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ABSTRACT: We constrain general Dirac neutrino interactions based on the Standard Model
Effective Field Theory framework extended with right-handed neutrinos N (SMNEFT)
using deep inelastic and coherent elastic neutrino scattering, nuclear beta decay, and meson
decay data, and high energy electron-proton and proton-proton collider data. We compute
the one-loop anomalous dimensions of the low-energy effective field theory (LEFT) below
the electroweak scale and of SMINEFT above the electroweak scale. The tree-level matching
between LEFT and SMNEFT is performed at the electroweak scale. Currently, the most
stringent limits on scalar and tensor interactions arise from pseudoscalar meson decays and
the LHC measurements at the per mille level. In the future, the upcoming High-Luminosity
LHC (HL-LHC) has the potential to reach the 10~* level and LHeC can play an important
role under certain theoretical assumptions.
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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 (-decay. In the SM language, the contact interaction is a result of integrating



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 ¢, 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)p_1 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 (CEvNS), and from current high-energy
data from the LHC. We also explore the potential sensitivities for future CEvNS, 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
coeflicients 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



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

GF o 7 _ _
LHE = —7;5 B8 a1 — v5)vgllgr, F 7" (1 = 75) fs + grp Fr" (L +35) fs), (2.1)
G * caP [+ 3
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where the Fermi constant Gp/v2 = (20%)71 = ¢?/8MZ,. f denotes quarks and charged
leptons, V is the CKM quark-mixing matrix, g is the SM SU(2)y, gauge coupling, Myy is the
mass of the W boson given by the Higgs vacuum expectation value gv/2, and o, 8, v, and §
are flavor indices. The chiral couplings g7, y and ggr ; are defined as

grr =TF = Qssin’ by, gry=—Qpsin’ by, (2.3)

where () 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'Lﬂ = JB ULG - (2.4)
In the spirit of EFT, the theory is valid only at low energies, F < My,. Note that NSI [7-9]

are of the same form as egs. (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 x U(1)g. GNI via neutral and charged currents, containing scalar, pseudoscalar,
vector, axial vector and tensor terms at dimension-six level can be parameterized as

10

Gr (~) B — -
gLNE%T ) —72( € j,f) ’Bvé(VanVﬁ)(fyO;fé% (2.5)
V2 o
cc GrVy, () aBy6 (— =
L5t D — 7 > (€ au)" P (7a0;t3)(dyOfus) + h.c., (2.6)
j=1

where the operators Oj,O; and parameters (2) are listed in table 1. The Dirac spinor
Va = (VLa, Nao)T, and u and d indicate the mass eigenstates of up- and down-type quarks,
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Table 1. Effective coupling constants and operators.

respectively.! Hermiticity of the Lagrangian requires the scalar and tensor effective cou-
plings to satisfy

o ~Badyy* d ~Badyy * 1) ~Bady *
Sy’ = G ) =~ € = ) @)
g ~Badyyx d ~Bad g ~Bad ’
G RS C R A C

If the BSM new physics scale is A with a typical tree-level coupling s, then paramet-
rically (E) ~ k202 /A%. 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
§ T i\ AT
L. 037w = (Na L) (@us)
§ SV j 5
2. ONTia = (NaLh)ein(d,Q5)
6 T j = v
3. Ol = (Naou L )eji(dyo Qf)
where the fields are written in two-component spinors. L and @ are the left-handed lepton

and quark doublet, respectively, and N is the right-handed neutrino state. Here, o =

Llo"s” — 0¥5"], with o = (1,5) and o = (1,—G). 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

Lo = Lsm + 2V2GF[CnLagONLig + ONLQuONLQu + CnraoONLag) s (2.8)

LOur analysis can also be applied to Majorana neutrinos with the neutrino bilinears in eqs. (2.1) and (2.5)
replaced by NaroOvass, where the Majorana spinors are vas = (vr,v$)T, Nar = (N¢, N)T.



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' ~
k20?2 /A% For instance, C ~ O(107%) if A ~ 10 TeV and & ~ 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:

afys _ afys aBys _ aBpd
€sd — ~YNLdg> €Su — _CNLQuVP’Y’
apys _ _ ~afpys afys _ ~aBpd v,
€pd — NLdQ * €pu = YUNLQuYPY>
aByd raBy6
€rd — “Y“NLdQ>
aByp v,1 apyé aByp y,1 afvys 2.9
apys CNLdQVp6 - CNLQu aBys CNLdQV/xS + CNLQu (2.9)
6S,du - Vi ’ 6P,du - Vv 5
oy oy
i
(070 _ s Vs
T,du ~— YNLdQ VE
oy

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

1_
aprs _ _ Vo ( afyp | aByp afys __aBys
€sd = €du TEPau)s  €pd = €54
) 2%p ) 5 s s

afys 1 x (_afyp aByp aBys aBys
€su =5V 0Vop(€sau ~€Pau)s €Pu = “€su (2.10)
(B0 _ _ aByp Vor
Td T,du 17* -

po

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 1TeV, which is
the typical LHC scale. Eventually we place bounds on the SMNEFT WCs at 1 TeV. The



anomalous dimension matrix we calculated at the one-loop level is
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(2.11)
(2.12)
(2.13)
(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 B-functions and taking into account the top and bottom quark mass thresholds,

we obtain the numerical relations between effective couplings at different energy scales:

CNLOu 1.18 0 0 CNLOu
CNLdQ = 0 1.18 —0.117 CNLdQ ;
! -3 !

(2.15)



€S.du 1.52 2.34x107% —0.0218\ [e€sau

€P.du = | 234 x10°¢ 1.52 —0.0218 | | €pau ., (2.16)
_ -4 —4

ran) s ce) 2.26 x 10 2.26 x 107* 0.878 i) (i)

€S.d 1.52 0 0 €S.d
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€14/ (s cev) 0 0 0.869/) \erq (i)

€S 153 0 0 €S

€Pu = 0 153 0 €Pu : (2.18)

€T (1=2 GeV) 0 0 0.867 €Tu (u=My)

The numerical relations between LEFT WCs at 2 GeV and SMNEFT WCs at 1TeV, with
Vua = 0.97420 [21], are

€s,du = —1.84CNLQu + 1.79CNLag — 0.199CN 1aq »
epdu = 1.84CNLgu + 1.79CNLag — 0.157Cly1aq »
erdu =549 x 107 Cnpgu — 2.14 x 107 Chypag + 0.849C K 140 »

€su = —LT76CNLQu »

epu = 1.76CNLQu (2.19)
et =0,

€s,d = —1.80CNraq + 0.179CN 140 »

epa = —1.80CNLaq + 0.179C 14q »

erg =212 x 107°Cnrag — 0.839CN 140 -

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 (m,/Mz)? as



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

2 2\ 2
Am,, ~ SQQGFG??ZZ%ZV (ln]\;%/> , (3.1)
where m, is a quark mass, p is the renormalization scale, and e can be either a NC or CC
GNI parameter. We conservatively take p 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 ¢ — 0. Then, constraints
on the contact interactions can be obtained by requiring Am, < > m,. A recent upper
bound on the sum of neutrino mass from cosmological observations and particle physics
experiments is Y m, < 0.26eV [24], which is model dependent. The most recent model-
independent bound is that obtained by the KATRIN Collaboration [25]. They reported a
1.1eV upper bound on the effective neutrino mass based on the S-decay electron spectrum.
The bounds on the scalar and tensor contact interactions from neutrino masses without
(with) cosmological inputs are

11 — — 22 — — 33 — _
Bl S1070 (07, BT 10751070, [edFR S 10701077 (32)

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
CNLQus CNLdg, and C’;V Ldq 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]

N eGrmy

y m e $3x10 g, (3-3)

where the Bohr magneton pup = 59— ~ 2.9 x 10~7 eV}, This yields

2mec
11
| P IS 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 I'gp (P — fv)



m%. The suppression is lifted by pseudoscalar GNI

4

afl1y2 My
Lanip(P = £ava) o (6Pdu) TR (3.5)
The branching ratio
T 2 2 2\ 2
Ry= L0 =D o LA with RO = e (Mz=me)” (3.6)
I(m — pvl[y]) m/% m2 — m/%

serves as a good observable, as the experiment systematic uncertainties shared by the
two processes cancel in the ratio. A, contains higher order corrections [27]. Iy
contains physical and virtual photons (radiative corrections). Including pseudoscalar GNI
interactions [28],

B
Re 14|70 I? 57
SM B 11 :
RW 1+ ’ mo oéPHt’iu ‘2

where Bo(p) = m2/(mu(p) + ma(p)). Taking m, = 139.57 MeV, mMS( = 2GeV) =
2.16 MeV and m}S (= 2GeV) = 4.67 MeV [21], gives BYS (1 = 2GeV) = 2.8 x 103 MeV.
The current combined uncertainty in R5® [21, 29-31] and RSM [27, 32] are

R, =1.2327(23) x 1074,  RSM =1.2352(1) x 107*. (3.8)

If both e%%; and e%’i}; 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 €p g, is nonzero, the 90% C.L. bounds are

| ¥ [<6.2x 1076, and | eyl [< 2.7 x 1075, (3.9)

Because the measured branching to the electron channel is tiny, e%ec}qj is highly constrained.

These bounds are much stronger than the ones obtained in ref. [28], which assumed that
both €p g, and €p g, 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

| CR%ou | <33%x107%, | CRTig | <34 x107%, |CORfu | <3.9%x107°, (3.10)
| ¥ | <15 %1078, | C¥po | <15x 1078, | Cgtn, | <1.7x107%.  (3.11)

The correlations between the Cnrqg and Cnrgu (C’EVLdQ), with C}y LdQ (CnrLQu) set to
zero, are shown by the green lines in the upper (lower) panel of figure 1.

To circumvent the degeneracy in e%ﬁ& and e%f&lul in eq. (3.7), we now apply the indi-
vidual decay width measurements of m — fv[y]| to set the bounds. In the SM, the decay
width at tree level is

G m2\ 2
Lty = 5= £ f2Viam emw< —mﬁ) (1+Ax). (3.12)

™
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NLdQ NLdQ

Figure 1. The 90% C.L. allowed regions in the Cnrag-CnLqu Planes (upper panels) and Cn pqo-
CNraq Planes (lower panels) at 1TeV 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 = 139fb ™! 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 Cnrqg, 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™" of data. The dashed
purple contours in the left panels are the projected bounds from LHeC with 3 ab™*.
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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],

A; =0.0176 £0.0021, fr=130.2+1.2 MeV. (3.13)

The universal theoretical uncertainties yield

Lt setvep]) _ Ot sutvub) _ 1.9 % 10-2. (3.14)

Dirtoetvel))  Dar—ptualn)

Measurements give BR(7T — eTve[y]) = (1.230 £ 0.004) x 10~*%, BR(7+ — pTv,[v]) =
(99.98770 £ 0.00004)%, and 7.+ = 26.033(5) ns [21]. The experimental uncertainties in the
electron (muon) channel is 3.3 x 1072 (1.9 x 10~%) and can be neglected. Assuming that
the new physics contributions do not exceed the theoretical uncertainties, the bounds on

aell apll :
€Pru and € Py ar€ given by

Bo o] Tt setue) By aui|? _ T (rtosctwabl)
—€pdu . —€pau - (315)
Me Dt metve)) my Lt pt vl
which yield
| B [< 34X 107", |yl |<6.6x 1072, (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

| CR%ou | <19%x107°, | CRTig | <1.9x107°, |CRfun | <22x107*, (3.17)
| O | <36 1073 | Oty | <B7x 107, | CRtn, | <42x 1072 (3.18)

3.3 Nuclear beta decay

Nuclear [B-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” + Ve, is using eq. (2.7),
GF _ _ .
In = ——=VaualPV" (gv — 947" - @9u(1 = 7 )ve + gs(e85a) P -e(1+ 1 )ve  (3.19)

V2

—gp(e8ia) Dy n - E(1 + " )ve + 297 (e§500) Pt n - €0y (1 + 77 )ve] + hec. |
where gy () is the (axial-)vector charge and gg p7 are the nonstandard charges. Neglecting
nucleon recoil and the pseudoscalar contribution in the ¢ — 0 limit, the neutron 8 decay
width is
LGV

273

where A = gy /g4 and

9% (3N + 1) + g% | €5 |* +4897 | e 11, (3.20)

I= /peEe(Mn — M, — E.)*dE, =~ 0.06 MeV® . (3.21)

- 11 -



The decay width can also be written in terms of the NC effective couplings by using the
relations in eq. (2.10):

GEVE 5 ar2 2 egeun 11 i 11,2
re G gt (S —a) casadnn G2
ud

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

| €35 1< 0.063, | €f |<0.024. (3.23)

Bounds on the NC parameters can be computed by using the relations in eq. (2.10) with
eapfjul taken to be 0:

et [, epgt [<0.063, | @it || epat < 0.060, | et |< 0.024. 3.24
T,d

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

| CRhu 1< 34x 1072, | CR%do <35 x 1072, | CNfun |<2.8x1072.  (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

2G2
TN SM = FE vMn [(de +:L" g UN ] (3.26)
2G2 1
chlg,SM = FE L My |:<-T3UN + IdN>:| (3.27)
NC ZG%’ [ 2 1,
oo s = ——E,My| (g7, + gRu (wun) + (97,4 + 39Rd (wdy) (3.28)
1 _
+ (gRu T39I, u) (zun) + (9?«2@ + 39%,(1) (de>],
NC 2G% (5 L, 2 1,
OuN.SM = TEVMN 9Ru+ 390 (zun) + ( 9Ra + 39L.d (zdn) (3.29)

1 _ 1 -
+ (g%,u + 391%,u> (ain) + (g%,d + 3g%,d> <wdzv>],
where we have neglected contributions from heavy quarks, and

(xqn) E/D zqn(z)dz, <qu>E/O gy (z)dx, (3.30)
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determine the fraction of nucleon momentum carried by quarks and anti-quarks. gr, ; and
gr,r are the SM effective couplings given in eq. (2.3). We take [37]

gpw = 03457, gru = —0.1553, gpq=—0.4288, gpg=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:

G2 _ _

TN S(P) = ToN S(P) = ﬁEVMN €8 p).u (T (un +TN)) + €5 py a(2(dn +dn))],  (3.32)
56G2 _

aiV]gT — U;VJQT: 37TFEVMN[6%u<a;(uN +UN)) + €7 g(x(dy +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

N - _ N, -

(wdn) = (zun) = o (@(up +dp)),  (wdn) = (2un) = 5 (2(dp +Tp)) - (3.34)

2
3.4.1 CHARM: v.q — vq

The CHARM collaboration measured the ratio of total cross sections for semileptonic v,
and 7, scattering to be [3§]

o(WeN - vX)+0(U.N — vX)

R = S e X) +o(r N o er i) = 04060140, (3.35)
The SM prediction from eqs. (3.26) to (3.29) is
R¢ = g7 + g% = 0.3335, (3.36)
where
9% =9iwt 9Las 9k = hut Ihd- (3.37)

Including the new GNI contributions from egs. (3.32) and (3.33), R® becomes

1
R = g1 +gh+ 55 D (€067 + (57 + 224(¢551)%) (3.38)
q=u,d

The 90% C.L. bounds on the LEFT parameters are
| egfqn [, ] e%,eqn |<1.9, | e%fqn |<0.13. (3.39)

With only a single constraint on R¢, 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

| CN%ou 1< 077, | CRFag 1< 0.75, | Cfan 1< 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:v,q — vq

The NuTeV collaboration has measured the ratios of neutral current to charged current
neutrino-nucleon cross sections [39]:

N o vX _ o(W,N > TX
oWpN = vX) 3916400013, R = Z0eN 27X

RV
o(vN — u=X) o(UN — utX)

= 0.4050 = 0.0027 .
(3.41)

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

R _( 39R)fq ( 39L)f RY _( 39L)fq ( 39R)f
o fo+5fq Lo sfot fa

where f, and fg determine the fraction of proton momentum carried by the first generation

. (3.42)

of quarks and anti-quarks:
fq=(zu+xd) =042, f7 = (2 + xd) = 0.068. (3.43)

Here we used the CT10 PDF's [40] and the Mathematica package ManeParse [41] to obtain
the numerical values of f, and f3 at Q? = 20GeV?. After including the contributions from
scalar, pseudoscalar, and tensor GNI, R” and R” are

(97 + 298)fa+ (397 + 92) fa

RY = T
fat3f7
3 Zd(( et + (epldt)? + 224(e ‘”“”) )(fq+ f)
= , 3.44
* fq %fﬁ ( )
R — (%g% +912Q>fq +( 3gR)fq
%fq+fq
31 zd<<e§';“> +(eplat )2 + 224(24 ) (o + fo)
= . 3.45
! 3fa+ fa (345)

Using the numerical values in eq. (3.31) and (3.43), we obtain our naive SM values RY,, =
0.32 and R%,, = 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 R” = 0.3950 and R = 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,

e |t <019, [ < 0.013. (3.46)

The degeneracies between the three SMNEFT WCs can be broken by the R” and R” mea-
surements. By plugging the numerical relations in eq. (2.19) into egs. (3.44) and (3.45), the
bounds on the three SMNEFT WCs, allowing all of them to be nonzero simultaneously, are

| CiGu 1< 0.078, | Cilyo 1< 0.076, | Citian 1< 0.015. (3.47)
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3.5 CEvNS

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 CEvNS in a low-threshold Csl detector at the 6.7¢ level. This
is consistent with the SM at 1o [43]. The neutrino flux from the Spallation Neutron Source
(SNS) is comprised of prompt, monoenergetic v, from stopped pion decays, 7+ — ut + 1,
and 7, and v, from the subsequent muon decays, ut — et + 7, + v.

The neutrino fluxes are

2E,, mx
bu, (Ey,) :Nﬂg (1 _ #m) ’
2

m2 — mi m2 — mi
192 ([ E, 1 FE
bv. (Ey,) =N— ( ) ( - ”6> : (3.48)
my \ My 2 my
64 (Fy \> /(3 Ey
o, (Ep,) =N— r ——
¢ ”( V”) Nmu <mu) <4 my

where A is a normalization factor determined by the experimental setup. The v, energy
is fixed at (m2 — mi)/(2mﬂ) ~ 30MeV due to the two-body pion decay. The v, and v,
energies have a kinematic upper bound, m,/2 ~ 50 MeV.

The differential cross section including scalar, vector, and tensor contributions
reads [15]

dO’g G% 2
— Fy N 3.49
dE, A e ( )
g2 Er B2 Er ET) g 2< Ly ET)] 2( 2
X e 1 - —— |+ 1 - T F q),
(ﬁs) Er,max (§V) < Enmax El/ (gT) 2E7”7max EV ( )

where a denotes the target material and « denotes the neutrino flavor. M, and N, are
the molar mass of the target nucleus and neutron number of the target, respectively.
The flavor index 8 = p includes both v, and 7,. F(g?) is the nuclear form factor [44].
The maximum recoil energy FE,max = M@%EEV = 2]55 Since the typical recoil energy
E, is O(10) keV, and the neutrino energy E, is O(10) MeV, we can safely ignore the

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

The &g, &y, and &7 collect the contributions from scalar, vector, and tensor interactions,
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respectively, and are defined as

B2 1 aﬁll Mn wp Myp op
= 2Re( Zn 7r
(€s) Ng{ qZu:d e(egq [ Mg frq + mquq:|
2
n Z 9T egill { %f:qu —|—Zmpf§q] }7
L L
q=u,d
2
(&)° = 32 (ZQ9via + 9v.a) + N(gva +29v.a)* (3.50)
2
8 a
(692 = 5 | 0 4Re(e) izoy + Noy] |

q=u,d

where fgiq and j‘?q are the mass fractions of quark ¢ in the respective nucleon, and the
dq’s are the corresponding nucleon tensor charges. The effective vector coupling gy, is

9V,q = 9L,q T 9R,q - (351)

The expected number of events per day with recoil energy in the energy range [E,,
E, + AFE,] and arrival time in the time interval [¢, ¢ + At] is given by

Myet V. B daf €
Nin(t, Ero€) = ) V/AE dE, /At dtpa(t)/ dE, ¢5(E,) dE( ), (3.52)

B=¢e,u s

023 mol™!, and p,(t) is the arrival time

where mget is the detector mass, Ny = 6.022 x 1
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]

fP=0.0208, fb,=00411, ff, =0.0189, ff,=0.0451,

3.53
§F=0792, 60=-0194, 6" =-0.194, O =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 6.5keV Csl 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 7, energy distribution peaks
at the end point m,/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

(€5)* < 0.60, (&)* <0.73,

(£8)° < 1.5,

(€5)? < 1.6. (3.54)

Also, the projected 90% C.L. bounds from future COHERENT data by using both the
spectral and temporal information are
(€6)? <0.012, (&5)? <0013, (£5)* < 0.030,

(&5)? < 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 (£2)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

| CRhu | <81x1072(32x 107%), | Cfgn | <5.1x1072(2.0 x 1079),
| CRdo | < T7Tx1072(3.1 x 107%), | Cfuo | <49 x 1072 (1.9 x 107%),
| O | <2.0x 1071 (2.1 x 1072), | Cﬁ’g}lg | <1.4x 1071 (1.4 x 1072).

(3.56)

The projected 90% C.L. bounds in the Cnrgu-CnrLdg (CNLdQ‘CJ/VLdQ> planes, are shown
by the brown dashed contours in the upper (lower) panels of figure 1. We have set Cnrqu
= 0 in the CNLdQ-CﬁdeQ planes, because otherwise the bounds are too weak to display.
The current COHERENT bounds are not shown as they are irrelevant in comparison.
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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 Cnraq (Crag) = 2 % 1073,

(&)?[1072]

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 [4§]

G2A 2G2“ _ G235 M3
LHC: 5= = C%, 6 d—-W*—suty,)=—2"__——W__ (41
75 = Qur gr O Osmlud= WS ity) =y (D)
G234 14G2.3 Gps My
LHeC: 6g=—-L-C2, 6p=—12"C2, Gsmleq—veqd)=—-—— (4.2)
24 3 2w s—i—M&V

where Cs € {Cnrgu:OnLdg}, Cr = C’]’VLdQ. Note that the ratios of the tensor to scalar
cross sections, 67 /dg, 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 §-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 (Onrqg) and tensor (Ol dQ) 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

A 2 A
pac: 998t _ GBS (u i 4 05 0) cos 67,
dcos0*  12m (4.3)
A 2 A *
LHeC: dosr_ Gps (CECr + C5Cs)(cos® 0* — 2cos 0 — 3).

dcos6* 167

The interference leads to a linear asymmetry at the LHC and the integrated rate vanishes,
while the integrated rate at the LHeC is 657 = —G%3/3m(C5Cr + CCs).

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

DY | / (v, ) o (7, ) 5(7s) (4.4)

Tmin

Tmax

OLHeC = Z / da f, (v, 1) (ws) (4.5)
Tamin
In the following, we use the Monte Carlo event generator MadGraph5_aMCQNLO [49] to
generate signal and background samples at the LHC and LHeC. The GNI Lagrangian is
implemented in the FeynRules 2.0 [50] framework. PYTHIAS [51] (PYTHIAG6 [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 coeflicients, we note that our
EFT description is valid only for v/ < A, 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 A ~ 1TeV, and high-scale new physics
(HNP) with A > 1TeV. 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 — fv + 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%) and the missing transverse momentum (E1)

mr = \/ 2p5 EBIsS(1 — cos Ag(ph, ERSS)) . (4.6)

The main background for large values of my is DY production of W bosons. The latest
analysis for charged lepton and missing transverse momentum events conducted by ATLAS
used 139 fb~! of data collected at /s = 13 TeV [54]. In the rest of our study, we only use
the myp distributions below 800 GeV for the LNP scenario, and the full range of my for the
HNP scenario. For our analyses, we define the statistical significance in terms of

2
2 (i + Nsi — Ndatayi)
X = E s 4.7
Ndata,i + (O'indata,i)2 ( )

where 7 (data),; 18 the number of background (observed) events in the it" bin, which is
obtained directly from ref. [54]. ny; is the number of signal events simulated in Madgraph
at LO. o; is the total systematic uncertainty, which is chosen according to ref. [54]:

electron channel: o, ~ 10% (12%) for mz = 300 (2000) GeV;
muon channel: o, ~ 10% (17%) for mp = 300 (2000) GeV.

The current 90% C.L. bounds, defined by Ax? < 2.71, on the LNP (HNP) scalar and
tensor operators are

| CNEdu | < 2.5(0.44) x 1072, | C5lo | < 2.6(0.46) x 1073,
| O | < 1.2(0.24) x 1072 (4.8)
| Cgu | < 2:9(0.66) x 1072, | Ol | < 3.0(0.68) x 1072,
| Chtao | < 1.4(0.40) x 1073, (4.9)

The bounds on Cnrq, are slightly stronger than for Cnrq¢ because of the size of the CKM
matrix element V,,4. These bounds are consistent with those in ref. [54]. The 90% C.L.
allowed regions in the Cnr49-Cnrgu and Cy LdQ‘Cfv LdO planes are shown in the figure 1.
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The solid red (blue) contours correspond to the LNP (HNP) case. We have checked nu-
merically using Madgraph that the interference between scalar operator Onrqg and tensor
operator Oy o can be ignored.

To assess the future potential of the LHC, we assume an integrated luminosity of
L =3ab~ ! and \/s = 14TeV 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 — 7v, 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 VK 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

pﬁ(e) > 55(65) GeV and |ny| < 2.4,
veto b-tagged jets,

(4.10)

discard additional electron or muon with pr > 20 GeV and |n,| < 2.4,
mr > 300 GeV,

in which, the electron py cut is slightly stronger than the muon py cut, in order to suppress
the non-prompt backgrounds. The distributions of mz above 300 GeV after applying the
cuts are shown in figure 5a. Deviations from the SM arise in the tails of the mq distributions
because the sub-process cross sections for a dim-6 operator scale as §; see eq. (4.1). For
the same size WC, tensor interactions have a larger cross section than scalar interactions.
The x? used in this analysis is defined in eq. (4.7), with nge, replaced by the values from
SM simulations. The projected 90% C.L. bounds on the LNP (HNP) scalar and tensor
operators are

| CREhu | < 2.3(0.28) x 1072, | C5Mo | < 2.4(0.28) x 1073,
| O | < 1.1(0.18) x 1072, (4.11)
| Cfgu | < 2.7(0.28) x 1077, | Ot | < 2.8(0.29) x 1073,
| CNtag | < 1.3(0.18) x 1072 (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 mp distributions
are not buried in the SM background. These bounds can be converted into limits on the
effective couplings k = /|C[(A/v) for fixed values of the new physics scale A. The 90% C.L.
bounds on « are provided in table 2 for LNP (with A = 1TeV) and HNP (with A = 10 TeV).
As expected, bounds on « are stronger in the LNP case than the HNP case. Alternatively, if
we assume that k & 1, then HL-LHC bounds on the WCs for HNP imply a sensitivity to A ~
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 myp at the HL-LHC with an integrated luminosity of 3 ab™*.
Right: distribution of EX' at the LHeC with 3 ab™! and a 1.3TeV center-of-mass energy. The
black histograms corresponds to the SM. The red (blue) histograms correspond to scalar (tensor)
interactions with Onraq (Cypaqg) = 2 x 1072,

. aell aell laell apll apll Tapll
Coupling KNLQu KNLdQ KNLdQ KENLQu ENLQu KNLQu

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

4.2 Electron-proton colliders

The HERA collaboration set bounds on the contact interaction erqq’ using the charged

current process, etp — (;)X , from the Q? and z distributions [56]. The lower bound on
the mass scale of the contact term is around 1TeV with the strong coupling ~ 47. This
bound can be translated to our scenario:

| CRZgu || Cidg || Ciag 1S5, (4.13)

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

Next, we consider the future ep collider, LHeC, with /s = 1.3TeV (E. = 60GeV,
E,=7TeV) and L =3 ab™!. The signal channel is mono-jet, ep — jv + 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:

e leading jet should have p?F > 20 GeV and |n;| < 2.5,
e veto any electrons with p5 > 20 GeV and || < 2.5,

e the angular distance between jet and missing E7 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 x? = S2?/B, in which we do not include systematic
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uncertainties, we select the cut on the missing transverse energy as EITniSS > 300 GeV. The
projected 90% C.L. bounds on the individual SMNEFT WCs are

| CR%Ou 1<39x 1072, | ONTig |<4.0x107%, | C¥fan |<038x 1072, (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 Onrqg and Ol 40

| CREbu1<3.9%x 1077, | CR%do 1< 6.1 x 1073, | CRfun |[< 0.58 x 1073, (4.15)

The projected 90% C.L. bounds on the Cnrag-CnrQu and C’NLdQ—C'vadQ 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 Onr.Qu, Onrag, and O 4¢ @s 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 Cnrgu, Cnrag, and C;V Ldq at
1TeV. 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 | 7% decay | f decay v DIS CEvNS | HERA | LHC: LNP(HNP)
CRbu | 33x107¢ | 3.4x 1072 0.77 81x1072 | ~5 | 2.5(0.44)x1073
CR%dg | 3-4x107% | 3.5x 1072 0.75 7.7x1072 | ~5 | 2.6(0.46)x1073
Cfag | 3:9x107° | 2.8x 1072 0.15 0.20 ~5 | 1.2(0.24)x1073
C¥iou | 1.5x1073 — 78%x1072 | 51x10°2| — | 2.9(0.66)x1073
Cipag | 15x1073 — 76x1072 | 49x1072 | — | 3.0(0.68)x1073
Cotio | LTx1072 — 1.5x10°2 |  0.14 — | 1.4(0.40)x 1073

Table 3. Current 90% C.L. bounds on the three SMNEFT WCs CnLou, CnLdq, and C;VLdQ, for
the electron and muon flavors at a 1TeV energy scale. The constraints obtained by allowing all

WCs to simultaneously vary are in boldface.

. 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 1076 level.

. The strongest current bounds on the three SMNEFT operators are from LHC charged
lepton +E§1ﬁss searches, and are at the 107% — 1073 level depending on the energy
range of validity of the EFT.

. HL-LHC can improve the bounds by a factor of a few and reach 10~ in the HNP
case. For LNP, the improvement is minor because systematic uncertainties dominate
for low mp.

. Current LHC data can exclude x 2 0.14 for A = 1TeV and « 2 0.63 for A = 10 TeV.
Future HL-LHC data can exclude x 2 0.13 for A = 1TeV and £ 2 0.55 for A =
10 TeV. For strong interactions with x = 47, the new physics scale can be excluded
up to 200 TeV.

. 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.

. LHeC will be important to study tensor interactions involving the electron flavor,
and can place bounds at the 10™* level.
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WC | CEvNS-LAr LHeC HL-LHC: LNP(HNP)
CR%ou | 32x107% | 3.9x1073 2.3(0.28) x 1073
C{%ig | 31x107% | 6.1x1073 2.4(0.28) x 1073
C}gﬁ}Q 2.1x1072 | 0.58 x 1073 1.1(0.18) x 1073
OV | 2:0x 1073 — 2.7(0.28) x 1073

2.8(0.29)
1.3(0.18)

C¥pag | 1.9x107° — 0.29) x 103
Ctan | 1.4x1072 — 0.18) x 1073

Table 4. Projected 90% C.L. bounds on the three SMNEFT WCs Cnrgu, CnLag, and C}VLdQ,
with electron and muon flavor, at 1 TeV energy scale. The constraints obtained by allowing all WCs
to simultaneously vary are in boldface.

N L N L N L
WH B*
N L N L N L
BH
BH

Figure 6. One-loop vertex corrections and counterterm for Onrq, above the weak scale. The
diagrams are similar for the other two operators.

A 1-loop RG running

We define the SMNEFT Lagrangian as

3
Lsunerr D Y CiO;, (A1)
i=1

where O = {ONLQu, ONLan O?VLdQ} and C = 2\/§GF{CNLQ“, CNLdQ, CEVLdQ}' The
anomalous dimension of O; can be obtained by the operator renormalization,

Z;
Laap i

3
Lsunerr O Y Ci o, (A.2)

i=1
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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.
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where O(©) is the operator in terms of bare fields. Zyy; are the four-fermion field strength
renormalizations obtained from the self-energy diagrams:

Zipr = \/ZZLLZ{L\/ZZ,CQZgQZ{Q\/ 75,73, (A.3)
Zayp = Zaps =/ ZZLLZ%/L\/ Z54 25025 \/ Z§yZ3y . (A.4)
where the fermion field strengths are
12as 1 3as 1aq
z8 =1--—"—" zb 1= 7Y —1-vyi . A.
2 € 3r’ T e 8w = T Yeor (A-5)

g2
Here a; = %,

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

and Yy, is hypercharge of the fermion. Z; are the corrections from coun-

figure 6. We have used FeynCalc [57, 58] to extract the UV divergence from the one-loop
integrals. The expressions for Z; are

1 -8043 3042 a1
J1=1——|—4+ —+ —(Y,,(4Y, — Y] Y, Y, A6
1 6_?m+87r+277(u( Q—YL)+ LQ)]» (A.6)

1 _8013 3042 Cg (6751 C’3
Jy=1——|—+ —F—(1—-12— — Y (Y; — Y, 4, Yo — 12— A.
) e_37r+87r< C2>+2W<L(d 0) +4YYo 02>:|’ (A.7)
1 _9a2 102 3041 102
Ja=1—-|—|(1 — Y7 .(Y; = Y, — =Y. (Y; + Y, . A.
3 e_87r< >+27r<L(d Q)+1203 r(Ya+ Q)ﬂ (A-8)

12 Cs
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Zy and Z3 can introduce mixing between Cy 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 p,
dC;
uw = %jCj . (Ag)

It is then straightforward to calculate the anomalous dimension matrix «y;; 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.
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