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Successes of QCD factorization
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A different story for TMDs

4 Fit the same low energy data - Sivers function:

TMD evolution
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d Very different “predictions” for A at a higher energy:
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A different story for TMDs

4 Fit the same low energy data - Sivers function:

TMD evolution
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Outline

d Why we need PDFs, TMDs, ...?

O Collinear factorization vs. TMD factorization
d Evolution of PDFs vs. evolution of TMDs

d Non-perturbative input for TMD evolution

d Could there be a solution?

d Summary and outlook



QCD factorization is necessary

U Experiments measure hadrons & leptons, neither quarks nor gluons

U Probe of large momentum transfer — sensitive to quarks and gluons:

// Sensitive to partonic dynamics
4 (Diagrams with more active
" partons from each hadron!)
A\ S—
~

Connection between hadron and parton ‘

O QCD factorization - connecting quarks & gluons to hadrons: Ty
Hadronic matrix elements of parton fields: Ky

P, sl (0) v (y)|p, s), (p, s|FT(0)F2 (y)|p, 8)(— gy L
(b s [PO Y W)IP: ), (s sIET OV ()Ip. 5)(~gas) -
Isolate pQCD calculable short-distance partonic dynamics -

No PDFs, No prediction for Higgs cross section, data from the LHC

No TMDs, Never “see” the confined motion of quarks and gluons, ...



Collinear factorization — single hard scale

d One hadron:

Q > l/RN AQCD ~ l/fm

\ 1
O,DIS _ k + 0(_)
tot P OR
Hard-part Parton-distribution | | Power corrections
Probe Structure Approximation
O Two hadrons: l l
oPY — ( o 1
+ [
tot ® ( Q R )
— (| — /@;~ P| <— L
[ \’ Predictive power:
Universal Parton Distributions



Factorization must lead to evolution

[ Collinear factorization of DIS structure function:

F(xB,Q) EC ,52, S)@gﬁf(x MF)+() AQCD

o8
F
O Physical cross sectlons should not depend on factorization scale

d
a0 Fy(x,,0%)=0

®<pf(x MF) EC

u,

x, O
x,M[Z?,S

, d

QZ
| ®
Up—— J

XMF

5 (pf(x MF) 0

F

— Yl

A

U PDFs and coefficient functions share the same logarithms
PDFs: 10g(MF/MO) or log(MF/AQCD)
Coefficient functions: log(Q /MF) or log(Q /M )

=g  DGLAP evolution equation: | Perturbative
2)= E ( S)@ca,(x',u;)

Linear diff-integral
Equation:

(pf(x,uﬁ) is uniquely fixed, given Cﬂf(xaﬂg)




TMD factorization — both hard & soft scale

O Two hadrons - Drell-Yan: @ > @1 ~ Aqcp Collins, Soper, Sterman, 1985

dk dk dk
w‘if”f

7 (o]
f/A (S ) f/B(gb’kBT )Hﬁ? (Q )S(k\,f)
X 52(QT — kAT - kBT - /;S’T)

Q Factorized cross section in “impact parameter b-space”:
50, H ( ) b T e

2 [dEdEP,, (§,.b,m)P, ,(&.b.m)H (O*)U(h,n)

do ,,(0,b)
o’

4 Evolution of TMDs — two equations led to resummation of two log’s

from the wave function renormalization and the renormalization
of the soft factors



Definitions of TMDs

O Non-perturbative definition:

< In terms of matrix elements of parton correlators:

(2, prin) = / L AEr ive (p S O)U(0, 6 (E)|P, S)es o

(2m)3
<> Depends on the choice of the gauge link: pf w(E) | 9.0 P
€ dgH €T .
U(O)ﬁ):e—zgf ds" A, D P g B
e
. §

<> Decomposes into a list of TMDs:

U U] 2\ €T (U]
P! ](JHPT;"I) :{ (z,p ) f1T (JHP ) M + 915 (2, P1)7s
U Vs P L LU P\ P
+ g p7) 95 B+ g (e, pr) —p 7+ ik ](mﬁ)ﬁ}?

<- 8 TMDs for quark at the leading power (similar to gluon)



Physical interpretation of TMDs

L Quark TMDs:

quantum correlations between hadron and quark spin states

Quark Polarization

Longitudinally Polarized Transversely Polarized

| (L) (T)
T - =@ -
:j ’ - @ 1 Cigoer-h!uldg
'_:; L g9, ~ ®:el:ny : hﬂ*=®’ o @
: h1= - @
= f"L — @ - @ gﬁ"‘: é - é Transversity
] Sivers h""'= @ i @

(O Moctoonspin (o) s Total 8 TMD quark distributions



Evolution equations for TMDs

. J.C. Collins, in his book on QCD
O TMDs in the b-space:

S(0y(br; +00, ys)

_ . VA A
S(0y(b; +00, —00)S(0) (bT; ¥s, —00)

F'f/pT (z,br,S;1;(F) = ﬁ'}‘;‘;‘;b(x,bT,S; W, yp — (—oo))\l

O Collins-Soper equation: Renormalization of the soft-factor

0F;,pt(z,br, S; u; Cr) (r = M2x2e?(vp—ve)

— .f((bT.,U)ﬁ‘f/PT(IabT)Sv/'l‘*CF)

Olnv/Cr i Introduced to regulate the
Rbpsp) = L2 1 [ S0ri9s =) rapidity divergence of TMDs
20ys  \ S(br;+00,ys)

4 RG equations: Wave function Renormalization
dK (br; ) = —vx(g(p)) Evglution equations are only
dnp valid when b; << 1/ g¢p!

dﬁ T 'Tab ) SJH‘*C ) =~
Iz (dlnTu LA e (9(n); Cr/1®)Fy ) pt (2, br, S 3 Cr).

Need information at large b
for all scale u!

1 by =
Fy/pr(z,kr, S50, CF) = (2n)? /deTe kr-br Fy/pr(z,br,S; 1, CF)

U Momentum space TMDs:




Evolution equations for Sivers function

Aybat, Collins, Qiu, Rogers, 2011

O Sivers function:

€y k457

F-Lf(ma kT;,U, CF)
1T A/Ip

Ff/PT(fE,k'T,S;/_L,CF) = Ff/p(kaT;/-lﬂCF)

0 Collins-Soper equation:
Its derivative obeys the CS equation

aﬁ‘l-fLI"f(Ia bTv K, CF)

( lnﬁl,]-"Lf(T-bTa/-leF)

obr
U RG equations:
dﬁl'%f(d:z:l,nbl::;;u, $P) — (g (u); Co/H2) Fiat (2, brs s Cr)
df(d(bTT;”) — —vi(g(p)) E— aw(;’fr’fi;/g—f,/w) = -7k (9(w)),
4 Sivers function in momentum space: ijc:hg/il,aétY :|agocz)9104

Boer, 2001, 2009,
oo =1 f Kang, Xiao, Yuan, 2011
/ dbr br J1(krbr)Fi7 ° (z,br;p,{F)  Aybat, Prokudin, Rogers, 2012
0 [dilbi, et al, 2012,
Sun, Yuan 2013, ...

-1

1




Extrapolation to large b;

O CSS b*-prescription: Aybat and Rogers, arXiv:1101.5057

AA Collins and Rogers, arXiv:1412.3820

) di - ) N
Fy/plabriQ,QY) = z [ Lg,u-b,gwb))fj/p(a:,ub)

X X exp {ln —‘ /ﬂ TM Yr(g(');1) —In %'YK (Q(A/))]}

CC

x| exp {gf/p(a;,bTHgK(bT)an} «— Ngnperturbatu’ye
Qo form factor
bt

TR, With bpax ~1/2 GeV

O Nonperturbative fitting functions

*

Various fits correspond to different choices for g;,p(z,br) and gx (br)
e.g.

gf/P(SUa br) + gk (br)In % = — [gl + goIn —— + g193 In(10x) 62T

Different choice of g2 & b. could lead to different over all Q-dependence!



Evolution of Sivers function

. . Aybat, Collins, Qiu, Rogers, 2011
O Up quark Sivers function:

Q=24 GeV
— () =5 GeV
o w e Q= 901.19 GeV

— TR
| A | ! | A _a
4 6 8 10
[ ' [ ' [ ' =
E|
E
_—. — _ =
| ! | \ | ! -a
4 6 8 10
K, (GeV)

Very significant growth in the width of transverse momentum



Different fits — different Q-dependence

O Aybat, Prokudin, Rogers, 2012:

’J” 018 TMD evolution 3” —
i [ Huge Q
" PRE—— ¢ =3 0.03 ERMES, COMPASS d d
a_s S - H \y
£ = o1l COMPASS ¢ £ = ependaence
® D . w 2
< < o.02\ AHC
0.01
0
1 1 1 1 1 -0,0‘. 1 1 1 1 L
0 0.2 0.4 0.6 0.8 1 1.2 20 40 60 80 100
Py, (GeV Q7 (GeV?)
R L
3 Sun, Yuan, 2013:
T | T T T T 0.08 N |(¢ o ) T T T T
— sin - ] B sin L . .
0.04 UTwh ) COMPASS . or s RHIC 2
0.03 . 0.06(— —
g - Smaller Q a.scev |
0.02 — - |
+ X ] 0.04 —

dependence -~

o
o
IMI‘] T\II‘H\\[

lespohax -
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No disagreement on evolution equations!

Issues: Extrapolation to non-perturbative large b-region
Choice of the Q-dependent “form factor”



What happened?

1 Sivers function: . '
fy . - o0 . | Differ from PDFs!
1T (I7kT7/—l’aCF) - Qﬂ'kT 0 de ijl(kaT)FlT (:Ea bTa/—“aCF)

Need non-perturbative large by information for any value of Q! Q=u

d What is the “correct” Q-dependence of the large b tail?
AA

- 1 d:z - ‘ . A
Ff/p(z,br;Q,Q%) = Z/ L'gaN‘bag(ﬂ'b))fj/P(xaﬂb)

BB

A

”~

< xexp {ln %w + [ (o)1) = 0 ot }

C

A

] Q } Nonperturbative
br br)l €—
| P {gf/P(x’ )+ 9x(br)In Qo “form factor”

gr/p(x,br) + gr (br) In % = - [gl +g21n % + 9193 ln(1096)] b7

Is the log(Q) dependence sufficient? Choice of g, & b. affects Q-dep.

The “form factor” and b. change perturbative results at small b;!



Q-dependence of the “form” factor

K hev, Nadolsky, 2006
 Q-dependence of the “form factor” : onychev, Radolsky

1.2 f . , S
[ A.V. Konychev, PM. Nadolsky ! Physics Letters B 633 (2006) 710-714 F NP (b, Q) = CL(Q2) b2
| * E288 .
L = E605 -
A CDFZ _ A
- ¢ R209 _- \
2 06|
G 06
© ﬁ
0.4} 5
L
-
0.2}
bmax = 1.5 GeV™
HERMES 5 10 20 50 100 200
Q [GeV]

At Q~1 GeV, In(Q/Q,) term may not be the dominant one!
FNP =~ b (a1 4+ as In(Q/Qo) + asln(xazp) +...) + ...
Power correction? (Q,/Q)"-term?  Better fits for HERMES data?



Parton k; at the hard collision

d Sources of parton k; at the hard collision:

Gluon shower

""" Emergence of a hadron
hadronization

Confined motion

d Large k; generated by the shower (caused by the collision):

< Q2-dependence - linear evolution equation of TMDs in b-space
< The evolution kernels are perturbative at small b, but, not large b

=) The nonperturbative inputs at large b could impact TMDs at all Q2
d Challenge: to extract the “true” parton’s confined motion:

< Separation of perturbative shower contribution from nonperturbative
hadron structure — not as simple as PDFs



What controls the b-space distribution?

U Features of perturbative calculation at small-b:, Qiu, Zhang, 2001

brEFyp(br, Q)
— Sudakov form factor — b, (A"*’(+”)*, A~ 0.5
— evolution of f,,/A and [D._,;, also moves bsp

smaller £ = /L%f(,/,q(f) > () = lower by,

b. b.

sp max

Q b-space distribution, and its Q and Vs dependence:

430 ' 400
260 | (0) Q=M, 100 - (6) Q=6 Gev w | (0) Q=6 Gev
80
270+ 0 | 240 |
180 0 - 160 -
N 1 Z-production 20 Drell-Yan 80 - Upsilon
| | | | - L | | | | | | |
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
b(GeV™) b(GeV") b(GeV")

Vs =18 TeV Vs = 27.4GeV Vs =18 TeV

>b



Small contribution from large-b

d Preserve calculated result at small b;: | Qiu, Zhang, 2001

da.resum

AB2Z / db Jo(qrb) bW (b, Q)
dq 0

WP (b, 2, 2,Q) b < bmas

W =
WP (baos 2,2, Q) FN P (b, Qs bmaz) D> brao

b b b(GeV)

. Sp max
r E in ou —S(b,
Wpe t(b,w,Z,Q) — C? [fa/A ®Ca—}g:| [Cj—>tc®Db—>h] X e (6,Q)
NP fi Q2b72na:1: 2\ o 2 @
Fz (b,Q5bmas) = exp{ —In(=—522) [g1 ((6")% = (b7naa)?)

, , L/eading twist
+92 (b2~ bla) |

T~
g (b2 — b2 ) } \ Dynamical power

corrections

All parameters, ¢, g1, g2, are fixed by the continuity of the “W” and
its derivatives at b ., — excellent predictive power for observables
with the saddle point at small enough b,



do/dQ, (pb/GeV)

Phenomenology — Z° at Tevatron
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No free fitting parameter!



Phenomenology — Z° at the LHC

Kang, Qiu, 2012

-1
—10
> ; o CMS pp-data
= 10 M\i‘ﬂm 1110.4973
& _ 'I ‘_\\&1,7
9 -2 R
810 £ -
- : T e / Resummed
_3- NLO perturbative —> O !
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[ Same code el e,
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Effectively no non-perturbative uncertainty!



Phenomenology — Higgs

Berger, Qiu, 2003

g " 3
£ 0.09 m ¢ 02 — u=c/b
% 0.08 |l m,=125 GeV 3;0.175 o A R pu=m,/2
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! (o DU Y SR\ Ll /j/=2 My,
0.07 | _ °T 015 |
oo 4# vs=14 TeV S =125 GeV
. ~ 0 20'125 - vs=14 TeV
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002 | 0.05
001 | 0025 0 g
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Effectively no non-perturbative uncertainty!



Phenomenology — Upsilon production

Berger, Qiu, Wang, 2005

0 Upsilon production (low Q, large phase space):
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Gluon-gluon dominate the production
Dominated by perturbative contribution even M, ~10 GeV
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Phenomenology

L. Berger, Qiu, Wang, 2005
1 Prediction vs Tevatron data:
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Observables sensitive to the large b,

1 Saddle point is in nonperturbative regime: Qiu, Zhang, 2001

[am—y

=

<
I

Low energy Drell-Yan ¢ (0) Q=6 GeV

and low energy SIDIS
Vs = 27.4GeV

b-space distribution is
dominated by large b+
region

T

o = =)
] = <>
| I I

Drell-Yan

] L] | | |

0 02 04 06 08 1
b(GeV™)

[ Possible solution: Kang, Qiu in preparation

< Bessel function help suppress the large b, contribution
< Preserve pQCD calculation at small b

< Simple logarithmic Q-dependence of the form factor is not sufficient
< Observation:

= Large b;-small ky — active parton is nearly collinear
= Develop a better extrapolation by resummation of power corrections



Phenomenology — Drell-Yan

d Leading power correction form is already good: Qiu, Zhang, 2001
o ~ 1.2
> 3 >
c "t g
D o -
S25 | E288 <
g ) : \ 80’8 5
s “F 3
Ll N Ll i
s b 0.6
b 04 |
0.5 — ' 02
0 —_" — 3 0 = - - e
PP B PRI IEPI IR IPUTErS SPIETS ENATErE BT A I TN T TS B S T PR B
0 02040608 1 1.2141618 2 0 02040608 1 1.21.4 1.6 18 2
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2b2 o
@ maz) g, ((b) — (52,0.)°)
Leading twist

FOF (b, Qi bmas) = exp{ In(

P +92 — )]
Intrinsic power binas
p \

corrections \ :
Dynamical power
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Proposal from Collins and Roger

O “Resummed” |arge bT behavior: Collins and Rogers, arXiv:1412.3820
AA

) di - ) N
Fy/plabriQ,QY) = z [ Lg,u-b,gwb))fj/p(a:,ub)

X xexp{ln—‘ /ﬂ TM vr(g(u') )—ln%’)’h'(g(ﬂf))]}

CC

Nonperturbative

; }
In = —
1 =P {gf /P(@br) + 9k (br) In “form factor”

Qo

gr/p(x,br) + gr (br) In Q_ [91 + g2 In 9 + 9193 1n(1037)] b7

Qo 2Qo
(b bmax) = go(bmax) | 1 —exp |- Cras(p. )b
‘ QK T) max ;) — gO max p ’/Tgo(bmax) b?nax

QCF /Cl /bmax d,U/

ve (1)

QO(bma,x) = go (bmax 0) + T

D Cr bt as(p,) + O(b7)

T b2 ..

/
C1 /blnax ,0 M




Summary

1 TMDs are NOT direct physical observables
— could be defined differently

Relevant definition arises from the approximation used in deriving
the factorization!

d The evolution equations of the TMDs are in b-space, and
are the consequence of the factorization

d Knowledge of nonperturbative inputs at large b is crucial
in determining the TMDs from fitting the data

d The TMD Collaboration — a topical theory collaboration
was formed to pull together expertise from theory, lattice
and phenomenology to address issues concerning TMDs

Thank you!



