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Overview comments

R

4+ Report implementation for combining TMD factorization & collinear factorization in
studying nucleon structure in SIDIS

4+ Using enhanced version of Collins-Soper-Sterman (CSS) framework, able to re-
derive at @ “LO” the well-known relation between the unpolarized TMD & fi(z, 1),
(TMD) Sivers function and the (collinear twist-3) Qiu-Sterman function
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 (m-typical

hadronic mass scale), to large g1 ~ 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

TMD
Q> Qr 2 Aqep

Phys.Rev. D (2016) Collins, Gamberg, Prokudin, Sato, Rogers, Wang
Phys. Lett B (2018) Gamberg , Metz, Pitonyak, Prokudin
Phys. Lett B (2018) Echevarria, Kasemets, Lansberg, Pisano, Signori

Intermediate Qr
Q > QT > AQCD

Collinear/twist-3
Q. Qr > Aqcp

Aacp

Qr



“Matching-1"” W + Y-schematic

+ Collins Soper Sterman NPB 1985

+ Collins 2011 Cambridge Press

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

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

« The W +Y construction of cross section arise from applying approximators
Ttmp and Tecon to cross section in “design” regions m~qgr <« Q and m« gr~ Q
respectively, in the process of extracting the leading factorized contributions to
the TMD & collinear contributions to the cross section using subtractive
formalism to prevent double counting; resulting in the combination W+ Y

having a relative error O(m/Q)c in the range ™M ,S qTr ,S Q)

* “Designed” with the aim to have a formalism valid to leading power in m/Q
uniformly in gr, where m is a typical hadronic mass scale



+Collins Soper Sterman NPB 1985

Matching W + Y-schematic

+Collins 2011 Cambridge Press

® Designed with the aim to have a formalism 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 <K qr < @

Implementations/studies
+ Nadolsky Stump C.P. Yuan PRD 1999 HERA data

From Ted Rogers + Y. Koike, J. Nagashima, W. Vogelsang NPB (2006) eRHIC
A /\Fun stuff 4+ Sun, Isaacson, C. -P. Yuan, F Yuan arXiv 2014
E + Boglione Gonzalez Melis Prokudin JHEP 2015 ....
E," S > ¢
T |ar $0(m) qr 2 0(Q)
ks >
N
S
o
Y-term

Cross section doesn’t
....... factorize into TMD
............ functions

.......................... note Pnr = zqr

do m\©
=W+Y + O —=
sz da dz d2PhT + + (Q)



Review of CSS W + Y definition— Birds eye view

N R 1]
B
thy”

+ Collins Soper Sterman NPB 1985
+ Collins 2011 Cambridge Press

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

e W describes the small transverse momentum behavior gr « Q and an
additive correction term Y accounts for behavior at g7 ~ Q



Review of CSS W + Y definition— Birds eye view

N WY E

+ Collins Soper Sterman NPB 1985

+ Collins 2011 Cambridge Press

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

® W describes the small transverse momentum behavior gr « Q and an
additive correction term Y accounts for behavior at gr ~ Q

e Wis written in terms of TMD pdfs and/or TMD ffs and is constructed to be
an accurate description in the limit of g7 /Q « 1. Itincludes all non-
perturbative transverse momentum dependence



Review of CSS W + Y definition— Birds eye view

+ Collins Soper Sterman NPB 1985
+ Collins 2011 Cambridge Press

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

e W describes the small transverse momentum behavior gr « Q and an
additive correction term Y accounts for behavior at g7 ~ Q

e W:is written in terms of TMD pdfs and/or TMD ffs and is constructed to be
an accurate description in the limit of g7 /Q « 1. It includes all non-
perturbative transverse momentum dependence

e The“ Y -term “ is described in terms of “collinear approximation”to the
cross section: it is the correction term for large g7~ Q



Y(qT, Q) = 1.1 dO’(C]T, Q) — T eoudrmp dO'(QTa Q)

Y(qr,Q) = FO(qr,Q) — ASY (qr, 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 gr the FO and ASY are dominated by the same diverging terms

1 1 2
5 and 5 10 Q

qdr dr C]T

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

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



do
dQ? dz dz d2 Pyt

“Matching-1" and W + Y-schematic

However at lower phenomenologically interesting values of Q, neither of

the ratios ¢qr/Q or m/qT are necessarily very small and matching can be

problematic—small “matching region” & resulting in differences of large quantities

\ /\Fun stuff From Ted Rogers

Y-term
Cross section doesn’t
......... factorize into TMD
............... functions

Pyt note Pur=zqr
do

dQ? dx dz d2 Pyt



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

'ji\\\,l ‘HH‘HH‘HH‘HH‘HH‘HH‘H\L

| HERMES (e+p ->7"+X) Y(qr,Q) = FO(qr, Q) — ASY (qr, Q)

“ Q’=3.14GeV* -
04<2z <0.6
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Matching and W + Y -studies large gr Compass Example

Boglione Prokudin et al. JHEP 2015

e When gris above some small fraction of Q, W deviates alot from da(qT, Q)

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

be augmented (ASY!)

1030
PRD 94 2016 Collins, Gamberg, Prokudin, Sato, Rogers, Wang ;
__ 103
. >
Matching becomes a e
challenge COMPASS/Jlab 5 ™
like energies S
5 103 ]
=2 { absolute value
1034




Matching and W + Y to collinear Factorization
2 do 2 2
[ @a — [ @aqrw+ [ dqry
d2qT .o

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




CSS and W term

TMD factorization/evolution CSS in b space; (will drill down on this ...)

+ Collins Soper, NPB 1982

4+ Collins Soper Sterman NPB 1985
+ Aybat Rogers PRD 2011

+ Collins 2011 Cambridge Press

P (25/2,br) ® fi/p(8 1) ) €SO

TMD factorization
This expression contains the OPE of the Fourier transforms of the TMDs
with soft factor in evolution exponent. Ted Rogers pics...

;i S bTi YA Yn)
;7[1-} (37 bTa My yn) = lim funsub l’ bT, m,yp — yB) \/ ( . X UVrenorm
yBj>+§>\ S(br;ya,ys)S(br; Yn, yB)

1[ db~

~yl'l/nfirub(ﬂﬁ,bT;u,yP—yB):/ o ¢ POy U (B)IP)] e




CSS and W term

TMD factorization/evolution CSS in b space; (will drill down on this ...)

do 41 30410 ‘ + Collins Soper, NPB 1982
~ € + Collins Soper Sterman NPB 1985
5 5 ollins Sop
qu dQ 3s + Aybat Rogers PRD 2011

+ Collins 2011 Cambridge Press

~

ngdf(xB/é,bT) ® JFj/B(@,Mb)) o~ 5(7,Q)

TMD factorization
This expression contains the OPE of the Fourier transforms of the TMDs
with soft factor in evolution exponent. Ted Rogers pics...




Matching and W + Y to collinear Factorization

do
/d2CIT Car ... /dZQTW+/dZQTY

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)
~ bT X (log corrections) = 0,
aZSCF/Bo, 0:11—2nf/3

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



b-Dependence driven by perturbative part of ev. Kernel

x| [0 |22~ 2 () )|

Mo *

~

W(bT — O, Q) ~ eXP

2
O In pg,
—F/ ln,u'Q} = exp
1

7-(_60 n ,ug

— |

7 Bo Ho
_Cr [
7 Bo b7 118

= b7 where, a = 2Cr/(wfy) > 0
— 0

= exp




Collinear Matching and W+ Y
d
/dQCIT quO :/dZQTW+/d2CITY
T ...

Paradox? A mismatch of orders in as(Q) between the LHS & RHS




Parton Model interpretation 1s lost

® Parton Model (expectation) W-term

Wpa(qr, Q) = Hro,j,i (Qo) /d27€Tfjf/A(9€, kr)dg i (2,qr + kT)

/d2qT Wpn(ar, Q) = Hro,j i (Qo) fjrja(x)dp i (2)

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

® Standard CSS W-term Anselmino et al. 2005-2016

&by .,
WCSS(QT?Q) :/ﬁequ bTWCSS(bTaQ)

/d2QTWCSS(QT7Q) =0 !

Phys.Rev. D 94 (2016) J. Collins, L.Gamberg, A. Prokudin, N. Sato, T. Rogers, B. Wang



TMD to collinear PDFs

EIC White Paper

W(x’bT 9kT)

Wigner distributions

) dzl/ ,\{’dsz
K |
- k) feeb)

TMD to collinear transverse momentum impact parameter
distributions (TMDs) distributions

nb CSS TMD factorisation carried sem"'"c'us've processes

out in coordinate space: then FT back
to momentum space dzk d2b

J(x)
* parton densities

. inclusive and semi-inclusive processes
Must consider UV and IR

Divergences and TMD evolution
Collins 201 | Cambridge Press,Aybat Rogers 201 |1 PRD



Parton Model interpretation 1s lost

by
(2m)?

fCSS(kTaQ) — / eikT.bT]ZCSS(bTaQ)

/kochss(kT, Q) = /(52(bT) b7 x logarithmic corrections

/kochss(kTa Q) =0
# f(x,p) !

J. Collins, L.Gamberg, A. Prokudin, N. Sato, T. Rogers, B. Wang PRD 2016
Gamberg , Metz, Pitonyak, Prokudin PLB 2018



With u, = C1 /b, as hard scale, the b dependence of TMDs 1s calculated in
perturbation theory and related to their collinear parton distribution (PDFs),
fragmentation functions (FFs), or multiparton correlation functions , ... OPE

fi(z,br; Q% ng) ~ (C“fl(ﬂf/@,b*(bT);ui*,ub*,ozs(ub*))®f1(53;ub*))

Collins (2011); ... X exp [—Spert(b*(bT); t. @, Q) — Sz{flp(bTa Q)W

Turn off O.s don’t get back parton model

Collins 2011 QCD Aybat Rogers PRD 201 |

~ 1 , 2. Q b%
Duys(@ brs {p ) = 5 dnys(2) % exp| -[¢} + "Iy | 5}




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

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

(@, br) = fi(w,b7) =i by, Sp, Mfin (z,b7)

Correlator obeys CSS equation so,

i@, brs Q% uq)  ~  (CF(a/a,ba(br)ipd o, as(in.) © fu(#5 b.) )

Collins (2011); ... X exp [_Spert(b* (br); s, , Q, ,LLQ) — S]{rlp(bTa Q)]

Qiu & Sterman PRL 1991

i L o
it (b3 Q% pg)  ~ (Cf”(xuwz,b*(bT);ui*,ub*,as(ub*))® TF(wlaw%Mb*))
1
T

X exp [_Spert(b*(bT); Hb, Qa :LLQ) o Sl@P(bT’ Q)}

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



S (x:ky) .
+ Collins, Soper, Sterman NPB 1985
transverse momentum
distributions (TMDs) + JiMa Yuan, PRD 2005

semi-inclusive processes

[d’k;

+ Collins 2011 Cambridge Press

| f(x)

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

/d% f1(@ b Q% 1) = Fu by — 05Q2, o) = 0!

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

kg =
e L pi (o ks Qo) = 57 (@3 Q% iq) = i (@b — 0:Q%, 1) = 01

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

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



+ Collins, Soper, Sterman NPB 1985
4+ 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!

(K (2)) o = / Pl ki | —E255T bl k)

/ N
Boer Mulders Teryaev PRD 1998

avg. TM of unpolarized
: Burkhardt 2004,2013 PRD
quarks in a transversely Motz ot al. 2013 PRD

polarized spin-1/2 target And others ... Prokudin 2015 EIC White paper
x t(x, kr, St)

0.5 0.5

ky(GeV)
o
|
ky(GeV)
o
T

-0.51 -0.5

05 0 0.5 05 0 0.5
ky(GeV) ky(GeV)



e To understand this lets unpack perturbative part of
CSS TMD evolutlon Kernel

Can we preserve generalised parton model as an approximation to TMD evolution?

YES!

J. Collins, L.Gamberg, A. Prokudin, N. Sato, T. Rogers, B. Wang PRD 2016
Gamberg , Metz, Pitonyak, Prokudin PLB 2018



i@, brs Q% ng)  ~  (CH(@/a,be(br)i v, ars(as.) © Fa(@5 1s.) )

X exp {_Spert(b* (bT)§ Mo, Qa MQ) - S]GP(bTa Q)}

~ /

perturbative Sudakov factor non-perturbative Sudakov factor
hQ dy!

10(Q/ a6 ) K (B i) — [ T Py ()i 1) = e (v 1) g5 (.b7) + g5 (b) In(Q/Qy)
\ uv) M J J \
- ||

same for unpol. and pol. different for
each TMD

universal

b2

Note: b, (0) = 0 and (us, )», 0 = oo == problematic large logarithmsin S .

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



bQ <<1 contributions to the W term

- Issue has been addressed “grresummation” by Bozzi, Catani, de Florian, Grazzini,
(2006) NPB, & “TMD CSS analysis” Collins, Gamberg, Prokudin, Rogers, Sato, Wang
PRD 2016 studying the Fourier transform of the W term in the W+Y matching in gt of the
SIDIS cross section from coordinate b-space to gr momentum space

In order to regulate the large logs((Q?b2) at small b in the FT they Bozzi et al. , replace
logs(0262%) with logs((Q2b2+1) cutting off the b << 1/Q contribution
Also Kulesza,Sterman,Vogelsang PRD 2002 in threshold resummation studies

We address these large logs by placing another boundary condition on now small bt

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

Place a lower cut-off on by: by — bu(br) where be(br) = /b3 + 13/(C5Q)?

. Cq . C1C5Q)
— [y, — = b2 (o (br)) SO up, is cut off at u. ~ b




Modifications to CSS

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

do
) = /03 4+ 12/ (C5Q) = b.(0) ~ 1/Q v
( TMDIreglon Qr< @ j[ Yreglon QT Q
Regulate unphysical divergences from in W term g \ﬁ | -
g | P lres Aty T
b) Introduce large gr-cuttoff so that Wnew . o
vanishes at large gt Similar to Nadolsky et al.PRD 1999 i do N
i ____'W Z ]
qT qT as I/ “good” Br - range/ 5
= ( Q 777) — €Xp [_ (77—Q) ] | Nl/ATMD ~1/| Py |res '
W . _ = (4T d*br iqr-br i OPE x ,
New(QT7Q777705) — = 6777 WG W (b*<bc(bT)>7Q) WNP(bc(bT))anbmam)

Generalized B.C.

bmin bT < bmin
bmax bT > bmax .



Now Y term 1s further modified

YNew (QT? Q) — [Tcoll dO-(QTa Q) — TcollTjijZ% dO—(QT? Q)] X(QT/A)

= |FO(qr, Q) — ASYNnew(qr, Q)) X (g7/ M)

_____________________
-~




121
10f
08}
06l
04 —

02l

Switching functions

Cutoff Functions
Q =20 GeV

o o o o o B

s The cutoff functions in for low gr/lambda (blue dashed line)
/ and large g1/Q (brown solid line) for Q = 20.0 GeV

See also Altarelli et al NPB1984, Catani et al NPB 2015 Arnold and Kauffman 1991,
Alternative approach Berger Qiu & Zhang PRL 2001



Enhanced CSS—Putting all together

do_(QT? Q) ~ szyﬂj%do-(QTa Q) + Tcoll [dU(QTa Q) _ TZJ’VJ\ZI;D dO(QTa Q)]

m

+0 (Q)C do(qr, Q)

or

m

2 dolar.@)

do(qr, Q) = Wyew(qr, Q) + Ynew(qr, @) + O (

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



Putting all together demonstration

lllustration: we have performed sample calculations of the Y -term using analytic approximations for the collinear pdfs
and collinear ffs. We consider only the target up-quark gamma q -> g+g channel, and for the running alphas we use the
two-loop beta function f = 3 since we are mainly interested in the transition to low Q.

Thus weuse Agcp = 0.330

To further simplify our calculations, we use analytic expressions for the collinear correlation functions, taken from
appendix A1 of GRV ZPC 1992 for the up-quark pdf and from Eq. (A4) of KKP NPB 2001 for the up-quark-to-pion

fragmentation function.

Y-term

Q = 20.0 GeV

10 ¢
o — Y(Cs5=1.)

0.100}
0.010}

0.001 |




10000

100

(do/dq,)

0.01

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

® Now we can extend the power suppression error estimate down to gr = 0 to get

do(qr < Q.Q) =W(qr,Q) +Y(¢r,Q) + O

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

Term

\\%
W+Y

Q,=2 GeV, Q=5 GeV

m C
— | do
0 (g1, 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.



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

Place a lower cut-off on by: by — be(br) where b(br) = /b3 + 13/(C5@Q

_ C . C1C5Q
_— [y, — L= . (be(b7)) so p, is cut off at p. = b

Fi@,be(br); Q% nq)  ~ (/@b (belbr))i 72 i s (7)) © f1(85 7))

X exp [_Spert(b* (bc(bT))a I, Q7 MQ) - S]{]}P(bc(bT)’ Q)}

“Improved CSS” (Polarized) (Gamberg, Metz, DP, Prokudin, to appear soon)
~ + — ~ .
i ](xv br; Q7 nQ) = fi (m Q?, HQ) — ZMG j'S"Tf1 (1)(33‘ Q2 HQ)

v /

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



2
(dby
2n

. db .
£ ks Qg Cs) = f—T brdo(krbr) fi(x, bubr); 0 pg).

D/(z, pr; 0% 1o; Cs) = | brJo(prbr) D (2, b.(br); 0%, o) ,

2

db
2M2 fi7 (ks Q% pgs Cs) = kr f “b2 0y (krbr) fn Y (x, be(br); Q% po)



/dQET Fi(@, ks Q% g3 Cs) = fi(2,be(0); Q% po) = fi(w; pe) + O(as(Q)) + O((m/Q)P)

/dZﬁT Di(z,pr; Q% pQ; Cs) = Di(z,b:(0); Q%, n@) = Di(z; pe) + O(as(Q)) + O((m/Q)P)

- E2 ﬁ:l iz;
/d?kT sies Jir (@, ke Q% uo; Cs) = fir (2, b:(0); Q% k) —— 2Mp o) 1 0(0s(@)) + O((m/Q)

—*2 - ’
ferr sz i (2913 Q% 103 o) = Hi' (2, 00(0)3 Q7 @) = H' ) (25 110) + O(s(@Q) + O((m/ Q)

At LO in the “Improved CSS” formalism we recover the relations one
expects from the “naive” operator definitions of the functions

The “Improved CSS” formalism (approximately)
restores the physical interpretation of TMDs!



4 Relies on further modifications of W+Y construction see

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

do
dxdydepsdz

=22 f PqrT(qr. 0.5) = 222 WE®,.. O)Lo + O@,(Q)) + O((m/ Q)")

2
Qz

21—y +)*/2) Z & f(x: o) DYV (2 o) + O(@,(Q)) + O((m/ Q))

+  Gamberg , Metz, Pitonyak, Prokudin ... 2017

d(Pp. Ao(St))

= —4nz Mp Wi OH () 1 Do + O(as(Q)) + O((m/ Q)
dxdydz

2ﬂza

yQ?

M-y +y /2>Ze TL(x, 2 1) DY (2 o) + 0(@(Q)) + Om/ Q)F)

Agrees with collinear twist-3 result at leading order

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



Comments

S

With our method, the redefined W term allowed us to construct a relationship
between integrated- 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



