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Opportunities for constraining
GPDs at COMPASS after 2020

e Why GPDs?

* Experimental
methods and
results

* Global analysis
 Upcoming data
e COMPASS-III

Image courtesy of https:/marlaongtao.files.wordpress.com/201 /11.-Ve.mg
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Nucleon Tomography

Correlation between spin and
transverse momentum ?

Transverse

Momentum
dependent PDF's

in position space

Correlation between longitudinal
momentum and transverse position ?

FT(kr<sbt) <
f(x,br)
t=0

GPDs
H(x,E,t)

(collinear)
PDFs q(x), 1D
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Generalized
Parton
Distributions

b = 1impact parameter:
FT(t<sb) <
H(x,&,b)
k=0
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(Generalized Parton Distributions

Fig)l . 70 .
| elastic e-"'Ge scattering Form Factors / de H(xz,&,t) = F{(t)
—1
0.01 /_\ S
T | . TA GPDs
[0 ", | b -
y4
108 |
uf-»XxP
A\ g-> 1P,
05 10 15 20 25 30 35 fm' transverse parton positions D, p
ey
HERA I+11 inclusive, jets, charm PDF Fit . . z
o ! _ longitudinal parton momenta W
“  DIS Q=10 GeV? g ’ b
2 y ) - X
\ — HERAPDFL7 (prel) 2 A - d
0.8 ] B exp. uncert. U.' -’XPZ
E model uncert. o
[ ] parametrization uncert. xu, § P ) Z
e 1R easce= »
I HERAPDF1.6 (prel.) / g .
y E bu
' “ =
g d
< >2Z
PDF q _
5 > H (QE‘, 07 O) T Q(:E)
=
B

10* 107 102 10! 1

X Illustration: Ph. Hagler
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Hard exclusive reactions

/ ? €p —> Epy Deeply Virtual Compton
Scattering (DVCYS)

O gp — épM Deeply Virtual

] Meson Production (DVMP)

e x, &: longitudinal momentum fractions of
--------------------------- probed quark
X-§ - skewness € = xg / (2-xB) in Bjorken limit

(Q? large & xs, t fixed)
- average mom. x: mute variable,
not accessible in DVCS & DVMP.

P — P * t:squared 4-momentum transfer to target

e Experimentally accessed quantity is
Compton Form Factor (CFF)

Factorization holds if hard scattering kernel @ GPD
1 | |
Q° large & t small
(& longitudinal virtual photon) f(ga t) — E dx C;F (57 Qj)ﬂFq (337 £7 t)

—1
CFF q g
criedl@illinois.edu - GPDs at COMPASS beyond 2020 4 COMPASS future workshop - CERN, March 2016
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flips nucleon
helicity

does not
depend on
quark helicity

K

depends on
quark helicity

~

K

conserves
nucleon
helicity
H —Lqx
forward limit
£-0, t—0
~y
H — Adx)

4 chiral-even quark GPDs

@leading twist for a spin-% target

O: &

-06-04-02 0 02 04 06
bxfm]

© 3§ N o o
S S o S
[

[wy g

The QCDSF/UKQCD collaborations: Transverse spin structure of
the nucleon from lattice QCD simulations, PRL 98 222001 (2007).
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GPDs

JP=1-
vector mesons JP=1-
—— photon
J°=0 (DVCS)
pseudoscalar
mesons

bxfm]

Mesons allow for flavor separation

GPD E (and Sivers function)

- Involve switch of nucleon helicity
= gensitive to spin-orbit correlations
- Closely connected with orbital
angular momentum of partons

5

4 chiral-odd quark GPDs

ﬁT <> transversity TMD
2HT + E7 < Eoer-Mulders
Er

COMPASS future workshop - CERN, March 2016
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Experimental access to CFFs

DVCS O,y

= |Teu/’

LSRN

DVCS Bethe—Heitler (BH)

+ (TDVCSEH + TDVCS’EBH) + |TDVCS‘2

/"

Interference term helps to disentangle
Re(tpvces) and Im(tpves)

S.1: T-pol
target vector

(if given)

E.g.: azimuthal g Aru ( ¢)\ Lepton k with charge Cp &

beam-spin

asymmetry  (Beam Target)

polarization Pgoff nucleon

¥\

o(¢; P, Cp) = ouu(@) - [1 + Pr ALY (¢) + PeCpALy(9) + CpAc(9)]

Different experimental configurations (target polarization, beam polarization,
beam charge, and their combinations) provide access to different (parts of) CFFs.
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2001: first observation of azimuthal
modulation in DVCS spin asymmetry

HERMES @ DESY CLAS @ JLab
= hep/ex:0106068 0.4 PRE%P;G(;%BTQISOOZ
= PRL 87 (2001) 182001 | .~
0.2;— /f{‘,"
(positrons 0.15 ;" (electrfc)ns
on proton A <ol on proton
target) + + ! : arge
-k as 0.1F
02
06 | -0.3;
s 2 a4 0 1 2 3 g4 £a f ol L |
) (rad) 0 S50 100 150 200 250 300 350
¢ 0 (deg)
unpolarized target:
' % do— —do™ Beam-spin B ~ t
ALU (.(f)') e i | o svmMmetr FiHt —— 1+ F2)H - 5 2
do—Lda*s |*7 Y | 2 - g AM /
dominant for dominant for
the proton the neutron
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DVCS: kinematic coverage of
existing measurements

YYFTII 1 ITI'IYY 1 7711"] Al L] LA I B B o 1 ) LI B B B

Current DVCS data at colllders

10%}-0 ZEUS-totalxsec O H1- total xsec 5> -
- @ ZEUS- doldt B Hi- dodt ) o
N B Hi-Acu o o 1
- Current DVCS data at fixed targets: S

- A HERMES-A, A HERMES-ACU
. A HERMES- Ay, Auc Al

A HERMES- Ayr * Hall A- CFFs
* CLAS-Aw * CLAS-AuL

Planned DVCS at fixed targ.:

] COMPASS- do/dt, Acsu, AcsT
s JLAB12- doddt, ALy, Au, A

I llllll'

b7

— hernes

<
~Clas§®

10—4 10'3 10'2 10'1 1 ' H’ﬂ LL A
_Jtab

E.-C. Aschenauer, S. Fazio, K. Kumericki and D. Miiller: Deeply Virtual Compton Scattering at a Proposed High-
Luminosity Electron-Ion Collider, arXiv:1304.0077 and JHEP 1309 093 (2013).
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DVCS evolution over the years

H1 @ DESY

cross-section

CLAS @ JLab
BSA

HERMES BCA
(1996-2000 data)

HERMES @ DESY
BSA (1996/97 data)

2001

ZEUS @
DESY
cross-section

2003

CLAS

List might not
be exhaustive.

in the pipeline /

(eglb-dvcs)
LTSA

preliminary
Hall A (2010 data)

E07-007 (p)

E08-025 (n)

HERMES
HERMES| |Lpol-H,-D; | cOMPASS| ©L4S

TTSA nuclear egl-dves:

2012 data | 1TSA

\2012’ .
2006 2008 2010 2014 time

2o11] feo13] (2015 Hatl A

H1 ||HERMES BSA| HERMES ‘2;;}0};
BCA || with recoil and || Resonant

DVCS (A)

CLAS

Hall A @ JLab 2007 2009
E00-110 | OTAS . — -
cross-section (p,n) (e1-dves)
Hall A BSA BCA/BSA from
(E03-106) complete data
BSA neutron set 1996-2007

criedl@illinois.edu - GPDs at COMPASS beyond 2020

el-dves:
xX-section
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Selection of exclusive data sample

HERMES

DV?S:

— no Recoil: ey

27.6 GeV l" ~
1Y=4

Hall-ADVCS: |5 g
y eV @ o2 [
. (] L °
10000 eY deteCthn 7 - g ® experimental data | COMPASS DVCS.
£ o000t Mlevents 7 & < o1s — sy [ | YD detection
© 8000+ w c? QO Ll e e ep—epy I q) B COMPASS 2012
~ ﬁ s 2 -=1000F [JData
7000 M cut, w & 0.1 [ ep—en'y = - COMPASS [ MonteCarlo
6000 : WlndOW: wj'v 7° cont 6359 | ]  semi-inclusive LLl 800_—
4000 ’.,.""’ @639 """o..,‘ 0.05 1 N 6001
3000 ' 2] o " i i -
Rt 0 T o oo | I [160GeV
n - I o B \ NNNN\N
1000 DVCS MC B 027 . 200
(O] a1 = L4 A RN SR R HTE M ——— @® experimental data I NN\ s
0 0.5 1 1.5 ) 2 s 2.5 2 i - \E\E\\\iisi
Mx [(GeV/c®)7] < [ ——  simulation (sum) byt - T TN AN _—
s %t A -06 -04 -02 00 02 04 0.
o
S _ - Ap l(GleV/C)
0.1 # semi-inclusive -
HERMES & COMPASS excl. o: : : !
¢ m-ni+ detection 0.05 | with Recoil: eyp I “E
s | . A > 30000 - 24<Q= 10 C QS’
S — B R R _ _
AR Y= o N CLAS DVCS
) i r S : .
> S 20000 M [GeV’]
oroe < I no Inner Calo: ep or epy
- 0 i with Inner Calo: epy
20 ¢ (YN " O |
10000 |
ol | : JHI/ZEUSDVCS: |
. - : ey + forward veto g
0 | L L L L | L L L L | L L L L | ! 1 Y led e deled e g oL
° ; 1o 18 5 10 15 20 ZEUS subsample: epy | Bty
AE [GeV] = |

E_ ... (GeV)
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The HERMES recoil detector

e A¢p=4 mrad, AO=10 mrad (for p > 500 MeV)

_ * pPmin=125 MeV = -t=0.016 GeV?

(protons that make it at least in 2nd layer of SSD)

SC Solenoid S
(1 Tesla) Photon ElLIXas

Detector PD

Scintillating Fiber
Tracker SFT

Ct= - Silicon Strip ——» @ Y .-
< 7.% . Detector SSD Kapton. Flexgoc | ﬁs
{ /) s = \ % . '\Q
| Cooling Pipes ™

Stlicon Sensor

Target Cell

Two Layers of
SSD modules

unpolarized proton and
deuteron pure gas targets

X2 x4
”cmm"bcmmic Frame 300 Hm thICk

Target Cell
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® Hydrogen
HERMES A Deuterium d o
Hydrogen Pure| 1 g 1 g t S
AZSOD A H#u
cos ¢ ) . .
Ac ¢ } le—azimuthal asymmetry amplitudes
A" \ A | os \ .
A5 Charge Hrl e - CLAS AUL ~ ® This Work
sing GPD H [— 0.4F A CLAS 2006
AL ; Im C]—F' : + HERMES 2010
Asin(2<|>) ' -
LU | A 0.3F
ane | (B) e, Lu | £ ; +
sin I o= 02 [ +
ALoes —— YA B e ‘ +
Aiilr;’(lz¢) ,_.._, H+|-|Beam Target 0_1:_ ‘ ‘ ® GPD H +
sino- ¢,) ' u ~
AUTI ) I-H_._|_I '_{ ‘
- : OF
sin(¢- s) ! -
Araves Aut L Im ((J_[_ QZ) | |CLAS (S. Pisano et al.), PRD 91, 052014 (2015)
sin(¢- ¢ )cos ¢ ——Q—i—i E _0.1_11l111111111111111111111111111|11
:::(q)_q))smq) ! 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
uTa | GPD E :' -t (GGV/C)2
cos(¢- ¢,) ® H .
o D) : ’&/(ﬂ—[;ﬂ-:) cross sections
- e — 12 \
aet Apr —to—— S jof o M RERA Y H1: Phys. Lett. B681 (2009) 391
cos(¢- s)cos : 24 :
LT,I¢ M " ¢ E " ‘>’ gL Dipole model H]_
asine -AUL —y ~ | & °f--- GPDs model
sin(2¢) : f ,—E 6
A b He M Im . Q% =10 GeV?
A:ts(oq)) H '| " —C—l ~ 4 [ -
cos ¢ F o Y E
| Oy e Re H L
AEts(Zcp) H—@——H -
I o — [ M ST TR R BRI SRR SRR A
04 03 -02 -01 0 01 02 0.3 %0 ""20 a0 60 80 100 120 140
| (list'of'refef'ences in backup) Amﬁlitude Va ue W [Gev_
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H1l & HERMES: beam-charge asym.

* Re(tpvcs) > 0 for HERA (small x)

Re(tpvcs) < 0 for HERMES (larger x) 0

* 0 =Re(tpvcs) / Im(tpvcs)
* 0=0.20 + 0.05(stat) + 0.08(sys)

* In good agreement with theoretical

calculation (dispersion relation)

* H1@HERA/DESY: first and only

measurement at collider

* Jow xp=104...102

* 6.5 <Q?< 80 GeV?
* 30 < W <140 GeV
¢ |t]<1 GeV?

criedl@illinois.edu - GPDs at COMPASS beyond 2020

GPD H

Re(Tpvcs)
-~ 0.6
< H1 e H1HERAI
O 041 — 0.16 cos ¢
< O ® GPDs model
02— |

-0.2

-0.4

-0.6

o

20 40 60 80 100

120 140 160 180

H1: Phys. Lett. B681 (2009) 391

Ipl [degrees]

0.2

0.1

cos ¢

13

'_%. ermes

— KMO9 (a) ’
— - —- KMO9 (b)

107
Overall

107
GeV?]

HERMES: JHEP 07 (2012) 032
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Global analysis of DVCS data =™

0sSp

Ll

t=-0.3 GeV2 HERMES + CLAS

0.001 0005 oM 003 01 0s 1

" HERMES+CLAS
t=0 — +HallA

~
Re(tpves) Im(Tpvcs) -
integral over x X= g 0 Where i
— the zero? =
K. Kumericki and D. Miiller (KM) x | = -
Nucl. Phys. B841 (2010) 1-58
e Global fit to extract GPD H at E=x. NNLO Re(H)
e HERMES Ac, CLAS Aruand Hall A x-section. ~10 g
e Small-x behavior from HERA collider data. 0.904 00000510 .00 0.1% -

lower plot: priv. comm. Mueller & COMPASS
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Compton

Global analysis of DVCS data | form

Factors
M. Guidal arXiv:1011.4195 H. Moutarde PRD 79, 094021 (2009)
Model-independent fit of Re(CFF) & Im(CFF) o Global fit to extract Re(H) & Im(H)

e Hall A x-section & CLAS A
HERMES Ac, Aru, Aur, AuL, ALL; * H

CLAS ArLu, Aur; Hall-A x-section

K. Kumericki, D. Miuller, A. Schafer

3 Guidal JLab Hall A JLab CLAS HERMES arXiv:1106.2808
x,=0.36 x=025 || x5=0.09 * Neural-network generatgd, model-
* Moutarde Im(H independent parameterizations of CFFs
. — 1m N . :
— Mdller/ = (H) | 14 * Facilitates error propagation from data
Kumericki — Y990 8 . | .
| 3 Q%=1.11 GeV? Q?=1.63 GeV? Q2=2.10 GeV?
e VGG [ R ] R X5=0.126 X;=0.185 X5=0.304
| Xg=0.36 _~ Xg=0.09 6f _ A=5.300.95  A=4.98+0.56]  A=1.8E1.72
Re(H) of : 5t b=4.25:0.98 | b=3.03+0.55 | b=1.18+2.26
e s le o o A 4F 3
1 . | ] =3 Im(H)
e L | S S
7. S (N | ‘: ........ 0_ ......................................................
;=025 |  x3=0.09 1t
E| 4
Im(H) =
| . Wl & &  §
I T

v ' -4 ...|....|....|....|....|.;...|....|....|....|....|.

—1 (G —+ (G —t (GeV’ 01 0.2 03 04 05 01 02 03 04 05 0.1 0.2 0.3 04 05
. . -t (GeV?) -t (GeV?) -t (GeV?)

even more precise with latest

CLAS data — |H.S. Jo et al. (CLAS coll.), PRL 115, 212003 (2015)
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DVCS to constrain GPD E Sl

(A) HERMES: ep!' — epy :
H-E (transversely polarized proton target) »AUT

(B) HallA: €n — e n v
E dominant for the neutron (unpolarized ALU
deuteron/neutron target)

R | =
~ 25_ === This experiment Hall A ALU
S “E (deuteron target) J,=-0.4
§ 1 l Jd=-0.6
0 E_ """"" a0 e i i e :
= d

-1 —— i J,=0.
e J =0.
-2 - === AHLT calculation [36)

_35_ — VGG calculation [37]
-4;_1 y sy g po] o of gRaRs] g pesieny = b gy o plifeey L9 gt o
-0.5 -0.45 -0.4 -0.35 -0.3 -0.25 -0.2 -0.15 -0.1

t (GeV?d)

Hall A: PRL 99, 242501 (2007)
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GPD E and orbital angular

GPD E

momentum of quarks

In principle, measurements sensitive to GPD E allow access to the total angular
momentum of quarks, Jq. Constraint strongly model dependent!

.- i
- |
0.8 |
0c. JLab Hall A
n-DVCS ;

o AHLT GPDs 362 !
[l Lattice QCDSF (quenched) [40]
-0.2- JLattice QCDSF (unquenched) [41]

. [JLHPC Lattice (connected ter:ms) [42]

0.4 ;
. GPDs trom : !

1
Goeke et al., Prog. Part. Nucl. Phys. 47 5(2001 ), 401.
-0.6 — code VGG (vanderhaeghen, Guichon and Guidal

HERMES
. p-DVCS
I TR I T | |

-08+

L

] | ] | I
-1-1 -08 06 -04 -02 -0 02 04

Hall A: PRL 99, 242501 (2007)
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0.6

I
0.8

17

I -
1

Ju

Nucleon spin

1/3= +Jg

J1 sum rule for the nucleon:

1 1
— lim

dr z[H%z,&,t) + E%(x, €, )]

Ji, PRL 78 (1997) 610
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Exclusive mesons: target-spin asym.|%n.

Mpﬂ — MpQO COMPASS: PLB B731 (2014) 19
Apy ™ 'f \ AT o Tm (E°H)
ing COMPASS | | ]
Ayr e | chiral-odd Hr | A®"%S o Tm (H3H — EXE)
02 -01 0 0.1 02 withEr=2Hr+E&r
0 U d
Ef = 1/V2(2/3E" +1/3E" + 3/8EY) Different mesons filter
E¥ = 1/v2(2/3E*—1/3E%+3/8E9) different quark flavors
R — COMPASS
wesen > 021 10 ¢pl = Cpw’] 05 [
(2015) 600 | St ok o
< =  Of + ----------- '
-0.2 | Curves are for @ 2 + """""""""
different mw < T '
-0.4 transition form
I A factors from -0.5¢ . . al
0 2 4 Goloskokov, Kroll, Eur. 1 2 3 4
QZ [GeVZ] Phys. J. A (2014) 50: 146 Q2 [(GeV/c)Z]
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Test of GPD universality

P. Kroll, H. Moutarde and F. Sabatié (KMS): From hard exclusive meson electroproduction to deeply virtual
Compton scattering, Eur. Phys. J. C (2013) 73:2278

e Use DVMP data (from H1, ZEUS, E665, COMPASS and HERMES) to constrain
GPD parameters (LO, LT): GK model

e Compare to DVCS observables - good for HERA and HERMES, fair for JLab

Ao [nb/GeVY] Hall A cross section
0,03

(~t) =017 GeV? (~t) =023 GeV? (~t) =0.28 GeV? (~t) =0.33 GeV? 0.1
0.02 |- = s i o
. | Afpin¢  HERMES BSA
0.01 |- .
i I
I | it 1) I 0 .
0 ——— \ o NP » ; ............................................ ; ............................. I ............. : o ey detectlon
o0l i Al I o1k O epy detection
0.02 |- ¥ - I }
02—
0.03 % T G 3 T G 3 T 0 % T —
¢ [deg] ¢ [deg] ¢ [deg] ¢ [deg] + |
Yo [nb/GeVY 03
0.12 2 a 2 M 92 t
(~t) = 0.17 GeV . (~t) = 0.28 GeV? (~t) = 0.33 GeV? I ;_,,
/‘——‘
0.09 04—~ T
0.06 |-

05 | | | |

0.03
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COMPASS-II GPD run 2016/17

Long recoil detector CAMERA
ToF between 2 rings of scintillators
- 24 1nner and 24 outer scintillators

- ToF resolution 300 ps
0.06 GeV? < -t < 0.8 GeV?

ECal0

to extend angular
acceptance for photons
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COMPASS GPDs 2016/2017

GPD H from DVCS: input for global fits

_|_ —
Scspy =dot +do™ = 2(d0BH + dgPVes

_|_ —
Desy =dot —do™ = 2(PMdUDVCS

unpol

o]

+ link to D-term

pol

_|_ —
— 1
ACS . do ao B DC’S,U
o dot + do—  Scs,u
o' +do )
S 03— | , , - |
fg E,=160 GeV 1£Q° <4 GeV- 0.03< x, <0.07
g 0.2 - VGG Reggeized (x,1)-correlation
2 A NU— VGG Factorized (x,t)-dependence
PR
(% 0.1 il Mueller fit on world data
© - = = = = (with JLab Hall A)
g D i, NS L e (without JLab Hall A)
o 1] et Y, Srh> Y T S TSI 1 SuN BEet SRS § U PN PY TR S OSS RY S IOETE ST S
25 e
@ -
= |
O 01—
E L
o |
St bbb bbb
A A l A | A A A A l A A I A A A l A A A l A A A l A A A A A A A
0 20 40 60 80 100 120 140 160 18(
0
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B (GeV")

+ e, PJIm T)

GPD H

Transverse imaging from

DVCS and DVMP
d O.DVCS

dt

t-slope b : average impact parameter
“transverse size of nucleon”

X

COMPASS will be important in pinning down the
transition region between “pomeron” dominance

(hard) and “Reggeon” (soft) behauvior.

o
|

.
o
|

llllllllllllllll ' L R N R T TN N R RN R I N )
----------- o =0.26
ZEUS <Q > =32GeV" as soft Pomeron

v HI-HERAT <Q’> =4GeV’

« HI-HERA Tl <Q’> =8 GeV’

« COMPASS <Q’> =2GeV’ i

in 2 weeks in 2012

with 40 weeks in 2016-17 ¢ o o o

with ECALO+1+42

1rst bar= stat. error; 2" = stat + syst. errors

ll]. 'l L ll.l'l'[ L 'l lllll'l

N 107 10
(courtesy Nicole D’Hose)
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DVCS vs. BH at COMPASS

2012
2 2
DVCS Teul|” + (TovesTeu + TovesTeu) + | Toves|
pilot run J J \
0.005 < X, < 0.01 0.01 <x, <0.03 0.03 <x, <0.27 High-x bin:
D | COMPASS 2012 ' Data 0 bgd. MC _
< [ i - - - max.
1.0F ﬁ 0 5k —MC @) + ______ i \ .
MG )l ﬁ BH + max ° bgd. | e Largest fraction of
normalized [ n” background
to data in™T ¢ 0.4}
low-x bin _ e Pure DVCS events
0.6/ 0.3 after subtraction of
| (BH +
0.4k + measured SIDIS
' + max. simulated
_ ~ 0
0.2 + exclusive V)
‘ = excess
evel T . L
O O- O O-.LJ L,LL_J 1.1 I_Ll Ll I_J. Ll O O 1 11 | 1 1 11 I 1 1 11 | 1 1 1
' ~ -100 O 100 ~ -100 O 100
¢ , (deg) ¢ . (deg)
Yy Yy
DVCS Transverse 1 GeV? < Q2 < 20 GeV?
yield ®-modulations ®-integrated (.06 < |t| < 0.64 GeV?
In cross section cross section
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From GPDs to spatial densities

Impact-parameter representation:
dQA L

¢ (x,b)) = (27)?2 e ALbLITT (2.0, —A%)

M. Burkardt, Impact Parameter Space Interpretation for Generalized
Parton Distributions, Int. J. Mod. Phys. A18 (2003) 173

T dA
H(z,by) = = AL Jo(bLAL) H(z,0,—A?)
2T
0

M. Guidal, H. Moutarde, M. Vanderhaeghen: Generalized Parton Distributions in
the valence region from Deeply Virtual Compton Scattering, arxiv.org:1303.6600

The first 3D pictures of the proton indicate that when the longitudinal momentum x
of the quark decreases, the radius of the proton increases.

2

b, [fm)

b, |fm) by [fm]
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DVCS evolution over the years

H1 @ DESY

cross-section

CLAS @ JLab
BSA

HERMES @ DESY
BSA (1996/97 data)

ZEUS @
DESY
cross-section

List might not
be exhaustive.

in the pipeline /

preliminary
Hall A (2010 data)

HERMES BCA E07-007 (p) approved future
(1996-2000 data) £08-025 (n) proposed future
HERMES
CLAS Lpol-H, -D: CLAS
(eglb-dves) | | HERMES = | COMPASS| ¢o1_dves:

A TTSA nuclear :
LTS 2012 data | LTSA

200G 0 BT qime

| | 7 Hall A
Hall A @ JLab 2007 m 2011 \20137 \2015115308_110;
E00-110 | “@TAS | —= —_— final x-
CI’OSS-SeCtiOD ( n) H]_ HERMES BSA HERMES .
| > (el-dves) BCA | |with recoil and || Resonant section
2016/17) Hall A BSA BCA/BSA from || DVCS (A) | [ o[ag
(E03-106) complete data e1-dves:
* BSA neutron set 1996-2007 <.section
COMPASS:
BSA/BCA; E12-06-114: Hall A x-section
diff. x-section E12-06-119: CLAS12 BSAp
E12-11-003: CLAS12 BSAn
COMPASS-III
JLab 12| g5 66.119: CLAS12 LTSA p
E12-12-010: CLAS12 TTSA p RHIC RIC
E12-13-010: Hall C x-section (not DVCS)
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-
S
< |
o 04 | xHERMES
JLab-IZQ DVCS I J, J
. . .« . . . 0.2 1/ ::o.e 06
e High luminosities BUT no kinematic overlap T Oy
with COMPASS o] % Y
i [Jo 06
i A 06 -0
* Target- and beam asymmetries, and cross sections sl % §;§§ 3:6
e Hall A: precision measurements & focus on ?
specific kinematics. had| GPD E
Hall B (CLAS 12): wide phase space o L P ® L B + e
E12-12-010: CLAS-12 Ayr & Art from HD 002 04 08 g8 1 12 14

ice target (Lumi 5.1033cm—2s-1, target
polarization 60%, 100 days of running)

- Transversely polarized target in frozen-spin state:
small polarization dilution & low radiation length. .

- Generation of longitudinal field compensation and transverse
field by superconducting coils internal to the HD-Ice liquid helium can.

- Almost no impact on the CLAS12 detector configuration.

- Allows detection of recoil protons.

- Limited resolution due to
additional material budget

HD-Ice superconducting magnetic system surrounding the
target at the center of the CLAS12 recoil detector solenoid
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RHIC-spin 2017-2023

The RHIC cold QCD plan for 2017 to 2023: A portal to the EIC. arXiv:1602.03922

2017: 12 weeks transversely polarized p+p at Vs = 510 GeV

It is noted that the 2017 data-taking period will be STAR only, due to the transition from
PHENIX to sPHENIX

2023: 8 weeks transversely polarized p+p at Vs = 200 GeV

2023: 8 weeks each of transversely polarized p+Au and p+Al at Vs = 200 GeV

Year 1v/s (GeV) Delivered Scientific Goals Observable
Luminosity
2017 p'p @ 510 400 pb™ Sensitive to Sivers effect non-universality through TMDs Ayfory, W, 2°, DY
12 weeks and Twist-3 T, q(x,x)

Sensitive to sea quark Sivers or ETQS function
Evolution in TMD and Twist-3 formalism

sin(ps—2¢p) ,sin(¢s—dnp)
Transversity, Collins FF, linearly pol. Gluons, Agr 7Y Ayr S_ " modula-
Gluon Sivers in Twist-3 tions of A* in jets, Asl’;;l s) for jets
_ Ayr for J/W in UPC
First look at GPD Eg
First look at GPD Eg
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RHIC 2017: exclusive

e An of exclusive J/Ap in ultra-peripheral
collisions of protons (p'p)

* @ fixed Q%2 =9GeV” and 10™* <x<10™

e Non-zero Ax would be first experimental
access to gluon GPD E

e Total expected number of J/1’s

@
(400 pb™) in 2017: ~11k §
* Statistical precision can be improved gf
with 2023 data. b

The RHIC cold QCD plan for 2017 to 2023: A portal to the EIC. arXiv:1602.03922

27

O O O
~ o o)
I |

O
N

i V5=500 GeV
. ~ exclusive pp

....................................................................................................................................................

N B st W ................ Phase-" ...........................................
5 (pos%sible future lé,lpgrade)

..................................................................................................................................................

Phase-II*
(STAR 2015)

................................................................................................................................................................

i i i i I i i 1 i l i
00 0.5 1

-t [(GeV/c)d
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Electron-Ion Collider EIC GPDs E & H

Main requirements:

- Highly polarized (> 70%) electron and proton/
light 1on beams

- Ion beams from deuteron to heaviest nuclei

- Variable center of mass energy (20 GeV to 150 GeV)

- High luminosity ~ 1033-34 cm—2g-1.

L] L] L] I L] L] L] I L] L] L] I L] L] L] I I - 4
[[EIC pseudo data (AFKM12) | | 0= 14Gev? I 10% e
o5Ll® E.XE,=20x250GeV? || *®=32x10" I
ST o —t=0.28 GeV
R L=100 fb
$ 10'
1& =, ¢ _ + —=3-1.
UL S e o e S ST SR
30 S T=e—— -~ 1
= == 10°
-05¢
PP B SRR 1 K _1
T T T 1 T T T 1 T T T 1 T T T |--| 10
GPD models 0’ = 7.8 GeV? 1
- % =+15 xp = S5.Ix107*
057|-—-=  w2=0 —t = 0.28 GeV? 1
-~ L|— — = K% =-=15 1 10—2
% iy \§\ ~-—-T
S [[o%=>8 ““‘—i—rr‘%:““""
§S 0 '.-i ¢ Q\\’Y\{—‘ /,/'//i T
< - A 7 + 1073
L S o _ 7
-0.5¢ S—=--
N N B R 1 1| 10_4
0 /2 b/ 3r/2 2r (
¢ [rad]

(very) small xB

- Unprecedented opportunity for
discovery and precision measurements
- Study of momentum and space-time
distribution of gluons and sea quarks
1n nucleons and nuclel.

EIC pseudo data (AFKM12)

E,xE,=20x250 GeV’
L=100 fb~!
QZ,' XB
[GeV?], 1073
A(X5.0) 4.1, 49
\ o(x3.5) 4.1, 1.2
v(x3.0) 4.1, 0.8
\ AX12) 173,77
v o(x1.0) 7.3, 2.0
\ v(x09) 73, 1.2
A(x0.3) 129, 7.7
3 \ o(x0.2) 12.9, 3.1
n 3 v(x0.2) 12.9, 2.0
- X 532.
= , HERA+EIC fit
| n.o.n. 544
lyagadlsssdyaadasstlay sl dlsnd byl ssndlyssdlasas bl
0O 02040608 1 1214 16 1.8 2 2.2
—t [GeV?]

E.-C. Aschenauer, S. Fazio, K. Kumericki and D. Miiller: Deeply Virtual Compton Scattering at a Proposed High-
Luminosity Electron-Ion Collider, arXiv:1304.0077 and JHEP 1309 093 (2013).
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COMPASS-III >2020: “standard ideas”

e GPD E from DVCS

GPD E
(quark & gluon)

e GPD E and chiral-odd GPDs from DVMP

- vector mesons ', o, ¢ (0" would require neutron recoil detector)

- pseudoscalar mesons m’

e p/ target + recoil detector

Major R&D project: configurations for
2016/17 run are not compatible with a
transversely polarized target.

A preliminary sketch
of the 2-layers Si station
to be inserted in the

vacuum space of the
COMPASS PT.

Note that full available
space for this detector is
100mm) <R < 310mm

(*) Radius of present pwave
cavity reduced by a factor
of 2

criedl@illinois.edu - GPDs at COMPASS beyond 2020
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3 150m

A. Magnon,
F. Gautheron

1$ 12.5cm -
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Alternatives to access GPDs at
COMPASS in >2020

* DVMP with heavier mesons: ZEUS
up—>pp(V)—up( £ * £ ) T s e
+ + 8 I E pZEUS 94 |
JNh) —u'u” or e*e” = 12 " pZEUSLPSO4 -
% ¢— K"K~ or n ™ (small rate) Zﬁfﬁ‘éiii ]
S 10 ¢ ZEUS 98-00 5
= * + .- ¢ ZEUS 94
= e DDVCS: pu—=puy*)—puee) . $ - U ZEUS9B-00 |
& Jhp ZEUS 96-97
= . E % x JAp H1 96-00 ]
: e Backward meson production s [T Y f% _ ]
FEL ¥ :
e (DVCS on nuclear targets?) 4 koF :
C% e GPD E from beam-spin asymmetry on 2  DVCS ZEUS LPS (31 pb) -
2 unpolarized deuteron target? i ‘ " DVCSHIHERAlNleP
- 001020302402250
7% e Exclusive Drell-Yan production Q°+M*(GeV")
< —
= e (PANDA-at-FAIR-like processes?) { 4BE0S axRiv:0812.2517

Detection of di-lepton final state at
COMPASS: can gain from experience of
the Drell-Yan group
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Double DVCS: pu%pu(y*)%pu(e e)

(time-like)

Re(tpvcs)
X=&
Im(tpvcs) 5 206 — &)
= 1ntegral over x
iy x—+ & x— &

D DDVCS: GPD(ZE' —-E,E 1) p’
DVCS: GPD(, g, t)
“x is unmuted”

M. Guidal, M. Vanderhaeghen: Double deeply virtual Compton scattering off the nucleon (hep-ph/0208275)

e DDVCS allows for mapping of GPDs in (x,8) space - the virtuality of the final
photon yields additional lever arm, which allows to vary x and & independently

e Experimentally challenging: needs high luminosity & excellent acceptance.
* Suppressed wrt DVCS by factor oem; contaminated by resonance background

e Will be hard to measure at COMPASS - but should in principle be possible
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Backward meson electro-production

(space-like)

. proton
TDA =
t — (nucleon-to-
E— meson)
Transition
/\/\ - . Distril?ution
proton ~ N proton  proton” T—— > _.on| Amplitude
GPD TDA

“Building blocks of collinear factorization for certain hard exclusive reactions.”
“Tool for spatial imaging of the pion cloud inside the nucleon."
“Probability of finding a meson in the proton.”

* Meson in the recoil detector - target proton in the forward spectrometer

e Described in the literature: proton-pion TDAs. p—n’, p—=a*A? p—=A"n’, p—=A*m.

- COMPASS would be able to also look at e.g. p—dJ/p p TDAs.
- Strange cloud in the proton ¢ p — ¢ A°K* (A’—pn in the forward, K slow in the recoil)

J. P. Lansberg, B. Pire, and L. Szymanowski: Hard exclusive electroproduction of a pion in the backward region, PRD
75, 074004 (2007) & priv. comm. with B. Pire 2010/2011 & J.P. Landsberg at ICHEP 2010 & B. Pire, K. Semenov-
Tian-Shansky, and L. Szymanowski: Nucleon-to-Pion Transition Distribution Amplitudes, arXiv:1312.7120.
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Exclusive Drell-Yan: mp—pumu*

§ excl. DY e

Mueller, Pire, Szymanowski, Wagner: On timelike and spacelike hard exclusive reactions, arXiv:1203.4392
70

100 dop/dQ" | o dop/dQ" | Exclusive DY cross section at COMPASS
- /G expected to be suppressed by a factor of 1000
80 | s a0Geyv? | 5 s =360GeV? 1 compared to JParc.

| 40} 1 P. Kroll, priv.comm. Dec. 2015, and S. V. Goloskokov and P.

Kroll, PLLB 748, 323 (2015), arXiv:1506.04619 [hep-ph]

60 |

30
40 t

COMPASS 2008 ap data: feasibility

study by Alexey Guskov
(internal COMPASS talk at AM June 2015)

“upper exclusive limit” for (rather small)
data set

20t

20

| 10}

4 6 10 12 4 § 10 12

8 8
Q/Q [GGVQ] Q/Z[Ge\/Q]

more about exclusive DY: see W.-C. Chang’s talk on JParc
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COMPASS-III as physics opportunity
for RHIC-spin groups prior to the EIC

- Preserve knowledge on state-of-the-art techniques
- Prepare next generation of leading physicists to play important roles at the EIC

COMPASS-II : COMPASS-III

------------------

JLab12 é
e mmmmmmmmmmmm————  emmmmmmm—e- 5
| | | | | | | |

2016 | 2017 | 2018 || 2019 || 2020 2023 || 2024 2026
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Summary: GPDs@COMPASS >2020

N
® The strength of COMPASS 1s the unique kinematic é
domain - but also the availability of meson beams!

|

e GPD E could be constrained in COMPASS-III, albeit

after a major hardware upgrade - the addition of a
recoil detector to the COMPASS polarized target.

by[fm

©
S
=
S
N
S
||
o £
X
~ 2
S
|
=
7
©
S
|

e GPD H is fairly well known - GPD E not.

s dOwn

7
i

0.4

N
o o
| |

0.2

* Not necessarily only GDP E is interesting - there are
other interesting exclusive channels such as
exclusive heavy mesons, double DVCS, backward
meson production, exclusive Drell Yan.

* COMPASS-III could be an opportunity for other | : 4 150mm]
spin groups prior to the EIC!

* ... arecoll detector around the target could possibly 1$ > tem
also be used to measure tagged structure functions.
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Transverse imaging of the nucleon

Impact-parameter representation: M. Burkardt, Int. J. Mod. Phys. A18 (2003) 173

f A, —iA1-by 7 f 2
q (zab_L) — (271_)26 H (.”C,O,—A_L)

S~ GPD(x,5=0,b)

Measure differential cross section:

d O.DVCS = “Tomographic images” of the nucleon.
~ ¢ bltl
d¢

t-slope b :
Average impact parameter
“transverse size of nucleon”
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The y*N—vyN cross section

oS R

DVCS Bethe—-Heitler (BH)

= | Tsu|* + (TovesToy + TovesTer) + | Toves|?

k) Holographic principle:
" - BH reference amplitude magnifies DVCS
- Interference allows to measure magnitude

m/ NP /\/\/\/\/\/\Q A and phase ¢ of DVCS amplitude Aei“’

- o _— BT - No “phase problem” as in e.g. x-ray
p p crystallography.

e(k)

Belitsky, Mueller, hep-ph/0206306
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Compton Form Factors

Re(tpvcs) Im(tpvcs)
CFF integral over x x=E
+H t
H(E ) = 7?/ da ixi ) — i H (&6, 1)
1 —

+1
ReH(E) =P [ dp Z0HED)

1 ZB—S

- D(t)

Dispersion relation with D-term:
- Shear forces and radial distribution of pressure inside the nucleon
- Description of confinement

M.V. Polyakov, Generalized parton distributions and strong
forces 1nside nucleons and nuclei, arXiv:hep-ph/0210165
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Azimuthal asymmetries and GPDs

Aru
Beam Target
do— — do— Beam-helicity
il unpolarlzed target- do— +do*— More Fourier coefficients
accessible with 2 beam charges
T ~ t
FIHH —2(F, + Fb)H — € Im(H)
2 — TR e S = 7 —
l’ / Aa(d) = do™ — do Beam-charge
Ac @) =
ANY¥ J~+ 1 J~— | asymmetry
dominant for dominant for do do RE(‘}{)
the proton the neutron
% longitudinally polarized target: Aur(o.ef) = Longitudinal target-spin asymmetry
TB IB
Fi + F ( —5) IO AP
2 — a:'B( L) (A 2 o™ (P e0) + 077 (9, e0)] — [07 T (@, e0) + 0 (D, er)]
~ rp [(TB t ~ 0= (p,e0) + 077 (9, e0)] + [0 (¢, €0) + 07 (&, er)]
FyH - F F5 ) &
+ 17 2_353(2 1+4M2 2)

analog: Double-spin (LL) asymmetry

= tfransversely polarized target:

Transverse target-

AB\TC‘S (C) G)S) A{JT(O (DS) Sp|n asymmetry

t
4M?

1 —
[(2—$B)F18—42 B

-

- 'CCB ) .
AL (b, ps) ABHDVCS (g 403 Double-spin (LT)

asymmetry
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Facilities with results available

polarized
e~ beam

electrons: 6 GeV

Jefferson

Laboratory

e-beam on fixed

target

self-polarized
electron beam

2 lepton beam
charges: electrons
and positrons

HERA

electrons: 30 GeV
protons: 920 GeV

\ 4
energy

Targets:
e unpolarized p [E00-110]
e unpolarized d (— n) [E03-106]

detected
particles:

ey

Targets:
e unpolarized p

e longitudinally polarized p
e ‘He

detected particles:
no Inner Calo: ep or

epy
with Inner Calo: epy

unpolarized p, d; He, N, Ne, Kr, Xe

¢ Jongitudinally polarized p, d
e transversely polarized p

Y e-beam on fixed pure gas target

detected particles:
no Recoil: ey
with Recoil: epy

criedl@illinois.edu - GPDs at COMPASS beyond 2020

ep-collider
(unpolarized
protons)

detected particles:

ey + forward veto
ZEUS subsamle: epy
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e e

e 1996-2007: H, D, He, N, Ne, Kr,
Xe

e 2006/2007: H, D with recoil

® 1996/97: H=»
e 1999/2000: D=»

e 2002-2005:H*
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“Traditional”
DVCS Analysis
at HERMES

14

k—>

TRIGGER HODOSCOPE H1

/_ FIELD CLAMPS _\

DRIFT CHAMBERS

/\

270 mrad

PRESHOWER (H2)
140 mrad

e

’
P..

f CHA}IIBiF!S/2 /

\ DVC

HODOSCOPE HO

k/

LU
MONITOR

CALORIMETEi ‘ E
140 mrad

MINOSITY

s |

L_MC1-3

—

BC 1/2
TRD

| \/ b
RICH
270 mrad

~—— MAGNET

TARGE

T
CELL STEEL PLATE

unresolved sample

1 2 3 4 5 6 7

D 0o : ®No other charged tracks reconstructed
o : _ ®No other untracked clusters in the calorimeter
Z ! : ® experimental data
\Z./ +  —— simulation (sum)
S 015 [ Il - Missing-mass technique
S fq (41 ep—>epy
. il ; 2 / /2
N i ° i [ ep—eAly MX:(k+p—k—Q)
0.1 : ) -
. | semi-inclusive
i A > eX | about 12%
0.05 i | : ‘J"‘;;’_&'i;.—__ _ B ep e Y Samp e .
bl oo [ X Unresolved for associated production
i o j v Semi-inclusive neutral pion production
0 - (‘) ‘ — o s corrected for
about 3%
M2 [GeV?]
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DVMP: DVCS:

* 2002/03: D= (o) e 2008/09: H with short recoil (test run)

e 2002-2004: DT (o)

o 2012: H with long recoil (pilot run)

at CERN e 2007/2010: H* (o, w) ® 2016/17: H with long recoil
since 2002 ) .

u*=~ beam: 160/200 GeV,
H+ 5x10%/s, p-2x10%/s S

superconducting

\) ~ P SL-Y solenoid (~ 2.5T)
. = z 1000 mn I
e : _,:!E,":r

Polarized solid Tl
NH3 & SLiD i
More than 300 or unpolarized [l 0T
tracking planes liquid NH2 |

T

] \ HE T T
Dynamic Nuclear “dipole magnet (~ 0.5T)
Polarization
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COMPASS DVCS pilot run 2012

e Full-scale recoll CAMERA detector and only central part of ECal0 installed =

25%
8 9005— (/2\3 COMPASS 2012 g - (/:\3 COMPASS 2012
E 800;_ : I\D/Iitr?teCarlo 51000—_ : I\D/Iitr?teCarlo
< 700% : 9 S aant : o
" 600- : i 800r :
500F : : 6001 : :
400 : : : : :
300~ : : 400 : :
200 é_ : : 200 :— : 15 \\;\;\;\Sz\: :
100 : L - ; AR :
e e T . B e RN N ST B R
-1.0 0.5 1.0 -06 -04 -02 00 02 04 0.6
+cuts on missing . ed écp (rad) 4k " Api(GeV/C)
Xpected minus measure Inematcs
maZSEMgz 5 g)éon, / \ MC: HEPGEN/BH + DVCS/2
’ - with GEANT4 simulation of
from forward spectrometer recoil in CAMERA detectors & full COMPASS

reconstruction chain.

e Visible % background (2 photons reconstructed): measured and corrected for

e |nvisible 1% background (1 photon escapes): estimated by MC. SIDIS: LEPTO;
exclusive: HEPGEN/1T?
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COMPASS-II proj.: spin & charge asym.

<i —
2 03— - - A do™ —do B DC’S,U
Tg E“=I()0 GeV 1£Q <4 GeV- 0.03< x; 0.07 CcS,U — q T q —_ SCS 6
- o +do— U
g 0_2:__ VGG Reggeized (x,1)-correlation _|_ A()S,U(Qb)
2 A N —— VGG Factorized (x,t)-dependence 0.1 .
c L R ,
(% 0-1: el Mueller fit on world data .| = This work
© - = = = = (with JLab Hall A) 0.05 “ R
g i T (without JLab Hall A) \\ KM10a
o' i.-.-."- '--.': ‘.&\_ 06 5 6 G0 ¢ G & S 0 S 5 5 5 G5 5 5 5 G 6 B 5 S5 6 G5 6 G 6 G5 6 ED S ED 6 G5 6 G 5 S5 6 & 6 & ° 7 \\ -----
> - ‘ e Tt ettt Kroll, Moutarde, Sabatié, KM10b
g 0 { Eur. Phys. J. C (2013) 73:2278 A
e o1 Test of GPD universality: use _ _ S
a ' ) O5F 0000 Tt -
LS D B S + + + + + + DVMP data to constrain GPD COMPASS x=0.05,
0.2— -
:- A A l A A 1 A A l A l L i l ) A l A A l A L i A A params -0'1 ) IQZ 2?eV2 lt 0 21G€V2 l
0 20 40 60 80 100 120 140 160 180 30 60 9 120 150 18C
) ¢ |deg]
i3 oo,: 0.005 < x,, < 0.01 ig ,o,:' 0.01 < x,, <0.02 i q:,:i 0.02 < x,, <0.03
é’ o:’ ~ Compass projected é) o:é— ~ Compass projected } "i_ ~ Compass projected
- Projection compared with + 4 ) o ’J +% + ‘*
HERMES beam-charge 3 . + ot 1] ¥ o ”
asymmetry’s cos®-modulation e oF L v R
0,08 208 008}
. . o . ”.a agagiiuigiianbsghisyh 6:[(2216; ‘)‘]a ‘°-‘b'“‘i‘1'“if‘i“‘1‘5'5‘“31‘“1‘73‘“6‘:‘[‘(;:7\;" ‘)‘].a
- Question: magnitude of cos®- ’
modulation in COMPASS g2 e 53 P 53—
dataf) é’ o::- —Compass projected é’ °::§ —'Com:ass-prohcted; | ‘P 0::E .—COm:au-projccted
“ss — Hermes JHEP 07 (2012) 032 s2sf — Hermes JHEP 07(2012) 032 , ”E — Hermes JHEP 07 (2012) 032
- Changes sign in between H1 o + ¥ % —t P
and HERMES! g ST B lﬁr {
0':—4 A ............................................ o;i.. ......................... % .................... ° 255 1l T S Y S
Q08 0.08f- 0.08f
a3 T Y N B 7 g S o RL ‘°‘b' 8 B SN L ST S T S g
< [(GeVicY] < [(GeVic)] 4 [(GeVicy']
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Transverse imaging from DVCS & DVMP

d DVCS
9 —blt| 2 years of data
X € y
dt beam energy 160 GeV
o COMPASS-II projection for t-slope 4-108 u/spill (u- 2.6x less)
°."> : duration 9.6s every 48s
é i * ................................... 2 5m target
; 6 |- 4 Lumi=103%2 cm-—2s-1
- j_ o O’ES Eglobal =10%
P e o =0.26
: ZEUS <Q’>=32GeV’ N Regge-trajectory ansatz
- 'H] HERAI <Q-> —4GLV~ b — b +2 ,I /
2 |- « HI-HERA I <Q*> =8GeV’ + ¢ o o (x8) = bo a’In(Xo/XB)
i with ECAL1+2
- « COMPASS < Q > =2GeV? a = 0.25 GeV2
- ¢ ¢ o o o
S with ECALO+1+42
i 1 | L aal L ] Lo aal L ] L1 L 1_bin_extraction already
4 3 2 1 possible from DVCS
10 10 10 10 Xg test in 2012
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HERMES nuclear data sets

za : Xe : Monts Carlo sum
Target Spin L (pb-l) E : — coherent BH
1H ]_/2 227 § 8 E ------- incoherent BH
He O 32 T E azsociated BH
N 1 ol & : incoheren
Ne 0 36 : enriched
Ky 0 e 0.05 coherent _E
enriched
Xe 0, 1/2, 3/2 47 r i ' E
Heavy target data taken at % 002 004 008 008 0.1 012
the end of each HERA fill -t [GeVA

(“high density runs”)

* Separation of coherent-enriched and incoherent-
enriched data samples by t-cutoff such that ~same
average kinematics for each target.

® (Coherent enriched samples: =65% coherent fraction

* Incoherent enriched samples: ~60% incoherent fraction

criedl@illinois.edu - GPDs at COMPASS beyond 2020 48 COMPASS future workshop - CERN, March 2016


mailto:Caroline.Riedl@desy.de
mailto:Caroline.Riedl@desy.de

DVCS on hadrons other than the proton

Nuclear targets

® How does the nuclear medium modify parton-parton

correlations?

Coherent and tensor signatures;
nuclear medium

Coherent scattering

® How do the nucleon properties change 1n the nuclear  Deuteron: probe  Nucleon: probe

medium?

® s there an enhanced ‘generalized EMC effect’, which
could be revealed through the rise of tpvcs with A?

Spin-1 Hi, Hy, Ha, Hy, H5’
H19 H29 H39 H4 bl(X)
tensor
w 9 chiral-even quark GPDs at LT structure
function

w H3, Hs associated with 5% D-wave
component of deuteron wave function

criedl@illinois.edu - GPDs at COMPASS beyond 2020 49

spin-1 object spin-1/2 object
99
coherent incoherent

Tensor polarized deuteron

Spin-1 particle

o1 with A=-1,0,+1
/T

nt <4+ n— <4+ nv

»+ Vector polarization P,~0.85

»+ Tensor polarization P,,~0.83

»+ Dedicated data set with
with P,,=-1.656 && P,~0
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HERMES: DVCS nuclear dependence

Nuclear medium

Acos? vs. A

1H, He, N, Ne, Kr, Xe
Heavy gas targets

ALuSi"® vs. A

Foof R Average
| | L

\Y
< 0% { coh.erent :\'/,A ozI E E } ALUA/ ALUHZ
8 i } enriched g |

«Zoos|- "’<3 04]

~ L ] - 0.91+0.19

'§ 0.15 ’% 0

k m— 0.93+0.23

. 01{ incoherent |+

‘/T\' enriched |. <2/ ¢ % ..
= | ;',? Normalization
g o & 35 04 to hydrogen 'H
< ol ! L] Ll < | L Lo

1 10

nuclear mass number A

2
10

2
10
nuclear mass number A

Beam-charge asymmetry Beam-helicity asymmetry

HERMES: Phys. Rev. C 81 (2010) 035202

Coherent and tensor signatures

GPD H:~| | GPDs H1, Hs

Large experimental uncertainties

- no significant signatures found
in HERMES data

HERMES: Nucl. Phys. B 842 (2011) 265-298
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cos(0¢)

Ac

cos ¢
AC

cos(2¢)
AC

cos(3¢)

Ac

sin¢

ALU

sin (2¢)

ALU
Asin ¢

LU,I
sin¢g
ALU,DVCS
sin(2¢)
ALU,I
sin(¢- ¢,)
AUT,I
sin(¢- ¢,)
AUT,DVCS
sin(¢ - ¢s) cos ¢
UT,I
cos(¢- ¢s) sing
UT,I
cos(¢-¢)
LT,
cos(¢- ¢,)
LT,BH+DVCS
sin(¢ - q)s) sin¢
LT,
cos(¢- ¢s) coSs ¢
LT,

sin¢g
AUL

sin(2¢)
AUL

cos(0¢)

ALL
cos ¢
ALL

cos(2¢)

ALL

HERMES DVCS X Deuteram
Hydrogen Pure|
>
# Re H
A
. ImH
B

——Q——

" Im (H-E)

HERMES DVCS

(A) Beam-charge asymmetry: | GPD H

[JHEP 07 (2012) 032 -
Nucl. Phys. B 829 (2010) 1-27]

(B) Beam-helicity asymmetry: | GPD H

[JHEP 07 (2012) 032 - Nucl. Phys. B 829 (2010) 1-27 -
JHEP10 (2012) 042]

(C) Transverse target-spin asymmetry: | GPD E

[JHEP 06 (2008) 066]

Variety highly

(D) - H._H'ﬁ%(g{’Lf)

(D) Double-Spin (LT)
asymmetry: | GPD E

welcome by
global fitters

[Phys. Lett. B 704 (2011) 15-23]
—e— L .
~(E) Longitudinal target-spin asymmetry: | GPD
o H H-
H—o—-;,_‘_ﬂi gm [JHEP 06 (2010) 019 - Nucl. Phys. B 842 (2011) 265-298]
: “—.—" ~
(F) i ’&J‘]—F'(F) Double-spin (LL) asymmetry: GPD
11114111 H~
2 —_ 2 - - - 2
- - ‘ AmﬁlitUde va ue <Q > 246 GeV y <XB> 010, <-t> 012 GeV
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Track reconstruction with HERMES recoil detector

o
N
o

o
N

0.15

o
-

0.05

0.

Fractional momentum resolution

Hermes 2007 data
—_ 1
o = Recoiling proton candidates
S 0.9
> 3 DVCS
OCos8 [
=07 F
o
Q06 F
oc F
~005 |
o
Q?0.4 —
0.3 [
0.2 |
01
0 ca e by by by by 1
0 02 04 06 08 1 1.2
0,eas(RECOIl) [ rad ]
protons

° magnetic bending only

energy deposit & bending

0 0102030405060708091

plOIlSZ Ap/p=0.12
criedl@illinois.edu - GPDs at COMPASS beyond 2020

Momentum [GeV]

QOuter barrel

SFT

Inner barrel

Azimuthal-angle resolution: 4 mrad
Polar-angle resolution: 10 mrad (for p > 500 MeV)
Momentum reconstruction as low as 125 MeV,

corresponding to -t=0.016 GeV?
(protons that make it at least in 2nd layer of SSD)
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HERMES: adding the recoil proton

Tag exclusive events via

Recoil kinematic event fitting:
detector . 4 . a2
5 TR N (et SPUR S 1 AL )
Xpen = Z o2 T4 Z ( f)2
i=1 i j=1 g
- e FOI’W'aI’d fi: 4 constraints of 4-momentum conservation
tracking & assuming proton mass
Y Hypothesis: ep—epy event
ECal = require: x2<13.7
Only ey detection epy detection
. unresolved sample pure sample
Z‘é’ 02 r y "2 o2
= experimental data [ Z -
Z | _ > - >99.8%
- i t | = o
CXD 0.15 simulation (sum) _ é 0.15 | ep_’epy
S ep—epy o I .
s S purity
0.1 F epel’y - T ool
semi-inclusive unresolved |
- for At [
0.05 | - 0.05
I - ~88% [
0 - - ep—e I A
0 5 10 15 P~ epy 0 10 s
, ) purity
M2 [GeV?] M2 [GeV?]
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HERMES: unresolved reference sample

Disentangling the effects of recoil-detector acceptance and purification

Loss due to

* lower-mom. threshold
e ®d-gaps of SSD

Deficit due to

* removal of background
* inefficiencies of y? cut
* recoil-det. ineffciencies

Unresolved sample
_ (traditional analysis) _

,%) 0.2 - B
Z Traditional - ® experimental data
é Sample p|US —— simulation (sum)
S 015 ~88% 5 acceptance 3
S | S ep—>epy
S ep—epy | | function .
I purity L] ep—eA’y
0.1 : - R semi-inclusive
_ N Z >99.8%
0.05 - Poor ‘J.%kﬁiia}.,k i i~ g [ ep—epy
I P e ! B P e, ' '
G o T purity
0 5 10 15 0 5 10 15 10 15
M2 [GeV?] M2 [GeV?] M2 [GeV?]
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HERMES (with recoil proton): o
beam-helicity asymmetry

single-beam-charge

0.2
| B @ HERMES
KM10a
o 0 feere e R e epy detection: >99.8% purity of ep— epy
§<3 [ VOO Re99e B = 1) : % ey detection: sample unresolved for
i L bsea _ .
0.2 12% resonant production, e.g. ep— eA™y
- S A ey detection in recoil acceptance (reference)
: 0.2
——— | * Ilved
0.4 e a A 3:::§glzed-reference
Bl e purec
] oo O [
‘o = ! I
= 0.2 < : :
N _ 02 F -,
2 " * i [ % L
< 04 - ++ %
| E— 10"
02 e [ GeV?
10 overa -t [GeVT]
overall

Global flt of world data GPD .
model calculation “vGG Regge”
JLab, HERMES and HERA, Phys.Rev. D60 (1999) 094017 and Prog.Nucl.Phys. 47 (2001) 401

dashed excludes JLab Hall A cross section
K. Kumericki and D. Miiller, Nucl. Phys. B 841 (2010) 1

HERMES: JHEP 10 (2012) 042
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HERMES: beam-helicity asymmetry

in ep—ey(N) in the A-resonance region

| e*p — e*ypn® |A+ 'scale uncertainty 1.96 %
051 B B B +
L L H{' """ +"H """""" ot S
- [ ] I I T
. 05 B B . B }
o S S
10" 1 10" 1 10
overall -t [GeVF] Xg Q’ [GeV?]
L e*p — e*ynm* |A+ ! iscale uncertainty 1.96 %
05 - - - \
g ot
-0.5 - - B
_ 05 B B B
L ST — W — -
< | } \ | \
-0.5 - -

overall

107

)
-t [GeV?]
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1 10

Xg Q?[GeVH
COMPASS future workshop - CERN, March 2016

(transition
GPDs)

w The charged particle of (11IN)
reconstructed by the recoil
detector.

m This result 1s consistent with
the slight increase of the beam-
helicity asymmetry amplitude
with recoil proton.

m Assoclated process acts as
small dilution in the

asymmetries for the unresolved
sample.

m Only existing model
prediction for sing amplitude:

’p: -0.15, o™ n: -0.10

P.A.M. Guichon, L. Mossé, M. Vanderhaeghen:
Pion production in deeply virtual Compton
scattering, Phys. Rev. D68, 034018 (2003).

HERMES: JHEPO01 (2014) 077
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GPD H

HERMES: beam-charge asymmetry |rerowcs

cos (0¢)

0.2

0.1

cos ¢

cos (29)

Cc

A

cos (3¢)

Cc

A

Assoc
fraction
o
N
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BCA

% KM10

— KMO09 (a)

-~ - KM09 (b)

/
! - - GGLII

Global fit

including data

- - from JLab,
- HERMES and HERA
colliders
~ u (dashed excludes JLab
- Hall A cross section)
e -0 - K. Kumericki and D.
B Miiller, Nucl. Phys. B 841
- — r (2010) 1
I - ___.__.___.,_j___*_____.___.__.__-___.____*_____.__.__.__.__-___j ______ % GGL11
- - - Model calculation
- _— = | —
G. Goldstein, J.
o Hernandez and S. Liuti,
° . o ® ° (e oo 0 © 0 [ s 00 0 O Phys. Rev. D 84 034007
2 > > ' ' (2011)
10 10 10 1 10
Overall -t [GeV?] Xg Q% [GeV?]

Associated fraction ep—eAty

(from MC simulation)

HERMES: JHEP 07 (2012) 032
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HERMES: transverse target-spin asym.

;—m 02 [ 8.1% scale uncertaimty ' 1 Al " e 1 GPDE
< |- - +
ES b I
W oopIE + i
02 - T v T 1 Model curves:
. 1 VGG Regge, no
3 1 1 1 ' D-term
g 02f T T T 1 3 different
o ' values for Ju
. ok 1 i | .
S | fixed Jq=0
@ S T- -~ Eur. Phys. J C46
<-02F T T (2008) 729
04 1 1 -
g | | | |
g 02l 1 1 ;
< :
Z = ok 1 1 _
0.2 _ T = ]
6'012'014'0l6'20'0.'1'0.'2'0.3'0'2"4'628 1'2
overall -t (GeV?) Xp Q" (GeVY)

HERMES: JHEP 06 (2008) 066
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GPD H~

Target-Spin Asymmetry on p and d

0.2 L xm VGG Regge p+n 06: : T egse D+n
I L 15 VGG Regge p § ) - - e zgg ﬁegie g
e coherent fraction
________ I 0 resonant fraction
: 0-4 -_ -_ . o
o [ [ o
s 0.2 - oo - o
s | o e
= O-----"--"}--- - _.____.___
Ll II L
107!
2
overall -t [GeV7]
overall -t [Gevz] overall -t [Gevz]
o _Proton:
W (incoherent)
B Deuteron:
MQ‘[D (coherent @low -t)
4@@ (incoherent @larger - Nucl. Phys. B 842 (2011) 265-298
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GPDs H1, Hs

Beam-Helicity Asymmetry on p and d

[ === VGG Regge p + n

o unpolarized: Re(H1 )

B tensor-polarized _, t tS .
(P,»=0.827): = lensor struciure rtunctuon

Re(H1 -1/3H5) in the forward limit

for coherent scattering
at low values of -t

DVCS ALzz (tensor
asymmetry) sing amplitude:

| 0.074 £ 0.196 + 0.022
{ (-t<0.06 GeV?, 40% coherent)

overall -t [GeV2] |
Nucl. Phys. B 842 (2011) 265-298
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HERMES DVCS asymmetries on nuclei

1996-2005 nuclear data

LU,(l,+)

Xe 0.25 - — T O

ASin(I)

Acosq)
C
L
‘ I
2
—e—

S }} |t
t

0% E 1 O
05 —
I R B N N I T T N A - ——— S —-
0O 02 04 06 O 02 04 06 0 02 04 06 = ; Ne Kr Xe
-t [GeV?] -t [GeV?] -t [GeV?] 'a<3 0.25| .
®
- : T -
e Targets with 2 beam charges available. ’ T }
Ac and charge-difference Aru sensitive to 3 ; } } . |
DVCS-BH interference term % % -
. -0.5 — o
o Targets with only one beam charge SRR R
available. No Ac and single-charge Aru 0O 02 04 06 0 02 04 06 0 02 04 06
-t[GeV?] -t[GeV?] -t[GeV?]

with entangled si coefficients

Phys. Rev. C 81 (2010) 035202
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Selection of exclusive meson sample
Ip—IpM
®* No recoil proton detection: missing-energy technique assuming proton mass

e MC simulation of non-exclusive background and subtraction in exclusive AE
bin (11% HERMES, 35% COMPASS))

, 0 COMPASS exclusive QO
HERMES exclusive 0 (proton 2007/10)
S (proton 2002-05) = 30000 24 < Q%< 10 (GeV/c)
<, ¢ <Q2 >=1.95GeV2 O
2 40! J <xB >=0.08 T (Q2) = 2.15 (GeV/c)2
— ¢ <-t>'=0.13GeV2 - xBj» = 0.039
© @ 20000 P27 ) = 0.18 (GeV/c)2
> 30| ¢ -
O
>
¢¢ O
20 10000
10
B O - e
L e a— -10 -5 O 5 10 15 20
AE [GeV] E_.. (GeV)
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Ip—1pV: Exclusive vector mesons

e pQCD at sufficiently large @° and W: 1. y*—(qqgbar) 2. (qgbar)

scatters off nucleon 3. formation of observed vector meson. A pO
* Translated into Regge phenomenology: reggeon exchange q q

with

J¥=0%* 1-, 2% ... (Natural Parity Exchange) <= GPDs H, E <

JF=0-, 1*,... (Unnatural Parity Exchange) <= GPDs Hn, E~n P P’
* (Cross section for exclusive leptoproduction celf-analyzing

of vector mesons: characteristic

through

decay angles

0 Wi(zp,Q%t,d,d
\LF -¢°~. D, DS
dep dQ?dt 2 S )

e W parametrized by Spin Density Matrix Elements (SDME)

e SDME describe the helicity transfer from yv* to V. L T
* Hierarchy of helicity amplitude--
| Too |~ 1 T11| >> [ Tor|>|Trol>= [
/N
.U'ﬂ };*
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- s-channel helicity conservation (SCHC)
T—T, L—L

- s-channel helicity violation
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Vector meson production and decay

lepton I :
: Z
scattering—plane

p°—decay—plane

p°—production—plane

Lo

Z
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HERMES: Rho, Ph1, and Omega SDME

04 : —

Foo | A ’Y —VM, - o
1 - :
T | ’Y VM, e : o
Im l’f-l —0— e
Re 1y, | B*: Interferenc:: il 2
Im l‘?o yLeVML & \(T—>VMT o -
7 - =
Im 1'10 %3:
Re rl() +—.—i ?—D:'H:H—.gF
ag [ B
Re rl“ . C: Y*T —VM . Hg ®  ®, proton
Re rig i %! ® (), deuteron
Imr; o 0
10 | & O p’, proton
e S A 0
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p0 (EPJC 62 (2009) 659-694)

- Hierarchy of amplitudes

- Small deviation from 0O for helicity-flip
amplitudes

- Contributions of UPE

SDME values

| Too|~|T11| >> [To1|>| T10|>=|T1-1]

® @ (preliminary analysis)
- Hierarchy of amplitudes v
- Helicity-conserving amplitudes

10-20% larger than for p°
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O W (EPJC 74 (2014) 3110)
- Hierarchy of amplitudes
- Significant role of UPE
e (Cross section ratio of longitudinal to
transverse vector mesons P
og, orT
R(W, Q% t) =
125t -l ( ¢ ) dt / dt
(| % Goloskokov, Kroll, Eur.
%ﬁ Phys. J. A (2014) 50: 146
0.75 + ﬁ % 0@) p , proton (total)
0 (o) p's deuteron (total) | Anglysis of HERMES w
() O, ton (total) :
05| ) 0), gzzt‘e’;‘m"(&al) SDMEs using a set of
GPDs extracted from
W|th p|on pole
0 4 Importance of pion
Q* [GeV?] pole for w
production.
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Asymmetry in Ip" — lpe’: sin(¢-¢s)

HERMES proton phys. Lett. B679 (2009) 100-105

ALL, sin (q)-(l)s )

ATT, sin (¢-¢g )

uT

uT

© © © o
A M o M B

0.4
0.2

-0.2

-0.4

RS RS TLQ
0o 2 o0 01 0 0.2
overall Q?[GeV?] Xg -t [GeV?]
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£ 5o ; }
<
. BN I ! { L]
T T = f
0.1} :
T - T S B "0 02 04
Xy, 0’ [(GeV/c)’] p2 [(GeV/c)']
Blue curves: prediction from phenomenological
GPD-based GK model 2009
66 COMPASS future workshop - CERN, March 2016

COMPASS proton pLB B731 (2014) 19

Q% (GeVc?)  p2 (GeV/c?)

COMPASS deuteron nPB 865 (2012) 1



mailto:Caroline.Riedl@desy.de
mailto:Caroline.Riedl@desy.de
http://wwwcompass.cern.ch/compass/publications/papers/locked/journal/2012_npb865_001.pdf
http://wwwcompass.cern.ch/compass/publications/papers/locked/journal/2012_npb865_001.pdf
http://wwwcompass.cern.ch/compass/publications/papers/locked/journal/2014_plb731_019.pdf
http://wwwcompass.cern.ch/compass/publications/papers/locked/journal/2014_plb731_019.pdf

Transverse asymmetry for excl. 0’ & o

GPD E linked to quark orbital angular momentum.

Different mesons filter
different quark flavors

-

o
-_-.-
——
‘!-.-

T '.

"-. a

h~ L

H.
Hi
-n--

AZ”T(qb_qu) o Im (E*H)
A%Ir}qbs sensitive to chiral-odd GPD Hr(analogous to transversity TMD).
0
EF = 1/V2(2/3E" +1/3E% + 3/8E9)
E¥ = 1/v2(2/3E* —1/3E%+3/8E9)
Cancellation effects expected for p production.
0.5 —— . . . —— .
0.4F - : E
oaf 7 T A
= 0'2; ;510*;-
< OTF o ] L
0.0F p° —mom L T T S10%
01F o : i
0.2} .5 107
3 4 5 6 7 8
5 5 Goloskokov, Kroll
QGeV] EJC 59 (2009)
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GPDs E

COMPASS upﬂ — upQO & Hr

sin (¢ — ¢g) ASi”(¢_¢S) ~x Im 5*7_[
AUT ‘COM PASS proton ur ( )
Ay . ASO9S) o o (85 1)
sin (2 0 — 05) )
Ayt S r A(jjf_%) x Im (£FE)
A%{}Bq)_q)s) e 0
sin ¢ in . .
Ayt d AZTqbS x Im (HTH — EFE)
cos (¢ — 0g) B
Arr ¢ Aﬁ(qb_%) x Re (H%E7T)
cos (20— 0g)
A ° AS(29=95)  Re (£%€)
cos ¢
ALT > | I |‘ ! ! | | ACOS¢5 X Re (,H* H . g* g)
02 -01 0 01 02 " et
<A> » Evidence for existence of Ht
with E7 = 2H T+ + E7 ASIN ®S = _0.019 + 0.008(stat.) = 0.003(syst.)
Slide courtesy Katharina Schmidt (University of Freiburg) All amplitudes consistent with GK 2014
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COMPASS: asymmetry in up" — upo

5000 ‘ COMPASS proton publication in preparation
reconstruction of 05F
Q§4°°0* 2 charged hadrons —
o <
S 0 & 2 photons § = 0
3 <
yézooo* e 05
o 0.5 §
& 1000} A
GK 2014 5 ¥ - 4 | |
9305 06 07 08 09 1 11 12 — tg O * | T | ] T
M...... [GeV/c?] positive mw form factor | °<
5 no pion pole 0.5}
sin(¢-¢,) o negative mw form factor 0.5
uT 5 ’I;w
g+, R e
T n—~.—| (7)<I:—) + .............. + + ...... * + ......................
sin(3¢-¢.) 0.5 - i
A .- COMPASS: results do |7 | ¢ RN
A . not allow unambiguous g(; o + | *
cos(6-0) determination of rw os
o ; transition form factor. 0.5/
cos(2¢-¢,) | . | m
LT : ;)- |5 0 + """"" ; """ + """" 1 ----------- ; """"" *'"
cos 9, . B R S — I
LT :
"E """"""" _0'5_|.|.|.|_| ! ! ) e S IR
145 -1 -05 0O 05 1 15 1 2 3 40 0.05 010 0.1 0.2 (2).3
A Q° [(GeV/c)] X p2 [(GeV/c)]
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HERMES: asymmetry in ep’ — epw

HERMES: EPJ C 75 (2015) 600

Goloskokov, Kroll, Eur. Phys. J. A (2014) 50: 146

& ]

. - = 0.4 ————— —
= 0.2 F 4 A (o)
c _
cT)I:_) 0 F . 0.2

< == === negative nw form factor

02k ‘ = = === 1O plon pole 0.0
' positive o form factor
-0.2
-04 F
L1 -0.4
O 4 0.0. - .01 - .0.2. | .0.3. 04
\ 2
@ W=4.8 GeV, Q2=2.42 GeV? *0_3 B t[G?V I |
. positive o form factor - A (o)
n — — — - no pion pole o2L YT i
= oev+r 1 ] e negative nw form factor | sin(¢,)

g i o
55044 L 0NF e

< @ W=8 GeV, Q2=2.42 GeV2 0.0 A B

O 2 B — - — - = positive o form factor ' 4\': -

. —— — negative o form factor 01L e

'O B 02+ el 4
-0_2_ _0_3-....|....|....|. .

w 0.0 0.1 0.2 0.3 0.
-0.4 0 . [GeV’]
HERMES: too large experimental uncertainties
to constrain sign of tw transition form factor.
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GPDs E

Asymmetry in lp" — lpow % Hy

HERMES: EPJ C 75 (2015) 600 el COMPASS publication irfpreparation
~ z
? O 2 T gt = 1 §5 °
= v Results do not allow <
S : i
72 -0 unambiguous o
0.9 determinationof nw | - | # L !
o transition form factor. | £ of * | |T | f +
< .
0.4 |
0.5}
l 0.5
0 (HERMES legend) ~
----- negative I form faCtOI' §<|:_) 0 ++--"- +-¢------ *‘——+$_
- | m=ea=- no pion pole
c 06 F positive nw form factor '8'2: : :
Sk A I
°20.4 | 3 * * *
< Goloskokov, Kroll, Eur. Phys. AN l *
02 L J. A (2014) 50: 146 = | |
' 4
-0 F positive mw form factor 'gzg:
02 F no pion pole ; *
0.4 L negative mw form factor|§ 5 o 't e
0 (COMPASS legend) 05! _

1 2 3 40 005 010 0102 03
Q2 [(GeV/c)] Xg P2 [(GeV/c)?]
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COMPASS: double-spin asymmetry in
diffractive u”N= — uNpg’

ar 0.3
< - @ COMPASS
0.2 A HERMES quasi-photoprod. (d) v
- ¥ HERMES electroprod. (d) }
0.1
: $ L]
OE_ ........... % ............................................ é ...... A* SR @ o
-0.1+
- \ 4
-0.2|-
{0 102 10" 1 10
Q2 [(GeV/c)]

COMPASS: EPJ C52 (2007) 255

Q= 0-3
<
0.2

0.1}

-0.1}
-0.2}

-0.3t

- @ COMPASS T
. A HERMES quasi-photoprod. (d)
- ¥ HERMES electroprod. (d)
— Y
K. I
i ﬁ*fl ____________ o | R
- \
| e | e | | .?....I |
10 10° 107 10"

X

Compatible with zero = indication that role of unnatural parity exchanges
(m- or A1-Reggeon exchange) is small in measured kinematical domain.
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Exclusive o+ on transversely polarized

protons

V-

sin(¢p—os)
AUT,E ”

Im(E*H)

Consistent with zero. A vanishing Fourier amplitude in this model implies the

dominance (due to the pion pole) of E~ over H~ at low —t. Excludes a pure

pion-pole contribution to E~.

sin®s amplitude 1s large and positive: implies presence of a sizeable
interference between contributions from longitudinal and transverse virtual

photons.

0 0.2 0.4
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0.6
-t [GeV?]
73

K. Kumericki, D.
Muller, and K. Passek-Kumericki, Eur.
Phys. J. C 58 (2008) 193.

solid, dashed and dotted: Ch. Bechler
and D. Muller, arXiv:0906.2571 [hep-ph]

HERMES, Phys. Lett. B 682 (2010) 345-350
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Jefferson lab cross section
in the valence region

-t=0.153 GeV? 1=0.262 GeV? 1=0.447 GeV?
S\ '_\\
ég 1 \<;, ............. L) E \
Qo v '
2 I T S
O E Em Em . BH qb 10_1_ i \_//
S V(T T - B CLAS
KMS : PR T S S R SR R ! Q12=11.16131G11ev12 1\77’1{1 |
ceee... KM10 ~ 08 X=0.185
o e-.. KMIi0a 3 oo/
9 o.2f
5 0.
£ Op e BT e
—~ -0.2}
w5 0.4
= -0.6}
-0'8;,, Ly L T R T e
0 100 200 300 100 200 300 100 200 300
® (deg) O (deg) ® (deg)

- Deviation from pure BH, attributed to DVCS?
or BH-DVCS. Larger @Hall-A.
- No Q2 dependence, compatible with the
dominance of the leading-twist diagram in
this region of moderate Q% and xa.

Hall A: Phys.Rev. C 92, 055202 (2015)

Hall A: PRL 97, 262002 (2006)
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rp = 0.34—0.38
Q? =1.8—2.0 GeV?

- Bethe-Heitler

—— KM10a + TMC*

Hall-A-E07-007: follow-up experiment
to investigate this difference |
(Rosenbluth separation)

GPD H

x-section

do™ +do™

H.S. Jo et al.
(CLAS coll.), PRL
115, 212003 (2015)

do™ —do™

—t =0.28 GeV?

Hall-A

| |
120 180 240 300 360
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GPD H

Hall A (EE00-110): cross section ==
in the valence quark region

Differential cross section vs. azimuthal angle
Bin: <xg>=0.36, <Q%>=2.3 GeV?, <t>=-0.28 GeV?

0.02— { beam helicity-dependent
Ac - A
helicity-dependent 8 ” :
- 1
w Im(tpvcs) 2 '
GPDs @ x=¢ — I -
- :
O -0.02r *}’
Goeke, Polyakov, Vanderhaeghen, © i S e N
hep-ph/0106012 e -
PP 8 LR G beam helicity-independent
R o d fit to data -
helicity-independent O
= Re(Tpves 0 0.05
: ( ) O L BH+DVCSF |
integral of GPDs over x E I =
: : i BHP?
e Twist-2 (“handbag”) dominance - 1 1 g
% ' ' e e 90 1 1 1 1 180 i ' s 2 270 A 1 1 1 3%

m GPDs accessible at moderate Q2.
o (degq)

e No Q? dependence of Im(I) over 1.5, 1.9 and 2.3 GeV?

- Indication of perturbative QCD scaling behavior.

Hall A: Phys. Rev. Lett. 97, 262002 (2006)
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CLAS (egl-dves): DVCS —
longitudinal target spin asymmetry

b <Q% = 1.52 (GeV/cl: | - <02 =1.97 (GeVicy.
0.4 F<x>=0.179 F <xp>=0.255
05 03F P
= ® This Work 02F g i ;‘1';3,%“\ ‘f,,~,,+
0.4 F A CLAS 2006 o1kb" e Tl
- HERMES 2010 ol el T )
0.3:— o
L F | F <Q> =241 (GeVic} | <Q> 22.6 (GeVicy
5= 021 { . o + 0.4 F <x;>=0255 E <= 0345
0 1E ‘ ; ‘ + o I . 0.3 ;_’:! l\l"’x _ "g." \}g”",x
A= : o, b, £
] N 8020 gaee e P
of 0.1Fa" + ''''''' + .....
- OF S
_0.1 e ey o by oy oy by oy by oy by oy by oy by by N [
0 02 04 06 08 I 12 14 L6 TR S B ——
-t (GeV/c) 0.4 Q> =330GeViey | g o0
- <xp>=.0.453 O
03 F ] e VGG
- FUL 0, S
0.2F ’ ~.;:,* --------- KMM
0.1F ! B - GK
Of - GGL
CLAS (E. Seder et al.), PRL 114, 032001 (2015) 0 05 1 15
CLAS (S. Pisano et al.), PRD 91, 052014 (2015) -t (GeV/c)?

HERMES: JHEP 06 (2010) 019
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CLAS: <Q2>=1.82 GeV?2, <xg>=0.28, <-t>=0.31 GeV?

CLAS (el-dves):
beam-helicity asymmetry

GPD H

Im(Tpvcs)
BSA

%- 02 ,* o 2ind
S 0.1, *. 7+f coel i —
5| & of N 0.2 3
0.1F . - _ _
| opftimegraed .7 e ® Data taken with inner
R e {m electromagnetic calorimeter for
t el-dves : the detection of the BH/DVCS
I % CLAS;previous':- ‘ phOton
5 :zg e ® VGG Model overshoots data.
a + twist3
2~ — Laget mode!
GPD model calculation
“VGG” (Vanderhaeghen, Guidal, Guichon):
Phys. Rev. D60 (1999) 094017 and
Prog. Nucl. Phys. 47 (2001) 401

CLAS: PRL 100 (2008) 162002
COMPASS future workshop - CERN, March 2016
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Hard exclusive reactions

High energy factorization
ve 1z a qq )
VAN "I . VM , Y

P
N
p Y

* Universal dipole interactions

« Low x <= large W

* Scale: Q2 —+- m%

criedl@illinois.edu - GPDs at COMPASS beyond 2020

Collinear factorization

VM, Y

Xf

* Parameterization of non-perturbative
nucleonic structure

* Information on parton-parton
correlations

 VM: proven only for OLongitudinal
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kinematic landscape

- .1 44
Photoproduction ep—epV: 7.7 ,1. )

o(W)xW?*

pE 0 TGy = ¢p)

- P8
10 | .ﬁ'”‘r!" i

clyp —> J/¥p)
alye . -%-;L',,-

> w"r‘..‘l 3

10 m ZEUS - s o

* ZEUS (prel.) -

0 H1 3 £ it

5 '.IER“ES g l'\ ! F —p 1,!‘ (\,_‘ J\'p J
0 0 fixad target . WLZ

o(yp = T(1S)p) #L3F"
ot | | - . | |
) | o =
= 1o W(GeV)

1
A. Levy, arXiv:0907.2178

do/dt = [xg(x,Q)]?
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p

qq HERA sees interplay between
| soft and hard
— hiees W S1ze
-%_ p;. Mwm trm()/ﬁ)_ -
c ! l: ,0,22:
S i AT 9=0.2 SOFT Regge
"5 1C Y, b e . L T :—'.T‘. - 0 ) * ?
C &% 2 T L 4 . : /
O L ‘c:“";}f | | \7YP PP, . Q, 0, (‘) b=10 GeV-2 soft pomeron
% B T alyp —2 @ p\ | A W i eXChange
8 L e - —~ r — .r; g W-zz - - O o E N N NN EEEEEEEEE NN NN ®§BNBN BN BN NN &&=+

6>0.8 HARD pQqcp,
J/\V . Y b=4-5 GeV-2 2-gluon exchange

(extraction of effective
Pomeron trajectory)

Mv, | do/dtcexp(-bltl) | do/dteclt]m t
>

<W> small

large

1 GeV?2
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HERA (Hl and ZEUS): Cross section caetion &

in the sea/glue region
dUDVCS

dt

t-slope: average impact parameter

—blt]

X €

Steep W-dependence: 6(W)xW?® with 6=0.7
DVCS 1s hard process, gluons resolved.

t-slope

Description of transverse extension

of partons in the proton
V<rr2>=(0.65+0.02)fm @ xp=10-3

— 12
2 - ® H1HERAII
= 10} 0 H1HERAI H1: Phys. Lett. B681 (2009) 391
S g [ — Dipole model
S ° [ --- GPDs model
6 =
L Q° =10 GeV?
4 a
2 -
0:,..|...|...|...|...|...|...|.
0 20 40 60 80 100 120 140
W [GeV]

GPD model: K. Kumericki, D. Miiller, fit to previous HERA measurement

Dipole model: C. Marquet, R. Peschanski, G. Soyez, hep-ph/0702171
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30

— 10
N
> — Dipole model
8 8 I --- GPDs model H1
0 .
6 i )
+ '----‘--t.T ______________ &:
4r e H1HERAI
O H1 HERAI
2 O ZEUS HERA |
W = 82 GeV
0....l....l....l....l....l....
0 5 10 15 20 25 30
Q*[GeV?]
Y
S —
3 - e H1HERAI H1
— 7 F— Dipole model
< 6E---G.PDsmodeI
5 :_ L‘ """""" ﬁi "-i
a b
L Q°=10 GeV?
3 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
0 20 40 60 80 100 12(

W [GeV]

ZEUS: JHEP 0905:108 (2009)
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HERA: t-slopes

»

J/Ay ZEUS 98-00

dt

ZEUS

—~ 14 el g]ethes LSS LR R S L L PR T A E R R R
8 I O p ZEUS 96-00 | o Slope from differential cross section
5 o [ ? "ZZEEUUSSLQSS - : 1n exclusive vector-meson
=, o = :
a ==l S £ : production

? & pH195-96 l

10 ir & ZEUS 98-00 . dO‘ b‘t‘
lﬁJ 6 ZEUS 94 — —=e

8 & Jhy ZEUS 96-97 =
* Jhy H1 96-00 |
6 [ % 1 e b measures transverse size of
A * (;); + e & % ] VM @ nucleon
o - - q : . L .
4 | w + - o VM shrinks with increasing photon
; | virtuality
i o |
2 - g gxgg fﬁt:_lsE ::SI G1pb) - o Universal value of b~ 5 GeV2 at
i » DVCS H1 HERA ll ep | large scale
0 | S N S S - - l | W W T - - l LA L L 1L L.l ] L L L L L L] l | S S N -
0 10 20 30 40 50
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ZEUS arXiv:0812.2517
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TCS & DDVCS @ JLab12

The results from the TCS studies with tagged real photons and quasi-real
photons can be used as a basis for the development of a program at 12 GeV
Jefferson Lab. The [...] CLAS12 detector [...] will be 1deal for TCS
measurements with quasi-real photons with circular polarization. [...]
With the addition of a low-Q2 tagger, it could also be possible to study the
reaction with incoming photons having linear polarization and a small, but finite
virtuality (double DVCS). [...] It would [...] be of great interest to compare with
a hermetic detector such as the GlueX detector constructed in Hall D at 12 GeV
Jefferson Lab. This natural extension of the TCS measurements in Hall B would
also provide access to linearly polarized tagged real photons.

JLab12 PR12-12-001 proposal: In addition to discriminating between GPD models
and constraining fits of CFFs, a measurement of TCS may also offer a unique
possibility to address the issue of the so-called D-term. Technically, the D-term is
defined as the contribution to the GPD H that provides the highest power of £ in
Mellin moments of this GPD. The D-term of the GPD E has the same magnitude but
opposite sign. The D-term contribution to GPDs has support only in the region x €
[-n, n], which makes it elusive and inaccessible in the forward limit. This
unambiguously indicates that the D-term cannot be interpreted in terms of the usual
parton densities. Instead, the D-term describes the emission of a qg pair by the
nucleon, revealing the complex nature of the nucleon as a many-body system.
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DDVCS @ JLab12

LOI12-15-005 (May 2015): This letter proposes to investigate the DDVCS process
ep — epy* at 11 GeV incident beam energy in the di-muon channel (epy* — epu+u—)
with the SoLID spectrometer supplemented with muon detectors. The experiment
would develop according to a parasitic step followed by a dedicated running period.
[...] The dedicated run would involve a strong luminosity increase together with a
specific detector configuration to take advantage of the full potential of DDVCS for
GPDs phenomenology at 11 GeV.

SolLID

EM Calorimeter
(forwardlangle)

+ CLEO
muons chamber

lIg‘_I‘l!ltu.lt. HP.H.-"."_Cu.i'
{ il+‘|l-‘l'|ilv.ll'|..l L P'|i=r+ﬂ.-||-ubl.-'

Marie Boér, IPN Orsay, France V. Experimental perspectives. August 18, 2015 36
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Feb 2016 CEBAF Three-Year Schedule

Calendar Year | 2016 | 2017 | 2018
Fiscal Year 2016 2017 2018
- Opportunistic
Activity Physics Physics Physics
Accelerator | gean | g m— _— — -
Activi SBS Construction
¢ !V!ty Opportunistic b,
Ha" A Activity Physics Physics Physics
Beam H A I
Hall B Activity CLAS 12 Construction/Instdllation N
Activity Non-CLAS12 Ops Comm. Physics Physics
Beam L 1 ] I
Vi SHMS Construction/Installation
Hall C Actvty ;
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Time-like and space-like hard exclusive reactions
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Preferred @lower beam energy to
enhance exclusive cross section

@larger momentum transfer
to the target: involves TDA

time-like

Mueller, Pire, Szymanowski, Wagner: On timelike and spacelike hard exclusive reactions, arXiv:1203.4392
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Hard limit for backward exclusive processes

= | et us analyse the hard electroproduction of a meson

but backward !
/,proton
S !
meson nearly at
rest in the
“meson target rest frame

/\i/\
proton ” N proton proton
GPD

"= The kinematics imposes the exchange of 3 quarks in the u channel

= Factorisation in the generalised Bjorken limit: Q% — oo, u, x fixed

B. Pire, L. Szymanowski, PLB 622:83,2005.
" The object factorised from the hard part is a Transition Distribution

Amplitude (TDA)
; ’é*ﬁ pé O

*

= |[nterpretation at the amplitude level in the ERBL region (for x; > 0)
Amplitude of probability to find a meson within-the proton !

J.P. Landsberg at ICHEP 2010
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Backward Electroproduction of a pion: |l

JPL, B. Pire, L. Szymanowski,PRD 75:074004,2007

At ¢ = 0.8 and using CZ Distribution Amplitudes, one gets:

7 (q) P'(p9)

7

p .
P<p1> 7T<p7T> Q2 (GeVd)
NOTE: the result with asymptotic DAs is not zero |

J.P. Landsberg at ICHEP 2010
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Backward Electroproduction of a pion: IV

. o JPL, B. Pire, L. Szymanowski,PRD 75:074004,2007
— Model-independent predictions

w Scaling law for the amplitude:

M(Q2) x a?(Qz)

Q4

= Approximate Q“-independence of the ratios

do(pp—LT ¢~ 1Y)

* *
M("p — prr) ,M(W p— PT) and % —— (see later)
M(yvp — py) * M(v*p — pp) da(ngfw )

 Dominance of v3p — pm, ...

J.P. Landsberg at ICHEP 2010
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Spectator tagging is now an established technique
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Almost-free neutron structure function studied with spectator tagging,
technique successfully used by BoNuS
PRL 108, 142001 (2012); PRC 89, 045206 (2014)

D. Dutta

Mississippi State U.
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Projected 12 GeV d/u Extractions
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