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ABSTRACT: We study the phenomenology of the simplest renormalisable model that, at low
energy, leads to the effective field theory of the Standard Model extended with right-handed
neutrinos (#’SMEFT). Our aim is twofold. First, to contextualise new collider signatures
in models with sterile neutrinos so far studied only using the bottom-up approach. And
second and more important, to provide a thorough example of one-loop matching in the di-
agrammatic approach, of which other matching techniques and automatic tools can benefit
for cross-checks. As byproducts of this work, we provide for the first time: (i) a complete
off-shell basis for the YSMEFT and explicit relations between operators linked by equations
of motion; (7i) a complete basis for the low-energy effective field theory (vLEFT) and the
tree-level matching onto the vYSMEFT; (iii) partial one-loop anomalous dimensions in the
vLEFT. This way, our work comprises a new step forward towards the systematisation of
one-loop computations in effective field theories, especially if the SM neutrinos are Dirac.
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1 Introduction

Effective field theories (EFTs) are being used to describe the effects of new heavy particles
at low energy in terms of operators of dimension higher than four. A well acknowledged
advantage of this approach is its generality. The only model dependence resides in the light
degrees of freedom out of which the EFT is built. (The symmetries of the EFT are in prin-
ciple also debatable, but by now the group of gauge symmetries SU(3). x SU(2);, x U(1)y
is well established.) Among other aspects, this choice depends crucially on the nature of
neutrinos. If neutrinos are Majorana, the simplest assumption is that the infrared (IR) com-
prises only the Standard Model (SM) fields. The resulting EFT, known as SMEFT [1, 2],
has been extensively studied in the recent years; see ref. [3] for a fresh review. If neutri-
nos are Dirac, the low-energy sector has to be extended with right-handed (RH) singlet



fermions. The corresponding EFT is referred to as ¥SMEFT [4, 5]. It has also been ap-
plied to the case in which the new RH neutrinos are themselves Majorana, as predicted in
numerous models. (See ref. [6] for an EFT for non-relativistic Majorana neutrinos.) With
the same spirit, other EFTs have considered also new scalars in the IR; see e.g. refs. [7-9].

A common feature of all these EFT's is that they predict new processes that are com-
pletely absent in the renormalisable SM. Many of these processes have not been studied
yet experimentally. These include, among others, rare decays of the top quark such as
t — £1075 (10, 11], t — bbj [11, 12] or the non-resonant t — bl + EMIsS [13] as well as
rare decays of the Higgs boson including h — £70~ +4j [14], h — ~(v) + ERs [15]. (In
ref. [16] the constraints on the ¥SMEFT operators arising from low-energy experiments
have been derived.) However, this bottom-up approach is not without drawbacks. Most
importantly, operators other than those triggering the signals of interest are generally also
present (with correlated coefficients) in concrete ultraviolet (UV) models; some of them
being very constrained. Likewise, it is hard to prioritise one search over others.

It is therefore desirable that searches motivated by pure EFT inspection are also sup-
ported by realistic UV models." This exercise requires matching UV models to the EFT,
generally at one loop (at which several of the most interesting and/or dangerous operators
appear often). In the usual diagrammatic approach, this process consists of computing tens
of one-light-particle-irreducible off-shell amplitudes in both the UV and the EFT. This is a
very demanding task that in turn requires knowledge of a full off-shell basis of EFT opera-
tors (only those linked by algebraic identities and integration by parts being removed) and
their relations by equations of motion. If low energy (E < v, with v ~ 246 GeV being the
Higgs vacuum expectation value) observables are to be computed, then the corresponding
EFT in the electroweak (EW) symmetry broken phase must be also known, as well as its
matching to the aforementioned operators. Renormalisation group evolution (RGE) of the
Wilson coeflicients in both EFT's might be also needed.

While several of these points have been already addressed in the SMEFT,? very little
is known about the YSMEFT beyond a full (on-shell) basis of up to dimension-seven oper-
ators [4, 5, 23, 24]. Moreover, while new techniques [25-30] and tools [31-34] for one-loop
matching are also being developed, a severe obstacle for progress in this respect is precisely
the lack of explicit one-loop matching computations to which compare to in the litera-
ture [34]. (To the best of our knowledge, partial examples of one-loop matching have been
only provided for the SM extended with a real scalar singlet [30, 35, 36], with a charged
scalar singlet [37], with some colourless EW multiplets for very particular parameters [25]
and with a vector-like quark singlet [31].)

'We are well aware that “realistic” is an arguable concept. Here we adopt the notion that a “realistic”
UV model should involve less free parameters than the EFT (which in turn restricts the number of new
independent heavy fields), and that there should not be large cancellations between different couplings of
similar size.

2The first complete set of dimension-six operators was obtained in ref. [1]. Several of them were shown
to be related by equations of motion in ref. [2]. The corresponding EFT below the EW symmetry breaking
(EWSB) scale, known as LEFT, was worked out in ref. [17]; the tree-level matching of the SMEFT onto the
LEFT was also provided in the same article. This computation has been recently performed at one loop in
ref. [18]. Finally, the RGE of the SMEFT and LEFT operators was presented in refs. [19-21] and ref. [22],
respectively.



In light of the discussion above, in this paper we consider a simple UV model whose
EFT description is the vYSMEFT, for which we provide a full off-shell basis and relations
between different operators by equations of motion; see section 2. In section 3 we perform
the actual one-loop matching using the diagrammatic approach. We provide mathematical
tools used and details of loop computations in appendix A and in appendices B and C,
respectively. In section 4 we study the phenomenology of the resulting EFT (with operators
with correlated Wilson coefficients, as they depend on only a very small number of UV
couplings), both in the Majorana and in the Dirac cases, and highlight the importance of
performing new Higgs searches at the LHC. To this aim, we also rely on a full on-shell
basis of the EFT below the EW scale and its matching onto the ¥YSMEFT, as well as on
partial RGE, all of which we provide in appendix D.

2 Model and effective description

We consider the SM extended with a light RH fermionic singlet N, as well as two heavy
vector-like fermions Xp ~ (1,2)1/2, Xy ~ (1,1); and a heavy singly-charged scalar
@ ~ (1,1)_1. The numbers within parentheses and the subindex indicate the representa-
tions of (SU(3)., SU(2)1) and the hypercharge Y, respectively. Relatively heavy vector-like
fermions and /or charged scalars and (one or more) sterile neutrinos are present in a number
of models motivated either phenomenologically (e.g. by the persistent discrepancy between
the measured value of the muon anomalous magnetic moment and the corresponding SM
prediction [38-40]) or theoretically (e.g. in models assuming left-right symmetry [41-43],
grand unification [44] or compositeness [45, 46] — in this latter case vector-like fermions
are strictly required by the partial compositeness paradigm [47].)

We assume CP and baryon number, while lepton number and lepton flavour conserva-
tion are only broken by the small (potentially vanishing) N mass; N is assumed to couple
only to the electron (or to the muon; this choice does not alter our phenomenological re-
sults). Moreover, we assume that the heavy fields are odd under a Zs symmetry under
which all SM fields as well as IV are even.

We denote by e, u,d the RH leptons and quarks; and by L, @) the left-handed counter-
parts. We name the gluon and the EW gauge bosons by G and W, B, respectively. Let us
call the Higgs doublet by H = [GT, (h +iG°)/v/?2] and H = iooH*, with o7, I = 1,2,3,
being the Pauli matrices. The Lagrangian of this model reads:

L = LsvtN + Lheavy 5 (2.1)
with
Lovan = oA gaw Ly yne g g
4 4 4
t(pw 2 gt L t)
+ (D )" (DMH) + iy HTH — S hy (HTH
+i (QPQ +ulpu + dipd + LIPL +elpe + NIPN)

1 __ _ _ ~ _ _ ~
~ |[gmaNeN + QYaHd + QY,Hu + LY. He + LYNHN +hee. |, (22)



and
Lieavy = Xp (i) — Mx,) Xg+ Xy (i) — Mx,) Xn
+ (Dup)” (D9) = M20" 0 = Ay (¢°9)" = Aot (") (H'H)
+ [QXTEﬁXN + 9 X" L + gnXnp*N + h-C-] : (2.3)

Our conventions for the covariant derivative of a colour singlet field ¢ and for the EW field
strength tensors are

Dyu¢ = (0, — igT' W) —ig'YB,) ¢, (2.4)
Wi, =0,W) —a,W, + ge"KWIwlr . B, =08.B, - 9,B,, (2.5)

where T7 = o7/2 are the SU(2) generators.

This model features a number of interesting properties. (i) Because of the Zgo symme-
try, if the heavy particles are integrated out, no effective operators arise at tree level. (Note
also that this symmetry turns the neutral component of X into a dark matter candidate,
provided some mechanism at a higher scale — which does not modify the results below —
is invoked to avoid direct detection constraints; we do not elaborate on this aspect of the
phenomenology though.) (ii) Because of this, it can be very easily shown that in the IR
only tree-level amplitudes are to be computed while matching at one loop.® (Actually, it
can be shown that no loops need to be computed in the EFT even if tree level operators
are present, but the proof is more elaborated; see ref. [48].) (i) For the very same reason,
UV corrections to light field propagators can be neglected [31]. (iv) Likewise, for all prac-
tical purposes in the process of matching, any heavy renormalised mass M (evaluated at a
scale p equal to the physical mass) can be identified with the physical mass itself. Finally,
for my # 0, this model features also the decay N — vvy. Any other model fulfilling the
aforementioned properties necessarily involves a larger number of degrees of freedom.

At energies F < M = min{Mx,, Mx, , M,}, this model can be described by a local
EFT built upon the SM fields and NV, also known as vYSMEFT. To leading order in the
expansion in E/M, it is given by Lgvyn (with IR parameters) and a set of dimension-six
operators:

1
LEFT = EISPIE/I+N + P Z «;O; , (2.6)

with «; being dimensionless couplings. A basis of the operators O;,* obtained with the

3Indeed, any one-loop amplitude in the UV and in the EFT would read Muv ~ guv/(47)? and Mgpr ~
agrr(l + gEFT/(47r)2}, respectively. Matching Muyy = Mgpr implies therefore

e G [ i = i+ © L)

The last term in the right-hand side of the equation is formally of the same order as two-loop corrections

and hence negligible.

4We are not, showing explicitly the CP counterparts of these operators, because we assume CP conser-
vation. However, they include: iB,, (Nv*8”N) (the one without i, for both the normal field strength and
for the dual, is redundant), i:On g, iOnw (dipole operators with the dual are redundant), i(’)i‘f\,’s"l, 1OLNH,
iOgn (i(’)?\;N is redundant) and i{Opgne. Note that 8”BuV(N7“N) vanishes due to the Bianchi identity.
On the four-fermion side, we would have i{Ogune, i{OrLnLe; 1OLNQd, 1O0Lign and iOgunt.



0—Higgs 1—-Higgs 2—Higgs
Ohy = NO*IN Onp = Lo" NHB,,,, Oyw = Lo"’NoHW}, | Ogy = Ny*N(H'iD,H)
0%y = B, (NA"9”N) O}y =LND?H , 03y = LO,ND'H O3y = NigN(H'H)
0%y = 0B (Ny“N) | 0%y =iLo"d,ND,H , O}y = L(0°N)H Onne = Nyte(H'iD, H)

3—Higgs: Opny = LHN(HTH)

Table 1. Relevant bosonic operators. The h.c. is implied when needed. For example, O} =
NO?@N + h.c.; therefore all Wilson coefficients are real.

Onn = (N7,N)(N¥*N)

Ocn = (@7,€)(NY*N)  Oyun = (wy,u)(NY*N)
OdN = (E'Yud) (W’YMN) OduNe = (Eryuu (N7M€)

)
LLRR Opn = (Ly,L)(NA*N)  Ogn = (Qvu.Q)(N~*N)

RRRR

g Ornre = (LN)e(Le) OLNQd = (LN)e(Qd)
= Orign = (Ld)e(QN)
LRRL Oqunt = (Qu)(NL)

Table 2. Relevant four-fermion operators.

help of BasisGen [49] (see ref. [50] for a similar code), is given in tables 1 and 2. When
evaluated on shell, the operators in grey can be removed from the action by suitable field
redefinitions which, up to dimension-eight effects, can be implemented by using the equa-
tions of motion [51-53]. (Redundancies due to algebraic or Fierz identities or integration
by parts have been removed.) Neglecting the small my and the Yukawa couplings, the
relevant equations of motion of Lgn v read:

idN =0, (2.7)

iPL =0, (2.8)

(D*H)! = y%, H' — \y(H H)H® (2.9)
/

0"B,, = —%(iHT D.H +he)—gY I Frf, (2.10)

where f runs over all SM +N fermions. (The top Yukawa coupling is not negligible;
however, its only impact would be the generation of four-fermion operators involving top
quarks and N, for which there are no sensible searches.) As a consequence, the following



relations hold on shell for the operators in grey:

Opy =0, (2.11)
Ohy = —Ohn (2.12)
gl
Ohy = 5(9HN +dY O, (2.13)
OiN = (u%fﬁ]\f + h.C.) —AO0LNH, (2.14)
Oin = -Oin, (2.15)
2 . A /
O%N = <MQHLHN + h.C.) — THOLNH + %ONB - %ONW, (2.16)
Ojn =0, (2.17)
Oy =0. (2.18)

As a final remark, let us note that, in light of these equations, effective operators involving
N do not generate any purely SMEFT operators upon using the equations of motion.

3 Matching

Hereafter, we assume for simplicity Mx, = Mx, = M, = M. Also, we focus on the
regime gx ~ gr, ~ Aon < gn, and gy > 1 (but < 47 to stay in the perturbative regime).
This way, the mass and loop suppression in operators involving IV is compensated by the
large gn. On the other hand, purely SMEFT operators can be neglected.

Our process of matching consists of equating one-light-particle-irreducible amplitudes
computed in both the UV and the EFT at a scale 1 = M in M .S with space-time dimension
d = 4 — 2¢. Following the discussion above, we only compute those amplitudes involving
N. Let us also note that, by virtue of eq. (2.11), the amplitude involving just two N fields,
to which only this operator contributes, does not need to be computed. Likewise, due to
the absence of heavy particle couplings to e in the UV Lagrangian, it can be trivially seen
that agne. = 0.

The operators (92D N and (93D ~ can be matched by computing the amplitude given by
the diagrams® (a) and (b) in figure 1. We use the momentum of the incoming N and
the momentum of the B, py and pg, respectively. In MS we drop terms proportional to
(1/€ + log4m — ), where ~ is the Euler-Mascheroni constant. The amplitudes in the UV
and in the EFT to order O(p?) read:

) l /.2 B
iMuyy = WQJ\A}QU(}?N —pB)PL {7“ (P2B — PBDN +¢BpN>
— PPy — PpPy + p‘fva} u(pn)e,(PB) (3.1)

. i_
tMEFT = E“(pN —pB)PL [V“ <O‘%Np23 — 20 NPBPN + 2a2DNpoN>

— bl — 20bPlipy + 20bNPhp s | upn )€ () (3.2)

5 All Feynman diagrams in this article are produced with the TikZ-Feynman package [54].
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Figure 1. (a) and (b) Diagrams for the amplitude (NN B) in the UV, to which 0% and 0%,
contribute in the IR. (¢) Diagram for the amplitude (¢Nh) in the UV, to which O} v, 0% \,, O3
and O} 5 contribute in the IR.
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Figure 2. Diagrams for the amplitude (¥ Nhy) in the UV, to which Onp and Onw contribute
in the IR.

We provide all details about the computation of this and the forthcoming UV amplitudes
in appendix B.

The operators (’)i N O% N (9]?-: N and O;‘-: ~» as well as Yy in the IR, can be matched by
computing the amplitude represented by the diagram (c¢) in figure 1. We take p, and py

as independent momenta. To order O(p?) we have:

. i ?
iMuyy = Mﬂ(pN)PL {GM2 <1 — log a ) —p2 — PN + DubN + P, | w(py)

96+/272 M2 M2
(3.3)
. v _
iMgpr = 7 AQU(pN)PL [ — YnA? —apnp, + (afy —apy — aLy) Py
9 | 3 _ A3 ( ) (3 4
+ (2apy — afy +aiy) pupn — A NPAP, | u(Dy) - 4)

The other two operators involving a single Higgs field are Onp and Onyw. They can be
matched by computing the amplitude represented by the diagrams in figure 2. Taking p-,
pn and py as independent momenta, the results in the UV and in the EFT up to order
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Figure 3. (a) Diagram for the amplitude (e NWh) in the UV, to which O} 5, 0% y;, O3\, and
Onw contribute in the IR. (b) and (¢) Diagrams for the amplitude (NNhh) in the UV, to which
O3y contributes in the IR. (Note that, despite not explicitly shown, diagram (b) but with the two
Higgses exchanged is also present.)

O(p) read:
. _ 1gLgxgne _ ,
iMuyy = mu(pN)PL [’Y”p,Y - Pﬂ u(pl,)eu(pv) ) (3.5)
. _ \/§Z —_— 2 ¥ *
iMEgrT = Az (ewanp + swanw) U(pn)PL [7 P, - py} u(py)e, (py) - (3.6)

Here cyy = cosfy and sy = sinfy, with 0y being the weak mixing angle. (Let us
emphasise that in our convention, Wj’ = cwZy + swhyu, By = ewA, — swZ,.) This
amplitude was also computed previously in ref. [15] (see appendix therein). Still, one more
amplitude needs to be computed in order to completely fix the Wilson coefficients of the
one-Higgs operators. We choose that represented by the diagram (a) in figure 3. Taking
ph, pw and py as independent momenta, we have to order O(p):

, IGNIXILY _ «
iMyy = WU@N)PL [p% - QPZ - p’{jv - 'Yu}’)N} U(pe)ﬁu(pw) ) (3-7)

. ig _ anw
iMgFT = wu(pN)PL { — (afy +ain) P — 20pnp) — (49 + aiN) iy

aONW
+ai NPy + 4

v“zﬁw]U(pe)GZ(pw)- (3.8)

The operator (’)]2\, N can be matched by computing the amplitude represented by the
diagrams (b) and (c) in figure 3, while the operator O by computing the diagram (a)
in figure 4. (It might seem that Opx also contributes to the former amplitude; however,
only its CP counterpart iOpy, which we do not need to consider, does it.) The first one

reads, to order O(p):

. 9
. TGN ApH _

iMuyy = _796%;\‘;[}12 u(pn) Pr [pN +PN,} u(pn) (3.9)
IMgpT = éa%\;Nﬁ(pN/)PL []ZfN +pN’} u(pn) - (3.10)
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Figure 4. (a) Diagram for the amplitude (NNW?3hh) in the UV, to which the operator Oy
contributes in the IR. (b) and (¢) Diagrams for the amplitude (vNhhh) in the UV, to which Oy
contributes in the IR. (Note that, despite not explicitly shown, all these diagrams but with the
corresponding Higgs legs exchanged are also present.)

In the UV and EFT to zero momentum, the second aforementioned amplitude reads:

iMuy = i9959% u(pny) Pyt u(pn e, (pws) (3.11)
96‘7r2M2 " ’
) {1e’ _ *
iMprr = =0T () Py u(py)eg (ows) - (3.12)

The operator Opng can be matched by computing the amplitude depicted by the dia-
grams (b) and (c) in figure 4. To zero momentum, the amplitudes in the UV and in the
EFT are given by [15]:

- IgNIX L 2\

M = INIRIL — P v) s 3.13
wMuv 32\/5772M2( oH QX)U(PN) Lu(py) ( )
. i B
iMerr = S G(p) Prulpy) - (3.14)

NoTCR

On the side of four-fermion operators, the only such non-vanishing interactions (before
using the equations of motion) are Oyy and Opy. They can be matched by computing
the amplitudes depicted by the diagrams (a) and (b) in figure 5, respectively. The UV and
EFT expressions for each amplitude to zero momentum read, respectively:

.-
iMoy = — 53y (@)Y Pru(py)] [@(pa) v Pru(ps)] (3.15)
iMirr = 23 (s )y# Pru(pa)] [7(ps) e Pru(pe)], (3.16)
and
Mo — igN9L p 7
iMuv = =155 5173 (8P )7 Pru(py)] [a(pas )y Pru(pn)] (3.17)
iMgpT = % [@(pv )7 Pru(py)] [a(pn ) vuPru(pN)] - (3.18)

By equating all UV amplitudes to their IR counterparts, we end up with 23 equations
(including agne = 0) for 15 unknowns; the redundancies reflect the gauge symmetries.®

5Note, for example, that the contributions of Of y to the amplitudes (vNh) and (e NWh) are correlated,
because both the O(p?) Higgs piece as well as the W H interaction come from D?H. Thus, when matching
e.g. the p2 part of egs. (3.3) and (3.4) one gets o}y = (gngxgr)/(9672) x (A/M)?; exactly the same as
matching the p) piece of egs. (3.7) and (3.8).
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Figure 5. (a) Diagram for the amplitude (NNNN) in the UV, to which Oy n contributes in the
IR. (Note that, despite not explicitly shown, this diagram but with the two outgoing Ns exchanged
also exists.) (b) Diagram for the amplitude (vvNN) in the UV, to which O x contributes in the IR.

Neglecting the running from the scale u = M to pu = v, the following identities hold off
shell at the EW scale (other Wilson coefficients vanish):

ViR =vyV - 7”196)7(;3]\[ , (3.19)
aby _ _ egy aby _ egy
A2 19272cy M2 (3:20) A2 96r2cy M2’ (3.21)
1
ONB €9LIXgN o 9gL9xgn
A2 = 1927T2CWM2 ’ (3'22) Ké\f - 9672 M2’ (3-23)
o} 9gLIxXgN QN g2 92
/fév B ©96m2M2’ (3.24) A2 - 7967):2]]\}2 ) (3.25)
2 2
ANN ApHYIN QLNH _ 9LIXgN 9
= — 3.26 = — 3.27
A2 962 M2’ ( ) A2 967T2M2( oH gx), ( )
4 2.2
QNN gN LN 9gr.In
A2 38472M2° (3.28) A2 1927202 (3.29)

where e = v4ma, and o ~ 1/137 stands for the electromagnetic fine-structure constant.
Finally, upon using the equations of motion, eqs. (2.11)—(2.18), the following relations hold
on shell (other Wilson coefficients vanish):

2
VAR = vV IRIXIN (4 T 3.30
N 1672 \' 242 ) (3.30)
ONB _ €YLYxXgn aNw _ egLYxgn
= 3.31 = 3.32
A2 25672y M2’ (3.31) A? 76872y M2’ (3.32)
2 2 2 2 2
OHN QN(€ —4chX) QOLNH grLgxgnN | my, 2
= 3.33 =— —h 4 2(g2 —\ 3.34
A2 384m2cZ, M2 (3:33) =3 102m2 002 | o2 T 20xAen) | (3:34)
ST L Calenk e A s S O (3.36)
A? 38dr2cy, M2 T A? 192m2c2, M2’ '
4 2 2
QNN In QN € 9N
= 3.37 = 3.38
A? 384m2 M2’ 337 T 1152m2c3, M2’ (3.38)
QuN _ 62912\7 (3.39) QN _ 629]2V (3.40)
A2 T 288723, M2 ' A2 57622, M2 '

~10 -



For convenience, let us also define Onya = cwOnB + swOnw and Onz = cwOnw —
swOnp. For the coefficients of these operators we obtain:
ANA  €eJLIXgN anz _ egrgxgn(l —4syy)

= = . 3.41
A? 19272027 A2 T768m2 sy ey M2 (3.41)

Finally, let us emphasise that the coupling constants of renormalisable operators in the
EFT can also be written in terms of the UV couplings; gir = guv + g{;v/(167%). However,
one can always reabsorb the one-loop corrections by redefining guv — guv — gyv/ (1672).
This redefinition would propagate to all a couplings, but the impact would be formally of
two-loop order. Still, for the sake of completeness, we have computed all renormalisable
EFT terms in appendix C.

4 Sterile neutrino phenomenology

In the process of matching we have neglected my. The only effect of my # 0 would appear
in the dimension-five operator NN HH suppressed not only by the loop factor but also
by my /M, namely by ~ 1073 if my ~ 1 GeV and M ~ 1TeV. (The operator N°c"* N B,,,
vanishes in this case because N is Majorana.) However, my # 0 has a huge impact on
the phenomenology of IV, because it allows the latter to decay into v~y. The corresponding
decay width must be computed after EWSB, namely in the vLEFT, obtained first by
matching the vYSMEFT at the EW scale and after running down to ~ my. The full list
of VLEFT operators involving N is given in table 3 in appendix D. The operator that
triggers the decay of IV is On. For completeness, though, we provide tree-level matching
of all YSMEFT operators to all vLEFT ones in egs. (D.1)-(D.24). The one-loop running
of all YLEFT operators generated in our setup, including On-, is also given in the same
appendix. Altogether, we have:

NN —vy)~

m oy, (v) ( e w )2' 1)

2mv2 1= or2 log my
For simplicity, let us fix Y7V such that YR = apypv?/(2A2); see eq. (3.30). This way,
the mixing between N and v vanishes strictly. (Note that the sole important effect of this
mixing would be inducing a Majorana neutrino dipole moment for v; this vanishes however
in our case due to lepton flavour conservation [15].)

Different experiments constrain the parameter space under study. The relevant ob-
servables can be all computed directly in the YSMEFT. (In quoting the following bounds
we have set A = 1TeV.) We have first B(Z — vv~y7y). Experimentally it is bounded to be
< 3.1x107% [55]. In our context this branching ratio is given by (note that for my ~ 1 GeV,
B(N — vy) =~ 1 [56]):

3 2
1 m7v*

9 TeV*?
ML

~ 2.7 x 107173 (0.029 — ¢%) (4.2)
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with I‘%M ~ 2.5 GeV. This bound implies in turn a limit on ayy < 0.11, which is ultimately
the most stringent constrain on (M, gn). Other subleading constraints include: (i) B(Z —
vv7y), experimentally bounded to be < 3.2 x 1075 [57], which implies anz < 0.081; (i) the
measurement of the total W boson width, T'i¢tal = 2,085 + 0.042 GeV, which however does
not constrain apgy. more than a theoretical perturbativity bound implying agy. < 4m;
(#i) the bound on aya < 0.88 [15] as obtained from LHC searches for events with one
photon and missing energy [58]. (Bounds on a4 obtained from the study of differential
Drell-Yan distributions at the LHC, mediated by both neutral and charged currents, using
Contur [59] are weaker [15].) The bound on ay4 can be improved to ayas < 0.36 by
searches for h — vy + Eéﬂniss, as proposed in ref. [15]. This value, however, still leads to a
very weak constrain on (M, gy ).

Four-fermion interactions could be bounded at the LHC in searches for pp — Ew—I—Ej‘?iSS.
However, we are not aware of any such search; a preliminary phenomenological study has
been provided in ref. [60]. Interestingly though, it has been shown that searches for Higgs
decaying to a single photon and missing energy could test B(h — vN) > 1.2 x 1074 [15].
Noticing that

4
1 mpv®

B(h —s UN) ~ - U
(h = vN) TSV 16rAT LN

o, TeV4

SR (4.3)

~ 2.5 x 107% (grgngx)* (0.13 4+ g% — Aomr)

with F%M ~ 4 MeV, the corresponding limit on ayyg reads apyg < 7.3 X 1073. We show
in figure 6 that, when translated to the plane (M, gn), this signal overcomes often the
constraint from agy.

If lepton number is exactly conserved, i.e. in particular, my = 0, IV is just the RH
component of the SM neutrino, which would be Dirac. In this case, the very stringent
bounds on the neutrino dipole moment [61] can be only satisfied if gx ~ 0 (or gr, ~ 0).
Accordingly, only the operator Oy and the four-fermions Orn, Ocn, Ogn, Oun and
Oun as well as Onn could survive, see egs. (3.30)—(3.40). The former enhances the Z
decay into invisible, but the corresponding limit on (M, gy) is very weak. Likewise, the
bounds on the four-fermion operators involving quarks and charged leptons are of order
a/A? < 1TeV~2 [13], and therefore they are not stringent in this setup in which all
operators arise at loop level, and hence the effective scale A is rather A ~ 47 M.

Finally, we are not aware of any significant bound on Oypy. As things stand, this
scenario is very much unconstrained in light of current data, even for M ~ few hundreds
GeV. (In this respect, let us also emphasise that direct LHC searches for singly charged
scalars and vector-like leptons, which are present in our UV model, do not constrain this
range of masses [62-65].)

In the lepton number conserving case, if instead of a single N we have three copies (in
which case all neutrinos would be Dirac), with a priori flavour-generic couplings, the off-
diagonal dipole operators would induce decays of the SM neutrinos, v; — v;7. For massless

- 12 —
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Figure 6. Constraints in the plane (M, gy) derived from the bounds on the EFT coefficients

summarised in the text. In the region above the blue line, N with my = 1GeV decays within
4cm. The actual bound on agyy from Z — vv+yy and the prospective bound on ay gy from the
h — 7 + ER®ss analysis proposed in ref. [15] have been translated to the constraints in the plane
(M, gn) assuming gx = 1 and Aoz = —1, 0 and 0.5 (left) as well as A,z = —1 and gx = 0.5 and
1 (right).

neutrino in the final state and neglecting running, the corresponding decay width reads

m3v? m3v? e 2
2 9gLIgxXgN
vy = 1i7) = g a0%a = g ( 19272 ) ’ (4.4)

where m; is the mass of v;. The lower limit on the neutrino lifetime is 7 > 102°s [55, 66].
Assuming m; ~ 0.1eV and O(1) couplings, we obtain M > 0.3 TeV, and up to v/47 times
more stringent constraint if gy is significantly larger than 1, as we have been assuming in
this work. Still, as in the previous case, this bound can be avoided if e.g. gx < 1.

5 Conclusions

In this paper, we have considered a very simple extension of the SM involving a light RH
neutrino N (which can be well the RH part of any of the SM neutrinos if they are Dirac,
or a new Majorana neutrino), two heavy fermionic fields and one heavy scalar field, all of
them colourless. In the IR, this theory can be described by the vSMEFT. We have shown
that, if NV is Majorana, new Higgs decays not yet studied experimentally at the LHC can
test this model better than other studies already performed at low-energy facilities; most
importantly, searches for Z — vvy~y.

We note that, although this observation is relatively straightforward in the generic
EFT, because constrained operators can be set to zero independently of those triggering
the signal of interest, this is highly non-trivial in the EFT obtained in this model, in which
all Wilson coefficients depend on solely four arbitrary couplings. The fact that the signal
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of interest is not in conflict with the present constraints in such a simple UV completion
of the yYSMEFT, strengthens the motivation for novel searches in the Higgs sector.

We have provided a complete calculation of one-loop matching in the diagrammatic
approach, obtained upon computing the same one-light-particle-irreducible off-shell am-
plitudes in the UV and in the IR. This complements the very few examples of one-loop
matching in the literature, and it is expected that our results will allow faster progress
in the automation of tools in this respect [31, 32]. As a byproduct of this work, we have
also obtained a complete (off-shell) basis in the ¥YSMEFT, the tree-level matching of the
vSMEFT onto the low-energy version (in which the top quark, the Higgs and the W and
Z bosons are integrated out), that we dubbed vLEFT; as well as some one-loop anoma-
lous dimensions in the latter EFT. We leave the computation of the full RGE anomalous
dimension matrix in the vLEFT and in the vYSMEFT for future work.

Acknowledgments

We are grateful to Jose Santiago for helpful discussions. MC is supported by the Spanish
MINECO under the Juan de la Cierva programme.

A Mathematical tools

We have used the following master integrals:

d —_1\"y —
/dk‘ 1 :( D" T'(n—d/2) 1 _ A, (A1)
(27-[-)d (kQ _ M2)n (47T)d/2 F(n) M2n—d
/ % kMR 1(=)"liT(n—d/2-1) 1 » (A.2)
2m)d (k2 — M2)" — 2 (4m)d/2 T'(n) Aen—d—29 o .
Bn
Cn
/ % kEVEPES 1 (=D)"iT(n—d/2-2) 1
(27r)d (k2 — M2)n T4 (47T)d/2 I'(n) M2n—d—4
x (9"9"7 + 9"79"" + 9" 9"") . (A-3)

Here d is the space-time dimension. For expansion in an external momentum p we have:

1 1 2k 2 4(kp)?
{1_ ptp-_ Akp)

- K2 M2 (k2 — M2)2

(k+p)?— M2 k2— M2 ] +0(p%). (A.4)

Finally, we have also made use of the following algebraic identities:

TP P1pP2 Yo Y5 = i (7“p2p1 + PP, — Php, — 7"1)1192) ; (A.5)
[Dy, D) = —ig'Y By, — igT"W},. (A.6)
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B Details of computation of the UV amplitudes

B.1 Amplitude for one B and no Higgs bosons

This amplitude in the UV is given by the diagrams (a) and (b) in figure 1. We have:

d
iMy = — g gu(pn — pB)PL{M4_d/ gﬂ];d;g(%v — P KM (P + K+ M)

" [1 2(py —pp)k + (on —pB)>  Alk(py — pp))?

D + D?

2pnk +p%  4(kpn)? .
X [1— ND N4 (gg) Pru(pn)e,(pB)

—— /(o — pa)Pu{ (2 - DB+ M2}
+ [12By — A3 — 48C5 — 2M? Ay + 12M*Bs] vp,
+ [4By — 16C5 — M?Ay + AM?Bs] +"p}
+ [48C5 — 8By + 2M?* Ay — 12M* Bs| v'pppn + [As — 4B P oy
+[243 — 16By + 48C5] plyp, + [16C5 — 4By phop

+[12By — 243 — 24C5] plgp, + [4B4 — 24C5] p’fvPB}u(pN)EZ(pB)

< 12 9
- _YIN 5 2 H 2 2
+ 2Py — 2P — 3PPy +P’WB}“(?N)62(1>B) : (B.1)

Here and in what follows D = k? — M?. The second diagram leads to

Ak 1
(2m)d D3

iMby = — g giulpy — pB)PL{M4_d/ (F+py + MK + ply)

o |1 2pNE +py | Alkpn)®
D D2

2ok +p%  4(kpg)? .
X [1 - BD B4 (Df) Pru(pn)e,,(pB)

= —¢'gxu(py — pB)PL {2u2€Bs’V” + [8C5 — 2B4] y*pF, + [8C5 — 2B4] v'ph
+8C57"pBpN + [16C5 — 4B4] plyp, + [16C5 — 2Ba] plpp

+[As — 6By + 8C5] plp, + 8051?%7)3}“(1)@62(173)
:Ma( —pB)Priy* [ —6M?1o LA 5+
19272072 PN T PBITLA T Mz PN T PB T PEPN

- 2puNpN + p’éi’N +p%?B}U(PN)€Z(pB) . (B.2)
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Adding the two pieces together:

iMUV — ’iM%V + ZM%V

_ ig’g?\, - 2
- 967T2M2u(pN - pB)PL{V# (pB — PBPN +pB;¢N>
~ ity ~ i + 1A PN ). (B3)

B.2 Amplitude for one Higgs and no gauge bosons

This UV amplitude is represented by the diagram (c¢) in figure 1. We have:

Moy = — gNgXQLu(pN)PL{M;_d/ ddkdl;3 @N Iy M) (py +E+ M)

NG 2n)
2kpn +p%  A(kpn)?
X [1 D D
2kp, +p2  4(kp,)?
X [1 - o) + D2 Pru(p,)

= gNngL ( )PL{ ( — 26)33 + M2A3

NG
— [6(Bs— 4C5) + M? (A4 — 4B5)] (92 + %)

4 (605 + MzB5> PPN + (AS - 4B4)]Z)pr}u(pz/)

2

IGNIXIL w
= 962 (pN)PL{6M2 (1 — log MQ> — Py — P\ + PupN +;¢pr}u(pl,) :
(B.4)

B.3 Amplitude for one Higgs and one photon

The relevant UV diagrams are depicted in figure 2. We have:

A qa JLIXINE _ d*k 1 QkpN
IMEY = TU(PN)PL / @ri D (PN +F+M [

{ (p +pN+}é+M)[ p”“’N

)
g
ph+pN }

(P + Py + K+ M) {1—

< (B oty kA 1 0 S

x Pru(py)e,(py)
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_ ngngeu(pN)PL{2 [2B4 — 12C5 + M? (A4 — 10Bs)] i,

V2
+4[By —12C5 — AM*Bs) p#
+6 [2B4 — 12C5 + M? (A4 — 6B5)] ply
+ [2By — 12C5 + M? (A4 + 2B5)] vy,

21+ 1205+ M7 (340~ 285)] 275, fu(m)e 9

1gLIXINE _

:WU(Z)N)PL{ —py — Pl + A1, + 'Y“p’y}u(p,,)ﬁzxp,y) , (B.5)

and

e d*k 1
My = “gjgfvum)&{ [ i (4 B+ B+ 00) (39, 49y 4 K M)

%%wm] [1— 2k (pn +pw+pN)]

X (pg + 2k*) [1 — D

S s

_ gLgxgne
NG

+ [8 (By —9C5) + M? (Ay — 1235)] pfyL

u(pN)PL{ —2[12C5 + 2M”Bs| pl, + 2Bi"'p,

+4 By —12C5 — 2M* B3] p‘fv}u(py)q’i(py)

tJLIXgNe _ «
= mU(PN)PL {pﬁ - ’Y“ﬁh}U(Pu)Gu(Pv) . (B.6)
Adding egs. (B.5) and (B.6) together, we get:
. gatb | cage _ tgLgXgNE _ by op *
iMuy = iMGY +iMpy = 96ﬁF2M2U(PN)PL{7 P, py}U(pu)fu(pw)' (B.7)

B.4 Amplitude for one Higgs and one W
This amplitude in the UV is depicted by the diagram (a) in figure 3. We have:
, INIXILY _ d'k 1
Moy = P80, f [ (k1) (5, 5y 40 01)

X (B + Py + Py + K+ M) [1—@]

x [1_2’“(““’1\’)} [1_ 2k(pw +ph+pN)} }

D D

x Pru(pe)e;,(pw)
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>
— 8M?Bsply, + [6 (B — 6C5) — M? (A4 — 6B5)] v"p,,
+4(By — 6Cs5 + M?Bs) v*p,

_ qu<pN>PL{4M * (A1 = 6Bs) ply + [4B1 +2M” (A4 = 8B5)]

+ [4(Bs — 3C5) + M? (Ay + 2B5)] v“pW}U(pe)GZ(pw)

_ IgNYgxX9LY_ v .
= Tg2n2ag2 WPNFL {p‘fv — 20~ Pw V”Z”N}U(pe)eu(pw) - (B.8)

B.5 Amplitude for two Higgses and no gauge bosons

This UV amplitude is given by the diagrams (b) and (c) in figure 3. Taking into account
possible permutations of p, and pys, we have:

2 2 4
b 9INIx d*k i B 2]{le
iMby = (o) [ G55 (ot ) 1= 25
2kpn  2kpp
x{(pN—ph+%+M> [1—D +D]
2kpn  2hpi
+ (P~ + K+ M) [1—D +=5 }}
2%k
X (PN +k+M> [1 - ;;N] Pru(pn)
_ 9N9% B 24 1ong2
= =5 W) Py 2 [2By = 24C5 + 2M° Ay — 12M° Bs | py,

+ [2B4 +12C5 — M? A4+ 6M°Bs) p,
=+ [2B4 + 1205 — M2A4 =+ 6M235] ’¢h’
+

2 [4By — 12C5 + M? A4 — 6M° By @N,}u(pN)

igNIX
= 7]:[ - U(pN’)PL{pN “Ph P —pN,}u(pN) =0, (B.9)
by virtue of the momentum conservation. Thus, we get:

. e 9 _ d*k 1
iMuy = iMiy = gyAort(pn:) P 2 D? (]ﬁN +k+ M)

) {1 B %ij] {1 2y pN')} }PRu(pN)

= QJQV)‘LpHu(pN’)PL{ [A3 — 4Byl py, + 234¢N,}U(p1v)

7 2
- 9%%]@“”’)&{% +¢N/}U(PN) : (B.10)
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B.6 Amplitude for two Higgses and one W3
The relevant diagram in the UV is the diagram (a) in figure 4. We have:

) 2 2 B d4k' 1 .
iMoy = -2 ()P, i D+ %" (k= M)* Pru(pn) (o)

2 2
_ —g“”;gX U(pr) Pr (2405 + M* As) vPu(py )€t (ps)

_99NIX o\ a ) B11
—WU(ZW') LY U(pN)Gp,(PWS)- (B.11)

B.7 Amplitude for three Higgses and no gauge bosons

This UV amplitude is represented by the diagrams (b) and (c) in figure 4. We have:

) 3gNg3 gr_ d*k 1 4
b X
iIMyy = \/éu(PN)PL/wm(kﬁLM) Pru(py)
3 3
- _%a(pm& (24C5 + 24M?Bs + M*45) u(p,)
.3
IgNgIxIL _
— __'NIXIL Pru(p,) B.12
savaneae P Frupy) (B.12)
e 3AoHINGXIL _ d*k 1 2
iMiy =~y [ £ (e M) P
3\
- —%ﬂ(m\/ﬂ% (4B4 + M2 A4) u(p,)
INgHINIX L _
= r— - - P, v) . B.13
Finally,
. ) e 1INIXIL 2\ —
iMuy = iMEy + iMGy = —22TE (N gy — u Pru(p,). B.14
uv uv [0A% 32\/§7r2M2( ©H gx) (pn)Pru(py) ( )

B.8 Amplitude for four N fermions

This UV amplitude is depicted by the diagram (a) in figure 5 (note that there is a second
diagram with opposite sign due to the exchange of identical fermions). We have:

4
Moy =g [ i ] ()P (+ 00) Praalp)] [apn) P (4 31) Praoo)]

~ [apa) (k + M) u(pa)] [a(ps) (K + M) Pru(pa)] }

= gy Ba{ [@(p)7" Pru(py)] [@(p) Preu(p2)
— [u(pa)v" Pru(p1)][u(ps)vuPru(p2)] }
= 29 Ba [(ps)y" Pru(p1)] [i(pa). Pru(p2)]
igh

=~ ger2ag? (B3] Pru(p)] [u(pa) yuPru(p2)] (B.15)

In the penultimate step, we have rearranged the spinors using a Fierz identity.
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Figure 7. Diagrams contributing to the Higgs self-energy in the UV.

B.9 Amplitude for two N fermions and two neutrinos

This amplitude in the UV is given by the diagram (b) in figure 5. We have:

, 5 o [ d*% 1 _ _
iMuy = gx9r / @i Dt [@(p,) Pr (K + M) Pru(p,)] [a(pn) Pr (k + M) Pru(py)]

= 9%91 Ba [u(pu )7 Pru(p,)) [a(pne )y Pru(pn )]

Y R
T 19272 M2 u(py )y Pru(py)] [u(pN’)’VuPRU(pN)] . (B.16)

C Matching of renormalisable terms

Corrections to the Higgs propagator. The diagrams (a) and (b) in figure 7 lead to
the following contribution to the Higgs self-energy:

i (M%V)aer:_gg(ﬂz;—d/(;Z];dl;{trKk—kpthM) (%+M)]

2 2 2
y [1_ kpn+piy , 4(kpn) ] }

D D?

= —4g§(u25{(4 —2€)By + M Ay
+ [(6 — 2¢) (4Cy — B3) + M? 4By — AS)] p}%}
. 92 2 2
gy M 2 H 2
_—1%2{3 <1+3logW>M + (1—3logw)ph}, (C.1)

The diagram (c) in figure 7 gives

, c , dik 1 . i 2
—i (Miy)" = Apmrut’ d/ @n)iD ~ Ao A = 21 (1 +log M) M?. (C2)

1672 M?
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Figure 8. Diagrams contributing to the N and v self-energies in the UV.

Finally, their sum yields
. i
—i(My) = ~ 5 13 (49% — Aprr) M? + 4951} ]
i
1672

2
[(126% = An) M? = 4937} log < .
(C.3)

Corrections to the fermion propagators. For the contribution to the self-energy of
N depicted by the diagram (a) in figure 8, we find

d?% 1 2kpn
: _ 2 4—d
—iXuv = gnPrLp /WDz(k‘H?jN‘FM) {1_D] Pr
2,209 igz2v s
=gNH ( 9 — 233) PLpN = 3972 log WPLpN . (C4)
A similar contribution to the neutrino self-energy represented by the diagram (b) in figure 8
reads
d?% 1 2kp
—i¥yy = g3 P 4—d/ — M)|1- =22 P
t2uv = grLi'rp (27T)d D2 (k + ij + M) D L
2 2 ig% s
= gL (A2 — 2_83) PR%V == 327‘(2 10g WPRpV . (05)

Corrections to the gauge boson propagators. There are four diagrams contributing
to the self-energy of B, see figure 9. The diagram (a) gives

(2m)d D2 D D2
= ¢ u* [4B2g"" + (16Cy — 4B3) phg"” + (A2 — 8B3 + 32Cy) plip's]

o _ d% 1 2kpg +p%  4A(kpgp)?
i (I)" = g d/ (2K" +plg) (2K" + plp) [1— pot7p , Hkpp) ]

ig/2 2 /’L2 uv MQ 2 v ooy
T 6M 1+logﬁ g —logm (pBg"" — Peps) | - (C.6)
The diagram (b) yields

d%% 1

» (TIHY b = _9 12 v 4d/ =

i (TI5y) g 9 pn @n) D
= _9 Nz 2€A __@MQ 1 ] ﬁ v C7
=49 9 KA1 = 372 +OgM29' (C.7)
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Figure 9. Diagrams contributing to the B and W3 self-energies in the UV.

Further, for the diagram (c¢) we find

gy ==t i b (om0 )
y [1 _ 2kpp +pB kpB 2} }
]

D
- 26{ [M2A2 + (2€ — 2) Ba| g"” + [16Cy — 4 B3] p'pp's

+ [(4 — 2¢) (By — 4Cy) — M? (A3 — 4By)] p%gpu}

__ig/21 ,u2(2 ,W_ut/) (C.8)
T T on2 OgW V4:3Y PpPB) - .

Finally, the diagram (d) leads to the same result divided by 4 because of Yx, = 1/2 and
multiplied by 2 because both XE and X% contribute. Summing all contributions we obtain

CTig? o p?

i = ~ 8.2 08 (pBg" — Pip'h) . (C.9)

Computation of the diagram (e) in figure 9 providing a contribution to the Wj self-
energy is almost the same as that in eq. (C.8). As a result, we find

TTHY 192 /'1/2 2 uv I v
illgy = YD) log 72 (Piys9 —pwspws) . (C.10)

—99 _



X
2 h A h
=N
XN AXyN o ;:
X h ) h

W “h
(a) (b)

Figure 10. Diagrams contributing to the amplitude (hhhh) in the UV.

Corrections to the Higgs quartic coupling. The diagram (a) in figure 10 reads

4 d 4
iMiyy = —129%4—61/ (d b te[(k + M)

4 27r)d DA
= —3g% [M"Ay + 24M?By + p*“(4 — 2€)(6 — 2€)C4]
2ng 3 u?
1—=1 . A1
L ( 1o 24, (C.11)
The diagram (b) in figure 10 gives
A’ 1 i 2
aqb _ay2  4-d _ay2 2 oH M
ZMUV = 3)\<pH/.L / (27T)d D2 =3\ H[L 6A2 = 167]'2 IOg m . (012)
Finally,
: A g — 219X
’LMUV = zMUV + ZMUV = ? + 16 2 (3)\ 129X) log M2 (013)

Final remarks. In light of the previous computations, we see that at the matching scale
1 = M, most of the one-loop corrections to renormalisable IR parameters vanish. The only
exceptions are the Higgs mass parameter, kinetic term and quartic coupling. The relevant
part of the IR Lagrangian reads
2 1 2

L8un O alff (D H)' (D"H) + (uiff)” HTH — SN (HTH) . (C.14)
(Note that in the UV the Higgs field is canonically normalised and therefore a%v =1
Thus, the matching conditions read:

oo+ ()" = inf + ()" — MGy (€15

where —i Mgy, is given in eq. (C.3) and
— 3R = —3iAEY +iMuyy, (C.16)

with iMyy from eq. (C.13). At the matching scale p = M they lead to

4

R Ix R 2 uv Aot — 49% + R _ UV 20x
“H Topz (wm) = (um )+ 1672 ’ a3 (CI7)
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Dipole Ony =TUgo"NA,,
- ONNT = (N, N)(Ny#N)
Z O = (@nen) V'N) O = @) (N4 N)
O = (dryudp) (NAN) - 00 = (aryudr) @Ry N)
. O = @) (ByN) O = (eer) (NA"N)
= OV = @) (VN) O = (@di)(NA#N)
OVLR = (Wprudy) (ERy*N)
ONnE = (L N) (VL N)
. OXT=(@er)IN) O = (eZower)@Eot N)
= 0N = (wmun)wEN) O = (@rouun) 7Eot N)
O = (Ardp)WEN)  ORFE = (dpojudr)(vEo N)
Oy = (Wpdr)(@IN)  Opi = (FLouwdr)(€Lo” N)
& 05" = (erer) (VEN) O5ER — (wgup)(VEN)
= O™ = (drdr) (7L N) OSLR — (updy)(erN)

Table 3.
is implied when needed. Note that the operators obtained from the non-Hermitian operators in
the table with multiplication by the imaginary unit are also present. The notation follows that of
ref. [17], although we have not tried to minimise the number of operators involving o,

List of vLEFT lepton number conserving operators involving N. The addition of h.c.

D Matching the vYSMEFT onto the vLEFT and anomalous dimensions

The full list of lepton number conserving dimension-six operators in the vLEFT involving
7].) The following
relations hold at the EW matching scale (note that we are ignoring family indices):

N is shown in table 3. (Those not involving N can be found in ref. [1

V.RR

an v a NN
Ty = \/§A2 (aNBcW + aNWsW) , (Dl) ]1\[)97 = AZ (DQ)
V.RR V,RR

N _ QeN Q%ZeRZN (D.3) N _ QuN g%ZuRZN (D.4)
v2 A2 m% ’ v2 A2 m% '
V,RR 2y V,RR

YN _ QAN 9z%dr4N (D.5) QudeN _ YduNe (D.6)
v A2 m% Ty AZ |
V,LR V,.LR

N _ QLN 9572y, ZN (D.7) N LN 93Ze 2N (D.8)
v2 A2 m% ’ v2 A2 m? '
V,.LR V,LR

N _ QN 9zZuIN (Dg) Cav_ _can _gpZuly - p )
v? A2 m% ) v2 A2 m3 )

— 94 —



V,LR
iy _ 9 W (D.11) O (D.12)
v 2mi, ’ vy = '

O R 1 o ang
¥ — SAZ =, (D.13) el — SA;, (D.14)
v v

ot — g, (D.15) al R _ (D.16)
S,RR T,RR

YN _ QLNQd _ ALdQN (D.17) YN YLdQN (D.18)
v2 A2 2A% ’ v2 8AZ '
S,RR T,RR

QydeN — QALIQN _ QALNQd (D 19) YydeN — QALIQN (D 20)
v2 2A2 A2 7 ' v2 8AZ '

ot _ Wy (D.21) oy _ ouy (D.22)
v? mé, ' v? A2 ’
S,LR a R QQuNL

u
agy =0, (D.23) R = = (D.24)

The coupling gz is defined as gz = e/(swew). We have also defined Zyg,, = T3 — Qsiy
and Zy = —agnv?/(2A%) as well as Wy = agnev?/(2A2?). Note that we can neglect
EFT effects in the non N fermion couplings to the Z and W because they would lead to
dimension-eight contributions.

In our case, the only operators that are generated are the dipole as well as vector type
RR and LR four-fermions with two Ns. They renormalise due to quantum corrections
depicted by the diagrams in figure 11. Using the notation

q = 16w2ujz , (D.25)
we obtain:

Ny = g (3qg + 3N.q3 + 2Ncq3) e*an. (D.26)

YA = S0 | N (ol L) 4 N (ol 4 al317)
+ ge (aZ;fR + aZ;VLR) ] : (D.27)

AR = et (8 + ) + N (50 + ")
+ac (i + aly") ] , (D.28)
for v = v,N,e,u,d. The non-vanishing electric charges are ¢. = —1, ¢, = 2/3 and
gq = —1/3. This automatically implies that o'cX,’f‘,R =0 and o‘c}jj’éR = 0; i.e. these operators

do not renormalise.

Finally, lepton number violating operators are also induced within our framework when
mpy # 0. There are 19 operators violating lepton number by two units and one violating
it by four units. We list them in table 4. (The subset of these operators relevant for
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Figure 11. (a) Renormalisation of the operator 0¥ 4,,, Ny*N by four-fermions. It generates other
four-fermions upon using the equations of motion. (b) Self-renormalisation of four-fermions.

L Opne = oD TN O = (€pper) (P N°)
= O = @) TN O = (@) (777 N°)
Ovibe = (@ryudr) (€py" N°)
S OLM — (emnen) TN O = () (72 N°)
= O = @y dn) TN Ouifc = @) @ N
E O = (Erer)(NN°) O = (wgur)(NN°)
S O = [@nd)(VN°) O e = (TRdy)(ERN®)
Ol = (@roudp)(ERo™ N°)
L Ope = (g ) (NN OSEL _ (7 N)(NN°)
= 05 = (epen) (NNY) OSEL — (wpug)(NN°)
Ot = [@rdr)(NN®)  O%E. = (widr) (eRN°)

Table 4. List of vLEFT lepton number violating operators involving N¢. The addition of h.c. is
implied when needed. Note that the operators obtained from the non-Hermitian operators in the
table with multiplication by the imaginary unit are also present.

neutrinoless double beta decay has been recently provided in ref. [67], which also considers
higher dimensional operators, the running down to the QCD scale as well as the matching
onto the chiral perturbation theory.)

If mp is not vanishing, the vYSMEFT operators Onw and Onp induce, after EWSB,
lepton number violating operators proportional to mywv/A? upon using the equation of
motion i@N ~ myN¢. These are: OX}\%CL, OZ]’\,LCL, OZ]’VIEL, OZ]\%CL , OZ}&L, Ogj\ﬁL and O;/}\],EL
(Z mediated) as well as (91‘;’1@%6 and (’)ZJ’VLCL (W mediated).
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Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
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