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A note on the success of SM and challenge for finding BSM

. .. . . . . . . [P.C. Bhat et al. arXiv:hep-ph/0001152]
 Prediction for P; distribution for Higgs production at the LHC: 80.6 —————————————————
— Ten years before Higgs was discovered in 2012 [E. Berger, J. Qiu, arXiv:hep-ph/0210135] | —LEP1, SLD, vN Dat
" Need a Higgs mass: Constraints from precision measurements 80.51 68%CL
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A note on the success of SM and challenge for finding BSM

 Prediction for P; distribution for Higgs production at the LHC:
— Ten years before Higgs was discovered in 2012 [E. Berger, J. Qiu, arXiv:hep-ph/0210135]

" Need a Higgs mass:

® W mass:

my

[A. Sirlin 1999]

® SM Higgs mass:

Estimate:

MH> 2<MH)
= } 7 —0.057 — ] =0. — ] —-0.517
80.382 0.05 91n(1 0 0.008 In 100 0.51
2
m; xs(myz) )
+ 0.543 ((175> 1) 0.085 ( 0118 1),

Using the values of W-mass and Top-mass at 2002,
myg = 125 GeV

+ (pb/GeV)
[—]
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do/dydQ
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Constraints from precision measurements

mpyg ~ 125 — 126 GeV Choice:
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e
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[P.C. Bhat et al. arXiv:hep-ph/0001152]
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A note on the success of SM and challenge for finding BSM

 Prediction for P; distribution for Higgs production at the LHC:

[PC Bhat et al. arXiv: hep ph/0001152]

80.6 — — ,
— Ten years before Higgs was discovered in 2012 [E. Berger, J. Qiu, arXiv:hep-ph/0210135] | —LEP1, SLD, vN Dat
" Need a Higgs mass: Constraints from precision measurements 80.51 68%CL
My My Ac!” >
" W mass: my = 80.3827-0. 05791n( ) —0.008 In? (—) —0.517 h__ ©
" 100 1 {100 0.0280 O, 80.41 e g
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U.S. - based Electron-lon Collider (EIC)

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

Like a CT Scanner for Atoms

Basic Tech Requirements

Electron
Injection
Line Possible
On-energy
lon Injector

¢ Center of Mass Energies:
20 GeV - 141 GeV
¢ Required Luminosity:
1033 -10** cm3s!
e Hadron Beam Polarization:

Injector

‘e
(Y

Polarized
Electron
Source

80%
2?:’!1':, ¢ Electron Beam Polarization:
0,
oy Hadron Storage Ring 80%

Injector (RCS)

¢ lon Species Range:
p to Uranium

Hadron Injector Complex

(Polarized)

Electron Storage Ring

lon Source ::f ..“) l
R 7 ° . . ] :
Electron Injector Synchrotron y ® ¢ Number of interaction regions
Electron Cooler — up to two
Possible On-energy Hadron : s
Injector Ring
rr D
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Physics of BSM in the EIC White Paper & the Yellow Report

Chaoter 4 4.2.2 Precision Measurements of Weak Neutral Current
P Couplings
° o1 o ° ° ° 0.242_ T T T T T T T T T T 7T T T T
Possibilities at the Luminosity - E158
° ° 0240_
Frontier: Physics Beyond the ] woter e
= 0258 -
Standard Model g 1 | o
o > 0_236:— APV (Cs) QWEAK (Jiab) (statistical errors only)
Conveners: Krishna Kumar and Michael Ramsey-Musolf cc\’? i SOLID (Jlab)
= 0.234r
B I
0.232f
4.2.1 Charged Lepton Flavor Violation : ¢
0.230F SLAC b
C /S = 140.GeV.with.200 fbT% . . ]
- ) e_\/ ) ) 6_\/_ -3 -2 -1 0 1 2 3
0 ey Rk Ty l0g10(Q [GeV))
% % %/\ % % qﬁ/\
s-channel u-channel s-channel u-channel
F=0 |F| =2

T — e scattering process via leptoquarks
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Physics of BSM in the EIC White Paper & the Yellow Report

Chapter 4 4.2.2 Precision Measurements of Weak Neutral Current
P Couplings
° oy o ° ° ° 0.242_ L e T T T 1 T T T
Possibilities at the Luminosity - £158
. . 0.240f
Frontier: Physics Beyond the [ woter e
—~ 0.238F v
Standard Model S - .
o > 0.236 — APV (Cs) QWEAK (Jiab) (statistical errors only)
Conveners: Krishna Kumar and Michael Ramsey-Musolf @ I SOLID (Jlab)
‘C  0.234f -
® i
0.232f ]
4.2.1 Charged Lepton Flavor Violation [ § :
0.230f » SLAC ]
/S = 140.GeV.with.200 fbT% . o . L]
) . . 28 2 -1 0 1 2 3
0 ey Rk Ty l0g10(Q [GeV))
s-channel u-channel s-channel u-channel «[6))] i 75 COHHCCtiOHS Wlth Other FlCldS
R VR
F=0 Pl =2 T
: : D 7.5.1 Electroweak and BSM physics
T — e scattering process via leptoquarks il

~
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Collision induced radiation for high-energy lepton-hadron scattering

[ “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<105 GeV?2

See Xiaoxuan Chu
loops @2" EIC YR workshop

— amm 10t
2;2/ 10°
i 13
itk

o

V|
10° 10° 10 102 10
trueY trueQ’® [GeV?) trueX

3 L Tp =

10%F

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?! Jeffer<on Lab



Collision induced radiation for high-energy lepton-hadron scattering

[ “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<105 GeV?2 i

See Xiaoxuan Chu ek,”)
@2 EIC YR workshop

X (®,)

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 02 A2
to make them different from what the scattered “quark” experienced! TB=5p., 7 ¥BT

3 lll-defined “photon-hadron” frame?!



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

J Impact of QED radiation to SIDIS — order of agy,:

§ = OMeasured / ONo QED Radiation P . Akushevich et al.
8 03] ,- e(l) + N(P) = e (I') + h(Pn) + X EPJ C10 (1999) 681
[ :' fz2=04 ]
105 | ; ;2=06 Dashed line:
Gaussian pT-dependence
1 b exp(—bp?) where b = R?/z*
Solid line:

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

a+bz+ p?
Y Y S Y Y S E— & depends on physics we want to extract!
10 VS =719 GeV,zp = 0.15,Q2 = 4 GeV? Pt/Pt maz NO simple RC for SIDIS! gﬂgon Lab



QED radiative corrections vs. QED radiative contributions

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

Oobs (xBa Qz) * RQED (xBa Qz; LB true; Q%rue) X UBorn(xB,truea Q'%rue) +ox (xBa Qz)

" 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

11 Jeff.e-r:son Lab



QED radiative corrections vs. QED radiative contributions

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

Oobs (xBa Qz) * RQED (xBa Qz; LB true; Q%rue) X UBorn(xB,truea Q'%rue) +ox (xBa Qz)

" 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 Q2. for the Born cross section o,... should be large enough to keep the “true”
scattering within the DIS regime (questionable);

Extraction of OBorn is an inverse problem

(] QED radiative contributions:

. : R A A2, m?2
Uobs(xBa Qz) — Uﬂa?)lv (/4"2; mg) ® Uﬁgév (M2; AéCD) ® UIR—Safe(xBa Q2a ,u'z) + O ( SgD ) Q§>

" |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 ,
12 Jef?.;gon 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
dopn)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) + o

doep_so x 1 ode [tode
Bt S G DG Feln®
’I:jCL 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
13 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:
s

Lepton distribution functions (LDFs):

Lepton fragmentation functions (LFFs): D, ,;((, 1?)

Parton distribution functions (PDFs):

Short-distance hard coefficients:

Photon is charge neutral
QED factorization works

14 Nayak, Qiu, Sterman, Phys.Rev.D 72 (2005) 114012

Collinear QED & QCD
factorization

e(l,\e) + N(P,S) = e(l)+ X

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

dogperx 1 bode [tode 2 2
G S, @ o, € PG

1
dx N
8 / T fayn (2, p’) Hioix(&l,xP, 1/, p?) 4 e

min

El

fi/e(& /ﬂ) = No DIS “Structure Functions”!

Concept of one-photon exchange

i‘j — 67 77 é? R} Q7 g7 e
= QED & QCD contribution are

fa/n(z, ,u2) a=q,9,7,€,7,€,.. factorized at the same scale: u
_ 2 (25,Q%) = (v,0f)
Hiamsjx (6, 2P, /G, 417) = Corrections suppressed by power
~ B (€0,aP0f¢, i) ~ O(a™al) (1/¢,)°

2

Jefferson Lab



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 Ao P(s)—ex = 5 [ Menp(s)—ex| dPS

J Recover the concept of structure functions? i=ce,

d>0o(r,)P(S)—> ' X !
R (kS / Deyel) [ defiinycn 6 )

y [Ek’ AP (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
15



Collinear factorization for QED radiative contribution

. . . . «“ _ ” . . . Liu, Melnitchouk, Qiu, Sato
1 Collinear factorization with the “one-photon” approximation: 2008.02895, 210813971
e (ku/)
d?oip—0rx boac [t ° ip
d:[,‘de /Cmin C-Q gmin g 6/6(C7/’L )f€/6(€7IU/ ) xB Q2
Ara? . . . oAa N O . A
X——— {IEBCU2F1(CCB, Q%) + (1 -4 — Zy272)F2(xB, Q )}
Ty Q
X (@,
P(p,)
104} /8 = 140 GeV 5. sicr
. —~ 107 z,=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 102l ©2=0.001
" Hadronis probed by (zp,Q?) — (&g, @2) oy
101 L
0.01 <y <0.95
A "~ 1-— y) ~) 2 1 e o e e e
N 1 2 _ o2 (17Y) _ 10° - | | .
.CUB 'CEB 6 ['CUB? ] min Q (1 . -’L'B y) max Q (1 _ y + Tp y) 100 101 102 103
Q* (GeV?)
A simple RC factor at xg is necessarily sensitive to hadronic information from [xg, 1] ! _——

16 Jefferson Lab



Inclusive lepton-hadron deep inelastic scattering (DIS)

[ Numerical impact of QED contribution at EIC ( V'S = 140 GeV ):

OnoRC 01
no o Y

ORC O measured

B. Badelek et al.

=n(zp,y) Z Phys C 66 (1995) 591

—
103} Current polarized DIS data:
C OCERN ADESY ¢JLab O0SLAC

Current polarized BNL-RHIC pp data:
- @®PHENIXT® ASTAR 1-jet

L1 ! ool N
1074 1073

If we do not have confidence for y > 0.5, due to QED radiation,

EIC’s eP reach to small-x could be reduced to z,;, ~ 1 x 10~*

" (b) /s =140 GeV

At /S =140 GeV 04|
Q? =1 GeV? 0.2

Q? = 100 GeV?

y = 0.95 0

EIC eP could reach:

Lmin ~~ H X 10_5

Q*=zpyS

Ono RC/URC
) =
<§ &
o S

’]7:
©
ot
(@)

0.25

0.00

or effectively, v/ = 140 GeV — 102 GeV at y = 0.95

17

0% 10 102 107 zp

—Oo— FERRAD35
—e— TERADS6

T

Vs = 23 GeV]
- Red vs. Blue y = 0.9
Different PDFs

L1 11111 | L1 11111l | 1 1 1111

102 10—1
T

“RC” depends PDFs!!! —

Jefferson Lab
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Inclusive lepton-hadron deep inelastic scattering (DIS)

[ Numerical impact of QED contribution at EIC ( V'S = 140 GeV ):

B. Badelek et al.
Z Phys C 66 (1995) 591

OnoRC 01
no o Y

ORC O measured

=n(zg,y)

10 Measurements with A = 56 (Fe):
- e eA/uADIS (E-139, E-665, EMC, NMC)
=  vA DIS (CCFR, CDHSW, CHORUS, NuTeV)

o DY (E772, E866)
102 |-

10}

Q? (GeV?)

0.1 L

If we do not have confidence for y > 0.5, due to QED radiation,

EIC’s eA reach to small-x could be reducedto z,;, ~ 2 x 107

1.2

(b) +/s=140 GeV

Q? = 100 GeV?

g 1
Qo.s-
&)
0.6
(@] L
At /S = 100 GeV g 04}
Q? =1 GeV? 0.2
y=0.95 0
1.50
EIC eA could reach: 1 o5
Trnin ~ 1 x 1074 2
; %1.00
Q" =zpyS =075
S
| 0.50
=
0.25
0.00

or effectively, /S =100 GeV — 73 GeV at y = 0.95

18

“RC” depends PDFs!!!

0% 10 102 107 zp

—Oo— FERRAD35
—e— TERADS6

T

Vs = 23 GeV]
- Red vs. Blue y = 0.9
Different PDFs

L1 11111 | L1 11111l | 1 1 1111

102 10—1
T

Py
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What if we measure another particle in the final-state, like SIDIS?

do B
dz dy dip dz déy, dP?|
@ Y’ 1+ r Fyur +eFyur +v/2e(1 +€) cos dp Fin
myQ2 2(1 _ 8) 97 uu,r UU,L h L

+ ecos(2¢p) F, Cosz¢h + Ae v/2e(1 —€) singy, FSigd’h
2¢(1 +¢) singy, Fiyp " + esin(2¢5) Ffﬁ%h]

+ S||)\e V1 -2 Frp ++/2e(1—€) cos ¢, Fio ™

+ S”

2-scales P

Q2 > Pf?T 4 |SJ_| s1n(¢h . ¢S)< ;;?h $s) e Fz_ln( ¢S)) fo,%%
In photon-hadron frame!
Sln(¢h+¢$) sin(3¢p—os) 18 SIDIS
+e sin(¢n + és) Fy +e sin(3¢n — és) Fyr Structure Functions

+v/2e(1+¢) sings FEn? 4 \/2e(1 + €) sin(2¢y, — ¢s) Frm2on=9s)

+|SL|A6[ 1— €2 cos(¢n — ¢s) Frz " %) +1/2e(1—¢) cos g Fp %

f($7 kT7 Q) - TMDs
Parton’s confined motion, ... +v/2e(1—€) cos(2n — gg) F524n—49)

—

19 } Jeff.e-r:son Lab



What if we measure another particle in the final-state, like SIDIS?

(J Photon-Hadron frame - “Born” kinematic:
do _atl4+(1—-y)?* z,

E ~
"drpdQ2d3P, S y Q2

1-Scale: Q2. ppFs X /dZPszphT5(2) (PT — Phr — Phy/21)

XDh/j (Zh? phT)fi/h(x7 pT) + ...
~ T Trento
1 QED radiation — NO “Born” kinematic: 7 "s w_ convention

X [
2-scales P /@l, .- B, ,
Q° > P;. >N~ B '
In photon-hadron frame! g— P /
Measured: ¢ = (I = 1)" A” /
Jet, &, /v, .H

‘ l k ~7 | B 0 + 0
f(z, kr, Q) - TMDs b— P " = (k—K)* Pr # Pr Trouble!
50 Parton’s confined motion, ... True photon momentum — never measured: J}/f,f./e-gon 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

21

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) (®) Mm
Ul f(x.k7) @ nk) @ - @
Boer-Mulders
S
gL g (k) @— @—| hi(nk}) O— @— _—
% Helicity Long-Transversity ucieon
2 Analogous tables for: Polarization
P 1 k2
% S (k) hy (x,k7) 6 - 6 © Gluons f; — f{ etc
Z |7 6_ g (X, k1) é - 6 ey © Fragmentation functions
® hy (kD @y - @ 1
N Trans-Helicity © Nuclear targets S # 5
ivers Pretzelosity
] Polarized SIDIS: In photon-hadron frame:
p Tl — \\\\-\ l N(P l/ h P, X ollins :
R N €< )+ N(P,T) = e(l)) + ~(Pr) + AST” oC <s1n(¢h +¢S)>UT oc b ®H1l
N . e Single Transverse-Spin Ap ™ oc (sin(g, —¢5)), o< fi7 @D,
D s . Asym met ry Pretzelosity . L 1
Two planes . y > L oumin — 1 Aur o (sin(3g, = ¢s)),,, o by ® H,
Leptonic plane \ X / Ayr = Do ) s W) Angular modulation provides the best
Hadronic plane \@,o /,/ h IN(T) IN() way to separate TMDs - D

22 %, Jefferson Lab



Liu, Melnitchouk, Qiu, Sato
2008.02895, 2108.13371

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

1 Inclusive production of a lepton and a hadron:
e({) + N(P) —» e(l)+ h(Pn) + 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
Wrr Wrr ¢, (g =0.95
" (arbitrary units)

(arbitrary units)

Resummation
to lepton TMD

010 10! 10° 055 {0 10-°
br (GeV_l) qgr (GeV)
QED broadening for lepton is so much smaller than typical parton kT!
4
Jefferson Lab

723 Collinear factorization for high order QED contributions



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

 QED factorization of collision-induced radiation — collinear: ;g‘égﬂoez';g;hgi‘gé‘::‘é 75:‘“
d%0y(x) P(5)—e Py X ! d% / my
EnE £ h / / de f. EvE k(\e)P(S)—k' P X e
f4 Ph d3€/ d3Ph ,; - C2 6/_7 gmin g fl()\k)/e()\g)(g) k Ph d3k, dSPh - - ;{‘O( Qn )
J k=LK'=t /¢
= |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(5)—e P X 1 g
dzpdy di dz, dgnd Py g\: / Gt Emin & /e (&) ey (€)
42
:’UB y h
X 2 w F x ) 7z 7P
z5€( [:%B 7 Q2 2(1—¢) ( ) Z n B Q h hT)
l J
|
Apply a (£, ¢)-dependent Lorentz transformation: Evaluated in a “virtual photon-hadron” frame
{qA7P7Ph} {Q,P,Ph} S

24 (5’ C) 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 G(&,() — p

" TMD factorization when JB% < @2
®  CO factorization when }37% ~ (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.!

25

U Case study F:

do B
dz dy dip dz dgy, dP?|
a2 y2 72
1+ L2 F V2e(l FEson
QP 2(1_€)< +2x> v+ Efyu,L + e(l +¢) cos ¢p, UU

+ € cos(2¢y) FLC,%?Q% + e V/2¢(l —¢) singp ing}(ﬁh
2e(1+e) singy F3n % + esin(2gy) Fon20n

+S)Ae | VI—€? Frp +/2¢(1—€) cos ¢y FE%S%

+ S”

+181|

sin(@, — gs) (Fope~* +e Fypg )
+ € sin(¢p + ¢s) F[s]i;(d’”%) + & sin(3¢n — ds) F(S]i;(3¢h—¢s)

+v2¢(1 +¢) sings F[S]i;(ﬁs + v/2¢(1 +¢€) sin(2¢p, — ¢s) F(s]i;(wh_%)]

+ S 1| e [\/ 1 — €2 cos(¢p, — ds) Fz(;?(¢h_¢5) +1/2¢(1 —¢€) cos ¢g Fz‘;f'd’s

+v/2e(1 —€) cos(26y — ¢s) om0 7%8) }leff./e-gon Lab
)__’—



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

L Case study F;:

h
dUSIDIS

1 1
drpdy dz dP,%T :/C dg nge/e(C) fe/e(&) X LUB ¢

min gmin(g)

Unpolarized structure function:

\

FSU('@Ba Qzaﬁa PhT)

Ts ] [(2%)261 02 -
259 Q2 2(1 - €)

|

Evaluated in a “virtual photon-hadron” frame

Fly = x5 Zeﬁ /d2PT d’kr 6@ (pr — kT —ar) X fyn(@s, D7) Dpso(2, k7) gr = Pur/z
q

(&, () - Dependent Lorentz transformation

Effectively, a rotation in hadron-rest frame

Solid — with Lorentz transformation
Dashed — without Lorentz transformation

26
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Lepton-hadron semi-inclusive deep inelastic scattering (SIDIS)

[ Case study — single transverse spin asymmetry:

do B
do dy dip dz dgy dPE, .
a2 y2 ]_ + F T + sF L _I_ m COS ¢ FCOS ¢h ~em_0.3
@ 21—\ 2¢) ) VT vu :
.02
i =
+ecos(26n) Fyy 2 4 e V/2e(1—€) singy FS}I}‘“ & o1
%0.0
+ 8y | V2e(L +¢) sin gy Fyyp * + esin(2¢y) Fyp ™ .
%0.05
v/ <
+ S||)‘ 1-e2 Frp+ \/m ) cos dp, FL°S¢h tzzz
&
5 o
51| [sin(gn - ¢5) (Fopge %) + ¢ Fgph=) £
0.00

+ ¢ sin(¢p + ¢s) Fyy Sm (ntds) | . sin(3¢n — o) F[S}i;(3¢h—¢s) 5
2 0.006
<

i |

+v2¢(l +¢) sings F(S}I;% +1/2¢e(1 +¢) sin(2¢, — ¢3) F, sm (26n- ¢S)] &
gl

\E/O 002
Z

+1851[Ae !\/1 — €2 cos(¢n — ¢s) F, COS(¢h ¢s) 4 2e(1—¢) cos dg Fz%sqﬁs

}

j=1
f=3
j=3
(=3

FCOS(2¢h —¢s)

+ LT

2¢(1 —¢) cos(2¢p, — ¢s)
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Liu, Melnitchouk, Qiu, Sato
2008.02895, 2108.13371

0.0150

00125  °

0.0100} :

LO Sivers

LO Collins

—== RES Sivers

=== RES Collins

—— RES Sivers + Collins

0.0075
000504 Q? = 100 GeV?
0.0025
0.0000F === =m====3
0.1 0.2 0.3 0.4 0.5
Vs =140 GeV
zp =0.01, 2, =05
[Sr|=1
0.1 0.2 0.3 0.4 0.5 0.4 0.5
0.00030
0.00025
0.00020
0.00015
0.00010
0.00005
= ——umeARRATRRRRATRARRRRne) 00000
0.1 02 03 04 05
qr/Q

el
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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 chgk,kX - 5. Z/ C2 e/j(C H )fi/e(€7u2>

7] a min fmln

X/ ?‘]ECL/N(Qj M )Hw—m'X(fkaxPa k//C?M2) +

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

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

28




Beyond 1-vector meson exchange: NLO QED contribution

J Project the external particles to leptons or partons:

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

() _ n(0) 0) & (0) gt
e(k)+q(p)—>e(k’) De/e f f e+q—>e+X

1 0 0 0
Di/)e@)f( : ®f( ; Hé-l—)q—)€+X
DY f(l) f(O) g

e/e e/e q/q et+qg—e+X
0 0 1 0
D80 16 100 A
0 0 1 0

400 0 fQ o i) o A0

e/e

(1) ey (1) (0) (1) 7 (0) (1) (0)
‘ He+q—>e—|—X e+q—>e+X De/e ® He+q—>e—|—X _fe/e ® He—l—q—>e—|—X _fq/q ® He+q—>e—|—X
~f) @ 1Y
’y/q e+'y—>e—|—X
Completely IR and CO safe! Only depends on factorization scale u, same in all partonic scattering channels
No need for any “cut-off” parameter(s) in the traditional “Radiative Correction”

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

Hadron’s parton distributions are not pure QCD !
29 Jeff./e-gon Lab



Separation of LDFs from LFFs — A simpler process

1 Recall: Photoproduction in ep collision is important & 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”

30 = Single factorization scale: n é_e,f_Egon Lab



Evolution of lepton distribution functions (LDFs)

O Modified DGLAP equation for LDFs:

0ln p?

( fese(€, 1)
fere(&, 1%)
Fare(& 1%
fase(&: 1?)
fare(€; 1?)

\ jb/e(&vlt

2)}

\

1,0 2,0 1,0
g

p20) plo) pLo)
ee ee ey

1,0 1,0 1,0
PLY PLO PUY

2,0 2,0 1,0
P2 PEY PLY

(20) p0) p(Lo)
}%k ‘Fzé 'F%7

2,1 2,1 1,1
P P P

Evolution kernels in both QCD and QED:

31

-[%j(€>/L2) = :E::

n,m=0

with P9 =0,

[Spedy [

NF7 Nl

" (nam) (¢
e

( fere(€, %) \
fere(§, 1)
Frre(€s 1)
fase(§, 1)
fase(§, 1)

\ fore(&: %) )

:E:: ])Ul"ﬂ

nm—

Qiu, Watanabe
In preparation

= Factorization scale:

2 2
pe ~mg

" |nput LDFs at p2:

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



Evolution of lepton distribution functions (LDFs)

d Lepton distribution functions (LDFs):

pu? = 3 GeV? pu? = 100 GeV?

Qiu, Watanabe
In preparation

p? = 10° GeV?

107 B no mixing 102F =,

no mixing

no mixing

&;: 100 109E.
Lin
= 1072 102
=
164 1074
—6 —6
107= 100 10707

u? = 100 GeV?

-~
sssss
-~ ~.
~ .
g, o
-~

-~ N
-~ 2
-~ ..

s -
o Toni
-~
v

el
2

mixing

il
~
~ A
S~
~
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Evolution of lepton distribution functions (LDFs)

(] Photon distribution of the electron:
WW(§ ,u2) aem(,u2)

"  Weizsa cker-William photon distribution: e =
- u? = 3GeV? ol u? =100 GeV?
—-= WW model
—+ Photon LDF
— 0 — Electron LDF 0
N:vL 10 3 10 3
W
S -1
U S Rl e -
2 . -2
10703 102 101 o0 10703 10-2 101
¢ §

® LDFs are not purely perturbative in QED!

* 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, ...

33 Jefferson Lab



Parity violating lepton-hadron DIS

 Inclusive single lepton cross sections:

* Still assume one-vector boson exchange — to test the impact of collinear radiation — LDFs
® Finishing up the complete NLO hard part for EW+QCD

Process:
I(O)+NP) = 1(0)+ X My =1
Cross section: GFM% Q2
9 2 —
do__ Q" Brds _ 0%y~ e " ana @+ M

dzgdydy  2z5 d3¢ Q4
2
Nz = 77'yZ7

i = g : ¢"P7 y
W/,I,I/(P7 q, S) = 9w Fl(xBaQ2) + P q (xBaQ2) zeﬂvpdm F3(mB7Q2) Lf;y = 2(£”€/ + eue/“ — /. g/g/“/ — i)\zelﬂjpo'epE’o_),

) M go S o v e e v
+ ze;wpaq ] [ gl(xB7 Qz) ( _ —qP )92(3737 QZ)] Ll';Z — (gV + e)\ng)LfyL )

P P -
M 15 55)_5455]. LY = (g5 + edegs)? L1
P [2 (B.S. +P.S.) - p—.unPvl 93(@s, Q) z = (g + ehega) L5,
S-q PP, ; p
+MPq ; g4(xB7Q ) gyvg5(xB7Q2)] )
34 J)_e,f_ﬁe-r:son Lab



Parity violating lepton-hadron DIS

 Inclusive single lepton cross sections — one-vector boson approximation:

Taking into account contribution of collinear radiations:

Epdop_ex bodC ! By dorpoix
EY = Dese(C1?) [ d€ feingenn (€ 1%) T
Cin & Ermin k=€ek'=t'/C
Parity violating lepton-spin asymmetry:
Op(M\=1)P=t'X — Op(N\y=—1)P—=l'X AO—)\g

ApyE = =
Ot(r=1)P—t'X T Og(\y=—1)P—t/X  O¢P—t'X

Unpolarized cross section:

dorp—ex / ! dC / ! Q° is
— = — e e d e/e
Ty 2 Der (¢, 1% - € fese(&; 1°) 75 O
4 N
X ma” - [:cBy F (&5, Q) + K; Fy (&5, Q%)
$B?/Q

+ 1,7 95 (8682 F7 (0, Q%) + K Fy” (35, Q7))

+ 17 957 (855 FE (2, Q°) + Ky Ff (35, Q%)) ]
35
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Parity violating lepton-hadron DIS

 Inclusive single lepton cross sections — one-vector boson approximation:

Taking into account contribution of collinear radiations:

Ey dorp—ix

Epdoppex bod¢ 9 / ' 2
~ o De e\S) d e e )
d3€/ Cmin C2 / (C /J/ ) Smin é- f (Ak)/ ()\Z) (g /11 ) d3k, k=§f,k’:€’/C

Parity violating lepton-spin asymmetry:

Ot e=1)P—t'X — O4(N\=—1)P—l'X AG,\g

ApyE =
Ot(r=1)P—t'X T Og(\y=—1)P—t/X  O¢P—t'X

Polarized cross section:

dAoy, b od¢ 2 / 1 N
— _Dee d Aee , —_ Afee:fe —1)/e(\y— _fe D) e
d.fCde - Cz / (Ca:u’ ) - f f/ (€ H ) T, Q2 / (Ax=1)/e(A¢=1) (Ae=—1)/e(Ae=1)
Ao R ) oA
x G AAzl_xB<y_%y2>F?:y(xBaQ2)
TpYQ

+ 1,2 (eghis® F17 (35, Q%) + egaKy F3” (s, Q%) — g (5 — 33%) F1%(d, QP))
+ 17 (2959555 FY (&5, Q%) + 209095 Ky FY (5, Q%)

36 — (9" +947) & (9- %?32) Fy (25, QQ))] ; (lefferson Lab



Apy at JLab 12 program and beyond — JAM results

d Impact of QED radiative contributions:

d(Ay)o
c(Z:c fi?y / /mm(c) C—QdﬁDe/e(C)(Az)fe/e(f)

min

[d(Ag)O’O

L dy ] 0—EL 0" —10" )

~70.0 Q' =1GeV” ~70.0 Q! =2GeV? ~70.0
& w/ QED
> 725 —72.5 -- w/oQED | —72
< _ ~
~—7/.0rf —75.0 —75.0F
z
- .
& LE] B N W i
b&s—su‘n— — E_sGy [ 300 e —80.0
QR—825! — E=12GeVH g5 —825}
<
50 0.2 0.4 0.6 a5 0.2 0.4 0.6
1.0 1.0
1.04 1.041
1.03 1.03
1.02 1.02¢
1.01 1011
L s 100 frmmmmmmmsmmmm s m e
Kt 0.2 04 0.6 e 0.2 0.4 0.6
€T €T
Impact of QED corrections is under control if x is sufficiently large at JLab energy —>
37 Jefferson Lab



Apy at JLab 12 program and beyond — JAM results

d Impact at JLab 12 and beyond — with SoLID detector:

38

R
o w/o cuts — W2 > 4 GeV? 08
35 = after W2 cut
0.61
+CQ
E 0.4
e —— Current (JAM)
0.2} — JLabl1l
Q> =10GeV? ;Eﬂiﬁ +22
) 0 0-8.0 0.2 0.1 0.6 0.8
X

« Thellab 12 program and its upgrade offer competitive constraints compared to the current baseline.

« QED systematics have a minor impact on the projected results.

« The JlLab upgrade at 22 GeV offers an opportunity to explore the role of power corrections and test the
reliability of extracting the strange quark PDF.

e 2
Jefferson Lab



Apy at JLab 12 program and beyond — JAM results

[ Impact on determining sin” 6y :

« Apvis a unique class of observables that have not been included in PDF constraints.

. It provides a clean signal compared to SIDIS and is complementary to the LHC program.

« In particular, the strange quark PDFs in the intermediate to large x region are sensitive to Apv measurements
on proton and deuteron targets at JLab kinematics.

. It also provides opportunities to constrain the Weinberg angle at lower energies, relevant to BSM searches.

Impact of Ap, deuteron

= W I 1 — i‘;‘L“ﬂ‘)‘;l('m” « Apv provides unique opportunities to constrain
] .\'\\' ‘,“ i ,/ o .
< 3.2) i I i +JLab22 the Weinberg angle at scales of Q*2~ 5 GeV*2.

——= with QED
« The reconstruction of the Weinberg angle is

- largely insensitive to QED effects.
« The impact on Weinberg angle is limited in this
analysis by the projected systematic
uncertainties.

2915 0.20 0.25 0.30 035 0.40 l
. o R More work are underway!
sin” By (no running)
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Summary and Outlook — Thank you!

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

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

(1 QED collision induced radiation should be treated in terms of factorization approach for lepton

scattering processes with a large momentum transfer, in particular, for precision BSM measurements!
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