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How are the partons distributed inside the nucleon?

Wigner
g SIDIS ) Distributions
y*
h
p PDF — F%X
DY ( TMDs GPDs J

7{ P, X <
. PDF\

see talk of Mathias Gorzellik
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Nucleon structure - TMD PDFs

Nucleown

Lohgifu.div\ilbj E"“V‘stersﬁ-j COM PASS Contr|but|0n
unpolarise olarise olarise .
npotarised | PP e Measurement of different
3 J asymmetries related to these TMDs
5 : Study of their dependence on
§| ot different kinematic variables
By g gJ_ Access them through two different
$ 1
NEL Te o processes, SIDIS and DY
‘g- 353 ®p-(@ p %) - (s9 -
ud o
é _g S kelicitj worm-gear T O&&Qw
L &rausversi.tv v
= h;, h .. Check of TMDs
i . . .
53 , . 6)-(8 restricted universality
h S - - . .
T v I g of Sivers and Boer-Mulders using

Boer-Mulders) worm-gear L pretzelosity essentially the same setup
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Sivers sigh change

7 (x kT)lDY = —fi7(x, kT)'SIDIS J

Crucial test of the QCD TMD approach Y
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On the road for the polarised DY measurement

oeé'
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2007 2009 2010 2014 2015

Hadron Feasibility of
absorber the experiment

requirement
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COMPASS spectrometer .......

Multipurpose
spectrometer which
made possible the
polarised DY
measurement after
some modifications

Hodoscopes
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Polarised target

20 cm

55cm

c

©

o -2 1st sub-period

w

5 3
- g < _______________________
] o = ,
{ } 8 2nd sub-period ﬂ ﬁ

Polarised in the transverse mode wrt
beam and in opposite directions

!H!I‘Hﬂ‘
=]

1)
i

Polarisation~73%
with 5% scale uncertainty
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Hadron absorber

Located downstream of the polarised target:
« Stops hadrons and non interacting beam @
* Degrades resolutions @

In 2015 was also added a thin lithium foil

downstream of the absorber:
e Stops the slow neutrons produced in the
absorber and reduce the radiation level in the w0

oV

. so\*\?“{
first detectors Y
s
Jle gor i«i&}é‘ )
Cas M2
NOTE: For unpolarised studies, not &;”\‘f peo™ T

covered in this talk, in addition to NH, AL tarqget (works also Lt foil
target we have Al and W targets as a target) Li foi
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DY and SIDIS cross-sections in terms of
leading twist asymmetries

doPY (1 + cos?(0) + sin®(9) A;o0*?) cos(2(b)> + St [(1 + cos(0)) AT sin(gg)

+sin?(0) (4777 sin(20 — o) + AT sin(2 + ¢s))]

DY C-S _ / 0

H H,

VA

do®TPI5 o 1+ ecos(2¢) AL COS(2¢h) + St [Sin(cbh — ¢S)Ai}r}(¢h_¢s)

+esin(én + dg ) 5111(951 +¢s) —|-€Sln(3¢h—(b5) Sln(3¢h ¢S)]
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Leading twist asymmetries in DY and SIDIS
_ A o / ’
JU " PDF| )/* f_
}/*
p g A h
p PDE :FF<X
A?JOIS]@@ - hJ_q R hJ—q € Boer-Mulders . A?JO(S](QWL) - hi—q R HlJZIh
Sivers . As1n(¢h bs) - flJ_j:; ®D?q

A?Jlr;igqbs) X f17r ®f1Tp

AP o b @ bl <

sin(2¢+¢
AUT( o h ® th ,D

transversity . Abm(</)h+(/)g) - hq ®HJ_h
ur

pretzelosity o Asin(3¢h—¢s) - h ® HJ_h
ur
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SIDIS TSAs in common DY phase space

proton PDF e h* 1<Q’/(GeV/ey'<4 14<Q(GeV/c)*<6.25 16.25<Q%(GeV/c)’<16 116<Q/(GeV/c)*<81
A h (x)=0.027 {x) =0.069 (xy=0.122 (x)=0.238
Sivers e e ke =
transversity A“"“’*“’ .- e - o+ - = .
pretzelosity ™™ Sain *o - e
. A +e o ‘e .
hlgher—tW|St Az.;(zq)h—cps) . * .« *. W
worm-gear TAi“T““’ N e e T
h|gher'tW|St AC"S(Z%“"S) —A—— . e —h— T —h—
LT | I R R B ol IS S S R R N S
—0.01 O 0] —O 05 0 0.05 -0.05 0 0.05 -0.05 0 0.05
(A) (A) (A)
[ e z>0.1 | a4 z>0.1 .
004 © 0.1<z<02 4 0.1<2<02 The Sivers asymmetry extracted
F e z>02 - z>02 . 2
- Coon } ! #ﬁ o | from SIDIS in the range 16<Q°<81,
T ++ i ﬁ &p %‘ common to the mass range used
< L - [ . . .
oL 7 B LA in the DY TSAs extraction, is
: : ! s . . o /o
ey i ——E8 positive, with a significance of
002, o Ee 3.20 for h* (u quark dominance)
1 1

1 0
07 (GeV/cy 07 (GeV/c)
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DY polarised data
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Dimuon sample - Different contributions

p— p—

-] -

N )

[T T T T
Ly

TATT]

[
-
W

[
-

——— COMPASS 2015 NH, data
------------- Comb. background

------- Jp (MC)

------- ' (MO)

—ema Open-charm (MC)

---- Drell-Yan (MC)

Total MC + Comb. background

Data/reconstructed MC
< comparison shows a good

agreement

The high mass dimuons
4.3<M<8.5 GeV/c? are mainly
originated from the DY process
with a small contamination of 4%

35 000 pairs will be used
in the TSAs analysis
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Dlmuon mass ranges

I 1 —~
S wh M1 Gevie COMPASS 2015 data 3 < [ M1 Gevie &  COMPASS 2015 data E
> 102 © 4 Drell-Yan NH; 09 '8 > 102+ Drell-Yan NH; 3
[} = 77) [} | ]
Qo T I & S ) =
SN R S R NS} Cop g . %,
S L 0.7 3 i _ 4.3<M,,<8.5 N
B § ! 10 107 10 1 3
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, = =z
S =
10 10 2.5<M,<4.3
S MRS g AN S 2<M,<25
1<M <2
il A Ll L L - il 0
107 107 107! 107 1072 107! 1

N
For M<4.3 GeV/c? the interpretation of results is more difficult, DY starts to be highly
contaminated.

A region of particular interest is the J/psi region. But the resolution is worse, and
here ar ntributions from different processes. . :
there are contributions fro P R Analysis is ongoing
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Vertex distribution
x10°

~ COMPASS 2015 data W W is 120 c¢m long but the
- 43<M,/(GeV/c?) <85

W

majority of the beam
interacts in its beginning

(\®)

For TSAs analyses:
Only events from NH, cells are
polarised

counts/1.25 (cm)

(U

NH

For unpolarised analyses:

~100 o 0 | Events from all 3 target types are
z(em)  eeful

1 IR Y
=300  -200
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x10?
14+ COMPASS 2015 NH, data
125 43<M, /(GeV/cz)<85
B
08F
0.6 -
04F
021
C | L S S T S Y !
0 0.2 04 0.6 0.8 1
N
COMPASS 2015 NH, data
3 4.3 < My, /(GeV/c?) <8.5
2

L I ) L B B B B | V4
—
]
w

counts/0.01

counts / (0.20 GeV/c)
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Kinematics in the high mass range

500 COMPASS 2015 NH, data | .5 - COMPASS 2015 NH, data 09
: 43<M, /(GeV/c2)<85 081 43<M, /(GeV/c2)<85 08
400 |- r 0.7
300 - 06 0
200 F 045 04
L r 0.3
100 F 02 0.2
r 5 0.1
C R N B ol 0
0 02 04 0.6 0.8 1 0
X
x10° "
i COMPASS 2015 NH, data
50 43 <M, /(GeV/c?) <85 valewnece T‘QS LOW
47 dominance | ul,
3F
2 r) =12 GeV/c < (M,,) = 5.3 GeV/c”
N
E | P L L L h | B
o 1 2 3 4 5 TMD approach vaticié&v
q. (GeV/c)

T

d’N/dx.dx, (rescaled)



4 April 2017

Marcia Quaresma - IWHSS 2017 17

Correlations between variables

(xp) o
0.1t
0.8¢F

(Tx) o
02r
0.8F

(xp) oo
02¢
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N [ g
~ ==
e — ——
=

5x107 107! 2x107!

Lp

Lr

TR

10020406 051152254567

qr(GeV/c) M, (GeV/c?)

The asymmetries are
extracted in different bins
and Mw

of x , x

nr Xpo Op

l

Some are highly

p Y

correlated, as expected
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TSAs extraction o rios | oL W |
2nd sub-period ﬂ ﬁ

doPY 1+ Disin 20] A%}’ff cos ¢ + Digin2 ) A?}’gw cos 2¢
+ St [Z)[l—i—cos2 0] ‘4;!}0’\’ sin ¢S
+D[Sin2 0] (}1;1}7‘52(')‘%*‘) Sll’l<2(b . (bS) + 4’4;?v1771ﬂ(2(v)+(,>A>',) Sll’l(2¢ + ¢S))

+Digin 26] (411117()) sin(¢ — ¢s) + 4,077 sin(¢ + ¢S)>}
All the 5 TSAs are extracted simultaneously using an Unbinned Maximum Likelihood Method

Ara,w = PTfD[f(H)]Aphy

The asymmetries are weighted, event by event, according to the corresponding depolarization and
dilution factors

The asymmetries resulting from the fit are corrected by the average P; in the corresponding period



(f)
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TSAs extraction - di
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lution factor

I . Reconstructed events D Y
- [ Events from I* cell
15000 — MC Sample [ Events irom 2" cell L nHO-ﬂ-— H
L fiflaas, . Events from LHe gap
— ¥ { vents from € upstream st Ce! DY DY
- - Events ;romtge df))wnstrea.ImZ"ilcell nHO-T‘__ H —I_ EAnAo-Tr— A
=] |
= 10000{—
; - The dilution factor is corrected to
5000 account for the migration of
- events from one cell to the other
o Lecss N (obtained with MC simulation)
-320 -300 -280 -260 -240 -220 -200 -180 -160 -140 -120
z, (cm)
| COMPASS 2015 data | 4.3<M,,/(GeV/c?)<8.5
_ : . £~0.18
oo R eeese® T e with 8% scale uncertainty
o7 1 0 02040608 05115225 5 6 71
XN Xz Xp q,(GeV/c) M, (GeV/c?)
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TSAs extraction — depolarisation factors

NA10 Collaboration

doPY x 1+ Digin 29}14((}054) oS ¢ + Digin2 Q]A(;JO,SJ% cos 2¢ K . N \ Z. Phys. C 31 (1986) 513

noe [sin 20] = S 16— . : | ,

+ ST [D[H_COSQ H]AUT S1n gbs : N :; : :
D 1+ cos® 6

i — . i . cos2 0] = Y et
+Dgin2 g] (ASUH%(% ¢s) sin(2¢ — ¢g) + Ai}rjﬂ(wﬂbs) sin(2¢ + gf)s)) [tcos®6] = 771 N cos2 6 o8 ]
. _ . . . : 20 08 - :
‘H);\m 20] (Ai}rqlw(d) ¢s) sm(qb - ¢S) + A?}IQIS¢+¢S) sm(qb + ¢S))} Diginz ) = HSI;W 2: 4 B

k j o —1 | { pd
0.15 +— -
Moo |- ,T.\ —
' COMPASS 2015 data | 4.3<M,,/(GeV/c)<8.5elsco o_sinth o s _| g, 1y 0105 105 L +++ l// ]
o~ L +A cos +A CcOS +A COS’ ~0.05 / —
~ 1; 8 8888800 o F o 0988088 8 + : o086888 & I 000086 6 & [ ] 8000 8 & o ] -0.1 ﬁ /V -1
. . . - 1 | —

%U . ol"... * LTI ’ T soscess o ¢ [esssss o O g —2125 f f I / f
L L L L L 0.16 |~ b
~ 0.5: y ol l i
0.08 — -
0;,,,QJ,O.Q¢..,. ,,,,,,,,, o 0000000 @ _| g 000000 0 | 400009 o ___0_letges e e _o ___ o | 0.04 ! 7 L
C 1 o b b b b b b B b b b b b B b b by [

107! 1 0 02040608 051 152 25 5 6 7 ol Z

X Xy Xp q(GeVic) M, (GeV/c?) wesb |

4 6 8 10 12
. . . . . M V/c?
We have assumed A=1 in the TSAs extraction and assigned them a -5% scale uncertainty in the cs ,_-roméee /e

total experimental error



4 April 2017 Marcia Quaresma - IWHSS 2017 21

TSAs Results
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do”Y o 14 Digin 9] A?]O(S]‘b cos ¢ + Digin2 g) A%O(S]% cos 2¢

+ St |:D[1+cos2 0] ‘1;“%” " singg

+D[sin2 9] (4’1;11;(2()7(,)&) Sll’l(2¢ . ¢S) + ;1;11,;(2“4»(')’\’) Sll’l(2¢ + ¢S)>

+D[sin 20] <;~17’iv‘y(,)7ug,) Sil’l(¢ _ ¢S) + fl‘:’iv]&((’)vu\‘) Sin(¢ + ¢S)>]

sin(@y)
T

A,Srin(¢cs+ 09

AsTin(fbcs— by

sin(2¢cs+ ¢S)
T

Sin(20,- b
T

pad

COMPASS 2015 data
43 < M, /(GeV/c?) <85

>

-0.2

Ogyst = 0.7 Ogyyt

-0.1

0

0.1

0.2 A

Unpolarised PDF () Q Sivers (p)
higher twist asymmetries

Boer-Mulders () @

Boer-Mulders (n) ® transversity (p)

?repriv\&: CERN-EP-2017-089
arXiv: 1704 004%%
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TSAs: pretzelosity

sin(2¢cs+ ¢S)

0.5
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ASin(2¢—|—¢S)
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Boer-Mulders pretzelosity

h ® th,p

—COMPASS 2015 data

43<M,,/(GeV/c <8 5}

i 1_ Ll ‘qu-l “mh ‘HHMH‘IHHIum“luulu
107! 107! 020 02040.60.8 1 2 4 5 6 7 8
Xy X, X q. (GeV/e) M, (GeV/c?)
pretzelosity function ]
0.09 . C. Lefky and A. Prokudin,
0.06 {1  PRD 91 (2015) 034010
Asymmetry from SIDIS: _ . .
Measurement Z 003¢ /\ pretzelosity function
ei_blf " = ot { for u quark extracted from
CO.EP;‘ | ’ © ‘I’r‘;' inif; rs £ 00| a fit to COMPASS,
Within uneerta 006 HERMES and JLab SIDIS
-0.09 data

0.1
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Boer-Mulders transversity

TSAs: transversity AT 05) o pla g

UurT 1,7 1,p

_ 0.5FCOMPASS 2015 data [ 43<M,,/(GeV/c)<8.5]
T,
g | {
f e OF -1~ % ********************** ‘} ***************************** % **************************
< % | } } i i :

107! 107! 020 02040608 1 2 3 4 5 6 7 8

Xy Xa X q_ (GeV/c) M,,,, (GeV/c?)

A. N. Sissakian et al.,
Phys. Part. Nucl. 41 (2010) 64

Asymmetry from SIDIS: Compatible with our Ig:

Measurement positive measurement 35 oosf
for h and negative for Twice larger than what we )

h* measured since the theta 3
acceptance was assumed flat 5...%.

-0.2 0 0.2 0.4 0.6 0.8
Xp= Xp=Xp
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unp. PDF Sivers
TSAs: Si in(s) L
—COMPASS 2015 data { 4.3<M ,,/(GeV/c?)<8.5 - -
: | : Ho b i
L R e R
-05¢ 1_ | "‘ I lmAxxlx-xxxmlxxxxlxxxx|Axmxxlxxxxlxx
107! 107! -020 02040608 1 2 3 4 5 6 7 8
XN Xy Xp q.. (GeV/c) M,,, (GeV/c)
COMPASS collaboration arXiv:1609.07374
Asymmetry from SIDIS: - 16<0° /(GeV/CfSl | T :
Measurement positive for & 005t : E ## + } % {» +
both hadron charges in %“S i + } + -4 ﬂ ; g#ﬁ }
the range < } ; + | +
16 < Q? < 81 (GeV/c)? 005k, . # S |
1072 107! 02 04 06
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TSAs: Higher twist asymmetries

r COMPASS 2015 data

4.3<M,,/(GeV/c?)<8.5

gy

Xp

4 5 6 7 8

26

Asymmetries with

large
uncertainties

0.5 standard

deviations from O
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TSAs: Correlation between asymmetrles
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Sivers sigh change

o COMPASS 2015 data =
. —— DGLAP
- TMD-1
O 1 ————— TMD-2 o
8_(/) L
g n
7 - g =
< 0
-0.1 -
- \ | | | \ =
-0.5 0 0.5
Xp

DGLAP (2016) M. Anselmino et al., arXiv:1612.06413, fit to COMPASS, HERMES and JLab SIDIS data
TMD-1 (2014) M. Echevarria et al., PRD 89 (2014) 074013, fit to COMPASS, HERMES and JLab SIDIS data, O<p;<1 and 4<M<9 GeV/c?
TMD-2 (2013) P. Sun and F. Yuan, PRD 88 (2013) 114012, fit to COMPASS and HERMES data, p;<2 GeV/c and 4<M<9 GeV/c?
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Final remarks

2018

v

2"d year of COMPASS polarised DY data taking

More data to be analised

y

Improvement of the experimental uncertainties

STAY TUNED



