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Outline

Lepton-hadron scattering and hadron structure

—> main source of information about quark/gluon (parton) structure
of hadrons, via QCD factorization theorems

—> |eptons radiate photons, so QED radiation effects may complicate
“Born” level interpretations

—> new factorized approach treats QED+QCD radiation on equal footing

Inclusive DIS

—> radiative contributions vs. “‘radiative corrections’

Semi-inclusive DIS

—> no unique photon-hadron frame for simple TMD interpretation
— mixing of spin asymmetries

Outlook



Lepton-hadron scattering
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elecion " < A controlled “probe” - virtual photon
-.-Ofﬁ!’i_,/.,’
nucleon
< Inclusive events: e+p/A > e’+X g N o
Detect only the scattered lepton in the detector P \EX
<> Semi-Inclusive events: e+p/A =2 e’+h(p,K,p,jet)+X P
\ h
Detect the scattered lepton in coincidence with identified hadrons/jets 1 /
==
< Exclusive events: e+p/A 2> e+ p’/A'+ h(p,K,p,jet) %
Detect every thing including scattered proton/nucleus (or its fragments) 7 y



Inclusive deep-inelastic scattering

H Most information on PDFs obtained from lepton-hadron
deep-inelastic scattering (DIS)
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Bjorken-x inelasticity

— structure function given as convolution of hard
Wilson coefficient with PDF
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Inclusive deep-inelastic scattering

—> good description of

data and extraction
of PDFs over several
orders of x & Q2 !

one of great success
stories of QCD &
QCD factorization!
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Inclusive deep-inelastic scattering

—> global QCD analysis of DIS and other high-energy scattering data
has provided detailed information on momentum (& spin)
distributions of partons

in the nucleon
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Inclusive deep-inelastic scattering

— QED radiation effects important!

—> ¢.g. ‘HERMES effect”
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— QED radiation effects important!

Inclusive deep-inelastic scattering
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A-dependent tracking inefficiency of spectrometer,
not recognized in original analysis, had significant

effect on radiative corrections!
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—> effect disappears!




QED radiation in DIS

In presence of QED radiation (from initial or final leptons),
momentum transfer not unique
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QED radiation in DIS

B Apply collinear factorization (with one-photon exchange approximation)

ek,
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®  QED radiation prevents a well-defined “photon-hadron” frame
® Radiation is IR sensitive as m, / @ — 0, into LDFs & LFFs
" Hadronis probed by (z3,Q?%) — (i5,Q?%)
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QED radiation in DIS

B Apply collinear factorization (with one-photon exchange approximation)

P(p,)
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® QED radiation prevents a well-defined “photon-hadron” frame
® Radiation is IR sensitive as m, / @ — 0, into LDFs & LFFs

" Hadronis probed by (zg,Q?%) — (i3, @2)
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QED radiation in DIS

B Apply collinear factorization (with one-photon exchange approximation)

LFF s LDF
WPk _ > / g DG o)
1 dx
X/ —fa/N(m 12) Hiayjx (€k, 2P K' /¢, 1) +
o E N .
PDF short-distance
Calculated hard parts in power of o™a? : hard part

Beyond one-photon
exchange

w¢m1ﬁ14

—> lepton distribution function (LDF) & lepton fragmentation function (LFF)
do not decouple from parton distribution!
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QED radiation in DIS

O Lepton distribution function (LDF)

Y7 %A

£ a [1+¢€ ©
e e

U Lepton evolution
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O Lepton fragmentation function (LFF)
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—> compare with existing calculations

—> RC depends on input PDF!
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QED radiation in DIS

B QED radiative corrections vs. radiative contributions

QED radiative corrections:

Uobs(wB, Q2) * RQED (CUB, Q2; Ip true; Q%rue) X OBorn (-'EB,true, Q%rue) +ox (xB, Q2)

" The correction factors Rqgpand o, 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 ... should be large enough to
keep the “true” scattering within the DIS regime.

® Extraction of OBorn is an inverse problem

QED radiative contributions:

. . ~ “ ~ A2 m2
Uobs(xB, Qz) = Uﬂgw(/iz; mg) X 0'1[11;1:[‘,(/‘2; A2QCD) & UIR—safe(xB, Q2a .u'2) + O ( CQQ(;D’ Q_g)

® |nfrared sensitive QED contributions — divergent as m./@Q — 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 o

" Power suppressed contributions as me/Q — 0, are neglected

Predictive power: Universality of LDFs and LFFs, their evolution, calculable hard parts
Neglect power corrections
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Semi-inclusive deep-inelastic scattering

B Differential cross section involves 18 structure functions

do a? %
= F + eF + 2&(l + cos COS¢;,
dxgdydgs dzdp,dP?,  xgy Q> 2(1—¢) { vur + eFuus + \2€(1 + &) cos ¢y, F

+ £cos(2gy) For ? + A, 2 &(1 — &) sing, Fir
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+S||/l ’ VI—EZFLL‘F \/28(1— )COS¢h COS¢’]

. ($r—¢s)
+18.] [smm = ¢5) (Fra ™ + e Fpp ™)
+& sin(@y + ¢s) Fyr "™ + & sin(3¢y — ¢s) Fyp ™

+ V2&(l + &) singg Fin? + \2&(1 + ) sin(2¢;, — ps) Fipp %)
+ |8, |1, [\/1 — &2 cos(¢y — ¢s )FCOS(¢h ¢s) 4 /28(1 — £) cos ¢ Fcos¢s

+ V2&(l — g) cos(2py, — ¢s) F°°S(2¢' "’5)]}
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Semi-inclusive deep-inelastic scattering

B Goal to extract from SIDIS structure functions the transverse
momentum dependent (TMD) distribution and fragmentation functions

Quark TMDs with polarization

£kl @ k) @ - @

Boer-Mulders

gl(xaklg) e_" Q_' h]t(x,k%) °_.- 0_’

Helicity Long-Transversity

hek) @ - @

) Transversity
ng(x’kT)$ - é i ,
hi (x,kr) é - é
Trans-Helicity

Pretzelosity

Sivers

Polarized SIDIS:
e, L COENED - e(l) + h(Pu) + X In photon-hadron frame:
D W Single Transverse-Spin Collins (i 4 o h @ H*
PN S x Asymmetry A(;Tvers < . (9, ¢S)>UT hlL 1
Lemzn?ia;::e o _ Lo — o) Agr™ < ($10(, =4 < fir @D
~z UT = — N .
Hadronic plane o, - Painey +oin) Agemlas"y oc <Sln(3¢h - ¢S)>UT oc hllT ®H ,L
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Semi-inclusive deep-inelastic scattering

BH Do we need to consider lepton TMDs?

Estimate of lepton transverse momentum generated by QED shower:
1

Q =10 GeV
EBa CB =0.95

Wrr

(arbitrary units) (arbitrary units)

Resummation '
to lepton TMD

05> {01 (109
qgr (GeV)

0151 10! 10°
bT (GeV“l)

QED broadening for lepton
much less than typical parton k!

o5 e ’b . — ' o - 2 -2
Lyo(€p,¢p, Q% 47) = / (;T)zf"“””” oo (€8, €, Q%) + Y0 (€8, (. Q% 47).

— - o frde [T de o )
Wrr(en G- @0 =2 [ [ ZHODOCNCm)
§8 S (B

"HY 112 2
X Oxp{ _ e [A((\‘([l’)) In ':—Z B B(a(/t'))] }
;

2
2 r=
‘b !

—> use ‘hybrid” framework, with TMD factorization for hadrons,
collinear factorization for leptons
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Semi-inclusive deep-inelastic scattering

] QED factorization of collision induced radiation — collinear:

d%oy(x,) P($)—e P X
E IE 4 h
¢ d3y’ d3Ph Z /

n

1 6~

d°Fk(r,) P(S)—k' P X

De/;(¢ / A€ fino/er0) €) | Bw Br,—— a7 ap, +O( % o
i Ak Cmin min k=&L,k'=0' /¢

= Leading power IR sensitive contribution is universal, as m./Q — 0, factorized into LDFs and LFFs

" IR safe contributions are calculated order-by-order in powers of o

" Neglect m./Q) power suppressed contributions

L “One photon”-approximation:

%oy P(5)—0 P X / Lode b ode
= =) e Ji e De ]
dapdyd den dgndPly — 5 S, © Je, & fitn) ) (€) Dey;(€)
5 2 ) 42
.’IIB (87 y h
X A A wnFy, (Ts, Zh, P
7138 [@Bgcy 2(1—¢€) ( )Z (&8, Q®, 2n, Pir)

k=¢/l : X )
g /¢ Evaluated in a “virtual photon-hadron” frame

—> Apply a (£, ¢)-dependent Lorentz transformation:

‘MaPaﬁh} - {q, P, P}

(&,¢) In a frame to compare with exp. measurements
’
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Semi-inclusive deep-inelastic scattering

O Case study F,:

Ip 2m)’a P h (o A2 5 B
—~ = F, Z 7Q y %y PhT
xB«SC] L‘cBﬁCP 2(1-¢) vu (s )

\ J
|

Evaluated in a “virtual photon-hadron” frame

dotimss /1 i [ deD.O)f (&)x[
dzsdydz dPZ, ~ /. e/ets] Jefe

min Emin(¢)

Unpolarized structure function:

Fly = s Zei /dsz d*kr 6@ (pr — kr — qr) X fo/n(T5,P%) Dp/g(2, k7)) gr = Pur/z
q

(&, ¢) - Dependent Lorentz transformation models for input SIDIS

structure functions

Effectively, a rotation in hadron-rest frame S -

ar/Q

0 Flyr — Fpuw® = Fhur R + (1 — R)Fa,
0 |
g1
~
% —> QED radiative effect
s 0. I _ o --- RC
S Y ROt depends strongly on

05 05 1 15 20 05 1 15 = 2 h i~ |

adronic input!
qr/Q qr/Q P
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Semi-inclusive deep-inelastic scattering

 Case study — single transverse spin asymmetry:

2 2

do o y Cow
= F + eF + 2e(1 + Fio
dxgdydes dzde,dP; ~— xgy Q* 2(1 &) { vur + EFyuL + Y2&(l + &) cos ¢y,

Sm ¢h

+£08Q2py) Fipy ¥ + A, \26(1 —¢) sing,, F
+S| [\/2 (1 + &) singy, Fin? + esin2¢y) i) 2"”']
+ S|| /le[ V1 — 82 FLL + \/28(1 — 8) Cowq/ SIVGI’S funct|0n
3 sin(¢y,—¢ sin(¢p—¢s)
-5 lsm(¢h B ¢S)+ eFyri ™) pretzelocity
/ (set to zero)
+ & sin(¢y, + ¢s & sin(3¢;, — ¢S
/
T V2e(l +¢) sings Fin?® + 2&(1 + &) sinQ2¢), — ¢S)Fs‘“(2¢h‘¢5)]

+1S.12, [«/1 — &2 cos(pn — ds) F5n @) 1 \26(1 - €) cos s Fin?
+ V2&(1 - 8) cos(2; — ¢s) Fr7 " }

Collins function
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Semi-inclusive deep-inelastic scattering

 Case study — single transverse spin asymmetry:

e.g., for Sivers function, sin(¢, — ¢s) modulation would be obtained from

Fipion=os) mo = / dey dgs sin(qsh—¢s)[sxn(¢h—¢S)F5‘}‘ (el

+ sin(gy + ¢5)Fom@495) L sin(3¢), — ) Fypm30n=9s)
since /d¢hd¢s sin(¢n — ¢s) sin(gn + ¢g) =0

—> with QED radiation, projecting phases are no longer orthonormal

/ dey, dgs sin(dn — ¢s) Sin(figh + (155) # 0

—> “leakage” between various asymmetries
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Semi-inclusive deep-inelastic scattering
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—> “LO” = no QED
“RES” = QED resummed

—> |eakage from Sivers to Collins

—> cannot isolate QED-free signals
... QED corrections inherently
model dependent!



Semi-inclusive deep-inelastic scattering

U 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.
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=02 ihadronic input
s _—7 _—2=04
— =7 __—i=0s " Our formalism is different. It does not depend on
sl hadronic input, which is what we want to probe!
_2=08 ®  QOur formalism is organized in terms of IR safe
| o quantities and universal functions
o e e o ' — advantage of factorization

pl /Pt mazx
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Outlook

B Factorized approach treats QED & QCD radiation on equal footing

—> QED radiation integral part of production cross section,
not universal “‘correction factor”

—> all QED & QCD hard parts IR safe; IR sensitivity included in
universal lepton distribution and fragmentation functions

B More important for less inclusive processes, such as SIDIS
—> no well-defined photon-hadron frame in presence of radiation

— radiative effects more pronounced at high momentum transfer
— new paradigm for future data analyses at EIC energies
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Panke!
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