TMD Evolution Overview

T. C. Rogers

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

High Energy Collisions and Transverse Momentum

Transverse Momentum Dependent (TMD) Functions and
Intrinsic, non-perturbative Transverse Momentum

Phenomenology

INT Workshop - February 27, 2014



Motivation
 HEP (high energy QCD, BSM, etc...)

Theme of talk.
<~ Transverse Momentum Dependent (TMD) Factorization ——— >

* Hadronic structure studies that use pQ

. A
h

Quark and Gluon
Degrees of Freedom




Talk Strategy

e Parton Model Intuition

e Real QCD



Talk Strategy

 Collinear Factorization e TMD Factorization
— Collinear PDF, FFs — TMD PDF, FFs
— Scale Evolution — Scale Evolution

Analogies / Broken Analogies




Collinear parton model
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Collinear case

Look at: / dar %0
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Collinear Drell-Yan

 Factorization theorem

o~ | Hp/Q as(pn) ® fyp(xispn) @ fa/p(z2;p)
W_/
Small Coupling:
Perturbation Theory

2 3
Co + Cras (p) + Coas (1) + Czavs ()" + -+ Defined in terms of elementary fields

+
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Collinear (Standard) Case

e Perturbative QCD factorization theorem:

/Q,Oﬁs ® fq/P L1y W ® fq/P L2; [

e V4

Auxiliary parameter: Arbitrary

e DGLAP evolution

(Dokshitzer-Gribov-Lipatov-Altarelli-Parisi)

d
oo [ @0 1

 Factorization + Evolution: Universal PDFs
“Portable”




High Energy Collisions
& Transverse Momentum

(Less Inclusive)



Transverse Momentum:
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qT



(Large) Transverse Momentum:

A

Q%> Adep
» >
<<
qr ~ Q
<t C— >
do Agep < qr < Q

Type IT



(Small) Transverse Momentum:

Intrinsic NP Transverse Motion

A
</MCD >
\ ~
do.
dq?
" Type I

qr ~ @
qT




TMD Parton Model

d
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Parton Model Elementary \ ;

Collision
Number densities



Unified: Transverse Momentum:

Q%> Adep
& >
P
qr ~ Aqco qr ~ Q
< e >
do Agep < qr € Q
dq%

(CSS formalism (1981-1985))




Unified: Transverse Momentum:

Q%> Adep

=
qr ~ Aqco qr ~ Q
< e —

Agep < qr < Q

(CSS formalism (1981-1985))

>
qT

Non-perturbative q; dependence vanishes in literal limit of A — 00
(Parisi, Petronzio (1979) )

Type IT Dominance



TMD Parton Model
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All Transverse Momenta

Basic Structure

—S = W + Y + 1/Q corrections

(Collins, Soper, Sterman (CSS) formalism (1981-1985)... (many similar formalisms))



All Transverse Momenta

W term

d_a N/d2bT et AT o
dq? /
L a4 L~ ) ) ) Ex: Matching
X/ i Cf/j(xl/l'l,b*;Mbaubag(ﬂb))fj/za(ﬂflaﬂb)x Prescription:
Collinear i b.(br) = ——2
VI+07 /60
OPE
Ldis - ) , A iy = C1/[ba(br)|
as(~ 1/br) ></ 5 Crrj(T2/ %2, by 1y, 1o, (1)) 0 /(T2 i) X
T2

(Collins, Soper, Sterman (CSS) formalism (1981-1985)... (many similar formalisms))



All Transverse Momenta

do N W term
d—q? N/d bT € AT /
Ex: Matching

dl‘l

X (1/%1,0 *aﬂb Hb; g(ﬂb))fg/P(iL’l [1p) X Prescription:
. 1 bt
Cogggar b, (br) = iy
dilj‘g R py = C1/|by(br)]|
as(~ 1/br) (0@, ba; iy o, 9(106)) Fr (B, 1) X
T2
Perturbative @ d,U/Q Q2
urbe < exp / O [0t + Al

(Collins, Soper, Sterman (CSS) formalism (1981-1985)... (many similar formalisms))



All Transverse Momenta

o | W term
dq? /
L a4 L~ ) ) ) Ex: Matching
X/ i Cf/j(xl/xlab*§Mbaﬂbag(ﬂb))fj/P(xlaﬂb>X Prescription:
. 1 bt
Cogggar b.(br) = N
1 diy ~ ) , ) e = C1/[by(br)|
as(~ 1/br) ></ 5 Crrj(T2/ %2, by 1y, 1o, (1)) 0 /(T2 i) X
Perturbative @ dN/Q B / ) 1 2 .A( /
Logs ey | (90)) +In o5 AlgG)) | ¢

Non-perturbative ) x exp {—91 (1, br)—g2(x2,br)—2gK (br) In @ }
Large b, Qo

Hadron 1 Hadron 2 NP soft
Intrinsic Intrinsic Evolution

(Collins, Soper, Sterman (CSS) formalism (1981-1985)... (many similar formalisms))



Unified: All Transverse Momentum,
Intermediate to Large Q:

Q% > Adep
<= >
S >
qr ~ Aqco qr ~ Q
< >
do Agep < qr < Q
dq%
>
qT
Small Q (but <5(Q), Aocp/Q small) Large Q

—
(Collins, Soper, Sterman (CSS) formalism (1981-1985)... (many similar formalisms))



Motivation I
High Energy Physics
& Transverse Momentum



Small Transverse Momentum,

Motivation Ex:
* Constraining SM parameters.

— Example: W, Z masses and widths

“While significant effort has been put into the study of W(b)
at large b [36, 42, 43, 44], none ... adequately describe the
observed Z boson distribution without introducing free
parameters.”’

- P. Nadolsky, (2004) Theory of W and Z Production, pg. 9



Small Transverse Momentum,

Motivation Ex:
* Constraining SM parameters.

— Example: W, Z massec and widthe
P. Nadolsky, (2004) Theory of W and Z Production

175 +

“While significant effort has
at large b [36, 42, 43, 44], nc
observed Z boson distributior ™|
parameters.”’

>
&’3 100 |
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©

- P. Nadolsky, (2004) The!’ )
25 | pp>Z X (ECM/1/.8 TeV
y=0

Type IT - like



All Transverse Momenta

do | W term
dq;

dl‘l
X (@121, bss 1, 11, 9(11)) [P (E1, ) X
Collinear !
OPE
diCQ A
as(~ 1/br) X (o) B2, bas iy i 9(16)) F 0B (B2 i) X
Ansatz:
. Q 12 Q 1 Q
Perturbative dp iy —a5 (br ln< > — b 1n <_>
Logs Xexp{/u e [B(g(,u))% 9x (br) ) 92507 )
b
Non-perturbative | x exp { —g1(x1,br)—go (w2, b7) 29K (br) In —
Large b, Qo
Hadron 1 Hadron 2
Intrinsic Intrinsic Evolution

(Collins, Soper, Sterman (CSS) formalism (1981-1985)... (many similar formalisms))



Small Transverse Momentum,

Motivation Ex:
* Constraining SM parameters.

— Example: W, Z masses and widths

“While significant effort has been put into the study of W(b)
at large b [36, 42, 43, 44], none ... adequately describe the
observed Z boson distribution without introducing free
parameters.”’

- P. Nadolsky, (2004) Theory of W and Z Production, pg. 9

“The observed boson q spectrum in this measurement is
mostly sensitive to g, and has very limited sensitivity to the
other non-perturbative parameters...”

(See Talk of M. Guzzi) °\lopesde S, (2013),

____iurement of the W boson Mass with
the DO Detector, pg. 57, Ph.D. Thesis, Stony Brook University



Motivation IT
Hadron Structure and Transverse
Momentum



TMD vs. Collinear




TMD Taxonomy

Mulders & Tangerman, NPB 461 (1996) 197

Distribution Functions Fragmentation Functions
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(P. Mulders, R. Tangerman (1996))
(Gaussian Parametrizations)



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

!

Real QCD?



TMD Parton Model

do

H(Q) @ Fyp(r1,kir) ® Fy/p(r2,9r — ki)

d?qq S\ N\ /
Elementary )

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

!

Parton model-like picture in QCD?



TMD PDF Definitions

e Exact, gauge invariant operator definitions needed to

address questions of hadronic structure.
(See Collins, POS (2003) for list of complications)



TMD PDF Definitions

e Exact, gauge invariant operator definitions needed to

address questions of hadronic structure.
(See Collins, POS (2003) for list of complications)

* Universality / Modified Universality.

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



TMD Parton Model

do

H(Q) @ Fyp(r1,kir) ® Fy/p(r2,9r — ki)

d?qq S\ N\ /
Elementary )

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

!

Parton model-like picture in QCD?



Talk Strategy

 Collinear Factorization e TMD Factorization
— Collinear PDF, FFs — TMD PDF, FFs
— Scale Evolution — Scale Evolution

Analogies / Broken Analogies




TMD-Factorization

Unified Formalism

d2qt / H(p/Q,as(p) @ Fyyp(zr, kir, p, 1) ® F—/P(:Ug,qT ki7, i, (2)

2 Auxiliary parameters: Arbitrary

Cl CQ ~ Q4

(J.C. Collins Extension of CSS formalism: (Book, 2011), Chapts. 10,13,14 )

Pert. QCD Small Coupling:
Perturbation Theory

Co+ Cras (u) + Coa (ILL>2 + Cs0g (M)3 4.

(See also SCET language: Echevarria, Idilbi, Scimemi (2011-2014))



Talk Strategy

 Collinear Factorization e TMD Factorization
— Collinear PDF, FFs — TMD PDF, FFs
— Scale Evolution — Scale Evolution

Analogies / Broken Analogies




TMD-Evolution

 Recall Collinear / DGLAP:

d

Jlnp (@) = 2/ij'(ﬂ?') ® fip(a/a’s p)



TMD-Evolution

 Recall Collinear / DGLAP:

d
FTRLC D 2/ij'(ﬂ?') ® fip(a/a’s p)
Large b;:
. TMD Case: Non-perturbative
Oln F(x,br; p, C)
Oln+/C
di{(b ) Small b;:
Tif) perturbative
TV Vi (9(w))
dlnﬁ(xabT;u7 C) _ . 2
T = yr(9(p); ¢/ 1)

(Collins Extension: (2011), Chapts. 10,13,14 ) 38



Solution: One TMD PDF

. : p~ VG~ Ve~ Q
One physical scale for evolution iy~ OF Ex: Matching Prescription:
b

- . 2\ _ b.(br) =
Fyyp(z,br;Q, Q%) Collinear PDFs V14 b7 /b

p \ iy = C /[ (br)
Z/ _a;éf/y (/2 bas iy, o, 9(11)) £ PUES i) X

X exp {m 9 Ztbs ) + / dﬂ [mg(m 1)~ In %mg(u'))] } <

225

X exp {—gf/p(m, br)—gk (br)In Q}

~N O\

Nonperturbative large b,



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



Solution: One TMD PDF

. : p~ VG~ Ve~ Q
One physical scale for evolution iy~ OF Ex: Matching Prescription:
b

- . 2\ _ b.(br) =
Fyyp(z,br;Q, Q%) Collinear PDFs V14 b7 /b

p \ iy = C /[ (br)
Z/ _a;éf/y (/2 bas iy, o, 9(11)) £ PUES i) X

X exp {m 9 Ztbs ) + / dﬂ [mg(m 1)~ In %mg(u'))] } <

225

X exp {—gf/p(m, br)—gk (br)In Q}

~N O\

Nonperturbative large b,



Polarized TMD PDFs:

One physical scale for evolution p~ VG~ Ve~ Q

C1iCo ~ Q* Ex: Matching Prescription:

bt
o/ . 2 _ (bT) =
1T, f/ P<x ,br;Q, Q) ) = Qiu-Sterman Collinear Function \/ 14 b7./b2 .

\ Hb = Cl/‘b (bT)|
Z M bT dml iy ~ Slvers

x17$27 *hub Hb, g :ub TF j/P x17x27:ub

By dg f/J

Same as for
unpolarized!

Nonperturbative large b, behavior
(Aybat, Collins, Qiu, TCR (2012))



TMD Factorization

* Incorporate all processes.
— SIDIS, DY, e*e’, different targets....
— Unpolarized cross sections, spin asymmetries...

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

dopy = Hypy(Q)® Frym, (w1, k11, Q) ® Fiypr, (w2, kor, Q) + Ybre—van
f

dOete— = ZHf,e+e— (Q) ® Dy, (21, k11, Q) @ Dy, yp(22, kor, Q) + Yere-
f



Phenomenology



Constraining Non-Perturbative
Parts

* Incorporate all processes.
— SIDIS, DY, e*e’, different targets....
— Unpolarized cross sections, spin asymmetries...

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

dopy = Hypy(Q)® Frym, (w1, k11, Q) ® Fiypr, (w2, kor, Q) + Ybre—van
f

dOete— = ZHf,e+e— (Q) ® Dy, (21, k11, Q) @ Dy, yp(22, kor, Q) + Yere-
f



Solution: One TMD PDF

. : p~ VG~ Ve~ Q
One physical scale for evolution s i o Ex: Matching Prescription:
b

- . 2\ _ b.(br) =
Fy/p (z,b; Q, Q) Collinear PDFs V14 b7 /b

p \I iy = C /[ (br)
Z/ _a;éf/y (/2 bas iy, o, 9(11)) £ PUES i) X

X exp {m 9 Ztbs ) + / dﬂ [w(g(u’) 1)~ In %K@(u'))] } <

225

X exp K(b )ln%}

Depends on
Hadron

Nonperturbative large b,



TMD Factorization

* Incorporate all processes.
— SIDIS, DY, e*e’, different targets....
— Unpolarized cross sections, spin asymmetries...

dosiprs = ZHf,SIDIS(Q) ® g p, (z, k17, Q) ® D, /5(2, kor, Q)

/
dopy = ZHf,DY(Q> ® Fyym, (21, kir, Q) @ Ff )y, (x2, kar, Q)
/
dOcte— = ZHf,e+e— (Q) ® Dy, /7(21, k11, Q) @ D,y p (22, kar, Q)
/

Type I - like

Approximation



Extractions of TMD PDFs

* Fixed Scale Fits. Type I - like

(Ex: Schweitzer, Teckentrup, Metz (2010))

2 2
R(®,)) (a) <Ph n (x)) (GeV?) (b)
o 4
1 f Gauss model -
. 1.2}
‘. Q*=237GeV? 1!
0.1} I 08}
> 0.6}
0.2 05 0.4
0.01¢ <z <l ] 020 wmno e ]
. 7 03 04 05 x
(P,,,(2)) in GeV (a) (P}, (@)inGeV (b)
1 — mean values (P, (z)) A-_ 08 - r: : data from HERMES — r GOOd ev,dence fo r'
N data %1/2<P2L(Z)>m - | _ A i .
i ] esp © ) Gaussian shape at small Q, P
06 . 1 04t N
04l a0 1l _*-‘ - <£I?> = 0.09 Q2 — 2.4 GeV?
e B S HERMES {p%) = (0.38 = 0.06) GeV?
0 L 1 L 1 L 1 L 1 L L 1 L 1 L 1 L 1

0 02 04 06 08 = 0 02 04 06 08 z <K%>=(O,16i(),0]) GeV?



Extractions of TMD PDFs

Fixed Scale Fits. Type I - like

(Signori, Bacchetta, Radici, Schnell (2013))

m(x,z, P?;, @), proton target

. n 7 ]
Gaussian 1o'l° 0-015 ° o 0.10<z<0.20 ]
~0. A n 0.27<z<0.30 1
Shape 3\ (@*~2.9 GeV? 1, o 0.38<z<0.48 ]
nO < 0.60<z<0.80 4
180 0~ o
See also I S | :
Bacchet—ta 14; ; ..0 “. 0';. ..i | t I
— I g%  ab. ]
talk 3312 s uraR |
Al i N ‘|h I .. :o ® Y * ]
VX 40 -f:a—.Eif ——————————— :
[ ....2~ !.;. ] .n.
0.8" R ] ' :
[ ] o ]
0.6 | ] i
0.4} } ] \
0204 0608 1012 1416 ) ——07——0%
(K2 4,) Phr

Flavor / Sea (K, -



Extractions of TMD PDFs

Fixed Scale Fits.

(Torino Group 1999...

Q% (GeV?)
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Type I - like
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(Anselmino, Boglione, Gonzalez, Melis, Prokudin (2013))
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Recall: One TMD PDF

One physical scale for evolution VG~ Ve~ Q Ex: Matching Prescription:

(16 ~ Q* )
— . 2\ b*(bT) = T
Fr/p(x,br;Q,Q°) = Collinear PDFs V140202,
pp = C1/[by(br)
dx ~
()&, b i o, 9 (1)) 7P (& 11) X
Related to:
0 Recall Ansatz
x exp 4 In < K (b, 1) + 0
b J (bT)ln(Q ) 923 L2 11’1(
0

X exp {gf/p(x,b;p) Yya

Nonperturbative Soft Evolution




Strong Soft Universality

I'lF to
back-to-back
hadrons

L

Z/W production

bT )(“111 —

Fragmentation
Functions

Unpolarized
Cross Sections

@

Boer-
Mulders




Extractions of TMD PDFs

* Ex: ResBos: CSS formalism http://heppa.msu.eduresum/
g (br) In < QQ ) _ _92% b2 In < QQ ) (Landry, Brock, Nadolsky, Yuan, (2003))
0 0 g2 = .68 GeV?  bpax =.b GeV ™!

Gaussian ansatz

( pb )

do

D0 Z Data
Experiment Reference Reaction \/E (GeV) ON,,, = v F F ¥ [ ¢ 9 &% [ & F o4
Data
R209 [14]  p+p—ptu +X 62 10% T Normaised DWS-G Fit ]
E605 [15] p+Cu—putu +X 38.8 152 | \. | Normalized BLNY Fit
E288 [16] p+Cu—u u +X 274 25% Tevatron -
CDF-Z [17] p+p—Z+X 1800 -
(Run-0) ]
DO-z [18] pHp—Z+X 1800 4.3%
(Run-1) .
CDF-Z [19] p+p—Z+X 1800 3.9%
(Run-1) ]
r Type IT - like
L L L L 1 L L L L | L L L L 1 1 1 L L
5

0 10 15 20

P_ (GeV) P (GeV)



TMD Factorization

* Incorporate all processes.
— SIDIS, DY, e*e’, different targets....
— Unpolarized cross sections, spin asymmetries...

dosipis = ZHf,SIDIS<Q) ® Fppar, (v, k17, Q) @ D (2, ko1, Q) + Ysipis

f
dopy = Z%f,DY(Q) Q) P21, k175 Q) @ Fopry (T2, Ko, Q) + YDrell-Yan
!
dOete— = ZHf,e+e— (Q) ® D (21, k17, Q) @ Diggep(22, ko1, Q) + Yoo
!

Type II - like

(Approximations)



New Stage in Fitting



Strategy: "Apples-to-apples”

* Incorporate all processes.
— SIDIS, DY, e*e’, different targets....
— Unpolarized cross sections, spin asymmetries...

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

dopy = Hypy(Q)® Frym, (w1, k11, Q) ® Fiypr, (w2, kor, Q) + Ybre—van
f

dOete— = ZHf,e+e— (Q) ® Dy, (21, k11, Q) @ Dy, yp(22, kor, Q) + Yere-
f



Strategy: "Apples-to-apples”

* Evolution: Fix x,z, process/hadron species. (As much
as possible)

— Vary Q to determine g,(b;b

max)



Strategy: "Apples-to-apples”

* Evolution: Fix x,z, process/hadron species. (As much
as possible)

— Vary Q to determine g,(b;b

max)

 Determine x, z dependence



Strategy: "Apples-to-apples”

Evolution: Fix x,z, process/hadron species. (As much
as possible)

— Vary Q to determine g,(b;b,..,)

Determine x, z dependence

Dependence on hadron species, TMD PDF vs. TMD
fragmentation function, flavor



Strategy: "Apples-to-apples”

Evolution: Fix x,z, process/hadron species. (As much
as possible)

— Vary Q to determine g,(b;b

max)

Determine x, z dependence

Dependence on hadron species, TMD PDF vs. TMD
fragmentation function, flavor

Hadron structure



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)?



Solution: One TMD PDF

. : p~ VG~ Ve~ Q
One physical scale for evolution iy~ OF Ex: Matching Prescription:
b

- . 2\ _ b.(br) =
Fyyp(z,br;Q, Q%) Collinear PDFs V14 b7 /b

p \ iy = C /[ (br)
Z/ _a;éf/y (/2 bas iy, o, 9(11)) £ PUES i) X

X exp {m 9 Ztbs ) + / dﬂ [mg(m 1)~ In %mg(u'))] } <

225

X exp {—gf/p(m, br)—gk (br)In Q}

~N O\

Nonperturbative large b,



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" :
E = Tmax - — Q=\24GeV | |
= S ga ~ 0.68 GeV? |—= == Q=50GeV | 3
A i ~ - — = Q=9119GeV| A
2 AR Gl i
g 0le T - —
Z - hY . =
| \ ~. o -
o . \ - - i

JLab kT (GGV)' Tevatron

Energies Energies

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



Evolved TMD PDFs: constructed
from old fits

CSS/Colli lism.
Up Quark TMD PDF, x = .09 (CSS/Collins formalism.)

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

C | | | | T | ]

~ i o ]
' b, =.5GeV .

5| 1 fam ™ — Q=\24GeV | _
= S g2 ~ 0.68 GeV? |= == Q=50GeV | 3
=3 I RN e Q=9119GeV| ]
% B -

'Llé {]]. E_ I | T | T | | E

\—% E D GeV”' (Konychev, Nadolsky (2005)) |

o B : go ~ 0.18 GeV? (Schweitzer et al, (2010)) _E

00l E

0 0.1 _ i}

JLa Tr—e L i

001 = L | L | RN | I | ! | | —

Enerc o 1 5 ; ; L !

|

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




Evolved TMD PDFs: constructed
from old fits

Up Quark Sivers Function

(CSS/Collins formalism.)

(Aybat, Collins, Qiu, TCR (2012)) x=0.1
| T | T T | T ?
Bochum Fits Q=Vv2.4 GeV
— — — Q=5GeV 3
=< i — . — Q=91.19GeV -
—_ N
— .\\.\ i §
S (Collins et al, (2006)) jlo
(Anselmino et al., (2009))
I ' I ' [ ' [ . 55
Torino Fits
g
~ ~ ]
— — l\\ . ?
I ! I ! I ! I ! 3
2 4 6 8 10
k; (GeV)

Sign flip for Drell-Yan!



Unpolarized Fitting

(With C. Aidala...)

mathematica
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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
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- 3 Is there a difference?
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Strong Soft Universality
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Non-Perturbative Evolution

* High Q fits extrapolated to low Q (= 1 GeV) gives extremely rapid
evolution.

— Too Rapid!
(Sun,Yuan (2013)) CL(Q)OOS
04
0.3;
0.2;

0.1F

00F

0.1~




do/dp; (pb/GeV)

N
wn
(=
(=]

1500

1000

500

Fits in TMD formalism

(Echevarria, Idilbi, Kang, Vitev (2014))
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Extractions of TMD PDFs

Ex: ResBos: CSS formalism http://hep.pa.msu.edu/resum/
g (b In ( Q ) _ —gglb% I < Q ) (Landry, Brock, Nadolsky, Yuan, (2003))
2

o o go = 68 GeVZ  boax = .5 GeV™l
Gaussian ansatz

R209 Data DO Z Data
140 e T . MO v v v 5[+ 7 &% [ FF T
\ Data [ Data
I Normalized LY-G Fit | 600 Normalized LY-G Fit ]
120 — — Normalized DWS-G Fit . . — — Normalized DWS-G Fit
N - Normalized BLNY Fit 1 .l  F i N e Normalized BLNY Fit
N o '
400 ! =
80 . .a% |
N—
~ 60 ] % -.%1‘, 300 =1
40 ] 200 TI -
20 | 100 N T II /-k |
0 0 L L ' ' 1 L 1 L i ) L L L L 1 1 1 L L
0 2 0 5 10 15 20

P_ (GeV)
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Non-Perturbative Evolution

* High Q fits extrapolated to low Q (= 1 GeV) gives extremely rapid
evolution.

— Too Rapid!
(Sun,Yuan (2013))

* Importance of non-perturbative (Type IT) TM dependence?

— Contribution should vanish at Q = Infinity (Parisi, Petronzio (1979))
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Non-Perturbative Evolution

High Q fits extrapolated to low Q (= 1 GeV) gives extremely rapid
evolution.

— Too Rapid!
(Sun,Yuan (2013))

Importance of non-perturbative (Type IT) TM dependence?

— Contribution should vanish at Q = Infinity (Parisi, Petronzio (1979))

— Collins, Soper, Sterman (1985): non-perturbative k;-dependence becomes
negligible at approximately Q =~ 108 GeV.

— Global fits find small but important important non-perturbative
evolution of k;-dependence at Q = 90 GeV.
(Recent: (Guzzi, Nadolksy, Wang (2013))

— Only perturbative evolution down to Q = 1 GeV ??
(Sun,Yuan (2013)) (Echevarria, Idilbi, Schafer, Scimemi (2012))



Non-Perturbative Evolution

. gK(bT§ bmax)
* Lattice

e Renormalons / Power corrections

— Korchemsky, Sterman (1995), Tafat (2001) g2 ~ 0.16 GeV?

— Laenen, Sterman, Vogelsang (2000,2001)

e x (07 bmax) X b?p limbyr — 0



TMD-Evolution

 Recall Collinear / DGLAP:

d
FTRLC D 2/ij'(ﬂ?') ® firyp(e/ap)
Large b;:
. TMD Case: Non-perturbative
Oln F(x,br; p, C)
Oln+/C
di{(b ) Small b;:
Tif) perturbative
TV Vi (9(w))
dlnﬁ(x7bT;u7 C) _ . 2
T = yr(9(p); ¢/ 1)

(Collins Extension: (2011), Chapts. 10,13,14) 8o



Test non-perturbative evolution
in unpolarized SIDIS

Recent: arXiv:1401.2654 C. Aidala, B. Field, and L. Gamberg, TCR

COMPASS, C. Adolph et al., arXiv:1305.7317 ~ APples-to-Apples”

Q=1~2 GeV
W term Approx. fixed
Fit do e p{ P:,% } X2 bins
i —55 X €Xpq§ —
dPy (P7)

Assume
Type I Universal,
behavior Perturbative
dominates and Non-Perturbative

Maintain 2

d b

Gaussian —02 x F.T. exp {——T <<P%>O + 4Cevor In (—Q2 )) }
Form dP T



0? (GeV/c)?

0? (GeV/c)?

' (GeV/c)?

Test non-perturbative evolution
in unpolarized SIDIS

\l/ \l/ From COMPASS, C. Adolph et al., arXiv:1305.7317

E = =
C h 0.20<z<0.25
N
L <p2> |/\ —o-(.20<z<0.25
T Q 10 0 = 0.25<7<0.30
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| B . . S
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F o P reTebetodl | bo, 674
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o @ . . oM ‘*<> , ! A TR O
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Q
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L 2 O
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‘ SR
Q
3
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S RN
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-1
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L | ! ' vy

Type I - like p? (GeV/c) P (GeV/c)?




0? (GeV/c)?

0? (GeV/c)?

' (GeV/c)?

Test non-perturbative evolution
in unpolarized SIDIS

‘l’ ‘l’ From COMPASS, C. Adolph et al., arXiv:1305.7317

C h' 0.20<z<0.25 Eh* 0.25<2<0.30
L 2 -
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| o 0.3
o
S
Q
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— A
E o, ND-I—
F h 0.3( v
- 2 0.26
C T)
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0.22/
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k\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
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L ul 0.25<2<0.30
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In (Q,/Q)
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Test non-perturbative evolution

in unpolarized SIDIS

Recent: arXiv:1401.2654 C. Aidala, B. Field, and L. Gamberg, TCR

* Largest “apples-to-apples” evolution (in b-space):

= Chiral Sym.

2 4 6 8 10 12

0.4 0.8 12 1.6 20 bp(tm)
0.25 T : I T I l I T I T I T
| |  Initial and Final Gaussian Fits
I
| |
02 ! | <C,..>=00234 GeV’ -
! : C™™ =0.0306 GeV’
! | Cowy =00183 GeV’ <P’>,=02325 GeV’
0.15= <Pl> =0.1669 GeV® |
|
| —— <Q,>=1.10 GeV’
0.1 ! : —— <Q,>=447 GeV'|
! |
|
| |
I | 02<2<025
005+ 1 |
| I x,=0.0295 - 0.0323
1
|
|
| |
0 Ll | 1 | | ) —
0
ﬂ ﬂ b, (Gev™")
= Chiral Scale =~ Confinement Scale
AN ”N
0.2 < 2<0.25
Breaking Scale = Proton Charge Radius zp; = 0.0295 — 0.0323



Recall: One TMD PDF

~ ‘ching Prescription:
—gpprF,f(x,br) = —gf/p(2,br) +1In (Ff/P(ﬂfa by; ub,ui)) J o P
) T

V1407/02,,,
iy = C1/|by(br)

One ¢

Ff/P(xabT; Q?Qz) —

Nonperturbative large b, behavior



Recall: One TMD PDF

One physical scale for evolution VG~ Ve~ Q Ex: Matching Prescription:

C1Co ~ Q4 )
b,(bt) = L
)= e
N = (C4/|b.(b
Fy/p(e,b13Q, Q%) = = /b br)

. QA
eXp{ln %K(b*;ub) +/Mb % [w(g(u’);l) —1In %w(g(u’))] } X

X exp {—gppp,f(w, br)—gx (br)In QQ}
T 0

Not vanishing at small b,



TMD Factorization: W-term

d : - .
o7 o H(as(Q) / d?bre™ T Fy, (2,br;Q, Q%) D, (2,073 Q, Q%) + /Y;és
T



TMD Factorization: W-term

d : - .
o7 o H(as(Q) / d?bre™ T Fy, (2,br;Q, Q%) D, (2,073 Q, Q%) + /Y;és
T

do

5 X F.T. €XP § —9gPDF (%, bT; bmax) - gFF(za bT; bmax) - 29K<bT7 bmax) In Q +
APy A Qo

+ 21In <Q> K(b:

M 0+ | LA (e ):1) + e () (1) 1) = 2In <§> W(%(M’))] }

Mbu

1
gk (br) In (%) = _92§b%’ In (%)

—JPDF (QS’, bT; bmax) - gFF(Z7 bT7 bmax) Ansatz-’

_ ey, (%) o) - / Q B Prepetan: 1) 4w 1) = 20 () et



Test non-perturbative evolution
in unpolarized SIDIS

Recent: arXiv:1401.2654 C. Aidala, B. Field, and L. Gamberg, TCR

. Q 1 Q
* Gaussian 9k (br) ancor)n ) = ~mzhin ()
' | |
./ \ <Q,’> = 1.1 GeV> COMPASS
| <Q,’>=4.47 GeV’ Gaussian Fit

0.5

0.25

<P%>Q1:1.049 gev = 0.1669

— — — <Q,>>=447 GeV’ KaplanFit
2 2
s — s+ <Q,>=447 GeV® g,=0.1

— - —  <Q,>=447 GeV g,=0.7




Test non-perturbative evolution
in unpolarized SIDIS

Recent: arXiv:1401.2654 C. Aidala, B. Field, and L. Gamberg, TCR

e Gaussian gk (br) 9xc(br) In (%) = oyt in (%)

’>=1.1 GeV’ COMPASS
>=447 GeV2 Gaussian Fit
0.5 > =447 GeV’ Kaplan Fit |4

>=447 GeV’ g,=0.1

!
!
!
8. b L BB

>=447 GeV’ g,=0.7

<P72’>Q1:1.049 cev = 0.1669

0.25

b =20GeV'
max

~ o~
~—
—m




Test non-perturbative evolution
in unpolarized SIDIS

Recent: arXiv:1401.2654 C. Aidala, B. Field, and L. Gamberg, TCR

gk (br)In (%) = —ggéb% In (%) ‘

e Gaussian gk (br)
(Konychev, Nadolsky (2006))

p+p—2°+X;Vs=1.96 TeV; Q=Mz; y=0 p+Cu— utu +X;Vs=38.8 GeV; Q=11 GeV; y=0
0.6 40
bmax=1.5 GeV~", Ca=by
05 — —bmax=1.5 GeV "', Ca=2p _
= — - — brax=0.5 GeV ", Ca=by 330
304 o
o) =
S <
203 < 20
: g
3 =
= 0.2 I’
a 'T: 10 bmax=1.5 GeV’1, C3=b0, Nsit=1.19
o1 z —— — bmax=1.5 GeV™', C3=2bg, Njy=1.05
’ — - — Dbmax=0.5 GeV~', C3=byg, Njt=1.09
Sy, N7 Qiu-Zhang , bmax=0.3 GeV™", Nyi=1
0 iy
02 04 06 08 1 12 14 025 05 075 1 125 15 1.75
b [GeV'] b [GeV™']
(a) (b)
ol 1 e = T
0 A 2 4 . 6 8 10 12



To Do:

New global fits to semi-inclusive deep inelastic scattering over wide
range of large and small Q.

(Meng, Soper, Yuan (1995): CSS Factorization for SIDIS)
(Nadolsky, Stump, Yuan (2000,2001): ResBos SIDIS)

Recast in terms of Collins 2011 TMD factorization.

(with P. Nadolsky, in progress....)

Constrain non-perturbative evolution.

— Different non-perturbative forms.
— Purely non-perturbative considerations.

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



To Do:

* Try non-power-law form.

— Requirements:

* Quadratic (or power law) at small b;

b2, b4,
gK(bTQbmax):afl | Tax | — |+
bNP bNP

— Constant at very large b;
(Schweitzer, Strikman, Weiss, (2013))

(with J. Collins, in progress....)

e ai/b¥p ~0.1GeV?

° pr 2 1.0 G6V2



Example:

* Try non-power-law forms.

bmax b2
— Ex: gK(bT;bmaX) — 92( 9 ) NP In (

° 92 Z 01 GeVQ \

> Dependence on
b

max

° pr Z 1.0 GeV2 /



Example:

Recent: arXiv:1401.2654 C. Aidala, B. Field, and L. Gamberg, TCR

Try non-power-law form.

0 .25 1 1 1 1 | I | I

i ——— <Q,>=1.1GeV’ COMPASS -

— — — <Q,>=447GeV’ g,=0.1 b,=2.0GeV"

02 i i
— <Q,>=4.47 GeV" Gaussian Fit

— — - <Q,’>=447 GeV’Kaplan Fit

0.15

<P212”>Q1:1.049 cev = 0.1669

0.1

0.05

2 4
ﬂ ﬂ b (Gevh

=~ Chiral Scale =~ Confinement



Example:

 Work in progress: ResBos SIDIS including moderate Q

(with P. Nadolsky, in progress....)
Normalized W term

—_— Q=10GeV

Q =20quadraticb_Ting K

Q =2. logarithmic b_T in g_K

Preliminary

br(GeV™)




Conclusions

* Many types of physics unified in a single TMD formalism
(Types 1,11)
(No need for pessimism)



Conclusions

* Many types of physics unified in a single TMD formalism
(Types 1,11)
(No need for pessimism)

 Non perturbative components are important for both types.



Conclusions

* Many types of physics unified in a single TMD formalism
(Types 1,11)
(No need for pessimism)

 Non perturbative components are important for both types.

* Moderate Q ideal for extracting details of large b; non-
perturbative (but universal) physics.

— Caution:
e Qtoosmall Factorization begins to fail.
* Y-term



Conclusions

Many types of physics unified in a single TMD formalism
(Types 1,11)
(No need for pessimism)

Non perturbative components are important for both types.

Moderate Q ideal for extracting details of large b non-
perturbative (but universal) physics.

— Caution:
e Qtoosmall Factorization begins to fail.
* Y-term

Embrace “apples-to-apples” style for meaningfully extracting
hadron structure.



Conclusions

Many types of physics unified in a single TMD formalism
(Types 1,11)
(No need for pessimism)

Non perturbative components are important for both types.

Moderate Q ideal for extracting details of large b non-
perturbative (but universal) physics.

— Caution:
e Qtoosmall Factorization begins to fail.
* Y-term

Embrace “apples-to-apples” style for meaningfully extracting
hadron structure.

Embrace and exploit Strong Universality of g, (b-;b

max)'



TMD Evolution Overview

T. C. Rogers

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

Thank You!

INT Workshop - February 27, 2014




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

=)
o(—
3
A
A

New measurements, Measurements
New processes,

Wider rang y Collinear processes




Implementing TMD-Factorization
Improvements EEE——( [ Non-perturbative

In non-perturbative Theory of TMDs } \ r

theory
Used |
sedn [ Predictions }

with small-a, PT

Higher Orders,
New Factorization
Theorems

Fits
Few co
witHf collinear case

yd

——

Lattice QCD,
Eff. Theories,
Relation to GPDs

TMD-Factorization,

=3 TMD-Evolution,
Jab@12GeV —o% (Modified) Universality
EIC ‘&
LHC
Belle
Non-Universality,

New measurements, Measurements % Factorization Breaking,
New processes, Exotic Entanglement

Wider rang y TMD processes




Strategy: "Apples-to-apples”

TMD
Functions

TMD PDF:
quark in hadron

Fyp(x,kr)
( F7/ple kr))

TMD PDF:
antiquark in hadron

Ff/P(wa kT)

( Fyplakr))

TMD Fragmentation
Function

Dh/f(Z7 kT)

More TMDs




Strategy: "Apples-to-apples”

TMD PDF: TMD PDF:
TMD quark in hadron | antiquark in hadron | TMD Fragmentation
_ Function
Functions Eyyp(x, kr) Fyyp(x, kr)
F7p(z, k Fy p(@, kr) Dyys(2, k) Co
( f/P(x T>) ( ! ) /! More TMDs
pp = (Z, W) + X Ip— ht X 17 s hi+ha+ X M:)r.e.
« p
Processes |pp— 7" (Z, W)+ X Processes,
Drell-Yan SIDIS Different

Targets



Strategy: "Apples-to-apples”

TMD
Functions

Processes={rp — v (Z, W)+ X

TMD PDF:
quark in hadron

Fyp(x,kr)
( F7/ple kr))

TMD PDF:
antiquark in hadron

Ff/P(xv kT)

pp = (Z, W)+ X

Drell-Yan

Ip—h+X

SIDIS

TMD Fragmentation
Function

l+l_—>h1+h2—|—X

More TMDs

Jets??
Real Photons??

More
Processes,
Different
Targets



TMD PDF Definition

(16 ~ Q*
Fq/P('rla le?/'La Cl)

(1 = x2Mp262(yP—ys)

@\

“Unsubftracted”

(UV and rapidity

renormalization needed) (Collins (2011), chapt. 13)
Generalized Renormalization Factor

108



TMD PDF Definition

Independent of hadron properties

e Collinear PDFs:
fip(& 1) Z/—Zyzz% ) fo,isp(€/2) ij®f02/p

@) = [ G T (Pl 007, 00U (0™, 0)Fvi, 0.0,00 1)



Talk Strategy

 Collinear Factorization e TMD Factorization
— Collinear PDF, FFs — TMD PDF, FFs
— Scale Evolution — Scale Evolution

Analogies / Broken Analogies




TMD PDF Definition

Independent of hadron properties

e Collinear PDFs:
fip(& 1) Z/—Zyzz% ) fo,isp(€/2) Z]'L®f0@/p

_|_

Foin(©) = [ G € (Pl (0,07, 007 w0, 0) B 0.0,00) 1)

* TMD PDFs, CS Equation:

rrunsub. rrunsub.

FYp (x1,brs pys) = Fy/p™ (21, bri p, —00) X Zos(br; ys, +00, —00)

Or

F}J/H;Ub (21, b7 1y ys) = WLfggls_)OO <F}l;11§>Ub (71, br; 1) X ZCS(bT;ys))
e e’

Independent of hadron properties



