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Outline
1. What is Lorentz violation (LV)? 

2. Describing LV — effective operators (SME)  

3. Testing LV and CPT violation in DIS 

4. EIC predictions 

5. ZEUS search 

6. Why SoLID? Unique opportunities with PVDIS 

7. Summary and outlook
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Can be visualized as a background field
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Can be visualized as a background field



ω⊕

β⊕ ≈ 10−4

<latexit sha1_base64="Rw7ucwVeyza6zDVYTHrEukLfsT8=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgadnVGM3JgBePCZgHJEuYncwmY2Znl5lZIYR8gRcPisSjf+FvePNvnE0UfBY0FFXddHX7MWdKO86blVlYXFpeya7m1tY3Nrfy2zsNFSWS0DqJeCRbPlaUM0HrmmlOW7GkOPQ5bfrDi9Rv3lCpWCSu9CimXoj7ggWMYG2kWqubLzh2+bjklIvoN3FtZ4bC+cs0xVO1m3/t9CKShFRowrFSbdeJtTfGUjPC6STXSRSNMRniPm0bKnBIlTeeBZ2gA6P0UBBJU0Kjmfp1YoxDpUahbzpDrAfqp5eKf3ntRAdn3piJONFUkPmiIOFIRyi9GvWYpETzkSGYSGayIjLAEhNtfpMzT/i8FP1PGke2W7JPam6hUoQ5srAH+3AILpxCBS6hCnUgQOEW7uHBurburEdrOm/NWB8zu/AN1vM7XGmRwQ==</latexit>

X

<latexit sha1_base64="NFSvZImlBxmL6TBEFXE+XDySBZ8=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8LbsaozkZ8OIxAfOQZAmzk9lkzOzsMjMrhCVf4MWDIvHoX/gb3vwbJ4mCz4KGoqqbrm4/5kxpx3mz5uYXFpeWMyvZ1bX1jc3c1nZdRYkktEYiHsmmjxXlTNCaZprTZiwpDn1OG/7gfOI3bqhULBKXehhTL8Q9wQJGsDZS9aqTyzt26ajolAroN3FtZ4r82ct4gqdKJ/fa7kYkCanQhGOlWq4Tay/FUjPC6SjbThSNMRngHm0ZKnBIlZdOg47QvlG6KIikKaHRVP06keJQqWHom84Q67766U3Ev7xWooNTL2UiTjQVZLYoSDjSEZpcjbpMUqL50BBMJDNZEeljiYk2v8maJ3xeiv4n9UPbLdrHVTdfLsAMGdiFPTgAF06gDBdQgRoQoHAL9/BgXVt31qM1nrXOWR8zO/AN1vM7Xe2Rwg==</latexit>

Y

<latexit sha1_base64="TSxCQt2a3Z0zs336RYGgdRHlPqg=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8LbsaozkZ8OIxAfPAZAmzk9lkzOzsMjMrhCVf4MWDIvHoX/gb3vwbJ4mCz4KGoqqbrm4/5kxpx3mz5uYXFpeWMyvZ1bX1jc3c1nZdRYkktEYiHsmmjxXlTNCaZprTZiwpDn1OG/7gfOI3bqhULBKXehhTL8Q9wQJGsDZS9aqTyzt26ajolAroN3FtZ4r82ct4gqdKJ/fa7kYkCanQhGOlWq4Tay/FUjPC6SjbThSNMRngHm0ZKnBIlZdOg47QvlG6KIikKaHRVP06keJQqWHom84Q67766U3Ev7xWooNTL2UiTjQVZLYoSDjSEZpcjbpMUqL50BBMJDNZEeljiYk2v8maJ3xeiv4n9UPbLdrHVTdfLsAMGdiFPTgAF06gDBdQgRoQoHAL9/BgXVt31qM1nrXOWR8zO/AN1vM7X3GRww==</latexit>

Z

<latexit sha1_base64="eUMHeGX26YQpz93yGiiLtRDcvso=">AAACAHicdVDLSsNAFJ34rPHRqAsXbgaLoJuQ9KVdWRDBZQX7gCaWyXTSDp08mJmIJXTjr7hxoYhb/Qt3foJ/4bRV8HngwuGce7n3Hi9mVEjLetVmZufmFxYzS/ryyupa1ljfaIgo4ZjUccQi3vKQIIyGpC6pZKQVc4ICj5GmNzge+81LwgWNwnM5jIkboF5IfYqRVFLH2HKIRNBBccyjK5gvmKULB1OOO0bOMiuFslUpwt/ENq0JctXs29G+/nxS6xgvTjfCSUBCiRkSom1bsXRTxCXFjIx0JxEkRniAeqStaIgCItx08sAI7iqlC/2IqwolnKhfJ1IUCDEMPNUZINkXP72x+JfXTqR/6KY0jBNJQjxd5CcMygiO04BdygmWbKgIwpyqWyHuI46wVJnpKoTPT+H/pJE37bJZOrNz1SKYIgO2wQ7YAzY4AFVwCmqgDjAYgRtwB+61a+1We9Aep60z2sfMJvgG7ekdUHyYgA==</latexit>

⌘ ⇡ 23.5�
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LV induces time-dependent effects
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Z
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Y
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Z

<latexit sha1_base64="eUMHeGX26YQpz93yGiiLtRDcvso=">AAACAHicdVDLSsNAFJ34rPHRqAsXbgaLoJuQ9KVdWRDBZQX7gCaWyXTSDp08mJmIJXTjr7hxoYhb/Qt3foJ/4bRV8HngwuGce7n3Hi9mVEjLetVmZufmFxYzS/ryyupa1ljfaIgo4ZjUccQi3vKQIIyGpC6pZKQVc4ICj5GmNzge+81LwgWNwnM5jIkboF5IfYqRVFLH2HKIRNBBccyjK5gvmKULB1OOO0bOMiuFslUpwt/ENq0JctXs29G+/nxS6xgvTjfCSUBCiRkSom1bsXRTxCXFjIx0JxEkRniAeqStaIgCItx08sAI7iqlC/2IqwolnKhfJ1IUCDEMPNUZINkXP72x+JfXTqR/6KY0jBNJQjxd5CcMygiO04BdygmWbKgIwpyqWyHuI46wVJnpKoTPT+H/pJE37bJZOrNz1SKYIgO2wQ7YAzY4AFVwCmqgDjAYgRtwB+61a+1We9Aep60z2sfMJvgG7ekdUHyYgA==</latexit>
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LV induces time-dependent effects

Observables depend on 
laboratory parameters

<latexit sha1_base64="UF8wHwQDUODeQlK8HlT9VLwfwxI="></latexit>

O = O(ω,ε,ϑ→T→)
<latexit sha1_base64="7h9EjbZsHA6vXnbqPIyKHShTvbI=">AAAB63icdVDJSgNBEK2JW4xb1KOXxiB4GmaCW25BLx4jmAWSIfR0ejJNunuG7h4hhPyCFw+KePWHvPk39iQRXB8UPN6roqpemHKmjee9O4Wl5ZXVteJ6aWNza3unvLvX0kmmCG2ShCeqE2JNOZO0aZjhtJMqikXIaTscXeV++44qzRJ5a8YpDQQeShYxgk0u9UjM+uWK59Y8v+ZV0W/iu94MFVig0S+/9QYJyQSVhnCsddf3UhNMsDKMcDot9TJNU0xGeEi7lkosqA4ms1un6MgqAxQlypY0aKZ+nZhgofVYhLZTYBPrn14u/uV1MxNdBBMm08xQSeaLoowjk6D8cTRgihLDx5Zgopi9FZEYK0yMjadkQ/j8FP1PWlXXP3NPb04q9ctFHEU4gEM4Bh/OoQ7X0IAmEIjhHh7hyRHOg/PsvMxbC85iZh++wXn9AF5Qjns=</latexit>ω = colatitude

<latexit sha1_base64="8u6+cUnnTEHE18imzvSqLwhh9WM=">AAAB63icdVDJSgNBEK2JW4xb1KOXxiB4GmaCW25BLx4jmAWSIfR0epIm3T1Dd48QhvyCFw+KePWHvPk39iQRXB8UPN6roqpemHCmjee9O4Wl5ZXVteJ6aWNza3unvLvX0nGqCG2SmMeqE2JNOZO0aZjhtJMoikXIaTscX+V++44qzWJ5ayYJDQQeShYxgk0u9RLN+uWK59Y8v+ZV0W/iu94MFVig0S+/9QYxSQWVhnCsddf3EhNkWBlGOJ2WeqmmCSZjPKRdSyUWVAfZ7NYpOrLKAEWxsiUNmqlfJzIstJ6I0HYKbEb6p5eLf3nd1EQXQcZkkhoqyXxRlHJkYpQ/jgZMUWL4xBJMFLO3IjLCChNj4ynZED4/Rf+TVtX1z9zTm5NK/XIRRxEO4BCOwYdzqMM1NKAJBEZwD4/w5AjnwXl2XuatBWcxsw/f4Lx+AILVjpM=</latexit>

ω = lab orientation

<latexit sha1_base64="qDYBuGBXhComgWNajdTQOY/8c7w=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4GmaCW25BLx4jZINkCD2dnqRJT/fY3SOEIT/hxYMiXv0db/6NnUVwfVDweK+Kqnphwpk2nvfu5JaWV1bX8uuFjc2t7Z3i7l5Ty1QR2iCSS9UOsaacCdowzHDaThTFcchpKxxdTf3WHVWaSVE344QGMR4IFjGCjZXa9V5XJjzVvWLJcyueX/HK6DfxXW+GEixQ6xXfun1J0pgKQzjWuuN7iQkyrAwjnE4K3VTTBJMRHtCOpQLHVAfZ7N4JOrJKH0VS2RIGzdSvExmOtR7Hoe2MsRnqn95U/MvrpCa6CDImktRQQeaLopQjI9H0edRnihLDx5Zgopi9FZEhVpgYG1HBhvD5KfqfNMuuf+ae3pyUqpeLOPJwAIdwDD6cQxWuoQYNIMDhHh7hybl1Hpxn52XemnMWM/vwDc7rB4xikFU=</latexit>

T→ = measurement time
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<latexit sha1_base64="TSxCQt2a3Z0zs336RYGgdRHlPqg=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8LbsaozkZ8OIxAfPAZAmzk9lkzOzsMjMrhCVf4MWDIvHoX/gb3vwbJ4mCz4KGoqqbrm4/5kxpx3mz5uYXFpeWMyvZ1bX1jc3c1nZdRYkktEYiHsmmjxXlTNCaZprTZiwpDn1OG/7gfOI3bqhULBKXehhTL8Q9wQJGsDZS9aqTyzt26ajolAroN3FtZ4r82ct4gqdKJ/fa7kYkCanQhGOlWq4Tay/FUjPC6SjbThSNMRngHm0ZKnBIlZdOg47QvlG6KIikKaHRVP06keJQqWHom84Q67766U3Ev7xWooNTL2UiTjQVZLYoSDjSEZpcjbpMUqL50BBMJDNZEeljiYk2v8maJ3xeiv4n9UPbLdrHVTdfLsAMGdiFPTgAF06gDBdQgRoQoHAL9/BgXVt31qM1nrXOWR8zO/AN1vM7X3GRww==</latexit>

Z
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D. Colladay, V. A. Kostelecky, 
PRD 55, 6760 (1997); 
PRD 58, 116002 (1998)

SME = SM+LV
LV extension of SM

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.55.6760
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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).
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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

DIS limit
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What has yet to be considered of the di↵erential cross section Eq. (4) is the flux factor F and final-state electron
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 In general: most sensitivity at low-moderate , low or high Bjorken  
  1-2 orders of magnitude more sensitive than early HERA estimates

Q2 x
≃

Example: distribution of best constraints for cTX
u

V. A. Kostelecký, E. Lunghi, A. R. Vieira, PLB 769, 272 (2017) 8
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x ∈ [8 × 10−5,1], Q2 ∈ [5,8800] GeV2
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 constructed lumi-insensitive 
double ratio 
⇒

r(PS1, PS2)
No sidereal signals observed 
within uncertainties
Placed constraints on 42 
coefficients for LV/CPTV

|cμν
q | ∼ 10−4

|a(5)αμν
q | ∼ 10−6 GeV−1

q = u, d, s

q = u, d
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Large acceptance + luminosity = high statistics

Fixed-target experiment with polarized  beame−

 precision physics⇒

APV =
σL − σR

σL + σR

Parity-violating DIS (PVDIS) program 

10x improvement over 
JLab 6 GeV expected

 determination of EW parameters, e.g.  

 searches for dark Z bosons/heavy photons, 
which effectively shift EW vertices

θW

other interesting possibilities? 
P. Souder, PVDIS Jeopardy Update (2022)

https://indico.jlab.org/event/545/contributions/9870/attachments/8067/11418/PAC_Souder_v8.pdf
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A. Michel, M. Sher, PRD 100, 095011 (2019)

−i tan(θW)(kW)κλμνqκqμ

λ ν

 LV modifies  exchange,  interference 
 many coefficients untested 
 PV asymmetry binned in time  

 novel sidereal analysis!

Z0 γZ0

⇒
APV =

σL − σR

σL + σR

3. new tests of the gauge sector

https://inspirehep.net/files/afd5a29496d0384edb907510414418ff
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Note an important quote from JLab PAC 50 report in 2022:
“PAC 37 recommended that the experiment should begin with 169 
PAC days out of the 338 PAC days requested in the original proposal. 
At the present PAC, the collaboration asked for the full amount of 338 
PAC days to be allocated. To justify such a change, the committee 
would need to be presented with sufficient detail, such as projections 
for the physics reach with 338 versus 169 PAC days. A revision of the 
beam time allocation may be discussed by a future PAC when the 
experiment comes closer to its running period.”

 A new run-group proposal (with projections with 169 and 
338 days) added to the main PVDIS experiment 
E12-10-007 may be helpful in this regard, enriching 
physics scope and output 

 Let us assume that a proposal on measurements of 
Lorentz violation in DIS with SoLID can be actually made 
as a run-group proposal to the PVDIS setup by also using 
requested beam times



Summary and outlook

Basic concepts surrounding LV/CPTV introduced 

Discussed predictions for DIS at EIC and HERA 

ZEUS analysis serves as baseline for future searches 

SoLID can provide unprecedented precision at JLab 
kinematics, while being complementary to the EIC 

After comments from the Collaboration, we may 
prepare a LOI for this PAC: already working on this!
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Backup
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ZEUS search I. Abt et al. (ZEUS Collaboration), PRD 107, 092008 (2023)

ZEUS 372 pb-1
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.092008

