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“putting weighted TMDs on better footing”

Leonard Gamberg
October 11,2018

'« PennState
2y Berks



EIC White Paper
W(x by k,) = L,ast week ..

Wigner distributions

ff%// [ d’k,

y.
N ,
g k) feeb)
TMD to OOLLLV\IBQ 4 transverse momentum impact parameter
distributions (TMDs) distributions

semi-inclusive processes

nb CSS TMD factorisation carried

out coordinate space: can we can shed
some light through CSS ? dzk ( deb

f(x)
* parton densities

inclusive and semi-inclusive processes v

Must consider UV and IR
Divergences and TMD evolution, CS NPB 1982... 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

o a2 K O%)

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

fara(z, Q%) ~ /d’ﬂ Fovale ka7 Q%

-
v o s LRI, EEFSEI, N T e ————




Overview comments

4+ Report on relating TMD factorization & collinear factorisation in studying nucleon
structure in Collins-Soper-Sterman formalism

4+ Using enhanced version of CSS framework, able to obtain at @ “LO” the well-
known relation between the unpolarized FT-TMD & f1(x, i), & the Sivers function,
and the (collinear twist-3) Qiu-Sterman function Tr(z,pn) ~ ffT(l)(az,M)
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

4+ Relies on a modification of the so called W+Y construction used to “match” the
cross section as a function of gr point-by-point, from small gr ~ m (hadronic scale),

to large gt ~ Q




Overview comments

+ We modify the “standard matching prescription” traditionally used in CSS
formalism relating low & high gt behavior cross section @ moderate Q in

particular where studies of TMDs are relevant

Intermediate Qr
Q> Qr > Aqep

Matching studies in CSS related approaches

A
NPB Collins & Soper(1982), & Sterman 1985
NPB (1991) Arnold, Kauffman
PRD (1998) Nadolsky Stump Yuan TMD Collinear/twist-3
PRL (2001) Qiu, Zhang Q> Qr Z Aqep P Q. Qr > Aqcp

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 Aaco << Qr < Q@

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

PLB (2018) Gamberg , Metz, Pitonyak, Prokudin

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

Qr

Nobuo’s talk ...



Y-term & Matching

| ————

dP2 ZHJJ st (s (1 M/Q)/deTGibT'PT Fj/Hl(xabTQNa CI)DHg/j’(ZabT§,U;C2) + Ysipis

do(m Sar SQ,Q) = W(qT, Q) + FO(qT, Q)—I—?? 29

If we do we double count

We subtract out the double counting such that the cross section is matched
(SIDIS,DY, e* 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(QT) Q) — FO(QTv Q) o ASY(QTa Q)

do(m S qr 5 Q,Q)=Wi(qr,Q) +Y(qr,Q) +

JCC Cambridge Press 201 I, Collins arXiv: 1212.5974, Catani et al. NPB 06, |5, Collins, Gamberg, Prokudin, Rogers,
Sato,Wang PRD 2016 ......



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”

TMD amatice dynamical CT3
.k 1(1 Tr(xz,z) o
d*k T L k = (1) - 1F Ly L)  Qiu & Sterman 1991
/ royz iz (@ k) fir (@) oM

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

TMD Kinematical
/2 P? H (2, pr) HED ()
d°pr ZyPT = 1 z
222 M? 1
Yuan and Zhou (2009)

Must confront central issues of collinear and TMD evolution and
factorisation considering polarised TMDs



Consider the less exotic case

“Parton Model”

TMD CT2
/d2ET fi(z,kr) = fi(z)
lgnore UV divergences and effects
™MD cT2 from soft-gluon radiation
/ d’pr Di(z,pr) = Di(2)



Some comments on the subject

Collins QCD Book Ch.9 &13

Ji MaYuan PRD 2005

Aybat Rogers PRD 201 |

Aybat Collins Qiu Rogers PRD 2012

Vogelsang INT talk 2/27/14

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



Review of 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, Qiu, Rogers (11), Aybat, Prokudin, Rogers (11), Bacchetta, Prokudin
(13), Sun, Yuan (13),Echevarria, Idilbi, Scimemi JHEP 2012, Collins Rogers 2015 ....




TMD Factorization & Evolution

do
qu dQ? ..

m C
i = W Q)+ Y.+ 0(5)

Wuu(gr, Q) = ZHN s (1 ,UJ/Q)/CZQbTGibT'qT fj/Hl(ﬂﬁ,bT;Ma 1) D, o (2,073 1, C2)

In full QCD, the auxiliary parameters /& 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



TMD factorization & evolution from b-space rep of SIDIS cross section
interpret as a multipole expansion in terms of by [GeV~'] conjugate Pj

~ 2
dz,, dy dos dzp, doy, ‘PhJ_‘d|PhJ_|

042 2 db
J ) (1+ g ) / | T|‘bT‘{JO(‘bTHPhJ_|) vu,r + €Jo(|br||Prol|) Fuu,L
B

xByQQ (1 — < 2z ( ) EDME NN

+ V2e(l T e) cosdn Ji(lbr||Pri|) Fe® + e cos(2n) Ja(|br||[Ph|) Frp 2o
+ Ae V2e(1 — ) sin ¢y, J1(|bTHPhL‘)-7:zig¢h

-+ S” [\/m Sln¢h J1(|bT||PhL|) Sln¢h —|—5sm(2¢h) J2(‘bTHPhJ_‘) sm2¢h}
4 S [ VI Io(b P ]) Fra + /22— &) cos én Ja([brl|Pas]) Fi ™

1S | [sin(on — b) i (brl|Pal) (FonGr—09) 4 o gin(on—s) it (1) 7
[ ) FUT%}L ¢s) _ _p[fli—T(l)Dl]

UT.L
+ € sin(¢p + ¢g) J1(|bTHPhJ_D FE}; (Ont+05)

in(3
+ & sin(3¢n — ¢g) J3(|br||PpL) (S]T =69 sin(dntes) _ i HT M)
Frrr Plh1 H

+ Y




Transverse Momentum Dependent Evolution

TMD factorization/evolution CSS in b space emerge from region analysis &
Ward ldentities

+ Collins Soper, NPB 1982

+ Collins Soper Sterman NPB 1985

4+ Ji Ma Yuan PRD 2005

4+ Aybat Rogers PRD 2011

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

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

: : ; S(br; YA, Yn)
sub (l’, bT; M, yn) — lim gnsub (QZ, bT; n,yp — yB) \/ ~ S X U‘/renorm
ird ya—rtoo I/H _\ S(br;ya,ys)S(br; Yn, yB)

Yyp—>—00 e

[

P (@, brs p, yp — yB) = /

db~

b TPV PB0)y Uiy (0) P,



Evolution follows from their independence of rapidity scale

— 00

Collins Cambridge press 2011, Aybat & Rogers 2011 PRD

[Su . [unsu S’ b s YA,
Fg® (@, by p,yn) = lim - F3P b(w,bT;u,ypyB)\/~ (briya, 4n)

YA—>OO S(bT,yA7yB)S(bT7ynayB)

Yyp—>—00

From operator definition get

Collins-Soper Equation:

— 81nﬁ1(vaT7:u7<) _ K(bT,LL)
Oln+/C ’T
2 OYn S(bT3—|—Ooayn)

Soft factor further “repartitioned”
This is done to

I) 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

) RGE:
- - get anomalous
TR (g ¢/) for F & K
-

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



Ted’s Talk
One TMD PDF: Solution to Evolution

Ex: Cutoff Prescription:
bt

Ff/P(x7 bT) Q? Q2> — CO”inear PDFS b* (bT) - \/1 + b’%/bmax
\ ,Ub f— Cl/|b*(bT)|

dx ~ X
/ _Of/J (@)%, bss p s s 9()) £/ 2 (8, i) X

X exp
o

—

. Q 7,/
In L R (b ) + / dui [w(g(u’); 1)~ In %K(gm'»] } 9

Xexp{ gf/P L bTa max —9K bTa max)anQ}

NN

Nonperturbative parts large b 13



Recall the correlator in b-space Bessel Transform

[y _ 2 FL(1) 2
o (vaT) — fl(xabT) ZGT bT,oSTaM ( 7bT)
Boer Gamberg Musch Prokudin jHEP 201 |
See lattice studies of Engelhardt et al , Musch 2009-2018

It obeys Collins Soper Equation, thus unpolarised and Sivers
evolve in the same manner

3&}@(7@ br;u, fF)GijSJf

oln/Cr

=K(br; M)QE}/P(X’ b, £)e;; S

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

i)hﬂ(a?,b:r) = fi(z,b7) _ieg”aprSTaMNf_Zgl)(w’b%)

Correlator obeys CSS equation so,

fi(z,br; Q% ug) ~ (éfl(w/:?r,b*(bT);ui*,ub*,aS(ub*))®f1(f%;ub*))

Collins (2011); ... X exp [—SpeTt(b*(bT); U, , Q, Q) — S}:}P(bT, Q)]

Qiu & Sterman PRL 1991
=1 (1 N 2N L
fin (x,br; Q% png)  ~ (CflT(:ﬁ,:vz,b*(bT);Mi*,ub*,ozs(ub*)) ® TF(wl,wz;ub*))

X exp |:_Spe7“t(b*(bT>; ,U/b*aQ7 IU’Q) o S]‘G;l;(bT’ Q)i|

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



Putting Solution of CSS Eqn. Together
W term

Wuu(br, Q) = WOE(b.(br), Q)Wat(br, Q)

= ) Hj(ug, Q) f1(x, bu(br); 1, uv,) D} (2, bubr)s 13, 5.

2 “o it 2
Xexp{K(b (br): ub)ln[Q] f - lzy(as(m 1)—1n(f )yK(as(u ))]}
Hbs

#b*

2
X exp {_g pdf(X; b75 Q0, bmax) — 8(2,b1; Qo, bmax) — 8k (D13 bmax) In ( gz )}
Weii(br, 0) = Wiy O bu(br), QWi (b1, 0)

_ ZHJ(ﬂQ Q) fir Y (x, bu(br)s i, ) D} (2, bubr)s 12, i)

2 L 2
xexp{K(b (br); u)ln(Q] f ‘Z‘ [2y<as(u) - ln(f )mas(u ))]}
Hby

/-lb*

2
X exp {_gsiv(X, br; Q0, bmax) — 8(2, br; Q0; bmax) — 8k (b13 bmax) In (%)} ,
0

Matching of the small and large bt behaviour of solution >

b
to CSS b b.(br) = r , Uy, =
. 1+ b2/b2,

Ci
b*(bT) ’




Re-factorization collinear pdfs OPE

dx
FI e bubr)i i} ) = Z f = C /3, ba(br)s i € ()) f (B 1p,) + O(m b (bT))P),

. g
D?/](Z, b*(bT);I-l%*,llb*) = Zf ,/J(Z/z,b (br); ,ub s Mb,, ¥s(Up,)) D] hit (Zs up,) + O((m by (b7))P),

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

dx 1 dx2

P e bubr)ssdh, b)) = = MPZ S (81, %2, bu(b1); 13 b, @s(ip ) T (R1, 225 3,

+ O((mb.(br))"),

* Kang, Xiao, Yuan PRL 2011

* Abyat, Collins, Qiu, Rogers PRD 2012



With s = 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

Fu@brs Q) ~ (O bulbr)id s o (o) © F1(@5 ms.) )

Collins (2011); ... X exp [—Spm(b*(bT); ., Q, ug) — SEp(br, Q)]

Collins 201 I QCD Aybat Rogers PRD 201 |



fl(wa bT;Qza IJJQ) ~ (éfl(x/:%?b*(bT);:u%*nub*aO‘S(:ub*)) ®fl(5b; l*l’b*)>

X exp [_Spert(b*(bT)5“b*’Q’“Q) ~ Sxp(br. Q)}

— /

perturbative Sudakov factor non-perturbative Sudakov factor

~ .UQd / . / |
—In(Q/ . ) K (bey ) — A% (s (); 1) = i (s (e ) 95 (x,0r) + g (br) In(Q/ Qo)
Hb
w) ) \
same for unpol. and pol. different for universal
each TMD

b2
o) = \/1 TR o = C1/bx(br)

Note: b, (0) = 0 and (up, )b, —0 = oo == problematic large logarithmsinS,,,

(Bozzi, Catani, de Florian, Grazzini (2006); Collins, Gamberg, Prokudin, Rogers, Sato, Wang (2016))

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



bQ <<1 contributions to the ¥ term

Addressed “gt resummation” Parsi Petronzio NPB 1979, Altarelli et al. NPB 1984 CSS
NPB250, Bozzi Catani, de Florian Grazzini NPB 2006

& “TMD CSS analysis” Collins, Gamberg, Prokudin, Rogers, Sato, Wang PRD 2016
studying the Fourier transform of the I term in the W+Y matching in gt of the SIDIS
cross section from coordinate b-space to gr momentum space

- Regulate the large logs(Q?b?) at small b in the FT they Bozzi et al. , replace logs(Q2b?)
with logs(Q?b%+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 br

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

2
Place a lower cut-off on b;: by — b.(by) where b.(br) = \/b% + (ﬂ) = by + D2,

CsQ
O

D SO up, is cut off at  He = C1Q



Modification to CSS W Term

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

do

A
2 L1 2/(~-NO\° —~H (N ~ 1/ oN -\ .
\/b —|_ b / C5Q) (O) ~ 1/Q ( TMDIreglon Qr< @ ) Yreglon QT Q .
3 %L
%. ! = [P |
Regulate unphysical divergences from in W term - il A
=]
[ ! .
R 7 - v ||
| I/ “good” By -range % B
Nl/ATMD ~1/|Py L |res

~

Wnew(ar, @;n,Cs) = = (%ﬂ?) /%fEZQT'bTWOPE (b« (be(b7)), Q) Wi p(be(br)), Q; bnag)

Generalized B.C.

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



Unpolarized and Sivers W term

Wou(be(br), Q) = > Hjlug, Q) Fl(x, be(br); @ p10) DY (2, be(br); 07, o)
J

Wit (be(br), Q) = > Hj(ug, Q) fir " (x, be(br); Q% o) Dy (2, be(br); Q% pig)
*‘ Phys. Lett B (2018) Gamberg , Metz, Pitonyak, Prokudin

Unpolarized FT TMD

]Flj(x, b.(br); QzaﬂQ) = Z d— def( /X, b.(b.(b7)); ,U s Cl/s(,u))f1 (x )

jl

_ 1o dyyf
><CXP{K(b*(bc(bT));ﬂ)ln(g)+f 'u, [)’(as(ﬂ');l)—l (Q)VK(%(/M ))]}
Bl Jiom I

e {_gpdf(x’ be(b1): Q0. bas) ~ 8k (belbr): bar) In (%)} | ‘

Sivers FT TMD or 1st Bessel moment

Ydz, dz, ~

X1 X2

Y (R1, 82, bu(be(b1)); (1, 1, (1)) T (%1, %2 1)

FiVlx, be(br); Q% o) = _M Z

3 Ho gy
X exp {K(b*wc(bn);m In (2) + f a [y(asm; D-In (Q,)m%(u’))]}
il Ji ou u




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

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

o= ¢y : C1C5Q
—-— U= b (ba(b7) SO up, is cut off at uy. ~ b

i@, be(br); Q%) ~  (CH(/a,be(belbr))i 7, i) © F(@5 )
% exD | = Spert (bu(be(b1)); 1, Q. 1) = STip (be(br), Q)]

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

O (2, bp; Q% 1) = fl(fB Q% nq) — iMG ‘STfl (1)(33‘ Q2 nQ)

e /

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



1
Relies on the small b limit with bmin cutoff  Omin X @

/ Pk f (2, kr; Q% 10; Cs) = fi (2,0 Q% 1g) = f1 (25 1) + O(as(Q))
22 / d?pr DI (2,015 Q% 1; Cs) = 22DV (2,05 Q% 1) = DY (23 1e) + O(04(Q))

k2 , - . —1 .
[ gyt 15 ke QP i Co) = A (0103 QP ) = 5T (o) + 0 (@)
P

2

p . ~J_ . ~J_ .

/ d2pT 222?\42 HlJ_J (ZapT;Q2an; 05) = H; (17 (Zab;nin; QZMUQ) = H; s (ZJUC) + O(as(Q))
h



Consistency w/ NLO Corrections

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

PR PN 4
%ﬁ[ﬁw p /7]%% ﬁ \ plus soft diagrams

CLh(x by) = FUl(x by) = £1h(x)

PDF 2eE 2
C’f/j (z, b; CpDF, 1, s (1)) _5fj5(1x)+5fj2CF{2ln( = { - +—1—:1:} +1—x

s (a2) T ) (52) ] (52)

—0(1 —x)

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



Get NLO result (LO) Splitting function in limait

be(br) = \/03 + 13/ (C5Q)> = b.(0) ~ 1/Q

2

S dz x Q Q
ms 2.2y = [ Z=2¢0 “N(5(1 = %s p n % 4 fnitet

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



Investigating Sivers and Collins at NLO

® Scimemi &Vladimirov EPC 2018



4 Relies on further modifications of W+Y construction see

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

do
dxdydpsdz

= 27° f d’qrT(gr. Q.8) = 227 Wi (b}, QLo + O(5(Q)) + O((m/ Q))

2
Q2

L1 -y +y/2) Z & F1xs 1) DYV (23 o) + O(ars(Q)) + O((m/ QYY)

+  Gamberg , Metz, Pitonyak, Prokudin PLB 2018

d{Pp. Ac(ST))
dxdydz

= —472’ Mp Wiy O P (B QLo + O(a(Q)) + O((m/ Q)7)

2ﬂza

yQ?

Dl —y+y /2>Ze T}(x, x; 1) DY (23 ) + O(ars(Q)) + O((m/ Q)

Agrees with collinear twist-3 result at leading order

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



Comments

| e————— S

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 a new now 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 iCSS approach



Extras



QCD corrections Collinear

Collinear factorisation CS 82 based on integration over
transverse momentum also see JCC 201 | Cambridge Press

L e oL e C’j

p p

Independent of hadron

dz
firp(& 1) :Z/?Zji(zaas(ﬂ))fO,i/p(f/z) = Zi @ fo,i/p

Collinear / DGLAP, Evolution with Scale U

d
dlIn u

Fiyp(ep) =2 / Py (a) @ fyr p(a)als )



db
f](x kr; O, 1g; Cs) = f—T bTJo(kaT)f1 (x,bo(br); 0%, 110) ,

DI(z prs O 1 Cs) = f O b do(prbr) Bz, bu(br): 0P pg).
2

2

dbr
[ kr; Q% 103 Cs) = ky | =——b2Jy(krbr) fiY (x, be(br); Q% p10) .

2M2 41



Transverse spin case

+So it is the derivative of Sivers function
or first moment evolves

olnvir B




Matching and W + Y to collinear Factorization

do
/dZCIT Car ... /dQQTW+/d2QTY

A second/third 1ssue is 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; it is of the form of factors of collinear parton

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

RHS
1) Integral /d2QT W(gr,Q,S) = Wyu(br = 0,Q)

~ b% x (log corrections) = 0,
CLISCF/ﬁo, 50:11—271]0/3

1]

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



b-Dependence driven by perturbative part of ev. Kernel

exp M:Q dﬂ [%(%(u );1) —2In <S,) vK(Ozs(u’))”

'®; In ,uQQ 2
d / Inp'?| =exp |— ﬁ In M—;’
7T50 In ,ug ﬂ-/BO Q

Cr 012
——— In 55
5o bTNQ

= b7 where, a = 2Cr/(75y) > 0
— 0

W(br — 0,Q) ~exp

= exp

Must regulate the large logs in bTQ

Nobuo’s talk



With s = 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

Fu@brs Q) ~ (O bulbr)id s o (o) © F1(@5 ms.) )

Collins (2011); ... X exp [—Spm(b*(bT); ., Q, ug) — SEp(br, Q)]

Turn off Osdon’t get back parton model

~

f(a,bes G, u) = fi/p (@) exp { (ga'/P@’ R gR GRS Q) }

Qo
2
= f;j/p(x) exp { (91 + g2 1n go) b;}

Collins 201 | QCD Aybat Rogers PRD 201 |




+ Collins, Soper, Sterman NPB 1985

Collinear limit + Ji Ma Yuan, PRD 2005

+ Collins 2011

Consequence is that physical interpretation of integrated TMDs as collinear pdfs
is at odds with parton model intuition in original version of CSS

TMDs lose their physical interpretation in the “Original CSS” formalism!

(kp(a)or = [ dhr iy (—Wﬁﬂx,m)

/

avg. TM of unpolarized Boer Mulders Teryaev PRD 1998
- Burkhardt 2004,2013 PRD
ql':ar!(s I(;] ° ’Fransversely Metz et al. 2013 PRD
polarized spin-1/2 target And others .. Prokudin 2015 EIC White paper
x f1(x, k1, St)
051 0.5
> >
S of S ot
-0.5 -0.5
05 0 05 05 0 05

ky(GeV) kx(GeV)



The FT transform of the e.g. Sivers asympt. reduces to first

moment of Sivers TMD _

- 2 0 -
i1 (@,br) = 25 o fi (@, br)
T

< 27 [ k2
i (@, br) = W/ dkr ﬁ Ji(kr br) fir(z, kr)
0

200 2
. 1 (1 1 (1
lim fii"(@,0) = fii" (x) Boer Mulders PRD 1998

This informs us how to study the collinear limit of
transversely polarized cross section

~ 2 > k2 krb
lim fi\V (2, br) = WQW/ dkr =& ——— fi7(z, kr)
- 0



