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The DVCS experiment at COMPASS

DVCS: n p > u' p"Y at small transfer

LIN
pl

Both fﬁ and },L_" beams
Polarisation ~ £80%
Momentum 160 GeV/c

COMPASS:Two stage magnetic spectrometer

surrounding the 2.5m long . : for large angular & momentum acceptance
LH2 target ,/ ECAL1 Particle identification with
> R RICH, HCALSs, ECALs and muon filters

ECALO NIM A 577 (2007) 455; NIM A 779 (2015) 69



\

B

B\ /CAMERA recoi
1} surrotnding the 2.5m long

,‘!\' ’

 proton détector

PR 'LH2-target *

N

I

L

—>Y

+ SIDIS on unpolarized protons

> |
“\‘ vi“;\:‘% 4 ] ::\ ) ".\\\ 1 A \

__>’

2012:
1 month pilot run

2016 -17:
2 X 6 month
data taking




Deeply virtual Compton scattering (DVCS)

’ D. Mueller et al, Fortsch. Phys. 42 (1994)
{ X.D. Ji, PRL 78 (1997), PRD 55 (1997)
A. V. Radyushkin, PLB 385 (1996), PRD 56 (1997)

DVCS: bp—> U p" y

the golden channel
because it interferes with
the Bethe-Heitler process

also meson production
po>Up' =, p, ®or (I) or J/y...

The GPDs depend on the following variables:

X: average long. momentum | . . .
8 & The variables measured in the experiment:

E{Zr QZI X~ 2% /(1+§);

&: long. mom. difference

t: four-momentum transfer
related to b, via Fourier transform

t (Or Oy*y) and (I) (EE’plane/yy* plane)




Deeply virtual Compton scattering (DVCS)

Goeke, Polyakov, Vanderhaeghen, PPNP47 (2001)

The amplitude DVCS at LT & LO in o (GPD H):

a Real %art Imaginary part
1 H(x,Gt) +1 H(x,C,t) : .
92’[;%{_1 dx P PJ_ . dx o imTH(x =+EEt)

Im#H (x, t)
X —G

In an experiment we measure

Compton Form Factor .7{

ReH (E,t) = w1 f dx + A(t)



Deeply virtual Compton scattering (DVCS)

M. Burkardt, PRD66(2002) M. Polyakov, P. Schweitzer, Int.J.Mod.Phys. A33 (2018)
Mapping in the transverse plane pw) mGeVm”
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The amplitude DVCS at LT & LO in o (GPD H):

_ rt1 H(x,&_,,t) -
}fgxe{—l dx x—Etie -

Real part Imaginary part
+1 H(x,C,t

x=G
ReH (E,t) = w1 f dx !

In an experiment we measure

Compton Form Factor .7{




Deeply virtual Compton scattering (DVCS)

.
e

do=|T

BH| 2 4 | TPVCS |2 + Interference Term

Loty = (py) = doP? 4+ (d :DVCS + Prd rD;CS) +(efRe I +¢,P;Im )
drgdO2dfldd  welknown |\ wmpol T L pol : o




Deeply virtual Compton scattering (DVCS)

' i1
x :
’ j1
4 L4
e - — T = T
-

ST do = |TRH|2+ | TOVCS |2 + Interference Term
d*c((p N (py) . o . S
= do? 4+ (doDVC + Prdohl ) + (eRe I+ ePr Im )

dJ..‘Bsz dlfld(f) Well known unpol

With unpolarized target:
Belitsky, Miuller, Kirner, NPB629 (2002)

(40P co™ + 7 cos ¢+ 5 cos 2¢ )
ves DVCS , DVCS . DVCS
d[rg?pof x ¢ + ¢y COS ¢ + - cos 2¢
7 .
de ! ;{.5 o Sjl_rJVC.S? sin ¢
Re/ « c*‘{; + ::?{ COS ¢ + r:i_: cos 2¢ + ¢ cos 3¢
\ Im/ o s sing+ s;sin2¢ j
double helicity flip



Deeply virtual Compton scattering (DVCS)

.

> do = |TBH|2+ | TOVCS |2 + Interference Term

4 (T([p; (py) yBH g Vs - )—DV\C-.s- ﬁ
d‘}"BdOEdlfldd) - V::/:zﬁknown " (d( unpol + PE d( pol ) * (Elf ¢l Crit m D

With both |,F and u? beams we can build:

© beam charge-spin sum do® o e+ P cosd + 5 cos 2¢
+ - VCs DVCS , DVCS ...
= do" +do dﬁrﬁ?ﬂof *  Co T C) Cos ¢ + cos 2¢
de p;;{?S % Sjl_rJVC'S Sin(f)

Re/ « cg + ::'jr COS ¢ + r:i_: Cos2¢ + ¢ cos 3¢

Im/ o ﬁ{ sin @ + s sin 2¢
- double helicity flip



Deeply virtual Compton scattering (DVCS)

> do= |TBH|2+ | TOVCS |2 + Interference Term

4 (T([p; (py) yBH g Vs - )—DV\C-.s- ﬁ
d‘}"BdOEdlfldd) - V::/:zﬁknown " (d( unpol + PE d( pol ) * (Elf ¢l Crit m D

With both |,F and u? beams we can build:

@ beam charge-spin sum do® o e+ P cosd + 5 cos 2¢
+ —~ VCs DVCS | DVCS . .
= do" +do™ d[rfl-')”pof x + O Cos ¢ + cos 2¢
VCs DVCS ..
o« .
@® difference AT o S sing
p bl . - Re/ « cg-i—f{cosgb-i—cgcos2qb+ cos 3¢

Im/ o s;smng¢+ sh sin 2¢
B double helicity flip



Deeply virtual Compton scattering (DVCS)

With both ut and uT' beams we can build:

@ beam charge-spin sum doP? o B+ P cos ¢+ 5 cos 2¢
+ ~ doiey o "+ P cos ¢ + cos 2¢

= do" +do
: doP7ES o PVCS gin g
@® difference pol 1 .

+ ~ Rel o ¢l +clcosgp+chcos2d+ ' cos3e

= do" —do ™ 7 . 7 .
Im/ o s5,smM@+ 55,82

+ — + -
=dor" +do” > sl IlmF = dr - do ™ c,! « Re ¥
and c,"V® o (Im¥H)?
~ for proton
F=FrH+ H— E - H
at small x,

COMPASS domain



COMPASS 2016 data

Comparison between the observables given by the spectro or by CAMERA

DVCS: p p> ' p y
1) ﬂ.(}'} — (p{'ﬂl.]i _ (ﬁ}“l“‘i'

2) App =
3) &Z;‘g —_— Zﬂ{'nm _ Zﬁiz“““[] vertex

4) Isf{E}{:ﬂ — ( Jrrm—l_] Jir

I)T{'Ell]i I}"I"HI“\(-

3

D, P, -Dy)”

11 ot Pout

Good agreement between 117'

Important achievement for:

and 11'

+ —_
do +do—

+ —_
do —do ™

yields

Entries / cm
N
o
(=]

g
=]

150

Exclusivity variables for DVCS

AQ = charn ws:}ec
B | COMPASS . H+
g wF1) proton 4.

> - . L ] -
gzsn_ azimuthal o ¢ * M
e F

£, rangle ¢ 4
w .

. applied

I il
5 -04 -03 —UE D‘l li]

Ag [rad]
COMPASS .t
- 3) proton +:-'; . W
- -
- track ’
S ey L
~ position ‘
. ¢ applied

DW.I. 111 ||||||||||I|||‘|.m
- -15 =10 -5 1] 5 10 15 20

AZ, [cm]

1 1
01 02 I}3 O-I 05

1L
i p’ —>Y

_ cam. _ sSpec.
Ap, = p=™ - [P
COMPASS

= . H"'
@ 500
Ot 2)proton ¢ )
] * . H
o 4°° momentum ¢
£ F
&F ’ applied
2o0f- . cut
r [ ]
100.— . *
r ..l i..
;I.I.'.I.i.l.l.l.l.|..l-l Iy s aa lyias |.|.|.|'..|..|*|.|.|..
4 03 -0.2 -01 i} 01 0.2 03 04
Ap, [GeV/c]
M et = (k+p-k"-q"-p')*
& so00f COMPASS . +
i i
3 r4)E
S oo —_ nergy . !»L
& F momentum
i=]
S a0of- balance
f-ﬂ
£ ¢ applied
15 200 * cut
”
] ]
100 []
-.' e
....u.."'l'"”

L o
—%‘?”"..ﬂ.. il

L 1
5 04 03 02 -01 EI

I]'I 02 03 04 05

M ot [(GEV/ 2]




COMPASS 2016 data

DVCS+BH cross section at Eu=160 GeV
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COMPASS 2016 DVCS cross section for 10 < v < 32 GeV

At COMPASS using polarized positive and negative muon beams:

+ —
— — — — BH Vcs
= r Tdo =
dc de 2[do ™ + doy) P+ Im 1]
rfaly . .
= 2[do?? + VS cos o + cos2¢ + 5! sing + 5% sin 2
1 - 1 2
calculable All the other terms are cancelled in the integration over ¢
can be subtracted
&
s ,:_ COMPASS
> = B
dga'tf\p " BEH DVCS s B=6.6+0.6,, 0.3, [(GeV/ic)? ]
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Mz T E
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p— - : 1?
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COMPASS 2016 Transverse extention of partons in the sea quark range

doPVes/dt= eBltl = BV o (ImH)?

. : . —~ 8 &
In the COMPASS kinematics, x;~ 0.06, dominance of IMmH P COMPASS 0.6 ¢
97% (GK model) 94% (KM model) > e T~ — —_ 1 &,
. . t O EeellTTAe- T T m—— v
ot o AHHT + HHT) + o EE” Z e P T sz ,
IV m i + * + .................... N
5_
ImH = H (x=¢, ¢, t) |4
x=E§~xz/2 closetoO Nl
':}2& 3~ ® COMPASS: <Q*> = 1.8 (GeV/c)’>  This Analysis oo
(__ 1 ) o ( 1 ____i.bl.&_Hq + 0. —A 2) B ° COMPASS: <Q% = 1.8 (GeV/c)?  Phys. Lett. B793 (2019) 188 .
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[ W2 g (b)) _ 0 Y HE o <ab=s0(evieR SR TN SHEY 1!
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________ <@ = 10. (GeVic) GKmodel  from Goloskokov & Kroll

} KM15 model from Kumericki & Mueller



COMPASS 2016 Transverse extention of partons in the sea quark range

o 2012 statistics = Ref
dGDVCS/dtz e'B|t| — cg”’ > o (Im3)? 2016 analysed statistics = 2.3 x Ref
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COMPASS 2016+17 in the next future

v' Using the 3 domains in v and the sum = o 4 do

=> ¢, and s, and constrain on ImA and Transverse extension of partons

_|_ —_—
v’ Using the 3 domains in v and the diff = do —do™

=> ¢, and constrain on ReH and D-term and pressure distribution



GPDs and Hard Exclusive Meson Production

Factorisation proven only for 6, 4 chiral-even GPDs: helicity of parton unchanged
The meson wave function (as Si
is an additional non-perturbative term Hq(w’ g, t) Eq(m; &1 t) \Aa/]isthl(\;irli/l) For Vector Meson

FI"(a:, g, t) Eq(m, &, t)  For Pseudo-Scalar Meson

Quark contribution
Meson qq

Flavor decomposition (val and sea quarks and gluons) Diehl, Vinnikov
PLB 609 (2005)

5 . = F forH, E..
Flpo = ﬁ(—;F + ng 257 vHY HY of same sign
- L(EF“ B le N 1}_7.‘{.) G, (50) ~ 9 x G.L ((D) with Unpol Target

V23 3 4 x v'EY E9 of opposite sign
1 1 (Sn(G—6s) 1 T/

I . _ __Fs_ _Fs Afr ~ Im[(EY*(H

Gluon contribution at the same order in o Fo=—3 s ur mU ")
'A‘SLIJnT(d)_d)S) (o) > Aﬂr}(d)_d)s) (p°) with Trans Pol Target

* Q2 Neutral Vector
Meson qq Access to the GPD E with transversely polarized target

(with DVCS on the proton or Vect Meson) or DVCS on the neutron

the Holy Grail with E: to reveal OAM
Jiz 2J9= [ x (H9 (x.£,0) +E9 (x£,0) ) dx




GPDs and Hard Exclusive Meson Production

Factorisation proven only for 6, 4 chiral-even GPDs: helicity of parton unchanged

The meson wave function (as Si

Is an additional non-perturbative term Hq(m’ §, t) Eq(m; &; t) \Aa/]isthlzl)irli/l) For Vector Meson

Quark contribution Hq(a:, g, t) Eq(m, g, t) For PSEUdO'scalar Meson
Meson qq

+ 4 chiral-odd or transversity GPDs: helicity of parton changed

(asit (not possible in DVCS)
as trans-

H-Cr’(m; g; t) versity) E?(w, Ey t) E_ 5 i:iq
q q T T T
HT(a:’ g’ t) ET (m’ g’ t) (as Boer-Mulders)
Gluon contribution at the same order in o o, is asymptotically suppressed by 1/Q? but large contribution observed
Neutral Vector GK model: k; of g and g and Sudakov suppression factor are considered

Meson qq
V,(0)

x*
TV,

@It sensitive to H%
0- ++

and to a twist-3 meson wave function




8 GPDs in parallel of 8 TMDs

Quark Polarization Quark Polarization
Unpolarized | Longitudinally Polarized |  Transversely Polarized U L i
(V) L (M
= ok - . U f; @ h @ - @
v H |ET: ‘-H'f + h'f' | Q unpolarized Boer-Mulders
§ N
B 7 E, ElL HC 2O LNOR0,
: S e
T =
: 7| g v O O-O|" Q0
T 1.. L l,j }[! % T fes - @ it - transversity
Siver trans-helicity h” =
(worm-gear) 2
pretzelosity

Q Nucleon spin *>  Quark spin

For valence contributions:

HY HY of same sign EY Ed of opposite sign
Hu A9 of opposite sign EY E9 of same sign
H.4 H.% of opposite sign E;¥ E;¥ of same sign

21



COMPASS 2012 Exclusive 1t° production on unpolarized proton
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exclusive VM production with Unpolarised Target and SDME

For p® > * 7

Y, X
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experimental angular distributions
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COMPASS 2012 Exclusive p° production on unpolarized proton

r"llﬁ. | Ay opl, —p? 2 If SCHC (A=) measurements:
r.1 T

o e rg+Im{r = 0= 0.000£0.005+0.003,
l:" ’Z“ | B: Interfer:nce y{—>p;’ & y}—>p¥ ; RE{F?D} + ll]l{}‘?ﬂ} — () = 0.011+0.002+0.002.
m{ 7} —Re{r,}= 0 | = 0.009+0.014+0.028

Imrj,
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Re r};(, S
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Retlo | ¢ | not observed for class C

)
Im r, ' e

J Tk l *
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Fo0 o | EPJC74 (2014) 2725
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Im 7y =0 SR

i — e FpY=2/3F" + 1/3 Fd B
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COMPASS 2012 Exclusive o production on unpolarized proton

s Too WUL——*_H If sCHC (7\7= A) measurements:
= ral oo . rl+Im{rf ) = 0 | = —0.010+0.032+0.047
Rerig | B: Interference . Re{r)o} +Im{r%}= 0 = = 0.014£0.011£0.013.

6 —H— H
. = m{r,} —Re{rS}= 0 | =—0.088£0.110%0.196

| TL—}mL&TTamT

i All the other SDME in classes C.D, E should be 0

i (.‘:T*T—> Wy
not observed for class C

—+—

5 | ] — - = L\ # 1 ‘ *
1 j ’bﬁo <Re[(E; ) KH) +E§H1r>g (E) ;1| From Goloskokov and Kroll,
EPJC74 (2014) 2725

e v Fo=2/3F*-1/3F
i LT . =» Both 2 terms are important

i | | — s COMPASS E and H; already studied in exclusive p°, o production
s | . = , EPJC81 (2021) 126 with transvers. polar. Target COMPASS 2004-7-10 data
o O 7 I CT-TC NPB865 [2012) 1-20, PLB731 (2014) 19, NPB915 (2017) 454-475

] <W>=7.6 GeV

| 1 4s8in(os) :.a
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COMPASS 2012 Comparison ® and p° production

G-parity of @ is negative asfort (0 > 7w n® 89%) =» The pion pole exchange (UPE) is large for ® compared to p°

G-parity of p°is positive (p° — n* n° 100%) [Nw—>mly)=9 xI'(p® > ¥y ) as for the transition n°V FF
Natural (N) to Unatural (U) Parity Exchange for y; — Vr T -7 It plays an important role in
%Qé:—/ ® production for:
b - 2;-:_1 3 d(]—?r(y; — Vr) —d(r}g(y; — V) 0 i
2, o O Ve eda s = V) _O— v,
. o . o . & o . . 5 =
0.5 -.. : 0.5 B 0.5 . 0 and %
O rormesrermsennearennanes Orf--onesrermssrenesennaaenes ) S—— p : P~1 =» NPE dominance P~1
05 057 COMPASY -%g be submited NPE with GPDs H, E
Q" (GeV/e)” p.f (GeV/e) W (GeV/eT)
= [T e vane] = COMPASS EPJ1C81 (2021) 126
05 05F 0.5
; | (: P~0 > NPE ~ UPE
MRS T ] B I UPE dominance at small W and p,?2
08 adl osp ot UPE with GPDs i, E and the dominant pion pole
AT T e Ty e

Q’ (GeVre) p2 (GeV/e): W (GeV/ch)



COMPASS 2016+17 Outlook for DVCS and HEMP

+ —
v DVCS and the sum

— —
do + do

=> ¢, and s, and constrain on Im# and Transverse extension of partons

_|_ —

v' DVCS and the difference = do" —do ™’

=>» ¢, and constrain on ReH" and D-term and pressure distribution

v" On-going analysis (Cross section, SDME) for HEMP of n°, p°, ®, ¢, J/w

v’ Transversity GPDs

v" Gluon GPDs
v" Flavor decomposition




