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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,
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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
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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
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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).
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Symmetry and symmetry breaking
• A system possesses a symmetry if it is unchanged under some action 

•Fundamental physics is rooted in symmetries

•Symmetries are a guiding principle,  but often Nature prefers to break them

<latexit sha1_base64="2dMgzRmfQ/FjBLu2eoLeVV99ao4=">AAACEXicbVBNS8NAEN34bf2KevSyWMSeSiKiHgse9CQVbCs0oWy207q42YTdiVhC/4IX/4oXD4p49ebNf+O2RtDqg4HHezPMzItSKQx63oczNT0zOze/sFhaWl5ZXXPXN5omyTSHBk9koi8jZkAKBQ0UKOEy1cDiSEIruj4e+a0b0EYk6gIHKYQx6yvRE5yhlTpu5aQTINxi3mdZH4YBihgM/RbriVCc6WAXhh237FW9Mehf4hekTArUO+570E14FoNCLpkxbd9LMcyZRsElDEtBZiBl/Jr1oW2pYnZxmI8/GtIdq3RpL9G2FNKx+nMiZ7ExgziynTHDKzPpjcT/vHaGvaMwFyrNEBT/WtTLJMWEjuKhXaGBoxxYwrgW9lbKr5hmHG2IJRuCP/nyX9Lcq/oH1b3z/XLtrIhjgWyRbVIhPjkkNXJK6qRBOLkjD+SJPDv3zqPz4rx+tU45xcwm+QXn7ROUGp4n</latexit>

Ggauge ⇥GPoincaré

Examples: C, P, T, SU(2)I, gauge symmetry, …; CPT, Lorentz symmetry (?)

Example: SM symmetries



Symmetry and symmetry breaking
•The past two decades have seen an explosion of interest in Lorentz and CPT tests

•These terms have special properties
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•Background breaks rotation invariance
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La ! La

V. A. Kostelecký, S. Samuel (1989)

V. A. Kostelecký, R. Potting (1991, 1995)

observer transformation

particle transformation
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[aµ] = GeV



The Standard-Model Extension (SME)
•The Lorentz- and CPT-violating framework grounded in 

effective field theory is the Standard-Model Extension (SME) V. A. Kostelecký, (2004)

D. Colladay, V. A. Kostelecký, (1997, 1998)
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SSME = SSM + SGR + SLV
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Contains all possible terms that break 
Lorentz and CPT symmetry 
consistent with the particle/field 
content of the SM and GR

CPTV implies LV in realistic EFT O. W. Greenberg, (2002)

•Numerous constraints have been placed to date

• The QCD and electroweak sectors 
are very unexplored!

Data Tables for Lorentz and 
CPT Violation, V. A. Kostelecký, 
N. Russell,  arXiv:0801.0287v14



Prospective HERA and EIC bounds
•Deep inelastic scattering (DIS) has been studied in the 

context of HERA and EIC data

V. A. Kostelecký, E. Lunghi, A. R. Vieira, (2017)
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ZEUS

H1
•Dominant renormalizable effects for massless valence quarks 
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E. Lunghi, N. Sherrill, (2018)
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eRHIC/BNL

EIC Yellow Report, arXiv:2103.05419

•Best expected constraints at 10-5-10-6 levels


•Expected EIC constraints up to two orders of magnitude more 
stringent than expected constraints from HERA data


•Unpolarized electromagnetic exchange independent of parity-
violating effects (see Z pole in the Drell-Yan process @ LHC)

Main results

E. Lunghi, N. Sherrill, 
ZEUS Collaboration

Sidereal analysis of HERA data in progress

E. Lunghi,  N. Sherrill, A. Szczepaniak, A. R. Vieira, (2021)



Lorentz- and CPT-violating parton model

V. A. Kostelecký, E. Lunghi,  N. Sherrill, 
A. R. Vieira, (2020)

•Standard partonic picture at large energies:

kµ
<latexit sha1_base64="ijTe2KTgGOC59fgqAt/73WEIgZc=">AAAB7HicbZC7SgNBFIbPxluMt6ilzWAQYhN2I6idARvLCG4SyK5hdjKbDJmdXWZmhbDkGdJYKGLrU1j5CHY+iL2TS6GJPwx8/P85zDknSDhT2ra/rNzK6tr6Rn6zsLW9s7tX3D9oqDiVhLok5rFsBVhRzgR1NdOcthJJcRRw2gwG15O8+UClYrG408OE+hHuCRYygrWx3MG9F6WdYsmu2FOhZXDmULp6L39/jL3Teqf46XVjkkZUaMKxUm3HTrSfYakZ4XRU8FJFE0wGuEfbBgWOqPKz6bAjdGKcLgpjaZ7QaOr+7shwpNQwCkxlhHVfLWYT87+snerw0s+YSFJNBZl9FKYc6RhNNkddJinRfGgAE8nMrIj0scREm/sUzBGcxZWXoVGtOGeV6q1Tqp3DTHk4gmMogwMXUIMbqIMLBBiM4QmeLWE9Wi/W66w0Z817DuGPrLcfIkiSlg==</latexit> pµ Do Lorentz-violating effects 

change this picture?

L = 1
2  ̄(�

µiDµ + bQ) + h.c.
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V. A. Kostelecký, M. Mewes, (2013)

V. A. Kostelecký, Z. Li, (2019)

•Quarks modified by Lorentz- and CPT-violating operators
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Lorentz- and CPT-violating parton model
•Explicit calculations carried out for spin-independent and flavor-diagonal effects

•Modified Dirac equation and dispersion relation

•Factorization requires the 
following  covariant relationship 

•Consequence: standard parton-model 
relation no longer holds Resulting factorization 

theorems for DIS and Drell-
Yan are consistent with the 
OPE and Ward identities
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Constraints for DIS and DY process
•Comparisons between DIS and DY

•Renormalizable effects more sensitive to DIS at the EIC; 
nonrenormalizable more sensitive to DY at the LHC
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Conclusions and outlook
•We developed a framework for studying quark-sector Lorentz and CPT violation in 

collider processes

•Extracted simulated and real constraints on 
renormalizable and nonrenormalizable coefficients for 
Lorentz and CPT violation at existing and future colliders

•Many new theoretical and experimental opportunities available — a great time to get involved!

•Analysis of HERA neutral-current data w/ZEUS collaboration underway
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•Kinematic reach and increased luminosity of future colliders, e.g. the FCC, 
will improve constraints over HERA/LHC by several orders of magnitude See, e.g., A. Michel & M. Sher (2019)


