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GPDs and Hard Exclusive Meson Production

Chiral-even GPDs
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COMPASS experiment at CERN

Basic ingredients of versatile COMPASS experimental setup

% secondary beam line M2 from the SPS
delivers: * high energy polarised pu* or u”beams
e negative or positive hadron beams

% two-stage forward spectrometer SM1 + SM2

=~ 300 tracking detectors planes — high redundancy

variety of tracking detectors to cope with different
particle flux from 6 = 0 to6 =~ 200 mrad

+ calorimetry, ulD, RICH

SM2 =
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The COMPASS set-up for the GPD program (starting from 2012)

ol ——

Maln new equments

.~ 2.5m-long Target TOF System ECALO Calorimeter
s Liquid H 24 inner & outer scintillators Shashlyk modules + MAPD readout
b 4
1 GHz SADC readout ~ 2 X 2m?2, ~2200 ch.

Target

goal: 310 ps TOF resolgg &



Recoil particle reconstruction in CAMERA

PMT V‘_
Ampldown

T B

'\_\'\._ Hlng B 150 mm _./;_/'j: »<
Ampl — LV
Recoil Proton PMT
Q Adown

v IPMT
Aup .
Ring A 4 mm
: H

Beam ! -

T

Liquid H2 Target (2.5 m) +
n

5 I COMPASS 2012 -

< 1 ‘ Eloss ~ \/(Amplup X Ampldown)
A Zag ~ (tip — taown)as

@) - -

; i ToF = (tup + tdown)A,B

(@)] |

0.5 B = DoF/ ToF

-

0] i

& Proton signature clearly visible after exclusivity selections




Hard Exclusive ©t° Production on Unpolarised Protons
and Chiral-Odd (quark helicity-flip) GPDs




Exclusive ©t° production on unpolarised protons
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GPDs in exclusive ©t° production on unpolarised protons
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Sensitivity for constraining GPD models; an example
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Recent preliminary results from exclusive ©° analysis of 2016 data




Exclusive 1 production: Selection

@ Incoming and outgoing p connected to
primary vertex

o Two photons in ECALSs from 7" decay
@ Recoil proton candidate

0 1 <Q?<8(GeV/ec)? 6.4<v<40
GeV, 0.08 < |t| < 0.64 (GeV/c)?

0

Selections for exclusive m° events:

@ Transverse momentum constraint:
L P
ﬂp}" L pT,spect pT,:r-er_'crt'I /,/”’

--"

- ‘&'1':‘ = ':?gjsjpeci _ {Fgfeg’qii/"/’
@ 7 coordinate of inner CAMERA ring:

L

Az -
@ Energy-momentum conservation:

ﬂ'fi’ = ('Pu T Pp — P — Pp’ — Pﬂ”)g
@ Invariant mass My, cut

@ Kinematic fit of reaction up — p'p’n®

Entries / 3 MeV/c? 10"

outer scintillator

inner scintillator

reconstructed hit

proton

reconstructed hit

target
kL in vertex
LL s
S 4
/E’.
al *— COMPASS 2016 u* data
il k34 +— COMPASS 2016 i data
L il
B A preliminary
} L]
15 il Hp —+ WR'p
= L
L )4
II:I:-- L
E " ’
[ 1-
B R | #
5! | ! '.=
- I T j
.. il |
= {¥ [
IJ L “'rh'_t': | :’!ll‘.jﬂ e
50 10 150 20

M., (MeV/e?)

Marketa PeSkova DIS2024




JiL
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Distributions of ,,exclusivity variables”
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Entries / 3 MeV/2/ 10"

SIDIS background estimate

o Main background of n production = non-exclusive DIS processes

@ 2 Monte Carlo simulations with the same 7° selection criteria:

o LEPTO for the non-exclusive background

o HEPGEN-++ shape of distributions of exclusive ¥ production

(signal contribution)

@ Both MC samples normalised to the experimental M, distribution
@ The fraction of background events rigpro from fitting MC mixture on

the exclusivity distributions
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Exclusive ©t° production cross section as a function of |f|

do _do; +gdaL

dt dt dt At small |t| an impact of E; contribution in d;T

0

o Differential y*p — p'mt” cross-section as function of ||, integrated over ¢

@ Newest 2016 data release
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Comparison to the published results from 2012

do _do; ‘e do, For the comparison the 2016 data are shown

dt dt dt at the kinematic range of 2012 data

o Newest 2016 data release
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Exclusive ©t° production cross section as a function of ¢

@ Newest 2016 data release
o Differential y*p — p’nt® cross-section as function of ¢, averaged over |t|:
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Spin Density Matrix Elements
In Exclusive Vector Meson Production on unpolarised protons




Vector meson spin-density matrix

helicity of vector

helicities of virtual

meson V photon y and nucleon N calculable in QED
) ;= L F / OU+L ¥
PAVAY = 927 E : AV AN A AN EXL AL SN A AL AN
Ay AN Ay

F helicity amplitudes; describe
transitions A,, Ay — Ay, Ay
depend on W, Q? and py

photon spin density matrix (W — p+y*);

(von Neuman)

(04
> £ Ay, A%, decomposes into nine matrices £’ 3., i  corresponding to different photon polarisation states
v P Ay A, Y g

a =0-3-transv, 4 - long,, 5 - 8 - interf.

> Another notation: when contributions from transverse and longitudinal photons cannot be separeted

notation introduced In
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Vector meson spin-density matrix (2)

Access to helicity amplitudes allows:

» test of s-channel helicity conservation (SCHC) (A, =2y )

» quantify the role of transitions with helicity flip

» decomposition into Natural (N) Parity and Unnatural (U) Parity exchange amplitudes
Pl = Diwdide i T o0 i

= e.g. in Regge framework NPE: F = (0%, 1, ...) (pomeron, p, ®, @, ... reggeons)
UPE: ¥ = (0, 1%, ...) (w, a,;, b,... reggeons)

» tests of GPD models
= e.g. for SCHC-violating transitions y+ — V, test sensitivity to GPDs
with exchanged-quark helicity flip (transversity GPDSs)

> extraction of R= GL/ o1in the case of SCHC violation

® inthe COMASS SDME analyses all above-mentioned tasks are adressed




Experimental access to SDMEs

do
WYt (o, 6, cos ©) = WY(®, ¢, cos ©) + PsW(d, ¢, cos ©) O
(¢ ) (¢, ¢ ) +PeW (0, ¢ ) d dgd cosO
W = % [;(1 — 150) + 15(3%)3 — 1)cos2 © — V2Re(r(g )sin 20008 & — Iy~ ysin? ©00S 26

— €cos 20 (f111 sinf © + rgocosz e — \/ERe(rgo)sin 20@cos ¢ — r11_1 sin® ©cos 2qb)
[K. Schilling and G. Wolf,
— esin2¢ (\/Elm(rfg)sin 20sin ¢ + Im(r7_, )sin2 @cos qb) Nucl. Phys. B61, 381 (1973)]

+ y/2¢(1 + €)cos ® (r151 sin? © + foocos? © — V/2Re(ryy )sin 20008 ¢ — 1y sin? @COS2¢)

+ 1/2€(1 + €)sin® (\/Elm(rfo)sin 20sin ¢ + Im(r13_1 )sin ©sin 2qb)]

for p°
3
wh = P [\/1 — €2 (\/Elm(rfo)sin 20sin ¢ + Im(r13_1)sin2 @sin 2qb)
Y X
]epton‘ 1_2 \
scattering—plane L L
+ '\/26(1 — G)COS L)) (\/§|m(r170)sin 20sin ¢ + Im(r17_1 )Sil‘lz ©sin 2qb) : liq) ¢'(’ "
/ 8 8 Yo
+1/2€(1 — €)sin® (fﬂ sin® © + fyocos? © e
7~ N
8 . roduction plane
— V/2Re(r;;)sin 29¢os ¢ production o NT_'.

— f$_1 sin? ©cos 2¢)]

for® angle © between direction of ®
and normal to decay plane



Data and selected samples

» Data collected within four weeks in 2012
using 2,5 m long LH2 target

« Data with polarised ( |P| = 0.8) u* and y-beams taken separately

* Independent analyses of two samples:

(i) up — i’ p’p° =~ 52 200 evts
L rtam BR =~ 99%.
(ii) up—u'po ~ 3 000 evts
L atnn° BR =~ 89%
N BR ~ 99%.

* Results for (i) published in 2023 (EPJC 83,924 (2023))
* Results for (ii) published in 2021 (EPJC 81,126 (2021))



Experimental access to SDMEs (2)

WYt (b, ¢, cos ©) = WY(d, ¢, cos ©) + PsW(d, d,cos ©) [ do

SDMEs: ,amplitudes” of decomposition of WY*L in the sum
of 23 terms with different angular dependences

[K. Schilling and G. Wolf,
Nucl. Phys. B61, 381 (1973)]

15 unpolarised SDMEs (in WY) and 8 polarised (in W%)

Extraction of SDMEs

» Unbinned ML fit to experimental WY+t

taking into account

* total acceptance

« fraction of background in the signal window \

« anglar distribution of background WY+, .
(determined either from LEPTO MC

or real data side band)
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Results on SDMEs for exclusive p° production for total kin. range

1GeV2<Q? <10 GeV?
5GeV<W <17 GeV
0.01 GeV? < p;? < 0.5 GeV?

<Q%> = 2.4GeV?
<W>= 9.9 GeV
<p;>> =0.18 GeV?

» SDMEs grouped in clasess: A, B, C, D, E
corresponding to different helicity transitions

» SDMEs coupled to the beam polarisation
shown within green areas

» if SCHC holds
all elements in classes C, D, E should be 0
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possible GPD interpretation

example

graph for amplitude Fq_,,

Transitions y'1 — p,

Goloskokov and Kroll, EPJC 74 (2014) 2725
contribution of amplitudes depending on chiral-odd (“transversity”) GPDs H., E; = 2I—~IT +E;

COMPASS
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interplay of interference of transversity GPDs  H., E, = 2I—~IT +E; with GPDs E and H

for p the first term in Eq. (¢) dominates, thus
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Results on SDMEs for exclusive ® production for total kin. range
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GK model, EPJA 50 (2014) 146

parameters constrained mostly by
HERMES results for p° and o

(1st version)

» COMPASS provides new constraints
for parameterisation of the model

«» p% and o results for class C complementary

E. and H have the same signs for u and d quarks
H+ and E have opposite signs for u and d quarks

for  the first term in Eq. (@) still dominates, but

sensitivity to H; is enhanced compared to p°




NPE-to-UPE asymmetry of cross sections
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» dominance of NPE

» UPE dominates at
small W and p?;

averaged over kin. range
NPE = UPE



Extraction of R

» Most of the previous analyses commonly assumed SCHC hypothesis

oL(y* >V -
In such case R — I'(y’j : is approximated by R’ = — T00 —
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_ . . . s n(l+€R)
» To include effect of helicity-changing amplitudes one canuse p — R’ —
(1 4+ eR) = e(1+n)
_ €
with ) = —Z{mm +Un* = 2¢(1Tiol* + [U10]*))

as proposed in A. Airapetian et al. (HERMES Collab.) EPJC 62, 659 (2009)
9 9)
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Q2 dependence of R

10

R = oy /oy

I
.
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H1 SV
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— E665
HERMES
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» HERMES and COMPASS results corrected for contribution of 7 and Tq; H1 for contr. of 7§,

» For other experiments SCHC hypothesis assumed



Outlook

» from the large data sample collected in 2016+2017

with LH, target, RPD and wide-angle electromagneric calorimetry

collected statistic ~ 10 larger than from 2012 test run

Deeply Virtual Compton Scattering:
= t-dependence of DVCS cross section vs. Xg; (,proton tomography”)

= mapping GPD H by measurments real and imaginary parts of DVCS
via ¢-dependence the u*and p cross sections difference and sum

Hard Exclusive Meson Production:

= differential cross section for t° vs. Q2, v (W), t( p;?), ¢
= differential cross sections and SDMEs for VMs vs. Q2, v (W), t ( p9)
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Selection of exclusive p°® sample for SDMEs analysis

+ two hadrons with opposite charges

counts / (0.25 GeV)

After all selections and cuts
~ 52 200 evts
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Selection of exclusive ® sample for SDMEs analysis

Topological selection: scattered muon
+ two hadrons with opposite charges
+ two neutral clusters in calorimeters
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