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Lepton-hadron Deep Inelastic Scattering

Inclusive DIS at a laree momentum transfer > A .
5 < P Modern “Rutherford” experiment.

*dominated by the scattering of the lepton
off an active quark/parton

*not sensitive to the dynamics at a
hadronic scale ~ 1/fm

e factorized o ox H(Q)® ¢q/p(7, 1)

overall corrections suppressed by 1/Q"

QCD factorization

e provides the probe to “see” quarks,
gluons and their dynamics indirectly

 predictive power relies on

- precision of the probe o ®

. . 2
- universality of T
y ap (@, 117) [Figure from DESY-21-099]



Lepton-hadron Deep Inelastic Scattering
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A successful story of QCD, factorization and evolution!
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Semi-inclusive Deep Inelastic Scattering

SIDIS: 1dentify a hadron /4 1n the final state

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

e flavor dependence by selecting different types of
observed hadrons: pions, kaons, ...

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

e an additional and adjustable momentum scale

A
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[Figure from JHEP10(2019)122]



W +Y Formalism

The W + Y formalism

do 4
F(C_IT,Q)— d2qrdQ - - - < E—
qr ~ Aqep qr ~ Q
< SS—
F(QT?Q) — W(QT)Q) _I_Y(QT,Q) AQC’D L qr < Q) s

Wi(gr, Q) = TtmpI'(gT, Q)

Y(gr, Q) = X(gr/N)|Teonl'(gT, @)
— TCOHTTMDF(QT7 Q)]

2 2 2 2

= X(qr/M)|FO(qr,Q) — ASY(¢1,Q)] | &x = R s m

Q2 , Q2 Q% , Q2 q%
[Figure by Ted Rogers]

J. Collins, L. Gamberg, A. Prokudin, T.C. Rogers,
N. Sato, B. Wang, Phys. Rev. D 94, 034014 (2016).



Small Transverse Momentum Region

Small transverse momentum P,. < Q

»the hard scale Q localizes the probe to
“see” quarks and gluons

the soft scale Py 1s sensitive to the
confined motion of quarks and gluons

« TMD factorization

0 X H(Q) X ¢a/P(aj7 kT?:u2) & Df—>h(z7pT7:u2)

» corrections suppressed by powers of Py,../Q

*dominated by the W-term 1n the
“W+Y” prescription



Large Transverse Momentum Region

Large transverse momentum Py, ~Q

*dominated by a single hard scale

*not sensitive to the active parton’s
transverse momentum k7 or pr

*described by collinear factorization
0 X H(Qa PhT) & ¢a/P(x7 :uz) & Df—)h(z7 :LLQ)

e corrections suppressed by 1/ P;?T or 1/Q°

*dominated by the fixed-order (FO) term
in the “W+Y” prescription



Recent global analyses using W-term only

Phenomenology Fits with TMDs
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Challenge at Large Transverse Momentum

About an order of magnitude discrepancy between data and theory
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Challenge at Large Transverse Momentum
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Leading Power Approximation

QCD factorization — a leading power approximation

~ Q T
[ / P,
g \
2 X

Ao P14+ P, +X NZ/ d$/ —gb ) Dyp(2) A0l 4a—1/+f+X
43V /(2E') 3P}, /(2Ep) o/ P() Dy-nl2 431 /(2E")d3p;/(2Ey)
O
-+ (Qn P}:LT)

corrections are formally suppressed by inverse powers of large momentum scale




Leading Power Approximation

Color neutralization

S

P =X

LP fragmentation functions:

Tt

/

Tt

Du—>7r+ (Z)

. soft pions ...

¢

12

Need large enough phase space to shower
Sufficiently high multiplicity

Near the edge of phase space — large Pnr, large zn?
Low multiplicity?

At the edge of phase space
— large P, large zj,

o X D¢ yp(z)ox(l—2)"



Some Extractions of Fragmentation Functions

Parton to pion FFs
DSS14 NNFFI1.0 JAM19
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Some Extractions of Fragmentation Functions

Parton to kaon FFs
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Next-to-Leading Power Correction

(LP) (NLP) 0( 1 )
02

NLP hard part is formally suppressed by 1/ Q*or 1/ P,fT

NLP contribution to the cross section 1s not necessarily small
if get enhancement from hadronization

15



Enhancement of Hadronization at NLP

NLP fragmentation functions:

7

/
Tt Tt
%@t u f éa’
/

/

/
Tt Tt Tt
\
-+ -+ IS
d U u d d U u P <
/ /

x (1 — z) x (1—2)™

) &

+ Parton pair with the right quantum number

%u bl

3\ has better chance to form the hadron.

x (1 —2z)™
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Leading Power vs. Next-to-Leading Power

At the edge of phase space — large P, large z;

trade off between (1 — z)" suppression in the FF at LP
and 1/P;_  suppression in the hard part at NLP
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NLP Theoretical Calculation

QCD factorization

Aoy 4 Asht X / dﬂf/ d6v*+a(l)—>f(p)+X
it z) D
d3P;, /(2E),) Z 3 Pa/P() Dy (2) Bp/(2E,) (LP)
b dx dz A0y 1 a(l)—[f (1K) (p,E,)+X
+ ) dfdéqsa/p Dis 1 (r)j—n (2, €, €) . (NLP)
a,[ff' (k)] "B *p/(2Ep)

Two-parton (quark-antiquark) fragmentation functions

P+dy P+dy1 P‘Mly2 s
Digq' (x))—r(2,&,C) Z/ / / Ty + s

+ P+ %
X e Y1 7'

Ep (1=¢)p
x CP (017 (y; )[®n(y 1_)] [9,,(0)]g(0)|h(Pr)X)
X (h(Pr) X |q(y ™) [@n(y )] [®n(y™+ y2 )" (¥ + y3)]0)

D, (y") = Pexp {—igs /oo din - GA (ﬂn)t"}

Jy
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Color and Spin States

Color projection

for hard part:
|1
C&)J,dc — 5ba5dc~

VA,V
A

=18
CLc]z dc

1 J . lJ
E :Cba,dccab,cd =0

Spin projection e

for hard part:

P (17)ji,1k = (r- 1’)1’1'(7’ Pk
75(")(17)ji,1k = (r-prs)ji(r - p7s)u
POP) = D (r - pri)ur - pridus

a=1.,2
}:"(S) (s') _ cs¢
73ji,lk73ij,kl =0

ijki
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for fragmentation function:

1 I
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An Estimation of Two-Parton FFs

Lowest order quark-antiquark fragmentation function
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Calculation of the Partonic Hard Part

Hard part

Epdé s o=l 1m+x _ My ta@siirwim+x” 1
d’p 2(3+ Q?) 2(2m)

AL P 2
S0(8+t+ 1+ Q%)

s=(q¢+0)% t=(-p)?° a=(1-p)°

LO Feynman diagrams

two possible channels
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Calculation of the Partonic Hard Part

Color factor

2 _ 12
same color factor for LO diagrams clll = — ZTr A rB1B] = (Ve — 1)
N. 45 4N;
8] A C A (B ;C (B N -1
Cl8] ——Z2Trfftttt] :
Ne 45¢ 4N
Virtual photon spin states
transverse:: zej” e, = =g + """ + v"v”
= ¢" = (q-v)v" + (¢ -v)v"
) 1
longitudinal: €€} = —[(q - 9)*v"v" + (g - v)* "] v = =0, v-7=1
—q

(A Y 4+ P*0Y),
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Pion and Kaon Distribution Amplitudes
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Numerical Estimate: COMPASS Kinematics

Differential multiplicity

d2 Mh d4U§LIDIS

dzy, dPﬁT dx gd()?dz;, dP}%T

Only use the leading term of

dQO.DIS

/(

dedQ2

two-parton fragmentation functions.

Lower limit for power corrections.

dQMh/thdPiT (GGV_Q)

—_
-

dQMh/thdPiT (GGV_2>
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Numerical Estimate: JLab Kinematics

Differential multiplicity
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lower collision energy

e less high multiplicity events

* NLP contribution 1s more
significant
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NLP Correction to the Evolution Equation

Physical observable 1s independent of the choice of factorization scale
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A closed set of evolution equations
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QED Radiative Effects

Kinematic shifted by QED radiation

10° > 15

1025-
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[Figure from X. Chu at 2nd EIC YR workshop]

kinematic experienced by the parton # kinematic reconstructed from observed momenta

“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
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QED Radiative Effects
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Radiative correction factor depends on
the hadronic physics we want to extract.
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Summary and Outlook

Formally suppressed NLP contribution to SIDIS cross section 1s not
necessarily smaller than the formal LP contribution.

Produced parton pair with the right quantum number has better chance to turn
to the measured meson.

Power corrections are very important for events near the edge of phase space
where the multiplicity 1s low.

Evolution equation should be modified consistently to NLP.

Other effects, such as QED radiations, may also be important.

A simultaneous fit of FFs and PDFs including power corrections 1s desired.
Opportunities from experiments at JLab and the future EicC/EIC/STCEF.

Thant qyou!
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