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High energy lepton-hadron scattering

[ The new generation of “Rutherford” experiments for probing hadron structure:

electron — <> A controlled clean “probe” — the virtual photon (xg, Q2)

nucleon

< Can either break or not break the hadron

Many high-energy lepton-hadron facilities have been built,
or to be built, at SLAC, CERN, FNAL, DESY, JLab, BNL, ...

<> Inclusive events: e+p/A 2 e’+X
Detect only the scattered lepton in the detector

(Modern Rutherford experiment!)

<> Semi-Inclusive events: e+p/A =2 e’+h(p,K,p,jet)+X
Detect the scattered lepton in coincidence with identified hadrons/jets

(Initial hadron is broken — confined motion! — cleaner than h-h collisions)

<> Exclusive events: e+p/A =2 e’+ p’/A’+ h(p,K,p,jet) -
Detect every things including scattered proton/nucleus (or its fragments) y

(Initial hadron is NOT broken — tomography! — almost impossible for h-h collisions)




Lepton-hadron inclusive deep inelastic scattering (DIS)

[ Approximation of one-photon exchange:

e (ku/)
(E/ Q2 = - (k-k’)? -> Measure of the resolution
e (k) 5
. S y = P.(k-k’)/P.k i ici

........................................... 9 Measure Of InelastICIty
¥ (q) Xz = Q%/2P.(k-k’) = Measure of momentum fraction
of the struck quark in a proton

> X (p,”) QZ =S Xg Y

d 2 1 :
= 20ty gi L (k. ks )W (g, P) L (k, k; q) = 2(k"E" + VK" — k- K'g") + spin...
S

(J Deep inelastic scattering (DIS) structure functions:

1 .
Winla, P) = > (2m)**(P + ¢ = X) (P1J.(0)|X) (X]J,,(0)|P) + spin...
X
PP QCD Factorization - Approximation
= —§ VF1($B7Q2)+ K VF2($B,Q2)—I—Spin...
: Pq Fi(xBan)%Zcif(xB7Q2;x7,u2)®f(x,,u2>
Guv = v + Quu /¢ Py = GuuP” f

O(l/Q2) Jeff/egon Lab
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Lepton-hadron inclusive deep inelastic scattering (DIS)

~.16 [ L 2
Z 1 - ® ZEUS 96/97 2 Foizr eV  [Qi-is Gev
D 0ODTO2 L L
¥ 1 H196/97 A HI1 9497
'fn"u v reeoeE £ NMC, BCDMS, E665
o™ 4 TOmES . ZEUS NLO QCD Fit
L .:-":;,.bgf »=0.000% {prel. 2001)
P o, T HINLOQCD Fit
= . x=0.0003
12 - .--*/f,»«*’"‘" R o
L P PP e clx)=0.6(i(x}—0.4)
s ""‘-f; 45 <=0.0005
e &>
""
r - «*’ﬂ or?  x=DOOIN
10 [ oo e
L ,,‘wc“’""'d '_...v":T »=0.0021
- x-&
: ..--V"‘_'".-'. f.-s'wa-"""'( r=nanss
pres __,.W"W e
o JE— 2 3d -0.013
6 | s wrw e g =002
JMWM sl
=T =005
‘_-_W
4+ _— L -0.08
-— ) ’ PR N cwel] 1
e ) : —s -3
i . . ey sy <08 1 10 1
2r S . : . § v=0.25 — FELUSNLO.QCD Fit
. o T Prel) 2001
- -~kecsaze P -~ o 3 * «=0.4 [ wierror
L BCDNMS
e D)5 = FELS 96,7 aji %
0 NPT | s 3 ssssl PP PR | T L v R
2 3 4 s
1 10 10 10 10 , 10
Q* (GeV?)

A very successful story of QCD, QCD Factorization, and QCD evolution! B
3 But, this success depends on how precise we were able to treat collision-induced QED radiation! = Jefferson Lab



Outline of the rest of my talk

" Collision induced QED radiation is an important part of ep Physics at the EIC
" Inclusive ep deep inelastic scattering (DIS)
=> Inclusive production of single high-PT electron in ep collision
Collinear QED and QCD factorization
" Single hadron (or jet) photoproduction in ep collision
=> Inclusive production of single high-PT hadron (or jet) in ep collision
Collinear QED and QCD factorization
" Lepton-hadron (ep) Semi-inclusive DIS (SIDIS)
=> Inclusive production of a pair of high-PT lepton and hadron in ep-collision
Hybrid (collinear QED) and (TMD QCD) factorization
" Summary and outlook

.g_ejggon Lab



Collision with a large momentum transfer induces strong QED radiation

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

See Xiaoxuan Chu
@2 EIC YR workshop

10¢ 10°
trueQ? [GeV?

trueY
Instead of a straight line — linear correlation,
the kinematic variables, y, Q2 , xg, from the leptons are smeared so much

to make them different from what the scattered “quark” experienced!

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



Collision with a large momentum transfer induces strong QED radiation

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

See Xiaoxuan Chu
@2 EIC YR workshop

10° 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
to make them different from what the scattered “quark” experienced!

6 lll-defined “photon-hadron” frame?!

e (k) 0

e(klt)
> X (p,)
P(p,)
A — qu
@ = > P =
0?2 ) )2
rp = — Tp =
B~ op.g B~ op.§




No simple radiative correction for SIDIS

(] Radiative correction — Born kinematics:

OMeasured = RC X ONo QED Radiation

Necessary requirement: RC — Radiative correction factor
does not depend on the hadronic physics that we want to extract

Jefferson Lab



No simple radiative correction for SIDIS

(] Radiative correction — Born kinematics:

OMeasured = RC X ONo QED Radiation

Necessary requirement: RC — Radiative correction factor
does not depend on the hadronic physics that we want to extract

U Impact of QED radiation to SIDIS — order of oy

d = OMeasured / ONo QED Radiation P I. Akushevich et al.
1 >y ; e(l) + N(P) = e (I') + h(Pn) + X EPJ C10 (1999) 681
i ,: lz=0.4 .
1.05 |- =06 Dashed line:
Gaussian pT-dependence
1 b exp(—bp?) where b = R*/2*
Solid line:

Power pT-dependence
[ 1 ]CHZ parameters: R, a,b,c,d

a+bz+ p?
Y T I T T & depends on physics we want to extract!
VS = 7.19 GeV, 2 = 0.15,Q° — 4 GeV? Pt/Pt maz NO simple RC for SIDIS! Jefferson Lab



QED radiative corrections vs. QED radiative contributions

e g . . Liu, Melnitchouk, Qiu, Sato
J QED radiative corrections: 2008.02895, 2108.13371

Oobs (xBa QQ) * RQED (:CBa QQ; LB true; Q'?rue) X O'Born(-'EB,truea Q’grue) +0ox (333, QQ)

" The correction factors Rqep and o, should not depend on the hadron structure that we wish to extract,

and they can be systematically calculated in QED to high precision (not satisfied);

The effective scale Q?,,. for the Born cross section ... should be large enough to keep the “true”
scattering within the DIS regime (questionable);

Extraction of OBorn is an inverse problem



QED radiative corrections vs. QED radiative contributions

e g . . Liu, Melnitchouk, Qiu, Sato
J QED radiative corrections: 2008.02895, 2108.13371

Oobs (:CB, QQ) + RQED (:CB’ QQ; LB true; Q'%rue) X O'Born(-'EB,true, Q’grue) TOoX (xB’ QQ)

" The correction factors Rqep and o, should not depend on the hadron structure that we wish to extract,

and they can be systematically calculated in QED to high precision (not satisfied);

The effective scale Q?,,. for the Born cross section ... should be large enough to keep the “true”
scattering within the DIS regime (questionable);

Extraction of OBorn is an inverse problem

(] QED radiative contributions:

. : N A A2 . m2
Tobs(T5, Q%) = olap” (1 m?) ® opad (u%5 Adep) © TlRosate(Er, Q% p?) + O ( 5‘2“’, QS)

" |Infrared sensitive QED contributions — divergent as m. /() — 0, are absorbed to universal LDFs and LFFs
" |nfrared safe QED contributions — finite as m./Q) — 0, are calculated order-by-order in power of a

= power suppressed contributions as m./Q — 0, are neglected

Predictive power: Universality of LDFs and LFFs, their evolution, calculable hard parts
Neglect power corrections
10 Jefferdon Lab



Inclusive lepton-hadron deep inelastic scattering (DIS)

[ Inclusive production of single high p; lepton in lepton-hadron collision:
/ J e(f,7) + N(P,S) = e(t)) + X

1 2
dop(n)P(S)—0'X = %5 | Myayp(s)—erx | dPS

d3€/ gmin f

Collinear QED & QCD L dr .
factorization X / o fa/N(iU,M2) Hiq s jx (&0, o P, f/Ca,Mz) +

doep_so x 1 ode [tode
B 2 S G DG Feln®
z’ja min

min

Lepton distribution functions (LDFs): ;. (¢, u?)
Lepton fragmentation functions (LFFs): De/j(C, ,u2) 1.] = €,7Y,€y..eq, G, ..

Parton distribution functions (PDFs): fa/n(z, 12 a=q,q,q,e7,€,..

Short-distance hard coefficients: ﬁm—mx(&@, zP,l/C, qu)
Photon is charge neutral ~ Hz'(::?;)x (€0, 2P, 0/C, MQ) ~ O(a™a™)

QED factorization works
11 Nayak, Qiu, Sterman, Phys.Rev.D 72 (2005) 114012 Jefferson Lab



Inclusive lepton-hadron deep inelastic scattering (DIS)

[ Inclusive production of single high p; lepton in lepton-hadron collision:
0 /ﬁ' (. )\) + N(P,S) — e(f) + X

1 2
doo(r)P(S)—0 X = %5 | Myayp(s)—erx | dPS

doop_p 1 Vodae bode
B 2 S G DG Feln®
z’ja min

d3€/ gmin f
Collinear QED & QCD L dr .
factorization X / o fa/N(xv MQ) Hiq s jx (&6, 2P, L/, Mz) +
Lepton distribution functions (LDFs):  f; /. (&, u?) " No DIS “Structure Functions”!

) Concept of one-photon exchange
Lepton fragmentation functions (LFFs): D, (¢ 1.] = €,7Y,€y..eq, G, ..
e/j( ) = QED & QCD contribution are

Parton distribution functions (PDFs): £, /v(z,p?) @ =¢,9,7,€,7,€, ... factorized at the same scale: u
($B7 QQ) — (y7 g?T)
=  Corrections suppressed by power

Photon is charge neutral ~ ™M (ep 2Py 2\ ~ O(a™a" 1/0)@
QED factorization works ia—jx (86 2P L/ i7) ( 5 (1/¢7)

12 Nayak, Qiu, Sterman, Phys.Rev.D 72 (2005) 114012 .Le,f}_,e’-r?on Lab

Short-distance hard coefficients: ﬁm_)jx(gé, P, 1/C, 1?)



Inclusive lepton-hadron deep inelastic scattering (DIS)

[ Inclusive production of single high p; lepton in lepton-hadron collision:

P e(l,\e) + N(P,S) = e(l)+ X
5 2
—x dorn)P(s)—ex = 5 | Menp(s)—ex| dPS

(J Recover the concept of structure functions?

d>0o(r,)P(S) > X !
R (kS / Deyel) [ defiirycn 6 1)

y [Ek’ AP G (ae) P(S)— k' X

d> k' ] k=E0,k'=0' /¢

PP sk x 207

L oy ~ vy LO) (k, k', \e) WH (g, P, S)
A ~UV (A A 1 =, . DU~ A A
WH (g, P,S) = —g"(§) Fi(ip, Q%) + gl @P () Fa(85,Q%) + ...

AN

Structure functions are evaluated at (25, Q%) instead of (5, Q)1
13

Jefferson Lab



Collinear factorization for QED radiative contribution

. . . . «“ _ ” . - . Liu, Melnitchouk, Qiu, Sato
1 Collinear factorization with the “one-photon” approximation: 2008.02895, 2108.13371

e(ku/)

d*oip—ex /1 ac [* ° ip

~ vy dg D Cv :u2 f 57 M2 NN

dz pdy o © S, Do el S [,

Ama? 1. oA 1 5 oA
X ——=_ [fEBy2F1(CCBa QQ) + (1 — Y- _92'72)F2($B7 Q )}
IBY Q2 4

X (@,

P(p,)
104} /8 = 140 GeV z, =0.1
o . —~10°| x,=0.01
" QED radiation prevents a well-defined “photon-hadron” frame c;~r>
= Radiation is CO sensitive as M./ — 0, factorized into LDFs & LFFs 8 102 %»=0.001
" Hadron is probed by (z5,Q?%) — (&5, Q?) &
101 L
0.01 <y < 0.95
A ~ 1-— y) ~) 2 1 0 L ]
rp — Ip € [rp,1 2 _ o2 (179 = 107z - ' -
B B [ B, ] min Q (1 — g y) max Q (1 —y + Tg y) 100 101 102 103
Q* (GeV?)
A simple RC factor at xg is necessarily sensitive to hadronic information from [xg, 1] ! —>

14 Jefferson Lab



QED Radiative Corrections vs Radiative Contributions

 Lepton distribution function: 1.4
(a) Vs = 4.7 GeV — RES
(a) NLO
¢ ¢ 8 A -
W \“\ﬁ/ \g 8.4 o
k k 2 0.l
o L
6 04
2
== n 0.2}
fe/e(g’iu’) 271_[1_5 (1_5)2mg+ 0.:. K 5 P |
02 04 06 08 gpg 107° 102 107 gzp
+ nonperturbative contributions ...
1.50
d Lepton evolution — e.g., valence: —o— FERRAD35
1.257 _e— TERADS6
d g’ § 2
2 2 2
“ ﬁfe/e(g,u ) = —/Pee _I’a fe/e(é-,,“ ) El.oo ..........................................................
p § § S
S 0.75
1 Lepton fragmentation function: S
Il 0.50 g
(1) (¢ m) o |1t §2 1 C2“2 Q0 250 = Ve =BGy
= n 25F = 0.9
Dejelem) = o 1T e M a2 o me N y
0'00 L1 1 l]_l(l)l_2 | l | Illl(l)l_l 1 | 11
+ nonperturbative contributions ... 2
15 P T ___‘erson Lab



Collinear factorization for QED radiative contribution

. «“ _ ” . . . Liu, Melnitchouk, Qiu, Sato
J Without the “one-photon” approximation: 2008.02895, 210%.13371

~ Inclusive single lepton production at high transverse momentum

dokp—sk’
By Uk(;k/kX - 5. Z/ C2 e/j(C H )fi/e(€7u2>

7] a min fmln

X/ ?fa/N(CU M )Hw—m'X(gkaxPa k//CaMQ) +

No structure functions, but
have PDFs, LDFs, LFFs, ...

LO NLO: )
, More systematic
() k for PVDIS!
k
'Y*
p
aN Beyond one-photon
exchange
7 -

16




Single hadron (or jet) photoproduction in ep collision

J Photoproduction in ep collision is sensitive to how the “photon” is defined:

e () = Real or quasi-photon is defined by
e(kug k’% < chut or 96 < cht
Y (q) = Photon flux is derived by
Evaluating the photon shower with above “cut”
o )' X (p,”) Weizsaecker-Williiams photon distribution, ...
i
. .Le,ﬁf./e}?on Lab



Single hadron (or jet) photoproduction in ep collision

J Photoproduction in ep collision is sensitive to how the “photon” is defined:

Kk . . .
¢ . ® Real or quasi-photon is defined by
Kk
o u=) kT < kT or 96 S cht
v (4 = Photon flux is derived by
Evaluating the photon shower with above “cut”
P (p )' X () Weizsaecker-Willilams photon distribution, ...
i

Kang, Meta, Qiu, Zhou, PRD 2011
 Inclusive single hadron (jet) production in ep collision: Hinderer, Schlegel, Vogelsang, PRD 2015, 2016
Abelof, Boughezal, Liu, Petriello, PLB, 2016
With measuring the scattered electron! Qiu, Wang, Xing, CPL, 2021
Single hard scale, collinear factorization Qiu, Watanabe, in preparation

dovp_p, «
B R S L

zab min

dz ' d
_jfgmin gDh/b(z,MQ)fi/e(§7M2)

X

/\' 2
= Universal lepton distribution functions (LDFs) x /x . f“/N(x H ) Hia—bx (86,28, Ph/2, 117) +
= No artificial cut to define the “photon”

= Single factorization scale: p Jeffere

18 Jefferson Lab



Single hadron (or jet) photoproduction in ep collision

(J Evolution of lepton distribution functions (LDFs):

0ln p?

( fere(& 1) \ [P e puo
ferel& 1) P2 P PG
Frre(&, 1) P PO Py
Fare(&, 12) P” PEY PR
fare(€, %) P P Pp"
\ Jurelen®) |\ P2V PEY PGY
Evolution kernels in both QCD and QED:
Piteat) = 3 (2500) (242
with PP =0, Np, N

19

2,0 2,0
P39 peo

P(2,0) P(21O)

€q eq

Pfg;ao) P(E’O)

Yq

Pq(((])’l) P((_)12)

qaq

pl2) pD

aq qq

0,1 0,1
Pe P

)mPMm)

Z an)

nm—

fé/e(§7 K

fq/e(§: ,u2
f(j/e(§7 M
\ fg/e(fa 'u2

( fe/e(§7 /“2) \
?)
f7/€(£7u2)

)

%)

)

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

2
Jefferson Lab



Single hadron (or jet) photoproduction in ep collision

Qiu, Watanabe

 Lepton distribution functions (LDFs): .
’ | t
pu? = 3 GeV? p? = 100 GeV? p? =10° GeV? | preparaton
102 [~ no mixing 102 [~ no mixing 102 > no mixing

20

100k
1072¢

10—4 L

10°F
10—2 i

10—4 i

s — g .\:\ \ S o ARIIIIE s — g \\\ \\\
10—6 — — ._‘;\ 10—6 ; . N
100 Y104 102 10 ¢ 10° “Y10-%  10% 102 10! 10°
'3 3
p? = 100 GeV? p? =103 GeV?
102k mixing 102F
109k 10°F
102+ 102}
1074} 1074+
- . —6 L ) . —6 . . L
00 10707 102 10¢ 10° Y107 10 102 10T  10°
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3D-hadron structure — need probes with two scales

[ Single-scale hard probe is too “localized”:

o It pins down the particle nature of quarks and gluons

o But, not very sensitive to the detailed structure of hadron ~ fm
o Confined transverse motion: k;~1/fm << Q

o Transverse spatial position: b;~fm >> 1/Q

(J Need new type of “Hard Probes” — Physical observables with TWO Scales:
Q1> Q2 ~1/R ~ Agcp

Hard scale: (); To localize the probe — factorization
particle nature of quarks/gluons

JTransverse momentum

Transverse
position

Longitudinal momentum

kt =Pt

partons
e °

“Soft” scale: (), could be more sensitive to the
hadron structure ~ 1/fm

3 New challenge: &\P’

QCD Factorization for observables with two scales!

21



Lepton-hadron semi-inclusive deep inelastic scattering (SIDIS)

Q* > Pp,
In photon-hadron frame!

f(x,kr,Q) - TMDs

Parton’s confined motion, ...

22

do

dr dy dip dzdgy dP?,

zyQ? 2(1 —¢)

2 2
) (1+7 ){FUU,T+€FUU,L+ 2¢(1+€) cos g Fj "

2
+ e cos(20n) Fo2? + A 1/2e(1 — €) sin ¢y, Fi ¥
+ SH \V 2(—:(1 + E) sin ¢h F(s/'12¢h + ESin(2¢h) F§E2¢h]

+ S)Ae | VI—€2 Frp 4+ /2e(1 —€) cos oy, Fz(}f%

+18.| | sin(¢p — ¢3) (F(S]i;’(gih_¢5) + EF(S]i;%h—fﬁs)) n?f?{«%?f e ,

18 SIDIS

) sin . sin(3¢p —
+ € sin(¢p, + ¢55) FUT(¢h+¢S) + ¢ sin(3¢n — ¢s) Fyp " *) Structure Functions

+v/2e(1+¢) sings FEn% 4 \/2e(1 + €) sin(2¢, — ¢s) Frm2on=9s)
+ |8 L] e [\/ 1 — &2 cos(¢pp, — ¢3) Fz(;?(¢h_¢s) ++/2¢(1 - €) cos g Flg(;ftﬁs

+v/2e(1 —¢€) cos(2¢, — ¢s) Fz%s(ztﬁh—(f’s)
—

} Jeff.e-r:son Lab



Transverse momentum dependent PDFs (TMDs)

J Quark TMDs with polarization:

Quark Polarization

Unpolarized

V)

Longitudinally Polarized
&)

Transversely Polarized

M

Ul fi(x.k2) @

ki) @ - @

Boer-Mulders

g (k) @— B—

Helicity

i (x, k2) @—- @—

Long-Transversity

S G kr)

" b @

Sivers

Nucleon Polarization

glr(x,kﬁ)é - 6

Trans-Helicity

hy (x,kz) 6 - 6

Transversity

hip (x, k) 6 - é

Pretzelosity

23

Nucleon

Analogous tables for: Polarization

© Gluons f; — f{ etc
© Fragmentation functions
© Nuclear targets S # %



Transverse momentum dependent PDFs (TMDs)

J Quark TMDs with polarization:

Quark Polarization

Unpolarized Longitudinally Polarized Transversely Polarized
V) () m
Ul fGek?) @ nk) @ - @
- Boer-Mulders
S
8 (L g (k) @— @—| hi(xk) @—- @—
E Helicity Long-Transversity Nucleon
£ . R Analogous tables for:  Polarization
g | /M) hokd) @ - @ g
s sk © Gluons f; — f{ etc
=5 Transversity
=Z | T 6 _ ? gir (x.k7) é - 6 © Fragmentation functions
h: /o _
. Trans-Helicity i (%K) 6 é © Nuclear targets 57&%
fvers Pretzelosity
 Polarized SIDIS: In photon-hadron frame:
TN D+ NP = e(l)+h(P,) +X Collins /. L
e s, o 6( )+ NED) = ell) + hBn) + Ay <Sm(¢h +¢S)>UT h & H,
2 Y ¢ - Single Transverse-Spin Apre” oc (sin(g, —¢S)>UT o f= @D,
4 7 ™ ~ AsymmEtry Pretzelosity . 1 1
Two planes ' s Ay * <sm(3 P~ 9 )>UT o by O H,

Leptonic plane Ayr = = Angular modulation provides the best

Hadronic plane g e P oy 1) +oiN (1)
- p o way to separate TMDs .g_e,f:f/e-’rgon Lab



Lepton-hadron semi-inclusive deep inelastic scattering (SIDIS)

H H . Liu, Melnitchouk, Qiu, Sato
 Inclusive production of a lepton and a hadron: 200802895, 2108.13471

e(l)+ N(P) — e(f)+ h(Pr) + X

Momentum imbalance between the lepton and the hadron could be sensitive to
both parton TMDs and lepton TMDs

Typical parton transverse momentum: k7 ~ Adcp + (k7)generated by QCD shower

J Estimate of lepton transverse momentum generated by QED shower:
1 1

Q =10 GeV
&, (8 =10.95

Worr Wrr
(arbitrary units) ~ (arbitrary units)

Resummation
to lepton TMD

0101 10" 10° 0715 10— 10
br (GeV™1) qr (GeV)
QED broadening for lepton is so much smaller than typical parton kT!
Collinear factorization for high order QED contributions _Lgf_;;;gon Lab

25



Lepton-hadron semi-inclusive deep inelastic scattering (SIDIS)

 QED factorization of collision-induced radiation — collinear: ;g‘égﬂoez';g;h;:gé‘f;é 7513t°
dﬁae(Ag)P(S)—w’PhX ! d®sy, ¢
(Ak)P(S)—k'PrX m
Ly Ep, d3¢’ d3 P, Z / 4-2 6/3 / d¢ fi(Ak)/e(Ae) (5) Ey Ep, d:’)’ck' 43P " +O( QZ )
’I,J)\ min émin h k:&&k':ﬁ’/c
= |eading power IR sensitive contribution is universal, as M./ — 0, factorized into LDFs and LFFs
" IR safe contributions are calculated order-by-order in powers of a
" Neglect m./(Q) power suppressed contributions
|

Collinear QED factorization for both inclusive DIS and SIDIS, or e*e;, ... [global fits of LDFs, LFFs]

1 “One photon”-approximation:

d%0y(x,)P(S)—0'P, X 1 g
dedy d¢ th d¢thf%T ’I; ‘/mln gmln ?’(}‘k)/e(AZ) (g) e/J (C)
42
:EB y h
% A w F CL‘ ) zha P

T5&( L?JB 7 Q2 2(1 —¢) ( ) Z n B Q hT)

l J

|
Apply a (&, ¢)-dependent Lorentz transformation: Evaluated in a “virtual photon-hadron” frame
{qA7P7ﬁh} {Q,P,Ph} S

26 (£,0) In a frame to compare with exp. measurements Jefferson Lab



Lepton-hadron semi-inclusive deep inelastic scattering (SIDIS)

(d Two-step approach to SIDIS:

One-photon approximation

1) In “virtual-photon” frame, defined by (¢, () —

" TMD factorization when JB% < @2
®  CO factorization when ﬁj% ~ (2
"  Matching to get the ]3T-distribution
2) Lorentz transformation from the “virtual-photon”

frame to any experimentally defined frame
— lepton-hadron Lab frame, Breit frame (xg,Q?), ...

QED contribution (not correction) can be
systematically improved order-by-order in power o!
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U Case study F:

do B
dx dydy dzdgy dP?,

2 2 2
(0%
L (1 + 7—) {EUU;T +eFyur+1/2¢€(1 +¢€) cos ¢y, F[j‘ﬁ.‘bh

zyQ? 2(1 —¢) 2

+ ecos(2¢p) F COS%” + Xe v/2e(1 —€) singy, FSln¢h
V2e(l +¢) singy, Fy; MO 4 e sin(26y) Fsm2¢”

+SXe | V1—€2 Frp+/2¢(1 —€) cos dp Fz(zs%

+ S||

+184] Sln(¢h - ¢s)( 51;(;1” —¢s) | ¢ F(S}l;(%h ¢s))

+ ¢ sin(¢y + ¢s) F; sm (@ntés) | ¢ sin(3¢p, — ds) F;}i;(g%_%)

+v/2e(1 +¢) sings Fon%s 4 \/2¢(1 + €) sin(2¢y, — ¢s) Fom >~ ¢S>]

+ 81| Ae [\/1 — €2 cos(¢n — ¢s) F, Cos(d)h ¢s) +1/2¢e(1 —¢€) cos ¢g FE(}S"SS

+v/2¢(1 —€) cos(2¢p — ¢s) FE‘?(2¢h_¢S) }Ieff?e’-r?on Lab
—



Lepton-hadron semi-inclusive deep inelastic scattering (SIDIS)

L Case study F;:

h
daSIDIS

1 1
dzpdy dz deT — Amindc dg-De/e(C) fe/e(g) X LCB &

&min(C)

Unpolarized structure function:

\

FgU(iBa Qza 23 PhT)

Tp ] [(QW)ZQ I ~
259 Q2 2(1 — €)

|

Evaluated in a “virtual photon-hadron” frame

Fly = s Zeﬁ /dsz d*kr 6@ (pr — kr — qr) X fo/n(T5,P%) Dpjg(z, k%) gr = Pur/z
q

(&, () - Dependent Lorentz transformation

Effectively, a rotation in hadron-rest frame

Solid — with Lorentz transformation
Dashed — without Lorentz transformation
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(a) onorc/oRC

— Q = 3 GeV
—_— Q = 10 GeV




Lepton-hadron semi-inclusive deep inelastic scattering (SIDIS)

d Case study — single transverse spin asymmetry:

do B
dz dy dip dz dgn dP2, o
o y’ 1-|— F +eFyyL +1/2¢(1 +¢) cos ¢y, Fcosd”‘ N
Q2 201 =) o UUT UU,L uU ]
S0
, Kl
+ec08(20n) F5*?" 4 A /26(1 — €) sin ¢y, Fomr ¥ a0
—
+ 8 [V2e(1 +¢) singy, F32 o 4 esin(2¢y) Fop 20 g 006
%0.05
<
+S||)\ \/1—52 Frp+1/2¢(1 —€) coséy, FL°s¢h tzzz
&0
5002
_ ge) (FEin(@n—6s) sin(¢n—os) 3,
S| | sinon — 5) (o™ + e o ™) =

+e sm(¢h + ¢ ) sm (Pntos) +e Sln(3¢h _ ¢ )Fls}i;(3¢h_¢5) .g
5 0.006
<

i |

+1/2¢(1 +¢) singg F;}l;(ﬁs ++/2€(1 +¢) sin(2¢, — Sm (2¢n— ¢S)] 50004
)

& 0002
£

+ 151 |Ae [\/1 — &2 cos(¢n, — ¢s) F COS(¢" —¢s) ++/2¢(1 —¢) cos ¢g F}j‘}s‘ﬁs

|

j=1
f=3
j=3
=]

Feos(20n—6s)

+ LT

2¢(1 —¢) cos(26y, — os)
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Summary and Outlook

1 Collision induced QED radiation is an integrated part of the lepton-hadron collision

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

J Factorization approach to include both QCD and QED radiative contributions (and shower of
weak particles at the LHC energies) provides a consistent and controllable approximation

O QED radiation is a part of production cross sections, treated in the same way as QCD radiation
from quarks and gluons

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!

30 Special thanks to experimental colleagues at JLab for helpful discussions! Jefferéon Lab



