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Generalized Parton Distributions (GPDs) : \\L
3D structure of nucleon /
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NUC|eon:AWigner distributions (x, k , b,)

=> Correlation b, < xp
=> Quark orbital angular momentum Y* <
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Accessing GPDs :
Exclusive processes

DVCS: up - upy, HEMP

QZ
X
B

**************** x+&Pf  \(x-E)P

4 Chiral-even GPDs: H, E, H,E
+ 4 chiral-odd: H,,E, ,H,,E,
Factorization proved for:
Q°- o, t << Q?, x,, finite

(Bjorken regime)
26 August 2014
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DVCS: Interference with Bethe-Heitler
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The COMPASS experiment: 1(//\
N
L

Large acceptance spectrometer for hadronic physics at CERN
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The COMPASS experiment:
Experimental setup

[NIM A577 (2007) 455]

SM2

.\

 RICH ECA:‘J
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* Tracking: DCs, GEMs, MM,... + 2 dipole magnets (|p|);

* ECals + HCals (E);
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Additional setup for DVCS

(and other exclusive channels)

up — ppYy

Target: 2.5m LHZ;
P, 4m ToF detector CAMERA;
v: ECALO (cover higher ij)’ 1, 2
CAMERA - o

160 GeV K
Pol. p*
beam
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Bothu" and u~ available
(currently unique);

GPDs in large kinematic region

=> Complementary of JLab (valence)
DESY: ZEUS, H1, (gluons), HERMES;

G=

Compass assets for GPD study

Q” (GeV?)

S =l

[ |

.

COMPASS + Jefferson Lab: 4
only current facilities for GPD study

before future Electron-lon Collider;

]

Versatile: Capable to record
DVCS and DVMP (n°, p, ®, ¢) 1

May 30 2015

[7] COMPASS 160 GeV
HERMES 27 GeV
[ 1 JLab 11 GeV
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DVCS on unpolarized p:
Study of GPD H

2009: Test run
2012: Pilot run
2016-17: Data run
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GPD H
2012

Analysis of 2012 data: -/’
selection of up —ppy

Reconstructed vertices (1u, 1u') in target volume,

Only 1 high energy photon with E > 4, 5, 10 GeV in Ecal 0, 1, 2;

At least 1 proton reconstructed in CAMERA (compatible with vertex);

All particles reconstructed:

exclusivity conditions to clean combinatorial:

1 - cut on MXZ;

up — LY

p: initial proton at rest

u' (k)

1 (k)

p(p)
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i Analysis of 2012 data: -/-
2012 selection of up - ppy
k' (k) v(q') Spectro+calo

up — ppy

=k+p_kv_qr

All particles reconstructed:
exclusivity conditions to clean combinatorial:

2 - cut on Ag; p (p)
3-cuton Apl;
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GPD H Analysis of 2012 data: -/‘
2012 7° subtraction

©°: main background source for up - ppy.

2 possible cases:
- “visible” ©° (both vy detected, easy to reject);
- “invisible” (1 y undetected, estimated with MC);

“Visible” n° contamination evaluated combining exclusive y candidates with all
low energy v in the event.

“Invisible” t° contamination estimated with 2 MC simulations:
- semi-inclusive contribution (LEPTO);

- exclusive contribution (HepGen/r°); @ 90 COMPASS 2012
= e Data (comb. bgd. subtracted)
. . .. 0 . E 40 } — Normalized MC (excl. ©°)
MC normalized with “visible” ° peak in DVCS. } — Normalized MC (LEPTO 6.1)
30

2 extreme cases considered:
Fully semi-inclusive background — lower limit

—
o
p _|E T T T | T 1T | T T | T T | T 1T |

Fully exclusive background - upper limit 20
0
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GPD H

Analysis of 2012 data: [ /’
2012 Preliminary results + Next steps...
i
0.005 < Xg < 0.01 0.01 < Xg < 0.03 0.03 < Xg < 0.27
D |  COMPASS 2012 [« Data 20 bgd. MC _
< + - - - - max. .
Low XBj: 1.0_— ii 051 —MC B + ...... min. \ ngher XBJ_Z
Bethe- : L ot DVCS signal
Heitler 0.8 ' + +
1(k) ‘ 'Y 1 (k) I' (k'
™ 0.6 (
v* v
N (p) N' (p') 04 — N (p) Y
/ - (vw
0.2t
0.0kt
100 0 100 '
oo AFET L
b\
—> Simul - enn® analvsis:
> Simultaneous ep - epn” analysis; Next steps:
=> 7t° cross section + improved n° subtraction; WORK IN
May 30 2015 => DVCS cross section t dependence. PROGRESS 13



GPD H

2016-17

Compass GPD program

DVCS on H_ target: Study of GPD H

Spin and charge cross section Difference (Currently unique COMPASS feature)

Dy = do( l,? ) = da(ﬁ_ ) o¢ et +
. 0

lntCDS ((,b)
't o Re(FH)

CFFs #{accesed through ¢ modulation of D ..

¢
Predictions for 2 years of data taking (2016-17)

= 0.06
= 1 "1 H 2 o ;2 - I - P-4 I 4
= 0154 E=160GeV 1< Q= 4 GeV ﬂ 0.03 € xz< 0.07 o D(_.‘-H_. U (C)) [llb/GEV ]
= 0.06= -t £0.64 GeV" 2
& : ‘
‘“;; 01- = VGG Reggeized (X t)-correlation a'=0.8 _.G.'Dd B (ﬂ?) —  0.05
- VGG Factorized (x.t)-dependence oy’ = . ;-'* .
= a=0.05; (Q%)Y = 20 GeV?
i 0.05[---.. Mueller fit on world data ED'DE (_ {} — 0.2 GeV 2
T S T (with JLab Hall A: asym + cross-sect) | =
v [ R, - (without TLab Hall A: only asym) @) .
...—E. 0 e e T "*"'5**—““1’5;’;;'.'.;'-_'.-',_'.;,.';—".'I'.'L'.';';L'.':'.'L'.';LL'.'L'.'L'.':.'_'".';.':.'L'."'_:.; ] 0
= X e
W . —~—cao
=
= -0.05
;++++++++++m.....
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=]

— Kroll, Moutarde, Sabatié

EPJC 73 (2013) 2278
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GPD H Compass GPD program Vs
DVCS on H, target: Study of GPD H + Proton size T‘*/,}
2016-17 A

Spin and charge cross section Sum (Currently unique COMPASS feature)
—>

Scsu = da( IJ«+ )+do( ) - mtsm (@) T Smt sin (29)
sint o Im(F,; H)

—}
Sesy = do( ) + do(p ) - daf“’“/dt ~ exp(~BJt|)

[ ]
| — — 1 2
% T * ................................... B(XBj) /2 <Ky>
Y . * ...................................
m T H — o =0.125
1 H ------------ o - 0.26
i ZEUS «:Q > —SEGEVZ
I v HI-HERA I «::Q > _4Gev
2 . HI-HERATI <Q®> =8GeV?
- 4 weeks in 2012
- « COMPASS <Q%> =2GeV* o .
0 - 280 days at 160 GeV (projection)
- ¢ © o o «— 2yearsofdata
2 with ECALO+1+42 (2016-17)
| | | | I 111 | | | | | 1 1 11 | | | | I I | | | 15
10" 10" 10 2 107
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DVCS, DVMP on polarized p'™*’:
Study of GPD E

2007-10: pup™ - upp
>2018: up™ - ppy

16



GPDs (x,br) TMDs (x, kr)

GPD TMD

Y. p' =p 0" H <=>q pop)

Y. Pl -p P E<=>f"

Nucleon Sivers
spin fli
May 30 2015 pin TP Quark k., 17
Transversely

pol. nucleon
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2007-10 MKP — UpV on transversely polarized proton target { / }

< y
A
S > 4

~—p——"

“Phase I” COMPASS setup; No Recoil Proton Detector

=> exclusivity ensured by a “missing mass” technique;

H (i, o' ' )X=p H™(, 1 'm0 )X=p
< 30000 24 < Q< 10 (GeV/o)? 3000
O [
= : . HP— PP 2000,
Z 20000 s § e
5 i 2
3 - @
10000 |- g 1000/
0 : e 910 -
10 5 0 5 10 15 20 £ [GeV]
Emiss (('TE\‘JT)
_My-M,
Emiss
2M

May 30 2015 P 18
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GPD E N //\?

2007-10 Transverse Target spin asymmetries for up'" - ppp 1 ;
A
[COMPASS Coll., PLB731, 19-26 (2014)]
W=8.1GeV, p* =0.2(GeVic)’, Q°=2.2 (GeVic)’
. _ I eadine twi Sin(d’ ) ¢S) *
A%{}(‘P s ) o M> AUT oC Im(fE "]{) => smalll
AP0+ 0) e - E(p,p) o 2/3 E“+ 1/3 EY +3/8 EY;
ASID(20-0s) I8 - Cancellation between gluon and
ut sea quark contributions:
in (30— 0) E(p,p) o0 2/3 E"¥*'+ 1/3 E**
A%{} q} (DS —&— :ipEF?J)val _ _Ed vall
Asin g
UT ° [COMPASS Coll., NPB865 1, 20 (2012)]
ACLOTS (©—05)
ACLOTS 20—05) o
cos ¢
A T .

-02 -0.1 O 0.1 0.2

19
<A> ® should be more promising



GPD E

_—t
- - N -
2007-10 Transverse T&I'gEt sSpin asymmetrles for wp " — Upp 1;\ ﬁ'
o/
[COMPASS Coll., PLB731, 19-26 (2014)]
W=8.1GeV, p* =0.2(GeVic)’, Q°=2.2 (GeVic)’
sin (q)_q)s) | eading twist Sin((b -¢ ) *
in (¢ + ¢g)
A .
sin (20— 0) sin(2 ¢ -¢s) L
Ayt ¢ —= A, o Im(E € 1)
A%{}(?"D_‘Ds) o
- sin(d)
sin ¢y S & &
U o] —— > Ay o« Im(E T H'Hy)
ACLOTS (0—05)
AcLoTs 20— o) . => H_not small
¢
Art [, e |

-02 -0.1 O 0.1 0.2

A)

20



2007-10 Transverse Target spin asymmetries for up'* - upp { / i

[COMPASS Coll., PLB731, 19-26 (2014)] R W=8.1GeV
& (0.lp? =0.2(GeVicy’[p? =0.2(GeVlc)’ | Q* = 2.2 (GeV/c)?
W =8.1GeV, pT2 = 0.2 (GeV/c)?, Q*=2.2 (GeV/c)? i 0‘052_ # : i
A%I’}(q)_ q)s) 'L Leading twist >§*:]:E (E + +_ ] + + + : l 4 l
-0.05F a :
sin (& + 0¢) 0L | 0 R —
A * .- 2 0L : :
| L [ N
= 0.05r -
UT » =5 P ¢ + A 1 t
<005 : : +
sin (30— 0g) 0F : d
Ay i —&— #Sf ' R
B s
. 2220.05F - :
A%r%% . =" L :
,,,,,,,,,,,,,,,,,,,,,,, e T A *‘\{r—h"ﬂ‘*ﬁ—
ACOS (0-05) | :
LT — e L) | ——
0 0.05 0.1 2 4 0 0.2 0.24 )
A(fl? 2¢—d) ® Xgi (P (GeVYch) pfp (GeV*/c?)
cos 0 described by GPDs: E, H_
Alr ™ °
L L Model:

02 =01 0 0.1 0.2 [Goloskokov-Kroll: Eur.Phys.J. C74, 2725 (2014)]
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2007-10 Transverse Target spin asymmetries for up " - upo | / i

0.5 1 1.5 [Goloskokov-Kroll: Eur.Phys.J. A50, 146 (2014)]

_ 2 _ 2 ~2 0.5F - W=7.1Gev |
W=7.1GeV, P, = 0.17 (GeVic), Q"= 2.2 (GeV/c) — | p.? =0.17 (GeVic)* | p.? =0.17 (GeV/c)’ | Q° = 2.2 (GeV/c)
% — Op—1— R +“ """"""""""" + """""" N
sin(o-¢) Z Leadi . o 2 + +
< @ eading twist = L e e T
uT : & — .
, -0.5 - -
sin(¢+0,) e 0.5 - -
uTt : —~
sin(20-6 ) O ! N R
s . ey :
: < . _
sin(3¢-¢ ) E - no pion pole cantribution
uT ® “_._' 05+ - positive n-o for factor -
05F -negative n-o form factor T
sin ¢_ '
uT E &” T I T T,
f———ff——’ffffff;r fffffffffffffff £E5 0 _+ *_ ,,,,,,,, +__IL_ ,,,,,,,,,, + ,,,,,
cos(9-0,) . <
LT ;
cos(20-0 ) ' L] R — e — I e e S B
LT ® . ! ' 1 2 3 40 0.05 010 0.1 0.2 0.3
s Q? [(GeV/c) Xg, p2 [(GeV/c)’]
s : 9 ! : - - = =
Aur g Dominated by pion pole contribution
L 1 1 N A B B MOdel 2
0
A



GPD E DVCS on transversely polarized proton target
> 2018 (with recoil proton detection)

Des 1 = dor(u +J) — dor(u 'T)
C Im(F,H—F,E) sin(@- P))cos ¢

I ZTRERLRSY TORT (REERER INTRRRTRRRTR TRERELENNT L OkFssoanncd@oennif@eoroifiiimer i@ omnnnnnnnnnnnnnns -
R bl oo o e e
)
8 ! }
2 [
= -02f % 0.2 } 0.2 %{
=
> % .
o o
C{ 5 5 L
0.4 _ -0.4-® (0) COMPASS 0.4 COMPASS: 160 GeV, 280 days
t_|=0.10(0.14) GeV? - ECAL1 and ECAL2
I | = HERMES |

0 0.1 0.2 4 0.5 0.6 -7 A
10 10
X Q? [GeV?]

03 0.
-1 [GeV?

May 30 2015 Projections for a future addendum of COMPASS physics program 23



Conclusion and outlook { / }

N
Yoy o
~—f—"

COMPASS offers unique features for the study of GPDs:

-, «
*Both i)l and L beams;

* Large kinematic range (complementary JLab / DESY / EIC);

Very encouraging existing results;

- 2007-2010: pp’* - upp, o;
- 2012: DVCS pilot run => promising DVCS signal;

Two years DVCS run (2016-2017)

=> Two years for DVCS and HEMP measurement

May 30 2015 24
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GPD H Analysis of 2012 data: /

2012 selection of ep — epy

Proton selection

Ring B ;’*

(good resolution)

)

p
Proton signal in ring B
- COMPASS 2012 - Zy measured‘ AZ Ring A (poor resolution)
DR | . | + |
< T §ZA interpolated
% i K — LH2 targe
2 B Vv I~ k:
a i % 500 COMPASS 2012
E 05__ E 400 II\D/I?)t:teCarlo
- -
LL] - LLI

| | y T
0.6 ¥ 0.8 B1 200

Protons stopped in B Protons escapingring B~ 100

i S G
0.2 0.4

——

AZ (cm)

May 30 2015 _40



Analysis of 2012 data

Kinematic coverage

GPD H
2012

[JData
MonteCarlo

COMPASS 2012

U 0 R \\\\\

COMPASS 2012
~] MonteCarlo

[]Data

Y IIPI A I I 7

\ / \ \ /) \ /
S S S S \
\\\ ]
\\\ )
I \\\\\\ I, \\\\\\ /. \\
%7 \\ \\\ ;\w\ \\ \m
S S i \\ \n.
7
\ \
\ \ \ \ \ \ \\ /
S S gIA2S \
\ \ g IS \\ \ o/ \\ 9% \\ \\ \\\\\\\\\w\
________ | ________ | ________ [ T
~— —
o) O — :
— o
— —

salug

10"

10°°

~—

E

y=(E-E)
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[CJData
MonteCarlo

COMPASS 2012

0.4

0.2
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GPD H \
2009 DVCS Test run / )
(10 days, 40 cm LH_ target, short RPD, No Ecal0) /
\-—‘—;4
Q /(k)/ NGRS
W~ < T (k)
Y* v
5 2 )
o *"Yoc| BH| +|DVCS| +2|BH|| DVCS| N s S,
_/ \_/
Bethe-Heitler (BH)
<+ 251 events | 135 events o 54 events
¥ —|BHP —|BHP : —|BHF

nk of events

g
Rl

A5 -0 - 0 50 100 150

0 (deg)
(0.005 < X, < 0.01)

BH dominant,

DVCS negligible
May 30 2015

nb ot events

nb of events
T

DVCS not flat ar large x
— Necessity of ECALO

A5 100 -3 0 50 100 150 A 100 -5 0 50 100 150

0 (deg) 0 (deg)
(0.01 < x_ < 0.03) (%, > 0.03)
DVCS-BH DVCS significant
Interference

28



Chiral-even

H = q

v*, pT—>p° p' L=0

“Elusive” E - —> ff:l_

I 3=
Y* pT>p° p* L=1
Jiz 209 = | x (H9 (x,6,0) +E9 (x,£,0) ) dx

Chiral-odd

Sivers: quark k;
& nucleon transv. Spin

Transversity: quark spin
& nucleon transv. spin

Boer-Mulders: quark k;
& quark transverse spin



Wigner distributions

Iransverse momentum

p(x, kr,br) By
5-D correlations Tra
]

hsverse
osition

Longitudinal momentum

®  partons
o ©

11 A. Bacchetta see, e.g., C. Lorcé, B. Pasquini, M. Vanderhaeghen, JHEP 1105 (11)



GPD H Compass GPD program ,/’/P 2\
DVCS on H2 target: Proton size; Study of GPD H \ //f
2016-17 A

Spin and charge cross section Sum (Currently unique COMPASS feature)
4—

Scsu = do( l._L:L ) +da( ) — si"sin (@) + sitsin (29)
st o« Im(Fy H)

Desy = da'(u ) — do( l~l ) o et + c!"cos(¢p)
¢ o« Re(FyH)

Im H (&,4)= H(x=EE,t)

Re H (£,1)= P ldx H(x,£,t) = P |dx H(x,x,t) + D(t)
X-E x-&

Re part of the Compton Form TFactors linked to the D term
S ~xg/ (2-%g) Energy-Momentum Tensor : Polyakov, PLB 555 (2003) 57-62
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Spin and charge cross section Sum (Currently unique capability of COMPASS)

SCSU = do'(l.l, + da'(u (dO +d0£‘;§f+e P \Sml)
(XB':Q t) BH = BH BH
Src =2 4 c+c. cos(@)+c. cos(2
CS,U T1(¢)?2(¢)( 0 1 (q)) 2 ( (l)>)
6
+2 ze2(CJODVCS+chCScos(q))+c2 cos(Zq)))
yQ
6
e I . I _.
+2e, P s,sin(¢)Hs,sin(2¢)
“ “xBjy%fl<¢>ag<¢>(|l oksiin(z¢)
canbeextracted ................................................
----- > s;c3Im -l-E F1+F2 F2
dominant
> (E,t,Q wnzef(Hf%%,t,Q) H'(-£,5,1,Q)
May 30 2015 32
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Spin and charge cross section Difference (Currently unique capability of COMPASS)

Desy =do(n’ ™) —da(p ") =2(P,doyy " +e, Rel)

6
DCS,U:+2PM—;2 2(s?vcssin(q)))
yQ
6
e I |.I I I
+2e ¢, He, cos (i c,cos (2 §)+c,cos(3 ¢)
“XBjy%a»1<¢>a>2(¢>( B e (2l
............................................. canbeextracted
----- > claRe|F,# }e(F+F) i ———F,%
dominant 4M
................................................. X
1 1
- Re H E,t,Q2 ZnY éle [ axH' x,?;,t,Q2 F
( ) Zf: f Lfl ( ) X_E X+E
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Towards GPD E: /
Lp — upp on transversely polarized proton target /

S
Oen Y- 1—xp 1
83 1—¢e xg Q2

-] do
] drp;dQ*dtdodo,
]

- (0'::+0‘;__) + €05y S ecos(2¢)Rec T —y/e(l1+¢€)cospRe (o) +0.)

—Pe(l—g)singIm(c/ +0.)

transv. — Sy
polar.

target _ _
+ v €(1+€) sin t,bthr e(l+¢€)sin(2¢0 — ¢s) It @

transv. +357F [V | —€2cos(¢ —¢s)Rec

polar.

. . £ £
sin(¢ — ¢s) Im (6 + €0y, )i+ 5 sin(¢ + ¢s) Imo [~ + 5 sin(3¢ — ¢s) Im 's 79

target —vVE&(l—¢)cosgsRec’) — VE(l—€)cos(2¢ —ps)Reo
+ long. Polar.
beam
B o Dominant interference terms:
May 30 2015 ij for nucleon helicity n Y*L AN PUL "

mn for photon helicity . 0
then @ Y 'r =P,



Towards the GPD E
After 2018: DVCS and HEMP on transv. pol. target

and recoil detector

D1 = JG—TC“+¢) - JO'TC“_O
o I(F, H— F, ) (@ B)on

Jsin(6—du)cosé e Update simulations and predictions
- CST | — synergy with approved ANR Parton

_ e Developments of internal supercond.

wiﬁﬂ*ﬂ’ magnets for polarized targets

| % + — JRA Kripta application to H2020
e

o

0.2+ +
- 2 years of data

| polarized NH; target P

0.4-® (0) COMPASS 160GeV, 140 days I
[t |=0.10{0.14)Ge\" i |
L

= HERMES L
| | = I - :
0.6 ek i i M A , M | - - :
1 n-ﬂ x 10 Wiring procedure for the inversed notched coil

COMPASS Il 26/27
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