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COMPASS

* high energy beam two stages spaathatmetaF,

- large angular acceptance Large AnglqsraesisRinater A etk
Small Angle Spectromdfer {8I%2Y/c

* broad kinematical range
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C(W/MS COMPASS - some facts

Located at CERN North Area beam line

Possible beams: p*, u, n*, m, K — Several physics programs

Experiments with muon beam

Experiments with hadron beams

= Spin structure, Gluon
polarization

= Flavor decomposition
= Transversity

s [ransverse Momentum-
dependent PDF

Pion polarizability
Diffractive and Central
production

Light meson spectroscopy
Baryon spectroscopy

DVCS and HEMP
= Unpolarized SIDIS and TMDs

Pion and Kaon polarizabilities
Drell-Yan studies
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C(W/R'SS COMPASS - some facts

Located at CERN North Area beam line

Possible beams: p*, u, n*, m, K — Several physics programs

Experiments with muon beam Experiments with hadron beams
= Spin structure = Hadron spectroscopy
= p, dpolarized target (L & T) = Small LH, or nuclear targets
» DVCS/Unpol SIDIS s Drell-Yan studies
= Long LH, target = Polarized target (T)
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g S The spin of the nucleon

Three twist-2 quark DF’s in collinear approximation (fdk, )

F 120 = {90 +5,8D9()+5,6D,9(x)}

A A
o >-> - ol .> A - v
q(x)
f19 (x)
helicity transversity 1
Aq(x) 2P — &>
N g,9(x)
5, _E_EDS+DG+L‘1+Lg NR limit
h 2 8 [boost, rotat.]=0 | A A
Arq(x) A
h49(x) v - \

= D;q(x,0")=Dg(x,02)

\ ~30% : Spin puzzle
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unpolarised

@ Sivers :

helicity

® O R s

worm-gear T

-Q nucleon with transverse or longitudinal spin s 1
T

O @ parton with transverse or longitudinal spin
- parton transverse momentum

Proton goes out of the screen. Photon goes into the screen k;, — intrinsic transverse momentum of the quark




COMPASS
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{
Inputs needed for the extraction of Aq(x, Q:
> e:Aq(x,Q*)Di(z,Q%) + Unpolarised PDFs ( q(x. Q%)) — MRST04
2. ¢q(x,Q")D!(z,Q") » D (z.Q) — DSS parameterisation

A} "(x,2,Q7) =

* COMPASS
© HERMES
— DSSV fit

PLB 693 (2010) 227

Leading Order (LO) fit of the 10 asymmetries (5d+5p)
Determine 6 flavor separated PDFs |Au, Ad, Au, Ad, As and As



LO analysis of deuteron data of COMPASS, Q°=3 GeV?>

e Q=u+u+d+d a=>2urt2ise

3Ry p+2

o fD (z)dz o IDK+(z)dz

* Ryr = [DET(2)dz' " 5F = [ DKT(2)dz




Mo, @) D0/ _ X, lale @DL(E) + a(@, @)D} (=)
Q%) = FoDISdad ~ 3, @ Q) + 4@ Q)
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Open Charm production

Y*g = ¢¢ = reconstruct D’ mesons

¢ Hard scale: M *
No intrinsic charm in COMPASS kinematics
No physical background

Weakly Monte Carlo dependent
Low statistics

luon fusion

% COMPASS open charm

— COMPASS (Ag-0)

« First extraction of AG at NLO o ey e
- Constrains AG at larger x L stegn gy
« Charm result can be included in global NLO fits:

model independent asymmetries A, (p; Ep) available

PER



« High-p_hadron pairs

7 v*¥g — qq = reconstruct 2 jets or h'h"

|l|:'g“ fusion A Hard scale: Q*or Zp” [Q*> 1 or @ <1 (GeV/c)’]

New COMPASS, high p., Q@21 (GeV/c)?, 2002-2006
COMPASS, high p_, Q%<1 (GeV/c)?, 2002-2003
COMPASS, open charm, 2002-2007

SMC, high p._, Q%1 (GeV/c)?

HERMES, high p_, all Q2

—— DSSV fit, u2=3(GeVi/c)?
LSS fit with AG>0, u°=2.5(GeV/c)®

GRVS
LSS fit with AG changing sign, p?=2.5(GeV/c)?




CO/MySS A, *'(p;):polarized hadron y-production

Projections by Jager et al. for COMPASS with 1 fb-1 (=1/4 COMPASS stat.)

03 L I I 1 I I I I I | I I I I |
T, d
- Al 6, =180 mrad)
02 Ag=-g A
i 'Ag =0'
0.1 - -
'std. Ag'
. o i , . ==.Ag=g
I I input |
LL=1/fb ButL=4%fbforall COMPASS data-
e e

1 2 3 pT [G@V] 4

Jager, Stratmann & Vogelsang: EPJ C44 (2005) 533
So far, only NLO pQCD for polarized case (no resum.)

In perspective: constraining AG by A, "(p;) (working on)
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7" Collins and Sivers asym.

T polarized target, SIDIS:
» Measure azimuthal asymmetries:

Collins: Outgoing hadron direction & quark transverse spin

Sivers: Nucleon spin & guark transverse momentum k-

. Collins Sivers
in digth Quark
ATq transverse spin distr TMD fr:garrnentation
,Z \4 function
A 248" Ar0®AD, Ac. _ 2a%a e 00,
= 5 n v~ 2 h
Coll quqq® D, S 2q e,d®D,

note: A.q also measured using
“Two hadron” fragmentation function
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@  positive pions

®  negative pions combined 2007 — 2010 results .

preliminary

| \ \
0.5 1 1.5

p‘;{ (GeV/c)







®  positive pions
® negative pions

preliminary

|
1.5
p’; (GeV/c)

combined 2007 — 2010 results




".
N ‘ with HER

COMPASS positive pions x<0.032 preliminary
COMPASS positive pions x>0.032 preliminary
HERMES =+ PRL 103 (2009)

i
B
{r;i #i éﬁ‘i’*'}*‘} |

as for h+, smaller values measured by COMPASS;
same indication for K+

CDMPJLSS negative pProns T=0.05 2 Preiiary
COMPASS negative pionsy>0.032 ]:lr*.;-]mumu';\-r
HERMES = PRL 103 (2009)

i +§ *




&
COMPASS 2010 proton data

preliminary

—————— etew

1 1.5 2
N A I_/ I;P'.'il. n_" 3 ’
M, (GeVic?)



« [03, 0521°
= [0.52,0.75] COMPASS 2004 "

+ [0.75,1.50]1 ° preliminary .




- positive hadrons | COMPASS preliminary Proton 2007-10 data

—&— negative hadrons




T
COMPASS :
°/". Physics from hadron beam
Rich program on hadron spectroscopy at COMPASS,
search for exotic mesons

- Diffractive resonance production
- Central production

7, K, p beams - 190 GeV : large energy transfer spectrum t
Spectrometer :

Huge statistics

MajOr progress On analySIS 13" International Conference
Potential for discovery of small intensity new states MesongNucleorlyeics ang

the Structure of the Nucleon

September 30% - October 4 2013, Rome, Italy

« Diffractive processes = p=2 T T Precoil

« Pion polarisability Ni = = Niy - (2009 Primakoff)
i\[tp://v\\tnu%)l;.romnz.mfn.x[
o™ A ‘ (JSA ;Jeffergon Lab GCAEN U”’“’ ‘l‘h’ \l;\\x éj
Trieste 23-27/2013 XCIX Conaresso SIF 0



==

COMPASS

, Precoil

Partial waves :
JPC Me [isobar] L

- mesons
Target Recoil

Study 2008 data, large statistics

In (M5_, t') bins, 88 PW, (27 with thresholds)
Impose isobar description

M, dependent fits on selected waves,
combined fit of t’ bins

Extract resonance parameters

Trieste 23-27/2013 XCIX Conaresso SIF
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T'p = IWp (COMPASS 2008) Tp — W p (COMPASS 2008)

t' ~ 0.1 GeVvz/c2

Number of Events (5 MeV/c?)
Number of Events (5 MeV/c?)

MWW“”WWIIIWNIH!UMM« ) L

h
Mass of the ™ System (Ge Mass of the mn™ System (Ge
| l v Yy
p —» TANp (COMPASS 2008) Tp — NTUE p (COMPASS 2008)
|u""“lmmﬂdﬁu*
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Q
Q
S~
=
S
&
wi
£
e
=
=
E
2
=
Q
=
S
=
5
5
=

Number of Events

12 14 16 1.8 2 22 24
Mass of the 't System (GeV/c?)

0.2 0.4 0.6 0.8 1 . 2 0.4 0.6 0.8 1 1.2

) ’
Squared Four Momentum Transfer (Geszcli Squared Four Momentum Transfer (Getﬂ/cl)
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1 — Fl : i - - 2 K — - 2 -
1—(24+)1+ rho pi D 1—(2++)1+ rho pi D 1—(2++}1+ rho pi D

1 ) ] - ' ) 2
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T=(4++)1+ rho pi G

1I—(4+1-)| + rho p'l.G

1'—{4++)I+ rho pT.l:

i-um of 11 bins




(5.7 £1.0) - 10~*fm?®
(2.9 4+ 0.5) - 10~*fm°

#




—
<
—
o
=
w3
2
w
e
=
T




—t—

©7* Pion polarisability -
~—  result vs world data

1d Sxle
2»
—+——  Serpukhov 2.70
= PACHRA 0.91
—t MAMI 1.43
COMPASS prelim.3.09
8.14
(CL=0.04)

0 0 15 20 25 30 435 .
S (2006) o - BIT /107 fm

Ch. PT World average

2012 data: 5-6 times more statistics & extended kin range
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2009 data
a_ - B, (in 104 fm3)=

3.7+1.4,., J_r1.6Syst
AGREEMT WITH CHPT
STILL PRELIMINARY

- 2012 data, 3 components

(o, - Br)
(o + Br)
(o, - By)

can be measured with
an accuracy of 10%

and kaon polarizabilities

- - - 0= 3.00, B= -2.86

-0.8

-0.6

-0.4

-0.2

0 02 04 06 0.3 1

cos o,




S

N : Al () '3
"’ e proton targe
£ 4 q;.'

f

JIre
ge PDF :

| . y

Hadron multiplicities at LO ~ dNPIS X, 6. Q7]

PDF quark Fragmentation Function

depend on x depend on z

‘e a”



CO”;” TM Ds

.
Asymmetries in the azimuthal angle ¢,
of the outgoing hadron around the virtual photon
can reveal quark transverse spin and
quark transverse momentum (k) effects !
beyond the collinear approximation

At leading twist, not only f,(x, ki), 81,(%, k), hy(X, k;)
but also 5 otherTransverse Momentum Dependent PDF (TMD (x, k+))
which do not survive after integration on k;

2 examples of TMDs

Boer-Mulders Sivers

R NN
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COMPASS LD (25% of 2004 data) preliminary

P 2% 2 A |

AL

1.1

.........

02 04 06 08
p! (GeV/c)

pl (GeV/c)

pl (GeVic)

02 04 06 08

p! (GeVic)

02 04 06 08

p! (GeV/c)

02 04 06 08

Py (GeVic)

=>» many data collected and still to be collected in SIDIS with GPD program
XCIX Conaresso SIF
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b

Cross sections:

\ I "’I

In SIDIS: convolution of a TMD with a fragmentation function
. : DY
In DY: convolution of 2 TMDs cPloc f ®fu|p

- complementary information and universality test




CO?’“ The polarized Drell-Yan process in T p

d4C(I:|ZQ = quzz (FUlU + FUlU )(1+ Aiu cos’ H)jl X

1+ cos @ x D[SmZQJAjES"’ + cos(2¢) x D[ 4] cos(2e;)

+
sin” & u

. sin . sin(2¢)
S, [sm(p X D[sinze]AJL ? + sin(2¢) x D[Sinz A 4 } +

Sin ¢S % (D[l] Aﬁl'lr'lq)s + Dlicos2 0] SI'II'lwS ) +

3 Sln<¢ F ¢S) 3 (D[sin 29:| Si'II'I((/)_(pS)) + (

sin(@+@g )

S_ | sin(p + ¢, ) X (D[smﬂ 2 + " =>» Access to TMDs for incoming
pion & target nucleon
TMD as Transversity, Sivers, Boer-

sin(2¢ + @, ) X(D[ 0] “3(2%”’5)) Mulders, pretzelosity

sin” @

sin(2¢p—g. )
sin? 0] A‘JT S K

Sin(20 = 2 )% (D[

Collins-Soper frame (of virtual photon)

0, ¢

target rest frame Ll

I\ .
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Experimental check of the change of sign of
TMDs confronting Drell-Yan and SIDIS results

In order not to be forced to vanish by time-reversal invariance
the SSA requires an interaction phase generated by
a rescattering of the struck parton in the field of the hadron remnant

Time reversal

oY — ‘:____,—'———' .
iy &
L |
\
L4
c
[y

3
_ . A LV AVAV W W W W W |
Jfinal state interactions =
after hard em-scattering

future-pointing Wilson-line initial state interaciions

before hard em-scattering
past-pointing Wilson-line

ol
i 1 LNEREL
h(SIDIS) =—h+ (DY) a@ﬁ"“kvs""‘v
Boer-Mulders g&ﬁ“ Y‘;Xf p;ﬂ\?“ﬂ\w o &
sivers | f+ (SIDIS) = — i+ (DY) \e oM g
\2
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?o?'sf Why DY ntp® is very favourable at COMPASS?

o PY oc fﬁlﬂ‘ D fup

. Pythia, 190 GeV/c m— - i

o ‘o ecev/? <M. <ociv/e || Competitive experiments at

e RHIC (STAR, PHENIX) collider pTp
os o Fermilab fixed target p™= H, pHT=
o o J-PARC fixed target pp'", wp"
oS o B0 0 0 FAIR (PAX) collider ﬁﬂ F«’TT

el || NICAcolider — pffpft, gl
acceptance

large acceptance of COMPASS COMPASS has the chance to be

in the valence quark region for p and the first experiment to collect
where SSA are expected to be larger  [Single polarized DY
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@? vs. x at COMPASS
Drell-Yan (MC)

SIDIS (2010 proton data)

The phase spaces of the two process ioverlap at COMPASS
> Consistent extraction OMBMDDPFS in the same region



015

0.1

-0.05

dN(mﬂ-?Ib ?¢,¢5 ]

2 [ dosdo

dodgs S Ps

A;{n ¢s (l'a,: :IT,;}} = 7 |ST|

Sivers asymmetry in the safe dimuon
mass region 4<M <9 GeV

N(Im Ih)

-0.8 -0.6 -0.4 -0.2 o 02 0.4 0.6 08
xF=xn-x p']‘

2 years of data
190 GeV pion beam
6 .108 n/spill (of 9.6s)

1.1 m transv. pol. NH; target

Lumi=1.2 1032 cm=2s!

Black solid and dashed:
Black dot-dashed:

Squares

i
v



e

Deep Inelastic Scattering - Deeply Virtual Compton Scattering
up - pX Hp—> WP’y

Distrib. de Partons q ( X)) Generalized Partons Distrib.

Px P, b




4

COMPASS unique for GPDs

COMPASS 160 GeV
HERMES 27 GeV

| JLab 11 GeV

~ ZEUS +H1 colli




—t—

COMP

=

3¢

\_‘Upgrades of the COMPASS spectrometer

e

r"‘

DVCS

pnp=>ppy

L |
-

L

H

49
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CO?”S Deeply Virtual Compton Scattering

L) e
tor e, P,

Phase 1: the transverse imaging

with u+¢, u'T beam + unpolarized 2.5m long LH2 (proton)
target

Scsy=dou) + dou’) cdo®™ +da?' + K -5 sing

unpol

do PVCS Jat  ~ exp(-B|t|)

¢\
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2 years of data
160 GeV muon beam
2.5m LH, target
89|°ba|— 10%

s o£=026
i e LAl camea ) TR -
- with 40 weeks in 2015-16 ansatz at small xg
' ¢ e o inspired by
K with ECAL1+ .
i s Regge Phenomenology:
« COMPASS <Q'> =2GeV’
or 280 days at 160 GeV
a2 with ECALO+1+2 , _
I a’ slope of Regge traject

il ILIIIIII 1 | IIIIIII | IIIIIII| L

107" Xg

[
=
s
—
(-]
"
[
=
e



CO?’“ Deeply Virtual Compton Scattering

gy -

Phase 1. DVCS experiment to constrain GPD H

with u+‘l’ u‘T beam + unpolarized 2.5m long LH2 (proton) target

®CSU —d'o-m+¢) d'o.w 7‘) o LC"“ _I_Clnt COS¢ and C(l)l’]]-t -~ Re(ﬁm
Scsu = dou ) + dou") [da +c2V + K -s"sing and s{™ ~Im(F, H)

H

ImJH (&)= Hx=EE1)

Re H (£)= P dx H(x.Et) = P dx H(x,x,t) + D(t)
X-§ X-§
Re part of the Compton Form Factors linked to the D term
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a/ e GRPD @ COMPASS

‘\‘!‘

GPDs invesitigzaise wiir rleifel Exelusive Priotor cindd Wiesan Produectior)
CONMIPASS-=I| 2001 6-1"74 with LH, target + RPD (phase 1) u*‘l', u‘T 160 GeV
ENESIOPENQIRENDVASS G N ISV PACTOSSISECTION
-) transverse distribution of partons

£ irlg Bzl Crizifefa cirlel Sdin Sikr ziriel Bifigranes
= ®Re TPVCS and rm TPVCS for the GPD H determination

£ Vgeior Mesan oY ot a), ©

VARSEN6EESAC 27T

Usire the 200710 cziz: transv. polarized NH; target without RPD
Iz futures zclelsnelurn > 200107: transv. polarised NH; target with RPD (phase 2)
ZSHIENINCIISVEISENCIYEIRSIVASIIIN
- GPD E and chiral-odd (transverse) GPDs
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For the next 10 years, before any collider is available,
and compiementary to Jiab 12 GeV,
COMPASS@CERN can be a major player in QCD physics
using its unique high energy (~200 GeV) hadron

and polarised positive and negative muon beams
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/o.as MK 2y < QU)J D)z +S() [ DE(2)de
0.2 - B 5Q(x) tﬁ(x‘)-

——r LZBS MK K" (x,2)dz = % (/ D§(z)dz + g((x)) Dg;z)dz)-

Direc int\

COMPASS PRELIMINARY

. CTEQS6L +DSS HERMES fit
— - Q(x) component

— o — S(x) component




COMPASS

SIDIS x-Section

do

= ks F # 1+7/—2 X(F + ¢F )x
dXdded P? " do, do, 1— sin? @sin® P xyQ? 2(1— &) 2X U uu.L

\/1 — sin? @ sin? ?s

P2

\/1 — sin? @sin? 728
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C WS the polarized target system (>2005)

N~

COMPASS 2007 trunsverse proton data (part)
&
l\-;* 200001
| S
| _ _i: | 1300 mm | % 150001
\\'. 10000~
o001
\ C‘ .I—‘_1II PR 1 [ I Y O il il W I R I
= L-H T 0 -50 0 50
+_ e wa (Cm)
u - ] | : o — B 1 ] 1
— “ﬁf == = i opposite polarisation
— == ——
-+ — d (°LiD) p (NHy)
[ L1l & [ : : 0 0
] polarization 50% 90%
dilution factor 40% 16%

no evidence for relevant
nuclear effects (160 GeV)
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4. < My, <9. GeV /c?

W - —
Sivers - - SOEr .
M. Anselmino o o M Uld ers

et al, Phys. ; - B. Zhang et al,
Rev. D 79, SR SRR X X R N Phys. Rev. D
054010 (2009
(2009) -0.2 < x; < 0.85 s
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