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Versatile facility for:

® hadron structure

® hadron spectroscopy
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COMPASS Generalized Parton Distribution (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

)
o

— 1 [
J9= §t|l_l:‘(l)f_1 x[H9+ E9dx

(Phys.Rev.Lett.78 (1997)) small t

e 3D nucleon tomography via GPD H

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

probability interpretation (Burkardt)
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COMPASS Generalized Parton Distribution (GPD) program

e Contribution to the nucleon spin puzzle
3 =3AY+AG+.Y

Jaffe&Manohar Nucl.Phys.B337 (1990)

I\
— —_

by constraining GPD H and E

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

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

this talk

[—) Exclusive ° production cross-section on unpolarised protons ]

e 3D nucleon tomography via GPD H

H(Xvé =0,t)=p(x,b.)

probability interpretation (Burkardt)

Andrea Ferrero

[—> t-dependence of pure DVCS x-section on unpolarised protons J
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GPDs and Hard Exclusive Meson Production (HEMP)

Q2: _q2
I v= P p_p
= fai

X : average longitudinal
momentum of quark

& . longitudinal momentum
transfer to quark

t: 4-momentum transfer
/a\ to target nucleon
(related to b))
small t P'

P /\

factorisation proven for o,
not proven for OT (butsuppresed by 1/Q%)

J

additional non perturbative term:
wave function of meson (DA)
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GPDs and Hard Exclusive Meson Production (HEMP)

S Chiral-even GPDs
5 helicity of parton conserved
Ko 1
= 1
8 : H9(x,8, 1) E99(x,£,1)
1 ~ ~
_;% : HY9(x, & 1) E9(x,E,1)
S 1
9 F m o
. Chiral-odd GPDs
: helicity of parton flipped
*
1
c
5 : H(x,&.1) EI(x,E.1)
> 1
re] 9 =q
= : HT(X7§7t) ET(ngvt)
c 1
(o] 1
o
C -
E A N, Flavour separation
[0] a0 P constraints for parton specific GPDs
P small t P due to different partonic content of mesons
* Gluon contribution at same order of o as from quarks
v
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—1
e do
xg Q@

HEMP cross section (unpolarised target)
[aﬂ P 1oy _

818 1-¢ dxg; d@? dtdg
- (ajﬂ' + O'J:J:) + sag(')'*' —€cos

of+

{0 +050) I

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

using target ToF system
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HEMP cross section (unpolarised target)

SCS,U = (dG+<— —f—dG__))/z =

d
mﬂ-ﬁ-eddﬂ +ecos(2¢9) ——1—\/8(1 +s)cos(¢)ﬂ

W study ¢ dependence!

virtual photon
polarisation:

@ Transverse: —, +
@ Longitudinal: 0
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HEMP cross section (unpolarised target)

SCS,U = (dG—H_ —i—dG__))/Z =

do do; do do;
d—tT +sd—tL +ecos(2¢9) d:T +e(1 +s)cos(¢)—d;7

!
_P/e(i=E T 10m) study ¢ dependence!

after integration over ¢:

d% +e % study t dependence!

virtual photon i 0 i ) )
polarisation: Exclusive 7~ production x-section extraction

on unpolarised protons

@ Transverse: —, +
@ Longitudinal: 0
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COMPASS spectrometer

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

Particle ldentification:

Ring Imaging Cerenkov Counter

s (Y 2 Hadronic calorimeters

08 Al
’ﬁ/r flexible target area

3 Electromagnetic calorimeters

MRS



Full-Qcale CAMERA ©
recoil detector




Exclusive 7° production event selection

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,

out
0.08 (GeV/c)? < |t| < 0.64 (GeV/c)? Hin vertex K
Hout
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Exclusive 7° production event selection

outer scintillator

1o S

proton
inner scintillator
Hin vertex
Exclusivit itions: g B S COMPASS 2012
y conditions: QD s wl
-] : = n § [E)a‘?rpmc L
Mass of yy system: = r J Excl +Lepto
[ r J -
’V’w:(Py,i—l-py,ii)2 (11| 40; i% [E5] Lepto Background
3 N
30 NI
C \\\
: A\
20f- N\
10f A\
: S
ot ‘@% N . ‘
0.05 0.1 0.15 0.2 0.25
2
M,, [GeV/c?]



Exclusive 7° production event selection

outer scintillator reconstructed hit
\
proton
inner scintillator x reconstructed hit
]
-
target M
: =" ] Tout — VY
Hin vertex
., iy 0 COMPASS 2012
Exclusivity conditions: L 3

2 Joaa
'E 30 Y Excl 1 MC + Lepto
[T} 25 Lepto Background

@ Vertex pointing (Az)
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Exclusive 7° production event selection

outer scintillator

1o S

4

proton

inner scintillator

Hin vertex
£ - N 0 F . COMPASS2012
xclusivity conditions: QD 40E § [ oata
"E' 35E |§\ Excl 10 MC +Lepto
W 30F N Lepto Background
: N
25F Q
20F l\;
© Mg — gfI - g 15 ,\
10E- i N H
= : .g\\ N :
55 Y e
T - P |
-1 -0.5 0 0.5 1

'A¢ [rad]
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Exclusive 7° production event selection

Exclusivity conditions:

@ Transv. momentum balance:
A _ roton roton
PL = P meas | reco
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Entries

ks

outer scintillator /

proton

inner scintillator

vertex

. N\ :
I R R T

COMPASS 2012
[Jpata

Excl T® MC + Lepto
Lepto Background

0.2 0 0.2 0.4

Ap l[GeV/c]

May 2017 / IPN Orsay 9/15



Exclusive 7° production event selection

outer scintillator reconstructed hit
\
proton
inner scintillator x reconstructed hit
]
target /
= =" ] 71«'2”,
Hin vertex
0 8o COMPASS 2012
Exclusivity conditions: Q r N
‘T b \ [Jpata
'E r s Y Excl 1 MC + Lepto
w 40; §‘ Lepto Background
30F §
: N
20— \=
10 s \
: -ﬂ\\\\ o
£ : SN SR e =
0 = GV NN A S i = o = ——t
-0.4 -0.2 0 0.2 0.4
@ Four-momentum balance: 2 2
M2 = (Puy, + Ppiy — Priow — Ppout — P0)? M3 [(GeVic?Y]
X Hin Pin Hout Pout 3 X
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Kinematically constrained fit for exclusive 9 production

@ constrained x2 minimisation

@ full 4-momentum conservation of the reaction up — upa®

@ 70 mass constrained to PDG mas

@ vertex constraints for w1’ and p’ included in the fit

=> most accurate determination of ¢

= good separation between signal and background

S

y
$ 70 COMPASS 2012 g 40 E COMPASS 2012
= E [Joata ‘= 358 [Joata
E 60F Excl T MC + Lepto "E E Excl 1 MC + Lepto
L 50; [E=3 Lepto Background w 30? [E=3 Lepto Background
£ 25
40— 205
30F sk
20E 10F-
10 5;
%% 6 8 10 O 8 10
meas. — fit i
(5 plo (xjreas- - xfh/o
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SIDIS background estimation

@ use LEPTO MC to describe non exclusive background
@ use exclusive 7° production MC to describe signal contribution
o find best description of data

in signal region
in background region

30

2 § N E::TP MC +Lepto s ® W E::nﬂ MC +Lepto
LICJ ;g %é EXC”"MC |_|CJ 2 Exc\TPMC
50 NN
; \ s 09 0 [l |
4\ NSRS
30 \ 10 L I - N \%\N
2 \\‘\ I-‘i,- [ 5- “.u NN \\\\\\\
signal region M2 [(GeV/c??]  background region M2 [(GeV/c2y]
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COMPASS acceptance for exclusive 7° production

.S.zs.oo - .
02 s ‘e
& AT A (LAY Jetette, [t T4y COMPASS2012
> 2
20.78 - 9
04 4 02t &
¢ et s 0 ) thiy $ H “l 8
ut 3'. H ] IXAAX] ':. U :o N 0_1§
0'3
15.43 |- :
0. ‘. ’ ‘ ‘t‘ ’ i . -
et tey T sl RN .t ', . ' W beam
' : * u* beam
11.45 |-
3. 3
Toateres AR Wy b froangen
¢ ¢ ¢ 0, . ¢ ' ¢
s t oo ‘., @ro [rad]
8_50 =3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3 -3 -2 -10 1 2 3 -3 -2 -1 0 1 2 3
1.00 1.50 2.24 3.34 5.00
Q* [(GeV/cY]
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COMPASS acceptance for exclusive 7° production

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

_ N2 . BotP _ de?’P
Q@ and v: LZ= —rd%

with the virtual photon flux I = I'(Q?, V)
- |t] and @0
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Exclusive ¥ production cross section as a function of ||

— 30
~ L COMPASS 2012
o L 8.5 GeV < v < 28 GeV

= > T 1 (GeVicY < Q2 < 5 (GeV/c)?
© 201 * c

=

= i

% : H u }

1= i

&0 L :

% i

S i t ;

P IS S U RS SR SR S R ST

T LT B
0 0.1 0.2 0.3 0.4 0.5 0.6
It| (GeV/c)?
[first and only measurement at low & ]
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Exclusive ¥ production cross section as a function of ||

dip indicates
contribution of E7

[a factor of ~ 2 discrepancy to

Goloskokov&Kroll model

]

— 30 | 30—
Y. F o3 COMPASS 2012 !
2 L ® Data 1
_Q 1
> | e B
Q/ 20_— = = 201 o
—
< }
M= T - %
_kC)_ =3 10 i | 10 ;
3 | =
_8 | 8.5GeV < v<28GeV }
- 1 (GeV/c)’ < Q2 <5 (GeV/c) $
PRI ST S TN SN SN S (NN TN ST ST SO NN TN T S AT

0 01 02 03 04

[first and only measurement at low &

05 06
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Exclusive ¥ production cross section as a function of @0

257"p
(ciitgq) . = 1 [( dor + EdGL ) —+ ecos( 2¢no)dGTT + mcos (9,0) dGLT]
| G (az0o i) S COMPASS 2012
6—da b 8.5 GeV < v < 28 GeV
( 60+13707) 0 s H
d 77 (Gevrc) - 1 (GeVic)* < Q?< 5 (GeVic)
0 +0. b Y
- gt = (405707 (Ge”v,c)z 0.08 (GeV/c) < |t| < 0.64 (GeV/c)?
4 -

Large impact of E visible
in LTI'T ~ ET

-2 -1 0 1 2 3

@, [rad]

[first and only measurement at low & ]
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Exclusive ¥ production cross section as a function of @0

d2”P _ 1 [( dor EdGL ) + ecos( 2¢no)dGTT + V/e(1+e)cos (9,0) dGLT]

dtd¢,o
| — do.
N et + 1 1 nb
N R AL L=(8.1+09" GoVicP COMPASS 2012
° 6o (60+13+0_7 o 8.5 GeV < v < 28 GeV
‘C: % L d 7! (Gevicy . 1 (GeV/c)’ < Q%< 5 (GeV/c)®
0, +0. b \
0 - gt = (1405703 (Ge”Wc)z . 0.08 (GeVlcy < |t| < 0.64 (GeVic)®
~— - ~ AN
4| | positive result AN
L for d“” Large impact of E visible
in dz# ~ ET

-3 -2 -1 0 1 2 3
[first and only measurement at low & ]




* [(GeVicF]

Summary:

e exclusive 0 production cross section for a proton target

e t- and @,0- dependences yield valuable input to model parametrisation
e extraction of spin density matrix elements upcoming

5

COMPASS20;

B (GeVic)?

nb (Gevic)?)

5

i
T OT Gz 03 0% 05 0%
@, [rad] 1t] (GeVicy

3704 05 05 w0
It (Gevicy

g
5

S Qleevi] i lcevin)
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7% data of COMPASS Il proposal / data taking 2016-2017

o s0r compasszonz | S0 o [eDam COMPASS 2012
g L ® Data 8 6*. gg\nojlégjl(’gygoﬁrwc‘rll\z 0.08 (GeVic)’ < [t| < 0.64 (GeVic) 6
Ko}
3 o * olestokavaiioll S I
Q20 oz 20 o Q [
R _ 4 4
R =g :
Fe b ] g |
aF 1 i 10/ TS L 2
< L a T 3
-8 [ 8.5GeV<v<28GeV } e =
L 1 (GeVicy < Q2 <5 (GeVic) Rl F
| ! ! . \ | | ,
0 01 02 03 04 05 06 [0.08 0.64] il -3 -2 -1 o0 1 2 3 [

[t] (GeV/c)?

Summary:
e exclusive 0 production cross section for a proton target

e extraction of spin density matrix elements upcoming

Near future:

Exclusive Meson Production 2016-2017
e ~ a factor of 15 increase in statistics compared to pilot run
e Beam charge sum and difference extraction

e {- and ¢,0- dependences yield valuable input to model parametrisation

e Dedicated beam time for Deeply Virtual Compton Scattering and Hard
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Transverse imaging at COIMIPASS

Blxg) = Ya<r ?(xg) > related to % <b,?(xy) >
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, EFX, t) . qlx, b, ) <-> H(x, &=0, t)
<r, > s <b; >/ (1-x)
singlet pion valence
quarks. gluons cloud quarks
? qu (
COMPASS | .’
O |.4 T s T T 3
= -2 = 1
10 10 10 10 xB
Note 0.65 fm = N2/3 x 0.8 fm ¥<00l  x-01 x-~03
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Kinematic distributions for exclusive 7° production

$ COMPASS 2012 g COMPASS 2012
= [Joata = Joata
'E Excl 1 MC + Lepto "E Excl 1 MC + Lepto
w Lepto Background w 1o = Lepto Background
N
NN 1 \
2 3 4 5 10 10 10 1
2 .
Q% [(GeVicY] Xgj
[%]
o e e Mean values:
= [Joata
c 70 Excl 1€ MC +Lepto
60 Lepto Background 2
WS < @ >=2.0(GeV/c)

<v>=128GeV
< xgj > =0.093
<€&>=0.996
< W2 > =23(GeV/c?)?
< |t| > = 0.256 (GeV/c)?

v
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Exclusivity variables for exclusive 7° production

Entries

Entries

COMPASS 2012
[Joata

Excl ® MC + Lepto
Lepto Background

05 1

Ag [rad]

COMPASS 2012
[Joata

Excl T MC +Lepto
Lepto Background

0.4

Ap l[GeV/c]

Exclusive measurements at COMPASS

Entries

Entries

355 COMPASS2012
£ [ pata
30 3 Excl 1 MC +Lepto
£ [E=] Lepto Background
25—
205
15F-
10F-
sE-
0 5
Az [cm]
60
£ COMPASS 2012
50 = [ pata
C Excl T® MC + Lepto
A 0; [E=3 Lepto Background
30
20
10
0k

Fovry =it

M2 [(GeV/c?)]
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Backaround treatment for exclusive ° production

1

8 6 COMPASS2012 Hp — Hpw - pprfy % 22 g COMPASS2012
E 5; [E)j;TUSive wMC % 70| §. E::TP MC + Lepto
L F (scaled to data) w 60 ss CJexci®MC
43 ' 50 §
357 i 40 ‘§
R e
1= L - SR o= .
%102 03 04 05 06 07 08 09 1 -1 -08 -0.6 -04 02 0 02 04 06 08
Mo, [GeV] M% [(GeV/c?y]
§ z:; %szﬂ)ﬂ
e = [ Excl 1 MC +Lepto
W ,E Jexcl®mc
10f --\‘I?& k\\\\\N -£

02 04 06 08 1

MZ [(GeV/c?)]

-1 -08 -06 -0.4 0
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Recoil particle Measurement in CAMERA

o IV~

PMT
Bup

T_B

I,

Amplup

\
VR

Beam

3
Iy
TA

Recoil Proton

RingB  somm
T

Ring A  sm lJ,

Liquid H2 Target (2.5 m)

Energy loss (A.U.)

P R

COMPASS 2012

0 02 04

0.6

0.8

g

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

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

@ u' and u~ beams

—~
‘\% COMPASS 160 GeV
© | E" HERMES 27 GeV
& |0 JabiiGev

[ ZEUS +H1

@ momentum: 100 — 190 GeV/c

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

0
9
8
77
6
5
4

@ coverage of intermediate xg

— low xg: pure BH
useful for normalization

— high xg: DVCS predominat

] : il ‘ ~~ unexplored region between
S S 10
S 10 g ! ZEUS+H1 and HERMES+JLab

Xr
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DVCS: What Can We | ngrn’?

/\ GPDs /\

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

Xxp-dependent transv. size of
nucleon

e B

et

r, parameter from slope of
dO'DVCS/dt

A\

Interference between BH and DVCS
"Boost” of DVCS
+ E ; —2hrough int.

Bethe-Heitler Deep VCS term

Measurement of Res#’(€,t) and Ims# (&, t)
via ¢-modulation of cross section

@ Re(E,1) =P [dx H(x,&,1)/(x— &)
@ Im(E,1) =H(x=E,£,1)
== Exp. constrain to GPD H




CAMERA Readout

GANDALF

Virtex-5 VSX95
8 channels

1 GS/s

12 bit resolution

TIGER

Virtex-6 VLX365
onBoard GPU
2x SFP+

COM Express
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Time Resolutions Measured with Cosmics

Al Ring A - performances

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

FTime Resolution: | Y| 350 ps

E
A
=
e E
e
: 5
L B
2 ]
F]
é .
B < -
o o
F /1 \ [
L After deconvolute from ref. resoltition o
L o 2nd apply Software corrections
. s 5 B . best worse
ToF [ns] e a m B = W
Gozl was 300ps Raw Time resolution (ps)

F B Att length better than 200 cmwas expected

mi‘ﬁme Resolution:[ | 160 ps

8
FrTr T

*ToF [ns]
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Summary of Present CAMERA Performances

momentum resolution polar angle resolution
-t E ] E
‘8‘0.145 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 %5720 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:

103k 0 ZEUS- total xsec O Hi- total xsec O
® ZEUS-dofdt W Hi- dofdt

B Hi-Acy Q\‘?

- Current DVCS data at fixed targels:

| 4 HERMES-A; A HERMES-Acu
| & HERMES- Ayy, Au, Au

A HERMES-Ayr * HallA- CFFs
102 * CLAS-Ay ¥ CLAS-AyL

Planned DVCS at fixed targ.:
[ B COMPASS- doidt, Acsu Acst
+ JLAB12- dovdt, Ay, Ay, Ay

T

Ll L1 aaaal e e A |

I
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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:

Des = dotu ™) = dou) o Lc(')”‘+cl cosg | and <ty ~ F,Re H
SCS,UEd-O'(ILl+‘[)+d-O'(y’7> oc[ doBH 4+ cPVES 1 K8 M sing ]and " £ Im

Q" «Re (F, H +E(F,+F,) H — t/4m’ FE)

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