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minimal and nonminimal coefficients for Lorentz violation are explored, and the equiva-
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1 Introduction

Deep inelastic scattering (DIS) and the Drell-Yan (DY) process are key tools in the study of
quantum chromodynamics (QCD). The DIS cross section for electron-proton scattering de-
pends only weakly on momentum transfer [1, 2], and the scaling invariance of the associated
form factors [3] implies that nucleons contain partons [4]. The DY process [5], which in-
volves the production and decay of vector bosons in hadron collisions, is related by crossing
symmetry to DIS and provides complementary information about the parton distribution
functions (PDF's) [6]. Both DIS and the DY process play a crucial role in investigations of
perturbative QCD and can serve as probes for physics beyond the Standard Model (SM) [7].

One interesting prospect for experimental signals beyond the SM is minuscule viola-
tions of Lorentz and CPT symmetry, which may originate from the Planck scale in an
underlying theory combining quantum physics and gravity such as strings [8-10]. Over the
last two decades, this idea has been extensively tested via precision tests with gravity and
with many SM particles and interactions [11], but comprehensive studies directly involving
quarks remain challenging due primarily to complications in interpreting hadronic results
in terms of the underlying QCD degrees of freedom. In this work, we develop factoriza-
tion techniques for hadronic processes in the presence of Lorentz and CPT violation and
apply them to DIS and the DY process, using the results to estimate attainable sensitivi-
ties in certain experiments at the Hadronen-Elektronen Ring Anlage (HERA) [12], at the



electron-ion collider (EIC) proposed for Thomas Jefferson National Laboratory (JLab) or
Brookhaven National Laboratory (BNL) [12], and at the Large Hadron Collider (LHC) [13].

The methodology adopted in this work is grounded in effective field theory, which
provides a quantitative description of tiny effects emerging from distances below direct
experimental resolution [14]. The comprehensive realistic effective field theory for Lorentz
violation, called the Standard-Model Extension (SME) [15-17], is obtained by adding all
Lorentz-violating terms to the action for general relativity coupled to the SM. Since viola-
tion of CPT symmetry implies Lorentz violation in realistic effective field theory [15, 18],
the SME also characterizes general effects of CPT violation. Any given Lorentz-violating
term is constructed as the coordinate-independent contraction of a coeflicient for Lorentz
violation with a Lorentz-violating operator. The operators can be classified according to
mass dimension d, and terms with d < 4 in Minkowski spacetime yield a theory called the
minimal SME that is power-counting renormalizable. Reviews of the SME can be found
in, for example, refs. [11, 19-21].

We concentrate here on evaluating the effects on DIS and the DY process of coeffi-
cients for Lorentz violation controlling spin-independent SME operators involving the u
and d quarks and having mass dimension four and five. The former are minimal SME op-
erators preserving CPT, while the latter are nonminimal and violate CPT. In section 2, we
establish the framework for the parton-model description of factorization in the presence of
Lorentz and CPT violation. The application in the context of DIS is presented in section 3.
We demonstrate the compatibility of our factorization technique with the operator-product
expansion (OPE) and with the Ward identities, and we obtain explicit results for the DIS
cross section. In the quark sector, nonzero spin-independent Lorentz-violating operators of
mass dimension four are controlled by c-type coefficients, while those of dimension five are
governed by a®-type ones. Sensitivities to these coefficients in existing and forthcoming
DIS experiments at HERA and the EIC are estimated. In section 4, we investigate fac-
torization in the DY process. The cross sections for nonzero c- and a(5)—type coefficients
are derived, and attainable sensitivities from experiments at the LHC are estimated. A
comparison of our DIS and DY results is performed, revealing the complementary nature
of searches at lepton-hadron and hadron-hadron colliders.

Our efforts here to explore spin-independent SME effects in the quark sector extend
those in the literature, including studies of single and pair production of ¢t quarks at Fermi
National Accelerator Laboratory (Fermilab) and at the LHC [22-24], applications of chi-
ral perturbation theory [25-29], estimates of attainable sensitivities from DIS [30-32], and
related investigations [33, 34]. Spin-independent SME coefficients for CPT violation in the
quark sector can also be constrained using neutral-meson interferometry [35, 36] via oscil-
lations of kaons [37-41] and of D, By, and B mesons [42-48]. For d = 5, these SME coef-
ficients can trigger phenomenologically viable baryogenesis in thermal equilibrium [49-52],
thereby avoiding the Sakharov condition of nonequilibrium processes [53]. Cosmic-ray ob-
servations imply a few additional bounds on ultrarelativistic combinations of quark-sector
coefficients [54]. Other constraints on d = 5 spin-independent CPT violation have been
extracted from experiments with neutrinos, charged leptons, and nucleons [54—60].



2 Framework

In this section, we present the general procedure for factorization of the scattering cross
section in the presence of quark-sector Lorentz violation. To extract the corresponding
parton model, we restrict attention to the dominant physical effects occurring at tree level
in the electroweak couplings and at zeroth order in the strong coupling.

In the conventional Lorentz-invariant scenario, the parton-model picture of high-energy
hadronic processes at large momentum transfer [4] can be shown to emerge from a field-
theoretic setting under suitable kinematical approximations [61]. For many hadronic pro-
cesses including DIS and the DY process, each channel contributing to the scattering
cross section factorizes into a high-energy perturbative part and a low-energy nonpertur-
bative part, with the latter described by PDFs and fragmentation functions of the hadronic
spectators. The perturbative component is often called hard due to the large associated
momentum transfer, while the nonperturbative component is called soft. The PDFs are
universal in the sense that they are process independent. This factorization becomes most
transparent in reference frames in which the dominant momentum regions of the pertur-
bative subprocesses are approximately known. In these frames, asymptotic freedom and
the large momentum transfer imply that internal interactions of the hadron constituents
occur on a timescale much longer than that of the external probe. The participating con-
stituents may then be treated as freely propagating states. The parton-model picture of
scattering emerges by imposing the conservative kinematical restriction to massless and
on-shell constituents with momenta collinear to the associated hadrons. For a hadron H
with momentum p* = (p*,p~, p.) and mass M in lightcone coordinates p* = %(po +p?)
with p; = (p',p?), a boost from its rest frame along the 3 axis produces a momentum
pt = (pT,M?/2p*,0,). A constituent of the hadron in the hadron rest frame has a mo-
mentum k that scales at most as k#* ~ (M, M, M). Under a large boost, the constituent
inherits the large + momentum because k* ~ (p*, M?/pt M) up to O(M/p*) correc-
tions. The ratio & = kT /p™ is boost invariant along the 3 axis and leads to the familiar
scaling parametrization k* = £p* of the parton momentum in the massless limit, which
is a covariant expression valid in any frame. Scaling permits kinematical approximations
that greatly simplify the calculation of the hadronic vertex contribution to the scattering
amplitude, and it is known to hold in a wide variety of hadronic processes [62].

In the presence of Lorentz violation, the above perspective requires modification [30].
We focus here on Lorentz-violating operators of arbitrary mass dimension that affect the
free propagation of the internal fermion degrees of freedom, including both CPT-even
and CPT-odd terms. For simplicity, we disregard possible flavor-changing couplings and
limit attention to spin-independent effects. Given the existing tight experimental con-
straints [11], we can disregard Lorentz and CPT violation in the behavior of the parent
hadron itself [30]. The Lorentz- and CPT-violating parton model presented below imple-
ments this feature by construction.

For a single massless Dirac fermion, the corresponding gauge-invariant Lorentz- and
CPT-violating Lagrange density £, can be written in the form [32, 54]

Ly = %@(v“iDM + Q)¢+ hc, (2.1)



where D, is the usual covariant derivative and the operator @ describes both Lorentz-
invariant and Lorentz-violating effects. The explicit form of Ly for d < 6 relevant for our
purposes is contained in table I of ref. [32]. The corresponding coefficients for Lorentz vio-
lation may be assumed perturbatively small based on current experimental results [11] and
the restriction to observer concordant frames [63]. In an inertial frame in the neighborhood
of the Earth, all coefficients for Lorentz violation may be taken as spacetime constants,
which maintains the conservation of energy and momentum [15]. Field redefinitions and
coordinate choices can be used to simplify @, which reduces the number of coefficients
controlling observable effects [16, 17, 63—69]. In this work, we present specific calculations
for the coefficients cﬁf” at d =4 and a,g?)/\“ Y at d = 5, where f = u, d spans the two nucleon
valence-quark flavors. Other terms in table I of ref. [32] involving coefficients of the a type
include a’; at d = 3 and a%‘r’})‘” “ at d = 5, but none of these contribute at leading order
to the processes studied here. The field redefinitions insure that the coefficients c’]ﬁ” and
agf)))‘“ ¥ of interest can be taken to be symmetric in any pair of indices and to have vanishing
traces, implying 9 independent observable components of the ¢ type and 16 independent

observable components of the a(® type [36, 69]. Following standard usage in the literature,

we denote the symmetric traceless parts of these coefficients as C‘Jﬁy and a(s?/\“ Y. where [70]
5)A\uv 1 ) Auv 1 5)\ » 1 5)a) y
aéf) g g Z <a§c) HY ga;) aﬂna,@ﬁ” _ ga} o ﬂnaﬁnu > . (22)
(Awv)

At the quantum level, the theory (2.1) leads to Lorentz-violating propagation and
interaction. As a consequence, the conventional dispersion relation k2 = 0 for the 4-
momentum of the hadron constituent is modified. The modified dispersion relation can
be derived from the Dirac equation (2.1) by setting to zero the strong and electroweak
couplings, converting to momentum space, and imposing the vanishing of the determinant
of the matrix operator [54]. For the scenarios of interest here, the result can be written in
the elegant form

k=0, (2.3)

where %u is the Fourier transform of the modified interaction-free Dirac operator. The
hadron constituents then propagate along trajectories that are geodesics in a pseudo-Finsler
geometry [71-75]. Unlike the Lorentz-invariant case, the modified dispersion relation (2.3)
typically involves a non-quadratic relationship between energy and 3-momentum controlled
by the coefficients for Lorentz violation. This feature prevents a straightforward identifica-
tion of the lightcone components of k and complicates attempts at factorization of hadronic
processes. An additional challenge arises for the hadron constituents in the initial state
during the time of interaction because a momentum parametrization in terms of external
kinematics is desired. These points imply that k is no longer the momentum relevant for
scaling in a Lorentz-violating parton model, as the relation k = £p is no longer consistent
with eq. (2.3). Instead, the momentum k plays the role of interest.

To establish the parton model in the presence of Lorentz violation, we aim to determine
the lightcone decomposition of the momentum k of an on-shell massless quark, which is



subject to the condition (2.3). The perturbative nature of Lorentz violation implies that the
frame appropriate for factorization differs at most from conventional frame choices by an
(’)(@) transformation. Since a large portion of the space of SME coeflicients for nucleons
is strongly constrained by experiment [11], we can reasonably neglect Lorentz-violating
effects in the initial- and final-state hadrons. We therefore seek a frame in which k can be
parametrized in terms of its parent hadron momentum p and the parton coefficients for
Lorentz violation in @ To retain the equivalent on-shell condition in a covariant manner,
we choose
kH = gph. (2.4)
Since the effects of Lorentz violation are perturbative, one may still argue that
K~ (M, M, M) in the rest frame of the hadron. Performing an observer boost along
the 3 axis yields k ~ (pT, M2/p*, M), where now the variable ¢ = k* /p* plays the role of
the parton momentum fraction. Note that the frame changes implemented by the observer
boosts are accompanied by covariant transformations of the coefficients for Lorentz viola-
tion [15]. The desired procedure is therefore to impose the conditions (2.3)—(2.4) and per-
form the factorization of the hadronic scattering amplitude working in an appropriate ob-
server frame from which the calculation can proceed in parallel with the conventional case.
The momentum Eu is defined for a parton via eq. (2.1). However, other internal mo-
menta appear in the scattering process. In DIS, for example, the initial parton momentum
k differs from the final parton momentum k + ¢ by the momentum ¢ of the vector boson.
For calculational purposes, it is convenient to introduce a momentum ¢ defined as the
difference of the modified momenta for the final and initial partons,

G=k+q—F (2.5)

In the presence of Lorentz violation involving operators of dimensions d = 3 and 4, the
explicit form of ¢ can be written in terms of ¢ and SME coefficients, independent of k. For
d > 4, however, the definition (2.5) implies that ¢ depends nontrivially on %k as well, which
complicates the derivation of the cross section. In this work, we explore the implications
of both these types of situations for DIS and the DY process.

3 Deep inelastic scattering

In this section, we apply the general procedure outlined in section 2 to inclusive lepton-
hadron DIS. The special case of unpolarized electron-proton DIS mediated by conventional
photon and Z° exchange in the presence of minimal quark-sector Lorentz violation has been
studied and applied in the context of HERA data [30] and the future EIC [31]. Analogous
results for nonminimal Lorentz and CPT violation have also been obtained [32]. Here,
we show how these results fit within the new formalism and provide both updated and
new numerical estimates of attainable sensitivities to Lorentz violation. Effects on DIS of
minimal Lorentz violation in the weak sector are considered in ref. [34].

3.1 Factorization of the hadronic tensor

The inclusive DIS process [+ H — I’ + X describes a lepton [ scattering on a hadron H into
a final-state lepton I’ and an unmeasured hadronic state X. The interaction is mediated by



a spacelike boson of momentum ¢ = [ — I’. It is convenient to introduce the dimensionless

Bjorken variables
2
—q
= , Y=—, 3.1
2p-q p-l (3.1)
where p is the hadron momentum. The DIS limit is characterized by —¢?> = Q> — oo

@

with x fixed. This produces a final-state invariant mass much larger than the hadron
mass M, which may therefore be neglected. Reviews of DIS and related processes include
refs. [76, 77].

The observable of interest is the differential cross section do, which by its conventional
definition is a Lorentz-scalar quantity built from the invariant amplitude, an initial-state
flux factor, and a contribution from the final-state phase space. In principle, Lorentz
violation could affect each of these, so care is required in calculating the cross section [78].
In this work, Lorentz violation can enter only through the hadronic portion of the full
scattering amplitude because the exchanged vector boson, the incoming particle flux, and
the phase space of the outgoing particles are assumed conventional. The cross section as a
function of the lepton phase-space variables z, y and ¢ takes the form

do
drdydd 27TQ4ZR i) (I T (3.2)

In this expression, the index 7 denotes the neutral-current channels ¢ = «, Z or the charged-

current channel i = W¥, with corresponding lepton tensor (L;) w and forward amplitude
(T;)". The factor R; denotes the ratio of the exchanged boson propagator to the photon
propagator. Unitarity has been used to write the hadronic tensor (W;)"” in terms of the
imaginary part of its forward amplitude (Im7;)*” via the optical theorem in the physical
scattering region ¢> < 0. This operation remains valid in the SME context since all
potential new effects are associated with hermitian operators [79]. The forward amplitude
is defined as

Ty =i / d*we™ ™ (p, s| Tj{(w),(0) |p, s, , (3.3)
where Tj;&(w) J»(0) is the time-ordered product of electroweak quark currents jL(w), Jv(0).
The hadron spin vector s* satisfies s> = —M?, s-p = 0, and ¢ denotes the restriction to
connected matrix elements. For simplicity, we suppress the subscript ¢, the channel label
1, and possible flavor labels in the following discussion.

Given that eq. (2.1) in principle contains higher-order derivative terms, the generalized
Euler-Lagrange equations must be used to derive the global SU(N) current j#. Note that
only terms with d > 4 augment the current from its conventional form. We denote the gen-
eral Dirac structure of these contributions to be I'* and for simplicity write the current as

jf;x =Ty, (3.4)
where typically ¢ # x and the associated charges are implicit. In the DIS limit, asymp-
totic freedom implies that the first-order electroweak interaction provides the dominant

contribution to the hadronic portion of the scattering amplitude. We therefore evaluate
eq. (3.3) at zeroth order in the strong-interaction coupling, giving

™ = i/d4weiq'“’ (p, 8| p(w)THiSp(w)T 2 (0): + p(0)TYiSE(—w)Hp(w): |p,s), (3.5)



with the Feynman propagator

dk efik-(:pfy)
1Sp(r —y :i/ , 3.6
Y Sy (30

where F = %é%a_

Unlike the conventional case, the structure I'SpI™ can contain both even and
odd powers of gamma matrices, which leads to additional contributions. Each term in
eq. (3.5) can be viewed as a matrix X and can be expanded in a basis I'4 of gamma
matrices as X = 244, The conventional completeness relation Tr[['AT ] = 464, implies
zg = (1/4)Tr[l'4X]. To match with the results common in the literature, we choose
the basis

I'y= {]]-a V55 Vs V5 Vs ’L"YSO-,U,Z/}>
T4 = {1, 95,9*, 775, —iv50"" /2}. (3.7)

With Dirac indices explicitly displayed, one has

YalO)u(a)= — DT (0) (T4),, (38)
giving
1 [ d% 1
TH/V _ — T‘I‘ Fl‘#r”
4/(%)4( [ Yok +q +ic

1 —ik-w n
re —— K FV’Y5] /d4w€ b <p7 S| @Z’(w)%UJ(O) |pa S>
Yok +q +ie

d*we=*" (p, 5|4 (w)(0) |p, )

+Tr

+Tr

1 —tk-w 7
F“mFVWp] /d4we F <P73|¢(w)7p¢(0) Ip, s)
Yo q €

1 —ik- -
I Dt 15 | [ dwe (] D0)57,6(0) o)
Yok +q i€
1 1 » :
——Tr Fuﬁryiﬁ%(jpa /d4we_Zk.w <p7 S| ¢(w)i75o'pdw(0) |pa 5>
Yok +q + i€
+(g < —q,0 > w,p < u)) . (3.9)

Note that normal ordering of operators is implied.

Taking the imaginary part of 7", the terms that depend on k + g or k — g contribute
only via scattering initiated by a quark or antiquark, respectively. The imaginary part of
TH comes solely from the propagator denominators because the combination of spatial
integration, exponential factors, and matrix-element terms is hermitian. This feature is a
consequence of translation invariance, which remains a symmetry within the SME frame-
work when the coefficients for Lorentz violation are spacetime constants. The imaginary



piece of the propagator takes the form

Im <~ ! ) = s ()000) — 76(ZE)0(—kY), (3.10)
k2 + ie

where the two terms correspond to particle and antiparticle. For coefficients controlling
CPT-even effects one finds —k = —k implying the particle and antlpartlcle have the same
dispersion relation. For coefficients governing CPT violation, k lacks a definite parity in
k, implying the particle and antiparticle have different dispersion relations that are related
by changing the signs of the coefficients for CPT violation. In what follows we focus on the
quark contribution, so k is calculated with the sign corresponding to a particle. Moreover,
in applying the standard Cutkosky rules, the intermediate propagator in the diagram with
an incoming quark uniquely forces the dispersion relation for the intermediate quark to be
identical to the incoming quark one, so that k2= (k/—\l—/q)2 =0.

The relevant kinematics can be handled by working in lightcone coordinates and in the
Breit frame, which in the conventional case is defined as the center-of-mass (CM) frame of
the hadron and exchanged boson, 5+ ¢ = 0. In light of eq. (2 5) however, we must here
introduce a modified Breit frame defined by the relation 5+ ¢ = 0. The hadron and shifted
virtual boson kinematics may be parametrized as

M2
pN = (p+7 2p+701_) )

+ sz
A ~ 0., 3.11
q W gy 01 (3.11)
where
io T (3.12)
xTr = — .
2p-q

with —¢2 = Q2. In Writing eq. (3.11), we neglect corrections of order O(M?/Q) and the
zeroth component ¢¥ with respect to Q Note also that ¢ differs from the physical boson
momentum ¢ only if operators with d > 4 are taken into consideration, so the modified
Breit frame differs from the conventional one only in the presence of these operators. Con-
sideration of eq. (2.5) implies that ¢ and hence Z are functions of k, ¢, and the coefficients
for Lorentz violation. Therefore, for nonminimal interactions the modified Breit frame
depends on a polynomial in £&. However, since additional dependence on powers of £ is
accompanied by coefficients for Lorentz violation, the replacement £ — x holds at leading
order in Lorentz violation and so both ¢ and Z can be constructed event by event from the
incident hadron and scattered lepton kinematics. Based on the discussion in section 2, we
can parametrize the large + component of kt as EpT with virtualities k= ~ M? /pt and
k. ~ M. This yields

k= (§p+7g_,%L)

~ )2 ~ o~
EH — ((5 —T)pt, 2§p+ +k7, kL) , (3.13)



where k't = k/—l\—/qu. The structure of these equations and of eqs. (3.11)—(3.12) is standard
but involves replacing conventional variables with tilde ones. In the usual scenario ¢ and
x differ by corrections of O(M?/Q?), implying the scaling k'* ~ M?/p* k'~ ~ p*, so the
boson transfers the incident parton from the + to — lightcone direction. In the present
case, the dominance of the — component of k' over the + component still persists because
corrections from Lorentz-violating effects are suppressed relative to p™ ~ Q.

Proceeding with the spatial and momentum integrations in TH" requires a change of
variables k — k because only the latter momentum exhibits the scaling of interest. To
evaluate the w integration in a straightforward way, a transformation w — @ must be
performed such that k- w = k- 0. Neglecting the small components of k with respect to
the large + and — components of ¢, one finds that k~ and k L can be disregarded in the
hard scattering up to corrections of O(M/Q). This is the analogue in the modified Breit
frame of the conventional result. The integrations over k= and k 1 thus bypass the traces,
and the structures in the traces proportional to v=, v 5, v v L*y5 provide the dominant
contributions to T for a hadron with a large + momentum and so are accompanied
by large + components in the hadronic matrix elements. It is thus reasonable to take
v & 4~ in the traces and v, ~ 7' in the matrix elements. Bearing these considerations
and eq. (3.13) in mind, we obtain

dk+ —1 F
T}lll/ ~ / 7Tr FMWI‘V*
k+ Yok +q +ic€

x <1ff(E+) — s AAf (K) + 75')’1)\J_AJ_ff(E+)>] 7 (3.14)

where we have neglected diagrams proportional to 1/ (’yalf/:/qa + i€) because they vanish
in the physical scattering region. The unintegrated PDFs here are defined as

~ dk—dk | d*% = - +
) = / BT e (p, o] g (@) L (0) . ),

Ck
_ L= dk  d*o T
gy = [T R s g L0 0) ).
- L—dk | d*© T
MBI = [P e R s @) T 0) ) (3:15)

where A, A\ are the longitudinal and transverse target helicities and Af;, A f; are the
corresponding longitudinal and transverse polarized PDFs. We have also introduced the
lightcone definitions of the gamma matrices, v+ = %(’yo +73), 7Y = ~', 42. The ellipses
in the arguments on the left-hand side of eq. (3.15) denote possible dependences on the
coefficients for Lorentz violation. The factors Jg,J,, are jacobians from the change of
variables, which differ from unity at first order in Lorentz violation. These expressions
represent the modified dominant twist-two PDFs. They differ from conventional results by
the jacobians and by the dependences on w(w) in the matrix elements.

In the limit of vanishing coefficients for Lorentz violation, we have J, = J, = 1,
k— k, W — w, and the PDFs reduce to functions of a single variable that can be expressed



covariantly in terms of two light-like vectors

1 1
’Fl’u = — 1,0,0,"‘1 y n“ = = 130707 -1 ) 3.16
L0040, W= - (1,0,0,-1) 3.10)

2 =0, n-n = 1. In this basis, a generic four-vector A* can be expanded as

with n? =n
At = (n- A)a* + (n- A)nt + A, (3.17)

with AT =n-A, A~ =n-A. We employ the basis (3.16) and parametrize w = An with
A a positive constant. Since scaling n by a positive constant implies scaling A oppositely,
the PDFs are be invariant under scaling of n. The only scalar combination allowed is
k-n/p-n=¢, so the PDFs can depend only on &. Performing the £~ and El integrations
produces delta functions that set w™ = @, = 0, which yields the standard result with
PDFs as matrix elements of bilocal operators on the lightcone,

fr(&) = / %e”&”“ (p| &f()\n)%ibf(o) p) .

MASHE) = [ e ™ (sl 70 22570 ).

dx _; . ;
MALI(E) = [ e sl by O P20, 0) ). (3.18)

Note that the rotational properties of the quark bilinear appearing in f¢(§) imply this
PDF is independent of the hadron spin s. In the presence of nonvanishing coefficients
for Lorentz violation, the situation is more complicated. Explicit expressions at the level
of eq. (3.18) can be deduced by a similar procedure and yield scalar functions, but these
are in general somewhat involved. As shown in section 3.2, the PDF's acquire additional
dependence on the complete contraction of the coefficients for Lorentz violation with the
hadron momentum.

Taking the imaginary part of eq. (3.14) by using eq. (3.10) and integrating over the
longitudinal variable sets £ to a function of x, p, ¢, and the coefficients for Lorentz violation.
The resulting form of T# is factorized and depicted in figure 1. We have thus demonstrated
that working in the modified Breit frame ﬁ+5’ = 0 defined by eq. (3.11) leads to factorization
of TH¥. As in the conventional case, the PDF's in eq. (3.15) emerge as nonlocal matrix
elements evaluated along the + lightcone direction. Since the PDF's remain scalar quantities
and the perturbative portion of TH¥ is a covariant expression in the external momenta, the
definition of the PDFs, the momentum fraction, and the cross section hold in any frame.
Contraction with the lepton tensor (L;)*” in the channels of interest and combining the
result with the additional kinematical factors then yields the scattering cross section.

3.2 The operator product expansion

The hadronic tensor W#” and the forward amplitude T*" can also be calculated using the
OPE approach [30]. In this section, we sharpen our discussion by generalizing previous
results and connecting to the PDFs in eq. (3.15). The OPE considers the expansion of
the product of spacelike-separated operators, such as the product of hadronic currents that

~10 -



Figure 1. Depiction of the dominant contributions to the hadronic tensor of the DIS process. The
upper portion of the graph represents the tree-level perturbative process with final-state interactions
denoted by the small hatched ellipse, which can be neglected in practice. The larger hatched ellipse
denotes the effective long-distance physics encapsulated by the PDFs. The dashed line bisecting
the diagram indicates summation over final hadronic states and placing intermediate states on mass

shell, &° = 0.

frequently appears in scattering processes, as a sum of local operators in the short-distance
limit. Note that the short-distance expansion of the currents occurs outside of the physical
scattering region.

For minimal c-type coefficients, a direct evaluation of the current product [30] yields
operators of the form ) (0)y*! (i02)(i0Ms) . .. (igﬂn)djf(O). The calculation of the hadronic
tensor requires matrix elements of these operators between hadron states. Taking tree-level
matrix elements of these operators between quark states of momentum k gives

<k|1z}f,y#1i5m 15#n¢f|k> kM ,_,%ﬂn7 (3.19)

which is totally symmetric and traceless because k* = 0. This suggests that only the
symmetric and traceless parts of the operators

Ot = oy (iDF2) (iD#) .. (iD"" )iy — traces (3.20)
enter at leading twist, where DH represents the covariant extension of O Moreover, the

factorization analysis implies that the partons in the hard scattering have momentum k*
such that k* oc p*, thus suggesting

(p| OF* 7 |p) = 2A]pHt - - pm, (3.21)

where the quantities AfL typically depend on @ and possibly on scalar contractions of the
hadron momentum with the coefficients for Lorentz violation. For n = 2, this result is
supported directly by noting that

O}Lluz = Oap (namnﬁuz + nauznﬁ“1> — traces, (3.22)
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where 9?” is the symmetric part of the energy-momentum tensor, and hence that
<p| 0?1112 ‘p> _ <p| 9fa,8 |p> (namnﬁm + namnﬂﬂl) — traces oc pﬂlp#Q’ (3‘23)

implying that Ag is the fraction of the total energy-momentum of the hadron carried by

the parton.
Given the form of eq. (3.21), the prediction for the DIS cross section is identical to the
factorization result if the matrix elements AfL yield the moments of the PDF's,

/ Ak (kD) fr (k1) = (n-p) AL - (3.24)

To show that this indeed holds, consider the slightly more general case of coefficients for
Lorentz violation A#1*#m+1 with m + 1 indices, for which we have

£1(6%) = / WW e R (pl i (w(@ ))%d)f(O) p)
= / WJkaemF<w<@»,
M — Apkk g g gwnkek
Jp =1+ (A“”E"'E 4 AMkVESk AME"'E”> Ny Jw=1-— AMVEMET’”V’
w(@)" = @t — AR, (3.25)
The following manipulations allow the removal of the explicit dependence on the jacobians

Jkw:

~ dk—dk | d*© B~ BT
fr(k™) :/(Q&Jme FOR (@ — ADRE-R)
)
fmu

4/\
W [ dk” d]“d Ty e * D (1 — AHE- > F()

12

dk~ dk Ld4 i (

Tedwe F0 (1 4 Avek-ky iA@E"'E) F ()

Iz

T JwF (@ )( T )w’f'@
Ok

dk~ allﬁd‘l

I
? e
/ dk~ dlﬁ_d4
! e

ST (@) (1 AT,

. (A,uukk_i_Aukac'Fl;_,'__i_Aufl;EV) nlLV_AuE---Ea>
4.5 ~ ~

/ dk~ dlﬂd JeduF(@)eF 0711 (1_A“k...k(3>

4 _
/dk d’ﬂd (w)e—ik.@< _ Ank-k 0 )
Ok

dk—dk d4A - -
®) / L F(@)e™#® (1 — Atk a§+> . (3.26)
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In step (1) of this derivation we expanded F, in step (2) we integrated by parts in @, in
step (3) we expressed the term linear in @ as a k derivative acting only on exp(—ik - @),
and in step (4) we integrated by parts in k noting that f is a distribution that must be
integrated over a hard-scattering kernel. Finally, in step (5) we used the fact that the hard
scattering is a function of k*+ alone and that in lightcone coordinates one has

0 0 0 0
OkH Okt ok— Okl
To proceed further, we observe that the integral over terms proportional to k—a and
k% with a,b > 1 produce delta functions §(®(w+) and §®) (@, ). After integrating over @,
these yield higher-twist PDFs that we can neglect as higher order. This implies that we can

set k* = k*7# in the last term of eq. (3.26), integrate over %‘, fl@_, @™, and W , and obtain

00 = [ G r@ me e (1 ()" 2

_ / ‘%e%*@‘ <1 AP (1) (75+)m_1> F(w(@n)). (3.28)

To achieve the second line above, we integrate by parts in E*, replace one power of k+
with i@(e~*"®7)/d@~ in the term proportional to @, integrate by parts in @~. These
expressions demonstrate that the PDF can still be written as a regular function and that
for m = 1 it reproduces the known result for the coefficient c’;”

To conclude the argument, we use eq. (3.28) to calculate the nth moment of the PDF,

~ o~ It S~ o~
/dk+(k+ k‘+ /dﬁ?_dkF ~— )e—zk+w ((k+)n_Ann~--nn(k,+)m+n—1)

= / dw~ F(@n) [(ﬂ')”a(m(@*) - A"ﬁ"'ﬁn(ﬂ)m*"*l5("””*1)(@*)}

= iy 2 (e iyt O P
=(—1 A=y n i By wn)|
S RN I G
= (Zafﬁ —A ( 2)8@* ( 1)8127) F(w™n) o
0 0 0 "

CTul 0 0 _
- [" < tgan — AT g ”a@um)] F@ ”)‘m—:o
=(=1)" (n“za 'F(w n)| -

-1)" . N T
= ey 0 By @ )y O ) |

1
= 5wl My, (Pl O [p)

=(n- p)”HAnH, (3.29)

which is the desired result. Note that for this derivation we have implicitly worked with
the spin-independent basis of operators given in eq. (3.20) to make connection with the
spin-independent PDF in eq. (3.15). We anticipate that a generalization of this result holds

~13 -



for the spin-dependent PDFs for a suitable choice of operator basis. Note also that the
above matching of the factorization result to the OPE means that the PDF's cannot depend
on additional scalar quantities, which thereby provides support for our approach.

3.3 Minimal c-type coefficients

As a first application of the above methods, we revisit the dominant effects of minimal
CPT-even Lorentz violation on the u- and d-quark sectors in unpolarized electron-proton
scattering mediated by photon exchange. In the massless limit, the relevant electromagnetic
Lagrange density is [30]

1~ v v g
L= Sosr" + ) wiDy, (3.30)
f=u,d

where B,, = 51, +2iey A, with ey the quark charges. As noted in section 2, the coefficients
c‘;l’ are assumed symmetric and traceless.

The inclusion of dimension-four Lorentz-violating operators produces a nonhermitian
hamiltonian and corresponding unconventional time evolution of the external fields [80].
One method to handle this is to perform a fermion-field redefinition to obtain a hermitian
hamiltonian and hence a unitary time evolution. This induces a noncovariant relationship
between spinors in different observer frames [63, 80, 81]. An alternative approach is to in-
troduce an unconventional scalar product in Hilbert space while preserving spinor observer
covariance [67, 82]. The two approaches are known to yield equivalent physical results at
leading order in Lorentz violation. We adopt the second one in this work, as it preserves
the compatibility of the PDF definitions with the various observer Lorentz transformations
used in the methodology developed here. Details of this quantization procedure are given
in ref. [82].

The dispersion relation for eq. (3.30) is

k=0, (3.31)

where E}‘ = (" + ¢}")k,. For these coefficients, the tilde operation is linear and thus can
be applied to an arbitrary set of 4-vectors. As described in section 2, the on-shell condi-
tion (3.31) is satisfied by the parametrization k= &p, where p is the proton momentum.
Note that this choice renders k independent of flavor. The physical momentum £ is thus
given by

H = e — ), (32)

where c’Jﬁp = c‘;ypl,. Note that k can differ from k only by possible 4-vectors constructed

from &, p*, and c’;p , and the requirement (3.31) implies that the only available 4-vector in

this case is cﬁfp )

The modified Breit frame fixed by p + Z]jf = 0 with ?]1; = (n" + C’;V)QV is flavor
dependent. However, no interference between the different flavor channels occurs at leading
order because the DIS process is within the regime of incoherent scattering. Transforming
to the modified Breit frame, we can apply egs. (3.11)—(3.13) with the appropriate tilde
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op/ey&ﬁon. The scattered parton has k" = kM + ¢* by construction and also satisfies
(ky + qf)2 = 0, where by linearity of the tilde operation we have k/?i—/ql; = kM + @1; In
particular, this implies &1; =q"+ c’]fq. Note that the flavor dependence of gy is thereby
transferred to %}

The unpolarized differential cross section (3.2) can be written in the form [30]

do oy
dxdydqb 2mqt

YL ImTH, (3.33)

where the electron tensor in the massless limit is L*” = 2 (IMI"™ + IYI'" — (1 - I")n*"), and
the incident and scattered electron momenta are parametrized as [* = E(1,0,0,—1) with
"M = E'(sin 0 cos ¢, sin @ sin ¢, cos f) in terms of the polar angle § and the azimuthal angle
¢ defined relative to a chosen z axis. The current (3.4) is a modified vector current

i = e Thaby, (3.34)

where I, = (" + ")y, with ¢} nonzero for f = u, d. Since only the vector part of
the interaction survives, all relevant quantities are in place to construct the explicit cross
section. The forward amplitude for a single flavor f reads

v d€ —1 gp
T; = 5 Tr[rff}ﬁ-l-q/w Y ff(f ?). (3.35)

Using the basis (3.16), we find f(, ¢}”) is given in covariant form by

116 = [ Gne ™ 50 S o) ). (3.36)
Note the similarity between the PDF derived in the presence of Lorentz violation and the
conventional PDF in eq. (3.18). The PDF (3.36) remains independent of spin since the
coefficients c’;’j control spin-independent operators in the theory. In principle, the jaco-
bian factors JiJ,, resulting from the change of integration variables contain contributions
proportional to the trace of the coefficients cf , but the latter vanish by assumption and
hence are irrelevant. The explicit dependence of the matrix elements on the coefficients for
Lorentz violation arises through the shifted variable n¢, which induces an implicit depen-
dence on a single scalar quantity c’jcp . Further insight on this is provided in section 3.3.

The imaginary part of the propagator denominator may be calculated using eq. (3.10),
which yields

-1 _

where QV?C = —E]?c. In this particular case, the variable z; corresponds to the generic
definition (3.12) because (£p + ¢f)? is linear in €. Using egs. (3.35)(3.37), we can verify
the Ward identity q,W#” = 0. This must hold here because 2ImT*” = WH" in the physical
scattering region defined by k2 = (Ef +qr)? = 0 with ¢ < 0. Note that the Ward identity
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requires both the incident and scattered quark to be on shell. To leading order in the
coefficients c’;y, we find

2qu 2
~ f € >4 qp
Tf=ux 1—1——(]2 + 2<f—i—cf). (3.38)

The difference between 7y and the quantity 2’ in eq. (13) of ref. [30] is a single term
proportional to 520?’) , which is removed in the current approach by the on-shell relation
for the partons.

Summing over all flavors, denoting ImT*" = 3, ImTJﬁL Y, combining eq. (3.37) with
the numerator trace in eq. (3.35), integrating over ¢, and contracting with L, gives the
explicit form of the cross section as

do oy 9 1 ~
= — es—1L VH“fo(ﬁf, Cpp), (339)
dxdydd ~— 204 ; fQ?p Hv St f f

where

= /k;r
v __ -~ 4 f
L HY =8 [2@ g V) +Ep- (=11 1) +2(kg - 1) <c’;f” A cgil’)

+2(ky - 1) (c?’l + c;kf + cl;) —2(- l’)cl;fkf} : (3.40)

with E’; = Zs(pt — c’;p ) and %}‘ = z¢p". At leading order in Lorentz violation, corrections
to %}L contribute only to the first line of eq. (3.40). Note that the sum in eq. (3.39) includes
contributions from both quarks and antiquarks. Since the c-type coefficients control CPT-
even effects, the quark and antiquark contributions are identical modulo the PDFs.

The above derivation provides an explicit demonstration that the hadronic tensor in the
presence of Lorentz violation factorizes into a hard part proportional to H }“’ in eq. (3.40).
This contribution to the cross section (3.39) resembles the vertex structure of an elas-
tic partonic subprocess, which has a number of interesting implications. The covariant
parametrization kH = Ept is so far motivated by SME considerations, factorization ar-
guments, and the OPE approach. The cross section (3.39) is an observer scalar because
it is composed of scalar kinematical objects, including the PDFs and the contraction of
covariant tensor structures. Next, we demonstrate that the cross section may be decom-
posed into purely observer scalar quantities that can be interpreted in terms of partonic
and hadronic quantities only when the choice kH = &pt is made. This supports the notion
that, in the restricted kinematical regime of interest, the hard process can be viewed as if
it were mediated by a massless on-shell SME parton scattering from the virtual photon.

To see this, consider the forward spin-averaged elastic-scattering matrix element M of
a virtual photon of momentum ¢ scattering from a free massless SME quark of momentum
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k with flavor f. Using the sum over fermion spins, we find this is given by [78, 82]

_ 2nF ~ N KNk
M = e25(¢ — ) g?”chr o (b + @) L 2%9) , (3.41)

where N (k) is the fermion-field normalization and Z? = kH + 20’;k. Note that this result
is consistent with eq. (3.35). In constructing a differential cross section that preserves
Lorentz observer invariance, one typically forms the product of the differential decay rate
and the initial-state flux factor. For general colliding species A, B, the flux factor may be
expressed in terms of the beam densities N(A), N(B) and velocities vi, va as

—,

F = N(A)N(B)\/(Ua — 0p)2 — (V4 x U)?, (3.42)

where the group velocity vi‘ g is defined as

ok
v p= 2L (3.43)
8kA,B
For the c-type coefficients with 75]2( = 0, the group velocity is found to be [78]
vl =L (3.44)
Ky

Using eqgs. (3.42)—(3.43), the flux for the collision of an electron of momentum [* and a
quark of momentum k;f can be expressed as

L (R D)2 — k22
F=NENOHIL
K10

(3.45)

Combining egs. (3.41) and (3.45) and the associated leptonic vertex contribution with
spin averaging, one sees the factor %?lo cancels leaving a scalar quantity. A cross section
for the partonic subprocess has thus been found that constitutes a substructure of the full
hadronic cross section given in eq. (3.39). The hadronic cross section may thus be expressed
in terms of an integral over these partonic cross sections scaled by the ratio of the partonic
flux factor to that of the convential hadronic flux factor 2s. This ratio is equal to unity for
dimension-three operators but typically differs from unity for dimension-four and higher
operators. However, it can at most produce a shift at first order in the coefficients for
Lorentz violation.

In contrast, if one instead chooses the parametrization k = £p, the above construction
and interpretation of the hard-scattering process cannot be made. This alternative would
represent an off-shell subprocess and would spoil electromagnetic gauge invariance. It also
implies that the group velocity of the parton is exactly equal to that of the hadron as usual,
which prevents the cancellation of the factor of k° appearing in the trace without a con-
comitant unconventional redefinition of the flux. It follows that satisfactory partonic cross
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sections cannot be constructed in this alternative scenario, so a consistent interpretation
of the hard scattering becomes unclear. Note that this discussion pertains only to dimen-
sionless c- and d-type coefficients for Lorentz violation, which produce nonscalar quantities
from fermion spin sums as a consequence of the quantization procedure.

Finally, we remark that the connection between the moments of the PDFs and the
matrix elements of the operators in the OPE is comparatively straightforward for the c-
type coefficients. The nth moment of the PDF is

dET (BN (B ) = ~— n ~— ﬁ E T\ —ikT @
[ R @ = [aa ol i@ ) fos s [5G

= [ 615, 5os-w@ ) o)+ (@)

i im - no 0" s
= (+H") bl 910) 5 gy s @@ ) )| (3.46)
In this case, we have
wh (W™ n) = (" + &)@~
0 ow* 0 ~
95 = 90- Dwr nH (N +Cf;w)a n, 0", (3.47)
and we therefore obtain
~ ~ 1 - = = —
J ARG = Sy ] G048 - i0 s w(@ ) )]
(3.48)

Taking advantage of the totally symmetric nature of the tensor n,n,, - --n,,, the absence
of trace contributions to the matrix element, and the replacement of regular derivatives
with covariant ones as required by gauge invariance yields

/ AR ) (7 = S, (O gy = ()™ AL (3.49)

2
Using the moments to reconstruct the whole PDF, we see that the only dependence on the
coefficients c‘]ﬁy arises from the matrix elements A£ 41 and fr (€, c?p ). Note that the PDF
is a dimensionless quantity and so c?p has to appear in the combination c?p / A?QCD, which
emphasizes the genuinely nonperturbative origin of this dependence.

3.4 Nonminimal a(®-type coefficients

In the context of unpolarized DIS, the effects of nonzero flavor-diagonal quark coefficients

a}S)“ op controlling CPT-odd operators with mass dimension five have recently been stud-

ied [32]. These coefficients stem from the nonminimal SME term

Lswir D — (@45 a7,iD iDgyyp + hec. (3.50)
Nonzero proton coefficients az(;r))“ % were included in the DIS analysis of ref. [32] because cur-

rent experiments constrain them only partially [11]. To avoid complications with modified
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kinematics for the external states and with the interpretation of proton matrix elements,

we assume here conventional proton states so that a(5)” of

= 0. Incorporating effects of
nonzero proton coefficients into the following analysis is an interesting open issue but lies
outside our present scope. Note that the connection between quark and proton coefficients
is under investigation in the context of chiral perturbation theory [25-29] and may provide
insights along these lines.

Following the method developed in section 2, the quark momentum is parametrized at

leading order in Lorentz violation as
H—eph+ §2a§£5)upp’ (3.51)

where the + and — signs correspond to particles and antiparticles, respectively. This

(5)pap

expression matches eq. (56) of ref. [32] for ay = 0. The corresponding global U(1)

conserved current j* takes the form

. - . (5 =z
=y (w — ia )“5“7a85) " (3.52)
where we now define
Tl =y — ia PPy, 0. (3.53)

Since the a(5)—type coefficients control spin-independent operators and the current (3.52)
is a modified vector current, only the leading-twist unpolarized PDF f({) appears in 7",
paralleling the case of the c-type coefficients. The choice (3.51) is also required to satisify
the Ward identity.

Using eqs. (3.52)—(3.53) in the third term of eq. (3.9) and transforming to the modified
Breit frame using eq. (3.51) for the quark momentum leads to the factorization of T}, .
After some calculation, we find the cross section to be

9 y(y —2)s
dxdydqb q42 2f[ (1_9)]5Sf+TxSf

4 (5)ppl (5)lpg (5)laq
7 <4x a + 6xag —|—2an )

Sf Sf
12y (4m2a(5)ppp + dza ( )ppq +dza ( )lpp 12 (Sf)lpq 4 aéi})pqq)
4y Glp  (5)llg
- 2 ) , 3.54
* x ( Tasy © + sy (3.54)

where Fhy = effff(x’sf)x’sf with x5, = 2 — x5y and

_ T 2 (5)ppq (5)pqq (5)pqq
5sf—ys{l+(4xa + 2ag + agy ) ,

ys
2 5) (5) (5)

— % (942,00Pra g paq qqq)' 355

xsf s ( atagp " +3wagy +agy (3.55)

Note that this expression is consistent with the result obtained in ref. [32] in the limit

az(f))“ *# — 0 once the observability of the a(®-type quark coefficients is taken into account.
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Note also that the shifted Bjorken variable (3.55) is distinct from the quantity = gener-
ically defined in eq. (3.12), which serves as a placeholder parametrization mimicking the
conventional case. This contrasts with the case of c-type coefficients evidenced in eq. (3.37)
because the imaginary part of the propagator denominator is quadratic in £&. However, as
described in section 3.1, the replacement & — x is satisfactory for terms proportional to
the coefficients for Lorentz violation and yields the explicit expression for gy defining the
modified Breit frame as

=gt — a(s?“qq - x(agf)”pq + a(S?“qp). (3.56)

X

It is interesting to observe that if the scattering is initiated by an antiquark as opposed
to a quark, then the expression above acquires opposite signs at leading order in Lorentz
violation, revealing that the modified Breit frame is both flavor and particle/antiparticle
dependent. Since the a(®-type coefficients control CPT-odd effects, the antiquark contri-

f —ag?ﬂ for all explicit

bution to the flavor sum can be obtained by the replacement ag‘?
occurrences of the coefficients, convoluted with the appropriate antiquark PDFs.

For the spin-independent PDF (3.15), the explicit expression at the level of eq. (3.18)
is illustrative. From general OPE considerations, the PDF can depend only on scalar

combinations of asc5)“ % and pY. Furthermore, as the coefficients a(SE})“ *F are symmetric and

traceless, the only possible combination is a(S5f)p PP/ AéCD. Using eq. (3.28), we find

i _; - nus nan
f (€ al)rm) = / i oy (a8 xep* ) B g 0) ) (1) ept) (357)

as the explicit expression for the PDF.

3.5 Estimated attainable sensitivities

In this section, we obtain estimates for the sensitivities to SME coefficients that are at-
tainable in experiments studying unpolarized electron-proton DIS. Comparable results can
be expected from dedicated analyses with HERA data [12] and future EIC data [83-85].
We perform simulations with existing data and pseudodata using eq. (3.39) for the c-type
u- and d-quark coefficients for Lorentz violation and using eq. (3.54) for the a®-type co-
efficients. For simplicity, the analysis neglects the intrinsic dependence of the PDFs on
the SME coefficients described in sections 3.3 and 3.4 and given by egs. (3.36) and (3.57).
These effects are genuinely nonperturbative and constitute an interesting open issue for
future investigation [86].

Experiments performed on the Earth at a given location are sensitive to SME co-
efficients as they appear in the laboratory frame. However, all laboratory frames are
noninertial due to the rotation of the Earth and its revolution about the Sun. The stan-
dard frame adopted to report and compare measurements of SME coefficients for Lorentz
violation [11] is the Sun-centered frame [87-89], which is approximately inertial over exper-
imental timescales. In the Sun-centered frame, the time 7" has origin at the vernal equinox
2000, the Z axis is aligned with the Earth’s rotation axis, the X axis points from the Earth
to the Sun at T'= 0, and the Y axis completes the right-handed coordinate system. To an
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excellent approximation, the laboratory-frame coefficients are related to the coefficients in
the Sun-centered frame by a rotation determined by the latitude of the experiment and by
the local sidereal time 7§, which is related to 7" by an offset depending on the longitude of
the laboratory [90]. Effects from the laboratory boost due to the rotation and revolution of
the Earth are negligible for our present purposes. The rotation R from the electron-beam
direction in the laboratory frame to the Sun-centered frame is given by [30, 78]

+1 0 0 costy siny 0 cos X coswg Ty cos xsinwgTy —siny
R=|0 01 —sin cosy 0 —sinwg Ty cos wg T 0 . (3.58)
0 F10 0 0 1 sin x coswg Ty sin x sinwgTy cosx

In this expression, wg ~ 27/(23 hr 56 min) is the Earth’s sidereal frequency. The angle  is
the colatitude of the laboratory, while 9 is the orientation of the electron-beam momentum
relative to the east cardinal direction. The final rotation in eq. (3.58) orients the Earth-
frame polar direction along the direction of the electron-beam momentum.

As a consequence of the rotation R, most coefficients in the laboratory frame acquire
sidereal-time variation at harmonics of the sidereal frequency. As described in refs. [30, 31],
DIS experiments are primarily sensitive to the subset of coeflicients associated with sidereal-
time variations because many systematic sources of uncertainty are correlated between
different sidereal-time bins. We therefore focus here on estimating attainable sensitivities
to this subset. For the symmetric traceless coefficients c}”’, the nine independent compo-
nents in the Sun-centered frame can be chosen to have indices TX, TY, TZ, XX, XY,
XZ,YY,YZ, and ZZ. Of these, the components with indices TZ, ZZ and the sum of
components with indices X X and Y'Y have no effect on sidereal variations because they
control rotationally invariant effects in the X-Y plane. We thus find that at most six inde-
pendent c-type observables for each quark flavor can be measured using sidereal variations,

So we can extract estimated sensitivities to the 12 coefficient combinations C?X , C};Y, c;( Z

c}/Z , cjfy, and C;{X - c}/y with f = u, d. For the symmetric traceless coefficients a(SE})A“ v,

the 16 independent components in the Sun-centered frame can be chosen to have indices
TTT, TTX, TTY, TTZ, TXX, TXY, TXZ, TYY, TYZ, XXX, XXY, XXZ XYY,
XYZ, YYY,YYZ [36]. The four combinations of components TTT, TTZ, TXX +TYY,
and ZXX + ZYY play no role in sidereal variations, leaving 12 a(®-type observables for

each quark flavor. We can therefore determine estimated sensitivities to the 24 coefficient
(G)YTXX  (5TYY (5)XXZ  (B)YYZ (5)TXY (B5\TXZ (5)TYZ (5)XXX

combinations agy agf , ag agy Y Y ; ag Y ,
ag})XXY, a(s?XYY, a(SE})XYZ, a(S‘r})XZZ, a(S?YYY, and a(S?YZZ with f = u, d. Inspection of

these results reveals that the c-type coeflicients control sidereal variations at frequencies
up to 2we, while the a®-type coefficients control ones up to 3wags.

We discuss first the pertinent details of the HERA collider, the corresponding dataset,
and the procedure to estimate sensitivities. The HERA colatitude is x ~ 34.6°, and the
electron/positron beam orientation is ¢ ~ 20° north of east for H1 and ¢ ~ 20° south
of west for ZEUS. This implies the minus sign in eq. (3.58) is appropriate for H1 and
the plus sign for ZEUS. The data used here are combined electron- and positron-proton
neutral-current measurements at an electron-beam energy of F, = 27.5GeV and proton-
beam energies of E, = 920 GeV, 820 GeV, 575 GeV, and 460 GeV. Note that the use of
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positron-proton data is acceptable for studying both ¢- and a(5)—type coefficients because
the associated cross sections are invariant under interchange of electrons and positrons. In
total, 644 cross-section measurements at a given fixed  and Q? value are available [12]. In
extracting the estimated sensitivities, we use the procedure employed in ref. [30]. For each
measurement of the cross section at a given value of 2 and Q?, we generate 1000 Gaussian-
distributed pseudoexperiments to form a x? function, each of which describes the potential
outcome of splitting the dataset into four bins in sidereal time with the requirement that
the weighted average of the binned cross sections is identical to the measured one. In
forming the theoretical contribution from Lorentz-violating effects to the x? distribution,
we use ManeParse [91, 92] and the CT10 PDF set [93] for the quark PDFs. The desired
estimated sensitivity to each coefficient is extracted independently by minimizing the x?
function at the 95% confidence level and setting the other coefficients to zero in accordance
with the standard procedure in the field [11]. Further details can be found in ref. [30].

For the EIC, two EIC proposals currently exist: JLEIC at JLab and eRHIC at
BNL [84, 85]. Here, we present simulations yielding estimates for sensitivities to the coeffi-
cients for Lorentz violation that can be expected after one and ten years of data taking for
both JLEIC and eRHIC. The kinematical potential for each collider is expected to be dif-
ferent in their first stage of running. JLEIC is expected to obtain a luminosity on the order
of 103 ¢cm™2 s~! with an electron beam energy range of 3 < E, < 12GeV and a proton
energy range of 20 < F, < 100GeV, leading to a collider-frame energy range of roughly
15 < /s < 70GeV. The JLEIC colatitude is x ~ 52.9° with electron-beam orientations
1 &~ 47.6° and 1p =~ —35.0° at the two collision points [83]. In contrast, during its first stage
eRHIC is expected to operate at a luminosity on the order of 103* cm™2 s~! with a beam
energy range of 5 < F, < 20GeV and 50 < E, < 250 GeV, leading to a collider-frame
energy range of roughly 30 < /s < 140 GeV. The eRHIC colatitude is x = 49.1° and the
electron-beam orientations are approximately 1) ~ —78.5° and ¢ ~ —16.8° [84]. Further
planned upgrades to each collider indicate a converging operational potential at the end of
a ten-year time span.

To derive estimated sensitivities, datasets of simulated reduced cross sections with
associated uncertainties over a range of (E., E,) values characteristic of the JLEIC and
eRHIC are adopted. All datasets are generated using HERWIG 6.4 [94, 95] at next-to-
leading order, and estimates of detector systematics are based on those for the HERA
collider [12]. The JLEIC dataset includes a total of 726 measurements spanning the ranges
r € (9%x1072,9 x 1071) and Q? € (2.5,2.2 x 10%) GeV?, with electron-beam energies
E. = 5,10GeV and proton beam energies F, = 20, 60, 80, 100 GeV. These data have an
overall point-to-point systematic uncertainty of 0.5% for = < 0.7 and 1.5 for z > 0.7, as
well as a 1% luminosity error. The dataset for the eRHIC includes 1488 measurements
spanning the ranges = € (1 x 1074,8.2x107!) and Q2 € (1.3,7.9 x 10%) GeV?, with E, = 5,
10, 15, 20 GeV and E,, = 50, 100, 250 GeV. These data have an overall 1.6% point-to-point
systematic uncertainty and a 1.4% luminosity error. As with the analysis of the HERA
data, ManeParse and the CT10 PDF set are used for the quark PDFs. Additional details
may be found in ref. [31].
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HERA JLEIC  eRHIC JLEIC eRHIC
one year ten years
eI X 6.4 [6.7] | 1.1 [11.] 0.26 [11.] | 0.072 [9.3] 0.084 [11]]
6.4 [6.7] | 1.0 [10.] 0.19 [7.7] | 0.062 [8.5] 0.058 [7.9]
|cIY| 6.4 [6.7] | 1.1 [11.] 0.27 [11.] | 0.069 [9.4] 0.085 [11.]
6.4 [6.7] | 1.0 [10] 0.18 [7.8] | 0.065 [8.5] 0.058 [7.8]
|cXZ| 32. [33] | 1.9 [16] 0.36 [15] | 0.12 [16]  0.11 [15.]
32. [33] | 22 [19] 0.85 [35] | 0.14 [19] 0.26 [36.]
Y 2| 32. [33] | 1.8 [16] 0.37 [15.] | 0.12 [16] 0.12 [15.]
32. [33] | 22 [19] 0.84 [35] | 0.14 [19] 0.26 [36.]
XY 16. [16.] | 7.0 [60.] 0.96 [40.] | 0.44 [58.] 0.31 [40]
16. [16.] | 3.3 [28.] 0.40 [17.] | 0.20 [27.] 0.13 [17]
|cXX — YY1 50. [50.] | 6.0 [51.] 2.8 [120.] | 0.37 [50.] 0.89 [120.]
50. [50.] | 6.4 [54.] 2.0 [82.] | 0.40 [53.] 0.63 [82]]
X 26. [27.] | 4.5 [160.] 1.1 [45.] | 0.29 [37.] 0.34 [45]
26. [27.] | 4.0 [150.] 0.74 [31.] | 0.25 [34.] 0.23 [32]
Y| 26. [27] | 4.3 [170] 1.1 [44)] | 0.27 [38] 0.34 [45.]
26. [27.] | 4.0 [150.] 0.73 [31.] | 0.26 [34.] 0.23 [31]]
2| 130. [130.] | 7.5 [240.] 1.4 [61] | 0.49 [63.] 0.45 [61.]
130. [130.] | 8.7 [280.] 3.4 [140.] | 0.54 [74] 1.1 [140]
Y 2| 130. [130.) | 7.2 [240.] 1.5 [60.] | 0.47 [64.] 0.46 [61.]
130. [130.] | 8.6 [280.] 3.3 [140.] | 0.57 [74] 1.1 [140.]
XY 64. [64.] | 28. [880.] 3.8 [160.] | 1.7 [230.] 1.2 [160.]
64. [64.] | 13. [410] 1.6 [68.] | 0.81 [110.] 0.52 [67.]
leXX — XY | 200. [200.] | 24. [750.] 11. [460.] | 1.5 [200.] 3.5 [460.]
200. [200.] | 25. [790.] 7.8 [330.] | 1.6 [210.] 2.5 [330.]

Table 1. Best attainable sensitivities from DIS to individual coefficient components ¢/ and ¢/”
estimated for HERA, JLEIC, and eRHIC. All values are in units of 1075 and reflect the orientation
giving the greatest sensitivity. Results with brackets are associated with uncorrelated systematic
uncertainties between binned data, while results without brackets correspond to the assumption of
100% correlation between systematic uncertainties. We provide estimated attainable sensitivities
on coeflicient magnitudes for both electron beam orientations, as detailed in ref. [31]. For JLEIC
and eRHIC, sensitivities are listed for both one-year and ten-year data-taking configurations.

Consider first the c-type coefficients. A summary of the estimated attainable sensi-
tivities is presented in table 1, and the distribution of pseudoexperiments as a function of
z, Q?,y for the datasets most sensititive to Lorentz violation for the particular case of the
coefficient cIX is shown in figure 2. Overall, the HERA dataset [12] can provide sensitivity
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Figure 2. Distribution of |c1X| correlated upper sensitivities for HERA and for JLEIC and eRHIC
in both initial and final configurations as functions of z, Q? and y related through Q? = zys.

to Lorentz violation at roughly the 10~ level for v quarks and the 1073 level for d quarks.
Both JLEIC and eRHIC can offer sensitivities at the 1076 —107° level for u quarks and the
107® — 107 level for d quarks. The reduction in senstitivity for the d quark is primarily
due to the difference in the squared charges e? and e?i. Although HERA operates at a
larger collision energy and thus has a larger kinematical range, the integrated luminosity
is roughly two orders of magnitude lower than that of either EIC, which leads to reduced
statistics. The best attainable sensitivities appear for the low-z, low-Q?, and large-y region
of the phase space or the deeply inelastic limit of all three colliders. The other coefficient
components display a similar pattern in the distribution of sensitivities.

Intuition about the overall shape of the distribution can be gained via a plot of reduced
cross sections as a function of z, depicted in figure 3. The increased sensitivity at low z
is readily apparent, with the larger CM energy for HERA implying an onset of sensitivity
to Lorentz violation at lower values of z than for the EIC. It is also interesting to note
the similarity between the cross sections around the value of x ~ 0.5, which accounts for
the lower sensitivity and corresponding feature seen in the distributions. The sensitivity to
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Figure 3. Comparison at fixed Q? = 2GeV? of the reduced cross sections of the leading SM
contribution, of HERA at energies E. = 27.5GeV, E, = 920GeV, and of the EIC at energies
E. =20GeV, E, =100 GeV.

Lorentz violation presented here is slightly better in magnitude than the equivalent results
for the EIC presented in ref. [31]. However, the distribution of sensitivities is somewhat
different. In particular, the distribution is shifted to favor larger energies, with a clear
preference for larger electron-beam energies and the low-z region as opposed to the low-y
region. In addition, the grouping of the distribution is tighter and shows a clearer trend.
The origin of the difference between the current and former works [30, 31] is due to the
alteration of the on-shell condition leading to the parametrization k= &p instead of k = &p.

For the a(®)-type coefficients, the overall estimated attainable sensitivities are presented
in table 2. An illustration of a distribution of sensitivities for the coefficient component

(5)TX 7
Ay,

is displayed in figure 4. Other components have similar distributions. These
results represent first estimates for the a®-type quark coefficients. Owverall, attainable
sensitivities at the level of 1075-1075 GeV~! are found for the HERA dataset and at the
level of 1077-107% GeV ! for the EIC.

Notice that the overall shapes of the ¢ distribution in figure 2 and the agf’)TXZ dis-
tribution in figure 4 differ in several ways. One striking feature is that the high = region
in the an’)TXZ distribution admits the most sensitivity, particularly for the HERA data.
This can be qualitatively understood as follows. As mentioned in section 3.4, the Lorentz-
violating part of the cross section is proportional to the difference fr(z) — f7(x) between
the quark and antiquark PDFs. The valence-quark content of the proton dominates the
large-x region, whereas the sea constituents dominate the low-x region. A partial cancella-
tion therefore occurs between the quark and antiquark contributions at very low x where
fr(x) = fg(z), while the antiquark contribution has a decreased influence at large z. As
evidenced by the JLEIC and eRHIC bounds, some sensitivity persists at low . This is due
to the hard contribution to the cross section (3.54), which contains terms proportional to
1/x. In contrast, for the c-type coefficients the cross section (3.39) is proportional to the
sum fr(z)+ fF(z), leading to enhanced sensitivity at low z. In short, the generic sensitivity
to the hard contribution at low z, at low Q2, and at large CM energy combine with the
CPT properties to yield the predominant patterns observed in the distributions for the c-
and a®)-type coefficients.
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HERA | JLEIC eRHIC | JLEIC eRHIC
one year ten years
ad) XX GO 1 70 [6.9] | 4.3 [20) 18 [20] | 2.3 [16] 7.8 [20.]
aQ)XXZ _gOVYZ L 18 18] | 9.7 (17] 120 [12] | 5.2 [14] 9.7 [12]
ad) XY 2.3 [2.5] | 046 [1.3] 1.1 [1.6] | 0.50 [2.0] 0.34 [1.3]
al) X7 4.7 [4.8] |0.13 [0.36] 0.40 [0.61] | 0.13 [0.50] 0.13 [0.49]
a)™Y 7| 46 [4.8] |0.12 [0.37] 0.40 [0.61] | 0.13 [0.50] 0.13 [0.48]
ald) XXX 1.7 [1.8] |0.14 [0.40] 0.56 [0.86] | 0.14 [0.53] 0.18 [0.70]
al) ¥ 1.6 [1.7] | 0.15 [0.43] 0.55 [0.85] | 0.14 [0.56] 0.18 [0.67]
al) XYY 1.6 [1.7] |0.15 [0.42] 0.55 [0.85] | 0.14 [0.56] 0.18 [0.68]
a)XV7| 10. [11] | 0.68 [1.9] 1.4 [21] | 0.79 [3.1] 0.43 [1.6]
ad) X7 2.1 [2.2] | 0.12 [0.34] 0.39 [0.60] | 0.12 [0.45] 0.13 [0.48]
ad)"YY| 1.7 [17] |0.14 [0.41] 0.56 [0.87) | 0.14 [0.53] 0.18 [0.68]
al)¥ 77| 2.1 [2.1] |0.12 [0.35] 0.39 [0.60] | 0.12 [0.46] 0.12 [0.47]
al)™XF Q)Y | 110, [110] | 70. [200] 360. [400.) | 24. [310] 83. [400]
al)XX7 a7 1 300, [200] | 160. [250] 240. [240.) | 56. [270] 180. [240]
al) XY 38. [40] | 7.4 [20] 21. [32] | 9.7 [38] 6.6 [25.]
al) X7 77. [79] | 20 [55] 7.7 [12] | 25 [9.8] 2.5 [9.7]
a7 75. [78] | 2.0 [5.6] 7.7 [12] | 2.5 [9.8] 2.5 [9.5]
al) XXX 28. [29] | 23 [62] 11. [17] | 2.7 [10] 3.6 [14]
al) XY 26. [27] | 24 [67] 11 [17] | 2.8 [11] 3.4 [13]
)XY 27. [27] | 24 [65] 11. [17] | 2.8 [11] 3.5 [13]
al)¥Y 7| 160. [170.]| 11. [29]  27. [40] | 15. [60] 8.4 [31]
al)¥?7| 35. [35] | 1.9 [52] 7.6 [12] | 2.3 [89] 2.5 [9.4]
al)"YY| 27. [28] | 23 [6.2] 1. [17] | 26 [10] 3.5 [13]
al)¥ 77| 34. [35] | 1.9 [5.3] 7.5 [12] | 23 [89] 24 [9.2]
(5)Auv

Table 2. Best attainable sensitivities from DIS to individual coefficient components ag,
and a(SZ))"L Y estimated for HERA, JLEIC, and eRHIC. All values are in units of 1075 GeV~!
and reflect the orientation giving the greatest sensitivity. Results with brackets are associated
with uncorrelated systematic uncertainties between binned data, while results without brackets
correspond to the assumption of 100% correlation between systematic uncertainties. We provide
estimated attainable sensitivities on coefficient magnitudes for both electron beam orientations, as
detailed in ref. [31]. For JLEIC and eRHIC, sensitivities are listed for both one-year and ten-year
data-taking configurations.
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Figure 4. Distribution of |a(5 TXZ\ correlated upper sensitivities for HERA and for JLEIC and

eRHIC in both initial and final configurations as functions of z, Q2 and y related through Q? = zys.

4 The Drell-Yan process

Next, we turn attention to studying corrections from Lorentz violation to the DY process,
using an analogous approach to that adopted above for DIS. The DY process involves the
interaction of two hadrons leading to lepton-pair production, Hy + Hs — 1 + 15+ X, where
all final hadronic states X are summed over and the polarizations of the final-state leptons
are averaged because they are unobserved.

The total cross section is given by

1 d3l d3ly 2
= — (ly,15, X T 4.1
28/(2#)32l1 2n )52, E H 27r 32 o | 1, 1o, X| T Ip1, 51, p2, 52) %, (4.1)

where | (I1,la, X| T |p1, 51,2, 82) |2 = (27)26% (p1 +p2 — i — lo — px) IM[%, px = XX v,
and ¢ = l; + ls. We must consider all nx possible final hadronic states in the process
because X is unobserved. Note that the lepton spin labels are suppressed as they are
summed over. The factor 1/2s is the usual hadronic flux factor.
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Figure 5. The dominant contribution to the DY hadronic tensor (4.3). The dashed line bisecting
the graph denotes a sum over all unobserved hadronic final states.

As with DIS, our treatment considers effects of Lorentz violation on M and in particu-
lar on the hadronic contribution. Since this process represents the head-on collision between
two hadrons, it is simplest to work in the hadron-hadron CM frame with 7 + p» = 0. The
differential cross section then takes the form

2
1
do = > —
2s ¢*

' s S R(L V), (42)

where ¢ denotes the sum over channels with ratios R; to the photon propagator. The
momentum ¢ is ¢ = l; + lo, and the difference | = I; — Il has solid angle df2; about the
lepton-pair CM. Note that g2 > 0 for this process, in contrast to DIS where ¢? < 0.

4.1 Factorization of the hadronic tensor

The object of primary interest in eq. (4.2) is the hadronic tensor Wy, which may be
written as

Wi = /d4$€_iqw (p1, 51, D2, 52| 5}, (2) 30 (0) [p1, 51, p2, 52) - (4.3)

The dominant contribution to this object is displayed in figure 5. The current product
jL($) j»(0) can be decomposed in a similar way as done for DIS. However, we consider
here the simple product of currents instead of a time-ordered product, as the latter offers
no advantage for this process. We are again interested in the dominant effects of Lorentz
violation at large ¢> = Q? > 0. This contains numerous Dirac structures with certain
combinations dominating at the leading power in (). Equation (4.3) is to be evaluated
in the CM frame of the hadron-hadron collision. Given the high energy of this process
in the massless hadron limit, we can parametrize without loss of generality the hadron
momenta as p; = pfﬁ and pa = p, n, where n and n are given in eq. (3.16). Employing
similar considerations as in section 3.1, this implies that the dominant Dirac structures are
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proportional to {7, v V5,7 v 75} and {y",7Ty5, 7"y v5} for Hy and Hs, respectively.
Considering eq. (3.4), this leads to nine Dirac bilinear products constituting the leading-
power behavior of WH¥,

11

WH ~ 163/d4xe‘iq'mTr (v~ ({p1, 51l x(2)7 X (0) |p1, s1)

+ 5 (p1, 51] X ()57 x(0) [p1, s1) + 1571 (01, s1] X (@) YL 5 x(0) 1, s1)) T
X 4T ((p2, s2| V(0)y ¥ (x) Ip2, s2) + 75 (P2, 52| (0)757~ () |p2, s2)
+ 7L (2, 52 Y(0)y YL ysY () [pa, s2)) V] (4.4)

The factor of 1/3 comes from the Fierz decomposition of the su(3) color algebra, which
fixes the matrix elements into color-neutral combinations. Note also that the electroweak
charges are implicit in the definitions of I'*, I'V.

From eq. (4.4), we define functions that are momentum-space Fourier components k1,
ko of the hadron matrix elements. Expressing the matrix elements in momentum space
and performing the integrations over the spatial variable x yields a four-dimensional delta
function §4 (¢ — k1 — ko). Since the physical internal momenta kj, ko are off shell in this
context, a change of variables to tilde momenta must be performed. Unlike in DIS, one
may work here in the conventional CM frame because the collinear component of the quark
momentum comes with k instead of k. The change of variables k; — El produces jacobian
factors Jy,, Ji,. The delta function can be expressed as

5 (q ~ k() — @(’152)) — 5 (q- B — 752) : (4.5)

which defines ¢ for the DY process. This quantity typically depends on &y and ko. Addi-
tional care is required here because one momentum obeys a modified particle dispersion
relation while the other obeys the antiparticle relation. Performing a subsequent Fourier
transform in the spatlal variables w1, wy followed by a change of variables to Wy, Wy such
that k; (k: ) - w; = k; - @; as discussed in section 3. 1, we obtain the generic contribution to
WH in the form

/ A ke d koo d @1 d o Ty, Ty Juoy Juoy H™ (K1, ko)
X F(wy (@1)7171)}_7(%02(@2)7p2)€7i@1@1+z2'@2)- (4.6)

In this expression, H"" (ky, k) represents a Dirac structure combined with eq. (4.5). Note
that this is a new function due to the change of variables on the functional form of the
momentum contractions with the Dirac matrices.

Equation (4.6) resembles two copies of the analogous DIS result, cf. egs. (3.9)—(3.9).
Appealing to our interest in the leading-twist contributions and considering the portion of
WH constrained by ¢*, we can approximate H new(%l,%g) ~ H new(%f,%z_ ), which is the
leading term in the collinear expansion of the hard-scattering function [96]. In the kinemat-
ics of choice deﬁnmg the magnitude and direction of p; and ps, we have k“ o~ (k+, 0,0,)
and k:’; ~ (0, k:2 ,0,) in the approximation of the hard-scattering function H new(k:f, k2_ ).
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The dominant portion of the term eq. (4.6) is thus
/ diet dig ™ (it Ty
. /dgl_};ud%;%mdzl@dél@zl:(wl(731),pl)F(wz(@2)7p2)€_i(El'@1+Ez'@)- (4.7)

The placeholder functions F' and F' are identified with the particle and antiparticle coun-
terparts of the PDFs derived in the case of DIS, eq. (3.15).
With the above considerations, we obtain the final form of WH" as

L, 11 1 _
W= o —— /d§1d§254 (q(q; &1p1, S2p2) — E1p1 — Sap2)
43 plp,

X T [, (1F5(60) + 1M AL (6) + 1575 AL A LT (60)) T (Eapr, €ap2)
X P, (1f7(&2) — 1A AfF(82) + 757 L Aot AL f7(€2)) TV (E1p1, &ap2) |, (4.8)

where %f = §1piF and %2_ = {op, . Note the minus sign in front of the antiparton PDF,
which is required for a consistent interpretation of the helicity asymmetry of the target
state and the suppression of any potential implicit dependence on Lorentz violation. Also
note that the matrices I'* can be expressed as matrix functions of £1p1, £&ap2 because k, k
can be taken equal when contracted with the coefficients for Lorentz violation. Since ¢ is a
nonlinear function of El and Eg, the integration over &1, & in eq. 4.8 is awkward. However,
an integration over d*q is required in calculating the total cross section and so ¢ can be
parametrized as usual,

q" = z1pl + zaph + ¢, (4.9)

which implies d*q = prQ_ dxldxgdqi. Since the argument of the delta function in eq. (4.8)
is then linear in x1, x2, and ¢, , integration can instead first be performed over the latter
variables, setting z; ~ £; at leading order in Lorentz violation and thus fixing q.

Overall, we can thus conclude that the basic ideas leading to the factorization of the
forward amplitude T+ in DIS also lead to the factorization of W# for the DY process.
The hadronic tensor as expressed in eq. (4.8) is in a form suitable for insertion into the
differential cross section (4.2). Performing the integrations sets the momentum fractions of
the partipating partons equal to the fractions of g* and ¢, = 0. Notice that in the above
discussion we consider the situation of k; emanating from p; and ko from po. However, we
must also include ko emanating from p; and k; from ps. These contribute to the probability
rather than to the amplitude and so represent another example of the incoherence of
the partonic scattering. Note that each contribution separately satisfies the condition for
electromagnetic gauge invariance.

4.2 Minimal c-type coefficients

As a first application of the above methodology, we study the implications of Lorentz
violation described by eq. (3.30) on the unpolarized DY process at leading order in electro-
magnetic interactions. The final-state lepton pair now represents electrons, muons, or taus
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and their antiparticles. The only Dirac structure appearing is the vector current eq. (3.34),
with T = (9" + ¢"')7,. In this limit, the hadronic tensor eq. (4.3) reads

Wi = = it [Ty / dhae ™07 (pu| G (@) yp005(0) Ip1) (pal B (0) 70t () p2)
(4.10)

Both the interacting parton and antiparton have parametrized momenta k;/; r = =&(p'— c’;p )
where ¢ = 1, 2. By performing the factorization procedure outlined in the previous section,
we obtain

Wy Z/d€1d§2H?V(§1,€2) [ff(glacl}lpl)f (&2, P72) + fr (&2, &P fr(&, Cplpl)}, (4.11)

where the contribution to the hard-scattering function is

70(5 h

26? o
606 = T

x (2m)16? <q“ + 510’;”1 + Sgc’}m —&pl — §2pg) ; (4.12)

NS
(n V/B"‘Cf )75252}

with 5 = 2k - ko, (Af]f = (nto + c‘;a)qa. In adding the extra diagram, we have employed the
symmetry H}W(%f, E;) = H;W(E;Ef) in eq. (4.11). The expression (4.12) is similar to the
conventional result for the partonic subprocess, and the discussion of section 3.3 applies
with [ < ko. As expected, direct calculation shows this result satisfies the electromagnetic
Ward identity, ¢, WH" = 0.

The unpolarized parton and antiparton PDFs are the only ones emerging in this pro-
cess. The parton PDF takes the form (3.36) found for DIS. The antiparton PDF has the
definition

r /AN @ +i&p-nA TN ﬁ
Fredh) == [ re ™l 50m 5w n) (113)
and satisfies ff(f,cfcp) = —ff(—f,c?p). Notice here that the antiparticle PDF f; has

the same implicit dependence on the coefficients as the particle PDF because the c-type
coeflicients affect particles and antiparticles in the same way. Contracting the leptonic and
hadronic tensors then yields the total cross section as

202 1 /dQ dé, dés

7738 Q4 §1 &2 Ze [(kl ) (k2 - 12) + (k- Do) (K2 - 1)
(kl ll) ( k212 4 clfsz) (C ol + llk‘g)
/C2 ll kilo + Cl2k1) (cl;clll + llkl)

(<
) (4 ) 00 (4 4
x (ff(fb c§1P1>ff<fz, )+ f(&a PP fp(&r, ) (414)
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Next, we make the kinematics explicit by parametrizing the colliding proton momenta
as pj = E,(1,0,0,1) and p§ = E, (1,0,0,—1), with E, ~ |p] and the final lepton momenta
as ' = FE.(1,sinfcos¢,sinfsing,cosh), I = E.(1,—sinfcos¢p, —sinfsinp, — cosh).
Here, 8 and ¢ are the usual polar and azimuthal angles with respect to the laboratory
z axis, chosen along the direction of motion of the two initial protons. The total CM
energy is s = (p1 +p2)? = 4Eg. After performing the solid-angle integration, we find that
eq. (4.14) becomes

1 ~
o= 3 /d:pldzxg ; [ff(xl)ff(xg) + ff($2)ff($1)] af(s,c;“/). (4.15)
Following the discussion in section 3.3, we have defined the equivalent partonic cross
section as
Arale?
~ vy f 33 00
or(s,cp) = 5 (1+cf —cf), (4.16)

where 3 is the invariant mass s = (I + l3)? = (k1 + k2)? of the lepton pair. In this last
expression for the cross section, we suppress the dependence on cfclp ! and c’;fp 2 for brevity.

The cross section as a function of Q2 and other kinematical invariants is of interest be-
cause it is measured in experiments. In forming do/dQ? in a given frame, the results (4.14)
and (4.15) must be converted using a delta function 6(Q? —3). In the presence of Lorentz
violation, this quantity may differ from the usual value x1x2s, so upon integration over x;
and xo the PDFs may be constrained away from the normal condition Q? = x1x95 at first
order in the coefficients for Lorentz violation. Note that 0 < z; and xzo < 1, as dictated
by the external kinematics. This introduces yet another way in which Lorentz-violating
effects can manifest themselves in observables of interest. In the cases that follow, we find
that this shift in the delta-function argument leads to the dominant source of sensitivity
to Lorentz violation in the DY process.

Explicitly, we find 8§ = Q2 = (ky + k2)? has the expression

-~

S = x1T2S [1 —

201 Lo <(CL'1 + 552)2 C?O + (CCl - $2)2 C?.S _ (;p% — Qg%) (C(}S + C:}O)>:| ’ (417)

which shifts the evaluation of the derivatives. After some calculation, we find

d% _ ‘g; Ze 2 [ / da [1 Lo <1 + ”f) cﬂ (5 (@) f(r /) + F5 () ()

+ /Tl dm% (=) e+ (2+ D) ] (5311 /) + 11 /2) ff(m))} . (4.18)

where 7 = Q?/s is the usual scaling variable with 0 < 7 < 1. Here, the notation f(y)
denotes the derivative of the PDF evaluated at y.
From the expression (4.18), we see that only the single coefficient cf controls the

sidereal-time dependence of the cross section, since c(}o is invariant under rotations. The
term c(}?’ = ci’co is absent because it is multiplied by a factor (2 — x3) that is antisymmetric
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in x1 <> x2, while the cross section is symmetric under this interchange. The result (4.17)
also has the interesting feature of being independent of time whenever x1 = x2. The time
dependence can be explicitly revealed by expressing the single laboratory-frame coefficient
controlling the time dependence in terms of coefficients in the Sun-centered frame,

C?ﬁ - C?X (cos x sin ) cos Qg Ty, + cos ) sin Q@T@)Q

+ c}/y (cos x sin 1 sin Qg Ty — cos 1 cos Q@T@)Q

+ QC?Y (cos x sin ) cos Qg Te + cos 1 sin QgTg) (cos x sin ¢ sin Qg Ty — cos ) cos Qg Ty)
- QC?Z sin x sin ¢ (cos x sin 9 cos Qg Ty + cos ¥ sin Qg Ty)

+ QC}/Z sin y sin v (cos x sin v sin Qg Tg — cos Y cos Qg Ty) + C]gz sin? y sin® . (4.19)

The reader is reminded that y is the laboratory colatitude, ¢ is the angle north of east
specifying the beam orientation, and 2T}, is the local sidereal angle.

Note that the first line of the expression (4.18) represents the conventional result
shifted by the factor (1 + c?]’c?’ — cg)co), which stems from the modified partonic subprocess
qq — v — Ul encapsulated in eq. (4.16). The remainder arises from the shifted argument
in the delta function, leading to additional kinematical dependence and derivatives of the
PDFs themselves. In the conventional case, the quantity Q*do/dQ? exhibits a scaling law
in that it is a function only of 1/7 = s/Q?. This scaling law persists at tree level in the
DY process in the presence of Lorentz violation. In contrast, the c-type coefficients induce
scaling violations in DIS.

4.3 Nonminimal a(®-type coefficients

Next, we revisit the effect of nonzero a®-type coefficients on the unpolarized scattering
DY process. The effects of the corresponding CPT-violating operators on the parton-
antiparton collision has some interesting features. The same PDFs f¢(§), f7(£) emerge as
in the analysis for c-type coefficients because the a®-type coefficients also control spin-
independent effects. Using the Feynman rules and noting egs. (3.51) and (3.53), we again
find W}‘ ¥ takes the form (4.11). The perturbative contribution is now given by eq. (4.12)
with the replacements

5
(" + ") v = (" = agf)aﬁu)’ya(flm + &2p2) 3,
(77“& + C'L;a)qa — q“ F a(ssj)”aﬁ%la%m + ag?“aﬁgga%%. (4.20)

The upper signs in the latter expression hold for k; associated to a particle and ks to an
antiparticle, while the lower signs hold for k; associated to an antiparticle and ko to a
particle. The hard scattering functions H{” (ki,ky) and H ¥ “(ky , ki) now differ because §
is asymmetric under the interchange k1 ¢ ko due to the opposite-sign contributions from
the a(5)—type coefficients for quarks and antiquarks. The two contributions are therefore
distinct, and the hadronic tensor takes the factorized form

Wi = /d§1d§2 {wa(flv&)ff(fl)ff(&) +H?V(§2,§1)ff(§2)ff(§l)] : (4.21)

— 33 —



However, this has little relevance for the total cross section, as integrating over the entire
available phase space gives identical contributions in each case. Explicitly, we find for the
total cross section

2@2 1 dacl d.%'Q ~ ~ ~ ~
o= 38Q42ef/d9lxl$2 (k1 -11) (k2 - I2) + (k1 - 1o) (k2 - 1)

(k‘ k’z)( (5)llk112+ (SSf)llkzlz + (I (—)lg))
- <<(k:1 1) (ag}’“2’“l2 +a$R (1 e z2))) + (ko 752)>
+(Iy - 1p) (a(sg})klkllﬂQ n aéSf)lﬂkaz n aés})kzklkl n aé?k2k2k1)]
X (frlwn, +) (w2, =) + fr(wa, +) fr(x1,-)) - (4.22)

Here, we employ the notation f¢(x,=+) and ff(z,+) to denote the sign dependences on the
a®-type scalar quantities that may appear in the PDFs, as discussed in section 3.4.

The differential distribution do/dQ? in terms of 5 = (k1 + k2)? is required. At first
order in Lorentz violation, it takes the general form

S = 2%y hy 2 ( Olibiby _ g (Ohahaka _ O)fukoke aéﬁ)’”’“’“) , (4.23)

where the upper sign is for the particle with k; and the lower sign for the antiparticle.
Using the CM-frame kinematics for the DY process, we obtain

—~ 1
5+ = sz1xp £ sEp [QGE@?OOO(ﬂfl — wo)(w1 + 22)* — aG) " (w1 + 22) (2 + 23)
1 1
+§a§})033(x1 — x9) (1 + 12)% — ia(ss})?)oo(xl + ) (z1 — x2)?
1
+aé5f)330(x1 — x9)(x} 4 23) — 5@&?333(361 +a9) (21 — x0)?| . (4.24)

Like the hard-scattering trace, this expression has symmetric and antisymmetric pieces in
x1,22. This differs from the result for the c-type coefficients, where the hard-scattering
trace is symmetric and so only the symmetric parts of § contribute.

Carrying out the calculation as before, we find

dci; = dmo’ Zef/ d:p 1-|-AS(:L‘ T/x)) fsp(x,7/x)
——5 (Ah (@, 7/a) fag(a.m/2) + Ano, /o) fig) | (4.25)
where

filr/2) = (/o) (), (4.26)
Ag = Ep(z+7/x) (aé5f)110 + aéf})mo) , (4.27)
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and
1
Ap(x,7/2) = SE, [2(35 —7/x)(x + 7/x)? (a(SS})OOO + aé5f)033>

1ol — 7 /a)(a? + <¢/m>2>] ,

(5)330
Sf

000 5)033
—(w2 — 37')(:1:2 +7) <a(SE}) + aéf) )} .

Ay (z,7/2) = —%Ep [2(374 — 2722 + 37%)a
2z (4.28)

The first line of the result (4.25) represents a modification to the conventional result
that is symmetric in z; and z3. The analogous result for c-type coefficients involves a
shift given by 03}3 — c?o = c}l + c?? once trace considerations are taken into account, which
has similarities with the combination of coefficients found in eq. (4.27). The remaining
terms result from the shifted delta function and the combinations antisymmetric in z; and
9. Note also that the PDFs derived here are the same as those found in DIS. One new
feature is that scaling violations are present by virtue of the mass dimensionality of the
a®-type coefficients. Also, since the DY process is more symmetric than DIS, a smaller
set of coefficients for Lorentz violation appears in the cross section (4.25).

4.4 Estimated attainable sensitivities and comparison with DIS

In this section, we present estimated attainable sensitivities extracted from do/dQ? mea-
surements of the DY process at the LHC and discuss the relative advantages of searches
using DIS and the DY process. For definiteness, we consider CMS results for the DY
process in the dielectron channel as presented in ref. [13]. These data involve a CM en-
ergy of \/s = 13TeV with a dielectron invariant mass of up to @2 = 60 GeV, which lies
safely below the Z pole. They involve nine bins of width 5 GeV starting at 15 GeV. The
colatitude of CMS is x = 46°, and the orientation of the beamline is ¢ ~ —14°. With
these values, applying the appropriate rotation matrices yields the relevant combinations
of coefficients in the Sun-centered frame that affect the cross sections. We use the do/dQ?
form of the cross sections for ¢- and a(®)-type coefficients as given by eqs. (4.18) and (4.24),
respectively, and evaluate them at the median value of each Q? bin.

Adopting a simulation strategy analogous to that for DIS in the case of purely un-
correlated systematic uncertainties, we list in table 3 the extracted estimated attainable
sensitivities for both ¢- and a(®-type coefficients. Note that the set of coefficients affecting
the DY process is smaller than that affecting DIS, which leads to fewer coefficient com-
binations controlling sidereal-time dependence and hence fewer independent sensitivities.
For the c-type coefficients for the v and d quarks, the strongest estimated sensitivities are
found to come from the lowest @2 bin and lie in the range 10~°-1073. For the a®-type
coefficients, the best estimated sensitivities again arise from the lowest Q2 bin and lie in
the range 107°-10~" GeV~!. The emergence of greater sensitivities at lower Q? and larger
CM energy can be expected from the structure of the cross sections.

It is interesting to compare the attainable sensitivities to Lorentz violation in DIS
and the DY process. Table 4 displays the estimated attainable sensitivities from DIS at
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Table 3. Expected best sensitivities on individual coefficients c'J{K and a 7

LHC
X7 | 7.3 [19]
B 7.1 [19]
XY 2.7 [7.0]
XX — YY) 15 [39]
|cXZ| 72 [180]
B 70 [180]
XY 26 [69]
XX — by 150 [400]
aTXX _ oTYY 0,015 [0.039]
0T 0.0027[0.0070]
)X 0.0072[0.019]
ag’;)T YZ) 0.0070 [0.018]
0T aTYY L 0.19]0.49]
aé";}T X 0.034[0.088]
0T 0.090[0.23]
al)"™ 7| 0.089[0.23]

(85)T‘]K from studies of

the DY process at the LHC. Values are in units of 107° and 107¢ GeV !, respectively. Results
with brackets are associated with uncorrelated systematic uncertainties between binned data, while
results without brackets correspond to the assumption of 100% correlation between systematic

uncertainties.

EIC | LHC
|cXX — YY) 037 | 15
leXY | 0.13 | 2.7
X2 011 | 7.3
Y 2| 012 | 7.1
T _qSTYY 93 1 0,015
0T 0.34 | 0.0027
) TX7| 0.13 | 0.0072
a)™ 7| 0.12 | 0.0070

Table 4. Comparison of estimated attainable sensitivities to equivalent u-quark coefficients at the
EIC and the LHC. Values are in units of 107° and 107% GeV~! for the minimal and nonminimal

coefficients, respectively.
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the EIC and from the DY process at the LHC for the u-quark coefficient combinations
that contribute to sidereal-time variations in both experiments. The prospective LHC
sensitivities are weaker by an order of magnitude for minimal c-type coefficients, due to
the dominance of the small statistical uncertainties at the EIC. In contrast, the prospective
LHC sensitivities are better by an order of magnitude for the a(®-type coefficients, due
primarily to the larger CM energy. The latter result supports the notion that higher-
energy colliders have a comparative advantage in constraining coefficients with negative
mass dimension since the dimensionless quantity measured in experiments is essentially
the product of the coefficient and the collider energy. Given the current lack of direct
constraints in the strongly interacting sector of the SME [11], all these results offer strong
encouragement for searches for Lorentz and CPT violation in a variety of processes and
using distinct collider experiments.

5 Summary

In this work, we have performed a theoretical and phenomenological exploration of the
effects of Lorentz and CPT violation in high-energy hadronic processes. The equivalent
parton-model picture is derived in the presence of effects on freely propagating quarks em-
anating from the modified factorization procedure of the hadronic tensor in inclusive DIS.
This leads to new definitions of the leading-twist PDFs and for the first time parametrizes
and explains the potential nonperturbative dependence on Lorentz violation. The validity
of this general treatment is confirmed using the alternative approach of the operator prod-
uct expansion and via the electromagnetic Ward identities. Factorization is also demon-
strated in the DY process. The PDFs derived for the DY process are identical to those
found in DIS, supporting the conjecture that universality of the PDFs can be retained
despite the presence of Lorentz violation.

The phenomenological implications of this framework are explored by considering the
special cases of unpolarized electron-proton DIS and the DY process mediated by photon
exchange for the minimal c-type and nonminimal a®)-type coefficients. Our results show
that searches for Lorentz violation at lepton-hadron and hadron-hadron colliders are com-
plementary. The methodology presented in the present work opens the path for future
studies of a multitude of related processes, including charged-current, polarized lepton-
hadron, and hadron-hadron interactions, as well as investigations of higher-order effects
such as QCD corrections.
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