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Lepton-Hadron Deep Inelastic Scattering

Inclusive DIS at a large momentum transfer & > Aqcp
e dominated by the scattering of the

lepton off an active quark/parton [ /
* not sensitive to the dynamics at a q \
hadronic scale ~ 1/fm —
e collinear factorization: o < H(Q) ® ¢,/ p(z, ) p = X
* overall corrections suppressed by 1/Q" I’
QCD factorization L, /
e provides the probe to “see’” quarks, q\
gluons and their dynamics indirectly t
e predictive power relies on >
p ) ———

— precision of the probe

— universality of ¢,/ p(z, 1)
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Semi-inclusive Deep Inelastic Scattering

Semi-inclusive DIS: a final state hadron (P) 1s identified

* cnable us to explore the emergence of color /
neutral hadrons from colored quarks/gluons

 flavor dependence by selecting different g\

types of observed hadrons: pions, kaons, ... X

* a large momentum transfer O provides a
short-distance probe

e an additional and adjustable momentum scale P,

Tianbo Liu 3




SIDIS Kinematic Regions

Sketch of kinematic regions of the produced hadron
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Pur is defined in the photon-hadron frame [Figure from JHEP10(2019)122]
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SIDIS in Trento Convention

SIDIS differential cross section

18 structure functions F(xs, z, O?, Pir),
(one photon exchange approximation)

d%o
dz g dydzdPﬁngbh dos

[Trento conventions, PRD70,117504 (2004)]

_ _a? y? <1 + i)
 xzpyQ? 2(1—¢) 2x B .
X {FI_JU,T + EFUU,L + \/26(1 -+ E)Fgﬁd)h cos ¢p, + GF[C]%S-Z(M cos 2¢p + )\e\/QE(l — G)lelr}
+Sr \/26(1 + e)F(S]iE(bh sin ¢y, + eF(S]iE%h sin 2th} + XS [\/1 —e2Fr + \/26(1 —€)F, 1 cos th}

+ ST (F(S;;E;éh_qbs) -+ GF(?;E%h_ng)) sin (¢, — ¢g) + eF(S]i;(gbhﬂbS) sin (¢n, + ¢s)
eI ) gin 3¢y — dg) +/2e(1 + ) Fon?S sindg + 1/2e(1 + ) Fin 9% gin (2¢, — (ps)}

XS [VT=@E5 ) cos (90, — 6s)
PV GFf5 % cosds + /2T~ F57 %) cos (20— 65)| }

Need to know the photon-hadron frame.
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Kinematics with Radiative Effects
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[Figures from X. Chu at 2nd EIC YR workshop]
Kinematic experience # Kinematic reconstructed
by the parton from observed momenta

OED radiation will have significant impact due to kinematic shift, although o is small.
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Traditional Method to Handle QED Radiation

Radiative correction (RC) to Born kinematics:

Omeasured — ONo QED radiation X NRC
RC factor

“In many nuclear physics experiments, radiative corrections quickly become a
dominant source of systematics. In fact, the uncertainty on the corrections might

be the dominant source for high-statistics experiment”
—— EIC Yellow Report

Problems or challenges:

The determination of RC factor relies on Monte Carlo simulation.

Usually depends on the physics we want to extract, hence introducing bias.
Also depends on experimental acceptance.

increasingly difficult for reactions beyond inclusive DIS, e.g. SIDIS ...

Multidimensional kinematic shift, challenge to decouple 18 structure functions.
Almost impossible to determine the virtual photon event by event, and thus

the true photon-hadron frame.

Problematic to define P,r and azimuthal angles, essential for TMD physics.

. . N
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Basic Ideas of Our Approach

e Do not try to invent any scheme to treat QED radiation to

match Born kinematics. — No radiative correction!

e Generalize the QCD factorization to include Electroweak

theory, resum the logarithmic enhanced QED contributions.

— QED radiation 1s part of the production cross sections.

— treat QED radiation in the same way as QCD radiation 1s treated.

e Same systematically improvable treatment of QED

contributions for both inclusive DIS and SIDIS.

T. Liu, W. Melnitchouk, J.W. Qiu, N. Sato,
Phys. Rev. D 104, 094033 (2021), J. High Energy Phys. 11 (2021) 157.
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Inclusive DIS with QED
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Define inclusive DIS as inclusive lepton scattering with large Z’T

in lepton-hadron frame
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Factorized Approach to inclusive DIS

Unpolarized inclusive DIS cross section: lepton fragmentation function (LFF)

lepton distribution function (LDF)

dUEP—>£’X /
ok = =D,
d3€/ ;L min CQ Emin /j (C ,u )

1
d ~
></ _xfa/N ($ X )Hia—>jX (f&ajp, E’/C,/ﬂ) T

min

t+u B U B &t
GEs +u

Cmin — ; gmin — Lmin — —

(s+t

one-photon exchange approximation:

doyp—ex N/1 d¢
S

nge/e (CMLLQ) fe/e (‘57:“2>

de dy min CQ gmin
Ara® [ oA R P . A
X ——— [a:By I (a:B,Q ) - (l—y—1y2v2> I (xB,QQ)]
TRYQ
A2 o S0 Q’ . P-q . 2Mzp
Q_ q_CQv :UB_QP qu Y = L Y= Q\
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LDFK and LFF

Lepton distribution function: g
dz= .cpr,—,  —
fire©) = | == {e| i (0)y " @pp o (2 7) |e) f?

47

: OFF N . () a [1+¢° p
LO: fife () = 0ied(1 = &) NLOMS): ferel&: ) = o [1—5 8 —5)2m2]+
Lepton fragmentation function:

D.;i(¢ S Z/ e ST [y (0] 1 (0)Djo,00) | €, X) (e, X [0 (27) D11 00 [0)]

L 1+ 2 C2 2
L O ¢y =6..6(1 — NLOMS): pW - 1
0 Dej(Q) = 0ej0(1 = C) (MS): DG = 50 | T=¢ e,
Resum: B
102 N :
0 f—|— _ Pee f-|— | o L
O1n ,u2 f’y P'ye ffy ; 10
8 10V ;
, Q = 10.0 GeV
QED DGLAP evolution 10-1]
Similar for LFF . - - .
10 10~ 10~= 10 10
l—=x
1 &) 15 L
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Hard Part of Inclusive DIS

LO: 0 0 0 (2,0 (2,0
02370) — Di/?ﬂz & fé/f)i & fé/z; & He(q—>)eX — He(q—>)eX
~ 4a?e? (C€xs)? + (wu)?

(2,0)  _ q
H, "Jox = : { G } 0(C€xs + xu + &t)

NLO:
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One Boson Exchange Approximation

g/ (b) ' g/
(K Aw
AN
X P X

At higher order one can find quark/gluon distribution in LDF and LFF.

(b) 1s suppressed by selecting events in which the lepton does not have much
hadronic energy around it.

One-photon exchange approximation:

d — 0/ : d 1
TeP—0' X %/C ¢ d€D¢ /. (¢, 1?) Jee (& 17)

de dy min ? gmin
Ara® [ . oA 15 . A
X —— [xBy2F1 (#5,Q%) + (1 —J - 4y272) Fy (:BB,QQ)]
TpYQ
2 A R
2 A2 é 2 A Q A_m A_QMCCB
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The Hard Scale

Collision induced QED radiation changes the hard scale from Q2 to @ 2

12
Vs = 4.7GeV V5 = 140 GeV
10
& gl
> S e N 6] B L 100
] S S SSP—
[« 0 BN < B« S| - _ 10
A\ Q?. =1GeV?
0 10 10° 102 107! 100
','BB

AN AN 1 —_—
Q2 has a minimum value QZ;, = / Q° < Q?
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Impact on Inclusive DIS
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Comparison with Early Result
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Semi-inclusive DIS with QED

Define SIDIS as inclusive production of
large ¢/ lepton plus large Py hadron.

in lepton-hadron frame

D |y — |y

Pr =07 — Ppr| /2 pr = [{7 + P
FT > Pr TMD factorization

FT ~ DT collinear factorization

Tianbo Liu 17



SIDIS Cross Section with QED Radiations

Difterential cross section
doep—ep,x = P (Myp_ypp, x| dPS 0

one photon exchange approximation:

d%cop e p, x - 042 a1 ’ L S NS .
EE’EP;L d3€’d3Ph d qA_Q L (€7€7Q) W,uV (Q7P7ths) P X
d°p; )
Hadronic tensor: 1y ‘P P,.S Z H 2 fQE 54 <q +P-P - Z Pi)
Xn 7 i€Xn i€Xn

X (P, 5 [, (0 )\ PhXh> (PrXn|J,(0)] P,S)

Leptonic tensor: y , i) 5(4) P
L (¢,¢, Z/H 27T32E (zqu/@)

x (C]7*(0)[ €' XL) (€' XL |57(0)] £)

The lowest order recovers no QED radiation expression:

EHV(O) (E,E”q) — 9 (ngv 4+ gl,ugl/ /. K/g,ul/) 5(4) (E . El . QA)
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Lepton SKEs in Helicity Basis

Basis vectors and polarization vectors: / %

T _ V§BCBZM 1 i ) \\\.} -

@ 49:18:18, i IN 7355;
XH = O SBOB i Q il €o(q) =T, 0 8

Qv Q% QvEBCBV cj% b 1 '

i (q) = ——= X" = =Y
Y# = e 7,T,X,, V2o V2
1 1
A~ Ba) — _X,U _ _Y,u’

Zn = % =Y A

Helicity basis lepton structure functions:

L = ey egLoo + ('€ + €X'e” )Ly y + (€€’ + €X' ) Ly Expansion in a:

* [

— €y (€ —€2) Lot — (e — ) g Lo * [ N
_ 2 @\
= THTY Log + (X’MXV + Y’MYV)LTT Lpa ¢ Nz_:o (7].) LPJ
+ (THXY + TV X" La + (Y'Y — XFXY)Lan,
. 1 .
Leading order: LY =24(¢ — 1)0 (Z — 1)6®(gr) the other three vanish.
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Factorization of Lepton Structure Function

CSS factorization

“W+Y” formalism:

Lrr (¢B,¢B, Q7 AQ) :/

b-space resummed form:

Wrr (€5, Cr, Q2 b) 22/;?5 . 5[ D (CC >D(C>M%)] [Cf (gf,oz>f(§,ug)]
Xp{—/ ‘Zf Al (W) 2 1 B o >>H

d?b

(271-)2 “IT WTT (gB CB;Q b) + Yoo (gB CB,QQ Az)

Expansion in a:

~ AW =1 CN) =6(1— A
N )
A= (2) A , pA)=0(l=A)
N T B(1>:—§ C(n) = 6(1 —n)
_ = (V) 2 o
B szl(w) = c}l><A>=%<1—A>—(11+_§) 1n—“$s—26<1—x>,
+
— (a\ N _ ) 1 1 /147 -
Cip = —) C cWm) = —(1— —-( ”) In M5 95(1 —
Nz::o(”) f.D p () 277( n) o \1=n ). " (1—n)
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Lepton TMD

QED shower generates very small transverse momentum

Q) =10 GeV
537 CB = (0.95

Wrr - Worr

(arbitrary units) - (arbitrary units)

broad in b-space narrow in qr-space

10! 10! 10° 10° 10 F T 10°
br (GeV™) qr (GeV)
Collinear LDF and LFF are good approximation of lepton TMD:s.

Impact on hadron Pyt in “photon-hadron frame” is mainly
caused by logarithmic enhanced collinear radiation.
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SIDIS with Collinear Factorized QED

True photon-hadron frame:

G=El— 000

BB dGJe(Ae)P(S)—wPhX N Z /1 dC (C) /1 d¢ f; (5)
CER T Peasp, 2 Jo, @D oo

d° (ATk(Ak)P(S)—M’PhX]
d°k'd3 Py, bl k=t /¢

d6(3'k)\ P(S)—k'Pr X 4£IA}B . e ~ 2 d6(A7k:)\ P(S)—k'Pp,X
EwEp, (dg)k’((i;}_’; | 2052 — (’YPhT/Q> " dA<dkA) (A)_>A i =
rp dy dogdz doy dPi

X [Ek/ Eph

@) £ 77 )

SHANDONG UNIVERSITY, QINGDAO

Tianbo Liu 22



SIDIS with Collinear QED Factorization

d%o
dzp dydzdP}%Td¢h dog

C\{2 y2 72
~|z5y@2 2(1—¢) (1 T 2563) .
x {Fuur + €Fuu,r + v/2e(1+ €)F55 7" cos ¢y, + €F[5 27" cos 20 + Aer/26(1 — €) Fy " sin ¢y,

+57, |4/2€(1 + e)F(S’]iECbh sin ¢y, + eF(S]iEQ% sin 2q5h} + A5 {\/1 —2F 4+ +/2e(1 —€)F) ) Y1 cos gbh}

‘|‘ST (F(S]i;f?h_gbs) + EF(S]i;th_gbs)) sin (th — gbs) -+ EF(S]i;(¢h+¢S) sin (th + gbs)
FeFIRP 05 ) gin (3¢, — ¢g)  ++/2e(1 + ) Fin?S sin g 4 1/2e(1 + ) Fn 9% gin (2¢, — cbs)}

FASr |[VI=EF 70 cos (g, — )
++/2¢(1 — €) F} 5 S cos g + v/ 2¢€(1 — E)Fzgf(wh_%) cos (2¢p — ¢S)} }

{Q27 LB,Y,7,€ <, PhTa ¢h7 ¢Sa ST7 SL} — {@27 jij ga ﬁ/v é) 27 ﬁhT7 ¢Eh7 ¢257 §T7 §L}]

T B
®fe/€ (g) Y De/e (C) (CCB§C> Jacobian between the two frames

AU~ S S~ R~ . 2
Q27xBazaphT7¢h7¢SasTasL are functions of €7C7Q ,CUB,Z,PhT,¢h,¢S,ST,SL
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Impact of QED Eftects: Punr Distribution

9
Q — Q =3 GeV
15t — Q =10 GeV
o)
~
@) 1 — ........................
&
205 -
5 V/5 =140 GeV --- RC

y=0.4, z,=0.5 — RC+rot
0 05 15 >0 05 1 15 2

1
qr/Q
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Impact of QED Effects: Azimuthal Asymmetries

Sivers asymmetry:

input Sivers asymmetry (1.e. without QED radiation)

/ extracted asymmetry with QED radiation

ffSin(¢h — ¢s)d0

0.0150]
0.0125} :
0.0100} :

0.0075F:

0.0050

0.0025

Vs = 140 GeV
rp = 0.01, Zh = 0.5
[St| =1

Q? = 100 GeV?

0.0000

Asymmetry amplitude 1s affected by QED radiation.
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Impact of QED Effects: Azimuthal Asymmetries

Collins asymmetry:
input Collins asymmetry (1.e. without QED radiation)

¥ extracted Collins asymmetry

Collins asymmetry with QED radiation

/

leakage from Sivers asymmetry

p V6] V5 = 140 GeV
=
/;0.05- 0.0015r [: rp =0.01, 2z, =0.5
< : _
1 0.04} 2 [Srl =1

0.0010t F

2 0.03 (1
S :,' Q? = 100 GeV?
N’

< 0.02} I
R 0.0005f ,7 =

) . / N
% OO / \
% -

0.00 ‘1-.-.........._...__.__._ 0.0000 ........ . . . .
0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
qr/Q qr/Q

Azimuthal modulations mix with each other.
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Impact of QED Effects: Azimuthal Asymmetries

Pretzelosity asymmetry:

b 0.00030}
i~
~0.006 0.00025}
<
| 0.00020}
0.004}
= i
g 0.00015
= 0.00010}
< 0.002
i)
= 0.00005}
= 0.000 10.00000

Input pretzelosity 1s zero. Extracted pretzelosity asymmetry 1s all from the leakage of
other asymmetries (Sivers, Collins).
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Summary

 QED radiation effects are important in SIDIS, and hence precise extractions of
TMDs.

e Experimental “photon-hadron frame” does not coincide with the frue
photon hadron frame, where the factorization works.

* Almost impossible to determine/reconstruct the true photon hadron frame
event by event.

e (Challenge to match to Born kinematics without introducing model/theory
bias.

* We propose a factorized approach to treat QED radiations.
e Treat QED radiation as a part of the production cross section.

e Generalize QCD factorization to include QED. All perturbatively calculable
hard parts are IR safe.

e Transverse momentum generated by QED shower 1s small, and one can
apply collinear factorization for the leptonic tensor.

* Huge and nontrivial effects on Phr dependence and azimuthal modulations.
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Shift of Kinematics
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Small and Large Transverse Momentum

Small transverse momentum:  Prpr < Q)

e the hard scale Q localizes the probe to “see”
quarks and gluons
e the soft scale Pyr 1s sensitive to the confined
motion of quarks and gluons
e TMD factorization
o H(Q) ® basp(x,kr, 1) ® Dyn(2,pr, 1)
Large transverse momentum: P, ~ ()

+ dominated by a single scal N
ominated by a single scale N\
* not sensitive to the active parton’s transverse I
momentum :
e collinear factorization N~
2 2
JOCH(QaphT)®¢a/P(x7:U’ )®Df—>h(zalu ) P q
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The Hard Scale

AN

Collision induced QED radiation changes the hard scale from Q2 to Q2

15f \/5 = 4.7 GeV 0.2 <y <0.85 104t /s = 140 GeV r —0.1
L B
x,=0.01
z,=0.001
0.01 <y < 0.95
10 10! 107 10°
Q* (GeV?)

2 2
min — Q
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Including Parity-Violating Terms

To(Ag=1)P—0'X — O4(Ay=—1)P—t'X Aoy,
Apy = =

O¢(Ag=1)P—0'X T Op(\;=—1)P—0'X  OLP—0'X

dAcy, ' dC N 2 [@F
de dy _/Cmin ?De/e (C,,u )Amin defe/e <§7lu ) LE Q2]

s e (1 37) 5 (0@
~ —IB\Y — Y F’y (xBaQ )
T pYQ? 2 ’

A e A A e ~ 1. A A
1z (egA:cByQF” (25,Q7) + e K3 57 (25,Q%) — gf (y . §y2) 77 (a5, Q2)>
+ Nz (QGQVQAZUBy FZ (AB @ ) + 2egy, 94 Ky Fg (fB,QQ)

1
2

—(9v2+94)ZB (y — ?)2> Fy (:%B, @2))}

dopsex bod¢ ! Q*ip —
d d :/ _QDe/e (Ca:u2)/ dffe/e (€ H ) o "
rp dy Conin G min TB Q 2 2
4o ~ ~ Nz = GrM ©
< g oo (00.Q°) + K5 F (2. Q°) T 2v2ma Q7+ My
YR 77 772
A . A LA Z = Iz

+ Ny 29V (iEBy2F17Z (ZL‘B, QQ) + KyF)” (SCB,QQ)) !
+7729$/2 (ingQFlZ (jBa @2) T KQF2Z (5%37 @2))] N 1 AD A9
Ky =1=9-277
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Impact on Apy

o

Q* =1 GeV* Q? = 2 GeV? Q? = 4 GeV?
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Q, |3 T 1
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~ N0 1T e b JAY 1 e N =
Qq:r:- é\k w=2GevV|IIl | L |
—85 — : -
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-
S
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'
-
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L ;‘_"
8
o =
e NN
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o
—

T. Liu, W. Melnitchouk, J.W. Qiu, N. Sato, in preparation.
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Comparison with Traditional Method
QED mmpact on Apy

70 ; :
S s i
o : :
- i :
Q 7t L :
E e WV e
. I et 1 :
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S 80 — E =6 (GeV) (LO+ LL)gen s
. . . s e oz (MM 000 [femeses 2 =6 (GeV) (Xiaochao
Rz = A =TANGaV) D LL]QH) . :' = (l'.’l.f(:(-\" ‘l l\;lm:I:ujn E
R — E =24 (GeV) (LO+LL)gep || o E, = 24 (GeV) (Xinochao) i
—85 L L1 N N L " H
— 1.()2 H -]
s s
s 101 X i
3. k 1
QA R '
M1 o
1 '
4 ‘ ;
> 0.99¢ \ |
- 1 1
=§- ! — i
J 55 . W=2GeV i
0.98

0.2 04 0.6
a:bj

0.2

04 0.6
:Bbj

0.6

dotted curves from X. Zheng, generated using “Mo&Tsa1” approach.
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Lepton Structure Functions

Current conserved decomposition of leptonic tensor A
S YD Tugi o G ) \\:’))K
TR PN N S N
G = g — Cj/’ig”) oH — Gp, = 0 — 6;2%/17 - Gr, = 0 — K/A.QQQM
g q g
Lepton structure functions: Li(¢p,CB,07.Q7%), i=1,2,3,4
=1t o1 #-@-2¢
In lepton back-to-back frame:
= (07,0,07), ¢*=(0,",07) (t=0-=Q/V2
¥ = (@0 ) = (&~ dr)

B
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