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The Standard Model, its shortcomings and extensions

The Standard Model

The fermions are the foundamental
blocks of the matter

The bosons mediate the interactions

The standard model had great success
in describing the experimental
observations

However it has some shortcomings

Shortcomings of SM

It can not accomodate

neutrino masses

gravitational interaction

dark matter

matter-antimatter asymmetry

Extensions of SM

GUT

String theory

Supersymmetry

Extra-dimensions

Composite models
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Composite model for quarks and leptons

Compositness of leptons and quarks is one possible scenario beyond
the Standard Model

In a composite scenario fermions are assumed to have an internal
substructure.

In a composite scenario we expect to observe excited leptons and
quarks

In general the following parameters are introduced:

m∗: mass of the excited states
Λ: Energy scale at which the internal substructure becomes manifest

In our study we will use the parameterization m∗ = Λ
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Extended weak isospin model

It describes the excited states trough the weak isospin symmetry

It doesn’t refer to the internal dynamics

Analogy with strong isospin → prediction of hadronic states before the
discovery of quarks and gluons

SM q, ` ∈ IW = 0, 1/2 e W±,Z , γ ∈ IW = 0, 1
⇒ excited fermions ∈ IW ≤ 3/2
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The higher isospin multiplets in the quark sector

The isospin multiplets with IW = 1 and IW = 3/2 contain ordinary charged
excited quarks (U, D) and exoticly charged excited quarks (U+, D−)

The higher isospin multiplets contribute solely to the iso-vector current and
do not contribute to the hypercharge current

The exoticly charged excited quarks interact with the standard model
fermions only via W+ and W− gauge bosons

Because all gauge fields carry no hypercharge Y , a given multiplet couples
truogh the gauge field to light multiplet with the same Y

In order to conserve the SU(2) currents, the couplings between excited and
ordinary fermions are magnetic moment type transition couplings.

The lagrangians are:

L(IW =3/2) =
gf3/2

Λ

∑
M,m,m′ C( 3

2
,M|1,m; 1

2
,m′)× (Ψ̄MσµνqLm′)∂

ν(Wm)µ + h.c.

L(IW =1) = gf1
Λ

∑
m=−1,0,1

[
(ŪmσµνuR) + (D̄mσµνdR)

]
∂ν(Wm)µ + h.c.

(g is the SU(2) coupling, f1, f3/2 = 1, C are the Clebsch-Gordan coefficients, we

assume Λ = m∗).
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Production process for U+

For the uu → U+d sub-process we have t and u−channel

For the ud̄ → U+ū sub-process we have s and t−channel
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For the production of D− we have a similar situation
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Partonic sub-processes cross sections (IW = 1)

The case IW = 1 is characterized by the absence of the interference between the
kinematic channels
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∗(ŝ − û)
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∗(t̂ − û)
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Partonic sub-processes cross sections (IW = 3/2)

The case IW = 3/2 is characterized by nonzero interference between the kinematic
channels(
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∗(ŝ −m2

∗) + 2t̂ û −m2
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Production cross section

σ =
∑

a,b

∫ 1
m∗2

s
dτ
∫ 1

τ
dx
x fa(x , Q̂)fb( τx , Q̂)σ̂(τs,m∗)

(σ̂: partonic cross section calculated in the center of mass frame, fa: partonic distribution

function, x : longitudinal partonic momentum fraction, Q̂: factorization scale.)
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The bands correspond to the varition of the
factorization scale from Q̂ = MW to
Q̂ = m∗

The production of U+ has a larger cross

section because this process involves

sub-processes with u quarks in the initial

state, that is the most available quark in

the proton.
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Excited quarks decay and final signature

U+ →W+u

Γ = α f 2

sin2 θw

m∗
8

(
2 +

M2
W

m2
∗

)(
1− M2

W

m2
∗

)2

We consider the decay chain Q →W+q → `+νq
⇒ The final signature is `+pT/ jj
This signature can be given by the processes:
pp → U+j →W+jj → `+pT/ jj
pp → D̄−j →W+jj → `+pT/ jj
pp → Uj →W+jj → `+pT/ jj

pp → D̄j →W+jj → `+pT/ jj

All these contributions are included in the simulations
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Contributions to the final signature

The U+ and D̄− interact with the SM Gauge boson W , the U and D̄ interact
with the SM gauge bosons W , Z , γ:

The U+ and D̄− contribute to Wqq channel with branching ratio
B(Q →W+q) = 1, while the U and D̄ with B(Q →W+q) ≈ 0.22

The U and D̄ production happen with diagrams involving all the SM gauge
bosons, this enhances these contributions

IW = 1 IW = 3/2
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Analysis structure

Partonic processes simulation (CalcHEP)

m∗ ∈ [500, 5000]GeV with steps of 250 GeV
100000 events per sample

Study of the kinematic variables → kinematic cuts

Simulation of detector effects (DELPHES): efficiency, resolution,
geometrical acceptance etc.

Study of the statistical significance
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Kinematical cuts

The main background is the process pp →Wjj → `+pT/ jj

We want to find kinematical cuts that can separate the signal and the
backround
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We can separate signal and background with the cuts
pT (j1) ≥ 180 GeV pT (j2) ≥ 100 GeV
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Transverse mass

One of the decay product of the excited quark is a neutrino

For neutrinos it is not possible to reconstruct the longitudinal momentum

therefore it is not possible to exactly reconstruct the excited quark mass

we can reconstruct the transverse mass

The transverse mass is defined in terms of the reconstructed trensverse momentum of the W
gauge boson (pTW = pT` + pTν) and the transverse momentum of the leading jet:

M2
T =

(√
p2
TW + M2

W + pTj1

)2
− (pTW + pTj1)2
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The transverse mass distribution shows a peak

with a relatively sharp end-point at MT ≈ m∗
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Excited quark reconstructed mass (with approximation)

We can still reconstruct the invariant mass of the exotic quark to some degree of accuracy

We start from the conservation of four-momento: M2
W = (p` + pν)2

From it we obtain a second-order equation for pνL
Among the two solutions we select the one that gives the more central (smaller
pseudorapidity) W

Now we can reconstruct the invariant mass M`ν`j1
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The M`ν`j1 distribution has a clear peak in

correspondence of the excited quark mass
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Reconstruction and selection efficiencies

Selection:
2 jets and 1 lepton with
pT (j1) ≥ 180 GeV ,
pT (j2) ≥ 100 GeV
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Statistical significance study

Statistical Significance: S = Ns√
Ns+Nb

, with Ns = Lσsεs , Nb = Lσbεb

Luminosity needed to have a given S : L = S2

σsεs
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Recast of an experimental analysis

We give bounds on the excited quarks in
IW = 1, 3/2 multiplets by recasting results from
CMS-PAS-B2G-12-016

CMS-PAS-B2G-12-016

Search for exotic light flavour quark partners
√
s = 8 TeV

19.6 fb−1

We compare the observed limit on
σ(pp → Dq)× B(D → Zq) of the
experimental analysis with the prediction of
our model

In our model this signature is produced by the
states D, D̄, U, Ū
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Conclusions

This is the first study of the production at the LHC of the excited quarks which
appear in composite models with weak isospin multiplets IW = 1 and IW = 3/2

Cross section for excited quarks

Implementation of the magnetic type Gauge interactions in the CalcHEP
generator

Fast simulation of the detector reconstruction for signal and relevant
background based on DELPHES

Luminosity curves as function of m∗ for S=3 and S=5

Bound on the excited quark mass by recasting an experimental analysis

Future improvement of the study:

The two dimensional parameter space (Λ,m∗) could be fully explored

The effect of expected contact interaction should be taken into account
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