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COMPASS GPD program

e Contribution to the nucleon spin puzzle
1=1IAY+AG+¥2

Jaffe&Manohar Nucl.Phys.B337 (1990)

by constraining GPD H and E

J9 = 1lim [7 x[H9 + E9)ax
t—0 (Phys.Rev.Lett. 78 (1997)) smallt
e 3D nucleon tomography via GPD H

H(x,& =0,t) = p(x,b,)

probability interpretation (Burkardt)
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COMPASS GPD program
e Contribution to the nucleon spin puzzle
1=1IAY+AG+¥2

Jaffe&Manohar Nucl.Phys.B337 (1990)

by constraining GPD H and E

. 1
J9 = Llim [H x[H9 + E9]dx
t—0 (Phys.Rev.Lett.78 (1997)) small t
this talk

[—> Exclusive vector meson production on transversely polarised protons and deuterons ]

[—> Exclusive ° unpolarised x-section on protons

e 3D nucleon tomography via GPD H

H(x,&E =0,t) = p(x,b.)

probability interpretation (Burkardt)

this talk
[—> t-dependence of pure DVCS x-section on unpolarised protons
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COMPASS spectrometer

o ut & u~ beams with
opposite polarisations
e +80 % polarisation
e Momentum:
100-200 GeV/c

Particle ldentification:

Ring Imaging Cerenkov Counter

2 Hadronic calorimeters

2(3) Electromagnetic calorimeters



Transversely polarised target dilution refrigerator (~ 60mk)
setup ‘

LY superconducting
f _ solenoid (~ 2.5T)
ey

o Target material: NH3, 6LiD
e 2 magnets:
solenoid 2.5T, dipole 0.5T
e Acceptance: +180 mrad
upstream edge (since 2006)
 3He - “He dilution refrigeration
e Microwave reversal
every week

results on exclusive p°
and o available
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Transversely polarised target dilution refrigerator (~ 60mk) T e . B

setup superconducting ~ ® 2 magnets:

T X _ solenoid (~ 2.5T)  solenoid 2.5T, dipole 0.5T

e Acceptance: +180 mrad
upstream edge (since 2006)

 3He - “He dilution refrigeration

e Microwave reversal

rad  every week

=t results on exclusive p°
and o available

AN T
dipole magnet (~ 0.5T)

iT flexible target area

using 2.5m long
liquid Hy
target

I

ECALO Calorimeter

Target ToF system v
Shashlik modules 24 inner & outer scintillators . 0
+ MAPD readout 1 GHz SADC readout resuls on exclusive 7
2 x 2m?, 2200 channels goal 310 ps ToF resolution and DVCS available
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GPDs and Hard Exclusive Meson Production

Quark contribution

2;2?g"‘:iIIIIEIIEIIIIi;§E§QSSSs;
P

— smallt T~ P

Gluon contribution *

factorisation proven for 6.
not proven for o7 (but suppressed by 1/02)

additional non perturbative term:
wave function of meson (DA)

Chiral-even GPDs

helicity of parton unchanged
H%9(x,&,1) E?9(x,E,1)
HI9(x, &, 1) E%9(x,8,1)

Chiral-odd GPDs
helicity of parton changed (not probed by DVCS)

HI(x, &, 1) E7(x,&,t)
HY(x, &, t) E{(x,&,1)

Flavour separation
constraints for parton specific GPDs e.g.

= 1 u(+) d(+) g(+ Diehl, Vinnike
Epo— \f( E —|— E =+ - E /X) Pll_e,’zolgsm oV
— 1 u(+) d(+) 9(+)
Ey = /3 ( E — E + E /x)

* Gluon contribution at same order of a5 as from quarks
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HEMP cross section
[aﬂ i
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dxg dQ2 dt dg dgs

—Pi/e(T=g)sin(¢)Im(c s +075) ‘

_s [esin(zej»)lm( T)+ Ve(T+e)sin(¢)im(o7 g +a;o-)]
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Philipp Joerg

o
—Ve(l- s)cos(¢S)Re(GI(;) —/e(1—¢)cos (2¢ — ¢s)Re( ;3’)]

Helicity dependent photoabsorption
x-sections and interference terms:

Smn(xgj, @2, 1) o< £(Mip) (M)
amplitude for subprocess y*p — Vp:
Mp,

with photon helicity m
Exclusive measurements at COMPASS

and target proton helicity /

DA




HEMP cross section (transverse target polarisation)

—1
tem y? 1—xg i do B
8m3 1-¢ x5 @2 dxg Q2 dt d¢ dps

1 __ B
5(0-** +o'++)+eo'g(',+—scos(2¢ Re(o ) —v/e(1+€)cos( (o1d +059)

—Pi\/e(1—¢€)sin(¢ )Im(c+++6+0) ‘

= Sr[sin(0 — go)im(oT} +e0gy )+ 5 sin(9+9s)m(0T7) + £ sin(39 — g)im(c; )

—> 5 single spin asymmetries
(1 +e)sin(ps)Im(cTg )+ v/e(T+ &) sin(20 — ¢s)Im(c o )]

+S7h [\/ 1—¢e2cos (¢ — q)s)F{e(oiJr)

= 3 double spin asymmetries
—Ve( —e)cos(qDS)Re(GL;) —Ve( —s)cos(2¢—¢s)Re(o’+)}

[Excluswe p” and @ production on transversely polarised protons and deuterons
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Selections for exclusive p° sample (similar selections for )

w+Nt = '+ N+ p°
30000 COMPASS 2007&2010 proton Lt +7m

E - 24< 0710 W 1(GeV/c)? < Q% < 10 (GeV/c?
- i W > 5(GeV/c?)
e‘ L fal 0.1<y<09
‘2 20000 N 0.003 < xgj < 0.35
% [ |Emiss| < 2.5GeV
10000 N 0.1(GeV/c)? < p? < 0.5(GeV/c)?
i = A
C s N — smalt — N (not detected)
10 -5 0 5 10 15 20 ~
[ COMPASS 2007820
Emiss [GEV] § i 10 proton
> [
Shape of semi-inclusive background © 30000
full Monte Carlo (MC) chain using Lepto S
= L
MC weighted using real data (RD) from wrong sign sample E 20000:
= L
w(Enp) = Moo T4 N T 2 10000
miss) = " hthtyy | b hoyy r
Nyc™ ™+ Ny . : :
Normalisation of MC using two component fit 8.2 040608 1 1214
Gaussian function (signal)+shape from weighted MC (bgd.) Mn . [GeV/c?]
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Asymmetries for ut+ pT —ut+ p+ PO

N N 1
A 600 4 =Im(c} +£05,7)/0g = —Im [séﬁ%Hé’ﬁ% - E?},U—éfr,u ,
UT
An@+05) o = Im(0)/0 o Im & 47 Hrue |
Af}'}(zq’*%) X :=Im(c7T)/0p = —Im [E;.LTgLL}v
Ai}‘}@“”“’s) :=Im(cfy)/00 =0,
sin 0 =1Im(a’q)/ 0o o< Im | 7 17 I — &7 17 61a |,
AUT hd [ ] 5 single spin asymmetries
cos (¢ —¢s) _ — __
Apr 8 —— i=Re(0})/00 =« Re B 17 H7.u7 ~ 2677 iy |
cos (2¢— ) — +— Re|Z5 -~ 17 — 0% 7
Alr e :=Re(0y)/00 = Re | &7 17 A7 1T — 2677 Hpr | »
AC08 95 :=Re(0 ¢ )/0p < Re [ﬁ"{g@ —E?Yu—é’u} .
LT L L 3 double spin asymmetries

02 -0.1 01 02 ~E R ~Hr, ~E; = 2H; — Er, ~ H,

Op: unpolarised cross section

0
A)
sin(¢s)

e Asymmetries compatible with zero, except A7

e Indication of Hr “transversity GPD” contribution
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sin(¢—¢s : 0 :
Results on AUT( ) for exclusive P~ production
(o agreement with HERMES for protons
o COMPASS improved statistical errors by a factor 3 and extended kinematic coverage
| 0
( 1
| = Goloskokov-Kroll model [EPJ C59 (2009) 809] small values for p” expected due to
02— approximate cancelation of E¥ and E
=3 COMPASS [ 2007+2010
a protons 0.5 . T T
Eqs 01f 0a
) : I —3 I 33 3 I ' prone-msTTIITITIERTINE
[ —— 1 ———— 1 0.3F E
-0.1- F g 0.2F 3
- COMPASS | 20032004 : : <01 o ———— i
s deuterons 00F P° —-——.—- ===y
F 501 - l i 0.1F ]
< { °
; I I I I L1 02k ]
o 1 1 l — 1 I . s s . .
t 1 2 3 4 5 8 7 8
01f b o s
i Q7[GeV
020 T 1 100z 04
! Xgj Q*[(GeV/c)] P2 [(GeV/cP] T
! Y ! ASR(095) contains twist-2 terms de-
' — NPB 865 (2012) 1 | | pending on £9%9
1
1
(o first measurement for deuterons J
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Azimuthal asymmetries for u*+ ,0T — U+ p+ pO

= predictions

- l of GPD model of
& OIF
& 005 Goloskokov & Kroll
5 ot {' Lt [
<os " T ] *‘*’\{\L

-0.IE
T 02
s o | . B
£E ¢ I
AP I T AR B S A

-0.2E
2 OIF
L 005 }
. LS S R 2 Y SV S ¥}
£5 [} T " — ¥
<005 +

-0.1
& 02 +
Loolf +
€ g b ot ' t e
7<CD =0.1F T ?

-0 < xgj >=0.039
e"l— 0.1
%5005 <@ >=20(GeV/c)?

0 it n I
—o0% ! H—t T ¥ I‘Y—W < P2 >=0.18(GeV/c)?
o < W >=8.1GeV/c?
0 0.05 0.1 2 4 0 0.2 0.24 )
Y8 Q2 (GeVch)  p2(GeViieh)

e 2D binned maximum
likelihood method

e Simultaneous extraction of:

5 single spin asymmetries
(shown)
3 double spin asymmetries

— PLB 731 (2014) 19

e reasonable agreement with
GK model
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Azimuthal asymmetries for u++ ,l')T Sut+p+@

0.5

Comparlson to modified GPD model of GK
with 7° pole exchange added
Y, Ve
\/\/\/\/\‘/
] ——
p p
Goloskokov and Kroll (GK)
e predictions for COMPASS
(private communications)
— no pion pole
* | + | | - == positive 7@ transition
I ! I negative 7 transition
< Xg >=004 e unbinned maximum
<@>=22(@eV/of | Jikelihood method
<p7>=017(GeV/of | o gubmitted to PLB
T2 8 40 005 010 010208 <W>=71Gevic? e extraction of 8 asymmetries

Q?[(GeV/icY]

> 2
X5 P [(GeViey] (5 single spin asymmetries shown)
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Comparison to HERMES for u++ ,OT Sut+p+@

COMPASS HERMES [EPJC75 (2015) 600]
<W>=8GeV/c® < W>=48GeV/c?
— no pion pole
—_— e positive T form factor
— T negative o form factor within Iarge errors
HERMES data compati-
0.5 ® COMPASS ble with all 3 scenarios
O HERMES
> . note W dependence!
=2 < 'e a
55 NS COMPASS uncertainties
< N T T « -|- - | smaller by a factor 2
------------------------------------- [ Future measurements at |
JLab12 expected to re-
-0.5 ‘ 01 ‘ 02 ‘ 0.3 || solve the issue
t [(GeV/c)2] | [EPJ A48 (2012) 187]
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—1
T do
X5 @

HEMP cross section (unpolarised target)
[aﬂ S 1o -

8md 1—¢ dxg dQ? dt d¢ dgs

= (ajﬂ' + GJ:J:) + sag(')'*' —€cos

T+
%+0

(29)Re(c7 1) — \/e(1+¢€)cos (9)Re(
- P/e(T—g)sin(¢)m(c s +0,4)

+o3p)

using target

|

ToF system
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HEMP cross section (unpolarised target)

SCS,U = (dG—H_ —f—dG__))/z =

using target ToF system

2

]
7(0‘11'+0';;> +eogt —ecos (29)Re(0 ) — /(1 +¢)cos (¢)Re(o] s +075)

W study ¢ dependence!

after integration in ¢:

]
1 g o+
> <°'++ + °'++> +£0y

< study t dependence!

[Exclusive 7% unpolarised x-section extraction on protons ]

(see talk at SPIN16 of Matthias Gorzellik for details on the analysis)
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2 FuII scale CAMERA
= recoil detector
and I|qU|d H- target




Exclusive 70 event selection (similar selections for DVCS)

outer scintillator [/ reconstructed hit

Reconstructed interaction vertex in target volume

proton

Two photons, one photon above threshold
inner scintillator > reconstructed hit
7 ]

1(GeV/c)? < Q% <5(GeV/c)?, 8.5GeV <V <28GeV,
larget /n'TI_;‘y}/
oui
0.08 (GeV/c)? < t < 0.64 (GeV/c)? Hin vertex K
Hout
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Exclusive 70 event selection (similar selections for DVCS)
/

Exclusivity conditions:

@ Mass of yy system:
Myy = (pyi + py,ir)?

Entries

outer scintillator

¢

inner scintillator

proton

vertex

ks

50

40

30

Philipp Joerg Exclusive measurements at COMPASS

77
,//IIIIIIIII‘

e

%

!

A

- 7

.

i

o

!
0.15 0.2

A

COMPASS 2012

[ Dpata

Excl n° MC + Lepto
Lepto Background
preliminary

0.25

M., [GeV/c?
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Exclusive 70 event selection (similar selections for DVCS)

outer scintillator /

\ *

proton

inner scintillator

Hin vertex
Vi iti 0 g COMPASS 2012
Exclusivity conditions: O 40
= E [ Dpata
E 35E Excl n° MC + Lepto
W 30F Lepto Background
2557 preliminary
® Ap = ohd" — ol g
20F
155
10
O: L) =EIT I NN Rl
=1 -0.5 0.5 1
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Exclusive 70 event selection (similar selections for DVCS)

outer scintillator reconstructed hit
\
proton
inner scintillator x reconstructed hit
]
-
target M
‘ — ‘ Tout = VY
Win vertex
o e *n COMPASS 2012
Exclusivity conditions: O 35

= [Joata
E 30 Y Excl n° MC + Lepto
w o5 Lepto Background

preliminary

@ \Vertex pointing (Az)
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Exclusive 70 event selection

45
40
35
30
25
20
15

@ Transv. momentum balance: 10
_ roton roton
Ap, = p,imeas - pi,reco 5

Exclusivity conditions:

Entries

(similar selections for DVCS)
outer scintillator /

proton

inner scintillator

ks

vertex

COMPASS 2012

[ Dpata

Excl n° MC + Lepto
Lepto Background
preliminary

04 02 0 02 0.4
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Exclusive 70 event selection

60
Exclusivity conditions:
50

Entries

40
30

20

@ Four-momentum balance:
2 _ 2
M5 = (Puy, + Poiy — Phtout — Ppout — P0)

Philipp Joerg Exclusive measurements at COMPASS

(similar selections for DVCS)
outer scintillator reconstructed hit
\

proton

inner scintillator reconstructed hit

0

target
t = ] Tout — VY
Win vertex
E N\ COMPASS 2012
r N [Jpata
£ N \ 0
C N X Excl n° MC + Lepto
F s Lepto Background
E s\s preliminary
g N
i N
[ N
F \I
F |-\\:§.\\\\»;;\\' oo
= T st RN RS e =

0.4

Mz [(GeV/c??]

0.4 0.2 0 0.2
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COMPASS acceptance for exclusive 7°

28.00

v [GeV]

20.78

15.43

11.45

8.50

Philipp Joerg Exclusive measurements at COMPASS

i !
Med, e Loerowey adesty, [0 'ty COMPASS 2012
T .. e preliminary
I " £
oz g ’ LELE Y $ O'ZE
e g..oh EAREEEN .:, 'y . t“ 0.1§
0l
T e b et t, $de, ”2 * u beam
ettty T st ot ', : i H
e
' * u*beam
3 3
02) ' : :0:’ ‘ ’*‘ t ] [-ﬂ,—zﬂ, ...,Zﬂ,TC]
Lithee, , . PR S S
0.1 s 0: '. ¢’ “ d
by by bt by Ppo[rad]
1.00 1.50 2.24 3.34 5.00
2 2
Q° [(GeV/cY]
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COMPASS acceptance for exclusive 7°

4D-Acceptance binning (3D projection shown):

_ N2 . dBcMP  _ do¥'P
Q°and V recall: 2% =T 9%

with the virtual photon flux I = I'(Q?, V)
- |t] and @0
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Kinematically constrained
vertex fit applied

Exclusive ¥ cross section as a function of |¢|

dip indicates a factor of ~ 0.5 discrepancy to
contribution of E1 Goloskokov & Kroll model

oy - COMPASS 2012 :
/G | ® Data :
~~ B ® Goloskokov&Kroll \
> EPJ A47 (2011) 112 v
()] 201~ T preliminary 20 o
S I
o] B 7
(- | o o
10— 10} -
N o
a - ¢
| (Q®)=2(GeV/c} (v)=12.8GeV (e)=0.996 %
S~ | (W?)=23(GeV/c? (t)=0.256 (GeV/c)
© e b b e e b ™

o

i

Q. .

P 0O 01 02 03 04 05 06 [0.08, 0.64]
o}

©

[first measurement at low 5!] | tl (G eV/C)
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Exclusive ¥ cross section as a function of ¢

Kinematically constrained

vertex fit applied

2 %
gtg(;;s = 217;; [( dor + €= dGL ) + ecos (29,0 )ar dGTT ++/e(1+¢)cos (¢n0)dglf7
N BT e %l (s1x09°1) nb(GeVio)® COMPASS 2012
’G L 8.5 GeV < v <28 GeV
~at - (6.0£1.3707) nb (GeV/c)® 5 5
; C o N 1 (GeV/cy < Q° <5 (GeV/c)
O | gt = (1:4£05703) nb(GeVie)® ~ 0.08 (GeV/c) < |t| < 0.64 (GeV/cf
(5 4+ n . preliminary
positive result N
~— L dﬁLT - — .
for Large impact of E 1 visible
.‘:) [in Q%%L N/Z?T ]
-
LJ -
—~ 2 —
o
o L
B| &L
TS [
.kQ g I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1
> -3 —2 -1 0 1 2 3
N -
© , ¢ [
N o) [flrst measurement at low 5!] TCO rad
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Kinematically constrained
vertex fit applied

Exclusive ¥ cross section as a function of ¢

d2g?P 1 [(do do, do |
a4 = ﬁ[( =L+te L)+£cos(2¢ng) TT + +/e(1+€)cos (¢,0) “}T]

B—0.08 (GeV/cy < [t| < 0.64 (GeV/cy COMPASS 2012 6
L (QP)y=2(GeVicP (y=128GevV (-0996 @ Data

L (W2)=23(GeV/c) () =0.256 (GeV/c) ® Goloskokov&Kroll
EPJ A47 (2011) 112

i preliminary

different  sign 4
- for dg%
B ‘Constrained to °
JLab déata with
O]
=0
2 2

-@-1

-3 2 -1 0 1 2 3 [mn

[first measurement at low &! ] ¢ 70 [ I’ad]
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Kinematically constrained
vertex fit applied

0

Exclusive 7~ cross section as a function of ¢ o

o B —0.08 (GeV/cP < t| < 0.64 (GeVicy COMPASS 2012 6
’G L (Q@2)y=2(GeV/cP «)=12.8GeV (e)=0.99 Data
~~ L (W?)=23 (GeV/c? (1) =0.256 (GeV/cP ® Goloskokov&Kroll
> EPJ A47 (2011) 112
) o
O 4 o o 4
~— L important data to constrain transversity GPDs! J
_CC) L °
2// L T \\ 2
—~
o - T d
l;) O[: L I l a
118 s
_)‘Q-:ml‘ L L Ll Ll IR N
~5 3 =2 -1 0 1 2 3 [mn
S—"
o) :
-O (flrst measurement at Iowé!} ¢TCO [rad]
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Deeply Virtual Compton Scattering

P — smallt P

(t—dependence of pure DVCS x-section on unpolarised protons ]
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Philipp Joerg

st~
t=(po—py )

Exclusive measurel

sdwp’




Y
st dwp
t=(pp—py)?

do =<

| Toves|?

bilinear combination of GPDs

=] =2 = El= DAl
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DVCS BH
v=Ey— @?
Y *ﬂﬁmv
L%
p/@V Sidwp’ p _smit v Jowp

t= (Pp*li’p/)2
do o< | Toves|? + |Tew|® + interference term
——— —— _

bilinear combination of GPDs knownto 1 % linear combination of GPDs

Philipp Joerg Exclusive measurements at COMPASS September 2016 / IWHSS 20/27



DVCS BH

—E, -
A% i Y V
Y*
i / )kg
P _omir dwg e dowp
’:(I~7p*l~"p/)2
do o< | Toves|? + |Tew|® + interference term
——— —— _

bilinear combination of GPDs  knownto 1 % linear combination of GPDs

Low xg: BH dominates Qs Ll Large x;: DVCS dominates

+ 2 -
b [BHIDVGS| %=0.01 | 1| [BH+DVCSP =004 | ¥ *g=0.1

2
g os | IDVCSP
- IBHP

»n
2

=
s

w
g

=
)
=
-
&
-
9
Qo
=.
N 2
\5 0.6 IBHI
S |BH+DVCS]2
e 0.1
-] |DVCSP?
R 0.05
Z _/\ ; |BH?
NO‘ 0 0 0
% E,~160GeV Q?=2GeV2 t=-0.1GeV? |, |E,=160GeV Q?=2GeV? t=0.1GeV2 |, | E =160GeV Q?=2GeV2 t=-0.1GeV2
= o -150  -100 -50 0 50 100 lSl)d) -150  -100 -50 0 50 100 150¢ -150 -100 -50 0 50 100 150¢

Philipp Joerg Exclusive measurements at COMPASS September 2016 / IWHSS 20/27



50

40

30

do/dQ’ dx,, dt do(nb/GeV *rad)

Philipp Joerg Exclusive measurements at COMPASS

el
t=(pp *Pp/)z

do o

bilinear combination of GPDs

Low xg: BH dominates

|BH+DVCSP2
F Xg=0.01
|DVCSP
f IBHP

slow p'

| Toves|?
———

12

BH
N
*

)%
p . smit_» Sowp

+ |Tew|® + interference term
—— y

known to 1 %

L |BH+DVCSP
|DVCSP2
|BHP?

X5=0.04

|BH+DVCS]?
|DVCSP
IBHI?

linear combination of GPDs

Ll Large x;: DVCS dominates

Xg=0.1

E“L=1 60GeV Q?=2GeV? t=-0.1GeV?

0.2

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

0.05

b El‘=1 60GeV Q?=2GeV? t=-0.1GeV?

-150 -100 -50 0 50 100 lSl)d)

reference yield of
almost pure
Bethe-Heitler

<150 -100 50 0 50 100 lsod)

<150 -100 -50 0 50 100 150¢

September 2016 / IWHSS
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50

40

30

do/dQ’ dx,, dt do(nb/GeV *rad)

Philipp Joerg Exclusive measurements at COMPASS

st~

t=(pp *Pp/)z

do o

bilinear combination of GPDs

Low xg: BH dominates

|BH+DVCSP2
F Xg=0.01
|DVCSP
f IBHP

slow p’

| Toves|?
———

12

BH
Y Y
v

@wtks"ow p

+ |Tew|® + interference term
—— y

known to 1 %

L |BH+DVCSP
[ |Dvesp
| IBHP

X5=0.04

0.3

linear combination of GPDs

Large x5: DVCS dominates

F Xg=0.1

|BH+DVCS]?
|DVCSP
IBHI?

E“L=1 60GeV Q?=2GeV? t=-0.1GeV?

0.2

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

0.05

b El‘=1 60GeV Q?=2GeV? t=-0.1GeV?

-150 -100 -50 0 50 100 lSl)d)

reference yield of
almost pure
Bethe-Heitler

<150 -100 50 0 50 100 150¢

Study DVCS with:
Re(TDVCS) & |m(TDVCS)
via (dot £ do™7)

<150 -100 -50 0 50 100 150¢
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50

40

30

do/dQ’ dx,, dt do(nb/GeV *rad)

st~

t=(pp *Pp/)z

do o

bilinear combination of GPDs

Low xg: BH dominates

|BH+DVCSP2
F Xg=0.01
|DVCSP
f IBHP

slow p’

| Toves|?
———

12

BH
Y Y
v

@wtks"ow p

+ |Tew|® + interference term
—— y

known to 1 %

L |BH+DVCSP
[ |Dvesp
| IBHP

X5=0.04

0.3

linear combination of GPDs

Large x5: DVCS dominates

F Xg=0.1

|BH+DVCS]?
|DVCSP
IBHI?

E“L=1 60GeV Q?=2GeV? t=-0.1GeV?

0.2

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

0.05

b El‘=1 60GeV Q?=2GeV? t=-0.1GeV?

-150 -100 -50 0 50 100 lSl)d)

reference yield of
almost pure
Bethe-Heitler

<150 -100 50 0 50 100 150¢

Study DVCS with:

Re( TDVCS) & |m( TDVCS)

via (dot £ do™7)
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<150 -100 -50 0 50 100 150¢

Transverse Imaging:

via (dot +do™ )
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Exclusive ¥ Azimuthal Distributions for DVCS

Kinematically constrained

vertex fit applied

8 o Data COMPASS 2012 400 o Data COMPASS 2012
— [ —MC (BH) F —MC (BH) + +
= 70 bgd. MC 1(GeVio)* < O < 20 (GeVio)* 0 bgd. MC 1(GeVic)* < G < 20 (GeVic)’
C1 000F - MC(LEPTO n° bgd.) 80 GeV < v < 144 GeV 300 " MC(LEPTO n° bgd.) 32 GeV < v < 80 GeV
L e e MC(excl.nbgd) | | < | e MC(excl. n° bgd.)
m MC (BH + n° bgd.) [ mmm MC (BH + n° bgd.)
s 0.005 < xg; < 0.01 200 0.01.< xg; < 0.03
pure B.H
500

|contribution

100

T2 3

0
| e Data

9 1 00 — MC (BH)
= 9 bgd. MC

k13 .
[ MC(LEPTO =° bgd.)
L  — MC(excl. n° bgd.)
mm MC (BH + n° bgd.)

50 +

+

COMPASS 2012

* 1 (GeV/c)* < Q° <5 (GeVic)
10 GeV < v <32 GeV

| X6} >0.03

e normalisation of BH Monte Carlo to
the data using beam flux

e dominant BH process at small xg;
clearly visible

o 7% background contributing

at large xg;
e clear excess of DVCS at large xg;

7Y
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7% Background Estimation

Major background source for exclusive photon events

Two cases:
e Visible (both y detected, easy to reject)

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

0 n COMPASS 2012

() r

= 40? « Data (background subtracted)

E C —— Normalized MC (exclusive n°)

L 30F —— Normalized MC (LEPTO 6.1)
20F
10F
O?H‘.HHHA“L‘\‘&H
0.0 0.1 0.2 0.3 0.4 0.5

M,, (GeV/c?)

M, distribution
(“Visible” 7°)

L,Exclusive" y (Ey>4,5,10 GeV /Ecal0,1,2)
+one Yy below energy threshold J

Semi inclusive LEPTOMC

or HEPGen++ MC
exclusive (Golosgokov & Kroll model) '
70 contribution normalized to
My, peak from real data

v
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Transverse Nucleon Imaging at xg; > 0.03

® Measure Scs.y = (do*™* +do~7) | Scsy o< do® 4+ do S5 + ey PyIm |

note:

doVCS o cfV0S + cPVCS cos @y y + 05V05 cos 20y

Im / o< s} Sin @y + ShsiN2¢,,

[m] = - =

Philipp Joerg Exclusive measurements at COMPASS
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Transverse Nucleon Imaging at xg; > 0.03

® Measure Scs.y = (do*™* +do~7) | Scsy o< do® 4+ doCF + ey Pylm |

@ Subtract Bethe-Heitler (BH) Scs,u o doYoP + ey Pylm |

note:

DVCS . ~DVCS DVCS DVCS
4 dGunpoI S + Cy cos ¢7’* Y + G cos 2¢7’* Y

Im / o< s} Sin @y + ShsiN2¢,,
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Transverse Nucleon Imaging at xg; > 0.03

@ Measure Sgsy = (do™* +do™ )
@ Subtract Bethe-Heitler (BH)
@ Integrate over ¢y

Philipp Joerg Exclusive measurements at COMPASS

SCS,U o< dGBH + dO'E%CO}S + eHP#Im /

DVCS
do2VC5 + ey PyIm |
DVCS

Scs,u <
Scs,u =< ¢,
= PURE DVCS CONTRIBUTION

note:

DVCS .
d Ounpol

c0105 1 TPVSSastyy + 22" Soon20z;

Im /o< si3 Sin2¢y«y
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Transverse Nucleon Imaging at xg; > 0.03
@ Measure Sgsy = (do™* +do™ )
@ Subtract Bethe-Heitler (BH)

@ Integrate over ¢y:y K
dO-DVCS
o< e‘BM; < I’i >rv 2B(X5j)
d| t‘ at small xg;
|H1 PLB681 98
o_|(2009)
10% 103 102 101 1
X |
Philipp Joerg
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Transverse Nucleon Imaging at xg; > 0.03

@ Measure Sgsy = (do™* +do™ )
@ Subtract Bethe-Heitler (BH) ‘
@ Integrate over ¢y:y

dO-DVCS
—Blt|. 2
e Bl < 2 >~ 2B(xg)
d| t| at small xg;
v
B(XB/') = by + 20/ |n(X0/XB/')
(inspired by Regge Phenomenology)
o E =
~ TF %
(&) £
S of i
> E 4 w
(O o =026
= F
4=
m r COMPASS coverage
3 < >
[ ™ ZEUS: JHEP 0905 (2009) 108 (Q?) =3.2 (GeV/c}
20w M1 EurPhys.Ca4 (20051 (QF)=40 (GeVicf
1§A Hi:  Phys. Lett. B681(2009) 391 (Q?) = 8.0 (GeV/c)
0 E 1 1 1
107

10°° 1072 107!
Xg

v

2 S S
e "
5% " 1o

af‘d

|H1 PLB681
(2009)

104 103 102 10t
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Transverse Nucleon Imaging at xg; > 0.03

@ Measure Sgsy = (do™* +do™ )
@ Subtract Bethe-Heitler (BH) ‘
@ Integrate over ¢y:y

Measure o' > 0.125

2 S S
e "
5% " 1o

a“d

dO-DVCS 5
—Bit|. 2
e Bl < 2 >~ 2B(xg)
d| t| at small xg;
) = / . .
B(xg)) = bo +-2¢" " yith more than 2.5 & confidence level J
(inspired by Regge Pheno..
o E -
~ 7
(&) £ %
-~ 6 E L i
% g 4 w
O 5F @'=026
= b
m r COMPASS coverage
3 T
E ™ ZEUS: JHEP 0905 (2009) 108 (Q%) = 3.2 (GeVic)’
20w M1 EurPhys.Ca4 (20051 (QF)=40 (GeVicf
1 ?A Hi:  Phys. Lett. B681(2009) 391 (Q?) = 8.0 (GeV/c)
0 E L L L
107

10°° 1072 107!
Xg

v

Philipp Joerg
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~

(\L—| 7
~ 1_]
10.64+0.02 ;
%,

|H1 PLB681 )
0 (2009)

10% 103 102 101 1

Xai
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Kinematically constrained
vertex fit applied

DVCS x-section and t-slope extraction

2

< 107 =0 COMPASS 2012
s C(Q%)=1.8 (GeVicy

S - (W) =5.8GeVic

[0}

S

o

£ 10
R i

&= L —B =4.31£0.62 *2: (GeV/c)?

T = - 1 (GeV/cP < QP <5 (GeV/cy

(oR N} 10 GeV < v < 32 GeV
"‘>_ 1|....|....|....|....|....|.
5 0.1 0.2 0.3 04 0.5 0.6
§o)

It| (GeV/c)
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Comparison with HERA results

B (GeV/c)?

1

Model independent result

R

- ® COMPASS 2012: (Q%) = 1.8 (GeV/c)?

- m  ZEUS: JHEP 0905 (2009) 108 (Q%) = 3.2 (GeV/cf

C v Hi: Eur Phys.C44 (2005)1  (Q?) = 4.0 (GeV/c)’
F- A Hi:  Phys. Lett. B681 (2009) 391 (Q®) = 8.0 (GeV/c)®

E L MR | L IR | L IR | L
0 10°° 1072

107"
Xp

Philipp Joerg Exclusive measurements at COMPASS September 2016 / IWHSS

25/27



Comparison with HERA results

< fJZ_ >R ZB(XB/')

/g 0.8
T o7k i -
S - é
o\ C
—06 L sea quark imaging
= - gluon imaging at COMPASS
~N~ 05 - at HERA
0.4 - ® COMPASS 2012: (Q%) = 1.8 (GeV/cyf
C m ZEUS: JHEP 0905 (2009) 108 (Q%) = 3.2 (GeV/cyf
03[ Y Hi:' Eur. Phys. C44 (2005) 1 (Q%) = 4.0 (GeV/c)
T A Hi: Phys. Lett. B681 (2009) 391 (Q®) = 8.0 (GeV/c)®
02_ ! ool | Lol ! Lol !
107

1072 1072 107"
Xp
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« couass

£ [GeVief]

Summary:
e 5 single and 3 double spin asymmetries from exclusive p°

and o production on polarised protons and deuterons
e exclusive 70 cross section for a proton target - o
e t-dependance of pure DVCS cross section on proton target

COMPASS 2017

3
[nb (GeV/c)?]
T

(b (Gevie)?)
B (GeVic)?
[nb (GeV/c)?]

=

oy
AR ER e T
|t] (GeVicy

d[tldg,,
dltf

TUETHTETTTEY

9 [rad]

doly’p-r’p)

doly’p-1’p)

05 08
1t (GeVicy

Philipp Joerg Exclusive measurements at COMPASS September 2016 / IWHSS 26/27



7% data of COMPASS Il proposal / data taking 2016-2017

N E o el
~ TF QT Bl 00s (@evif < <084 (Gevier COMPASS 2012 | 6
g E B QO @20V w-128Gv @-0ss ©Data
> 6 A f? = | zeever ©-ozsscover ® GoloskokovaKroll
E N > ERJ AT @011) 112
8 5F S~ S / (0] r preliminary
= b N + a e 4
m r Q .
3f S
E COMPASS 2012: (Q%) = 1.8 (GeV/c)* — 2
2 E-®  ZEUS: JHEP 0905 (2009) 108 (@?) = 3.2 (GeV/c)’ L L i
E ¥ Hi:" Eur Phys. C44 (2005) 1 (Q%) = 4.0 (GeV/c) Bl |
TE A Hi:  Phys. Lett. B681 (2009) 391 (Q°) = 8.0 (GeVicf g_% E
E — L L L L L L L
0 I I I x| = = — T
10 10° 102 107 % -3 =2 -1 0 1 2 3 [nn
B 3 ¢ [rad]
a D
Summary:

e 5 single and 3 double spin asymmetries from exclusive p°
and o production on polarised protons and deuterons
e exclusive 0 cross section for a proton target
e t-dependance of pure DVCS cross section on proton target
Near future:
e Dedicated beam time for DVCS and HEMP 2016-2017
e ~ a factor of 15 increase in statistics compared to pilot run
e Beam charge sum and difference extraction
= GPD H extraction (real and imaginary part in case of DVCS)
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Transverse imaging at COMPASS

B(xg) = Y% <r,?(xg) > related to % <b,?(x,) >
distance between the active quark distance between the active quark
and the center of momentum of spectators and the center of momentum of the nucleon
Transverse size of the nucleon Impact Parameter Representation
mainly dominated by H(X, §=X, t) 1 qlx, b, ) <-> H(x, &=0, t)
<r, > e <b; >/ (1-x)
singlet pion valence
? quarks. gluons cloud quarks
COMPASS | ‘
T 3 1
10° 1
Xp
Note 0.65 fm = N2/3 x 0.8 fm ¥=00l  x-01  x-~03
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Kinematic distributions for DVCS

(%] = COMPASS 2012 [0} L COMPASS 2012
Q:) [ % E@%‘r?te Carlo O:J r - % Blgtr?te Carlo
E L @ n° background -oE L =] @ n° background
" T e
20, II"\
1 2 3,4 5 1072 107
Q° (GeV/c) Xg;
0 conpass 2012 @2 and Vv (resp. xg;) after kinematic fit!
o} o P- Xpj
= 80 % Mglr?te Carlo
E (3 n° background
w o Monte Carlo prediction (e sum s shown)

==

-(DVCS/BH): based on phenomenological
model of DVCS x-section™

40
20

-70: parametrisation® linked to
GO'OSgOkOV & Kroll + LEPTO (shown seperately)

v (GeV)

*HEPGen++: Andrzej Sandacz, Christopher Regali
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Kinematic distributions for exclusive 7°

% 80 COMPASS 2012 8 COMPASS 2012
= [Jpata = [ pata
£ 7 Excl 0 MC + Lepto =] Excl 1° MC + Lepto
LW 60 [E=] Lepto Background L [E=] Lepto Background
50 \ preliminary 10R preliminary
5 10
2 2
Q? [(GeV/cf]

a I COMPASS 2012 a 50} COMPASS 2012
[} [}
2 [JData = [ EJoaa
E’ Excl n° MC + Lepto E‘ 400 Excl 7° MC + Lepto
w 1o Lepto Background w [ [ Lepto Background

F reliminar; F reliminar,

F p y aof ° y

i 20F

10
S
; d) e~ AN = N N
102 10" 1 .98 0.985 0.99 1
X Bj €
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Backaround treatment for exclusive 7°

Entries

Entries

N )
TTT TTT TT

i

- COMPASS 2012

E [JData

C Exclusive ® MC
(scaled to data)
E  preliminary

702 03 04 05 06 07

Hp — upw — ppnly

) -o -o -o

A

COMPASS 2012

|:| Data
N Excl 1° MC + Leplm

|:| Excl n° MC |

prellmlnary

N

%W\‘Lg

20080

[(GeV/c?f

Entries

90 COMPASS 2012
80| [ pata
70 Excl n° MC + Lepto
JExcl i MC
€0 preliminary
50
40|
N
30| §
20| \\\

10|

i S SARIARN T,

[5
!:\\\\\\\\\\\

237208 06 04 02
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\\\\\\\\\

02 04 06 08 1

M2 [(GeV/c?)]
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Kinematically constrained fit for DVCS

@ constrained x? minimisation with NDF=7

@ full 4-momentum conservation of the reaction up — upy

@ vertex constraints for t,u’ and p’ included i

=> most accurate determination of ¢

n the fit

COMPASS 2012

COMPASS 2012

COMPASS 2012

Data
Monte Carlo
E337° background

150

50

6 4 2 0

recoil proton
momentum

direction

<!
(@2l /o

) Data
&5 Monte Carlo
537 background

4 6

Data
S caro
37 background

100

50

.=
(zreaszft) / o

8 6 -4 - 2 6

éz;/ hit

recoil proton

proton momentum
given by COMPASS /spectrometer
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Recoil particle Measurement in CAMERA

v o IV~
Bup Ampl
t ~

TB down
N RingB  Somm
Ampl s —#V
\‘ P & Recoil Proton PMT
o Adown
IPMT Q
v Auvp TA RingA s 1}
{
Beam . n_
Liquid H2 Target (2.5 m) n+
- COMPASS 2012
= :
< T Eloss ~ \/ Amplyp * Amplgown
(2]
@ |
o TOF — (tup + tdown)A7B
- &
0.5
o Z — typ — tdown
nh] [ . .
FoaF T : .| Countrates: >5 MHz inring A
0 02z 04 06 08 ~1MHzinring B
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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

—
= COMPASS 160 GeV
O | KX HERMES 27 GeV

% | JLab11Gev

] ZEUS+H1

0
9
8
7 =
6
5
4

10 S 107 1
A Xn

&

@ u' and u~ beams
@ momentum: 100 — 190 GeV/c

@ beam polarization: 80 %
opposite for u* and p—

@ coverage of intermediate xg

— low xg: pure BH
useful for normalization

— high xg: DVCS predominat

~~ unexplored region between
ZEUS+H1 and HERMES+JLab
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DVCS: What Can We | earn?
Phase 1: Polarized beam, unpol. target J

/\ GPDs /\

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

Interference between BH and DVCS
nucleon "Boost” of DVCS

. % + E ; —}hrough int.
] Bethe Heitler Deep VS term

Xxp-dependent transv. size of

i Measurement of Res#’(€,t) and Ims# (&, t)
) via ¢-modulation of cross section
@ - ® ?-fom /.\-—0.1 /\ 03 @ Re’(E,t) =P [dxH(x,&,1)/(x—&)
r, parameter from slope of @ Im(E,t) =H(x=E,&t)
dO'DVCS/dt B
L J==m Exp. constrain to GPD H i




CAMERA Readout

GANDALF
Virtex-5 VSX95
8 channels

1 GS/s

12 bit resolution

TIGER

Virtex-6 VLX365
onBoard GPU
2Xx SFP+

COM Express

Event Data to DAQ
(Amplitude, Time)
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Time Resolutions Measured with Cosmics

» A Ring A - performances

. . 2=
Time Resolution:{ {350 ps s Ring A geometry : 280°6°0.4 cm?
F = Measurement with cosmics
- 5
F k]
[ c
o+ 2
2 3
F 3
L g W
L z .
[ w
2 \ L
E After deconvolute from ref. respltition o
I P i and apply Software corrections) |
Al 10 9 5 K best worse
ToF [ns] e wh e & B
Goal was 300ps Raw Time resolution (ps)
C B Att length better than 200 cmwas expected
a00f—
=-Time Resolution:| | 160 ps

200

15

10

T T [T [T T

28 £ 36 <35

“ToF [ns]
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Summary of Present CAMERA Performances

momentum resolution polar angle resolution
-t E ] E
.gO.14E I 3500;
S01E v 3000-
< Ot L 2500F
o 0.08f O 2000F
2 o006+ 1500-
© 0.04 1000F
0.02: 500¢
0"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 %520 15 10 5 0 5 10 15 20 25

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

Current DVCS data at colliders:
100 ZEUS-totalxsec O Hi- total xsec O
@ ZEUS-dofdt B Hi- doidt

B Hi-Agy

Current DVCS data at fixed targets:

A HERMES-A . A HERMES-Acu
| 4 HERMES- Apy, Au, AL

A HERMES-Ayr * HallA- CFFs

* CLAS-Ay ¥ CLAS- Ay

Planned DVCS at fixed targ.:
(5] COMPASS- doldt, Acsy Acst
S JLAB12- doidt, Ay, Ay, Ay

T T

o

10

Q? (GeV?)

T

PR |

sl

L
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Measurements of DVCS and BH Cross-sections
cross-sections on proton for ;,L*J', p‘T beam with opposite charge & spin (e, & P,)

dO(upppy = doB" +dc®™V S, + P, do®VSs,,
BH DVCS BH DVCS
+e,a*™ ReA +e,P,a"" ImA
Charge & Spin Difference and Sum:

D5,y = do(i ™) = dof7) o Lcém +c" cos ¢ l and i’ ~ F,ReH
Sesu= dof) + do(u?) oc_ao™ +eB¥S+ ksf"sing Jand i~ F, Im I

" «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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COMPASS acceptance for DVCS

o 0.64 ..
o 0.3 * + 4 4
% 2i40.,.“.g3 TR AN KRR X ‘Ht.,, H,’ i 343 COMPASS 2012
0.
—0.50 [, @
= ¢ g
Z:—'.s..,:.'; lhodstarog, .‘33*:0'0o0 ve! ‘3033: .g
0.1 3
: g
0.36 [.
Z_Z;.n...-.o- e0g%se00qg0 - ’33‘33’0,‘ ‘,3“".o; Du’beam
0.1
. [-]u* beam
0.22 .
Z:Zt.-..-u.oi; c3e0cc0e,0 seettt s "".‘."' [—n,%ﬂ:,...,%ﬂ?,ﬂ}
0.1 ] r
005 5 = = 0 7 = 0 3 = 0 7 ¢Y'Y (rad)
0.08
1 2 3 4 5

Q? (GeV/c)?
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COMPASS acceptance for DVCS

Symmetric acceptance in ¢y«
not necessary to bin the acceptance in ¢y,
for the cancelation of the interference term
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