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COMPASS at CERN

Fixed target
Secondary 200 GeV muon and hadron beams from CERN SPS

- Multipurpose setup

Polarized muon beam Hadron beam /K /p
& polarized target: d, p & LH, or nuclei

Nucleon spin structure Meson spectroscopy
- n, K polarisabilities

Future:
GPDs from DVCS
TMDs from Polarized
Drell-Yan
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Physics with hadron beams

Selected results
Pion polarisability 7w Ni =2 n Niy Chiral PT

Diffractive processes np=> n ' P, S€arch for exotic mesons
& hybrids

wt, K, p beams - 200 GeV.:
Broad spectrum in energy transfer t
Charged & neutral channels
Huge statistics
Potential for discovery of small intensity possible new states
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Pion polarisability — Theoretical context

« To describe forces that determine substructure of hadrons

e Low energy QCD
Chiral Perturbation Theory, ChPT , effective field theory,
Pions nf,n n': Goldstone bosons associated to spontaneous
breaking of chiral symmetry.

« Pion : the simplest and lightest bound state of QCD (quark - anti quark)

» Testing properties and interactions of the pion
- Testing if ChPT is a correct representation of QCD at low energy
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Pion polarisabilities

Polarisabilities: deviation from pointlike particle
= deformation in an electric (a) and magnetic (B) field
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Precise predictions from Chiral Perturbation theory (Ch PT)

ar +Br = (0.2+0.1)-107%*m°
ar —Br = (57+1.0)-10"%m?
ar = (2.9+0.5)-10"*m°

Measurements difficult: tiny quantities,
Previous experiments to measure a., since 1980: not conclusive
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Measurement of pion polarisability

« Measure pion Compton cross-section yr = yn
At LO, itis proportionalto o — B,
and following ChPT result, one can assume o+, ~ 0

« Compare it to cross-section expected for pointlike particle by ChPT
Observe reduction of ratio due to polarisability a._

R — (% b\ _ _3.my %
" d, 2 a l—uz,

Qo

 Difficulty: no pion target.
In ChPT, factorization of the y cross section in the ©Z one, in the
‘Equivalent Photon Approximation (EPA)’
- Use the nZ reaction
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The measurement... embedded In a nucleus

Measurewy=2>mny |
via wmZOnZy '

(A.Z)

« The charged pion, diameter ~0.6 fm, crosses the
electric field of a nucleus jy

Typical field at r=5 R;: E ~ 300 kV/fm T /
\

« Bremsstrahlung emission:
‘Equivalent photon’

Very small momentum transfer Q2 ~ 10-5 GeV?/c2 ‘cleus
—> Quasi real pion Compton scattering

« Polarisability effect: Coulomb field
Reduction of cross section
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Pion polarizability - result

COMPASS: 190 GeV &t beam, Nickel target

1 lsi_pion beam
1100
1.05F
Rn IE <—EXxpected value for point like particle
0.95F
0.90] ~ . _ _
0.85- plon measurement: reduction of cross section
S — beam due to polarizability
110> a, =(2+0.6 £0.7) x 104 fm?3 (a;+B, =0)
1.05
R],L TR % A JrJ,+ _— }
SR A B : <— muon control measurement
095
0.90F
0.85¢ Phys. Rev. Lett. 114 (2015) 062002
04 05 06 07 08 09 CERN press release, Feb.2015
Xy:Ey/Ebeam

Ratio of measured cross section to cross
section for pointlike particle
2009 data, ~ 2 weeks, 63000 pions
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Pion polarizability — world data

. _ B}
é S0
# -
E . PACHRA \ Babusci
~_40 [~ Lebedev g __PLUTO, DM
™ [ Ypoyrn ~Iom2, Mark 11
'« [ TY-or'T
3 30
B Sigma
[ Serpukhov Fil'kov
20 L TZoTyZ MAMI YY—T'%
- ,I ypyEn
e Kaloshin * COMPASS
B Y= nZ— wyZ
Ch PT —HR6 fffffffffff:f:::ffffffffffffffffffffffffffffffffffffff*_ffffffff
0 L I 1 L 1 L I L 1 L I L 1 II L I 1 L 1 L | L 1 1 L I L 1 1 L I 1 L L 1 I L
1980 1985 1990 [ 1995 2000 2005 2010 2015
Donoghue year of publication
Mark I1

COMPASS result:
 in agreement with ChPT,
e contradicts some previous measurements

Next steps: more statistics to come using 2012 data: o, B,
some insight also into kaon polarisability
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Light meson spectroscopy

O=0O (99),
+

O=Q O=0O (49)(q99)

4 Molecule / 4 quarks

ONO (99)s8
+ Hybrids
 — | gg
Glueballs
+ ..

F. Kunne

Allowed combinations
JPC — ot ott. 1

1T, 27T ...

“Forbidden” combinations

Jr¢ = o, 0", 1"
2
g oo
IVth European CLAS12 Workshop, 17-20 February 2015 10



Diffractive resonance production in mp=2 T T P, ocai

X_

Bachelor

T Isobar model
— Partial waves :
- JPC Me [isobar] L

JPC-exotic mesons
Target Recoil

Partial Wave Analysis (PWA):

Step 1: In (M3, t') bins, 88 PW, (27 with thresholds)
Impose isobar description

Step 2: M3 dependent fits on selected waves,

combined fit of t’ bins
(same mass, width; different background and couplings)

Extract resonance parameters
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3rt final state TP T TN Pracoil

_.Shape of mass in 2 t’ bins
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Step 2 : PWA Mdependent fit, ex: 1**0* p(770)w

11 t’ slices
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Same wave 10"

11 t’ slices

Number of Events/(20 MeVi/c?) Number of Events/(20 MeVic?) Number of Events/(20 Me\/c?)

Number of Events/(20 MeV/c?)

110" p(770) & S

0.100 < " <0.113 GeV¥c?

p(770)w

0.113 < ' <0.127 GeV?ic?

log scale

mp — nmrwp (COMPASS 2008)

0.127 < ' <0.144 GeV?Ic?

E J— 3 3 1°E
F e = = F
E / . g. &1['4
. " 'F*++ w o
5 | ® e T
10 g g 1oL
2 2 TF
1k 1E
1[T1: 1 1|]»| | L . 1 Il 1 Il 1 1 1 1 101: Il ‘I' Il 1 1 1 1 1
06 06 710 12 14 16 1o 20 22 24 06 08 10 12 14 16 18 20 22 24 06 08 70 12 14 18 18 20 22 24
Mass of m o' System (GeV/c?) Mass of m ' System (GeVie?) Mass of m ™ System (GeV/c?)
0.144 < t' <0.164 GeVZc? - 0.164 < t' < 0.189 GeV?ic? - 0.189 < t' <0.220 GeV?/c?
L . F o
3 TF 3
= =
g w0 g
- g 2
S R-] -]
i 5
3 3
= =
1[T1-\|||J'|‘|\\|\||||\\l\\|\||\|\\|\||\||\|\ 1|]»|:.||\||‘\'|\||||\lH|\||\|H|Hl|||\|\\||| \l\/|’|||\|\\||||\||\||\||||\||\\|\||||
06 08 10 12 14 16 18 20 22 24 06 08 10 12 14 16 18 20 22 24 6 08 10 12 14 16 18 20 22 24
Mass of m o' System (GeV/c?) Mass of . System (GeVie?) Mass of m ™ System (GeV/c?)
0.220 < 1" <0.262 GeV?Ic? < 0.262 < t' =0.326 GeV’ic? z 0.326 < ' <0.449 GeVIc?
2 107 2 10
: : E
S 0L . T
% E E % E
g 10 ¢ 10
i 28 L
5 5 1R E-
3 g
5 g 1wg
= 1=

06 08 10 12

06 08 10 12 14 16 18 20 22 24
Mass of m ™ System (GeV/c?)

Incoherent Sum

1 1 1
1o 74716 18 20 22 24  'Upg 08 10 12 14 16 18 20 22 24 0
Mass of m ' System (GeV/c?) Mass of m ' System (GeVie?)
0.449 < 1" <0.724 GeV¥Ic? 0.724 < t* =1.000 GeV?ic?
10°F ) g
E = >
100 g £
1P E g g
w oW
107 5 5
5 s
10 2 £
3 3
= =
1 .
il
1[]»1 |||L||\\|\|I||\\|HI\|||H\||\||\I\ 1['4 o 104_\L'|HI|||\lmI|||\||\I|\|I||\I|HI\||I|
0.6 14 16 18 20 22 24 06 08 10 12 14 16 18 20 22 24 06 08 10 12 14 16 18 20 22 24
Mass of m o' System (GeV/c?) Mass of m ' System (GeVie?)
. N\ulIliIc 1v-

Mass of m ™ System (GeV/c?)

Lulupcall wiMAoLlL VVUINDIIVY,

Incoherent
sum

| €—

17-20 February 2015- 14



New a, (1420) - 1+*0* f,(980)x P

New meson identified, J7¢ = 177 a, (1420)
Mass= 1414 MeV/c?

Exotic (non-qg) features since only decays into f,(980)x ' = 150 MeVi/c?

(f,(980) superposition of gg and ss states).
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Submitted to PRL

» Seen in charged and neutral channels
» Accessible thanks to high statistics (1% of main signal)
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Interpretations

Origin unclear, possible explanations:

— Could be associated with the f1(1420), an iso-scalar resonance with strong
coupling to KK* final state, often interpreted as a molecular state: almost equal
masses and similar narrow widths (first time that isospin partners of exotic states
discovered).

— Another possibility is a dynamic generation through the strong coupling of the
systems a;(1420), f,(980)m, and KK*

— See also:
B. Ketzer et al. http://arxiv.org/abs/1501.07023

Basdevant et al. http://arxiv.ora/pdf/1501.04643.pdf
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Physics with muon beams

e Gluon and quark polarization
e Hadronization
* Transversity
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Gluon polarization AGIG from u N scattering

Photon Gluon Fusion (PGF) process " w
Asymmetry of cross sections for longitudinal polarizations % g
of beam and target, parallel and antiparallel _
. q
ALL - RPGF <aLL> <AG/G> + Abackground
Fractionof  Analyzing power T _
process
79 —>4qg
Two signatures for PGF:
1/ qg=c opencharm c> D> K= COMPASS :1 point
Clean signature of PGF
Limited statistics & large combinatorial background
2/ q=u,d,s high prhadron pair g q-hh COMPASS : 4 points
High statistics + HERMES &SMC

Physical background

- Prelim. result reanalysis ‘all p;’ method
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Ag/g from hadron muon production
USing “all pT” events M. Stolarski , DIS-2014

Main goal of this new analysis : improve the extraction of AG, by removing some sources of
systematic effects affecting the previous “2 high p; hadron” analysis
In addition, a significant reduction of the statistical error of Ag/g is also obtained.

Three processes contribute to the cross-section

Ag
AZ‘L(x) = Ryo D AT°(x) + Rpocp aLQLCDC A% (x¢) + Rpgr afLGF_g (xg)

Simultaneous extraction of 4g/g, and A%°
Extraction based on Monte Carlo description of all processes with relative weights

(R;) and analyzing powers (a};)
Process weights depends on p; (at small pr LO contribution is > 0.95)
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AG/G from hadron prod. in DIS (‘all-p;’)

New AG/G extraction at LO, in 3 x-bins M. Stolarski , DIS-2014

Data compared to the 3 solutions from _
COMPASS NLO QCD fit of g, world data Results compared to other extractions

(discussed later) of AG at LO
o 06 0.6
"-6_, i . COMPASS, a||-p_|_ LO, G*>1 {Ge\”c:lz, prel., 200206 _g " o COMPASS, allp, Q%1 (GeV/cy, prel., 2002-06
4 L ——  AG>0 ¥
04— —— AG<0 COMPASS NLO QCD fit, prel. < 0.4l 4 COMPASS, Open Charm, 2002-07
F - AG node ‘%[ o COMPASS, high-p, Q°<1 (GeV/c)’, prel., 200204
B total uncertainty @ o SMC, high-p,, Q°>1 (GeV/c)*
02 0.0l * HERMES, high-p., all @° {
Df__‘..____ o 0 .
“““““““ i L
B Gl Aaai o Y i
02F —02F
_0_4_| . I . L _0.4L . R BN L
107 10" 107 107
X Xg

Most precise direct measurement of AG/G at LO
Data suggest positive value (2o)

Ag/g = 0.113 4+ 0.038 + 0.035

Results are in agreement with the latest fits of NNPDF and DSSV++,
using RHIC pp data, which give AG ~0.05t0 0.15 for 0.05 <x< 0.2
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AG from A, (p7) high p;+ hadron photo production

Method ‘a la RHIC': ud =2y ht-X
Measure A (p+)
Compare to theoretical calculations with various assumptions for AG(x)
No direct extraction, no model needed

Absolute cross-section jn agreement with pQCD calculations, with ‘resummations’

— i

Y ; I | .I]'O .‘-‘=.'m"f_2.l:2-_n—;- — l?
- ki ;:-z;::;::;ié:é;,:"f: = 1 COMPASS, PRD 88 (2013) 091101
102 - " g :_::: ;
:‘”_‘_:‘\ 10 §_
_L'%.:IU—I;— : . :,' _— Resummatlon :a” Orders,

COMPASS Q?<0.1 & .- NLO
107 s =17GeV 1 . LO
10-3 fnelewi2s 3 De Florian, Pfeuffer, Schaefer,
# %8 g 33 \/ogelsang, PRD 88 (2013)

pr (GeV/c)

- Sets the theory framework for AG from high p; events at this scale

Next step : Spin asymmetries A, (p;) for same events (next slide)
To be compared to calculations with AG hypotheses
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AG from A, (p+) high pr hadron photo production

M. Levillain, DIS-2014

COMPASS preliminary results for the spin asymmetry A (p+)

Comparison to theory... but only NLO available for polarized case:

A ( Deuteron Proton
LL p-E) 72: grsv max AG=1.93 .ursvmus:uﬂ .g-svmmAG=154 o - g grsv max AG=1.03 .grsvsldﬁ&o.ﬂ .gsuminm—_1_54 Svm i n
0715:_.‘15«5»“6#103 .dssw+£G=D.29 .IssIDAG=CI.33 / 7 ;.dssvshdAG:D.DG .dssw-m\'-‘ﬁﬂ29 .lss10msAG=D-33 SV
GRSVmint o1 Vmax
DSSV e l
C el I
GRSVmax. °F
o pT‘ 005 - 5 > R

AG >0 favoured

However, need full calculation with ‘threshold resummations’
before concluding
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New COMPASS proton data on g, — 200 GeV

Spin structure functions g, APS o g, f(X) oc = 1 z € (Aq(x)+Aq_(x))
Pol. Deep Inelastic Scattering

- ¢, as mput to global QCD fits for

d 2 .
Low x and high Q2 Wi’éz)“ —Ag(x,Q%) extraction of Aq,(x) and Ag(x)

o } x=00036 (=0 [ o s ([ x=00036 (=00 [ deuteron
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x and Q? coverage not yet sugf?ment for precise Ag

Would need to use constraint from pp data (as DSSV, NNPDF) M. Andrieuxat DIS-2013
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COMPASS NLO pQCD fit of g, world data

e Assume functional forms for AX, AG and AgQNS . Assume SU3
 Use DGLAP equations, relating AX, AG evolutions . Fit world data.

- 3 classes of solutions, AG>0, AG with a node, and AG<0

XAQ-singlet> AX XAG
§ 02 COMPASS Preliminary E 02:_ COMPASS Preliminary
Q2 =3 (GeVic) ' Q% =3 (GeVic)

L . L L
-2 -1 -3 -2 -1
10 10 X g 10 10 10 X1

COMPASS Preliminary

7 COMPASS Preliminary
Q?=3 (GeVic]? E

O -
T e ‘-..,_\Q2=3[GeWc)l /

=S COMPASS Preliminary
MR Q=3 (GeVicP

e Quark spin contribution : 0.26 < AX < 0.34 at Q?=3 (GeV/c)?
Largest uncertainty comes from the bad knowledge of functional forms (for AG(x)).
Result in fair agreement with other global fits, and with Lattice QCD.

» Gluon spin contribution: AG not well constrained, even the sign, using DIS only
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Quark Fragmentation Functions (FF)

FFs : - Non perturbative, needed to describe various reactions
- Needed to access to strange quark polar. As measured in polar. SIDIS.
strange quark FF= largest uncertainty in this extraction.
Data exist from e*e- and pp reactions, but unsufficient and at too high Q?

Measure multiplicity of &, K, p in SIDIS utd — pth*X
/ &'
PDFs  FFs -
th(X, Qz,Z) qu fq(xa Q2 h(27 QZ
dz  ailo 3, edfe(x, Q2) PO~ x

- Provide inputs to global QCD analyses to extract quark FF

Fine binning in X, z, Q%
PDFs depend on x, while FFs depend on z.
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nt and T multiplicities vs z in (X,y) bins

COMPASS prelim. DIS-2013, N.Makke ~4OO data points for T
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NB- Also measured: kaon multiplicities, 2h multiplicities.

and p;dependence
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Quark FFs into , from COMPASS fits

N. Du Fresne at DIS-2014  Starting from © multiplicities, extract 2 FFs.

T+ - o+ - -
Dy = Dy = &d =Dy = ‘&u
T+ wt ™ o . + 4 _
Dui = Dj =D =Dj = D% And assuming D" *= D" "= D/~
Zu..ngaVﬂ+ Z Dunfav
HNKS NLO £ Q’=3GeV’ B oroer
n_?i— Corﬂzﬁnﬁ; gg?s D_S;_ comzﬁ.jisnig?a
DSS NLO osf i o ____COMPASS LO
COMPASS LO - S DSS NLO
~ o4 QN Y e HNKS NLO

03

0.2

01

0|||||||||||||||||||||||||||||||||||

Next step: Fragmentation functions into kaons DX and DX~
starting from kaon multiplicities
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Results for Bjorken sum rule from g, COMPASS data

Fundamental QCD sum rule, which relates proton and neutron M. wilfert, DIS-2014

spin structure functions g;.

j g:'s dx

Jo (& (x, @) — gl (x. Q?)) dx = % | 82 | C]'S(Q?)

0.14
0.12

0.1
0.08
0.06
0.04

0.02F

0.18;'
Caren s,

*e

¢

= COMPASS Preliminary

- Q*=4 (GeVic)

0’\ [ |

L]

L

¢

L

L]

[ ]
'®)
vl

102

L
107

1

X

(ga/8v)nLo = 1.219 £ 0.052(stat.) = 0.095(syst.)

To be compared to:

| ;{_ﬁ |=1.269 4+ 0.002 obtained from neutron 3-decay.

- Bjorken sum rule verified within 9% uncertainty
Better statistics and systematics studies compared to previously

Hint for higher orders: obtain (ga/gv )nnio = 1.251 & 0.053(stat.) = 0.097(syst.)
Using NLO result for TS and CV° in NNLO

F. Kunne IVth European CLAS12 Workshop, 17-20 February 2015 28



Transversity- Collins and Sivers asymmetries

« Access via SIDIS, transversely polarized target | | pT — | h*- X

* Measure simultaneously several azimuthal asymmetries, out of which :

Collins: Outgoing hadron direction & quark transverse spin

Sivers: Nucleon spin & guark transverse momentum Ky

at LO: Collins Sivers
. . Usual quark
g transverse spin distr. \ fragmentation
function

Collins »
2 h fragmentation i
Zq eq Q—rq T © Dq function, depends Zq eq
A = N on spin A . =

COII— quéq@Dg

note: A-q also measured in SIDIS using di-hadron fragmentation function
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- Collins asymmetry - Transversity Au A.d

S h+ COMPASS « Large signal with proton target.
0.05- 2007+2010 S " ’

(Is zero with deuteron target)
« Same signal strength seen by HERMES and
COMPASS, although different Q> (times 4)

Several combined analyses of polarized SIDIS data
HERMES p, COMPAE)SéS p and d, and BELLE FF

: A
= 0.2 F Q2041 GeV?
5 01 FAU
— . I
S O T
00 0.1 F
o Lol i
10~ 107 ;
4 * 0.1 F
e« A;u>0and A;d<0 < 0 b e )
« Do not saturate Soffer bound T o i R
« Smaller than helicity S oo |
» Derived also from di-hadron ) '0'3 :
Nb: Asymmetry also measured for = and K 0.001 0.01 0.1 1

hep-ex/1408.4405 subm. to PLBF. kunne M. Anselmino et al., RRD87 (2013) 094019 )



http://arxiv.org/abs/arXiv:1408.4405
http://arxiv.org/abs/arXiv:1408.4405
http://arxiv.org/abs/arXiv:1408.4405

Sivers asymmetry =2 Sivers function

Correlation between Nucleon spin & quark transverse momentum k-

o 5 oL @ compass ™ 2007+2010

AT —— Anselmino et al, Eur. Phys. J. Large Slgnal Wlth prOton target and h+
Was measured to be zero on deuteron

0.05- ™
R = SN Smaller strength at larger Q?
0.05 o :EAqu(l)(a:,Q)
oI S \ -] | |
T T 008 I Q224 GeV?
- 0.06 |
0.0s N voel
//{V\ 0.02 }-
0.0z | MR IR g
—0.05r 004 } h
Ll | Lo -0.06 |
1072 107! 008 | ]
COMPASS data x o1 L . down -
With Anselmino 107° 107 1

10°
X M.Anselmino et al.,QNP2012

- u and d quark Sivers function opposite

et al. global analysis

Nb: Asymmetry also measured for ©t and K hep-ex/1408.4405 subm. to PLB

F. Kunne IVth European CLAS12 Workshop, 17-20 February 2015— 31


http://arxiv.org/abs/arXiv:1408.4405

using :

Transversity from dihadrons — Extraction of h1

COMPASS proton and deuteron data on dihadron azimuthal asymmetries
(different analysis from Collins)

dihadron FF + Q2 evolution from Bacchetta et al. sHerPo3 (2013) 119
Uy dy
hy hy
_E«:_ 0.8~ @ 2007 & 2010 proton data and H_E 0.8~ @ 2007 & 2010 proton data and
-"E 2003 & 2004 deuteron data -ﬁ 2003 & 2004 deuteron data
0.6~ —— Ay, Phys.Rev. D87 (2013) 094019 0.6~
—— 4, PhysRev. D87 (2013) 094019

Ay, Phys Rev. D87 (2013) 094019
— A4, PhysRev D87 (2013) 094019

0.4
_I | IIIII|

IIIIIII| IIIIIII|
107 107!

_0'6_| Ll
1

I I | I| I I II|
107 10"
.
Comparison with Anselmino et al. (global fits of single hadron Collins
asymmetries and FFs):

|
X

F. Kunne

Very good agreement for u quark, and fair agreement for d quark transversity.
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Transversity - dihadrons. Interplay with Collins
;; 0.10— 29}?]&2010 proton data Observe:
tosl o Collim i v « Mirror symmery of Collins h+ and Collins h-
} . 5 @ « Asymmetry for di-hadron somewhat larger
o
9 b Z 10
L0.05/- ¢ ; # E
OMOn L strong correlation between
10 10 1

X relevant angles 3 "J Yot

Hint at common physical origin for Collins mechanism and polarized

dihadron fragmentation function as originally suggested by different
models F. Bradamante [COMPASS], Como 2013, D-SPIN 2013
C. Adolph et al. [COMPASS], Phys. Lett. B 736 (2014) 124

*The h™ and h™ Collins asymmetries are mirror symmetric

*The h™ and h™ asymmetries are entangled

*The 2h asymmetry can also be derived from the h+ asymmetry

*Sivers-like asymmetries also entangled, but no mirror symmetry

F. Bradamante [COMPASS], SPIN-2014, Beijing
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COMPASS 2015 - 2018:

e« 2015: Polarized Drell-Yan m pt— uuX

First time ever
- Fundamental test of universality of TMDs (Sivers, Boer-Mulders...)
Expect change of sign in Drell-Yan vs SIDIS

e 2016-2017: GPDs UP—up y
(Generalized Parton Distributions) via Deep Virtual Compton Scatt.

« PDFs and FFs strange quarks (in parallel to GPDs)
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Summary
Pion polarisability
o.-, measurement in agreement with Ch PT

Light meson spectroscopy
Huge statistics in diffractive production, 3= channel, PWA
New resonance a,(1420) - f,(980) =

Gluon and quark contribution to nucleon spin
Gluon AG/G : Latest extraction in 3 x bins (‘all p;’), positive contribution.

Quarks : Sum 0.26< A~< 0.34 from global QCD fit at NLO
Extraction for all flavours from SIDIS measurements, down to x ~0.004.
Towards agreement with Lattice QCD calculation

Transversity and Transverse Momentum Dependent distributions
Precise results on Collins and Sivers: gives Au(x) and Ad(x)
Interplay Collins effect / di hadron
Much progress on all azimuthal asymmetries for TMDs (not shown)

Future 2015-2018:
TMDs via polarized Drell-Yan . pT 2 pp
GPds via Deep Virtual Compton Scatteringu p=> up y
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Spares
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Step 1: PWA In (M, t’) bins

Intensities for 3 major

waves vs M,

t'~0.1Gev2/c2
100 M, bins

Peak position—

t'~0.5 Geva/c?

e a, as benchmark

Number of Events/(20 MeV/c?)
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» Possibility of separation of resonant and non resonant content
high statistics & fine binning

F. Kunne
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Diffractive resonance production - conclusion

 Mass dependent PWA of 3n charged channel,

Huge statistics , 50 M events, 10 times more than previous expts
11 t’ bins

» Precise determination of resonance parameters

» Analysis proves the potential for establishing new small waves
with firm grounds

* New a,(1420) - f,(980) n
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Central production p p=2 pK*K—p

e Double Pomeron exchange - glue rich environment
Production of non g-q meson (glueballs, hybrids)
) u—— at central rapidities
o Intensity of S wave Phase S-D
£ sl c?fﬁcsﬂz?g - COMPASS 2009 _ "m COMPASS 2009
i i A "
jot i i w "l
0—3 -2 -1 Q 1 2 3 -H] | I
pK+K-p channel """ Fo

4

Selection of central production " O(1500) s asarx v ntensity of Dwave

Cut on p(pfast) >14O GeV, +f0(1710) lnu‘l“ y

K Id (RICH) :: ) COMPASS 2009
Mass dependent PWA :,

* Preliminary fit requires strong f,(1370) signal 2 (1225 poam it v

« Strong background (non resonant contributions at low mass)
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Beam-charge asymmety

[ E~160GeV 1< Q'< 4GeV' 003 < x3<0.07

0.3

—— VGG Reggeized (x.t)-correlation

0.2 —— VGG Factorized (x.t)-dependence

Mueller fit on world data
—— (with JLab Hall &)
(without JLab Hall A)

0.1
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o New predictions
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Nucleon spin

How is the nucleon spin distributed among its constituents?

Nucleon Spin 1= 1,A> + AG + L

quark gluon orbital momentum

Az:sumoveru,d,s,u,d,s AQ =Q-0
Parton spin parallel or anti

can take any value: superposition of several states :
parallel to nucleon spin

( Past:
Theory: QPM estimations, with relativistic effects AX ~ 0.6
| Experiment: “Spin crisis” in 1988, when EMC measured a,=AX=0.12+0.17
MS scheme
 Today:
Precise world data on polarized DIS 0, +SU(3) a,=AX~0.3

(_First results from Lattice QCD on AX,, and L4

Large experimental effort on AG measurement
also because a,= AX —n; (o /21) AG (AB scheme)
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The Collins mechanism The Di-hadron Fragm. Funct. mechanism

J- Collins, NPB396 (93) Collins, Heppdman, Lﬂdimfaﬁ NP B420 (94)
y _ 3
“‘ ) R“ ‘_ ,;}‘ P | R
. r‘.' 7/ k B g i T
k — ‘”, 0 _:_ Wi P
Sp T o B collinear!
_ PpXxRr:S; o cos(og — (bR, +7/2))
Collins angle T
: i iy = cos(r — o5 — (dn, + 7/2))
k x Py, + St o cos (E = gﬁ:) = sIn ¢ L
transverse }Tlotiﬂﬂ of hadron azimuthal orientationof hadron pair
spin ana]yzer of fragmenting quark spin analyzer of fragmenting quark
single—spin asymmetry —> convolution sing]e—spin asymmetry —> Product
sin sin(¢p+¢ hih
A o« [14 @ HY ] Agr o) o Bife) HEE M0 B

Radici, Jakob, Bianconi PR D65 (02); Bacchetta, Radici, PR D67 (03)

TMD factorization _ NS
collinear factorization

evolution equations understood
Ceccopieri, Radici, Bacchetta, P.L. B650 (07)

[M Rad|C|, |WH882013] F. Kunne IVth European CLAS12 Workshop, 17-20 February 2015 43




3n diffractive-Observation of new state al(1420)

preliminary
Particle JPC " Mass Range Width Range PDG Values
[MeV/*]  [MeV/*]  m[MeV/c*] T [MeV/c?]
“Established” states
a(1260) 1T+ 1260-1290 360420 1230440  250-600
a(1320) 2T 1312-1315 108-115  13183%08  107+5
as(2040) 47T 1928-1959  360-400 1996+ 10 255123
m(1670) 27t 1635-1663  265-305  16722+30  260+9
n(1800) 0~ 1768-1807  212-280 1812412 208412
m(1880) 27 1900-1990  210-390 1895416 235434
States not in PDG summary table
a(1420) 1T 1412-1422 130-150 — —
dy 17519202000 155-255 1930730 155 + 45
A 2+t 1740-1890  300-555 1950130 180130
F. Kunne
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Transversity

Three distribution functions are necessary to describe the structure of
the nucleon at LO in the collinear case:

* ((X) : number density or unpolarised distribution

* AQ(X) =9=3-95 :longitudinal polarization or helicity distribution

 Aq(x)=qTT-qll :transverse polarization or transversity distribution

All 3 of equal importance

Further distributions exist, Transverse Momentum Dependent distributions
(TMDs) , revealing correlations between nucleon spin, quark spin and
quark transverse momentum K.

All measured in COMPASS in SIDIS
Among them, the Sivers function.

F. Kunne IVth European CLAS12 Workshop, 17-20 February 2015- 45



Polarized Drell-Yan

5-month run in 2015 with Tt beam and transversely polarized target(NH3)
m pt— p'puX
- Measure TMDs, Sivers & Boer-Mulders

Drell-Yan: TMD x TMD
1SIDIS: TMD x FF

- Fundamental test of universality of TMDs
Expect change of sign in Drell-Yan vs SIDIS

Final State Interactions Initial State Interactions

Pion induced Drell-Yan:
* 7 as alternative probe to test nuclear models and meson structure

(not accessible in DIS)
» flavor dependence (specific g-gbar compound)
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Sivers, Boer-Mulders... via Polarized Drell-Yan

« 418ingg cos 2¢
&L flT \
Examples of COMPASS projections |~ — B
In mass region above J/y peak: ’
4 azimuthal asymmetries . .
3

o Will probe 3 TMDs: Sivers, Boer-Mulders and Pretzelosity, in
overlapping kinematic region for Drell-Yan and SIDIS

 Needed to test the change of sign, and check magnitude of signals.

F. Kunne IVth European CLAS12 Workshop, 17-20 February 2015 47



Generalized parton distributions

v %j o Study correlation between longitudinal
wa s/ \xmt quark momentum and transverse position
"‘@" Deep virtual Compton scattering (DVCS)
P AT A process which interferes with Bethe-Heitler(BH)

- Can be studied in the interference regime (Jlab and
COMPASS) and at high energy where BH smaller (COMPASS)

X, € : quark momentum fraction

t : transfer to proton

H(x,&,t) : Gen. Parton distribution
Also accessible via Hard Exclusive Meson
—> flavor decomposition

Should also compare first moments to lattice QCD
Link to angular momentum Jl sum rule:

For a quark f: J=Z ||mf dx x [H'(x.&,t) +E'(x.£,1)]

t—0

GPD H : accessible with unpolarized H target
GPD E : transversely polarized target
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DVCS ex: Projection for t-slope

Hp—ppy
ooVes/dt ~ expBltl
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X dependence of transverse size of the nucleon

B(xg) = ¥a<r 2(xg)>

i * ZEUS <Q'> =32GeV

v HI-HERAT <Q)> =4GeV:
« HI-HERAI <Q > =8 GeV~

« COMPASS <@'> =2GeV’ |
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¢ o o o
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Also accessed via meson production p, o, ¢

F. Kunne
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