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Overview on TMDs
Mauro Anselmino - Torino University & INFN
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8 parallel sub-sessions, almost 50 talks




despite 50 years of studies the nucleon is still a very
mysterious object, yet the most abundant piece of
matter in the visible Universe
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what would we like to know ? how ?
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A = 0 inclusive processes, cross sections

A # 0 exclusive processes, amplitudes



actually, things are not so simple... (example of D-Y process)

..the physical effects of these gluons are represented b
operators between the fields in the parton correlation function
(integrated over k™) and by so called soft factors, which are vacuum

expectation values of further Wilson lines and can be absorbed in the
definition of the TMDs...
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(P + ) a(—52) Ta(3 )PP — S A) = (P + 3 A)la(—52) IWa(52)lp(P — S A))

the Wilson lines are path-ordered exponential of the gauge field
and turn the operator product into a gauge
invariant operator, but induce some process dependence

M. Diehl, arXiv:1512.01328
J. Collins, Cambridge University Press (2011)



The nucleon landscape
Markus Diehl, arXiv:1512.01328
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talks by Schweitzer, Hattaq, ...



Burkardt, Pasquini, arXiv:1510.02567

GTMD(z, ki, A)

GPD(z, A) special issue of EPJA
dedicated to the 3D

nucleon structure,

EPJA 52, (2016) 164

(15 contributions, Editors
M.A., P. Rossi. M. Guidal)
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Wigner distribution

p(m, I{?J_, bT) Iransverse momentum
Trgnsverse
positio >
Longitudinal momentum < br
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TMD formalism - The nucleon correlator, in
collinear configuration: 3 distribution functions
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TMD-PDFs: the leading-twist correlator, with intrinsic k.,
contains 8 independent functions
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with partonic interpretation



TMDs in simple parton model

TMDs = Transverse Momentum Dependent
Parton Distribution Functions (TMD-PDF) or
Transverse Momentum Dependent
Fragmentation Functions (TMD-FF)

TMD-PDFs give the number density of partons, with
their intrinsic motion and spin, inside a fast moving
proton, with its spin.
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p ________________________

S-(pxky) Sq- (P X ki) S - s,
"Sivers effect”" “Boer-Mulders effect”



there are 8 independent TMD-PDFs

£2(2 L2 ) unpolarized quarks in unpolarized protons
LA Tl unintegrated unpolarized distribution

e 12 ) correlate s. of quark with S. of proton
CAUASE AT unintegrated helicity distribution

he (2 .2 ) correlate st of quark with St of proton
1T\ L/ unintegrated transversity distribution

\ /
[ SR 1A

only these survive in the collinear limit

#] (, ki) correlate k, of quark with St of proton (Sivers)

hllq(az, ki) correlate k. and st of quark (Boer-Mulders)

gyt (x, k%) hii(z, k) hyf(z, k3)

different double-spin correlations




TMD-FFs give the number density of hadrons, with
their momentum, originated in the fragmentation of a
fast moving parton, with its spin.

Sq- (Pg XP1) “Collins effect”
there are 2 independent TMD-FFs for spinless hadrons

DY(z,p?) unpolarized hadrons in unpolarized quarks
1\ P unintegrated fragmentation function

H:"9(z,p%) correlate p. of hadron with st of quark (Collins)



how to "measure” TMDs?

needs processes which relate physical observables
to parton intrinsic motion (and correlators)

-

SIDIS Drell-Yan processes
(N - LhX pN =070~ X

a similar diagram for ete™ — hy ho X
and, possibly, for pN = h X



TMDs in SIDIS

Q

d6 UepT —lhX

= dz, dQ? dz, 2P dos

Pr=p, +zk,

p,S p,S

TMD factorization holds at large Q?, and P: = k. = Ao
Two scales: Pr <« Q?

TMD-PDFs hard scattering TMD-FFs

dotP— 2 — Z@k LM“(% k@@@,m@
q

(Collins, Soper, Ji, J.P. Ma, Yuan, Qiu, Vogelsang, Collins, Metz...)
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TMDs in Drell-Yan processes
COMPASS, RHIC, Fermilab, NICA, AFTER...

factorization holds, two scales, M?, and gr<« M
o™ = Z fo(z1,k11; Q%) ® fa(z2, k12; Q%) dgaa =t

direct product of TMDs, no fragmentation process

talks by Parsamyan, Ramson, Peng, Quaresma, ...



Case of one polarized nucleon only
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Unpolarized cross section already very interesting

1d 3 1
. dg = 1 13 <1+)\COS26’+,u sin 26 cos ¢ + gsin26’0082¢)

Collins-Soper frame

naive collinear partonmodel: N =1 pu=v =10



Collins function from e*e”processes
Belle, BaBar, BES-ITI
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another similar asymmetry can be measured, Ao
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Experimental results:
P+ dependence of unpolarised SIDIS multiplicities
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Experimental results:
clear evidence for Sivers and Collins effects from
SIDIS data (HERMES, COMPASS, JlLab)

COMPASS 2010 proton data
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independent evidence for Collins effect
from e'e” data at Belle, BaBar and BES-III

Ara(21,22) ~ A% Dy, g1 (21) @ AY Dy g1 (22)
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I. Garzia, arXiv:1201.4678
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a similar asymmetry just measured by BES-ITT

(arXiv 1507:06824)
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Collins effect clearly observed both in SIDIS
and e+e- processes, by several Collaborations



other experimental evidence of
the Sivers and Collins effects
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TMD extraction from data - first phase

simple parameterisation, factorised k, and p, Gaussian
dependences, no TMD evolution, limited number of
parameters, .....

unpolarised TMDs - fit of SIDIS multiplicities
Sivers function - fit of SIDIS asymmetries
Collins function - fit of e+e- — hi h2 azimuthal correlations

Collins function & Transversity distribution - combined fits
of SIDIS asymmetries & e+e- — h;1 h> data

more and more precise data needed, larger
kinematical ranges, multi dimensional binning, ...

talks by Schlegel, Puckett, Sbrizzai, Delcarro, Prokudin,
Bradamante, Yoshida, Martin, Silva, Bedfer, Sirtl, Radici,
Schnell, Xiao, van Daal, Avakian, Seidl, Anulli...
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Sivers effects induces distortions in the parton distribution

S = S
u quark

courtesy of 5 0.
A. Bacchetta | Ky (GeV)



TMDs and QCD - TMD evolution

study of the QCD evolution of TMDs and TMD factorisation
in rapid development

Different TMD evolution schemes and different
implementations within the same scheme.
It needs non perturbative inputs

dedicated workshops, QCD Evolution
2011 2012, 2013, 2014, 2015, 2016

dedicated tools:

TMDIib and TMDplotter: library and plotting tools for
transverse-momentum-dependent parton distributions

talks by Collins, Kang, Echevarrig,...



TMD phenomenology - phase 2

how does gluon emission affect the transverse motion?
a few selected results

TMD evolution of up quark Sivers function
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Aybat, Collins, Qiu, Rogers, Phys. Rev. D85 (2012) 034043



Extraction of transversity and Collins

functions with TMD evolution
(Kang, Prokudin, Sun, Yuan, arXiv:1505.05589)

transversity
distributions

......... Q=24 GeV;
— Q=10GeV*
— — Q*=1000 GeV

0.2 0.4 0.6 0.8 1
X

......... Q* =24 GeV?
_Q*=10GeV?
____.Q*=1000 GeV?

moment of Collins
functions
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no compelling evidence of
TMD evolution yet




open issues in TMD phenomenology || f%]sms = —| fj{_]DY

SIDIS final state interactions (= AnN)

Collins, PL
B536 ” ”
(2002) 43

models of | -
Sivers
function
and gauge
links, ) ) )
process
dependence Y

Brodsky, Hwang, Schmidt, PL B530 (2002) 99: NP B642 (2002) 344
Brodsky, Hwang, Kovchegov, Schmidt, Sievert, PR D88 (2013) 014032

D-Y initial state interactions (= -An)




but the the Sivers effect has a simple physical picture..
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fq/p S('x? ki) = fQ/p(va ki) -+ §Aqu/pT (z,k1)S - (px k)

left-right spin asymmetry for the process v*q¢ — ¢

the spin-k, correlation is an intrinsic property of the
nucleon; it should be related to the parton orbital motion
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First results from RHIC, pr — W=X
STAR Collaboration, PRL 116 (2016) 132301
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i Global x2/d.o.f. =7.4 /6
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Global y2/d.o.f. =19.6 /6
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some hints at sign change of Sivers function.....

(new results from COMPASS expected soon)
talks by Ogawa, Parsamyan, Huang, Yamazaki, Quintas....
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experimental data up to large pr values, beyond
the validity of TMD factorization



analysis of data (in preparation):

1

(x?/n.o.d.) = 1.63

(x?/n.0.d.) = 2.35 with

M.A., M. Boglione, U. D'Alesio, F. Murgia, A. Prokudin
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other experimental evidence of
the Sivers and Collins effects
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talks by Pitonyak, Lajoie, Koike, Gamberg, Heppelman, Kim, Novitzky, ...



TMD contributions to An (assuming TMD factorisation)

do!’ — do' @ fy/p @ A6 (kL) ® Dy e
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(I) Sivers effect
(2) transversity ® Collins

||
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(3) transversity ® Boer - Mulders

main contribution from Sivers effect, can explain qualitatively

most SIDIS and A_N data
(M.A. M. Boglione, D'Alesio, E. Leader, S. Melis, F. Murgia, A. Prokudin,
PRD86 (2012) 074032; PRD88 (2013) 054023 )



possible higher-twist contributions to An
(collinear factorisation)

dff(gL) = H ®® Jo/B(2) @ Dcye(a)
+ H' ® a/A(2) ® De c(2)
H" ® fa/a@) © fo/B2)

(1) Twist-3 contribution related to Sivers function

(2) Twist-3 contribution related to Boer-Mulders function
(3) Twist-3 fragmentation: has two contributions,
one related to Collins function + a new one

the first contribution with a twist-3 quark-gluon-quark
correlator was expected to be the dominant one, but ...



sigh mismatch
(Kang, Qiu, Vogelsang, Yuan, PR D83 (2011) 094001)

using the SIDIS Sivers function to build the twist-3 q-g-q
correlator TgF

L 2
g1y r(x, ) = —/d2k¢| ]\Zl i (z, k) |sipis

leads to sizeable value of AN, but with the wrong sign....

the same mismatch does not occur adopting TMD
factorization; the reason is that the hard scattering
part in higher-twist factorization is negative

AN might be explained by new twist-3
fragmentation functions
(Kanazawa, Koike, Metz, Pitonyak, PRD 89 (2014) 111501)



simp
AUT

but Anin Ip — X can be well explained by TMD

factorisation + Weizsdcker-Williams approximation
(U. D'Alesio, C. Flore, F. Murgia, in preparation -
talk by U. D'Alesio at QCD evolution 2016)
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Conclusions

The 3D nucleon structure is mysterious and fascinating.
Many experimental results show the necessity to go beyond
the simple collinear partonic picture and give new
information. Crucial task is interpreting data and building a
consistent 3D description of the nucleon.

Sivers and Collins effects are well established, with many
transverse spin asymmetries resulting from them.
Sivers function, TMDs and orbital angular momentum?
QCD analysis of TMDs and GPDs sound and well developed.

Combined data from SIDIS, Drell-Yan, e+e-, with theoretical
modelling, should lead to a true 3D imaging of the proton

Waiting for JLab 12, new COMPASS results, and, crucially, for
an EIC dedicated facility (talk by Aschenauer)....

Thank youl



