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Two anniversaries
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55th anniversary of ‘pointlike partons’ idea

{ VoLums 23, Nusmex 16 PHYSICAL REVIEW LETTERS 20 Ocrobss 1969

OBSERVED BEHAVIOR OF HIGHLY INELASTIC ELECTRON-PROTON SCATTERING

M. Breidenbach, J. I, Friedman, and H, W. Kendall
Department of Physics and Laboratory for Nuclear Scicnco,
‘Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

and

E. D, Bloom, D. H. Coward, H. DeStaebler, J. Drees, L, W. Mo, and R, E. Taylor
Stanford Linear Accelerator Center, Stanford, California 94305
(Received 22 August 1969)
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Nucleon is composite (1933; O. Stern)

@ SLAC-MIT e-p INelastic scattering @ 7-17 GeV

(J.I. Friedman, H.W. Kendall, R.E. Taylor,... PRL 23 (1969) 935)

Cross-section independence of ¢>
— Experimental proof of pointlike partons in the nucleon
= QCD formulation on the way
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SO ANNIVERSARY

NOVEMBER RE VOLUTION
U/ N1/ 1974 = 11/11/ 2024 -
2. expernmertal talks at SLAC

changed our understanding of matter
on opened the poth to the -

STAN DARD MODEL |

D. Sivers, 5-th Workshop on Correlations in Partonic and Hadronic Interactions, Yerevan 2024




xpériment _\‘ *‘u‘f’.v in ‘i'he S L

r auditorium on Monday, November 11, 1974

Sam Ting ‘ ! Roy SchwiHHers
MIT - BNL SLAC - Berkeley

pBe? g'e@ X e*e” —> hadrons(®)
pealk J(3.\) Ge¥ peak W(3.105) GeY

D. Sivers, 5-th Workshop on Correlations in Partonic.and Hadronic Interactions, Yerevan 2024
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The Nobel winning data

Experimental Observation of a Heavy Particle J+

J. J. Aubert, U. Becker, P.J. Biggs, J. Burger, M. Chen, G. Everhart, P. Goldhagen,
J. Leong, T. McCorriston, T. G. Rhoades, M. Rohde, Samuel C. C. Ting, and Sau Lan Wa
Laboralory for Nuclear Science and Department of Physics, Massachusells Iislitute of Technology,

EVENTS /25 MeV.

Cambridge, Massachusetts 02139
and
Y. Y. Lee

Brookhaven National Laboratory, Upton, New York 11973
(Recetved 12 November 1874)

We report the observation of 4 heavy particle J, with mass yn =3.1 GeV and width ap-

proximately zero, The observation was made from the reaction p + Be—e*+e” + x by
‘e™ mass spectrum with a precise pair spectrometer at the Brookhaven

National Laboratory’s 30-GeV alternating-gradient synchrotron,
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Barbara Badetek

Spin programme of COMPASS

Discovery of a Narrow Resonance in e* ¢~ Annihilation*

3. s Augustin, A. M. Boyarski, M. Breidenbach, F. Bulos, J. T. Dakin, G.J. Feldman,
G. E. Fischer, D, Fryberger, G. Hanson, B, Jean-Marie,t R. R. Larsen, V. Lith,
H. L. Lynch, D. Lyon, C. C. Morehouse, J. M. Paterson, M. L. Perl,
B. Richter, P, Rapidis, R. F. Schwitters, W. M. Tanenbaum,
nd F. Vannuceif
Stanford Linear Accelerator Center, Stanford University, Stanford, California 91305

and

G. 8. Abrams, D. Briggs, W. Chinowsky, C. E. Friedberg, G. Goldhaber, R.J. Hollebeck,
. A, Kadyk, B. Lulu, F. Pierre, G. H. Tnlhng, 7. S. Whitaker,
J. Wiss, and J. E.
Lawrence Berkeley Labovatory and Department of Physics, Univers-tv of California, Bevkeles, California 94720
(Recetved 13 November 1974)

We have observed a very sharp peals In the cross section for e s, e, and
possibly %" at a center-of-mass onersy of ,103.40.003 Gov. The L\ppol‘ it 1o tho
full width at half-maximum is 1.3 M

e BNL — SLAC/SPEAR S. Ting — B. Richter

e Both papers submitted to Phys.Rev.Lett. on Nov. 12
e and published December 2 (PRL 33 (1974) 1404)

o Now cited ~3 000 times each

e The only explanation: J/W¥ is a cc state = new, 4th quark!
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nu c'lear emocracy current a'gawm. :
| Regge poles bootstrap 3
; dispersion theory field algebra 1
- freld-current identities  vector deminance \
‘ chiral dynawmics Melosh transtormahen
Su@w / UAa2) light-cone cuwestolgebm
‘ Mandelstam representrha Kallen-Lehman repraerthe
strwnos tlaver groups ]
& LS¢Z Wightwan axiome

D. Sivers, 5-th Workshop on Correlations in Partonic and Hadronic Interactions, Yerevan 2024 IS
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SLAC BEAM LINE

Bj, I think wau had battar
g0 to the lab now.

I b g
— THE NOVEMBER REVOLUTION —
A THEORIST REMINISCES
James . Bjovken

§5)

ﬂan! Iague Number 8

NOVEMBER REVOLITAON
TENTR ANNIVEREARY
SYMPOSITM

—

FOVEMEER 14, 1000
BLaT

The discovery af the J (1), announced in
the fall of 1974, resnlted in soch a rich
flow of cew physiea and experimentsl
techmique that physicists call the era the
‘Mememher Revolution.”

Barbara Badetek (University of Warsaw )

Ry
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Half a century later...

— View of the nucleon seen with the eyes of COMPASS

Barbara Badetek (University of Warsaw ) Spin programme of COMPASS Seminar at University of Warsaw, 18 X 2024 9/41



- |
COmmon Muon and Proton Apparatus for Structure and Spectroscopy

A fixed-target experiment at the SPS at CERN (~ 210 physicists, 28 institutes from 14 countries)

Muon programme |

= 2002 - 2004 nucleon structure —d, 160 GeV, L and T polarised target
Spin dependent structure functions g4 S
Gluon polarisation in the nucleon « 2005 CERN accelerator shutdown, increase of acceptance
Quark polarisation distributions N
Transversity ) § 2006 nucleon structure p—d, 160 GeV, L polarised target
Vector meson production = 2007 nucleon structure u—p, 160 GeV, L and T polarised target
A polarisation w 2008 - 2009 hadron spectroscopy; Primakoff reaction
DVCS/GPD 2 2010 nucleon structure u—p, 160 GeV, T polarised target
[ Hadron programme | z 2011 nucleon structure p—p, 200 GeV, L polarised target
2012 Primakoff reaction; DVCS/SIDIS test

Primakoff effect, = and K polarisabilities
Exotic (multiquark) states, glueballs 2013
(Double) charmed barions

Precision studies of light meson spectrum

CERN accelerator shutdown, LS1

! 2014 Drell-Yan 7—p reaction with T polarised target (test)
Drell-Yan process on a polarised target 2015 Drell-Yan 7—p reaction with T polarised target
2016 — 2017 DVCS/SIDIS p—p, 160 GeV, unpolarised target
2018 Drell-Yan 7w—p reaction with T polarised target

2019 — 2020 CERN accelerator shutdown, LS2

2021 - 2023 nucleon structure u—d, 160 GeV, T polarised target

PHASE Il (2012 - 2023)

Barbara Badetek (University of Warsaw ) Spin programme of COMPASS Seminar at University of Warsaw, 18 X 2024 10/41



Versatile COMPASS in EHN2

Slide courtesy G. Mallot, PBC 2017

COMPASS-I
1997-2011
¥ -]
o < < i | LN
Hadron Spectroscopy & Polarisability Polarised SIDIS
COMPASS-II : ~‘
2012-2018 I3 WIERA Técoil proton) detector

sUrroundinig the 2.5m Iong:
z LH2 target

DVCS (GPDs) + unp. SIDIS
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|
Versatile COMPASS facility

Two stages
Calorimetry .
Particle identification (Muon Walls, RICH)
Large, solid state polarised targets: SLip, NH3
Liquid Ho and nuclear targets
Beams: 160 (200) GeV ui (80% polarised)
190 GeV hadrons
2(1) x 10%/spill

x10°
1600F — 160 GeV beam (2007)
14005 — 200 GeV beam (2011)

pbeap\ \~

I

COMPASS NIM A 779 (2015) 69 o

I

* Material: solid °LiD (NH,)

* Polarisation: ~ 50% (NSO%) by the Dynamical Nuclear Polarisation
* Dilution: f~0.4 (~0.

* Polar acceptance: ~70 mrad (~180 mrad after 2005)

02 (GeVie)

Entres

. i .
—100-80 —60 —40 20 0 Zﬂ 40 60 Kl"() |§)ﬂ
ent
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Observables ina fiN (hN) fixed-target experiment

e Inclusive (DIS) asymmetry, A,.cas(z, Q%); ~*-N asymmetry, A; (z, Q°):

= S g v 2B
& 1 N~ —-N g1(z, Q%) Lo q
Apmeas = < = >%DA1:D7’: D ———
= fPrPs \N= + N= Fi(z,Q%) > eraz, Q)
p q
f, D: dilution and depolarisation factors; Pr, Pg: target and beam polarisations;
N7 number of 7 interactions in each target cell: 20022004
(upstream, downstream) or (outer, central) i ’ ‘ >
22006
===
e At LO, semi-inclusive (SIDIS) asymmetry, A}
=4 ke > ealq(z, Q*)Dy (2, Q%) .
- Al(z,2,Q°) ~ < =" Dy # Dj
> eaa(x, Q) D (2,Q%) v
P q

Barbara Badetek (University of Warsaw ) Spin programme of COMPASS Seminar at University of Warsaw, 18 X 2024
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.
Nucleon in 1-D

— Longitudinal spin structure

Longitudinal momentum
kt =apPt

Barbara Badetek (University of Warsaw ) Spin programme of COMPASS Seminar at University of Warsaw, 18 X 2024 14/41



Partonic structure of the nucleon; distribution functions

Three twist-two quark distributions in QCD (momentum, helicity & transversity) after integrating over the quark intrinsic &

q(x) = Quark momentum DF;
well known (unpolarised DIS — F; 2(x, Q2)).

Difference in DF of quarks with spin
Aq(x) = — parallel or antiparallel to the nucleon’s spin
in a longitudinaly polarised nucleon;

less well known (polarised DIS — g3 (x, Q2)).

Difference in DF of quarks with spin

parallel or antiparallel to the nucleon’s spin
ATQ'(X) = - in a transversely polarised nucleon;

poorly known (polarised DIS — hj (x, Q2)).

Nonrelativistically: Arg(z, Q%) = Ag(z, Q?). OBS.! Arq(z, Q?) are C-odd and chiral-odd ;
may only be measured with another chiral-odd partner, e.g. fragmentation function =—- SIDIS,

Barbara Badetek (University of Warsaw ) Spin programme of COMPASS Seminar at University of Warsaw, 18 X 2024
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COMPASS and world data: ¢ and ¢, Q* >1 (GeV/c)?

COMPASS NLO QCD fit to the world data at W2 > 10 (GeV/c?)?;

Phys.Lett.B753(2016)18
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COMPASS PL B769 (2017) 034

COMPASS measurements at high Q2 important for the QCD analysis! but little sensitive to Ag

Barbara Badetek (University of Warsaw )

Spin programme of COMPASS
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COMPASS NLO QCD fit to p, d, *He world data

COMPASS NLO fit to
g, world data

COMPASS 160/200 GeV

'COMPASS NLO fit to
T g, world data

COMPASS 160 GeV'

I
10?

o g clearly positive at low
and raising with decreasing =

o ¢ consistent with zero
atlow z ?

x AutT)(x)

=3(Gev

X A(d+d)(x)

Barbara Badetek (University of Warsaw )

Spin programme of COMPASS

10
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10 107 1 10° 10 107! 1
x x

COMPASS PL B 753 (2016) 18

e —1.5 < AG < 0.5, poorly constraint = “direct methods”
® 0stqt. (dark bands) < osyse. (light bands)

Seminar at University of Warsaw, 18 X 2024 17/41



]
Direct measurements of Ag(x)

Direct measurements — via the cross section asymmetry for the
photon—gluon fusion (PGF) with subsequent fragmentation into

_ _ . : . APGF PGF A
ce (LO, NLO) or ¢ (high pr hadron pair (LO)): A”SY & (ab o™y =2
g
o o.
o « COMPASS,alkp, O'>1 (GeVicy', 2002-06 2 COMPASS, allp_, G>1 (GeV.c), 2002-06
g’ o COMPASS, high-p,, @*c1 (GeV/c}’, 2002-03 g’ 08 a0 "
0.4 . compass, Open Charm, 2002-07 04l —- 460

SMC, high, @1 (GeVic)’

Ag/g total uncertainty
0| « HERMES, high-p ana? 02|
0
P o S I SR
i i

ol

0.2| R L
04 e
-02) . - Sl
-0.6| |
-0.44 -0.8% -
102 10" 102 10"
Xg Xg

COMPASS from SIDIS on d for any (pr)n and at LO:
Ag/g = 0.113 & 0.038(stat.) & 0.036(syst.) at (Q*) ~ 3 (GeV/c)?, (x4) ~0.10

Clearly positive gluon polarisation but not large! COMPASS, EPJC 77(2017) 209

Barbara Badetek (University of Warsaw ) Spin programme of COMPASS Seminar at University of Warsaw, 18 X 2024 18/41



Semi-inclusive asymmetries and parton distributions

@ COMPASS: measured on both proton and deuteron targets

for identified =1, 7~ and (for the first time) K™, K~

COMPASS, Phys. Lett. B 693 (2010) 227

(kA ¢k
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DSSV, Phys. Rev. D 80 (2009) 034030
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@ COMPASS: LO DSS fragm. functions and LO unpolarised MRST assumed here.
@ NLO parameterisation of DSSV (without these results) describes the data well.

Barbara Badetek (University of Warsaw )

Spin programme of COMPASS

Seminar at University of Warsaw, 18 X 2024
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o SMC.Q'<1(GeVIeY

5 HERMES, Q<1 (GeVie)

L I 1
10* 10° 102

Xpj

the nonperturbative (Q* < 1 (GeV/c)? region)

|- . COMPASS 2002-03, Q°<1 (GeV/c)’
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0.005] % \ J
fd Lo bt
¥ AR
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X
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Spin effects in g§'
at low z and Q? absent ?

COMPASS PL B 647 (2007) 330

Very clear spin effects
in g? at low = and Q?

COMPASS PL B 781 (2018) 464

At low z and Q?: nonperturbative effects and suitable extension of parton mechanisms must be considered

Barbara Badetek (University of Warsaw )

Spin programme of COMPASS

Seminar at University of Warsaw, 18 X 2024
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.
Nucleon in 3-D

— Transverse Momentum Distributions (TMD)

Jransverse momentum

Longitudinal momentum

Longitudinal momentum
Kt = 2Pt

kT =aPt

Barbara Badetek (University of Warsaw ) Spin programme of COMPASS Seminar at University of Warsaw, 18 X 2024 21/41



Partonic structure of the nucleon; distribution functions

@ In LT and considering k1, 8 PDF describe the nucleon ®<.k NUCLEON
— Transverse Momentum Dependent PDF unpolarized iudinally pol. _ transversely pol
L
@ QCD-TMD approach valid k1 < +/Q2 LA fi & ®
3 r
@ After integrating over kT only 3 survive: f1,g1,h1 g number density
@ TMD accessed in SIDIS and DY by measuring E; 0. g,
azimuthal asymmetries with different angular modulations § £ (Co O é«,ﬁé
@ SIDIS: e.g. Agiyers x PDF ®FF 3 _ helicty o
@ DY:e.g. Agjvers x PDFPea™ @ PDFtarset _ h ®-@ h, ®®
2 Ky
@ OBS! Boer-Mulders and Sivers PDF are T-odd, i.e. process dependent ¢ b @{@» hﬁ[ﬁmﬁ@

1 1 L 1
hi (SIDIS) = —hy (DY) fir(SIDIS) = — fiz(DY)
(follows from QCD gauge invariance)
@ OBS! transversity PDF is chiral-odd; may only be measured with another chiral-odd partner, e.g. fragmentation funct.

@ TMD parton distributions need TMD Fragmentation Functions!

Barbara Badetek (University of Warsaw ) Spin programme of COMPASS Seminar at University of Warsaw, 18 X 2024 22/41



Transversity (h{) measurements in SIDIS

Measured e.g. via Collins asymmetry
(spin asymmetry in the azimuthal distribution
of hadrons):

Properties of h{:

's chiral-odd . Ny (6e) = Ni [1 £ fPrDynAcousin o]
simple QCD evolution (no gluons involved) bo = bp + bg — 7

sum rule for transverse spin ¢ = ®h s

first moment gives a tensor charge (important!)

(f, Pr; Dy target dilution, polarisation; L spin transfer coeff)

At LO:

sin ¢ .
Fp®®) Y ek hi(x) ® Hi(2)

Fyy > € filx) @ Di(2)

Acon =

Transverse fragmentation functions H;"? needed
to extract h({; recently measured by BELLE, BaBar, BESIII.

Barbara Badetek (University of Warsaw ) Spin programme of COMPASS Seminar at University of Warsaw, 18 X 2024 23/41



THE 18 SIDIS STRUCTURE FUNCTIONS w w

....................................................................................................... *(a) h(p)
Unpolarized structure function
do .
dr dydo;dzd@h z f1 ® D] NES) P”F{ X
= I;;z zufs) {F" 2 FEFpUL + /2e(T 4 ) cosgn B + e cos(201) i

+ Ao m singp Fyn 7" + Sp, {m singy, ;7" + esin(20,) FyY) sin 2¢ ]
Sivers structure function
SreD

cos ¢y, FET %

+ S Ae {\/ — 2 Frr+4/2(1-¢)

+ Sy [sm bn — @q)< T —¢s) “f"“‘f("‘\’\) + e sin(py, + 65) Fiig

+ & sin(3¢n — ¢s) Fff;m"“’“"‘ +V/2e(1+¢) sings F,‘i;m

2e(1 + ) sin(2¢n — ¢s) Ff‘;‘nwu" U+ Srde | V1 — &2 cos(én

+v/2e(1 —¢) cosgs Fy 7" + /2e(1 — ) cos(2¢n — ¢5) F;_‘T“” ¢s)

Collins structure function
All F's measured by COMPASS! n® H-
Slide courtesy A. Bacchetta, IWHSS2022 (with changes) 1 1

Barbara Badetek (University of Warsaw ) Seminar at University of Warsaw, 18 X 2024 24/41
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COMPASS results for Collins and Sivers asymmetries for protons

j“r or } < | eF j Jf

003 ‘ F 8.9 B l ¢
RN Tt S R

%,i oy ! 4 T | !

N:D‘{’ + H.,H I \ E: 1 <°: kj ‘iH‘ ISR + 1 bt J

1 %%‘;éﬁ%é% | él’go ! % _{7 p%? T Mﬁ-{ ﬁjn‘ _H‘i +1 + _nh i

= * ‘ l <ol F {
| RTINS IFER 8 IR O b Dbl L
Bl {' | 7% | | | | ‘ . {ilf l}} t +I? | {f*%‘ |

e Collins asymmetries for proton measured for

+/— unidentified and identified hadrons...

e ..arelarge at z 2 0.03 and consistent with HERMES

(in spite of different Q21)

. TransverS|ty also obtamed from 2-hadron asymmetries
inction”)

Barbara Badetek (Unlversny of Warsaw )

Spin programme of COMPASS

e Sivers asymmetries for proton measured for
+/— identified hadrons are large for 7™, KT ...
e ..and even larger at smaller Q2 (HERMES)
o COMPASS deuteron data show very small asymmetry

COMPASS, Phys.Lett. B744 (2015) 250
Seminar at University of Warsaw, 18 X 2024 25/41



I
NEW Ac,, Asiy measurements for deuteron —- xh{, :cffT(l)

New point-by-point determination of zh!, zh%* and of the first k% moments of the Sivers functions, a[:ff‘T<1>
(NEW COMPASS p,d SIDIS data, Belle ete~ — hadrons data)

Martin et al., Phys.Rev. D91 (2015) 014034
COMPASS, PRL 133 (2024) 101903

h
Coll

0.04f +h*ah” \

0.02
1)}4}1“*##

=0.02] *
L__ [
B —— pr—1 S— |

my{"“ﬂ%“” wihe £ ﬁ’w"‘xéﬁ*}ﬁ *}

-0.02

R —

M n
10 10" 02 04 06 08 05 1 15
x z Py (GeVie)

e Ac,y at high z similar to that on the proton
e Ag;, compatible with zero

Barbara Badetek (University of Warsaw )
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Spin programme of COMPASS

Seminar at University of Warsaw, 18 X 2024

Several global fits
e.g. zh{, Boglione et al.,
PL B 854 (2024) 138712
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]
Fundamental nucleon charges: ga/gv and improved g measurement

@ The nonsinglet structure function: ¢S = g (z,Q?) — g¥'(z,Q?) and its moment connected to the Bjorken sum rule:
/ ¥S(z, Q%) dx IA CNS(Q ), NLO QCD fitted and fit-extrapolated = — 0, 1 gave
0

ng

=1.29 £ 0.05sat. £ O.IOSM_ —> validation of Bjorken sum rule to 9%

(neutron B decay (PDG): |ga/gv| = 1.2701 & 0.002) COMPASS PL B753 (2016) 18

@ New 2022 deuteron data: equalised statistics collected on d (°LiD) and p (NH3) targets = optimal separation
of u and d quark TMDs = better determination of the (truncated) nucleon tensor charge, gr = du — éd where

a(@) = [ de [W(, @) ~ (,Q7),

min

0210 w 0.210 ;
data ou= [l oog AR () | 8d= [ Cdxh(x) | gr=6u—od
previous [25, 28, 29] 0.187 + 0.030 -0.178 + 0.097 0.365 + 0.078
previous [25, 28, 29] and present 0.214 + 0.020 -0.070 £ 0.043 0.284 + 0.045

This is a very important measurement as g is least known and fundamental for nucleon 3D ® BSM @ LQCD!

COMPASS, PRL 133 (2024) 101903

Barbara Badetek (University of Warsaw ) Spin programme of COMPASS Seminar at University of Warsaw, 18 X 2024 27/41



|
First ever

polarised Drell-Yan reaction measurements

e +p —utp” +X
7~ beam of 190 GeV/c, CERN SPS (I) ~ 7 x 107s™ !, ~97% 7~

e Transversely polarized NH3 target (2x55 cm)

X
”’_,_%Si\ w0 + Al target (7 cm) + W beam plug (120 cm)
! <u+<z'>

X0
SDP it S [ COMPASS preliminary
e suinlesssteel o, S [ Drell-Yan data
i RN j X o & 43 < M /(GeV/c?) < 8.5
190 GeV LHe Bath L : s
n” beam ‘E
— s 5
=]
N, 8
Ssem  S5em ‘ 6 cells, 20 cm/cell 2F
Polaized targets Tungsten targ
- 300 -200 -100 0 100

z (cm)
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SIDIS and Drell-Yan compatibility; unique access to TMD PDFs of =

ASID180CPDF:}I)®FF ' ADyO(PDFﬂ(@PDFp
A((:jjg(?@h) x hf_q ® HJ_h Boer-Mulders _ A;‘?S(QWCS) hJ‘*q o ]!J‘g
sin( by —d Sivers sin
AUT(Oh G’s) flTp —— A ¥s o fl - P th
retzelosi
Asm(d@h —ps) x hj_']”p ® qu .y A;in(Q,acs+c,,g) x hlq ® th .
A;l;scph+@s) x ftﬁ_p ® HIJ:Ih _ Transversity A;n(zwcs_w) hlq onl

(courtesy of R. Longo, COMPASS)

Collins-Soper ref. frame (CS) Target rest frame (S)
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COMPASS Drell-Yan results

—— COMPASS 2015 NH, data
Comb. background

------- Iy (MC)

W' (MC)

Open-charm (MC)

Drell-Yan (MC)

Total MC + Coumb. background

)

COMPASS 2015 data
Drell-Yan NH;

QNGeV/ey

—_
(=]

counts / (0.04 GeV/c?)
>

10?
ﬁmﬂ*gﬁiq‘g
Y
L
10 3 o
M, (GeV/c?) x
F I —compass preliminary 1 )
8:* Drell-Yan NH, data 0‘: E
@ Events of 4.3 < M,,,,/(GeV/c?) < 8.5 081 43 < My (Gevier) <85 817 2
are DY events with background: ~4% 0.6F 06 &
r 05
@ DY events in the valence regions of = and N 04 04 §
=0.50, =0.17 F 03 %
{@m) (en) 02 02
@ Here Q is the pp invariant mass, M,,,, b 0.1
0 0
0
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Final COMPASS results on TSAS extended mass range: 4 < M,,,,/(GeV/c?) <

COMPASS Drell-Yan| 4 < M, /(GeV/c?) <9
COMPASS Drell-Yan
4<M,/(Gevic?) <9
Shrognies | - sne, [
“iRcies A J ~—e—  Sivers
— -SPM-LP15 - of = - e L
~ 02 : - : T 2o g6 .
*y AT
g o b
3 A O) e trangversity
-02] T L
sin(b .+ 6 — HT
A |
~, 02
ks SN 6J e HT
gﬂ 0 Ar SN R AN T AR A
Es -02 01 0 01 02
-02] . OA L
sversity
1 2 4 5 6 7
Xy Xy Xe q, (GeVic) M, (Gevic?)
Theory: S. Bastami et al., JHEP 02 (2021) 166. COMPASS, PRL 133 (2024) 071902
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Sivers TSA in DY and SIDIS

COMPASS Drell-Yan

4< M /(GeVicH) <9

DY

COMPASS, PRL 133 (2024) 071902

COMPASS, PL B770 (2017) 138

=2
h
‘<
JAM20
0.2 r Torino - L L
curves based on: — LFCQM
JHEP 02(2021)166 -~ SPM
0.1 0.2 0.3 04 06 080 0.5 1 2 4 5 6 7
Xy X, Xg 9, (GeVie) M, (GeVic?)
| 16<Q2/(GcV/c‘FZ<81 T
2 0.05- I 1
£ Sk gt & SIS
£5 [ -
3 5 0 % A Lo [ i
< | h is
005, Bﬁ
107 107 02 04 06 08 05 1 15
x z r, (GeV/c)
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]
gr-weighted TSAs in DY

Resolving convolutions in asymmetries requires assumptions about kr distributions in PDFs;
avoiding these assumptions and accessing n-th moments of the TMD PDFs
2

F(2) = /koT 2]\52 f(z,k2) possible if asymmetries weighed with powers of g7

TSA WTSA
. ) ar

sin(es) q ql Sivers sin(es) g q ql
Ar « . ®fir N Ar Mok X fir N

. in(2¢pcs+¢s) ——at—

sin(2¢cs+es) ql sin( 2MZ Mr ql(1)
At x hi  ® Ar M ochy o X

sin(2pcs —¢s) al a transversity sin(2pcs —¢s) me al(1) a
Ar ochy®@hyy Ar ochy 277 x hy
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gr-weighted TSAs in DY,... contd

Sin(‘ﬁs)]\c/l[i’;‘I

; ; . a ql(1)
Weighted DY TSA for Sivers: A, oc £ e X fip N
ST 0.4FCOMPASS preliminary Tp su X 43 < M,/ (GeV/c) <85
LLI
—
m 0 01 02 03 040 0.5 1 0 0.5 1 5 6 7 8 integrated
|: Xy Xy Xp My, (GeVie?) P
<C sin(¢h—¢s) g
o . L and SIDIS wTSA: A MN o pL D Db
<...compared to standard DY TSA: A¥“<¢S) o f o ®fin (N> . uT 1T.N 1q
’ 3 o] "
@) < 010 h
O COMPASS Drell-Yan| 4 < M, /(GeV/c?) < 9
) ) . 0.05 { 3 é # %] %
A b e AR
1 : ooo—f—11 J
T
02 curves based on 73!'(‘;«1 -0.05— o A§, (0.1<2<0.2)
JHEP 02(2021)166 -~ SPM
\ AR L i i T, + Ag, (0.2<z<1.0)
0.1 0.2 0.3 04 06 080 0.5 1 2 4 5 6 7 L L
xy X, xp 4; GeVle) M, (GeVic?) 10? 10 «
COMPASS, PRL 133 (2024) 071902 COMPASS, NP B940 (2019) 34
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COMPASS DY results: universality of TMDs

& [« COMPASS Drell-Yan & [ « COMPASS Drell-Yan
‘o [ 4<My/(Gevic) <9 = 0-1f 4<M,/(GeVic) <9 sign change
& Or < [ _
5 - F r
Loal of
" [ JHEP 02(2021)166 | JHEP 02(2021)166 no sign change
[ — LFCQM I —— LFCQM
I SPM (E— SPM
"4 [T gt LFC-JAM20 : F e JAM20 .
[ e sPM-AM20 transversity _0'15”” Tofino Sivers
C L L
4x1072 10t 2x107? 4x1072 10 2x107?
XN XN

COMPASS DY result for Sivers asymmetry, A5"(¢s)
consistent with (predicted) sign change of the Sivers TMD, fis

Boer-Mulders TMD PDF ?
COMPASS, PRL 133 (2024) 071902
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3-D (1D + 2D) proton
(in a different way — GPD)

After V.D. Volker, LANL 2007
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Generalised Parton Distributions (GPD)

Q? large, t small M e Accessible via Deeply Virtual Compton Scattering
(Deeply Virtual Meson Production): up — upy(M)

4 GDPs (H, E, H, E) for each flavour and for gluons

b by b Proton tomography from local fits to
H HERMES, CLAS, and Hall-A data (Im7/ +
plus 4 chiral odd ones (HT’ ET’ HT’ ET) model dependent assumptions for x
i 2 dependence)
e All depend on 4 variables: z,&,t,Q“; x # ap!
DIS@¢=t=0; '
TR o H,H conserve nuclepp helicity ‘
Unpolarized | Longitudinally Polarized E, E flip nucleon helicity
U © Q)
o Hm 20, +E, e H, E refer to unpol_ariseq digtriputions
H H, E refer to polarised distributions &
gL H E os
5 ! q — 4 — ‘
“: * H (‘x’ 0’0) - q(m)’ H (m’ 0’0) - Aq(x) High-momentum quarks (valence) are at
3 _ ~ the core of the nucleon, low-momentum
2|t E E H, . H, quarks (sea) spread to its periphery
R. Dupré, M. Guidal, M.Vanderhaeghen,
PRDYS (2017)
Important:
. 1 1
Table and figure from: S. Niccolai, 5-th Workshop J4 = _ dr x [HY(x t=0)+ El(x t=0)]=-AX+ L2 (X.Ji
on Correlations in Partonic and Hadronic z 2 [H(z, ¢, ) (&, ) 2 2 ( )

Interactions, Yerevan 2024
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...Proton even 5-D!

(ultimate goal)
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Nucleon in 5-D

Wigner distributi

}O(Ia kTs bT)
5-D correlations

Longitudinal momentum
(£ = qlPsr

Barbara Badetek (University of Warsaw )
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Spin programme of COMPASS
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partons
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[
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Longitudinal

Tonsese mamerum Multi-dimensional mapping of the nucleon

momentum
Elastic
DVCS etal. Scattering

; k=Pt / 2, 4 k=Pt / dz 4
A; , o L
B -

G [
z,6,k3, kL Ayt \ i

z, k3

A complete picture of nucleon structure - +

requires the measurement of all these
distributions

Impact
parameter

SIDIS

DIS

S. Niccolai, 5-th Workshop on Correlations in Partonic and Hadronic Interactions, Yerevan 2024
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Summary of COMPASS spin programme

@ COMPASS is the longest running CERN experiment — 22 years of data taking!
@ Since 2023 in an analysing phase; lots of data awaiting analysis (3 new groups joined recently)
@ Many important measurements concerning the nucleon structure in wide and unique (z, Q%) ranges:

@ inclusive and semi-inclusive (polarised and unpolarised) reactions
@ polarised Drell-Yan process (first ever)
e DVCS

@ Will remain unique at least in a decade

@ A successor of CERN family of nucleon structure experiments with M2 beam in the EHN2:
EMC =— NMC — SMC — COMPASS... — AMBER!
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