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Semi-Inclusive Deep Inelastic Scattering

hard interaction of a lepton with a nucleon via virtual photon exchange
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Semi-Inclusive Deep Inelastic Scattering

hard interaction of a lepton with a nucleon via virtual photon exchange
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Semi-Inclusive Deep Inelastic Scattering

hard interaction of a lepton with a nucleon via virtual photon exchange
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Semi-Inclusive Deep Inelastic Scattering

at COMPASS

m, K, ..

ut muon beam, 160 (190) GeV/c, -80% longitudinal polarisation

2002, 2003, 2004

polarised deuteron 20% transverse, 80% longitudinal
target 2006 100% longitudinal unpolarised
deuteron
2007 Y. Bedfer 13 Sep, 16:40
polarised proton 50% transverse, 50% longitudinal  Nucleon helicity structure
targ et 2010 2011

100% transverse 100% longitudinal A. Moretti 12 Sep 14:30
A. Kerbizi 12 Sep 14:55

this session
. 2016, 2017 F. Kunne 13 Sep 14:50
unpolarised proton in parallel with DVCS Nucleon helicity structure

F. Bradamante 11 Sep 14:55

_ _ this session
a full year of running with the

transversely polarised deuteron target in 2021 (after the LS2)
to complete the transverse spin program has been approved by CERN
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the Sivers asymmetry

IN'" 5 UhX
Sivers asymmetry amplitude of the sin @g;;, = sin(¢, — ¢s) modulation

1
"’f1T ® D1

the Sivers function f1y is the most famous
of the Transverse Momentum Dependent
parton distribution functions

it gives the correlation between
the parton transverse momentumand the nucleon transverse polarisation

it requires final/initial-state interactions

should change sign from SIDIS to Drell-Yan (important test !!)

see next talk (J. Matousek)
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some results
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the Sivers asymmetry Foy'sf_
some results

IN' > UhX s
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is associated to the amplitude Og of the sin ®g;, = sin(¢, — ¢s) modulation
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the Sivers asymmetry

is associated to the amplitude 0y of the sin®g;, = sin(¢, — ¢s) modulation

0s

Ac: = =

Stv oy

at leading twist and leading order in QCD it is

Pr - kp

k
T q
YqeqxC| = LT fir" (x,k#) D (z,p})
Ac: (x,z,Pr) =
Siv\tr e T q
2q equ [f1 (x, k7) D (z,p7)]
transverse momentum \
of the hadron transverse momentum of the hadron
_ transverse momentum of the q with respect to the direction of the
with respect to the nucleon direction fragmenting quark

transverse momentum
convolutions
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the Sivers asymmetry

is associated to the amplitude 0Og of the sin @, = sin(¢y, — ¢s) modulation

_ 0s
ASiv -

ou
at leading twist and leading order in QCD it is
-k
2.q equ Tf1 !(x, k7) D{ (z, PT)]
2q equ [f1 (x, k%) D/ (z, PT)]

ASiv (x) Z, PT) -

when integrating over Pr:

2 kT Llq q 2 ] cannot be analytically evaluated
Zqeqx ) d PTC[ fir' (¢, k7) Dy (2, PF) in the general case:

Y €6 xf1 (x) D{(2) to disentangle f;+ and D, , and
extract the Sivers function
assumptions for the transverse-
momentum dependence of the
distribution and fragmentation
functions are needed

Asiv(x, Z) =

assuming a Gaussian dependence ...
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the Sivers asymmetry

assuming a Gaussian dependence

Ao -(x,2) = ag Yq€q xfir () zD] (2) a = VM . 27:113\/1
. 7)) = : 2
Siv,G Zq 63 xflq (x) Df (2) \/(pT) + 22(kZ)g (P;)
k2 (ag = 1 for the Collins asymmetry)
1(1 T n
flT( )q(x) = j d?kr Sz 1Tq (x, k2)
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the Sivers asymmetry

assuming a Gaussian dependence

A ey = 96 Za i 100 2Df (2 oo YT
Siv,G \* %, e2 xf1(x) DY (2) J(02) + z2(k2)s  2(Pr)
kz (ag = 1 for the Collins asymmetry)
1(1 T 1
flT( )q(x) = jdsz M2 i (%, kF)

but the assumption introduces a bias into the extraction of the Sivers function
this problem can be avoided measuring the Pr weighted asymmetries:
Sqedx [ d?Prt CIPEZEL £, ih) DY 2|
Yqeq xf; (x) D{ (2)

Zq €q xf1T(1)q(x) D! (z)
2.q€q 2 xfi1(x) D (2)

w = Pr/zM A (x,z) =

L Zq i £ (x) zD? (2) A%, (62) _ 4{Pr)
Yqeq xfy (x) D (2) Ay (x,2) M
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the weighted Sivers asymmetry FCVS‘?

we have measured
the weighted Sivers asymmetries on transversely polarised protons vs x and z

using as weights both w = P;/zM and w' = P;/M

Ny

paper submitted
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the weighted Sivers asymmetry *CWSS

we have measured .
the weighted Sivers asymmetries on transversely polarised protonsvs x and z "
using as weights both w = P;/zM and w' = P;/M

paper submitted

we have used the 2010 data, already used for the standard analyses
with the same standard cuts to select DIS events
Q%2 >1GeV?, 01<y<09, W >5GeV/c?
and charged final state hadrons
Pr >0.1GeV/c,z>0.2 and 0.1 < z<0.2

B (Pr/zM)
B 10° .".. (P,/zM) = 1.58 r/ 5
10' ."-. Lol
- K * e, °
103:? ...'\__' 1.5 ® o o o °*
10225 .....'o... 10~
= n,,“ i
"E 0.080<x<0.130 *”ﬂ*ﬁf {4 05
e | | pd 44 44 N S
0 5 10 15 20 -~ =
T -
PT/ZM
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the Pr/zM weighted Sivers asymmetry _-COMP ‘5:
a few results

3q e2xfr P (x )D]

Zmax
ﬁf = j dZDf (2)

A, =2 —
St (x ) Zq eéxflq (X)qu Zmin
5 7
~ oos- o A% h* ™ .08 . oA 5 |
0.06 e Ag, PLB7172012 } ’ 0.06— o Ag,  PLB7172012
0.04} } }

N S |
o8 ll # f / N | %} -4 4 } 41

~0.02}- z>0.2 i ﬂ ﬁ %{ z>0.2

the trends of the weighted and unweighted asymmetries are similar
both for positive and negative hadrons
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the P;/zM weighted Sivers asymmetry R
a few results __ .

2 1(1)q na Zmax =
( ) Zq eqx 1T (.X' )Dl Eq — dZDq(Z)
Sw 2 q Eq 1 1
Zq eqxfl (X) 1 Zmin
< < _
0.08— : - 0.08—
© Agiv h * ASn h [

0.06— @ Ag, PLB7172012 ‘} 0.06— « Ag,  PLB7172012

0.04— }

N S |
o8 ll # f / N | %} -4 4 } %

i ﬁ }
~0.02}- z>0.2 i ‘ { z>0.2
L1 ol ] ] I B A | 1 1 L1 IR ] ! N B A | ] ] L1
1672 167" 10> 1

b X

the trends of the weighted and unweighted asymmetries are similar
both for positive and negative hadrons

positive hadrons: asymmetry clearly different from zero, in particular at large X
ratio ~(Pr/zM)

assuming u-dominance, A%’ (x) = 2 lm“(x)/fl (x)

1L(Du
Anna Martin and our result represents the first direct measurement of 7" (x)
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the Pr/zM weighted Sivers asymmetry _-COMP ‘5:
a few results \

ezx 1(1)q X Eq _ Zmax *'
R Ll IO
ZCI eqxfl (x)Dl Zmin
= o.101- h = 10l h l
0.05/— i } } # %] ﬂ % 0.051- } { } %
0.00 % ﬁ i % + ‘! 0.00 ]% {} j ; {} {’ 4}
t
~0.051— ‘ o Ag, (0.1<z<0.2) ~0.051— o Ag, (0.1<2<0.2)
o Ag, (0.2<z<1.0) ¢ Ag, (0.2<z<1.0)
110‘2 o ”'IIO_' — o |1lo|—2 — I1IOI‘1 |
X X

positive hadrons: similar asymmetries at low and higher z
u-quark dominance

supports the idea that factorisation works at small z too, in our kinematic range

negative hadrons: at small z the asymmetry increase, as expected
similar favored and unfavored FFs, the u-quark contribution increases

Anna Martin
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the P;/zM weighted Sivers asymmetry FOMP €_
a few results
A.‘S/fviv(z) +

= >

=
¢ 0.06[— + ~¢ 0.06— -
h h * Ag)iv

} # ‘d 0.04— ¢ Ag;, PLB717 2012
% 0.02 {

0.00 0.00 1 ﬁ
Ty

—0.021— ¢ Agiy pLB717 2012 —0.02—

| | | | | | | | |
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8

z z

positive hadrons: almost constant values vs z -- u-quark dominance
supports the idea that factorisation works at small z in our kinematic range

negative hadrons: at small z the asymmetry increases, as already seen
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the weighted Sivers asymmetry FOMP S
results |

summary:
* the results confirm the naive expectations

* no indication that we are nor in the current fragmentation region or
that factorisation does not work in our kinematic range

having the Pr/z weighted asymmetries, it is straightforward to extract the first
transverse moment of the Sivers function
new

Anna Martin



extraction of fi{P(x) FOMP S

Pr/zM weighted asymmetries for positive e negative hadrons:

1(1)q q,x Zmax

elx x )D, ~q,+ +

Zq q fir ( )q+ Df = j dsz (2)
>\ eqxf1 (x)D;"~ Zmin

~ + . -
fi!, D{"*from parametrisations

Slv( )_2
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extraction of £t F‘:VS‘?

Pr/zM weighted asymmetries for positive e negative hadrons:

Ny

1(1)q q,x Zmax

elx x )D, ~q,+ +

Zq q fir ( )q+ Df = j dsz (2)
>\ eqxf1 (x)D;"~ Zmin

2, D¥*from parametrisations (CTEQSD and DSS)

Slv( )_2

neglecting the sea-quark Sivers distributions, it is

6§t =93,e2xf,'D}

d,— "nd,
1(Duy, 15"'14?;;1) — 0" ASw D i

o 8 D;L'+D1' o 5161’+D1'
1(1)d, _ 16~ ASw Du o 5+AZ‘ZJDu B
A T
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extraction of £tV FOMP )

results

[
f‘f bars: statistical
= 0.05— uncertainties only

S
0.00 peessrmeeRyes¥ps % )
—0.05— *{> ]L %

o U,
_0.10 0 dy at the Q2 of the measurement
e s ] v nnl (12410 25.6 GeV?)
1072 107! |

 values clearly different from zero
- 1L(1)dy L(Duy
 much larger uncertainties on f;, than on f, because of the lack of

corresponding deuteron data
L(Duy 1 +AE;Dd_ 8- ASw d+
XN 8/ D pi- _Dd+Du—

o (DYDY =0 4D
v D;I +D1 - D{“D1
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extraction of fii) _CWS
results -

f

SIS bars: statistical
hos

0.05 uncertainties only

‘I'é* f curves and bands:
0.00 bessmsmsitsaliona s L)

o R fit to the HERMES p and

% COMPASS p and d data
% .]L by the Torino group
—_0.05 % Q% = 4 GeV?
o, PRD 86, 2012
010 0 d, at the Q2 of the measurement
S ] e (124 10 25.6 GeV?)
1072 10~ 1

 values clearly different from zero

 much larger uncertainties on fllT(l)d” than on fllT(l)u” because of the lack of
corresponding deuteron data

 substantial agreement with the fit to the HERMES p and the COMPASS p and

d data by the Torino group (DGLAP evolution and Gaussian ansatz), with a slightly

different trend for fl#(l)d”

Anna Martin
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extraction of fiP(x) R
results |
2, 010 e
4
=

0.05—

0,00k i o * i * ? ‘q ____________
T

~0.10{~ ® Uy -
o d,
_015 1 Lol 1 1 1 ool 1 1 1 I
107 107" 1

X

= 0 previous point-by-point extraction [A.M., F.Bradamante, V.Barone, PRD95, 2017]

using pion Sivers asymmetries from the COMPASS p and d data,

no assumptions on the Sivers function of the sea quarks, Gaussian ansatz

slightly different trend for fllT(l)d”, uncertainties on average larger by a factor ~1.5

SPIN 2018
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extraction of fi) AL

results g
0.10 I

—_
T— .
==

S~
=

0.05—

(00— A q} {-'['%_ I ¢ { * ?

I

~0.10{~ ® Uy -
o d,
_015 1 Lol 1 1 1 ool 1 1 1 I
107 107" 1

X

= 0 previous point-by-point extraction [A.M., F.Bradamante, V.Barone, PRD95, 2017]

using pion Sivers asymmetries from the COMPASS p and d data,

no assumptions on the Sivers function of the sea quarks, Gaussian ansatz
1(1)d,

slightly different trend for £, , uncertainties on average larger by a factor ~1.5
we checked that using the p data only and imposing the sea-quark Sivers functions
to be zero, both the central values and the uncertainties become very similar to the
present ones

—> the differences are not due to the use of unweighted asymmetries

Anna Martin



the weighted Sivers asymmetries A~

. C‘(WSS
conclusions { ]

——

« COMPASS has measured the P /zM and the Py /M weighted Sivers asymmetries
in SIDIS off transversely polarised protons for positive and negative hadrons

 the z dependence for positive hadrons agrees with the expectation in the case of
u-quark dominance for a measurement performed in the current-fragmentation
region

« we have extracted the first moments of the Sivers functions for u,, and d,, quarks
without assumptions on the transverse momentum dependence of the partonic and
fragmentation functions

* the results compare well with previous extractions based on the Gaussian
ansatz, hinting at its validity in our kinematic domain

* as in previous works, the d-quark Sivers function is poorly determined
because of the lack of data with a transversely polarised deuteron

Anna Martin
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