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Abstract

We investigate the effects of Lorentz invariance violation (LIV) on the resonance structure
of the Z boson in high-energy collider experiments. Building on previous work where
resonance line-shape distortions were established, we extend the analysis to include space-
like and lightlike orientations of the LIV vector. The modified dispersion relation induces
rapidity-dependent distortions of the resonance profile, with effects growing strongly at
large rapidities. In anisotropic scenarios, the signal exhibits characteristic sidereal-time
modulation due to the rotation of the Earth relative to the preferred LIV direction. We show
that, while global analyses dilute the effect, dedicated studies focusing on high-rapidity
bins and sidereal-time dependence can significantly enhance sensitivity. The resulting
shifts in reconstructed resonance parameters can reach or exceed current experimental
precision for LIV scales as low as drjy ~ 108, These results demonstrate that collider
measurements of unstable gauge bosons provide a complementary and competitive probe
of Lorentz violation.

Keywords: phenomenology of Lorentz violation; Standard-Model Extension; weak-boson
resonances

1. Introduction

Lorentz invariance is a cornerstone of the Standard Model of particle physics and
modern cosmology, and its remarkable accuracy is supported by numerous constraints on
possible Lorentz invariance violating (LIV) parameters for stable particles in cosmology [1].
For instance, the bound on deviations in the photon’s speed of light is |Ac|/c < 1072%. The
limits for the electron and proton are several orders of magnitude less stringent, yet remain
extremely tight.

Nevertheless, certain experimental and observational results have been interpreted as
possible indications of LIV. The detection of ultrahigh-energy cosmic protons [2—6] with
energies exceeding ~ 5 x 101 eV, despite the expected Greisen-Zatsepin-Kuzmin (GZK)
cutoff [7,8], provides one such example. These excess-energy protons can be explained
through LIV effects [9,10]. Similarly, neutrino time-of-flight experiments and supernova
neutrino observations (e.g., SN1987A) suggest deviations from the speed of light at the
level of 1077 [11]. Such findings further motivate precise investigations of LIV.

Constraints on neutrinos from various experiments remain at the level of 10~%, which
is far weaker than the limits set for other stable particles or interaction sectors. If this is a
general feature of the weak sector, one might anticipate the possibility of detecting such
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small LIV effects at the LHC—not necessarily in neutrinos directly, but in weak gauge
bosons. The potential for such phenomena at the LHC, along with corresponding search
strategies, will be discussed in subsequent sections. This contribution builds primarily
on these recent works [12-14]; however, our detailed treatment and analyses of spacelike
and lightlike violations, including their sidereal modulation due to expected anisotropy,
are novel.

2. How to Improve the Existing Approach to LIV at the LHC

Restrictions from cosmic ray observations are generally much tighter than those
achievable in any Earth-based experiment. Modifications to the dispersion relation are
therefore strongly constrained for stable particles generally, but for neutrinos and the
weak sector, the situation is different: unstable weak gauge bosons can only be studied
precisely with high energy accelerators. Investigations of possible LIV effects have been
carried out by scientists working with the Compact Muon Solenoid (CMS) and A Toroidal
LHC ApparatuS (ATLAS) detectors at the LHC [15,16]. The specific LIV modifications of
the cross-section of the Drell-Yan process have been discussed. We can define the LIV’s
preferred direction in spacetime by the unit vector n, = (1o, 7), where the condition of
being a unit vector means |n,n"| = 1 for spacelike or timelike cases, while for the lightlike
case, it reduces to |7| = |ng|. With n, and the LIV breaking parameters ¢;, the analyzed
cross-section can be expressed in the following simplified form

dULlV dU'LI E2

g = gl afiQn) (1)

where () symbolically denotes the orientation of the process in space, and f; represents
specific functions of () and n,,. Here E; is the particle energy and M is so-called invariant
mass. The modifications to cross-sections depend on the relative orientation of the scattering
process (correspondingly, the orientation of the proton—proton collision axis and detector)
with respect to the preferred direction of LIV n,,. While the studies mentioned focus on
specific LIV modifications in the quark sector, the cross-section form presented above can be
regarded as a general modification that may arise from a wide range of possible scenarios.

From these analyses, one conclusion emerges: only values of §; > 107> offer a chance
of detection at current LHC energies. Compared to the much tighter constraints mentioned
earlier, this appears unrealistically large, rendering LIV detection in existing analyses
beyond LHC capabilities. However, there are several points where sensitivity could be

2
improved. For example, the prefactor % indicates the scale of the LIV effect with energy,
but contrary to expectation, it is not large, since it concerns only final states, which typically
carry significantly less energy than the center-of-mass energy of the process. Events with

sizable ],\57122 are rare and require careful handling. Moreover, only small pseudorapidity
cases (|17| < 2.4) are typically analyzed.

Taking these considerations into account, it is more appropriate to search for LIV in
massive intermediate gauge bosons, since they carry the highest energy in the Drell-Yan
process and thereby amplify LIV effects. For massive intermediate bosons, modifications
to the dispersion relation are further enhanced in the resonance region, increasing the
likelihood of detection.

As a conceptual illustration, we next consider the scalar mediator, which serves to
capture the essential features of the process. The following modification for the boson
dispersion relation,
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ki = M3 ,¢r = Mg — 0p(n"ky)? )
K2 = Kokt 3)

where k, and Mp are the boson four-momentum and mass and Jp is the corresponding LIV
parameter, leads immediately to a modified decay rate [10],

M2
Loy (ky) = A’Z‘;ff Tri(ko) (4)
B

Here, ' (ko) is the LI decay rate of the boson with kg energy. It is related to the rest-frame
decay rate I’y ; by the usual time-dilation factor,

M
I'rr(ko) = TOBFOLI (5)

then the unstable boson propagator modifies to

; i
% .
k2= Mg ki — (Mpegs — ikoTLiv /2Mp,fs)?
i

= : (6)
k%c - M%;,eff(l - ZrOLI/ZI\/IB>2

Dp =

The scattering cross-section with this intermediate boson is proportional to the square
of the absolute value of the propagator:

okl ~ |Dp|? (7)

The resonance mass and peak cross-section then become

M;%es = M%,eff(l - r%1/4M%) 8)
M2 1
LIV LI . LI
UBmax = YBmax M2 K ; SINCE Opmax ™~ T;; )

Beff

This shift is generated by LIV. While this example involves a scalar boson, the
conclusions can be readily generalized to vector bosons as well, since the essential
difference arising from the vector structure is not decisive. Any summations or av-
eraging over internal or external factors would only contribute to an overall propor-
tionality in (7). So, comparing with the precision measurement of the Z boson mass,
|AMz| = |Mz — Mzyesonance| = 2 MeV [17], and using (3) for the timelike n* = (1,0,0,0),
we estimate at LHC energies (E = 14 TeV, )

__ 2Mz|AM7|

|(SB| £2

~2-107° (10)

When LIV is present and the data actually follow o%'V, fitting with the LI assumption
will still yield a result due to the perturbative nature of LIV, but the extracted parameters
will be shifted. For example, generating LIV data with 63 = —2- 1077 at E = 14 TeV—using
the Z boson mass and decay rate—and fitting it with the LI form—results in a shift of
AMyz ~ —2 MeV (consistent with (10)) in the resonance peak of the perceived LI cross-
section, while the decay rate remains largely unaffected.
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3. LIV Z Boson

The modification in the dispersion relation of the type (3) for the boson can be gener-
ated if, within the Standard Model in the unitary gauge and in the electroweak symmetry-
broken phase, we introduce the operator

)
ALryy = =57 (9nZ") (9nZy) (11)
0 = n"o, (12)
where ¢; 1y is the Lorentz breaking parameter, equivalent to dp in (3).

If we calculate exactly how the decay rate into leptons with mass m; is affected by this
modification, we obtain [13,14]:

“(GH1) 1 on 82 mj
I = ———"—(M5r+2 m 1-4 13
off = o220, ko VIS @2+1 2 M2, (13)
M2
= FSM%/ M= M7 — Seiv(n'ky)? (14)
z
where k, = (ko, k) is the boson’s four-momentum. « is the fine structure constant,

g1 = 1 —4sin? 6, and 6,, is Weinberg angle. This expression is in agreement with (4) and
represents a rather general property.

Another interesting consequence is the modified behavior of the unstable particle
propagator in the resonance region:

Suv — (1 + SLIV)kykv/Mgff
k2 — (Mefg — ikoTepf(k)/2Mefr)?

Dyy = —i (15)

which resembles the unitary gauge form if Myss, I'sp — Mgz, I'sy. The possible Sriv
factor may only arise from the same modified loop behavior as the imaginary part of the
propagator. Therefore, it should be further suppressed by the loop factor, 511y ~ a - 6y
Consequently, its contribution can be neglected, as it is not the leading-order LIV effect.
For the leading LIV contribution, we may also neglect quark and lepton masses. This
implies conserved vector and axial currents, so any term proportional to momentum in the
propagator nominator vanishes when contracted with the conserved currents. Incorporat-
ing the expression for I',¢¢, we arrive at a phenomenological form suited to our analysis:

iguy
1—iTosp/2Mz)?

Dy = (16)

ki = Mgy
where I'ysps denotes I'gp, in the rest frame [13,14].

When employing this propagator, it is essential to avoid self-deception by explicitly
recognizing that the imaginary component arises from the on-shell discontinuity of the
self-energy and carries physical significance only in the vicinity of the mass shell. Away
from the pole, the analytic continuation of the propagator is not uniquely defined, which
accounts for the existence of different prescriptions (constant width, running width, com-
plex mass). These schemes vary in accuracy and in their sensitivity to gauge parameters;
for example, the complex mass approach ensures a formally gauge invariant continuation
but conceptually treats the boson mass and related quantities as intrinsically complex.
It is therefore important to remain aware of the limitations and inherent drawbacks of
each method. Some of these issues are discussed in [18,19]. Nevertheless, the present
near-resonance analysis—like other established approaches—remains well suited to cap-
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turing the relevant physics with a level of accuracy far beyond what is required for our
phenomenological discussion.

3.1. Drell-Yan Process Cross-Section

The process occurring at the LHC, whose cross-section resembles the form of (7), is
the neutral current Drell-Yan process. This proceeds via quark—-antiquark annihilation into
intermediate bosons, which subsequently decay into a final lepton—-antilepton pair. The
neutral intermediate boson can be a photon, a Z boson, or the Higgs boson. However, the
Higgs channel is strongly suppressed and can be neglected. Near the resonance region of
the Z boson, the process is dominated by the weak boson contribution.

Thus, considering only photon and Z boson exchange, the cross-section of the neutral
current Drell-Yan process in the parton model is given by

o(pr(Py) + pr(P2) — X) =
E/dxldXquf(xl)qu (x2)o(qf(x1P1) + 7 (x2P2) = X) (17)
f

where o(q¢(x1P1) +q(x2P2) — X) is the parton-level cross-section for quark-antiquark
annihilation into the final state X. Here P, , are the proton momenta, x1 » are the momentum
fractions carried by the partons, and f;.(x1) and f; f(xz) denote the parton distribution
function (PDF) for quark flavor f.

The proton momenta can be parametrized as

P, = (E,P7), P,=(E,—P7) (18)

where 7 is the unit vector along the collision axis, aligned with the detector axis. Since we
have introduced 7, let us parametrize it before proceeding further. Earth rotates with a
period of approximately 24 h around its axis, and therefore 7 also changes with Earth’s
rotation in the global reference frame. If we align the global reference frame’s z-axis parallel
to Earth’s rotational axis, then (see Appendix A)

7 = (sinA cos(27tt/T), sin A sin(27t/T), cos A) (19)

where A is the angle between the LHC beam (collision) axis and the Earth’s rotational
axis. For ATLAS and CMS, whose beam directions are approximately aligned along the
east—west direction (i.e., nearly perpendicular to the Earth’s meridians), this angle is close to
90° (with a small deviation of order 10°, which is not essential for our purposes. Deviations
from this approximation will be specified if relevant). For a general detector at CERN,
A depends on the local beam orientation, with the minimum value corresponding to the
meridian (north—south) direction and given by CERN’s latitude, x =~ 46.2°. Here, T denotes
the Earth’s rotation period. This form of 7 is straightforward to interpret: the component
parallel to the rotational axis remains constant, while the perpendicular component rotates
with the Earth’s period. In this parametrization, 7 coincides with the x-axis when A = 7/2
and t = 0 (the beginning of the day).

At very high energies, the proton mass can be neglected, so E ~ P (half of the center
of mass energy). The momentum of the intermediate boson is then

Qu = E((x1 +x2), (x1 —x2) 7) (20)
Q? = 4xyxE? (21)
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In the literature, it is common to parametrize Q in terms of invariant mass M and
rapidity Y
Qu = M(coshY, 7 sinhY), Q%= M? (22)

which relates x1, to M and Y:

M
X1 = 3E exp(£Y) (23)
The Jacobian
o(M?,Y) 9
——2~> =4E 24
d(x1,x2) @)

allows the differential cross-section to be written as

dzap . quf(xl)fﬁf(xZ)o_f

dMPdY 5 4E2 @)
where 0, and 0y denote the proton level and parton-level cross-sections, respectively:
op = 0o(pr(Py) + pr(Py) = 1 +1) (26)
of = 0(qr(x1P1) + 45 (x2P2) — [+1) (27)
A straightforward calculation of of yields [13]
M2 — M2, (1 -T2, /4M2)
8f81 eff osm/ *Mz )
U’f = U’EM[l + )
2Jes| M2 sin? 26,
(28)
1+¢3)(1+g7
(EDUTa) o
16¢ 7 sin 20,
47a?
0UEM = W@} (29)

where ‘e f’ equals to 2/3 or 1/3 for u and d quarks, respectively. Also, for the interaction

constant gy, we haveg, =1-8/3 sin? 0, and gi=1-4/3 sin? 6,,. The resonance factor is

M4
2
<M2 — M p(1— F%SM/4M%)) + Mg Tosp/ M5

R(M?) = (30)

From the cross-section and the form of R(M?), we see clearly how the resonance be-
havior is modified by LIV. The resonance mass M, and peak cross-section 0y, are shifted:
M7 = M2 (1 — Tgsp/4M3) (31)

~ M2 (1 —Suy(ngcoshY — (7 - 7) sinh Y)Z) (1—T2,,/4M2) (32)

Sr1v(ngcoshY — (7 - 7") sinh Y)?
_ Ve
z

) (33)

~ ~LI
Ufmax ~ O-fmax(l

Here the subdominant photon contribution is neglected in the 0 yax.
For specific violation cases:
lL.ng=17 =0for pure timelike cases;
2.19=0, 72 =1for pure spacelike cases;
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3. W= n3 for lightlike cases.
The corresponding parametrization of ny, 7 can be applied. In a timelike case, the LIV
effect is isotropic, while spacelike and lightlike violations produce anisotropic behavior.
The resonance mass shift also depends on the sign of érjy: for the positive érjy the
resonance mass shifts below My and the peak sharpness decreases; for negative dr v,
the opposite occurs.

For timelike violations, the shift can be compared to the experimental accuracy of the

Mz measurement ( AMy =~ 2 MeV), yielding

2AMy

Oy < ——— 74
HV = My cosh? Y

(34)

which for Y = 5 gives oy jy ~ 1078 —107°.

3.2. Experimental Analyses of Parton-Level Cross-Section

As evident from the form of the differential cross-section, any potential LIV effects
depend crucially on two main factors: the rapidity of the produced Z boson and the
orientation of the collider experiment relative to the preferred direction set by the LIV
vector. This strong dependence arises because the momentum of the intermediate Z boson
is aligned almost perfectly with the beam (detector) axis in the laboratory frame.

In the case of spacelike and lightlike LIV, the signal exhibits a pronounced anisotropy.
As a result, the observable acquires a modulation with sidereal time. This modulation
occurs because the spatial component of the LIV vector is fixed with respect to a global,
non-rotating reference frame (aligned with the distant stars). Consequently, the daily
rotation of the Earth causes the orientation of any terrestrial detector to vary periodically
relative to this frame, imprinting a sidereal-time dependence on the measured signal.

The key requirement for observing LIV signatures is the selection of high-rapidity
events. The magnitude of the LIV correction grows almost exponentially with increasing
rapidity, while for events near central or low rapidities, the effect remains extremely small;
even the underlying anisotropy is negligible. However, high-rapidity events constitute
only a small fraction of the total dataset compared with the dominant low-rapidity sample.
Without separating them, the LIV contribution is strongly diluted by the bulk of unaffected
events, resulting in only a marginal and currently undetectable distortion of the overall
cross-section at present collider energies. Therefore, the optimal approach is to bin the data
according to the Z-boson rapidity, thereby enhancing the sensitivity to possible LIV effects.

For the timelike class of LIV, rapidity binning alone is sufficient. In this scenario,
searches for anisotropy or sidereal modulation are not required. Each rapidity bin then
benefits from improved statistical power, and a careful examination of the resonance peak’s
position, shape, and height provides robust constraints on the LIV parameter.

In contrast, spacelike and lightlike violations necessitate an additional binning in
sidereal time. We propose dividing the data into N equal time intervals, each of width
At = Ds/N, where Ds ~ 86164.0905 s corresponds to the length of a sidereal day. This
choice ensures that the bins remain phase-locked to the celestial (stellar) reference frame, so
that each bin corresponds to a fixed orientation of the experiment relative to the preferred
LIV direction. In practice, narrower time bins improve the angular resolution of the
anisotropy but reduce the number of events per bin—particularly at high rapidity, where
statistics are already limited. The analysis must therefore strike an optimal balance between
time-bin width and event statistics to maximize overall sensitivity.
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3.2.1. Case of Timelike LIV

Let us first analyze timelike LIV as the simpler case study. To isolate the LIV con-
tribution, we examine the relative difference between the LIV-modified parton-level
cross-section (28) and its standard LI counterpart, evaluated for |d1y| = 1078, as shown
in Figure 1.

Aagla, %

1.5F

SLy=-1078
100 LIV

0.5F

0.0

(6]

-0.51

-1.01

ABROOO
(]

! Y | GeV
75 80 85 90

Aagla, %

1.5F

1.0F

[é]

0.5+

AROO0OO
(2]

o wonnu

GeV

75 80 85 90 95 100 105

Figure 1. (0pjy — 011) /011 for the Drell-Yan process via neutral bosons. The plot shows the relative
difference between o7 1 (Lorentz-violating cross-section) and o7 (Lorentz-invariant, i.e., Standard
Model cross-section) at the parton level for |01y = 108, Plotting this difference highlights the
structure of LIV. Although visually small, the effect is not exactly zero at the resonance point, as
emphasized in Figure 2. The maximum deviation occurs about 1.2 GeV away from the true mass
(Mg = 91.1876 GeV). This should not be confused with the resonance mass shift |AMy|, expected to
be only a few MeV. The shift arises during standard fitting if the distorted LIV shape is not accounted
for. The sign of 41y determines whether the fitted mass is over- or underestimated relative to Mz.

Although Figure 1 is constructed using the parton-level cross-section, the same qual-
itative behavior holds for the full proton-level differential cross section. The difference
between the two arises solely from Lorentz-invariant factors associated with the parton dis-
tribution functions. The figure also demonstrates the role of the sign of J; jy: the magnitude
of the correction is nearly identical for both cases, but the signs differ.

The LIV effects reach their maximum deviation from the Lorentz-invariant case within
the resonance region and diminish rapidly away from it. For the representative value
|611v| = 1078 used in the plot, the relative correction amounts to a few tenths of a percent
at rapidity Y = 5 and rises to approximately 1.5% at Y = 6—a regime accessible at future
high-energy colliders. Even smaller effects on the order of 0.2% can still be statistically
significant given the precision of modern measurements. Although these deviations are
too subtle to discern clearly on the scale of the printed figure, we provide an exaggerated
version Figure 2 to better illustrate the structure of the LIV correction relative to the standard
Lorentz-invariant parton-level cross-section.
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Figure 2. Highly exaggerated comparison of LIV and LI cross-sections for Y = 8. This Y = 8 plot is
for demonstrative purposes only. For the LHC data, the expected difference is limited to ~ 0.1% for
the rapidity Y = 4.5, rendering it practically indistinguishable by visual inspection alone.

As noted earlier, although the LIV contribution may become substantial at high ra-
pidities, such events are relatively rare. In a typical experimental dataset, events from
all rapidities are combined without separation. Consequently, the majority of the sample
consists of low-rapidity events carrying a negligible LIV component. The small, pertur-
bative nature of the LIV correction precludes large distortions of the overall lineshape,
even more so if an analysis team fits this mixed dataset assuming purely Standard Model
(Lorentz-invariant) physics. The fit primarily absorbs the effect through a systematic shift
in the extracted resonance mass (and, to a lesser extent, in the effective width), as these
parameters govern the position and overall profile of the peak, but at an unidentifiable level.

To quantify this behavior, we have computed the absolute shift AMy in the recon-
structed Z-boson mass for various mixtures of LI and LIV events at different rapidities. The
results are presented in Table 1.

The table confirms the trend discussed previously: at low rapidities the shift remains
undetectable, while at high rapidities it becomes appreciable. For a realistic mixture of
90% LI and 10% LIV events at Y = 5 (an experimentally accessible value), the induced mass
shift is AMz ~ 0.25 MeV. In contrast, when only pure LIV events at the same rapidity are
considered, the shift increases to AM7 ~ 2.5 MeV. This value already exceeds the declared
experimental uncertainty of 2.1 MeV reported by both the Tevatron and LHC collaborations.
The effect is naturally more pronounced—and easier to detect—at even higher rapidities
that are not yet available with present accelerators. With all that said, Y = 5 is theoretically
accessible but practically limited. The event numbers are much smaller, and various types
of uncertainties increase. Detectors reliably measure Z boson events up to |Y| =~ 3.5 with
high efficiency (>90% in central regions, |77| < 2.5), but the efficiency decreases in forward
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regions (|| > 2.5). In addition, the accuracy of PDFs is lower for high-energy partons.
Some of these problems can be partially mitigated in binned analyses, while others are
difficult to address. It is difficult at this stage to quantify the uncertainty, but these are
known issues [20,21]. Realistically, without binning, if a mixture of LIV events with Y > 4
constitutes about 10%, we can expect an effect of the order 0.1-0.25 MeV. If only events with
Y > 4 are lumped together, then the expected effects should lie in the range 0.34-2.5 MeV.

Table 1. Absolute mass shift |[AMyz| as a function of rapidity Y and the fractional composition of LI
and LIV contributions in the data.

LI 100% 80% 60% 50% 40% 20% 0%
LIV 0% 20% 40% 50% 60% 80% 100%
Y=0 0eV 0.1 keV 0.2 keV 0.3 keV 0.3 keV 0.5 keV 0.6 keV
Y=2 0eV 1.3 keV 2.6 keV 3.2 keV 3.9 keV 5.2 keV 6.5 keV
Y=4 OeV 68 keV 136 keV 170 keV 204 keV 272 keV 340 keV
Y=45 0eV 185 keV 370 keV 462keV  06MeV  07MeV 0.9 MeV
Y=5 0eV 05MeV 10MeV 13MeV 15MeV 20MeV  25MeV
Y=6 0evV 37MeV 74MeV  93MeV 11.1MeV 14.8MeV 18.6 MeV

This table shows resonance mass shifts obtained when the o7y cross-section is reconstructed using a Standard
Model fit. “LI” denotes the Lorentz-invariant cross-section, while “LIV” denotes the Lorentz-violating contribution.
Cross-sections are assumed at the parton level according to formula (28), with photon contributions included
though subdominant. The data is simplified to a mixture of LI and LIV events: low-rapidity events remain close
to the Standard Model, while high-rapidity events exhibit detectable LIV effects as resonance mass shifts. The
magnitude of the shift scales with the level of LIV contamination. The sign of o1 1y leads to either overestimation
(6Lrv > 0) or underestimation (dry < 0) of the resonance mass, but differences remain within the displayed
precision, so both cases are combined here. These resonance mass shifts arise within a standard analysis framework
because an LI cross-section function is fitted to an LIV-distorted distribution. LIV contamination thus biases the
fitted parameters of conventional methods. Here and everywhere below, the actual fitting was performed using
Wolfram Mathematica’s NonlinearModelFit around the central values of 2.5 GeV for the decay rate and 91 GeV
for the boson mass. The fit was performed in the mass interval 80 GeV < M < 100 GeV, with M and T  treated as
floating parameters while the remaining input parameters were fixed. Synthetic data were first generated using
the full distribution function with added random noise to simulate experimental variation. A nonlinear regression
was then performed to fit these data to the LI distribution model to extract parameters I' and M, utilizing the
NonlinearModelFit routine in Wolfram Mathematica.

For any fixed rapidity, the mass shift is well approximated by the simple analytic relation

AM. = (SL%MZ cosh’ Y (35)

The table serves as a proxy that effectively mimics the impact of parton distribution
functions in a simplified manner. Even within this approximation, the essential features
of the LIV effect are clearly illustrated. More exact calculations incorporating realistic
PDFs, next-to-leading-order QCD or electroweak corrections, or different treatments of the
propagator pole (such as running-width or complex-mass schemes) would not change the
qualitative behavior, nor could they be easily mistaken for an LIV signal—although they
would provide a more quantitatively precise prediction.

In standard inclusive analyses, the limited fraction of high-rapidity events typically
results in only marginal effects. However, when data at Y ~ 4.5 are analyzed in separate
rapidity bins, the LIV signature becomes distinctly visible for |6, ;| = 1078 and potentially
even for |6y y| = 10~?. Should LIV exist at this level, next-generation accelerators (where
effects at Y > 6 grow highly pronounced) would likely observe it unambiguously. Nev-
ertheless, the present analysis remains valuable for existing colliders: the predicted mass
shifts lie at the edge of current measurement precision and enable new consistency checks
by comparing results from machines operating at different center-of-mass energies, such as
the Tevatron and the LHC.
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3.2.2. Case of Spacelike LIV

We have already emphasized the importance of rapidity binning for LIV detection.
Therefore, when discussing spacelike LIV in this subsection and lightlike LIV in the next,
we will not revisit those points. Instead, we assume that Y-binning has been applied to the
selected rapidities and focus on how the LIV signal should manifest.

The resonance value M, for spacelike LIV, according to (32), if we parametrize the LIV
vector in the global reference frame as

ng =0, 7 = (sinacosp,sinasin B, cosa) (36)
takes the form
M% ~ M% (l —5Ljv(7~ 7)Zsinh2Y) (1 —F%SM/ZLM%) (37)
7 -7 =sinasin A cos(27t/T — B) + cos & cos A (38)
and 5
AM, = - Lzlv'Mz sinh? Y(W> : 7)2 = AM; timelike tanh? Y(7 : 7))2 (39)

AM,, timelike is shift corresponding to timelike violation for the same Y and 67 jy. For high
rapidities tanh? Y ~ 1.
An interesting observation emerges: if T is parallel or antiparallel to Earth’s rotational
axis, then
AM; =~ AMz,timelikeCOSZ/\ (40)

In this case, due to the the residual rotational symmetry in planes orthogonal to 7, the ex-
perimental signature appears isotropic, similar to the timelike violation scenario. However,
for experiments with different orientations or locations, the magnitude of the LIV effect
can vary. For example, ATLAS and CMS have approximately the same value of cos? A due
to the LHC geometry. Their beam axes are nearly perpendicular to the Earth’s meridians,
corresponding to A =~ 90°, and are therefore suppressed. In contrast, when A coincides with
CERN's latitude, y ~ 46.2°, one finds cos®> A ~ 0.48, so that for the same ¢; 1y, the effect is
approximately half as large as in the timelike case.
Another simple case to analyze is when s orthogonal to Earth’s rotational axis:

M? ~ M2 (1 — 6 pysin®A cos? (27t /T — B) sinh? Y) (1 —T3g)/4M%) (41)
AM; = AM, gimelikeSin?A cos? (27t /T — B) (42)

Here, for a given rapidity, the maximum LIV deviation occurs at 27tt/T — p = kmt
(k € Z). The maximum deviation is approximately sin® A times as large as in the timelike
LIV case. If sidereal-time binning is not used in the data analysis, the observed resonance
mass shift (for the same J; jy values considered earlier) is further suppressed by a factor
of 1/2, since cos? is averaged over time. For |Y| = 5, A = x ~ 46.2°, and |d11y| = 1078,
we obtain AMy ~ 0.65MeV without sidereal-time binning. For ATLAS and CMS, where
A is close to 90°, one finds AMy ~ 1.3 MeV. With sidereal-time binning and for selected
rapidities, the direction of the LIV vector 7 can be inferred by identifying when AMy
reaches its maximum.

Below we provide the table of AMy for different values of «, without applying time
binning, for the case |Y| = 5and |[5;jy| = 1078, for A = x ~ 46.2°.

In Table 2 , our expectations are confirmed. The size of the LIV effect is mitigated
due to the averaging factor from Earth’s rotation. However, when sidereal-time binning
is applied, the situation changes. With sufficient statistics, sidereal modulation helps to

https://doi.org/10.3390/particles9030073


https://doi.org/10.3390/particles9030073

Particles 2026, 9, 73 12 0f 17

identify the preferred direction through the peak value of the LIV effect, which can be as
significant as in the timelike LIV case. See Figure 3.

Table 2. Reconstructed mass shifts AM, without time binning for spacelike LIV.

« 0 7T/8 7tl/d 37/8 7t/2 57t/8 3/4 77t/8 7T
AM, (MeV) 1.2 1.1 0.9 0.7 0.7 0.7 0.9 1.1 1.2

2.9 o =718
20! = a=77/4
' a = 11/2 ]
S
() = il
\2/1.5
=
= 1.0] ]
0.0L. | \-—-——-/ | ]

0 5 10 15 20
Time (hours)

Figure 3. Sidereal modulation of mass shift. This graph illustrates how the mass shift varies with
sidereal time for three values of x. The effect is largest when o = A, reaching the level of the timelike
violation. We set B = 0; the angle B does not affect the magnitude of the mass shift but shifts the
phase of the sidereal modulation, moving its maximum from ¢t = 0 to 27tt/T — = 0. As in the table
above, |Y| = 5, [01v| = 1078, and A = x =~ 46.2°. The qualitative behavior remains the same for
other values of A, with only the relative amplitudes for different « changing.

3.2.3. Case of Lightlike LIV

The lightlike violation shares certain features with both timelike and spacelike viola-
tion, but also possesses distinct characteristics. If we parametrize the lightlike 1, vector
in the global reference frame, similar to (36), we write n,, = (+1, 7) The sign in front
of the time component affects only one specific case, which we will discuss later. What
truly matters in this context is whether, in n;, = (n, 7), the time and space components
have the same or opposite signs, not which component is individually positive or negative.
For the moment, let us choose the positive sign for the time component and proceed with
this choice.

The resonance value is then

M? ~ M2 (1 — 11y (coshY — (7 - 7) sinh Y)z) (1—T2,,/4M3) (43)

where 77 - 7 is defined in (38). Since at high rapidities coshY ~ £sinhY for positive and
negative Y, respectively, this simplifies to

M2 ~ M3 (1= ouveosh®Y (15 7 - 7)) (1 — Thsy, /4M3) (44)
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indicating that for positive Y, the LIV effect is partially cancelled, while for negative Y it is
amplified by up to a factor of four, potentially yielding a stronger signal than in the timelike
violation case.

Similarly to spacelike violation, there is a specific case worth attention and simpler
to analyze. If T is parallel to Earth’s rotational axis, then the corresponding shift in the
resonance mass is

AM; ~ A]\/Iz,tirnelike(1 = cos /\)2

with the minus sign corresponding to positive rapidity and the plus sign to negative
rapidity. For A = x, when the positive and negative rapidities are analyzed separately, the
reconstructed mass shifts are

when Y > 0, AM;~ 0-1AMz,timelike (45)
when Y < 0, A]\/Iz ~ 3AMz,ﬁmelike (46)

This indicates that the LIV effect is suppressed at current experiment energies for Y > 0,
but becomes approximately three times larger than the timelike LIV case for Y < 0. For
A =~ 90°, which approximately corresponds to the ATLAS/CMS orientation, the mass shift
satisfies AMz ~ AMzy timelike- If 71 is antiparallel to the Earth’s rotational axis, the results
for positive and negative rapidities are interchanged. The same interchange occurs if the
sign of the time component is reversed, 1, = (—1,17), or equivalently 1, = (1, —#). This
dependence on the sign of the rapidity, i.e., on the direction of the intermediate Z-boson
three-momentum, is a distinctive feature of pure lightlike violations and does not arise in
timelike or spacelike LIV.

Below we provide a table of AM values for a general lightlike violation, reconstructed
without time binning. In addition, we graph how AMz changes when data is segregated
by time to have side by side comparison.

As we see from Table 3 and Figure 4, the average mass-shift value due to the Earth’s
rotation is not significantly suppressed for certain special configurations of the LIV vector,
the detector, and the Earth’s rotational axis. However, for other configurations, the effect
becomes undetectable. Once sidereal modulations are studied, however, the LIV effect
becomes unavoidable in all cases, whether at positive or negative rapidities.

-~ a=718 e~ a=718
sl - a=r11/4 6l - a=r1/4
w
K a= 72 i a =72

AMz (MeV), Y
AMz (MeV), Y

Time (hours) Time (hours)

Figure 4. Sidereal modulation of mass shift. These graphs, similar to the spacelike LIV case,
illustrate how the mass shift varies with sidereal time for three different values of « at both positive
and negative rapidities. The characteristic difference of the LIV effect is clearly visible in both the
behavior and the amplitude between the two rapidity signs. As discussed earlier, the maximal
effect can reach up to four times that of the timelike LIV contribution. In this example, |Y| = 5,
|‘$LIV| = 1078, and A = y.
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Table 3. Reconstructed mass shifts AM; without time binning for lightlike LIV. |Y| =5, |0 1y| = 1078,
A=x.

[ 0 /8 2m/8 3m/8 4m/8 57/8 6m/8 7m/8 7T
AMy (MeV),Y =5 7.2 6.8 59 4.6 3.2 1.9 1 0.4 0.2
AMyz MeV),Y = -5 02 04 1 1.9 3.2 46 5.9 68 7.2

4. Discussion and Conclusions

Our analysis focused primarily on the Z boson, whose narrow width and clean
leptonic channels make it an ideal probe of LIV. The modified dispersion relation affects
the resonance shape most strongly at high rapidities. Although the absolute magnitude of
the LIV effect can be sizable, its impact is diluted in global fits, since only a small fraction
of events populate the high-rapidity region. This motivates dedicated analyses that isolate
high-rapidity bins and, in anisotropic scenarios, employ separate binning in sidereal time.
Although practical limitations such as statistics may arise, the potential sensitivity justifies
such targeted studies.

The behavior in the timelike, spacelike, and lightlike cases is qualitatively distinct. In
particular, spacelike and lightlike configurations introduce anisotropy, which not only leads
to sidereal modulation but also makes the signal dependent on the detector location and
orientation. For example, if the spacelike LIV vector is aligned with the Earth’s rotational
axis, experiments such as ATLAS or CMS would be insensitive to the effect, while differently
oriented or located experiments could still observe it. The LIV effect is generally strongest
in the lightlike case and weakest in the spacelike case.

When favorable geometric configurations allow for detection in anisotropic scenarios,
the presence of LIV may be established even without sidereal binning. However, distin-
guishing it from the timelike case and identifying the preferred direction of the LIV vector
requires measuring sidereal modulations.

An important caveat is that the Z boson is routinely used for calibration at hadron
colliders. Whether this practice inadvertently biases against possible LIV effects remains
an open question. Nonetheless, the Z boson remains a uniquely clean candidate for
such searches.

The same reasoning extends naturally to the W boson. Recent tensions between Teva-
tron and LHC measurements of My, with discrepancies at the level of 65 MeV [22,23], are
qualitatively consistent with LIV behavior for negative J; ;. However, to fully explain this
discrepancy, the corresponding ¢ parameter would need to be a few orders of magnitude
larger than considered here. How justified such a difference between the weak bosons is
depends on how closely LIV respects the weak symmetry. Phenomenologically, we can
state that the photon and Z boson LIV parameters are correlated, as they are orthogonal
mass states of the original SU(2) and U(1)y neutral gauge bosons, and for the photon LIV

2
€0S20w . 078, [24,25]; if
cos? 0y,

not, then there can be no correlation between them. While experimental systematics may

is practically zero. Thus, if SU(2) is respected, then 6z = Jy

ultimately explain the difference, the possibility of LIV contributing to such anomalies
warrants serious consideration.

Taken together, the Z and W bosons highlight how collider observables provide a
complementary window on LIV, distinct from astrophysical probes. Our study shows that
LIV effects scale strongly with rapidity, can introduce sidereal modulations in anisotropic
cases, and may lead to percent-level modifications of cross-sections for |5;7y| ~ 1078,
These translate into effective shifts in fitted resonance masses that exceed current experi-
mental uncertainties.
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In outlook, collider studies of unstable bosons offer sensitivity to LIV at the 108 (may
be even at 10~?) level, competitive with astrophysical bounds but in a sector inaccessible to
astrophysical observations. Pursuing dedicated rapidity and sidereal-time analyses and
extending the framework to W bosons could therefore open a new experimental window
on fundamental physics beyond the Standard Model.
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Appendix A. Geometry of the Global Reference Frame

In Figure Al, the global reference frame is chosen such that the z-axis coincides
with the Earth’s rotational axis. The selection of the x, y orientations can be dictated by
convenience. For example, x-axis can be parallel to the Earth’s parallels and points in the
direction of rotation at t = 0 (the beginning of the day), while the y-axis can be directed
towards the rotational axis at t = 0.

Thus, when the collision axis is parallel to the Earth’s parallels, it coincides with the
x-axis at t = 0, and its coordinates are (1,0,0). When the collision axis is parallel to the
Earth’s meridian, its coordinates at t = 0 are (0, sin x, cos x). After the Earth rotates by an
angle 27tt/ T during time ¢, the following transformations hold:

(1,0,0) — (cos(2mtt/T), sin(2mt/T), 0), (A1)
(0,sin x, cos x) — (—sin x sin(27t/T), sin x cos(27tt/T), cos x). (A2)

Equations (A1) and (A2) give the coordinates at time ¢ for the two corresponding
initial orientations of the collision axis.
For a generally oriented collision axis, we write

7 = (sinA cos(¢ +27t/T), sinA sin(¢ + 27t/ T), cos A), (A3)

where A is not the geographic latitude, but rather the angle with the z-axis. Since the
collision axis is tangent to the Earth’s surface, A equals the detector latitude only in the
limiting case of a meridian-aligned beam, while A = 77/2 corresponds to a beam aligned
with the local parallel. The parameters A and ¢ are not independent: they are related by
the fact that the collision axis changes orientation along the LHC ring, which lies parallel
to the Earth’s surface. In principle, one could make this relation explicit by connecting
them with the rotation angle in the LHC ring and the latitude of CERN. However, this
refinement is not essential for our purposes. Instead, we restrict ourselves to the two cases
discussed above, which can be obtained by setting A = 77/2, ¢ = 0 and by setting ¢ = 77/2,
A = x. For processes that experience daily modulation, the angle ¢ carries no initial
observational significance, since for a specific experiment its value can always be absorbed
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by redefining the t = 0 moment in time. Therefore, for practical purposes one can work
with the parametrization

7 = (sinA cos(27t/T), sin A sin(27tt/T), cos A). (A4)

This can equivalently be understood as selecting the (x, y) plane at the t = 0 moment in
such a way that the x-axis coincides with the collision axis, while the y-axis corresponds to
the orientation of the collision axis at t ~ 6 h. However, when adopting such a parametriza-
tion, one should be mindful when comparing results across different experiments.

z A

Latitude: x=46.2"
Collision axis: T =(cos(27t/T), sin(27Tt/T), 0)

Latitude: x=46.2"

Collision axis:
F=(-sinysin(27t/T), sinx cos(27t/T), cosx)

Figure A1. Orientations of the collision axis in the global reference frame. The global reference
frame is chosen such that the z-axis is parallel to the Earth’s rotational axis. The point Py denotes the
detector position at t = 0. The x- and y-axes drawn at Py are not a separate coordinate origin, but a
translated copy of the global coordinate directions, introduced only to illustrate the orientation of the
collision axis 7 and its time evolution. The angle 27tt/ T represents the rotation of the collision-axis
direction around the Earth’s rotational axis. The plane shown at P, is parallel to the local latitude circle,
not necessarily the equatorial plane. Here, x denotes the geographic latitude of the detector site.
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