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TMDs at small-x

A ﬁ ? m kt-dependence
crucial to the
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TMDs In valence region

u quark

Momentum along the y axis (GeV)
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Quark Sivers function leads to an azimuthal asymmetric
distribution of quark in the transverse plane
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Outlines
m General Remarks

m Applying to single spin asymmetries

m Quark-gluon correlations and TMD
observables
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Collinear vs TMD factorization

m TMD factorization Is an extension and
simplification to the collinear factorization

m Extends to the region where collinear fails

m Simplifies the kinematics
Power counting, correction 1/Q neglected

o(Pr,.Q)=H(Q) f1(kiT.Q) falkar, Q) S(hr)
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DGLAP vs CSS

m DGLAP for integrated parton distributions
One hard scale

o(Q)=H(Q/1) f1(1).--

m Collins-Soper-Sterman for TMDs
Two scales, large double logs

do _ 1 2i-1Q°
dQ? Q3 Q2

2/25/2014 .
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Evolution vs resummation

m Any evolution Is to resum large logarithms
m DGLPA resum single large logarithms
m CSS evolution resum double logarithms

2/25/2014 .



" S
Sudakov Large Double Logarithms

Sudakov, 1956

m Differential cross section depends on Q;
where Q2»>Q;®>A%q

do 1 i o2i-1 Q%
—5 = -—5f1® fo®) asln 5 T
dQl Ql ? ) Ql

m We have to resum these large logs to make
reliable predictions

Q+: Dokshitzer, Diakonov, Troian, 78; Parisi
Petronzio, 79; Collins, Soper, Sterman, 85

_~_ U Threshold: Sterman 87; Catani and Trentadue 89
9
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How Large of the Resummation

wli 1 do/dQp {pb/GeV) T oor 1

|
[ 8 < 0 < 116 GeV

I 10 — IEDI — IBUI II 4!] o -.
Gy {GE’V)

Kulesza, Sterman, Vogelsang, 02
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TMD factorization: a nutshell
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Collins-Soper 81

m Axial gauge was used

1

P alx, kt) = 2077

Idy“dzyTe*”"P” TP 0,y T, yr) ¥ ¢, (0)|P)

{=Q2P-n)*/|n’

m a gauge link along n shall be included
Bacchetta-Boer-Diehl-Mulders, JHEP, 2008

Fyy,r = [H(z¢2,271¢/%) [ D) ze; / d°pr d°kr d*ly
L

% §2) (’PT —kp+ 1+ qT) ff(:ﬂ,p%; C) DT(E’: k%; Ch) U(l’%)
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Subtlety: pinch pole singularity?

Bacchetta-Boer-Diehl-Mulders, 2008

E 4 1 E [(i_— p)-v+ ?:E} [(l_— D) v — ?ZE}

(d)
m Cured by subtraction method, a la Collins 2011

Sﬁ,n(bl)
sub. T, b _ unsub. z, b _
/_\] x| """ (x,b1) = q ( L)\/Sn,v(bﬂsﬂ’n(m)

\ YAP Ao TPAVET 13




JI-Ma-Yuan 2004

m Two off-light-cone vectors: v, v,
vtV v, >y, v2>0
m Soft factor depends on v,.v,

F(IE:E.I'HP&J_: ng — Z Eg/dEELdEﬁJ_dEEJ_

g=u,d,s,...
xq (IB:‘ICJ_:.I[‘Egnxﬁg: .IO) @i (zf;:pJ_:J[‘E‘E:Q/z&: P) S(E’J_:.Iug: Pj‘
xH (QE:'P«E:P) 52(3!;EJ_ +p, + EJ_ — ﬁth‘ ’
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Collins 2011

m Retain light-cone correlators in the
unsubtracted TMDs

m Light-cone singularity i1s cancelled by the
subtraction term

Sicco(yy — Yn)
vy — y5) Sicc.o0(Un — Uh)

AJCC, uuren(CA) = lim AJCC:U (yé)
y;_—}-l-:xi S‘]CC:U(

y’é—r—u::c

Sicc.0(+00 — yn)

= Aicco(~0) \/SJCC,U(+DG — (=00)) Sicc,0(yn — (—00))’

-
- A
rrrrrrr ]
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Collins-Soper-Sterman Resummation

m 6(P+,Q)=H(Q) f1(k7.Q) falkor, Q) S(A+)

m Large Logs are resummed by solving the
energy evolution equation of the TMDs

0

m K and G obey the renormalization group

eq. 5, G,

K= —vyr = G
oln TK oln u

/_\1 i??| Collins-Soper 81, Cadlins-Soper-Sterman 85
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CSS Formalism (IT)

m The large logs will be resummed into the
exponential form factor

— (@ d(in@A4RB
W({Q,b) =e 1/b“(n“ i )C®f10®f2

A ,B.C functions are perturbative calculable
f,,f, are integrated PDFs
all are scheme-independent

Collins 2011 is slightly different, but final
results are the same
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Low Transverse Momentum Heavy Quark Pair Production to

Probe Gluon Tomography

Ruilin Zhu,? Peng Sun,” and Feng Yuan? PLB, 2013

all order
factorization

W, by, Q% = g(a,br,Qo, Qo)S(by, Qo) H(Q, Q)eSa(@R0)

Q4 0 O 212
Ssud — _/ ” (hl Q K(ﬂ) - AfS(/u: 1) + — = (1 — 2,60 —In QEJQJ‘))
Qo H F T 5

Take both Ji-Ma-Yuan and Collins 11 formalisms,
”\] » Obtain the consistent result
] 2/25/2014 18




Where are the TMDs?

m Non-perturbative TMDs are in the initial
scale Q,,1/b.

m Can we have a factorization in terms of the
TMDs calculable on lattice?

Musch et al, 2011

2/25/2014 19



" J
TMDs In Euclidean Space

Ji, 2013
m Large momentum effective theory
1 da ﬂaz T
0(o2 k1) = 5 [ G (PSHOLL ooy Lo (2)IPS)

m To fulfill the TMD factorization, a
subtraction Is necessary

sub. (

unsub. (

q xz:bJ_) —q xz:bl)

S(b1)

Ty
. A
rrrrrrrrrr
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m Collins-Soper evolution (respect to P.,)

Lattice simulation will be very useful in
constraining the evolution, in particular, at
large b

2/25/2014

21



" J
TMDs at large b

m Phenomenogical applications of the QCD
resummation to the P spectrum of EW
bosons production have been very successful

Yuan, Nadolsky, Ladinsky, Landry,

Qiu, Zhang, Berger, Li,

Laenen, Sterman, Vogelsang, Kulesza,
Bozzi, Catani, deFlorian,

Kulesza, Stirling, and many others, ...
working even at NNLL level for some

ceeeerd) |T:| .
HrRx
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b. prescription

_ (¢ d—“(ln %A+B)

W(Q,b) =e “Lon C® fLC® fo

m b. always In perturbative region
b= b, =b/\/1+b2/2__ . bpas < 1/Aocp |
m This will introduce a non-perturbative form
factors  S,., = S, (Q:b.) + Snp(Q;b)
m Generic behavior
Snp = 92(0) InQ + g1(b)

Collins-Soper-Sterman 85

2/25/2014 23




BLNY fOrm faCtOrS Phys. Rev. D 67, 073016 (2003)

m Fit to Drell-Yan and W/Z boson production
Syp = gib® + g2b°In (Q/3.2) + g193b* In(100x; x2)

D
— " Normalized LY-G Fit CDF Z Run 1
MNormalized DWS-G Fit
E288 Data Normalized BLNY Fit 800 i
=
=
. —
z >
N &3
2|2 e
k= -
o 300
~==|%
B
. . . . 5 10
P_ (GeV) P_ (GeV)

g1 = 021700 GeV? | go = 0.68790 GeV? | g3 = —0.670%.
eeeey] b,...=0.5GeV-!
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Very successful

phenomenology
m Most quoted comparisons at the LHC for

W/Z

(1/0,) (doy,/dpl') [GeV'Y

Data / RESBOS

production
8 [ L = e s B B B B '—E

- ATLAS §
102 =

= JLdlm31 pb’’
TE Data2010N5=7TeV 2 ResBos: Nadolsky, et al., PRD 2003
104 = CSS resummation built in
10'5%_ -+ Data =

- —RESBOS
10°E o e, E
4 B 3
e M fo 3
E:iu;_' 50 i) 50 500" 55 e:}u

pY [GeV]
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Top quark pair production

d*o ﬁta:;f 1
d2 dy dM deos ~ dsMeZ 2 4 Zhu,H.X., et al, PRL 2012

Derived in SCET

2
X {fiﬂ‘ﬁ (§1) fiym, (€2) T [Hg}) (A’ﬁ . % i Bﬁ)]

T
+ 7 [HOSY)] [z [P ® fam,] (62) Fiyma (€2)

1 25:_ ls=7TeV @ NLO+NNLL
+ Z fiyny (1) [P;(b) ® fo/Ns - CMS data
b

the consistent resummation
formula can be derived

'8-8'10:_— ‘
following Ji-Ma-Yuan, e \%
: 5[
Zhu-Qiao-Sun-Yuan, to : ),
I I ST B J@i@@?fﬂmf/
appear % 50 100 150 2(
N a, (GeV)

2/25/2014 26



How good the factorization

20—
10
—~ 0
>
4] |
S -10
=
~ -20
D|a“ : ,
'U'G_SD ----- NLO leading
— NNLO leading
(s=7TeV
-40 --- NNLO exact
_5 RN EEEEE PR PR PR PR NS NS N S
00 10 20 30 40 50 60 70 80 90 100
qT(GeVJ N
a -
38lg
ot

Zhu H.X., PRD 2013

y

A
rrrerrrer ﬂ
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(s=7TeV

.y —— NNLO leading
440
i -==- NNLO exact

- :|||||| Lo v bw o bvvw bov s b bvw v bvw by
SDOU 02040608 1 112141618 2
In(qTJ’GeV)



X1 fa(mls U = CU/bJ_)w? fb($2:

Ir [Hab%cdexp [_

Ly

Dijet azimuthal correlation at colliders

_ CD/bL)e—Ssm(Qz,bL)
@ g
]Sab—)»cdexp[_/ M7 ]]
co/bL

100 04

/Q dp
CU/bJ_ IJ’

5 . ;Ea*g 180 GeV (~x8000) Sor limi
Eﬁ 1043—0 1;,0<p$'ax<180<3ev (x400) pre Imlnary
g? - ® 100 < pI"™ < 130 GeV (x20)
© 103?D 75 < p'™* < 100 GeV 100 E .
£ od 3™ " NLL-
F resummatior
10 0.0 F -
] E noar
Af 75 < p"™* < 100 GeV
10 Y A T = 7= ="
S -- LO 20 22 4 26 28 1P y
or - ]
0  NLOJET++ (CTEGe.1) Leading logarithms consistent with
¥ u,=u1= 5 pr .
10 L L. IR Mueller-Xiao-Yuan, PRD 2013;
/2 2n/3 5m/6 n - _
rrERL 94, 221801 (2005) s ) Nontrivial results at NNL;
| cieoicvld Peng Sun, et al., to appear 28
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Perturbative tail is calculable

m Transverse momentum dependence

1 dx’ , ,
Q(:L‘, kL)\kL%ﬂQCD = (kg )n / ?fz@) X Hq/@(i?;ﬁ)
I

R TIW L

Power counting, Integrated Parton Distributions
Brodsky-Farrar, 1973 || Twist-three functions

.H”; i 1!’+;FJ_; ;
I —
(a)

(b)

29



" EEE——
A unified picture (leading pt/Q)

A
Transverse
momentum Collinear/
dependent | longitudinal

AQCD << P- << Q

. 30
2/25/2014
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Simple example

|

| %699 |
A I Y ‘-9999?)/:
0 Q0010000 A Y I \ 4

I
|

A Y : A
I

a, 1 dz 1+¢2 D-2 ¢?
e [\ g, ey a0 (ng)}

freeeer | m
Emm 2/25/2014 31




m Although the integral does not reproduce
the integrated PDFs, the infrared behavior
In the Iintegral reproduces the infrared
behavior for the integrated PDFs

m That's why we have small b factorization

2/25/2014 32



Sivers Function at large k+

\ ok -
Quark-gluon E
Correlation . Qiu, Sterman, 91,99

r‘:}]&ﬂ s (P,5)




Qiu-Sterman matrix element

Iy

d@’l dyy ciz1 Pry; +i(za—z1)Ptys
d

<P S [Ua(0)y T [ F, 7 (97)] ¥a(ui) [P 51)

Ta,,fr'(lfla $2) =

34
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Sivers Function at Large k+

Ji-Qiu-Vogelsang-Yuan, 06
Sun-Yuan, 13
o, M dr [ C4 14€& —1D-2
ot (K2 ) f { Tr(z, %) +Tr(3,2) 5= (1= 8)

2 (1-8)+
1 G, }[1—5)9(25+1)—2]

tonG [(m%TF(:ﬂ,:ﬂ]) (14 &%)+ Tr(z, 2 16,

flJf_F{zﬁ kl) — T

272
+Tr(z,2)8(1 — €)Cr (111 2—5 _ 2) } .

m 1/k:* follows a power counting

m Drell-Yan Sivers function has opposite sign
m Plugging this into the factorization formula,
we indeed reproduce the polarized cross
section calculated from twist-3 correlation

r_?:}'l I?l] 3 5



Small b factorization y
ang-Xiao-Yuan, 11
Sun-Yuan, 13
) d 2 2
e9) = 520r [ Lo {(~1+1n 55k, ) Pra(® ~ 50 - O it +(1 -0
3 bE 2 222 1 22(2h? 2 2

= g [ —ib™ dx 1
fluT{z'-'b) — Z'J'T( 9 )/?{(__ lIl bii) ’P.;f;r—:-qg @TF(EJE)

¢l 1
E}E }'r Tf{m I){l — E:]

‘ 22 2 ~2 2 ~279y 2 2
e _2_1]}
c? 1L 2

—0(1 — &)Tr(z,z)Crln

+0(1 — &)Tr(z,x)Cr

Reproduce the DGLAP evolution for the Qiu-

Sterman mautrix element Braun et al, 2008; Vogelsang 2008
”.| Zhou-Schafer, 2012

2/25/2014 Kang-Qiu, 2012



' rgemverse Spin
Asymmetry

dAJ(SJ_) a8l qa B
d’de2d2QJ_ — 0o¢€ SJ_WUT(Q;qJ_)

m Separate the singular and regular parts

db
(27)?

m TMD factorization in b-space

Wer(Q;b) = F5 (21,5, ¢1)d(22, b, G)
x Hyr(Q) (S(b,p)) ™"

:}] A Kang, Xiao, Yuan, PRL 11;
e | 2/25/2014 Rogers et al., PRD, 2012 37

eiﬂ'gwg'r(@; b) + Yrr(Q;q1)

Wer(@a) = [



Evolution equations

ldilbi-Ji-Ma-Yuan, PRD04

f% dyqr(x, b, w, x&, p) = [K(b, p, p) + G(x{, p, p)]

X a4qr(x b, w,xl p). (30)

d Furlxg z; b, 0%) = {K[bpu, g(w), p]

a0 Q?

QE

+Gyr O . g, pli
X Furlxg 2, b, O°),

F vrlxp, zi b, Q1) = Furlxs, zn b, pi/C3e SO,
(42)

ceceery] Boer, NPB, 2002
'_ 2/25/2014 38
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Final resum form

Wir(Q;b) = e 51 @I W5 (Cy/b,b)
= (—ib% /2) e Svr @by, .
xACL ® f,7)(21)Cq; ® f;/5(22)

m Sudakov the same

C2Q? di2 202
Sur(Q*,b) = /C " u—i [111( Z? )AUT(Cl;g(u))

+ Byr(C1, Co; 9(1))]

'_ 2/25/2014
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Coefficients at one-loop order

AL = OF, By = —3/2Ck, ACT® =§(1 — 1) ,

)+ Foe-1) |5 -4

T(1
ACTH) = >

4N

m Coefficients are (TMD) scheme
Independent

m Can be done consistently with the
unpolarized cross sections

2/25/2014 20
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TMDs In the resummation

m D. prescription

Wy (Q;b) = e-Sert(@b)=5xp @3, 0PV @ £, 4(5)CPV) @ f;/5(2) |

LI gt

—_ —3h" B . ot .
WET(Q:E}} _ ( ) )E Spert (% by) Lq{fF[Qb)EtJﬂCj;[DY} @ff{;ﬂ(zljgl)céf?} :@fjfﬁ(’zi}j

m TMDs at initial scale embedded in the non-
perturbative form factors

Snp(Q,b) = g2(b)InQ + g1(b; 21, 20)
Sxp(Q,0) = g2(b)InQ + g7 (b; 21, 20)

2/25/2014 "
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Polarized TMD Quark Distributions

Nucleon

Unpol. Long. Trans.
Quark
UnpOI' fl(j:;ki) flj}(ifﬁi)
Long. gi(z, k1) gir(z, k1)
Trans f?J‘(:C L ) hlL(x ]‘CJ_) h1($:kL)

: Lz, k, ]
| hir (2, k1)

_/_\\] |ﬁ: Boer, Mulders, Tangerman (96&98)
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TMDs and Quark-gluon
Correlations (twist-3)

m Kt-odd distribution

flJ} (I JEmJ_) GD(T1,3'2 @D(Tl,ﬂ:g) Tr(z x)/d;i?;—;zfﬁjms(x ki)
<:>{ - 7 &Lk, k?
ng(I, kJ_) TF (-Tl TE)TF(.T]_, Tg) T}(T,J)(;U .CC) = f QWLﬁhl ‘DIS(x kJ_)
hi(x, k)= Té”)(xl, ) §(x) = /d%g’;%zgm(x kL)
A Boer-Mulders-Pijlman, 2003
| .

'_ 2/25/2014 43




5uarﬂ-9|uon correlations
(twist-three)

m Have long been studied,

D;(ylay% s) = (P, s| 7;(0) I Di(l{z) V(Y1) P, s)
Fr(y1, 2, 5) = (P, 5| 9(0) T’ n, F** (y2) ¥(1) | P, s)

m F-type and D-type are related to each other,
Ellis-Furmanski-Petronzio 82, Equchi-Koike- Tanaka 06
1

GD(.“E?.’El) = P
Tr — I

~ 1
GD(:E?.’El) = P

TF(.’E? 331),

Tr(z,71) + 6(z — 1)g(z),

Tr — I

1 o
ED(I,SL‘l) = P;]:_Té’ )(SC, .’.Cl),

'_ 2/25/2014 44
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twist and collinear expansion

R.K. Ellis et al., 82;
Qiu-Sterman, 90
zP zP +p,
P
)

(a

(Y)Y (Yo P)—

Gauge invariant twist-:
.. | Quark-gluon correlatio
functions: D- or F-type

' 2/25/2014 45




Large kt TMDs

Zhou-Yuan-Liang 09

= Color factors, a (VOLV)  31.4
C.: al-4,bl-4,c2,c4 = (A7) bl-4,c1,c3,el-4
. 1/2NCZ cl,c3,dl-4 " (0, ATy)bl-4,c1-4,d1-4,el1-4
-/—\] ”'! Cpl2: el-4 2/95/2014 46




Generic results

Zhou-Yuan-Liang 09

m Kt-even TMDs

)
2 9 9
filzg, k) = %écp d—xf1($) L+¢ +0(1—=¢) 111$‘_5:C —1
21 |2 z (1—=8)+ LA
a, 1 dx
Dielon ki) = = Cr / a2 ()
T ki T
a, 1 dx
h k) = ——C —
1(rp, k1) 2 2 o fi(z) [(1 — 5.

Splitting kernel

'_ 2/25/2014 47




m Sivers and Boer-Mulders

1 _a, M* [ds f w2 |
firlov(zp, ki) = - (‘%)2 - _Afﬁ,JrC’FTF(iU,:E)tS(l—ﬁ) In Eﬁ 1
M? [ dz (220
hiloy(zp. k) = 222 A, T (e 2)6(1 — €) [ In 222 -1
tov(ze, ki) = — o A Gl (z,2)6(1 = §) e
1 L+& Cy 1+¢6 Oy
A, = — T T —— T (T :
ST A TR M T (A
1 o 25 CA (cr) 2
A 1 = Sa— ( ) xr,r T r,T
) A (S R i T

Zhou-Yuan-Liang 09

A
_/\l\ 2/25/2014




[ T2 T 212 T Cal(z% +z21) 22— — 7 ~

T CF B 1 B B *+B 1 T A ( B 1)( B 1) GD(x?xl
I 2 xy 1T x 2 (xp — x1)(z — 71) 74
i x? x x Ca 74—z

+Cr(ZB+2E -2 1)+ 25— | Gpla,a) (
I x o x 2 (r; —zp)x

-~ | Zhou-Yuan-Liang 09
e 2/25/2014
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Conclusions

m TMDs are important tool to investigate the
partonic structure of nucleon/nucleus, and
the associated QCD dynamics

m Although complicated, the evolution
effects have been well understood
Provide solid ground for phen. Applications
Unique place to study QCD
talks on Thursday

2/25/2014 50



