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isosinglet vector bosons are viable. We provide the explicit matching formulas connecting
weakly coupled models and NSI, both in propagation and production. Departing from the
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DUNE, finding that NSI smaller than 102 cannot be probed even in the best-case scenario.
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1 Introduction

Neutrino experiments are entering a high precision era. Within the next decade we expect
to have new long-baseline experiments, such as DUNE and T2HK, whose main goal is to
measure with high accuracy two of the parameters of the three-neutrino paradigm, namely
023 and dop. These measurements, however, can be sensitive to the presence of Non-Standard
Interactions (NSI), which represent new sources for neutral (charged) currents apart from
the usual Z (W) mediated processes, see [1-3] for reviews. Given their nature, NSI can affect
neutrino production, detection and/or propagation through matter [4, 5]. Their impact,
nonetheless, will only be known in the 2030s or later, after the data taken from these planned
experiments has been analyzed.

In the meantime, there are currently significant efforts towards the search for new physics
at colliders [6] and at low-energy experiments [7]. Even though there are some hints of



anomalies in experimental data, no clear picture can be drawn yet. In view of this scenario, it
is desirable to merge the present knowledge in a unified front, such that any theoretical model
can be scrutinized by as many experimental data as currently available. This is especially
relevant if an anomaly is observed in a particular experiment, as one can immediately rule
out or confirm, based on other experiments, if a particular model can be the origin of the
anomaly, also making predictions of unmeasured observables that could further confirm
the nature of the anomaly.

In this work, anticipating the results from planned long-baseline experiments, in particular
DUNE, we give a comprehensive list of which weakly coupled models, based only on the
Standard Model (SM) gauge group, could be responsible for any sizeable anomaly seen by
the experiment. This can be achieved under the assumption that new physics is heavy,
as compared with the electroweak scale, and weakly coupled, making the loop expansion
meaningful. Under these circumstances we can use the tree-level SM effective field theory
(SMEFT) dictionary [8] that includes the most general model with heavy particles of spin
1 or less that can contribute to the SMEFT Lagrangian at tree level and mass dimension
6.! Given that the new particles are heavier than the electroweak scale, we will use an
effective approach based on the SMEFT. As first noticed in [12], an immediate problem
to be faced by any weakly coupled model with sizable non-diagonal NSI is to evade the
strong bounds imposed by the null observation of charged lepton flavor violation (CLFV)
processes. In references [9, 12], it is argued that, by a suitable cancellation of the Wilson
coefficients (WC), it is in principle possible to generate large non-diagonal NSI via dimension
six-operators at the same time that CLFV processes are under control. In particular, the
condition O}, = (Cpyuls) (L™ ly) = —O}irs = —O} must be fulfilled, which happens
for a model containing a charged scalar singlet (S; in the notation of [8]). However, as
shown in [9, 13], bounds from lepton universality still apply, restricting the non-diagonal
NSI to be of O(1073). This is beyond the reach of present (and planned) long-baseline
neutrino experiments. Therefore, it is not possible to obtain large non-diagonal NSI by
considering only four-lepton operators. By considering operators containing two leptons
and two quarks, the situation is even more dramatic given the very strong bounds coming
from g — e conversion in nuclei, for instance.?

Although the previous discussion was mainly related to NSI coming from propagation,
a similar reasoning can be applied for those coming from production/detection. The main
question is: how sensitive will future long-baseline experiments (such as DUNE) be to non-
diagonal NSI in comparison with bounds from CLFV processes. By performing a global
fit, we will obtain that DUNE can be sensitive to NSI at most of order 10~2. However,
CLFV constraints from processes involving muon and electron are of order 1079 (or lower)
while those involving taus are of order 10~ (or lower) [15, 16]. Therefore, it is clear that, if
DUNE sees any anomaly related to non-diagonal NSI, it will be very challenging to invoke

LA similar analysis, taking into account operators of dimension 6 and 8 containing only leptons was
performed in [9]. The complete tree-level dictionary has been recently extended up to dimension 7 in [10] and
the calculation of the dimension 6, one-loop dictionary is currently underway [11].

2By considering dimension-eight operators, it may be possible to enforce cancellations in CLFV processes,
allowing non-diagonal NSI to be larger [9, 13, 14]. However, since the tree-level SMEFT dictionary at dimension
8 is not available, a systematic study is beyond the scope of our work.



a weakly coupled model at the TeV scale as an explanation. Other possibilities such as
considering lighter mediators and/or enlarging the gauge group could be envisaged (see [1, 3]
and references therein).

Analyses discussing the connection between NSI and EFT previously to the definition of
the Warsaw basis were presented, for instance, in [9, 12, 13, 17] while more recent analyses
can be found, for instance, in [14-16, 18-26]. In [21], a particular set of models is discussed
focusing on neutrino mass mechanisms. It is shown that, for some portions of the parameter
space, it is possible to generate sizeable diagonal NSI, evading the strong bounds from charged
lepton flavor violating processes. It is not clear, however, if there are other weakly coupled
models that could still be viable. This work intends to fill this gap. In summary, this work
goes beyond the current results in the literature in the following.

o We provide a complete list of tree-level weakly coupled models relevant for long-baseline
experiments, as well as their matching to the NSI.

o We adopt the quantum field theory (QFT) formalism to treat NSI at production,
including indirect effects recently pointed out in [26]. We show that, if the non-diagonal
NSI in production are suppressed, the diagonal ones cannot be probed. This implies
that production can be treated as SM-like, allowing the bounds extracted in [27] to be
applied, even though they were derived under the hypothesis of SM fluxes.

e We go beyond the weakly coupled theories paradigm by performing a global fit con-
sidering arbitrary NSI at production and propagation, in order to asses the best-case
scenario sensitivity of DUNE on such parameters.

The work is organized as follows. In section 2 we review the connection between NSI and
the neutrino transition rate in the QFT formalism, while in section 3 we present the matching
at tree-level between NSI and SMEFT WC. In section 4 we identify and analyze the weakly
coupled models, with new particles heavier than the electroweak scale, that can potentially
generate sizeable NSI to be probed by DUNE. In section 5 we perform the numerical analysis,
and present our results. Section 6 is devoted to the summary of our work while we briefly
discuss the impact of NSI at detection in appendix A, collecting relevant notation and the
explicit matching result in appendices B and C, respectively.

2 Neutrino transition rate

In this work we will adopt the more general QFT framework to describe neutrino oscillations
in long-baseline experiments, following [19] (see also [28-30] for previous treatment in QFT
not including NSI). The main point is to consider the entire process (from neutrino production
to its detection) as an unique process in QFT. Thus, the differential event rate for neutrinos
of flavor 8 with energy F, to be detected at a distance L from the source S, where they
were produced with flavor «, is given by
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where Nt is the number of target particles, mgr are the masses of the source and target
particles respectively, and we denote complex conjugation with a bar. As usual, Am%l =
m% — ml2 denotes the difference of neutrino masses squared, while the phase-space integrals
are given by dIl = (27?)3521& (27?;.3{“;% (27)46* (X pn — S k;). Here, we denote by k; and
E; the four-momenta and energies of the final states, while the sum > p,, amounts to the

total four-momentum of the initial state. Since we are interested in the differential number
of events per incident neutrino energy E,, we actually define dllp = dllp/dE,, as can be
seen in eq. (2.1). Notice also that we are considering oscillation in vacuum only. Matter
effects will be taken into account below.

As already stated, we will focus on long-baseline experiments, in which neutrinos are
mainly produced by pion decay. Moreover, we will only consider beyond the SM (BSM)
possible effects at neutrino production and/or propagation (by interaction with the medium).
This is justified by the complicated nature of detection in long-baseline experiments. To
properly include BSM effects, it would require first a theoretical description of standard
neutrino interaction with nucleus, which is still not satisfactory [31](see appendix A for
a brief description of the present status). Thus, regarding the detection amplitude, Mgk,
it will be given by

Mp, = Ugi AP, (2.2)

where AP is a reduced matrix element whose explicit form is not relevant, and U;j is the
PMNS matrix.

As recently pointed out [26], in the presence of BSM effects care must be exercised when
calculating the phase-space integral related to the production amplitude. The amplitude
concerning pion decay, 7 — (lyy, is given by [26]

MET = Mzt = ) = —i Vud ipye, (a
P T = ) = —imy frx 2 [PU %k (ty, Prvg,,) (2.3)

where f,+ is the pion decay constant, vy, u,, are the Dirac spinor wave functions of the

k
charged lepton and the neutrino, respectively, and we are using the notation

[Plag = 0ac + €ao, Where €y = (€L)ac — (€R)ac — ﬁ&p)(w. (2.4)

The NSI €7, €r, ep are defined in eq. (3.1). As can be seen, €, actually encodes the deviation
from the PMNS matrix U due to the presence of NSI.

At first sight, one could insert eq. (2.3) into eq. (2.1), perform the phase-space integration,
and obtain that BSM effects appear only in the numerator of eq. (2.1). However, this reasoning
is incorrect, since we are assuming the BSM presence in all cases that the pion decay is
involved, related (or not) to experiments that aim to probe neutrinos properties. Therefore,
we should re-express eq. (2.3) in terms of the experimental measured decay width of the pion,
which was already affected by BSM effects as well. Proceeding this way, we obtain [26]

. tpt
/ AU p METMET = 2mpa Ty, [PU[LC;;[D[{] Pk 5(El, - EM) , (2.5)



where E, . = (m%, —m2)/(2m,+) stands for the energy of the neutrino emitted. Finally,

we can write eq. (2.1) in the form

sl PUL P
Rgﬁ = NTUEM(EV)(I)EM(EV) Ze Eyon [PU] l[T |k
k,l [PP ]aa

UﬁkUEl , (2.6)

where ®3M is the SM flux (with the decay width of the pion, T'y_s, ., as input), while agM
is the SM cross-section. Notice that, by including the indirect effects (the denominator in
Rgﬁ), there is no sensitivity to diagonal-only NSI.

At this stage we would like to include matter effects. As is well-known, the vector part
of the neutral current (NC) NSI interactions introduced in eq. (3.10) will introduce flavor
dependent matter effects, which can be parametrized in the Hamiltonian

1 0 1+ €ee €eu €er
H = 35 U Am3, Ul +a €op Cup Eur . (2.7)
Am%l EZT GZT Err

We introduced the parameter a = 2v/2GpN.E which is known as the Wolfenstein matter
potential, N, is the electron number density, and E is the neutrino energy. Notice that, in
the absence of NSI effects, only the first element of the matter matrix survives, which stands
for the standard charged current (CC) mediated by the W-boson. In the equation above we
are using the NSI notation in the Hamiltonian framework. The connection to the parameters
introduced at Lagrangian level, see eq. (3.10), is straightforward [1]

Ny¢(x
€aB = Z <N:((x;> (e{/f>a5 , (2.8)
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where Ny(x) is the number density of fermion of type f at position x. In Earth, we generally
have N,/N, ~ Ng/N. ~ 3 [32]. Moreover, in oscillation experiments one can, without
loss of generality, remove a free parameter from the diagonal. In general, €., is removed,
which we will also adopt.

3 Matching NSI to the SMEFT

The connection between NSI and the dimension-six operators in the SMEFT was, to the
best of our knowledge, discussed in general first in [15]. Here we review the formalism, and
present a concise formula relating both quantities at the end of each subsection.

3.1 Charged current: neutrino production

The Lagrangian relevant for neutrino production (mainly through pion decay) is given
by [33, 34]

LWEFT D —21?k {[1 + ﬁjgf]aﬁ (aj’YMPLdk) (Za’YuPLVB) + [Eg]aﬁ (aj’YMPde) (Za’YuPLVB)
+% {efgk} af (ﬂ]dk) <ZO(PLVB) N % [Egﬂ af (ﬂj’)ﬁdk) (EaPLVﬂ)

+ i [ez‘ﬂ o5 (ﬂjU“”PLdk) (gaou,,PL%) + h.c.} . (3.1)



We are considering the quark fields as well as the charged leptonic fields in the mass eigenstate
basis, V is the CKM matrix, and v &~ 246 GeV is the Higgs vacuum expectation value. This
Lagrangian can be directly translated to the Low Energy EFT (LEFT) one, which reads,
following the notation in [34]

Lyt = —TJ [5,8a + (GLJ)/J’a] 5 LM = — Uzj (6 )ﬁa’ (32)
2V ki 2V ki
LSRR 4 [SRL _ _ = J( 2. LR _ SRR — _ = J( €r )bas (3.3)
Vii | ks
LZ‘,RR _ _21;;( k )Ba’ (3.4)

where r = Z%‘;% and we are using an asterisk to denote complex conjugation here. The

matching to the SMEFT is also given in [34], which we reproduce below

VLL VLL *
uedu Z s Vedu Z < 2M2 [VVZ] [W ]t;p) ) (35)
prst prat prrt
JVLE _ " '
Iﬁig 2M2 [W/l] [WR]ts ) (3 6)
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Ll/e];f Z V Cl(eq)u’ Lue];f = Cled‘l’ Zegf Z V C’l(eq)u7 (37>
prst prat prst prst prst prxt
where
3 3 1
Wilyr = 6pr+v%c§{2], (Walpr = 5pr+v%c§q;]7 (Wl = Qv%c%ud] (3.8)
pr pr T

We are adopting the up basis where the up quark and charged lepton Yukawa matrices
are diagonal. In this case, flavor and mass eingenstates of the left-handed down-quarks are
connected by the CKM matrix.

Once all the pieces are known, it is straightforward to express the NSI parameter in
production in terms of the WC of the SMEFT as below

Eﬁa — 5 [QCHl +22‘/;:*1 <5 Cl('?()l* C(Bl)q >+5QBCHud+pﬂ <Cl€dq Zva;kl lequ>‘| )
ap T 1z aflx afll afxl

(3.9)
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mo4

where we used the notation p, = e ()

3.2 Neutral current: neutrino propagation

Regarding neutrino propagation, we need to take into account the interaction of neutrinos
with the medium. This is given by the NC interactions between neutrinos and the other



fermions [34, 35]:

1
ki _ _
E%;/I%IF% > _ﬁ{[g%{] 1+ eg/q}ag ("q) (Va'YuPLVB)
+ 1051+ €], (27"9°0) (ParuPrvs) },
1
lept — _ —
Lot O =5 {198 1+ 35 + s (@) (PayuPrvs)
+ 105 1+ 55 + €51ap (679°€) (PavuPrvp) }- (3.10)

Since we are considering neutrino interaction with a medium (Earth), only first generation

fermions are to be considered, allowing us to omit some indices. Moreover, gf /

77 are the

SM-coefficients coming from Z-exchange while §f€ are related to W-exchange. Their explicit
forms are:

g\f/f = Tj} - 2Qf Sin2 9W7 g,J;f = _T}))’ (gg)aﬁ = _(g%)aﬂ = 6&65567 (3'11)

where @ and T' J‘? are the electric charge and weak isospin of fermion f, respectively.
The matching to the LEFT is straightforward

S,LL 1
L g{{l = 2 [(Qg/q - 9?4(1)5046 + (5(\1/q - E,qclq)aﬂ] ) (3.12)
o
S.LR 1
t TR [(g¥" + g4)0ap + (e + €4 )ag] , (3.13)
o
S7LL J— 1 €ee ee —€e —€e €ee ee
La%ﬁl = 9V — 9% )0ap + (97 — 9% )ap + (677 — €4 )apl (3.14)
LS7LR _ 1 ee ee 6 —ee —ee ee ee 1
e T TR [(9V + 9% )0ap + (97 + % )ap + (67 + €5 )apl - (3.15)

Finally, the matching to the SMEFT is given by

— 2 — 2
SE =0y vy - 2w, Wil - 22 12, [Z 3.16
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L5E =W 409 92 171 17, (317
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2 = | (3)- ;Tcgz T ;Tc@] , (3.22)
Ze, I = }s,,r (; + s2> - ;U%c%} - ;v%cg’} » Zenlpr = }spr (+%) - ;U%cgre] ,

(3.23)

(Zuplpr = :5177“ (; - ;52) - %U%CJ(L}; B Tczgﬂ); v [ Zuplr = :5177“ (_§52) - ;U%CI;;A: ;

(3.24)

[ZayJpr = 6 (5+5%) - g%céﬁ s %0122,] e = [or (+55°) ~ 508 Cun.

(3.25)

The connection to NSI in propagation for Earth based long-baseline experiments is

N cl)—c®) 125,03 425,08 —c . —3C 4 —3C, —Cy —C
fol = l oL H T e H X e it odil apl 1lap

i (C“}q NS ol (o eLs) )vl,zv;x)
afll afll T,z afrz afzxz

— bap (30Hd + 3CHu + Cﬁlf + Cz(ql) + Cg)
11

— 36, (cg; +Ca+ Y (Cl+ c}Q)VLZVf;) 1 . (3.26)
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4 NSI probed by long-baseline experiments

In long-baseline experiments, the aim is to measure the conversion rate from a muon neutrino
(antineutrino) to an electron neutrino (antineutrino), R, 3. The beam of muon neutrinos
(antineutrinos) is generally generated by pion decay. In the particular case of DUNE, it is
expected that 92% (90.4%) of the beam will correspond to muon neutrinos (antineutrinos),
wrong-sign contamination is as large as 7% (8.6%) and the background corresponding to
electron neutrino and antineutrino is 1% (1%) [36]. Thus, by allowing NSI interaction at
production, we can probe the combination, €,,, where

[P}uo = 0po + €uo,  With €460 = (EL)MU - (ER)W - pu(eP);wv (4.1)

2

and p, = m ~ 27. This stands for 3 free parameters in the real case. For illustration,
consider the connection between €,. and the SMEFT operators (for simplicity, we restrict

ourselves to real coefficients and consider the CKM matrix to be approximately diagonal):

) v?
12 1211 1211 1211



In order to have values for €, that can be probed at DUNE (roughly of order 1072), the
WC has to be at least of order (TeV)~2. However, present constraints coming from charged
lepton flavour changing processes, in particular u — e conversion in nuclei, requires that these
WC are several orders of magnitude lower [15], precluding any chance that they can be seen
in DUNE. Even more importantly, as we already stated in the introduction, if an anomaly
is seen in this experiment in non-diagonal channels, it will definitely require new physics
to be other than a weakly coupled theory with masses above the electroweak scale. Even
though we focused on €., which is more heavily constrained, a similar reasoning applies to
€u7- The main message is: it is extremely difficult to generate sizable non-diagonal NSI in
production, once a connection to the SMEFT is made.

On the other hand, diagonal NSI at production could, in principle, be generated, with
milder constraints (mainly from pion decay measurements). However, as we show below,
the inclusion of indirect effects recently pointed out in [26], will remove all dependence of
NSI at production from the neutrino transition rate. Therefore, even though they could
be sizable, they cannot be observed in long-baseline experiments such as DUNE. Once the
NSI is only-diagonal, we obtain

[PULalUTP e = (1 + )2V}, (4.3)

while [PPT]W = (1 + €,,)% Thus, by inspection of eq. (2.6), we see that the standard
rate in the three-neutrino paradigm is obtained. In summary, it is possible to consider the
SM prediction for the production fluxes even if diagonal NSI in production are generated
by a particular UV model.

We conclude by considering NSI in propagation. Recall that long-baseline experiments
actually probe the combination

= D <]]\\Z((g> (Efzf)aﬁ ~ (€ )ap + 3 () a5 +3 (eﬁlfd)aﬁ . (4.4)

fe{eu,d}

As before, we illustrate the role played by non-diagonal effects with €,., which is related
to the SMEFT operators below

il PO e 1)
e=—|Cy +Cxy; —C e =3C 1y =3C, —C y —C y —6C . 4.5
n 2 | 4§ At o111 21 ottt el 1151 o (4.5)

For simplicity, we consider only real coefficients and a diagonal CKM. In order to
have sizable NSI (of order 1072), we need that the WC are not smaller than roughly one
(TeV)~2. However, even if one can avoid the stringent bounds from conversion in nuclei
for some the operators above, there are strong bounds from processes such as u — eee [15].
Therefore, we arrive at the same conclusion before: it is extremely challenging to have
sizable non-diagonal NSI in propagation, for weakly coupled theories with masses at the
electroweak scale (or above). Nevertheless, diagonal NSI can still be probed, with sizable
values generated by well-motivated UV models. In the next subsection, we present all the
weakly coupled models that can generate NSI.



NSI Scalar VL-fermion Vector boson
propagation | S1,¢,Z21,w1, 1,117, | N,E, X, %1 | BW, L1, L3, Us, Q1,Q5, X
production w, w1, 7, N, E ¥ 3, Bi, W, L1,Uz, Qs5, X

Table 1. weakly coupled models that can generate diagonal NSI at propagation and/or production.

WC WEFT SMEFT Scalar UV VL-fermion UV Vector boson UV
€L of) w1, ¢ - W, Uy, X
oy, 0 - N,E,%,%,U,D, Ty, T, Ly
€R Ogpud - Q1 By
s, €p O, Oledg p,wi,1I7 : L1,Us, Qs
€T Ol(i;u w1, H7 - -
00,0 | 81,51, w1,¢ -
ev,ea | 0,00 00 of) ; N,E, Y, U,D, T\, To | BW,L1, L,
Oies O Ora o, 11, 17 - U, Q1,Q5, X
Oges Ogpu, Oga - A1, A3,Q1,Q5,Q7

Table 2. Relation among WC in egs. (3.1), (3.10), the SMEFT operators, and the UV completion.

4.1 Connection to UV model

In [8], a general Lagrangian that maps all renormalizable weakly coupled models up to spin
1 was presented. Given egs. (3.9)—(3.26), it is straightforward (yet tedious) to find the UV
models that can generate the WC entering in these equations, as well as, their matching
conditions. This task can be automated making use of the implementation of the tree level
dictionary [8] in the MatchingDB format (see https://gitlab.com/jccriado/matchingdb and
section 3.6 of [37]). In order to (re)check the calculation, the explicit tree-level matching was
performed for all the models relevant for our purposes. Also the results from the dictionary
implemented in MatchingDB were cross-checked against the results of [8], showing perfect
agreement. For completeness, we have collected in appendix B the Lagrangian containing
all the relevant models to us, organized in terms of the particle spin. Also, the explicit
quantum number for the fields is given. In appendix C we present the explicit connection
between the UV models and the NSI.

We collect in table 1 the weakly coupled models that can generate diagonal NSI at
propagation and/or production, while in table 2 we show the explicit connection between the
WC in the WEFT, the WC in the SMEFT and the UV model that can generate them. In
order to make the table more compact, in each line the UV models depicted can generate at
least one of the SMEFT WC presented in the same line. The only exception is for the vector
boson models that can generate €y, €4, which are all collected in one single block.

In order to have an idea of the impact that each WC can have on the NSI given current
bounds, we present in figure 1 the maximum value that each WC can attain at 90% C.L.

according to the global fit performed in [38]. Since C(B , C' 14, C 1, were not present, we

3311 3311 3311
have used smelli [39-41] to obtain the bounds on these coefficients. We have also checked

the results for all the other WC’s with smelli, and kept the most stringent bounds. We
consider only one non-null WC at time, so these bounds are conservative. Given a specific

,10,


https://gitlab.com/jccriado/matchingdb

UV model, more than one WC can be induced, with correlations among them. Therefore, the
bounds extracted from a global fit analysis may not translate directly to such model. In order
to access the impact that simultaneous non-null WC can have, we also consider the situation
where WCs related to NSI are non-null at the same time. The 90% C.L. bounds are given in
figure 2 following [38], where the bound for a given WC is obtained after marginalization of
the other WCs. For simplicity, we omit from the marginalization process the WCs that are

1

already large (C’( lg , C g, C py ) or suppressed (Cyy, C’S’l) ) when only one WC is non-null

3317 3311 3311
at time. We are focusing only on diagonal NC-NSI, as already explained, implying that only

the operators that generate ey are relevant. Some comments are in order:

« From figure 1, WC related to quarks and taus can be much larger than ~ O(TeV~2),
They are going to be constrained by future experiments, such as DUNE, implying that
it is still possible to have sizable NSI in these channels.® They can be generated by
models with scalar leptoquarks (wy, Iy, II7, ¢), neutral isosinglet vector bosons (5), or
vector leptoquarks (Us, Q1, Qs, X).

e When considering one non-null WC at time, with the exception of the tau channels,

only C ;4 can be of order (TeV)~2, inducing NSI of order 10~2. It may be generated
2211
by models with scalar leptoquarks (II;), neutral isosinglet vector bosons (B), or vector

leptoquarks (Qs). If more than one WC is non-null at the same time, it may be possible
to have other coefficients of order (TeV)~2, see figure 2. Notice however that the looser
bounds on the WC related to first generations only appear due to a flat direction in the
global fit of [38], which is only partially broken in our analysis. For UV specific models,

this flat direction may not be present. There is also a correlation between C' ;3 and
2211
C 1, , allowing them to be larger than the bounds of figure 1. Notice however that a
2211
specific UV model must comply with this correlation in order to the looser bounds of

figure 2 to be applicable. In particular, it must allow C' ;3 and C' ;, to be both large

2211 11
at the same time, still avoiding other constraints that the model may be subjected to.

o In single field models, we generally have (ey)ag ~ Ao Ag, where A is the generic coupling
of the weakly coupled field under consideration. Thus, to avoid flavor-violating NSI,
only one of the couplings can be non-zero. To generate sizable NSI in both diagonal
directions probed by long-baseline experiments, one needs to consider at least two fields,
where one only couples to the muon (chosen from the set {IIy ,B,Q5}), and the other
only couples to the tau (chosen from the set {w;y 11y ,1I7,(,B,Us, Q1,Q5,X}).

e Models with vector-like fermions are extremely constrained by electroweak precision
data, and a sizable NSI cannot be induced.

In summary, the most promising combination to induce sizeable diagonal NC-NSI is

2 2
v v 1
Cee — Eup = — (30 d ) . e €= | —3C 4 —3C,, —60") +3C 4 |,
2 2211 2 3311 3311 3311 2211

(4.6)

where we are considering the CKM matrix to be approximately diagonal.

3Very recently, an analysis performed at CMS for leptoquarks models coupling the tau and first generation
quarks was performed [42]. It can be translated in bounds on C' ;3 and C ;, , which we take into account
3311

into our numerical analysis.
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Figure 1. Maximum absolute value of the WC that affect diagonal NC-NSI at 90% C.L. [38, 41].

The bounds were extracted considering only one non-null WC. The bounds for C' ; , C 4 , and
3311 331

C 1, were multiplied by 1072,
3311

Regarding the connection between sizeable diagonal NSI and TeV mediators, models
containing scalar leptoquarks wy, Iy, 17, ¢ were considered previously in [21] (in their notation,
fields x, €2, 0, p, respectively).* To the best of our knowledge, models containing extra vector
bosons were considered only for light mediator, for instance in [1], or did not take into
account bounds from charged-lepton violation processes [43]. Finally, leptoquarks may also
affect neutrino experiments other than long-baseline ones [44-46]. See, for instance, [47-52],
for recent updates.

5 Numerical results

5.1 Details of the simulation

To perform our simulation of long-baseline experiments, we will use the GLoBES package [53,
54], together with MonteCUBES [55] for efficient sampling. In this work, we are interested in
the DUNE experiment for concreteness, however the same approach could be applied to any
other existing (or future) long-baseline experiment. In order to ensure that our results can be
reproducible, we used the public GLoBES files supplemented by the DUNE collaboration [56]
which are based on the Technical Design Report configuration [57]. We will be assuming that

“In ref. [15], the set of leptoquarks (scalar or vector) that can generate NSI is identified, which agrees with
our results. The explicit matching formulas are, however, not provided, which prevents one to conclude how
sizable the NSI can actually be in these models.
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Figure 2. Maximum absolute value of the WC that affect diagonal NC-NSI at 90% C.L. [38]. The
blue bounds were extracted considering the x? function given in [38], where only the WC affecting
NSI are considered to be non-null, and they are marginalized over. For comparison, we repeat in
brown the bounds extracted in figure 1, where only one WC is considered non-null at time.

Normal Ordering Inverted Ordering

sin? 65 0.30379:012 0.303%0:012
sin0;3  0.0220370:390%5 0.0221970-09069
sin? fag 0.57270:018 0.57810:03¢
Scp/° 197152 286127
A 7411021 741792
A 2511700 —2.498+0.032

Table 3. Best-fit values for three-flavor oscillation parameters taken from [58].

the standard three-neutrino paradigm corresponds to our true hypothesis in our simulation,
which renders Ay? = X%SM — X%M‘ Moreover, we will consider the mixing angles, dcp and the
mass squared difference given by the NuFIT? collaboration [58], which we reproduce in table 3.

Since long-baseline experiments are not sensitive to the solar mixing parameters (612
and Am3;), we will fix them to their best-fit values. For simplicity, we will also only consider

SNuFIT 5.2 (2022), www.nu-fit.org.
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normal ordering. The detailed results for inverted ordering will be different but the general
conclusions will be similar. When performing our fits, we will consider two scenarios. The
first one, denoted by optimistic, will consider that NSI parameters are small enough to
not affect the extraction of the remaining parameters 13, a3, dcp, Am3,. Thus, they can
be measured with good precision by DUNE as well other future experiments, showing no
deviation among them. This case corresponds to fixing all oscillation parameters to their
best-fit values, which would allow DUNE to set stringent bounds on BSM signals. In the
second scenario, denoted by conservative, the remaining parameters will be varied at 1o level
when computing our Ax?2. In both scenarios, we will adopt a 5% uncertainty on the average
matter density, whose value of p = 2.848 g/cm? is chosen according to the PREM profile [59].
Finally, we checked our own implementation for NSI in GLoBES against previous results
in the literature, for instance [60], finding compatible results.

5.2 Numerical results and current bounds

In this section we present the results of our simulation, following the methodology described
in the last section. As pointed out before, inspired by weakly coupled theoretical models, only
diagonal NSI in propagation can be probed, which renders two free parameters. In figure 3
we show the 90%C.L. limits on diagonal NC-NSI, considering the two scenarios: optimistic
(left) and conservative (right). We also present the most-up-to-date constraints [27] as dashed
lines in the plots. These bounds should be interpreted with care, since we are strictly setting
non-diagonal NSI to zero, while in [27] they were marginalized over. Moreover, since we only
focused on long-baseline experiments in our work, we opted to show the 90% C.L. bounds
obtained for the difference of diagonal NSI when only oscillation data is included. In this
case, the bounds at 90% C.L. for €., — €, are composed of three disjoint regions, and we only
show the one that comprises the hypothesis of null NSI (the true hypothesis in our simulation
as explained in the last section). Finally, these bounds were extracted by considering that
NC NSI couples simultaneously to quarks and electrons, which may not be realized in a
particular UV model. Actually, in light of the discussion presented in section 4, sizable
NSI are expected from couplings with quarks only. In this case (NC NSI with protons, for
instance), the 90% C.L. allowed region that encompasses the null NSI hypothesis is larger,
—0.21 < €ee — €4 < 1.0, —0.015 < €77 — €, < 0.048.

As can be seen in figure 3, DUNE will not provide a better sensitivity in the e;; — €,
direction even if we only consider NC NSI with protons. In this scenario, for the €., — €,
direction, DUNE has the potential to improve the bound, in particular for positive values
of €ce — €4u. As a by-product, we also provide a semi-analytical formula for Ax? in the
optimistic scenario, in terms of €. — €,,, and €+ — €,

AX2|opt = 115.1 (€ce — €up) 2_197.1 (€ce — €up) (€77 — €up) — 0.1577 (€ce — €pp)
+429.4 (€77 — €4p) 2 + 0.8418 (€77 — €) + 0.001713. (5.1)
By employing eq. (5.1) and the matching conditions of eq. (3.26), it is possible to obtain
the allowed region for any weakly coupled model of table 1. For illustration, we consider

two examples: models S and V. In model S, we have two scalar leptoquarks, Il;, wy, where
they only couple to first-generation down-type quarks and second/third-generation leptons
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Figure 3. Expected sensitivity on diagonal NC-NSI by DUNE, where the red (blue) region is for 68%
(90%) C.L. The lines represent the current bounds at 90% C.L. extracted from the most recent global
fit to oscillation experiments [27]. The left (right) plot is for the optimistic (conservative) scenario.

respectively ((yr, )y, (ygfl)l3 # 0, see eq. (B.1)). A similar model was studied by [21] in
connection to radiative neutrino mass generation models. The diagonal NSI induced at
tree-level by this model are

2 2 2
302 ’(ynl)gl‘ . . 302 ’(yg)ll)l;g’ ’(yﬂl)m‘ (5 2)
€ee—€En=—|—-—"—5—"1, - =— - - . .
T 2M3E, T g 2M2, 2M3,

It is immediate to observe that only negative values can be attained, and for non-null values
of yr, both directions have an absolute lower bound. We choose as benchmark for the masses
My, = 1250 GeV, M,,, = 1000 GeV in accordance to the constraints derived in [21]. For the
Yukawas, we varied (ynl)21 in the range allowed by perturbative unitarity y < /27, while
(yffl) 13 is bounded to be lower than 0.8 in accordance with the new result from CMS [42]. The
region allowed by present constraints can be seen as the gray area in the left plot of figure 4,
while in red (black) we show the 68% (90%) C.L. allowed region from DUNE for the model S.
For model V, we consider vector leptoquarks Os, and Us, where they only cou-
ple to first-generation down-type quarks and second/third-generation leptons respectively
((géls)m, (gzle) 4 7 0, see eq. (B.3)). Clearly it is a simplified model, whose UV completion
is beyond the scope of our work. In this case, the diagonal NSI are given by
2 2
€ee —Epup = 3—02 7‘ (935)12‘ €rr— €y = ﬁ |(g£?2)31|2 ‘(935)12‘
2\ M5, ) vz Mg, Mg,

(5.3)

Contrarily to model S, the NSI can only be positive, while, similarly to before, there is
an lower bound for their values if gg5 # 0. Using as benchmark for the masses the values
Mo, = 1250 GeV, My, = 1000 GeV, and allowing the gauge couplings to be as large as unit,
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Figure 4. Expected sensitivity on diagonal NC-NSI by DUNE;, for some illustrative models containing
leptoquarks. The left (right) plot is for the scalar (vector) case, where the red (black) region is for 68%
(90%) C.L. The gray area denote the presently allowed region given other constraints. For illustration
we only consider the optimistic scenario.

we obtain the right plot of figure 4. The colours follow the same pattern used for model S.
Notice that in both models there is a correlation between €.. — €., and €. — €,,. Thus, it is
not possible to have large values for the former avoiding the stringent bounds on the latter.
We could, nevertheless, devise a mixed model where the diagonal NSI would be given by

2 2
o 3v? ‘(yﬂl)m‘ n )(935)12‘ (5.4)
o T | 2ME M2 ’ '
1 Qs
2 2 . 2
e 37@2 _‘(%1)13’ B ’(ynl)ﬂ‘ + |(gll/([12)3]_|2 n ‘(995)12‘ (5.5)
TTOOTHE T 9 2M2, 2Mr211 be Mé5 ’ '

In this case, cancellations between the different coefficients can happen in the ;- —€,,
direction, allowing €., — €, to be still large. In particular, for (ygll)lg My, ~ /2 (gcéls)12 /Mo,
and (ym, )y, /M, ~ \@(952)31/]\41,{2, we obtain that e;; — €, ~ 0, while | — €,,| can be
of order 1071

Similar analysis can be performed for an arbitrary number of fields collected in table 1
in a straightforward way. This feature will be particularly important after data is collected
from the DUNE experiment. At that stage, only the x? function given in eq. (5.1) will have
to be updated, and, for instance, exclusion analyses regarding the weakly coupled models
of table 1 will follow automatically. Even more interestingly is the case where the DUNE
experiment reports an anomaly in any of the NSI diagonal directions. In this scenario, all
weakly coupled models that could potentially explain the anomaly can be easily identified,
and their predictions can be straightforwardly obtained.

Finally, since weakly coupled models with mediators at TeV scale (or higher) can only
induce sizable diagonal NSI, one can wonder what kind of model is needed to explain an
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anomaly seen at DUNE in any of the non-diagonal NSI directions. This can be achieved
by allowing some of the BSM fields to be light (below weak scale), replacing the SMEFT
by another effective theory which contains these new light degrees of freedom. Explicit
models containing light charged scalars (masses around 100 GeV) were advocated in [61, 62],
for instance. For these particular models, €., could be larger than 1072, complying with
CLFV constraints. Another possibility is to consider models with a light (O(MeV) or below)
neutral gauge boson (Z'), as in [63-65] for instance. The non-diagonal NSI generated by
these models can be of order 10~!. In order to circumvent CFLV in these models, either the
light mediator field [61] or the neutrino field in the SU(2) doublet [64] are allowed to mix
with other BSM fields, after the electroweak symmetry breaking. In all cases, only NSI in
propagation are induced. For NSI in production only, to the best of our knowledge, no UV
model has been envisaged. Nevertheless, if a light sterile neutrino is present, it will induce
NSI at production, and propagation simultaneously [66].

Since the main purpose of this work is to provide a complete list of weakly coupled models
relevant for long-baseline experiments, we opted to consider only the SMEFT as underlying
EFT at the weak scale. This is motivated by the fact that the particles present in the SMEFT
framework are the only ones already experimentally observed. Therefore, considering lighter
degrees of freedom necessarily implies an assumption about the nature of still unseen particles,
not allowing to draw a complete picture. Nevertheless, if the SMEFT is replaced by another
EFT with at least one BSM light degree of freedom, the tree-level matching can be performed,
and allowed regions in parameters space can be drawn in similarity to the red and black
regions in figure 4. To this end, it is necessary to obtain the x? function when all NSI at
propagation and production are present simultaneously, allowing one, for instance, to obtain
the expected sensitivity on a given pair of NSI by DUNE, in similarity to the red and blue
regions in figure 4. In other words, with a given EFT with light BSM degrees of freedom in
mind, one can ask which are the best-possible bounds expected by DUNE on NSI, for both
propagation and production. A comprehensive analysis was performed in [67], showing the
appearance of degenerate solution for 63 and dcp, as well as for the NSI (see also [68] for an
analysis considering NSI at propagation only). Nevertheless, this reference is not only previous
to the 2020 update in the three-neutrino paradigm parameters [58], but it does not consider
the updated experimental setup planned by the DUNE collaboration [36, 56, 57] neither the
indirect effects included recently in the treatment of NSI in production [26]. Therefore, it is
justified to perform an updated analysis, which we discuss on the remaining of this section.

As explained in section 5.1, we will consider two scenarios when performing the global fit.
The first (optimistic) corresponds in practice to fix all the three-neutrino standard paradigm
parameters to their best-fit values. In the second (conservative) the three-neutrino standard
paradigm parameters are varied at 1o level, with the exception of the solar parameters which
are kept fixed at their best-fit values. Regarding the NSI parameters, we have now 11 free
parameters, five from propagation and six from production (we restrict ourselves to real
coefficients). As already explained, if only diagonal CC-NSI are included, they will cancel
in the neutrino conversion rate. This constitutes a flat direction in our plot. In order to
break this direction, we could add data from other experiments that aim to measure the
rate I'zer/T'xs ., for instance. This approach, however, requires that the likelihood is
obtained independently from GLoBES, with dedicated routines. Another possibility is to
include priors on all CC-NSI in the GLoBES engine, penalizing values that do not comply
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Figure 5. Expected sensitivity on NC-NSI by DUNE for the optimistic scenario, where the red (blue)
region is for 68% (90%) C.L. The lines represent the current bounds at 90% C.L. extracted from the
most recent global fit to oscillation experiments [27].

with the experimental rate I'z_e, /T'r— 0 at 90% C.L. We have opted for the latter approach,
so the simulation to the DUNE experiment already implemented in GLoBES can be used.
Since our goal is to obtain the best-case scenario for DUNE, we have adopted the most
restrictive possibility when implementing the constraints. It stands to consider only one
non-null CC-NSI at time, in similarity to the approach performed in [16]. We will show
these bounds as lines in the plot of figures 7-8.

After marginalization of the CC-NSI parameters, we present in figures 5-6, the sensitivity
for NC-NSI from DUNE, for the optimistic and conservative scenario, respectively. We also
show the 90% C.L. bounds from the most-up-to-date global fit on matter NSI [27] as black
lines. For diagonal NSI, the bounds are obtained by considering data only from oscillation
experiments, while for non-diagonal NSI data from other kind of experiments is included
as well. As can be seen in the figure, the sensitivity on the diagonal NSI decreases when
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Figure 6. Expected sensitivity on NC-NSI by DUNE for the conservative scenario, where the red
(blue) region is for 68% (90%) C.L. The lines represent the current bounds at 90% C.L. extracted
from the most recent global fit to oscillation experiments [27].

compared to our previous analysis of figure 3. This is expected since the minimum chi
squared in both cases were similar, however, non-diagonal NSI were set to zero before, while
they are marginalized over now. Moreover, the most stringent bounds are expected for
€ep, and €7, showing that NSI smaller than 102 cannot be probed by DUNE. Therefore,
since in weakly coupled theories the non-diagonal elements are already constrained to be
several orders of magnitude smaller [15], any possible anomaly seen in these channels will
require a new theoretical framework.

Finally, in figure 7-8 we present the sensitivity on CC-NSI after marginalization of the
NC-NSI parameters, for the optimistic and conservative scenario, respectively.

We recall that we have adopted priors coming from the experimental measurement of
the pion decay, which are quite stringent. Therefore, for most of the parameters, DUNE,
even in the best-case scenario, will not be able to improve the bounds. The only exemption
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is for the last plot in the optimistic scenario (figure 7), considering the parameters €,c, €,r.
In these channels, DUNE could (potentially) report an anomaly. This is reasonable since
these parameters will modify the neutrino fluxes for muon neutrino conversion, which is the
main channel for neutrino production at DUNE. Notice however, that in the conservative
scenario, the sensitivity on these NSI parameters is significantly worse, mainly due to a
correlation between €,, and sin2 fy3.

6 Summary

There is at present a very active experimental program in neutrino physics, with many planned
experiments in the near future. Their main goal is to measure with precision three (623, dcp,
Am3;) of the six parameter of the three-neutrino standard paradigm. It cannot be dismissed,
however, that the standard scenario is incomplete, since it does not introduce, per se, a
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mechanism for neutrino mass generation. The simplest proposal, seesaw type I, is realized with
very heavy sterile neutrinos, implying that no deviation from the standard paradigm should be
seen in future experiments. If, however, the next-generation long-baseline experiments report
an anomaly, it may open a window not only to the neutrino mass generation mechanism
realized in Nature, but potentially to the presence of new weakly coupled states.

In this work we aimed to identify all the weakly coupled states up to spin 1 that could
potentially be probed by long-baseline neutrino experiments, in particular DUNE. This
was achieved by employing an effective field theory framework, where the new states are
assumed to be heavier than the electroweak scale (SMEFT). We rederived the matching
between neutrino non-standard interactions (NSI) coefficients (defined at low-energy) and
the WC in the SMEFT at tree-level [15], as well as the matching from the SMEFT to the
relevant weakly coupled theories. The final formulas are organized in appendix C, which
can be employed not only for long-baseline neutrino experiments, but for all cases that the
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description by NSI parameters is applicable. In particular, for long-baseline experiments,
only a small number of weakly coupled fields can induce sizable NSI parameters, in view
of present constrains from collider, electroweak precision data and the non-observance of
charged lepton flavor violation. The latter strongly suppress non-diagonal NSI, as noted long
ago [12]. For diagonal NSI, we found that only models containing leptoquarks (scalar or
vector) or an extra neutral gauge boson are relevant at tree-level matching. We illustrated
the potential from DUNE to unveil some of these models. For ease of the reader the full chain
for the matching, as well as the chi squared function in terms of SMEFT WC is provided
in https://gitlab.com/alcherchiglia/eft-neutrinos. Therefore, any combination of fields can
be studied, in similarity to the analysis that lead to figure 4.

Finally, if lighter BSM particles (below the electroweak scale) are allowed, the SMEFT
should be replaced by another EFT. However, since no new particles has been observed so
far, the EFT to be chosen is yet open to discussion. In order to be as general as possible,
we performed a global fit to assess DUNE sensitivity to NSI coming from propagation and
production simultaneously. Our main aim is to provide model builders with easy access to the
strongest bound that DUNE can set on each of the NSI parameters. Our results can be seen
in figures 5 and 7, where we assumed that the three-neutrino standard paradigm parameters
are fixed to their best-fit values. In this best-case scenario, DUNE could potentially report
anomalies in non-diagonal NSI channels, which would necessarily indicate that new physics
is light (below the electroweak scale) and, potentially, the gauge group of the SM need to
be extended. For completeness, we also present in figures 6 and 8 the scenario where the
three-neutrino standard paradigm parameters are not fixed, but marginalized over. In this
case, the sensitivity on NSI parameters is worsen as expected, however, DUNE can still
report anomalies in some of non-diagonal channels.
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A QFT description for NSI at detection

In this appendix we briefly discuss some of the challenges involved in order to include NSI
effects at neutrino detection in long-baseline experiments. As in the main text, we are focusing
on an QFT description [19] for neutrino oscillations, which allows a clear connection to UV
models. For a Quantum Mechanical (QM) approach, the introduction of NSI at detection is
straightforward [69]. As pointed out in [19], however, the matching between QM-NSI and
QFT-NSI does not hold in general beyond linear order in the NSI parameters.

In long-baseline experiments, in particular DUNE, neutrino detection relies on the
interaction of the neutrino flux with argon targets [31], where nuclear effects are expected to
be substantial. Moreover, DUNE is expected to operate with neutrino fluxes at the few GeV
region, where distinct processes can be equally important, namely quasi-elastic scattering
(CCQE), resonant meson production (CCRES) and deep inelastic scattering (CCDIS) [70].
Given this scenario, there are on-going efforts to better understand the neutrino-nucleus
cross-section whose uncertainties are still at the 10 — 20% level [71-73].

In any case, neutrino detection is expected to occur through a charged-current process,
mediated by the W-boson in the SM. Therefore, when proposing a BSM scenario, it is in
principle possible to avoid any (new) complications due to the interaction with the nucleus if
the BSM interaction effectively only modifies the neutrino-charged lepton-W boson vertex.
In this case, it is straightforward to include the BSM effect both in production and detection
in the neutrino event rate defined in eq. (2.1), since there is a one-by-one correspondence to
the QM-NSI approach. However, as the results of our section 4 show, the Wilson coefficient
CS; (which stands for the deviation from the SM of the interaction vertex neutrino-charged
lepton-W boson) is suppressed. Therefore, the BSM effect from this particular vertex is
negligible. We should notice that the BSM V-A interaction, parametrized in the LEFT
by €1, is matched to other SMEFT operators as well, see eq. (3.5). However, we checked
with smelli [39-41] that their contribution is also negligible. Therefore effects in neutrino
detection are negligible for weakly coupled models effectively described by V-A interaction.
For other types of interaction (parametrized by €g, €g, €p, €r), one needs to resort to specific
detection processes, whose theoretical description is still lacking.

B Lagrangian

For convenience of the reader, we reproduce below the parts of the Lagrangian defined in [8]
relevant for our work. We also present the representation under the SM gauge group for each
of the fields. The complete set of conventions used can be found in the original reference.

B.1 New Scalars

In table 4 we collect the new scalars that may contribute to NSI while in eq. (B.1) we
present their interacting Lagrangian.

Name S © Ei w1 IT; 117 ¢
Irrep (1,1, (1,2)y (1,3); By 321 2):

7
6

[

1
2

Table 4. New scalars and their irrepresentation under the gauge group of the SM (SU(3),SU(2))u(1)-
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B.2 New fermions

In table 5 we collect the new vector-like fermions that may contribute to NSI while in
eq. (B.2) we present their interacting Lagrangian.

Name N E AN Asg 2, 1

Irrep (1’1)0 (171)—1 (172>7% (172)7% (173)0 (173)—1

Name U D Q1 Qs Q7 T T
Irrep (3a 1)% (35 1)7% (372)% (372)72 (372)% (3a3)7% (373)§

Table 5. New vector-like fermions and their irrepresentation under the gauge group of the SM

(SU@),SU2)u()-

_»Cfermions — ()\N)riNquleLi ()\E)TiERT¢TlL’L' ()\Al)riﬁlLrgbeRi'f‘(AAg)TiAiBLrQZBeRi
(/\z)mzmﬁb olri+ = (/\El)rzler¢U ILi+(A\0)riUrr 6 qri+(Ap)ri Drrd' qri
()\Ql)riQ1Lr¢UR¢ (AQl)rinLT¢dRi +(AQs)riQsLr ddRi+ (AQ; )riQrLr PUR)

1 — 1 .
* §(>\T1)rinRr¢T0aqLi+ 5(>‘T2)7'iT2aRr¢TUaQLi+h-C- : (B.2)

B.3 New vectors

In table 6 we collect the new vector bosons that may contribute to NSI while in eq. (B.3)
we present their interacting Lagrangian.
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Name B B )4Y% L1 L3 Us o Os X
Imrep  (1,1), (1,1); (1,3), (1,2) (1,2) (3,1) (3,2) (3,2)_s  (3,3)

1 _3 2 1 _5 2
2 2 3 6 6 3

Table 6. New vector bosons and their irrepresentation under the gauge group of the SM
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C Explicit matching results

We provide in the following explicit matching results for the UV models identified in table 2.

C.1

Scalar models

© model
WEFT WC Matching
s | i W+ S Vi e (98)as
WE i L
s | i Wk — S Vi e (48)as
v%(é/e)aﬁ %
2 (%) s AT
Table 7. Matching to ¢ model.
w1 model II7 model
WEFT WC Matching
QVk*j( k])* Zx zj le Iﬁ(ywl) )
v2 \*L Jaf 2M2
Wej (ki 20 Vs ymak(yﬂl);g >, Ve i) aa (uit
(€5 )ag - 2MZ, - 207,
2V ( kiy 2 V;j<yzz)uk(y3fl>;ﬁ S,V (e m(yzu -
v2 (GP )aﬁ 2Mu2]1 2M2
(Wit )5 (yl“ Jal
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2 Z¢ zvlz m(yw ;a(yw ) B
va(efl‘ld)a/B 12M21 L -

Table 8. Matching to w1, and IT; models.
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S1 model =1 model II; model
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Table 9. Matching

to 81, =1, and II; models.

¢ model
WEFT WC Matching
* . * Iy l
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02 \€r aff Mg
* Uy % l
2 dd Zw,z Vlzvlz(yg )aca(yg )z,B
1}72(6‘/ )aﬁ - 2M§1
* AN l
2 ( dd Da ViV ()20 ()28
1)72(614 )CYB 2Mél
Iy« l
2 uu (yg )1a(yg )1[3
UT(GV )Oéﬂ _T
2 (L uu (ygl)fa(ygl)lﬁ
QTZ(GA )as Mz

Table 10. Matching to ¢ model.
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C.2 Vector-like models

N model
WEFT WC Matching
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Table 11. Matching to N model.
E model
WEFT WC Matching
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Table 12. Matching to E model.

A1 model A3z model
WEFT WC Matching
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Table 13. Matching to A1, and Az models.
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Table 14. Matching to ¥ model.

>1 model
WEFT WC Matching
2V

véj (6Lj )ZB

(Az2))8(Cs)sVE;
8M2

(Ag))101a(Asy)s+(As))a(As )1818+ (s )i (A 100 —2(1—45?) As ) )a(As, )8

U%(e%?)aﬂ

8M2

_()‘21)T§1(¥(A21)ﬁ+()‘21)2()‘21)1515+(>‘21) ()‘21)1604B 2(>‘21) ()‘21)5

2

w2 (€%)as 8Mg,

2 uY (3 852)(>\21) (kzl)ﬁ
172(5‘/ )aﬁ 12M2

2 ( uu ()‘21)3(/\21)6
2 (€4")ap g,

Z(e)ap

(=3+45*) (A2 )E(As) s

12M2
2 (. dd (As)a(Asy)s
oz (€4)as 14M2 ;

Table 15. Matching to ¥; model.
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U model D model
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Table 16. Matching to U, and D models.
()1 model ()5 model ()7 model
WEFT WC Matching
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Table 17. Matching to @1, Q5 and Q7 models.
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Table 18. Matching to 77, and 75 models.

C.3 Gauge boson models

B model
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Table 19. Matching to B model.
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Table 20. Matching to W model.
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Table 21. Matching to £1, L3, and B; models.
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Table 22. Matching to Q1, Qs, Uz, and X models.
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