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Parallelism between GPDs and TMDs

Eight GPDs for quarks or gluons Eight TMDs
Quark Polarization Quark Polarization
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2 Nucleon spin *+>  Quark spin
QCD approach proved for |t|<<Q Q + transverse momentum k;

After integrating over kT

4 are Chiral-even, 4 are Chiral-odd

only 3 survive: f1,g1.h1

2 are T-od¢ QCD approach proved for k; << Q2
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COMPASS: comprehensive experimental detector system & collaboration
to study hadron structure using complementary tools:
v’ Polarized Muon beam and L,T polarized and unpolarized target for DIS, SIDIS, DVCS, HEMP
v Hadron beam Scattering for hadron spectroscopy, Drell-Yan

2002-2004 DIS & SIDIS, u*-d, 160 GeV, L & T polarized target

téﬂ 2005 CERN accelerator shutdown, increase of COMPASS acceptance
—é 2006 DIS & SIDIS, p*-d, 160 GeV, L polarized target

‘; 2007 DIS & SIDIS, u*-p, 160 GeV, L & T polarized target

+s | 2008-2009 Hadron spectroscopy & Primakoff reaction, t/K/p beam
© | 2010 SIDIS, pt*-p, 160 GeV, T polarized target

% 2011 DIS & SIDIS, p*-p, 200 GeV, L polarized target

E 2012 Primakoff reaction, ©/K/p beam

= | 2012 pilot run| DVCS/HEMP/SIDIS, pu* & w -p, 160 GeV, unpolarized target
@)

Q | 2013 CERN accelerator shutdown, LS1

N

S 2014-2015 Drell-Yan, - -p, T polarized target

N 2016-2017 DVCS/HEMP/SIDIS, pu* & w -p, 160 GeV, unpolarized target
S 2018 Drell-Yan, - -p, T polarized target

8 2019-2020 CERN accelerator shutdown, LS2

2021-2022 SIDIS, pu*-d, 160 GeV, T polarized target
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Measurement of exclusive cross sections at COMPASS

DVCS: n p - u."' p'+y at small transfer
U or ﬁ beam —>

x”(fOM PASS:Two stage magnetic spectrometer

for large angular & momentum acceptance

Particle identification with
RICH, HCALs, ECALs and muon filters

NIM A 577 (2007) 455; NIM A 779 (2015) 69
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Measurement of SIDIS at COMPASS

SDIS: pp2> ' +h +X

-, S
8] beam H'

— h

'He - *He Dilution
refrigerator (T ~ S0 mKk)

Unpol. Or Polarized target
6LiD ~50%
NH; ~85%

1000 mm

I i

ISuperconducting
il Solenoid (2.5 Tl&

ol
2 or 3 oppositely polarized cells (30-60-30cm)
Polarization reversal by rotation of magnetic field

Ll
In

I'wo 30 cm long target cells One 60 cm long target cell
polarised in the same direction  polarised in the opposite direction
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Measurement of DY at COMPASS

Polarized target

NH; ~85%
- Hadron absorber
Nuclear target (Al)

Aluminum cone ™ N\ T

= ‘ MMO1
. . - ) : 2,5cm |
2 oppositely polarized cells (each of 55cm) - ‘lIIIIIII ¥ s e
Polarization reversal by rotation of magnetic field + . T

vertex detector

e =III & Stainless Steel
- . 1\ 20 cm
aluminum - ! 3

box cover o

alumina

Z e
~—__ Tungsten beam plug

Al target (7cm) + W beam plug (120cm)
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COMPASS 2016 DVCS+BH cross section on proton at Eu=160 GeV

th =t - -
HRTEr =do (pu*) +do (W)

; + : +
do a |T8"]2 + Interference Term + | TPVCGS|2
80 <v [GeV] < 144 32 <v [GeV] <80 10 < v [GeV] < 32

= 700} dat 1200; dat = 7 dat
% ' COMPASS R % 1s0. COMPASS e % [ COMPASS e
:\_j 600 ram o MC incl :\_‘ C e ad MC incl. x :\_‘ 60~ 1 MC incl
~ [ B MC excl. =° ~ 160; B MC excl. =° ~ [ B MC excl. x°
& so0- & 1a0! 0.020 g = 0.063
T 500~ Xq; = 0.0085 © [ .~0. ° Xo: =~ 0.
w - Pure BH ¢ , P Xei , © ;| ,
N ] ) Q%?~1.8 GeV o 120] Q2~2 GeV & 40 . Q%~2.1GeV

400 t .
S contribution y~0.75 S 100k y~0.3 > y~0.1
] r [} F [} _ 0
£ 300- £ b ‘= 30 [——
c | — | c
I L g * (I . *

200} . . ¢ 20

- * ) 40:_ L* .
100+ | . ' (:— e 4 10f
F . J * Le = 207—‘ .. * r‘—l ’ i . 9 r
Data/BH=98.6 +1+4% ¢lrad} ¢ [rad]

MC:  BH contribution evaluated for the integrated luminosity .
nt° background contribution from SIDIS (LEPTO) + exclusive production (HEPGEN) DVCS above the BHcontrlb.
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COMPASS 2016  DVCS cross section on proton for 10 < v < 32 GeV

At COMPASS using polarized positive and negative muon beams: At NLO and twist-3
+ —_—
— — 7C'S
_ + _ BH VCS
= do° +do 2[do ™ + doryy 7+ Im 1]
= 2[doP# ++ TS cosp+ ) cos2¢ + s]sing + shsin2¢ ]
calculable All the other terms are cancelled in the integration over ¢

can be subtracted

&
s .| COMPASS
3 MP m 8§ = —N
d”o7 / 10 (d 1, BH DVCS 2 B =6.6+06,,*03,, [(GeV/c)]
m - a@ (( g—de ) X €0 .‘_‘ - given by a binned maximum
a/~dra —T b ol likelihood technique
ERNE
1~77Pp : 13 ~HP 3 -
do? | d”orp
— N7 ny 1
dt I'(Q% v, E,) dQ*dvdt
1(GeV/c)® < Q% < 5 (GeVic) 2

10 GeV < v < 32 GeV

T IITIUI

Flux for transverse
virtual photons

1 1 I 1 1 1 1 l 1 | 1 | l 1 1 1 1 l 1 1 1 1 l 1
0.1 0.2 0.3 0.4 0.5

Itl [(GeV/ic)?] 7/24
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COMPASS 2012-16 Transverse extention of partons in sea quark range

doPVeS/dt= e Bltl = 275 o (Imyr)?

DVCS Y2y —~ 8 o~
co x 4(HH* + HH*) + ,55* L COMPASS 196 &
M+ S F~— =
. . . % 7 e — — i NA—l
In the COMPASS kinematics, xz= 0.06, dominance of ImH § Ezzs---A drmimn T —— 2016 ¢ Frelim 05
97% (GK model) 94% (KM model) = 6 T T .................... —= T 1
'Y*(Q2~-\'B) Y 5 __ + + + ------------ N , — 04
Imﬂ H é i | 0 } .'.%
Xx=E=xg/2 closeto0 ‘ il COMPASS 1PLB793\10-3
p p
2A 3 ® COMPASS: <Q% = 1.8 (GeV/c)>  This Analysis oo
q( b ) = / ( L —ibi-Ay 9 (.0 —AJ_Q) 2‘ ®  COMPASS: <Q% =18 (GeV/c)>  Phys. Lett. B793 (2019) 188 :
y ML (.2‘,‘_)2 —\"r ' — 0 ZEFJS: <QZ>T3.2 (GeV/c)z JHEP 0905 (2009) 108 -
" 5 1_ : :: 2322;8 g:z;zzz } Eur. Phys. C44 (2005) 1 —0.1
<b2 >f - ’ d=b, b 1 df (z,01) =-4— log Hf( ,E=0,1) i m H: <Q% =10. (GeV/c)?  Phys. Lett. B681 (2009) 391 |
-L j (lzl)i(lf (1 b-L) ()f t:() o 1 1 1 11 llll 1 1 1 L1 llll 1 1 1 L1 1 11 0
104 107 102 /1 20-
<Q’> =18 (GeV/c } KM15 model from Kumericki & Mu);BIIIer
B@)y~2B@) | = 1
—_— <Q®> =1 Vic)
________ :82: - 108. Eg:V/g)z } GK model  from Goloskokov & Kroll
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COMPASS 2012-16 Transverse extention of partons in sea quark range

o 2012 statistics = Ref
dGDVCS/dt: e'B|t| = cg” > o (ImI)? 2016 analysed statistics = 2.3 x Ref
2016+2017 expected statistics = 10 x Ref

N Jo6E
2 (- ~ 6 S Ee COMPASS E
<b¢(l)>~2B(f) S o7 T — 1A
o Tt T 4o _\_:\ —_— 2016 & Frelim. 0.5 £
Z —r—— koYl TT
A A
51— h 1 T[04
ar COMPASS IPLB793\10-3
3 o COMPASS: <Q%> = 1.8 (GeV/c)>  Thi i
1 <Q>=1. is Analysis —o2
B [ ] COMPASS: <Q%> = 1.8 (GeV/c)2 Phys. Lett. B793 (2019) 188 '
2 I ZEUS: <Q%> =32 (GeV/c)*>  JHEP 0905 (2009) 108 -
- A H1: <Q% = 4.0 (GeV/c)
T v M- <% = 8.0 (GeV/c) } Eur. Phys. C44 (2005) 1 —0.1
B [ H1: <Q% =10. (GeV/c)’>  Phys. Lett. B681 (2009) 391 i
3o difference between 2012 and 2016 data 0 4l il N
» more advanced analysis with 2016 data 107 107 1072 /120‘1
. . . . Xo:
» m° contamination with different thresholds — <Q% =18 (GeV/c} . B
N . . 2 . ) 9 8 (GeVicy }KM15 model from Kumericki & Mueller
» binning with 3 variables (t,Q?v) or 4 variables (t,$,Q%v) = ==== <@*> = 10. (GeV/cy
—— <Q*>=1.8(GeV/c

? }
________ <Q% = 10. (GeV/c) GKmodel  from Goloskokov & Kroll
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COMPASS 2012-16  Exclusive ©t° production on unpolarized proton

+ + 0 .
H-p 2 H-mep d?*o 1 ( doy, N (10'1‘) + € cos 2 dorr + /2T 6 dop7 COMPASS
= — € 208 20, / & ) COS Q7
Fr®=2/3F" + 1/3 F¢ dtdg, 2w dt dt ™| dt V dt Q2=2.0 Ge\2
X=0.093
. 12 t' - 12 4 5 4! P [ [P #! o, Ve i |t|~ 0.26 GeV?
doy, _ ‘ aor H\° 1|2 I'T 2 oLT i .
a )<H>' 4m? (E) i |(Hr) ) |(Er)] | dt 16m3 |(Er)] & o Re [<HT> <E>] g closeto 1
dor 11:7,_\ _ poa ‘ Fz) nb dorry , . . +£0.7] nb sdorry 5+ 050+ 03 ) nb
<m+(m/ = |<-..2:t“.J,~t;n 1_3’5\,_\:':(‘—,,‘__\.“‘,(‘]_._,- < (l[ /\. p— !—(J.l it 1.-;-.(;‘1 ,,,—'&yhlm \ 11 f| > - |‘1~' —“-' stat 0.2 ._7\,,'[,(»;"\7‘,(‘:: PLB 805 (2020)
" o7 large - impact of E; o7 small but significantly positive as at CLAS
D L e 2016 dat COMPASS Preliminar ‘\: 47 . 2016 date COMPASS Preliminar . .
S L5 2012 d;tz COMPASS PLB 805 ! S T 2012 d;:z COMPASS PLB 805 ! More statist. will come
% - GK16 model... EPIC 47 g [ GK16 model - EPIC47 Extended kln. domain
~—" [ & 3 [—
o 20— = C At small and large x,
= = -
32 N + =
© 10— i | ©
L ) o
i ?‘+
O | Il 1 | ‘ 1 |
0.2 0.4 0.6
71 (GeV/c) ¢ (rad)

Data: COMPASS, PLB 805 (2020) Models: GK Kroll Goloskokov EPJC47 (2011) Also GGL: Golstein Gonzalez Liuti PRD91 (2015) 9/24



2010

coveass’ © HEMP with transversely polarized NH; (p) target without RPD

Gparity: G(m)=-1; G(p)=+1; G(w)=-1
Vector mesons: po N n*n'

(D N n*n 10 E*and EY of opposite sign
3 ® IS more promising
u d E u E([ —L
Ep = — ‘E @ E + =) E.= \/‘ ;E @ T = 4 x ) (see the larger scale)
COMPASS, NPB 915 (2017) but there is the inherent
) COI\/IPASS, NPB 865 (2012), PLB731 (2014) ), pion pole contribution
& 01 '— 3 * 0.5f
T oost 3 Im(E" H) ~ [ — 1% ) = 9xI"(p°— % )
g: 0 # { 4 + ¢l l T:i, ~ o} Same for o FF but sign unknown
..._0 o + .+_ H — ‘4—LJT__J\ w<3 ~* /{'@
-01 _ - _ -05 %gé:’——"
?/_ 0.1 ;*_ * 0.5 '
220,05 Im(.E(fT’-H Hy) ) 0}
0 : £5 0
e N AT O
_0‘1.-. - — 1T T T T T - [ p— _0-5—1 R T e T . ! N [ I R B | d '
0 0.05 0.1 2 - 0 02 04 12 3 40 005 010 0.1 02 03 » positive mw form factor
B 07 (GeVh) p1(GeVT) Q% [(GeV/c)] Xg; p2 [(GeV/cY] > no pion pole

» negative mw form factor

GK Goloskokov, Kroll, EPJC42,50,53,59,65,74 GPD model constrained by HEMP at small xg
longitudinal y,* p — M p and transv. polar. y;* p —> M p
quark and gluon contributions (GPDs H, E, H;, E; ) and beyond leading twist
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COMPASS 2012 Exclusive p? and o production on unpolarized proton

04 04 *
e || duald a8 % =l r -n

ln | A N—=PL Yr—PT —o— olo | A: {‘L_) ®
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1 Accepted in EPJC o

AR s e i 2 = . -~ EPJC81 (2021) 126
& o o Q?*>=24GeV [ RS T T GV

| = | E:y,
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SIDIS cross section and

do )
dxdyd=dp>d¢,dd, {(L& /w Factorisation
e (1.7 : PDF(x,k;)®FF(p",z
|:ﬂ£): 2(]_8)(l+2‘_]1|(l’”I+€l‘({/) ’)*((I) h(p) ( T) (pT )
l+[.f3.'(1 ve)Ag® cosg, + A5 " cos2¢,| €= Cahn & x=Q2/2m v
Unpol target ; ingy Boer-Muld =v/k
+ A 22 (1—-2) A% sing, ger-Mulders , 4
X = ‘ y N(P,S) PDF —p—— % z= Eh/ v
+ S, | J2e(l+2)4 " sing, + 247" sin2g, < hoJq:
Long pol target . R Worm-gear L e prt linked to k
y S,A[VI—e 4, + e(1-6) A cos¢,,j|
- - Each modulation measured at COMPASS, for ex:
Trans pol target A" sin (4, —4y) € Sivers effect Transv. Polar. SIDIS: € p' = € h*X
. +ed; " " sin(4,+4) €= Collins effect o)
S ’-n‘:o *)gin(3 . A“‘((/’h*(/)s) —_ U(L),T
+ S; |+ &4, sin(3¢,-¢;) € Pretzelosity O N
+ \j:""( | +2)A477% sin g, vu.r & Uu.L S'7=transverse
. proton
g(1+£)A40* %) sin (29, - ¢, ) U Unpolarized ol k/ -/ polanzation
1 h s/ | k -
) cosld ) L Long pol e
cos(éh~4:) € Worm-gear T T Transversely pol :
£)A; 7™ cos g
cos( 26,4 ) 2 (or 3) indices 1%t for beam
+2&(1-&) A7 ™ cos (24, - ¢) 27 for target

A Beam polarization

31 for y*




COMPASS 2010 Transverse T: Transversity ® Collins FF

Thetransversity h; or Aq COMPASS:PLB 692 (2010), PLB 717 (2012), PLB 744 (2015)
i' - E 0.1+ l_ S » l— COMPASS 2010 proton data
\‘C COMPASS positive pions .\'i»‘-().()32 preliminary
- el COMPASS positive pions x>0.032 preliminary R
0.05 o} HERMES nt~ PLB 693 (2010) rescaled by ([-<y>)/(1-<y>+<y>")
Measures the diff. of density of quarks with spin // O ooy oo IS e
and anti// to the transverse spin of the nucleon ™ e ':*"/,?L ¢ et - ¢ b . ?{ﬁr&' é-tH L
A —-0.05- LR L o0 L 1
Transversity chiral-odd PDF x © o = odd FF -‘8- Tt t o ! +
£ o R -
° meson -3- ,:: 0 1_ | | PR - | 1 i | 1 1
q e = - i
44/\ .G 0.051- Tc % B {) é %*
54 CRTRS ¢
T N AT T
—0.05(- n o F
COMPASS negative pions x<0.032 preliminary
. COMPASS negative pions x>0.032 preliminary N
_O'l_. o Ol . HElllMlEQ 7tl' PLB (x‘)il (2010) r.cscalcd b_\;(}-(\y>)s’(l-:‘y>*<y‘>‘)l |
102 10! ) 0.5 1_ 0.5 1 o (Gcl\'/s./ R
Transversity describes the spin-spin correlation Large effect of opposite sign for t* and
of a transversely polarized partonin a Good agreement between COMPASS and HERMES for x > 0.032

transversely polarized hadron. Not obvious as the COMPASS Q% domain is larger by a factor of about 2or 3
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COMPASS 2010 and others extraction of Transversity PDF

APT D ~ 2RV HP™ 4 2R H™ Global fit using data from

HERMES p, COMPASS p and d, Belle e+e- (for FF)

Bacchetta et al., JHEP1303 (2013), Kang et al., PRD93 (2016),

1 1 Anselmino at al., PRD87 (2013), PRD92 (2015), and JAM Coll.
]]l.fa\' = _Ill.di.\'

AP 2 upyLounf 23.d gyl fav
APTS ~ 2REHE™ 4 e2hdH;

- , L -‘-* ~ (A" _ d 1
(sin(¢ + ¢8)) o ~ (4hY — hY) Hi oy > 0 JAM Coll., PRD 106, 034014 (2022)

<Sill((f) + OS)>Z,T”[ ~ (”)lll - h(l{) ]]l%fm' <0 0.6
— | - AM22 00 - — et PO e —
. . n 04r SB T
COMPASS Collins asymmetries on the — —0.1 P\NT= 257 adici Bacchotta ‘18
. .  nol #F onm— P x SSRNEILTTE adici, acchetta "18
deuteron compatible with zero < 0.2 AR - —0.2 —e= Benel et al ‘19
=>» u- and d-quark cancellations = 0.0 £ | —0.3F  d ——— D'Alesio et al 20
1 1 1 1 1 1 1 1
) 0.2 0.4 0.6 0.8 & 0.2 0.4 0.6 0.8 &
Clearly, u- and d-quark transversity 06 0.0
PDFs have opposite Sign N Anselmino et al ‘13
,:-/ 0.4F Anselmino et al ‘15 —0.2
. \a’ — e Kang et al ‘15
d-quark transversity PDF much worse - 0.2 k i —0.4
determined than u-quark one because of E '

the scarcity of deuteron (neutron) data 0.
=>» motivation for the 2022 run

OO
)
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COMPASS 2022 new data with Transverse T=> impact on Transversity

provide valuable input for the determination of the Transversity PDF and
~the isovector nucleon tensor charge gy = du—dd.

A(‘ol I

p 2010 + d 2002. 2003, 2004 1 . -
oo l l The quark tensor charges:  d¢g(Q?) = / dz[hi(z, Q%) — hi(z, Q?)]
 { , , Jo
) + # : j . 1 3 % g TI l } | 1Q,:0.008 +0.210 (5u = fQ; dl‘hlll"(.‘lf) (5(1 = fQJ: df[‘hl"(.'l‘) gr = (511 — (sd
| ! ¢ o b h | ( present 0.201 + 0.032 -0.1894 0.108 0.390+0.087
l , projected 0.201 + 0.019 -0.1894 0.040 0.390+4+0.044
+ A A
v v . v o x . , 102, [
present: all p and d data projected: all p and 2022 d data The work will not be over with : :‘]‘:
xhy °% Xhy os the COMPASS measurements. e
. o3 Precise measurements are j 160
o2 oy oz- ¢ xh}" ; needed, in particular at larger x. I :
ol , . a L ot , L) 10 |
| | :
L*”! fé % e . : . ~ Complementary measurements
e N T "l NS at Jlab 12 and 20+ would allow
TN g% oL xhi® for a more precise measurement
°F 90% CL " of the tensor charge and, 1 L bl
o4 <nend e SR Y S e i ) 10-3 10-2 10-1 1
x ¢ . inthe farther future, the EIC. X



COMPASS 2010 Transverse T: Sivers ® D, FF

The Sivers fi_T PDF COMPASS:PLB 692 (2010), PLB 717 (2012), PLB 744 (2015)
a 2 (:()I\IPASS positive pions \<0.()33 preliminary
_ < OA 5 GOMPASS postcpions 0052 iy -
. 'I' i R
1, 1L &0 ® oo, @ ¢
[ 5 9 1 Te - [ ]
correlates the quark k, and 005 2, ? ; 658 1 54 ¢ + +
T o2 $++° : Gl ¢ :
the nucleon transv . spin bt ot * g

Sivers ChiraAIV-even but T-odd

ool Tt Clear signal down to low x

AVAVAVAVAVAVAVI VAESA ! , . )
‘,“ %‘“\ F|na| State |nteract|on a5 COMPASS negative pu:ns x<0.032 preliminary
| 2 . 0.1 ° COMPASS negative pionsx>0.032 preliminary —
.o \ Involves Orbltal Angular 0 HERMES = PRL 103 (2009)
o3/ Momentum 0.03- i i i
“ LN | i
BT PR B XY
o R ;
e X ® 005 . oo | . L ! | !
Z fl () 1q (% pT 102 por 0.5 1 05 1 153
X Z p’} (GeV/c)
Sivers function describes strength of distortion agreement between COMPASS and HERMES for x > 0.032
in transverse momentum space from the but clear indication that the strengh ~ when Q% 7~
symmetric unpolarized distribution f, TMD evolution?
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COMPASS 2010 + 22 + others extraction of Sivers PDF

The Sivers asymmetries, when weighted with the hadron

transverse momentum P; provide direct information on the Global fit using data from
Sivers function (to overcome the convolution over intrinsic HERMES p, COMPASS p and d
k. without any ansatz.)

Pk 2\ g ) JAM Coll., PRD 106, 034014 (2022)
quqx‘f [ - f (xakT)Dl(ZapJ_)]

Agiy (x,2,Pr) = — = 0.02 F
L ext [f" (x,k7)Df (z,pL)] S 0.00 o ———
-— ‘ "
2 —0.02 F Nzl
l\ 7 5 s 2
f l] - d kT T,, . J_‘I(.X',k}) . =~_0.04 F == Anselmino et al ‘17
lT |7 S~
M - 8 0.06 k u Bacchetta et al ‘21
== e 1 1 1 1
t 0.05
=== FEchevarria et al ‘20
k... scattered quark P ;)- -I 0.00 ()06 ]
P... outgoingh hadron - P_.[ 0.01
k¥ o 0.02

0.00 F

" " Adod 1 el
1072 107! 1

Impact of the COMPASS 2022 run on the Sivers PDF for fhe d quark
promising - a first look at the quality of 10% of the new data has been presented at DIS2023 17/24



COMPASS 2016 Unpolarized T:

& Boer-Mulders ® Collins FF

The Boer-Mulders function describes the strength of the spin-orbit
correlation between quark spin $; and intrinsic transv. mom. k.

Contributes to cos¢, and cos(2¢, )

Strong kinematic dependences & interesting differences between positive and
negative hadrons, as observed in previous measurements (COMPASS d, HERMES)
(u-quark dominance, opposite signs of Collins FF into h+ and h-)

0.851

0.70

Cahn effect additional contribution to cos¢, only - modulation purely
due to the presence of intrinsic transverse momenta of unpolarized quarks in the
unpolarized nucleon. No such modulation in the collinear case. NLO effect. o0

Azimuthal asymmetries — 1D (x or z or p,)

COMPASS preliminary

Strong dependence on py, '
Compatible with 0 at high z. i - cosf, 32
Complementary access to O;o.,.,fo §§1.3.‘::..’ """"" _
k; quark intrinsic ing “00% Theg [ MM et | s
transverse momentum o . ’
[ r Il: 7. T cos(2¢,) [
On proton target | { ,, EE bl ; }W } | j bggg ! m
Exclusive hadron contribution subtracted oot _f..j._.,,“_,!*;.i,{_,, +_$é* LA R S
-0.05+ - 0.10
On deuteron target 103 0T 03 03 06 }a‘s R
NPB 886 (2014) 1046, NPB 956 (2020) 115039 The error bars correspond to the statstical uncertainty only. 3, ~ 7,z (D)

A’

Azimuthal asymmetries — 3D (x, z, p;)

The error bars correspond to the statistical uncertainty only. o yst ™ 0.5 644 (3D)
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COMPASS unique set up to perform both SIDIS and Drell-Yan

SIDIS: € p' 2 € htX Drell-Yan (DY): mt p' =2 p* p X

0(k, \) ¢ (k' X
\\\\‘\\\\\,//"E//l/ H(Pr) 7 "/’A\>
+ pr/ (1)
Y (q) h(p) \q(k-.) I
N(P,S) 4R, : 2 \:f-) )
-——-——D-.__§ Hy(Py.S) \*k\.djh(

SIDIS: convolution TMD ® FF" DY: convolution TMDPeM & TMDtreet
TMDs involve Final State Interaction TMDs involve Initial State Interaction

TMD PDFs are universal but Sign Flip for naive T-odd TMD PDFs
Boer-Mulders Slvers

1 1 _
hi ploy = —hi flsipis o loy=—f7" |sipis

- Crucial test of TMD framework in QCD
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SIDIS and single-polarized Drell-Yan cross section

do*™° . SIDIS do™® 2 DY

— % (Fpy r + EFy F(1+cos’ 6,)
dxdvd=dpid$,d ¢ (For +€Fw.) dq*dQ
1424237 cos 24, 14D, . 4777 cos 29
T ‘S‘L é.“i-if;l: ' Slll:(f)h + ASL/i\/l — é.'j:lil | \7_ \1“7 [a ) 1‘ CS \ill 2 (
- - | B sin@g _» —l
Ay "7 sin( @, — o) ' a 4y SINQ; |
X < i E 511113_'1‘_’—.'_" e ) 1
+ S |+ 4" sin(g, + ) ' + 5, D . A7 S (2905 — @s )
& £ ) i (3 | sl 4 g gin (20, 4o ) ) |l
&4yr 3¢, —9s) L L ! & " 7S))]
2l [ o2 geosinss \ - where D. , . =sin’ 6. /(1+cos’ G,
N e r——r (1o 0
\ Y
,;2
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SIDIS and single-polarized Drell-Yan cross section

do*® SIDIS do™® ) DY
7 1 32 % (Fpyr+&Fy,) 3 IFLI'(1+COS Hcs)
dxdyd=dp;d ¢,d §. dq dQ
14 54155'13”‘ cos 2¢, ,I—D‘—;m; e A% 08 20
+ S, e4,; "sin2¢, + S;A1-¢ - S, sin® ., 472 sin 2¢),.
A9 sin (g, — ) - 4 sngs
X sin( 2@es =5 ) 2
L o4l +ds) - =+ S A o SI 2 -
+ S |+ &4 sin( @, + ¢ ) T +D_, T (2¢cs =95 )
+ e 42555 sin (3¢, —d ) | ] AT sin( 20 + ) ) |
i . where D, . . =sin’ 6. /(1+cos’ 6.,
+ S;4 \IU*L |47 "7 cos( g, — o J [ s | s/ cs)
cos 2 ¢, 1 - 17 - cos 2Qp¢ 1
A ™ o hy* @ HY ' +.. «—DBoerMulders . AT o T @by ;
_Fuu © qu <>Dh Sivers sm\._- o fq <>f
4 1 < > ‘ | W4 l
sin(dh+0.) . 1.9 Lh Transversity sin(2@cs —0s) lg q
Ay « hif ® H, E > A, x hy @ hT
sin(3¢y, -0, ) _ lg < Lh Pretzelosity sin(2@cg +@g ) _q
A7 rhiy OH < > A « hi? @ h;
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COMPASS

unique conditions to test TMD universality

SIDIS on transversely polarized proton
COMPASS 2007, 2010

PLB 770 (2017) 138

COMPASS 2015, 2018
PRL 119 (2017) 112002

Pion-induced transversely polarized Drell-Yan

—l . s ol L ol

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

r COMPASS prel . P T M B somc oo,
% - MPASS preliminary .2 % COMPASS 2015 data l 3%
= 51 %] 5 SIDIS 2010 NH, proton data S - ” ; : =
Z IU'» ; proton data Q; ‘6 lO Drell-Yan NH; 0.9 ; S -
g n 4(1)42 (&) 5 OS‘EJ 8 10
N . R » e (=
D 6<Q’<8 07 = E 7§
16<Q’<81 "> Q 43<M,, <85 i % 3 108
B F_B~5s
05 . Mos *s 3
10} 6.25<Q°<16 ; - > 10
J 04 10 i 4}
04 =
<(P<6.25 0 ) = 2
4<(’<6.2¢ 03 2<M,,<2.5 (=} 10
o
02
l<Qr<d -~ .
O g <M <2 10
1 - sy 0
10 102 10 I 1 3 |
X 10 10 10

6 8 10
.
M, (GeV/c%)

Safe Drell-Yan domain: 4.3 < M,/(GeV/c?) <8.5
Corresponding SIDIS domain: 16<Q°/(GeV/c)’<81

Similar (x,Q?) coverage to minimize the Q? evolution effects
to compare TMDs in SIDIS and DY
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COMPASS

results in Drell-Yan and SIDIS

COMPASS Drell-Yan preliminary : ; . Asin (¢s) FL
DY 43 < MG/ < 8.5 Sivers in DY: A x fx® 7,
_ i i COMPASS [ Drell-Yan, NH, 4.3<M,/(GeV/c?2)<8.5
4;m(¢s) . 0.2 preliminary | 2015+2018 data
’ i ' Sivers - A [ [
| COR - S NN MR IR N RN A N A
4 20+ 09 ———— . 2 =~ 0 } %
T i . Pretzelosity < {
| 0.2
sin(20.~ 99 —— | .
Ar 1 Tranlsvers!ty 1 . . » 1o " — 1
-02 -01 0 01 02 0% 107 1 107 10 0.5 1 2 3 4 6 8
(4) Xy Xn X q, (GeV/c) My, (GeV/c?)
SIDIS Sivers in SIDIS:  As" (#h=¢s) o £~ @ Dh
COMPASS SIDIS PLB 770 (2017) 138 16<0%/(GeV/c)<81 T
e h*  16<0’(GeVicy<s1 .
o6 ah™ ()=0238 22 0.05F + :
sm(0 — I L L
Ayr & ° Sivers ** =28 [ + & [ ﬂ ﬂ
sin(0,+ 0 1) Y E K ok } + :
UT Transversity < - e h” i
sin(30,— 0.) ay a h .
UT ' -
.., Pretzelosity, I ... ...
—005 0 0.05 1072 10~ 02 04 06 08 0.5 1 1.5
(A) X Z p, (GeV/e
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COMPASS first ever polarized Drell-Yan to test the Sivers sign change

PRL 119 (2017) 112002 + preliminary results with 2015+2018 data

The average Sivers asymmetry integrated
over the entire kinematic range is found
to be above zero at about one standard
deviation of total uncertainty.

AS®SY — 0.053 + 0.039(stat.) + 0.033(sys.
T

e COMPASS preliminary

0.1

Drell-Yan, I\‘H3 data
- « COMPASS Drell-Yan Slgn Cha nge
~ 43 <M, /(GeV/c?) <85 |
I T
_ JHEP 02202)166 |
- LFCQM
S SPM
- JAM20 :
- T no sigh change
| 1 (|
107 107"

N
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conclusions

Only a selection of COMPASS results

Exclusive reactions for GPD studies: difficult experiments, limited in statistics
work in progress

SIDIS and first ever polarized DY measurements Drell-Yan:
rich in statistics to perform multi-dimensional analysis
studies of multiplicities, p; dependence (x,z,Q?)

studies of universality, factorization, evolution

Still more results will come
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