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COMPASS timeline e [ en W= - [T (S

» 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
| UCon (US), AANL (Armenia), NCU (Taiwan)

1 new group (Germany) — approved to join in 2024
Interested to join our Analysis Phase? — Get in touch!
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http://wwwcompass.cern.ch/

COMPASS Physics Program
Nucleon structure
» Hard scattering of u* and =~ 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 ke
 Parton distribution functions and et momentn / |
fragmentation functions i =ap °*
» Last COMPASS measurement:
2022 run — transverse SIDIS

S
N4
OQ\Q@@ %%o%
COMPASS ~ =8 @3 R ,
proposal 3@ F NFL F&o S
v j st L STCE TS S
) 9
KX S 3 F O g & S
® ............ 0000 ®0
F I FF T TETFTTTSIEESE T S 0
\ AL Ls LS-2 PN
~ ~ ~
Pilot run Phase | Phase I Analysis

10 December 2024 B. Parsamyan Phase 3



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. Sa
SM1 \

Polarized §A

Target

Muon-filter

50 COMPASS
¢’ | HERMES
(Gev?)| CLAS 6 GeV
CLAS 12 GeV

Large-acceptance forward spectrometer
Precise tracking (350 planes)
SciFi, Silicon, MicroMegas, GEM, MWPC,
DC, Straw, Muon walls

* PID - CEDARs, RICH, calorimeters, MWSs

Various targets:

» Polarized solid-state NH; or 6LiD

« 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% 7z, 2% K-, 1% p 400 Gev Be
« h*beam: 75% x*, 24%p, 1% K+ | Pom QT K ‘\

. f SPS K~
160 GeV tertiary muon beams o )
~ 100 m

utorp 7r+ K+ Target

NS

(Hadron absorber)

~ 600 m ~ 330 m | ~100m |

« u*longitudinally polarized
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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
Two-stage spectrometer LAS+SAS HCAL2
» Large Angle Spectrometer (SM1 magnet)

« Small Angle Spectrometer (SM2 magnet) &

EcaLl  oM2
HCAL1

RICH

\
SM1 \
Polarized §A

Polarized solid-state NH, or ®LiD

Two or three oppositely polarized cells
Longitudinal and transverse polarization

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

90 GeV secondary hadron beams

h~ beam: 97% =, 2% K
h* beam: /5% =", 24% p, 1% K
« 160 GeV tertiary muon beams
« u* longitudinally polarized
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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
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Nucleon spin structure (twist-2): collinear approach <~ TMDs

quark
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transversity

quark
U L T
chiral-odd
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U fl (x, kT) h1 q(x’ k7)
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T-odd

chiral-odd
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nucleon
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Helicity worm-gear L
. BTt
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Sivers Kotzinian-Mulders hl,;? (x, k%)
T-odd wormr-gear T pretzelosity

» PDFs — universal (process independent) objects; T-odd PDFs — conditionally universal
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Hadron multlpllcmes h*, m

collinear
A set of complex corrections:

cceptance, rad. corrections,
PID, diffractive VMs, etc.
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*and K= (2016 data)

TMD

! (x, k3)

number density

S

. virtual photon

.. scattered quark
.. from fragmentation
.. outgoing hadron
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https://arxiv.org/abs/2410.12005

Hadron multlpllcmes h*, * and K* (2016 data)

collinear TMD
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3D unpolarized Drell-Yan cross section on NF
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SIDIS x-section and TMDs at twist-2 Sk
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SIDIS TSAs: Sivers effect
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«  COMPASS-HERMES discrepancy

» T-oddness: sign-change (SIDIS < Drell-Yan)
« Explored by COMPASS

t
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COMPASS 2010 proton data
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https://arxiv.org/abs/2401.00309

COMPASS 2022 run: new unique deuteron data

proton [H] neutron [He]
& ’rs)on ab - =
1 g T e Pavia group fits

Airapetian et al., Qian et al., 0.01
PR.L 103 (09) 152002 PR.L 107 (11) 072003

Bacchetta, Delcarro, Pisano, Radici,
COMPA deuteron [1LD]  ¢OMPA Proton [NH;] in preparation
2009 daégnm 2017 d;llal,lts

Alekseer et al, Adoih et i, analysis of statistical error

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

PV11 Bacchetta & Radici, PR.L. 107 (11)

EIKV Echevarria et al., PR. D89 (14)
TC Boglione et al., JHEP 1807 (18)

PV19 Bacchetta, Delcarro, Pisano, Radici,
in preparation
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68% confidence level e e
1072 1071 100 -
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300 data points = 118 data fitted
14 free parameters
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SIDIS Sivers TSA in COMPASS Drell-Yan Q?-ranges
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« COMPASS-HERMES discrepancy
« QZ2-evolution effect?

1t COMPASS multi-D fit
done for all eight TSAs
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SIDIS TSAs: Collins effect and Transversity
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Compatible results HERMES/COMPASS

(Q? is different by a factor of ~2-3)
No impact from Q?-evolution?
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1st COMPASS multi-D fit
done for all eight TSAs

COMPASS, PBL 770 (2017) 138
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COMPASS Multi-D TSA analyses
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« No clear Q2-dependence within statistical accuracy
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» Possible decreasing trend for Sivers TSA?
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http://arxiv.org/abs/arXiv:1504.01599

Polarized SIDIS and DY — factorization and kinematic regions

Semi-inclusive DIS Drell-Yan process

T-odd TMD PDFs
C—)

sign change

High g;— Collinear factorization
Low gy — TMD factorization

High Xz — Current fragmentation
Low Xg — 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 S What have you done
- with our data...
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Cahn effect in SIDIS
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Cahn effect in SIDIS: DVMSs

dxdydzdp2dgdg,

a Y Y’
{Xsz 2(1_8) [1—'_&}}(&[” +3FUU,L)
x( 1+4/25 1+&)Aph cos¢h +..))

Calnn effect D)
flq (x, k%‘) [ &
number density
(JD 0.1 T T 0.1 T T T T 0.1
num-+cuts num+cuts num-+cuts.
0 —Bnalyt -zoo 0 ._ﬁ_i_aiﬂli;" ob e analyt —---- |
As of 1978 — simplistic kinematic effect: o} \i o1 " o1 I
« non-zero ky induces an azimuthal modulation 3 o2f ..~ 02 |02 "
~ -0.3} COMPASS 03} T {03
_ ; ) 0.4} deuteron h* 04l I P
As of 2023 — complex SF (twist-2/3 functions) . INeBESSQII046| |
» Measurements by different experiments Joor oot o1 T 02 04 06 08 1 0 02040608 1 12
0 num;n?alﬁfst ;7;” . numaJrncatJI:?t _____ . i num;:;t; _____
Al . g LAl ; s -0.1
q 02} N jo2p -0.2
< .03} COMPASS j-0a} e 03
0.4} deuteron h™ {-04F - -0.4
NPB 886 (2014) 1046 \
-0.5 : - -0.5 bt 0.5 bttt
0.001 0.01 0.1 02 04 06 038 1 0 02 04 06 08 1 12
~ X ih n Xg . zy Py
2M h- M D h-k M H
Foh =——C<- Pr xhH, "+ — f9—— |- —T| xf D +—Lh' — |4
Q M, M 4 M M 4

10 December 2024 B. Parsamyan ’ 21



Cahn effect in SIDIS: DVMSs
d
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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
Complex multi-D kinematic dependences

« So far, no comprehensive interpretation
A set of complex corrections:
Acceptance, diffractively produced VMs,
radiative corrections (RC), etc.
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Cahn effect in SIDIS: DVMs

do
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As of 2023 — complex SF (twist-2/3 functions)
« Measurements by different experiments
« Complex multi-D kinematic dependences
« So far, no comprehensive interpretation
» Aset of complex corrections:

» Acceptance, diffractively produced VMs,

radiative corrections (RC), etc.
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Cahn effect in SIDIS: DVMs

COMPASS, EPJC (2023) 83 924
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Cahn effect in SIDIS: DVMs
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As of 2023 — complex SF (twist-2/3 functions)
« Measurements by different experiments
« Complex multi-D kinematic dependences
« So far, no comprehensive interpretation
» Aset of complex corrections:

» Acceptance, diffractively produced VMs, -

radiative corrections (RC), etc.
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Cahn effect in SIDIS: DVMs -
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Cahn, Boer-Mulders and beam-spin UASs
« Measurements by different experiments
Complex multi-D kinematic dependences
» So far, no comprehensive
interpretation
» Aset of complex corrections:
» Acceptance, diffractively produced

VMs, radiative corrections (RC), etc.

» Sizable effect of corrections for the
Boer-Mulders asymmetry (low x)

» Corrections for the beam-spin asymmetry
appear to be small
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Cahn effect in SIDIS: DVMs and RCs
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Transition TMD « collinear regions?
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Cahn effect in SIDIS: DVMs and RCs
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Azimuthal effects in unpolarized SIDIS
do

2 =
dxdydzdpr d,dg; Target spin independent part of the
2 2 . .
@V (1, (R veRy ) cross-section: three asymmetries
xyQ® 2(1-¢)\  2x | |
x( 1422 (1+ ) A% cosd, + e AT N cos 24, + A,[2e(1—e) A" sing, +...)
S ' COMPASS preliminary [ 2016 proton data o h™ \ Cahn eff
g2 . f ] , o NEW ahn effect
< 0'055 ; Hp—=>phX ol h Different for h+, h~
0;—-;—--i---g--'."".'"5'".";""tj.'f:'.".'.";"'. """ ; ';'"'ﬁ::'i'.".".'"'. """" o Non-trivial Q?
0,05 L ", = i "aa . ! dependence
§§ 0.05F § . TR e Boer-Mulders effect
0E.-é'___a___!___‘____'___?___i_E___.n_o__'_i_E_é __________ +_f__¢_i:__‘!_'_f_____? ______ &- Collins-like behavior
: L S=Eleg? 5 o : #%e g s 8 ] (h*h™ - mirror symmetry)
—0.05:- - s b
s : O.l;PT/(GeV/c)< 00 | 0.1%PT/(Ge{/fc) <1.00 [ 02<2<085
£ 3005k 02<2<085 g ] _
< 0.05E " : } i L t ; Beam-spin asymmetry
oi’$¥$%§ﬁ”§ ------------ ii*#*i*if higher-twist effect
: : : non-zero, positive trend
—0.05:- - g
102 10l 02 04 06 0.5 1

X z P, (GeV/c)
Working on 3D kinematic dependences

10 December 2024 B. Parsamyan 29



SIDIS: target longitudinal spin dependent asymmetries
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* Measurement of (semi-)inclusive
A;(A,)) is 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: target longitudinal spin dependent asymmetries
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JLab from 12 GeV, SoLID to 22 GeV
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* High luminosity, complementary kinematic coverages, evolution studies, all TMDs, etc.

» Together with EIC/EICc - complete picture!
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Conclusions
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Thank youl!

“Nature” “multi-D " with available statistics

Raphael “Madonna del Prato” Raphael “Madonna del Prato” (poor resolution)
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HERMES: Sivers effect and diffractive VMs

2 (sin(¢-0g))y,

The asymmetry drops at large z for pion

Not the case for kaons

Can it be caused by exclusive diffractive VMs?

The contamination indeed grows with z for pions
At the level of 10% for kaons
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HERMES: Sivers effect and diffractive VMs
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SIDIS TSAs: subleading twist effects

do
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COMPASS/HERMES results

sing
AUT >
* Q-suppression

* various “twist-2/3” ingredients
* non-zero signal for h* at large z?
« Survives integration of hadron p;
« gives access to transversity PDF
(without involving convolution over k)

See Daniel Pitonyak’s talk
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COMPASS: Exclusive and Inclusive p® TSAs
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