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1. [4.0 val] Consider the following Lagrangian, where �1 and �2 are real spin zero

field and  is a spin 1/2 field,
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a) [1.0 val] Show the Lagrangian is invariant under the Z2 symmetry �2 ! ��2.

Explain why �2 can be seen as the DM particle.

b) [1.0 val] Write the missing terms of the Lagrangian that are compatible with

the symmetry up to dimension 4.

c) [2.0 val] Draw the Feynman diagrams for the production of DM in the process

  ̄ ! �2�2�1 at tree-level and write the amplitude (not the cross section). What

would one see at a collider with such a final state knowing that �1 decay mainly to

 ̄ ?

2. [6.0 val] Consider the Standard Model extended by a new fermion �, a pseudos-

calar P and a scalar S with a Lagrangian given by
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where f is a SM fermion and S is the DM particle.

a) [3.0 val] Draw the Feynman diagram and calculate the amplitude for the

scattering Sq ! Sq where q is a generic quark. Extract the corresponding Wilson

coe�cient. (The Feynman rule for q̄qh is �imq/v and v = 246 GeV). Using the

leading order form factor, write the expression for the direct detection cross section

for a generic nucleon (no numbers involved!).

b) [3.0 val] Calculate the width �(h ! SS) as a function 1. Assuming that

the total width of the Higgs is �T (h) = 4.6 MeV and that the present measurement

on the Higgs invisible branching ratio is 0.11, find a bound on 1 for a DM mass of

10 GeV.
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3. [6.0 val] Consider the Standard Model extended by a complex doublet HD and

with a portal Lagrangian given by
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p
2) is the Higgs doublet in the unitary gauge and the dark

doublet is written as H
†
D = (H

+
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p
2). Consider that AD is the lightest

dark scalar and therefore the DM particle.

a) [0.5 val] Write the Feynman rules for the triple coupling ADADh and for the

quartic coupling ADADhh.

b) [3.0 val] Draw the Feynman diagrams and write the amplitude for the process

ADAD ! hh (note that there are three diagrams and that the Feynman rule for the

SM triple Higgs coupling is �3im
2
h/v). Using only the term in the amplitude with

the quartic coupling (hhADAD) calculate the thermal averaged cross section for the

process. Use the following approximations:
p
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c) [1.5 val] Using the formulae below and setting �D = 1 and mAD = 150 GeV,

check that the relic density is below the experimental value. Is this point excluded?
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d) [1.0 val] What is the meaning of relic density? Is there a relic density for

other particles other than DM?

4. [4.0 val] Consider a temperature dependent potential of the form
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) and T is the temperature.

a) [2.5 val] Show that there is a first order phase transition and calculate the

critical temperature.

b) [1.5 val] Find the value of the Higgs mass so that the transition could be

considered strong, that is,
�m(Tc)

Tc
> 1.3 with �m = .02Tc/�.
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