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Carcamo et al

without detailed models

ElectroWeak Symmetry Breaking
weak coupling (!?)

strong coupling (??)

Two examples:

Pappadopulo
1. s-particles at their naturalness limits

2. Light composite vectors
Carcamo, Corcella, Torre, Trincherini

(but not without concreteness)



            heavy enough (≥   )to be ∼ irrelevantq̃1, q̃2, b̃R g̃

“s-particles” at their naturalness limit
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(μ ⇔     at tree level)MZ

⇔ strongest coupling to the Higgs systemt̃1, t̃2, b̃L

(where the s-leptons are almost doesn’t matter)



Relevant physical parameters:

mg̃ mt̃1 ,mt̃2 , θt (µ, M1, M2) (tanβ)

[only the case μ< (<<)            examined so far]M1,M2

An example (and a generic concern, at least in the MSSM case)

(from stop-higgsino only and exactly CKM angles)
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3 semi-inclusive decays (up to < few % in any case)

pp→ g̃g̃ → ttt̄t̄ + χχ
pp→ g̃g̃ → ttt̄b̄(t̄t̄tb) + χχ
pp→ g̃g̃ → ttb̄b̄(t̄t̄bb) + χχ
pp→ g̃g̃ → tt̄bb̄ + χχ

χ = χ±,χ1,χ2

Btb ≡ BR(g̃ → tb̄χ−) = BR(g̃ → t̄bχ+) ≈ 1
2
(1−BR(g̃ → tt̄χ))

with rates determined by a single BR

BR

A synthetic description of the LHC phenomenology

g̃ → tt̄χ
g̃ → tb̄χ−(t̄bχ+)
g̃ → bb̄χ

direct or by cascade
forget cascades inside χ’s

⇒ 4 semi-inclusive final states 

bb irrelevant whenever  µ < M1,M2
-



BR
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BR

Btb

Multi-lepton events from semileptonic top decays

R(l±l± + jets + ETmiss) = 2B2
l (Btb + (1− 2Btb)Bh)2

R(l±l+l− + jets + ETmiss) = 4B3
l (1− 2Btb)(Btb + (1− 2Btb)Bh)

Btb = 0.25÷ 0.5

Bl = 21% Bh = 68%

σ(l±l±, l±l+l−) = σ(g̃g̃)R(l±l±, l±l+l−)



BR
Which sensitivity?
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E.g.: at                 and 
√

s = 14 TeV mg̃ = 800 GeV, Btb = 0.35

σ(l±l±) ≈ 23 fb

σ(l±l+l−) ≈ 7.5 fb

Next: 

⇒ 4 semi-inclusive final states 

Dark Matter?
Further leptons from inter-χ cascades

into playM1, M2

Which sensitivity limit on        for a given        ?mg̃

∫
Ldt

background

signal



Light “composite” vectors

Generically: (not new(!), but useful(?) to be pushed further)

2. Introduce new “composite” particles of mass <(<<)Λ
consistently with 1 and see what happens:

scalars, fermions, vectors

1. Keep SU(2)xU(1) gauge invariance but leave out the 
Higgs boson, while insisting on SU(2) xSU(2) →SU(2)L R L+R
as relevant symmetry (except for g’≠0 and m - m ≠0)t b

QRi =
(

λu
ijuRj

λd
ijdRj

)
L = LSM

gauge +
v2

4
< (DµU)+(DµU) > +

v√
2
Q̄LiUQRi

U (x) = eiπ̂(x)/v , π̂ (x) = τaπa

Bagger et al

Λ ≈ 4πv ≈ 3 TeV



Vectors: a “composite” ρ-like state
Why light? (unitarity, EWPT?)V  = a SU(2)    - tripletL+R

μ
a
The formalism is there since always (CCWZ):

two more covariant vectors made of π, W, B
Γµ =

1
2

[
u† (∂µ − iBµ) u + u (∂µ − iWµ) u†

]
uµ = u†

µ = iu†DµUu†

E.g.:

Vµ =
1√
2
τaV a

µ , V µ → hV µh† unlike a standard
 gauge boson!

LV
kin = −1

4

〈
V̂ µν V̂µν

〉
+

M2
V

2
〈V µVµ〉 ,

V̂µν = ∇µVν −∇µV = ∂µV + [Γµ, V ]

u ≡
√

U → gRuh† = hug†L under SU(2)L × SU(2)R



The generic Lagrangian 

L1V = − igV

2
√

2

〈
V̂ µν [uµ, uν ]

〉
− fV

2
√

2

〈
V̂ µν(uWµνu† + u†Bµνu)

〉

L2V = g1 〈VµV µuαuα〉 + g2 〈VµuαV µuα〉 + g3 〈VµVν [uµ, uν ]〉 + g4 〈VµVν{uµ, uν}〉

+g5 〈Vµ (uµVνuν + uνVνuµ)〉 + ig6

〈
VµVν(uWµνu† + u†Bµνu)

〉

L3V =
igK

2
√

2

〈
V̂µνV µV ν

〉

LV
int = L1V + L2V + L3VLV = LSB + LV

kin + LV
int + ...

9 parameters (an embarrassment) 
but many processes as well: study 

WLWL → V V
q̄q → V V

parity assumed

NDA guess
gV , fV ≈

1
4π

gi=1,...,6 ≈ 1
gK ≈ 4π

but            !MV < Λ

leave out direct coupling of V to SM fermions (top?)

but many processes as well: study 

in various charge
configurations



Large-s behaviour
In short, out of the many amplitudes:

(and a small coefficient)A(q̄q → V V ) ∝ s

M2
V

A(WLWL → VLVL) ∝ s2

v2M2
V

A(WLWL → VLVT ) ∝ s3/2

v2MV

Not surprising: taken at face value Λ ≈ 4πv → (4πvMV )1/2

as in a gauge theory (see below). Exact or approximate?

gV =
1

gK
g1 = g2 = g4 = g5 = 0fV = 2gV g3 = −1

4
g6 =

1
2

Reduce A(WW) ≈ s/v  and A(qq) ≈ const by unique choice:2



“Composite” versus gauge vectors
V μaCan study the correspondence of     with one of

the many vectors in SU(2) xSU(2) xSU(2)   broken N
RL

to            by a generic sigma modeldiagSU(2)
(BESS, 3-site, ... , deconstructed SU(2) xSU(2)  in 5D)RL

Indeed, by appropriate field redefinitions:

WLWL → V V ff̄ ′ → V V

with

and improved asymptotic behaviour of

above any      threshold MV
i

f i
V = 2gi

Vg3 = −1/4, g6 = 1/6 Σjg
j
V gjii

K = 1

Lgauge = ΣiLV
i +

iĝlmn
K

2
√

2

〈
V̂ l

µνV µ
mV ν

n

〉

and gK ≈MV /v



V production and decays

-
by V→WW/Z ( ll small but≠0 because of VZ kin. mixing)

(V→tt ?)-

Single V or associated VW/Z production by DY (f  )V

V 6Kpair-V production by DY (f  ,g  ,g  )
V ipair-V production by WW-fusion (g  ,g  ,g  )K

leading to 2W/Z, 3W/Z, 4W/Z final states (+jj)
→ multi-leptons to be disantangled from the background

Narrow ( Γ≈ M  < 40 GeV at M < 1 TeV) and dominated V
3

Single V-production by WW-fusion ( g  )V



Vector Boson Fusion

σ(     ) ≈ 0.3 fbl±l±At M  = 500 GeVV

gV gK = 1 gV gK = 1/
√

2
gV MV = 200 GeV gV MV = 200 GeV
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σ (pp→ V −V −jj)
σ (pp→ V 0V −jj)
σ (pp→ V 0V +jj)
σ (pp→ V 0V 0jj)
σ (pp→ V +V +jj)
σ (pp→ V +V −jj)

and all other
couplings as 
in a gauge model

pT (j) > 30 GeV
|η( )| ! 5



Drell-Yan

σ(     ) ≈ 0.2 fbl±l±At M  = 500 GeVV

visible above background??

fV = 2gV
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 Control unitarity
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Tree-level positive contribution to S: 
(which worsen the agreement with EWPO) 

SM Higgs mass
  [GeV]

500

100

3000

WT                                        BT  
V, A
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 Potentially large (quadratically divergent)
positive one-loop  contribution to T

BT
WL

± WL

± 

V, A 

At the one-loop level the situation can become
qualitatively very different

One-loop breaking of the costodial 
symmetry due to g' ≠ 0  
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UV completions [QCD-like vs. N-site gauge models]

vectors
(tree)

vectors
(1-loop)

The leading contributions to S & T generated by the exchange of  
single  heavy fields are:

To understand their phenomenological role, we need to understand 
the possible range of the free parameters
which mechanism cut off the quadratic divergence

UV completion
of the model

General approach for QCD-like theories
! comparison with QCD 
! generic sum-rules

Explicit gauge models
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Unitarity and EWPO with heavy vectors

Assuming a QCD-type model, with a single light (A,V) set not saturating all 
the sum rules...
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EWSB: “weak” or “strong”?
“weak” 

“strong” 

a relatively light Higgs boson exists
perturbativity extended →high E (              )MGUT ,MPl

perhaps (probably) embedded in susy
gauge couplings unify

EWSB related to new forces, new degrees of freedom
or even new dimensions opening up in the TeVs

perturbativity lost in the multi-TeV range
high E extrapolation highly uncertain



KK-vector signals

qq→ qq V̂ qq→ V̂ V̂ →VV, tt̄, (hV )

probably not useful, because of small BRV̂ → f f̄
can also be a KK-gluonV̂
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Figure 1: Reconstructed resonances and backgrounds for the ChL model, 1.2 TeV (left) and for the Higgsless

model, 700 GeV (right), in the 2-lepton channel. Although no tt̄ nor Wj background remains, they cannot be

statistically excluded.

3.1 qqWZ → qq!ν!!

This channel is relatively clean, because of the presence of three leptons, but it is suppressed

by the branching ratios. We will therefore consider a signal for an integrated luminosity of 300

fb−1, for an integrated luminosity of 100 fb−1.

We apply similar cuts to the case above, with the difference that we require the presence of

3 leptons with pT > 40 GeV, as well as transverse momentum of /pT
> 40 GeV. The transverse

momentum of the neutrino is assumed to be the measured /pT
and the longitudinal momentum is

constrained by requiring thatm!ν = mW . We also require that two opposite sign, same flavour

leptons have the mass of the Z within 15 GeV. With these cuts, no events remain from tt̄ and
other backgrounds (except the irreducible SM qqWZ background), although the statistics are

insufficient to claim that they are completely eliminated. Figs. 2 shows preliminary results for

the ChL and Higgsless models studied here.

4. CONCLUSION

The reconstruction of high mass WZ resonances arising from a Chiral Lagrangian model and

from a Higgsless model have been studied using full detector simulation. Although insufficient

statistics were available for background estimation, preliminary results show that, with appro-

priate cuts, and depending on the parameters of the models, significant signals can be obtained

within 1-3 years of data taking at the LHC at nominal luminosity (corresponding to 100-300

fb−1).

pp→ qqŴ → qqWZ→ qq jet jet ll 6

TABLE I: Selection cuts in the semileptonic tt̄ channel.

3. Differential cross section

The SM top pair production rate falls steeply as a func-
tion of the invariant mass. The uncertainty from PDF’s
in this shape is far less than that in the total cross-section.
Hence we look for a signal from KK gluons in the differ-
ential tt̄ cross-section as opposed to simply counting the
total number of tt̄ events. We do not expect a sharp
resonance in this distribution due to the large width of
the KK gluon, but we do obtain a statistically significant
“bump” as discussed below.

The differential cross section as a function of mtt̄ is
shown in Figs. 4 and 5 for MKKG = 3 TeV produced
at the LHC. In Fig. 4 we compare the total (signal +
background) distribution to the SM (background) distri-
bution, based on a partonic-level analysis. In Fig. 5, we
focus on the area near the peak and we consider con-
tributions from the reducible background (from Wjj).
We show the particle level results and the correspond-
ing statistical uncertainties of event reconstruction. The
predictions for the SM and SM+RS models, based on
partonic-level analysis (same as in Fig. 4), are also shown
for comparison. We see that, since the partonic and par-
ticle level data are consistent with each other, we do not
expect a large bias in the ability to reconstruct the KKG
mass.
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FIG. 4: Invariant tt̄ mass distribution for MKKG = 3 TeV
production at the LHC. The solid curve presents sig-
nal+background distribution, while the dashed curve presents
the tt̄ SM background, based on partonic level analysis.

In the following we describe the reconstruction effi-
ciency and how we estimate our signal to background
ratio and the sensitivity to the KK gluon mass based on
this analysis. Following [13], we assume a 20% efficiency
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FIG. 5: Invariant tt̄ mass distribution for 3 TeV KKG, fo-
cusing on the area near the peak. The error bars corre-
spond to statistical uncertainties and represent our particle
level analysis. The dotted line stands for the SM predic-
tion. The dashed-dotted line shows the Wjj background.
The dashed line shows the signal+background from Sherpa’s
partonic level analysis.

for tagging b-jets (εb), independent of the b-jet energy.
Our particle level study shows that the efficiency of the
additional cuts described, εcut, in Table I for the recon-
struction of tt̄ system in the mass window around KKG
is about 20(21)% for mtt̄ = 3(4)TeV. We find that for
the SM the reconstruction efficiency is lower, 9(10)% for
mtt̄ = 3(4) TeV. The signal+background (BG+KKG)
and background (BG) reconstruction efficiencies differ
because the BG and BG+KKG events have different
kinematics. The background is dominated by gg fusion
events which are more forwardly-peaked in the top pair
center of mass (cm) frame than the qq̄ fusion events.
Hence, the gg events have a smaller PT

9 than the qq̄
events. Since KK gluon signal comes only from qq̄ fu-
sion, the pT cut on the top-quark reduces background
more than the signal.

In addition, the branching ratio for the lj decay is given
by BRlj = 2 × 2/9 × 2/3 " 0.3. The total efficiency is
given by BRlj × εcut × εb ∼ 1%.

We estimate the statistical significance of our signal
by looking at the bump. An invariant tt̄ mass window
cut 0.85MKKG < Mtt̄ < 1.5MKKG is applied. The
lower bound corresponds roughly to the width. The
upper bound is not particularly important due to the
steep falloff in cross section. Below the MKKG thresh-
old, the signal+background distribution is actually be-
low the background one due to destructive interference.
Therefore, we choose an asymmetric mass window cut.
We estimate the ratio of the signal, S, to the statistical
error in the the background,

√
B, via our particle level

9 Note that, inside the mass window, the total momentum/energy
of each top quark in cm frame is roughly fixed at MKKG/2.

pp→ ĝ→ tt̄

Agashe et alAzuelos, Delsart, Idarraga

100 f b−1

Agashe et al

(t or b, depending on the charge)

V̂



KK-quark signals

Single production also possible

Contino, Servant

Q≡ (T 2/3,B−1/3,X5/3)

qq→ QQ̄ Q→ tV, th

If they exist, easier to catch than KK-vectors
(like squarks, but without      )ET/

188

Figure 3: Invariantmass of the Zt pair, reconstructed from the !+!−!±νb final state. The signal (white) is T → Zt,

computed for MT = 1 TeV, tan α = 1, and Br(T → Zt) = 25%. The background (red) is dominated by tbZ .

From Ref. [500].

the constraints are generically much weaker than in the tree-level case [506], and values of f as
low as 500 GeV are allowed, as illustrated in Fig. 4. The main disadvantage of these models,

compared to the original Littlest Higgs, is the larger number of new particles at the TeV scale:

consistent implementation of T parity requires the presence of a T-odd Dirac fermion partner

for each SM weak doublet fermion. These particles are expected to be within the reach of the

LHC: constraints from four-fermion operators place an upper bound on their mass, M(f−), in
units of TeV:

MTeV(f−) < 4.8f 2
TeV , (9)

where a flavor-diagonal and universal T-odd mass has been assumed [506].

Collider phenomenology of the Littlest Higgs model with T parity was considered in

Ref. [507]. While the gauge boson spectrum is similar to the original Littlest Higgs, the phe-

nomenology is drastically different due to the fact that the TeV-scale gauge bosons are T-odd.

Since all SM particles are T-even, the heavy gauge bosons must be pair-produced. The BH

gauge boson, whose presence is obligatory in this model, is quite light, M(BH) = g′f/
√

5 ≈
0.16f , and is typically the lightest T-odd particle (LTP). Conserved T parity renders the LTP
stable, and events with WH or BH production will be characterized by large missing energy

or transverse momentum carried away by the two LTPs. In this sense, the signatures are very

similar to SUSY models with conserved R parity or UED models with conserved Kaluza-Klein

parity, raising an interesting question of how these models can be distinguished experimentally

at the LHC and the ILC. One potential discriminator in the model considered in [506, 507]

is the heavy top T+, which is T-even and can be produced singly and decay via the channels

listed in Eq. (7); however, T parity models with no TeV-scale T-even particles have also been

T (1 TeV )→ Z t → l+l−l±νb

!"" #""" #!"" $"""
"

#"

$"

%"

&"

!"

'"

()*+,-./0+1.+/*-2+33--45678

9
-)
:-
6
0
6
/
*3
;<
!
"
-5
6
7
=

>-?-!""-567-----@-?-#"-:A!#

(!;%-B-C-B-ADE

C-B-ADE

A+DEF1)G/H

!"" #"" $"" %"" &&""
"

&"

'"

!"

("

#"
)
*+
,*
-
.
-
/
01
23
'
#
*4
-
5
6

78/.39:;<-10*#*=-016**>4-5?

7*@*#""*4-5*****A*@*&"*,B!& C#2!*D*E*D*BFG

E*D*BFG

B:FGH;+I/<

C#2!*D*E*D*BFG*

J809*BK0:HH8/HL

E*D*BFG*

!"" #"" $"" %"" &""
"

!"

'"

#"

("

$"

)"

*+,-./0+.012,..1344!!56117809:

;
1<
=1
0
/
0
-
>.
?3
'
"
18
0
9
6

21@1$""180911111A1@1!"1=B!!

*$?#1C1D1C1BEF

D1C1BEF

B,EFG+<H-I

Figure 6: Distributions after the main cuts of eq.(8) for M = 500GeV: a) Total invariant mass
(upper left plot); b) Invariant mass of the hardest 5 jets (upper right plot); c) Transverse invariant
mass of the system (llννj), see text (lower plot). The dotted and dashed curves in b) correspond
to the invariant mass of the hardest 4 jets plus the b-jet that has the largest ∆R with the softest
lepton. They assume two b tags, though no b-tagging efficiency has been included, see text.

sophisticated approaches to future analyses. Figure 6, bottom plot, shows the transverse
invariant mass of the system [two leptons + two neutrinos + jet closest to the softest lepton]
– where “closest” here means “with the smallest ∆R” – defined as

M2
T (llννj) = (ET (llj) + ET (νν))2 − |"pT (llj) + ""pT |2 ,

ET (llj) ≡
√

|"pT (llj)|2 + Minv(llj)2 , ET (νν) ≡ |""pT | .
(9)

In the scenario with T5/3 partners, the transverse mass distribution has an approximate edge
at MT (llννj) ∼ M due to the resonant leptonic decay, 11 while it is smoother in the other
scenario with only the B (where no resonance is expected in the system of the two leptons).

For 1 TeV masses the SM background is still larger than the signal after the cuts of eq.(8),
but the resonant peak at Minv(tot) = 2M is already distinguishable in the total invariant

11 The edge is only approximate because of the omission of the unknown invariant mass of the system of
the two neutrinos in the definition (9).

12

pp→ XX̄ +BB̄→ l±l±+ jets+ET/

(t or b, depending on the charge)


