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GPDs and hard exclusive meson production
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I factorization into a hard and a soft part
- only valid for a long. polarized γ∗
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Figure 3: The ratio R = σL/σT as a function of Q2 measured in the E665 experiment.
The curve is a fit to the data described in the text.

order equation in Aρ
1 for the ratio (Nu,1Nd,2/Nd,1Nu,2). Here fluxes cancel out as well as

acceptances, if the ratio of acceptances for the two cells is the same before and after
the reversal [21]. In order to minimise the statistical error all quantities used in the
asymmetry calculation are evaluated event by event with the weight factor w = PBfD.
The polarisation of the beam muon, PB, is obtained from a simulation of the beam line
and parameterised as a function of the beam momentum. The target polarisation is not
included in the event weight w because it may vary in time and generate false asymmetries.
An average PT is used for each target cell and each spin orientation.

The ratio R, which enters the formula for D and strongly depends on Q2 for reaction
(2), was calculated on an event-by-event basis using the parameterisation

R(Q2) = a0(Q2)a1 , (9)

with a0 = 0.66 ± 0.05, and a1 = 0.61 ± 0.09. The parameterisation was obtained by the
Fermilab E665 experiment from a fit to their R measurements for exclusive ρ0 muopro-
duction on protons [3]. These are shown in Fig. 3 together with the fitted Q2-dependence.
The preliminary COMPASS results on R for the incoherent exclusive ρ0 production on
the nucleon [7], which cover a broader kinematic region in Q2 , agree reasonably well with
this parameterisation. The uncertainty of a0 and a1 is included in the systematic error of
Aρ

1.
The dilution factor f gives the fraction of events of reaction (2) originating from

nucleons in polarised deuterons inside the target material. It is calculated event-by-event
using the formula

f = C1 · f0 = C1 ·
nD

nD + ΣAnA(σ̃A/σ̃D)
. (10)

Here nD and nA denote numbers of nucleons in deuteron and nucleus of atomic mass A
in the target, and σ̃D and σ̃A are the cross sections per nucleon for reaction (2) occurring
on the deuteron and on the nucleus of atomic mass A, respectively. The sum runs over all
nuclei present in the COMPASS target. The factor C1 takes into account that there are
two polarised deuterons in the 6LiD molecule, as the 6Li nucleus is in a first approximation
composed of a deuteron and an α particle.

The measurements of the σ̃A/σ̃D for incoherent exclusive ρ0 production come from
the NMC [2], E665 [22] and early experiments on ρ0 photoproduction [23]. They were
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Ratio R = σL/σT > 1, for Q2 > 2 (GeV/c)2
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GPDs and hard exclusive meson production
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I factorization into a hard and a soft part
- only valid for a long. polarized γ∗

I 4 chiral-even GPD: Hq,g , H̃q,g , Eq,g , Ẽq,g

(parton helicity is unchanged)

I 4 chiral-odd GPD: Hq
T , H̃q

T , Eq
T , Ẽq

T
(quark helicity is flipped)

I HEMP as ’flavor filter’:
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HEMP cross section (trans. pol. target) Diehl, Sapeta EPJ C41 (2005)
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σ
ij
mn = spin− dependent photoabsorption cross sections

m, n = virtual− photon helicity (−, 0, +)

i, j = target nucleon helicity (−, +)

ε = virtual photon polarization parameter

(ratio of long. transv. photon− flux)

enters in prefactors (Depolarization factor)
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unpolarized cross section : σ0 = σT + εσL

8 orthogonal modulations of φ and φS :

Unpolarized beam + Transv. polarized target : 5 sine modulations
Long. polarized beam + Transv. pol. target : 3 cosine modulations
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Long. polarized beam+Transv. pol. target:

Unpolarized beam + Transv. polarized target:
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18 3. Das COMPASS-Experiment

Target

ECAL2
HCAL2

RICH1

Muon Filter 1

SM2
HCAL1

SM1 Muon Filter 2

ECAL1

Abbildung 3.1: Isometrische Ansicht des COMPASS-Experiments. COMPASS-
Koordinatensystem: z in Strahlrichtung, x in der Horizontalen und y in der Vertikalen.

Im SPS werden Protonen auf Impulse von 400 GeV/c beschleunigt. Diese Protonen

treffen in sogenannten Spills (etwa alle 15 s für ca. 5 s) auf ein festes Berylliumtarget,

dessen Länge je nach gewünschter Sekundärstrahlintensität gewählt werden kann.

Dabei entstehen vorwiegend Pionen und Kaonen, die nach einer Impulsselektion

während ihrem Flug duch einen 600 m langen Tunnel teilweise zu Myonen zerfal-

len. Die nicht zerfallenen Hadronen werden durch einen Berylliumabsorber gestoppt.

Der gereinigte und fokussierte Myonstrahl wird erneut impulsselektiert und in einer

800 m langen Strahlführung zum Expertiment geleitet. Aufgrund der Paritätsver-

letzung des Pion- und Kaonzerfalls ist der Myonstrahl natürlicherweise polarisiert.

Der Polarisationsgrad hängt vom Verhältnis der Impulse von Myonen und Pionen

ab. Bei einem Verhältnis von pµ/pπ = (160 GeV/c)/(172 GeV/c) erreicht man einen

Polarisationsgrad von (−80±4)%. Der maximale Myonfluss pro Spill beträgt 2 ·108.

Um einen möglichst hohen Myonfluss zu erreichen, wird eine Streuung der Myonim-

pulse um bis zu 5% des ausgewählten Impulses zugelassen. Dies macht eine Messung

des Impulses jedes einzelnen Strahlteilchens notwendig. Da das SPS unterirdisch

liegt, das COMPASS-Experiment sich jedoch an der Oberfläche befindet, muss der

Strahl mit Hilfe von Dipolmagneten nach oben und vor dem Eintritt ins Experiment

wieder in die Horizontale gelenkt werden. Vor und hinter den letzten Umlenkmagne-

ten (B6) befindet sich die Beam Momentum Station (BMS). Sie besteht aus sechs

Hodoskopen, welche die Spur des Teilchens vermessen. Aus dem Radius der Bahn-

kurve kann dann der Impuls errechnet werden. Ein Großteil der Myonen befindet

sich im zentralen Bereich des Strahls. Ein kleiner Teil der Myonen befindet sich

jedoch weiter entfernt von der Strahlachse, dieser bildet den sogenannten Halo.

large angular & momentum acceptance
variety of tracking detectors
transversely polarized solid-state target

Two-stage spectrometer (50 m)

160GeV/c
80 % polarization
L ∼ 5 · 1032 /cm2s

µ+-Beam from SPS:
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dilution factor 〈f 〉 ∼ 0.25
polarization 〈PT 〉 ∼ 0.8

In both cases the target polarization was
inverted once a week

2007+2010: NH3 target (polarized protons)
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COMPASS  2003−2004  deuteron

dilution factor 〈f 〉 ∼ 0.45
polarization 〈PT 〉 ∼ 0.5

2003+2004: 6LiD target (polarized deuterons)

Two periods of data taking using different kinds of
transversely polarized targets:

⇑ ⇓ ⇑

⇑ ⇓
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protons
deuterons

0.5GeV/c2 < Mπ+π− < 1.1GeV/c2

ρ0 meson is reconstructed from two hadron tracks
with opposite charge and assuming the pion mass

Eρ0 > 15 GeV

Specific cuts

1 (GeV/c)2 < Q2 < 10 (GeV/c)2

W > 5GeV
0.1 < y < 0.9
0.003 < xBj < 0.35

Kinematic cuts

µ + p → µ′ + p′ + ρ0

�

π+ + π−

p’p

0

GPDs

+

−
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Emiss = MX−MP
2·MP

protons
deuterons

|Emiss | < 2.5GeV

Proton is not detected:
Emiss = 0 is a signature for exclusivity

Eρ0 > 15 GeV

0.5GeV/c2 < Mρ0 < 1.1GeV/c2

Specific cuts

1 (GeV/c)2 < Q2 < 10 (GeV/c)2

W > 5GeV
0.1 < y < 0.9
0.003 < xBj < 0.35

Kinematic cuts

µ + p → µ′ + p′ + ρ0

�

π+ + π−

p’p

0

GPDs

+
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protons
deuterons

p2
T > 0.05 (GeV/c)2 0.1 (GeV/c)2

suppresses contribution of coherent events
p2

T < 0.5 (GeV/c)2

removes non-exclusive background

Further background suppression: p2
T of the ρ0 with

respect to the γ∗

Eρ0 > 15 GeV

0.5GeV/c2 < Mρ0 < 1.1GeV/c2

|Emiss | < 2.5GeV

Specific cuts

1 (GeV/c)2 < Q2 < 10 (GeV/c)2

W > 5GeV
0.1 < y < 0.9
0.003 < xBj < 0.35

Kinematic cuts

µ + p → µ′ + p′ + ρ0

�

π+ + π−

p’p

0

GPDs

+

−
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I mean background amount in signal
region ∼ 22 %

I Background subtraction necessary
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I 8 asymmetries are calculated in parallel using a 2D max LH fit

I calculations are based on four 2-dim (φ, φS) matrices
(different target cells (U+D, C) and target polarizations (↑↓↑,
↑↓↑))

I done for various number of kinematic bins:
4 xBj -bins, 4 Q2-bins, 5 p2

T -bins

Asymmetry extraction method - proton data
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I signal (Gaussian shape)+background (parametrized from weighted MC)

I (φ, φS )bg from SIDIS region (7 GeV < Emiss < 20 GeV)

I (φ, φS )sig corrected by (φ, φS )bg , scaled with amount of background in signal region

I done for each kinematic bin, target cell and polarization separately

Two component fit of Emiss shape

I LEPTO MC (COMPASS tuning) for SIDIS
background

I MC weighting based on comparison RD/MC
for wrong charge combination sample
(h+h+, h−h−):

w(Emiss) =
N

h+h+γγ
RD

+N
h−h−γγ
RD

N
h+h+γγ
MC

+N
h−h−γγ
MC

Background rejection with Monte Carlo
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Phys. Letter B731 (2014)

NEW COMPASS RESULTS
xBj -dependent AUT and ALT for 2007&2010 data with NH3 target



Asymmetries from exclusive ρ0 production

Johannes ter Wolbeek (Univ. Freiburg) SPIN 2014, Beijing 13 COMPASS

Bjx
0 0.05 0.1

)
S

 
φ − φ

co
s 

(
LT

A

−0.5

0

0.5
COMPASS proton

)2/c2 (GeV2Q
2 4

)
S

 
φ − φ

co
s 

(
LT

A

−0.5

0

0.5
COMPASS proton

)2/c2 (GeV2
T

p
0 0.2 0.4

)
S

 
φ − φ

co
s 

(
LT

A

−0.5

0

0.5
COMPASS proton

Bjx
0 0.05 0.1

)
S

 
φ − φ

co
s 

(2
 

LT
A

−0.5

0

0.5
COMPASS proton

)2/c2 (GeV2Q
2 4

)
S

 
φ − φ

co
s 

(2
 

LT
A

−0.5

0

0.5
COMPASS proton

)2/c2 (GeV2
T

p
0 0.2 0.4

)
S

 
φ − φ

co
s 

(2
 

LT
A

−0.5

0

0.5
COMPASS proton

Bjx
0 0.05 0.1

S
 

φ
 c

os
 

LT
A

−0.5

0

0.5
COMPASS proton

)2/c2 (GeV2Q
2 4

S
 

φ
 c

os
 

LT
A

−0.5

0

0.5
COMPASS proton

)2/c2 (GeV2
T

p
0 0.2 0.4

S
 

φ
 c

os
 

LT
A

−0.5

0

0.5
COMPASS proton

Bjx
0 0.05 0.1

S
 

φ
si

n 
U

T
A

−0.1

0

0.1 COMPASS proton

)2/c2 (GeV2Q
2 4

S
 

φ
si

n 
U

T
A

−0.1

0

0.1 COMPASS proton

)2/c2 (GeV2
T

p
0 0.2 0.4

S
 

φ
si

n 
U

T
A

−0.1

0

0.1 COMPASS proton

Bjx
0 0.05 0.1

)
S

 
φ − φ

si
n 

(
U

T
A

−0.1

0

0.1 COMPASS proton

)2/c2 (GeV2Q
2 4

)
S

 
φ − φ

si
n 

(
U

T
A

−0.1

0

0.1 COMPASS proton

)2/c2 (GeV2
T

p
0 0.2 0.4

)
S

 
φ − φ

si
n 

(
U

T
A

−0.1

0

0.1 COMPASS proton

Bjx
0 0.05 0.1

)
S

 
φ

 +
 

φ
si

n 
(

U
T

A

−0.2

−0.1

0

0.1

0.2 COMPASS proton

)2/c2 (GeV2Q
2 4

)
S

 
φ

 +
 

φ
si

n 
(

U
T

A

−0.2

−0.1

0

0.1

0.2 COMPASS proton

)2/c2 (GeV2
T

p
0 0.2 0.4

)
S

 
φ

 +
 

φ
si

n 
(

U
T

A

−0.2

−0.1

0

0.1

0.2 COMPASS proton

Bjx
0 0.05 0.1

)
S

 
φ − φ

si
n 

(3
 

U
T

A

−0.2

−0.1

0

0.1

0.2 COMPASS proton

)2/c2 (GeV2Q
2 4

)
S

 
φ − φ

si
n 

(3
 

U
T

A

−0.2

−0.1

0

0.1

0.2 COMPASS proton

)2/c2 (GeV2
T

p
0 0.2 0.4

)
S

 
φ − φ

si
n 

(3
 

U
T

A

−0.2

−0.1

0

0.1

0.2 COMPASS proton

Bjx
0 0.05 0.1

)
S

 
φ − φ

si
n 

(2
 

U
T

A

−0.1

0

0.1 COMPASS proton

)2/c2 (GeV2Q
2 4

)
S

 
φ − φ

si
n 

(2
 

U
T

A

−0.1

0

0.1 COMPASS proton

)2/c2 (GeV2
T

p
0 0.2 0.4

)
S

 
φ − φ

si
n 

(2
 

U
T

A

−0.1

0

0.1 COMPASS proton

Phys. Letter B731 (2014)

NEW COMPASS RESULTS
Q2-dependent AUT and ALT for 2007&2010 data with NH3 target



Asymmetries from exclusive ρ0 production

Johannes ter Wolbeek (Univ. Freiburg) SPIN 2014, Beijing 14 COMPASS

Bjx
0 0.05 0.1

)
S

 
φ − φ

co
s 

(
LT

A

−0.5

0

0.5
COMPASS proton

)2/c2 (GeV2Q
2 4

)
S

 
φ − φ

co
s 

(
LT

A

−0.5

0

0.5
COMPASS proton

)2/c2 (GeV2
T

p
0 0.2 0.4

)
S

 
φ − φ

co
s 

(
LT

A

−0.5

0

0.5
COMPASS proton

Bjx
0 0.05 0.1

)
S

 
φ − φ

co
s 

(2
 

LT
A

−0.5

0

0.5
COMPASS proton

)2/c2 (GeV2Q
2 4

)
S

 
φ − φ

co
s 

(2
 

LT
A

−0.5

0

0.5
COMPASS proton

)2/c2 (GeV2
T

p
0 0.2 0.4

)
S

 
φ − φ

co
s 

(2
 

LT
A

−0.5

0

0.5
COMPASS proton

Bjx
0 0.05 0.1

S
 

φ
 c

os
 

LT
A

−0.5

0

0.5
COMPASS proton

)2/c2 (GeV2Q
2 4

S
 

φ
 c

os
 

LT
A

−0.5

0

0.5
COMPASS proton

)2/c2 (GeV2
T

p
0 0.2 0.4

S
 

φ
 c

os
 

LT
A

−0.5

0

0.5
COMPASS proton

Bjx
0 0.05 0.1

S
 

φ
si

n 
U

T
A

−0.1

0

0.1 COMPASS proton

)2/c2 (GeV2Q
2 4

S
 

φ
si

n 
U

T
A

−0.1

0

0.1 COMPASS proton

)2/c2 (GeV2
T

p
0 0.2 0.4

S
 

φ
si

n 
U

T
A

−0.1

0

0.1 COMPASS proton

Bjx
0 0.05 0.1

)
S

 
φ − φ

si
n 

(
U

T
A

−0.1

0

0.1 COMPASS proton

)2/c2 (GeV2Q
2 4

)
S

 
φ − φ

si
n 

(
U

T
A

−0.1

0

0.1 COMPASS proton

)2/c2 (GeV2
T

p
0 0.2 0.4

)
S

 
φ − φ

si
n 

(
U

T
A

−0.1

0

0.1 COMPASS proton

Bjx
0 0.05 0.1

)
S

 
φ

 +
 

φ
si

n 
(

U
T

A

−0.2

−0.1

0

0.1

0.2 COMPASS proton

)2/c2 (GeV2Q
2 4

)
S

 
φ

 +
 

φ
si

n 
(

U
T

A

−0.2

−0.1

0

0.1

0.2 COMPASS proton

)2/c2 (GeV2
T

p
0 0.2 0.4

)
S

 
φ

 +
 

φ
si

n 
(

U
T

A

−0.2

−0.1

0

0.1

0.2 COMPASS proton

Bjx
0 0.05 0.1

)
S

 
φ − φ

si
n 

(3
 

U
T

A

−0.2

−0.1

0

0.1

0.2 COMPASS proton

)2/c2 (GeV2Q
2 4

)
S

 
φ − φ

si
n 

(3
 

U
T

A

−0.2

−0.1

0

0.1

0.2 COMPASS proton

)2/c2 (GeV2
T

p
0 0.2 0.4

)
S

 
φ − φ

si
n 

(3
 

U
T

A

−0.2

−0.1

0

0.1

0.2 COMPASS proton

Bjx
0 0.05 0.1

)
S

 
φ − φ

si
n 

(2
 

U
T

A

−0.1

0

0.1 COMPASS proton

)2/c2 (GeV2Q
2 4

)
S

 
φ − φ

si
n 

(2
 

U
T

A

−0.1

0

0.1 COMPASS proton

)2/c2 (GeV2
T

p
0 0.2 0.4

)
S

 
φ − φ

si
n 

(2
 

U
T

A

−0.1

0

0.1 COMPASS proton

Phys. Letter B731 (2014)

NEW COMPASS RESULTS
p2
T -dependent AUT and ALT for 2007&2010 data with NH3 target



Asymmetries from exclusive ρ0 production

Johannes ter Wolbeek (Univ. Freiburg) SPIN 2014, Beijing 15 COMPASS

ET = 2H̃T + ET

∝ Re (H∗T,LTHLL − E∗T,LTELL)

∝ Re (E∗T,LTELL)

∝ Re (H∗T,LTET,LT )

∝ Im (H∗T,LTHLL − E∗T,LTELL)

= 0

∝ Im (E∗T,LTELL)

∝ Im (E∗T,LTHT,LT )

∝ Im (E∗LLHLL − E∗TTHTT + 1
2
H∗T,LTET,LT )

〉A〈
−0.2 −0.1 0 0.1 0.2

)S φ − φsin (

UTA

)S φ + φsin (

UTA

)S φ − φsin (2 

UTA

)S φ − φsin (3 

UTA

S φsin 

UTA

)
S 

φ − φcos (

LTA

)
S 

φ − φcos (2 

LTA

S 
φcos 

LTA

I most asymmetries compatible with 0

I A
sin(φS )
UT = −0.019± 0.008± 0.003 → indicates HT 6= 0

Mean asymmetries extracted for entire kinematic range (protons)
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I Results for A
sin(φ−φS )
UT are compatible with 0(as predicted)

I deuterons: first and unique measurements by COMPASS

COMPASS kinematic:
W = 8.1 GeV
Q2 = 2.2 (GeV/c)2

p2
T = 0.2 (GeV/c)2

I phenomenological ’handbag model’

I contains γ∗L and γ∗T

GPD model from Goloskokov/Kroll

U
T,

d

)
Sφ-φ

si
n(

A

Bjx ]2)c [(GeV/2Q ]2)c [(GeV/2
T

p

Goloskokov and Kroll
Eur.Phys.J.C59
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I limited statistic

I only A
sin(Φ−ΦS )
UT extracted using 1D

max LH fit

I background subtraction similar to 2D
method

COMPASS results on A
sin(φ−φS )
UT for 2003&2004 data with 6LiD target (deuterons)

compared to predictions of the GPD model from Goloskokov/Kroll

Goloskokov, Kroll EPJ C53 (2008)

Nuclear Phys. B865 (2012)
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I sizable asymmetries predicted for exclusive ω production:

I σω ∼ 1
40σρ0

I decay channel: ω → π+π−π0 → π+π−γγ
I good ECAL performance with time measurement essential
I only proton data from 2010 available!

→ ∼ 1 % of statistic expected

I no kinematic binning

I 2D max LH fit susceptible for low statistic!
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I more stable at low statistic, statistical error reduced by 20 %

I kinematic dependence of the dilution factor considered more
precisely

Advantages of the weighted unbinned max LH

I the 8 asymmetries are extracted simultaneously to the background
asymmetries

I events are weighted individually with the appropriate
signal-to-background ratio, depending on Emiss

I correction factors are calculated for each event and enter the fit
directly

New extraction method: weighted unbinned max LH
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I theory predicts sizable asymmetries for ω production

I analysis on exclusive ω in progress
I only proton data from 2010 available

→ ∼ 1% of statistic expected → no kinematic binning

I new fit method
I reduced statistical and systematical errors

Outlook

I protons: transverse target spin asymmetries were measured at COMPASS
8 (5 single spin + 3 double spin)

I deuterons: leading order single spin asymmetry A
sin(φ−φS )
UT was measured

I the asymmetries are mostly compatible with 0

I A
sin(φS )
UT = −0.019± 0.008± 0.003 → evidence for HT 6= 0

Summary
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