Theory Overview of TMDs
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* Transverse Momentum and Large x.
* General properties of large b; evolution.

* Collins-Soper evolution at large b;.
(Recent work with John Collins)
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Factorization

 Red: Hard Physics, Small Coupling.

e Blue: Includes non-perturbative physics (but
usually with universal properties) .




Example: Drell-Yan

(Scale Dependence: DGLAP)



Example: Drell-Yan
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Small Transverse Momentum
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Drell-Yan
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Angular momentum etc, See M. Burkardt, S. Brodsky talks
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Why Transverse Momentum Dependent
Functions at Large x?

e

/
§=(q+k)?
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Collinear Factorization TMD factorization®



Transverse Momentum Dependent
Factorization

Unified Formalism <) Parton Model

o~ [ H/Qas() ® Fyyp(e ke, ) ® Disgolz.pr +er .G

Pert. QCD Small Coupling:
Perturbation Theory

2 Auxiliary pdrameters: Arbitrary (Y— term )

Operator Definitions
pe G~V ~Q
C1Ga ~ Q*

(Collins-Soper-Sterman: 1981-1985)
(J.C. Collins: (Book, 2011), Chaps. 10,13,14 )



Parton Density Definition:
Wilson Lines

e Collinear

F.T. <P‘ w(oaw_aot) ?? w(()?o)ot) ‘P>



Wilson Lines

q @

WLc[a,b) = P {exp [—z’go /C dx”A‘{‘O)M(az)ta]}

WLcla, bl — e~ t9ot"w(a) W Lcla, bl etgot"w(b)
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Parton Density Definition:
Wilson Lines

« Paths of Wilson lines in coordinate space:

_ +

w

Standard (Integrated)
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Parton Density Definition:
Wilson Lines

e Collinear

F.T. <P‘ w((), w_, Ot)

* TMD

F.T. (P|y(0,w™, wy)

2?7 (0,0,0¢)|P)
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Parton Density Definition:
Wilson Lines

« Paths of Wilson lines in coordinate space:

Standard (Integrated) Unintegrated First Try
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Transverse Momentum Dependence
and Large x: Evolution

TMD kinematics/Approximation

/ dlt
0

uv Renormali@ But, (ho |; divergence here.

* No cancelation of light-cone divergence at |I* = 0.

e (CSS evolution needed.
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Why Transverse Momentum Dependent
Functions at Large x?




Parton Density Definition:
Wilson Lines

« Paths of Wilson lines in coordinate space:

Standard (Integrated) Unintegrated First Try

Tilt to requlate
rapidity divergences

Unintegrated “tilted” Wilson lines
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Parton Density Definition

e Unsubtracted

FEp® (br, o p;yp — yp) ~ F.T.
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Factorization

[ ~ (A,A,At) Q (S0 .'3 O
Soft Region , SE ’ + O (A/Q)

Reduced Diagrams .



Wilson Lines

QWLO . @

No Hadrons



Parton Density Definition

e Unsubtracted

FEp® (br, o p;yp — yp) ~ F.T.

e Soft Factor

~

S(br;ya;ys) ~ F.T.

21



Parton Density Definition

G = x2M§ez(yP@

~ v
Fyp(br,x;p;¢1) =

(UV and rapidity
renormalization needed) (Collins (2011), chapt. 13)

Generalized Lightcone
Renormalization Factor 22



Parton Density Definition and
Evolution

 Renormalization Analogy

Af = 23740 o= 2,7

« DGLAP evolution:

fj/p §; ,LL Z/_Z]z < gs fO z/p(g/z)

= Zji © fo,i/p

23



Collins-Soper / Light-cone
Renormalization

Independent of hadron

e Collinear PDFs:
fip(& 1) Z/—Zyzz% ) fo,isp(€/2) Zj’b®f0@/p

@) = [ G T (Pl 007, 00U (0™, 0)Fvi, 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)

F}Iﬁ?b (1, br; p,ys) = lim <F}lﬁ->Ub (21, br; ) X Zes(br; ys))

WL Raps—oo

Independent of hadraon



Collins-Soper / Light-cone
Renormalization

Independent of hadron

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

ot
0)7%,3'(070, 0:)|P)

dw™
fO,?l/p(g) — / (27’(’) e

* TMD PDFs, CS

rrunsub.

Ff/p (xlabT§ﬂays)

(bT; Ys, +OO7 _OO)

F}I;I;Ub (x17bT;:u7y8) g(bT,+Oopys) ZCS(bT7yS))
g(bTa —|_OO7 _OO) S,'(bT7 Ys, _OO)

t of hadron

(0| WLc |0)




Transverse Momentum Dependent
Evolution

 Collinear / DGLAP, Evolution with Scale:

d
i P ) = 2/ij'(ﬂ?') ® firyp(e/ap)
Large b;:
. TMD Case- Non-perturbative

~ _gK(bT; bmax)
Oln F(x,br; p, ()
Oln+/C

\Sma” bT"
perturbative

i OTil) (gl

n

dlnFEZasl, br; 1, C) = vr(g(p); ¢/ p?)
n

(Collins: (2011), Chapts. 10,13,14 ) 26



Transverse Momentum Dependent
Evolution

volution with Scale:

k / Pij () @ fjryp(x/a'; p)

_ Large by |
Non-perturbative

— 9K (b1; brnax)

Oln F(z,br; i, C)

Oln+/C
~ \smal/ b;:
dK (br; ) = —velg() perturbative
dln u
dln F(z,br: , C
G DT5108) — (gl ¢/12)
dln

(Collins: (2011), Chapts. 10,13,14 ) 27



One TMD PDF: Solution to Evolution
Equations

* \Version 1:

Ff/P<x7bT;Q7Q2) —

Fy/p (2, br; po, QF) exp{f((b:r Ho) QQ /ui[ (g(u’);l)—ln%w(g(u’))]}

e Operator product expansion:

E; p(z,bripu, &) Z / = Cj (/& bri G s s () fryp (€ 1) + O((brmg)®)

28



One TMD PDF: Solution to Evolution
Equations

Ex: Matching Prescription:
b

Fi/p(z,br;Q,Q%) = Collinear PDFs b.(br) = V1403 /0 s

dr ~ A
/ _Cf/j (@)%, bas s s 9(10)) £/ (&, i) X

X exp

—

. Q g,
In % & (ba: ) + / dui [mg(m; 1)~ In %K(gw'»] } .

223

XeXp{ gf/P L bTa max —JK bT7 max)ln%}

NN\

Nonperturbative parts large b, 29




Strong Universality

I'lF to
back-to-back
hadrons

v .
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Functions
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Cross Sections
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Strong Universality

I'lF to
back-to-back
hadrons

Z/W production

[ ]
L]
L]

/ M\ Collins
gK(bT; bmax) E i
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\ e
Mulders

Unpolarized
Cross Sections

Fragmentation
Functions
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Phenomenology

e ResBos: CSS formalism

exp [—gj/A(CI?A, br; bmax) — gj/B(xBa br; bmax)_

— 9K (bT; bmax) 1n(Q2/Q(2))]

— exp{— [gl —|— g2 ln % —|— gi14s ln(lOOCCACCB)] b%}
0

g1 = 0.2179:01 GeV?,
g2 = 0.687005 GeV?,

g3 = —0.61705.

(BLNY, byax = 0.5 GeV—1 =0.1 fm) (Konychev, Nadolsky (2006))
(Landry, Brock, Nadolsky, Yuan, (2003))

0.184 +0.018
> b3..

(KN7 bmax =1.5 GeV_l = ngm, Cl = 26_7E)

9K (bT; bmax) —



pb

GeV?

|

do
dp

Phenomenology

ReS BOS : CSS fo Fma I |S m http://hep.pa.msu.edu/resum/
gr (br) In <Q> - _ 92% b% In <Q> (Landry, Brock, Nadolsky, Yuan, (2003))

o o o= 68 GeV®  bpay = 5 GeV'!
Gaussian ansatz

R209 Data DO Z Data
140 e T . LN L
\ Data r Data
- Normalized LY-G Fit 1 600 - Normalized LY-G Fit o
120 — — Normalized DWS-G Fit . . — — Normalized DWS-G Fit
N - Normalized BLNY Fit 1 .l  F i N e Normalized BLNY Fit
100 [ ] 500 - Tevatron -
o
400 =
80 I~ - _a%
N—
60 [ | % -.%1‘, 300 I =
40 |- i 200 Tj{ b
20 L 1 100 - —
1
0 0 | 1
0 5 10 15 20



Transverse Momentum Dependent
Evolution

e Successful phenomenology:

— Brock, Landry, Nadolsky, Yuan, Nadolsky, Konychev (hep-ph/0212159, hep-ph/0506225)
— Qiu, Zhang (hep-ph/0012348)
— Anselmino, et al (arXiv:1304.7691) (Recall S. Melis Talk, Tuesday)

* Functions analogous to R(bT; W):
— Soft-Collinear Effective Theory (SCET)
* Echevarria, Idilbi, Schafer, Scimemi (arXiv:1111.4996 [hep-ph], arXiv:1208.1281 [hep- ph])
Called -2D
* Mantry, Petriello (arXiv:0911.4135 [hep-ph], arXiv:1011.0757 [hep-ph] )

* Becher, Neubert (arXiv:1007.4005 [hep-ph])
Called -F

— Other
» Boer (arXiv:0804.2408 [hep-ph], arXiv:1304.5387 [hep-ph])
* Sun, Yuan (arXiv:1304.5037 [hep-ph], arXiv:1308.5003 [hep-ph])

— Others.... ”



A Standard Function, A(b-)

(Recent work with John Collins)



Drell-Yan Cross Section

e TMD factorization cross section:

do
d4q dQ

2 do:7(Q), p, as
= Z (@it s () /kolT kot Fjja(wa, ki Ca,pt) Fyp(zn, ker; Q*/Ca, 1) 6P (ar — kit — kor)
J

d€2

+ Large transverse
momentum
(Y-term)

36



Drell-Yan Cross Section

e TMD factorization cross section:
do
d*q dQ

dé . | _ _
_ —Z O'jj Q M;Oé (M)) /d2bT e’LqT-bT Fj/A(«TAabT;CAa,u) Fj/B(mBabT;Q4/CA7M)

+ Large transverse

° W term. momentum
(Y-term)

da—]j(@a My Cs (M)) F
df? J

W(br: Q); = Q7 ya(@a,briCas 1) Fyyp (e, br; Q°/Ca, 1)

* Small g; cross section:

do CIT<<Q 2
diqgdQ —  sQ?

/ d%bp 9T PTIV (br: Q)

37



More on CS kernel

* Small g; cross section:

dO- QT<<Q 2 2 iqr bT
digdQ sQ2/db Wb @)

Oln W (b >
n (811“;1%2%4,583) = K(br; ) + by Independent Terms

\/_/

Collins-Soper Kernel

dl(jmf((brr;u) = vk (as(p))

Renormalization Group

K (br; ) ~ as(p) In (ubr) + - + O (s (1) In (ubr)™)

Use up = C1/br to Exploit Asymptotic Freedom &
Renormalization Group Improvement at Small b; 5




CS Kernel: Perturbative and Non-
Perturbative Behavior

* Separate large and small b-. b, (br) br
V147 /b

,ub:Cl/bT b+ :Cl/b*

K (br; po; as(pt0)) = K (be; pro; s (110)) + K (brs pro; s (o)) — K (be pro; as (10))

N— A
—

—JK (bT; bmax)

~ _ 244) d,LL/
Rt oz () = K (bui s ) + [ Loc(an()
v

b x

39



CS Kernel: Perturbative and Non-
Perturbative Behavior

* Separate large and small b-.

K(bﬂ Q; C“S(@)) — f((b*E My, 5 Os <,ub* )) + / F'YK(CVS (:u/>) - gK(bT§ bmaX>

_
—~—

b,..., dependence cancels

—
N

T K Orin) = =k (0()

s Q dependence is exactly
independent of b

40



A(by)

0 0 ~
O1ln b4 J1n Q2 W (br,Q, 24,7 5) :

* Sameas
Collins-Soper-Sterman A(b-)
(1985)
a ~ e Scale/Scheme independent

41



A(by)

e 1985 Collins-Soper-Sterman Drell-Yan Notation:

~ Cc;Q? d,u’2 02Q2
W; = (Q-independent factor) x exp —/ —5 [Acss(ozs(//); C1)1n < - ) + Bess(as(p'); Oy, Cg)]
Ci/b3 M H

* “A(b;)” function:

A(br; p) = Acss(as(Cr/br); Ch)

e (Calculations:

Ay = S ICr (as u))QCF {(6_7 - w_?) Cn— 2Ty + (ECA - 1TRnf> m( p2b3 )} + 0(as(0)?)

de—27E

(Kodaira, Trentadue (1982), Davies, Stirling (1984))
42



Strong Universality

I'lF to
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Strong Universality

I'lF to
back-to-back
hadrons

Z/W production

/) Collins
_v_

Mulders

| Q .
Q .
o .
D

Fragmentation
Functions

Unpolarized
Cross Sections



Strong Universality

I'lF to
back-to-back
hadrons

Z/W production

@

Boer-
Mulders

Fragmentation
Functions

Unpolarized
Cross Sections



1)

Properties of K(b,;)
K(b;u) goes to a (u-dependent) constant at large b;.

— The constant has perturbatively calculable Q dependence.
— The constant is negative (thus, the large b, tail decreases with

Q).

At small by, K(b;;1/b;) is perturbatively calculable to
fixed order.

At large b, g(b+;b,..,) goes to a constant such that
K(bT,u) goes to a negative constant.

At small b;, g (b;b,...) is a power series in (b;/b,, . )* with

perturbatively calculable coefficients.

Mmax



5)

Further Properties of
gK(bT;bmax)

asy

bT <<brnax dbmax

d

d
asy JK <bT; bmax>

bT < bmax dbmax

gK<bT; bmax)

parametrized

truncated PT

6)
d — . _ dk(bmax; Cl/bmax)
d 1n bmax gK(bT — OQ; bmax) - [ d ln bmax YK (as (Cl/bmax))

trunca ted PT

47




Sample 1-parameter
gK(bT;bmax)

JK (bT§ bmax)

ol (1 ~exp [_ Cros(pp, )bt D

TG0 (bmax) b?nax

Cl/bmax d /
F 7
gO(bmaX) — gO(bmaX,O)‘|‘ E— / —/ozs(,u’)

48



Sample 1-parameter
gK(bT;bmax)

* Actual g,

~

9 (b1 bmax) = —K (br; pw, 5 s, ) + K (b p, 5 as(1p,))

Cr b7 b1
- Tt +0

max max

Oés(ub*)2>

e Parametrization

Cr B2

95 (bT; bmax) = as(up,) + O (

2
T bmax

b%C%O‘S (U, )2 >

b;lnaXﬂQgO (bmaX)




K(b;H)

K(b7; Q=2 GeV)
0.5

=05+

-10 -

-15

-20"-

8

Our parametrization
b, =1.5Gev?

max

....... - b, =0.5GeVl

Only LO b. , no g,
---------- b_. =15GeV?

max

b

777777 max

=0.5 GeV!

Quadradtic g,
.......... KN g (b, = 1.5 GeV?)

max

_______ BLNY gy(b,,., = 0.5 GeV?)

max

50




K(b;H)

b W(b,Q,xa,xg) [Nb/GeV]

o
N

o
w

o
o

o
a

p+ F_) N ZO + X; \/§=1 .96 TeV; Q:MZ; YZO

————bmax=1.5GeV~', C3=bq
— —DBmax=1.5GeV™', C3=2by
— - — - bmax=0.5 GeV~', Cz=by

.\'

0.2 0.4 0.6 0.8 1 1.2 1.4
b [GeV™]

40

30 |

20 ¢

10l o/ —— bmax=1.5GeV™", Cz=bo, Ni=1.19
— — bmax=1.5 GeV~', C3=2by, N;x=1.05
— - — bmax=0.5 GeV~", Cs=by, Njz=1.09
----- Qiu-Zhang , bmax=0.3 GeV~', Njy=1

Niit ™" b W(b,Q,xa,xs) [fo/GeV]

p+Cu— ' +X; Vs=38.8 GeV; Q=11 GeV; y=0

0.25 05 0.75 1 125 15 1.75
b [GeV™']

2

High Energy

(Konychev, Nadolsky (2006))
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extended g, b; = 0.5 GeV?!

K(b7;Q)

05+ .
L extended g, b; = 1.5 GeV!
N no g, b; = 0.5 GeV!

04 v
NG no gy, b; = 1.5 GeV?

03
N emmmmmmmmmm by = 1.5 GeV-L, BLNY g,

02 i b;=0.5 GeV?, KN g,

0.1
- Q=3.0GeV
I | | | | | | | | | | | | | | | | | | b G V—l

0.00 005 0.10 0.15 0.20 025 030 oGV

(a)
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K(b;H)

K(by; Q =2,10, 100 GeV)

-15

=20

=10 GeV

=1.5 GeV?

max

=0.5 GeV!

max

Q=100 GeV

53




A(br)
10 -

0.8 -

0.6 -

04+

Our parametrization

b, = 1.0 GeV1
b, = 1.25 GeV-t
----------- b = 1.5 GeV-1

b, = 1.6 GeV1

0.70 GeV < Ci /bmax < 1.25 GeV

by (GeV~!
5 3 4 5 r (Ge )
==~ Chiral symmetry 2 Confinement

breaking
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In Progress

* New fits to HERMES and COMPASS SIDIS using
ResBos(SIDIS) generator.
In progress: With P. Nadolsky and B. Wang
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Summary

Large-x processes and sensitivity to TMD physics?

Suggestion for fits to TMD functions:

— Present evolution results as fits to K(b; p) and A(by).
* Exploit strong soft universality and b, ., independence.

— Very large b; non-perturbative evolution behavior is in
g«(by;b,..,)- Still strongly universal.

A(b;) as a diagnostic tool. Relationship to older CSS
nomenclature.

Related to VEV of Wilson loop. Non-perturbative methods?
(e.qg., lattice: Ji, et al (2014), Musch et al (2011-))

CSS formalism equivalent to TMD factorization. Components are clearer
when organized in term of TMDs.

Relationship to hadron structure.



Summary

Large-x processes and sensitivity to TMD physics?

Suggestion for fits to TMD functions:

— Present evolution results as fits to K(b; p) and A(by).
* Exploit strong soft universality and b, ., independence.

— Very large b; non-perturbative evolution behavior is in
g.(bp;b... ). Still strongly universal.

Thank You!!

\elationsnip to hadron structure.
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