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Parallelism between GPDs and TMDs

Eight GPDs for quarks or gluons Eight TMDs
Quark Polarization Quark Polarization
Unpolarized | Longitudinally Polarized U L i
(V) L f @
v H U | unpolarized Boer-Mulders

L OO LNORO;

longi-transversity
helicity (worm-gear)

WONo
T fin C) - Q g1T @ - @ transversity
Sivers trans-helicity h” @ — @
(worm-gear)

pretzelosity

Nucleon Polarization

<< 2 Q‘ Nucleon spin *>  Quark spin
QCD approaCh proved for |t| Q + transverse momentum kT

After integrating over kT

4 are Chiral-even, 4 are Chiral-odd only 3 survive: f1, g1, hi

2 are T-odd QCD approach proved for k; << \Q?

2/24



SUISS[

IRAV(




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, p*-d, 160 GeV, L & T polarized target
?:D 2005 CERN accelerator shutdown, increase of COMPASS acceptance
fé 2006 DIS & SIDIS, p*-d, 160 GeV, L polarized target
g 2007 DIS & SIDIS, u*-p, 160 GeV, L & T polarized target
T | 2008-2009 Hadron spectroscopy & Primakoff reaction, /K/p beam
© | 2010 SIDIS, u*-p, 160 GeV, T polarized target
& 2011 DIS & SIDIS, u*-p, 200 GeV, L polarized target
E 2012 Primakoff reaction, ©/K/p beam
= | 2012 pilot run| DVCS/HEMP/SIDIS, pu* & u -p, 160 GeV, unpolarized target
@)
O | 2013 CERN accelerator shutdown, LS1
N
S 2014-2015 Drell-Yan, ®- -p, T polarized target
~ | 2016-2017 DVCS/HEMP/SIDIS, u* & w -p, 160 GeV, unpolarized target
8 2018 Drell-Yan, ®- -p, T polarized target
8 2019-2020 CERN accelerator shutdown, LS2

2021-2022 SIDIS, u*-d, 160 GeV, T polarized target 5
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Measurement of exclusive cross sections at COMPASS

DVCS: n p > ll"" p""'y at small transfer
- -
lL° or L' beam

CAMERA recoil proton detector T
surrounding the 2.5m long .-

LH2 target /

H\“t _ /,/tOMPASS:TWO stage magnetic spectrometer
T\Q‘E [~ " for large angular & momentum acceptance
ECAL»I’ 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: pp> pn +h +X
—
u+ beam —>
)( u
Unpol. Or Polarized target ) .-‘-u.«li:;-._-;.‘.'.:-‘ .I:".'.”.:i:;':.n\.
6I.i[) ~50% 1 3 : gt /| 1000 mm
NH, ~85% \-% i

i

Superconducting Dipole
Solenoid (2.5 T) Magnet (0.5T ) - .
i T

| | ¥ ) -
R - - - \ ‘j" Tl -y
2 or 3 oppositely polarized cells (30-60-30cm) g | L MJ ‘L e 1——] -
L e o e et .= =

Polarization reversal by rotation of magnetic field

L1
In

Two 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)

25cm
dawnsiream last
alumina layer

2 oppositely polarized cells (each of 55cm)
Polarization reversal by rotation of magnetic field +

. Stainless Stesl
20 cm

aluminwm

box cover -~ :

— =34 L] 1] 188 158
e  tint
TT— Tungsten beam plug
— T —

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

WP 2y p
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= 200
o - COMPASS ¢ daa
© 180 — MC BH
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5 160 [ MC excl. =°
D a0~
S 140- Xg; ~ 0.020
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BH contribution evaluated for the integrated luminosity

do a |T8"|?% + Interference Term + | TPVCS| 2

H

Entries / 22.5 deg / 2.10"

n° background contribution from SIDIS (LEPTO) + exclusive production (HEPGEN)

h
(=]

30

20

=1]
(=]
T

- COMPASS

= do (u*) + do ()

10 < v [GeV] < 32

+ data
— MC BH

| MC incl. =x°
I MC excl. =

Xg; ~ 0.063
. Q% ~2.1GeV?
y~0.1

3
¢ [rad]

DVCS above the BHcontrib.
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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
_|_ —
< o
_ + _ BH Ves
= do" +do 2[do™ +doy) P+ Im 1]
= 2[doP? ++ P’ cos o + cos2¢ + s sing + s sin2¢ |
calculable All the other terms are cancelled in the integration over ¢

can be subtracted

&
T el COMPASS
> 0k Pl
d3otP T s L B=6.6%06,, +03,, [(GeVic)?]
T _ 1.4 (- 1-BH DVCS E N =0.60 T U0y, T 0.5y, L{GEV/C
szdL"df — / d(ﬁ) (dO’ —do ) X Cg — L given by a binned maximum
) S — T - 0 likelihood technique
aF F
* . _ iy -
do? P 1 d?ah? oo
p— I - ; 1?
dt Q% v, E,) dQ?*dvdt S
— 1(GeV/ic)®<Q? <5 (GeVic) ?
Flux for transverse ~ 10GeV<v<32GeV
Virtual phOtonS 1 | 1 1 1 | 1 1 | 1 ‘ 1 | 1 1 | 1 | 1 | I | 1 1 | I |
10

o

0.1 0.2 0.3 04 05
Itl [(GeV/ic)2 ] 7/24



COMPASS 2012-16 Transverse extention of partons in sea quark range

— A- — WCS
dGDVCS/dt— e-Blt] = Cér S oc (ImH)?
e ~ ~ t
DVCS —~ 8 I
Co X 4(?‘[?‘[* + ,H,H*) + chg* % | COMPASS —10.6 =
; 7_ T —— — 7] (:I’T
In the COMPASS kinematics, xg= 0.06, dominance of ImH @ il T drmmn ‘:‘_-:j-_-:_:_:_ 2016 + Prelim. 0.5 J\:,:_'
97% (GK model) 94% (KM model) = 6 N SR — —=S . il
i + ’ + ------------ N o
5_
Im}[ = H (X=§; ZSI t) - ¢ +
Xx=E~=Xz/2 closetoO 4 COMPASS JPLB79NY0.3
“IEA b -A 2 3__ : ggmizi <§z>=1.2 Egexicij ;:is A:atlfsli;?gs (2019) 188 —0.2
. _ - _—1 A ] q .. (<Q> =1, eVic ys. Lett.
q(;r" b—) o / (27)2 € . H— (I 0. _AJ— ) 2 ¢ ZEUS: <Q?>=3.2(GeV/c)*>  JHEP 0905 (2009) 108 -
! _ A HT: <Q% = 4.0 (GeV/c)?
[d2b, % qr (b)) 0 1— v oOHL <Q% = 8.0 (GeV/c}? } Fur- Phys. C44 (20091 —0.1
<f1i>j _ . j{ ZL 1qr(x, by =-4—log Hf (@, € =0, %) i B HT <Q* =10.(GeV/c)*  Phys. Lett. B681 (2009) 391 -
! ‘d(b¢qI(£qbl) t=0 | |
. O 1 1 | L1 1 11 1 1 1 L1 111 1 1 1 | 1 1 11 0
107 107 1072 K 29-1
Xpi
<b2 (2 )> ~2B(6) :gj: : 168 Eggiz;ﬁ } KM15 model from Kumericki & Mueller
1\ ~ = —_—— <Q’>=1.8(GeVic

? }
________ <@ = 10. (GeVic) GKmodel  from Goloskokov & Kroll
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COMPASS 2012-16 Transverse extention of partons in sea quark range

o 2012 statistics = Ref
dGDVCS/dtz e'B|t| — c‘gﬂf{' 2 oc([mj]-[)z 2016 analysed statistics = 2.3 x Ref
2016+2017 expected statistics = 10 x Ref

—_— 8 _—
S —0.6
2 (2 A ¢ = B COMPASS E
(13 (x)) ~ 2B (€) o I e
O pereim, — - Y
(O @ e T ter-dAl dimimimin,n "‘:-:_-:..._ —_— 2016 Prelim. 0.5 -\Cl!
Z s R sl IEY . |
m i + * + ......................... N >
5l 04
I +
4 COMPASS IPLB793\10-3
3~ ° COMPASS: <Q*> = 1.8 (GeV/c)>  This Analysis
B ) COMPASS: <Q%> = 1.8 (GeV/c)>  Phys. Lett. B793 (2019) 188 —0.2
2— ¢ ZEUS: <Q%=3.2(GeV/c)>  JHEP 0905 (2009) 108 -
— A H1: <Q% = 4.0 (GeV/c)
L v - <«@% = 8.0 (GeVicP } Eur. Phys. C44 (2005) 1 —01
B ] H1: <Q% =10. (GeV/c)>  Phys. Lett. B681 (2009) 391 i
3o difference between 2012 and 2016 data 0 o o L g
» more advanced analysis with 2016 data 107 107° 1072 /120‘1
. . . . )
» n% contamination with different thresholds <O = 2 o B
.. . . ) . ) Q 1.8 (GeViey } KM15 model from Kumericki & Mueller
» binning with 3 variables (t,Q?,v) or 4 variables (t,$,Q%v) === <Q@*> = 10. (GeV/c)y’
—_—— <Q’>=1.8 (GeV/c

? }
________ <@ = 10. (GeVic) GKmodel  from Goloskokov & Kroll
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COMPASS 2012-16 Exclusive 1t° production on unpolarized proton

+ + -0 .
Wp2 W mp @2 1 oy ldor Niorr Ndoy g COMPASS
— n} n} -
— = - € + + €cos 20, + 4/ 2¢(1 + €) cos ¢
Fro=2/3Fv + 1/3 F¢ dtdg, 2w dt dt dt dt Q2=2.0 GeV?
x5=0.093
. / 12 . ! B N # B . V=t ) |t|~ 0.26 GeV?
doy 2_ i ) . dor I 2 B t . 2 agrr ) 2 TLT t N
Vi oo () = gz |(B)]| | o< 1WHDI = — |(Ex)| 1@ = toma (B0 L oc X — Re|(Hr)" (E)] ¢ close to 1
rdor dopy . +o1 - mb ydorry, a +07 4 Ub ”iJ"T\ = (1.5+055.,F 22 )b
(air +eqn) = 82409 Bl moyrar | | (o) = 61 £ 13 821, GV (i) = (15205t 03] )it PLB 805 (2020)
“ o large - impact of E; o, small but significantly positive as at CLAS
PR j e 2016 dat COMPASS Preliminar CE 4 L e 2016d COMPASS Preliminar . .
2 - o 2012 dgt: COMPASS PLB 805 ! L C . 2012 dg{g COMPASS PLB 805 ! More statist. will come
% L GK16 model.... .EPIC 47 % [ e GK 16 model ----EPIC 47 Extended kin. domain
= 20 - = 4 At small and large x;
S i % h g 2p
o) I R % B
o 10— + % _______________________________ (:6 -
i b T © I
L (}? -
- # e .
0 O S o~ | . |
0.2 0.4 0.6 -2 0 2
111 (GeV/c)* o (rad)

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



Vector mesons: po ST n-

E“@ Ed 4

COMPASS, NPB 865 (2012), PLB731(2014)

Gparity: G(m)=-1; G(p)=+1; G(w)=-1

(D—)T[T[T[O

Eu@ Ed

- Im(E* H)

COI\/IPASS, NPB 915 (2017)

Im(E H)

M

jm(.E}ET’ -H'H,)

p TH—

T

BAEED

O° (GeV?/¢?)

0 02 'u;_i
p (GeV7/e)

" 010 01 02 03

Q [(GeVicy: p2 [(GeVic)]

compass>° HEMP with transversely polarized NH, (p) target without RPD

E" and EY of opposite sign
® IS more promising
(see the larger scale)

but there is the inherent
pion pole contribution

' — 1% ) = 9xI[(p®— % )

Same for o FF but sign unknown

» positive mw form factor
» no pion pole
» negative mw form factor

GK Goloskokov, Kroll, EPJC42,50,53,59,65,74 GPD model constrained by HEMP at small x;
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 ® production on unpolarized proton

04 ’ . 04 = 1+
‘o | A i oPL YoPT - o] Aoy :
M| —— 3| | Vi Op _H_|_r
4 | I N _SCHC___ A R
5 * * . H
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| » I : -
Im r?_l r Im l"?-] : F|_._|_
inl, e COMPASS | ms, — - IMPAS
‘i | e Accepted in EPIC o | < ' - >
ok P s | , = EPIC81 (2021) 126
| B 0 ° 04 . Yt “QZEE2TTGEV?
N Yr—Pr . <W>=9.9 GeV Iy | E:y. > o T !
r o 25 0 1.8 Go? el T = BE <W>=7.6 GeV
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SIDIS cross section and

do '
dxdyd=dp’dg,dd, ((k, \) e (k') Factorisation

= : \\/ h
« N E ve PDF(x, k- )®FF Z
|:1c}Q [Jr )[] ETH(F” 2 teFy ) v*(q) h(p) (x T) (pT )

4552 cog 2;;)”]@ dahn & | % x=Q2/2m v
Boer-Mulders y=v/k

_f' — N(P,S) /ppp > z=FE, /v
‘ ] sl = - }f
+ S, f]._r (14+&)4,* sing, + 4], bln2¢§ﬁ:| pTh linked to kT

] ® Worm-gear L
b S,A| 1= 4, + J2e(1-) 4 cos@,}

—
l_l
-2
T‘
o ) ..I:.-..
F
o
74
=
+

Unpol target

Long pol target

Each modulation measured at COMPASS, for ex:

Trans pol target Ay ™ sin (4, ~ ;) € Sivers effect Transv. Polar. SIDIS: € p' - € h*X
X 4 + 4, " sin(g,+45) €= Collins effect oum) E;*;(f;}@s)
nf 3y —d ) - . W@y .0 ) 3
+ 5, sin(3¢,~4;) € Pretzelosity Ay = 5 I3
e(l+ & },4;.':.‘-6-“ sin @, vuu.T TEé Uu.L S S]'= transverse
proton
&) Ay "% sin(2¢, — ¢, ) U Unpolarized ~J polarization
T h L k ~ G
T ) L Long pol e
(e JAi™ T eos(d,~4s) € Worm-gear T T Transversely pol
+ S;A|+ 2e(1-8)4;5* cos g,
1 2 (or 3) indices 1%t for beam
+ J2e(1—g) A1) cos(2¢, — ¢ )

] 2" for target
A Beam polarization 3" for y*




COMPASS 2010 Transverse T:

Transversity ® Collins FF

The transversity h; or Aq

Measures the diff. of density of quarks with spin //
and anti// to the transverse spin of the nucleon

Transversity chiral-odd PDF x “o!lin: odd FF

Transversity describes the spin-spin correlation
of a transversely polarized parton in a
transversely polarized hadron.

COMPASS:PLB 692 (2010), PLB 717 (2012), PLB 744 (2015)

:S 0.1 l— L COMPASS 2010 proton data
' COMPASS positive pions x<0.032 preliminary

= . COMPASS pusmu pions x>0.032 preliminary
0.05- 0 HERMES = PLB 693 (2010) rescaled by (1-<y=)/(1-<y>+<y>%)
O T &5 p SRk Sl Eely S itk Sttty B S bbbk dhiieb ity
N ? s SO I RTER é@}éféé (#
» o 005 4 LR 2 . s
b4 T }
_-g_ 2_0'1_, vl | i 1 I B | l |
- 3 01 i - L
c = -
‘d 005 TC vt | % ‘H
< aht b Ly ?ﬁ%
At L S ¢ S0 A gt b
—-0.05}-
COM[’ASS negative pions x<(.032 prcllmmdr\
L] COMPASS negative pions x>0.032 preliminary
0.1~ < HERMlEg n PLB 693 (2010) rescaled by [} -<y=)/(1- <y‘“—*<3,/ %)
sl el L1 L | |
-2 -1 05 1 05 1 1.5
10 10 X z p’_;_ (GeV/c)

Large effect of opposite sign for t* and &

Good agreement between COMPASS and HERMES for x > 0.032
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

APTE o R H™ 4 e2pd 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.
Hi gy = —Hi g5

ADTT 2 u prlount 21.d pyl. fav

."' T o (ApY _lf.'!l. 1
(sin(6 + 9s))irr ~ (41 = A1) Higay >0 JAM Coll., PRD 106, 034014 (2022)

(sin(¢ + ¢s)) i ~ = (4hy = 1Y) Hifay <0 0.6
Py — ] AMZ22 DD 3 ,.-.*'L'_“." Pk 0 L R T
. . 5 04 SB > T
COMPASS Collins asymmetries on the ~— —0.1 P\ S= =7 .
. . = ey ) 1 \ ==ses Radici, Bacchetta ‘18
deuteron compatible with zero < 021 FofTE T —02F L Benel ot al ‘10
=» u- and d-quark cancellations = 0.0 = ]  —0.3F A oo 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 &L
Clearly, u- and d-quark transversity 0.6 0.0
PDFs have opposite sign N Anselmino et al ‘13
,:.‘_'{ 0.4F Anselmino et al ‘15 —0.2
) = == Kang et al ‘15
d-quark transversity PDF much worse = —0.4
determined than u-quark one because of E 06
the scarcity of deuteron (neutron) data

=» motivation for the 2022 run
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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 ¢gr = du— dd.

Acon’ p 2010 + d 2002, 2003, 2004 1 )
0.03- + L - The quark tensor charges:  dq(Q?) = / dz[hd(z, Q*) — hi(x, Q?)]
: Jo
: } L ¢ L
0.00—----} ---Jf-#-#-;--f ------------------- —--e Tﬁ%iﬁf <= peeeeee] Q.:0.008 = 0.210| Oy = fQI drhi”(z) | 04 = fm d--'r-h‘li” () | gr = 6y — 04
L ; L | present 0.201 4+ 0.032 -0.189+ 0.108 0.390-£0.087
[ ] . 1T .
s 1 i projected 0.201 + 0.019 -0.189+ 0.040 0.390+0.044
| tsasesad 4
IIII 1 1 | I | I 1 1 L1l | 1 IIIIII 1 1 1l IIIII
1ot 107t 10 107!
: " The work will not b : »‘
present: all p and d data projected: all p and 2022 d data € WOrk will not be over wi -
xhy *4 xRy o - the COMPASS measurements. i i '
- o3 _ B osf Precise measurements are I £ 60 /
02} xhy” S i i ; : j i
: / 02 xh, : needed, in particular at larger x.
) 1:' ] ey E . * 4 10 y £
t | » . ) 0.1 i - d (
; s . r E i = - / ,27,,;}’
o et | it e - £ 4
5 | 1 V | | E = :' — Complementary measurements C /
ANV B N 4 at Jlab 12 and 20+ would allow B
0.2| xh af v .
i T Nes% oL “t xhj } for a more precise measurement I
A 0.3 ! .
| 90% CL : of the tensor charge and, 1
0.4l ____1,;. R B R gl i e i 1I|_-I-' L .1 . 103 102 101 1
x « in the farther future, the EIC. X



COMPASS 2010 Transverse T:

Sivers ® D, FF

The Sivers flLT PDF COMPASS:PLB 692 (2010), PLB 717 (2012), PLB 744 (2015)

>

5

COMPASS positive pions x<0.032 preliminary

<O RN T
0.05f %9 | ¢‘P;% : do° {J{.
correlates the quark k; and 33§ !

3 4 ¢t

the nucleon transv . spin

Sivers Chiral-even but T-odd - C|
ear signal down to Iow X
M“ =\ —0.051 el n A g | ]
‘,«‘/ \% F|na| State Interaction & _;,.,F': CDMPASS nebm epmn 1-:;00? plehl‘l‘tllllr}
[ i . <T 0.1t ] COMPASS negative pionsx>0.032 preliminary —
B | “.involves Orbital Angular o  HERMES v FRL 103 2009)
R oo’ | Momentum 008 o - i %
IR X ; 4 ﬁf ...... % ig; ﬁd’ 3 ll é%--t-$-+-- S
A / k¥ SRR
Siv =~ > f D %’ IR t
e X) ® Z —0.05¢ Ll B . L 1 | I
Zq q '1 () 1q (2 pT 102 o 03 I 05 1 LS

Sivers function describes strength of distortion
in transverse momentum space from the
symmetric unpolarized distribution f,

p ‘;‘_ (GeV/c)

agreement between COMPASS and HERMES for x > 0.032
but clear indication that the strengh ~ when Q2 ~
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.)
JAM Coll., PRD 106, 034014 (2022)
2 Prky oL 2 2
Zq eqx(g [ MTPTT fqu(x: kT)D?(ZaPJ_)] 0.02 F

Y eqx |16 k0)D(z, )| & 000

1(1) 2, kL 2 E[‘*_ﬂm
‘flT q(}:) = [d kT _2M2 qu(I}kT) . ~_0.04 F == Anselmino et al ‘17

COMPASS, NPB 940 (2019) = u Bacchetta et al ‘21
:;{:: 8 —ﬂﬂﬁ B I I l l

Agiy(x,2,Pr) =

=== FEchevarria et al ‘20

0.06 |
0.04
0.02
: 0.00 ,
B 0.2 04 06 08 &

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

===k ot B eSO .%%g:;f,ﬁgg.'.-.---_
k... scattered quark 0.00 prevevee ;
P... outgoingh hadron P
_______ -0.05

g... virtual photon

q ~0.10f




COMPASS 2016 Unpolarized T:

& Boer-Mulders ® Collins FF

The Boer-Mulders function describes the strength of the spin-orbit
correlation between quark spin S; 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-)

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.

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

COMPASS preliminary

Strong dependence on py;,
] ] ] TS 005 o g COS(I)h
Compatible with 0 at high z. < h
Complementary access to | IEEEEr _{_ teasts E*‘?E::. .
k; quark intrinsic ing 003" Ty e B
transverse momentum R . ,
7. °T  cos(2¢,)
On proton target EHEHJ ' fjﬂi“} -ﬁfui :
Exclusive hadron contribution subtracted L L S L LI S
—0.05 }
On deuteron target 0 10T 02 0% 06 03

NPB 886 (2014) 1046, NPB 956 (2020) 115039

T

The error bars co
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Azimuthal asymmetries — 3D (x, z, p;)

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

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

0(k, \) (k)
\\/
7 (@) %
N(P,S) /s 1
s
SIDIS: convolution TMD & FF" DY: convolution TMDPea™ & TMDtareet
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 Sivers
lg o lgqg B lg
hi ploy = —hi gl siois fir lov=—f7 |sipis

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

do*® SIDIS do*?

y DY
_ < (E, .~ +&F. . « F!'(1+cos’ @
dxdydzdp2d §,d g, (Fos ) dg*dQ ° | cs)
14 £422% cos 24, 14D 2 A9 coS 20, _
+ 5 E*i;;l:ﬂ': Sin2¢, + S A 1_53‘_111 + S, sin’ f‘{—id' SIN 2¢),- -
| — — - — |
- sin( & —de . - ) 5111 @ . .lf
AL:TI.-.i 5111{g5h _%) | bt Ar 7 s @, i
> (] - '; sin| 2@es —@p | . Y

+ S; |+ 247" sin( @, + o) ' + S; D Ar Sin (2¢c5 — s ) _
s . | I_‘:iﬂ:r-' _I sinl 2o g+ - f |
+ g4y " sin(3¢, — @ ) ' | i A T sin (20 + ) ) ||

T T o . - where D. . _ =sin’8../(l1+cos’ ..

.
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SIDIS and single-polarized Drell-Yan cross section

do*t® SIDIS do™ DY

_ o« (F.. +cF._ « F1+cos’@..
dxdydzdp2d §,d g, (Fos ) dg*dQ ° | cs)
14 £422% cos 24, 14D 2 A9 coS 20, _
+ S, ey sin2g, + S, AN1-e74,;, | + S, sin® 6., 47 sin 2¢),. -
| — — - — |
- sin( & —de . - ) 5111 @ . .lf
4297 sin(g, —¢,) | : A7 sing; |
oo ) - '; sin| 2@es —@p | . p
+ S, |+ e a2 sin (g + ) . + S; o A, S (2@ — @ )
s . | I_‘:iﬂ:i'.-' _I sinl 2o g+ - f |
+ g4y " sin(3¢, — @ ) | ] A T sin (20 + ) ) ||
[ o cod | . - where D. . _ =sin’8../(l1+cos’ ..
+ ST/T. 1 l _ g2 L‘-[Jr_l}} fy— s | CDS( '{ﬁ;. _@5 }:| | '_'5'—11"-“'-:5_' Cs [ Cs }

— El

cos 2 gk, 1 ~ 1h - cos 2@ 1 ~ 1
Ay ™ e by @ H' +.. e—DboerMulders 47 o 72 @ ¢
UU 1 lg L 1.7 Lp
qsmidy,—d) lg h Sivers sin@s q 2 lg
gsm(ghy,+d.) g L1h Transversity sin( 2 @eg —@s ) La ) 1,9
qsn(3d,—a ) lg Lh Pretzelosity sin(2@0g+0g) lg & 1,19
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COMPASS unique conditions to test TMD universality

SIDIS on transversely polarized proton Pion-induced transversely polarized Drell-Yan
COMPASS 2007, 2010 COMPASS 2015, 2018
PLB 770 (2017) 138 PRL 119 (2017) 112002
?‘\J v & ((EMSIH\OSs preliminary !l E ”{: COMPASS 2015 data -g E —— COMPASS 2015 NH, data
= 100 SIDIS 2010 NH, proton data . 0.9 = ; " rell-Yan NH- 'é - . Comb. backeround
ij —os %‘ 3 10 E Drell-Yan NH; 5 E 10° e T (MC) "
Z 2 = 30 RSV W' (MO)
Q jx - Q %' - n-charm (MC
068 S g 10* =5 S grp:u-&f}:}.{mﬂﬂ
Ry g S N — Total MC + Comb. background
lOE 6.25<(<16 10 @ 1[} EE
: = -
4<(’<6.25 g 1{}2 %—
1<Q <4 o 10 ;E
o i : 4 6 8 10
M, (GeV/c?)

Safe Drell-Yan domain: 4.3 < M,,/(GeV/c?) <8.5
Corresponding SIDIS domain: 16<Q’/(GeV/c)y’<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 Sivers in DY: Asin (¢s)
! : x f fL
D 4.3 < My, /(GeV/e?) < 8.5 | 1w & T, p
_ i ' _ COMPASS | Drell-Yan, NH, F 4.3<M ,/(GeV/c)<8.5
sin(d) P ] preliminary | 2015+2018 data !
T_ i Sivers e 0.2r } } y } } :' i } } } } !
5205+ ) e R 10 S S i Jlp 11 Lo T
T i Pretzelosity < . {
w0 )| e | 2p [
T | l TransverSIty l M B | R | TR | T BT TT T B | ] [ ]
-02 -01 0 0.1 02 102 107 1 107 1 0 0.5 1 2 3 4 6 8
n
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sm(fy+ ¢~ ™) —h— o 0l
ur " Transversity < :
sin(30,— 0,) kg - i
vt ... Pretzelosity, —0.05}
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COMPASS first ever polarized Drell-Yan to test the Sivers signh change

fﬁﬁw\\:RL 119 (2017) 112002 + preliminary results with 2015+2018 data

t e COMPASS preliminary
i }’ Drell-Yan, NH, data
‘ / gm _ e COMPASS Drell-Yan S| N Chan e
L / S 0.1 43<M/(GeVic?) <85 &N ¢ 5
T A
The average Sivers asymmetry integrated - S
over the entire kinematic range is found T e T T A— S
to be above zero at about one standard  LFCOM
deviation of total uncertainty. [ SPM ,
| Lo no sign change
(AZ"¥5) = 0.053 + 0.039(stat.) + 0.033(sys.) I L
107 107

AN
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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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