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Multi-dimensional Partonic Structures

http://www.int.washington.edu/PROGRAMS/17-3/
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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 (7%, K%, p ...) & lepton
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COMPASS Experimental

Setup
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» Priamary beam — 400 GeV p from SPS
Impinging on Be production target
» 190 GeV secondary hadron beams
h™ beam:97% n~,2% K~,1% p
ht beam: 75% t,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 °LiD

Liquid H,

Solid-state nuclear targets
< NIM A 577 (2007) & NIM A 779 (2015)
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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

» 160 GeV tertiary muon beams
- ui longitudinally polarized




COMPASS Setup tor Exclusive Processes
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COMPASS Setup tor Exclusive Processes

w
——
—
—
—

DCOO Drn1 Nrna nene f‘“ﬂ‘- DW01 DWo4 DWUE
- Pl 0203 qs

GM11

\’;GMIIJ
ECAL1
2%2 m?2 4%3 m?

not used VoV Huos HI0S
FI08 HLOS
: ;
R, ' ECAL 2 5
— b HL’} Neam | _ 2.5%2 m?
PMO10Z 1746 cells ., 1708 cells bco3 FIO7 Killerd 2972 cells ||
/ N
oS / i
( ECAI.O, Fl04 Fl05 (Etilj)ﬂﬂl.l f ’! szl 22 23

FIO3 /
MW11 MWwW12 TS

S ( ECAI.Z)HCALZ

ﬁ ECAL O

Flo1 FI15 FO2
+ startCounter

M\H’le- 526

Exclusive Muoproduction

| ::‘;, dad
ENINNENY © isiateatinis - =\i gt
PRI | = : H ’ i " 0\ O
ol | T | | | \Y’ ’p w .
{ ! | -—,




COMPASS Setup for Exclusive Processes o
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COMPASS Experiment

2014-2015 Drell-Yan, &- -p, T polarized target
2016-2017 DVCS/HEMP/SIDIS, p* & - -p, 160 GeV, unpolarized target <4am
2018 Drell-Yan, - -p, T polarized target

2002-2004 DIS & SIDIS, p*-d, 160 GeV, L & T polarized target Study hadron structure with
b | 2005 CERN accelerator shutdown, increase of COMPASS acceptance| complmentary tools:
- | 2006 DIS & SIDIS, pu*-d, 160 GeV, L polarized target
= 1 2007 DIS & SIDIS, p*-p, 160 GeV, L & T polarized target @m > COMPASS holds the record for the
+3 | 2008-2009 Hadron spectroscopy & Primakoff reaction, ©/K/p beam longest-running CERN experiment
© | 2010 SIDIS, p*-p, 160 GeV, T polarized target h
% 2011 DIS & SIDIS, u*-p, 200 GeV, L polarized target
E 2012 Primakoff reaction, t/K/p beam
= | 2012 pilot run| DVCS/HEMP/SIDIS, pu* & w -p, 160 GeV, unpolarized target «
@)
O | 2013 CERN accelerator shutdown, LS1
o~
o
o
D
o~
o
o
~

2019-2020 CERN accelerator shutdown, LS2 e 2012 pilot run with 4-week data taking
2021-2022 | SIDIS, p*-d, 160 GeV, T polarized target * 2016-17 dedicated run. 2 x 6 months.




LLanscape — Global Programs of DVCS

Current DVCS data at colliders:

O ZEUS- total xsec [0 H1- total xsec
® ZEUS- do/dt B Hi-do/dt
B Hi1-Agy

Current DVCS data at fixed targets:

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

A HERMES-Aytr * HallA- CFFs
X CLAS-A, % CLAS-Ay

Planned DVCS at fixed targ.:

22 COMPASS- do/dt, Acsu, AcsT
soees JLAB12- do/dt, ALy, Aul, AL

I
ey

Lall / ﬁ/
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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 +y

» 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
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DVCS:l+p->U+p +y

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

» The variables measured in the experiment:

EE) in ijN 25/(14—5);
t (Or OY*Y) and (1) (Eﬁ’plane/yy* plane)

REAL part Imaginary part
_op(tl 4, Hx St _
=P dxx—f im H(x=24¢,&,t) +...
re (g, 6) = @ [ LT py

X =<
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5 . . . N 1l
Transverse Imaging and Pressure Distribution Sy 7

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 e
and gluons cloud quarks " o0 N
: (T 001 [ drrpin =07
- =T e [— 0 ]
xP [ & v d : Pressure Distrilbution
0.005 -
b, T \ . .

/ Q’ i i + confining
longitud. 0k

—/\/""ﬁ'/-"""" /,/ /// // -0.005 _ repulgiv,e. e o e -
x=0.01 x=0.1 x=0.3 .
Fr 0 05 1 r in fm
Of/‘/()(, §=O .
CTT_ - Q@D AT REAL part Imaginary part
) +1 H(x, ¢, t) +1 . Hlx ¢ t) .
H(E,t)=[_] dx —— —+.=P[ dx— — imH(x=4¢,&,t) +...
x—¢&+ie x—¢&
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Azimuthal Dependence ot BH & DVCS 7

small t
t=(pp —Py)?

d*o(tp — (py)

— d{rBH+(d y v es + Prdc rm”) +(e/Re I +¢e,P;Im 1)

d.l‘BdQ:dlfld(D Well known unpol
Beam Charge-spin difference & sum dU-BH oc gH + C‘FH cosd + LBH cos 2
Des o) = do(u™ ) -do(u™™) d{rﬁf;gf o« "+ P cosp+ ) cos 26
Sesul@) = do(t ) +do(w™)| g, p;{“s o s‘lm CS gin &
Re/ « +c Lmsa‘)+c1cos"d)+ . Cos 3¢

Im/ o s sin rf) + 55 sin 2¢

Twist-2 >> M Twist-3, B Twist-2 - double helicity flip for gluons (NLO) 14



Azimuthal Dependence ot BH & DVCS i

small t
t=(pp —Py)?

d*o({p — (py)

— d{rBH+(d y v es + Prdc rm”) +(e/Re I +¢e,P;Im 1)

d:deQ:dlfld(_b Well known Hﬂpﬂf
Beam Charge-spin difference & sum dU-BH oc gH + C‘IBH cosd + LBH cos 2¢
— + < - e
Des y(P) = do(u*™ ) -do(u™) d{rﬁfp{;)f o« "+ P cosp+ ) cos 26
= +ey 4 - T R T T T T Tps -t e S
Ses,ul@) = do(u* =) +do(u™") [ de p;?{ S o 5‘1[” S sin @ |

Im/ o s sin d) + 55 sin Eqb

Twist-2 >> M Twist-3, B Twist-2 - double helicity flip for gluons (NLO) 15



Azimuthal Dependence ot BH & DVCS i

small t
t=(pp —Py)?

d*o(fp — py)

— d{rBH+(d y v es + Prdc rm”) +(e/Re I +¢e,P;Im 1)

d:deQ:dlfld(_b Well known Hﬂpﬂf
2 ~
Beam Charge-spin difference & sum | doBd gH + C‘IBH cosd + LBH cos 2¢ : S ()
| CS, U
—_— +« —_—— T I g
Des y(P) = do(u*™ ) -do(u™) 'd )‘?fp‘i}f o "+ cosp+ T cos2¢
________________________ R
= )+ - 'CS
Sesu@) =do(u™ ) +do(u™ )| 4, ; 7CS o $PVCS ging
Re/ « cj:+c Losa‘)+c..cos"d)+ . cos 3¢
e e N

Twist-2 >> M Twist-3, B Twist-2 - double helicity flip for gluons (NLO) 16
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Azimuthal Dependence ot BH & DVCS

~smllt_~  gowp
t=(pp —Py)?

d4(T([p — {p},) -
- d + erFCS+I] erT(S + JR@I‘*‘*’PI[HI
dxzdO-d|r|de We:ii.-ncm ( unpol ) (¢ el )

Beam Charge-spin difference & sum

@cs,u(d)) = dO_(.u-H_ )-do(u™")
Sesu@)=do(u™ ) +do(u™) | mmp CPVE o« (ImH)? and S! < Im F Easier to measure

I
) C; X Re F More challenging

Proton Target
> F1

— 2
- F1ﬂ+ E(F1+F2)ﬂ+ t/4m FZ E Small xg at COMPASS ﬂ Compton Form factor

linked to GPD H

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



COMPASS 2016 Preliminary Results 7

80 < v [CeV] < 144 32 < v [GeV] < 80 10 < v [GeV] < 32
=1 i = 200F 5 70r
7001 o o -COMPASS preliminary o rCOMPASS preliminary
o COMPASS preliminary = - o
S  dominant * data o % * data o . DVCS above -+ data
= 000 BH 3 — MCEH o 1eok T — mceH Qi " the BH — MC BH
> Wuvcino @ & jaf Mucine. | o s contribution Mwmcinct
S EGD: B McC excl. = E i B MC excl. 2° 3 i B mc excl. =
) u L i
ﬁ o 120¢ I +
ol 400r xg; ~0.0085 oy 100 xg; ~0.020 & i * xg; ~0.063
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LE I Lu 601 LJEJ - +
200" - ’ 20} } + ‘
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> Beam charge-spin sum
Ses (@) = do(ur ) +do(u™™) = 2[doB + doyyyg +Im 1]
= 2[doBH + cPVES + cPVCS cos ¢ + cos2¢ + sl sin¢ + s) sin2¢p ]

. t
"' A HH* + HH*) + —5EE* = 4 (ImH)?

2
small xg; M model dependent 18




Tranverse extension ot partons — 2016 data v

—
—
—

® COMPASS: <Q’> = 1.8 (GeV/c)’
¢ zEUS: <Q*> = 3.2 (GeV/c)
DVCS | | —Bltl ( 2( )) ~ ( ) A HIL: <Q’> = 4.0 (GeV/c)?
dO- /d t| e ri\Xg 2B XB) At small xg ¥V HI: <Q’> = 8.0 (GeV/c)
B HL: <Q?> = 10. (GeV/c)
8
—0.6

COMPASS preliminary

T

B =6.6+06, + 0.3, [(GeVic)? ]

[nb (GeV/c) 7]

I IIIIII|

=l

= 5

Tz [ )

T >

5 °FE é

o E= L
- @ 3 <Q?> = 1.8 (GeVic)
L - ) KM15 model —0.2
|- 2_ L1 10 11 ] 4:{]2} = 1{]_ [GEV;C)Z } m €
_ 1(GeVic)2<Q® <5 (GeVic) 2 - jgzj ~ 1;38 [ge&:c; } GK model 01

10 GeV < v < 32 GeV b =10. (GeVic -
L= — .
—I 1 1 1 I 1 1 1 1 I 1 1 1 1 l | | 1 1 I | | 1 1 I | [I 1 1 ||||||| 1 | ||||||| | 1 |||||||
0 0.1 0.2 0.3 0.4 0.5 10 10° 102 10”
It] [(GeV/c)? ] Xg;/ 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 1n Hard Exclusive Meson Production v
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v

4 chiral-even GPDs: helicity of parton unchanged

5 Hi(a, §,t) E9a, §,t) - Vector Meson
> ~ e
2 Hi(x, §,t) E9x, & t) - Pseudo-Scalar Meson
C
E + 4 chiral-odd (transversity) GPDs: helicity of parton changed
= (not possible in DVCS)
-]
< ' H‘|q(wl &; t) E1q(a:; Egl t) — ~

P /m P ~ ~ g = 2 H% + Eq

; Hﬁl(a:, &, t) E?(m; gl t) v T

C
% » Ability to probe the chiral-odd GPDs.
-ié » Universality of GPDs, quark flavor filter
§ » |In addition to nuclear structure, provide insights into
S reaction mechanism.
= » Additional non-perturbative term from meson wave

function.
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. . . @xRing
Exclusive 1% Production on Unpolarized Proton lj o

dorr
dt

up 2> unlp d*o i[(dr}r doy
2

— = + € + ecos 20
dtdo dt dt ) .

d
++/2€(1 4 €) cos gy JET]

€ : degree of longitudinal polarization

()| —26%Re [(H1)" ()] -

dt kK Q°

da_L B drar 1 (1 B
4m

62 )( >)2} Leading twist expected be dominant

do
But measured as = only a few % of —T

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

30 v T T T T T
dop  4dmwo 2 (1-¢ t/ : W=3.83 GeV/
dt N 2k Q8 {m2 i g N\ Q°=3.44 GeV~
OLT Ao Hr sV — t’ ~ ] /
= V1 E
dt \./_IL’Q’g 2m ( )

orr Amap? t _
at kK @167712 |<ET>‘
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New 2016 Exclusive m° Prod. on Unpolarized Proton s

> 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
o ' Y'p— T[Op' COMPASS preliminary o COMPASS preliminary
- § 30l ’2?25 [6[;1;]0] ge;\]// ” ® 2016 dalta | - § 141 ® 2016 data ’
= . =
S < oos éﬁz é vz [ (@)= 5-IA + B cos(26) + C cos(g)] =
T | It [0.08,068] (Gev/c) x S 1 s 20
>\/ 2.5 >\i v € [6.4,40] GeV
5 !% 5 = 101 Q% < [1,8] (GeV /c)?
~— 20 g |t| € [0.08,0.64] (GeV/c)?
- = .
<

..... 2t
0.0 23— 57— 1 0 T 5 3 0501 0.2 03 0.4 05 0.6
¢ (rad) |t] (GeV/c)?
dO'L
+EE + €cos 2¢,; +\/26(1+6) COS ¢,
v I

» Chiral-odd GPDs ¢
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New 2016 Exclusive m° Prod. on Unpolarized Proton N7

w
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> Kinematic domain: v € [6.4,40] GeV and Q% € [1,8] GeVZ/c (xB) = 0.134

o Y'p— Ttop' COMPASS preliminary o C‘OMPASS plelumnan
- § 30l 1(/226 [6[;1:]0] CGi\;/ . ® 2016 dalta | - § 141 ® 2016 data ]
= . T —
il ) € [1,8] (Ge C‘) ) = f(¢)= —]A + B cos(2¢) + C cos(9)] |

@) |t| € [0.08,0.64] (GeV /c) 2w D 12 ~*p — T
>\/ 2.5 >\/ v € [6.4,40] GeV
S s= 101 Q% € [1.8] (GeV /c)?
~— 20} - N> |t| € [0.08,0.64] (GeV/c)?

+
— | — PEE T RLLEEN 8—

.~" ". .': ..'; 6 i

..... 2—
0.0 -5 ~3 5 : 3 3 051 0.2 0.3 0.4 05 0.6
¢ (rad) |t] (GeV/c)?
dUT +0.9 nb
6.6 + 03500 " —— . .
< > ( rat-os sys) (GeV /c)? > Cross section extracted in a larger (v, Q?)
<daTT> 464 0.5 ™02 ) nb domain, compared with the 2012 result.
stat —q. 2
575 (G‘;V/C) (COMPASS, PLB 805 (2020) 135454)
< > 02 +0.2510: 702 Sys) (anW > Comparable |o77| and a7 + €0y
(e) =
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2012-16 Exclusive m° Prod. Comparison

» Kinematic domain: v € [8.5, 28] GeV andQ* € [1,5] GeV#/c?, (xz) = 0.10

6 I I I : ! ! ! T

T y'p — 7% COMPASS preliminary
v € [8.5,28] GeV ® 2016 data

" Q? € [1,5] (GeV/c)? V 2012 data (PLB 805 (2020) 135454)
It| € [0.08,0.64] (GeV/c)2 == Goloskokov-Kroll model (2016)

)

COMPASS preliminary

20+ ® 2016 data

V 2012 data (PLB 805 (2020) 135454)
== Goloskokov-Kroll model (2016)

nb
(GeV/c

Q j (@)7 EIA - COS( i COS(O)] 1 b/\r 15} Y'p — 7'[°p’ i
b iz v € [8.5,28] GeV
~_ sz 2 |
‘r ~~~~~ Q c [15] (Ge\/r/c)
— | | | _
B 10 S~ |t| € [0.08,0.64] (GeV/c)?

03 ) 1 0 1 > 3 0.1 0.2 0.3 0.4 0.5 0.6
¢ (rad) |t] (GeV/c)?
2016 Data: 2012 Data:
dUT dUL ( +1.0 ) nb dUT dO'L ( +1.1 ) nb
=18.7+0. ' — =18.1+0. : —_—
< dt te dt > 8710 SStat_l'O Sys (GeV/c)Z dt Te dt 8110 9stat_1_0 Sys (GeV/c)Z
dO-TT . +0.4 ) nb dO-TT . ( +0.7 ) nb
< dt > B <_6'3 + Ol85tat_0'5 sys) (GeV /c)? dt | —60% 1-3stat_0.7 sys/) (GeV /c)?
dO-LT ( 4+0.3 ) nb dULT ( +0.3 ) nb
=10.6 + 0. ' D — =(14+0. ' —
< dt > 0.6 o 0 3stat_0.3 Sys (GeV/c)2 dt - 0 Sstat_o_z Sys (GeV/c)Z
(e) = 0.996 (e) = 0.996
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. . . i} wRRbys, 48
New 2016 Exclusive m°% Cross-section Evolution with v @ 7

—
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v

» Cross section decreases with increasing v

P T T T PN T T T T T T
DI 20 F v'p = n°p’ COMPASS preliminary o 80F v'p — ©°p’ COMPASS preliminary |
a i Q? € [1,8] (GeV/c)? 2016 data a A Q% € [1,8] (GeV/c)? 2016 data
= % . " . Gev/eye| ® ve [6.4,8.5] GeV = % 70 F |t| € [0.08,0.64] (GeV/c)? ® v c[6.4,85] GeV
o o € [0.05,084] (Ge¥/el o € [8.5,13.9] GeV & Y vc[85,13.9] GeV
~—r v -9, . e ~— e N .
15 A v c[13.9,40.0] GV =60 A v [13.9,40.0] GeV
IS 1 G e =
p\‘/y f(p)= g[A + B cos(2¢) + C cos(¢)] $ 50
- ‘E
q 10 _ 7 \I I”—-\\\\{ _ 40 | i I
,’/’I \\\ I// \\\\ 30 B I
5F o5/ 20 Y
I,, i ............ i iI f ........... 3o :
w2 g & 0r i
....... ey g x
Ob—# - i P ol | x & | a , |
3 5 1 0 1 5 3 0.1 0.2 0.3 0.4 05 0.6
¢ (rad) t] (GeV/c)?

(v) [GeV]  (Q?) [GeV2/c?]  (xB)  (e)
U € [6.4,8.5] 7.35 2.15 0.156  0.999

v € [8.5,13.9] 10.32 2.50 0.131  0.998
v € [13.9,40.0]  21.08 2.09 0.057 0.989
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New 2016 Exclusive m° Cross-section Evolution with Q* ﬁ

—
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v

> Cross section decreases with increasing Q*

1 1 1 T T T T 45 T T T T L 1
~ gl COMPASS preliminary Y p[;) TrOOIi)’G . . o v*p — 7°p’ COMPASS preliminary
O 2016 data v € [6.4.40] Ge O s ) € [6.4,40] GV

o= ) ) It] & [0.08,0.64] (GeV/c)? o|=40 v € [6.4.40] Ge , 2016 data
ST TH e Q? € [1.0,1.5] (GeV/c) . =z |t| € [0.08,0.64] (GeV/c) ® Q?c[1.0,15] (GeV/c)?

O || m @e15.21] (Gav/c)? & 357 B Qe [15,21] (GaV/c) |]
—_ 6| ¥ @%*€[21.3.2] (GeV/c)? —~~ 3ol v Q%e[21,32] (GeV/c)? ]
2= : A Q%c[32.80] (GeV/c)? Sl= A Q?€[3.2,80] (GeV/c)?
~—" B 1 ] A =

’r £(6)= 5-IA + B cos(2¢) + C cos(9)] ~ 25
- | "

<

4 20}

o 1 1 i § g

0.1 0.2 0.3 0.4 0.5 0.6
¢ (rad) |t] (GeV/c)?
(Q?) [Gev?/c?]  (v) [GeV]  (xg) (€)
Q> €[1.0,1.5 1.22 10.54 0.072 0.997
Q2 € [1.5,2.1 1.77 9.81 0.109 0.997
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New 2016 Evolution of the Structure Functions
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Exclusive @ Production on Unpolarized Proton S
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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 = 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 & o = Transversity GPDs & Flavor Decomposition
e ¢, J/w =2 underway

» More results are coming!
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COMPASS 2016 Preliminary Results
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COMPASS 2016 Preliminary Results oML

> 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
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The sum of LEPTO and HEPGEN contributions is normalized to %
the m° peak in M,,, of the real data
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Beam Charge-spin Difference
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. . . . N 1l
Exclusive ¥ Selection and Background Estimation g_l

» 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
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2012 NPE-to-UPE Asymmetry
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2012 R = UL/ o1 for Exclusive pO Production “!9" v
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» Longitudinal-to-transverse R — oL(yr = V)
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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 tor COMPASS**/AMBER 7

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
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