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The Spin Puzzle

I =3AY+AG+.Y
(Jaffe&Manohar Nucl.Phys.B337 (1990))
@ JAY ~0.15 well known from DIS/SIDIS
@ |AG| ~ 0.2 known from DIS/pp
@ _ unknown
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The Spin Puzzle

3 =3AY+AG+.Y
(Jaffe&Manohar Nucl.Phys.B337 (1990))
° %AZ ~ 0.15 well known from DIS/SIDIS
@ |AG| ~ 0.2 known from DIS/pp
@ _ unknown

The Ji sum rule connects the Generalized Parton Distributions (GPDs)
H and E, measured in exclusive reactions, with the total angular momentum
J?9, e.q.

g 1.t
J :—Ilm/ x[H?+ Edx
2t=0/_1

(Phys.Rev.Lett.78 (1997))
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The Spin Puzzle

3 =3AY+AG+.Y
(Jaffe&Manohar Nucl.Phys.B337 (1990))
° %AZ ~ 0.15 well known from DIS/SIDIS
@ |AG| ~ 0.2 known from DIS/pp
@ _ unknown

Pol. Drell-Yan
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The Spin Puzzle

This talk:

Philipp Joerg DVCS Program @ COMPASS

Meson production:

see Pawel Sznajder’s
talk in the

Spin Physics Session 2
(today 11:10)

April 2015/ DIS 2/12



Introduction to GPDs

“GPDs are non-perturbative
objects entering the description of
hard exclusive electroproduction”

Definition of variables:

Xx: average long. momentum - NOT
ACCESSIBLE

&: long. mom. difference ~ xg/(2 — xg)

t: four-momentum transfer
related to b via Fourier transform
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Introduction to GPDs

“GPDs are non-perturbative
objects entering the description of
hard exclusive electroproduction”

They encode CORRELATIONS between
the long. mom. x and
the transv. position b | of partons b )

Definition of variables:

Xx: average long. momentum - NOT
ACCESSIBLE

&: long. mom. difference ~ xg/(2 — xg)

t: four-momentum transfer
related to b via Fourier transform
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Introduction to GPDs

“GPDs are non-perturbative
objects entering the description of
hard exclusive electroproduction”

They encode CORRELATIONS between
the long. mom. x and
the transv. position b | of partons

P P’
/T\
Experimentally accessible through Definition of variables:
Compton Form Factors (CFFs): X average long. momentum - NOT
A t) = H(x = t &: long. mom. difference ~ xg/(2 — xg)
(57 ) ( §7§7 ) t: four-momentum transfer
related to b via Fourier transform
dx H(x, x,t
Re 7 (€,t) = /(”)—I—Dterm
(x—&)
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The COMPASS Il Spectrometer

o ut & u~ beam with
opposite polarization
@ +80 % polarization

@ Momentum:
100-200 GeV/c

Particle identification:
@ Hadron absorbers

@ 2 Hadronic calorimeters
LAS

@ Ring Imaging Cerenkov Counter

@ 3 Electromagnetic calorimeters
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Upgrades for the DVCS Program

TGeant

@ Full Geant4 based MC description

@ Complementary to existing
GEANTS3 based MC description 60m
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Upgrades for the DVCS Program m—

@ Full Geant4 based MC
description

o Complementary to existing
GEANT3 based MC description

2.5m-long
Liquid H»
Target

[ =

o = VA
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Upgrades for the DVCS Program

TGeant
. @ Full Geant4 based MC

ECALO Calorimeter d:scri:::;; e
Shashlyk modules + MAPD readout @ Complementary to existing
~2%X2 m2 ~2200 ch GEANT3 based MC description

h d 2.5m-long

Liquid H»

T | Target

N V|
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Upgrades for the DVCS Program S——

@ Full Geant4 based MC
description

@ compl tary to existi
Target ToF System GEANTS based MG descrpton
24 inner & outer scintillators
1 GHz SADC readout
Goal: 310 ps ToF resol.

2.5m-long
Liquid Ha
Target

ECALO Calorimeter

Shashlyk modules + MAPD readout
~2x2mP, ~2200 ch.
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e~

slow p

o =2 = E El= DAl
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Y
v*
A
p ~smlt_v - gowp
do =<

| Toves|?

bilinear combination of GPDs

o =2 = E = DAl
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DVGCS BH
Y ﬁ Y
Vien) v* >
P ~smlt_~  géwp @it.\ﬁow P

o

do o< | Toves|? + |Tey*> + interference term
~— ~——

~~
bilinear combination of GPDs knownto 1% linear combination of GPDs
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50

40

do/dQ’ dx,, dt do(nb/GeV*rad)

p L

do =<

bilinear combination of GPDs

Low xg: BH dominates

|BH+DVCS[2
F Xg=0.01
|DVCSP
t IBHP

slowp

| Toves|?
———

12

BH
i
*

p . smit_» sowp

+ |Tey*> + interference term
——

known to 1 %

L |BH+DVCSP
|DVCSP?
|BHP?

X5=0.04

Vv
linear combination of GPDs

ol Large xg: DVCS dominates

3 Xg=0.1

|BH+DVCS]2
|DVCSP
IBHI?

E“=1 60GeV Q?=2GeV? t=-0.1GeV?

0.2

,E"=1 60GeV Q?=2GeV? t=-0.1GeV?

b El‘=1 60GeV Q?=2GeV? t=-0.1GeV?

-150 -100 -50 0 50 100 lSﬂd)

4150 -100 50 0 50 100 lsod)
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50

40

do/dQ’ dx,, dt do(nb/GeV*rad)

:
PR,

p L

do =<

bilinear combination of GPDs

Low xg: BH dominates

|BH+DVCS[2
F Xg=0.01
|DVCSP
t IBHP

slowp

| Toves|?
———

12

BH
i
*

)H
p st~ Sowp

+ |Tey*> + interference term
——

known to 1 %

[ |BH+DVCS
[ |Dvesp
| IBHP

X5=0.04

linear combination of GPDs

ISl Large xg: DVCS dominates

01 |

0.05

Xg=0.1

|BH+DVCS]2
|DVCSP
IBHI?

E“=1 60GeV Q?=2GeV? t=-0.1GeV?

0.2

,E"=1 60GeV Q?=2GeV? t=-0.1GeV?

b El‘=1 60GeV Q?=2GeV? t=-0.1GeV?

-150 -100 -50 0 50 100 lSﬂd)

reference from
almost pure
Bethe-Heitler

4150 -100 50 0 50 100 lsod)

Philipp Joerg DVCS Program @ COMPASS
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DVCS BH
Y g 55:" Y
Y* v*
P ~smelt v slowp P~ st~ Slowp
do =<

| Toves|?
———

+ |Tey*> + interference term
——

bilinear combination of GPDs  known to 1 %

5, Low Xg: BH dominates [uffys

2
|BH+DVCS]? ... X5=0.01 L |BH+DVCSP]?
2
|DVCS| [ |DVCS|?
2
|BH| [ IBHP

40 -

X5=0.04

30

linear combination of GPDs

ISl Large xg: DVCS dominates

3 Xg=0.1

|BH+DVCS]2
|DVCSP
IBHI?

E"=1 60GeV Q?=2GeV? t=-0.1GeV? ,E"=1 60GeV Q?=2GeV? t=-0.1GeV?

0.2

0.05

b E!‘=1 60GeV Q?=2GeV? t=-0.1GeV?

do/dQ’ dx,, dt do(nb/GeV rad)

-150 -100 -50 0 50 100 lSﬂd) -150 -100 -50 0 50 100 150¢

Study DVCS with:
almost pure R(TPVCS) & J(TPVCS)
Bethe-Heitler via (dot< £ do™7)

Philipp Joerg DVCS Program @ COMPASS
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DVCS BH
Y a VY
C) v
P ~smalt_~  dowp @ﬁow p

o

do o< | Toves|? + |Tey*> + interference term
~— ~——

bilinear combination of GPDs knownto 1 % linear combination of GPDs
5, Low Xg: BH dominates [uffys BN Large xz: DVCS dominates
2
|BH+DVCS|? .. L |BH+DVCSP %g=0.04 025 | X5=0.1

2
|DVCS| v L IDVCSE
2
IBHI [ IBHP

40 -

Xg=0.01

30

|BH+DVCS]2
|DVCSP
f IBHP

E"=1 60GeV Q?=2GeV2 t=-0.1GeV? |, ,E"=1 60GeV Q?=2GeV? t=-0.1GeV? b E!‘=1 60GeV Q?=2GeV? t=-0.1GeV?

0.05

do/dQ’ dx,, dt do(nb/GeV rad)

-150 -100 -50 0 50 100 lSﬂd) -150 -100 -50 0 50 100 l50¢ -150 -100 -50 0 50 100 1§0¢

reference from Study DVCS with: Transverse Imaging:
almost pure g{(TDVCS) & 3(TDVCS) dGDVCS/dt
Bethe-Heitler via (dot +do~) via(do™" +do )

Philipp Joerg DVCS Program @ COMPASS April 2015 / DIS 6/12



@ Using: (do™< +do™ )
@ Integrate over ¢

@ Subtract Bethe-Heitler

do
W o< e_B‘tl; < I’J2_ > ZB(XB]')

[m] =l = =

Philipp Joerg DVCS Program @ COMPASS

= Dac



@ Using: (do™* +do~ )
@ Integrate over ¢

@ Subtract Bethe-Heitler

do
W o< e_B‘tl; < I’i > ZB(XB]')

B (GeV?)

T +
[ « ZEUS <Q@> =32GeV

)

v HLHERAL <Q)> =4GeV?

2 VHI-HERAT <Q’> =8GeV?

o

21

10* 0? 10* 0! Xg

[m] =l = =

Philipp Joerg DVCS Program @ COMPASS
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@ Using: (do™< +do™ )
@ Integrate over ¢

@ Subtract Bethe-Heitler

do
W o< e‘BM; < I’JQ_ > ZB(XBI‘)

| Joizm
i VZEUS  <QP> =32GeV 0.65+0.02 CO

v HI-HERAT <Q> =4GeV?

B (GeV?)

2 +HI-HERAT <Q%> =8 GeV? 0.5 u

! H1 PLB659 '°4SS
iL (2008)

b 0

° 104 10° 102 100
L ! il ! XBJ )
10 10 107 0 %

Philipp Joerg DVCS Program @ COMPASS April 2015 / DIS 7/12



@ Using: (do™< +do™ )
@ Integrate over ¢
@ Subtract Bethe-Heitler

do
W o< e‘BM; < I’JQ_ > ZB(XBI‘)

. Measure o’ > 0.125 J

with more than 2.5 ¢ confidence level

B (GeV?)

27026
S o . O,
B saoring v %5 H1 PLB659 S
AL « COMPASS  <Q*> =2GeV? (2008)
R :_If?)\:czsyzger(ilczt(l)(i%-aztoigMPASS ' with.ECAL:+1+: 10% 103 107 107 1I
L 13 g1 pgqp L5 &l i XBJ )
10* 10° 107 1070 X

v
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; Full-scale CAMERA
= recoil detector

=
\ 3




_The Recoil ToF Detector‘CAMERA

I 24 slabs : - . 24 slabs
| Inner ring: < 4mm thick 3 B Outer ring: < 50mm thick

Philipp Joerg DVCS Program @ COMPASS April 2015/ DIS 9/12



T}heﬁRecon ToF Detector AMERA

24 slabs : L N 24 slabs
Inner ring: { 4mm thick IR Outer ring: { 50mm thick

3

2.75m /ong = ‘ 3.6m long

Inner ring

Outer ring
160 ps

300

350 ps = Time Resolution:

> 350 ps

150

100)

I

) g . a5 E iT"
ToF [ns] ToF [ns]
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~The Recoil ToF Detector CAMERA ,
L 77 e Y 1 g 2y

24 slabs 3 B ) \ 24 slabs
Inner ring: { 4mm thick [ e 1N ing: < 50mm thick

2.75m/ong N\; ok | 3.6m long

Time resolutlon measurement W|th cosmics

120y

Inner ring Outer ring [

Time Resolution: [ | 350 ps s£Time Resolution:( | 160 ps

h ? > 350 ps mé

': Bad scintillator quality!

Replacement in 2016 = o e

i el . &
Philipp Joerg DVCS Program @ COMPASS April 2015 / DIS 9/12



Exclusive Photon Events Selection

outer scintillator reconstructed hit
Reconstructed interaction vertex in target volume
One single photon above DVCS production threshold proton

inner scintillator x reconstructed hit |

[
@ >1(GeV/c)?, 0.05<y<0.09,

target ////Z:

Win vertex

0.06 (GeV/c)? < t < 0.64 (GeV/c)?
Hout

Philipp Joerg DVCS Program @ COMPASS April 2015/ DIS 10/12



Exclusive Photon Events Selection

[7p] 900 F COMPASS 2012
Exclusivity conditions: _'GEJ 800 ; z:t:tecano
® Ap = Pheas’ — Pheco” C 700
L 600F
500
400F
300 ; Applied
200 ; cut
100E
-1.0 0.5 0.5 1.0

Philipp Joerg DVCS Program @ COMPASS
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Exclusive Photon Events Selection

Exclusivity conditions:

@ Vertex pointing (AZ)

Entries

outer scintillator 1 reconstructed hit
proton
inner scintillator x reconstructed hit
target 0M
f " ]
Hin vertex
500 COMPASS 2012
C [pata
400} MonteCarlo
300F
2001
100F
L shewry M
-40 -30 -20 10 20 30 40

AZ (cm)
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Exclusive Photon Events Selection

$ L COMPASS 2012
- N QD C [Jpata
Exclusivity conditions: = 1000k MonteCarlo
c L
L 800
600
@ Transv. momentum balance: -
1 1 -
Apr = P = Plreo 400F
200

06 -04 -02 00 0.2 04 06
Apl(GeV/c)

Philipp Joerg DVCS Program @ COMPASS April 2015/ DIS 10/12



Exclusive Photon Events Selection

$ F COMPASS 2012
i i . _1400:_ [Jpata
Exclusivity conditions: = c MonteCarlo
IJCJ 1200
1000
8001
600
400
@ Four-momentum balance: F
M = (Pui + Poi — Pacu — Poou — Py)? 200

-1.0 -0.5 0.0 1.0

05
2 2\2
M, ((GeVic?))



Exclusive Photon Events Selection

‘outer scintillator 4 reconstructed hit
Signal amplitude in outer scintillators =" v
vs. B of recoiling particle LemT proton
inner scintillator reconstructed hit
Proton signature clearly visible :/,,__,
after all exclusivity conditions et You
< Win vertex
~ ~
~. . Hout
~
Exclusivity conditions: - T
QA (P _ (Pproton _ (Pproton D L COMPASS 2012
- meas reco -
< I
@ Vertex pointing (AZ) ;; [
8 L
@ Transv. momentum balance: - L
A _ pproton __ proton P
pL = | ,meas | reco 90.5*
8 L
@ Four-momentum balance: [} r
M = (Pusy + Pon — Prout — Poout —Py)? i
@ Missing energy: 0 ‘

Enmiss = (P + Ppin — Puow —Py)* — M3)/2Mp

Philipp Joerg DVCS Program @ COMPASS April 2015/ DIS 10/12



7% Background Estimation

Major background source for exclusive photon events
Two cases:

e Visible (both y detected, easy to reject)

e Invisible (one 7 “lost”, estimated with MC)

n 50 COMPASS 2012 . . .

g | * Data (comb. bgd. subtracted) M’}/’}/ dlStrlbUTIOn

= 40 —— Normalized MC (excl. °) @\ /it ” 0 ive®

c . LJExclusive* y

L — Normalized MC (LEPTO 6.1) ( VISIbIe T ) ;n"e"rgybfh"y’e"vsho‘d
30

20

Semiinclusive EPTOMC
10
or u

epgen MC
i (Golosgokov & Kroll model)
0;,++ ; i exclusive |

o 70 contribution normalized to
0.0 0.1 0.2 0.3 0.4 ’ (2).5 M, peak from real data
M,, (GeVi/c?)

L L I B R BB |

v
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Exclusive Y Azimuthal Distribution

0.005 < x,, < 0.01 0.01 < x, <0.03 0.03 < x; <0.27
5[ compass2012 « Dt 7 bgd. MC |
< === max.
1.0 _u_ 0.5l —MC @ + ...... min. \
BH contrib. -+-|_ I BH + max 1 bgd.
Normalized to 0.4f \ \
lowest xg; bin o * *
U.of 0.3+
0.4f i
0.2' ’
¢ X3
| e FENT ETITAS AT ErE SN vl
0. -100 0 100 0. -100 0 100 0.0 -100 0 100
. (deg) . (deg) Q. (deg)
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Exclusive Y Azimuthal Distribution

0.005 < Xg; < 0.01 0.01< Xg; < 0.03 0.03< Xg < 0.27
T 1 T 1 I 1

Dominant Bethe-Heitler process clearly visible at small xp;

¢y+y shape well reproduced by MC simulation
First estimation of 7° background at large XBj

Data at large xg; show an excess compared to BH+background

’ Pt
0.2 0. '
0 N ¢ ¢ . =r-r -
OG 1 1 L1l ‘ 111l | LT OG ALl (l:.)x Ll LJ L1l l lol J OO

-100 O 100 -100 0 100 -100 0 100
. (deg) . (deg) Q. (deg)
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Exclusive Y Azimuthal Distribution

0.005 < Xg; < 0.01 0.01< Xg; < 0.03 0.03< Xg < 0.27
T 1 T 1 I 1

Dominant Bethe-Heitler process clearly visible at small xp;

¢y+y shape well reproduced by MC simulation
First estimation of 7° background at large XBj
Data at large xg; show an excess compared to BH-+background

Next steps:
o t-slope extraction — nucleon tomography
o Beam charge difference extraction

o Dedicated beam time for DVCS 2016-2018

Yy Yy Yy

Philipp Joerg DVCS Program @ COMPASS April 2015/ DIS 12/12
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Recoil particle Measurement in CAMERA

T_B

.

PMT
Bup

oo IV~

Amplup

\ &
VR Y
up TA

Recoil Proton

Beam

Liquid H2 Target (2.5 m)

COMPASS 2012

Energy loss (A.U.)

EEEYT L e e

0 0.2 0.4 0.6 0.8

Philipp Joerg DVCS Program @ COMPASS

Ampldown
RingB  gomm
T / v
PMT
Adown
Ring A 4mm
i n
n_
n-l-

Eloss ~ \/ Amplyp * Amplaown
TOF — (tup + tdown)A7B
Z — typ — tdown

Count rates: >5 MHz in ring A
~1 MHz inring B

April 2015/ DIS
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What Makes COMPASS Uniaue?
COMPASS covers the unexplored region between collider (H1+Zeus)
and low-energy fixed target (Hermes+JLab) experiments J

@ u' and u~ beams

'S

3 COMPASS 160 GeV.
©  |BA HERMES27GeV
& |0 abiicey

2] ZEUS+H1

@ momentum: 100 — 190 GeV/c

@ beam polarization: 80 %
opposite for u+ and p

0

g |—
8 -
7 =
6 -
5
4 . .

@ coverage of intermediate xg

— low xg: pure BH
useful for normalization

— high xg: DVCS predominat

: ; i /11111l ~ unexplored region between
N S 10°
S 10 g ' ZEUS+H1 and HERMES+JLab

Xr
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DVCS: What Can We | earn?
Phase 1: Polarized beam, unpol. target ]

/\ GPDs /\

DVCS domlnance
at large xg ’ ‘ BH/DVCS interf. at intermediate xz

Interference between BH and DVCS

"Boost” of DVCS
% + % ; —}hrough int.
Bethe-Heitler Deep VCS term

i Measurement of Res#(€,t) and Ims# (&, t)
via ¢-modulation of cross section

Xxg-dependent transv. size of
nucleon

® - ® j-«om t\-—o.x /\/ 03 [*] Re%(&t) = Pfdx H(x,&,t)/(x — é)
r, parameter from slope of @ Imx(&E,1) =H(x=E,&,t)
dO'DVCS/df i
g ) Exp. constrain to GPD H 7




CAMERA Readout

GANDALF

Virtex-5 VSX95
8 channels

1 GS/s

12 bit resolution

TIGER

Virtex-6 VLX365
onBoard GPU
2x SFP+

COM Express

Event Data to DAQ
(Amplitude, Time)

Philipp Joerg DVCS Program @ COMPASS April 2015/ DIS 4/7




Time Resolutions Measured with Cosmics

g A Ring A - performances

Ring A geometry : 280%6°0.4 cm*
Measurement with cosmics

ime Resolution: [ | 350 ps

NES SURE SRS SRR COTY AR

2

5
Attenuation length (cm)

=

After deconvolute from ref. respltition
and apply Software corrections

- best

P

s x
ToF [ns] T e e B
Goal was 300ps

B Att length better than 200 cmwas expected

0!

T

Time Resolution:

3

160 ps

200

15

10

T T [T [T T

i

L

3

“ToF

)

[ns]
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Summary of Present CAMERA Performances

momentum resolution polar angle resolution
-t E ] E
.gO.14E I 3500;
S01E VU 3000-
< Ot L 2500F
o 0.08f o 2000F
2 o006+ 1500-
© 0.04 1000F
0.02f 500
63 04 05 06 8.7‘\)/‘ . . 02 04
ev/c N
pSpectr. [ ] (eSpectr. eCAMERA) / rad
z, position resolution Z;; position resolution

2000; 2500
1800¢ F
1600: 2000E
1500 1500
1000E E
800E 10001
600; E
400E 500F
200¢ E

% 30 20 10 0 10 20 30 40 95720 1510 5 0 5 10 15 20 25

(ZA,Spectr._ZAaCAMERA) /cm (ZB’SpeCtr__ZB,CAMERA) /cm
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Past, Present and Future GPD Experiments

Current DVCS data at colliders:
10%L0 ZEUS-totalxsec [ Hi-total xsec
F @ ZEUS-dodt B Hi- doidt
B Hi-Agy Q,\z,-

Current DVCS data at fixed targets:

A HERMES-A, A HERMES-Acu
| & HERMES-A[y, Ay, Ay

A HERMES-Ay; » HallA- CFFs
o| % CLAS-Ay * CLAS- Ay,

10

N F Planned DVCS at fixed targ.: g
[0} - 222 COMPASS- dofdt, Acsu Acs -
0] [ JLABT2- doidt, Ay, Au Ay

o L
&)

10
1

oo
ence guarks;

L

PR |

Ll

10 10° 10?

Philipp Joerg DVCS Program @ COMPASS
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Measurements of DVCS and BH Cross-sections
cross-sections on proton for ;,t"‘l’, u‘T beam with opposite charge & spin (e, & P,)

dojupsupy = doBH +dc®VSS,, ) + P, do®Ves,,
BH DVCS BH DVCS
+e,a Re A +euPua ImA
Charge & Spin Difference and Sum:

Q)CS,UE t{O'(u +¢) - (fO'CU‘O oc E:(I)m:cj!m COS¢ I and C(;?Lt ~F, ng{
SCS,UE db‘(u +‘£) + d'o'(ﬂ-r) OC{ deBH +CCI)DVCS+K_31'”tSin¢ ]and s]!nt - F,Im]-[

0" «Re (F H +E(F,+F,) H — t/4am’ F,E)

NOTE: v dominance of A with a proton target
at COMPASS kinematics
v'only leading twist and LO
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