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ABSTRACT: The scotogenic neutrino seesaw model is a minimal extension of the standard
model with three Zs-odd right-handed singlet fermions N and one Zs-odd Higgs doublet
71 that can accommodate the tiny neutrino mass and provide a dark matter candidate in a
unified picture. Due to lack of experimental signatures for electroweak scale new physics, it
is appealing to assume these new particles are well above the electroweak scale and take the
effective field theory approach to study their effects on low energy observables. In this work
we apply the recently developed functional matching formalism to the one-loop matching
of the model onto the standard model effective field theory up to dimension seven for the
case when all new states N and n are heavy to be integrated out. This is a realistic example
which has no tree-level matching due to the Zo symmetry. Using the matching results, we
analyze their phenomenological implications for several physical processes, including the
lepton number violating effect, the CDF W mass excess, and the lepton flavor violating
decays like y — ey and p — 3e.
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1 Introduction

The origin of neutrino mass and the nature of dark matter are two pieces of well-established
evidence for physics beyond the standard model (SM). Among various beyond SM scenarios
an attractive route is to correlate these two seemingly separate problems and solve them
within the same theoretical framework. In this respect the scotogenic model [1] provides
a nice example that can explain the origin of neutrino mass and dark matter (DM) in a
single simple framework, with the introduction only of three Zs-odd right-handed singlet
fermions N and one Zs-odd scalar doublet 1 on top of the SM content. The main merit
of the model is that neutrinos gain radiative mass from interactions with particles in the
dark sector. The lightest of the latter is stable due to the presumed exact Zy symmetry,
and thus potentially serves as a DM candidate. Since it was first proposed in 2006, the
model has attracted a lot of attentions from various phenomenological aspects including
the lepton flavor violating (LFV) golden modes p — e, 3e and pu—e conversion in nuclei [2—
7], the scalar DM scenario [8-11], the fermionic WIMP and FIMP DM cases [12-16], the

running effect of neutrino masses [17] and the neutrino mass matrix textures [18], low



scale leptogenesis [16, 19, 20], the signals at hadron and lepton colliders [14, 21, 22] and in
gravitational waves [23], and the LFV Z and Higgs boson decays [24], etc.

Nevertheless, there is no definite signature so far for the predicted particles on the
observational side. It then looks natural to assume that the new particles lie well above the
SM electroweak scale to be inaccessible to current high energy colliders. This motivates us
to study their indirect effects on low energy observations by working with an effective field
theory (EFT) in which they are integrated out. The standard model effective field theory
(SMEFT) is tailored exactly for this purpose. It is a low energy effective field theory for
SM particles below some new physics scale. In this framework the SM interactions appear
as the leading term in a systematic series expansion, and the effects from new physics at
a high scale are incorporated as suppressed high-dimensional operators and modifications
to the SM parameters. The most appealing feature of SMEFT is perhaps its universality.
It contains exclusively the SM fields which are governed by the SM gauge symmetries but
is otherwise not constrained. Different high scale new physics will be reflected in Wilson
coefficients (WCs) and their interrelations. In the past years, the bases of complete and
independent high dimensional operators have been built for the SMEFT up to dimension
nine (dim-9) [25-33]. To apply the SMEFT to low energy phenomenology, one evolves it
to the electroweak scale with the help of SMEFT renormalization group equations (RGE),
matches it with the low energy effective field theory (LEFT) at the electroweak scale, and
further evolves the latter to the experimental scale via the LEFT RGEs where one finally
calculates the physical observables. In this way, low energy experimental data can be
employed complementarily to constrain physics in the ultraviolet (UV).

An important task in this approach is the matching of a UV theory onto the SMEFT
at the UV scale. Assuming the UV theory is perturbative, the matching is a double
expansion, one in the number of loops and the other in the inverse power of the heavy
scale. The tree-level matching can be easily done by solving the classical equations of
motion (EoM) for the heavy fields followed by a low energy expansion to the desired
order. However, in some cases interesting phenomenology (like flavor changing neutral
currents) arises as a loop effect or precision data demands an improved theoretical analysis,
so that one-loop matching becomes more and more relevant. Confronted with this, the
recently developed functional matching via the effective action is a tailor-made method
to achieve this goal [34-44]. Unlike the diagrammatic approach, the matching is done
by calculating some functional supertraces without computing Feynman diagrams one by
one for a designed set of amplitudes. Some (semi-)automatic tools have been developed
to facilitate this job for the tree-level matching [45-47] and one-loop matching [43, 47—
49]. One-loop matching has recently been practiced for several UV models, such as the
three tree-level seesaws [50-54], the Zee model [51], leptoquark models [51, 55, 56], and
others [57-63].

Considering rich phenomenology of the scotogenic model and null experimental searches
for new heavy states, it is plausible to take the above EFT approach to investigate its low
energy effects by treating both NV and 7 as heavy states. It turns out that the existence of Z5
symmetry implies no tree-level matching to the SMEFT. Then we investigate its one-loop
matching up to dim-7 operators. The direct result of functional evaluation is organized in



the so-called Green basis with a handful of operators whose origin can be relatively easily
tracked from the diagrammatic picture. To recast the result in terms of the standard dim-
5 Weinberg operator [25], the dim-6 Warsaw basis [26] and the dim-7 basis [29] (further
improved in [64]), some manipulations have to be made of the SM equations of motion
(EoM), integration by parts (IBP) and the Fierz identities (FI).

The rest of the paper is organized as follows. In section 2 we review the basic ingredients
of the functional matching in effective field theory. Section 3 is a brief introduction of the
scotogenic model as well as our notational convention. In section 4 we consider the one-loop
matching for the scotogenic model to the SMEFT, and show our main result in both Green
and standard bases. The phenomenological analysis together with brief comparisons to the
literature is included in section 5. In section 6, we draw our conclusions. Supplementary
materials presented in the appendices include the collection of the SMEFT operator bases
up to dimension 7 in appendix A, the calculation of the supertrace for four-lepton operators
in appendix B, and the reduction of operators from the Green basis to the standard basis
in appendix C.

2 Basics of functional matching

For a UV field theory, whether fundamental or effective, with a hierarchical field spectrum,
we collectively denote the heavy and light (scalar, fermion, or vector) fields as ® and ¢,
respectively, with a mass hierarchy me > mg. The low energy dynamics for light particles
can be calculated either from the UV Lagrangian Lyy(®, ¢) consisting of both heavy and
light fields, or from the EFT Lagrangian Lgrr(¢) consisting only of light fields. In matching
calculation Lyy(®, ¢) is supposed to be known while Lgrr(¢) is searched for. To reproduce
the low-energy physics of Lyy(P, @), Lerr(¢) has to be carefully determined from Lyy(®, ¢)
by integrating out ® and performing a matching calculation. Conventionally, this matching
is done by designing judiciously a complete set of amplitudes, computing them in both
theories and equating them to determine the Wilson coefficients in Lgrr(¢) which depend
on the parameters associated with ®. The main drawback of this diagrammatical matching
is that one has to first determine the correct basis of operators at each dimension for the
sought Lgrr(¢) and compute amplitudes twice. The procedure necessarily involves infrared
physics of light particles which however eventually does not enter Lgpr(¢) itself, causing
unnecessary complications.

A more elegant approach is the functional matching in the path integral formalism [34—
44]. The starting point is the identification of one-particle-irreducible (1PI) generating
functionals Tgrr[@] = T'5y[¢] at the matching scale me. Here I'y[¢] is computed in the
UV theory and irreducible only to the light field ¢ while T'grr[¢] is computed in the EFT.
This identification is made in a double expansion, one in the inverse power expansion of
mg and the other in the number of loops. At the tree order, this is easy: one solves in
the UV theory the classical EoM for ® = ®.[¢] in terms of the light field ¢ which is a
functional, and makes the inverse power expansion in me¢ to turn it into an infinite series
of local functions ® = ®.(¢). Substituting it into Lyy(P, ¢) yields the answer:

gt (9) = Lov(Pe(9), 6). (2.1)



To perform one-loop matching, let us start on the EFT side whose Lagrangian is

Lerr(¢) = Lo (9) + Legr (@) + -+, (2.2)

where the dots stand for higher-loop contributions and Eé;%wp(gb) is what we are seeking.

The above contributes to the one-loop 1PI generating functional in two manners,

TEPlo) = [ de £ER(8) + SSTrn(Herr)), (23)

where the second term arises from one-loop diagrams formed with interactions defined in
LEL(¢). The supertrace (STr) includes a minus sign for fields that are quantized as a
Grassmanian field. In the path integral formalism, it results from the Gaussian integral
with the Hessian matrix being

)
Hert(:0) = 5o a)io(y)

where Si[p] = [d%z Li(¢(z)) denotes the action in d dimensional spacetime at the i order

(2.4)

in the a theory for the field . (A global factor of u?* has been suppressed for brevity
where p is the usual renormalization scale.) To count correctly independent degrees of
freedom, the fields have been arranged in a self-conjugate form up to a rotation R, i.e., the
conjugate pair of fields ¢ and ¢ is related by @ = 'R with |det(R)| = 1 [43, 48]. The
supertrace term in eq. (2.3) contains all infrared physics associated with the light field ¢.

A similar 1-loop manipulation can be made for the generating functional I'ty[¢] in the
UV theory. An important difference from the usual case is that it is a generating functional
only for and irreducible only to the light field ¢ although the UV theory contains the
heavy field ® as well. Therefore when we make Legendre transform from the generating
functional for connected Green’s functions of ¢ to that for 1PI Green’s functions ¢, we
have to implement the classical EoM for the ® field simply because no external source has
been introduced to it. With this point in mind, we have,

T2 6] = - STr{In(Fw)], (25)

where

2
Hun(o.0) = 5o . (2.
P=>.(¢)
We notice that the Hessian matrix is defined for the whole field space ¢ = (¢, ®) and the
substitution ® = ®.(¢) is made only after the functional derivatives have been finished.

The identification at the 1-loop order of Tapr P[@] = Ty ~°%P[¢] then implies
/ Ay LEoP(4) = %STr[ln(HUV)] - %STr[ln(HEFT)]. (2.7)

The recent development in functional matching is based on the following crucial realiza-
tion [36, 38, 39, 43]. When the loop integrals in the UV theory is calculated by integration
by regions [65, 66],

§STI'[1H(HU\/)] = *ST‘I‘[IH(HU\I)] + *ST‘I‘[]H(HU\/)] 5 (28)

2 hard soft



the soft term exactly cancels out the EFT term in eq. (2.7). The calculation of one-loop
matching then boils down to the calculation of the hard part in the UV term:

[t RP(6) = SSTrIn(Hw)]| (29)
2 hard

where the subscript hard means that the loop integrands are first Taylor-expanded for
q ~ mge > my, k where ¢, k stand for the loop and external momenta respectively, and
then evaluated for the whole ¢ space in d dimensions.

The second functional derivative is split into two parts, Hyy = K — X, where K
contains only kinetic and mass terms and X includes all remaining interactions. The
matrix K is in a block-diagonal form:

P% —m? for spin-0 fields
Ki=3P—-my for spin-1/2 fields : (2.10)
—ghv(P? —m?) for spin-1 fields in Feynman gauge

)

where P, = 1D, with D, being the covariant derivative with respect to background gauge
fields whose operators are under consideration. To proceed further, we make the Taylor
expansion,

In(K — X) +Z (2.11)

Since X contributes at least a mass dimension 1 (3/2) to operators in search when it
involves a bosonic (fermionic) field and K ~! contributes a nonnegative mass dimension
upon finishing loop integrals, the expansion actually terminates for the sought operators
with a given mass dimension. The evaluation of supertraces is then classified into a log-type
and a power-type,

-5 2 s (kX))

The log-type supertrace depends only on the representation in a gauge group and is thus

A4 L3P (0] = Leeq 2.12
/ EFT ] 2 : [ n( hard hard ( )

universal. The evaluation of the supertraces is done by the technique of covariant deriva-
tive expansion (CDE) [67-69], which automatically leads to gauge invariant operators.
These methods have been implemented into semi-automatic tools like STrEAM [43, 48] and
SuperTracer [49]. In this work, we will calculate both manually and with the help of
SuperTracer to achieve identical results.

3 Review of scotogenic model

We start first with the convention for the SM part. We denote the SM left-handed lep-
ton and quark doublet fields as L(1,2,1/2) and Q(3,2,1/6), the right-handed up-type
quark, down-type quark, and charged lepton singlet fields as u(3,1,2/3), d(3,1,—1/3), and
e(1,1,—1), and the Higgs doublet as H(1,2,1/2), respectively. Here the numbers in brack-
ets are the corresponding representations under the SM gauge group SU(3)c x SU(2) x



U(1)y, and the flavor index of the fermions is suppressed for simplicity. Dropping the
gauge-fixing related terms and topological terms, the SM Lagrangian is,

1 1 1
Loy = —ZGfVGA”” - ZWJVWI“” — BB

+| D H* + pg; (H H) — Ay (HTH)?

+ Y wpv - (QYuqu + QYydH + LY.eH + h.c.) , (3.1)
v=Q,L,u,d,e

where p? is related to the vacuum expectation value (vev) v of the Higgs field via the
relation, ,u%{ = \gv?, with Ay being the Higgs self-coupling consant. The superscripts A
and I count the generators of the groups SU(3)¢ and SU(2), respectively. Yy, Yy, Ye are
the Yukawa couplings which are complex matrices in flavor space, and H; = €ijHy. The
covariant derivative is defined by

Dy = 0y — igsTGyy — igeT'W, — ig1Y By, (3.2)

where ¢g1,¢g2 and g3 are the corresponding coupling constants for U(1)y,SU(2)z, and
SU(3)¢, and T4, TT, Y are the generator matrices appropriate for the fields to be acted on.

The scotogenic model proposed by E. Ma [1] is the extension of the SM with three gener-
ations of the right-handed singlet fermion N(1,1,0) and a second scalar doublet 1(1,2,1/2).
A discrete Zo symmetry is imposed under which these new fields are odd and the SM fields
even. The complete Lagrangian of the scotogenic model takes the form [1],

L= Lsu+ Lny,

_ 1__ B
Ly = NigN — <2NmNNC + LY, N + h.c.) +Dunf? — V(H,n),
1
V(H,n) = min'n+ ga(n'n)* + As(H'H)(n'n)
1
A (H ) (" H) + SAs[(H'0)* + (' H)?). (3.3)

The charge conjugation field is defined as N¢ = CN" with (N€)® = N, where the charge
conjugation matrix C satisfies the relations CT = Ct = —C and C? = —1. my is the
Majorana mass matrix and assumed without loss of generality to be diagonal with real
positive elements my,, and Y;, is the new Yukawa coupling that will enter the generation
of neutrino mass. While the couplings A2 34 are real by themselves, the coupling A5 can
be chosen real by a phase redefinition of 7, which only modifies the global phase in the
Yukawa coupling Y;,. Assuming p2 > 0 and m% > 0, when H develops a vev as in the
SM, 1 is guaranteed not to because of the exact Z, symmetry. The mixing between H
and 7 is also forbidden by the symmetry.

In this work we assume both 1 and N particles are much heavier than the electroweak
scale and we match the scotogenic model to the SMEFT at the scale m,, . Thus we will
not shift the vev from the Higgs field H to maintain the complete SM gauge symmetry.
In particular, the whole A345 terms which would correct the mass of or even lift the



degeneracy of the n components upon including the vev, will be treated as perturbative
interactions. This is indeed in accord with the EFT approach. Because of Z5 symmetry,
the terms in £ are of even powers in N and 7, so that their classical EoMs are of odd
powers. This means that they cannot be solved in terms of pure SM fields. Therefore,
no higher dimensional operators can appear from tree-level matching in this case. This is
obvious diagrammatically: pure Zs-even external lines cannot be connected at tree level
with pure Zs-odd internal lines. The non-trivial matching then starts to appear at the
one-loop level. For the other two possible cases in which one of N and 7 is treated as light
and the other as heavy, tree-level matching indeed exists. For the case with a heavy n and
light Ns, the model will match onto the sterile neutrino extended SMEFT (vSMEFT) [70],
with the lightest N being DM. For the opposite case, it will match onto the DM EFT
with a Zs-odd scalar doublet [71], of which the lightest neutral scalar could act as DM.
These latter two cases have very different phenomenology and we defer the study of these
possibilities to a future publication.

4 One-loop matching onto the SMEFT

To perform the one-loop matching using the functional method, we follow the notations in
refs. [43, 48, 49] and introduce the pairs of fields that are self-conjugate up to a rotation

matrix:
_ c _ ("
oN=N+N~, o, = - . (4.1)
_ _ 01
on =onC,  @n=or <1 0) = (n",n"). (4.2)

This facilitates their path integral formulation as they appear like real variables. Let us
first determine the interaction kernels X;; entering the power-type supertraces. The Zs
symmetry and that both n and Ns are heavy have the consequences: only the 7, N entries
of X and only the n, N-independent terms in those entries contribute to the matching.
The former is because 7, N are odd and SM fields even under Zs, and the latter is due to
absence of relevant terms from EoMs of 1, N. Thus we only have the following three Xs:

xy? = (YJPL(JL) YnTPR(eTLC)>, (4.3a)
(Le) PrY,
xBA - ", (4.3b)
(LCe)PLY;
g A\s(HYH)0Y + \yH'HI* s HHY
xpp = [P A N RN
A5 Hi* HI* A3(HTH)§ + \yH™ HY

where the superscript number in square brackets indicates the minimal canonical dimension
of X and the dots stand for irrelevant n-dependent terms thus stated above.



4.1 Matching result in a Green basis

With the kernels in eq. (4.3) at hand, we form the supertraces that induce the SMEFT
operators up to dim 7:

im { t - 13 . 2 L - °
/ddmﬁég‘fd ST = {gSTrlogK— §STr (K,, 1X,[72,;) - §§STF (Kn 1X7[,271> - §§STI" (Kn 1XT[1217])
i - _ 1i - - ?
—5STr (Kn 1X£:%2]KN1XJ[\:';£2]) _ 55STlr <K77 1)(5}\/[2]1(]\71)(522])

1 - —14[3/2] p—1 +[3/2
m (K X X R )

- ST (K X)) K X R xR (4.4)

hard

Note that symmetry factors have been included. An inspection of X shows that the first six
terms only contribute to the lepton-number-conserving (LNC) operators with an even mass
dimension, the last but one term contributes to both LNC and lepton-number-violating
(LNV) operators, and the last one only yields LNV dim-7 operators.

The supertraces are calculated in a gauge invariant way by the covariant derivative
expansion method [34, 36]. It has been incorporated into partially automatic Mathmatica
packages like STrEAM [48] and SuperTracer [49]. For practical purposes, we have com-
puted these supertraces both with the help of the SuperTracer package and manually as
a crosscheck. In table 1, we first provide the final matching result up to dim 7 in a mini-
mal Green basis without implementing the field redefinitions or EoMs to go back into the
standard basis [26, 64]. Such a basis are helpful in that one can relatively easily track the
origin of the matched operators from the diagrammatic viewpoint. In addition, a handful
of operators appear for the matching at each dimension. For the result in table 1, several

comments are in order:
1. We have defined L, = ¢! + 1n(47m2/m%) — g and Ly = e ! + In(4mp?/m¥%) — v,
which are related to the UV divergence in the modified minimal subtraction scheme
in d = 4 — 2¢ dimensions;

2. The log-type supertrace is only for the scalar n due to its non-trivial SU(2); x U(1)y
representation, and it generates the operators consisting exclusively of gauge fields
that are marked by a H;

3. The IBP relations and group SU(2), and four-fermion Fierz identities are extensively
used to achieve the operators in the table. For instance, for the dim-6 operators with
pure Higgs fields and a pair of derivatives, we have used the following transformations
to reach the operators in the table,

(HTH)|D, H|? 22> %(HTH)BQ(HTH) - %[(HTH)(HTDQH) +hel,
(4.5a)
(H'D,H)(H'D*H) 2= —%(HTH)E?Q(HTH) —|H'D, H?
- %[(HTH)(HT D?H) —h.cl, (4.5b)



dim Operator WCs [1/(1672)]
2 H'H (14 Ly)(2A3 + Aa)m2
L
B, B" (W) —9i9t
4 wiwl, (m) —Lng
— (1+2Ly)mE —4(1+Ly)m% m2+(3+2L N )mi -+
(HTH)? 7"(2)\ + 22301 + A+ A2)
_ —(1—Ly+L;
5 cimen(LICLI)H™H™ + h.c. - 5[ (W;:L )\)’”wyTLr
Z
BMB“"BPB,,,, (.) 120m2
Dy W DPW ], (W) () uﬂzm-
. 3
STEW W e (m) S0
3 23 +M3+3(Na+M) Aada+A2)
(H'H) ;’—77
" 2X3+203 04— A2
(HTH)o*(H'H) -
N )\27)\2
6 |HTD#H‘2 - gm‘nzs
. A2402
(HTH)(H'D?H) + h.c.(%) Tz
N 223+
(HYH)B"™ By, i (48.;;’ 4)
2001,
( Hig! H)W”“‘ Bw 42157;/;1
N ) mi—4m2 m2+(3—2L,+2Ly)m’
(HYH)(Ti D L) —(20s + Ag) [V, St e aj .
ol H L—,‘BIL Ay |y AR (B2 L 2L )y 3y
(H'o"H)(Lypi v) 4 | Iy S(m2—m2)? -
— m8—6m3,mi+3(1-2Ly+2Ly )m m2+2mS
L,iBPDL, ¥ e N
. 5—6 443(1-2Ly+2L; 242
BH L0, Ly + h.c. 0 {Yn miymy 4(8("1 jmv)l’)"’ ymyt2my YT][”
— 2m§ —9m3 mip+18mym2 —(11-6Ly+6Ly)m
Dy B Lyyu Ly 9 {Yn 72(m —m3)7T S NYTL,
T ) 8 —6m%mi+3(1-2L,+2L 1242,
el LpUIU,u/LlDLr + h.c. —gs {Ynm, mamy .1(8(177§jn7\)4\)m Lm2+2ms, er
— 2m5—9m3 my+18myma—(11=6L,+6Ly)m$
D, WL oy, L, g2 {Y (2(m 77172\)4 N)mYy YTL”
1 (Ly—Ln,)m%,
-1 { {(m’f\,v—177,;%\,‘()(777%—1713\,v)z Trew + ey VU)(m”—m\ )
T~ L AH
(Epule) (L Le) g, mv, (Vo (Vs (V) o (Yo ot
1 (Ln*’ﬁ'\'v)m?\q, . o m3
~8 { {ﬁ—’—f(m‘mﬂn‘;vm)pn;zﬂn;“,")z tv e+ et
X (Yy)pw (K;)urt(yn)sv(yg)w
— * nt2(Ln—L i
Eime],“(L;)CL_;)HmHn(HfH) +h.c. A3+ A1)As [Yn my %qu
— : . A4+4(1+Ly—Ly)m3m2—(5—2Ly+2LN)m%,
7 EimEjn(L;,chLi)HmH” + h.c. A5 [Yy] my ¢ ! \iz:”ﬁn ng 2 v)miy Yf] o
6 _ 62
fszjn )(D Hm D"H") +he. As | Yrmy m§—6m%mp+3(1— ZLW+2L\37YL ymE4+2m$ YT
) 12m2(m2—m%) o
i « S —6m3 mi+3(1—2L,+2Ly)mm2+2m, | -+
szfjn(L;,cLi)HmDZH" +he. As |:Y,] my my —6mg my lzfn%(mgim?\:\)zml\ my+2m$; Y,/T} B

Table 1. The one-loop matching result for the scotogenic model in the heavy N and 7 case in a
Green basis. The pink sector contributes to the threshold correction, while the blue sector will be

reduced by using EoMs. See the text for the notations B and .



4.2

(D, H)(HDF ) 2 (HH)O*(HTH) + 4|HTD,H?, (4.5¢)

(HYiD HY (DA H) 22 3(HTH)0?(HTH) — 2](HTH)(HTD?H) + he]. (4.5d)

A WC in the form, [Y}, f(m N)YnT |pr, should be understood as a matrix multiplication,
(Yn)pacf(mNm)(YJ)w with the dummy index = of N, being summed over. In other
words, the factor sandwiched between the two Yuwaka matrices is understood as a
diagonal matrix with the z-th diagonal element evaluated at my,. The same notation
is used throughout the paper.

The four-lepton operators in the last row of dim-6 sector are generated by the 5th
power-type supertrace in eq. (4.4). Since the current version of SuperTracer pack-
age cannot deal with the non-degenerate fermion case in a fully automatic way, we
demonstrate our manual calculation in appendix B. In the degenerate mass limit, we
find our result is consistent with the output from using SuperTracer.

The dim-4 or less operators in the pink sector give the so-called threshold corrections
to the SM, and they lead to the renormalization of the SM parameters. The dim-6
and dim-7 operators in blue are not yet in the standard basis [26, 64] and will be
carefully dealt with in the following subsection to obtain the final matching result in
the standard basis.

An interesting feature for the matching result in table 1 is that UV divergence only
appears in the WCs of dim < 4 operators (characterized by the L,) and cancels out
for dim > 5 operators in a combination form, L, — Ly = In(m3%/ m%) This is as
expected, since a correct implementation of renormalization should guarantee that
all UV divergence in a renormalizable theory like the scotogenic model can always be
absorbed into its parameters associated with dim < 4 operators.

Matching result in the standard basis

To translate the matching result in the Green basis in table 1 into one in the standard
dim-6 [26] and dim-7 basis [64], we need to tackle both the threshold correction to the
SM terms in eq. (3.1) and the reduction of those higher dimensional operators not in the

standard basis by field or coupling redefinitions. For this purpose one first renormalizes the

SM terms, derives EoMs from the renormalized SM Lagrangian and applies them to the

reduction of higher dimensional operators. From the pink sector in table 1 the modified

SM terms are,

1 1
Lsn D =5 (1+62Zp) B B — 11+ 5 Zw )W, Wi

+L(1 4 6ZL)iPL + p3 HYH — Ag(H'H)?, (4.6)
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where the field renormalization constants and modified parameters in the Higgs potential
due to one-loop matching are given by

0Zp = 1501 (4.7a)

2w = 16;2 %g%, (4.7b)

(620)n = 1617r2 y, (3+2LN)m% — 4;(17%%);1;?% + (1 +2Ly)m;, vil
pr

i = g + 1622 (14 Ly)(2A3 + Ag)m3, (4.7d)

A=A — o %mg + 22301 + AT+ A3), (4.7€)

with (5Zz = ¢6Z1. To bring kinetic terms into the canonical form, we make the following
field and coupling redefinitions,

1 1 1
B, — (1 — 2azB> B, W.— (1 — 2523> Wi, Lp,— (1 — 252L> L., (4.8a)
pr
1 1
g1 — <1 + 2(52}3) a1, g2 — <1 + 252}3) g2. (4.8b)
The gauge coupling redefinitions ensure the covariant derivative is unchanged under gauge

field redefinitions. These redefinitions restore the SM Lagrangian in its canonical form but
with modified lepton Yukawa coupling and Higgs potential parameters,

1 1 1
ﬁg{M == —*GA GAMV - ZWJVWIMV - ZB;J,Z/BMV

4
+|D,H + py (HTH) — A (H'H)?
+3Wipw - [QYuuH + QYydH + LY.eH + h.c.} : (4.9)
W

where the renormalized (%, and A are given in eq. (4.7) and the renormalized lepton
Yuwaka coupling is

(Fodor = (Yol — 5 (071 )pa(Vo)or (4.10)

The above redefinition or renormalization also modifies the one-loop generated higher di-
mensional operators, but the effect is a two-loop correction and can thus be neglected in
our one-loop matching.

We can now derive the EoMs from the renormalized SM Lagrangian EgM which are
the usual ones with the substitutions, (u%;, Ag, Ye) — (2%, o, )A/e) For the reduction
of operators in the blue sector in table 1, only the following ones are required,

1- 2 1- 1- 1
"By = [GQ%Q + 30— gdyud = 5Ll — eyue + S H LD H|,  (4.11a)
DW= 2 [Qo"Q + Ta'v L+ HYD, ], (4.11b)
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D?H = j4H — 25 g(H H)H — EQY,u — dY,]Q — &Y L, (4.11c¢)

D*H)' = p% HY — 2Ap(HYH)H' — 4V, Qe — QYyd — LY.e, 4.11d
H u
iPL = Y.eH, (4.11e)
_<
—iLIp) = H'eY], (4.11f)
iPe=YH'L, (4.11g)
— — A
—iel) = LY. H. (4.11h)

Once again since the higher dimensional operators are generated at one-loop order, the hat
in the three parameters can be dropped causing a negligible two-loop error in the result.

Using the above EoMs together with IBP and Fierz relations, we can reduce the opera-
tors mentioned above to the standard basis. The final matching results for the LNC dim-6
and LNV dim-5 and dim-7 operators are tabulated in table 2 and table 3 respectively. We
provide some details of reduction in appendix C. In the tables we introduced some loop
functions appearing in table 1 for brevity. Denoting the ratio of the two masses squared
T = m?\, / m,27 where the flavor index of N is not shown for brevity, we define the five loop
functions associated with the dim-6 LNC operators,

1 -4z +3(1—2Inx)x?

Fi(x) = L , (4.12a)
Folr) = 1 — 62+ 3((11_2331;1195)1«2 + 2;:;37 (4.12b)
Fy(x) = 2 —9x + 182:3(21 : (%‘1;1 —61In :U)x37 (4.12¢)
Putana) = =2 {| o v o]+ ey @1
Fya(@y ) = é { [(% _Zil)n(fi SOt xv)l(l — } . (4.12¢)

Note that the functions Fy j(xy, zy) and Fy 2(zy, ) depend on two masses of N, and Ny,.
In the degenerate limit of x, = z,, = z, they become Fy ;(x,x) = Fy;(x) where

(2+Inx)r — (2 - Inz)z?

F471(1:) = — 4(1 — 1’)3 s (4.13&)
14+ 2zlnz — 22
F472(1:) = (1= 2)° (4.13Db)

The four loop functions associated with the LNV dim-5 and dim-7 operators are,

_1-(1—-Inx)z

Gl (I‘) = (1 _ LU)Z ) (414&)
rlnw — 22

Gol) = - +(21 b x>3, (4.14D)
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Class Operator WCs [1/(167°m2)]
X3 Ow ﬁgg
HS Om =322 + A3 43003 + M) (Asha + AB)] + 35[20(AF + A2) — gd]am
H'D? Ono —12(223 + 2A3A1 — AB) — z55(91 + 393)
O 304~ %) — 1ot
O | 2102000 +A3) — g3](Ye)pr — 1 {Ynme)YJYS}W + {nmyn@my;yg}m
V2H3 + h.c.
O 21620003 + 22) — g3] (Va)pr
Ol 26120007 + A3) — 93] (Ya)pr
Ouw =93 (2X3 + A1)
X Ongp 502203 + A\s)
Onws 2191920
XH+he. | 9w g0 [VaFa(0)Y] Y*Lw
Ol o [VB@YY]
O™ 20010 — 9t [VaFa()Y]
o ~si0030r + 3 [ViFs@)Y]
2 H?D
‘ 0%, 9l + 5 VIV R@YY.]
o — kg9,
o ~ k040,
Ol — 18091 5pr
Ofa 3559100
- Fua (@, 20) (V) pw (Y ws (Y )ro (VD ot = Faz (@, 20) (V) po (Y wt (V) so (Y or
o +i {01 = ) [NP@)Y]] bt 23 [R@Y] 6o (or) 0 (50
_ _ 144 J1 2 n n pr J2 n n pt
(DL —15ol(91 — 93)8pr0st + 29386
@ .
@ — 1509300t
ot 048,04 — ol g? [Yan(m)Yﬂpr Ser
o ~ Skl + g3 [VaFa(@)Y,] b
o — 1359100t
o ot T
(RRYER) | ot TS
O 9591 0pr Ot
o — 1559100t
oG 0010yt
opret 1300300t + 4507 [YaFs(@)¥,] b
o 9100 — 301 [V Fs(@)Y,f] o
(LL)RR) | opst — G180t + T [ynmm)yg]m Set
O 36091 0pr0st
O‘Si)’p”t - siﬂ 91050t
oG T Ot

Table 2. The matching result of dim-6 operators in the standard basis [26].
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Class Operator WCs [1/(1672)]
W2 O%us - 2;\% { [Yn*mNGM:U)YﬂpT - éﬁ% [Y;mNG‘l(:E)Y;?T]pT}
Y2 H! o7y 2%)%‘ {()‘3 + ) [Yn*mNGﬁx)Y’iT}pr - {Y”*mNGA‘(w)YﬂW}
VHPD | Ofepp 4/7\;% [Y’?*mNG?)(x)Y"TY;: pr
VHX | Oy ~ray [VimaGatay]
V2H?D?* | OYh s 12)\1751;17 [YU*mNG‘l(x)Y’;r_ or
VAH Ofiin 12Ansz;‘, ()pr {Yn*mN Ga(x )YH st
Ofi%ssz 12Ar5ﬁ$, (Y] )pr [Yn*mN G4($)Y’ﬂ st
O%TSZLH B %'ffl% (Yo )pr {Yﬁ*mN Ga(2) Y’ﬂ st

Table 3. The matching result of dim-5 and dim-7 operators in the standard bases [25, 64]. Seven
out of twelve dim-7 LNV but baryon-number-conserving operators are generated.

1+4(1+Inz)z — (5—2Inx)r?

Gs(x) = - , (4.14c)
— 0 — nr .T2 .T3
Ga(z) = 128 +3((11 _2;)4 Jo” + 227 (4.14d)

Except for Fj ;, all functions are normalized to unity at x = 0. We make a few comments
concerning the matching result. First, the operators in blue in table 2 and table 3 are
completely generated through the EoM operators in blue in table 1. Second, application
of the EoMs also causes significant changes in the WCs for the operators already in the
standard form, except for a few operators, i.e., Ow, gw,up,rwg in table 2, and Orpp2 in
table 3. And finally, application of EoMs for the two operators with a > in table 1 results
in a further shift in the Higgs self-coupling Ay in eq. (4.7) with the final answer being

11y
1672 120m%

A= A = Ap+ [20(A] + A2) — g5)]

1 Ly 2 2 2 1 /ﬁ‘[ 2 2 4
= Ag — 162 {2(2)\3 +2X30 + A1+ A5) — EOWT%[%(M +A5) —ga] ¢ -

(4.15)

5 Phenomenology

From the SMEFT matching result in table 2 and table 3, together with the matching results
onto the LEFT given in [72, 73|, one can readily consider interesting physical processes to
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explore the parameter space of the model. Differently from all previous studies on the
scotogeneric model [2-24], we here use the SMEFT approach to consider the heavy new
physics implications for low energy physics, with both m, and my being above the TeV
scale. We will also make comparisons with the study in literature when necessary.

5.1 Dim-5 and dim-7 LNV processes

Neutrino mass. The neutrino mass is generated from both the dim-5 Weinberg operator
Orus and the dim-7 operator Or . By going to the Higgs phase H — v/+/2, we obtain
the symmetric Majorana neutrino mass matrix as

5 502 . (A3 + Ag)v?
szw{ynmfv lGl(”‘ o G| Niy (5.1)

pr

where the G (x) part comes from the dim-5 Weinberg operator and the Ga(x) part is due
to the dim-7 contribution. The contributions associated with G4(x) loop function for dim-5
operator Orp 5 and dim-7 operator Ory cancel out. These contributions come from the
reduction of the last operator in table 1 by the EoM of Higgs field in eq. (4.11c). After
replacing the Higgs field by its vev v/v/2, the pure scalar field sector in D?H relating to
operators Orp 5 and Ory vanishes due to /ﬁ{ = A\gv2. We recall that a sum over N,, is
implied in the above, where the subscript enters my,, (Y;*)pw (Y, )rw and z, = m3;, /ms.
In the limit of A5 — 0, our result for the dim-5 contribution differs from the original one
given in eq. (12) in [1] by a factor of 2, but is consistent with the correct result reported
in [17], as the latter was further confirmed by other independent calculations like [74]. The
dim-7 contribution is new and has not been considered before in the literature. To assess

roughly its potential relevance, we consider the ratio of their contributions:

~ 0.3

()\3 + )\4)1}2 GQ(ZL‘) A3+ Mg [ 1TeV
2m?  Gi(z) 10

2
2
- ) Ga (), (5.2)
where Gy1(x) = Go(2)/G1(x) deceases monotonically from 1 at = 0 to 0.17 at « = 10
(figure 1). Thus, for a relatively large A34 ~ O(1) — O(10) and m,, ~ O(TeV), the dim-7
contribution could be non-negligible and should be included in a refined analysis.

Neutrino transition moment. From the matching results in table 3 one would expect a
contribution to the Majorana neutrino electromagnetic moment from the operator OF' ;.
However, this potential contribution vanishes since its WC C7';;, is symmetric in the flavor
indices while the neutrino transition magnetic moment is antisymmetric. It is evident from
Feynman diagrams as there is no contributing diagram due to the Zs symmetry and charge
conservation.

Effects of remaining dim-7 operators. To see the relative size of LNV signals due
to the matching results of other dim-7 operators, it is helpful to first compare the loop
functions G2 3 4(x) in dim-7 WCs with G (z) for the dim-5 Weinberg operator. In figure 1
we show the ratios of the three functions, G;/(r) = Gi(x)/G1(z) for i = 2,3,4. As can be
seen in the figure, G 3 4(x) are almost always smaller than G1(x) in the whole range, with
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Ratio of loop functions

001 1 100 104

_2 2
r =my/m,

Figure 1. Ratios of loop functions associated with LNV dim-5 and dim-7 matching coeflicients as
a function of the mass squared ratio x.

the only exception of G4(z) for 0 < x < 1 where the two functions are comparable. Thus
to explore their potential largest effects, we can approximately replace Ga34(z) by Gi(x)
and A50?/(327%m2) [V, mn Gy (x)YnT]m by the neutrino mass matrix M,,.. This results in
the estimation:

(MYYe)pr M,
[Clenpl < W; ICrawls ICTpral S m;
prst prst prst <Y$>pTM;jt
| eLLLH! |OJQLLH1|’ |CQuLLH| S W: (53)

where in the last line Y, = Y, YdT , Y, for the three different WCs in question. Clearly,
these WCs are suppressed by the neutrino mass as well as the heavy scale m,, and in
some cases further suppressed by the SM Yukawa couplings. If we take M, ~ O(0.1eV)
and m, ~ O(1TeV), the largest WC is |C’g;‘szH| < 1/(10* TeV)3(TeV /m,)?, far below the
current sensitivity of nuclear neutrinoless double-g3 decay (0v33) [75, 76]. We therefore
conclude that the most interesting LNV processes like Ov33 are dominantly mediated by
the neutrino mass term through the contribution of dim-5 and dim-7 Weinberg operators
Ornps and Oy, and the effects from the remaining dim-7 operators can be safely neglected.
This pattern of LNV signals being bound to the tiny neutrino mass is understandable from
the fact that lepton number violation can only happen for )xg,Yn*YnT # 0, to which the
neutrino mass matrix is proportional.

5.2 LNC processes due to dim-6 operators

CDF W-mass anomaly. The CDF collaboration recently reported a measurement for
the W boson mass m§PF = 80433.5 + 9.4MeV [77], which is a 7o deviation from the SM
prediction, m%{} = 80357+4 MeV [78]. Combining the result with all previous measurements
yields a new world average, mj* 2’¢ = 80417 £ 18 MeV [78], which is still far away from the
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SM prediction. Assuming Gaussian error propagation, the CDF result implies the following
relative size of the excess,

Twi o ZWR . WS (0,95 4 0.13) x 107,

MW | opp My, cor
5 2

W = (0.75 4 0.23) x 1072, (5.4)
myy

newave

The anomaly has stimulated many studies, see for instance [79-82] and references therein.
An investigation of the scotogenic model to explain the anomaly has been given in [83]. We
will work with the SMEFT approach by using the matching result obtained in the previous
section to examine its implications.

To study the correction to m%v in SMEFT we proceed as in [82] and employ the
following most precisely known parameters as the input:

Qom(myz) =127.95, Gp = 1.16638 x 107° CGeV ™2, mz = 91.1876 GeV. (5.5)

Then the correction to m%,[, enters through the modifications to the expressions of myz and
the Fermi constant G measured in muon decay, which are mainly induced by the four
dim-6 SMEFT operators,

Onwp = H'e! HW!,B", Oyp =|H'D,H|?,
On = (T D)(Ir"L), O = (HDLH) (Lo L) (5.6)

The first two affect the SM prediction on my through field diagonalization while the latter
two lead to a correction to Gp. Defining the effective weak mixing angle by the input

1 AT em
2 _ e
O == |1+, [1— =2, 5.7
o 2( \/iGFmQZ> ( )

the correction to the pole mass my relative to the SM prediction (mfl = m?% cos? Oy)

parameters as,

takes the form, to the linear order in the WCs associated with the above operators,

5m12/V sin20y, 1 [cosfw
= — C 4C
m%/V cos 20y 8G Lin Ow HD + 2CHW B
sin 0W 3),ee 3), ee eppe
oo (2053} + 2050 — cpeer — e )] . (5.8)

If the SU(3)° global flavor symmetry is assumed, the above expression reduces to eq. (2.3)
given in [82]. Note that the usual electroweak oblique parameters S and T' [85] are related
to Cywp and Cyp via the relations S = (4sin Oy cos Oy /em)COwp/(V2GE) and T =
—(1/20em)Crp/(v2GF). From the matching result in table 2, we obtain,

em

om3,  tan20w [ (47)%a?
u

cos Oy A3 — /\g 4T Qe A sin Oy et
mi, 12872GFm32 | 15 sin® 20y sinfy 6 3 sin 20y cos Oy ’

(5.9)
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Figure 2. The allowed region in the m, A4 plane for explaining the W boson mass anomaly at
the 1o level.

where we have used the approximate relations g1 = e/ cos @y, g2 = e/sin Oy, and ey =
e?/(4m), as well as the abbreviation

C’fzwe = Fy1 (2w, o) (Yy) 1w (YnT)w2 (Y1 (Y"T)”Q
—Fias ) ()10 (Y un (V)2 oo (5-10)

where summation over N,, N,, is implied.

Since A5 is related to the Majorana neutrino mass, it is naturally much smaller than
unity to yield an O(0.1eV) neutrino mass for O( TeV) scale heavy masses. Dropping the
A5 term and using the values in eq. (5.5), we obtain

Sm2 TV’ -
M _ 03 <e> (1.6 x 1074 +0.0462 — 0.006)4 + 0.168CF/*) (5.11)
myy My

To reproduce the amount of excess in eq. (5.4) for O(TeV) scale m,, it requires either
a relatively large Ay or Cj/"°. Let us first consider the case with negligible C}/*°. To
explain the CDF anomaly, the allowed parameter space in the m,-A4 plane is shown in
figure 2 for the two cases: the CDF-only and the new world average. It can be seen that
A4 2 4 is necessary to match the excess for m, > 1TeV. This result basically agrees with
the estimation given in [80]. On the other hand, the excess could be accommodated by
Oy € 4.9, 6.4] ([3.1, 5.8]) for the CDF-only (new world average) case as well. Since
the loop functions are bound by Fy; < 1/24 and F,5 < 1/8, this would require O(few)
Yukawa couplings to achieve a large enough C’lel“ #¢ This may cause some tension with the
constraints from the LFV processes (u — ey and p — 3e), and needs a careful analysis of
the Yukawa sector.

Lepton g—2 and LFV decay ¢; — £jv. These observables are connected to the dim-5
dipole operator in the LEFT,

Ley = CE O +h.c. = Cler0er F* + hec., (5.12)
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where the WC CZ7 in LEFT are related to those in table 2 by

em,

Ct = L( sin 0,CY), + cos 0,CY) = 38002

V2

We have assumed that the SM Yukawa coupling matrix for charged leptons has been
diagonalized so that M, = vY./\/2 = diag(me, my, m;). The decay width for the LFV
process {; — £ is given by

L 3 [YoFa(@)Y] LT . (5.13)
"7

2
, (5.14)

’ ) aemmi’i

3
_ my, (‘ Z|2 +| _ Hem?lhg;
A7 Y (384 )Zm%

VaFa(@)Yf]

Jr

FZZ—>€]'y

where in the second step we have neglected the small correction proportional to m%j / mz_
from |C’é37|2 The above decay width leads to the branching ratio

B@'H@j'y F@'%ij Olem 2
d = = Y, Fa(z)Y,]
B, . T, = Tosech |V,
4
TeV 2

_ —8 t

—22x10 (mn ) [Yan(x)YnLi , (5.15)
where the SM prediction for the dominant decay width has been used, FZM P sz /

(19273). In the heavy mass limit, our result agrees with those given in [2, 7]. The cur-
rent experimental upper bounds on these LFV processes are, Bisey < 4.2 x 10713 and
Be*® < 3.3(4.4) x 1078 [78], which implies

Te(u)y ~

Bl:;*” <42x 1071, Bl:f” <19x 1077, Bg[i <25x1077.  (5.16)
U—revelr T—elelVr T U Vr

As can be seen from the above, for m, n ~ O(TeV) and O(1) Yukawa couplings, the
branching ratios of the LFV processes 7 — e(u)y are below the current experimental
bounds by an order of magnitude, whereas the u — ey can probe the new physics scale up
to tens of TeV for O(1) Yukawa couplings.

While the electric dipole moment is not induced at one loop, there is a contribution to
the anomalous magnetic moment of charged leptons:

2

L [VaBa(2)Y]
n

m
Agy = "
U 96m2m2

" (5.17)

Considering 0 < Fy(z) < 1, the anomalous magnetic moment is approximately bound by

1 TeV
|Aag| < 1.2 x 10~ ng ( ¢ ) v, (5.18)

m# my

which cannot fill the gap between the SM prediction and the observed values in the Fermilab
and BNL E821 experiments [86, 87], Aa,, = a;F — aj' = 251(59) x 107, for reasonably
large Yukawa couplings.
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LFV decay p — 3e. In the LEFT framework [72, 88], the dominant contribution to
p — 3e is from the long-distance dipole operator O¢gf through a virtual photon as well as
the following dim-6 contact interactions,

OVLE = (eLvume) (BT er), OVLE = (eLyupL) @RV er), (5.19a)
OLLE = (ervunr) @y er),  ONER = (€rvumr)(ERY er), (5.19Db)
OZ kL = (erpL)(ereL), O2H = (ezur)(eLer).- (5.19¢)

Based on the matching result in table 2 as well as the LEFT-SMEFT matching result in [72],

OV:LL @V,LR

we find only the first two dim-6 operators (Ogjc.’, Oceels

) have non-negligible contributions,

1 ~ e? 1 e
V,LL __ epee t V,LR __ }
Ceuee - 167r2m,27 {2Cll + E {YHF:%('%)Y?]}EM} ) Ceuee - 167r2m$] E [YT]F3(x)Y;7]e“ .

(5.20)
Rewriting the WC of the dipole operator in eq. (5.13) as C¢gl = emué’gfy‘, the decay width
of ;1 — 3e takes the form [88],

5
m ~ m 1
Tusite = 7933 {e4|cg¢|2 (8 lnﬁ’; - 11) +3 (2ACLER + |CHERP)

R [Ce (20 EE + CYERY ] } (5.21)

where again we have neglected the small correction proportional to m?2 /mi from |C’é‘7€|2

In terms of branching ratios, we obtain

B 3¢t (8 - 1
porse 3¢ {|cg#|2 (811177;“‘ - 11> + a7 (ACHEP +1CRE)

B;S}Leﬁeuﬂ B SG%‘ 3 7 e
8 ~ *
—5.a® OO + nthy] } (5.22)

Once again in the heavy mass limit, our result agrees with that in [7] upon the following
correspondence of WCs between ours and theirs,

~ 1 1
C:fyt = §AD, C;ilje:eL = 562(3 + 2AND), C;iléeR = 62AND. (5.23)

Besides the processes discussed above, our matching results can also be applied to many
other interesting processes, for instance, the LFV decays of the Higgs and Z bosons, the
LFV decays of heavy mesons and baryons, the p—e conversion in nuclei, and non-standard
neutrino interactions, etc. This more complete phenomenological investigation deserves a
future work.

6 Conclusion

The scotogenic model is an economical extension of the SM that generates tiny neutrino
mass at one-loop level, and at the same time naturally provides a dark matter candidate.
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The one-loop origin of neutrino mass implies a lower new physics scale than that of the
three tree-level seesaws, which makes this model potentially testable at the future high
energy colliders. Confronting with the current null experimental searches for weak scale
new particles, it is appropriate to assume these new particles are well above the electroweak
scale so that their indirect effects on low energy observables can be incorporated into an
effective field theory where they have been integrated out. With this spirit, we employ the
newly developed functional method to match the scotogenic model onto the standard model
effective field theory up to dimension 7 for the case when both new particles N and 7 are
heavy. Because of the Zo symmetry, non-trivial matching only starts to appear at one loop.
Our matching results are first organized in a Green basis (see table 1) in which the origin
of the matched operators can be relatively easily tracked. Then we use the SM equations
of motion, the integration by parts relations, and various algebraic identities to recast the
results in the standard bases for dim-5 [25], dim-6 [26], and dim-7 operators [64] (table 2
and table 3). Finally, we apply our results to study implications on several interesting
physical processes at low energy and make comparisons with those in the literature to
further confirm our results.
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A  Dim-5, dim-6, and dim-7 operator bases in the SMEFT

At dim 5, there is a unique LNV operator related to the Majorana neutrino mass [25]

Oy 5 = €ijemn(Ly  LTYVHIH™, (A.1)

plus its hermitian conjugate. Table 4 and table 5 reproduce the bases of dim-6 and dim-7
operators conserving the baryon number in SMEFT [26, 27, 29], respectively. The con-
vention for fields is as follows: L, @ are the left-handed lepton and quark doublet fields,
u, d, e are the right-handed up-type quark, down-type quark, and charged lepton singlet
fields, and H denotes the Higgs doublet, respectively. For the dim-7 operators, they were
first systematically studied in [27], and corrected by [29]. In table 5 we use the further
improved basis in [64] in which lepton flavor symmetry is more manifest and the operators
containing both quark and lepton fields have a factorized quark-lepton current form.
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X? Y2H® + h.c. (LL)(LL)
Oc | fABCGAYGBrGGH Ourr (H'H)(LeH) Ou (L, L) (T L)
Oq | FPeGiaieag | Ow HH@Qui) | O | (@uR)@"Q)
Ow | Rwiwlrwie | O HEH)@QdH) | 0 | @uQ@"TQ)
Ow GUKWl{”W;,]”WpK“ V2> XH +h.c. Ol(;) (LV#L)(QV“Q)
H° Ouw (Lome)yr HW), | O | Ty D)@yr'Q)
On (HTHY? O.u5 (Lote)HB,,, (RR)(RR)
H*D? Ouc Qo TAu)HGS, Oce (eyue)(evte)
Onn (H'H)O(H'H) Ouw Qo u)r' HW], Ouu () (@y"u)
Oup | (HIDLH) (HID'H) | Oup (@™ w)HBu | Ow (dyud) ()
x2H? Ouc (Qo"TA)HGY, Oeu (Evue) (uyru)
One HYHG, G Oaw Qo dyr HW], | O (Eue) (dy"d)
Oua HYHG, G Ous (Qo"d)HB,, ol (Wy,u) (dy"d)
Ouw HYHWL, W W2H2D o (W, TAw) (dy*TAd)
O HYHWI Wi o' (H'iD, H)(T"L) (LL)(RR)
Ous HHB,, B o) | @D H)TyL) | O (T L) (")
Ops | HUHBLBY One (H'DLH)@Eve) | O (T L) (y*u)
Onwn HiTTHW [, B" 0(}}31 (HTiEH)(QV"Q) Ol (LyuL)(dy*d)
Opyp | HITHW/,B" oF | (HDLHQ Q) | Oy (@1Q)(@r"e)
Ot (HYiDH) @) | O (@1.Q) ()
Ora (HYDLH)(dyd) | OF) | (@vT4Q) @y T )
Otua +hec. | (AliD,H) @y d) | O (@1uQ)(d7d)
o | @uTAQ) @y Td)
(LR)(RL) + h.c.
Oledq (Le)(dQ)
(LR)(LR) + h.c.
Ol €(Q7u)(Q7d)
oWy | e (@T4u)(QITAd)
Olen i (Le)(Q7u)
o, | ei(Tiowe)@ou)

Table 4. The Warsaw basis of dim-6 operators that conserve baryon and lepton number in

SMEFT [26].

the quark and lepton doublets instead of ¢ and .
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Note that in our convention the capital symbols Q and L are used to represent



Y?H* + h.c. Y?HD + h.c.

Org | €jemn(LSL™YHIHY(HTH) | Orenp €ij€mn(LSy,e) HI(H™iDFH™)
Y?H?D? + h.c. Y2H2X + h.c.
OrLpm fijemn(mﬁﬂLj)(HmDan) OruB 91€ij€mn(L%0,, L™) HI H" BH
Orpuz | €m€n(LSLI) (D, H™D'H™) | Oppw | g2€ij(€r!)imn (LS 0y, L™)HI HM Wi
¢'D + h.c. *H +h.c.
Oqurpr eij (dyuu) (WZ(BM L) OerrLb €ij€mn(€LY) (LI L™)H™
OEQLLH1 €ij€mn(dQ") (LI L") H™

OEQLLHQ €ij€mn (do w@' N(LCIgH L) H™

Oduren €5 (drypu) (LOIH e)H]
OQuLLH €ij (@U) ( )

Table 5. Basis of dim-7 lepton operators that conserve baryon number in SMEFT [64]. Here
D, H" is understood as (D, H)", etc

B Calculation of a power-type supertrace with double insertions of Xx,,
and X,

The supertraces to calculate all have a general form STr [f(P,, {Ux(x)})], where P, =iD,,
with D), being the usual covariant derivative operator and Uy, is a set of P,-independent
functionals of classical fields and coupling constants. With the use of completeness relation
and Baker-Campbell-Hausdorff formula, the CDE method leads to [48]

d’g q 5
Tr [ (Pu, {Uk(2)})] = / Ty (€1 B {UDlla) = / dz tr [ £(Pu {U})]
(B.1)
where the CDE transformed quantities are represented by a bar and take the following form,

P, = Guwd — qu,
_ i | - -
Uy = HZZOE(PM. Py Up)O - O
_ 1 ~ ~
iGMV = nr (P/u' o PunFW)am' SO, (B.2)

II
—

< (n+2)!

n

where oM = 0/0q,, stands for the partial derivative with respect to the loop momentum.
With the above formula, the supertrace with double insertions of Xy, and X, in

4 ~—1 % [3/2 -1 % 13/2]\ 2
. /d / oyt (KN X9 K X0

eq. (4.4) becomes,

_%Sﬂ( Ky xPP K, 1X3/2

)
hard

(B.3)
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where a minus sign is included due to the fermionic nature of the first propagator. Since

the fermion N is a gauge singlet, the CDE transformed inverse propagator Ky = —q+mn
with vanishing of Gﬁ’y due to Fﬁ, = 0; while for the doublet 7, K,, = (@ZVE)V —qu)? — m?,

with ], = ggWiyUI/2+gl By, /2 entering into the definition of GZV in eq. (B.2). Denoting
the obtained effective Lagrangian by L47 (with integration over spacetime x implied on
both sides), we have

2
ddq 1 = [3/2 1 = [3/2
2¢ t . }K{ /2] _ _ )([ /2]
o [ Gy [cﬁ—m?v( L LN Te T R

CDE
Ly, = ~
4

hard

(B.4)
Since each X 7[7?}\/,2} contributes a lepton field L(L®) from eq. (4.3), the supertrace will generate
operators containing four L(L®)s without any Higgs field. Thus it cannot contribute to the
LNV dim-7 operators but only LNC dim-6 ones involving four leptons. Therefore, up to
dim-7 matching, we can remove the bars associated with CDE transformation and neglect
the @ZV part in the denominator, which leads to

ain<7 _ 1 o9 [ dUq [ —fHTN i3 1 [3/2]
Ly = = s / (%)dtr ( 2 —m% XNn @ — m%XnN

hard

) (13'5)

e [ L tr (=g + 103,) X v X (= + 18, Xy X,
(2m)d (> —m3)*(¢* — m, )(® —my;,)

where in the second step we have dropped the subscript “hard” since the integrand already
lives in the hard momentum region, and some flavor labels (v,w) associated with the
fermion N are added. By taking into account the Xy, and X, in eq. (4.3), the trace
part in the above can be calculated step by step as follows,

trace = tr [(—g +mn, ) XNy XN, (—4 + me)XanXan]
=" tr {(_ﬂ + va)[(YJ)UPPLL;EiPR(Yn)rw + (YnT)vaRL;CT?pPL(Yn*)rw]

X (_¢ + me)[(YJ)wSPLLgEzPR(Yn)tv + (YnT)wsPRLZCLgCPL(Yn*)tv]} )
(B.6)

where (7, 7) stand for the SU(2);, doublet indices and (p,r, s,t,v,w) for the fermion flavor
indices. Using the chiral projection property PrPr = 0 and dropping the linear ¢ terms
which vanish upon loop integration, it splits into two terms,

trace = my,mn, 11 + qanTgaﬁ, (B.7)

where
Ty = [V, up L L (Vo) (Vo LI (V)
+ (V) up LS TR (Vs LILY (Vo]

= =20%,Dup(V)rao (Vs (V) o [(L L) (L1°LE)] (B.8a)
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157 = [V (VD up Ly L (V) ray™ (Vs AL (Vi)
+ 3 V) op L T )y (Vs LIS (V) 0|
= =200 op (V) (Vi s (V)uw [ (LA L) (AP L) (B.8b)

We have removed chiral projectors since our L(LC) is left-handed, finished the trace in the
spinor space, and reshuffled dummy indices to make the expressions more compact. Note
that a minus sign has been included when interchanging a pair of fermion fields. Finally,
we apply the F1in Ty, 2(¢1 295, ) (¥$,¢2r) = (V107021 ) (¥3rvutbar ), and make symmetric
loop integration in qaq5T§B — (q2/d)ga5T2aﬂ, to obtain

I = _(Yn)pw(YnT)wS(Yn*)tv(YJ)vT(Lp'YuLT)(ES'Y“Lt)a (B.9a)
2
quﬁTzaﬁ = _2%(Yn)pw(YJ)wt(Yn)sv(YnT)vr(pr'YuLT‘)(I_/s’YuLt)- (B.9b)

The loop integrals in eq. (B.5) can now be worked out to yield the loop functions Fy 1 (x,y)
and Fyo(7,y). The end result is that the WC for the operator (L,v,L,)(Lsy"Lt) is
crrety (167%m;.), where

éﬁrst _ F471(33v7 xw)(Yn)pw(YnT)ws(Yn*)rv(YJ)vt
_F472($U’ Cl?w)(Yn)pw (YnT)wt(Yn)SU (YJ)UTW (B]_O)

which is given in the last row of the dim-6 sector in table 1.

C Reduction into the standard basis

Using the integration by parts relations in eq. (4.5) and the EoMs in eq. (4.11), we reduce
the dim-6 non-standard basis operators (blue ones) in table 1 to the Warsaw basis as
follows,

EoM 2

1 - 2 1- 1- ) 1. 2
0,B"0°B,, = ¢i EQW#Q + 3~ gdfyud — §L'yﬂL —eyue+ inzEzH
9 9% o A()pr
= ZlOHD +g%OHD - ?6PT'OHl i 9%6177'0]]9{7.6

g% (1),pr 2 2 pr g% DT
+66P7'0Hq + 5916PT'0Hu - §6PT'OHd

9% t 9% 1 t 9% (1),prst
+Z5pr55t0fl + %5pr65t0((1q),p7‘5 - Fépréstolq ’

2 4 2 prst g% prst

Jrgl 5[)T58t(966 + 591 5p7’5st0uu + §5pr5stodd

4 2 rs 4 TS
310 0O 230,00 O™ = 5 010 O™

le lu

TS 2 TS 2 s
92 01O = g5, O + %5p,.5stofd st

2 X 2 .5 2 TS
_%5pr(55tog£st + §g%5m58t0((]1u)7p75t . %&)T(Sstot(]}i)vp t7
(C.1a)
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EoM

2 _ 2
DLW Drwh, B 2 [Gol,Q + Loy, L+ YD, H|
3

2 2
a0+ s, o

9

3

[(Ye)pTOZ{ + (Yu)pr Oy + (Ya) pr Oy + h'C']

2
+%(25m5m Byt )OI

9 93 (3)prst
_;’_ZQ(SPT(SStO((;Z),stt + ?2(51”5“0[(1 DTS :

EoM

(H'H)(H'D*H) +h.c.

!

2u%,(HYH)? —4Ag Oy

—[(Ye)pr O + (Yu)pr Oy + (Ya) pr Oy +hoc ],

3]
]
|

. e d
Cor (HUH)(Lyi D L,) 2 (CY,),r 0P + e,

3]
()
|

<
Cpr(HTo"HY(L,i D'L,) (CY)prOF +hoc.,

1
[e)
|

C T BiBiDL, 2 (YCV,), (Hiep)ild(e, H)

= (VICOY)r (@) HYD! H) + (HYH) (ZiDe, )]

!

=
o
=

1
2
1 .1 .

5(ch*ye)mcf)fge +3 [(Y.YICY.), O +hec],

l

]
O
|

CPTBWTPUWUDLT (CYe)pTOSJTB’

3]
()
=

!

Cpr Dy B* Ly Ly 5

|

_ 1 92
Cpr 93 (LpyuLr) {6627#@ + S

+;HUE>H]

!

2
—91 CpréstopTSt + %Cprdstoprﬁ - %Cprdstof58t7

le lu
CpTWIltyfpalauyi-mLT — (C%)prog"l/‘v7

EoM (2

CpTDVWI“”fpolvuLT = —Cpr(fpalv“Lr) {@UIWQ—%ZUIWML—%HT@'E?H]

2

— Zc, 08 % [2Cpi8rs — Cprdst + (pr) 4 (s1)] O™

2
92 (3),prst
+50p7«55t01q s

(VI CYo )y @) (HYDA ) + (1Y 1) (75 B e,

%Cprog;,pr - %(Cprést + Cstépr)OZTSt + %Cprfssto

(C.1b)

(C.1c)
(C.1d)

(C.1le)

_ 1-
dry,d — iL’Y’LL —eypue

(1),prst

(C.1h)

(C.10)

(C.1j)

where we have used a generic symbol (), to stand for the WCs of the operators involving
fermion fields. The WC of the operator OF*" is made symmetric using the flavor sym-
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metry OF*" = O*". The doubly underlined terms contribute to the dim-4 Higgs quartic
interaction.
To reduce the two dim-7 EoM operators in table 1, we need the identities,

(C.2)

1., .
— DD+ §aﬂ Fuys Fuy = i[Dy, D)) = 1Y By + g2T'W 1,

where Y is the hypercharge operator and T the SU(2) 1, generators. For the lepton doublet
field L being acted on by D?, YL = —%L and T'L = %O'IL, we have

et (LD L) H !

= e [e]l( LEppLl) — (cha“”L )B, —T(eaf)jl(L;;CgWL;)W,{V} H*H

EoM Ds L, o

= (Ye)rsOLenp — OLHB 4OLHW’ (C.3a)
eaneii(Ly° L) H* D2

E5 i (L L) HE (3 HY — 20 (HVH)H' + 6, QY0 — dY] Q' — eV L]

= 15OV s — 2210V — (Y)ewOL? o+ (YO + (V) uwOST 1,

QuLLH dQLLH1
(C.3b)
which lead to
Spréimejn(Ly° D*LI) H™ H"
EoM 1 youu
== (SYo)prO%ip — 4SPTOLHW7 (C.4)
Spréim€in(LyC LIYH™ D*H"
EoM
B 1 Ol — 20 S Ol
+ (VD) SaO% L + (V) St Ot — (Vi) pr S O% ™ (C.5)

dQLLH1 QuLLH"

Here Sy, stands for the corresponding WC which is flavor symmetric, Sy, = S;p, and the

doubly underlined term contributes to the dim-5 Weinberg operator.
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