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Short Story of Spin Measurements Orbital angular

Quark spin momenta of quarks
and gluons

s First measurement in SLAC, 1975, made by
V. Hughes et al.

+* Results with large uncertainties were agreed
with expectations

Unexpected results of EMC (1987) starts the
so-called “spin crisis”

114331

EUROPEAN ORGAHIEZATION POR NUCLEAR RESEARCH

Vernon Hughes

father of spin
measurements

CERN-EP/B9=73

& June 198%

AN INVESTIGATION OF THE SPIN STRUCTURE OF THE PROTOMN
IN DEEP INELASTIC SCATTERING OF POLARISED MUONS ON

POLARISED PROTONS

ABSTRACT The Eurcpean Muon Colloboration

The spin asymmetry in deep inelastic scattering of longitudinally polarised muons by
longitudinally polarised protons has been measured in the range 0.01 < z < 0.7. The spin
dependent structure function g;(z) for the proton has been determined and, combining the
data with earlier SLAC measurements, its integral over z found to be 0.126 + 0.010(stat.) &
0.015(syst.), in disagreement with the Ellis-Jaffe sum rule. Assuming the validity of the
Bjorken sum rule, this result implies a significant negative value for the integral of g; for the
neutron. These integrals lead to the conclusion, in the naive quark parton model, that the
total quark spin constitutes a rather small fraction of the spin of the nucleon. Results are
also presented on the asymmetries in inclusive hadron production which are consistent with
the above picture.
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Nucleon Spin Structure

Fishes in Aquarium = Partons inside Proton
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Map of Experimental Results
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Map of Experimental Results N Transversity
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Drell-Yan process

Drell-Yan provide complementary access to TMD PDFs via transverse—spin dependent azimuthal asymmetries (TSAs).

Incoming particle: pion Kinematic variables
I Final state: muon pair x — Bjorken x
gt — transverse component (w.r.t target rest frame)
Pr of virtual photon momentum
> . . .
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antiquark ). - - =" N
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Target: . |
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Single-Polarised Drell-Yan
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General expression of the cross-section of pion-nucleon Drell-Yan
lepton-pair production on a transversely polarised nucleon can be
written as follows:
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Single-Polarised Drell-Yan
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Si ngle—PoIa rised Drell-Yan Cross-section at LT for transversely polarised target:
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From Convolution to Direct Access:

FExtracti ng TMD PDFs This complex integrals are hard to resolve.
Boer-Mulders Sivers l

[A%OS(Z(’)CS)]OC hgj} X h;lj(] A:Sl"in((pS) X flc,ln ® fl('#N Common Strategy

Pretzelosity fransversty the sranevaree momentum dependence

[Afljn(2¢cs+¢s)]o( h(1]7lr R h?%,N ArsI‘ln(prcsﬂps)]oc hgj; () h(ll,N (typically Gaussian). |

Alternative Approach

Weighting with powers of the transverse momentum allows to avoid assumptions on kr.

Weighted Asymmetry (WTSA)

Asymmetry (TSA)
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Example of TMD universality: Sivers function sign change

The Sivers TMD PDF describes how the distribution of unpolarized quarks inside a transversely polarized proton
depends on the quark’s transverse momentum.

DY Sivers TSA

S oo )
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COMPASS Experiment

ommon uon and roton pparatus for tructure and pectroscopy

< 24 institutions from 13 countries (~220 physicists)
» CERN SPS North Area
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» Fixed target experiment
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Broad research programme 2015 + 2018

in hadron structure
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COMPASS Spectrometer

2 spectrometer stages
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Zoom on target region
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DY Sivers effect: TSA and gr-weighted TSA (WTSA)
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Moving to TMD PDF Extraction: Understanding the Sivers Asymmetry

Measured asymmetries, especially those weighted by transverse momentum qt, enable a direct and simplified connection to
the underlying TMD PDFs
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DY Transversity: TSA and gp-weighted TSA (WTSA)
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: fAce i+ That's what we're looking for:
Transversity Asymmetries: What can we extract from it: Gt oot of Boer-Muldere TMD PDE
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Future of Hadron Physics

-

Huge efforts in the past&present ... and future
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Conclusions

EVERYTHING 15 MADE

%+ COMPASS Drell-Yan program, complemented by SIDIS results, provides the world’s only “Dg;mﬂ%gge';i
direct test of TMD PDF universality — a unique window into the 3D nucleon structure! momsmo EVERYTHING!
J

e

+»» Drell-Yan transverse spin asymmetries

« ~ 1 o positive Sivers gr-weighted asymmetries
<+ ~ 1 o negative Pretzelosity
<« ~ 2 o negative Transversity

|{ DY Sivers asymmetry aligns
I with the expected
I
|
\

_— e - o ———,

\\

— e = o e

-— . == -—

B e L . & sign change RO
e offe. . 4 NSy L <SS S compared to SIDIS! J
I’ Unweighted & weighted asymmetries {}
| — TMD PDFs extraction, but weighted ~—~-~° ~
| : : S
| a];c)?a;c;\DgFlve.s ald:‘gct tphro.be A : { . Transversity asymmetries, and : OH NO.
0 s, including their moments | ; HESE PARTIC
S e =L e 1 | h; y enable the extraction of the : ;REN'TSI/"PLLE'S
| Boer-Mulders TMD PDF. , )
\ /

** New experiment is on the horizon: EIC and LHCSpin
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LOOK, THEY'RE
SITTING IN A
TREE...

Thank youl!

WHAT IS THE
STRUCTURE
OF THE
NUCLEON?

OF
WHAT?

INA
COLLINEAR
APPROACH IS
DESCRIBED BY
3
FUNCTIONS..

BUT.. TAKING
INTO ACCOUT
TRANSVERSE
MOMENTA OF
QUARKS
INSIDE THE
NUCLEON..
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Single-Polarised Drell-Yan

Cross-section, LO TMD approach for transversely polarised target: [ 1+ SinZQCSquIOS(Z‘PCS) r0s(2¢cs) )
dg L0 a0, _ ) E?iz(%)fin)ﬁps) + |
) dtqd2 ~ Y | 480 ) Ay ST 6in(2¢cs + 9s)
sin“f¢g +

£ ) \ _ AR kin (205 — 0s) / |,
{ “Boer-Mulders sivers ~y
(O nt o 11 Su®LE

XTE

i /s 2 f : Pretzelosity Trénsversity :
Zr I\ [ASTiH(2¢cs+<0s)}x h;lj; ® hil'lj‘_,N AS’I‘H’!(Z(PCS—403)]0c hfj; ® hg’N'

(

eé f deT,ndsz,N5 @) qr —krnp—kry) )

fid (e kG ) fi G K )
X w (K krn; qr) . ) + ; )
Momenta in target frame X7 Py; Pr \ fn (x”' kT'”)fp (Xp, kT'p) J
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Backup: COMPASS beam for Drell-Yan

2 5

High energy negative hadron beam: 190 GeV 5 A

Beam composition: 97% m—, 2% K™, 1% p~ i

. |<~50n7|< ~650 m ~ ~400 m " som - 2

Splitter -

Tax Hadron -

K absorber BMS 1:

os Ié s
BeryIium T 0 - e T e g

284 284.5 285 285.5 286 286.5 287 287.6

Primary beam: T6 target Secondary beam: ~ Tertiary beam: i run number

* Protons about 400 GeV/c * ~9%6%ofm °Zé‘0béa\n)/ : Integrated luminosity delivered to each

« Spill: 4.85/16.8s . 280 GeV/c evic | :

1 . | target in 2018

* ~10** proton/spill ;

Beam Momentum Station (BSM) BMO03 BMO4 Beam intensity: 70 MHz average
(30% duty cycle) = 55 MHz effective
— Q31 Q32 — — {MIB3F —»> after time/target volume cuts

Since no beam PID was available, the
entire beam is treated as pions.
Contamination included in systematics.

: BMO1 @ BMO6
| —

_________________________________________________________________________________
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Backup: Structure Functions in Terms of Single Polarised Drell-Yan

F;in((pS) [qT TN fin flTp] Sivers for proton, number density for T~
qrMy
sin (2¢cs+@s) _ Z(quT,N)[Z(quT,N)(quT,n) — Q%(kT,NkT,,,)] — q7k% N(quT ,,) Pretzelosity
Fy =—C 203 M2 h1,7rh1T,N for nucleon,
qrMyM _
- e Boer—Mulders for
F,lf'm 2¢cs=¢s) — _p ar 1\;” h%nhl N] Transversity for proton, Boer—Mulders for m~
 qrMyg

\
2 j 02Ky A2k v6P (g — kg — Kpy)

-

1 _
Cluw (ks s @r)nf] = ) £ 2 )£ (e 2 )
T | X w(kym krn; qr) +
\ frcq (xm k%‘,n)qu (xpr k72",p) J

X By P

Momenta in target frame

TMD PDFs can be accessed through measurement of target spin (in)dependent azimuthal asymmetries

i (¢cs) sin (2¢cs+@s) _ sin (2¢cs—@s)
Asin(go;;) B F;m((pS) ACOS(Cpcs) B [;:os ocs Asin 2ocstos) FT cst@s A,Srm (20cs—9s) _ E :
-1 S E— - =
T F U Fl 2F 2
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TSA Sivers effect: Weighted and Unweighted Methods

in(ps) L
A o filn @ firn

SN I —— COMPASS 2015 NH, data DY TSA
S i R — Comb. background o
g e T iy GC) Sivers asymmetry tends to be 1.5 g positive. COMPASS, PRL133 (2024) 071902
: I e V' (MC)
S 10 b,/ I ==+ Open-charm (MC) 0.3F COMPASS | Drell-Yan data | M,,e[4; 9] GeV/c?} -
= 5;7:’__'...\‘ L - === Drell-Yan (MC) 5 -
: 103 ;_ s.,,\;r -‘,r Total MC + Comb. blnckground 0.2; B
B F Mk ! E
310° = =, By o g f
o - Ly o i = ol
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S B NN B 5 Rl Py S LU
4 \__6__~ 8 10 L. L I - N S ENRII PN EEIEN R A W
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ar R (GeVic) X g, GeVio M, (GeVic?)
-7 N EW! _ DY WTSA N Weighted Asymmetries WTSA:
/ Sivers effect is slightly positive, at about 1 o. gp
- _ /4 3 ASIH(pSM_N = | d2 ﬂASiI’I(pS
:CDMFASS preliminary : L R TR T 4 :4.0*:1'1-:1’,_,”(!31::\".:’-:'2]*:9.0 i : T - qr MN T '
ek 0ar a a - - “* Removes the convolution
g . . + .} i {. .{. : : ; *» Reduces model dependence
- & O = u u . - T {' N “* Gives direct access to moments
of TMD PDFs:
-0.5} = = - . K2
I PR BN BFE i BURIR R ST B -2 R B SRR B o ENRFEEE ST ETRrRr N - T

0.1 0.2 03 02 04 06 038 02 04 06 4 5 6 7
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FO6) = [ &k <7> £ 1)

M - hadron mass
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