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1 Introduction

Flavor oscillations between massive neutrinos is a firmly established phenomenon that

cannot be accounted for by the Standard Model (SM) [1–3], thus strongly motivating

physics beyond the SM (BSM) associated with the neutrino sector [4, 5]. The absence of

BSM signals at the LHC and other low energy experiments suggests that either the new

physics scale is beyond the kinematic reach of our high energy experiments or that it is of

a more subtle incarnation. It is therefore prudent to guide our search for new physics as

generally as possible without theoretical prejudice.

Generically, departures from the SM at energies below a new physics scale can be

described by a model-independent Effective Field Theory (EFT) after integrating out the

heavy degrees of freedom in the new physics sector. Such an effective Lagrangian was

first constructed by Fermi for the 4-fermion contact interaction involving a neutrino in

nuclear β-decay. In the SM language, the contact interaction is a result of integrating
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out a heavy particle, the electroweak W -boson. To account for nonstandard interactions

(NSI) of neutrinos, Wolfenstein proposed 4-fermion interactions with general couplings [6],

that have helped understand matter effects in solar neutrino oscillation experiments. Much

theoretical and experimental effort has been made to search for potential new physics along

the lines of neutrino NSI; for reviews see refs. [7–9]. To explore new physics near or above

the electroweak scale, it is appropriate to adopt an EFT, respecting the full SM gauge

symmetry with the SM field content, the so-called Standard Model Effective Field Theory

(SMEFT) [10–12]. Neutrino NSIs at low energies can be obtained in this framework by

integrating out the heavy particles t,W±, Z and the Higgs boson h.

The addition of right-handed neutrino states to the SM is the simplest extension to

account for neutrino oscillations. In this article, we adopt this framework including three

right-handed neutrino states N that are lighter than a keV. Naturally, they are “sterile

neutrinos” with no SM gauge charges. However, we do not specify their possible Majorana

mass terms. We restrict our study to the case in which the left-handed neutrino states are

Dirac in nature. Then, new flavor-conserving neutral current vector and tensor interactions

are possible. The general Standard Model Effective Field Theory extended with right-

handed neutrinos (SMNEFT) has been presented in refs. [13, 14]. We follow this well

motivated formalism. A framework for model-independent General Neutrino Interactions

(GNI) below the electroweak scale has been also constructed in ref. [15]. All operators

of scalar, pseudoscalar, vector, axial vector and tensor interactions of neutrinos with SM

fermions are included, leading to potentially rich phenomenology. We note that scalar and

tensor GNI operators cannot be embedded in SMEFT at the dimension-six level, but are

present in SMNEFT.

There are well-motivated ultraviolet complete models that introduce SM singlet right-

handed neutrinos. U(1)B−L extensions of the SM generate vector interactions between

right-handed neutrinos and SM particles. In models with left-right symmetry [16–18], such

interactions are generated after left-right symmetry breaking. Leptoquark models [14, 19]

generate various neutrino-quark interactions. Each of these leads to model-dependent phe-

nomenology if the new states are kinematically accessible, which we will not explore further.

Instead, we focus on generic features of Dirac neutrino interactions after integrating out

the heavy degrees of freedom.

In this article, we set out to examine new scalar and tensor neutrino-quark interactions

using SMNEFT. We present constraints on the operators from current low-energy data in-

cluding neutrino mass bounds, meson and nuclear decays, neutrino deep inelastic scattering,

and coherent elastic neutrino-nucleus scattering (CEνNS), and from current high-energy

data from the LHC. We also explore the potential sensitivities for future CEνNS, LHeC,

and LHC experiments. Since the physical processes we consider span a vast range of

energies, the renormalization group running and matching effects for the relevant Wilson

coefficients at different energy scales have been properly taken into account in our analyses;

this procedure was carried out for vector NSI in ref. [20].

The rest of the paper is organized as follows. In section 2 we provide an overview of the

theoretical formalism and emphasize the importance of matching the Wilson coefficients

by renormalization group running at different scales. In section 3, we present the current
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constraints and future sensitivities from a wealth of low energy experiments. In section 4,

we study the current and projected bounds from high-energy proton-proton colliders and

electron-proton colliders. We summarize our results in section 5. Some details of the

renormalization group running are given in appendix A.

2 Theoretical formalism

The 4-fermion neutrino interactions via the SM neutral and charged currents at the leading

order (LO), after integrating out the Z and W± propagators, are

L NC
SM = −GF√

2
δαβδγδ[ναγµ(1− γ5)νβ ][gL,ffγγ

µ(1− γ5)fδ + gR,ffγγ
µ(1 + γ5)fδ] , (2.1)

L CC
SM = −GF√

2
V ∗δγδ

αβ [ναγµ(1− γ5)`β ][dγγ
µ(1− γ5)uδ] + h.c. , (2.2)

where the Fermi constant GF /
√

2 = (2v2)−1 = g2/8M2
W . f denotes quarks and charged

leptons, V is the CKM quark-mixing matrix, g is the SM SU(2)L gauge coupling, MW is the

mass of the W boson given by the Higgs vacuum expectation value gv/2, and α, β, γ, and δ

are flavor indices. The chiral couplings gL,f and gR,f are defined as

gL,f = T 3
f −Qf sin2 θW , gR,f = −Qf sin2 θW , (2.3)

whereQf is the fermion’s charge in units of +e. We choose a flavor basis such that the down-

type quark and the lepton Yukawa matrices are diagonal for convenience of calculation.

The transformation for the up-type quarks between the flavor (primed) and mass basis

(unprimed) reads

u′L,α = V †αβ uL,β . (2.4)

In the spirit of EFT, the theory is valid only at low energies, E �MW . Note that NSI [7–9]

are of the same form as eqs. (2.1) and (2.2), but the scale and couplings are free parameters

to reflect the unknown nature of new physics.

2.1 LEFT

Going beyond the SM, the full list of dimension-six four-fermion SMNEFT operators, which

include the left-handed and right-handed neutrino states, are given in ref. [14]. Integrat-

ing out W±, Z, h and t leads to the low-energy effective field theory (LEFT), respecting

SU(3)C × U(1)Q. GNI via neutral and charged currents, containing scalar, pseudoscalar,

vector, axial vector and tensor terms at dimension-six level can be parameterized as

L NC
LEFT ⊃ −

GF√
2

10∑
j=1

(
(∼)
ε j,f )αβγδ(ναOjνβ)(fγO

′
jfδ) , (2.5)

L CC
LEFT ⊃ −

GFV
∗
δγ√

2

10∑
j=1

(
(∼)
ε j,du)αβγδ(ναOj`β)(dγO

′
juδ) + h.c. , (2.6)

where the operators Oj , O
′
j and parameters

(∼)
ε are listed in table 1. The Dirac spinor

να = (νLα, Nα)T , and u and d indicate the mass eigenstates of up- and down-type quarks,
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j
(∼)
ε j Oj O′j

1 εL γµ(1− γ5) γµ(1− γ5)

2 ε̃L γµ(1 + γ5) γµ(1− γ5)

3 εR γµ(1− γ5) γµ(1 + γ5)

4 ε̃R γµ(1 + γ5) γµ(1 + γ5)

5 εS 1− γ5 1

6 ε̃S 1 + γ5 1

7 −εP 1− γ5 γ5

8 −ε̃P 1 + γ5 γ5

9 εT σµν(1− γ5) σµν(1− γ5)

10 ε̃T σµν(1 + γ5) σµν(1 + γ5)

Table 1. Effective coupling constants and operators.

respectively.1 Hermiticity of the Lagrangian requires the scalar and tensor effective cou-

plings to satisfy

εαβγδS,f = (ε̃βαδγS,f )∗, εαβγδP,f = −(ε̃βαδγP,f )∗, εαβγδT,f = (ε̃βαδγT,f )∗ ,

εαβγδS,du = (ε̃βαδγS,ud )∗, εαβγδP,du = −(ε̃βαδγP,ud )∗, εαβγδT,du = (ε̃βαδγT,ud )∗ .
(2.7)

If the BSM new physics scale is Λ with a typical tree-level coupling κ, then paramet-

rically
(∼)
ε ∼ κ2v2/Λ2. Note that the operators with j = 1, 3 are the familiar NSI terms,

and are a subset of SMEFT.

2.2 SMNEFT

Of the dim-6 4-fermion SMNEFT operators related to scalar and tensor GNI, the three

chirality-flipping operators that couple to quarks are

1. OαβγδNLQu = (NαL
j
β)(Q

j
γuδ) ,

2. OαβγδNLdQ = (NαL
j
β)εjk(dγQ

k
δ ) ,

3. O′αβγδNLdQ = (NασµνL
j
β)εjk(dγσ

µνQkδ ) ,

where the fields are written in two-component spinors. L and Q are the left-handed lepton

and quark doublet, respectively, and N is the right-handed neutrino state. Here, σµν =
i
2 [σµσν − σνσµ], with σµ = (1, ~σ) and σµ = (1,−~σ). We do not consider other dim-6

4-fermion SMNEFT operators since they lead to nonstandard charged lepton interactions

and are therefore strongly constrained [14]. We can write the effective Lagrangian as

Leff = LSM + 2
√

2GF [CNLdQONLdQ + CNLQuONLQu + C ′NLdQO
′
NLdQ] , (2.8)

1Our analysis can also be applied to Majorana neutrinos with the neutrino bilinears in eqs. (2.1) and (2.5)

replaced by NMαOνMβ , where the Majorana spinors are νM = (νL, ν
c
L)
T , NM = (Nc, N)T .
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where the flavor indices are omitted for simplicity. In the same spirit of power counting

as in the last subsection, the Wilson coefficients (WCs) have the general dependence C ∼
κ2v2/Λ2. For instance, C ∼ O(10−4) if Λ ∼ 10 TeV and κ ∼ 1.

To jointly interpret the results of experiments at very different energy scales, a con-

sistent theoretical framework is needed. LEFT and SMNEFT are the language we use

to describe the physics below and above the electroweak scale v, respectively. The renor-

malization group (RG) running below and above the electroweak scale makes it possible

to directly compare low-energy and high-energy probes. Leading-order (LO) matching

between these two EFTs is performed at the electroweak scale.

2.3 RG running and matching

Since we will use both low-energy neutrino scattering experiments and high-energy colliders

to constrain these Wilson coefficients (WCs), renormalization group (RG) running and

matching have to be implemented. We perform leading-order (LO) matching of these two

EFTs at the eletroweak scale:

εαβγδS,d = −CαβγδNLdQ , εαβγδS,u = −CαβρδNLQuVργ ,

εαβγδP,d = −CαβγδNLdQ , εαβγδP,u = CαβρδNLQuVργ ,

εαβγδT,d = −C ′αβγδNLdQ ,

εαβγδS,du =
CαβγρNLdQV

†
ρδ − C

αβγδ
NLQu

V ∗δγ
, εαβγδP,du =

CαβγρNLdQV
†
ρδ + CαβγδNLQu

V ∗δγ
,

εαβγδT,du = C ′αβγρNLdQ

V †ρδ
V ∗δγ

.

(2.9)

As we run down, both neutral and charged current WCs are induced by each of the three

SMNEFT operators. Therefore they are not independent of each other. Their relations at

the electroweak scale are

εαβγδS,d = − V †γρ
2Vδρ

(εαβγρS,du + εαβγρP,du ) , εαβγδP,d = −εαβγδS,d ,

εαβγδS,u =
1

2
VγρV

∗
δρ(ε

αβγρ
S,du − ε

αβγρ
P,du ) , εαβγδP,u = −εαβγδS,u ,

εαβγδT,d = −εαβγρT,du

Vργ
V ∗ρδ

.

(2.10)

We have performed the RG running above and below the weak scale, the details of which

are described in appendix A. The RG equations are run from 2 GeV to 1 TeV, which is

the typical LHC scale. Eventually we place bounds on the SMNEFT WCs at 1 TeV. The
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anomalous dimension matrix we calculated at the one-loop level is

µ
d

dµ


CNLQu

CNLdQ

C ′NLdQ


(µ)

=

α1(µ)

2π


−1/3 0 0

0 1/6 −1

0 −1/48 −5/9

+
α2(µ)

2π


0 0 0

0 0 9

0 3/16 −3/2



+
α3(µ)

2π


−4 0 0

0 −4 0

0 0 4/3




CNLQu

CNLdQ

C ′NLdQ


(µ)

, (2.11)

µ
d

dµ


εS,du

εP,du

εT,du


(µ)

=

αe(µ)

2π


2/3 0 4

0 2/3 4

1/24 1/24 −20/9



+
α3(µ)

2π


−4 0 0

0 −4 0

0 0 4/3




εS,du

εP,du

εT,du


(µ)

, (2.12)

µ
d

dµ


εS,d

εP,d

εT,d


(µ)

=

αe(µ)

2π


−1/9 0 0

0 −1/9 0

0 0 5/36



+
α3(µ)

2π


−4 0 0

0 −4 0

0 0 4/3




εS,d

εP,d

εT,d


(µ)

, (2.13)

µ
d

dµ


εS,u

εP,u

εT,u


(µ)

=

αe(µ)

2π


−4/9 0 0

0 −4/9 0

0 0 5/9



+
α3(µ)

2π


−4 0 0

0 −4 0

0 0 4/3




εS,u

εP,u

εT,u


(µ)

, (2.14)

where the flavor indices are implicit. The QED and weak couplings are important as they

introduce mixing between different operators. Solving the differential equations with the

three-loop β-functions and taking into account the top and bottom quark mass thresholds,

we obtain the numerical relations between effective couplings at different energy scales:
CNLQu

CNLdQ

C ′NLdQ


(µ=MZ)

=


1.18 0 0

0 1.18 −0.117

0 −2.44× 10−3 0.966



CNLQu

CNLdQ

C ′NLdQ


(µ=1 TeV)

, (2.15)
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
εS,du

εP,du

εT,du


(µ=2 GeV)

=


1.52 2.34× 10−6 −0.0218

2.34× 10−6 1.52 −0.0218

−2.26× 10−4 −2.26× 10−4 0.878



εS,du

εP,du

εT,du


(µ=MZ)

, (2.16)


εS,d

εP,d

εT,d


(µ=2 GeV)

=


1.52 0 0

0 1.52 0

0 0 0.869



εS,d

εP,d

εT,d


(µ=MZ)

, (2.17)


εS,u

εP,u

εT,u


(µ=2 GeV)

=


1.53 0 0

0 1.53 0

0 0 0.867



εS,u

εP,u

εT,u


(µ=MZ)

. (2.18)

The numerical relations between LEFT WCs at 2 GeV and SMNEFT WCs at 1 TeV, with

Vud = 0.97420 [21], are

εS,du = −1.84CNLQu + 1.79CNLdQ − 0.199C ′NLdQ ,

εP,du = 1.84CNLQu + 1.79CNLdQ − 0.157C ′NLdQ ,

εT,du = 5.49× 10−4CNLQu − 2.14× 10−3CNLdQ + 0.849C ′NLdQ ,

εS,u = −1.76CNLQu ,

εP,u = 1.76CNLQu ,

εT,u = 0 ,

εS,d = −1.80CNLdQ + 0.179C ′NLdQ ,

εP,d = −1.80CNLdQ + 0.179C ′NLdQ ,

εT,d = 2.12× 10−3CNLdQ − 0.839C ′NLdQ .

(2.19)

Low energy constraints on the SMNEFT WCs from nuclear beta decay, pseudoscalar

meson decay, and coherent scattering have been discussed in ref. [14] without accounting

for the effects of RG running. The RG running is crucial, as it introduces operator mixing

which produces degeneracies in the WCs. Here we first calculate the LEFT and SMNEFT

WCs below and above the electroweak scale, respectively. After the RG running, we

convert the low energy constraints on the LEFT WCs to the high energy constraints on

the SMNEFT WCs, and compare them with those from high energy collider experiments

at the same energy scale.

3 Low-energy constraints

3.1 Neutrino mass bounds

Scalar and tensor interactions that flip the neutrino chirality contribute to the neutrino

mass radiatively. Both one- and two-loop corrections to the neutrino mass can be generated

by chirality-changing operators. Here we ignore the one-loop corrections since, except

for the top quark, they are (counterintuitively) suppressed by a factor of (mq/MZ)2 as

– 7 –
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compared to the two-loop corrections [22, 23]. The two-loop contribution is estimated as

∆mν ' 3g2GF ε
mqM

2
W

(4π)4

(
ln

µ2

M2
W

)2

, (3.1)

where mq is a quark mass, µ is the renormalization scale, and ε can be either a NC or CC

GNI parameter. We conservatively take µ to not be too far above the electroweak scale so

that the top quark loop correction is suppressed.

Bounds from neutrino masses and oscillations are very model specific because of the

importance of the properties of the particles in the loops and the possibility of cancellations

between loop and other contributions. However, barring fine-tuned cancellations, they

provide an order of magnitude estimate of how much the new interactions may contribute

to neutrino masses. For our estimates, we assume neutrinos acquire mass only from loop

effects due to the new interactions, i.e., neutrino masses vanish as ε→ 0. Then, constraints

on the contact interactions can be obtained by requiring ∆mν <
∑
mν . A recent upper

bound on the sum of neutrino mass from cosmological observations and particle physics

experiments is
∑
mν . 0.26 eV [24], which is model dependent. The most recent model-

independent bound is that obtained by the KATRIN Collaboration [25]. They reported a

1.1 eV upper bound on the effective neutrino mass based on the β-decay electron spectrum.

The bounds on the scalar and tensor contact interactions from neutrino masses without

(with) cosmological inputs are

|εαβ11
S,P,T | . 10−3 (10−4) , |εαβ22

S,P,T | . 10−5 (10−6) , |εαβ33
S,P,T | . 10−6 (10−7) . (3.2)

The bounds using cosmological data are only suggestive because we have not evaluated

how the relic neutrino abundance is affected by the new interactions. From eq. (3.2), we

see that if GNI are also coupled to heavy quark flavors, the bounds on the SMNEFT WCs

CNLQu, CNLdQ, andC ′NLdQ are too strong to be probed by other experiments, current or

future. Despite the highly model-dependent nature of this conclusion, we focus on couplings

to first generation quarks in the rest of the paper.

Related bounds arise from neutrino magnetic moments via an external photon attached

to the fermion loop responsible for neutrino mass generation. The magnetic moment in-

duced by scalar and tensor GNI is bounded by [26]

µν ≈
eGFmd

8π2
ε . 3× 10−11µB , (3.3)

where the Bohr magneton µB = e~
2mec

' 2.9× 10−7 eV−1. This yields

| εαβ11
S,P,T |. 30 , (3.4)

which are much weaker than the bounds above.

3.2 Pseudoscalar meson decay

The pseudoscalar quark bilinear can contribute to the leptonic decay of a pseudoscalar

meson (P ). In the SM, the decay is helicity suppressed so that the width ΓSM(P → `ν) ∝

– 8 –
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m2
` . The suppression is lifted by pseudoscalar GNI

ΓGNI,p(P → `βνα) ∝ (εαβ11
P,du )2 m4

π

(mu +md)2
. (3.5)

The branching ratio

Rπ ≡
Γ(π → eν[γ])

Γ(π → µν[γ])
= R(0)

π [1 + ∆π], with R(0)
π =

m2
e

m2
µ

(
m2
π −m2

e

m2
π −m2

µ

)2

, (3.6)

serves as a good observable, as the experiment systematic uncertainties shared by the

two processes cancel in the ratio. ∆π contains higher order corrections [27]. Γ(π→`ν[γ])

contains physical and virtual photons (radiative corrections). Including pseudoscalar GNI

interactions [28],

Rπ
RSMπ

=
1+ | B0

me
εαe11
P,du |2

1+ | B0
mµ
εαµ11
P,du |2

, (3.7)

where B0(µ) = m2
π/(mu(µ) + md(µ)). Taking mπ = 139.57 MeV, mMS

u (µ = 2 GeV) =

2.16 MeV and mMS
d (µ = 2 GeV) = 4.67 MeV [21], gives BMS

0 (µ = 2 GeV) = 2.8× 103 MeV.

The current combined uncertainty in Rexp
π [21, 29–31] and RSM

π [27, 32] are

Rπ = 1.2327(23)× 10−4 , RSMπ = 1.2352(1)× 10−4 . (3.8)

If both εαe11
P,du and εαµ11

P,du are allowed to vary simultaneously, no bound on either parameter

is obtained because they are degenerate, as is evident from eq. (3.7). With the assumption

that only one of εP,du is nonzero, the 90% C.L. bounds are

| εαe11
P,du |< 6.2× 10−6, and | εαµ11

P,du |< 2.7× 10−3 . (3.9)

Because the measured branching to the electron channel is tiny, εαe11
P,du is highly constrained.

These bounds are much stronger than the ones obtained in ref. [28], which assumed that

both εP,du and ε̃P,du are simultaneously nonzero, which however, cannot be realized with

the three SMNEFT operators considered here. The bounds on the coefficients of the low-

energy effective Lagrangian can be translated to bounds on the three SMNEFT WCs by

adopting the relations in eq. (2.19), which display degeneracies between the SMNEFT

WCs. We therefore bound the individual WCs by setting the other two to zero. The 90%

C.L. bounds on the SMNEFT WCs are

| Cαe11
NLQu | < 3.3× 10−6 , | Cαe11

NLdQ | < 3.4× 10−6 , | C ′αe11
NLdQ | < 3.9× 10−5 , (3.10)

| Cαµ11
NLQu | < 1.5× 10−3 , | Cαµ11

NLdQ | < 1.5× 10−3 , | C ′αµ11
NLQu | < 1.7× 10−2 . (3.11)

The correlations between the CNLdQ and CNLQu (C ′NLdQ), with C ′NLdQ (CNLQu) set to

zero, are shown by the green lines in the upper (lower) panel of figure 1.

To circumvent the degeneracy in εαe11
P,du and εαµ11

P,du in eq. (3.7), we now apply the indi-

vidual decay width measurements of π → `ν[γ] to set the bounds. In the SM, the decay

width at tree level is

Γ(π→`ν[γ]) =
G2
F

8π
f2
πV

2
udm

2
`mπ

(
1−

m2
`

m2
π

)2

(1 + ∆π) . (3.12)
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Figure 1. The 90% C.L. allowed regions in the CNLdQ-CNLQu planes (upper panels) and CNLdQ-

C ′NLdQ planes (lower panels) at 1 TeV with electron flavor (left panels) and muon flavor (right

panels). The green lines (overlapping in the left panels) are the bounds from pion decay with the

third parameter is set to zero to break the degeneracy. The red (blue) solid contours correspond to

current LHC searches with L = 139 fb−1 for the low-scale new physics LNP (high-scale new physics

HNP) case. The brown dashed lines show the projected bounds from the future LAr COHERENT

experiment, with CNLQu is set to zero in the lower panels to obtain meaningful bounds. The red

and blues dashed contours are the projected bounds from HL-LHC with 3 ab−1 of data. The dashed

purple contours in the left panels are the projected bounds from LHeC with 3 ab−1.
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The theoretical uncertainties are mainly from calculations of the decay constant and ra-

diative corrections. According to refs. [21, 32–35],

∆π = 0.0176± 0.0021 , fπ = 130.2± 1.2 MeV . (3.13)

The universal theoretical uncertainties yield

δΓ(π+→e+νe[γ])

Γ(π+→e+νe[γ])
=
δΓ(π+→µ+νµ[γ])

Γ(π+→µ+νµ[γ])
= 1.9× 10−2 . (3.14)

Measurements give BR(π+ → e+νe[γ]) = (1.230± 0.004)× 10−4%, BR(π+ → µ+νµ[γ]) =

(99.98770±0.00004)%, and τπ± = 26.033(5) ns [21]. The experimental uncertainties in the

electron (muon) channel is 3.3 × 10−3 (1.9 × 10−4) and can be neglected. Assuming that

the new physics contributions do not exceed the theoretical uncertainties, the bounds on

εαe11
P,du and εαµ11

P,du are given by∣∣∣∣B0

me
εαe11
P,du

∣∣∣∣2 < δΓ(π+→e+νe[γ])

Γ(π+→e+νe[γ])
,

∣∣∣∣B0

mµ
εαµ11
P,du

∣∣∣∣2 < δΓ(π+→µ+νµ[γ])

Γ(π+→µ+νµ[γ])
, (3.15)

which yield

| εαe11
P,du |< 3.4× 10−5 , | εαµ11

P,du |< 6.6× 10−3 , (3.16)

at the 90% C.L. By allowing only one WC to be nonzero at a time, the 90% C.L. bounds

on the SMNEFT WCs derived from individual decay channels are

| Cαe11
NLQu | < 1.9× 10−5 , | Cαe11

NLdQ | < 1.9× 10−5 , | C ′αe11
NLdQ | < 2.2× 10−4 , (3.17)

| Cαµ11
NLQu | < 3.6× 10−3 , | Cαµ11

NLdQ | < 3.7× 10−3 , | C ′αµ11
NLQu | < 4.2× 10−2 . (3.18)

3.3 Nuclear beta decay

Nuclear β-decay is another low-energy probe that is sensitive to the new CC GNI in-

teractions. The nucleon-level effective Lagrangian contributing to neutron beta decay,

n→ p+ e− + νe, is using eq. (2.7),

LN = −GF√
2
Vud[pγ

µ(gV − gAγ5)n · eγµ(1− γ5)νe + gS(εαe11
S,du )∗ pn · e(1 + γ5)νe (3.19)

−gP (εαe11
P,du)∗ pγ5n · e(1 + γ5)νe + 2gT (εαe11

T,du)∗ pσµνn · eσµν(1 + γ5)νe] + h.c. ,

where gV (A) is the (axial-)vector charge and gS,P,T are the nonstandard charges. Neglecting

nucleon recoil and the pseudoscalar contribution in the q2 → 0 limit, the neutron β decay

width is

Γ =
G2
FV

2
ud

2π3
[g2
V (3λ2 + 1) + g2

S | εαe11
S,du |2 +48g2

T | εαe11
T,du |2] I , (3.20)

where λ ≡ gV /gA and

I =

∫
peEe(Mn −Mp − Ee)2dEe ≈ 0.06 MeV5 . (3.21)
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The decay width can also be written in terms of the NC effective couplings by using the

relations in eq. (2.10):

Γ =
G2
FV

2
ud

2π3
[g2
V (3λ2 + 1) + g2

S

(
εαe11
S,u

V 2
ud

− εαe11
S,d

)2

+ 48g2
T (εαe11

T,d )2] I . (3.22)

From ref. [36], the 90% C.L. bounds, based on the differential observables from polarized

nuclear beta decay, are

| εαe11
S,du |< 0.063 , | εαe11

T,du |< 0.024 . (3.23)

Bounds on the NC parameters can be computed by using the relations in eq. (2.10) with

εαe11
P,du taken to be 0:

| εαe11
S,d | , | εαe11

P,d |< 0.063 , | εαe11
S,u | , | εαe11

P,u |< 0.060 , | εαe11
T,d |< 0.024 . (3.24)

Degeneracies do not permit simultaneous bounds on all the SMNEFT WCs. With the

assumption that only one of them is nonzero, the 90% C.L. bounds are

| Cαe11
NLQu |< 3.4× 10−2 , | Cαe11

NLdQ |< 3.5× 10−2 , | C ′αe11
NLdQ |< 2.8× 10−2 . (3.25)

These constraints are much weaker than the ones from charged pion decay.

3.4 Neutrino deep inelastic scattering

Neutrino deep inelastic scattering on nucleons can be modified by scalar, pseudoscalar,

and tensor GNI. Please note that the charged current cannot be affected by the three GNI

considered in this paper, as the right-handed neutrino is absent in the neutrino beams.

The total charged current and neutral current neutrino-nucleon scattering cross sections in

the SM are

σCCνN,SM =
2G2

F

π
EνMN

[
〈xdN + x

1

3
uN 〉

]
, (3.26)

σCCνN,SM =
2G2

F

π
EνMN

[
〈x1

3
uN + xdN 〉

]
, (3.27)

σNCνN,SM =
2G2

F

π
EνMN

[(
g2
L,u +

1

3
g2
R,u

)
〈xuN 〉+

(
g2
L,d +

1

3
g2
R,d

)
〈xdN 〉 (3.28)

+

(
g2
R,u +

1

3
g2
L,u

)
〈xuN 〉+

(
g2
R,d +

1

3
g2
L,d

)
〈xdN 〉

]
,

σNCνN,SM =
2G2

F

π
EνMN

[(
g2
R,u +

1

3
g2
L,u

)
〈xuN 〉+

(
g2
R,d +

1

3
g2
L,d

)
〈xdN 〉 (3.29)

+

(
g2
L,u +

1

3
g2
R,u

)
〈xuN 〉+

(
g2
L,d +

1

3
g2
R,d

)
〈xdN 〉

]
,

where we have neglected contributions from heavy quarks, and

〈xqN 〉 ≡
∫ 1

0
xqN (x)dx, 〈xqN 〉 ≡

∫ 1

0
xqN (x)dx , (3.30)
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determine the fraction of nucleon momentum carried by quarks and anti-quarks. gL,f and

gR,f are the SM effective couplings given in eq. (2.3). We take [37]

gL,u = 0.3457 , gR,u = −0.1553 , gL,d = −0.4288 , gR,d = 0.0777 , (3.31)

which include the one-loop and leading two-loop corrections. The neutral current is modi-

fied by scalar, pseudoscalar, and tensor GNI:

σNCνN,S(P ) = σNCνN,S(P ) =
G2
F

12π
EνMN [ε2S(P ),u〈x(uN +uN )〉+ε2S(P ),d〈x(dN +dN )〉] , (3.32)

σNCνN,T = σNCνN,T =
56G2

F

3π
EνMN [ε2T,u〈x(uN +uN )〉+ε2T,d〈x(dN +dN )〉] , (3.33)

where the flavor indices are suppressed for simplicity. In the following analysis, we assume

the target is isoscalar and composed of free nucleons, so that we may use the proton PDF.

Under these assumptions, the nuclear PDFs become

〈xdN 〉 = 〈xuN 〉 =
N

2
〈x(up + dp)〉 , 〈xdN 〉 = 〈xuN 〉 =

N

2
〈x(dp + up)〉 . (3.34)

3.4.1 CHARM: νeq → νq

The CHARM collaboration measured the ratio of total cross sections for semileptonic νe
and νe scattering to be [38]

Re ≡ σ(νeN → νX) + σ(νeN → νX)

σ(νeN → e−X) + σ(νeN → e+X)
= 0.406± 0.140 . (3.35)

The SM prediction from eqs. (3.26) to (3.29) is

Re = g2
L + g2

R = 0.3335 , (3.36)

where

g2
L = g2

L,u + g2
L,d, g2

R = g2
R,u + g2

R,d . (3.37)

Including the new GNI contributions from eqs. (3.32) and (3.33), Re becomes

Re = g2
L + g2

R +
1

12

∑
q=u,d

((εαe11
s,q )2 + (εαe11

p,q )2 + 224(εαe11
T,q )2) . (3.38)

The 90% C.L. bounds on the LEFT parameters are

| εαe11
S,q | , | εαe11

P,q |< 1.9 , | εαe11
T,q |< 0.13 . (3.39)

With only a single constraint on Re, the degeneracy between the three SMNEFT WCs

remains unbroken. The bounds on the SMNEFT WCs, with the assumption that only one

of the WCs is nonzero at a time, are

| Cαe11
NLQu |< 0.77 , | Cαe11

NLdQ |< 0.75 , | C ′αe11
NLdQ |< 0.15 , (3.40)

which are much weaker than the bounds from charged pion decay and nuclear beta decay.
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3.4.2 NuTeV: νµq → νq

The NuTeV collaboration has measured the ratios of neutral current to charged current

neutrino-nucleon cross sections [39]:

Rν ≡ σ(νµN → νX)

σ(νN → µ−X)
= 0.3916± 0.0013, Rν ≡ σ(νµN → νX)

σ(νN → µ+X)
= 0.4050± 0.0027 .

(3.41)

In the SM, the cross section ratios on an isoscalar target composed of free nucleons are

RνSM =
(g2
L + 1

3g
2
R)fq + (g2

R + 1
3g

2
L)fq

fq + 1
3fq

, RνSM =
(g2
R + 1

3g
2
L)fq + (g2

L + 1
3g

2
R)fq

1
3fq + fq

, (3.42)

where fq and fq determine the fraction of proton momentum carried by the first generation

of quarks and anti-quarks:

fq = 〈xu+ xd〉 = 0.42, fq = 〈xu+ xd〉 = 0.068 . (3.43)

Here we used the CT10 PDFs [40] and the Mathematica package ManeParse [41] to obtain

the numerical values of fq and fq at Q2 = 20 GeV2. After including the contributions from

scalar, pseudoscalar, and tensor GNI, Rν and Rν are

Rν =
(g2
L + 1

3g
2
R)fq + (1

3g
2
L + g2

R)fq

fq + 1
3fq

+

1
24

∑
q=u,d

((εαµ11
s,q )2 + (εαµ11

p,q )2 + 224(εαµ11
T,q )2)(fq + fq)

fq + 1
3fq

, (3.44)

Rν =
(1

3g
2
L + g2

R)fq + (g2
L + 1

3g
2
R)fq

1
3fq + fq

+

1
24

∑
q=u,d

((εαµ11
s,q )2 + (εαµ11

p,q )2 + 224(εαµ11
T,q )2)(fq + fq)

1
3fq + fq

. (3.45)

Using the numerical values in eq. (3.31) and (3.43), we obtain our naive SM values RνSM =

0.32 and RνSM = 0.37, which deviate significantly from the NuTeV measured values in

eq. (3.41). Including nuclear effects, partonic charge symmetry violation and strange quarks

resolves the NuTeV anomaly [42], bringing the experimental measurements in good agree-

ment with the SM values Rν = 0.3950 and Rν = 0.4066. We simply rescale our naive SM

calculations to the more accurate ones. We apply the same rescaling to the new physics

contributions to set the 90% C.L. bounds,

| εαµ11
S,q | , | εαµ11

P,q |< 0.19 , | εαµ11
T,q |< 0.013 . (3.46)

The degeneracies between the three SMNEFT WCs can be broken by the Rν and Rν mea-

surements. By plugging the numerical relations in eq. (2.19) into eqs. (3.44) and (3.45), the

bounds on the three SMNEFT WCs, allowing all of them to be nonzero simultaneously, are

| Cαµ11
NLQu |< 0.078 , | Cαµ11

NLdQ |< 0.076 , | C ′αµ11
NLdQ |< 0.015 . (3.47)
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3.5 CEνNS

Coherent elastic neutrino-nucleus scattering occurs when the momentum exchanged is

smaller than the inverse of the nucleus size, which typically requires neutrino energies

of O(10 MeV). The cross section is enhanced by the square of the number of nucleons, thus

providing an excellent tool to investigate GNI at low energies. The COHERENT experi-

ment has recently observed CEνNS in a low-threshold CsI detector at the 6.7σ level. This

is consistent with the SM at 1σ [43]. The neutrino flux from the Spallation Neutron Source

(SNS) is comprised of prompt, monoenergetic νµ from stopped pion decays, π+ → µ+ +νµ,

and νµ and νe from the subsequent muon decays, µ+ → e+ + νµ + νe.

The neutrino fluxes are

φνµ(Eνµ) = N 2mπ

m2
π −m2

µ

δ

(
1−

2Eνµmπ

m2
π −m2

µ

)
,

φνe(Eνe) = N 192

mµ

(
Eνe
mµ

)2(1

2
− Eνe
mµ

)
, (3.48)

φνµ(Eνµ) = N 64

mµ

(
Eνµ
mµ

)2(3

4
−
Eνµ
mµ

)
,

where N is a normalization factor determined by the experimental setup. The νµ energy

is fixed at (m2
π −m2

µ)/(2mπ) ≈ 30 MeV due to the two-body pion decay. The νe and νµ
energies have a kinematic upper bound, mµ/2 ≈ 50 MeV.

The differential cross section including scalar, vector, and tensor contributions

reads [15]

dσβa
dEr

=
G2
F

4π
MaN

2
a (3.49)

×
[
(ξβS)2 Er

Er,max
+(ξβV )2

(
1− Er

Er,max
− Er
Eν

)
+(ξβT )2

(
1− Er

2Er,max
− Er
Eν

)]
F 2(q2) ,

where a denotes the target material and α denotes the neutrino flavor. Ma and Na are

the molar mass of the target nucleus and neutron number of the target, respectively.

The flavor index β = µ includes both νµ and νµ. F (q2) is the nuclear form factor [44].

The maximum recoil energy Er,max = 2E2
ν

Ma+2Eν
≈ 2E2

ν
Ma

. Since the typical recoil energy

Er is O(10) keV, and the neutrino energy Eν is O(10) MeV, we can safely ignore the

interference term between scalar and tensor interactions, which is proportional to Er/Eν .

The ξS , ξV , and ξT collect the contributions from scalar, vector, and tensor interactions,
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respectively, and are defined as

(ξβS)2 =
1

N2
a

{∑
q=u,d

2Re(εαβ11
S,q )

[
N
mn

mq
fnTq + Z

mp

mq
fpTq

]2

+

∑
q=u,d

2Im(εαβ11
S,q )

[
N
mn

mq
fnTq + Z

mp

mq
fpTq

]2}
,

(ξβV )2 =
2

N2
a

(Z(2gV,u + gV,d) +N(gV,u + 2gV,d))
2 , (3.50)

(ξβT )2 =
8

N2
a

∑
q=u,d

4 Re(εαβ11
T,q )[Zδpq +Nδnq ]

2

,

where fpTq and fnTq are the mass fractions of quark q in the respective nucleon, and the

δq’s are the corresponding nucleon tensor charges. The effective vector coupling gV,q is

gV,q ≡ gL,q + gR,q . (3.51)

The expected number of events per day with recoil energy in the energy range [Er,

Er + ∆Er] and arrival time in the time interval [t, t+ ∆t] is given by

Nth(t, Er, ε) =
∑
β=e,µ

mdetNA

Ma

∫
∆Er

dEr

∫
∆t

dtρα(t)

∫ Emax
ν

Emin
ν

dEν φβ(Eν)
dσβa (ε)

dEr
, (3.52)

where mdet is the detector mass, NA = 6.022 × 1023 mol−1, and ρα(t) is the arrival time

probability density function. To calculate the differential neutrino-nucleus scattering cross

section, we need to evaluate the matrix elements of the operators between nuclear states.

We adopt the following numerical values of the nuclear matrix elements [45, 46]

fpTu = 0.0208 , fpTd = 0.0411 , fnTu = 0.0189 , fnTd = 0.0451 ,

δpu = 0.792 , δpd = −0.194 , δnu = −0.194 , δnd = 0.792 .
(3.53)

Following ref. [47], we study the current and projected constraints on the three GNI

from the COHERENT experiment. Several COHERENT experiments with multiple tar-

gets have been proposed. In this study, we consider a future 750 kg liquid argon (LAr)

detector with a 610 kg fiducial mass taking data for four years. The energy threshold is

around 20 keV, which is higher than the 6.5 keV CsI energy threshold. The observed event

distributions based on the SM simulations are shown in figure 2. The future LAr exper-

iment will provide much more statistics even though it has a higher threshold of nuclear

recoil energy. GNI can modify the shape of the recoil energy and temporal distributions.

The scalar and tensor GNI distributions comparing to the SM are shown in figure 3. The

muon flavor contributions dominate over the electron flavor as there are twice as many

muon flavor neutrinos as electron flavor neutrinos. Since the νµ energy distribution peaks

at the end point mµ/2, there are more events in the tail of the energy spectrum for GNI
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Figure 2. The SM recoil energy (left) and temporal (right) distributions in the current COHER-

ENT CsI detector (solid lines) and a future COHERENT LAr detector (dashed curves). Threshold

effects are included. The red (blue) [orange] curves correspond to the contribution from muon (elec-

tron) [anti-muon] neutrinos. The black lines correspond to the sum of all the flavor contributions.

involving the muon flavor. Another observation from figure 3 is that COHERENT experi-

ment is much more sensitive to the scalar interactions than tensor interactions. By using

the energy spectrum of the current COHERENT data, we find that the current 90% C.L.

bounds on the scalar or tensor interactions, allowing only a single nonzero parameter, are

(ξµS)2 < 0.60 , (ξµT )2 < 0.73 , (ξeS)2 < 1.5 , (ξeT )2 < 1.6 . (3.54)

Also, the projected 90% C.L. bounds from future COHERENT data by using both the

spectral and temporal information are

(ξµS)2 < 0.012 , (ξµT )2 < 0.013 , (ξeS)2 < 0.030 , (ξeT )2 < 0.027 , (3.55)

which is an order of magnitude improvement. Again, the bounds are set based on only

one of them being nonzero. The projected 90% C.L. bounds in the (ξαS )2-(ξαT )2 plane

are shown in figure 4. Because of degeneracies between the SMNEFT WCs in eq. (2.19),

bounds on individual parameters cannot be placed if all the parameters are allowed to float.

The bounds on the individual can be derived after running and matching. The current

(projected) 90% C.L. bounds on SMNEFT WCs, after setting the others to zero, are

| Cαe11
NLQu | < 8.1× 10−2 (3.2× 10−3) , | Cαµ11

NLQu | < 5.1× 10−2 (2.0× 10−3),

| Cαe11
NLdQ | < 7.7× 10−2(3.1× 10−3) , | Cαµ11

NLdQ | < 4.9× 10−2 (1.9× 10−3),

| C ′αe11
NLdQ | < 2.0× 10−1 (2.1× 10−2) , | C ′αµ11

NLdQ | < 1.4× 10−1 (1.4× 10−2) .

(3.56)

The projected 90% C.L. bounds in the CNLQu-CNLdQ (CNLdQ-C ′NLdQ) planes, are shown

by the brown dashed contours in the upper (lower) panels of figure 1. We have set CNLQu
= 0 in the CNLdQ-C ′NLdQ planes, because otherwise the bounds are too weak to display.

The current COHERENT bounds are not shown as they are irrelevant in comparison.

– 17 –



J
H
E
P
0
7
(
2
0
2
0
)
2
0
7

0 50 100 150

10-4

0.01

1

100
LAr

(a)

0 2 4 6 8 10 12
10-4

0.01

1

100

104
LAr

(b)

Figure 3. The recoil energy (left) and temporal (right) distributions in a future COHERENT

LAr detector. Threshold effects are included. The black solid lines are the SM case including all

flavors. The blue (red) curves correspond to the electron (muon+antimuon) flavor contributions.

The dashed (dotted) curves correspond to the contributions from the scalar (tensor) interactions

with CNLdQ (C ′NLdQ) = 2× 10−3.
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4

Figure 4. Projected 90% C.L. upper bounds from the future COHERENT experiment with a

610 kg fiducial mass of LAr.
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4 Collider constraints

High-energy colliders can set strong bounds on the Wilson coefficients of scalar, pseu-

doscalar, and tensor interactions. In this section, we study the sensitivity to the WCs at

proton-proton and electron-proton colliders. We set bounds using the LHC and evaluate

the potential of the HL-LHC and LHeC to probe GNI. By integrating over the full phase

space, we find the partonic cross sections of the SM mediated by the W boson and of the

contact scalar and tensor interactions to be [48]

LHC: σ̂S =
G2
F ŝ

24π
C2
S , σ̂T =

2G2
F ŝ

9π
C2
T , σ̂SM (ud→W ∗→µ+νµ)=

G2
F ŝ

18π

M4
W

(ŝ−M2
W )2

, (4.1)

LHeC: σ̂S =
G2
F ŝ

24π
C2
S , σ̂T =

14G2
F ŝ

3π
C2
T , σ̂SM (eq→νeq

′)=
G2
F ŝ

2π

M2
W

ŝ+M2
W

, (4.2)

where CS ∈ {CNLQu, CNLdQ}, CT = C ′NLdQ. Note that the ratios of the tensor to scalar

cross sections, σ̂T /σ̂S , are 16/3 at the LHC and 112 at the LHeC. Clearly, the LHeC is

much more sensitive to tensor interactions than scalar interactions. Owing to its lower

center-of-mass energy, we expect bounds derived from the LHeC to be weaker than those

from the LHC, given the ŝ-dependence of the higher-dimensional operators.

The interference between chirality-flipped operators and SM operators are helicity sup-

pressed, and the interference between the scalar (ONLdQ) and tensor (O′NLdQ) interactions

is generally nonzero. The differential distributions for the interference of the latter opera-

tors in the center-of-mass frame are found to be

LHC:
dσ̂ST
d cos θ∗

=
G2
F ŝ

12π
(C∗SCT + C∗TCS) cos θ∗ ,

LHeC:
dσ̂ST
d cos θ∗

=
G2
F ŝ

16π
(C∗SCT + C∗TCS)(cos2 θ∗ − 2 cos θ∗ − 3) .

(4.3)

The interference leads to a linear asymmetry at the LHC and the integrated rate vanishes,

while the integrated rate at the LHeC is σ̂ST = −G2
F ŝ/3π(C∗SCT + C∗TCS).

The hadronic cross sections can be obtained by convolving with the parton distribution

functions,

σLHC =
∑
q,q′

∫ τmax

τmin

dτ

∫ 1

τ

dx

x
fq(x, µF )fq′(τ/x, µF )σ̂(τs) , (4.4)

σLHeC =
∑
q

∫ xmax

xmin

dxfq(x, µF )σ̂(xs) . (4.5)

In the following, we use the Monte Carlo event generator MadGraph5 aMC@NLO [49] to

generate signal and background samples at the LHC and LHeC. The GNI Lagrangian is

implemented in the FeynRules 2.0 [50] framework. PYTHIA8 [51] (PYTHIA6 [52]) is used

for parton showering and hadronization at the LHC (LHeC). We perform the detector

simulations using Delphes 3.4.1 [53].

Before evaluating the collider sensitivity to the Wilson coefficients, we note that our

EFT description is valid only for
√
ŝ < Λ, which calls for an assumption about the energy
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scale of the new physics. We consider two representative scenarios of the new physics scale,

which we call low-scale new physics (LNP) with Λ ∼ 1 TeV, and high-scale new physics

(HNP) with Λ� 1 TeV. In the HNP case, we assume the EFT method to be valid for the

entire energy scale relevant to LHC data. In the LNP case, however, we limit our analysis

to a subset of the LHC data below 1 TeV.

4.1 Proton-proton colliders

Both scalar and tensor CC contact interactions can be probed at high-energy proton-

proton colliders, under the assumption that the energy scale of the new dynamics is not

kinematically accessible. The signal channel is the Drell-Yan (DY) process, pp→ `ν +X.

Due to the missing neutrino in the final state, our analysis is based on the distribution of

the transverse mass, which is reconstructed by the charged lepton transverse momentum

(p`T ) and the missing transverse momentum (Emiss
T )

mT =
√

2p`TE
miss
T (1− cos ∆φ(p`T , E

miss
T )) . (4.6)

The main background for large values of mT is DY production of W bosons. The latest

analysis for charged lepton and missing transverse momentum events conducted by ATLAS

used 139 fb−1 of data collected at
√
s = 13 TeV [54]. In the rest of our study, we only use

the mT distributions below 800 GeV for the LNP scenario, and the full range of mT for the

HNP scenario. For our analyses, we define the statistical significance in terms of

χ2 =
∑
i

(nb,i + ns,i − ndata,i)
2

ndata,i + (σindata,i)2
, (4.7)

where nb(data),i is the number of background (observed) events in the ith bin, which is

obtained directly from ref. [54]. ns,i is the number of signal events simulated in Madgraph

at LO. σi is the total systematic uncertainty, which is chosen according to ref. [54]:

electron channel: σe ∼ 10% (12%) for mT = 300 (2000) GeV;

muon channel: σµ ∼ 10% (17%) for mT = 300 (2000) GeV.

The current 90% C.L. bounds, defined by ∆χ2 < 2.71, on the LNP (HNP) scalar and

tensor operators are

| Cαe11
NLQu | < 2.5 (0.44)× 10−3 , | Cαe11

NLdQ | < 2.6 (0.46)× 10−3 ,

| C ′αe11
NLdQ | < 1.2 (0.24)× 10−3 , (4.8)

| Cαµ11
NLQu | < 2.9 (0.66)× 10−3 , | Cαµ11

NLdQ | < 3.0 (0.68)× 10−3 ,

| C ′αµ11
NLdQ | < 1.4 (0.40)× 10−3 . (4.9)

The bounds on CNLQu are slightly stronger than for CNLdQ because of the size of the CKM

matrix element Vud. These bounds are consistent with those in ref. [54]. The 90% C.L.

allowed regions in the CNLdQ-CNLQu and CNLdQ-C ′NLdQ planes are shown in the figure 1.

– 20 –



J
H
E
P
0
7
(
2
0
2
0
)
2
0
7

The solid red (blue) contours correspond to the LNP (HNP) case. We have checked nu-

merically using Madgraph that the interference between scalar operator ONLdQ and tensor

operator O′NLdQ can be ignored.

To assess the future potential of the LHC, we assume an integrated luminosity of

L = 3 ab−1 and
√
s = 14 TeV at the HL-LHC. In this analysis, we simulate the DY W

background at LO multiplied by a scale factor obtained from ref. [54], to include other

smaller backgrounds including top pairs, single top, W → τν, DY Z, and di-bosons. The

signals are also generated at tree level. We do not include a K factor as it applies to both

signal and background, so the significance is simply scaled by
√
K after including higher-

order corrections. The selection rules applied in this analysis are slightly different between

the electron and muon final states. For the muon (electron) final states, we require

• pµ(e)
T > 55 (65) GeV and |η`| < 2.4,

• veto b-tagged jets,

• discard additional electron or muon with pT > 20 GeV and |η`| < 2.4,

• mT > 300 GeV,

(4.10)

in which, the electron pT cut is slightly stronger than the muon pT cut, in order to suppress

the non-prompt backgrounds. The distributions of mT above 300 GeV after applying the

cuts are shown in figure 5a. Deviations from the SM arise in the tails of the mT distributions

because the sub-process cross sections for a dim-6 operator scale as ŝ; see eq. (4.1). For

the same size WC, tensor interactions have a larger cross section than scalar interactions.

The χ2 used in this analysis is defined in eq. (4.7), with ndata replaced by the values from

SM simulations. The projected 90% C.L. bounds on the LNP (HNP) scalar and tensor

operators are

| Cαe11
NLQu | < 2.3 (0.28)× 10−3 , | Cαe11

NLdQ | < 2.4 (0.28)× 10−3 ,

| C ′αe11
NLdQ | < 1.1 (0.18)× 10−3 , (4.11)

| Cαµ11
NLQu | < 2.7 (0.28)× 10−3 , | Cαµ11

NLdQ | < 2.8 (0.29)× 10−3 ,

| C ′αµ11
NLdQ | < 1.3 (0.18)× 10−3 . (4.12)

The bounds from HL-LHC on scalar (tensor) interactions with the assumption of LNP are

comparable with (much stronger than) the ones we obtained for the future COHERENT

experiment. The dashed red (blue) contours in figure 1 show the 90% C.L. projections for

the HL-LHC with the LNP (HNP) assumption. The bounds on the WCs are stronger for

HNP than for LNP, because the signals in the high-energy tails of the mT distributions

are not buried in the SM background. These bounds can be converted into limits on the

effective couplings κ =
√
|C|(Λ/v) for fixed values of the new physics scale Λ. The 90% C.L.

bounds on κ are provided in table 2 for LNP (with Λ = 1 TeV) and HNP (with Λ = 10 TeV).

As expected, bounds on κ are stronger in the LNP case than the HNP case. Alternatively, if

we assume that κ ≈ 1, then HL-LHC bounds on the WCs for HNP imply a sensitivity to Λ ∼
20 TeV. This is comparable to the expected sensitivity of W ′ searches at the HL-LHC [55].
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Figure 5. Left: distribution of mT at the HL-LHC with an integrated luminosity of 3 ab−1.

Right: distribution of Emiss
T at the LHeC with 3 ab−1 and a 1.3 TeV center-of-mass energy. The

black histograms corresponds to the SM. The red (blue) histograms correspond to scalar (tensor)

interactions with CNLdQ (C ′NLdQ) = 2× 10−3.

Coupling καe11NLQu καe11NLdQ κ′αe11NLdQ καµ11NLQu καµ11NLQu κ′αµ11NLQu

LHC: LNP (HNP) 0.20 (0.85) 0.21 (0.87) 0.14 (0.63) 0.22 (1.0) 0.22 (1.1) 0.15 (0.81)

HL-LHC: LNP (HNP) 0.19 (0.68) 0.20 (0.68) 0.13 (0.55) 0.21 (0.68) 0.22 (0.69) 0.15 (0.55)

Table 2. Current and projected 90% C.L. bounds on the new physics coupling κ from LHC and

HL-LHC data, respectively, for the LNP (Λ = 1 TeV) and HNP (Λ = 10 TeV) cases.

4.2 Electron-proton colliders

The HERA collaboration set bounds on the contact interaction eνqq′ using the charged

current process, e±p →
(−)
ν X, from the Q2 and x distributions [56]. The lower bound on

the mass scale of the contact term is around 1 TeV with the strong coupling ∼ 4π. This

bound can be translated to our scenario:

| Cαe11
NLQu |, | Cαe11

NLdQ |, | C ′αe11
NLdQ |. 5 , (4.13)

which is very weak compared to bounds from high-energy colliders.

Next, we consider the future ep collider, LHeC, with
√
s = 1.3 TeV (Ee = 60 GeV,

Ep = 7 TeV) and L = 3 ab−1. The signal channel is mono-jet, ep → jν + X, through the

t-channel. The main background is mediated by SM W bosons. For the analysis we use

the following set of basic cuts:

• leading jet should have pjT > 20 GeV and |ηj | < 2.5,

• veto any electrons with peT > 20 GeV and |ηe| < 2.5,

• the angular distance between jet and missing ET should be bigger than 0.4.

The distributions of the missing transverse energy above 100 GeV after applying the cuts

are shown in figure 5b. To maximize our χ2 = S2/B, in which we do not include systematic
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uncertainties, we select the cut on the missing transverse energy as Emiss
T > 300 GeV. The

projected 90% C.L. bounds on the individual SMNEFT WCs are

| Cαe11
NLQu |< 3.9× 10−3 , | Cαe11

NLdQ |< 4.0× 10−3 , | C ′αe11
NLdQ |< 0.38× 10−3 , (4.14)

with only one WC taken to be nonzero. If all parameters are allowed to be nonzero, the

bounds weaken slightly due to the mixing between ONLdQ and O′NLdQ:

| Cαe11
NLQu |< 3.9× 10−3 , | Cαe11

NLdQ |< 6.1× 10−3 , | C ′αe11
NLdQ |< 0.58× 10−3 . (4.15)

The projected 90% C.L. bounds on the CNLdQ-CNLQu and CNLdQ-C ′NLdQ are shown in fig-

ure 1 by the purple dashed contours. Due to the smaller center-of-mass energy, the bounds

on the scalar interactions from LHeC are weaker than the ones from HL-LHC. However, for

tensor interactions, the bounds from LHeC are stronger than HL-LHC for the LNP case.

5 Summary

New physics associated with neutrinos can be studied without theoretical prejudice, with

allowance for scalar, pseudoscalar, vector, axial-vector and tensor interactions of neutrinos

with SM fermions. If the new physics scale is much higher than the electroweak scale, it is

appropriate to work in a model-independent EFT framework below the new physics scale.

GNI operators below the electroweak scale are generated by EFT operators that respect

the SM gauge symmetry.

In this work we studied scalar, pseudoscalar and tensor neutrino interactions in the

framework of SMNEFT, which extends SMEFT with right-handed neutrinos. At the

dimension-six level, these interactions are produced by three less constrained and phe-

nomenologically interesting operators, namely ONLQu, ONLdQ, and O′NLdQ as in section 2.2.

Both neutral current and charged current interactions can be induced by a single operator,

which can be explored in various experiments. To compare constraints from experiments

at different energy scales, we perform the RG running above and below the weak scale, and

map all the bounds into the parameter space of three WCs CNLQu, CNLdQ, and C ′NLdQ at

1 TeV. We summarize the current and projected experimental bounds on the three WCs

in tables 3 and 4. The correlations between the three operators are shown in figure 1. Our

main conclusions are:

1. Neutrino mass bounds indicate that the SMNEFT operators involving the second

and third families of quarks are highly constrained, while the parameter space for

neutrino interactions with the first quark generation is relatively unconstrained. This

conclusion, however, is model-dependent and can be evaded.

2. Bounds on the SMNEFT WCs from low-energy probes generally suffer from degen-

eracies, which are induced by RG running and matching, as is evident from eq. (2.19).

The high-energy probes set bounds directly on the SMNEFT WCs, and so are not

subject to degeneracies. Low-energy probes and high-energy colliders are comple-

mentary.
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WC π+ decay β decay ν DIS CEνNS HERA LHC: LNP(HNP)

Cαe11
NLQu 3.3×10−6 3.4×10−2 0.77 8.1×10−2 ∼5 2.5(0.44)×10−3

Cαe11
NLdQ 3.4×10−6 3.5×10−2 0.75 7.7×10−2 ∼5 2.6(0.46)×10−3

C ′αe11
NLdQ 3.9×10−5 2.8×10−2 0.15 0.20 ∼5 1.2(0.24)×10−3

Cαµ11
NLQu 1.5×10−3 — 7.8×10−2 5.1×10−2 — 2.9(0.66)×10−3

Cαµ11
NLdQ 1.5×10−3 — 7.6×10−2 4.9×10−2 — 3.0(0.68)×10−3

C ′αµ11
NLdQ 1.7×10−2 — 1.5×10−2 0.14 — 1.4(0.40)×10−3

Table 3. Current 90% C.L. bounds on the three SMNEFT WCs CNLQu, CNLdQ, and C ′NLdQ, for

the electron and muon flavors at a 1 TeV energy scale. The constraints obtained by allowing all

WCs to simultaneously vary are in boldface.

3. Charged pion decay is extremely sensitive to the LEFT pseudoscalar operators. But,

there are degeneracies when the bounds are mapped into the SMNEFT WCs. With

the assumption of only one nonzero operator at a time, the bounds on the electron

flavor are at the 10−6 level.

4. The strongest current bounds on the three SMNEFT operators are from LHC charged

lepton +Emiss
T searches, and are at the 10−4 − 10−3 level depending on the energy

range of validity of the EFT.

5. HL-LHC can improve the bounds by a factor of a few and reach 10−4 in the HNP

case. For LNP, the improvement is minor because systematic uncertainties dominate

for low mT .

6. Current LHC data can exclude κ & 0.14 for Λ = 1 TeV and κ & 0.63 for Λ = 10 TeV.

Future HL-LHC data can exclude κ & 0.13 for Λ = 1 TeV and κ & 0.55 for Λ =

10 TeV. For strong interactions with κ = 4π, the new physics scale can be excluded

up to 200 TeV.

7. A future COHERENT experiment with LAr can set strong bounds on the scalar oper-

ators, comparable with that from the HL-LHC with the LNP assumption, especially

when the muon flavor is involved.

8. LHeC will be important to study tensor interactions involving the electron flavor,

and can place bounds at the 10−4 level.
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WC CEνNS-LAr LHeC HL-LHC: LNP(HNP)

Cαe11
NLQu 3.2× 10−3 3.9× 10−3 2.3 (0.28)× 10−3

Cαe11
NLdQ 3.1× 10−3 6.1× 10−3 2.4 (0.28)× 10−3

C ′αe11
NLdQ 2.1× 10−2 0.58× 10−3 1.1 (0.18)× 10−3

Cαµ11
NLQu 2.0× 10−3 — 2.7 (0.28)× 10−3

Cαµ11
NLdQ 1.9× 10−3 — 2.8 (0.29)× 10−3

C ′αµ11
NLdQ 1.4× 10−2 — 1.3 (0.18)× 10−3

Table 4. Projected 90% C.L. bounds on the three SMNEFT WCs CNLQu, CNLdQ, and C ′NLdQ,

with electron and muon flavor, at 1 TeV energy scale. The constraints obtained by allowing all WCs

to simultaneously vary are in boldface.
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Figure 6. One-loop vertex corrections and counterterm for ONLQu above the weak scale. The

diagrams are similar for the other two operators.

A 1-loop RG running

We define the SMNEFT Lagrangian as

LSMNEFT ⊃
3∑
i=1

CiOi , (A.1)

where ~O ≡ {ONLQu, ONLdQ, O′NLdQ} and ~C ≡ 2
√

2GF {CNLQu, CNLdQ, C ′NLdQ}. The

anomalous dimension of Oi can be obtained by the operator renormalization,

LSMNEFT ⊃
3∑
i=1

Ci
Zi
Z4ψ,i

O
(0)
i , (A.2)
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Figure 7. One-loop vertex corrections and counterterm for CC operators.
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Figure 8. One-loop vertex corrections and counterterm for NC operators.

where O(0) is the operator in terms of bare fields. Z4ψ,i are the four-fermion field strength

renormalizations obtained from the self-energy diagrams:

Z4ψ,1 =
√
ZL2LZ

Y
2L

√
ZC2QZ

L
2QZ

Y
2Q

√
ZC2uZ

Y
2u , (A.3)

Z4ψ,2 = Z4ψ,3 =
√
ZL2LZ

Y
2L

√
ZC2QZ

L
2QZ

Y
2Q

√
ZC2dZ

Y
2d , (A.4)

where the fermion field strengths are

ZC2ψ = 1− 1

ε

2α3

3π
, ZL2ψ = 1− 1

ε

3α2

8π
, ZY2ψ = 1− Y 2

ψ

1

ε

α1

2π
. (A.5)

Here αi ≡
g2i
4π , and Yψ is hypercharge of the fermion. Zi are the corrections from coun-

terterms which cancels the UV divergence from the 1-loop Feynman diagrams shown in

figure 6. We have used FeynCalc [57, 58] to extract the UV divergence from the one-loop

integrals. The expressions for Zi are

Z1 = 1− 1

ε

[
8α3

3π
+

3α2

8π
+
α1

2π
(Yu(4YQ − YL) + YLYQ)

]
, (A.6)

Z2 = 1− 1

ε

[
8α3

3π
+

3α2

8π

(
1− 12

C3

C2

)
+
α1

2π

(
YL(Yd − YQ) + 4YdYQ − 12

C3

C2

)]
, (A.7)

Z3 = 1− 1

ε

[
9α2

8π

(
1− 1

12

C2

C3

)
+

3α1

2π

(
YL(Yd − YQ) +

1

12

C2

C3
YL(Yd + YQ)

)]
. (A.8)
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Z2 and Z3 can introduce mixing between C2 and C3 from the weak running. The renor-

malization group equations of the WCs then arise from the fact that the bare operators

and Lagrangian are independent of the renormalization scale µ,

µ
dCi
dµ

= γijCj . (A.9)

It is then straightforward to calculate the anomalous dimension matrix γij which yield the

results shown in eq. (2.11). Following a similar procedure, the anomalous dimension matrix

for the CC and NC WCs below the weak scale are obtained by evaluating the one-loop

vertex corrections and counterterms in figures 7 and 8, respectively.

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

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.

References

[1] S. Weinberg, A model of leptons, Phys. Rev. Lett. 19 (1967) 1264 [INSPIRE].

[2] S.L. Glashow, Partial symmetries of weak interactions, Nucl. Phys. 22 (1961) 579 [INSPIRE].

[3] A. Salam, Weak and electromagnetic interactions, Conf. Proc. C 680519 (1968) 367

[INSPIRE].

[4] V. Barger, D. Marfatia and K. Whisnant, Progress in the physics of massive neutrinos, Int.

J. Mod. Phys. E 12 (2003) 569 [hep-ph/0308123] [INSPIRE].

[5] M.C. Gonzalez-Garcia and M. Maltoni, Phenomenology with massive neutrinos, Phys. Rept.

460 (2008) 1 [arXiv:0704.1800] [INSPIRE].

[6] L. Wolfenstein, Neutrino oscillations in matter, Phys. Rev. D 17 (1978) 2369 [INSPIRE].

[7] T. Ohlsson, Status of non-standard neutrino interactions, Rept. Prog. Phys. 76 (2013)

044201 [arXiv:1209.2710] [INSPIRE].

[8] O.G. Miranda and H. Nunokawa, Non standard neutrino interactions: current status and

future prospects, New J. Phys. 17 (2015) 095002 [arXiv:1505.06254] [INSPIRE].

[9] Y. Farzan and M. Tortola, Neutrino oscillations and non-standard interactions, Front. Phys.

6 (2018) 10 [arXiv:1710.09360] [INSPIRE].

[10] B. Grzadkowski, M. Iskrzynski, M. Misiak and J. Rosiek, Dimension-six terms in the

Standard Model Lagrangian, JHEP 10 (2010) 085 [arXiv:1008.4884] [INSPIRE].

[11] B. Henning, X. Lu and H. Murayama, How to use the Standard Model effective field theory,

JHEP 01 (2016) 023 [arXiv:1412.1837] [INSPIRE].

[12] I. Brivio and M. Trott, The Standard Model as an effective field theory, Phys. Rept. 793

(2019) 1 [arXiv:1706.08945] [INSPIRE].

[13] Y. Liao and X.-D. Ma, Operators up to dimension seven in Standard Model effective field

theory extended with sterile neutrinos, Phys. Rev. D 96 (2017) 015012 [arXiv:1612.04527]

[INSPIRE].

[14] I. Bischer and W. Rodejohann, General neutrino interactions from an effective field theory

perspective, Nucl. Phys. B 947 (2019) 114746 [arXiv:1905.08699] [INSPIRE].

– 27 –

https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1103/PhysRevLett.19.1264
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C19%2C1264%22
https://doi.org/10.1016/0029-5582(61)90469-2
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2C22%2C579%22
https://doi.org/10.1142/9789812795915_0034
https://inspirehep.net/search?p=find+J%20%22Conf.Proc.%2CC680519%2C367%22
https://doi.org/10.1142/S0218301303001430
https://doi.org/10.1142/S0218301303001430
https://arxiv.org/abs/hep-ph/0308123
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0308123
https://doi.org/10.1016/j.physrep.2007.12.004
https://doi.org/10.1016/j.physrep.2007.12.004
https://arxiv.org/abs/0704.1800
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0704.1800
https://doi.org/10.1103/PhysRevD.17.2369
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD17%2C2369%22
https://doi.org/10.1088/0034-4885/76/4/044201
https://doi.org/10.1088/0034-4885/76/4/044201
https://arxiv.org/abs/1209.2710
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1209.2710
https://doi.org/10.1088/1367-2630/17/9/095002
https://arxiv.org/abs/1505.06254
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1505.06254
https://doi.org/10.3389/fphy.2018.00010
https://doi.org/10.3389/fphy.2018.00010
https://arxiv.org/abs/1710.09360
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1710.09360
https://doi.org/10.1007/JHEP10(2010)085
https://arxiv.org/abs/1008.4884
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1008.4884
https://doi.org/10.1007/JHEP01(2016)023
https://arxiv.org/abs/1412.1837
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1412.1837
https://doi.org/10.1016/j.physrep.2018.11.002
https://doi.org/10.1016/j.physrep.2018.11.002
https://arxiv.org/abs/1706.08945
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1706.08945
https://doi.org/10.1103/PhysRevD.96.015012
https://arxiv.org/abs/1612.04527
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1612.04527
https://doi.org/10.1016/j.nuclphysb.2019.114746
https://arxiv.org/abs/1905.08699
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1905.08699


J
H
E
P
0
7
(
2
0
2
0
)
2
0
7

[15] M. Lindner, W. Rodejohann and X.-J. Xu, Coherent neutrino-nucleus scattering and new

neutrino interactions, JHEP 03 (2017) 097 [arXiv:1612.04150] [INSPIRE].

[16] J.C. Pati and A. Salam, Lepton number as the fourth color, Phys. Rev. D 10 (1974) 275

[Erratum ibid. 11 (1975) 703] [INSPIRE].

[17] R.N. Mohapatra and J.C. Pati, A natural left-right symmetry, Phys. Rev. D 11 (1975) 2558

[INSPIRE].
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