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In 2002, almost no data about the 3D structure of the proton (in
momentum space) was available.



In 2002, almost no data about the 3D structure of the proton
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20 years later, we can show pictures like this
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A picture of a black hole (2019)
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2002:
002: TRANSVERSITY AND SIVERS FUNCTION
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Abstract

Recent measurements from the HERMES and SMC Collaborations show 2 remarkably large azimuthal single-spin

asymmetries AUL and AUT of the proton in semi—'mclus'rve pion leptoproduction y¥@p ~ X . We show that final-state
asymmetries

interactions from gluon exchange between the outgoing quark and the target spectator system lead to s'mgle—sp'm

in deep inelastic 1epton~proton scattering at leading twist 10 perturbatrve QCD: 1€ the rescattering corrections are not power-
i phase

law suppressed at large photon virtuality Q2 at fixed Xpj - The existence of such single-spin asymmetr'res requires a
litudes coupling the proton target with Jp = +1/2 10 the same final-state, the same amplitudes

difference between tWO amp
which are necessary 0 produce 2 nonzero proton anomalous magnetic moment. We show that the exchang® of gauge particle

between the outgoing quark and the proton spectators produces & Coulomb—like complex phase which depends on the angula
. 1Zof the proton’s constituents and is thus distinct for different proton spin amplitudes. The s'mgle—sp'm asymmetr
S O ~tions does Not factorize 1nto @ product of distribution function & dtragmemat'ro

TAct N which correlates transversely polarized 4 arks with tl

R |
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2002: TMD UNIVERSALITY
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Sivers function sipis = — Sivers function prell-Yan
Collins, PLB 536 (02
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“ [The experimental check of the change
of sign] would crucially test the

factorization approach to the

description of processes sensitive to
transverse parton momenta. ”



“ [The experimental check of the change
of sign] would crucially test the

factorization approach to the

description of processes sensitive to
transverse parton momenta. ”

Efremov, Goeke, Menzel, Metz, Schweitzer, PLB 612 (05)


http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Efremov%2C%20A%2EV%2E%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Goeke%2C%20K%2E%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Menzel%2C%20S%2E%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Metz%2C%20A%2E%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Schweitzer%2C%20P%2E%22

“ tis a remarkable and fundamental
QCD prediction that really tests all

concepts we know of for analyzing hard-
scattering reactions In strong interactions,
and it awaits experimental verificat'on.”
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framework for analyzing hard
hadronic reactions. ”
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framework for analyzing hard
hadronic reactions. ”

A.B., Bomhot, D’Alesio, Mulders, Murgia, PRL 99 (07)



2005: PIONEERING MEASUREMENTS
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2005: PIONEERING MEASUREMENTS
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2005: PIONEERING MEASUREMENTS
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2005: PIONEERING EXTRACTIONS OF THE SIVERS FUNCTION
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2006: FULL SIDIS ANALYSIS

(1) + N(P) — £(I') + h(P,) + X, Bacchetta et al., hep-ph/0611265

*this figure appeared in
hep-ph/0212025
hep-ph/0410050
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THE 18 SIDIS STRUCTURE FUNCTIONS
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THE 18 SIDIS STRUCTURE FUNCTIONS

Unpolarized structure function
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THE 18 SIDIS STRUCTURE FUNCTIONS

Unpolarized structure function
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THE 18 SIDIS STRUCTURE FUNCTIONS

Unpolarized structure function
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TMD TABLE
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20



TMD TABLE

helicity

\\ quark pol.
UN\\L | T
U | i \/\ hi

N
9gi1L hf_L

i | oir | h1, hix

nucleon pol.
—

Twist-2 TMDs

TMDs in black survive integration over transverse momentum

TMDs In red are time-reversal odd Mulders-Tangerman, NPB 461 (96)
Boer-Mulders, PRD 57 (98)

20



TMD TABLE

helicity

\\ quark pol.
UN\\L | T

Ul f \/\ hi
N
giL hf_L

nucleon pol.
—

1 1
17 | 91T h17h1T

N
Tuist-2 Tunk

transversity

TMDs in black survive integration over transverse momentum

TMDs In red are time-reversal odd Mulders-Tangerman, NPB 461 (96)
Boer-Mulders, PRD 57 (98)

20



TMD TABLE

helicity
\\ quark pol.
UN\\L | T
U | i \/\ hi

N

nucleon pol.
—

giL hf_L
T | fiv | g1 | b1, hiy

N
Sivers A’éwist-z “Mﬂéw>

transversity

TMDs in black survive integration over transverse momentum

TMDs In red are time-reversal odd Mulders-Tangerman, NPB 461 (96)
Boer-Mulders, PRD 57 (98)

20



TMD TABLE

helicity

\\ quark pol.

UN\\L | T
SlU| A \W hie”q  Boer-Mulders
ElL] o] My
2T fir | g1 | Bay har

N
Sivers A’éwist-z “MT)Z«>

transversity

TMDs in black survive integration over transverse momentum

TMDs In red are time-reversal odd Mulders-Tangerman, NPB 461 (96)
Boer-Mulders, PRD 57 (98)

20



TMD TABLE

helicity

\\ quark pol.

UN\\L | T
SlU| A \W hie”q  Boer-Mulders
S| L gr | hi
Qé il > 1J_T giT f\Lla hlLTT

7
Sivers A’éwist-z “Mnlq> N pretzelosity

transversity

TMDs in black survive integration over transverse momentum

TMDs In red are time-reversal odd Mulders-Tangerman, NPB 461 (96)
Boer-Mulders, PRD 57 (98)

20



TMD TABLE

helicity

\\ quark pol.

U\\ L T

S U | A \W hie”q  Boer-Mulders
= N

8 L giL hf_L

S

-

-

7
Sivers %WIS/VT) > N pretzelosity

transversity

worm-gear

TMDs in black survive integration over transverse momentum

TMDs In red are time-reversal odd Mulders-Tangerman, NPB 461 (96)
Boer-Mulders, PRD 57 (98)

20



TMD TABLE

helicity

\\ quark pol.

U\\ L T

Ul \W hlL<E Boer-Mulders

N 1
giL jmé— Kotzinian-Mulders

Sivers %WIS/VD > \/\ pretzelosity

transversity

nucleon pol.
—

worm-gear

TMDs in black survive integration over transverse momentum

TMDs In red are time-reversal odd Mulders-Tangerman, NPB 461 (96)
Boer-Mulders, PRD 57 (98)

20



TMD TABLE

helicity

\\ quark pol.

U\\ L T

Ul \W hlL<E Boer-Mulders

N 1
giL jmé— Kotzinian-Mulders

T
Sivers %WI??)VD > \“ pretzelosity
transversity

worm-gear

nucleon pol.
—

TMDs in black survive integration over transverse momentum

TMDs In red are time-reversal odd Mulders-Tangerman, NPB 461 (96)
Boer-Mulders, PRD 57 (98)

On top of these, there are twist-3 functions -
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2008

lorino’s transversity

02 04 06 0.8 1

X
Anselmino et al., arXiv:0812.4366
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2008

lorino’s transversity

——— Soffer bound

Helicity

02 04 06 0.8 1

X
Anselmino et al., arXiv:0812.4366
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2011

NEWV extraction

Torino’s fit

x hy" (X)—xzhﬁ'“ (X)

Preliminary

S~ xh{mxhi

/.

Bacchetta, Courtoy, Radici, PRL 10/ (2011)
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NEW COLLINS AND SIVERS DATA

arXiv:1609.07374 oM
arXiv:1205.5122 N L e \ !
T 005 \ /
% = i o o ~
< 0061 ht 3 oF% ﬁ"’;x;ﬁ ,,,,,,,,,,,,,,,,,,,
0.04— + + ().()5:— :44
[ 4<Q/(GeV/c)’<6.25

o0sf  Bem—m=
N [ 6.25<Q%/(GeV/cy<16
< h - :
0.04 S 00s)
% = i
'5<D I
0.02f o1 * L

-0.02

g 16<Q2/(GeV/c{<81 %

26


https://arxiv.org/abs/1205.5122
https://arxiv.org/abs/1609.07374

NEW MULTIPLICITIES DATA

arXiv:1709.07374
A 2 2
s1] O°(GeV/c) 1
04< z<0.6 10-1\ \%
L .'.:. ~.l-
. 10_3_ | IQQQ
16 - h 0(5)._._-————-’1 b
— 1
* h 107} : - :
L g ey
1073} : ; ' °*
7 0'(5\, .- a—-————ﬂ—————"—l
1\ \ \ 123
2 h 10_1_ [ [ [ [
dM° (Geviey? | . | o | . \, | N,
dZdPhT . ® ] 8 l=' .
107 o . I . I . I ..3.
; T 0.5 I - B
1 12 3
o \ \ |
1073} e "t ‘e "o "5, L
0.5F 3 3 T T
1.7 —— R I—
1 1 2 3
10—1\ \ \ -
_3' l.. ...- 'l. l‘= '3
10 b T T P2 (GeVe)
1 0 ] ] —— >
123 123 123123123 X
0003 0008 0013 0020 0032 0055 0.1 021 04

27


https://arxiv.org/abs/1709.07374

MANY MORE MEASUREMENTS

do see, e.qg., arXiv:1401.6284, arXiv:1609.06062
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TMDS IN SEMI-INCLUSIVE DIS

TMD Parton <~ P TMD Parton

Distribution Functions Fragmentation Functions
2 2
Fovr(x,z, Py, Q%) \
—xZHUUT , /koLdQPLfl(a: ki,,u)D“_)h(z Pi,,u)é(sz—PhT%—PL)
— ZHUUT L /debTJO(bT\PM\)fl (z, 226% ; 1u?) DE7M (2,02 ; 1)
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TMDS IN SEMI-INCLUSIVE DIS

TMD Parton <~ P TMD Parton

Distribution Functions Fragmentation Functions

Fyur(z,z, Pip, Q%) \

— xZ’HUUT , b /koL P f¢ (z, kL,,uQ) Di‘_)h(z,Pi;,uQ) 0(zkL — Ppr+ P)

=2 Hiyr(Q° /debTJO(bT\PM\)fl (2, 2262 ; ) DY (2,03 5 1?)
At small transverse momentum, the dominant part is given by TMDs.
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TMDS IN SEMI-INCLUSIVE DIS

TMD Parton <~ P TMD Parton

Distribution Functions Fragmentation Functions

Fyur(z, z, Py, Q) \

— xZ’HUUT , b /koL P f¢ (z, kL,,uQ) Di‘_m(z,Pi;,uQ) 0(zkL — Ppr+ P)

= xZHUUT /debTJO(bT‘PhJ_Dfl (33 Z2b2 ;,LL2) ﬁ%_ﬂl (Z, bi, ,u2)
At small transverse momentum, the dominant part is given by TMDs.
The analysis is usually done in Fourier-transformed space
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TMDS IN SEMI-INCLUSIVE DIS

TMD Parton P TMD Parton

Distribution Functions Fragmentation Functions

FUU,T(:C72:7P%LT7Q2) \

_xZHUUT 112 /koLdQPLff(x,ki;,uQ) Di‘_m(z,Pi;,uQ) 5(ZkJ_—PhT+PJ_)

= xZHUUT 1) /debTJO(bT\PhL\)fl (z, 2707 5 1*) Da—h (2,07 ; 1°)
At small transverse momentum, the dominant part is given by TMDs.
The analysis is usually done in Fourier-transformed space

TMDs formally depend on two scales, but for convenience | set them equal.
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TMD STRUCTURE

’\a 'uf d_,u e In \/G C’ Kresum+gK
Fo(e 0 g C) = [C ® fi)(w ) elvie % (r =G >(—‘be’) fiwp (.13 Cr. Qo)

see, e.q., Ji, Ma, Yuan, PRD 71 (05)

Collins, “Foundations of Perturbative QCD” (11)
Rogers, Aybat, PRD 83 (11)

Echevarria, Idilbi, Scimemi JHEP 1207 (12)

31



TMD STRUCTURE

0 pg du v In \/G C’ Kresum+gK
Fo(e 0 g C) = [C ® fi)(w ) elvie % (r =G >(—‘Lbf) fiwp (.13 Cr. Qo)
o 26_7E
o = =

see, e.q., Ji, Ma, Yuan, PRD 71 (05)

Collins, “Foundations of Perturbative QCD” (11)
Rogers, Aybat, PRD 83 (11)

Echevarria, Idilbi, Scimemi JHEP 1207 (12)
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TMD STRUCTURE

perturbative Sudakov
form factor

/

Kresum+9K
) ( Cf) f1NP z, b Cy Qo)

ff/(va?ljaﬂfagf) [C 029 fl X ,UJb fub TH (W’F—’YK In

~

Hb

26_'7E
Mo = collinear PDF .
by -
CollmsbSoper ke(;nel nonperturbatlve part
matching coefficients (perturbative an of TMD
(perturbative) nonperturbative)

see, e.q., Ji, Ma, Yuan, PRD 71 (05)

Collins, “Foundations of Perturbative QCD” (11)
Rogers, Aybat, PRD 83 (11)

Echevarria, Idilbi, Scimemi JHEP 1207 (12)
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TMD FITS OF UNPOLARIZED DATA

Framework HERMES COMPASS DY Z production | N of points

ar)F()i?/\:/EOZQ(?;SSO? parton model v X X X 1538
ag(oi\ci:?c3>1229;2t1 parton model (sepa:ately) (sepa::ately) X X 6527864(%
ar[))(li/l\:/1|302793134§1 NNLL X X v v 223
eveos NLL 1(xQ2)bin | 1(xQ2) bin v v 500 (?)
14065075 NLL x v v v 200 (2
arXFi)\i\;i?oi%zw NLL v 4 v v 8059
arXiiY?%?oz 473 NNLL' X X v v 309
arXiE\;/:S1\sgoZch1)3474 NNLL' X X v v 457
arXi\§:\1/9212.10%532 NSLL- v v v v 1039
aeri)\?:\1/i§1g%17§50 NSLL X X v v 353

MAP22 Nel |- y p y y o

arXiv:2206.07598
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https://arxiv.org/abs/2206.07598

x-02 COVERAGE
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w X
MAP Collaboration Scimemi, Vladimirov
Bacchetta, Bertone, Bissolotti, Bozzi, Cerutti, arXiv:-1912.06532

Piacenza, Radici, Signori, arXiv:2206.07598
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x-02 COVERAGE

Fixed target DIS
Collider DIS 4 4
Fixed target Drell-Yan

Collider Inclusive Jet Production
Collider Drell-Yan

Collider Z transverse momentum
Collider Top-quark pair production
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EXAMPLE OF AGREEMENT WITH DATA
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RESULTING TMDS

3.5 @ =01 1.4
x = 0.01
3.0 r = 0.001 12
@« Q =2 GeV @«
2.5 ~ 1.0 |
«; «;
™~ —|2 0 ™ —|0 8
=2 =2
S 15 0.6
S—/ S—/
] Lol J
q:l.o q\ 0_4
8 8
0.5 0.2
0.0 E— — . 0.0
0.00 025 050 0.75 1.00 1.25 1.50 1.75 2.00 0.0 0.5 1.0 1.5 2.0 2.5 3.0
k1| [GeV] k1| [GeV]

FIG. 13: The TMD PDF of the up quark in a proton at u = /¢ = Q = 2 GeV (left panel) and 10 GeV (right panel) as
a function of the partonic transverse momentum |k | for x = 0.001, 0.01 and 0.1. The uncertainty bands represent the
68% CL.
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REGION OF VALIDITY OF TMD FORMALISM
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REGION OF VALIDITY OF TMD FORMALISM

_L—L 3 [l excluded bins
== 5 i ® included bins
b 3
a [
Q;; 10° §
oS i
A
R [
8 1.3 < Q < 1.73 GeV
N
% 0.02 < x < 0.032
0.3<2<0.4
T1n-1
Elg 2 1 1] %;
~
R M ¥ —— ! ¥ ! ;il 1; |
48 ! T e - T J_ 1 J_
g , , |

0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55
| Pur|/Q

36



REGION OF VALIDITY OF TMD FORMALISM
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REGION OF VALIDITY OF TMD FORMALISM

g ® included bins
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REGION OF VALIDITY OF TMD FORMALISM

b § ® included bins
] P '
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MAP22

extrapolation

The MAP22 cut is already considered to ge “generous”,
but the physics seems to be the same for a much wider Py
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“CONSOLIDATED" SIVERS FUNCTION FITS
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Bacchetta, Delcarro, Echevarria, Kang, Terry, Bury, Prokudin, Vladimiroy,
Pisano, Radici, arXiv:2004.14278 arXiv:2009.10710 arXiv:2103.03270
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SIVERS SIGN CHANGE

Sivers function SIDIS = - Sivers function Drell-Yan
Collins, PLB 536 (02)
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SIVERS SIGN CHANGE

Sivers function SIDIS = - Sivers function Drell-Yan
Collins, PLB 536 (02)

compads  arXiv:1704.00488

k / - o COMPASS 2015 data
SIS

sign change

no sign change
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SIVERS SIGN CHANGE

Echevarria, Kang, Terry, arXiv:2009.10710
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SIVERS SIGN CHANGE

@;} . Echevarria, Kang, Terry, arXiv:2009.10710
+
-  COMPASS DY

081216 2048 54760 6.6°0.45 050 045 0.2 0.8 024030 045 0.60
qr (GeV) Q (GeV) XF XN Xr

Agreement with sign change of Sivers function

(but the significance Is still low)
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“CONSOLIDATED” TRANSVERSITY FITS
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“CONSOLIDATED” TRANSVERSITY FITS
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WHAT CAN STILL BE DONE BY COMPASS?

» Proton multiplicities
» Transversely polarized deuteron data
» Pion DY unpolarized cross section

» All structure functions for proton and deuteron, with identified
hadrons and multidimensional binning
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WHAT ARE THE BIG OPEN ISSUES?

» Are we sure about our interpretation of the measurements?
(higher twist, normalization issues...)

» Can we compare the phenomenology to lattice QCD?
» Can we look for physics beyond the Standard Model?

» How do we use the knowledge of the structure of the proton?

43



PASS pioneered the %
study of the 3D structure
of the nucleon
and is the main actor in,
the consolidation
phase
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