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ABSTRACT: We investigate contributions to the anomalous magnetic moments of charged
leptons in the neutrino-extended Standard Model Effective Field Theory (vSMEFT). We
discuss how ¥vSMEFT operators can contribute to a lepton’s magnetic moment at one- and
two-loop order. We show that only one operator can account for existing electronic and
muonic discrepancies, assuming new physics appears above 1TeV. In particular, we find
that a right-handed charged current in combination with minimal sterile-active mixing can
explain the discrepancy for sterile neutrino masses of O(100) GeV while avoiding direct
and indirect constraints. We discuss how searches for sterile neutrino production at the
(HL-)LHC, measurements of h — p*u~ and searches for h — ee™, neutrinoless double
beta decay experiments, and improved unitarity tests of the CKM matrix can further probe
the relevant parameter space.
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1 Introduction

The E989 experiment at Fermilab [1], which has recently measured the anomalous magnetic
moment of the muon a, to the highest precision [2], confirms the larger-than-predicted
measurement of the E821 experiment at Brookhaven [3] and could at last indicate the
existence of beyond-the-Standard-Model (BSM) physics outside the neutrino and dark
sectors. A combination of the two measurements gives the average

al¥erP8® = (116592061 + 41) - 10711, (1.1)

This should be compared to the Standard Model (SM) prediction of

aM = (116591810 £ 43) - 10" (1.2)

as reported in the white paper by the global theory initiative [4], based on the calculations
of refs. [5—24], and implies a discrepancy of

Aa, = (251 £59) - 101 (1.3)



Of course, further experimental and theoretical investigations must carefully examine possi-
ble sources of uncertainty. For example: the recent lattice-QCD calculation of the hadronic
vacuum polarization contribution to Aa, [25] can shift the SM prediction much closer to
the experimental result, essentially eliminating the discrepancy. However, this would si-
multaneously introduce tensions elsewhere [26-28]. Here we will use eq. (1.2) as our SM
prediction for CLEM.
The anomalous magnetic moment of the electron is measured with even higher accu-
racy [29]:
a®P = (1159652 180.73 & 0.28) - 10712, (1.4)

In this case, the error of the SM prediction is dominated by the extraction of the fine
structure constant ey, from experiments that measure the recoil of alkali atoms. The two
most recent extractions of a. from Cesium [30] and Rubidium [31] differ by more than 5o,
and lead to

AaS® = a®P — ¢SM O = _ (0.88 +£0.36) - 10712,

e

AalP = q&P — ¢SMBP — (048 +0.30) - 10712, (1.5)

This indicates a —2.40 (41.60) tension with the SM that is not too significant in com-
parison to the muon case. However, certain new physics models that can explain Aa,
only predict deviations in Aae at the O(107!3) level due to an (m./m,,) suppression [32].
For the 7 lepton, the existing bounds on the anomalous magnetic moment are extracted
from measurements of eTe™ — eTe 77~ [33] and eTe” — 777~ [34]. The respective
constraints [35]

—0.052 < at'¢ eI 20,013,

—0.007 < a2 ¢ 7T < 0.005, 1.6
T

are still one order of magnitude away from the SM prediction of a, = (117721 +5) -
1078 [36]. While at the moment a, is not very sensitive to BSM physics, the limit in
eq. (1.6) will be improved at Belle-IT and at the Large Hadron Collider (LHC) [37-40].
The muonic discrepancy in particular has lead to an overwhelming amount of theoreti-
cal work looking for suitable explanations. For a recent overview, see ref. [41]. Most models
involve adding new fields and interactions to the SM that go on to generate novel loop con-
tributions to a, and a.. Under the assumption that new fields are heavy,! motivated by
the absence of evidence for BSM physics in direct searches at the LHC and elsewhere,
these models can be efficiently described by effective field theory (EFT) techniques. A re-
cent investigation in the framework of the Standard Model EFT (SMEFT) concluded that
only a handful of dimension-six SMEFT operators could account for Aa, while not being
excluded by other measurements and still obey the EFT demand that v/A < 1 [44, 45].
Here, v = v/2(H") ~ 246 GeV is the Higgs field’s vacuum expectation value (vev) and A
is the scale of BSM physics. In the EFT language, any BSM scenario that explains Aa,,

'We note that exceptions exist, for instance in the form of light dark photons [42] or axionlike
particles [43].



will most likely need to generate either the muon dipole operators themselves, O.p, O,
which induce corrections to a, at tree level, or semi-leptonic tensor operators, Ol(gz;u’ which
contribute to the dipole moments through one-loop diagrams [45]. The latter can be signif-
icant due to top (or charm) loops, which give rise to a chirally enhanced contributions and
scale as ~ 1.y /my,. Similar conclusions hold in case when trying to explain corrections
to a. at the level of eq. (1.5).

In this work, we investigate whether slightly relaxing the SMEFT assumptions could
give rise to additional mechanisms. We do so by considering the neutrino-extended SMEFT
(vVSMEFT) [46, 47]. This framework is motivated by the need to account for neutrino
masses, whose explanation involves right-handed (RH) neutrinos in many (but not all)
BSM scenarios. A minimal SM extension would be the addition of a set of vg fields that,
in combination with the SM’s left-handed (LH) neutrino v7, and Higgs fields, can generate
neutrino Dirac masses through the usual Higgs mechanism. However, being a gauge singlet,
nothing forbids the presence of a RH Majorana mass term m,, for vg. The simultaneous
presence of a Dirac and Majorana masses leads to three light active Majorana neutrinos and
n sterile Majorana states, where n is the number of vg fields that are added to the theory.
A priori nothing can be said about the RH Majorana masses of sterile neutrinos and they
might as well be light, with m,, < v. While the neutrinos look sterile at low energies,
in a large class of BSM models they interact with SM and BSM fields at high energies.
Examples are leptoquark models [48], left-right-symmetric models [49, 50], gauged baryon
and lepton number models [51-53], and Grand Unified Theories [54]. At lower energies,
such interactions can be described in terms of local operators in the vYSMEFT Lagrangian.
Here we consider the effect of vg operators on a, and a..

This paper is organized as follows: in section 2 we introduce the yYSMEFT Lagrangian
and its rotation into the mass basis. In section 3, we investigate which ¥*SMEFT operators
can generate corrections to a, and a. at the one- and two-loop levels and which operators
are phenomenologically viable. Section 3.2 focuses on the most promising vYSMEFT oper-
ator and discusses its contributions to a.,. We investigate in detail what parameter space
can account for Aa, , and how this parameter space can be tested in the future in section 4.
Our main findings are then discussed in section 5. Finally, we conclude in section 6.

2 The vSMEFT Lagrangian

We consider an EFT that consists of the SM supplemented by n SM gauge singlets vp
(although we mainly consider n = 1), and include higher-dimensional operators up to
dimension six. The Lagrangian of the resulting EFT, known as ¥SMEFT, can then be
written as [47]

1 - .
L=Lsym+ VR Z‘al/R — 5516% Mgpvr + LHY,vp +H.c.

+ L5 + £ 4+ £ + £

vL VR vy, VR (21)

where Lgy contains renormalizable operators of the SM and do not involve vg. We use
U¢ = CUT for a spinor field ¥ in terms of ¢ = —C~! = —CT = —CT, the charge



2 H3 W2 H?D z/JQHX(+H.C.)
Opon(+He) | (Lug)H(H'H) Ony (rpyPvr)(HTiDLH) | O, (Lo vg)HBH
Onve(+H.c.) (DRvue)(ﬁTiD#H) Ouw (EUWVR)TIFIWIW
(RR)(RR) (LL)(RR) (LR)(LR)(+H.c.)
Ouy (VrRY"VR)(PRYuVR) OLy (Ly"L)(vryuvr) | OLvLe (Lvg)e(Le)
Oev (ev*e)(VrYuvR) Oqv (@ " Q)(WrYuwvR) | OLuvqa (Lvr)e(Qd)
Ouw (uy"u)(VRYuVR) Oraqv (Ld)e(Qur)
Oav (dyd)(7ruvR)
Oduve(+H.C.) (civ”u)(l?pﬁ#e)
(LR)(RL) (LN B)(+H.c.) (LN B)(+H.c.)
Oguvr(+H.c.) (Qu)(vrL) Ovvw (P%VR)(VRVR) O0dv eijeagg(QéC’Qé)(dUCVR)
Ouddy €apo(UaCdg)(dsCVR)

Table 1. The complete basis of dimension-six operators involving vg, taken from ref. [47]. Opera-
tors are expressed in terms of a column vector of n gauge singlet fields, v, and SM fields, i.e., the
lepton and Higgs doublets, L and H, left-handed quark doublet Q = (ur,dr)?, and right-handed
fields e, u, and d.

conjugation matrix. L = (v, er)” is the LH lepton doublet with generation indices

suppressed for clarity. H = imoH* with H denoting the Higgs doublet

v

H = EU(@ (1 +Oh(vx)> . (2.2)
Here, h(x) is the Higgs boson field and U(z) is an SU(2) matrix encoding the electroweak
(EW) Goldstone modes. vp is a column vector of n RH neutrinos such that Y, isa 3 xn
Yukawa matrix. My is a complex, symmetric n X n mass matrix containing the Majorana
masses of vg. The terms E(Vi) and EI(,GL) were constructed in refs. [55] and [56], respectively,
and describe the dimension-five and -six operators containing just SM fields (no vg). Sim-
ilarly, £1(,5R) and ,C,(,(Q contain the complete set of dimension-five and -six operators involving
at least one vp field and were derived in refs. [57] and [46, 47], respectively.

The dimension-five terms generate Majorana masses for vy, and vg and can be written
as

£ = euepn(LE CO CL)HH,,  LO) = —v MO vpHH (2.3)

where C®) and M 1(%5) are dimensionful Wilson coefficients. Throughout this work we employ
a notation where Wilson coefficients of gauge-invariant ¥YSMEFT operators have absorbed
all factors of the EFT cutoff scale A. The coefficient of an operator of dimension d then
has mass dimension 4 — d and scales as C'(9) ~ A4~

Transition dipole moments appear at the same mass dimension as the terms in eq. (2.3),
but require at least two sterile states. The first interesting contributions to Aay for £ = e, p,
involving only one v, then arise from dimension-six operators. The effects of the operators
in (normal) SMEFT on the leptonic dipole moments were recently discussed in ref. [45]
and here we focus on the dimension-six operators involving right-handed neutrinos, which
are collected in table 1.



We work in the basis where charged leptons eiL7 r and quarks ulL R dﬁ% are mass eigen-
states (i = 1,2,3). After EW symmetry breaking this means that aliL’gauge =V d% mass;
where V' is the Cabibbo-Kobayashi-Maskawa (CKM) matrix. At dimension six, the mass
terms of the neutrinos after EW symmetry breaking but before mass-diagonalization take

the form,
1 - My M7},
m=—=zN°M, He., M,= ’
_ _ 2
My, = —2C0) Mp = Mg +*M9 , Mp = % lYV - 7’20@4 . (24)

Here N = (v, v$)T making M, a (3 +n) x (3 + n) symmetric matrix. This matrix can
be diagonalized by a transformation involving the unitary matrix U, given by

UTM,U = m, = diag(mi,...,m31n), with N =UN,,. (2.5)

The mass eigenstates can be written as v = N, + N5, = v° The flavor eigenstates

are then related by vy, = Pr(PU)v and vg = Pr(PsU*)v, where P = (ngg ngn) and

P = (0nX3 Ian> are projection matrices. For simplicity we will often consider the case
n = 1, implying four massive neutrinos with masses m; < A. The first three states 1123
approximately correspond to active neutrinos with sub-eV masses [58], while vy is a nearly
sterile neutrino with mass my4 that could be significantly larger. For n = 1, the mass
terms involving vgr, Mp, and Mg, are not sufficient to generate the masses of the light
neutrinos. Two sterile states are in principle sufficient, but would require significant tuning
to obtain the sizable mixing matrix elements that are needed to resolve the discrepancy
in the lepton’s magnetic moments. We will assume a non-zero value of My, that accounts
for the measured neutrino masses and mixing. Such an M}, can for instance be induced at
tree level by integrating out even heavier neutrino mass eigenstates and SU(2) triplets, or
at loop level via more complicated field content [59-61].

Throughout this work we generically denote the mixing between active, lepton-flavor
states a € {e, u, 7} with (light and heavy) neutrino mass eigenstates j € {1,...,3 + n}
by U,;j. From oscillation data, |Uyj| ~ O(1) for j = 1,2,3, while from various constraints
(as described below) |U,j| < 1 for j > 4. In this notation, the 3 x 3 Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix that parametrizes active-light neutrino mixing is non-
unitary and is embedded in the (3 +n) x (3 + n) mixing matrix. For the case of n =1,
we label the active-sterile mixing matrix element associated with v4 by U,4. In addition,
we adopt the mixing formalism of ref. [62] and denote the mixing between “sterile” flavors
S ={1,...n} with mass eigenstates j = {1,...,3+n} by Ug;. By unitarity, |Ug;| < 1 for
j =1,2,3, while |Ugj| can be O(1) for j > 4.

3 Contributions to a, from dimension-six vr operators

In principle, several of the dimension-six operators involving sterile neutrinos will give rise
to loop-level corrections to Aa. and Aa,, which we henceforth denote as Aay. In the



class 2H? W2H?D (RR)(RR)
Ci = U2C7' CrvH Chv “Chve Cov Cul/,du Ceu ‘::CV/UI/(',
bi L¥Y]Y, L?Y, LY, LY, Y}y, LYYV}, L} L?Y, LYYy,
Aay,/(Cidas™) 107%Y, 1072 3-10°Y, | 1071Y}Y, 1072{V, Y}, 1072} 1072 0.4Y;f
Aae/(C;AaSPt) 1073Y,, 1073 4-10%Y, | 107%Y]Y, 1073{V, Y, 1072} 1073 6Y,f
class Y2HX (+H.c.) (LL)(RR) (LR)(LR) (LR)(RL)
C; = v2C; “CoBow Cov Crv “CruLe CrvQad Cragu CouvL
bi LYY, LY Y, Y}, L} L%y, Ly} LY vy, LY} vjy, | 12vjvly,
Aay,/(CiAaP) 2vf 1072{y, Y}, 1072} 1072 20V, 1071y, 1074y 107%Y,
Aac/(C;AaZ*Pt) 0.1v;f 1073{y,v;,1072} 1073 300V 107%Y, 1075y} 1073Y,

Table 2. Estimates of the contributions of the dimension-six Wilson coefficients to the coeflicients
bi (defined in eq. (3.3)), where Aay = (4my/v)b;C;. The third (fourth) row is the ratio Aa,/Aaf™®"
for £ = p (e) in units of C; = v2C;. L stands for a loop factor and Y; are the different Yukawa
couplings. The cases with ¢;, ¢, > 1 are highlighted (in green) with an asterisk.

EFT below the EW scale, Aay is generated at tree-level for lepton e by the leptonic dipole
moment

Edipole = Lg;/ éLpO"wjeRr Fuy + H.c. s (31)

where p, r are flavor indices, and the Wilson coefficient Ley gives a contribution to a, of
o

Aag = MR (Lw) . (3.2)
e 17

In the denominator is the quantity e = |e| = v/4Tem.

We now write the loop-level contributions of ¥YSMEFT interactions to Ley and Ley as
e ee

bi 2
L% = [ev(v Cl)} o (3.3)
The dimensionless factors b; parametrize the contributions of gauge and Yukawa couplings
as well as the loop order at which the corresponding ¥SMEFT operator O; generates the
dipole interactions.

We do not pursue a comprehensive calculation of b;, and hence Ley, for all operators in
table 1, as simple order-of-magnitude estimates show that most interéf:tions cannot induce
sufficiently large anomalous magnetic moments to account for measured Aa,. We provide
such estimates for all B- and L-conserving dimension-six ¥YSMEFT operators in table 2,
where we show a naive expression for each generated L., as well as its effect on Aa, and
Aa,, which can be written as

4 4

Aag = ﬂRe (Le'y) = ﬂRe (bﬂ)ZCZ‘) . (3.4)
e 124 v

For the numerical estimates we use L = (47) 2 for loop factors and Y 4, = ﬁm#(e)@t/v

for Aa,, (Aae). As we assume |C;| = v%|C;| and |Y; | to be < O(1), contributions of the form

Aag/Aaszt' = ¢;C; or Aag/AaZ’Xpt' = Y, C;, with ¢;, ¢, < O(1), are unlikely to explain
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Figure 1. Examples of the contribution from the dim-6 operators to Aa;. The gray box represents
an insertion of a YSMEFT operator. The solid line corresponds to fermions, while dashed and wavy
lines denote the SU(2) Higgs doublet and a SM gauge boson, respectively.

Aag®t or Aag®". In only five cases do we estimate that ¢;, ¢; > 1 and denote these
with asterisks.

In many cases the impact on Aay is too small because the first possible diagrammatic
insertions appear beyond one-loop order, or because of the appearance of small Yukawa
couplings. For example: in the operator class (LR)(RL), the impact of Ogyyr on Aay,
is suppressed by bguur, ~ LQYUJr YJYV ~ 107%Y,,, which leads to the ratio Aa,/ Aafj‘pt' ~
1072 x Y,/UQCQWL. Only in the extreme limit where Y, ~ U2CQWL ~ O(10) and the EFT
breaks down can Og,,r, account for experimental measurements. In summary, while the
contributions from most operators are significantly smaller than the current discrepancies,
five operators generate potentially interesting contributions. Indicated (in green) with
asterisks in table 2, these operators are:

OHVe, Ou37 Oz/Wa OLVLB and Odul/e- (35)

The corresponding one- and two-loop contributions to Aay are depicted in figure 1. The
left diagram is a threshold contribution induced by the Op,. operator. The two diagrams
in the middle depict the dipoles, O,p and O, , and four-lepton operators, O, ., which
generate magnetic moments through renormalization group running. In the electron case,
the semileptonic operator O, also induces a somewhat sizable corrections to Aa. as in
the right diagram.

3.1 Dimension-six dipole and four-fermion interactions

We first discuss the dipole operators, O,p, O,w, which could, in principle, give
significant contributions to a,. These couplings also generate magnetic moments
iy, for the active neutrinos that are described at tree level by the interaction
LD —w)ijyl Co? Pru;F, +h.c. [63, 64], where C is the charge conjugation matrix
and 4,j run over light neutrino mass eigenstates.? Barring cancellations, current ex-
periment limits require v?|U}; [CoBow],g Usl S 1076 [35, 65]. Since |Uy| ~ O(1), the
Wilson coefficients C,g and C,y can only be sizable if the sterile-light mixing element
Us; saturates the constraint with [Ug;| ~ O(107°). (Smaller values of Ug; require that
v2Cypw 2 O(1), implying a breakdown of the EFT.) Notably, this value of |Us;| is con-

sistent with the high-scale Type I seesaw featuring v4 with mass m4 ~ O(100) GeV, i.e.,

>The coefficient ju, used here corresponds to A" defined in ref. [64].



\Us;j| ~ |Ups| ~ /mj/my ~ 1075, Nevertheless, this limit in conjunction with table 2 im-
plies that there is no room for significant contributions to either lepton’s magnetic moment.

The third promising operator that could be relevant for both a, and a. is Op,re.
While this four-fermion interaction contributes to active neutrinos’ magnetic moments, the
contributions are suppressed by a small lepton mass in addition to a loop factor. Hence,
no strong constraint can be set. We therefore go beyond the naive estimate of table 2 and
first consider its leading-log contributions to the coefficient Ley. The required RGEs are
those of the mixing of Cr,r. into the leptonic dipole momengsu C.p and Cepy, as well as
the running and mixing among C.p and C.y. The former are given by

d 1 g1ye d 1 g

eB — CLVL@ [Yy ]tS ) CeW 4 167

C”Y* : 3.6
dlnp S~ 21672 dlnp % 5 Cure [V lis (3.6)

where y, = —1/2 is the hypercharge of charged lepton ¢, the indices p,r,t = {e, u, 7}
indicate the charged lepton flavor, and S = {1,...n} label sterile neutrino flavors. This
induces the combination of dipole moments that couples to the Z boson, but not the photon,
below the EW scale. Thus, to generate the electromagnetic dipole moment one requires
the mixing between C.p and C.yy as well. Using the RGEs of refs. [66, 67] we obtain

expt. 2 * 2 (14
AGM/ACLH Pt~ 0.2v CLg%e [YI/ ]tS In <A> s
m
Aag/Aal® ~ —2.8v2 CLE%:[ *],5 In? (1\4) . (3.7)

As estimate, setting v4’s mass to my ~ 100GeV and A = 1TeV gives coefficients
of O(1) x v?Cryre and O(10) x v2Cr,re, which are both a factor 20 smaller than the
uStu eSte

naive estimates in table 2. The quantities v2C; and the relevant entry of the Yukawa
coupling [Y,],g ~ Upm;Us;/v are constrained to be well below O(1), either due to the
EFT assumptions requiring my < A or experimental constraints. In particular, the mixing
elements are bounded by |Ueq| < 6-1072 and |U,| < 1072 (see discussions below), making
significant contributions unlikely in the range of validity of the EFT, A > v. For the
same reasons we exclude the, in principle, promising contributions to a. from Ogype. We
conclude that only Op,. provides a contribution that can be large enough to explain the
discrepancies surrounding a. and a,,.

3.2 A dimension-six right-handed current

We now focus on the remaining dim-6 operator Op,., which in the gauge basis is given by
‘CHz/e = (Z@TDMQO) 17R7“ CHVeeR + H.c. 3 (38)

where D, = 0, — ig1yB, — i%TI W/f — igst"Gy, is the usual SM covariant derivative, and
CHve is generally an n x 3 matrix in flavor space with mass dimension GeV~2. In the
unitary gauge after EW symmetry breaking, this operator can be written in the neutrino
mass basis as

2 n+3 h 2
Lrve = Z vk { PSTCHyeLa era W, <1 + v) +Hec. (3.9)



Focusing on couplings between charged leptons and heavy neutrino states, we obtain

gUQ nt3 N h 2
~ 77 .~/ —
Lpye = 2\/§ 2:;1 [CHVeL‘a (VJ/—Y eRa) WH <1 + U> + H.c., (310)

where a € {e,pu, 7}, S again denotes the sterile flavor states, and we have defined the

effective coupling CHve| = Us;(CHye)sa- For n heavy mass eigenstates, this interaction
(0%

between sterile neutrinos and RH charged leptons leads to the following one-loop correction

to Aag:

2m, 3 =
Aay = —ﬁ ;mj w(z;) Re (Um‘ {CHue]ﬂ) : (3.11)

J

Here z; = m?/m%/v, and the loop function w(x) is given by

44+ z(x—11 2?lnx
- J;(x(_ o ) +3(x_ T (3.12)

w(x)

As expected from the earlier estimate, this contribution to a lepton’s anomalous mag-
netic moment is chirally enhanced by the sterile neutrinos’ masses. The same loops induce

].
b4
These contributions to dy can be obtained by multiplying eq. (3.11) by the factor [—e/(2my)]
and replacing Rel[...] —=Im][...]. Although the experimental limit on the electron EDM [68]

leads to stringent constraints on the CP-violating phase of the couplings with ¢ = e, it

contributions to leptonic electric dipole moments (EDMs) proportional to Im[Uy; [C’ Hl,e}

probes a different combination of couplings than Aay. In what follows we consider the
most important experimental probes of the sterile couplings in eq. (3.11), namely ChHue
and Uyy.

4 Experimental probes of the leptonic right-handed current

We now discuss experimental constrains and projected sensitivity at near-future facilities
for the RH current operator Opr,. and the active-sterile mixing element Upy. Discussions
on the parameter space preferred by Aa, and Aa, are deferred to section 5.

4.1 Contributions to h — €€

Following ref. [69], we consider the contributions of O, to the Yukawa couplings of
the charged leptons. Modifications of these Yukawa couplings are a common signature
of explanations for the anomalies involving magnetic moments [70, 71]. In particular, a
nonzero Cpr,e can induce large corrections to the lepton’s Yukawa coupling y, that are
proportional to the sterile neutrino mass m,;. We start from

ED—ngLER—ygELKRh—FH.C., (4.1)

where yp here is related to the Y, in table 2 by y, = /1/2 {YJLE. The running of the
lepton’s Yukawa and mass are modified at a renormalization scale u, by the sterile neutrino



as follows:

dmy 1 g°v _
D) A ve j\Lj T 9 4.2
dlnp, 2 (4n)?2 U [CH L‘é mj (z; — 3) (4.2)
dye 1 g2vU' & ‘ s o s
dhl,u,,. _5(47_‘_ o Vi [ Hye}jemj ((L’h Z )7 ( . )

where ;) = mi(j)/m%,v and the equations holds for m;, mwy < p,. These RGEs can
be obtained from the contributions of the SMEFT interaction Cpr,gq to the SM down-type
Yukawa couplings Y; and dimension-six operator Cyy determined in refs. [66, 67, 72].
Explicitly, one replaces the couplings of refs. [66, 67, 72] by

Chud — CHyes, Yu—Y), Cag — Cer, Cumw — Crom, and Yy —Y,. (4.4)

With this we can make the identification

3 v 1
ye=1/1/2 {YJ — U206H} , My = — [YJ - U2O8H] , 4.5
/ 2 17 V2 2 17 (4.5)
V2 V2
and [YV]pS = 7 [MD]])S == 7 pszUSz . (46)

In addition, threshold corrections to the muon mass and Yukawa appear after integrating
out a sterile neutrino or the W boson.
For the lepton mass below the EW scale, we obtain the u,-independent result

m? 2 i —4 ~
me = my(py) — ——% xj — 1+ (z; — 3)log TZ; — x]ixj log xj| Uy; {CH"@L{ m; .

(4.7)
The effective Yukawa coupling that is probed in Higgs decays is then given by
= Lo, Te - 32, - 0)log Lo 3% = 1,
y[ - yé(:“?“) - 1(47_[_)2 lj |: Hue]jz m; (-Th + Ty — ) og m%/v - ,fL'j ) ngj
Bi—1 Pw —1
+ 2,8, log (é 7 ) + (@ = 2w log (5 ) + 20+ (2 = D filan, )
— 4+ (2= zp)zjl folan, ) + (—5+2$h+4$j)}- (4.8)

In the above, the function y,(u,) is given by the solution of eq. (4.2), By ;) =4/1 —4m%v(j)/m%
is a kinematic factor, and the loop functions fi o are

1 o -
fl(l"h,ﬂﬁj):/o d zj —xp(l z)z)7

—1
Zl—acj—i—xhz 0g< 14 (z;—1)z

1 1 1 —2p(1 —2)2
N J 1 . 4.9

We stress that yéeff) is independent of the renormalization scale .
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To obtain constraints from measurements and searches for Higgs decays to leptons,
we assume only Cp,. is generated at a scale u. = A. We thus use the measured value
of the lepton mass as input for my in eq. (4.7). This determines my(A) from which we
obtain yy(A) = my(A)/v and subsequently y,(u,). This procedure sets the BSM Yukawa
interactions to zero at p, = A, i.e. Cegy(A) = 0. One might expect a general BSM scenarios
to generate multiple operators in the EFT, which could give additional contributions to
h — ££. Our assumptions lead to conservative constraints as long as there are no significant
cancellations between the different contributions.

For ¢ = p, we compare the obtained value for |y,(fﬁ)/y,gSM)\2 to recent CMS measure-
ments, which using £ ~ 137 fb~! of data at /s = 13 TeV reports a signal strength of [73]

Br(h — p*u”)

= —1.197044 4.10
Foh— pup Br(h — i1 )su —0.42 > (4.10)

and the projected HL-LHC sensitivity of ju;,_,,,, = 1.040.1 [74]. ATLAS has also performed
a measurement and reports a comparable result but with a slightly larger uncertainty [75].

We use an analogous procedure to obtain the effective Yukawa coupling of the electron,
& which we constrain by using the recent limit Br(h — eTe™) < 3.6 - 10~* [76]. This

translates to

ye - {268 LHC (current) £ = 139fb~! (4.11)

where we used a factor of \/ 139fb~!/3ab~! to estimate the sensitivity of the HL-LHC from
the current limit. For the reach of a future Higgs factory to BR(H — ¢T£7), see ref. [77].

4.2 Constraints on electromagnetic interactions of light neutrinos

Here, we briefly consider the impact of dimension-six ¥YSMEFT operators on the magnetic
moment of light, active neutrinos. Specifically, a diagram with the same topology as the
first diagram in figure 1, but with neutrino mass eigenstates v; and v; on the external legs
and charged leptons ¢, running inside the loop, generates a photon dipole operator with
coeflicient

€ ﬁméa * * *
USj [CHVE] (412)

l/":_22*' wly wlv $i = ——— i
[M ]z] \[Uaz [C Cvp+s CW]aS USJ (47‘(‘)2 v Sa Yai

For vj; — v;7y, this corresponds to a neutrino magnetic moment of

8 * * x OTH — * * *
[MV]ij = Wyfaye,ul? USj |:U2CHZ/6:| Sa Uai ~ 4.4-10 HNB USj {IUQCHVe} Su UM? (413)

where for the numerical estimate we specified & = p. Presently, the Borexino experiment
sets an upper bound of about u,(,eff) < 28-107"up at 90% CL on the effective magnetic
moment of light neutrinos [78]. This corresponds to limits at the same order of magnitude
on the individual elements [,uy]ij. Thus, current limits only probe large coefficients with
v2|Ch,el ~ O(1) and mixing angles |Ug;| ~ O(1), which are weak in comparison to the
experiments discussed below.
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4.3 Lepton-flavor violation

The same diagrams that induce Aay also contribute to lepton-flavor-changing dipoles, and
hence {3 — {47 transitions, through the coupling

e n+3 B
Ley="5m jz:;; Yoiths [CH”eLﬂ wiws) . (4.14)
The loop function w(x) is defined in eq. (3.12). The branching rate for p — ey is then
given by
m3 2 2
— M
BR(p—ey)=1, ppa <‘LZZ +’LSZ >
2 2
30em nU M [ 25 nUmj 26
 8al, ]Z:% "o, {U H”L‘e wizg)| + ]2 “m, [U HV@L’# wiwg)| |
(4.15)
where we expressed the muon lifetime 7, as
G2m?
1 Gemy,
T,U« = W e (416)

The dimensionless number f# accounts for radiative corrections and finite m,. and is ad-
justed to reproduce the measured muon lifetime. Using ref. [35], we obtain fu = 0.996.
Eq. (4.15) should then be compared with the stringent limit on the u — ey branching
ratio, BR(u — ey) < 4.2-10713 [79].

4.4 Constraints on U,4 and Ug4 from CKM unitarity

From the expression for Aay in eq. (3.11), we observe that the correction to a lepton’s
anomalous magnetic moment by a heavy neutrino v; (4 < j < n + 3) through Ogye
is proportional to the combination (Ugj [C’HVELE). Constraints on the elements of the
mixing matrix Uy; between active and sterile states have been studied extensively in the
literature. These papers mainly focus on minimal scenarios in the absence of higher-
dimensional operators but many of the results can be applied here as well. For recent
reviews, see refs. [80-84].

For simplicity we consider n = 1 and begin with discussing the U,4 mixing element.
Laboratory constraints on U,y are very dependent on the mass of the sterile neutrino.
At small masses my < O(eV), the bounds mainly come from oscillation experiments and
require |Uys| < 0.1. Strong bounds exists for O(1 MeV) < my < my from a large class of
accelerator experiments, where sterile neutrinos are produced directly in meson and weak
boson decays; for details see section 4.6. These bounds weaken significantly for my > myy.
To account for the measured value of Aa,, a larger my is preferred to maximize the chiral
enhancement. This automatically selects the region my < mgq < A. In this mass range
the constraint on U,y is driven by muonic, mesonic, and nuclear 8 decays. In particular,
the interplay of these limits manifests as stringent constraint on U4 from CKM unitarity.
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Most of the discussion for U,y is similar to that of the muonic mixing element, with
the exception that for light sterile masses, i.e., m4 < 1 MeV. There, a strong bound arise
from looking for kinks in the electron spectrum in nuclear S-decays [85, 86]. For instance:
\Ues| < 0.03 for my ~ 0.1 MeV from the S-decay spectrum of 3°S [87]. Because of these
constraints and the chiral enhancement, again sterile neutrino masses are preferred above
the W boson mass.

We proceed by following refs. [80, 88] and update some of the theoretical input for
the extraction of V4 from superallowed 07 — 0T decays, and of V. from leptonic and
semileptonic kaon decays. The existence of a sterile neutrino that is not kinematically
accessible in muon decay causes a reduction of the muon decay width (relative to SM
expectations) due to the non-unitarity of the PMNS matrix. This affects the extraction of
the Fermi constant from muon decay through the relationship

1 1
G%) = va)) <1 - §|Uu4|2 - 2|Ue4|2> : (4'17)
Here, GES) = 1/v/2v? is the Fermi constant in the SM at tree level, and we assume

\Upal, |Uea| < 1. The modification of G propagates to the semileptonic decays that are
used to extract the V,4 and Vs elements of the CKM matrix and test first-row unitarity.
In particular,

1
VoY —v, (1 + 2|UM4|2> : (4.18)
1
Vsl 7 = Vol (14 310 ) (419)
1
Vil = Vi (14 Ut (4.20)

The branching ratio I'( K — pv)/T'(m — wv), which determines V,s/Vy4, is not affected
by U,s and Ugy. For ij —0" e use the recent extraction reported in the Particle Data
Group (PDG) [35], which adopts the improved evaluation of radiative corrections from
refs. [89-91]. We also consider the more conservative analysis of Towner and Hardy
(TH) [92], which quotes a larger nuclear theory error. Respectively, the extracted val-
ues of Vfd+ =0 are

|V0+_>0+

+ 0t
O 7 |ppe = 0.97370(14), [V

U

|| oy = 0-97373(31) . (4.21)

For the extraction of Vs, we use the experimental values of |V f%7(0)/K=7t

given
in ref. [93], which lists the electron and muon channels separately. The theoretical input
consists of the ratio of decay constants fr/fr and of the form factor fX7(0), for which
we take the FLAG‘19 average with Ny =2+ 1+ 1 flavors [94]. Assuming unitarity of the
CKM matrix, we then perform a two-parameter fit to |Upa| and [V = X ~ /1 - V2,
Since the current theoretical and experimental input indicate |Viq4|? + |Vus|? < 1 at the
30-40 level and the presence of sterile neutrinos would pull in the opposite direction, i.e.,

drive |Vial? + [Vus|? > 1, a scenario with v4 and |Up4| # 0 is disfavored with respect to the
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SM. This tension could be accounted for by including dimension-six SMEFT operators,

see e.g. [95-97]. Using VOJF_’O+ lppg We find

|Uual <0.01 at 95%C.L., (4.22)
with the bound weakening to |U,s| < 0.02 if we use V0+_’0+|TH. The electron case is
slightly less constrained and is less affected by the extraction of V,4. Using VO ot |PDG
we find

|Ues| < 0.06, at 95%C.L., (4.23)

which becomes |Upq| < 0.07 with V0 07 -

So far we have neglected Op,e. The contributions of this operator to muonic and
mesonic 3 decays scale as ~ Ung'IZ_IVe, with j = 1,2,3. Since |Ug;| ~ |Uua| < 1, these
corrections can be safely neglected.

Throughout this discussion, we worked in the context of n = 1 sterile neutrinos.
Egs. (4.18)—(4.20) can be generalized to the n > 1 case by the replacement |Ua4|?> —

3+” 7 |Uaj]?. The limits in egs. (4.22) and (4.23) then still apply to each |Uy,j|, after
margmahzmg over other elements.

4.5 Neutrinoless double beta decay

The impact of sterile neutrinos with non-minimal interactions on neutrinoless double beta
decays (0v(33) was studied in refs. [98, 99]. These constraints are only relevant for interac-
tions with electrons as there is not enough energy available in Ov33 to produce final-state
muons. Assuming m; 2 1GeV for j > 4, the heavier neutrinos can be integrated out
as Ovpp takes place at energies of O(MeV). This generates two dimension-nine scalar
operators of the form

£® _170( ay T ar QLY L €R€R+ CfL) A"t L Uy T qrerel,  (4.24)

where ¢ = (u, d), 7+ = (11 + im2)/2, and C( ) are dimensionful coefficients given by

n+3 1

% = 912 o = ——V 2, Z Crive| o

j [CHVL . (4.25)

The second effect of heavy sterile neutrinos is that in the definition of the effective electron

neutrino Majorana mass mgg, the sum is restricted to the three lightest neutrinos

3

mgg =y m;UZ. (4.26)
j=1

This is the usual expression in SMEFT at dimension five but with the slight difference
being that the 3 x 3 PMNS matrix is not by itself unitary.
The OvS3 half-life T /2 can then be expressed as

(79%) " = g4{Cor (JALP + [4r]?) — 2(Cor — GoRe(AjAr)},  (4.27)
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where GGg; and Gy are phase space factors, and A; and Apg are the product of nuclear
matrix elements (NMEs), hadronic couplings and Wilson coefficients of vYSMEFT operators.
In our case

) 2
m 2 mr ~(9
Ap = — BBVuzd (—‘Z‘Q/MF + Mgr + Mr + gz],VngrMFsd> + m UC&)ASd’

me A 9124 €
mz o)
= Liyg)
-AR mev 1 RAsd ’
A, = § T 1 TN _§ T MAP MAP _ 3 NNM 4
sa = | g9 Mps sa+ 5 |91 il (MGt sq + M7 sq) 2 Mrsa ) (4.28)
A

Here Mg, Mgt and Mt are the NMEs induced by the exchange of light Majorana neutrinos,
while the ‘short distance’ (sd) nuclear matrix elements M pg 54, Méﬁ sd> Mf"id and M Fsd
are the pion- and short-range NMEs induced by the dimension-nine operators OEQL) and
059123 in eq. (4.24), and from the exchange of light neutrinos with hard momenta [100, 101].
For both space phase factors and NMEs, we use the definitions of ref. [99].

The low-energy constants (LECs) ¢T™, g7 and g’V are all expected to be O(1). ¢I™
has been computed on the lattice, yielding ¢7™ = 0.36 & 0.02 [102], while g7V and gi*" are
at the moment unknown. We set them to the factorization-inspired values g7V = 1 and
gV (2 GeV) = (1+3¢%)/4+1[99]. The short-distance LEC g’V arises from the exchange of
hard Majorana neutrinos and was recently estimated in refs. [103, 104]. Following ref. [99],
for simplicity we set it to g0’V = —1/(2F,)? with F, = 92.2 MeV, and note that we will
not use the amplitude proportional to mgg in obtaining constraints (see discussion below).

To keep the expressions compact we now focus on the case of n = 1. Using the NMEs
of ref. [105] and the phase space factors extracted from ref. [106], the half-life of 35Xe
becomes

70, (e - (4.29)

_ 2
" Re (m v2C e )
rRe(msgUsf) .\ 109 9 |1 Crne,

my my

={24.107%

2
mgp —
—£E 1.5-1
1eV’ 1910

+10710 (fj)Q (23 [Uea|* ~2.3Re (WCHV@} . U@a) +1.4{[0"Crne 4e‘4) "

The strongest constraint on the Ov3/3 decay half-life comes from the 2016 KamLAND-Zen
measurement [107], which implies the lower limit 7' 10/1’2(136Xe) > 1.07 - 10%° yr at 90% C.L.
Next-generation experiments such as nEXO [108] will provide sensitivity at the level of
1028 yr.

Some care is needed when using these expressions to set limits, as the contributions
from mpgg and from C{gfz can depend strongly on the mechanism that accounts for the
active neutrino masses. In our present set-up, assuming Mg > Mp > My, the light

neutrino masses consists of Weinberg operator and Type I seesaw contributions, i.e.,
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M,

Vlight

~ My — [M pMp le—;}T, which can be generated in a high-scale Type 1411 seesaw
scenario. Here, [ML]aﬁ = U;jijEj and we would expect a similar scaling, ~ U;‘jijEj,
for the Type I seesaw contribution. As we consider m; > my and |Uyj| ~ 0.01 for j > 4,
a naive estimate of these contributions to the light neutrino masses turns out to be too
large 2 O(10) MeV. This implies that a realistic scenario of neutrino masses will require
non-trivial cancellations, which can also affect the C’fgL) contributions. One scenario with
such cancellations is that of a low-scale Type I seesaw, e.g., the so-called Inverse Type I
seesaw, which features pseudo-Dirac neutrinos [109-111]. In such a scenario, the case of
n = 2 corresponds to nearly degenerate m4 and ms. In this limit, we can reproduce the
masses and mixing of the light neutrinos with My, = 0, and obtain m4 5 > my simulta-
neously with |Uy;| ~ 0.01. Apart from giving masses to light neutrinos that are smaller
than expected from the above estimate, one also finds that CFQ scales as My, / m3, sig-
nificantly below the naive estimate ~ U2 /m4. As we do not wish to go into the details of
the mass mechanism of neutrinos, we will take a conservative approach and only consider
the contributions from C’EQI%, given by the last term in eq. (4.29) when setting limits. This
implies that Ov(53 experiments constrain {C’HVG} independently of the U, mixing angle.

The same matching procedure can be followed in the muonic sector, where operators
analogous to CfgL) and C{g}; contribute to lepton-number-violating decays such as KT —
7~ ptut, studied in ref. [112]. The limit on the branching ratio, BR(K™ — 7 ptu™) <
4.2 - 107! [35] is, however, too weak to provide competitive constraints on [Cryelay.-

4.6 Accelerator constraints and LHC prospects

If the vYSMEFT operator can indeed account for the measured anomalous magnetic mo-
ments of the muon and/or electron, then one anticipates an impact on the production of v4
directly through (anomalous) EW currents at accelerator facilities. Consequentially, such
production is strongly constrained by direct searches. For instance, short baseline and beam
dump experiments require |Uys| < 107°-1072 for 150 MeV< my < 450 MeV [113, 114]. For
larger masses but still below my,, ATLAS [115], CMS [116, 117], and LHCb [118] mea-
surements imply that |U,s| < 3-1073 [115, 116]. As discussed below, these bounds weaken
significantly for my4 > myy. In this region the strongest indirect limits arise from EW
precision data; the strongest direct limits are set by CMS [116, 117].

In addition to these experimental limits are theoretical constraints. For ultra heavy vy
with my4 > myy, the total width of v4 (T'4) grows according to the Goldstone Equivalence
Theorem. The perturbativity bound of I'y < my4 then requires [119]:

167 m? 100 GeV \ 2
U 2<W%76-<> . 4.30
|Upual 2 m2 - (4.30)

As these limits, much like those from s-wave unitarity in W*W=+ — Egﬁéﬁ scattering [120,
121], are much weaker than experimental bounds, we neglect them for the remainder of
this study.

We now consider the sensitivity of ATLAS and CMS to direct production of fuy
pairs through dimension-four and -six interactions. Such projections and constraints of
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Figure 2. Lowest order, Born graph depicting du — W™* — u~ vy scattering with leading helicity
configurations (subscripts) in ¥YSMEFT at dimension d = 4 (L) and d = 6 (R). Drawn using
JaxoDraw [122].

dimension-six ¥YSMEFT operators have been previously estimated in refs. [82, 123-125]
and references therein. We mainly focus here on the muonic case and discuss couplings to
electrons at the end of this section. For the sterile neutrino masses under consideration,
i.e., my ~ 100-1000 GeV, the production of uFvy pairs due to minimal mixing (d = 4
operators) is dominated by two processes. The first is the charged-current Drell-Yan (DY)
process [126]

qq— W+ = ptu, (4.31)

as shown in the left diagram of figure 2 for the dpug — pv4 partonic configuration.
An additional contribution (not shown) comes from W+ fusion [127-129], and proceeds
through

qy — pFud. (4.32)

Both processes have matrix elements that are linear in active-sterile mixing U4 and there-
fore exhibit production-level cross sections o(pp — u*vy + X) that scale as |U,4|?.

At the dimension-six level (d = 6) both channels receive corrections from Opye. This
is shown diagrammatically in the right panel of figure 2, for the dpur — pzv4 partonic
channel. As stressed above, the d = 4 contribution occurs through a LH chiral coupling
while the d = 6 contribution occurs through a RH chiral coupling. Since the muon can be
treated as massless in typical LHC collision, the DY and W~ mechanisms at d = 4 (6) are
driven almost exclusively by LH (RH) p~. (In the same manner, the RH (LH) pu™ drives
the charge-conjugated processes.)

The helicity amplitudes for RH (LH) p~ at d =4 (6) are helicity-inverting and hence
result in squared amplitudes that are suppressed by a factor of |Mhelicity_invertmg|2 o
mi /Q% ~ mi /m3. Here @ is the invariant mass of the (ur4)-system and scales as Q ~ my.
For the range of my4 that is of interest, this translates to a helicity suppression of about
mz /m2 < 107%. Similarly, interference between d = 4 and d = 6 requires projecting
RH (LH) chiral operators on LH (RH) helicity states of x~, and again is suppressed by a
factor of Re [M_,Mg=¢] mi/Q2 ~ mi/mi

Neglecting contributions of (’)(mi /@?), the total, lowest-order cross sections for the
DY channels at the partonic level, along with their dependence on mixing and EFT inputs,
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Figure 3. The normalized LO invariant mass distribution of the (uvy)-system, when mediated by
the DY process at d = 4, for (L) my = 150GeV and (R) my = 450 GeV, for /s = 14 (solid), 27
(dash), and 100 (dot) TeV. Adapted from ref. [119].

are:

_ g0 (@ —mi)*(2Q° +mi)

ad=4/— _
PV (e = L) = SN Q= A )+ G T ] 439
s _ Covel®\ g, -
685 (TRdr, — pgpya) = (L; z||2> x 605 (@Rdy, — ppva), where (4.34)
L
Crive = 12 [éH,,e} " (4.35)

For the W+ channel, analogous expressions exist as does the scaling relationship between
d =4 and d = 6 contributions. The fact that phase-space-integrated expressions at d = 4
and d = 6 differ by only prefactors is a consequence that both interactions are maximally
parity violating: after integration over the p~’s polar angle 6, differences of the form
(1 F cos6,,) vanish.

Importantly, due to strong kinematic suppression in the DY channel that scales as
6py ~ 1/Q?, heavy neutrinos with masses above my, are produced very close to the
kinematic threshold [119]. To illustrate this nontrivial fact, we plot in figure 3 the nor-
malized, LO invariant mass distribution of the (pv4)-system, when mediated by the DY
process at d = 4, for (L) my = 150GeV and (R) my = 450GeV, for /s = 14, 27, and
100 TeV. For my = 150 (450) GeV, we find that the maxima characteristically occur at
about Qmax ~ 210 (630) GeV, or Qmax ~ 1.4 x my. Following ref. [119], we can qualita-
tively deduce this behavior by noting that the differential cross section with respect to Q?
at the hadronic level can be written for either dimension d as

dUDY 1 1 d§1 A B Q2
Q> s %:/Q?/s G [fi(€1) fi(&2) + (1 < 2)] 6py, &= " (4.36)
= % X %:% (5.@%) x dvv. (4.37)

In the first line, the summation runs over all partons that contribute to pp — pFvy + X
process at LO via the DY mechanism; f; and f; are the usual PDFs that depend on
momentum fractions &; and &9; and in the second line we expressed the integral over PDFs
in terms of the parton luminosities ®;;. Assuming that ®;; are static over small variations
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of %, then the normalized distribution with respect to ), near the kinematic threshold
@ ~ my, is proportional to the parton-level cross section itself, i.e., (1/0)(dopy/dQ)
@ X 6py. We can then find the local maximum by taking the first derivative and solving
for the root. Assuming that myy is negligible, we find that the invariant mass of the

(pvg)-system peaks at Qmax = may\/1+ V3 ~ 1.65 x my. For nonzero my,, we find a
slightly improved estimation of Quax/m4 =~ 1.54 (1.64) for my = 150 (450) GeV. In reality,
parton luminosities quickly fall for even small increases of Q2. This suggests that the true
maximum occurs as at lower Qmax, in agreement with figure 3, and ensures the validity of
our EFT for vy masses satisfying my < my < A ~ 1TeV at the LHC.

The (effective) non-interference of d = 4 and d = 6 contributions subsequently allows
us to express the total of the two as their linear combination, with coefficients set to the
mixing and EFT inputs respectively. For the DY and W+ channels, this is given by

‘3]%?43?/?? = |Uu4|2 X 5’1%?{4(W7) [|Uu4|2 = 1}
__ 2 - . B
+ \ [Crve| | x (1TeV)! x 6455 1) HCHW} 4= (ATEV) 2} (4.38)
1 A =
= (|Uu4‘2 + 4|CHVe|2> X O-I%Y4(W»y) {\Uu4|2 = 1} . (4.39)

Ad=4+6

In the first line, the total partonic cross section & is expressed in terms of d = 4 and

d = 6 cross sections evaluated that are respectively evaluated assuming

Uul>=1 and [OHW} L= TeV) 2, (4.40)

and appropriately re-scaled for arbitrary active-sterile mixing and EFT parameters. In
eq. (4.39), we alternatively cast the total cross section solely in terms of the d = 4 contri-
bution. Regardless of the parametrization, the dependence on mixing and EFT parameters
are not altered by convolutions with QCD parton distribution functions (PDFs) nor QCD
corrections [130]. The dependence therefore also hold for cross sections at the hadron level.

With this guidance, we model the production of pu*v, pairs in LHC collisions by
expanding® the HeavyN UFO libraries [129, 131] by the operator Ojy,.. Using the procedure
of refs. [131, 132] we can compute the scattering rates for the DY and W~ channels up to
NLO in QCD at both d = 4 and d = 6. For cross section computations, we use the Monte
Carlo suite MadGraph5_aMC@ONLO [133, 134] and tune our simulation inputs to match the
heavy neutrino analysis of ref. [119].

In the top-left panel of figure 4, we plot as a function of my the total, hadronic pp —
pFvy 4+ X cross section for the DY and W+ channels, at d = 4 (upper curves) assuming
a benchmark active-sterile mixing of |U,4|?> = 1, and at d = 6 (lower curves) assuming
a benchmark Wilson coefficient {61{1,6} i = (1TeV)~2. The band thickness corresponds

to the residual QCD scale uncertainty at NLO and reaches the few percent level for all

3The SM_HeavyN_vSMEFTdim6_NLO and SM_ HeavyN_ vSMEFTdim6_XLO UFOs are available from the
URL feynrules.irmp.ucl.ac.be/wiki/HeavyN. In the model files, the relevant Wilson coefficient CmuN1 is
dimensionless and the EFT scale is given by Lambda. These are related to Cp,e by I?Hl/e] w =
CmuN1/Lambda®.
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Figure 4. (L) Upper: as a function of v4’s mass, the total pp — u%vy + X cross section at
NLO in QCD with scale uncertainty (band thickness) at the /s = 13 TeV LHC for the Drell-Yan
(DY) and W fusion channels purely at dimension d = 4 assuming |U,4|?> = 1 (upper curves), and
purely at d = 6 assuming [Crye) = (1 TeV)~2 (lower curves). Lower: the QCD K-factor. (R)
Same as (L) but for the combined d = 4 + 6 rate assuming (upper curves) |U,4|*> = 107¢ with

WHV6]4H = (1 TeV)~2 and (lower curves) |U,4|*> = 10~* with [61{,,6]4# = (10 TeV)~2.

channels for the range of my4 under consideration. While not shown, PDF uncertainties
reach a few percent for all curves. For both sets of scattering processes and for the inputs
assumed, we see that the d = 6 rates are suppressed compared to the d = 4 rates by a
factor 4|U,4|?/|Crve|* ~ 103 as seen in eq. (4.34). Consequentially, the W+ rate at d = 6
overtakes its DY counterpart at my ~ 900 GeV, just as it does at d = 4 [129, 131]. In the
lower panel of the same plot we show the QCD factor,

K = o0 /gl0, (4.41)

As anticipated, the impact of QCD corrections to the d = 6 processes are comparable to

the d = 4 cases. For our choices of SM inputs and QCD evolution scales, we find that QCD

corrections at NLO increase the DY (W+) channel at d = 6 by about 10-20% (0-20%).
For the representative combinations of neutrino mixing and EFT parameters:

Scenario T (small mixing/small cutoff) : |U,4|* =107, [CHVS (1TeV) ™2,  (4.42)

}4;1 -
Scenario IT (large mixing/large cutoff) : |U,4|>=10"*, [GH,,GL = (10TeV) ™2, (4.43)
m

and using the linear relationship of eq. (4.38), we plot in the upper panel of figure 4(R)
the total d = 4 + 6 contribution to the pp — pu%v4 + X production cross section at the
Vs = 13TeV LHC, at NLO in QCD and for the DY and W+ channels. For the “small”
mixing / “small” cutoff (upper curves) scenario, which is dominated by physics at d = 6,
we find that hadronic cross section rates at NLO can reach about 09=46 ~ 10 fb (5ab) for
ma ~ 150 (1000) GeV. Conversely, for the “large” mixing / “large” cutoff (lower curves),
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my 95 GeV 100 GeV 130 GeV 150 GeV 200 GeV
|Upal* + $1Chvel* | 346 x 1072 | 4.32x 1073 | 7.17x 1073 | 7.97 x 107 | 8.88 x 107°

my 400 GeV 600 GeV 800 GeV 1000 GeV 1200 GeV
|Upal* + 31Chvel? | 3.01 x 1072 | 8.35 x 1072 | 2.06 x 1071 | 4.41 x 107" | 8.48 x 107!

Table 3. Limits on d = 6 coupling Cxpe = v2 WHW]A;H and active-sterile neutrino mixing |U,4] as
derived from CMS searches for heavy neutrinos with £ ~ 36 fb=! at /s = 13 TeV [116].

which is dominated by physics at d = 4, we find rates are about 10x smaller than the first
scenario.

At /s = 13TeV and with £ ~ 36fb~! of data, searches by the CMS experiment are
presently the most constraining for m4 =~ 100-1000 GeV due to their inclusion of the W~y
channel [116, 117], though the sensitivity of ATLAS is projected to be comparable [119,
121]. In its trilepton analysis [116], which is sensitive to (pseudo)Dirac and Majorana
neutrinos, the CMS experiment reports upper limits on |U,4|? at the 95% CL. Using the
scaling behavior for the DY and W+ channels at d = 4, limits on active-sterile mixing can
be interpreted back as limits on the production cross section of uFv4 pairs. For a given
mass my, we define the 95% upper limit on the cross section set by CMS to be

oo S (0 = pFva) = (U U2 (ot ([0l = 1]+ ot [P =1]) . (449)

Assuming that the production of % vy pairs is governed by both d = 4 and d = 6 operators,
then by eq. (4.39), CMS data constrain neutrino mixing and EFT parameters at 95% CL
to satisfy:

95% CL +
TS 361 (PP = H V)

U%?l [|Uu4|2 =1+ UIC/lI/:';l [|Uu4’2 = 1].

(10l + el ) < (4.45)
Constraints on mixings and cutoff scales are summarized in table 3 for representative vy
masses. For my ~ 100-1000 GeV, direct searches by CMS constrain the quantity (|Uy4|* +
Crvel?/4) to be below the 3-1073—4-107! level at 95% CL. In the limit that |U,4|? vanishes,
which can be the case if |Uy4|> ~ mq/my < 10710 as in the high-scale Type I Seesaw, then
CMS data only weakly constrain the d = 6 coupling to be (v? [6]{,,@}4 ) < 0.13 (1.3) for
m4 = 100 (1000) GeV. g

As a brief remark, we note that the above limits assume that the branching fractions
(BRs) of v4 at dimension d = 4 + 6 can be well approximated by those at d = 4. Due
to an interplay between kinematic thresholds and the Goldstone Equivalence Theorem,
BR(vy — W) at d = 4 spans about ~ 100% — 50%, over the range m4 ~ 90 GeV — 1 TeV.
A large d = 6 contribution could at most increase BR(v4 — W) to 100%, thereby doubling
(at most) the signal yield in the CMS’s search for v4. Consequentially, the limits reported
in table 3 would be tightened by (at most) a factor of v/2 ~ 1.4. An ambiguity exists,
however, because it is possible that other d = 6 operators enhance the vy — Zv,/Hy,
channels, which then reduce BR(v4 — W) [135]. We avoid this complication by assuming
the d = 4 branching fractions for vy.
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my 90 GeV 100 GeV 130 GeV 150 GeV 200 GeV
|Ueal? + §[Crvel® | 622 x 1073 | 6.52x 1073 | 1.10 x 1072 | 1.43 x 1072 | 1.36 x 1072

my 400 GeV 600 GeV 800 GeV 1000 GeV 1200 GeV
|Ueal® + £[Crvel® | 524 x 1072 | 1.67 x 1071 | 4.28 x 107 | 9.49 x 107! 1.84

Table 4. Same as table 3 but for the e-flavor channel and based on search of ref. [116].

With the full Run II data set, we anticipate that the sensitivity limit set in eq. (4.45) can

be improved roughly by a factor of 1/140fb=1/36 fb~1 ~ 2, assuming no improvements to
the analysis are made. Likewise, at the high luminosity LHC (HL-LHC) and again assuming
a comparable acceptance and selection rates, one can further improve upon eq. (4.45)

roughly by a factor of \/3ab—1/36fb~! ~ 10. Combining the independent results of ATLAS
and CMS can further improve sensitivity by approximately /2 ~ 1.4.

For the case of electrons (and taus), the entire discussion above holds. In particular,
searches for the pp — ety + X process by the CMS experiment constrain |Ugy| and |C e
to a comparable level as reported for the muon flavor channel [116, 117]. These constraints
are summarized in table 4 for representative my. Categorically, limits on effective electron
couplings are about 1.5-2x weaker than the limits on effective muon couplings. This is due
to the larger background rate in the e*r, channel, and is driven by the mis-identification
of jets as electrons [116]. Likewise, limits on effective tau lepton couplings are expected to
be even weaker due to the smaller T-tagging efficiencies [119, 136]. We estimate that the
full Run II and HL-LHC data sets will improve sensitivity to the e*v4 channel to the same
degree as the muon case.

As a final remark, we note that operator Oy, can also induce new RH contributions
to the same-sign WW scattering process WHW* — ¢¢* [120, 121]. At dimension four,
the WW process is distinguished from the DY and W~ channels by the non-resonant
propagation of v4 and the quadratic dependence on Uy, in its matrix element. Despite the
mixing suppression in W*W¥ scattering, the channel does not experience the same phase
space-suppression as in DY and W+ since v4 is never on-shell. It therefore has a larger my
reach at the LHC than the other processes [121]. The pure d = 6 contribution to W*W=*
scattering involves a double insertion of Op,e, implying a partonic cross section that is
related to the pure d = 4 cross section by

4
67=5(dd' — Cptpun) = (;Zyer’> x 6" (dd' — ). (4.46)
14

Unlike the DY and W+, the WW channel also features a non-vanishing interference term
that is linear in both Uy and Cp.. While recent investigations have found improved
sensitivity to |Up|? using the WW channel at large m — 4 [121], we estimate that the
sensitivity to [Crpe| for my < 1TeV does not reach the levels needed to probe Aay.
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Figure 5. The green area depicts parameter space in the m4-A plane that can account for the Aa,
discrepancy for a mixing angle of U,s = 0.01 (left panel) and U,s = 0.02 (right panel). The red
region is excluded by CMS and the blue regions are excluded by measurements of the h — ptpu~
branching ratio. The red and blue dashed lines show prospects for the high-luminosity LHC. The
gray area shows the region with m4 = A, where the yYSMEFT approach breaks down.

5 The preferred parameter space

We now discuss the parameter space that can account for the discrepancies in the muon’s
and electron’s anomalous magnetic moment. We begin with the muonic case in section 5.1,
where the deviation from the SM is more significant, and address the electronic case in
section 5.2.

5.1 Aa,

We present our findings for the n = 1 case in figure 5 in the my-A plane. In the left (right)
panel, motivated by the CKM unitarity bounds we set |Uys| = 1072 (|Upua| = 2-1072),
and chose [C_'H,,eh =-1/ A?, where the sign is needed to get a positive Aa,. The green
band corresponds 50 parameter space that would reconcile the recent E989 measurement
of Aa, with the SM prediction of ref. [4]. In the same plot, we depict constraints from
several experiments: the red band is the constraint from the CMS experiment on direct
v4 production as described in section 4.6. At present, this does not reach the preferred
parameter space yet. The large increase in data from the HL-LHC however is expected to
cover the small-my4 part of the green band. The blue area denotes parameter space that is
excluded by the observed h — ptpu™~ signal strength (the small gap in this area arises from
parameter space where dimension-six corrections vanish). The prospects for measurements
at the HL-LHC of the h — p* ™~ signal strength are at the 15% level for ATLAS and 13%
for CMS [74]. A combination should give a sensitivity at the 10% level, which is indicated
by the dashed blue line in figure 5, and covers much of the preferred parameter space.
Finally, the dark gray area indicates parameter space where my > A, which is inconsistent
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with the vYSMEFT framework. The difference between the left and right panel illustrates
the sensitivity to U,4. Larger mixing angles are consistent with larger values of A, but
experimental constraints become tighter as well.

For the representative values of |U,4| that we use, the parameter space that is not
ruled out corresponds to a mass range for the sterile neutrino of my < my < 700 GeV,
where 0.1 < my/A < 0.5. Larger masses are ruled out by h — ppu measurements, while
for lighter masses the constraints on the mixing angle U4 are significantly more stringent
such that CMS and ATLAS rule out this part of the parameter space. The green band
can be shifted (slightly) upwards by choosing a larger mixing angle closer to the current
upper bound |Uus| = 0.02, or downwards by choosing a smaller mixing angle. We find
that assuming a smaller mixing angle puts more of the preferred Aa, window in reach of
searches for uvy pairs by ATLAS and CMS.

The plot and discussions in section 4 make it clear that the YSMEFT parameter space
is very constrained and only a small window is left to account for the muon g — 2 anomaly.
The existing window will be largely covered at Run III of the LHC and the HL-LHC by
searches for direct v4 production as well as indirect constraints from h — u™pu~ precision
measurements. Additional constraints can arise from low-energy improvements of unitarity
tests, which would further shrink allowed values of U,4. Finally, following the argument
of recent no-lose theorems [137, 138], a confirmation of the ¥YSMEFT interpretation of
g — 2 results by any of the indirect probes we have discussed suggests that the underlying
physics can be directly probed by muon collider proposals that are actively discussed in
the literature [44, 139-142].

5.2 Aae

We now turn to Aa.. Again considering the case of n = 1, we show the m4 — A plane

with |Uea| = 0.01 (|Ues| = 0.02) in the left (right) panel of figure 6. The upper and lower

R

Rb and Aal®, which correspond to

green bands correspond to the regions preferred by Aa
a different choice of sign, [C_'H,,e] e = :l:%, respectively.® The blue regions are excluded by
the current LHC (solid) and prospective HL-LHC (dashed) measurements of Br(h — ee)
discussed in section 4.1. The solid blue line falls almost completely falls in the gray area
where my > A, indicating that present h — eTe™ searches are not accurate enough to set
limits. The searches for ery production, discussed in section 4.6, lead to similar limits as in
the p case. As Aa, can be explained with larger values of A than Aa,, these direct limits
do not significantly constrain the Aac.-preferred regions and are not shown. More stringent
constraints come from Ov (3, see section 4.5, where the KamLAND-Zen measurement [107]
currently rules out the solid red region, while the reach of next-generation experiments is
shown by the dashed line.

From the left panel, we see that explanations of AalP require my > 200GeV and

A 2 6.5 TeV, while larger m4 2 650 GeV and smaller A > 5.5 TeV are preferred when using
Aags. Unlike the case of the muon’s g — 2, the sensitivity of the HL-LHC to h — eTe™

4This choice of sign hardly impacts the remaining constraints depicted in the figure as they approximately
probe |Crye|, given the experimental sensitivities.
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Figure 6. The upper (lower) green area depicts parameter space in the my4-A plane that can account
for the AaBP (AaS®) discrepancy for a mixing angle U,y = 0.01 (left panel) and U.y = 0.02 (right
panel). The red region depicts the excluded area due to Ovf3f and the blue regions are excluded
by measurements of the h — ee branching ratio. The red and blue dashed lines show prospects
for future OvBp experiments and the high-luminosity LHC. The gray area shows the region with
my 2 A, where the YSMEFT approach breaks down.

is not expected to rule out a significant part of the parameters space. On the other hand,
future OvBf experiments can be seen to push up the lower limits to m4 = 500 GeV and

A > 9TeV for explanations of AaRP, while they would probe all of the parameter space
up to my = 1TeV in the case of Aaf®. Similar conclusions hold for the scenario with
|Uea| = 0.02.

Finally, we note that the experimental limit on the electron EDM, |d.| < 1.1-10"%%
cm [68], provides a stringent constraint on the imaginary part of the combination of
couplings,

n+3
3 % w(z;) Im (Uej [#OHWLE) <22.1071. (5.1)
j=4

The real part of the same combination induces Aa, and would need to be roughly six orders

Cs,Rb

. , implying explanations of these

of magnitude larger to contribute at the level of Aq
discrepancies will need be CP-conserving to good precision. In contrast, the constraint due
to d,, [143] allows the corresponding combination of muon couplings to have an imaginary

part that is larger than the real part needed to explain Aay.

5.3 Aa, and Aae

As the sterile neutrino operator Op,. seems to be able to explain the discrepancies in
both a. and a,, a natural question is whether it could explain both types of anomalies
simultaneously. For the case of a single sterile neutrino that we have focused on so far, the
severe limits from searches for 1 — ey exclude this possibility. In this scenario one can
Bae|® 4 |e S |, with & = Ups/Upa. Using

me&

express the branching ratio as BR(u — e) ~ |
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AaS®, this leads to a lower bound on the prediction for the branching fraction of

3
QemMy,

8

Aa.Aay,

~14-107%. (5.2)
memy,

BR(pt = €7)min = Ty

Such a value is clearly well above the current limit of BR(u — ey) < 4.2 - 10713 [79].
These limits can, in principle, be avoided by introducing two sterile states, i.e., n = 2,
with each mass eigenstate coupling almost exclusively to the electron and muon, indicating
a hierarchy within the active-sterile mixing sector. In such scenarios, the yu — ey limits
would require certain mixing matrix elements, e.g. Ues and U,y for n = 2, to be tuned to
zero to very high precision compared to the nonzero elements, Ues and U,s.

6 Conclusions

In this work we investigated contributions to the anomalous magnetic moments of leptons
in the framework of the neutrino-extended Standard Model Effective Field Theory. We
investigated which ¥YSMEFT operators can give sizable contributions to Aa. and Aa, and
concluded that remarkably only one dimension-six YSMEFT operator is relevant for A > v.
This operator effectively induces a right-handed, leptonic charged current, which modifies
leptonic anomalous magnetic moments at one loop. Due to a chiral enhancement and
experimental constraints the contribution can be sizable if the associated sterile neutrino
has a mass above myy.

These results extend the contributions of SMEFT operators obtained in ref. [45] to the
vSMEFT. Following the notation of ref. [45] and assuming BSM physics arises at a scale
A = 1TeV, we can write the complete “SMEFT contribution to Aa, and Aa, as

10

1. - . - -
Aag = PeRe| M 10716, — PO 10736, - O 1006,
my 1.7, 9.3 w 9.7, 66%3
—(L9+0.2¢¢)) - 1077C2) +1.4-1078C) ~4.9-1079C
£330
2022 0033
93 o , 10 —_10A(1
+ (3der —0.4) - 107°C) + (2.1c(T) +, 7“) 1071001,
2011 he 0022
~29-1071°C . + (2910 Cpwp — 2.3 10°Crrp)
£22¢ my
73—|—n . N
_ .10~ 7 . )
1.1-10 J; () U [CHW]M] . (6.1)

Here the first four lines are due to SMEFT interactions, where the most significant contribu-
tions come from the leptonic dipole moments, C.p and Cep7, and semi-leptonic four-fermion
interactions, Cl(:q)u.

coefficients by C' = A2C(A) and we dropped terms whose coefficients for £ = p (£ = e) are

The dimensionless couplings C are related to the usual SMEFT Wilson

smaller than 107 (107!2). ¢y and cgf) are related to non-perturbative contributions which
are proportional to the matrix elements of light quarks and charm quarks, respectively, see
ref. [45] for details. Finally, the last line gives the ¥SMEFT contribution where we used
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{CN‘H,,E} L= A? {GH,,G(A)} y with A = 1TeV, where the loop function w(x) — 1/2 in the
limit of] T — 00. ’

Evaluating the contribution due to Clye, we find a small window of preferred masses,
100 < my4/(1GeV) < 700, for U, = O(1072), and v/A = O(0.2), where Aa, can be
accounted for. This parameter space will be largely tested by future measurements at the
high-luminosity LHC. Similarly, for |Ug4| = 0.01 and my4 > 200 GeV a values of A > 6.5 TeV
exists where Aal*" can be accommodated. In this case, future Ov33 experiments will be
able to probe a significant part of the parameters space, up to my < 1TeV.

The main focus of this work is to identify whether new vSMEFT contributions could
be relevant and not to speculate about potential UV completions. Nevertheless, it is
worthwhile to consider what kind of models could reproduce the low-energy EFT. The
dimension-six Of,. operator could hint towards a RH Wéﬁ boson that couples mainly to
muons or electrons and mixes with the SM W+ fields. Similar W]if bosons appear for
instance in left-right symmetric models. However, these models typically couple the Wg
to first-generation quarks as well, in which case my, ~ 1TeV, as required in this work to
account for Aay, is already ruled out by searches for W production at the LHC [124, 144,
145]. Models can be envisioned where Wj%t does not couple to quarks at all or at least not
to first-generation quarks to avoid such constraints.

Other possible scenarios are models with vector-like leptons which have been studied
in the context of explanations of other anomalies such as the first-row CKM unitarity and
lepton-flavor universality violation in B meson decays [96, 146-148]. These hypothetical
leptons have been searched for at the LHC [149-151]. In such models the vector-like leptons
can mix with the RH neutrinos and muons, giving rise to the Oy, operator at tree level.
For example, in the case of the SU(2) doublet vector-like lepton Ay ~ (1,2,—1/2), we
obtain Cppe ~ )‘AWR)‘AWR/mQAI with A;; being the Yukawa coupling involving i and
J particles. The parameter space for the successful Aa, explanation can be achieved if
AivpAaipe ~ O(1) and ma, ~ O(1) TeV. Current LHC limits are below 1TeV [151],
while future colliders are expected to reach the TeV range [152]. We leave a more detailed
analysis of possible scenarios to future work.
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