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COMPASS experiment at CERN

Common Muon Proton Apparatus for Structure and Spectroscopy

> 200 collaborators
13 countries
24 institutes

Data taking since 2002
approved till 2021

Fixed target experiment - General purpose spectrometer:

* Muon and hadron beams
* Polarised target (longitudinally and transversely polarised NHs and éLiD)

* Capability to identify the hadrons in final state (RICH detector)
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COMPASS programmes

COMPASS data-takings

Drell-Yan setup (very similar to
SIDIS apart from hadron
absorber placed upstream of

the target)

SMi

Hadron
Absorber

PT

Drell-Yan

jt__,PDF.—’X

‘}/*

P ———r— X A

p = PDF

Marcia Quaresma (AS Taipei) EDS 2019

2002 deuteron SIDIS , 80% long.
2003 deuteron SIDIS , 80% long.
2004 deuteron SIDIS , 80% long.
2005 shutdown
2006 deuteron SIDIS longitudinal
2007 proton SIDIS , 50% long.
2008

Hadron run
2009
2010 proton SIDIS
2011 proton SIDIS longitudinal
2012 Hadron run/DVCS run
2013

shutdown
2014
2015 Drell-Yan run
2016 DVCS run, proton SIDIS unpolarised
2017 DVCS run, proton SIDIS unpolarised
2018 Drell-Yan run
2019

shutdown
2020
2021 deuteron SIDIS
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COMPASS legacy on nucleon structure

Decomposition of the nucleon spin? under investigation, GPDs are

1 1 the most direct way to access it
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Nucleon structure

SIDIS
Collinear structure: Drell-Yan / !
. - [T —" _
« unpolarised PDF - ! y#
h
* helicity p . x b oy
 transversity (unmeasured until 2005, P = X
not accessible through DIS)
« Can be accessed through SIDIS and Drell-Yan
Nucleown
Llongitudinall transversely
unpolarised polarised polarised
3|7 71 x|l 8 TMD PDFs are needed to describe the
a1 17T
5 o gkr_ g nucleon
a olarised . .
] . swers I e related to nucleon spin-quark spin and/or
3 2, e spin-k1 correlations
33 £ : :
E EE o - (@ & - («@ « A special focus goes for Sivers TMD PDF,
3|2
7|3 \helicity F| wormgear T which sign is process dependent (has an
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ExS h hy, opposite sign when accessed from Drell-Yan
a Y -
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SIDIS cross-section

SIDIS - 2 2
dxdyjzdp%d¢hd¢s - _my‘zy ; (19_ . (1 + ;—x)] (Fuur +eFuur)
1+ V2e(1 4 ) Aj5 7" cos g, + AT 77" cos 2
:F)\\/Ze(l — €) A3 %" sin ¢y,
+5; (Ve T ALY singn + AT sinagn)
+Sr A\ (MALL ++/2e(1 — e)ATT P cos gbh>
+S7 (A?Jirjlf(bh_CbS) sin(¢n, — ¢g) + SA?}(%JF%) sin(¢n + ¢g)
+e AT T5) gin (3 — ¢g) + /2e(1 + ) A0S sin ¢g
+4/26(1 + £) A3 2290 =95 gin (2, — ¢5)>
+ST A ( 1 — 24509795 cos(@p — dg) + v/ 26(1 — £) AS% 9% cos dg

+/2e(1 — ) AT 29) cog(2¢, — gbg)ﬂ I

SIDIS frame

All these 3 target
polarisation dependent

parts will be

mentioned on today’'s
p 2eor) X talk
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Drell-Yan cross-section

A(Ij — /1, AlCIOSCOCS — //l, AlC]032§0cs — I//2

E o . s . unpolarised
;{1 + A%] cos? 0., + sin 2005 ALY co8 es + sin? 0cs Ay 2P cos 20cs : pta rget
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target polarisation
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today’s talk
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Unpolarised SIDI§p

Unpolarised SIDIS observables to learn about TMDs:

L

- differential hadron multiplicities as a function of pz /7 |©
zZ
« azimuthal asymmetries .
ki
Proton
doSTDIS [ a 2 )2 i
drdydzdprdpndds [»"UZ/Q2 2(1—¢) <1+ 2_>] Four +eFuus) P

[1 + mAEOU " cos p, + A" cos 2y,
-I—)\\/mALU " sin ¢y,
+SL (mAi}io” sin ¢y, + €A1, 77" sin 2¢h)
+Sr )\ (\/@ALL + \/MAE)E(/)“ cos ¢h)
+ST ( ()’ —9s sm(qSh — ¢g) + 8A§}?<®h+@s> sin(¢p, + ¢s)
+6AUT( 0 sin(3gn — gs) + v/2e(1+ ) A7 sin g
ﬂ/WAS?“@"% —%s) sin(2¢y, — qbs))
+S7A <m14( s(én—0s) cos(pn — ds) + v/2e(1 — &) A7 cos pg
V2 )AL cos(26n — 0s) )]

(p7) ~ (p1) + 2°(kg)

COMPASS papers/results:

Multiplicities as a function of pTA2:

1.2004 d SIDIS data - EPJC 73 (2013) 2531

2.2006 d SIDIS data - PRD 97 (2018) 032006
Azimuthal asymmetries:

3.2004 d SIDIS data - Nucl.Phys.B 886 (2014) 1046
4.2016-2017 p SIDIS data - proceedings for SPIN2018&
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Unpolarised SIDIS - Multiplicities

d data - PRD 97 (2018) 032006

Compatible w/ previous
sit 0*(GeV/c)

10\ \ measurement (EPJC 73 (2013) 2531)
0.2<z<0.3 _ _ ' . .
07 e g, but w/ a wide kinematical coverage
6 - h” . "——=[—4] and statistical improvement
_ 1 2 3
10(;5: | ,",: . h*only slightly larger than h~
Q — ]
7 10\ \ i 1 23
di?}{% GeViey | o | | .,'\.," Around 5000 points
! I S A— — — Very valuable input for global analysis
3 ]O\ \ 2 \ \ 1 23
o "'f | N Tl Analysis using
L7 13M: | N |2 (from DVCS runs) is ongoing (
102\.,.\.,_\,' \' sample)
N e m— — el Pl (GeVie) The results are consistent w/ d data
123 123 123123 ] X
0003 0008 0013 0020 0032 0055 01 021 04
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Unpolarised SIDIS - Azimuthal asymmetries from d
_ ddata - Nucl.Phys.B 886 (2014) 1046
ggo.oo— --------------------------------------------------------------------------------------------------------------- g
< ! : Y vy Y :‘OXQY xx.:'y
-0.05 te el ‘o A Higher twist effects
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OB ‘ bl larger for h*than for A~
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X z p’;(GeV/c)
<< 0.10¢ "h ; * o convolution between
0.05F . . i P ﬁ;f oy Boer-Mulders TMD and Collins FF
¢ LY i §+++ + f §f .
O . i% _______ L R e b large asymmetries for both hadrons
o T larger for h™than for h™
10-2 10-! 02 04 06 08 02 04 06 08
X z pI;(GGV/C)
= oogf { - { i - } Higher twist effects
oooi¢¥*+i+ ....... N §$+%H+ .................. .. i{'ﬁii” ....... $.... non-zero asymmetry
[ + _ ] ! but w/ large uncertainties
Vh_ | | | |
T 10'1 02 04 06 08 02 04 06 08
X Z p];(GCV/C)
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Unpolarised SIDIS - Azimuthal asymmetries from p

same strong kinematic dependences

significant improvement wrt d data
4% of statistics from 2016 data (proceedings for SPIN 2018)

s - COMPASS e 1
“<&  0.1F preliminary : YN
- I : Future plans:
: . * 3 o & 8,6, % 3
S e T S éi *“%—# ¥ x use full statistics from
- :. sl .l...l...l...l:..l...l...l...l.. 20]6+20]7
-S| | A — S T o T R TR . : ,
52 SRR ﬂgnﬂ A, * multi-dimensional analysis
~ i o I b s [ LI . .
¥ _0aF P i - ‘25 ¥ | %remove diffractive vector meson
I - & . .
oak ) *; ) contributions
<" - N ] % hadrons identification (pions,
£ 2 0.05F .
< kw2 §§§r; b fety b kaons)
R b T o S L IO CURERE S LR S S
_0.05f ' by
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Longitudinal target spin asymmetries

all the possible asymmetries have been measured, using:

 single hadron SIDIS on deuteron and proton

1.
2.

st

dogSIDIS _ [ Q y2 (1+ 7_2)] (FUUT‘|‘5FUUL)
COMPASS papers/results: dzdydzdp2dendps — |zyQ*2(1 —e) 2z ’ ’
2002-2004 d SIDIS data - EPJC 70 (2010) 39 |1+ VR )AL cosgn 241 cos 20
V — ) AT sin
2002-2004 + 2006 d SIDIS data - EPJC 78 PVELTS L e
(2018) 952 55, (Vae(T ) A" sinn + AT} sin2gy,)
) +SL A MALL+\/MAZOLS¢’L cos ¢
. 2007 + 2011 - p SIDIS data - proceedings for ’ ( e P h)
DIS2017 (arXiv:1801.01488) +ST (A?}“Tm " sin(g — ¢g) + AT sin(gp + dg)
arXiv: : | |
ey sinBgn — ds) + V/2e(1+ ) AT sin s
/26 (T4 2) 40 sin(20n - os) )
Longitudinal target spin asymmetries from deuteron +S57A (x/l—6214207‘3(0“_4’”008(%—¢s)+ V2e(1— ) AT cos ¢s
2%(1 — ¢ AZO;(%M*G‘)S) cos(2d, —
d data - EPJC 78 (2018) 952 VB9 20n=99))]
L @A e e aw b

0.01

-0.01

s Y
e h

- 2002 2003 2004 2006 AV

- 2002 2003 2004 2006 AV

- 2002 2003 2004 2006 AV

2002 2003 2004 2006 AV

-2002 2003 2004 2006 AV

all the asymmetries are very small and/or compatible w/ zero
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Longitudinal target spin asymmetries from proton
2007 + 2011 - longitudinal proton - proceedings for DIS2017 (arXiv:1801.01488)

unprecedented precision when compared chzf;"‘ss?‘eh”m mary
to HERMES and CLAS, and w/ a better kinematic coverage s, .1 .
UL
positive for h*, h- compatible with zero AT -
Higher twist effects AT .
1L H
very small effects P -3
compatible with model predictions e 26 P
o) " P PR |
> QQ 002 0 0.02
20 R A
&\0 >
\\ 0.6-_im:SSpt:=lirmn?' n [ 2>02 h™ 0.06:— : COMPASS preliminary . vt [ 21>02 N
\{\QJ \ . : PRD 74, 07401 52006 i : ;‘:; oosk HERMES PLB 622(2005) D(y)-rescaled _
R 1 ] { < 002F {'[ k -
02F i s t . bd g £ v - . {
B & L ¢ » I ; 0 ¥¥¥¥¥¥¥¥¥¥¥¥¥ B {¥ fjﬁif
of .t e et o02F — - L — |
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i COMPASS prelinunary h 2>02 h™ 0_1'_ o COMPASS preliminary ht - z>01 h™
a- 005F * HERMES PRL 84(2000) D(y)-rescaled - °" E T FPrRD 74, Cﬂl]l_S(ZOOS) [
&g [ IIPRD 77, 014023(2008) [ 5 4 0,05~~~ \PA 9452016 153
< C [
-o.osf—
-. ..V.‘..l R T | ...'..V.IV s a2 aaaal 7. :. T —OITil - 7...7...1 R .....'—. 2eaual - .;..;.l
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Transverse target spin asymmetries

all the possible asymmetries have been measured, using:

. SIDIS 2 2

 single hadron SIDIS on d and p dxdy;lzdp . L;yoéy 2(1y_8) (1+;—)] (Four +eFou,r)

« dihadron SIDIS on d and p 14 V2(1F 2457 cos g + 2457 cos 26y

« transversely polarised Drell-Yan A/ 2e(1 — ) AT sin ¢y,

COMPASS papers/results: o ( 2e(L+ )AL sin gy +e Ay sin Z(bh)

single hadron SIDIS asymmetries and Drell-Yan TSAs: +SL)‘<V 1A +V/2e(1—e) Ay ™ COS%)

1. 2002 d SIDIS data - PRL 94 (2005) 202002 +S7 (A;}DTW% sin(gn — ps) + A5 sin(¢n + )

2. 2003-2004 d SIDIS data - Nucl. Phys. B 765 (2007) 31 FeATIBO—99) 3y 3N 1\ /Bl &) ATBSS sin g

3. 2002-2004 d SIDIS data - PLB 673 (2009) 127 B ) AT 9) gin o, %))

4. 2007 p SIDIS data - PLB 692 (2010) 240

5. 2010 E SIDIS data - PLB 717 22012; 376 (Collins) +52A (VI = 4G con(gn = ) + /2E(T = ) A cons
PLB 717 (2012) 383 (Sivers) +/25(1 = AL cos(2¢n — ¢5)) |

6. 2007, 2010 p SIDIS data - PLB 744 (2015) 250

7. 2010 p SIDIS data - PLB 770 (2017) 138 dqiaq <o+ Fo)

8. 2015 Drell-Yan data - PRL 119 (2017) 112002 {1 + AL OS2 By + 80 2005 A7 7 08 s + SN Bos AL 79 COS 200

dihadron asymmetries (transversity):

9. 2002-2004 d SIDIS data + 2007 p SIDIS data - PLB
713 (2012) 10

10. 2007, 2010 p SIDIS data - PLB 736 (2014) 124 +sin? ey (T2 sin(2p,0 — ) + AT 0T sin(205, + 0,))

comparison between single hadron and dihadron + sin 26,, <A‘1“<‘P ) S0 ((es — @) + ASEETE) gin (o, +¢S)>H

. Sin ey s . Sin 20, s
+S57, [sm Ocs A7 7 8in es + sin? Oes A7 77 SIn 20,

+S7 [(A*W + 082 oy A5 7 )singps

transversely induced asymmetries:
11. 2010 p SIDIS data - PLB 753 (2016) 406
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TSAS Ccllms from SIDIS
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TSAS Sivers from SIDIS

%% Sivers unpol FF
ot s - d data - PLB 673 (2009) 127 Asm(goh ®,)
0_## Ayl g W %i‘:’iéi ....... *q; ....... + ........... ({) . j}) %g, # ..... ‘i’ .................... UT f
| * E*H} R R . compatible w/ zero \\
<Mk ANFD(x) = [dzki4_lAqu/pT(x’ kr)
0.2 - - P
ok ﬂ)ﬁ)%ggﬁé&ﬁ ....... _...;{,.ﬁ%%_.,% ...... o ﬁ%‘%*%% ..... S oo global analysis - JHEP 04 (2017) 046
02F ¢ ; ({) I ¢ ‘{’ 0.04 — :
2 7T /\_
| TS I T T D - 0 o ;
i H ++++1Li +++’r+ E% , , , .
02F | | -I | | | - | | | e,*_ UE) o 0 ——— 7 :
102 107 xo.z 04 06 08 ) 05 ; ];(Gel.‘s//c) Zq LE 002 — .i'
i ol -0.04 — :
- om i -'
W@éwi - i | %4) it i p data - PLB 744 (2015) 250 i
o tiy R B R S S o 1 A S . . o !
v bod } A « positive for positive hadrons = 0 | —
”;5’01 .Ef o _ | L -0.01 — ;"
0.05 %% - % . N l‘
LAl _{ﬁfmi ........... il 5
0.05 { L } { L { k=, 0 ,—a—l
. o 001 b i
<ok, 10° 10° 10" 1
Z_ ________ *}k __________ _} H _______________ _iH _________ } _________ - opposite sign for u and d quarks .
005 } } { ‘ } « larger uncertainties for d quark
T . will be improved w/ 2021 COMPASS data
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Sivers sign change - SIDIS vs Drell-Yan

PLB 770 (2017) 138 - SIDIS data
L 16<Q*/(GeV/cY<81 1| : sin(@,— @) Lg h
| : ; + T Agr " <y ® Dy,

0.05F positive h

< ' egative b ¢ ‘} Sivers unpol. FF
RN ﬁﬁﬂﬂw eeeeeeeeeeeeeeeeeeeeeeeeee #*M ,,,,,,,,,, #

: Due to the Sivers asymmetry
# N | = definition in Drell-Yan and SIDIS:

~0.05F

“‘1'6—2 - ”“1'(‘)'-1 o 02 04 06 08 0.5 1 15 ,
X 7 p. (GeVic) The same sign of asymmetry
PRL 119 (2017) 112002 - Drell-Yan data corresponds to a sign change
0.5 FCOMPASS 2015 data | 4.3<M,,/(GeV/c)<8.5} I I { of the Sivers function
> | {
S T - SIS N NEAR PR
< | ! | AS@) o 1 g
_05-......_.. R B . __||F||_|_||_|q .......... I 1’71- 1T,p
107! 107! -020 0204060.8 I 2 G %}/ : 4 5 1\/6[ (Z} Vé/; : unpol. PDF Sivers
AN X Xp q, (GeVic un (GeV/e
0.1 | .
L sign change .
& : J J 2018 data is
8= L ,
< 0- being analysed
0.1 = no sign change
E PRL 119 (2017) 112002 /

|
O
n

0 0.5
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Many results on TSAs from COMPASS

SIDIS
o h™ 16<Q(GeV/cy<8l
Ah ) =0.238
sin(9, — ¢,)
UT Nles
sin((l)h+ ¢S— ) .
sm(3(1)h— (1)8) ++
UT §
SiIl(l)S .
Aur .
sin(29, - ) *
UT L . o
—0.05 0 0.05

Marcia Quaresma (AS Taipei)

sin(¢cs+ QS)
T

sin(¢_— &)
T

Drell-Yan

' COMPASS Drell-Yan 4.3 <M, /(GeV/c?) <8.5
2015
e 2015+2018 (~50%) preliminary

k% COMPASS took a wealth amount of data
% both measuring SIDIS and Drell-Yan

% these data give access to many TMDs

% a must for global analysis

EDS 2019

Sivers
transversity

pretzelosity

Higher twist
effects
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2021 run - transverse deuteron

~0.6 times the statistical uncertainty of 2010 p data

0.05

-0.05

0.05

0.00

-0.05

Marcia

Sivers asymmetry

P 2010 data
¢ i + f + *
°
_#§++§++% ___________

P 2002-2004 data

Ll L el | il
statistical projéctions for 2021 d datc;
Collins asymmetry
b D -0.2
2010 data + 2002-2004 data
.
: % ?
ORI
+ t ‘
+ X %
i to B asewnsas i
| L Ll ol il
Quaresma (AS Taipei) | EDS 2019

transversity PDF

b ee e e e b b £++§§§+++
}
59 !
_________ + éé@@ %
1 |
x h{ x h{ %
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sSummary

* COMPASS has been taking data since 2002 w/ transverse and longitudinal
polarised d and p targets

* Many data were and are being analysed to improve our knowledge on the
nucleon structure and on its many degrees of freedom

* COMPASS has been the very first experiment measuring both SIDIS and
Drell-Yan processes, complementary on nucleon structure studies

* This amazing journey will finish on 2021 w/ SIDIS on a transverse polarised d

target
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What Tollows COMPASS?

- transverse -
d target

2019 2020 2021 2022 2023 2024 2025 2026 2027

Letter of Intent
Available since 2nd August 2018
CERN-SPSC-2019-003 (SPSC-I-250)

a
| £, gy e
arXiv:1808.00848v6 P2 Ny Oy, 22205, " e op,,
B, ’ e
N J.cBad"’ek‘W vy V. 4 ldal, 5 ER CE,
Ve Berng, F By 050,13 OO, Skg
. erqs 9 gy 1
N | po e,
ew proposa ) I;s' s I;Z:tti"”"’f Bu”;?lba,dz,, ;i:m";h‘;a 3 f:,, ey i1,
. . Do"a QUpty 1 C'oan Cooy, M o¢.ﬂ ath R Eten 153, 4
Available since 31st May 2019 g\é“ 7 Do SV . Dy 4 o S5 L Bk - W gy o
$ A g lovg2s’ 4. Efy, OV N p, L gy, Hhiogg, s, e “Ngue,. o Uak drj
CERN-SPSC-2019-022 ; SPSC-P-360 S5 o o gy o oot S by % B S 1 OR a
. @ pe'de"ﬂmduﬁnsa o oy s M. g tor' Dy sy P07 Mk, L
ity B Glagg, 23 Ob ¢ ScTie 0 Elagy 1 7%chs 27 0,y ’S‘Dall 8.y lchey, 1
. S g 2 B p, ubels oL, ""licb’c‘: F':’Cbe 1’71? E" WD%"' Deaisoa47bne39' [Iungl,g,:,
Tentative schedule for phase | oyt 1 gy R G o6 B e o
B s Yang,, [s™ He g, C15kjls,; Golze.. lasg;, 0022_, R all
. . . ’ N s 4 ”&"7 oy 27,8 S M. g, “Clolj22 ey
Year | Activity Duration K "llrg_%ozg?ovsa’ ;) Hoqu:sk?m"é Gragoy . Gy i td N Py
2021 | Proton radius test measurement 20 days I B Ky 4:“]:;5 }‘l‘tﬁb:ﬂsf 1’).41. 0?12:75’; Frolgy 1
Ky, ;,2’ "4 A
2022 Proton radius measurement 120 (+40) da “p 1?:}1]"7?@‘1:13?';“"' B, f\;’rﬁ%
on radius ure ys | u erl2 o V. Jay s By
Antiproton production test measurement 10 days )4 7200805 M g
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