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Full next-to-leading order QED contribution to lepton-hadron scattering
in joint QED and QCD factorization approach

J High-energy lepton-hadron collision induces
both QED and QCD radiation

J Treat QED and QCD radiation equally in
terms of factorization approach

(J Full NLO QED contribution to inclusive DIS

(d Q2is NOT an ideal hard scale at small xg
and/or beyond LO in QED

(d Summary and Outlook
Jianwei Qiu In collaboration with J.-Y. Zhang, J. Cammarota, T.-B.
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Collision induced QED radiation in high-energy lepton-hadron scattering

[ “Probe” for the hadron @ EIC is smeared by the induced QED radiation:
Data sample : Int L =10 fb!, Kinematics settings: 0.01<y<0.95, 102 GeV2<Q2<105 GeV?2

10° 10°
trueY trueQ’ [GeV?)

Instead of a straight line — linear correlation,
the kinematic variables, y, Q2 , xg, from the leptons are smeared so much
that the proton is not probed by the hard scale that we thought of !!!

lll-defined “photon-hadron” frame?! Jefferdon Lab



Collision induced QED radiation in high-energy lepton-hadron scattering
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Instead of a straight line — linear correlation, Q% = _ e
the kinematic variables, y, Q2 , xg, from the leptons are smeared so much 0 @2
that the proton is not probed by the hard scale that we thought of !!! B = 5p, oP - §
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Treat QED and QCD radiation equally in terms of factorization approach

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

" |nclusive single high-pT lepton: e({)+ HP) = e+ X Inclusive DIS

" |nclusive single high-pT hadron (or jet): e(l)+ H(P) — h(p)(orjet(p)) + X “Photoproduction”

" |Inclusive high-pT lepton + hadron: e(f) + H(P) = e(l')+ h(p) + X Semi-Inclusive DIS
3 J)_e,f_ﬁe-r:son Lab
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Treat QED and QCD radiation equally in terms of factorization approach

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

" |nclusive single high-pT lepton: e(f)+ HP) —ell)+ X Inclusive DIS
* |nclusive single high-pT hadron (or jet): e(l)+ H(P) — h(p)(orjet(p)) + X “Photoproduction”
" |Inclusive high-pT lepton + hadron: e(f) + H(P) = e(l')+ h(p) + X Semi-Inclusive DIS

[ Corresponding factorization formalisms (beyond one-photon exchange approximation):

TMD regime: lepton and hadron almost back-to-back
Hybrid Factorization: Collinear factorization for QED + TMD factorization for QCD
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Inclusive lepton-hadron deep inelastic scattering (DIS)

Liu, Melnitchouk, Qiu, Sato,

(J Recover the concept of structure functions — “one-photon” approximation: Phys.Rev.D 104 (2021) 094033
JHEP 11 (2021) 157
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Inclusive lepton-hadron deep inelastic scattering (DIS)

Liu, Melnitchouk, Qiu, Sato,

(J Recover the concept of structure functions — “one-photon” approximation: Phys.Rev.D 104 (2021) 094033
JHEP 11 (2021) 157
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Inclusive lepton-hadron deep inelastic scattering (DIS)

. . . Liu, Melnitchouk, Qiu, Sato,
O Without the “one-photon” approximation: e Rew.D 104 (2031) 094035
. . . . JHEP 11 (2021) 157

~ Inclusive single lepton production at high transverse momentum

Cammarota, Qiu, Zhang
In preparation
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Beyond 1-vector boson exchange: NLO QED contribution

Cammarota, Qiu, Zhang

J Project the external particles to leptons or partons: In preparation

NLO: e(f) —e(k), e() —e(k'), h(P)— q(p).

() _ n(0) (0> (0) gt
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(1) (0)
-/ /q®H€+’Y—9

Completely IR and CO safe! Only depends on factorization scale i, same in all partonic scattering channels
No need for any “cut-off” parameter(s) in the traditional “Radiative Correction”

== |n joint QCD & QED factorization: Lepton-distributions are not pure QED !

Hadron’s parton distributions are not pure QCD !
11 P P Jef?egon Lab



Impact of factorized QED contribution to lepton-hadron scattering

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

Two-step approach:

(1) Model non-perturbative LDFs, LFFs, PDFs, analytically — everyone can test and verify
without numerical complications

(2) QCD + QED evolution of these universal non-perturbative functions

(1 Model distributions:

LDFs: Very different from PDFs, peaked at larger momentum fraction

LFFs: (1 —x)?

fe/e(x) ~ De/e(x) = N,

PDFs: Valence type

~ (1 — )P
Fnl ) = N B a1 1)

with N, =2, a=-05, =35
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S x %Ns
Fonl @) =N o 14 5)
with  Ng=0.5, a=-15, =5

12
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J Resummed collinear contribution:

13

Impact of factorized QED contribution to lepton-hadron scattering
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Impact of factorized QED contribution to lepton-hadron scattering

. A2 2,
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O Infrared-safe short-distance contribution:

2.0

15

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

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

1 Example — Modified DGLAP equation for LDFs:

0ln p?

( fere(€, 1% \
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Evolution kernels in both QCD and QED:
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Qiu, Watanabe
In preparation

= Factorization scale:

2

2
pe ~mg

" |nput LDFs at p?:

* Perturbatively
generated by solving
QED evolution from
lepton mass threshold

* With perturbatively
calculated fixed-order
MSbar LDFs

* Test the size of non-
perturbative hadronic
contribution

P
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d Lepton distribution functions (LDFs):

18

p? = 3 GeV?

no mixing
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Evolution of lepton distribution functions (LDFs)
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no mixing
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Qiu, Watanabe
In preparation
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Evolution of lepton distribution functions (LDFs)

Qiu, Watanabe

J Example — Photon distribution of an electron: In preparation
" Weizsa cker-William photon distribution: (1?) 2
(et = "L P (€) In (2 ) —1
y/e \Ss ) = I e £2m?2
- p? = 3GeV? - p? = 100 GeV? - p? = 1TeV?
== WW model
— + Photon LDF
— — Electron LDF
g 10% 10° 10°}
w
S0 L R
1077 - Y 1077 - ' \ 1077 '
1073 102 10~ 100 1073 102 1071 100 71073 102
§ § 3

" LDFs are not purely perturbative in QED — need global analysis!

* Precision measurements for BSM physics at the EIC needs reliable lepton distributions
* Joint global analysis of lepton and hadron distribution functions should be carried out.

* Impact on searching BSM at ILC or CEPC, FCC, ...
19 Jefferson Lab



Summary and Outlook — Thank you!

1 Collision induced QED radiation is an integrated part of lepton-hadron scattering, just like QCD radiation

O Radiative correction approach is difficult for a consistent treatment beyond the inclusive DIS
O No well-defined photon-hadron frame, if we cannot recover all QED radiation

O Radiative corrections are more important for events with high momentum transfers and large phase
space to shower — such as those at the EIC

O Factorization approach to include both QCD and QED radiative contributions provides a
consistent and controllable approximation to high-energy lepton-hadron scattering 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)

U Beyond LO in QED, NO F,, F,, g,, and g, structure functions (results of the 1-photon approximation)

for lepton-hadron scattering processes, but, the universal lepton and hadron distribution functions!
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