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We study the dimension-six SMEFT four-lepton operators in the y—z sector. These operators control both
charged-lepton scattering and neutrino self-interactions, the latter being weakly constrained by direct
laboratory probes despite their importance for cosmological tensions. We compare three classes of
constraints on the Warsaw-basis coefficients [Cys]r00s [Crrlanss» and [Crrlass,- We use perturbative unitarity
from 2 — 2 partial-wave analysis, spin-summing positivity sum rules, and the experimental bounds from
NA64u and the global fit [Adam Falkowski et al., Compilation of low-energy constraints on 4-fermion
operators in the SMEFT, J. High Energy Phys. 08 (2017) 123.]. We find that the global fit dominates for
[Cr¢)anmn and [Crylna3,, While NAG4y provides the leading bound on [Cy|,33. With the unitarity line for this
direction entering the range of collider energies near 200 GeV. Renormalization-group running between
1 GeV and 30 TeV modifies these coefficients by up to 10%. Translating these bounds onto the effective
four-neutrino coupling G, we find values many orders of magnitude smaller than the strongly interacting
regime motivated by the Hubble tension; this excludes heavy-mediator UV completions of strong v,~v,, and
Vu
cancellations between operators, while leaving the cosmologically motivated light-mediator scenarios
unconstrained by this analysis. Finally, we comment on the bounds these coefficients place on a leptophilic
L,—-L, Z' UV completion. Our SMEFT-based current and projected NA64u bounds reproduce the

dedicated Z' analyses already available in the literature. We also present a complementary analysis for the

—v, self-interactions within the validity of the dimension-six SMEFT and in the absence of tuned

e—u sector using projected JUNO sensitivities.
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I. INTRODUCTION

Neutrino-neutrino scattering is one of the least tested
predictions of the Standard Model (SM). The SM cross
section for this process is extremely small, set by the Fermi
constant Gz ~ 10~!" MeV~2. Direct laboratory measure-
ments of neutrino self-interactions are essentially nonexist-
ent. Yet this process plays a potentially important role in
early-universe cosmology. Strongly self-interacting neutri-
nos with an effective coupling G ~ 10741072 MeV~2,
far larger than G, have been proposed as a possible way to
alleviate the Hubble tension between CMB-inferred and
local measurements of H, [1-4]. Such interactions delay
neutrino free-streaming and shift the phase of the acoustic
peaks in the CMB power spectrum. They have also been
suggested to ease the milder tension in the amplitude of
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matter fluctuations og [5,6]. Several groups have studied
these scenarios in detail [7-10]. An important finding is
that the flavor-universal case, where all neutrino flavors
self-interact equally, is strongly constrained by laboratory
data. The scenario with self-interactions only among tau
neutrinos turns out to be the least constrained and poten-
tially consistent with a solution to the H, problem [4,5,7,8].
The cosmologically preferred parameter space continues to
evolve as Planck-likelihood refinements tighten the free-
streaming bounds, with residual allowed windows that
depend on degeneracies with N and Y. Closing the
laboratory gap in the third-generation lepton sector—the
focus of this paper—is therefore directly motivated by these
cosmological scenarios.

The Standard Model Effective Field Theory (SMEFT)
[11-14] provides a natural framework to connect neutrino
self-interactions to other observables. At dimension six in
the Warsaw basis [13,15], the four-lepton operator

[Off]prst = (fpyﬂfr)(/syybpt) (1)
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simultaneously generates both charged-lepton and neutrino
scattering amplitudes, up to electroweak symmetry breaking
effects and renormalization-group mixing into other four-
fermion structures. This is because the left-handed lepton
doublet £, is an SU(2), multiplet containing both the
charged lepton and the neutrino of flavor p. So a bound on
the Wilson coefficient from charged-lepton processes auto-
matically translates into a constraint on the corresponding
neutrino channel [16,17]. Global SMEFT fits [16,18-20]
extract bounds on these Wwilson coefficients from a wide
variety of processes [21,22]. This indirect strategy is
currently the most powerful way to constrain neutrino
self-interactions at the dimension-six level.

However, the experimental reach is not uniform across
the three leptonic flavor sectors. The e—u and e—7 sectors
benefit from abundant e e~ collider data. LEP measure-
ments of ete™ — u"u~ and ete” — t7r~ at and above
the Z pole, supplemented by neutrino-trident production
[23-25] and low-energy precision tests [16,26-28], already
constrain the corresponding Wilson coefficients at the
O(1072) TeV~2 level or better. The global SMEFT fit
projections of Ref. [29] show that future e™e™ facilities
such as FCC-ee, CEPC, ILC, and CLIC [30-33] will tighten
these bounds by one to two orders of magnitude, owing to
the enormous statistics in ete™ — ff processes at high
luminosity. The u— sector tells a very different story. The
four-lepton operators [Cyslyy33 and [Csz]p33, do not enter
ete” — ff at tree level. So these future ete™ colliders
offer essentially no improvement for the y—7 coefficients
[29]. The experimental gap between the well-tested e—x and
e— sectors and the u— sector will only widen with the next
generation of et e~ machines. The only avenues for closing
it are NA64u [34,35] and a future muon collider [36-40].

A similar hierarchy persists in the neutrino oscillation
sector. Reactor experiments such as JUNO [41,42] are
primarily sensitive to 7, through inverse beta decay, while
near detectors like TAO [43] provide precise measurements
of the unoscillated 7, spectrum. Long-baseline experiments
such as DUNE [44] and T2HK [45] probe v, — v,
appearance and are mainly sensitive to flavor combinations
involving electrons. Atmospheric neutrino experiments
including IceCube [46] and KM3NeT [47,48] offer access
to v, <> v, oscillations and provide the leading sensitivity
to the u—7 sector, but their reach remains weaker than the
constraints involving first-generation leptons. This pattern
arises from the dominance of electrons in matter effects and
the reliance of most detection channels on v, interactions.
Even in future projections, these experiments improve
sensitivity mainly to electron-involving combinations, with
limited reach in the pure y—r sector. This is consistent with
the SMEFT-to-NSI analysis of Ref. [49].

In this context, we focus on the three flavor-conserving
u—7 operators in the Warsaw basis,

(Ose)annn = (E27#2)(Car,t ). (2)
[Orelanzs = (’%7’”@)(%7;/3% (3)
[Ore)a3zn = (€27#85)(E31, ). (4)

These operators are defined in the Warsaw basis; equivalent
representations may differ by Fierz transformations and
identities specific to the chosen basis [50]. Expanding
the SU(2), doublets, [Os/]yy, generates the charged-
lepton process utpu~ — putu~, the neutrino self-interaction
vV, = Vv, and the mixed channel pv, — pv,. Similarly,
[(’)gf]zm and [Oy/],33, yield the analogous tau and p—7
mixed channels together with their neutrino counterparts.
The coefficient [Cyy]3333 remains essentially unconstrained
by direct experiment unless one imposes a U (3)°-like flavor
symmetry [16,51], and we do not discuss it further here.
Some of these p—7 coefficients have recently been con-
strained for the first time by the NA64y experiment at
CERN [34,35,52], which probes missing-energy signatures
from muon beams on a fixed target. These results provide
direct bounds on the hatted combination C2222 and on
[Csz]p233 Without relying on flavor-symmetry assumptions.
The hatted combination is defined in terms of the SM gauge
couplings gy and g; and the Wilqon coefficients [C,,| and

[Cre] as €277 = [Crelyom + 2+3q [Crelnnn-

On the theory side, these wilson coefficients are subject to
constraints from perturbative unitarity and analyticity
of the S matrix. We follow the approach of Ref. [53] to
apply the partial-wave unitarity bounds on the p—7 coef-
ficients [50,51,54-59]. We also apply spin-summing sum
rules following Ref. [57] that exploit forward-scattering
dispersion relations to determine whether the UV comple-
tion is dominated by scalar or vector intermediate states; this
analysis is subject to standard caveats such as loop-level UV
completions, nontrivial interplay between spin-0 and spin-1
exchange, and the assumption of vanishing boundary terms
in the dispersion relation [57,60—-66]. The sign of the Wilson
coefficient carries a memory of the dominant spin in the UV.
These results allow us to partition the Wilson-coefficient
parameter space into scalar-dominated and vector-domi-
nated regions.

We then compare these theory bounds to the experimental
constraints from NA64yu and the global fit of Ref. [16],
along with the unitarity limit from perturbative unitarity
[67,68]. Finally, we consider a concrete UV completion of
these operators in the form of a leptophilic Z' boson. The
idea of gauging differences of lepton-family numbers was
introduced in the early papers of He, Joshi, Lew, and Volkas
[69,70], who pointed out that L, — L. is anomaly-free in the
SM without adding any new fermions, making the corre-
sponding Z' one of the most minimal and well-motivated
extensions of the SM. This model has since attracted
renewed interest as a portal to dark matter, as an explanation
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of the muon anomalous magnetic moment, and as a source
of neutrino self-interactions relevant for cosmological
tensions [6,22,23]. Recent global analyses and collider
studies [71,72] have mapped out the current experimental
constraints on the (¢’, M) parameter space. Under the
heavy-Z' assumption, the SMEFT Wwilson coefficients map
directly onto this parameter space. We have also examined
the JUNO projection in this parameter space for a first-
generation benchmark, taken to be the gauged U(1) Lo-L,

boson of Ref. [73].

The paper is organized as follows. In Sec. II we review
perturbative unitarity bounds and spin-summing positivity
constraints. In Sec. III we present the experimental bounds,
discuss renormalisation group (RG) running, and compare
theory and experiment. In Sec. IV we compute G from
the wilson coefficients and translate the bounds into con-
straints on a Z’' UV model. We conclude in Sec. V.

II. THEORETICAL BOUNDS

A. Perturbative unitarity

For a 2 — 2 process the partial-wave expansion of the
amplitude in the center-of-mass frame reads [74,75]

M(9) = 16712 (27 + 1)d’d’,(0), (5)

where d’ are the Wigner functions. Probability conserva-
tion enforces the elastic unitarity bound [Rea’| < 1/2
[67,76,77]. For a contact dimension-six four-fermion inter-
action with coefficient C/A?, the leading high-energy
behavior of the s-channel amplitude is

Cc
M ~ F S, (6)
and projecting onto the J = 0 partial wave yields [53]
C]
A2 5 B (7)

for the marginalized (LL)(LL) coefficient of O,,, where
the bound is obtained from the fully coupled-channel
analysis of Ref. [53] after marginalizing over the remaining
SMEFT wilson coefficients. The corresponding marginalized
bound for the (LL)(RR) coefficient of Oy, is 4/, a factor
of two weaker. We use this leading high-energy form
throughout, neglecting the interference with SM amplitudes.

Equation (7) defines a saturation scale /s, = /27A?/|C|
above which the EFT description breaks down. For the
fixed-energy coefficient-plane plots in Figs. 1 and 4, we
evaluate the unitarity bounds at the illustrative benchmark
/s = 1 TeV. This choice is not identified with the momen-
tum transfer of NA64y or with a unique energy scale of the
global fit, which combines observables measured at

(92222

I Vector UV &

Scalar UV
=+ Unitarity =
@ Global fit -
-10'  -10° —10-! 0 10-1 100 10!
C222/A? [TeV~?]
FIG. 1. Scalar- (orange) and vector-dominated (green) regions

for [Cyz]n0p, from the spin-summing sum rules [57], overlaid with
the marginalized unitarity bound (dotted) and the global-fit
central value [16] under the assumption of a vanishing Cg,,
contribution. The unitarity contour is evaluated at the illustrative
benchmark /s = 1 TeV.

different energies. At another center-of-mass energy, the
displayed unitarity boundaries rescale as (1 TeV/\/s)>.
The complete energy dependence and the intersections with
the experimental bounds are shown separately in Fig. 3.

B. Spin-summing positivity bounds

Forward-scattering dispersion relations combined with
unitarity and crossing imply positivity constraints on the
sign of dimension-six Wilson coefficients [56,60-65]. For
SMEFT four-fermion operators, Remmen and Rodd
showed [57] that

.0 s
11_1)165,4“3(5,0):8%0 [Ima (s)— 3Ima((l}j)(s)], (8)

so that a UV completion dominated by scalar intermediate
states (J = 0) makes the right-hand side positive, while a
vector-dominated completion (J = 1) makes it negative. For
the operators considered here the relevant positive/negative
combinations are [Crz]yg and [Cpslp + [Crlpysys follow-
ing Table III of Ref. [57]. Concretely, scalar dominance
implies  [Crrlyom >0, [Crrlppas > 0, and  [Crplyrzs +
[Cr¢)a33 > 0, while vector dominance flips these signs.
We will see this explicitly for the L, — L, Z' UV model in
Sec. IV, where the tree-level matching produces diagonal
coefficients consistent with vector dominance. Combining
the spin-summing analysis with the global fit in Fig. 1
shows that the [Cyz],y,, central value is compatible with
either a scalar- or a vector-dominated UV completion within
current uncertainties, so that positivity does not yet select a
unique UV structure for this coefficient. For the [Crz)p0n
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analysis we assume the orthogonal Oy, contribution enter-
ing the hatted combination is zero, so that both the NA64u
and the global-fit constraints reduce to bounds on [Czz]»2,
alone (see Sec. III). We restrict here to the leading sign
constraints derived from the forward-scattering dispersion
relation; a full positivity polytope analysis [55] that exploits
the matrix structure of the partial waves and yields corre-
lated allowed regions is beyond the scope of the
present work.

III. EXPERIMENTAL BOUNDS
AND COMPARISON

A. Global fit and NA64u

Important constraints on four-lepton Wilson coefficients
are provided by the global fit of Ref. [16], which incor-
porates data from LEP, 7 decays, neutrino scattering, and
parity-violation experiments. For the coefficients of inter-
est, we quote

C22 /N> = (=2£21) x 1072 TeV~2, 9)
[Crelazan/N* = (3+£2.3) x 1072 TeV 2, (10)

while no direct bound exists for [Cyz],,35 in this fit.

The NA64y experiment at CERN [34,35,52] produces
muon beams on a fixed target and searches for missing-
energy signatures. It is sensitive to the hatted combination

(P =[C 2 (c ia uN — puNvi and
¢t = [Ceelom + 7757 [Crelrnm ViapN — pNvv and to

[Crslpas3 via uN — uNv,D,, where g; and gy denote the
SM SU(2), and U(1), gauge couplings (with the numeri-
cal coefficient ~0.32, evaluated at the electroweak scale).
The current and projected bounds translate to [35]

(current),

C372 |[Crelonsl < { 10* Tev~2
AT AT T 14x102TeV2 (future).

Figure 2 shows these current bounds and projected
sensitivities for the three wilson coefficients of interest.
Identifying 22?2 ~[Csy]y0y, under the benchmark
assumption [Cy,]5,,, = 0, the corresponding unitarity sat-
uration scales from Eq. (7) are /s, ~ 25 GeV (current) and
212 GeV (projected), although direct collider searches
probe a higher new-physics scale for these operators. We
emphasize that this benchmark is a nontrivial assumption:
the global fit of Ref. [16] contains correlations between
[Ceelamy and [Crelyyy, and a non-zero [Cply,, would
dilute the bound on [Cy/]y,,, along the NA64u flat
direction. The orthogonal direction C |, defined explicitly
below, is constrained only by perturbative unitarity. For
[Crrlapss this is the only experimental bound currently
available, and it therefore sets the leading A scale for that
operator, as illustrated in Fig. 3. Our saturation scales differ
from the values quoted in Ref. [35] by an O(1) factor

Wilson Coefficient Bounds
10%4 NA64 current
NA64 future
=3 Global fit

2. 2233 2332
2 C77 Cz

FIG. 2. Magnitude of the bounds on CZ?2, [Cyz]yrss, and
[Crrlas3, from NAG4y (current and projected) [34,35] and the
global fit [16]. Missing bars indicate no bound is available from
the corresponding source.

because we use the marginalized (LL)(LL) bound rather
than the individual partial-wave constraint; the two are
equivalent statements about EFT validity but refer to
different unitarity inequalities. In either case the saturation
scales lie well above the typical NA64y momentum transfer

Vq* ~O(GeV), so ¢*/A*> < 1 throughout the fiducial
region and the EFT description is self-consistent.

B. RG running

The wilson coefficients evolve with the renormalization
scale according to the SMEFT anomalous dimensions
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FIG. 3. Experimental bounds versus the perturbative-unitarity

line |C|/A? =2x/s as a function of \/s. The NA64u future
projection intersects the unitarity line at /s ~212 GeV. The
vertical lines mark the center-of-mass energies of the indicated
experiments and facilities for reference. The horizontal bands are
the corresponding bounds on the wilson coefficients; their
intersection with the unitarity curve defines the energy at which
perturbative unitarity is saturated.
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[78-80] and, below the electroweak scale, their LEFT
counterparts [81,82]. Purely leptonic (LL)(LL) operators
receive no QCD contribution, and the mixing into semi-
leptonic and four-quark operators induced by electroweak
loops is suppressed by additional gauge couplings and is
numerically negligible for our purposes. Using the WILSON
package [83], we evolve [Cyz]y5 2033233, between 1 GeV
and 30 TeV and find that running modifies the coefficients
by <10%, consistent with prior expectations. We therefore
neglect RG evolution as a subleading correction that does
not change the interplay between unitarity, experiment, and
UV sign constraints.

C. Comparison

Figure 3 summarizes the interplay between experimental
bounds and the unitarity line as a function of /s. The red
line is Eq. (7), horizontal bands are the NA64u current and

2222 and [C]y033, and the blue lines

projected bounds for C2%
are the global-fit limits on C22?2 and [C sz, For reference

we mark the center-of-mass energies of existing and
proposed colliders such as LEP, FCC-ee [30,84], CEPC
[31], ILC [32], CLIC [33], a 10-TeV muon collider (MuC)
[36-38], and HL-LHC.

From the above analysis we draw the following

conclusions:

(i) NA64u provides the leading constraint on [Cyz)5033,
since no other experiment currently bounds this
coefficient directly.

(i) The global fit dominates for [Cys]y33,, With present
sensitivity few orders of magnitude below the uni-
tarity line across all experimentally accessible /.

(iii) For [Cyslyy, the global fit also dominates over
NA64u, modulo the flat-direction assumption
[Cre)anar = 0. The same conclusion holds for the
hatted combination 22?2, Proposed e*e™ colliders
(FCC-ee, ILC, CLIC) do not significantly improve
the precision in the y—u and p—7 sector.

(iv) Across the range of currently accessible energies
(taken as /s from the typical NA64y momentum
transfer up to the LEP scale and beyond), the
perturbative unitarity bounds on [Cyslyyn, and
[C/rlp33, are weaker than the existing experimental
constraints. In contrast, for [Cys]y33, Wwhich is
currently weakly constrained, the unitarity bound
enters the range of collider energies O(100) GeV.

Future high-energy lepton colliders, such as a y collider
operating at /s ~ 10 TeV [36-38], can probe these oper-
ators at much higher energies. A high-energy muon collider
would provide a direct probe of the p—z four-lepton sector
through u*pu~ — t77~, which receives contact-interaction
contributions from operators such as [Ogz]y,33. Since the
corresponding dimension-six amplitude grows with energy
as Mgpr ~ (C/A?)s, higher center-of-mass energies are
expected to improve the sensitivity to these operators.

A quantitative projection, however, requires a dedicated
collider analysis including the Standard Model interfer-
ence, angular cuts, acceptances, luminosity, and systematic
uncertainties, and is therefore beyond the scope of this
work. Future NA64u improvements will also push the new-
physics scale accessible to low-energy experiments to
higher values. Together, these probes extend the reach of
unitarity considerations and allow one to test the validity of
the EFT description at significantly higher scales, poten-
tially improving sensitivity to currently unconstrained or
weakly constrained directions.

In Fig. 4 we present the combined experimental and
theoretical bounds in three coefficient planes. The left panel
plots the unitarity and experimental bounds on the hatted
combination C%?2 together with its orthogonal partner C | .
The direction C, is a flat direction for NA64u but is
bounded by perturbative unitarity. The unitarity bounds are
tighter than NA64y in this direction but less stringent than
the global-fit bounds, as discussed above. Concretely, in the
(Cys, Cp,) plane we define the Euclidean-orthogonal coor-
dinate,

29

S 032, (12)
g1 +39%

C1==0a[Crrlmn +[Creln, a=

so that the basis (C,C,) is orthogonal and the inverse
transformation reads [Czy)y0y, = (C —aC,)/(1 4 ?) and
[Crelyyrr = (@C +C)/(1+a?). The unitarity bounds
[Crelonl /A < 2n/s and |[Crelpnl/A* < 4n/s then
translate to

n 2
C—aCy|/A? < (1 +a2) 2, (13)

)

" ) 5 4
|aC+CL|/A 5(1+a)7, (14)

which are the four lines bounding the allowed region in the
left panel of Fig. 4. The center panel shows the perturbative-
unitarity and experimental bounds in the [Cyz]033—[Crrla33n
plane. The right panel shows the unitarity region together
with the scalar (orange) and vector (green) UV-dominated
regions for the O,, operator from Eq. (8), following the
analysis of Ref. [53] with scalar (vector) regions as the
scenario when both the coefficients simultaneously are
scalar (vector) UV completed.

IV. IMPLICATIONS FOR NEUTRINO
SELF-INTERACTIONS AND Z' MEDIATOR

The SMEFT operators studied above generate v—v
scattering and therefore constrain the corresponding inter-
action strength. Upon matching the Warsaw-basis operator
onto the low-energy LEFT, one obtains an effective four-
neutrino interaction of the form
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FIG. 4. Combined experimental and theoretical constraints. (a) Constraints in the rotated C‘ﬁ —C plane. The dashed and solid curves
show the marginalized unitarity limits 2z/s and 4z/s from O,, and O,,, respectively, evaluated at the illustrative benchmark
/s =1 TeV. (b) Allowed region in the [Cys]y33—[Crelrsan plane, including NA64yu and global-fit constraints. (c) Scalar- and vector UV
regions inferred from the spin-sum rule in Eq. (8). Here scalar (vector) regions are when both coefficients simultaneously are scalar

(vector) UV completed.

ﬁl/SI ) Gg;;t(ﬂpy”yr)(ﬂsyﬂyt), (15>

which reduces to the schematic flavor-diagonal form
Gé’f'f(ﬂiy”u,-)(ﬂjyﬂuj) for p=r=i, s=t=j. For
E < my,, the SM neutral current itself produces a four-
neutrino contact interaction after integrating out the Z,

% GF t
wo— _\ﬁ(sp,(ss,oﬁis , (16)

with O = (,yv,)(D,7,v;). The general dimension-six
four-neutrino operator generated by new physics is para-
metrized as

Gprst
Lepr = —% 00" (17)

V2

Including both the SM contribution and the SMEFT
matching at tree level, the Wilson coefficient of the
(V, LL) four-neutrino operator reads [81,85]

V.LL [Cff]prst g%
w | rst - ([Zu] r[Zv]s + [Zu] [Zv]sr)’
prst A2 4m% p t pt
(18)

where g, and [Z,],, denote the effective Z-boson coupling
and the Zvv coupling matrix after matching, including
possible SMEFT corrections. In the absence of new physics,
they reduce to g, = \/g; + g3 and [Z,],, = 15,. Assu-
ming no Higgs-sector correction, the Warsaw-basis operator
Oy, generates an effective four-neutrino interaction whose
strength is

[Ct]prst
Gy =2 —a (19)

Using the global-fit and NA64u bounds on the Wilson
coefficients, this translates into the following limits on the
effective neutrino self-coupling in the v,~v, sector:

These laboratory bounds are many orders of magnitude
smaller than the strongly interacting neutrino regime
(Gegr ~ 107-10°G) proposed as a possible solution to
the Hubble tension, and therefore exclude such large
interaction strengths for the same operator and flavor
structure. In particular, the mixed-flavor neutrino self-
scattering channel v,v, — v v, receives a direct SMEFT
contribution from [Oy,|,,33, which lacked a direct model-
independent SMEFT bound until the NA64y measurement
[35]. The projected NA64u sensitivity corresponds to a
contact strength of order ~17G (Table I), which is many
orders of magnitude smaller than the Gz ~ 10’-10°G
range invoked in strongly interacting neutrino cosmology,
and therefore excludes such large interaction strengths. The
corresponding first-generation interactions are constrained
by the global analysis of Ref. [16] to lie 2-3 orders of
magnitude below Gr.

This hierarchy admits a clear physical interpretation. The
strongly interacting neutrino regime, G ~ 10’-10°G,
typically requires light mediators for which the interaction
cannot be well approximated by a local contact operator.
This regime, therefore, lies well outside the domain of
validity of the dimension-six SMEFT framework. By con-
trast, the bounds derived in this work apply to the contact-
interaction regime, corresponding to heavy mediators with
masses above the typical momentum transfer of the experi-
ments. In this regime, the projected NA64u sensitivity
G22* < 17Gp probes mediator scales A 2 O(100) MeV.
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TABLE 1. Bounds on G obtained by evaluating the wilson
coefficients at the upper edge of their quoted experimental ranges
(central value plus uncertainty).

|Geir| (GeV™2) (Gp ratio)

3.25x 1077 (2.8 x 1072G )

1.41 x 1072 (~1.21 x 103Gy)
1.97 x 10~ (217Gp)

7.49 x 1078 (~6.46 x 1073Gp)

Coefficient Source

G22?* (global fit) [16]
G223% (NA64u current)  [35]
G2 (NAG4u future)  [35]
G2 (global fit) [16]

The global fit, which incorporates data from multiple
experiments operating at different energies, yields signifi-
cantly stronger constraints on G222 and G23?2. These
results exclude large contact-type v,-v, and v,~v, self-
interactions in the muon-tau sector within the validity of the
dimension-six EFT. Light-mediator scenarios, such as those
proposed to address the Hubble tension, remain viable
precisely because they operate outside the contact-operator
description. This motivates dedicated searches for light
mediators at experiments such as NA64u, FASER, and
other forward-physics facilities. We note that when s/A?
approaches O(1), higher-dimensional contributions are no
longer parametrically suppressed and the dimension-six EFT
truncation loses predictive control. In this regime, the higher-
dimensional terms or the underlying UV completion must be
included explicitly. Our conclusions should therefore be
interpreted with these limitations in mind.

Under the assumption of a heavy-mediator UV com-
pletion (so that the SMEFT description is valid at
the relevant momentum transfer), the NA64y analysis on
the Wilson coefficients can be translated into bounds on the
parameter space of a chosen UV model, such as the muon
g — 2 motivated L, — L, model. Since the SMEFT analysis
is leading order, dedicated bounds from full NA64u
analyses for these models are also available in the literature;
see Ref. [86] for a constraint on the (¢, my) parameter
space of the L, — L, Z’ model from a range of experiments.
Tree-level integration of a Z' of mass my and gauge
coupling ¢ generates the wilson coefficients

[Cfrf’]2222 — 9,2 [Cff]3333 o~ ‘dZ

A2 2m2,’ A2 2m,’
[Crelooss g”
A T (20)

with the L, — L, current squaring out to give a cross-term
coefficient with a sign opposite to the diagonal terms due to
opposite charges. The [O,/],33, operator is not generated,
since the flavor-conserving L, — L, current involves no off-
diagonal flavor structure. NA64y provides direct sensitivity
to [Ozz]p0n and [Oyz]5033, While the diagonal tau operator
[O¢]3333 remains essentially unconstrained without addi-
tional flavor assumptions. The negative sign for the

diagonal coefficients realizes the vector-dominated regime
expected from the spin-summing analysis of Sec. II. The
bounds obtained in our SMEFT analysis, both for the
current data and the projection, are similar to the dedicated
analyses of Refs. [73,86] for my greater than the exper-
imental momentum-transfer scale.

A similar analysis for the first-generation coefficients
contributing to v-v scattering, using projected JUNO
sensitivities, is presented in Appendix A. JUNO’s large
fiducial volume enables stringent constraints on the Wilson
coefficients of the e—u sector [49]. The nearby TAO
detector further reduces the uncertainty in the unoscillated
reactor antineutrino flux, improving the sensitivity to the
relevant coefficients.

V. CONCLUSIONS

We compared three classes of bounds on the dimension-
six four-lepton SMEFT operators in the y—7 sector. We
derive bounds using perturbative unitarity from 2 — 2
partial waves, spin-summing positivity sum rules, and
direct experimental constraints from NA64u together with
a global fit to available data.

The sectoral hierarchy is robust and will not be closed by
the next generation of eTe™ colliders. For [Cys]yy,, and
[Csz]2332 the global fit is a few orders of magnitude tighter
than the unitarity line over the experimentally accessible
energy range. For [Cy/]y33, NA64yu is the only direct
experimental probe; its projected sensitivity intersects the
unitarity line at /s around 200 GeV, within reach of
proposed future colliders.

The spin-summing positivity sum rules partition the
parameter space into scalar- and vector-dominated UV
regions. The L, — L, Z' completion sits cleanly in the
vector-dominated region, as expected from the negative
sign of the tree-level matching for the diagonal coefficients.
The current global-fit central value for [Cys],y,, is com-
patible with both signs, so positivity does not yet pick out a
unique UV structure for that coefficient. While the global-
fit central value for [C,/],33, favors a scalar-dominated
completion, this coefficient is not generated by a flavor-
conserving Z', so the implication does not constrain the
leptophilic Z’ models considered here.

RG running between 1 GeV and 30 TeV modifies these
coefficients by <10%. We have neglected it at leading
order with the understanding that this is a subleading
correction. We translated the wilson-coefficient bounds
onto the effective four-neutrino contact coupling G.g.
The values we obtain are many orders of magnitude below
the G4 ~ 10'-10°G regime that has been invoked to
ease cosmological tensions; within the validity of the
dimension-six SMEFT and for contact-type interactions,
our bounds therefore exclude heavy-mediator UV com-
pletions of strong v,~v, and v,~v, self-interactions, while
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leaving the cosmologically motivated light-mediator sce-
narios unconstrained by this analysis.

Finally, we used the experimental bounds to comment on
the (¢/, M) parameter space of a leptophilic L, — L, UV
completion. The matching is valid for M, larger than the
typical NA64yu momentum transfer. The analogous analysis
for the e—u sector, using the projected JUNO sensitivity to
the first-generation wilson coefficient [C|;,,, is given in
Appendix A. The large fiducial volume of JUNO probes a
higher new-physics scale via this coefficient. The reach is
stronger in the electron sector because global fits yield
tighter constraints on first-generation coefficients, which
are expected to improve with future experiments.

Beyond the explicit Z' completion, these u—t Wilson
coefficients (and their analogs in other flavor sectors) also
enter dark-matter scenarios in which neutrino self-inter-
actions are generated at one loop through DM-neutrino
couplings [87,88]. In such models the four-neutrino con-
tribution scales as 1/A* and is further suppressed by a loop
factor relative to the tree-level case studied here, but the
same Wilson coefficients can in principle be used to con-
strain those models. The p—z four-lepton sector is thus a
natural meeting point of cosmology, EFT-based theoretical
constraints, and direct laboratory experiments. We hope
that the analysis presented here motivates further work in
this direction.
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APPENDIX: FIRST-GENERATION PROJECTION

Beyond the y— analysis of Sec. IV, we can perform a
similar analysis for the e—u sector. Whereas the L, — L,
benchmark used in Sec. IV gauges a flavor-non-universal
current, the analogous L, — L, symmetry is also anomaly-
free with the Standard Model fermion content, but is much
more strongly constrained by precision measurements
involving electrons. We therefore adopt the anomaly-free
U(l) L,-1, gauge-boson benchmark of Ref. [73]. The gauge

due Mediator-Neutrino coupling

108 Excluded Region

10t 102 103 104
Mediator mass mz [MeV]

FIG. 5. Constraints on the mediator—neutrino coupling versus
mediator mass (in MeV). Existing bounds (white dwarf, BABAR,
Borexino, and other probes), together with the Belle, NA64,
DUNE, and SHiP projections, are adapted from Ref. [73]; the
JUNO projection is obtained by translating the projected Ajyno =
1 TeV sensitivity to [Ogz],12, reported in Ref. [49].

boson couples directly to the corresponding lepton-family
current, while the loop-induced kinetic mixing included in
Ref. [73] provides additional sensitivity in experiments
involving other Standard Model particles. Since the elec-
tron sector is more strongly constrained at low energies and
is also projected to receive the largest improvement from
future experiments, the resulting parameter space is corre-
spondingly more tightly constrained than in the y—7 case.

For a heavy U(1),, _ 1, gauge boson, integrating out the

7' gives the tree-level matching

C 2,
I f/i};m':%;—Z' (A1)
Z/

Reference [49] finds a projected 95% CL JUNO sensitivity
of approximately Ajyno = 1 TeV for [Ozz]12, assuming a
unit Wilson coefficient and one nonzero SMEFT operator at a
time. Equation (A1) therefore gives

my

< Mz A2
Ju=e ~ T Tey’ (A2)

which is the JUNO projection shown in Fig. 5. This
translation applies in the heavy-mediator contact regime.
The resulting projection is weaker than the corresponding
projected DUNE bounds. The nearby TAO detector is
designed to provide a precise measurement of the unoscil-
lated reactor antineutrino spectrum and can therefore
reduce flux-related systematic uncertainties in future com-
bined analyses. The projection shown in Fig. 5, however, is
based on the JUNO-only sensitivity reported in Ref. [49].
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