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® On the merit of Bessel VWeighted asymmetries

® Elements of factorization theorem in SIDIS

® Role of Soft Factor

® Fourier Transformed SIDIS cross section
® Propose general Bessel Weighting procedure
® (Cancellation of the Soft Factor from WA

® Cancellation of soft factor from av. trans. shift see
ta”( Of B. MUSCh (PRE-DIS wkshp http://conferences.jlab.org/QCDEvolution/index.html)
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Factorization & Sensitivity to Pr ~ k1. =—» TMDs |

Based on QCD factorization at tree level

Ralson & Soper NPB [1979-Drell Yan, Mulders
Tangerman NPB 1996-SIDIS

d°0 = Gpprq Clwf D] Prr

Structure functions are convolutions
In momentum-space

C [wa} =t ZeZ/dQPT K 0% (2pp + Ky — Pri)w (pT7_%) f*(x,p3) D*(2, K7)
Fpniar=9s) = ¢[—(hpp/M) fiz D1] x (1+ O(ay))

where K+ = —krz with h = P, /| Pp |



SIDIS cross section model indpen. thru structure functions

Kotzinian NPB 95, Mulders Tangermann NPB 96, Bacchetta et al JHEP 08
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+ ...10 more structures

Projected from cross section

Jr s Qqubh dps F(¢n, ¢s) (do' —da*)
AY [ dondos (dot + dot) 7

X Y-polarization e.g. f(¢h, qbs) — Siﬂ(Cbh - ¢s)
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CS NPB 81, Collins Hautman PLB 00, Ji Ma Yuan PRD 05,
Cherednikov Karanikas Stefanis NPB 10, Collins Oxford Press 2011,
Abyat & Rogers arXiv: 2011

*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
Hard *Will show cancels in certain weighted asymmetries

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

X f(x, ph, 2, xC, p) S(2, 2, p) Dz, K2, 12,/ 2, p)

~—
™D—" Soft FF

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




F(S}i;%h_gbs) = C[_(ﬁ'PT/M) flJ_TDl} x (14 Ofas))

Momentum conv. becomes

Finer=99) = LR =) —(hpy/M) fi7 S* D]
Of,

Ve Fg;f?n-¢s) — g H(S;;S?h_(bS) Zez
a

X /deT deT d2lT5(2) (ZPT + Kp +lr — Phl)

XpT COS(Qbh — Qbs) 1 a

i 1T (:zz,p%) S(l%) Da(zaK:QF)



Comments on Soft factor

® (Collective effect of soft gluons not associated with
distribution or fragmentation function-factorizes

® Considered to be umiversal in hard processes
(Collins & Metz PRL 04, Ji, Ma, Yuan, PRD 05)

e At tree level (zeroth order o ) unity

® Absent tree level pheno analyses of experimental data

(e.g. Anselmino et al PRD 05 & 07, Efremov et al PRD 07)

e 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 IIlChlded (see Collins Oxford Press 2011, & Abyat & Rogers arXive: 1101.5057)

® However, possible to consider observables where it
cancels e.g. weighted asymmetries



Disentangle in model independent way cross section in
terms of moments of TMDs

Kotzinian, Mulders PLLB 97, Boer, Mulders PRD 98

W 2fd’PhL\ [P, |dpn dps W(|Ph o, dn, ¢s) (dot — do)

Axy = [dIPy.||Ppy|dén dps (dot + dot)
P | .
C.8 WSlvers — ‘ M | Sln(¢h — ¢S)

B s 3, en fig ) (2) DIV (2)
UtT o

Undefined wlo regularization
to subtract infinite contribution at

Bacchetta et al. JHEP 08
large transverse momentum
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® Propose generalize Bessel Weights-"BW”
® BWV procedure has advantages

® Introduces a free parameter B, [GeV 1] that
is Fourier conjugate to P, |

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

® Addtnl. bonus soft factor eliminated from
weighted asymmetries

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



Advantages of Bessel Veighting

1.“Deconvolution”-SIDIS struct fnct simple products “P*
2. Soft Factor Cancels

3. Circumvents the problem of ill-defined P moments

4. Bessel Weight asymmetris sensitive to low Pp1 region

W W1 = 2J1(‘PhJ_‘BT)/ZMBT

R w00 3, e fip " (e, 2*BY) Di (2, B})
UT ~a y
>, €2 fi(x,22B}) Di(z, BY)

Where fi, N#D, and D1 are Fourier Transf. of TMDs/FFs
and finite



1. “Deconvolution”-SIDIS structure functions simple products



. “Deconvolution”-SIDIS structure functions simple products

a) ET.SIDIS cross section w/ following defintions

~

f(x,b3) = /d2PT6ibT'pT f(x, p3)
- / dprllpr] Jo(brllpel) (z p2) |

F" (z, b7)

2 "
n! <—Wab?p> f(fEabZT)

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

b) n.b.connection to Pr moments

= D n
w0 = [ Epr (5) 1wph) = 1"



Structure functions are “products” P vs.“convolutions” C

do a?  [dbr|,, |
br|S (b2
dx, dy dos dzp doy d|Ph |? . T, Q)? / ( T>{

4 Ubrl| Py ) P D)

* spin blind }

bildijiMaYuan PRD 05+ S sin(én — 65) J1(1br! [Py |) PIFEY D]
e flavor blind

e factors in P +ecos(20n) Jo(|br|| Py |) Plh Y H Y]

4+ ...15 more structure functions

Products in terms of “br moments

Plfi" DY) = a, (2M|br|)

I 2 Fir (2, 2°6%) D (2, b7)



Full Cross Section expansion in Bessel functions

do o’ Y 0 d|br|
— 2 1+ 7— |bT|
dx, dydos dzp dop |Pri|d|Phry| x,yQ? (1 —¢) 2, (27)

+ Jo(|br||Pri]) Puor + e Jo(|br||Pri]) Puur + v/2e(1 +€) cos én Ji(Jbr||Pri|) Pig "

—+ €COS(2¢h) J2(|bTHPh,J_|) COS(2¢h —|—)\ \/28 1—8) Sln¢hJ1(|bTHPhJ_D Sln¢h

+ S”

V2e(1 +¢) singp, Ji(|br||Pri|) P ® + esin(2¢p) JQ(bTPhL)pSIrl?cbh]

+ S)|Ae [\/1 — 2 Jo(|br||Phol|) Prr + \/28 (1 —¢) cos oy, Jl(‘bT“PhL‘)PCOS¢h

+ |S1| | sin(en — 6) H(lbrlIPasl) (PIrg % + e PR %)

1 e Sln(¢h + ¢S) J1(|bTHPhL‘ sm(¢h+¢s 4= sin 3¢h . ¢ J3 ’bTHPhJ_| sm(3¢h $s)
truncates at J3

+ /2e(1 +¢) sings Ji(|br||[Pri]) Poa®® + /2e(1 +¢) sin(2¢5 — ¢s) Ja( bTIPhL)P(Sj;(Q"bh(’bS)]

+ 11| [w — €2 cos(on — ¢s) 1 (|br||Pri|) Pint® %) 4 \/2e(1 — &) cos ds Jo(|br||Ph|) Poos®s

4+ \/25 1 —¢) cos(20n, — ¢g) Jo(|br||[Pril|) P peos 2¢h ¢s)] }



2. Bessel Weighting & cancellation of soft factor

* Various strategies developed to take into account extra
divergences that appear at 1 loop and beyond
e Requires introduction of variables that act as regularization

ScaIeS"TM D eVO| UtiOn (PRE-DIS wkshp http://conferences.jlab.org/ QCDEvolution/index.html
* Soft factor coming from gluon radiation can be absorbed in
definition of TMDs or can appear in structure functions

Ji, Ma,Yuan PRD 05, Collins 201 | Oxford Press,Abyet , Rogers
* With both definitions we show it cancels in weighted

aS)’m metl"ieS Boer, LG, Musch,Prokudin (in preparation)

Hard

K
C[H,waD] — QCBH 2,,u2,p)Zei/d2pTd2KTd2€T5(2)(sz—I—KT—|—€T—PhL)w (pT,— T)

o
X fO(x, pan, u2, ¢, p) (02, 12, p) D (2, K2, 12,/ 2, p)

~——
T™D— Soft FF




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

Bt im0 _ 3, egafiz ) (x) D (2)
= B > fa(0) a(0)
AT (1) DI (2)

undefined wlo

Bacchetta et al. JHEP 08 P
regularization



4. More sensitive to low Pj1 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




Generalized av. quark trans. momentum shift

(p,)TU = average quark momentum in
transverse y-direction

F"O m ta 174 Of measured in a proton polarized
. in transverse x-direction.
Berni Musch
Pre-DIS wkshp.

”dipole moment”, “shift”

attention divergences from high-p-tails!

~

(p,)rv (Br) = ard hir i (@,83) _ SB#T ) Anp(B3,0,0,, )
py TU T (()) 9 S A BQ O O —
fdlljf xBT) T7'°°) 2B( Ty Vs 7<:7,u)



%
® Propose generalize Bessel Weights

® New theoretical weighting procedure w/
advantages

® Introduces a free parameter B, [GeV '] that
is Fourier conjugate to P, |

® Provides a regularization of infinite
contributions at Ig. transverse momentum
2 .
when B7 is non-zero

® Addtnl. bonus soft factor eliminated from
weighted asymmetries

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



EXTRA SLIDE
General Bessel Weighting

[d|Pyo||Pni|don dps W(|Phi|, én, ¢s, Br) (do! — dot)
[ APy ||Phi|dondosto(|Pri|Br) (do! + dot) |

A])/(VY(BT) = 2

Old weights are asymptotic form of Bessel

2

Py " = Ju(|Phi|Br)n! | — ) = T27(|Pho))
Bt



