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Comments Importance of TMDs in studying partonic
content of the nucleon

® Single inclusive hadron production in hadronic [

collisions largest/ oldest observed TSSAs
P
® From theory view notoriously challenging from partonic picture

twist-3 power suppressed in hard scale (vs.w/ SIDIS, DY, e*e’)

® Connection w/ twist 2 “TMD” approach

® Operator level ETQS fnct I5* moment of Sivers
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¢ Review transverse spin Effects - TSSAs
® Transverse Spin Effects-twist 3 & TMD twist 2

® Summary Elements Factorization-SIDIS

® Role color gauge Inv.- “T-odd” TMDs

Gauge Links-“process dependence”

® Merit of Bessel Weighted Asymmetries (BWA) “S/T” pic of SIDIS
® Fourier Transformed SIDIS cross section & “FT” TMDs

® (Cancellation of the Soft & Sudakov hard factor from BWWA

® Conclusions



Partonic Structure of Nucleon

—

ki — 2|

Position
space

Belitsky, Ji , Yuan (2004 PRD)
[MeiBner, Metz, Schlegel (2009 JHEP)]

Transverse densi
momentum spAce

Transverse density in
position space




Connection of twist 3 and twist 2 approach “overlap regime”

J1,Qiu,Vogelsang, Yuan PRL 2006 ...
Bacchetta, Boer, Diehl, Mulders JHEP 2008

Intermediate Qt
Q > Q1 > Aqcp

TMD
Q > Qr 2 Agep

inear/twist-3
7QT > AQCD

Qr

Aaco << Qr << Q

® Explore role parton model processes in twist-2&3 approaches

LG & Z.Kang PLB 201 I, D’Alesio, LG, Z. Kang, C.Pisano PLB 201 |
“exploring impact of Gauge Inv”



® Depends on momentum of probe ¢° = —Q“and
momentum of produced hadron P,  relative to
hadronic scale k7(= k1) ~ Ajep and

[E0l07 Of7/7E

o ki ~ P < Q° two scales-TMDs
AO'(P}L, S) ~ Afi_/A(CC,pJ_) X Dh/c(szJ_) & a-palrt()n

® 2 <« P? ~ @ twist3 factorization-ETQSs

Ao (Pp,S) ~ % aL/A(ﬁ) R fo/B(T) ® Dp/e(2) @ Gparton



Reaction Mechanism w/ Partonic Description

Collinear factorized QCD parton dynamics
AoPP' =X [ ® f,,® A6 ® DI

[T/ L) =(+)£i=))

=6t Im(MTTMT)
S o+l MR M P

A

aN

Interference of helicity flip and non-flip amps
1) requires breaking of chiral symmetry m,/E
2) relative phases require higher order corrections



Twist 3 ETQS approach-"Partonic Picture”
Q) ~ Pr >> Aycqa One scale Collinear fact Twist 3
PhGSZS |n SOfT pOIQS Of pr'Op hC(r‘d pI"OCZSSCS Efremov & Teryaev PLB 1982

quark-gluon-quark
correlator

Ao~ f, @Tr @ Hyrgs @ DIT0 L _ = ( ! ) + imd(xs)

@ Phases from interference of two-parton three-parton scattering amplitudes

o Factorization and Pheno: Qiu, Sterman 1991,1999..., Koike et al, 2000, ...2010, Ji, Qiu,Vogelsang, Yuan, 2005 ... 2008 ...,
Yuan, Zhou 2008, 2009, Kang, Qiu, 2008, 2009 ... Kouvaris i, Qiu,Vogelsang! 2006, Vogelsang and Yuan PRD 2007



[SS5As thru “T-odd” non-pertb. spin-orbit correlations....

Sensitivityto 77 ~ ki << Q7

e Sivers PRD: 1990 TSSA is associated w/ correlation transverse spin and
momenta in initial state hadron

W,
|

T n
AocPP XND®f®Af XT Born j

Af*(z ki) =iSr- (P x ki) fip(z. kL)
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Parton model & DIS kinematics

P \
q

d 2
o Q Y (1 4 L) L,LL;/WW/,

de dyd¢dzhd¢h|PhJ_|d|PhJ_| N xByQZ (1 —5)

22,



Factorization P7 of hadron small sensitive to intrinsic
transv. momentum of partons

d2 d?k P
WH (q, P, S, Pp) = " /?T< - z, pr)V" A2, k1 )v"]

(2, pr) = / dp=(p, P, S) |p+_pr+,’ \ A(kp) = / dk= Ak, Py,

Small transverse
momentum !!!

Minimal requirement satisfy c
gauge invariance




Minimal Requirement for PARTON MDL Factorization

Gauge link determined re-summing leading gluon interactions btwn soft and hard
Efremov,Radyushkin Theor. Math. Phys. 1981,Belitsky, Ji, Yuan NPB 2003,
Boer, Bomhof, Mulders Pijlman, et al. 2003 - 2008- NPB, PLB, PRD

dé~d?
Q[u[c]](x,pT) :/ 25(27T)€T Zp€<PW( ) ]w(f_agT)‘P>‘g+:0

C]
Wi (q, P, S, Pp) /d4pd4k54(p +q—k)Tr [CID [00;5¢] (p)HZL(pa k)A(k)H, (p, k)]
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™ i e PDFs with SIDIS gauge link
z ® A : : . .. ] Y . ﬂ
’ ’ SN D 9 d>\°A(>\)

PDFs with DY gauge link

zwm w(® J==l P e dA'A()\)




“Generalized Universality” Fund. Prediction of QCD Factorization

1 1 ~ 2
fir.. (z kr) = —fip,  (z, kr) Pr~kr << VQ
EIC conjunction with DY exp. E906-Fermi, RHIC Il, Compass, JPARC

Process Dependence, Coliins PLB 02, Brodsky et al. NPB 02, Boer Mulders Pijlman Bomhoff 03, 04 ...

do = L, WH =




C[wa] = % Z ei/d2pT d2kT 5 (pT —kr — PhJ_/Z) w(pr, k) f“(:v,p?r) Bz, k%)

Fyur =C|fiD], Frr =ClginD1],

sin — h ) . ) .
FUT,(CgZéh ¢s) —C [_ Pr flJTDll 7 FSIH(¢h+¢S) — C |:_ h kT thlJ_:| ,

M ur M,
. 2 (h -k (B Lo cos 2(h-k;) (h- — k-
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UT 2M2Mh 17T++1




SIDIS- CS model indpen. thru structure functions

do az y2 /72 )
— 1 ! F F 2 1 FCOS h
dxp dy dy dzp, dgp, dP? | rpyQ? 2(1 —¢) ( T ) vor +eFuun +/2e(1+¢) cosdn Fy

2$B

+ ccos(20n) FE3 %" + A V/2e(1 —¢) singy, Fp ™"

Kotzinian NPB 95 + 5 [\/m sin én FE% 4 2 gin(26) ngg%l <l
Mulders Tangermann NPB 96, . ¢
Bacchetta ef al JHEP 08 + S [m Fri+/2e(1 — &) cos gy, FEo 0

+ ’SJ-‘ Sin(¢h - ¢S) (F[S]i;%h_qbs) + EF(?;E?h—¢S)>

b sin(on + s) EEROS) 1 cin(ag — s) FEIH
+ 2e(1+¢€) singg F[Sji;% ++/2e(1 +¢) sin(2¢p, — ¢g) F(S}i;(%h—és)]

V1—e? cos(dn — ¢s) FE‘}SW“/)S) +/2e(1 —€) cos g Fron?s

+ S|

R e Py I
Structure functions projected from cross section

[ dondos F(én, ¢s) (dot — do?)

A%y =2 XY-polarization e.g.

[ dondos (doT + do) | F(pn, ds) = sin(¢n — ¢s).




Thus 8 “LT” TMDs: Correlation Matrix Dirac space

¥ €4 Dr; St
Ve, p,) = fulepd) + T pha p?)
p;-S
(I)h+75]($7pT) — AglL(map'%)l TMT ng($7pi)
. : S
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Weighted asymmetries Model independent
Deconvoltuion of CS in terms of moments of TMDs

Kotzinian, Mulders PLLB 97, Boer, Mulders PRD 98

Awl sin(¢p—¢s) — [ APy || Pyi|don doswi(|Pri|) sin(¢n — ¢s) {do(dn, ps) — do(én, ds + )}
Ui, T [ APy | dop | P |dos wo(|Pri|) {do(én, ds)+ do(on, ds + )}

[ Ppil
~1 M Sln(th—QSS)
Ak = —2

Undefined w/o regularizatio
to subtract infinite contribution at
large transverse momentum Bacchetta et al. JHEP 08



... Comments
® Propose generalize Bessel Weights-"BW”

® BW procedure has advantages

* Structure functions become simple product P[ |
rather than convolution C| |

% CS has simpler S/T interpretation as a by [GeV™!]
multipole expansion in terms of
conjugate to P

% Use Fourier Bessel tranforms

% The usefulness of Fourier-Bessel transforms in studying the factorization
as well as the scale dependence of transverse momentum dependent

cross section has been known for quite sometime

Collins Soper (81), Ellis,Fleishon,Stirling (81), Ji,Ma,Yuan (05),Collins, Found. of PQCD,
Cambridge University Press(11), Aybat Rogers PRD (11), Abyat, Collins, Qiu, Rogers arXiv(11),
Aybat, Prokudin, Rogers arXiv (11), Anselminio, Bolglione, Melis arXiv (12)



. Further Comments

® Introduces a free parameter By [GeV '] Fourier
conjugate to Py |

® Provides a regularization of infinite contributions at
lg. transverse momentum when % is non-zero for
moments

® Addtnl. bonus soft factor eliminated from weighted
asymmetries

® Cancellation of perturbative Sudakov Broadening
(new)-mentioned by D. Boer

® Cancellation of hard cross section-new observation
(new)

® Possible to compare observable at different
scales.... could be useful for an EIC



Advantages of Bessel Veighting

1.“Deconvolution”-CS-struct fncts simple product “ 7

d’br . -
WPy = [ G2 e P ).

;i(x, 2br) = /d2PT e"?PTPr @,i(z, pr)

~

Az-j(z,bT) — /dQKT eibT'KT Aij(z,KT)

2 :/ o e T P oy 1+ b L, WH
dx, dy dip dzp, doy, | P |d| P | (27)2 L

IMWH = 262 Tr( x, zbr)y A(z,bT)fy”) .



1.“Deconvolution”-Sivers struct tnct simple product “P *

sin — h .
Fonor ¢S>:c[— br fliTDl], “dipole structure”

sin — ~la(l
* FUT%h Ps) = 1T( )(x,22b2T)

ol
=2

(2, b%)

1, NfT(l), and D; are Fourier Transf. of TMDs/FFs and finite



® Transversity and Collins

A A A A

Fsin(3¢h—¢s) _c 2 (h‘PT) (pT'kT) ‘|‘P% (h°kT> - 4(h‘PT)2 (h-kr )
uT 2M?2 M,

hi Hi

write out in cylindrical polar--
traceless tensor irreducible
tensor no mixture of Bessels /3™

2M 3 a -l
4hz hiLT@)(x,sz;zp)HlL (1)(z,b

Sln db
pein (3¢ —3) xz /|T‘\b\4

J3(|br| |Phil)

Simple product® p

T

).



TMDs in “config” space--Bessel MOMENTS

a) FT. SIDIS cross section w/ following Bessel moments
flz,b3) = /d2PT6ibT'pT f(z, p7)
— 2r [ dprllprl Jo(lbrllpr) £ (.p3)
| : 5, " b>
£z _M2 b% f(ZE, T)

21 n! .
= o [derlond () el fp?)

=
S
}%
S
Dﬂ[\D
N—"
]

b) n.b.connection to Pr moments

f(n) (,0) = /dsz (21]?\§Q> f(x,p;zp) = f(n)(fE)



* CS has simpler $/T interpretation--multipole
expansion in terms of br[GeV™'] conjugate to Pj,
dz,, dy dps dz, den |Pho|d|Pry|
&2 2
C (1422 ) [ elori{ doorliPic) Fovr + e dobrl|Pasl) Foves

zyQ* (1—¢ 21, (2r)
+ V2e(l+e) cosdn L (brl[Phi]) Fip " + e cos(26n) Ja(lbr | P ]) Fiip

+ Ao V/2e(1 — &) sin gy Ji(|br||[Phr|) Fin®

+ SH \/28 1—|—€) Sln¢h:]1(|bTHPhJ_|) (3]12¢h —|—€Sln(2¢h) JQ(‘bTHPhJ_D sm2¢h}

+ S A \/1 — 2 Jo(|br||Prol) Frr + v/2e(1 — €) cos ¢y, J1(|bT|‘PhL|)~7‘—z€f¢h}

+ |S | [Sin<¢h - ¢S)J1(|bT||1 hLD J UlTh ) €. USII(Lh )>
T_-Sln 3on—ds 7) (2 HJ‘ 1

+ e sin(én + ¢s) J(brl | Pho]) fsm<¢h+¢5> "

+ & sin(3¢n — ¢s) J3(|bTHPhJ_‘ Smh <Z5 i

+ V2e(1 +¢) sinpg Jo(|br||[Ph|) Fom?s
n \/28 +¢) sin(2¢y — ¢g) Jo(|br||Pro|) F, Sln (20— ¢S)}

+ 1S 1A [V =22 cos(on — ds) J([br || P ) Fip 0
+ /2¢e(1 —€) cos ¢g Jo(|br||Phol|) F; Cows

+ v/2e(1 —¢€) cos(2¢p, — ¢5) Jo(|br||Phi|) F 008(2% )} } )




FuourT = P[fl(o) D](LO)],
Fopr =09 = —plfiV DY,
Play; D).
Playy D).
flS;;(¢h+¢S) _ Pﬁg()) ﬁf(l)],
D
D

W EY),

T 1(1) FL(1)-
-h1L()H1()-7

sin (3¢, — IL_~1(2) ~101
Foinosn=os) _ Lp(jae) iy

Plf™ D) = 2

B
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(i)[’yﬂ(x, bT) — fl(ﬂ?, b?r) ZGT bT,OSTO' MflT @

H’

5]

(i)[iaa+’y

(CE bT) — SLglL(CE‘ bT)—FZbT-STMgi;J X bT

(z,br) = S hy(x, b2) +zs b3 M byt (2, b2)
1 o Qo > 1
+5 (bTb% + - b2 ng> M? Sp,hi P (x, b2)

—1€ prthL(l)(x, b)



Further Beyond “tree level” factorization

CS NPB 81,CSS NPB 1985 Collins, Hautman
PLB 00, Adilbi, Ji, Ma, Yuan PRD 05,
Cherednikov, Karanikas, Stefanis NPB 10,
Collins Oxford Press 2011,

Abyat, Rogers PRD 2011,

Abyat, Collins, Q1u, Rogers arXiv 2011 ...
Echevarria,Idilbi, Scimemi arXiv2012

Soft factor

*Extra divergences at one loop and higher

*Various strategies to address them

*Extra variables needed to regulate divergences
*Modifies convolution integral by introduction soft factor
*Will show cancels in Bessel weighted asymmetries

Collins Soper NPB 1981, Collins Metz PRL 2004, Ji, Ma,Yuan PRD 2005, also Bacchetta Boer Diehl Mulders JHEP 2008



Comments on Soft factor

Collective effect soft gluons not associated with distribution frag
function-factorizes into a matrix of Wilson lines in QCD vacuum

Subtracts soft divergences from TMD pdf and FF

. . . by, ,',
Considered to be universal 1in hard processes
(Collins & Metz PRL 04, Ji, Ma, Yuan PRD 05)

At tree level (zeroth order s ) unity-parton model M_M_ }w

Absent tree level pheno analyses of experimental data '
(e.g. Anselmino et al PRD 05 & 07, Efremov et al PRD 07) »

Potentially, results of analyses can be difficult to compare at
different energies issue for EIC

Correct description of energy scale dependence of cross section

and asymmetries in TMD picture, soft factor must be included
( J1, Ma, Yuan 2005, Collins Oxford Press 2011, Abyat, Collins, Rogers PRD 2011)

However, possible to consider observables where it cancels e.g.
welghted asymmetries Boer, LG, Musch, Prokudin JHEP 2011



Momentum space convolution

Adilbi, Ji, Ma, Yuan PRD 05 ...

Hard

K
C[H:wfSD] = xzpH(Q 12, p) ZegfdeT *Kr d*lp 8P (2pr + Kp + by — Py ) w (pT, —7T)

T™™D— Soft FF




Soft factor formed from vacuum expt. value of Wilson lines involving both

~

v and v thus depends on relative orientation of directions , = /v—o+ /v t5-

~

ST (br, p, ) is invariant under rotations of the br-vector (provided b-v = 0).

Since for TMDs we always consider the case bT = 0, we have b = —b-,

- ST(2, p, 1)




transverse link
1

A

b {- can be qmi’%ted
in covariant gauge
1 i )
R ey 72 N ey
b_l_ + 7 + b
% TN
q =TT oow

)

0 l)__ N %i_ B
ﬁ\\§§% b-v=20
By (0. P2 S0 A:) \ S(tp.p)
VvV — (fU_7 Q)"’) O) W/ lightlike directions n = (1,0,0), 7 = (0,1,0).
o . _ 2 .
DI (2 pr PS5, 12, ¢ p) :/ (de) Gizb™ P /(de)z; —iPrbr 5
s s
1 - -
<5 (P.S| BOUCI D) |P.S) [ SD W2 p) | .

o (b, P, S, 1%

unsub



transverse link
1

A

L can be omitted
bJ_“ in covariant gauge
v v L
P @ o il/
N Y
; G 5 -

q _ oV

0 b_ N '_
\\\b\;\\
izfﬂsubtr.(;ﬂ S,v, 1) St p.1)
UV = (U_, U_I_, O) W/ lightlike directions n = (1,0,0), n = (0,1,0)

1s slightly off light-cone directionn & b-v=20

Wilson lines starting at infinity running along a direction given by the four-vector v

to an endpoint a are denoted L, (00; a)

Direction defined in LI way (* = (2P -v)*/v? scales arising from

Direction defined in LI way 52 = (2P, - @)2/@2 regulating LC div

S = > luon rap. cutoff
angle between v and v ﬂ:\/v_v+/v+v— 8 P




Soft factor in deconvoluted Fourier Bessel rep of CS
P versus C

do of  [dbr|, &
S(b?
dx, dy dos dzp, dop d| P |2 . z, Q)2 / (2m) ( T>{
+ Jo(|br|[ Py 1 ]) PLfr Dl

Soft factor is g
o spin blind } Idilbi,Ji,Ma,Yuan PRD 05 + |.S' | | sin(¢p, — ¢s) J1(|b7||Pril|) Plfir Fi-lb) D+]
* flavor blind

(1) (1)
o factors N P +ecos(2¢n) Jo(|br|| P |) Plh; pL( HL 1 |

¢ Un|versa| + ...15 more structure functions

Products in terms of ‘b7 moments *

sin(¢Qp — sin(Qp — S (1)~ sin
FUTS’?Z% ¢s) — HUTE?h ¢S)(Q2,M2,p) S(+) (b%,,UJQ,IO) P[fl(j)Dg )] 4 YU (én— ¢S)(Q2’b%) .

PfDM] =y Y ea(zMlbr|)" (2Mp|br|)™ f*7 (2, 226, 1%, ¢, p) D™ (2,0%, 11, (. p)



2. Bessel Weighting & cancellation of soft factor

Bessel weighting-projecting out Sivers
using orthogonality of Bessel Fncts.

T (|Prrl) _ 2Ji(|Prr|Br)
. M M B

T VPl .

AUT — sm(¢h—¢s)(BT) -

Bt
,JdIPui| [Py don dgs L U2l gin(¢y, — ¢g) (dot — dot)

[ dIPpo||Pri|déndps Ty " (|Prrl|) (do! + dot)

B
TJL PR .

Ay =M sl on= o) (Br) =

sin 1(1)a ~a
_QWHUT(?}L ?s) Q2 Z 1T( ) (23‘,228%) Dl (278’%)
‘% HUUT Q2 a €a fl (:13,228%) D%(Z,B%)




Sivers asymmetry with full dependences

B
T AP .

AUT —7 31n(¢h—¢s)(BT> .

S (B3 PHGR 0N (Q% 12, p) X €2 fi (w2282 1, ¢, p) D (2, B 1%, {, p)

B/ﬂp oo (@2, 12 p) S €2 fo(x, 22B2; u2, ¢, p) D¢z, BZ; 12, ¢, p)



3. Circumvents the problem of ill-defined P moments

B
T AP .

AUT —7 81n(¢h—¢s)(BT) .

S(BAT, ") Hyr"~** Q% 1, p) T €d fig (@, 2B 1%, p) D1 (2, B3 1%, {, p)
B/w’p v (@2, 12 p) S°oe2 fo(x, 22B2; u2, ¢, p) D¢ (2, B2; 12, ¢, p)

Traditional weighted asymmetry recovered but UV divergent

BIHEOwl — 2J1(|PhJ_|BT)/ZMBT — |PhJ_‘/ZM

S0 3 enfir ) (z) DI (2)
o - e2 10 (z) DO (2)

a ~a
undefined wio

Bacchetta et al. JHEP 08 P

regularization




CS resummation 81

When Ajqp < P, < Q° get large double logs
talks of Qiu, Kang, Idilbi, Scimemi, Guzi .....

For(z,2,0,Q%) =fi" (x, 226%, i3, u3 | Ca, p) D1 (21, 0%, 113, 113/ C2, p)
X g(b%v M%v p)ﬁUT(l/CQQ,O, ,0)€_Shard€_sg:ﬁ



* Evolution of TMDs
|

= Needs to resum double logarithms, typically it involves two steps:
= Energy evolution of the unpolarized PDFs Idilbi-Ji-Ma-Yuan, 2004

0
¢ a—cq(w, b, u?, ¢, p) = (K (1, b) + G(u, z¢))q(z, b, u°, 2, p)

= Since it contains double logarithms, the kernel still contains single logarithms

d d
ZK(ub) = -~ = ——0QG
udu (g1, D) VK udu (, C)

= Solving two equations--equivalently one resums the double logs

» First for the evolution equation of K and G
nH di

K (b, ) + Ga¢, 4) = K (b, pr) + GlaC, pzr) — / Lyx(a(@)

KL

* Then feed the solution back to the energy evolution equation

q(z,b, p, z¢, p) = exp {— /,, chmc df [ln (Cfg) vx(a(p)) — Kb, p) — G(u/C’z,u)l }

XQ(IL‘, b, u, o = #’L/CZ; P) )

May 14, 2012 Zhongbo Kang, LANL 39



* The formalism contains all the evolutions
I

= Similar for the unpolarized fragmentation function

3 Cgﬂ/z 2“
4(z,b,1,C/2,p) = exp{—/ Mg [ln (C C) v (ca(p)) — K(b, pr) —G(#/Cz,#)]}

KL H o
XQ(Z, b1 Hs 60/2 i ”’L/C%p) .

= Hard function and Soft function contain only single logs

0S(b., 12, .
H ( Jé“ﬂ P) = v5(p)S(by, ﬂz’p)

dH(Q*/p*,p) _
dp

7 — (4vF —vs(p)) H(@Q*/1?, p)

= Eventually collect all the terms

F(zp, 24, b, Qz) = (233, zpb, M%,ILL/CE, P) q (2h, b, #i,ll»L/Cz, P) S(b, ﬂzL, p)H (1/C§P, P)
C2QVp 4 C
xep{—2 [ W 1 (SREY o (a)) - K )
7

. 7 7
1

—G(p/Csyp) — 2vr + 5’75(/0)] } ;

May 14, 2012 Zhongbo Kang, LANL

40



Further Cancellation of Sudakov and hard CS

When Ajcp < PP < Q®  get large DL
talks of Qiu, Kang, Idilbi,and Scimemi ...

Imayhe
still a sealing effect from derivative scaling effect from derivative of Besse
J ) J 2V .. , fllﬂh‘tlml ! |
» of Bessel function J1(|b/|Pril) \‘
AUT(xazavaQ) ¥

- ~ ‘ ~ P ‘ NP
1T( )(aj 2%b muLv :LLL/027 )Dl (Zh7 mMLv :LLL/C% S(Mp) 022/07 pme v

p)
fl( 7Z2b 7:“[,7:“[,/027 )Dl(Zh,b ,,UL,ML/CQ, g(b2, T 2/0’[0 pe H'fde 55577

e (@) = Sudakov form factor due to resummation large logs

SNP

FL(1
AUT(CE,Z,[)) Q2) — 175 )(ZC Z2b 7”%7”%/02, (Z b2”u%”u%/02’p) SNZT??

p)L
fl( 7Z2b 7:“[,7:“%/027 )D (Zhyb ,,UJ%,,U%/CQ,IO) uu??

In prep. Boer, LG, Prokudin, Musch



%
® Propose generalize Bessel Weights

® [heoretical weighting procedure- advantages

® Introduces a free parameter By [GeV '] that
is Fourier conjugate to Py

® Provides a regularization of infinite
contributions at Ig. transverse momentum
when B7 is non-zero

® Soft factor, pertb-Sudakov, and Hard CS
eliminated from weighted asymmetries

® Possible to compare observables at different
scales.... could be useful for an EIC



Extracting TMD contribution to Asymmetries
More sensitive to low £nLregion

Br can serve as a lever arm to enhance the low P, |
description and possibly dampen lg. momentum tail of cross
section.VVe can use it to scan the cross section

illustration




TMD frameworks have been designed to give a good description of the cross section at
low transverse momentum, i.e., for |Pp|/z < Q). However, in weighted asymmetries we
integrate over the whole range of |Pp|. The contributions from high |Pj, | thus lead to
theoretical errors in the results if one does not have a description of the cross section that
is valid there, even when one restricts to the region z|br| > 1/Q.

® The Y term in principle included to eliminate errors but its FT
expected to be power suppressed in region by >> 1/(Q since was
shown to be power suppressed at small

® Thus dropping Y means we approximate the full result by the large P2, |
tail of the TMD expression---is this a bad approx!?

® |n addition extending integrals to arbitrarily large transverse
momentum ignores that the physical cross section should vanish above
a certain max trans. momentum



Bound the error in neglecting Y term

y term sig btwn scale Atyp and | Py |max

i}sin/cos(Ngbh—k...)(QQ’ sz)

Pt e sin/cos(Nént.) 112 12
s ~ / APy | [Py | 2mn([brl [Py ) YIemNont) (g2 p2 )
ArvD

Y;i;/gos(]\fth—l—...)

max

27T
< (|PhL|max — ATMD) 2\/|bT|ATMD

do
A | e —_— - - -
( “TMDIregion”, Qr < @ ):EY region”, Q1 ~ @
‘\
T~
| = |Pp,_|
[ Ph 1 |res Armp T

‘Ijhi_hnax



Error in extending TMD expression into perturbative regime

5 Fxyly N (@, b7)

~
Y
|PhJ_|max

27| Ph] |max in N
N 4\/ “bT‘i’)’ - [F)S%xffcos( o np (@, [P ) |

d|Ppo| |Ppo| 27 In(|br||Phil) [FEI%;OS(N%JFM)]TMD(Q%P%L)

do

A
| b — e .
( “TMDIregion”, Q7 < @ )I[ “Y region”, Q7 ~ Q
— |
\
‘ = |Pp| >
‘PhJ_‘res ATMD T

’PhJ_’maX




® Studies on Bessel Weighting being performed
by H.Avakian M.A Aghasyan , LG, Prokudin ...



® So far we get ratios of moments of TMDs and FFs
that are free of soft factor

® [t was not necessary to specify explicit def. of
TMDs and FFs

® VWe also analyze ratio of moments of TMDs
directly on level of matrix elements of TMDs & FFs

® Again we find cancellation of soft factors in ratio

® Impact for Lattice calculation of moments of

TM DS, Musch, Ph. Hagler, M. Engelhardt, ].W. Negele, A. Schafer arXiv 201 |



Generalized av. quark trans. momentum shift

Soft Factor cancels

(p,)TU := average quark momentum in
transverse y-direction
measured in a proton polarized
in transverse x-direction.

”dipole moment”, “shift”

attention divergences from high-p-tails!

(py(2))75; = [ diprllpr| [ doy > FEED sin(g, — ¢5) @0 (@, pr, P, S, 42, ¢ p)
S | dipz||pr| | dopJo(|lpr|Br) OO0z, pp, P, S, 12, ¢, p) o
<1 (1 - _ .
<p >TU(BT) fdaj ( ) .CI:‘ BCZF) _ S%“)AIZB(B%,O,O,C,M)
Y =

M B S ) Aap(B2.,0,0,C, )



