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What is Lorentz violation?



What is Lorentz violation?
Lorentz invariance: the laws of physics are the same for all inertial observers
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Lorentz invariance: the laws of physics are the same for all inertial observers

 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>

)
<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

La � �aµ ̄�µ 
<latexit sha1_base64="7Q/vfzTy7x7VmDlT45r4WdWQl+g="></latexit>
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What is Lorentz violation?
A particle transformation is a transformation of the physical system itself



What is Lorentz violation?

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

A particle transformation is a transformation of the physical system itself

 (x)
<latexit sha1_base64="Ac4XsOUBte2rBA4HyUhCFo9Mw+E=">AAAB7nicbZDLSsNAFIZPvNZ6q7p0M7QIFaEkdaHLoBuXFewFmlAm00k7dDIJMxMxhD6EIC4UcevzuOvbOL0stPWHgY//P4c55wQJZ0rb9sRaW9/Y3Nou7BR39/YPDktHxy0Vp5LQJol5LDsBVpQzQZuaaU47iaQ4CjhtB6Pbad5+pFKxWDzoLKF+hAeChYxgbay2lyhWfTrvlSp2zZ4JrYKzgIpb9i5eJm7W6JW+vX5M0ogKTThWquvYifZzLDUjnI6LXqpogskID2jXoMARVX4+G3eMzozTR2EszRMazdzfHTmOlMqiwFRGWA/VcjY1/8u6qQ6v/ZyJJNVUkPlHYcqRjtF0d9RnkhLNMwOYSGZmRWSIJSbaXKhojuAsr7wKrXrNuazV752KewNzFeAUylAFB67AhTtoQBMIjOAZ3uDdSqxX68P6nJeuWYueE/gj6+sH5b2SQQ==</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 transformation is a transformation of the physical system itself

 0(x)
<latexit sha1_base64="O5QFEIatotxbHGBUj8pWx+2CcjU=">AAAB73icbZDLSsNAFIZPvNZ6q7p0M7SIFaEkdaHLoBuXFewFmlAm00k7dDKJMxMxlL6ECC4UcevruOvbOL0stPWHgY//P4c55wQJZ0rb9thaWV1b39jMbeW3d3b39gsHhw0Vp5LQOol5LFsBVpQzQeuaaU5biaQ4CjhtBoObSd58pFKxWNzrLKF+hHuChYxgbayWlyh2Wn466xRKdsWeCi2DM4eSW/TOX8ZuVusUvr1uTNKICk04Vqrt2In2h1hqRjgd5b1U0QSTAe7RtkGBI6r84XTeEToxTheFsTRPaDR1f3cMcaRUFgWmMsK6rxaziflf1k51eOUPmUhSTQWZfRSmHOkYTZZHXSYp0TwzgIlkZlZE+lhios2J8uYIzuLKy9CoVpyLSvXOKbnXMFMOjqEIZXDgEly4hRrUgQCHZ3iDd+vBerU+rM9Z6Yo17zmCP7K+fgBH9ZJy</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 transformation is a transformation of the physical system itself

 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

�aµ ̄�µ ! �
�
⇤�1

�
µ⌫

a⌫ ̄�µ 
<latexit sha1_base64="ElaVsdrnQUuPKVW3+I80xvJ7XU0="></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 transformation is a transformation of the physical system itself

 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 observer transformations, particle transformations can produce 
physical effects as a result of the background

�aµ ̄�µ ! �
�
⇤�1

�
µ⌫

a⌫ ̄�µ 
<latexit sha1_base64="ElaVsdrnQUuPKVW3+I80xvJ7XU0="></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 transformation is a transformation of the physical system itself

 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 observer transformations, particle transformations 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!Rotated system obeys different physical law 
than rotated coordinates

�aµ ̄�µ ! �
�
⇤�1

�
µ⌫

a⌫ ̄�µ 
<latexit sha1_base64="ElaVsdrnQUuPKVW3+I80xvJ7XU0="></latexit>
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Why and how to search for Lorentz violation?
Being a fundamental symmetry/assumption, it 
should be tested to assess its validity
Many new physics scenarios can incorporate 
departures form exact Lorentz symmetry*

*See, e.g., V. A. Kostelecký, S. 
Samuel, Phys. Rev. D39, 683 (1989); 
S. Carroll, J. Harvey, V. A. 
Kostelecký, C. Lane, T. Okamoto 
Phys. Rev. Lett. 87 141601 (2001)



Why and 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)

LSME = LGR + LSM + LLV
<latexit sha1_base64="AN+fq0FLH82fac3Vvi2arL437wk=">AAACXHicbZHJSgNBEIZ7xi3GLRrwoofGIAhCmNGDXoSAiB4iuCUKSQw9nUps7FnorhHD0EefyLsP4c2Lr6Kd5eCSgoaf/6uilg4SKTR63ofjTk3PzM7l5vMLi0vLK4XVtbqOU8WhxmMZq7uAaZAighoKlHCXKGBhIOE2eDwe8NsnUFrE0Q32E2iFrBeJruAMrdUu6GbI8IEzmVVNO2siPGN2fX5iDD2iE9DplSW7k8j1+QQynC 9T0DHjrGrdGNMulLyyNwz6X/hjUapsvizevxbfLtqF92Yn5mkIEXLJtG74XoKtjCkUXILJN1MNCeOPrAcNKyMWgm5lw+aGblunQ7uxsi9COnR/VmQs1LofBjZzMLv+ywbmJNZIsXvYykSUpAgRHzXqppJiTAeXph2hgKPsW8G4EnZWyh+YYhztf+TtEfy/K/8X9b2yv1/eu/RLlVMyihzZIFtkh/jkgFTIGbkgNcLJB/lycs688+lOuwvu0ijVdcY1RfIr3PVvHxO7ZQ==</latexit>

Being a fundamental symmetry/assumption, it 
should be tested to assess its validity
Many new physics scenarios can incorporate 
departures form exact Lorentz symmetry*

*See, e.g., V. A. Kostelecký, S. 
Samuel, Phys. Rev. D39, 683 (1989); 
S. Carroll, J. Harvey, V. A. 
Kostelecký, C. Lane, T. Okamoto 
Phys. Rev. Lett. 87 141601 (2001)



Why and 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)

Contains all possible terms that 
break Lorentz and CPT 
symmetry* consistent with the 
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100s of bounds for nearly every 
major subfield of physics*

Much of the QCD sector is yet to be explored!

*

...
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Why and how to search for Lorentz violation?



Quick overview of high-energy hadrons
Consider a high-energy hadron

Partons have momenta that scale like  

pµ =

(
p+,

M2

2p+
, 0⊥

)
, p+ ≫ M

pµ

pµ

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

ξ ≡ k+/p+

kµ = ξpµ

pµkµ
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Covariant expression; can be used in any frame

kµ ⇠
⇣
p+, M2

2p+ ,M
⌘
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Quark-sector Lorentz-violating effects
Massless quarks modified by Lorentz-violating effects

Modified Dirac equation, dispersion relation

�µekµ = 0,

ek2 = k2 +O(coe�cients) = 0
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Bottom line: implies                      is no longer consistent kµ = ⇠pµ
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Instead, for a covariant definition to be retained ekµ = ⇠pµ
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L(d)
 D �� (a(3))µ ̄�µ + (c(4))µ⌫ ̄�µiD⌫ + · · ·

� (a(5))µ↵� ̄�µiD(↵iD�) + · · ·
+ (c(6))µ↵�� ̄�µiD(↵iD�iD�) + · · ·
+ · · ·
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L � 1
2  ̄ [�µiDµ] + h.c. + L(d)

 D
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Factorization

� ⇠
Z

d⇠�parton(⇠)f(⇠) + small corrections
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E.g., deep inelastic scattering (DIS)
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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>

Want to understand effects in lepton-hadron and hadron-hadron collisions



Factorization

� ⇠
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 
• QCD radiative effects

2q

ξp

E.g., deep inelastic scattering (DIS)

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>

Want to understand effects in lepton-hadron and hadron-hadron collisions



Factorization

� ⇠
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 
• QCD radiative effects

2q

ξp

E.g., deep inelastic scattering (DIS)

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?
Similar conclusions reached for the Drell-Yan process

Want to understand effects in lepton-hadron and hadron-hadron collisions



Factorization
� ⇠

Z
d⇠�parton(⇠)f(⇠) + small corrections

<latexit sha1_base64="Xd0YyVApFcd6u6o9cDfRfrToJr4="></latexit>

⇠<latexit sha1_base64="ukIVJQDqYuB0Gg+D9X7H87o1zdo=">AAAB63icbZDLSgMxFIbPeK3jrerSTbAIrspMXehGLLpxWcFeoB1KJs20oUlmSDJCGfoKblwo4k58FvduxLcx03ahrT8EPv7/HHLOCRPOtPG8b2dpeWV1bb2w4W5ube/sFvf2GzpOFaF1EvNYtUKsKWeS1g0znLYSRbEIOW2Gw+s8b95TpVks78wooYHAfckiRrDJrY5molsseWVvIrQI/gxKlx/uRfL25da6xc9OLyapoNIQjrVu+15iggwrwwinY7eTappgMsR92rYosaA6yCazjtGxdXooipV90qCJ+7sjw0LrkQhtpcBmoOez3Pwva6cmOg8yJpPUUEmmH0UpRyZG+eKoxxQlho8sYKKYnRWRAVaYGHse1x7Bn195ERqVsn9artz6peoVTFWAQziCE/DhDKpwAzWoA4EBPMATPDvCeXRenNdp6ZIz6zmAP3LefwCA1JGJ</latexit> hhadron|�+|hadroni
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PDFs 
PDFs still satisfy reparameterization invariance and are consistent with the 
operator product expansion (OPE)



PDFs 

Test this for DIS and DY using minimal and nonminimal spin-independent 
coefficients for Lorentz violation* 

*V. A. Kostelecký, E. Lunghi, 
and A. R. Vieira, Phys. Lett. B 
769, 272 (2017);  
V. A. Kostelecký and Z. Li, 
Phys. Rev. D 99, 056016 (2019)

# physical comps. (c(4)Sf )
µ⌫ = 16� 6� 1 = 9

# physical comps. (a(5)Sf )
µ↵� = 40� 16� 2 ⇤ 4 = 16
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PDFs still satisfy reparameterization invariance and are consistent with the 
operator product expansion (OPE)

Matching to OPE gives the potential nonperturbative dependence on Lorentz 
violation in the considered model
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E.g., comparison between up quark coefficient combinations between DIS at 
the EIC overall and Drell-Yan at the LHC

Results suggest improved sensitivity to nonminimal 
coefficients through the Drell-Yan process at the LHC 
and minimal coefficients through DIS at the EIC*

*E. Lunghi and N. S., Phys. 
Rev. D 98, 115018 (2018)
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Recap + Conclusions

• We developed a framework for studying quark-sector Lorentz violation in 
hadronic processes using the SME

• Show 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

• Overall this work opens up many new experimental opportunities to 
search for Lorentz and CPT violation in a variety of hadronic processes

• Consistency checks: Approach is consistent with the OPE and Ward identities
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Thank you!

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


