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ABSTRACT: We explore the collider prospects of neutrino non-standard interaction with a
Standard Model (SM) gauge-singlet leptonic scalar ¢ carrying two units of lepton-number-
charge. These leptonic scalars are forbidden from interacting with the SM fermions at
the renormalizable level and, if one allows for higher-dimensional operators, couple pre-
dominantly to SM neutrinos. For masses at or below the electroweak scale, ¢ decays
exclusively into neutrinos. Its characteristic production signature at hadron collider exper-
iments like the LHC would be via the vector boson fusion process and leads to same-sign
dileptons, two forward jets in opposite hemispheres, and missing transverse energy, i.e.,
pp — Eaié?; jj + E¥SS (o, B = e, p, 7). Exploiting the final states of electrons and muons,
we estimate, for the first time, the sensitivity of the LHC to these lepton-number-charged
scalars. We show that the LHC sensitivity is largely complementary to that of low-energy
precision measurements of the decays of charged leptons, charged mesons, W, Z and the
SM Higgs boson, as well as the neutrino beam experiments like MINOS, and searches for
neutrino self-interactions at IceCube and in cosmological observations. For ¢ mass larger
than roughly 10 GeV, our projected LHC sensitivity would surpass all existing bounds.
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1 Introduction

Over the past two decades, neutrino oscillations have been observed in the solar, atmo-
spheric, reactor and accelerator neutrino experiments, revealing that at least two of the
three neutrinos in the Standard Model (SM) are massive particles [1]. Yet, neutrinos re-
main most elusive and many questions in the neutrino sector need to be answered. Those
include: (i) Are neutrinos Dirac-type or Majorana-type fermions? (ii) Is the lightest neu-
trino predominantly coupled to electrons in charged-current weak interactions? (iii) Is
CP-invariance violated in the lepton sector? (iv) Are there non-standard interactions in-
volving neutrinos that go beyond their mass generation? To answer these outstanding ques-
tions, the study of neutrino properties at all accessible experiments is strongly motivated.

If neutrinos are massive Dirac fermions, lepton-number (or some non-anomalous sym-
metry that contains lepton-number, such as B — L) is a conserved symmetry in nature.



In this case, new, hypothetical particles can be characterized according to their lepton-
number-charge and states associated to different lepton-number-charge will behave quali-
tatively differently [2-4]. For example, new scalars with lepton-number-charge equal to one
only couple in pairs to SM particles and are interesting dark matter (DM) candidates [5, 6].
On the other hand, a new scalar with lepton-number-charge equal to minus two, denoted
by ¢ and henceforth dubbed as a “leptonic scalar”, can only couple individually to right-
handed neutrinos (v°) like v°v°¢* at the renormalizable level. At the dimension-six level, it
also couples to a pair of lepton-doublets (L) and Higgs-doublets (H) like (LH)(LH)¢/A?,
where A is the new physics scale that gives rise to this dimension-six operator. After elec-
troweak (EW) symmetry breaking, the latter yields the low-energy effective Lagrangian

1
LD 5)\065 O vavg, (1.1)

where «, 8 = e, pu, 7 are the lepton-flavor indices and A, the flavor-dependent Yukawa
couplings of order v?/A?, with v = (v2Gr)~ /2 ~ 246 GeV being the EW scale (with Gp
being the Fermi constant). To be self-consistent, within the effective field theory (EFT)
framework, we concentrate on scalar masses mg < v. Examples of concrete ultraviolet
(UV)-complete models that could give rise to the effective Lagrangian (1.1) below the EW
scale are discussed in appendix A. Note that the couplings in eq. (1.1) define one class
of well-motivated simplified models for non-standard neutrino self-interactions (see ref. [7]
for a recent review); if the momentum transfer is much smaller than the scalar mass my,
then the scalar ¢ can be integrated out and we are left with the effective four-neutrino
interactions [8].

We should mention that the results discussed below will also apply if the neutrinos
are Majorana fermions under the assumption that lepton-number violating effects are very
small and effectively absent at collider experiments. For example, if very heavy Majorana
masses M, > v for the right-handed neutrinos are added to the SM Lagrangian (along
with the neutrino Yukawa couplings), which make up the only source of lepton-number
violation, then lepton-number symmetry is approximately conserved at collider energies.
In this case, it is fair to assign a lepton-number-charge to ¢ and assume that its main
coupling to the SM is via the dimension-six operator of interest.

Given the interaction Lagrangian (1.1), the leptonic scalar ¢ can be produced by
radiation off a neutrino. As such, there is a large class of processes at different energy
regime to search for its existence, as we will discuss in detail. In particular, at high-energy
hadron colliders, it can be produced in a characteristic sub-process like

uu — dd K:E; o, (1.2)

where ¢ decays subsequently into neutrinos and hence manifests itself as missing energy
in the vector-boson fusion (VBF) process. Generically, ¢-production is characterized by
same-sign dileptons plus two forward jets and missing transverse energy. The corresponding
Feynman diagram is depicted in figure 1. This topology is the same as the one for the
emission of a Majoron from neutrinoless double beta (OvSf3) decay process [9, 10]. For
Majoron masses smaller than O(MeV) — the typical Q-value for relevant nuclei, strong



Figure 1. Representative Feynman diagram for the production of leptonic scalar ¢ at the LHC.

limits on the coupling Aee < 107* [5] have been set by 0v33 experiments like NEMO-3 [11-
16], KamLAND-Zen [17], EXO-200 [18] and GERDA [19]. In this paper, we show that
high-energy colliders like LHC provide a novel complementary probe of the couplings A,z
through the VBF process (1.2) that extends the experimental reach to relatively higher ¢
masses. Note that if neutrinos were Majorana particles, one could have the lepton-number-
violating process pp — £*¢*;jj at high-energy colliders, either via the VBF channel shown
in figure 1 without the ¢ emission, or via the s-channel Keung-Senjanovi¢ process [20]
involving heavy Majorana neutrinos (and heavy gauge bosons). For reviews on the current
constraints and future prospects of these lepton-number-violating processes at colliders,
as well as other relevant low-energy searches, including meson decays and beam dump
experiments; see e.g., refs. [21-25]. The process under consideration in eq. (1.2) has an
additional leptonic scalar ¢ that carries away missing energy and lepton-number. We
would like to clarify here that although this process by itself may not uniquely distinguish
any specific UV-complete model, such as those discussed in appendix A, it can be used in
conjunction with additional signals arising in specific UV-completions to probe the leptonic
scalar at the LHC.

In this paper, we explore the impact of the couplings A,s, defined in eq. (1.1), at
the /s = 14 TeV LHC with an integrated luminosity of 300 fb~! and the high-luminosity
upgrade (HL-LHC), up to an integrated luminosity of 3 ab™!, as a function of mg. We
find that the LHC (HL-LHC) is sensitive to couplings A,s as small as 1.00 (0.68) for
mg S 50GeV. The sensitivity degrades slowly for larger mg, as the production cross
section becomes smaller. The LHC prospects already exceed all the current existing limits
for mg 2 10 GeV while limits from lepton and meson decays and other low-energy data
are more stringent for smaller mg [5, 26, 27]. Hence, searches for ¢ at the high-energy
colliders are largely complementary to those at low-energy, high-precision setups. With
higher energies and larger luminosities, the sensitivity to A, is expected to be improved
at the /s = 27 TeV High-Energy LHC [28] and future 100 TeV colliders like Future Circular
Collider (FCC-hh) [29] and Super Proton-Proton Collider (SPPC) [30]. Studies associated
to these future machines, however, go beyond the main scope of this paper and will be
pursued elsewhere.



The rest of this paper is organized as follows: All the current low-energy limits on the
mass mg and couplings A\, are collected in section 2. Our estimates for the sensitivity
at the LHC and HL-LHC to the new couplings \,g are given in section 3. We present
our conclusions in section 4. Possible (UV-)completions of the effective Lagrangian (1.1)
are discussed in appendix A. Some details of the computation of the multi-body decays
involving ¢ are relegated to appendix B.

2 Low-energy constraints

The scalar mass mg and the couplings A\,g are constrained by a variety of high-precision
data at low energy [5, 26, 27]. In this section, we focus mainly on the constraints for
mg > 100 MeV, including decay rates of tauon and charged mesons, the searches of heavy
neutrinos from charged meson decays, the invisible decay width of Z boson and SM Higgs
boson h, the production and decays of W boson at colliders, neutrino-matter scatting in
neutrino beam experiments MINOS and DUNE, and the IceCube and cosmic microwave
background (CMB) limits on the new neutrino-neutrino interactions. All of these limits
are collected in table 1 and detailed in the following subsections 2.1-2.8. The light scalar ¢
can in principle be produced in the high-intensity beam-dump experiments like NA64 and
LDMX, but the sensitivities are highly suppressed, as discussed in subsection 2.9. There
are also many other limits which are relevant for a lighter ¢ with mass mg < 100 MeV, such
as those from muon decays, tritium decay, searches of Majoron in Ov33 decay experiments,
supernova, relativistic degrees of freedom ANeg in the early Universe, and the neutrino
decay constraints. To be complete, all of these are summarized in subsection 2.9, but
not used in our analysis, mainly because the new LHC sensitivities derived here become
competitive only in the high-mass regime with mg 2 100 MeV. In section 3, we focus only
on the LHC prospects for the couplings Ace, ey, uu that do not involve the 7-lepton flavor
in the final state shown in figure 1, therefore we exclude the couplings A,g involving the 7
flavor from table 1 and figures 2-4. For completeness, we will comment on the limits on
7-flavor relevant couplings in the text, when they are applicable.

2.1 Meson decay rates

For leptonic decays of charged mesons P~ — ¢~ v with P~ =7n~, K~, D™, Dg, B, the
leptonic scalar ¢ can be emitted from the neutrino line in the final state and this process
is not suppressed by the helicity of the charged lepton, with the partial width [27]
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where A(a, b, ¢) = a? + b + ¢ — 2ab — 2ac — 2bc, Vyq are the CKM matrix elements

with the valence quarks ¢ and ¢’ for the meson, mp and fp are respectively the meson

mass and decay constant, xy ¢ = mz o /mp, with my the charged lepton mass, the charged

lepton flavor o = e, p and we have summed over the neutrino flavor 5 = e, y, 7 in the



ref. Process Data Couplings Mass range

1,5 7~ = e vy BR<5x1078 >g [ Aesl® mg < 131 MeV

[1,5] K~ —e vy BR<6x107° >g | Aesl® mg < 444 MeV

[1,5] K~ —u v BR<24x1076 > 1 Ausl? me < 386 MeV

[1,5] D™ = e 7 BR<88x 1076 > 1 Ael? me < 1.52GeV

[1,5] D™ = p iy, BR < 3.4 x 1075 > sl mg < 1.39 GeV

[1,27] Dy — e v BR < 8.3 x 1075 > g Aesl® mg < 1.64 GeV

[1,27] Dy — u i, BR = (5.50+0.23) x 1073 Y51 Ausl? mg < 1.50 GeV

[1,27] B~ —e 7, BR <98 x 1077 > 1 Aesl? mg < 3.54 GeV

[1,27] B~ = u o, BR = (2.90 — 10.7) x 1077 > Ausl® mg < 3.50 GeV

1,260 77 = e Dy BR=(17.82+0.04)% Y51 Aesl? me < 741 MeV

[1,26] 7= =y,  BR=(17.39£0.04)% > Ausl? mg < 741 MeV
1,27 P~ —e N see ref. [31] 2.8 [Aesl? 3.3MeV < my < 448 MeV
1,27 P~ —=u N see ref. [31] 51 Ausl? 87MeV < my < 379 MeV

rinv = (499.0 4+ 1.5) MeV
[1] Z — inv. obs ( ) Me >0 3 SaplXapl® mg < 52.2GeV
rinv = (501.44 + 0.04) MeV ’
1 W—ev BR = (10.71 4+ 0.16)% > 1 Aesl? mg < 38.8GeV
1] W — puv BR = (10.63 £ 0.15)% > Ausl® mg < 39.3 GeV
(32, 33] h — inv. BR < 24% (4.2%) You. s Saplhasl’  mg < 64.8(72.6) GeV
[5] MINOS see ref. [5] [Aup] mg < 1.67GeV
[5) DUNE see ref. [5] [Aupl mg < 3.00 GeV
[34, 35] IceCube see ref. [34] [Aag] mg < 2.0(15.0) GeV

Table 1. Summary of current and future experimental data which can be used to set limits on
the couplings |A.s| (with £ = e, p) or their combinations. The last column shows the relevant mgy
ranges (see figures 2—4 and 8-10). For the limits from invisible Z and h decays, the symmetry factor
Sap =1(1/2) for a # B (a = B). For the invisible Higgs decay and IceCube data, the numbers in
the parentheses are respectively the expected sensitivity at the HL-LHC and IceCube-Gen2. The
limits not collected in this table are either weaker or not relevant for mg > 100 MeV. The branching
fraction (BR) upper limits are at 95% confidence level (C.L.), whereas the error bars quoted for the
BR measurements are at 1o C.L.; see text for more details.

final state. For the light mesons 7 and K=, the rare decays 7, K~ — e vevi and
K~ — p~v,vv have been searched for in experiments [36-38], and the upper limits on
the branching fractions are collected in table 1. These processes correspond to the decays
7, K= = {"v¢ with ¢ — vv, and the experimental data can be used to set limits on the
couplings > g [Aes|? and d8 A%, For simplicity, we assume only one of the couplings
Ao to be non-vanishing while deriving the limits. The results for [Acg| and |\, 5| are shown
respectively in the left and right panels of figure 2. For the heavier mesons D*, D¥ and
B*, we adopt the experimental upper limits on the BRs at the 95% C.L. in table 1 1]
to set limits on the couplings |A\,s/, as shown in figure 2. For the measurements with 1o
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Figure 2. Limits on |\.| (left panel) and |\,g| (right panel) with 8 = e, u, 7 from current-charged
meson decay data in table 1. All the shaded regions are excluded.

error bars in table 1, we also obtain the 95% C.L. limits on the A,3 couplings by simply
multiplying the error bars by a factor of 1.96. There are also some limits on the meson
decays to tauon leptons [1]; however, these limits are too weak to impose any constraints
on the couplings A;3.

2.2 Heavy neutrino searches in meson decay spectra

Heavy neutrinos N have been searched for in two-body meson decays, such as 7= —
e"N and K~ — (~N (with £ = e, p) by several experiments, including TRIUMF [39],
PIENU [40], KEK [41], E949 [42], OKA [43] and NAG62 [31, 44, 45]. The peak searches in
the lepton energy spectrum can be used to set limits on the leptonic scalar couplings to
neutrinos, by comparing the lepton spectra of the two-body decays P~ — ¢~ N to those
of the three-body decays P~ — fv¢ [27]. For the two-body decays of charged mesons, the
differential partial width with respect to the charged lepton momentum py is given by [27]

d
ding(Pi — giN) ~ ,OF()(Pi — £75)|U2N|25(ppeak —pz) (2.2)

with the peak position ppea = A/2(mp, mg, my)/2mp, and To(P~ — £~ v) the leading
order (LO) leptonic meson decay width in the SM:

G%«““/qq’|2"7”L?1)3flg’m

ST Z(l - :Eg)2 ) (23)

Fo(P_ — f;ﬂ) =

|Ugn| is the heavy-light neutrino mixing angle, and
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Figure 3. Limits on |A.g| (left panel) and |A,g| (right panel) with 8 = e, u, 7 from heavy neutrino
searches in meson decays in TRIUMF [39], PIENU [40], KEK [41], E949 [42], OKA [43], NAG2
['17] [44], NA62 ['18] [31] and NA62 ['19] [45]. The shaded regions are excluded.

where we have defined xny = m?\, /m%D with my being the heavy neutrino mass. For the
three-body decays, on the other hand,
d GQF‘%q’Fm?ﬁfl%p‘aBP

P > ) =
dpy (P = Lave) 12873

[(x +xp) — (x — .Tg)2]

2
r — X
« @ T) PEN2(, 2, 2y), (2.5)

3 /02 4 02 /m2 M
w3y Jxy + p;/mp P

where x =1+ zp — 24/ xy —i—p%/m%;. By setting mg equal to my, and demanding that the

lepton energy spectrum in the three-body case should not exceed the expected spectrum
for the two-body case at peak [27], the resultant limits on the couplings |A.g| and |A,z]
are collected respectively in the left and right panels of figure 3. As the constraints on
heavy-light neutrino mixing angle |Uyn| are very stringent, the limits on |Ayg| from the
meson decay spectra are very strong, down to ~ 1073,

In addition to the two-body decays of meson, heavy neutrino can also be searched
for by (partially) reconstructing the decay products of heavy neutrino, for instance, in
the decay chain B — X¢{N, N — {m, Z;FEEV with X being any SM particle. Such direct
searches have been performed in the experiments PS191 [46, 47], BEBC [48], NA3 [49],
NuTeV [50], LHCb [51-53], Belle [54], NA48/2 [55] and T2K [56], and also proposed in fu-
ture experiments like FASER [57, 58], MATHUSLA [59, 60], CODEX-b [61, 62], AL3X [63],
SHiP [64, 65] and DUNE [66]. Although the heavy-light neutrino mixing angles |Uyy| are
(or can be) tightly constrained by these experimental data, these limits from N decay
products can not be used directly to set limits on the couplings A, in our case, as the ¢
decays to invisible neutrinos; therefore, we do not consider these limits here.

2.3 Invisible Z decays

The leptonic scalar ¢ could couple to the neutrinos coming from Z decays and thus induce
extra contribution to invisible decay width of the Z boson. The analytical calculations of
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Figure 4. Limits on |A\.s| (With «, 8 = e, ) from invisible Z decay Z — vava¢ (red), vavse
with a # (B (blue), the decay W — ev¢ (orange), pr¢ (purple) and invisible decay of the SM
Higgs h — vova¢ (pink), vavge with a # 8 (magenta). The data can be found in table 1, and all
the shaded regions are excluded. The dashed pink and magenta lines denote the limits from the
prospects of invisible decay of the SM Higgs at the HL-LHC.

I'(Z — vavge) are presented in appendix B.1 [cf. eq. (B.1)]. The combined LEP result
for the BR of invisible Z decays has reached the precision of 10~ [67-70]; however, the
observed invisible partial width of Z boson T, = (499.0 £ 1.5) MeV is below the SM pre-
diction T, = (501.44£0.04) MeV at 1.50 C.L. [1]. Then the experimental and theoretical
values can be used to set limits on the mass my and couplings A\, via the following formula

[T+ Tay) — Ty | < PoLATRY (2.6)

with I‘g“’ being the contribution from the ¢-induced decays, and Pgr, the C.L. parameter.
The resultant constraints on the couplings A,g at 20 C.L. (with Pcr, = 2) are shown in
figure 4. The red and blue shaded regions are respectively for the couplings |Aaq| and [Aqg|

(with o # ).

2.4 Leptonic W decays

In an analogous way, the leptonic scalar ¢ can also be emitted in the decays of W — fv
with ¢ = e, u, 7. Therefore, the couplings A\,3 can be constrained by leptonic W decay
rates using the analytical expression given in appendix B.1 [cf. eq. (B.6)]. The current LEP
uncertainties for the e, pu and 7 flavor leptonic W decays are respectively 0.16%, 0.15%
and 0.21% at 1o C.L. [71-74]. The corresponding limits on |Ayg| at 20 C.L. are shown in
figure 4. The orange and purple lines are respectively for the e and p flavors. In addition,
we also have the limits from the following W-related final states at LEP and LHC, which
however turn out to be much weaker and are not shown in figure 4:

e The W production cross section times branching fraction for the Drell-Yan process
pp — W — fv has been measured at the LHC. The distributions of the trans-
verse momentum pr of charged lepton, missing energy and the transverse mass of



W boson have also been measured by both ATLAS [75-79] and CMS [80-85]. For
sufficiently large couplings A3, the leptonic scalar ¢ can be produced from W — fv¢
(or W* — Lv¢ for my > my) and potentially modify the distributions above, which
can in principle be used to set limits on scalar mass my and the couplings A,3. How-
ever, even if we use the current most precise data from ref. [79], the experimental
uncertainties are still too large, of order 0.5%, when compared to, e.g., those from Z
decay (at the level of 0.05%), and therefore, we cannot obtain stronger constraints
from these distributions.

e The charged lepton energy distribution has also been measured in the W-pair produc-
tion process ete”™ — WTW ™ — ¢qglv at LEP [71]. In principle, these distributions
can be used to set limits on the couplings A\,3. However, the experimental uncer-
tainties again turn out to be too large to put any stronger constraints than those
obtained from W and Z decay.

e The electron-muon universality has also been tested in the W decay at LHC [78].
However, the current experimental uncertainties are at 1% level, and therefore, the
universality constraints are expected to much weaker than those from the W and Z
decay rates.

e One can also use other LHC data involving W boson to estimate the constraints on
Ao, such as the top quark pair-production at LHC. However, the inclusive cross
section for pp — tf is at least four times smaller than that for single W production
at LHC [86], and the SM backgrounds for top quark events are more complicated.
Therefore we expect the limits from ¢ — Wb — fvb should be significantly weaker
than those from W data itself.

Comparing the limits on the scalar ¢ from the direct production of ¢ from W boson
decay pp — W — fv¢ at the LHC and the production of ¢ via the fusion of same-sign W
bosons in figure 1 (see figures 8-10 for the prospects), one may wonder why the sensitivities
from the VBF process is better. The reason is as follows: Although the VBF process has
five particles in the final state at the parton level, with the cross section at the level of fb
at the 14 TeV LHC (see figure 5), the same-sign di-leptons in the VBF process provide
strikingly clean signatures and the corresponding SM backgrounds are not overwhelming.
In particular, the kinetic distributions of the leptons, jets and missing energy of the signal
are very different from the SM backgrounds, as shown in figures 6 and 7, and the prospects
of Aqp can go up to 0.95 at LHC and 0.51 at HL-LHC (cf. table 4 and figures 8-10).

To justify our choice of the VBF process over pp — W& — fvg, we divide our
parameter space into two regions: (i) mg < my and (ii) mg > myy. First, let us discuss
mg < my. The on-shell W boson production cross section at the LHC can reach the order
of nb, orders of magnitude larger than the VBF process. However, when the kinematic
distributions from W decay are used to set limits on the couplings A\,3, we have to compare
the impact of the decay W — fv¢ and the uncertainties of the W distribution data. As
the muon data from W decay is more precise than that for electron and tauon, we take the



pr distributions of muons for the purpose of comparison. The number of muon events in
the 7th pr bin can be estimated to be

AN; =L x a(pp = W) x BRW — uv) x e x Gy, (2.7)

where £ is the luminosity, o(pp — W) is the W production cross-section, BR(W — puv) is
the BR of W decaying into muons, € includes the cut and detector efficiency and geometrical
acceptance, and C; is the probability of the muon events lying in the ith ppy bin. The
presence of the light scalar ¢ will lead to the extra contribution to the pr bins

S(AN;) = L x o(pp — W) x BR(W — uv¢) x e x Ci, (2.8)
with C! being the corresponding probability for the ith bin. Then the variation in the ith
muon pr bin can be estimated to be

§(AN;) _ BR(W — uv¢) y Ci (2.9)
AN; BR(W — uv) = C;° '

In presence of the light scalar ¢, the muon pr distribution will be different, and the C’s are
expected be different from the C;’s, with C!’s relatively larger in the bins with relatively
small pr. However, to obtain a quick order of magnitude estimation of the limit on A,
from the available 7 TeV LHC data in ref. [79], we assume C! ~ C;. Then, for the scalar
mass mg = 1 GeV we find,
S(AN))
AN;

The dominant uncertainties for the LHC W data are experimental and physics-modelling

~0.0217 . (2.10)

systematic uncertainties, which are of order 0.5% for the muon pr distributions [79]. Then
eq. (2.10) implies that the LHC W distribution limits on A, can reach ~ 0.5 in the light
¢ limit. Although this is at the same order as the VBF prospects but is less constraining
than the LEP Z invisible decay-width limits in figure 4 for my < Mz. Hence, we are not
showing this limit in figure 4.

In the estimates above, we do not perform any shape-analysis of either pr of the lepton,
E}niss or Mr distributions to derive the limit. One may expect that such a shape-analysis
will make the bounds coming from pp — W — fv¢ competitive with LEP Z invisible
limits, and may even surpass it for mg 2 O(10GeV). We expect to perform a dedicated
shape-analysis of this channel in a follow-up study. It is needless to say that if the error
bar in the kinematic distributions goes down significantly compared to present 0.5% level
at the HL-LHC, this channel might provide comparable or even stronger limits compared
to either the invisible Z decay data or the VBF process in this paper.

Now, for mg > my, we perform a simple cut-and-count analysis following the ATLAS
study of ref. [87]. We require for an isolated lepton (¢ = e, p) in the final state with
pr > 55GeV and |n| < 2.5, EQIE“SS > 55 GeV, the transverse mass Mp > 110GeV, and
ur < 30 GeV, where urp is the vector sum of transverse momenta of all objects in the event
other than the isolated lepton and missing energy. We find that pp — W* — fv¢ will
provide a 95% C.L. bound on A (o, f = e, 1) in the range of 0.65—3.15 for my < my < v
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with the assumption of no systematic errors. However, the signal-to-background (S/B)
ratio in this channel is < 1073, making this channel not competitive to our VBF analysis
(with S/B ~ 0.5, see section 3.2) in presence of even small systematic errors.

2.5 Invisible Higgs decays

If the effective coupling Ang in eq. (1.1) originates from the dimension-six operator
(LH)(LH)¢, the same operator leads also to the effective couplings of SM Higgs h with
the light scalar ¢ and neutrinos, i.e. [5]

Aa
Lint O Tﬁhgzwayﬂ, (2.11)

which induces the exotic decay of the SM Higgs h — ¢vv, and the corresponding partial
width can be found in appendix B.1 [cf. eq. (B.7)]. As the light scalar ¢ decays only into
neutrinos, such exotic decay of the SM Higgs is completely invisible. The current LHC
limits on invisible BR of the SM Higgs is 24% [32], and the resultant limits on the scalar
mass mg and A,g are presented in figure 4. The pink and magenta shaded regions are
respectively for the cases h — ¢vov and h — ¢r,vg with a # 3. At the HL-LHC, the
invisible decay of the SM Higgs can reach a precision of 4.2% [33], and the corresponding
limits on the light scalar mass mg and thee couplings A\,g can be significantly improved,
as indicated by the dashed pink and magenta lines in figure 4.

2.6 Tauon decay rates

If kinematically allowed, the leptonic scalar ¢ could also be produced from lepton decays,
such as u — evvgp and 7 — Lovvg (with a = e, p). In the limit of mg — 0 (or my < my,)
the p decay limits are expected to be much stronger than those from 7 decays [26], be-
cause the Michel electron spectrum from muon decay has been measured very precisely [1].
However, when the scalar mass mg 2 100 MeV the decay p — evv¢ is either kinematically
forbidden or highly suppressed, and therefore, we only consider the tauon decays in this
subsection. The calculation of partial width for the four-body decays I'(7 — £,vv¢) is out-
lined in appendix B.2. The partial widths I'(T — evr¢) and I'(7 — prv¢) are compared
to the experimental uncertainties for the leptonic decays BR(7 — evv) and BR(1 — uvv),
which turn out to be 4 x 10™* at the 1o level for both e and u [1]. As the leptonic scalar
¢ can be emitted from the v, and/or v; fermion lines, all the flavor combinations of A,z
get constrained by the 7 decay data, including A, which is barely constrained by meson
decays. It turns out that the tauon decay limits on all flavor combinations A,g are roughly
the same, as summarized in figures 8-10. For a scalar mass of mg = 100 MeV, it is required
that [Aq| S O(1). The constraints in the my — 0 limit are [A,g| < 0.3, which is consistent
with the numbers given in ref. [26].

2.7 Neutrino beam experiments

As stated in ref. [5], the light leptonic scalar ¢ can be emitted from neutrino beams via
neutrino-matter scattering such as v, +p — Eg +n + ¢ (where p and n stand for proton
and neutron, respectively). This will affect the charged lepton momentum distributions
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in the final state, and more importantly, the charged lepton in this process seems to have
the wrong sign due to the emission of lepton-number-charged ¢. The magnetized MINOS
detector can distinguish the charges of u* produced from charge-current neutrino-nucleon
interactions [88], and as a consequence, the coupling |A,,| is constrained to be smaller
than O(1) for a 100 MeV scalar mass, as shown by the green shaded region in figure 10.
With more charged-current events collected at DUNE [66], the coupling |A,,| could be
probed to a smaller value. For instance, assuming the most aggressive cut of no missing
transverse momentum [5], the prospects of |\,,| are expected to be enhanced by one order
of magnitude, as shown by the dashed green line in figure 10. The MiniBooNE limit on
|Aep| is also considered in ref. [5], which turns to be weaker than those shown in figure 9.

The NOMAD experiment searched for neutrino oscillation in v, — v, channel [89], but
no charged-current v, event was found, and a limit was imposed on the v, — v, oscillation
probability, which can be translated to a limit on the leptonic scalar mass mg and coupling
|Aur| [5]. The tauon events are difficult to be identified in the DUNE near detector, thus
the DUNE prospect of |\,-| is expected to be weaker than that from NOMAD. Similarly,
the limit on the v, — v, oscillation probability is weaker than that for v, — v,.

2.8 Astrophysical and cosmological limits on neutrino self-interactions

A few PeV neutrino events have been observed in the IceCube neutrino experiment [90—
92]. These high-energy neutrinos could in principle induce neutrino-neutrino interactions
in the early universe, such as the ones mediated by a scalar field ¢ [34, 35, 93] as in our
case. For scalar mass mg 2 100 MeV, the ¢ mediated neutrino-neutrino interactions are
practically effective four-neutrino interactions. Thus the IceCube PeV neutrino limits on
neutrino-neutrino interactions can be translated to a constraint on |)\a5|2 / mi as shown by
the shaded blue region in figures 8-10 which are universal for all the three neutrino flavors.
Future IceCube data will improve the limits significantly [34, 35], as shown by the dashed
blue line in figures 8-10.1

The ¢-mediated self-interactions of neutrinos also have some effects in the early Uni-
verse. In particular, neutrino free streaming will alter the CMB temperature power spec-
trum [94-96]. Current precision cosmological data have excluded the effective coupling
Gegg \)\C,¢5|2/m§j > 2.5 x 10°"Gp [96-101]. This constraint is however weaker than the
IceCube constraints discussed above, and hence, not shown in figures 8-10.

2.9 Other limits

As the leptonic scalar ¢ decays invisibly into light neutrinos, it can be constrained by the
searches of light DM x in the high-intensity beam-dump experiments. For instance, the
dark photon A’ has been searched for in the NA64 experiment [102] via the electron-nuclei

Here we do not include the resonance effect for the IceCube limits, which depend on the neutrino masses
and the neutrino energies in IceCube data. When the resonance effect is taken into account, the current
IceCube limits on A\og and the future prospects will be improved by up to two orders of magnitude for
respectively the scalar mass ranges of my ~MeV — 10 MeV and ~MeV — GeV (see figure 1 of ref. [34]).
However, our main results and conclusions of the LHC prospects in this paper will not be affected by
including the resonance effect.
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scattering process, with A’ subsequently decaying into a pair of DM particles:
eN = eNA, A — xx, (2.12)
with A/ being the incident nuclei. The presence of ¢ in our case would induce the process
eN — eNvv+ ¢, (2.13)

via the fusion of two Z bosons, similar to that shown in figure 1 (with the W bosons and
charged leptons replaced respectively by Z and neutrinos). The final states are the same
as that for the DM searches, i.e. the scattered nuclei and electron plus significant missing
energy. Therefore the limits on the dark photon mass mas and the kinetic mixing ¢ of
dark photon with the SM photon from the NA64 experiment can be recast into limits on
the mass mg and A\,g coupling in our case. However, the center-of-mass energy Ecp, of the
beam-dump experiment is expected to be much lower than the Z boson mass myz, thus the
¢-induced process cross-section is highly suppressed by the ratio ( Eep /mz)®. Furthermore,
comparing the three-body and five-body phase spaces in the two processes in eq. (2.12)
and (2.13), the ¢ production process is further suppressed by a factor of (47)%. As a result,
the NA64 experiment can not provide any limit on the ¢ scalar. Although the LDMX
experiment has a larger intensity than NA64, but the center-of-mass energy is lower [103],
and we can not get any sensitivity of mg and the couplings A,g.

The process eN — eN A’ has also been searched for in the DarkLight experiment for a
lighter dark photon, but he dark photon mass m 4 < 100 MeV [104]. The searches of dark
photon in the process eTe™ — v+ A’ with A’ — inv. has been performed in the BaBar
experiment [105], and also proposed in VEPP-3 [106, 107]. The final state in this case is a
mono-energetic photon plus missing energy. The ¢ can not induce such signals in our case,
so these limits can not be used on the A,z couplings.

When the leptonic scalar ¢ is light, with mg < 100 MeV, its couplings to neutrinos
could also induce very rich phenomena, some of which lead to very stringent limits on \,g.
For such light scalars the prospects of the couplings A,z at LHC and HL-LHC are almost
independent of mg, as can be seen in figures 8-10 (see section 3.3) and cannot compete
with the low energy processes. Therefore, we restrict the ¢ mass to 100 MeV and do not
show these low-energy limits in figures 2-4 and 8-10. Nevertheless, for completeness, we
list some of these processes below:

e Muon decay. As discussed in section 2.6, ¢ can be emitted from tree-level decay
u — evvo. As a result of the precise p decay data, for sufficiently light ¢, the limits
from u decay are expected to be much more stringent than those from 7 decays. In
addition, the electron [108, 109] and neutrino [110, 111] spectra could be altered in
presence of ¢, which can also be used to set limits on A,g.

o Tritium decay. If the scalar mass mgy < O(10eV), it can be produced from tritium
decay in the process *H — 3Het + e~ 4+ v + ¢ [112], and this process can be probed
in the KATRIN experiment [113, 114].
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e OvBB decay. The coupling of ¢ to electron neutrinos contributes to Ov35 decays
via the process (Z,A) — (Z 4 2,A)e”e” ¢ if the mass my S O(MeV) — the typi-
cal -value for the relevant nuclei. This is strongly constrained by the searches of
Majoron emission in Ov33 decay experiments like NEMO-3 using °°Mo [11, 12, 16]
and %°Nd [14] nuclei, as well as KamLAND-Zen [17] and EXO-200 [18] using 3%Xe.
Somewhat weaker limits were also obtained by NEMO-3 using “*Ca [13] and 82Se [15],
as well as by GERDA using "°Ge [19].

e Supernovae. A light ¢ can be produced abundantly in the supernova core if its
mass mg S O(30MeV) — the typical core temperature of supernovae. The cou-
plings |A4g| can be constrained from both the luminosity and deleptonization argu-
ments [115-117].

e CMB and BBN. As a light particle, ¢ itself contributes to the relativistic degrees of
freedom Neg if the mass mg < 100keV [118]. The current precision cosmological data
ANg = 0.18 at 1o C.L. [119] has excluded a large parameter space for such light lep-
tonic scalar mass mg and the couplings [A\os|. Similarly, the big-bang-nucleosynthesis
(BBN) constraints rule out mgy < 0.2MeV for sizable couplings A,g, as long as they
allow ¢ particles to thermalize at BBN temperature [120, 121].

e Neutrino decay. For sufficiently light ¢, the heavier neutrinos might decay via v; —
v; + ¢ with the mass indices ¢, j = 1, 2,3 and ¢ < j. Therefore we can impose
stringent bounds on the leptonic scalar mass mg and the \;; couplings from the
solar neutrino data [122-126]. There are also constraints from atmospheric and long
baseline experiments [127-129]. The CMB limits on neutrino free streaming could
also set limits on neutrino decays, as long as the mediator is lighter than neutrino
mass and the non-diagonal couplings \;; are non-vanishing [97, 98, 130].

3 Prospects at the LHC and HL-LHC

At high-energy colliders, W, Z and h decays can give rise to the leptonic scalar ¢ via its
couplings to neutrinos if kinematically allowed (mg < My, z), as discussed in sections 2.3
to 2.5. Instead, in this section, we explore the direct production of ¢ at the LHC that could
potentially extend the reach to higher masses. At the leading order, ¢ can be produced
in the VBF processes WEW* — (*¢*¢, leading to the characteristic signal of same-sign

dileptons at hadron colliders:
pp = L3 l5 6 4], (3.1)

where «, 8 = e, u are the flavor indices. In a VBF process, two incoming quarks can emit
virtual same-sign W bosons, which then interact to produce a pair of same-sign leptons
via t/u-channel neutrino exchange. The leptonic scalar ¢ is irradiated by the ¢/u-channel
neutrino. A representative diagram of the process is shown in figure 1. The choice of
our VBF cuts on tagging jets ensures that the same-sign W-pair system is boosted, and
hence highly energetic. We find that the same-sign leptons carry most of this energy.
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Figure 5. Production cross section of the pp — ng; ¢ jj process at /s = 14 TeV and 100 TeV, as
a function of the mass of ¢, with the Yukawa couplings Aos = 1 (e, 5 = e, u). For different coupling
values, the corresponding cross sections can be obtained from the scaling o o [Ang|?. We stop at
mg = v beyond which the EFT approach used to define the effective vv¢ coupling in eq. (1.1) may
not be reliable.

Consequently, the production cross section of the ¢*¢* ¢ jj process is not sensitive to a
large range of mg. In figure 5, we show the variation of the production cross section of
the above process (3.1) at the /s = 14TeV LHC as a function of mg in solid red. In a
broad range of mass, the cross section is of O(1fb). It is evident from figure 5 that the
creation of ¢ at the LHC via VBF processes starts feeling the effect of ¢ mass only for
mg 2, 10GeV. For comparison, we also show the cross section curve of the process for
a 100 TeV pp collider in dashed blue. The production rate will be increased by about a
factor of 20.

We only consider £ = e, i in the present study for simplicity. We will comment on
the impact of including signals from leptonic 7 decays for our results. However, including
hadronic 7 decays in the analysis will require careful examination of a different set of SM
backgrounds dominated by 7, charge misreconstruction processes, which we postpone for
a future study.

3.1 SM backgrounds and simulation details

Our strategy to search for ¢ is based on two steps. First, we use the distinct features of
VBF processes to reduce non-VBF QCD backgrounds. A VBF process is characterized by
two back-to-back energetic jets in the forward/backward region of the detector, with large
di-jet invariant mass, and significant separation in rapidity |Ay;, j,|. To select the VBF
topology we roughly follow the strategy used in a recent ATLAS W*Wj;j analysis [131].
Finally, we impose stringent cuts on the transverse momentum of the leptons, and the
azimuthal separation between the leading lepton and transverse missing energy (Ejnliss) to
suppress the irreducible EW W*W=;; background.
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The dominant SM background processes for our chosen final state are
e the EW process pp — WEW*j;j — jﬂiﬁgul/,

e the QCD process pp — WEW=*jj — jjf;‘jf;yy,

o pp = WEZjj — jjtEesifv,

with the lepton flavor indices a, 8 = e, u, 7. One should note that although we do not
consider light leptons coming from 7 decays for the signal, we do include them for back-
grounds. The W¥*Zjj background is generated inclusively and consists of both QCD and
EW processes. Both the EW and QCD W*W = processes have the same final state as the
¢-induced signal, i.e., a pair of same-sign dilepton, two hard jets and large EITniSS. At the
leading order, the EW W*W*;; background is dominated by the vector-boson scattering
WEW* — W*W=, mediated by a t-channel Z/v, which has recently been observed by
both ATLAS [131] and CMS [132]. On the other hand, the QCD W*W¥*;; background
is mediated by a t-channel gluon. As we will see soon, the QCD W*W=;; background is
effectively suppressed by the VBF cuts. For the W*Zjj background, one of the charged
leptons coming from the Z decay is missed by the detectors, and we are left with only two
isolated leptons in the final state.

There are also some sub-leading backgrounds, such as the charged leptons from heavy-
flavor hadron decays, jets misidentified as leptons, backgrounds coming from lepton charge
misidentification and the V+ production with photon misidentified as electron [131, 132].
All these fake-lepton backgrounds due to detector effects are difficult to simulate reliably
within our simulation setting, although a theorist’s version of “fake tagging” can in princi-
ple be performed using the public ATLAS/CMS detector performance studies listing fake
rates, in the same manner as heavy flavor jet mistagging, with event re-weighting, or with a
global scaling factor; see e.g. refs. [133, 134]. For simplicity, we will not consider these fake
lepton backgrounds in our analysis. In addition, we neglect the impact of normalization
and shape changes at NLO+parton shower in multiboson backgrounds and of continuum
contributions, underlying events, multiple parton interaction and pileup effects. Our esti-
mation is that they can contribute up to 20% systematic uncertainty after the VBF cuts,
as suggested in refs. [131, 132] (see also refs. [135-137]). In particular, we expect that the
hard lepton pr and |A¢, L E%nss| cuts will suppress them significantly due to their efficiency
in removing the dominant SM backgrounds (see table 2). However, a detailed experimen-
tal study is warranted to properly analyze the relevance of these neglected backgrounds
for our proposed signal. In addition, other non-prompt backgrounds like ZZ,VVV and
ttV (V. = W, Z) contribute < 2% to the total background after the VBF cuts [131], and
are not considered here.

The only BSM inputs for our signal estimation at the LHC are the coupling A.g
and mass my. We add the effective Lagrangian of eq. (1.1) to the SM Lagrangian in
FeynRules [138] to generate the UFO file, which is used in the simulation of signal events.
We simulate the signal and background events by using MadGraph5 v2. 54 [139] with
the NNPDF2.3 LO parton distribution functions [140]. We pass the simulated events to
Pythia8 [141] for showering and hadronization, and subsequently to Delphes-3.4.1 [142]

~16 —



for detector simulation. The W, Z bosons in SM backgrounds and the scalar ¢ in the sig-
nal are decayed to leptons and neutrinos by using the Madspin [143] module of MadGraph5.

In our detector simulation with Delphes, electrons and muons are identified with
pr > 10GeV and |n| < 2.5. While the muon efficiency is 95% for the entire range of |7],
the electron efficiency is 95% (85%) for || < 1.5 (1.5 < |n| < 2.5). The lepton isolation is
parameterized by I < 0.12(0.25) for electron (muon), where I, is the ratio of the pp
sum of objects (tracks, calorimeter towers, etc) within a AR = /(An)? + (A¢)? = 0.4
cone around a candidate, and the candidate’s pr. Jets are clustered using the anti-kr
algorithm [144] with cone radius 0.5 and pr > 20 GeV. We use the default b-tagging algo-
rithm of Delphes where the b-tagging efficiency is just above 70% for transverse momenta
between 85 and 250 GeV, with a mistag rate < 2% (20%), coming from light jets, i.e. from
gluon and up, down, strange (and charm) quarks, over the same pr range.

We perform a calibration study to check the lepton isolation performance of Delphes
against the (¢ 42 + EIss final state analysis carried out by the ATLAS collaboration in
ref. [131]. For the EW W*W=jj process we obtain 64 events with 36.1fb~! of integrated
luminosity at /s = 13TeV. The corresponding signal yield prediction by the ATLAS
collaboration is 60 &+ 11. For different light lepton flavor combination channels also, we
agree with the ATLAS prediction within the error bars.

We finish the discussion on our simulation set-up with one final comment on SM
background generation. For fast computation, we generate the W Z+jets background for
our analysis with exactly two partons, and include both (mixed) QCD and (pure) EW
contributions, which at leading order are respectively of order O(a2adyy,) and O(afyy) in
the cross section. We do not generate the above background inclusively and do not perform
any jet-matching. However, we did check that after VBF cuts the W Zjj cross section is
within 10% of the inclusive W Z+jets cross section. In contrast, both the EW and QCD
same-sign W pair is produced at the LHC in association with two partons at LO and do
not require inclusive generation.

3.2 Selection cuts and cross sections

Next, using the reconstructed leptons and jets from Delphes we list the selection cuts used
in our (T¢* 4 25 + ErT]rliSS study.

1. Ezactly same-sign dilepton + > 2 jets. We select exactly a pair of same-sign dilepton
with additional criteria that they must be separated by a distance ARy, 4, > 0.3 and
must have an invariant mass my,,, > 20 GeV. Electrons are required to be outside
the calorimeter transition region (1.37 < |n.| < 1.52). To avoid additional back-
ground contributions from electron charge mis-reconstruction in di-electron events,
we restrict electrons within |n.| < 1.37 for such events, and discard events with
|Mese, —mz| < 15 GeV. We then require at least two jets in the selected event with
pr; > 20GeV and |n;] < 4.5.

2. VBF cuts. As mentioned before, a VBF event is characterized by two high-pr forward
jets with large invariant mass and large separation in rapidity. Our signal is strictly
produced by same-sign W fusion along with the W*W=*jj (EW) background. In
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Figure 6. Jet kinematic distributions of the signal and SM backgrounds W*W=jj (EW),
WEW*5j (QCD) and W*Zjj (QCD+EW) before VBF cuts. The top left, and right panels
are respectively for the pr distributions of the leading jet j; and the sub-leading jet js, and the
lower left and right panels are respectively for the invariant mass Mj, ;, and the rapidity separation
|Ay;, ;,| of the two jets.

contrast, the di-jet invariant mass of QCD backgrounds peaks at smaller values and
they are not widely separated in |Ayj,j,|, as can be seen in the lower left and right
panels of figure 6. In contrast, the pr distributions of the leading jet j; and the
sub-leading jet jo for the SM backgrounds tend to be flatter than those for the
signal, as shown in the top left and right panels of figure 6. We impose pr; >
65GeV, pr,, > 35GeV, mj,j, > 500 GeV, and |Ay;,;,| > 2 to select VBF topology.
On an interesting note, although both the signal and W*W*3j (EW) background
are predominantly produced by same-sign W fusion, their |Ay;,j,| distributions do
not peak at the same value. We attribute this difference to the contamination of
W*W*jj (EW) production by non-VBF processes. On the other hand, the signal
production is strictly VBF.

3. b-jet veto. Although we do not simulate same-sign dilepton backgrounds arising from
heavy-flavor hadron decays, we include b-veto in our cut strategy following ref. [131]
to suppress such backgrounds.

4. Ejn}iss cut. As the leptonic scalar ¢ decays invisibly into neutrinos, the missing trans-
verse energy E:‘Fiss tends to be slightly larger in the signal than in backgrounds. The
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EITniss distributions for the signal and backgrounds are shown in the lower left panel
of figure 7, before VBF cuts. We impose a nominal E}mss cut of 30 GeV.

5. Lepton pr cuts. In the SM, the charged leptons from the W boson decay have a
peak at around ~ myy /2. On the other hand, if a ¢ scalar is produced from a W
fusion process, it tends to be soft and most of the energy of the system is more likely
to be carried by the leptons. As a result, the signal lepton pr distribution is much
flatter and peaks around ~ 2myy, as can be seen in the top panels of figure 7. We
employ pr, > 150 GeV and pr,, > 90 GeV to reduce WEW*jj (EW) and W*Zjj
backgrounds by an order of magnitude.

6. |Ady,. Eq@ss| cut. Finally, we use |Ag,, E%ﬂss\ > 1.8 to enhance the signal-to-background
ratio, and that leads to a signal yield comparable to both W*W*jj (EW) and
W*Zjj backgrounds. This cut is very effective due to different origins of E%liss in
the signal and the W*W=;j (EW) background. While in the above background
both the leptons and E{p“iss are coming from W boson decays, for the signal the
EITniss is arising from ¢ decay and leptons are emitted by incoming virtual W bosons,
which leads to different azimuthal angle correlation between them. This cut is very
effective in suppressing the W+ Z;jj background as well. The |Ag, L E?iss\ distributions
are shown in the lower right panel of figure 7.

The cross sections after each set of cuts are shown in table 2 for both the signal and
SM backgrounds we considered. We show the cut-flow for myg = 1GeV case with the
couplings [\, g| = 1 (o, 3 = e, ). The contribution from QCD W*W=;j is negligible after
all the cuts. However, both EW W*W*jj and W*Zjj survive, with background rates
comparable to the expected signal rate when we apply the specific cuts P, > 150 GeV,
pr,, > 90 GeV and ‘A(ﬁel?E%ﬁss‘ > 1.8 in table 2. We repeat the above analysis for a number
of benchmark points with mg in the range [100 MeV, 246 GeV]. Since we are selecting a
highly boosted system by using VBF topological cuts, the cut-efficiencies of all the cuts
shown in table 2 show a weak dependence on mgy. It is interesting to note that even if
the scalar mass mg < 100 MeV, the production cross sections and the A,z sensitivities
will remain unchanged. For such light scalars there is no other direct limit from the LHC,
although the low-energy high-precision constraints are much more stringent. We do not
explore ¢ masses beyond the EW scale of v ~ 246 GeV since the effective Lagrangian of
eq. (1.1) may not be valid in that regime.

In table 3 we present event yields in different lepton flavor combinations ete®, e* ™
and pEu® for both the signal (with m, = 1GeV) and SM backgrounds at 14 TeV LHC
with 3 ab™! of integrated luminosity. As we mentioned before, |\, 3| (a, 8 = e,p) are
set to be 1. If we switch on couplings involving 7 leptons as well we can get ~ 15%
enhancement on the signal yield. In table 3 we also calculate the significance of the signal
in different channels for 0% and 10% systematic errors on the background estimation, using

the metric og/p = S/ \/S + B + (egB)2. Here ¢p is the percentage systematic error on the
background estimation.
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) Signal | WEW*jj (EW) W*W*jj (QCD) W*Zjj
Cut selection
[fb] [fb] [fb] [fb]
Production 0.782 39.0 34.5 594
exactly 2¢:
Ty, > 10GeV, [n, ,| < 2.5, 0.530 9.26 5.65 177
my, e, > 20GeV, ARy, > 0.3
same-sign dilepton 0.529 9.26 5.65 44.5
for di-electron events: |1, ¢,| > 1.37,
0.476 7.90 4.71 36.5
|Meies —mz| < 15 GeV vetoed
> 2 jets:
) 0.397 7.46 4.51 33.7
Py, , > 20GeV, [n(j1,2)] < 4.5
VBF cuts:
pr;, > 65GeV, pr, > 35GeV, 0.165 4.08 0.502 3.42
M5, > 500 GeV, |ij1j2| > 2
b-jet veto 0.158 3.77 0.441 3.03
Emiss > 30 GeV 0.143 3.41 0.399 2.58
pr,, > 150GeV, pp,, > 90 GeV 0.108 0.217 0.017 0.176
|A¢417E¥xiss| > 1.8 0.084 0.088 0.004 0.059

Table 2. Cut-flow table of the signal, with m, = 1GeV, and SM backgrounds W*W=*jj (EW),
WEW=*5j (QCD) and W*Zjj at 14TeV LHC. We decay W* (Z) boson to ¢Tv (¢*¢~), where
{ = e, u, T during generation. In contrast, for the signal only ¢ = e, u are considered. The couplings
[Aa.g| (o, B = e, ) are set to be 1. Note that the particular cuts in the last two rows can suppress

very effectively the SM backgrounds.

Channels efet etpt  ptpt | Total
Signal 40 129 84 253
WEW=*j5 (EW) 37 137 89 263
WEW=*jj (QCD) 2 9 2 13
W=*Zjj 29 94 54 177
Total background 68 240 145 453
syst. error 0% | 3.87  6.73 5.53 9.53
Significance | syst. error 10% | 3.24 4.21  4.00 | 4.83
syst. error 20% | 2.35  2.50  2.56 | 2.68

+ +

Table 3. Event yields in different lepton flavor combination channels ete®, e*p® and p*p* for
both the signal and SM backgrounds at 14 TeV LHC with 3 ab™—! of integrated luminosity. For the
signal we set mg = 1GeV and |\, g| =1 (with o, 8 = e, 1). We consider systematic errors of 0%,
10% and 20% on the background events only.
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Figure 7. Kinematic distributions of the signal and SM backgrounds W*W=*jj (EW), WEW=*j;
(QCD) and W*Zjj after the EX cut. The top left and right panels are respectively for the pr
distributions of the leading lepton ¢; and the sub-leading lepton /5, and the lower left and right
panels respectively for the missing transverse energy EF'5 and the angular separation |Ag,, fmiss |-
Only the E7'° distribution is shown before VBF cuts.

Collider Aeel  [Aeul  [Aupl

syst. error 0% | 1.35 0.95 1.07

LHC syst. error 10% | 1.38 1.00 1.13
syst. error 20% | 1.42 1.09 1.19

syst. error 0% | 0.68 0.51 0.57

HL-LHC | syst. error 10% | 0.76 0.68 0.70
syst. error 20% | 0.91 0.88 0.87

Table 4. Summary of the 95% C.L. LHC and HL-LHC sensitivities to the couplings |A.g| in our
leptonic scalar case with mg < 50 GeV [cf. figures 8-10]. Results with 0%, 10% and 20% systematic
errors are listed.

3.3 Prospects

The prospects of Ace, ey, upu at the LHC and HL-LHC are shown respectively in figures 8, 9
and 10. The dot-dashed thick red lines are for the most optimistic case at the 14 TeV
HL-LHC with 3 ab™! integrated luminosity and without any systematic error, where the
couplings Aee,ep, uu can be probed respectively up to 0.68, 0.51 and 0.57 at the 95%
C.L (see table 4). With a realistic 10% (20%) systematic error, the sensitivities at the
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Figure 8. Prospects of the coupling |Ac.| as a function of the scalar mass my at 14 TeV LHC with
luminosity of 300 fb~! (solid thin red line) and HL-LHC with 3 ab=! and with systematic errors of
0% (dot-dashed thick red line), 10% (solid thick red line) and 20% (dashed thick red line). Also
shown are the low-energy limits (cf. table 1) from meson decay (gray), 7 decay (brown), heavy
neutrino searches in meson decay spectra (orange), invisible Z decay (purple) and the prospect of
invisible SM Higgs decay at HL-LHC (dashed pink), the current IceCube limits on neutrino-neutrino
interactions (blue) and prospects (dashed blue). All the shaded regions are excluded.
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Figure 9. The same as in figure 8, but for the coupling |A¢,|.
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Figure 10. The same as in figure 8, but for the coupling |A,,|. Here we also show the limit on
[Aupul from MINOS (green) and prospect at DUNE (dashed green).

HL-LHC are slightly weaker, being respectively 0.76 (0.91), 0.68 (0.90) and 0.70 (0.89) at
the 95% C.L., denoted by the solid (dashed) thick red lines. This implies that our leptonic
signals are rather robust against the systematic uncertainties on the background determi-
nation. For comparison, we also show the prospects at the 14 TeV LHC with only 300 fb—!
integrated luminosity, which is achievable in the upcoming run within a few years. We use
the same cuts above as for the HL-LHC and assume there is a 10% (20%) systematic error.
The prospects are respectively 1.38 (1.42), 1.00 (1.09), and 1.13 (1.19) at the 95% C.L.
for the couplings Ace, ey, - The corresponding LHC prospects with zero systematic uncer-
tainty are respectively 1.35, 0.95 and 1.07, as shown in table 4. Since the difference between
the LHC prospects with 0%, 10% and 20% systematic uncertainties is not appreciable, we
show only the prospects with 10% systematic error as the thin red lines in figures 8-10.
The slightly better sensitivity for A, is due to the doubling of the flavor combinations; see
the event rates with different lepton flavors estimated in table 3. We find that when the
scalar mass is significantly smaller than the colliding energy at LHC, say mg < 50 GeV,
the sensitivities have only a weak dependence on the scalar mass, being almost flat. We
also note that although the production cross section of ¢ at the LHC via VBF process
starts falling for mg 2 10GeV as can be seen from figure 5, the sensitivity curves slowly
drop when the scalar mass mg 2 50 GeV only. For the ¢ mass between 10 and 50 GeV the
small decrease in the production cross section is compensated by similar increase in cut-
efficiencies. Above 50 GeV, improvements in cut-efficiencies can not overcome the sharp

drop in cross sections.

The prospects of A\,g at the LHC and HL-LHC are largely complementary to the low-
energy constraints discussed in section 2. To see it more clearly, we show in figures 8-10 the
limits from meson decays (gray), 7 decays (brown), heavy neutrino searches in two-body
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meson decay spectra (orange), the invisible Z decay (purple), neutrino-matter scattering
at MINOS (green), and IceCube limits on new neutrino-neutrino interactions (blue). As in
figures 24, all the shaded regions are excluded. Also shown are the prospects of invisible
SM Higgs decay at HL-LHC by the dashed pink lines and the prospects at IceCube-Gen2
by the dashed blue lines. For the coupling )., we have also shown the prospect from
DUNE in figure 10 by dashed green line. One can see from figures 8-10 that the HL-LHC
prospects of Aee, ey, uu €xceed all the existing limits when the scalar mass mg 2 10 GeV.
These will be the first direct collider limits on light leptonic scalars of such kind.

4 Conclusion

In this paper, we have studied the neutrino non-standard interaction in a simplified frame-
work where a (light) scalar ¢ couples exclusively to the active neutrinos. As such, it carries
two units of lepton-number, and is dubbed as “leptonic scalar”. The Yukawa couplings A,z
of ¢ to neutrinos are constrained by different low-energy, high-precision data, such as the
charged meson and lepton decays rates, meson decay spectra, the W, Z and h decay rates,
neutrino beam experiments like MINOS and, in the future, DUNE, IceCube and CMB
limits on new neutrino self interactions, as well as other limits which are mostly relevant
to a light scalar with mass my < 100 MeV.

We have shown that the leptonic scalar ¢ can be produced at high-energy hadron col-
liders like the LHC via fusion of two same-sign W bosons, i.e., pp — Eciyfgjj + ¢. As ¢
decays into neutrinos, we have the distinctive signature pp — Ei:ﬁg 73 +E§?iss. The predom-
inant SM background is the electroweak vector boson scattering process pp — WEW =%,
with sub-leading contributions from the W= Zjj production and QCD W*W*; processes.
Given the presence of the scalar ¢, the kinematic distributions of the charged leptons, jets
and missing transverse energy are very different for the signal and backgrounds and can
be used to effectively separate the two. Upon dedicated simulations of both signal and
backgrounds, we find that for my less than the electroweak scale, the couplings Ace, ey, i
can be probed, respectively, up to 1.38, 1.00 and 1.13 at the 95% C.L. at the LHC with an
integrated luminosity of 300fb~!, and down to 0.76, 0.68 and 0.70 at the HL-LHC with 3
ab~! integrated luminosity; see table 4 for a quick summary. Based on this analysis, we find
that the direct constraints from the ongoing LHC would be better than all other existing
constraints for mg 2 10 GeV. Figures 8, 9 and 10 summarize our results for the couplings
|Xap| With af = ee, ey, pp respectively. At future colliders, such as a high-energy upgrade
of the LHC or a future 100 TeV pp collider, an improved sensitivity is expected. In some
sense, this is a direct probe of scalar-mediated neutrino self-interactions at high-energy col-
liders, and is largely complementary to the constraints from the low-energy high-intensity
experiments and the astrophysical and cosmological observations.
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A Possible UV complete models for leptonic scalar

In our analysis, we have introduced the neutrino coupling to the leptonic scalar ¢ via an
effective dimension-six operator (LH)(LH)®/A? [5, 6] that gives rise to the vv¢ interaction
in eq. (1.1). In this appendix, we discuss several possible UV-complete models that, after
integrating out the heavy degrees of freedom, lead to this effective operator. Most of the
models discussed here are inspired by the tree-level seesaw realizations of the dimension-
five, Weinberg operator (LH)(LH)/A [145], except that all new particles introduced here
preserve the B — L symmetry. The specific details of these model frameworks are irrelevant
for the model-independent collider analysis performed in the main text, assuming that the
new particles introduced in these models are much heavier than the leptonic scalar ¢.

One option is to introduce an SU(2) r-triplet scalar A with hypercharge +1 and B — L
charge +2. The relevant renormalizable Lagrangian in this case is given by (see also
refs. [5, 146])

LD YapLaALs + AdHATH — MATr(ATA) + Hec. (A1)

This is similar to the type-II seesaw model [147-150], but there are no B— L violating terms
here. Once the A-field is integrated out, the above-mentioned dimension-six operator is
produced, with the effective A-couplings in eq. (1.1) identified as

 Yaprav?

)\aﬁ - 727 <A2)

which can be large, provided that the mass of the A-field is close to the EW scale, depending
on the flavor structure. This A field, and in particular, its doubly-charged component A*+
offers its own rich collider phenomenology [151-153]. There are stringent constraints on
the lepton Yukawa couplings ys from collider searches, as well as searches for low-energy
lepton flavor violating processes [154], however, A\,3 ~ O(1), as required to be relevant for

the LHC sensitivity study, is still achievable in this case.
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Another option is to introduce pairs of vector-like fermions N; and Nf (with i =
1,2,---,n) which are SM singlets with B — L charges F1, respectively. The relevant
renormalizable Lagrangian is given by

LD yaiLaHNZ-C + )\N,ijngiNj + MN’Z‘NZ‘NiC + H.c. (A3)

This is similar to the type-I seesaw model [155-158], but there are no B — L violating
terms here. After integrating out the heavy vector-like fermion fields, we obtain the desired
dimension-six operator, with the effective A-couplings in eq. (1.1) given by

Aap = yaz‘MJQ}Z)\N,z‘jMA_f}jijg . (A.4)

Here the Yukawa couplings y,; also lead to the mixing of the SM neutrinos with the
new vectorlike fermions, with the mixing angle 6 ~ yv/Mpy, which is constrained to be
< 0(0.01) for My > v from electroweak precision data [159-161]. Thus, the A-couplings
in eq. (A.4) cannot be of O(1) in this setup.

One can replace the SM-singlet vector-like fermions in eq. (A.3) by SU(2)-triplet
fermions, as in the type-III seesaw model [162]. In this case, the Yukawa couplings will be of
the form y,; Loo®H Ny, where a = 1,2, 3 is the SU(2), index in the adjoint representation
and ¢® are the Pauli matrices. After integrating out the heavy NN; fields, the low-energy
effective operator takes the form (Lo®H)(Lo,H)¢/A%, with the effective ¢vv coupling
related to the UV parameters in the same way as in eq. (A.4). Nonetheless, the experimental
constraints on y are still applicable in this case, thus ruling out the possibility of large A.g.

Similar examples of UV-complete models for Majorana neutrinos were discussed re-
cently in ref. [8]. Using the scalar field as a portal to the dark sector was discussed in
ref. [6], where an additional Za, Z3 or U(1) symmetry was invoked to stabilize DM.

The effective coupling of ¢ to neutrinos as in eq. (1.1) is similar to that of a Ma-
joron [163-167] — the (pseudo) Goldstone boson from spontanesouly broken lepton num-
ber. The equivalent coupling A in this case is related to the observed neutrino masses,
A~ m,/f, where f is the spontaneous lepton number breaking scale. Since we are mostly
interested in sizable couplings A ~ O(1), the lepton number breaking scale would have to
be very low, f ~m, < O(1 eV).

Another possibility to explain the leptophilic nature of the ¢ field exists in the frame-
work of the left-right symmetric model (LRSM) [168-170]. In this case, ¢ can be identified
as the neutral component of the SU(2) g-triplet Ag, which can be below the EW scale in
some region of the parameter space [171], depending on its corresponding scalar quartic
coupling and radiative corrections. Its coupling to the SM neutrinos arises from its direct
coupling to the heavy right-handed neutrinos, which then mix with the light active neutri-
nos, with the mixing angle again constrained to be at most 0(0.01) (see e.g. ref. [172]).

Yet another scenario to naturally explain the neutrinophilic nature of the leptonic
scalar is in the context of a neutrinophilic two Higgs doublet model [173, 174], where one
of the Higgs doublets has a very small VEV, of O(eV), and is responsible for the tiny
neutrino masses. The neutral component of this second Higgs doublet can be identified
as our leptonic scalar ¢. However, the astrophysical and cosmological constraints severely
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restrict the neutrino Yukawa coupling to be < 107 in this case [175, 176], and thus rule
out the possibility of having A ~ O(1). In addition, the effective coupling of the scalar
¢ with neutrinos in a neutrinophilic doublet model will be vv¢, instead of vv¢. Hence,
the relevant final state to study at the LHC will be £1¢Z¢ + 2j, which will suffer from
significantly large SM backgrounds coming from WTW ~+jets and tt+jets.

B Calculations of multi-body decays involving ¢

B.1 Three-body decays Z — v,vgp, W — Lovgp and h — vavg¢

For the decay Z — va(p2) + v3(ps) + ¢(p1) with the flavor index o = e, u, 7 and p123
the momenta of particles in the final state, the scalar ¢ can be emitted from either of two
neutrino lines, and the partial width reads

92‘)‘046 ’2

_ 2 2
N(Z 5 vad) = /d<I>3 (M2 + Mo?) . (B.)

with mz the Z boson mass, fy the weak mixing angle, g the coupling constant for the SM
gauge group SU(2)r, and the two reduced amplitudes squared are respectively

1
MiolP=— " |4(p; - . —9m2a _
| 1,2| (p1+p3’2)2|: (pl p2)(p1 pg) A ¢Z(p2 p3)
b2 - p3 2
+ ( m2 ) (mQZ"Eiz +2(p1-p32)” | (B.2)
A

with x4, = mé/mQZ7 and the three-body phase space [177]

dda — m229293 )\2(1 - )\2)(1 — JI¢Z)3
3 21075 )\2(1 — x¢z) + x4z

dhd)s,

where Qg = 27%2/T'(d/2) is the solid angle in d dimension, and 0 < A\;2 < 1 are the two
dimensionless kinematic variables. The scalar products of momenta can be expressed as
functions of mz, x4z and A2 in the following form [177]:

~omy (1= 2)(1 = M)[zgz + (1 — z52) M1 Ao
(pr-p2) = =7 S , (B.3)
~omG Aa(1 =)A= M) (1 — wgz)?
(p2-p3) = =7 ol = 707) + 507 (B.4)
m2
(p1-p3) = 72(1 — Tgz) A2 (B.5)

The calculation of partial width for the W boson decay W — f,v3¢ is quite similar,
for which we have only one diagram, and the partial width is

2)\04 2
POV = tars) = L0220 [ i) M oz ) B

with zgw = mi/m%/v
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The dimension-5 coupling of the SM Higgs h with the light scalar ¢ and neutrinos in
eq. (2.11) induces the decay h — v,v3¢, with the partial width
4 A2
(= vars) = "0 [ agtm) Wts(omn, ) (8.7
with zgp = mi/m% and |./\/l3|2 = (p2 - p3), with po, p3 being the outgoing neutrino four-
momenta.

B.2 Four-body decays ™ — fvvo

For the four-body decays 7 — fo(p2) + v5(p3) + vy(pa) + ¢(p1) with the flavor indices
a = e, puand B,y = e, u, 7, the scalar ¢ could couple to the v, and/or the v, lines,
depending on the flavor indices of the coupling A,,. In particular, when p = 8 = o and
o =y = 7 we have two diagrams, and only one for other cases. For simplicity, we neglect
the charged lepton mass in the final state, and the partial width is

832G % \s, |
mT(l + 5p5507)

(1 = Lovvd) ~ /d<I>4 (cs,m|/\/11|2 + 5UT|M2|2) , (B.8)

where the 0 factors in the denominator account for identical neutrinos in the final state,

and the reduced amplitudes squared are

My = m [2(p2 - pa) p1 - (P2 + p3 + pa) + ME2xrp3 - (1 —p2 —pa)] . (B.9)

(p1-p3) + (p2-p3) + (3 - pa)
(p1 + pa)?

Ma|? = [2(p1 - p2)(p1 - pa) — m2xyr(pa - pa)] . (B.10)

with x4, = mi /m2, and the four-body phase space is [177]

4= ;”23; 9(1;2)23 dArdhadAzdAsdAs
X (1= y/T57)” (M1 = A2)) (As (L = 2s)) /2
X [(1= 21+ Vagr)? = M1 = yag)d)] 2 (B-11)

where 0 < A\; < 1 (with ¢ = 1 to 5) are dimensionless kinematic variables. The scalar
products of momenta can be expressed as functions of m;, x4, and the \’s as follows [177]:

(p1-p2) = E» <E1 - \/mcos 91> , (B.12)

(1 +ps) = 5 (55 — si) + 51— 2] (B.13)
(p1 - pa) = Erv/s234 — (p1-p2) — (p1-p3) , (B.14)
(b2 +p3) = 521 — T M (1l = M)A, (B.15)
(p2 - p1) = Ea+/s231 — (P2 p3) (B.16)
(p3 - pa) = %m%(l — VT ) M2, (B.17)
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where

m2(1—x4r) — 5234

E = , B.18
' 2y/5234 ( )

1
E2:§m7\/ )\1(1—)\2)(1—,/56(157—), (B.lg)
59234 :mz(l—,/xdﬁ)?/\l, (B.QO)
cosf; =2XA3—1, (B.21)

1

= m [%T+2<1—¢m (02 (1=2a) +2) (L yZor = A (1= /o))

+0all=M) = M) (1=240) /(1) (T vt =M1 -y )

£2(1— /T Aa(1 = Aa)Aa (L= A)Aa(1— M) (1 yTor)2 = A (1 - \/@)2)} .
(B.22)
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