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The ATLAS Experiment with the Large Hadron Collider (LHC) at CERN

LHC
C = 27 km

• CERN: Huge particle physics laboratory best known for housing the LHC, the most powerful particle accelerator ever built
• ATLAS: General-purpose detector that measures the properties of particles created from LHC proton-proton collisions
• Collisions involve “bunches” of protons: ~100 billion protons/bunch, 1 bunch/25 ns, ~0-100 pp collisions/bunch (pileup)
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Searches

Measurements

“Known” 
Processes

Precision 
Measurements

Analyses

Performance Measurements

• Does this algorithm work well?
• Example: new machine 

learning technique accurately 
reproduces a previous result 

• Does this new process/particle exist?
• Example: looking for dark matter 

particles within the ATLAS dataset

• Can we measure this for the first time?
• Example: first measurement of light-by-

light scattering

• Can we reduce the error bars for this 
well-known property/process?

• Example: more data improves the 
precision of the W-boson mass by 
reducing the stat. uncertainty, 
constraining the Standard Model



Standard Model of Particle Physics

Weak nuclear 
force
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Fermions Bosons



Measurement of the Z-boson 
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<latexit sha1_base64="ZP7O02PjQteBbFBJ/Cxa/c//ERQ=">AAACEHicbVDLSgMxFM34rPU16tJNsIiCWGZE1GXRjcsK9oFtLZk004ZmkpBklDLMJ7jxV9y4UMStS3f+jWk7C9t6IOHknHu5uSeQjGrjeT/O3PzC4tJybiW/ura+selubVe1iBUmFSyYUPUAacIoJxVDDSN1qQiKAkZqQf9q6NceiNJU8FszkKQVoS6nIcXIWKntHkgJm4p2ewYpJR7h3cSL3SdHqb2O07Zb8IreCHCW+BkpgAzltvvd7AgcR4QbzJDWDd+TppUgZShmJM03Y00kwn3UJQ1LOYqIbiWjhVK4b5UODIWyhxs4Uv92JCjSehAFtjJCpqenvaH4n9eITXjRSiiXsSEcjweFMYNGwGE6sEMVwYYNLEFYUftXiHtIIWxshnkbgj+98iypnhT9s6J3c1ooXWZx5MAu2AOHwAfnoASuQRlUAAZP4AW8gXfn2Xl1PpzPcemck/XsgAk4X7/TYJ0W</latexit>

pp ! Z ! l+l�
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Z

<latexit sha1_base64="n/22/hiwJyYGOn+Zk3q1PItddm8=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKQL0FvXhMwDwwWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81jem3GCfkQHkoecUWOl+kOvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwyp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvUr5ul4pVW+yOPJwAqdwDh5cQhXuoAYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A7yhjOo=</latexit>

ū

<latexit sha1_base64="dPwz79iKUIq5+DSjGKDmgVUqV48=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUL0VvXisYD+gDWWznbRLN5uwuxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mmmCfkRHkoecUWOlTj+gKktng3LFrboLkHXi5aQCOZqD8ld/GLM0QmmYoFr3PDcxfkaV4UzgrNRPNSaUTegIe5ZKGqH2s8W5M3JhlSEJY2VLGrJQf09kNNJ6GgW2M6JmrFe9ufif10tNeO1nXCapQcmWi8JUEBOT+e9kyBUyI6aWUKa4vZWwMVWUGZtQyYbgrb68TtpXVa9WvXmoVRq3eRxFOINzuAQP6tCAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AGjSY/K</latexit>

u

<latexit sha1_base64="91vJi9j8kooW8VkiNQmxz0Wlv7E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2Vmmm/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+RmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVq1Wvm7VK/SaPowgncArn4MEl1OEOGtACBgjP8ApvzqPz4rw7H4vWgpPPHMMfOJ8/5Y2NBQ==</latexit>

e�

<latexit sha1_base64="suPvyrUPlsCnMtoz2dgyuNBSyBE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4sSRSUG9FLx4rmLbQxrLZTtulm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSK4Nq777aysrq1vbBa2its7u3v7pYPDho5TxdBnsYhVK6QaBZfoG24EthKFNAoFNsPR7dRvPqHSPJYPZpxgENGB5H3OqLGSj4/Z+aRbKrsVdwayTLyclCFHvVv66vRilkYoDRNU67bnJibIqDKcCZwUO6nGhLIRHWDbUkkj1EE2O3ZCTq3SI/1Y2ZKGzNTfExmNtB5Hoe2MqBnqRW8q/ue1U9O/CjIuk9SgZPNF/VQQE5Pp56THFTIjxpZQpri9lbAhVZQZm0/RhuAtvrxMGhcVr1q5vq+Wazd5HAU4hhM4Aw8uoQZ3UAcfGHB4hld4c6Tz4rw7H/PWFSefOYI/cD5/AK9zjqA=</latexit>

e+

<latexit sha1_base64="vaps9fOGXZIJ+/UF/IwOUdtJH5k=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQkmkoN6KXjxWMG2hjWWznbZLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwkRwbVz321lZXVvf2CxsFbd3dvf2SweHDR2niqHPYhGrVkg1Ci7RN9wIbCUKaRQKbIaj26nffEKleSwfzDjBIKIDyfucUWMlHx+z80m3VHYr7gxkmXg5KUOOerf01enFLI1QGiao1m3PTUyQUWU4EzgpdlKNCWUjOsC2pZJGqINsduyEnFqlR/qxsiUNmam/JzIaaT2OQtsZUTPUi95U/M9rp6Z/FWRcJqlByeaL+qkgJibTz0mPK2RGjC2hTHF7K2FDqigzNp+iDcFbfHmZNC4qXrVyfV8t127yOApwDCdwBh5cQg3uoA4+MODwDK/w5kjnxXl3PuatK04+cwR/4Hz+AKxpjp4=</latexit>

At first glance, by momentum 
conservation we would expect pTZ = 0! 



Motivation for pTZ

• 𝑝!" is an excellent probe of Quantum Chromodynamics (QCD) 
beyond Leading Order (LO) 
• Use this info. to better understand interactions within the proton

pZT = 0
<latexit sha1_base64="86nwmqAcDejdka+5sMOtiLh/3fA=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oheh6MVjhX5hG8tmu2mXbjZxd1MoIb/DiwdFvPpjvPlv3LY5aOuDgcd7M8zM8yLOlLbtbyu3srq2vpHfLGxt7+zuFfcPmiqMJaENEvJQtj2sKGeCNjTTnLYjSXHgcdryRrdTvzWmUrFQ1PUkom6AB4L5jGBtJDfqJfX0MXlI0TWye8WSXbZnQMvEyUgJMtR6xa9uPyRxQIUmHCvVcexIuwmWmhFO00I3VjTCZIQHtGOowAFVbjI7OkUnRukjP5SmhEYz9fdEggOlJoFnOgOsh2rRm4r/eZ1Y+1duwkQUayrIfJEfc6RDNE0A9ZmkRPOJIZhIZm5FZIglJtrkVDAhOIsvL5PmWdk5L1/cV0rVmyyOPBzBMZyCA5dQhTuoQQMIPMEzvMKbNbZerHfrY96as7KZQ/gD6/MH00yRew==</latexit>

pZT 6= 0
<latexit sha1_base64="XgDWKVRUnORv8GmyLsD2H3gFPAA=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRIf6LLoxmWFvrCNYTK9aYdOJnFmUighf+LGhSJu/RN3/o3Tx0JbD1w4nHMv994TJJwp7TjfVmFldW19o7hZ2tre2d2z9w+aKk4lhQaNeSzbAVHAmYCGZppDO5FAooBDKxjeTvzWCKRisajrcQJeRPqChYwSbSTfthM/q+eP2UOOuwKesOPbZafiTIGXiTsnZTRHzbe/ur2YphEITTlRquM6ifYyIjWjHPJSN1WQEDokfegYKkgEysuml+f4xCg9HMbSlNB4qv6eyEik1DgKTGdE9EAtehPxP6+T6vDay5hIUg2CzhaFKcc6xpMYcI9JoJqPDSFUMnMrpgMiCdUmrJIJwV18eZk0zyrueeXy/qJcvZnHUURH6BidIhddoSq6QzXUQBSN0DN6RW9WZr1Y79bHrLVgzWcO0R9Ynz/lL5Mt</latexit>

LO
Beyond LOtime
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Motivation for pTZ

• Z and W have a similar decay schematically; however, we can 
measure e± or μ± but not 𝜈
• Important for reducing uncertainties on the W-boson mass; 𝑝!#is 

required for measuring 𝑚#, use Z-boson as a proxy to calibrate 𝑝!#

LO Beyond LOtime

Z

<latexit sha1_base64="n/22/hiwJyYGOn+Zk3q1PItddm8=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKQL0FvXhMwDwwWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81jem3GCfkQHkoecUWOl+kOvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwyp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvUr5ul4pVW+yOPJwAqdwDh5cQhXuoAYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A7yhjOo=</latexit>

ū

<latexit sha1_base64="dPwz79iKUIq5+DSjGKDmgVUqV48=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUL0VvXisYD+gDWWznbRLN5uwuxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mmmCfkRHkoecUWOlTj+gKktng3LFrboLkHXi5aQCOZqD8ld/GLM0QmmYoFr3PDcxfkaV4UzgrNRPNSaUTegIe5ZKGqH2s8W5M3JhlSEJY2VLGrJQf09kNNJ6GgW2M6JmrFe9ufif10tNeO1nXCapQcmWi8JUEBOT+e9kyBUyI6aWUKa4vZWwMVWUGZtQyYbgrb68TtpXVa9WvXmoVRq3eRxFOINzuAQP6tCAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AGjSY/K</latexit>

ū

<latexit sha1_base64="dPwz79iKUIq5+DSjGKDmgVUqV48=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUL0VvXisYD+gDWWznbRLN5uwuxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mmmCfkRHkoecUWOlTj+gKktng3LFrboLkHXi5aQCOZqD8ld/GLM0QmmYoFr3PDcxfkaV4UzgrNRPNSaUTegIe5ZKGqH2s8W5M3JhlSEJY2VLGrJQf09kNNJ6GgW2M6JmrFe9ufif10tNeO1nXCapQcmWi8JUEBOT+e9kyBUyI6aWUKa4vZWwMVWUGZtQyYbgrb68TtpXVa9WvXmoVRq3eRxFOINzuAQP6tCAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AGjSY/K</latexit>

u

<latexit sha1_base64="91vJi9j8kooW8VkiNQmxz0Wlv7E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2Vmmm/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+RmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVq1Wvm7VK/SaPowgncArn4MEl1OEOGtACBgjP8ApvzqPz4rw7H4vWgpPPHMMfOJ8/5Y2NBQ==</latexit>

d

<latexit sha1_base64="ZKt3GAg/5ze2BEY7GFOxAInTe4k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWzmbRrN5uwuxFK6S/w4kERr/4kb/4bt20O2vpg4PHeDDPzglRwbVz32ymsrW9sbhW3Szu7e/sH5cOjtk4yxbDFEpGoTkA1Ci6xZbgR2EkV0jgQ+BCMbmf+wxMqzRN5b8Yp+jEdSB5xRo2VmmG/XHGr7hxklXg5qUCORr/81QsTlsUoDRNU667npsafUGU4Ezgt9TKNKWUjOsCupZLGqP3J/NApObNKSKJE2ZKGzNXfExMaaz2OA9sZUzPUy95M/M/rZia68idcpplByRaLokwQk5DZ1yTkCpkRY0soU9zeStiQKsqMzaZkQ/CWX14l7YuqV6teN2uV+k0eRxFO4BTOwYNLqMMdNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AMvJjPQ=</latexit>

e�

<latexit sha1_base64="suPvyrUPlsCnMtoz2dgyuNBSyBE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4sSRSUG9FLx4rmLbQxrLZTtulm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSK4Nq777aysrq1vbBa2its7u3v7pYPDho5TxdBnsYhVK6QaBZfoG24EthKFNAoFNsPR7dRvPqHSPJYPZpxgENGB5H3OqLGSj4/Z+aRbKrsVdwayTLyclCFHvVv66vRilkYoDRNU67bnJibIqDKcCZwUO6nGhLIRHWDbUkkj1EE2O3ZCTq3SI/1Y2ZKGzNTfExmNtB5Hoe2MqBnqRW8q/ue1U9O/CjIuk9SgZPNF/VQQE5Pp56THFTIjxpZQpri9lbAhVZQZm0/RhuAtvrxMGhcVr1q5vq+Wazd5HAU4hhM4Aw8uoQZ3UAcfGHB4hld4c6Tz4rw7H/PWFSefOYI/cD5/AK9zjqA=</latexit>

e�

<latexit sha1_base64="suPvyrUPlsCnMtoz2dgyuNBSyBE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4sSRSUG9FLx4rmLbQxrLZTtulm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSK4Nq777aysrq1vbBa2its7u3v7pYPDho5TxdBnsYhVK6QaBZfoG24EthKFNAoFNsPR7dRvPqHSPJYPZpxgENGB5H3OqLGSj4/Z+aRbKrsVdwayTLyclCFHvVv66vRilkYoDRNU67bnJibIqDKcCZwUO6nGhLIRHWDbUkkj1EE2O3ZCTq3SI/1Y2ZKGzNTfExmNtB5Hoe2MqBnqRW8q/ue1U9O/CjIuk9SgZPNF/VQQE5Pp56THFTIjxpZQpri9lbAhVZQZm0/RhuAtvrxMGhcVr1q5vq+Wazd5HAU4hhM4Aw8uoQZ3UAcfGHB4hld4c6Tz4rw7H/PWFSefOYI/cD5/AK9zjqA=</latexit>

e+

<latexit sha1_base64="vaps9fOGXZIJ+/UF/IwOUdtJH5k=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQkmkoN6KXjxWMG2hjWWznbZLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwkRwbVz321lZXVvf2CxsFbd3dvf2SweHDR2niqHPYhGrVkg1Ci7RN9wIbCUKaRQKbIaj26nffEKleSwfzDjBIKIDyfucUWMlHx+z80m3VHYr7gxkmXg5KUOOerf01enFLI1QGiao1m3PTUyQUWU4EzgpdlKNCWUjOsC2pZJGqINsduyEnFqlR/qxsiUNmam/JzIaaT2OQtsZUTPUi95U/M9rp6Z/FWRcJqlByeaL+qkgJibTz0mPK2RGjC2hTHF7K2FDqigzNp+iDcFbfHmZNC4qXrVyfV8t127yOApwDCdwBh5cQg3uoA4+MODwDK/w5kjnxXl3PuatK04+cwR/4Hz+AKxpjp4=</latexit>

⌫̄

<latexit sha1_base64="ZbDA2sgV4OynkbX9UXu9F+ftkfg=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/ShLLZbtqlu5uwuxFK6K/w4kERr/4cb/4bt2kO2vpg4PHeDDPzwoQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh5Hbud5+o0iyWD2aa0EDgkWQRI9hY6dEPscp8mc4G1Zpbd3OgVeIVpAYFWoPqlz+MSSqoNIRjrfuem5ggw8owwums4qeaJphM8Ij2LZVYUB1k+cEzdGaVIYpiZUsalKu/JzIstJ6K0HYKbMZ62ZuL/3n91ERXQcZkkhoqyWJRlHJkYjT/Hg2ZosTwqSWYKGZvRWSMFSbGZlSxIXjLL6+SzkXda9Sv7xu15k0RRxlO4BTOwYNLaMIdtKANBAQ8wyu8Ocp5cd6dj0VrySlmjuEPnM8fJXmQqA==</latexit>

W�

<latexit sha1_base64="v398rDX4LAO38elHg9CYrDrigbE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4sSRSUG9FLx4rmLbQxrLZbtulm03YnQgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSKFQdf9dlZW19Y3Ngtbxe2d3b390sFhw8SpZtxnsYx1K6SGS6G4jwIlbyWa0yiUvBmObqd+84lrI2L1gOOEBxEdKNEXjKKV/OZjdj7plspuxZ2BLBMvJ2XIUe+Wvjq9mKURV8gkNabtuQkGGdUomOSTYic1PKFsRAe8bamiETdBNjt2Qk6t0iP9WNtSSGbq74mMRsaMo9B2RhSHZtGbiv957RT7V0EmVJIiV2y+qJ9KgjGZfk56QnOGcmwJZVrYWwkbUk0Z2nyKNgRv8eVl0rioeNXK9X21XLvJ4yjAMZzAGXhwCTW4gzr4wEDAM7zCm6OcF+fd+Zi3rjj5zBH8gfP5A5oDjpI=</latexit>
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https://arxiv.org/abs/1701.07240
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W-boson Mass Measurement (mW)

Experiment 
uncertainty > 

theory 
uncertainty!
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https://arxiv.org/abs/1701.07240
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W/Z

W decay: Z decay: 
• Neutrino from W escapes as missing energy; must use only hadronic recoil (𝑢!) 

to measure 𝑝!"but can measure 𝑝!# with both 𝑝!$$ and 𝑢!

• 𝑝!$$ and 𝑢! are theoretically equal 
but hadronic recoil is inherently 
more difficult to measure

• Low pileup (μ) environment 
improves 𝑢! resolution

W± ! l±⌫

<latexit sha1_base64="3EVbm6pWX1HKxvBGQPQYwKrQx/8=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4KolUdFl047KCfUATy2Q6aYfOI8xMlBK6dOOvuHGhiFs/wZ1/47SNoK0HLhzOuZd774kSRrXxvC9nYXFpeWW1sFZc39jc2nZ3dhtapgqTOpZMqlaENGFUkLqhhpFWogjiESPNaHA59pt3RGkqxY0ZJiTkqCdoTDEyVuq4B83bLEj4CAaK9voGKSXvIfvRRNpxS17ZmwDOEz8nJZCj1nE/g67EKSfCYIa0bvteYsIMKUMxI6NikGqSIDxAPdK2VCBOdJhNHhnBI6t0YSyVLWHgRP09kSGu9ZBHtpMj09ez3lj8z2unJj4PMyqS1BCBp4vilEEj4TgV2KWKYMOGliCsqL0V4j5SCBubXdGG4M++PE8aJ2W/Uj69rpSqF3kcBbAPDsEx8MEZqIIrUAN1gMEDeAIv4NV5dJ6dN+d92rrg5DN74A+cj28impoO</latexit>

Z ! l+l�

<latexit sha1_base64="jC/rcMP6kXdAcLVNblZXR1tTmx4=">AAACAXicbVDLSgMxFL1TX7W+Rt0IboJFEMQyIxVdFt24rGAf2NaSSTNtaGYyJBmlDOPGX3HjQhG3/oU7/8a0nYVWD9zL4Zx7Se7xIs6UdpwvKzc3v7C4lF8urKyurW/Ym1t1JWJJaI0ILmTTw4pyFtKaZprTZiQpDjxOG97wYuw37qhUTITXehTRToD7IfMZwdpIXXvnBrUl6w80llLcI36bHKamHaVdu+iUnAnQX+JmpAgZql37s90TJA5oqAnHSrVcJ9KdBEvNCKdpoR0rGmEyxH3aMjTEAVWdZHJBivaN0kO+kKZCjSbqz40EB0qNAs9MBlgP1Kw3Fv/zWrH2zzoJC6NY05BMH/JjjrRA4zhQj0lKNB8Zgolk5q+IDLDERJvQCiYEd/bkv6R+XHLLpZOrcrFynsWRh13YgwNw4RQqcAlVqAGBB3iCF3i1Hq1n6816n47mrGxnG37B+vgGM2eWvg==</latexit>

~pT (W/Z) = ~plepton1T + ~plepton2T

= �~uT

<latexit sha1_base64="ukudVRAudYBn5M3p4CaJU4cb9Xo="></latexit>

𝑝!" 𝑝!#

𝑝!$$ 𝑢! 𝑝!$ , 𝑝!𝛎

How Z Supports W

<latexit sha1_base64="o9M04rUzgx9iJRPUEE2PQxHz8t0=">AAAB+nicbVC7TsNAEFyHVwgvB0qaExESVbARAsoIGsog5SUSY50v5+SU80N356DI+FNoKECIli+h42+4JC4gYaSVRjO72t3xYs6ksqxvo7Cyura+UdwsbW3v7O6Z5f2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujm6nfHlMhWRQ21CSmToAHIfMZwUpLrlnujSlJ48xNG9lD2j69z1yzYlWtGdAysXNSgRx11/zq9SOSBDRUhGMpu7YVKyfFQjHCaVbqJZLGmIzwgHY1DXFApZPOTs/QsVb6yI+ErlChmfp7IsWBlJPA050BVkO56E3F/7xuovwrJ2VhnCgakvkiP+FIRWiaA+ozQYniE00wEUzfisgQC0yUTqukQ7AXX14mrbOqfVG17s4rtes8jiIcwhGcgA2XUINbqEMTCDzCM7zCm/FkvBjvxse8tWDkMwfwB8bnD6KGlD0=</latexit>

~pW/Z
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> = 33.7µTotal: <

2/19 calibration

Fewer proton-proton collisions = cleaner environment = improved 𝑢! measurement!
Downside: reduced statistics

<latexit sha1_base64="T/TEAgfV60MdY1YoEafEPBL//XQ=">AAAB/nicbZDLSsNAFIZP6q3WW1RcuRksgquSFFE3QtGNywr2Ak0ok+mkHTqZhJmJUELBV3HjQhG3Poc738ZpmoW2/jDw8Z9zOGf+IOFMacf5tkorq2vrG+XNytb2zu6evX/QVnEqCW2RmMeyG2BFORO0pZnmtJtIiqOA004wvp3VO49UKhaLBz1JqB/hoWAhI1gbq28feRyLIadelHoyJ3SN6n276tScXGgZ3AKqUKjZt7+8QUzSiApNOFaq5zqJ9jMsNSOcTiteqmiCyRgPac+gwBFVfpafP0WnxhmgMJbmCY1y9/dEhiOlJlFgOiOsR2qxNjP/q/VSHV75GRNJqqkg80VhypGO0SwLNGCSEs0nBjCRzNyKyAhLTLRJrGJCcBe/vAztes29qDn359XGTRFHGY7hBM7AhUtowB00oQUEMniGV3iznqwX6936mLeWrGLmEP7I+vwBWYSVEw==</latexit>

hµi = 2

Low Pileup Environment

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun2

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun2
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Measurement Uncertainties

• Only limited by statistics (pink) and luminosity (orange)! Systematic errors total < 1%

work-in-progress work-in-progress𝑝$%% 𝑢$
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Observable Cross-Section Comparison

• Cross-section should be independent of observable: both 𝑝!$$ and 𝑢! are measures of 𝑝!#
• Excellent agreement seen, confirming the efficacy of the 𝑢! measurement

work-in-progress
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Summary

• 𝑝!" differential cross-section 
measurement made at ECM = 5, 13 TeV
• Clean low pileup environment allows 

for precise measurement of hadronic 
recoil (𝑢!)
• both 𝑝!## and 𝑢! have systematic error 

below 1% 
• Finalizing precision 𝑝!" and 𝑝!$

measurements with low pileup data

W/Z

𝑝!" 𝑝!#

𝑝!$$ 𝑢! 𝑝!$ , 𝑝!𝛎

<latexit sha1_base64="o9M04rUzgx9iJRPUEE2PQxHz8t0=">AAAB+nicbVC7TsNAEFyHVwgvB0qaExESVbARAsoIGsog5SUSY50v5+SU80N356DI+FNoKECIli+h42+4JC4gYaSVRjO72t3xYs6ksqxvo7Cyura+UdwsbW3v7O6Z5f2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujm6nfHlMhWRQ21CSmToAHIfMZwUpLrlnujSlJ48xNG9lD2j69z1yzYlWtGdAysXNSgRx11/zq9SOSBDRUhGMpu7YVKyfFQjHCaVbqJZLGmIzwgHY1DXFApZPOTs/QsVb6yI+ErlChmfp7IsWBlJPA050BVkO56E3F/7xuovwrJ2VhnCgakvkiP+FIRWiaA+ozQYniE00wEUzfisgQC0yUTqukQ7AXX14mrbOqfVG17s4rtes8jiIcwhGcgA2XUINbqEMTCDzCM7zCm/FkvBjvxse8tWDkMwfwB8bnD6KGlD0=</latexit>

~pW/Z
T

0

5

10

15

20

25

30

35

40

45

 [p
b]

Z T
/d

p
sd

ll
T

p
Tu

ATLAS Internal
 ee®Z 

-1 = 13 TeV, 335.8 pbs

0 10 20 30 40 50 60 70 80 90 100
 [GeV]Z

T
p

0.9

0.95

1

1.05

1.1T
/d

u
s

 / 
d

ll T
/d

p
sd

work-in-progress





Large Hadron Collider (LHC) at CERN
• CERN: Huge particle physics laboratory near Geneva, Switzerland
• Best known for housing the LHC, the most powerful particle accelerator ever built
• LHC: 27 km circumference ring that accelerates and collides protons to 0.99999999 x (the speed of light), 

recreating the energy density of less than one billionth of a second after the Big Bang!  

r = 4.3 km

2021 WNPPC Ben Davis-Purcell 15



The ATLAS Experiment
• General-purpose detector 

designed to measure the 
properties of the particles 
created from the LHC 
proton-proton collisions

• LHC collides “bunches” of 
protons: about 100 billion 
protons per bunch; 1 bunch 
every 25 ns; multiple 
collisions per bunch: 
**pileup** 

• More than 1 billion particle 
interactions in the detector 
every second!

Proton bunch
interaction pointLHC proton beam direction

2021 WNPPC Ben Davis-Purcell

z-axis

<latexit sha1_base64="MEGLq420iWhTTjruEkNwT2GUTQQ=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRi8cK/YI0lM120i7d7IbdTaGE/AwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTDjTxnW/ndLG5tb2Tnm3srd/cHhUPT7paJkqCm0quVS9kGjgTEDbMMOhlyggccihG04e5n53CkozKVpmlkAQk5FgEaPEWMnvT4FmST7IWvmgWnPr7gJ4nXgFqaECzUH1qz+UNI1BGMqJ1r7nJibIiDKMcsgr/VRDQuiEjMC3VJAYdJAtTs7xhVWGOJLKljB4of6eyEis9SwObWdMzFivenPxP89PTXQXZEwkqQFBl4uilGMj8fx/PGQKqOEzSwhVzN6K6ZgoQo1NqWJD8FZfXiedq7p3U3efrmuN+yKOMjpD5+gSeegWNdAjaqI2okiiZ/SK3hzjvDjvzseyteQUM6foD5zPH9D1kZo=</latexit>
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Normalized Differential Cross-Section
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Lepton channel cross-section comparison

• Cross-section should be independent of lepton channel due to lepton universality
• Good agreement seen between channels

work-in-progress
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Measurement Uncertainties @ 5 TeV

work-in-progress work-in-progress 𝑢$𝑝$%%
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Lepton channel cross-section comparison Observable cross-section comparison

work-in-progress work-in-progress

ECM = 5 TeV
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Normalized Differential Cross-Section

work-in-progress


