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COmmon Muon and Proton Apparatus ~230 physicists

for Structure and Spectroscopy 11 counties 20 Institutes
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TWO STAGE COMPASS in p run
SPECTROMETER NIM A 577(2007) 455

Trigger Hodoscopes

ECALs
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LH, target =« run

Drift
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Data taken

2002-2004:160 GeV p on SLiD
2006 160 GeV p on SLiD
2007 160 GeV p on NH;4

2010 160 GeV p on NH;4
2011 200 GeV p on NH;4

2004 190 GeV n, n on Pb (2

weeks )

2008 190 GeV n~ onlLH,

2009 190 GeV p,n* on LH,, Pb, Ni,

W

Outline

Part I: nucleon spin structure

/Longitudinal polarisation:

quark and gluon helicities
2. Transverse polarisation:
Collins, Sivers asymmetries

/ Part |l: hadron reactions

1. Diffractive dissociation
2-3. Central and Coulomb
productions

Part Ill: COMPASS-II

2112, SPS/LHC shutdown, 2014,
2015, 2016

/ proposal

1-3. Primakoff / DVCS / Drell-Yan
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Part I: nucleon spin structure

SLAC
E80 E130 E142/3 E154/5
CERN
EMC SMC COMPASS |
DESY
HERMES
JLab
CLAS/HALL-A
RHIC

Phenix/Star

¢ A worldwide effort since decades
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Key apparatus: polarised target

SHe — *He dilution solenoid 2.5T

refrigerator | dipole magnet 0.6T

(T~50mK) acceptance % 180 mrad
E 5 : 100 mm |

Deuterated lithium im===:i

/ammonia | }

6LiD/NH, (d/p) | I f

50/90% pol. | = 1|

40/16% dil. factor TEL W —— l A — == 1)
%) S ——

N> — e : i

biggest /fabricated for [ — —=L ~L4 \

Special shift during the T = F—

data taking ! ey
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Measurement of asymmetry

Upstrcﬁam Downstream

Tt _ 4 R e S =
o — 0 ' .
A” — E < ( ] e

oMl + o P> || - Ny| | e Ny

! L—beam

e flux normalization:
polarization

rotation

A N, — Ny every 8h
exp p— N —|_ N ;--------------: .................................................. :.E
' u d iy || <mm Ny| | o Ny
e acceptance difference: i

Polarisation rotation

e take average asymmetry:

= Aexp —

A+ A 1 Nu—NdJrN(;—N[L
2 2\Ny+Ng N+ N
= minimization of bias
e experimental asymmetry
Aexp = pu pT [ 4 bfean.ﬂ and target polarisation
dilution factor
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Nucleon spin puzzle since 1988
Yi=THAY + AG + <L >

AN

quarks gluons orb. mom.

“past” “present” “future” experiments

Measurement of AG is important for
two reasons:

0.8
0.6/

- as an element of nucleon spin puzzle -| o4
possible role of axial anomaly in the a,| %% | A
interpretation (a, # AX) _025 _——
1050051152253 354
a, (= AX) 1s measured to be\ AG
~0.30-0.35 1nstead of expected 0.6 \ao = AY — %A G

2T
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AG/G from u N scattering

Photon Gluon Fusion (PGF)

”\‘%h/“’ v'g = ¢c — DX
T — clean channel
— but experimentally difficult

< c ~ 100 nb... limited statistics

—

N
Y £ —>qq — hh
— easy to get a statistics

Spin asymmetry of cross sections for — but physical background
longitudinal polarizations of beam and 2 cases Q2 <1 GeV? (90% stat)

target, parallel and antiparallel & Q2 > 1 GeV2 (10% stat)

30/09/2011 QFTHEP'2011 10



N/ 5 MeVJc?

Open charm

COMPASS 2002 - 2006 D°-tagged Mass Spectrum
*+ 0 __+
< D" > D'
soft
BR =~ 68%
0 - __+
D" —> K«
5.4 BR = 4%
: @ 0
o f‘ 0 COMPASS 2002 - 2006 D°-untagged Mass Spectrum O — gOId e n Cha n nel ,
s D' 5 Kn weak MC dependence
= no D* tag

o]
o

= small statistics, no

vertex detector — no
primary/secondary
vertex separation

<1}
o

Np=37398

H
o

N
o
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p+d.» p + 2h(high p ) + X

N/dQ>

d

1000

500

10% of
gls E.S@tjﬁtics

vl 1l 1 d
10° 107 107 1 10 2102
Q? [(GeV/c) ]

QCD-
Compton +
g4 N

30/09/2011

high phadron pairs

- considerably higher statistics ... but
physical background, resolved photons
processes (last 4) are important only

for low Q2

LO DIS +  qg \g\;m
TSSO
o000

q9 gg
_|_
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World direct measurements on AG/G in LO

) 1: M COMPASS, high p, Q%1 (GeVic)’, 02-06 5 points from COMPASS
-.5-’ 0.8H @  COMPASS, high p, Q’<1 (GeVIc)’, 02-04
<] 06 - | Y& compass, open Charm, all @, 0207 (LO ;
- E ] SMC, high p_, @*>1 (GeV/c)’ LSS0
0.4/ A HERMES, high p_, all @
0.2 - DSSV,OS
0 :—== ——
-0.2 :—
-0.4 :—
0.6 i .
- o All measurements compatible with 0
08 preliminary
= | ] | L
107 10" X,

QCD fits =2 |AG| = 0.2—0.3 as direct measurements point to a small
value of AG ..... axial anomaly contribution is small =2 a, = AZ



Accessing AG: QCD fits to world data (DIS, SIDIS)

0.4

0.3

0.2

0.1

0.0

-0.1

-0.2

From Leader, Spin-2008

From DSSV, PRL 101, 2008

LB Ad |

L xAG
LSS'06

- === LSS'06 (xAG>0)
-—— DSSV'08

Q*=2.5GeV* |

I/l |ll|ll] ] lllllll]

- \
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 _¢
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., -

— — GRSV max. Ag

I l LI | II TT T T

; Il 1l ll I |

- GRSV mun. Ag

1 A1 1 1118 1 lllillll [ ] l-llll

-2 -1
10 10 X

LSS-06 : Phys. Rev. D73, 2006 AAC'06 : Phys. Rev. D74, 2006 DSSV-08: Phys.

Rev. Lett. 101, 2008

AG(x) may be: positive, negative, or sign-changing!

QCD analysis shows the first moment of |AG| = 0.2-0.3;

AG~ 2.5 is needed to restore AX~0.6.

S. Platchkov

Jlab users group meeting, Jun 3-6 2011
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Semi-inclusive asymmetries and flavor separation

three distribution functions are necessary to describe the
spin structure of the nucleon at LO in the collinear case

q(x)

Ard(x) = q(x) - q"4(x)

30/09/2011

quark distribution

in unpolarized DIS
IN-2>I'X

helicity distribution
in polarized DIS
IN>I'X
transversity distribution
in polarized SIDIS

INSI'h X Collins FF
IN'S>I"hh X Interference FF
INSIAX FF of qt> Al

QFTHEP'2011 15




Extraction of the quark helicity distributions from SIDIS

Zq ¢;Aq(x.Q’)D;(z.Q’)
> 84(x.Q")D}(z.Q")

h (p/d) 2
Al PY(x.2.Q°) ~

the outgoing hadron tags
the quark flavor

* Inputs needed for the extraction of Aq(x. Q):

 Unpolarised PDFs ( q(x. Q°)) — MRST04

. th(z. Q?) — DSS parameterisation

30/09/2011 QFTHEP'2011 16
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Deuteron A; asymmetries

= = - i
0.4 = A™ = A
02 - v E ol i£
3 o = +40 b E ++++*
0F-e o o oG @0°% ¢ o o .3¢¢*b E—+¢ ¢%$ +
- = = *
3 —F —E »
-0'2-|_|||||i T T |1|:|_|||||l [ 1111111—1_1 1|1—:__|1|111 L1 IIH L 11
107 10" allE AT = AK-
= Ay = Td K~
= Ll E
® COMPASS 0.2;— +$ ;_
© HERMES = vo. ! = f
0E® e o sal ™ ¢ 4 +$ﬁ%w JJT
PLB 680 (2009) 217-224  E Y |
-'—lllllli 1 lllllnﬂlllmlll
107 10" 107 10° X

Both pions and kaons are identified

Determine 3 flavor non separated PDFs |Au + Ad, Au+ Ad and As = As
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Proton A; asymmetries

0.8 & = =
0.6 - = =
04 =8 ol
02 =8 =B
0E =3 3
0.2 E_ m T ._.f.f f
107 10" 08 E _
e COMPASS 0.6 :_ :_
© HERMES — —
—— DSSV fit 0.4 = 3
0.2 — —
0F =

PLB 693 (2010) 227 5 k. S— el

102 10" 102 10"
X

Leading Order (LO) fit of the 10 asymmetries (5d+5p)

Determine 6 flavor separated PDFs |Au, Ad, Au, Ad, As and As

30/09/2011 QFTHE. _...
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Check the assumption As = As (a 6 flavors fit)

COMPASS Collcboration / Physics Letters B 693 (2010) 227-235

O XAS
" xAS

XAS, XAS
o
o
N

——
e
i
19;‘_.
]
i 6zt
— o
[ e e @ sy |

S
o
N
TTTTITTTT] lllllllllllllll lllllll
—O—

o
o
4]
IIIIIIIIIII
—0—
—{3—

llllllI | | lllllll | |

102 107"

=0.1

X
No significant difference! Go further assuming As = As

30/09/2011 QFTHEP'2011
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Quark helicities from SIDIS

COMPASSPhys. Lett. B693, 2010.

04 =
- - xad DSSV, Phys. Rev. D80, 2009
0.2 o
0F =
02 = Q2=3
; L leAéll | L1 1 1111 I L1111 (GeV/C)2
005 F - and
of - ] x<0.3
-0.05 e— s
C ol 1 L | 11111'llllll|2 | IIIIIII| I I |
L > -1
0_02: 10 10 X

Full flavor separation until x ~ 0.004

00k % Good agreement with global fits
E Sea quark distributions ~ 0
-0.04-_|lllll| ] | ||Ill|| | I I
102 10" « As(SIDIS) = —0.01 + 0.01(stat) = 0.01(syst)

30/09/2011 QFTHEP'2011 O 00% <x< O ‘; 20




TMD parton distributions

taking into account the quark intrinsic transverse momentum k,,
at LO 8 PDFs are needed for a full description of the nucleon structure

Azimuthal asymmetries with different angular modulations in the hadron
and spin azimuthal angles, ®, and @,

quark

polarization

Boer—
Mulders

nucleon polarization

U L T

L -
U f 1 f T - ¥

number density
o & @
L 5P P\ 6:1Q -C
helicity
I 2 &
1 1 g i

T h] 8) - (9 hJL o »- transversity

CTTllCAand d

1l o Ps
h & -

i T
Sivers AN
Transversity Arq

Pretzelosity
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Collins and Sivers asymmetries in SIDIS

) ] .
up —uph* y ;
Measure u 5 P)

simultaneously several
azimuthal asymmetries,

out of which 7/ \r -
Collins: Outgoing

hadron direction & nuelean
quark transverse spin

Sivers: Nucleon spin &

quark transverse

momentum ki

Collins Sivers

do gy, < |1+a,-sing. +a, -sing, +....|

30/09/2011 QFTHEP'2011
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Collins asymmetry

+ Couple A_(] to chiral odd Collins FF A 2D 2

2 o b

A quq-ATq-ATDq
2 h
Coll >4¢;-q-Dy

Azimuthal cross-section asymmetry:

Ao .
— X ACoII Sin (I)Coll

0)

Poot =P — 0 — 0
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COLLINS ASYMMETRIES for h* h~

COMPASS 2007 proton data

Qics 0.1+ { { [ ®  negative hadrons B h+
. ¢
5 ;¢ st & ¢ IITIS I, }
oﬁ}ﬁiii‘}{ ?‘Fﬂi } BREE - {
! t h-
0.1 [ EE_—_— ] T e——— T —
— I.““Io i .tl]lldllll . ' I L 0Iq L | 0Ig | lIs PLB 692
S | ate nacons 4 - 47 pr@Gevie) (2010), 240
0.1 -
deuteron hs
0.05/ - -
t
0_.; biag H»% };}i;} 5{.;{..;% it RETTs. f.}.,H e
0.05" - - %
ot ] L I I I I 1 PLB 673
102 10" 02 04 06 0.8 0.5 1 1.5
Xg; 5 b, [GeVic] (2009), 127

large asymmetry for proton : about 10% , for both h* and h-
deuteron result = opposite sign of A;u and A;d
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COLLINS ASYMMETRIES form & K

?"5 ®  positive
U ® negalive T
= ooaF } - -
{* } ¢
] ¢
0‘“{’#“":"3'?';“{'“" BRAR T W S TR S ‘H
~0.1F - to|
—
02f W | — 1.‘_.—I—;.=l.S .
10 107] X ) z B 1 p}}(C'}‘CVfC)
_m COMPASS 2007 proton data
_:"',5 ° pOSitif‘"_feK
Qwu oL ] i @ negative K i } l
P L Jnaf
K*- N * { I I { }
10_h 10_1 X . z o l pi}(lG.eV/C)

30

COMPASS 2007 proton data

QFTHEP'2011

large
asymmetry
for =«

But,
not clear
for K



COMPASS-HERMES COMPARISON

in good agreement

COMPASS 2007 proton data

3 . ° COMPASS
o, O Pre / rid + (| HERMES PLB 693 (2010)
< m | L
o o
O—""f'i"*"f'q"ij"g'i:'l"""""'—"' "f"i'"i'g' """""""""""
N bl COMPASS
HERMES
_02k positive T | negative T
10~ 107! 107 107!
X X

Solid evidence for:
transversity PDF and

o072 . .
A.q#0, A:D;#0  Collins function to be
30/09/2011 QFTHEP'2011 different from zero

for charged pions




Transversity: global fit

Fittingto Ag,@ from COMPASS, A, from HERMES
and Collins F.F. from BELLE (e*e scattering) = predictions

good agreement with the new proton data of COMPASS

AU and A;d have opposite sign as expected from deuteron data

—o— COMPASS preliminary

| =4 nselmino et al
arXiv:0807.0173

COMPASS proton 2007

-0.1r

_0.2 METEET| AT | MR | | 1 | 1 1 1 1
102 107 1 0.2 04 06 08 0.5 1 1.5

30/09/2011 X oFThEP2011 Py (GeVie)

Anselmino et al.

02 04 06 038
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Sivers asymmetry

: . L 2 Al h
Sivers function 1T A quq ‘fqu' Dq
Siv 2 4.D"
Azimuthal cross-section asymmetry Z‘q Cq q Dq

Ao ,
—— X Ag;j, sin @g
o

bs = o — 05

proposed (1990, Sivers) %
thought to vanish (1993, Collins) y q

resurrected (2002, Brodsky, \
Hwang, Schmitt)

different sign in DY and SIDIS
30/09/2011 QFTHEP'2011 28




SIVERS ASYMMETRIES for h* h~

h* h- COMPASS prqton 2007 Proton
| - ® posinve hadrons

ASiv

u:’ OlL B S negative hadrons —
o : . - slightly
: of * 4 . i
"H}%tihi}‘} Htﬁ#é*.E ﬁtzs.ﬁ.?*ﬂ positive
for h*
0.1 ———_— C ——e ' ——i
Ll R L 1 | 1 | | | | PLB 692
e P i 0.5 o5 " L3 e (2010), 240
COMPASS 2002-2004
eallh™

0.05F ©Oallh~

o 43 |
0§$;%§%§$+ ............ i Mﬁ)% ...... I S +§§§%+‘§{}> ............ + .......... compatible
| {% s | with zero
0.05
AT T 0T 02 04 06 08 05 1 1s PLB 673

X z p (GeVrc) (2009), 127



Siv

SIVERS ASYMMETRIES FOR n & K

0.1

COMPASS 2007 proton data

274

° COMPASS

pre ] iminda ry O  HERMES (PRL 103 (2009))
a ‘DU o Q ?
e &
_""{"i"!"'.' """" * "f """"""" '*"*"'*"'f‘%'g*ﬁ'i'ﬂ """"""
- + -
- positive T negative Tt
sl . Ll Ll . Ll
1072 107! 1072 107!

X

COMPASS 2007 proton data

® COMPASS
O HERMES (PRL 103 (2009))

X bt
|- i{* ------- N E— f ------ {v IP}-H{J ‘}L
:
positive K negative K
CE— TERT

[ SR}

[ sV

HERMES data
show clear signals
for n* & K*

No definite
conclusion

with the
COMPASS data
due to limited
statistics

More statistics
with 2010
COMPASS data
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SIVERS PDF GLOBAL FIT

Global fit using A;SV(n*) and ASSV(K*) from COMPASS and

A 3V(n*) and A SV(K*) from HERMES:

xANf(x, k)

T g2}

0.6
S 04l
0.2}/
0!

M. Boglione
in collaboration with

0

-0.4
-0.6 -

M. Anselmino,

U. D’Alesio,

A. Kotzinian, S. Melis,
F. Murgia, A. Prokudin,
C. Turk

QFTHEP'2011
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Conclusion (part I)

Direct measurements results indicate small AG around x = 0.1;
QCD analysis of g, shows the first moment of [AG| = 0.2-0.3;
AG>0 and AG<0 solutions describe data equally well

AX AG <Lz> )
but direct measurements
1/2 - 1/2 x 0.3 + 0.35 + 0.0 cannot

112=1/2%x0.3 + 0.0 + 0.35 yet discriminate between
12=1/2%x03 - 035 + 0.7 them

Solid evidence for:
transversity PDF and Collins function to be different from zero

COMPASS is a major player in transverse spin physics

the study of transverse spin effects needs further precise measurements
and the COMPASS facility is the only place where SIDIS can be measured
at high energy

More COMPASS data: 2010 p transverse, 2011 p longitudinal polarisations
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Part |I: Hadron reactions

Central production: Diffractive dissociation: Coulomb production:
\?'/
,-'-/! ' ‘\‘\“‘-—-,_

Gluon-rich environment Spin-exotic mesons Test of ChPT
Rapidity gap Forward kinematics Radiative widths

Meson states beyond the CQM = g9, 898 qig qaqa

2004 190 GeV t, 1 on Pb (short run) Beam intensity: 5-10° had/s
2008 190 GeV m~  onLH, Negative: 97% 1, 2.5% K,
2009 190 GeV p,nt,t on LH,, Pb, Ni, W Positive: 75% p, 25% m

30/09/2011 QFTHEP'2011 33



Diffractive pion dissociation

Diffractive scattering
« study of JPC exotic mesons

Hybrid candidates (1.3 - 2.2 GeV/c?):
lightest hybrid predicted: exotic JPC=1-—+

* t-channel Reggeon exchange * m,(1400): E852, VES, Crystal Barrel —> nn

 forward kinematics,
« target stays intact

* m,(1600): E852, VES —> pm, n‘m, f;, bym
* 1,(2000): E852 — f,(1285) «t, b,(1235) =

mw~ Pb— tn™n~ Pb

PWA analysis: Isobar model

4 days data taking in 2004

190 GeV 1T beam

7T~ (beam)

7t~ (bachelor)

Pb

30/09/2011

£ = +: natural

L parity exchange

£ = —:unnatural

parity exchange

target recoil

QFTHEP'2u11
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Diffractive pion dissociation (2004 data, Pb target)

Intensity / (40 MeV/c”)

Phase (degrees)

30/09/2011

50F
"“E rPb — wrmePb COMPASS 2004
-100F 0.1 =t = 1.0 GeV'se’
-150F H
2008 - ﬁ'%
2250 4 { ¥
C i A
E ;i{_i_,i;
300
- .
350F- AO (I TprnP-1707pn S)
e G v o e i oo o o g man g g oo W g e g 3 el g
4007508 1 12 14 16 18 2 22 24

800F- 1" 1°pn P COMPASS 2004
700 H TPb — ntPb
600 ] } 0.1 <t < 1.0GeV¥c*
500 } l }ﬂJ

400 } [

o W

LUV
o )

0 |l-a*l"|-T-; |

Pl

06 08 1 12 14 16 18 2 22 24
Mass of T System (GeV/c?)

Mass of T System (GeV/cY)

COMPASS, Phys. Rev. Lett. 104
(2010) 241803

PWA analysis of 420000 events
mom transfer 0.1 < t< 1 (GeV/c)?

quasi-free nucleons in Pb
a,(1260), a,(1320) and n,(1670)
are clearly visible

Significant spin exotic JP¢ =1+ wave

* M—1660 +10™° . MeV/c
F—g6g t26 > MeV/c2

* consistent with m (1600)

* Neglible leakage from other waves
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Diffractive pion dissociation (2008 data, Proton target)

charged mode: T p —>nntn-p  neutral mode: T~ p —> w’wl p

&
t

ents/(5 MeV/c?)

Ev

0.06
U,(l-l“

0.02]

—

7 008

Well-known resonances are clearly seen

x10°

|~y 16000
a,(1320) COMPASS 2008 2 : a{1320) COMPASS 2008
y = T ¥ w — =3 -
| R e || = Teo00 i —salp
1 ot | 2 ook (587 o1 2008 dat)
a,(1260) | o 12000 a{1260) no acceptance correction
.‘f | 38% of 2008 data g - 0.1 GeVic < ' < 1.0 Gevic
1 £ 10000
il -
| x,(1670) 3000(—
\ A N
f o 6000 1,(1870)
| -
‘ llL —
| \ 4000[
\\ N
I =
‘ | . 2000
| / S - "
T o R EL [
0 | 2 3 4 5 6 4 . ; )
Mass of & T & System (GeV/c’) inv. mass of %’ system [GeV/C]

PWA: analysis ~ 24M events PWA:analysis ~ 1M events

30/09/2011 QFTHEP'2011 36



First glimpse on the exotic wave JP¢ = 1-*

I€JPC M*=1-(1++)0+ rho pi S

x10° = x10°
'g F COMPASS 2008 L asErronp COMPASS 2008
» [ T+p— (3 +p Z E +++ Tp > TP
E 25_— -It‘ mass indep. PWA (53 waves) = " 0.1 Ge\"l c: ~r<1.0 Ge‘»':s'c::
= £ 4 & 20F t +++
2 T t- ¥ (X3 2 r
§ 20 . . 3&",:{::!]2003 data 5 C ++ t w
i} - '- + nut‘afc‘epumte correcled 1] 15 - h’ 4 : ;
15 + + ;a’:f..nu?zuna data C ++ ++¢+H ‘ +*+ : m(l 600) —> pr ?
r - acceptance corrected = t
L . 10 - + L} "‘#
L + . C LK)
10— . + C + by
C . ' .
- ¢ a,(1260) —> px I A H oy
5:- s -"'..:_ 0 :----ud"" : '." L
I - =1 I 11 1 I 11 I 1 I 11 1 i 11 1 I 11 1 I 11 1 | 11 1 I 11 1 I 1
U_Mlllm —— 06 08 1 12 14 16 18 2 22 24
06 08 1 12 14 16 18 2 22 24 Mass of 1 1~ System (GeV/c)
Mass (GeVic) ’
/ 2 _FAG@I T prP-T"0"prs) COMPASS 2008
& 1501 Tp = AATp i
/ s ] 0.1 GeVAic <t 410 Gew/c ¢ Intensity:
Good 2 100f { ot ¢+‘++ .
& F fi e signal at ~1.6GeV,
agreement s0F} AL
: } leakage from a,(1260)
between of | o b |
bt o it 4 N < .
charged and sofl. # A " - +~ N Phase:
neutral modes .. T ! . clean phase motion
-150 f— +
C I 1 | 11 1 | 1 1 | | 11 1 | L1 1 I - | | 1 I 11 1 | 1
06 08 1 12 14 16 18 2 22 24
Mass of o n” System (GeVic)
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Final states with strangeness: ©m & K beams

Glueball candidates decaying into KK K from beam
f,(1380),f,(1500): qq mixing with gg ? identified by CEDAR
Hybrid candidates decaying into KKn
(1800): usual 3'S, or Hybrid? K"K identified by RICH:

10 GeV/c< P, <30 GeV/c

=3
. >
TYEED

- p2K'K = p,

TP 9KS0KS0 TP,
TP 9KS0KL0 TP,
K p=2K n rn"p,

9( % (mrad)

508

20 | | ! | |
- 10 20 30 40 50 60
p (GeVie)
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Final states with strangeness: /K beams

mp > KK p

COMPASS 2008 data contain 10
times higher statistics than BNL.

) x10°* o
S 2 >
z COMPASS 2008 3
s I8F )
= 16 Tp—oT K, K" p o
= - e
> C +
2 14 f,(1285)/ + ~

Eo (1295)? nof agceptance corrected é
F Ly y v
I H f,(1420) [ 1(1405)? &
0.8 A R A
0.6F- E K ity
0.4 E—
02F
q-ll 11 12 1 I].3I { | |]‘4I | I].SI 11 |] .()I 11 l1.7| {150 | 118
Invariant mass (K *K) 7 system, a0 region (GeV/c?)
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Kp>Kntnp

X1 01\ COMPASS 2008 negative hadron beam
3.5F Kp- K2 Do
J, i Kl( 1270) Kl( 1 4(hacceptance corrected
3 v
) C [1*[ ‘

3 5f I )
2 Y

C LI
I 5 = / e %

. ( 1{L""-ur.

i e L,

L J ,_,L\M

05E /
— ‘L'd- ! ) A T [ J | B IS T S B B S Le— -

% d 1.5 2 2 5
M (K 7 1)[GeV/c)
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vents / SMeV) 2

F

Physics with proton beam

0.3

>_<103
5 COMPASS 2008 :
pa , -Search for glueballs in
£ pp—oprnnn’p . .
o — central pp collisions
3E not acceptance corrected
s *Baryon spectroscopy
2E- :
E *Precise OZ| tests
E_ JJ"
N Y B ¥ S R :
Invariant mass T n? (GeV/c?) )_(10.
e 3 40 _ COMPASS 2008
sE . COMPASS 2009 < A'(1232) _—_
E PP — PK K P, 35 :— N(1440) meaccepm:ce canm;d
"= W33 (~ 30% of 2009) Z B
3 E 2ot aceoprance armacind i;' 30 :_
\;_ 355— N(1650)
. ? 20 ;_ A(1700)
l.‘;— \m\ 1-,5_
3 10F- “
3 s
Q:l|||||||||l|'.|'|'|"'.|"'|"'l"" 0:||||s|||n||||||||||||||||||||1|||a|||||
0.6 08 1 12 14 1.6 13 2 22 24 1 1.2 14 16 18 2 22 24 26 28 3

Invariant Mass of K"K System (GeVic™) Invariant Mass of pftt' System (GeV/c?)
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First Measurement of Chiral Dynamics in YT — T T 7T

) 2 COMPASS 2004
b 10: mTPb— ' Pb +
Low momentum transfer: L <0001 GV 1
_ ChPT Intensity R
. . 8  Leading Order ChPT Predictio .’
Contribution from photon exchange. “f =" i
6
Low masses: N *
Only pions produced - ChPT test. q j
Results compared to LO ChPT 2 * —
1 ! - - "_';’.-Lummc)sm Uncertain
predictions from EPJA 36 (2008) 181. g e i
o 0.45 0.5 0.55 0.6 0.65 0.7
Publication comes soon Mass of T " IT* System (GeV/c?)
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Conclusion (part 1)

Evidence for QCD allowed states like multiquarks, glueballs and hybrids
still not beyond doubt

COMPASS has excellent potential to contribute; it has access to 3
production mechanisms:

Diffractive dissociation, Central and Coulomb productions
Already observed the spin exotic wave 7,(1600) in data from 2004
pilot run.

Measures charged and neutral channels: Independent consistency
check.

Measures kaonic final states.

A large amount of data were collected with hadron beam in 2008/2009
(10 — 100 times world statistics).
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Part III: COMPASS II

COMPASS-II was approved by the CERN Research Board: Dec. 1,
2010.

COMPASS I

2012, SPS/LHC shutdown,
2014, 2015, 2016

Primakoff
DVSC & DVMP / Polarizabilities
Study GPDs, of T and K

. Unpolarized SIDIS
nucleon

tomography” Fragmentation Drell-Yan
U

Functions,
s-PDFs, TMDs

niversality
of TMDs

30/09/2011 QFTHEP'2011 43




From Inclusive and Semi-Inclusive experiments
to Exclusive experiments

Deep Inelastic Scattering Hard Exclusive Scattering
Deeply Virtual Compton Scatterin
ep—) eX Py P &
XBJ ep—) epy
} ﬁ Y
/'
pd” \\Ab x+é’; \e( Z;
A, p=vr GPDs < p A
'@ |
./,L_!~~ .b}" §!§
NN = o Iy
A P
® O y 4 o0 |
X boost X boost
Generalized
Parton Density q ( X ) Parton Distribution H( X,&,t )
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Exclusive single-photon production

COMPASS experiment has excellent opportunity for studying Generalized Parton
Distributions (GPDs), through Deeply Virtual Compton Scattering (DVCS) using
highly-polarized p* beam line of the CERN SPS. DVCS is considered to be the

theoretically cleanest of the experimentaly accessible processes to measure
GPDs. The physical background - Bethe-Heitler (BH) process - is well studied.

do (N — UNy) o< | syl + |epres|” + Sy es + Dgpaprcs.
N e
/

DVCS known BH
p 7 , w {\A/ALY
R

P osmalt - slow p p - _smait » slowp
d*o(up — upy) BH DV Cs DVSC
deszd‘[‘d(P =do™" + [do-zmpol +Pﬂd6pol ] Teu [Re]+Pﬂ- Im]}
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Q* (GeV?)

Kinematic domain accessible at COMPASS

CERN High energy muon -

/ beam 100 - 190 GeV
o ;gza;g:s;g f’fv u+ and y- available
&' € .‘ “' 0 . .
JLab 11 GeV / i | 8_0 Yo Polar_lsatlon o
ZEUS +H1 | with opposite polarization
with a 2.5m long LH, target
L =10% cm= s
/
4 Q2 8 Ge?
— 16 GeV?2 if luminosity
increased by factor 4
~102< x < ~10-1
Q":[‘. . .
f X — 0.20 with extension
L g? of present calorimetry
s 10~ ; 1
v . QFTHEP'2011 x 46



expected nb of events
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~
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Comparison of BH and DVCS at 160 GeV

0.005 < xg; < 0.01

0.01 < xg; < 0.03

- w25 7]
- = |BH+DVCS? = = |BH+DVCS? k=
! ﬁ — |BHJ? % [ — |BHP? %
B — |DVCS|2 ‘6 3 — |DVCE‘>|2 s
[ 020 Ke)
i Interference = - Interference <=
- 2 [ 2
- e | o
- ' g
é 10——
: .
[ :’_, B—
— - | 0 -— ——————————————————————
-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII[I -lllllllIlllIIllllllllllllllllllllll
-150 -100 -50 0 50 100 150 -150 -100 -50 0 50 100 150

¢ (deg) ¢ (deg)

BH dominates BH and DVCS at the same level
excellent access to DVCS amplitude
reference yield through the interference
30/09/2011 QFTHEP'2011

Xg; > 0.03

— |BH+DVCSF

— |BH|?
— |DVCS|

Interference

-llIlllIlllIllllllllllllllllllllllIl

-150 -100 -50 0 50 100 150

¢ (deg)

DVCS dominates
study of doPVCS/d|t|
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2009 beam test : DVCS signal

0.005 < xg; < 0.01 0.01 < xg; < 0.03 Xg; > 0.03
2 2T 2T
S 80 278 events e |BH+DVCSP S350 134 events = |[BH+DVCSP S 8f 54 events e |BH+DVCSP
> > B > :
Q == |BH]? o r == |BH|? o | == |BHJ?
“— w— “—
[ o | ° L
ol 030 o 'L
c < c [

[=2]
(=]

25
20f
15[

10

1450 100 50 0 50 100 150 150 100 50 0 50 100 150 450 100 50 0 50 100 150
¢ (deg) ¢ (deg) ¢ (deg)

Excess of events for x,,>0.03 is a sign for DVCS
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DVCS measurement with polarized u* and u~ beams

dlo(pp — ppy) _
da 3;dQ2d|t]d¢b

ptH(P=-0.8), u=1(P=0.8)

At the first stage unpolarized LH, target will be used

e Beam charge & Spin Sum: S¢sp = do ™! +do~ !
e Beam charge & Spin Difference: Desy = do™ — do™!

e additionally deeply virtual meson production

SCS,U gives a possibility of “nucleon tomography”:
to extract the t-slope of the DVCS cross section d(j/dltl ~ exp(-Blt|)

the analyses of the azimuthal angular dependence of S, , & D5, provides with
only real or only the imaginary part of the DVCS amplitude

Also: beam charge & spin asymmetry: Acsv = Dosu/Scs.u
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DVCS measurement with polarized u* and u~ beams

- d*o(up — ppy)

At the first stage unpolarized LH, target will be used

e Beam charge & Spin Sum: S¢sp = do ™! +do~ !
e Beam charge & Spin Difference: Desy = do™ — do™!

e additionally deeply virtual meson production

At the second stage transversely polarized NH; target will be used

® DCS’,T = (do-‘l'l(@’ ¢S) - d0'+l(q5, @S 5B ﬂ)) o (dJ_T(¢7 @S) — do—‘l‘T(@’ ¢S + ﬂ-))
o Sosr = (dot(, 65) —doH(s, 05+ 7)) + (do~T(6, 65) —do*1 (g, b5 + ) )

- - D _ Desr S __ Scs,T
e yielding two asymmetries .ACS’T = —— and ACS,T =5

unpol unpol
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B (GeV?)

Access to t-slope — transverse partonic structure of nucleon

dopycs / dt | ~ exp(-Blt|)

From S c5: transverse imaging

Exclusive production of rho mesons
deVMP/dltl ~ exp(-Blt|)

B~"<r>> B(x)=by+2a’ In(xy/x)
. Q2=1 GeV? B ~8 GeV?
[ * Q?=10 GeV? B~ 5.5 GeV?
) G, (- * ................................... <
o z w0l
,,,,,,,,,,,,, | T | 3
4~ H ﬂ ST a -.iq.-g()' == s o I .o
ZEUS < Q> =32GeV : i
v HI-HERA 1 <8§> =4GeV? I - +
2 -  HI-HERAT <Q'> =8GeV’ + ¢ o o * 6~ + =l
with ECAL1+2 ! i
T . gscf))l\é;)}ég’:160<CE()E'\> e 't A ZEUS <@ > =35GeV’ COMOP‘:ZSE >2 2 f?f;ﬂl}fﬁo oo
¢ o o o . ZEUS <Q’> =11 GeV* m<Ql> =2:6<3e72v2
Lk with ECALO+1+42 L Yol e
il icil oL ] Cea e
10 10° 0 10 X 10" 10 107 107
Xp
2.5 o slope meas. for : Projections for: Eu=160 GeV 2
a’ > 0.26 (ECAL 1+2) years of running
o > 0.125 (ECAL 0+1+2) L=1222 pb" €y =10 %
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Azimuthal dependence analysis

Dy cs : Beam Charge & Spin Difference

RO E=160GeV  1=sQ*=4GeV?  003=x,=007

L
-

3

g 0.1 : VGG RL’:.';.‘L‘I/(J (x t)-cormrelation

g S VGG Factorized (x 1)-dependence

= -

a 0.05 Mueller fit on world data

= - - = (with JLab Hall A)

‘% - (without JLab Hall A)

‘g Oﬁ T TN i i e el T ) i o e
© N

%—0.05% + * +

5| A S N B B °

Qo

E .01 ; P | PR R IR R T |
8 0 20 40 60 80 100 120 140 160 18
m i

2 years of running will permit
us to study a two dimensional
dependence

2
Q y LBy OrF tvaj

30/09/2011 QFTF

Beam Charge and Spin Asymmetry

o
w

0.2

o e
- o -

&
()

O TTTTTT T T T T T T
| | [

» Aucs: Beam Charge & Spin Asymmetry

E, =160 GeV

1£Q*<4GeV?  0.03<x,<0.07

VGG Reggeized (x.t)-correlation

VGG Factorized (x.t)-dependence

Mueller fit on world data
- = = = (with JLab Hall A)

P T T S NN N

80 100 120

140
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Recoil proton detector for 2.5 m long LH, target (Saclay/Freiburg)

Gandalf Project:

1 GHz digitalisation
of the PMT signal to
cope with high rate

30/09/2011

8 Analog Inputs

TCS USB

E:Analog Inputs

» AD Conversion

»  16bit offset DAC

—
—p 144Mb i 4Gb

« 4 m long scintillator slabs
« ~ 300 ps timing resolution
- 30° prototype tested successfully

—_ ST VME64x
asl
—» 8 Channel Memory Interface to
»|  AD Conversion VME CPU
@ 500Msps 12bit VME
or ack;
Interface,
—® @ 400Msps 14bit, Board
— 16bit offset DAC Config.
. =
—
- 16 Trigger
Data . Channels
Processing e b ViaVXSto
, Analog Trigger " Trigger Switch
—_— Trigger & Generation L

Clock

8 Channel

Memory

@ 500Msps 12bit Controler

or
@ 400Msps 14bit,

.

o N
* S-Link Interface
Via P2
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New large-angle electromagnetic calorimeter ECALO (Dubna)

s A A _ _ _ | Requirements
= 2 S o ::: - Photon energy range 0.2- 30 GeV
£ 7| ~ DVCSBH || - Size: 360cm x 360cm ;

LLI ............... ....................... ....................... | _ Granularity 4x4 — Bx6 cm2

| - Energy resolution < 10.0%/VE (GeV)
- Thickness < 50 cm,
- Insensitive to the magnetic field.

Prototype under studies

Tange(sd Shaschlyk module with AMPD readout
new shashlyk modules for tests in 2011
109 plates made of Sc 0.8 mm /Pb 1.5 mm Avalanche Micropixel Photo Diodes
251mm or 15 radiation length 3 x 3 mm?2, density of pixels 40 000/mm?
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Semi-inclusive DIS (in parallel with DVCS)

o Features
— Pure hydrogen target
- High-performance particle identification for n*,n-,n% K+ K-,K° etc...

o Measurements of:  ANV'(z,2.Q%) _ X, ¢4z, Q*)D5 (= Q%)

- Multiplicities dNPIS 2.q¢9(2, Q%) |
Input to global FF analysis

- Strange quark PDF ’E‘O'SE * COMPASS Proj.1 week
down to x=0.004 20.4- P

§0.3;— {){)%{)%
1 week of beam '05
2.5 m liquid H, target 015..1..,. o

-2 1
30/09/2011 10 10 X
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Polarized Drell-Yan measurements

_ —>pion valence anti-u annihilates

with proton u
x —>access to 4 azimuthal
modulations: Boer-Mulders, Sivers,

il

pretzelosity and transversity PDFs

7~ beam 190 GeV/c
DY 4 - 9 GeV/c?

generated
accepted

I I I I I |

oS o TMD, (%, k) ® D2 @)
o o TMD, ® TMD,

restricted universality of T-odd TMDs
J.C. Collins, PLB536 (2002) 43

Sivers: Boer-Mulders:

:!IIIIIIIIIIIII
I:IO 01 02 0

30/09/2011

3 04 05 06 07 08 09 1
Xy
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gauge link changes sign for T-odd TMD’,

f&(SIDIS) = —f=(DY)  hi(SIDIS) = —hi(DY)



Feasibility of the measurement (DY test 2009)

COMPASS DY beam test 2009

_ [Expected| Found

JIy 3600+600}3170£70] *f

DY M>4 GeV ] 110+22 | 84+10

—~>Promising results of the test

102 g

105—

For future : intensity up to 10° n/spill

Jhp
317070 events
M=3.092:0.005 GeV
0,,=0.227+0.004 GeV

di-muon

Mass

J/p reg

on

- new full size Absorber Possible |
- new tracking planes after the target region o Gev
; COMPASS DY test run 2009
2 cm gap for ungten beam plug = |
vertex detector 800 -
‘ 200l M>25GeV Z vertex
A sooi— position
bsorber soof
— ,.»
— 300
% K 200?—
NH3 polarized target b e olug Sta'“'ess steel 100;
inside solenoid alumina
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Projections for azimuthal asymmetries

A -
025

0.2

0.15

0.1

0.05

-0.05

Sivers

....... *-_-_-------

cos 20

0.25

1! T T T T I T T
08 06 -04 -02 0

1 I L1l I L1l l L1 ] 11
02 04 06 08
X=X,

sin (20 +°s)

0.2

015

0.1

0.05

0.05[-

BM & pretzelosity

| W S [rE N
08 06 -04 -02 0

P IS T A
02 04 06 08

0.2

0.1F

0.05F

0,05

0.25

of

- Boer-

0.15

lders

O e 2 2 8 S

4 GeV<M, <9 GeV

projections with

2 years of data

6 - 10% 7 spill (9.6 )
1.1 m pol. NHj3

-0.1

si

5 A1

pada s by beaa o b baaa by oy s bynalay
08 06 -04 -02 0 02 04 06 08

Xe =K

n(2) - os)

0.2

0.15

0.1

0.05

BM®& transversity

‘ _____ ‘ _______

| AP P rardl IFFAFE P NPT P P
- 08 06 04 02 0 02 04 06 08

X=X X

key measurements:
= TMD universality,

—>change of sign from
SIDIS to DY,

—>study of J/y
production mechani538m



Testing ChPT

w > Ly A Y
0
2-loop chiral prediction ! "
Or — Br = (5.7£1.0)107* fm®
T
Qr — (B from 4 to 14 - 1074 fm? Primakoff Inverse Compton
measurments do do s —m;
Ty :|: WA{] +C 5 ﬂp(aﬂaﬁﬂ)
dQcm dﬂcm point—like .
Polarizability:
P = (1 —cosbcm)? (arx — Br)
N = 2
5 B + (14 cosOem)” (ar + Br) 8_4
m’fr
(s —m2)?

+ (1 — cos Bem )2 (g — B2)

24s
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Pion polarisability | 2
measurements d
©

COMPASS features

= Energy: 190 GeV
= High-| pion beam
= Muon beam = ref.
= For’d anigles: (o +f,)
= Back'd angles (a.—B.)

; — point-like case
_l‘\,“‘_/-," e 300, Bn= -3.00

+ COMPASS projection
002 L1l I L1 1 l L1 1 I L1 1 l L1 1 I L1 1 l L1l I L1 l L1l I L1 1
. -1 08 06 04 -02 0 02 04 06 08 1
Unique at Compass : cos 6,

= kaon component in hadron beam: kaon polarisability accessible
= availability of a muon beam (point like) for comparison/systematics
= switching between pion and muon beam within few hours possible
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Projections for polarisabilities

Two Primakoff test runs were performed in 2004 & 2009

= COMPASS 2004 Hadron

Number of Events

COMPASS 2004 m data

-+
- o & Preliminary —
O=-c B E 0000 T e Pb
=
10" £ ‘ ,Cu
102
s
165061 5962 5003 5004 5905 6008 blodi;o'(;c()é i o N O TR AT P T
il
e expected precision of the new measurement:
in 120 d ax — Pr ar + Or — B9
90 d with 7, 30 d of px beam | (10™* fm?) | (10~* fm3) | (10~* fm?)
2-loop ChPT prediction 5.70 £1.0 | .016 = 0.10 16
COMPASS sensitivity +0.66 +0.25 +1.94




Conclusion (part IlI)

COMPAS has a great potential in new fields and work is started to get
the spectrometer upgraded for the new programs.

« DVCS and DVMP for the study of GPDs in a kinematic region not yet
covered by experiments

* in parallel with GPD measurement rich program in unpolarised DIS
and SIDIS

 first polarised Drell-Yan experiment to study TMDs

* measurement of pion (kaon) polarisabilities
« data taking in 2012, 2014-2016
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