
Nathan Sherrill 
Indiana University  

ZEUS meeting, January 2020

Lorentz violation analysis 
with ZEUS data

http://www.indiana.edu/~iucss/

p

k
k̃

In collaboration with Enrico Lunghi



Talk overview
What is Lorentz violation? 

How to search for Lorentz violation?

Application: deep inelastic scattering

Effects on high-energy hadrons

Estimates for colliders

An analysis with real data
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What is Lorentz violation?
Lorentz invariance: the laws of physics are the same for all inertial observers

)
<latexit sha1_base64="UCgQIkT/gNbzK4+r2qp1iqMK+c4=">AAAB83icbVC7SgNBFL3rM66vqKXNYBCswm4stBGDNpZRzAOSJcxOZpMhs7PDzKwSlvyGjYWitn6HvY34N04ehSYeuHA4517uvSeUnGnjed/OwuLS8spqbs1d39jc2s7v7NZ0kipCqyThiWqEWFPOBK0aZjhtSEVxHHJaD/uXI79+R5Vmibg1A0mDGHcFixjBxkqt1g3r9gxWKrlH7XzBK3pjoHniT0nh/MM9k69fbqWd/2x1EpLGVBjCsdZN35MmyLAyjHA6dFupphKTPu7SpqUCx1QH2fjmITq0SgdFibIlDBqrvycyHGs9iEPbGWPT07PeSPzPa6YmOg0yJmRqqCCTRVHKkUnQKADUYYoSwweWYKKYvRWRHlaYGBuTa0PwZ1+eJ7VS0T8ulq79QvkCJsjBPhzAEfhwAmW4ggpUgYCEB3iCZyd1Hp0X523SuuBMZ/bgD5z3H0xMlNk=</latexit>

Experimental results do not depend on the orientation of the 
laboratory/system or its velocity through space

Consider operators 

O
µ⌫···

�  ̄�µ ,  ̄�µiD⌫ , · · ·
<latexit sha1_base64="Ep5PciBS3GMVoVB2DaitsFAjRQ4="></latexit>

Make scalars by contracting with objects possessing Lorentz indices!

E.g. 

Here        is a fixed background vector field 
filling all of spacetime

La � �aµ ̄�µ , [aµ] = [GeV]
<latexit sha1_base64="oOVQOU3JUJZoGvAq/fnhKR8zbLk="></latexit>

aµ
<latexit sha1_base64="Q8z0gfz3pWzMEfFr8oEl7dnjBDs=">AAAB+3icbVC7TsMwFHV4lpZHKCOLRUFiqhIQgrGChbFI9CE1UeQ4TmvVTiLbqaii/AoLAwixwg/wB2x8CMy4aQdoOdKVjs6519f3+AmjUlnWp7G0vLK6tl7aKFc2t7Z3zN1qW8apwKSFYxaLro8kYTQiLUUVI91EEMR9Rjr+8Grid0ZESBpHt2qcEJejfkRDipHSkmdWneKNTJAgz5Dn8DT3zJpVtwrARWLPSK1x+PX2Pqp8Nz3zwwlinHISKcyQlD3bSpSbIaEoZiQvO6kkCcJD1Cc9TSPEiXSzYm8Oj7QSwDAWuiIFC/X3RIa4lGPu606O1EDOexPxP6+XqvDCzWiUpIpEeLooTBlUMZwEAQMqCFZsrAnCguq/QjxAAmGl4yrrEOz5kxdJ+6Run9bPbuxa4xJMUQL74AAcAxucgwa4Bk3QAhjcgXvwCJ6M3Hgwno2XaeuSMZvZA39gvP4AtpCZUA==</latexit>

aµ
<latexit sha1_base64="Q8z0gfz3pWzMEfFr8oEl7dnjBDs=">AAAB+3icbVC7TsMwFHV4lpZHKCOLRUFiqhIQgrGChbFI9CE1UeQ4TmvVTiLbqaii/AoLAwixwg/wB2x8CMy4aQdoOdKVjs6519f3+AmjUlnWp7G0vLK6tl7aKFc2t7Z3zN1qW8apwKSFYxaLro8kYTQiLUUVI91EEMR9Rjr+8Grid0ZESBpHt2qcEJejfkRDipHSkmdWneKNTJAgz5Dn8DT3zJpVtwrARWLPSK1x+PX2Pqp8Nz3zwwlinHISKcyQlD3bSpSbIaEoZiQvO6kkCcJD1Cc9TSPEiXSzYm8Oj7QSwDAWuiIFC/X3RIa4lGPu606O1EDOexPxP6+XqvDCzWiUpIpEeLooTBlUMZwEAQMqCFZsrAnCguq/QjxAAmGl4yrrEOz5kxdJ+6Run9bPbuxa4xJMUQL74AAcAxucgwa4Bk3QAhjcgXvwCJ6M3Hgwno2XaeuSMZvZA39gvP4AtpCZUA==</latexit>

LLI 6� O
µ⌫

<latexit sha1_base64="8p+LzW38jq3KCtTpXtrkauedrYc=">AAACIXicbVDLSgMxFM34tr6qLt0Ei+CqzPhAl6IbBUEF+4BOLZn0VkMzmSG5Ecswv+LGX3HjQhF34s+YPhBfBwKHc84l954olcKg7797Y+MTk1PTM7OFufmFxaXi8krVJFZzqPBEJroeMQNSKKigQAn1VAOLIwm1qHvU92u3oI1I1CX2UmjG7FqJjuAMndQq7ocxwxvOZHaat7IQ4Q6z05M8p6FKMDQ2NYD0K3OWX2VhbENl81ax5Jf9AehfEoxIiYxw3iq+he2E2xgUcsmMaQR+is2MaRRcQl4IrYGU8S67hoajisVgmtngwpxuOKVNO4l2TyEdqN8nMhYb04sjl+zvan57ffE/r2Gxs9/MhEotguLDjzpWUkxovy7aFho4yp4jjGvhdqX8hmnG0ZVacCUEv0/+S6pb5WC7vHuxUzo4HNUxQ9bIOtkkAdkjB+SYnJMK4eSePJJn8uI9eE/eq/c2jI55o5lV8gPexyeM6qWe</latexit>



What is Lorentz violation?

aµ
<latexit sha1_base64="c+HKNnUDrOKHk8oXDZQakzBOMw8=">AAAB/HicbVC7TsMwFHV4lpZHoCOLRUFiqpIywFjBwlgk+pCaKnIcp7VqJ5HtVIqi8CssDCDE2h/gD9j4EJhx0w7QcqQrHZ1zr6/v8WJGpbKsT2NtfWNza7u0U67s7u0fmIdHHRklApM2jlgkeh6ShNGQtBVVjPRiQRD3GOl645uZ350QIWkU3qs0JgOOhiENKEZKS65ZdYo3MkH8PEOuw5McumbNqlsF4CqxF6TWPP2avk8q3y3X/HD8CCechAozJGXftmI1yJBQFDOSl51EkhjhMRqSvqYh4kQOsmJxDs+04sMgErpCBQv190SGuJQp93QnR2okl72Z+J/XT1RwNchoGCeKhHi+KEgYVBGcJQF9KghWLNUEYUH1XyEeIYGw0nmVdQj28smrpNOo2xf1xp1da16DOUrgGJyAc2CDS9AEt6AF2gCDFDyCZ/BiPBhPxqvxNm9dMxYzVfAHxvQHEvKZdw==</latexit>

a0µ
<latexit sha1_base64="BoECZGhlt3UXi4imv9I2e25QUUk=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyiIJSkLnRZdOOygn1AE8JketsOnTyYmQg1BD/An3ChC0Xc+h/u/BD3TtMutPXAhcM5986de/yYM6ks68soLCwuLa8UV0tr6xubW+b2TlNGiaDQoBGPRNsnEjgLoaGY4tCOBZDA59Dyh5djv3ULQrIovFGjGNyA9EPWY5QoLXnmnpO/kQroZik58pwgybBnlq2KlQPPE3tKyrWT76cHKMd1z/x0uhFNAggV5UTKjm3Fyk2JUIxyyEpOIiEmdEj60NE0JAFIN803Z/hQK13ci4SuUOFc/T2RkkDKUeDrzoCogZz1xuJ/XidRvXM3ZWGcKAjpZFEv4VhFeBwF7jIBVPGRJoQKpv+K6YAIQpUOrKRDsGdPnifNasU+rVSv7XLtAk1QRPvoAB0jG52hGrpCddRAFN2hR/SCXo1749l4M94nrQVjOrOL/sD4+AF2YJjm</latexit>

An observer Lorentz transformation (OLT) is a coordinate transformation

 (x) !  0(x0) = S (x)
<latexit sha1_base64="oEJ1lfdWdIBTVkzaqbFHUu4wb3U=">AAACEXicbVDLTgIxFO3gC/E16tJNAzFATMgMLnRjMtGNS4zySBhCOqVAQ6czaTsKmfALbvRT3LjQGLfu3PE3doCFgidpcnLOubm9xwsZlcqyJkZqZXVtfSO9mdna3tndM/cPajKIBCZVHLBANDwkCaOcVBVVjDRCQZDvMVL3BleJX78nQtKA36lRSFo+6nHapRgpLbXNghtKWhgWoStor6+QEMEDTLR8YZgvwgt4Ow+0zZxVsqaAy8Sek5yTdU+eJ86o0ja/3U6AI59whRmSsmlboWrFSCiKGRln3EiSEOEB6pGmphz5RLbi6UVjeKyVDuwGQj+u4FT9PREjX8qR7+mkj1RfLnqJ+J/XjFT3vBVTHkaKcDxb1I0YVAFM6oEdKghWbKQJwoLqv0LcRwJhpUvM6BLsxZOXSa1csk9L5Rs751yCGdLgCGRBAdjgDDjgGlRAFWDwCF7AG3g3noxX48P4nEVTxnzmEPyB8fUDtQSeoQ==</latexit>

�aµ ̄�µ ! �aµ ̄�µ 
<latexit sha1_base64="NyOoSEx+KRuhdTurg0CDuo9Mr/4="></latexit>

Hence, there is no change in the physics; the background cannot be seen by 
performing observer transformations (changing coordinates)

 (x)
<latexit sha1_base64="Ac4XsOUBte2rBA4HyUhCFo9Mw+E=">AAAB7nicbZDLSsNAFIZPvNZ6q7p0M7QIFaEkdaHLoBuXFewFmlAm00k7dDIJMxMxhD6EIC4UcevzuOvbOL0stPWHgY//P4c55wQJZ0rb9sRaW9/Y3Nou7BR39/YPDktHxy0Vp5LQJol5LDsBVpQzQZuaaU47iaQ4CjhtB6Pbad5+pFKxWDzoLKF+hAeChYxgbay2lyhWfTrvlSp2zZ4JrYKzgIpb9i5eJm7W6JW+vX5M0ogKTThWquvYifZzLDUjnI6LXqpogskID2jXoMARVX4+G3eMzozTR2EszRMazdzfHTmOlMqiwFRGWA/VcjY1/8u6qQ6v/ZyJJNVUkPlHYcqRjtF0d9RnkhLNMwOYSGZmRWSIJSbaXKhojuAsr7wKrXrNuazV752KewNzFeAUylAFB67AhTtoQBMIjOAZ3uDdSqxX68P6nJeuWYueE/gj6+sH5b2SQQ==</latexit>

 0(x0)
<latexit sha1_base64="gkaANXiUX9/XVba0YFYT9o/K4J0=">AAAB8HicbZDLSgMxFIYz9VbrrerSTWiRVoQyUxe6HHTjsoK9SGcomTTThiaZIcmIw9Cn0IULRdz6OO76NqaXhbb+EPj4/3PIOSeIGVXatidWbm19Y3Mrv13Y2d3bPygeHrVUlEhMmjhikewESBFGBWlqqhnpxJIgHjDSDkY307z9SKSikbjXaUx8jgaChhQjbawHL1a0Un2qnPWKZbtmzwRXwVlA2S155y8TN230it9eP8IJJ0JjhpTqOnas/QxJTTEj44KXKBIjPEID0jUoECfKz2YDj+GpcfowjKR5QsOZ+7sjQ1yplAemkiM9VMvZ1Pwv6yY6vPIzKuJEE4HnH4UJgzqC0+1hn0qCNUsNICypmRXiIZIIa3OjgjmCs7zyKrTqNeeiVr9zyu41mCsPTkAJVIEDLoELbkEDNAEGHDyDN/BuSevV+rA+56U5a9FzDP7I+voBqpmSow==</latexit>

aµ ! ⇤µ
⌫a

⌫
<latexit sha1_base64="auLnAUicmylitd8J/vCvyxSQ7Y8="></latexit>

What effects are induced by         ?La
<latexit sha1_base64="B5TJmSuYppbFFWp+nnwlqhGmNSg=">AAACBXicbVC9S8NAHL3Ur1q/ooKLDsEiOJVEER1LXRwcWrAf0IRwuVzao5dLuLsIJWRx8V9x6aCIq4t/gZuLf4uXtIO2Pjh4vPf7uufFlAhpml9aaWl5ZXWtvF7Z2Nza3tF39zoiSjjCbRTRiPc8KDAlDLclkRT3Yo5h6FHc9UbXud+9x1yQiN3JcYydEA4YCQiCUkmufmSHUA4RpOlt5qZ2MTDl2M9SmGWuXjVrZgFjkVgzUq0ftL7JpPHRdPVP249QEmImEYVC9C0zlk4KuSSI4qxiJwLHEI3gAPcVZTDEwkmLpZlxohTfCCKuHpNGof7uSGEoxDj0VGV+s5j3cvE/r5/I4MpJCYsTiRmaLgoSasjIyCMxfMIxknSsCEScqFsNNIQcIqmCq6gQrPkvL5LOWc06r120rGq9AaYog0NwDE6BBS5BHdyAJmgDBB7AE3gGL9qjNtFetbdpaUmb9eyDP9DefwAB1J1A</latexit>

Under an OLT the background       transforms like an ordinary four vectoraµ
<latexit sha1_base64="Q8z0gfz3pWzMEfFr8oEl7dnjBDs=">AAAB+3icbVC7TsMwFHV4lpZHKCOLRUFiqhIQgrGChbFI9CE1UeQ4TmvVTiLbqaii/AoLAwixwg/wB2x8CMy4aQdoOdKVjs6519f3+AmjUlnWp7G0vLK6tl7aKFc2t7Z3zN1qW8apwKSFYxaLro8kYTQiLUUVI91EEMR9Rjr+8Grid0ZESBpHt2qcEJejfkRDipHSkmdWneKNTJAgz5Dn8DT3zJpVtwrARWLPSK1x+PX2Pqp8Nz3zwwlinHISKcyQlD3bSpSbIaEoZiQvO6kkCcJD1Cc9TSPEiXSzYm8Oj7QSwDAWuiIFC/X3RIa4lGPu606O1EDOexPxP6+XqvDCzWiUpIpEeLooTBlUMZwEAQMqCFZsrAnCguq/QjxAAmGl4yrrEOz5kxdJ+6Run9bPbuxa4xJMUQL74AAcAxucgwa4Bk3QAhjcgXvwCJ6M3Hgwno2XaeuSMZvZA39gvP4AtpCZUA==</latexit>

x
<latexit sha1_base64="9PtAB5AkcpCeQdJgVBQSwm1UaQI=">AAAB6HicbZDJSgNBEIZr4hbHLerRS2MQPIUZRfQiBr14TMAskAyhp1OTtOlZ6O4RQ8gTePGgiFd9GO9exLexsxw08YeGj/+voqvKTwRX2nG+rczC4tLySnbVXlvf2NzKbe9UVZxKhhUWi1jWfapQ8AgrmmuB9UQiDX2BNb93NcprdygVj6Mb3U/QC2kn4gFnVBurfN/K5Z2CMxaZB3cK+YsP+zx5/7JLrdxnsx2zNMRIM0GVarhOor0BlZozgUO7mSpMKOvRDjYMRjRE5Q3Ggw7JgXHaJIileZEmY/d3x4CGSvVD31SGVHfVbDYy/8saqQ7OvAGPklRjxCYfBakgOiajrUmbS2Ra9A1QJrmZlbAulZRpcxvbHMGdXXkeqkcF97hwUnbzxUuYKAt7sA+H4MIpFOEaSlABBggP8ATP1q31aL1Yr5PSjDXt2YU/st5+AEhjkEE=</latexit>

x0
<latexit sha1_base64="kX8K65Znus84VoaoRNLiKX+xArc=">AAAB6XicbZDLSsNAFIZP6q3GW9Wlm8EiuiqJIroRi25cVrEXaEOZTCft0MkkzEzEEvoGblwo4rYP496N+DZO0y609YeBj/8/hznn+DFnSjvOt5VbWFxaXsmv2mvrG5tbhe2dmooSSWiVRDySDR8rypmgVc00p41YUhz6nNb9/vU4rz9QqVgk7vUgpl6Iu4IFjGBtrLvHw3ah6JScTGge3CkULz/si3j0ZVfahc9WJyJJSIUmHCvVdJ1YeymWmhFOh3YrUTTGpI+7tGlQ4JAqL80mHaID43RQEEnzhEaZ+7sjxaFSg9A3lSHWPTWbjc3/smaig3MvZSJONBVk8lGQcKQjNF4bdZikRPOBAUwkM7Mi0sMSE22OY5sjuLMrz0PtuOSelE5v3WL5CibKwx7swxG4cAZluIEKVIFAAE/wAq9W33q23qz3SWnOmvbswh9Zox+o25By</latexit>



What is Lorentz violation?

aµ
<latexit sha1_base64="c+HKNnUDrOKHk8oXDZQakzBOMw8=">AAAB/HicbVC7TsMwFHV4lpZHoCOLRUFiqpIywFjBwlgk+pCaKnIcp7VqJ5HtVIqi8CssDCDE2h/gD9j4EJhx0w7QcqQrHZ1zr6/v8WJGpbKsT2NtfWNza7u0U67s7u0fmIdHHRklApM2jlgkeh6ShNGQtBVVjPRiQRD3GOl645uZ350QIWkU3qs0JgOOhiENKEZKS65ZdYo3MkH8PEOuw5McumbNqlsF4CqxF6TWPP2avk8q3y3X/HD8CCechAozJGXftmI1yJBQFDOSl51EkhjhMRqSvqYh4kQOsmJxDs+04sMgErpCBQv190SGuJQp93QnR2okl72Z+J/XT1RwNchoGCeKhHi+KEgYVBGcJQF9KghWLNUEYUH1XyEeIYGw0nmVdQj28smrpNOo2xf1xp1da16DOUrgGJyAc2CDS9AEt6AF2gCDFDyCZ/BiPBhPxqvxNm9dMxYzVfAHxvQHEvKZdw==</latexit>

A particle Lorentz transformation (PLT) is a transformation of the physical system

 (x)
<latexit sha1_base64="Ac4XsOUBte2rBA4HyUhCFo9Mw+E=">AAAB7nicbZDLSsNAFIZPvNZ6q7p0M7QIFaEkdaHLoBuXFewFmlAm00k7dDIJMxMxhD6EIC4UcevzuOvbOL0stPWHgY//P4c55wQJZ0rb9sRaW9/Y3Nou7BR39/YPDktHxy0Vp5LQJol5LDsBVpQzQZuaaU47iaQ4CjhtB6Pbad5+pFKxWDzoLKF+hAeChYxgbay2lyhWfTrvlSp2zZ4JrYKzgIpb9i5eJm7W6JW+vX5M0ogKTThWquvYifZzLDUjnI6LXqpogskID2jXoMARVX4+G3eMzozTR2EszRMazdzfHTmOlMqiwFRGWA/VcjY1/8u6qQ6v/ZyJJNVUkPlHYcqRjtF0d9RnkhLNMwOYSGZmRWSIJSbaXKhojuAsr7wKrXrNuazV752KewNzFeAUylAFB67AhTtoQBMIjOAZ3uDdSqxX68P6nJeuWYueE/gj6+sH5b2SQQ==</latexit>

 0(x)
<latexit sha1_base64="O5QFEIatotxbHGBUj8pWx+2CcjU=">AAAB73icbZDLSsNAFIZPvNZ6q7p0M7SIFaEkdaHLoBuXFewFmlAm00k7dDKJMxMxlL6ECC4UcevruOvbOL0stPWHgY//P4c55wQJZ0rb9thaWV1b39jMbeW3d3b39gsHhw0Vp5LQOol5LFsBVpQzQeuaaU5biaQ4CjhtBoObSd58pFKxWNzrLKF+hHuChYxgbayWlyh2Wn466xRKdsWeCi2DM4eSW/TOX8ZuVusUvr1uTNKICk04Vqrt2In2h1hqRjgd5b1U0QSTAe7RtkGBI6r84XTeEToxTheFsTRPaDR1f3cMcaRUFgWmMsK6rxaziflf1k51eOUPmUhSTQWZfRSmHOkYTZZHXSYp0TwzgIlkZlZE+lhios2J8uYIzuLKy9CoVpyLSvXOKbnXMFMOjqEIZXDgEly4hRrUgQCHZ3iDd+vBerU+rM9Z6Yo17zmCP7K+fgBH9ZJy</latexit>  (x) !  0(x) = S (⇤�1x)

<latexit sha1_base64="hnr0zrxig5fkpeIg7TpndVVKSg8="></latexit>

aµ ! aµ
<latexit sha1_base64="EXfWkWO+K/0M30rBxGfkZ1MU++A=">AAACNnicbVA7T8MwGHR4lpZHgJHFoiAxVUkZYKxgYUEqEn1ITRU5jtNatZPIdoqqKL8KCbHzD9i6MIAQKwvMuGkHaDnJ0vnue9jnxYxKZVljY2l5ZXVtvbBRLG1ube+Yu3tNGSUCkwaOWCTaHpKE0ZA0FFWMtGNBEPcYaXmDy4nfGhIhaRTeqlFMuhz1QhpQjJSWXPPayWekgvhZilyHJxmcSR5DeKBvgvb6CgkR3c07C62uWbYqVg64SOwZKdeOvh6ehqXvums+O36EE05ChRmSsmNbseqmSCiKGcmKTiJJrJehHuloGiJOZDfN92bwWCs+DCKhT6hgrv7uSBGXcsQ9XcmR6st5byL+53USFZx3UxrGiSIhni4KEgZVBCcZQp8KghUbaYKwoPqtEPeRQFjppIs6BHv+y4ukWa3Yp5XqjV2uXYApCuAAHIITYIMzUANXoA4aAIN7MAav4M14NF6Md+NjWrpkzHr2wR8Ynz+ThLNE</latexit>

6= �aµ ̄�µ 
<latexit sha1_base64="/KPsLQAjSfVL6lRRTvIN6vxdKq4="></latexit>

Net physical effect

Unlike OLTs, PLTs can produce physical effects as a result of the background

)
<latexit sha1_base64="hQ3NAvgUgTr/wai3MLewwM1w3Q8=">AAAB8nicbZDLSgMxFIYzXut4q7p0EyyCqzJTF7oRi25cVrEXaIeSSTNtaCYZkjNKGfoYblwo0q3v4d6N+Daml4W2/hD4+P9zyDknTAQ34HnfztLyyuraem7D3dza3tnN7+3XjEo1ZVWqhNKNkBgmuGRV4CBYI9GMxKFg9bB/Pc7rD0wbruQ9DBIWxKQrecQpAWs1W3e82wOitXps5wte0ZsIL4I/g8Llh3uRjL7cSjv/2eoomsZMAhXEmKbvJRBkRAOngg3dVmpYQmifdFnToiQxM0E2GXmIj63TwZHS9knAE/d3R0ZiYwZxaCtjAj0zn43N/7JmCtF5kHGZpMAknX4UpQKDwuP9cYdrRkEMLBCquZ0V0x7RhIK9kmuP4M+vvAi1UtE/LZZu/UL5Ck2VQ4foCJ0gH52hMrpBFVRFFCn0hF7QqwPOs/PmjKalS86s5wD9kfP+A/JAlK8=</latexit>

Lorentz violation!
The rotated system obeys a different 
physical law than the same system with 
rotated coordinates

�aµ ̄�µ ! �
�
⇤�1

�
µ⌫

a⌫ ̄�µ 
<latexit sha1_base64="ElaVsdrnQUuPKVW3+I80xvJ7XU0="></latexit>

x
<latexit sha1_base64="9PtAB5AkcpCeQdJgVBQSwm1UaQI=">AAAB6HicbZDJSgNBEIZr4hbHLerRS2MQPIUZRfQiBr14TMAskAyhp1OTtOlZ6O4RQ8gTePGgiFd9GO9exLexsxw08YeGj/+voqvKTwRX2nG+rczC4tLySnbVXlvf2NzKbe9UVZxKhhUWi1jWfapQ8AgrmmuB9UQiDX2BNb93NcprdygVj6Mb3U/QC2kn4gFnVBurfN/K5Z2CMxaZB3cK+YsP+zx5/7JLrdxnsx2zNMRIM0GVarhOor0BlZozgUO7mSpMKOvRDjYMRjRE5Q3Ggw7JgXHaJIileZEmY/d3x4CGSvVD31SGVHfVbDYy/8saqQ7OvAGPklRjxCYfBakgOiajrUmbS2Ra9A1QJrmZlbAulZRpcxvbHMGdXXkeqkcF97hwUnbzxUuYKAt7sA+H4MIpFOEaSlABBggP8ATP1q31aL1Yr5PSjDXt2YU/st5+AEhjkEE=</latexit>



How to search for Lorentz violation?
We use a model-independent, effective 
field theory framework: the Standard-
Model Extension (SME)*

*D. Colladay, V. A. Kostelecký, PRD 55, 
6760 (1997); PRD 58, 1166002 (1998)  
*V. A. Kostelecký, PRD 69, 105009 (2004)

• “Coefficients for Lorentz violation” 
• Observer Lorentz tensors 
• Coupling constants 
• Necessarily small (perturbative) 
• Experimentally accessible!

Contains all possible terms that 
break Lorentz and CPT 
symmetry* consistent with the 
particle/field content of GR 
and the SM

*D. Colladay, V. A. Kostelecký, 
PRD 55, 6760 (1997) 
*O. W. Greenberg, Phys. Rev. 
Lett. 89, 231602 (2002)

CPTV        LV in realistic EFT*

LSME = LGR + LSM + LLV
<latexit sha1_base64="AN+fq0FLH82fac3Vvi2arL437wk="></latexit>

LLV =
P
i
kiµ⌫···O

µ⌫···
i

<latexit sha1_base64="9f/PoxdW6zSarHubsyYudmM3k4o="></latexit>

)
<latexit sha1_base64="hQ3NAvgUgTr/wai3MLewwM1w3Q8=">AAAB8nicbZDLSgMxFIYzXut4q7p0EyyCqzJTF7oRi25cVrEXaIeSSTNtaCYZkjNKGfoYblwo0q3v4d6N+Daml4W2/hD4+P9zyDknTAQ34HnfztLyyuraem7D3dza3tnN7+3XjEo1ZVWqhNKNkBgmuGRV4CBYI9GMxKFg9bB/Pc7rD0wbruQ9DBIWxKQrecQpAWs1W3e82wOitXps5wte0ZsIL4I/g8Llh3uRjL7cSjv/2eoomsZMAhXEmKbvJRBkRAOngg3dVmpYQmifdFnToiQxM0E2GXmIj63TwZHS9knAE/d3R0ZiYwZxaCtjAj0zn43N/7JmCtF5kHGZpMAknX4UpQKDwuP9cYdrRkEMLBCquZ0V0x7RhIK9kmuP4M+vvAi1UtE/LZZu/UL5Ck2VQ4foCJ0gH52hMrpBFVRFFCn0hF7QqwPOs/PmjKalS86s5wD9kfP+A/JAlK8=</latexit>



100s of bounds for nearly every 
major subfield of physics

Much of the QCD sector is yet to be explored!

How to search for Lorentz violation?



High-energy hadrons
Consider a high-energy hadron

The partons have momenta that scale like  

pµ =

(
p+,

M2

2p+
, 0⊥

)
, p+ ≫ M

pµ

pµ

Fraction of plus momenta is boost invariant, leading to familiar 
parameterization for high-energy, massless, on-shell partons within hadrons 

ξ ≡ k+/p+

kµ = ξpµ

pµkµ
<latexit sha1_base64="ijTe2KTgGOC59fgqAt/73WEIgZc=">AAAB7HicbZC7SgNBFIbPxluMt6ilzWAQYhN2I6idARvLCG4SyK5hdjKbDJmdXWZmhbDkGdJYKGLrU1j5CHY+iL2TS6GJPwx8/P85zDknSDhT2ra/rNzK6tr6Rn6zsLW9s7tX3D9oqDiVhLok5rFsBVhRzgR1NdOcthJJcRRw2gwG15O8+UClYrG408OE+hHuCRYygrWx3MG9F6WdYsmu2FOhZXDmULp6L39/jL3Teqf46XVjkkZUaMKxUm3HTrSfYakZ4XRU8FJFE0wGuEfbBgWOqPKz6bAjdGKcLgpjaZ7QaOr+7shwpNQwCkxlhHVfLWYT87+snerw0s+YSFJNBZl9FKYc6RhNNkddJinRfGgAE8nMrIj0scREm/sUzBGcxZWXoVGtOGeV6q1Tqp3DTHk4gmMogwMXUIMbqIMLBBiM4QmeLWE9Wi/W66w0Z817DuGPrLcfIkiSlg==</latexit>

Covariant expression; can be used in any frame

kµ ⇠

⇣
p+, M2

2p+ ,M
⌘
+O(M/p+)

<latexit sha1_base64="kk6UO3CW9rwImSxkZzB9JuErHCQ="></latexit>



Quark-sector Lorentz-violating effects
Massless quarks modified by Lorentz-violating effects

L = 1
2  ̄(�

µiDµ + bQ) + h.c.
<latexit sha1_base64="XdwMLvlePIYJ6q4ReKQpMLJUeCk="></latexit>

1
2  ̄

bQ ��
⇣
a(3)

⌘µ

AB
 ̄A�µ B �

⇣
b(3)

⌘µ

AB
 ̄A�5�µ B + · · ·

+
⇣
c(4)

⌘µ⌫

AB
 ̄A�µiD⌫ B +

⇣
d(4)

⌘µ⌫

AB
 ̄A�5�µiD⌫ B · · ·

�
⇣
a(5)

⌘µ↵�

AB
 ̄A�µiD(↵iD�) B + · · ·

<latexit sha1_base64="khLbwjw65uR0pRyXNIsLcchpAyw=">AAAEgXicnVNda9swFFUTb+u8j6bb417EsoWE0mCnCxvspc32sMcW1g+IUiPLciIqy0aSN4LQ79j/2tv+zJjieJAmKZQKDFf33nPOvfK9ccGZ0kHwZ6fR9B49frL71H/2/MXLvdb+qwuVl5LQc5LzXF7FWFHOBD3XTHN6VUiKs5jTy/jmyyJ++YNKxXLxXc8LOsnwVLCUEaydK9pv/EIxnTJhMGdTYX2kU4mJCa0ZWBRjiQrFUC VjJE2sQT9ZQmdYG5RhPSOYmzNrbZ0Rc0xu7AICkSoLRTXswMMVOEScprqLr033qGeRZNOZ7kXmZGSvHWG5xlPLRydoirMMRy6juo+2ccYP4xxucB8gkuRaQSRyUWYxlRAhv3OworgUJE7wwxZBJO7RB2RfI5f4XxJusCcPZh/eobKlLejDzh2/Z7hNG/Niht28aHy/Dk13CYG2ulVI2LMrXd8uyUdUJPUkRq120A+qAzeNsDbaoD6nUes3SnJSZlRowrFS4zAo9MRgqRnh1E12qWjhqsVTOnamwBlVE1O1YeF750lgmkv3CQ0r7yrC4EypeRa7zMXcq/XYwrktNi51+mlimChKTQVZCqUlhzqHi3WECZOUaD53BiaSuVohmWG3gtotre8eIVxvedO4GPTDo/7wbNA+HtXPsQvegLegC0LwERyDb+AUnAPS+Nt81zxs9r2m1/MCb7BMbezUmNfg1vE+/wNzgYbm</latexit>

E.g. general modified kinetic terms 

We consider the following (spin-independent, flavor-diagonal) effects

L =
X

f=u,d

1
2  ̄f�

µiDµ f + 1
2 (c

(4)
f )µ⌫ ̄f�µiD⌫ f

� (a(5)f )µ↵� ̄f�µiD(↵iD�) f + h.c.
<latexit sha1_base64="fd+GJ+3cobax8dD+u/gXyTKfpL0="></latexit>



Quark-sector Lorentz-violating effects

Modified Dirac equation

                     is no longer consistent kµ = ⇠pµ
<latexit sha1_base64="c2j+i4Nt2W820KJYvHASK/pnDmo=">AAAB+nicbZDLSgMxFIYzXmu9TXWpSLAIrspMXehGKLpx2YK9QKeWTJppQ5PMkGTUMnbpY7hxoYhbF30Odz6DL2Gm7UJbfwh8/OcczsnvR4wq7Thf1sLi0vLKamYtu76xubVt53ZqKowlJlUcslA2fKQIo4JUNdWMNCJJEPcZqfv9y7RevyVS0VBc60FEWhx1BQ0oRtpYbTvXv/F4DM+hd09hlHLbzjsFZyw4D+4U8qX9UeX78WBUbtufXifEMSdCY4aUarpOpFsJkppiRoZZL1YkQriPuqRpUCBOVCsZnz6ER8bpwCCU5gkNx+7viQRxpQbcN50c6Z6araXmf7VmrIOzVkJFFGsi8GRREDOoQ5jmADtUEqzZwADCkppbIe4hibA2aWVNCO7sl+ehViy4J4Vixc2XLsBEGbAHDsExcMEpKIErUAZVgMEdeAIv4NV6sJ6tN+t90rpgTWd2wR9ZHz8QX5bu</latexit>

Instead, for a covariant definition to be retained ekµ = ⇠pµ
<latexit sha1_base64="NGr84N0GLs6ZQAtoucYU21t8A4E=">AAACBnicbZC7SgNBFIZn4y3GW9TSC4NBsAq7sdBGCNpYJmAukI1hdvYkGTJ7YWZWDUsqEXwVGwtFTOkz2PkMvoSzSQpN/GHg4z/ncOb8TsiZVKb5ZaTm5hcWl9LLmZXVtfWN7OZWVQaRoFChAQ9E3SESOPOhopjiUA8FEM/hUHN6F0m9dgNCssC/Uv0Qmh7p+KzNKFHaamX37FvmgmLchbg3uLa9CJ9h+47hMOFWNmfmzZHwLFgTyBV3h+Xvh/1hqZX9tN2ARh74inIiZcMyQ9WMiVCMchhk7EhCSGiPdKCh0SceyGY8OmOAD7Xj4nYg9PMVHrm/J2LiSdn3HN3pEdWV07XE/K/WiFT7tBkzP4wU+HS8qB1xrAKcZIJdJoAq3tdAqGD6r5h2iSBU6eQyOgRr+uRZqBby1nG+ULZyxXM0VhrtoAN0hCx0goroEpVQBVF0j57QC3o1Ho1n4814H7emjMnMNvoj4+MH6sucdQ==</latexit>

Dispersion relation 

E2 = |~k|2 +O(coe�cients)
<latexit sha1_base64="5VFSZaUPNEqT+7aQNw9TakS3lWc="></latexit>

The light-cone decomposition no longer necessarily true

kµ ⇠

⇣
p+, M2

2p+ ,M
⌘
+O(M/p+)

<latexit sha1_base64="kk6UO3CW9rwImSxkZzB9JuErHCQ="></latexit>

ek2 = k2 +O(coe�cients) = 0
<latexit sha1_base64="5RCvOqNsWp5WT6beNM5xKA3q25g="></latexit>

[(⌘µ⌫ + cµ⌫f )�µi@µ � a(5)µ↵�f �µi@↵i@� ] f = 0
<latexit sha1_base64="eKNbakKNDGnJ4ZHjHDUxLm7AUQk="></latexit>



pµkµ = ⇠pµ
<latexit sha1_base64="c2j+i4Nt2W820KJYvHASK/pnDmo=">AAAB+nicbZDLSgMxFIYzXmu9TXWpSLAIrspMXehGKLpx2YK9QKeWTJppQ5PMkGTUMnbpY7hxoYhbF30Odz6DL2Gm7UJbfwh8/OcczsnvR4wq7Thf1sLi0vLKamYtu76xubVt53ZqKowlJlUcslA2fKQIo4JUNdWMNCJJEPcZqfv9y7RevyVS0VBc60FEWhx1BQ0oRtpYbTvXv/F4DM+hd09hlHLbzjsFZyw4D+4U8qX9UeX78WBUbtufXifEMSdCY4aUarpOpFsJkppiRoZZL1YkQriPuqRpUCBOVCsZnz6ER8bpwCCU5gkNx+7viQRxpQbcN50c6Z6araXmf7VmrIOzVkJFFGsi8GRREDOoQ5jmADtUEqzZwADCkppbIe4hibA2aWVNCO7sl+ehViy4J4Vixc2XLsBEGbAHDsExcMEpKIErUAZVgMEdeAIv4NV6sJ6tN+t90rpgTWd2wR9ZHz8QX5bu</latexit>

kµ
<latexit sha1_base64="j8RecUyJO6bnhxmSJHZmC6bBGUc=">AAAB7XicbZC7SgNBFIbPxltcb1FLm8EgWIXdWGgjBm0sI5gLJGuYncwmY2Zml5lZISx5BxsLRWwsfBR7G/FtnCQWmvjDwMf/n8Occ8KEM20878vJLSwuLa/kV9219Y3NrcL2Tl3HqSK0RmIeq2aINeVM0pphhtNmoigWIaeNcHAxzht3VGkWy2szTGggcE+yiBFsrFUf3LRFijqFolfyJkLz4P9A8ezdPU1eP91qp/DR7sYkFVQawrHWLd9LTJBhZRjhdOS2U00TTAa4R1sWJRZUB9lk2hE6sE4XRbGyTxo0cX93ZFhoPRShrRTY9PVsNjb/y1qpiU6CjMkkNVSS6UdRypGJ0Xh11GWKEsOHFjBRzM6KSB8rTIw9kGuP4M+uPA/1csk/KpWv/GLlHKbKwx7swyH4cAwVuIQq1IDALdzDIzw5sfPgPDsv09Kc89OzC3/kvH0Dk1CSHw==</latexit>

ekµ = ⇠pµ
<latexit sha1_base64="NGr84N0GLs6ZQAtoucYU21t8A4E=">AAACBnicbZC7SgNBFIZn4y3GW9TSC4NBsAq7sdBGCNpYJmAukI1hdvYkGTJ7YWZWDUsqEXwVGwtFTOkz2PkMvoSzSQpN/GHg4z/ncOb8TsiZVKb5ZaTm5hcWl9LLmZXVtfWN7OZWVQaRoFChAQ9E3SESOPOhopjiUA8FEM/hUHN6F0m9dgNCssC/Uv0Qmh7p+KzNKFHaamX37FvmgmLchbg3uLa9CJ9h+47hMOFWNmfmzZHwLFgTyBV3h+Xvh/1hqZX9tN2ARh74inIiZcMyQ9WMiVCMchhk7EhCSGiPdKCh0SceyGY8OmOAD7Xj4nYg9PMVHrm/J2LiSdn3HN3pEdWV07XE/K/WiFT7tBkzP4wU+HS8qB1xrAKcZIJdJoAq3tdAqGD6r5h2iSBU6eQyOgRr+uRZqBby1nG+ULZyxXM0VhrtoAN0hCx0goroEpVQBVF0j57QC3o1Ho1n4814H7emjMnMNvoj4+MH6sucdQ==</latexit>



Application I: deep inelastic scattering (DIS)

� ⇠
Z

d⇠�parton(⇠)f(⇠) + small corrections
<latexit sha1_base64="Xd0YyVApFcd6u6o9cDfRfrToJr4="></latexit>

⇠<latexit sha1_base64="ukIVJQDqYuB0Gg+D9X7H87o1zdo=">AAAB63icbZDLSgMxFIbPeK3jrerSTbAIrspMXehGLLpxWcFeoB1KJs20oUlmSDJCGfoKblwo4k58FvduxLcx03ahrT8EPv7/HHLOCRPOtPG8b2dpeWV1bb2w4W5ube/sFvf2GzpOFaF1EvNYtUKsKWeS1g0znLYSRbEIOW2Gw+s8b95TpVks78wooYHAfckiRrDJrY5molsseWVvIrQI/gxKlx/uRfL25da6xc9OLyapoNIQjr Vu+15iggwrwwinY7eTappgMsR92rYosaA6yCazjtGxdXooipV90qCJ+7sjw0LrkQhtpcBmoOez3Pwva6cmOg8yJpPUUEmmH0UpRyZG+eKoxxQlho8sYKKYnRWRAVaYGHse1x7Bn195ERqVsn9artz6peoVTFWAQziCE/DhDKpwAzWoA4EBPMATPDvCeXRenNdp6ZIz6zmAP3LefwCA1JGJ</latexit> + · · ·
<latexit sha1_base64="75xK0dwgo5HpvOteuMI5JzLMwPw=">AAAB7nicbZDLSgMxFIYzXtt6q7p0EyyCIJSZutBl0Y3LCvaC7VAymUwbmpmE5IxYhj6EG0FF3LrzXdz5NJpeFtr6Q+Dj/88h55xACW7Adb+cpeWV1bX1XL6wsbm1vVPc3WsYmWrK6lQKqVsBMUzwhNWBg2AtpRmJA8GaweBynDfvmDZcJjcwVMyPSS/hEacErNU86dBQgukWS27ZnQgvgjeDUjWvnm4/7r9r3eJnJ5Q0jVkCVBBj2p6rwM+IBk4FGxU6qWGK0AHpsbbFhMTM+Nlk3BE+sk6II6ntSwBP3N8dGYmNGcaBrYwJ9M18Njb/y9opROd+xhOVAkvo9KMoFRgkHu+OQ64ZBTG0QKjmdlZM+0QTCvZCBXsEb37lRWhUyt5puXLtlaoXaKocOkCH6Bh56AxV0RWqoTqiaIAe0DN6cZTz6Lw6b9PSJWfWs4/+yHn/ATZTkzc=</latexit>

⇠<latexit sha1_base64="ukIVJQDqYuB0Gg+D9X7H87o1zdo=">AAAB63icbZDLSgMxFIbPeK3jrerSTbAIrspMXehGLLpxWcFeoB1KJs20oUlmSDJCGfoKblwo4k58FvduxLcx03ahrT8EPv7/HHLOCRPOtPG8b2dpeWV1bb2w4W5ube/sFvf2GzpOFaF1EvNYtUKsKWeS1g0znLYSRbEIOW2Gw+s8b95TpVks78wooYHAfckiRrDJrY5molsseWVvIrQI/gxKlx/uRfL25da6xc9OLyapoNIQjrVu+15iggwrwwinY7eTappgMsR92rYosaA6yCazjtGxdXooipV90qCJ+7sjw0LrkQhtpcBmoOez3Pwva6cmOg8yJpPUUEmmH0UpRyZG+eKoxxQlho8sYKKYnRWRAVaYGHse1x7Bn195ERqVsn9artz6peoVTFWAQziCE/DhDKpwAzWoA4EBPMATPDvCeXRenNdp6ZIz6zmAP3LefwCA1JGJ</latexit> hhadron|�+|hadroni
<latexit sha1_base64="S+ZBzZj96TMBL7Sq0n9u1LSWTN0="></latexit>

• kinematical corrections 
• radiative effects

2q

ξp

l
<latexit sha1_base64="lKwL3NYvjen+XJCuY41/BdYepbI=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIXdWGgjBm0sEzAXSJYwOzmbjJmdXWZmhbDkCWwsFLHVh7G3Ed/GyaXQ6A8DH/9/DnPOCRLOlHbdLyu3tLyyupZftzc2t7Z3Crt7DRWnkmKdxjyWrYAo5ExgXTPNsZVIJFHAsRkMryZ58w6lYrG40aME/Yj0BQsZJdpYNd4tFN2SO5XzF7w5FC/e7fPk7dOudgsfnV5M0wiFppwo1fbcRPsZkZpRjmO7kypMCB2SPrYNChKh8rPpoGPnyDg9J4yleUI7U/dnR0YipUZRYCojogdqMZuY/2XtVIdnfsZEkmoUdPZRmHJHx85ka6fHJFLNRwYIlczM6tABkYRqcxvbHMFbXPkvNMol76RUrnnFyiXMlIcDOIRj8OAUKnANVagDBYR7eIQn69Z6sJ6tl1lpzpr37MMvWa/fNT2QMg==</latexit> l0

<latexit sha1_base64="ef3BGM0splQaD4yA6HtJYav4W3Y=">AAAB6XicbZDLSgMxFIbPeK3jrerSTbCIrspMXehGLLpxWcVeoB1KJs20oZlMSDJCGfoGblwo4rYP496N+Daml4W2/hD4+P9zyDknlJxp43nfztLyyuraem7D3dza3tnN7+3XdJIqQqsk4YlqhFhTzgStGmY4bUhFcRxyWg/7N+O8/kiVZol4MANJgxh3BYsYwcZa9/yknS94RW8itAj+DApXH+6lHH25lXb+s9VJSBpTYQjHWjd9T5ogw8owwunQbaWaSkz6uEubFgWOqQ6yyaRDdGydDooSZZ8waOL+7shwrPUgDm1ljE1Pz2dj87+smZroIsiYkKmhgkw/ilKOTILGa6MOU5QYPrCAiWJ2VkR6WGFi7HFcewR/fuVFqJWK/lmxdOcXytcwVQ4O4QhOwYdzKMMtVKAKBCJ4ghd4dfrOs/PmvE9Ll5xZzwH8kTP6AZWpkGM=</latexit>

q
<latexit sha1_base64="V0rQmMELEF+WGK0Pp1lKElOIlg4=">AAAB6HicbZC7SgNBFIbPxluMt6ilIoNBsAq7sdAyaGOZgLlAsoTZydlkzOzFmVkhLCmtbCwUsfUp8hx2PoMv4eRSaPSHgY//P4c553ix4Erb9qeVWVpeWV3Lruc2Nre2d/K7e3UVJZJhjUUikk2PKhQ8xJrmWmAzlkgDT2DDG1xN8sY9SsWj8EYPY3QD2gu5zxnVxqredfIFu2hPRf6CM4dC+XBc/Xo4Glc6+Y92N2JJgKFmgirVcuxYuymVmjOBo1w7URhTNqA9bBkMaYDKTaeDjsiJcbrEj6R5oSZT92dHSgOlhoFnKgOq+2oxm5j/Za1E+xduysM40Riy2Ud+IoiOyGRr0uUSmRZDA5RJbmYlrE8lZdrcJmeO4Cyu/BfqpaJzVixVnUL5EmbKwgEcwyk4cA5luIYK1IABwiM8w4t1az1Zr9bbrDRjzXv24Zes92/KOpCh</latexit>

p
<latexit sha1_base64="BwpPxwBjOuOmyz0fSekCnW3Fr/w=">AAAB6HicbZC7SgNBFIbPxluMt6ilIoNBsAq7sdAyaGOZgLlAsoTZydlkzOyFmVkhLCmtbCwUsfUp8hx2PoMv4eRSaOIPAx//fw5zzvFiwZW27S8rs7K6tr6R3cxtbe/s7uX3D+oqSiTDGotEJJseVSh4iDXNtcBmLJEGnsCGN7iZ5I0HlIpH4Z0exugGtBdynzOqjVWNO/mCXbSnIsvgzKFQPh5Xvx9PxpVO/rPdjVgSYKiZoEq1HDvWbkql5kzgKNdOFMaUDWgPWwZDGqBy0+mgI3JmnC7xI2leqMnU/d2R0kCpYeCZyoDqvlrMJuZ/WSvR/pWb8jBONIZs9pGfCKIjMtmadLlEpsXQAGWSm1kJ61NJmTa3yZkjOIsrL0O9VHQuiqWqUyhfw0xZOIJTOAcHLqEMt1CBGjBAeIIXeLXurWfrzXqflWasec8h/JH18QPItpCg</latexit>

X
<latexit sha1_base64="tsShLXCpAfDyMlsDIAk+3347COg=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIXdWGgjBm0sEzAXSJYwOzmbjJmdXWZmhbDkCWwsFLHVh7G3Ed/GyaXQ6A8DH/9/DnPOCRLOlHbdLyu3tLyyupZftzc2t7Z3Crt7DRWnkmKdxjyWrYAo5ExgXTPNsZVIJFHAsRkMryZ58w6lYrG40aME/Yj0BQsZJdpYtVa3UHRL7lTOX/DmULx4t8+Tt0+72i18dHoxTSMUmnKiVNtzE+1nRGpGOY7tTqowIXRI+tg2KEiEys+mg46dI+P0nDCW5gntTN2fHRmJlBpFgamMiB6oxWxi/pe1Ux2e+RkTSapR0NlHYcodHTuTrZ0ek0g1HxkgVDIzq0MHRBKqzW1scwRvceW/0CiXvJNSueYVK5cwUx4O4BCOwYNTqMA1VKEOFBDu4RGerFvrwXq2XmalOWvesw+/ZL1+AxbtkB4=</latexit>

Tµ⌫ = i

Z
d4weiq·whp, s|Tj†µ(w)j⌫(0)|p, sic

� / Lµ⌫ImTµ⌫
<latexit sha1_base64="4ftN3aLUhUmScNfBUzwV4rQPXlc="></latexit>

What happens when Lorentz violation is present?

Factorization in DIS limit most simply shown 
in frame where ~p+ ~q = ~0

<latexit sha1_base64="xj5PB5x5RBzyGWVi36nhN6uFzkA=">AAACAXicbZDLSsNAFIZP6q3WW9SN4GawCIJQUiteFkLRjcsK9gJtKJPppB06uTgzKZRQN76KGxeKuPUt3Pk2TtIgav1h4OM/53Dm/E7ImVSW9Wnk5uYXFpfyy4WV1bX1DXNzqyGDSBBaJwEPRMvBknLm07piitNWKCj2HE6bzvAqqTdHVEgW+LdqHFLbw32fuYxgpa2uudMZUYJCdIhSuEMXU7C6ZtEqWanQLJQzKEKmWtf86PQCEnnUV4RjKdtlK1R2jIVihNNJoRNJGmIyxH3a1uhjj0o7Ti+YoH3t9JAbCP18hVL350SMPSnHnqM7PawG8m8tMf+rtSPlntkx88NIUZ9MF7kRRypASRyoxwQlio81YCKY/isiAywwUTq0QhrCeaKT75NnoXFUKldKlZvjYvUyiyMPu7AHB1CGU6jCNdSgDgTu4RGe4cV4MJ6MV+Nt2pozsplt+CXj/QtCHZT5</latexit>



In the presence of Lorentz violation, factorization occurs in a modified Breit frame 

~p+ e~q = ~0
<latexit sha1_base64="mTQ51M455nvKfhmKcBEryPWiO64=">AAACDXicbZC7SgNBFIZn4y3G26qlIoNREISwGwtthKCNZQLmAkkIs7MnyeDsxZnZSFhS2tj4KjZCFLG1t/MZfAknmxSa+MPAx3/O4cz5nZAzqSzry0jNzS8sLqWXMyura+sb5uZWRQaRoFCmAQ9EzSESOPOhrJjiUAsFEM/hUHVuLkf1ag+EZIF/rfohND3S8VmbUaK01TIPGj2gOMTHuHHHXFCMuxAn3u0An+OErJaZtXJWIjwL9gSyhd1h6ft+b1hsmZ8NN6CRB76inEhZt61QNWMiFKMcBplGJCEk9IZ0oK7RJx7IZpxcM8CH2nFxOxD6+Qon7u+JmHhS9j1Hd3pEdeV0bWT+V6tHqn3WjJkfRgp8Ol7UjjhWAR5Fg10mgCre10CoYPqvmHaJIFTpADM6BHv65Fmo5HP2SS5fsrOFCzRWGu2gfXSEbHSKCugKFVEZUfSAntALejUejWfjzXgft6aMycw2+iPj4wcHQp31</latexit>

Application I: deep inelastic scattering (DIS)

eq ⌘ ]k + q � ek
<latexit sha1_base64="i1S3+it0EVHVipXhQL52bhy29+4=">AAACHHicbZDJSgNBEIZ74hbjFvXopTEIghgmRlxuQS8eI5gFMkPo6alJmvQs6e6JhGEexIuv4sWDIl48CL6NnQWJxh8afr6qorp+J+JMKtP8MjILi0vLK9nV3Nr6xuZWfnunLsNYUKjRkIei6RAJnAVQU0xxaEYCiO9waDi961G9MQAhWRjcqWEEtk86AfMYJUqjdr5s3TMXFOMuJP0UW9CP2QDPwN6RxsezIG3nC2bRHAvPm9LUFNBU1Xb+w3JDGvsQKMqJlK2SGSk7IUIxyiHNWbGEiNAe6UBL24D4IO1kfFyKDzRxsRcK/QKFx3R2IiG+lEPf0Z0+UV35tzaC/9VasfIu7IQFUawgoJNFXsyxCvEoKewyAVTxoTaECqb/immXCEKVzjM3DuFypLOfk+dN/aRYKhfLt6eFytU0jizaQ/voEJXQOaqgG1RFNUTRA3pCL+jVeDSejTfjfdKaMaYzu+iXjM9vgp2jAw==</latexit>

Calculate the imaginary part of internal propagator

Im
1

ek2 + i✏
= �⇡

h
�(ek2)✓(k0) + �(f�k

2
)✓(�k0)

i

<latexit sha1_base64="7YvMnhMVPQSs4kgUSwdmhgLA25I="></latexit>

Quark initiated Antiquark initiated

Contributes to 

Will focus on quark contribution

ek
<latexit sha1_base64="wqbNOUoOX1DNgEE5RKYxAwucayc=">AAAB9HicbVDLSsNAFJ3UV62vqks3g0VwVdJWfOwKblxWsA9oQ5lMbtqhk0mcmVRK6He4caGIWz/GnX/jJA2i1gMXDufcy733uBFnStv2p1VYWV1b3yhulra2d3b3yvsHHRXGkkKbhjyUPZco4ExAWzPNoRdJIIHLoetOrlO/OwWpWCju9CwCJyAjwXxGiTaSM3hgHmjGPcATPCxX7KqdAS+TWk4qKEdrWP4YeCGNAxCacqJUv2ZH2kmI1IxymJcGsYKI0AkZQd9QQQJQTpIdPccnRvGwH0pTQuNM/TmRkECpWeCazoDosfrrpeJ/Xj/W/qWTMBHFGgRdLPJjjnWI0wSwxyRQzWeGECqZuRXTMZGEapNTKQvhKsX598vLpFOv1hrVxu1ZpVnP4yiiI3SMTlENXaAmukEt1EYU3aNH9IxerKn1ZL1ab4vWgpXPHKJfsN6/AFVvkeU=</latexit>

p
<latexit sha1_base64="hHD8WLvrz7C2eTNo/5mDb8O95co=">AAAB6HicbVDJSgNBEK2JW4xb1KOXxiB4CjNRXG4BLx4TMAskQ+jp1CRteha6e4Qw5Au8eFDEq5/kzb+xMxlEjQ8KHu9VUVXPiwVX2rY/rcLK6tr6RnGztLW9s7tX3j9oqyiRDFssEpHselSh4CG2NNcCu7FEGngCO97kZu53HlAqHoV3ehqjG9BRyH3OqDZSMx6UK3bVzkCWiZOTCuRoDMof/WHEkgBDzQRVqufYsXZTKjVnAmelfqIwpmxCR9gzNKQBKjfNDp2RE6MMiR9JU6EmmfpzIqWBUtPAM50B1WP115uL/3m9RPtXbsrDONEYssUiPxFER2T+NRlyiUyLqSGUSW5uJWxMJWXaZFPKQrie4+L75WXSrlWds+pZ87xSr+VxFOEIjuEUHLiEOtxCA1rAAOERnuHFureerFfrbdFasPKZQ/gF6/0L7hGNGw==</latexit>

eq
<latexit sha1_base64="+xBQ1po7CjebVFCgiEYHx7o6FS4=">AAAB9HicbVDLSsNAFJ34rPVVdelmsAiuStKKj13BjcsK9gFtKJPJTTt0MklnJpUS+h1uXCji1o9x5984TYOo9cCFwzn3cu89XsyZ0rb9aa2srq1vbBa2its7u3v7pYPDlooSSaFJIx7JjkcUcCagqZnm0IklkNDj0PZGN3O/PQGpWCTu9TQGNyQDwQJGiTaS23tgPmjGfUjHs36pbFfsDHiZODkpoxyNfumj50c0CUFoyolSXceOtZsSqRnlMCv2EgUxoSMygK6hgoSg3DQ7eoZPjeLjIJKmhMaZ+nMiJaFS09AznSHRQ/XXm4v/ed1EB1duykScaBB0sShIONYRnieAfSaBaj41hFDJzK2YDokkVJucilkI13NcfL+8TFrVilOr1O7Oy/VqHkcBHaMTdIYcdInq6BY1UBNRNEaP6Bm9WBPryXq13hatK1Y+c4R+wXr/AnYykqM=</latexit>



Example: Lc � 1
2c

µ⌫
f  ̄f (x)i�µ

$
@ ⌫ f (x)

<latexit sha1_base64="odOHJmqtwvCvqnv+bZ1voInwczE="></latexit>

⇠<latexit sha1_base64="ukIVJQDqYuB0Gg+D9X7H87o1zdo=">AAAB63icbZDLSgMxFIbPeK3jrerSTbAIrspMXehGLLpxWcFeoB1KJs20oUlmSDJCGfoKblwo4k58FvduxLcx03ahrT8EPv7/HHLOCRPOtPG8b2dpeWV1bb2w4W5ube/sFvf2GzpOFaF1EvNYtUKsKWeS1g0znLYSRbEIOW2Gw+s8b95TpVks78wooYHAfckiRrDJrY5molsseWVvIrQI/gxKlx/uRfL25da6xc9OLyapoNIQjrVu+15iggwrwwinY7eTappgMsR92rYosaA6yCazjtGxdXooipV90qCJ+7sjw0LrkQhtpcBmoOez3Pwva6cmOg8yJpPUUEmmH0UpRyZG+eKoxxQlho8sYKKYnRWRAVaYGHse1x7Bn195ERqVsn9artz6peoVTFWAQziCE/DhDKpwAzWoA4EBPMATPDvCeXRenNdp6ZIz6zmAP3LefwCA1JGJ</latexit>

2

ξp

⇠<latexit sha1_base64="ukIVJQDqYuB0Gg+D9X7H87o1zdo=">AAAB63icbZDLSgMxFIbPeK3jrerSTbAIrspMXehGLLpxWcFeoB1KJs20oUlmSDJCGfoKblwo4k58FvduxLcx03ahrT8EPv7/HHLOCRPOtPG8b2dpeWV1bb2w4W5ube/sFvf2GzpOFaF1EvNYtUKsKWeS1g0znLYSRbEIOW2Gw+s8b95TpVks78wooYHAfckiRrDJrY5molsseWVvIrQI/gxKlx/uRfL25da6xc9OLyapoNIQjrVu+15iggwrwwinY7eTappgMsR92rYosaA6yCazjtGxdXooipV90qCJ+7sjw0LrkQhtpcBmoOez3Pwva6cmOg8yJpPUUEmmH0UpRyZG+eKoxxQlho8sYKKYnRWRAVaYGHse1x7Bn195ERqVsn9artz6peoVTFWAQziCE/DhDKpwAzWoA4EBPMATPDvCeXRenNdp6ZIz6zmAP3LefwCA1JGJ</latexit> ff (⇠, · · ·) =
Z
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�µn
µ

2  (0)|pi
<latexit sha1_base64="yXo1tcRu8BX4/8rj47x07mPTGnE="></latexit>
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1
(⇠p↵+q↵+c↵�

f q�)�↵+i✏
(�⌫ + c↵⌫f �↵)��⇠p�

�

<latexit sha1_base64="4clUVceUJOuocz8RdlK9dYmicRw="></latexit>

hhadron|�+|hadroni
<latexit sha1_base64="JlZ8TV44kf/+THPjvS9qxvj5nUM=">AAACHXicbVDLahtBEJy1k1hWXrJzNIQhIhAIiF074JyMwAfnaIP1AK0iekctadDM7DLTGyxW+hD74l/xJYcY40MuwX+T0eMQyykYKKqq6elKMiUdheFDsLH57PmLrdJ2+eWr12/eVnZ2my7NrcCGSFVq2wk4VNJggyQpbGcWQScKW8n4eO63fqB1MjXnNMmwq2Fo5EAKIC/1Kl9iBWaokMeEF1SMoG9TM5vGJ6A1fP9cnj7SY7 sI9yrVsBYuwJ+SaEWq9feXc1yd9iq/434qco2GhALnOlGYUbcAS1IonJXj3GEGYgxD7HhqQKPrFovrZvyjV/p8kFr/DPGF+u9EAdq5iU58UgON3Lo3F//ndXIafO0W0mQ5oRHLRYNccUr5vCrelxYFqYknIKz0f+ViBBYE+ULLvoRo/eSnpLlfiw5q+2dRtX7EliixPfaBfWIRO2R19o2dsgYT7IrdsF/sNrgOfgZ3wf0yuhGsZt6xRwj+/AXUfqdd</latexit>

nµ + cµ↵f n↵
<latexit sha1_base64="G0Kyalizwl0Aqa/hj2EMcIPC2lc="></latexit>

ekµf = kµ + cµ⌫f k⌫

eqµf = qµ + cµ⌫f q⌫
<latexit sha1_base64="xS5iU98Y8ZIHesf0O761d9pDRb8="></latexit>

Application I: deep inelastic scattering (DIS)

ek = ⇠p
<latexit sha1_base64="QOs0BuY4jS6uTcftpf43aMFNOLM=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyWx4mMhFN24rGAf0IQymdy0QycPZiZqCQV/xY0LRdz6He78G5M0iFoPXDiccy/33uNEnEllGJ9aaW5+YXGpvFxZWV1b39A3t9oyjAWFFg15KLoOkcBZAC3FFIduJID4DoeOM7rM/M4tCMnC4EaNI7B9MgiYxyhRqdTXd6w75oJi3IVkNMHn2LpnOOrrVaNm5MCzxCxIFRVo9vUPyw1p7EOgKCdS9kwjUnZChGKUw6RixRIiQkdkAL2UBsQHaSf5+RO8nyou9kKRVqBwrv6cSIgv5dh30k6fqKH862Xif14vVt6pnbAgihUEdLrIizlWIc6ywC4TQBUfp4RQwdJbMR0SQahKE6vkIZxlOP5+eZa0D2tmvVa/Pqo2Loo4ymgX7aEDZKIT1EBXqIlaiKIEPaJn9KI9aE/aq/Y2bS1pxcw2+gXt/Qu9ZpV4</latexit>

With on-shell parameterization

“Shifted” conventional scenario



Using data from HERA, the LHC, and the future electron-ion collider 
(EIC) we obtain estimates on the sensitivity to the coefficients of interest

Technique relies on coefficient combinations that exhibit 
sidereal time dependence

pe−

σ(t)

t
<latexit sha1_base64="iV91qxTxxCNI027uKWR2AEuFCJ8=">AAAB6HicbZDJSgNBEIZr4hbHLerRS2MQPIWZeFAEMeDFYwJmgSSEnk5N0qZnobtHCEOewIsHRbyqD+IzeBHfxs5y0MQfGj7+v4quKi8WXGnH+bYyS8srq2vZdXtjc2t7J7e7V1NRIhlWWSQi2fCoQsFDrGquBTZiiTTwBNa9wdU4r9+hVDwKb/QwxnZAeyH3OaPaWBXdyeWdgjMRWQR3BvnLj7cv+yJ+L3dyn61uxJIAQ80EVarpOrFup1RqzgSO7FaiMKZsQHvYNBjSAFU7nQw6IkfG6RI/kuaFmkzc3x0pDZQaBp6pDKjuq/lsbP6XNRPtn7VTHsaJxpBNP/ITQXRExluTLpfItBgaoExyMythfSop0+Y2tjmCO7/yItSKBfekUKy4+dI5TJWFAziEY3DhFEpwDWWoAgOEe3iEJ+vWerCerZdpacaa9ezDH1mvPwWpkMU=</latexit>

Estimating sensitivities at colliders 

�(t) ⇠ �SM(1 + c0 + c1 cos(!�T�) + c2 cos(2!�T�) + · · · )
<latexit sha1_base64="u5ToZ+WO4RnsKKxT0W41Bi+8svI="></latexit>

Coefficients also depend on laboratory colatitude and beam directions!

23 hrs 56 mins ⇠<latexit sha1_base64="7hHeOOAESAzBOkZUF7jtzCiOqDk=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4juCaQLGF2MpsMmccyMyuEJd/gxYMiXv0gb/6Nk2QPmljQUFR1090Vp5wZ6/vfXmlldW19o7xZ2dre2d2r7h88GpVpQkOiuNLtGBvKmaShZZbTdqopFjGnrXh0O/VbT1QbpuSDHac0EnggWcIItk4Ku4YJ1KvW/Lo/A1omQUFqUKDZq351+4pkgkpLODamE/ipjXKsLSOcTirdzNAUkxEe0I6jEgtqonx27ASdOKWPEqVdSYtm6u+JHAtjxiJ2nQLboVn0puJ/XiezyXWUM5lmlkoyX5RkHFmFpp+jPtOUWD52BBPN3K2IDLHGxLp8Ki6EYPHlZfJ4Vg/O65f3F7XGTRFHGY7gGE4hgCtowB00IQQCDJ7hFd486b14797HvLXkFTOH8Afe5w95Ao54</latexit>



Estimating sensitivities at colliders 
Extract bounds on coefficients: Using H1 and ZEUS combined 644 neutral-current 
DIS measurements (Eur. Phys. J. C75 (2015)). For each (x,Q) value:

• Integrate the SME cross section into 4 bins of a sidereal day 

• Generate 1000 normally-distributed pseudoexperiments about the reported 
cross section using total uncertainties 

• Build chi-square as a function of a single coefficient at a time.

For each (x,Q) value we:

• Minimize and extract 95% CL constraint

�2
i (x,Q

2, cµ⌫f ) =
nbinsP
m,n

[�SME(cµ⌫f )� �exp
i ]mC�1

mn[�
SME(cµ⌫f )� �exp

i ]n
<latexit sha1_base64="UtnDRoTJ7NO4I5S0KCxkV93RXmc="></latexit>



Generally speaking, region of most sensitivity at low x, low-moderate Q, and 
higher collision energies

Estimating sensitivities at colliders 



An actual experimental search 
36 coefficients for Lorentz violation which contribute to time-dependent 
effects have not been experimentally bounded

• Cross sections as functions of (x, Q) in (4-8) bins of sidereal time 

• Understanding of systematics: which uncertainties matter over the 
course of a few hours in a day? E.g., beam luminosity ~ constant? 

• Since SME cross section is different in each bin, can construct 
observables that partially shield against systematics

cTX
f , cTY

f , · · · , aTXY
Sf , aTXZ

Sf , · · ·
<latexit sha1_base64="hwpeajIgn/i0q9tLkkngPXXYqns="></latexit>

We have differential cross sections and understand the regions of kinematical 
sensitivity. Oscillations occur up to the third harmonic in sidereal frequency.

What is needed (?):

We would like to perform a study of ZEUS neutral-current DIS data for time-
dependent effects



Recap + Conclusions
A framework has been developed for studying quark-sector Lorentz 
violation in hadronic processes using the SME

Factorization at the parton level for DIS and the Drell-Yan process

Lorentz- and CPT-violating effects on PDFs deduced

Estimated limits for minimal spin-independent coefficients are improved 
and first determination of nonminimal coefficient sensitivities are placed

Many new experimental opportunities to search for Lorentz and CPT 
violation in DIS 

Thank you!

Consistency checks: Approach is consistent with the OPE and Ward identities


