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In Lorentz-invariant theories observer and particle transformations yield indistinguishable effects

 coordinates/observer= particle/system=

observer transformation

particle transformation

physically 
indistinguishable

Observer vs. particle transformations



 coordinates/observer= particle/system=

observer transformation

particle transformation

In Lorentz-violating theories observer and particle transformations are generically inequivalent

 Lorentz-violating background field=

distinguishable!

measurable 

Observer vs. particle transformations



Higgs analogy
V(ϕ) = (ϕ2 ± λ2)2



Higgs analogy
V(ϕ) = (ϕ2 + λ2)2

ϕ

Vacuum

⟨ϕ⟩ = 0



Higgs analogy
V(ϕ) = (ϕ2 − λ2)2

ϕ

Vacuum



Higgs analogy
V(ϕ) = (ϕ2 − λ2)2

ϕ
⟨ϕ⟩ = λ

Vacuum

⟨ϕ⟩

“Isotropic” vev



Higgs analogy
V( ⃗B ) = ( ⃗B 2 − ⃗λ2)2



Higgs analogy
V( ⃗B ) = ( ⃗B 2 − ⃗λ2)2

⃗B
⟨ ⃗B ⟩ = ⃗λ ⏟-odd operatorCPT

Lorentz- and CPT-violating effect!

Vacuum

⟨ ⃗B ⟩

“Anisotropic” vev Lorentz violation⇒

⟨Bμ⟩ ≡ bμ

ℒ′￼int ⊃ −bμψ̄γ5γμψ

matter can couple to background

ψ



Contains all possible terms that break 
Lorentz and CPT symmetry in EFT

SME = Lorentz- and CPT-violating effective field theory

Standard-Model Extension (SME)
D. Colladay, V. A. Kostelecky, PRD 55, 6760 (1997); 
PRD 58, 116002 (1998); 

V. A. Kostelecky, PRD 69, 105009 (2004);

V. A. Kostelecky, Z. Li, PRD 103, 024059 (2021)

SME = SM+LV
ℒLV ⊃ kμ⋯ a⋯

ν⋯ (x)𝒪 ν⋯
μ⋯ a⋯(x)

“Minimal SME” e.g.

<latexit sha1_base64="2SsgfA9+9kepXg3fHy2paZw73F4="></latexit>

Minimal SME properties

SU(3)⇥ SU(2)⇥ U(1) structure X
SU(2)⇥ U(1) breaking X

Renormalizability X
Spin statistics X

Observer Lorentz invariance X
Energy-momentum conservation X

Quantization X
Microcausality X

Particle Lorentz invariance 7
CPT invariance 7

All violate Lorentz, ~1/2 violate CPT as well

Typically organized by mass dimension

d ≤ 4 −aμψ̄γμψ [aμ] = GeV

“Nonminimal SME” e.g.d > 4 − 1
4 kακλμνFκλ∂αFμν



X X

Some effects have been strongly constrained

Constraints
Data Tables for Lorentz and CPT Violation, 

V. A. Kostelecký, N. Russell, arXiv:0801.0287v16 (2023 version)

ℒ′￼photon ⊃ 1
2 (kκ

AF)ϵκλμνAλFμν

ℒ′￼neutrino ⊃ − (aL)βabL̄aγβLb | (aL)βμτ | ≲ 10−23 GeV

| (kAF)μ) | ≲ 10−43 GeV

↔
Others, not so much

Unstable, QCD, and EW sectors are 
comparatively unexplored!ℒ′￼top ⊃ cμν

t t̄γμi∂νt |cμν
t | ≲ 10−4↔

ℒ′￼matter ⊃ cμν
ψ ψ̄γμi∂νψ |cμν

ψ | ≲ {10−20, ψ = e
10−19, ψ = p, n



@ large momentum transfer
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FIG. 1: Inclusive e-p DIS in the one-photon exchange approximation. An electron e� with momentum k interacts and recoils
with momentum k0 from a proton P with momentum p through the exchange of a photon � producing a generic final hadronic
state X.

propagator, and hadronic vertex. The structure of the former two are well understood. The hadronic contribution to
the scattering amplitude takes the form of a hadronic neutral current Jµ(x) inserted between the initial proton |P i
and final hadronic |Xi state:

Mhad. ⇠ ✏
µ hX| Jµ(0) |P i , (5)

where ✏
µ is the associated polarization vector to the current Jµ(x). Here, the hadronic tensor Wµ⌫ is defined as the

spin-averaged, squared modulus of the matrix element in Eq. (5) combined with the total hadronic contribution to
the phase-space element of Eq. (4). Namely,

Wµ⌫ ⌘
X

spins

X

X

Z
d⇧X(2⇡)4�4 (p+ k � k

0 � pX) hP | Jµ(0) |Xic hX| J⌫(0) |P ic

=
X

spins

Z
d
4
xe

iq·x hP | [Jµ(x), J⌫(0)] |P ic . (6)

This result is arrived at by considering the completeness of hadronic states, translation invariance, and the timelike
positivity of q0. The subscript c denotes connected matrix elements. For simplicity, we have suppressed the additional
quantum numbers labeling the states since they are unimportant for our discussion. The hadronic tensor can be related
to the Compton amplitude Tµ⌫ through the optical theorem in the special case of forward scattering:

2Im [Tµ⌫ ] = Wµ⌫ , (7)

where the Compton amplitude Tµ⌫ is defined as

Tµ⌫ = i

X

spins

Z
d
4
xe

iq·x hP |TJµ(x)J⌫(0) |P ic . (8)

The advantage in working with Tµ⌫ is that it is more straightforward to calculate by virtue of the time-ordered product
of currents, in addition to needing only the imaginary part. Given all of this, the structure of the hadronic current in
terms of its constituents is still unknown. A way to circumvent this issue is to focus on the case of large momentum
transfer �q

2 ⌘ Q
2 � M

2, with M being the proton mass. In fact, in this limit the matrix element in Eq. (8) can be
calculated in a twist expansion using an operator product expansion or, equivalently, the parton model (see Ref. [15]
for an in-depth discussion of this point). In the following we adopt the parton-model picture in which interactions
among the partons within the proton can be neglected due to asymptotic freedom. Under these assumptions, the
exchanged boson interacts with an asymptotically free parton of flavor f carrying a longitudinal momentum fraction
⇠ of the proton’s momentum p that has decohered from its surrounding environment. This allows one to assume the
condition of incoherent scattering. The forward Compton amplitude Tµ⌫ in the parton model can thus be written as

Tµ⌫ ⇡ i

X

spins

X

f

Z
d⇠ff (⇠)

Z
d
4
xe

iq·x hqf (⇠p)|TJµ(x)J⌫(0) |qf (⇠p)ic , (9)

where ff (⇠) are the parton distribution functions (PDFs). We now proceed to the discussion of how Lorentz violation
a↵ects the calculation of Eq. (9) and the other physical quantities that appear in the cross section, Eq. (4).

Example: deep inelastic scattering (DIS)

Direct access to Lorentz properties of quarks is challenging

https://pdg.lbl.gov/2021

asymptotic freedom

perturbative QCD

factorization

Quarks

factorization (LO)
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FIG. 2: Quark (qf ) interaction vertices from the model Lagrange density, Eq. (13). The dot at the vertices denotes a modified
vertex rule in the presence of Lorentz violation.
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FIG. 3: Parton-model DIS with Lorentz-violating e↵ects: a parton carrying a momentum fraction x0
f / x � cµ⌫

f propagates
in a Lorentz-violating medium and interacts with the electron via a neutral current. These features also a↵ect the azimuthal
scattering angle � of the final-state electron. Dots indicate modified vertices and propagator insertions.

u and d quarks is

=
i

�µ
fpµ �mf

= i
�µ
fpµ +mf

p2 �m
2
f + 2cppf

, (14)

where cppf ⌘ c
µ⌫
f pµp⌫ . The corresponding vertex rules for Eq. (13) are given in Fig. 2. As in the Lorentz-invariant case

of the SM, each vertex contributes a momentum-conserving delta function �
4 (⌃p) by virtue of preserved translational

invariance in the mSME. The unpolarized DIS process in the presence of Lorentz violation within the parton-model
assumptions is thus depicted in Fig. 3.

What has yet to be considered of the di↵erential cross section Eq. (4) is the flux factor F and final-state electron
phase-space element. Extra attention must be taken in the calculation of F since in the presence of Lorentz violation
F is frame dependent and particle trajectories are a↵ected due to a modified energy-momentum dispersion relation
and group velocity [24]. Since we are working in the DIS limit and employing the parton model, the flux is calculated
between the electron and parton. Because we are only considering modifications to freely-propagating partons in
the initial state, it is reasonable to neglect the group-velocity modifications of F [15, 24]. The flux then takes the
conventional form

F ' 4k · ⇠p ' 2⇠s, (15)

where s ' 2k ·p. Note that the factor ⇠ that appears must be included in the integrand of Eq. (9). The last remaining

provides direct access to parton couplings⇒

−q2 ≫ M2
proton

x =
−q2

2p ⋅ q
fixed



Lorentz-violating quarks
Can perturbative calculations still reliably be performed?

Notion of partons?

Factorization, PDFs?

Optical theorem, Ward identities?

Gluons? NLO? …

First studies considered unpolarized electron-proton DIS V. A. Kostelecký, E. Lunghi,  A. R. Vieira, 
PLB 769, 272 (2017) 

E. Lunghi, NS, PRD 98, 115018 (2018)

Calculate DIS cross section with perturbative 
insertions of (renormalizable) quark operators

ℒ ⊃ ∑
f=u,d

(ημν+cμν
f +γ5d

μν
f )ψ̄fγμ(i

↔
∂ ν − eef Aν)ψf



Laboratories on Earth’s surface are noninertial  observables change with time⇒

Sidereal oscillations

5:58 pm6:00 am

Lab-frame perspective
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Useful to introduce  inertial Sun-Centered Frame (SCF)≈



Sidereal oscillations

5:58 pm6:00 am

Lab-frame perspective
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Reexpress laboratory SME coeffs. in terms of fixed SCF coeffs.

cμν
lab ≈ Rμ

αRν
βcαβ

SCF

⏞α, β = T, X, Y, Z⏞μ, ν = 0,1,2,3

Rμ
α

Lab coeffs. function of 
cos(ω⊕T⊕), sin(ω⊕T⊕)



local sidereal time

ω⊕ = 2π/Tsid. ≈ 2π/(23 h 56 min)
T⊕ =



Six coefficient combinations induce oscillations

σ ≈ σSM[1 + cαβ
f fαβ(x, Q2, T⊕)]

����
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Simulated constraints using H1 + ZEUS 
neutral-current DIS @ HERA

www.desy.de

H. Abramowicz et al., 

Eur. Phys. J. C 75, 580 (2015)

Larger collision energies favored

Most sensitivity @ low 

Best limits 

x, Q2

∼ 𝒪(10−5)

Sidereal oscillations

http://www.desy.de


V. A. Kostelecký, E. Lunghi, NS, A. R. Vieira, 
JHEP 04, 143 (2020)

E. Lunghi, NS, A. Szczepaniak, A. R. Vieira, 
JHEP 04, 228 (2021)

Develop Lorentz-violating analog to parton model

Initial studies assumed LO parton model kinematics  (inconsistent here)k = ξp

Lorentz- and CPT-violating parton model

ℒψ = 1
2 ψ̄ (γμiDμ + ̂𝒬 ) ψ + h . c .

1
2 ψ̄ ̂𝒬 ψ ⊃ − aμψ̄γμψ − bμψ̄γ5γμψ + ⋯

−a(5)μαβψ̄γμiD(αiDβ)ψ + ⋯

+cμνψ̄γμiDνψ + dμνψ̄γ5γμiDνψ + ⋯

+⋯

CPT odd, renormalizable

CPT even, renormalizable

CPT odd, nonrenormalizable



Modified Dirac equation

Example:  and cμν
f a(5)μαβ

f

<latexit sha1_base64="pi92mK46cRVV/SCusXePFRT2Kd8="></latexit>

ekµ = ⇠pµ
Standard parton-model 
relation no longer holds!

Consistency with 
factorization, covariance, 
and Ward identities requires

[(ημν + cμν
f )γμi∂ν − a(5)μαβ

f γμi∂αi∂β] ψf = 0

⇒

k̃2 ≡ E2 − ⃗k2 + 𝒪(ckk
f , ± akkk

f ) = 0 (k ≉ ξp)!
kμ

f = ξ(pμ − cμp
f ) ± ξ2aμpp

f

Holds @ tree-level for 
electroweak interactions

“Physical” quark momentum 
flavor, particle/antiparticle, and 
spin dependent in general!



Ep = 920 GeV Ee± = 27.5 GeV

∫ ℒlumi(t)dt = 372 pb−1

DIS event selection








 detection probability 


Q2 > 5 GeV2

Escattered
e± > 10 GeV

47 GeV < E − pz < 69 GeV
e± > 0.9
1 rad < θ(e±)min < 3 rad

Total # events:  45 million≈
x ∈ [7.7 × 10−5,1]
Q ∈ [2.2,94] GeV

ZEUS data
Put ideas to test with time-dependent analysis of unpolarised DIS data

ZEUS Collaboration, 

PRD 107, 092008 (2023)
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dσ
dx dQ2 dϕTp

Instantaneous luminosity  (and thus  events/sec  ) decays 
over ~ several hours for each fill — must account for/subtract away

ℒlumi(t) # ∝ dσ

ϕTp
= Mod(T⊕, Tp)/Tp ∈ [0,1] = event phase

Lorentz-violating signal ⇒ Tp = Tsid. = 23.9345 h

timestamp of DIS event

Problem:  not available!ℒlumi(t)

Cross sections



Instead consider luminosity-insensitive double ratios of cross sections r(PS1, PS2)

 are chosen cuts of phase space, e.g. PS1,2 PS1 = Q2 > Q2
cut and PS2 = Q2 < Q2

cut

r(PS1, PS2) =
∫

PS1
dxdQ dσ

dQ dx dϕT
/ ∫

PS1
dxdQdϕT

dσ
dQ dx dϕT

∫
PS2

dxdQ dσ
dQ dx dϕT

/ ∫
PS2

dxdQdϕT
dσ

dQ dx dϕT

Equal to  in absence of LV

Can focus on  regions of interest

(Partial) cancellation of systematics

1
PS

Chosen cuts:

negligible sensitivity to LV control studies

sensitive to LV

Q2
cut = 20 GeV2

xcut = 10−3
⇒⇒

search⇒

Cross-section ratios

Four test periods considered: Tp = (Tsolar, Tsid., [1 h, 24 h 4 min)] = Ttest)

no time dependence expected
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Control studies: (Q2
cut, Tsolar)

Norm . count =
# events per bin

(total # events) × (bin width)

12:20 PM CET 12:20 AM CET

Distributions follow 
luminosity profile

statistical uncertainties

Luminosity drops out!



Control studies: (Q2
cut, Tsidereal)
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Sidereal period collect events from 
different days — becomes pronounced 
over long periods of data-taking



Control studies: (Q2
cut, Ttest = 1 h)
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1 hour period mixes everything

All bins expected to have 
similar # events (is observed)



Kolmogorov-Smirnov = 24%
Nbins = 25

ZEUS 372 pb-1

One-sigma spread
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To what extent do systematic uncertainties affect distributions?

“Small” (  5%) K-S suggestive 
of unaccounted-for systematics

Binned distributions show no 
strong evidence

≲

= σcentral values

12:20 PM CET 12:20 AM CET

: systematics(Q2
cut, solar)



: systematics(Q2
cut, sidereal)

Kolmogorov-Smirnov = 43%
Nbins = 25

ZEUS 372 pb-1

One-sigma spread
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Control studies: summary

No evidence for impact of systematic uncertainties in all cases 

Cannot conclude the same for  distributions since efficiencies more 

sensitive to  (e.g. high/low trigger efficiencies)

 is also sensitive to LV effects from different  regions

 perform  analyses

✓
xcut

x
dσ x
⇒ xcut



(xcut = 10−3, Ttest = 1 h)
Kolmogorov-Smirnov = 86%
Nbins = 25

ZEUS 372 pb-1

One-sigma spread
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(xcut, Tsolar)

Kolmogorov-Smirnov = 1%
Nbins = 25

ZEUS 372 pb-1

One-sigma spread
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Also find low K-S % 
for other bin 
configurations 



Indicates unaccounted 
for systematics

Nbins = 8,12,16,50

σsyst ≈ σ2 − σ2
stat



Monte Carlo/trigger studies
σsyst ∼ {0.1 % , 1 h

0.3 % , 24 h
(not observed in any prior ZEUS studies)

Not due to known sources! ⇒ Check with MC events and “High”/“Low” triggers

MC events are generated based on the state of 
detector/luminosity tied to real data “run number”

Used this to created MC “timestamps” and 
analogous distributions

Distributions consistent with statistics alone

MC events High/Low trigger distributions

Detector operates in different trigger configurations 
if # events is large (“High”) vs small (“Low”)

Studied High and Low events separately

Distributions consistent with statistics alone

Conclusions: extracted systematics are not accounted for by known detector effects



(xcut, Tsidereal)
Kolmogorov-Smirnov = 55%
Nbins = 25

ZEUS 372 pb-1

One-sigma spread
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(xcut, Ttest = 24 h + 4 min)
Kolmogorov-Smirnov = 61%
Nbins = 25
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One-sigma spread
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Pervasive , largest for solar distributions, many of which have low KS 
probabilities, could indicate a “solar-periodic” effect:

σsyst.

 analyses: summaryxcut

σtot
sid ≈ (σ̄sid

stat)2 + (σsolar shift
syst. )

2
= 0.35 %

Smaller  from sidereal distributions compatible with 
genuine  effect diluted by  min (?)

Cannot verify this conjecture — choose to conservatively adopt 

 as extracted by  = “solar shifted” phase

Choice avoids “washing out” possible genuine sidereal effect

Chose  for analysis

σsyst.
24 h ≈ ± 4

σsyst. 2Tsolar − Tsid

Nbins = 100

0.26

0.18

0.11

Tsid ≈ 23 hr 56 min Tsolar = 24 h 2Tsolar − Tsid ≈ 24 h 4 min

σsyst.( % )



The theoretical ratios are calculated in each bin:

rtheo
i =

Nbins

2π ∫
2πi

Nbins

2π(i − 1)
Nbins

r(x > xc, x < xc; θ⊕)dθ⊕ (θ⊕ = ω⊕T⊕)

Constraints

ra(5)(x > xc, x < xc) = 1 − 6.1 × 103 a(5)003
u + 6.8 × 103 a(5)033

u − 2.5 × 103 a(5)333
u

+ 5.0 × 102 (a(5)113
u + a(5)223

u − a(5)011
u − a(5)022

u )
− 4.1 × 102 a(5)003

d + 4.7 × 102 a(5)033
d − 1.7 × 102 a(5)333

d

+ 40 (a(5)113
d + a(5)223

d − a(5)011
d − a(5)022

d )

rc(x > xc, x < xc) = 1 − 12.8 c03
u − 13.9 c33

u + 0.9 (c11
u + c22

u )
− 4.2 c03

d − 2.9 c33
d + 0.1 (c11

d + c22
d )

− 3.4 c03
s − 1.8 c33

s + 2.9 × 10−2 (c11
s + c22

s )

c03
f = − cTZ

f sin(χ)sin(ψ)+cTX
f [cos(ψ)sin(ω⊕T⊕) + cos(χ)cos(ω⊕T⊕)sin(ψ)]

+cTY
f [cos(χ)sin(ψ)sin(ω⊕T⊕) − cos(ψ)cos(ω⊕T⊕)]

Express lab  SCF coefficients, e.g.↔

χ = colatitude lab ψ = beam orientation NoE

Time-independent part

Time-dependent part



A subset of  coefficients contribute to sidereal oscillationscμν
f , a(5)μαβ

f

cTX
f , cTY

f , cXZ
f , cYZ

f , cXY
f , cXX−YY

f

Those that violate rotation invariance

Can be determined from direct calculation, symmetry considerations

Observable coefficients defined in the SCF with indices T, X, Y, Z

a(5)TXX
Sf − a(5)TYY

Sf , a(5)XXZ
Sf − a(5)YYZ

Sf , a(5)TXY
Sf , a(5)TXZ

Sf , a(5)TYZ
Sf ,

a(5)XXX
Sf , a(5)XXY

Sf , a(5)XYY
Sf , a(5)XYZ

Sf , a(5)XZZ
Sf , a(5)YYY

Sf , a(5)YZZ
Sf

For , , and  quarks and antiquarks:  coefficients contribute to signalu d s 42

rotation violating

rotation and CPT violating

Coefficients
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The theoretical ratios are calculated in each bin:

rtheo
i =

Nbins

2π ∫
2πi

Nbins

2π(i − 1)
Nbins

r(x > xc, x < xc; θ⊕)dθ⊕ (θ⊕ = ω⊕T⊕)

χ2 =
1

(σsid
tot )2

Nbins

∑
i=1

(rexp
i − rtheo

i )
2

For each of the  coefficients for LV construct42

Constraints

Data reasonably described by Standard Model {χ2
SM = 113.8

pSM = 0.16

Conservative approach: exclude lower and upper values of LV coefficients that yield p < 0.05



Constraints

First direct experimental constraints on all coefficients

Theory estimates from cosmic rays  (!)

M. Schreck, PRD 96, 095026 (2016)


Estimate involves significant model dependence

 limits derived here are first limits on sea quarks

|cμν
u,d | ∼ 10−21

cμν
s



Constraints
These coefficients are not sensitive to  (or any sea) quarks!s

fs(x) ≈ fs̄(x)
a(5)

s̄ = − a(5)
s

⇒ dσs ∼ a(5)
s fs(x) + a(5)

s̄ fs̄(x) ≈ 0

No previous constraints exist on  coefficients

One possible point of comparison: effective proton coefficients 

 from hydrogen transitions 

V. A. Kostelecký, A. Vargas, PRD 

a(5)
quark

|a(5)
proton | ∼ 10−8 − 10−7 GeV−1

92, 056002 (2015)
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=  “boundary values”p = 0.05

= excluded value



Take-home messages
1. Lorentz and CPT violation from EFT

Minimal deviations from SM (and GR)

Can reliably calculate perturbative corrections

Can probe corrections with sensitive experiments

SME = SM+LV

2. Parton-model extension developed
Path to access challenging parton-level signals

Framework to build on/generalize (e.g. NLO effects)
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FIG. 2: Quark (qf ) interaction vertices from the model Lagrange density, Eq. (13). The dot at the vertices denotes a modified
vertex rule in the presence of Lorentz violation.
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FIG. 3: Parton-model DIS with Lorentz-violating e↵ects: a parton carrying a momentum fraction x0
f / x � cµ⌫f propagates

in a Lorentz-violating medium and interacts with the electron via a neutral current. These features also a↵ect the azimuthal
scattering angle � of the final-state electron. Dots indicate modified vertices and propagator insertions.

u and d quarks is

=
i

�µ
fpµ �mf

= i
�µ
fpµ +mf

p2 �m
2
f + 2cppf

, (14)

where cppf ⌘ c
µ⌫
f pµp⌫ . The corresponding vertex rules for Eq. (13) are given in Fig. 2. As in the Lorentz-invariant case

of the SM, each vertex contributes a momentum-conserving delta function �
4 (⌃p) by virtue of preserved translational

invariance in the mSME. The unpolarized DIS process in the presence of Lorentz violation within the parton-model
assumptions is thus depicted in Fig. 3.

What has yet to be considered of the di↵erential cross section Eq. (4) is the flux factor F and final-state electron
phase-space element. Extra attention must be taken in the calculation of F since in the presence of Lorentz violation
F is frame dependent and particle trajectories are a↵ected due to a modified energy-momentum dispersion relation
and group velocity [24]. Since we are working in the DIS limit and employing the parton model, the flux is calculated
between the electron and parton. Because we are only considering modifications to freely-propagating partons in
the initial state, it is reasonable to neglect the group-velocity modifications of F [15, 24]. The flux then takes the
conventional form

F ' 4k · ⇠p ' 2⇠s, (15)

where s ' 2k ·p. Note that the factor ⇠ that appears must be included in the integrand of Eq. (9). The last remaining

3. ZEUS study first of its kind
Direct test of anisotropic (light-)quark LV/CPTV

Foundation for future studies

Kolmogorov-Smirnov = 55%
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Stay tuned!


