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Qua
tomography
of the nucleon
Ji, PRLS1 (2003) Quark Polarization
Belitsky, Ji, Yuan, PRD69 (2004)
Lorcé et al, JHEP1105 (2011) Unpolarized | Longitudinally Polarized Transversely Polarized
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v H 2/, +E, =E
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se position o
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8 TMDs _> Form Factors E - "o
accessible Jdf, Jdt, accessible in exclusive reactions v E L
in SIDIS and Drell-Yan DVCS: Deeply Virtual Compton Scattering
PDFs () HEMP: Hard Exclusive Meson Production

@ 4 chiral-even, 4 chiral-odd (subscript T').
e 2 T-odd (E, Er).
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Oinml ™= ¢c =amB = @ SIDIS with 160 GeV (200 GeV) pt beam and
longitudinally/transversely- polarlsed

proton (NHjz) or deuteron (°LiD) target

A. Martin (Wed, TMDs),

G. Reicherz (Wed, Polarised targets),

B Parsamyan (Thu, plenary)

Introduction: COMPASS

@ Hadron spectroscopy with hadron beams and
nuclear targets.

@ Drell-Yan with 190 GeV 7t~ beam and
p' (NHg3), Al, W targets.
V. Andrieux (Wed, TMDs),
A. Vijayakumar (poster).

o M2 beamhne of CERN’s SPS.
@ 24 institutes, 13 countries. 160 GeV/e u beam and liquid Hy target.

@ Hard excluswe processes and SIDIS with

This talk and SIDIS on Tue in TMDs.
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o MwiL mwiz EcAL2 Nuu

2022 setup with SLiDT target: Experiments concluded, now in analysis phase.
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DVCS: Cross-section

Deeply virtual Compton scattering

o GPDs appear in the cross-sections via
Compton form-factors

H(E ) = P/i dng(f'%_it) —imH (€, b).

perturbative Y (convolution GPD ® hard process).

o Sensitive to
e H (unpolarised proton target),
o E,H,FE (neutron or polarised targets).

x+E)P)
non-perturbative o Interference with Bethe—Heitler process.
L
. BH DvCs
P~ smallf T P I -1
s T T~
+ f +
qg=(pn — Py ): 4-momentum of virtual photon P O O

2 _ —qQ: virtual photon virtuality

Q
t=(pp —pps )2: 4-momentum transfer fo nucleon squared
x: average longitudinal momentum fraction

£: half of longitudinal momentum fraction transfer

yvyvyvy
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DVCS: Experimental setup

PGO2

DCO0 DCO1 DCQ4 DCOS
NN N

FI06
GMos FIS5 l

vo+
VvIo1voo1  Vie2

I R
51010203

FI01 F15 FI02
+ startCounter

ECALL HCAL1
MWl Mwi2

160 GeV/c beam
wh: Py = —80% (from wt — utvy)
Tt Py~ +80% (from T — u”vy)
o 2.5 m long liquid H target.
o 2-stage magnetic spectrometer.
CAMERA, ECALO, ECAL1, ECAL2.
2012 pilot run (1 month)

o Published results [PLB 793 (2019) 188]
e 2016-2017 runs

e Larger ECALO.

e 10X more statistics.
]

]

The same ut and p~ beam intensity.
Preliminary results using 1/3 statistics.
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mm 526
Event selection:
Muon  Dipole Muon
Recol Proton Detector ignec 1 fier Magret 2 filter 2.
Y |-‘
: S Y N
1 ¢ O I. EII
Y
P ECALO ECAL1 ECAL2
° up!
Hp Hpy

e Ey >4,510 GeV in ECAL 0, 1, 2.
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https://arxiv.org/abs/1802.02739

DVCS: Exclusivity with CAMERA »‘%% i @

Charles University PRIMUS
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proton
inner reconstructed hit
! = )
target “TAz
vertex
- 8 = 80%" - 2™ - ap_ = Bp% - 2p™*
E E  compass preliminary o E” COMPASS preliminary C
Sl KON gt " "
o Exclusive up — w'p’y: g :3 A s
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o
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e Over-constrained measurement — . o
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DVCS: Kinematic domain, Bethe—Heitler

DVCS cross section in bins of ¢, ¢, Q°, v:

< dopycs > _
dlt|dgdQ*dv [y 2.,
1 -\t 0
o . data — BHuc — Tye
LEALAGAQTAY K“) (data — B — mic)

;. Acceptance =~ 40% and flat
BHu- Exclusive single photon MC sample

. ©° MC sample (background estimation)
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e 160 GeV/c beam
e Q% € (1,10) (GeV/c)?
o |t| € (0.08,0.64) (GeV/c)?
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DVCS: Kinematic domain, Bethe—Heitler

DVCS cross section in bins of ¢, ¢, Q°, v:

{

Entries / 0.39 rad

dopycs

d‘t|d¢dQ2dy>LLdﬁ,Qiu, a

1 n
LTALAGAQIAY, K”

., Acceptance =~ 40% and flat

)71 (data — BHue — W;Ur)

Exclusive single photon MC sample

- 7’ MC sample (background estimation)
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GeV/c beam
(1,10) (GeV/c)?

o |t| € (0.08,0.64) (GeV/c)?

o Bethe—Heitler (BH) background:

Well known — QED MC.
Checked in BH-dominated
region of v € (80, 144) GeV.
Subtracted in the DVCS
region of v € (10, 32) GeV.

o B0<viGevi<ia 32 <v[GeV] < 80 10 < v [GeV] < 32
o o
3 COMPASS preliminary © 900ECOMPASS preliminary I COMPASS preliminary
* data 1 * data 2 * data
© 800f @ L
25 (X = 0.0085 _ weem 3 Xy =0.020 ¢ _ weew S #obix, =0.063 + _ weem
0 @ 700F incl, 0 @ incl. 20
Q% =1.8 (GeV/c)? I mc . . 2 Q7 =2.0 (GeV/c) I MC inc. R 2 200l Q% = 2.1 (GeVic)} I MC inc. .
of [ MC excl. £ 6ok [l MC excl. £ [l mC excl. «
i} i}
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DVCS: n® background

DVCS cross section in bins of ¢, ¢, Q°, v:

+
< >£Lc‘3,(2i1/,

1
LENGAG ANQT A,

dopycs

d|t|dgdQ?dv
1
Kui;‘s) (data — BHyc — WIUI»)

;. Acceptance = 40% and flat
BHy- Exclusive single photon MC sample
). «° MC sample (background estimation)

Visible ¥ background
e Both vy detected.
@ Rejected in event selection.
e Used to normalize 1® MC
Non-visible 7° background
o Only one vy detected.
o Subtracted using m® MC.
e Inclusive (LEPTO) and exclusive (HEPGEN) MC.
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DVCS: Results

Measurement as a function of |¢|, integrating over ¢:

+ -—
— — S
+ - BH DVCS
do dor 2[do® + dorpy 7 + Tm ]
= 2[d(rBH+ T cosp+ cos2¢ + slsing+sdsin2¢]
subtracted All the other terms are cancelled in the integration over ¢

c(])DVCS: related to the Compton form-factor H.
In Compass kinematics (% =z ~ 0.06,):
e Dominance of ImH
(97% in GK model, 94% in KM model)
o cPVOS o (ImH)?
o H: related to the GPD H (at LT and LO):
H(z,t) =P [, dx”“%’%t) —imH (%€, 1).

COMPASS preliminary
Bt
—e
B =661+086,,*03,, [(Gevic)*]
given by a binned maximum
likelihood technique

o q(w,b1) = [ LA e L AL H(z,0,-A3)

1{GeVic)? < Q% <5 (GeVic) *
10 GeV < v <32 GeV

d?b, b2 g(z,by) a Y S S P S E|

2y = % = —4—InH(z,0,t 0 0.1 02 03 04 05

L) [d2biq(z,b1) ot ( )|f=° 1t [(GeVic)? ]
dO'DVCS

o e=Bltl — =% %)l
dt
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DVCS: Results

Measurement as a function of |¢|, integrating over ¢:

+ -—
— — s
+ - BH DVCS
do dor 2[do® + dorpy 7 + Tm ]
= 2[d(rBH+ PTS cosp+ " cos2¢ + s sing + 5] sin26 ]
subtracted All the other terms are cancelled in the integration over ¢

cODVCS: related to the Compton form-factor H.

In Compass kinematics (% =z ~ 0.06,):

'; reliminary 0.6 €
e Dominance of ImH ';: conmass " i
(97% in GK model, 94% in KM model) e pein. o5 ©

o cPVOS o (ImH)?
o H: related to the GPD H (at LT and LO):

2012}
COMPASS [PLB79
H(z,t) =P [1, de 228D —inpi(de 1), ,

®  COMPASS: <Q=18 (GeV/c)  This Analysis 02
A [ . COMPASS: <Q%> = 1.8 (GeV/c)  Phys. Lett. B793 (2019) 188 F
a2 e—ibl-A 2 2 ¢ zEUS.  <ab=32(evicf  JHEP 0305 (2009) 108 1
e g(z,by) = f l LALH(z,0,—-A%) [ 1 % assocemer
| Y A = 8.0 (GeVIeR } Eur. Phys, C44 (2005) 1 —o.1
L ] H1. <@’ =10. (GeVic)’  Phys. Lett. B681 (2009) 391 4
0 M | M| M
. 9 10 10° 107 /120*'
Xgi
Jd%b b3 q(z,b1) 1%} —— <O% = 18 (GeV/cY |

b2y = = —4—1InH(z,0,t)

fd2qu(z7bL) ot oy |t=0 ------- <Q@?> = 10. (GeV/cf

— — <Q%>=18(GeVic}
........ <@ = 10. (GeV/c)

} KM15 model from Kumericki & Mueller

} GKmodel  from Goloskokov & Kroll
do_DVCS

= o e~ Bltl _ 6—5(5 Yt| 2016: preliminary, 1/3 of available statistics.
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DVCS: Outlook

Re-analysis of 2016 data is being finalised — publication soon.
Study the ¢-dependence

o s} o ImH — further constrain transverse extension of partons.

o Cross-section difference to be extracted
o dot —do~ x ReF x ReH — related to D-term and pressure distribution.

@ 2017 data analysis starting.

Study the zp-dependence — tomography.

Analysis slowed down recently due to lack of people.

o New groups interested in GPD analyses joined COMPASS recently.
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DVMP: Introduction

o Factorisation (collinear) proven only for
longitudinally polarised y*.

o Phenomenological models postulating
k| -factorisation.

Quark contribution

o Flavour separation possible thanks to different
quark content of mesons.
e Pseudoscalar mesons
o At leading twist: sensitive to H, E, Hr, E.
@ Vector mesons

o Gluons and quarks enter at the same order of ag
e Sensitive to H, E, Ht, ET.

Gluon contribution
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¥ production: Event selection

@ 2012 pilot run (1 month)
o Published results [PLB 805 (2020) 135454]
e 2016-2017 runs

e Larger ECALO.
e 10X more statistics.

o The same ut and p~ beam intensity.
°

Preliminary results using 1/3 statistics.

< 00 T COMPASS
8 e _—<| '—-. _-<| L..__..4 L_...._J . 2016 MC
T 280 ) -t -t ) | . iminary
260 = % =
. .~{ bosomod [Lameee. ] }__..__4 - Izl averaged
195 = : =1 t u* beam
139= = O 2012
u o 04
105f= 5
" Jl < o
85 —
*onnan?] [P mean?y [Leraan=] . . a2 0 a2 n
5 EHIRI o (rad)
641.0 15 21 32 5.0 8.0
Q@ (GeV?/c?)

Improved acceptance with respect to 2012.

Jan Matousek (Charles University)

GPD measurements at COMPASS

FACULTY P
== OF MATHEMATICS &\_P
. sSICs

©  Charles University PRIMUS

Dipole  Muon  Dipole
Magnet 1 filter 1 Magnet 2
v

Y

Recoil Proton Detector
CAMERA

o up — w'p/n?
™ = vy

e FE, thresholds in ECAL 0, 1, 2.
o Exclusivity with CAMERA:
[Ap| < 0.4 rad,
|Apr| < 0.3 GeV/e,
|Aza < 16| cm,
M% < 0.3 (GeV/c?)?
o Kinematic fit
° Xﬁt < 10
o Kinematic domain:

o v € (6.4,40) GeV,

o Q%€ (1,8) (GeV/c)?,

e |t| € (0.08,0.64) GeV/e.

25. 9. 2023, SPIN 2023
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TS Charles Univ

=]
c preliminary o COMPASS 2016 - data
R l — HEPGEN
o LEPTO
o f"& ~—HEPGEN + LEPTO
> ' LEPTO fraction: (17 + 5)%
2o
&
Non-exclusive background
; o 70 from deep inelastic scattering.
T N e Ta o e Simulated by LEPTO MC.
A (rad) . .
e Exclusive ¥ simulated by HEPGEN MC.
L o Mix of HEPGEN and LEPTO fitted to exclusivity
% preliminary e~ COMPASS 2016 - data R . . .
s — HEPGEN distributions in the data.
o LEPTO .
g SRHEPGEN + LEPTO @ Result: (17 £5)% of nonexclusive background.
P LEPTO fraction: (17 £ 5)%
2
£
w
e e e

et 04 06
ApT (GeV/c)

Jan Matousek (Charles University) GPD measurements at COMPASS 25. 9. 2023, SPIN 2023 17 /28



FACULTY P
OF MATHEMATICS (P
AND PHYS e

¥ production: Results

555 Charles Univ PRIMUS
dot TpowpT a0 . dot por/pT 0 Q2 v)
dtde dtde T orm
dor dor, dorr dopr
— + € + ecos2 + 1/2€e(1 + €) cos ¢
[ dt dt ¢ dt ( ) dt
day ot doy ERNUANPNTY | L/ B VI o T ]
o |¢0[ - 5 1 o< |(Hir) - 5z En)] | i = o |(E L= Re ()" (B

% Foe gggggwg@gsagga preliminary vp - Top' % 15~ o 2016 COMPASSdata [
3 [ o 2 aaa v 0[8.5, 28] GeV N r preliminary 01(6.4, 40] GeV.
E [ - GK'16 mode! Q@ O[L, 5] GeVi/e? E r ‘é? 0.8 Ge\;/é
g 20F = F
= F £ 10
= 3 = r {
k] 3 k] r
3 3 L }

10 5 i

L r ¢
0 L L 1 0 L L L 1 L L L 1 L L L
0.2 0.4 0.6 0.2 0.4 0.6
|t] (GeV/c)? |t] (GeV/c)?
Cross section in 2012 kinematic range. Cross section in enlarged kinematic domain.

GK16 model: Goloskokov—Kroll (2016),
Other models: Goldstein—-Gonzalez—Liuti, PRD91 (2015)

New 2016 preliminary results [K. Lavickova, IWHSS 2023, Prague] (using 1/3 statistics):
Statistical uncertainty shown, the systematic one is 10% to 20% (in low cross section_bins).
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dot o et g uT e/ pT A0 Q2 v)
+ =
dtde¢ dtde¢ 2m
doT dor, dorr dopr
— +€ + ecos2¢ + 1/2€(1 + €) cos ¢
dt dt dt dt
doy N | A [0 0 oo ]
e (Hr)* - o | (En)] o Tomz | (B || T oo LU Re[ttin)* (B
’1; L « 2016 COMPASSdata preliminary v~ o "T} [ —e— 2016 COMPASS data v~ Top
= o 2012 data (PLB 805) = preliminary
3 4. GK'16 model v 0(85,28) GeV 3 v 0[6.4, 40] GeV.
O L Q@ 0[1, 5 GeVi/c? (O] [ A+ Bcos(2g)+ C cos(@ @ D[, 8 GeViIc:
o o 2
=) r = r
s | S J
=1 N =1
5 2 ., )
L 8 . L1
© % ’ ©
L g
0 1 1 1 1 1
-2 0 -2 0 2
@ (rad) @ (rad)
Cross section in 2012 kinematic range. Cross section in enlarged kinematic domain.
GK16 model: Goloskokov—Kroll (2016), Large cos 2¢ modulation — the role of Et

Other models: Goldstein—-Gonzalez—Liuti, PRD91 (2015)

New 2016 preliminary results [K. Lavickova, IWHSS 2023, Prague] (using 1/3 statistics):
Statistical uncertainty shown, the systematic one is 10% to 20% (in low cross section_bins).
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¥ production: Outlook

e The 2016 analysis is being finalised — publication soon.

o Comparison with theory predictions, once they are available in our kinematic domain.
e 2017 data analysis starting.

o Study the v, zp or Q? dependence.

o Cross-section difference (dot — do~) — sin modulation amplitude.
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Vector mesons: Transverse asymmetries

o up — w'p’p’ and up — p'p'w
p¥ =t w — ata a0
@ No recoil proton detector.

o Exclusivity imposed via energy conservation.

o Target: transversely polarised p (H in NHs).

Vector mesons:  p% - m'm ®— O
Ep = —=(2E@LEd 4+ 3 En) E. = —=(2EOL Bty LEy
V23 3 4 x V2'3 3 4 x
COMPASS, NPB 865 (2012), PLB731 (2014) COMPASS, NPB 915 (2017)
Z ol * 05
2 005 + Im(E" H) >
et by L
008 v f <
=01 -0.5
& ol - . 05
005 Imﬂ’l}’- H'H,) }
. " 4 2 5 0
— ¥ * §
03 * A e B t <
-0 05, b b
0 005 o1 2 4 0 02 04 T 2 3 40 005 010 010203
Y5 07 (GeVY) p(GeVIe) Q@ [(GeVicy] Xg P2 [(GeVicy]

o Contribution of pion pole important for w, as T'(w — n0%y) ~ 9T'(p° — nly)
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Vector mesons: SDMEs
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Spin density matrix elements (SDMEs) — parametrize experimental angular distributions of
vector meson production on unpolarised target:

pl—
o 00
"

lepton k
scaticring—planc

ST

e

WU (@ ¢, cos @) = WY (D, ¢, cos ©) + B,WE (B, ¢, cos O)

15 'unpolarized’ and 8 'polarized’ SDMEs

eclosetol,
small Wt
no L/T separation

W

W, ¢, cos0) =

1 ) - y
VY (@, 0, cos0) = (1= + 3<.n-(':,: — 1)cos? O — VIRe{r{} sin 20 cos o — 1 | sin® © cos2g
— - —

—¢cos 3"’("11 sin? @ + rhg cos® © — VIRe{rl } sin 20 cos & — r}_, sin® & cos 2:;)
—€ \III'."P(\/E“IT{J'.]"“} sin26sin ¢ + Im{r{_, } sin® Osin .’«u)

+/26(1 + ¢ cos ~|:£ 7y sin? O 4 1l cos? © — VIRe{r{;}sin 20 cos é — r]_ | sin® O cos 2 )
—

V1 -'(\/Elm{rf(,} 5in 20 sin ¢ + Im{ri_, } sin® O sin 20)

+V/2e(1+ ) sin® (VEIm{rfy} sin 26 sin o + Im{r_ }sin® Gsin20)

{ L,

+v/

eos ®(V2m{rIo} sin 20 sin & + Im{r]_ }sin? ©sin 26)
—

+4/2¢(1 =€) sin (|,(;-,“‘ sin? © + rfy cos? © — V2Re{r}} sin 20 cos ¢ — r}_, sin? Hrus‘_)n)
— — —

|
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Vector mesons: SDMEs
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e 2012 data with LH target, not using CAMERA here (to access low t).

o s-channel helicity conservation model (SCHC): Ay = Ay
Sum of SDMEs in the yellow boxes should be 0, all others 0.

Jan Matousek (Charles University)

GPD measurements at COMPASS

25. 9. 2023, SPIN 2023 23 /28



Vector mesons: SDMEs

Natural (N) to unnatural (U) parity exchange
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o NPE: GPDs H, E,
o UPE: GPDs H, E and the pion pole.
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Pion pole exchange contributes to UPE,
INw — n’y) = 90 (p° — n)

pY: P~ 1 — dominance of NPE

w: P~ 0— NPE =~ UPE
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Longitudinal-to-transverse cross section ratio for p® production

R dop(vi, = V)
dUT(‘Y,} — V)
To obtain it from the data:
Assuming SCHC: R/ = 1 768
o Assuming : = T
(standard, used by many experiments)
o Assuming only NPE: R
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Vector mesons: Outlook ;

e Exclusive ¢ production: ongoing analysis (SMDEs, cross section).

e Exclusive J/{ production: feasibility studies.
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Conclusion

2016-2017 data with LH target and 160 GeV/c pt beam
o Preliminary results using 1/3 of statistics (part of 2016 data)

e DVCS t-slope of the cross section — transverse extension of partons at xy = 0.06.
o Deep virtual 7t° production cross-section: new results (6/2023).

— large contribution of o1 confirmed — significant role of Y1 and the GPD Er.
o Both measurements are being finalised, to be published soon.

e SDMEs in hard w production [EPJC (2021) 81 126]

e SDMEs in hard p® production: Paper accepted to EPJC [nep-ex/2210.16932]
— Importance of v and the GPD Hy

o p¥ and w production on polarised target [NPB 915 (2017) 454] [PLB B731 (2014) 19]

Outlook:
e 2017 data: starting with new people joining the analysis — promising!
o Extensions of the DVCS and 7° analyses:

e Kinematic dependencies (v, zg, QZ),
o Azimuthal dependence of the DVCS cross section,
o Cross section difference doet — do™

@ Deep virtual ¢ production cross section and SDMEs: work in progress on 2016 data.
o Deep virtual J/1{ production: feasibility studies.
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2016-2017 data with LH target and 160 GeV/c pt beam
o Preliminary results using 1/3 of statistics (part of 2016 data)

e DVCS t-slope of the cross section — transverse extension of partons at xy = 0.06.
o Deep virtual 7t° production cross-section: new results (6/2023).

— large contribution of o1 confirmed — significant role of Y1 and the GPD Er.
o Both measurements are being finalised, to be published soon.

e SDMEs in hard w production [EPJC (2021) 81 126]

e SDMEs in hard p® production: Paper accepted to EPJC [nep-ex/2210.16932]
— Importance of v and the GPD Hy

o p¥ and w production on polarised target [NPB 915 (2017) 454] [PLB B731 (2014) 19]

Outlook:
e 2017 data: starting with new people joining the analysis — promising!
o Extensions of the DVCS and 7° analyses:

e Kinematic dependencies (v, zg, QZ),
o Azimuthal dependence of the DVCS cross section,
o Cross section difference doet — do™

@ Deep virtual ¢ production cross section and SDMEs: work in progress on 2016 data.
o Deep virtual J/1{ production: feasibility studies.

Thank you for your attention!
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