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Example:

* Semi-Inclusive Deep Inelastic Scattering (SIDIS):
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Collinear (Standard) Case

e Parton Model Picture

o ~ / H(Q) @ fyp(r1) & fq/P(xQ)

Elementary

collision ..
Number densities

“Parton Distribution Functions” (PDFs)



Example 2:

e Drell-Yan:

Collinear case

Get: /dCIT do
dar - -

(Or large q;) Py
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(X g = QCD coupling strength



QCD Factorization

* Short Distances; Asymptotic Freedom

0.5
— Perturbation Theor Huly 2009
Y Q) -
s a Deep Inelastic Scattering
04 oe e'¢ Annihilation ]
o® Heavy Quarkonia
(Bethke (2009))
. 03 7
* Large Distance Scales: as(Q* > A}op) < 1
— Hadron Structure
Confinement 02|
0.1}
= QCD oa4(Mz)=0.1184 = 0.0007

1 100

. _ P Q[GeV]
* Physical processes involve both.

— Need to be separated: QCD Factorization d~1/Q



Collinear (Standard) Case

e Parton Model

o ~ H(Q) R fq/p(T1) @ f7,p(T2)

Elementary < >

collision Hadron Structure: large distance scales
Short distance scales

~1/Q



Collinear (Standard) Case

e Perturbative QCD factorization theorem:

o~ [ H(Qu/Q as(pn) & forp(w1spn) ® fg/p(x2; 1)
H_/

Small Coupling:
Perturbation Theory

Co+ Cras (u) + Coag (,LL)Q + Cs0g (M)S 4.

Error ~ Aqcep /@

Red : Perturbatively Calculable
Blue : Non-Perturbative Input Needed



Collinear (Standard) Case

e Perturbative QCD factorization theorem:

o~ [ H(Q. pn/Q, (i) @ fgrp(1;p0) & fq/p(x2; 1)
H_/
Small Coupling:
Perturbation Theory

2 3
Co+ Cras (1) + Coas (1)” + Caas (1) + -+ Defined in terms of elementary fields

— et _ T
/C(Z;T) TP Tw <P|%(O,w_,ot)%%(oaovot) |P)

Error ~ Aqcep /@

Red : Perturbatively Calculable
Blue : Non-Perturbative Input Needed



Collinear (Standard) Case

e Perturbative QCD factorization theorem:

o~ | HQ,pn/Q. () @ forp(x1ipn) ® fg/p(x2; 1)

Small Coupling:
Perturbanon Theory

Co + Cras (1) + Coarg (1)? + Caas (1 Auxiliary parameter: Arbitrary

Error ~ Aqcep /@

Red : Perturbatively Calculable
Blue : Non-Perturbative Input Needed



Collinear (Standard) Case

e Perturbative QCD factorization theorem:

o~ | HQ,pn/Q. () @ forp(x1ipn) ® fg/p(x2; 1)

=

Auxiliary parameter: Arbitrary

e DGLAP evolution

(Dokshitzer-Gribov-Lipatov-Altarelli-Parisi)

d
oo [ @0 1

 Factorization + Evolution: Universal PDFs
“Portable”




Renormalization Group Equations
for Collinear PDFs

d
* Sip&p) =Z / fzji(zvgs(ﬂ))fo,i/p(g/z)
= Zji @ fo,i/p

d
dln p

fo,i/p(f/z) =0

RG invariance:

d d
e RG equation: mfj/p(f;ﬁb) = 22/fpji(zag(u))f’é/p(g/z;ﬂ>

DGLAP (Dokshitzer-Gribov-Lipatov-Altarelli-Parisi)



Implementing Collinear Factorization

Measurements
Collinear processes




Implementing Collinear Factorization

Fits
CTEQ, MRSTW, etc..
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Implementing Collinear Factorization

CTEQ, MRSTW, etc.. ﬁ

with small-a, PT

Used |
sedn [ Predictions }

Collinear Factorization,
Collinear Evolution,

-
EX
<, Universality
A
SR

New measurements, Measurements
New processes,

Wider rang y Collinear processes




Implementing Collinear Factorization

Higher Orders,
New Factorization
Theorems
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i Predictions
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Phenomenology
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Phenomenology

x f(x,Q) versus x
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Phenomenology

x f(x,Q) versus x
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Example 2:

e Drell-Yan:

Collinear case

Get: /dCIT do
dar - -

(Or large q;) Py
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Example 2:

e Drell-Yan:

TMD case

do
Get:

dar - -
For all g.
kl =k
q2 — (ll + lg) QZ > AQCD ko =q —

ki + kot —‘
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Transverse Momentum:

qT



Transverse Momentum:
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Transverse Momentum:

2 2

qT



Small Transverse Momentum:

A

I
qr ~ AqQcp N

qT




TMD-Factorization

 Collinear factorization theorem relied on
collinear approximations.



TMD-Factorization

 Collinear factorization theorem relied on
collinear approximations.

* Accounting for intrinsic transverse momentum
requires new factorization theorems.



Recall Collinear Case:

e Parton Model

o~ H(Q) R fq/p(T1) @ f7,p(T2)

EIementary : :

collision Hadron Structure: large distance scales
Short distance scales

e Perturbative QCD factorization theorem

g ~ H Q M/Qa&s ,LL) & fq/P L1 :u) & f /P(IQMLL)

Small Coupling:
Perturbation Theory

Auxiliary parameter: Arbitrary
Defined in terms of QFT operators



TMD-Factorization

e TMD Parton Model

g ~ / H(Q /p z1, ki) ® F/P(5’32 ar — kir)

Parton Model



TMD-Factorization

e TMD Parton Model

o~ / H(Q) ® Fyyp(z1,kir) ® Fy/p(r2,qr — kir)
Parton Model
EIementary
collision
Short distance scales

~1/Q



TMD-Factorization
e TMD Parton Model

o~ H(Q) @ Fyp(r1,kir) ® Fy/p(r2,9r — ki)
Parton Model v W—/
Elementary
collision

Short distance scales N U""bf-’f densities
“Transverse Momentum Dependent

™~ 1/Q Parton Distribution Functions” (TMD PDFs)



TMD-Factorization

e TMD Parton Model
o~ H(Q) @ Fyp(r1,kir) ® Fy/p(r2,9r — ki)

Parton Model v W—/
Elementary

collision

Short distance scales N umber densities
1 “Transverse Momentum Dependent
™~ /Q Parton Distribution Functions” (TMD PDFs)
Past Approaches:

— Non-perturbative TMD parton model descriptions:
— Transverse Momentum Resummation



Guassian Fits

(Schweitzer, Teckentrup, Metz (2010))
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Resummation
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Resummation
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TMD-Factorization: QCD

e Unified Formalism

T~ / H(Q, p1/Q, as(p)) @ Fyyp(w1,kar, 1, C1) ® Fyyp(we, ar — kir, i, (2)

Pert. QCD + Y-term

Small Coupling:
Perturbation Theory

2 3
Co + Cras (1) + Coas (1) + Czas ()" + - -3 2 Auxiliary parameters: Arbitrary

Cl CQ ~ Q4

(Collins, Soper, Sterman (CSS) formalism (1982,1983))
(Collins Extension: (2011), Chapts. 10,13,14 )



TMD-Evolution

 Recall Collinear / DGLAP:

d

Jlnp (@) = 2/ij'(ﬂ?') ® fip(a/a’s p)



TMD-Evolution

 Recall Collinear / DGLAP:

d / /
G Q/ij’(i’? ) @ fyryp(@/es p)
« TMD Case:
Oln F(x,br; i, () T
81n\/z —K(anu)
dK (b ;
d(lnTN“ ) _ vk (9(1))
din F , b1 1,
RIS — (g ¢

((CSS) formalism (1982,1983))

(Collins Extension: (2011), Chapts. 10,13,14) *®



TMD PDF Definitions

* Defined in terms of elementary field operators.
(Collins, POS (2003)), (Worked out in Collins, Book (2011))
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TMD PDF Definitions

Defined in terms of elementary field operators.
(Collins, POS (2003)), (Worked out in Collins, Book (2011))

Needed to address questions of hadronic structure.

Universality / Modified Universality.

— Sivers Function: Non-zero, reverses sign in Drell-Yan vs. SIDIS
(Brodsky, Hwang, Schmidt (2002)), (Collins, (2002))

Constrained by factorization derivation.

Factorization breaking.
(Collins, Qiu (2007)), (TCR, Mulders (2010)), (TCR, (2013))
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TMD vs. Collinear

e TMDs: Rich source of information about hadron
structure.

— TMD Zoo
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Also Fragmentation TM D Tax O no mx
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Zero in

Also Fragmentation TM D Tax O nO mx riﬂgj by
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TMD vs. Collinear

e TMDs: Rich source of information about hadron
structure.

— TMD Zoo

* More complicated fitting:

frip(x) — Fy/p(x, k)

Need non-perturbative descriptions



TMD vs. Collinear

TMDs: Rich source of information about hadron
structure.

— TMD Zoo

More complicated fitting:

frip(x) — Fy/p(x, k)

Need non-perturbative descriptions

Cases of non-universality / TMD-factorization
breaking.



Implementing Collinear Factorization

Higher Orders,
New Factorization
Theorems

r

Used In

i Predictions
CTEQ, MRSTW, etc.. with small-a, PT

Collinear Factorization,
Collinear Evolution,
Universality
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New measurements, Measurements
New processes,

Wider rang y Collinear processes




Implementing TMD-Factorization

Non-perturbative

7 B ~ v
. /
Fits Used In Predictions
Fe‘,” com;? ared with small-a, PT

with collinear case

Higher Orders,
New Factorization
Theorems

TMD-Factorization,
TMD-Evolution,
(Modified) Universality
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New measurements, Measurements
New processes,

Wider rang y TMD processes
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Improvements EEEE—) [ Non-perturbative

Theory of TMDs }\ r

Fits Used In

o ns Predictions
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Implementing TMD-Factorization

Higher Orders,
New Factorization
Theorems

Improvements EEEE—]> [ Non-perturbative
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theory / : '
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Lattice QCD,
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Implementing TMD-Factorization

Higher Orders,
New Factorization
Theorems

Improvements IE—(> [ Non-perturbative

In non-perturbative Theory of TMDs }
theory / : '

Used |
sedin [ Predictions }

with small-a, PT

—

Lattice QCD,
Eff. Theories,
Relation to GPDs

TMD-Factorization,

TMD-Evolution,
(Modified) Universality

2
Jlab@12GeV | %
o

EIC
LHC
Belle
Non-Universality,
New measurements, Measurements Factorization Breaking,
New processes, % Exotic Entanglement

Wider rang y TMD processes



Extractions of TMD PDFs

 Fixed Scale Fits.

(Schweitzer, Teckentrup, Metz (2010))

2 2
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Extractions of TMD PDFs

. http://hep.pa.msu.edu/resum/
. [ ]
Res BOS * CSS fo rm a I IS m (Landry, Brock, Nadolsky, Yuan, (2003))
1
axtbr)tn (o) ==yt (5 ) 2 1
0 0 g2 = .68 GeV bmax = - GeV ™
Gaussian ansatz
R209 Data
140
\ Rg:?nali_zed LY-G Fit
120 — — Normalized DWS-G Fit
----- Normalized BLNY Fit
100 N
80 |-
60 - N
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20 |-
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Extractions of TMD PDFs

http://hep.pa.msu.edu/resum/
(Landry, Brock, Nadolsky, Yuan, (2003))

ResBos: CSS formalism

Q\ 1 Q
s (£) = bin(2)

Gaussian ansatz

g2 = .68 GeV?  bpax =.b GeV !

R209 Data DO Z Data
140 R R 700 SR S —
Data L Data
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Extractions of TMD PDFs

http://hep.pa.msu.edu/resum/

Res B OS . CSS fo r m a I I S m (Landry, Brock, Nadolsky, Yuan, (2003))

9K (br) In <QQ> = —92%17% In <QQ>
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Gaussian ansatz
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Look at one TMD PDF

One physical scale for evolution, e~ G~V ~Q

dictated by requirements of PT: 1y~ QF Ex: Matching Prescription:

b, (br) = —— 2T
n . 2 _ * T p—
Frip(z,br;Q, Q%) = Collinear PDFs V140262,

\ wp = C1/|by(br)]
{ dx ~

(/% ba; 15 1, 9(16)) £/ P (2, 1) X
B{ X exp {ln 2 R (b ) + / | dﬂ [mg(m 1)~ 1In %w(g(u’))] } ><

C{ XeXP{gf/P(i’?,bT)"'gK(b )IHQ}
Qo

NN\

Nonperturbative large b, behavior



Evolved TMD PDFs: constructed
from old fits

Up Quark TMD PDE, x= 09
(Landry, et al., (2003))

(CSS/Collins formalism.)

(Aybat, TCR (2011))
Lowest order pert. calculable parts

- | | | | (Schweitzer et al, (2010)) —
T b, =.5GeV" :
0 1E Taex — Q=14 GeV | _
2 : S ——-Q=50GeV | :
N ~ cm e Q=0119GeV]| -
2 AR Gl i
) 0l T - -
Z - hY . =
| \ ~. o -
o . \ - o i

JLab kT (GGV)' Tevatron

Energies Energies

https://projects.hepforge.org/tmd/



Evolved TMD PDFs: constructed

(Aybat, TCR (2011))
Lowest order pert. calculable parts

from old fits

(CSS/Collins formalism.)

Up Quark TMD PDE, x= 09

7% [ -
S S
<7
2
I 01l
® -
o i
001
0
JLa
Enerc

0.01

() =2 4 GeV
- == Q=50GeV
c == Q=9119GeV

-1
rmax = 1 GV (Konychev, Nadolsky (2005))
(Schweitzer et al, (2010)) 3
! | RN | ! | ! r T ==
2 3 4 5 6

|

https://projects.hepforge.org/tmd/




Polarized TMD PDFs:

* Same definition, same evolution equations

Ff/PT(x’ kT’S;/u" gF)

1 i
:Ff/P(x’ kT;lu" gF) _Fljf(x) kT;Il"L’ é/F) ]]w
p



Polarized TMD PDFs:

* Same definition, same evolution equations

Fypi (x, k7, S5 1, {F)

M,

:Ff/P(-x, kT;lu" gF) _Ff_'lf(x’ kT;M’ é{/F)

* Derivative evolves in b;-space

=11
Flle(X, br; u, _ZF)

— —277];) dka%"‘]l (kaT)Ff-'Zf(-x) kT7 M, ZF)




Polarized TMD PDFs:

Same definition, same evolution equations

(Aybat, Collins, Qiu, TCR (2011))

F/J_f(x bT? M, gF)

— ZM bT [1 dxldxz Slvers
X1Xo

(Xp X2, by, ,ub, Mp> g(Mb))

X Trj/p(&1, X2, php) exp{lnM—F K(b.; pp)
b

b [ et ) - f_ vels(w) |

Mo o'
o)
Qo

Xexp{ g]SvI/VISrS(X, br) — gx(br)In—~




Evolved TMD PDFs: constructed
from old fits

Up Quark Sivers Function

(CSS/Collins formalism.)

(Aybat, Collins, Qiu, TCR (2011)) x=0.1
T T [ T ?
Q=V2.4 GeV
—_ — — Q=5GeV 3
i e— = Q=91.19GeV ]
g
= (Collins et al, (2006)) jlo
(Anselmino et al., (2009))
' [ ' [ . 55
g
g
| | | | | 3
6 8 10
k; (GeV)

https://projects.hepforge.org/tmd/



Evolved TMD PDFs: constructed
from old fits

(CSS/Collins formalism.)

(Aybat, Collins, Qiu, TCR (2011))
Up Quark Sivers Function
x =0.1
T | T T T | T
1 —
o Bochum Fits — Q=V2.4GeV
- - —_——— Q=5GeV
0} 0.01 - e = Q=91.19 GeV
a kT —_—
S \\
L 0.0001 S T~
%"’ 015 TMD evolution ’?\_"’ 0.15 TMD evolution
= HERMES ¢ e HERMES ¢
£ & i COMPASS £ 5 o1  COMPASS
< <
0.05 [ 0.05
0 0
02 03 04 05 06 07 08 0 02 04 06 08 1 1.2
(Aybat, Prokudin, TCR (2011)) Pry (GeV)

(COMPASS, (2011)

https://projects.hepforge.org/tmd/



Questions

* High Q fits extrapolated to low Q (= 1 GeV) gives extremely rapid
evolution.
— Is this realistic??

— Recently questioned.
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* Importance of non-perturbative effects?

— Collins, Soper, Sterman (1985): non-perturbative evolution of k;-dependence becomes
negligible at Q = 102 GeV.
— Global fits find important non-perturbative evolution of k;-dependence.
(Recent: (Guzzi, Nadolksy, Wang (2013))

— Other approaches claim perturbative evolution down to Q = 1 GeV .
(Sun-Yuan (2013)) (Echevarria, Idilbi, Schafer, Scimemi (2012))



Questions

* High Q fits extrapolated to low Q (= 1 GeV) gives extremely rapid
evolution.
— Is this realistic??

— Recently questioned.

* Importance of non-perturbative effects?

— Collins, Soper, Sterman (1985): non-perturbative evolution of k;-dependence becomes
negligible at Q = 102 GeV.
— Global fits find important non-perturbative evolution of k;-dependence.
(Recent: (Guzzi, Nadolksy, Wang (2013))

— Other approaches claim perturbative evolution down to Q = 1 GeV .
(Sun-Yuan (2013)) (Echevarria, Idilbi, Schafer, Scimemi (2012))

* Important for studies of Sivers SIDIS/DY sign flip.



Why Study Perturbative QCD?

 Test QCD as theory of Strong Interaction.

e Support for other HEP (high energy QCD, BSM, etc...)

— Resummation, Jets, showers etc...
— LHC/ Higgs studies

— Processes with new physics.

— Backgrounds, Jet Vetos...

<: Transverse Momentum Dependent (TMD) Factorization @
Main theme of talk.

* Hadronic/Nuclear Structure with quark/gluon degrees of

freedom.

— Hadron Structure

— Confinement

— Lattice QCD

— Chiral Symmetry Breaking
— Non-perturbative QCD



New fits: To do

* Incorporate data from all types of processes.
— SIDIS, DY, e*e’, different targets....

* Incorporate all types of observables.

— Unpolarized cross sections, spin asymmetries...



New fits: To do

* Incorporate data from all types of processes.
— SIDIS, DY, e*e’, different targets....

* Incorporate all types of observables.

— Unpolarized cross sections, spin asymmetries...

dogipis = Y Hysiois(Q) ® Fyym, (2, ki1, Q) ® Dpgyyp(2,kor, @) + Ysinis
f

dopy = Z%f,DY(Q) ® Fr/m, (21, kir, Q) @ F g, (w2, kar, Q) + YDrell-van
!

dOete— = ZHf,chc* (Q) ® Dy, (21, k11, Q) @ Dy, g (22, kar, Q) + Yere-
f



Constraining Non-Perturbative

TMD
Functions

TMD PDF:
quark in hadron

Ff/P<CC, kT)
( F7/ple kr))

Parts

TMD PDF:
antiquark in hadron

Ff/P(wa kT)

( Fyplakr))

TMD Fragmentation
Function

Dh/f(Z7 kr)

More TMDs




Constraining Non-Perturbative

Parts

TMD PDF: TMD PDF:
TMD quark in hadron | antiquark in hadron | TMD Fragmentation
_ Function
Functions Fyp(x, kr) Fy/p(z, kr) aneto
Fz s(z,k Fyp(x,kr) Dy, ¢(2, k) T
( f/P( T>) ( / ) / More TMDs
pp = (Z, W) + X Ip 5 ht X 17 s hi+ha+ X M:)r.e.
Processes |rp =" (Z, W)+ X Processes,
Drell-Yan SIDIS Different

Targets



Constraining Non-Perturbative

TMD
Functions

Processes—|rp

TMD PDF:
quark in hadron

Ff/P<CC, kT)
( F7/ple kr))

Parts

TMD PDF:
antiquark in hadron

Ff/P(xv kT)

Drell-Yan

Ip—h+X

SIDIS

TMD Fragmentation
Function

l+l_—>h1+h2—|—X

More TMDs

More
Processes,
Different
Targets



New fits: To do

* Incorporate data from all types of processes.
— SIDIS, DY, e*e’, different targets....

* Incorporate all types of observables.

— Unpolarized cross sections, spin asymmetries...

o Utilize/Test Strong Universality of Non-Perturbative
Evolution.
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Fragmentation

Functions Unpolarized

Cross Sections

Z/W production

Boer-
Mulders
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New fits: To do

Incorporate data from all types of processes.
— SIDIS, DY, e*e’, different targets....

Incorporate all types of observables.
— Unpolarized cross sections, spin asymmetries...

Utilize/Test Strong Universality of Non-Perturbative
Evolution.

Non-perturbative physics



e Chiral symmetry breaking:

(Schweitzer, Strikman, Weiss, (2013))

10 : —
valence u+d—-u—-d ~—
sea u+d
N x=0.1
— AN
S N
= \\
£ 01 AN
= ~
=
J
p ~
My
001 ™S
~
~
~
M =035 GeV ™
0.001 P —
0 5 10

(a) pT M7



e Chiral symmetry breaking:

e Lattice QCD

X A (M. Engelhardt et al., (2012))
(B. Musch et al., (2011))




e Chiral symmetry breaking:

e Lattice QCD

* Non-perturbative models

— Bag models
(A. Courtoy et al., (2008,2009))

— Light-cone wave function
(B. Pasquini, F. Yuan (2010))

— Others...



Example:
* Sea quark TMDs vs. valence quark TMDs:
- pA—= 1T+ + X

» P ® Fq/A\

> Valence Quarks

- pA=IT+IT+X

* Fyp (FG/a > Sea Quarks




Example:

* Sea quark TMDs vs. valence quark TMDs:

— ﬁ A —> l + —I— l_ —|— X (Schweitzer, Strikman, Weiss, (2013))

10

+ Fap ® Fq/A\ N e e

- pA=ITHIT+X 2 N
S \\\\ _
iy ®@ ey T

pr M)
(a) !



Example:

* Sea quark TMDs vs. valence quark TMDs:

LG 10%
> - *p*W  7.0<M<8.25 GeV/c’ - > Fermilab, Oliver et al.,
e % <x;>=0.25 AIP Conf.Proc. 45 (1978) 93-102
e | ', oPp+*W  4<M<9 GeV/c? 400 GeV proton
Z r % . 0.2<x.<0.3 \
10— <}> % o

- ] ¢ Anassontzis et al.,

- & P Phys.Rev. D38 (1988) 1377

B 125 GeV antiprotons

1] §
1—
- 3 Is there a difference?
I Data Normalized Need better control
10-1 | 1111 [ | I | | | 1 111 | | | | 1111 | 1111 | | | | | | Of evolution for moderate Q

0o 1 2 3 4 5 6 7 8 9
Plot from C. Aidala p2 (GeV/c)?



New fits: To do

Incorporate data from all types of processes.
— SIDIS, DY, e*e’, different targets....

Incorporate all types of observables.
— Unpolarized cross sections, spin asymmetries...

Utilize/Test Strong Universality of Non-Perturbative
Evolution.

Non-perturbative physics

Account for x, z, hadron species dependence. Take
TMD picture/interpretation seriously.



Test non-perturbative evolution
in unpolarized SIDIS

Il to
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v @
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Test non-perturbative evolution
in unpolarized SIDIS

Current work with C. Aidala and L. Gamberg

bt
b.(br) =
=

o = C1/|bu(br)]

JgK (bT) ln —
Qo
COMPASS, C. Adolph et al., arXiv:1305.7317
Q=1~2 GeV
Approx. fixed
do P2 X,z bins
At apg {‘ <P%>}




Test non-perturbative evolution

(GeV/c)™?

2
T

dn"/dN dzdp

(GeV/c)™?

2
T

dn"/dN dzdp

—_
]

107!

10

_
<

in unpolarized SIDIS

From COMPASS, C. Adolph et al., arXiv:1305.7317

3‘:..
2, ;'A'f‘:’hm‘
ot ey
L L .v-sX'_Y..y-.y.::
E (x,)=0.007 oo E (x,)=0.007 2o :
C ¢ +od TP
2\ 2 oo ” Vet P 2 p b atr Ve
C (0%)=148 GeVic * [ (0%)=148 GeVic 4
@ ¢ ) . Ak, @3 . ) | A TR T

—o-0.20<z<0.25
= (.25<z<0.30
-+ 0.30<z<0.35
-*-0.35<z<0.40

0.40<z<0.45

0.50<z<0.60
-#-0.60<z<0.70
- 0.70<z<0.80

h*

; (x,,)=0.093
L (07)=1.57 (GeV/c)

A (Q7)=7.57 (GeV/c)

p2 (GeVic)’

p2 (GeVic)’

dP?

B

7))

Approx. fixed
X,z bins




Test non-perturbative evolution
in unpolarized SIDIS

From COMPASS, C. Adolph et al., arXiv:1305.7317

0? (GeV/c)?

0? (GeV/c)?

' (GeV/c)?

S

+

0.20<z<0.25

S

IIIIII|
=
—

F h' 0.25<2<0.30

261

E h' 0.40<z<0.50
C ()

107

"317

Approx. fixed
X,z bins




Test non-perturbative evolution
in unpolarized SIDIS

Current work with C. Aidala and L. Gamberg

* Fastest evolution (b;-space):

Initial and Final Gaussian Fits

— (Q%) =1.1 GeV?

— (Q3) = 4.47 GeV?

= Proton Radius
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What is needed

New global fits to semi-inclusive deep inelastic scattering over wide range

of Q.
(Nadolsky, Stump, Yuan (2000,2001))

Dedicated effort to constraining non-perturbative evolution.

— Studies of different non-perturbative forms.
— Input from purely non-perturbative studies.

Fix X, z, hadron species as much as possible (or account for variations).

TMD Pert. QCD is reaching a stage where two traditionally separate QCD
styles are rapidly merging.

— New, very labor intensive projects need to be pushed through.
— Collaboration badly needed.
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Hadron Structure in Transverse Momentum
Dependent Resummation and Evolution

T. C. Rogers
C.N. Yang Institute for Theoretical Physics, SUNY Stony Brook

For more details:
https://www.jlab.org/hugs/program.html

Seminar: Southern Methodist University — October 7, 2013



Hadron Structure in Transverse Momentum
Dependent Resummation and Evolution

T. C. Rogers
C.N. Yang Institute for Theoretical Physics, SUNY Stony Brook

Thank You! /

Seminar: Southern Methodist University — October 7, 2013



