
Full next-to-leading order QED contribu5on to lepton-hadron sca9ering 
in joint QED and QCD factoriza5on approach

Jianwei Qiu
Jefferson Lab, Theory Center

XXXI International Workshop on Deep Inelastic Scattering
8-12 April 2024, Grenoble, France

In collabora*on with J.-Y. Zhang, J. Cammarota, T.-B. 
Liu, W. Melnitchouk, N. Sato, K. Watanabe, …

q High-energy lepton-hadron collision induces 
both QED and QCD radia?on

q Q2 is NOT an ideal hard scale at small xB 
and/or beyond LO in QED

q Treat QED and QCD radia?on equally in 
terms of factoriza?on approach

q Summary and Outlook

q Full NLO QED contribu?on to inclusive DIS
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Collision induced QED radiation in high-energy lepton-hadron scattering

q “Probe” for the hadron @ EIC is smeared by the induced QED radia?on: 

Instead of a straight line – linear correla2on, 
     the kinema2c variables, y, Q2 , xB, from the leptons are smeared so much
     that the proton is not probed by the hard scale that we thought of !!! 

Ill-defined “photon-hadron” frame?!

y =
2P · q
2P · l

<latexit sha1_base64="5yvoUIHemJM9fWPqkUAKFEaHOAM=">AAACBnicbZDLSsNAFIYnXmu9RV2KMFgEVyUpBXUhFNy4rGAv0IQymUzaoZOZODMRQujKja/ixoUibn0Gd76N0zaItv4w8PGfczhz/iBhVGnH+bKWlldW19ZLG+XNre2dXXtvv61EKjFpYcGE7AZIEUY5aWmqGekmkqA4YKQTjK4m9c49kYoKfquzhPgxGnAaUYy0sfr2UXbpRRLhvNb0cCg0vBv/IBv37YpTdaaCi+AWUAGFmn370wsFTmPCNWZIqZ7rJNrPkdQUMzIue6kiCcIjNCA9gxzFRPn59IwxPDFOCCMhzeMaTt3fEzmKlcriwHTGSA/VfG1i/lfrpTo693PKk1QTjmeLopRBLeAkExhSSbBmmQGEJTV/hXiITCraJFc2IbjzJy9Cu1Z169WLm3qlUSviKIFDcAxOgQvOQANcgyZoAQwewBN4Aa/Wo/VsvVnvs9Ylq5g5AH9kfXwDqHmYlA==</latexit>

xB =
Q2

2P · q

<latexit sha1_base64="3FBSlDKLX8p/rMKDbPAM5OMhJ9Q=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyUJBXUhFN24bME+oIlhMpm0QycPZyZiCcGNv+LGhSJu/Qp3/o3TNgttPXDhcM693HuPlzAqpGF8a6Wl5ZXVtfJ6ZWNza3tH393riDjlmLRxzGLe85AgjEakLalkpJdwgkKPka43upr43XvCBY2jGzlOiBOiQUQDipFUkqsfPLiXF3bAEc5at1aeWU0b+7GEd7mrV42aMQVcJGZBqqBA09W/bD/GaUgiiRkSom8aiXQyxCXFjOQVOxUkQXiEBqSvaIRCIpxs+kIOj5XiwyDmqiIJp+rviQyFQoxDT3WGSA7FvDcR//P6qQzOnIxGSSpJhGeLgpRBGcNJHtCnnGDJxoogzKm6FeIhUnlIlVpFhWDOv7xIOlbNrNfOW/VqwyriKINDcAROgAlOQQNcgyZoAwwewTN4BW/ak/aivWsfs9aSVszsgz/QPn8Ah2qW2Q==</latexit>

Q2 = xB y S

<latexit sha1_base64="QuV/ZFoKR58mwXSXX/EdYK39HoE=">AAAB+nicbVDLSgNBEOz1GeNro0cvg0HwIGE3BNSDEPTiMUHzgGRdZiezyZDZBzOzaljzKV48KOLVL/Hm3zhJ9qCJBQ1FVTfdXV7MmVSW9W0sLa+srq3nNvKbW9s7u2ZhrymjRBDaIBGPRNvDknIW0oZiitN2LCgOPE5b3vBq4rfuqZAsCm/VKKZOgPsh8xnBSkuuWajfldEFenQvuydopOvGNYtWyZoCLRI7I0XIUHPNr24vIklAQ0U4lrJjW7FyUiwUI5yO891E0hiTIe7TjqYhDqh00unpY3SklR7yI6ErVGiq/p5IcSDlKPB0Z4DVQM57E/E/r5Mo/8xJWRgnioZktshPOFIRmuSAekxQovhIE0wE07ciMsACE6XTyusQ7PmXF0mzXLIrpfN6pVi1sjhycACHcAw2nEIVrqEGDSDwAM/wCm/Gk/FivBsfs9YlI5vZhz8wPn8ACjGR4g==</latexit>

+ …
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Q2 = xB y S

<latexit sha1_base64="QuV/ZFoKR58mwXSXX/EdYK39HoE=">AAAB+nicbVDLSgNBEOz1GeNro0cvg0HwIGE3BNSDEPTiMUHzgGRdZiezyZDZBzOzaljzKV48KOLVL/Hm3zhJ9qCJBQ1FVTfdXV7MmVSW9W0sLa+srq3nNvKbW9s7u2ZhrymjRBDaIBGPRNvDknIW0oZiitN2LCgOPE5b3vBq4rfuqZAsCm/VKKZOgPsh8xnBSkuuWajfldEFenQvuydopOvGNYtWyZoCLRI7I0XIUHPNr24vIklAQ0U4lrJjW7FyUiwUI5yO891E0hiTIe7TjqYhDqh00unpY3SklR7yI6ErVGiq/p5IcSDlKPB0Z4DVQM57E/E/r5Mo/8xJWRgnioZktshPOFIRmuSAekxQovhIE0wE07ciMsACE6XTyusQ7PmXF0mzXLIrpfN6pVi1sjhycACHcAw2nEIVrqEGDSDwAM/wCm/Gk/FivBsfs9YlI5vZhz8wPn8ACjGR4g==</latexit>

+ …
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Treat QED and QCD radiation equally in terms of factorization approach

q Three complementary processes for high-energy lepton-hadron scaQering: 

§ Inclusive single high-pT lepton:  Inclusive DIS
<latexit sha1_base64="Y4HBNFOCDpbVxaoJvh0x0+wfkPE=">AAACBHicbVDLSgMxFM34rPU16rKbYBFbCmWm+FoW3HRZwT6gM5RMeqcNzTxIMkIZunDjr7hxoYhbP8Kdf2PazkJbDwROzrmX5Bwv5kwqy/o21tY3Nre2czv53b39g0Pz6Lgto0RQaNGIR6LrEQmchdBSTHHoxgJI4HHoeOPbmd95ACFZFN6rSQxuQIYh8xklSkt9swAlBzgvVxqlZtlREV7cz8u40u2bRatqzYFXiZ2RIsrQ7JtfziCiSQChopxI2bOtWLkpEYpRDtO8k0iICR2TIfQ0DUkA0k3nIab4TCsD7EdCn1Dhufp7IyWBlJPA05MBUSO57M3E/7xeovwbN2VhnCgI6eIhP+FYh501ggdMAFV8ogmhgum/YjoiglCle8vrEuzlyKukXavaV9XLu4tivZbVkUMFdIpKyEbXqI4aqIlaiKJH9Ixe0ZvxZLwY78bHYnTNyHZO0B8Ynz+8qJWO</latexit>

e(`) +H(P ) ! e(`0) +X

§ Inclusive single high-pT hadron (or jet):  
<latexit sha1_base64="n0l2perdeMhFxEJFvfhuPgax/zU=">AAACFHicbVC7SgNBFJ31GeNr1dJmMAgbImE3+CoDNikjmAdklzA7uUnGzD6YmRXCko+w8VdsLBSxtbDzb5wkW2jigYHDOfdy5xw/5kwq2/42VlbX1jc2c1v57Z3dvX3z4LApo0RQaNCIR6LtEwmchdBQTHFoxwJI4HNo+aObqd96ACFZFN6pcQxeQAYh6zNKlJa6ZgksFzgvlmpWveiqCA+tuIit1BUBjoR7hu9BaWVSxKV21yzYZXsGvEycjBRQhnrX/HJ7EU0CCBXlRMqOY8fKS4lQjHKY5N1EQkzoiAygo2lIApBeOgs1wada6eF+JPQLFZ6pvzdSEkg5Dnw9GRA1lIveVPzP6ySqf+2lLIwTBSGdH+onHOvw04Zwjwmgio81IVQw/VdMh0QQqnSPeV2Csxh5mTQrZeeyfHF7XqhWsjpy6BidIAs56ApVUQ3VUQNR9Iie0St6M56MF+Pd+JiPrhjZzhH6A+PzB1KjmzI=</latexit>

e(`) +H(P ) ! h(p)(or jet(p)) +X

§ Inclusive high-pT lepton + hadron: Semi-Inclusive DIS
<latexit sha1_base64="cMw446v69Oyo6mEaZ0FTSBj2zn0=">AAACC3icbVDLSgMxFM34rPU16tJNaBGnFMpM8bUsuOmygn1AZyiZ9LYNzTxIMkIZunfjr7hxoYhbf8Cdf2PazkJbL4ScnHMvN+f4MWdS2fa3sba+sbm1ndvJ7+7tHxyaR8ctGSWCQpNGPBIdn0jgLISmYopDJxZAAp9D2x/fzvT2AwjJovBeTWLwAjIM2YBRojTVMwtgucB5qVy3GiVXRXjxPi/hMh5Zsb46PbNoV+x54VXgZKCIsmr0zC+3H9EkgFBRTqTsOnasvJQIxSiHad5NJMSEjskQuhqGJADppXMvU3ymmT4eREKfUOE5+3siJYGUk8DXnQFRI7mszcj/tG6iBjdeysI4URDSxaJBwrH2PAsG95kAqvhEA0IF03/FdEQEoUrHl9chOMuWV0GrWnGuKpd3F8VaNYsjh05RAVnIQdeohuqogZqIokf0jF7Rm/FkvBjvxseidc3IZk7QnzI+fwBhMpdo</latexit>

e(`) +H(P ) ! e(`0) + h(p) +X

“Photoproduction”
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e(`) +H(P ) ! e(`0) + h(p) +X

“Photoproduc>on”

q Corresponding factoriza?on formalisms (beyond one-photon exchange approxima?on):

<latexit sha1_base64="QfZjvutehbXxYJ06buqBhiHVVpU="></latexit>

⇡ 1

2s

X

ija

Z 1

⇣min

d⇣

⇣2

Z 1

⇠min

d⇠

⇠
De/j(⇣, µ

2) fi/e(⇠, µ
2)

<latexit sha1_base64="LugjzFrbEmyOTFm4cZY90RsXgr0=">AAACGXicbVDNS8MwHE3n15xfVY9egkPmabRzqMeBCB4nuA9Y60jTdAtL05Kkwij9N7z4r3jxoIhHPfnfmG496OaDwMt7vx/Je17MqFSW9W2UVlbX1jfKm5Wt7Z3dPXP/oCujRGDSwRGLRN9DkjDKSUdRxUg/FgSFHiM9b3KV+70HIiSN+J2axsQN0YjTgGKktDQ0reuaEwiEUx86ko5CNEwdwhhsOyqCOavBfpal/v3Z/JYNzapVt2aAy8QuSBUUaA/NT8ePcBISrjBDUg5sK1ZuioSimJGs4iSSxAhP0IgMNOUoJNJNZ8kyeKIVHwaR0IcrOFN/b6QolHIaenoyRGosF71c/M8bJCq4dFPK40QRjucPBQmDOnVeE/SpIFixqSYIC6r/CvEY6aKULrOiS7AXIy+TbqNun9ebt81qq1HUUQZH4BicAhtcgBa4AW3QARg8gmfwCt6MJ+PFeDc+5qMlo9g5BH9gfP0A7D+flQ==</latexit>

E0 d�`P!`0X

d3`0

<latexit sha1_base64="3A7f36SsqjEHGeoyE0eVlwdhmiE="></latexit>

⇥
Z 1

xmin

dx

x
fa/N (x, µ2) bHia!jX(⇠`, xP, `0/⇣, µ2) + (1/`0T )

↵

LFFs LDFs

PDFs

§ No DIS “Structure Func*ons”!

§ QED & QCD contribu*on are  
factorized at the same scale:  µ

<latexit sha1_base64="na4hLTFR9PKVrf/2oGi1FRGc1JE="></latexit>

(xB , Q
2) $ (y`, `

0
T )

<latexit sha1_base64="vdTAWdQDmSH1YoEprnj3sJFJGb0=">AAACD3icbZC7SgNBFIZnvRtvUUubwaBYLMtuELURBBtLBXOBZAlnJydxdGZ3nZkVwpI3sPFVbCwUsbW1822cJFt4+2Hg4z/ncOb8USq4Nr7/6UxNz8zOzS8slpaWV1bXyusbdZ1kimGNJSJRzQg0Ch5jzXAjsJkqBBkJbEQ3p6N64w6V5kl8aQYphhL6Me9xBsZanfIu967pMUW33QcpwW1HoHIcutTzPJfeurQ/xk654nv+WPQvBAVUSKHzTvmj3U1YJjE2TIDWrcBPTZiDMpwJHJbamcYU2A30sWUxBok6zMf3DOmOdbq0lyj7YkPH7veJHKTWAxnZTgnmSv+ujcz/aq3M9I7CnMdpZjBmk0W9TFCT0FE4tMsVMiMGFoApbv9K2RUoYMZGWLIhBL9P/gv1qhccePsX+5WTahHHAtki22SPBOSQnJAzck5qhJF78kieyYvz4Dw5r87bpHXKKWY2yQ8571/7LJjE</latexit>

i.j = e, �, ē, ..., q, g, ...
<latexit sha1_base64="J4+DkPUL3AB/zyqI2IIyd4xspjg=">AAACEXicbZC7SgNBFIZnvcZ4i1raDAbBYll2JaiNINhYRjAXSJZwdnI2Ds7srjOzQljyCja+io2FIrZ2dr6Nk0vh7YeBn++cw5nzR5ng2vj+pzM3v7C4tFxaKa+urW9sVra2mzrNFcMGS0Wq2hFoFDzBhuFGYDtTCDIS2Ipuzsf11h0qzdPkygwzDCUMEh5zBsaiXuUA6Cm9dQduNwJV3I5cim53AFKCSycILfI8j/YqVd/zJ6J/TTAzVTJTvVf56PZTlktMDBOgdSfwMxMWoAxnAkflbq4xA3YDA+xYm4BEHRaTi0Z035I+jVNlX2LohH6fKEBqPZSR7ZRgrvXv2hj+V+vkJj4JC55kucGETRfFuaAmpeN4aJ8rZEYMrQGmuP0rZdeggBkbYtmGEPw++a9pHnrBkVe7rFXPDmdxlMgu2SMHJCDH5IxckDppEEbuySN5Ji/Og/PkvDpv09Y5ZzazQ37Ief8CJ7aaqA==</latexit>

a = q, g, q̄, e, �, ē, ...
<latexit sha1_base64="Rd5WYuJazi0r0+yCjUun+f4vg9k="></latexit>

bHia!jX(⇠`, xP, `0/⇣, µ2) ⇡ bH(m,n)
ia!jX(⇠`, xP, `0/⇣, µ2)

<latexit sha1_base64="fpgYixjHLNn1Tqg5j8GhNpvcbnE=">AAACD3icbVC7TgJBFJ3FF+ILtbSZSDTYkF1C1JLExk5M5JGwC7k7DDBhdnYyM2skG/7Axl+xsdAYW1s7/8YFtlDwJDf35Jx7M3OPLznTxra/rczK6tr6RnYzt7W9s7uX3z9o6DBShNZJyEPV8kFTzgStG2Y4bUlFIfA5bfqjq6nfvKdKs1DcmbGkXgADwfqMgEmkbv7UBSlV+IBzsUuA45tJ0QUuh9AJ5r2rO+Is180X7JI9A14mTkoKKEWtm/9yeyGJAioM4aB127Gl8WJQhhFOJzk30lQCGcGAthMqIKDai2f3TPBJovRwP1RJCYNn6u+NGAKtx4GfTAZghnrRm4r/ee3I9C+9mAkZGSrI/KF+xLEJ8TQc3GOKEsPHCQGiWPJXTIaggJgkwmkIzuLJy6RRLjnnpcptpVAtp3Fk0RE6RkXkoAtURdeohuqIoEf0jF7Rm/VkvVjv1sd8NGOlO4foD6zPH6Ocm7s=</latexit>
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<latexit sha1_base64="0B0IRRB/ghN1DMjP0Vh+EJfKSPg=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbRU0mktR4LXnqsYNpCW8pmO2mXbjZhdyOU0t/gxYMiXv1B3vw3btsIKvpg4PHeDDPzgkRwbVz3w8mtrW9sbuW3Czu7e/sHxcOjlo5TxdBnsYhVJ6AaBZfoG24EdhKFNAoEtoPJzcJv36PSPJZ3ZppgP6IjyUPOqLGS30MhzgfFklt2lyDfyFWtWvM84mVKCTI0B8X33jBmaYTSMEG17npuYvozqgxnAueFXqoxoWxCR9i1VNIIdX+2PHZOzqwyJGGsbElDlur3iRmNtJ5Gge2MqBnr395C/Mvrpia87s+4TFKDkq0WhakgJiaLz8mQK2RGTC2hTHF7K2FjqigzNp+CDeHrU/I/aV2WvUq5elsp1RtZHHk4gVO4AA9qUIcGNMEHBhwe4AmeHek8Oi/O66o152Qzx/ADztsnmaCOlQ==</latexit>

`

<latexit sha1_base64="9je2xQ8JB3qTX3Ab2YUvtSw82Sc=">AAAB63icdVBNSwMxEM3Wr1q/qh69BIvgqexKaz0WvPRYwX5Au5RsOtuGJtklyQpl6V/w4kERr/4hb/4bs+0KVfTBwOO9GWbmBTFn2rjup1PY2Nza3inulvb2Dw6PyscnXR0likKHRjxS/YBo4ExCxzDDoR8rICLg0Atmt5nfewClWSTvzTwGX5CJZCGjxGTSEDgflStu1V0Cr5HrRr3hedjLlQrK0R6VP4bjiCYCpKGcaD3w3Nj4KVGGUQ6L0jDREBM6IxMYWCqJAO2ny1sX+MIqYxxGypY0eKmuT6REaD0Xge0UxEz1by8T//IGiQlv/JTJODEg6WpRmHBsIpw9jsdMATV8bgmhitlbMZ0SRaix8ZRsCN+f4v9J96rq1ar1u1ql2crjKKIzdI4ukYcaqIlaqI06iKIpekTP6MURzpPz6rytWgtOPnOKfsB5/wI4AY5k</latexit>

k

<latexit sha1_base64="Ycm69Y7AeLkudSZJpVakGRB0XNk=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexKYjwGRPCYgHlAsoTZSW8yZvbBzKwQlnyBFw+KePWTvPk3TpIVomhBQ1HVTXeXFwuutG1/Wrm19Y3Nrfx2YWd3b/+geHjUVlEiGbZYJCLZ9ahCwUNsaa4FdmOJNPAEdrzJ9dzvPKBUPArv9DRGN6CjkPucUW2k5mRQLNllewGyQi5r1ZrjECdTSpChMSh+9IcRSwIMNRNUqZ5jx9pNqdScCZwV+onCmLIJHWHP0JAGqNx0ceiMnBllSPxImgo1WairEykNlJoGnukMqB6r395c/MvrJdq/clMexonGkC0X+YkgOiLzr8mQS2RaTA2hTHJzK2FjKinTJpuCCeH7U/I/aV+UnUq52qyU6jdZHHk4gVM4BwdqUIdbaEALGCA8wjO8WPfWk/VqvS1bc1Y2cww/YL1/Afw5jRU=</latexit>

k0

<latexit sha1_base64="g/ilXVCKEVZqN18NU/+0qKPcqjU=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbRU0mktR4LInisYj+gDWWz3bRLNpuwuxFK6D/w4kERr/4jb/4bN22EKvpg4PHeDDPzvJgzpW370yqsrK6tbxQ3S1vbO7t75f2DjooSSWibRDySPQ8rypmgbc00p71YUhx6nHa94Crzuw9UKhaJez2NqRvisWA+I1gb6S44HZYrdtWeAy2Ri0a94TjIyZUK5GgNyx+DUUSSkApNOFaq79ixdlMsNSOczkqDRNEYkwCPad9QgUOq3HR+6QydGGWE/EiaEhrN1eWJFIdKTUPPdIZYT9RvLxP/8vqJ9i/dlIk40VSQxSI/4UhHKHsbjZikRPOpIZhIZm5FZIIlJtqEUzIhfH+K/ied86pTq9Zva5XmdR5HEY7gGM7AgQY04QZa0AYCPjzCM7xYgfVkvVpvi9aClc8cwg9Y719cs41G</latexit>

P
p

<latexit sha1_base64="FcpH2/9XV/2yZWAlUPaC3zhOK7o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseCCB5bsLXQhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRW8epYthisYhVJ6AaBZfYMtwI7CQKaRQIfAjGNzP/4QmV5rG8N5ME/YgOJQ85o8ZKzaRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1aqXzVqlfpvHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f3ZiM/w==</latexit>



5

Treat QED and QCD radiation equally in terms of factorization approach

<latexit sha1_base64="C8WctfWLyGPIxw5Dp3hsDt7Cl+w="></latexit>

E
d�`P!pX

d3p
⇡ 1

2s

X

i,a,b

Z 1

zmin

dz

z2

Z 1

⇠min

d⇠

⇠
Dh/b(z, µ

2) fi/e(⇠, µ
2)

<latexit sha1_base64="iUq117h7UajcoImblQEs4A6p6n8="></latexit>

⇥
Z 1

xmin

dx

x
fa/N (x, µ2) bHia!bX(⇠`, xP, p/z, µ2) + (1/pT )

↵

Kang, Meta, Qiu, Zhou, PRD 2011
Hinderer, Schlegel, Vogelsang, PRD 2015, 2016

Abelof, Boughezal, Liu, Petriello, PLB, 2016
Qiu, Wang, Xing, CPL, 2021

Qiu, Watanabe, in preparaJon

q Three complementary processes for high-energy lepton-hadron scaQering: 

§ Inclusive single high-pT lepton:  Inclusive DIS
<latexit sha1_base64="Y4HBNFOCDpbVxaoJvh0x0+wfkPE=">AAACBHicbVDLSgMxFM34rPU16rKbYBFbCmWm+FoW3HRZwT6gM5RMeqcNzTxIMkIZunDjr7hxoYhbP8Kdf2PazkJbDwROzrmX5Bwv5kwqy/o21tY3Nre2czv53b39g0Pz6Lgto0RQaNGIR6LrEQmchdBSTHHoxgJI4HHoeOPbmd95ACFZFN6rSQxuQIYh8xklSkt9swAlBzgvVxqlZtlREV7cz8u40u2bRatqzYFXiZ2RIsrQ7JtfziCiSQChopxI2bOtWLkpEYpRDtO8k0iICR2TIfQ0DUkA0k3nIab4TCsD7EdCn1Dhufp7IyWBlJPA05MBUSO57M3E/7xeovwbN2VhnCgI6eIhP+FYh501ggdMAFV8ogmhgum/YjoiglCle8vrEuzlyKukXavaV9XLu4tivZbVkUMFdIpKyEbXqI4aqIlaiKJH9Ixe0ZvxZLwY78bHYnTNyHZO0B8Ynz+8qJWO</latexit>

e(`) +H(P ) ! e(`0) +X

§ Inclusive single high-pT hadron (or jet):  
<latexit sha1_base64="n0l2perdeMhFxEJFvfhuPgax/zU=">AAACFHicbVC7SgNBFJ31GeNr1dJmMAgbImE3+CoDNikjmAdklzA7uUnGzD6YmRXCko+w8VdsLBSxtbDzb5wkW2jigYHDOfdy5xw/5kwq2/42VlbX1jc2c1v57Z3dvX3z4LApo0RQaNCIR6LtEwmchdBQTHFoxwJI4HNo+aObqd96ACFZFN6pcQxeQAYh6zNKlJa6ZgksFzgvlmpWveiqCA+tuIit1BUBjoR7hu9BaWVSxKV21yzYZXsGvEycjBRQhnrX/HJ7EU0CCBXlRMqOY8fKS4lQjHKY5N1EQkzoiAygo2lIApBeOgs1wada6eF+JPQLFZ6pvzdSEkg5Dnw9GRA1lIveVPzP6ySqf+2lLIwTBSGdH+onHOvw04Zwjwmgio81IVQw/VdMh0QQqnSPeV2Csxh5mTQrZeeyfHF7XqhWsjpy6BidIAs56ApVUQ3VUQNR9Iie0St6M56MF+Pd+JiPrhjZzhH6A+PzB1KjmzI=</latexit>

e(`) +H(P ) ! h(p)(or jet(p)) +X

§ Inclusive high-pT lepton + hadron: Semi-Inclusive DIS
<latexit sha1_base64="cMw446v69Oyo6mEaZ0FTSBj2zn0=">AAACC3icbVDLSgMxFM34rPU16tJNaBGnFMpM8bUsuOmygn1AZyiZ9LYNzTxIMkIZunfjr7hxoYhbf8Cdf2PazkJbL4ScnHMvN+f4MWdS2fa3sba+sbm1ndvJ7+7tHxyaR8ctGSWCQpNGPBIdn0jgLISmYopDJxZAAp9D2x/fzvT2AwjJovBeTWLwAjIM2YBRojTVMwtgucB5qVy3GiVXRXjxPi/hMh5Zsb46PbNoV+x54VXgZKCIsmr0zC+3H9EkgFBRTqTsOnasvJQIxSiHad5NJMSEjskQuhqGJADppXMvU3ymmT4eREKfUOE5+3siJYGUk8DXnQFRI7mszcj/tG6iBjdeysI4URDSxaJBwrH2PAsG95kAqvhEA0IF03/FdEQEoUrHl9chOMuWV0GrWnGuKpd3F8VaNYsjh05RAVnIQdeohuqogZqIokf0jF7Rm/FkvBjvxseidc3IZk7QnzI+fwBhMpdo</latexit>

e(`) +H(P ) ! e(`0) + h(p) +X

“Photoproduction”

q Corresponding factoriza?on formalisms (beyond one-photon exchange approxima?on):

<latexit sha1_base64="QfZjvutehbXxYJ06buqBhiHVVpU="></latexit>

⇡ 1

2s

X

ija

Z 1

⇣min

d⇣

⇣2

Z 1

⇠min

d⇠

⇠
De/j(⇣, µ

2) fi/e(⇠, µ
2)

<latexit sha1_base64="LugjzFrbEmyOTFm4cZY90RsXgr0=">AAACGXicbVDNS8MwHE3n15xfVY9egkPmabRzqMeBCB4nuA9Y60jTdAtL05Kkwij9N7z4r3jxoIhHPfnfmG496OaDwMt7vx/Je17MqFSW9W2UVlbX1jfKm5Wt7Z3dPXP/oCujRGDSwRGLRN9DkjDKSUdRxUg/FgSFHiM9b3KV+70HIiSN+J2axsQN0YjTgGKktDQ0reuaEwiEUx86ko5CNEwdwhhsOyqCOavBfpal/v3Z/JYNzapVt2aAy8QuSBUUaA/NT8ePcBISrjBDUg5sK1ZuioSimJGs4iSSxAhP0IgMNOUoJNJNZ8kyeKIVHwaR0IcrOFN/b6QolHIaenoyRGosF71c/M8bJCq4dFPK40QRjucPBQmDOnVeE/SpIFixqSYIC6r/CvEY6aKULrOiS7AXIy+TbqNun9ebt81qq1HUUQZH4BicAhtcgBa4AW3QARg8gmfwCt6MJ+PFeDc+5qMlo9g5BH9gfP0A7D+flQ==</latexit>

E0 d�`P!`0X

d3`0

<latexit sha1_base64="3A7f36SsqjEHGeoyE0eVlwdhmiE="></latexit>

⇥
Z 1

xmin

dx

x
fa/N (x, µ2) bHia!jX(⇠`, xP, `0/⇣, µ2) + (1/`0T )

↵

LFFs LDFs

PDFs

§ No DIS “Structure Functions”!

§ QED & QCD contribu*on are  
factorized at the same scale:  µ

<latexit sha1_base64="na4hLTFR9PKVrf/2oGi1FRGc1JE="></latexit>

(xB , Q
2) $ (y`, `

0
T )

<latexit sha1_base64="vdTAWdQDmSH1YoEprnj3sJFJGb0=">AAACD3icbZC7SgNBFIZnvRtvUUubwaBYLMtuELURBBtLBXOBZAlnJydxdGZ3nZkVwpI3sPFVbCwUsbW1822cJFt4+2Hg4z/ncOb8USq4Nr7/6UxNz8zOzS8slpaWV1bXyusbdZ1kimGNJSJRzQg0Ch5jzXAjsJkqBBkJbEQ3p6N64w6V5kl8aQYphhL6Me9xBsZanfIu967pMUW33QcpwW1HoHIcutTzPJfeurQ/xk654nv+WPQvBAVUSKHzTvmj3U1YJjE2TIDWrcBPTZiDMpwJHJbamcYU2A30sWUxBok6zMf3DOmOdbq0lyj7YkPH7veJHKTWAxnZTgnmSv+ujcz/aq3M9I7CnMdpZjBmk0W9TFCT0FE4tMsVMiMGFoApbv9K2RUoYMZGWLIhBL9P/gv1qhccePsX+5WTahHHAtki22SPBOSQnJAzck5qhJF78kieyYvz4Dw5r87bpHXKKWY2yQ8571/7LJjE</latexit>

i.j = e, �, ē, ..., q, g, ...
<latexit sha1_base64="J4+DkPUL3AB/zyqI2IIyd4xspjg=">AAACEXicbZC7SgNBFIZnvcZ4i1raDAbBYll2JaiNINhYRjAXSJZwdnI2Ds7srjOzQljyCja+io2FIrZ2dr6Nk0vh7YeBn++cw5nzR5ng2vj+pzM3v7C4tFxaKa+urW9sVra2mzrNFcMGS0Wq2hFoFDzBhuFGYDtTCDIS2Ipuzsf11h0qzdPkygwzDCUMEh5zBsaiXuUA6Cm9dQduNwJV3I5cim53AFKCSycILfI8j/YqVd/zJ6J/TTAzVTJTvVf56PZTlktMDBOgdSfwMxMWoAxnAkflbq4xA3YDA+xYm4BEHRaTi0Z035I+jVNlX2LohH6fKEBqPZSR7ZRgrvXv2hj+V+vkJj4JC55kucGETRfFuaAmpeN4aJ8rZEYMrQGmuP0rZdeggBkbYtmGEPw++a9pHnrBkVe7rFXPDmdxlMgu2SMHJCDH5IxckDppEEbuySN5Ji/Og/PkvDpv09Y5ZzazQ37Ief8CJ7aaqA==</latexit>

a = q, g, q̄, e, �, ē, ...
<latexit sha1_base64="Rd5WYuJazi0r0+yCjUun+f4vg9k="></latexit>

bHia!jX(⇠`, xP, `0/⇣, µ2) ⇡ bH(m,n)
ia!jX(⇠`, xP, `0/⇣, µ2)

<latexit sha1_base64="fpgYixjHLNn1Tqg5j8GhNpvcbnE=">AAACD3icbVC7TgJBFJ3FF+ILtbSZSDTYkF1C1JLExk5M5JGwC7k7DDBhdnYyM2skG/7Axl+xsdAYW1s7/8YFtlDwJDf35Jx7M3OPLznTxra/rczK6tr6RnYzt7W9s7uX3z9o6DBShNZJyEPV8kFTzgStG2Y4bUlFIfA5bfqjq6nfvKdKs1DcmbGkXgADwfqMgEmkbv7UBSlV+IBzsUuA45tJ0QUuh9AJ5r2rO+Is180X7JI9A14mTkoKKEWtm/9yeyGJAioM4aB127Gl8WJQhhFOJzk30lQCGcGAthMqIKDai2f3TPBJovRwP1RJCYNn6u+NGAKtx4GfTAZghnrRm4r/ee3I9C+9mAkZGSrI/KF+xLEJ8TQc3GOKEsPHCQGiWPJXTIaggJgkwmkIzuLJy6RRLjnnpcptpVAtp3Fk0RE6RkXkoAtURdeohuqIoEf0jF7Rm/VkvVjv1sd8NGOlO4foD6zPH6Ocm7s=</latexit>

⇡ O(↵m↵n
s )

IRS hard coefs

p

X

l

l'

k'
k P

(a) `0

<latexit sha1_base64="0B0IRRB/ghN1DMjP0Vh+EJfKSPg=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbRU0mktR4LXnqsYNpCW8pmO2mXbjZhdyOU0t/gxYMiXv1B3vw3btsIKvpg4PHeDDPzgkRwbVz3w8mtrW9sbuW3Czu7e/sHxcOjlo5TxdBnsYhVJ6AaBZfoG24EdhKFNAoEtoPJzcJv36PSPJZ3ZppgP6IjyUPOqLGS30MhzgfFklt2lyDfyFWtWvM84mVKCTI0B8X33jBmaYTSMEG17npuYvozqgxnAueFXqoxoWxCR9i1VNIIdX+2PHZOzqwyJGGsbElDlur3iRmNtJ5Gge2MqBnr395C/Mvrpia87s+4TFKDkq0WhakgJiaLz8mQK2RGTC2hTHF7K2FjqigzNp+CDeHrU/I/aV2WvUq5elsp1RtZHHk4gVO4AA9qUIcGNMEHBhwe4AmeHek8Oi/O66o152Qzx/ADztsnmaCOlQ==</latexit>

`

<latexit sha1_base64="9je2xQ8JB3qTX3Ab2YUvtSw82Sc=">AAAB63icdVBNSwMxEM3Wr1q/qh69BIvgqexKaz0WvPRYwX5Au5RsOtuGJtklyQpl6V/w4kERr/4hb/4bs+0KVfTBwOO9GWbmBTFn2rjup1PY2Nza3inulvb2Dw6PyscnXR0likKHRjxS/YBo4ExCxzDDoR8rICLg0Atmt5nfewClWSTvzTwGX5CJZCGjxGTSEDgflStu1V0Cr5HrRr3hedjLlQrK0R6VP4bjiCYCpKGcaD3w3Nj4KVGGUQ6L0jDREBM6IxMYWCqJAO2ny1sX+MIqYxxGypY0eKmuT6REaD0Xge0UxEz1by8T//IGiQlv/JTJODEg6WpRmHBsIpw9jsdMATV8bgmhitlbMZ0SRaix8ZRsCN+f4v9J96rq1ar1u1ql2crjKKIzdI4ukYcaqIlaqI06iKIpekTP6MURzpPz6rytWgtOPnOKfsB5/wI4AY5k</latexit>

k

<latexit sha1_base64="Ycm69Y7AeLkudSZJpVakGRB0XNk=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexKYjwGRPCYgHlAsoTZSW8yZvbBzKwQlnyBFw+KePWTvPk3TpIVomhBQ1HVTXeXFwuutG1/Wrm19Y3Nrfx2YWd3b/+geHjUVlEiGbZYJCLZ9ahCwUNsaa4FdmOJNPAEdrzJ9dzvPKBUPArv9DRGN6CjkPucUW2k5mRQLNllewGyQi5r1ZrjECdTSpChMSh+9IcRSwIMNRNUqZ5jx9pNqdScCZwV+onCmLIJHWHP0JAGqNx0ceiMnBllSPxImgo1WairEykNlJoGnukMqB6r395c/MvrJdq/clMexonGkC0X+YkgOiLzr8mQS2RaTA2hTHJzK2FjKinTJpuCCeH7U/I/aV+UnUq52qyU6jdZHHk4gVM4BwdqUIdbaEALGCA8wjO8WPfWk/VqvS1bc1Y2cww/YL1/Afw5jRU=</latexit>

k0

<latexit sha1_base64="g/ilXVCKEVZqN18NU/+0qKPcqjU=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbRU0mktR4LInisYj+gDWWz3bRLNpuwuxFK6D/w4kERr/4jb/4bN22EKvpg4PHeDDPzvJgzpW370yqsrK6tbxQ3S1vbO7t75f2DjooSSWibRDySPQ8rypmgbc00p71YUhx6nHa94Crzuw9UKhaJez2NqRvisWA+I1gb6S44HZYrdtWeAy2Ri0a94TjIyZUK5GgNyx+DUUSSkApNOFaq79ixdlMsNSOczkqDRNEYkwCPad9QgUOq3HR+6QydGGWE/EiaEhrN1eWJFIdKTUPPdIZYT9RvLxP/8vqJ9i/dlIk40VSQxSI/4UhHKHsbjZikRPOpIZhIZm5FZIIlJtqEUzIhfH+K/ied86pTq9Zva5XmdR5HEY7gGM7AgQY04QZa0AYCPjzCM7xYgfVkvVpvi9aClc8cwg9Y719cs41G</latexit>

P
p

<latexit sha1_base64="FcpH2/9XV/2yZWAlUPaC3zhOK7o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseCCB5bsLXQhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRW8epYthisYhVJ6AaBZfYMtwI7CQKaRQIfAjGNzP/4QmV5rG8N5ME/YgOJQ85o8ZKzaRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1aqXzVqlfpvHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f3ZiM/w==</latexit>
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Treat QED and QCD radiation equally in terms of factorization approach

q Three complementary processes for high-energy lepton-hadron scaQering: 

§ Inclusive single high-pT lepton:  Inclusive DIS
<latexit sha1_base64="Y4HBNFOCDpbVxaoJvh0x0+wfkPE=">AAACBHicbVDLSgMxFM34rPU16rKbYBFbCmWm+FoW3HRZwT6gM5RMeqcNzTxIMkIZunDjr7hxoYhbP8Kdf2PazkJbDwROzrmX5Bwv5kwqy/o21tY3Nre2czv53b39g0Pz6Lgto0RQaNGIR6LrEQmchdBSTHHoxgJI4HHoeOPbmd95ACFZFN6rSQxuQIYh8xklSkt9swAlBzgvVxqlZtlREV7cz8u40u2bRatqzYFXiZ2RIsrQ7JtfziCiSQChopxI2bOtWLkpEYpRDtO8k0iICR2TIfQ0DUkA0k3nIab4TCsD7EdCn1Dhufp7IyWBlJPA05MBUSO57M3E/7xeovwbN2VhnCgI6eIhP+FYh501ggdMAFV8ogmhgum/YjoiglCle8vrEuzlyKukXavaV9XLu4tivZbVkUMFdIpKyEbXqI4aqIlaiKJH9Ixe0ZvxZLwY78bHYnTNyHZO0B8Ynz+8qJWO</latexit>

e(`) +H(P ) ! e(`0) +X

§ Inclusive single high-pT hadron (or jet):  
<latexit sha1_base64="n0l2perdeMhFxEJFvfhuPgax/zU=">AAACFHicbVC7SgNBFJ31GeNr1dJmMAgbImE3+CoDNikjmAdklzA7uUnGzD6YmRXCko+w8VdsLBSxtbDzb5wkW2jigYHDOfdy5xw/5kwq2/42VlbX1jc2c1v57Z3dvX3z4LApo0RQaNCIR6LtEwmchdBQTHFoxwJI4HNo+aObqd96ACFZFN6pcQxeQAYh6zNKlJa6ZgksFzgvlmpWveiqCA+tuIit1BUBjoR7hu9BaWVSxKV21yzYZXsGvEycjBRQhnrX/HJ7EU0CCBXlRMqOY8fKS4lQjHKY5N1EQkzoiAygo2lIApBeOgs1wada6eF+JPQLFZ6pvzdSEkg5Dnw9GRA1lIveVPzP6ySqf+2lLIwTBSGdH+onHOvw04Zwjwmgio81IVQw/VdMh0QQqnSPeV2Csxh5mTQrZeeyfHF7XqhWsjpy6BidIAs56ApVUQ3VUQNR9Iie0St6M56MF+Pd+JiPrhjZzhH6A+PzB1KjmzI=</latexit>

e(`) +H(P ) ! h(p)(or jet(p)) +X

§ Inclusive high-pT lepton + hadron: Semi-Inclusive DIS
<latexit sha1_base64="cMw446v69Oyo6mEaZ0FTSBj2zn0=">AAACC3icbVDLSgMxFM34rPU16tJNaBGnFMpM8bUsuOmygn1AZyiZ9LYNzTxIMkIZunfjr7hxoYhbf8Cdf2PazkJbL4ScnHMvN+f4MWdS2fa3sba+sbm1ndvJ7+7tHxyaR8ctGSWCQpNGPBIdn0jgLISmYopDJxZAAp9D2x/fzvT2AwjJovBeTWLwAjIM2YBRojTVMwtgucB5qVy3GiVXRXjxPi/hMh5Zsb46PbNoV+x54VXgZKCIsmr0zC+3H9EkgFBRTqTsOnasvJQIxSiHad5NJMSEjskQuhqGJADppXMvU3ymmT4eREKfUOE5+3siJYGUk8DXnQFRI7mszcj/tG6iBjdeysI4URDSxaJBwrH2PAsG95kAqvhEA0IF03/FdEQEoUrHl9chOMuWV0GrWnGuKpd3F8VaNYsjh05RAVnIQdeohuqogZqIokf0jF7Rm/FkvBjvxseidc3IZk7QnzI+fwBhMpdo</latexit>

e(`) +H(P ) ! e(`0) + h(p) +X

“Photoproduction”

q Corresponding factoriza?on formalisms (beyond one-photon exchange approxima?on):
TMD regime:  lepton and hadron almost back-to-back
Hybrid Factoriza>on:  Collinear factoriza>on for QED + TMD factoriza>on for QCD 

<latexit sha1_base64="NBKtzE/Nq3hjl3Ic5GFINiQcFXc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKewGX8eAF48RzAOSJcxOZpMxs7PLTK8QlvyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMMbPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0alXvqnp5f1Gp1/I4inACp3AOHlxDHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPtJuPLg==</latexit>⇥
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Treat QED and QCD radiation equally in terms of factorization approach

q Three complementary processes for high-energy lepton-hadron scattering: 

§ Inclusive single high-pT lepton:  Inclusive DIS
<latexit sha1_base64="Y4HBNFOCDpbVxaoJvh0x0+wfkPE=">AAACBHicbVDLSgMxFM34rPU16rKbYBFbCmWm+FoW3HRZwT6gM5RMeqcNzTxIMkIZunDjr7hxoYhbP8Kdf2PazkJbDwROzrmX5Bwv5kwqy/o21tY3Nre2czv53b39g0Pz6Lgto0RQaNGIR6LrEQmchdBSTHHoxgJI4HHoeOPbmd95ACFZFN6rSQxuQIYh8xklSkt9swAlBzgvVxqlZtlREV7cz8u40u2bRatqzYFXiZ2RIsrQ7JtfziCiSQChopxI2bOtWLkpEYpRDtO8k0iICR2TIfQ0DUkA0k3nIab4TCsD7EdCn1Dhufp7IyWBlJPA05MBUSO57M3E/7xeovwbN2VhnCgI6eIhP+FYh501ggdMAFV8ogmhgum/YjoiglCle8vrEuzlyKukXavaV9XLu4tivZbVkUMFdIpKyEbXqI4aqIlaiKJH9Ixe0ZvxZLwY78bHYnTNyHZO0B8Ynz+8qJWO</latexit>

e(`) +H(P ) ! e(`0) +X

§ Inclusive single high-pT hadron (or jet):  
<latexit sha1_base64="n0l2perdeMhFxEJFvfhuPgax/zU=">AAACFHicbVC7SgNBFJ31GeNr1dJmMAgbImE3+CoDNikjmAdklzA7uUnGzD6YmRXCko+w8VdsLBSxtbDzb5wkW2jigYHDOfdy5xw/5kwq2/42VlbX1jc2c1v57Z3dvX3z4LApo0RQaNCIR6LtEwmchdBQTHFoxwJI4HNo+aObqd96ACFZFN6pcQxeQAYh6zNKlJa6ZgksFzgvlmpWveiqCA+tuIit1BUBjoR7hu9BaWVSxKV21yzYZXsGvEycjBRQhnrX/HJ7EU0CCBXlRMqOY8fKS4lQjHKY5N1EQkzoiAygo2lIApBeOgs1wada6eF+JPQLFZ6pvzdSEkg5Dnw9GRA1lIveVPzP6ySqf+2lLIwTBSGdH+onHOvw04Zwjwmgio81IVQw/VdMh0QQqnSPeV2Csxh5mTQrZeeyfHF7XqhWsjpy6BidIAs56ApVUQ3VUQNR9Iie0St6M56MF+Pd+JiPrhjZzhH6A+PzB1KjmzI=</latexit>

e(`) +H(P ) ! h(p)(or jet(p)) +X

§ Inclusive high-pT lepton + hadron: Semi-Inclusive DIS
<latexit sha1_base64="cMw446v69Oyo6mEaZ0FTSBj2zn0=">AAACC3icbVDLSgMxFM34rPU16tJNaBGnFMpM8bUsuOmygn1AZyiZ9LYNzTxIMkIZunfjr7hxoYhbf8Cdf2PazkJbL4ScnHMvN+f4MWdS2fa3sba+sbm1ndvJ7+7tHxyaR8ctGSWCQpNGPBIdn0jgLISmYopDJxZAAp9D2x/fzvT2AwjJovBeTWLwAjIM2YBRojTVMwtgucB5qVy3GiVXRXjxPi/hMh5Zsb46PbNoV+x54VXgZKCIsmr0zC+3H9EkgFBRTqTsOnasvJQIxSiHad5NJMSEjskQuhqGJADppXMvU3ymmT4eREKfUOE5+3siJYGUk8DXnQFRI7mszcj/tG6iBjdeysI4URDSxaJBwrH2PAsG95kAqvhEA0IF03/FdEQEoUrHl9chOMuWV0GrWnGuKpd3F8VaNYsjh05RAVnIQdeohuqogZqIokf0jF7Rm/FkvBjvxseidc3IZk7QnzI+fwBhMpdo</latexit>

e(`) +H(P ) ! e(`0) + h(p) +X

“Photoproduc>on”

q Corresponding factoriza?on formalisms (beyond one-photon exchange approxima?on):
TMD regime:  lepton and hadron almost back-to-back
Hybrid Factorization:  Collinear factorization for QED + TMD factorization for QCD 

<latexit sha1_base64="NBKtzE/Nq3hjl3Ic5GFINiQcFXc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKewGX8eAF48RzAOSJcxOZpMxs7PLTK8QlvyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMMbPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0alXvqnp5f1Gp1/I4inACp3AOHlxDHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPtJuPLg==</latexit>⇥
§ One-photon approxima2on:

Evaluated in a “virtual photon-hadron” frame

<latexit sha1_base64="otOqmqlPkAUA6HVzuilc8pbVqUk=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgopSkFHVZcOMygn1AE8JkMmmHTh7OTJQSsnLjr7hxoYhbv8Gdf+OkzUJbD1w4c869zL3HSxgV0jC+tcrK6tr6RnWztrW9s7un7x/0RJxyTLo4ZjEfeEgQRiPSlVQyMkg4QaHHSN+bXBV+/55wQePoVk4T4oRoFNGAYiSV5OrHdmaPkczu8ga0GtB+oD4p3lbuju3c1etG05gBLhOzJHVQwnL1L9uPcRqSSGKGhBiaRiKdDHFJMSN5zU4FSRCeoBEZKhqhkAgnm52Rw1Ol+DCIuapIwpn6eyJDoRDT0FOdIZJjsegV4n/eMJXBpZPRKEklifD8oyBlUMawyAT6lBMs2VQRhDlVu0I8RhxhqZKrqRDMxZOXSa/VNM+b7Zt2vdMq46iCI3ACzoAJLkAHXAMLdAEGj+AZvII37Ul70d61j3lrRStnDsEfaJ8/1w2YsQ==</latexit>

{q̂, P, bPh}
<latexit sha1_base64="bdRtBkVpddCQF6/oZhwcFejdSnY=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KCUpRV0W3LiMYB/QhjCZTtqhk4czE6XEfIobF4q49Uvc+TdO2yy09cCFwzn3cu89fsKZVJb1baytb2xubZd2yrt7+weHZuWoI+NUENomMY9Fz8eSchbRtmKK014iKA59Trv+5Hrmdx+okCyO7tQ0oW6IRxELGMFKS55ZGWTZfV5DTg1lTu6NB7lnVq26NQdaJXZBqlDA8cyvwTAmaUgjRTiWsm9biXIzLBQjnOblQSppgskEj2hf0wiHVLrZ/PQcnWlliIJY6IoUmqu/JzIcSjkNfd0ZYjWWy95M/M/rpyq4cjMWJamiEVksClKOVIxmOaAhE5QoPtUEE8H0rYiMscBE6bTKOgR7+eVV0mnU7Yt687ZZbTWKOEpwAqdwDjZcQgtuwIE2EHiEZ3iFN+PJeDHejY9F65pRzBzDHxifP1a5k14=</latexit>

{q, P, Ph}
<latexit sha1_base64="Om3JRRsw2XrXfDNUWPAguGSh/aI=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoMQQcJu8IWngBcPHiKYB2SXMDvpJENmZ9eZ2WBc8h1ePCji1Y/x5t84SfagiQUNRVU33V1+xJnStv1tZZaWV1bXsuu5jc2t7Z387l5dhbGkUKMhD2XTJwo4E1DTTHNoRhJI4HNo+IPrid8YglQsFPd6FIEXkJ5gXUaJNpJ3W3Qf2Yn7BJocX7XzBbtkT4EXiZOSAkpRbee/3E5I4wCEppwo1XLsSHsJkZpRDuOcGyuICB2QHrQMFSQA5SXTo8f4yCgd3A2lKaHxVP09kZBAqVHgm86A6L6a9ybif14r1t1LL2EiijUIOlvUjTnWIZ4kgDtMAtV8ZAihkplbMe0TSag2OeVMCM78y4ukXi4556Wzu9NCpZzGkUUH6BAVkYMuUAXdoCqqIYoe0DN6RW/W0Hqx3q2PWWvGSmf20R9Ynz+NrpFG</latexit>

L(⇠, ⇣) :

<latexit sha1_base64="+Ebh06jd+loTG+rrZpthvyVQqQE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSTFr0uh4MVjBdMW2lA220m7drMJuxuhhP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0g4U9pxvq3C2vrG5lZxu7Szu7d/UD48aqk4lRQ9GvNYdgKikDOBnmaaYyeRSKKAYzsY38789hNKxWLxoCcJ+hEZChYySrSRPFZ/rGO/XHGqzhz2KnFzUoEczX75qzeIaRqh0JQTpbquk2g/I1IzynFa6qUKE0LHZIhdQwWJUPnZ/NipfWaUgR3G0pTQ9lz9PZGRSKlJFJjOiOiRWvZm4n9eN9XhjZ8xkaQaBV0sClNu69iefW4PmESq+cQQQiUzt9p0RCSh2uRTMiG4yy+vklat6l5VL+8vKo1aHkcRTuAUzsGFa2jAHTTBAwoMnuEV3ixhvVjv1seitWDlM8fwB9bnD1fGjlg=</latexit>

i = j = e

Liu, Melnitchouk, Qiu, Sato,
Phys.Rev.D 104 (2021) 094033; JHEP 11 (2021) 157
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<latexit sha1_base64="cw6NbxeZye+ONiNQM/CEYtwWXr4=">AAACD3icbVDLSsNAFJ34rPEVdekmWJQKUpJS1GXRjcsW7AOaGCbTaTt08mDmRltC/sCNv+LGhSJu3brzb5w+Ftp64MKZc+5l7j1+zJkEy/rWlpZXVtfWcxv65tb2zq6xt9+QUSIIrZOIR6LlY0k5C2kdGHDaigXFgc9p0x9cj/3mPRWSReEtjGLqBrgXsi4jGJTkGSeFoXd1VrsrnToQ6QWnjyEdZkpyHliHjl+1TJmekbeK1gTmIrFnJI9mqHrGl9OJSBLQEAjHUrZtKwY3xQIY4TTTnUTSGJMB7tG2oiEOqHTTyT2ZeayUjtmNhKoQzIn6eyLFgZSjwFedAYa+nPfG4n9eO4HupZuyME6AhmT6UTfhJkTmOByzwwQlwEeKYCKY2tUkfSwwARWhrkKw509eJI1S0T4vlmvlfKU0iyOHDtERKiAbXaAKukFVVEcEPaJn9IretCftRXvXPqatS9ps5gD9gfb5A6FDmyI=</latexit>

(xB , Q
2) ! (x̂B , bQ2)

§ QED radia2on prevents a well-defined “photon-hadron” frame

§ Radia2on is CO sensi2ve as                       , factorized into LDFs & LFFs

§ Hadron is probed by 

<latexit sha1_base64="LzX1q/E47AS2ipsVf5ChcDRj1Mk=">AAAB8nicbVDLSgMxFM34rPVVdekmWARXdaYUdVlw47IF+4B2KJk004bmMSR3hDL0M9y4UMStX+POvzFtZ6GtBwKHc+4l95woEdyC7397G5tb2zu7hb3i/sHh0XHp5LRtdWooa1EttOlGxDLBFWsBB8G6iWFERoJ1osn93O88MWO5Vo8wTVgoyUjxmFMCTurJAbtu4j5o7A9KZb/iL4DXSZCTMsrRGJS++kNNU8kUUEGs7QV+AmFGDHAq2KzYTy1LCJ2QEes5qohkNswWJ8/wpVOGONbGPQV4of7eyIi0diojNykJjO2qNxf/83opxHdhxlWSAlN0+VGcCuwizvPjITeMgpg6Qqjh7lZMx8QQCq6loishWI28TtrVSnBTqTVr5Xo1r6OAztEFukIBukV19IAaqIUo0ugZvaI3D7wX7937WI5uePnOGfoD7/MHz+2QQQ==</latexit>

me/Q ! 0

Inclusive lepton-hadron deep inelas3c sca4ering (DIS)

q Recover the concept of structure func?ons – “one-photon” approxima?on: 

l l’

<latexit sha1_base64="VZBcxJQnxYhmQOoS708UHKX5EMA=">AAACBXicbVC7SgNBFL3rM8ZX1FKLwSBYSNgNQS1DbCwjmAdkl2V2MkmGzM4uM7OSsKSx8VdsLBSx9R/s/BsnyRaaeGDgcM693DkniDlT2ra/rZXVtfWNzdxWfntnd2+/cHDYVFEiCW2QiEeyHWBFORO0oZnmtB1LisOA01YwvJn6rQcqFYvEvR7H1AtxX7AeI1gbyS+cjPyaqyPkDrBORxO/hlwmUMeoF47nF4p2yZ4BLRMnI0XIUPcLX243IklIhSYcK9Vx7Fh7KZaaEU4neTdRNMZkiPu0Y6jAIVVeOksxQWdG6aJeJM0TGs3U3xspDpUah4GZDLEeqEVvKv7ndRLdu/ZSJuJEU0Hmh3oJRyb2tBLUZZISzceGYCKZ+SsiAywx0aa4vCnBWYy8TJrlknNZqtxVitVyVkcOjuEUzsGBK6jCLdShAQQe4Rle4c16sl6sd+tjPrpiZTtH8AfW5w/mTZd/</latexit>

xB ! x̂B 2 [xB , 1]

<latexit sha1_base64="Xdle0iU1tE0IcJGwTNwN0EqNwzs="></latexit>

d2�`P!`0X

dxBdy
⇡

Z 1

⇣min

d⇣

⇣2

Z 1

⇠min

d⇠De/e(⇣, µ
2) fe/e(⇠, µ

2)


Q2

xB

x̂B

bQ2

�

<latexit sha1_base64="q7han6gLoUvNVAx552y+V7oHUhI="></latexit>

⇥ 4⇡↵2

x̂B ŷ bQ2

h
x̂B ŷ

2F1(x̂B , bQ2) +
⇣
1� ŷ � 1

4
ŷ2�̂2

⌘
F2(x̂B , bQ2)

i

<latexit sha1_base64="5ympnATDlZsa4WfCbBrC7LlsNEA=">AAAB9XicbVDJSgNBEK1xjXGLevTSGAQPEmaC2yUQ8OIxglkgGUNPpyZp07PQ3aOEIf/hxYMiXv0Xb/6NnWQOmviKgsd7VXT182LBlbbtb2tpeWV1bT23kd/c2t7ZLeztN1SUSIZ1FolItjyqUPAQ65prga1YIg08gU1veD3xm48oFY/COz2K0Q1oP+Q+Z1Qb6Z6TCsFT0jH1UMFuoWiX7CnIInEyUoQMtW7hq9OLWBJgqJmgSrUdO9ZuSqXmTOA430kUxpQNaR/bhoY0QOWm06vH5NgoPeJH0nSoyVT9vZHSQKlR4JnJgOqBmvcm4n9eO9H+lZvyME40hmz2kJ8IoiMyiYD0uESmxcgQyiQ3txI2oJIybYLKmxCc+S8vkka55FyUzm/PitVyFkcODuEITsCBS6jCDdSgDgwkPMMrvFlP1ov1bn3MRpesbOcA/sD6/AGceJCb</latexit>

i = e, j = e

Liu, Melnitchouk, Qiu, Sato,
Phys.Rev.D 104 (2021) 094033 

JHEP 11 (2021) 157
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<latexit sha1_base64="cw6NbxeZye+ONiNQM/CEYtwWXr4=">AAACD3icbVDLSsNAFJ34rPEVdekmWJQKUpJS1GXRjcsW7AOaGCbTaTt08mDmRltC/sCNv+LGhSJu3brzb5w+Ftp64MKZc+5l7j1+zJkEy/rWlpZXVtfWcxv65tb2zq6xt9+QUSIIrZOIR6LlY0k5C2kdGHDaigXFgc9p0x9cj/3mPRWSReEtjGLqBrgXsi4jGJTkGSeFoXd1VrsrnToQ6QWnjyEdZkpyHliHjl+1TJmekbeK1gTmIrFnJI9mqHrGl9OJSBLQEAjHUrZtKwY3xQIY4TTTnUTSGJMB7tG2oiEOqHTTyT2ZeayUjtmNhKoQzIn6eyLFgZSjwFedAYa+nPfG4n9eO4HupZuyME6AhmT6UTfhJkTmOByzwwQlwEeKYCKY2tUkfSwwARWhrkKw509eJI1S0T4vlmvlfKU0iyOHDtERKiAbXaAKukFVVEcEPaJn9IretCftRXvXPqatS9ps5gD9gfb5A6FDmyI=</latexit>

(xB , Q
2) ! (x̂B , bQ2)

§ QED radiation prevents a well-defined “photon-hadron” frame

§ Radiation is CO sensitive as                       , factorized into LDFs & LFFs

§ Hadron is probed by 

<latexit sha1_base64="LzX1q/E47AS2ipsVf5ChcDRj1Mk=">AAAB8nicbVDLSgMxFM34rPVVdekmWARXdaYUdVlw47IF+4B2KJk004bmMSR3hDL0M9y4UMStX+POvzFtZ6GtBwKHc+4l95woEdyC7397G5tb2zu7hb3i/sHh0XHp5LRtdWooa1EttOlGxDLBFWsBB8G6iWFERoJ1osn93O88MWO5Vo8wTVgoyUjxmFMCTurJAbtu4j5o7A9KZb/iL4DXSZCTMsrRGJS++kNNU8kUUEGs7QV+AmFGDHAq2KzYTy1LCJ2QEes5qohkNswWJ8/wpVOGONbGPQV4of7eyIi0diojNykJjO2qNxf/83opxHdhxlWSAlN0+VGcCuwizvPjITeMgpg6Qqjh7lZMx8QQCq6loishWI28TtrVSnBTqTVr5Xo1r6OAztEFukIBukV19IAaqIUo0ugZvaI3D7wX7937WI5uePnOGfoD7/MHz+2QQQ==</latexit>

me/Q ! 0

Inclusive lepton-hadron deep inelas3c sca4ering (DIS)

q Recover the concept of structure func?ons – “one-photon” approxima?on: 

l l’

<latexit sha1_base64="VZBcxJQnxYhmQOoS708UHKX5EMA=">AAACBXicbVC7SgNBFL3rM8ZX1FKLwSBYSNgNQS1DbCwjmAdkl2V2MkmGzM4uM7OSsKSx8VdsLBSx9R/s/BsnyRaaeGDgcM693DkniDlT2ra/rZXVtfWNzdxWfntnd2+/cHDYVFEiCW2QiEeyHWBFORO0oZnmtB1LisOA01YwvJn6rQcqFYvEvR7H1AtxX7AeI1gbyS+cjPyaqyPkDrBORxO/hlwmUMeoF47nF4p2yZ4BLRMnI0XIUPcLX243IklIhSYcK9Vx7Fh7KZaaEU4neTdRNMZkiPu0Y6jAIVVeOksxQWdG6aJeJM0TGs3U3xspDpUah4GZDLEeqEVvKv7ndRLdu/ZSJuJEU0Hmh3oJRyb2tBLUZZISzceGYCKZ+SsiAywx0aa4vCnBWYy8TJrlknNZqtxVitVyVkcOjuEUzsGBK6jCLdShAQQe4Rle4c16sl6sd+tjPrpiZTtH8AfW5w/mTZd/</latexit>

xB ! x̂B 2 [xB , 1]

<latexit sha1_base64="Xdle0iU1tE0IcJGwTNwN0EqNwzs="></latexit>

d2�`P!`0X

dxBdy
⇡

Z 1

⇣min

d⇣

⇣2

Z 1

⇠min

d⇠De/e(⇣, µ
2) fe/e(⇠, µ

2)


Q2

xB

x̂B

bQ2

�

<latexit sha1_base64="q7han6gLoUvNVAx552y+V7oHUhI="></latexit>

⇥ 4⇡↵2

x̂B ŷ bQ2

h
x̂B ŷ

2F1(x̂B , bQ2) +
⇣
1� ŷ � 1

4
ŷ2�̂2

⌘
F2(x̂B , bQ2)

i

<latexit sha1_base64="5ympnATDlZsa4WfCbBrC7LlsNEA=">AAAB9XicbVDJSgNBEK1xjXGLevTSGAQPEmaC2yUQ8OIxglkgGUNPpyZp07PQ3aOEIf/hxYMiXv0Xb/6NnWQOmviKgsd7VXT182LBlbbtb2tpeWV1bT23kd/c2t7ZLeztN1SUSIZ1FolItjyqUPAQ65prga1YIg08gU1veD3xm48oFY/COz2K0Q1oP+Q+Z1Qb6Z6TCsFT0jH1UMFuoWiX7CnIInEyUoQMtW7hq9OLWBJgqJmgSrUdO9ZuSqXmTOA430kUxpQNaR/bhoY0QOWm06vH5NgoPeJH0nSoyVT9vZHSQKlR4JnJgOqBmvcm4n9eO9H+lZvyME40hmz2kJ8IoiMyiYD0uESmxcgQyiQ3txI2oJIybYLKmxCc+S8vkka55FyUzm/PitVyFkcODuEITsCBS6jCDdSgDgwkPMMrvFlP1ov1bn3MRpesbOcA/sD6/AGceJCb</latexit>

i = e, j = e

Liu, Melnitchouk, Qiu, Sato,
Phys.Rev.D 104 (2021) 094033 

JHEP 11 (2021) 157

q Tradi?onal radia?ve correc?on (RC) – Born kinema?cs:

BUT, a simple RC factor at xB is necessarily sensi7ve to hadronic informa7on from [xB, 1] !

<latexit sha1_base64="tlQYfDyirWgXE4ANv0t7rDdxK+Y="></latexit>

�Measured ⌘ RC ⌦ �No QED Radiation

Necessary requirement: RC should not depend on the hadronic physics!
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Inclusive lepton-hadron deep inelas3c sca4ering (DIS)

q Without the “one-photon” approximation: 

<latexit sha1_base64="sf/YuRtJzoq/s3PWcWTmpxNircU="></latexit>

Ek0
d�kP!k0X

d3k0
=

1

2s

X

i,j,a

Z 1

⇣min

d⇣

⇣2

Z 1

⇠min

d⇠

⇠
De/j(⇣, µ

2) fi/e(⇠, µ
2)

<latexit sha1_base64="9kibYu+peAz8OV254QttKhI1hQ4="></latexit>

⇥
Z 1

xmin

dx

x
fa/N (x, µ2) bHia!jX(⇠k, xP, k0/⇣, µ2) + · · ·

~ Inclusive single lepton produc2on at high transverse momentum

No structure func2ons, but
have PDFs, LDFs, LFFs, …

q Calculated hard parts in power of               : 
<latexit sha1_base64="gtytMPf4ws5oyh3QhOsUVneckaI=">AAAB+3icbVBNTwIxEJ31E/EL8ehlIzHxRHYJUY8kXjxiIh8JLGS2dKGh7W7arpEQ/ooXDxrj1T/izX9jgT0o+JLJvLw3k05fmHCmjed9OxubW9s7u7m9/P7B4dFx4aTY1HGqCG2QmMeqHaKmnEnaMMxw2k4URRFy2grHt3O/9UiVZrF8MJOEBgKHkkWMoLFSv1DsIk9G2BPL3tc9K5a8sreAu078jJQgQ71f+OoOYpIKKg3hqHXH9xITTFEZRjid5buppgmSMQ5px1KJgupgurh95l5YZeBGsbIljbtQf29MUWg9EaGdFGhGetWbi/95ndREN8GUySQ1VJLlQ1HKXRO78yDcAVOUGD6xBIli9laXjFAhMTauvA3BX/3yOmlWyv5VuXpfLdUqWRw5OINzuAQfrqEGd1CHBhB4gmd4hTdn5rw4787HcnTDyXZO4Q+czx84SJSF</latexit>

↵m↵n
s

LO NLO:

Beyond one-photon 
exchange

p

X

l

l'

k'
k P

(a) `0

<latexit sha1_base64="0B0IRRB/ghN1DMjP0Vh+EJfKSPg=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbRU0mktR4LXnqsYNpCW8pmO2mXbjZhdyOU0t/gxYMiXv1B3vw3btsIKvpg4PHeDDPzgkRwbVz3w8mtrW9sbuW3Czu7e/sHxcOjlo5TxdBnsYhVJ6AaBZfoG24EdhKFNAoEtoPJzcJv36PSPJZ3ZppgP6IjyUPOqLGS30MhzgfFklt2lyDfyFWtWvM84mVKCTI0B8X33jBmaYTSMEG17npuYvozqgxnAueFXqoxoWxCR9i1VNIIdX+2PHZOzqwyJGGsbElDlur3iRmNtJ5Gge2MqBnr395C/Mvrpia87s+4TFKDkq0WhakgJiaLz8mQK2RGTC2hTHF7K2FjqigzNp+CDeHrU/I/aV2WvUq5elsp1RtZHHk4gVO4AA9qUIcGNMEHBhwe4AmeHek8Oi/O66o152Qzx/ADztsnmaCOlQ==</latexit>

`

<latexit sha1_base64="9je2xQ8JB3qTX3Ab2YUvtSw82Sc=">AAAB63icdVBNSwMxEM3Wr1q/qh69BIvgqexKaz0WvPRYwX5Au5RsOtuGJtklyQpl6V/w4kERr/4hb/4bs+0KVfTBwOO9GWbmBTFn2rjup1PY2Nza3inulvb2Dw6PyscnXR0likKHRjxS/YBo4ExCxzDDoR8rICLg0Atmt5nfewClWSTvzTwGX5CJZCGjxGTSEDgflStu1V0Cr5HrRr3hedjLlQrK0R6VP4bjiCYCpKGcaD3w3Nj4KVGGUQ6L0jDREBM6IxMYWCqJAO2ny1sX+MIqYxxGypY0eKmuT6REaD0Xge0UxEz1by8T//IGiQlv/JTJODEg6WpRmHBsIpw9jsdMATV8bgmhitlbMZ0SRaix8ZRsCN+f4v9J96rq1ar1u1ql2crjKKIzdI4ukYcaqIlaqI06iKIpekTP6MURzpPz6rytWgtOPnOKfsB5/wI4AY5k</latexit>

k

<latexit sha1_base64="Ycm69Y7AeLkudSZJpVakGRB0XNk=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexKYjwGRPCYgHlAsoTZSW8yZvbBzKwQlnyBFw+KePWTvPk3TpIVomhBQ1HVTXeXFwuutG1/Wrm19Y3Nrfx2YWd3b/+geHjUVlEiGbZYJCLZ9ahCwUNsaa4FdmOJNPAEdrzJ9dzvPKBUPArv9DRGN6CjkPucUW2k5mRQLNllewGyQi5r1ZrjECdTSpChMSh+9IcRSwIMNRNUqZ5jx9pNqdScCZwV+onCmLIJHWHP0JAGqNx0ceiMnBllSPxImgo1WairEykNlJoGnukMqB6r395c/MvrJdq/clMexonGkC0X+YkgOiLzr8mQS2RaTA2hTHJzK2FjKinTJpuCCeH7U/I/aV+UnUq52qyU6jdZHHk4gVM4BwdqUIdbaEALGCA8wjO8WPfWk/VqvS1bc1Y2cww/YL1/Afw5jRU=</latexit>

k0

<latexit sha1_base64="g/ilXVCKEVZqN18NU/+0qKPcqjU=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbRU0mktR4LInisYj+gDWWz3bRLNpuwuxFK6D/w4kERr/4jb/4bN22EKvpg4PHeDDPzvJgzpW370yqsrK6tbxQ3S1vbO7t75f2DjooSSWibRDySPQ8rypmgbc00p71YUhx6nHa94Crzuw9UKhaJez2NqRvisWA+I1gb6S44HZYrdtWeAy2Ri0a94TjIyZUK5GgNyx+DUUSSkApNOFaq79ixdlMsNSOczkqDRNEYkwCPad9QgUOq3HR+6QydGGWE/EiaEhrN1eWJFIdKTUPPdIZYT9RvLxP/8vqJ9i/dlIk40VSQxSI/4UhHKHsbjZikRPOpIZhIZm5FZIIlJtqEUzIhfH+K/ied86pTq9Zva5XmdR5HEY7gGM7AgQY04QZa0AYCPjzCM7xYgfVkvVpvi9aClc8cwg9Y719cs41G</latexit>

P
p

<latexit sha1_base64="FcpH2/9XV/2yZWAlUPaC3zhOK7o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseCCB5bsLXQhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRW8epYthisYhVJ6AaBZfYMtwI7CQKaRQIfAjGNzP/4QmV5rG8N5ME/YgOJQ85o8ZKzaRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1aqXzVqlfpvHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f3ZiM/w==</latexit>

More systema7c
for PVDIS!

Liu, Melnitchouk, Qiu, Sato,
Phys.Rev.D 104 (2021) 094033 

JHEP 11 (2021) 157
Cammarota, Qiu, Zhang

In preparation
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Beyond 1-vector boson exchange: NLO QED contribu3on

q Project the external par?cles to leptons or partons:

NLO: 
<latexit sha1_base64="Pr/YTvJRIqzPuF8A+xeLkTZCoao=">AAACLXicbZBbSwJBFMdn7WZ22+qxlyEJVxDZlW6PQj30aJAXcEVmx6MOzl6amQ1E/EK99FUi6MGIXvsazapRaQcG/vz+53Dm/L2IM6lse2KkVlbX1jfSm5mt7Z3dPXP/oCbDWFCo0pCHouERCZwFUFVMcWhEAojvcah7g6vErz+AkCwM7tQwgpZPegHrMkqURm3zGiwXOM+7KsRgDfJuARewi93MjOe+jdyP07cqeZzgeytKaDHTNrN20Z4WXhbOXGTRvCpt88XthDT2IVCUEymbjh2p1ogIxSiHccaNJUSEDkgPmloGxAfZGk2vHeMTTTq4Gwr9AoWn9PfEiPhSDn1Pd/pE9eWil8D/vGasupetEQuiWEFAZ4u6Mcf61CQ63GECqOJDLQgVTP8V0z4RhCodcBKCs3jysqiVis558ez2NFsuzeNIoyN0jCzkoAtURjeogqqIokf0jCbozXgyXo1342PWmjLmM4foTxmfX4C9oX8=</latexit>

e(`) ! e(k) , e(`0) ! e(k0) , h(P ) ! q(p) .

Completely IR and CO safe!  Only depends on factoriza>on scale µ, same in all partonic scaXering channels
No need for any “cut-off” parameter(s) in the tradi>onal ”Radia>ve Correc>on”

In joint QCD & QED factoriza2on:  Lepton-distribu2ons are not pure QED !
Hadron’s parton distribu2ons are not pure QCD !

<latexit sha1_base64="ftQ/bqGB6uJSyUMzrFgwrQFgoKg="></latexit>

�
(1)
e(k)+q(p)!e(k0)+X = D

(0)
e/e ⌦ f

(0)
e/e ⌦ f

(0)
q/q ⌦ Ĥ

(1)
e+q!e+X

<latexit sha1_base64="78gOS19OD7CbU4nUtci9oYiKCX0="></latexit>

+D
(1)
e/e ⌦ f

(0)
e/e ⌦ f

(0)
q/q ⌦ Ĥ

(0)
e+q!e+X

<latexit sha1_base64="BXrF2PYjD7h9LZQ4nM1vD55+DXM="></latexit>

+D
(0)
e/e ⌦ f

(1)
e/e ⌦ f

(0)
q/q ⌦ Ĥ

(0)
e+q!e+X

<latexit sha1_base64="vO4TIaq75bC0/LaEJw4seLu4Xqs="></latexit>

+D
(0)
e/e ⌦ f

(0)
e/e ⌦ f

(1)
q/q ⌦ Ĥ

(0)
e+q!e+X

<latexit sha1_base64="/SD79MqzEY2GPztZWhP5zl0Tu70="></latexit>

+D
(0)
e/e ⌦ f

(0)
e/e ⌦ f

(1)
�/q ⌦ Ĥ

(0)
e+�!e+X

<latexit sha1_base64="y5mPkPgUqBjN+7MVikG2VugILno=">AAACIHicbVDLSgMxFM34rPVVdekmWIRKocwUtW6EgpsuK9gHdMaSSW/b0MzDJCOUYT7Fjb/ixoUiutOvMdN2oW0PBA7n3MvNOW7ImVSm+W2srK6tb2xmtrLbO7t7+7mDw6YMIkGhQQMeiLZLJHDmQ0MxxaEdCiCey6Hljm5Sv/UIQrLAv1PjEByPDHzWZ5QoLXVzFXtIVFxL7uOCdZZ0Yyg+2CrAUGwn2WtsSzbwyDKvm8ubJXMCvEisGcmjGerd3JfdC2jkga8oJ1J2LDNUTkyEYpRDkrUjCSGhIzKAjqY+8UA68SRggk+10sP9QOjnKzxR/27ExJNy7Ll60iNqKOe9VFzmdSLVv3Ji5oeRAp9OD/UjjnXMtC3cYwKo4mNNCBVM/xXTIRGEKt1pWoI1H3mRNMsl67J0cXuer5ZndWTQMTpBBWShCqqiGqqjBqLoCb2gN/RuPBuvxofxOR1dMWY7R+gfjJ9fyamhcA==</latexit>

Ĥ
(1)
e+q!e+X = �

(1)
e+q!e+X

<latexit sha1_base64="HyOT9QPlItDeuFWgmGWEbcEnfs8=">AAACGXicbVDJSgNBFOyJW4zbqEcvg0FQgnFG3I4BPeQYwSyQiaGn85I09ix2vxHCML/hxV/x4kERj3ryb+wsB00saCiq3uN1lRcJrtC2v43M3PzC4lJ2Obeyura+YW5u1VQYSwZVFopQNjyqQPAAqshRQCOSQH1PQN27uxz69QeQiofBDQ4iaPm0F/AuZxS11Dbtw6t2AkeQ3ib7zkHqhsh9UDm3TzEpD0X7INUDhXsXQwsKjbRt5u2iPYI1S5wJyZMJKm3z0+2ELPYhQCaoUk3HjrCVUImcCUhzbqwgouyO9qCpaUD1/VYySpZae1rpWN1Q6hegNVJ/byTUV2rge3rSp9hX095Q/M9rxti9aCU8iGKEgI0PdWNh6ZTDmqwOl8BQDDShTHL9V4v1qaQMdZk5XYIzHXmW1I6Lzlnx9PokXzqe1JElO2SX7BOHnJMSKZMKqRJGHskzeSVvxpPxYrwbH+PRjDHZ2SZ/YHz9AJcjn2Q=</latexit>

�D
(1)
e/e ⌦ Ĥ

(0)
e+q!e+X

<latexit sha1_base64="dHnhVA8m83a7+bH5p+dmraNHPz8=">AAACGXicbVDLSsNAFJ34rPVVdekmWARFrEnxtSy46bKCrYUmlsn0xg6dPJy5EUrIb7jxV9y4UMSlrvwbJ20Xaj0wcDjnXu6c48WCK7SsL2Nmdm5+YbGwVFxeWV1bL21stlSUSAZNFolItj2qQPAQmshRQDuWQANPwLU3uMj963uQikfhFQ5jcAN6G3KfM4pa6pasQ7+bwhFkN+mevZ85EfIAVNHpU0zruWjtZ3rg4M7ByISDdtYtla2KNYI5TewJKZMJGt3Sh9OLWBJAiExQpTq2FaObUomcCciKTqIgpmxAb6GjaUj1fTcdJcvMXa30TD+S+oVojtSfGykNlBoGnp4MKPbVXy8X//M6CfrnbsrDOEEI2fiQnwhTp8xrMntcAkMx1IQyyfVfTdankjLUZRZ1CfbfyNOkVa3Yp5WTy+NyrTqpo0C2yQ7ZIzY5IzVSJw3SJIw8kCfyQl6NR+PZeDPex6MzxmRni/yC8fkN0Mefhg==</latexit>

�f
(1)
e/e ⌦ Ĥ

(0)
e+q!e+X

<latexit sha1_base64="19ta6NeAw2/0KCem+szlHUEuhPo=">AAACGXicbVDJSgNBFOxxjXGLevQyGAQlGGfE7RjwkmMEs0AmDj2dN6axZ0n3GyEM8xte/BUvHhTxqCf/xs5y0MSChqLqPV5XebHgCi3r25ibX1hcWs6t5FfX1jc2C1vbDRUlkkGdRSKSLY8qEDyEOnIU0Iol0MAT0PTur4Z+8wGk4lF4g4MYOgG9C7nPGUUtuQXryHfT/nE/u00P7MPMiZAHoPJOj2JaHYrWYeamUOo7GJlQamVuoWiVrRHMWWJPSJFMUHMLn043YkkAITJBlWrbVoydlErkTECWdxIFMWX39A7amoZU3++ko2SZua+VrulHUr8QzZH6eyOlgVKDwNOTAcWemvaG4n9eO0H/spPyME4QQjY+5CfC1CmHNZldLoGhGGhCmeT6rybrUUkZ6jLzugR7OvIsaZyU7fPy2fVpsXIyqSNHdskeOSA2uSAVUiU1UieMPJJn8krejCfjxXg3Psajc8ZkZ4f8gfH1A/kXn54=</latexit>

�f
(1)
q/q ⌦ Ĥ

(0)
e+q!e+X

<latexit sha1_base64="Gr3SeITERa3IVTbEyzbSfTzsTGw="></latexit>

�f
(1)
�/q ⌦ Ĥ

(0)
e+�!e+X

Cammarota, Qiu, Zhang
In preparation
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Impact of factorized QED contribution to lepton-hadron scattering

q Resummed collinear contribution + Infrared-safe short-distance contribution:

Two-step approach: (1) Model non-perturba2ve LDFs, LFFs, PDFs, analy2cally – everyone can test and verify 
       without numerical complica2ons
(2) QCD + QED evolu2on of these universal non-perturba2ve func2ons

q Model distributions:

LDFs: 
LFFs:

Very different from PDFs, peaked at larger momentum fraction
<latexit sha1_base64="w1Oa30XlbRAuzz4pES/f/IdhCA4="></latexit>

fe/e(x) ⇡ De/e(x) = Ne
x↵(1� x)�

B(1 + ↵, 1 + �)
<latexit sha1_base64="PQmPH9ZFVVS2IzuK8wfgtHCUyyw=">AAACHHicbZDLSgMxFIYz9VbrbdSlm2ARXMgwU626EQpuXEkFe4HOMGTSM9PQzIUkI5TSB3Hjq7hxoYgbF4JvY3pZaOsPgT/fOYfk/EHGmVS2/W0UlpZXVteK66WNza3tHXN3rynTXFBo0JSnoh0QCZwl0FBMcWhnAkgccGgF/etxvfUAQrI0uVeDDLyYRAkLGSVKI988vfUBX2HnxMVuySU86xF9rWI3irA9hQGoMbMtTSWLse2bZduyJ8KLxpmZMpqp7pufbjeleQyJopxI2XHsTHlDIhSjHEYlN5eQEdonEXS0TUgM0htOlhvhI026OEyFPonCE/p7YkhiKQdxoDtjonpyvjaG/9U6uQovvSFLslxBQqcPhTnHKsXjpHCXCaCKD7QhVDD9V0x7RBCqdJ4lHYIzv/KiaVYs59yq3p2Va5VZHEV0gA7RMXLQBaqhG1RHDUTRI3pGr+jNeDJejHfjY9paMGYz++iPjK8f8HScSg==</latexit>

Ne = 1, ↵ = 5 � 0, � = 0.5 ⇠ 0with 

PDFs: Valence type

with 
<latexit sha1_base64="9iXy8txiiCqH5iK2fe93CtENwdw=">AAACEnicbZDLSsNAFIYn9VbjLerSzWARFDQk1aoboeDGlVSwF2hCmEwn7dDJhZmJUEKfwY2v4saFIm5dufNtnLRZaOsPA/985xxmzu8njAppWd9aaWFxaXmlvKqvrW9sbhnbOy0RpxyTJo5ZzDs+EoTRiDQllYx0Ek5Q6DPS9ofXeb39QLigcXQvRwlxQ9SPaEAxkgp5xtGtl8IrWD12oKM7iCUDpK4nllmbEp/IHJyaNc+oWKY1EZw3dmEqoFDDM76cXozTkEQSMyRE17YS6WaIS4oZGetOKkiC8BD1SVfZCIVEuNlkpTE8UKQHg5irE0k4ob8nMhQKMQp91RkiORCztRz+V+umMrh0MxolqSQRnj4UpAzKGOb5wB7lBEs2UgZhTtVfIR4gjrBUKeoqBHt25XnTqpr2uVm7O6vUq0UcZbAH9sEhsMEFqIMb0ABNgMEjeAav4E170l60d+1j2lrSipld8Efa5w9a7JjW</latexit>

Nu = 2, ↵ = �0.5, � = 3.5

<latexit sha1_base64="aoSzY2KhBNsUDORshB2yX0xzz0Q="></latexit>

fq/h(x) ⇡ Nq
x↵(1� x)�

B(1 + ↵, 1 + �)

Sea type
<latexit sha1_base64="18JeGutNEuTOC9AXDMXpD29wrOU="></latexit>

fs/h(x) ⇡ Ns
x↵(1� x)�

B(↵, 1 + �)
with 

<latexit sha1_base64="85qV1MPvo00SGT9qkZbj6e4nS4o=">AAACEnicbZDLSsNAFIYn9VbjLerSzWARFDQkxaoboeDGlVSwF2hCmEwn7dDJhZmJUEKfwY2v4saFIm5dufNtnLQRtPWHgZ/vnMOZ8/sJo0Ja1pdWWlhcWl4pr+pr6xubW8b2TkvEKcekiWMW846PBGE0Ik1JJSOdhBMU+oy0/eFVXm/fEy5oHN3JUULcEPUjGlCMpEKecXTjCXgJLbN27EBHdxBLBkiBE/uH+ETmoOYZFcu0JoLzxi5MBRRqeMan04txGpJIYoaE6NpWIt0McUkxI2PdSQVJEB6iPukqG6GQCDebnDSGB4r0YBBz9SIJJ/T3RIZCIUahrzpDJAditpbD/2rdVAYXbkajJJUkwtNFQcqgjGGeD+xRTrBkI2UQ5lT9FeIB4ghLlaKuQrBnT543rappn5m129NKvVrEUQZ7YB8cAhucgzq4Bg3QBBg8gCfwAl61R+1Ze9Pep60lrZjZBX+kfXwDVIKY1Q==</latexit>

Ns = 0.5, ↵ = �1.5, � = 5
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Impact of factorized QED contribution to lepton-hadron scattering

q Resummed collinear contribution:

Valence-type
<latexit sha1_base64="0QUIU17UMdG6FFe3Y0edSTJXOf8=">AAACD3icbVDLSsNAFJ34rPUVdelmsCgupCTF10YounHZgn1AE8NkOmmHTjJhZqKWkD9w46+4caGIW7fu/BunbRbaeuDC4Zx7ufceP2ZUKsv6NubmFxaXlgsrxdW19Y1Nc2u7KXkiMGlgzrho+0gSRiPSUFQx0o4FQaHPSMsfXI381h0RkvLoRg1j4oaoF9GAYqS05JkHNnQYCRQSgt87EA7hBXQCgXBav61k6YN36RxBmXlmySpbY8BZYuekBHLUPPPL6XKchCRSmCEpO7YVKzdFQlHMSFZ0EklihAeoRzqaRigk0k3H/2RwXytdGHChK1JwrP6eSFEo5TD0dWeIVF9OeyPxP6+TqODcTWkUJ4pEeLIoSBhUHI7CgV0qCFZsqAnCgupbIe4jnYbSERZ1CPb0y7OkWSnbp+WT+nGpWsnjKIBdsAcOgQ3OQBVcgxpoAAwewTN4BW/Gk/FivBsfk9Y5I5/ZAX9gfP4Aw1CbMw==</latexit>

1 y =
Q2

xB s

Sea-type
<latexit sha1_base64="0QUIU17UMdG6FFe3Y0edSTJXOf8=">AAACD3icbVDLSsNAFJ34rPUVdelmsCgupCTF10YounHZgn1AE8NkOmmHTjJhZqKWkD9w46+4caGIW7fu/BunbRbaeuDC4Zx7ufceP2ZUKsv6NubmFxaXlgsrxdW19Y1Nc2u7KXkiMGlgzrho+0gSRiPSUFQx0o4FQaHPSMsfXI381h0RkvLoRg1j4oaoF9GAYqS05JkHNnQYCRQSgt87EA7hBXQCgXBav61k6YN36RxBmXlmySpbY8BZYuekBHLUPPPL6XKchCRSmCEpO7YVKzdFQlHMSFZ0EklihAeoRzqaRigk0k3H/2RwXytdGHChK1JwrP6eSFEo5TD0dWeIVF9OeyPxP6+TqODcTWkUJ4pEeLIoSBhUHI7CgV0qCFZsqAnCgupbIe4jnYbSERZ1CPb0y7OkWSnbp+WT+nGpWsnjKIBdsAcOgQ3OQBVcgxpoAAwewTN4BW/Gk/FivBsfk9Y5I5/ZAX9gfP4Aw1CbMw==</latexit>

1 y =
Q2

xB s

Sea-typeValence-type
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Impact of factorized QED contribution to lepton-hadron scattering

q If  we require               :
<latexit sha1_base64="yNRgLfpIAb8/fsfdUwKQD8uzHXw=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSK4KknwtSy4cdmCfUCTlsl00g6dPJyZiCXkV9y4UMStP+LOv3HaZqGtBy4czrmXe+/xE86ksqxvY219Y3Nru7RT3t3bPzg0jyptGaeC0BaJeSy6PpaUs4i2FFOcdhNBcehz2vEntzO/80iFZHF0r6YJ9UI8iljACFZaGpgVd4xV1sz7DnJH9AE1+87ArFo1aw60SuyCVKFAY2B+ucOYpCGNFOFYyp5tJcrLsFCMcJqX3VTSBJMJHtGephEOqfSy+e05OtPKEAWx0BUpNFd/T2Q4lHIa+rozxGosl72Z+J/XS1Vw42UsSlJFI7JYFKQcqRjNgkBDJihRfKoJJoLpWxEZY4GJ0nGVdQj28surpO3U7KvaZfOiWneKOEpwAqdwDjZcQx3uoAEtIPAEz/AKb0ZuvBjvxseidc0oZo7hD4zPH675k4U=</latexit>

Q̂2 � Q2

§ More than ½ total cross sec2ons are from events 
with 

<latexit sha1_base64="dQiudB/EB5xnjAW5TD8xVtATseM=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSK4KknwtSy4cdmCfUCTlsl00g6dPJyZiCXkV9y4UMStP+LOv3HaZqGtBy4czrmXe+/xE86ksqxvY219Y3Nru7RT3t3bPzg0jyptGaeC0BaJeSy6PpaUs4i2FFOcdhNBcehz2vEntzO/80iFZHF0r6YJ9UI8iljACFZaGpgVd4xV1sz7DnI5fUDNvjMwq1bNmgOtErsgVSjQGJhf7jAmaUgjRTiWsmdbifIyLBQjnOZlN5U0wWSCR7SnaYRDKr1sfnuOzrQyREEsdEUKzdXfExkOpZyGvu4MsRrLZW8m/uf1UhXceBmLklTRiCwWBSlHKkazINCQCUoUn2qCiWD6VkTGWGCidFxlHYK9/PIqaTs1+6p22byo1p0ijhKcwCmcgw3XUIc7aEALCDzBM7zCm5EbL8a78bFoXTOKmWP4A+PzB7ark4o=</latexit>

Q̂2  Q2

<latexit sha1_base64="q7pPSDYhU/SJ+Mu3LJQYmv6/8QA=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiTB17LgxmUL9gFNWibTSTt0ZhJmJmIJ+RU3LhRx64+482+ctllo64ELh3Pu5d57woRRpR3n2yptbG5t75R3K3v7B4dH9nG1o+JUYtLGMYtlL0SKMCpIW1PNSC+RBPGQkW44vZv73UciFY3Fg54lJOBoLGhEMdJGGtpVf4J01soHHvQV5bA18IZ2zak7C8B14hakBgo0h/aXP4pxyonQmCGl+q6T6CBDUlPMSF7xU0UShKdoTPqGCsSJCrLF7Tk8N8oIRrE0JTRcqL8nMsSVmvHQdHKkJ2rVm4v/ef1UR7dBRkWSaiLwclGUMqhjOA8CjqgkWLOZIQhLam6FeIIkwtrEVTEhuKsvr5OOV3ev61ety1rDK+Iog1NwBi6AC25AA9yDJmgDDJ7AM3gFb1ZuvVjv1seytWQVMyfgD6zPH8F1k5E=</latexit>

Q̂2 ⇠ Q2
§ Very significant events are NOT from the region 

where 
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Impact of NLO hard QED contribution to lepton-hadron scattering

q Infrared-safe short-distance contribution:
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Impact of NLO hard QED contribution to lepton-hadron scattering

<latexit sha1_base64="kk18hsorsuev4kPXYnAuffO+Yao=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8LbvB+LgFvHiMYB6YLGF20kmGzM6uM7NCCPkLLx4U8erfePNvnCR70MSChqKqm+6uMBFcG8/7dlZW19Y3NnNb+e2d3b39wsFhXcepYlhjsYhVM6QaBZdYM9wIbCYKaRQKbITDm6nfeEKleSzvzSjBIKJ9yXucUWOlh1Fb4CPx3Otyp1D0XG8Gskz8jBQhQ7VT+Gp3Y5ZGKA0TVOuW7yUmGFNlOBM4ybdTjQllQ9rHlqWSRqiD8eziCTm1Spf0YmVLGjJTf0+MaaT1KAptZ0TNQC96U/E/r5Wa3lUw5jJJDUo2X9RLBTExmb5PulwhM2JkCWWK21sJG1BFmbEh5W0I/uLLy6Recv0Lt3x3XqyUsjhycAwncAY+XEIFbqEKNWAg4Rle4c3Rzovz7nzMW1ecbOYI/sD5/AEcSI/b</latexit>

y  0.95

q Q2 is NOT an ideal hard scale at small xB and/or beyond LO in QED:
<latexit sha1_base64="6sEOgJ192jiW9BU2FtTQROE8kaw="></latexit>

`
02
T = Q2(1� y) = Q2

✓
1� Q2

xB s

◆

For EIC: 

What happens if requiring 

<latexit sha1_base64="mOJH6mEI8tLsLSTA2HcVwhruXAQ=">AAACFnicbVDJSgNBEO2JW4xb1KOXjkFUMGFmcLsIAS8eE8gGmRh6OjWxsWexu0cIw3yFF3/FiwdFvIo3/8bOctDog4LHe1VU1XMjzqQyzS8jMze/sLiUXc6trK6tb+Q3t5oyjAWFBg15KNoukcBZAA3FFId2JID4LoeWe3s58lv3ICQLg7oaRtD1ySBgHqNEaamXLznAea9+nezb6UXt2j6wSsNDZwB32PEEoYmW0sQ2U+cIFwqFXr5ols0x8F9iTUkRTVHt5T+dfkhjHwJFOZGyY5mR6iZEKEY5pDknlhAReksG0NE0ID7IbjJ+K8V7WuljLxS6AoXH6s+JhPhSDn1Xd/pE3chZbyT+53Vi5Z13ExZEsYKAThZ5MccqxKOMcJ8JoIoPNSFUMH0rpjdEx6F0kjkdgjX78l/StMvWafmkdlys2NM4smgH7aIDZKEzVEFXqIoaiKIH9IRe0KvxaDwbb8b7pDVjTGe20S8YH9/U0JyX</latexit>

`
02
T = Q2(1� y) � Q2

20
!!!

<latexit sha1_base64="eMdejL92k4DQYcXkDZ2duaH/PSY=">AAACCHicbVC7SgNBFJ2Nrxhfq5YWDgbRQsLu4qsMWGgZIS/IJmF2cpMMmX04MyuEZUsbf8XGQhFbP8HOv3GSbKHRAxcO59zLvfd4EWdSWdaXkVtYXFpeya8W1tY3NrfM7Z26DGNBoUZDHoqmRyRwFkBNMcWhGQkgvseh4Y2uJn7jHoRkYVBV4wjaPhkErM8oUVrqmvsucN6tdpIjJ3UHcIdt9wQnrvDxNdTTjtM1i1bJmgL/JXZGiihDpWt+ur2Qxj4EinIiZcu2ItVOiFCMckgLbiwhInREBtDSNCA+yHYyfSTFh1rp4X4odAUKT9WfEwnxpRz7nu70iRrKeW8i/ue1YtW/bCcsiGIFAZ0t6sccqxBPUsE9JoAqPtaEUMH0rZgOiSBU6ewKOgR7/uW/pO6U7PPS2e1psexkceTRHjpAx8hGF6iMblAF1RBFD+gJvaBX49F4Nt6M91lrzshmdtEvGB/fdhKYTQ==</latexit>

`
02
T � 1GeV2

q Infrared-safe short-distance contribution:
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Step 2: QCD + QED evolution of these universal non-perturbative functions 

q Example – Modified DGLAP equation for LDFs:

Evolu3on kernels in both QCD and QED: 

with
<latexit sha1_base64="9eYl5GDfmg9dEPOLx0xm2lWjsSs=">AAAB+3icbZDLSsNAFIZPvNZ4i3XpZrAILqQkpajLgiCuSgV7gTaEyXTSDp1cmJmIJfRV3LhQxK0v4s63cZpmoa1nGPj4/3OYM7+fcCaVbX8ba+sbm1vbpR1zd2//4NA6KndknApC2yTmsej5WFLOItpWTHHaSwTFoc9p15/czP3uIxWSxdGDmibUDfEoYgEjWGnJs8oXaKBP07vNwWx63LMqdtXOC62CU0AFimp51tdgGJM0pJEiHEvZd+xEuRkWihFOZ+YglTTBZIJHtK8xwiGVbpbvPkNnWhmiIBb6Rgrl6u+JDIdSTkNfd4ZYjeWyNxf/8/qpCq7djEVJqmhEFg8FKUcqRvMg0JAJShSfasBEML0rImMsMFE6LlOH4Cx/eRU6tapzWa3f1yuNWhFHCU7gFM7BgStowB20oA0EnuAZXuHNmBkvxrvxsWhdM4qZY/hTxucPDZ6R1g==</latexit>

, NF , Nl

§ Factorization scale:
<latexit sha1_base64="Kj67v4V3siEOfF9CLawBl54V31I=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lKUY8FLx4r2A9o0rDZbtqlu0nY3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwpQzpR3n2yptbe/s7pX3KweHR8cn9ulZRyWZJLRNEp7IXogV5Symbc00p71UUixCTrvh5H7hd6dUKpbET3qWUl/gUcwiRrA2UmDbnsgGdeQpJpAIyKAe2FWn5iyBNolbkCoUaAX2lzdMSCZorAnHSvVdJ9V+jqVmhNN5xcsUTTGZ4BHtGxpjQZWfLy+foyujDFGUSFOxRkv190SOhVIzEZpOgfVYrXsL8T+vn+nozs9ZnGaaxmS1KMo40glaxICGTFKi+cwQTCQztyIyxhITbcKqmBDc9Zc3Sadec29qjcdGtVkv4ijDBVzCNbhwC014gBa0gcAUnuEV3qzcerHerY9Va8kqZs7hD6zPHzvVkrY=</latexit>

µ2 ⇠ m2
c

§ Input LDFs at µ2:

• Perturba2vely 
generated by solving 
QED evolu2on from 
lepton mass threshold

• With perturba2vely 
calculated fixed-order 
MSbar LDFs 

• Test the size of non-
perturba2ve hadronic 
contribu2on

• …

Qiu, Watanabe
In prepara/on
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<latexit sha1_base64="Kjz8r5tyWWAimdQyNc8WV7JKwcc=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lqUY8FD3qsYD+gSctmu2mXbjZhd1Moof/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMCxLOlHacb6uwsbm1vVPcLe3tHxwe2ccnLRWnktAmiXksOwFWlDNBm5ppTjuJpDgKOG0H47u5355QqVgsnvQ0oX6Eh4KFjGBtpL5tO70rD2WejNA9bfWqs75ddirOAmiduDkpQ45G3/7yBjFJIyo04Viprusk2s+w1IxwOit5qaIJJmM8pF1DBY6o8rPF5TN0YZQBCmNpSmi0UH9PZDhSahoFpjPCeqRWvbn4n9dNdXjrZ0wkqaaCLBeFKUc6RvMY0IBJSjSfGoKJZOZWREZYYqJNWCUTgrv68jppVSvudaX2WCvXq3kcRTiDc7gEF26gDg/QgCYQmMAzvMKblVkv1rv1sWwtWPnMKfyB9fkDvQ6SZg==</latexit>

03 GeV2

<latexit sha1_base64="Kjz8r5tyWWAimdQyNc8WV7JKwcc=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lqUY8FD3qsYD+gSctmu2mXbjZhd1Moof/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMCxLOlHacb6uwsbm1vVPcLe3tHxwe2ccnLRWnktAmiXksOwFWlDNBm5ppTjuJpDgKOG0H47u5355QqVgsnvQ0oX6Eh4KFjGBtpL5tO70rD2WejNA9bfWqs75ddirOAmiduDkpQ45G3/7yBjFJIyo04Viprusk2s+w1IxwOit5qaIJJmM8pF1DBY6o8rPF5TN0YZQBCmNpSmi0UH9PZDhSahoFpjPCeqRWvbn4n9dNdXjrZ0wkqaaCLBeFKUc6RvMY0IBJSjSfGoKJZOZWREZYYqJNWCUTgrv68jppVSvudaX2WCvXq3kcRTiDc7gEF26gDg/QgCYQmMAzvMKblVkv1rv1sWwtWPnMKfyB9fkDvQ6SZg==</latexit>

03 GeV2
q Lepton distribution functions (LDFs): Qiu, Watanabe

In prepara/on

With LDFs, we can calculate single hadron produc2on, including J/y or jet produc2on at the EIC

Evolution of lepton distribution functions (LDFs)
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Evolu3on of lepton distribu3on func3ons (LDFs)

q Example – Photon distribu?on of an electron:
§ Weizsa c̈ker-William photon distribu2on: 

§ LDFs are not purely perturbative in QED – need global analysis! 

• Precision measurements for BSM physics at the EIC needs reliable lepton distribu2ons
• Joint global analysis of lepton and hadron distribu2on func2ons should be carried out.
• Impact on searching BSM at ILC or CEPC, FCC, …

Qiu, Watanabe
In prepara/on
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Summary and Outlook

q Collision induced QED radia3on is an integrated part of lepton-hadron sca>ering, just like QCD radia3on  
o Radia2ve correc2on approach is difficult for a consistent treatment beyond the inclusive DIS
o No well-defined photon-hadron frame, if we cannot recover all QED radia2on
o Radia2ve correc2ons are more important for events with high momentum transfers and large phase 

space to shower – such as those at the EIC 

q Factoriza3on approach to include both QCD and QED radia3ve contribu3ons provides a 
consistent and controllable approxima3on to high-energy lepton-hadron sca>ering processes
o QED radiation is a part of production cross sections, treated in the same way as QCD radiation 

from quarks and gluons (Have not be able to extend this to full EW+QCD factorization!)
o No artificial and/or process dependent scale(s) introduced for treating QED radiation, other than 

the standard factorization scale, universal lepton distribution and fragmentation functions
o All perturbatively calculable hard parts are IR safe for both QCD and QED
o All lepton mass or resolution sensitivity are included into “Universal” lepton distribution and 

fragmentation functions (or jet functions)

– Thank you!

q Beyond LO in QED, NO F1, F2, g1, and g2 structure func3ons (results of the 1-photon approxima3on) 
for lepton-hadron sca>ering  processes, but, the universal lepton and hadron distribu3on func3ons! 


