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Role of QED Contributions to Inclusive and Semi-Inclusive
Deep Inelastic Scatterings in Lepton-Hadron Collisions

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

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

(J Full NLO QED contribution to inclusive DIS

J Three complementary processes from
lepton-hadron scatterings

J Summary and Outlook

. . . In collaboration with J. Cammarota, T.-B. Liu, W. Melnitchouk,
Jianwel QIU N. Sato, K. Watanabe, J.-Y. Zhang, ...

el Jefferson Lab, Theory Center
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Collision-Induced QED Radiation in Lepton-Hadron Scattering

1 “Probe” for the hadron @ EIC is smeared by the induced QED radiation: PR
Data sample : Int L = 10 fb-!, Kinematics settings: 0.01<y<0.95, 102 GeV2<Q2<105 GeV? e o, |\ .
Y Y (q,)
7.2 i + B X (p,/)
P(p,)

See Xiaoxuan Chu

@2 EIC YR workshop ek /)
final vacuum / :

10* NE X|_
10 . 10° l\EH}‘ 16°
: 1-photon
107 0 o approximation
* 10 10° . ) 10 » X(pu/)
Q2 =zpyYS P(p,)
107 = - - 1 d L ” -
" " " true«Y1 “ " trueé)ﬂ2 [III‘vnt-:-'\IE1]ID q,u — q,u
. . . . 2 _ 2 N2 A2
Instead of a straight line — linear correlation, QT=—q¢ — Q"= —q
2 2
the kinematic variables, y, Q?, x;, from the leptons are smeared so much Tp = Q s &g = Q
2P - q 2P - q

that the proton is not probed by the hard scale that we thought of !!!

lll-defined “photon-hadron” frame?! Fitting parameter(s) needed for Radiation Corrections?
f P f gp (s) f .;gjgr%on Lab



Traditional Radiative Correction (RC) Approach

O “We know how to calculate QED radiation perturbatively!”

7.2 7.2 + two-photon channel + ...
‘ MC program(s) for the RC
with “cutoff(s)”
initial final vacuum loops Always keep the y#* virtual!
(J Do we really know how to calculate QED radiation perturbatively?
. . 10} Vs = 140 GeV z, =0.1
= Keep one-photon approximation (only CO radiation from leptons): B
x,=0.01
. z,=0.001
0.01 <y <095
) . _ - 1 100 prfomm o
rp — Ip € [xp, 1] 2 =Q* (=) 2 =@ : 10° 10" 10° 10°
(1 — Ip y) ( — Y+ y) Q2 (Gevz)
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Traditional Radiative Correction (RC) Approach

d “We know how to calculate QED radiation perturbatively”

7.2 7.2 + two-photon channel + ...
‘ MC program(s) for the RC
with “cutoff(s)”
initial final vacuum loops Always keep the y* virtual!

(J Do we really know how to calculate QED radiation perturbatively?

= Beyond CO radiation from leptons at NLO: “Bethe-Heitler”-type for inclusive DIS

1 1 ' 2\ /
dg* L (4,0, ¢° W (¢, P oc/dxcb Tqs 1V7) Oty x (4, 0, 2
OC/Q[ (¢, ’Q)q2—|—i6q2—ie w(q”, P) qv/h(q,u> y—X ( a)
Quark carries EM charge, it radiates photon too!
X 00 Perturbatively due to the pinch singularity!
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Traditional Radiative Correction (RC) Approach

d “We know how to calculate QED radiation perturbatively”

7.2 7.2 + two-photon channel + ...
‘ MC program(s) for the RC
with “cutoff(s)”
initial final vacuum loops Always keep the y* virtual!

(J Do we really know how to calculate QED radiation perturbatively?

=  Full EM radiation at NLO: One-photon exchange &
two-photon exchange are

natural & gauge-invariant
contributions to the DIS

Real: cross section at NLO in QED!
All IR divergences are completely
canceled, but, CO divergences
Virtual: are not perturbative beyond this
order and need factorization!
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Joint QCD and QED Factorization for Deep Inelastic Scattering (DIS)

d Without the “one-photon” approximation:
~ Inclusive single lepton production at high transverse momentum

By
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Liu, Melnitchouk, Qiu, Sato,
Phys.Rev.D 104 (2021) 094033
JHEP 11 (2021) 157
Cammarota, Qiu, Watanabe,
Zhang [2408.08377]
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Joint QCD and QED Factorization for Deep Inelastic Scattering (DIS)

Liu, Melnitchouk, Qiu, Sato,
 Without the “one-photon” approximation: Phys.Rev.D 104 (2021) 094033
JHEP 11 (2021) 157
~ Inclusive single lepton production at high transverse momentum LEE Cammarota, Qiu, Watanabe,
S Zhang [2408.08377]
doxpsrx 1 Lode [tdg 2 2\ <
i)j’a Cmin Smin

1
dx R
X/ ?fa/N(xalﬂ)Hiaejx(ﬁk,xP,k’/C’M% Lo

min \

PDFs No structure functions, but
O Hard parts in power of a™a} — H™", have PDFs, LDFs, LFFs, ...
Hard parts are not sensitive to long-distance physics or the colliding states Loir = fx—By,
= LO - Let h(P) to be q(P): o % +1y_—yl
®) 5 ) 520 _p daéq—*)eq _ 2 (4042 ) z°( [@55)2 + u2] 5(z — Zamin) Smin = ¢ — xRy’
1 e T g e (g (Ges ) Gun = 1= (1= 2)y
N P d*oip_ex N boae [t 2 o [Q% 25 — 2
I dondy /Cmin el d€ Deye(Cy 17) fepe(&s 17) [E @] - P)SQ :fyi};is:
When: D, /.(¢) =6(1 —¢) 6 dma?

—~ 1 ~ /
x = [t Fi (a5, Q%) + (1 -7 — 10%4° ) Pa(a, Q%) 1= (-0 =€
feye(€) = 6(1 =€) 5 59 Q’ 1 |
‘ Recover the Born expression !
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NLO QED contribution — beyond 1-vector boson exchange

Cammarota, Qiu, Watanabe,

 Project the external particles to leptons or partons: Zhang [2408.08377]
In preparation
NLO: e(d) — e(k), e(f’) —e(k"), h(P)— q(p).
ey (3,0)
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do '\’ 1 o 1+ 22 3
(1) _ o, v %eqrex P _ " p _ S s(1—
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NLO QED contribution — beyond 1-vector boson exchange

(J NLO QED contribution:

(3,0 2(1 + %) (1—-12)s X .. IBY
H(Eq—geXO(Oﬁe?] {B%T 31117—5 5(1—11)) v=1 . C
ve, | 61— ) + o+ W= L=y
T T Ay T EC—(en/o)y)
- 1 hl(]. — UAJ) ai, de, A7
2 .
e [by6(1 w)+b2(1_w>++b3( — >++b4 b b b by
) C1,C2,C3,C4
+015(1—u§)—|—02( A) T s (ln(l—:d})) _|_C4} are analytic functions
L=w/, l—w /4 of U and w.

2 2 . .
€ = E ch €+  Sum over the flavors appeared in the photon vacuum polarization
f

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”

mmm) |n joint QCD & QED factorization: Lepton-distributions are not pure QED !
Hadron’s parton distributions are not pure QCD ! —>



Impact of Factorized QED Contribution to Lepton-Hadron Scattering

d Perturbative lepton distributions:

2 2
(NLO) 2 — 5(1 — Oem ]-"_f 1 M
fe/e (fa:u ) ( 5)"’ I [1_5 n(l—f)sz
(NLO) . Qem | 1+ C2 C2M2
De/e (Ca )_5(1 C)+ 271‘ ll_c ln (1_C)2mg
O Model distributions:
LDFs:  Very different from PDFs, peaked
LFFs: at larger momentum fraction
(1 — )P
fe/e( )N e/e( )— GB(1+CM,1+6>
with N, =1
(a, 8) = (5,1/2), (50,1/8)
PDFs:  CTEQCT18

not much difference from using other set of PDFs

Electron mass to regularize the CO divergence
— Only defined under the integration.
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JHEP 11 (2021) 157



10

Impact of Factorized QED Contribution to Lepton-Hadron Scattering
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Impact of Factorized QED Contribution to Lepton-Hadron Scattering
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Impact of Factorized QED Contribution to Lepton-Hadron Scattering

 Q%is NOT an ideal hard scale at small xg

and/or beyond LO in QED:
- n-a(i-2)
ForEIC: ¥ <0.95

2 Q2
— ]_ - Imax _!!!

Factorization does not work if p3 is too small!

TTTT T L | T TrTTTT T
10 3 =  Current polarized DIS data:
F oCERN ADESY ¢JLab OSLAC
— Current polarized BNL-RHIC pp data:
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Joint QCD + QED Evolution of Universal Lepton Distribution Functions

1 Modified DGLAP equation for LDFs:

0ln p?

/ fese(€, 1) \
fere(€, 14°)
Frre 1)
fase(&, 1)
fase(&, 1)

(

\ fg/e(ga lﬁ) }

\

Evolution kernels in both QCD and QED:

13

Pz’j (5: /"‘2) — z

n,m=0

with PP% =0, Np, N
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Qiu, Watanabe
In preparation

"  Factorization scale:

2

2
e ~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



Evolution of Lepton Distribution Functions (LDFs)

. . . . Qiu, Watanabe
 Lepton distribution functions (LDFs): In preparation
1?2 = 3GeV? p? =100 GeV? u? = 10° GeV?
102 T~ no mixing 102F —— no mixing 102 = no mixing

& i 100k
10—2
1074
o 1078 —3 - T 0
0 10 10 10 10 10
£
2 _ 2 2 _ 103 2
©® = 100 GeV pe =10 GeV

102k mixing

100F
10721

1074}

—6
1010—4

103 102 10T  10°

14 With LDFs, we calculated single hadron production, including J/y production at the EIC Jefferson Lab



Evolution of Lepton Distribution Functions (LDFs)

] Photon distribution of the electron:

" Weizsa'cker-William photon distribution:

2
WW 9 aem(ﬂ’ )
fy/e (67’1’ ) — P’ye(g) ln
21
2 2 2 _ 2
0! pe=3GeV 107 p =100 GeV Lo
—-= WW model E
— - Photon LDF
—_ — Electron LDF I
Ny 10% 10 10%¢
< g
=
S ook T
. : ' -
1072 . 1072 - 1072 Ty
1073 1072 1071 100 ~71073 1072 101 100 71073 102
§ §

" LDFs are not purely perturbative in QED or perturbative — 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, ...

15

Qiu, Watanabe
In preparation



Inclusive Single Prompt Hadron Production

d Recall: Photoproduction in ep collision is important & sensitive to how the “photon” is defined

k . . .
= =g = Real or quasi-photon is defined by
(k) )
i - - kp <kp, or  0c<0Ocu
¥ (@) = Photon flux is derived by
Evaluating the photon shower with above “cut”
P )' X @) Weizsaecker-Willilams photon distribution, ...
u

Kang, Meta, Qiu, Zhou, PRD 2011
1 Inclusive single hadron (jet) production in ep collision: Hinderer, Schlegel, Vogelsang, PRD 2015, 2016
Abelof, Boughezal, Liu, Petriello, PLB, 2016
Without measuring the scattered electron! Qiu, Wang, Xing, CPL, 2021
Single hard scale, collinear factorization Qiu, Watanabe, in preparation

doop—p,x / dz /
FE he o=
P, Z i

min mll’l

X
= Universal lepton distribution functions (LDFs) X/x | f“/N(x #?) Hiox (0,3 P, P/ 2, %) +
= No artificial cut to define the “photon”
16 = Single factorization scale: p Jefferéon Lab
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Inclusive Single Prompt Hadron Production

 Inclusive hadron production in lepton-hadron (ep) scatterings in the ep center of mass frame:

h=nK,... P E+p,
y=1In
E—p.
Pr

Clean test of the fragmentation

...... : production
> € N\ P,\T‘ /s o P < A prerequisite for using the
S -, ST e factorized formula for SIDIS!

» v rapidity

Taking positive (negative) rapidity for the direction of an incident electron
(target proton) in the center of mass frame

1 Transverse momentum is boost invariant:

In target rest frame: pr = E'sin(6)

> 1 GeV?
17 Jei?egon Lab
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IT" cross-section: rapidity dependence at higher p;
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101

._.
A
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|
R0

do [(d*prdy) [nb/GeV?]

V3 = 4.54GeV, pr = 1.5GeV

104

——- Lepton LO (a2 )

Lepton NLO (a2, )
— Total

Vs = 454GeV, pr = 1.5GeV

10-3}

104

——- Lepton LO {a2,) w RCs
Lepton NLO (o2 o,) w RCs
—-- Photon LO {otemiz. )

— Total

10~

104

101

104

V3 = 0.73CeV, pr = 2GeV

10-2¢

103}

10-2¢

10-3}

V5 =9.73GeV, pr = 2GeV

_ V& = 28.6 GeV, pr = 3GeV

10-2}

101

103}

104

Vs =286CeV, pr = 3GeV

101

6

10-2

10-3}

104

..'e-;son Lab
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Treat QED and QCD Radiation Equally for All Lepton-Hadron Scattering

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

* Inclusive single high-pT lepton: e({)+ HP) = ell')+ X Inclusive DIS

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

" Inclusive high-pT lepton + hadron: e({)+ H(P) = e(l')+h(p) + X Semi-Inclusive DIS
19 ._gg_t?./e;'gon Lab



Treat QED and QCD Radiation Equally for All Lepton-Hadron Scattering

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

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

J Factorization for SIDIS (beyond one-photon exchange approximation):

TMD regime: lepton and hadron almost back-to-back
Hybrid Factorization: Collinear factorization for QED + TMD factorization for QCD

d%oy(n,)P(S)>0'PLX !
ngE déel d3Ph 8 T’JX)\: ]mm e/](c /gmin df fi()\k)/e()\g)(g)

’l"L
6

+0O(
k=¢L,k'=0' /¢ Q"

)

A% k(r) P(S)—k' Pu X
X !EkIEPh d:;ck, dBPh K

" One-photon approximation: =j=e¢

d%0y(x,) P(S)—0 P, X / Lode !t d¢
— ) 7 e De i
dapdydip dzp dpnd Pl — 2 S © Je € fi (Al:/ ) (€) Dey;(€)

Evaluated in a “virtual photon-hadron” frame

| N 2 A9 ~9 \ -
i o N R o

% : [ 29 ]_y ( ) E ,wth -’I/'B, 2 ﬁh,P’%T)] L(f)C) . {q’ P7 Ph} {q,P, Ph}
Liu, Melnitchouk, Qiu, Sato, :’BB&C wB y Q ( T 5)

90  PhysRev.D 104 (2021) 094033; JHEP 11 (2021) 157 J,gf—ggon Lab



Lepton-Hadron Semi-Inclusive Deep Inelastic Scattering

d Case study — single transverse spin asymmetry:

do
de dy d dz de, dP2, .
2 2 2 =
- Y i / oS ¢p, ©
1+ - F F 2¢(1 F 0.3
zyQ* 2(1 —¢) ( +29:){ v +eFyu+y2e(l +e) cosdn Fyy ]
S 02
i El
+ € cos(2¢) F&‘Z?%h + Aev/2e(1 =€) singy, FE‘;}% G
—

e
=)

+ 5 [ 2e(1+e¢) singy Fyp ™ +esin(2¢3) Fyp "

b 0.06
] %0.05
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&

- = 0.02
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1511 | sinon - 65) (Fip ™) + e For ) =

+ € sin(¢p + @9) Fg;(¢h+¢s Jte sin(3¢y, — ¢g) F[S]i;(3¢h_¢3) A
o 0.006
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. . |
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™
EU.UUQ
o,
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|

=
=
(=]
(=]

+v/2¢(1 — &) cos(2¢y, — ¢g) Fro@on=0s)

Liu, Melnitchouk, Qiu, Sato
2008.02895, 2108.13371
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Summary and Outlook — Thank you!

[ 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

d 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 parameter(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)

d Two-photon exchange is a natural part of NLO QED contribution — better controlled calculations
for precision, in particular, for PVDIS, ...
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