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As originally formulated by Wolfenstein:

L. Wolfenstein (1978); Farzan & Tortola, arXiv:1710.09160.

Already confirmed by oscillation experiments 
with matter effects; but measurements continue …

Non-Standard-neutrino Interactions
(NSI, or LEFT)

For a heavy mediator: ! ~ g’2 vEW
2/M2.
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Further generalization

Constraints/Collider searches from 
meson decays, !-decay, CE"NS, DIS, LHC …

i.e. TH, J. Liao, H. Liu & D. Marfatia, 1912.01431:

SMNEFT
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F.-Y. Cyr-Racine et al., 1306.1536; Oldengott et al., 1706.02123; … 

What about !-self interactions?

ß Important consequences, being actively explored.

Renewed interest to resolve the 4" tension in the 
Hubble constant H0 measurements: 

CMB vs. Supernova

à Need “strong interactions”
to slow down the ! free-streaming in the early universe, 

thus increase Neff:
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A light force-mediator for the “strong interaction”

Viable for the
interpretation

of H0 discrepancy

Blinov et al., 1905.02727 
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A “Leptonic Scalar” 

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 [2, 3]. 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 (⌫c)

like ⌫c⌫c�⇤ 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)�. After electroweak (EW)

symmetry breaking, the latter yields the low-energy e↵ective Lagrangian

L �
1

2
�↵� � ⌫↵⌫� , (1.1)

where ↵, � = e, µ, ⌧ are the lepton-flavor indices and �↵� the flavor-dependent Yukawa

couplings. To be self-consistent, within the e↵ective field theory (EFT) framework, we

concentrate on scalar masses m� lower than the EW scale v
EW

' 246 GeV. The couplings

in Eq. (1.1) define one class of well-motivated simplified models for new neutrino self-

interactions; if the momentum transfer is much smaller than the scalar mass m�, then the

scalar � can be integrated out and we are left with the e↵ective four-neutrino interactions.

Given the interaction Lagrangian (1.1), the leptonic scalar � can be produced by

radiation o↵ a neutrino. As such, there is a large class of processes at di↵erent 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 unique sub-process like

uu ! dd `
+

↵ `
+

� � , (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 Fig. 1. This topology is the same as the one for the

emission of a Majoron from neutrinoless double beta (0⌫��) decay process [4, 5]. For

Majoron masses smaller than O(MeV) – the typical Q-value for relevant nuclei, strong

limits on the coupling �↵� . 10�4 have been set by 0⌫�� experiments like NEMO-3 [6–11],

KamLAND-Zen [12], EXO-200 [13] and GERDA [14]. In this paper, we show that high-

energy colliders like LHC provide a novel complementary probe of the coupling �↵� 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 Fig. 1

without the � emission, or via the s-channel Keung-Senjanović process [15] 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. [16–19]. The process under consideration in Eq. (1.2) has an additional leptonic

scalar � that carries away missing energy and lepton-number.

In this paper, we explore the impact of the couplings �↵� , defined in Eq. (1.1), at

the
p
s = 14 TeV LHC and the high-luminosity upgrade (HL-LHC), up to an integrated

luminosity of 3 ab�1, as a function of m�. We find that the LHC (HL-LHC) is sensitive to

– 2 –

• ! carries lepton-number L = -2
• At renormalizable level: ! "R "R 
• At dim-6, it may couple to "L "L : 

(LH)(LH) ! /#2à $%& ~ '1 '2 vEW
2/M2

Consider: 

• Could be from a UV complete formulation
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A Word of UV Completion

ß

Type II Seesaw realization:

Similar embedding can be done 
in Type I, III Seesaw models,

in fact, any other UV complete models.
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Observationally:
• ! can be radiated off any neutrino 

and thus could effect many processes:
- astrophysical, cosmological constraints
- double-beta decay
- meson decays; tau decay; W/Z decays
- light DM searches; IceCube, … 
- collider experiments

A. de Gouvea, B. Dev, B. Dutta, T. Ghosh, TH & Y. Zhang, 1910.01132;
Kreisch et al., 1902.00534; Blinov et al. 1905.02727; Deppisch et al.
2020…; Bradar et al., 2003.05339.
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Low-energy constraints: Meson decay spectrum
2-body decay vs. 3-body decay:
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Low-energy constraints: Invisible decays



Low-energy constraints: 
beam-dump experiments & perspectives



Table 1. Summary of current and future experimental data which can be used to set limits on
the couplings |�↵� | (with ` = e, µ) or their combinations. The last column shows the relevant
m� ranges (see Figs. 2–5 and 9–11). For the limits from invisible Z decays, NA64 and LDMX,
the symmetry factor S↵� = 1 (1/2) for ↵ 6= � (↵ = �). For the IceCube data, the number in the
parentheses is the future prospect. The limits not collected in this table are either weaker or not
relevant for m� > 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 1� C.L.; see text for more
details.

Ref. Process Data Couplings Mass range

[1, 2] ⇡� ! e�⌫̄e⌫⌫̄ BR < 5⇥ 10
�6 P

� |�e� |2 m� < 131 MeV

[1, 2] K� ! e�⌫̄e⌫⌫̄ BR < 6⇥ 10
�5 P

� |�e� |2 m� < 444 MeV

[1, 2] K� ! µ�⌫̄µ⌫⌫̄ BR < 2.4⇥ 10
�6 P

� |�µ� |2 m� < 386 MeV

[1, 2] D� ! e�⌫̄e BR < 8.8⇥ 10
�6 P

� |�e� |2 m� < 1.52 GeV

[1, 2] D� ! µ�⌫̄µ BR < 3.4⇥ 10
�5 P

� |�µ� |2 m� < 1.39 GeV

[1, 21] D�
s ! e�⌫̄e BR < 8.3⇥ 10

�5 P
� |�e� |2 m� < 1.64 GeV

[1, 21] D�
s ! µ�⌫̄µ BR = (5.50± 0.23)⇥ 10

�3 P
� |�µ� |2 m� < 1.50 GeV

[1, 21] B� ! e�⌫̄e BR < 9.8⇥ 10
�7 P

� |�e� |2 m� < 3.54 GeV

[1, 21] B� ! µ�⌫̄µ BR = (2.90� 10.7)⇥ 10
�7 P

� |�µ� |2 m� < 3.50 GeV

[1, 20] ⌧� ! e�⌫̄e⌫⌧ BR = (17.82± 0.04)%
P

� |�e� |2 m� < 741 MeV

[1, 20] ⌧� ! µ�⌫̄µ⌫⌧ BR = (17.39± 0.04)%
P

� |�µ� |2 m� < 741 MeV

[1, 21] P� ! e�N see Ref. [25]
P

� |�e� |2 3.3MeV < m� < 448 MeV

[1, 21] P� ! µ�N see Ref. [25]
P

� |�µ� |2 87MeV < m� < 379 MeV

[1] Z ! inv. BR = (20.0± 0.055)%
P

↵, � S↵� |�↵� |2 m� < 52.2 GeV

[1] W ! e⌫ BR = (10.71± 0.16)%
P

� |�e� |2 m� < 38.8 GeV

[1] W ! µ⌫ BR = (10.63± 0.15)%
P

� |�µ� |2 m� < 39.3 GeV

[2] MINOS see Ref. [2] |�µµ| m� < 1.67 GeV

[2] DUNE see Ref. [2] |�µµ| m� < 3.00 GeV

[26] NA64 see Ref. [26]
P

↵, � S↵� |�↵� |2 m� < 948 MeV

[27] LDMX see Ref. [27]
P

↵, � S↵� |�↵� |2 m� < 1.50 GeV

[28, 29] IceCube see Ref. [28] |�↵� | m� < 2.0 (15.0) GeV

are summarized in Section 2.8, but not used in our analysis, mainly because the new LHC

sensitivities derived here become competitive only in the high-mass regime with m� & 100

MeV. In Section 3, we focus only on the LHC prospects for the couplings �ee, eµ, µµ that do

not involve the ⌧ -lepton flavor in the final state shown in Fig. 1, therefore we exclude the

couplings �↵� involving the ⌧ flavor from Table 1 and Figs. 2–5. For completeness, we will

comment on the limits on ⌧ -flavor relevant couplings in the text, when they are applicable.

2.1 Meson decay rates

For leptonic decays of charged mesons P
�
! `

�
⌫̄ with P

� = ⇡
�
, K

�
, D

�
, D

�
S , 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 [21]

�(P�
! `

�
↵ ⌫̄�) =

G
2

F |Vqq0 |
2
m

3

P f
2

P

P
� |�↵� |

2

256⇡3

⇥

Z
(1�p

x`)
2

x�

dx

�
(x+ x`)� (x� x`)2

�
(x� x�)2

x3
�
1/2(1, x, x`) , (2.1)

– 4 –

Low-energy constraints on ! radiation:
Decay rates of mesons / " /W,Z
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Figure 6. Production cross section of the pp ! `
±
↵ `

±
� � jj process at

p
s = 14 TeV and 100 TeV,

as a function of the mass of �, with the Yukawa couplings �↵� = 1 (↵, � = e, µ). For di↵erent
coupling values, the corresponding cross sections can be obtained from the scaling � / |�↵� |

2. We
stop at m� = vEW beyond which the EFT approach used to define the e↵ective ⌫⌫� coupling in
Eq. (1.1) may not be reliable.

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 |�yj1j2 |. To select the VBF

topology we roughly follow the strategy used in a recent ATLAS W
±
W

±
jj analysis [120].

Finally, we impose stringent cuts on the transverse momentum of the leptons, and the

azimuthal separation between the leading lepton and transverse missing energy (Emiss

T ) to

suppress the irreducible EW W
±
W

±
jj background.

The dominant SM background processes for our chosen final state are

• the EW process pp ! W
±
W

±
jj ! jj`

±
↵ `

±
� ⌫⌫,

• the QCD process pp ! W
±
W

±
jj ! jj`

±
↵ `

±
� ⌫⌫,

• pp ! W
±
Zjj ! jj`

±
↵ `

±
� `

⌥
� ⌫,

with the lepton flavor indices ↵, � = e, µ, ⌧ . One should note that although we do not

consider light leptons coming from ⌧ 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

±
jj processes have the same final state as the

�-induced signal, i.e., a pair of same-sign dilepton, two hard jets and large E
miss

T . At the

leading order, the EW W
±
W

±
jj background is dominated by the vector-boson scattering

W
±
W

±
! W

±
W

±, mediated by a t-channel Z/�, which has recently been observed by

both ATLAS [120] and CMS [121]. On the other hand, the QCD W
±
W

±
jj background

is mediated by a t-channel gluon. As we will see soon, the QCD W
±
W

±
jj background is
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�Ne↵ = 0.18 at 1� C.L. [109] has excluded a large parameter space for such light lep-

tonic scalar mass m� and the couplings |�↵� |. Similarly, the big-bang-nucleosynthesis

(BBN) constraints rule out m� . 0.2 MeV for sizable couplings �↵� , as long as they

allow � particles to thermalize at BBN temperature [110].

• Neutrino decay: For su�ciently light �, the heavier neutrinos might decay via ⌫j !

⌫i + � with the mass indices i, j = 1, 2, 3 and i < j. Therefore we can impose

stringent bounds on the leptonic scalar mass m� and the �ij couplings from the

solar neutrino data [111–115]. There are also constraints from atmospheric and long

baseline experiments [116–118]. 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 �ij are non-vanishing [93, 94, 119].

3 Prospects at the LHC and HL-LHC

At high-energy colliders, W and Z boson decays can give rise to the leptonic scalar � via

its couplings to neutrinos if kinematically allowed (m� < MW ), as discussed in Section 2.3.

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 W±
W

±
! `

±
`
±
�, leading to the unique signal of same-sign dileptons

at hadron colliders:

pp ! `
±
↵ `

±
� � jj , (3.1)

where ↵,� = e, µ 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 t/u-channel

neutrino. A representative diagram of the process is shown in Fig. 1. The advantage

of VBF processes is that the energy available in the same-sign W -pair system peaks at

⇠ 2MW , and most of this energy is carried by the same-sign leptons. Consequently, the

production cross section of the `
±
`
±

� jj process is not sensitive to a large range of m�.

In Fig. 6, we show the variation of the production cross section of the above process (3.1)

at the
p
s = 14 TeV LHC as a function of m� in solid red. In a broad range of mass, the

cross section is of O(1 fb). It is evident from Fig. 6 that the creation of � at the LHC via

VBF processes starts feeling the e↵ect of � mass only for m� & 10 GeV. 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, µ in the present study for simplicity. We will comment on

the impact of including signals from leptonic ⌧ decays for our results. However, including

hadronic ⌧ decays in the analysis will require careful examination of a di↵erent set of SM

backgrounds dominated by ⌧h charge misreconstruction processes, which we postpone for

a future study.
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Figure 1. Representative Feynman diagram for the production of � at the LHC.

couplings �↵� as small as 1.00 (0.68) for m� . 50 GeV. The sensitivity degrades slowly for

larger m�, as the production cross section becomes smaller. The LHC prospects already

exceed all the current existing limits for m� & 1 GeV while limits from lepton and meson

decays and other low-energy data are more stringent for smaller m� [2, 20, 21]. 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 �↵� is

expected to be improved at the
p
s = 27 TeV High-Energy LHC [22] and future 100 TeV

colliders like Future Circular Collider (FCC-hh) [23] and Super Proton-Proton Collider

(SPPC) [24]. 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 m� and couplings �↵� are collected in Section 2. Our estimates for the sensitivity

at the LHC and HL-LHC to the new couplings �↵� are given in Section 3. We present

our conclusions in Section 4. Some details of the computation of the multi-body decays

involving � are relegated to Appendix A.

2 Low-energy Constraints

The scalar mass m� and the couplings �↵� are constrained by a variety of high-precision

data at low energy [2, 20, 21]. In this section, we focus mainly on the constraints for

m� > 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, the production

and decays of W boson at colliders, neutrino-matter scatting in neutrino beam experiments

MINOS and DUNE, light DM searches in the high-intensity experiments NA64 and LDMX,

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 2.1–2.7. There are also many other limits which are relevant for a

lighter � with massm� < 100 MeV, such as those from muon decays, tritium decay, searches

of Majoron in 0⌫�� decay experiments, supernova, relativistic degrees of freedom �Ne↵

in the early Universe, and the neutrino decay constraints. To be complete, all of these

– 3 –

LHC searches:
A unique, clean channel

(m! not to exceed the EW scale)
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Figure 6. Production cross section of the pp ! `
±
↵ `

±
� � jj process at

p
s = 14 TeV and 100 TeV,

as a function of the mass of �, with the Yukawa couplings �↵� = 1 (↵, � = e, µ). For di↵erent
coupling values, the corresponding cross sections can be obtained from the scaling � / |�↵� |

2. We
stop at m� = vEW beyond which the EFT approach used to define the e↵ective ⌫⌫� coupling in
Eq. (1.1) may not be reliable.

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 |�yj1j2 |. To select the VBF

topology we roughly follow the strategy used in a recent ATLAS W
±
W

±
jj analysis [120].

Finally, we impose stringent cuts on the transverse momentum of the leptons, and the

azimuthal separation between the leading lepton and transverse missing energy (Emiss

T ) to

suppress the irreducible EW W
±
W

±
jj background.

The dominant SM background processes for our chosen final state are

• the EW process pp ! W
±
W

±
jj ! jj`

±
↵ `

±
� ⌫⌫,

• the QCD process pp ! W
±
W

±
jj ! jj`

±
↵ `

±
� ⌫⌫,

• pp ! W
±
Zjj ! jj`

±
↵ `

±
� `

⌥
� ⌫,

with the lepton flavor indices ↵, � = e, µ, ⌧ . One should note that although we do not

consider light leptons coming from ⌧ 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

±
jj processes have the same final state as the

�-induced signal, i.e., a pair of same-sign dilepton, two hard jets and large E
miss

T . At the

leading order, the EW W
±
W

±
jj background is dominated by the vector-boson scattering

W
±
W

±
! W

±
W

±, mediated by a t-channel Z/�, which has recently been observed by

both ATLAS [120] and CMS [121]. On the other hand, the QCD W
±
W

±
jj background

is mediated by a t-channel gluon. As we will see soon, the QCD W
±
W

±
jj background is
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Figure 1. Representative Feynman diagram for the production of � at the LHC.

couplings �↵� as small as 1.00 (0.68) for m� . 50 GeV. The sensitivity degrades slowly for

larger m�, as the production cross section becomes smaller. The LHC prospects already

exceed all the current existing limits for m� & 1 GeV while limits from lepton and meson

decays and other low-energy data are more stringent for smaller m� [2, 20, 21]. 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 �↵� is

expected to be improved at the
p
s = 27 TeV High-Energy LHC [22] and future 100 TeV

colliders like Future Circular Collider (FCC-hh) [23] and Super Proton-Proton Collider

(SPPC) [24]. 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 m� and couplings �↵� are collected in Section 2. Our estimates for the sensitivity

at the LHC and HL-LHC to the new couplings �↵� are given in Section 3. We present

our conclusions in Section 4. Some details of the computation of the multi-body decays

involving � are relegated to Appendix A.

2 Low-energy Constraints

The scalar mass m� and the couplings �↵� are constrained by a variety of high-precision

data at low energy [2, 20, 21]. In this section, we focus mainly on the constraints for

m� > 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, the production

and decays of W boson at colliders, neutrino-matter scatting in neutrino beam experiments

MINOS and DUNE, light DM searches in the high-intensity experiments NA64 and LDMX,

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 2.1–2.7. There are also many other limits which are relevant for a

lighter � with massm� < 100 MeV, such as those from muon decays, tritium decay, searches

of Majoron in 0⌫�� decay experiments, supernova, relativistic degrees of freedom �Ne↵

in the early Universe, and the neutrino decay constraints. To be complete, all of these

– 3 –
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Figure 6. Production cross section of the pp ! `
±
↵ `

±
� � jj process at

p
s = 14 TeV and 100 TeV,

as a function of the mass of �, with the Yukawa couplings �↵� = 1 (↵, � = e, µ). For di↵erent
coupling values, the corresponding cross sections can be obtained from the scaling � / |�↵� |

2. We
stop at m� = vEW beyond which the EFT approach used to define the e↵ective ⌫⌫� coupling in
Eq. (1.1) may not be reliable.

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 |�yj1j2 |. To select the VBF

topology we roughly follow the strategy used in a recent ATLAS W
±
W

±
jj analysis [120].

Finally, we impose stringent cuts on the transverse momentum of the leptons, and the

azimuthal separation between the leading lepton and transverse missing energy (Emiss

T ) to

suppress the irreducible EW W
±
W

±
jj background.

The dominant SM background processes for our chosen final state are

• the EW process pp ! W
±
W

±
jj ! jj`

±
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±
� ⌫⌫,

• the QCD process pp ! W
±
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±
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±
↵ `
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⌥
� ⌫,

with the lepton flavor indices ↵, � = e, µ, ⌧ . One should note that although we do not

consider light leptons coming from ⌧ 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

±
jj processes have the same final state as the

�-induced signal, i.e., a pair of same-sign dilepton, two hard jets and large E
miss

T . At the

leading order, the EW W
±
W

±
jj background is dominated by the vector-boson scattering

W
±
W

±
! W

±
W

±, mediated by a t-channel Z/�, which has recently been observed by

both ATLAS [120] and CMS [121]. On the other hand, the QCD W
±
W

±
jj background

is mediated by a t-channel gluon. As we will see soon, the QCD W
±
W

±
jj background is

– 13 –

Signal & Backgrounds: u

u

d

d

W+

W+

⌫↵

�

⌫�

`+↵

`+�

Figure 1. Representative Feynman diagram for the production of � at the LHC.

couplings �↵� as small as 1.00 (0.68) for m� . 50 GeV. The sensitivity degrades slowly for

larger m�, as the production cross section becomes smaller. The LHC prospects already

exceed all the current existing limits for m� & 1 GeV while limits from lepton and meson

decays and other low-energy data are more stringent for smaller m� [2, 20, 21]. 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 �↵� is

expected to be improved at the
p
s = 27 TeV High-Energy LHC [22] and future 100 TeV

colliders like Future Circular Collider (FCC-hh) [23] and Super Proton-Proton Collider

(SPPC) [24]. 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 m� and couplings �↵� are collected in Section 2. Our estimates for the sensitivity

at the LHC and HL-LHC to the new couplings �↵� are given in Section 3. We present

our conclusions in Section 4. Some details of the computation of the multi-body decays

involving � are relegated to Appendix A.

2 Low-energy Constraints

The scalar mass m� and the couplings �↵� are constrained by a variety of high-precision

data at low energy [2, 20, 21]. In this section, we focus mainly on the constraints for

m� > 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, the production

and decays of W boson at colliders, neutrino-matter scatting in neutrino beam experiments

MINOS and DUNE, light DM searches in the high-intensity experiments NA64 and LDMX,

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 2.1–2.7. There are also many other limits which are relevant for a

lighter � with massm� < 100 MeV, such as those from muon decays, tritium decay, searches

of Majoron in 0⌫�� decay experiments, supernova, relativistic degrees of freedom �Ne↵

in the early Universe, and the neutrino decay constraints. To be complete, all of these
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Figure 6. Production cross section of the pp ! `
±
↵ `

±
� � jj process at

p
s = 14 TeV and 100 TeV,

as a function of the mass of �, with the Yukawa couplings �↵� = 1 (↵, � = e, µ). For di↵erent
coupling values, the corresponding cross sections can be obtained from the scaling � / |�↵� |

2. We
stop at m� = vEW beyond which the EFT approach used to define the e↵ective ⌫⌫� coupling in
Eq. (1.1) may not be reliable.

3.1 SM backgrounds and simulation details

Our strategy to search for � is based on two steps. First, we use the distinct features of
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±
jj analysis [120].
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±
W

±
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• the EW process pp ! W
±
W

±
jj ! jj`

±
↵ `

±
� ⌫⌫,

• the QCD process pp ! W
±
W

±
jj ! jj`

±
↵ `

±
� ⌫⌫,

• pp ! W
±
Zjj ! jj`

±
↵ `

±
� `

⌥
� ⌫,

with the lepton flavor indices ↵, � = e, µ, ⌧ . One should note that although we do not

consider light leptons coming from ⌧ 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

±
jj processes have the same final state as the

�-induced signal, i.e., a pair of same-sign dilepton, two hard jets and large E
miss

T . At the

leading order, the EW W
±
W

±
jj background is dominated by the vector-boson scattering

W
±
W

±
! W

±
W

±, mediated by a t-channel Z/�, which has recently been observed by

both ATLAS [120] and CMS [121]. On the other hand, the QCD W
±
W

±
jj background

is mediated by a t-channel gluon. As we will see soon, the QCD W
±
W

±
jj background is
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couplings �↵� as small as 1.00 (0.68) for m� . 50 GeV. The sensitivity degrades slowly for

larger m�, as the production cross section becomes smaller. The LHC prospects already

exceed all the current existing limits for m� & 1 GeV while limits from lepton and meson

decays and other low-energy data are more stringent for smaller m� [2, 20, 21]. 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 �↵� is

expected to be improved at the
p
s = 27 TeV High-Energy LHC [22] and future 100 TeV

colliders like Future Circular Collider (FCC-hh) [23] and Super Proton-Proton Collider

(SPPC) [24]. 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 m� and couplings �↵� are collected in Section 2. Our estimates for the sensitivity

at the LHC and HL-LHC to the new couplings �↵� are given in Section 3. We present

our conclusions in Section 4. Some details of the computation of the multi-body decays

involving � are relegated to Appendix A.

2 Low-energy Constraints

The scalar mass m� and the couplings �↵� are constrained by a variety of high-precision

data at low energy [2, 20, 21]. In this section, we focus mainly on the constraints for

m� > 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, the production

and decays of W boson at colliders, neutrino-matter scatting in neutrino beam experiments

MINOS and DUNE, light DM searches in the high-intensity experiments NA64 and LDMX,

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 2.1–2.7. There are also many other limits which are relevant for a

lighter � with massm� < 100 MeV, such as those from muon decays, tritium decay, searches

of Majoron in 0⌫�� decay experiments, supernova, relativistic degrees of freedom �Ne↵

in the early Universe, and the neutrino decay constraints. To be complete, all of these
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Figure 9. Prospects of the coupling |�ee| as a function of the scalar mass m� at 14 TeV LHC with
luminosity of 300 fb�1 (solid thin red line) and HL-LHC with 3 ab�1 and with systematic errors
of 10% (solid thick red line) and 0% (dashed thick red line). Also shown are the low-energy limits
(cf. Table 1) from meson decay (gray), ⌧ decay (brown), heavy neutrino searches in meson decay
spectra (orange), invisible Z decay (purple), light DM searches in NA64 (pink) and the prospects
at LDMX (dashed pink), the current IceCube limits on neutrino–neutrino interactions (blue) and
prospects (dashed blue). All the shaded regions are excluded.

Figure 10. The same as in Fig. 9, but for the coupling |�eµ|.

3.3 Prospects

The prospects of �ee, eµ, µµ at the LHC and HL-LHC are shown respectively in Figs. 9, 10

and 11. The dashed thick red lines are for the most optimistic case at the 14 TeV HL-LHC
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Figure 11. The same as in Fig. 9, but for the coupling |�µµ|. Here we also show the limit on |�µµ|

from MINOS (green) and prospect at DUNE (dashed green).

Table 4. Summary of the 95% C.L. LHC and HL-LHC sensitivities to the couplings |�↵� | in our
leptonic scalar case with m� . 50 GeV [cf. Figs. 9–11]. Results with zero and a 10% systematic
error are listed.

Collider |�ee| |�eµ| |�µµ|

LHC
syst. error 0% 1.35 0.95 1.07

syst. error 10% 1.38 1.00 1.13

HL-LHC
syst. error 0% 0.68 0.51 0.57

syst. error 10% 0.76 0.68 0.70

with 3 ab�1 integrated luminosity and without any systematic error, where the couplings

�ee, eµ, µµ 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% systematic error, the sensitivities at the HL-LHC are slightly weaker,

being respectively 0.76, 0.68 and 0.70 at the 95% C.L., denoted by the solid thick red lines.

This implies that our leptonic signals are rather robust against the systematic uncertainties

on the background determination. For comparison, we also show the prospects at the 14

TeV LHC with only 300 fb�1 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% systematic error. The prospects are respectively 1.38, 1.00, and 1.13 at the 95% C.L.

for the couplings �ee, eµ, µµ and shown as the thin red lines in Figs. 9–11. The corresponding

LHC prospects with zero systematic uncertainty are respectively 1.35, 0.95 and 1.07, as

shown in Table 4 (but not shown in Figs. 9–11 since the di↵erence is not appreciable).

The slightly better sensitivity for �eµ is due to the doubling of the flavor combinations; see

the event rates with di↵erent lepton flavors estimated in Table 3. We find that when the
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• NSI’s obvious target to scrutinize. 
• Neutrino self-interaction 

à important consequences

Summary

• A “leptonic scalar”!
radiated off neutrinos, carrying away missing 
energy & lepton-number. Sensitivity on "#$:
Meson decays: 0.01;   NA64: 0.02;   DUNE: 0.08; 
IceCube: 0.3;  Z-decay: 0.6;  LHC: 1;  HL-LHC: 0.5     

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 [2, 3]. 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 (⌫c)

like ⌫c⌫c�⇤ 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)�. After electroweak (EW)

symmetry breaking, the latter yields the low-energy e↵ective Lagrangian

L �
1

2
�↵� � ⌫↵⌫� , (1.1)

where ↵, � = e, µ, ⌧ are the lepton-flavor indices and �↵� the flavor-dependent Yukawa

couplings. To be self-consistent, within the e↵ective field theory (EFT) framework, we

concentrate on scalar masses m� lower than the EW scale v
EW

' 246 GeV. The couplings

in Eq. (1.1) define one class of well-motivated simplified models for new neutrino self-

interactions; if the momentum transfer is much smaller than the scalar mass m�, then the

scalar � can be integrated out and we are left with the e↵ective four-neutrino interactions.

Given the interaction Lagrangian (1.1), the leptonic scalar � can be produced by

radiation o↵ a neutrino. As such, there is a large class of processes at di↵erent 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 unique sub-process like

uu ! dd `
+

↵ `
+

� � , (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 Fig. 1. This topology is the same as the one for the

emission of a Majoron from neutrinoless double beta (0⌫��) decay process [4, 5]. For

Majoron masses smaller than O(MeV) – the typical Q-value for relevant nuclei, strong

limits on the coupling �↵� . 10�4 have been set by 0⌫�� experiments like NEMO-3 [6–11],

KamLAND-Zen [12], EXO-200 [13] and GERDA [14]. In this paper, we show that high-

energy colliders like LHC provide a novel complementary probe of the coupling �↵� 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 Fig. 1

without the � emission, or via the s-channel Keung-Senjanović process [15] 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. [16–19]. The process under consideration in Eq. (1.2) has an additional leptonic

scalar � that carries away missing energy and lepton-number.

In this paper, we explore the impact of the couplings �↵� , defined in Eq. (1.1), at

the
p
s = 14 TeV LHC and the high-luminosity upgrade (HL-LHC), up to an integrated

luminosity of 3 ab�1, as a function of m�. We find that the LHC (HL-LHC) is sensitive to
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Low-energy expts <-> LHC complementary!

-- Goran Senjanovic (July 2rd, 2020)
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