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EW correction to the factorization formalism

" Electron-lon Collider at High Luminosity
= Lepton-Hadron Deep Inelastic Scattering (DIS)
" The “Breit” frame
— A natural frame to describe hard scattering process in DIS (EIC Yellow Report)
" The “virtual” Breit frame
® Factorization formalism beyond QCD
= Summary and outlook
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U.S. - based Electron-lon Collider

A machine that will unlock the secrets of the strongest force in Nature ~ Ps//www.bnl.gov/eic/

Like a CT Scanner for Atoms
Basic Tech Requirements

e Center of Mass Energies:
20 GeV - 141 GeV

¢ Required Luminosity:
1033 -10**cm3s1

e Hadron Beam Polarization:
80%

¢ Electron Beam Polarization:
80%

¢ lon Species Range:

(X0F)

Hadron Storage Ring

Hadron Injector Complex .
p to Uranium

Electron Storage Ring . . .
e Number of interaction regions:

Electron Injector Synchrotron
up to two
Electron Cooler

Possible On-energy Hadron High Luminosity (Phase-ll): 103°cm2s1
Injector Ring

1 .ggf_f/egon Lab




U.S. - based Electron-lon Collider

A machine that will unlock the secrets of the strongest force in Nature

Like a CT Scanner for Atoms
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High Energy Lepton-Hadron Scattering

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

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

s

TN
ay S Yy

<> Can either break or not break the hadron

nucleon
Mary 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 7\

(Modern Rutherford experiment!) X

<> 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) ol

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



Lepton-Hadron Inclusive Deep Inelastic Scattering

O Approximation of one-photon exchange:

e (k,/)
o E,/ Q2 = - (k-k’)? - Measure of the resolution
> % y = P.(k-k’)/P.k > Measure of inelasticity
Y () Xg = Q%/2P.(k-k’) > Measure of momentum fraction
of the struck quark in a proton
> X (p,/) 2 -
P(p) ’ Q" =Sxpy
/ do 204]251\/[ 1 1% uv w./v ViU ! _uv :
B = g k)W (q, P) L (k, ks q) = 2(K"E"™ + k"k"™ — k- k'g") + spin...

L Deep inelastic scattering (DIS) structure functions:

W0, P) = = S (20)'8(P + g — X) {PLJ,(0)|X) (X].J,(0)|P) + spin..
X

55 QCD Factorization - Approximation

P, P,
~ 2 plv 2 .
= —QWF1(£L’B,Q )-I— Fg(:zzB,Q )—i—spln...
Pq Fi($B7Q2)%Zcif(xBaQ2;5U7N2)®f(3%N2)
g,uu = —Yuv + qqu/QQ PM = gu,jpy f
+0(1/Q?) Jefferdon Lab
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Lepton-Hadron Inclusive Deep Inelastic Scattering

~16
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A very successful story of QCD, QCD Factorization, and QCD evolution!
Extraction of Parton Distribution Functions (PDFs) — 1D hadron structure Jeffer



3D Hadron Structure — Need probes with two scales

O 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

U Need new type of “Hard Probes” — Physical observables with TWO Scales:
Q1> Q2 ~1/R ~ Aqcp -

Transverse
position

Jransverse momentum

Hard scale: () To localize the probe - factorization

. Longitudinal momentum
particle nature of quarks/gluons K+ — opt

partons
o ®

“Soft” scale: Q- could be more sensitive to the
hadron structure ~ 1/fm

O New challenge: &r»
u/‘l
QCD Factorization for observables with two scales! 'L




“See” 3D Hadron Structure at a Lepton-Hadron Facility

L Two-scale observables are natural in lepton-hadron collisions:

< Semi-inclusive DIS:

SIDIS: Q>>P;

Parton’s confined motion encoded
into TMDs (too many of them?)

Two scales, two planes,
Angular modulation, ...

< Exclusive DIS (without breaking the hadron):

~

£\ + ..

iy

P, P t=(p4-p2)?
DVCS: Q2 >> |t]

Parton’s spatial imaging from Fourier
transform of GPDs’ t-dependence

v v, 0,..
1‘+Ef

P p

\" "% Imaging gluons

!

Heavy quarkonium: Q2+M?2 >> |t|

Imaging the glue only at EIC

it

DVEM: Q2 >> [t]

Imaging quarks

None of these processes is
sensitive to x-dependence
of GPDs!
Proposed a new type of

processes
(Qiu & Yu, 2022)

Jeff./e;gon Lab
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Lepton-Hadron Semi-Inclusive Deep Inelastic Scattering

Q* > Py,
In photon-hadron frame!

f(x, kr,Q) - TMDs
Parton’s confined motion, ...

do

dr dy dyp dzdgy, dP?,

zyQ* 2(1 —¢)

2 2

4 (1-1— ;—m> {FUU,T+6FUU,L +/2¢(1 +¢) cos ¢y Fp ™"

+ £cos(20n) FE " + Ao 1/2¢(1 — €) sin gy, Fir
2¢(1+¢) sin gy, Fiin? 4 esin(2¢y,) Fin 2

+ SjAe | V1—€2 Frp ++/2e(1 —€) cos gy, Fz(f(ph

+ S”

+ (S| | sin(ép — ds) (F(S]i;,(ééh—%) + EF(SJi;f}ijh—tbs)) ‘ff\»f‘%%@ e
i i 18 SIDIS
: sin(¢p+ . sin(3¢p —
e Sln(¢h " ¢S) FUT(¢h " e Sln(3¢h B ¢S) FUT( e Structure Functions

+/2e(1 +¢) singg Fon%s 4 \/2e(1 +¢) sin(2¢n — ¢s) Frm@én—9s)

+ |8 1| Ae [\/ 1 — €2 cos(¢p, — ds) Fz(;(%_%) +/2¢e(1 —€) cos gs FEs %S

} Jeffggon Lab

+1/2¢e(1 —€) cos(2¢p, — ¢s) Fz(}s(wh_%)
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Transverse Momentum Dependent PDFs (TMDs)

O Quark TMDs with polarization:

Quark Polarization

. ‘

Unpolarized Longitudinally Polarized Transversely Polarized
(D) w Mm
Ul fi(x.k7) @ k) @ - @
= Boer-Mulders
.S
5L g5k @—- @—| hi(nk}) O— @—
S Helicity Long-Transversity Nucleon
o - o
a n N Analogous tables for: Polarization
§ fl (x,kf) hl (x,kﬁ) 6 - 6 © Gluons f — fg
g ‘ Transversity 1 1 etc
= - &ir (x. k) - © Fragmentation functions
@ ) h(xkD @y - & 1
Sivers Trans-Helicity pretselosity o Nuclear targets S 3& 5
O Polarized SIDIS: In photon-hadron frame:
o e ENP) el h(Py) + X Collins /.- i
=N ( )+ N(P,T) = e(l’) + h(Ph) AS™ o (sin(@, + ), o by ® H,
n N Single Transverse-Spin Apy ™ o (sin(g, — @), o fi7 ® D,

ht ™~ ~ AsymmEtry Pretzelosit : 1 1
y Ay " o <s1n(3¢h —¢S)> oc h, @ H;
Two planes L L 9N — TN . o
Leptonic plane = — Angular modulation provides the best

2 AUT

~ Pona o)

Hadronic plane s way to separate TMDs  jafferdon Lab
—



3D Hadron Structure

U Tomographic images in both position and momentum space:

Tomographic images in slices of momentum fraction “x" for an active parton inside a hadron
— controlled by the scale of the hard probe: Q ~ xp

10 Jefferdo
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Collision Induced QED Radiation

U Uncertainty in determining the photon-hadron frame:

e (k) e (k,/)
T
e (k) 5 | e (k) qu — qu
v @) Q*=-¢ = Q@ =-¢
Q? @
_ _ _
> X (p,/) > X (p,/) B 2P - q B 2P -
P(p,) P(p,)
U Under the “one-photon” approximation:
do 202, 1 do 202 1\*~
! v / _ “®EM 4 A v P A
E d3k/ _ SEM Q4LM (k k Q)Wuu(q7p) E d3k/ - s /d q (j_g LH (k7k7Q>W,LW(Q7P)

11

v (k, k: ) Z/ H QW g 0 (k=K = = Y k) (O X ) (Xl O1R)

1€Xr,

o 11 2N AN 11 %

s TR T M g(q) = g"" —
=—§“V(Q)L1+kkLz+kk L3+kk +kkL4 i v A
k. k! k. k! 2k . k! k“-g“”()
— 2(k"K" + KK — kK g") W (k — K - g) G (G)k
Jef

4 Lepton structure functions! Small a leads to Az << Q2 in lepton back-to-back frame!

q"q
qA2

SV




Inclusive Lepton-Hadron DIS

Q Inclusive production of single high p; lepton in lepton-hadron collision: (4, A\;) + N(P,S) = e(f') + X

g/
(A 1 2
:(:/\\\Ex dog(x)P($)—t'X :z_s‘MEW)P(S)_WX| e
P
i e MR AR SR
ija min min

X/ ?fa/N(x 1% )ﬁia—m'X(fg,xP7€/Cnu2) +

® No DIS “Structure Functions”!

Lepton distribution functions (LDFs):  fi/e (&, 1)
Concept of one-photon exchange

Lepton fragmentation functions (LFFs): De/j(C, ,uQ) 1. =€,%,€,...,4,0, ... = QED & QCD contribution are

factorized at the same scale: u
(xBan) — (yang)

Short-distance hard coefficients: Hiqyix (€0, 2P )¢, 1) " Corrections suppressed by power

mon m n (1/l7)>
~ H (0 aP 0/ p?) ~ O(a™al) i
12 Jefferson Lab

Parton distribution functions (PDFs):  fa/n (%, p*) a=4q,9,q,€,7,¢€,



Inclusive Lepton-Hadron DIS

Q Inclusive production of single high p; lepton in lepton-hadron collision: (4, A\;) + N(P,S) = e(f') + X
g/

¢
_r 1 2
— doe(r)P(s) X = 5 | Mo,y ps)—ex|” dPS
— X

P
L Recover the concept of structure functions?

d®oyxn P S)—0' X 1
2 : 332/ Z/ I Deje(C,p )/ A€ fern)/ere) (5 117)

rnln min

dPGr(r)P(S)— k' X ]
Ak’ kbl k=t /¢

X [Ek’

PG r(r)P(S)—k' X - 202
A3k’ 3 Q

W(§, P,S) = 3 (§) F (i, Q%) + Pi_qﬁ%qvp (@) Falip, 0% + ...

L) (k, k', \e) WH (4, P, S)

-~

Structure functions are evaluated at (QAUB, Q2) instead of (-TB, Qz)!
13 Jefferson Lab



Collinear Factorization for QED Radiative Conntribution

O Collinear factorization with the “one-photon” approximation: Liu, Melnitchouk, Qiu, Sato
2008.02895, 2108.13371

e(ku/)

d?oip_ex Vode ! 2 4o

—_— Y = - d¢ D s 2 2) | = -

Trin [ % [ D) ety | 2

Ara? . . oA N O . A
X ———— [IB?JQFl(?UB, Q?) + (1 — - 19272>F2($B, QZ)}
X TpYQ

P,

104} /8 = 140 GeV z,=0.1
"  QED radiation prevents a well-defined “photon-hadron” frame o 10° €, =0.01
>
" Radiation is IR sensitive as M./Q — 0, into LDFs & LFFs é’ L2l @,=0.001
" Hadron is probed by (z3,Q?) — (25, @2) &
10
0.01 <y <095
~ ~ 1-— y) ~ 2 1 0L
T — T e T 1 2 .= 2 (— e 10 / N - ;
B B € lwp 1] min = Q (1-zpy) max = Q (1-y+zpy) 10° 10" 102 10°
Q* (GeV?)

c 2
14 Jefferson Lab



Collinear Factorization for QED Radiative Conntribution

O Without the “one-photon” approximation: Liu, Melnitchouk, Qiu, Sato
2008.02895, 2108.13371

~ Inclusive single lepton production at high transverse momentum

dogp—ix 1 Lodc [tode 9 2

Z?]’a

1
dx -
<[ o) i (6h P S ) o+ -

min

No structure functions, but

O Calculated hard parts in power of o™a” : have PDFs, LDFs, LFFs, ...

LO NLO:

(b) k,

k

Y*
4
aN Beyond one-photon

exchange
c 2

15



QED Radiative Corrections vs Radiative Contributions

O Lepton distribution function: 1.4

(a) Vs = 4.7 GeV

— RES || (b)

Vs = 140 GeV

W W/ \ 7 & :22;

b 0.4}
1) o [1+§21 s ] 0.2}
_l_

fe/e(g ) — 27r

1—¢ " (1—8)?2m?2

""""

Q? = 100 GeV?2

+ nonperturbative contributions ...

U Lepton evolution - e.g., valence:
d tdg §
2 4 2y _ r 2
M d,u,2fe/e(§,“ ) ¢ f’ ee(g,a )fe/e(g y U )
U Lepton fragmentation function:
(1) a [14¢? ¢’
Deel6 “)_2w[1—c1“(1—<)2m2 ;

+ nonperturbative contributions ...

16
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QED Radiative Corrections vs Radiative Contributions

(] QED radiative corrections: Liu, Melnitchouk, Qiu, Sato
2008.02895, 2108.13371

Uobs(xBa Q2) i RQED (xBa Q2; xB,truea Q%rue) X UBorn(xB,truea Q?,rue) + ox (xBa Qz)

® The correction factors Rogpand ox should not depend on the hadron structure that we wish to

extract, and they can be systematically calculated in QED to high precision;

The effective scale Q2 for the Born cross section o...should be large enough to
keep the “true” scattering within the DIS regime.

®  Extraction of OBorn is an inverse problem

(] QED radiative contributions:

: : N o~ A2, m?
O'Obs(xBa Q2) = o'llgll)lv(/j?; mz) & o-ﬁ;(liv(uz; AéCD) X UIR—safe(xBa Q2a /-Lz) + O ( 5;137 Q_g)

" |Infrared sensitive QED contributions — divergent as me/Q — 0, are absorbed to universal LDFs and LFFs
" |Infrared safe QED contributions — finite as Me/®@ — 0, are calculated order-by-order in power of o

" Ppower suppressed contributions as Me/Q — 0, are neglected

Predictive power: Universality of LDFs and LFFs, their evolution, calculable hard parts
17 Neglect power corrections Jefferd
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Lepton-Hadron Semi-Inclusive Deep Inelastic Scattering

Inclusive production of a lepton and a hadron:

e(t) + N(P) = e(t') + h(Py) + X

both parton TMDs and lepton TMDs

Estimate of lepton transverse momentum generated by QED shower:

1

Wrr

(arbitrary units)

Resummation
to lepton TMD

S T 10" 107
bT (GeV_l)

QED broadening for lepton is so much smaller than typical parton kT!

Collinear factorization for high order QED contributions

Liu, Melnitchouk, Qiu, Sato
2008.02895, 2108.13371

Momentum imbalance between the lepton and the hadron could be sensitive to

Typical parton transverse momentum: k% ~ A?QCD + (k%)generated by QCD shower

Q =10 GeV
&, ¢ =10.95

Wrr

(arbitrary units)

10 102 (102
qr (GeV)

e 2

Jefferson Lab
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Lepton-Hadron Semi-Inclusive Deep Inelastic Scattering

( QED factorization of collision induced radiation — collinear: Liu, Melnitchouk, Qiu, Sato
2008.02895, 2108.13371
d°yr) P(S) 0P X ! d%G 1 (x,) P(S)—k Py X me
Ey Ep, d3¢’ 43P, Z / e/J /£ - d§ fi(Ak)/e()\e)(g) EyEp, dgk" d3p, : +O( on =)
mm min k=§£,k’=f'/(
® Leading power IR sensitive contribution is universal, as me/Q — 0, factorized into LDFs and LFFs
" IR safe contributions are calculated order-by-order in powers of a
" Neglect m./() power suppressed contributions
® Collinear QED factorization for both inclusive DIS and SIDIS, or e*e, ... [global fits of LDFs, LFFs]
L “One photon”-approximation:
d60'£(A ' 1
¢)P(S)—4' P, X Z / f f
5 i) /e(Ae) (§) Dey;(€)
drpdy di dzp, dgpd Py e onin boin &
B 42
X = ’U)n 1‘3, Q Zh, Ph,T)
zsE¢ Tp yQ (1 —£) 2333 Zn:
( X )
Apply a (&, ¢)-dependent Lorentz transformation: Evaluated in a “virtual photon-hadron” frame
{Q7P7Ph} {Q7P7Ph} —>

19 (é‘ C) In a frame to compare with exp. measurements J fferson Lab
)



Lepton-Hadron Semi-Inclusive Deep Inelastic Scattering

O Two-step approach to SIDIS:

/
Yy
[y

lepton

One-photon approximation

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

= TMD factorization when P; < Q2
® CO factorization when ]3% ~ @2
®  Matching to get the }A?T-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 ao!

20

O Case study F;:

do _

dr dy d dzdp, dP?,

2 2 2
i (1 + l) {+ e Fyu, +v/2&(1 +¢) cos ¢y Fiy, ™"

ryQ? 2(1—¢) 2z

+ ecos(2¢n) Fipy 2n 1\, \/2¢ (1—¢) singp FSig‘”h

2e(1 +e) sin gy Fyn® +esin(2y) Fin 2

+ S Ae [\/1 —e2 Frp 4+ /2¢e(1 =€) cos oy, Fz(f%

+ SH

+184] !Sln(¢h — ¢s) ( S ¢S))
+ & sin(¢n + ¢s) Fy; Fom @nt95) 4 ¢ sin(3¢p — os) F[E}i;(3¢h—¢s)
26(1+¢) sings Fp® + v/2e(1 + ¢) sin(20h — ¢s) F5;(2¢h‘¢s)]
+ 51| Ae [m cos(¢n — ¢s) Fy. °°S(¢h 9s) 4 \/2¢(1 - €) cos dg F9s

2¢(1 —¢) cos(2¢p, — ¢s) Fz(;f(2¢h—¢s)
—

}leff./efﬂgon Lab



Lepton-Hadron Semi-Inclusive Deep Inelastic Scattering

O Case study Fy:

h
dUSIDIS

1 1
dzpdydz dP2, /Cmm”lC A DeyeC) fefel8) LcB &

Emin(q)

Unpolarized structure function:

T (27r)2a 3)2 h (~ A2 5 D
~ ~ F Z ,Q 2 PhT
|55 =gt )

\ J
I

Evaluated in a “virtual photon-hadron” frame

Fly =zs 262 /d2pT d*kr 6P (pr — kr — qr) X fo/n(T5,P%) Dy (2, k) ar = Pyr/z
q

(&, ¢) - Dependent Lorentz transformation

Effectively, a rotation in hadron-rest frame

Solid — with rotation
Dashed — without rotation

21

2

—_— Q =3 GeV
—_— Q = 10 GeV

(a) onorc/ORC




Lepton-Hadron Semi-Inclusive Deep Inelastic Scattering

Liu, Melnitchouk, Qiu, Sato

L Case study — single transverse spin asymmetry:
p 2008.02895, 2108.13371
o
= 0os0f . cvers
dz dy dip dz dgy, dP2, S0 : S P 1O Cotins
o? v 1 7 F F \/7 FC0s b gos 0.0100 - g: Zl:;:;
Q@ 2(1—9) + oz vur +€Fyu,L +v/2e(1 +¢€) cos n iy ] o T e omne  ins
%0'2 @ = 25 GV | 50l Q* = 100 GeV?
+ e cos(2¢n) Fiy) 200 4 Ner/26(1—¢) singy, F Sm‘bh 3 o1 0.0025
Y| 0.0000 === == ===
in2 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
+ S|| V2e(l +¢) sin ¢h sm o + esin(2¢p) F[Sjlz o b 006 / 5 = 140 GeV
%0405 0.0015 ..': zp =001, z, =05
< |Sr] =1
0.04
+ S| A [\/1 —e2 Frr ++/2¢e(1 —€) cos ¢y, thzsm tm 0.0010
&
(9r=65) . poin(én—os) g e
418, {sin(%—fﬁs) (5" e Fgpe ™) oo N
000 .............................. L . - 00000
0.1 0.2 0.3 0.4 0.5 0.4 0.5
+¢ sin(gh + ¢g) F Slﬂ (¢n+ds) +é& sin(3¢n — ¢s) F) Sm (3¢n—9s) 5 0.00030
goﬂoe 0.00025
2 I 0.00020
2e(1+e) sings Fom?® + /2¢(1 + ¢) sin(2¢y, — Sm oh=¢s) & 0.00015
% 0.002 0.00010
@ 0.00005
+1S1I [« 1= & cos(dn, — ¢s) Fy7 %) +v/26(1 — &) cos g Fi*° N A
0.1 0.2 0.3 0.4 0.5 § . 0.3
qr/Q ar/Q

2e(1 —¢) cos(2¢p, — ds) Fzgf(%h—qﬁs)

} ,ge,f_f./e;gon Lab
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Lepton-Hadron Semi-Inclusive Deep Inelastic Scattering

(] QED radiative corrections:

Radiative Effects in the Processes of Hadron Electroproduction

I.Akushevich, N.Shumeiko, A.Soroko
National Center of Particle and High Energy Physics, 220040 Minsk, Belarus

Received: date / Revised version: date

Abstract. An approach to calculate radiative corrections to unpolarized cross section of semi-inclusive
electroproduction is developed. An explicit formulae for the lowest order QED radiative correction are

presented. Detailed numerical analysis is performed for the kinematics of experiments at the fixed targets.
5
1.4
z=02
oo | 2=04 2 =0.6 : :
: Similar trends. Eg.
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"  Qur formalism is different. It does not depend on
hadronic input, which is what we want to probe!

"  Qur formalism is organized in terms of IR safe
guantities and universal functions
— advantage of factorization
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Summary and Outlook

O 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

U 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!
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