lyta,I < 5.0 

Am(U)> 440 GeV PI- to, > 40 GeV 
coahf < -0.8 UT ,w, > 30 GeV 

w*z 

M(U) > 250 GeV 

Leptonic cuts 

I~(41 < 2.5 

- - IYWOI < 3.0 
Jet Cuts 

Et., > 0.8 TeV 
pr(L) > 40 GeV 
#’ > 50 GeV 

3.0 < lY*.,I c 5.0 

PAZ) > ~MTW'Z) 

pr toJ > 40 GeV 
pr woto > 60 GeV 

Wf w* 

i&(WZ) 3 500 GeV I#rtol < 3.0 
Leptonic Cuts Jet Cuts 

lYV)l c 2.0 
a(l) > 70 Gev 3.0 < h/*.,1 < 5.0 

Am(U)> 200 GeV pr tog > 40 GeV 
coahf < -0.8 PT YIto > 60 GeV 

M(U) > 250 GeV I%.col c 3.0 

Reference [3] uses a special cut to enhance the W*Z signal in 
vector resonance models, but does not apply this cut to the other 
models. 

III. MODELS 

A. Formalism and the Lagrangian 

Models of strongly interacting symmetry breaking sectors typ- 
ically fall into one of three categories: 

l Nonresonant models. 
l Models with scalar resonances. 
l Models with vector resonances. 

Reference [3] describes eight different models of the symme- 
try breaking sector; three nonresonant models, three scalar reso- 
nance models, and two vector resonance models. The three non- 
resonant models differ in the unitarixation procedures imposed 
upon them. The three scalar resonance models are the standard 



model with a 1 TeV Higgs bosom a nonlinearly realized chiral 
model with a 1 TeV scalar - isoscalar resonance (which differs 
from a I-Eggs boson by the strength of its coupling to the Gold- 
stones), and an 012N) symmetric scalar interaction. The vector 
resonance models incorporate vector - isovector resonances of 

masses 1 TeV and 2.5 TeV in a nonlinearly realized chiral sym- 
metric interaction. 

In this study I will use five of the models from Reference 131: 
the K-matrix unitarized nonresonant model, the standard model. 
the chiral symmetric scalar resonance model and the vector res- 
onance models. A single Lagrangian. transforming under a non- 
linearly real&d SU(Z)L@ SUf2)R chiral symmetry, can be writ- 
ten down for all of these models, with particular couplings taking 
special values or set to zero as necessary. The Goldstone boson 
fields, x0, are parameter&d by the field 

t 
. era 

= exp37 
(3) 

where u” are the Pauli matrices and u is the electroweak vacuum 
expectation value. Under chiral rotations, < transforms as 

4 -t’s LQr’ = Ut$R, (4) 

where L. R and U are elements of SW(Z) and I/ is a nonlinear 
function of L, R and +. 

With e and its Hermitean conjugate [r, one can construct left- 
and right-handed currents, 

J:: = (‘a’( -, UJ;U’ + U8’Ut , 
(3 

Ji = <t9r<t + UJ;U7’ + UB’U’. 

Note the inhomogeneous term UPUt, meaning that these cur- 
rents transform as gauge fields under the diagonal SU (2). From 
these chiral currents, one can form axial and vector currents, 

A = JL’- J; - Ud;U’, 
(6) 

V’ = J; + J; + UV’U’ + 2UcYU’. 

The axial vector currtnt transforms homogeneously under chiral 
transformation U but the vector current transforms inhomoge- 
neously. This suggests that when we add the vector resonance 
pr = p:o“/3. it must transform as a gauge field under chiral 
transformations 

pr - Up,lY + ii-iUWUt. (7) 

Now a new vector current can be formed which transforms ho- 
mogeneously under chiral transformations, 

V’ = v’+2@f +UV’Uf. 63) 

Wth these pieces and a scalar - isoscalar field S. we can con- 
struct the Lagrangian, 

L = 1 1 -:IJ T’rd“d, +TrdYA, 

-+p,,d’ + iawa,s - :A@~ + . . ., 
(9) 

where p”,, is the field strength tensor of the vector field p;. 
and the ellipsis indicates higher derivative terms and other terms 
such as couplings between the scalar resonance and vector cur- 
rent which do not contribute to elastic WL WL scattering. 

In this notation, the resonances have masses and widths 

MS = MS r,=s 

3 (10) 
M, = ai2v1 rp = & 

Note that if X = 1, a = 0, the scalar resonance S is identi- 
cal to an ordinary Higgs boson of the standard model. The La- 
grangian in Equation 9 can thus parametrize a linear realization 
of sum @ SU(2)R even though it is written in the language 
of non-linear realizations. 

B. Details of Particular Models 

In this analysis, I will use the results from the following mod- 
els described in Reference [3]. 

The standard model with a 1 .O TeV Higgs boson (Is = 
0.49 TeV). In the Lagrangian of Equation 9. this corre- 
sponds to setting MS = 1 .O TeV. X = 1, a = 0. 
A scalar resonance with A& = 1.0 TeV, IS = 0.35 TeV, 
corresponding to A = 0.84, a = 0. 
A vector resonance with M,, = 1 .O TeV, P,, = 0.0057 TeV, 
corresponding to X = 0. a = 0.208,i = 8.9. 
A vector resonance with M,, = 2.5 TeV, I’# = 0.52 TeV, 
corresponding to X = 0, a = 1.21, i = 9.2. 
A non-resonant model corresponding to X = 0, a = 0. 

Note that the vector resonances considered are quite narrow. If 
one were to scale up QCD, vector resonances with masses of 1 .O 
and 2.5 TeV would have widths of 0.059 and 0.92 TeV respec- 
tively. The resonances in this study are taken to be so narrow in 
order to avoid constraints on the mixing of the Z boson with the 
resonance. These constraints come from the effect of the vector 
resonance on the spectral function of the Z boson. They could be 
relaxed if one were to assume, for instance, the presence of an 
axial vector resonance which would have a balancing effect on 
the spectral function, yet would not affect elastic WL WL scat- 
tering [7]. 

Iv. ANALYSIS 

It has been well established [3.4,5] that the LHC will be able 
to demonstrate the existence or nonexistence of a strongly in- 
teracting electroweak symmetry breaking sector through direct 
observation of an excess of WL WL events in at least one scat- 
tering channel. If such an excess is observed, one will want to 
understand what SOR of interaction is responsible for the excess. 
Given the limited reach of the LHC into multi-TeV energies, a 
realistic goal is to try to fit the observed event rates in the var- 
ious scattering channels to the predictions of various resonance 
models. 

To that end, I take the predicted event rates (signal plus back- 
ground) for each of the live models in turn, smear these rates by 



Poisson statistics and then compare the smeared results to the 
expectations of each model. By computing the mean &i-square 
with which the smeared “data” fits each model, I can determine 
the confidence level at which each model can be separated from 
the others. 

In this study, I use the event rates for a single canonical LHC 
yearof 100fb”. One could argue that the LHC will run for sev- 
eral years and that the event rates should be multiplied by some 
factor such as 3 or 5. At present, however, I am concerned with 
what can be determined in a single year of running at design lu- 
minosity and will not speculate on the ultimate performance or 
lifetime of the LHC. The predicted event rates for the models are 
shown in Table II. 

Table II: Event rates per 100 fb” LHC year, assuming fi = 
14 TeV and mt = 175 GeV. Calculations were performed using 
the MRSA parton distribution set. 

ZZ(41) ZZ(2f) w+w- wfz w*w* 

Bkg. 0.7 1.8 12 4.9 3.7 

SM 9 29 27 1.2 5.6 

s1.01 4.6 17 18 1.5 7.0 

p 1.0 1.4 4.7 6.2 4.5 12 

p 2.5 1.3 4.4 5.5 3.3 11 

LET 1.4 4.5 4.6 3.0 13 

Note again that the standard cuts for the W* Z channel given in 
Table I are not optimized for the detection of vector resonances 
since they cut out the half of the signal that comes from direct q$ 

annihilation. Since the optimized cut is not applied to all models, 
I cannot use it for a quantitative analysis. I will however indicate 
its qualitative effect on the results below. 

V. RESULTS 

‘Ihe results of the analysis are presented in Table III. One can 
see that scalar resonance models are easily distinguished from 
vector resonance and non-resonant models. More surprising is 
that the 1 .O TeV Higgs boson is reasonably well separated from 
the narrower 1.0 TeV scalar resonance. ‘Ihe reason for this is 
that a Higgs theory is a renormalixable. rrnirarytheoiy. The cou- 
plings of the gauge bosons to the Higgs cuts off the growth of the 
scattering amplitudes in all channels and unitarixes them. (Actu- 
ally, tree level unitarity is violated when the Higgs is more mas- 
sive than -800 GeV, but the theory is still renonnalizable. and 
still unitary when higher order corrections are considered. The 
scalar resonance model is merely a low energy effective theory 
and is neither renormalizable nor unitary.) The smaller coupling 
of the narrower resonance to the gauge bosons is insufficient to 
unitarixe the amplitudes. 

The effect of this coupling strength is easily seen from Ta- 
ble II. ‘Ihe amplitudes for W+W’- and ZZ production are dom- 
inated by s-channel scalar exchange in the resonance region. 
The smaller coupling of the narrower resonance reduces the size 

of the signal in these channels. In W*Z and W*W* produc- 
tion, r-channel scalar exchange reduces the magnitude of the 
scattering amplitudes. In these cases, the smaller coupling of 
the resonance causes the amplitudes to be reduced less than they 
would be by the Higgs, leading to larger signals. 

Table III is somewhat misleading and overly pessimistic in 
that it indicates that vector resonance models cannot be distin- 
guished from one another, nor from non-resonant models. This 
result is an artifact of the forward jet tag in the W*Z channel, 
which removes signal events due to q$ annihilation. By elimi- 
nating the jet tag and looking in a window of transverse WZ mass 
surrounding the resonance, the 1 .O TeV vector state can be eas- 
ily identified (31. and the model separated from the others with 
a high degree of confidence. The 2.5 TeV resonance. however, 
is too massive to be produced copiously, and cannot be distin- 
guished from non-resonant strong scattering. Using consider- 
ably broader vector resonances, This conclusion is supported by 
References [4,5], which have found that vector resonances can 
be clearly identified in the W*Z channel up to masses of 2.0 
TeV, but that resonances above 2.5 TeV are difficult to distin- 
guish from non-resonant strong scattering. 

VI. DISCUSSION 

There are many ways in which this analysis can be improved. 
One of the most obvious improvements would be in the choice of 
cuts. This analysis applies the same basic set of cuts. optimized 
for the 1 TeV Higgs signal, to all models. ‘Ihis strategy serves 
the purpose for which it was intended by setting a standard by 
which one can tell if strong WL WL scattering is occurring, but 
it is not well suited to the present analysis which attempts to dis- 
tinguish among models of strong scattering. In particular. since 
the W* Z signal in a Higgs model is optimized by using forward 
jet tags, the cuts remove much of the W*Z signal that occurs 
in a vector resonance model. A better analysis would optimize 
the cuts in each scattering channel for each model. One would 
then need to compute the performance of each model under the 
other models’ optimized cuts. Given a set of cuts, one can easily 
compute the performance of the various models. The difficulty 
lies in performing the optimization. The detailed background in- 
vestigations that would be required are beyond the scope of this 
study. 

This study would also be improved by adding more models. It 
would be interesting to determine the reach for identifying vec- 
tor resonances more precisely. It would also bc interesting to 
look at models with both scalar and vector resonances and study 
how their signal patterns interfere with one another. 

Yet another improvement on this study would be to move be- 
yond its reliance on gold plated purely leptonic modes. The AT- 
LAS and CMS collaborations have both studied searches for 1 
TeV Higgs bosons decaying via”silver plated” modes, in which 
one gauge boson decays leptonically while the other decays into 
jets, with positive results (8, 91. The benefit of using the sil- 
ver plated modes is that the hadronic branching fraction is much 
larger than the leptonic branching fraction, providing a sizable 
increase in rate. On the other hand. the hadronic decay modes 
are much messier and depend much more sensitively on the de- 



Table III: Mean chi-square per degree of freedom for fitting the smeared “data” from each model to all of the models. The source 
of the “data” is indicated by the row. The model to which it is fit is indicated by the column. 

m%?s Scalar Vector Vector LET-K 
(1 .o, 0.49) (1 .o, 0.35) (1 .O, 0.0057) (2.5,0.52) 

w3gs 
MH = l.OTeV (x2) = 0.82 (xl) = 3.44 (x2) = 26.3 (xl) = 28.1 (xa) = 28.1 

rH = 0.49 TeV 
SC&I 

MS = 1 .O TeV (x’) = 2.17 (xl) = 0.82 (x’) = 7.74 (x’) = 8.33 (x’) = 8.56 
rs = 0.35 TeV 

Vector 
M p = 1.0 TeV (x7) = 7.72 (xa) = 3.75 (x3) = 0.82 (xs) = 0.93 (~a) = 0.95 

rp = 0.0057 TeV 
Vector 

M p = 2.5 TeV (x’) = 7.51 (xl) = 3.59 (xl) = 0.81 (x3) = 0.82 (xl) = 0.86 
r,, = 0.52 TeV 

LET-K , (xl) = 8.08 , (xl) = 3.99 , (xa) = 0.86 , (x2) = 0.90 , (xl) = 0.82 

tails of calorimetric performance. In addition, one cannot deter- 
mine the charge of the hadronically decaying gauge boson. ob- 
scuring the clean separation of scatmring channels. A full in- [II 

vestigation of the detection of silver plated modes must await a 
better understanding of the actual detectors, and will be best per- 
formed by the experimental collaborations themselves. 
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