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Some coefficients are strongly constrained

Others not so much, e.g.
Unstable, QCD, and EW sectors are 
comparatively unconstrained/unexplored

SME constraints
Data Tables for Lorentz and CPT Violation, 

V. A. Kostelecký, N. Russell, arXiv:0801.0287v16
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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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Z
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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

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
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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).

Example: deep inelastic scattering (DIS)

Direct access to Lorentz properties of quarks challenging because of QCD
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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.

p

k k0

q

x0
fp

x0
fp+ q

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

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

ZEUS Collaboration, 

PRD 107, 092008 (2023)
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bX

<latexit sha1_base64="tk596U5TIh6mcoryJF7TzU5UGb4=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRi8cK9kPSUDabTbt0sxt2J0oJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZemApuwHW/ndLK6tr6RnmzsrW9s7tX3T9oG5VpylpUCaW7ITFMcMlawEGwbqoZSULBOuHoZup3Hpk2XMl7GKcsSMhA8phTAlbye088YkMC+cOkX625dXcGvEy8gtRQgWa/+tWLFM0SJoEKYozvuSkEOdHAqWCTSi8zLCV0RAbMt1SShJkgn508wSdWiXCstC0JeKb+nshJYsw4CW1nQmBoFr2p+J/nZxBfBTmXaQZM0vmiOBMYFJ7+jyOuGQUxtoRQze2tmA6JJhRsShUbgrf48jJpn9W9i7p3d15rXBdxlNEROkanyEOXqIFuURO1EEUKPaNX9OaA8+K8Ox/z1pJTzByiP3A+fwCpN5GB</latexit>

bY

<latexit sha1_base64="0naPXKjId8c0BJ6YY8g3+Ujgusg=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRi8cK9gPTUDabTbt0sxt2J0oJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZemApuwHW/ndLK6tr6RnmzsrW9s7tX3T9oG5VpylpUCaW7ITFMcMlawEGwbqoZSULBOuHoZup3Hpk2XMl7GKcsSMhA8phTAlbye088YkMC+cOkX625dXcGvEy8gtRQgWa/+tWLFM0SJoEKYozvuSkEOdHAqWCTSi8zLCV0RAbMt1SShJkgn508wSdWiXCstC0JeKb+nshJYsw4CW1nQmBoFr2p+J/nZxBfBTmXaQZM0vmiOBMYFJ7+jyOuGQUxtoRQze2tmA6JJhRsShUbgrf48jJpn9W9i7p3d15rXBdxlNEROkanyEOXqIFuURO1EEUKPaNX9OaA8+K8Ox/z1pJTzByiP3A+fwCqvJGC</latexit>

bZ

<latexit sha1_base64="YNHGVqPnqJffmlJQ3rLofD2PYCk=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXIWkPpdFNy4r2Ac0sUymN+3QycOZiVBC3fgrblwo4ta/cOffOG2z0NYDFw7n3Mu99/gJZ1LZ9rdRWFhcWl4prpbW1jc2t8ztnYaMU0GhTmMei5ZPJHAWQV0xxaGVCCChz6HpD67GfvMBhGRxdKuGCXgh6UUsYJQoLXXMPRcUwa5kIdzjyrF1epe5lAk66phl27InwPPEyUkZ5ah1zC+3G9M0hEhRTqRsO3aivIwIxSiHUclNJSSEDkgP2ppGJATpZZMPRvhQK10cxEJXpPBE/T2RkVDKYejrzpCovpz1xuJ/XjtVwYWXsShJFUR0uihIOVYxHseBu0wAVXyoCaGC6Vsx7RNBqNKhlXQIzuzL86RRsZwzy7k5KVcv8ziKaB8doCPkoHNURdeohuqIokf0jF7Rm/FkvBjvxse0tWDkM7voD4zPHyE1lg0=</latexit>

⌘ ' 23.5�

<latexit sha1_base64="DtknHehLLWTwiTAqacmNqu1aWtc=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHcWBIp6rLoxmUF+4Amhsn0ph06ycSZiVBCF278FTcuFHHrR7jzb5w+Ftp64MLhnHu5954w5Uxpx/m2lpZXVtfWCxvFza3tnV17b7+pRCYpNKjgQrZDooCzBBqaaQ7tVAKJQw6tcHA19lsPIBUTya0epuDHpJewiFGijRTYJS8ETQJPpDxT2FMshnvsOnf5SXUU2GWn4kyAF4k7I2U0Qz2wv7yuoFkMiaacKNVxnVT7OZGaUQ6jopcpSAkdkB50DE1IDMrPJ0+M8JFRujgS0lSi8UT9PZGTWKlhHJrOmOi+mvfG4n9eJ9PRhZ+zJM00JHS6KMo41gKPE8FdJoFqPjSEUMnMrZj2iSRUm9yKJgR3/uVF0jytuGcV96Zarl3O4iigEjpEx8hF56iGrlEdNRBFj+gZvaI368l6sd6tj2nrkjWbOUB/YH3+ALA5l3g=</latexit>

�� ' 10�4



5:58 pm6:00 am

Lab-frame perspective

Sun-centered frame

Express laboratory coeffs. in terms of fixed SCF coeffs.

cμν
lab ≈ Rμ

α(t)Rν
β(t)cαβ

SCF

<latexit sha1_base64="Etg+jbxDuRxOPAOWs2PVIuixHzY=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHoxWMFWwttKJvNpl262Q27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTAU36HnfTmlldW19o7xZ2dre2d2r7h+0jco0ZS2qhNKdkBgmuGQt5ChYJ9WMJKFgD+HoZuo/PDJtuJL3OE5ZkJCB5DGnBK3U7T3xiA0J5p1Jv1rz6t4M7jLxC1KDAs1+9asXKZolTCIVxJiu76UY5EQjp4JNKr3MsJTQERmwrqWSJMwE+ezkiXtilciNlbYl0Z2pvydykhgzTkLbmRAcmkVvKv7ndTOMr4KcyzRDJul8UZwJF5U7/d+NuGYUxdgSQjW3t7p0SDShaFOq2BD8xZeXSfus7l/U/bvzWuO6iKMMR3AMp+DDJTTgFprQAgoKnuEV3hx0Xpx352PeWnKKmUP4A+fzB6eykYA=</latexit>

bX

<latexit sha1_base64="tk596U5TIh6mcoryJF7TzU5UGb4=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRi8cK9kPSUDabTbt0sxt2J0oJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZemApuwHW/ndLK6tr6RnmzsrW9s7tX3T9oG5VpylpUCaW7ITFMcMlawEGwbqoZSULBOuHoZup3Hpk2XMl7GKcsSMhA8phTAlbye088YkMC+cOkX625dXcGvEy8gtRQgWa/+tWLFM0SJoEKYozvuSkEOdHAqWCTSi8zLCV0RAbMt1SShJkgn508wSdWiXCstC0JeKb+nshJYsw4CW1nQmBoFr2p+J/nZxBfBTmXaQZM0vmiOBMYFJ7+jyOuGQUxtoRQze2tmA6JJhRsShUbgrf48jJpn9W9i7p3d15rXBdxlNEROkanyEOXqIFuURO1EEUKPaNX9OaA8+K8Ox/z1pJTzByiP3A+fwCpN5GB</latexit>

bY

<latexit sha1_base64="0naPXKjId8c0BJ6YY8g3+Ujgusg=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRi8cK9gPTUDabTbt0sxt2J0oJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZemApuwHW/ndLK6tr6RnmzsrW9s7tX3T9oG5VpylpUCaW7ITFMcMlawEGwbqoZSULBOuHoZup3Hpk2XMl7GKcsSMhA8phTAlbye088YkMC+cOkX625dXcGvEy8gtRQgWa/+tWLFM0SJoEKYozvuSkEOdHAqWCTSi8zLCV0RAbMt1SShJkgn508wSdWiXCstC0JeKb+nshJYsw4CW1nQmBoFr2p+J/nZxBfBTmXaQZM0vmiOBMYFJ7+jyOuGQUxtoRQze2tmA6JJhRsShUbgrf48jJpn9W9i7p3d15rXBdxlNEROkanyEOXqIFuURO1EEUKPaNX9OaA8+K8Ox/z1pJTzByiP3A+fwCqvJGC</latexit>

bZ

<latexit sha1_base64="YNHGVqPnqJffmlJQ3rLofD2PYCk=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXIWkPpdFNy4r2Ac0sUymN+3QycOZiVBC3fgrblwo4ta/cOffOG2z0NYDFw7n3Mu99/gJZ1LZ9rdRWFhcWl4prpbW1jc2t8ztnYaMU0GhTmMei5ZPJHAWQV0xxaGVCCChz6HpD67GfvMBhGRxdKuGCXgh6UUsYJQoLXXMPRcUwa5kIdzjyrF1epe5lAk66phl27InwPPEyUkZ5ah1zC+3G9M0hEhRTqRsO3aivIwIxSiHUclNJSSEDkgP2ppGJATpZZMPRvhQK10cxEJXpPBE/T2RkVDKYejrzpCovpz1xuJ/XjtVwYWXsShJFUR0uihIOVYxHseBu0wAVXyoCaGC6Vsx7RNBqNKhlXQIzuzL86RRsZwzy7k5KVcv8ziKaB8doCPkoHNURdeohuqIokf0jF7Rm/FkvBjvxse0tWDkM7voD4zPHyE1lg0=</latexit>

⌘ ' 23.5�

<latexit sha1_base64="DtknHehLLWTwiTAqacmNqu1aWtc=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHcWBIp6rLoxmUF+4Amhsn0ph06ycSZiVBCF278FTcuFHHrR7jzb5w+Ftp64MLhnHu5954w5Uxpx/m2lpZXVtfWCxvFza3tnV17b7+pRCYpNKjgQrZDooCzBBqaaQ7tVAKJQw6tcHA19lsPIBUTya0epuDHpJewiFGijRTYJS8ETQJPpDxT2FMshnvsOnf5SXUU2GWn4kyAF4k7I2U0Qz2wv7yuoFkMiaacKNVxnVT7OZGaUQ6jopcpSAkdkB50DE1IDMrPJ0+M8JFRujgS0lSi8UT9PZGTWKlhHJrOmOi+mvfG4n9eJ9PRhZ+zJM00JHS6KMo41gKPE8FdJoFqPjSEUMnMrZj2iSRUm9yKJgR3/uVF0jytuGcV96Zarl3O4iigEjpEx8hF56iGrlEdNRBFj+gZvaI368l6sd6tj2nrkjWbOUB/YH3+ALA5l3g=</latexit>

�� ' 10�4



5:58 pm6:00 am

Lab-frame perspective

Sun-centered frame

Express laboratory coeffs. in terms of fixed SCF coeffs.

cμν
lab ≈ Rμ

α(t)Rν
β(t)cαβ

SCF

<latexit sha1_base64="Etg+jbxDuRxOPAOWs2PVIuixHzY=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHoxWMFWwttKJvNpl262Q27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTAU36HnfTmlldW19o7xZ2dre2d2r7h+0jco0ZS2qhNKdkBgmuGQt5ChYJ9WMJKFgD+HoZuo/PDJtuJL3OE5ZkJCB5DGnBK3U7T3xiA0J5p1Jv1rz6t4M7jLxC1KDAs1+9asXKZolTCIVxJiu76UY5EQjp4JNKr3MsJTQERmwrqWSJMwE+ezkiXtilciNlbYl0Z2pvydykhgzTkLbmRAcmkVvKv7ndTOMr4KcyzRDJul8UZwJF5U7/d+NuGYUxdgSQjW3t7p0SDShaFOq2BD8xZeXSfus7l/U/bvzWuO6iKMMR3AMp+DDJTTgFprQAgoKnuEV3hx0Xpx352PeWnKKmUP4A+fzB6eykYA=</latexit>

bX

<latexit sha1_base64="tk596U5TIh6mcoryJF7TzU5UGb4=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRi8cK9kPSUDabTbt0sxt2J0oJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZemApuwHW/ndLK6tr6RnmzsrW9s7tX3T9oG5VpylpUCaW7ITFMcMlawEGwbqoZSULBOuHoZup3Hpk2XMl7GKcsSMhA8phTAlbye088YkMC+cOkX625dXcGvEy8gtRQgWa/+tWLFM0SJoEKYozvuSkEOdHAqWCTSi8zLCV0RAbMt1SShJkgn508wSdWiXCstC0JeKb+nshJYsw4CW1nQmBoFr2p+J/nZxBfBTmXaQZM0vmiOBMYFJ7+jyOuGQUxtoRQze2tmA6JJhRsShUbgrf48jJpn9W9i7p3d15rXBdxlNEROkanyEOXqIFuURO1EEUKPaNX9OaA8+K8Ox/z1pJTzByiP3A+fwCpN5GB</latexit>

bY

<latexit sha1_base64="0naPXKjId8c0BJ6YY8g3+Ujgusg=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRi8cK9gPTUDabTbt0sxt2J0oJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZemApuwHW/ndLK6tr6RnmzsrW9s7tX3T9oG5VpylpUCaW7ITFMcMlawEGwbqoZSULBOuHoZup3Hpk2XMl7GKcsSMhA8phTAlbye088YkMC+cOkX625dXcGvEy8gtRQgWa/+tWLFM0SJoEKYozvuSkEOdHAqWCTSi8zLCV0RAbMt1SShJkgn508wSdWiXCstC0JeKb+nshJYsw4CW1nQmBoFr2p+J/nZxBfBTmXaQZM0vmiOBMYFJ7+jyOuGQUxtoRQze2tmA6JJhRsShUbgrf48jJpn9W9i7p3d15rXBdxlNEROkanyEOXqIFuURO1EEUKPaNX9OaA8+K8Ox/z1pJTzByiP3A+fwCqvJGC</latexit>

bZ

<latexit sha1_base64="YNHGVqPnqJffmlJQ3rLofD2PYCk=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXIWkPpdFNy4r2Ac0sUymN+3QycOZiVBC3fgrblwo4ta/cOffOG2z0NYDFw7n3Mu99/gJZ1LZ9rdRWFhcWl4prpbW1jc2t8ztnYaMU0GhTmMei5ZPJHAWQV0xxaGVCCChz6HpD67GfvMBhGRxdKuGCXgh6UUsYJQoLXXMPRcUwa5kIdzjyrF1epe5lAk66phl27InwPPEyUkZ5ah1zC+3G9M0hEhRTqRsO3aivIwIxSiHUclNJSSEDkgP2ppGJATpZZMPRvhQK10cxEJXpPBE/T2RkVDKYejrzpCovpz1xuJ/XjtVwYWXsShJFUR0uihIOVYxHseBu0wAVXyoCaGC6Vsx7RNBqNKhlXQIzuzL86RRsZwzy7k5KVcv8ziKaB8doCPkoHNURdeohuqIokf0jF7Rm/FkvBjvxse0tWDkM7voD4zPHyE1lg0=</latexit>

⌘ ' 23.5�

<latexit sha1_base64="DtknHehLLWTwiTAqacmNqu1aWtc=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHcWBIp6rLoxmUF+4Amhsn0ph06ycSZiVBCF278FTcuFHHrR7jzb5w+Ftp64MLhnHu5954w5Uxpx/m2lpZXVtfWCxvFza3tnV17b7+pRCYpNKjgQrZDooCzBBqaaQ7tVAKJQw6tcHA19lsPIBUTya0epuDHpJewiFGijRTYJS8ETQJPpDxT2FMshnvsOnf5SXUU2GWn4kyAF4k7I2U0Qz2wv7yuoFkMiaacKNVxnVT7OZGaUQ6jopcpSAkdkB50DE1IDMrPJ0+M8JFRujgS0lSi8UT9PZGTWKlhHJrOmOi+mvfG4n9eJ9PRhZ+zJM00JHS6KMo41gKPE8FdJoFqPjSEUMnMrZj2iSRUm9yKJgR3/uVF0jytuGcV96Zarl3O4iigEjpEx8hF56iGrlEdNRBFj+gZvaI368l6sd6tj2nrkjWbOUB/YH3+ALA5l3g=</latexit>

�� ' 10�4

α, β ∈ T, X, Y, Zμ, ν ∈ 0,1,2,3



5:58 pm6:00 am

Lab-frame perspective

Sun-centered frame

Express laboratory coeffs. in terms of fixed SCF coeffs.

cμν
lab ≈ Rμ

α(t)Rν
β(t)cαβ

SCF

<latexit sha1_base64="Etg+jbxDuRxOPAOWs2PVIuixHzY=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHoxWMFWwttKJvNpl262Q27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTAU36HnfTmlldW19o7xZ2dre2d2r7h+0jco0ZS2qhNKdkBgmuGQt5ChYJ9WMJKFgD+HoZuo/PDJtuJL3OE5ZkJCB5DGnBK3U7T3xiA0J5p1Jv1rz6t4M7jLxC1KDAs1+9asXKZolTCIVxJiu76UY5EQjp4JNKr3MsJTQERmwrqWSJMwE+ezkiXtilciNlbYl0Z2pvydykhgzTkLbmRAcmkVvKv7ndTOMr4KcyzRDJul8UZwJF5U7/d+NuGYUxdgSQjW3t7p0SDShaFOq2BD8xZeXSfus7l/U/bvzWuO6iKMMR3AMp+DDJTTgFprQAgoKnuEV3hx0Xpx352PeWnKKmUP4A+fzB6eykYA=</latexit>

bX

<latexit sha1_base64="tk596U5TIh6mcoryJF7TzU5UGb4=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRi8cK9kPSUDabTbt0sxt2J0oJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZemApuwHW/ndLK6tr6RnmzsrW9s7tX3T9oG5VpylpUCaW7ITFMcMlawEGwbqoZSULBOuHoZup3Hpk2XMl7GKcsSMhA8phTAlbye088YkMC+cOkX625dXcGvEy8gtRQgWa/+tWLFM0SJoEKYozvuSkEOdHAqWCTSi8zLCV0RAbMt1SShJkgn508wSdWiXCstC0JeKb+nshJYsw4CW1nQmBoFr2p+J/nZxBfBTmXaQZM0vmiOBMYFJ7+jyOuGQUxtoRQze2tmA6JJhRsShUbgrf48jJpn9W9i7p3d15rXBdxlNEROkanyEOXqIFuURO1EEUKPaNX9OaA8+K8Ox/z1pJTzByiP3A+fwCpN5GB</latexit>

bY

<latexit sha1_base64="0naPXKjId8c0BJ6YY8g3+Ujgusg=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRi8cK9gPTUDabTbt0sxt2J0oJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZemApuwHW/ndLK6tr6RnmzsrW9s7tX3T9oG5VpylpUCaW7ITFMcMlawEGwbqoZSULBOuHoZup3Hpk2XMl7GKcsSMhA8phTAlbye088YkMC+cOkX625dXcGvEy8gtRQgWa/+tWLFM0SJoEKYozvuSkEOdHAqWCTSi8zLCV0RAbMt1SShJkgn508wSdWiXCstC0JeKb+nshJYsw4CW1nQmBoFr2p+J/nZxBfBTmXaQZM0vmiOBMYFJ7+jyOuGQUxtoRQze2tmA6JJhRsShUbgrf48jJpn9W9i7p3d15rXBdxlNEROkanyEOXqIFuURO1EEUKPaNX9OaA8+K8Ox/z1pJTzByiP3A+fwCqvJGC</latexit>

bZ

<latexit sha1_base64="YNHGVqPnqJffmlJQ3rLofD2PYCk=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXIWkPpdFNy4r2Ac0sUymN+3QycOZiVBC3fgrblwo4ta/cOffOG2z0NYDFw7n3Mu99/gJZ1LZ9rdRWFhcWl4prpbW1jc2t8ztnYaMU0GhTmMei5ZPJHAWQV0xxaGVCCChz6HpD67GfvMBhGRxdKuGCXgh6UUsYJQoLXXMPRcUwa5kIdzjyrF1epe5lAk66phl27InwPPEyUkZ5ah1zC+3G9M0hEhRTqRsO3aivIwIxSiHUclNJSSEDkgP2ppGJATpZZMPRvhQK10cxEJXpPBE/T2RkVDKYejrzpCovpz1xuJ/XjtVwYWXsShJFUR0uihIOVYxHseBu0wAVXyoCaGC6Vsx7RNBqNKhlXQIzuzL86RRsZwzy7k5KVcv8ziKaB8doCPkoHNURdeohuqIokf0jF7Rm/FkvBjvxse0tWDkM7voD4zPHyE1lg0=</latexit>

⌘ ' 23.5�

<latexit sha1_base64="DtknHehLLWTwiTAqacmNqu1aWtc=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHcWBIp6rLoxmUF+4Amhsn0ph06ycSZiVBCF278FTcuFHHrR7jzb5w+Ftp64MLhnHu5954w5Uxpx/m2lpZXVtfWCxvFza3tnV17b7+pRCYpNKjgQrZDooCzBBqaaQ7tVAKJQw6tcHA19lsPIBUTya0epuDHpJewiFGijRTYJS8ETQJPpDxT2FMshnvsOnf5SXUU2GWn4kyAF4k7I2U0Qz2wv7yuoFkMiaacKNVxnVT7OZGaUQ6jopcpSAkdkB50DE1IDMrPJ0+M8JFRujgS0lSi8UT9PZGTWKlhHJrOmOi+mvfG4n9eJ9PRhZ+zJM00JHS6KMo41gKPE8FdJoFqPjSEUMnMrZj2iSRUm9yKJgR3/uVF0jytuGcV96Zarl3O4iigEjpEx8hF56iGrlEdNRBFj+gZvaI368l6sd6tj2nrkjWbOUB/YH3+ALA5l3g=</latexit>

�� ' 10�4

α, β ∈ T, X, Y, Zμ, ν ∈ 0,1,2,3

σ = σSM(1 + AcTX
SCF cos(ω⊕T⊕) + ⋯)



We considered luminosity-insensitive ratios

r(PS1, PS2) =
∫

PS1
dxdQ2 dσ

dx dQ2 dϕT
/ ∫

PS1
dxdQ2dϕT

dσ
dx dQ2 dϕT

∫
PS2

dxdQ2 dσ
dx dQ2 dϕT

/ ∫
PS2

dxdQ2dϕT
dσ

dx dQ2 dϕT

E.g. PS1 = Q2 > Q2
cut and PS2 = Q2 < Q2

cut

Observables

(rSM = 1)

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

Signal period: Tp = Tsid. ≈ 23 h 56 min

Event timestamp

< Tsolar = 24 h



We considered luminosity-insensitive ratios

r(PS1, PS2) =
∫

PS1
dxdQ2 dσ

dx dQ2 dϕT
/ ∫

PS1
dxdQ2dϕT

dσ
dx dQ2 dϕT

∫
PS2

dxdQ2 dσ
dx dQ2 dϕT
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Tp = Tsolar, Tsid., Ttest = [1 h, 24 h + 4 min]
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(rSM = 1)

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

Signal period: Tp = Tsid. ≈ 23 h 56 min

Event timestamp

< Tsolar = 24 h
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E.g. PS1 = Q2 > Q2
cut and PS2 = Q2 < Q2

cut

Observables

Calculated  with several choices: r {
Tp = Tsolar, Tsid., Ttest = [1 h, 24 h + 4 min]
Nbins = 4,8,12,16,25,50,75,100

(rSM = 1)

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

Signal period: Tp = Tsid. ≈ 23 h 56 min

Event timestamp

< Tsolar = 24 h

Cross sections and systematics sensitive to x performed search with xcut = 10−3⇒
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Luminosity drops out!
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1 hour binning scrambles 
everything — all bins expected to 
have similar # events (observed)

(xcut, Ttest = 1 h)
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1 hour binning scrambles 
everything — all bins expected to 
have similar # events (observed)

(xcut, Ttest = 1 h)
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Most systematics cancel in ratio, 
but are any unaccounted for?



Kolmogorov-Smirnov = 86%
Nbins = 25
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Small (  5%) K-S % suggestive 
of unaccounted systematics

Binned distributions show no 
strong evidence

≲

= σcentral values

: systematics(xcut, Ttest = 1 h)

σsyst ≈ σ2 − σ2
stat
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Kolmogorov-Smirnov = 1%
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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

: systematics(xcut, Tsolar)



Kolmogorov-Smirnov = 55%
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Kolmogorov-Smirnov = 61%
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Pervasive , largest for solar distributions, many of which have low KS 
probabilities, could indicate a “solar-periodic” effect:

σsyst.

Systematics: summary
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probabilities, could indicate a “solar-periodic” effect:
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Systematics: summary

The smaller  observed in sidereal distributions is 
compatible with genuine  effect diluted by  min

Unable to verify this conjecture — choose to conservatively 
adopt  as extracted by  = “solar shifted” phase

σsyst.
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Systematics: summary
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SM = 113.8, pSM = 0.16)



Pervasive , largest for solar distributions, many of which have low KS 
probabilities, could indicate a “solar-periodic” effect:

σsyst.

Systematics: summary

The smaller  observed in sidereal distributions is 
compatible with genuine  effect diluted by  min

Unable to verify this conjecture — choose to conservatively 
adopt  as extracted by  = “solar shifted” phase

σsyst.
24 h ≈ ± 4

σsyst. 2Tsolar − Tsid

0.26

0.18

0.11

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

σ̄syst.( % )

σtot
sid ≈ σ̄sid

stat + σsolar shift,Nbins=100
syst. = 0.35 %

χ2 =
1

(σsid
tot )2

Nbins

∑
i=1

(rexp
i − rtheo

i )
2

(χ2
SM = 113.8, pSM = 0.16)

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



Constraints
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Take-home messages

ZEUS analysis (quark sector) couplings

5 years of DIS data binned, no evidence of significant sidereal effect

First constraints on several light-quark coefficients

Excellent future prospects
ZEUS II? 

ATLAS: Run-II, spin-dependent constraints from Drell-Yan

STAY TUNED!


