SciPost Phys. 10, 039 (2021)

Dark Matter EFT, the Third — Neutrino WIMPs

Ingolf Bischer!*, Tilman Plehn?' and Werner Rodejohann'*

1 Max-Planck-Institut fiir Kernphysik, Saupfercheckweg, Heidelberg, Germany
2 Institut fiir Theoretische Physik, Philosophenweg, Universitdt Heidelberg, Germany

o

* bischer@mpi-hd.mpg.de, T plehn@uni-heidelberg.de, %

Abstract

werner.rodejohann@mpi-hd.mpg.de

Sterile neutrinos coupling only to third-generation fermions are attractive dark matter
candidates. In an EFT approach we demonstrate that they can generate the observed
relic density without violating constraints from direct and indirect detection. Such an
EFT represents a gauged third-generation B—L model, as well as third-generation scalar
or vector leptoquarks. LHC measurements naturally distinguish the different underlying
models.

Copyright I. Bischer et al.

This work is licensed under the Creative Commons
Attribution 4.0 International License.
Published by the SciPost Foundation.

Received 18-09-2020 ,')
Accepted 15-02-2021 e
Published 17-02-2021 updates

doi:10.21468/SciPostPhys.10.2.039

Contents
1 Introduction
2 vDMEFT framework

A

B

2.1 Operator basis
2.2 Constraints

vyDMEFT representing models

3.1 Gauging third-generation (B—L)
3.2 Scalar leptoquarks

3.3 Vector leptoquarks

Conclusions

Details on the Z’ — 77 limit in the (B — L); model

Details on Z’ with coupling only to by or t

References

W

11
12
18
23

25

26

27

27



https://scipost.org
https://scipost.org/SciPostPhys.10.2.039
mailto:bischer@mpi-hd.mpg.de
mailto:plehn@uni-heidelberg.de
mailto:werner.rodejohann@mpi-hd.mpg.de
http://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=10.21468/SciPostPhys.10.2.039&amp;domain=pdf&amp;date_stamp=2021-02-17
https://doi.org/10.21468/SciPostPhys.10.2.039

Scil SciPost Phys. 10, 039 (2021)

1 Introduction

What particles form dark matter (DM), how do they couple to the Standard Model (SM), and
how did they get produced? These questions require a fundamental interpretation framework
for a stable new particle from a new physics sector. After defining its hypothetical quantum
numbers we can add the dark matter particle to the Lagrangian of the SM and obtain a perfectly
consistent theory. If this Lagrangian is perturbatively renormalizable, the couplings to the
SM are given by the quantum numbers of the dark matter agent. If the Lagrangian includes
higher-dimensional operators, the interaction through a decoupled new mediator defines a
dark matter effective theory. The only constraint we have on these interactions is the measured
relic density, combined with an assumed production mechanism in the thermal history of the
Universe.

Of many candidates and scenarios, weakly interacting massive particles (WIMPs) [1-5]
with their defining thermal freeze-out production still stand out [6,7]. The original papers all
use sterile neutrinos as actual WIMPs, and we will return here to this notion. Direct detection
experiments are slowly covering the relevant WIMP parameter space [8,9]. To obtain the
observed relic density from freeze-out production, the dark matter annihilation rate to SM-
particles has to be large. Hence, SM-mediators like the Z-boson or even the Higgs boson are
ruled out over almost the entire parameter space. New mediators can avoid these constraints,
and if the annihilation process is not enhanced by an s-channel funnel it can be described by
a dark matter EFT (DMEFT) [10-15]. The effective Lagrangian can be informally written as
L = C/A? f2DM?, where f is a SM fermion and DM the dark matter particle. We can then
translate the observed relic density 2pyh? &~ 0.12 into a typical dark matter annihilation cross
section [16]

! 1 C*mpy,
O ann Vrel) & ~ . 1
( ann rel) 600 TeV2 47 A4 ( )
The relation between the dark matter mass and the new physics scale becomes
A2 mpy=10 GeV
=6.9 TeV e A =260 GeV VC
C mpm
=A/R C
ey A=6.9TeV . (2)

This indicates that large mass ratios R = A/mypy; require light new physics to produce the
correct relic densities, while large Wilson coefficients C can alleviate this pressure. Too small
values of R will cast doubt on the EFT assumption, but we can assume a typical range

R= =3..10 and CcCz 1 3)

This picture of the DMEFT is consistent and describes not only the relic density, but also direct
and indirect detection, typically leading to a lower bound on the DM mass, which can be more
or less restrictive depending on the nature of the DM particle and the operators considered [17,
18]. However, the fact that the typical EFT-scales around 1 TeV which predict the correct relic
abundance of DM for the traditional WIMP mass region around 100 GeV are directly probed by
the LHC leads to a breakdown of the EFT and the need to consider explicit mediators unless one
is willing to consider a strongly interacting regime [19-21]. This is one strong motivation for
the application of simplified models instead of EFTs to new physics searches at the LHC [22].
Another possible way to save elements from the EFT is to include a mediator into the excitable
degrees of freedom of the DMEFT [23, 24].
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Our approach is that we keep the original DMEFT at the cost of having to resort to the
following treatment at collider scales. Matching to the full theory we trade the new physics
scale A and the Wilson coefficient C for mediator mass and coupling, A &~ m,,.q and C? ~ g*.
This matching allows us to include collider measurements in a global analysis, even if these
measurements require an on-shell production of the mediator. At the same time, matching
to a full theory brings in constraints from the construction or the consistency of the model.
For instance one needs to address flavor observables or assure perturbatively small values of
g whenever the model should be valid to high scales. If there exists no UV-complete theory
completing a consistent EFT approach, such an EFT is utterly pointless. From this perspective, a
fully consistent EFT approach is less trivial than one may think [19,20,25-27]. However, even
if a straightforward construction of a UV-completion fails, it is difficult to rule out its existence.
For instance, strongly interacting theories can lead to non-trivial EFT mappings [21].

In this paper, we build on the recent appearance of 4-fermion effective interactions in the
neutrino sector [28-32], beyond oscillation analyses [33-36] and consider a DMEFT approach
to a sterile neutrino. We let DM couple only to the third fermion generation, which naturally
leads to suppressed DM-nucleon couplings and production cross sections at the LHC. First,
considering the relevant higher-dimensional operators, we demonstrate that the relic density
via freeze-out can be generated, while at the same time direct and indirect detection limits
can be obeyed without losing the validity of the EFT approach. Next, we investigate possible
UV-completions of this framework:

* the anomaly-free gauged Abelian (B — L); symmetry. The dark matter sterile neutrino cou-
ples to a Z’ which in turn couples to third generation fermions;

* a scalar third generation leptoquark, which couples to the dark matter sterile neutrino and
right-handed top quarks;

* a vector third generation leptoquark, which couples to the dark matter sterile neutrino and
right-handed bottom quarks.

These models face different constraints in particular from LHC searches, while the direct and
indirect detection constraints are accurately obtained within the corresponding EFT limit.

The paper is built as follows: In Section 2 we discuss the EFT of fermion singlets, which
includes a variety of higher-dimensional operators. Focusing on couplings to third generation
particles, we identify the operators relevant for DM freeze-out, as well as direct and indirect
detection. We shown that our EFT scenarios allow for the successful DM generation in agree-
ment with all constraints. In Section 3 we discuss some issues with consistent EFT scenarios.
We then match our EFTs with explicit models, specifically the gauged Abelian (B — L); as well
as scalar and vector leptoquarks. The models are confronted with additional constraints from
colliders and flavor, before we conclude in Section 4.

2 yDMEFT framework

For our vYDMEFT we assume a sterile neutrino N of mass my < 10 GeV as the DM agent. Its
mixing with active neutrinos must be very small or forbidden by symmetry, for instance if N
is the only particle odd under a Z, symmetry. This forbids in particular a Yukawa coupling
with the SM Higgs, which would make it unstable [37,38]. For our present purposes then,
our vDMEFT is equivalent to the regular DMEFT. We simply identify the fermionic singlet
DM as a stable (or at least very long-lived) sterile neutrino to stress the connection to the
currently actively discussed topic of Standard Model Effective Field Theory (SMEFT) extended
with sterile neutrinos (vSMEFT or SMNEFT) [35,39-45]. The standard seesaw mechanism as
one possible origin of Majorana neutrinos N implies that other sterile neutrinos would have
to be heavier, so they decouple and decay before N freezes out. For instance, two heavy
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sterile Majorana neutrinos are sufficient for the seesaw mechanism to generate light neutrino
masses (one of which would be massless), and leave a super GeV-scale sterile neutrino as a
DM candidate. However, this realization is only one possibility, there are countless ways to
generate active neutrino masses. We will also consider the Dirac option for N in the course of
the paper, and will comment on the difference to the Majorana case when appropriate.

2.1 Operator basis

We describe a sterile Majorana neutrino as a 4-component spinor

nC
— R | —
N = (nR) = Ny +Ng, (4)
where Ny and Ny, are 4-component chirality eigenstates. Assuming only SM gauge symmetries,
the renormalizable operators are given by the SM-Lagrangian plus a sterile neutrino contribu-
tion,

= 1 — 7 ~
L4 = Loy +iNgy"8,Ng + (EmNN}gNR + h.c.) + (1Y NgH +h.c.). (5)
We extend this Lagrangian by D5 and D6 terms,

1 d= 1 d=6
ﬁeff=L4+cs+c6=c4+KZcio§ 5)+Ezcio§ ). 6)

Table 1: 4-fermion D6 operators in the SMEFT (upper) and after adding right-
handed neutrino singlets (lower) to generate the vSMEFT. Note that [, and q, de-
note the weak lepton and quark doublets of flavor a, individual fermions u,, d,,
and e, are the weak singlets. Regarding the operator O¢//, the index f f ' runs over
ee,uu,dd,eu,ed, and ud of all 3 generations. Flavor indices of the operator sym-
bols are suppressed in the table. This list does not include baryon or lepton number
violating operators.

(LL)(LL) and (RR)(RR) (LL)(RR) (LR)(RL) and (LR)(LR)
Ou Qarulpd)Gr*) O Uarulp)@rtes)  Ouga @ulp)@ds)
o) Tarulp)@r"es) Oy Tarulp)@r"us) Oy (@al})e (@, qf)
0 Uyt "7'es) O Larulp)(dy'ds) Ot @uouly)en(@,oqs)
o @arudp)@7"e5)  Op  @urudp)Eries)  OL, (@up)en(Tyds)
Or(z?z) @alfu’fl%)(zﬂufl%) Oqu (Gamqﬁ )(Ey}’“u(s) Ogild (qiTAu/j)ejk@l;TAds)
O Faruf )7 fD) O @ay,p)(d, 1" d5)
Opp ey, T up)x OB (qur,Tqp)(@, 7" T us)

(d,y"T*d5) Ogi) @aruTqp)(d, v T"d5)

One  (NavuNp)@res)  Owi (NaruNp)(lyr*ls) Ot (Nalp)e (@, L&
Onvi  NaruNp)@r'us)  Ong  (NavuNp)@r"ds)  Owga  (Npen(@ids)
Ong (NovuNp)(d,r"ds) Ovga 0 Npes(@ ot ds)
Ovy  (Na1uNp)(N,7"Np) Ovug (TN, q})

OeNud (EaYuN/j )(ayYMdS)
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At dimension five the SMEFT [46] only features the Weinberg operator, while the neutrino
extension allows for two additional terms [47],

) c® _

C
LS— Y (Ieio,H)M,(H'1) + 22 A ENNg H'H + 22 A ENto,,Ng B"” +h.c. @)

Here B,,, is the hypercharge field strength. For only one Majorana neutrino, the magnetic-
dipole-like (9(5) is forbidden by the antisymmetry of the tensor-fermion bilinear. All three D5

terms violate lepton number by two units. Below the weak scale, the operator (’)](VH generates
a mass correction for the sterile neutrino, but also Higgs (portal) couplings of the vertex forms
NNh and NNhh. Whenever a pair of sterile neutrinos may annihilate into a SM fermion pair,
this operator is also produced at one-loop level. This is the case for all models studied in
this work. Therefore, we will occasionally return only to (’)](\?12[ out of the D5 operators in the
following.

An operator basis at dimension six, including sterile Majorana neutrinos, is discussed in
Refs. [48] and [49], see also Ref. [35]. We reproduce the Warsaw basis in Table 1 for the
4-fermion operators and Table 2 for mixed fermion-boson operators. In the upper sections
of the tables we list the SMEFT operators, while in the lower sections we add the operators
involving sterile neutrinos (vSMEFT). We leave out operators not connected to fermions, as
well as lepton or baryon number violating operators unless originating from N, and the op-
erator Oys = NgNpNgNp which violates lepton number by 4 units. We note that the first
sterile-neutrino-gluon operator arises at dimension seven,

O = NgNg G*"GS ®)
where one or both gluon field strengths can be exchanged by their dual.

In the Dirac case, all operators violating lepton number are absent, and in Eq.(5) we need
to replace the Majorana kinetic and mass terms by their Dirac fermion counterparts. The
operator O](VH is replaced by

o) =2NNH'H, 9)

as will be explained with the direct detection constraints. Apart from that, we consider the
same D6 operators coupling only to the right-handed component of the sterile neutrino, al-
though in principle interactions also with the left-handed components could be present in this
case. Other differences arise when annihilation cross sections are important.

2.2 Constraints

We need to gather the existing constraints for our YDMEFT, assuming that N is the only field
odd under a Z, symmetry. In this section we will use the pure EFT approach and derive
limits on the Wilson coefficients and cut-off scale when N couples to either 7y, tg, or bg. For
each of these three cases we consider the operator O (;,p) = (’)i]i (wd) with Wilson coefficient
Cn(t,p)- Relevant constraints come from the relic abundance, as well as direct and indirect
detection. The results are shown in Figure 1 for the Majorana and Dirac cases. These three
scenarios have been chosen for their simplicity and are not the only viable EFT scenarios. In
particular, combinations of several operators may be present with Wilson coefficients of similar
magnitude. Due to the relaxation of the relic density constraint towards larger A in the case
of several annihilation channels during freeze-out, these scenarios can be less constrained.
We discuss one example of such a multi-operator EFT along with the U(1)(3_;), model in
Section 3.1.
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Relic abundance For a valid DM candidate we need to ensure that Qyh? < Qpyh? = 0.12.
The key ingredient is the annihilation process

NN — SM SM, (10)

where the relevant particles in the final state are defined by the mediator or the correspond-
ing effective operator. In all our cases the annihilation goes into fermion-antifermion pairs.
The EFT framework with A > my naturally matches the non-relativistic freeze-out scenario,
provided the 2 — 2 annihilation rate is large enough to predict the observed relic density.
We check the correct relic density using MICROMEGAS [50-53]. The black lines in Figure 1
correspond to Qyh? = 0.12, while the gray area overshoots the observed DM density. Note
the different position of the DM-line for Dirac and Majorana fermions, reflecting the different
annihilation cross sections. When kinematically allowed, we find the cross sections for the
operators Oy with a right-handed singlet f = 7, ¢, b to read

|Cy ¢ |2 m> 16my, —23m%m? + 10m?
M NS N, f mjzc+ N Ny fv2 1D

ov = 1——
(o Vrel) 8mA4 € m3 24(m% — mjzc) rel

for Majorana DM and up to first order in average squared relative DM velocity v , by direct
computation. For Dirac DM the annihilation rate is

2
———N.my\[1— i (12)
16mA4 my

|C s l?
<o-vrel)1[\)[f

Here we include the color factor N, = 1 for f = v and N, = 3 for f = t, b. In the Dirac case,
we drop terms of order vrzel. This should not be done in the Majorana case, since the term of

0 : : 2 2 : 2
order v, is proportional to m f instead of my;. The next-to-leading order v;, becomes relevant

either during freeze-out, when vy ~ 4/ Tf/my ~ 107! for a WIMP-like scenario, or even in the
indirect detection of DM annihilations today (v, ~ 1072), if my > mg. For operators Oy
with a doublet representation f, one simply adds the cross sections for t and b or v, and T

Table 2: Mixed fermion-boson D6 operators, giving rise to neutrino interactions,
including only SM fields (upper) and including SM fields and right-handed sterile
neutrino singlets (lower). Operator name conventions adapted from Ref. [48].

'LIJZH?’ 1/J2XH ¢2H2
Ow  HH)epH) Oy (0"ep)dHW! — OF) i(H'D,H) (L.r"15)
Ow  HHGQusH) O  (,0"e)HB,, 05  i(HT'D,H)(I,7'r"15)
O (HH)QudgH) Oy (@uo™up)v'Aw!, 04 i(H'D,H)(q.r"qs)
Ous (aaa‘”uﬂ)PNIBW (’)S; (H' p H) (q T y“qﬁ)
O (@uo""dg)T'HW!, Oy, i(H'D,H)(2,1"ep)
Oz (@u0"dg)HB,,  Op, i(H'D,H) (dyr"up)

Ous  i(H'D,H)(d.rdg)
)(

Onir - (H'H)UGNH)  Oyw (a0 Np)T' HW, Opy  i(H'D,H)(Nuy"Np)
Oxg  (,0""Np)HB,,  Ouyy,  i(H'D,H)(N,r"es)
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Majorana Dirac
10 ) 10*
THrT
= =
<] (<]
o, o,
£= 1034 t= 1034
o -
= =
102 : : 102 ,
10t 102 103 10 10t 102 103 104
my [GeV]
104 10* —
bb
Z 3
o) O, XENONIT
35 10° 1 35 10°
O O
~ ~ )
< < dSph
10? - 102 ‘ :
10! 102 10° 10* 10! 102 10° 10*
my [GeV] my [GeV]
10° 10" —
tt
a2
i~ i~ \\)
Z % Qp
O, O,
QO QO
R Rg XENONIT
< < dSph
dSph
10 102 - ,
10t 102 103 10 10t 102 103 104
my [GeV] my [GeV]

Figure 1: New physics scale required by the relic abundance for the third gener-
ation EFT scenarios (black line), assuming Majorana (left) and Dirac (right) ster-
ile neutrinos. Regions excluded by indirect detection from dwarf spheroidals are
shown in blue. The light blue region corresponds to the variation of the J-factors
within their 68% confidence bands. The orange bands show the indirect detec-
tion exclusion when we include the loop-induced D7 operator, Eq.(8). Direct de-
tection limits from XENONIT (extrapolated between 1 TeV and 10 TeV) assuming
100 GeV < A < 10 TeV are shown in teal, the weaker bounds corresponding to
A = 100 GeV (200 GeV in the tt-case). Direct and indirect detection constraints
assume Qpyh? = 0.12 everywhere.

respectively, e.g. in the Dirac case

|Cngl? m? m;
NmE | |1 1 —2 . (13)
16mA4 my, my,

D
(Gvre1>Nq =

For the lepton case with operator Oy, we set N. = 1 and replace the masses m; with m; and

m, with m,_ = 0.
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Direct detection The most promising channel to directly detect multi-GeV dark matter such
as the traditional WIMP is elastic scattering off nuclei, searched for at experiments such as
XENONIT [54]. To contribute to this scattering, the new physics must couple DM to light
quarks or gluons at nuclear energy scales. This may happen in various ways at tree level or
loop level. Mapping these interactions on non-relativistic nuclear scattering theory allows one
to compare the predicted scattering cross section with experimental bounds, see e.g. Ref. [55]
for a description of a mapping from the UV theory to the nucleon-level theory.

For our vDMEFT the scattering off light quarks is described by four-fermion operators
Ony, just as in any WIMP dark matter scenario with an underlying Z, symmetry [56]. For
this to be detectable, the operators Oygq, Oy, 0r Oyg with quark flavor indices 1 or 2 must
be present. However, even if their Wilson coefficients vanish at the weak scale, there will be
a non-vanishing coupling at the nuclear scale induced by RG-running. Technically, this means
that one needs to map the Wilson coefficients to the appropriate EFT of the SM extended by
a right-handed neutrino below the weak scale. This mapping has been discussed in Ref. [35]
for neutrino interactions and recently been given completely [39]. We use RUNDM [55] to
check whether the running-induced N-nucleus coupling is or is not within the reach of current
experiments. We find that in the Majorana case, when the N-bilinear reduces to an axial
current, NY*y°N, only very weakly constrained operators of non-relativistic scattering theory
are generated. We typically find couplings of order 10~ to 10~° for operators 4, 8, and 9
defined in Ref. [57], well below current XENON limits [58].

In the Dirac case, however, the N-bilinear involves a vector coupling 1/2Ny*N. In this
case, the more stringently constrained (J; in non-relativistic scattering theory,

01=1N1X’ (14)

where x refers to the nucleon p or n, is generated. In the scenarios of 7- and b-coupling the
proton coupling dominates, while in the scenario of t-coupling the neutron coupling domi-
nates. Since this is the operator related to spin-independent scattering, we may use [59]

2
iy
Og = F(Cx)z, (15)

with the reduced nucleon mass u, = mym,/(my + m,), to recast constraints on the WIMP-
nucleon cross section from XENONI1T as constraints on the Wilson coefficients C, of the (rel-
ativistic) nucleon-level EFT. We compare these coefficients to the ones generated via RUNDM.
In contrast to relic density and indirect detection constraints, these running-induced bounds
are dependent not only on A/+/C but on the explicit scale of new physics A, i.e. the mediator
mass. For lighter new physics, the constraint is weaker because the running effect is smaller.
As soon as we impose the relic density constraint and restrict A > 100 GeV, as suitable for the
conditions of our EFT, we find lower bounds on the dark matter mass of

185 GeV  forttr ™,
my >4 126 GeV  for bb, (Dirac case) (16)
1002 GeV for tt.

For illustration of the dependence on the mediator mass scale A, we show in Figure 1 the
XENONI1T bounds in the range of 100(200) GeV < A < 10 TeV, where the boundary in brackets
refers to the tt case, assuming Qpyh? = 0.12 even when not sitting on the black line where
this is predicted by freeze-out. Between 1 TeV and 10 TeV we extrapolate the bounds from
XENONT1T, since this range has not yet been explicitly covered in current publications. Only
the tt bound is affected mildly by this extrapolation, namely by a shift from 1000 GeV to
1002 GeV.
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10°
=
[
O
=3 104
\6—4
> XENONIT
103 T T T
10! 10? 103
my [GeV]

Figure 2: Direct detection constraints from XENON1T [54] on the operator O](VSI){
introduced in Eq.(7). The area is excluded at 90% CL.

Two more operators may contribute to a light-quark coupling, namely Oy and Oz(\?;r The
former will not be encountered in this paper. The latter introduces a Higgs portal coupling
NNh, as mentioned after Eq.(7). This Higgs portal coupling is severely constrained by direct
detection. To quantify this, we calculate the spin-independent elastic N-nucleus scattering
cross section in the zero-momentum-transfer limit [60]

4 2.2
Og1 = ;Mx o (17)
where
(5)
C 2
fxzmeHz( Z f]ch"i'_f])"(c) (18)
ATnh q=u,d,s 9

for x = p,n, where we take for f;fq and f;. the same values as applied in Ref. [61]. We
compare the prediction for the Higgs-mediated direct detection cross section with the latest

XENONIT results [54] to derive 90% CL lower limits on A/ CIE,S&. In the sensitive range of
DM masses (6-1000 GeV), we find A/ C](VSP)I > 6-10* GeV to be consistent with all masses and

A/ CISISP)I < 2-10% GeV to be excluded for all masses. In Figure 2 we show the mass-dependent

limit on A/ Cz(\15131 derived under the assumption that the entire cross section is determined by

O](ngl The operator 01(\/5121 is so strongly constrained, that it is often justified to neglect the an-
nihilation channel NN — h when considering a freeze-out through four-fermion interactions.
Strictly speaking, the Higgs channel may still play a role if the DM mass is close to the reso-
nance my ~ my/2. We do not consider this possibility further in this work. On the other hand,
this strong constraint allows to test the models presented in Section 3 in direct detection even
when the operator is only generated at loop level. In the EFT scenarios considered in Figure 1,
we assume A/ CISJSP)I > 6-10* GeV such that there is no restriction in the parameter space from
direct detection. In the Dirac case, we included a factor of two in Eq.(9), to keep the direct
detection cross section equal to the Majorana case for the same coefficient CI(VS&.

In addition to quarks, DM may interact with gluons in the nucleus. This interaction is
described by operators like (’)g& of at least dimension seven. We ignore it for the D6-Lagrangian
considered here. If DM couples to quarks, this operator is necessarily generated via loops. It
can be more relevant than the lower-dimensional four-fermion operators, for instance for the
Higgs portal, where the light quark Yukawas are tiny and the top loop does not decouple.
For other mediators coupling only to third-generation fermions, the power suppression from
the loop will weaken the direct detection limits. As an example, for the model described in

9
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Section 3.2 a Higgs portal and a gluon coupling, both generated at one loop, are the relevant
contributors to direct detection.

Indirect detection The YDMEFT operators relevant for indirect detection are typically the
same as the operators leading to the observed relic density. A significant mismatch between
these two processes occurs only when the annihilation process involves a narrow s-channel
resonance, which cannot happen in the EFT description.

We consider the search for gamma rays from DM annihilation in dwarf spheroidal galaxies
(dSphs) by Fermi-LAT [62]. The expected gamma ray flux in the energy range between E,;,
and E_,,, and allowing for more than one annihilation process (j), is given by

E
J max dN g
¢ = E : <Ovrel>jJ = dEy P (19)
J

~ 8nm? g dE,
where (0v,j) ; denote the velocity-averaged annihilation cross sections and dN,, ; /dE, the cor-
responding photon spectra. In addition, this formula includes a J-factor for each considered
object. The Fermi-LAT and DES collaborations published bin-by-bin likelihoods for the gamma
ray spectra of a number of dSphs [62]. We compare the predictions from Eq.(19) with these
bin-by-bin likelihoods for each dSph to derive limits on the annihilation rates. The inputs
include a set of dSphs, their J-factors with corresponding uncertainty, and dN, ;/dE, . The cal-
culation of the photon spectra requires particle showers and we employ the spectra provided
in Ref. [63].

We include all 19 dSphs with kinematically determined J-factors in Table 1 of Ref. [62]. For
the J-factors we employ the more recent results in Ref. [64] and estimate the uncertainties by
the 68% confidence interval given in that reference. For a given my we then use the best of the
19 limits on (0 V) ; using the upper 68% CL bound on the J-factors as the best-case limit, and
the best out of the 19 limits using the lower 68% CL bound as the worst-case limit. This defines
an exclusion band between those two values. We also note that the J-factors from Ref. [64] are
in most cases slightly lower than previous estimates, so our limits are slightly weakened. The
limits obtained by us with this procedure assuming constant Qh? = 0.12 are shown in Figure 1.
The light (dark) blue areas correspond to the best-case (worst-case) scenario of the J-factors
being at the upper (lower) boundary of their 68% CL region. Note the different position of
the indirect detection areas for Dirac and Majorana fermions, which is caused by the different
form of the annihilation cross sections, see above. From the intersection of the black line with
the blue areas, we can derive the following lower limits on the DM mass,

6-10GeV forttr™, )
my = — (Majorana case) (20)
6 -14 GeV for bb,
and
18-41 GeV fortt 1™, )
N> — (Dirac case) 21)
11-57 GeV for bb.

In the tt case, there is no intersection and the whole parameter range is consistent with indirect
detection.

We conclude the discussion of indirect detection by commenting on the accuracy of the EFT
expansion at dimension six. In principle, there can be higher order operators like the afore-
mentioned D7 operator (’)g\), with large Wilson coefficents that influence the indirect detection
signal. When we assume a given EFT fit like the single operator scenarios, and are construct-
ing a model that generates the corresponding operators at dimension six, one should check
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for potential higher order operators which can spoil the accuracy of the D6 fit. As an example,
we refer to existing literature showing that a simple model generating the tt and bb scenarios
features a contribution to the gamma ray spectrum from loop-induced NN — gg annihila-
tion [65], which can in some cases be significant. It can be significant only because the Majo-
rana annihilation cross section into fermion pairs is suppressed at present times, since the sec-
ond term in Eq.(11) involves a factor vrze L~ 107°. We can apply the results from Refs. [66,67],
which give expressions for the loop-induced annihilation rates of neutralinos into two gluons,
mediated by tops and stops or bottoms and sbottoms, respectively. The stop corresponds to
the scalar leptoquark of our UV-complete theory in Section 3.2, which generates the EFT tt
case discussed here. Analogous results for vector leptoquarks, corresponding to the bb case
as outlined in Section 3.3, are not available in the literature. Following the same procedure
as above and setting v,,; = 1073, we include this channel in the derivation of indirect detec-
tion constraints. The constraints for a combination of both fermionic and gluonic annihilation
channels are seen as the orange continuations in the bb and ¢ plots of Figure 1. The effect is
less pronounced in the tt case, since the first term in in Eq.(11) is not as suppressed for top
quarks with their large mass. In both cases the effect is by far not strong enough to affect the
lower limit on my; from indirect searches discussed above, while in the 77 case, this channel is
expected to be irrelevant due to T leptons being color singlets. In conclusion, it turns out that
the indirect detection signals of the UV complete models considered in this work are indeed
accurately described by the dimension-six expansion discussed in this section.

3 VYDMEFT representing models

While in some instances effective theories can safely be viewed as stand-alone theories, we
know that for a DMEFT it is crucial that the effective theory can also be justified as a low-energy
approximation to classes of UV-complete models [20,27]. Following this philosophy, we need
to compare relevant theory predictions between the DMEFT and corresponding models with
propagating mediators. The observables we need to consider are DM annihilation predicting
the freeze-out relic density, direct detection, indirect detection, flavor constraints, and collider
searches. Some scenarios where the LHC has obvious potential do not provide enthusiastic
support for global DMEFT analyses [17,27]:

* tree-level s-channel vector mediator coupling to first-generation quarks: the mediator is
strongly constrained by LHC resonance searches. In the allowed parameter range the ob-
served relic density requires an s-channel funnel and invalidates the EFT approach;

* loop-level s-channel scalar mediator coupling to third-generation quarks at tree level and
to gluons at loop level. DM can annihilate into heavy quarks, gluons, and mediator pairs,
challenging the EFT picture. Collider searches for resonant mediator production lack sensi-
tivity;

* tree-level t-channel scalar mediator coupling to first-generation quarks: the mediator is
constrained by LHC pair production. In the remaining parameter range the annihilation
rate is too small to explain the observed relic density;

* loop-level t-channel mediator coupling to third-generation quarks at tree level and mediat-
ing a DM coupling to gluons at loop level. DM can annihilate into heavy quarks and into
gluons, challenging a fixed-dimension EFT approach. Nonetheless, we revisit this class and
identify suitable regions of the parameter space where the D6-EFT is consistent except for
the LHC signatures.

For these classes of mediators the main observation is that mostly the LHC constraints on the
mediators make it hard to predict the observed relic density with a DMEFT.
The vDMEFT adds a new set of UV-models with the promising feature that they include
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tree-level mediators which only couple to third-generation fermions. For an EFT approach
to make sense, it needs to represent more than one specific UV-model. Examples for such
models are a gauge extension only coupling to third-generation fermions in Section 3.1, a
scalar third-generation leptoquark coupling to t-quarks in Section 3.2 (which represents the
loop-level t-channel mediator class), and a third-generation vector leptoquark coupling to b-
quarks in Section 3.3. For these three UV-completions we apply the EFT framework to the relic
density, direct and indirect detection. For the LHC we accept that on-shell mediator production
cannot be analyzed in the EFT framework [23, 24], so we translate the EFT constraints from
cosmological constraints into full-model parameter regions which should be tested at the LHC.

3.1 Gauging third-generation (B —L)

For gauge extensions it is attractive to start with global symmetry groups which do not develop
anomalies when gauged [68, 69]. Because anomalies do not require cancellations between
generations we gauge B — L for the third generation only and avoid most constraints. For
our purpose of explaining DM, we need one additional SM-singlet scalar ®, which carries
(B—L)5 charge +2 and breaks the additional U(1) symmetry [70]. This model as such cannot
explain flavor mixing between the third and first two generations, since the necessary mixed
Yukawa interactions are forbidden by the differing (B — L);-charges. However, there are ways
to accommodate flavor mixing through extended particle contents. For instance, one may add
scalars and vector-like fermions [71], or a scalar with mixed SM and (B — L) charges [72].
Models based on B—L are tailor-made for Majorana fermions, so we do not consider the Dirac
option here. With a discrete Z, symmetry under which only Ny is odd we find the Lagrangian

X7 N o— A — y—
L= ESM + lNR'}/'uaMNR + gXXMNRYHNR — 8x Zq{(X'uf'}/'uf - (EN}gNR(I) + h.C.)

f
+(D"®)" (D, @) + u28'® — Ay (270)° — Ay (H'H) (270)
_%XWXW_ %Xwéuv’ (22)

where u? and p2 are chosen positive, f =1, T, q3, tg, bg, and
D, =8, +ig S +ig/ B, +igy YR (23)
w= OuTI8 WY TIE S By T8 (B-L)y -

The last term in the first line of Eq.(22) is the only Yukawa coupling involving . The Z, and
(B — L); symmetries forbid many terms discussed in Section 2.1. We assume for the kinetic
mixing parameter that € < 1 in order to satisfy stringent experimental constraints, as detailed
later in this section. The field ® is a SM singlet, hence only kinetic mixing is present.

Masses and mixing Below the weak scale and in unitary gauge, the Higgs field and the
additional U(1)-breaking scalar ® can be expressed as

1 0 1
HzE(V"r‘h) ¢:E(W+¢), 24)

where v and w denote vacuum expectation values of H and & respectively. We omit the pro-
cedure to obtain the physical masses and currents here and refer to the general case discussed
e.g. in Ref. [69]. If w > v we can expand the VEVs in Ays < 1,

2
Yo 1 My 2
w= — —Age + O(1%.),
Vs 8\ ey e He
W 1 us 2
- e e + 02, (25)

Vg 8V AgAg b
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We can describe the small mixing of h and ¢ with an angle 6 € [—7/4, /4], given by

A,H@VW
tan(20) = ————. 26
20 =3 (26)
The new physics mass spectrum is then
my = LW,
V2
Ape—0
m2 = Agv? + Aew? + (Agv: —Aew?)y/1+tan2(20) > 2uZ,
Ape—0
mg = AV + Aew? — (A v — Aewh)y/1+tan2(20) T 2u2,
rﬁX = ngW ) (27)

where i1y, is the mass of the non-canonically normalized field X below the U(1)-breaking scale.
In the limit i1y > v the masses of the physical Z and Z’ fields in the broken electroweak phase
are

m>
2 ) 2 Z,0 2
my, = my [1+e (1+ﬁl—sw):|, (28)

where my , = gv/2cy, and we drop terms of order e* and mg,o / rﬁ;‘(. The limit my < my then
corresponds to y < gx < 1, if the U(1)_y), is to remain perturbative.

The additional Z-Z’ mixing induced at the one-loop level is calculable, but in our case it
requires a renormalization of €. In practice, the renormalized e then becomes a free parameter
which must be fixed by a measurement and can be constrained from electroweak precision
data, depending on my [73].

Operator matching at the weak scale We assume that the symmetry breaking scale of the
(B—L); is above the weak scale, so in the matching there is no scalar mixing. In Eq.(24)
the heavy VEV is now just w = g/ 4/As. The scalar and vector masses are mgy = V2ug and
y = v/2gyw. The interactions of ¢, excluding self-interactions, then are

LD (—LJTIQNqu + h.c.) +282 XX, (P +2w) — %HTHqﬁ(d) +2w). (29

2v/2
Any lepton-number violating process, in particular the operators in Eq.(7) must involve an
insertion of w.

We start with the D5 operators in Eq.(7). Since v and N do not mix, the lepton number
violation in N is not carried over to the active neutrinos and O,,,, does not appear. Next, Oyp
is forbidden for a single Majorana neutrino. However, there exists a tree-level contribution to
(91(521 proportional to yw ~ my,,

(5)

C 1 myA
NH Yy N/AH®

— =AW =— (30)
A 242 mi He Zmi

This operator has been discussed in Section 2.2 to be potentially relevant for direct detection.
However, when the mass of ¢ is moderately large, this operator is too suppressed to leave a
detectable signal, as will be quantified below.
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Figure 3: New-physics scale required by the relic abundance for the third gener-
ation EFT scenario defined by Eq.(33) (black line) assuming Majorana (left) and
Dirac (right) sterile neutrinos. Regions excluded by indirect detection from dwarf
spheroidals are shown in blue. The light blue region corresponds to the variation
of the J-factors within their 68% confidence bands. The bound from lepton flavor
universality tests is shown in green. Direct detection limits from XENON1T (extrapo-
lated between 1 TeV and 10 TeV) assuming 100 GeV < A < 10 TeV are shown in teal,
the weaker bounds corresponding to A = 100 GeV. Direct and indirect detection
constraints assume Qpyh? = 0.12 everywhere.

The 4-fermion operators Of £ with f,f’ = l,e,N,q,u,d are generated at tree level by
integrating out the heavy vector X. Depending on the generation indices this requires an
additional 0, 1, or 2 powers of €. The tree-level contribution to the corresponding Wilson
coefficient reads

C,aaﬁﬁ 2 , P
[ 8x | fagfp o & 1( Lol v qlgl e+ (ah P + & 1od el @y
A2 m)z( ax dx a5 2 Ay 9y T4ydx x dx g§4 v4y >

where q§ y are the charges of fermion f under the U(1)x and hypercharge symmetries. If
neither f, nor f/; carries a (B — L) charge, i.e. a,3 = 1,2, the contribution is suppressed

by a factor of €2. This leads to a natural hierarchy in contributions to the operators. Third-
generation components of the operators O¢, have the largest contribution of new physics
of order 1/ m}%, whereas generation-mixed operators have contributions of order ¢/ m)Z(, and
operators not involving the third generation are suppressed by €2/ m)z(. The other 4-fermion
operators receive no tree-level contribution. The operators Opyyd, Onier> Oinga> Ol qd’ and
Oinyq are forbidden by the Z, symmetry.

The operators of type 1p2H? in Table 2 are generated via the quartic SM-Higgs coupling.
An additional contribution is generated at tree level by an internal ¢-line,

A2 o 22
_ 2SM He¢ W= . gMm He 1
e (32
¢

The operators of type y2H? are generated by B and X exchange for singlet bilinears and by
W exchange for triplet bilinears like (’)S}l). Whenever X is the mediator their suppression is
at least €/ m)2(, since the X-Higgs coupling is generated by kinetic mixing with B. The same is
true for Oy . Finally, the L-violating D6 operator Oy is also generated by scalar ® exchange.

We will generally assume that the scalar ¢ is heavier than N and that the scalar mixing

A, as well as the Z-Z’ mixing € are small. This leaves us, to Oth order in Ay4 and €, only
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with D6 four-fermion operators of the third generation. The following Wilson coefficients are
non-zero:

2

C=gi=c, C)=Cy =—%X E—%, D =Coe=2=
where LL =1I,NN,ee,Nl,le,Ne, LQ =lu,ld,Nq,Nu,Nd, ge, eu,ed, and QQ = uu,dd, qu,qd,
ud, and flavor indices 3 are understood. The EFT scale is given by A = m,,. We will further
consider Cﬁ,slz, only in the context of direct detection in order to constrain the scalar mixing.
For these operators we need to discuss the relevant constraints at EFT level and specific to a

given UV-completion.

; (33)

Relic density (EFT) We implement the model via FeynRules [74] and calculate the DM relic
density after freeze-out using MICROMEGAS [50-53]. In analogy to the single operator sce-
narios shown in Figure 1, we also calculate the relic density for an EFT defined by the Wilson
coefficients in Eq.(33). The result in terms of the mass parameter A/+/c is shown in Figure 3
along with constraints from indirect detection and lepton flavor universality to be discussed
below.

Direct detection (EFT) Looking at direct detection constraints in the Majorana case, the D6

operators discussed above are extremely poorly constrained, again, since the running-induced

(5)
NH>

mined by the combination of heavy scalar mass and scalar mixing, m /+/ Axe. In Figure 4 we
show the XENON1T limits [54]. The advantage of the EFT approach is that we may immedi-
ately recast the bounds on the Wilson coefficient shown in Figure 2 onto bounds on the scalar
mass and mixing using Eq.(30). In the Dirac case, when the dark matter couples to the SM
fermions through a vector current in addition to the axial current, the RG-running enhances
the spin-independent scattering cross section, as discussed in Section 2.2. Upon rescaling for
the correct relic abundance, this leads to a lower bound on the dark matter mass of 146 GeV.
Compared to the single-operator scenarios, (16), we find the direct detection constraint to be
relieved with respect to the 7"t~ and ¢ case, but tightened with respect to the bb case.

nucleon couplings are small. Direct detection, however, directly probes Oy;;,, which is deter-

Indirect detection (EFT) We discussed our method for evaluating indirect detection con-
straints arising from the four-fermion operators in Section 2.2. The result of this evaluation
is shown in Figure 3 in blue. The curves are clearly dominated by the rescaled sums of the ¢t
and bb curves in Figure 1, which provide stronger limits than the T*7~ annihilation. In the
Majorana case, the blue indirect detection limit leads to a lower limit on the DM mass in the
range of my > 7-11 GeV, while in the Dirac case the limit is my > 11-29 GeV. In this multiple-
operator scenario, we observe that even though the relic density constraint can be satisfied
for lower individual annihilation cross-sections, i.e. larger A/,/c, indirect detection bounds
on the dark matter mass are comparable to those of the single-operator cases summarized in
Eq.(20) and (21), since all channels except v, v, that contribute to the relic abundance, also
contribute to the gamma ray spectrum.

Lepton universality (EFT) Since in this EFT new interactions among four SM fermions arise
only for the third generation, flavor observables can be used to constrain the parameter space.
In this case we face constraints from lepton flavor universality tests. In particular, the operators
O195 O14> Oge> Oeq coupling only to the third generation will affect b-meson branching ratios.
For the T(1S) decay into leptonic final states we use the formula [75,76]

IR, (0)]?
Tris)mee = 4a*Q)——5—K, (34)
my
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Figure 4: Direct detection constraints from XENONIT [54] on the mass scale

my /+/ Ane Which controls the Wilson coefficient of the operator (’)](\,521 The bounds
have been obtained applying Eq.(30) to the EFT results shown in Figure 2.

where a denotes the fine-structure constant, Q;, = —1/3 the b-charge, R,,(0) the non-relativistic
radial wave function at the origin, and

oo (120™ my
= + 2—2 1 —4—2 (35)
my my

contains the kinematics. The only appearance of the lepton mass is in K,. This is why the SM
expectation for the ratio Ry, of decay widths is simply

Trasy-e Ky

RM’ = (36)

Prasyer Koo
Focusing on the third generation, the SM-prediction R;,, = 0.992 is consistent with the BaBar
measurement R, = 1.005+0.013(stat.)£0.022(syst.) [76]. Adding statistical and systematic
errors quadratically, we use R, = 1.005 £ 0.026 to constrain the yYDMEFT.

In this EFT the operators O,q, Ojq, Og,, O,q inducing 4-point interactions between two b

qe>
and two 7 all have the same Wilson coefficients and therefore add to a vector-like interaction

c — —
ELFV(bT) = _mbnj,b TYMT . (37)

Their contribution to T decays adds directly to the photon-mediated contribution and modifies
the branching ratio to

r a2 RO (- m e ) (38)
T(1S)—>77T b m% T 47T(1Qb 3A2 .

Since the effective operator is limited to third-generation fermions it predicts

2 2
_ KT my ¢
Rew = K—M(“M—aﬁ) | 9

We can derive 68% CL limits from the above-mentioned BaBar limit and find A/+/c > 224 GeV
since ¢ = gf( > 0. We show the limit as the green area in Figure 3. From the intersection of
the green boundary with the black relic density line, we deduce a lower limit on the DM mass
consistent with LFU constraints in the EFT regime. In the Majorana case, this yields a stronger
lower bound on the DM mass than indirect detection, namely my 2 17 GeV, however, at lower
CL.
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Figure 5: Parameter range of the gauged (B — L); model for Z-Z’ mixing parameters
€ = 0.01 (left) and € = 0.1 (right). Contours of gy producing the correct relic
abundance are shown in black, while the dashed lines represent the EFT limit upon
identifying A = my and ¢ = g)% with ¢ defined in Eq.(33). For a given value of
€ the purple areas are ruled out at 95% CL. The area with m;, < 3my is drawn
to signify where the EFT language is valid, namely in the upper left corner. Above
g =~ /471 ~ 3.5 the theory ceases to be perturbative.

LHC and other constraints on the UV-model Turning to the full model, we plot in Figure 5
the my-m, plane and fix at each point the gauge coupling gx such that we predict the observed
relic density. This way we reduce the parameter space (my, my/, gx) to two dimensions. We
compare this in the same plot to the EFT limit by reducing also the EFT parameter space
(my, A, c) to the my-my, plane by identifying A = m;, and fixing ¢ through the relic density.
For the validity of the EFT approach we require m,, < 3my, to ensure that annihilation cannot
proceed through an intermediate Breit-Wigner propagator. We note that this definition of the
validity of the EFT approach is process-dependent and makes the minimal assumption that a
propagating mediator does not contribute for instance to DM annihilation [77].

Using +/c = gx from Eq.(33), we plot contours of fixed gy as solid lines and contours of
fixed 4/c of the same values 0.3, 1.0, and 3.5 as dashed lines to illustrate the slight deviations
of the EFT limit from the exact model. We find that as long as m;, > 3my, the freeze-out is
nicely described by the effective four-fermion operators. Since for my < my and v, ~ 0.1
the annihilation cross section (avrel)%[ 7 discussed in Section 2.2 around Eq.(10) is insensitive
to mg, the relative importance of the annihilation channels is simply

<0Vre1>r+r— A2 (O-Vre1>T)TvT ~ 3 <O-Vrel>3b ~ 3 <O-Vrel>?t (40)

if my > m,, and without the last approximate equality when m; < my < m,. Here, the factor
of 2 is due to only left-handed tau neutrinos existing, and the factors of 3 are simply a result of
the color factors and (B — L)3-charges. Around m,, ~ 2my, since Z’ is an s-channel mediator,
NN — Z’ becomes a relevant and immediately resonant annihilation channel during freeze-
out. Therefore, we exclude the region m,, < 3my in our plot, since we investigate only the
regions described by the EFT. The reader interested in this region is referred to Ref. [70]. We
now explain which generic constraints in the EFT picture discussed above and which model-
specific constraints give rise to the excluded regions in Figure 5.

1. Perturbativity: at gy > v4m ~ 3.5, the theory becomes non-perturbative. Hence our
simple tree-level matching becomes unreliable. While this is not strictly excluded, the
EFT representing fundamental models turns into a collection of operators and our inter-
pretation ceases to be useful in this regime.
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2. Collider production: for a significant portion of the parameter space, m, is small enough
to be produced on-shell at the LHC. Therefore, the ATLAS and CMS searches for spin-
1 resonances produce relevant constraints. It turns out that the channel Z’ — 177~
is the most sensitive one for models such as (B — L), where the DM mediator couples
predominantly to third generation SM fermions [70, 78]. Currently, ATLAS provides
the most stringent limits on the pp — Z’ — 171~ cross section [79]. Details on the
calculation of this contour are delegated to Appendix A.

3. Direct detection: the discussion is carried over from the EFT case: The running-induced
coupling of DM to light quarks is too small to be relevant, such that the combination
of scalar mass and scalar mixing mg/+/Ayse is likely the strongest source of a direct
detection signal and can be constrained by XENON1T as shown in Figure 4. Assuming
this to be satisfied, there is no exclusion from direct detection shown in Figure 5.

4. Indirect detection: The discussion on fermionic annihilations is carried over from the
EFT case: As can be seen from Figure 3, in the Majorana case they lead to a lower limit
on the DM mass in the range of my > 7—11 GeV varying along the 68% CL region of the
J-factors. As noted in Section 2.2, it should be ensured in particular in the Majorana case
that no D7 operators or loop-induced annihilation channels are substantial compared
to the four-fermion operators. Indeed, the processes NN — yy, gg are possible via a
triangle loop diagram. However, since the SM fermions running in the loop have only
vector-like couplings to the Z’, these processes vanish courtesy of Furry’s theorem.

5. Lepton flavor universality: from the pure EFT case, see Eq.(39), a lower bound of
my 2 17 GeV for combinations of operators can be carried over, which is stronger than
the lower bound from indirect detection.

6. Z-Z'-mixing: as noted earlier, the Z’ mixing € is a free parameter that must be deter-
mined by experiment. Any heavy Z’ that mixes with the Z boson can be constrained by
its effect on Z observables. Along with Ref. [70], we employ the 95% CL bound on € as
a function of m,, obtained in Ref. [73]. To illustrate the influence of these constraints,
we show in Figure 5 two plots, one with ¢ = 0.01 and one with ¢ = 0.1. As can be
seen from the purple region, for e = 0.01 only a narrow band around m . ~ mj is ruled
out, leaving open parts of the parameter space below m,, < 200 GeV. The fact that for
e = 0.1 masses my < 320 GeV are ruled out completely closes this window for larger
mixings. For completeness, we note that when ¢ < 0.005 all masses m, are allowed.

Because this will become relevant later, we briefly comment on the hypothetical case where
the Z’ only couples to bottom or top quarks. We still obtain limits, for instance, by taking
advantage of ATLAS searches for resonant associated scalar production with a subsequent
decay to the same quarks, pp — qGqq where g = b, t [80,81]. Details on this evaluation are
delegated to Appendix B. We find a minuscule constraint in the top case, as shown later in
Figure 6.

3.2 Scalar leptoquarks

For a second UV-completion we turn to leptoquarks [82], when the leptoquark is a scalar or a
vector. Leptoquarks have recently re-surfaced to explain flavor anomalies [83,84]. The general
Lagrangian including all possible couplings between two fermions (SM and sterile neutrino)
and one scalar or vector leptoquark was given in Ref. [35], generalizing the list from Ref. [85].
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Table 3: Leptoquarks that can couple to SM particles and right-handed neutrino sin-
glets, together with the operators of Table 1 they can generate [35]. Our convention
is Q=I5+ Y /2. The cases considered here are S’ and Uy, generating only effective
interactions of our DM fermion N with right-handed up- or down-quarks.

F Spin SU@B): SU@); Uy D6-operators
S 2 0 3 1 2/3 Ol(;):ONd’Oqud’Ol/qu’
_ Oeluq, OeNud
S, =2 0 3 1 8/3
s’ =2 0 3 1 —4/3 Oy
S —2 0 3 3 2/3 0
v, —2 1 3 2 5/3 O1d> Oeiqd
v, =2 1 3 2 -1/3 Ong> Ot Otwug
R2 0 0 3 2 7/3 Olw Oeluq
R/2 0 0 3 2 1/3 Old: ONqa Oqud’ O{qu
u, o0 1 3 1 4/3 01, Onu Octgas Otvug Oenvua
U, o 1 3 1 10/3
uy 0 1 3 1 —2/3 Ond
up 0 1 3 3 4/3 0

We can distinguish leptoquarks with fermion number F =3B+ L =0 and F = 2:

Ly = (SlL QEiTol + 1. uGeg + 51y d_sz) S1

+s7 dieS] + 7 UGN ST +53q°iT,T1 S5

s ETIRT j (41)
+ (VZR quYueR +Var dzczYull) eiVy”
— — . ]
+ (VéR quY,uN + VéL u}CzYMll) eijvzu’] +h.c.,
Lroo=(rorTer +rarUrl'e;j) Ry
+ (r;LalieU + r;Rc_le)Ré/ .

+ (ulL qyul +uige dryper + v UrY N ) U
— / —_— Vi — . -

+uj Upy er Uy +uy dgy N U +usq7y,LUS +he.
Here S;" and Uy’ only couple to the SM if there are sterile neutrinos. We will focus on those
two possibilities. We list the quantum numbers of the leptoquarks in Table 3, along with the
vSMEFT operators that they induce upon integrating out a virtual leptoquark [35]. We will
assume here baryon number violation, which rules out the operators
L8, = s5151qiToq S) + ), UuS) +57dd°S] 43)

+ 535 @?irzchg +S9p c_lyMuCVZM + séB QdeCVZW,

which, together with Eq.(41) may lead to proton decay. Usually, baryon number conservation
is assumed to avoid these strong bounds. Finally, we choose to ignore Higgs-portal-like terms
of the form XXTHHT, where X is any of the leptoquarks.

19


https://scipost.org
https://scipost.org/SciPostPhys.10.2.039

Scil SciPost Phys. 10, 039 (2021)

In a first step we focus on the scalar leptoquark S = S7' ~ (3,1,—4/3). It is rather secluded
from the SM since it has only one interaction term with a SM fermion and sterile neutrinos.
It couples only to right-handed up-type quarks, in our case this is the top. Since S then has
top-like quantum numbers, it has the features of a top squark in supersymmetry [86]. The DM
phenomenology of this framework has been studied in detail in Ref. [87]. It also corresponds
to the model considered in Ref. [65], if we fix the involved SM fermions to top quarks.

The Lagrangian relevant for S reads

L1o=-m2S'S +(D*S)'D,S + x, tiN S + x} (S)'N't§, (44)
where
D, =8, +ig T°G". (45)

Besides the coupling to the right-handed up-type quarks, the coupling to gluons is entirely
determined by the strong gauge coupling g, [88]. We need to assume that S is odd under
the stabilizing Z,, because otherwise the Yukawa term in Eq.(44) is not allowed. This type of
interaction is possible both for Majorana and Dirac sterile neutrinos and in both cases only the
right-handed components will interact. While the coupling of S to the up-type quarks could be
fixed to (0,0, x,) in flavor space at the new physics scale, there would be small contributions
to up and charm quark couplings x, and x,. from RG running. These are, however, at most
of the order 107, and can be neglected for our purposes, since we are only considering the
EFT region with significant mass splitting between S and N [87].

Operator matching Straightforwardly, for processes at momentum p, for mg > p the effec-
tive point interaction after integrating out S reads
2
||
mg

Legs=——5(teN)(NER). (46)

By Fierz, this can be rephrased as the operator Oy, = C33 with

|Xt|2

2 J

Cne=— 47)
when we identify A = mg. Hence, the effective interaction mimics a vector-mediated tt <« NN
interaction and we can compare the scenario to a Z’ coupling only to tz and Ny inducing the
same operator. At one-loop level, both (’)](\?12[ and (’)(gzg are generated. We only state here the
formula for the effective Higgs coupling calculated in Ref. [89] for the Majorana case in the ter-
minology of Ref. [87] (the relation reads g, , /v = 2CZE,517)[ /A) and in the limit of /s, my < mg,

(5) 2 2 2
C ye|x|*m s m
NH t 14t N N
=— F(r)+ —=G(r)+ —H(r) |, 48
- 64n2%(() G(r)+ L SH() (48)

where y, is the SM top Yukawa coupling, r = m% / mf and the functions F(r), G(r), and
H(r) are given in Eq.(10) of Ref. [87]. This way the effective Higgs portal coupling is not an
independent parameter, but determined by my, m,, and mg setting the freeze-out conditions.
We omit the explicit Wilson coefficient of 04({7)’ since it is only relevant for indirect detection
in our EFT region and in that case we may use the explicit model formulae from Refs. [66,67].
Let us discuss the constraints arising in this scenario, and compare to the EFT discussion in
Section 2.2.
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Figure 6: Upper: contours of |x,| in the my-mg-plane producing the correct relic
abundance. Dashed lines correspond to the EFT limit of the given coupling. Con-
straints from indirect and direct detection are very weak for Majorana neutrinos.
In the case of Dirac neutrinos, direct detection limits from XENONI1T are shown in
teal. CMS limits are shown in red, perturbativity of the coupling and validity of the
EFT description (mg < 3my in orange, mg < my in light orange) are also indicated.
Lower: same plot for Z’ models coupling only to the B—L charge of right-handed top
quarks. Contours of gy producing the correct relic abundance are shown in black,
the Z-Z' mixing parameter € is zero. Note the heroic ATLAS blob in the lower plot.

Relic density We implement the model via FeynRules [ 74] and calculate the DM relic density
after freeze-out using MICROMEGAS [50-53]. In Figure 6 we plot the my-mg plane and fix
at each point |x,| such that the observed DM relic density is obtained. We compare this to
the EFT limit of the model described by the matching Eq.(47) together with A = mg. This
means that for each contour of constant |x,| we associate a dashed EFT contour with constant
VICx¢l = Ix;|/v/2, where the mg coordinates are given by
A x|
mg(my) = ——=(my) - —, 4

s(my) m( ) 7 (49)
and the fraction of the right-hand side corresponds to the black curves in third row of plots
of Figure 1 corresponding to the Majorana and Dirac cases. In this case we find that as long
as mg > my, the freeze-out is nicely described by the effective four-fermion operators. This is
again in contrast to the Z’, where already close to my = 2my the EFT limit is broken. Since
S is a t-channel mediator, the secluded DM annihilation into a pair of mediators is possible
outside the EFT regime.

21


https://scipost.org
https://scipost.org/SciPostPhys.10.2.039

Scil SciPost Phys. 10, 039 (2021)

LHC and other constraints on the UV-model We now explain which generic constraints in
the EFT picture discussed in Section 2.2 and which model-specific constraints give rise to the
excluded regions in Figure 6.

1. Perturbativity: again, we indicate in gray the region when the coupling becomes
|x;| > v4m ~ 3.5, where the theory becomes non-perturbative.

2. Collider production: collider signatures of leptoquarks are classified in Ref. [90]. The
main production channel of our leptoquark is gg — SS' and does not depend on the
coupling x,, but is entirely determined by the strong gauge coupling g, and the lepto-
quark mass mg. The value of the coupling x, is only relevant in so far as it is assumed
that the decay width is sufficiently small to consider the leptoquarks to be produced on-
shell. The most stringent bound on mg can be derived from a CMS stop search [91] (see
Ref. [92] for a very similar ATLAS search). We use the analysis that assumes the stop
decays into a neutral neutralino and a top, which essentially is our signature. In the case
of my < 400 GeV this excludes mg < 1200 GeV at 95% CL. We use the exact exclusion
contours in Figure 6, they are shown in red.

3. Direct detection: in the Dirac case, the running-induced effective neutron coupling at
nuclear scales leads to a bound from XENON1T, as discussed in Section 2.2. In the Ma-
jorana case, RG running induces no notable couplings and the two relevant interactions
are the loop-induced effective Higgs and gluon couplings corresponding to 01(\?121 and

(’)(g?,. In the EFT region mg 2 3my, the Higgs-coupling dominates [87]. Therefore, we
again apply the more recent XENON1T bound on the effective Higgs operator shown in
Figure 2 using the expression for the one-loop Higgs coupling Eq.(48). We find that the
limits are not strong enough to probe the parameter space with my > 160 GeV shown
in Figure 6. The bound on the WIMP-nucleon cross section would need to be improved
by a factor of about 100 to cut into our parameter space, and a factor 10* improve-
ment on the WIMP-nucleon cross section would be required to rule out all of the mass
range my < 1000 GeV. This means that we cannot expect XENONNT to produce notable
constraints on the EFT region of this model [93].

4. Indirect detection: as can be concluded from the third row of Figure 1 (blue regions),
current constraints from annihilation in dSphs are consistent with the full DM mass range
that we consider, if only annihilation into fermion pairs is considered. From Ref. [65],
however, we know that annihilations into gluon pairs are also relevant in the Majorana
case for certain parameter configurations. As described in Section 2.2, the NN — gg
annihilation channel becomes strong relative to the fermionic annihilation at the edge
of our DM mass region near my ~ 10* GeV [87]. This additional contribution from
gluons to the expected gamma ray signal is, however, by far not sufficient to probe the
interesting region where Qyh? = 0.12, as can be seen from the distance between the
orange region and the black line in the bottom left plot of Figure 1. Therefore, indirect
detection constraints calculated in the EFT at dimension six can be applied in this model.

To briefly summarize, there remains parameter space for a neutral fermion singlet that
couples via scalar leptoquarks to t-quarks, consistent with an EFT description. While the
leptoquark mass should exceed the TeV-scale, neutrino masses can be as low as m,, in the
Majorana case. In the Dirac case direct detection limits exclude DM masses up to 1002 GeV.
Compared to a Z’ which couples only to t; and generates the same four-fermion EFT operator,
we observe that the collider constraints are stronger in the leptoquark case.

22


https://scipost.org
https://scipost.org/SciPostPhys.10.2.039

Scil SciPost Phys. 10, 039 (2021)

3.3 Vector leptoquarks

As a third UV-completion we consider the vector leptoquark U = U{’ ~(3,1,2/3). It is also
secluded from the SM in the sense that there exists one interaction with a SM fermion and a
sterile neutrino. The simplified Lagrangian, focusing on interactions with the third generation
only, reads

1
27Tl L rpruvyd _ 3 Tra a
ELQ = mUUuU Z(U ) U,uv lgSKU,u,T UVGMV (50)
+xp bry Ng U* + x5 U™ Ngy by,

where
Uy =D,U,—D,U, and D,=23,+igTGs. (51)

The parameter « is fixed by the origin of the vector leptoquark and is either one or zero. Note
that the leptoquark couples only to right-handed down-type quarks and right-handed sterile
neutrinos. In addition, the coupling to gluons arises from the SU(3).-charge. As usual, we
assume that U is also odd under the Z, symmetry, otherwise the second line in Eq.(50) is
not allowed. This type of interaction is possible both for Majorana and Dirac sterile neutrinos
and in both cases only the right-handed components will interact. As for the scalar leptoquark,
small running-induced couplings to the down and strange quarks will be generated in a manner
similar to the up-type quark case discussed in Section 3.2 [94]. We neglect them also in this
case.

Operator matching Straightforwardly, for processes with momentum transfer well below
my the effective four-fermion interaction reads
2
|xp|

Lot = ?(FRY“NR)UTRM bg). (52)
U

. . — 33
Again, this can be rephrased as the operator Oy, = Cy7, or

Cnp = Ixp 1%, (53)

upon identifying A = my;. Hence, the effective interaction mimics a vector-mediated bb < NN
interaction and we can compare the scenario to a Z’ coupling only to bg and Ng inducing the
same operator.

Relic density We implement the full model via FeynRules [74] and calculate the DM relic
density after freeze-out using MICROMEGAS [50-53]. In Figure 7 we plot the my-my plane
and fix at each point |x;| such that the observed DM relic density is obtained. We compare this
to the EFT limit of the model described by the matching Eq.(53) together with A = my;. This
means that for each contour of constant |x;| we associate a dashed EFT contour with constant
vV |Cxp| = |xp|, where the my; coordinates are given by

A

vV [Cyol

and the fraction of the right-hand side corresponds to the curves in the center row of Figure 1.
We find that as long as my > my;, the freeze-out is nicely described by the effective operators.
This is again in contrast to the Z’, where already close to m; = 2my the EFT limit is broken.
The reason is that for the t-channel mediator an on-shell annihilation has to go into a pair of
mediators. The different positions of the lines for Dirac and Majorana neutrinos result from
the different form of the annihilation cross sections, see Eqs.(11) and (12).

my(my) = (my) - [xp, (54)
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Figure 7: Upper: contours of |x,| in the my-my-plane producing the correct relic
abundance. Dashed lines correspond to the EFT limit of the given coupling. Con-
straints from indirect and direct detection are very weak. CMS limits are shown in
red, perturbativity of the coupling and validity of the EFT description (mg < 3my in
orange, mg < my in light orange) are also indicated. Lower: same plot for Z’ models
coupling only to the B — L charge of right-handed top quarks. Contours of gy pro-
ducing the correct relic abundance are shown in black, the Z-Z’ mixing parameter €
is zero.

LHC and other constraints on the UV-model As before, we combine generic constraints in
the EFT picture, Section 2.2, with model-specific constraints in Figure 7.

1. Perturbativity: again, we indicate in gray the region when the coupling becomes
|xp| > V41 ~ 3.5, where the theory becomes non-perturbative.

2. Collider production: the main production channel of our vector leptoquarks is gg — UUT,
which does not depend on the coupling x;, but is entirely determined by the strong gauge
coupling and the leptoquark mass my; [88]. The value of the coupling x;, is only rele-
vant in so far as it is assumed that the decay width is sufficiently small to consider the
leptoquarks to be produced on-shell. The most stringent bound on my; can be derived
from the leptoquark search in CMS [95]. Assuming my = 0, the CMS analysis excludes
my S 1558 GeV for k = 0 and my; S 1927 GeV for k = 1 at 95% CL. Since a detailed
exclusion contour of the my-my; parameter space is only given for a scalar leptoquark,
we project the excluded mass range of my; given in the limit of massless invisible final
states onto larger DM masses. Using the scalar leptoquark plot in Ref. [95] as guiding
example, this appears to hold approximately up to mass of about 500 GeV. In Figure 7,
the LHC limit obtained this way is shown in red (x = 0) and light red (x = 1). We
note that a collider study of a vector leptoquark coupling to massive neutral fermions is
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missing.

3. Indirect detection: as illustrated in the second row of Figure 1, current constraints from
annihilation in dSphs can be used to set a lower bound on the DM mass in the case
that the effective operator Oy} induces the dominant contribution to DM annihilation.
In Figure 7, we therefore include the lower bounds on my including the band corre-
sponding to the variation of the J-factors within their 68% CL intervals. Note again the
different position of the indirect detection constraints for Dirac and Majorana fermions,
which results from the different form of the annihilation cross sections, see Eqs.(11)
and (12). In Section 2.2, we noted that the effective DM-gluon coupling may be rele-
vant for indirect detection. Considering that for a scalar sbottom-like mediator we found
no notable effect in the parameter region where the observed relic density is produced
(see the orange band in the center-left plot of Figure 1), we expect that also in the vector
case the effect can be neglected.

4. Direct detection: in the discussion in Section 2.2 we saw that the coupling to nucleons
induced by RG running of the operator Oy, is not yet tested with sufficient precision to
constrain the model in the EFT region, see Figure 1. While there exists no discussion
of the effective DM-Higgs and DM-gluon coupling mediated by vector leptoquarks, we
boldly extrapolate from the scalar case that the explicit mass suppression weakens the
direct detection limits to a level where they do not affect our EFT parameter space.

Again, we can summarize Figure 7 in that there exists parameter space for a neutral fermion
singlet that couples via vector leptoquarks to b-quarks, in which a consistent EFT description is
possible. For Dirac DM my > 123 GeV and TeV-ish leptoquarks are still allowed, while for the
Majorana case, where direct detection constraints are weak, the sterile neutrino mass needs
to exceed 77 GeV for k = 0 and 123 GeV for k = 1. The precision of these numbers would
benefit from a dedicated evaluation of LHC constraints on vector leptoquark pair production
with subsequent decays into b-quarks and massive dark fermions, as it has already done for
scalar leptoquarks. Compared to a Z’ coupling only to bg and Ng, which leads to the same
effective four-fermion operator, the collider constraints are stronger in the leptoquark case.

4 Conclusions

Given the energy scales involved, an EFT approach to weak-scale DM is still an attractive
scenario. It can, for instance, reveal tensions between freeze-out production, direct detection,
and indirect detection. The problem with a pure EFT approach is that dark matter mediators
can appear on their mass shell either at colliders or at some time during the thermal history of
the Universe. This is why we consider effective theories at the weak scale only as representative
generalizations of UV-complete models. If we force the interpretation of LHC searches into a
DMEFT framework, it immediately leads to tensions with the annihilation rate or observed
relic density [27].

Sterile neutrinos as WIMP dark matter offer a natural way out of this when they couple
only to third-generation fermions. Starting with a pure EFT approach we have demonstrated
that the relic density can be generated while all constraints from direct and indirect detection,
as well as lepton flavor universality are obeyed. This holds true when we couple the heavy
neutrino to tau leptons, bottom quarks, and top quarks. LHC constraints are strongest when
we produce the mediator on its mass shell, so we expect them to depend on the underlying
model.

We have confronted three successful scenarios of our YDMEFT with a set of plausible UV-
complete models. We studied a (B — L); gauge extension of the Standard Model as well as
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scalar and vector leptoquarks. In all cases, DM-mediator couplings to light fermions are ab-
sent at leading order. We found that all three models are well represented by the unifying
EFT at dimension six, but that LHC searches naturally distinguish between the fundamental
models. In general, the LHC reach for leptoquark UV-completions is larger, because of their
unavoidable coupling to gluons and the corresponding pair production process. Search limits
from supersymmetric squarks usually apply with minor modifications, even though this phase
space approximation is less motivated for the vector leptoquark case.

In conclusion, we have demonstrated, with working examples, an EFT framework for the
analysis of WIMPs which couple to the third generation SM fermions. The range of consis-
tent scenarios within this framework is much larger than the possibilities we could consider
here. For instance, including several operators allows individual annihilation cross sections to
be smaller, which can, but need not necessarily, relieve constraints, as we have seen in Sec-
tion 3.1. While currently there are numerous possibilities, we expect the EFT approach to be
most useful when constraints from direct and indirect detection tighten or in the case of an
observation in one of the channels. If the number of possible configurations of Wilson coef-
ficients that fit observations is reduced, this could give clearer hints on how models need to
be constructed. At present, the advantage compared to starting directly from explicit models
lies in the fact that constraints from the relic density, direct detection, and indirect detection
need to be calculated only once for a given hierarchy of Wilson coefficients. Namely, other
models than the ones discussed in Section 3.2 and Section 3.3 which generate dominantly the
DM-top or DM-bottom interaction could be constructed. It would then be sufficient to match
the model parameters to the EFT to apply the previously calculated constraints. Of course, as
for any finite EFT expansion, one could miss higher-dimensional operators with Wilson coef-
ficients large enough to spoil the expansion in 1/A. However, in the models we considered,
these additional operators turned out to be negligible, which supports the expectation that
such large higher-order terms are non-generic.
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A Details on the Z’ — 77 limit in the (B — L); model

In this section, we summarize how we produced the exclusion curve of Z’ — 77 in Figure 5.
We consider an EFT limit of the Lagrangian Eq.(22) along the following reasoning. At leading
order, i.e. Oth order in € and tree-level QCD, the only production channel of the Z’ resonance
is bb — Z’. Therefore one needs to consider a 5-flavor parton distribution function to evaluate
the pp — Z’ production cross section. At the order €°, we can ignore Z-Z’ mixing, and the
interactions are simply determined by the (B — L)5 charge of the respective fermions,

Lyc=— Z gxal (Fr"F)z., (A.1)
f
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where f =t,b, 7, v.,N. Given these interactions, it is straightforward to calculate the decay
width of Z* — f f, for f a fermion with both chiralities, in the limit m,, > m¢,

1
X _ 20 - fN2nrf
FZ’—>7f = _127.ng(qx) Nl mg . (A.2)

Therefore the total decay width, considering the channels tt, Eb, tt7~, v, v,, and NN reads

FX 1

z gx[(qx)z 3+ (gl 3+ (@Y + 5+ (qN)2]
2,
_97'th

The interaction in Eq.(A.1) along with mass terms for N and Z’ and the decay width in Eq.(A.3)
was implemented as a Universal FEYNRULES Output (UFO) model file using FEYNRULES [74].
This model file was subsequently loaded into MADGRAPH [96], where we calculated the cross
section for pp — 717~ to compare with the limits given by ATLAS [79].

B Details on Z’ with coupling only to by or t;

Here we discuss how we to test for constraints on a Z’ with effective couplings to only N and
by or tg, i.e.

(B.1)

In Refs. [80, 81] limits on the production of a neutral scalar H, together with a b pair or
t pair, respectively, have been presented in the form of cross section times branching into
H, — bb or tt. We compare this product to the production cross section for pp — bbZ’ and
pp — ttZ’ respectively, which we calculate using the interactions in Eq.(B.1) as before via
MADGRAPH [96]. This has to be multiplied by the branching fraction into b or t pairs which,
following Egs.(A.2) with only right-handed quarks, is 1/4. By comparing the cross sections
for mz, = my,, we find in both cases that the cross section limits are not yet strong enough to
probe the model for gy < 3.5. We note that the tiny red area that is the limit in the bottom
plot of Figure 7 has been obtained for a branching ratio in bb of 1, for a value of 1/4 it would
disappear in the plot.
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