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® Merit of Weighted Asymmetries

® Merit of Bessel Weighting & moments and Fourier Transform of
TMDs-- FT &“S/T” pic of SIDIS

® BWA in Parton model connection w/ conventional weighting
® |mpact on studying BW and TMD evolution

® Sketch .. Elements TMD Factorization-SIDIS

® Cancellation Soft & Pert. some other univ. factors BWA-|MY
® Cancellation of Universal & flavor indep. factors in BWAs-Collins

® Use of Bessel Weighting BW of experimental observables A1 (bT)



Comments on Weighting

Using technique of weighting enables one to disentangle in a model
independent way the CS in terms of transverse momentum moments

of TMDs

Convert the convolutions in the cross section into simple products
Kotzinian, Mulders PLB 97, Boer, Mulders PRD 98

Bessel Weighting solves problem of infinite contribution from large

transverse _momentum that arise from using “conventional weighting
Boer, Gamberg ,Musch,Prokudin JHEP 2011

Explore impact these BWA have on studying the scale dependence of
the SIDIS cross section at small to moderate transverse momentum
where the TMD framework is expected to give a good description of
the cross section Boer, Gamberg, Musch,Prokudin JHEP 2011




Part |

® Demonstrate BWV results in model indep. deconvolution of TMDs

® (Consider in GPM first

® Demonstrate how this rep results in model indep. observables BWAs
generalization of conventional WAs Kotzinian & Mulders PLB97



Factorize
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Mulders Tangermann NPB 96,
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Bacchetta et al JHEP 08
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Factorization P7 of hadron small sensitive to intrinsic
transv. momentum of partons

d2 d2k P

O(x,pr) = /dp O(p, P, S) \p+_xBP+," % A(z,k /dk Ak, Pp)ly-_e=

¥ h
% Small transverse
momentum

Purely Kinematic-integrate over small momentum
component

Must also respect gauge invariance
Minimal requirement satisfy c-lor gauge invariance




Minimal Requirement for PARTON MDL Factorization

Gauge link determined re-summing leading gluon interactions btwn soft and hard
Efremov,Radyushkin Theo. Math. Phys. 1981, Collins, Soper NPB 1981, 1982,Collins PLB 2002,
Belitsky, Ji, Yuan NPB 2003, Boer, Bomhof, Mulders Pijlman, et al. 2003 - 2008- NPB, PLB, PRD,

A d2DT i(t b — prbr) )= s (€] g
cp[u[cn(x,pT):/ P (70" =P on) (IO, (b7, br) | P)

b+=0

e The path [C] is fixed by hard subprocess within hadronic process.

[C]
WH (q, P, Pp; S) = / d*pd*ké* (p+q—k)Tr {‘Pu[%;b] ()" (p, k)A(k)Y" (p, k)}

A
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Factorization Parton Model-predicts existence of T-odd
PDFs and TSSAs--Boer-Mulders PRD 1998
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SIDIS CS & leading and subleading twist structure functions

do
dx g dy dy dzp, doy, alP,fL

_|_

_|_

2 2

Tagu@e 2(1 — <)

« 2 Ccos
B

£.008( 6k ) AR 1 N /el — o) simd, FEEA:

SII [\/2 e(1 4 ¢) sin ¢p, F52¢h + e sin(2¢3) F(S]ig2¢h]

S| e [\/1 — €2 Frp 4+ 1/2¢e(1 —€) cos ¢y, Fz‘f%

S| | sin(¢n — @s) (F(S}i;f?h_ng) » 5Flsfi;%h_¢3))
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V2e(1+e) sinds Fyn? + /2e(1 + ¢) sin(2¢n — ¢s) Ffj;_f;@%qbs)]

1S 1 [Ae | V1 —¢? cos(odn — os) Fz‘}s(‘bh_%) e \/2 e(1 — €) cosdg Fz%sqbs
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Bacchetta et al [HEP 08  Also See Gunars Talk



Observables TSSA in SIDIS-CS expressed thru
structure functions

dco
dxdydzdgndP? |

~ {FUU,T R o (Sin(gbh—gb )Fgl;(?h ¢S)+SIH(§/§h+¢ )e Sln(¢h+¢s)...) }

Kotzinian NPB 95,

Mulders Tangermann NPB 96,
Boer & Mulders PRD 97
Bacchetta et al JHEP 08

Spin asymmetry projected from cross section

f dop, dps F(¢n, ¢s) (dot —dot)  XY-polarization e.g.

A
T 0’ | |
[ d¢ndgs (doT + dot) F(¢n, 6s) = sin(¢n — ds).




Weighted asymmetries proposed as model independent
deconvolution of CS in terms of moments of TMDs

Kotzinian, Mulders PLB 97, Boer, Mulders PRD 98

AW1 sin(¢n—¢s) — 5 [P ||Ppy|doy dps wi(|Phi|) sin(en — ds) {do(¢n, ds) — do(¢n, s + )}
UT,T [Py dp | Phildos wo(|Pri]) {do(on, bs) + do(n, ds +7)}

P
e.g w (Pp)= P |

Sln(gbh — qbs)

st sinion—0) _ 22 f“”(x) i““)(z)
ur o

Undefined w/o subtractions
prescription-need regularization
to subtract infinite contribution at
large transverse momentum



Problem

k2
1LT(1)($):/koT2—]\foT(%kT)



Problem

kQ
1J_T(1)(x>:/d2kTﬁf1J_T(xakT)

M2
(k2. + M?2)°

® Sivers tail fir (v, kr) ~

Bacchetta et al. JHEP 08, Aybat Collins Rogers Qiu PRD 2012,

® Moment diverges



® Bessel Weighting solves problem of infinite contribution from
large transverse _momentum that arise from using “conventional
weighting




%

® Propose generalize Bessel Weights-"BW”™
® BW procedure has advantages

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

% Structure functions are simple product rather PJ
than convolution C| |



e.g. BW Example Sivers Function

“Deconvolution”-Structure function simple product “ 7

sin h D .
Forg*¥=c [— Tf%TDll, “dipole structure”

—kp — Phy/2) w(pr, kr) f*(z,p7) D*(2, k7)

sin d bT » ~J_a 1 ~a
w Epign=s) = —xz / ‘ ‘|b 2M (g, 2262) DY (2, b2)

~

f1, 1(1) ~and D; are Fourier Transf. of TMDs/FFs and finite

Boer, LG, Musch, Prokudin JHEP 201 |



1%;? Transversity and Collins

A

Fsm(3gbh bs) _c 2 (h°pT) (pT'kT) +P?p (i"'kT) —4 (}AL'IUT)2 (}A”'kT)
UT 2M2Mh

hi- Hi-

Write out in “cylindrical polar’- is traceless
irreducible tensor no mixture of Bessels just “J3”

sin(3op — d’bT‘ A]\42]\4h23 > la(2 ~La(l
Fplon o) =g, N "2 / 2 Lol a1 [Py T (,2267) Hy Y (z,07)

Simple product® P “



Four = P[fl(o) D](LO)],

Forg* = ~Plfir" D),
Fro= Playy DT,
P = pigll) DY)
]:(S]i;(cbwcbs) _ P_hgm ﬁf(l)],
FeosCon) _ plj ) gty
Fein@on) _ prip ) fri)
Fein(3on—ds) _ iﬂhm) -0

PfWDM™] =z, Y e (zM|br|)" (zMp|br|)™

74 (1, 2262.) DU (2, b2,) .



* CS has simple S/T interpretation as a
multipole expansion in terms of by [GeV ™!
conjugate to P, |



* CS has simpler S/T interpretation--multipole expansion

in terms of . [Gev—'gonjugate to Py, |
do

da, dy dos dzy, dpp |Ppo|d|Phy|
2 2

Qo d|b
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“Generalized Parton Model”

Bessel weighting-projecting out Sivers
orthogonality of Bessel Fncts.

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

T VPl .

AUT — sm(¢h—¢s)(BT) -

d| Py | |Pni|dén dbs TPl gn(g, — g6) (dot — do
Jd|Pp1||Phy|don dos i sin(on cbs)(g 0‘)

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

Al sin(o o) Y€t fir " (x,2°BE) Di(2, Bt)
Ay (Br) 2 5
D0 Ca f1 (w, 22B7) i”(z B7)




More sensitive to low Pr1 region

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

illustration




Traditional weighted asymmetry recovered ... UV divergent

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

Sy otsinn=0) 30, i (@) DY)
UT - a(0 a(0
undeﬁne(%a/e/;'fl( )(37) Dl( )(Z)

Bacchetta et al. JHEP 08 S
regularization




Correlator w/explicit spin orbit correlations

O (2, br) = fi(x,0%) G ebbp,Sro M fia( E
-

(I)[WJFW (CI? bT) = SLglL(CE bT) —I—ZbT°STM§i¥ T bT

Oz, by) = S hy(x, b2) +zS b3 M hy Y (z, b%)
1 o o > 1
+5 <bTbPT + - b2 ng> M? Sp,hi P (z, b2)

—1€ prthL(l)(:r;, b)

N.B. b7 Transverse sep. of quarks in correlator



e'FT AT fTMD(Qja kT) — T fTMD(xv kT)

Ab™d2DT () 0= — o) 1ot s €]y
WU, pr) = [ G ) (PHOU w0 bl P)

*  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), Aidala, Field, Gamberg, Rogers (14)



Let’s be clear about the X

Phase-space (Wigner) distribution

) kt =zP7
) A
: courtesy of Cedric

. ki A

2+3D




TMD from GTMD

courtesy of Aurore

/ d*br

_ 2N - - . .
/ by / e T Foruin (0., Rr) =45 P (@,0,hr)

= "M [ (@, k)



Partonic Structure of Nucleon

—

kL < ZL  position

space

Momentum
space A L —b,

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

Transverse density in
momentum space

Transverse density in
position space




Part 2

® |mpact on studying BW and TMD evolution

® Explore impact these BWA have on studying the scale dependence of
the SIDIS cross section at small to moderate transverse momentum
where the TMD framework is expected to give a good description of
the cross section Boer, Gamberg, Musch,Prokudin JHEP

e SKETCH TMD EVOLUTION ....



¢ [ eading Regions-power counting Libby Sterman

PRD 1978 (see Collins PRD 1980 nongauge theories, Collins

Soperp NPB& CSS formalism 1982-85... Collins 2011 Cambridge
Univ. Press)

¢ “Reduced Diagrams”

e Apply Ward Identities get factorized form
e Soft Factor w/ gauge links
e TMDs w/ gauge links




Further Beyond Parton Model ‘“tree level” factorization

Collins Soper NPB 1981,1982, CSS NPB 1985, Collins, Hautman PLB 00, Collins Metz
PRL 2004, Collins Oxford Press 2011, Boer NPB 2001, 2009,2013, Ji, Ma, Yuan PLB
2004, PRD 2005, Ibildi, Ji, Yuan PRD 2004, Cherednikov, Karanikas, Stefanis NPB
2010, Abyat, Rogers PRD 2011, Abyat, Collins, Qiu, Rogers PRD 2012, Collins Rogers
2013, Echevarria, Idilbi, Scimemi JHEP 2012

ETC ...

* TMDs w/Gauge links: color invariant
*|n addition Soft factor

*Extra divergences at one loop and higher

*Extra parameters needed to regulate light-cone divergences

soft & collinear divergences

*Modifies convolution integral introduction of soft factor

*Some effects of evolution cancel in Bessel weighted asymmetries



Comments on Soft factor

Collective effect soft gluons associated with distribution or frag
function-factorizes into a matrix of Wilson lines in QCD vacuum

Subtracts rapidity divergences from TMD pdf and FF

Considered to be universal in hard processes
(Collins Soper 81, ...., Collins & Metz PRL 04, Ji, Ma, Yuan PRD 05)

At tree level (zeroth order (vg) unity-parton model and level pheno
analyses of experimental data (e.g. Anselmino et al PRD 05 & 07, Efremov et al PRD 07)

Correct description of energy scale dependence of cross section

and asymmetries in TMD picture, soft factor must be included
( J1, Ma, Yuan 2004, Collins Camb. Univ. Press 2011, Abyat, Collins, Rogers PRD 2011)

However, possible to consider observables where its affects
cancels e.g. weighted asymmetries Boer, LG, Musch, Prokudin JHEP 2011



Momentum space convolution

CS 81, Idilbi, Ji, Ma, Yuan PRD 05 ....

Hard

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

T™MD— Soft FF




Soft factor deconvoluted in Fourier Bessel rep cross sec.
P versus C

do a?  [dbr|,, | &
br|S(b2
dr, dydos dzp, dop d| P |? X 7, Q2 / ( T){

(27)
1 Jlbrl| P ) P D)

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

J_(l) 1(1)
® factors in 7) —|—€COS(2¢h) JQ(‘bTHPhJ_D [ H ]

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

Products in terms of ‘b7 moments *

F(S;;f?h_¢5) _ H?};E?h—¢s)(Q27M2’p) gH)(ber;/iQ,,O) [flT ] 4 Yém(% <bs)(QQ7 bQT) |



Comment

® Y term corrects the structure functions at
Pr~ Q, where the factorized structure fnct.
does a good job in the Pt << Q

® We will focus the kinematic regime Pr << Q
where TMD factorization is appropriate



Bessel Weighting & cancellation of soft factor

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

Ji" (|Purl) _ 2Ji(|Pur|Br)

B 2 M 2 M B
UT (Br)

Br
,J dIPu| [Pyl dgn dos LUl gin(gy, — ¢g) (do! — dot)

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



Sivers asymmetry with full dependences

B
T AP .

AUT —7 31n(¢h—¢s)(BT> .

25;(52 PEZT Q2 0) Xy €h fir (0, 2B 17, p) DY (2. B3 1, G, p)
B/ﬂp HU TQ27:u P)Zaeg ff(x,ZQB%;/L2,C,,O)D?(Z,B%;,U?,C,p)



Circumvents the problem of 1ll-defined Pr moments

B
T AP .

AUT —7 81n(¢h—¢s)(BT> .

S(B3AT, P Hyr" (@2 12, 0) i fir " (@, 2B 12, ¢, p) Di (2, B33 42, G, p)
wp UUT Q2 :u p) Za a fl (vaQB%;M27C7IO)D?(sz%;:U??Cap)

Traditional weighted asymmetry recovered but UV divergent

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

S0 3 enfir ) (z) DI (2)
o - e2 12O (z) DY (z)

a ~a
undefined wlo

Bacchetta et al. JHEP 08 P

regularization




How does this emerge in CSS + |JCC 201 |
Factorization formulation

e Here we see the cancellation of spin independent &
“Universal” parts of the evolution kernel



Again .... Emergence of Soft Factor in CS

e Lightlike Wilson lines in TMDs

— Infinite rapidity QCD radiation in the wrong direction.
— In soft factor/fragmentation function too.




... Emergence of Soft Factor in CS

o F1msub (g — (—00)) x F30sUP(foo — 4y9) Collins Act Pol. 2003
do = |H| = Ji Ma Yuan 2004, 2005

S (+00, —00)

TMDs are still “entangled” not yet fully factorized
Use its properties to fully factorize and perform evolution

Collins 201 I Cam. Univ. Press see also Aybat Rogers PRD 201 |



Introduce rapidity scale parameter to regulate

ng = (—e?¥®,1,0;) >
yp +
Tilt to requlate wo, W,

rapidity divergences

TMD tilted

(p = 2M2x2e?WP—vs) o s




Emergence of Soft Factor in TMDs

Start with only the hard part factorized:

o a2 F 0 = (200)) X Bt (o0 — o)
S(+00, —00)

Soft factor repartitioned
This is done to both

|) cancel LC divergences and
2) separate “right & left” movers i.e. factorize

do = |H|? {ansub(w — (OO))\/S*(+OO:§(_J;OO§)§ZZZ, _OO)} X {F;nsub(Jroo - yz)\/g(Jrooig(y;)Sionoo,ys)}

Separately
Well-defined



Factorization to TMD Evolution...CSS + JCC 201 |

Evolution follows from their operator definition

Collins-Soper Equation:
Oln F(z,bp, 1, () o=
olmvC K(bT’TM) } R

Now effects of Soft factor soft gluon
radiation in evolution kernal




Along with .... Renormalization group Equations

) ~
dcifl(,u — —YK (g(,LL)) d RGE
N > .... aN
dl F;I;lb:“’ ©) _ —yr(g(1); ¢/1°)
A

Solve Collins Soper & RGE egs. to obtain TMD Evolution
kernal



Solve Collins Soper & RGE egs. obtain TMD Evolution kernal
however....one more element ....



Partition the perturbative and nonperturbative
parts of evolution Kernal



One TMD factorization entire range of Pror bt

Collins Soper Sterman NPB 85

® TMD formalism of Collins 201 | interpolates/matches the
“TMD” and collinear picture

® Maximizes the perturbative content while providing a TMD
formalism that is applicable over the entire range of Pt

by C,
\/1 + b%/bk . b,




Partition the perturbative and nonperturbative parts of

~

evolution Kernal K (br, i)

Collins Soper Sterman NPB 85

b C,
b, = C =
\/ 1 + b3/ bia *
R(by: ) = Ribo ) — [* 5 (e(u) — gx(by)

Mp

bmax chosen so that b« doesnt go too far beyond
the pertb. region maximize perturbative content



Nonperturbative part of evolution Kernal

~

K(br, )

Collins Soper Sterman NPB 85

Totally universal related to derivative of
soft factor independent of x & hadron

- - ndu
K(br; n) :K(b*Qﬂb)_f i,’yK(g(M’

M p

bmax chosen so that b, doesn’t go too far beyond
the pertb. region maximize perturbative content



Structure Function beyond Parton Model
Evolved Structure Function & TMDs

fUU(xa <y b7 QQ) — Z Fgll(xa bT7 H, CF)[)%D(Zh? bTa H, CD)HUU(Q27 :LLQ)

Non-perturbative large br

, Totally universal related to derivative of
behavior

soft factor independent of x & hadron

ﬁH1(x7bT;QaQ ) FH1($ b*nub :ub Xp{ gl L bTa max _gK(bT;bmaX) In <§>
([ / z /
+1n< ) b Lo +/ —- |vpor(as(p'); 1) —In { = ) vr (as(p ))]}
Hb f K

DH2 (Za br; Q, QZ) — ﬁHQ (Zv Dy b, :ug) eXp§ —



One TMD formalism for entire range of PT

do

—57 X H(as(Q)) / d*bore”®™ " F, (2,005 Q,Q%) D, (2,br;Q, Q%) + Ysipis
T

do

T2 X F.T.exp{ —gppr (%, b1; bmax) — 9FF (2, 075 bmax) — 29k (b7; bmax) In Q —
d P2 Qo

t o (Q) K(buis) + : 2 [Vpo(u’); 1)+ pr(a(); 1) — 2In (g) mas(u’))] }

Hb Hb

+ YsipIs



Sivers Structure Function

FUT(xazaba Q) — (éf/z =y fl(;)Z/P)(ZC,b*,ILLb)(é]/H X dH/j)(Z,b*;lLLb)e_Sper (b*aQ) —Syr (b,Q,x,2)

Abyat, Collins, Q1u, Rogers PRD (11), p, — b
V14 (b/bmaz)?
_S%D(b Q,x,2) = eXP{ [91(93 b1 bmax) + 92(2, 15 bmax) + 29k (br) In (50)] }

Non perturbative factor contribution must be fit

{gz} —0 as b—0 perturbative .  CSS NPB 85



Unpolarized and Sivers evolve in same way !!!

Recall correlator in b-space From Bessel Transform

o0 (2, by) = fi(2,b%) —ief7by,Sry M fif" (,b7)

aﬁg}/p(x, bt;w, fF)EijSJT

dln/{r

— K(bT§M)€Z}/p(X, br;u, gF)GijS]f-



Sivers BWA: Cancellation of Universal NP
and flavor blind hard contributions

When Ajep < Pr < Q7

.AUT(QZ < b Q2)

1 (1)

| _ gpert _9 1n &
i (@, 2267, 13, Qo) D1 (2h, b7, 13, Qo) Hur (700 )e ™ Me geUr) In( &
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BWA less sensitivity to Evolution

In prep. Boer, Gamberg, B. Musch,A. Prokudin....
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ABSTRACT: In this paper we present a new technique for analysis of transverse momen-
tum dependent parton distribution functions, based on the Bessel weighting formalism.
The procedure is applied to studies of the double longitudinal spin asymmetry in semi-
inclusive deep inelastic scattering using a new dedicated Monte Carlo generator which
includes quark intrinsic transverse momentum within the generalized parton model. Using
a fully differential cross section for the process, the effect of four momentum conservation
is analyzed using various input models for transverse momentum distributions and frag-
mentation functions. We observe a few percent systematic offset of the Bessel-weighted
asymmetry obtained from Monte Carlo extraction compared to input model calculations,
which is due to the limitations imposed by the energy and momentum conservation at the
given energy/Q?. We find that the Bessel weighting technique provides a powerful and
reliable tool to study the Fourier transform of TMDs with controlled systematics due to
experimental acceptances and resolutions with different TMD model inputs.
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Use of Bessel Weighting

® Bessel Weighting of Experimental Observables

® MC study by Mher Aghasyan & Harut Avakain
using MC generated events for A (bT)



Bessel Weighting of Experimental Observables

. do™*
=(br) = 2”/ D Jo(|br|| Py |)Pri dPy

using the shorthand notation for the differential phase space factor d® = dx dy dy) dz dPy | Py |

5T (br) — o~ (by)  orr(b Z 259 (2, 22b2.) D% (2, b2
AJO(bTPhJ_) b :(f (br i _ /1 a €a 1
L (br) &t (br) + 6= (br) aUU(bT e2 fa(x, 22b2.) D4(z, b2

S||>\e ==




The experimental procedure to study the structure functions in br -space amounts
to discretizing the b-space cross section.

Above results in an expression of sums and differences of Bessel functions for a
given set of experimental events.

The details on this formulation are given in arXiv:0828.xyz and in extra slides
The resulting expression for the spin asymmetry is

N+ N~

Z JO(bTPhJ_j—l—) — Z JO(bTPhJ_j_)
Jo(br P + _
ALOL( ' M)(b ) = Jiﬁr Jif—
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Figure 7. (Color online) Left panel: The ratio of Fourier transforms g1,/ f1 and the Bessel weighted asymmetry
AiOL(bTPhL) plotted versus by. The solid curve (blue) is the Fourier transform of the input to the Monte Carlo given

by Eq. (2.9), red points are generated Monte Carlo events using Eq. 2.10, and triangles down (black) represent results
of Monte Carlo events after experimental smearing and acceptance at (x) = 0.22, and (z) = 0.51. The triangles up
with dashed curve (green) are results of the Monte Carlo without inclusion of fragmentation functions. Right panel:
Ratios that represent accuracies of our results.
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See, for example, Fig. of Konychev and Nadolsky and compare this with Fig. 3, where contributions from bT < 2.0 GeV—! dominate.
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Bo-Qiang Ma and Zhun Lu PRD 87 2013
model calculation
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FIG. 5 (color online). The Bessel-weighted DSAs A{O(lgT”P’”D
for 77, @, and 7' productions as functions of B, at
CLAS. The solid lines are from approach 2 of the light-cone
diquark model, while the dashed line and the dotted lines are
from the Gaussian ansatz for the TMD helicity distributions with

(p3)t = 0.17 GeV and 0.10 GeV?, respectively.



® So far we get ratios of moments of TMDs and FFs
that are free/insensitive to soft gluon radiation

® |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 |



%
® Propose generalized 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 lg. transverse momentum
when B7 is non-zero

® Soft, Hard CS, eliminated from weighted
asymmetries, Sudakov dpnds coupling of b & Q

® Possible to compare observables at different
scales.... could be useful for an EIC
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Fully Differential Monte Carlo for SIDIS

(1) + N(P) = (') + h(P,) + X,

do
dxdydzd?p | d?k | doy

<2 e2 | fra(@ kL) Dia(z,pL) + A1 = g1, kL) Dia(z 2]

= QK(CC, y)J(ZU, Q27 ki)

Anselmino et al. PRD 71 2005
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Figure 1. Kinematics of the process. q is the virtual photon, k and k' are the initial and struck quarks, k| is the
quark transverse component. Py is the final hadron with a p; component, transverse with respect to the fragmenting
quark k’ direction.



Input distributions to MC

In case the dependence is assumed to be a Gaussian, z and z dependent widths are

assumed, so that TMDs take the following form,

2) = fila) g exp gk
k) = 7o) gy (gl ) &)

i 2 = T ! ex — kﬁ_
ulok) = oulo) e (~ gy ) .

z,pi) = 2 ! ex ——pa‘
Die#) = D) g e (< gy ) &)

where f(x) and D(z) are corresponding collinear parton distribution and fragmentation

fi(z k1) = fi(z)/ (14 20.82 k7 + 126.7 k7 +1285 k7)) .

Boffi & Pasquini PRD76 2007



We then generate events using the cross section from Eq. (3.2) for both Gaussian
and non-Gaussian initial distributions respectively, and we show the resulting transverse
momentum distributions in Figs. 2 and 3. Note that the generator we construct is imple-

mented with on mass-shell partons and with four momentum conservation imposed.

(aV]
S C
&~ 6 GeV
% 10* =
(O] = 160 GeV
5 - s
S 1L implemented
3 -
c C
3 2
8 10 =
- BT
10 & <x> = 0.22, <z> = 0.51 ‘mm
E' 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
0 0.1 0.2 0.3 0.4 0.5 0.6
ki

Figure 2. (Color online) The solid line is the Gaus-
sian input distribution implemented using Eq. (3.3),
with red triangles coming from the Monte Carlo at
160 GeV initial lepton energy, blue triangles coming
from the Monte Carlo at 6 GeV. The dashed line rep-
resents the fit to the Monte Carlo distributions which
returned values of C' = 0.527 and C' = 0.444 at 160 GeV
and 6 GeV respectively.
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Figure 3. (Color online) The solid line is the im-
plemented non-Gaussian distribution using Eq. (3.6),
with (kﬁ_} — 0.084 GeV?, and the dashed curve rep-
resents the fit to the Monte Carlo distribution with
the value of (k? ) = 0.064 GeV? at 6 GeV initial lepton
beam energy. The available phase space dictated by
four momentum conservation results in a deformation
of the input distribution.



Project Upol. and Doubly polarized Structure Function

1 do™ do™
— dpP;, P P —_— 4 —
Fuur K(az,y)/ w1 P Jo(br hJ.)(d(I) + d(I))
1 do™ do™
Frp = AP, Py JobrPr ) (22— - 27 )
L K(x,y)m/ ht Pri Jo(br P ) < o d@)



Now we discretize the momentum integration in Eq. (A.7) and (A.8) for a fixed phase

space cell in x, y, z such that the corresponding differential dx dy dz becomes the bin volume
AzAyAz. Egs. (A.7) and (A.8) thus become

Fovr =z Y eifi(x,2°b3)Di(z, b7)

1] 1 Jo(brPnyi)An 1 Jo(br Py i)An; 1
AR : 1}((?;) 3 N2 : 7}((?;) 3 AzAyAz’
0 4 ebinfz,y,2] 7 0 4 ebinfz,y,z2] 7
(A.9)
and
Frr = :UZezgl(m,b%)Dl(z,b?p)
o l L Z J()(bTPhJ_i)An;I_ B 1 Z Jo(bTPhJ_Z')ATLi_ 1
2 Ndi— i ebin[z,y,z] K(SE,y) 1 —e NO_ i e bin[z,y,z] K(l‘,y) 1 —e AmAyAZ
(A.10)

where we sum over the discrete momentum index 7, and An?E are the number of events for
polarization + as a function of Py ;.



Substituting Eqs. (A.9) and (A.10) into Eq.(A.4), the experimental procedure to cal-
culate the Bessel weighted asymmetry, AiOL(bTP“)(bT), becomes,

AJO(bTPhJ_)(bT) 5+(bT) - 5_<bT)

LL ot (by) + 5 (br)

N+ N~
> Jo(brPyij+) =Y Jo(br Py )

_ gt J~
N+ N~
> Jo(brPyi j+) + Y Jo(brPyi )
gt J-

_ 575 (A.11)
St 45—

where j indicates a sum on events and where NT is the number of events with posi-
tive /negative products of lepton and nucleon helicities for a given z, y and z, and where
S is the sum over events for + helicities.



Advantages of Bessel Yeighting

“Deconvolution”-CS-struct fncts simple product “P*

2 2 2 2
do _ / d bz; o—ib7- P { - Y (1 + )LWW’“’}.
da}B dy div) dzp, doy, |PhJ_‘d|PhJ_’ (277) CUByQ (1 _5) 2£UB ( )
2.11

IMWH = Z e Tr (CfD(:U, zbr) Az, bT)ny) .

~

®ii(x, 2br) = /dsz e'#0r Pr ®ij(x, pr)

~

Az-j(z,bT) = /dQKT eibT.KT Aij(z,KT)



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
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N—"
]

b) n.b.connection to Pr moments

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



What is transverse single spin asymmetry TSSAs

QCD is Parity Conserving TSSAs Scattering plane transverse to spin

Naively “T-odd” ‘AR\

Ao ~iSt - (P x P )® (T — odd” QCI — phases)

Spin orb|t<-/'



TMD Factorization & treatment of LC/Rapidity divergences
Collins 201 |,Aybat & Rogers 201 |

Soft Gluons

—

Power counting “region analysis” soft
and collinear factors



Gauge links have light-cone divergences

thex must cancel or you must regulate

e

Divergent contribution at |* = 0.

Cancelation in the integral over all I..

* Whatif we don’t integrate? <«———



