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COmmon
Muon and
Proton
Apparatus for
Structure and
Spectroscopy

Fixed target experiment
at CERN SPS
Data taking since 2002

Nucleon spin structure
SIDIS with high energy muon beams on:
longitudinally and transversely
polarized targets:

-gluon polarization

-helicity PDF

Meson and baryon spectroscopy

with high energy hadron beams
Boris Grube talk yesterday

-transversity PDF s
-TMD PDFs

this talk

Future measurements with DY:
Michela Chiosso talk
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The COMPASS spectrometer

longitudinally polarised muon beam
beam momentum: 160 GeV/c
beam intensity: 2-10% p*/spill (4.8s/16.2s)

2 stage spectrometer in order
to cover a large kinematic range
180 mrad angular acceptance

Muon identification Uy
Detection and identification \ F
of hadrons for SIDIS beam: g TR

measurements
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The COMPASS spectrometer

longitudinally polarised muon beam
beam momentum: 160 GeV/c

beam intensity: 2-10% p*/spill (4.8s/16.2s)

2 stage spectrometer in order
to cover a large kinematic range
180 mrad angular acceptance

Muon identification g iy
Detection and identification \ !’
of hadrons for SIDIS beam: g TR

measurements

Hadron S
identification: 5 Cherenkov
it K* thresholds
based on RICH-1 ’ n~ 3 GeV/c
response 30 P K~9 GeV/c
(likelihood algorithm) v o p~ 18 GeV/c
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The COMPASS spectrometer

longitudinally polarised muon beam
beam momentum: 160 GeV/c
beam intensity: 2-10% p*/spill (4.8s/16.2s)

2 stage spectrometer in order
to cover a large kinematic range
180 mrad angular acceptance

Muon identification S
Detection and identification \ !’
of hadrons for SIDIS beam: g TR

measurements

solid state target
operated in frozen
spin mode

Transverse data taking

2002-4: °LiD target
pr~50% ;f~0.38

2007/2010: NH, target

2 configurations:
pr~90% ; f~0.15

reversed every few days
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do
dx dy dip dz dgy, AP

= SIDIS cross section

2

a2 g ,
1+ NoEE) cos 91

+ € cos(2¢y,) Fg%srz% + Ae V2e(1 —€) sin oy Ff,}’}%

several structure functions,

SIS sin o[ o [ depending on different
(1 +€) sin g Fyyp ™ [ esinenf Fy combinations of azimuthal angles

+ V91— Frp ++/2¢(1-¢) COS%IFE%S% Each structure function :

- . . convolution of PDF and FF
—l—@ sin(op, — ds) F?;Egh—cbs) n gF;l;th_ﬁbS))

)

+ & sin(dp + o5 )| Fam® 9|4 ¢ sin(3¢), — ﬁf’SP FR

+/26(1 +¢) singd Fom?s I \/2e(1 + €) sin(20y, — ¢s)|Fm-n~%s)

+[V 1 — €2 cos(op, — ds FE‘;f(%_éS +/2¢(1 =€) cos ¢s FE%?QSS

+ V2E(1 =) cos(26, — o Fcos(?th—ff’S) }’
e(1 —¢) cos(2n — os) Frp ] COMPASS measures all of them
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do SIDIS cross section:

dx dy dip dz dpy dPE, Collins and Sivers SSA

o2 o2

2
z CoSs ¢p,

18 structure functions,

+ecos(20n) Fo® + Ao v/26(1 — €) singy, Fpp™ 8 transverse target
dependent spin asymmetries
with different azimuthal dependences

+ S” \/26(1 + E') sin ¢y, Fgrigéh + ESill(Q(ﬁh)ngEQ(ﬁh“

+Sde | V1 =2 Frp +/22(1 - ¢) cos oy, Ff3 ™

Sivers

+@ sin(én — 0s) (For ¥ < Fog gt ) Collins

+ € Sil’l((f)h + (f)S) £ Sin(géh _ @S) F;ri;wfﬁh_ﬁbs)

+/2e(1+¢) sings Fin?s 4 \/2e(1+ ¢) sin(20y, — ) Fopp2om=9s)

HSM&[ 1 — & cos(on — 0s) Fi7 %) + v/2e(1 = <) cos o5 Fy7

I

+/2e(1 —¢) cos(20y, — ¢g) Fronon=2s)
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Collins asymmetries, results on proton

Results from 2007 and 2010 data taking

% B L] e 8 I~ .
F 0. + . e at small x asymmetries
0.05- - ; i i compatible with zero
s 440 ¢ x ¢ }
n—--'—-éil-f -------------- -y ~[*%e*” 4 | | e Strong signal in the valence region
} - ¢ LR p: LA ST T I, . . .
b a _ of opposite sign for m+ and n-
—0.05- a+ bl - e opposite sign
. | | | | | | e Dunf~-Dfav
3  me
0.1- - -
K- .
: + K* negative trend
+ - {. ! boe R, + } in the valence region
ﬂ—"".“q;*'. """"""" LA S S —?' o K- PERN
S R T ¢ o R positive in average
K+ !
_ﬂrl_llllll| Ll Ll ] | _ | | |
lﬂ—ﬁ ].ﬂ-l 0.5 0.5 1 L5
x z p;i (GeV/ic)
syst error ~ 0.6 stat error
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Collins asymmetries, results on proton

Comparison between HERMES and COMPASS,
limiting COMPASS range to the x>0.032 region, overlap with HERMES

COMPASS 2010 proton data

Ceall

~

COMPASS positive hadrons w<0.032 preliminary
COMPASS positive hadrons o=0.032 preliminary
HEEMES ©* PLB 693 (2010 rescaled by §

[ Y |

A S

E'E}M}‘E.‘i.‘i negative hadrons e<().032 preliminary

COMPASS nesatve hadronso=0.032 preliminary ,

][]'-'R['-"EFI."E T PLB 693 (2010 rescaled by LI-::.-’::-,‘LFLJ--::}'::-H}'::-']
i i | 1

0.5 ' 1

-
as

1
0.5 1

Good agreement :

* Non trivial result:

Q? COMPASS larger

of HERMES’s of a factor
2-3 in the last x bins
—>weak Q? dependence
of the Collins effect

COMPASS 2010 proton data

Q* (GeVic):
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Collins asymmetries, results on deuterium

Asymmetries on deuteron
'OMP,

target compatible with zero
PLB 673(2009)127-135 4 g P

T - i % Some small effects expected
{)—%i}#ﬁ%&i’i{’#—§°t§)i§+§i@§#ﬂ—%%gﬁ#iﬁ even if HYr ~ -Hg,
L } i ] ']' —> cancellation between
< : AU (X) and Ad (X)
S 04 m g+ ~ B
< o K
02 # - % - ; ; handle on A.d (x)

F Q°-2.41 GeV?

XAt u(x)
o

d
AC(}H
o
)
T
™
; =
i oF
——
——

o
XAT d( )
S
)

T 100 02 04 06 08 0.5

1
1 .
h -0.3
* 2 pT (Ge V/C} 0.001 0.01 0.1 1

systematic error below 30% of the statistical one

fit by Torino group
(arxiv 1303.3822,)
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Hadron pair asymmetries, results on proton

Results from 2007 and 2010 data taking

& 0IF ' Another way to access
o 005 ¢ - . transversity
£ o OO LT T RURCEECREEERRE - bag oo
¥ 0.05- Q R treTe | e ?
: ¢ Recent results from all the
-0'1__—_——_ [ | i ——— prOton datal all identified pair
é‘é 0.1 } KK B combinations.
-e—Em O—-1-7¢---®----ft-------|—----- { ------------------ e et o o EE
£ *{'} + { + } ' ‘LH { } - pair: trend very similar
vo-0ar + - to the Collins asymmetries:
O ——— S —— s 3¢ SMall X asymmetries,
T L, | e
] 0'_+Hf*++ # _____ | S . ¢ +++ ______ valence region
<
Vo1 % + L
0 e — Other combinations
I
A ' ' - ' ' ' ' +rt- K+m- m+K- .
= 0.1~ K'n ~ L.
k + . ; no clear trends visible.
< O—-------+---fF-7-1--"®----- - @1 F—--------F--------—-4¢-----1
Ly ¢ {'+ ¢ } {,{' s ¢ {iﬂ,{'
V-0 - COMPASS measured also
P B very small asymmetries
0.2
e | [ - .
B P S ¥ T 05 1 15 2 O©ndeuterium
X z M,,, (GeV/c?)
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Sivers asymmetries, results on proton

e large signal for ®* and K*
over all the measured x range

e increasing with z

* linear behavior at small pt,
saturation for P;" > 0.4 GeV/c

K* positive in average
K- compatible with 0

o difference between K* and «*:
important role of sea quarks?

» posttive hadrons
positive pions
positive kaons

A
o
- @0

fU.OS oLl

Results from 2007 and 2010 data taking

aié 0.1 ~ @ positivc pions —
0.05- m+ } . p .
R A R RO
ﬂ—'};.+}++ ------ T —*é’-?;i---- }
']T-
=0.05- AT R R 1 . L I I I
G s i
ol K+ e -

| 3 T BT . . l
1072 10 0.5 1 0.5 1 1.5

x z p;‘, (GeV/c)

syst error ~ 0.6 stat error
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Sivers asymmetries, results on proton

Comparison between HERMES and COMPASS, limiting COMPASS range to the x>0.032

region, overlap with HERMES

COMPASS 2010 proton data

COMPASS positive pions x=10.032 preliminary

T 0.1 ™ COMPASS positive pions x=0.032 prelimmary -
S HERMES - PRL 103 (2009) 1
. ,T, I T T 1
. T . - L
0.05F L 9%, 3 " oos 5 F + -t }} | I}
3¢ 2y
. 1y | 3
+
) T
—0.05¢ 1 Ll B L L 1 1 1
2 -1 0.5 | 0.5 | 1.5
10 10 : h (GeVic)
& Al COMPASS kacns x~0 032 prelinzinary N
2 0r ., COMPASS hos e Faone ¥ 0033 ronay

HERMES K° PEL 103 (2009) 11
: v g }

HERMES nt* and K* asymmetries
larger than COMPASS

Q2 COMPASS larger of HERMES'’s

of a factor 2-3 in the last x bins

- Q? dependence of the Sivers
effect plays a role

TMD Q? evolution has been
worked out and added in global
fits very recently

K+ S. M. Aybat, A. Prokudin, T. C. Rogers
0.1 T = | s | | | PRL 108 (2012) 242003
1072 10! 0.5 1_ 0.5 1 . Gfli;-'j-' M. Anselmino, M. Boglione, S. Melis
. @Y1 prD 86 (2012) 014028
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Sivers asymmetries, results on deuterium

OMP,

PLB 673(2009)127-135 4

Asymmetries on deuteron
n_#éﬁﬁhiﬁﬁﬁﬁ)_.@hﬁf%k ....... %ﬁ_pﬁ%%ﬁ%*# ______________ # y

target compatible with zero

0.1
%ﬁ 0.4 = K’ N -
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|
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Laaaal L L aaaal L PRI 1 | 1 1 1
(GeV/c)

~ =

systematic error below 30% of the statistical one
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do

= SIDIS cross section

dx dy dip dz doy, dP2 _ _
' ygz,b 7 fh PR other leading twist terms
- Y 7 cos
l'yQQ 2(1 —E) (1 + E) {FUU,T +€FUU,L + 25‘(1+5) COSéhFUUéh

wormgear hlll_ @ H f

) | .
+ecos(20n) Fygy " + Ae V/26(1 =€) sin gy, Eyyp ™" All asymmetries on d

compatible with zero;

@ V2e(1 +¢) singy, F5fp® + esin(26y, ) Fop 2™
+Sde | V1 =2 Frp +/22(1 - ¢) cos oy, Ff3 ™

—_—

pretzelosity hllT ® H 1L

. B sin(¢p—os) sin(¢p—ds)
+@ sin(on — ¢s) (FUT,T tefyry ) All asymmetries on p and d,
- compatible with zero

+ & sin(dp + bs) Fam®199) 4 ¢ sin(3¢), — Cf’SP FR

+/2e(1+¢) sings Fin?s 4 \/2e(1+ ¢) sin(20y, — ) Fopp2om=9s)

+[V 1 — €2 cos(op, — ds FEC;(%_% ++/2¢(1 — ) cos g FEC;QSS

wormgear {1 X D1
+/2e(1 —¢) cos(20y, — ¢g) Fronon=2s)
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cos( lph— (|JQ )
LT

cos(, =@, )

A]_T

01

0.1

Other transverse spin asymmetries

Probability of finding a longitudinally polarized quark inside a

cos( ¢y, -ds ) .
F oC ng ® D1 transversely polarized nucleon.

Double spin asymmetries, requiring both longitudinally polarized beam

wormgear and transversely polarized target

£ e positive hadrons : COMPASS preliminary L Deuteron 2002-4 data

0.2 o negative hadrons -

01F

5 it ﬁ ﬂ ’ l FLAE ]1 “ i {* }I

S0.2F [ —— L —

— a...em:’x«ﬁ S [ O ———— ST RRTEd "

+p(},§'lf.ﬂ/‘(, hc.‘dr()m % E COMPASS prﬂ)!f}ﬂf”({m; E PFOZOH 200 7_]0 data

- negative hadrons

1 1 - L 1 ' 1 1 L L L L L C L L 1 1 I L 1 1 L L
107 107! 0.2 0.4 0.6 0.8 0.5 1 15
X z P+ (GeVic)

Similar trend is present in HERMES preliminary results
Positive signal for " also seen by JLab E06-00, on neutron.
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SIDIS cross section: unpolarized part

do B
dx dy dv dz dop, del o

(_):2 y2 72 cos ¢
Ty Q? 2(1 —¢) (1 + 2_1,) Four +eFuur ++v2e(1 +¢) cos\gn Frp ™"

3 independent modulations
+ Eoos(?)\e V2e(1—¢) sin in the hadron
azimuthal distribution

+35 [ 2¢(1 +€) singy, Fyyp ™ + esin(2¢y,) Ff}g%h]

+ Sjxe | V1 —€2 Frp + /2£(1 —€) cos ¢y, Ff‘%sé"

1811 | sin(on — o) (Fgmgr **) + e Fopp %)
+ € sin(¢y, + ¢s) F;i;(t;bm-qbs) + & sin(36p, — 65) F;}i;(aqsh_qgs)

+ v/2¢(1 + ) sin ¢g FLS;;‘PS +v/2¢(1 + ¢) sin(2¢p, — og) Fg;@‘ﬁh—‘?s)]

V1 — €2 cos(dy, — ) FE@h=99) L /2e(1 —¢) cos ps FEE S

3

+ ISJ_lAe

+v/2e(1 —¢) cos(2¢n — ¢g) Fros2on=0s)




SIDIS cross section: unpolarized part

Also the azimuthal asymmetries in the unpolarized cross section give information on TMD effects.

higher twist effect proportional to beam polarization
Asin(/ﬁh no clear interpretation in terms of PM

%sz% _ écahn + 1 BM Cahn effect + Boer-Mulders DF

1
L;gz% =BM + —anhn Boer- Mulders x Collins FF + Cahn effect

Cahn effect Boer-Mulders PDF

kinematical effect due to quark Correlation between

transverse momentum the quark @ _ @

transverse momentum
and the quark spin
in an unpolarized nucleon quark

2
dO’ x1_4(kt>2pt

D +...
d‘bh Q (P:) cusﬁk(Y)cos ‘bh

pQCD contributions expected to be important for p;>1GeV/c
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Unpolarized asymmetries, results on deuterium

< . COMPASS °LiD [25% 0f 2004 data) Hreliminary
[~ T Bt PP RREY
o - ¥ v YY
= I e Y Y ¢ ¥ ¥ ::Iiii i"l‘ v
-0.05- A T I tey, - Pav
L cos d
L ]
0.1+ - - o e Large signal over all the x
. ht g range
015 4. 5 B e Strong z dependence,
| | | | forz>0.5
=1 I 0,2 0.4 0.6 0.8 0.5 1
102 107 A P [Gevic]
o COMPASS °LiD (25% of 2004 data) Hreliminary
'“% i cos.ZCD N
<~ 0.1 - 1 { - e Different for positive and
% i f* ¢ {{# fog negative hadrons
0.05[- ; g ¥ J % = # ¥ ¥ e Large signal at small x
. it i 1 i ;j{,{»“ L. 4 ' I * Strong dependence on x, z,
O 7= 4 i S — B I S 5. and p;, difficult to describe
Ll 1 Ll ] | | ] ]
1 -2 1 -1 0.2 0.4 0.6 081 0.5 1
0 O x z P [GeVic]
sys = 2 - stat
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. COMPASS °LiD [25% of 2004 data) Hreliminary
< O OO OOl OSSO
LR 1 z v v Tiif ¥ f-z
= EEERE et ® "ziri
-0.05- et L B LI B
L]
L]
0.1+ - - '
o ht
=015 h- - -
Ll L Lol | | | | 1
1072 10" ! 0.2 04 ] 0.8 0.5 1
X z P} [GeVic]
, r?f COMPASS °LiD (25% of 2004 data) wreliminary
23 f
= 0.1 ; 1 -
i ¢
0.05- % 3} {'* i ﬁ{#i'}v{ t
tEad gdiate g
o ht I 1 i ¥ ¢ ¢
n_"T"}g:"""""""""""""" T TTTTTTTT T T T s n s B TThTTTTEmTTTYT

Unpolarized asymmetries, results on deuterium

cos d

e Large signal over all the x
range

e Strong z dependence,
forz>0.5

cos 20

e Different for positive and
negative hadrons

e Large signal at small x

e Strong dependence on x, z,
and p;, difficult to describe

To investigate deeper the complicated and unexpected kinematical dependencies found,
a multi-dimensional analysis has been done, binning simultaneously in x, z and p;
—interesting input for theory

CLAS12 3rd European Workshop
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0.003 -0.012 | 0.1-03 | 0.2-0.25

0.012-0.02 | 0.3-0.5 | 0.25-0.32

- 0300000 | COS2P @asymmetries multi-dimensional analysis

0.038-0.13 | 0.64- 1.0 | 0.40 - 0.55

(.55 - 0.70

0.70 - 0.85 COMPASS °LiD (25% of 2004 data) preliminary
;§O.3I-
i:" 0.2t « h+ i i i i
01 i ¥l i ior i i
doerdlopp il ot Bhdpbal by o
01 I s - - b } i
0.2 - e - -
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‘QQ zi: ¥ i ¥ §
AR 6 306 0 A0 26 A% A0 A00F . U0 A O A SO0 . 0 0 A ! . 0 ii ..........
f
0.2 L s
g% 0.3 |
! SRS
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0.1+ ¢ 1’
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59 0.3 ¥
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o ity ¥ {
0:,_ LU0 S A A R T T B I LR W §i ii{
X 0.1 } {
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ph (GeVic) p! (GeVic) p" (GeVic) p! (GeVic) p! (GeVic) p! (GeVic)
Z/

The p; trend difficult to reproduce by models is there for large z and low x
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cos® asymmetries multi-dimensional analysis

COMPASS °LiD (25% of 2004 data) preliminary

&
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~
7
Z

The p; trend changes with z, and it is roughly the same over all the x range
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Conclusions

COMPASS has investigated transverse spin and TMD effects
via SIDIS off deuterium and proton targets.

Full set of results on Collins and Sivers asymmetries, on pions and kaons :
interesting effects on p to be investigated deeper with a multi-dimensional analysis

Results on many other channels available: other 6 transverse asymmetries , 2h asymmetries,
longitudinal azimuthal spin asymmetries ...

On a longer time scale, possible SIDIS measurements on p and d, with different beam energies

Unpolarized asymmetries on d different from zero, showing complex
and interesting behavior in the kinematical variables.

o~
w
80.1—%@?@@@%%%%@@@@%%%[1
New measurement on unpolarized 0.05 B ;b b
hydrogen target in parallel I B i % ¢ S I
. T
to DVCS run at COM PASS ” (2016‘2017) positive hadrons negative hadrons
005 °* COMPASS 2004 deuteron prelim. | e  COMPASS 2004 deuteron prelim.
) 0 COMPASS proj. 1 week O COMPASS proj. 1 week
1 I| _‘_‘_ﬂqll 1 1
102 10" 10 107
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Other transverse spin asymmetries

Fr ) ochl ®H;

“pretzelosity” & Collins FF

& -6

All asymmetries, on proton and deuteron,
compatible with zero

*Small pretzelosity PDFs/cancellations

*Suppressed by a factor of P;? wrt Collins and Sivers

2 o] T - commsspreimmay [ Dewern 20024t
r‘? = : T i
== L L
£ T
0.05)- —_— : j—
s — e SR
s 0.04 :— —= positive hadrons :— COMPASS preliminan C
é_; | = pegative hadrons | L
s omf i -
< i } [ [ %
o 1 % % s }‘} - {'} I {
SLINLAERR SITAEE I-{ ﬁ +hi}ﬁ{“ |
-0.02 :— :" { ."
04

/ | P, (GeVie)

INPC2013
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Other transverse spin asymmetries

- —e— positive hadrons

i [ COMPASS preliminary
[ —— negative hadrons
0.02 -

3 : {
]l *}ﬂﬂ*uH ;**#}m} ﬂ }l ]l 5{1#*{%#*[{{ ! ”
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Deuteron
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F F F COMPASS
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COMPASS 2010 proton data

-0.1

(o

COMPASS positive kaons x=0.032 preliminary
COMPASS positive kaons x>{.032 preliminary
HERMES K~ PLB 693 (2010} rescaled by

gty
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1 _<:y:-»),.f( 1 -":}‘}"'{5}/}2}

bty
s

COMPASS negative kaons x<0.032 prelimiaary

|

™ COMPASS negative kaons x>0.032 preliminary s
o HERMES K~ PLB 693 (2010) rescaled by ( 1-<y=)/(1-<y>+<y>?)
0.2 el N | . L | | |
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2010 data

same data selection and analysis than for
published / released results

common hadron sample for Collins and 2h
analysis, i.e.

» events which contain at least one
positive hadron and at least one
negative hadron

e for each event the number of
hadrons is the number of h+h-
pairs, as defined in the 2h analysis

« ph; > 0.1 GeV/c and R;> 0.07 GeV/c

two sets of data, with z;> 0.1 and z;> 0.2
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-0.1

® h+ Collins asymmerty — new sample
® h- Collins asymmetry — new sample
® 2h asymmetry — new sample
=r h+ published Collins asymmerty
9r h- published Collins asymmetry
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Sivers asymmetries, evolution with Q2

TMD QZ evolution has been worked out and added in global fits very recently
S. M. Aybat, A. Prokudin, T. C. Rogers PRL 108 (2012) 242003
M. Anselmino, M. Boglione, S. Melis PRD 86 (2012) 014028

Fit to HERMES p and COMPASS d and p 2010 data
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