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GPD formalism

GPDs (Generalized Parton Distributions):

Deeply Virtual Compton Scattering

' a.9 q.9 for sum over
Yy *p-yp H(x.%,t) E™(x,E,1) parton helicities

= = for difference over

9.9 q.9
y * Y H™(x.&,t) E™%(x,E,1) parton helicities
’\’\.’\,\ fJ\fJ\ for retained for changed
proton helicity proton helicity
X+E X-E where:
X: average longitudinal momentum fraction of the
parton
—— -

2E: longitudinal momentum fraction transferred by

p w p' the parton
XB

ENZ—XB

(in the Bjorken limit)

t:  squared four-momentum transferred to the

t t |
factorization for large Q° and -t < 1 (GeV/c)? arget nucleon

1t/Q% << 1
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GPD formalism

Dependence of meson production on different GPDs:

Deeply Virtual Meson Production

*p ' HYY t 4.9 for vector
y*p-Vp (x,€,t) E"%(x,€,t) o esons
1799 4.9 for pseudoscalar
y * |74 H (% %,t) E™(x,8,1) mesons

for example:

E,= 1 2E+1E +3Eg
" Y213 8

12, 0 1 4.1
E =——=|ZE'— ~E'+-E*
LA
L s
E,= —5E - o F

- contribution from gluons at the same order of a_as from
quarks

factorization strictly proven only for longitudinal y*
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GPD formalism — highlights

Nucleon tomography:

3D parton distribution function:

q(x, b)=(2n)_2f d’Ae " Hx,0,t=—A"

where: b 1
longitudinal| X

b: impact parameter |
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Total angular momentum:
1
J.dxx[Hq(x,%,O)+Eq(x,§,0)]:2Jq (Ji's sum rule)
-1

where:

J1LI 5

angular momentum =) if proton helicity is changed (E?,E* # 0 )
conservation law orbital angular momentum must be involved
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What makes COMPASS unique for GPD measurement?

The GPD program at COMPASS explores intermediate Xg and large Q? range

COMPASS will be the only experiment in this range before availability of new colliders
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What makes COMPASS unique for GPD measurement?

In kinematic region covered by COMPASS access DVCS cross section (in high xg; region) and DVCS
amplitude (in intermediate xg; region) through the interference with BH

DVCS % Bethe-HeitIer;%
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Cross-check for predictions  Access to DVCS amplitude Access to DVCS
through BH+DVCS interference cross section

Pawet Sznajder PHOTON 2013



What makes COMPASS unique for GPD measurement?

For several years COMPASS will be unique due to availability of lepton beams of both charges
e u+ and u- beams with opposite polarization (80%)
* nominal beam momentum between 100 GeV/c and 190 GeV/c

DVCS + BH with p*! and p-t polarized beams and unpolarized target

— BH DVCS DVCS BH DVCS BH DVCS
do, ,s,y=d0" +do,, . O ol ReT +a ImT

Opposite beam charge and polarlzatlon sum

BH DVCS DVCS
|

| <cf)W + " cosp + P cos2q | sy 1ncp+s2 ‘sin2¢ |
doldlt] Im(F, )

Opposite beam charge and polarization - difference:

Doy y=do’™ —do " =2(Pdo” +e,a”ReT”
. u P u

DVCS

. | nt t t t
s Csing (cf)" ¢/ ):oscp +ch"cos2@ + &5"cos3 @

R e( 1}[) Leading Twist
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GPD program at COMPASS

 DVCS test runs in 2008 (1.5 days) and 2009 (10 days)
« with unpolarized 40 cm LH target and small recoil proton detector
» to demonstrate feasibility of DVCS measurement

* Vector Meson production from 2002 — 2011 data

with longitudinally/transversely polarized proton/deuteron targets
deuteron target unique for COMPASS

large statistics but without recoil proton detector

early results on spin dependance of DVMP

 GPD at COMPASS-II (part 1, approved) in 2012 (30 days) and 2016-2017
« with unpolarized 2.5 m LH target and large recoil proton detector
» with optimized setup of the spectrometer (enlarged acceptance for photon detection)
 accessto GPDH

 GPD at COMPASS-II (part 2, future addendum)
» with polarized ammonia target and large recoil proton detector
» access to GPD E
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COMPASS experiment at CERN - 2008/2009 setup

Liquid Hydrogen target ECal & HCal e
* length 40 cm

L Filter .

SM2
lLFilter
ECal & HCal
RICH A S

&

Liquid Hydrogen
larget system Sandwich Veto

, 0 3 H_ Iw‘:::-l [ — f ______ ._
Upstream Vet ik ‘
g e nPLY t\'\I\[ZJIF scintillators
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T 1 f 3
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| H'-. I T
| e Ve
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|| el b ———T © Acceplance

el +—t =]
§=ay ol ,f—d—j'm_;fl - +/= 180 mrad
Silicon Microstrip 1| Targetcell/ L —
Detectors B o . )
_ Silicon Microstrip
[+ Detectors i
?I ¥ ' E 3 s i .a
Recoil Proton Detector lm
1m long ToF barrel of two scintillator layers
recoil proton ID by ToF and AE
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2008/2009 DVCS selections

E'IW COMPASSE 2008 DVCS TE AUMN - PFRELIMINARY
* PV vertex with incoming (4) and only one g
outgoing (W’) tracks 1o
« only one high energy photon 80
* only one proton in RPD with p <1 GeV/c &0
40
* exclusivity cuts in transverse plane 20
|ApT| <0.2 GeV %7 08 06 04 -02 0 02, 08 of e
|Ad| < 41 deg
%140 COMPASS 2008 DVES TEST AUN - PRELIMINARY -
|,1'+\! Eun_

=200 =100 0 100 200 Ad ?gﬂég}

Lo 5 3008 DVCS TEST RUN - PRELIMIMARY -

3
transverse plane 5
* cut on energy ballance (Emiss)
Emiss =Ep + Mp - (Ey’ + Ep’ + Ey)
|[Emiss| < 20 GeV

e1<Q2<4 GeV2

L 0 20 40

Gl &0 100
Energy Balance (Gev)
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2008/2009 DVCS results

2008 test run 1.5 day
» observation of exclusive single photon production
» confirmed global efficiency ¢ = 10% assumed in simulations

2009 test run 10 days
» observation of DVCS and BH

0.005 < xg;j < 0.01 0.01< xg; < 0.03 0.03 > Xg;
%f 251 evts Eﬁ-_ 135 evts
£o —IeH|y| P f = |BH|3

MITTTA PR TETI RTETI FRTR1 RTTR1 IT) palosueleieslieseliogeleiesly Wil PERTL SRR SRR TY PR TE FETEY FEA T AT
A8) b0 B0 @ &) 40 150 A0 b0 S5 @ &) 100 150 A0 AW S b 0 100 156
& (dagl & [deg) & fdeg)

« BH prediction normalized to low xg; bin
« Excess in high xg; bin is an indication of DVCS
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The cross section formula for exclusive meson production

. -1
{r};,m 2 1—zp 1 ] do

8m3 1—c ap Q2 drpdQ?dpdos
1
— 5(022 + UZZ) -I— gcos(2¢) Reo T —\/e(1 +¢) cospRe(0ly +0y)

— P \J=(1—¢) singIm (ot +05g)

L

- S |}: sin(2¢)Imo’" + el +g)singIm (o, — rr:n_}]

1 !
+ Sp.Py { 1— =2 i(n:: — rr::) —/e(l ~z)ecospRe (ol — 0:5)]

— 57 {sin{qﬁ — ¢s)Im (o, + +

sin(¢ + ¢g)Ime - + % sin(3¢ — ¢g) Imo

b3 M

+ VE“ + &) singgImoly + VE“ + £) sin(2¢ — ¢g) Im rr:ﬂ_]
+ S7F; |V1— 22 cos(¢p — ¢pg) Real L

—\/e(l —¢) cososReoy —/e(1 —¢) cos(2¢ — ¢s) Re U:ﬂ.

g

o, spin-dependent photoabsorption cross section or interference terms
1 2 >
i i . 1—y——
00| x5, Q7 t] o D (AL A = ar?
spins 1 - 1 >
, l—y+ -y +-—vy
A’ : amplitude for subprocess y *p —~ V p' with photon helicity m and 27 4
target proton helicity i
Y = 25 M ,/Q
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Access to GPDs through exclusive meson production

For vector mesons: . .
unpolarized cross section

1 do t 1) ++ — ++
F dtOO :(1—22)|5‘[M|2— Ez‘i‘ > |ZM|2_2§2R6(‘Z§/I’{]_[M) :> O, = §\0+++ O, [* €0
p
= 0,+ €0,

transverse target spin
asymmetry

where:
#H ., ,E, areconvolutions of the GPDs H?9 E®Y with hard scattering kernel and meson DA

X, X _4E'M; en Xo
“h= 2 2—X
1-¢ B
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COMPASS experiment at CERN - setup with transversely polarized target

L Filter .
u" beam from the SPS accelerator & 5
i 1H\/- . 32 2a-1 " .
Ium|n0§|ty. 5-10* cm™s ECal & HCal 4,
energy: 160 GeV %
polarization: =~ 80% 2

SM2
L Filter

ECal & HCal /
RICH T N Z

SM1
*---

~300 tracking detector planes
(high redundancy)

Two 30cm and one 60 cm long target cells [two 60cm long
cells in 2002-2004] with opposite polarization

material: NH3 (protons) [°LiD (deuterons)]
polarization: ~90% [=50%]

dilution factor for exclusive

o production: =25% [=44%]

every week

—E e =% ¥ A Microwave
i : : : ] reversa
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Transverse target spin asymmetry for incoherent exclusive p0 production

0 Used data:
uN->unNp 2003 - 2004 (deuterons) for transverse
wt + 2007, 2010 (protons) target polarization
Topology: Kinematics domain:
only incoming and outgoing muon tracks, ¢« Q°>1(GeV/cy « 0.1<y<0.9
two hadron tracks of opposite charges in PV « W>5GeV « 0.003<x_<0.35
Bj
proton data (~797 000 events) —— deuteron data (~97 000 events)
> ] & I 6000 > ]
@ r —4000 - W
S 30000 - | g 40000 - S 105§ 110t
> - ) r i v B 3
= C = 4000 =) I ]
S 20000 . 3 I ) € 3
S : 7 20000 - _ z 10 :
% 10000 : 2000 2 :
- . I | 10° £ 107
07 ‘II:“"“"“':“H'O 0 ":..\‘.:.‘\‘..‘\..H\..H0 Cas . - - L L
02 04 06 08 1 12 14 -10 -5 0 5 10 15 20 0 02 04 06 08 1 1.2
M_. .[GeV/c?] E .. [GeV] P2 [(GeVic)’]
Invariant mass Missing energy Squared transverse momentum
of p° candidate w.r.t. y*
Pion mass is assumed for each Check if the proton is intact -
outgoing hadron track To remove coherent production off
M2— M2 target nuclei , ,
E =—2X_"P¢g(-25 25)GeV 0.05< p: (GeV/c)" for protons
05<M_<1.1GeV/c’ 2M, 0.01< p; (GeV/c) fordeuterons
E,_. =0 is the signature of exclusivity To suppress non-exclusive back%round

p-< 0.5 (GeV/c)

Asymmetry extracted for each kinematic bin from a fit of the number of signal events (i.e. after correction for SIDIS
background) in azimuthal angle bins for each of the target cell and polarization state (+,-)
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Transverse target spin asymmetry for incoherent exclusive p9 production

COMPASS results Goloskokov and Kroll
(Nucl. Phys. B 865 1) (Eur. Phys. J. C 59 4 (2009))
— 0.2 [ 05 5 ! I ! I ! I ! ! 1 :
SN (xg) ~ 0.039 (Q") ~2.0(GeV/c| (p;) ~0.18 [GeV/c[ 04F il :
FSoaf ' ' 03f P! ;
= ! { I [ < 02} ;
I S Sl 2 l = é
i <DO'1E_K*O--____ _E
01¢ ] I 0.0 E _-_._‘2:_:_—_7_-._—_=-i
Ll L il A ) L T D T T T -01;- ® _E
. (xz) ~ 0.032 (Q%) ~ 2.2 (GeV/cl (p?) ~ 023 (GeVIc] 02g
ES01F } - 2 3 4 5 6 7 8
Q -
NN 14 1 1 Q'[GeV]
| t l ! I * “handbag model’
01l ! ! « GPDs constrained by CTEQ6
e parametrization and nucleon form factors
. . | | . . » power corrections due to transverse
2Tt 1 i0 02 o4 Quarksmomenta
X, 02 [(GeV/c)] pf, [(GeV/e)] « predictions both for y* and y*_

« A SN@-99) for transversely polarised protons and deuterons compatible with 0

» for proton data agreement with HERMES results
COMPASS results with statistical errors improved by factor 3 and extended kinematic range

 for deuteron data the first measurement

* reasonable agreement with predictions of the GPD model of Goloskokov - Kroll
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Transverse target spin asymmetry for incoherent exclusive pl production

* New results for 5 transverse target spin asymmetries and 3 transverse target double spin
asymmetries for proton target

as a function of xg;

01 COMPASE proten 0.2 COMPASS proton 0.1 COMPASE proten 0.2 COMPASS proton
_ 0,05} 4 _ ot l . D.05} ot +
5 ' # ¥ [
=0 + E o0—4— a0 ¢ + | =0
shtp ety syt R E
.05} T4t | .05} T4
0.4 : : 0.25 : : 0.4 : : 0.2 : :
0 0.05 0.1 0 0.05 0.1 0 0.05 0.1 0 0.05 0.1
0.1 COMPASE proten COMPASE proton COMPASE proten COMPAST proton
0.5¢ 0.5¢ 0.5+
0.05} N _
s | z s 4 + : ‘l‘ <
= L &= - 'y = |
S |Es T s ] R
0,08} y ! = < = +
0.5+ 0.5} -0.51
_u.1| i i i i i i i i i i i i
0 0.05 0.1 0 0.05 0.1 0 0.05 0.1 0 0.05 01
}'P“E'_r' I.H:,' ";E'_f :';H:,'
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Transverse target spin asymmetry for incoherent exclusive pl production

* New results for 5 transverse target spin asymmetries and 3 transverse target double spin
asymmetries for proton target

as a function of Q2

0.1 COMPASS proton 0.2 COMPASE proton 0.1 COMPASS proton 0.2 COMPASS proten
_ 0.5} ot __ 0.8} 04 + *
3 ¥ ¥ ?
r o . | 4 & 0 1 1 ] s 0o ** L | oy oL J.
E o= 1 [ = B [ = e F T ] [ = B '| '
E H’ 2 = ++ 1' 5 o [ = T
To.os} 0.4} To.0s} ~0.4L
0.1 L L -0.2¢ L L 0.1 L L 0.2 : L
2 4 2 4 2 4 2 4
} - h P - 5
QY GeV /) QY GeVic) QY (GeV/e?) QY GeVic?)
0.1 COMPASE procon COMPASE proton COMPASE proton COMPASE proton
0.5} 0.5¢ 0.5+
0.05] _ - l
T .?.J -:.- T
-3 e 0 l & 0 ++ I + o o l+ + | _?' ] l 'II |
ﬁﬁ?_‘[’T | = * e f L R f
-U'.l.'IE- + T ﬂ: 't +
-0.5 -0.5 0.5
'D.i i i i i i i i L i i
2 4 2 4 2 4 2 4
} ] . . - "}
QY GeV/e') QY GeV) QY GeVi/c?) QY GeVic?)
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Transverse target spin asymmetry for incoherent exclusive pl production

* New results for 5 transverse target spin asymmetries and 3 transverse target double spin
asymmetries for proton target

as a function of p_2

0.1 COMPASS proton 0.2 COMPASE projos 0.1 COMPAS S praton 0.2 COMPASE protge
_ 0.08} _ o} _ 0.08} + o4t *
3 ¥ ¥ g
= O | z ot Z 0
s 5 = '+ t] | i =
T.0s} * T0.4f + To.0s} + T4k
0.1 : : -0.2 : s 0.4 : : -0.2— : :
0 0.2 , D.;ﬂ 0 0.2 i ﬂ._j-'l 0 0.2 , U'.-;I 0 0.2 i ﬂ.;l
p_’-r (GeVic) p{_ (GeV</icT) [:1_1Jr (GeViet) p{_ {GeV-/c™)
0.1 COMPASS proton COMPASE protes COMPASE preton COMPASE prolos
0.5 + 0.5+ * 0.5+
0.05[ - 4
i _?_J .-:_. ™
. -
= 0 0 | . & 1] + l = i *J. + l =. 0 | 1
L4t + g - ST -5_5_1'1'**
=T = +
-0.051 *
051 0.5 0.5
'D.i i i i i i i i i i i i i i
0 0.2 , D.;ﬂ 0 0.2 i l:l._fl 0 0.2 , U'.:I 0 0.2 i ﬂ.;l
pf—r (GeV<ics) p_—r (GeV/ict) p;-_ (GeV<ies) p-i_ (GeV</c™)
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Transverse target spin asymmetry for incoherent exclusive pl production

« All asymmetries small, compatible with 0, except
. A=_0.019+0.008+0.003

integrated
A.l.'r'.l:lf - ¢C‘II
ur COMPASS proton
sinfd + d]s) —a—
A ur
sini2d - 05)
A LT I
sin(3d - a'_.;’l
A ur e
sini g ':;'
Ayr ®
cosih - |
A‘: - g —_—y
cos{ 2 - u.'?"l ] -
A.l’. T
cos( d]. ':)
Af_ r 1 : ! . " ! .
-0.2 -0.1 0 0.1 02
< 4>
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Future GPD program at COMPASS-II

Future GPD program at COMPASS-II

Stage 1 - proposal approved by CERN

2012 pion and kaon polarisabilities (Primakoff) + |commissioning and short data taking for GPD program |
(with LH + RPD)
2013 long SPS shutdown

Stefano,

2014-2015 Drell-Yann measurement with transversely polarized protons (NH  target) ) Monday's talk

2016-2017 GPD [+ SIDIS (with LH + RPD)

Stage 2 - subject of addendum to the proposal
additional year of Drell-Yann measurement
> 2017 GPD with transversely polarized target (NH,) and RPD

hadron spectroscopy
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Future GPD program at COMPASS-II — experimental setup

_ L Filter .
Liquid Hydrogen target w5
length 2.5m -~ BNy
(used already in 2012) 3£ N
ECal & HCal 2\ b

<

SM2

lLFilter

ECal & HCal // ¥
Lo e . :
.-k S : Large angle Electromagnetic Calorimeter

* size 204cm x 204cm x 34cm
 hole size 84cm x 60cm
« granularity 4cm x 4cm

(1/3 used already in 2012)

RICH
SM1

Recoil Proton Detector (CAMERA)

4m long ToF barrel of two scintillator layers
recoil proton ID by ToF and AE

(used already in 2012)
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Future GPD program at COMPASS-II — experimental setup

Target area during 2012 DVCS data taking

Pawet Sznajder PHOTON 2013



Future GPD program at COMPASS-II - projections

Measurement of t-slope for DVCS production

sensitive to transverse size of nucleon d_ONEXp (—blt|)
dt
L) >
Assumptions for simulations b(XBJ)NE <rL <XBJ)>

e 160 GeV muon beam

« global efficiency ¢ = 10%

« L=1.2nb-1(2 years of data taking) 1/10 statistics expected in 2012 pilot run
R ansatz at small xg;:

E I * b(XBj) =bg+20a |n(X0/XBj)
~ it B ‘ 4 iR o’ =0.125 GeV/-2

‘ ZEUS <@t=azaevil (I (e
v HI-HERAT <Q’> =4GeV’

2 [  HI-HERAT <Q’> =8 GeV’ + ¢ o o * \/72 ]
I with ECAL1+2 <r; > 1.

« COMPASS <Q’> =2 GeV’

0.65 +0.02 fm

;Hl PLB659(2008)

0 280 days at 160 GeV
— u [N 0> COMPASS

il with ECALO+1+2 .
I L 1 T Y . 10t 107 102 107! 1 )(B
-4 -3 -2 -1

10 10 10 107 Xp
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Future GPD program at COMPASS-II - projections

Measurement of difference of cross section for single photon production

- - DVCS 2"R DVCS
Dey,y=do”” —do™ = 2(Pdop ¢ e.a !

DVCS

li’lt znt

57 %sing cO ):oscp+c2 cos2¢ + ¢’ cos3cp1

Re(F )

E,=160GeV  1=Q*s4GeV?  003=x,=007

VGG Reggeized (x.t)-correlation

-= === VGG Factorized (x.t)-dependence

o
[=]
G

Mueller fit on world data
- = = = (with JLab Hall A)

-+ (without JLab Hall A)

Illlllllliljl'i'llrlllI|IIII|I

0 B b g e L o A e L
B T Y R T T
_01 III|IIIIIIIIIII|III|III|III|III|III

0 80 100 120 140 160 180

Beam Charge and Spin Diff. (nb/(GeV*rad))

Systematic error: 3% charge dependent effect between pu* and pu-
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Summary and outlook

COMPASS is unique to probe GPDs due to covered kinematic region of intermediate xg; and
availability of beams of two charges and polarizations

COMPASS has proved feasibility to measure DVCS process
Exclusive meson production — complementary measurement to DVCS, flavor separation for GPDs

Transverse target spin asymmetries for exclusive pO production was measured both for protons and
deuterons, asymmetries are small, compatible with 0,except

A9 =—0.019+0.008+0.003

In progress measurement for ¢ and

GPD program is continued at COMPASS-II
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COMPASS polarized target

3 target cells with opposite polarization

2 magnets to hold and rotate polarization
solenoid 2.5T
dipol 0.5T

Acceptance of £180 mrad for upstream edge

i
[ ]

3He — 4He mixture used to refrigerate (T~50mK)

| 1060 mm |

position of PV along the beam direction for
incoherent exclusive p0 production

— = -
- & 15000
iz — i
= 2z i
S S 10000
[ I~ 0
: | > :
il | 5000 -
amy
-50 0 50
Zy [cm]
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Transverse target spin asymmetry for incoherent exclusive p0 production — bkg rejection

For every kinematic bin, bin of ¢-¢g, target cell and polarization state:

% 30000 — shape of semi-inclusive background from MC
) i (lepto with COMPASS tuning + simulation of spectrometer response +
[Tp! - data reconstruction)
c -
—~—
§ 20000 B MC weighted using agreement between real data and MC for wrong
o - charge combination sample (h*h+ + h-h-)
<5) n
10000 j _ N}]ll/;Ch+ (Emiss)-l- N}JZ\/[_Ch_(Emiss)
i W(Emiss) - Nh+h+ (E )+ Nh—h—(E )
B RD miss RD miss

Normalization of MC to the real data using two component fit

0 I S e
10 -5 0 S5 10 15 20 Gaussian function (signal) + shape from MC (bkg)

E miss [GeV]
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Future GPD program at COMPASS-II - projections

Measurement of t-slope for exclusive p0 production

sensitive to transverse size of nucleon — meson system T exp(—blt])
(at large Q2 mostly sensitive to transverse size of nucleon r) t

1/ >
* Q2 and v parametrization of cross section from NMC data b (XBj>N§ <’"¢ (XBj)>

normalized to Goloskokov and Krol predictions

« 160 GeV muon beam

» global efficiency ¢ = 10%

 L=1.2nb-1(2 years of data taking) 1/40 statistics expected in 2012 pilot

2

B(GeV™)

. 0
[

-
»u o
1.

—

) ] COMPASS 280 days at 160 GeV
A\ ZEUS <Q.> =35GeV ®<Q >=14GeV"
ZEUS <Q > =11 GeV" W<Q >=26GeV
A<Q >=5GeV
Y<Q > =10GeV

(]

=41
T T T | T T T | LI T | T T 1 | L | | I
«%
et
o

-4 -] -2 -1
10 10 10 10
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