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TMD theoretical developments 1990s

Kotzinian NPB 441 (1995)
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Kotzinian, Mulders PLB 406 (1997)
Concept of weighted asymmetries
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HERMES long. asymmetry 2000

Probably the first measurement related to polarized TMDs

VOLUME 84, NUMBER 18 PHYSICAL REVIEW LETTERS 1 MAY 2000
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FIG. 3. Target-spin analyzing powers in the sinf moment as
a function of transverse momentum, for p ! (squares) and p 2
(circles). Error bars show the statistical uncertainties and the
band represents the systematic uncertainties.




HERMES Sivers asymmetry 2005

More than 650 citations, th '
, the most cited paper
f by HERMES and the third by HERA! P

héertts

week endin
PRL 94, 012002 (2005) PHYSICAL REVIEW LETTERS 14 SRRUARY 2005
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The TMD acronym

My personal recollection Is that the acronym
was coined by Harut before 2008

| think however that Italians were among the Ofist followersO
(see D(erek) Sivers https://www.youtube.com/watch?v=fW8amMCVAJQ)

see, e.g., |

Anselmino, Boglione, DOAlesio, Kotzinian, Murgia, Prokudin,Turk, !
PRD75 (07) !

Pasquini, Cazzaniga, Boffi, PRD 78 (08) !

Bacchetta, Conti, Radici, PRD 78 (08)

Apart from the acronym, Harut was and
still Is one of the main actors of the TMD

program at .geffejlgon Lab



https://www.youtube.com/watch?v=fW8amMCVAJQ

E\)ﬂgvgid”possib!e troubles, this is what | taught at the
ollaboration Summer School in Philadelphia in 2017

About names and acronyms

. TMD as an adjective stands for Transverse Momentum Dependent

Distribution and it is usually

or Transverse Momentum
dependent PDFs and

. TMD as a noun stands f
e-momentum-

meant to encompass both transvers
Fragmentation Functions (FFs)



Younger generations

Theory oft Analysis Coordinator of .

Fragmentation Functions COMPASS experiment@%
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Back to TMD perspectivesE
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In the last (great) workshop in Yerevan (2009) | was
asked to speak about TMD perspectives

IN FIVE TO TENYEARS

(/) ¥COMPASS and HERMES and JLab: all structure functio
(including unpolarized cross sections), weighted asymm
mU|t|d|menS|Ona| blnnlng K. Hafidi, M. Aghasyan talks

(/) ¥BELLE and BABAR unpolarized cross sections and Coll
(also for etas and kaons) I, Garzia’s talk

¥ RHIC: jet-jet, photon-jet, hadron-hadron correlations at
forward rapidities L. Bland’s talk

¥ Fermilab: improvement of unpolarized Drell-Yan

_ X X

¥ POIarlzed DI’E”-Yan at COMPASS and RHIGQm’ntans, L. Bland talks 11
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IN FIVE TO TENYEARS

¥ Detalls and subtleties in TMD factorization sorted out

¥ Understanding of TMD factorization (or lack of it) in hadr
hadron collisions to hadrons

¥ Evolution equations of all TMDs known

¥ Numerical implementation of evolution functions up and
working
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N\ X

IN FIVE TO TENYEARS

¥ More and improved Pts (including evolution, more data,
different approaches)

¥ Parametrization that can describe both TMDs and GPDs
¥ Coarse and qualitative 3D pictures

¥ Hints about orbital angular momentum
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The unpolarized TMD as case study
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Avallable data
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Quark unpol. TMD: extractions

PAST

PRESEN

Frameword HERMES| COMPASS DY prodﬁction N of points

KN 20061 4 N L/NLO X X v v 98
SVB203 | Noevo v X X X 1538

a-'lf- gvrag%%%%él No evo (sep;/rc'!;ltely)l (sep;/r;tely)l X X 6527864(2;))!
T, NS |_LCL)/ X X v 4 223
arglﬁél%g%‘“ NLL/LO |1 (X,@) bin]1 (X,@) bin v v 500 (?)
AR | N | v v v v 8059
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http://arxiv.org/abs/hep-ph/0506225
http://arxiv.org/abs/arXiv:1309.3507
http://arxiv.org/abs/arXiv:1407.3311
http://arxiv.org/abs/arXiv:1401.5078
http://arxiv.org/abs/arXiv:1703.10157
http://arxiv.org/abs/arXiv:1706.01473

First global fit of TMDs

SIDIS e Drell-Yan Z production
/,—o— 2-43GeV2|  Q2=48GeV?| Q2 =3.GeV? vy Fe rmi Ia b
§ %:o.ozz x =0.033 x =0.055 S .

[P
¥

Number of data points: 8059 = | &
Global' 2/dof = 1.55 ! N ANER/A

Pavia2016: first fit putting together

semi-inclusive DIS, Drell-Yan and Z produc

Bacchetta, Delcarro, Pisano, Radici, Signori, arXiv:1703.10157
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http://arxiv.org/abs/arXiv:1703.10157

...but there's still a lot of climbing to be done




Mean transverse momentum squared

m jm ! Bacchetta, Delcarro, Pisano, Radici, Signori arXiv:1703.101!
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% Ié 0.20 . . Schweitzer, Teckentrup, Metz, arXiv:1003.2190

5 F 0.18 () # Anselmino et al. arXiv:1312.6261 [HERMES]

(?) L'\l', 016 . > Anselmino et al. arXiv:1312.6261 [HERMES, high z]

=S @ ¢ Anselmino et al. arxiv:1312.6261 [COMPASS, norm]

| - i CEPY X

— 0.14¢ .;! A 7 Anselmino et al. arXiv:1312.6261 [COMPASS, high z, nofm.
\Y

8 Echevarria, Idilbi, Kang, Vitev arXiv:1401.5078 (Q = 1.5 Ge\

01 02 03 04 05 06 07
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Transverse momentumni
In PDFs

CAVEAT: intrinsic transverse momentum depends on TMD evolutior
OschemeO and its parameters. Not the best quantity to consider.
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http://arxiv.org/abs/arXiv:1703.10157
http://arxiv.org/abs/arXiv:1309.3507
http://arxiv.org/abs/arXiv:1003.2190
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Functional form of TMDs
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We go beyond a simple Gaussian.
In scalar diqguark model, the two components would begh and fi# g1

Scimemi and Vladimirov trie
r &
cosh [ (22 — 21 ) p
f np(b) = ((/\1 2) ) fup (z,b) =exp $ 0% | 227 :




Transverse size In momentum space

Bacchetta, Delcarro, Pisano, Radici, Signori, arXiv:1703.10157

Repl. 105 (Q%=1 GeV?)

Q2 = 1 GeV?

-1.0 "k, (GeV)

The fact that it goes to zero at x=1 is built in, but the sharp decrease is coming
from data. However, it could still be an artefact of x antldQrrelations
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http://arxiv.org/abs/arXiv:1703.10157

Problems and open questions

22



Improvement in perturbative accuracy

band due to scale variatioh
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talk by A. Vladimirov at EIC UG meeting 2017
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Problems with normalisation

L <z>=0.23 Anselmino, Boglione, Gonzalez, !
PY < 7>=0.28 Melis, Prokudin, JHEP 1404 (14)
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The problem is unresolved even with new COMPASS data) s




Problems with matching in SIDIS

N. SatoOs talk at SPIN 2018 and arXiv:1808.04396
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At high ¢, the collinear formalism should be valid, but large
discrepancies are observed 25


http://arxiv.org/abs/arXiv:1808.04396

Problems with matching in SIDIS

N. SatoOs talk at SPIN 2018 and arXiv:1808.04396
a strict application of the ¢< Q requirement

A " I
corleaves very little room for TMD physics
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The discrepancies could be largely resolved by sharply modifying tt
gluon collinear fragmentation function 26


http://arxiv.org/abs/arXiv:1808.04396

Problems with matching in DY

F. PiacenzaOs talk at SPIN 2018, article in preparation

S
P $%&'()%)+,

Cannot be fixed by changing fragmentation functionsk
Higher twist? QED radiation? 27



Problems with flavour structure

Signori, Bacchetta, Radici, Schnell JHEP 1311 (13)
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The bottom message Is: there Is room for
flavour dependence, but we donOt control it well




TMDs impact on precision observable

ATLAS Collab. arXiv:1701.07240

ATLAS| . My

== Stat. Uncertainty

i fneerany All analyses assume that
e Seme o R TMDs are not flavour
Tevairon Comb. @- 803816 eV dependent.
LEP+Tevatron o-80385:15 MeV What happens If they are?
ATLAS P 80370+19 MeV
Electroweak Fit _&5618 MeV

80320 80(1340 80\’;60 80(1380 8041100 80420
m,, [MeV]

my = 80370 7 (stat.) £ 11 (exp. syst.) £ 14 (mod. syst.) MeV
= 80370% 19 MeV,

My ! my =129+ 28 MeV.
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https://arxiv.org/abs/1701.07240

TMDs impact on precision observable

Bacchetta, Bozzi, Radici, Ritzmann, Signori, arXiv:1807.02101

We tried some judicious choices of flavour dependent widths and chec

Setj u, | dy | Us | ds | S
1 {0.34/0.26/0.46/0.59/0.32| narrow, medium, large
2 [0.34|/0.46/0.56/0.32|0.51| narrow, large, narrow
3 10.55/0.34/0.33|0.55/0.30| large, narrow, large
4 10.53|0.49(0.37|0.22|0.52| large, medium, narrow
5 10.42/0.38/0.29/0.57(0.27| medium, narrow, large
| + ! |
- Mwe | Vw Not taking into account the
Setimt pr:|mt pr
170 112 3 flavour dependence of
210 -6|-2 0 TMDs can lead to errors In
3/-1 9|2 -4 the determination of the W
510 4]-1 -3
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http://arxiv.org/abs/arXiv:1807.02101

Future experimental data
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JLab data

PatriziaOs talk and M. MirazitaOs talk at SPIN 2018
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Just one day

AWESOME!

(But remember that we want them in multidimensional binning)
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Evolution of TMD fragmentation funct

Bacchetta, Echevarria, Signori, Radici, arXiv:1508.00402
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Measurements of TMD multiplicities will be really useful!
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http://arxiv.org/abs/arXiv:1508.00402

Future experimental data
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To better test the formalism, we would need more data covering the same .
range and spanning over a large range 113.0
34



In five to ten years

¥ TMD multiplicities for pions and kaons, off protons and deuterons, from
COMPASS and JLab

¥ Drell-Yan and Z measurements from CERN, RHIC, FermiLab (COMPASS
pions)

¥ TMD multiplicities for pions and kaons ine2 from BELLE and BES
¥ Better understanding and control of higher-order QCD corrections

¥ More flexible functional forms, flavour dependence, at least two or three
alternative extractions

¥ Use TMDs for something else (W massE comparison with latticeE Wigner
distributionsE)

¥READY TO USE EIC DATA 35



