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TMD structures for quark and gluon PDFs
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Spin Physics and Transverse Structure

Piet Mulders

Plenary Session

Non-universality because of process dependent gauge links

dEPE .,
O s )= [ LB Oy €18, | o
path dependent gauge link

4 Gauge links associated with dimension zero (not suppressed!) collinear A = A*
gluons, leading for TMD correlators to process-dependence:
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TMD factorization, Non-
Perturbative Evolution

John Collins
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(JCC & Rogers, PRD 91, 074020 (2015), arXiv:1412.3820)



TMD factorization, Non-
Perturbative Evolution

John Collins
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J Osvaldo Gonzalez Hernandez

Large and small g, Matching

\ s=1 TeV, G°=5000 GeV?

V 5=300 GeV, Q=100 GeV? V s=17 GeV, Q°=10 GeV?
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M. Boglione, J Osvaldo Gonzalez Herndndez,
S. Melis, A. Prokudin, JHEP 1502 (2015) 095

Message: Large-small g; matching is important and
delicate



Overview of Twist-3
Factorization

by Yuji Koike

Twist-3 approaches has been extensively developed
for both pole and non-pole contributions.

* Quark-gluon correlation functions in the L polarized nucleon.
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Overview of Twist-3
Factorization

by Yuji Koike

Twist-3 approaches has been extensively developed
for both pole and non-pole contributions.

* Quark-gluon correlation functions in the L polarized nucleon.
‘/7F_typ077

rAN rdo \ B ) (z2 — 31)p"

* Twist-3 “three-gluon” correlation functions

(w2 —@1)p Beppu-Koike-Tanaka- Yoshida (PRI 82{°10)054005)

“1p 2P See also, Belitsky-Ji-Lu-Osborne, PRD63,094012(2001)
p p Braun-Manashov-Pirnay, PRD80,114002(2009).



Overview of Twist-3
Factorization

by Yuji Koike

* Relation between TMD and Twist-3 at intermediate Pr (Agep € Pr < Q)

SSA
A AQCD < ])T: Q Twist-3

Twist-7 =

T—2
— Suppressed by (Ag%)

Aqep < Pr < Q)
Equivalent for Sivers asymmetry F**(¢2=¢5) and for DY, consistently with fiy|pis =

1
—fir|py. - Ji-Qiu-Vogelsang-Yuan (PRL 97(°06)082002, PLB638(’06)178).
- Koike-Vogelsang-Yuan (PLB’07 ) (¢ G r-contribution)

. 3-gluon contribution to F*™(?»=%s) ig also shown to be consistent between the
two frameworks. (Dai,Kang,Prokdin,Vitev,arXiv:1409.5851[hep-ph])

. Similar equivalence also shown for Collins asymmetry F’ sin(én+ds)



Lingyun Dai  gang, prokudin, Vitev arXiv:1409.5851

%Qﬁwelghted Sivers asymmetry

|m SIDIS: three-gluon correlator

Three gluon contribution to:

= evolution of Qiu-Sterman function

dr
22

0
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714 F(2B,2B, ;tf) ‘)ﬂ/ — Py 4(£) (%) 0(z,z, yTr 2)+0(z, Ou )+ N(z,z, u 2) = N(z,0, lr 2)

= coefficient function

" Ce g ] & (:2
-~ Q"i ] - '2 1 ~ -~
Cyeg.2(2) = = Py y(2)In (b;;ﬂ) -3 (1- 62+ 6:1:2)] .

= TMD and collinear twist-3 formalisms are consistent in
Nocp < pry €Q region
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Lingyun Dai  ang, prokudin, Vitev arXiv:1409.5851

I{ LO weighted Sivers asymmetry
ml SIDIS: three-gluon correlator
- three -gluon correlation functions contribution:
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Transverse single-spin asymmetries in pion and
photon production from proton-proton collisions

Kanazawa, Koike, Metz, DP - PRD 89(RC) (2014)

Daniel Pitonyak

—— Total = — — NO 3-parton FF x*/d.o.f.=1.03
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mmm) [ncluding the (total) fragmentation term leads to very good agreement with
the RHIC data, especially with its characteristic rise towards large x,
mm)p Without the 3-parton FF, one has difficulty describing the RHIC data
mm) // term dominates the asymmetry 12




Transverse single-spin asymmetries in pion and
photon production from proton-proton collisions

Kanazawa, Koike, Metz, DP - PRD 89(RC) (2014)

Daniel Pitonyak

VS =200GeV,n=3.0 VS =510GeV,n =30
A7 — Total A, — Total
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* Measurements planned by PHENIX and STAR at RHIC
» Sivers-type contribution is dominant, others are negligible
mm) Can “cleanly” extract QS function to help resolve “sign mismatch” issue

mm) (Clear measurement of a negative 4, would be a strong indication on the process
dependence of the Sivers function (see also TSSA in inclusive DIS — Metz, et al.
(2012), and in jet production from A,DY — Gamberg, Kang, Prokudin (2013))

-
iy : U ALTS UIC ad , 13



Twist-3 Spin Observables for
talk mainly based on

Smgle-Hadron Production in DlS arXiv:1407.5078, Gamberg, Kang, A.M., Pitonyak, Prokudin
_ ) ) ) arXiv:1411.6459, Kanazawa, A.M., Pitonyak, Schlegel
(A. Metz, Temple University, Philadelphia) arXiv:1503.02003, Kanazawa, A.M., Pitonyak, Schlegel

o Numerical results and discussion

— comparison with HERMES data (JLab data are at very low P}, )

08 08 -
-n:'l- I Sum
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% error band based on uncertainties of flLT, hi, Hf only
% relatively poor comparison with data, especially for 71 production
* potential reasons for discrepancy:
(1) no error band for twist-3 FF H 5, and hence for FF H
(2) (significant) other source(s) for Ay in pp! — h X
(3) leading order formalism not appropriate for rather low Py, of available data;
HERMES: even data at highest P}, dominated by quasi-real photo-production

— calculation of NLO correction needed 14




Model Predictions on Transverse SSAs and DSAs at JLab
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Phys.Rev. D90 (2014) 1, 014048
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Transverse Force on Quarks in DIS

Matthias Burkardt
The Nucleon Spin Pizzas

. " Jaffe-Manohar decomposition
Ji decomposition

‘pizza quattro stagioni’

‘pizza tre stagioni’
light-cone framework & gauge A" = 0

1 _ 1
§—Zq2Aq+Lq+Jg l:Zq%Aq+£q+AG+£g

4 2

v

1 . (A 3a(T N 2
280 = 3/ (PSWC@DEAD RS 1 _ o) gy (7 x i8)a(|P5)
Ly=[d x(RSWT(fﬂ)(fﬂ R ZD>Q($)|P,S> AG=et=%[d% (P, S| TrF*+* A7 |P, S)
L \13 . N7
Jy = J#2 (P, S| [Fx(Ex B)|"|P,s) | £,=2 Jd*r(PS|TeF+5(F x i8) 49| P.S)
= manifestly gauge invariant definition
J for each term exists (— Hatta)

° zD:ig—gg



Transverse Force on Quarks in DIS

Matthias Burkardt

straight line (—Ji) light-cone staple (— Jaffe-Manohar)
30 A SR ) 5 =2 ,300+ L+ AG+ L,
Lo=Jdo(PS|a(@N*(7 x iD)a(@)|PS) | £1=[d*s(P.S|a@n*(7xiD)q(F)|P.S)

iD= i07—gAI (x~,x1)—g [ dr=F1I

o iD=id — gA

V.

difference £? — L4
L9 — L= —g [d@x(PS|g@y*[Zx [° dr= F+(r=,x1)] q(Z)|P,S)
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Towards a Direct Measurement of the Quark Orbital

Angular Momentum Distribution
Simonetta Liuti

University of Virginia

3c(~}2(x)+xG2(x)—Jd2k uh f Gy (x, 0.k, )+ d’k, Akj F,(x.0, ET)+§“S
_h ’ g T=3

T=2

G, (x)+ xG, (x) = GV+ FO+ G A sum rule relating Ji and JM OAM
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Left-right asymmetry of transverse densities from chiral
dynamics

Transverse polarization and asymmetry

CG, C. Weiss, arXiv:1503.04839 [hep-ph]

y
PRy
p,®) b p,B)
P 1 // 2
7 9 7
/ Zz Z
/ right
left
107 ——
left
right ———

v 2
Preft/ right () x €xp (2 Myb) [M;]

107

107

-~
~
-~

Carlos Granados

LFWF components of a transversely
polarized nucleon,

S (4, +) = sina Ug,
Siy(—, =) = —sinali,
i (+, =) = Uy 4+ cosa Ui,
Sy (—,+) = —Uy + cosa U,

Define Left and Right transverse densities
from LFWF at a = 0,
Pley () _ /1d | (y, Frres —, +)I°
\4 - y =3
Prignt (P) 0 2myy
[rr = b/¥]

to find for the charge and magnetization
densities that

/(b 1
% } = B (®) + ol (0]

-p> measures Left-Right asymmetry of LF
currents in the nucleon.

Strikingly large in the chiral periphery,
generates the near equality p1 =~ —p».
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Spatial Boundary Terms,

Angular Momentum and QFT

Peter Lowdon

e [t turns out that by using this more rigorous QFT approach one
can determine a necessary and sufficient condition for these terms
to vanish [Lowdon (2014)1:

/d3:r 0;B" vanishes in H <= /drﬁ*r d;B*0) =0

An interesting feature of this condition is that it only /
depends on the action of the operator on the vacuum state

...and from this one has the following condition:
If dlp) € H s.t: (p|fd3fr 9,B0) £0 = /d% 8,B* £ 0

— which can then be applied to the superpotentials S and S

[P. Lowdon, Nucl. Phys. B 889, 801 (2014).]
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Spatial Boundary Terms,
Angular Momentum and QFT

Peter Lowdon
[t turns ou | |
can determr * Soin this case if J|p) € H s.t. (p|Si|0) # 0 or: (p|S5]0) # 0
to vanish p then S! or S are non-vanishing as operators

 Choosing |p) = |0) one has: (0/S{]0) ~ féjkEOjk:(Ul%ﬁi’}fli“wIU)I

\

; 4 : : : Evidence [Pasupathy,
. . i i i 1 1
—~ which SuggeStS' JQCD # Sq + Lq + S g + Lg Singh (2006)] to suggest
An interesting this is non-vanishing
depends on the ac

|~

» This condition therefore casts doubt on the validity of the

...and fron Jaffe-Manohar angular momentum operator decomposition
If 3|p) : . :
— what's interesting about the apparent failure
. of this decomposition is that it follows from
— which car the non-trivial structure of the QCD vacuum

[J. Pasupathy and R. K. Singh, Int. J. Mod. Phys. A 21, 5099 (2006).]

[The University of Adelaide (2015)]
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« Collinear extraction [Pavia]
e TMD extraction [Anselmino et al, Kang et al]

* GPD extraction [Goldstein et al]

State-of-the-art:
Extractions of transversity

NEW FOR DIFF EXTRACTION
=COMPASS data for identified pions
=Two Values for os(Mz?)

=Replica methods for both pol. DiFF & transversity

Torino 2013 @2.4 GeV?

Pavia 15 Kang et al central value -._

1503.03495

OLD 10 error band from replicas @2.4 GeV?

Uy
x hy

-0.4

—
NEW 10 error band from replicas @2.4 GeV?

os(Mz2)=0.125 os(Mz2)=0.139

001  0.03 01 03 1
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Nobuo Sato

The JAM analysis (summary)

without JLab data wi;h JLab data

vvvvv
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R e
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' b o M
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. . - .

* The new JLab data conclusively favors the extraction of 4; and g2 with

HT contnbutions. s




The JAM analysis (summary)

without JLab data with JLab data

ratio to central
ratio to central
ratio to central
ratio to central

proton 95% proton 95%
proton 68% proton 68%
neutron 95% neutron 95%
neutron 68% neutron 68%

» The new JLab data conclusively favors the extraction of g; and go with
HT contributions. "



Polarization in
Double Parton Scattering

Tomas Kasemets

Polarization in DPS TK, M. Diehl, 2012|

¢ Longitudinal polarization:

o Changes rate as well as rapidity
and |pT| distributions

» Transverse quark/linear gluon polarization
¢ Leads to azimuthal asymmetries
¢ Double Drell-Yan
dopps(pp = ZZ — lililals) C Acos (2A¢) fs45q fsqsa

L 1

dopps(pp — ci1€1c2C2) C Bcos (2A0) [549f 954
+ C cos (4A¢) f5459 f5954

for linearly polarized gthIlS Echevarria, TK, Mulders, Pisano, 2015
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Gluon TMDs and Higgs
Cristian Pisano PhenomenOIogy

Higgs plus jet production

Numerical results

Azimuthal cos2¢ asymmetries

Sensitive to the sign of hng: (cos2¢)q, <0 = hng >0

0-003 T T T -2| 0.003 T T T _2|
K cos2(i>)qT | [GeV™] K cos2(1))qT | [GeV™]
00025 | ] 00025 |
K, =10GeV —--- K, =10GeV —---
0.002 K, =100 GeV -wwrovven 1 0.002 | K, =100 GeV -wwrovve 1
00015 [§ % ] 00015 | i
0001 i % ] 0001 fi %
: Gaussian + tail, max pol. Gaussian + tail
00005 00005 e
0 E""|‘—-|-—|_ o L J“_“ ....... 0 Lafinnlion B S =k 1 ....".J“_“ .......
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News from the Experiments

Francesca Giordano, Ted Rogers




Spin Puzzle

Parton contribution to the proton spin

quark spins gluon spins qugrk&gluc.)n
1 1 orbital motion

— = —-AY +AG+ L,
2 2




Proton helicity from Quarks:Valence
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Proton helicity from Quarks:Valence
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Proton helicity from Quarks: Sea,

Backward
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Proton helicity from Gluons
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Proton helicity from Gluons
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TMDs

Proton distribution in momentum space
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Collinear Transversity
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Collinear Transversity
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Drell-Yan Target Single-Spin Asymmetry

ppT —u'ux, 4<Muu<9 GeV
¢ 8 cm NH; target, P’arge,=0.8 (updated Dec. 2014)
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Drell-Yan Target Single-Spin Asymmetry
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¢ 8 cm NH; target, P’arget=0.8 (updated Dec. 2014)

rlc
=
O,
“\
-
I

-y
©
®
®

=00 -—-0C 3

——T——

Hint of Sivers sign-change in pp? x
More data on the way!

e s
= Ansetwiino

= O 70%702703@57;570”&?04
< - STAR preliminary e Wr— v Xiarger
1 « WTv
0.5]

(S G SR SR S [ S

B

-0.5- =t
" STAR p-p 500 GeV f L =25pb"
Iyl<1
R 3.4% beam pol. uncertainty not shown
1 1 1 1 I 1 1 1 I 1 1 1




) T
U L T
nu f , ( , hi (" A _ (.--_- .' Drell-Yan Target Single-Spin Asymmetry
u — — — l; ppT —u'ux, 4<M, <9 GeV
c L gl . ’i/ -\) ’1 2 “ _ G’ ¢ 8 cm NH; target, P’arge,=0.8 (updated Dec. 2014)
I - N 11 /
~\ ~

. ~ A L i 0
o T f J .é\ ) - ). JIVE ! b--( - g -

- o hsre{cm)e = afacn)
n L= ,‘\/P

[
Hint of Sivers sign-change in pp? X{J
= 16
More data on the way! X £ Acssiio o 3008 :
< [ STAR preliminary ~ * W* = I*v R 0.6 0.65 0.7
i C W Ty arXiv:1502.01394  p_ (GeV/e)

T n?

| PRD89, 072011 (2014)

T T T T T LT ] T T T T [ T T T T 1

STAR p-p 500 GeV f L =25pb"
Iyl<1
3.4% beam pol. uncertainty not shown

— = — Mao & Luedl 2013

—-—-= Mao&Lu gD, 2013
| I I I
0.2 0.3 0.4 0.5 06




GPDs

Proton distribution in impact parameter space
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The complete picture
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