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Semi-Inclusive DIS

(N — 0'h(X) DIS with (at least) a hadron detected in the final state
14 0’

Powerful tool to study spin & momentum structure of nucleon
> Access PDFs and FFs

h > Allows flavor & charge separation of FFs
> Covers “relatively” wide range in energy scale (Q?)
N X > Relevant for spin physics kinematics
PDF > Sensitive to FF modification in nuclear medium
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Semi-Inclusive DIS

DIS with (at least) a hadron detected in the final state

Powerful tool to study spin & momentum structure of nucleon

Allows flavor & charge separation of FFs

Covers “relatively” wide range in energy scale (Q?)

Relevant for spin physics kinematics

Sensitive to FF modification in nuclear medium
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Semi-inclusive DIS

DIS with (at least) a hadron detected in the final state

Powerful tool to study spin & momentum structure of nucleon

Allows flavor & charge separation of FFs

Covers “relatively” wide range in energy scale (Q?)

Relevant for spin physics kinematics

Sensitive to FF modification in nuclear medium

& intrinsic-transverse-momentum
(k1) dependent PDFs

Azimuthal asymmetries with
different angular modulations in
the hadron and spin azimuthal

angles, (p, and @,

Vanish upon integration over k;
except f;, g, and h,
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Semi-inclusive DIS

(N — 0'h(X) DIS with (at least) a hadron detected in the final state
14 0’

Powerful tool to study spin & momentum structure of nucleon
> Access PDFs and FFs

h > Allows flavor & charge separation of FFs
> Covers “relatively” wide range in energy scale (Q?)
N X > Relevant for spin physics kinematics
PDF > Sensitive to FF modification in nuclear medium
At Leading twist:
8 TMD PDFs 2 TMD FFs
quark pol. quark pol.
U | L T U | L T
— |
. 8—4 U fl h% U Dl H1
Unpolarized PDFs & FF: = A
TMD PDFs & FFs ks & | hy
Q
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SIDIS cross section

do
dxdydzd P2 dpd Qs 18 structure functions
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SIDIS cross section
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SIDIS cross section
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SIDIS cross section
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dxdydzd +dQpd (ps
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SIDIS cross section — Collins

do
dxdydzd +dQpd (ps
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SIDIS cross section — Collins & Sivers
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SIDIS cross section — TMD PDFs
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Ttransverse Momentum Dependent PDFs

nucleon polarization

) L T

1 -
quark y | f; fir o -
polarization number density il
o o fas -
L OJ ov‘— *” O.IT On - o

helicity

I ® -~
N 1 1, (&) -(¢
T h] 3) - (9 hIL 2 - < B transversity
hL @« @
1T o -\

» Can only be assessed in experimental data

(measured asymmetries)

» More asymmetries, measured by different
experiments in different reactions, at
different energies and kinematical ranges
expected in the near future towards a

global analysis

N. Makke
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COMPASS spectrometer

h* beam: 190 GeV, p/Tt/K  75/24/1% Data taking since 2002
h- beam: 190 GeV, w/K/p 97/2/1%
uwt beam: 160/200 GeV, 2x107/s )

Hodoscopes N
E/HCAL2 ’
SM2

N

E/HCALI

Muon Wall 2,
MWPC
Polarised Targpads<: | MWPC, Gems, Scifi,
W45
Muon Wall 1
Straws, Gems
60m long

Scifi, Silicon Micromegas, DC, Scifi

N. Makke PANIC 2014, Hamburg, August 25-29 14



COMPASS 2010 data: x vs. Q?

Pions COMPASS 2010 proton data

COMPASS proton 2010
Q*>1(GeV/ey’, W>5GeV, 0.1 <y<0.9,z>0.1, p > 0.1 GeV

Asymmetries measured vs. X, z, ppindependently

N. Makke PANIC 2014, Hamburg, August 25-29
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SIDIS cross section — Collins asymmetries

do

(04
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T = 05 1 05 1 15
x Z Py (GeV/c)

Asymmetries compatible with zero at small x
Significant signal in the valence region with opposite
sign for 7T+

Small signal with opposite signs for K" & K- 16



SIDIS cross section — Sivers asymmetries

do _
dxdydzdP2dpnd@s
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Large signal for h* over all x, compatible with zero for h-
Increasing signal vs. z
Linear p" dependence at small p;", constant for 1?7rge pr



Q’ (GeVie)?

COMPASS vs. HERMES

» Fixed target experiments
» COMPASS still running, HERMES ended
» Larger kinematic coverage by COMPASS (low/large x)

<X> VS. <Q2>

x vs. Q?
so | S | i compass
. COMPASS % [ | HERMES
3 20 femed. 4254 ‘
HERMES - F
o _
-
10} N
. 10 _—
5|
1 0

N. Makke

10*

B LT LT ETS DL TR

10"
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COMPASS vs. HERMES - Collins

» Larger cinematic coverage by COMPASS (low x)
COMPASS 2010 proton data

%ﬁ 0.1 COMPASS positive pions x<0.032 preliminary
. COMPASS positive pions x>0.032 prellmm ary
0.05+ O HERMES = PLB 693 (2010) rescaled by (1-<y=)/(1-<y=>+<y>~ )
+
IS S S A, P T
v T
m%% I R Y %
0.0+ YTLOF 59 { - t }
~0.1F - .
~ | [ | | | | |
Q. 8 0 1_ i — -
=
0.0 vt | s § H
SEFTPES 0.8
SRR LA I T P S
ﬂ -
~0.05F . s
COMPASS negative pions x<0.032 preliminary
. COMPASS negative pions x>0.032 preliminary
0.1~ O HERMIES n PLB 693 (2010) rescaled by (} -<y=)/(1- <)“'+\)> %)
m Ll Lo 1 | |
-2 -1 05 1 05 1 1.5
10 10 X z p]]’. (GCV/C)

Compatible results in common kinematic range wirh energy scales different by ~ 2-3
intriguing observation ...



COMPASS vs. HERMES - Collins

» Larger cinematic coverage by COMPASS (low x)

COMPASS 2010 proton data
[
COMPASS 2010 proton data

= [ [

COMPASS positive pions x<0.032 preliminary
COMPASS positive pions x>0.032 preliminary —
HERMES =" PRL 103 (2009) (}

0.05} - H - 39 ¢ % )
: {;;i@#i ?‘}@}ii % } } é(f%{%{* { {

A
o
=
oe

:O.Os_lllllll 1 11 llllII 1 1 llll_ 1 I l B I I I
a A COMPASS negative pions x<0.032 preliminary
< 0.1+ . COMPASS negative pionsx>0.032 preliminary —
o HERMES m PRL 103 (2009)
0.05} % — -

; : oo
e {)%&(} """ _ééié(%f%i}é{}ﬁ}ﬁé{}{

—0.05- L - . -

1 l I 1 L1 111 1 I

- Sl 0.5 1 0.5 1 15 )
10 10 X p’]’, (GeV/e)

]

Sivers effect more pronounced at HERMES... Q*-evolution related effect ??
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QCD analysis — Collins

N. Makke

Phys.Rev.D87 (2013) 094019

ot
— M Anselmino et al.

Phys.Rev. D87 (2013) 094019 | _

e
— M Anselmino et al.

| Phys.Rev. D87 (2013) 094019

107!

! .
0.5 1

PANIC 2014, Hamburg, August 25-29

|
0.5 1 1.5
p’; (GeV/c)
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QCD analysis — Sivers

Phys.Rev.D87 (2013) 094019

ot
— M Anselmino et al.
DPhuwe Rovw NR7 (2N12) NAANTO

raaanl 3 3 a3l L N | X | | | |
2
a B i —— Phys.Rev. D86 (2012) 014028
005 °*T - - --. Phys.Rev. D88 (2013) 114012 |
_ _ Phys. Rev. D89 (2014) 074013
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QCD fit & Transversity function

COMPASS
& 2007 & 2010 proton data and

2003 & 2004 deuteron data
— A;and
— A, from ®
Anselmino ef al. Phys.Rev. D87 (2013)(094019

Phys.Rev.D87 (2013) 094019

NEW
a 0.8— COMPASS ?‘: 0.8
= & 2007 & 2010 proton data and =
2003 & 2004 deuteron data
0.6— __ 4 and 0.6
— A4, from
04— Anselmino ef al. Phys.Rev. D87 (2013) 094019 04—
0.2 0.2
0 0

02— 02—
-0.4— 04—
'0'6_|||||||| Lol Lol '0‘6_1

107 107 1

X

107 10"

» Good agreement for u quark and fair agreement for d quark

N. Makke
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Beyond Collins & Sivers asymmetries (1)
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dxdydzdPLdondgs
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within uncertainties
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Beyond Collins & Sivers asymmetries (II)

do

dxdydzdP2d@,dgs
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N. Makke

—e—positive hadrons
——negative hadrons

COMPASS preliminary } Proton 2007-10 data

{

} I } betygd
it Hity ¢ ¢
H{{{;{H{ # }{} P } “HH}} f }l
—4 |
1072 107 . 0.2 0.4 0.6 0.8 ] 0.5 1 . (Gléi/ o
* Clear signal for h*
* Sensitive to g, PDF

(=]

Same Observation by HERMES

[~ positve adrons } COMPASS preliminary [ Proton 2007-10 data
: ——negative hadrons :
: { } Copept } ; |
TITTRE {H SN BTN IS S L R {{
102 10" 0.2 0.4 0.6 0.8 0.5 1 1.5
X z pyr (GeV/ic)
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A Pre-Multidimensional Analysis M_

1

g . . -
©) COMPASS preliminary 2
2 102 Proton 2010 data 09 g,
:\D/ 1 QU(GeVicY>1 Ll 0.8 %
o . 0.7 NE‘
Q(GeV/c)* > 16 0.6 =
L L N I vy S 0.5
10 6.25 < Q%/(GeV/c)* < 16
; 0.4
 4<QUGevir<o2s g S 03
0.2
1 <Q?/(GeV/c)* <4 1
0.
1 r'f' ‘ :. 0
10° 1072 10! 1
X

COMPASS proton 2010: Q> > 1 (GeV)?, W>5(GeV), 0.1 <y<0.9,z> 0.1, p; > 0.1
Four Q? bins & 2 z ranges:

1<Q?<4,4<Q%2<6.25,625<Q?<16,Q*>>16 (GeV/c)?

02<z<l1, 0.1<z<l1

N. Makke PANIC 2014, Hamburg, August 25-29 26



sin((ph+ 9 )

sin((ph+ 9 )

sin((ph+ 9 )

Collins asymmetries vs. X, z, pr, W in Q? bins

NEW - Input for Q?-evolution related studies z>0.2
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NEW - Input for Q?-evolution related studies z>0.1

0.1 ®h"  1<Q’/(GeV/c)y’<d L COMPASS preliminary a -
AN 72>0.1 t Proton 2010 data : :
0.05F = - C
SN A i g A A : AA j F A
G emdd,, Ctehepie o 4 #;‘"“‘""" ¢ # _—..,A.m.tf a
-0.05 ;— ~ — _
0.1F g s -
0.1F 4<Q(GeV/c)’<6.25 L 3 3

0.052— Y ‘ bood : A i ‘; . i

°F ¢ ‘logﬂ __"Qi ¢ ie'e 9; FEPEE U
-0.05F ;_ 3 g

0.1F - 1 3

o ;_ . 6250 2/(GleV/C)2<16 ;_ ............... ;_ ............. ;_ .........
" Gt at ST S S
-0.05?— * .9§§ g_.§§§ ¢ _’t' 3 P _ . ¢ ¢ ¢
_0.15— _ . 1 | | _ , l | _ l l ] I

0.1F | Q2/(GcV/c)12>16 T T ...........
0.0;5)%: }$$%}: ;%}% } :%4 * } : 4 + * +

102 10! 0.2 0.4 0.6 0.8 0.5



Sivers asymmetries vs. X, Z, pr & W in Q? bins

NEW - Input for Q2-evolution related studies
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Sivers asymmetries vs. X, Z, pr & W in Q? bins

NEW - Input for Q2-evolution related studies
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Mean asymmetries
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Mean asymmetries
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Unpolarized Azimuthal Asymmetries
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SIDIS cross-section
Unpolarized
nucleons

Kinematical effect due to quark
intrinsic transverse momentum
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Cahn effect

\ M. Aghasyan

M, | H
<If D +\—[h| ?)}

_2M [ h-pp
*5

Y, fll)l]

Boer-Mulders PDF x Collins FF
+ Cahn effect (twist 4, 1/Q2)

Correlation between quark
transverse momentum and quark
spin inside unpolarized nucleon
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Unpolarized asymmetries: kinematic range

SIDIS data collected in 2004 using °LiD target Submitted for publication
Kinematic selection: CERN-PH-EP-2014-009

o Q2> 1 (GeVy S
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Unpolarized asymmetries: kinematic range

SIDIS data collected in 2004 using °LiD target CERN-PH-EP-2014-009
Kinematic selection: - 10°
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X 10°k
S
104 E-
103 ;
102 ;-
10}
o 0.2<z<0.85 1k
o 0.1 <pr<l 07075 10 15 20 25 30 35 40
SRS U Q’ ((GeV/e))
o [l
S 140 S
= S 600
3 120f K
100}~
sl 400
60|~
40| 200
20}
0 02 04 06 08 1 12 14 ) . . 08 1
p; (GeV/c) z

N. Makke PANIC 2014, Hamburg, August 25-29 35



Azimuthal Asymmetries: A;;® and A;°°s?® amplitudes h/h-

CERN-PH-EP-2014-009
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» Negative amplitudes 2*/h~

» Clear differences between
h*/h~
» Larger amplitude for h*

» Strong z dependence (>0.5)
» Large signal over all x
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Azimuthal Asymmetries: A;;® and A;°°s?® amplitudes h/h-
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Negative amplitudes 2*/h~
Clear differences between
h*/h~
» Larger amplitude for h*

Strong z dependence (>0.5)
Large signal over all x

Positive amplitudes 4*/h~
Clear differences between
h*/h~

Large signal at small x
Strong dependence on
kinematic variables X,z,p;

= Multi-dimensional analysis for a better understanding of kinematic dependences

N. Makke
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Ap°® — amplitude: comparison with theory h*/h-

M. Bogltone, S. Melts, and A. Prokudin, Phys. Rev. D 84, 034033 (2011)
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1) the energy of the parton to be less than the energy of the parent hadron > %1 = @ =xp)1 —xp)Q%  0<xp<l.
2) the parton to move in the forward direction with respect to the parent > 2= xp(1 — xp) 202, xz < 0.5,
hadron (1= 2xp?
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Ay ¢ — asymmetry: pr dependence
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Strong z dependence, more evident at small x and small p;
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Ayy 2 — asymmetry: prdependence
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pr trend not described by the models arises at large z and low x



Ay ©%?® — asymmetry: x and p; dependence

N. Makke

CERN-PH-EP-2014-009
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= Different z and p;?> dependencies for different z regimes ... to be understood

... more to come from 2006 deuteron data (with PID)
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... another 1nteresting observable sensitive to
TMD PDFs & FFs

Hadron multiplicity

PANIC 2014, Hamburg, August 25-29
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Experimental observable: Multiplicity

Defined as average number of hadrons
produced per DIS event

14 0’
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X
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pr integrated multiplicities not covered in this talk
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h* distributions, Q2 € [1.5, 2.5], x € [0.018, 0.025]

M"(arbitrary units)

—h
Q
— —

—
Q
N

10°

NEW

- i+ COMPASS 2006(part)
I 0.20 <7< 0.30
<Q?>=148
L <x>=0.70

oooooo

N. Makke

COMPASS 2006 data

Precise measurement using 2006 data with larger
angular acceptance

p” range extended to 3 (GeV/c)?

Very promising to extract physics on transverse
momentum dependent PDFs and FFs

Fit multiplicities with
o l-exponential for p* € [0.05, 0.68]
o 2-exponentials for p? € [0.05, 3]
= Need 2-exponentials to describe p;? shape of
COMPASS data

Ongoing analysis to extract complete set of
multiplicities in full kinematic domain
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pr>— dependent distributions vs. (x,z,p;%,Q?) for h*

M"(arbitrary units)
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p;> — dependent distributions vs. (x,z,p2,Q?) for h-
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0.30 < z<0.60
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Summary & conclusions

» First input for the future global SIDIS studies is provided
o All eight SIDIS TSAs were extracted from COMPASS proton-2010
data in four Q?-bins.

» Several asymmetries show a non-zero trend in different kinematical
regions

o i.e. Sivers, Collins, A ©os(¢h-8S) A sindS$

> Interesting input to the “Q?-evolution” related studies
o No strong Q- dependence observed

» More refined multi-dimensional analysis ongoing... More results to
come soon

» Hadron multiplicities encode interesting details about intrinsic
transverse momenta of quarks ... complete set of results ongoing

Stay tuned !
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Backup
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Transversity

Proton target

2 uprl.fav | d .L unf p,T 2 3 u prLl.unf 21.d rrL.fav
pt 1 fav Lunf
IAColll =~ |AColl & Hy"7U o~ —Hi
Deuteron target
2 rr-l.fav 2 rrlunf dys 2 rrl.fav 2 rr-L.unf
AGS) ~ (B + B (E2HT™ + eSH ™), AColl (hy + ) (e, Hy ™ +egH )

> h* ~-h,d
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