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ABSTRACT: In this paper, we accomplish the complete one-loop matching of the type-I
seesaw model onto the Standard Model Effective Field Theory (SMEFT), by integrating
out three heavy Majorana neutrinos with the functional approach. It turns out that only 31
dimension-six operators (barring flavor structures and Hermitian conjugates) in the War-
saw basis of the SMEFT can be obtained, and most of them appear at the one-loop level.
The Wilson coefficients of these 31 dimension-six operators are computed up to O (M *2)
with M being the mass scale of heavy Majorana neutrinos. As the effects of heavy Majo-
rana neutrinos are encoded in the Wilson coefficients of these higher-dimensional operators,
a complete one-loop matching is useful to explore the low-energy phenomenological conse-
quences of the type-I seesaw model. In addition, the threshold corrections to the couplings
in the Standard Model and to the coefficient of the dimension-five operator are also dis-

cussed.
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1 Introduction

The Standard Model (SM) has been extremely successful in describing strong and elec-
troweak interactions and passed almost all the tests of precision measurements [1]. However,
tiny neutrino masses and the particle candidates for dark matter cannot be accommodated
in the SM, implying that the SM is actually incomplete and serves as only an effective
field theory (EFT) at the low-energy scale. In the Standard Model Effective Field Theory
(SMEFT) [2, 3], the effective operators of mass dimension higher than four composed of
the SM fields are introduced and the SM gauge symmetry is preserved. Therefore, the low-
energy observables computed in the SMEFT framework contain the effects of new physics
but are independent of any specific ultraviolet (UV) model, offering a useful way to search
for new physics beyond the SM.

Great progress in various aspects of the SMEFT has been made in recent years [4—
18] (see, e.g., ref. [19], for a comprehensive review) and several interesting extensions of
the SMEFT (e.g., YSMEFT as the SMEFT extended with sterile neutrinos) have been
developed [20-25]. On the other hand, if a specific renormalizable UV model is known, one



can match it onto the SMEFT by integrating out the heavy degrees of freedom to study its
low-energy consequences. But, generally speaking, not all of the effective operators of mass
dimension larger than four in the SMEFT can be induced. In ref. [26], all the tree-level
contributions to the Wilson coefficients of the dimension-six SMEFT operators in any UV
completions with general scalar, spinor and vector field content and arbitrary interactions
have been derived. However, the one-loop matching is in general more complicated and
more technical than the tree-level matching. So far there have been only a few examples
of complete or partial one-loop matching for the simple extensions of the SM, such as the
SM extended with a charged scalar singlet [27], a real scalar singlet [28-33], a real scalar
triplet [34-36], a vector-like quark singlet [37], a light sterile neutrino and heavy fermions
and a scalar singlet [38], two scalar leptoquarks [39], and singlet right-handed neutrinos [40]
by either diagrammatic calculations or the functional approach [29, 32-36, 41-48] (see, e.g.,
refs. [49-51], for earlier works).

In this paper, we aim to carry out the complete one-loop matching for the effective op-
erators up to dimension-six by integrating out heavy Majorana neutrinos in the canonical
type-I seesaw model [52-56] with the functional approach. The type-I seesaw model is the
simplest and most natural one among various extensions of the SM to accommodate tiny
neutrino masses [57]. Thus it is important and necessary to explore its phenomenological
consequences, especially at low-energy scales where precision measurements are performed.
From the EFT point of view, the impact of the heavy Majorana neutrinos on low-energy
observables is completely encoded in the Wilson coefficients of effective operators of dimen-
sion higher than four. This observation indicates that the complete one-loop matching is
unavoidable to obtain the effective operators and the associated Wilson coeflicients in the
era of precision measurements. The tree-level matching for the type-I seesaw model has
been performed before [58, 59] and only one dimension-five operator and one dimension-six
operator appear up to dimension-six (the operators of dimension-seven can be found in
ref. [60]), where the former one is the unique Weinberg operator generating tiny Majo-
rana masses of ordinary neutrinos [61] and the latter one is a linear combination of two
dimension-six operators in the Warsaw basis [3]. The dimension-six operator modifies the
coupling of neutrinos with weak gauge bosons and then induces the unitarity violation of
lepton flavor mixing [58-60, 62—65]. Nevertheless, the complete one-loop matching for the
type-I seesaw model up to dimension-six is still lacking though partial results have been
discussed in previous works [40, 66, 67]. This is the main motivation for a complete one-
loop matching of the type-I seesaw model onto the SMEFT. Moreover, such calculations
exemplify the complete one-loop matching for some UV models.

The functional approach based on the so-called covariant derivative expansion
(CDE) [49-51] will be utilized to perform the one-loop matching. Compared with diagram-
matic calculations, the functional approach does not involve the evaluation of a large set of
Green functions governed by corresponding Feynman diagrams both in the UV model and
in the EFT, where a generic basis of operators in the EFT (i.e., the Green’s basis [30, 39])
is required to be constructed first. With the functional approach, one can obtain directly
the complete set of effective operators and the corresponding Wilson coefficients in the
EFT without any prior knowledge of the EFT. Due to these advantages, the functional



approach is more suitable for computer programming. Recently, two such Mathematica
packages, i.e., STFEAM [47] and SuperTracer [48], have been made available publicly. Both
of them follow the prescription proposed in ref. [32] and calculate the supertraces (which
will be introduced in detail in section 2) by means of the CDE method. Since the package
SuperTracer allows for the substitution of interaction terms in a specific UV theory and
partially simplifies the resulting operators, we adopt it to evaluate the relevant supertraces
in the type-I seesaw model. The operators obtained by SuperTracer are redundant, and
one needs to apply algebraic, Fierz identities, integration by parts and the equations of
motion (EOMs) of fields to convert these operators into those in the Warsaw basis. Such
a procedure is cumbersome and gives threshold corrections to the coefficients of operators
of dimension less than six, including those of the renormalizable operators in the SM [69].
To make this procedure in order and the results traceable, we first reduce these operators
into those in the Green’s basis by using only algebraic, Fierz identities and integration by
parts, then with the help of EOMs of fields convert them into the operators in the Warsaw
basis. Besides the one-loop matching, we also carry out the tree-level matching for the
type-I seesaw model and list the induced operators up to dimension-six, which have been
obtained in refs. [58, 59]. Actually, the latter is not only for completeness but also neces-
sary, since we also take into consideration the threshold corrections to the coefficients of the
renormalizable and dimension-five operators, and the redefinitions of relevant fields give
rise to additional one-loop contributions to the Wilson coefficients of two dimension-six
operators in the Warsaw basis.

The remaining part of this paper is organized as follows. In section 2, we introduce
the general formalism and explain how to make use of the functional approach to perform
the tree-level and one-loop matchings for an UV model. In section 3, we recall the type-1
seesaw model and carry out the tree-level and one-loop matchings, where the operators
appearing at the tree level together with the associated Wilson coefficients and the super-
traces resulting from the one-loop matching are given. After evaluating the supertraces by
using SuperTracer and simplifying the results, we list all the operators and their Wilson
coefficients, as well as the corrections to the couplings in the SM and the Wilson coefficient
of the dimension-five operator in the Green’s basis in section 4. In section 5, we present the
corresponding results in the Warsaw basis which are converted from those in the Green’s
basis by applying the fields’ EOMs, where the threshold corrections are also taken into
account. Finally we summarize our main conclusions in section 6.

2 Matching via the functional approach

In this section, we set up the framework of the functional approach to perform the tree-level
and one-loop matchings between the low-energy EFT and an UV theory by integrating
out the heavy degrees of freedom. This framework has been first presented in ref. [43].
The main idea to match a given UV theory to the low-energy EFT is to equate the one-
light-particle-irreducible (1LPI) effective action (i.e., I'y yy) in the UV theory with the
one-particle-irreducible (1PI) effective action (i.e., I'ypp) in the low-energy EFT at the



matching scale, namely,
I'puv [#8] = Trrr [¢8] (2.1)

where both effective actions are the functionals of the light background fields ¢ and can
be calculated by using the background field method (see [68] for more details and earlier
references). Here, for simplicity, we consider the case where the heavy fields ® and the
light fields ¢ in the UV theory are real scalar fields. For other types of fields, the relevant
results can be easily generalized.

2.1 Calculation of I', uv

The generating functional of correlation functions in the UV theory is given by

Zoy [Jor ] = / DOD exp {i / dz (Loy [.9] + Jo + J¢¢)} , (2.2)

in which Jg and J, » are external sources for ® and ¢, respectively, d = 4 — 2¢ is the space-
time dimension (i.e., we always work in the d-dimensional space-time), and the integrations
over the heavy fields ® and the light fields ¢ have been separated explicitly. One can split all
heavy and light fields into classical background parts ®5 and ¢y, and quantum fluctuations
@’ and ¢, namely

=05 +Q, =g+, (2.3)

with the background fields satisfying the classical EOMs in the presence of external
sources, i.e.,

oL
5(%\/ [®B7¢B] + J<I> = 07
oL
5;\/ [@g, ¢p] +J, = 0. (2.4)

With the help of egs. (2.3) and (2.4), one can expand the Lagrangian of the UV theory
Ly together with the source terms around the classical background fields up to the second
order of quantum fields, and thus obtain

1 P’
Lyy [, 0]+ Jo® + Jy0 =~ Lyy [Pp, ¢p] + JoPp + Jydp — 3 (‘D/T ¢>/T) Quy <¢>’> , (2.5)

where higher-order terms have been neglected and

5L 5L
0 - MEV (g, 5] - 5(1)(;2/ (g, ¢p] <Aq> X<I>d>> (26)
UV E E . .
L (g gy) Tl gy | \er B

Notice that when there are several components of the heavy and light fields, ® and ¢ (and
the corresponding background and quantum fields) should be viewed as column vectors.



Then, by making use of egs. (2.3) and (2.5), we can recast the generating functional in
eq. (2.2) into the following approximate form

Zyy {an Jqﬁ} >~ exp {i/ddv’U (EUV (@, ¢p] + JoPp + J¢¢B)}

X / D' D¢’ exp {; / ddz (@’T ¢>’T) Quv (j)}
X exp {i/ddx (EUV [P, op] + JoPp + J¢¢B)} x (det Quy) %, (2.7)

with ¢ accounting for the spin statistics and the number of degrees of freedom of the
fields integrated over. For instance, ¢ = 1/2 for real bosonic fields in the case under
consideration, ¢, = 1 for complex bosonic fields, and ¢, = —1 (or —1/2) for Dirac (or
Majorana) fermionic fields.

The 1LPT effective action I'y iy [¢p] is defined as the Legendre transformation of the
generating functional of connected correlation functions with Jgz = 0, i.e.,

I'puv [¢s] = —ilnZyy [Jq> = 0,J¢] - /dd$J¢¢B

= [ dtoLoy (@ (6] 0p) + 5 ndet Quy [ 6] 6], (28)

where eq. (2.7) with ¢, = 1/2 is taken into account in the last step, and the classical heavy
field @, [pp] = Py {J(D =0, Jd)} satisfies

6[’UV [(I), ¢]

3 =0. (2.9)

=, [¢B] ’ ¢:¢B

The first and second terms in the last line of eq. (2.8) stand for the tree- and one-loop-
level contributions to I'y, iy [pp], respectively. But at this point, it should be noticed that
', yv [¢p] is in general non-local due to the non-locality of @ [¢g] determined by eq. (2.9).
To obtain the local functionals, one can expand @, [¢g] to a given order in 1/M and denote
the local one by @C [¢p], where M represents the mass scale of heavy fields that is considered
to be extremely high. Substituting ®. [¢p] into eq. (2.8), one obtains the local I'y, ;v [#5]
at a given order in 1/M, i.e.,

Dy sl = [ Loy [Bl0n]. 0]

TEGY [96) = 5 Indet Quy [@, [én] 6] - (2.10)

It is worthwhile to mention that the separation of the tree- and one-loop-level contributions
and the loop counting in the UV theory are unambiguous.
2.2 Calculation of I'gpr

As the matching between the UV theory and the low-energy EFT is performed order by
order (i.e., that in eq. (2.1)), one can formally split the effective Lagrangian of the EFT



also into the tree- and loop-level parts,

Ligpr [0] ~ L85 (6] + Lgor® 6] (2.11)

tree

in which the higher-loop contributions have been neglected. In eq. (2.11), Lg% [¢] and
Ella'%%)p [¢] are composed of tree- and one-loop-level effective operators and the associated
Wilson coefficients, respectively. Similar to the computation of I'y y,, one can easily derive

the generating functional of correlation functions up to one-loop level in the low-energy EFT
ZgpT [qu} = /D¢ exXp {i/ddﬂﬁ (['EFT [¢] + J¢¢)}

xexp{i [ al (Ll (65 + LE (0] + Tyon) b x (det Qper) 2, (212)

with 5
ree
0“LEpr

Qppr = — 52 [ (2.13)

where only the tree-level Lagrangian is applied to calculate Qppp since the contributions

from the one-loop part result in a higher-order functional determinant. With the help of
eq. (2.12), we can derive the 1PI effective action I'ypp up to the one-loop order, viz.

Pgpr [¢8] = —1In Zgpy |:J¢:| - /ddeqsﬁbB

ree -100 i
s /dd E%}FT [¢B] + EIIEJIIJ‘TP [¢B]) + B Indet Qppr , (2.14)

whose tree-level and one-loop parts can be clearly separated,
Tl [0s) = [ d'Lif 0w,
il L i
Iper (98] = /dd Lgpr: [op] + 5 ndet Qprr - (2.15)

It is now evident that the one-loop effective action of the EFT consists of two different
parts. One is the one-loop effective operators contained in .CE;OTOP, and the other one is
contained in Indet Qppr, taking account of the contributions from the tree-level effective

Lagrangian L2, via one-loop corrections.

2.3 Matching

With the help of egs. (2.1), (2.10) and (2.15), one can accomplish the matching order by
order and then arrive at

L35 (98] = Luv [P (98] n) - (2.16)
and
/dd Li? (5] + %ln det Qppr [¢p] = %ln det Quy |:(/I\)c [P] a¢B] ; (2.17)

where </ISC [¢p] satisfies the classical EOM given in eq. (2.9) and has been localized. As
shown in eq. (2.16), the tree-level matching can be performed by simply substituting the



localized solutions of the classical EOMs for the heavy fields into the Lagrangian of the
UV theory. To find out the one-loop Lagrangian of the EFT, we have to first deal with the
second term on the left-hand side of eq. (2.17), namely,

tree 5L (’IS ?
o _PLE 0] b ( o |®c[¢] gﬂ)

R

8 (dLyy - 60, [¢] 6Ly 12
——5¢<5;V[<I>C[¢],¢]+ 5 5gv[¢c[¢],¢}>

_ 62£UV
dp?

6(/Isc [d)] 52£UV N
56 0000 [‘I)c [¢],¢}

{(/I\)c [¢] 7¢} -

50, [¢]
3¢

where egs. (2.6) and (2.9) have been used. Then, considering the identity

0= 2 (%0 [a, o), 0] ) = ZE [5, 101, 0] + oy (5 g ]

= Ay @[], 6] + Xy |®. 19, 0] (2.18)

~ 56\ 60 50D 5p  0d2
= Xy 8101, 0] + e, (B 101.0]. (2.19)
we have N
el - (X085 [Be101.9]. (2.20)

in which &fbl is the local expansion of Az'. Inserting eq. (2.20) into eq. (2.18), one gets

%m det Qppy [¢] = = Indet (A¢ - XM,&;lX%) [cfc (9] ,qs}

N |~

Indet A, [@C 4] ,qs] + % In det (1 - A;lX@ﬁ;lXM) [@C [¢] mb]

N |~

Indet A, [B 9], 6] + 5 et (1 - Az Xop25 ' X0) [8. (0] 6]

N[~

Indet A, [0, [¢], 6] - % Indet Ag [, [¢], 0]

N |~

% Indet (Ag — Xosd5 Xya) |2 (6] 6] . (2.21)

Note that Qy;y, on the right-hand side of eq. (2.17) can be block-diagonalized by the trans-
formation with unit Jacobian determinant [36], i.e.,

T -1
1 0 1 0 Ay — X AT X 0
( -1 ) Quv ( -1 ) = < ¢ TR0 Tee ) , o (2.22)
A Xy 1 A Xy 1 0 A,

with which one can further obtain
i ~ i B ~
5 In det QUV |:(PC [¢] ) ¢:| = 5 In det (A(I’ — X(I:'d)A(led)(I’) [(bc [¢] y ¢]

+% Indet A, [P, [¢], 6] (2.23)



Substituting egs. (2.21) and (2.23) into eq. (2.17), we have
QL5 (6] = Lindet (Mg — Xou AT X, [3 D ndet Ay [@
TLEpT [¢B]—2ne( O T Appy ¢¢>)[c[¢B]7¢B}+2ne @[c[¢3]7¢3}

- %m det (Ag — XppA5 Xy ) [@c [05] 05]

(2.24)
As expected, the contributions from pure light loops contained in In det A o are cancelled out.
Usually, the calculations of the functional determinants in eq. (2.24) involve the loop
integrals. To calculate these loop integrals, one can implement the method of expansion by
regions [70-72]. More explicitly, the loop integrals can be split into hard- (i.e., k ~ M > p
with & and p standing for the loop and external momenta, respectively) and soft-momentum
(i.e., k ~ p < M) regions in the dimensional regularization with the modified minimal
subtraction (MS) scheme. In each region, the integrand of the loop integral is expanded
as a Taylor series with respect to the parameters that are considered small, and then the
integrand should be integrated over the whole d-dimensional space of the loop momentum
(i.e., k). In this way, the functional determinants can be separated into the so-called hard

and soft parts as the loop integrals, leading to

Indet (Ag — XpgA; Xyp ) = Indet (Ag = X275 Xy ) hara + Indet (Mg = Xo A5 X0 ) lsore
hl det (A‘I) — X‘I)(bA(;lX(b@) = ln det (Aq) — X¢,¢A(;1X¢q>) ‘soft s

Indet Ay = Indet Ag|oq = 0.
(2.25)
In the last line of eq. (2.25), one should notice the fact that Indet Ay involves only heavy
field propagators (i.e., pure heavy loops) and its soft part gives rise to scaleless integrals,
which are vanishing in the end. Plugging eq. (2.25) into eq. (2.24), we can obtain

(2.26)

d 1ol i -1 =

/d Lgpr [¢5] = §lndet (A<I> — XogQy X¢><I>) [‘I’c [¢3] 7¢B] -
ar

Starting with eq. (2.26), one can directly carry out the one-loop matching by calculating

the hard part of Indet (Aq> - X¢¢A;1X¢¢), as described in ref. [36].

However, there is an alternative way that is more suitable to be implemented in a
computer program [47, 48]. Considering that In det A » contains pure light loops and then its
hard part is scaleless (i.e., vanishing after integration), then by virtue of egs. (2.10), (2.23)
and (2.26), we have

[ e (65 = TERP [0l = 5 ndet Quy [Bc 0] 61 (2.27)

hard

Generally speaking, O, can be decomposed into an inverse-propagator part K and an
interaction part X, such that [32]

= 1STvin (—K + X)
hard

2 s [(x)]

/dd LirP [g] = %m Sdet (—K + X)

hard

- %S"ﬁln(

. (2.28)

hard hard




where the superdeterminant “Sdet” denotes the generalization of the regular determinant
providing fermionic blocks with an inverse power while leaving bosonic blocks as usual,
and similarly, the supertrace “STr” is the generalization of the trace over both the internal
degrees of freedom and the functional space giving fermionic blocks a minus sign. Moreover,
in the last step in eq. (2.28), the fact that K1 X ~ M~! [48] has been taken into account
to expand the logarithmic term, i.e., In (1 — K_lX). As one can see in eq. (2.28), there
are two types of terms constituting the one-loop EFT Lagrangian: the log-type and power-
type supertraces corresponding to the first and second terms in the last line of eq. (2.28),
respectively. Some comments are in order.

e The log-type supertrace is universal and depends on the representations of heavy
particles in the UV theory, since it comes from the kinetic and mass terms and
only those of the heavy particles contribute to the log-type term. Therefore, the
log-type term generally leads to the pure gauge-field operators. Nevertheless, if the
heavy particles are singlets in the UV theory, the log-type term is trivial and will not
induce any operators at all.

e The power-type terms depend on the interactions of both heavy and light particles
contained in the interaction part X. Thanks to the relation KX ~ M~! in the
hard-momentum region, the power-type terms can be truncated according to the
desired order of 1/M in the EFT Lagrangian, so the number of these power-type
terms will be finite.

In order to gain the inverse-propagator part K and the interaction part X in eq. (2.28),
one has to calculate the second functional derivative of the Lagrangian with respect to all
fields and their conjugates as well for complex fields in the UV theory. Hence it is quite
useful to arrange the fields together their conjugates into field multiplets:

s = (;;) y PR = (F}l) y  Pv = (:;E) ) (2'29)

for complex scalars, Dirac fermions and complex vectors, respectively, where F¢ = CF'
with C = i7?4° being the charge-conjugation matrix. For later convenience, one can define
Pg = gojrg, Py = go}r/ and @ = @}70 for the conjugated field multiplets. In addition, if S
(or V) is a real scalar (or vector) and F' is a Majorana fermion, then we have sy =9 V),

Py = ST(VT)and ¢ = F, = F. Consequently, K and X can be extracted via

2 —
o KUV‘GD:@M =2Lyy ¢+ 5<PH¢:{5C[¢} D 0p; (Ki%’ - Xij) 5% ) (2.30)
where only the relevant terms O (5g02) are retained and 7,5 = 1,...,ng,ng +1,...,ng +
ny,ng +ny + 1,...,ng + ny + np with ng, ny, and np being the numbers of scalars,

vectors and fermions. The inverse-propagator part K is a block-diagonal matrix and its
sub-blocks are
P? —m? (scalar)
K,={P-m, (fermion) (2.31)
—g"(P? —m?2) + (1 — ¢ 1) PrPY  (vector),

)



where P, =iD, with D, being the covariant derivative. Here, as in the background field
approach, one can choose the Feynman-'t Hooft gauge for the quantum gauge fields (i.e.,
& = 1 in the vector propagators) but still the general R, gauge for the classical gauge fields.
As for the interaction part X, they can be generally cast into the form [48]

o0
b'e (Pu, (;5) => Xpt"(¢)P, - P, , (2.32)
n=0
where all the “open” covariant derivatives P, are arranged to be rightmost and Xhk "(9)
are actually functionals of light fields, while the “closed” covariant derivatives are usually
written as the commutators, e.g., [Pw (ﬁ} =i (Dugzﬁ).

After the inverse-propagator part K and the interaction part X in the UV theory
are obtained with the help of eq. (2.30), the functional supertraces given in eq. (2.28) can
be evaluated by means of the CDE method [49-51]. The technical details of the CDE
method can be found in refs. [41, 46, 48]. The aforementioned Mathematica packages,
i.e., SuperTracer [48] and STrEAM [32], have implemented the CDE method to evaluate all
functional supertraces appearing in eq. (2.28). In the present work, we utilize the package
SuperTracer to calculate the functional supertraces, as it allows for the substitution of the
X interactions from a specific theory and can partially simplify the resulting operators.

3 The type-I seesaw model

As emphasized in section 1, the canonical type-I seesaw model [52-56] is a natural ex-
tension of the SM to generate tiny neutrino masses. In this model, three right-handed
neutrino singlets N are introduced and a huge Majorana mass term for them is allowed.
Another salient feature of this model is to offer an elegant explanation for the cosmological
matter-antimatter asymmetry via the CP-violating and out-of-equilibrium decays of heavy
Majorana neutrinos [73]. More explicitly, the Lagrangian of the type-I seesaw model is
given by
_ 1 -

Lyy = Lqy + Ngid Ny — (2N§MNR + 0, Y, HNy + h.c.> : (3.1)

with the SM Lagrangian

1 1 1
ﬁSM = —EGSVGAMV - ZWIL,WIMV - ZB[AVBMV

+ 3 Fibf — (QY,HUg + QYgH Dy + 7, Y;HEp + h.c.)
7

2
+ (DMH)T (DMH) —m?*H'H = X (HTH)", (3.2)
where f = Qy, Uy, Dy, {;,, ER refer to the SM fermionic doublets and singlets, the covariant
derivative D, = 8, —ig;Y B, — ngTIWlf — igSAAGﬁ has been defined, and the other
notations should be self-evident. In the basis where the Majorana mass matrix of right-

handed neutrinos is diagonal, i.e., M = Diag{M;, M,, M3}, one can obtain the EOMs of
the heavy Majorana neutrinos from eq. (3.1), namely,

(i — M)N — (VfH e, + Y, H ) =0, (3.3)

~10 -



where N = Nj + Ny denotes heavy Majorana neutrinos in the mass basis. The solution
for above EOMs leads us to

N~ = (Mt M72%g) (YiE e + Y HY ) (3.4)

where only the terms up to O (M ~2) are kept since we are concerned about the effective
operators up to dimension six in the low-energy EFT, namely, the seesaw EFT (SEFT).

3.1 Tree-level matching

Guided by the matching condition in eq. (2.16), one can easily obtain the tree-level part of
the Lagrangian in the SEFT by substituting eq. (3.4) into eq. (3.1), i.e.,

N 1
LEErr = Lom + {20523)05455) + h'C} + Cé%)oéﬁﬁ) ’ (3:5)
with
O =Tl O = (T)id (H't). 50

where the corresponding Wilson coefficients are CSB) = (YVM *1YVT) 5 and Cé%) =
o

(YVM 2y f ) 5 Therefore, the tree-level matching only induces two effective operators
«

up to dimension six, coinciding with the results in the previous works [58, 59]. One is the
unique dimension-five operator O®), or the Weinberg operator, generating the Majorana
masses of the ordinary neutrinos after the spontaneous gauge symmetry breaking [61].
The other one is a dimension-six operator which modifies the couplings of neutrinos to
gauge bosons and then causes the unitarity violation of the lepton flavor mixing matrix.
The dimension-six operator @) can be rewritten as a combination of two dimension-six
operators in the Warsaw basis of the SMEFT [3]:

6) _ 1 [7— hag — g
o) = i {(eaLWﬁL) (HhDﬁ) — (Grres) (Hth{H)] : (3.7)
PR — “— “—
where D, = D, —D,, and D{L = TIDM —D“TI with 77 (for I = 1,2,3) being the Pauli
(—
matrices and D), acting on the left.
3.2 One-loop matching

To proceed with the one-loop matching, one needs to calculate the matrices K and X in
the type-1 seesaw model. In this case, the field multiplet ¢ can be identified as

v € {ons Yo PEY POy PUs PDs PHs Py PBT (3-8)

where

F H
oy =N, wF—<FC>, soH—<H*>, oy =V, (3.9)

with FF = ¢, E,Q,U,D and V = W, B. Notice that here the SU(3) gauge fields in the SM
and all ghost fields have been omitted, since they do not take part in the one-loop matching
by integrating the heavy Majorana neutrinos. The sub-blocks of the inverse-propagator
matrix K take the form with entries given in eq. (2.31). It is worth pointing out that the
inverse propagators of the heavy Majorana neutrinos, i.e., (1(}9 — M;), do not involve any
gauge bosons. This means that the corresponding log-type supertrace in eq. (2.28) gives
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only a constant and does not lead to any operators in the SEFT. As for the entries of the
interaction matrix X, they can be extracted by making use of eq. (2.30) and written in
the form given in eq. (2.32):

0, Y, €
Xyn = (EELY,,*e) ) Xyu = <6TYVT£L ETYVTEE) )
Y, HP, ~ _
v
Y,E, €Y, PN ELY  ETNYTP,
Xog = i . * Rc ) Xpe= T*R ]{ 7VT R ) (3.10)
Y PN YEgR e NYIP,  ERY,
and
Py m? -+ 2) (|H|* + HH') IANHHT
L ONH*HT m?+2) (|H|* + H*HT)
. —(D,H) g ([—HY\.
X%legl((D ;[)* +51 H* 1DV7
o
19, f T , %1 .
Xpn = 5 <(D#H> —(D,H) ) + % (-H" HT)iD,,
J J
v s -7 (DVH) 92 [ —T HY .
XHW = 192 <7_J* (D H)* + 5 7 = iD,,
i T .
Kt = (o) (o) o)+ (et e )in G
Note that € is the two-dimensional antisymmetric tensor with €, = —€y; = 1, where the

indices of this tensor are referring to the weak isospin space. The X terms in eq. (3.10)
(partly) denote the new contributions from the interactions of heavy Majorana neutrinos,
and the heavy Majorana neutrino field N in X terms should be replaced by the terms on
the right-hand side of eq. (3.4). The corresponding X terms for the SM interactions can be
found in the appendix B of ref. [32], whereas the X terms for the interactions between the
Higgs boson and gauge bosons, as well as those among the Higgs bosons, should take the
forms given in eq. (3.11) due to different conventions used in the package SuperTracer [48]
and in ref. [32]. In addition, different conventions of the quartic Higgs coupling in the
literature should be noted.

With the inverse-propagator matrix K in eq. (2.31), as well as the interaction matrix
X given in egs. (3.10), (3.11) and the appendix B of ref. [32], up to dimension six, we can
use eq. (2.28) to derive the effective Lagrangian

+ ST (K Xy K X K Xy ) + ST (K Xy Ky Xy K Xy )

+STr (K;XNHKPIIXHVK;1XVHK1§1XHN>
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+ STr (KleNHKH XpyKy 1X¢HKH1XHN>
+ STr (K "Xy Ky Xy Ky Xy K, leN)

(K XKy Xyn Ky Xy K XwN)
+STr( 1XN¢K 1X¢¢K 1X¢¢K 1X¢N)

(BN X B Xy B X K Xy K X )

(KN X K Xy K Xy K X K X K X )
+ {Srﬁ" (KX/IXNHKEIXWKJIXQPN)
+STr(K XyuKy' Xpv Ky, XWK XWV)
+STr(K "XvuKy' XpnKy' XK, XwN)
+STr(K XNHKH XnyK, waK XWV)
+ STr (K "Xy Ky' Xpv Ky Xy Kyt XpyKy 1X¢N)
+ ST (K" Xy iK' Xy K Xy o K X K Xy )
+STT(K Xy Ky Xy Ky Xy K Xy K XW)
+ STr (K "Ny K "Xyv Ky ' Xy Ky 1XH¢K 1X¢N)
+ STy (K" Xy Ko Xy Ky Xy K X K XW)

+ ST (K Xy Ky Xy K X K X gy K Xy ) + he }

hard
if(l -1 -1 2 1 -1 -1 2
— 5 15T (K" XniKy' Xuy) +5STr (KN Xy K Xy
1 1 1 —1 2] |1 1 —1 3
+ ST | (KN X Ky Xy K Xy ) |+ 58T | (KR Xy K Xy )
+ ST (K3 Xy K Xy v Ky Xy K X )
+ ST (K Xy K Xy K Xy K X vy K Xy )
-1 -1 -1 -1 -1
+ ST (K Xy Ky Xy Ky X K X K Xy )
+ ST (K Xy Ky X Ky X K X K Xy K Xy )

)

hard
(3.12)

where ¢ = ((,E,Q,U, D) and V = (W, B) collectively denote the SM fermions and weak
gauge bosons. It is worthwhile to stress that the terms in the second braces in eq. (3.12)

~13 -



involve at least two heavy-neutrino propagators, so 1/2 and 1/3 in front of some super-
traces are actually the symmetry factors counting the power of repeated blocks in a given
supertrace. Therefore, in order to find out the effective operators at the one-loop level in
the SEFT, one has to evaluate the long list of supertraces in eq. (3.12), which is obviously
tedious but can be achieved by using the package SuperTracer in a straightforward way.

4 Green’s basis

After the supertraces in eq. (3.12) are calculated by using the package SuperTracer, one
needs to further convert the resultant operators into the independent operators in the
Warsaw basis of the SMEFT. But, before doing so, we first convert these operators into
those in a redundant basis, the so-called Green’s basis [30, 39], by taking advantage of
algebraic, Fierz identities and integration by parts. Then, applying the EOMs of fields, we
can obtain the independent operators in the Warsaw basis from those in the Green’s basis.

4.1 Threshold corrections

Generally, the one-loop matching can result in threshold corrections to the renormalizable
terms already existing in the SM, i.e.,

0L = 025G, GM + 62y WL, W + 52,8, B
+ 3 F6ZDf + (QOY, HUy + Qp6YqHDy + 7 6Y;HEp + h.c.)
7

+67y (D#H)T (DMH) + 6m?HTH + 6 (HTH)2 . (4.1)

where f = Q;,Ug, Dy, {;,, E. For a given UV model, not all the above terms are induced,
which is of course dependent on the interactions of the heavy fields. In the type-I seesaw
model, the one-loop matching leads to

1
(m)?ozfi = 5 (V)Y,), (1+2Ly),

(m?® (928),, = i (V)ai (%), (1 + 2]\422> (3+2L,),

(m)? (5m?) " = —2(ViY,) MP(1+ L),

2 2
G _ t t 1+ L) M7 — (1+ Ly) M
(4m)* 00 = (YVYV)zk (Y Y)ki M? — M}
M.M, L
T T ik ik
(191, (vin), Mt
m2

(4m? (8YF) =~ M)a (WIY),, (1 + MQ) (1+Ly) (4.2)

with ) )

_ B 1 _ M;

— 14 —



up to O (Mfz) in the Green’s basis, where the other terms in eq. (4.1) do not appear, the
superscript “G” signifies the results in the Green’s basis, and 7y in eq. (4.3) is the Euler
constant. It is worth pointing out that the divergences in L, come from the hard part
of loop integrals and usually consist of both the UV and infrared (IR) divergences in the
dimensional regularization. The UV divergences can be absorbed by the renormalization
constants in the UV model but with heavy fields replaced with their classical EOMs, such
as eq. (3.4) in the type-I seesaw model, while the IR divergences can be regarded as part
of the counterterms of the EFT to cancel corresponding UV divergences of the EFT [33].
Here, one can simply remove the 1/e — v + In (47) terms in L, to get the renormalized
couplings or Wilson coefficients in the MS scheme [27, 33].

In addition, there also exist one-loop corrections to the Wilson coefficient of the

. . sN\C A5 .
dimension-five operator 1/2 (56'( )) 5 0,4 In eq. (3.6), namely,

7 (3

a 2 4 2
(4m)? (6C®) = [zA (1+L;)+ 24 192 (1+ 3L,

(Y,),; M; ! (YVT)w . (4.4)

This result will be important for us to find the threshold correction to the Wilson coefficient
of the Weinberg operator in the Warsaw basis.

4.2 Dimension-six operators

The dimension-six operators in the Green’s basis induced by heavy Majorana neutrinos in
the type-I seesaw at the one-loop level are listed in table 1 and the associated one-loop-level
Wilson coefficients up to O (M *2) are collected in the remaining part of this subsection,
where an overall loop factor 1/ (47r)2 is not explicitly indicated in all one-loop-level Wilson
coefficients. To make a distinction with the Wilson coefficients in the Warsaw basis, we
shall denote the Wilson coefficients by “G”, with different superscripts and subscripts, for
the operators in the Green’s basis.

. X2H?
92
Gup = oyt (v,m72v]), (4.5)
2
Gow = g—itr (v, M2y}, (4.6)
Gwp = A2 (Y,M2Y]). (4.7)
e H2XD?
Gppn = —% (YVTYV)Z.Z. M;?(546L;), (4.8)
g _
Gwpn = 52 (YY), M7 (5 +6L,). (4.9)
« H?D*
1 oot
Gpp = gtr (v, M%) (4.10)
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X2H? H2D4 HS
Oun B,,B*H'H Opu ‘ (DuD“H)T (D,D"H) Oy ‘ (H*H)3
Ouw Wl wiwH H H'D? ¢?D3
Ouwp | WhB™ (HIT'H) Ou (H'H)O(HH) ol ‘ %Q (D*B + PD?) Ly
H2X D2 Oup | (HD,H) (HID'H) V2XH
Oppu | D,B"™ <HTB,H) Oyp | (H'H) (D,ﬁ)T (DrH) | O (0" Egy) HB,,
Owpn | (D) (Hfﬁ§H> Oy | (H'H)D* (HHBLH) 0%, (oo™ B ) T HW],
G2 HD? V2 DH? G2 H3
o, UL B D°H O | (G ) (HHBNH) o (L HEy) (HH)
Ofips | Topio™D,EggD,H | ON (Qﬁeﬁﬁ (miH) Four-lepton
Olfips o DB H O™ | (Carton) Dy (HH) | 05 | (G ta) (Brabow)
Ofive | Tal'EsDH | OGS | (Goirtty) (HDLH) | 057 | (6an"0) (BvuBa)
Y2 XD o8 (z;ﬁf ¢ _SL> (m'r'm) Semileptonic
o (Gur"0s1) D"B,, O | (Bar"Egn) (HHBPH> 0G| (G 0a) (@@
o5 | (G es) ( DVWW>I 058 <E0R iﬁEﬂR> (5tH) | 0@ | (T ) (@ Q)
o (E’Y“’%L) (TﬂW#UAR)
0™ | (Taron) (DruDan)

Table 1. Dimension-six operators at the one-loop level induced by heavy Majorana neutrinos in
the type-1 seesaw model in the Green’s basis, where the Hermitian conjugates of the operators in
the classes 12 HD?, 12X H and ¥2H?3, as well as those of the four-fermion operators, have not been
listed explicitly.

o« H*D?
G = S (vly Yy, M{ - 2MPMLy, — My 1 Yy Yy,
HO — 5( v V)Zk( v I/)ki (MZ»Q _Mg)?) - Z( v I/)Zk( v V)ik
v MY — (7= 2Ly) MM + (7 + 2Ly,) MM, — M (4.11)
3 ) .
MM, (M? ~ M)
1 1 L.
- __ T T —2 ) — — T T ik
GHD - 9 (YI/ YiY} YV)ZZ Mz (1 + 2Lz) 2 (YI/ YV)zk (Yll Yy)kz ME — M]?
2 2
(vt t (1+ L) M7 —(1+L,;) Mg
(viv,) (viv,) AR ST iR (4.12)
o~ Lytyyd 2 i i L
HD — 5 (YV YEYE Yl/)“ Mz (1 + 2L7,) - (Yu YV)zk (YV Yu)kz MZQ —_ M]?
1 (14 2L,) M? — (1 +2L;) M?
-+ YTY YTY k i J k 4.
2( v ”)m( v V)z'k MM, (M,?—M,f) ’ (4.13)
. 4 2772 4
Ghip = — (viv,) (viv,) M, (M AT (4.14)
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o HS

MZM?L.;, + MZMZL,, + MfM,kaj
S (i), (v (i) o AN
G =3 C(vE - M) (M? - M) (ME - M?)
; ; MZLy; + M? Ly, + MLy, ‘
PN L) D)y ), G (o a) (- a2
(4.15)
. w2D3
= 2y (4.16)
GSf = -3 (v, M Y,,)aﬁ .
o V2 XH
- 417
Gip = % (nMYfY) (4.17)
92 —2yd 4.18)
Ggg/ = § (YVM YVYE)QB . (
. 1/)2HD2
4.19
Genpr = (,M7PY)Y) (4.19)
! “2 (v} : 4.20
G?I@D2 - 1 (Yu)az Mz (YI/ le)zﬁ (3 + 2Lz) ) ( )
Gehps = % (vl (4.21)
! 2 (v} ). 4.22)
Grrps = 3 (V)i Mi* (YIY)) (T +2L,) (
e V2XD
2 : 4.23
Gi = 25 (V)0 M (V) (11 + 6Ly, (4.23)
J -2 (yi Y. 4.24
Gty = — 2 (V)oi M;72 (¥]), (11 4+ 6L,) (4.24)
o w2DH2
2 3 2 _ _1 ) 471 YTy* ) M*l YJ‘
ngaﬁ = gl —::2 92 (Yv)ai Mz' 2 (Ylj)lg (11 +6Lz) 8 (Yy)az Mz ( v Tv )zk k ( )k‘,B
L.
1 ik
><(1+LZ-+L;€)—§(Y) (YTY) (Y >M3M2 M2
M2(1+2L,)— M2 (1+2L;) (4.25)
1 * 7 k , .
5 Wdas (073 (W), MM, (M2 — Mp)

17 -



(1)ap
GHZ

n(1)ap
GHE

3)aps
G

1(3)as
Gy

8
Gite

raf
Gl

. w2H3

G = M) M2 (VW) (1 L+ () (W17, (47

= 1 M)a; (IY,),, (V)5 —

+(V)e (W), (M), —

_ 1 _ . _
Y,).. M2 (Yj)w (3+2L;) — 3 (V) M (YY), M (Yj)w

3+ Lt L) = 05)as (%), (5 5447
g T (V) (), MR ME G2,
i M (2— L) — Mi (2+ Ly,
(M? —MP)*
M —2ME ML, — My
MM, (M2 — M)

(4.26)

, (4.27)

— g2 1
g2 3291 (Yl/)ai Mi_2 (YVT)ZL; (11 + 6Lz) + g (Yu)ai Mz’_l (YUTYV*)ik Mk_l (Yj)kﬁ
x(1+L;+Ly), (4.28)
A _ 1 _ X _
_Z (Yy)ai Mz 2 (YVT)ZQ (3 + 2Lz) + g (Yy)ai Mz ! (YVTYU )ik Mk ! (YVT)kﬁ
X (3+L;+Ly), (4.29)
1 _
g (YETYV)(H Mz ? (YVTYYI)Zﬁ (1 - 2Lz) ) (430)
1 | -
! (YZTYV)M M2 (YY), (3+2L,). (4.31)
Lik

iB i k8 M? — M}
M2(1+1L,)—M2(1+L;)

; MM, (M~ ML) (4.82)

e Four-lepton

G?BM _

Gaﬁ'y)\

14

4

e

S 0o M2 (), () - (), ()| 6+2E)
1
_g o

V)i (), V) ()., M 100, () (4,

ME (14 Ly) = M (1+L;)

e Semileptonic

4.33
MM, (MZ = M) (4.33)
L -2 (vt f
3 (Y)) i M; (Yy)iﬁ (Yl Yl)w\ (3+2L;). (4.34)
(1)046’7)\ _ i =) T i t
Bapyr _ L o (1ot ; ;
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i = =g ) M2 (V) (YY) | (3+2Ly), (4.37)

Gi ™ = § (Vo M2 (), (vYa) (34 2L0). (4:38)

It is worth pointing out that the contributions from multiple heavy Majorana neu-
trinos in the loops to above Wilson coefficients may be symmetrized with respect to the
generation index of heavy Majorana neutrinos. This is naturally expected, since heavy
Majorana neutrinos appear as intermediate particles and must play an identical role when
they are integrated out simultaneously at the matching scale p ~ O (M;). However, to
maintain the results as concise as possible, we have not put the Wilson coefficients in a
completely symmetric form. Additionally, the Wilson coefficient of (’)?f " e, G%g " can
be symmetrized with respect to the former and latter two flavor indices due to the flavor
structure of (’)g‘f A

As mentioned before, these results in the Green’s basis are not indispensable. One can
directly convert the operators obtained by calculating the supertraces in eq. (3.12) into the
independent operators in the Warsaw basis by making use of algebraic, Fierz identities,
integration by parts and the EOMs of relevant fields, but such a procedure is cumbersome
and muddling. From this perspective, the above results in the Green’s basis should be
useful to make the simplification process smooth and the results trackable. In addition, it
is convenient to compare the results with those derived by calculating Feynman diagrams,
as an efficient cross-check. In the diagrammatic calculations the matching is usually done
first with the operators in the Green’s basis, which are then converted into those in the
Warsaw basis, as in refs. [39, 40].

5 Warsaw basis

To convert the operators in the Green’s basis into those in the Warsaw basis, the EOMs of
relevant fields are needed. From egs. (3.1) and (3.2), we can find the EOMs as follows

iDER = H'Y, 4,
ipl;, = Y,HER +Y,HPy N,

1
DVB,LW igl
f

1 R . _
(DW= 52 (HIDLH Q1,00 + T 8 ).

(D*H)" = —m?H" —2X (H'H ) B~ By, ff — DR Y{Qf + ™ Q)Y Up + € (Y, Py N,
(5.1)

where Y(f) is the hypercharge for f = Q,Ug, Dy, ¢, Eg, and I =1,2,3 and a,b =1, 2.
Again, the heavy fields N in eq. (5.1) should be replaced with the terms on the right-hand
side of eq. (3.4).
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5.1 Threshold corrections

Applying the EOMs in eq. (5.1) to the dimension-six operators in the Green’s basis, one
obtains one-loop corrections to the renormalizable terms in the Warsaw basis:

62y = 625,
67, = 62§,
sm* = (5m?) "+ m'Gpy.
oX = ONY + 29,m2Gyypy + A2 G o + m2Glyp

1 1
(6Y))op = (5Y£G>aﬁ +m? [(Yl)aﬁ Gou — Glipr — §G?1§1D2 + §G3§D4 ;

(5Yu)aﬂ = m2 (Yu)aﬁ GDH7
(0Ya)ap = m* (Ya)ap Gom - (5.2)

One can see that 0Y,, and 0Y, absent in the Green’s basis now appear in the Warsaw basis.
They are induced by the operator Opp in the Green’s basis after applying the EOM of
H. Opy also gives an additional one-loop contribution to the Wilson coefficient of the
dimension-five operator

(5c@) = (5C<5>)G —202C)Gpy (5.3)

af af

but this contribution is of the order of O (M _3) and will be omitted. Then the kinetic
terms of H and ¢ need to be normalized via

1 1
H — (1— 2éZH> H, (— <1 — 25ZE>£, (5.4)

where only the leading-order terms are kept. These redefinitions of fields give additional
one-loop contributions to the effective couplings in the EFT via the tree-level terms. From
egs. (5.2)—(5.4) and the results in section 4, we obtain the effective couplings in the EFT

m2g = m* (1 —0Zy) — om?

1 m?2 m?
2 1 2
= -—— (Y'Y, —(1+2L; —2M? (1 + L.
m (47’()2( v I/)ii i 92 ( + 2)+3M@2 z( + 1) )
1 [ 4 m?  gam?
=) YIY,) |-AN(1+2L)— 2 54 6L,
" m)? {( Y ”> I (1+2L) 3M? +18Mi2( +6L)

(4
m2

o1z (YWYYIY,) (1 2L) + [mLyg + MP (14 L) = MR (1+ Ly)]

7
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(YVT Y, ) ik (YJ Y, )
M2 — M

(), (), }

X

K [m2MZ (14 2Ly) = m*ME (14 2L;) — 2M2ME Ly |

X

2M; M,, (M} — M)

. 1 1
7)., = o o) sz

(o = {m)aﬁ (viv),

6m2 2m?
54 —&+2(34+ — | L.
Tzt <+Mf> H

(Yueff)aﬂ = |:Yu (1 — ;6ZH> - 6Yu] y

3M?2 8 v

)

1 m? 1
- I (vt
1 (1+2L;) + ] (Yl,)m (Y Yl)z,@

2
= (Yu)ozﬁ - (471_‘_)2 (Yu)aﬂ (YVTYV)” [i (1 + 2Lz‘) + SMZQ] )
(Ydeﬁ)aﬂ _ {Yd (1 - ;5ZH> - (5Yd] y
= (Ya)us — 71T)2 (Vadas (YY) i(l +2L;) + J‘;] , (5.5)

up to O (M~2). Similarly, the Wilson coefficient of the dimension-five operator is given by
1 1
(cR) = [C@ (1-62p) - 562,00 — COz] + 5(7(5)}

Oéﬂ a/g

= - — {10555) (viv,) (1+2L) + é (Y,)oi (VIC®)

(4m)? | 2 5 (3+2L;)

i 7

1 2 g2
~o® f N N |
+80a’7 (Yu)ﬁz (Yy)i’y (3 + 2Lz) [2)\ (1 + Lz) + 1 (1 + 3Lz)‘|

X (Y,) 00 M1 (YVT)W} : (5.6)

up to O (M _2). These are the complete one-loop matching results, which can be used
together with the two-loop RGEs of relevant Wilson coefficients in the SEFT.

5.2 Dimension-six operators

In the type-1 seesaw model, ngaﬁ and ngaﬁ can already be obtained from the tree-level

matching as shown in eq. (3.7). Their Wilson coefficients at the tree level are given by

O3] =~ 5]

1
tree tree o 4

% = i (YVM_QYJ)QB . (5.7)



X2H? Y2 DH? Four-quark
Oun | B |0 | (@uvn) (75 | O | (@) (Tt
Ouw WLW HH 07 | (Qun' Q) (HHEZH) oS | (QurT4Q, (UM“T Ur)
Oups | W (i) | 05 | (Tareun) (H5,8) | 00| (@ur#0u) (Prbae)
0 | (Partn) (1) | 0B | (@) (B o)
o | (mmya(mm) | o @wmwm&ﬂ o4 | (@) @)
Oun (#tp,H) (HiDMH) | O mﬂf > <HTlDf H> Four-lepton
H Ot | (Bar?"Esn (H D, ) oy (T tn) (Gt
0| (1)’ % o | (T (Bt
GEXH o (QuiiiUsg) (H'H)
08 (0" Egg) HB,, ol (QuuH D) (H'H)
%y (G0 Ege) 7' HWY, | 0% | (GuHEs) (H'H)
Semi-leptonic
0™ (EW“%L) (QifyLWHQAL) e ([ LY ZJL) ( wR%UxR) O (QEHR) (TmQAL>
O™ | (T ') (@' Q) | O™ | (T ) (Porulor) | Ottt | (@iEar) e (@LUsn)

Table 2. Dimension-six operators induced by the type-I seesaw model at the one-loop level in the
Warsaw basis, where the Hermitian conjugates of the operators in classes 12X H and 2 H?3, as well
as those of the four-fermion operators, have not been listed explicitly.

These tree-level Wilson coefficients result in extra one-loop contributions to the total Wilson
coefficients of Og;aﬁ and Oggaﬁ via the normalizations of the kinetic terms of H and ¢
given in eq. (5.4), i.e

o N 1 1 1
6™ = —3CH" = 3 <O<6>5ZH + 502,00 + 20@52@)

of
-5 41702 (ra2vd) (Vi) 0+ 20) + 5 () (Vi 2v))
x (34 2L;) + % (Y,,M‘ijYV)M (Yj)w (3 + 2L,~)} : (5.8)

which will be added into the total one-loop-level Wilson coefficients of ngaﬁ and Og’;aﬁ

All dimension-six operators in the Warsaw basis induced by the type-I seesaw model at
the one-loop level are listed in table 2 and the associated one-loop-level Wilson coeflicients
up to O (M _2) are explicitly given in the remaining part of this subsection, where an
overall loop factor 1/ (47)? is implied in all Wilson coefficients.

o« X2H?
_ 91 -2 1
919
Cwp = Cuwp = 5000 (Y M~ 2YT) (5.10)
_ _ 92 —2v/1
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o« H*D?

3g g 1
Cpo = Guo+ TQGWDH + ElGBDH + §G}JD

2 2
= O3B (i y A2 (546L) 4 - (YJY;YlTYV) M2 (1+42L))
72 w 4 i
L) iy, MEOSL) =ML (%), (),
3 WH )y (W), (M2 — M2)° 2M, M, (M2 — M2)°
% k 1k 7 k
x [MP(1+Ly)— M}MZ (5+2L; + L)+ M?M; (5+ L; + 2Ly,
- M{(1+Ly)], (5.12)
Cup = Gup +29:Gppu
- 2(YTy) 72(5+6Ll)—1(YTYYTY> M2(142L)— — Lik
18 % i 2 vl v)u ot i 2(M12_M]?)
M2(1+L,)-M2(1+1L,
() (VIY) (V1Y) , (v, ML ML) (5.13)

MM, (M7 ~ M7

Cy = Gy +497Gy py +H4NGpy +27Gy

A 2

L.
—2A (YVTYV)ik (YVTY”) ki W —A ( V)z' (YTY )zkz

M§(1+2Lk)—M,3(1+2L) 2 (ot ;

T MM, (M2 MY) (), (i), (
MPMPLy;+ MPM Ly + MPMRLy;
(M2 — M2) (M,? ~ sz) (M,g - MJZ)

MZLy;+M2Lj;+M?Ly,

+A (v YlYlTYy)ii M;2(142L;)

YTY)

v -v

2M; M, (YTY )k (YTY) (YJYV)U

X (Mz —M,?) (Mf —MJQ) (M]? _sz) . (5.14)
« V2XH
ng = G?g 8 (}/2)7,3 GM 2 G?I@Dz o G?fma 2 ijlm
- 2% (YVM*ZYJYz)aB , (5.15)
Oy = Gl + 2 (V) Gy — 2Cehipn + LG,
= 52% (YVM_QYJYZ)QB . (5.16)
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. 1/J2DH2

Dap
oLy’ =

3)ap
oy

Cifty =

af
Chq =

1ag
.

3)as
Ciiy

Ciie =

%WGBDH = 29116 5°% (YY), M2 (5+6L,), (5.17)
%QWBGWDH - —%M (Y1Y,).. M;% (5+6L,), (5.18)
%WGBDH = J’iaaﬁ (YY), M;7? (5+6L,), (5.19)
—%16“ﬁGBDH 1901850/3 (YY,),. M2 (5+6L,), (5.20)

1

Da 91 ca g a a o *
GEH% 6_515 PGppu+ 1G 5“‘50(3 ﬂ_g {(YET)YB Goppr+ (Vo Gegyz)z}

1 « 1 "
+- [(YEO Geprps + (V). GelﬂLIWDB:| -3 [(YLT) Gofipa+ (Y1), GegyD4:|
1 8 8 8

1 11g7 +27
~2 (yi 91 +2793
(Y,)as M2 (Y)) { (YY), (1+2L,)+ 758

< (11+6Li)}

1 _
7372 (3+ 2L1) |:(Yu)oa (YJYVM 2YDT)1B + (Y M= 2YTY )az (YVT)zﬁi|

1 _ _
— o (3+2L)) [(Y )i M7 (VYY) (VYY) M (Y )m]

Ly

) M (YY) M ()

2

91 0B (vt —2 _
+725 (YJY,),. M, (5+6L;) s
Lz’k

X(1+L1+Lk)*%(y) (YY) (Y)kﬂMQ M2

L) (V) (V) M? (1+2L,) — M} (142L;)
g Vel AV v Jik

v ) 5.21
)kﬁ M; M, (MiQ_le) ( )

3)a 92 ca g 3)a 1 « *
GBas 4 %, PGy + 2G 800 - [(nf)vﬁgegDﬁ(mMGe,@m}

1 " .
+- [(YEO Geprps + (V). Ge?ﬂDs} -3 [(YT) Gofipa+ (Y1), GegyD4:|
1 48 g -8

(Y))ai M2 (V) 15 {1

792 — 9
5 (Y), (1420, + 795 — 991 (11 +6Li)}

288
1

+37 (3+ 2L1) |:(Yu)(xz (YI/TYVMizyJ)zB + (Y M 2YTY )az (YVT)zﬁ]

1o (3+2L) [(Y )i M7 (VYY) (VYY) M (Y )m]

1
- (Y,
+5 (Y,

X (1+ L+ L), (5.22)

o 1 a1 *ya
G(;Iﬁe — 0,0 ﬁGBDH D) <}/IT> oy (YZ)AB Gip+ 4 [(Yﬁ)w GZIﬁ{DQ + (Yl)vﬁ Ge?ﬁD?}

Jos M1 (VYD) M (Y]

2
_ 92 508 (yt -2
= (YY), M;? (5+6L,) s

1 *YQ
1 [<Y1T> o GZ}@D4 +Y)), 5 Ge}/im}

2
91 508 (v 2 oLyt -2 (yi ,
SL6°7 (YY,),, M ? (5+6L;) — 5 (Yl YV)MMz (YY), (5+6L;).  (5.23)
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w2H3
o 1 .
CU/ZI = (Yaap (ngWDH‘*‘Q)\GDH‘f‘2G3LID_1 }/{D)

2A _ g _ 1 +
= (Ya)us [Str (Y, M72]) = 22 (VIY, ) M2 (5+6Ly) + (YleYl Yu)ii

L, 1
ki M2 kMQ 2 (YJYu)ik (YJYy)ik

1
xMi_2(1+2Li)—§(YJY) (v,v,)
L MH(1+L) — MEME(1+2L,) + MEL,

2 ’ (524)
MM, (M?—M?)

a 1 .
Cdf; = (Ya)as (QQGWDH+2>\GDH+2G/HD+1 ¥1D>

2\ 1
= (Ya)us [3tr(YVM2YJ) 36(YTy) M2 (5+6L)+ 7 (Vv )

sz

_ 1
XMi 2(1+2Li)_§(YVTY) (YTY )k1 M2 M2

1
5 (YJYV)“C (YJYV)ik
MLy — MPME(1+2L,) + M (1+L,)

: (5.25)
MM, (M?— M2)°

(0% « 1
Co = Gop+(v Das (92GWDH+2>‘GDH+ Gyp +iGhy ) 3 (YzYzT)M (YD) s GIh
N [(YT Y) G o+ (Yy’f ) Gl —2(Y) (Y)), s G ]
eHD1 l eHD2 11 ay eHD2 lay\T1/XB~YeHD2

« 1 *Ay 1 et
AGefipr =5 | (V) G+ (0D s Gillon] + 7 | (47%5). G

€

_ (YI}QT>ONGZEID4:| +AGY D4+(Yl)75 (G 1)av+G 3)av+ Vel 1)&7)_~_(YI)ONG/;B

2\ _ g3 _ 1
= (V) us [Str(YVM RAE AV AR 2(5+6Li)+1(YleYlTYy)ii

Ly, 1

_ 1
XMi 2(1+2Lz’)*§ (YJY) (YTY )kz M2 M2 2 (YJYV)ik (YJYV)ik

MLy~ MZME (142L) + Mt (1+ L)
M, M, (M2 - M2)*

1
- (vyiv, M2y
3 af

- (Yu v

A _ 1 _
5 Jai M (YJYl)w (3+2Li)+§ (V)i M;? (YUT}/}ET}/Z>’L_B (3+2L;)

(Yu)ai (YVTYV*) (Y Y)
8M, M, (M2 — M32)?

0 [3ME (142L,) —2M2 MZ (5+ Ly +5L;)

M (1=2Ly) = Mg (1= L)

5.26
(M? — M2 (5.26)

1
+M;€L (7+6Lz)] - 5 (Yu)ai (YJYU)M (YJ)/l)kﬂ

— 95—



e Four-quark

COU = =2 (Vo (V). G = =550 (VM) ()an (V) | G20)

6

afByA 1 —

CC(QSI)J o == (Yu)a)\ (YJ)%B GDH = —gtl‘ (YI/M QYVT) (Yu)a)\ (YJ)%B ) (528)

Wapyr _ 1 i _ L —2v-1 t

Coa " =5 (Ya)an (Yd)w Gpn = —1gt (YVM Yu> (Ya)ax (Yd%ﬁ , (5:29)
afByA 1 —

COL = = (Yg)an (YdT)%B Gpy = —3tr (YVM ZYJ) (Ya)ax (Yj)w : (5.30)
afByA 1 -

Cotiod” = (Vas (Yalys Gpar = 5tr (V.M 2Y]) (Vi)as (Vo) - (5.31)

o Four-lepton

Ci™ = G = L + 2 (207G — Gy )

8

(642 3

2 2 2
= BN (V)0 M7 (V)5 (114 6L:) = 2267 (¥,) 0 M7 (V) (114 6L)

§ 00212 [0, (V) = (e, ()| @2t

(Yu)ai (YVT)M (Yu)fyk (Yj)kﬁ 1\42‘[/_”6]\4]3 - % (Yu)ak (Yu)'yk (Ylj)zﬁ (YVT)z/\

MZ(+ L) - ME(1+ L)

Cfoéﬁ’YA _

le - e

L1
4

MM, (Z 1) (5.82)

1

afByA o 1 o *
G =5 Mo (W), Co =016 C50 45 | (W) G + (Mo iy

2 2

[e4 * 1 «@ *
KYZT)Wﬁ Goipa+ (V) Gefﬂm} 1 {(YzT)w Ghpa+ (V) ax Gei&n}

1

1 _ —
= g (LMY (), (Y1) w5 (W) v,

_|_

1
4

1
(le)a)\ (Y'ZTYVM_QYVT)’yﬁ + g (YV)a'L M;Q (Yj)lﬁ (}/ITYVI)’Y)\ (3 + 2Li)

2
~ L5 (V)0 M2 (V) (11 +6Ly) (5.33)

e Semileptonic

Céclg)aﬁ’ﬂ\ _ G(l)aﬁ’y)\ﬁ-%gy/\G%i

Céé)a,@’y)\

«Q
2
M7 (V). Bl?(w (11+6L;) + (YuYuT —YdeT)VA (3+2Li)} :

(5.34)

2
)ai M2 (Y)) 5 {_ggw (11+6L;) + (Yuyj + YdeT) 3+ 2Li)] ,

(5.35)

T6(u A
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2

ByA By 91 cyx B
C’;"U'Y = G;"U'y #-?5“Y G%e
v

1 _ 2g7
= M (), [2715% (1146L,) — (ViY,)., (3 +2Li)] o (5.36)

BN _ By 91 ey ~af
O = G - By

_ ! -2 (yt _ﬁ YA T
= 3 (V)as M, (Yy)w[ 570" (1L+6L;) + (Yde)% (3+2Ly)|, (5.37)
o (03 1 (6% 1 (0%
Cfe[jiz;\ = (Y(f)’y)\ |:(}/l)ozB GDH - Gelng - §G€I§D2 + 2GeI§D4:|
1 _ 1 _
= (yj)WA [3& (Y, M~2Y)) (Yap — 5 (Y, M QYJYZ)QB], (5.38)

LafyA a 1 a 1 o
CegeégUM = (Yu), {_ (Y)as Gpu + GefIDl + §Gef1D2 - QGefID4]

= (V) {—;tr (Y, M~2Y}) (Yl)aﬁ+% (Y,,MQYJYZ)QB] . (5.39)

5.3 Simplified results

To simplify the above results and make them more illuminating, we now assume that the
masses of heavy Majorana neutrinos are exactly degenerate, i.e., M; = M, = My = M and
take the matching scale to be u = M. All the divergences can be simply dropped in the MS
scheme. Thus for the effective couplings and the Wilson coefficient of the dimension-five
operator, we have

1 m? m*
m2y = m? + = <2M2 -5 - 3M2> tr (Vfv,), (5.40)
1 |5ga3m? — 18\ — 24 m? m?
Aeff = A+ i [ M tr (Yfy,) + it (viv,viv,)
2M? — 3m? T m? i
TR (Vv vty - it (vivyiy, )|, (5.41)
off 1 1 m2 T 5 3m2 +
veff —y L™ G viv)) v 5.43
v T gz W1 e ) U ) e (5.43)
eff 1 ’I’)’L2 T
e o\t me tr (Vfv,) Yy, (5.44)

c® — g (Vv 4y, yfc®) } :

(5.45)
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where C®) =Y, Y,T /M is the tree-level contribution to the Wilson coefficient of the unique

dimension-five operator. The tree-level contributions to the Wilson coefficients of Oggaﬁ

and Og’%aﬁ are given by

W _ (@1 _ 1 t

[OHZ} tree [OHZ} tree  AM2 (YVYV)aB ’ (546)
Again, the one-loop-level Wilson coefficients of the operators listed in table 2 should be
multiplied by an overall loop factor 1/ (477)2, which will not be explicitly shown in all
the Wilson coefficients. Under the assumption of mass degeneracy, the simplified Wilson
coefficients can be found below:

. X2H?
Cyp = 249]:242& (viv,), (5.47)
Crwp = 1921]\9422@ (viv,), (5.48)
Coyr = B 1 (viv,) (5.49)
HW — 24 M2 viv): :
« H*D?
Cyp = —% 5 (g +303) tr (VfY,) + 24tr (Vv VY, ) + 786 (V1Y V1Y)

—18er (Vv )] (5.50)
Cup = 151 [5g2tr (1Y, ) + 9tx (Vv 1y, ) + 36tr (v, v,1vy)
+9tr (Vivy'y, )] (5.51)

o HF

Oy = # { A [(1”;5922%1« (vy,) - 26 (Y, v, ) - st (v, vy

+tr (VY )] + %tr (Vv yivyiy,) - o (Vv vy, vlyy) } . (5.52)

. V2XH
aff 9 T
)
af I2p) T
Cov = 5102 (YVY,le)aB . (5.54)
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. 1/J2DH2

1 55a592
oy’ = ~S1aie " (viv,), (5.55)
@as _ 50Pgs
Ciiy” = — g tr (viv,), (5.56)
56aﬁ92
568 g2
o = s (YJYV>, (5.58)

11¢2 + 2792) - étr (Yj Yl,>] (YVYJ )

72 288 (

N 1 [55%Pg? 11
cggﬂ:{ i (v17,) + [ g .

_% (Y YTY YT)aﬁ — % (YVYVTY;YJ>aﬁ - % (K}/}TYVYlj)aﬁ

6 | 78m %4 vTvrv
_3 (v, vivy) (5.59)
16 viv it aB )

c®es _ L {_Wtr (viv,) + {21818 (~997 +763) + étr (v, )] (Yij)aﬂ

42 (v, YT)aﬁ + % (vyryyf) - % (vyy, v )aﬁ

16 aB
3
_ 2 ty vt
& (v, )aﬂ} , (5.60)
5
af _ af ty ) — ty vt
Cite = w32 [25 gt (Vjv,) =3 (v'v, vy ﬁ] . (5.61)
. wQHS
Colar = ﬁ (Yi)ap [(24)\—5515) tr (Y,1Y,) — 18tr (Y)Y, V)Y, ) — 27tr (V] Y, V1Y)
+our (v, vy (5.62)
Ccop = 36]1\42 (Ya) ap {(24/\75g§)tr (YY) — 18tr (VY V,[Y,) — 27t (YY, Y[ Y))
+0tr (YVYJYZYZTH , (5.63)
cof = ETIvEl (YD) as [(24A—5g§) tr (YY) —18tr (Y)Y, V1Y, ) —27tr (VY Y,"Y})
+9tr (YquYlYlTﬂ +# {—3; (VYY) ,+ Z(YVYJYVYJYI)QB
Uy yTysyt L yyiy yi 3 tyyt
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e Four-quark

(D)aByA _ T f
CQU = 18M2 tr (Yy Yu) (Yu)a)\ (Yu>’yﬁ ’ (565)
8)afyA 1
Ogr™™ = gt (WY) M) (v, - (5.66)
(apyr _ _ 1 i f
CQd = 18 M2 tr (Yl/ Yu) (Yd)a)\ (Yd>,yﬁ ’ (567)
®aprr _ 1 i f
Cor™ = —gitr (WY) ) (Y1) (5.68)
Doy 1
Covod” = g3t (YY) (Vdas (Ya)a - (5.69)
e Four-lepton
apyr _ 1 | 11(g5 —gi) 113 1
Cil =m0 ) - TQQ‘WB (Y Y)) 0 — 3 (V¥ an (W)
1 . 3 3
-3 YD), (V) 0 - 3 (Y, Y1) s (YlYlT)WA +3 Y,V (YIYIT)’W:| :
(5.70)
N 1 [11g3 1 1
Cob™ = - [721 SNV Y]) 5+ 5t (VIY,) (V) (Yf)w -5 (Yiv), (yﬁ)w
3 1
9 1 t 2 Il i
S0, (v0) - 00 ()| (5.71)
e Semileptonic
2
cWasnr _ 1 (y yT) 1197 on 5 (y Yi—y YT) (5.72)
0Q 16M2 viv o 27 utu dtd A ’ .
c®asn _ L (o UGS o 3 vyt + vy 5.73
«Q _16M2(VV>Q5_T +(““+dd)w’ (5.73)
2
apyr _ 1 B |2290 50 g (yt
Cw = e (Y”Y”)aﬂl o7 0 3(Y“Y“)wx ’ (5.74)
2
T K
[ Y
appr _ Loty L (v Ly
CEedQ - M2 (Yd),y)\ |:3t1‘ (YZ/YI/) (}/l)aﬁ 92 (YuYqu)aﬁ ) (576)
B\ 1 1 1
Cée%yU - W (Yu)'y)\ |:_3tr (YI/TYI/) (}/l)aﬁ + 5 ( VYVT}/l)OCﬂ:| . (577)

Further simplifications could be made by noticing the strong hierarchy among the SM
fermion Yukawa couplings. Since this can be easily achieved by just ignoring the relatively
small Yukawa couplings, it is unnecessary to do this explicitly.

— 30 —



Note that the redundant operators in the Green’s basis have been removed via the
EOMs of relevant fields, whereas new independent operators appear in the Warsaw basis.
Though the heavy Majorana neutrinos do not directly interact with quarks in the type-
I seesaw model, the pure quark interactions (i.e., the four-quark operators) are present.
With eqs. (5.27)—(5.31), one can easily find that all these four-quark operators result from
the Opp in the Green’s basis. Therefore, the complete Lagrangian of the SEFT up to the
one-loop level reads

Leppr = Loy (m2 - miﬂ, A= Ay ¥Y) — Yzeﬁ»Yu — Yfff,Yd - Yfﬁ>

[ (CF),, 00 +he ] L) (7 (3)0‘5]+ZCO (5.78)

where O, denote the dimension-six operators listed in table 2 including Hermitian con-
jugations of the non-Hermitian operators, while C; refer to the one-loop contributions to
corresponding Wilson coefficients. The coefficients C; are suppressed both by the mass
scale of the heavy Majorana neutrinos and by the loop factor, i.e., 1/M? and 1/ (1672).
Unlike what we have done for the dimension-five operator, the tree- and one-loop-level

(Das

contributions to the Wilson coeflicients of O Hga and Oggaﬁ are not summed up.

Before ending this section, we briefly discuss possible applications of the one-loop
matching results. First, a self-consistent calculation of radiative decays of charged leptons
in the SEFT has been performed in ref. [40] where the one-loop matching for the relevant
operators is carried out via diagrammatic calculations. One can observe that the Wilson
coefficients of the operators OzDv Oer OeW’ OeHDl, OeHDQ, (’)g‘fIDg, and 035D4 given in
eqs. (4.16)—(4.22) in the Green’s basis exactly coincide with those given in egs. (11), (15)
and (18) of ref. [40], after p = O (M) is taken and the different conventions for the last
four operators are considered. Actually, one can check that if u = O (M;) is not taken
during the matching done in ref. [40], the results are exactly the same as those given
in eqs. (4.16)—(4.22) as they should be. After applying the EOMs of relevant fields, we
obtain the Wilson coefficients of operators O?g and (9?5, in the Warsaw basis, as shown in
egs. (5.15) and (5.16). These results are identical to those in eq. (23) of ref. [40]. Then, one
may also make use of the above results to study the contributions from the heavy Majorana
neutrinos to other leptonic observables. For instance, (’)?g contributes to H — E;f; (a=p
for decays into the same lepton flavor and « # 3 for lepton-flavor-violating decays), while
O}(q%aﬁ and O(g)ag lead to Z — v,V at both the tree and one-loop levels. But the latter
make contributions to Z — E;E; only at the one-loop level, together with (’)}'fe, (’)?g and
oer since at the tree level the combination ngaﬂ — (91({2&6 just modifies the coupling
of ordinary neutrinos to W and Z gauge bosons. Besides {5 — (.7, (’)?g and Ogg,
also contribute to magnetic and electric dipole moments of charged leptons, while the
O?f 7A (’)?f " imply
pu — eee and also ¢ — (Dv, resulting in a shift of the Fermi constant G. Finally, the

semi-leptonic operators cause the u—e conversion. The operators and

pure- and semi-leptonic operators provide us with non-standard interactions of ordinary
neutrinos, which could be probed in future neutrino oscillation experiments [74, 75].
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6 Summary

The compelling experimental evidence for neutrino masses and lepton flavor mixing indi-
cates that the SM is incomplete and serves only as an EFT at the electroweak scale. The
type-I seesaw model with three right-handed neutrinos is a simple and natural extension
of the SM to accommodate tiny masses of active neutrinos. Since these right-handed neu-
trinos may be too heavy to be directly produced and detected in the terrestrial collider
experiments, one usually explores their low-energy phenomenological consequences by us-
ing the precision measurements. For this purpose, it is useful to establish the low-energy
EFT of the type-I seesaw model by integrating out the heavy Majorana neutrinos and thus
their impact is encoded in the Wilson coefficients of higher-dimensional operators.

In this work, we have carried out the complete one-loop matching of the type-I seesaw
model onto the SMEFT up to dimension-six operators by using the functional approach.
First of all, such an investigation adds another example of a complete one-loop matching
for a given UV model. We explain the generic framework of the functional approach to
both the tree-level and the one-loop matching. After integrating out the heavy Majorana
neutrinos, we obtain one dimension-five operator and one dimension-six operator at the tree
level, which are well-known in the literature, and 31 independent dimension-six operators
(barring flavor structure and Hermitian conjugates) in the Warsaw basis with the one-loop
matching. This number is just about one half of that for the independent dimension-
six operators in the SMEFT. The tree-level and one-loop contributions to the Wilson
coefficients of these dimension-six operators are presented up to O (M _2). It is worth
pointing out that parts of the one-loop contributions to the Wilson coefficients of ngaﬁ
and (’)g’zaﬁ come from the tree-level contributions via the redefinitions of H and ¢. In
addition, the one-loop threshold corrections to the couplings in the SM and also to the
coefficient of the dimension-five operator are given up to O (M ~2), which are the very
matching conditions for the two-loop RGEs of these couplings.

However, we have assumed that the masses of three heavy Majorana neutrinos are
nearly degenerate and they can be integrated out simultaneously. If their masses are hi-
erarchical, one should integrate out heavy Majorana neutrinos sequentially, and construct
the EFT between any two mass scales and implement the RGEs to connect the physical
parameters at those two mass scales. More explicitly, the Wilson coefficients of the oper-
ators are needed to be evolved down to the energy scale of relevant experiments from the
matching scale via their RGEs. For a self-consistent calculation, the two-loop RGEs have
to be derived, which is obviously out of the scope of this work. We leave the construction
of the EFTs at the intermediate scale and two-loop RGEs in the SEFT for future works.
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