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The COMPASS experiment

e.g. COMPASS setup 2007
@ 2-stage spectrometer with tracking, calo and PID (RICH)
@ Longitudinally polarized 160 GeV/c u™-beam
@ 2002-04 transv. polarized lithium deuteride 2-cell target
@ 2007 & 2010 transv. polarized ammonia 3-cell target

@ Polarization reversed every week via microwave
Chr. Braun (Univ. Erlangen) COMPASS hadron-pair asymmetries

COMPASS 2010 proton data
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Theoretical framework
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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
g quark
- qU L 1 Quark distribution:
Ve () = 4+ () + 4~ (2)
©
q
- 991 (x)e Helicity distribution:
9i(z) = ¢ (x) — ¢~ (2)
T hi (z)
] Transversity distribution:

hi(z) = q'"(z) — ¢"(2)
Chiral-odd partner to the Transversity function:

Collins FF: INT — 0'hX (cf. talk by K. Rith)
DiFF: (NT — ¢'hhX

v

cf. talk by S. A. Pereira for sub-leading twist modulations
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Theoretical framework » angle definitions

¢ N T — hl hg X
Fragmentation of a transversely

polarized quark into a pair of
unpolarized hadrons

[, I’ and q are 3-momenta of
incoming, scattered lepton and
virtual photon

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

p; is the 3-momenta of h;

z; 1s the fraction of the virtual-
photon energy carried by h;

R — 22P1—z1P2 __ £2p1 — £1p2

z1+22
Rt is the component of R
perpendicular to ¢q

Azimuthal angle of R:

PR =
(gxl) - R (gx1) - (gxXR)
[(gx1) R amos( [gx g% R| )
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Theoretical framework » hadron-pair cross section

The differential hadron-pair cross section is:

70_ Oé2
da:dydqubRCllgbgdcostM}f = 43@27; Zq 6c21 [A(y)flq(x)Df(z, cos 0, Mj;)
—|—)\65L%gf(x)l?f(z, cos 6, M?)

+B(y)%'jfﬂ sin prsh?(z)HY(z, cos eMg)]

2
with ¢rs = ¢r + s —m, A(y) = (1 —y+ %) B(y) = (1—y), and C(y) = y(2 — y).
Where hi(z) is the Transversity PDF and Hy, is the hadron-pair fragmentation
function, which describes the Fragmentation of a transversely polarized quark into
two unpolarized hadrons. D; , is the unpolarized hadron-pair fragmentation
function, which is measured at e.g. BELLE'.

1cf. talk by F. Giordano
y
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Theoretical framework » asymmetries extraction

The hadron-pair asymmetry then is:

Asinons _ | g !%)Z e2hi [ dcos 0yF H(z,c08 0,M7)
T A(y) > g eafy fdcos@Df(z,cos@,M,%)

We measure:

Non(@, Yy 2, M, 0, ORS)
ouv (1 + fPr Dy AP sin 0 sin ¢ rs)

AP COMPASS2007/2010 proton data oyu = unpolarized cross section
S .9 .
E ozof- [rere + indicates nucleon spin
= orientation
0.15—
hTh~ center of i f = target dilution factor

0.10
mass frame Pr = target polarization

005
i Dyy = transv. spin transfer coef.

L 111l111111111111111111111111111
0090708 -06 -04 -02 00 02 04 06 08 10 D _ 11—y
NN —

2
cosd 1—y+ %
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Data selection
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Data selection » DIS cuts
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Data selection » hadron & hadron pair cuts

hadron & hadron pair cuts:
o 10 COMPASS 2007/2010 proton data
0 . t =
@ at least 2 outgoing hadrons with 0.9
. E T
opposite charge 2‘:
@ z > 0.1 for each hadron 0.6
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hadron-pair asymmetries:

deuteron data
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Results » deuteron data » all hadron h*h~ pairs

% 0.05F i { COMPAS§ 2002-2004 deuteron
SE R % ! %
w2 i ’ [

5 -0.05F T -

; “.. | - h"h" pairs
'0-13‘ - — Bacchetta et al. s
i SR Ma et al.: pQCD ;
-0.15_- N pQ N
ST Ll T ] ! | ! | ! ] ! I B T T B
102 10t 102 04 06 0.8 0.5 1 1.5 2
X Z M, [GeV/c?]

from: Adolph C. et al. [COMPASS Collaboration], Phys. Lett. B 713 (2012) 10
blue solid line: Bacchetta A. and Radici M., Phys. Rev. D 74 (2006) 114007
blue dashed line: Ma B.-Q. et al., Phys. Rev. D 77 (2008) 014035

— Asymmetries of h™h™ pairs from the deuteron target
compatible with zero within the uncertainties

Interpreted as a close-to-complete cancellation of the u and d quark
contributions from the transversity PDFs on the deuteron as an

isoscalar target.
4
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NEW Results » deuteron data » 77~ pairs

COMPASS 2003/2004 deuteron data

o 01 TOTT [
. 0.05
S -
c |
o 0
-0.05
e M_ <15GeV/c®
0.1+ Bacchetta, Radici
Maet al.: SU6
-0.15— - == Maeta.: pQCD
-0.2'_IIIIIII| 1 IIIIIII| 1 IIIII_ 1 l 1 l | |

From a complete reanalysis of the deuteron data with unified cuts

X

M . (GeV/c?)

blue line: Bacchetta A. and Radici M., Phys. Rev. D 74 (2006) 114007

red and dashed lines: Ma B.-Q. et al., Phys. Rev. D 77 (2008) 014035

and methods w.r.t. to proton data.

— Asymmetries of 777~ pairs from the deuteron target compatible

with zero within the uncertainties.

o
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NEW Results » deuteron data » all identified pairs

COMPASS _2003/ 2004 deuteron data
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hadron-pair asymmetries:

proton data
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Results » proton 2007 data » all hadron h™h~ pairs

lC:lg 0.05F . . COMPASS 2007 proton
= : _ _
e 7 %‘I}\IJ

| —e— h'h pairs
,, - — Bacchetta et al.
N Ma et al.: pQCD
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from: Adolph C. et al. [COMPASS Collaboration|, Phys. Lett. B 713 (2012) 10

— Large asymmetries of ATh~ pairs on the proton target in z
dependence up to -10 %

Qualitative agreement with model predictions
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Results » proton 2010 data » all hadron h™h~ pairs

_ COMPASS 2010 proton data
o 0.1- B h+h_ B
c
2]
o o 0.05- ' - -
O=---o- L3P T Y & T B 1 7O
¢ %, {{"” 'y é éé{.f{' ¢ %
0.0 ¢ ¢ b -
0.1~ — -
[ - | —
111 I| 1 II| 1 I 1 I I | |
X Z M, (GeVic?)

NEW from: Adolph C. et al. [COMPASS Collaboration|, CERN preprint
PH-EP-2014-013 [arXiv:1401.7873] submitted to Nucl.Phys.B.

— Large asymmetries of ATh~ pairs on the proton target in z
dependence up to -6 %

See recent paper [arXiv:1401.7873] for a discussion on the relation between hadron-pair and Collins
asymmetries.
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Results » proton data » 777~ pairs
COMPASS 2007/2010 proton data
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— Clear asymmetries of 777~ pairs

z up to -7%
z no clear trend
My, indication of a dip around p" mass
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NEW

Chr. Braun

Results » proton data » all identified pairs

COMPASS 2007/2010 proton data
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Results » proton data » comparison with HERMES

COMPASS 2007/0710 proton data
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from: Airapetian A. et al. et al. [HERMES collaboration], J. High Energ. Phys. 06 (2008) 017

scaled with DL and sign changed
nn

— Good agreement within the uncertainties,
bearing in mind the larger kinematic range of COMPASS
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Results » proton data » 777~ model predictions

COMPASS 2007/2010 proton data

=
c
. 0.05- -
s o
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mg O_ a
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blue line: Bacchetta A. and Radici M., Phys. Rev. D 74 (2006) 114007
red and dashed lines: Ma B.-Q. et al., Phys. Rev. D 77 (2008) 014035

— z: Ma trend confirmed | Bachetta good agreement
— 2. Ma too large | Bachetta compatible
— M;n,: Ma too large | Bachetta good agreement around p° mass
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Results » proton data » 777~ model predictions

COMPASS 2007/2010 proton data

e Xx>0032&M
X < 0.032

<15 GeV/A

. ——— Bacchetta, Radici -
Maet al.: SU6
| --- Maet a.: pQCD B
IIIIIII| 1 IIIIIII| 1 L1 111 1 I 1 I I | |
2
X Z M_.- (GeV/c)

blue line: Bacchetta A. and Radici M., Phys. Rev. D 74 (2006) 114007
red and dashed lines: Ma B.-Q. et al., Phys. Rev. D 77 (2008) 014035

Improved agreement with Ma model if only the valence region is

considered.
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Transversity extraction

of u and d valence quarks
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NEW Results » deuteron & proton data » all identified pairs

COMPASS 2003/2004/2007/2010 data
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First complete set of identified hadron-pair asymmetries with
unified cuts, binning and fit method from deuteron and proton

targets.
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Transversity extraction » motivation & theory

A transversely polarized deuteron target gives access to:
zhy (13 Q%) = zh¥(x; Q?) + zhi(x; Q?)

A transversely polarized proton target gives access to:

thip(z; Q%) = ahi'(z; Q) — joh{ (z; Q%)

— Bacchetta et al. in JHEP03 (13) 119 extracted
zhy q(z; Q%) and zhy ,(x; Q7)
from HERMES "7~ and COMPASS h*h~ results
PLB 713 (12) 10).

= Use their method together with the new full set of 777~ results to
extract the u and d valence quark transversity distributions bin-by-bin.

v
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Transversity extraction » motivation & theory

Explicit expressions:
For a proton target, the SSA (2.13) simplifies to [33]

B[,
Aglms(m, z, th;QQ) = —Cy — M,

x { 1 (@;Q%) DY (2, Mp; Q%) + f‘”d(x; Q?) D{(z, My; Q?)

H (2, M Q°) {hi"’”(ﬂf; Q?) - ihf” (fE;Qg)}

1
AT )Df”(z,Mh;@Q)} , (2.16)

and for a deuteron target to

3 R
Afipis(@,y, 2, Mp; Q*) = = Cy = ; L/Il

X { [ 1 Q%) + fd”(m;QQ)] X

Hj sp(zaﬂ”fh;QQ) [h‘f‘”(x; Q?) + b (; Qz)]

1
X [D;*(z, My; Q%) + 1 Df(z, My; Qg)}
—1
fS“(I;QQ)Di”(z,Mh;@g)} , (217)
where h{’" = h{ — hq and qurq i+ f1

Bacchetta et al. JHEPO03 (13) 119
Chr. Braun (Univ. Erlangen)
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Extraction of Transversities » 15' step

HERMES data
x y Q?[CeV?] Asipis R — v /4
0.033 0.734 1.232 0.015 £ 0.010 0.086 + 0.061
0.047 0.659 1.604 0.002 +0.011 0.010 £ 0.054
0.068 0.630 2.214 0.035 £ 0.011 0.167 £ 0.069
0.133 0.592 4.031 0.020 £ 0.010 0.092 £ 0.054
COMPASS  proton data
T Q*[GeV?] Asipis RYe — hdv /4
0.0065 1.232 0.026 = 0.030 0.10£0.12
0.0105 1.476 0.010 £ 0.016 0.038 £ 0.059
0.0164 1.744 0.015£0.013 0.057 £ 0.049
0.1330 2.094 0.008 = 0.010 0.031 + 0.039
0.0398 2.802 0.027 £ 0.011 0.107 £ 0.049
0.0626 4.342 0.029 £ 0.014 0.118 + 0.060
0.1006 6.854 0.051 £ 0.016 0.208 £ 0.079
0.1613 10.72 0.108 £ 0.023 0.42 4+ 0.12
0.2801 21.98 0.080 £ 0.033 0.24+0.11
COMPASS  deuteron data
v Q*[GeV?] Agipis hYe 4 hi
0.0064 1.253 0.005 £ 0.024 0.05£0.24
0.0105 1.508 —0.004 £0.012 —0.04+0.12
0.0163 1.792 0.028 £ 0.010 0.28+0.11
0.0253 2.266 —0.005£0.009 —0.051 £ 0.094
0.0396 3.350 0.006 = 0.011 0.06 £0.12
0.0623 5.406 —0.006 £0.014  —0.06 £0.14
0.0996 8.890 —0.029 £0.019 —0.30 £ 0.20
0.1597 15.65 —0.017 + 0.030 —0.16 +0.28
0.2801 33.22 0.078 £ 0.054 0.50 £ 0.36

Chr. Braun (Univ. Erlangen)
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Transversity extraction » 15t step » results

_ U( e ()2 d( e (D2 _ U( oo ()2 1 Al e (D2
2hy,q = why (z; Q%) + zhi'(z; Q) xhy p = ahy (z; Q%) — thl (z; Q%)
from deuteron data: from proton data:
=z COMPASS 3 COMPASS
< 0.8— ® 2003 & 2004 deuteron data ° t’f:%' 0.8— e 2007 & 2010 proton data
+
< h
3 0.6 < 0.6—
P S
=
0.4— 0.4—
0.2— {’ 0.2— {'
° ® ¢ * +
IR SR AR
o N
04— -0.4—
067, Lol Lol -0.6— |, ..\ R R
10° 10" 1 102 10 1
X X

— xhy ¢4 compatible with zero within the uncertainties
— xhy , sizable signal at large x
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Extraction of Transversities »

1st

step » comparison

Comparison with results in JHEP03 (13) 119 Bacchetta et al.:
(2002/03/04/07 hth~ data)

)

d
1

xhi(x) + xh
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021
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Extraction of Transversities » 274 step » results

zh? and zh are obtained by solving the system of equations:

U( e ()2 A (D2
xhl (ZE, Q ) xhl ($7 Q )
X 08—  commss X 08—  commss
< e 2007 & 2010 proton data and < e 2007 & 2010 proton data and
0.6 2003 & 2004 deuteron data 0.6 2003 & 2004 deuteron data
[
0.4— 04—
0.2 { + 0.2 +
+ ®
O—---- }+ éé* ********** + *************************** O ++ **************************************
0.2~ 0.2+ + +
®
04— -0.4—
-0'6_\\\\\\\‘ | \\\\H‘ | \\\\H‘ -0'6_\\\\\\\‘ | \\\\H‘ | \\\\H‘
10” 10* 1 10” 10* 1
X X

— zhy' clear transversity signal
— zh suffers from low deuteron data statistics
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Extraction of Transversities » global fit

In JHEPO3 (13) 119 Bacchetta et al. perform fits to zh¥ and xh{
extracted from HERMES and COMPASS (A™h~ 2002-2004 and 2007)

data. They use a functional from
zhi =

tanh (ﬁ(Aq + Byx + qu2 + qu?’)) (:13 SBY(z, Q?) + 2 SBY(z, Qz))

@ last term ensures that the Soffer bound holds true

@ parameters of the polynomial argument of the tanh allow for three
scenarios

» rigid scenario: ¢ = D = 0Vq
» flexible scenario: D = 0Vq
» extra-flexible scenario
@ subsequently fit replicas are generated by scattering the data
points by a Gaussian distribution with a width equal to their
uncertainties

@ a band containing 68 % of the replicas is used as the final result
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Extraction of Transversities » comparison with global fit

Comparison of new results with Bacchetta et al. JHEP03 (13) 119:

zhi(z; Q)

zhil (z; Q?)

2003 & 2004 deuteron data
0.6— [ flexible scenario
Bacchettaet al.

arXiv:1212.3568

-0.6—

@ 2007 & 2010 proton data and

-0.6—

Bacchettaet al.
arXiv:1212.3568

g 0.8— e 2007 & 2010 proton data and
g 2003 & 2004 deuteron data
06— [ flexible scenario

102 101

1 10°

X

101

1
X

No surprise: New COMPASS data points are (still) very well
compatible with the fit to the ATh~ data.

Chr. Braun (Univ. Erlangen)
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Extraction of Transversities » comparison with

Comparison of results from single hadron Collins asymmetry global fit
by Anselmino et al. Phys.Rev.D 87 (2013) 094019 [arXiv:1303.3822]:

U e ()2 d( . N2
xhl (ZE, Q ) xhl (ZC, Q

X 08—  CcomPAsS X 08—  commass
£ e 2007 & 2010 proton data and % e 2007 & 2010 proton data and

0.61— 2003 & 2004 deuteron data 0.61— 2003 & 2004 deuteron data

: — Apand ' — Apand
— A, from — A, from P
0.4— Anselminoet al. Phys.Rev. D87 (2013) 094019 0.4— Anselminoet al. Phys.Rev. D87 (2013)| 094019

\\\\\H‘ -0'6_\\\\\\\‘ \\\\\H‘
10? 10" 1

10* 1
X X

-0'6_\\\\\\\‘ \\\\\H‘
102

Very good agreement for the u-quark Transversity
and fair agreement for d-quark.

~ results than Ag.
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Conclusions & Outlook

@ Deuteron and proton 2007 h*h™ results published [PLB 713 (12) 10]

@ Combined 2007/2010 proton A" h~ results submitted to Nucl.Phys.B
[arXiv:1401.7873]

@ Preliminary 2003-2004 deuteron data identified pair results

@ Preliminary 2007/2010 proton data identified pair results

@ Complete sets of 777~ asymmetries with unified cuts, binning and fit method
from deuteron and proton targets

© COMPASS 777~ data is in good agreement with HERMES results

© Good agreement with model predictions

@ First bin-by-bin extraction with the final COMPASS results of the transversity
distribution of v and d valence quarks using the method by Bacchetta et al.
[JHEPO03 (13) 119]

Outlook:

@ Paper on identified asymmetries: deuteron 2003-2004 and combined proton
2007/2010 data

@ Multidimensional analysis in e.g. Q2%, z, Miny, ...
0

@ Asymmetries of pairs including 7
Y
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Thank you for your attention!

Always label your axes
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Results » kinematic distributions » vertex Z position
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Results » kinematic distributions » DIS events » Q?
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Results » kinematic distributions » DIS events » 2
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Results » kinematic distributions

COMPASS 2003/2004 deuteron data
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Results » kinematic distributions » DIS events » y

m o o
[ — >N © 4 >
o N4 +_H 4 = /
Sl = Ex 9. = o
o) )7 o m (=}
+— -
3 3 = 3
© o
o
~ ~
m IS s S
N BRI o uww.“
e e S cae
= SERREEH © 8 a5 ©
2 XXXXXvOOOOOOOOOOOOAXXXXXX‘ 5 2 v | 5
) S ) S
<C < d
W Jo W e
O SRR 3 O SR
S
RRRRRRRRR ~ ~
TSRS S S
1_ 5
> ° 5 ©
> I R o U o
S00'0sWeM SIA S00'0sWeMAB SIa
)
o
« o o o
I} '« - > g '« - > N
o + i + )
m Y ] © Y ]
1o Ei=l
T ] §c = ] g
3 43 o 13 m
° ] o 1
) ™~ 9 anr~ Wu
o b o o b o
N ] N b o]
<o) Jo = Jo
duw w0 Q
j o 2
[an B o B
W 1o W 1o =i
O B O B <
1° 1° go
JJI#\M o LN )
1° {° <=
e e n
Jo 41O
E H 5 H 7))
X ] ﬁ I - 7 ] 7 ] 7 L1 0. X L ﬁ L L 7 L L 7 L L ] O.
= 0 S 0 == © S Ry S <
N — — o o P
S00'0sWeMAB SId S00'0sWeMB SIA M
a o o @)
I _ 4 > « _ = >
EJS §:
) ° )
e — 1o ol © —= )
M 1o m e
% 4% =
g 1° 5 N 3
I~ =] I~
1o b= 15 20
N ] N ] n
Io) o = @ a3
S 1° S 1° =
] ] —
N Jin N B
M& 1° M» 1° E
g =L g =L .
: Es >
1en o,
&) 13 &) 13 o
N N -
Bl 715 ~—
1e 1
« 4o © Jo =
S 1 = ] =
X Il % Il Il Il 7 Il Il Il 7 Il Il Il 7 Il Il L] D XL % L1l 7 I 7 I 7 [ . D a
8 3 < S = 8 = S 3 & Y
o o o o o B
G000 SIA G000 SIA

S
<
O



Results » kinematic distributions » DIS events » y

x10°

COMPASS 2003/2004 deuteron data

8

DIS events/0.1 GeV/c
g

0 2

©
N
(=]

DIS events/0.1 GeV/c
[=) =)
5 5

0.05

0.00

4

6 8 10 12 14 16 18 20
W (GeV/c)

COMPASS 2007/2010 proton data

Chr. Braun (Univ. Erlangen

6 8 10 12 14 16 18 20
W (GeV/c)

DIS events/0.1 GeV/c

DIS events/0.1 GeV/c

COMPASS 2003/2004 deuteron data

[k

2

4

6 8 10 12 14 16 18 20

W (GeV/c)

COMPASS 2007/2010 proton data

10

2

4

6 8 10 12 14 16 18 20
W (GeV/c)

COMPASS hadron-pair asymmetries

DIS events0.1 GeV/c

DIS eventd0.1 GeV/c

R
R
SR

oo?

oot

oot

QX
SR
RS

"eeees

X,

X

...
RS
RS
SR
o
S
RS
s

%
o
%
S
KR
o

55555

..,.

R
:

R

.
3
2
3
3

§osess
%

R
§§'.~.
3
3

BB L
sy
Ry

10 12 14 16 18 20
W (GeV/c)

20—

15—

10—

6 8 10 12

N
-
21148
NN
Nk 0K+
NN, T[
NN, K
NNy,
NN
NN
N P
NN e S NN
EEEN
NN
NN
N\ \
N
N
N oo olatetetorsss N
SRR
s ssss )
N
e atainsssesesesny
N
s sl
S S Sy
oo 0e00000
s esssssatasss
Sty
s
L oA R AR R

14 16 18 20
W (GeV/c)



Results » kinematic distributions » hadrons » z; vs. 2
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Results » kinematic distributions » hadron-pair » Z = z; + »
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Results » kinematic distributions » hadron-pair » F,, ;s
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Results » kinematic distributions » hadron-pair » cos?
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Results » kinematic distributions » hadron-pair » A,
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NEW Results » proton data » all identified pairs
2007 data 2010 data

COMPASS 2007 proton data COMPASS 2010 proton data
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NEW Results » proton data » KK~ pairs

COMPASS 2007/2010 proton data
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— no clear trend
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NEW Results » proton data » 7+ K~ pairs

COMPASS 2007/2010 proton data
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— compatible with zero within the statistical uncertainties

T no signal
z significant slopes with a relative maximum around = 0.45
M, no clear signal
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NEW Results » proton data » K7~ pairs

COMPASS 2007/2010 proton data
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— compatible with zero within the statistical uncertainties

x no clear signal & negative mean value
z no clear signal & negative mean value
M, minimum around ~ 0.9 GeV/c?
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Extraction of Transversities » 15t step » details

1. What about the difference in the (Q?) values between our results in
PLB 713 (12) 10 and the new analysis? Might this have a significant

impact on the results?

answer from M. Radici: "In my opinion, it does not. The uncertainties
on H;® (because of BELLE large errors) have a much larger impact.
Also the HERMES /COMPASS error bars on Agipis play a role.”

2. What do the factors

azhf/p

sin ¢RS
AUT,D/p

contain?

~ IR >, eahi(2Q%) H (2, Miny; Q°)
Mino 37 €2 f(2:Q%) D (2,Minv; Q%)

AS(}I;S¢R+¢S+7T) (ZL‘, Zy Mip; Q2)

= f1q<x§ Q2>7 Df(z, Minw; QQ) and Hf’q(za Miny; Q2>
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Extraction of Transversities » 15t step » details

fil(z; Qz) taken from the MSTWOSLO [arXiv:0901.0002] set. In
order to implement the Soffer bound, the helicity

distribution function ¢; is needed at any scale and z, taken
from parametrizations of DSSV [arXiv:hep-ph/0310196].

Di (2, Miny; Q%) The cross-section for the production of an unpolarized
pair is generated in the BELLE’s MC. This is then fitted
with the corresponding formula that involves a
parametrization for Df. (Since there is no data for et e~
unpolarized cross section for hadron-pair production.)

Hfz U2, Mypy; Q%) extracted from BELLE’s polarized
data [arXiv:0805.2975] together with the D; "extracted'
from MC. Evolved by a modified HOPPET
code |arXiv:0804.3755].
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Extraction of Transversities » global fit

Comparison of new results with Bacchetta et al. JHEPO3 (13) 119 :

zhi'(z; Q?)
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No surprise: New COMPASS data points are (still) very well
compatible with all three scenarios.
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Extraction of Transversities » global fit

Comparison of new results with Bacchetta et al. JHEPO3 (13) 119 :
zhi (z; Q°)
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