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¥ BWA In Parton model connection w/ conventional weighting
¥ Impact on studying BW and TMD evolution
¥ Sketch ... Elements TMD Factorization-SIDIS

¥ Cancellation of Universal & Ravor indep. factors in BWAS

¥ A study of BW of experimental observabla(br)



Comments on Weighting

M\eighting enables one disentangle in a model independent way
CS In terms of transverse momentum moments of TMDs

¥Convert convolutionsin the cross section into simpleroducts
not a new ideaotzinian, Mulders PLB 97, Boer, Mulders PRD 98

¥BesseIWeighting solves problem of inPnite contribution from |a

transverse _momentum that arise from using Oconventional wei
Boer, Gamberg,Musch,Prokudin JHEP 2011

¥Explore Impact these BWA have on studying 8uale dependenaosf
the SIDIS cross section atnall to moderate transverse momentut
where the TMD framework Is expected to give a good descriptiol
the cross section soer, Gamberg, Musch,Prokudin JHEP 2011




Factorization Parton Model SIDIS

Kotzinian NPB 95,

Mulders Tangermann NPB ¢
Boer & Mulders PRD 97
Bacchetta et al JHEP 08
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FactorizationPt of hadron small sensitive to Intrinsic tran:
momentum of partons
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. . Small transverse
Purely Kinematic-integrate over  momentum

small momentum component

OGauge invariant extensionO of parton model

Collins & Soper NPB193 (81) & Efremov, Radyushkin Theo. Math. Phys. 81... also Collins Found. PQCD 2011
respect gauge invariance lor gauge invariance
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SIDIS CS & leading and subleading twist structure funcit
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Observables SIDIS-CS expressed structure functions
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Spin asymmetry projecteld from cross section
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Weighted asymmetries proposed asdel independent
deconvoluticaf CS In terms of moments of TMDs

Kotzinian, Mulders PLB 97, Boer, Mulders PRD 98



Weighted asymmetries proposed esdel independent
deconvoluticof CS Iin terms of moments of TMDs

Kotzinian, Mulders PLB 97, Boer, Mulders PRD 98
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Models studies ...
Gamberg, Golstein, Oganesyan PRD 2003
Conti Bacchetta Radici Eur.Phys.J. 2010
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Problem withkt moments

| k2
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¥ power counting ... Sivers tall

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

¥ Moment diverges



ONow for something
completely differentO

¥Change thew.P, )= "1 weight to Bessel

i ZM
function

2J1(|P n7 |BT)
ZM B+

¥why on earth would you do that?s



More sensitive to lowP h: region

Bt can serve as a lever arm to enhance the Pow
description and possibly damp&nmomentum tail of
moments and cross section. For this need investigate
the full TMD factorization formalsim in b-space

2J1(|P 7 |B7) lustration
zM BT
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More formally this picture emerges from formalism on
scale dependence of TMDs & TMD evolution
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Comments on Weighting

¥ Bessel weighting is a natural outgrowth of re-writing SIDIS cross
section (or DY ore*e ) in coordinate space

¥ nbthe solution to this problem is to consider TMD evolution in
r-coordinate spaceO. Seed of idea is in CSS work of 1981/1982 see
JohnOs Talk today on CSS and JCC formalism & IgnazioOs approach



e.g. BW Example Sivers Function Oparton modelO

Fourier Transform Convolution @&tructure function
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@ Pretzelocity and Collins
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Comments on Weighting

The FT transform of the e.g. Sivers asympt. reduces |
moment of Sivers TMD

f—L(l)(x br) ! |\/|2lb$f_”(x br)
L _ 2 ks i
(x,br) = : dkTEJl(kar)flT(x,kT)
o0 2
blTlmOf‘ () (¢ br) =+ 2 /O dky 2kt; kTZbellT(x, Kt)

=1 (1) _ J_(l)
bITlrgof (x,0) = f;+7(X)



' CS has simples/Tinterpretation--multipole expansion

In terms of p, [GeV' 1] CONjugate toP
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BWin Generalized Parton ModelO

Bessel weightingrojecting SiversorthogonalityBessel Fnct
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Traditional weighted asymmetry recovered ... but naive
UV divergent
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Part 2

Mmpact on studying BW and TMD evolution

¥:xp|ore iImpact these BWA have on studying Stale dependenaoaf
the SIDIS cross section atall to moderate transverse momentut
where the TMD framework is expected to give a good descriptiol
the cross section soer, Gamberg, Musch,Prokudin JHEP

¥SKETCH TMD EVOLUTION ....



O The usefulness of Fourier-Bessel transforms in
studying the factorization as well as the scale
dependence of transverse momentum depender
cross section has been known for over 30 years.

O Is the natural language for TMD Evolution

O;

Collins Soper (81), Collins, Soper, Sterman (85), Boer (01) (09) (13), Ji,Ma,Yuan (04), Collins-Cambridge Un
Press (11), Aybat Rogers PRD (11), Abyat, Collins, Qiu, Rogers (11), Aybat, Prokudin, Rogers (11), Bacchet
Prokudin (13), Sun, Yuan (13), Aidala, Field, Gamberg, Rogers (14),Collins Rogers 2015



Studies that impact TMD Factorization

Fixed scale phenomenology- Stage 1+

A.V. Efremov, K. Goeke, S. Menzel, A. Metz, and P.
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M. Anselmino et al.Eur. Phys. J. A 39, 89 (20Q09)

A. Bacchetta and M. Radid?hys. Rev. Lett. 107, 21200Q2011).

A. Signori, Bacchetta, Radici,Schnell, JHEP 1311 (2013)

Anselmino, Boglione, O. Gonzalez, S. Melis , Prokudin JHEP 1404 (2014) ..............

Stage 2 w/ evolution of various forms

D. Boer, Nucl. Phys. B603, 195 (2001); B806, 23 (2009); B874, 217 (2013).

Z.-B. Kang, B.-W. Xiao, and F. Yuan, Phys. Rev. Lett. 107, 152002 (2011).

S. M. Aybat and T. C. Rogers, Phys. Rev. D 83, 114042 (2011).

S. M. Aybat, J. C. Collins, J.-W. Qiu, and T. C. Rogers, Phys. Rev. D 85, 034043 (2012).
M. Aybat, A. Prokudin, T. Rogers, Phys.Rev.Lett. 108 (2012)

M. G. Echevarria, A. Idilbi, A. Schafer, and |. Scimemi, Eur. Phys. J. C 73, 2636 (2013).
Bacchetta & Prokuding PLB 2013

P. Sun and F. Yuan, Phys. Rev. D 88, 034016 (2013).

Aidala, Field, Gamberg, Rogers, PRD 89 (2014)

M. Echevarria, A. Idilbi, Z-B.Kang, I. Vitev Phys.Rev. D89 (2014) 074013

J. Collins, T. Rogers PRD91 (2015)



Comments

R — S

+ Collins-Soper evol. kernel has perturbative-short distance & non-perturlddiye |
large-distance content

4+ Non-pertb. large-distance isstrongly universalmany interesting predictions

4+ Universal character can exploited in observables OBessel WeightingO

(Boer Gamberg, Musch Prokudin JHEP 2011, Aghasyan, Avakian, Gamberg, Prokudin, Rossi et al 2014)



TMD factorized cross section SID|
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Elements of TMD Fact. Cross section

¥Yterm serves to correct expression for structure
function whenPr~ Q

¥ Exponent contains both perturbative and non-perturbative content arisin
from TMD factorization evolution

. < > .
¥ Where does this structure come from ... of course this is based upon earl
CS 81 & CSS 85 formalism but new treatment of soft factor and CSS
equations effectively implements OresummationO of large logs.



¥ eadingRegionspower counting Libby Sterman

PRD 1978see Collins PRD 1980 nongauge theories, Collins

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

¥OReduced DiagramsO

¥Apply Ward Identitiesget factorized form
¥Soft Factow/ gauge links & rapidity div
¥TMDs w/ gauge links & rapidity div
¥Hard contribution




Further Beyond Parton Model Otree levelO factorization

¥I'MDs w/Gauge linkstdor invariant
Mn additiorsoft factor

¥ xtra divergences at one loop and higher

¥ xtra parameters needed to regulate light-cone divergences, soft & collinear divergences
MWodiPes convolution integral introduction of soft factor

¥Some effects of evolution cancel in Bessel weighted asymmetries



Further treatment achieve full factorization
using Soft Factor in CSS

L ™
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Introduce rapidity scale parameter to regulate LC
Divergences arising in Gauge link and soft factor

ng = (" €*8,1,0,)

Tilt to requlate
rapidity divergences

TMD tilted

Collins Act Pol. 2003
Ji Ma Yuan 2004, 2005




Emergence of Soft Factor in TMDs

Start with only the hard part factorized:

# SN e # S SPNH N HUH 'S
VS &4$ B

Mo
Soft factor repartitioned

This is done to both

1) cancel LC divergences and
2) separate Oright & leftO movers i.e. factorize

T P b F :b
B%oo& $H " B &S #
"o 2 gunsubng v o opy ' % BNy H $# -
"] ! 5 S B ook oS & ookt S# 5 Bo$ &4 #HBUS & $#
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ZHjj’,smls ("s(H)M/Q)/deTeibTéDT F,/m, (X, br; W, #) D g, (2, br; i %) + Ysiois

d!
— X
dP?2

T ,]]I

In full QCD,the auxiliary parameters are exactly
arbitrary and this iIs ref3ected in the the Collins-Soper
(CS) equations for the TMD PDF, and the
renormalization group (RG) equations

Collins arXiv: 1212.5974



Evolution follows from their independence of rapidity scal

' - - | S(br;ya,Yn)
FS(x, brityn) = lim  FE™SU°(x,br;mye ! VB) = :
’ n v — oo " S(br;ya,ys)S(br;yn,Ys)

From operator debnition get
Collins-Soper Equation:

0 \
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Soft factor further OrepartitionedO
This is done to

1) cancel LC divergences in OunsubtractedO TMDs
2) separate Oright & leftO movers i.e. full factorization
3) remove double counting of momentum regions



Along with .... Renormalization group Equations

)C v grgoen h RGE:
) 1" & " 070 -
et anomalous
) I RS &S % oo~ 9
e & T PR for F & K
7

Solve Collins Soper & RGE eqgs. to obtain Oevolved TM



Evolved TMDs

¥ JohnOs talk one OsegregatesO
smallbr - Pert & Largebr -non-perturbative



One TMD factorization entire range & or br

Collins Soper Sterman NPB 85

¥ Maximizes the perturbative content while providi
a TMD formalism that is applicable over the entir
range ofPr




Non-perturbative part of K (br, p)

Solve RGE: Collins Soper Sterman NPB 85
Z! | O
KIbT, | " # K'b$, I b" & C:—O$Klg” Om & gK!bT"

b

Bnax chosen so thatb  doesnOt go too far beyond
the pertb. region maximize perturbative content In
evolving TMDs and cross section



Structure Functior& TMDs in QCD
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a



Evolved Structure Functiofk TMDs In b-space

|:UU (X121 b!QZ) - Hal(X1 bT;u, !F)D:-EIZ(Zh’ bT » K !D)HUU (Q21 HZ)

Totally universal related to
derivative of soft factor
Independent of x & hadron
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perturbative small br behawor

These functions have good perturbative behavior a
entire range obr



Unpolarized and Sivers evolve In same way !!!

Recall correlator il-space From Bessel Transform

. T+
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Sivers Structure Function

. ert NP
Fur (%,2,0,Q = Fi7 s (b i) Dy (2,05 pp)e 57 Qe SiT (0:0x2 )y

b
1+ (b/bmax )?

Abyat, Collins, Qiu, Rogers PRD (11),l5 = |

g SiT (b, Q, X, Z)—EXp b 0u(X, br i Bnax ) + 92(Z, Br; Bnax ) + 2 gk (br) In Qg

0 uT

Non perturbative factor contribution must be bt

CSS NPB 85



Sivers BWA: Cancellation of Univer$dP
and Ravor blind hard contributions

When  13.,! P7! Q7

Aut (7,2,b,Q%)
| 1 . . | i : | ert \ 2 b i & '?:
e (2262 1, Qo) Pa(eon, B2, 13, Qo) e D) S (0 Q)" 29

0
. ' - " ert "2 b
Filz, 2202, 12, Qo) D1 (2n, b2, 112, Qo) Huu (w2 Qo)e’ S (0 Q)" 205 ;ﬂ( )

BWA less sensitivity to TMD Evolution
Prediction of TMD factorization & Evolution

Boer, Gamberg, B. Musch,A. Prokudin....



Bessel Weighting of experimental
observables

¥What good is all of this?

¥Test the idea

¥How?

¥We used a MC

¥So brst re-write BWA for an Oexperiment(



Part 3

A First pheno study of BW. of Experimental Observables

Studies of transverse momentum dependent parton
distributions and Bessel weighting = 2015

i
il

M. Aghasyan,a’b H. Avakian, ¢ E. De Sanctis,? L. Gamberg,oI M. Mirazita, ¢ B. Musch, ©
A. Prokudin ¢ and P. Rossi¢

New experimental tool to study the 3-D nucleon content to the SIDIS cross section that minimiz
transverse momentum model dependencies inherent in conventional extractions of TMDs.



So lets consider the Bessel Weighted double spin Asym
IN b-space

S”)\e = +1



7U 70

O

Fuur =x  eff(x,z°0f)Di(z,bF), Fu =x  e5df (x,2°bf)Di(z, bf)



Fuur =x  &ff(x,2°07)Di(z, %), Fu =x  e3di (x, 2°bF)Di(z, bF)

S”)\e = +1] 1
So Bessel Weighted double spin Asymm-space
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' First we project out the Structure functions going into
asymmetry from Multipole expansmn
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Project the Structure functions from differential
Cross section

d ! dxdyd! dzdP, Pn

d* d
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[ 1] . #
da+ d $
— ||2
Ji i = K(Xx,y) 1-"°F__

dPni Phi Jo(br P )



| et us re-write cross section in terms of events

1 dn* 1 dn

dPhi Pri Jo(brPhi ) Nl + Nl = K(X,¥Y)Fuu,T
| " 1 dn?t 1 dn # $
_ 2
dPni Phi Jo(br Pni ) Nl ! N T K(xy) 1! 'eF,

dn® are the number of events in a differential phase space volume, d! , and

N ,* is the standard normalization factor, that is the product of the number of
beam and target particles with = polarization per unit target area. We assume

that the experiment has been set up such that N ,° = N O! .



d ! dxdyd dzdP, P

And re-do/reconsider the projecting e.g.

dn* ) " n?
=| Jo(BTPhi i
d' | | O( T h' I)ll XII yll Z
| I bin[ X,y,z ]

dPhi Phi Jo(BTPhi )



Sum over events In bin to sum over events

K(x,y) 1! e2F (Bt)=

11 &
#o oy O |
" 3 Jo(BTPhi j) | Jo(BT Phi j)(

] events ] events



Experimental procedure to BWA for double longitudinal
beam/target polarization

AJo(bT ) () = " (br)! & (br)

&* (br) + o (br)
AN N
Jo(brPy' )1 Jo(brPy L)
o j St g
W N St + S

Jo(brPyr' )+ Jo(brPy. )
j j
| are indices for the sums on events adare the number
of events, for positive/negative products of lepton and
nucleon helicities and at givegnyandz and where
St Indicate the sum over events for + helicities.



Method....

¥Every time you have an event aBaplug in
the value of P and get a value i) R) and
then perform the sums

¥Test this idea w/ a Monte Carlo



Developed a differential Monte Carlo based on parton
model to test the Bessel Weighting

I[N+ N(P)! (Y + h(Py)+ X,

Kotzinian NPB 1995

Mulders Tangerman NPB 1996
Bacchetta et al. JHEP 2006
Anselmino et aElE PRD 71 2005

dll
dxdydzdPp, d?k, d# |

= 2 K (x,y)J(x, Q2 k?)
’ #

" x € fra(xk?)D1a(z,p?)+ $ 1# Bgiia(x, k?)D1a(z,p?)

a

Figure 1 . Kinematics of the process. qis the virtual photon, k and k' are the initial and struck quarks, k- is the
guark transverse component. Py, is the bnal hadron with a p- component, transverse with respect to the fragmenting
quark k' direction.



Input distributions to MC

o
Fa0kF) = 1200 1 (1x)"flexp el (3.9)
. ' . [} ]

Nl
o (6, k) = 0100 o XP # 310
H 1 I ) ! 1 1
' 2
D1(2,p?) = Di(D) e # b 311

ki (X)"=Cx(A#x) pf(2)"=Dz(1# z)

C = 054GeV? and D = 0.5GeV?

The generator we construct is implemented with on-shell initial partons with four
momentum conservation imposed.

The limitations due to available phase space integration will modify the reconstructed
distributions with respect to the input
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ki

Figure 2 . (Color online) The solid line is the
Gaussian input distribution implemented using
eq. (3.9), 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 represents the bt to
the Monte Carlo distributions which returned
values of C = 0.527 GeV¥ and C = 0.444 Ge\*
at 160 GeV and 6 GeV respectively.



well ...??7?7
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Theblue curvelabeledOBW Inpuf) is the asymmetry

calculated analytically using the right hand side of Eq anc

the Fourier transformed input distribution functions
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Compare w/ the Monte Carlo generated distribution using
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Bo-Qiang Ma and Zhun Lu PRD 87 2013 model calculation

0-8_'|'|'|_'|'|'|_'|'|'|_

0.6L 0 0 h

FIG. 5 (color online). The Bessel-weighted DSAY /571 1
for 1', 1'% and!? productions as functions oB; at
CLAS. The solid lines are from approach 2 of the light-con
diguark model, while the dashed line and the dotted lines a
from the Gaussian ansatz for the TMD helicity distributions witl
p2ig $ 0:17 GeVand0:10 Ge\?, respectively.



... Conclusions cont.
¥Propose generalized Bessel Weights to stud
3-D structure of the nucleon

¥ Bessel Weighting solves problem of inPnite contribution fre
large transverse _momentum that arise from using
Oconventional weighting

¥Provides a regularization of inbnite
contribtzjtions at Ig. transverse momentum
when BT is non-zero

¥ Soft, Hard CS, eliminated from weighted
asymmetries, Sudakov dpnds coupling & Q

¥Possible to compare observables at differen
scales.... could be useful for an EIC



¥New experimental tool to study the TMD content at
to the SIDIS that minimize the transverse moment
model dependencies inherent in conventional
extractions of TMDs.

¥lmpact for Lattice calculation of moments of

TM DS, B. Musch, Ph. Hagler, M. Engelhardt, J.W. Negele,A. Schafer arXiv 2011



Correlator w/explicit spin orbitorrelations

I—[' +](X, OT) — _1()( bT) | @ST# M f— (1@

= T)(x, br) = SLgn (x, b2) + ibr 8STM g7 (x, b2),

% br) = S Ru(x, bF) + iSLBEM iy (x, b7)

+% by + 502 6¥ M2 ST (x, b?)

i 12 b M A P (x, b)),

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



Largebr

d | | |
ezt Hiitsos (s(W),WQ) d’br €PTET By (X, bri W, #) Dy, (2, br s W, #)
2

]

+ Ygps +P.S.C O(! /Q )a

Practical issue: is that theTMD contributionterm is
calculated in coordinate space and Fourier transformed
back into momentum space

Calculations of FT term include non-perturbative
behavior at largér

In the Fourier transforms that connect these calculations to
Cross sections, non-perturbative effects from lafgean
migrate to unexpectedly largg, and perturbative effects
from smallbr can migrate to smakr.

Must match these regions



