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COMPASS investigates the multi-dimensional structure of nucleon via various processes
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COMPASS Experiment ]

Versatile facility with hadron (11:— K%, p ...) & lepton
(_Ia zed. ) heams of energy.

100 to 200 GeV

Muon and
Proton
Apparatus for
Structure and
Spectroscopy

ZSUISSE___-~~
b N




COMPASS Experimental

Setup

DCO0 DCO1 DCO4 DCOS
NN Ny

Vo +
violvool  Vioz |

| R
5101 02 03 f’-
I

PMO1 uz 03
FI03 /

ECALO Fl04

Fl0O1 FI15 Flo2
+ startCounter

GMO102/03

ECAL1 HCAL1

FI05 MW11 MW12

» Priamary beam — 400 GeV p from SPS

- Impinging on Be production target
» 190 GeV secondary hadron beams

- h”beam:97% ™ ,2% K~,1%p

- hTbeam:75% n*,24%p, 1% K™
» 160 GeV tertiary muon beams

- ,ui longitudinally polarized
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Large-acceptance forward spectrometer
* Precise tracking (350 planes)

SciFi, Silicon, MicroMegas, GEM, MWPC, DC, straw
* PID — CEDARs, RICH, calorimeters, Muon Walls
Various targets:
* Polarized soild-state NH; or 6LiD
* Liquid H,

e Solid-state nuclear targets

“* NIM A 577 (2007) & NIM A 779 (2015) 69



COMPASS Experimental Setup
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» Priamary beam — 400 GeV p from SPS

~ Impinging on Be production target > In early GPD studies, transversely

polarized target was used.

» Polarization reversal by magnetic
field rotation

» 2.5m unpolarized LH, target used
in GPD dedicated runs

. 1
» 160 GeV tertiary muon beams “~

- ui longitudinally polarized
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COMPASS Experiment

2002-2022 COMPASS data taking

2002-2004 DIS & SIDIS, p*-d, 160 GeV, L & T polarized target Study hadron structure with
2005 CERN accelerator shutdown, increase of COMPASS acceptance complme ntary tools:

2006 DIS & SIDIS, p*-d, 160 GeV, L polarized target

2007 DIS & SIDIS, p*-p, 160 GeV, L & T polarized target 4m > COMPASS holds the record for the
2008-2009 Hadron spectroscopy & Primakoff reaction, m/K/p beam longest-running CERN experiment
2010 SIDIS, u*-p, 160 GeV, T polarized target «

2011 DIS & SIDIS, p*-p, 200 GeV, L polarized target

2012 Primakoff reaction, /K/p beam

2012 pilot run

DVCS/HEMP/SIDIS, p* & w -p, 160 GeV, unpolarized target «

2013

CERN accelerator shutdown, LS1

2014-2015 Drell-Yan, - -p, T polarized target

2016-2017 DVCS/HEMP/SIDIS, p* & w -p, 160 GeV, unpolarized target «

2018 Drell-Yan, - -p, T polarized target

2019-2020 CERN accelerator shutdown, LS2 e 2012 pilot run with 4-week data taking
2021-2022

S|D|S’ p’*'_d’ 160 Gev’ T polarized target e 2016-17 dedicated run. 2 x 6 months.




Current DVCS

—O ZEUS- total xsec
- ® ZEUS- do/dt

ata at colliders:

[0 H1- total xsec

H1- do/dt
H1-Acu

]

Current DVCS data at fixed targets:

A HERMES-A; A HERMES-ACU
A HERMES- Ay, Au, AL

A HERMES-Ayr * HallA- CFFs
X CLAS-ALy X* CLAS-AyL

Planned DVCS at fixed targ.:

5% COMPASS- do/dt, Acsu, AcsT
s JLAB12- do/dt, ALy, Au, AL

Illllll

llllllI
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» The GPDs depend on the following variables:

- x: average longitudinal momentum frac.
- &: longitudinal momentum diff.
- t: four momentum transfer

(correlated to bl via Fourier transform)
- Q2: virtuality of y*

DVCS:l+p—->U+p +7vy

» Asthe golden channel to access GPDs, DVCS
has been the workhorse for GPD Extraction.

> lts interference with the well-understood
Bethe-Heitler process gives access to more
info.

BH
Process

11



DVCS:l+p—->U+p +7vy

» With LH, target and small x; coverage
—> focuses on H at COMPASS

» The variables measured in the experiment:

EE) QZ; xBjN 25/(1-'-5);

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

REAL part Imaginary part
oty HEED
. —Q)f_l dxx—f imH(x=%&,&,t) +...
re (g, 6) = @ [ LT py

X =<
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M. Polyakov, P. Schweitzer, Int.J.Mod.Phys. A33 (2018)

Mapping in the transverse plane
PPINg P rzp(r) in GeV fm’!

sea quarks Pion Valence e —
and gluons cloud quarks [ oo h
= oo :/ / e 0.01 | / dr rp(r) = 0
__A__--”f-__-_ 1 _,,J-’:T"-__-- ,</si/__/ //J"// B 0 ° ° : °
xP \ | - Pressure Distribution

confining

b 0.005 |
L BHE /*
longitud. ;

/\/N// _/ _/// _/// 0.005 '_, repulsive, . 1 o .d‘
x=0.01 x=0.1 x=0.3 o 0 05 1 r in fm
m
(S50t
CTT_ N gqj@ T REAL part Imaginary part
) +1 H(x, ¢, t) +1 H(x,¢,t) .
H(E,t)=[_] dx —— —+.=P[ dx— — imH(x=4¢,&,t) +...
x—¢&+ie x—¢&
Im H (x, t)
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P~ smit -~ slowp t=(pp—py)*

d*o({p — (py)

= doP? + (d(]‘DFC'S + P, d(rﬂ:”) +(e;Re I +e,P,Im I

(iYBdQ:dlfld(b Well known Hﬂpﬂf
Beam Charge-spin difference & sum doBf CEH + C?’H cos & + B2 cos 20
— < - Ve DVCS e
Des y(P) = do(u* ) -do(u™) doto) o "+ e P cosd+ T cos 20
S =do(u* " )+do(u=" 7C CS .
cs, u(®) w" ) Dl ) ; TCS o $PVCS ging

Rel o ¢ +c cos¢+chcos2d+ ' cos3o

Im/ o« 5 sing+ s5sin2e

Twist-2 >> Il Twist-3, M Twist-2 - double helicity flip for gluons (NLO) 14
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d*o({p — (py)

= do?” + (dU'DFCS + P, d(r}?;;(ﬁ'g) +(e/Re I + e,P;Im I)
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[ I I ] : CS,U(¢)
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Im/ o« 5 sing+ s5sin2e

Twist-2 >> Il Twist-3, M Twist-2 - double helicity flip for gluons (NLO) 15
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Aﬂ p ~smelt_~  dowp
P~ smit ~ Sowp t=(pp—py)*

d*o(fp — py)

= do?” + (dU'DFCS + P, d(r}?;;(ﬁ'g) +(e/Re I + e,P;Im I)

d\igdgzdlfld@b Well known Hﬂp{)f
. (" ey Ry R . RE . N
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Twist-2 >> Il Twist-3, M Twist-2 - double helicity flip for gluons (NLO) 16
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Aﬂ p ~smelt_~  dowp
P~ smit ~ Sowp t=(pp—py)*

d*o(fp — py)

= doP? + (d(]‘DFC'S + P, d(rﬂ:”) +(e;Re I +e,P,Im I

(iYBdQ:dlfld(b Well known Hﬂpﬂf
Beam Charge-spin difference & sum
= do(u*e - C{ < Re F |
Des o(@P) =do(u™ ) -do(u™) |m» Lq More challenging
Scs,u(¢) =do(u™ ) +do(u ") | mmp C(l))VCS X (Im.‘l-l)z and S{ X ImEF Easier to measure

Proton Target
> F1

—_ 2
T - F1ﬂ+ E(F1+F2)ﬂ+ t/4m F2 E Sma” xB at COMPASS Compton Form faCtor
linked to GPD H

Twist-2 >> Il Twist-3, M Twist-2 - double helicity flip for gluons (NLO) 17



80 < v [GeV] < 144

32 < v[GeV] <80

10 < v [CeV] < 32

i 200 S 70
= 700 . «  [COMPASS prelimi o COMPASS prelimi
- i | o r preliminary o i preliminary
Tj ZZD:I::?‘SaI:i iminary - E 160:— ¢ data E sok DVCS above e data
o 890 BH 3 — MCEBH ol 1e0- T — MC BH o - the BH — MC BH
> BWwcino. 2| 2 a0 Mucine. s | & sof contribution  Mwcinc. <
| 0 B MC excl. x° E K B mC excl. 2° © i Bl M excl.
o o o eof *
ol 400 Xg; ~0.0085 E 1005 Xpj ~0.020 od - * Xpj ~0.063
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L _ 60|~ W ol .
200r y B t
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100} ool e, 10} -
[ Tl . . .
[]_ DﬁrI‘JIT | Ll 11 | [ | | L | (| II—l_ U = L1 : i | e | m
. . 2 0 e - 2 0 2
rad rad
» Beam charge-spin sum ¢ Irad] ¢ [rad] ¢ [rad]
— + ¢« -\ — BH DVCS
Ses,ul@) = do(u™™ )+do(u™" )= 2[do”" + dUunpoz +Im /]
= 2[doBH + cPVES + cPVES cos ¢ + cos2¢ + sl sin¢ + s) sin 2¢ ]
~ ~ t
" oc A(HH* + HHF) + Ve EEY = 4 (ImH)?
small xg; 4V model dependent
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prEEy

Tranverse extension of partons — 2016 data “z7

® COMPASS: <Q?> = 1.8 (GeV/c)?
¢ ZEUs: <Q?> = 3.2 (GeV/c)?
DVCS | | —Bltl ( 2( )) ~ ( ) A H1: <Q*> = 4.0 (GeV/c)*
dO- /d t] Xe i \Xp 2B XB At small xg ¥ HL: <Q’> = 8.0 (GeV/c)?
B H1: <@’> = 10. (GeV/c)?

B8

06

COMPASS preliminary

o Bl
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I IIIIIII
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e e $
° - o 3
E @ = <Q*>=18 [Gewf:f}
s, - ) KM15 model —0.2
B 2_ ST 4:{]2} = 1{]_ [GEV;C)Z m €
| 1(GeVic)2< Q2 <5 (GeVig) - jgzj - 1;38 [ge&:c; } GK model 01
10 GeV < v < 32 GeV e =10. (GeVic —0.
s — =
_lll 1| | | | |l 1| II 12 M W] II | [ | | LS| |I n 1 |||||||| 1 IIIIIII| | IIIIIII|
0 0.1 0.2 0.3 0.4 0.5 10+ 102 102 10"
It [(GeV/c)? ] X/ 2

> The transverse-size evolution as a function of xp; = Expect at least 3 xp; bins from 2016-17 data
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GPDs in Hard Exclusive Meson Production e

.-._--_—
e
—
—
.—

4 chiral-even GPDs: helicity of parton unchanged
Hi(x, €, t) E%a, E,t) - Vector Meson

FI"(m, ¢, t) Eq(w, E,t) - Pseudo-Scalar Meson

+ 4 chiral-odd (transversity) GPDs: helicity of parton changed
(not possible in DVCS)

sroal] 3 ' , H‘?(wl Egi t) E-?(dl, E}: t) — ~
P /’II\. P ﬁ%(m}&lt) Ef](a‘;,g,t) C]r=2 H%l-l- qu'

» Ability to probe the chiral-odd GPDs.

» Universality of GPDs, quark flavor filter

» In addition to nuclear structure, provide insights into
reaction mechanism.

» Additional non-perturbative term from meson wave
function.

quark contribution

gluon contribution

P — smalt —— P
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dJTT
dt

+ 1/ 2€(1 4 €) cos @

dt

€ : degree of longitudinal polarization

dJLT:l

= T—aé {(1 — &) ‘U?))Z — 26%Re [(H)*(E)| - 4;262 )(E‘z} Leading twist expected be dominant

doy,
dt

do
But measured as = only a few % of d—:

The other contributions arise from coupling between
chiral-odd (quark helicity flip) GPDs to the twist-3 pion amplitude

dor  Adme p? 5 t’ P
T T 910 R (1 —¢& T Q2
dt 2k" Q) 8m
OLT dmer | 21/—?" ) ~
dt 2k Q7£ 1=¢ 2m R (E>]
orr Amap?

30 ' T T T T T
W=3.83 GeV

Q°=3.44 GeV*

N
o

-
o

do/dt (r°) [nb/GeV)]

i = % Q8 im\ \Er)] 0L '
0 : T - === = = = = —

' 2

S. Goloskokov and P. Kroll (Eur.Phys.J A47, 112(2011)) -t[GeVT]
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> Kinematic domain: v € [6.4,40] GeV and Q% € [1,8] GeV?/c?, (xg) = 0.134

3 5 T T T T T T T T

~ * " A

o Y'p— ﬂop’ COMPASS preliminary /#‘Q COMPASS preliminary
- 153\ 20l ’ng e[ﬁ[?;]m(c(:i/ . ® 2016 dalta | - 153\ 141 ® 2016 data 7
i SLABCV/C) e Hg)= —[A + B cos(2¢) + C cos(6)] =%

O |t| € [0.08,0.64] (GeV /c) 21 3 12 s 70
— 25 — v € [6.4,40] GV
gl SE07 Q? € [1.8] (GeV/c)®
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+
- = . 8

-3 - =3 5 : 5 3 0.1 0.0 03 0.4 0.5 0.6
¢ (rad) |t] (GeV/c)?

dUL
+EE + €cos 2¢,; +\/2(:‘(1+(:‘)COS¢
I

\4
» Chiral-odd GPDs <
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> 30F @2 ¢ [1,8] (GeV/c)?
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> Kinematic domain: v € [6.4,40] GeV and Q% € [1,8] GeVz/c (xB) = 0.134
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® 2016 data ]

s
T

”f'*p - ,ﬂ_Opr
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@% € [1,8] (GeV /c)?

|t| € [0.08,0.64] (GeV/c)?

0.1 0.2 0.3 0.4 05 06
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> Cross section extracted in a larger (v, 0?)
domain, compared with the 2012 result.
(COMPASS, PLB 805 (2020) 135454)

» Comparable |oyr| and o7 + €0},



2012-16 Exclusive m° Prod. Comparison

> Kinematic domain: v € [8.5,28] GeV andQ? € [15]GeV2/c (xg) = 0.10

6 T T T T T T
T v'p — n'p’ COMPASS preliminary
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New 2016 Exclusive m° Cross-section Evolution with v fal

» Cross section decreases with increasing v

v'p — 1%’ COMPASS preliminary
Q.? c [1,8] (Ge\/’/c)z 2016 data
1] € [0.08,0.64] (GeV/c)? v & [6.4,8.5] GeV
Y v <[85,139] GeV
- A 1 £[13.9,40.0] GeV
()= %[A + B cos(2¢) + C cos(9)]
?r
f’l I \\ !,/ ¥\\
¥ | S ¥ ?
- — = e W & ]
-3 —2 —1 0 1 2 3
o (rad)

(v) [GeV]

prEEy

——
e

80 v'p — n°p’ COMPASS preliminary H
Q% € [1,8] (GeV/c)? 2016 data
70 |t| € [0.08,0.64] (GeV /c)? ® 1 c[6.4,85] GeV
Y v c[85,13.9] GV
60 A v <£[13.9,40.0] GV
50
40 i i }
30F I
20| i
10 5 i
0L ‘ & . , a |
0.1 0.2 0.3 0.4 0.5 0.6
1] (GeV /c)?
2/ -2
(GeVZ/cT]  (xB)  (€)

7.35
10.32
21.08

v € [6.4,8.5]
v € [8.5,13.9]
v € [13.9, 40.0]

2.15
2.50
2.09

0.156
0.131
0.057

0.999
0.9938
0.989
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New 2016

Exclusive m¥ Cross-section Evolution with Q*

> Cross section decreases with increasing Q2

> 4« H o

: : : : 45 : : :
COMPASS preliminary v*p[6—> TEC;IID’G v /_; v'p = °p’ COMPASS preliminary
2016 data v € [0.4,40] Ge 5 | 40 v € [6.4,40] GeV 2016 data
Q? €]1.0,15] (GeV/c)? 1< [0.08.0.64] (GeV/e)™ Ells |t] € [0.08,0.64] (GeV/c)? ® (Q?c[1.0,15] (GeV/c)?
Q% € [1.5,2.1] (GeV/c)? \_% 35T B Q%c[15,21] (GeV/c)? |]
Q% €1]2.1,3.2] (GdV/c)? —~ 39 Y Q%e[21,32] (GV/c)? |
Q% € [3.2,8.0] (G&V/c)? S % A Q%c[3.2,80] (GeV/c)?
()= %[A + B cos(2¢) + C cos()] ~ 25
201
15} I
10}
stk I i ix %
001 0.0 0.3 0.4 05 0.6
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(Q2) [Gev2/c?]  (v) [GeV]  (xB) (€)
Q% € [1.0,1.5] 1.22 10.54 0.072  0.997
Q% € [1.5,2.1] 1.77 9.81 0.109 0.997
Q% €[2.1,3.2 2.58 9.82 0.157 0.997
Q? € [3.2,8.0] 4.33 10.39 0.247  0.997
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Jlalt/ | 7

———
e
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New 2016 Evolution of the Structure Functions

(@) (GeV/e)’

For both o + €0, and o7
- Relatively larger evolution in v, smaller in Q2
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COMPASS, NPB 865 (2012) 1-20, PLB 731 (2014) 19
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o Im(E*H)

counts / (0.25 GeV)

< Im(E*E7)

» Exclusivity ensured by “missing mass technique”
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» Sensibility to E and H

GK Model EPIC 42, 50, 53, 59, 65, 74
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COMPASS NPB 865 (2012) 1-20, PLB 731 (2014) 19

/ pt o mtm” w -t ?
\ (-Eu+§Ed+§Eg/x) = L2

COMPASS, NPB 865 (2012) 1-20, PLB 731 (2014) 19

1 a4 1
Ea) _\/_E(EEu _EE +ZEg/X)
~ : . 0.5}
E ' = Im(E"H) _
= 005 - - < '
7 + _"___| ++ | uz<3
-0.0 3
0 3 3 ~0.5¢ ; -
e N N 1 2 3 40 005 010 01 02 03
g O (GeV/e)  p7(GeVie) Q? [(GeV/cY) X, p2 [(GeVIcy]
No pion pole ~ ===ssseees Negative mw form factor
— = = Positive mw form factor
;i it
,gE:'——'
> E* and E¢ are of opposite sigh = w is more promising for GPD study %I’MQ
» Nevertheless, obscured by the inherent pion pole contribution
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Exclusive @ Production on Unpolarized Proton

heliciy fame - Experimental angular distributions

YV (o atrest)

Lo production plane

» € > 1, small Wt

WLIT—i_L ((I); C} COS 6) — WET ((I}: C}-u COS ('5')) —|_ pbWL ((I:’? C} COS 9)

15 unpolarized SDMEs in /Y and 8 polarized in ®/*

WY (@, ¢, cos ©) =

l av .L A ¢ ) A . A I
[5(1 —ro8) + 5(37’86 —1)cos? ©® — V2Re{r{}}sin20 cos ¢ — r% | sin? © cos2¢
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—ecos 2P (-r%l sin? © 4+ "’60 cos2 @ — ﬁRe{-r%O} sin 20 cos ¢ — r%_l sin? © cos QG))
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+1/2¢(1 — €) cos P (\/51111{?";3} sin 20 sin ¢ + Im{r]_} sin® O sin 2@)
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2012 Exclusive ® Prod. on Unpolarized Proton “z7 @~
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2012 Exclusive p? Prod. on Unpolarized Proton 27 « ~
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Summary

DVCS cross sections with polarized p+ and p-

® Beam charge-spin sum = Im#(§,t) = Transverse extension of partons as a function of x,
® Beam charge-spin difference =2 Re#H (£,t) = D-term, pressure distribution

HEMP of 7°, p, ®, ¢, J/v

® Cross setion of t° =2 Submitted to Physics Letters B
® SDME of p & ® => Transversity GPDs & Flavor Decomposition
e ¢, J/y =2 underway

» More results are coming!
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COMPASS 2016 Preliminary Results

> Main background of exclusive single photon events: ° decay

Visible n° candidates

~ COMPASS preliminary

i

» Visible (both y detected) — subtracted

A high-energy DVCS photon candidate is combined with
all detected photons with energies lower than the DVCS
threshold: (4,5) GeV in Ecal (0,1) respectively

i
o

¢ data

120
MC incl. =®

I MC excl. n°

100

Entries / 0.015 GeV/c?

» Invisible (one y lost) — estimated by MC

e Semi-inclusive LEPTO 6.1
« Exclusive HEPGEN 1z° (GK model)
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¢
R i, g Vo abagtiediel
The sum of LEPTO and HEPGEN contributions is normalized to 0.1 e T e Ty e
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Beam Charge-spin Difference
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-+ COMPASS 2016 p* data

— HEPGEN + LEPTO
LEPTO fraction: (8 + 5)%
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» Exclusivity ensured by cuts on exclusivity variables, similar to DVCS.
» Background fraction determined by fitting the exclusivity variables with Monte Carlo simulations.

LEPTO for non-exclusive background
HEPGEN of exclusive ¥ fo

r signal

el
o

preliminary -+~ COMPASS 2016 p* data
o up o> W — HEPGEN
— LEPTO

- n n
w o wn
Lgl\\\ll\II‘HII‘HI\‘\II\‘\IH‘IIH

o

o

o
o

— HEPGEN + LEPTO
LEPTO fraction: (8 + 5)%

Entries / 3 MeV/c2/ 10"
o

—
[an]

&

TR IIL Y VT Yo o i Y B e
-0.3 -0.2 -0.1 0 0.1 0.2

50

40

30

&L
E-N
w
[=]
n

o COMPASS 2016 u* data
—— HEPGEN
LEPTO
—— HEPGEN+LEPTO
LEPTO fraction: (8 £ 5)%

preliminary

up — u'n’p'

preliminary * COMPASS 2016 p* data
up - el ]l — HEPGEN
LEPTO

— HEPGEN + LEPTO
LEPTO fraction: (8 + 5)%

0.1 0 0.1 0.2

B0 200 550
M., (MeV/c2)

» |In 2016 data, non-exclusive background
fractionindata 28+ 5%



2012 NPE-to-UPE Asymmetry
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NPE-to-UPE asymmetry of cross sections for transitions y+ = V;
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» NPE: Natural Parity Exchange
» UPE: Unnatural Parity Exchange

0 COMPASS, Eur.Phys.).C 83 (2023) 924

> NPE Dominance
> NPE-> GPDsE H

W COMPASS, Eur.Phys.J.C 81 (2021) 126

» NPE = UPE on average
> UPE Dominance at small W and p?

> UPE-> GPDsE H
+ Pion pole (dominant)
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2012 R = 07 /o for Exclusive p® Production ‘27 (
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» Longitudinal-to-transverse R — oL(yr = V)

y™ cross section ratio: or(yr = V) Results of all experiments with Q% > 1 (GeV/c)?
o M ” 04‘ '“t-;-.'
* Commonly used “effective , 1 150 o
ratio (R" = R only if SCHC): el —n o 10E
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> Leading-order pQCD predction: Q*/M; - deviation due to effect of QCD evolution and g7
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Possible RPD for COMPASST*/AMBER

A recoil proton detector (RPD) is mandatory to ensure the exclusivity. A Silicon detector is
included between the target surrounded by the modified MW cavity and the polarizing magnet

FW;@EHJEEW

([ 1 | ] :
§j= | =
D i PN e e /2 [
—-— : ; ’- i --------------------- 7
HE s N NN
A L = c E
Q“ﬂ‘u w: 1
éEE A technology developed at JINR for NICA
for the BM@N experiment

No possibility for ToF =2 PID of p/m with dE/dx
Momentum and trajectory measurments

~ 0.1 GeV

|t|min
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