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We propose a minimal extension of the Standard Model by introducing a Lorentz invariance violation
(LIV) term into the Z boson’s dispersion relation, expressed as p, p* = M2 + Sy ( p”n”)z, where Oy v
defines the violation scale and »* is a unit Lorentz vector specifying the direction of the violation. This
perturbative modification alters the Z boson propagator and decay rate, impacting the Drell-Yan process
cross section at high-energy colliders. Observable effects are most pronounced near the resonance region at
high rapidities (| Y| > 4), potentially shifting the perceived Z boson mass in general LIV cases and inducing
additional sidereal-time modulations for spacelike and lightlike LIV due to the Earth’s rotation relative to
distant stars. We outline a targeted search strategy for ATLAS and CMS, achieving sensitivity to LIV
signatures down to |8y v| =~ 1078 (or even 10~ in an optimistic scenario), offering a fresh perspective on
historical and future collider data. Our model predicts that, in experiments with higher collision energies
(and thus greater rapidities), the conventionally reconstructed weak boson mass exhibits a systematic shift.
This could be particularly intriguing in the historical context of Tevatron and LHC weak boson mass

measurements, where the discrepancy in W mass measurements aligns with our LIV scenario.
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I. INTRODUCTION

Lorentz invariance (LI) is intertwined with almost every
aspect of particle physics and cosmology, and for many
researchers, the possibility of Lorentz invariance violation
(LIV) is considered speculative and highly unlikely. There
is valid motivation for such beliefs; the special theory of
relativity dictates severe constraints on the nature of our
space-time. The high-energy experiments and cosmic ray
observations do not offer much evidence in this regard
either. Specific restrictions could be found in Refs. [1,2].

High-energy experiments, such as those at the LHC,
have largely exhausted significant improvements to the
Standard Model (SM). Further improvements are likely to
be incremental, as any breakthrough would necessitate
higher energies that are unavailable with the current
generation of colliders. Given the typical time frame
required to construct large accelerators, we do not
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anticipate a breakthrough in this regard for the next 10—
20 years. Thus, the pursuit of exotic physics is becoming
increasingly appealing, as it offers the potential to explore
beyond the conventional methodologies of standard phys-
ics. Unlike standard approaches, which follow established
procedures, exotic physics could leverage new, heuristic
search strategies to significantly enhance the probability of
uncovering new phenomena. LIV represents a prime
example of such a topic, making it imperative to seize
the opportunity to investigate it using the highest-energy
experiments available on Earth, such as those at the LHC.

Cosmic ray observations impose stringent constraints on
stable particles traversing interstellar space; however,
evidence from cosmic ray experiments suggests potential
violations of LI. For example, the AGASA experiment
detected ultra-high-energy cosmic protons [3] that, in a
Lorentz-invariant framework, should be absent due to the
Greisen-Zatsepin-Kuzmin (GZK) cutoff [4]. Additionally,
observations of neutrinos from SN 1987A indicate possible
inconsistencies with LI [5]. Numerous studies explore this
possibility, including a recent analysis [6]. In contrast,
constraints on unstable particles are less stringent due to
their inherent instability.

Dark matter experiments such as the DAMA/LIBRA
also report an annual modulation of their signal, offering
LIV as a potential explanation.

The primary strength of the study presented in this paper
lies in its feasibility using current-generation accelerators.

Published by the American Physical Society
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This feasibility stems from significantly relaxed constraints
on neutrinos, as detailed in the following discussion.'
Whether this relaxation is a feature of neutrinos and/or
weak interactions remains to be seen. Notably, if these
relaxed constraints in neutrino physics extend to the
broader weak interaction sector, they could yield effects
detectable at the threshold of current LHC energies. At the
LHC, the Drell-Yan processes are studied, during which the
interaction of the partons of protons produces intermediate
bosons that then decay into final states. One important
aspect of this process is the physics associated with
intermediate weak bosons, which becomes dominant due
to the resonance effect near the weak boson mass value.
Analyzing this region could provide valuable insights into
the possibility of LIV in the weak sector. Therefore, we
intend to examine specific aspects of LIV physics related to
the Z boson, as the signal and analysis for the neutral boson
are cleaner and more tractable than those for the charged W
bosons.

II. PHENOMENOLOGICAL LIV EXPANSION
OF Z BOSON PHYSICS

If we imagine that LI is broken and there is a distinct
direction in the 4D space-time given by the unit vector n,,
then anything that interacts with it in any way should
experience LIV. In this case, there are only so many ways
we can minimally modify the physics of a vector particle in
a non-Lorentz-invariant manner.

One obvious way is to introduce an interaction with
matter, which breaks Lorentz invariance (and perhaps
gauge and CPT invariance as well),

Liwy = Oin(W"Z, )"y . (1)

This interaction influences all weak processes and modi-
fies the cross section of physical processes in this manner:

Onew = O-LI(I + Sine - f(Q))v (2)

where f(Q) is only a function of the special orientation of the
process. Such an effect can only be detected by an experi-
ment with very high sensitivity to special orientation,
requiring the Lorentz breaking parameter to be no smaller
than 10~* — 10~ to be visible at the current LHC [7,8],
which might be too large a value for realistic LIV, consid-
ering restrictions from cosmic ray physics. An important
feature of such an effect is that at all energies, it will always
be of the same order of magnitude, comparatively.2

'LIV effects are generally not expected to be similar across
different interactions and particles. Even if they are comparable at
some high energies, they are likely to diverge at lower energies
due to different running.

2 . .

It is assumed that &;, is constant or scales slowly with energy.

Additionally, the kinematics of the particles involved in
this interaction will be modified through loop diagrams,
transferring LIV to other particles as well. However, these
effects are further suppressed as higher-order processes.
This will further push away Lorentz breaking parameters
from the detectable range due the cosmological restrictions
[1,2]. We want to highlight that, despite the LIV interaction
parameter potentially being larger than the parameters it
induces, such as those influencing the dispersion relation or
propagator, surprisingly, searching for some of these
induced effects experimentally might be more feasible.

In contrast to the LIV interaction, modification to the
dispersion relation may prove to be more impactful and
easier to discover, as the threshold energy of the reactions is
significantly influenced through kinematics as well as cross
sections in resonance regions at high energies. Therefore,
we look for possible LIV in the kinematic sector, specifi-
cally in the context of the LHC experiment, and hope to
observe some LIV effect in the resonance region of the
Z boson.

LIV modifications in the quark sector are studied in
detail in the context of LHC [8]. For the Z boson, we can
invoke some published extensions of the Standard Model
(SM) for possible Lorentz-violating operators in the kinetic
sector [9,10]. However, to explain in a general sense, we
can only have these three terms with the LIV vector n, and
without introducing higher-order derivatives:

1) 1)
ALLIV = % (anzﬂ)(anzﬁt) + % (aﬂzn) (()”Zn)

+ 6o11v(0,2+)(0,Z,,), 3)
where we have denoted

0, =n,0", Z,=n,7". (4)
Within a specific scenario or with any additional con-

dition, we can only connect §; 1y parameters with each

other. If we require gauge invariance, then we must set

6LIV = 61LIV = _62LIV- (5)

This condition ensures gauge invariance within the kinetic
sector alone. To achieve full gauge invariance, the corre-
sponding interaction terms must also be introduced in
accordance with the non-Abelian gauge structure.
Similar kinetic-sector modifications are usually para-
metrized in the Standard Model extension framework by
the coefficients (k,),4,, that appear in the gauge-boson
sector, as discussed, for instance, in [2,11]. Assuming
gauge invariance, our single-parameter deformation can be
viewed as a simplified subset of this structure, correspond-
ing approximately to (k) 45, ~ OL1vJaputpM,- The strongest
current constraints on combinations of the k,, coefficients
—vparticularly those entering modified Mgller scattering
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G (k) a0er 9 (ki) g0,y—are of order 1077, mainly arising
from photon-Z mixing effects. Even if such mixing were
included in an extended phenomenological scenario con-
sistent with gauge invariance, the correspondence to our
Orv remains only qualitative, as restricted k,, coefficients
represent a richer tensorial pattern of Lorentz violation.

|

_ k/,tku =+ 51LIV<k/1k}L)nﬂny + 62L1an(n/4ky + nvky)

Accordingly, the quoted limits cannot be directly reinter-
preted as limits on our J v, and the experiments establish-
ing them are not sensitive to the same level.

The terms in Eq. (3) play different roles, and their effect
becomes apparent when examining the corresponding
modified kinetic operator in momentum space:

Ky = i(kk* = 1y (kn)* = M7) | g

Here, k, denotes the four-momentum of the particle, and
k, = n,k*, similar to (4), while M is the Z boson mass.
From the form of (6), we see that the dispersion relation is
affected only by the d;py term, which, consequently,
produces a distinct signature in scattering processes. There-
fore, in this paper, we focus solely on the first term and treat
our model as the Standard Model in unitary gauge,
supplemented by the additional term AL,

4]
ALLIV = % (anzﬂ) (anzﬂ)' (7)

Thus, Eq. (7) will modify the dispersion relation and
propagator of the vector field. The dispersion relation will
take the form

k= M2y = M% + 51y (k). (8)

Here, we have introduced the notion of effective mass since
threshold energy, resonance, and generally all the kinemat-
ics and momentum conservation are now determined by
M instead of M, [1,10,12]. As for the propagator, we
find a fairly simple expression resembling the massive
vector field propagator in the unitary gauge,

—i k”k,,)
T (G =7 ) ©)
k/21 _Mgff ( ! Mesz

A. LIV propagator of the unstable particle

We can not accept (9) as a full propagator for our vector
boson because near the mass shell (8) it fails. We must
understand the reason for this and account for it. Usually,
the propagator of the particle is corrected by self-energy
graphs. For the scalar particle, it looks like

)

2
ky — mg

" 0
S— (10)
kK —-md-3(k)’

i
D orrected = 2 — m2 <1 +

3We should also clarify that (7) is the final effective form in the
electroweak broken phase and it does not affect the Higgs sector.

: (6)

k! = dury (k,)* = M7

|

where mj} is the bare mass and X(k) is the loop diagram.
Then, one fixes the mass of the particle on the regulari-
zation momentum p,, m> = m} + X(p,). However, in the
case of an unstable particle, (k) has an imaginary part,
which, using the optical theorem, is calculated as follows:

Im (k) = koT'(k), (11)

where I'(k) is the decay width of the scalar particle. Thus,
the corrected propagator takes the form

i
D = '
corrected k}% _ ﬁ/lz + lkor(k)

(12)

Various forms for m? are used with different success and
accuracy, but in our opinion, the approach of [13,14]
appears the most coherent for our purpose,

i

N ) | , 13
corrected kﬁ _ (m — %kor(k)/m)z ( )

Additionally, we can observe
koI'(k) = mI,, (14)

where I'j is the decay rate in the comoving reference frame.
This gives the textbook form of D yyected-

However, in order not to fool ourselves, we should
clearly acknowledge that the imaginary part originates from
the on-shell discontinuity of the self-energy and is physi-
cally meaningful only near the mass shell. Away from the
pole, the analytic continuation of the propagator is not
unique, which explains the variety of prescriptions (con-
stant width, running width, complex mass). Some are more
accurate than others or exhibit less dependence on gauge
parameters; for instance, the complex-mass scheme pro-
vides a formally gauge-invariant continuation but concep-
tually treats the boson mass and related quantities as
intrinsically complex. It is therefore important to recognize
the limitations and inherent drawbacks associated with each
scheme. Many of these aspects are discussed in [13].
Despite such possible limitations, the present near-reso-
nance analysis—Ilike other approaches—is well equipped
to capture the relevant physics with accuracy far exceeding
that required for our phenomenological discussion.
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To repeat the same steps for the vector gauge boson
without changing the tensor structure of the vector field
propagator, we should naturally obtain the following:

—iD s, (K)D,, (k)
D _ s vp P 15
corrected k,% — M(Z) 9ua kﬁ _ M(z) ( )

and
Dyu(k)sz(k)l)pﬂ(k) ~ Dv/l(k) (16)

This happens in the gauge-invariant setup, but when it is
broken by LIV, one has to carefully check the outcome.
Without delving deep into renormalization and loop cal-
culations for the SM modified by the supposed Lorentz
violation, from (9), in analogy to the derivation of (13), we
can conclude that

D — 9w — (1 + SLIV)ICukL//Iugff
comected k% — (Mg — ikoUee (k) /2M )

(17)

where I is the decay rate of the unstable vector particle
and &y ;y is the modified Lorentz breaking parameter from
the loop calculation. The possible appearance of ;y can
only be caused by LIV in the loop diagrams; therefore, it
should be at least suppressed as ;v ~ @ - 8y (a being a
fine-structure constant) and consequently negligible.4 Thus,
we can safely accept

Y — kﬂkU/Mgff

k/% - <Meff - ikOI—‘eff(k)/ZZWs:ff)2 ‘

(18)

D corrected —

We should be mindful that this is a phenomenological
choice suited to our purpose. The exact expression would
require evaluating the full set of vacuum-polarization loop
diagrams to determine the total effect of Lorentz violation.
For example, within the complex-mass framework—where
the couplings are also treated as complex quantities—
additional complexity would appear in the definition of
Sy itself. In any case, as noted above, any possible
deviation from (18) is expected to be further suppressed
and therefore inconsequential for the present analysis.

III. LORENTZ VIOLATION FOR THE Z BOSON

In the previous section, we calculated how propagator
(18) and dispersion relation (8) are modified by (7). This
will directly affect the decay rate (decay width) of the weak
boson as well as the corresponding reactions’ cross
sections.

4Additi0nally, this &; ;v term is proportional to the momentum.
Therefore, when the Z boson interacts with a neutral current, due to its
conservation, it may only produce contributions further suppressed

¥ 2 . . . e
by the ratio "554—2“ which is already way below the LHC sensitivity.
z

In order to calculate the process of our primary interest—
the cross section of the Drell-Yan process via the Z boson
and neutral current—we need to derive an expression for its
decay rate since it is needed in (18).

A. Modified Z decay rate

Let us consider the decay of the Z boson into a lepton-
antilepton pair to understand how its decay rate is affected by
the LIV. If we denote the Z boson’s 4-momentum k,, and it
decays into a lepton-antilepton pair with momentum p,, and
q,» then the square of the matrix element for the process is

2

e A
M2 = Méﬂfﬂr[(p + m)y* (91— 7°)
x (g —m)y* (g, - 7). (19)

Here, £, is a weak boson polarization operator, e is the
electric charge, 6,, is the Weinberg angle, and m; and g, are
the mass and coupling to the specific lepton (m; = 0 and
g; = 1 for the neutrino; g, = 1-4sin”@,, for the electron,
muon, and tauon). After we sum over the polarization of the
vector field using (9) and take into account mass shell
conditions and momentum conservation k, = p, + ¢q,, we
obtain the following expression,

o2
sin? 20,

Me|? = [(g7 + M2 + (97 —2)m?]. (20)

where M is defined in (8).
After accounting for all averaging and normalization
factors, the decay rate takes the form

1 dqd’p
it = ——5— | =—=—0"(k—q—p)|M,]?
£f 9672ky | 240 2po ( q-7p)l 1l

(g +1) 1 <M2 2912—2m2)

T 967%sin220, ko \ T @2+ 1

2

p-dp

X /de (ko — g0 — Po)- (21)
qoPo

The phase-space integral is Lorentz invariant in the sense
that it can only depend on k?, but k,z1 is not Lorentz covariant
itself on the mass shell (8). Taking into account that
Po=+\/p>+m?> and g, = \/k2 + p? — 2kp cos f + m?
(B is an angle between k, and p, and Kk, p are their spatial
parts), we solve ky — gy — po = 0 and obtain

. KM% cos 8 + kor/ My — 4m? (k3 — k*cos?j)
2(kj — k2cos?f3) ’

 koMZ; + K cos B/ M, — 4m* (K} — k2cos?p)
Po= 2(kj — k2cos’f3) ’

which, in the integration over phase space, gives
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2

2
p-dp / )2
AQ Slko — g0 — po) = | d©
/ ? qopo (ko =0 = o) " |pko — pok cos f|

m2

5
eff

=2y [1—4 (22)

Finally, we find that, as expected, the integral takes a
somewhat Lorentz-invariant form. Thus, we obtain

_a(g+1)
™1 25in226, kg

2 2

g7 —2 5 m
M. +2 m 1-4——, (23
< et a+1 ) M2 (23)

where « is the famous fine-structure constant. If we isolate
the first order of the LIV effect, we obtain

Sk,2

M=
—_ FSM eff
M2 ]

2
MZ

Detr ®# T'sm [1 + (24)

a(gi+1)

g =2 m?
= B9 (4 09720 g™ (5
SM 125in229wk0< 2t " (25)

g+l MZ

where I'gy; denotes the pure SM value. In the comoving
frame, during spacelike violation ky, = M, even for the
general violation case, ['yer = ['gsMs

alg +1) 1 2 g =2 2
Tour # Tosy = I >0 (32 42
Oett XL 0SM = oin26, My \ 4 T T g 1"

2 2 1
logm oo b, (26)
M7  12sin°20,,

The decay rate depends on the scalar product k,; the
bigger the momentum carried by the boson, the bigger the
effect of the LIV.

The leading-order result can be summarized as

M2
Terr # Tom—5 . (27)
(& M%

where M2, = M2 + 611y (k,)?* and k, = n,k*.

If LIV is timelike, modification is isotropic, and the
decay rate should vary abnormally with initial energy. In
the case of spacelike LIV, the spatial asymmetry appears in
the decay rate, and the modification is maximal when the
initial 3-momentum is parallel to the preferred direction.
While we only explicitly calculated the lepton channel
decay rate, the general form of (24) will be maintained and
can be generalized for the total decay rate.

B. Drell-Yan process

To adapt the effects of (7) for the experimental testing at
the LHC, we need to calculate the cross section of the
proton-proton collision, which produces a lepton-antilepton
pair through intermediate neutral bosons (the neutral

current Drell-Yan process). According to the parton model,
when quark-antiquark partons annihilate into some final
state X, the cross section in the leading order is

o(pr(Py) + pr(P,) = X)
= Z/dx,dxzqu(xl)fq_f(xz)G(CIf(lel)
f

+qs(x,P5) = X),

where P, are initial momenta of the protons, x;, are
portions of the protons’ momentum carried by quark and
antiquark with a probability off f,(x;), f5/(x2).
Additionally, f,¢(x;), fz¢(x,) are parton distribution
functions, and f denotes the quark type.

In our case, final state X is the lepton-antilepton.
Thus, the proton-proton scattering cross section, in this
channel, is proportional to the cross section of quark-
antiquark annihilation. Therefore, we need o(u(x,P;)+
i(x,Py) = 1+1), o(d(x;Py)+d(x,P,) = [ +1). This
process is carried out by producing the virtual photon,
the Z boson, and the Higgs after quark-antiquark annihi-
lation, which decays into a lepton-antilepton pair afterward.
The diagram with an intermediate Higgs is extremely
suppressed and can be safely neglected here.

First, we discuss some kinematic aspects of the process.
We denote by Q, the momentum carried by the inter-
mediate boson; it is determined by the sum of the initial
momenta,

Q = X1P1 +X2P2. (28)

When the experiment is prepared in the laboratory frame,
we can take P, to be
P, = (E, P7), P, = (E,—P7), (29)

where 7 is the unit vector, which fixes the collision axis and
defines the direction of the beam (collinear with the
detector axis). Since protons have very high energies,
one can neglect the proton mass with certain accuracy
and assume E = P. Thus,

0, = ((x1 + 2)E, (x; — x2)PF), (30)
0% = 0,0" =4\ E* + (x; —xp)*my,.  (31)

where m,, is the proton mass. If we neglect it, then we
obtain the familiar form

0, = E((x; + x2), (x1 = x2)7), (32)
Q% = 4x,x, E%. (33)

In the literature, it is accepted to parametrize Q via the
following observables: invariant mass M? and rapidity Y,
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Q, = M(coshY,FsinhY), Q> =M? (34
where we note that higher rapidity corresponds to the
higher transferred 3-momentum.

We can derive the relation for x;(M,Y), x,(M,Y) at
energies greater than the mass of the proton,

M
X12 = ﬁexp(iY), (35)

and calculate the Jacobian,

2
IAM™Y) _ 4o (36)
d(xy,x)
This allows us to rewrite
d’c Far(x1)far(x2)
ady = 2 Ao (37)
where we have denoted
6, =o(pr(Py) + pr(Py) > 1 +1), (38)

or = o(qp(x\Py) + G(x2Py) » 1 +1). (39)

1. Cross section of q+§ — I1+1

For brevity, let us denote
I H
CI1,2 - xl,ZPLz’

and if K, = (Elyz,l_c),‘z) are the momenta of a lepton-
antilepton pair, we can write

1 Bk dky
= 50, — ki, —k 2
4x1x2E2|v|(2n)2/ 4E\E, (O =k —kap,) | My
d’k;
8(Qo—Ei—Ep) M2, (40
~(2n 2M2|v|/4EE 1= E)IMP o (40)

where M is the matrix element for the process and |v/| is
the relative speed of the partons, which in the first
approximation is 2.

Since we neglect the mass of the proton for the same
reason, we can also neglect the mass of lighter particles.
Therefore, let us also mention that

2

M .
4\q2, = 410, = 0, = R (¢',)2=0. (41)

Using (22), for integration over phase space, we find

M
Uf = 5 -
16zM

(42)

For the explicit form of the cross section, we need to
calculate the matrix element (including averaging over
fermion helicities).

Matrix element. In our analysis of the Drell-Yan process,
we adopt the following Z boson propagator:

i

D

w= 0% — (Megr — iQoT et (Q0) /2M o5r)?
o - 22, @)
eff

which can be rewritten using (24) and (26),

QoL et (k) eﬁ M g
= r ~
My ~ Qo SM(QO) M,

Cosm.  (44)

even if Qy > M. The Q,Q, term in the expression (43)
will not contribute in the limit of massless fermions since

Qaja = Qa‘]g =0, (45)

where J* and J§ are vector and axial currents. Therefore,
effectively, we can use this propagator,
19
2 ; 2"
— MG(1 = iCosm/2M7)

D w = Q2 (46)

Diagrams involving both the photon and the Z boson are
of the same order of magnitude everywhere except in the
resonance region, which is the primary focus of our study,
where the Z boson diagram becomes dominant. By omit-
ting only the Higgs diagram, the resulting matrix element
can be expressed as follows:

zJZ,,J

QZ
where J¢, and J.,, are electromagnetic currents and J§ and
JL are quark and lepton neutral currents, which are

My = + I D,

/ —e

P —1—4sin?0.. (47
"~ 2sin20, 9i sin“0,,,  (47)

iy (91=75) W1,

e
u

8
=2 —1-sin?6,, (48
* = 2sin20," Gu=1=3sin"0,,  (48)

Yu(gu—7s)u,

4
d_— =1-= 4
with e being the electric charge and 6,, the Weinberg angle.
By introducing the Mandelstam variable § at the partonic
level,
§=M?*=Q?

=(q1 +q2); = (p1 + p2);. (50)

the matrix element takes the familiar form
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16¢%¢2
12 = f
Myl 3
864|€f|gq!]1(5 - Mgff(l - F(2)SM/4M%)) A
+ — R(5)
35sin-26,,
et(1+g5)(1+g7)
R(3), 51
3sin*20,, (8) S
3,2
R(3)= (52)

(3 _Mgff(l _I—%SM/“'M%))Z +Mgffr(2)SM/M% ’

where |e| equals 2/3 or 1/3, respectively, for u and d
quarks. In addition, for brevity, we have introduced the
resonance factor R(S). Consequently, for the cross
|

gqgl(§ - Mezsz(l - F%SM/4M%))

section (42), we obtain

gqgl(§ - Mgff(l - I—%SM/4M%))

— opu |1 R(3
o1 = oM 2le,[3sin?26,, (3)
(1+g5)(1 +47)
VI TI0 k)], 53
16¢25in"20), (8) (53)
Adra?

Finally, the differential cross section for the proton-
proton collision is

(1+g)(1+g})

dzdp Far(xi)far(x2)
Z%

dsdy - a2 ot

Now, we make some conclusions and predictions.
In the standard LI setup, this cross section experiences
resonance growth and peaks at the resonance value
8, = M%(1 —T3q\;/4M2%). The mass and the decay rate
define the resonance value, and the maximum of the cross
section is defined by 1/T'%,. However, during LIV, the
resonance mechanism of the differential cross section (55) is
modified, becoming strongly dependent on the transferred
momentum. The new resonance maximum is located at

§, = Mfz:ff(l - F%SM/“'M%)’ (56)

and the peak value for the cross section, where we can
neglect the electromagnetic part, becomes

19 . 2
N (R I C)
A

where Q, stands for the resonance value of the momentum.

Thus, basically, by measuring §,, we measure the
effective mass, which is a function of energy, in the case
of orv > 0, with the higher transferred momentum peak
moving right and decreasing in height.

Since the LIV effect depends on n,, three distinct cases
can be identified—timelike, spacelike, and lightlike—
defined as follows:

timelike: 7, = (1,0), (58)

spacelike: n, = (0,7), with 7#*=1, (59)

lightlike: n, = (1,7). (60)

These cases are analyzed separately below.

2|es|3sin20,,

R(3) + RS)|. (55

16¢7sin*26),,

2. Timelike violation case
For the timelike case, Eq. (34) leads to

n-Q=McoshY =+/3cosh?Y, (61)
giving the expression for the effective mass,
Mgff = M% + 5LIV . § COSh2 Y, (62)

which is ready to apply to (55). The expression (56) will
change accordingly,

S‘r ~ M%(l —+ 5LIV COShZY) — F(Z)SM/4’ (63)
O fmax X Oy (1 = SL1y cOsh?Y). (64)

We observe that LIV should be amplified by the rapidity
Y of the Z boson while staying independent of the spatial
orientation of the experiment. If the data are sorted by the
rapidity Y, then low-rapidity data should allow better
determination of the M2 through the resonance value §,,
while with larger Y, the LIV effect kicks in, offering the
possibility of observing it in the experiment. If one is to
constrain Jyyy from the Z mass uncertainty AM, (Atlas
value), we can say that

2AM
Ouy < M, coshZ2 Y’ (65)
which, for Y =5, 6, gives 1073(107%).

We observe that LIV should be amplified by the rapidity Y
of the Z boson while staying independent of the spatial
orientation of the experiment. Sorted by the rapidity, data
allow better determination of M% through the resonance value
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5, for low values of Y. The LIV effects fully kick in only for
high values of rapidity. To constrain d; ;y within the precision
of the experiment, we can use the following relation:

2AM,
Oy < ——5—, 66
MWV =M, cosh? Y (66)
which, for ¥ = 5, gives 1078(1077).
3. Spacelike violation case
For the spacelike violation, we have
M2 = M% + &1y - §sinh? Y cos? B, (67)

where f denotes the angle between the preferred direction
of the Lorentz violation and the collision axis (i.e., 77 and 7).
Then, for the resonance, we have

§, ~ M%(1 + Sy sinh?Y cos?p) — g /4, (68)
O fmax X Ofmax (1 = SL1y sinh*Y cos?f3). (69)

During spacelike violation, like the timelike case,
dependence on the rapidity Y is strong, but now we have
variation with respect to the orientation of the experiment;
since it rotates with the Earth, hourly (sidereal) modulation
is expected in the experimental data.

4. Lightlike violation case

For the lightlike violation, we have
M2 = M% + &1y - $(cosh Y —sinh Y cos )2, (70)

which is somewhat of a hybrid case but with a slightly more
complicated behavior,

§,~M%(1+05y(coshY —sinhYcosB)?) —T3g\, /4, (71)
O fmax X O imax (1 = Lrv(cosh Y —sinh ¥ cos §)?).  (72)

Unlike the spacelike case, the LIV effect peaks when n,
is perpendicular to the colliding beam while still exhibiting
time modulation.’

°In principle, lightlike behavior is similar to the general case
scenario. For n, = (ng, 1), with |n§ —7*| = 1,

MZ%; = MZ(1 + Sy (ng cosh Y — |i| sinh Y cos f)?),
0 max X O max (1 = 811y (g cosh Y — [7i] sinh ¥ cos §)?),

with strong dependence both on rapidity and spatial orientation.
Here, ng > 1 gives the lightlike limit, and ng ~ 1 and |71| ~ 1 give
timelike and spacelike limits.

IV. EXPERIMENTAL SIGNATURE OF LIV

As seen from the form of the cross section (53), possible
LIV effects depend strongly on two factors—the rapidity of
the Z boson and the orientation of the experiment—since
the momentum of the intermediate Z boson is nearly
parallel to the detector axis. In both spacelike and lightlike
violation scenarios, anisotropy remains a key feature,
leading to a modulation of the signal with sidereal time.
This arises because the spatial component of LIV is defined
relative to a global frame of reference (the distant stars);
thus, the Earth’s rotation naturally imprints a sidereal
modulation on any terrestrial experiment.

However, the essential prerequisite for detecting LIV is
the isolation of high-rapidity events. The LIV effects are
almost exponentially amplified with rapidity, and for low-
rapidity events, even existing spatial anisotropy will be
undetectable due to its smallness. Unfortunately, high-
rapidity events are relatively rare compared to the bulk
of low-rapidity events [15]. Without separating them, the
LIV signal is diluted, producing only a marginal, undetect-
able shift in the cross section at current energies. Therefore,
the correct strategy is to sort the data by rapidity, which
increases the sensitivity to LIV signatures.

The search strategy. For timelike violation, rapidity
binning alone is sufficient. In this case, anisotropy searches
are unnecessary, and each bin benefits from better statistics.
Examining the resonance peak’s shape, size, and position
then provides adequate constraints on LIV parameters. The
spacelike and lightlike violations require additional binning
by sidereal time. We propose segmenting the data into N
discrete time bins with a width Atr= D,/N, where
D, =~ 86164.0905 s is the sidereal day. This ensures that
the bins are phase locked to the global frame, consistently
mapping the experiment’s orientation relative to the stars.’
In practice, smaller bin sizes improve the resolution but
reduce statistics, especially at high rapidity, where events
are scarce. Thus, the analysis must balance bin width
against event count to find the optimal sensitivity. Our
search strategy is summarized in Table I.

Because different types of violations share the same
general feature—crucial dependence on rapidity—we focus
on the timelike violation case as a simpler case study to
highlight LIV characteristic behavior.

LIV in the cross section. Until now, we have not
discussed the sign of dpy, as it has not been necessary.
However, from Eqgs. (8), (56), and (57), we understand that
it defines several features differently. We can isolate the

®While mass redistribution (e.g., ice cap melting or large dam
construction) can subtly alter the Earth’s rotation on a millisecond
scale over 30 years, a more significant concern is the leap seconds
added in 1996-1998, 2005, 2008, 2012, 2015, and 2016.
However, the angular drift caused by a 1 second time offset is
approximately 15 arcseconds, a negligible value in the context of
collision axis positioning.
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FIG. 1.

95 100 105

(611v — 017)/01;- The plot illustrates the relative difference between oy 1y (the LIV cross section) and oy (the LI cross section,

equivalent to the Standard Model cross section) at the parton level for |5, 1y| = 1075, Plotting the relative difference helps to clarify the
structure of LIV. Despite its visual appearance, the LIV effect is not exactly zero at the resonance point, as becomes evident in the
exaggerated representation shown in Fig. 2. LIV reaches its maximum value at a point approximately 1.2 GeV away from the true mass
(M7 = 91.1876 GeV). This should not be confused with the perceived mass shift defined by the resonance value §,, which is expected
to be of order a few MeV; the maximum LIV deviation does not coincide with the resonance value. The mass shift arises during the
standard fitting procedure if the distorted shape of the LIV cross section is not properly accounted for. The sign of 6y ;y determines
whether the shift leads to an overestimation or underestimation of the resonance mass relative to M.

effects of violation by plotting the relative difference
between the LIV (53) and the standard (LI) cross sections
at the parton level, for |5 y| = 1078 (Fig. 1).

Figure 1 is constructed for the parton-level cross section;
however, the same effect applies to the proton differential
cross section since the difference between the proton and
parton cross sections arises only from Lorentz-invariant
factors defined by the parton distribution functions. This
figure also illustrates how the sign of ;v influences the
outcome. In both cases, the magnitude of the LIV effect is
nearly identical, but the sign differs. LIV effects show
maximal deviations from Lorentz invariance in the reso-
nance region, rapidly diminishing farther from it. For
|6Lv] = 1078, used in the graph, the LIV effect increases
by a few tenths of a percent at ¥ =5 and up to 1.5% at
Y = 6, which is relevant for future experimental energies.
Even small LIV effects, such as 0.2%, remain significant.

TABLE I. Data binning requirements for different LIV scenar-
ios. While the timelike case only requires separation by Z boson
rapidity, the spacelike and lightlike cases necessitate sorting data
by both rapidity and collision time.

LIV case Y binning Time binning
Timelike: n, = (1, _)) Yes No
Spacelike: n, = (0, 7) Yes Yes
Lightlike: n, = (1,7) Yes Yes

Although these differences are too subtle to discern here,
for demonstration purposes, we provide an exaggerated
plot to highlight the LIV effect’s structure in contrast to the
Lorentz-invariant cross section at the parton level (53)
(Fig. 2).

As mentioned earlier, despite the fact that LIV becomes
significant for high rapidities, the number of such events is
relatively small; during the typical data collection, all
events are gathered together, regardless of LIV effects.
Therefore, the majority of events contain an unnoticeable
amount of LIV data. Imagine a scenario where an analysis
team attempts to find the resonance mass without knowing
the LIV nature of the data. The result would be an attempt
to fit the affected data to the standard cross section. Because
of the perturbative nature of the Lorentz-violating
scenario, drastic changes are precluded, and the most likely
result would be a change in the reconstructed mass and
possibly decay rate since they define the peak and general
shape of the resonance region. To better understand this
behavior, we compare perceived AM, for different
mixtures of LI and LIV data, with results presented in
Table II.

The table clearly shows what we have discussed in this
article: The low-rapidity cases provide no detectable results,
while for high rapidities, results may be detectable. When the
data are a mixture of 90% LI and 10% LIV events (for the
experimentally feasible Y = 5), the estimated mass shift is
|AM_| =~ 0.25 MeV. However, if one isolates only LIV
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FIG. 2. Highly exaggerated comparison of LIV and LI cross sections for ¥ = 8. This ¥ = 8 plot is for demonstrative purposes only.
For the LHC data, the expected difference is limited to about 0.1% for the rapidity ¥ = 4.5, rendering it practically indistinguishable by

visual inspection alone.

data (for the same Y =5), the mass shift increases to
|AM,| ~ 2.5 MeV, too big to be accommodated within
experimental uncertainty since the declared accuracy is
2.1 MeV, for both the Tevatron and LHC. The deviation
for the rapidities Y > 6 (unfortunately unavailable for the
current generation of accelerators) is naturally more pro-
nounced and easier to identify. This mass deviation for any
single rapidity value is well approximated by the relation (65),

AM, = %Mz cosh? Y. (73)

Table II serves as a proxy intended to mimic the realistic
effect of PDFs. Even within this simplified approximation,
the nature of the LIV effect remains clearly illustrative.
Exact calculations using PDFs, or including lower order
processes (quantum chromodynamics or electroweak ver-
tex corrections, different treatment of the pole in the
propagator by using running width or complex mass
schemes), would not alter the general behavior or can be
confused with LIV, though they would certainly yield a
more quantitatively accurate picture. In standard data
analysis, the limited amount of LIV data typically results
in only marginal effects. However, when Y = 4,5 cases are
analyzed separately, the LIV effect is distinctly evident in
the data for |6 1v| = 1078, and possibly for |5 ry| = 1072 If
LIV occurs within this range, next-generation accelerators

would likely detect it, as the effect becomes highly
pronounced at Y > 6. Nevertheless, our analysis remains
valuable for current accelerators, as the predicted mass
shifts, lying at the edge of measurement precision, open
new possibilities for comparing data from accelerators
with differing collision energies, such as the Tevatron
and LHC.

Realistic experimental implementations should account
for detector acceptances, which influence observable rap-
idity distributions. The ATLAS and CMS detectors reliably
measure Z boson events up to | Y| ~ 3.5 with high efficiency
(> 90% in central regions, || < 2.5), but efficiencies drop
in forward regions (|5 > 2.5) due to spectrometer coverage
and trigger thresholds. PDF uncertainties also increase at
higher parton energies, though these hurdles are well
known and standard [16]. For LIV analyses requiring high
rapidities (|Y| > 4) to enhance sensitivity to &; 1y, data from
forward-placed detectors (e.g., ATLAS Forward Proton or
CMS-TOTEM) are essential; alternatively, so is the adap-
tation of LHCb data, which specializes in the forward
pseudorapidity range (2 < 5 < 5) with dedicated Z boson
measurements [17]. The efficiency for such high-Y data
remains comparatively low, potentially reducing event
yields and lepton momentum measurement accuracy.
Reduced yields primarily rescale normalizations and can
be mitigated in binned differential analyses, though inac-
curacies in lepton momentum reconstruction at high || are
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TABLEII.  Absolute mass shift |AM | as a function of rapidity ¥ and the fractional composition of LI and LIV contributions of cross
sections in the data.

LI 100%  90% 80% 70% 60% 50% 40% 30% 20% 10% 0%
LIV: 0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Y=05 0eV 0.1keV 0.1keV 02keV 02keV 03keV 03keV 04kevV 05keV  05keV 0.6 keV
Y=10 0eV 0.1keV 02keV 03keV 04keV 05keV 07keV 08keV 0.9 keV 1.0 keV 1.1 keV
Y=15 0eV 03keV 05keV 08keV 1.0keV 13keV 15keV 1.8 keV 2. keV 23keV  25keV
Y=20 0eV 0.6keV 13keV 19keV 2.6keV 32keV 39keV 45keV  52keV  58keV 6.5 keV
Y=25 0eV 17keV 34keV 51keV 69keV 86keV 103keV 12keV  13.7keV 154 keV 17.1 keV
Y=30 0eV 46keV 92%keV 139keV 185keV 23.1 keV 27.7keV 324keV 37.keV 41.6keV 46.2 keV
Y=35 0eV 125keV 25.1 keV 37.6 keV 50.1 keV 62.6 keV 752 keV 87.7keV 1002 keV 112.7 keV 125.3 keV
Y=40 0eV 34keV 68keV 102keV 136keV 170 keV 204 keV 238 keV 272 keV ~ 306 keV ~ 340 keV
Y=45 0eV 92keV 185keV 277keV 370keV 462keV 0.6 MeV 0.6MeV 0.7MeV 08 MeV 09 MeV
Y=50 0eV 251keV 05MeV 08 MeV 1.0MeV 13 MeV 15MeV 18MeV 2.0MeV 23 MeV 2.5 MeV
Y=55 0eV 07MeV 1.4 MeV 20MeV 2.7MeV 3.4 MeV 4.1 MeV 48MeV 55MeV 6.1 MeV 6.8 MeV
Y=60 0eV 19MeV 3.7 MeV 56 MeV 74 MeV 93 MeV 11.1 MeV 13.0 MeV 14.8 MeV 16.7 MeV 18.6 MeV
Y=65 0eV 5MeV 10MeV 15MeV 20MeV 25MeV 30MeV 35MeV 40MeV 45MeV 51 MeV
Y=70 0eV 14 MeV 27 MeV 41 MeV 55MeV 69 MeV 82MeV 96 MeV 110 MeV 124 MeV 137 MeV

This table presents the resonance mass shifts obtained when the o7y 1y cross section is reconstructed using a Standard Model fit. The notation
“LI” refers to the Standard Model cross section (without Lorentz violation), while “LIV”” denotes the cross section affected by LIV effects.
Cross sections are assumed at parton level, according to formula (53), where the photon contribution, while subdominant, is still taken into
account. The total experimental data are assumed to be a mixture of low-rapidity events (containing undetectable perturbations from the
Standard Model) and high-rapidity events (exhibiting detectable LIV effects, manifested as a resonance mass shift from the true mass).
Although real data will consist of a distribution of events across all possible rapidities, for demonstrative purposes, we simplify the data
composition to a mixture of LI and LIV data. As expected, the magnitude of the mass shift depends on the level of LIV contamination within
the overall data. The sign of oy v leads to an overestimation (6 ;y > 0) or underestimation (6 ;y < 0) of the resonance mass, but the difference
remains within the margin of displayed precision, which is why, for the sake of simplification, we combine both cases into one chart.
Once again, we emphasize that these resonance mass shifts would occur within a standard analysis framework due to the fitting of an LI
cross-section function to an LIV-distorted distribution. Consequently, the LIV contamination affects the fitting parameters of
conventional analysis methods.

harder to mitigate. In any case, provided that reconstruction V. CONCLUSIONS
accuracies at high Y do not degrade far beyond current
expectations, the estimated LIV-induced effects should
remain within reach of experimental scrutiny.

LIV search on proton-proton colliders through the Z
decay. Our analysis would be incomplete without address-
ing a specific aspect of Z boson research that inevitably
arises at colliders like ATLAS or CDE. Historically,
measuring the mass of the Z boson was not the primary
goal of these experiments; rather, the Z signal served as a
standard candle to calibrate detectors, using high-precision
data from the Large Electron-Positron Collider as the
reference standard.

This may create a significant challenge: using the Z
boson to search for new physics (LIV) while simulta-
neously using it for calibration. Fortunately, partitioning
the data by rapidity and potentially by time remains a
viable strategy, provided the analysis pipeline is modified.
We must first investigate the resonance across different
rapidities, potentially isolating low-rapidity events to
serve as a “null” control group for calibration.
Following this, the high-rapidity events can be scrutinized
for LIV-induced shifts in the cross section. These steps
constitute the prerequisites for a further investigation of
LIV and the expansion of this search into the W boson
sector.

In this work, we have explored the potential for detecting
LIV in the weak sector through modifications in the
dispersion relation of the neutral Z boson. Our analysis
shows that LIV can affect the decay rate (24) and
propagator (43), consequently impacting the cross section
of Drell-Yan processes (55) observed at proton-proton
colliders (LHC, Tevatron). We identified that the effect
is most pronounced near the resonance region at higher
rapidities, where it alters both the resonance mass and value
of the decay rate.

We discussed three distinct cases of LIV: timelike,
spacelike, and lightlike, each exhibiting unique signatures
in experimental data. Our findings indicate that timelike
violation is amplified with the rapidity of the Z boson,
while spacelike violation is not only amplified with
rapidity but also introduces variations dependent on the
experiment’s orientation, leading to potential daily modu-
lations due to the Earth’s rotation. Lightlike violation
presents a hybrid case with more complex behavior
influenced by both rapidity and spatial orientation.

To detect LIV, we propose dividing the experimental data
by rapidity and sidereal time, thereby selecting events
based on transferred momentum and spatial orientation.
This approach enhances the likelihood of identifying LIV
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effects, which may otherwise be lost in averaging proce-
dures of traditional analysis. For pure timelike violation,
our proposal offers a simplified scenario without
anisotropy, eliminating the need for sidereal time division
and yielding more robust statistics for each rapidity bin.

Our estimates for timelike LIV suggest that a perceived
deviation AM,~ —2.5 MeV could be observed for
S v = —107%, and the corresponding value may remain
noticeable even for &,y = —107, especially on the future
upgraded LHC. This indicates that LIV effects of this
magnitude are within reach of current experimental capa-
bilities at the LHC, providing a promising avenue for future
investigations into the fundamental nature of Lorentz
invariance and its potential violations.

The primary result of this paper is particularly compel-
ling in light of the cross-collider discrepancies and W mass
“tension.” In the LIV framework considered here, higher
collision energies can cause a systematic underestimation
of the reconstructed Z boson mass for d; 1y < 0. This arises
because low-energy collisions are dominated by low-
rapidity events, rendering LIV effects practically undetect-
able, whereas higher-energy collisions increase the fraction
of high-rapidity events (where effects are strongly ampli-
fied), potentially producing a detectable shift around the
resonance mass peak. The initial choice of the Z boson was
driven by the higher precision attainable in its mass
measurements. However, we expect a similar effect for
the W boson since our approach should apply to the entire
weak vector multiplet. This is particularly intriguing in
light of the recent tensions between Tevatron and
LHC measurements of My,, which show a discrepancy
of about 75 MeV (MWCDF(ZOZZ) = 80, 433.54+9.4 MeV [18],

MW CMS(2024) — 80, 360.2 + 9.9 MeV [19], and

MWATLAS(2023) = 80, 360 + 16 MeV [20]) LIV offers a
compelling explanation for these discrepancies among the
CDF, ATLAS, and CMS experiments.

Indeed, for negative o 1y, higher-energy colliders would
experience greater LIV contamination in the data, leading
to a more pronounced systematic underestimation of My,. It
remains unclear whether this discrepancy is genuine or
originates from experimental data handling issues, and this
does not appear likely to be resolved in the near future.
Nevertheless, if there is even partial merit to this meas-
urement discrepancy, it should warrant serious screening
for LIV effects in resonance mass measurements.

Taken together, the weak boson cases highlight how
collider observables provide a unique and complementary
window on LIV—one that cannot be accessed through
astrophysical probes alone.
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