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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 3 new groups joined COMPASS in 2023
T8 S5 UCon (US), AANL (Armenia), NCU (Taiwan)
5 1 new group (Germany) - expected to join in 2024
Interested to join our Analysis Phase? — Get in touch!
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http://wwwcompass.cern.ch/

COMPASS Physics Program

Hadron spectroscopy See Stefan Wallner’s talk (Wednesday)
 Diffractive z(K) dissociation . h,
reaction with proton target 7,2_

« PWA technique employed

» High-precision measurement of
light-meson excitation spectrum

 Search for exotic states

precoil

Chiral dynamics

 Test chiral perturbation theory
in z(K) y reactions

« x*and K* polarizabilities

* Chiral anomaly F;,
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COMPASS Physics lProgram This talk

Nucleon structure ks X
» 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
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COMPASS Physics Program

GPDs
« Transverse position b, of partons
- 8 GPDs - correlation between b, and x
« Complementary to TMD PDFs
» Contain information about parton
orbital angular momentum
» Accessed via exclusive processes:
 Deeply virtual Compton scattering
(DVCS) u+ N — u+yt N Longitudinal momentum
« Hard exclusive meson production vz
(HEMP): u+N—->u+M+N

with M = 22, p(770), (782),.. N
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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

COMIPASS proposal

COMPASS Phase-11 addendum
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https://cds.cern.ch/record/2676885
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!

Phase 11 proposal draft
 Kaon-induced Drell-Yan and

COMPASS++/AMBER ‘]/\V production
proposal S. Wallner’s talk { +  Kaon-induced Spectr
CERN-SPSC-2019-022 2 . see S. Wallner’s ta aon-induced Spectroscopy
: X S « Kaon polarizability (Primako
P»N\B m\““% /Q (D&QQ p ! y ( ff)
& 32 N & & . « Meson radii measurements
N\B?X\ ) *2*”0%@0\ 0“00&&0 «  Prompt photon production
IS {o\]‘&\ *2@\0%%' XL Drell-Yan p P P
ap® x & &  New ideas are welcome!
@ i—‘ Q J Measurements
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https://amber.web.cern.ch/
https://lhc-commissioning.web.cern.ch/schedule/images/2024/Complex-Long-Term-June24.png
https://cds.cern.ch/record/2676885

Apparatus for Meson and Baryen
Experimental Research

AMBER measurements 2023-2024: p production cross-section 000

p — He @/syy = 18.9 GeV

o 1

p production measurement

 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

AMBER preliminary p — He @\/syy = 189 GeV
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Motivation for AMBER 2023-2024 runs
New measurements needed to determine the
p -production from cosmic-ray collisions accurately
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Apparatus for Meson and Baryen
Experimental Research

AMBER measurements 2023-2024: p production cross-section 000

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

AMBER releases its first results | E AMBER preliminary p — He @5 = 189 GeV
E 5 030 1
The experiment’s preliminary results explore the production cross section of the * 3 S {
& 3
antiproton, which may provide physicists with clues in the search for dark matter e 0zsh-
Q o !
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https://home.cern/news/news/physics/amber-releases-its-first-results
https://indico.cern.ch/event/1291157/contributions/5879769/

AMBER measurements 2023-2024: proton charge radius

The proton-radius puzzle

1000

on
Experimental Research

Ch. Dreisbach — CERN-THESIS-2022-286

- Discrepancies between the charge- ep seattering MAMIY ‘
. CREMA -
radius of the proton extracted from: P Spectioseopy
. All ep scattering data, no MAMI A —A——
 Electron-proton scattering
CODATA (2010) v
. Hydro_gen spectroscopy  spectroscopy CREMA 4
* Muonic-hydrogen spectroscopy ——— v
AM BER PRM ] ep spectroscopy - L4
« Elastic muon-proton scattering ep spectroscopy S
* 100 GeV/c muon beam CODATA (2018) - ¥
« Active-target Hydrogen TPC for ep scattering MAMI - N
proton detection ep spectroscopy | ——@——
ep scattering JLab {———&———
up scattering AMBER A —a— 7566 I—
COMPASS++/AMBER | \yo®% o R D 082 08 086 088 0%
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AMBER measurements 2023-2024: proton charge radius ~1000°E

Experimental Research

Ch. Dreisbach — CERN-THESIS-2022-286

Mainz fit === Alarcon 19, rp = 0/841 fin —memmee

PRad data J—’—< I ‘

The proton-radius puzzle
- Discrepancies between the charge- o [ M B g gy 2 T e e
radius of the proton extracted from:
» Electron-proton scattering
» Hydrogen spectroscopy
« Muonic-hydrogen spectroscopy = ="
AMBER PRM
 Elastic muon-proton scattering
« 100 GeV/c muon beam
« Active-target Hydrogen TPC for oome mmjmm[ 111111
proton detection :
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1 8
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Phase 1l — meson radii measurements ¢ GV
4 Contradicting form-factor shapes for:
COMPASS++/AMBER Py\g‘a‘f‘,\ 0% /QX &\«,% ™ Al (Mainz) measurements (PRL 105 242001 (2010) and
proposal N amm\ﬁ 0/@0 & &@ new Prad (JLab) measurement (Nature 575, 147-150 (2019))
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AMBER measurements 2023- 2024 DreII Yan -

T E -
»;..; NNF‘DF3 U (NNLO) K

=, K* induced dimuon production: - ixy=10 Gov?)
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 nt*/n” induced DY data
Measurement of A, pand v (DY, J/y) | zos
Jhy production mechanisms (qq, gg) = *,.
Carbon and tungsten targets
Improved vertex/mass resolution
Updated setup, new TL DAQ A

see Craig Roberts’ talk

B Chiral Limit Mass
® Higgs Boson Current Mass
DCSB Mass Generation +

Hadron mass budget

— GRV (1992)

SMRS (1992)

I JAM (2018)

[Inasne

)ﬁ, o NN p = 938.3 MeV/c?, M(uud) = 9.4 MeV/c
COMPASS++/AMBER N\B ‘“% A < 0 e ML 139.6 MeV/e? M(ud) = 7.1 MeV/e?
proposal @ d a ¥ V. 8 N x Mg+ =493.7 MeV/c2 M(uS) = 97.3 MeV/c?
<
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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 §A

Target

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

Muon-filter

sor COMPASS
¢ |HERMES
(6ev?) | 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, MWSs

Various targets:

» Polarized solid-state NH; or 6LiD

« Liquid H,

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

400 GeV Be
R4 beam

from SPS
~ 100 m

utorp it Kt Target

(Hadron absorber)

~ 600 m ~ 330 m

p TN
I prm K™ ‘ \

| ~100m |

19 August 2024
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COMPASS experimental setup: Phase 11 (SIDIS program)

COmmon Muon Proton Apparatus for Structure and Spectroscopy

CERN SPS North Area (building 888) ECAL2 U \\/ﬂ

Two-stage spectrometer LAS+SAS HCAL2 L0

» Large Angle Spectrometer (SM1 magnet) T h

« Small Angle Spectrometer (SM2 magnet) & %
N= X

EcaLl  oM2
HCAL1

RICH. Sa
SM1 \
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
target (T6)

V) ( g._‘\ SCCOI L‘ \['j\, ] " \l[" ]| i\;_ﬂ s

! ! v 070 y] y 4 180 mrad
[ pcaln o , ) N ]

At beam: 75% . 24% p. 1% K

« 160 GeV tertiary muon beams e
« u* longitudinally polarized |_|r_
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AMBER Phase I: p cross-section, 2023 setup 000

Experimental I Researd h

Apparatus for Vieson and Earyon Experimental Research

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 M2 Muon-filter

HCAL1
RICH. Sa \
SMI S o

Polarized

X [em]

* h*beam: 60, 80, 100, 160, 190
and 250 GeV/c;
Intensity: 25-103h/s
« Beam PID: 2 CEDAR detectors
» Target: He (2023), H/D (2024) ,
- Data-taking ~2 months/year N J— e

« Dedicated trigger and beam-killer = °2-
systems 0

19 August 2024 B. Parsamyan 15
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COMPASS experimental setup: Phase Il (DY 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.  Sa 7
SMI S o

Polarized
Target

Hadron absorber

Nuclear target (Al)
aluminum

=60 &
box cover E T
~ o0 bt

Aluminum cone  ®*

25cm
downstream last
alumina layer

]
-

o [
vertex detector " [ == i d

—48

3 Stainless Steel
1\ 20 cm

« Primary beam - 400 GeV p from SPS \Tuﬁg‘in be:,; plug
* impinging on Be production —
target (T6) A

* 190 GeV secondary hadron beams
* h™ beam: 97% T 2% K-, 1% p

0 GeV tertiary muon beams

u* longitudinally polarized

19 August 2024 B. Parsamyan 16



AMBER Phase I-1l: DY program setup J000E

Apparatus for Vieson and Earyon Experimental Research

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

« Small Angle Spectrometer (SM2 magnet) &

EcaLl  oM2
HCAL1

RICH.  Sa 7
SMI S o

Polarized

Muon-filter
FVTX detector from PHENIX@RHIC

» 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
19 August 2024 B. Parsamyan



Nucleon spin structure: collinear approach < TMDs

quark
U L T
| A
number density

[
3
S|L g7 ()
= helicity

T hi (x)

transversity

» PDFs — universal (process independent) objects; T-odd PDFs — conditionally universal

Longitudinal momentum
kT =aP?

19 August 2024

quark
U L T
A
number density
o
S Q. 12
a S|, gy (x, k3)
c helicity
hi (x, k?)
T transversity

Longitudinal momentum
kT =axP?

B. Parsamyan
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Hadron multlpllcmes h*, n* and K= (2016 data)

collinear TMD
A set of complex corrections:
» Acceptance, rad. corrections,

fil (x, k7)
number density

PID, diffractive VMs, etc. d
)

N
o
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N
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New radiative corrections
The article is in a final drafting stage
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Hadron multlpllcnles h*, * and K* (2016 data)

collinear - T™D
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3D unpolarized Drell-Yan cross section on NH

6
i s o2 MAP collaboration
S 02 iy Phys. Rev. D. 107, 014014
- 4
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AMBER - 7 *, K * induced dimuon production on C/W "0 "

eeeeeeeeeeeeeeee

vertex detector
\\% C C C
NN LT
4 cm 25 cm 25 cm 25 cm "\ Lhd / 4 4
Compared to COMPASS i

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

* Lower background — enlarge DY mass range =
» Jhy and y(2S) studies ] or
» Wider beam choice: z* K* p/p, CEDARs (PID)
* Unique complementary measurements: z =, K * ' 1l 2
* Higher beam intensity (RP upgrades) i -
» Revised spectrometer, Triggerless DAQ /j____
a0 g L ata ? ‘:hh —+— AMBER projected x+C data
RUESINE - T ) N ! e
g O T e g‘ (Mcl) - [ . Oper-charm
S 100y T e o
: X ; . : Total MC + Comb. background - C
z 10 = 10° =
S L ST T e i -
8 10° 3 1\ h
10- g i
- I ol :. L 1 D;—
4 6 8 10 -
M, (GeV/c?) S
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AMBER -z *, K * induced dimuon production on C/W %0

« Unique complementary measurements: z *, K * T

L
U
Ki
» Cross-sections, pion and kaon PDFs
» Data for both collinear and TMD PDF studies
2 '
* Drell-Yan, J/y and potentially y' channels N -
 Study of nuclear effects with C and W
s 25C NAS extraction (DY = and = daia)
> - L) —  SMRS 10% sea contribution
N : -------- SMRS 15% sea contribution
= ]200000 \g 2 F\Av B o JS:(I\?SD??’LS:a contribution
—_ [2] I= ——e—— Projection for 280 days on C-target
75e¢m C 190 m 1800000 W 4 5:_
AMBER p 1500000 - .
xt 500000 1=
T/ events 12cm W 190 n 700000 - 43(M(Gevie)<8S
P 700000 01 02 03 04 05 06 07 08 09 1
f1e
= 25
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7 o P
E615 20em W 252 ' 17610, 4.05—8.55 000 3 =
7 18.6 x 10 30000 A C
- 1.5
30cm Hy 200 x 20510 41-85 40 -
NA3 - n 3.0x10 121 B
6em Pt 200 xt 2.0% 107 2o 1767 15 4.0 < M(Gevic) <85
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i
om0 x w20 B
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.3 nCTEQ15 W
CoMPAss 201 110em NHy 190 ™ 7.0x 107 43-85 22000 Y B (— Y
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19 August 2024 B. Parsamyan 24



AMBER — 7 *, K * induced dimuon productlon on C/wW %0 =

» Unique complementary measurements: = *, K *

» Cross-sections, pion and kaon PDFs
» Data for both collinear and TMD PDF studies

» Drell-Yan, Jiy and potentially y' channels

» Study of nuclear effects with C and W
» Azimuthal asymmetries (v, n, Lam-Tung relation)

» J/y polarization measurements

(A polar angle asymmetry)
» Study of the J/y production mechanisms
* Unique kaon-induced Drell-Yan and J/y data

» Possibilities for polarized measurements in PHASE-I1?
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1500000

J/yr events 12 cm W
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190

1.7% 107
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43-85
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AMBER 190

6.8% 107
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67000
91100

190
12cm W

0.4 % 107

4.3-85
4.0-8.5

8300
11700

190
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Nucleon spin structure: helicity gy, (x)

g7 (x) COMPASS PLB 753(2016)18

B T_ x=0.0036 (i=0) Yo Emc ¥ smc

— x=0.0045 A Ea3 O E155
x=0.0055 4P HERMES @ COMPASS 160 GeV
/_i-—*——' x=0.007 QO clasw»25Gev [l coMPASS 200 Gev

x=0 009 =——— COMPASS NLO fit

x=0.012 COMPASS p
x=0.017 2007, 2011 data

m x=0.024

W x=0.035
¥

T@.ﬁ—«l——i}ﬂﬁk—* x=0.049

Aot e mE— g I —Kgx }S0077 (1=10)

helicity
)

« COMPASS contribution:
lowest x and highest Q2 regions

» Both deuteron and proton target data

 For the first time non-zero spin effects at
smallest x and Q2 — positive signal for g,°(x)

-
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Nucleon spin structure: helicity gf’d(p) (x)

g1 (x)

COMPASS PLB 680 (2009) 217

Both inclusive and semi-inclusive
measurements — access to flavor

udnal o helicity 0.42— dA"d O¢) ;: AT %
,E deuteron 3 i
.-".@\5\‘; - Gy, QQ}_ 4-&‘) + E— E— +49 %
= S@s 0%* ) .Q‘aoﬂ %4 LA o) *0
COMPASS contribution: b —=E —
lowest x and highest Q2 regions 10° 0 aaE % =
Both deu_terop and proton target data g oaf X 1
For the first time non-zero spin effects at [ Herves = o, ! 3
r05p A St
smallest x and Q2 — positive signal for g,°(x) = I 3 ﬁ G
0.2 P F

11 1111l
10 10™

COMPASS PLB 693 (2010) 227

ATH—
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Nucleon spin structure: TMD

* 1976 large transverse single spin asymmetry in forward nt* production

I
« 1978 intrinsic transverse motion of quarks and azimuthal asymmetries m

»
Longitudinal momentum / °|® Longitudinal momentum

kT =aP?t e kT =Pt e
e a®
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Nucleon spin structure: TMD

A,

1964 Quark model =

* 1969 Parton model

« 1973 asymptotic freedom and QCD

* 1976 large transverse single spin asymmetry in forward nt* production

I
« 1978 intrinsic transverse motion of quarks and azimuthal asymmetries l

0 —

*.&..  (EMC) Z. Phys. C34 (1987) 277

Volume 78B, number 2,3

25 September 1978 (SLAC) Phys. Rev. Lett. 31, 786 (1973)
(EMC) Phys. Lett. B 130 (1983) 118,
(EMC) Z. Phys. C34 (1987) 277
(EMC) Z. Phys. C52, 361 (1991).
(E665) Phys. Rev. D48 (1993) 5057
(ZEUS) Eur. Phys. J. C11, 251 (1999)

. (ZEUS) Phys. Lett. B 481, 199 (2000)
Anselmino et al.

| |

<cos ¢,>/w, (y)
2
|

-0.2 —

-0.3

0 0.5 1
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Cahn effect in SIDIS
d

dxdydzdp2dgdg,

a Y v’
|:XyQ2 2(1—8) [1+Zj}(|:uu: +3FUU,L)
x( 1+«/25 1+&)Aph cos¢h +..))

Cahn effect
£ (x, k%)

numbe{ . density
S

As of 1978 — simplistic kinematic effect:
* non-zero k; induces an azimuthal modulation

As of 2023 — complex SF (twist-2/3 functions)
» Measurements by different experiments

2M h-p

{cos ¢p)

{cos )

FUCLCJ)S¢h = Q C<{-
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02F .
-0.3t COMPASS
.0.4| deuteron h~ 0.4
0 NPB 886 (2014) 1046 .
~0.001 0.01 0.1 '
Xg
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Cahn effect in SIDIS z Recent COMPASS resultgmmsspm]immy
d 0.851 - o4F — F
= S5 @ proton preliminar
dXddede2d¢hd¢s "o O geutteroel NPB 836 (2014) 1046 !
I SEURRT OO N S B I 3K X- TS ISP ;
a Y 1+7,_2 (Foos +6Fn 1) 4}2_;345@ | éiSF _“‘}%i? _ LB I
xyQ? 2(1-¢g)\ 2x |0 T Tt 0701 . of : : :
cos N ) IS S B B I i,
x( 1+q/251+gAU"%cos¢h+ ) ' iéEbg 1 } $tt
WA NNt R N Hy
Cahn effect 0557 & oof : : :
S5 obodigirn g i I i -
e B A BN TR
) -0.1F r i R R
(J) 0.40 1 —0.15- 3 E H 2 ¢
. &= 0.05 s L -
As of 1978 — simplistic kinematic effect: S R SR g N R L R -
. . . ~0.05- % g ALK 2ot ig -
* non-zero Ky induces an azimuthal modulation $ §
T —o.b - $ 2& $
: : 0321 o1 :
As of 2023 — complex SF (twist-2/3 functions) i g""’j:___i _________ 1 1 r )
« Measurements by different experiments Tod Cot B L Ve [ oiay Pl
« Complex multi-D kinematic dependences 01 - oy
* So far, no comprehensive interpretation o2st _ ¥ _ :
« Aset of complex corrections: = L LA I Y S PP T8 -
» Acceptance, diffractively produced VMs, o §he bpe g | Pod
radiative corrections (RC), etc. ol , b - ,
«  Strong Q? dependence — unexplained | R
P, (GeVic)
0.10 0.30 0.50 0.64 1.00 ]
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Nucleon spin structure (twist-2): collinear approach «>TMDs

quark
U L T
| A
number density

[
8 q
S|L g1 () )
[ helicity

T hi (x)

transversity

nucleon

quark
U L T
chiral-odd
q 2 lq 2
U f1 (x: kT) hl (X, kT)
number density Boer-Mulders
T-odd
chiral-odd
q 2 1q 2
L g1 (x, kT) hlL (X, kT)
Helicity worm-gear L
q cﬁiral-odd
1q 2 q 2 Lile] l-(T)
T flT (x’ kT) G (X, kT) J-transversny
Sivers Kotzinian-Mulders hl,;l (x, k%)
T-odd womn-gear T pretzelosity

» PDFs — universal (process independent) objects; T-odd PDFs — conditionally universal

Longitudinal momentum
kT =aPt
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Nucleon spin structure (twist-2): TMDs

nucleon

quark
\ quark
U L T
U L T
@ @ chiral-odd
( ; B q 2 1 2
. U f1 (x! kT) hlq(x, kT)
number density Boer-Mulders number density Boer-MuId_le_rs y
-0
= chiral-odd
@@ S P
g L 91 (x, kT) hlL (X, kT)
. = Helicity worm-gear L
helicity worm-gear L
q cﬁiral-odd
. hi(x, k%)
_ -~ fqu (x’ k%) ng (.X', k%) transversity
i — Sivers Kotzinian-Mulders hlq (x k2 )
1T ) T
@ - - T-odd womn-gear T pretzelosity
transversity
Sivers Kotzinian-Mulders _

worm-gear T

pretzelosity

I - spin of the nucleon; ’ - spin of the quark ’ - Ky
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SIDIS x-section and TMDs at twist-2
d

dxdydzdp2dgdg,

a y? 7
{ny 2(1- g)[“zxﬂ(FUU’THFUU’L)

=

+«/25 1+ &) A" cosd, + e A" cos 24,
+ /1«/25 1-&)A0* sing,

+ S,

Y _\/1 £ Ay +4[26(1-2) AT cosg |

. /25 1+ &) A ™ sing, + A sin 24, |

_AjiT”(q’n*¢5)sin(¢h —4,)

. + gAffT”(’”‘“’jS)sin(¢h +s)

+ e AT sin (34, — @)

+ W/ws sin @,

K \/mAj'{‘ *h%) sin (24, - ¢S)

+ &

\/ & )AT ) cos (¢, — ¢
+ S;A|+ 4/2¢(1-£)AT" cos g

+ 26 (1) AT ) cos (24, — ¢, )
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nucleon

quark
U L T
1
£ (e, k3) hy 9 (x, k3)
number density Boer-Mulders
T-odd
gl (. k2) | hif (x, k%)
Helicity worm gear L
hi(x, k%)
f1 Q(x k%) gqu(x, k%) transversnty
Sivers Kotzinian-Mulders (.'X,' k )
T-odd womn-gear T pretzelosnty
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SIDIS x-section and TMDs at twist-2

do

oc(F,, - +eF quark
dxdydzdp?d ¢, d ¢, (Fuui +Fun) ]
i} u L T
1+ 2 AT cos 24,
— £ (x, k) hi9(x, k%)
+ SL E Slli]ijn Sin 2¢h + SLﬂ,\/l— gz ALL U %umber dens’ilt; 1Boer-MuId{irsTdd
-0
_Ajm(¢n_¢s)sin(¢ _¢ ) ] § 0
. T h — % S| gf(x.,.k%) hy (x, k%)
n ST n gASJI_P(gbn+¢S) sin (¢h n ¢S) o Helicity worm-gear L
Sin(3¢h—ds ) oz hq(x kz)
+ & sin (3¢, — 1 (KT
LT '_A\_JT ________ (_ _¢ih_ i _¢_S_)__ ______ T fle-wq (x, k%) gqu (x, k%) J-transverSIty
r » COS(%_%) Sivers Kotzinian-Mulders hl'I? (.'X,', k%)
+ ST/I (1— & )ALT COS (¢h - ¢S ):| T-odd wortivgear T pretzelosity
L L )/ /
Z H
— e
QZ
?° h
CBSM“ o« ® H1th Boer-Mulders
— 4 (T-odd) xP
in( ¢, — 4 1 h _
™ o f9@D) sivers (T-odd) » X
i . 1h .
S$(¢”+¢) oC h(f ®H 1q Transversity
sin(3¢, —¢, 1 Lh )
T( hot) o thq ® qu Pretzelosity
Y
®=C[wfD]= xZejjd2de2 p,6? (zk; + p, =P, )w(k;, p,) F9(x.k?) D] (x, p?) f<
q
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Single-polarized Drell-Yan x-section and twist-2 TMDs

d LO
dfm o R (1+ COS” O ) quark
g ] U L T
1+D. , - A% coS 2¢,
[sm ()cs} fQ( kZ) hJ-Q( kZ)
S 22 SiN2¢cs 3 2 0 %umbjf’dens{y 1Boer-l\)/ICu,ldersT
+ S, SIn" O A SIN 2P T-odd
X9 A" sin g S
Sin(20cs =05 ) i st
+ S; D Ar Sm(zq’cs_gos) <
[sinfees || A2 +9) iy (205 +05) N hi(x, k%)
- = T f q(x’ k% ) transversity
where D =sin% g /(1+ cos? 6 ) st “ hy7 (x, kp)
[Sin2 HCS } CS CS \ T-odd i pretzelosity
Ut
Ajosz‘ﬂcs oc hi_?z ® hfg Boer-Mulders
— —_— (T-odd) u
A" o £ ® 17 Sivers (T-odd)

AP 0) o 1l hi, Transversity

Ao +0s) o hl0 ® thqp Pretzelosity

SIDIS < Drell-Yan sign-change of the

T-odd TMD PDFs / ‘“‘7\\” /
Fundamental quest: COMPASS, STAR, SpinQuest, LHCspin, etc. /" 7, /
/
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SIDIS x-section and TMDs at twist-2
do

dxdydzdp2d g, dg, All measured by COMPASS t
2 2 h
{ az : [1+7/_J:|(FUUT+8FUU L)
xyQ 2(1—8) 2X , ,
1 \
P
X
+ SL [W Si[\¢n sin ¢h +e SiCZ(bn sin 2¢h_ Quark U . -
) Nucleon

T SL/I[\/l—gZALL 22 (1-2) A 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

oC
dxdydzdpZd ¢, d @,

(Four +€RuL)y 1+
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SIDIS: target longitudinal spin dependent asymmetries

do

dxdydzdp2dg dg,

(FUU r+HeRuL ) 1+... |
’ ' B. Parsamyan (for COMPASS) arXiv:1801.01488 [hep-ex]

] ] 067 ;COMPASS preliminary * h+ r 2>0.2 h
+S [,/25 1+ &)AM sing, + s Al sin 2¢} R i ,
- (1+2) A ! . ! Z ., 2007,2011 data g ’
+ S.A|VL-&" Ay +\[26(1-2) AT cosg, | I pfellmmary// | v
AN r y
,..,..--" I o (%
0;’ o o e o *
i - 0'06; : ;zr;::;i:lé?;?;%m D(y)-rescaled ’ ; 202 h
COMPASS collected large amount of L-SIDIS data o om i
5 5 004 j :
Unprecedented precision for some amplitudes! < ook - + i }
Azlzld)h 0; toe o * e ¢ e @ ? ¢
r r ¢ b
* Q-suppression, Various different “twist” ingredients ~0.02 - s Py r
* Sizable TSA-mixing T PR
. Significan_t h* as_ymmetr—y, clear z-dependence 53 003 et ovsomsmy
* h~compatible with zero < _ S
ASin2¢n Ot et SR '
UL r ' i
*  Only “twist-2” ingredients ~0.05 -
« Additional p-suppression T P S R
. . . . 0-1} ® COMPASS preliminary ht } z>0.1 h™
» Compatible with zero, in agreement with models - - IR 74 001500 :
. . . g = L~ L
» Collins-like behavior? e . + :
ACOS¢h s ‘—% ‘
LL . i
» Q-suppression, Various different “twist” ingredients 005F -
» Compatible with zero, in agreement with models 01| e O S revramraarere
107 107" B 107 107" .
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SIDIS: target longitudinal spin dependent asymmetries

do 5
S o« (Fyur +gFUU,L){1+...+SL/1\/1—g AL }

0 6-— eh™ z>02 | COMPASS preliminary [ Proton 2007, 2011 data
|:1 —C { g q Dh } - ah” ¢ | B. Parsamyan (for COMPASS)
LL 1L “1q 3 [ I | arXiv:1801.01488 [hep-ex]
< 04F Lol [

* Measurement of (semi-)inclusive I ¢
A,(A,)) is one of the key physics 0.2r

|
B
B

®
ic ) ° ° [ ] ]
topics of HERMES/COMPASS L eat 3 4 S LV R \ E %55 %% 2 i
» Large amount of P/D data oF - A | iy |
° \ 7||\|\|| Lol \II\\’\|||||I\||I\\7|-\7|||\|\|\|l|\\|l|
No P;-dependence observed = o PSP E—— 05 : >
X z . (GeV/e)
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o] AL Tap o ane v, v |
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0.2 . 2 04k L e ui=020 |
{* } < [ - - -pi=025
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SIDIS x-section and TMDs at twist-2: TSA
do

dxdydzdpZdg dg, All measured by COMPASS )

a y v’
|:XYQ2 2(1—3)[1+5ﬂ(':“”‘ +&Fy )
1+ 22 (1+ £) AT cos g, + & AT cos 24,
+ Ay2¢(1—g) A% sin g,
+ S, [ (f25 (L+2) AT sing, + 2 AT sin24, | / A o £ @Dy Sivers

=

+ S A=A, + 25 (1) A cos¢hJ ) o Rt @ HA' | Collins [ =
- - sin(3¢, —¢;) 1q Lh ]
AT sin (g, — ) T oc hy' @ Hy Twist-3

Sin(éy +65 ) i ) WwW
x - +eAy " sin (4 +4s) ) o Q7 (NI @HL + f79®DJy +..)

+ S |+ eATCY ) sin (3¢, —¢y) »
+ J25 (1+ &) A sin g, nEh) e Q7 (h;q ®H,"+ f:'®Dy, +)
+ /26 (1+ &) AnCH %) gin (24, — (dh:) h

I g_ (___ig_)_A_J'_I' ________ g_?rl__?s_)_:__ CE)l'S chfT®qu

/(1_ &2 )AE$S(%—¢5) COS(¢h _¢S ) ot
+ S;A|+ 4/2¢(1-£)AT" cos g !
Ww
+ 26 (1) AT ) cos (24, — ¢, ) 2h ) o Q‘l(ng ® Dl“q+...)

J—
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SIDIS TSAs: Collins and Sivers effects (deuteron)

do sin(éh—¢s ) i Sin( gy +4s ) s
dxdydzdp2d 4, d g, OC(FUU,T +5FUU,L){1+---+ST 'A\JT((/jh ’ )Sln(¢h —¢s )+ S, gAJT(% ¢)S|n(¢h + s )... }

|:USiTn(¢h+¢s) :C{_ h-p; hququh}

sin( ¢, — ﬁk sin( ¢, —
v FUT,(T% ¢S)=C|:— v f;qDlz:| ESinh=ds) _

»UT,L

COMPASS PLB 673 (2009) 127

=02 n 202 -
S 0E Collins % B Sivers
0.1~ r r 0.1 -
U_......%’...;é..i?...,..!ﬁ..ﬁ..*..#...#......._..‘ég;@%@..iﬁ......ﬁ......,],s}.....,.ﬂ.._..%%.gg.g.f...'E.............{I..... O §gubebyg -]'% # ,,,,,,,,,5,@;@,% ,,,,,, LS % ,,,,,,,, -}(}é*‘i‘%*%%’f ,,,,,,,,,,,,,, %
of 1 ol
3;&4_:? 504 K
0.2

o ﬁ}iﬁ’i‘#wﬁ """" ﬁg*‘}’ﬁ%*ﬁﬁ*f?ﬁ*#ﬁ# DH“*@%;@’H% ""'*"'*é'i;;*g.'?%"*q; """ Bodo ﬁ*ﬁﬁ%;% """ Vo E

<3 K° | =8 K°
02 ] : + . 02 - .
ST SLUNET I SR T U 4]
e S W e +¥+* P E— R '} .................. L .}**{,}}*f{'*
02 : : 02f l}
02 o 02 04 06 0% 03 i 1 02 o1 02 04 06 0% 03 i 5
x z ph (GeV/c) X z ph (GeVic)

» 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 sin(éh—¢s ) i Sin( gy +4s ) s
dxdydzdp?d ¢, d * (FUU,T +5FUU,L){1+...+ST AJT((A“ ’ )sln(¢h — s )+ S, gAJT(% ¢)5|n(¢h + s )... }

ut,Tm

Fonde) _C {— “I'VTT fiy! DI;}, Rt =0

COMPASS PLB 744(2015)250

ST *; " Collins | v | ‘%i I Sivegs I ‘}

o P R it ! jif'd tagg? | g fhed
Rt Attt B G i
| Tl

) URTRISR R 1% iy Ooz{ii;ﬁ{ } jgﬁml _j{?ﬁ_ii _______ J
HW """"" ";'*"%"'{ """""""" b %HH ______ }{H[ ............ _{..{.}..}. ..... } .........

Ll el I i 1 L 1 1 1 1
107 10 05 1 0.5 1 L5

raaanl L0l L1 a1 " | L 1 1 1 1
P 1o 05 1 05 1 L5 :
pf} (GeV/c)

X z P;', (GeV/e) x z
15t COMPASS deuteron measurements — Collins and Sivers asymmetries compatible with zero
COMPASS proton measurements — clear non-zero signal for both asymmetries
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do
dxdydzdpZd e, d ¢,

SIDIS TSAs: Collins effect and Transversity ®®

o (Fu +5FUU,L){1+...+ S, e A S sin (g, + s ) +... }

 Measured on P/D in SIDIS and in dihadron SIDIS

FJ'TW” +fs) _ { hlq H; Lh }

» Compatible results HERMES/COMPASS
(Q? is different by a factor of ~2-3)

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

3
COMPASS PLB 744 (2015) 250 5
COMPASS 2010 proton data
3 0k
c;é) 0.1 COMPASS positive pions x<0.032
* COMPASS positive pions x>0.032
0.05- o HERMES 1 PLB 693 (2010) rescaled by (1-<y>)(1-<y>+<y>")
0_ __________ s e g AN
(?%%(? 0 9&@ ¢ %’* > é@ﬁéé‘ﬁ $ %}
005k s L : i
0.05 : + b
0.1 - -
— | el | L | | | | ;
= s [ 7 compass
N 8 0.1 i - — E 20 '_ HERMES -
<
0.051- ? - r}) - ‘H
(k éé* 9*%% * (})+(} % %éiéé#* % * 15 Fmebidbodedudic b bobedododid b b e
- et b - — B S AU L5 AR SR
10
—0.05- ~ o
COMPASS negative pions x<0.032 s
] COMPASS negative pions x>0.032 ro .
0.1+ o HERMlESm PLB 693 (20]0) rescaled by(% <y>)/(1 <y>+<y> )I | L ol ei THEdI® ; ;
R B AR | | Fo ‘ oo H H
-2 -1 05 1 05 1 L5 e I -
10 10 . P! (GeVie) :
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SIDIS TSAs: Collins effect and Transversity ®@

o (Fyyr +5FUU,L){1+...+ Sy e AT sin (g, + g ) +... }

do
dxdydzdpZd e, d ¢,

I:US'TH(¢n +fs) _ { hlq H; Lh }

Bogllone et aI PLB 854 (2024) 138712
U.L; ) =1 GeV? ;
4
Anselmlno et al.
PIRD92 (2015) 114023
]
X

Measured on P/D in SIDIS and in dihadron SIDIS

Compatible results HERMES/COMPASS

(Q? is different by a factor of ~2-3)

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

M. Radici and A. Bacchetta w04
PRL 120 (2018) no.19, 192001 o 02
. H H -
D‘D 4 L 1 L 1
—_ e
% 0.0 = = B ——
— - \""—-'_ i
"'g (_)'1 \ :‘/’ """ Radici, Bacchetta ‘18
—0.2F™ —-— 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)

0.2+
0.1+
0

0.05: JAM, PRD 10

4) 3, 034024
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SIDIS TSAs: Collins effect and Transversity

(Four + &Ry {1+t SpaAT @ S sin (¢, +45) +... |
 Measured on P/D in SIDIS and in dihadron SIDIS

do
oC
dxdydzdpZd e, d ¢,

q

Fapias :c{-—“MF’T thfh}
h

[Addendum to the COMPASS-I1 Proposal]

-

» Compatible results HERMES/COMPASS
(Q? is different by a factor of ~2-3)
-~ * New deuteron data crucial to constrain d-quark transversity

Projected uncertainties

X h
£

P IR IR I B B I

for transversity PDF

1[{HMHH

= %"'%'"*"'%"'% """"" % """"

Projected uncertainties for Collins asymmetry T ¢ $ ; ?
- 6
5 COMPASS .+ o1~ deuteron 2002-2004 L
< proton 2010 ‘}
o 005 -
i5 5 ?
< % (}) il xh,;
(:3 é # V - IHJ‘[I}': I HL" I ‘
0.00 [~===f-- é*@**@g ********************** = ﬁéé}’i} ‘}f’f B .
it : /
i X : __
0.05 - L deuteron 2022 M. Radici
o ? RN IR : SPIN-2018
il L | ] paal j —
102 10 102 107!

COMPASS-11 (2022)

« 24 COMPASS deuteron measurements performed
» Crucial to constrain the transversity TMD PDF for the d-quark
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cds.cern.ch/record/2286954/

SIDIS TSAs: Collins effect and Transversity ®@

d sin( ¢, + .
dXdydzdpgd¢hd¢ OC(FUU,T +8FUU,L){1+...+ S eAm® "’S)sm((/ﬁh + ) +... }
T : * Measured on P/D in SIDIS and in dihadron SIDIS

ol +ds) _ h hqum « Compatible results HERMES/COMPASS
7 (Q? is different by a factor of ~2-3)

* New deuteron data crucial to constrain d-quark transversity

Total protons delivered on the production target: ~5.95x10'® (98% of the request) in ~150 days

6.0E+18 SPS efficiency: ~ 73%
COMPASS 2022 run MU"“E/ Spectrometer

3.0E+18 efficiency: ~ 90%

Physics data collection

efficiency: ~ 75%

4.0E+18

3.0E+18

T2 vacuum

Highly successful

2.0E+18 )
Run in 2022!

Number of protons delivered

1.0E+18

0.0E+00
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SIDIS TSAs: Collins effect and Transversity ®@

d sin( ¢, + .
dXdydzdp?d¢hd¢ OC(FUU,T +8FUU,L){1+...+ S eAm® "’S)sm((/jh + ) +... }
T : « Measured on P/D in SIDIS and in dihadron SIDIS

« Compatible results HERMES/COMPASS

I:USiT”(%Ws) e _ﬁ'_pThqulth patl _ .
M, (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? New!
0.05-2002-04 (NPB 765(2007)31) - Accepted by PRL |
[ | (in production) | | - = M
= L | [ R New!
S _

ok dmenrgb s ety ) o %

—0.05:—-.____..- . :_ __:. | »o ------- ; %Jr‘-‘?% ----- --------- . 5,%{% ----------------------------

42022 L ~70% of the 2022 sample | h™ 7
0.05 | 22002-04 (NPB 765(2007)31) [ -

- {A A + —0.27 .U
. | L b -
—_ A & *A T A A L
3 - A}A Y Lk I\ 2 k] B L L
< Of';%;ﬁ;?t‘fﬁ}ﬁt&}r 777777 ﬁ}*ﬁf\éw%+ ””””” o 107 107!
L I X
i } o Point-by-point extraction framework
005 ma— e | o | o A. Martin et al. PRD 91, 014034 (2015)
o2 o0 0204 06 08 05 1 1s A. Martin et al. PRD 95, 094024 (2017)
X z P (GeV/e)

COMPASS 2022 run — highly successful data-taking!
« 27 COMPASS deuteron measurements conducted in 2022: unique SIDIS data for the next decades
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https://arxiv.org/abs/2401.00309

SIDIS TSASs: Sivers effect

dG sin( ¢, —ds .
ayaapiagag ~ (Foor #oRu )it SrAT ™ sin(d —g)v..
=)

COMPASS 2010 proton data
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SIDIS TSASs: Sivers effect

do o~
dxdydzdpZd ¢, d ¢,

COMPASS 2010 proton data
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COMPASS 2022 run: new unique deuteron data

proton [H] neutron [He]
%. J?ejfe’rs)on Lab
S data points data points
Airapetian et al., Qian et al.,

FR.L 103 (09) 152002

COMP/
2009

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

PR.L T07 (11) 072003

COMPA
2017,

Adolph et al.,
P.L B770(17) 138

deuteron [5LiD] Proton [NH;]

88
data points data points

(Same kinematic cuts applied to unpc\arized)

Q2> 1.4 GeVv2 02<z<0.7
Prr < min[0.2Q), 0.7Qz] + 0.5 GeV

ata projections

300 data points = 118 data fitted
14 free parameters

Pavia group fits
Bacchetta, Delcarro, Pisano, Radici,

in preparation

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

xd.of

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

PV11 Bacchetta & Radici, PR.L. 107 (11)
EIKV Echevarria et al., P.R. D89 (14)
TC Boglione et al., JHEP 1807 (18)

Bacchetta, Delcarro, Pisano, Radici,
in preparation

PV11 [1107.5755]
TC [1806.10645] uP
—0.05 EIKV [1401.5078]
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= 10-1 10° =
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SEA 10-2 x smaller
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/)-2 101 10°
/
JAM Collaboration, PRD 106 (2022) 3, 034014 COMPASS 2022 deuteron run
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Single-polarized Drell-Yan cross-section at twist-2 (LO)

— E I
D) & —— COMPASS 2015 NH, data
= T Comb. background
S (Y o VI Iy (MC) do® | )
O : ....... W' (MC) 4— oC FU (1 + COS HCS ) §
g 104 Be e Open-charm (MC) dq dQ N P
= E ---- Drell-Yan (MC) g 0520 N
SN— d CS
S0 F 1+ D[szgcs} A, COS 2@
£ . N
S 100 + S, sin® G A2 sin 29
S E — -
10 = ) # X A" sin g [
E e | ‘ Sin(2¢cs =05 ) o _
6 8 10 + Sy +D Ar SIn (Z(Pcs Ps )
2 in2 i )
M, (GeVi/e?) | pnCes ) sin (20 + ;)
08— — g €0S 2¢2cs 1q 1q Boer-Mulders
0.3 — . . . E Sln(/) Anrzemlr;\\ln:eatal., PRD 79 (2009) m h ® h
M. Anselmino etal. __ ; _ 10 Gevic o.z'—Af ° == EI)IIins gtéuwl'bgéBT?ééﬁggs) A‘J L7 Lp (T—Odd)
025} PLB 770 (2017) 302 I Baconets o181 PRD 78 (2006) sin ¢ q 1q .
r o5 g4 ’ S -
. losf o ° i AT o flﬂ & fﬂ'IO Sivers (T-odd)
°-1f‘ . Sin(2¢cs —9s) 1q q i
: . A oC hl,;r () hl,p Transversity
r ’m — —
1 0.05- L .
1 A‘F"”(Z‘PCS ) o BH @ h9  Pretzelosity
, ‘ . S ; Lz 1T,p
0.0 0.1 0.2 03 0.4 P t
X 005 o SIDIS < Drell-Yan sign-change of the
[P projecton from proposal 200 | T-odd TMD PDFs
o1 08 06 04 02 0 02 04 06 08

X=Xy
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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Slvers eﬁect Drell- Yan and J/y Sivers DY TSA

sin g q 1q

oC
- Drell-Yan data M,€[4; 9] GeV/c 2 PRL 133(2024)071902 A f ® flT P
hep-ex/2312.17379

—0.1F TAM20  _LFCQM " curves based on
[ Torino ---SPM - JHEP 02, (2021),166 Dr—eIIeYan
0.1 0.2 0.3 0 4 0. 6 0 8 0 0.5 1 2
Xy X, Xp q, (GeV/e)
» The Drell-Yan Sivers asymmetry tends to be positive (~1.5 s.d.)
3101;- \ DI'C”‘YCII'INH}‘ H.
! ETE 0 ' 16" 1ID
e z2>0.1 COMPASS [ a z>0.1

0040 0.1<z<0.2 PLB770(2017)138} » 0.1 <z<0.2

sin(9,- 0,)
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PR % o Sivers SIDIS TSA
0.02 - ,
= 0020 - sin(g—¢, ) 1q h
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0- ,,,,,,,, FE ,,,Aér, R B
r — : COMPASS proton Sivers measurements
002, 0 L 1« Clear signal in the matching Q? ranges
1 10 1 10
02 (GeV/c) 0?2 (GeV/c)
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Slvers effect: Drell- Yan and J/y

M, €[4; 9] GeV/c?

- Drell-Yan data

L PRL 133(2024)071902

Sivers DY TSA
A?'n(”s oc fq R fl#qp

hep-ex/2312.17379

- - LFCQM
—0.1 JAM20 I — LFCQM Ccurvesbasedon [ . ., «, || b SPMQ

[ Torino ---SPM ' JHEP 02, (2021),166 Drell-Yan - JAM20

: ! : ! ; e L B Torino

0.1 02 03 0 4 0. 6 0 8 0 0.5 1 2 0.1+~ . L .
Xy Xg Xp q, (GeVic) 0 0.1 0.2 0.;
N
» The Drell-Yan Sivers asymmetry tends to be positive (~1.5 s.d.) N
N

) 2
[ M g[4; 9] GeV/c l

- « COMPASS Drell-Yan

[ COMPASS [ 1 +p' — u'+ p- + X [ 2.85<M,,/[(GeV/c2)<3.4
0.1 i preliminary [ 2015+2018 data i i
o :
- {URY SR FYE S S bigpdofdog g
< _
-0.1r
I I ol PRI I S T S SR SR A SR P IR TR S SR S|
107 10" 110" 1 0 0.5 1 2 3
Xy Xy Xp g, (GeVic)

» Jhy Sivers asymmetry is compatible with zero (within ~ 1%)

» Predictions for a large Sivers effect in Drell-Yan and J/\y at COMPASS 3z

» Hint that J/\y production might go via gg fusion in COMPASS?
» Access to small gluon TMDs?
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Transversny TSA: Drell-Yan and Jhy 70y oY 157
CS — #s
"Drell-Yan data | M,,e[4;]9] GeV/c*[ PRL 133(2024)071902 AT * hl,ff ® hl,p
hep-ex/2312.17379
-~ ’ &7 "« COMPASS Drell-Yan
> I A= = B | | 1, M ,el4; 9] GeVie?
P : j 3 &£ oo THERTD B
g , f } g 0 :
R @ .
= l l l = 0.1
0.4+ - . e
| === LFC-JAM20 — LFCQM curves based on L
| = SPM-JAM20 ---SPM JHEP 02, (2021),166 DlreII—Ylan -0.2 -
01 02 03 04 0.6 080 0.5 1 2 B
Xy X, Xp q, (GeVic) 0 0.1 0.2 0.3
*N
» The Drell-Yan Transversity asymmetry is negative (~2 s.d.) S
: COMPASS [ © +p! = p"+p +X [ 2.85<M,,(GeV/c2)<3.4 % ‘
~, O.1p O preliminary [ 2015+2018 data i i Jhy
-e- -
I, L L7 10f e
N R T I S [ b
L phtept gt by ¥
B re ' ’
A 10” 10° 10! n
~0.1f -
! ! doyl AT | A N R ! ] ] ‘f z>0.1
102 100 1 107 10 0.5 12 3 = 005 01ez<02
Xy Xy Xp q. (GeVic) év- -+ COMPASSSIDISp
. . . . _ & | PLB 770 (2017) 138
» Jhy Sivers asymmetry is compatible with zero (within ~ 1%) 5 of 2o
- Predictions for a large Sivers effect in Drell-Yan and J/y at COMPASS < i

» Jhy Transversity TSA is also compatible with zero

» Hint that J/\y production might go via gg fusion in COMPASS?
» Access to small gluon TMDs?
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https://arxiv.org/abs/2312.17379

Transverse-spin asymmetries in t~p' scattering

Theory curves based on S. Bastami et al. JHEP 02, (2021),166

0.3

COMPASS

- Drell-Yan data

r JAM20
t — — Torino

- M,,€[4; 9] GeVie |

PRL 133 (2024)
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Drell-Yan measurements

* Ruled out predictions for
large asymmetries

» General agreement with
currently available model
calculations

« COMPASS data favors the
sign-change hypothesis
for the Sivers TMD PDF

» COMPASS data also favors
proton Boer-Mulders TMD
PDF sign-change (indirect,
model-based)

Jhy production channel

« All TSAs are small and
compatible with zero

» Hint that J/\y production
might go via gluon-gluon
fusion in COMPASS

» Access to small gluon
TMDs?

S7


https://arxiv.org/abs/2312.17379

Conclusions
« COMPASS - longest-running CERN experiment (20 years of data-taking)

» Series of successful and important measurements addressing nucleon spin-structure
o Inclusive measurements, unpolarized and polarized SIDIS (longitudinal/transverse)
o First-ever polarized Drell-Yan measurements

« Awealth 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 Q2
o Will remain unique for at least another decade

»  World-unique SIDIS deuteron data collected in 2022
o Highly successful run, promising preliminary results

» Since 2023 the experiment entered the Analysis Phase
o 3 new groups joined COMPASS in the course of 2023 for the Analysis Phase

o The spectrometer has been transferred to the COMPASS successor in the M2 beamline — the
AMBER collaboration

« AMBER took its first data in 2023-2024!
o Antiproton production studies and input for DM search

« AMBER phase one comprises also PRM and unigque Drell-Yan measurements
o Phase | will be resumed after LS3

* Long AMBER program is being developed: Phase-11 proposal is being drafted

If you are interested in joining COMPASS or AMBER - don’t hesitate to get in touch!

|
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https://indico.cern.ch/e/IWHSS-CPHI-2024
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COMPASS Physics Program

Hadron spectroscopy See Stefan Wallner’s talk (Wednesday)
 Diffractive z(K) dissociation
reaction with proton target O- 0 17 1r 27 2F 37 3" 4
« PWA technique employed 2.5 Sy
» High-precision measurement of 1 _—L—=:—x—_x_
light-meson excitation spectrum = T *°] x _° P e YT
- Search for exotic states S = =S | TR A
Chiral dynamics g e X conpass
 Test chiral perturbation theory ] o ®  Not Established
in z(K) y reactions 05 1—e— | e v oy acke

x* and K* polarizabilities X K K K K, K K K LK K K
 Chiral anomaly F,,

caco
COMPASS %QQ \9“% & D
2 S HIFS > > &
proposal &z» S & F 8 4P RS &
%\ j soisut & L F A N
. ® 000000000000 0000 ( ()
G §\W§@§$§§$§§§§§§§§§$ﬁﬁﬁ
\ LSl LS-2 PN
~ ~ ~
IPllot run Phase | Phase 11 Analysis
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COM IPASS PhySICS Program COMIPASS preliminary 2016 data (~70%)

GPDs n
» Transverse position bT of partons 7_\\ \“‘~~~...\
« 8 GPDs - correlation between b, and x b +¢. """""" TR
« Complementary to TMD PDFs 5 T
« Contain information about parton 8 ‘[
orbital angular momentum T i e o 02
» Accessed via exclusive processes: S e :8?22:552:&1222 :f:jfc‘jj‘jj;;ji o,
« Deeply virtual Compton scattering ™ @ m <hotcewier Pwlessicamm |
(DVCS):ﬂ+N_*ﬂ + )’+ N 1004‘ o lm110|*3 | XI/ZI | .1.1.(;_2 o ”“11091
« Hard exclusive meson production )
(HEMP): u+N—->u+M+N Several ongoing analyses close to completion:
with M = z°, p(770), ©(782),.. exclusive z° cross-section, DVCS cross-section,
S SDME:s for ¢ meson, etc.
?»
COMPASS @QQ @3?’\9“% £ &S
proposal %\5 c3\@‘5 {O\* .o@'” %\Q :@? & ,'%q?
|_l SDISLT — o§ & QQAQ Q@\ 3 &
. o 000000000000 0000 ()
& IV S T S S R S S S 9
\ - AL LS4 W LS-2
Pilot run Phase | Phase 11 Analysis
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AMBER measurements 2023-2024: Drell-Yan 000E

n:l:

, K* induced dimuon production:

Drell-Yan, JAp (and ")

COMPASS++/AMBER AN
IS

Study of pion and kaon PDFs
 Crucial input for the study of the
Emergent Hadron Mass (EHM)

* Possibility to collect unique
balanced nt*/n” induced DY data
Measurement of A, u and v (DY, J/y)
Jhy production mechanisms (qq, gg)

Carbon and tungsten targets
Improved vertex/mass resolution
Updated setup, new TL DAQ

\>)
proposal ot

TR - O & & &

E%Q / >ﬁ~ .Q.%

NA3 extraction (DY n* and «” data)
SMRS 10% sea contribution

AMBER proposal

________ SMRS 15% sea contribution

IIIIIIIIIlIIIIIIII

4.3 < M/(GeV/c) < 8.5
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

4.0 < M(Gevic) <85 < [mproved vertexing
01 02 03 04 05 06 07 08 09 _1

IIIIIII}IIIIIIIII

— +
mC _ 5™ C: only valence-valence

_|_ —
Yoo =407 € — 5™ C: no valence-valence

Phase-11 (Drell-Yan)

A S D
& & O
P P

p LS4 LS-5

Pilot run
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3D unpolarized Drell-Yan cross section on NH
'*:' 200 7e[0.24,027) L VT e[0.27,0.30] E {7<[030,033]
L,
:_LE 105_ -n' - : — J. Phys. G: Nucl. Part. Phys. 19 D1
ol < : ""ll :
1= | i, | N | o
He 52_ - .I_ . _ * r\g g —— COMPASS 2015 NH, data
: N NI« ST * > 10° L L o backeromd
_ V7 €[0.33, 0.36] {7 €[0.36, 0.39] [ 7 €[0.39, 0.42] O AN V(M)
10k i . g 104 = <=+ Open-charm (MC)
[ - collinear S - T oM+ Conb.background
by [ SI0E AT :
;= L T, g SIFE N
t il td ‘.-!- [ .I.-l-i e 1 0E” "‘5;;:;:“ ! Wi@%{ﬁg
| . - | T.%. E\ L “.“"’!.‘.._ ;\ —— n : L
04':;'2"6"(')'2"6'4'61'6"(')'8 C05 0 62040608 02 0 0204 06 08 4 6 8 102
X, X M, (GeV/c?)
» First new results i |n 30 years!
« Data from light/heavy targets
* NH,-He, Al, W Experiment target number of systemgtlc datapoints
« 1D/2D/3D representations COMPASS NH;-He, 36000 ~5% 110
oy - Al 6000 ~15% 50
Xg:0r:M (2018 data) . -
» Unique data to access collinear w gl ol ki 5l
d TMD distributi NA10 W 155000 6.50% 59
and 1D distrvunons E615 W 36000 16% 168
e.g. pion TMD PDF
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Polarized SIDIS and Drell-Yan: universality

Semi-inclusive DIS

19 August 2024

T-odd TMD PDFs
C—)

sign change

Drell-Yan process

B. Parsamyan
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Polarized SIDIS and DY — factorization and kinematic regions

Semi-inclusive DIS

High g;— Collinear factorization
Low gy — TMD factorization

19 August 2024

Drell-Yan process

T-odd TMD PDFs
C—)

sign change

High Xz — Current fragmentation
Low Xg — Target fragmentation
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5ot COMPASS
HERMES
(Gev?)| CLAS 6 GeV
CLAS 12 GeV

Main polarized SIDIS (Drell-Yan) inputs 1995-2022

Semi-inclusive DIS Drell-Yan process

n'!QN

T-odd TMD PDFs

C—)
sign change

RONT
“ 6o Ei(éﬁLLll Shi - : Muon-filter
: e RICH. S 7 o =Y
Polarized N /
i Target R3¢ -

DRI 40 m
/" ‘
ol IS
. “CHAMBERS 275 GeV.
TTTTTT A mo- e+
CELL SLoiTeces W §
'C | y -
| !
4+ Hoposcorg ) ¢
[ LN -y

STEEL PLATE e BC3/4 ~ e 140 mrad
RICH - M-

IRONWALL 7=

= rar
WDEANGLE o6 HODOSCORES
— MAGNET ON,HODOSCOPE,

T T T T T T T T T T T
0 1 2 3 4 5 6 / 8 9 10 m

HERMES (data taking: 1995-2007) COMPASS (data taking: 2002-2022)
Beam: e*, e~ 27.6 GeV/c Beam: pu*, 160 GeV/c (DY: n-, 190 GeV/c)
L- and T- polarized proton target L- and T- polarized NH,, SLiD targets (DY: T-NH,)
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Main TMD tools — universality and synergies

Semi-inclusive DIS Drell-Yan process
M \L\./V/Iu' 'u+
Q2 T-odd TMD PDFs
?* h C—)
sign change
xP
> )7
N =2 X
Fragmentation Functions Parton Distribution Functions
Electron-positron annihilation pp, pA-scattering, jet production, etc.
. p $ X
e Pz

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

ol

o—

Electron-positron annihilation

12 %
@

Jefferson Lab

claSy

Jefferson Lab @ 22 GeV

19 August 2024

Drell-Yan process

pp, pA-scattering, jet production, etc.
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SIDIS TSAs: Collins effect and Transversity C@@
do oc (Four + &Ry {1+t SpaAT @ sin (¢, +45) +... |
dxdydzdp;d ¢, d ¢,
« Measured on P/D in SIDIS and in dihadron SIDIS

Fne) _ h hqum « Compatible results HERMES/COMPASS
(Q? is different by a factor of ~2-3)

~ + No impact from Q?-evolution? Clear signal at STAR energies
COMPASS, PBL 770 (2017) 138
HERMES, JHEP 12 (2020) 010
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SIDIS TSAs: Collins effect and Transversity ®@

d sin( ¢, + .
dXdydzdp?d¢hd¢ OC(FUU,T +8FUU,L){1+...+ S eAm® "’S)sm((/jh + ) +... }
: : » Measured on P/D in SIDIS and in dihadron SIDIS

Fonls) — { hquLh} « Compatible results HERMES/COMPASS
(Q? is different by a factor of ~2-3)

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

Inclusive p°® Collins asymmetry

PLB 824 (2022) 136834 = [PLB 843 (2023) 137950 COMPASS prefiminary
R T Full phase-space i ;ﬁ ;
< *A oA E 5 02 i I
w0 % = i {{J - < ++++ ; %+. I % ++ +
IV 0 SR SO N W A S . S ] . Op b + ””””””””””””””””””””” PO
wys %’ L - 02 = ST 04 06 08 02040608 1 12
ees———— I — R X z PT (GeV/e)
T — -—,-_ I o o
_. _ 0 0z of s 2 (GeVlo . Indlcafuon for a positive asymmetry
« opposite to r+ and ° as predicted by the
models
- U I  Large effect at small Py
100 - E O8F ep+ IG,/Gl =5 - [A. Kerbizi et al.
020~ T [ Op° _nh-
] M‘“\ Log g Mep-ph 2109.0612¢]
0.1 —0.2— F F E O A o ?® ﬁ Ot o0
! ® I:I e a [m} ® L]
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SIDIS TSAs: Collins effect and Transversity @_@

d sin( ¢, + -
dxdydzd;dqﬁhdgé OC(FUU,T +5FUU,L){1+...+ Sy e AT sin (g, + g ) +... }
! ° 4  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

q

passrs) :c{-—“h'ﬂ‘* thl“’} |
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Highly successful
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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]

Z 0'25: z 025 E + 1.4% polarization uncertainty not shown <Z g STAR
02f PP W@1s=510Gev 02f " o 0442 NLLBuryetal = NLL Bacchetta etal.
0.15F L350 pb 0.15F is\\'{"AR =
0.1E is\\{'m 0.1E 0.2F «
0.05E- 0.05F 3
] S o g— ] [B
~0.05F- o ~0.05F e S
~0.1F preliminary ~0.1F e " \s=510 Gev, L=340 pb” ﬁ“‘
015 projection 2017+2022 05 preliminary A
—{].22 = Bury, Prokudin, Viadimirov, PRL 126 (2021) 112002 —0.2;— projection 2017+2022 -0 g_ 73<M, <114 GeV/c?, p$"< 10 GeV/c
O e 04 202 0 02 04 06 08 S0 oy S0 0 020408 os - p7>25 GeVio, <1
yW,reco yW,reco —04;_ 1.4% beam pol. uncertainty not shown
s s 0 s T s
0
COMPASS, PRL 133 (2024) 071902 y*
- e é ) SIDIS—Drell-Yan (W, 2)
- reill-y an 2
< i : > sign change of T-odd TMD PDFs
£ = M €[4, 9] GeV/e e
< 0.1 « Difficult measurement
i « Low Xx-section, background
i » Sivers TMD PDF
0 » Pioneering measurements

SPM « COMPASS (Drell-Yan): 2015, 2018
JAM20 ’ « STAR (W, Z2): 2011, 2017, 2022
0.1 Forino COMPASS data favors the sign change

0 o1 02 03 « Useful input to constrain the fits
X
N
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Sivers TMD PDF: sign change - future

JINST 3 (2008) S08005
L C 1IJMPA 30 (2015) 1530022

D,
I
N 4
QuES®
4% Fermilab

P
s - N Forward acceptance: 2 <n <5
]ép (fl}e Tracking system momentum resolution
be""ln lagg, ) Aplp = 0.5%-1.0% (5 GeV/c - 100 GeV/c)

0.2\ Drell-Yan Target Single-Spin Asymmetry 0.1

4 <M, <9 GeV/c’ _
0.05Fdm = 0.5 GeV/c? pp s=115GeV

ppid’) - pwX. 4<M_ < 9GeV

np

DGLAP: M. Anselmino et al, =
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Boer-Mulders TMD PDF: sign change

- My,€[4;19] GeV/e 2PRL 133(2024)071902
l hep-ex/2312.17379
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Boer-Mulders TMD PDF: sign change
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Drell-Yan TSAs — Transversity Transversity DY TSA
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Electron lon 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

Resolution, Q% (GeV?)
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Electron lon 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
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CEBAF at 12 GeV and Future opportunities
arXiv:2112.00060 [nucl-ex]
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» Together with EIC/EICc - complete picture!
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E SIDIS cross sections in 4D bins
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High luminosity, complementary kinematic coverages, evolution studies, all TMDs, etc.
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COMPASS—AMBER: Vertex detector
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COMPASS data taking campaigns

Beam  Target year  Physics program
2002
. 2003 | 80% Longitudinal | 20% Transverse SIDIS
H Polarized deuteron (6LiD) 2004
2006 | Longitudinal SIDIS
Polarized proton (NH;) 2007 | 50% Longitudinal | 50% Transverse SIDIS
n|K|p LH,, Ni, Pb, W gggg Spectroscopy

2010 | Transverse SIDIS

Ty Polarized proton (NH,) o
2011 ' Longitudinal SIDIS

=|K|p Ni 2012 | Primakoff

P LH, 2012 | Pilot DVCS & HEMP & unpolarized SIDIS
2014 | Pilot Drell-Yan

T Polarized proton (NH;)

’ 2015 Transverse Drell-Yan

2018
2016 :

T LH, 2017 DVCS & HEMP & unpolarized SIDIS

._ : 2021
pt Polarized deuteron (6LiD) 2022 Transverse SIDIS

19 August 2024 B. Parsamyan 81



CERN LHC and NA schedules

CERN Accelerator Complex schedule to 2041

2021 2022 2023 2024 2025 2026 2027 2028 2029
J|F[M]AM|][]|A|S|O|N|D{ ] [F[M]AIM[] []|A]|S|O[N|D]J [F M|AIM|] ] |A|S|O[N|D]J] FM|A|M|J|J|A|SONDJ FM[AM|J|]|A|S|O|N|D{J|FM[AM|]|][A[S|OIN|D{]|F|MAM|J]|]|A[S|ON[D|] |FIM|AM|]|]|A S|O|N(D]] |FIM|AM|]|J|A|S|O|N|D]
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Last updated: June 2024
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https://lhc-commissioning.web.cern.ch/schedule/images/2024/Complex-Long-Term-June24.png
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Cahn effect in SIDIS
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Exclusive Vector mesons in SIDIS
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Nucleon spin structure: helicity g{ ,;(x)
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Nucleon spin structure: helicity gy ,, (x)
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Nucleon spin structure: helicity gf’d(p) (x)
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SIDIS: target longitudinal spin dependent asymmetries
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* Q-suppression, various different “twist” ingredients
» Measured to be non zero at CLAS6, what about CLAS12?

B. Parsamyan (for COMPASS)
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http://arxiv.org/abs/arXiv:1801.01488

Selected results for di-hadron LSASs
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Dihadron Collins effect and Transversity
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COMPASS 2022 run — highly successful data-taking!
« 24 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
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SIDIS TSAs: Kotzinian-Mulders asymmetry ®@
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