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From matter to quarks: scales of structure
o (2] © (4] (5]

Matter Atom Nucleus Nucleons Quarks

(proton, neutron)

; N - G neutron
~102%m [ ~10°m ] [,_10-15 0101 m] [ ~10"5m ] <10 m
(centimeter scale) (no resolved size)

Quarks are experimentally
unresolved point-like
constituents.

»

i T T L] L)
102m 10m 10"°m 10"m 10m

Schematic x and Q% dependence of proton structure
small x large x
A » —
Higher Q%
finer /
sharper sea /
resolution gluon valence
3 dominated dominated
®
o
(%) i
£ 2 +
%Y Lower Q% o “
coarse / ,‘r » .
fuzzy = LD _ ..
resolution W gluon valence
dominated dominated
small x — large x
Bjorken x
(Q x selects the parton momentum fraction; Q2 sets the resolution scale.
RA small x — sea/gluon dominated; large x — valence dominated.
{f} Increasing Q2 gives a finer, sharper view and reveals more partonic detail.
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wall-painting
2018, LNP building
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Nucleon spin structure (twist-2): TMDs

quark
| quark
U L T
U L T
chiral-odd
q 2 lq 2
U f;[ (xy kT) hl (x, kT)
number nsit number density Boer-Mulders
Sdensis T-odd
s:: chiral-odd
5 q 2 1lq
— 2
L % L gl (x’ kT) hlL (X, kT)
= 1=} Helicity worm-gear L
3
chiral-odd
E X . hd (x, k2)
q 2 2 :
(e T flT (x, kT) ng (_X', kT) J_tzlansversnyz
Sivers Kotzinian-Mulders h 1T ( X, k T)
T-odd o zeantl pretzelosity

Kotzinian-Mulders
worm-gear T

Sivers

S

~ pretzelosity

I - spin of the nucleon; ’ - spin of the quark ’ - ky

»
»

Direction of the motion of the nucleon

’ Transverse orbital motion of the quarks

27 October 2026

Longitudinal momentum

kt =Pt
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SIDIS x-section and TMDs at twist-2

dGLO
o« FUU,T + EFUU,L quark
dxdydzdp}d@,d g, ( ) ] . N T
11+ g A" cos 24,
— £ (x, k) hy (%, k)
+ SL & A(SJI]?Z% sin 2 ¢h L SL ﬁ\/ 1 — 82 ALL U t:}umber dens’ilt-‘y 1B0er-Mulc’l_F{;r »
- - =
sin(¢, —ds ) - S
A0 sin (4, — g A 9 k3) | hE(x k)
X < : o . elicit worm-gear
+Sp |+ A sin (g, + ) - - -
sin(3¢,—dg) _: hq 2
| £Ayy Sm(3¢h _¢s) | o | 590 k2) | g Cx, k2) %rffv;gf)
______ e —— 1TSivers Ko}z?nian-Mulders hi-,;](x’k%)
+ STﬂ‘ (1 - (92 )AZ;S(% _¢S) COS (¢h - ¢S ):| T-odd oz zeagll pretzelosity
L J ///
u H
\\/
QZ
?° h
A[C]‘(’JSZ% o },1“1 QH lth Boer-Mulders
LI — (T-0dd) xP
in( g, — 1 h . _
A(SJI;(¢h ) o fir' ®D, J Sivers (T-odd) X
i + Lh .
Als;;(% %) o hi ®H, J Transversity
in(3¢, —4, 1 Lh .
Als;;( %) o hi; ®H, g  Pretzelosity
®=C[wfD]= xZe;J‘dszdzplé‘(z) (zk,+p, —P)w(k,,p.)f* (x,k;)D: (x,pi) <
q
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Single-polarized Drell-Yan x-section and twist-2 TMDs

dO_LO

7 oc FJ (1 +cos’ O ) quark
dqg'dQ o . - -
I+D . A7 €08 20,
[sm (S} q y i ,
. 2 sin 2 . U fi (x’ kT) hl (X, kT)
L S[‘ sin 9(“,5 Azmh‘/’(‘.s‘ sin 2 gDCS number density Boer-Mulchiso »
B singg _: N =
X 9 A" sin @y E
2| L
in(2@qq— . =
+ S; A;m( i Sm(zq’cs - §0s) =
+D-
el a0 sin (20 + ) . B G, k2)
— — q(x kz) transversity
— qin? 2 T fiT Sivers T hlq(x kz)
where D =sin” 6., /(1+cos” O 17 \X K
[sm‘ H(S] T-odd pretzelosity

CoS2¢g Llg Llg
A, oC hl’ﬁ ® hLp
sin @y q Lq
AT oc fl,;r ® ]FIT,p

sin(2pcs —¢s) Lg q
AT oC hl,ﬂ' ® hl,p

in(2 1 1
A;m( Pes +9s) oc hli ®h17?p

Boer-Mulders
(T-odd)

Sivers (T-odd)
Transversity

Pretzelosity

SIDIS < Drell-Yan sign-change of the

T-odd TMD PDFs

Fundamental quest: COMPASS, STAR, SpinQuest, LHCspin, etc.

27 October 2026

Prcs

B. Parsamyan




Polarized SIDIS and DY — factorization and kinematic regions

Semi-inclusive DIS

High q — Collinear factorization
Low qr — TMD factorization

27 October 2026

Drell-Yan process

T-odd TMD PDFs
C—)

sign change

High x; — Current fragmentation
Low x; — Target fragmentation

B. Parsamyan 6



Main TMD tools - universality and synergies

Semi-inclusive DIS Drell-Yan process

e o u

0? T-odd TMD PDFs

?* A C—)
' h
P sign change )
< H
N= X
Fragmentation Functions Parton Distribution Functions
Electron-positron annihilation pp, pA-scattering, jet production, etc.

e X
> 0 q h,
y *
q
h,
e X

Cleanest access to hadronization/fragmentation

Hybrid collinear-TMD approach. The wealth of pp data allows studies of:
TMD universality, evolution, expected factorization breaking
27 October 2026 B. Parsamyan 7



Main TMD tools - list of experiments (non exhaustive)

Semi-inclusive DIS

fard,

Electron-positron annihilation

Jefferson Lab @ 22 GeV

%ﬁgﬁ .

Jeff;gon Lab

C|Q 1 SeliD

Drell-Yan process

Seal uest

E906

SPIN
75:TAR
@)

\‘7‘ Q///
QUES*
3E Fermilab

27 October 2026

LG

ATLAS

EXPERIMENT

CMS

pp, pA-scattering, jet production, etc.

G‘ Brookhaven

National Laborataory

TN
isﬁ"'; AR PH-ENIX

|

SPHERIIX

B. Parsamyan



m HCAL2

Apparatus for Mes andBaryon
Experimenta o Rocsarch

ECALL  SM2
HCALL

RICH

SMI Sa
e 8

T/L Polarized target

H
LHCbeam — @— - QP|@—

. o -

*“——- - — .
N - —

— —

—— o —

physics in common
dimuon production in hh

h
CMS R 3 Point 4 (Fchenevex) ,) ‘ \y )
N R S N LHC e |
— : =100 mi= =

27 October 2026 B. Parsamyan 9



COMPASS timeline

* CERN SPS north area — M2 beamline
Fixed target experiment

Approved in 1997

Taking data since 2002 (20 years)
The Analysis Phase started in 2023

33 institutions from 15 countries: ~ 200 members
4 new groups joined in the analysis phase!
Get 1n touch if interested!

COMPASS proposal

A

Many studies that can be done at future experiments can be studied at COMPASS
Key problems are in common: rad. corrections, MC generator tunings, the role of
exclusive diffractive VMs, analysis methods, etc.

COMPASS Phase-11 addendum
see Po-Ju’s talk "M—AMBER

.JiJ,)

SDISLIT o &
(J

000000000 ( ()
5 o N B S OO 5 A & SRR
x“q\“ﬂ@@\ﬁm@w@m@w@m@h@m@m@w@@@@\@\ﬂ?\
NG A LS-
V

Pilot run Phase I Analysis
27 October 2026 B. Parsamyan Phase 10


http://wwwcompass.cern.ch/

AMBER timeline

* CERN SPS north area — M2 beamline

* Successor of COMPASS

» Approved in 2019

Taking data since 2023

Phase-I is planned to continue after LS3

36 institutions from 14 countries: ~ 150 members

New collaborators are Welcome!

* Polarized SIDIS?

COMPASS ++/AMBER For details, see Kun Liu’s talk '
proposal o
CERN-SPSC-2019-022 4. Phase II proposal potential ideas
P&AB‘;‘X‘.\ "l /QX && * Kaon-induced unpolarized DY
\ d‘a""m\k & &8 » Kaon-induced Spectrosco
r ¥ N & & P Py
Bﬁ ) %QJ N ,@ ,@ . 3.
P‘SQAQ‘O\I&\ ) @@; & Qi%\s,@@é PRM and Drell-Yan ) gz:ntra}?;ltiea:zcriemteizls
ﬁ i—‘ g ° ¥ Measurements pPtP produc
A R
F PN TIPS SIS
u LS-3 Y, LS4 LS-5
YT YT
. CERN Accelerator Complex schedule to 2041
Pilot run Phase | Phase 11

27 October 2026 B. Parsamyan 11


https://amber.web.cern.ch/
https://lhc-commissioning.web.cern.ch/schedule/images/2024/Complex-Long-Term-June24.png
https://lhc-commissioning.web.cern.ch/schedule/images/2024/Complex-Long-Term-June24.png
https://cds.cern.ch/record/2676885
https://cds.cern.ch/record/2676885
https://cds.cern.ch/record/2676885
https://cds.cern.ch/record/2676885
https://cds.cern.ch/record/2676885
https://cds.cern.ch/record/2676885
https://cds.cern.ch/record/2676885

LHCspin experiment LIMPA 30 (2015 153002
045-7TeV

Ht D
LHC beam —Q—» —Q -
I

2.76 TeV

T/L Polarized target

pp: v/s = 29 — 115 GeV =
Ap: /s = 72 GeV "
pp, Ap collisions

forward spectrometer Forward acceptance: 2 <n <5

Tracking system momentum resolution
Ap/p=10.5% - 1.0% (5 GeV/c - 100 GeV/c)

New collaborators are Welcome!

Timeline L+C R&D
spin
As a group independent I_ C
from LHCb collaboration spin
LHC Run4 LHCspin Run5+6
data taking at the IR4 data taking at LHCb
| | | |

| | | |
2024 2025 2026 2027 2080 _ 2033 2035
LHC LS3 ﬁ / LHC LS4
SMOG2 installation of the ‘ﬁiﬁ installing the
apparatus at the IR4 ‘ ' target at LHCb

27 October 2026 B. Parsamyan 12



COMPASS experimental setup

COmmon Muon Proton Apparatus for Structure and Spectroscopy

CERN SPS North Area (building 888)
Two-stage spectrometer LAS+SAS

» Large Angle Spectrometer (SM1 magnet)
*  Small Angle Spectrometer (SM2 magnet)

EcaLl  oM2

HCAL1

SMlRICH\
by

Polarized
Target

*  Primary beam - 400 GeV p from SPS
* impinging on Be production
target (T6)
* 190 GeV secondary hadron beams
* h beam: 97% 77,2% K ~, 1% p
* h*beam: 75% 7*,24% p, 1% K *
* 160 GeV tertiary muon beams
* u* longitudinally polarized

ECAL2
HCAL2

T COMPASS
2 | HERMES
(Gev?) | CLAS 6 GeV
CLAS 12 GeV

Large-acceptance forward spectrometer
» Precise tracking (350 planes)
SciFi, Silicon, MicroMegas, GEM, MWPC,
DC, Straw, Muon walls
Muon-filter « PID - CEDARs, RICH, calorimeters, MWs
Various targets:
* Polarized solid-state NH; or ’LiD
* Liquid H,
* Solid-state nuclear targets (e.g. Ni, W, Pb)
utorp 7T+ Kt Target
‘\\' porp K‘ -
B \\
400 Gev Be -
p beam p KT (Hadron absorber)
fromsps | s K- ‘ \
~ 100 m ‘ ~ 600 m ~ 330 m !leOm!

27 October 2026

B. Parsamyan
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COMPASS experimental setup: Phase II (SIDIS program)

COmmon Muon Proton Apparatus for Structure and Spectroscopy

CERN SPS North Area (building 888)
Two-stage spectrometer LAS+SAS HCAL2
» Large Angle Spectrometer (SM1 magnet)
*  Small Angle Spectrometer (SM2 magnet)

EcaLl  oM2
HCAL1

RICH. S 7
- \ R

Polarized §A

Polarized solid-state NH; or °LiD
* Two or three oppositely polarized cells
* Longitudinal and transverse polarization

Muon-filter

B Magnets

EEE He-3 Precooler . .
B Microwave Cavity 3 80 K Thermal Radlgln.Jn Shu_elds
1 4.2 K Thermal Radiation Shields
[ Target Cells B Dilution Refrigerat
ilution Refrigerator
3 Target Holder 9

0 He-4 Separator

*  Primary beam - 400 GeV p from SPS
* impinging on Be production 3 T
target (T6) 2 - — uw(‘

190 GeV secondarv hadron beams

R == 1
] | q ) ) z ) P v Il M /180 mrad
| ean ) y 7T 0 /1 7 i L= 1 i /
]

™ beam: /5% & '—‘r"w‘;: Yo K
* 160 GeV tertiary muon beams =
* u" longitudinally polarized |_h

27 October 2026 B. Parsamyan 14



COMPASS experimental setup: Phase II (DY program)

COmmon Muon Proton Apparatus for Structure and Spectroscopy

CERN SPS North Area (building 888) ECAL2
Two-stage spectrometer LAS+SAS HCAL2
» Large Angle Spectrometer (SM1 magnet)

*  Small Angle Spectrometer (SM2 magnet) &

EcaLl  oM2
HCAL1

RICH. Sa 7
o <

SM1
Polarized

Hadron absorber

Nuclear target (Al)

Ta rg et ( Aluminum cone o ]
“Muon-filter |
r dO\INn:tf;:g‘]m last
. alumina layer
|
vertex detector /—40 - !" Stau;luesc;Steel
. 0 [t ]
M : | T | wesT s | w
*  Primary beam - 400 GeV p from SPS \Tunzg(;:en beam plug /
* impinging on Be production i
target (T6) :
* 190 GeV secondary hadron beams
* h beam: 97% 77,2% K ~, 1% p
- h™ beam: 75% = 7Lf'wj.u Yo I
160 GeV tertiary muon beams
‘ ‘wl\:illﬂy“‘l‘\"", !m\‘,u‘\/‘_ll
27 October 2026 B. Parsamyan 15



AMBER Phase I-1I: DY program setup IS

Apparatus for Meson and Baryon 'xperimental Research

CERN SPS North Area (building 888) ECAL2
Two-stage spectrometer LAS+SAS HCAL2
» Large Angle Spectrometer (SM1 magnet)

*  Small Angle Spectrometer (SM2 magnet)

EcaLl  oM2
HCAL1

RICH.  Sa 7
SMI_ S o0l

Polarized §A

Target

* Secondary h * beam: (z#*, K+, p/p)
* Improved beam PID (CEDARS)
* enabling kaon physics
» Isoscalar target (C 3x25 cm) and W
* Vertex detector: improve Z and M, resolution
* New trigger-less DAQ,
» Revised setup, new detectors
27 October 2026 B. Parsamyan



AMBER - 7 *, K * induced dimuon productlon on C/W

25cm

Compared to COMPASS

vertex detector

[nlnlnlal W (W
IR E RN -

‘ | | afen] 4

25 cm VAN
LA A A/

» Light isocalar target (carbon) instead of NH;-He mix
» Improved mass resolution (~ 100 MeV/c?)

* Lower background — enlarge DY mass range

» J/y and y(2S) studies
* Wider beam choice: 7z * K *, p/p, CEDARs (PID)

» Unique complementary measurements:

T, K*

» Higher beam intensity (RP upgrades)

* Revised spectrometer,

Triggerless DAQ

—
)
3

AT
£
R SO

counts / (0.04 GeV/c?)
2 2
#" T HHH‘ T TTTTI

—_ —_
o <
T \l\HH‘ T \HHHl T HH\H‘ 1T

i —————

—— COMPASS 2015 NH, data
- Comb. background
------- Jhy MC)
------- W (MC)
= Open-charm (MC)
---- Drell-Yan (MC)
Total MC + Comb. background

i

L

27 October 2026

L | |
8 10
M, (GeV/c?)
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10°

10*

10°

10°

10

ApprfM

32m

2.3m

.IIIII| T IIIIIII| 1T II|T| T TT IIII| TEXF

=Y TS T T 1T
gy

3
;°

A rimenta fosearcn s dly
= w(2s)
o Open-charm
==+ Drell-Yan
______________________ \
d‘\..‘w
e
\‘4%-:-

=—t— AMBER projected = +C data
s Gomib, background

1
1
1
1
1
1
1
J‘O
g0,
o
1
1
1
1
1

and Baryon

ntal Research
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3D unpolarized Drell-Yan cross section on NH

xz = 0.1 .
. =02 MAP collaboration
—_— x = 0.05
N —— Phys. Rev. D. 107, 014014
]
c:é - _ 02<x,<09 _ 02<x, <09
\E_-Z: fug E-OOOOOQO 3 NH3‘H€ E o ° o \\
=k i_; 107 F ° 5 ;rooooooo - °
HE.? ‘:E_i :rDrell-Ynn: (r-to(i\l';IAiie]:; ;:1:1; l:: lj( ;_ o o ;_ Drell-Yan: négUM—P)AMS*Syl;rZiimmaryO
- r-‘: g_ 10 é— A g".,;;%;-;[:(“u\ (“:) ;_é:":;igi?((?e\ &) o %_ g;:,[’;:;(; 1(G€Vf(‘2) |
L L - (M)=5.3 (GeV/c?)
0.00 0.25 0.50 O.iTIiJ_l 1.[(39&.]25 1.50 1.75 2.00/ o 2 ?O o000 O o ? oo E o o o <"‘_P>:0'22
~F £ o o 3 ©
recent global fit and projections for COMPASS - T™MD ° - - o 5 C ©
104 F (My=4.7 (GeV/e®) i (M)=7.0 (GeV/c®) Q E_
5(.\-F>:(n.zo {(.\-F>:uz:: £
 First new results in 30 years! ’O 0000, 1 e
s 1072F 0 3 oo O o F
* Data from light/heavy targets : o= o f0%° %0, 3 S
« NH,-He, Al, W weperese fmese e TMD
* Nuclear dependence F 3 2 TG
. L F o O F 3 X )=0.2
« 1D/2D/3D representations 10 ®o o [ ovoo, E oo
3 o ©o =
XF:qT:M 104 E_(m:s.e (GeV/eh) E_E_m:'w (GeV/eh) Q 0 F °
. . £ (x)=021 £ (x)=0.23 =
» Unique data to access collinear - — BT ST
R R B E E {x =024
and TMD distributions 102f """ %00 o
F F O F o] o
. ? 0 rO O 00 o L o o
eg plon TMD PDF 104 Er(,\!)—ﬁ.l((]e\' &) “ E,W"S--‘f(‘e" &) © __ o
* To be included in future global fits So.nSUSRTRRRRTEN . i OSSO ) , ;
(MAP, JAM, etc.) q, (GeV/e) q, (GeVl/e) q, (GeV/c)
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AMBER - 7 *, K * induced dimuon production on C/W

* Unique complementary measurements: 7 *, K *

* Cross-sections, pion and kaon PDFs

» Study of nuclear effects with C and W
For details, see Kun Liu’s talk

+

n 1200000
75¢em C 190 T 1800000
AMBER p 1500000
nt 500000
J/y events 12cm W 190 " 700000
p 700000
Experiment Target type Beam energy (GeV) Beamtype  Beam intensity (part/sec) DY mass (GeWcz] DY events
+ 7
E615 20em W 252 T 176 107 4.05-8.55 >000
n 18.6 x 10 30000
+ 7
30em H, 200 i 20510 41-85 40
NA3 b n 3.0x10 121
at 2.0% 10 1767
6cem Pt 200 42-85
o 7 3.0x 10 4961
N 286 - 7 42-85 7800
120cm D, 140 T 6310 435-85 3200
NALO
286 42-85 49600
12ecm W 194 n 65 % 107 4.07 -85 155000
140 435-85 29300
COMPASS 2015 . . 7 35000
COMPASS 2018 110cm NH; 190 n 7.0x10 4.3-85 52000
+ 7 43-85 21700
e 190 n 1.7x 10 4.0_85 31000
- 7 43-85 67000
AMBER 10 n Sl 40-85 91100
+ 7 43-85 8300
em W 190 n 0.4 %10 40-85 11700
. o 43-85 24100
190 4 610 40-85 32100
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Data for both collinear and TMD PDF studies
* Drell-Yan, J/y and potentially y' channels

T
Ki

Apparatus For Meson and Baryon
Experimental Research

= 25
>

2

% 2
(]
(2]

2

-
[$)]
IllIIIIIIIIIIIlIIlI

4.3 < M/(GeV/c) < 8.5

NA3 extraction (DY =" and = data)
SMRS 10% sea contribution
SMRS 15% sea contribution
SMRS 20% sea contribution

JAM: DY + LN

Projection for 280 days on C-target

01 02 03

06 07 08

0.9 1

llllll|lllll|l|||

4.0 < M/(GeV/c) < 8.5

Zve.\J =ag .
Yoo =407 c-

01 02 03

T C

ntC

— g

a

—

0.4

0.2

05 06 07 08 09 _1
&
. only valence-valence
C: no valence-valence
nCTEQ15W
[ — =S

—=e— EB15 200 GeV/c, PRL 63 (1989)
—e—— Projection for 280 days on W-target

0.2
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p—

Integrated luminosity [nb’

_
S

1072
pH, pD, pHe pNe pAr PbNe

10° B LHCb 2024 Bl s, = 70.9 GeV
Runs 290410-311080 [l 5.y = 113 GeV

PbAr

Collision system

A wealth of unique data collected in 2024

3D

tomography of the cell:
residual gas & secondary interactions

27 October 2026

Candidates/(12.0MeV/c?)

LHCb Experi
Run / Eve

LHC - SMOG?2 early data - fantastic precision

02
09:40:16 GMT

p-Ar collisions

LHCb-FIGURE-2023-001

5 . . — -
10 F LHCb Preliminary 2024 & Data ' ] —
- pH, \syn=113 GeV —— Signal + background 1 =
T T YT Background 10
104 E —_—J/ Yy —=puut | ?_‘
= — Y(28)uut = e
R 1Q
10° 45
y(2S) 37
S
1 <
____________ } E
10° 3L
9 o
W

L. L A L :

3000 3200 3400 3600 3800

M(uu*) [MeV/c?]
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LHCspin experiment L

C

spin
[arXiv:1807.00603]
0.l
C 4<M,, <9 GeV/c’ _ ]
0.05F dM = 0.5 Gev/e® pp Vs =115 GeV -
; FEEE
. —0.05 3
oz .

1 E
-0.2F =
Ceff. pol. P=10.8 .
_025'.||.I....I....I....I....I....I T e
0 01 02 03 04 05 06 07 08 O
x!
T2
0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28
006 L, / L — L, 1 — —
e e
0.05 - spin Asnds g | ;<
o Asin(2¢i¢s) A P o
S 004 - vt | =5
ot p—
: =
E 0.03 - . ‘\]
2 =)
S 0.02 - 1 S
A N
-
0.01 + | 3
J<yleb <4
0 L 1 L I I 1
4 5 6 7 8 9
Mgg [GGV]
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Channel | Events / week \ Total yield
T/ = utp- Q3x10D!! | 1.5x10°
D - K-t 6.5 x 107 7.8 x 10°
P(28) = ptu~ 2.3 x 10° 2.8 x 107
J/pd/p — ptpptu~ (DPS) 8.5 1.0 x 103
J/p I/ — ptuptp~ (SPS) 2.5 x 10 3.1x10%
Drell Yan (5 < M, <9 GeV) 7.4 x 10° 8.8 x 10°
YT = ptp 5.6 x 10° 6.7 x 10°
Af = pK—nt 1.3 x 10° 1.5 x 10®

* Precise spin asymmetry on J /{ = u*u~ and
D°® - K~m™ for pH' collisions in just few weeks

* Inclusive quarkonia production in (un)polarized
pp interactions - ideal observable to access gTMDs

g * Flavor separation using H/D, EMC effect

* Spin physics in heavy-ion collisions and a lot more!

minutes of data-taking / polarity [gas=H, 8 =3.7e + 13 cm~?]
2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

Scenario: A=2%
P=1.00+0.00 (Ay = 0.02)
—— P=0.90+0.01 (Ay = 0.02)
~—— P=0.70+0.07 (Ay = 0.03)
—— P=0.70£0.20 (Ay = 0.03)

0.030

0.025 A

0.020 A

DAy

0.015 4

J/w LG

0.010

0.005 4

10000 20000 30000 40000 50000

Reconstructed J/y—u* 1~ events / polarity
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https://indico.cern.ch/e/comap20

Goals of the workshop

Assess the present status of polarized Drell-Yan

*  What have COMPASS, RHIC/STAR and other measurements already established?

*  What do current phenomenological and global-fit studies tell us?

Clarify whether the key TMD tests are already within reach

» Is the evidence for the predicted sign change of T-odd TMDs becoming conclusive?

*  Are existing and planned measurements sufficient, or are important ambiguities likely to remain?

*  Which observables, kinematic regions, or flavor combinations are still poorly constrained?
*  What is the complementarity of pp measurements, with stronger sensitivity to sea quarks, and 7N measurements,

with direct access to the valence region?
Evaluate realistic future opportunities

* If new measurements are needed, which beam-target configurations would be most effective?
*  What could a new polarized pion-induced Drell-Yan programme at the CERN M2 beamline realistically contribute?

*  Aroadmap for potential EOI/LOI

Opening Dr Bakur Parsamyan

892/1-D20, CERN 13:00 - 13:05

Testing TMD process dependence with polarized Drell-Yan: theory status and are new measurements needed?
Alexei Prokudin

Global fits from MAP:what have we learned so far? Dr Lorenzo Rossi
892/1-D20, CERN 13:30 - 13:65
Recent studies of Sivers, Boer-Mulders and sign change Alexey Viadimirov
892/1-D20, CERN 13:55 - 1420
JAM TMD fits: do we need polarized Drell- Yan data Daniel Pitonyak et al.
892/1-D20, CERN 14:20 - 14:45
Boer-Mulders TMD PDF in SIDIS and Drell-Yan Jen-Chieh Peng et al.
892/1-D20, CERN 14:45 - 15:10
TMD PDF extractions using Al/ML tools Ishara Fernando
892/1-D20, CERN 15:10 - 15:35
Quarkonia as a tool: what can we learn? Carlo Flore et al.

892/1-D20, CERN 15:35 - 16:00

27 October 2026

B. Parsamyan

STAR: Transverse-spin asymmetries in W and Z production at STAR: constraints on TMD process depencence
Oleg Eyser

SpinQuest: Polarized Drell-Yan at SpinQuest: probing sea-quark TMDs and the Sivers effect Forhad Hossain

8092/1-D20, CERN 13:25 - 13:60

LHCspin: Polarized fixed-target physics with LHCspin: prospects for Drell-Yan and TMD studies
Luciano Libero Pappalardo

Prospects for Drell-Yan and hadron-structure studies at J-PARC Wen-Chen Chang

892/1-D20, CERN 14:15 - 14:40

COMPASS: Polarized pion-incuced Drell-Yan at COMPASS: status of the TMD sign-change test Dr Bakur Parsamyan

892/1-D20, CERN 14:40 - 15:05
AMBER unpolarized Drell-Yan programm highlights
892/1-D20, CERN 15:05 - 15:30

From COMPASS to AMBER: polarized-target capabilities and future measurement opportunities Norihiro Doshita

892/1-D20, CERN 15:30 - 1555

https://indico.cern.ch/e/comap20 23
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Polarized Drell-Yan: from COMPASS to AMBER

Exclusive possibilities at the M2 beamline (AMBER)
Unique access to valence PDFs with pion beams

Important complementarity to the sea-quark sensitivity
of pp! measurements

Sivers and Transversity TSAs in DY and J/y channels

o Definite answer to the sign-change prediction via
measurement of two TSAs <

o Accessing 1D-2D kinematic dependences
Access to m and proton BM via v from the same data

o Verifying theory expectations for BM TMD PDF
(collinear and TMD parts)

o Sizable transversity TSA — non-zero 1 BM
Improved mass resolution — access to y' and Y mesons

Cross-section studies with NH;-He
(x-check of COMPASS/AMBER)

Checking the expectations for the Pretzelosity PDF
Accessing twist-3 distributions in Drell-Yan
o In SIDIS higher twist effect are often quite large

Sin(2Q_ .~ @)

AMBER groups interested in polarized physics
o Interesting potential for target system development

» New polarized target magnet system
o Many possibilities for common projects and studies

For details, see Kun Liu’s talk

27 October 2026 B. Parsamyan
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* Recent SIDIS highlights from COMPASS
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Hadron multlphcltles h* = and K* (2016 data) L5580
collinear TMD @

A set of complex corrections:
* Acceptance, rad. corrections,
PID, diffractive VMs, etc.
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New radiative corrections (DJANGOH)
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Hadron multiplicities; h*, &* and K* (2016 data) A5

collinear y TMD @
[0 ((re (“)’
A set of complex corrections: 160 COMPASS proton data _ COMPASS preliminary
. . & preliminary
* Acceptance, rad. corrections, vz N N ™,
L . *s "
. . . L} .
PID, diffractive VMs, etc. . i ek e} U
N 107y 1 r ¢
S X<0.01 s 0o1<x<002 | oo2x<003 | 003<x<004 | 0.04<x<0.06 - . . . . . .
3 3.0 2 3
4 o o - - N N, N, P3 (GeVie)®
: : : : : 0 e, LR % -
. . . . . . . q... virtual photon
T + . 10k ® . . . .. k... scattered quark P P
% % s . . . . . Pp... from fragmentation P‘r
S “-s..._ \"\~,‘_. .""\\.‘. .""%5“‘ 10k . - P..ougoing hadon =" =~ _
T — e——  ———— ] ——— k
5 P ) : b \ : e n n b n : .. " n L TS ; . I[ : 1 ; l i
‘% 3 0.06<x<0.10 r 0.10<x<0.14 r } 0.14<x<0.18 r x>0.18 r Cohsmisnﬁnpar:)ymn data P;F‘ (Gch{,‘): Pf (GCVfC): Pf (GeV/e) 2 q
1. » s L s - 0.003 0.013 0.020 0.055 0.100
. ¢ ty i I
| S ' e ' g1 | @Gevier o
0-__._”“""\~.-.___ “'"'-\ss»._ .""'-'--..,_-_ -.‘""'-’.'.s_ paeees ,0—3\:-.'\:.
072 074 0?6 013 072 0?4 UI‘G UIB 012 074 UTE UTS 0'2 0!4 015 UIB 012 014 0?5 UTS 81 QGeVtcy I
z z z z z 15 0.3< 2 <04 10 ‘\
5 : : i e,
Sy x<0.01 ¥ 001x<002 [ 002ex<0.03 [ 003x<004 [ 0.04<x<0.06 81| €' (GeVier :
© s ' ' . 16 04< 2 <0.6 |n"\ \
0'“'._ L. . - ) : : o,
.. = .. L. .t d’M':‘ q1] CGeviey
o Tl FL SN P L ary i6 v -<s  COMPASS deuteron data
N T e --'.'.‘.-.._ -.-.-.'.'. -_‘,'.-_ IR AT 3 "( o . PRD97,032006(2018)
: " n L N N L N " an N " i N . . 10 dzdPiy 16 |
N < 7 o
io'ﬁ' 0.06<x<0.10 0.10<x<0.14 [ 0.14<x<0.18 [ x>0.18 [ COMPASS proton data i - ’ 1 &Mt ,\::. \h. \. \"-ﬂz.
RN { I preliminary L7 0E | 10 dap 10 . t
2Py 0.3
04, b | i || I K m_:\ - i ; | == =
! t K 03] [ E
o " b | |' i N ii ! Vo s 17 (: ](rt\‘ \" N \l-.\h \: \,
[ LI ' 1 "= 107 . . s .
------ . Teell K L : " 107 ML Geviey® o3 — —
O e T — T e T e T 0.003 10 osf—] 3| &dP,
— 1.7 [ == 123
012 ﬂl4 0'6 Ull DIZ 0'4 [)15 Gla []l2 UI4 016 013 012 = 0'4 = Ole UIS 0'2 0‘4 y 0'5 ! ’ 1 ]()-i \ \.. \. \_ \_ \"
z z 107 : ° - i -l;
0.003 107 05| —
/ g - 123
New radiative corrections being applied i T NNNONON
10 . e o H ‘i . .
Multi-D is crucial to explore all features of PDFs and FFs 1o =
123 123 123 123123 x
27 Octobel’ 2026 B Pa rsa mya n 0.003 0.008 0.013 0.020 0.032 0.055 0.1 0.21 0.4 27



Hadron multlphcltles h*, and K* (2016 data) L5
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Hadron multlphcltles h*, and K* (2016 data) A%
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Hadron multiplicities; h*, 7* and K* (2016 data) L5
collinear S
A set of complex corrections:
* Acceptance, rad. corrections,
PID, diffractive VMs, etc.
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Hadron multiplicities; h*, n* and K* (2016 data) .55

collinear @
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Cahn effect in SIDIS: Diffractive VMs contribution
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Cahn effect in SIDIS: Diffractive VMs contribution
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Spin Density Matrix Elements from photon to a VM

lepton-scattering ¢/
ll‘ q) *
b
A AWAWAWAWAWAWAY

Y W<

production plare

Spin Density Matrix Elements.

* SDMEs describe the spin state of a produced vector meson
for example p°, ¢, J /1.

* SDME:s tells how the spin of the virtual photon is
transferred to the vector meson, and which helicity
amplitudes contribute to the production process.
SDME:s are extracted from angular distributions of the
decay products and provide information on helicity
transitions, natural/unnatural parity exchange, and s-
channel helicity conservation.

* SDMEs are not cross sections themselves; they are

normalized spin-observables describing the polarization
and helicity structure of vector-meson production.
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Spin Density Matrix Elements from photon to a VM
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Cahn effect in SIDIS: DVMs COMPASS, EPJC (2023) 83 924
do

- «p® compass, = p"HERMES  SPDMES
= | L 0 % 0
dXddedpl%d¢hd¢S r((?, _ AL —>pL, T Pr - -
2 2 Iml, g g v* — pspin
a Rer)y g il 0 . 0
RYCS [1 v Lj (Fovr +&Fu,) | Mg open oot = | components
w0 2(1-e) 2 oy G
’ Re r% | C: * 0 ..
X((1+2e(1+e) 450" cosd, +...) Redlg[ O N
. \ / " :%)2 i ¢ -
Y "})0 I - il g
Cahn effect mrio| ::__. 5 10000 %~ 21 +2,<0.95
Too e Q
! (x, k3) fil D:y - pl H
nmnbg’%emity | : 5000
Im r|7,, S &5
: s |
. . . . . r(ﬁl Cox =' O L
As of 1978 — simplistic kinematic effect: W EN o - 0 0.5 b
- . 1 1 Imri | =: _—= i e e s b = Sl = =

* non-zero k; induces an azimuthal modulation S
\ SDME value

€‘V' » 2 b,

isible” hadron pairs ~" .. .
«  Both hadrons reconstructed VM ‘contribution “amplitudes”
. '_2:% 1~ COMPASS preliminary up—whh o h' data
* Removed by selecting: z,=z,,+z, <095 < = oscmGeviey< 5 h" HEPGENp”
05 My > 1.04 GeV/e? v ."ﬁg : ﬂ- ?{d};‘;}GEN p’
0_ o & & w % & g‘ _____________ ’4“‘;‘ o
— ¢
r o
-0.5 ‘ “ a. ‘ ” :
107 107! 0.2 0.4 0.6 0.8 0.5 1
X b4 P (GeV/c)

Only “average” SDMEs are implemented in HEPgen
They seem to describe the data well
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Cahn effect in SIDIS: DVMs COMPASS, EPJC (2023) 83 924
do

«p” compass, = p"HERMES  SDMES
= | L 0 % 0
dxdydzdp;d¢hd¢s r((?, _ A= pL, Yo Pr - -
2 2 it [ O et et v* — p®spin
a Re \'ﬁ() . . * 0 * 0 '.
75 ly [1 + 72/—} (Fvr+eFu,) g [ gl ST S | components
00" 2(1-e)1 2 o %
: Re r‘ﬁ, | C: * 0 io
X((1+2e(1+e) 450" cosd, +...) Redlg[ O 5%
: N\ ) T r;” L e = I COMPASS preliminary, jtp — p'h* h™X
' 00 e ® | 94000 Fp, € 05,10 GeVIE, My > 104 Gevi
Too - =]} + —data - -- HEPGEN —— LEPTO
Cahn effect tm rjo | ::_‘ Z3000 "
f1q (x, k%‘) ’3' L Dy pr iE 82000':
number density . :},‘ » 5 [
() foueh B8 1000
:%ll I *;x 0:
. . R . . X = = —-10
As of 1978 — simplistic kinematic effect: W EN o -
- i i : = > |
* non-zero k; induces an azimuthal modulation S
\ SDME value
“V' . 29 b,
isible” hadron pairs ~ : :
VM corrections, applied
* Both hadrons reconstructed e b 1ons, II)P
. . o N preliminary fip — @ unsub&no cu
* Removed by selecting: z, =z,,+z,_ <0.95 200} 3 = unsub
0'_ .......................... e e
.. . ¥ v o - Veggse v ""h
“Invisible” hadron pairs —0.05¢ A Wi ) ‘e
. —-0.1F ) _F . . e F ) |«
* Only one hadron out of two 1s reconstructed = oub o h X J——
. . 8 i ; E o unsub
« Subtraction done at the level of ¢, using < 0.05} : 7 b
simulated HEPGEN distribution for VMs I I I I ik 15 - B e
- ~0.05F 2 . :— . .
* HEPGEN and Lepto are normalized to the data " ] b “
using E_. . distribution, SIDIS tail is subtracted 1072 10" 02 04 06 0.5 1
x z P, (GeV/c)
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Cahn eftect in SIDIS: DVMs and RCs
do

dxdydzdp’d,dg, RC corrections, applied
5 5 2‘: 5 0.05-COMPASS preliminary flLp — ' h* X e RC  onoRC
a J Y QQ:D F s
2 P (FUUT+8FUUL) Of-z----mmmmmmmm - N ShGREEEEEEEEEEEEEE R o TSCEEE L LT EE LT P R
xQ* 2(1-¢) | 2x ’ ’ Y . ., .., o [ “tee
| ~0.05F e LT E Tte.
(1426 (1+£) A% cos g, +...) ok 1 i e
N ~ / ‘3}005: upoWh X "eRC  onoRC
s 5 0.05¢ 5 C
Cahn effect < 5 ' . !
T 12 ] oo ] Y
Nt SR IR E T S e S YU
(4 ‘ —0.05F o | I % o 0O
1072 100! 02 04 06 0.5 1
. C a1 . ’ Ox b4 P, (GeV/c)
As of 1978 — simplistic kinematic effect: llustration of QED radiative effects
* non-zero k; induces an azimuthal modulation :
10° 3 Born / no radiation

—— with QED radiation

As of 2023 — complex SF (twist-2/3 functions) i
* Measurements by different experiments fomn
* Complex multi-D kinematic dependences

* So far, no comprehensive interpretation
* A set of complex corrections:

» Acceptance, diffractively produced VMs,

radiative corrections (RC), etc.

» Strong Q? dependence — unexplained

* Do not seem to come from RCs 08 ol aw, . aw, .

« Transition TMD <« collinear regions? T e g

Bremsstrahlung is mass-suppressed. Since m, >> m,
QED radiative effects are smaller for muon beams.

10 event
migration
—

>

initial/final-state
photon emission

E radiative tail ] =
L final-state radiation

Radiative effects can distort
measured azimuthal modulations, |
including unpolarized asymmetries. |
Example: hadron azimuth ¢, |

dN
g,

Born / no radiation |
—— with QED radiation |

rad./Born

Unpolarized asymmetries:

0.2 0.4 0.6
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A21muthal effects in unpolarized SIDIS: HERMES

HERMES PRD 87, 012010 (2013)

uu
=
+

dxdydzdp§d¢hd¢s

o~ ] aep -ehX
c‘i’ 0.05f _:- 1 {sed sehx
2 2 8 [ ]
(04 y Y ~ S S S SRS,
1+— | |(F,y, +€F ~ O : i
R o R T DT
X(1+.2e(1+&) A" cosd, + e A7 " cos2¢, - 3 : e ' = ' ' ' ' — ‘
ﬁ 0.051
; A
: f“% ----- bobopfdpdo =
-0.05F 1
107 04 06 08 04 08 02 04 0608 1
X y z P, [GeV]
§,§ 0.05¢ ¢ , - st g 3 : : Boer-Mulders effect
2% SERT I T 1 PP A S 4_7_._1:__;_'__*_____9 ______ 4.|  Collins-like behavior
f .t ey Elnliag 8 & : g . § (h*h™ - mirror symmetry)
—0.05f y 8 f I‘

Boer-Mulders-Collins effect |
Boer-Mulders effect + twist-4 Cahn effect

Boer-Mulders PDF Collins FF

2(h-py )ik, ) pT\ +[%)2C _2(iz-kT)2—k2

cos2¢, __ lgrylh r
Foh = - hH

h
> fqulq +..
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dxdydzdp’dg,de,

Azimuthal effects in unpolarized SIDIS: COMPASS
do

Target spin independent part of the
2 2 . .
a : Y 1+7- ( Fo, te FUUL) cross-section: three asymmetries
xyQ° 2 (1 — 8) 2x ’ ’
X(1+2e(1+2) A" cosg, + e A " cos2¢, + A,[2e(1— &) A" sing, +...)

Beam-spin asymmetry
higher-twist effect

~

| ;o M G . B
Fh = 2ﬂC _hepy erllqh +—L f 1+ hky ngqDlhq +%hfq g
0 M, M o M M

z
Complex structure function involving twist-2 ad twist-3 functions

¢h

. 5 0.1<P;/(GeV/c)<1.00 F0.1< P./(GeV/e) < 1.00 r 0.2<z<0.85
'<7><C—1 005_ 0.2<z<0.85 _ _ }
) [ [ i
0;______:i___t__g--é---*--%_;__.;;_!_i_i#_i ________ ARHARL - i
-0.05} : i
102 0! 02 04 06 0.5 I
X Z P, (GeV/c)
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Azimuthal effects in unpolarized SIDIS: BSA CLAS12

dxdydzdp’dg,de,

Target spin independent part of the
a : y? 1+ j (Fpus +2F,0,) cross-section: three asymmetries
xyQ ( ) 2x ’ ’

X(1+.,2e(1+2) A% cosd, + £ A" cos2, + A,[2¢(1—&) A" sing, +... Beam-spin asymmetry
( ( )46 ' ' 1=e)dy ! ) higher-twist effect

‘model 1 —sum —-eH; ---g'D, model 2 —sum — eH; gD, model 3 — non-zero, positive trend
30.12F F T o ey = .
SO (P)=0t6Gev T (P)-039GeV L (P S 63 Ge;’ 1. Quite large at CLAS12 (lower Q?)
g3 0.08} cLasi2: PRLI2S, 062005 T E ¥ 1%,
% 0.04 + - R
ofF=—=% 3 i 15 )
o0ak ————— T~ e Largest VM corrections expected
s012f o —F ‘ &= I
WO F (P)=015GeV I (P )=037GeV I (P )= 057GeV |
£ 0.08F + B s & o CLASI2 [PRL 128 062005]
£23 L I 1 - ! t « COMPASS 2016 preliminary,
L i 1 T Q
0.041 = T ™~ o g
[ oot " " " - - 7(."' e L. = -7 E pof o m o
,,,,,,,,,,,,,,,,, = = 1 g 3
0_ L——ﬁ——ﬁ_\iﬁ‘_‘_k_ég\\\ RN "}FI I{II
~0.04f + 1 —— X oAt pRertiITro LR 1 __________ f ______ I
30120 (p'y014Gev T (P )-04 TN ]
W : =0.14 Ge + (P )=035GevV 1 (P )=066GeV . .
£5008¢ £ bl = 0.5 I
©0.04f + = P, (GeV/c)
0: ‘___'_‘_7__ \ T [ o . N’G\ [ o CLASI12 [PRL 128 062005]
_0-04: 3 Y — —~ — ] % 10k L [« COMPASS 2016 preliminary]
L I T ‘ - ‘T =] ] [
30.12¢ T (P.)=0.55GeV -1
1T ix S g = f i
/;: E IDN [ I:Il:‘l._,n""rf| [ e+ s0 @ @ ™ @e0s 0 P O g » O & Heebenen*p ®o o g
P e g | E ) a L ) ) . ) )
10 107 10! 02 04 06 0.5 I
I ] X z P (GeV/c)
02 04 06 02 04 06 02 04 06 S
z z 7 CLAS12 results are not corrected for the VM contribution
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Azimuthal effects in unpolarized SIDIS: COMPASS @
do

2 =
dxdydzdprdg,dgs Target spin independent part of the
2 2 . . .
a : Y 1+7- ( Fo, te FUUL) cross-section: three asymmetries
xyQ° 2 (1 — 8) 2x ’ ’
X(1+2e(1+2) A" cosg, + e A " cos2¢, + A,[2e(1— &) A" sing, +...)
s 'COMPASS preliminary | 2016 proton data [ eh_ . COMPASS preliminary
o = L L - e r SU,
S 2 0.05F - up—ouhX o b NEW S 003 mDVMeon | DVMpol
q: i . i e} - agf B vx
0:—-."".'";"'. """" o " :“'.i'f"'.'.".'."."". """" j‘"'}'f".' """""""" 0.02F 1 o :-g;);np
S~ - * Ll Ey ® [ =2 %4 o ¢ :
_0.05:_ | | [ ] -} L & P .| _ ] oy . . 001
<= [ I i <" L
£ 200 4 — d Z— o
: ’ ¢ ¢ SR IrYXN
[ s ¢ ¢ ] ¢ I ¢ ¢ I
0:"il Er"!"'m“"a """" L .;:“;'é'ijiﬁ """"" +':“ "i"g """""""" -0 0005
: B " @ # @ : B 8 g s 8 ]
—0.05F y B i
S O.I;IE’T/(GGV;"C)< 100 0.1< P,/ (GeV/c) < 1.00 02 <2< 085 E 0.02
mﬂ:._] 005_ ‘0.2<<,<0.85 _ * * % _ * 0.015
0;______?___i_-i--é--_g--%_;.-.;;.!.!'_'l!% _____ p { _;__i_iﬂiii_*__% ______ i ool
—0.05¢ 1072 107
102 100 02 04 06 0.5 I *
X z P, (GeV/c)

Finalizing the analysis, dedicated paper is in preparation
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SIDIS x-section and TMDs at twist-2
do

dxdydzdp’d $,d g, - All measured by COMPASS and HERMES L

2 2
o Y /4
|:ny2 2(1—8) [1+g):|(FUU,T +8FUU,L)

+.,/2e(1+ &) 45" cos @, + A5 cos 24, p

[S—

G4 WA?;% sin ¢, X
+ 5, _WA§f¢h sing, + &A% sin 24, quark
: : - - .
+ S, 4 @ALL +WAEZS% COS¢h:| ......... ..... ,,,,,,, J

R number density Boer-Mulders
A51n(¢/1 #s) sm(¢ _ ¢ )
ur h S

+ gAfj;(rﬁhws) sin (g, + ¢ ) . ._..,..__,,

+S; |+ et sin (3¢, — ¢

helicity worm-gear L

nucleon

+ (26 (1+ &) 45" singy

| 2¢(1+ ‘9)14;11;(2%_%) sin (24, —¢)

N cos(¢,—4s ) Sivers Kotzinian-Mulders | b
(1—8 )ALT s COS(¢h —¢S) worm-gear T )

“pretzelosity

+ SpA|+ J2e(1—&) A" cos g

+ 26 (1= &) A=) cos(2¢, —
( JAir (26,45 )_ I spin of the nucleon ’ spin of the quark ’ Ky

27 October 2026 B. Parsamyan 43




SIDIS x-section and TMDs at twist-2: TSAs

dxdydzdp; idg All measured by COMPASS and HERMES £
2 2 h
a J Y
|:ny2 2(1_8)[1+;j:|(FUUT+8FUUL)
1 P
X
A e £ @D/ Sivers
A" o h @ H' | Collins [, 705
- - sin(3¢;,—¢,) .
A" sin (4, - 4;) Ay o<hy ®H, Twist-3
- N gAsm(¢h+¢S sin(¢h+¢s) Asm(¢) Q (hq ®HJ_h +Jp1J_q ®Dh + )
+ S, |+ gAsm(w’ ~s) sm(3¢h —¢S)
+ 26 (1+ ) 4% sin g, A ) ot oc O (h” ®H,"+ [ @D/ + )
L2 P sin(24,-45) | A o gt @ D,

(1—5 )Az(}“(’ﬁ’ ) cos (@, — o)

+ SpA|+ J2e(1—&) A" cos g

n ,28(1 8)ACOS(2¢h ~ds) COS(2¢h _¢S) ACOS(2¢h ¢) Q (ng ®Dh )

P
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SIDIS x-section and TMDs at twist-2: TSA
do

All measured by COMPASS and HERMES

ll

dxdydzdp}d@,d g,
2 2 h
a Y Y
2 I+ (FUU,T+8FUU,L)
xyQ 2(1—8) 2x
: P
X
rh
FUT¢ :Zﬂc{[xfqulhq_%hq qJ
. GJJ’I Elh
g T |
h
[ sin(¢ 7¢) o 7] FSiU(MF%)_ch 2(’;kT)2_k; Lth Mh hlq I:I: H
AUT h— %S Sln(¢h _¢S) ur _? T xT lq_ﬁ 17 7 TWISt-3
+ e A) gin (@, + o ik )= p. “ 1 -
X9 ¢ Ur S (¢h ¢S) _2(h pT)(h kT) Prky B % q Gqﬂ h”H”’—% iqDLM
S 4sin(31=4s) (3¢ ¢) 2MM My T & T\ e T
+ + & " sin — '
T Ur h— ¥s
1 . cos g 2M M Eh
+ (26 (1+ &) 45" singy F7 =?C{—[xg?%+ﬁ’h" 7”’}
sin(2¢,—ds) - ALk 51k
+ 2e(1+&) 4 7% s1n(2¢h —¢S) | +Z4-A/;T Mxeméh_%g% Dy ]J{xe;q%u%ﬁq iﬂ}
—————— e e £ A z z
o2 cos(¢,~¢s) _ - 2 5
(1 & )ALT COS(¢h ¢S) cos(2¢, ¢ ) 2M 2(hkT) _kZZ. 1g yh Mh L E:
FLT P =—=C I — 0 S Dl +_thq_
COS¢ Q 2M g M z
+ SpA| + 426 (1—&) A" cos g
2(h-p )(i,k )—p -k Y, P M Gl
cos(2¢;,—¢y) ( T T ror My e, My g Ye
+ 2e(1—¢) 4,7 """ cos(2¢, — ¢ ) ¥ SN xepH,! ==k gly = || xerHy + ok iy =
i J—
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SIDIS TSAs: Collins effect and Transversity ®@

do ( . +8FUU,L){1+"'+ Sy e sin (g, +¢s )+ }

o F
dxdydzdp>d¢,dé v
A * Measured on P/D in SIDIS and in dihadron SIDIS
* Compatible results HERMES/COMPASS
(Q? is different by a factor of ~2-3)

h

sin( g, + ’;
FUT (9eds) = C|:_—]\/IPT /’lquléh}

* No impact from Q?-evolution? Clear signal at STAR energies
» Extensive phenomenological studies and various global fits by
different groups

JAM PRD 106 (2022) 3, 034014
0.6

Boghone et al PLB 854 (2024) 138712
: o0 .’:\ N _WG‘(L; ] M. Radici and A. Bacchetta E 0.4
) i = PRL 120 (2018) no.19, 192001 S o02f
5 ] " oof . . . .
| (| —— S—
501 P\ Nt
< ) y ST e Radici, Bacchetta ‘18
8 —02p™ —-:= Benel et al ‘19
—0.3F d -== D'Alesioet al ¢ 2(]

1 1 1
0.2 04 0.6 D 8 -’E
JAMDIFF (no LQCD) w
0.47JAM3D* (no LQCD) h Y
(}.3.Ratli(:i. Bacchetta (2018)

At u

0.2+
0.1+
0

0.05 JAM, PRD 10

4) 3, 034024

Ard

' i d,
X ~0.15} . xhy”
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SIDIS TSAs: Collins effect and Transversity ®@

d sin( ¢, +¢c .
dxdydzdp(zd¢ g oc (FUU’T +5FUU,L){1+...+ S; gAUT(cﬁh és) Sm((/ﬁh +¢S)+,,, }
i * Measured on P/D in SIDIS and in dihadron SIDIS

* Compatible results HERMES/COMPASS

F;iTrl(¢h+¢S) =C hpr hiH,' > i 1
M (Q? 1s different by a factor of ~2-3)

h

. * New deuteron data crucial to constrain d-quark transversity

| #2022 hep-ex/2401.00309 | CcOMPASS °LiD data L ht
0.05 22002-04 (NPB 765(2007)31) | PRL 133 (2024) 101903 [

_ | } o - . ] - PRL 133 (2024) 101903
=3 LI S0 Sr-TC-IP S S C o9 o o Lloor ed ] -
0:{%'},“5”'}: Yebpe ¢ } {':{»{,'}.}f ¢ } 021 %

0.4

Xhl

_0.05 -_ -_ 1 l 1 1 -_ 1 | IR T | | » 07_ _______ { (]ls+ _______________ .% ___5?;____% ____________________________

42022 | ~70% of the 2022 sample | h~ 1 i % +
0.05 | 22002-04 (NPB 765(2007)31) [ - Y

I _ _ . T eu

= FoA g 4 I *A i - | % A A } " d

3 - A}A Y Lk I\ 2 k] B L L

icu Of';éi‘_‘;?}" 7777 L*}Ai&}f ’’’’’ *;‘k‘?‘%{‘¥+ ””””” o 1072 107!
A

! - X
s } o Point-by-point extraction framework

_0.051 i I — A. Martin et al. PRD 91, 014034 (2015)
10_2 — 10_] b 02 : 04 : 06 : 08 S 05 — " S '1‘5' A. Martin et al. PRD 95, 094024 (2017)

X z P (GeV/e)

COMPASS 2022 run — highly successful data-taking!
» 2nd COMPASS deuteron measurements conducted in 2022: unique SIDIS data for the next decades
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Dihadron Collins effect and Transversity

d’ o _
dcos@dMp,dgrdzdxdydes

2
2mQ=y q

.-y e PPl Ging singrs h) HE, (2, M2, cos@))
q

9 2Mpp

2 2
o X
((1 —y+77) ) g fi®) D1g(z My, cos6) +

E4

-

Sin ¢Rs .
AUT -

2 14 2
Py — Pyl 2oq €8 {0 HY (2, M, , cos6)
2Mhn Zq 65 f1q(x) D],q(z, Mﬁh’ cosf)

© e 2022 (~70%, preliminary) [ COMPASS °LiD data |
0.05 0 2002-04 (PLB 713(2012)10) B ~70% of the 20?2 sample ' oy | / /
B i % % l Just published by PRL oy
&7 i 1
Do leisd] gy
s = B
D i 1 o %
< - ?
—0.05 =
: [ —— — — [ —]
| Ll PR I S SR NN AN SRR SRR SR NN Y TR S M S
1072 107! 0.2 0.4 0.6 0.8

X

COMPASS 2022 run — highly successful data-taking!
« 2nd COMPASS deuteron measurements conducted in 2022: unique SIDIS data for the next decades
* New results — dihadron Collins-like asymmetries

* Access to collinear transversity PDF; Non-zero trend at large x
» Precision comparable with proton results

27 October 2026
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COMPASS data: access to collinear and TMD transversity
COMPASS PRL 137 (2026) 171903

« COMPASS 2022 °LiDdata | h*h . Just published by PRL

0-05_— MAP [0JaMm @MP, [ }

(A: TJ sinB)
=
|
L
'1
‘e~

g I .
_0.05- f L L
F 3 [ - =1 I —

1072 107! 0.2 0.4 0.6 0.8 0.5 1 1.5 2 \
x 4 M, (GeV/c?)
COMPASS PRL 133 (2024) 101903 Just published by PRL

02022 COMPASS “LiD data b’ COMPASS PRL 137 (2026) 171903
0.05 -2 2002-04 (NPB 765(2007)31) | - .
i | : = C
— ! } [ _ : - 0.2F 1‘1[?2' e dihadron
a5 ol- 1409040 0. 4 . L _f.i : - © Collins 0
: | | - ¢ i &
005 m——t [ —— | ——) a 0: ; L %#ﬁ o
L 42022 ' h™ A _0 1:_ ; I 3
0.05 _-.-xzuuz-ua (NPB 765(2007)31) [ i I r
L . {‘ I },\ T A ' { —02F xﬁf' A dihadron ;
s PR b e s Mg - 4 Collins
S o Fegerpb LRt A s O
A :] R S S S PR B P S % 1072 107! )
1072 107! 02 04 06 08 0.5 1 1.5
x z P, (GeV/c)
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SIDIS TSAs: Collins effect for K° @@

0 S| @, +@g
dXddedp2d¢d¢ (FUUT+8FUUL){1+ .+ S gAUT(¢ é) Sln(¢h+¢5) }
B * Measured on P/D in SIDIS and in dihadron SIDIS

* Compatible results HERMES/COMPASS

F;;?(¢h+¢s) =C| - h- pT hquJ_h . :
M (Q° 1s different by a factor of ~2-3)

h

* New deuteron data crucial to constrain d-quark transversity

0.3 X103 o P 400 o ><]03
g MY COMPASS preliminary 7 = 1021 COME ASS prelnmomary £ | COMPASS preliminary
L N F : S L 61 - 0
8 I ()LID Data 6 % - 2022 LiD data, K 51 6ok 2022 "LiD data, K
v'— = [
Y NOJ

10}

bl e ST 005 th*h_AoJ.;):s (Gew:szo)'l
0 2; 2022 preliminary 7 COMPASS °LiD data 7 K’ New!
"1 ©2002-04 (PLB 673(2009)127) C
w 0.1 % - % % - %
< z : §% : 0
L S R e RN
L 01 g :
- Update for DIS-2026 i B
B ol L Lol L L L 1 L I TR B! L 1 TR R B ! L | 1 1 L | 1 1 L 1 | 1 1 L L |
1072 107! 0.2 0.4 0.6 0.8 0.5 1 1.5
X z p.. (GeV/c)
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SIDIS TSAs: Kotzinian-Mulders asymmetry ®@

do
o (F, . +¢&F {1 Fot AS, J(1= ) A7) cog }
dxdydzdp§d¢hd¢s ( uu,T UU,%) i ’ T ( ) LT (¢h ¢S)
' ¢ rez>0.1 raz>0.1
0.1-c 0.1<z<0.2 o 01<z<0.2
F:]?S(¢h_¢s) —c| 22 h k > E ° ;3 0.2 +J+ ]Zl_> 0.2
M L 005- ++ [ : WH
B r i |
COMPASS/HERMES/CLAS6 results 005 e
Acos(Pn—0s) 3 | | ‘
LT s i 1 10 T 10
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SIDIS TSAs: Kotzinian-Mulders asymmetry ®@
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SIDIS TSAs: Pretzelosity TSA
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*  Only “twist-2” ingredients
*  p’-suppressed compared to Sivers and Collins
* The PDF is expected to be small

* Small, compatible with zero asymmetry

COMPASS/HERMES results with proton target

*  Proton asymmetry is small (below 1-2 %)

* TSA is compatible with zero for both h* and h™
The measurements are compatible with models
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SIDIS TSAs: subleading twist effects
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New COMPASS 2022 deuteron data
* The asymmetry is compatible with zero within the uncertainties
» The measured amplitudes are below 1%
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* Complex SF, various “twist-2” and “twist-3”
ingredients, Q "' and other suppressions
* Expected to be zero in WW approximation

COMPASS/HERMES results with proton target
* Small TSA; signal at large z for both h* and h™
* (an large-z signal be induced by DVMs?
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COMPASS 2022 run: new unique deuteron data
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Conclusions

COMPASS - one of CERN’s longest-running fixed-target experiments @
* Around 20 years of data taking
* Arich physics programme covering spectroscopy, (SI)DIS, Drell-Yan, DVCS and HEMP
» Petabytes of data remain available for analysis
Broad and distinctive kinematic coverage
» Access to low x and relatively large Q2 — competitive domain for at least the next decade
* The highly successful 2022 deuteron SIDIS run is yielding many new and distinctive results
Strong complementarity with the JLab high-luminosity programme and with EIC
 COMPASS provides a broad set of measurements in a complementary kinematic regime
* Growing interest in knowledge transfer, joint analyses and collaborative initiatives
Since 2023, COMPASS has entered its Analysis Phase — Four new groups have joined
» The COMPASS spectrometer has been transferred to the AMBER collaboration
AMBER has already started its experimental programme
» First data taken in 2023-2024 for antiproton production ‘OUG
* 2025-2026: proton-radius measurement pilot programme
* Phase I foresees distinctive Drell-Yan measurements after LS3
A long-term AMBER physics programme is now being developed
* Collecting inputs for the Phase Il proposal
* An EOI for a polarized Drell-Yan programme at AMBER is now also being prepared
LHCspin — bringing polarized fixed-target physics to the LHC L‘\I/‘,I\‘ C
* Building on the successful SMOG2 programme at LHCb Spin
* Development of a polarized H/D gas target, with a staged R&D and implementation programme
» Unique opportunities to explore quark and gluon spin structure at unprecedented FT energies
* Strong complementarity with COMPASS, AMBER and future EIC measurement

Thank You!
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3-D structure and QCD
Extraction of 3-D parton distributions

Partomc structure beyond s1mple dens I.lcs E

Correlations in Partonic and Hadronic Interactions 2026
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Laboratorl Nazmnah dl Frascati Organizing Committee: H. Avakian (JLab, co-chair), A. Bacchetta (Pavia U.), C. Flore (Cagliari U.),

https://indico.cern.ch/e/CPHI2026 L. Gamberg (Penn State U.), B. Parsamyan (AANL, INFN, CERN, co-chair), A. Vossen (Duke U)
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