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Overview comments

4+ Report on relating TMD factorization & collinear factorization in studying nucleon

structure in CSS formalism, TMDs and collinear pdfs

4 Relies on a modification of the so called W+Y construction used to “match” the

cross section o (g1 ) point-by-point, from small gr ~ m (hadronic), to large gt ~ Q

4+ Using enhanced version of CSS, able to “re-derive” at @ "LO" the well-known

relation between the unpolarized F.T.-TMD & fi(@, p) , & the Sivers function, and
the (collinear twist-3) Qiu-Sterman function T#(z; 1) ~ 2 () @ scale U

nb ... power counting remains open question

4 Phys.Rev.D (2016) Collins, Gamberg, Prokudin, Sato, Rogers, Wang

4+  Phys. Lett B (2018) Gamberg , Metz, Pitonyak, Prokudin
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Wigner distributions
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distributions (TMDs) distributions

semi-inclusive processes
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EIC White Paper .ixiv12121701 Accardiet al.
W(x,by k;)

Wigner distributions

1) d"‘/ \£de

S (x,k;) f(x,b;)
transverse momentum impact parameter
distributions (TMDs) distributions

nb CS$S TMPD factorisation carried Semi-inclusive processes

out coordinate space: can we can shed

some light through €SS 7 dN [ab,
TMOD to collinear e

# parton densities

inclusive and semi-inclusive processes

Must consider UV and IR
Divergences and TMD evolution, CS NPB [982... CSS 1985
Ji MaYuan PRD 2004/5, Collins 201 | Cambridge Press, Aybat Rogers 2011 PRD ....



Transverse momentum

e The partons in a proton carry momentum components
transverse to the beam direction.

e Thus there are transverse momentum dependent (TMD)
parton distributions

fa/A(x7 k_L7 QQ)

e If you are going into the woods, you have to be careful:
there are some subtle issues in the definitions of these.

e On an intuitive level

fa/A(x7 QQ) 22 /ko_ fa/A(x7k_L7Q2)




Some comments on the subject

-

Collins QCD Book Ch.9 &13
Ji MaYuan PRD 2005

Ji, Qiu,Vogelsang,Yuan PRL, PRD 2006, transverse spin case
Aybat Rogers PRD 201 |

Aybat Collins Qiu Rogers PRD 2012, transverse spin case
Vogelsang INT talk 2/27/14

Collins, Gamberg, Prokudin, Sato,Wang PRD 2016
Gamberg, Metz, Pitonyak, Prokudin PLB 2018



Moments of TMDs and collinear pdfs

Naive connection of moments of TMDs and collinear pdfs based on
matrix elements and a Parton Model picture of “factorization”

TMD kinematical CT: dynamical CT3
. k2 1(1 Tr(x,x) o
d2kj T — k — ( ) — _ F\L, T Qlu&Sterman 1991
/ oy Jir(@ k) fir (@) oM

Boer, Mulder, Pijlman (2003); Meissner (2009); ...

. TMD emati
L P
/dzp s Hi(zpr) = H; " (2)
h

Yuan and Zhou (2009)



Consider the less exotic case

“Parton Model”

TMD CT2
[EFr fi@kn) = fi@)
lgnore UV divergences and effects
™MD cT2 from soft-gluon radiation
/ d°pr Di(z,pr) = Di(2)

Underlies Model building
w/ and w/o evolution using TMD
and collinear evolution approach

Anselmino et al. 2005-2016
Wpum(gr, Q) = HLO,j’,i’(QO)/dszfj’/A($a kr)dpi (2, qr + kT)

/d2qT Wpn(gr, Q) = Hro,j i (Qo) fa(x)dB i (2)



Overview comments Matching

+ We modify the “standard matching prescription” traditionally used in CSS

formalism relating low & high g behavior cross section @ moderate Q in
particular where studies of TMDs are relevant

Matching studies in CSS related approaches

NPB Collins & Soper(1982), & Sterman 1985

NPB (1991) Arnold, Kauffman

PRD (1998) Nadolsky Stump Yuan

PRL (2001) Qiu, Zhang

PRD (2003) Berger, Qiu

NPB (2006) Bozzi, Catani, DeFlorian, Grazzini ...
NPB (2006) Y. Koike, J. Nagashima, W. Vogelsang
arXiv (2014) Sun, Isacson, Yuan-CP,Yuan-F

JHEP (2015) Boglione, Hernandez, Melis Prokudin

TMD
Q> Qr 2 Aqcp

PRD (2016) Collins, Gamberg, Prokudin, Rogers, Sato, Wang

PLB (2018) Gamberg , Metz, Pitonyak, Prokudin

PLB (2018) Echevarria, Kasemets, Lansberg, Pisano, Signori

Series of papers on matching TMD and collinear ETQS transv. Spin

Ji, Qiu, Vogelsang, Yuan PRL PRD 2006, ...
Kang, Xiao, Yuan PRL 2011

Intermediate Qr
Q > Qr > Aqep

Collinear/twist-3
Q, Qr > Aqcp

\

Aaco

Alexei’s talk pheno & matching...

<<

Qr << Q

Qr




“CSS Matching-1>” W + Y-schematic

+ Collins Soper Sterman NPB 1985
+ Collins 2011 Cambridge Press

+ Collins, Gamberg, Prokudin, Sato, Rogers, Wang PRD (2016)

do(m < qr < Q,Q) =Wi(qr,Q) + Y(qr, Q) +

* The W +Y construction of cross section arise from applying approximators
Ttvp and Tcon to cross section in “design” regions m~qgr <« Q and m« gr~ Q

respectively, to extract the leading contributions to the TMD & collinear
contributions to the cross section

« Uses a subtractive formalism to prevent double counting; resulting in the
combination W+ Y having a relative error O(m/Q)c in the range “design”

regions m~qgr <« Q and m< qgr~ Q



Y-term & Matching
Subtraction formalism of CSS

m

do(m < gr < Q.Q) =72 W(qr, Q) + FO(gr, Q) 77 + O ( ”

) dotar.@)

Intermediate Qr
Q> Qr > Aqep

TMD
Q>Qr 2 AQCD\\

Collinear/twist-3
Q, Qr > Aqcp

Qr
Aacp



Y-term & Matching
Subtraction formalism of CS$S

dP2 ZHJJ siois (s (1 M/Q)/d%TeibT'PT Fj/Hl(%bT;M,Q)ﬁH2/j/(Z,bT;M7C2) + Ysipis

do(m S qr 5 Q,Q) =77 Wigr,Q) + FO(qr, Q) 77 +

If we do, we double count

Subtract out the double counting such that the cross section is matched
(SIDIS,DY, et e°) in the “overlap region”:Designed s.t. valid to leading order in
m/Q uniformly in gt (see role of “approximations” in TMD factorization)

Y(QTa Q) — FO(QTa Q) T ASY(QTv Q)

do(m S qr S Q,Q)=Wl(qr,Q) +Y(qr,Q) +

JCC Cambridge Press 201 |, Collins arXiv: 1212.5974, Catani et al. NPB 06, 15, Collins, Gamberg, Prokudin, Rogers,
Sato,Wang PRD 2016 ......



One finds the definition of the Y term via “approximators”

Y(QT? Q) — Tcoll dO—(QT? Q) B Tcoll T'M D dO-(QT, Q)

Y(QT? Q) — FO(QT? Q) _ ASY(QT? Q)

® It is the difference of the cross section calculated with collinear pdfs and {fs at
fixed order FO and the asymptotic contribution of the cross section

® nb at small qr the FO and ASY are dominated by the same diverging terms

1 1 2
—  and — log Q_2
dT dT 4T

® Thus its expected that the Y term is small or zero leaving

do(qr < Q,Q) ~ W(qr, Q)



Matching W + Y-schematic

® Designed with the aim to have a formalism

4+Collins Soper Sterman NPB 1985

+Collins 2011 Cambridge Press

valid to leading power in m/Q uniformly

In g7, where m is a typical hadronic mass scale

® & where broad intermediate range transverse momentum s.t. m < qr <K Q

From Ted Rogers

A /\Fun stuff

Implementations/studies

+ Nadolsky Stump C.P. Yuan PRD 1999 HERA data
+ Y. Koike, J. Nagashima, W. Vogelsang NPB (2006) eRHIC

4+ Sun, Isaacson, C. -P. Yuan, F Yuan arXiv 2014

E + Boglione Gonzalez Melis Prokudin JHEP 2015 ....
ay oo
o | S O(m) gt 2 0(Q)
= o,
ks >
N
&
o,
Y-term

e
3
‘e
.
.
'3
.
«
‘.
Y
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.....
LN ]
.........
am

Cross section doesn’t
factorize into TMD
functions

do
dQ? dz dz d2 Pyt

note Phr = zqr



TMD Factorization & Evolution

do

dg*d@Q? . .

In full QCD, the auxiliary parameters [t and ( are exactly arbitrary
and this is reflected in the the Collins-Soper (CS) equations for the TMD
PDF and the renormalization group (RG) equations



Review elements TMD factorization

*  Collins Soper (81), Collins, Soper, Sterman (85), Boer (01) (09) (13), Ji,Ma,Yuan (04), Collins-Cambridge University
Press (11), Aybat Rogers PRD (11), Abyat, Collins, Q1u, Rogers (11), Aybat, Prokudin, Rogers (11), Bacchetta, Prokudin
(13), Sun, Yuan (13),Echevarria, Idilbi, Scimemi JHEP 2012, Collins Rogers 2015 ....




Transverse Momentum Dependent Evolution

TMD factorization/evolution CSS in b space region analysis & VWard ldentities

A}

4+ Collins Soper, NPB 1982

4+ Collins Soper Sterman NPB 1985

4+ JiMa Yuan PRD PLB ...2004, 2005
+ Aybat Rogers PRD 2011

+ Aybat Collins Qiu Rogers PRD 2012
4+ Collins 2011 Cambridge Press

* TMDs w/Gauge links: color invariant
*TMD PDFs & Soft factor have rapidity/LC aivergences
* Rapidity regulator introduced to regulate these divergences

~ ~

. S(br;ya, Yn)
P (2, by ) = lim Y (2, by, yp — yB) \/ _ - X UVyenorm
ilH va—r+oo I o\ S(br;ya,yp)S(br;yn, yB)

|

W (@, b7y yp — yB) = /

db~

o

e PPl (0)y Ui b (0) | P+,



TMD Evolution follows from independence of rapidity scale

— OO

Collins Cambridge press 2011, Aybat & Rogers 2011 PRD

su : unsu g b YA, Yn
FEP (@, brs pyyn) = lim FE (2, brs i, yp — yp)y | = (br; Y4, Yn)
YB 00 S(br;ya,yB)SO1; Yn, YB)

From operator definition get

Collins-Soper Equation:

Oln F(x,br, 1, ¢) ~

JCC Soft factor further “repartitioned”
This is done to

|) cancel LC divergences in “unsubtracted” TMDs
2) separate “right & left” movers i.e. full factorization
3) remove double counting of momentum regions



Along with .... Renormalization group Equations

dng - Ew) RGE:
N -  get anomalous
TR — o (gl)s 6/ for F & K
-

Solve Collins Soper & RGE egs. to obtain “evolved TMDs”



TMD Factorization & Evolution

| ————

do
dg*d@Q? . .

m C
J2d0? W(CIT,Q)‘FY((JT,Q)ﬂLO(@)

Wou(qr, Q) = ZHJ? as(p M/Q)/d%T@ibT'qT fj/Hl(%bT;Magl)DHg/j'(Z,bT;/%Q)

In full QCD, the auxiliary parameters [t and ( are exactly arbitrary
and this is reflected in the the Collins-Soper (CS) equations for the TMD
PDF and the renormalization group (RG) equations



Ful@,brs Q% ng)  ~  (CF(/a,bebr)i i, s o s (i) © f1(@5 o))

X exp {_Spe”rt(b*(bT);Hb*vQ’“Q) N SJGP(bT’Q)}

~ /

perturbative Sudakov factor non-perturbative Sudakov factor
o "e dy / / '
—In(Q/p. ) K (b o.) = . = (et (1'); 1) = e (s (1 ) 9p, (%, 0r) + g (br) In(Q/Qo)
(1) # | \
same for unpol. and pol. different for  universal
each TMD

b2
b*(bT) = \/1 i b2T 2 /,Lb* — Cl/b*(bT)

T/bmax



Recall the correlator in b-space Bessel Transform

e b L) (32
o (xabT) — fl(vaT) zeT prSTaM ( 7bT)
Boer Gamberg Musch Prokudin JHEP 2011
See lattice studies of Engelhardt et al , Musch 2009-2018

Obeys CS Equation, thus unpolarised and Sivers evolve “similarly”

aﬁg}/p(x, br:u, éUF)EijSJf

dln+/Cr

=K (br; )% p(x, brim, L)€ ST

|dilbi,Ji,Ma,Yuan PRD 2004
Aybat Rogers Collins Qiu PRD 2012
also see Kang Yuan Xiao PRL 201 |



4+ TMD/CSS Evolution/Factorization carried out in b-space “Bessel transforms”

Boer Gamberg Musch Prokudin 2011 JHEP
Collins Aybat Rogers Qiu 2012 PRD

&)hﬂ(ﬂ?,bT) — fl(%b?r) ’LGT prSTaMNf_CZ”(l)( vb%)

Correlator obeys CSS equation so,

fil@,brs Q% ng)  ~  (CM(w/a,b(br)i i, . rs(1s.)) © Fu (&3 po.) )

Collins (2011); ... X exp [—Spert(b*(bT); b, Q. 110) — Sip(br, Q)}

Qiu & Sterman PRL 1991
J_ 1 ~fLl ~ N N
( )(513, br; Q% pg) ~ (CflT(fl?hﬂ?‘Q,b*(bT);Mg*aﬂb*,Oés(Nb ) ® Tp (&, il?z;ub*))

X exXp [_Spert(b* (bT); Hb.. Q7 NQ) SflT (bT7 Q)}

Aybat, Collins, Q1u, Rogers (2012); Echevarria, Idilbi, Kang, Vitev (2014); ...



Putting Sol

ution of CSS Eqn. Together
W term

Wuu(br, Q)

f

X €XP <

\

\

= Wiy (b(b1), QWi (br, Q)

0 (2, bu(br); 122, .

fl(x b. (bT) .ub .ub)

2
R(b.(br); o, )ln(Q H

) fﬂQd ’
l‘lb Hbs ﬂ,

_gpdf(x’ bT; QOa bmax) - 8&(2, bT; QO: bmax) - gK(bT max) ln[

Q2
[27(%(/1'); 1)-In (ﬁ)k(%(ﬂ'))}}
Q2

2

0

W (br, Q) = WO (b, (br), Q)WenF (b1, Q)

= ZHJ(ﬂQ Q@b (bTD (2, bu(br); 1, 5.

X €XP 4

\
)

X €XP 1

\

Matching of the small and large bt behaviour of solution to CSS bmax \/
b.(br) =

L
R ln( ) f
.ub Hby 'u

° du’

2y(as@); 1) - h‘(f )masw »]}
Q2

Q)}’

gsiv(X, br; Qos bmax) — ga(z, br; Qos bmax) — gK(bT bmax) ln(
0

i

1+ b2./b2,,,




Re-factorization collinear pdfs OPE

Fix bubr)s i} ) = Z f = P (/% bubr)s 1 b () L B p15,) + O bu(br)))

' 1
DY, bubr)d o pn) = ) f Cl (22, 0u(br): 12, b, s(up)) D B3 1) + O((m bu(br))P)

* Collins-Cambridge Univ Press 2011, Aybat Rogers PRD 2011, Collins Rogers PRD 2015 ...

dx 1 de

fir G bulbr)iy o p) = = MPZ 5 R0, 20, ba(br); i3, v, » @s(un, )T (R1, 223 1)

+ O((m b.(b7))?),

* Kang, Xiao, Yuan PRL 2011

* Abyat, Collins, Qiu, Rogers PRD 2012



With pp = C1/b« as hard scale, the b dependence of TMDs 1s calculated 1n
perturbation theory & related to collinear parton distribution (PDFs) thru OPE

Ful@,bri Q% pq)  ~  (CF (/i bobr)i i mo.s s (i) © Fa(@; po.) )

Collins (2011); ... X exp {—Spert(b*(bT); v, Q. 11q) — Skip(br. Q)]

Collins 201 1 QCD Aybat Rogers PRD 201 |



fi(z, br; Q% ng) ~ (éfl(x/@y b (bT); 5. s 1, » s (116, ) @ Fa(F; Hb*))

X exp {_Spert(b*(bT)3ﬂb*7Q’“Q) N SJGP(bT’ Q)}

~ /

perturbative Sudakov factor non-perturbative Sudakov factor
o "e dy / / '
~I(Q/ v, ) K (b ) — fl "o ylens (1) 1) — e (cvs (o ) 95 (@, br) + gk (br) In(Q/Qo)
. (1) # | \
same for unpol. and pol. different for  universal
each TMD
b (br) = b7 = C4 /b, (br)
*\VUT ) = 1+b%/b?nax Uy, — U1/0x\ 0T

Note: b,(0) = 0 and (up, )p, 0 = oo ==y problematic large logarithmsin S
(Bozzi, Catani, de Florian, Grazzini (2006); Collins, Gamberg, Prokudin, Rogers, Sato, Wang (2016))

pert

Parsi Petronzio NPB 1979, Altarelli et al. NPB 1984 CSS NPB250, Bozzi Catani, de Florian Grazzini NPB 2006



© Addressed in “gTt resummation” Pars1 Petronzio NPB 1979, Altarelli et al. NPB 1984
CSS NPB250, Bozzi Catani, de Florian Grazzini NPB 2006

~ Regulate the large logs(02b?) at small b in the F'T they Bozzi et al. , replace L=logs(02b?)
with L=logs(0Q?b2+1) cutting off the b << 1/0Q contribution

© Also Kulesza,Sterman,Vogelsang PRD 2002 in threshold resummation studies

We place “another” boundary condition on now small bt 1n “TMD CSS analysis™
Collins, Gamberg, Prokudin, Rogers, Sato, Wang PRD 2016

“Improved CSS” (Unpolarized) (Collins, Gamberg, Prokudin, Rogers, Sato, Wang (2016))*

2
Place a lower cut-off on b;: by — b.(br) where b.(br) = \/bg + (Cb—(’Q) = \/b% + b2,
5

C
- [y, — U= b*(bc(le)) SO up, is cut off at  He = ClQ



Modification to CSS W Term

B C . Introduce Small b—Cutthf Similar to Catani et al. NPB 2006 & “Bessel Weighting” ppr.
Boer LG Musch Prokudin JHEP 201 |

do
b2, + b2/ (C 0) ~ 1 N
\/ + / 5@) ( ) /Q ( TMDIreglon Qr< )ILYiegfn Qr~Q
5 T
. . ) =
Regulate unphysical divergences from in W term 2 Pl A = |Py|
g 1
5 do o AN
\/ \/
r— — ' 1]
Sl / |
 “good” Bp -range
[ l | >BT
~1/ATmD ~1/| Py |res

Wnew(qr,Q;n,Cs) = = (q_T 77) / é:)TQ e 1T T W OPE (b (b.(b1)), Q) Wrp (b (b7)), Qi bimaz)

Generalized B.C.

(bmin bT < bmin
b* (bc(bT)) — < bT bmin < bT < bmax
bmax bT > bmax .

\



“Improved CSS” (Unpolarized) (Collins, Gamberg, Prokudin, Rogers, Sato, Wang (2016))

Place a lower cut-off on b;: by — b.(br) where b.(br) = \/b2 + b3 /(C5Q)?

= Cy : C1C5Q
_— [, — = b (o (b7 SO p, is cut off at p. ~ b

i@, be(br); Q% pnq)  ~  (CH(/a,b.(bebr))i 7, 1) © F1(&3 )

X exp {_Spe’rt(b* (bc(bT))a 14, Q7 NQ) — S]]iflP(bC(bT% Q)}

“Improved CSS” (Polarized) (Gamberg, Metz, DP, Prokudin, Phys. Lett B (2018))

(2,573 Q% ) = f1(w(bry @, nq) — iMeb)S) Fi ‘”(a:. Q?, 1q)
o /

b, -> b (b,) NO b;-> b (b;) replacement — b -> b (b;)
kinematic factor NOT associated
with the scale evolution

ol



Unpolarized and Sivers W term & TMDs

Wou(be(br), Q) = ) Hj(ug, Q) £ (x, belbr); O, o) Dy (2, belbr); O, o) ,
J

Wit be(br), Q) = ZH (- Q) fig (% bebr); @, o) DY (2, belbr); @, pg)

Unp()larized FT TMI) + Phys.LettB(2018) Gamberg , Metz, Pitonyak, Prokudin
7 x belbr): 0% i) = J 02 E0 ()2, b (belbp))s B s (D) f (250

(L ’
><eXp{ff(b*(bc(bT));ﬁ)ln(g)+ f o [y(asw'x1)—1n(2,)y1<<asw’>>]}
gl Jpom Il

X eXp {_gpdf(xa bc(bT); QO max) gK(b (bT) bmax) In (5))} ‘

Sivers F'T 'TMD or 1st Bessel moment

Ldz, de
X1 X2

U ’
X exp {f{(b*(bc(b]“)),/._l) hl (g) + f ’ d/.f [7/(@5(#,); 1) - 11’1 (2,) ')/K(as(:u/))]}
T i M 7

FEOI(x bo(br); O pig) = ——— =2 O (&, R, be(be(br)); 2 i rs() T (i, 23 )

2Mp




4 Relies on modification of W+Y construction

4 Collins, Gamberg, Prokudin, Sato, Rogers, Wang PRD 2016

do
_ 52 f qrT(qr. Q.5) = 222 WOE®D, . O)io + 0(a(Q)) + O((m/Q)")
dxdydpsdz
2 . hij p
Sor (1= +)7/2) Z &% (e pe) DY (2 1) + O(@(Q)) + O((m/ Q))
4+  Gamberg , Metz, Pitonyak, Prokudin PLB 2018
d P AO- S %751V, ’
Bis ATOT) gy WO (1, 00 + 01 (Q) + O/ Q)
dxdydz
2 - :
_ ﬂZCUem(l 4 y2/2>Ze Th(x, x5 1) DI (23 1) + O(as(Q)) + O((m/ Q)
yQ*?

Agrees with collinear twist-3 result at leading order

Z..-B Kang,Vitev, Xing, PRD(2013)



1
Relies on the small b limit with bmin cutoff  bmin o 0

/ Pkt fl (2, kr; Q% pg; Cs) = fi (2,1 Q% 11q) = f1 (x5 pe) + O(as(Q))

22 / d®pr D(2,p1; Q2 11g; Cs) = 22 D17 (2,603 Q% 10) = DY (25 pe) + O(s(Q))

Because the evolution kernel is same ...

k2 . - : —1 .
[ ey i s Q% ii Co) = F (0,0 Q% i) = g Th(awiae) + 0(a(@)
P

2
/ d*pr zzzjz;[z H{ (2, pr; Q2 jug; Cs) = Hj SN . Q% ug) = Hj W72, 1) + O(as(Q))
h

4+ Phys. Lett B (2018) Gamberg , Metz, Pitonyak, Prokudin



Moments of TMDs and collinear pdfs

Naive connection of moments of TMDs and collinear pdfs based on
matrix elements and a Parton Model picture “factorization” preserved

TMD kinematical CT: dynamical CT3
. k2 1(1 Tr(x,x) o
d2kj T — k — ( ) — _ F\L, T Qlu&Sterman 1991
/ oy Jir(@ k) fir (@) oM

Boer, Mulder, Pijlman (2003); Meissner (2009); ...

. TMD emati
L P
/dzp s Hi(zpr) = H; " (2)
h

Yuan and Zhou (2009)



At small b can calculate coefficient function
CS NPB 1982, ]JCC 201 | Cambridge press,Aybat Roger PRD 201 |, Bacchetta & Prokudin NPB 2013

e AV~ | NN S
. iﬁj jﬁ{ -G

Clybebp) = FUi(abr) = ()

PDF
Cf/]

Ve TE
(2, b1; CpDF, ft, s (1)) =0¢0(1 — +5f32(7p{21n< c > ( ) —1 —a:} +1—=z
b l—x/

L (26 )] (26 VE)ﬂn(CZgF)” (azgrﬂ)>
+@<< 4 >2>

Note the coefficient function is IR safe the collinear divergence is
subtracted; we get NLO correction from replacing

—0(1 —x)




Matching the TMD and ETQS description of TSSAs

PHYSICAL REVIEW D 73, 094017 (2006)

FIG. 8. Feynman diagrams contributing to the spin-
independent quark distribution at large transverse momentum.

a, 1 dx
ale k) = 57 = Cr [Tato

T kK
1_|_é':2 Z2&2
———+ o0& — 1)|In———1
><[(1—€)++ ¢ )<nki ﬂ
1 d
Fap T [ TEWIE F -7 GO

Inserting the perturbative TMD distribution (36) and the
soft function (41) into the factorization formula (40), we
find that indeed the unpolarized cross section given by
Eqgs. (26) and (27) 1s reproduced, including the quark-gluon
scattering piece. Here we use the above normalization
condition for the soft function, and the normalization that
the integration over the TMD distribution yields the normal
Feynman parton distributions,

f dkyq(zy, k) = q(z), / k1 q(zp, k1) = 4(z2).
(42)
Ji, Qiu,Vogelsang,Yuan PRL, PRD 2006



Calculation of soft and hard poles for “Sivers like function”

Q9Q009QQ0Q

QQQ0QQ0Q0

)

| i
© @) FIG. 10 (color online). Same as Fig. 9, but for the hard-pole

FIG. 9 (color online). Feynman diagrams contributing to the contributions.
Sivers functions at a large transverse momentum.

We have given the first-order perturbative result for the
Sivers function in Eq. (39). As was shown in [19] (see also
[22,23]), its ki—moment is related to the twist-three quark-
gluon correlation function defined in Eq. (3) of Sec. II:

1 > >
e /dzklkiqT(x, ki) = Tg(x, x). (44)
P

Ji, Qiu,Vogelsang, Yuan



T (2, Q% ) =
—
7o (,Q% uy) =

_|_
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NLO result (LO) splitting function in limit w/ soft gluons
work 1n progress w/ Pitonyak, Prokudin & et al. TMDc

) = VB 13/ (C5Q)° = bel0) ~ 1/Q

Vogelsang INT talk 2/27/14 gets result in joint resummation;
again collinear divergence is subtracted in similar manner

Relating full gr cross section to collinear under investigation ...

* Vogelsang et al. joint resumption
* Catani’s unitarity condition on W+Y



Comments

T

With our method, the redefined W term allowed us to construct a relationship
between TMD-factorization formulas and standard collinear factorization formulas,
with errors relating the two being suppressed by powers of 1/Q

Importantly, the exact definitions of the TMD pdfs and ffs are unmodified from the
usual ones of factorization derivations. We preserve transverse-coordinate space
version of the W term, but only modify the way in which it is used

+ We have applied to transverse polarized phenomena

4+ We are able to recover the well-known relations between TMD and collinear

quantities expected from the leading order parton model picture operator definition

We recover the LO collinear twist 3 result from a weighted gt integral of the
differential cross section and derive the well known relation between the TMD
Sivers function and the collinear twist 3 Qiu Sterman function from iICSS approach



Backup

Matching and W + Y to collinear Factorization

do
/dZQT Car . /d2QTW‘|‘/d2‘ITY

A second/third issue 1s the problem of matching the TMD factorized cross section integrated over
g to the collinear factorization formalism.

LHS, In QCD the cross section integrated over all gr; 1t 1s of the form of factors of collinear parton

densities and/or fragmentation functions at scale Q convoluted with hard scattering that 1s
expanded in powers of as(Q)

RHS
1) Integral /dqu W(gr,Q,S) = Wyu(br — 0,Q)

~ b7 x (log corrections) = 0,
a=8Cr/Bo, Po=11—-2n¢/3

1]

2) Using collinear factorization the Y term “starts” at NLO (g



b-Dependence driven by perturbative part of ev. Kernel

exp | [ |2a(antui1) = 2in (52 ) )|

/
L Up* H _

~ ] '8 ln,ug2 | ] '®; 2\ |
W(br — 0,Q) ~exp d / Inp'*| = exp " In (,ug)
1

_7-‘-60 n,ug i 7‘-60

= exp Cr In Cr
L biud |

= b7 where, a = 2Cr /(7)) > 0
— 0

Must regulate the large logs in bTQ



With = C1/b« as hard scale, the b dependence of TMDs is calculated in
perturbation theory and related to their collinear parton distribution (PDFs),
fragmentation functions (FFs), or multiparton correlation functions, thru an OPE

Ful@,bri Q% pq)  ~  (CF (/i bobr)i i mo.s s (i) © Fa(@; po.) )

Collins (2011); ... X exp {—Spert(b*(bT); v, Q. 11q) — Skip(br. Q)]

Turn off Osdon’t get back parton model

~

fa,brs G, ) = fi/p(w) exp { (%‘/P(w’ Ak L 2) }

Qo
2
= fj/p(x)exp { (91 + g2 In %) %T}

Collins 201 1 QCD Aybat Rogers PRD 201 |



TMD factorization & evolution from b-space rep of SIDIS cross section
interpret as a multipole expansion in terms of b7 [Gev~'] conjugate P}

do

. 200 comry e, o, e o
dxy dy dos dzy, doy [Py 1 |d| P |
2 2

o d|b
7502 (1y_5) (1+%> / (| T)|\bT\{J0(\bT|\PhH) vu,r + €Jo(|br||Pril) Fuu,r

B g <
+  V2e(1+¢) cosgp Ji(|br||Phol) Fip +€COS(2¢h) J2(‘bTHPhJ_|)]:?]O(§(2¢h)

+ Ae \/28(1 — ¢g) sin ¢y, J1(|bT||PhJ_|)fzi(r}¢h

+ 5 \/25 +¢) sin ¢p, J1(|br||Pro]) F Sln¢h+€Sln<2¢h)J2(|bTHPhJ_|) Sm%h}
+ ) A V1= 22 Jo(|br||Pho|) Frr + /22(1 — ) cos ¢y Jl(\bTHPhLD]'—EOLS%}
+15 .| [Sin(¢h_¢s) T (br||PyLl) (Fopi =) e Foglin™ ¢S))

UT,L
+ e sin(¢y, + bs) J1(|bT||PhL|) fsi“<¢h+¢s>

+ £ sin(36n — ¢g) Jg(beHPM\) Foin@—s) ¥ o
ur F(S;;(¢h+¢3) P[thlJ—(l)]

+ Y

— T

Forg' = = ~Plii " D]




Matching and W + Y -studies low gt

e At small grthe Y term is in principle suppressed: it is the difference
of the FO perturbative calculation of the cross section and the
asymptotic contribution of W for small gr

e But there can be a difference of of large terms and truncation
errors are augmented: Here the Y term is larger than W ?!

P. Sun F Yuan et al arXiv: 1406.3073

_III;|IIII|‘I\\II1|IIII|IIII|IIII|IIII|IIII|IIII|IIII_
 HERMES (e+p ->"+X) Y (qr, Q) = FO(gr, Q) — ASY (¢r, Q)
A Q’=3.14GeV* -
0.4<2z <0.6

16— |

1.2—

0.8—

0.6~
NERIRRERERNERER
0.1 0.15 0.2 0.25




Matching and W + Y -studies large gr Compass Example

Boglione Prokudin et al. JHEP 2015

 When g7 is above some small fraction of Q, W deviates alot from do (g7, Q)

2
e Then it becomes negative and “asymptotes” to 1 log Q”
Nadolsky et al. PRD 1999, Y. Koike, J. Nagashima, and W. Vogelsang, NPB744, 59 (2006) 2 q%

be augmented (ASY!)

1070 0
PRD 94 2016 Collins, Gamberg, Prokudin, Sato, Rogers, Wang ;
__ 109!
. =
Matching becomes a 9
A -32
challenge COMPASS/Jlab 5 ™
n n Al
like energies o
g 109 :
sl {absolute value
Gonzalez, Rogers, Sato, Wang arXiv:1808.04396 10_3 4
See Alexei’s talk




“Matching-1” and W + Y-schematic

® However at lower phenomenologically interesting values of Q, neither of
the ratios ¢r/Q or M /qT are necessarily very small and matching can be
problematic—small “matching region” & resulting in differences of large quantities

AAFun stuff From Ted Rogers

-
Ny
R,
a
in qr Z O(Q)
b
S|
s >
o
g
Y-term
Cross section doesn’t
....... factorize into TMD
............. functions
Pr,t note Pir=zqr
do m \¢
=W4+Y + O —

dQ? dz dz d? Pyt



10000

100

(do/dq,)

0.01

Implementation of Collins, Gamberg, Prokudin, Sato, Rogers,Wang PRD 2016

® (an extend the power suppression error estimate down to gr = 0 to get

do(gr S @Q,Q) =W(gr,Q) +Y (¢r,Q) + O

Asymptotic (x=0.1, z=0.5)
Fixed Order (x=0.1, z=0.5)

Term

\YY
W+Y

Q,=2 GeV, Q=5 GeV

m C
— | do
0 (g7, Q)

Use analytic expressions for the
collinear correlation functions,

from GRV ZPC 1992 for up-quark
pdf and from KKP NPB 2001 for the
up-quark-to-pion ffs.



