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Plan of the presentation 

• BSM physics – motivation for study 

• Higgs pair production 

• X-dim models: Randall-Sundrum scenario 

• R-S model phenomenology 

• Progress achieved, tools and prospects (ToDo) 

• Scalar potential 

• RGE’s study; “dummy method”, prospects (ToDo)  

• Summary 
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Motivation to search for a new physics (BSM) 

  The Standard Model of particle physics 

classifies   all known elementary particles 

and describes electromagnetic interaction 

   weak interaction  

   strong interaction 

 

but not gravity (including the hierarchy problem) 

   dark matter and dark energy 

   neutrino oscillations 

   etc. 
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the SM is only the low-energy limit of some more 

fundamental high-scale theory 

 i.e. the modern task – is the search for  the Extensions of the SM 

(BSM physics / New physics) 



Higgs pair production – a process of a particular interest 
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In the SM, the scalar sector takes a minimal form:  
–   a single Higgs doublet field, 
–   the tri-linear Higgs coupling  λ3h is related to the Higgs mass and 
vacuum expectation value in a specific way. 
 

Any deviation in  λ3h  would signal new physics beyond the SM. 
 

The key process for testing  λ3h   –  is the Higgs pair production 

Experimental verification 
of this relation is needed! 

In extended scalar sector: 
presence of another scalar 
particle can cause a 
deviation in λ3h  



Stabilized Randall-Sundrum Model 
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We are here 

gravitational field 

real scalar field 

(radion) 

“bulk” 
5th coordinate: 

Solution of the hierarchy problem: 

r 

radion 
s=0 

2~10 GeV

2 2 ( ) 2A yds e dx dx dy  

  

  Brane world model (2 branes: TeV and Planck) 
  1 extra dimension (5D) 
  SM is localized on the TeV brane 
  Gravitation and a real scalar (stabilizing) field 
propagate in the “bulk” 

 Solution of the hierarchy problem 
 Additional light scalar particle (radion) 

 
 



Radion phenomenongy 
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Radion-Higgs similarity: 
(Phys. Rev. D 90, 095026 (2014), Phys.Rev. D94 no.2, 024047 (2016)) 
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The radion contribution can mimic the 
deviation in the trilinear Higgs coulping 

Single 
production  

Associated 
production  



Higgs-radion mixing 
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RS model with FeynRules package  
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FeynRules is a Mathematica-based package: 
Implementation of particle physics models  
into high-energy physics tools.  
 

The model file:  description of fields, symmetries, parameters and Lagrangians  

0  r A r B h

    0

0 0 0

0 0

1 1

2 2

   
    
        
   

H
v h v C r D h

It calculates the underlying Feynman rules and outputs them to a form appropriate 
for various programs (CalcHep, FeynArts, MadGraph, Sherpa and Whizard) 

The RS model is implemented in the 
FeynRules, automated calculation of 
the Feynman rules is achieved 



RS model with FeynRules package  
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Outlook 

1. Implementation of the model (creation of a new model file) 
 

2. Verification of the results (examples from the literature) 

to study the Higgs coupling 
modifications 

to study the hh, rh, rr 
production (loop level) 

3. Collider phenomenology study:  to interface the model file with MadGraph 
and to get the observables  



RS model with FeynRules package  
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Interaction with fermions  
 

Comparison with D.Dominici et al. / Nuclear Physics B 671 (2003) 243–292 

Examples 
 



RS model with FeynRules package  
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Interaction with massive gauge bosons  
 

Examples 
 



RS model with FeynRules package  
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Anomalous interaction 

Examples 
 

the QCD trace anomaly the effective contribution of 1-loop diagrams with 
virtual fermions  3 7b 2 2

1/2( ) 2 1 (1 ) ( ) , 4           f f f f f fF f m q

the QED trace anomaly the effective contribution of 1-loop diagrams with virtual fermions and virtual 
W-bosons in the loop  2 19 6, 41 6  Yb b

1( ) 2 3 3 (2 ) ( )        W W W W WF f



RS model with FeynRules package  
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Scalar interaction 

Examples 
 

Higgs potential Interaction with the trace of the SM stress tensor 

Radion potential (model-dependent) 



Scalar potential 
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The considered 
scalar potential: 

Possible generalizations: 
   Replace VH by the potential for a 2HDM. 
   Consider the most general renormalizable potential for 

 
-- an SU(2) Higgs doublet and a real scalar SM singlet 
 
 
 
 

-- an SU(2) Higgs doublet and a complex scalar SM singlet 
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SM+real scalar singlet: 

SM+complex scalar singlet: 

   Consider higher-dimensional operators (impacting vacuum stability considerations). 
 



Renormalization Group Equations (RGE’s) 
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in a General Quantum Field Theory  

M.E. Machacek and M.T. Vaughn, Nucl. Phys. B222, 83 (1983) 
M.E. Machacek and M.T. Vaughn, Nucl. Phys. B236, 221 (1984) 
M.E. Machacek and M.T. Vaughn, Nucl. Phys. B249, 709 (1985) (Dimensional regularization 

and the modified minimal 
subtraction algorithm) 
d=4-2ϵ 
 

the renormalized coupling constant the bare coupling constant 

µ - is an arbitrary mass 
scale parameter The β-function of xk: 

2-loop contribution 1-loop contribution 

Perturbatively: 

The wave function 
renormalization 
constant of the i-th 
field 

The 
anomalous 
dimension 
of the i-th 
field 

2-loop 1-loop 



Renormalization Group Equations (RGE’s) 
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Scalar wave function  renormalization 

The  contribution  of  a  diagram  to  the  singular  part  of  the  scalar wave function  
renormalization  matrix  can be expressed in  the  form 



Renormalization Group Equations (RGE’s) 
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Yukawa couplings renormalization 

1-loop and 2-loop results: 



Renormalization Group Equations (RGE’s) 
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Dimensional parameters. “Dummy”-field method 

contains only dimensionless parameters dimensional parameters 

dimensionless 

-  a non-propagating dummy real scalar field 
with no gauge interactions 

ˆd

ˆ 2

ˆ ˆ ˆ( ) , 2 ,    d

ij f ij ab abcabdd abcd
Y m m h

and the 
substitution: 

with 

The β-functions of 
 
 
are equal to those of the  
new Yukawa coupling        , 
quartic scalar coupling  
and 

d̂Y

2, ,f ab abcm m h

ˆ ˆ
abdd

ˆ
abcd

Mingxing Luo, Huawen Wang, Yong Xiao 
Phys.Rev. D67 (2003) 065019 



Renormalization Group Equations (RGE’s) 
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Dimensional parameters. “Dummy”-field method 

Checked and corrected 
both for 1- and 2-loop 
cases 

The β-functions of fermion mass can be inferred from those of the Yukawa 
couplings by taking the a-indices to be dummy: 

The β-functions of trilinear scalar couplings can be inferred from those of the 
quartic couplings by taking one of the four indices to be dummy. 

Verification in progress 



Summary 
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• The Higgs pair production is the key process to search deviations from 
the SM in the trilinear Higgs coupling 

 

• Extended scalar sector (RS model) 

 

• The RS model has been implemented in FeynRules, automated 
calculation of the Feynman rules is achieved 

 

• Prospective to interface the RS model file with MadGraph for study of 
collider phenomenology of the model 

 

• Scalar potential reconstruction and study of its stability 

 

• Study of the RGE’s is in progress (“dummy”-field method verification and 
correction) 



Thank you for your attention! 
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BACK UP 

Backup 1 



Backup 2 

Radion branching ratios 



Backup 3 

Higgs branching ratios 

Higgs branching ratios and their uncertainties 



Backup 4 

Constraints on radion at LHC 

The radion with Λr= 1 TeV, is observed 

(expected) to be excluded for masses 

below 975 GeV (850 GeV). The RS1 

KK-graviton is excluded with masses 

between 320 and 400 GeV. 
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for sinθ close to ~v/Λr all the branching ratios are 

significantly decreased,  

the mode to 2 gluons and 2 photons are increased.  

(Structure of the interaction vertices of the radion-

dominated state → all the vertices for the fermions and 

massive gauge bosons contain the factor 

which becomes small for sin θ close to v/Λr) 

The position of the maximum and 

the form of the curves close to the 

maximum practically do not depend 

on the value of the parameter c, 

which accumulates the contributions 

of the higher KK scalar modes. 

Radion-dominated state branching ratios 
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The radion-dominated state can be rather wide.  

The width of the 750 GeV excess observed at the LHC has a rather large value of the order of 45 GeV 

Radion-dominated state width 
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“The interpretation of the observed excess as the radion-dominated state is very 

problematic or even impossible in the simplest variant of the discussed brane-world models, 

where only the gravitational degrees of freedom are allowed to propagate in the bulk.  

Indeed, as one can see in Fig. 6, the cross section has a maximum of about 0.14 fb, which is by a 

factor of 50 ÷ 100 smaller than what is needed to achieve the observed level of the cross section for 

the 750 GeV excess” 
Edward E. Boos, Viacheslav E. Bunichev, Igor P. Volobuev 

arXiv:1603.04495v3 [hep-ph] 

Radion-dominated state cross section 

https://arxiv.org/abs/1603.04495v3
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