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(not the first time, while waiting for the LHC)
see, e.g., arXiv:0802.3988 and ref.s therein



2. No comparable prior situation at 
the SppS or at the TEVATRON

The impact of the Large Hadron Collider

1984: W, Z
1994: top

1. The first thorough exploration of the energy 
scales well aboveG!1/2

F

!QCD, G!1/2
F

201?: the Higgs boson of the SM

on EWSB (and a word of caution)



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



The “weak coupling” way
Favoured by indirect-data

EWPT, unification (susy), flavour (?), ν-masses (?)

Which problems, if susy?

Which signals?
Much work already done
“Model independence”
Surprises

No Higgs boson so far (hidden in LEP data? E.g. h→aa→4τ)
(the MSSM not the end of the story?)

Flavour? (follow μ→eγ at PSI) 
BR ! 10!11(2008:               with 2 weeks of data)

Tuning? (It could be right and we might never know)

Note the number 
of question marks!



“Model independence”: just an example
A motivated s-particle spectrum below 1 TeV

“s-particles” at their naturalness limit

Relevant physical parameters: mg̃, µ,mt̃1 ,mt̃2 , !t
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4 semi-inclusive final states (up to < few %)
pp! g̃g̃ ! ttt̄t̄ + !!
pp! g̃g̃ ! ttt̄b̄(t̄t̄tb) + !!
pp! g̃g̃ ! ttb̄b̄(t̄t̄bb) + !!
pp! g̃g̃ ! tt̄bb̄ + !!

Btb ! BR(g̃ " tb̄!!) = BR(g̃ " t̄b!+) # 1
2
(1$BR(g̃ " tt̄!))

! = !±,!1,!2

with rates determined by a single BR
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jets or lepton candidates. The main limit of the muon triggers for slow particles is that a minimum velocity of

! ! 0.6 is required in order to have the event be assigned to the correct LHC bunch crossing. The bunch cross
assignment is then used to read the correct data from other subdetectors. If the event is assigned to the wrong

bunch crossing the event may fail the higher level trigger and so it may be lost. Nevertheless an high fraction

of events are expected to have gluinos with ! > 0.6 so this trigger is still the more promising one. The charge
flipping of R-hadrons may add some additional inefficiency in the trigger process so a full simulation of R-hadrons

events including hadronic energy loss and charge flipping has been performed in ATLAS and CMS to study the

detectability. The result, obtained with some conservative assumption, is that an overall ! 15% efficiency can be

obtained in CMS for gluinos withm = 600 GeV.
If R-hadrons events can be triggered using muon triggers the main backgrounds are expected to be StandardModel

events with muons. The best way to distinguish R-hadrons, as well as any heavy stable charged particle, from

muons is measuring its velocity and then reconstructing its mass. The mass measurement itself is also interesting

being a free parameter in the various models. It has been proved in CMS that using dE

dX
and time of flight it is

possible to measure velocity with a few % precision and almost completely separate the signal and backgrounds.

The resolution obtained combining the two measurements is shown as a function of the particle velocity in figure

3. The optimal region for mass measurement is for 0.6 < ! < 0.8 in which the measurement is less biased and
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Figure 3: ! resolution as a function of the simulated ! (left) and reconstructed mass (right) for a 600 GeV gluino.

with a better resolution. The mass distribution obtained for a 600 GeV gluino with 0.5 fb!1 is also shown in figure

3.

4 Conclusion

Using two different techniques for measurement of ! it will be possible in LHC experiment to search for heavy
stable charged particle, including R-hadrons or similar particle originated by a long lived coloured particle. The two

methods for ! measurement have different backgrounds so it is possible, by combining them, to perform a robust
and model independent data analysis. Detailed detector understanding, starting with the detectors commissioning

in 2007, is needed to give a precise estimate of the discovery reach of LHC experiments with first data.

For long-lived gluinos the discovery should be possible with the first 1 fb!1 up to about m ! 1 TeV; for other
models the results should be scaled with the production cross section in a proton-proton interaction at 14 TeV.
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“Stable” R-hadrons (made of   or of    )g̃ t̃

600 GeV gluino (0.5 fb  )-1

because “LSP”, up to gravitino decays, or because of 

by dE/dx and time-of-flight
superheavy squarks (in the gluino case)

Surprises: another example

Rizzi



The “strong coupling” way

Disfavoured by indirect-data

EWPT: mostly ΔS>0, but don’t
forget the S↔T correlation

Models not fully convincing
(although enlarged by 5D↔4D holography)

Flavour problematic?
(yes, but what about the SM      ?)!Y

ij

“Higgs” or “Higgs-less”?
(a real question, although with a most likely answer)

Any “model independent” way to see the LHC data?
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An attempt: back to “minimality”
(not new(!), but useful(?) to be pushed further)

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

Consistent with all data so far, except the EWPT 
(although ρ≈1) and reliable only up to Λ≈4πv

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

scalars, fermions, vectors

QRi =
!

!u
ijuRj

!d
ijdRj

"
L = LSM

gauge +
v2

4
< (DµU)+(DµU) > +

v!
2
Q̄LiUQRi

U (x) = ei!̂(x)/v , !̂ (x) = "a!a

Bagger et al



Scalars: a “composite” Higgs boson

Too good not to be true!?!

h = SU(2)    - singletL+R Why light? (PGB, h=A  ,...)5

Lh
SB =

v2

4
< (DµU)+(DµU) > (1 + 2a

h

v
+ b

h2

v2
) +

v!
2
Q̄LiU(1 + c

h

v
)QRi

MFV

If (π ,h) = linear SU(2)xU(1) multiplet:a a=b=c=1 
 EWPT OK and consistency well above 4πv (if m small enough)h

Yet, if h found (by the usual means), hard to overestimate
the importance of measuring a,b,c as well as possible

How? h production and decays at the LHC

rather WW→hh
 WW→WW not so useful

but only for
high luminosity

L = LSM
gauge +

1
2
(!µh)2 ! V (h) + Lh

SB + ...

Contino et al



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)

LV
int = L1V + L2V + L3V

L1V = ! igV

2
"

2

!
V̂ µ! [uµ, u! ]

"
! fV

2
"

2

!
V̂ µ!(uWµ!u† + u†Bµ!u)

"

L2V = g1 !VµV µu!u!" + g2 !Vµu!V µu!" + g3 !VµV" [uµ, u" ]" + g4 !VµV"{uµ, u"}"

+g5 !Vµ (uµV!u! + u!V!uµ)" + ig6

!
VµV!(uWµ!u† + u†Bµ!u)

"

L3V =
igK

2
!

2

!
V̂µ!V µV !

"

LV = LSB + LV
kin + LV

int + ...

9 parameters (an embarrassment) 
but many processes as well

u =
!

U

uµ = iu†DµUu†

Carcamo et al



“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

with partially improved asymptotic behaviour of 

g1 = g2 = g4 = g5 = 0fV = 2gV g3 = !1
4

g6 =
1
2

gK

WLWL ! V V

ff̄ ! ! V V



V production and decays

Narrow ( Γ<40 GeV at M < 1 TeV) and dominated -
by V→WW/Z ( ll small but≠0 because of VZ kin. mixing)

(V→tt ?)-

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

Belyaev et al
Cata’ et al
Carcamo et al



Last but not least 
(especially for this workshop)

Perhaps the most exciting aspect of a fundamental theory
of particles and space-time is that it can allow to calculate

the content and the evolution of the universe. 

We are not close!       A clue from EWSB?

Numerically, if !DM ! vnDM

nDM

n!
! O

!
v

MPl

"
v = G!1/2

Fwith

We know very well one explanation for this (WIMP)
An accident? Other explanations?

Which consequences for the LHC?



Conclusions
⇒ The Fermi scale, one of the two fundamental scales in

particle physics, thoroughly explored at the LHC for  
 the first time.

⇒ Real questions: (in spite of our own preferences)
EWSB: weak or strong?

Higgs boson: elementary of composite, if existent at all?

⇒ (for theorists) Useful to prepare to see the data in
 “model independent” ways, as much as possible

⇒            ⇔ DM !?!G!1/2
F

⇒ With LHC on, physics (about EWSB) in its normal way
of operation



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!"!!

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!" = 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. Di!erential 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 di!er-
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 di!erential 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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In the following we describe the reconstruction e"-
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% e"ciency
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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
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for tagging b-jets (!b), independent of the b-jet energy.
Our particle level study shows that the e"ciency of the
additional cuts described, !cut, 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 e"ciency is lower, 9(10)% for
mtt̄ = 3(4) TeV. The signal+background (BG+KKG)
and background (BG) reconstruction e"ciencies di!er
because the BG and BG+KKG events have di!erent
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 e"ciency is
given by BRlj ! !cut ! !b # 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 fallo! 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 !+!!!±"b final state. The signal (white) is T ! Zt,

computed for MT = 1 TeV, tan # = 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
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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 (ll!!j), 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 e"ciency 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 (ll!!j) = (ET (llj) + ET (!!))2 ! |"pT (llj) + ""pT |2 ,

ET (llj) #
!

|"pT (llj)|2 + Minv(llj)2 , ET (!!) # |""pT | .
(9)

In the scenario with T5/3 partners, the transverse mass distribution has an approximate edge
at MT (ll!!j) $ 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)


