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Hard Exclusive Reactions at COMPA at CERN
Exclusive photon (DVCS) and meson/(HEMP roduction
at small transfer for GPD studies | |

Deeply Virtual Compton Scattering
DVCS: n p~> p p'y

M
W v
P’ —>y

Pseudo-Scalar Meson: p p> p' p'«®

VectorMeson: n P> n' P po®
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Measurement of exclusive cross sections at COMPASS

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

s W
P’ —

Both fﬁ and },L_" beams

Polarisation ~ £80%

Momentum 160 GeV/c
, ECAL2
it ’

COMPASS:Two stage magnetic spectrometer
for large angular & momentum acceptance
surrounding the 2.5m long ' ECAL1 Particle. identification with RICH, HCALs, ECALs and
LH2 target il | ) muon filters. NIM A 577 (2007) 455
2 F =) ECALO NIM A 779 (2015) 69

CAMERA recoil proton detecto
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» A ='-C"AMiE'RAfiEQ"cizoi{'proton détector
iop Ssurn ﬁdiﬁgthe 2.5m long
i 'LH2-target "

A + SIDIS on unpolarized protons

2012:
1 month pilot run

2016 -17:
2 X 6 month
data taking
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Deeply virtual Compton scattering (DVCS)
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Deeply virtual Compton scattering (DVCS)

With both ut and uT' beams we can build:

© beam charge-spin sum
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E —
at small x,
COMPASS domain

H

Compton Form Factor
linked to the GPD H

y*(Q2’ xB) y

P LO,Twist-2
Erxg/2
x in the loop
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COMPASS 2016 data Selection of exclusive single photon production

Comparison between the observables given by the spectro or by CAMERA ,i
p)
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COMPASS 2016 data DVCS+BH cross section at Eu=160 GeV

BH DVCS
| / |
:- =do (u o (u
R RS
do a |T8"|?% + Interference Term + | TPVCS |2
80 <v [GeV] < 144 32 < v [GeV] < 80 10 < v [GeV] < 32
= 700 ot =% 200(~ - = 70 -
e ;COMPASS — sC B = 180:_COMPASS — cBH = - COMPASS  MCBH
g 600/ Fama MC incl. =° E C 4 Il MC incl. = ; L | MC incl. x°
— . M MC excl. n° — 160~ [ MC excl. =° —~ M MC excl. °
& & 0. & 50
- 5001 Pure BH Xg; ~ 0.0085 b e Xg; = 0.020 - Xg; = 0.063
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MC: BH contribution evaluated for the integrated luminosity )
n° background contribution from SIDIS (LEPTO) + exclusive production (HEPGEN) DVCS above the BHcontrlb.
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COMPASS 2016 DVCS cross section for 10 < v < 32 GeV

At COMPASS using polarized positive and negative muon beams:

+ —_
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can be subtracted
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COMPASS 12-16 Transverse extention of partons in the sea quark range

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

Im#H = H (x=¢, ¢, t)
x=&~xg/2 closetoO

y*(on xB) y

(1R (2)) ~ 2B () | |

x+& } i x-§
o’

Improvements in 2016 analysis compared to 2012
same intensity with mu+ and mu- beam in 2016

more advanced analysis with 2016 data, still ongoing
79 contamination with different thresholds

better MC description of the evolutioninv

binning with 3 variables (t,Q?,v) or 4 variables (t,$,Q?,v)
different binningin t

YVVVYVYYYVY

B ((GeV/c)?)

2012 statistics = Ref
2016 analysed statistics = 2.3 x Ref
2016+2017 expected statistics = 10 x Ref
8 N
L COMPASS 106 £
= 1 &~
:._, e — — o—l
LIy Y $omimimion —— 2016 @ Prelim. 05 2
6l }T _____________________ S e
i + * + """"""""""" N —{0.4
5 B .\
2012 ®prLB793\_ -
4— 0.3
3 ° COMPASS: <Q*> = 1.8 (GeV/c)>  This Analysis 0.2
~ ° COMPASS: <Q* = 1.8 (GeV/c)’>  Phys. Lett. B793 (2019) 188 ks
2 ¢ ZEUS: <Q% =3.2(GeV/c)?  JHEP 0905 (2009) 108 -
L A H1: <Q% =4.0 (GeV/c)
1 v i <Q% = 8.0 (GeV/o) } Eur. Phys. C44 (2005) 1 —0.1
B [ H1: <Q% =10. (GeV/c)®>  Phys. Lett. B681 (2009) 391 _
O 1 1 | 1 11 11 I 1 1 1 1 11 11 I 1 1 1 | 1 1 11 O
10 107 1072 107"
, , xm/2
<Q>=1.8(GeVic) } from Kumericki & Mueller
_______ <% = 10. (GeWc)z KM15 model
—_—— <Q%> = 1.8 (GeV/c) }
________ Q% = 10. (GeWc)z GK model from Goloskokov & Kroll
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GPDs and Hard Exclusive Meson Production

Factorisation proven only for 6,
The meson wave function is

an additional non-perturbative term

For Pseudo-Scalar Meson, as mt°

o chiral-even GPDs: helicity of parton unchanged
Quark contribution _ - -
pleson 44 Hi(x, &, t) E(a, )
+ chiral-odd or transversity GPDs: helicity of parton changed

H.‘I?(a:, g, t) (as the transversity TMD)

related in the forward limit to transversity and the tensor charge

Elr =2 FI%Z + qu_ (as the Boer-Mulders TMD)

related to the distortion of the polarized quark distribution
in the transverse plane for an unpolarized nucleon

o; should be asymptotically suppressed by 1/Q? but large contribution observed
GK model: k; of g and G and Sudakov suppression factor are considered

Chiral-odd GPDs with a twist-3 meson wave function
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COMPASS 2012 - 16 Exclusive 1t° production on unpolarized proton
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COMPASS 2016

Exclusive ©t° production on unpolarized proton
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COMPASS 2016 Exclusive 1t° production on unpolarized proton

+ + 0
WP W TP 2ot oy 1 [ fiog] ldor Niorr [aoral [COMPASS
- — 1 — | = (E - + €008 204 + v/ 26(1 +€) cos ¢ -0.13
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€ closetol
~ |2 t’ - 1%l |d 2 t! - 2 a t/ = 2 —t/ P ot — \*,
D1 oe ()= gz [ | |20 00)P — L (B | | %5 o= oz B | [ 2 o YT Re [(110)"(B) + (B ()]
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The main systematic error is the error on the evaluation of the ©° background contribution from SIDIS (LEPTO)

b
TJ + ET:;' > = (6.9 £ 0.35tat £ 0.8syst) m
) oy is negative and large comparatively to 6; + £ 5,
- ) n —
T (_4-0 + 0.5stat = 0'25}’513) (Cla\T /)2 i
) (Gev /2 =» impact of E;
nb

<”ﬂ> — (0.06 = 0.25¢at % 0.1oyst)

t|

(GeV/c)? o ; rather small

We will provide the evolution with 3 bins in v and 4 bins in Q2
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GPDs and Hard Exclusive Meson Production

Factorisation proven only for 6,
The meson wave function is

an additional non-perturbative term

Quark contribution
Meson qq

Gluon contribution at the same order in o,

Neutral Vector
Meson qq

For Vector Meson, as p, o, ¢...

-+

chiral-even GPDs: helicity of parton unchanged
Hi(x, €, t) E%x, &, t)
chiral-odd or transversity GPDs: helicity of parton changed

H.?(a:, g, t) (as the transversity TMD)

qu‘ =2 H-Cr7 + Eqr (as the Boer-Mulders TMD)
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comrass> © HEMP with Transversely Polarized Target without RPD

p
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Eu@ Ed
COMPASS, NPB 865 (2012) 1-20, PLB731 (2014) 19
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Sensibility to E and H;

GK model epric42,50,53,59,65,74
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comrass> ' HEMP with Transversely Polarized Target without RD

COMPASS, NPB 865 (2012) 1-20, PLB731 (2014) 19

= 01fF -
o 005} | |  Im(E” H)
“-0.05% + : ‘F—\T\L
gl SEEEESSES S S-S S
0 005 01 2 4 0 02 04
Yg 07 (GeVHc?) pl(GeVc)
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_lZu(::> l;d

Im(E H)

1 L 1

L 1 L 1

T0.05
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010 0.1 02 0.3
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@ is more promising (see the larger scale)
but there is the inherent pion pole contribution

[N — 7% ) = 9xI(p®— nOy)

Same for o FF but sign unknown

» positive mw form factor
» no pion pole
» negative mw form factor

GK model epric42,50,53,59,65,74
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COMPASS 2012-16 exclusive VM production with Unpolarised Target and SDME
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COMPASS 2012 Exclusive p° and ® production on unpolarized proton
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COMPASS 2012 Exclusive p° and ® production on unpolarized proton
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COMPASS 2012 Exclusive p° and ® production on unpolarized proton
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COMPASS 2012

Comparison p° and ® production

Natural (N) to Unatural (U)
Parity Exchange for y; — Vr

3,1
P - “I'_y
Ty, 04~ 04
| =rpy—2r
- n
1 -- | | ' I
| |
05}
0 ...........................
05}
R g L 1
2 4 6
Q? (GeV/e)’
o 1
p Integrated P value
05}
N
05} 1

Q* (GeV/e)

_ d(l‘?(‘y; — Vr) —d(Tg()’;— — Vr)

d(r}.":"r (}/; — VT)+(.'!(T;‘Jf(}’;. — V)

0.5}

0.5

05

0.5 F

n‘ _
LR O 1r u s " "
0.5
............................. |
0.5
_COMPASS |EPIC| 83 (2023) 924
0 0.2 0.4 1s 10 15
p3 (GeVie)® W (GeV/c))

L 1
COMPASS EPﬂJSCh81 (2021) 126
ISR B IS
T skt
AP TR PR B R | S P B B
0 01 02 03 4 6 8 10 12
p2 (GeV/e) W (GeV/ch)

The pion pole exchange (UPE) is large for ® compared to p°

p°

[No—>ny)=9 xI'(p® > n°y) as for n° Vector Meson FF

Cl 7@ : :
Ly It plays an important role in
i ® production for:
0 i
!
*
p p

P~1 =» NPE dominance P~1
NPE with GPDs H, E

: P~O = NPE ~ UPE

UPE dominance at small W and p,?
UPE with GPDs H, E and the dominant pion pole
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COMPASS 2012 R =g /o for exclusive p? production
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Deviations from the pQCD LO prediction in C)\Z/I\/Ip2 due to QCD evolution and q;
Transversize size effects of the meson smaller for &, than for o;

23/24



Summary and perspective using 2016 + 2017 data

+ —_
do +do—

v' DVCS and the sum

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

_|_ —_

v DVCS and the difference = 4o —do™
=» ¢, and constrain on ReH (>0 as H1 or <0 as HERMES)
for D-term and pressure distribution

v" Cross section or SDME for HEMP of n°, p% , ¢, J/v
v’ Transversity GPDs
v" Gluon GPDs
v" Flavor decomposition
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Deeply virtual Compton scattering (DVCS)

’ D. Mueller et al, Fortsch. Phys. 42 (1994)
{ X.D. Ji, PRL 78 (1997), PRD 55 (1997)
t A. V. Radyushkin, PLB 385 (1996), PRD 56 (1997)
2
[ Q large- Xy ,Y
Y ; DVCS: tp— U’ p’ y
b (X+DP (x- 9P the golden channel
Factorization oo R because it interferes with
ft .
50 GIP?S the Bethe-Heitler process
Generalized Parton
p Distributio p’ also meson production

po>Up' =, p, ®or (I) or J/y...

The GPDs depend on the following variables:

a. average quark longitudinal

&: transferred momentum fraction

The variables measured in the experiment:

Eq, Q7 ag~ 28 /(1+C),

t: proton momentum transfer squared
related to b, via Fourier transform
QZ2: virtuality of the virtual photon

t (Or ey*y) and (I) (EE’plane/yy* plane)
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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) : .
%{;xe{—l dx P PJ_ . dx o= imTH(x = +EEt)

ImH (x,t)
X —G

In an experiment we measure

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

Compton Form Factor .7{



Deeply virtual Compton scattering (DVCS)

M. Burkardt, PRD66(2002) M. Polyakov, P. Schweitzer, Int.J.Mod.Phys. A33 (2018)
Mapping in the transverse plane Dreceure p(r) mGernlll IIIIIIIIIIIII
<//_\\H“®°é% Ha.-:xm e 0.005 .
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\e s 01} k\// | .
\m/—«ﬂl/ \ <o

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

1 H(x,ci,t) +1 H(xf;,t) : _ O
ji{g?xe{—l dx — Etie = PJ_ . dx o= imTH(x = +EEt)

In an experiment we measure I
P ReH (&, 1) = n1 f dx

Compton Form Factor .7{



COMPASS 12-16 Transverse extention of partons in the sea quark range

doPVes/dt= eBltl = BV o (ImH)?
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COMPASS 2016 Exclusive ©t° production on unpolarized proton
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Comparison p? SDMEs at COMPASS and HERMES
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Fig. 12 Comparison of the 23
SDME:s for exclusive p"
leptoproduction on the proton
extracted in the entire kinematic
regions of the HERMES and
COMPASS experiments. For
HERMES the average kinematic
values are

(Q?) =1.96 {GEVI"L}E,

(W} = 4.8 GeV/c?,

{|z']) = 0.13, while those for
COMPASS are

(0%) = 2.40 (GeV/e)?,

(W) = 9.9 GeV/c?,

(p¥) = 0.18 (GeV/c)*. Inner
error bars represent statistical
uncertainties and outer ones
statistical and systematic
uncertainties added in
quadrature. Unpolarised
(polarised) SDMEs are
displayed in unshaded (shaded)
areas

31



COMPASS 2012

R = 0,/c; for exclusive p° production

— 1 R’
R:R-’_M. (44)
el +n)

where
(1 +eR") =
n= TZHT{]HE + U1 1* = 2e(ITiol* + UrolH)}
(45)
The quantity n can be approximately estimated as

n = (1 +eRY (1 — 2etiy). (46)

For the amplitude Ty describing the transition ],f.}‘f — p}i
the quantity 1y is given by

a’f{rj )2+ (852

00 00

LTI ﬁ‘v — - (30)
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The guantity 7;5. which 1s related to the amplitude T,
describing the transition y; — pfr’ﬁ 1s approximated by

(5 +Im{r® D2+ Am{r? ) —rd)2
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