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Diminishing hierarchies

Three ’big ideas’ tackling EWSB/HP:
i) SUSY

Exchange of superpartners, radiative symmetry breaking

ii) Technicolor
EWSB broken by chiral condensates

iii) Extra dimensions
unresolved spacelike dimension(s)

RS I:
5d Einstein equations exhibit 4d Lorentz-invariant solution, compactified
on S1/Z2 ↔ slice of AdS5

ds2 =
R2

y2

“
gµνdxµdxν − dy2

”
→ meff =

R
y

m0

Translation in y ⇐⇒ 4d Weyl rescaling
y

Planck TeV

AdS
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AdS/CFT Bulk-gauged RS I↔ Compositeness
AdS/CFT holography [Maldacena ’97, Witten ’98, Arkani-Hamed et al. ’00,. . . ]

AdS5 framework ←→ strongly-coupled CFT

Realistic Higgsless model [Csaki et al. ’04] T ,U ≈ 0

Break
symme-
try by
DBCs

unbroken
directi-

ons
NBCs

R
SU(2) x U(1)      U(1)

R B L Y
SU(2) x SU(2)     SU(2)

L R D

SU(2) x SU(2) x U(1)
L R B L

AdS5

Planck TeV

Break
symme-
try by
DBCs

unbroken
directi-

ons
NBCs

R′

SU(2)L × SU(2)R ×
U(1)B−L
global symmetry

SU(2)L × U(1)Y subgroup
weakly gauged

Strong CFT dynamics
causing spontaneous
breaking of CFI which also
higgses the electroweak
sector.

S ≈ 0→ fermiophobic KKs → ’Walking extended technicolor’
(→ bulk-fermions)

vectors an axial-vectors: e.g. Kaluza-Klein Wk (ρ-like bound states)
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ELW spectrum / hologr. matching in a nutshell
5d gauge fields decompose under the unbroken 4d Lorentz group

AM (x , y) =
“

Ak
µ,A

k
5

”
= 4d vectors⊕ 4d scalars

Action contains mixing between 4d scalar and 4d vector (cf. SM)

S ⊃
Z

d4x
Z R′

R
dy

R
y


−1

4
F a,µνF a

µν −
1
2

F a,µ5F a
µ5

ff
∂-conditions & gauge fixing⇒ A5 becomes the longitudinal component
of Aµ, i.e. A5 decouples in unitary gauge

[dial contribution to recover gaugephobic or composite Higgs scenarios]

⇒ no scalars in theory’s spectrum

Gauge boson mass operator m̂2 = y−1∂y − ∂2
y

reg. SLP along additional dimension⇒ KK decomposition of gauge
fields,

e.g. A3L
µ (x , y) = aZ (0)

µ (x) +
X
k≥1

ψB
k (y)Z (k)

µ (x)

massless mode massive modes
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The Higgsless model - masses & couplings

Model is determined by a single parameter, chosen to be the localization
of the UV brane R (T Parameter bound . 10−7 GeV−1).

[CE, B. Jäger, D. Zeppenfeld ’08] Wk WZ coupling ratio wrt to WWZ coupling
for mW2 = 700 GeV
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The warped Higgsless model - Unitarity

Chapter 4

Kaluza-Klein Scattering

So far, only a symmetry breaking mechanism has been constructed. With the Kaluza-
Kleins in the spectrum and the Higgs vanished, the theory’s high energy behavior will
be different from the Standard Model. With the decoupling of the Higgs as a limiting
process, one expects a good high energy behavior up to the theory’s intrinsic 5d cut-off
in the light of [31].

’Benchmark’ tests of the trustability of a theory at high energies are elastic scattering
processes of longitudinally polarized gauge bosons. The longitudinal polarization vector
of a gauge boson with fourmomentum kµ is characterized by

ε2
L = −1 εµ

Lkµ = 0

It becomes increasingly parallel to kµ at energies E larger than their masses

εµ
L(k) =

kµ

m
+O

(m

E

)
(4.1)

Therefore, each diagram in fig. 4.1 contributes parts growing with ∼ E2 and ∼ E4.
Unless this growth is cancelled, the unitarity violation bounds |#a!| < 0.5 [32] are
violated immediately1.

Mfi
E→∞−→ ∞ =⇒ a! =

1

32π

∫ 1

−1

d cos θ MfiP!(cos θ)→∞ (4.2)

Hence, such a cancellation is a conditio sine qua non for the theory to be trustable.
In the Standard Model these cancellations are a consequence of the underlying, spon-
taneously broken gauge symmetry. As it turns out, this is also true for the Higgsless
scenarios, where the 5d gauge symmetry protects the effective 4d theory from the bad
high energy behavior.

Ab
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k(k3)

Ae
k

Figure 4.1: Tree level gauge boson scattering topologies.

1Here P! is the !th Legendre Polynomial. As all gauge boson helicities are equal no reduced Wigner
functions are to be included.

∝ (p0
(A))
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Unitarity violation postponed to several TeV (upper limit).
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[CE, ’07]
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0

Extract upper limit on NDA O(1) determined from AdS5.
[Papucci ’04, Csaki et al. ’04]
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Higgsless WW , WZ cross sections

WW → WW
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[CE, ’07]

W± resonance is a ’smoking gun’ signature of these models!
[Birkedal, Perelstein, Matchev ’05]
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VBF signatures in general

Weak Boson fusion processes access gauge boson scattering.
Sensitive to mechanism of EWSB

Clean and distinct signatures of gold and silver plated modes at the LHC.
[Bagger et al. ’94, Rainwater, Zeppenfeld ’99]

Cut on typical VBF signature greatly reduces QCD backgrounds

pseudorapidity

azim
uthal angle

�



�
	VBF processes provide prominent discovery channels of extra vector bosons,

especially for suppressed Drell-Yan production.
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Higgsless WW signatures

VBF cuts

pj
T ≥ 20 GeV, |ηj | ≤ 4.5, |∆ηjj | ≥ 4, ηj1 × ηj2 < 0, mjj ≥ 600 GeV,

p`T ≥ 20 GeV, |η`| ≤ 2.5, Rll ≥ 0.2, Rjl ≥ 0.4, leptons in jet rapidity gap

smearing: CMS-Note 2006/035,036 [CE, B. Jäger, D. Zeppenfeld ’08]
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Higgsless W +Z signatures

VBF cuts

pj
T ≥ 20 GeV, |ηj | ≤ 4.5, |∆ηjj | ≥ 4, ηj1 × ηj2 < 0, mjj ≥ 600 GeV,

p`T ≥ 20 GeV, |η`| ≤ 2.5, Rll ≥ 0.2, Rjl ≥ 0.4, leptons in jet rapidity gap

smearing: CMS-Note 2006/035,036 [CE, B. Jäger, D. Zeppenfeld ’08]
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[CE, B. Jäger, D. Zeppenfeld ’08]

Diminishing hierarchies Warped Higgsless = Technicolor !? Higgsless VBF signatures

C.Englert – Higgsless Vector Boson Fusion at the LHC 15.10.2009 13/16



Can we separate the signal from the
background?

VBF provides clean enough signatures to cope with very general
BSM-EWSB [Bagger et al. ’94 ’95]

Dedicated refinement of the analysis for all channels @ LHC

pp → W±Zjj → 3`/pT jj

pp → W +W−jj → 2`/pT jj

pp → ZZjj → 4`/pT jj

taking into account double jet tags, full off-shell effects, leptonic final
states, CJV, b-tag efficiencies, and full matrix elements for signal and
backgrounds

t t̄ + jets, QCD pp → VVjj incl. leptonic decays
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Can we separate the signal from the
background?

Process σS σB S/B S/
√

B S/
√

S + B NSM
signal Nbkgd.

W±Zjj 0.68 0.39 1.7 18.9 11.4 204 117
W+W−jj 0.40 0.78 0.5 7.9 6.4 120 234

ZZjj → 4" jj 0.009 0.021 0.4 1.1 0.9 3 6
ZZjj → 2"2ν jj 0.05 0.10 0.5 2.7 2.2 15 30

Table 10: Cross sections for the Higgsless Kaluza-Klein scenario and overall background for
various channels (in fb), after all selection cuts have been applied. Also listed are several ratios
for signal and background rates together with the number of signal and background events for an
assumed integrated luminosity of 300 fb−1 at the LHC.

These two channels provide excellent possibilities for the study of strongly interacting
gauge boson systems via scalar resonances, see Table 9. Particularly encouraging is the
signal rate for the ZZjj → 2"2ν jj mode. The absence of a significant enhancement
in the WZjj channel is a crucial factor in identifying the iso-scalar character of such a
resonance.

A 5σ statistical significance, defined here as S/
√

B = 5σ, for a signal with a heavy
Higgs boson can already be obtained with an integrated luminosity of 240 fb−1, 35 fb−1,
and 75 fb−1, respectively, for the ZZjj → 4" jj, the ZZjj → 2"2ν jj, and the W+W−jj
processes. It should be noted, however, that event rates for ZZ → 4 charged leptons are
very small, and Poisson significances would be substantially smaller. W±Zjj production,
with heavy Higgs boson contributions entering via t- and u-channel exchange diagrams
only, is hardly affected by the Higgs resonance. No significant deviation from background
is expected in this channel for the heavy Higgs scenario.

In contrast, the Warped Higgsless Kaluza-Klein model with a tower of additional vec-
tor resonances can be studied most easily via the W±Zjj and W+W−jj modes, as shown
in Table 10. In the W±Zjj channel, the first of the Wk resonances, W2, can be ob-
served. Two Zk resonances, which are difficult to disentangle, Z2 and Z3, are accessible
in the W+W−jj process. A 5σ statistical significance for the Higgsless signal, calculated
using the same formula as in the heavy Higgs boson case, can be obtained with a mini-
mal integrated luminosity of 25 fb−1 and 125 fb−1, respectively, for the W±Zjj and the
W+W−jj processes for our choice of the model parameter R = 9.75 × 10−9. The two
ZZjj channels are much less sensitive to this model, since in these production modes the
Wk Kaluza-Klein excitations occur only in t- and u-channel exchange diagrams. A similar
study for the W+W−jj channel in the context of a Higgsless Kaluza-Klein scenario has
been performed in Ref. [77], yielding a signal significance of comparable size.

Altogether, a reasonable number of signal events can be achieved at the LHC for
an integrated luminosity of 300 fb−1, see Tables 9 and 10. Our cuts have considerably

19

@300 fb−1 [CE, B. Jäger, M. Worek,D. Zeppenfeld ’08]

LHC is highly sensitive to the scenario
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Summary

We have looked quite carefully into a EWSB scenario without scalar
resonances:

(i) derived EFT
(ii) discussed bounds from the EFT

Phenomenology is thrilling and clearly visible @ LHC.

Perturbative stability with respect to NLO-QCD-corrections:
cross sections and distributions are highly stable

The MC Code is publicly available at

http://www-itp.particle.uni-karlsruhe.de/˜vbfnloweb/

and features all the stuff you need....
(GNU-build system, libraries, LHA, manual, . . . )

[Arnold et al., ’08]

’Use your own scenario’ switch — plug in your scenario and get
differential NLO-QCD xsections.
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