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Abstract We investigate if the projected high-precision
measurements of the cross section of the Higgsstrahlung
process ete™ — Zh at a future electron—positron col-
lider can be utilised to indirectly probe the fermionic See-
saw models. We consider the two centre-of-mass energies
/s = 240GeV and 365GeV, and compare the collider
reaches to constraints from electroweak observables, probes
of lepton flavour universality and the existing and prospec-
tive bounds from searches for lepton flavour violation. For
the analysis we assume the limit of an exactly conserved
lepton-number symmetry. We find that while any apprecia-
ble correction to the Higgsstrahlung cross section is already
strictly constrained in the Type-I Seesaw model, effects of
up to O(10%) are possible within Type-III Seesaw.

1 Introduction

Upon the discovery of the Higgs boson in 2012 [1,2], the
particle content as proposed within the Standard Model (SM)
was confirmed to exist. Precise determinations of the proper-
ties of the Higgs boson, as well as in other sectors of physics,
are a major component of the proposed program of next-
generation lepton colliders. There are five proposals for so-
called electron—positron “Higgs factories” [3]: the Circular
Electron Positron Collider (CEPC) [4-6], the International
Linear Collider (ILC) [7-10], the Future Circular Collider
(FCC-ee) [11-14], the Compact Linear Collider (CLIC) [15—
17] and the Cool Copper Collider (C3) [18=20]. The desig-
nation “Higgs factory” mainly refers to the stage of a future
e*e™ collider being run at a centre-of-mass energy of roughly
/s =240-250GeV, where the integrated cross section of
the Higgsstrahlung process peaks and so dominates over all
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Higgs production mechanisms. Other stages involve the oper-
ation as a “Z factory” at the Z pole for /s = mz, close to the
WT W™ production threshold at /s = 2my, and close to or
at the ¢7 threshold for /s =350-370GeV, as well as poten-
tial upgrades for runs at even higher centre-of-mass energies
[21].

The incompleteness of the SM has been corroborated
upon the measurement of neutrino oscillations by the Super-
Kamiokande [22] and SNO collaborations [23,24], which
evidence the need to introduce new physics in order to
account for neutrino masses. A particularly straightforward
way to do so is via postulating the existence of sterile neu-
trinos, several searches for which at future lepton colliders
have been proposed. Most of the sensitivity studies focus
on direct production of sterile neutrinos in electroweak pro-
cesses and Higgs production [25-33], see also Refs. [34—-37]
for reviews on heavy neutral leptons at colliders. Similarly,
electroweak triplet fermions at colliders have been studied in,
e.g., Refs.[38,39]. The anticipated high precision attainable
at future lepton colliders also serves as a motivation to con-
sider virtual corrections, see e.g. Ref.[40]. In Refs. [41,42],
the contribution of sterile neutrinos to the triple-Higgs cou-
pling was studied.

In this work, we investigate the potential of electron—
positron colliders to test the fermionic Seesaw scenarios [43—
48], given the sub-percent precision to which these collid-
ers are projected to measure the cross section of the Hig-
gsstrahlung process ete™ — Zh. Achieving this precision
is possible due to the so-called “recoil method” that refers to
the selection of Higgsstrahlung events solely through mea-
suring the four-momenta of the decay products of the Z boson
which recoils against the Higgs boson. This method is in prin-
ciple applicable for any Higgs decay mode and thus allows
for a model-independent reconstruction of the Higgs-boson
mass, see for instance Ref. [3]. The Higgsstrahlung process
is also well-understood in the SM. Recently, two-loop elec-
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troweak corrections to the SM cross section were calculated
in Refs. [49,50]; see also Refs. [51-57].

We consider the process at two benchmark centre-of-mass
energies, /s = 240GeV and 365GeV. As argued for in
Ref. [58], the smaller cross section at larger s can be partly
compensated for by a higher instantaneous luminosity which
scales approximately linearly with s. Moreover, the addi-
tional boost of the Z and & bosons allows for a better sep-
aration of the respective jets and therefore a more precise
measurement of oz, X BR(H — X). Further advantages
mentioned are the immediate access to top-pair production
as well as the ete™ — Huv,, process via WT W™ fusion
which enables a precise determination of the Higgs-boson
width, and the possibility to measure the Higgs-boson mass
with a precision similar to the one at /s = 240 GeV.

In the fermionic Seesaw models, the smallness of the abso-
lute mass scale of the light neutrinos generically requires
the neutrino Yukawa couplings to be tiny for TeV-scale ster-
ile states, and consequently lepton-number conserving pro-
cesses are suppressed [59-61] and beyond the reach of the
proposed lepton colliders. In contrast, symmetry-protected
Seesaw models [59,62-72] offer the possibility to entertain
relatively light singlets or triplets around the TeV scale with-
out the need to assume tiny Yukawa couplings only. Essen-
tially, the new interaction states are assigned units of lep-
ton number such that it is (approximately) conserved, which
implies that some elements of the Dirac and Majorana mass
matrices can be sizeable, whereas the remaining ones must
be comparatively suppressed. The smallness of active neu-
trino masses is then guaranteed via the proportionality to
these small entries, and does not only rely on an overall sup-
pression through the large mass scale. In addition, no fine-
tuned cancellation between (a priori unrelated) elements of
the mass matrices are needed.

The remaining paper is organised as follows. In Sect. 2
we introduce the relevant theoretical framework. We dis-
cuss Higgsstrahlung and other relevant processes which are
sensitive to the same parameters in Sect. 3. Our results are
summarised and conclusions are drawn in Sect. 4. In the
Appendices, more technical details and useful formulae are
collected.

2 Theory framework
Firstly, to set our conventions for notation, signs, and nor-

malisation, we state the electroweak (EW) and leptonic parts
of the SM Lagrangian:

1 1
Lrw = = Wi, W — 2 By B

+ (DyH) (D"H) + i’ H'H — A(H'H)?
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+ LiiDL; + egii Peg;
— Y (LierjH + H'eg; L;) (1)

with the gauge-covariant derivative

Dy =0, —igaWiT* —igY By,
a

o
7o =17 EW doublet , @)

0  EW singlet

in terms of the Pauli matrices 0% witha = 1, 2, 3.
2.1 Effective field theory
2.1.1 SMEFT

In the Standard Model Effective Field Theory (SMEFT) we
extend the SM Lagrangian with a set of dimension-five and
-six operators O;:

L=Lsm+ ) CiO: 3)

1

In our convention the Wilson coefficients C; are dimensional;
for later use we also define the dimensionless variants C‘,- =
C; x TeV? of the dimension-six coefficients.

The conventional basis of operators is the so-called War-
saw basis [73]. For the convenience of the reader, we repro-
duce the most relevant operators for the fermionic Seesaw
models (additional operators relevant to Higgsstrahlung are
also listed in Table 2):

LD I:Cs,,'j (I:IVTL,')TC(I:IVTL/') + h.C.]
+[Cen,ij (Lic" er;)H By + h.c.]
+ [Cew.ij (Lic* o%erj) HW,;, +h.c.]

+ [CeH,,;/ (HYH)(Lierj H) + h.c.]
+Cly) i (H'iDy H)Y(Liy" L))

3 . <> J—
+Cyy) 4 (H'iDSH)(Lioc“y" L), 4)

with H = ios H*, and C the charge conjugation matrix sat-
isfying CTy*C = —(y")T.

In addition to directly contributing to physical processes,
the SMEFT operators also modify the relations between
observed quantities and SM parameters, as well as the rela-
tions between different parameters. The result of these effects
is that the SM parameters will be numerically different in
SMEFT compared to the SM. For example, the measured
value of the Fermi constant, G F, in muon decay will differ
from its standard expression Gp = 1/ (ﬁv%), vr being the
Higgs VEV in SMEFT (see e.g. Ref.[74]), by
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N ~ 1
3) (3)
0Gr =Gfp —Gf = E (CHL’“ + CHL’22)

1
- ﬁ(cLL,lnl +CrL2112)- (5)

When computing the shift in a quantity such as a cross section
from its SM value, one must therefore take care to include
the contributions from these parameter shifts. Concretely, if
osm(gi) is a cross section computed in the SM written as a
function of the parameters g;, then

dosM

Ao = OSMEFT — OsM = AODireet + 8., (6)

i

where Aopirect captures direct contributions of new oper-
ators, and §g; is the shift in the parameter g;. The values
of the parameter shifts critically depend on one’s choice of
input parameters; in this work we use (¢, mz, Gr) as our
electroweak inputs. A thorough review of such shifts may
be found for instance in Ref. [75], and we provide additional
exposition in Appendix A.

2.1.2 LEFT

To describe physics taking place at scales below the elec-
troweak scale we utilise Low-Energy Effective Field The-
ory (LEFT). The relevant part of the Lagrangian for purely
leptonic transitions reads in the Jenkins—Manohar—Stoffer
(JMS) basis [76]

L£> Cee e @iy PLe ) (B PLE)

Xe’ffid(&y“PRe )@k vy PrET)

+C ee, z]kl(elVMPLE )(Zky/LPREl)
[Cey,ij ;o PRej)Fyy + h_c_] . @)

We define the covariant derivative in QED as in D, =
0, +iQeA,, following Ref.[76]. For semi-leptonic neutral-
current transitions, the relevant part of the Lagrangian is

L > Cy @y PLe) Gy PLg)
+Cof R (Ey" PRO @Y, Prq)
+Co Ry PLO) (G, PrY)
+CYER Gy PLq) €y, PRO). ®)

To obtain the LEFT Wilson coefficients for the Seesaw
models introduced below, we utilise the software package
DsixTools [77] to (i) compute the renormalisation group
(RG) running of the SMEFT coefficients between the See-
saw scale and the electroweak scale, it = my, (ii) match the
SMEFT and LEFT coefficients, and (iii) run the LEFT coef-
ficients to the low scale & = 5 GeV. As there are no sizeable
contributions to quark-field operators in the Seesaw models,

we assume that this procedure captures the main contribu-
tions from RG running in LEFT, and further effects at lower
scales do not appreciably change the results. See Appendix B
for more details.

2.2 Seesaw models
2.2.1 Type-1

In the Type-I Seesaw model [43-47] the SM Lagrangian
is extended by adding n, right-handed sterile neutrinos
{vri }"" (so that there are a total of 347, neutrinos), accom-
panied by a new Yukawa interaction to generate Dirac neu-
trino masses, as well as Majorana mass terms for the vg:

ny

ny
= Zv_miavm —% Z (M Vi VR) +hc>
i=l i,j=1
3 ny
-2

i=1 j=1

YyTive A +1he.)., ©)

where the conjugate fields v¢ are defined as v© = y?Cv*
[81]. After electroweak symmetry breaking we are able to
express the combined mass terms as the matrix equation

1/ — 0 mY v
Lvmassz_z (VL V;) (WZVT Mv> ( L>+hC (10)
where we refer to ml i Yl.? v/ /2 as the Dirac mass matrix,
and MV is the Majorana mass matrix. Matching this theory

onto SMEFT at the scale © = M" yields the effective oper-
ators collected on the left side of Table 1.

2.2.2 Type-1I1

In the Type-III Seesaw model [48] the SM Lagrangian is
extended by adding ny right-handed weak fermion triplets
{24 l}"E with vanishing hypercharge, a new Yukawa inter-
action to generate Dirac neutrino masses, and Majorana mass
terms for the X3 [69,82]:

ny 1 ny
=Y SriDEgi — 5 3 (M2 Y ~|—hc)
i=1 i =1
3

ny
-y (Yi]ZL_ia“z“R,ﬁ n h.c.) , (11)

i=1 j=1

wherea = 1, 2, 3 is elided from all but the Yukawa term. For
a fixed triplet generation i, the eigenstates of electric charge
are given by the combinations [69]

1 2
st Yp Tidg;
Ri ﬁ

, % =33 (12)

@ Springer
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Table1 SMEFT Wilson coefficients obtained from matching the Type-
I and Type-III Seesaw models at the scale . = M X [78-80]. In order to
properly account for the stringent bounds from the non-observation of

lepton flavour violation, the electroweak dipole operators C.p and C,yw
(last two rows) are matched to one-loop order, while all other operators
are matched at tree level

Coefficient Type-1 Type-111

Cs,ij % (yv*(MVT)flva)ij %(YZ*(Mﬁ)*IYET),--

Cirvij § (M=), (R E M)y

CS}‘,,‘] 7% (YU(MWMU)—WW)U %(Y):(M): ME)~ly=t )lj

Cenij 0 (YE M M)y Ty

Cen.ij 167-[2 G (M"TMY) IYU‘YE) ,6,, & (YE(METME)’IYETYe)..
Cew.ij 16712 52%42 (Y mvimvy- IYVTYE) 1611 3g2 (YEMET ME)-1y =T Ye)

In a manner completely analogous to the Type-I Seesaw
model, after electroweak symmetry breaking we obtain the

neutrino mass matrix
0 m* Vs
L) +he.
i ie) () +re

where we refer to mZ = Y Zy / ﬁ as the Dirac mass matrix,

»Cv mass — — &

(13)

and M* is the Majorana mass matrix. The states »E z; instead
mix into the charged leptons. Matching this theory onto
SMEFT at the scale = M?* yields the effective operators
collected on the right side of Table 1.

2.3 Conserved lepton-number symmetry

In this work, we study symmetry-protected versions of the
fermionic Seesaw models, wherein a lepton-number (LN)
symmetry decouples the physics of neutrino masses from
the phenomenology associated with the conservation of LN
[59,69-72]. Without loss of generality, we fix n, = ny = 2,
that is, we focus on the case of two heavy fermion singlet or
triplet interaction states which is consistent with at least two
massive active neutrinos, as is dictated by neutrino oscillation
data. The heavy fermion states are assigned 1 and —1 unit of
LN, respectively. After electroweak symmetry breaking, the
Dirac mass matrix is given by

. , (Y

X _ ( X _vXx'\ _ X X/
mt = —|(YX ey ) =— | Y& ey tu , (14

Yoy2 ij W2 yXe cpX

ij

and the Majorana mass matrix reads

X mMX M
Mij=( MY oawx ) (s)

@ Springer

where € and 11 7 are dimensionless parameters. We parametrise
the mixing of the SM neutrino v; with the fermion singlet vg;,
or the neutral component 2(1)31‘ of the fermion triplet in terms
of the dimensionless ratios

m¥X YXi v
= —L="r (16)
ToMX T a2 MX°

which are equal to the active-sterile mixing angles in the
small-mixing approximation, that is, if O ((v /MX )3) effects
are neglected. For simplicity, we will refer to 6, also as the
“electron(-flavour) mixing angle”, and to |6, | as “electron(-
flavour) mixing”, and equivalently for the other flavours.
Light neutrino masses are then proportional to € and ;1> which
break LN:

2
v _ T
my = T[MzYX(MX) lyX

_p (YX’(MX)—WXT n YX(MX)—lyx’T) ] (17)

The limit uo # 0 and u; = € = 0 is referred to as inverse
Seesaw [62,83,84], and € # 0 and w1 = 0 is commonly
known as linear Seesaw [85,86].1

We adopt the LN-conserving limit € = w12 = 0 with
non-zero M X in this work, which results in massless active
neutrinos and a heavy Dirac neutrino of mass M X and hence
assume the textures

yieo 0 MX
vi=|Yv*0| and M= (MX 0 ) (18)
X0
for both X = v and X. In this way, we neglect the phe-

nomenological implications of LN violation, and instead

! Note that with the help of Table 1 one can check that — as long as the
contributions of the Weinberg operator to the dimension-six operators
via RG running can be neglected — the only change resulting from
+ud o

1,2 # 0 compared to the LN-conserving limit is Giz = Tt

for each mixing angle in all of our formulae.
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focus on LN-conserving effects.> Note that one may add a
further singlet or triplet with vanishing LN such that

YXe 00
Yy =|Yr*00] and
YX- 00
0 M¥X 0
M= |M*¥ 0 0. (19)
0 0 M¥

which supports three massive active neutrinos if one departs
from the LN-conserving limit. Still, the additional state triv-
ially decouples from the phenomenology.’

3 Phenomenology

We choose the benchmark value MX = 1 TeV for the masses
of the new interaction states in our analysis. To our knowl-
edge, this is consistent with all performed direct searches for
heavy neutral leptons at colliders, see for instance Ref.[37]
for a recent overview. In Ref. [88], for sterile neutrinos of a
mass MY = 1TeV the constraint |6, ~ [0, < O(1) was
derived via a search for the signature of three charged leptons
with any combination of electron and muon flavours. Refer-
ence [89] reports the constraint |6, 2 < O(0.1) for TeV-scale
Majorana neutrinos, based on a search for same-sign dimuon
final states, see also Ref.[61]. The bound M= > 910 GeV
was derived in a recent study [90] which focuses on leptonic
final states and takes into account earlier ATLAS results.

In our phenomenological discussion we consider the fol-
lowing observables:

e the relative shift Ao /og in the Higgsstrahlung cross sec-
tion from its SM prediction,

o the effective leptonic weak mixing angle sin’ (9115)}:#) and
the W-boson mass myy,

e the ratios gl}f Je and gf/u of leptonic gauge couplings as
probes of lepton flavour universality (LFU), and the ratios
R(K¢3) and R(V,;), and

e the branching ratios of the LFV processes © — ey,
uw — 3e, T — ey, T — 3e, and the ratios of the u — e

2 Note that this also means that the parameters 6; can be treated as inde-
pendent. If data on lepton mixing and the hierarchy of neutrino masses
is to be properly accommodated, the 6; exhibit non-trivial correlations
as is discussed for instance in Refs.[82,87].

3 As is discussed in Ref. [69], the determinant of the full neutrino
mass matrix also vanishes in the (LN-violating) case ;| # 0 and € =
o = 0, which however generally guarantees only one massless active
neutrino. One may also consider a vanishing Majorana mass matrix and
a completely general Dirac mass matrix instead of the textures assumed
herein; nonetheless, this scenario yields light Dirac neutrinos and is not
suitable for a study in SMEFT.

conversion rates over the muon capture rate in different
target nuclei.

In Tables 4, 5, 6 and 7, the theoretical expressions for these
observables in the fermionic Seesaw models are listed as
functions of the mixing angles 6., 6, 0, as defined in
Eq. (16), for a matching scale u = M* = 1TeV. While
our expressions hold for complex Yukawa couplings, we do
not consider CP violation in the analysis and treat the mix-
ings as real numbers which are only constrained from exist-
ing bounds on LN-conserving processes. If effects from RG
running in SMEFT above the matching scale are neglected,
one may naively interpret the results also for a larger mass
and appropriately rescale the couplings. Nonetheless, we also
computed the relevant expressions for j = MX = 10TeV,
which is commented on in Sect. 3.5.

The following discussions are supported by plots in the
0.—0,, plane, as well as plots in the ,—0; plane for the LFU
and LFV observables.* The third mixing angle is fixed to
the benchmark values 6; = 102 and 0, = 107°; these
choices are most transparently justified (at least for Type-III)
by Fig. 6, which depicts the most competitive constraints for
both models. We have explicitly checked that there are no
appreciable changes in the resulting phenomenology if these
values are tuned smaller or even zero, apart from the fact
that the LFV bounds become weaker and eventually vanish.
In each of these plots we produce exclusion regions which
either reflect the current bounds at 2o for the electroweak and
LFU observables, or the upper limits on the LFV processes
at 90% C.L.

3.1 Higgsstrahlung
3.1.1 SM tree-level contribution

The tree-level differential cross section in the SM is well-
known, and is given by [91,92]

doy «/X ——
= —|M;"], 20
d cos@ 327152| a (20

where unpolarised beams are assumed, with

2 sin? 9)
— (2D

2
8sm?,

2
s 877h
M = 2 (i + g5) (7> (1 +

§—myz

4 We do not include plots in the 6,~6; plane, as the major objective of
our work is to investigate how the sensitivity of the fermionic Seesaw
models to the Higgsstrahlung process compares to other observables,
and we are thus primarily concerned with phenomenological effects
related to electron flavour.

@ Springer
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oo [fb]

V5 [Gev]

250 300 350 400 450 500

Fig. 1 The tree-level cross section for the Higgsstrahlung process in
the SM as a function of the centre-of-mass energy /s

the spin-averaged matrix element. Here the couplings are

gamz .
8zzh = : 8L = gz(—3 +sin®6y),
cos Oy,
. 82
SR = gz sin’ Oy, gz = ——) 22)
cos Gy,

0 is the angle between the incoming electron and outgoing
Z boson, and

A= (s —my—m3)? —dmom; (23)

is the relevant Kéllen function. The corresponding integrated
cross section is

Vi ? A

2 2 8Z7Zh
= — 1+—1]. (4
o0 32ms (8L + &%) <s — m22> ( + 12sm22> 24

The dependence of o on /s is depicted in Fig. 1. It peaks
around a centre-of-mass energy of /s &~ 245 GeV.

3.1.2 Corrections in SMEFT

Including corrections from new physics, we write

do VA

dcos@  32ms?

(|M,2| +8IM2| + 25RM;“MC) .25

where §|M,|? denotes the effect of parameter shifts in
SMEFT to the tree-level cross section, as discussed in
Sect. 2.1.1, and 2R MM, is the interference term of the
tree-level amplitude with corrections from new operators.
The explicit result reads’

> See Ref.[91] for a calculation of the Higgsstrahlung cross section in
the Type-I Seesaw model which does not rely on effective field theory.

@ Springer

A do _ \/X ) BgZZh +
dcos®  32ms? 877Zh

5

YRR ZZhV

M2+ gTZdiF,}, (26)
i=2

8L8gr + grégR
g7 + g%

where the parameter shifts and coefficients d; are presented
below, and the form factors F; may be found in Ref. [92].
The full resulting fractional shift for the cross section is

g7+ g%

A 1)
_022 87Z7Zh n
00 827h

81881 + 8ROSR )

5
+——>difi. 27)

8zzh i

Here the parameter shifts in the (¢, mz, GF) input scheme
are

8827n 2 ( 1 I 4 )
=v; |(Cyo+ -Cup — —=906GF |,
22 r\Cno+ 3Crp = 5 9Gr

8gr 1 2(
—_— = ——F——F>_V 8swewC +C

A L2 (e 3)
+ 2\/§5GF> —Svr (CHL,U + CHL,ll) ’

8gr 52 2( Cw
— =55V \4—Cuws + Cup
gz Ak —s2) T\ sy
A 1
+2ﬁaGF) —~ Ev%cm,n, (28)

where we adopt the shorthands s, = sin 6,, and ¢, = cos 6,,,
and §G r is defined in Eq. (5). The integrated form factors f;
are

s(s + mzz — m%)

= 12m>2 , 29a
J2 z 12sm22 + A (2%2)
2 2 2
s—m,)s+m, —m
f3 = —12em3 5L +g§ (s = mz)( 2z D (ob)
81 + &z 12sm3 + A
281
foa= 55— mzz), and (29¢)
81 t 8%
28R
fs = 5 (s —m3), (29d)
81 t 8%
and their corresponding coefficients d; are
dy = 4(s2Cup + swewCrwp + 2 Crw), (30a)
d3 = —4sycyChp — 2(c2 — s2)Crws
+4sycwCrw, (30b)
dy = —gz(Cly) 1, +Ci), 1), and (30¢)
ds = —8zChe,1- (30d)
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et

(d1)7 d2

Fig. 2 Diagrams with effective vertices contributing to Eq. (27)

Table 2 Dimension-6 SMEFT operators in the Warsaw basis [73]
which enter the correction to the Higgsstrahlung cross section. Here

H'iD!H =iH'0"D,H —i(D,H) 0" H

Onw HTHW{, Wy
Ousp H'HB,,B"’
Onws Hio“HW{, B"
Oun (H"H)O(H'H)
Oup (H'D,H)*(H D" H)
OLL.ijki (Liy"*Lj)(LgyuLy)
<~ J—
O (H'i D H)(Liy"L;)
o) (H'iDeH)(Lioy"L))
HL,ij m 0" y"Lj
E. hy —
OHe,ij (H'iDj H)(eriy*er;)

The diagrams giving rise to the d;’s are depicted in Fig. 2.
Note thatd; and f] are absent here, as we have elected instead
to absorb their contribution into §gzz,. The dimension-
six SMEFT operators which constitute these corrections are
listed in Table 2. We comment that the d;’s are zero at tree
level in the Seesaw models, apart from dy in Type-IIL.

3.1.3 Discussion

An essential part of the program of most of the proposed next-
generation lepton colliders is to be run as “Higgs factories™ at
a centre-of-mass energy of /s = 240 GeV (CEPC, FCC-ee)
or 250 GeV (ILC), and to perform a scan of the ¢7 production
thresholdin the range /s = 350-380 GeV. Measurements of
the Higgsstrahlung cross section are foreseen at both stages
for all collider proposals considered herein, apart from CLIC
which is envisioned to directly run at \/s = 380 GeV in its
initial stage. Therefore, we evaluate the relative shift Ao /oy
of the Higgsstrahlung cross section, computed in Eq. (27), at
/s = 240 GeV and 365 GeV. Regarding the precision of the
measurement, we assume the two benchmark values of 0.5%
and 1.0% for /s = 240 GeV, and 1.0% for /s = 365 GeV.
This is representative of the results of several conducted stud-
ies of the attainable precision, which are collected in Table 3.

A

ds dy, ds

The shifts in the cross section as functions of the mix-
ing angles are listed for both Seesaw models in Table 4.
To aid in the following discussion, we moreover find for
/5 =240 GeV

Ao N N ~
N (1) (3) (3)
G_ONOQOCHL’“-FO.WCHL’H_0.13CHL'22’ 3

and for /s = 365 GeV

Ao A A A
oo 20 Col n+1.96CG) || —0.13C) 1, (32)

where the Wilson coefficients are evaluated at u = /s,
respectively, and as a reminder, we define the dimension-
less Wilson coefficients by C = C x TeV2. These approxi-
mate expressions deviate from the exact results, presented in
Table 4, by maximally 5% in either model.

As the couplings of the Z boson to charged leptons are
not directly altered at tree level in the Type-I Seesaw model,
o(ete™ — Zh) is predominantly modified via the shift in
the Fermi constant, Eq. (5), which enters through the shifts
8gzzn, 681, and dgg in Eq. (28). While the contributions
of electron and muon mixing are of fairly similar magni-
tudes, Ao /og turns out to be slightly more sensitive to the
latter. This is due to a partial cancellation of the coefficient
ds in Eq. (30c) (which acquires a nonzero value from RG
running) against the dominant contribution from the Fermi
constant for electron mixing. As the corresponding form fac-
tor f4 scales with s, the resulting sensitivity to electron mix-
ing shrinks even further at higher energies. Consequently, if
sterile neutrinos are to be searched for via precision Higgs
measurements, we do not expect running a next-generation
lepton collider at higher centre-of-mass energies to reveal
much for Type-I.

Contrariwise, in Type-III the couplings of the Z boson to
left-handed charged leptons are modified at tree level which
results in a sizeable contribution to d4. That is, in an EFT lan-
guage, the model induces the effective four-point interaction
ey* PreZ, h depicted on the right in Fig. 2 which interferes
with the tree-level contribution to Higgsstrahlung in the SM.
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Table 3 Forecast (statistical) precision of measurements of the Hig-
gsstrahlung cross section at different proposed next-generation collid-
ers. In the third column, the Z-decay final states taken into account
in the respective analysis are given; £7¢~ always implies both Z —
ete” and Z — utu~. For the results from Ref.[93] a polarisa-
tion (P, Po+) = (—80%, +30%) is assumed, still, this changes the

expected Higgsstrahlung event rate by maximally 50% compared to
unpolarised beams [58,94]. No polarisation is assumed for the ILC pre-
cision for /s = 350 GeV and hadronic Z-boson decays in Ref.[94],
wherein an attainable precision of 1.76% for polarised beams and an
integrated luminosity of 0.35ab™! is reported as well

Collider Lint [ab™ 1] Z-decay final states /5 [GeV] Precision

CEPC 20 e, qq,vv 240 0.26% [6]
1 e, qq, v 360 1.4% (6]

FCC-ee 5 et 240 0.5% [14]
1.5 e, qq, vo 365 0.9% [14]

ILC 1.35 et 250 1.1% [93]
0.115(0.5) £ (qq) 350 5% (1.63%) [93,94]
1.6(0.5) £ (qq) 500 2.9% (3.9%) [93,95]

CLIC 0.5 e, qq 350 1.65% [58]

Table 4 Shifts of the Type-1 Type-III

Higgsstrahlung cross section at

different centre-of-mass
energies in terms of the mixing
angles, when MX = 1TeV. For
the sake of comparison, we have

Ao /op (240GeV)
Ao /oy (365GeV)
Ao /o (500GeV)

0.9516,1> + 1.10 16> 4 0.02 |6 |?
0.87 10,1 + 1.1216,,1> + 0.04 6, |
0.80 (6| + 1.1416,,> 4 0.05 |6 |?

27.59 16, |* — 1.08[6,,|*> — 0.01 |6, |?
66.1516,|> — 1.0916,|* — 0.01 6|
126.39 |6,]> — 1.1016,,|> — 0.01 |6 |

also computed them for the
larger centre-of-mass energy
/s = 500GeV

As the latter is suppressed by s due to the Z-boson prop-
agator, this results in a very pronounced sensitivity of the
ratio Ao /oy to electron mixing which approximately scales
with s. Consequently, if enough luminosity can be attained to
compensate for smaller statistics, fermion triplets may well
be searched for in Higgsstrahlung measurements at larger
centre-of-mass energies. Note that the contributions from
electron mixing could in principle be (partly) cancelled by
large muon mixing, however, we will find that this scenario
is tightly constrained by existing phenomenological bounds.
From Table 4 one can immediately deduce that if only elec-
tron mixing is sizeable, a minimal shift of Ao /oy > 1% for
/s = 240 GeV requires |0,| 2 0.019, whereas |6,| = 0.013
is sufficient if the relative cross-section shift can be as small
as 0.5%, or if /s = 365 GeV is considered instead.

3.2 Electroweak sector
In this section, we introduce the shifts in the weak mix-
ing angle and the mass of the W boson. The expressions

obtained for the fermionic Seesaw models in terms of the
mixing angles are listed in Table 5.

3.2.1 Weak mixing angle

In SMEFT the weak mixing angle is modified in accordance
with (see e.g. Ref.[74])

@ Springer

2 CwSw 4 (1
88y = ——5V7| =cwSwCHp + CawB
w2 2 2
w w

+\/§Cwsw 861’)5 (33)

where the shift in the Fermi constant §G F is defined in
Eq. (5). There are numerous ways to extract the weak mixing
angle from data; the most precise determination is that of the
effective leptonic weak mixing angle sZ) off = sin? (Qlfpetﬁ) at
LEP [97], achieved via measurements of the left-right ﬁsym-
metry factor

81 —8h . 2(1—4s2) a4

T ei4gr 1+ —4s)Y

Ay

Apart from the general shift in Eq. (33), we must also take
into account the fact that a modification of the Z couplings
to charged leptons will directly affect the extraction of si off
from A . Incorporating the “direct” shifts to these couplin;gs,

. 1 1 3
sgitist = —ngv% (Cgi)L,ij + C;I)L*ff> and
, 1
sl = —3eriCuen, Y
we find

2 2 2
S eft = Sw,sm 855,
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Table 5 SM predictions for and current measurements of the elec-
troweak observables considered in this work, together with approximate
expressions for their shifts in terms of the mixing angles. The W-boson
mass listed in the PDG [98] corresponds to the mass parameter in a
Breit—Wigner distribution with a mass-dependent width. The SM pre-

diction for the effective leptonic weak mixing angle is taken from Table
I in Ref.[96]. The model predictions are obtained from matching onto
SMEFT at the Seesaw scale 4 = MX = 1TeV and running to the
electroweak scale u = my

Electroweak sector

Observable SM prediction

Measurement

. 1
sin?(0,8)

0.231534 £ 0.000030 [96]

0.23153 £ 0.00026 [97]

my [GeV] 80.356 + 0.006 [98] 80.377 £ 0.012 [98]
Shift Type-1 Type-II1

8s2 —0.157(|6e|* + 16,.1*) + 0.003 |6, | 0.017(1661? + 16,.1%) — 0.143 |6, |2
Smy /GeV 8.24(10, 1> + 16,,1%) — 0.13 |6, |2 —8.51(10, 1> + 161> — 0.13 16,

1ds2 (940 S - gieer . Al o= - g
4+ == §odirect | S direct
3d,,4[ (3gL ; gL,lz 3gR ; gR,lt

o2 e A3
~ sy.sm +0.020 (qu)L,n + C§-1)L,22>
3
= 0,005 (Efppi + €l (36)
i=1

where the right-hand side is evaluated at the scale © = m .
Contributions from Cg, are not sourced at tree level in either
fermionic Seesaw model and thus we neglect them in the
approximate expression above.

3.2.2 W-boson mass

The shift incurred in SMEFT is [74]

2
dmy, 1

2
= 4cy50, C
m%v 2(C%} _ ng) UT( CwSwC HWB
+¢2Cup +2v252 8G ) (37)

which approximately evaluates to
m ~ mysn =105 (CF) |+ Cff) ) GV (38)

at the scale © = myz. Evidently, the predicted W-boson
mass is mainly sensitive to Og)L as the major correction is
induced via the modified extraction of the Fermi constant in
the fermionic Seesaw models.

3.2.3 Discussion

The constraints arising from the electroweak observables
slzv off and my are illustrated in Fig. 3.

For Type-I Seesaw one immediately notices that observ-
ing a deviation in the Higgsstrahlung cross section is already

in direct conflict with the determination of si off» Witha 0.5%

shift at /s = 240 GeV suffering from a 2.9¢ tension, and a
1% shift excluded at ~ 60 . While this tension can be reduced
by turning up 6; (see the expression in Table 5), LFU con-
straints discussed in Sect. 3.3 below preclude this from occur-
ring. Thus, the Type-I Seesaw model is unlikely to be a viable
minimal SM extension that can be probed in precision Higgs
measurements, unless a significant reduction of the statistical
uncertainty of these measurements can be attained.

In the Type-III Seesaw model, the effects of the triplets
contributing to the extraction of the Fermi constant and from
direct contributions to the leptonic gauge couplings largely
cancel out, which equally applies to electron and muon
flavour, see Eq. (36). Thus, si’ off acts as a rather weak con-
straint on the Type-III Seesaw model, and is in fact most
relevant for tau-flavour mixing, implying |6;| < 0.06 at 20

The existing tension between the SM prediction for the W -
boson mass my and the larger experimental world average is
however exacerbated in Type-III, leading to a much stronger
constraint. In contrast, as CS)L is induced with equal mag-
nitude, but opposite signs via matching at the Seesaw scale
in the two models under consideration, the tension can be
alleviated in Type-I; if uncertainties are ignored, the current
world average is reproduced for \/|6,|? + [6,|> ~ 0.051,
and the CDF measurement [99] for /|0, | + |0,,|> ~ 0.097.
A detectable shiftin o (ete™ — Zh) could in principle only
be induced in the latter case.

Testing the Type-III Seesaw model via Higgsstrahlung
measurements is generally compatible with the current con-
straint arising from myy . Still, it disfavours detectable Ao /og
induced via muon mixing, and clearly prefers contributions
from electron mixing. The bound from mwy can be expected
to become more competitive when the CDF measurement
will be included in the experimental average in the future.

3.3 Lepton flavour universality

In SMEFT the W{v coupling is directly altered due to (’)S)L:
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Type-I Seesaw; 6, = 1072
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Fig. 3 Current constraints from electroweak observables at 2o, in
comparison with projected sensitivities of precision Higgsstrahlung
measurements. The red-ruled regions indicate |Ao/o| < 0.5% at
/5 = 240 GeV. The dot-dashed and dotted red lines are the correspond-
ing 1% contours at 4/s = 240GeV and 365GeV, respectively. The

. 82 -
£ =i 5% (s + v}l ) Ty P W (39)

V2

This modifies (semi-)leptonic decays mediated by W bosons,
which, among other effects, drives the predictions for LFU
ratios away from 1. In the following we consider ratios con-
stituted by the leptonic decays # — fv, K — {v and
t — {fvv. Furthermore, we utilise the extraction of the
Cabibbo-Kobayashi—-Maskawa (CKM)-matrix element V¢
from the semi-leptonic decay K;3 : K — m{v and from
nuclear beta decays, together with the assumption of unitar-
ity of the CKM matrix.

3.3.1 Ratios of leptonic gauge couplings
We consider the ratios of leptonic gauge couplings collected

in Table 6 which are probes of LFU. For the first three listed
therein, [102,103]

X
x _ (8 ~ 2 ~(3) 2 ~(3)
8uje = (g) ~1+vrChp 0 —v7ChH 1
NG NG
~1+0.06(C) 0 =€l 1) (40)

where (g, /ge)X is the ratio of leptonic gauge couplings
extracted from the ratio I'(X — uv)/I'(X — ev) for
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ivory regions for large 6, in the upper-right of the plots are excluded
by measurements of both s,, and my . For Type-1 Seesaw, the orange
dashed line marks where the current experimental world average for
myy is exactly accommodated, and in the orange-ruled region the CDF
measurement [99] is explained at 20

X =m K,and T'(t — puvd)/T(t — evd) for X = £.°
Leptonic W-boson decays can also be used to derive con-
straints on the ratios of leptonic gauge couplings as in
g = (gu/ge)" and g} = (g:/g)"; still, we do not
list them in the table, as the corresponding bounds are merely
weaker versions of other constraints. We similarly have

X
8 A3 A3
e, = <g—’> ~ 1+ 0.06 (c},)L,33 - ﬁ,)mz), (41)
I

where (gf/gu)x is the ratio of leptonic gauge couplings
extracted from the ratio I'(t — evv)/T'(u — evv) for
X={4and['(r - 7v)/T'(m — pv) for X =x.

In our Seesaw models the predicted deviation of the con-
sidered LFU ratios from 1 is at leading order proportional to
:I:(|0M|2 — |9j|2) where j = e or 7, and the sign depends on
j as well as which Seesaw model is considered, see Table 6.
The derived constraints therefore give rise to hyperbolic con-
tours in the figures presented in this section. Clearly, if the
data favours a ratio to be, say, smaller than 1, predicting it
to be larger than 1 will lead to a tighter constraint. This then
translates into one of the mixing angles being slightly more
stringently bounded than another one, with the roles reversed

6 The flavour of the neutrinos produced in all these decays is assumed
to coincide with the one of the respective associated charged lepton,
which allows for interference with the SM and can thus be expected to
represent the channel dominantly affected by BSM physics.
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Table 6 Current constraints on and model predictions for the LFU
ratios taken into account in this work. For R(V,y), the given experi-
mental value refers to the case of Ny = 2 + 1 + 1 dynamical quark
flavours in the lattice simulations from which the relevant decay con-
stants are extracted. The case of Ny = 2 + 1 quark flavours gives rise

to a less competitive bound [98]. The model predictions are obtained
from matching onto SMEFT at the Seesaw scale © = MX = 1 TeV
and running to the electroweak scale ;t = mz. In the right column, the
upper sign refers to Type-I Seesaw, whereas the lower sign stands for
Type-III Seesaw

Lepton Flavour Universality

Observable Measurement Model prediction

gl 1.0010 = 0.0009 [100] 14 0.48(16.1> — 16,1»)

gf;/e 1.0017 £ 0.0016 [100] 1+£0.48(16 > — 16,,1>)

8l 0.9978 + 0.0018 [100] 1£0.48(16,> — 16,,1>)

R(K3) 1.001295 + 0.002891 [101] 14 0.48(10,1> = 16,1»)

& 0.9965 =+ 0.0026 [100] 1£0.48(10, 17 — 16:1%)

g 1.0011 £ 0.0014 [100] 14 0.48(16,1> — 16,1%)

R(Vus) 0.98898 =+ 0.00606 [98] 14 0.47|6, > + 8.806, > T 0.04|6, |

if the other Seesaw model is considered. Consequently, if
the contribution from a specific mixing angle accommodates
the data well in one model, the other model will necessarily
increase the tension with the SM.

3.3.2 Light quark mixing

In Table 6 we furthermore consider ratios of the CKM-matrix
element V,; extracted from the semi-leptonic kaon decays
K3 and K3, the leptonic kaon decay K >, and nuclear beta
decay — these are

VKM3 VKMZ

us us

R(Kes) =~ and R(Vig) = ~25 “2)
Vs us

The dependence of R(K,3) on new physics is identical to
that of gZ Je and g l’f Jes of which both can similarly be viewed
as CKM ratios, with the latter being commonly denoted by
R(Ky»).Inthe following we illustrate why R (V) is a special
case, and refer the reader to Ref. [102], wherein the ratio was
originally proposed, for further information.

The extracted value of V,,; from the leptonic kaon decay
K, is

K 8Gr
Vusﬂz = VMS (1 + U%CSZ’Qz o G_F> ’ (43)

where Vs is a Lagrangian parameter, the ng,zz is due to
the new direct contribution, Eq. (39), and §G r /G F param-
eterises the shift in the Fermi constant. Similarly, beta decay
results in

sGp
VE = Vi (1 +3CH) 1 — G ) , (44)

which, as per Ref.[102], is translated to V,ﬁ using CKM
unitarity of the Lagrangian parameters:

Vui = \/1 - |Vfd|2 - |Vub|2

Va \> [ 5 -3 sGF
A~ Vs | 1— c - 2. 45
[ <V> (vT I Gy @

From this we derive the ratio

K,» A
Vis" 2 ~(3) 8GF
RV, )= —=1+4+0v5C - —
( us) ny T~HL,22 GF
Vud>2 2 A0 3G r
+ v2e® -2
<VM rChin T G
Vaa \* ) 3)
~ 2 u
~1—vp |:< VM> ChproanT CHL,11j| . (46)

Asisexplained in Ref. [102], a crucial feature of R(V,) is the
enhanced sensitivity to new physics due to (V,,q/ Vs )2 ~ 20.
Experimental data favours the ratio to be smaller than 1 with
a significance between 1o and 2o, depending on the number
of quark flavours assumed for the calculation of the relevant
decay constant, see also Table 6.

3.3.3 Discussion

In Fig. 4, the constraints arising from LFU ratios are illus-
trated. Among those, R(V,;) is very sensitive to muon mix-
ing and highly relevant for the fermionic Seesaw models. For
Type-I Seesaw, the ratio is enhanced and thus driven further
away from the data. In fact, R(V,;) is in conflict with any
visible effect in Higgsstrahlung induced via electron or muon
mixing, even more so than s,,. The next-to-most competitive
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(b) LFU constraints in the .—6; plane. To avoid clutter, subdominant constraints like the one from R(Ky3) are
not drawn, but their locations may be inferred from the above plots.

Fig. 4 Current constraints arising from LFU ratios at 2¢ in comparison
with projected sensitivities of precision Higgsstrahlung measurements.
The red-ruled regions indicate | Ao /0| < 0.5% at 4/s = 240 GeV. The

bounds on electron and muon mixing arise from g{f Je and
gZ /o> Tespectively.

In the case of Type-III Seesaw, the most important con-
straints stem from gﬁ Je and R (V). Since requiring a dis-
cernible deviation in the Higgsstrahlung cross section mainly
translates into a lower bound on the electron mixing angle
in this model and muon mixing may thus be tuned arbitrar-
ily small, the obtained upper limits on |6, | are more relevant
in this context. gZ Je demands |6,| < 0.04 at 20, unless one
allows for larger muon mixing and thus a cancellation, where-

@ Springer

dot-dashed and dotted red lines are the corresponding 1% contours at
/s = 240 GeV and 365 GeV, respectively

upon the maximal electron mixing angle allowed by LFU
bounds can be rendered up to 50% larger. R(V,;) implies
10,.] < 0.05 at 20, which holds largely independently of the
value chosen for |6,|. Note that in a vein similar to myy, the
bounds from gf Je and R(V,y) both constrain muon mixing
efficiently enough so that no appreciable cancellations of the
contributions to Higgsstrahlung from electron mixing can
occur for Type-III Seesaw.

As can be seen in Fig. 4b, LFU data constrains tau mixing
to |6;] < 0.06 for either Seesaw model, which arises from
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gf /i in Type-I, and g7 m for Type-III. These constraints can
in principle be weakened if |6, is more sizeable; still, large
changes are only observed for @(0.1) muon mixing, a sce-
nario which is nonetheless excluded by other observables.
While the contributions to R(V,,s) from electron and tau mix-
ing may cancel, this does not open up parameter space in the
Type-I Seesaw model, as tau mixing itself is too constrained.

Further LFU ratios not contained in Table 6 deviate from
the SM prediction by (close to) 2o and thus present mod-
erate anomalies in themselves, see Ref.[100]. Explicitly,
gf/ﬂ is measured to be smaller than 1, while gf Je and gf‘; .
exceed the SM expectation. If the models under consider-
ation ought to accommodate the data on gf/ > one would
require large tau mixing in comparison with muon mixing
for Type-I Seesaw, with the flavours swapped for Type-III
Seesaw. The latter is unlikely to be realised for scenarios
which are testable via Higgsstrahlung measurements, as large
Ao /oy are likely induced via electron mixing in this model,
which then demands muon mixing to be very small due to
the bounds arising from LFV, see the following section. Sim-
ilarly, for Type-III Seesaw, the other two ratios necessitate
tau mixing to substantially exceed electron mixing in mag-
nitude, which is not a promising scenario either to be tested
in the given context, in particular in light of the bound on
BR(t — 3e).

3.4 Lepton flavour violation

As is generically the case for models of neutrino mass gen-
eration, the Seesaw models predict sizeable rates for flavour-
violating decays of charged leptons. These processes have
not been observed to date and thus impart stringent bounds
on the parameter space, which will likely get refined in the
near future due to several ongoing or upcoming experiments,
see Table 7. The scales relevant for these LFV decays are
within the realm of LEFT and thus it is instrumental to dis-
cuss them in terms of the contributions to LEFT operators.
Since we focus on the comparison with the sensitivities to the
Higgsstrahlung process at colliders, we restrict ourselves to
observables involving electron-flavoured transitions. A com-
prehensive investigation of LFV effects in the symmetry-
protected Type-I Seesaw model can for instance be found in
Ref. [118]. We will relegate the explicit matching conditions
used in this section to Appendix B.

3.4.1 Radiative charged-lepton decays

The branching ratios for radiative flavour-violating charged-
lepton decays read [119]

3
mzi
BR(L: = £jy) = - (1Csi P +1Cersi?) . @7)

with the full decay width I';,. We approximately find

BR(u — ey) ~ 7.117 x 108|Cop.12 — 0.55 Cow. 12

+(17765), 1, - 048EY) 1) 107 (48)
BR(r — ey) ~ 0.004 x 10°|C.p.13 — 0.55 Cow.13
+(20.69C5) 15 —8.1264) 5)107° (49)

where the SMEFT Wilson coefficients on the right are evalu-
ated at the electroweak scale y. = m z. In both Seesaw models
the one-loop matching contributions to the electromagnetic
dipole operator O, from the electroweak dipole operators
Ocp and O,y are of the same order of magnitude as the
contributions from Og)L and OS)L which originate from RG
running, see also Eq. (79) in Appendix B.

3.4.2 Trilepton decays

The branching ratio for trilepton decays with identical
flavours in the final state is given by [120]

. 00 = i vir |?

BR(t; — £€;¢)) = m[ Cee nu‘
VRR VLR VLR
+64|C,,, ]UJ) +8|C, JIJJ‘ +8|C jjji

ji
Cey

2
256¢2 ( mj 11)( 2
+ n——— ) (|c4 | +
2 2 14
my, ( my, 4

64 .
_ _esﬁl: (4 CVLL | CVLR )Cél)l/*

)

my, ee,jijj ee,jijj
+(4CURR 4 CYER.) cyyﬂ. (50)

In the Type-III Seesaw model, these decays are dominated
by the vector operators QYL and OYER | with the flavour
change occurring in the left-handed lepton bilinear. These
operators receive large contributions from tree-level match-
ing of the Type-III Seesaw model onto SMEFT, and then
onto LEFT (see Appendix B). By neglecting all Wilson coef-

ficients apart from Ce‘g‘j)f] j with X = L, R, we thus find

BR(u — 3e) ~ 1.2 x 107
2
(1) A(3)
[64]027(E51) o+ €51 1))
2
+8foas(cly n+Ci )] 6D

BR(z — 3¢) ~ 0.2 x 107*

7 See also [119, 121] for earlier work. In the case of decays, we do not
expect significantly more stringent constraints if some of the final-state
electrons are swapped for muons.
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Table 7 Current and projected constraints on the LFV observables
taken into account in this work, together with the pertinent model pre-
dictions. The current bounds hold at 90% C.L. The future reach listed
for BR(u — 3e) refers to Phase II of the Mu3e experiment; an initial
sensitivity of BR(1 — 3e¢) < 2 x 1013 is expected after Phase I. The

upper (lower) value listed for the future reach of CR(t — e; Al) refers
to COMET (Mu2e). The model predictions are obtained from matching
onto SMEFT at the Seesaw scale u = M X = 1TeV, running to the
electroweak scale © = myz, matching onto LEFT and running to the
low scale © = 5 GeV

Lepton flavour violation

Observable Experiment Model predictions
Current bound Future reach Type-1 Type-II1

BR(u — ey) 42 x 10713 [104] 6 x 10714 [105] 0.82 x 1073 6,0,1? 1.27 x 1073 16,6,
BR(u — 3e) 1x10712 [106] 1x10°16 [107] 0.14 x 1073 6,6,,1? 0.7216.6,.1%

CR(i — e; Au) 7 x 10713 [108] - 0.04 x 1073 6,6,12 27.116.6, |

CR(u — e; Al) - 2.6 x 10717 [109] 0.15 x 1073 16,6,1? 6.7 16,6,

8 x 10717 [110]

CR(u — e; Ti) 6.1 x 10713 [111] 010718 [112] 0.18 x 1073 16,6,1? 13.516,.6, |

CR(u — e; Pb) 4.6 x 1071 [113] - 0.02 x 1073 6,6,,12 20.310.6,1%

CR(i — e; S) 7 x 1071 [114] - 0.21 x 1073 6,6,1? 6.4 16,6,

BR(T — ey) 3.3 x 1078 [115] 9x107° [116] 0.15 x 1073 |6,6, | 0.23 x 1073 16,6, |*
BR(t — 3e) 2.7 x 1078 [117] 4.7 x 10710 [116] 0.02 x 1073 |6,6, | 0.13 16,6, |?

2
a AQ3)
[64 ‘0 27<CHL 3+t Car, 13))

+8[049(Cly) 13+ €1 1s) ‘2 |

where the SMEFT Wilson coefficients on the right are evalu-
ated at the electroweak scale @ = mz. In the Type-I Seesaw
model, all Wilson coefficients entering the branching ratios
for trilepton decays receive contributions from matching onto
SMEFT only at loop level. In this case, the branching ratios
are relatively more sensitive to the contributions from the
electromagnetic dipole operator O, , and the above approx-
imations are only accurate to about 20%.

3.4.3 u — e conversion in nuclei

As the scalar and gluon operators are suppressed in the
fermionic Seesaw models, the u — e conversion rate takes
the simple form [122,123]

Cey 12 2
Wcony = ‘_ Zef’: D+ g(l’) V(p) + g(") V(n)
%

2
Cc* 2
i ey, 1D+§;el";v(l7) _i_g,gi‘)/v(n) , (53)

my

where the overlap integrals D, V(P and V™, and muon
capture rates weapt can be found in Refs. [122,124], and the
effective coupling constants are

g([’)

_ VLL
Lv=2 (Ceu,1211 + Ceu 1211)

VLL VLR
+ (Ced 1211 T Ced,1211) , (54)
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~(p) VRR VLR
Srv =2 (Ceu,l211 + Cue,lllZ)

+ (Cexfl];ll + CdVeL,IIRIIZ) ; (55)

gy = (Ce‘fflliu + Ce‘fflgu)
+2 (Ce‘fz,Lleu + Ce‘izlflgu) . and (56)

gy = (Ceu 1211 +Cﬂﬁ12)
2 (Ce‘;ﬁgn + C;eLllilz) (57)

see Appendix B for approximate matching expressions.

We are interested in the conversion ratio CR(u — e),
defined as the ratio of the ;t — e conversion rate wcqny Over the
muon capture rate weap. For the Type-I and Type-III Seesaw
models it approximates to

[ 587
~ (I 5
CR( > o)~ (G55) | 116 ¢ x 10
¢ 21.54
AVLR
'[2< ool + Ceu,lle)
0.0396
AVLL AVLR
+ (Ced,1211 + ng,1211 0.0974
0.0161
AVLL AVLR
+ [ (Ceu,ml + Ceu,l2ll>
0.0468 | 2
+2 (CeVdfleu +Cof 1211) ] 0.146 ¢ |, (58)
0.0173
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where the Wilson coefficients on the right are evaluated
at the low scale © = 5GeV, and where the upper, mid-
dle and lower entry in the brackets refers to a titanium
(Ti), gold (Au) and aluminium (Al) target, respectively. We
also include the predictions for the conversion ratios for
lead (Pb) and sulfur (S) in Table 7, from which one can
infer that the respective current bounds do not impose rel-
evant constraints. As is reflected by the above approxima-
tion, 4 — e conversion is dominated by contributions from
left-handed vector operators in both Seesaw models. This is
evident in Type-III where these contributions are sourced at
tree level, but also holds in Type-I. The electroweak dipole
operator ey, 12 plays a subdominant role in both mod-
els.

3.4.4 Discussion

We find that for the Type-I Seesaw model, as per the absence
of tree-level contributions to trilepton decays and p — e con-
version, the most competitive bounds currently arise from the
non-observation of © — ey and T — ey, see Fig. 5. There-
fore, a detectable shift in o(ete™ — Zh) would enforce
either |6,] 2 0.1 and |6, | < 10~4, or vice versa. Still, in the
1 — e sector, we expect the limits from BR(u — 3e) and
CR(u —e) to become more stringent in the future, and further
improve this bound by up to two orders of magnitude. The
relatively loose current bound from CR( — e; Au) is due to
cancellations between the effective vector couplings to pro-
tons and neutrons. These generically occur for all target mate-
rials in both fermionic Seesaw models, but are insignificant
for Type-II1. In the case of Type-I, matching at a larger scale
reduces the cancellations for CR(uw—e; Au), cf. Sect. 3.5. See
also for instance Ref.[125] for a pertinent discussion. Cur-
rently, the non-observation of t — ey enforces |6;| < 0.1
for |6,| = 0.1, and |6,| < 0.02 for |0;| = 0.6. These limits
can be expected to become slightly more stringent in light of
the future reaches of BR(t — ey) and BR(r — 3e), still,
the improvements are expected to be less than an order of
magnitude.

In Type-IIT Seesaw, due to tree-level contributions to the
respective pertinent operators, the bounds from BR(u — 3e)
and CR(u — e) are stricter than that of BR(u — ey), and
T — 3e is also more competitive than T — ey. Note
that the projected sensitivity to BR(u — ey) at MEG 11
cannot even be expected to supersede the current bound
on BR(u — 3e). Moreover, the existing bound on p — e
conversion in gold effectively enforces the muon mixing
angle to be smaller than |6, < 1075 for 6] > 1072
which is required for an observable deviation of the Hig-
gsstrahlung cross section at a future lepton collider. Thus,
the measurements of the cross section are only sensitive to
a rather pronounced hierarchy 16, /6| < 1073, A hierarchy
10e/0,] < 107>, corresponding to the region visible in the

top-left of Fig. 5a, is in principle also compatible with the
LFV bounds, but still disfavoured by the constraints from
electroweak and LFU observables, see the relevant sections
above.

Similarly, the non-observation of T — 3e presently con-
strains the tau mixing angle to |6;] < 0.03 if a non-SM
signature in o(ete™ — Zh) is to be attainable, that is, tau
mixing should not substantially exceed electron mixing in
magnitude. This limit on |0;| would be strengthened by an
order of magnitude if no decay r — 3e is observed at Belle
I1, which will then also necessitate a hierarchy |6, /6,| < 0.1
if a chance of detecting Ao /oy is to be retained. In a sim-
ilar vein, if no signals in © — 3e or u — e conversion in
aluminium are observed in the future, the ratio of the rele-
vant mixing angles will be constrained to be even as small as
10,./0e] < 107% or 1073, respectively.

3.5 Larger Seesaw scale

Lastly, we will comment on the scenario with a larger match-
ing scale. In Table 8 we have collected our results for the
shifts in the observables considered in our work for the See-
saw scale u = MX = 10 TeV.

In the case of the Type-III Seesaw model, we find that
the results discussed in this section seem to be fairly robust
with respect to raising the triplet mass to O (10 TeV) at least.
That is, the numerical coefficients entering the expressions
for the considered observables typically change by less than
20%. The only notable differences lie in the sensitivity of
dmwy and Ao /og to tau-flavour mixing at larger centre-of-
mass energies, where the respective coefficients grow by a
factor of 2-5. Still, it is a subleading effect, as these observ-
ables remain much more sensitive to electron- and muon-
flavour mixing. Therefore, the results for the Type-III Seesaw
model discussed in Sect. 3 so far, for which M* = 1TeV
is assumed, will also approximately hold for (moderately)
larger masses.

In contrast, the observable phenomenology of Type-I See-
saw morphs somewhat nontrivially upon raising the See-
saw scale to M” = O(10TeV). Most profoundly, the Hig-
gsstrahlung shift Ao /op now experiences a crossing near
/s = 500 GeV, whereupon the dependence on the squared
electron mixing angle |6, |* reverses from positive to nega-
tive. Additionally, the trilepton decay rates receive a relative
numerical boost of 200%, and the u — e conversion rates
are, in general, significantly altered. Specifically, . — e con-
version in gold and lead increase substantially due to the
fact that the effective left-handed vector couplings to neu-
trons increase by a factor larger than 2, while the proton
couplings and the dipole operator remain largely unchanged
and thus the cancellations are much less efficient. On the
contrary, i — e conversion in aluminium and titanium expe-
rience a suppression. This implies in particular that the cur-
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(a) LFV constraints in the 6.6, plane. Though we checked the current bounds arising from p — e conversion
for different target materials, here we display only the most competitive ones for each model, respectively. The
PRISM/PRIME [112] proposal may even further extend the new-physics reach of u — e conversion.
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(b) LFV constraints in the .—0; plane.

Fig. 5 Current constraints from LFV observables depicted at 90%
C.L., together with their prospective future reaches, in comparison with
projected sensitivities of precision Higgsstrahlung measurements. The
red-ruled regions indicate |Ao/o| < 0.5% at /s = 240GeV. The
dot-dashed and dotted red lines are the corresponding 1% contours

rent bound arising from p — e conversion in gold is clearly
stronger than the one from titanium, unlike the scenario with
MY =1TeV.

@ Springer

at /s = 240GeV and 365GeV, respectively. We do not depict the
bounds from tau-flavoured processes in the 6,—6,, plots, and vice versa.
If included, they would appear as vertical lines with positioning highly
dependent on the choice of the third mixing angle, which limits their
relevance

4 Summary

We have computed the correction to the tree-level cross sec-
tion of the Higgsstrahlung process ete™ — Zh in the LN-
conserving limit of the Type-I and Type-III Seesaw mod-
els, and compared several benchmark sensitivities of next-
generation lepton colliders to existing and prospective con-
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Table 8 Contributions to the observables considered in the phenomenology study in this work, but obtained from matching onto SMEFT at a

Seesaw scale u = MX = 10TeV

Type-1

Type-111

Ac/op (240GeV) 0.7416,1> + 1.1116,]> 4 0.06 |6, |

26.30 16, |*> — 1.07 [6,,|*> — 0.01 |6, |2

Ao /og (365GeV)
Ac /g (500GeV)

2
ds3)

0.4110,1% + 1.1816,,1> + 0.12 16|
—0.05 16| + 1.26|6,]> 4 0.19 |6 |?
—0.151(16¢|* + 16, %) + 0.005 |6, |

63.126,|> — 1.0916,,|* — 0.03 6, |
120.66 |6,]> — 1.1116,,1> — 0.05 |6, |
0.021(10,1% + 16,,1%) — 0.135 |6, |2
—8.44(10.1% + 16,17) — 0.24 16, >

Smy /GeV 7.95(1661% + 16,,1%) — 0.24 16,
e 1+ 0.47(16, 1> — 16, 1*)

8o 1+ 04710, 1> — 16:1%)

R(Vys) 1+0.4416,1> + 8.5816,,|> — 0.07 |6, |
BR(u — ey) 0.80 x 1073 (0,0, 2

BR(u — 3e¢) 0.34 x 1073 6,0,1?

CR(u — ¢; Au) 0.94 x 1073 6,6,|?

CR(n — e; Al) 0.03 x 1073 6,6,12

CR(u — ¢; Ti) 0.15 x 1073 16,6,

CR( — ¢; Pb) 0.76 x 1073 6,6,1?

CR(u — ¢;S) 0.01 x 1073 6,6,1?

BR(t — ey) 0.15 x 1073 16,06, |?

BR(t — 3e¢) 0.06 x 1073 |6,6, |

1= 0.47(16c|* — 16,,1%)
1—0.47(16, 17 — 16: 1%
1 —0.4416,]> — 8.5816,,1> + 0.07 |6, |
1.21 x 1073 16,6,
0.66 16,6, |
24.710.0,,|>
6.116.6,1

12.3 166,17
18.516.6, |

5.8 16,6,

0.23 x 1073 0,0, |2
0.12 6,6, |>

straints from electroweak precision measurements, and LFU
and LFV probes. Summary plots in the 6,—6, and 6,—0;
planes are presented in Fig. 6.

As a major result, we found that existing data on the
effective leptonic weak mixing angle and LFU observables
preclude substantial corrections to the Higgsstrahlung cross
section for Type-I Seesaw. The most likely signature of this
model at a future lepton collider is therefore the absence
of a detectable deviation from the SM prediction, at least if
no further new physics modifying the electroweak and LFU
sectors is introduced. For Type-III Seesaw, the current con-
straints (at 20') leave genuinely viable parameter space that
can be probed at an eTe™ Higgs factory. Figure 7 provides
a magnified view of this region. Concretely, for a centre-of-
mass energy /s = 240 GeV the largest permitted shift in the
Higgsstrahlung cross section is ~5%; at /s = 365 GeV itis
~12%.

The viable region in Type-IIl is isolated by three main con-
siderations. Firstly, the non-observation of LFV tightly con-
strains any scenario with sizeable mixing of heavy fermion
singlets or triplets with two lepton flavours. These constraints
are particularly strong for Type-III Seesaw, which induces
tree-level contributions to trilepton decays and pu — e con-
version. Indeed, a detectable deviation in o (eTe™ — Zh)
already necessitates a sizeable hierarchy between 6, and
6, which will become more pronounced if signals of LFV
remain elusive in the future. (The situation is similar for Type-
I Seesaw, where in the absence of contributions to LFV at

tree level, the radiative decays u — ey and T — ey are
more important.) Secondly (and thirdly), both the W-boson
mass my and LFU data currently disfavour detectable cor-
rections induced via muon mixing at the level of 20, but leave
room for visible effects due to electron-flavoured couplings,
which together with the LFV constraints enforces a hierarchy
16,/6e] < 1073

Focusing on the viable region in Fig. 7, the constraints
arising from the LFU ratio gﬁ/e and my are similarly com-
petitive and provide the most stringent constraint on electron
mixing in the Type-III Seesaw model, with |6,| < 0.04 at 20
Note also that in the region of parameter space where Ao /oy
is detectable, tau-flavour mixing is more strictly constrained
by the current bound on BR(r — 3e¢) than by measurements
of the weak mixing angle or pion decays. As is expected from
Sect. 3.4, the most competitive upper limit on muon mixing
in the given context currently arises from the non-observation
of  — e conversion in gold, and will be further constrained
by Mu3e as well as the searches for © — e conversion in
aluminium at COMET and MuZ2e. If an observation of these
transitions remains elusive in the future, the currently viable
parameter space will retreat to |0, < 10~7. Similarly, if
T — 3e is not observed at Belle II, tau mixing would need
to be smaller than §; = 1072.

Since fermion triplets induce a tree-level contribution to
ete”™ — Zh whichis not mediated via the s channel as in the
SM, deviations from the cross section induced via electron-
flavour mixing grow approximately with s. In that sense, if
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Fig. 6 Summary plots featuring the most competitive current con-
straints as well as future reaches considered in this work in comparison
with projected sensitivities of precision Higgsstrahlung measurements.

the drop in statistics can be compensated by higher luminos-
ity, the Type-III Seesaw model motivates precision measure-
ments of the Higgsstrahlung process at higher centre-of-mass
energies as well, whereas this is not indicated for Type-I See-
saw.

Overall, we have corroborated the expectation that a
rich interplay of neutrino, Higgs, electroweak and flavour
physics is to be expected for Seesaw models at low ener-
gies, and demonstrated the benefit of measuring the Hig-
gsstrahlung cross section at multiple centre-of-mass ener-

@ Springer

The red-ruled regions indicate |Ac /o | < 0.5% at /s = 240 GeV. The
dot-dashed and dotted red lines are the corresponding 1% contours at
/s = 240GeV and 365 GeV, respectively

gies for the Type-III Seesaw model. One may extend the
research conducted in this work along two major avenues.
Firstly, although the list of processes which we consider in
the analysis captures a wide range of phenomenology of the
fermionic Seesaw models, it is not exhaustive. In particular,
taking into account observables sensitive to angular distri-
butions for Higgs physics [126] as well as a comprehensive
global fit in the electroweak sector should help to further
differentiate between the low-energy signatures of Seesaw
models. Secondly, since we relied on the assumption of an
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Fig. 7 Plots zoomed in on the viable parameter regions in the Type-III
Seesaw model. Only the most constraining observables are depicted.
The red-ruled regions indicate | Ao /o| < 0.5% at 4/s = 240 GeV. The

exactly conserved LN symmetry on the Lagrangian level,
existing data on lepton mixing and the mass hierarchies in
the neutrino sector was per definition not incorporated. While
we expect the implications of explicit breakings of lepton
number for the induced low-energy phenomenology to be
small in general, any viable model of neutrino mass gener-
ation eventually needs to be tested against them. Lastly, we
leave similar studies for different models of neutrino mass
generation for future work.
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Appendix A: A brief overview of parameter shifts in
SMEFT

Here we supplement this work with a somewhat pedagogical
overview aimed at explaining how to arrive at the parameter
shifts presented in the main text. This overview is not entirely
self-contained, and we recommend the reader refer to Sec-
tion5 of Ref.[75], which provides an excellent guided tour
of much upon which this exposition relies. We will match
their notation with the exception of the gauge fields and their
couplings, as their redefinition due to Oy w and O p is just a
matter of bookkeeping. (Practically, this means we will con-
tinue to write e.g. g2 and Z,, instead of g, and Z, respec-
tively.) Herein we work to order (v/ A)Z, where A is the cut-
off scale of the effective theory, equal to M X in the Seesaw
models.

Part 1: Effective Parameters

We denote with a bar, e.g. g, an effective parameter that
appears in place of its unbarred form in the SMEFT
Lagrangian after all effective operators have been expanded
out and the dust settles. For example, the Z-boson part of the
gauge-covariant derivative, which in the SM reads

D, D —igz(T? —s20)Z,, (59)
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becomes in SMEFT
D, D —igz(T> —520)Z,, (60)

where [75]

= 8182
gZ:\/g%“rg% l+ﬁU%CHWB , and
8+ 8

1
2
=-S5 [1-
Yogi+ e

To denote the shifts of these parameters from their SM
expressions we write

ng g
1—% 7Cuws |- (61)
81 gl + &

37 =g7+088z, and 52 =s2 4852, (62)

where the corrections are

52
gZ _ gng UTCHWB, and

8z g] +g

555) 828 —g% 2

— = —2UTCHWB- (63)
Sw 81 gl +

Note that §g7/gz = 8gz/gz at order (v/A)? (and similarly
so for every other parameter), so we will consistently opt to
write the former, which uses less ink.

To reiterate the notation and have a referenceable equation,
the shift for a general parameter g is written

§=g+5%. (64)

There is one exception to this notational rule in vy, which
should be written v for consistency, but isn’t by convention.
In this case we have vy = v + 0.

Part 2: Input Parameters
We denote with a hat, e.g. &, a parameter directly measured,
or derived from measured values using tree-level SM rela-
tions. For a parameter directly measured we have
a=a+68a=a+dx+da. (65)
Here there is an additional contribution, labelled &, which
comes from other diagrams contributing to the measurement
process, and which cannot be absorbed into a redefinition
of the parameter as above. Such diagrams typically arise at
the loop order or at O(v/A)*, which we neglect, therefore
leaving 8& = 0. The sole exception to this is the Fermi con-
stant, which acquires tree-level contributions to & G F from
the diagrams in Fig. 8.

For a parameter computed from the input parameters using
the tree-level SM relations, ¢ = g(&;) (one such example

@ Springer

would be computing the elementary charge from the mea-
sured value of the fine structure constant via e = ~/4wa), we
instead have

28 (@ +6a;) = g + 62. (66)

o
By combining Eqgs. (64) and (66), we see that

g=§+06z- 588
=4+ ¢ (67)

As will soon become apparent, we will be most interested in
computing this total shift,

5g =685 — 8—g(5&,~ + 86;) . (68)
aOli
Part 3: Shifts in Observables

We now come to the climax of this exposition. Suppose now
that SMEFT represents the “true” theory, and that we wish to
compute the correction to a quantity such as a cross section
which has been calculated under the mistaken assumption
that the SM was the correct theory: Ac = OSMEFT — OSM-
In addition to direct contributions from new operators, there
will be an indirect contribution from the shifts of the SM
parameters.

To arrive at this conclusion carefully, convince yourself
that the correct cross section should be written in terms of the
barred parameters, o (g;), as —after all — these parameters are
the ones extant in the “true” Lagrangian. In the SM, however,
it’s evidently the case that both §g; = 0 and 8g; = 0,% so one
sees no issue with setting g; = g; and computing the cross
section as o (g;). Explicitly,

OSMEFT = 0(8i) + A0Direct and osm = 0 (i), (69)
and so
Ao = Aopirect + Z (é_’l - é;z)
agl gi=8i
= AODirect + Z 5gi- (70)
agl 8i gz

It is worth emphasising that Eq. (70) applies only when com-
puting a correction to an SM prediction, which we do so in
Sects. 3.1 and 3.2 of the main text. However, as in Sects. 3.3
and 3.4, it does not apply when one is only interested in the
SMEFT prediction, 0SMEFT-

8 Of course it’s not strictly true that g; = 0, as there will be loop effects
contributing to the screening of g; even in the SM. This is however a
separate shift to the one under consideration and it can be independently
dealt with, so we do not treat it here.
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Fig. 8 Muon decay diagrams with the effective operators contributing to 8Gr, given in Eq. (5)

An explicit example

We illustrate the above procedure by working out the shift in
gzzn, which appears in the SM Lagrangian as

1 1
L£> Zg%vZﬂZ”h = S8220ZuZ" . (71)

In SMEFT this becomes — with additional complications aris-
ing from the fact that the Higgs field acquires a new normal-
isation, see Ref. [75], and that Ogp contributes a Z, Z"h
term —

1 1
LD Zg%vTZ,LZ“ <1 + U%CHD — ZU%CHD> h

1
+CHD§g§v§ZMZ“h

L 537 80
- (1+2ﬁ+—+vrcm
4% 8z

3
+ ZU%CHD>ZMZM}1

| =

8zznZu Z"h, (72)

from which we read off

5g 5g Sv 3
§22h 2£+—+UTCH[|+ U%CHD
827h 8z 4
= 2cusw03Crwp + v3Chn
3 Sv
+4UTCHD+— (73)

The 827z, part of the full shift depends on one’s choice of
input parameters; in the (o, mz, G ) scheme one has

Szzn =222\ Gr, (74)

which is a tree-level relation valid in the SM. In accordance
with Eq. (66), we then have

88 sm%  sm2 §G 5G
822k _ (222 ) 2T T A T
827Zh msy my 2 GF Gr

Plugging in the known shifts® [75]

sm3, 1 80
— = _UTCHD + 2C'wsvaCHWB +2—,
m7 2 v
S’ §G 80
mzz' =0, E_- 2 (76)
m7, Gr v

and leaving §Gr /GF symbolic as it has a cumbersome
expression (see Eq. (5)), this evaluates to

5§22h 1 2 Sv 1 CSGF
= 7CHp+2 C + +-——-: (77
p— FvrCarp cwswV3Crwp 3Gy (77)

Lastly, we bring it all together as per Eq. (68) to obtain

8gzzh _ 88zzh  08zzh
8Z7Zh 877Zh 877Zh
1 18GF
2
= C -C - —— 78
UT(HD+4 HD) 2 Gr (78)

which one sees matches Eq. (28). We note that the depen-
dence on §v completely cancels. This is a general trend for
all shifts we consider — thus, for our purposes, the replace-
ment v — v7 is functionally unphysical.

Appendix B: Approximate matching conditions

From DsixTools we numerically get the matching condi-
tion for the electromagnetic dipole operator, relevant to LFV
decays:

Cey.ij (0 =5GeV)
GeV

~ 150.732 CeB,ij

9 One arrives at the shift §G r by writing

Gr 1 1 (1 ) 8v )

T V2l 207 T V2 v /)’
dmy is more involved, as rhzz additionally receives a direct contribution
from Oy p and an indirect contribution from O wp due to the rediag-

onalisation of Z,, and A,. Lastly, 81 is zero as there are no tree-level
diagrams at order (v/A)? which contribute to the Z-boson self energy.
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— 82.394 Cow.ij +3.204CY)

LeQu,ij33
+ Ay (Cyy —02m353CY) ). (79)

where the Wilson coefficients on the right-hand side are eval-
uated at the scale u = myz, repeated indices do not indicate
summation, and

— 0.2661 4.4758
Aij =107 0.0013 — - , (80)
0.0013 — — i
with the dashed entries being irrelevant for our purposes.

We are conscious that the scales associated with the
decays of taus and muons are smaller than © = 5GeV.
The largest contributions from RG running at lower scales
can be expected to originate from QCD. The only SMEFT
operator which one may a priori expect to yield a sizeable
contribution to LEFT og)erators which involve quark fields
and mix into O,y is O, = (Loyyer)e(Qo  ug). Still,
this operator is not induced at 1-loop level in the Seesaw
models under consideration [78-80], and it only yields a tiny
sub-percent contribution to O,,, . Therefore, we do not expect
to have missed any sizeable effects from RG running below
nw=>= GeV.'9 The same holds for the (semi-)leptonic vector
operators mediating trilepton decays and u — e conversion;
we have explicitly checked that the contribution from quark
operators is at most 1% in Eqgs. (81) and (82) below.

For all the matching conditions listed in the following, the
respective LEFT Wilson coefficient on the left-hand side is
given at u = 5 GeV, while the SMEFT Wilson coefficients
entering on the right-hand side are evaluated at the scale
u = myz. For the operators relevant to trilepton decays we
find:

ChHE ~—0266CY)  —0271CY)

+0.973Crp i, (81a)
CoRR 2 0.974 Cpe. jjji +0.235 e ji

—0.006 Cey ji33 + 0.003 Coe 33, (81b)
CuER ~04912CY) 1 +0.4909CF)

+1.018 Cpe jijj —0.012Cpy jiz3, and  (81c)
Col R A —0.556 e, ji + 1.018 CLe jjji

—0.015 Cge,33ji + 0.011 Cuy ji33. (81d)

10 paraphrasing this, even if the numerical factor multiplying
C fe)Qu (mz) in Eq. (79) changes appreciably upon further lowering the
scale on the left-hand side to, say, u© = m,, Cfe)Qu (my) itself is so

small for the fermionic Seesaw models that we do not expect the result-
ing (relative) contribution to C,,, (m,,) to become sizeable in any way.

@ Springer

For &t — e conversion the matching conditions for the vector
operators are

VLL . (1 (3)
Coui311 ~=0.708 CHL,12 +0.734 CHL,12

— LOATCP) 1) (82a)
Ce‘;ﬁI;ll ~ —0.3172 C;})L,lz

—03170CY}) 15 +0.984 Cru, 1211, (82b)
CoRB11 ~ —0.321 Che,12 + 0.008 Coy, 1233

—0.005 Cge 3312, (82¢)
Culfi12 7 0.696 Cie.12 +0.017 Cge 3312

—0.014 Coy. 1233, (82d)
ClHE ~—0.856CYp) 1, —0.864CY) |,

+0.987CF) 111 (82¢)
CUER  ~0.1617CY)) 1, +0.1615CY) 5

+ 1.006 Cr4.1211, (82f)
Cof 811 ~0.158 Che.12 — 0.004 oy, 1233

+0.002 Cge 3312, and (82g)
Crlfiin ~ —0.867 Che.12

—0.020 Cge,3312 + 0.018 Cey, 1233- (82h)
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