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Introduction

The porpuse of this final seminar is to apply concepts we leared
along the semester (ressomation of diagrams, renormalization
schemes, unstable prticles decays, running constant etc) to Type 1

Seesaw.

» In the first part, I'll renormalize the Majorana neutrino
self-energy diagram at 1-loop order and diagonalise the
propagator; I'll then compute it's contribution to CP violation
parameter.

» In the second part, I'll integrate out these heavy degrees of

fredoom and find an effective non-renormalizable operator at
low energies; I'll then compute it's coupling costant running.



Introduction

Type 1 seesaw is a popular extension to SM that explains the
smallness of neutrino masses and breaks U(1)g_; symmetry, then
providing a new source of CP violation.

Type 1 seesaw lagrangian contains 3 new Majorana fields N; that
couples to SM particles in a Yukawa Type interaction.
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NEM;:N; — (Maila HPRN; + h.c.) (1)

Where i =1,2,3 and a = e, u, 7 and ¢ = C@T is the
C-conjugated. We also assume Majorana masses are big
M; >> (H°).

Majorana condition means:

N, =vrp+ V,C? (2)

Spoiler: The Pg is the root of CP violation.



Introduction

If there is something | learned from this semster is that the
lagrangian is not the end of the story, and a ressumation is
mandatory to fiind physical parameters and full propagators. | now
turn to obtain
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Calculating Chiral Self Energy Diagram
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Calculating Chiral Self Energy Diagram
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Where: l
* = kM — xg" (7)
A% = —x(1 - x)q? (8)
Ki= > hloho; (9)



Calculating Chiral Self Energy Diagram
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In MS scheme
iR(q) = KT X a(qz) X (gPR) (1]_)
Where

aq?) = # (/og(Zi) ~ 2 iTOg) (12)



Calculating Chiral Self Energy Diagram

Therefore, the full propagator in MS scheme becomes:
i
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Where

A

2ws(q) = R(q?) X (4PR) + L1 (q2) X (4PL) (14)
And

Z[_(qz) = (ZR(qQ))T =K x a(qz) (15)



Calculating Chiral Self Energy Diagram

We then have:
(54 - M- i/\TS(Q))S(CI) =i = (16)
(g - M — ZR(qQ) X (gPR) + ZL(qQ) X (ﬂPL))S(q) =1 (17)
Making the decomposition

Stq) = Pr x SEE) + Pux S{py + Pud x S5 + Prét x S{5) (18)



Calculating Chiral

We then find:
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Here, we start to see that Majorana propagators provide a new
source to distinguish matter from anti-matter, as matter fields
couple to the " R " part of the propagator, and anti-matter
couples to the " L " part.



Majorana Propagator Mediated 2 — 2 Scattering

Each one of the propagator components accounts for a 2-body
scattering processes. Below, we compute one lepton number
violating interaction and remember the analogous happens with

MRR

iAM = V(p/) X (—I'Ede)\jé/PL) X SIiL X (—iﬁab)\;kPL) X U(p) (23)



Majorana Propagator Mediated 2 — 2 Scattering

Also, below there is a lepton number conserving diagrams and the
analogous happens for .#Zg;

AL=0

M r = V(p/) X (_ifde)\E/PL) X ﬁSIiR X (_i€ab)\akPR) X V(p)
(24)
V(p/) X (_ifde)\E/PL) X qf[/\/’fl(l — ZR)SRR]/k X (_iﬁab/\akPR)
(25)



Majorana Neutrino Decay

The consistent definition of an on-shell contribution of a single
heavy Majorana neutrino to the two-body scattering amplitudes
requires that the transition amplitudes extracted from
lepton-number conserving and lepton-number violating processes
are the compatible.

Therefore, in order to be able to talk about decays, we have to
diagonalize the Sy matrix when the momenta are on-shell.



Majorana Neutrino Decay

SRR and St are symmetric complex matrices, since ¥g = (X,)7.
Therefore, they can be diagonalized by complex and orthogonal
matrices.

S(q ) ( 2) x M x D(q2) X V(q2) (26)
S(q 2) = U(qg) x M x D(q2) X U(q2) (27)

Then, assuming diagonal elemts of ¥ = ¥ p(42) + L np(42) are
much bigger then the non diagonal

-1 LL T -1 RR T
D(qz) =M X V(q2) X S(qg) X V(q2) =M X U(qz) X 5(q2) X U(qQ)
(28)

_ i 2
q2(1 — ZD(qZ))2 iy + O(ZND) (29)



Majorana Neutrino Decay
Expanding for g% = I\/lgh,-
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We have
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Majorana Neutrino Decay

The Majorana Neutrino eigenstates have Masses and Decay Width
(at tree level)

M2 = M? x Zie, ) (34)
M=—-" 35
o (35)

What remains is to take out the diagonalizing matrices U and V.



Majorana Neutrino Decay

If we substitute the diagonalization of neutrino propagator back in

the scattering amplitude, we find:

iAM = V(pl) X (_ifde)\EIPL) X (V(;) X M x D(qz) X V(q2))lk X (—I'Eab)\:
(36)

= V(p/) X (_iﬁde(V)\T)IBPL) x M;D; x (—ieab(VAT)/aPL)U(p)

(37)

Therefore, in Lepton Number Violating scatterings, the eigenstate

N, (at tree level)

Lepton Number Violating

—i€eqe(VAT) 18P




Majorana Neutrino Decay

The Lepton Number Conserving scatterings provides the kinect
part of neutrino eigenstate propagator

iAMRr = V(p) X (_iede>\§/PL) X g[/\/l_l(l — ZR)U(Zz)MD(qz) U(qZ)]Ik X (-
(38)

:V(p’) X [—iede(MU(l — ZL)Mfl)\T)/ﬂPL] X ﬁD/ X (—ieab(UT)/a
(39)

Therefore, in Lepton Number Conserving scatterings, the
eigenstate N, (at tree level)

Lepton Number Conserving

= —iege(MU(1 — S)M~1\Y) 5P




Majorana neutrino Decay

The analogous also happens to the second lepton number
conserving amplitude. From which we obtain:

U=MxVx(1-Xg)xM!
V=MxUx(1-X;)x M

This calculation is not iluminating, but it's solution is

U(qz) =1+ u(q2)
Ve =1+ va)

(40)
(41)

(42)
(43)



Majorana Neutrino Decay

where, at O(ZND)

vij = wij(Mixnpji + MiZnpij) (44)
ujj = wii(MiXnpij + MiXnpji) (45)

And

B M; M;
Wi g2y = (M = ML+ =57) = 2a(q2) (MiKj = M;KG) - (46)



CP Asymetry

The diagonalization provided us with a eigenstate for the Majorana
degrees of freedom, such that it is possible to talk about decay of
a unstable particle. we are intersted in the parameter

Cni—iem) = T vy Sieme)

€cp = (47)
Cvy—i+Hy + T v S me)
Decays width are extracted from the diagonalized vertices
(M= 14H) X Z\(U(M,?))\T)MF (48)
B

Cnsteny DIV A1l (49)
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CP Asymetry

Then
1
€cp = K—Re[(u(Mz)K)ll - (V(Mf)KT)ll] - (50)

Im[ MlM
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Low Energy EFT

Seesaw Type 1 theory is the simplest extension of SM wich
accounts for lepton number violation interaction from a
renormalizable term )\Q;EI:IPRN,-.

However, at energies far below the RH neutrino mass, we may
prefer to work with the effective local and non-renormalizable
operator, in much the same way we passed from Weak Interaction
to Fermi Theory.

We proceed to integrate out the heavy neutrino degrees of freedom.
From now on, I'll use a simplified model: suppose we work with
only one generation of lepton doublet / = (ve, )" and one of N.



Low Energy EFT

Z=N"1 / DIDH exp(—So) / Dvg exp(—Sss) (52)

= N1 / DIDH exp(—Sp) x (53)

/DVR<1 - (/ NAvg + h.c.) + ;//(A/HVRV;H/A* +he)+ .
(54)

We take the propagator evaluated at small p?

(vrvg) = 17 C(2m)*s ) (p) (55)



Low Energy EFT

Then
AM—INT

Z = N_I/DIDHexp(—So)(l—i—/

:/D/DHexp(—so—/W(/CH)(HT/))

Finally

Where O, is the dim-5 Weinberg operator

(FFHY(ATI) +

)

(56)

(57)

(58)
(59)



Low Energy EFT

| now turn to calculate the anomalous dimension for the dim-5

Weinberg operator.
The 1-loop contribution to O,, correction is then

1672 €
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Low Energy EFT

Therefore
00w cfv
ON 1672 (63)

To proceed to calculate the anomalous dimension, we have to
obtain the §, and do wich involves a two loop calculation. Once
both contribute with 2 external legs, the anomalous dimension is
given by:

0

Yo = 6/\( Ow + 6y + 0ppo) (64)

The solution | found in the literature was

—-3¢2,
= 65
BT (65)
A result that makes me suspect that maybe 6, = §po = 1_6225



Low Energy EFT

It is now a matter of solving the running of ¢, as

Ocy

N— = w Cw
an = Twe (66)
—3c3
1672 (67)
And therefore
2
CW
Cwapr = (68)

1+ 52 2/og(—2)

For the Weinberg operator, contrary to QED and \¢?, the
anomalous dimensions is negative, meaning that the interaction
becomes stronger as external momenta are more energetic. It
seems to me negative anomalous dimension happens for
non-renormalizable operators.
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