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ABSTRACT: We study the prospects of a displaced-vertex search of sterile neutrinos at
the Large Hadron Collider (LHC) in the framework of the neutrino-extended Standard
Model Effective Field Theory (vSMEFT). The production and decay of sterile neutrinos
can proceed via the standard active-sterile neutrino mixing in the weak current, as well as
through higher-dimensional operators arising from decoupled new physics. If sterile neu-
trinos are long-lived, their decay can lead to displaced vertices which can be reconstructed.
We investigate the search sensitivities for the ATLAS/CMS detector, the future far-detector
experiments: AL3X, ANUBIS, CODEX-b, FASER, MATHUSLA, and MoEDAL-MAPP, and at the
proposed fixed-target experiment SHiP. We study scenarios where sterile neutrinos are pre-
dominantly produced via rare charm and bottom mesons decays through minimal mixing
and/or dimension-six operators in the ¥YSMEFT Lagrangian. We perform simulations to
determine the potential reach of high-luminosity LHC experiments in probing the EFT
operators, finding that these experiments are very competitive with other searches.
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1 Introduction

Neutrino oscillations have proven without doubt that neutrinos are massive particles. The
Standard Model of particle physics (SM) contains no right-handed neutrino fields. This
forbids the generation of a neutrino mass via the Higgs mechanism, which generates the
masses of the other elementary particles. This situation can be remedied by adding a
sterile neutrino field to the SM [1-5]. The sterile neutrino, also called heavy neutral lepton
(HNL), is a right-handed gauge-singlet spin-1/2 field and couples to left-handed neutrinos
and the Higgs field through Yukawa interactions. This generates a Dirac neutrino mass
after electroweak symmetry breaking.

In general, nothing forbids an additional Majorana mass term for the right-handed
neutrino field, leading to Majorana mass eigenstates and lepton number violation (LNV).
However, lepton number can be an (approximate) symmetry of extension beyond the SM
(BSM), such that low-energy LNV signals, e.g. neutrinoless double beta decay (0v33), is
suppressed. Sterile neutrinos may not only account for neutrino masses, but have also been
linked to explanations of other problems of the SM. Light sterile neutrinos can account for
dark matter [6-9], while sterile neutrinos with a broad range of masses can account for the
baryon asymmetry of the Universe through leptogenesis [10]. Sterile neutrinos are thus a
well-motivated solution to a number of major outstanding issues in particle physics and
cosmology.

While the observation of neutrino masses provides a hint for the existence of sterile
neutrinos, it does not specify their mass scale. They might very well be light and accessible
in present-day and near future experiments. A large number of experimental and theoretical
works have gone into the search for sterile neutrinos in so-called minimal scenarios, where
sterile neutrinos only interact with SM fields through renormalizable Yukawa interactions



(see refs. [11, 12] for a review). Here we take a more general approach. In broad classes
of BSM models, sterile neutrinos appear sterile at lower energies, but interact at higher
energies through the exchange of heavy BSM fields. Examples are left-right symmetric
models [13-15], grand unified theories [16], Z’ models [17], or leptoquark models [18],
which contain new fields that are heavy compared to the electroweak scale. Independent of
the details of these models, at low energies the sterile neutrinos can be described in terms
of local effective operators in the framework of the neutrino-extended Standard Model
effective field theory (vSMEFT) [19, 20].

In this work, we study relatively light GeV-scale sterile neutrinos (see e.g. refs. [21-23]
for LHC searches for somewhat heavier neutrinos). Such sterile neutrinos can be pro-
duced either via direct production with parton collisions, or via rare decays of mesons
that are copiously produced at the LHC interaction points [24, 25]. For sterile neutrino
masses below the B-meson threshold the primary production mode is through rare decays
of mesons with subleading contributions from partonic processes, which we estimated us-
ing MadGraph5 3.0.2 [26] to be less than 10%. The latter become more important and
even dominant for heavier sterile neutrinos. In this work we choose to focus on the mass
range below about 5GeV and hence on the rare meson decays, and we leave the direct
production channel for future studies. If the sterile neutrinos are relatively long-lived,
their decays lead to displaced vertices that can be reconstructed in LHC detectors. We
consider a broad range of (proposed) LHC experiments: ATLAS [27]/CMS [28], CODEX-b [29],
FASER [30, 31], MATHUSLA [32-34], AL3X [35], ANUBIS [36], MoEDAL-MAPP [37, 38], as well
as the proposed CERN SPS experiment SHiP [39-41], and discuss their potential in prob-
ing vYSMEFT operators. We calculate vYSMEFT corrections to sterile neutrino production
and decay processes and perform simulations for the various detectors, to estimate their
search sensitivities. Our simulations show that the experimental reach is strong, probing
dimension-six operators associated to BSM scales up to a hundred TeV. In a simple 3 4 1
model, adding just one sterile neutrino field, we compare our results to existing Ov 3/ decay
limits, showing that these experiments are complementary.

This paper is organized as follows. In section 2 we introduce the model framework of
vSMEFT, followed by sections 3 and 4 detailing the calculation of production cross sections
and decay widths of the sterile neutrinos in both the minimal model and from higher-
dimensional operators. Section 5 shows the theoretical scenarios considered by numerical
study in this work, and section 6 goes through the different experiments we study in detail
and briefly introduces the Monte-Carlo simulation procedure. In section 7 we present the
numerical results for both the minimal scenario and a number of flavor benchmarks. These
results are compared with a number of other experimental probes including Ov33 decay in
section 8. In a set of appendices, we present the details of the production and decay rate
computations, as well as the physical parameters, decay constants, and form factor input
we employ. We conclude and provide an outlook in section 9.



2 Standard model effective field theory extended by sterile neutrinos

2.1 The effective neutrino Lagrangian

We are interested in the production and decay of sterile neutrinos at the LHC. In particular,
we investigate the production of sterile neutrinos in the decay of mesons containing a single
b or ¢ quark, as these are copiously produced and are sufficiently massive to produce GeV
sterile neutrinos. This is an interesting mass range that appears in scenarios of low-scale
leptogenesis [42-48]. The sterile neutrinos are assumed to be singlets under the SM gauge
group and, at the renormalizable level, only interact with SM fields via a Higgs Yukawa
coupling to the lepton doublet. The renormalizable part of the Lagrangian is given by

1 _ _ o~
L = Lsm — |:2D]c% Mgrvr + LHY,vp + hc] . (21)

Lsm denotes the SM Lagrangian, L is the lepton doublet, and H is the SM complex Higgs
doublet field with H = iy H*. We work in the unitary gauge

H:\%(lih>, (2.2)

where v = 246 GeV is the Higgs vacuum expectation value of the Higgs real scalar h. vgr
is an n x 1 column vector of n right-handed gauge-singlet neutrinos. Y, is a 3 X n matrix
of Yukawa couplings. Mg is a complex symmetric n x n mass matrix. In general we can
work in a basis where the charged leptons and all quarks are in their mass eigenstates,
except the di, i = 1,2,3, for which we have d4 = V¥ d% 195 with V' the CKM matrix.
U¢ is the charge conjugate field of ¥ with ¥¢ = CVU” and C is the charge conjugation
matrix, C' = —iy?4%, which satisfies the relation C = —C~! = —CT = —CT. We define
Ui p=LRr) = C'mT = Pp V¢, in terms of the projectors Pr = (1 £ 5)/2.

The Lagrangian in eq. (2.1) can account for the observed active neutrino masses and
mixing angles if n > 2 (in case of n = 2 the lightest neutrino is massless [49]). As lepton
number is explicitly violated by the Majorana masses, Mg, eq. (2.1) in general leads to
Majorana neutrino mass eigenstates and thus to Ov33 decay and other LNV processes,
unless additional structure is imposed on the matrices My and Y.

In various popular extensions of the SM, right-handed neutrinos appear naturally, but
are not completely sterile. For instance, in left-right symmetric models right-handed neutri-
nos are charged under a right-handed SU(2) g gauge group and interact with right-handed
gauge bosons and new scalar fields. If such bosons exist, they must be heavy, with masses
well above the electroweak scale, to avoid experimental constraints. The right-handed neu-
trinos on the other hand, can remain light. From this point of view, the scale separation
suggests the use of an EFT framework where the degrees of freedom are the usual SM fields,
as well as a set of n neutrinos, which are singlets under the SM gauge groups. The interac-
tions in eq. (2.1) form the dimension-four and lower part of a more general Lagrangian con-
taining higher-dimensional operators that is often referred to as the vSMEFT [19, 50-52].
We begin by introducing the higher-dimensional operators at a scale A > v, where A
denotes the scale where we match the microscopic UV theory to the vSMEFT.



Class 1 V2 H3 Class 4 P
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O)e | (Zryte)(HYD,H) || OF), | (Lvr)e(Qd))

Class 3 W2H3D 0o, | (Ld)e(Qur)
Ol(fa, (EUWVR)TII;TWIW

Table 1. vYSMEFT dim-6 operators [20] involving one sterile neutrino field.

The first operators have dimension 5

14

£8) = enemn(LE OO CLy) HH,, £5) = 0 M vpHH . (2:3)

At lower energies, after electroweak symmetry breaking these operators contribute to,
respectively, Majorana mass terms for active and sterile neutrinos. The first operator,
the famous Weinberg operator [53], can for instance be induced by integrating out sterile
neutrinos with masses of O(A) usually referred to as a type-I seesaw mechanism. The
second operator, for our purposes, can simply be absorbed in Mg in eq. (2.1). For n > 2
there appears a dim-5 transition dipole operator, but we will not consider it here.

We are mainly interested in the operators that appear at dimension-6 [20, 54]. We focus
on operators that involve a single right-handed neutrino® and limit the set of effective
operators to those that lead to hadronic processes at tree level. A more general set of
interactions is left for future work. The operators are presented in table 1. For our
purposes, the operator (9263 5 can be absorbed in a shift in Y, in eq. (2.1). The related
Higgs phenomenology was discussed in ref. [55]. This leaves us with the remaining six
operators that, in general, have arbitrary flavor indices although certain couplings can be
suppressed if minimal flavor violation is assumed [56, 57].

We evolve the operators from A to the electroweak scale using one-loop QCD anomalous

(6) (6)

dimensions. The operators Oy, (’)l(,?/%,, and O, . do not evolve under QCD at one loop.

The remaining three operators evolve simply as [51]

AClom (22) 55 L9 acy _ (52)rscf i (52) e, ey

dln ar Qul>  dlnp  \drm S dlnp \4drm
where Céﬁ) and C’é?) are defined as the linear combinations
6 1 ) G 6) L (6)
Cé) = _icédQu + CL:/)QCN Cé = _chde (2.5)
and
vs = _GCFu Yr = 2CF7 (26)

where Cr = (N2 —1)/(2N,) and N, = 3, the number of colors.

LOperators with a left-handed neutrino also contribute to the same observables we discuss here, but the
contributions are suppressed by small heavy-light neutrino mixing angles.



At the electroweak scale, we integrate out the heavy SM fields (W-, Z-, and Higgs-boson
and top quark) and match to a SU(3). x U(1)em-invariant EFT. The tree-level matching
relations for YSMEFT operators up to dimension-7 were given in ref. [51] and here we use
a subset of these results. We obtain

1 1
L = Lsym — |:2172 Mipvy, + 517}6% Mgpvgr + 0 Mprg + h.C.:|
6 6 7
LKL o+ L8 + LX) (2.7)

where Lgy contains dimension-four and lower operators involving light SM fields. /J(AG}FO

includes dim-6 operators that conserve lepton number (AL = 0) and is given by

2GF (_ _ o _ _ _
[I(A6)L:0 = TQF{UL’YMdL [eL'yﬂcsiﬁ vy, + eR’y“cgg)J VR] + ugy'dr ér ’y“cgjf){ VR

+urdgréy Egng + ugrdy ey, Eéi)VR +aroc™dp éLU#V@(FG) I/R} +h.c.. (2.8)

For the operators in table 1 the Lagrangians Egi)LZQ and L'(A?)LZO only contain a single

term each
2GF (_ o .
[’(Aﬁ)L:2 = T;{ULV“dL 6L’YMC€,6L) I/R} +h.c.,
2G =
E(A7)L:O = \[TZ{@L’Y“CZL er Egﬁ tD MI/R} +h.c. (2.9)

where <5> w= D#—E#. In these expressions we have suppressed flavor indices on the Wilson
coefficients. Each Wilson coefficient carries indices ijkl where i, j = {1,2,3} indicate the
generation of the involved up-type and down-type quarks, respectively, k = {1,2,3} the
generation of the charged lepton (we will often use the labels e, u, 7 instead for clarity)
and | = {1,2,3} for C$ﬁ the generation of the active neutrino, while [ = {1,...,n} for the
remaining Wilson coefficients involving sterile neutrinos.

The explicit matching relations are given by ref. [51]

2
e IR

v

ML:—UQC(E)), MR:MR—I—UQMS), Mp \/5

for the mass terms in eq. (2.7), and

12

A9 — —ov1 - \ngCIEGV%,VML,
i
12 i
i = |-y - 22 (o) van |
1_

_(6 6
cgff){ = U2 (Ctgu)ue) ’

6 6 6
C(SP% = _”2021/)@1 + 70}41)@1/7



=t () v,

© _ Y 6
cr” = g “LdQu>
_ 44/2
awo - ‘g”c,ﬁ?VVMT,
44/202
o = fg”ci?vv, (2.11)

for the remaining operators. Here V' denotes the CKM matrix, 1 the 3 x 3 identity matrix in
lepton flavor space, and M, = diag(me, my, m,) is the diagonal matrix of charged lepton
masses.

The first term in the expression for cg,ﬁﬁ denotes the contribution from the SM weak
interaction. All other entries arise from the dimension-6 operators, in some cases with
additional insertions of leptonic mass matrices. The operators with Wilson coefficients
_\(/63 and 6&2 are only induced by the dimension-6 operator Ol(,ﬁv%/' This operator involves
a derivative acting on a charged W* field which, (af)’ter integrating out the W¥ bosons,

7

leads to operators involving an explicit derivative (¢y;,) or an insertion of a lepton mass by
using the equations of motion. Cﬁz, is strictly constrained because it generates neutrino
dipole moments at one-loop [55, 58]. Additionally, if these constraints are avoided N would
decay relatively fast into two body final states via N — v~y [59, 60]. To ensure that N is
long-lived, we suppress (’)l(/?/%, in the following. This effectively implies we do not consider
the effects of C_*\(fﬁ and E@J

Besides the charged currents listed in eq. (2.8), we also include the effects of the SM
weak neutral currents that contribute to decay processes of sterile neutrinos

6 —4GF _; i) - . _ .
Efle)utral = \/iyfﬂ“l/};{eym <—2 + sin? 9w> er + eR'yu(s1n2 Ow)er

1 2 2
+ upy* (2 - gsin2 9w> ur + UR Yy <—3 sin? 9w> UR

(2.12)
- 1 1 .92 7 1 -2
+dpy* —3 + §SIH 0w | dr, +drVu gsm 0w | dr
1 i i
+ 1(2 — 0ij)vpty ¢
where 7, j are the flavor indices of active neutrinos and 6,, is the Weinberg angle.
2.2 Rotating to the neutrino mass basis
After electroweak symmetry breaking the neutrino masses can be written as
1 My, MF
Ly =—=N°M,N+hc, M=+ 2], (2.13)
2 My, My,

where M, is a i X i symmetric matrix with 72 = 3+n and N = (v, v%)T. We use an x
unitary matrix, U, to diagonalize the mass matrix

U'M,U =m, = diag(mi,...,m34n), (2.14)



and define N = UN,,. In absence of sterile neutrinos, U is the usual PMNS matrix. We
write the Majorana mass eigenstates as v = N,,,+ N, = v° that appear in the Lagrangian as

1 1
L, = 5?1’&1/ U (2.15)

We introduce 3 X n and n x i projector matrices

pP= (IM, ngn) . Py= (Onxg Inxn) : (2.16)

to express the relation between the neutrinos in the flavor and mass basis as

vy, = P(PU)v, vi = Pr(PU")v,
vr = Pr(PU")v, vh = Pr(PsU)v. (2.17)

In the mass basis, the operators in egs. (2.8)—(2.9) become

2G
LS = 7\/5 {QL’YudL [éLWC\(fGL)L v+ e O\t | + Trydr Er 1uChy v

urdger, CéQRV + updy €y, Céi)RV + arotdg éLO'Ml,CF(;jl%RV

1
+arytder C\(,?L)Riﬁ“u} +he., (2.18)
where
CB), — d0Lpu+ ClR, oW = AP0,
(6) _ (6) * (6) _ (6 *
Cyrr = CvrPsU™, Cspr = CspPsU™,
6 _(6 . 6 _(6 N
iy =yp, =P,
c. =l pu*. (2.19)

Each Wilson coefficient again carries four flavor indices ijkl where 7, j, k = {1, 2,3} indicate
the generation of the involved up quark, down quark, and charged lepton, respectively. [
now denotes the particular neutrino mass eigenstate and runs from {1,...,7}.

Finally, we evolve the operators down to the bottom or charm mass. The vector
currents do not evolve while the scalar and tensor dimension-6 and -7 couplings evolve in
the same way as the scalar and tensor currents in eq. (2.4), with

6 6 6 6
Cé) = CéR)R, SLR. > C%) = C(T})m- (2~20)

In what follows we only consider the dimension-six terms in eq. (2.18) and neglect the

. . . (7) ]
dimension-seven operator proportional to Cy;{ i whose low-energy effects are suppressed by
mp,c/v. Furthermore, as discussed below eq. (2.11), C’&,?R is only induced by the v*SMEFT

operator CZE%%, which is strongly constrained by other probes.



3 Production of sterile neutrinos

In this section we discuss the production of sterile neutrinos at collider and fixed-target ex-
periments. For concreteness we consider the case where the sterile neutrinos are Majorana
particles. We consider the production through the decay of mesons, produced at the in-
teraction points, containing a single charm or bottom quark. We neglect the subdominant
contribution from B, J/¥, and T mesons although they would allow to probe a larger
neutrino mass range. Production via the decay of pseudoscalar mesons dominates over the
contribution from vector mesons of the same quark composition, due to the much shorter
lifetime of the latter. Sterile neutrino production via direct decays of W-, Z-, and Higgs
bosons is subdominant for O(GeV) neutrinos, mainly because of their smaller production
cross sections [33, 61, 62].

3.1 Sterile neutrino production in minimal models

We begin by discussing sterile neutrino production in minimal models where sterile neu-
trinos interact with SM fields only via mixing. For simplicity, we consider a single sterile
neutrino with mass my and set n = 1 (m = 4). The production then arises solely from the
first term in eq. (2.18) with (C’\(,?L)ijm = —2V;; Uga, where V' is the CKM matrix and U the
lepton mixing matrix. A broad range of processes are relevant. Naively one might think
that leptonic meson decays MZ% — N+ l,f would dominate because of phase space suppres-
sion associated to semi-leptonic decays, but CKM factors and powers of meson/neutrino
masses in the amplitude expressions change this picture. To calculate the production rate,
we require the number of mesons produced at the various experiments and the branching
ratio to final states including a sterile neutrino. The former is discussed below, while here
we calculate the latter. For minimal models, these branching ratios have been calculated
in the literature, see refs. [63, 64] for recent discussions, and here we confirm (most of)
these results.

We consider leptonic and semi-leptonic decays of D, DY, D, B*, B° and B, mesons.
For semi-leptonic decays, we consider final-state pseudoscalar and vector mesons. The
decay rate formulae and the associated decay constants and form factors are given in
the appendix. In the left and right panels of figure 1 we depict a selection of branching
ratios for decay processes of D™, Dy, and B~, B mesons, respectively. Branching ratios
for analogous decays of neutral D? or BY are similar and not shown to not clutter the
plots too much. For these examples we considered a final-state electron and set Uy = 1.
All branching ratios are in excellent agreement with ref. [63]. From the plots it is clear
that, depending on the mass my, both leptonic (solid lines) and semi-leptonic processes
(dashed, dotted, and dot-dashed lines) must be included and the latter involve both final-
state pseudoscalar and vector mesons.

3.2 Sterile neutrino production from higher-dimensional operators

For higher-dimensional operators the quark flavor structure of the Wilson coefficients is
unknown in contrast to the minimal case where the CKM matrix provides the relation
between processes involving different quarks. As such, each flavor structure is independent
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Figure 1. Branching ratios of sterile neutrino production channels through D (left figure) or B
(right figure) mesons in the minimal scenario for final-state electrons and Ugq = 1.

unless model assumptions are used. This leads to a large number of possible cases corre-
sponding to several flavor structures for each effective operator in eq. (2.18). All branching
ratios can be calculated from the expressions given in the appendices.

Here we discuss a few cases only. We consider the operators with Wilson coefficients
C’égR, C(T?LR’ and C\(/GIZR. We consider the flavor structures {ijkl} = 13e4 and {ijkl} = 21e4
that allow for leptonic decays B — N + e and D — N + e, respectively, if the Lorentz
structure permits this. These choices also allow for semi-leptonic decays of the form B —
N+e+ X and D -+ N 4+ e+ X where X is a pseudoscalar or vector meson consisting
of just up, down, and strange quarks (strange quarks only if the decaying meson contains
a strange quark as is the case for By and D, mesons). For the plots in this section, we
assume the weak interaction is turned off and consider only one non-zero EFT operator at
a time. The results are depicted in figure 2.

The three chosen operators correspond to quark bilinears with different Lorentz struc-
tures (scalar, tensor, and vector, respectively). In the scalar case, leptonic decays are
allowed and these dominate over semi-leptonic decay modes for all considered values of
the sterile neutrino mass. For the tensor operator, however, the leptonic decay mode is
forbidden and a final-state meson must be produced. In these cases, the dominant decay
modes are those with a final-state vector meson. Finally, the C\(,GIER vector operator has a
similar Lorentz structure as the SM charged weak current, but with different flavor struc-
ture. As was the case in figure 1, depending on the sterile neutrino mass, either leptonic
(solid lines) or semi-leptonic processes (dashed, dotted, and dot-dashed lines) can dominate
the production of sterile neutrinos, and must all be included.

4 Decay of sterile neutrinos

4.1 Sterile neutrino decays in minimal models

We begin by considering the minimal scenario, where we assume that the only non-zero term
in eq. (2.18) is (C\(,GIZL)MM = —2V;j Ups. For concreteness we consider decays of Majorana
sterile neutrinos into final-state electrons and set Ueq # 0 and U,y = Ur4 = 0. In addition,
we consider the SM weak neutral current (see eq. (2.12)), which leads to N — v+ f + f
decays where f denotes any SM fermion that is kinematically allowed (in case of quarks,
we consider a final-state neutral meson). These decay rates have all been calculated in the
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Figure 2. Branching ratios of D and B mesons in the left and right panels, respectively.

Left: from top to bottom the figures correspond to (CégR)21e4 = 0.1, (C&%R)glezl = 0.025
and (C$ER)2164 = 0.1, respectively. Right: from top to bottom the figures correspond to

(CE&) N 1gea = 0.1, (C{D ) 1304 = 0.025 and (CLY 1 )15e4 = 0.1, respectively.

literature, see e.g. refs. [63-68]. Most results agree with each other and with our findings
given in the appendix, with the exception for decay processes into final-state neutral mesons
where some differences appear. For these cases, our results agree with ref. [64].

We consider N — leptons through both charged and neutral weak currents. The
latter leads to the invisible three-neutrino decay mode. We include decays into a single
pseudoscalar (w, K, n, ', D, Ds, n.) and vector meson (p, w, K*, ¢, D*, D% J/¥). This
effectively also takes into account decay modes into two pions through the intermediate
decays of p mesons [63], assuming my > m,. For heavier sterile neutrinos other multi-
meson final states become relevant and summing exclusive channels becomes impractical.
Instead we follow ref. [63] and estimate the total hadronic decay width by calculating the
decay width to spectator quarks times appropriate loop corrections. The loop corrections
are taken from a comparison to hadronic 7 decays

I'(1 — v + hadrons)

, 41
I‘tree<7—_> V7+ﬂ+D)) ( )

1+ AQCD (mT) =
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Figure 3. Left: Comparison of branching ratios to individual mesons divided by the inclusive
hadronic branching ratio calculated via eq. (4.3). Right: Decay length of the sterile neutrino in
minimal scenarios.

where D denotes a d or s quark and

2
« «
AQCD = ?s + 5.27_‘_—; +..., (4.2)

where dots denote higher-order corrections. This gives a good description of the inclusive
hadronic 7 decay rate and we assume this to hold for sterile neutrino decays in the minimal
scenario as well. That is, we use

I'(N — e~ /ve + hadrons)
Ciree(N — e_/Ve +qq)

1+ AQCD(mN) = , (4.3)
to calculate the inclusive hadronic sterile neutrino decay rate through both charged and
neutral weak currents.

We find that single meson channels dominate for my < 1GeV, while the decay to
quarks become relevant for larger masses, indicating that multi-meson final states become
significant. We demonstrate this in the left plot of figure 3, which shows branching ratios
to individual mesons, compared to the sum of all single-meson final states, and compared
to quarks, for my 2 1 GeV. At my = 5 GeV, the single meson final states make up roughly
20% of the hadronic decay rate. Our results are in good agreement with ref. [63], apart
from decays to neutral vector mesons, which only play a small role.

We write the total decay rate as

'y = 9(1 GeV — mN)FN—>single meson 1 e(mN -1 GBV) [1 + AQCD(WLN)] FN%ch
+FNHleptons . (44)

In the right panel of figure 3, we show a plot of the scaled proper decay length, U2,cTy, as a
function of my in the minimal scenario, where c¢ is the speed of light and 7, is the proper
lifetime of N. The branching ratios to individual mesons, leptons, and three neutrinos
(invisible) for my < 1GeV are shown in the left panel of figure 4 while the branching
ratios to quarks, leptons, and invisible for my > 1 GeV are shown in the right panel of the

same figure.
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Figure 4. Branching ratios in the minimal scenario for Uey = 1 and Uyy = Ury = 0. Left:

mpy < 1GeV with decays to individual mesons. Right: my > 1GeV and the decays to quarks
correspond to the total hadronic branching ratio.

4.2 Sterile neutrino decays from higher-dimensional operators

The EFT operators in eq. (2.18) involve two quarks and a charged lepton and induce new
channels for sterile neutrinos to decay into hadrons. Depending on the flavor structure
of the operators, typically only one or two single-meson decay modes are relevant. For
instance for an operator (C£/6£R)Z‘je4 with ¢j = 11 we consider decays into a single charged
pion or p meson, while for (C’égR)H% only pions are relevant. As is the case for the
minimal scenario, one can imagine multi-meson states to become relevant for larger sterile
neutrino masses (for this flavor choice, such states would be three- or more pions). We
do not include such states here, although we find that decays to quarks become dominant
around my 2 2 GeV for scalar operators, as we do not have the benchmark of hadronic 7
decays to verify our results for non-SM currents. We only consider decays into individual
mesons. This leads to a potential underestimate of the sterile neutrino decay width and
consequently renders our sensitivity limits for future experiments conservative in the large
decay length regime. As all our results below are given on log scales, we do not expect
significant deviations from our findings. In figure 5 we plot the proper decay length of
N, cty, against its mass for various choices of Wilson coefficients and flavor assignments.
We consider one effective coupling at the time, turn off minimal mixing, and the Wilson
coefficients are set to unity.

5 Theoretical scenarios

In this work we focus on the production of sterile neutrinos through the decays of B and
D mesons. We consider three classes of scenarios that are representative of the effective
Lagrangian in eq. (2.18). We always consider the case of a single sterile neutrino which is
mixed with the active electron neutrino. The three classes of scenarios are listed below:

1. Here we consider the minimal scenario without higher-dimensional operators and 1
sterile neutrino (a 3 + 1 model). Because of minimal sterile-active mixing, the sterile
neutrino only interacts through charged and neutral SM weak interactions. In the
3 4+ 1 minimal seesaw model, the mixing angle is related to the ratio of active and
sterile neutrino masses |Ue|?> ~ m,/my, but we treat the mixing angle as a free
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Figure 5. Proper decay length of sterile neutrinos for various choices of EFT operators and flavor
assignments. The Wilson coefficients are set to unity and the minimal active-sterile mixing is turned
off.

parameter. We stress that the minimal 3 + 1 model leads to two massless active
neutrinos and is thus ruled out by neutrino oscillation experiments, but with its
simplicity it provides a useful benchmark.

2. In this scenario we extend the minimal 3 + 1 model by interactions generated by
the exchange of leptoquarks. All possible representations of LQs are summarized in
ref. [18]. We focus on the representation R(3, 2,1 /6), which can couple to (sterile)
neutrinos through the Lagrangian

Lrg = —yirdr R LY, + yiRQ% Rovp + hc. (5.1)

where a,b are SU(2) indices and i, j, k,l are flavor indices, respectively. Note that
[ = 1 in the 3 + 1 model. LHC constraints force the leptoquark mass, myq, to be
above a few TeV and for low-energy purposes we can integrate it out. At tree level
this leads to the effective operator

6) — ((6) Fag\ .ab(Ab
£ (chQy)ijM (Led;) e (QluRl> +he., (5.2)
where 1
(6) _ _~ LR RLx
(CLdQ”>z‘jkz B miQy” Yjk - (5.3)
We read from eq. (2.11)
2
(6 _(6) _ V7 (6
esh =48 = 5 Chug, - (5.4)

Finally, going to the neutrino mass basis and focusing on the couplings to electrons
and sterile neutrinos, we obtain the matching contributions to the effective operators
in eq. (2.18)

(C\(/6L)L>Z.je4 = —2VijUes, (ngR) =4 (C(T(SI){R>Z.J.E4 = <Egg> el Uy, (5.5)
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where i and j denote the up- and down-quark generation, respectively, and V;; el-
ements of the CKM matrix. In this scenario, we have contributions from minimal
mixing proportional to the mixing angle U4 and from leptoquark interactions pro-
portional to Uj,. We will use the canonical see-saw relations

Ues =~ , Uy =1, (5.6)

and set m, = 0.05eV as representative for the active neutrino masses. For a specific
quark flavor choice of ¢ and j, this reduces the effective number of free parameters

to two: the sterile neutrino mass my and the combination of the LQ couplings and
LR, RL*

mass Y1 Yje /m%Q

3. The final scenario we consider is inspired by models, such as left-right symmetric
models, with right-handed charged gauge bosons, which can mix with W*. Instead
of implementing the full left-right symmetric model, we take a simplified scenario
and consider the effects of a nonzero C\(,GER in eq. (2.18) in combination with the SM
left-handed weak interactions. That is, we consider

(CéﬁL)L)M = —2V,;U., (cgﬂgR)M >0. (5.7)

In left-right symmetric scenarios nonzero C\(,GP){R and C\(/GF){L are generally induced as
well. The resulting phenomenology is very similar to C\(,GIZL and C\(/?R and for simplic-
ity we do not consider these effective operators here. They can be easily added to the
analysis if so required. For the active-sterile neutrino mixing parameter, we follow
the leptoquark scenario and set Ugqy = \/m,/my. In minimal left-right symmetric
models with exact P or C symmetry, the dependence of the effective operators on the
quark flavor indices ¢j can be calculated. We do not consider this here and consider
one particular choice of 75 at a time. It is straightforward to generalize this choice.

6 Collider and fixed-target analysis

We proceed to explore the search possibilities for the above scenarios at the LHC, consider-
ing both existing and proposed experiments, as well as the proposed fixed-target experiment
SHiP at the CERN SPS [39-41]. Currently at the LHC we have the operational experiments
ALICE [69, 70], ATLAS [27], CMS [28], and LHCD [71, 72]. Of these we shall focus on the search
sensitivity for long-lived sterile neutrinos at ATLAS, which is the largest experiment in de-
tector volume, and can thus in principle explore the largest decay lengths. Beyond this, a
series of new experiments has recently been proposed at various locations near the LHC in-
teraction points (IPs), namely in alphabetical order: AL3X [35], ANUBIS [36], CODEX-Db [29],
FASER and FASER2 [30, 31|, MATHUSLA [32-34], and MoEDAL-MAPP1 and MoEDAL-MAPP2 of the
MoEDAL collaboration [37, 38]. These latter experiments, including SHiP, are all designed
to specifically look for neutral long-lived particles (LLPs). We shall discuss the search
potential of all the above-mentioned experiments specifically for sterile neutrinos.
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In this section, we review briefly the setup of the beam and detector geometries for
each experiment and introduce the Monte Carlo (MC) simulation procedure for the event
simulation. We focus on the production via the rare decay of B- and D-mesons. This can
proceed via either purely leptonic two-body decays, or semi-leptonic three-body decays, as
discussed in section 3. Similarly, for the displaced decay of sterile neutrinos, we consider
both the two-body decay into a charged lepton and a charged meson, and decays into
multiple hadronic states plus a lepton, as explained in section 4. It is worth mentioning
that the heavy meson M; that is to decay into a sterile neutrino, is produced in the process
pp — M + X and decays promptly into e.g. a sterile neutrino (X denotes the remaining
decay products). Such signal events can be observed in the near detector such as ATLAS
with e.g. the prompt lepton accompanying the production of M;. The long-lived sterile
neutrinos decay at a macroscopic distance, where the displaced vertex (DV) is reconstructed
if at least two tracks are observed stemming from the same DV inside the detector.

We do not study the production of the sterile neutrinos from the decay of lighter mesons
such as 7% and kaons as these are only relevant for very light sterile neutrinos, and their
simulation in Pythia 8 [73, 74] is insufficiently validated in the forward direction, which
is relevant for the FASER experiments. In fact, even for D* and BT mesons, we will use
FONLL [75-78] to correct the behavior of Pythia 8 in the very large pseudorapidity regime.
Finally, we ignore the vector mesons decays into sterile neutrinos, as their decay width is
typically many orders of magnitude larger than that of pseudoscalar mesons leading to tiny
branching ratios for sterile neutrino production.

Instead of performing a detailed study considering different components of the de-
tectors separately, for simplicity we will take the whole detector as the fiducial volume,
and make a comparison between the various experiments. Since the ATLAS detector was
not designed to look for neutral LLPs, we shall add an estimate for the efficiency factor
based on existing neutral LLP searches, which, however, search for heavier candidates than
considered here.

One potential issue relates to possible background events which, depending on the
placement of the detector, may consist of long-lived SM hadron decays, cosmic rays,
hadronic interaction with the detector material, etc. All the experiments considered in this
study, except ATLAS, employ a far detector with a distance 5—500 meters away from the IP.
The space between the IP and the far detector is usually sufficiently large to allow for the in-
stallation of veto and shielding segments, as argued in refs. [29, 30, 32, 33, 35, 36, 38, 79, 80].
For MATHUSLA the rock and shielding below ground should remove the SM background. As
for cosmic rays, directional cuts will be applied. To assess and compare the sensitivities of
different experiments, we show 3-event isocurves which correspond to 95% confidence level
(C.L.) with zero background. This is not appropriate for the ATLAS detector which has
an almost 47 coverage immediately around the IP, and a large irreducible SM background
is expected. Depending on the signal type, the number of such background events may
vary. Instead of performing an estimate of background events for each scenario, we shall
implement an estimate for the efficiency, which we discuss below.

In addition, since the detector efficiency of the future experiments is unknown, in
order to make a fair comparison, we assume a 100% reconstruction efficiency for all the
experiments except ATLAS.
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Experiment SHiP ATLAS AL3X ANUBIS  CODEX-b
Int. Lumi. | 2 x 102° POT 3000fb=' 100 or 250fb~' 3000fb=!  300fb~!
Angular Cov. 0.89% 100% 13.73% 1.79% 1%
Experiment FASER FASER2 MAPP1 MAPP2  MATHUSLA
Int. Lumi. 150 b1 3000 fb—! 30fb~! 300fb=1 3000 fb~1
Angular Cov. | 1.1x107% 1.1x10°¢ 0.17% 0.68% 3.8%

Table 2. Summary of integrated luminosities for the various experiments. “POT” for SHiP stands
for “Protons on Target”. We also list the simple geometric coverage for each experiment.

The search potential of these experiments, but also of other fixed-target experiments,
has been investigated for example for neutralinos [81-85]. For various other theoretical
scenarios, see ref. [86] for a recent review.

We start with a brief introduction of the fixed-target experiment SHiP, as its beam
setup is different from the other experiments, and then discuss the other experiments,
which are all associated to either the ATLAS, CMS, or LHCb IP and the LHC accelerator.?
Since these experiments differ in the projected integrated luminosity, we summarize them
in table 2.

6.1 SHiP

The SHiP facility was proposed to make use of the high-intensity CERN SPS beam of
400 GeV protons incident on a fixed target made of e.g. a hybrid material composed of
(solid) molybdenum alloy and pure tungsten [39—41]. It has not been approved yet. With a
center-of-mass energy of approximately 27 GeV, large production rates of D- and B-mesons
are expected. The SHiP experiment is proposed to have a cylindrical detector downstream
at roughly 70m away from the IP. The experiment is specifically designed for detecting
long-lived neutral particles, which are produced from e.g. charm or bottom meson rare
decays, fly an extended length, and then decay inside the detector chamber downstream,
especially if the lab-frame decay length of the LLP lies within the SHiP sensitivity range.
For the lifetime of the SHiP project, a total of 2 x 10%° protons on target (POT) are planned.

At SHiP, the initial meson M; of sterile neutrinos is produced in a hadronic collision
between the beam protons and the target material. The differential production cross section
is strongly forward peaked, and the M; will have a significant forward boost. This will
be passed onto the decay products, including N, the sterile neutrino. The active decay
chamber is 68.8 m downstream of the target. It has a cyclindrical shape with a length
of 60m, where the first 5m are to be used for placing background suppression vetoes.
The front surface has an elliptical shape with semi-axes of 5m and 2.5m. The optimal
sensitivity is for particles with

68.8m < By ynerny < 123.8m, (6.1)

2In this work, we consider the LHC center-of-mass energy at 14 TeV for all experiments. We assume an
LHC upgrade before the experiments are online. Changing it to 13 TeV would only have a small effect on
our results.
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where 3%, yn are the relativistic speed along the beam axis and the Lorentz boost factor
of N, respectively.

In order to study sterile neutrinos produced from the decays of D- and B-mesons, we
need to know the total number of these mesons expected at SHiP in its 5 year lifetime:
Np+, Npo, Np,, N+, Npo, and Np,, respectively. These numbers can be estimated
by following ref. [63]. See also the earlier work in ref. [83]. The cé (bb) production rate
is 1.7 x 1073 (1.6 x 10~7) per collision. After the fragmentation factors are taken into
account, the numbers of the heavy-flavor mesons can be estimated and reproduced below
from ref. [63]:

NP = 1.4 x 10", N3P =43 x 1017, NP*P =6.0 x 10', (6.2)
NP =27 x 10", N3P =27 x 103, NFP =72x 10" (6.3)

We note that B, mesons are in principle also produced and may extend the upper reach
in my. However, given the much smaller production cross section, we do not take it into
account. Similarly for the other LHC experiments, as discussed below.

6.2 Experiments at the LHC

For ATLAS and extended programs at the ATLAS/CMS/LHCb sites, we consider pp collisions
at /s = 14 TeV with equal beam energies. These experiments benefit from a beam energy
that is orders of magnitude higher compared to SHiP. As a result, the mesons and the
therefrom produced sterile neutrinos are much more boosted, leading to good sensitivities
even for detectors that are to be installed hundreds of meters away from the IP.

To perform the sensitivity estimate for experiments at ATLAS/CMS/LHCb, it is necessary
to know the inclusive production rate of the heavy-flavor mesons at the HL-LHC with up to
3ab~! integrated luminosity. To achieve this, we follow the procedure in refs. [83, 84, 87].
The LHCb collaborations reported D-meson and B-meson production cross sections for a
13 TeV pp-collider, for certain kinematic range. Using the simulation tools FONLL [75-78]
and Pythia 8 we can extrapolate these cross sections to the whole kinematic range. We
find that for 3ab~! integrated luminosity over the full 47 solid angle the following list of
numbers of the produced charm and bottom mesons:

NPFLHC =204 % 10%6,  NHELHC = 3.89 x 1016, NELMHO = 6.62 x 1015, (6.4)
NpEMHC =146 x 101, NHVLHC =146 x 1015, NpLMHC =253 < 101 (6.5)

For the estimate of NEI;'LHC, the decay branching ratio of D** into D is included, and for
the number of B-mesons the corresponding fragmentation factors determined by Pythia 8
are used. These numbers will be used not only for the evaluation at the ATLAS experiment,
but also for all the extended programs discussed below with a possible overall re-scaling
by the integrated luminosity.

6.2.1 FASER

At the ATLAS IP, the differential cross section for the production of GeV-scale mesons is
strongly peaked at large pseudorapidities, i.e. close to the beam pipe in both directions.
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The production rate of light neutral LLPs, resulting from the decay of the mesons, should
then also be peaked in the large pseudorapidity regime. A far detector known as FASER
(Forward Search ExpeRiment) [30, 31] has been proposed, which is designed to specifically
make use of this feature. It has been officially approved by CERN and should be collecting
data during Run 3 of the LHC.? It is placed in the existing TI12 tunnel at a distance
of 480m from the ATLAS IP and has a cylindrical shape exactly aligned with the beam
collision axis, but slightly off of the beam due to the curvature of the accelerator. The
FASER detector has a cylindrical radius of 10cm and a length of 1.5m, and the expected
integrated luminosity is 150 fb~!. The corresponding angular coverage is n € [9.17, +-0o0] in
pseudorapidity and full 27 in the azimuthal angle.

After Run 3 is finished, FASER is currently planned to be upgraded to a larger version
known as FASER2, to be under operation during the HL-LHC era, collecting up to 3ab™!
of data [31], and located in the same place. Its geometry is specified as a cylinder with 1 m
radius and 5m length, which is 300x larger by volume, than FASER. The pseudorapidity
coverage is correspondingly enlarged to n € [6.86, +0c] while the azimuthal angle remains
fully covered. In this work, we will study the search potential of both FASER and FASER2
for sterile neutrinos as neutral LLPs.

As mentioned earlier and discussed in ref. [84], Pythia 8 is not well validated in
the large pseudorapidity regime for the differential production cross section of charm and
bottom mesons. To solve this issue, we re-scale the meson production cross section in
Pythia 8 at different ranges of the transverse momentum and pseudorapidity by using the
more reliable results given by FONLL.

6.2.2 MATHUSLA

A much larger experiment called “MATHUSLA” (MAssive Timing Hodoscope for Ultra Stable
neutral. pArticles) has been suggested to be constructed at the surface above the CMS
experiment [32-34].# It is proposed to be built for the HL-LHC phase with 3 ab~! integrated
luminosity. With a box shape, it has a base area of 100m x 100 m and a height of 25 m.
Relative to the CMS IP, the front edge of the detector should be horizontally shifted along
the beam axis by 68 m, and vertically upwards by 60 m. Despite its huge size, the large
distance of MATHUSLA from the IP still leads to a small geometric coverage. It corresponds
to a solid angle or geometric coverage of about 3.8%.% Nevertheless, it has been shown
to be one of the far detectors at the LHC that may have the strongest reach in the very
small active-sterile neutrino mixing at [Ues|* ~ 1079, when only the weak interaction is
considered [34].

3See the official website of the experiment FASER: https://faser.web.cern.ch/.

4See also the webpage of the experiment: https://mathusla-experiment.web.cern.ch/.

5The center of the MATHUSLA detector is at about 132m from the IP. The area of the enclosing sphere
is about 2.2 - 10° m?. The MATHUSLA detector has an base area of about 10*m? and is tilted roughly at
63° relative to the radial direction. 10* m? cos(63°)/(2.2 - 10° m?) =~ 2.1%. In a more precise Monte Carlo

integration we found a coverage of 3.8%.
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6.2.3 ANUBIS

It has recently been proposed [36] to construct a detector, named ANUBIS (AN Underground
Belayed In-Shaft search experiment), in one of the service shafts just above the ATLAS or
CMS IP. Consequently, a total of 3 ab™! integrated luminosity from the LHC is projected.
Similarly to the detectors discussed above, it also has a cylindrical shape however with the
axis oriented in the vertical direction. The cyclinder diameter is 18 m and the length is
56m. The axis of the cylinder runs from the middle point of the bottom: (xp,ys, 2) =
(0,24 m,14m) to the top (z¢,yt, 2¢) = (0,80m, 14 m), where z is along the beam axis, x is
horizontally transverse, and y is vertically transverse, and the IP is at (z,y, z) = (0,0,0).
Please refer to refs. [36, 62] for a sketch. MC integration finds the angular coverage of
ANUBIS to be 1.79% [87].

6.2.4 CODEX-b

An external detector extension has also been proposed at the IP8 of the LHCb experiment.
CODEX-b (COmpact Detector for EXotics at LHCb) [29] is designed as a cubic box of
dimensions 10m x 10m x 10m. Occupying an empty space with a distance ~25m from
the LHCb IP, it covers the pseudorapidity range of n € [0.2,0.6] with the azimuthal angle
coverage of ~ 6.4%. The total geometric coverage of the solid-angle is about 1%.

6.2.5 MoEDAL-MAPP

MAPP (MoEDAL’s Apparatus for Penetrating Particles) is proposed as one sub-detector of
the MoEDAL experiment [37, 38] at the IP8 of LHCb, and designed for searching for neutral
LLPs. Similar to FASER, the MAPP experiment will have a significant upgrade in a second
version. MAPP1 is a rather small detector of volume ~ 130 m?, currently under deployment
and expected to collect data during LHC Run 3 with up to 30fb™! integrated luminosity.
It is roughly 55 m from the IP8 at a polar angle 5° from the beam. During the HL-LHC
era, the MAPP2 program is planned to be under operation at IP8 until the end of Run 5,
accumulating up to 300 fb~! of data. It is designed to occupy almost the whole of the UGCS8
gallery in the LHC tunnel complex, taking up a volume of about 430 m3. With a larger
integrated luminosity and a bigger volume, MAPP2 is predicted to have higher sensitivity.
The two detectors cover about 0.17% and 0.68% of the total solid angle [87], respectively.

6.2.6 AL3X

AL3X (A Laboratory for Long-Lived eXotics) was proposed in ref. [35] to be built at the LHC
IP2 where the ALICE experiment sits. Placed at a horizontal distance along the beam line
of 5.25 m from the IP, the detector has a cylindrical shape aligned with and surrounding the
beam line, corresponding to a full azimuthal coverage. The proposed inner (outer) radius
is 0.85m (5m) with the length 12m. This gives a pseudo-rapidity coverage of n € [0.9,3.7].
The authors of ref. [35] proposed two values of the integrated luminosity, 100fb~! and
250fb~!, in order to accommodate practical concerns including the move of the IP, beam
quality, and investigation of background events. Here we focus on the benchmark value of
250fb~! integrated luminosity.
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6.2.7 ATLAS

In the previous sections we have discussed proposed new experiments which are specifically
designed to look for long-lived particles. They are typically placed some distance away from
the various IPs at the LHC or, in the case of SHiP, designed as a fixed-target experiment
with a long decay path. In e.g. ref. [83] some of us considered the search for light long-lived
particles at ATLAS.® ATLAS can study decays upto a length of about /112 + (43/2)2 =
24m, where 11 m is the cylindrical radius and 24 m is half the detector length. Over this
length, as we discuss below in more detail, the fraction 1 —exp[—24 m/(8vc7)] of the LLP’s
decay where 7 and v denote the LLP lifetime and boost factor, respectively, and g is the
relativistic speed of the particle. However, ATLAS offers almost 47 in angular coverage,
which is significantly larger than the other detectors at the LHC. In ref. [83], we found
that for 100% signal efficiency, an integrated luminosity of 250 fb~!, and assuming zero
background, ATLAS is competitive with or slightly better than SHiP for the LLPs produced
from B-mesons decays, and was somewhat worse in the case of D-mesons.

Here we describe in more detail the geometrical parameters we use for the fiducial
volume of the ATLAS detector. It has a cylindrical shape with inner (outer) radius of
0.0505m (11 m) corresponding to the beginning of the inner detector (the end of the muon
spectrometer), and a length of 43 m. In principle, even if a DV is inside the beam pipe, as
long as its distance from the IP is larger than the detector spatial resolution and consists
of displaced tracks, it can be reconstructed. However, to be more conservative, we choose
to include only DVs that are located inside the detector volume. We take 3ab~! as the
benchmark value for the integrated luminosity over the lifetime fo the HL-LHC.

As we have mentioned, all the above proposed new experiments are specifically designed
to look for light long-lived particles. They are thus further away from the LHC IPs and
shielded from many SM backgrounds generated at the IP. All the same they will all have
separate background issues, depending on where they are located. MATHUSLA is to be
installed on the ground and thus highly susceptible to cosmic rays. ANUBIS is in a shaft
which has minimal overhead shielding. FASER is far down along the tunnel, but still close
to the beam pipe. In order to compare these experiments we have for now assumed that
they can tackle the issues concerning background, and assumed zero background for all.
The precise design of these detectors is also not yet well-established, except for the first
phase of FASER. We thus furthermore assume 100% signal efficiency.

All this does not hold for ATLAS (or CMS, of course). ATLAS is a well-established ex-
periment, operating in the immediate vicinity of the IP. There is purposely no shielding,
as a priori all events are of interest. With respect to light long-lived particles there are
thus large backgrounds which must be dealt with. Any cuts which are imposed to reduce
the background, will also affect the signal efficiency, most likely in a significant manner. In
order to compare a search at ATLAS with the other experiments we must impose a realistic
signal efficiency, to take this into account. To our knowledge at the moment, there is no
dedicated study at ATLAS or CMS for the scenarios we are considering here. We discuss
several related analyses and estimate a signal efficiency based on this.

SWe focus here on the ATLAS experiment, which is by volume the larger experiment. In principle this
study could be performed for CMS, as well. See ref. [88] for a related study on dark photons at LHCb.
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In ref. [89], ATLAS considered the following scenario proposed in ref. [90]. A Higgs
boson decays to two dark fermions, which in turn decay to one or two dark photons plus
an invisible hidden lightest stable particle. The dark photons are the long-lived particles
and decay either to a pair of muons, or a pair of electrons/pions (light hadrons). Dark
photon masses between 0.4 and 3.5 GeV are considered, i.e. similar to our sterile neutrino
mass range. However the Higgs boson masses are 125 or 800 GeV and thus the dark photons
would have a much higher boost than our sterile neutrino’s. For the lighter Higgs mass
and the purely hadronic decay of the dark photon ATLAS finds a signal efficiency of at best
5-107° for ¢r ~ 35mm, and dropping off rapidly for smaller or larger cr.

In ref. [91], ATLAS considered the following scenario. A Higgs boson decays to a pair
of neutral long-lived scalars, which in turn each decay to 2 jets, one in the inner detector
and one in the muon spectrometer, thus utilizing different parts of the ATLAS detector. For
the lightest mass scenario the Higgs boson is 125 GeV and the scalar is 8 GeV. A detector
efficiency of 3-107° is found, similar to the other analysis. In ref. [92] ATLAS considered
a related scenario with scalar masses down to 5 GeV. For a Higgs boson of 125 GeV, and
a scalar of 5GeV with a decay length of 75cm they find a signal efficiency of 7-1074,
somewhat better than in the other studies.

In all these analyses, ATLAS searches for pairs of produced particles. This reduces
background but also efficiency. Overall we have applied a from the ATLAS point of view
somewhat optimistic flat signal efficiency factor of 1073 to all the ATLAS searches. In
addition we assume that the corresponding cuts reduce the background to zero.

6.3 Monte-Carlo simulation

We perform the MC simulation with the tool Pythia 8.243 [73, 74|, in order to extract
the kinematics and to estimate the number of signal events. We express the number of
sterile neutrinos, N, produced as

N =" Ny, - Br(M; — N + X), (6.6)

7

where M; is summed over all mesons that can decay to N in a given scenario. “Br” stands
for decay branching ratio. /Ny, is the number of initial mesons, M;, produced in the initial
collisions at the LHC or for SHiP.

The number of sterile neutrino decays in a detector volume Nﬁ,ec can then be esti-
mated by taking into account the boost factor and traveling direction of IV, geometries of
the detector, and the decay branching ratio of sterile neutrinos into the signal final-state
particles. For the latter, we consider all the decay channels except for the fully invisible
state, which contains solely three neutrinos, and is mediated by the SM weak interaction.
We use the expressions

Nee — N}’Vrod -(P[N in fv.]) - Br(N — signal), (6.7)
NI\IC
(P[N in fv.]) = MC Z [N; in f.v.], (6.8)
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where (P[N in f.v.]) denotes the average probability of all the simulated sterile neutrinos to
decay inside the fiducial volume (“f.v.”) and P[N; in f.v.] is the individual probability of the
1—th simulated sterile neutrino to decay in the f.v., discussed in more detail below. N %[C is
the total number of sterile neutrinos N generated in the simulation. For all the experiments
except MAPP1 and MAPP2, we use formulas for calculating the individual decay probability
with the exponential decay distribution, extracted from existing references [62, 83-85]. As
input we use the boosted decay length and the traveling direction of each simulated sterile
neutrino, denoted by \; = 5; v; ¢ T, where §; is the speed and ~; the boost factor.

For the MoEDAL-MAPP detectors, following ref. [87] we implement a code which deter-
mines whether each simulated sterile neutrino travels in the direction pointing towards the
detector and if so returns L1; and Lo;, where Li; denotes the distance from the IP to the
position where the i—th sterile neutrino would enter the detector, and L, the distance
the i—th sterile neutrino would travel across the detector, if it leaves the detector without
having decayed. If the travel direction of the long-lived sterile neutrino points towards the
detector, we compute P[N; in f.v.] for the MOEDAL-MAPP detectors through

P[N; in fv.] = e Fuilhi (1 — ekl hy, (6.9)

We use the modules “HardQCD:hardccbar” and “HardQCD:hardbbbar” of Pythia 8
to simulate the production of the charm and bottom mesons, respectively, including the
processes qG,gg — c¢/bb. For each benchmark scenario, we simulate 10% events of the
corresponding process, and fix the initial-state mesons to decay to the various channels,
mediated by both the SM weak interaction and the EFT operators, with the corresponding
decay branching ratios. From the MC simulation with Pythia 8, we obtain the average
decay probability from which we calculate N4 in eq. (6.7).

We emphasize that for the partial decay widths of the heavy mesons into N and of the
N into light mesons, we take into account the weak interaction via active-sterile neutrino
mixing, the EFT operator(s), and also the interference between them. The computation
for the production and decay processes of sterile neutrinos are presented in sections 3 and 4
and in the appendices.

7 Numerical results

To present the results of this collider study in a compact and representative manner we
consider a subset of possible EFT operators and focus on the three scenarios described in
section 5. For scenario 1, the minimal scenario, there is no EFT operator involved, and
we consider the full standard model charged- and neutral-currents mediated via the active-
sterile neutrino mixing. For scenarios 2 and 3, which involve EFT operators, we must
specify their flavor. In these scenarios we consider 5 different flavor assignments. Each
assignment involves two EFT operators of different quark flavors. All EFT operators are
dimension-6, and we drop the (6) superscript in the following. First, we fix the production

mode via the “production operator” (Cp),., with associated Wilson coefficients. We shall

ijo
consider two cases for the indices ij, which indicate the up- and down-type quark genera-

tions considered in a flavor benchmark, respectively. The choices of the flavors should lead
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to charm and bottom meson decays:

Cp)ar: D — N + e (+X),
Sterile Neutrino Production Modes : ()2 e(+X) (7.1)
(Cp)iz: B— N +e(+X).

Here X indicates a potential final state meson. See examples below. Second, we simul-
taneously turn on another EFT operator” the “decay operator” (CD)U’ which leads to
the decay of sterile neutrinos via semi-leptonic processes. Here, the ij indicate the flavor
content of the final state meson. We shall consider several decay modes

(Cp)i1: N = 7t €T, pt 4 €T,
Sterile Neutrino Decay Modes : (Cp)ia: N — K+ 4T, K** 4T (7.2)
(Cp)a1 : N — D* + €T, D** 4 e,

Both the production and decay will be induced by various operators with associated Wilson
coefficients, which we discuss in detail below. For all scenarios we include the production
and decay of sterile neutrinos via the SM weak interaction (see section 5 for details) and
the corresponding interference terms with the EFT operators. For the theoretical scenarios
2 and 3 we impose the type-1 Seesaw relation to include weak interaction contributions
through minimal mixing, see section 5.

As indicated in eq. (7.1), we only include sterile neutrino production via B and D
decays, also for lighter sterile neutrinos with masses my < mg, m,, the kaon and pion
masses, respectively. We do not include possible production via kaon or pion decays for the
following reasons. Despite the larger production rates of these mesons, the simulation of
soft pions is not well validated in quick MC simulation tools. Furthermore, the kaons are
long-lived, leading to further complications. Finally, sterile neutrinos produced from pions
and kaons are necessarily light, resulting in limited sensitivity reach in mpy. To summarize,
while we show results for light sterile neutrinos in the following, these must be taken as
conservative as we underestimate the number of the produced sterile neutrinos from pion
and kaon decays both via the SM weak interaction as well as via the “decay operator” Cp.

7.1 The minimal scenario

In the minimal scenario, the interactions are purely mediated by the W- and Z-bosons via
the active-sterile neutrino mixing. Using the analytical expressions given in the previous
sections for the production and decay of the sterile neutrino, we estimate the sensitivity
reach of the experiments discussed in section 6. We present the results in figure 6, shown in
the plane |Ug4|? vs. my. Here, we lift the requirement of the type-I seesaw relation |Ugy|? ~
my, /my, and treat the mixing angle and the sterile neutrino mass as two independent free
parameters. The light gray area shows the present bounds obtained by various experiments
including the searches from CHARM [93], PS191 [94], JINR [95], and DELPHI [96]. The dark

"It is possible to have only one non-vanishing operator e.g. Cakg = 4Cthg or Cykg, leading to p*
decaying to N +e* and N decaying to 7+ +eT. However, such scenarios probe only a small sterile neutrino
mass range and in addition require the decaying meson to be a vector particle. This results in a too small
sensitivity reach because of the small production rate and large decay width of the vector mesons.

~ 93 -



Minimal Scenario

Type-| Seesaw
W target regio,,

— SHIP:2x10®° POT

10" Amasisa’ —— FASER2: 3ab”!
——  AL3X:250f6"" —— MAPP1:30fb
—— ANUBIS: 3ab™"

107! L L n [ ——
0.1 0.5 1 5 10

my [GeV]

Figure 6. Results for the minimal scenario with the sterile neutrino mixed solely with the electron
neutrino.

gray area corresponds to the part excluded by big bang nucleosynthesis (BBN) [97, 98].
We also show a brown band of “T'ype-I Seesaw target region” for m,, between 0.05eV and
0.12eV with the relation |Ue|? ~ m,, /my. These two limits are derived from neutrino
oscillation and cosmological observations, respectively. The former finds that there is at
least one active neutrino mass eigenstate of mass at least 0.05eV [99] while the latter
imposed an upper limit of 0.12eV for the sum of the active neutrino masses [100].

The sensitivity reaches of the various experiments have been determined in the lit-
erature [31, 33, 61, 62, 85, 101], except for the MAPP1 and MAPP2 experiments, for which
we present the estimate for the sensitivity reach for the first time. Our estimate for the
ATLAS experiment considers an integrated luminosity of 3ab~! and takes 3000 signal events
before taking into account an universal efficiency factor 1073 as the 95% C.L. exclusion
limit. To the best of our knowledge, a similar estimate for sterile neutrinos in the minimal
scenario produced from heavy-flavor mesons rare decays has not been conducted for ATLAS.
See ref. [102] for a related study within the minimal model, with the sterile neutrino pro-
duced from W-decays, however with promptly decaying sterile neutrinos. Furthermore, in
ref. [103] ATLAS investigated a sterile neutrino mixing with v, and with a delayed decay,
i.e. a displaced vertex, as well as a promptly decaying sterile neutrino, which mixes with v,
however only for mpy 2 6 GeV. For the other experiments, we assume zero background and
100% detector efficiency. Hence we take 3 signal events as the 95% C.L. exclusion limit.
Comparing the sensitivity reach of the experiments shown in figure 6 with those from the
literature, we find a good agreement in most cases. For the ANUBIS exclusion limits, our
results shown in figure 6 are inferior by a factor ~ 3.5, to those given in ref. [62]. This
difference is due to a corrected meson-production-rate and sterile-neutrino-decay-width
calculation.

Given the general agreement with the existing results in the literature, we proceed
to evaluate the sensitivities of these experiments to a set of benchmark scenarios, where
the sterile neutrino interactions with the SM particles are enhanced by heavy new physics,
encoded by EFT operators. There are a large number of possibilities for the flavor structure
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of the EFT operators. Here we consider a few representative flavor choices, to get an
understanding of the general features and the sensitivity reach of various experiments.
The calculations can easily be repeated for other flavor choices, for instance those inspired
from specific UV-complete scenarios.

We note that in the following EFT flavor benchmarks, with the choice of the canonical
type-1 Seesaw relation, my < 1GeV appears to be disfavored by BBN considerations.
However, the inclusion of the EFT operator Cp can reduce the lifetime of the sterile
neutrinos, possibly circumventing BBN constraint and leading to a potential lower bound
on the EFT Wilson coefficients. Different flavor assignments result in different final-state
particles, affecting the primordial helium and deuterium abundances to different extents. A
detailed study is necessary to investigate the limits that can be set from BBN consideration
on EFT operators and we do not present BBN exclusion bands below.

7.2 Flavor benchmark 1

We consider the theoretical scenarios 2 and 3 of section 5 for a specific flavor choice. We
focus on sterile neutrino production through decay of D-mesons, and thus consider the
production operator (Cp),,. For scenario 2, the leptoquark scenario, for Cp and Cp we
consider scalar and tensor operators that are related through Csgg = 4CtrRr. For scenario
3 corresponding to anomalous vector interactions, the production and decay operators are
both Cyrr. The following decays then produce sterile neutrinos

Dt et + N, D* - 704 ef + N, Dt = 0+ et + N, (7.3)
DY = at feF 4N, DY = pt+eT 4+ N, Dy — KWy et f N (7.4)

We are sensitive to sterile neutrino masses my < mp — me. For the decay operator we
choose (Cp),; resulting in the decays

N—=ef+7T, and N —ef4pT. (7.5)

The essential features of this benchmark are summarized in table 3. In addition, we include
production and decay modes via minimal mixing which extends both the upper and lower
reach in my.

Figure 7 presents the sensitivity reach of all considered experiments for the flavor
benchmark 1. The left panels correspond to theory scenario 2 (leptoquark) and the right
panels to scenario 3 (anomalous vector interactions). In the upper row we plot the value
of the decay operator Cp vs. the production operator Cp for a fixed sterile neutrino mass
mpy = 1 GeV. In the bottom row we have fixed Cp = Cp and show the dependence of the
sensitivity of the experiments on Cp = Cp and the sterile neutrino mass. Both the top and
bottom panels show that the sensitivity reach in scenarios 2 and 3 are rather similar, indi-
cating that the specific Lorentz structure of the EFT interactions does not greatly affect the
overall sensitivity. In the upper-left and lower-right part of the top plots the curves become
horizontal and vertical, respectively. In this part of the parameter space either the pro-
duction (horizontal, upper left) or decay (vertical, lower right) of sterile neutrinos through
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Flavor benchmark 1.2

Flavor benchmark 1.3

production operator: Cp

decay operator: Cp

21 _ 21
C(SRR - 4C’TRR

11 _ 11
CSRR - 4C’TRR

21
C1VLR

11
C1VLR

D*/D°/D, — N + et (+X)
N — 7t 4 eF, pt 4 e

production process via Cp

decay process via Cp

Table 3. Summary of flavor benchmark 1 for the theoretical scenarios 2 and 3 of section 5,
respectively. X denotes any additional final state particles.
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Figure 7. Results for the sensitivity reach for flavor benchmark 1. On the left we have the
leptoquark-like case, and on the right the VLR case. For each case the upper figure shows Cp vs.
Cp, where as the lower case is for Cp = Cp and shows Cp vs. my. The color code for the various
experiments is shown in each figure.

EFT operators becomes sub-leading with respect to the contributions from minimal mix-
ing. This roughly happens for couplings Cpp < 107?, indicating that EFT operators can
dominate over minimal interactions for a new physics scale of A ~ /v?/Cp p = O(80) TeV.
This scale does not include possible small dimensionless couplings or loop suppressions of
the EFT operators and is thus only indicative of the sensitivity range.

For some experiments (CODEX-b, MAPP1, and FASER), there is no sensitivity in the upper
left corner (small Cp and large Cp). This is caused by the rather weak detector acceptance
of these experiments for the light sterile neutrinos produced from D-mesons decays.

In the lower set of plots, we assume equal Cp = Cp, and vary the sterile neutrino mass
my and jointly the Wilson coefficients. The plots for scenarios 2 and 3 look rather similar
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although in scenario 2, the sensitivity to smaller sterile neutrino masses is a bit better. The
most sensitive experiment would clearly be SHiP, which reaches roughly Cp = Cp ~ 2-107°
in the range 0.5 GeV < my < 1.8 GeV. For couplings at this level, both the production and
decay of sterile neutrinos are still dominated by the EFT operators and minimal mixing
plays a sub-leading role. The sensitivity then depends a lot on the experimental setup
under consideration. FASER reaches couplings at the 1073 level (corresponding to scales
of roughly 8 TeV in A). Next in sensitivity is MAPP1 at 3 - 104, and then FASER2, MAPP2,
CODEX-b, and ATLAS at roughly the 10~ level. MATHUSLA, ANUBIS, and AL3X, should be
sensitive to couplings down to around 5 - 107, and finally SHiP at the aforementioned
Cpp <2- 107° level. The hierarchy in sensitivity reach shown by the various experiments
is essentially the same in scenarios 2 and 3, and is very similar to the hierarchy in the
minimal scenario (see figure 6) for masses my < mp.

Again, the sensitivity reach in my goes beyond the kinematical thresholds set by the
pion and D-meson masses. For mpy < my, sterile neutrinos can still decay leptonically
via the weak interaction. Thus larger Cp values can still lead to detectable rates of sterile
neutrino production. We stress again that for my < m,, we underestimate the production
of sterile neutrinos by omitting production via pions and kaons. For my > mp, sterile
neutrinos for this benchmark can still be produced from the B-meson decays via the weak
current. If Cp and Cp are large enough, sufficiently many sterile neutrinos are produced.
Furthermore, specifically for AL3X, and SHiP, and to a lesser extent MATHUSLA, the boosted
decay lengths of these sterile neutrinos can fall into the respective geometric sensitivity
ranges. This corresponds to the extended sensitive parameter regions, as shown on the
right-hand side of the two lower plots of figure 7.

7.3 Flavor benchmark 2

In flavor benchmark 2 we choose a different flavor-structure for the decay Wilson coefficient.
For the production operator we take again (Cp),; but for the decay now set (Cp)5. This
leads to sterile neutrino decay processes

N—=ef+ KT, and N et 4+K*T. (7.6)

Table 4 summarizes the details of this scenario.

The sensitivity limits for this scenario are shown in figure 8 with the same format as
in figure 7. On the left we consider Cp = C3Ly = 4C3Ly, and on the right Cp = CZ ;.
Similarly for the decay we have on the left Cp = C%%R = 40%2RR and on the right Cp =
C\I/ZLR. In the upper row, we show plots in the plane Cp vs. Cp with my at 1.2GeV.
Similar features as in the previous scenario are observed and there seems hence to be little
sensitivity in the event rates to the specific final-state meson.

The hierarchy in sensitivity of the different experiments is also very similar. In the
lower panels we see some differences compared to flavor benchmark 1. The sensitivity to
lighter my is reduced due to the need to produce a heavier kaon in the final state. For
my < my the EFT operators no longer contribute to the decay rate and the SM weak
interaction becomes the only mechanism for sterile neutrinos to decay and be detected. This
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Flavor benchmark 2.2 | Flavor benchmark 2.3
production operator: Cp Cg%{R = 40%1RR C\Q,lLR
decay operator: Cp Cé%m = 40%%& C\l,ZLR
production process via Cp D*/D°/Dy — N + e (+X)
decay process via Cp N - K* 4 eF, Kt 4 ¢F

Table 4. Summary of flavor benchmark 2.
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Figure 8. Results for flavor benchmark 2. The format is the same as in figure 7.

leads to a further reduction in sensitivity. We stress again that our results in this regime
are conservative as we have not considered sterile neutrino production via kaon decays.
7.4 Flavor benchmark 3

We proceed to study a scenario where sterile neutrinos are mainly produced through decays
of B-mesons. Compared to flavor benchmark 1, we keep the same flavor structure for the
decay Wilson coefficient, but turn on C’l%.3. This leads to the sterile neutrino production
via the decay processes

BT — et + N, BT 5 x4+t + N, BT - o0+ et + N, (7.7)
BY 5 nt 4T+ N, BY — pf +eT + N, By = KW+ 4 T 4+ N. (7.8)

The relevant information is summarized in table 5.
Our results for the sensitivity reach for this benchmark are shown in figure 9. The two
top panels show results for the leptoquark (left) and Cypr (right) scenarios in the Cp-Cp
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Flavor benchmark 3.2 | Flavor benchmark 3.3
production operator: Cp Cé%m = 40%?1)%{ C\l,?iR
decay operator: Cp Cé%m = 40%}& C\l,lLR
production process via Cp B*/B%/Bs; — N + e*(+X)
decay process via Cp N — 7t 4 eF, pt 4 e

Table 5. Summary of flavor benchmark 3.
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Figure 9. Results for flavor benchmark 3. The scenarios and the labeling are as in figure 7.

plane for fixed my = 2.6 GeV. The resulting curves are rather different from the scenarios,
where sterile neutrinos are produced via D-meson decays. In the earlier flavor benchmarks,
Cp can be turned off and sufficient sterile neutrinos will be produced via minimal mixing
to still detect sterile neutrinos, as long as Cp is sufficiently large to ensure sterile neutrinos
decay in the respective detector volumes. This feature has disappeared in this benchmark
scenario and for Cp < 1077 no detection is possible in any of the experiments, even for large
Cp. This lack of sensitivity is explained by the fact that the production rates of B-mesons
are smaller than that of D-meson by roughly a factor ~ 20 at 14 TeV pp collisions and by
a factor ~ 3000 at SHiP.

The two lower panels in figure 9 assume Cp = Cp and show sensitivity curves as a
function of the sterile neutrino mass. In the previous flavor benchmarks SHiP showed the
strongest sensitivity, but here it performs worse than MATHUSLA, ANUBIS, and AL3X. The
reason is twofold. First, the ratio between the number of B-mesons produced and that of
D-mesons is much smaller at SHiP than at the 14 TeV pp—collision experiments. Second,
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Flavor benchmark 4.2 | Flavor benchmark 4.3
production operator: Cp Cé%R = 40%%& C\l,?iR
decay operator: Cp Cé%m = 40%%& C\l,ZLR
production process via Cp B*/B%/B; — N + et (+X)
decay process via Cp N = K&+ 4 oF

Table 6. Summary of flavor benchmark 4.

—— SHIP:2x 10% POT

SHIP:2x 10% POT
ATLAS: 3 ab
AL3X: 250 1"
ANUBIS: 3 ab”'
ODEX~b: 30

ALsx: 250 167 <
R NS

FASER2: 3 ab”!
MAPP1: 30 fi

FASER2: 3 ab™!

E—

10°F my = 2.8 GeV

107 10 107 107 10 10 107

18 _4. 008 13
Csarn=4 Cran Cur

——— SHIP:2x 10% POT

——— SHIP:2x 10% POT
Q107 — A

FASER2:3 ab™' 107 ——  ATAS:3ab
MAPP?: 30 o —  AXx:250157"
—  AwuBIs:3ab

AL3X: 250 ™"
—  Anvsis:zab”!

00 05 1.0 15 20 25 30 35 40 45 50 55 0.0 05 1.0 15 20 25 3.0 35 4.0 45 50 55
my [GeV] my [GeV]

Figure 10. Results for flavor benchmark 4. The plot format is the same as in figure 7.

given their larger masses, the B-mesons, are less boosted in the very forward direction,
leading to weakened acceptance of the SHiP detector for the long-lived sterile neutrinos.
The hierarchies in sensitivity of the other experiments are the same as in the minimal
scenario and the other flavor benchmarks. However, the overall reach is increased over the
previous flavor benchmarks with the MATHUSLA sensitivity to couplings at the impressive
51076 level, corresponding to scales of O(100) TeV.

7.5 Flavor benchmark 4

For flavor benchmark 4 the production primarily proceeds via B-meson decay, as for the
previous benchmark, but here sterile neutrinos decay to a kaon through 011)2. The relevant
information is summarized in table 6.

Figure 10 shows the numerical results for this benchmark. In the two top panels we
show plots in the Cp-Cp plane for fixed my = 2.8 GeV. In general these plots show very
similar features as their counterparts in figure 9, except for an overall small reduction in
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Flavor benchmark 5.2

production operator: Cp
decay operator: Cp
production process via Cp

production process via Cp

decay process via Cp

13 _ 13 13
CSRR - 4C'TRR CVLR
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CSRR - 4CTRR CVLR

B*/B%/B; — N + e*(+X)
D*/D°/Dg — N + e (+X)
N — DW= 4 F

Flavor benchmark 5.3

Table 7. Summary of flavor benchmark 5.
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Figure 11. Results for flavor benchmark 5. The format is the same as in figure 7.

the reach of Cp because of the choice for a slightly larger mass of the sterile neutrino. The

two lower plots show sensitivity curves in the plane Cp = Cp vs. my. Compared to the
>

~

lower panels of figure 9, they show similar exclusion limits for my 2 mg. However, for
lighter sterile neutrinos, since only the decay modes via the weak current and active-sterile
neutrino mixing are open, the sensitivity is significantly reduced. The hierarchies of the

various experiments is the same as in the previous benchmark for both EFT scenarios.

7.6 Flavor benchmark 5

In flavor benchmark 5, we turn on the operators 01133 and C%l. In this case, the decay
operator also leads to production of sterile neutrinos, but the resulting sterile neutrinos are
restricted to a mass range where they can only decay via minimal mixing. We summarize
the benchmark features in table 7. Figure 11 shows the resulting sensitivity reach. In
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the upper row we fix the sterile neutrino mass at 3.5 GeV. In general the absolute and
relative sensitivities to Cp and Cp are comparable to the previous flavor benchmark, but
the sensitivity in the bottom panel drops a bit for my < mp. In this case sterile neutrinos
only decay via minimal mixing. The exception is SHiP for which the sensitivity grows
for my < mp, where SHiP becomes the most sensitive experiment in fact, because the
production cross section difference between D- and B-mesons is much larger at SHiP than
at the other experiments.

8 Discussion and comparison with other probes

Our results indicate that proposed experiments to detect long-lived particles are very sen-
sitive to higher-dimensional operators in the ¥SMEFT Lagrangian. In the mass range
mg < my < mp the sensitivity curves are rather stable with respect to different EFT
operators in eq. (2.18) and the particular flavor configuration, as long as the sterile neu-
trino can be produced via the decay of D- or B-mesons, and the sterile neutrino can, in
turn, decay semi-leptonically. While each particular choice of EFT operators and flavor
assignment requires a detailed study, we find that FASER is sensitive to Wilson coefficient
couplings of about ~ 1073 (this is extended to ~ 10~ for FASER2), while experiments such
as MATHUSLA, ANUBIS, AL3X, and SHiP can reach down to coupling strengths of ~ 51076,
From the matching relations in eq. (2.11), we see that such limits can be used to constrain
the ¥vSMEFT operators CS;)/ev o

duve’

C/@Q & Cg@w and C'gzy ;- Assuming a scaling of
these Wilson coefficients as ~ v?/A2, the sensitivities range from A ~ 8 TeV for FASER up
to A ~ 100 TeV for the larger experiments.

The vSMEFT operators we consider here can also be probed in other experiments.
These include meson and tau decays, elastic coherent neutrino-nucleon scattering (ECvNS),
missing transverse energy searches, etc. Depending on the probe, the relevant sterile neu-
trino mass range and the flavor assignment can differ from the cases considered in this
work. For instance, limits from pion decay or from neutron or nuclear beta decay require
sterile neutrino masses below the pion mass or the respective QQ value of 8 decay, consid-
erably lower than the GeV-scale sterile neutrinos considered in this work. Here we briefly
give an overview of the literature.

Refs. [104, 105] investigated limits from pion decays, tau decays, and singular leptons
with missing transverse energy. The most restrictive bounds on the new physics scale are
obtained from pion decays with A > 36 TeV. However, tau decays allow for a neutrino
mass range mpy more comparable to our studies, while searches for [ + K7 are largely
independent of sterile neutrino masses. The latter investigations set the new physics scale
to A 2 2 —5TeV. We did not explicitly consider processes involving 7 leptons, but there
should be good sensitivity in the appropriate mass range m,+m, < my < mg—m,. More
quantitative statements require a detailed study that includes sterile neutrino production
via 7 decays and an efficiency factor for reconstructing decays of 7 mesons in the final states.

Refs. [106, 107] consider a larger set of pseudoscalar meson decays corresponding to
several flavor configurations. Additionally, the effects of Y'SMEFT operators on lepton fla-
vor universality (LFU), CKM unitarity, and S-decays are examined. The most stringent
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bounds are on the operators C’gi)@d, CSZ)QV, and C’gl)w ;, involving an up quark, a down

(strange) quark and an electron using LFU constraints. The new physics scale is limited
by A 2 74 (110) TeV in the limit of massless sterile neutrinos and thus cannot be directly
compared to results obtained here. Bounds on other operators and different flavor com-
binations are in the range of A 2 0.5 — 8 TeV. Similar sensitivities are found examining
anomalies in the transition b — ¢77 including light sterile neutrinos (my < 100 MeV) [108].
Further, limits from ECvNS based on the COHERENT experiment [109] are considered in
refs. [106, 110, 111]. Sterile neutrinos considered in these works are again much lighter than
the GeV-scale (my < 0.5MeV) and the resulting bounds are at the level of A 2> 1TeV.
We conclude that the sensitivities of the experiments considered here are competitive with
and complementary to existing constraints. Constraints on dimension-five couplings are
discussed e.g. in refs. [56, 112].

In this work we have focused on Majorana neutrinos (although our sensitivity curves
are not affected dramatically if we had considered Dirac neutrinos instead) for which strong
constraints can be set from Ov( experiments. In ref. [51] some of us developed a framework
to calculate Ov 3 decay rates in the presence of light sterile neutrinos and the vSMEFT
Lagrangian. In particular, we investigated the reach of current and future experiments
to probe scenario 2: the 3 + 1 leptoquark model. As sterile neutrinos appear as virtual
states, Ov3[ experiments are sensitive to a broad range of neutrino masses with a peak

sensitivity at my =~ 100 MeV, which drops off for larger or smaller masses. To make a

LR, RLx LR, RLx __ LR, RLx LR, RLx __

comparison, we consider the case yi{'yi7™ = yai'yii " = 1 and yii'yi7 ™ = yiityst " =
and vanishing couplings for other flavors. We can then compare flavor benchmarks 1 and
3 to the sensitivity of OvB3 experiments, which only depend on sterile neutrino couplings
to first-generation quarks and leptons.

For these choices of couplings, we can calculate Ov35 decay rates and determine the
LHC and SHiP sensitivity curves as a function of my and myq (O3S rates have a very
small dependence on phases appearing in the 3 + 1 neutrino mixing matrix and we neglect
this dependence here for simplicity). The results are shown in figure 12. We stress that the
uncertainties associated with hadronic and nuclear matrix elements for Ov 55 decay rates
are sizable and not included in the plot, for details we refer to refs. [51, 113]. For flavor
benchmark 1 (left panel of figure 12), the limits from OvSf are somewhat stronger than
the prospected sensitivity of FASER2 and MATHUSLA, chosen as representative experiments,
in the relevant mass range. For flavor benchmark 3 the prospected MATHUSLA overtakes
current Ov3S limits for masses between 1 and 5 GeV.

We stress that the bounds from 0v53 decay experiments are only valid for Majorana
neutrinos and final-state electrons. However, the sensitivity curves for the various LHC
experiments discussed here are (roughly) valid for (pseudo-)Dirac neutrinos, and in the
appropriate mass range also for couplings to muons and, to lesser extent, taus instead of
electrons, and in general to a broader range of quark flavors. They are thus more general
than Ov5S limits albeit in a much small sterile neutrino mass range.
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Figure 12. Comparison between constraints from neutrinoless double beta decay of '36Xe
(blue) [114] and projected sensitivity of FASER2 (red) and MATHUSLA (yellow) for the leptoquark
scenario. In the left (right) panel we turned on LQ couplings corresponding to flavor benchmark 1
(3). See text for more details.

9 Conclusions

The possibility of sterile neutrinos provides one of the main motivations for the search
for long-lived particles (LLPs). Sterile neutrinos provide compelling solutions to major
problems in particle physics and cosmology, such as active neutrino masses and the baryon
asymmetry of the Universe. Sterile neutrinos are in fact predicted in a variety of theoretical
models, ranging from the minimal scenario where they interact with Standard Model (SM)
particles through minimal mixing with active neutrinos, to more exotic scenarios involving
new fields with masses well above the electroweak scale such as left-right symmetric models
or grand unified theories.

In this work, we focused on relatively light sterile neutrinos with masses at the GeV
scale, down to about 100 MeV. This mass range is interesting, as it is linked to low-scale
leptogenesis and opens up the possibility of efficiently producing sterile neutrinos through
the decays of pseudoscalar mesons, which are copiously produced in collider experiments.
In particular at CERN, besides the ATLAS and CMS LHC collaborations, various proposed
experiments are presently under discussion specifically targeting the detection of LLPs,
such as the fixed-target experiment SHiP and a number of so-called far detectors at various
pp-collision interaction points e.g. FASER and MATHUSLA. A large number of mesons are
expected to be produced at the interaction points of these experiments, which in turn can
decay to sterile neutrinos. We focused on sterile neutrinos which can be produced from
bottom and charm meson decays in hadronic collisions, and investigated the sensitivity
reach of present and future LHC experiments, and SHiP to detect sterile neutrinos.

To avoid theoretical bias we approached this problem in the framework of the neutrino-
extended SM effective field theory (vSMEFT). This framework allows for a light gauge-
singlet fermion, a sterile neutrino or heavy neutral lepton, and assumes other BSM fields
to have masses M > v, the SM Higgs vacuum expectation value. This framework de-
scribes effective local interactions between sterile neutrinos and SM fields in a systematic
expansion. We considered dimension-6 operators that allow for sterile neutrino produc-
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tion via mesonic decays at tree level. Our framework is general, but for concreteness we
considered specific scenarios where a subset, or only a single, EFT operator is turned on
at the same time. These scenarios are motivated by UV completions like leptoquark or
left-right-symmetric models. Other EFT scenarios or specific UV-complete models can be
straightforwardly investigated by using the extensive formulae given in the appendix. To
benchmark our calculations with the literature, we also considered the minimal scenarios
where higher-dimensional operators are turned off.

We performed Monte-Carlo simulations to evaluate the sensitivity reach of the con-
sidered experiments: ATLAS, CODEX-b, FASER, MATHUSLA, AL3X, ANUBIS, MoEDAL-MAPP, and
SHiP. For the minimal scenario, the obtained sensitivity curves are in agreement with ex-
isting results with minimal discrepancies, while we obtained sensitivity curves for the two
MoEDAL-MAPP experiments for the first time. For the EFT scenarios we consider active-
sterile neutrino mixing, the EFT operators, and their interference terms simultaneously.
For each EFT scenario, we considered a series of different flavor benchmarks, where the
EFT operators induce either D- or B-meson decays into sterile neutrinos, and the sterile
neutrinos decay to an electron and various mesons, N — e+ M;;, cf. tables 3-7. For the D-
meson benchmarks, we found that SHiP and MATHUSLA have the most extensive sensitivity
reach. They are sensitive to dimensionless Wilson coefficients at the 1075 level, for most
of the kinematically allowed sterile neutrino mass range. For such values of couplings, the
production and decay of sterile neutrinos is dominated by the higher-dimensional opera-
tors with minimal sterile-active mixing playing a subleading role. Apart from dimensionless
couplings and potential loop suppressions, the dimensionless Wilson coefficients scale as
v2/A?, where A is the high-energy scale where the vYSMEFT operators are generated. The
sensitivity drops at the edges of the allowed mass range, but does not disappear completely,
even for sterile neutrinos with masses above mp, because of the contributions from SM
weak interactions and active-sterile mixing. Assuming a v?/A? scaling, SHiP and MATHUSLA
could probe scales around 80 TeV. This scale is lowered to 8 TeV for FASER and 25 TeV for
FASER2, which are much smaller experiments.

For our B-meson benchmarks, because of its much smaller B-meson production rates
and a weaker acceptance, SHiP does not show the best performance. Instead, we found that
MATHUSLA and ANUBIS would be sensitive to Wilson coefficients at the 5 - 107 level. The
sensitivity curves appear to be fairly independent of the Lorentz structure and the exact
flavor configuration of the EFT operators, as long as sterile neutrinos can be produced
through D- or B-meson decays and sterile neutrinos can decay semi-leptonically.

For our ATLAS study we applied an overall flat efficiency factor of 1073, Of all the
experiments we have studied here only ATLAS is operational. Thus we strongly encourage
our colleagues at ATLAS and CMS collaborations to perform a proper full analysis of the
scenarios we have presented and investigated here. This should put our approximations on
a much firmer footing.

We compared our projected sensitivities with (projected) constraints obtained from
other probes of sterile neutrinos with effective interactions such as light pseudoscalar me-
son decays, tau decays, coherent neutrino-nucleus scattering, LHC searches for missing
transverse energy, and neutrinoless double beta decay. Our results are very competitive
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and complementary. We conclude that searches for displaced vertices of long-lived sterile
neutrinos at the LHC and SHiP are an excellent probe of ¥SMEFT operators and of sterile
neutrinos in general.

A straightforward extension of our work is to final state muons instead of electrons.
Here we expect basically the same results, except at the very lowest end of the sterile
neutrino mass we have considered. A more involved extension would be to also consider the
production of sterile neutrinos from the decay of the light K and m mesons. Furthermore
in a future project, we shall consider the case of final state 7’s. This will restrict the
kinematically viable regions, but would also require a proper investigation of the detection
efficiencies. Finally, in this work we have neglected direct sterile neutrino production
through parton collisions which are subleading with respect to rare mesonic decays for
sterile neutrinos masses below, roughly, 5 GeV. It would be interesting to include partonic
processes to investigate the sensitivity of various experiments to heavier sterile neutrinos.
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A Two-body sterile neutrino production and decay processes

A.1 Charged currents

Sterile neutrinos can decay into a charged meson and a charged lepton by the weak in-
teraction or EFT operators. Pseudoscalar mesons can decay into a two-body final state
for pseudoscalar and axial-vector currents, while vector mesons can decay into a two-body
final state via vector or tensor currents. For pseudoscalar mesons containing an anti-quark
¢; and a quark g¢;, we define meson decay constants via

(0lgin"v°q;1M (q)) = iq" far (A1)
where | M (q)) is a pseudoscalar meson with momentum ¢. Current-algebra or leading-order

chiral perturbation theory gives
5 miy S
0lq;v°q;| M =i——fy=i A2
Ol g M @) = iy = i (4.2)
for the pseudoscalar current. The vector and tensor currents only induce two-body final
states for vector mesons. We define
(01Giv"q;| M* (g, €)) = i fyymar-e”

A3
(O1Gio™ 4| M* (0, 6)) = — Fly(g"e” — ") (4.3)
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where |M*(q, €)) denotes a vector meson M* with mass m s+, momentum ¢ and polarization
€. Heavy-quark symmetry relates fg/} ~ ]\‘2 All decay constants are given below in
appendix C.

Armed with these decay constants, we calculate the production and decay rates of
neutrino mass eigenstates starting from eq. (2.18). We begin with neutrino production
via the decay of pseudoscalar mesons Mz; — I, + 1, and the corresponding decay v; —
MZ; + 1, where ij denotes the generation of quark flavors that make up the meson (we
drop these indices below for notational convenience), k the charged lepton generation, and
Il ={1,...,n} the neutrino mass eigenstate. For the decay of the neutrino mass eigenstate
we also include the decay to the charge-conjugate final state which is equally likely due to
the Majorana nature of v;.

We obtain for the summed-over-spins squared amplitudes for sterile neutrino (V) pro-

duction
> M = N+ )P = SE{ st [[C8] + ol - o | v
spins

6 6 6) \x
+/firRe [CélI)JL(C\(/[)JR - O } fvva
2
+(fir)? ‘Céi)a - é‘QR( fss
6 6 6) \x
+fo1\SJine [C\(/IZL(CéL)R - éfgfﬁ } fvsa (A.4)

6 6 6 6) \x
+foJ\SJij Re [(C\(/IER - C\(/}){R)(CéL)R - éPzR) ] fVS,Q} )

where all Wilson coefficients carry flavor indices ¢jkl and we define the functions

frva = mip(mi +mi) — (mi —my)?,
fvve = —Amimymy
fss = miyy —mj —m3,
fvsa = —2my(m3; +mi —m3),
fvsa = 2my(mi; — mi +m%). (A.5)

For sterile neutrino decay, we include the charge-conjugated final states leading to an
additional factor 2 compensating the additional 1/2 from initial-spin averaging. We then
obtain

2 % % SO IMOV = M4+ 12 = 57 MM = N + 1) o (A6)

spins spins fab,i—Gab,i

where ab = {VV, 55,V S}, i = {1,2}, and gapi = — fabi-
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Similarly, for processes involving vector mesons we find

3 Z MM~ = N+ 1) = G62 {(fM* UCVLL‘ + ‘CVLR+C\(/RR‘ } fova

Spll’lS
+(fNr-)°Re [C\(/612L<C\(/61)JR + C\(/Gf)m)*} fove
2
+(fr)? [C8%| Fr
i FirRe [OOSR for (A7)

1l £l Re (O + CORIO] Fira |
where

_ 4_ 9 2 9 2242
fovy = 2mag" = miye (m +miy) — (mg —miy)~,

2
fvve = 2mypmpmy

frr = 16 (g +mdpe (mf +m3) = 2(mf - mi)?) |

f{}rﬂ1 = —24mN(m?\/[* + mi - m?\,) ,
—24mg(m3. —mi +m). (A.8)

forpe

For sterile neutrino decay

2><fZ|MN—>M*+l =) IM(M* = N+ 1)

spins spins favi =906,

(A9

where ab = {VV, TT,VT}, i ={1,2}, and Gvi=—Fvvi 9rr = — I g{}Tﬂ- = f"jTJ.
The expression for the decay rates is given by

) )1
p = VA1, m3, mj) S IMP (A.10)

167rm
splns

where n is the appropriate spin-averaging factor, m; is the mass of the decaying particle,
and mo and mg are the masses of the final-state particles. The phase space function is
defined as

A(m2,m3,m3) = mi] +m3 +mi — 2mim3 — 2mim? — 2mim3. (A.11)

A.2 Sterile neutrino decays into neutral pseudoscalar mesons

We follow ref. [63] and write the neutral weak axial current as

1 1 1 1
A -A - A -A -A
Sz = NG (sz + N LY + Nl +- ) ; (A.12)
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where
1

j?,,u, = E(Q’YM’Y5U - CZ’Y,U’Y5d) ’

) 1 - B
e, = %(uw%u + dyuysd — 257,755)

(A.13)
A 1 - _
Jou = ﬁ(wms)u + dy,y5d + 57,755)
j’rI]L‘C,,u, = 57#756 .
We define F
, M . .

(01jZ .1 Mg p(g)) = A (Ol Mg p(@)) = i firau (A.14)
for a = {0, 3,8,7n.} and the M subscript labels the final-state pseudoscalar meson. Clearly
we have 1 1

3 8 0 Tle

To clarify the notation: for neutral pions fgo = fﬁo = ;73 =0 and fo = ff:o = fpx. For
and 7’ mesons, we have f;’(,) = fg(c” = 0 (neglecting isospin breaking), but we do need to
take into account 7-n’ mixing. We use the phenomenological parametrization in terms of

<f$ f7<73> _ <f8c0898 —fosin90> 7 (A.16)

fS/ f,?/ fg sin 98 f[) COS 90

where the values of 6y g and fyg are given in table 9. We then obtain

two mixing angles

f - fscosfs  fosinfy £ = fs sin 63 B focosby
! V3 V6o ! V3 V6

The decay width of N — v, + M can now be written as

(A.17)

2
G2 £2m3,|Usy|? 02
(N = M9 = 2 x GBS mlUed (1—mp> , (A.18)

327 m%\,

where we add a 2 to account for the Majorana nature of sterile neutrinos, f is given by f,,
fors fnc/\/i or fr+, and m% is the mass of M9.

A.3 Sterile neutrino decays into neutral vector mesons

We write the vector component of the neutral weak current as

) 1 4 _ _ 1 2 - _
]‘Z/” = <2 -3 sin? 0w> (Uypu + eyue) + <—2 + 3 sin? 9w> (dyud + 5yus) (A.19)

where 0,, is the Weinberg angle. We define the currents
. T _ =
Ty = ﬁﬁmu — dyud),

1 _
v _
jw,u - ﬁ(uwu + dly,ud) ) (AQO)
j(‘;ﬂu = §7u37
JJ n E’YNC’
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which correspond to the neutral vector mesons p°, w, ¢, and J/ ¥, respectively. We rewrite

. 1 . vooV2 : 1 2 1 4. :
]‘Z/,u — 5(1—2 sin? Qw)j;/o”u—? sin? ijg’u—i—(—Z + gsm 20 )]¢> M+(§—§ sin? Hw)j}//q,’u.

(A.21)
The hadronic matrix elements are defined as
(Olja | M2y (q,€)) = i faep, (A.22)
where a = p°,w, ¢,J/V¥. The decay width becomes
G2 202 \U.12m3 2 2\ 2
F(N_>V6MGO‘?V):2X Ffaga‘ 642‘ my < mc; > <1_m; ) 7 (AQS)
32mmy, mys may

where f, and g, are listed in table 10 and m, is the mass of M gv

B Sterile neutrino production in three-body decays

B.1 Automizing three-body phase space integral calculations

This work involves a large amount of three-body phase-space computations, which are
straightforward but tedious to evaluate. We briefly discuss here our approach to automize
these computations using Mathematica. In the rest-frame of the decaying pseudoscalar
meson, the decay rate is given by

d*p’ d*py d*py 4
om)iot — B.1
QM/QP,O% /Qp?@ﬂg/zp 5 2 MPEn P =y —p—py), (BY)

where p, P/, p;, and py denote the momentum of the decaying meson, outgoing meson, SM
lepton, and sterile neutrino, respectively, and M is the mass of the decaying pseudoscalar
meson. Y. |M|? denotes the spin-averaged product of the leptonic and hadronic matrix
element squared. It can be decomposed into a hadronic form factor, which only depends
on ¢2, where ¢ = p — p/, and a function of four-momentum invariant scalar products. The
form factors are defined below and the spin-averaged matrix elements are calculated with
standard techniques and checked with PackageX [115]. We convert to four-dimensional
integrals and write

4/ 2

d'p; [ d*pn o> — m?)8(p} — m?)o(p3 — m%)

x> IMP2r)'t(p—p' —pi—pN), (B.2)

where for notational convenience we have omitted three Heaviside step functions. We
perform the py integral by setting py = ¢ — p; and introduce the variable a via a factor of
1= [dad(a— ¢*) to obtain

B 2zlw<27lr>5/ da [ ' [atpsta @)605° ~ m?)60F — m)s((a — p? ~ k)
<y IMP?

(B.3)

PN=q—pi
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Here m,m;, my denote the masses of the outgoing meson, lepton, and sterile neutrino,
respectively. The hadronic form factor contained in " |M|? only depends on a and, together
with three of the six scalar products

1 1 1
p’-pzi(MQ—a+m2), p'-q:§(M2—a—m2), p-qzi(M2+a—m2), (B.4)
can be taken out of the p’ and p; integrals. The last delta function gives the additional
relations

1 1
pog=5(a+mi—my), pp=p-p—s(atmi-—mg). (B.5)

2 2

These relations imply that the spin-averaged matrix element squared can be written in

the form
N

= cala)(p-p)", (B.6)

PN=4—D1 n=0

> MP?

where ¢y, (a) are process-dependent functions of a and particle masses, and they also contain

the hadronic form factors. For our calculations we have N < 2. The remaining integrals
can be explicitly computed. We need

B EAI/Q(Q,MQ,MQ)

— 4 2 2 2
I = [ ' 50 = m®)6 [a— (o= 9] = 5 (B.7)
and
L= [ d's(et = w6 [(a ~ p)? ~ k] (o 9)" (B3)
for n = {0,1,2}. A straightforward calculation gives
7 AY2(a, m?, m3;)
0= 35 )
2 a
A RGN
a
1 {(p-q)?
I = ~35 { ( " ) [amlz — 4(p; - q)2] — M? [ale — (- q)2] } Iy, (B.9)

where the scalar products appearing in I; 2 should be evaluated via egs. (B.4) and (B.5)

and are thus functions of a only. The final decay rate requires one remaining integral over
2

a=q

11 fMemy? ; N
r = 2]\4(277)5/( . alp nzcn(a)fn. (B.10)

ml—i-mN :0

We have automized the above procedure in a few lines of Mathematica code. In certain
cases when no or just simple hadronic form factors appear, the integrals can be performed
analytically. When this is possible we have checked our results with the literature. In most
cases, however, the integrals are computed numerically.
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B.2 Definition of three-body decay form factors

A sterile neutrino N can be produced via the decay of a pseudoscalar meson, Mp, with
mass M
Mp — Mp,, +e* + N, (B.11)

where MP/V

meson, we require the following form factors:

is a pseudoscalar or vector meson with mass m. For a final-state pseudoscalar

M2 —m? M? —m?

(Mp(P)|@1v" g2 Mp(p)) = f+(¢%) | (p+ )" - —z | fo(qQ)Tq“,
(Mp(p)|q192|Mp(p)) = fs(q°),
(M) 010" 02| Mp () = 5 0" — 9" (@),

(B.12)
where ¢# = p* — p*. Applying the equations of motion, the scalar form factor becomes

fs(@?) = folg?) L= (B.13)

my1 —ma

where my and ms denote the mass of ¢; and ¢o, respectively. A similar trick for the tensor

form factor gives

(M +m)?
q*

which agrees fairly well with lattice computations of ref. [116] in cases where a comparison

fr(g®) = [f+(®) — fo(d®)] , (B.14)

is possible.
When a vector meson is produced additional form factors are required

(M (P, )@y a2l Mp (p)) =ig(q*)e" P €5 Pagp,

(M, (P, )l v @2l Mp(p)) = f(¢*)e™ + ay () P'e* - p+ a_(q*)g"€ - p,

(M (P, )lq1o* q2| Mp(p)) = g+ (¢*) e P €, Ps + g (¢*) e P €,q5 + g0(a*) e P paplsp - €,
(M{: (', ©)l@17 a2l Mp (p)) = fPse” - p,

(B.15)
where €*# is the polarization vector of the vector meson, and P* = p# + p/*. The pseudo-
scalar form factor is given by

.ms=nuimng%+aAfXMﬂm%+a<fmﬂ- (B.16)

C Physical parameters, decay constants, and form factors

We list all parameters we use in this paper in this section. The values of relevant CKM
matrix elements are extracted from ref. [117]

Veq| = 0.218, Vya| = 0.974, V| = 0.224,
Vs | = 0.997, V| = 0.00394, V.| = 0.0422. (C.1)
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meson Mp | fy [MeV] | meson My | fY; [MeV]
D* 212 [118] D+ 266 [119]
DF 249 [118] D:* 308 [119)
B* 187 [118] K** 230 [120]
BF 434 [121] pt 209 [122]
K* 155.6 [118]
nt 130.2 [118]

Table 8. Decay constants for charged pseudoscalar and vector mesons.

fo | 0.148 GeV [123]
fs | 0.165GeV [123]
fo. | 0.335GeV [124]
fo -6.9° [123]
0s | -21.2° [123]

Table 9. Decay constants and angles for n, ' and 7.

meson M | f, [GeV?] Ja
p° [64] 0.171 1 — 2sin% 0,
w [64] 0.155 -Zsin? 6,
¢ [64] 0232 V2(—3+ 2sin?6,)
J [125] 1.29 V2 (3 — §sin?6,,)

Table 10. Decay constants and g, of neutral vector mesons.

We use the quark masses at a renormalization scale of y = 2 GeV in MS

my, = 2.2MeV mg = 4.7MeV | ms = 93 MeV ,
me = 1.27GeV my = 4.18 GeV . (C.2)

Decay constants for pseudoscalar and vector mesons are given in tables 8. Parameters
to calculate decay constants for the neutral pseudoscalar and vector mesons are given in
tables 9 and 10, respectively.

C.1 Form factors for B — M}

We apply the Bourrely-Caprini-Lellouch (BCL) method [63, 126] to parameterize the form

factors,
K—1

1 _x k
1) = T 22 U [ 1 @]
T (C.3)
2\ 0 2\k
fola®) = 1= 2l ’;0 brz(a”)"
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f Mpole [GQV} bo b1 b2

ff(S)_)D(S) 00 0.909 -7.11 66
f(f(vsﬁD(s) 00 0.794 | —2.45

DK mp- =5.325 | 0.360 | —0.828 | 1.1

DK mpaory = 565 | 0.233 | 0.197
o mp- =5.325 | 0.404 | —0.68 | —0.86
fe=r 00 049 | —1.61

Table 11. Best fit parameters values for the form factors in B — D and B — 7 transitions from
ref. [128].

f £(0) c P [GeV?]
fP=E 1 0.7647 | —0.066 0.224
fP=E | 0.7647 | —2.084 0

ff”” 0.6117 | —1.985 0.1314
b=m 106117 | —1.188 0.0342

Table 12. Best fit parameters for the form factors in D — K and D — 7 transitions from
refs. [63, 127].

where z(¢?) is the function

()= Ve =V T (C.4)
Vo @iV

with t; = (M +m)? and tg = (M + m)(vVM — /m)?. We set K = 3 and f1(0) = fo(0).
This determines b9 through

o _ f+(0) = bf — bi=(0)

by = 2(0)2 . (C.5)

The best-fit parameter values are given in table 11.

C.2 Form factors for D — M},

For D — m and D — K transitions, we use the methods of ref. [127]. We write

f(0)+e¢ [z(qQ) — z(O)] [1 + M
fip0= 0P ,

and list the best-fit parameter values in table 12.

C.3 Form factors for B(,) and D decaying into M,

Eq. (B.15) contains seven form factors which must be determined. The pseudoscalar form
factor is related to f(q?) and a+(g?) through eq. (B.16). To better present these form factors
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fO) | fv(0) | F40(0) | fa,(0) | £4,(0) | fr(0) | f1,(0) | frs(0)
D—K*| 103 | 076 | 066 | 049 | 078 | 0.78 | 0.45
D—p | 09 | 066 | 059 | 049 | 0.66 | 0.66 | 0.31
B—D* | 076 | 069 | 066 | 062 | 0.68 | 0.68 | 0.33
B—p | 031 | 030 | 026 | 024 | 027 | 027 | 0.19
By —Dr | 095 | 067 | 070 | 0.75
By—K*| 038 | 037 | 029 | 026 | 032 | 032 | 0.23

Table 13. Part I: Best-fit parameters values for egs. (C.8)—(C.9) from refs. [63, 129].

o1 a1(V) | o1(Ao) | 01(41) | 01(A42) | 01(T1) | o1(T3) | 01(T3)
D— K~ 0.27 0.17 0.30 0.67 0.25 0.02 1.23
D—p 0.46 0.36 0.50 0.89 0.44 0.38 1.10
B — D~ 0.57 0.59 0.78 1.40 0.57 0.64 1.46
B—=p 0.59 0.54 0.73 1.40 0.60 0.74 1.42

B, — Dy | 0.372 0.350 0.463 1.04

By — K* | 0.66 0.60 0.86 1.32 0.66 0.98 1.42

Table 14. Part II: Best-fit parameters values for egs. (C.8)—(C.9) from refs. [63, 129].

and follow the conventions of ref. [129], we define the following dimensionless combinations

2
q
V(@) = (M +mlg(@®), Arle?) = HEL gy = (4 s ),
1
Ao = 5~ [f(@") +a-(a")d" + ap(d*)P-q] , T = —9+(q°) (C.7)
2
P.
To(q?) = ~g+(a*) = 5 —9-(a). Ty(q*) = 9-(2) — " 90(a”)
q 2
and choose the following three-parameter formula
2 f(0)
= , C.8
f(q ) (1 - q2/M§ole)(1 - quZ/Mgole + J2(]4/‘7\41;1016) ( )

to describe V, T} and Ag. M is the pole mass, which is Mp(0™) for Ag and My (17) for V
and Tj. For the remaining form factors Aj, Ay, To and T3, we use the simpler form [129]

_ £(0)
I@) = T BT+ ona AT (C.9)

In all scenarios we consider, the transition B; — D} is only induced by SM weak interac-
tions and we do not list form factors associated to BSM currents. The values of the best
fit parameters are given in table 13 to table 15.

C.4 The semi-leptonic decay of D,

Through the semi-leptonic decay of Dy meson, 1, 1/, K°, K and ¢ can be produced.
The pseudoscalar mesons 7 and 1’ mix with each other and we can consider them as the
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02, Mpole | 02(V) | 02(A0) | 02(A1) | 02(A2) | 02(Th) | 02(T2) | 02(T3) | Mp(GeV) | My (GeV)
D — K~ 0 0 0.20 0.16 0 1.80 | 0.34 |mp, =1.968 | mp- = 2.112
D—p 0 0 0 0 0 0.50 | 0.17 | mp =187 | mp~ =2.01
0 0 0
0

B — D* 0 0.41 0 0.50 |mp, =6.275 | mp- = 6.331

B—=p 0 0 0.10 0.50 0.19 | 0.51 | mp =15.279 |mp- = 5.325
Bs — D} | 0.561 | 0.600 | 0.510 | 0.070 mp, = 6.275 | mp: = 6.331
Bs — K*| 030 | 0.16 0.60 0.54 0.31 | 090 | 0.62 |mp, =5.367|mp: =5.415

Table 15. Part III: Best-fit parameters for eqs. (C.8)—(C.9) from refs. [63, 129].

Dy — ns(my) Dy — ng(myy) Ds — ¢
S+ | Jo | fr | S+ | fo | Jfr VA | A&t | A | T | T | T3
f(0) ] 0.78 1 0.78 | 0.80 | 0.78 | 0.78 | 0.94 || 1.10 | 0.73 | 0.64 | 0.47 | 0.77 | 0.77 | 0.46
o1 0.2310.33]0.241]0.23|0.21|0.2410.26|0.10 | 0.29 | 0.63 | 0.25 | 0.02 | 1.34
D) 0 0.38 0 0 0.76 0 0 0 0 0 0 2.01 | 0.45

Table 16. Part I: Best-fit parameters for D, decays from ref. [129].

D, — K Ds — K*
I+ fo fr Vv Ay | A | Ay | T Ty T3
f(©) ] 0.72 | 0.72 | 0.77 || 1.04 | 0.67 | 0.57 | 0.42 | 0.71 0.71 0.45
o1 0.20 | 041 | 0.24 || 0.24 | 0.20 | 0.29 | 0.58 | 0.22 | —0.06 | 1.08
D) 0 0.7 0 0 0 0.42 0 0 0.44 0.68

Table 17. Part II: Best-fit parameters for Dy decays from ref. [129].

mixtures of 7, = L\}L;_d and 7, = 5s [129]

n=cos(¥)nn —sin(¥)ns, 0 = sin(¥)n, + cos()ns, (C.10)

where the mixing angle 1 is around 40° [129-131]. The decay rates are [129]

F(Ds —n+e+ Ve) = SiHQ(I/J)F(DS - ns(mn) +e+ Ve) 7

! — o2 (C.11)
I'(Ds =0 +e+ve) =cos™()L'(Ds = ns(my) + e+ ve),

where ns(mn(/)) means we consider the mass of 1, as M) when calculating the decay width.
For the decay Dy — 1,/K°, we use eq. (C.8) to parameterize the form factors f; and fr
with Mpele = mps/mp+, and use eq. (C.9) to parameterize fo with My = mpx/mp-. For
the remaining decay channels, we can use the same method as that in C.3 with Mp = mp,
My = mp- for Ds — K, and Mp = mp,, My = mpsx for Dy — ¢. All the related best
fit values are given in tables 16 and 17.

Open Access. This article is distributed under the terms of the Creative Commons
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