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Nucleon spin structure: TMD

* 1976 large transverse single spin asymmetry in forward = production ~50 years
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Nucleon spin structure (twist-2): collinear approach «->TMDs
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* PDFs — universal (process independent) objects; T-odd PDFs — conditionally universal

Longitudinal momentum
kt =Pt
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Nucleon spin structure (twist-2): TMDs

I - spin of the nucleon; * - spin of the quark / - ky
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SIDIS x-section and TMDs at twist-2
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Single-polarized Drell-Yan x-section and twist-2 TMDs

dO_LO
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SIDIS < Drell-Yan sign-change of the
T-odd TMD PDFs

Fundamental quest: COMPASS, STAR, SpinQuest, LHCspin, etc.
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Polarized SIDIS and Drell-Yan: universality

Semi-inclusive DIS Drell-Yan process
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Polarized SIDIS and DY — factorization and kinematic regions

Semi-inclusive DIS

High q;— Collinear factorization
Low q; — TMD factorization
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Drell-Yan process

T-odd TMD PDFs
C——)

sign change

High x — Current fragmentation
Low xj — Target fragmentation
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Polarized SIDIS and DY — factorization and kinematic regions

Semi-inclusive DIS
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Polarized SIDIS and DY — factorization and kinematic regions

Semi-inclusive DIS

T-odd TMD PDFs
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Main TMD tools — universality and synergies

Semi-inclusive DIS Drell-Yan process
# \s\./ o u
0 T-odd TMD PDFs
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Fragmentation Functions Parton Distribution Functions
Electron-positron annihilation pp, pA-scattering, jet production, etc.
X
N X p EO_R
e B P2
o ! hy
* q
’ q xP
h, » 1
- X
e X Pl

Hybrid collinear-TMD approach. The wealth of pp data allows studies of:
TMD universality, evolution, expected factorization breaking
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Main TMD tools — list of experiments (non exhaustive)

Semi-inclusive DIS

ye74
1S

Jefferson Lab

claSH SeLID

Drell-Yan process

ep{&j E Jefferon Lab @ 22 GeV

Electron-positron annihilation
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pp, pA-scattering, jet production, etc.
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COMPASS-AMBER-LHCspin FTs at CERN

ECAL2 <

(7 W HCAL2
\ ! M nd Baryon

N s -
sM1 \~\‘ N g By 7
Polarized &g ! =

T/L Polarized target

Ht D
—9— -Q0-
|

=
TT—
COMPASS-AM

- —
-————
TN v —————— —————————

= -

—— Y — Lo o
- —
— —

_______ I
---------------------- i
I
physics incommon __—g& 7 o S/ x
dimuon productioninhh =~ | . gpg &g MHCE :
____________ I
h |
i
I !
by
i T Point 4 (Echenevex) ] A -
. : <Az
N . LG - o
e . 100m_ -

11 June 2025 B. Parsamyan 14



COMPASS timeline e | == DI T LS

* 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

COMI?ASS proposal

Y

4 new groups joined COMPASS in 2023-2024
UConn (US), AANL (Armenia), NCU (Taiwan), Bochum (Germany)
Interested to join our Analysis Phase? — Get in touch!

COMPASS Phase-II addendum

(d-quark 4, and PRI AMEBER)
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Pilot run Phase | Phase I1 Analysis
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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

COMPASS proposal

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.

o> COMPASS Phase-II addendum
(d-quark 4, and """ »AMBER)

Pilot run Phase | Analysis
11 June 2025 B. Parsamyan Phase 16



COMPASS Physics Program This talk

T X +

Nucleon structure

* Hard scattering of p* and n~ off
(un)polarized P/D targets

* Inclusive and Semi-Inclusive DIS

* Drell-Yan and J/y production

* Study of nucleon spin structure

* Longitudinal and Transverse

* Collinear and TMD pictures

» Parton distribution functions and
fragmentation functions

» Last COMPASS measurement:
2022 run — transverse SIDIS

Drell-Yan

N

Longitudinal momentum
kt =zP%

S
AN
CQ@Q@Q% Q?»%(‘?Q%
coMpass |
proposal Cg\ o
S SIDIS L/T
® O 00000000
F&FEF I FT LTSS
—
Pilot run Phase I Phase I1 Analysis
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* 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

COMPASS proposal

COMPASS Phase-II addendum
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Pilot run Phase | Analysis
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AMBER timeline

* CERN SPS north area — M2 beamline

* Successor of COMPASS

» Approved in 2019

Taking data since 2023

Phase-1 is planned to continue after LS3

search

36 institutions from 14 countries: ~ 150 members

New collaborators are Welcome!

Phase Il proposal draft
* Kaon-induced Drell-Yan and
COMPASS++/ ?MBER J/\l’ production
roposa .
CERN—gPSpC—2019—022 4 » Kaon-induced Spectroscopy
P&ABBY\Z\“% /QX &\}% ™ * Kaon polarizability (PrimakofY)
a A2 » \/ on & \G e  Meson radii measurements
Bﬁ& ? C}‘ \OQ ‘ZJ'Q .
Py\ o’ 2\ @@*%%,% Q&o &@6‘ Drell-Yan *  Prompt photon production
@ a?ig‘ QXQ» & @6& Measurements « New ideas are welcome!
A
F P& INFFPLFFIFIIIFIFILSFSFFISS S
g LS-3 ), LS4 LS-5
YT YT
. CERN Accelerator Complex schedule to 2041
Pilot run Phase I Phase 11

11 June 2025 B. Parsamyan 19

d Baryon



AMBER measurements 2023-2024: Drell-Yan »:
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X

® Chiral Limit Mass
Hadron mass bUdget ® Higgs Boson Current Mass

DCSB Mass Generation +
Wiggs feedback

n*, K* induced dimuon production:
Drell-Yan, J/y (and y')
» Study of pion and kaon PDFs
* Crucial input for the study of the
Emergent Hadron Mass (EHM)
* Possibility to collect unique
balanced n/n” induced DY data
* Measurement of A, p and v (DY, Jiy) = xos
Jhy production mechanisms (¢q, 9g9) = >..
Carbon and tungsten targets :
Improved vertex/mass resolution
Updated setup, new TL DAQ A

Drell-Yan

N

107"

— GRV (1992)

SMRS (1992)

I JAM (2018)

[CInasse

Valence

p = 9383 MeV/e?; M(uud) = 9.4 MeV/e

COMPASS++AMBER Py\g\a& LA FOPRN R

: — M.+~ 139.6 MeV/c2; M(ud) = 7.1 MeV/c?
W R S 02 04 06 08 1 n ’ a
proposal N @\a“&\“ \/', & Q&b\G X M+ = 493.7 MeV/e2; M(uS) = 97.3 MeV/c2
P»N\Bﬁ \ S F &
# i—‘ Q J Drell-Yan Phase-II (Drell-Yan)
F PN PPV SFFFFFILST S
\ LS-3 ), LS4 LS-5
v v
. CERN Accelerator Complex schedule to 2041
Pilot run Phase | Phase 11
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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
RICH
SM1

Polarized
Target

Muon-filter

% COMPASS
2 | HERMES
GV | CLAS 6 GeV
CLAS 12 GeV

Large-acceptance forward spectrometer

* Precise tracking (350 planes)
SciFi, Silicon, MicroMegas, GEM, MWPC,
DC, Straw, Muon walls

 PID - CEDARs, RICH, calorimeters, MWs

Various targets:

* Polarized solid-state NH; or SLiD

* Liquid H,

* Solid-state nuclear targets (e.g. Ni, W, Pb)

*  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

400 GeV Be

e h* beam: 75% 7+, 24% p, 1% K+ || 7o | rm K ‘\

from SPS pr K

* 160 GeV tertiary muon beams ~ 100 m

utorp 7'[+ K+ Target

/‘\\' poor PTE -

(Hadron absorber)

~ 600 m ~ 330 m | ~ 100 m |

» u* longitudinally polarized

11 June 2025 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) ECAL?2
Two-stage spectrometer LAS+SAS HCAL2
* Large Angle Spectrometer (SM1 magnet)

* Small Angle Spectrometer (SM2 magnet) &

EcaLl  oM2
HCAL1

RICH

SM1 \>

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

| .
- N Muon-filter s
PN B Microwave Cavity I 80 K Thermal Radiation Shields
[ Target Cells [ 4.2 K Thermal Radiation Shields
B0 Target Holder EE Dilution Refrigerator

[0 He-4 Separator

B He-3 Precooler

*  Primary beam - 400 GeV p from SPS
* impinging on Be production
target (T6)

190 GeV secondary hadron beams : —_—
> h™ beam: 97% =« % I Yo D AL =ty - il |
1] 1l..._.X 1 [Es = !

h* beam: 75% ™, 24% p, 1% [
* 160 GeV tertiary muon beams
* u" longitudinally polarized

i — =,
|| 2]
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AMBER Phase I: p cross-section, 2023 setup SIS

Experimental | Researcl h

Apparatus for Meson and Baryon Fxperimental P esearch

CERN SPS North Area (building 888) ECAL2
Two-stage spectrometer LAS+SAS HCAL2 p+He »-p+X
» Large Angle Spectrometer (SM1 magnet) p+H ->p+X
* Small Angle Spectrometer (SM2 magnet) & p+ D —» P+ X
ECALL b Muon-filter
HCAL1

RICH. SNa
SM1 \
Polarized §A '

Target

* h" beam: 60, 80, 100, 160, 190
and 250 GeV/c;
Intensity: 25-10° h/s
* Beam PID: 2 CEDAR detectors
* Target: He (2023), H/D (2024) ‘ —— |
« Data-taking ~2 months/year | ! =] T
* Dedicated trigger and beam-killer = °2- T N e p—————
p(Ges) Iz—k“l LT |

o
© Py
TTT

o
>
T

Beam composition

=}
IS
T

I E——
SyStemS 0 60 80 100 120 140 160 180
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COMPASS experimental setup: Phase II (DY program)

COmmon Muon Proton Apparatus for Structure and Spectroscopy

CERN SPS North Area (building 888) ECAL?2
Two-stage spectrometer LAS+SAS HCAL2
* Large Angle Spectrometer (SM1 magnet)

* Small Angle Spectrometer (SM2 magnet) &

EcaLl  oM2
HCAL1

RICH. SNa
SM1 \
Polarized §A '

Target

Hadron absorber

Nuclear target (Al)

MMO1

3 25cm
p downstream last

alumina layer

; Stainless Steel
1\ 20 cm

alumina

aluminum
box cover

*  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

| ! e ) )
n" beam: /0% @ 4% p, 1% K

- [
-80 b | ——vST————————
-50 L] 56 100 156
Z (cm)
Tungsten beam plug

|60 GeV tertiary muon beams

u* longitudinally polarized
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AMBER Phase I-II: DY program setup 000

Apparatus for Meson and Baryon Fxperimental P esearch

CERN SPS North Area (building 888) ECAL?2
Two-stage spectrometer LAS+SAS HCAL2
* Large Angle Spectrometer (SM1 magnet)

* Small Angle Spectrometer (SM2 magnet) &

EcaLl  oM2
HCAL1

RICH. SNa
SM1 \
Polarized §A :

Target

* Secondary h * beam: (z*, K=, p /D)
* Improved beam PID (CEDARSs)
* 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
11 June 2025 B. Parsamyan



JINST 3 (2008) S08005
IJMPA 30 (2015) 1530022 e~

LHCspin experiment

0.45-7 TeV
o T/L Polarized target
Ht D
LHC beam —0—» —O —
&
2.76 TeV

pp: Vs = 29 — 115 GeV =
Ap: /s = 72 GeV =t/
pp, Ap collisions

forward spectrometer Forward acceptance: 2 <9 <5

Tracking system momentum resolution
Ap/p =0.5%-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 30 2033 2035
LHC LS3 ? ol LHC LS4
SMOG2 installation of the L installing the
apparatus at the IR4 ‘ E target at LHCb
11 June 2025 See Luciano’s talk B. Parsamyan 26




LLHC spin experiment Channel Events / week | Total yield
. J/Y — ptp~ @' ! 1.5 x 10°
[aerV: 1 807.00603] DO - K—W+ 6.5 X 107 78 % 109
0.1¢ SRR AR R AR R AR R »(28) = ptp~ 2.3 x 10° 2.8 x 107
E 4<M,, <9GeV/c =115 GeV . J/ /Y = ptu~ptu~ (DPS) 8.5 1.0 x 103
0.05FdM = 0.5 GeV/? pp Vs © = J/J)p — ptpu~ptu— (SPS) 2.5 x 10° 3.1 x 103
- - Drell Yan (5 < M, <9 GeV) 7.4 x 103 8.8 x 10°
— = T —ptp 5.6 x 103 6.7 x 10°
- : Af - pK—7t 1.3 x 10° 1.5 x 10®
E_ _E 1020 El T || T T T T TTT Il T T T TTT || T T T T TTT | T T T mTTT I%‘
— 4 o e MA JLab6 lepton—proton facilities 1
C ] 10t EE O MJLabl2 jpap22 <
— - £ jorf Mainz — .
L 1 s ioep SLAC E
—0.2 ERCRIS O FCC-ep._
F eff. pol. P=0.8 = Bonn (RHIC) g1c LHeC Bk
_0.25—| s gl v by by v by o by g a a1y | EFETETET AT . 3 1014 g— p //f’,‘” E;
0 01 02 03 04 T0.5 06 07 08 09 % o) g e - ]
S qgiz . Bates(Int =
X 7 10%E atesing ™ compass S
. . 5 10 ] = E665 O E
Of course, the Sivers sign-change and much more T - HERMES EMC/NMC E
109 El 11 | 1 1 1 L1l I 1 1 11l | 1 1 1 L1l | IE
1 10 102 10? 10*
CM energy [GeV]
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 30 2033 2035
LHC LS3 LHC LS4
SMOG2 installation of the installing the
apparatus at the IR4 target at LHCb
11 June 2025 See Luciano’s talk B. Parsamyan 27
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Single-polarized Drell-Yan cross-section at twist-2 (LO)

s

~ E u
b = —— COMPASS 2015 NH, data
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5L € LO
% 10 E YNy e Iy (MC) dO' 1 2
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. 104 R ; = Open-charm (MC) dq d N
) \ 3 P
> F N -=--=- Drell-Yan (MC) 1 D ACOSZ(/J 2 N
~ I~ RIS Total MC + Comb. background cs
=~ 102 E N 1 + [sin2 0(3} U cos (DCS
fé) E _4“.“’{ i : )
= 2 [ Y 5 i c 2 sin2¢qg :
3 10% & s | + S, sin” 0. 4, SIN 2
. ; : o5 s
10 £ k 3 Wi X 9 A" sin @
E Lo -2 L sin(2¢0s—05) .z
4 6 3 10 + S; . A, sm(2(pCS — goS)
M Cie\//C2 |:sin3 HCS] Sin(Z(pCS +05) o
un € ) A sin (2¢q5 + @) |
0.25
0.30 . ' ' i L sin ?s Anselmino et al., PRD 79 (2009) ACOSZ¢CS oC hJ-C] ® hJ‘q Boer-MulderS
M. Anselmino etal. _ 4 _10Gevic ozZ—AT T Colingetal. PRD 73 (2006) v Lz L-p (T—Odd)
025/ PLB 770 2017) 302 T s e e gy rq o g
7 B : o 0O o , S i =
o] | losl o T A, oC fl,ﬁ ® f, T Sivers (T-odd)
£ 015 : . sin(2¢cs s ) Lg q
< C o cs —Ps Tran rsi
0.10 : S A, o h 'l ® hl’p ansversity
0.05 /'7__—\_51:\ -
0.05f 1} o ; .
, = ASCRocstos) o pla ) pla Pretzelosity
0.00 . : : : o == It T I,z 17,p
0.0 0.1 0.2 0.3 0.4 )
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COMPASS phase-II proposal submitted in 2010 (Drell-Yan, DVCS,...)
Predictions for a large Sivers effect in Drell-Yan and J/y at COMPASS — sign change test
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Sivers effect: Drell-Yan and J/y

Sivers DY TSA

sin @g q lq
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Q? (GeVlcy
B. Parsamyan

The Drell-Yan Sivers asymmetry tends to be positive (~1.5 s.d.)

\ COMPASS 2015 data 1455
Drell-Yan NH; :

Q’N(GeV/e)

Sivers SIDIS TSA

sin(¢, —¢;) Lg h
AUT ' C Jir ®D1q

COMPASS proton Sivers measurements
* Clear signal in the matching Q? ranges
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Sivers effect: Drell-Yan and J/y

Sivers DY TSA

sin @g q lq
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» J/y Sivers asymmetry is compatible with zero (within ~ 1%) =

* Access to small gluon TMDs?

11 June 2025 B. Parsamyan

Hint that J/y production might go via gg fusion in COMPASS?

E oast
Predictions for a large Sivers effect in Drell-Yan and J/y at COMPASS 3z o0

0.10f

0.00 : . !
0.0 0.1 0.2 0.3

0.05f 7/

XN
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Transvers1ty TSA Drell Yan and J/\y Transversity DY TSA
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Jhy Sivers asymmetry is compatible with zero (within ~ 1%) £ @0
Predictions for a large Sivers effect in Drell-Yan and J/y at COMPASS <

Jhy Transversity TSA is also compatible with zero

Hint that J/y production might go via gg fusion in COMPASS? 0050 — =
Access to small gluon TMDs? b
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3D unpolarlzed Drell-Yan CI'OSS section on NH3 and W
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* First new results in 30 years!
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AMBER - 7 *, K * induced dimuon production on C/W %% "

Expenmenla! Research

+ +
* Unique complementary measurements: « =, K T ut
K
* Cross-sections, pion and kaon PDFs
* Data for both collinear and TMD PDF studies
. '
* Drell-Yan, J/y and potentially y' channels N w
» Study of nuclear effects with C and W
© 25 C 2 [ ] NA3 extraction (DY =* and = data)
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AMBER - 7 *, K * induced dimuon productlon on C/W %0~

eeeeeeeeeeeee

vertex detector
\\% C C C
W W W/
-~ i
4 cm 25 cm 25 cm 25cm 4 4
Compared to COMPASS a

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

* Lower background — enlarge DY mass range T
» J/y and y(2S) studies { p
* Wider beam choice: 7+, K *, p/p, CEDARSs (PID) |
* Unique complementary measurements: z *, K * |
. . . -\
* Higher beam intensity (RP upgrades) — — -
» Revised spectrometer, Triggerless DAQ =S
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LHC — SMOG?2 early data — fantastic precision

]
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* Recent SIDIS highlights from COMPASS

11 June 2025 B. Parsamyan
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Hadron multiplicities; h*, © and K* (2016 data)

collinear
A set of complex corrections:

Acceptance, rad. corrections,

H

]l

. . N X
PID, diffractive VMs, etc.
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New radiative corrections being applied

Drafting started for a dedicated article
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Hadron multiplicities; h*, ©* and K* (2016 data) R

collinear

A set of complex corrections:
Acceptance, rad. corrections,

PID, diffractive VMs, etc.
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New radiative corrections (DJANGOH)

hep-ex/2410.12005 soon in PRD

11 June 2025

Diffractive VM production
* In DIS y* interacts with a single quark
* DVMP - y* fluctuates into a VM

* VM then interacts diffractively with the

nucleon through multiple gluon exchange

« DVMP correction: two MC samples are used
SIDIS
« LEPTO 6.5 MC (diffractive contributions off)
Diffractive p° and ¢ mesons
« HEPGEN generator

Diffractive events enhance at low x and Q?
* Pions from p° decay (at high z)

For pions maximum correction can reach even 50%
« Kaons from ¢ decay (0.4 <z <0.6)

For kaons maximum correction ~24%

for (z= 0.6 and Q% = 1 (GeV/c)>.
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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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<t
N

As of 2023 — complex SF (twist-2/3 functions)

\/ :
* Measurements by different experiments VM fractions

. . . E COMPA’SS preliminary o h froln visible exclusive VMs
* Complex multi-D kinematic dependences £ 03f MPOWRX a Lok
* So far, no comprehensive interpretation = o2 Vvisible a :
* A set of complex corrections: ok, e o L etes
« Acceptance, diffractively produced VMs, ,, Op=cm®tome o pomep®® oo b e
Lo . 2 0.06- IlOIl-VlSlblC [ . _h‘fr}(j)pl non-visible exclusive VMs
radiative corrections (RC), etc. £ g
= 0.04 F o 3
% 002p | - . :
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x z P (GeV/c)
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Cahn effect in SIDIS: DVMs COMPASS, EPJC (2023) 83 924
08 [ .. 04 04 F AL 1 - > SDMES
do— A: oo Airqg oF A:lm 4 0 .
- — 06 . " . " . o0zl o . Y* — P Spin
dxdydzded¢hd¢S oaf o P o4 e components
0 25 5 0 25 5 o 25 5
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Cahn effect e i aa N a T L L
q 2 2 0.2
h b(x:ikT,) C: oo C:Im 3, 025 F C: 15, s
number density 0 gy i 0 Ug- B ... L. LY S T
@ 2 g 02 g O
1 0.1 0.1
As of 1978 — simplistic kinematic effect: R N A pDiim 02 f D:Im
. . . T ™ S ..g®.. & ... ... . e .l BER_SEEPLTPERRE . 2 .
* non-zero k; induces an azimuthal modulation T oo T N
o 25 5 01y 25 5 01y 25 5 025 25 5
. . 2 F . .8 0.2 . .8
As of 2023 — complex SF (twist-2/3 functions) NPT R
. . ] L
* Measurements by different experiments AT I T
 Complex multi-D kinematic dependences oo e
. . . . 04 : o == 3
* So far, no comprehensive interpretation | =" 1 pE b2y E:lm g
. S S N
* A set of complex corrections: N FOUTTUTTOE R ST TOUIT IO RN SN TR
. . 0 25 5 o 25 5 o 25 5
* Acceptance, diffractively produced VMs, 02 [(GeV/cy]

radiative corrections (RC), etc.
Kinematic dependences of SDMEs
Measured (1D), not yet implemented in HEPgen
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Cahn effect in SIDIS: DVMs COMPASS, EPJC (2023) 83 924
do

- «p® compass, = o’ HERMES  SDMES
2 = m'A:y*—>p0, ﬁ—)pﬂl -
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2 2 Im f}j—l‘ I T — ¥ — pspin
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2 . uvu,T UU,L mr7,(, O (T — = -3
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- 3 1 : lmrf_[ i SeEea }:.:':"‘. S s S e e na e e e =
* non-zero k; induces an azimuthal modulation N S ——
\ SDME value
“V. . 99 .
isible” hadron pairs ~ .. .
«  Both hadrons reconstructed VM ‘contribution “amplitudes”
; '_Z:g 1= COMPASS preliminary Wp— W hh [ e h* data
* Removed by selecting: z,=2,,+2, <095 <  osm G ; o HEPGEN'
()'5; M > 1.04 GeV/c? - 5‘.‘ A h HJIEZ‘IIDGEN i
() o & & s % o - e % QA‘OA‘ o
1072 107! 02 04 06 08 0.5 1
X z Py (GeV/e)

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, = o’ HERMES  SPDMESs
= L s 0; 8 0
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(,/) fopi o 1000
"}§| I —""—E F
LW = Un
As of 1978 — simplistic kinematic effect: W Emoer -
- 3 3 1 l"”?-lrktrlx s }:.,_h"‘, e e Ll
* non-zero k; induces an azimuthal modulation I |
\ SDME value
“V' . 99 .
isible” hadron pairs ~ : :
VM corrections, applied
* Both hadrons reconstructed S b uons, It)P
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« Removed by selecting: z, =z, ,+z, <0.95 5 2005 a e
(] e o e e F@rgg--------c-t-oso-oso--
L. . Y o o -"‘&oo v | \
“Invisible™ hadron pairs ~0.05f Yeeo R A N T
. —-0.1E . F X X . ° I . X «
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. . S : F o unsub
 Subtraction done at the level of ¢, using < 0.05F : o b
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. — s 8 ® 3 & «
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Cahn eftect in SIDIS: DVMs and RCs
do

dxdydzdp2dd,dg, RC corrections, applied
o y2 72 g 20.05 r COMPASS preliminary 1 p — ' h*X reRC  onoRC
1+— ||(E,, , +&F, | S S
ol 2xﬂ< wor'+SFius) T I £ TP Ay
, —0.05:‘ | = o g - "ccod B a ='=' ° .
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Cahn effect < [ :
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m]&xbgcdenzzy . [ == = 3 o ’g "= E:’.a?:lz ° i 'nE; . . §
~0.05} . - - :
( 1072 100! 02 04 06 0.5 |
e e : x z P, (GeV/c)
As of 1978 — simplistic kinematic effect:
* non-zero k; induces an azimuthal modulation
As of 2023 — complex SF (twist-2/3 functions . :
pex * ( : ) VM corrections, applied
* Measurements by different experiments ) _ _
. . . s 0.IFCOMPASS preliminary fup — p'h* X F @ unsub&no cut
* Complex multi-D kinematic dependences 5 20,05t - o uasub
* So far, no comprehensive interpretation S E—-.-.-;;; ------------------ “"&. ------------------
- . : %2 :E -
* A set of complex corrections: —0.05¢ Yeeo Wi g e .
« Acceptance, diffractively produced VMs, 53_8:;_ e 31 S «
radiative corrections (RC), etc. °< 0.05F 3 Aare
» Strong Q? dependence — unexplained o AR A R £ L T ey ML
* Do not seem to come from RCs _?‘0051: b ‘-
* Transition TMD « collinear regions? 1072 10 02 04 06 0.5 1
X Z P, (GeV/e)
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Azimuthal effects 1n unpolarized SIDIS
do

dxdydzdp’dg,de,

Target spin independent part of the
2 2
{ az - [1+7/_]:|(FUUT+8FUUL)
xyQ° 2 (1 — 5) 2x ’ ’

cross-section: three asymmetries
x(1+.2e(1+&)A5" cosd, + &4

cos2g,

o0l cos2g, + A\2e(1—e) A" sing, +...)
z’ = 0.05 g_COMPASS preliminary _ 2016 pr?}tlo)ré data _. E; NEW Cahn effect
< U : HP—=H . : - Different for h+, h™
S I R S Sl E LT I i S -\ . Non-trivial Q?
~0.05} L ", m 3 = ] dependence
5 5 0.05F § - 1 - Boer-Mulders effect
< L ¢ 08 3| TLI TR o .
] AT B . SO ¢ _:___.L._!'__E_n; __________ 4-3-‘-‘5--5--------9 ______ 4. Collins-like behavior
: L A N e L S A I § | (h™h - mirror symmetry)
—0.05 - - 8l
T T 00<P/(GeVIO<1.00 [ 01<P/(GeVi) < 100 | 02<z<0.85
éﬂ:_] 0.05F 0.2<z<0.85 o o * B . t
¥ : : eam-spin asymmetry
Oi’$§¥ %.ﬂj”ijéi ------ + —H*%—Hi*# ------ - higher-twist effect
: : { : f non-zero, positive trend
—0.05¢ - -
102 107 02 04 06 0.5 I
X Z P, (GeV/c)
Working on 3D kinematic dependences
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SIDIS x-section and TMDs at twist-2
do

dxdydzdpld g dg, All measured by COMPASS /'
h
a y2 7/2
Lsz 2(1-¢) [l +EH(FUU’T +eFi.)
| P
X
+ 5, [\/m/@if% sing, + & A7"°% sin 24, i Quark U . ]
) Nucleon

+ SL/I[ 1—&> 4, +2e(1-&) 457" cos¢hJ

helicity worm-gear L

I spin of the nucleon ’ spin of the quark ’ Ky
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SIDIS: target longitudinal spin dependent asymmetries

do
d o (Fyyr+Fy, )] 1+.. -
dxdydzdp,d @, d §, B. Parsamyan (for COMPASS) arXiv:1801.01488 [hep-ex]
sing, sin2g, s 0.67 agl(:gl:: ?)34%?222)12)“6[? ¢ h* | ¢>02 h™
+S, [ 2¢(1+ &) A, " sing, + &4, " s1n2¢h} b ,
< o4 2007,2011 data g :
+ SL/I[ 1—&* 4, +4/2e(1-¢&) 45" cos¢h} o prehmmary/ ; /
yam — ,
. . ® . o &
OE' o © , e o ® L4 7 7
006?; A(:(‘)‘]\;IPASé prleli;ni‘n;nl'):m . H+Hj o o IZ: ‘>“(|).2 o .hI—H
_ - ® HERMES PLB 622(2005) D(y)-rescaled
COMPASS collected large amount of L-SIDIS data 2 5 004 j
Unprecedented precision for some amplitudes! < omb L4 g +
. ¥ L e [
A?]lzl(t)h O?+§§. +§.Q?ﬁ7§+oi
* Q-suppression, Various different “twist” ingredients ~0.02 s
¢ Sizable TSA—lelng , ® COMPASS preliminary | - — - IZ;(IH | h_
» Significant h" asymmetry, clear z-dependence 005 e o
* h compatible with zero < , i _ :
sin2¢ 0- ¢ 44 = =1
A h i to : !
UL 7 ! : !
* Only “twist-2” ingredients 005p i ’
* Additional p-suppression T 71; A . -
. . . . 01— °® preliminary ht [ 2>0.1 h-
* Compatible with zero, in agreement with models s MO g ’
*  Collins-like behavior? Tl ’
cosdp
Ay
* Q-suppression, Various different “twist” ingredients : :
» Compatible with zero, in agreement with models 1f — oo

107 107! 107 107
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SIDIS: target longitudinal spin dependent asymmetries

do

> oc ( F,
dxdydzdp,.d§,d ¢,

(

FLIL = C{gquDlhq}

<
Measurement of (semi-)inclusive
A,(A;)) 1s one of the key physics
topics of HERMES/COMPASS
Large amount of P/D data

No P;-dependence observed

HERMES: PRD 99, 112001 (2019)
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SIDIS TSAs: subleading twist effects
dxdydsz(;d(/ﬁhd(bs o (Fy s +gFUU’L){1+...+ S, \/MA(S;E% sin g, +... }

oM h- M. G
F;;n%:—«?{——“ thHlf]”+ﬁhg1qL ; J

0 M,
h-k M. H
7 R —j}
0 04—_ eh” z>0.2 - COMPASS preliminary | Proton 2007, 2011 data |
o= L ah” ! -
HEE t | |
< 002 ‘}* o ¢4 ] ° @ o
i ¢ i ¢ i &
%}*ﬂé b "1‘“ - %‘*ém; ; ﬁ AR oy
of At }_—ﬁu byt EEEREEE:
107 107! 02 04 06 038 0.5 1 15 5 10 15
X Z P, (GeV/c) W (GeV/c?)

* Q-suppression, TSA-mixing
* Various different “twist” ingredients

* Non-zero trend for h*, h- compatible with zero
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SIDIS TSAs: subleading twist effects

do
oC (F
dxdydzdp®d 4,d ¢,

O 2M h- M, G

szzn¢h =——C4- Pr thHlth +—hg1qL :

0 M, M z
~ Sk
bk Xf, D! _M, La Hy

M T M z

S. Bastami et al. JHEP 1906 (2019) 007:
“SIDIS in Wandzura-Wilczek-type approximation *

0.06 [ ® COMPASS preliminary + - 2>02 h-

- ® HERMES PLB 622(2005) D(y)-rescaled [ L .
f T = BAEKMPPSSSV, article in preparation

2 0.04
<D [ . ® ?
0.02 - t é j ¢ | °
‘ + ° o ® .
o ~ e
—0.02
il L Ll Ll L L
107 107! 1072 107!
X X

* Q-suppression, TSA-mixing
Various different “twist” ingredients

. +5FUU’L){1+...+ S, \J2e(1+ &) 45" sing,+... }

B. Parsamyan (for COMPASS)
arXiv:1801.01488 [hep-ex]
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<
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- e2>02 h*
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* Non-zero trend for h*, h- compatible with zero, clear z-dependence
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Zhun Lu
Phys. Rev. D 90, 014037(2014)
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SIDIS x-section and TMDs at twist-2: TSA
do

ll

dxdydzdpld g dg, All measured by COMPASS

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

+ S, _4/25(1+5)A§f¢h sing, + & A" sin2¢h] A=) o fla ®D1hq Sivers

+ 85,4 1—&> 4, +2e(1-&) 457" cos¢hJ A o ®H1J(;h Collins Twist-2
- q sin(3¢), — ;) Lq Lh .
AT sin (g, - ¢y Ay < hyy ®H,, Twist-3
+ e A5) gin o+ i) " 1h 1 h

x i e A o 07 (W@ HY + £ @ D] +..)
+ S, |+ eAmCh) sin (3¢, — ¢y )
. ww

+ (26 (1+ &) 45" sin gy A;;(2¢h_¢s) o« O (h# ®H1th + fir ®D1hq +)
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—————— T L EEEE A I q

(1 — )Az(}s(’ﬁ” ) cos (4, — o) ww

AT o Q7 (gl @ D)L ..
+ S;A|+ 4/2e(1—&) 47" cos g o ( 7 1 )

ww
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B | o
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SIDIS TSAs: Collins and Sivers effects (deuteron)

dO- sin(¢, —ds ) sin(g, +¢s
rdydedp g dg. oc (FUU’T +&Fy,, ){1 +o+ S, A sin (¢, — ¢, )+ Sy 4y sin (¢, + g )... }
sin( @, +¢dg }; 1 sin( ¢, —dg ’; k sin( @, -
FUT(¢ ¢)=C|:——MPT hququ}:| FUT,(f ¢)=C|:_ M LqDlhq:|aFUT,(L¢ ») =0
h
COMPASS PLB 673 (2009) 127
=02 - 202 N .
| o Collins % < | Sivers
0.1~ 0.1~ o u
o : # P ﬁ%‘)*# #’ .O Q@*«})"i R I # """" ﬂ—%ﬁg#ééé# """"""" + """ O—#é%%b§§#§-”%‘¢§"% """ ,{’ ““““ + {)ﬁ‘é*g%ﬁg## """"""" g
2; 0.4F : ﬁ ~5 04 K -
0.2 - % - (% 0.2 %} L
;
o {}i}{“}é @.}%%%M; ¥ J%?ﬂ@é*% g 6% éi‘ﬂ’é{'}% by by B po +%§5*§§*§ ----- i; -------------- f-
0.2 g - 4 0.2 ¢ % -
3w | ‘ | | ~& [k ' '
0.2 - 0.2
b 1o [
O S ++* ........................................ . 3. + ..... * ........... + ............... 0 R L + .................. +++ ...... + ........ {- ........... l ................ A + ............................
-0.2r -0.2 +
102 - 02 04 06 08 03 i 05 102 o7 02 04 06 08 03 i i3
X z p’; (GeV/e) X Z p'} (GeV/c)
1t COMPASS deuteron measurements
* Collins and Sivers asymmetries compatible with zero within uncertainties.
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SIDIS TSAs: Collins and Sivers effects (proton)

do

oC
dxdydzdp;d¢,d p,

(

F,

uu,T

+ gFUU’ .

sin(¢h +¢
FUT ’

) _ l;p Lh
A

)

1+...+S. A7) gin

T “°UT

(8= 04)+ S, 455 sin (g, +4,)-.. |

_hok,
M

Lg i
17 qu

(#—05)
L

sin
j|’FUT,

0

COMPASS PLB 744(2015)250
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m:isﬂéé%jséé;ig;%éséiiié """" 4 m‘s’“{'%%‘i‘*"f'i"% """" "**i‘i'%'"*""}""}""%*é***';'? """" i
ﬁtg&:w% lw”* ------- l ii:: ; ﬁ”i i;”w I ]
JIEH T
<*+ -+ ______ _H.i..*..! _______ FEEE S < - ’ : :
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1t COMPASS deuteron measuréments -

Z

Pl (GeVic)

Collins and Sivers asymmetries

COMPASS proton measurements — clear non-zero signal for both asymmetries

11 June 2025
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SIDIS TSAs: Collins effect and Transversity @ @

G s /1+S
dxdydzdp’dg,dg, (FUUT+5FUUL){1+ R A sin (g, + s ) +.. }

* Measured on P/D in SIDIS and in dihadron SIDIS

* Compatible results HERMES/COMPASS

Foons) | 2Pr oy .
M (Q- 1s different by a factor of ~2-3)

h

* No impact from Q?-evolution? Clear signal at STAR energies

COMPASS PLB 744 (2015) 250 S
COMPASS 2010 proton data
S 01k
i:b 0.1 COMPASS positive pions x<0.032
° COMPASS positive pions x>0.032 7
0.05 o) HERMES =t PLB 693 (2010) rescaled by (1-<y>)/(1-<y>+<y>~)
e
R T T EFEY #
~0.05F # bor S % - . *
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—_ | | MR | | | | | .
< S 01 i . - S Wb s
o
0.05F 't | % - $ % t
544 XY {dk} 5 gt
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10 (g
-0.05F - ] L
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0.1+ o HERMlES © PLB 693 (”010) rescaled by (; -<y>)/(1 <y>+<y> )I | C ce e e :
ATETTY BT R . r
-2 -l 03 1 05 1 L5 ’ 0’ 0’
10 10 . . p" (GeVie)

11 June 2025 B. Parsamyan



SIDIS Sivers TSA in COMPASS Drell-Yan Q?-ranges

do (Four +8Fp, )1+t Sy 455 sin(g, - gy ) ... |

oC
dxdydzdp?dd,d ¢
B « COMPASS-HERMES discrepancy
* Q2-evolution effect?

15t COMPASS multi-D fit

(- h-k il
sin( ¢, —ds sin( @, —ds
FUT,(T ) =C|:_7T 1;qD1]1q:|’FUT,(L ) =0

_ done for all eight TSAs
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SIDIS TSAs: Collins effect and Transversity ®®

do
o
dxdydzdp;d¢,d .

Fup g +8F, {1+t S a4 sin(g, + ) +... |
* Measured on P/D in SIDIS and in dihadron SIDIS

* Compatible results HERMES/COMPASS
(Q? is different by a factor of ~2-3) 13 COMPASS multi-D fit
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h
. ML« No impact from Q>-evolution? done for all eight TSAs
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SIDIS TSAs: Collins effect and Transversity ®®
d02 o< (Fy s +5FUUL){1+...+ Sy e 40 sin (@, + gy ) +... }
dxdydzdp>d,d é, ’ ’

* 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 (¢ t+es) — C|:_ AfT hquLh

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

different groups
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Electron Ion Collider(s): EIC

EIC WP, arXiv:1212.1701 [nucl-ex],
EIC YR, arXiv:2103.05419 [physics.ins-det]

Hadron Calorimeter Endcap
Electromagnetic Calorimeter

Cherenkov Counter

Barrel EM Calorimeter
DIRC
Solenoidal Magnet

RICH Detector
Barrel Hadron Calorimeter

Transition Radiation Detector
Preshower Calorimeter
Electromagnetic Calorimeter
Hadron Calorimeter Endcap

. Current polarized DIS e/y+p data: |
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Electron Ion Collider(s): EICc

EICc, FP16(6), 64701 (2021), arXiv:2102.09222 [nucl-ex]
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JLab from 12 GeV, SoLID to 22 GeV

1.6
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CEBAF at 12 GeV and Future opportunities
arXiv:2112.00060 [nucl-ex]
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Projections using the existing CLAS12
simulation/reconstruction chain for 100 days
of running with L= 103 cm?s™!
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» High luminosity, complementary kinematic coverages, evolution studies, all TMDs, etc.
* Together with EIC/EICc - complete picture!
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SIDIS TSAs: Collins effect and Transversity ®@

da sin( ¢, +¢ .
dxdydzdpidd dg (FUU’T +5FUU,L){1+...+ S; gAUT(¢1 és) sin (¢, + @ ) +... }
- * Measured on P/D in SIDIS and in dihadron SIDIS

Fenieds) _ of _ h-p, Bt H - * Compatible results HERMES/COMPASS
. M, lq (Q? is different by a factor of ~2-3)

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

| #2022  hep-ex/2401.00309 | COMPASS °LiD data - h*
0.05 [-©2002-04 (NPB 765(2007)31) [ pR]. 133 (2024) 101903 [

L — 04
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X z . (GeVie)

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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SIDIS TSAs: Collins effect for K° @@

G s /7+S
dxdydzdp’dg,dg, (FUUT+5FUUL){1+ R A sin (g, + s ) +.. }

* Measured on P/D in SIDIS and in dihadron SIDIS

* Compatible results HERMES/COMPASS

e B S mpatl
M (Q? is different by a factor of ~2-3)

h

* New deuteron data crucial to constrain d-quark transversity
x10° x10°

g COMPASS preliminary = 2 COMPASS preliminary - é ‘g - COMPASS preliminary
$ 2022 °LiD data % [ 2022 °LiD data, K’ 03 8 % [ 2022 °LiD data, K°
o % 401~
/_\ 0.2
' 101 L
N 20
0.1 :
0.5 O(PLI—PLS’S(”LP“"’L)] % T xl ¢ L —yT 0 'Mh‘]f_ 1(34(})(5 Geved,!
), * 2022 preliminary - COMPASS °LiD data - K° New!
““F ©2002-04 (PLB 673(2009)127) | :
B 0IF # - }% % % 3 % %
A -y : z %
s %%ﬁ%} ****** SR : *%f ************* ;ﬁ*‘%i‘% ***********
'F’VQD —0.1F Exclusive release for - -
- IWHSS-CPHI-2024 : -
B | L R R R | L L B 1 1 | 1 1 L | 1 1 1 | L1 1 | 1 1 L 1 1 1 1 | 1 1 1 1 | 1 | 1 |
1022 10 02 04 06 08 0.5 1 1.
X z p.. (GeV/e)

11 June 2025 B. Parsamyan T 64



Dihadron Collins effect and Transversity
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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

11 June 2025
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SIDIS TSAs: Kotzinian-Mulders asymmetry

st gFUU’L){1+...

do
dxdydzdpﬁ d@,d g,

oC (FUU’

] h-k,
cos( g, —ds
F )=C{

cos(pp—ps)
ALT h S

COMPASS/HERMES/CLASG6 results

e Only “twist-2” ingredients
» Sizable non-zero effect for h™ !
 Similar effect at HERMES

+ A8, (1-&7 )4 )
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See also, PRD 107, (2023) 034016 — global fit by:

M. Horstmann, A. Schafer and A. Vladimirov
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First global QCD analy51s of the g, TMD PDF using SIDIS data
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COMPASS 2022 run: new unique deuteron data

proton [H] L neutron [He]
%\ .Lgffezon Lab
data points

Airapetian et al.,
PR.L. 703 (09) 152002

ZOMPA
2009

Alekseev et al.,
PL. B673 (09) 127

data pcmls
Qian et al.,
PR.L. 107 (11) 072003

Adolph et al.,
PL.B770(17) 138

deuteron [6LiD] Proton [NHs]

da(a ponn(s data pomls

(Same kinematic cuts applied to unpolarized)

Q2>1.4 GeV2 02<z<0.7
Phr < min[0.2Q), 0.7Qz] + 0.5 GeV

300 data points = 118 data fitted
14 free parameters
x2/d.o.f. = 1.06 + 0.10

ata projections

Pavia group fits

Bacchetta, Delcarro, Pisano, Radici,
in preparation

analysis of statistical error
with replica method (200)
68% confidence level

x3/d.o.f

Q3[GeV?] = {EIKV=2.4,TC18 =1.2,PV = 1.0}

PV11

Bacchetta & Radici, PR.L. 107 (11)

Echevarria et al., PR. D89 (14)

TC Boglione et al., JHEP 1807 (18)

in preparation
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COMPASS 2022 deuteron run
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More news soon...




* What about polarized Drell-Yan at AMBER?

N.B. These are informal, personal ideas not yet reviewed by the collaboration
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AMBER Phase I-1I: DY program setup S

Apparatus for Meson and Baryon Fxperimental P esearch

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

* Small Angle Spectrometer (SM2 magnet) &
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COMPASS 2022 —SIDIS and 2015/18 Drell-Yan data

PRD.106.034014

Sivers asymmetry
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[ = d
—0.1L | |
107 107!
X
COMPASS 2022 data:

* Much smaller uncertainties for d-quark

* d-quark Sivers TMD DPF larger than u-quark?
* In agreement with recent global fits

* Opens interesting possibilities for AMBER?
* «' beam instead of n~ (larger effect)

883 " JAM-2022 fit
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COMPASS 2022 —SIDIS and 2015/18 Drell-Yan data

Sivers asymmetry

—~ 0.1
3& - COMPASS
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1072 107!
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COMPASS 2022 data:

* Much smaller uncertainties for d-quark
* d-quark Sivers TMD DPF larger than u-quark?

In agreement with recent global fits

* Opens interesting possibilities for AMBER?

11 June 20

n" beam instead of ™ (larger effect)
Lower beam energy 80 GeV (larger effect)
Higher intensity (+ > 50% statistics)
Triggerless readout (+20% statistics)
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COMPASS 2022 —SIDIS and 2015/18 Drell-Yan data

Sivers asymmetry

~ 0.1
Se [ COMPASS
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COMPASS 2022 data:

* Much smaller uncertainties for d-quark

* d-quark Sivers TMD DPF larger than u-quark?

* In agreement with recent global fits
* Opens interesting possibilities for AMBER?
* «' beam instead of n~ (larger effect)

* Lower beam energy 80 GeV (larger effect)

» Higher intensity (+ > 50% statistics)
* Triggerless readout (+20% statistics)
* Better mass resolution (+ 40% statistics)

* Timely measurement!
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COMPASS 2022 —SIDIS and 2015/18 Drell-Yan data

Sivers asymmetry PRD.106.034014
S M CoMPpass 883 JAM-2022 fit
%> [ PRL133(2024) 101903 | 0.02 N
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COMPASS 2022 data: Caveats:
*  Much smaller uncertainties for d-quark * Proton contamination (~30%) — CEDARs
* d-quark Sivers TMD DPF larger than u-quark? « Target readiness — interested groups
* In agreement with recent global fits * Magnet readiness — CERN
* Opens interesting possibilities for AMBER? * Shielding — larger bunker
* 7" beam instead of n~ (larger effect) * Setup revision needed

* Lower beam energy 80 GeV (larger effect)
» Higher intensity (+ > 50% statistics)

Running time — after AMBER phase-1 DY

* Triggerless readout (+20% statistics) Generally positive feedback from the community
* Better mass resolution (+ 40% statistics) Will increase interest to AMBER
* Timely measurement! Potential for new groups otherwise not interested
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Conclusions

COMPASS - longest-running CERN experiment (20 years of data-taking)
A wealth of Spectroscopy, (SI)DIS, Drell-Yan, DVCS, HEMP data collected across the years
o Petabytes of data available for analysis
Wide and unique kinematic domain accessing low x and large O
o Will remain unique for at least another decade
o Highly successful SIDIS deuteron in 2022 run, promising preliminary results
Since 2023 the experiment entered the Analysis Phase (4 new groups joined the Analysis Phase)
o The spectrometer has been transferred to the AMBER collaboration
AMBER took its first data in 2023-2024 (Antiproton production) and is preparing for the PRM run
AMBER phase one comprises unique Drell-Yan measurements (after LS3)
Long AMBER program is being developed: Phase-II proposal is being drafted
LHCspin is a project for an FT experiment at LHCb operating with a polarized gas target
o Successful data collection and proof of principle using SMOG2 unpolarized target
o Important knowledge and wealth of data collected
o R&D project in scope of small experiment in IR4 is planned to prepare the polarized target
o LHCspin at LHCD to be operational during run 5.

Altogether these FTs at CERN provide unique set of unprecedented measurements complementary
to EIC, JLab22, NICA-SPD, etc.

|
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TWHSS-QCD-N’ 2025

-\

Joint International Workshop on Hadron Structure and Spectroscopy
(IWHSS 2025) and the QCD Structure of the Nucleon (QCD-N"25)

Starts 1 Sept 2025, 08:30 Centro Carlos Santamaria Bakur Parsamyan
Ends 5 Sept 2025, 17:00 Gunar Schnell
P ' Plaza Elhuyar, 2 . Harut Avakian
200_1 8 San Sebastian Miguel Echevarria
Spain

Joint HERMES-COMPASS-Jlab workshop
Indico: https://indico.cern.ch/e/IWHSS-QCDN-2025

Please pre-register and
Reserve your accommodation!

The five day long joint "27st International Workshop on Hadron Structure and Spectroscopy' and 6th workshop on
the "QCD Structure of the Nucleon" (IWHSS-QCD-N'25) will be held in San Sebastidn, Spain, from September 1 to 5,
2025.

The joint workshop is a collaborative effort between the IWHSS and QCD-N workshop series, with the
organizational oversight being handled by the HERMES, COMPASS, and JLab communities.

The IWHSS series comprises 21 editions of annual workshops organized by COMPASS Collaboration on Hadron
Structure and Spectroscopy, with most recent editions being the IWHSS-CPHI-2024 (Yerevan, Armenia),
IWHSS-2023 (Prague, Czechia) and IWHSS-2022 (CERN, Switzerland).

The prior editions of the QCD-N meetings, organized by HERMES Collaboration, were convened in the following
locations: Alcaléd de Henares (2021), Getxo (2016), Bilbao(2012), Frascati (2006) and Ferrara (2002).

A designated session of the workshop will be allocated for the celebration of the 30th anniversary of HERMES
data taking.

The joint workshop will be preceded by the COMPASS Collaboration meeting on September 1 (morning).

The main focus of the workshop will be on recent developments in the study of nucleon and hadron structure,
hadron spectroscopy and related topics in quantum chromodynamics. In particular, the transverse and longitudinal
spin structure of the nucleon and 3D imaging in both momentum space (transverse-momentum-dependent parton
distributions) and in mixed momentum and position space (generalized parton distributions), including novel
correltions between current and target remnants, have gained great attention and seen enormous progress during
the last decade. This partially required new approaches from theory and from experiments to obtain correlated
information. Semi-inclusive and hard exclusive deep-inelastic lepton-nucleon scattering are indispensable tools in
this endeavor and so is proton-proton collision. Furthermore, electron-positron annihilation has become a vital tool
to obtain precision information on hadronization, the later being used for probing nucleon structure. Progress has
been achieved in the description of the nucleon structure in terms of integrated parton distributions as reflected in
the PDF fits using both conventional but also neural-network approaches, all the way to global hybrid fits of parton
distribution and fragmentation functions. Lattice gauge theory has been a complementary source of information
on the structure of the nucleon, and lately also methods from quantum information more and more find their way
to this field.

Experimental results on deep-inelastic scattering (inclusive, semi-inclusive, and exclusive), hadron-hadron
collisions, and e*e” annihilation will be reviewed. The conference will emphasize the recent progress in the field
from theory, lattice-QCD, and phenomenology. In this edition of the conference series, emphasis will be given to
bridging the low-scale description of the nucleon structure and of hadronization and the high-scale observables
from collider experiments and on the prospects of new — already planned or simply envisioned — facilities
worldwide.

The joint workshop will be held as a single event with a unique timetable and schedule. The scientific programme
of the joint workshop will cover the following topics:

Spin and momentum structure of the nucleon
Multi-dimensional maps of nucleons: TMDs, GPDs and GTMDs
Fragmentation and fracture functions

Meson structure and spectroscopy

Search for exotics and baryon resonances

Lattice QCD

Confinement QCD and Fundamental symmetries

Dark matter/dark photon searches

Fixed-target and collider experiments

Future measurements and experimental proposals

The conference will be organized in plenary sessions. Young physicists—post-docs and students—are especially
encouraged to attend. The conference will be held at the Centro Carlos Santamaria in San Sebastian, Spain.

Further information and updates will be posted on the workshop web site.
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SIDIS x-section and TMDs at twist-2
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AMBER measurements 2023-2024: p production cross-section 000

Apparatus for Meson and Baryon
Experimental Research

AMBER preliminary

p production measurement TV

* P detected in the cosmic rays * = .
* produced in CR collisions
* dark matter signature

Understanding the p flux:

* Accurate determination of
the CR-component

* Accuracy of the p-production
models is at ~20% level

p — He @ /syy = 18.9 GeV

e

AMBER preliminary p — He @/syy = 18.9 GeV
030

50

) lIll|l|lII|

30 40 50 60 70 80
p [GeV/c]

Motivation for AMBER 2023-2024 runs
New measurements needed to determine the
p -production from cosmic-ray collisions accurately

COMPASS++/AMBER N\BY‘X‘. of /er ) @% N
proposal M m'&‘c\\‘\ 7 e %,‘Db N\
s SFCEPN
Bﬁg o @o \0 2
NPT > F S
(0\1‘& Q@ c;? Q &
‘&QQ X q}o Q‘D%’
# i—‘ ] <3 Drell-Yan Phase-11
/—/\ /-/\
F PSSP T IS IS TSI S
\ LS-3 ) LS4 LS-5
YT YT
. CERN Accelerator Complex schedule to 2041
Pilot run Phase | Phase 11
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AMBER measurements 2023-2024: proton charge radius 1000

Apparatus for Meson and Baryon

Experimental Research

. Ch. Dreisbach — CERN-THESIS-2022-286
The proton-radius puzzle

» Discrepancies between the charge-
radius of the proton extracted from:
» Electron-proton scattering
» Hydrogen spectroscopy
* Muonic-hydrogen spectroscopy

ep scattering MAMI - A

up spectroscopy CREMA -

All ep scattering data, no MAMI A —h———
CODATA (2010) —v—

up spectroscopy CREMA -

CODATA (2014) - v
AMBER PRM ep Spectroscopy °
 Elastic muon-proton scattering ep Spectroscopy - -
* 100 GeV/c muon beam CODATA (2018) v
* Active-target Hydrogen TPC for ep scattering MAMI - .
proton detection ep spectroscopy | @
ep scattering JLab {——&——
up scattering AMBER A —a8— 7566 Ir
COMPASS++/AMBER Py\g‘a&.“ . ,QXAV SO R A N
proposal . d‘&mm\k\ < 7 & Q;bé&@% P
ER Qwo %ec"o \OQ@@Q
N T N F K
ot A S
‘&Q X c} Q‘D'
@ { 3 Drell-Yan Phase-11
F PN PPV SFFFFFILST S
_ LS-3 Y, LS4 LS-5
\/ \/
. CERN Accelerator Complex schedule to 2041
Pilot run Phase I Phase 11
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3D unpolarized Drell-Yan cross section on NE
’T: 20F V7 €[0.24,0.27) - V7 €[0.27,0.30] - V7 €[0.30, 0.33]
B § N [ [ TW—u*u- X, Drell-Yan process
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* First new results in 30 years!
» Data from light/heavy targets
. - . f I I
NH,-He, Al, W Tpor| number o0 systemﬁltlc datapoints
° Nuclear dependence events uncertalnty (M, XF)
. _ )
* 1D/2D/3D representations COMPASS NH;-He| 36000 % 110
L Al 6000 ~15% 50
Xpiqr:M (2018 data)
» Unique data to access collinear W L =1>% =il
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e.g. pion TMD PDF
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SIDIS TSAs: Collins effect and Transversity @_@
do sin(¢, + . . .
(FUU’T +5FUU,L){1+...+ Sy e 40 sin (@, + gy ) +... }

drdydzdp?dg,dd,
Yo 49,49, * Measured on P/D in SIDIS and in dihadron SIDIS
* Compatible results HERMES/COMPASS
(Q? is different by a factor of ~2-3)
* New deuteron data crucial to constrain d-quark transversity
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Sivers TMD PDF: sign change

The RHIC Cold QCD program: arXiv:2302.00605 [nucl-ex]

STAR, arXiv:2308.15496 [hep-ex]

7 0'25: Z 0'25: + 1.4% polarization uncertainty not shown E <Z é STAR
< 0of PPOW@s= 510 GeV " < o " e | . 04E4 22 NLLBuryetal. © NLL Bacchetta et al.
0.15F Lin=350 pb 0.15F is\\'lrkn 3
0.1 is\\?m 0.1F 02F _
00s T 0.05E- 3
NS A: [ﬂ
~0.05E- o ~0.05E ]
~0.1F preliminary ~0.1F F \s=510 GeV, L=340 pb" *
—0.15E- projection 2017+2022 —0.15E- preliminary E pepa 2y X, 2y e'e STAR
—0.2;— Bury, Prokudin, Viadimirov, PRL 126 (2021) 112002 —0.2;— projection 2017+2022 _0.25_ 73<M,, <114 GeV/c?, pf <10 GeV/c
O 06 S04 202 0 02 04 06 08 SO 0 02 0 02 04 06 08 = #7>25 Gevio, <1
y\\",rcco yw‘rcm _04;_ 1.4% beam pol. uncertainty not shown
B Y S R YR
0
COMPASS, PRL 133 (2024) 071902 y*
—~ COMPASS Drell ; ) SIDIS—Drell-Yan (W, Z)
i - rell-Yan .
g -t 2 sign change of T-odd TMD PDFs
g = M €4, 9] GeV/c .
< 0.1  Difficult measurement
. AU » Low x-section, background
i » Sivers TMD PDF
0 LECOM * Pioneering measurements
I SPM « COMPASS (Drell-Yan): 2015, 2018
i JFAM2O « STAR (W, Z): 2011, 2017, 2022
orino .
0.1+ [ | | | « COMPASS data favors the sign change
0 0.1 0.2 0.3 » Useful input to constrain the fits
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Boer—Mulders TMD PDF sign change

M, €[4;19] GeV/ec 2 PRL 133(2024)071902
k hep-ex/2312.17379
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Boer-Mulders TMD PDF: sign change

I Muue[4;F] GeV/c 2 PRL 133(2024)071902

hep-ex/2312.17379

-« COMPASS Drell-Yan
- My,el4; 9] GeVic?

sin(2(pcs— (ps)

A

b
I ' Lt
i
|
[
I
—— |
|
|
SN0~ )
-

| =w= LFC-JAM20 : — LFCQM - curves based on
I T_SPMFJAMzo Ll .".-ls?l\{l. ... | JHEPO2,2021),066;
0.1 0.2 0.3 04 06 08 0 0.5 1 2
Xy X, Xp q. (GeV/e)

T T T T 0.10 : , .
r ® COMPASS, ©~ 190 GeV/e, W, preliminary i LECQM
[ — DYNNLO i I
1 47< M, (GeVic) <85 - 0.08¢ ===- SPM
I ] i =t «=s= LFC-BMPI0
i COMPASS: W data :3‘ 0.06.- N SPM-BMP10
05+ -5 - [ S. Bastami et al.
[ ; 004 JHEP 02, (2021),166 ]
— [ M LI B
M. Lambertsen, W. Vogelsang s Or 1 i 0.02f R T
ol PRD93, 114013 (2016) | r i [
B i 5 5 25 3 35 y 5 5 55 | — L L L L
vt Do ‘ 1 2 3 00 05 10 15 20 25 30
q, (GeV/c) qr

. _ sign-change lu
DY: 4" octh @y 1 >0=> " >0 <> SIDIS: /") < 0] M < 0= SIDISits
T 1,7 Lp Lp Lp
V. Barone, et al.

COMPASS data favors proton Boer-Mulders TMD PDF sign-change PRD 82 (2010) 114025
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COMPASS—AMBER: Vertex detector improvements
X
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COMPASS data taking campaigns

Beam  Target

H Polarized deuteron (°LiD)

Polarized proton (NH;)
n|K|p LH,, Ni, Pb,W
TN Polarized proton (NHj;)
x| K|p Ni

T LH,

T Polarized proton (NH;)

T LH,

p Polarized deuteron (°LiD)

11 June 2025

year

2002
2003
2004

2006

2007

2008
2009

2010
2011

2012

2012
2014
2015
2018

2016
2017

2021
2022

Physics program
80% Longitudinal | 20% Transverse SIDIS

Longitudinal SIDIS
50% Longitudinal | 50% Transverse SIDIS

Spectroscopy

Transverse SIDIS
Longitudinal SIDIS

Primakoff

Pilot DVCS & HEMP & unpolarized SIDIS
Pilot Drell-Yan

Transverse Drell-Yan

DVCS & HEMP & unpolarized SIDIS

Transverse SIDIS
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CERN LHC and NA schedules

CERN Accelerator Complex schedule to 2041

2021 2022 2023 2024 2025 2026 2027 2028 2029
J[FMAM]3]a]A[s[o[N]Df 3 [F[M[AM]3[3[Als[o]N[Df 2 [F[M]AM]3]3]A]s[o]N[D| 3 [F[M[AIM[3]3]A]s|o]N]D] 3 [FIM]AIM] 33 [A]s]o[N[D] 3 [F M AlM] 3 ]3] Al s[oN]Df 3 [F[M[AM] 3 3 ]Als]o]N[Df 3 [FM]AM[ 3] 3 ]A]s|o]N[D| 3 [F[M[AIM[3[3]A]S|O]N[D]
LHC Run 3 ‘ LS3
| T
INJECTORS
North Area consolidation
2030 2031 2032 2033 2034 2035 2036 2037 2038
J[FM[AM]3]a]A[s[o[N]Df 3 [FIM[AM]3 |3 ]Als[o]N[Df 3 [FM[AM]3]3]A]s[o]N[D| 3 [F[M[AIM[ 3] 3]A] s|o]N]D] 3 [FIM]AIM 3 [ 3 Al s[o]N[D] 3 [F M AlM] 3 [a Al s[oN]Df 3 [FIMAM] 3 [ 3 AT S[o]N[D| 3 [F[M]AM] 3] 3 ]A]s[o]N[D| 3 [F[M[AIM[3[3]A]S|O]NID]
LHC Rund | LS4 | RunS |
INJECTORS ‘
North Area consolidatipnl p'h:ds‘e .2 )
Last updated: June 2024
2039 2040 2041
JFMAM}JHA}SONDJ MAMJJASONIDJ FIMAM]3[3]A[s[oN[D] Shutdown/Technical stop
8 Protons physics
LHC LS5 ‘ Run 6 | Ions (tbc after LS4)
m' Commissioning with beam
Hardware commissioning
INJECTORS
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