
Beyond the Standard Model
and

Its Cosmological Consequences

A thesis submitted to
Gujarat Universityfor the degree of

Doctor of Philosophy in Physics

Submitted bySudhanwa Patra
Thesis SupervisorProf. Utpal SarkarPhysial Researh Laboratory, Ahmedabad.Year of submission2011



ToMy Parents, Sister and Teahersfor luring me into siene



CERTIFICATE

This is to ertify that(I) the work presented in this thesis is original and has not formed the basis for theaward of any degree or diploma by any University or Institution.(II) the thesis omprises only my original work towards the Ph.D. arried out by me atPhysial Researh Laboratory.(III) due aknowledgement has been made in the text to all other material used,
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Sudhanwa PatraDate: / /Certi�ed by:. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Prof. Utpal Sarkar(Thesis Supervisor)Dean and Senior ProfessorTheoritial High Energy Physis DivisionPhysial Researh LaboratoryNavarangpura, AhmedabadGujarat, INDIA

i



Acknowledgements

Of all the people I wish to thank, perhaps the most important on the list are myparents. Perhaps words are inadequate to express any kind of aknowledgement for myparents and family members beause without their support and enouragement I standnowhere.I take this speial opportunity to express my deep gratitude and hearty thanks to mythesis supervisor Prof. Utpal Sarkar for his enthusiasti supervision, advie, and guidanefrom the very early stage of my researh work. I have immensely bene�ted from thedisussions with him and his ritial evaluations for whih I shall always be obliged to him.Needless to say, however, there are many others who have played a role (big or small)in helping me get over the line. Although I shall not be able to list them all here due tothe limited spae available, their ontribution is very muh appreiated and noted. Butfor those I shall aknowledge here, let me now mention them below.I would like to express my sinere gratitude to my ollaborators Prof. Urjit Yajnik,Dr. Jitesh Bhatt, Prof. Debjyoti Choudhury, Dr. Namit Mahajan, Dr. Anjishnu Sarkarand Debasish Borah for their support, enouragement and very fruitful disussions whihhelped me to sharpen my understanding in the subjet. I am grateful to Prof. AnjanJoshipura, Dr. Raghu Rangarajan, Prof. Saurabh Rindani, Prof. Subhendra Mohanty, andDr. Srubawati Goswami for various disussions related to Quantum �eld theory, Neutrinophysis and Cosmology through whih I gained a lot of insight and understanding of thesubjet. I aord my thanks to Prof. R.E. Amritkar, Prof. V.K.B. Kota, Prof. J. Banerji,Dr. H. Mishra, Dr. R.P. Singh and Dr. Dilip Angom for their kind enouragementthroughout my researh work.I am heartily thankful to my Shool/College teahers, Damodar Patra, Harihar Panda,Srikanta Samal, Bebi Madam, Swapna Mohapatra, Karmadev Moharana, Rajkishore Mishraand speially, one of my friend um leturer, Namita Panda for their enouragement andwords of motivation.I gained a lot of aademi knowledge, guidane and sage advie from my seniors; San-tosh, Bhavik, Vishal, Subimal, Suman, Soumya, Sreekanth, Ashok, Bhaswar, Sandeep,Amzad, Rabiul and from my friends; Ketan, Moumita, Subrata, Tapas whih helped me
iii



iv ACKNOWLEDGEMENTSoverome several problems of aademi as well as non-aademi nature. I aord mythanks to all other members of Theory division: Purnendu, Brajesh, Manan, Harinder,Tarun, Salman, Zeen, Pankaj, Vimal, Suratna, Pravin, Abhishek, Siddhartha, Tanushree,Shashi for providing a pleasant working atmosphere in the division during the entire ourseof my researh.I am very muh thankful to Lokesh for giving me useful information regarding PhDregistration and Thesis submission. I extend my thanks to Aswini, Rajesh, Morthekai,Arvind Singh, Gyana, Sumanta, Rehman, Alok, Jitendra, Naveen Gandhi, Sumita, Jayati,Rohit, Prashant, Srinivas, Satinder, Asish, Arvind Saxena, Rajpurohit, Yogita, Sunil,Arun, Suruhi, Suhita, Iman, Chinmay, Neeraj, Vineet, Naveen Chauhan for very friendlyapproah enrihed with natural and refreshing words.I extend my deep regards to the diretor, dean and the Aademi ommittee membersof PRL for providing exellent aademi environment for students and espeially to me.I gratefully aknowledge to the members of the Library, Computer Centre, Dispensary,Administration and Maintenane setion, partiularly to Dholakiaji, Subhedarji, Jigarbhai,Hitendraji, Alokbhai, for providing support in their respetive areas for all their assistaneand ooperation during my entire Ph.D. period.I owe my sinere thanks to my parents (Sri Nityananda Patra and Smt. MadhabilataPatra) and my sisters (Anupama and Sushree Sangita) for their love, are, a�etion andsupport during this work. It was their on�dene that inspired me the most to ompletethis work, and hene, I take this opportunity to dediate this thesis to them.Sudhanwa PatraFebruary 2011



Contents

1 Introdution 11.1 The Standard Model of Partile Physis . . . . . . . . . . . . . . . . . . . . 11.1.1 Complete Lagrangian for the standard model . . . . . . . . . . . . . 21.1.2 Spontaneous Symmetry Breaking and The Higgs Mehanism . . . . . 31.1.3 Shortomings of standard model . . . . . . . . . . . . . . . . . . . . 51.2 Beyond Standard Model of Partile Physis . . . . . . . . . . . . . . . . . . 61.2.1 Massive Neutrinos . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61.2.2 Left-Right symmetri theory . . . . . . . . . . . . . . . . . . . . . . 111.2.3 Grand Uni�ed theory . . . . . . . . . . . . . . . . . . . . . . . . . . . 121.2.4 Renormalization group equations . . . . . . . . . . . . . . . . . . . . 151.2.5 Supersymmetry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181.3 Cosmologial Consequenes of BSM physis . . . . . . . . . . . . . . . . . . 191.3.1 Cosmologial baryon asymmetry . . . . . . . . . . . . . . . . . . . . 191.3.2 Leptogenesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 261.3.3 Resonant leptogenesis . . . . . . . . . . . . . . . . . . . . . . . . . . 311.4 Outline of our work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 342 Spontaneous Parity breaking in SUSYLR model 352.1 Disussion of spontaneous parity breaking in minimal SUSYLR model . . . 362.2 SUSYLR Model inluding a Bitriplet and a Singlet . . . . . . . . . . . . . . 392.2.1 Superpotential of the model . . . . . . . . . . . . . . . . . . . . . . . 412.3 Phenomenology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 432.4 RG Running for gauge ouplings and Fermion masses . . . . . . . . . . . . . 463 TeV sale SUSYLR model with spontaneous D-parity breaking 513.1 LR models with spontaneous D-parity breaking . . . . . . . . . . . . . . . . 523.1.1 LRSM with Higgs doublets . . . . . . . . . . . . . . . . . . . . . . . 533.1.2 LRSM with Higgs triplets . . . . . . . . . . . . . . . . . . . . . . . . 563.1.3 SUSYLR model with Higgs doublets . . . . . . . . . . . . . . . . . . 583.1.4 SUSYLR model with Higgs triplets . . . . . . . . . . . . . . . . . . . 613.1.5 SUSYLR model with Higgs triplets and bitriplet . . . . . . . . . . . 633.2 Gauge Coupling Uni�ation . . . . . . . . . . . . . . . . . . . . . . . . . . . 653.2.1 Uni�ation in SUSYLR model with Higgs doublets . . . . . . . . . . 663.2.2 Uni�ation in SUSYLR model with Higgs triplets . . . . . . . . . . . 683.2.3 Uni�ation in SUSYLR model with Higgs triplets and bitriplet . . . 693.3 Neutrino mass in SUSYLR model with Higgs doublets . . . . . . . . . . . . 713.4 Neutrino mass in SUSYLR model with Higgs triplets and bitriplets . . . . . 743.5 Results and Disussions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
v



vi CONTENTS4 Leptogenesis and Neutrino mass in susyLR with Higgs doublet 774.1 SUSYLR with Higgs doublets with odd B-L and parity odd singlet . . . . . 784.1.1 E�et of soft susy breaking terms . . . . . . . . . . . . . . . . . . . . 834.2 Neutrino Mass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 854.2.1 Numerial Result . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 904.3 Gauge oupling uni�ation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 914.3.1 RGE for SUSYLR model with doublet Higgs . . . . . . . . . . . . . 924.3.2 Result . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 935 Gravity Corretion in SU(5) gauge oupling onstants 955.1 Introdution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 955.2 E�et of higher dimensional operators in SU(5) uni�ation . . . . . . . . . . 965.3 Evolution of gauge ouplings inluding gravitational ontributions . . . . . . 1016 Eletromagneti leptogenesis 1076.1 Eletromagneti properties of light and heavy neutrinos . . . . . . . . . . . 1096.2 Disussion of eletromagneti leptogenesis with e�etive dipole operator . . 1116.3 Realisti Model for eletromagneti leptogenesis . . . . . . . . . . . . . . . . 1136.3.1 The partile ontent and symmetry of the model . . . . . . . . . . . 1146.3.2 Neutrino mass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1166.3.3 Estimation of the Dimension-5 EMDM oupling onstant . . . . . . 1176.3.4 Resonant Eletromagneti Leptogenesis . . . . . . . . . . . . . . . . 1196.3.5 Numerial estimation for YB . . . . . . . . . . . . . . . . . . . . . . . 1246.4 Prodution of right-handed neutrinos through magneti moment . . . . . . 1277 Summary of the Thesis 1338 Appendix 1358.1 Feynman Rules for Majorana Neutrinos . . . . . . . . . . . . . . . . . . . . 1358.1.1 Majorana fermion propagator . . . . . . . . . . . . . . . . . . . . . . 1368.1.2 Vertex fators involving a Majorana fermion . . . . . . . . . . . . . . 1378.1.3 External lines for Majorana fermion . . . . . . . . . . . . . . . . . . 1388.1.4 Propagators and external �elds . . . . . . . . . . . . . . . . . . . . . 1388.1.5 Polarization sums and deay rates . . . . . . . . . . . . . . . . . . . 1388.2 Deay rate alulation Nk → νjγ . . . . . . . . . . . . . . . . . . . . . . . . 1398.3 One loop Self-energy alulation for CP asymmetry . . . . . . . . . . . . . 1408.4 Calulation involving 5D-EMDM oupling strength . . . . . . . . . . . . . . 146List of Publiations 151Bibliography 152




