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Neutrino Non-Standard Interactions:
Complementarity Between LHC and Oscillation Experiments
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We explore the complementarity between LHC searches and neutrino experiments in prob-
ing neutrino non-standard interactions. Our study spans the theoretical frameworks of ef-
fective field theory, simplified model and an illustrative UV completion, highlighting the
synergies and distinctive features in all cases. We show that besides constraining the allowed
NSI parameter space, the LHC data can break important degeneracies present in oscillation
experiments such as DUNE, while the latter play an important role in probing light and
weakly coupled physics undetectable at the LHC.

I. Introduction — In spite of its vast success,
the Standard Model (SM) does not shed any
light on the origin of neutrino masses. Over-
whelming experimental evidence has shown that
neutrinos of different flavors oscillate among one
another, which cannot occur without small neu-
trino masses. New physics is necessary for gener-
ating such masses, and thus the study of neutri-
nos offers a promising window for physics beyond
the Standard Model.

The new physics associated with neutrino
masses can lie in a vast range of energy scales:
from sub-GeV to the TeV region, even reach-
ing unification scales of order 10'* GeV. This
poses a phenomenological challenge that should
be addressed with multiple experiments probing
different energy scales, and in combination with
suitable theoretical frameworks. For instance,
neutrino Non-Standard Interactions (NSI) with
matter can change the neutrino oscillation prob-
abilities [1], where the momentum transfer is
negligible, ¢> — 0 (for a summary of current
status of NSI see Ref. [2]). Therefore, the im-
pact of new physics in oscillation experiments is
well described by Effective Field Theory (EFT).
In contrast, at high energy colliders, the momen-
tum transfer can be sizable, ¢ ~ TeV?2, possibly
leading to direct production of new states, where
the consistency of EF'T may no longer be guaran-
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teed [3-8]. Here, a well suited framework should
at least include the new degrees of freedom, as in
simplified models, or may display an even richer
phenomenology, as in a UV complete scenario.

The purpose of this paper is to highlight the
complementarity of neutrino experiments such
as DUNE and collider searches in probing NSIs,
across this multitude of frameworks: from the
EFT to simplified models, and an illustrative UV
completion. In Sec. II we define EFT and sim-
plified scenarios and use them to evaluate the
LHC sensitivity to NSIs, in Sec. III we discuss
the complementarity between LHC and oscilla-
tion physics, in Sec. IV we present an illustrative
UV completion, and in Sec. V we conclude.

I1. From EFTs to Simplified Models — Neu-
trino oscillation probabilities are modified in a
medium in the presence of NSI, which are gen-
erally parametrized in the EFT framework as:

LNst = _2\/§GF5£; (Da’mVﬁ> (f¥"Pyf), (1)

where 655/ defines the strength of the v — f in-
teraction, Y = L or R, Pr (Pgr) is the left
(right) chiral projector, o, € {e,u, 7}, and
f={u,d, e}

These new physics contributions can arise
from higher dimensional operators that are in-
variant under the SM gauge symmetry. The
dominant effects are expected to come from di-
mension six operators such as

% (LavuLs) (@7 Pxq) , (2)
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where L is the lepton doublet and X = L/R. It
follows that €,5 = —1/(2v/2GpA% One would
expect prohibitively strong constrains on such
operators from charged lepton flavor violation
processes [9]. However, flavor diagonal operators
can avoid these constraints and lead to observ-
able NSI [10].

Dimension 8 operators of the type

é (HLavuHLg) (47" Pxq) (3)
where H is the Higgs doublet [4], do not directly
suffer from charged lepton flavor violation con-
straints, although there are other limits arising
from non-unitarity of the PMNS matrix, oblique
electroweak corrections, etc. [11]. If the mass
of the mediator inducing Eq. (1) is below the
electroweak scale, charged lepton flavor violation
constraints may even be absent [12, 13].

While for oscillation experiments, we can
safely take an agnostic approach to the origin
the NSI operators and apply Eq. (1), at the en-
ergy scales and couplings probed at the LHC,
the validity of the EFT approach is no longer
guaranteed. This discussion is similar to re-
cent considerations about the interplay between
dark matter (DM) searches at the LHC and
low energy direct detection experiments [14—17].
Namely, while bounds from DM direct detec-
tion experiments on new physics can be inter-
preted in the EFT regime through operators like
(X7ux) (7"q) /A2, the same does not hold true
at the LHC, where the momentum transfers can
go beyond the validity of EFT. Simplified mod-
els, in which the force mediator is dealt with
explicitly, have been shown to be more appro-
priate for collider studies. Adopting a simplified
model approach, we parametrize the NSI as

Simp __
[’NSI -

(935 VoV PLug + gy W‘qu) Z,, (4)
where Z;L denotes the new force carrier with ar-
bitrary mass My [3, 5]

Manifestations of dark matter and mnon-
standard neutrino interactions at colliders would
look quite similar, both involving large amount
of missing transverse energy. A powerful probe
of these interactions is the study of mono-jet
signatures, in which QCD initial state radiation
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Figure 1. Constraints on neutrino non-standard

interactions from LHC data and neutrino experi-
ments [24] as a function of the mediator mass My,
assuming €ng = €55 = eiﬂ. Note that LHC con-
straints are independent of neutrino flavor. We as-
sumed I'z//Myz = 0.1 here.

leads to quark and gluon emission, pp — j + £r
with j = ¢,q,¢9. In this context, it has been
shown that constraints from LHC 8 TeV data
are more stringent for Mz = 100 GeV with the
sensitivity reaching e < 1072 [5, 6].

To estimate the current and high-luminosity
LHC sensitivity to NSIs, we will recast the re-
cent jets plus missing energy searches from AT-
LAS [18] into the simplified model of Eq. (4).
The limit Mz > /s can be identified as the
EFT in Eq. (1). For our analysis, we gen-
erate the signal sample pp — vvj with MAD-
GRAPHHAMC@NLO [19, 20], simulating the
hadronization and underlying event effects with
PyTHIA8 [21]. Detector effects are simulated
with the DELPHES3 package [22].

Following the recent 13 TeV ATLAS mono-
jet study [18], we define jets with the anti-k; jet
algorithm and radius parameter R = 0.4, pr; >
30 GeV and |n| < 2.8 via FASTJET [23]. Events
with identified electrons with py > 20 GeV or
muons pr > 10 GeV in the final state are ve-
toed. To suppress the Z+jets and W +jets back-
grounds, the events are selected with Fp >
250 GeV recoiling against a leading jet with
prj1 > 250 GeV, |n;1| < 2.4, and azimuthal sep-
aration A¢(j1, Pr.miss) > 0.4. Events with more
than four jets are vetoed.

Although flavor diagonal NSIs may interfere



with the SM background Z(vv)+jets, we find
it to be negligible in the region of interest for
the LHC sensitivity. Therefore, the diagonal and
non-diagonal NSIs result in equivalent bounds at
LHC. Note also that, in fixing the total width,
the number of signal events is proportional to
e? = (3,3 |€apl?) for both on-shell and off-shell
production, and thus we use € to quantify the
LHC sensitivity to NSIs. This eases the compari-
son to neutrino experiments without any further
assumptions about the g, vs. g, ratio.

For concreteness, we will assume that neu-
trino NSIs arise in the simplified model (4) as

U :Ed — e = (gu)aﬁgl‘:d (5)
af aff aB 9 \/iGp M2, )

where gq‘; 4= 95,11 + gﬁd is the quark vector cur-
rent. We shall assume that g/ = 921/ and g{? 4=0
in presenting most of our numerical result’s, ex-
cept in the context of an explicit model where
these relations are not realized.

A major limitation of such searches is asso-
ciated with the overwhelming SM backgrounds,
pp — Z(vv)j and pp — W (lv)j, which suffer
from large theoretical uncertainties, including
higher-order QCD and electroweak corrections.
Nevertheless, recently efforts have been made to
improve the signal sensitivity in both experimen-
tal and theoretical fronts [25]. These include fur-
ther exploration of background control regions
and state-of-the-art Monte Carlo simulations, re-
sulting in suppressed background uncertainties
and augmented sensitivity to new physics. These
advancements lead to suppressed systematic un-
certainties that pave the way to stronger NSI
constraints at the high-luminosity LHC.

In Fig. 1, we present the LHC sensitivity
to NSIs at 95% CL, estimated for two LHC
integrated luminosity scenarios: 36.1 fb~! and
3 ab~!. For the lower luminosity case, AT-
LAS [18] provides a limit on the signal events
for ten signal regions. They differ by increas-
ing Fp thresholds. We define the NSI con-
straint by the most sensitive region (black line).
For the high-luminosity scenario, we obtain the
backgrounds from ATLAS in the same ten P
thresholds. The NSI sensitivity is obtained from
the signal region that maximizes the significance

S = Ns/+/Np, + (601,.Np,)2, where Ny and Ny, are
the signal and background events, respectively,
and doy, is the background uncertainty. To evalu-
ate the impact of systematic uncertainties at the
high-luminosity LHC, the sensitivities are eval-
uated in two scenarios: dop =1% and 3%. The
future high-luminosity LHC sensitivity is shown
as a blue region, in which the impact of such un-
certainties is conveyed as a band. The resulting
LHC constraint is maximal for mediators masses
of order My ~ 2 TeV, reaching ¢ < 2 x 1073,
Flavor dependent bounds on NSI from neutrino
experiments [24] are shown as dashed lines and
will be discussed in the following section.

We can identify the EFT regime for the LHC
when the mass of the mediator is much above the
scale of the process involved. This can clearly be
seen in Fig. 1, as the bound on € does not change
for mediator masses above ~ 5 TeV. In addition,
a robust argument can be made to estimate the
validity of this EFT at the LHC. For any fixed
ratio I'z/ /My, we can write the following in-
equality

CEg LY
T V2GpM3, Mz

(6)

This constraint originates from the fact that
the total width of the Z’ should be larger than
the partial widths to w@, dd, and vi: Ty >
My (247)(g2+6{(g¥ )2 + (g} )?}), where we as-
sumed decay to a single neutrino flavor. Consid-
ering non-zero axial couplings would make the
constraint more stringent. Assuming g}f = 921/
leads to the “inconsistent region” (gray shaded)
in Fig. 1. Considering narrower Z’ makes the
constraint stronger, while broader Z’ implies
non-perturbativity (I'z/ greater than roughly
half Myz/). Therefore, traditional EFT analy-
ses at the LHC using four-fermion operators like
Eq. (1) will typically not be valid, at least having
simple/minimal UV completions in mind.

III. Complementarity between LHC and
neutrino experiments — Differently from the
LHC, the effects of NSIs in neutrino oscillations
strongly depend on the flavor structure of the
NSI and the oscillation channel being studied.
In Fig. 1, we show the limits on |e,g| for
each flavor combination, derived from the global
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Figure 2. Constraints on neutrino non-standard in-
teractions from LHC data, for different mediator
masses as labeled, with 'y, /My = 0.1, assuming
€af = €qp = e‘iﬂ. A fit to simulated data for DUNE
from Ref . [26] is also included (pink shaded region).

fit [24] using neutrino oscillation and COHER-
ENT data, where all other NSI parameters were
marginalized over. We have combined the limits
on €,5 and efllﬁ at 95% CL in [24] in quadra-
ture, oop = [(O‘ZB)_2+ (agﬁ)_Q]_1/2. These con-
straints on NSI parameters span two orders of
magnitude, showing the strong dependency on
the flavor structure of the NSI.

The flavor dependence of NSIs on neutrino
oscillations goes beyond different sensitivities.
The effects of different NSIs and/or variations
of the standard oscillation parameters can, in
some cases, compensate each other and lead to
well known degeneracies. Disentangling those is
a difficult task at neutrino facilities. In contrast,
the mono-jet signal at the LHC, pp — v41vp],
does not distinguish between different choices of
(a, B); i.e., they all lead to the same observables.
Besides constraining the currently allowed NSI
parameter space, this feature can be further ex-
ploited to break relevant degeneracies.

To make this point manifest, we present two
examples of degeneracy breaking in the follow-
ing. In Fig. 2, we show the 95% CL bounds on
lece| vs. |€er| from Ref. [26], obtained by combin-
ing current oscillation and scattering data with
future DUNE sensitivity. In Fig. 3, we show the
95% CL bounds on €., vs. the usual CP vio-
lating phase § for the future DUNE experiment
from Ref. [27]. Here, v, — v, and 7, — 7,
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Figure 3. An example of degeneracy in the (e.r,d)
plane, where ¢ is the standard C'P violating phase
and €., = € = €&, from future DUNE data

eT?

taken from Ref. [27] (pink shaded regions are al-
lowed, assuming €., = 6 = 0 as null hypothesis).
We overlay the LHC sensitivity to this NSI parame-
ter for several mediator masses, as labeled, assuming
Ty /My =0.1.

oscillation channels, driven by the smallest mix-
ing parameter, sin® 26,3, are crucial to constrain
these parameters. These oscillations are signif-
icantly affected by matter effects, and channels
like v, = vr, Ve — v, are much harder to study
due to experimental limitations. The allowed
regions from neutrino experiments are shown in
pink shaded, while the LHC bound depends on
the mediator mass and is depicted as colored
lines, as indicated in the figures. It should be
noted that, even with the future DUNE experi-
ment, several degeneracies will remain unsolved
by oscillation measurements, but could in prin-
ciple be unravelled by LHC data.

Therefore, several important complementary
aspects between LHC and neutrino experiments
can already be identified. The LHC sensitivity
displays a strong dependence on the mediator
mass, but it is free of parameter degeneracies.
Neutrino oscillation measurements, on the other
hand, exhibit the opposite behavior: significant
degeneracies and no mediator mass dependence.

On top of that, there is another complemen-
tary aspect that cannot be seen from the figures
presented so far. The matter potential induced
when neutrinos travel through a medium is not
affected by a diagonal, universal contribution (as



this just induces an overall phase shift on the
neutrino state). On the other hand, LHC data
is sensitive to each and all NSI parameters inde-
pendently. Note also that neutrino oscillations
are not sensitive to axial interactions, while LHC
data is sensitive to both vector and axial new
physics contributions. All these features show
the synergies between oscillation measurements
and collider data on probing new physics in the
neutrino sector.

IV. Towards a UV complete scenario —
Any UV complete model of neutrino NST is ex-
pected to provide a more extensive phenomenol-
ogy, especially since neutrinos are in the same
SU(2)r, doublet as charged leptons. This fur-
ther enhances the synergies between LHC and
oscillation experiment, as we shall demonstrate
in an illustrative UV completion. We show in
Fig. 4 the constraints on the UV complete model
of Ref. [12] (see Ref. [28] for other constructions
with leptonic signals). In this UV completion
the B — L number is gauged, but only for the
third family. This leads to a new gauge boson
that couples more strongly with the third family
fermions and results in nonzero €,,. In Ref. [12]
the entire model was specified, and an extensive
list of constraints were derived from low energy
observables such as neutrino oscillation, D — D
mixing, T and B decays, atomic parity violation,
and others.

Assuming tan § = 0.5 (see Ref. [12]), we com-
pare these constraints (black line) with a ded-
icated bbrT search [29] (red line), electroweak
precision T' parameter [30] (green solid and dot-
ted line) and the high-luminosity LHC jets plus
missing energy constraint of Sec. II (blue line).
The latter displays a distinctive profile due to
enhanced light flavors initial state contributions
for My ~ My and b-initiated at My > M. If
My < My, the contribution to the T' parameter
can in principle be compensated by those stem-
ming from the scalar sector, making this con-
straint model dependent (indicated by the dot-
ted green line). Finally, we also show the region
in which the theory becomes non-perturbative,
corresponding to the new gauge coupling being
larger than 2.0.

Low energy constraints, dedicated LHC
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Figure 4. Sensitivities to a specific UV complete

model realization of non-standard interactions where
the B — L number of the third family is gauged [12].
This includes current low energy observables (black),
electroweak T parameter (green solid and dotted, see
text), future high-luminosity LHC searches for bbrr
final states (red, adapted from Ref. [29]), and LHC
mono-jet searches (blue).

searches, and missing energy signatures provide
strong constraints for different masses of the me-
diator. For masses below about 10 GeV, low
energy observables tend to dominate. In the
intermediate regime 10 — 100 GeV, dedicated
searches for visible signatures at the LHC be-
come more relevant. Finally, from 0.1 — 1 TeV
LHC mono-jet searches and electroweak preci-
sion observables (up to the T parameter model
dependence) play the leading role. This makes
manifest the complementarities among collider
data, oscillation measurements, and other low
energy observables.

V. Conclusion — We have explored the com-
plementarity between neutrino experiments and
LHC searches in probing neutrino non-standard
interactions. Our analysis covers the full span of
theory frameworks: effective field theories, sim-
plified models, and an illustrative UV comple-
tion. We have shown that the present and high-
luminosity LHC sensitivities to NSIs display rel-
evant synergies to oscillation results. Namely,
i) the breakdown of degeneracies among NSI and
oscillation parameters, and i) sensitivity to new
phenomenological signatures at the LHC. As a
by-product of our analysis, we have shown that
the use of EFT at the LHC in estimating sensi-



tivity to NSIs is not generally theoretically con-
sistent.

ACKNOWLEDGMENTS

The work of KB and SJ was supported in
part by US Department of Energy Grant Num-
ber DE-SC 0016013 and by the Neutrino The-
ory Network Program Grant No. DE-AC02-

07CHI11359. KB, DG and SJ thank the Fer-
milab theory group for warm hospitality during
the completion of this work. KB is supported in
part by a Fermilab Distinguished Scholar pro-
gram. Fermilab is operated by the Fermi Re-
search Alliance, LLC under contract No. DE-
ACO02-07CH11359 with the United States De-
partment of Energy.

[1] L. Wolfenstein, “Neutrino Oscillations in
Matter,” Phys. Rev. D17 (1978) 2369-2374.
[,204(1977)].

[2] P.S. Bhupal Dev et al., “Neutrino
Non-Standard Interactions: A Status Report,”
arXiv:1907.00991 [hep-phl. [SciPost Phys.
Proc.2,001(2019)).

[3] S. Davidson and V. Sanz, “Non-Standard
Neutrino Interactions at Colliders,” Phys. Rev.
D84 (2011) 113011, arXiv:1108.5320
[hep-ph].

[4] Z. Berezhiani and A. Rossi, “Limits on the
nonstandard interactions of neutrinos from e+
e- colliders,” Phys. Lett. B535 (2002) 207218,
arXiv:hep-ph/0111137 [hep-ph].

[5] A. Friedland, M. L. Graesser, I. M. Shoemaker,
and L. Vecchi, “Probing Nonstandard
Standard Model Backgrounds with LHC
Monojets,” Phys. Lett. B714 (2012) 267275,
arXiv:1111.5331 [hep-ph].

[6] D. Buarque Franzosi, M. T. Frandsen, and
I. M. Shoemaker, “New or v missing energy:
Discriminating dark matter from neutrino
interactions at the LHC,” Phys. Rev. D93
no. 9, (2016) 095001, arXiv:1507.07574
[hep-ph].

[7] D. Choudhury, K. Ghosh, and S. Niyogi,
“Probing nonstandard neutrino interactions at
the LHC Run I1,” Phys. Lett. B784 (2018)
248-254.

[8] I. Bischer and W. Rodejohann, “General
neutrino interactions from an effective field
theory perspective,” Nucl. Phys. B947 (2019)
114746, arXiv:1905.08699 [hep-ph].

[9] S. Bergmann and Y. Grossman, “Can lepton

flavor violating interactions explain the LSND

results?,” Phys. Rev. D59 (1999) 093005,

arXiv:hep-ph/9809524 [hep-ph].

K. S. Babu, P. S. B. Dev, S. Jana, and

A. Thapa, “Non-Standard Interactions in

Radiative Neutrino Mass Models,” JHEP 03

(2020) 006, arXiv:1907.09498 [hep-ph].

M. B. Gavela, D. Hernandez, T. Ota, and

W. Winter, “Large gauge invariant
non-standard neutrino interactions,” Phys.
Rev. D79 (2009) 013007, arXiv:0809.3451
[hep-ph].

K. S. Babu, A. Friedland, P. A. N. Machado,
and I. Mocioiu, “Flavor Gauge Models Below
the Fermi Scale,” JHEP 12 (2017) 096,
arXiv:1705.01822 [hep-phl].

Y. Farzan and 1. M. Shoemaker, “Lepton
Flavor Violating Non-Standard Interactions via
Light Mediators,” JHEP 07 (2016) 033,
arXiv:1512.09147 [hep-phl].

G. Busoni, A. De Simone, E. Morgante, and
A. Riotto, “On the Validity of the Effective
Field Theory for Dark Matter Searches at the
LHGC,” Phys. Lett. BT28 (2014) 412-421,
arXiv:1307.2253 [hep-ph].

O. Buchmueller, M. J. Dolan, and C. McCabe,
“Beyond Effective Field Theory for Dark
Matter Searches at the LHC,” JHEP 01 (2014)
025, arXiv:1308.6799 [hep-ph].

D. Goncalves, P. A. N. Machado, and J. M.
No, “Simplified Models for Dark Matter Face
their Consistent Completions,” Phys. Rewv.
D95 no. 5, (2017) 055027, arXiv:1611.04593
[hep-ph].

N. F. Bell, G. Busoni, and I. W. Sanderson,
“Self-consistent Dark Matter Simplified Models
with an s-channel scalar mediator,” JCAP
1703 (2017) 015, arXiv:1612.03475
[hep-ph].

ATLAS Collaboration, M. Aaboud et al.,
“Search for dark matter and other new
phenomena in events with an energetic jet and
large missing transverse momentum using the
ATLAS detector,” JHEP 01 (2018) 126,
arXiv:1711.03301 [hep-ex].

J. Alwall, M. Herquet, F. Maltoni,

O. Mattelaer, and T. Stelzer, “MadGraph 5 :

[11]

[12]

[13]

[14]

[17]

[18]

[19]


http://dx.doi.org/10.1103/PhysRevD.17.2369
http://arxiv.org/abs/1907.00991
http://dx.doi.org/10.1103/PhysRevD.84.113011
http://dx.doi.org/10.1103/PhysRevD.84.113011
http://arxiv.org/abs/1108.5320
http://arxiv.org/abs/1108.5320
http://dx.doi.org/10.1016/S0370-2693(02)01767-7
http://arxiv.org/abs/hep-ph/0111137
http://dx.doi.org/10.1016/j.physletb.2012.06.078
http://arxiv.org/abs/1111.5331
http://dx.doi.org/10.1103/PhysRevD.93.095001
http://dx.doi.org/10.1103/PhysRevD.93.095001
http://arxiv.org/abs/1507.07574
http://arxiv.org/abs/1507.07574
http://dx.doi.org/10.1016/j.physletb.2018.07.053
http://dx.doi.org/10.1016/j.physletb.2018.07.053
http://dx.doi.org/10.1016/j.nuclphysb.2019.114746
http://dx.doi.org/10.1016/j.nuclphysb.2019.114746
http://arxiv.org/abs/1905.08699
http://dx.doi.org/10.1103/PhysRevD.59.093005
http://arxiv.org/abs/hep-ph/9809524
http://dx.doi.org/10.1007/JHEP03(2020)006
http://dx.doi.org/10.1007/JHEP03(2020)006
http://arxiv.org/abs/1907.09498
http://dx.doi.org/10.1103/PhysRevD.79.013007
http://dx.doi.org/10.1103/PhysRevD.79.013007
http://arxiv.org/abs/0809.3451
http://arxiv.org/abs/0809.3451
http://dx.doi.org/10.1007/JHEP12(2017)096
http://arxiv.org/abs/1705.01822
http://dx.doi.org/10.1007/JHEP07(2016)033
http://arxiv.org/abs/1512.09147
http://dx.doi.org/10.1016/j.physletb.2013.11.069
http://arxiv.org/abs/1307.2253
http://dx.doi.org/10.1007/JHEP01(2014)025
http://dx.doi.org/10.1007/JHEP01(2014)025
http://arxiv.org/abs/1308.6799
http://dx.doi.org/10.1103/PhysRevD.95.055027
http://dx.doi.org/10.1103/PhysRevD.95.055027
http://arxiv.org/abs/1611.04593
http://arxiv.org/abs/1611.04593
http://dx.doi.org/10.1088/1475-7516/2017/03/015
http://dx.doi.org/10.1088/1475-7516/2017/03/015
http://arxiv.org/abs/1612.03475
http://arxiv.org/abs/1612.03475
http://dx.doi.org/10.1007/JHEP01(2018)126
http://arxiv.org/abs/1711.03301

Going Beyond,” JHEP 06 (2011) 128,
arXiv:1106.0522 [hep-ph].

J. Alwall, R. Frederix, S. Frixione, V. Hirschi,
F. Maltoni, O. Mattelaer, H. S. Shao,

T. Stelzer, P. Torrielli, and M. Zaro, “The
automated computation of tree-level and
next-to-leading order differential cross sections,
and their matching to parton shower
simulations,” JHEP 07 (2014) 079,
arXiv:1405.0301 [hep-ph].

T. Sjostrand, S. Mrenna, and P. Z. Skands, “A
Brief Introduction to PYTHIA 8.1,” Comput.
Phys. Commun. 178 (2008) 852-867,
arXiv:0710.3820 [hep-ph].

DELPHES 3 Collaboration, J. de Favereau,
C. Delaere, P. Demin, A. Giammanco,

V. Lemaitre, A. Mertens, and M. Selvaggi,
“DELPHES 3, A modular framework for fast
simulation of a generic collider experiment,”
JHEP 02 (2014) 057, arXiv:1307.6346
[hep-ex].

M. Cacciari, G. P. Salam, and G. Soyez,
“FastJet User Manual,” Fur. Phys. J. C72
(2012) 1896, arXiv:1111.6097 [hep-ph].

P. Coloma, I. Esteban, M. C. Gonzalez-Garcia,
and M. Maltoni, “Improved global fit to
Non-Standard neutrino Interactions using

COHERENT energy and timing data,”
arXiv:1911.09109 [hep-phl].

J. M. Lindert et al., “Precise predictions for
V+ jets dark matter backgrounds,” Fur. Phys.
J. C77 no. 12, (2017) 829, arXiv:1705.04664
[hep-ph].

P. Coloma and T. Schwetz, “Generalized mass
ordering degeneracy in neutrino oscillation
experiments,” Phys. Rev. D94 no. 5, (2016)
055005, arXiv:1604.05772 [hep-ph].
[Erratum: Phys. Rev.D95,10.7,079903(2017)].
J. Liao, D. Marfatia, and K. Whisnant,
“Degeneracies in long-baseline neutrino
experiments from nonstandard interactions,”
Phys. Rev. D93 no. 9, (2016) 093016,
arXiv:1601.00927 [hep-phl].

T. Han, J. Liao, H. Liu, and D. Marfatia,
“Nonstandard neutrino interactions at
COHERENT, DUNE, T2HK and LHC,” JHEP
11 (2019) 028, arXiv:1910.03272 [hep-phl].
F. Elahi and A. Martin, “LHC constraints on a
(B — L)3 gauge boson,” Phys. Rev. D100 no. 3,
(2019) 035016, arXiv:1905.10106 [hep-ph].
Particle Data Group Collaboration,

M. Tanabashi et al., “Review of Particle
Physics,” Phys. Rev. D98 no. 3, (2018) 030001.


http://dx.doi.org/10.1007/JHEP06(2011)128
http://arxiv.org/abs/1106.0522
http://dx.doi.org/10.1007/JHEP07(2014)079
http://arxiv.org/abs/1405.0301
http://dx.doi.org/10.1016/j.cpc.2008.01.036
http://dx.doi.org/10.1016/j.cpc.2008.01.036
http://arxiv.org/abs/0710.3820
http://dx.doi.org/10.1007/JHEP02(2014)057
http://arxiv.org/abs/1307.6346
http://arxiv.org/abs/1307.6346
http://dx.doi.org/10.1140/epjc/s10052-012-1896-2
http://dx.doi.org/10.1140/epjc/s10052-012-1896-2
http://arxiv.org/abs/1111.6097
http://arxiv.org/abs/1911.09109
http://dx.doi.org/10.1140/epjc/s10052-017-5389-1
http://dx.doi.org/10.1140/epjc/s10052-017-5389-1
http://arxiv.org/abs/1705.04664
http://arxiv.org/abs/1705.04664
http://dx.doi.org/10.1103/PhysRevD.95.079903, 10.1103/PhysRevD.94.055005
http://dx.doi.org/10.1103/PhysRevD.95.079903, 10.1103/PhysRevD.94.055005
http://arxiv.org/abs/1604.05772
http://dx.doi.org/10.1103/PhysRevD.93.093016
http://arxiv.org/abs/1601.00927
http://dx.doi.org/10.1007/JHEP11(2019)028
http://dx.doi.org/10.1007/JHEP11(2019)028
http://arxiv.org/abs/1910.03272
http://dx.doi.org/10.1103/PhysRevD.100.035016
http://dx.doi.org/10.1103/PhysRevD.100.035016
http://arxiv.org/abs/1905.10106
http://dx.doi.org/10.1103/PhysRevD.98.030001

