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Outline

e Kinematical Categories.

e What can be learned?



What is it?

Proton + lepton — hadron + lepton + X Must have:

e Hard scale (Q >>m)

O ® Electron * One observed hadron (H)
Proton

* Unobserved particles

Optional:

 Differential in PH’T

* Integrated over P ;




Where does the hadron
come from?

A. Hadron has large transverse momentum.
* Natural interpretation: Hadron is produced as part of hard collision.



Large Transverse Momentum:
Contribution A.

Transverse momentum
Generated by the hard collision;
Does not “come from” PDF or
fragmentation function.

Proton



Where does the hadron
come from?

A. Hadron has large transverse momentum.
* Natural interpretation: Hadron is produced as part of hard collision.

B. Hadron has small transverse momentum but rapidity opposite to
proton.

* Natural interpretation: Hadron is a decay product of struck quark with
transverse momentum generated in hadronization process.



Small Transverse Momentum:
Contribution B.

Proton

Fragmentation Function: dependence on Q°, z



Where does the hadron
come from?

A. Hadron has large transverse momentum.
* Natural interpretation: Hadron is produced as part of hard collision.

B. Hadron has small transverse momentum but rapidity opposite to
proton.

* Natural interpretation: Hadron is a decay product of struck quark with
transverse momentum generated in hadronization process.

C. Hadron has small transverse momentum and rapidity in nearly same
direction as the proton.
* Natural interpretation: Hadron is a leftover remnant of proton.



Small Transverse Momentum:
Contribution C.
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Where does the hadron
come from?

Hadron has large transverse momentum.
* Natural interpretation: Hadron is produced as part of hard collision.

Hadron has small transverse momentum but rapidity opposite to
proton.

* Natural interpretation: Hadron is a decay product of struck quark with
transverse momentum generated in hadronization process.

Hadron has small transverse momentum and rapidity in nearly same
direction as the proton.
* Natural interpretation: Hadron is a leftover remnant of proton.

Hadron has small transverse momentum and rapidity.

* Natural interpretation: Hadron is a non-perturbatively produce of the collision
that is associated with neither the struck quark nor the initial proton.



Small Transverse Momentum:
Contribution D.

H Proton
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Small Transverse Momentum:
Contribution D.

Proton

12



Where does the hadron
come from?

Hadron has large transverse momentum.
* Natural interpretation: Hadron is produced as part of hard collision.

Hadron has small transverse momentum but rapidity opposite to
proton.

* Natural interpretation: Hadron is a decay product of struck quark with
transverse momentum generated in hadronization process.

Hadron has small transverse momentum and rapidity in nearly same
direction as the proton.
* Natural interpretation: Hadron is a leftover remnant of proton.

Hadron has small transverse momentum and rapidity.

* Natural interpretation: Hadron is a non-perturbatively produce of the collision
that is associated with neither the struck quark nor the initial proton.

Hadron is at the border of one of the above.



High P, Scattering:
Collinear
Factorization

TMD Factorization
(with a
Fragmentation
Function)

N

Soft Region

Transverse
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Series Expansions

1 2
do :EZ/MPHaPaan'”‘PalGH

* Interpretation needed.

* Theorists like specific correlation functions:

— E.g., parton distributions, fragmentation functions, etc...

dw™ T

/ Gy T (Pl 0:)5-140(0,0,0,) | P)



Series Expansions



Series Expansions

1 2
do :EZ/KPH)PGJPZJ'”P?Z@H
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Series Expansions

ao(f) +a () < () o ((5))

Small PH,T? Or ‘;?
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Series Expansions

1 2
do :EZ/’<PH7PQ7P5”"P7ZG>’

P

X °
P2 0 P2 1 2\ 2 P2 N A2 0 A2 A2 2 A2 N
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Series Expansions

By a(Q)° + Bi as(Q)' + B2 a5 (Q)* + - - O(as(Q)™) Co s (Pr)° + Cp oy (Pr) + Caas(Pr)? + -+ O(as(fg)N)



Series Expansions

By a(Q)° + Bi as(Q)' + B2 a5 (Q)* + - - O(as(Q)™) Co s (Pr)° + Cp oy (Pr) + Caas(Pr)? + -+ O(as(fif)N)



LDRD personnel

Diefenthaler

Correlation functions Pythia Monte Carlo
of TMD factorization Event Generator

Experimentalists Theorists d‘""\h L/bjuStrand X
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Need to address

* Large transverse momentum.
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* Explicit theory of hadronization.

String breakup String drawing
g(br)

q(b) q(r)

e Universal behavior for soft (small rapidity) hadrons?

* Matching to large transverse momentum.
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Questions

* Does SIDIS at small transverse momentum exhibit
increasingly TMD-factorization-like behavior as Q
increases?

* Need improved understanding of non-perturbative
behavior / hadronization.



Need to address

Approximations can be very good in multiple regions at the same
time.

Variables to catalogue regions?
— E.g., z vs. rapidity?

Whatis Ain A/Q? M k? m?2

Q2 QY Q2

Large/small transverse momentum separation?



Need to address

If modifications are needed, are they from higher orders,
higher powers, logarithmic resummation... ?

Does cross section follow general expectations?
— E.g., rapidity plateau at large Q, universal behavior for soft hadrons

Guide from experiments: Where are modifications most
needed?

— Low Qs. large Q
— Low P;vs. Large P,
— Low rapidity vs. large rapidity



Plateau Shape

2 GeV?<Q?<3 GeV?, 0.05 < xp; < 0.08
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Measure closeness to current
region

* Lorentz invariant test:

Py, - k¢
Py-ki’

R(yn, zn, Xpj, Q) =

* Approximately exp(y,)

Phys.Lett. B766 (2017) 245-253

arXiv:1611.10329
M. Boglione, J. Collins, L. Gamberg, J. O.
Gonzalez-Hernandez , T. C. Rogers, N.
Sato
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Orljedron

Orlledron
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Effect of restricting data
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Future:

Slide from Harut Avakian

Non-perturbative distributions in hard scattering

TMDs GPDs
Y fl x hf— U H x ET
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H. Avakian, EIC@SB,
June 26
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Wigner Distributions
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Wish list

* (In additional to polarization observables)
Multidimensional differential cross sections.

e Distributions in rapidity.

 No additional cuts (z, etc)



