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The present status of the SMThe present status of the SM
Based on SU(3)xSU(2)xU(1) 
symmetry spontaneously 
broken down to SU(3)xU(1): 
Matter: 3 generations of
quarks and leptons
One of the central role is 
played by Higgs field

One complex Higgs doublet
3 degrees of freedom got eaten by 
massless W and Z, which acquire 
mass
1 DOF becomes the massive scalar, 
Higgs boson

Higgs boson is still unobserved, 
it is the most wanted particle!

The present Higgs mass limit is 114.4 GeV from LEP2           collider 
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SM: Experimental/Theoretical problemsSM: Experimental/Theoretical problems
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Consequences of SUSYConsequences of SUSY
local SUSY transformations  introduce spin-2 graviton

Provides connection to superstring models:       
crucial ingredient - allows to include fermions
Solves fine-tuning problem of SM

Provides unification of gauge 
couplings
 EW symmetry is broken radiatively 
via RGE running H

u
 and H

D
 

Provides perfect DM candidate: 
stable LSP
Potentially solves baryogenis problem
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““Little” Fine Tuning in MSSMLittle” Fine Tuning in MSSM
Tree-level lightest Higgs boson mass is below 
Z-boson mass

SUSY scale ~ 1 TeV and above is required to 
satisfy LEP2 constraints 
~ 1% of tuning to get Z-mass right
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Little Higgs model as  an  alternative to SUSYLittle Higgs model as  an  alternative to SUSY
Arkani-Hamed, Cohen, Georgi hep-ph/0105239Arkani-Hamed, Cohen, Georgi hep-ph/0105239

“ Little Higgs”  is a pseudo-Nambu-Goldstone boson of 
spontaneously broken global symmetry
This symmetry is also explicitly broken but only  
“ collectively” :      when two or more couplings in the 
Lagrangian are  non-vanishing:
Setting any of these couplings to zero restores the 
symmetry and therefore the masslessness of the of the 
“ little Higgs”
 Thus, little Higgs acquires its mass at second loop
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SU(5) global symmetry is 
spontaneously  broken to 
SO(5) by the VEV of

Arkani-Hamed, Cohen, Katz, Nelson hep-ph/0206021

Higgs is exact NG boson under either global SU(3)

at the scale f

Littlest Higgs: a minimal realization of Little HiggsLittlest Higgs: a minimal realization of Little Higgs

SU(5)  ⊃

SO(5)  ⊃

VEV = f ~ O(1) TeV

(N(N22-1) [24] -1) [24] – – N(N-1)/2 [10] N(N-1)/2 [10] ==  
14 goldstone bosons14 goldstone bosons

Goldstone boson matrix 
parameterization in 

non-linear sigma model
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Collective Symmetry BreakingCollective Symmetry Breaking

are embedded in global SU(5)

preserves SU(3)

preserves SU(3)

Either SU(3) is enough to keep Higgs massless. Sum of all gauge 
interactions break both SU(3)s  and generate the Higgs mass.
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Littlest Higgs: scalar kinetic termLittlest Higgs: scalar kinetic term

with covariant derivative given by

where expanded around its vacuum expectation value

Lagrangian contains non-renormalizable interactions: 
can be only low energy effective description of physics.

The loop contribution becomes as important as tree-level diagram
at the scale                      : theory becomes strongly coupled
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Little Higgs Model with  T -parity (LHT)Little Higgs Model with  T -parity (LHT)

T-parity (Cheng, Low  2003), Z
2
 symmetry forbids mixing with SM

No tree-level  to EW observables No tree-level  to EW observables 
The lightest T-odd particle is a good DM candidateThe lightest T-odd particle is a good DM candidate
New scale f   can be lower then 1 TeVNew scale f   can be lower then 1 TeV

interesting phenomenology ! (Hubisz et al., 2004)

Large tree-level corrections e.g. 
due to the exchange of additional 
heavy gauge bosons and non-
vanishing VEV of triplet higgs:       
f > 5 TeV,  fine-tuning again !f > 5 TeV,  fine-tuning again !
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LHT ModelLHT Model

Hsin-Chia Cheng, Ian Low, 

Jay Hubisz, Patrick Meade,

Andrew Noble, Maxim Perelstein, 

Claudio O. Dib, Rogerio Rosenfeld,

Alfonso Zerwekh, Seung J. Lee, Gil Paz,

Chuan-Ren Chen, Kazuhiro Tobe, 

C.-P. Yuan, Andreas Birkedal, ...
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Gauge sector

Higgs sector

Fermion sector

LHT: new particlesLHT: new particles

           DM candidate!

singlet, the only T-even

singlet

SU(2)
L
 doublets

SU(2)
L
 doublets

Have not been included in the previous phenomenological 
studies! Do not decouple.
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LHT Model: Yukawa interactions LHT Model: Yukawa interactions 
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New heavy particles bosons,top-quarks, scalars 
cancel the respective SM  one-loop quadratic divergences

Cancellation of quadratic divergencesCancellation of quadratic divergences
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LHT: model parameters and mass spectrumLHT: model parameters and mass spectrum

LTP
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LHT: particle interactionsLHT: particle interactions
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Phenomenology of LHT modelPhenomenology of LHT model
Model implementationModel implementation

Lanhep             CalcHEP Lanhep             CalcHEP 
LanhepLanhep  (A.Semenov)(A.Semenov)  is the package for automatic generation is the package for automatic generation 

of Feynman rules (model) for CompHEP/CalcHEPof Feynman rules (model) for CompHEP/CalcHEP
lowers down a lot the possibility of human mistakelowers down a lot the possibility of human mistake

Previously, the essential part of the modelPreviously, the essential part of the model
has been implemented by has been implemented by   J. Hubisz and P. Meade in hep-ph/0411264J. Hubisz and P. Meade in hep-ph/0411264

Our study aimsOur study aims
to implement the complete modelto implement the complete model
to check the previous studiesto check the previous studies
to systematise all possible phenomenologyto systematise all possible phenomenology
to apply CalcHEP-PYTHIA for multibody final statesto apply CalcHEP-PYTHIA for multibody final states
To calculate DM relic density within the complete To calculate DM relic density within the complete 
model using MicroMEGAs 2.0 model using MicroMEGAs 2.0 (A. Pukhov et al)(A. Pukhov et al)
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LHT implementation using LanHEP(1)LHT implementation using LanHEP(1)
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LHT implementation using LanHEP(2)LHT implementation using LanHEP(2)



A. Belyaev "Phenomenology of Little Higgs models", CALC 2006,  July 23,  2006 2424

      

LHT implementation using LanHEP(3)LHT implementation using LanHEP(3)
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LHT implementation using LanHEP(4)LHT implementation using LanHEP(4)
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LHT implementation using LanHEP(5)LHT implementation using LanHEP(5)
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LHT implementation using LanHEP(6)LHT implementation using LanHEP(6)
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LHT implementation using LanHEP(7)LHT implementation using LanHEP(7)
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LHT implementation using LanHEP(8)LHT implementation using LanHEP(8)
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Asano, Matsumoto, Okada,
 Okada, hep-ph/0602157

LHT: relic density abundance resultsLHT: relic density abundance results
A.B, A. Pukhov (preliminary)
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LHT: processesLHT: processes
like-sign leptons!
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Heavy quarks production rates and signaturesHeavy quarks production rates and signatures

EW production due to the initial 
double valence quarks  leads to
like sign lepton signature (LSL),
it is comparable to strong 
production and becomes even  
more important for heavier masses
due to parton luminosity behavior!
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Heavy quarks production rates and signaturesHeavy quarks production rates and signatures

Like-sign lepton signature (LSL)

Opposite sign lepton signature
and 1-lepton signature (1L)
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Heavy top/bottom production rates and signaturesHeavy top/bottom production rates and signatures

OSL + 2b (2t) signature

Single top 1L + 1b  signature



A. Belyaev "Phenomenology of Little Higgs models", CALC 2006,  July 23,  2006 3535

      

Heavy quark-vector boson associate production Heavy quark-vector boson associate production 

OSL, 1L signatures

Indirect Higgs production
as a result of cascade decays
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Heavy vector boson pair production Heavy vector boson pair production 
diagram was neglected in 
previous studies,  but 
crucial for the correct rate 
prediction, gauge 
invariance and unitarity

There is no decoupling (Hubisz et all)

rates were overestimated  by factor 2-5
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Important T-odd fermion contribution to Important T-odd fermion contribution to 
Higgs production via gluon-gluon fusionHiggs production via gluon-gluon fusion

Correction to the cross section

Amplitude

no     dependence!
(Once f is fixed, the T-odd fermion can not decouple.)

T-odd fermionstop sector

hep-ph/0602211 Chen, Tobe, Yuan
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Heavy vector boson pair production Heavy vector boson pair production 

OSL, 1L signatures

Associate Higgs production

Higgs pair production
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Heavy scalar boson pair production Heavy scalar boson pair production 

Study of 3-body tree-level 
decays for Heavy Higgs bosons 
is needed!
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The signal observabilityThe signal observability
CalcHEP –  PYTHIA interface is crucial for CalcHEP –  PYTHIA interface is crucial for 
further analysis beyond the parton levelfurther analysis beyond the parton level
PYTHIA allows now to include new particles PYTHIA allows now to include new particles 
and their decay in easy fashion and their decay in easy fashion 

      (thanks to Peter Skands and Sasha Pukhov)(thanks to Peter Skands and Sasha Pukhov)

BLOCK QNUMBERS 90024 # WH+BLOCK QNUMBERS 90024 # WH+

                  1 1 3  # 3 times electric charge3  # 3 times electric charge
                  2 2 3  # number of spin states (2S+1)3  # number of spin states (2S+1)
                  3 3 1  # colour rep (1: singlet, 3: triplet, 8: octet)1  # colour rep (1: singlet, 3: triplet, 8: octet)
                  4 4 1  # Particle/Antiparticle distinction (0=own anti)1  # Particle/Antiparticle distinction (0=own anti)

BLOCK MASS  # Mass SpectrumBLOCK MASS  # Mass Spectrum

      90024  90024  5.000000E+02  # WH+5.000000E+02  # WH+
DECAY   90024      1.000000E+00 # WH+ widthDECAY   90024      1.000000E+00 # WH+ width

      1.0000E-00     2        24        90022 # Br(WH -> W+ AH)1.0000E-00     2        24        90022 # Br(WH -> W+ AH)
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Lets look at LHT vs SUSY cascade decaysLets look at LHT vs SUSY cascade decays

Both, SUSY and LHT could give the same signature patternBoth, SUSY and LHT could give the same signature pattern

One should look closely:  various One should look closely:  various 
decay channels, spin correlations, decay channels, spin correlations, 
couplingscouplings
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Lets look at LHT vs SUSY cascade decaysLets look at LHT vs SUSY cascade decays

Gluon has no partner in LHT model!Gluon has no partner in LHT model!

Study of spins and couplings is Study of spins and couplings is 
quite a challenge at the LHC quite a challenge at the LHC 
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ConclusionsConclusions
LHT model is well motivated and leads to an exciting LHT model is well motivated and leads to an exciting 
phenomenology at the LHCphenomenology at the LHC
The complete LHT model has been implemented into The complete LHT model has been implemented into 
CalcHEP, CalcHEP, independent implementation was important!independent implementation was important!
New resultsNew results

  all relevant  LHC signatures  are classifiedall relevant  LHC signatures  are classified

  κ − κ − term quark production   has been suggestedterm quark production   has been suggested

  new  signatures, including LSL has been  pointed outnew  signatures, including LSL has been  pointed out

  Importance of non-decoupling effects: especially for Importance of non-decoupling effects: especially for 
heavy boson pair and higgs boson productionheavy boson pair and higgs boson production

CalcHEP-PYTHIA interface: understanding the signal CalcHEP-PYTHIA interface: understanding the signal 
observability and including spin correlations is importantobservability and including spin correlations is important
Relic density abundance has been evaluated for the Relic density abundance has been evaluated for the 
complete model with MicroMEGAs - important constraintcomplete model with MicroMEGAs - important constraint
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