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Jet physics at collider experiments

see talks by Feng Yuan, Ignazio Scimemi
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Q2 = (k � k0)2

e(k)
e0(k0)

Jet physics at low energies

EIC kinematics

Struck quark

Jets

Arratia, Jacak, FR, Song `19
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Q2 = (k � k0)2

e(k)
e0(k0)

Jet physics at low energies

EIC kinematics

Struck quark

Jets

Peak at large z

•Very direct access to parton level kinematics

•Experimental and theoretical challenges
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Outline

Jet substructure

Flavor dependence

Jet correlations
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~qT = ~p e
T + ~p jet

T
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Measure electron-jet imbalance
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~qT = ~p e
T + ~p jet

T
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Jet momentum
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Electron-jet correlations

~p jet
T

e p

~p jet
T

~p e
T

e

~qT

~ST

• Laboratory frame

~qT = ~p e
T + ~p jet

T

• Sensitivity to Transverse Momentum 
Dependent (TMD) PDFs but no TMD FF

Liu, FR, Vogelsang, Yuan `18, `20

• Electron-jet imbalance at the EIC

• Factorization structure

see also Boer, Vogelsang `05
Gutierrez-Reyes, Scimemi, Waalewijn, Zoppi `18, `19
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• Electron-jet imbalance at the EIC

Jet

��

k?

ST · (P ⇥ k?)Electron

Initial proton spin 
(anti-)aligned with

• Sivers function but no TMD fragmentation

Small shift depending on the spin 
orientation

Sivers `90
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d�

d��
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~p jet
T

<latexit sha1_base64="+mr+mHzaR6gA3VfNUTxqCBBWSmE=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFcSEmKqMuiG5cV+oImhsn0ph06eTAzKYRQf8WNC0Xc+iHu/BunbRbaeuDC4Zx7ufceP+FMKsv6NtbWNza3tks75d29/YND8+i4I+NUUGjTmMei5xMJnEXQVkxx6CUCSOhz6Prju5nfnYCQLI5aKkvADckwYgGjRGnJMyvOBChOvNZj7ogQOxcYpp5ZtWrWHHiV2AWpogJNz/xyBjFNQ4gU5UTKvm0lys2JUIxymJadVEJC6JgMoa9pREKQbj4/forPtDLAQSx0RQrP1d8TOQmlzEJfd4ZEjeSyNxP/8/qpCm7cnEVJqiCii0VByrGK8SwJPGACqOKZJoQKpm/FdEQEoUrnVdYh2Msvr5JOvWZf1eoPl9XGbRFHCZ2gU3SObHSNGugeNVEbUZShZ/SK3own48V4Nz4WrWtGMVNBf2B8/gCFbJQL</latexit>

~p e
T

Electron-jet correlations
Liu, FR, Vogelsang, Yuan `18, `20
Arratia, Kang, Prokudin, FR`20
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��

k?

ST · (P ⇥ k?)

Initial proton spin 
(anti-)aligned with

• Predictions for the EIC

⌘

Liu, FR, Vogelsang, Yuan `18, `20
Arratia, Kang, Prokudin, FR`20

• Electron-jet imbalance at the EIC

Jet

Electron

<latexit sha1_base64="EVL7Fghw5ExKeMFz7VflHfiXD2s=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEF1KSIuqy6MZlhb6giWEyvWnHTh7MTAolFPwVNy4Ucet3uPNvnLZZaOuBC4dz7uXee/yEM6ks69sorKyurW8UN0tb2zu7e+b+QUvGqaDQpDGPRccnEjiLoKmY4tBJBJDQ59D2h7dTvz0CIVkcNdQ4ATck/YgFjBKlJc88ckZAceI1HjJHhNg5x4+gJp5ZtirWDHiZ2Dkpoxx1z/xyejFNQ4gU5UTKrm0lys2IUIxymJScVEJC6JD0oatpREKQbjY7f4JPtdLDQSx0RQrP1N8TGQmlHIe+7gyJGshFbyr+53VTFVy7GYuSVEFE54uClGMV42kWuMcEUMXHmhAqmL4V0wERhCqdWEmHYC++vExa1Yp9WaneX5RrN3kcRXSMTtAZstEVqqE7VEdNRFGGntErejOejBfj3fiYtxaMfOYQ/YHx+QMt25T9</latexit>

~p jet
T

<latexit sha1_base64="+mr+mHzaR6gA3VfNUTxqCBBWSmE=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFcSEmKqMuiG5cV+oImhsn0ph06eTAzKYRQf8WNC0Xc+iHu/BunbRbaeuDC4Zx7ufceP+FMKsv6NtbWNza3tks75d29/YND8+i4I+NUUGjTmMei5xMJnEXQVkxx6CUCSOhz6Prju5nfnYCQLI5aKkvADckwYgGjRGnJMyvOBChOvNZj7ogQOxcYpp5ZtWrWHHiV2AWpogJNz/xyBjFNQ4gU5UTKvm0lys2JUIxymJadVEJC6JgMoa9pREKQbj4/forPtDLAQSx0RQrP1d8TOQmlzEJfd4ZEjeSyNxP/8/qpCm7cnEVJqiCii0VByrGK8SwJPGACqOKZJoQKpm/FdEQEoUrnVdYh2Msvr5JOvWZf1eoPl9XGbRFHCZ2gU3SObHSNGugeNVEbUZShZ/SK3own48V4Nz4WrWtGMVNBf2B8/gCFbJQL</latexit>

~p e
T

• Sivers function but no TMD fragmentation
Sivers `90

Electron-jet correlations
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Results from HERA

ZEUS, Amilkar Quintero, EIC meeting H1, PRL 128 (2022) 13, 132002

TMD resummed result
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Outline

Jet substructure

Flavor dependence

Jet correlations
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Transversity & Collins
• Measure hadrons inside a jet relative the jet axis

• Azimuthal transverse spin asymmetries

• Independent handle on transversity and the Collins TMD FF

• Factorization structure at NLL’

H
? q
1 (zh,~jT )

Yuan `08
Liu, FR, Vogelsang, Yuan `18 

Kang, Prokudin, FR, Yuan `17
Arratia, Kang, Prokudin, FR `20

jet(pT , ⌘)

j?hadron(zh, )

<latexit sha1_base64="CbwBi8sz5cDQ/YRBYvgZ1Nf9EOg=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQUUpSRF0W3bizin1AE8tkOmmHTiZhZlIooX/ixoUibv0Td/6N08dCqwcuHM65l3vvCRLOlHacLyu3tLyyupZfL2xsbm3v2Lt7DRWnktA6iXksWwFWlDNB65ppTluJpDgKOG0Gg+uJ3xxSqVgsHvQooX6Ee4KFjGBtpI5tn3inmUcwR7fj0v1j5bhjF52yMwX6S9w5KcIctY796XVjkkZUaMKxUm3XSbSfYakZ4XRc8FJFE0wGuEfbhgocUeVn08vH6MgoXRTG0pTQaKr+nMhwpNQoCkxnhHVfLXoT8T+vnerw0s+YSFJNBZktClOOdIwmMaAuk5RoPjIEE8nMrYj0scREm7AKJgR38eW/pFEpu+flyt1ZsXo1jyMPB3AIJXDhAqpwAzWoA4EhPMELvFqZ9Wy9We+z1pw1n9mHX7A+vgFT9pIr</latexit>

+O(R2)

• Initial & final state TMDs are independent
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Transversity & Collins

zh = phT /pT

ep"

~jT

e0

~jT~ST

• Measure hadrons inside a jet relative the jet axis

• Azimuthal transverse spin asymmetries

• Independent handle on transversity and the Collins TMD FF H
? q
1 (zh,~jT )

Yuan `08
Liu, FR, Vogelsang, Yuan `18 

Kang, Prokudin, FR, Yuan `17
Arratia, Kang, Prokudin, FR `20

jet(pT , ⌘)

j?hadron(zh, )



F. Ringer Jet physics & 3D imaging May 26, 2022 14

Results from RHIC
Ting Lin, DIS 2022

• Jet measurements can provide 
important constraints in global analyses
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Outline

Jet substructure

Flavor dependence

Jet correlations
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Quark flavor dependence

16

• Jet charge

• Neutrino-jet correlations in 
charged current events

Measure missing 
transverse momentum

Waalewijn `12, RHIC
Kang, Liu, Mantry, Shao `20

Arratia, Kang, Paul, Prokudin, FR, Zhao
in preparation

• See e.g. inclusive DIS at HERA

<latexit sha1_base64="01PMaXyLwvBl6AMKzY5CFcfOSjs=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgQkpSRF0W3bis0Bc0MUymN+3QmSTMTAolFPwVNy4Ucet3uPNvnD4W2nrgwuGce7n3njDlTGnH+bZWVtfWNzYLW8Xtnd29ffvgsKmSTFJo0IQnsh0SBZzF0NBMc2inEogIObTCwd3Ebw1BKpbEdT1KwRekF7OIUaKNFNjH3hAoToP6Y+5J4V1gwZQaB3bJKTtT4GXizkkJzVEL7C+vm9BMQKwpJ0p1XCfVfk6kZpTDuOhlClJCB6QHHUNjIkD5+fT8MT4zShdHiTQVazxVf0/kRCg1EqHpFET31aI3Ef/zOpmObvycxWmmIaazRVHGsU7wJAvcZRKo5iNDCJXM3Ippn0hCtUmsaEJwF19eJs1K2b0qVx4uS9XbeRwFdIJO0Tly0TWqontUQw1EUY6e0St6s56sF+vd+pi1rljzmSP0B9bnD7ZTlVY=</latexit>

~pmiss
T
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Neutrino-jet correlations
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• Lab instead of Breit frame: do not 
need full neutrino 3-momentum

• Measure Sivers for
<latexit sha1_base64="TOMdA0a6oobifyksuYG/etoIUZY=">AAACHHicbZDLSgMxFIYz3q23qks3wSIIljJTRd0IRTcuK/QidOqQSU81NsmMSaZQxj6IG1/FjQtF3LgQfBvTy0KrPwR+vnMOJ+cPY860cd0vZ2p6ZnZufmExs7S8srqWXd+o6ShRFKo04pG6DIkGziRUDTMcLmMFRIQc6mHnbFCvd0FpFsmK6cXQFORasjajxFgUZPfvgsrJvd8FiuOr1M/7MgmgH1T2RiioWKiEn8e3YPr3vmYCu0E25xbcofBf441NDo1VDrIffiuiiQBpKCdaNzw3Ns2UKMMoh37GTzTEhHbINTSslUSAbqbD4/p4x5IWbkfKPmnwkP6cSInQuidC2ymIudGTtQH8r9ZITPu4mTIZJwYkHS1qJxybCA+Swi2mgBres4ZQxexfMb0hilBj88zYELzJk/+aWrHgHRaKFwe50uk4jgW0hbbRLvLQESqhc1RGVUTRA3pCL+jVeXSenTfnfdQ65YxnNtEvOZ/f5huhQA==</latexit>

qT = |~p ⌫e
T + ~p jet

T | ⇠ 0

Delphes

• Requires a sufficiently hermetic detector, 
here full azimuthal coverage and

<latexit sha1_base64="gshYE7mZmXsObenkZyZEI0kE4r8=">AAAB73icbVDLTgJBEOzFF+IL9ehlIjHxRHYJUQ8eiF48YiKPBDZkdpiFCbMPZ3pNyMJPePGgMV79HW/+jQPsQcFKOqlUdae7y4ul0Gjb31ZubX1jcyu/XdjZ3ds/KB4eNXWUKMYbLJKRantUcylC3kCBkrdjxWngSd7yRrczv/XElRZR+IDjmLsBHYTCF4yikdqTLkc6ua72iiW7bM9BVomTkRJkqPeKX91+xJKAh8gk1brj2DG6KVUomOTTQjfRPKZsRAe8Y2hIA67ddH7vlJwZpU/8SJkKkczV3xMpDbQeB57pDCgO9bI3E//zOgn6V24qwjhBHrLFIj+RBCMye570heIM5dgQypQwtxI2pIoyNBEVTAjO8surpFkpOxflyn21VLvJ4sjDCZzCOThwCTW4gzo0gIGEZ3iFN+vRerHerY9Fa87KZo7hD6zPH8n4j88=</latexit>

|⌘| < 4

<latexit sha1_base64="b8M3Vx9cmO03/eHvfFIUDSH7VxI=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYhA8hd0g6jHoxYNgBPOQZAmzk04yZGZ2mekVw5Kv8OJBEa9+jjf/xkmyB00saCiquunuCmPBDXret7O0vLK6tp7byG9ube/sFvb26yZKNIMai0SkmyE1ILiCGnIU0Iw1UBkKaITDq4nfeARteKTucRRDIGlf8R5nFK300EZ4wvTmdtwpFL2SN4W7SPyMFEmGaqfw1e5GLJGgkAlqTMv3YgxSqpEzAeN8OzEQUzakfWhZqqgEE6TTg8fusVW6bi/SthS6U/X3REqlMSMZ2k5JcWDmvYn4n9dKsHcRpFzFCYJis0W9RLgYuZPv3S7XwFCMLKFMc3urywZUU4Y2o7wNwZ9/eZHUyyX/rFS+Oy1WLrM4cuSQHJET4pNzUiHXpEpqhBFJnskreXO08+K8Ox+z1iUnmzkgf+B8/gAGHpCP</latexit>

LO

 and transversity + Collins



F. Ringer Jets and flavor dependence May 26, 2022

Neutrino-jet correlations

18

• Comparison to Pythia, imbalance

<latexit sha1_base64="TOMdA0a6oobifyksuYG/etoIUZY=">AAACHHicbZDLSgMxFIYz3q23qks3wSIIljJTRd0IRTcuK/QidOqQSU81NsmMSaZQxj6IG1/FjQtF3LgQfBvTy0KrPwR+vnMOJ+cPY860cd0vZ2p6ZnZufmExs7S8srqWXd+o6ShRFKo04pG6DIkGziRUDTMcLmMFRIQc6mHnbFCvd0FpFsmK6cXQFORasjajxFgUZPfvgsrJvd8FiuOr1M/7MgmgH1T2RiioWKiEn8e3YPr3vmYCu0E25xbcofBf441NDo1VDrIffiuiiQBpKCdaNzw3Ns2UKMMoh37GTzTEhHbINTSslUSAbqbD4/p4x5IWbkfKPmnwkP6cSInQuidC2ymIudGTtQH8r9ZITPu4mTIZJwYkHS1qJxybCA+Swi2mgBres4ZQxexfMb0hilBj88zYELzJk/+aWrHgHRaKFwe50uk4jgW0hbbRLvLQESqhc1RGVUTRA3pCL+jVeXSenTfnfdQ65YxnNtEvOZ/f5huhQA==</latexit>

qT = |~p ⌫e
T + ~p jet

T | ⇠ 0
<latexit sha1_base64="SoC0KFdwIB2rz+TPaMo3xCiwFXQ=">AAAB83icbVDLSgNBEJz1GeMr6tHLYBA8hd0g6jHoQY8RzAN2lzA76U2GzD6Y6RXDkt/w4kERr/6MN//GSbIHTSxoKKq66e4KUik02va3tbK6tr6xWdoqb+/s7u1XDg7bOskUhxZPZKK6AdMgRQwtFCihmypgUSChE4xupn7nEZQWSfyA4xT8iA1iEQrO0Eie6yE8YX4L7Ynfq1Ttmj0DXSZOQaqkQLNX+fL6Cc8iiJFLprXr2Cn6OVMouIRJ2cs0pIyP2ABcQ2MWgfbz2c0TemqUPg0TZSpGOlN/T+Qs0nocBaYzYjjUi95U/M9zMwyv/FzEaYYQ8/miMJMUEzoNgPaFAo5ybAjjSphbKR8yxTiamMomBGfx5WXSrteci1r9/rzauC7iKJFjckLOiEMuSYPckSZpEU5S8kxeyZuVWS/Wu/Uxb12xipkj8gfW5w8zyJHM</latexit>

[GeV]

• In-jet hadron fragmentation spectrum

<latexit sha1_base64="FQ8MkDFnG1h78OgYy3W5CH66jLs=">AAACAHicbVDJSgNBEO1xjXEb9eDBy2AQPIWZ4HYRgh70GMEskBlCT6eSNOlZ7K4RwzAe/BUvHhTx6md482/sLAdNfFDweK+Kqnp+LLhC2/425uYXFpeWcyv51bX1jU1za7umokQyqLJIRLLhUwWCh1BFjgIasQQa+ALqfv9y6NfvQSoehbc4iMELaDfkHc4oaqll7rrqTmKqsnPHPn50ER4wvYJa1jILdtEewZolzoQUyASVlvnltiOWBBAiE1SppmPH6KVUImcCsrybKIgp69MuNDUNaQDKS0cPZNaBVtpWJ5K6QrRG6u+JlAZKDQJfdwYUe2raG4r/ec0EO2deysM4QQjZeFEnERZG1jANq80lMBQDTSiTXN9qsR6VlKHOLK9DcKZfniW1UtE5KZZujgrli0kcObJH9skhccgpKZNrUiFVwkhGnskreTOejBfj3fgYt84Zk5kd8gfG5w/cepaV</latexit>p
s = 105 GeV

Arratia, Kang, Paul, Prokudin, FR, Zhao
in preparation
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Neutrino-jet correlations

19

• Sivers asymmetry • Transversity + Collins asymmetry

PRELIMINARY
Arratia, Kang, Paul, Prokudin, FR, Zhao

in preparation
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Conclusions

• Jets are good proxies of parton level kinematics

• Correlations and substructure observables

• Experimental results from RHIC & HERA

• Constraints of non-perturbative distributions

• Studies for the future EIC


