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The COMPASS experiment
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The COMPASS experiment » at CERN
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The COMPASS experiment » spectrometer & lepton beam

v e.g.
" COMPASS setup 2007

® Pheam 2007/10
160 GeV/c

@ Intensity per
spill
3.5-10%u™

@ Luminosity
5-10%*cm % st

@ polarization
A~ 80 %

Two stage spectrometer

@ Tracking

Longitudinally polarized p*-b
ongitudinally polarized p = -beam @ Calorimetry

e PID (RICH)

(]

]

@ 2002-04 transversely polarized deuteron (°LiD) target
@ 2007/10 transversely polarized proton (NHs) target

(]

2011 longitudinally polarized proton (NHs) target
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The COMPASS experiment » polarized target system
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Upgrade of target system in 2005

1+180 mrad geometrical acceptance

Three cells with opposite polarization

Transverse polarization reversed every week via
microwave

COMPASS TMD results

200
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3 COMPASS 2010 proton data

Qe

-50 0 50

Z., (cm)

@ proton (NHj3):

» polarization
PT ~ 90 %

» dilution factor

f~16 %

@ deuteron (°LiD):

> PT%50%
» =40 %
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Theoretical framework
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Theoretical framework » single hadron reaction scheme

Ipt = I'h
Fragmentation of a transversely

polarized quark into one unpolarized
hadron

in courtesy of H. Wollny
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@ k, k' and ¢ are 4-momenta of

incomming [, scattered lepton [’
and virtual photon ~*

P is the 4-momenta of the
scattered nucleon

®s azimuthal angle of the spin
of the fragmenting quark St

®;, azimuthal angle of the lepton
scattering plane w.r.t. the
lepton plane

2 2
Q°=—q
W =+/(P + q)?
2
L = 21632-
q
y = P-q _ E—E'
Pk oy, E
= 2P _ Eh/
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Theoretical framework » from spin structure to Transversity

3 independent parton distribution functions (PDFs) are necessary to describe
the spin structure of the nucleon in leading order in the collinear case:

=
3
I3 quark
= | U L T
U | fi(x) Quark distribution:
) fil(z) = ¢ (z) + ¢ (z)
L 91 (z)
®-© Helicity distribution:
T hI(z) gi(z) = ¢ (z) — ¢ (v)
oo

Transversity distribution:

'O" . nucleon with transverse or longitudinal spin hf(ﬂf) — qTT(x) _ qTi(x)

nucleon with transverse or longitudinal spin

- . T /
‘ parton transverse momentum COHIDS FE: ZNT — l/h
Interference FF: [IN' — ["hh
Proton goes out of the screen. . 0 /
Photon goes into the screen. A FF: IN' = TA

in courtesy of B. Parsamyan
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Theoretical framework » from spin structure to Transversity

Taking into account the quark intrinsic transverse momentum k7, at leading
order in total 8 TMD PDFs are needed for a full description of the nucleon

T

Lq Boer-Mulders

®-@

h Lq Worm-gear L

® -

structure:
: k
: U "L
U | quark dstrbtn fy’(z)
©
L Helicity ¢{(x)
© -0
T flLTq Sivers g{7 Worm-gear T
@3 | B
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Theoretical framework » SIDIS cross-section

2 2
<2 = P RTeR 1 L) } X (F F ) X
dz dy dz dp%_‘ dey, dy [ zyQ2 2(1—¢) ( + 2z vu,T +eFyu,L

ST, [ \/2e(1+e)singp A sin ¢, + e 51n(2¢h)Asm2¢h] +
SLA[ /1= 241, + 1/2e(1 — €) cos ¢, A5 ¢h] see talk by M. Stolarski
1 + cos ¢h x /18(1 + )Acos Dp +COS(2¢h) v Acos(2¢h) + Asin d’h X /28(1 . )As1n ¢h_|_

st
sin pg X (4 /2e(1 + s)Asm ¢S)

Twits-2 ;

sin(p, — bg) X (A Ph™?8))

sin(¢y, + ¢g) x (¢A
sin(2¢), — ¢5) X (y/26(1 + &) AT 2on=98)) corrections

sin(3¢), — dg) X (e ASln(3¢h ¢s))

e (@p,d3)
cos ba) u(L),T Fou, T+5FUU,L
cospg X (4/2e(1 —e)A S
cos(¢pp—dg) _ 1—y %'72?;2 _ 2Mzx
COS(¢h_¢S)X( ( )A ) €= 1_y_|_ _|_1,72 2 Y= Q

cos(2¢p, — dg) X (4/2e(1 — )ACOS@% 5y

/)

Kotzinian, Nucl. Phys. B441, 234 (1995)
Bacchetta, Diehl, Goeke, Metz, Mulders and Schlegel, JHEP (2007) 0702:093
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Theoretical framework » Interpretation of the asymmetries

Within QCD parton model A; « DF ® FF with i =1, ...,11

Twist-2
unpolarized single spin double spin
Ay o AT bt @ AT o gl @ Dy
! @ Dty + hif ® Hig" A=) o pLa g ph
Actfls}%h X AS(}I}(3¢I~L_¢S) - hfﬁ 2 Hquh

fi® Dty + hif @ Hiy"

Twist-2 + kr/ (@ kinematical corrections

unpolarized single spin double spin
A?g(ﬁh ; Aj(_}réfﬁs Oj_ X AZO; Ps %ng ® D{Lq
a) hq 024 H + 1 04 D cos(2¢y —
Q( 1 lq fir 1q) ALT( Ph—bs) %QET R D{Lq

sin(2¢,—¢g
AUT X

M(hif @ Hi" + f4f @ DI

Chr. Braun (Uni Erlangen) COMPASS TMD results QCD-N’12 Bilbao 12 / 82



Theoretical framework » From raw to physics asymmetries

Aw(%,cbs) AU aw
UU — Dw(d’h’qu)(y)
w((bh ?g)
Aw(¢h,¢s) _ AU o
ur DY Ph:®5) (y)f| Pr|

Dsin(@n=95) () = 1
DCOS(2¢h)(y) — DSin(¢h+¢s)(y)

peos(én—¢s) (y)

1 2~ y2—y)
=vl—e =~ Ay

Dcos(¢h)(y) _ Dsin(2¢h_¢5)(y) —

Deos(9s) (y

Dsin(¢h)(y) — DCOS(2¢h—¢S)(y) —

Dwi(¢n.¢s) — depolarization factor
f = target dilution factor
Pr = target polarization
A = beam polarization
Chr. Braun (Uni Erlangen)

_ Dsin(3¢h—¢s)(y) — e~

Dsin(¢s)(

COMPASS TMD results

i Aw(¢h,¢s) ALy

) LU — Dw(cbh,qbs)(y))\
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i w(Ph,ds5) _ ALT o

— D=Ton-95) (4) | Pr)

2(1—y)
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Data selection
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Data selection » DIS cuts

DIS cuts on events:

@ Q° > 1(GeV/c)?
@ 0.1 <y <09
@ W >5GeV/c?

dN/dy

@ spectrometer acceptance:
0.003 < z < 0.7

x10° COMPASS 2010 proton data

1000 —

500
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COMPASS 2010 proton data

6
(\'O 10 [ ] charged hadrons
"c 105 D charged pions
~ charged kaons
> [
=
10*
10°
10? preliminary
10
1
1 2 19° 2
Q* (GeV/e)
g ><103 COMPASS 2010 proton data
1000 —
z
Z
=
500~
"
0 AA_A_A_‘_A_A_JJﬁi_ﬁ
0 5 10 15 220
W (GeV/c%)
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Data selection » single hadron cuts

COMPASS 2010 proton data

single hadron cuts:

@ 2z > 0.2 for Ayr analysis
@ 0.2 > z > 0.85 for AUU/LU analysis
@ pr >0.1 GeV/c

4
Pions COMPASS 2010 proton data
COMPASS 2010 proton data
i prelinTmig
10 1 2 4 5
p*Tl (GeVl/e)
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Data selection » COMPASS TMD data

= For the first time the recent COMPASS results on TMDs were
shown at SPIN2010 in Dubna September 2012. J

Asymmetries hadrons/-pairs | target | year of data | by

Collins and Sivers | =«t/= Kt/- p 07/10 A. Martin

Other 6 ht/— d, p | 02-04,07/10 | B. Parsamyan

Unpolarized ht/— d 04 G. Sbrizzai

Dihadron mtn, KTK~ D 10 C. Braun
ntK—, KT~
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Collins asymmetry

proton data 2010
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Collins asymmetry » charged hadrons » 2010 data

Twist-2 AS(}rf}(¢h+¢S) ho(z) -°'> - _°>

COMPASS 2010 proton data
5 0.1~ B ® positive hadrons —
o O ® negative hadrons
0.05- * - -
PN ' At it
| 1 2382 ] I N 3 S S S T X X K S S-S
0 l**é-g.a .ig LI i 22§‘§6‘ ¢ }
¢ ¢ ! )
-0.05- ¢ '} -
— — = | —— |
_0 1_ -l; | B | = | | B _l—«
X i p? (GeV/c)

the COMPASS collaboration, C. Adolph et al., Phys. Lett. B 717 (2012), 376-382

— very precise measurement of the Collins asymmetry of ht/—
— clear signal
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Collins asymmetry » pions » 2010 data

Twist-2 A5 (@ntés) B (z) -°'> - _°>

ur
COMPASS 2010 proton data
yo 0.1~ — ositive pions [~
e 8 : gegat\tiveri)i ons
0.05- ; { % - - *
¢ 0.4 ° ¢ {‘
O—-- _f_j_Q_S _______________ __§___§_§_ _____ §_ g_%_ éi?i--i_-* ____________
* ¢ *o¢ 0 ® ¢ ! ¢ ®é ¢ ¢ } +
—0.05+ ¢ * + n T |
— —_ ] _#
0.1 | | B -I— u _—*
10—2 10—1 0.5 1 0.5 1 15

X

— Very precise measurement of Collins asymmetry of pions
— clear signal up to 7 %

< opposite signs for 71/~ in z, z and p%

— high statistics at small z are important for the extraction of

the tensor charge
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p? (GeV/c)
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Collins asymmetry » pions » 2010 data vs. model predictions

B COMPASS 2010 proton data
o3 01 ®  COMPASS2010 preliminary [~
M.Anselmino et al.
0.05- T[+ i Nucl.Phys.Proc.Suppl .191,20009. B

;

preliminary

1 L1l IIIII| 1 1 L1 11 1 | 1 | | | |
1072 107! 0.5 1 0.5 1 15

X z ph (GeV/c)

— good agreement for z, z and p% within the uncertainties

... but some more work to be done.

|
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Collins asymmetry » pions » z > 0.032 and HERMES comp.

COMPASS 2010 proton data
=8 0.1
COMPASS positive pions x<0.032 preliminary
° COMPASS positive pions x>0.032 preliminary
0.05- o) HERMES 1" PLB 693 (2010) rescaled by (1-<y>)/(1-<y>+<y>?)

—-0.05r

-0 . -

i R
T [ty gyt

-0.05- ~ ~
COMPASS negative pions x<0.032 preliminary
° COMPASS negative pionsx>0.032 preliminary
-0.1- o HERMIES 10 PLB 693 (2010) rescaled by (I1-<y>)/(1—<y>+<y>2)
1111 III 1 11 1111 II 1 11111 1 I 1 I I I I
-2 -1 0.5 1 0.5 1 15
10 10 X z p? (GeV/c)

— Clearer dependence in z and p% for z > 0.032
— Same strength of the signal within the uncertainties

but different < Q* > values of HERMES (& 4) and COMPASS (=~ 12)
= Indication for non higher twist effect & no strong Q? dependence
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Collins asymmetry » pions » multi-dimensional analysis in z

COMPASS 2010 proton data
)i 0.1 n n
a® U O positive pions 0.1<z<0.2
® positive pions 0.2<z<0.35
0.05~ ¢ positive pions 0.35<z<1 |
TG SO PO ISS oy Joooo
¥-8 ; CFT A % vy
-0.05F % - -
__0.1_ ul ] B ] ] i ] ] ]
o3 01 - -
0.05- ; é - - ﬁ
¢
é
o—-1.&. ¢ o .. o §§§§§% _____ _igéé% __________
-0.05 o - B
O negative pions 0.1<z<0.2
e negative pions 0.2<z<0.35
-0.1+ ¢ negative pions 0.35<Iz<1 —
111 | 11 I| 1 11 111 1 | 1 | | |

1072

| 107! 0.5 1

X y4

l
0.5 1 15
p? (GeV/c)

3 z ranges: 0.1 < 210w < 0.2 < 2pmig < 0.3 < 2pign < 1.0

— no clear dependence in x and p}}
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Collins asymmetry » pions » multi-dimensional analysis in y

B | COMPASS 2010 proton data
Q i itive pions 0.05<y <0.1 L
28 0% T Dastivepions 01<y<02, 0032
o positive pions 0.2<y<0.9, x>0.032
0.05- (} - —
O O S B CS AP % --------- —% L R
CUUTTRY Wi
~0.05- t % - g - %
:_0.1_ ul ul B ] ] i ] ] ]
28 01- - -
0.0 § - ?% § - % % %H
L RRE I SR 1A
-0.05- o - B
¢} negative pions 0.05<y<0.1
° negative pions 0.1<y<0.2, x>0.032
0.1t o negative pions O.2<y<IO.9, x>0.032 -
L1111 I| 11 I| 1 11 1 1 | | | | |
-2 -1 0.5 1 0.5 1 1.5
10 10 X z p? (GeV/c)

3 y ranges: 0.05 < Yiow < 0.1 < Ymig < 0.2 < Ypign < 0.9

— no clear dependence w.r.t. the uncertainties
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Collins asymmetry » pions » combined 07 and ’10 data

7

o—-ﬁ—é—g—c}-g—g --------

COMPASS proton data

positive pions 2010 run preliminary

positive pions 2007 run preliminary

3.1 %I

0___&_2_@_6_6_ A BN

[ J
O

8

negative pions 2010 run preliminary
negative pions 2007 run preliminary

é@;i%%ééméig ________ %

1072 1071

X

l
0.5 1 0.5 1 15
yi p? (GeV/c)

— ’10 confirm 07 results with improved statistics

data combined by taking into account statistical and systematical uncertainties

J
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Collins asymmetry » kaons » 2010 data

Twist-2 ~ ASin(@ntes) hi(x) -°-> B -o»

ur

COMPASS 2010 proton data

0.2 — ® positive kaons —
® negative kaons

bttt et Dt b

-0.0- : ¢ | !
— s —————
_ 4 [

0.2 . e | . | | | |

X Z p? (GeV/c)

— different from zero
— indication of opposite signs for K/~ mean values
— indication for signal also at very small x
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Collins asymmetry » kaons » z > 0.032 and HERMES comp.

COMPASS 2010 proton data
S 0.2
< COMPASS positive kaons x<0.032 preliminary
° COMPASS posmve kaons x>0.032 preliminary
0.1 o HERMESK* PLB 693 (2010) rescaled by (1-<y>)/(1-<y>+<y>?)

[ e

-0.1 %
020, | | | | | |
5 0.2
o O
0.1- % - % l - % % l
ot ”}%#% """ f%#i%}f """"" ##ﬁ#%# """"""
—0.1- COMPASS negative kaons x<0.032 preliminary
] COMPASS negative kaonsx>0.032 preliminary
e} HERMESK™ PLB 693 (2010) racaled by (1-<y>)/(1-<y>+<y>?)
020 0 it B O L - OI | |
-2 -1 5 1 5 1 15
10 10 X z pg (GeVl/c)

— HERMES and COMPASS compatible within the uncertainties

HERMES asymmetries systematical larger for K in z, z and p}}p
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Collins asymmetry » kaons » combined ’07 and ’10 data

COMPASS proton data

a L=<3 0.1 L ° positive kaons 2010 run preliminary

o} positive kaons 2007 run preliminary
0.05- — u

R Mt e
~0.05- % # - -
o)
-0.1- Q — o
_ ul ul ] 1 ] ] ] ]
o 8 0.1 L ° negative kaons 2010 run preliminary
o} negative kaons 2007 run preliminary

1072

107t

X

1 1.5

p? (GeV/c)

— ’10 confirm 07 results with improved statistics

data combined by taking into account statistical and systematical uncertainties

|
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Sivers asymmetry

proton data 2010
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Sivers asymmetry » charged hadrons » 2010 data

Twist-2 A?}r}(%_%) () @ ) @

COMPASS 2010 proton data
Q_U>) 0.1 B ® positive hadrons —
® negative hadrons
0.05- . B B
,_iéiq»;i .iié‘} * ¢ §=5§§§§§
I LAY S I3 Y5 JUNENRY S K1 NP I S S *
—0.05- - -
_0 1_ — ——— B - B - |
' vl L1 1 I 1 ] I ] I
X yi p? (GeV/c)

the COMPASS collaboration, C. Adolph et al., Phys. Lett. B 717 (2012), 383-389

— very precise measurement of the Sivers asymmetry of ht/—
— clear signal for positive hadrons
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Sivers asymmetry » pions » 2010 data

I TR O O

COMPASS 2010 proton data
o U>) 0.1 — ® positive pions [~
® negative pions
0.05- 3 = + o
O—-F-2- - g-z-§-0---—---1 ee: ™ _________I1 ___1____] -9 § _________________
—0.05 - -
0.1+ - ' - -
111 II| 1 II| I I I | I
10—2 10—1 0.5 1 0.5 1 15
X y p? (GeV/c)

— 77 clear signal up to 5 % in z, z and p’%
— 71 signal also at very small z, as for A™
— 7 : mostly compatible with zero within the uncertainties
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Sivers asymmetry » pions » z > 0.032 and HERMES comp.

COMPASS 2010 proton data
a U>) COMPASS positive pions x<0.032 preliminary
0.1 ° COMPASS positive pions x>0.032 preliminary -
¢} HERMES 1" PRL 103 (2009) %
Q
0.05- {fi - iiﬁ : L 0y %r

-005- ... . . —
o (% | COM PASIS negative pions x<0.032 prelli_mi_nary | | | |
0. e  COMPASS negative pionsx>0.032 preliminary —
o  HERMES 1t PRL 103 (2009)
0.05- % = —
% M i,
NS F O L % T A,
R +
R e Ol5 | ZII._ 0|5 ZII. 1|5
—2 -1 . .
10 10 X ya p (GeV/c)

— same trend for HERMES and COMPASS

HERMES asymmetries systematical larger for 77 in z, z and p’
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()? evolution » charged hadrons » model calculations vs.
COMPASS 2010 data

2 008
006l r>0.032 =
< @Q*>=28.7GeV/c?
04— full z range =
J < @Q*>=38GeV/c?
0.02}—
0_
| | |
0.5 1
z
S. M. Aybat, A. Prokudin and T. C. Rogers, PRL 108 (2012) 242003
— good agreement between data and model calculations J
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()° evolution » charged hadrons » model calculations wvs.
COMPASS 2010 data

COMPASS PROTON - DGLAP

o5 o I
» Or ) T
< 005} 1 1
£ 0
&5 -005} i i
< oaf T T

0.15} 1

- !
» o1 T 1
< 005} 1 1
%I- DT——%—T—%—jhﬁ—qﬁ—‘
E:' -UGS - -_- -:'
< o1} T T

0.15} . :

0.01 0.1 02 04 06 08 05 1 15
Xg Z, Pt [GeV]

M. Anselmino, M. Boglione and S. Melis, PRD86 (2012) 014028

@ Calculated with a fit to HERMES p and COMPASS d and p 2010 data
@ Evolution was calculated using the DGLAP equation
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()? evolution » charged hadrons » model calculations vs.
COMPASS 2010 data

COMPASS PROTON - TMD

015} it
~ 01}
< 005}
— L
£ 0
5 005}
< o1}

015}

0.15} w1 1
» o 1 T
< 005} 1 1
= D‘__M“'L*ﬁ“w_‘
€5 005 I I
< oaf T T

-0.15 | , ,

0.01 0.1 02 04 06 08 05 1 15
Xg Z;, P+ [GeV]

M. Anselmino, M. Boglione and S. Melis, PRD&86 (2012) 014028

— better agreement between data and model calculations with Q?
evolution
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Sivers asymmetry » pions » multi-dimensional analysis in z

COMPASS 2010 proton data
P O positivepions 0.1<z<0.2
0.1+ e postivepions 0.2<z<0.35 —
¢ positive pions 0.35<z<1
0.05- - } -
tog i s 1% % § i gé
0__%__3___3___?_ __________ oty L] IS LI S
;0'05_.....| TN R B | L | ! |
o)} O negative pions 0.1<z<0.2
0.1 e negative pions 0.2<z<0.35 ~
¢ negative pions 0.35<z<1
0.05- — —
0 $ % 9
Mg dobot b liido g
¢ } ¢ i L i f%
?
R P - 05 o5 1 15
—2 -1 . . .
10 10 X Z p? (GeV/c)

3 z ranges: 0.1 < 20w < 0.2 < 2Zipiq < 0.3 < Zhign < 1.0

< smaller asymmetries for 7" in 2,y region
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Sivers asymmetry » pions » multi-dimensional analysis in y

COMPASS 2010 proton data
P O  positive pions 0.05<y<0.1
0.2} e  postivepions 0.1<y<0.2, x>0.032 -
o positive pions 0.2<y<0.9, x>0.032 (%
0.05- i%%{% - L f % - § ¢ %%
I A L1 HENE R
;0'05_ R B R | L[ | | |
o e} negative pions 0.05<y<0.1
0L o negative pions 0.1<y<0.2, x>0.032 —
0 negative pions 0.2<y<0.9, x>0.032
0.05- — % — %
R TR A S R 11 B
-00%- Ll C | . L[ | | |
-2 -1 0.5 1 0.5 1 15
10 10 X y p? (GeV/c)

3 y ranges: 0.05 < Yow < 0.1 < Ymig < 0.2 < ypign < 0.9

— no significant systematic effect w.r.t. the uncertainties
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Sivers asymmetry » pions » combined 07 and ’10 data

COMPASS proton data

>
oo ° positive pions 2010 run preliminary

0.1~ B

o} positive pions 2007 run preliminary

Tatt Lot 1 i

-005- ..., . . . —
o U>) ° negative pions 2010 run preliminary
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— good agreement of 10 and 07 data

data combined by taking into account statistical and systematical uncertainties J
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Sivers asymmetry » kaons » 2010 data
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— K™T: clear signal up to 7 % in z, 10 % in z and non-zero in p’
— K7 : mostly compatible with zero within the uncertainties
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Sivers asymmetry » kaons » combined 07 and 10 data

COMPASS proton data
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o) positive kaons 2007 run preliminary Q

>
a® ° negative kaons 2010 run preliminary
o} negative kaons 2007 run preliminary

-0.05- | L ~ —

1 III| 1 III| 1 1 L1 11 1 | | | |O |
-2 -1 05 1 0.5 1 15
10 10 X z p? (GeV/c)

— '10 with its higher statistics dominates combined results
< clear non-zero asymmetry for K+

data combined by taking into account statistical and systematical uncertainties

v
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The +6 transverse spin asymmetries

deuteron date 2002-04 & proton data 2007 and 2010
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Arr1 » charged hadrons » p 2010 and combined data
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— proton data compatible with zero within the uncertainties
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Arr1 » charged hadrons » proton vs. deuteron data
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— deuteron data compatible with zero within the uncertainties J
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Arro » charged hadrons » p 2010 and combined data
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— proton data compatible with zero within the uncertainties
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Arro » charged hadrons » proton vs. deuteron data
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— deuteron data compatible with zero within the uncertainties J
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Ayro » charged hadrons » p 2010 and combined data
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Ayro » charged hadrons » proton vs. deuteron data
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— deuteron data non-zero in mid z range
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Pretzelosity » charged hadrons » p 2010 and combined data
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— proton data compatible with zero within the uncertainties
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Pretzelosity » charged hadrons » proton vs. deuteron data
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— deuteron data compatible with zero within the uncertainties J
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Worm-gear » charged hadrons » p 2010 and combined data
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— proton data shows non-zero trend in z for positive charged
hadrons at relatively large z
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Worm-gear » charged hadrons » HERMES vs. COMPASS
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Worm-gear » charged hadrons » proton vs. deuteron data
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— deuteron data compatible with zero within the uncertainties
— indication of negative mean value
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Ayr1 » charged hadrons » p 2010 and combined data
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— proton data shows non-zero negative trend for A~ in z
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Ayr1 » charged hadrons » HERMES vs. COMPASS
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Ayr1 » charged hadrons » proton vs. deuteron data
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— deuteron data is compatible with zero within the uncertainties J
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Unpolarized (target) azimuthal asymmetries

deuteron data 2004
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Ay » charged hadrons » 2004 data
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— clear asymmetry in z and p’
— strong z dependence for z > 0.5
— hT asymmetries systematical larger then A~
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Ayyr » T » 2004 data vs. model calculations
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M.Boglione, S. Melis and A. Prokudin, Phys.Rev.D84, arXiv:1107.4436v1
— same trend and strength in p% and low z region J
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Unpolarized » charged hadrons » 2004 data

Torwards a multi dimensional analysis:

to get a better understanding of the kinematical dependencies in x, z and p’.

Using a simultaneous binning;:

T ph 2
0.003 — 0.012 | 0.10 — 0.30 | 0.20 — 0.25
0.012 — 0.020 | 0.30 — 0.50 | 0.25 — 0.32
0.020 — 0.038 | 0.50 — 0.64 | 0.32 — 0.40
0.038 — 0.130 | 0.64 — 1.00 | 0.40 — 0.55
0.50 — 0.70
0.70 — 0.8
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Ayyr » charged hadrons » 2004 data preliminary
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— strong dependence in z more evident at small z and small p% J
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Ao » charged hadrons » 2004 data
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first shown at SPIN2010 by G. Sbrizzai

— clear asymmetry in low x and high 2
— p" dependence shows saturation for i~
— h~ asymmetries systematical larger then A™

y

Chr. Braun (Uni Erlangen) COMPASS TMD results

QCD-N’12 Bilbao 61 / 82



Ao » charged hadrons » 2004 data vs. model calculations

0.15
0.1}
s 0.05 |
8 0
< 005 |
01 - Cahn| ----- Cahn| ----- Cahn |
015 F - Boer-Mulders + ------- Boer-Mulders + ------- Boer-Mulders
— Cahn+BM | —— Cahn+BM | —— Cahn+BM
0.15 . - -
0.1}
& 0.05 t
§ 0 L i m s
< .005 |
01 - Cahn] ----- Cahn] ----- Cahn ]
015 F e Boer-Mulders +  ------- Boer-Mulders + ------- Boer-Mulders
: Cahn+BM{ —— = Cahn+BM{ ——  Cahn+BM
1072 10 03 04 05 06 07 01 03 05 07 09

X

Z

P (GeV)

V. Barone, S. Melis and A. Prokudin, Phys.Rev.D&81, arXiv:0912.5194v2

— same trend and strength in z and low 2 region
— pt dependence difficult to reproduce
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Ayyo » charged hadrons » 2004 data preliminary
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— strongest signal at low z and low p’ J
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Ay » charged hadrons » 2004 data
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— mostly compatible with zero for all charged hadrons
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first shown at SPIN2010 by G. Sbrizzai
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Dihadron asymmetry

proton data 2010
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Data selection » dihadron asymmetry

hadron & hadron pair cuts:

COMPASS 2010 proton data

~ 1¢
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opposite charge 33
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Asli]nTcDRS » framework » angle definitions

[ pT — [ hl hg
Fragmentation of transversely

polarized quark into two unpolarized
hadrons

in courtesy of H. Wollny
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[, I" and ¢ are 3-momenta of
incomming [, scattered lepton [’
and virtual photon ~*

®s azimuthal angle of the spin
of the fragmenting quark S

__ Pi
Zi = —pl
_ 2P1—21P2 __
R = T Tz €2p1 - €1p2

Rt is the component of R
perpendicular to q

Azimuthal angle of R.:

dp =
(axD) - R (ax1) - (axR)
(axD~R] arccos( [axT[axR] )

QCD-N’12 Bilbao 67 / 82



S n b .
A7 nPrs p framework B cross section

The differential two-hadron cross section reads:

d’o __
d cos 6 dM2 d®p dz dz dy ddg

27TQ2 (<1 — Y+ )Zq €§f1q(f€)D1,q(z, Mf, cos 0)
+(1—y)S1 >, 02 [P1—p2| Sin(@)hf(x)]-[fq(z, M7, cos 0) SiIl(CI)RS)>

g 2M,

with ®rg = & + g — 7

Where hy(z) is the Transversity PDF and Hy, is the two-hadron Interference FF,
which describes the Fragmentation of a transversely polarized quark into two

unpolarized hadrons. D; , is the unpolarized two-hadron fragmentation function®.
v

2 see Nour Makke’s talk on hadron multiplicities
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o : :
Asm kS p framework » asymmetries extraction

NQh(xa Y, <, Mi%) COS(9)7 (I)RS) X

O'UU(l + fPTDNNAsm P rs sin 6 sin (I)RS)

<10° COMPASS 2010 proton data oyy = unpolarized cross section
@ 5000
Z as0f T + indicates nucleon spin
g 4000F entati
S as00f orientation
— T 3000- . .
hth™ center of o500k f = target dilution factor
2000F- ..
mass frame 15005 P71 = target polarization
1000 .
5ooi Dyy = transv. spin transfer coef.
ot L i .| Tl 1_
O 01 02 03 04 05 06 07 08 09 1 D — Y
sin(@ NN — 2
() 1_y+7

(sin ) = 0.943
=- can be neglected

ASlIl (I)RS _ |p1—p2| Zq 63 hf(x> qu(Z,M;%,COS 0)
2Mp >, €5 fi(z) Di,q(2, M} cos 0)
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AS(i]nTCDRS » charged hadrons » 2010 data

Twist-2 ~ ASRPRS Rl -°.> B '°"

COMPASS 2010 proton data
o= 01- - -
0.05- {, B B
0o Yoo T ERYYX LT D %
I %{'H * } ¢ {'{u}* ¢ ¢
-0.05F ¢4 bor -
0.1 - ) n —
0 1 | Ll ! | ! | | I I
X z M (Gevic?)

— Clear asymmetries of h™h~ with improved errors w.r.t. 2007
data

TRANSVERSITY 2011 proceedings:
Braun C. 0.b.0. the COMPASS Collab. Nuovo Cimento C 035 (2012) 02
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AS(i]nTCDRS » 15t extraction of v and d transversity from 2010
proton data

Extract information on DiFF from BELLE data as in ”Bacchetta, Courtoy, Radici,
PRL 107:012001,2011”
— u and d transversity PDFs can be extracted using COMPASS deuterium and

2010 proton data

zhi'(z) — Zhi(x) zhi(z) — zhi(x) zhy' (x) zhi ()

COMPASS 2010 transverse proton data [—COMPASS 2002-2004 transverse deuterium data
nselmino et al.

0'4 [~ Anselmino et al. 0-4 Ansell
0.2

0

-0.21 -0.4

PhD thesis C. Elia, Trieste 2011 & F.Sozzi at IWHSS 2012

See also DIS2012 proceeding by
A. Courtoy, A. Bachetta & M. Radici, arXiv:1206.1836
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ASIH(DRS » kin. distributions z; + 20, M;,, and E,,;ss

Chr.

x10° COMPASS 2010 proton data
r?\l E
N 300 [Jretre
o
~ 250
© C
E r
S 200?
150
100K
50
0:\\\‘\\\‘\\\‘\\\‘\\‘\ L
0 0.2 04 0.6 0.8 1 12
Z,tz,
10° COMPASS 2010 proton data
- 350F
g [Jreme
= 300F
o F
Z 250
© F
200
1500 :
100
50
:H\‘H\‘\\\\‘\\\\‘\\ [
0 02040608 1 12141618 2 2224
M., (GeV/c?)
x10° COMPASS 2010 proton data
8 300F
ET L [Jrere
5 20
< C
P r
© 200
1501
100F
50
0:‘\\\‘\\\‘\\\‘\\\‘\\\ L
0 20 40 60 80 100 120
< (GeV)

Braun (Uni Erlangen)

KTK~

COMPASS 2010 proton data
~ E
NYf [k
+ _,6000F
N C
N—r |
T 5000~ L
~~ C 3
=z F
T 4000
30000
2000
1000E
0:\\\‘\\\‘\\\‘\\\‘\\\‘\\
0 02 04 06 08 1 12
Zl+22
COMPASS 2010 proton data
235000 [k
S £
5 30000F-
E F
_025000?
20000 i
15000~
10000
o RURT T FUTY EUTY RV AR B
0 02040608 1 12141618 2 2224
M., (Gevic?)
COMPASS 2010 proton data
.gLZOOO; Dk
%100001
= r
Z [
© 8000j
6000
40001
2000
0:\‘\\\‘\\\‘\\\‘\\\‘\\ L
0 20 40 60 80 100 120
Eniss (GEV)

COMPASS TMD results

Tt K &Kt~

COMPASS 2010 proton data

22000
_"\_' 20000,
\,:,:18000
5 16000
~~
= 14000
S 12000
10000

éleooo
LI 14000
KS)
= 12000
© 10000

Ak’
BK*r

COMPASS 2010 proton data

4 1618 2 2224
(GeV/cz)

|nv

COMPASS 2010 proton data

Ak’
EK*'t
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A%I}CDRS » 7t~ pairs » p 2010 data

Twist-2 ~ ASnPRS Rl -°-> B -°->

COMPASS 2010 proton data

C/I\D 0.1+ — T[G-Tr B
i %

o 2 0.05- - -

-%ED O—-----:- L — L &-tf SEELEEEETEES EEETEE —--—-é;—;—--’; -------------

b0 LRI AN
-0.05+ ¢ % % — —
-0.1 - -
e e
il Ll IR ! | ! | | | |
g
X z M (GeVic?)

« Clear asymmetries of 77~ pairs < z: up to 6 %
— z: compatible with a constant function
— M;,,: peak around p" mass

v
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A%I}(DRS » KTK~ pairs » p 2010 data

Twist-2 ~ ASRTRS Rl '0’ "°’

R R EL IR

_O 2 - |
_ el _
1 III| L1 III| 1 1 L1 11 1 I 1 I I | |
KK~ 2
X z M) (GeV/co)

— no clear trend & compatible with 0 within the statistical errors
— no signal in z and z
— M,;,,: negative mean value

y
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ASIH(DRS » 7t K~ pairs » 2010 data

Twist-2 A5 P8S '°" '°"

COMPASS 2010 proton data

*sin 6>
o
a

sin @,
UT,p

<A
(@)
[
:
1
1
—e—r
1
———
D—I‘—i
——
1

-0.1+

R P——EE | .
1 L1111l 1 L1111l 1 1 L1111 1 1 I |
1

|
10-2 10—1 0.5 1 15 2
X z MK (GeV/c?)

nv

— no clear trend & compatible with 0 within the statistical errors
— z: no signal

— z: negative mean value with positive peak around 0.45

— M,,,: no signal

4
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ASIH(DRS » KTn~ pairs » 2010 data

00

Twist-2 A5 P8S
R COMPASS 2010 proton data
S o I KTC I
('nU'S
T
ty T H po! ft
_0.1— - |
0.2+ - -
IS Pl R —
f— — e . . —
N = i
X z MK T (GeV/c?)

— compatible with 0 within the statistical errors < x: negative

mean value

— z: negative mean value
— My, negative peak peak around 0.9 GeV/ ¢

Chr.

Braun (Uni Erlangen)

COMPASS TMD results

QCD-N’12 Bilbao
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A%I}CDRS » identified pairs » 2010 data

COMPASS 2010 proton data

& 0IF = g
io.OS— '} - -
-5,?/(5 0.0:“"}""r";;';"'j {i’i" """" i} """ j .}ﬂ?{;f'{ """"" %
& oa- } - K*K -
S W I
g ol % ‘} { B } } i H{

0.2 g - -
L L e Ry G
) H+ _ﬁ C ]

-0.2- e ™ -
gE T T S S ERRRREE S eis ¥
o HTTTTE

-0.2- - -

102 | 101 T -Fos 1 ofs_iTz

Chr. Braun (Uni Erlangen)
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M., (GeV/c?)
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A%I}CDRS » 7t~ valence region » 2010 data

COMPASS 2010 proton dat
& 01F - - -
‘D
s 2 0.05- } . N
01<D
v O—------- b gy e S Rk ALY * -------------
¢ ’ }* ¢ ' } g e T § }
-0.05+ ¢ } { - -
0.1~ - -
| | h__
vl vl Lo L | L | | | |
™
X z M (GeVic?)
A COMPASS 2010 proton data
2 0.1 - - _
B T ® x>0.032
g‘& T ® x<0.032
[ I IR S I T S
"9 $ ¢
' : bet f t
: $ ¢
it ‘ * it
0.1 - -
I e mrerrerr: L-|__-| | | |
102 10° 05 1 05 1 15 2
X z M (GeV/c?)

— w7~ valence region z; > 0.032

clear signal around p" mass is pronounced in valence region sample

Chr. Braun (Uni Erlangen) COMPASS TMD results QCD-N’12 Bilbao

78 / 82



AS(i]nTCDRS » 777~ » HERMES vs. COMPASS data

R COMPASS 2010 proton data
: T R
é‘” l O HERMES
Feo|
T o e b
¢ ; g ¢ {
% 5 ¢ F 5 * % % ? ‘}{.%} %
0.1+ - -
| | |

102

|
0.5 1 1.5 2

z M (GeV/c?)

nv

Airapetian et. al., JHEP, 06 (2008) 017 scaled with —L and sign changed

— Good agreement of COMPASS 77~ data, with its higher

D’I’LTL

precision, with HERMES 7nt7~ data within the error bars

Chr. Braun (Uni Erlangen)
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AS(i]nTCDRS » 777~ valence region » COMPASS vs. model

predictions
COMPASS 2010 proton data

& 01 TOTE | @ x>0032& M<15Gev/c? -
= * x<0032
5 T Bacchetta, Radici

of o * Maet al.: SU6

£ 5 - - = Maetal.. pQCD
SO AL A S R S——

¢

X z M (GeV/c?)

inv

Bachetta et al., hep-ph/0608037
Ma et al., arXiv:0711.0817

— 1p;: Ma trend confirmed | Bachetta good agreement
— z: compatible within the errors
— M. good agreement around p° mass
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Conclusions
@ Clear signals of Collins and Sivers asymmtries on proton target for charged
and identified hadrons
@ Interesting kinematical dependences for different z and y ranges

@ New inputs to study Q? evolution and for the extraction of Transversity and
Sivers PDFs

@ Six beyond-Collins-and-Sivers transverse spin asymmetries on proton and
deuteron

@ Non-zero trend for the Az();(¢h_¢s ) and Asér}gbs amplitudes

@ Interesting kinematical dependencies of unpolarized asymmetries investigated
in the z, z and p% grid

@ For the first time COMPASS proton data on transverse spin asymmetries in
identified dihadron production

» 777~ also measured by HERMES
» KTK~—, 77K~ and KT7~ never measured before

@ Important new input for the extraction of the Transversity PDF
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Outlook

@ Multi-dimensional analysis in z, z, p?p and (% using proton data
@ Possible measurements with:

» transversely polarized proton target at 100 GeV/c to further
investigate on % evolution

» transversely polarized deuteron target to improve the extraction of
u and d quarks PDFs

@ Other six asymmetries for pions and kaons

e New measurement starting from 2015 of the unpolarized azimuthal
asymmetries at COMPASS II with a LH-target in parallel to
DVCS

e Combined 2007/2010 results on identifed dihadron asymmetries
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L

"hank you for your attention!

electronic address: christopher.braun@cern.ch
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Back up
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Ayyz »

charged hadrons » 2004 data preliminary

COMPASS®LiD (25% of 2004 data)

P

- YI; 1

baale

Totern | Lot [ pall |

/]\ pZL_,’ _> z 10% 1o"x 102

— largest difference between h™ and A~ at large ph
— x trend changes going from small to large z values

cos Py,
same as for AUU

" x O sys ~ 2'Ustat

v
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Ayyo » charged hadrons » 2004 data preliminary

COMPASS®LiD (25% of 2004 data)

Fala

gttt H;I g *H ..... .

Tortbfoeate f bogr ferd ity hi ..........

NS SO O TSR O . WL AT S0 O AR A0 20 LR 08 70 L ;.

TR BT SR R AT R RN AT

M M M L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
02 04 06 038 02 04 06 08 02 04 06 08 02 04 06 08 02 04 06 08 02 04 06 08

T X, — Z Py [GeVic] Ph [GeVic] P! [GeV/c] P! [GeV/c] P! [GeVic] Ph[GeVicl] (O sYs ~ 2 - O stat

— pt trend changes going from small to large z values
— The p% trend, which is difficult to reproduce by models
originates form large z and low z

4
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Ayl »

1t phs— 2

charged hadrons » 2004 data preliminary

COMPASS®LiD (25% of 2004 data)

L
L

¥y

10? 10"

102 107

102 107

X

107 107

— largest difference between h™ and A~ at large ph
— x trend changes going from small to large z values

x Osys ~ 2+ Ostat
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Ayyr » charged hadrons » 2004 data preliminary

COMPASSLiD (25% of 2004 data)
gf 0 '*
xy .-'.-..'-.-i ------------ '- ----; ------------------ i ----’---; ------------- i FEsmgsEsmrEmEmTEmEEE mEmssmsmIEsEmIEEsEEmEEEE -------------{ --------
A SRAN DR R DAL ER R R R ARY
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v Y 1
= ot ¢ I 'y oy T ¢t 1 * I
-0.2) : f t
0.3 i
55 v
R TRIT 1T VPRI R ) AR I S k- SR R R g N ¥
¥ ¥ 1 ¥
e ot 1 ' x b 4 L 4 ¥ ! ; ¥ i
0.2+ :
¥
0.3+ : §
- | 4 ¥ 4 t H
b =) 1, JEEEERET F ................................................................... ‘ .............................................................
N ¥ ! ¥ t ] 1
= -0.1F ' t ¥ L * ¥ * i t t
-0.2 I I *
0.3 - } ¥
sz 0-.4 0-.5 0?8 O.IZ 0.I4 D.IS 0?8 D.IZ 0?4 O.IS O.IB D.IZ 0.I4 O.IS 018 0.I2 0?4 O.IS 0?8 O.IZ 0?4 D.IG O.IB
Ph [GeVic] P! [GeV/c] P [GeV/c] P! [GeVic]

Ph [GeVic]

Tx;— 2

— p}} trend changes going from small to large z values

— roughly same trend for all z intervals

QCD-N’12 Bilbao
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Ary » charged hadrons » 2004 data preliminary
COMPASS®LiD (25% of 2004 data)

S5 U R O DR S
1 §44* : }i‘; : ;.*;{ : Q{*t : ‘l’*{i : f{l ........

0.1 b {

i I EES UIRA FHRR SRS

LR 1oggod th 'Hx ‘l; :

2504 | | | L
ot : L L ¥ |

L L L 1 L 1 L L 1 L L L
h 10°* 10" 102 10" 102 107 102 10" 102 107 102 107
. ~
/I\pT, >Z X X X X X X O'sysrv2‘0-3tat

— no significant signal within the uncertainties J
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Ary » charged hadrons » 2004 data preliminary

COMPASS®LiD (25% of 2004 data)

_ | : | 4t
”” ““ Hh ;Ht ME ..... | '[ ..... l
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. h
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— some opposite trend for negative and positive charged hadrons
visible
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Ary » charged hadrons » 2004 data preliminary

T phs—

visible

COMPASSLiD (25% of 2004 data)
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— some opposite trend for negative and positive charged hadrons J
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Collins asymmetry » kaons

COMPASS 2010 proton data

3 o} positive kaons 0.05<y I<O.1
°F 04 ©  postivekaons 0.1<y<0.2, x>0.032 n
) 0 positive kaons 0.2<y<0.9, x>0.032
0.2 - u
IR SRS R — g -
iy AR FY
-0.2+ - -
__0-4_. Ll ! N ! [ ! ! !
5 T
< 04- - -
0.2- % % s % s
by
RS 15 B ISP ST T
l
—0.2 o} negative kaons 0.05<y<0.1 B f
° negative kaons 0.1<y<0.2, x>0.032
_04- o negative kaons 0.2<y|<_0.9, x>0.032 B
" 1 IIIII| III| 1 11 111 1 | | | |
-2 -1 0.5 0.5 1 15
10 10 X yi p? (GeV/c)

3 y ranges: 0.05 < Yiow < 0.1 < Ymig < 0.2 < Ypign < 0.9

— no significant systematic effect w.r.t. the uncertainties

» multi-dimensional analysis in y
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Sivers asymmetry » kaons » multi-dimensional analysis in y

>
o O

3 y ranges: 0.05 < Yow < 0.1 < Ymig < 0.2 < ypign < 0.9

— very low statistics in ¥,y sample

“— Ymid sample shows larger asymmetries then iz sample
COMPASS TMD results

COMPASS 2010 proton data

0.4

0.2

> 00

positive kaons 0.05<y <0.1
positive kaons 0.1<y<0.2, x>0.032
positive kaons 0.2<y<0.9, x>0.032

L
I ii{-i ------

o negative kaons 0.05<y <0.1
° negative kaons0.1<y<0.2, x>0.032
o negative kaons 0.2<y<0.9, x>0.032

1072 107t

Chr. Braun (Uni Erlangen)

1 15
p? (GeV/c)

QCD-N’12 Bilbao

73 / 82




Collins

asymmetry » kaons » multi-dimensional analysis in 2

COMPASS 2010 proton data

5 0.2 B
a© O positive kaons 0.1<z<0.2
e positive kaons 0.2<z<0.35
0.1 ¢ positive kaons 0.35<z<1 — +
: :
B Ay ey
¢ ¢
i : % b
01 : Lot
-0.2 | Ll [ | | [ | | |
5 0.2 — —
o0
0.1 — —
; % ;
IFTE R EXARER TV I
J |
—0.1 O negative kaons 0.1<z<0.2 B
® negative Iéaons 8%;52135
¢ negative kaons O.
_0'2 1 II| IIII| 1 1 IIIII_ | 1 | _ | | |
-2 -1 0.5 1 0.5 1 1.5
10 10 z p? (GeV/c)

3 z ranges: 0.1 < 210w < 0.2 < 2pnig < 0.3 < 2pign < 1.0

— larger asymmetries for K in 2, region

— but large statistical uncertainties
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Sivers asymmetry

» pions » 2010 data vs. model predictions

COMPASS 2010 proton data

>
o

~0.05-

COMPASS 2010 preliminary |
M.Anselmino et al.
Eur. Phys. J. A 39 (2009) 89.

0.1

0.05

-0.05-

FELI A S

1072

107t
X

— 7. good agreement in z
— 7T predictions are larger then data for z & ph

— 7 : less compatible, indication for opposite sign in z and p
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Sivers asymmetry » kaons » multi-dimensional analysis in z

COMPASS 2010 proton data
o@ 02 © postivekaons 0.1<z<0.3 . B
) e positive kaons 0.2<z<0.35
¢  positive kaons 0.35<z<1
0.1 ; % i
i IS L E R
AT S —— EPEAS Su———— R ST NE—
é i
>_0'1_.....I ol 1 ....._ ] ] B ] ] ]
om 0.2& O negative kaons 0.1<z<0.2 —
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T E R
p R I l_ | . | I | | |
-2 -1 0.5 1 0.5 1 15
10 10 X z p? (GeV/c)

3 z ranges: 0.1 < 2w < 0.2 < 2piqa < 0.35 < 2pin < 1.0

< indication of different sign in p% dependence for low and high 2w sample

J
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Sivers asymmetry » kaons » 2010 data vs. model predictions

o 0.2F -
) ® COMPASS 2010 preliminary

M.Anselmino et al.

Eur. Phys. J. A 39 (2009) 89.
" y ~ %

COMPASS 2010 proton data

ok Ko :

I(')-z 1(')-1 0.5
X

0.5 1

|
1.5

p? (GeV/c)

— good agreement in x and z within the uncertainties for K +/=

< KT: overestimated for p” dependence

— K7 : model and data compatible with zero in p}%p
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Arr1 » charged hadrons » HERMES vs. COMPASS

[~ positive hadrons L COMPASS preliminary Proton 2007-10 data
[ -+ negative hadrons [
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1 15
P (GeV/c)

— compatible with
zero within the

uncertainties for
both HERMES and
COMPASS
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Arro » charged hadrons » HERMES vs. COMPASS
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— @0 Ma trend confirmed | Bachetta good agreement
— z: Ma too large | Bachetta compatible

— Mpy: Ma too large | Bachetta good agreement around p” mass
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