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Seesaw Mechanisms

Global-fit results for neutrino oscillation parameters: Masses of fermions
Esteban et al., 2020 | NUFIT 5.3 (2024) | heV meV eV kev MeV GeV Tev
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The origin of neutrino masses is quite different from that of charged fermions I Xing, 2020

Seesaw mechanisms extending the Standard Model with fermion singlets, scalar triplet, or fermion triplets
Minkowski, 1977; Yanagida, 1979; ... Konetschny and Kummer, 1977; ... Foot et al., 1989; Ma, 1998

B The simplest and the most natural ways to explain tiny neutrino masses Fukugita and Yanagida, 1986
B A bonus is to account for the matter-antimatter asymmetry of the Universe via leptogenesis 1



Seesaw Effective Field Theories
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» Resummation of large logs
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» Bridge among parameters at different scales
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To achieve the complete one-loop RGEs up to 0(1/A%) in the seesaw EFTs
induced by seesaw mechanisms




Seesaw Effective Field Theories

The type-I seesaw mechanism extending the SM with three singlet right-handed neutrinos

Minkowski, 1977; Yanagida, 1979;

_ 11— o~
Lo = Loy + NR1$]VR — <§N§MRNR + 4. Y, HNg + h.C.> Gell-Mann et aI.: 1979.; Glashow, 1980;
Mohapatra, Senjanovic, 1980

Integrating out heavy right-handed neutrinos at the tree level (i.e., the tree-level matching)
< H H . < H H .

~
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\\*\ N /‘/ ~ -
- The one-loop matching
/ \ DZ, Zhou, 2021a:2021b;
¢ ¢ ¢ ¢ Coy, Frigerio, 2019;

Ohlsson, Pernow, 2022;

2 .
- : B , Gavela and Jenkins, 2003a; 2003b; Abada et al, 2007
The tree-level seesaw EFT up to 0(1/A%) roncano, Gavela and Jenkins, 2003a ada et a s

1 (o 5 1o 1o 3)a 3)a
| Zomer = Lo+ 5 (0709 + ) + o + oo

® Dim-5 operator (’)Sﬁ) = Q?[ﬁTE;L The Weinberg operator p 2 Neutrino masses
S. Weinberg, 1979
. 1 _ Rxg . . . . ..
o Dim-6 operators O = (Tr#0,) (') Unitarity vioation of the epton flavor mixing
The Warsaw basis 3 — g roncano, Gavela and Jenkins, a; : :
Grzadkowski, 2010 Oéﬁ) — (éaLfyMUIEﬂL) (HTLD£H> Antusch et al., 2006; Abada et al., 2007

The corresponding Wilson coefficients at the matching scale uy ~ Ags = 0(Mp)

1
_ 1 3 _
Cs (NM) = YVMRIYI/T Cj(r{e? (NM) = - J(LH? (NM) = ZYVMR2YVT



One-loop RGEs in the Seesaw EFT

The general structure of the RGEs up to 0(1/4%) Wang, DZ, and Zhou, 2023
dc® dc®
167 p—— A ’Yz{joj@ 167r2,uﬁ = %-jCj@ - VJ,CC(E’)C(E’ Incomplete and
not fully correct!!!
Chankowski, Pluciennik, 1993; / \ y
Babu, Leung, Pantaleone, 1993; Jenkins et al., 2013; 2014; Broncano, Gavela, Jenkins, 2005;
Antusch et al., 2001 Alonso et al., 2014a; 2014b Davidson, Gorbahn, Leak, 2018

The procedure for calculations:

Dimension regularization Jiang et al., 2019; Reduction relations
Gherardi et al., 2020

MS scheme (Equations of motion)
Counterterms Counterterms
1PI diagrams p in the Green's p in the physical
FeynCalc basis basis
Package-X
BFM FeynRules (dim-5, 6) MdC GZ c
FeynArts dp ' ’ah
R: gauge Callan-Symanzik

Off-shell scheme . . equation

Crosscheck has been done by taking advantage of the package Matchmakereft
Carmona et al., 2022



One-loop RGEs in the Seesaw EFT

The general structure of the RGEs up to 0(1/4%) Wang, DZ, and Zhou, 2023
dc? dc®
1672 p—1— T 7,09 167 =g = = = 7,C\ + 7,V

Two types of contributions:

> Single insertion of the dim-5 or dim-6 operators An example for diagrams renormalizing 0,y = ? HEz(HTH) vertex

“u 0
AL E ¥

HQH All possible diagrams
. >

/{/ [ \\

T H H >~

Flavor dependent Flavor independent 5




One-loop RGEs in the Seesaw EFT

Lo’ 2 = ot
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B The SM couplings:

Wang, DZ, and Zhou, 2023
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B The Weinberg operator:

(=395 +4X+2T) Cy —

B Dim-6 operators:
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One-loop RGEs in the Seesaw EFT

B Dim-6 operators:

oo H4D23 _w2H3 (iL)(LL) — O In the type-I seesaw EFT, 17 dim-6

On (H'H) O (Lo HE,g) (H'H) e (Car7"C5) (r7,800) - .
e ey o | () () |00 | () @) operators can be generated via their

o N s one-loop RGEs apart from the 2 tree-
Oup | (H'D*H)"(H'D,H) | 05 | (QuHDgy) (H'H) | O | (Lunta'ls) (Qr1,0"Qu) level ones

W2H?D (TL)(RR)

OQ | Carttyn) (H'D,H) | 09 | @urvo'Qu) (H'BLH) | 027 | (T#) (B, Bue) O Contribgtions from' single insertions
09 | (Gt (HDLE) | O, | UarUs) (HB,H) | 027 | @art) U Ue) of thg dlm—5.and dlm—§ opera.tors are
0% | (ErEum) (HB,H) | OF, | D Dun) (H'B,H) | 02 | (@artt) (Do) consistent with results in the literature
ngaﬂ (Q—aLv"QﬁL) (HHB“H) Antusch et al., 2001; Jenkins et al., 2013

O The contribution from double insertions of the dim-5 operator to the RGE of quartic Higgs coupling 4 is
new, while those to RGEs of Oy, Oyp, Oy, Oopy, O, O 4y missed a factor of 1/2 in Davidson et al., 2018,
now are corrected and completed

O Contributions from double insertions of the dim-5 operator are generic and thus valid not only for the
seesaw EFTs but also for the SMEFT in general

O Results for the type-II and type-III seesaw EFTs are also achieved and included in Wang, DZ, and Zhou, 2023
7



One-loop RGEs of Flavor Mixing Parameters

After spontaneous symmetry breaking

a L C
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One-loop RGEs of Flavor Mixing Parameters

RGEs for eigenvalues: —C
b= Ls
. 15 4 9 3 m? T I 3
v UlkU* = diag{r,, ko, K3}
iy = [(—3¢2 + 4\ +2T) — 3ReS;] 5, S = VIY2Y

RGEs for lepton flavor mixing parameters and those in the NC interactions:

V=X (6fu)_ v+ >V (vit,)

ji V=0-n-U-Q

The non-unitary PMNS matrix

2
_ m - 1 2 .
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Nop =1 (¢g - ¢a) Nag + Z 2 U—zya”y (n — 477)0:7 e + Z 2 ﬁyﬂg Moo (n' - 477)95
YH#a o#B
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e o7f arguments of n and n’

9 9 1 1
+3 (95— g3) tr (1) 6op + 391tr () 0ag — 3 (1793 + 97) Mg + (ggf +2T> T3

5 1 See, Wang, DZ, and Zhou, 2023
o 5 Z /{,22’()2 U,BZ (ya + y,B) (néx,@ o 877a,8) )



Numerical Analysis
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Numerical Analysis
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Summary

» We derived the complete set of one-loop RGEs for the SM couplings and Wilson coefficients of
operators up to dim-6 and 0(1/A%) in seesaw EFTs

> Besides two tree-level-generated dim-6 operators, 17 dim-6 operators can be generated by the one-
loop RGEs in the type-I seesaw EFT

» We gave the explicit expressions of the RGEs of all the parameters involved in the charged- and
neutral-current interactions of leptons

» Together with the one-loop matching results at Agg, these one-loop RGEs establish a self-consistent

EFT framework to investigate low-energy phenomena of seesaw models up to 0(1/A%) at the one-
loop level

THANKS FOR YOUR ATTENTION
GRACIAS / PANKE / %t %t
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Backup

The Greens basis in the SMEFT
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035
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Jiang et al., 2019; Gherardi et al., 2020; Carmona et al., 2022
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Table A.1: Two-fermion operators in the Green’s basis in the SMEFT.

X3 X*H? H?D*
Osc fABCGGorGSH Onc GG HH Rpu | (D,D*H)' (D,D"H)
Oz [ABCGGErGan Oys GAG*H'H H*D?
Osw | TEWlw/ewke Onw WLW"HIH | Oyg (H'H)O(H'H)
Oz | €/XWIwWewke Ouiv WILWIwH'H | Oyp | (H'D*H)" (H'D,H)
X?D? Ous B, B"H'H Ryp | (H'H) (D, H)' (D*H)
Rag | =1 (DuGY) (D*GA) | O3 BuBwH'H | Ry, | (H'H)D, (H'D,H)
Row | —3 (D,W) (DPW],) | Onws | WL, B* (H'o'H) HS
Ros | —1(0.B")(By) | Oywy | WiB (Hc'H) | On (#H)*
H*XD?
Rwpu | DWW (HT'LB;EH)
>
Ropn | 0,B* (H'D,H)

Table A.2: Bosonic operators in the Green’s basis in the SMEFT.
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Backup

The Greens basis in the SMEFT

Jiang et al., 2019; Gherardi et al., 2020; Carmona et al., 2022

Four-quark Four-lepton Semileptonic
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Table A.3: Baryon and lepton number conserving four-fermion operators in the Green’s basis (and
also in the Warsaw basis) in the SMEFT.

B- and L-number violating

afyA
C)duq

afByA
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e [(DA)" cUt] [(Q5)" ety ]
¢ABC cab [( gﬁ)T CQﬁBLb] [(U$R)T CE)\R]
ezt [(Qa) " coB] (@) e ]

A2 |(D&)" CUR| [(US)" CBal
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The tree-level Lagrange up to dimension-six for three seesaw mechanisms

1, e 1 _
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Examples for RGEs of parameters
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Backup

The standard parametrization of the mixing matrix workman et al. [Particle Data Group], 2022
C1oC S:0C Sqae 10
12€13 12€13 13
_ i6 i6
U= —8519C93 — C12513593€ +C19Co3 — S19513523€ C13523

i6 i6
1819893 — C19513C23€ —C19893 — 519513C93€ C13Ca3

Inputs for parameters

m,/MeV | 1.2504 || m, /MeV | 0.5239 i 0.3589 Nee: 1.25 x 1073
m,/MeV | 27176 | m,/GeV | 0.1104 | g, 0.6468 || 7, 2.21 x 104
m,/MeV | 54.120 || m,/GeV | 1.8748 g 11525 || 7., 2.81 x 103
m,/GeV | 0.6299 | m,/eV | 0.05 A 0.1235 || [n,,| 1.20 x 105
m,/GeV | 2.8731 || my/eV | 0.05074 | m2/GeVZ® | —8672.61 | |n..| 1.35 x 103
m,/GeV | 173.075 || ms/eV | 0.07079 5 1144 | o] 6.13 x 10*
sinfy, | 0.2250 sinf;, | 0.5505 4 3.438 Dep /3
sinfly, | 0.04182 || sinf,; | 0.7563 p /6 Per /3
sinf}; | 0.00369 || sinf,; | 0.1484 o /4 Dr /3

Table 2: Summary of the input values of all the relevant parameters at the benchmark energy

scale pg = 200 GeV. See the main text for further explanations.

uy = 0(Mgp) = 10* GeV but 0(Y,)~1 s Sizablenandn’
See, e.g., Kersten and Smirnov, 2007; Abada et al., 2007
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