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Unveiling New Physics Models through meson decays
and their impact on neutrino experiments

Adriano Cherchiglia

Instituto de Fisica Gleb Wataghin - UNICAMP, 13083-859, Campinas SP, Brazil; alche@unicamp.br

Abstract: As neutrino experiments enter into the precision era, it is desirable to identify deviations
from data in comparison to theory as well as provide possible models as explanation. Particularly
useful is the description in terms of non-standard interactions (NSI), which can be related to neutral
(NC-NSI) or charged (CC-NSI) currents. Previously, we have developed the code eft-neutrino that
connects NSI with generic UV models at tree-level matching. In this work, we integrate our code with
other tools, increasing the matching between the UV and IR theories to one-loop level. As working
example, we consider the pion and kaon decay, the main production mechanisms for accelerator
neutrino experiments. We provide up-to-date allowed regions on a set of Wilson coefficients related
to pion and kaon decay. We also illustrate how our chain of codes can be used in particular UV
models, showing that promising large value for CC-NSI can be misleading when considering a specific
UV model.

Keywords: neutrinos; effective field theory; beyond standard model

1. Introduction

Neutrino physics is approaching the precision era, given the development of a new generation of
accelerator, atmospheric and astrophysical facilities. The Deep Underground Neutrino Experiment
(DUNE) are now under construction and projected to deliver sub-percent measurements of oscillation
parameters and lepton—universality tests [1,2]. In Japan, Hyper-Kamiokande will bring an eight-fold
mass increase over Super-K and will start data-taking in 2027, providing complementary sensitivity to
proton decay, supernova neutrinos and CP violation in the lepton sector [3]. At the energy frontier,
forward detectors such as FASERv and SND@LHC have already observed the first TeV-scale neutrino
interactions and aim to measure O(10*) charged—current (CC) events by the end of LHC Run-3,
opening a qualitatively new window on neutrino interactions and forward meson production [4,5].

All of these beamlines depend overwhelmingly on leptonic meson decays for their fluxes. The
channels 7% — p*v, and K* — yivy alone supply more than 90% of the v;, flux at DUNE and Hyper-
K, while forward 71/ K decays generate the bulk of the LHC neutrino spectrum. Thanks to experimental
control of decay rates and lattice-QCD calculations of hadronic matrix elements, these processes are
among the cleanest electroweak observables; The latest NA62 branching-ratio measurement [6], when
interpreted within the low-energy—effective-theory (LEFT) framework, already forces the dominant
vector-type AS = 1 coefficient to satisfy O(10~%) TeV~2 as shown by EFT analyses in Refs. [7,8].
Comparable—or even stronger—bounds apply to scalar and tensor structures [9]. Given such precision,
any deviation seen by upcoming neutrino detectors could plausibly originate in the production stage
and would point to charged non-standard interactions (CC-NSI) or other beyond-the-Standard-Model
(BSM) effects in meson decay.

Non-standard neutrino interactions were first introduced by Wolfenstein in 1978 to describe
coherent forward scattering in matter [10]. Comprehensive reviews by Ohlsson [11] and by Farzan
& Tortola [12] summarise three decades of phenomenology, while more recent global fits highlight
the parameter degeneracies that next-generation beams must resolve [13]. Model builders have
explored many ultraviolet (UV) origins, including scalar doublets, vector leptoquarks and U(1)" gauge
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bosons; several of these scenarios generate sizeable CC-NSI only at the one-loop level, thereby evading
tree-level constraints, see for instance [14-25].

The natural language to connect such UV completions with experimental observables is Effective
Field Theory (EFT). Below the electroweak scale, the LEFT describes meson decays through five
four-fermion operators whose Wilson coefficients are denoted €1 r s p . These coefficients match onto
the Standard-Model EFT (SMEFT) at v ~ 246 GeV and can then be evolved up to any heavy mass
scale. The complete tree-level LEFT<«+SMEFT dictionary was completed in [26], while the one-loop
extension was presented in [27]. Loop effects are crucial. For instance, they can enforce correlations
with flavour-changing processes that would be invisible in a purely low-energy fit.

A set of public codes now renders this multi-scale programme computationally possible. Among
those, flavio provides predictions and likelihoods for hundreds of flavour observables [28]; wilson
performs renormalisation-group running and threshold matching across SMEFT, LEFT and QED/QCD
EFTs [29]; while smelli wraps these ingredients into a global likelihood engine [30]. From a top-
down perspective, codes such as matchmakereft [31] and Matchete [32] aim to provide the one-loop
matching from given UV models to the SMEFT or LEFT. Focusing exclusively on the SMEFT as target
EFT, SOLD [33,34] is particularly useful. It not only provides a user-friendly implementation of tree-level
matching results presented in [35], but also extends those to one-loop matching (restricted at present
to UV models containing fermions or scalars). Focusing on neutrinos experiments, in [36] we have
developed the code eft-neutrinos, which provides the UV connection to Wilson coefficients in the
LEFT automatically, at tree-level matching.

In this work, we extend our previous analysis to one-loop matching, relying on the recent
developments of SOLD. In particular, we aim to map the models that could be behind possible anomalies
detected in future neutrino experiments such as DUNE, HyperK, and Faserv. For pion decay, we have
already mapped all the UV realizations at tree-level matching in a previous work [36]. We will go
beyond these findings by extending the matching to one-loop order. We will also generalize the results
to include kaon decay.

This work is organized as follows: in section 2 we present the methodology employed in our
work, as well as setting the notation used. In section 3 we present our results, in particular the bounds
on the CC-NSI as well as in the SMEFT WC relevant for pion and kaon decay. In section 4 we put our
findings into perspective and conclude.

2. Methodology

Given the non-observation of unexpected resonances at the LHC, the influence of new heavy states
can only be detected indirectly. This task is generally accomplished by resorting to an effective field
theory approach, where the impact of BSM states is encapsulated into Wilson coefficients. In order to
access the present constraints on dimension-six SMEFT WCs, we employed the codes flavio, wilson,
and smelli [28-30]. The connection to UV models can be achieved with the help of SOLD [33,34]. The
chain of codes employed can be summarized in figure 1. Here, we used eft-neutrinos [36] to obtain
the WCs of SMEFT relevant for pion and kaon decay. Then, we used flavio, wilson, and smelli
to obtain the present bounds on those WCs. After, we used SOLD to find the UV models at one-loop
matching that could also generate those WCs. We have chosen one of such UV models, finding all
the WCs that they could generate, apart from the ones connected directly to pion and kaon decay.
Equipped with this knowledge, we reprocessed the results in flavio, wilson, and smelli, which
finally gave the ultimate allowed values for the CC-NSI.
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EFT - Neutrinos Flavio/Smelli
(NSI - SMEFT) ' (SMEFT bounds)

SOLD
(UV - SMEFT)

Figure 1. Chain of codes employed in our analysis.

In the next section we present the UV models relevant for meson decay, as well as the current
constraints on SMEFT WCs related to these observables. In the remaining of the section we briefly
discuss our notation.

In neutrino accelerator experiments, neutrinos are mainly produced by charged-current processes.
In this case, it is natural to employ an EFT where the W=, Z bosons were integrated, which we denote
by WEFT. The Wilson Coefficients for the WEFT are commonly denoted Non-Standard Interactions
(NSI). For our purposes, the relevant part of the EFT Lagrangian is given by [26,37]

2 V ) _ ; ) _
LWErT D *T{[l + GL ]aﬁ (L_l]’)/”PLdk> (f,x’)/yPLvlg) + [eg]aﬁ (ﬂJVVPde) (ﬁa’nyLVﬁ)

3] (70 Eapi) 3 [eb],, (#°) (Bopiry)
+ i 7] y (#W0" PLa") (Lacy PLg) +hic.} (1)

We assume that all charged fermions are in the mass eigenstate basis, V is the CKM matrix, and v ~ 246
GeV is the Higgs vacuum expectation value. We can relate this Lagrangian to more commonly used
Low Energy EFT (LEFT) Lagrangian, which renders the following connection in the notation of [26]

2V ] . 2VE .
k k ki ck
LVLL — _71 {5& i (GL])ﬁa} , LYIR = _77(6 ])E‘X’ )
ki, k
LSRR | [SRL _ _72]('55])2“’ LSRL _ SRR _ _ 5 J( J)/Sa, 3)
Y
LTRR _ _zvé () (4)

where ¥ = Z%% and we are using an asterisk to denote complex conjugation here. One can perform the

matching to the SMEFT, which was done in [26]. For completeness, we reproduce it below

V,LL V,LL ) g 2 *
Locay = Z V;SLvedu 2 Vis <2C lg — 2M2 [Wl] [W‘i] tx) ’ ®)
prst x prxt x prxt
VLR %’
L' = — W AWR] e 6
S,RR 1 S,RL T,RR
Lvedu Z lequ’ Lvedu Cledqr Lvedu Z lequ’ )
prst X prxt prst prst prst X prt
where
2 ~(3) _ 2 ~(3) _ |1,
pr pr
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We are adopting the so-called up basis where the up quark and charged lepton Yukawa matrices
are diagonal.

In order to connect the CC-NSI to neutrino experiments, we employ a quantum field theory (QFT)
framework [38-41]. For accelerator neutrino experiments, where neutrinos are produced trough pion
decay, we obtain that the differential event rate for neutrinos produced with flavor a to be detected
with flavor B and energy E, at a detector distant L from the source S is given by [42]

-~ ,LAm%I Pu u‘f'])‘f
Ry = Nrog" (B, ) DM (Ey) Y e ' 20 PP i []7§l7[)+] Jia Ugi U , )
k1 7

where <I>§M is the SM flux, while (TEM is the SM cross-section. The matrix Ul-]- is the PMNS matrix, while

the matrix P is given by

2

m (€P)ac - (10)

m
[P]aﬁ = Our +Ens, Where &y = (€L)uc — (€R)ac —

It is clear from the equation above that neutrino accelerator experiments are sensitive only to the
direction .. It is straightforward to express the CC-NSI parameters in terms of the WC of the SMEFT,
which we also reproduce below for completeness [36]

*

~ 3 % 3)x* 3 * * 1
€pa =5 20l +2Y Vi [ 8uCl) = CO) | +6upClra + pp | Creag — LVl | | - A1)
i - g aflx 1 apll X apxl
w2,

where we used the notation p, = R CIEETIE

3. Results

Given the chain introduced in figure 1 we have obtained the present constrains on all SMEFT
WCs relevant to pion and kaon decay. The results can be seen in Figures 2—4.

Max. absolute value

Max. absolute value

W el =iq3
B el =phil3

B el =phig3

el i
BN eR.p = phiud

exn

el

elis

exn

el

eLy3

ex33

eL33

106 1075 104 103 1072 12 x 1073 14x 1077 16x1077  18x107? 2x1077 22x1077

(a) (b)
Figure 2. Cont.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.1067.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 May 2025

50f11
Max. absolute value
5P, = ledq
esPin B 5P, = lequl
eSPin
e5P13n
esPnn
eSPxn
esPpn
eSPin
eSPypn
eSPn
1078 1077 106 10"5 1074 1073 1072 1071
(c)
. . 3 3
Figure 2. Bounds on the CC-NSI €] g p that affect pion decay: (a) Bound on €}, due to SMEFT WCs C§il) ,and Cl(q ).
3 3
(b) Bound on €1, due to SMEFT WC Cg‘;, and on e due to C 5111 4- (¢) Bound on ep due to SMEFT WCs Cj,y,, and
1 . . . .
C l(e q)u. In black we depict the bounds coming directly from pion or tau decay [43].
Max. absolute value [TeV—2] Max. absolute value [TeV~2?]
hil
phil3_11 phi_gq3_11
phil3_12
phi_gq3 12
phil3_13
phil3_22
phi_ud_11
phil3_23
phil3_33 phi_ud_12
10"7 10"6 10"5 10"" 10"3 m"2 1o|’1 16“ 10"7 ‘ ‘ ' ' ‘ ‘ 16“
(a) (b)
Max. absolute value [TeV~2] Max. absolute value [TeV~?]
3 1111 ledg_1111
ledgq_1211
431211 ledq_1311
3 1311 ledg_2111
ledg_2211
1932211 ledg_2311
s 2311 ledq_3111
ledq_3211
1933311 ledq_3311

1077 1076 107° 1074 1073 1072 107! 10° 1077

Figure 3. Cont.

025 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202505.1067.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 May 2025

Max. absolute value [TeV—2]

lequl_1111
lequl_1211
lequl_1311
lequl_2111
lequl_2211
lequl_2311
lequl_3111
lequl_3211

lequl_3311

1077 1070 107 1074 1073 1072 107! 10°

(e)
Figure 3. Bounds on the SMEFT WC that affect pion decay: (a) Bound on CI({SI). (b) Bounds on Cg’;, and CSB; e
Notice that indices 11 (12) are relevant for pion(kaon) decay. (c) Bound on Cl(:). (d) Bound on Cledq- In red we

depict the bounds coming directly from pion or tau decay [43]. (e) Bound on Cl(elq) .- In red we depict the bounds
coming directly from pion or tau decay [43].

Max. absolute value [TeV—2] Max. absolute value [TeVv—2]

31112 ledq_1121

ledg_1221
31212
la3_. ledg_1321

31312 ledg_2121

ledg_2221

a3 2212 ledg_2321

ledg_3121
Iq3_2312 4

ledq_3221

lg3_3312 ledg_3321

1077 106 1075 1074 1073 1072 1071 100 107 106 105 107* 1073 102 1071 10°
(a) (b)
Max. absolute value [Tev—2] Max. absolute value [Tev—?]

lequl_1121 lequ3_1121

lequl_1221 lequ3_1221
lequl_1321 lequ3_1321
lequl_2121 lequ3_2121
lequl_2221 lequ3_2221
lequl_2321 lequ3_2321
lequl_3121 lequ3_3121
lequl_3221 lequ3_3221
lequl_3321 lequ3_3321
t T T T T T T T T T T T T T
1077 1070 107 1074 1073 1072 107! 10° 1077 1070 107 107 1073 1072 107! 10°
(9 (d)
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In figure 2 we show the bounds on CC-NSI relevant for pion decay, namely € g p. By considering
only one SMEFT WC non-null at time, we obtain the red /blue bands. We also include as black lines
the current limits extracted directly from pion or tau decay experiments [43]. In figure 3 we show the
bounds on each SMEFT WC that enter in the prediction of the pion decay rate. We consider only one
non-null WC at time. In red we show the present limits coming directly from pion or tau decay [43]. A
similar figure can be devised for the SMEFT WC that impact the kaon decay. We show the present
bounds on figure 4, where in red we represent the direct limits from kaon or tau decay [43].

Regarding the SMEFT WCs related to pion decay, as the plots clear show, the WCs C.45, Ciedq,
1311 2311

c') ¢l are the least constrained by flavio. However, one needs to add the bound that comes

lequ’ ~lequ
1311 2311
directly from pion decay, which reduces significantly the maximum allowed value for Cjp44, C Eel)u.
1311 1311
Therefore, we will seek models that can generate Ceg,, C gel‘; v

2311 2311
The complete list of UV models up to one-loop matching relevant to pion and kaon decay is

provided into the repository eft-neutrinos'. As illustrative example we consider an UV model
containing a leptoquark wj. Its quantum numbers under the SU(3) x SU(2) x U(1) gauge group are
(3, 1, — %) Performing the one-loop matching with SOLD we obtain

—du 99 !
— i Yix Jix Yy Uiy 12
ledqg = P Ty I
i;l? xy=1 47T2M£’1

(1)
lequ*
ijl1
tion already at tree-level. In order to suppress those, we will consider couplings with third generation

This model generates other WC at one-loop matching, such as C;, . Actually, there is a contribu-

quarks in the loop. In other words, we only consider the case x = y = 3. Under this scenario, the

(1)
lequ
ij11

the couplings y33, y‘fg‘ , yg‘}, ygé, are non-null. We also consider that they are real for simplicity. Under

one-loop matching to C;,” is null. Therefore, we will consider a UV model containing w; where only

these circumstances, we found the allowed region on those parameters. The result can be seen in

Figure 5
0.2
=g
0
_01 L
\ -0.2
-0.2 h 0.4
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aq
Y31

Figure 5. Allowed region on ygz, ygé at 90% C.L. in black. Contour lines (in units of 10~3) for different values of

C ledq s considering y55 = 1, y’fg =1, and M, = 600 GeV.
2311

In Figure 5 we show in black the 90% C.L. allowed region on the parameters yng ygé We are

considering y55 = 1, y‘lig‘ =1, and M, = 600 GeV. Using those values, we can also find the contours

1 https:/ / gitlab.com/alcherchiglia/eft-neutrinos
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for different values of Cj,4,, which we also display. The values should be multiplied by 1073, After
2311
imposing bounds coming from other WCs, we find that Cj,4,; can be at most 10~* TeV 2. Therefore,
2311
the allowed CC-NSI €p in this UV model is much lower than our initial analysis suggested. A similar

reasoning can be applied to WC Cj,y, that affects kaon decay. We have checked that same the pattern
2321
depicted in figure 5 emerges, where the only difference is that 34 is non-null (and equal to one).

Other interesting UV model is the one where we add a scalar doublet ¢, whose quantum numbers
are (1,2, %) We assume no-mixing with the standard higgs doublet, and that ¢ does not develop a vev.
Also, only a specific combination of Yukawas are non-null, namely y4; and ;. Therefore, already at
tree-level matching there is a contribution

)
c Yii¥n
ledg = “3m
ij11 Mg

(13)

We have performed the one-loop matching to the SMEFT of this model under the assumption that
only ¥4, and y, are non-null. As expected, many other operators are induced. However, the stronger
bounds still come from pion decay, setting

Cledg <8x1072 (14)
2311
Thus, for order one couplings, the lower bound on the scalar mass is of order 3.5 TeV.

For the case of C.4,, that enters in the kaon decay prediction, we need only to consider ygl
2321
non-null instead of y{,. We have performed this analysis, and checked that the strongest bound is still

coming from kaon decay directly, namely

Clegg < 1.7 x1072 (15)
2321

Thus, for order one couplings, the lower bound on the scalar mass is of order 7.6 TeV.

Another models can be devised as well, using the results in the repository eft-neutrinos. A
thorough investigation is beyond the scope of this work, since our main aim was to provide and
exemplify the chain of codes depicted in Figure 1.

4. Discussion

Neutrino experiments are delving into the precision era. In this scenario, the constrains on new
phenomena will either become tidier or a clean sign of new physics will emerge. In order to help
navigate into the latter case, the usage of effective field theories is particularly promising. This approach
provides a consistent way to connect low-energy phenomena (extracted at neutrino experiments, for
instance) with the possible underlying UV models.

In this work we have focused on possible new phenomena perceived in accelerator neutrino
experiments, from modifications at the standard pion or kaon decay. The imprints of such new
phenomena can be conveniently written as CC-NSI. Using an EFT approach, we mapped all models
with BSM fermions or scalars at one-loop matching that could affect the pion or kaon decay rate. Once
a model was chosen, we illustrated how bounds from other sources (mainly flavor experiments) could
play a role on constraining the maximum allowed CC-NSL
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Abbreviations

The following abbreviations are used in this manuscript:

uv Ultra-violet

IR Infrared

WC Wilson coefficient

BSM Beyond Standard Model
EFT Effective Field Theory

NC-NSI  Neutral non-standard interactions
CC-NSI  Charged non-standard interactions
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