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Positive and Negative Polarized Muon Beam at COMPASS
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In the lab the muon polarization depends on momenta of both meson and muon

Optimisation of both polarization & muon fluxes: 160 GeV/c ~80% polarization
500mm Be 20 107pt/spill but only 7.4 107y /spill
100mm Be to get about 7.4 107u*/spill

O Muons (no "Hale™)

n—direction 0.6

Number of muons/spill (x107)

Left-handed v, and p*
Right-handed v, and w



Discussed in this talk:

Advantage of positive and negative polarized
muon beams for:

1. Deeply Virtual Compton Scattering (DVCS)

2. Exclusive 7% production



Measurement of exclusive cross sections at COMPASS

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

LIN
pl

Both fﬁ and },L_" beams
Polarisation ~ ¥+80%
Momentum 160 GeV/c

COMPASS:Two stage magnetic spectrometer

surrounding the 2.5m long . for large angular & momentum acceptance
LH2 target “,,/é ECAL1 Particle identification with
> | RICH, HCALS, ECALs and muon filters
ECALO NIM A 577 (2007) 455; NIM A 779 (2015) 69
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A + SIDIS on unpolarized protons

2012:
1 month pilot run

2016 -17:
2 X 6 month
data taking




Deeply virtual Compton scattering (DVCS)

D. Mueller et al, Fortsch. Phys. 42 (1994)

X.D. Ji, PRL 78 (1997), PRD 55 (1997)
E A. V. Radyushkin, PLB 385 (1996), PRD 56 (1997)
2
[ Q large- Xy ,Y
Y ; DVCS: tp— U’ p’ y
g (XHE)P (X - E)P the golden channel
------------------------------------------------------------------------------- because it interferes with
soft GPDs the Bethe-Heitler process
Generalized Parton
p Distributio p’ also meson production

lp— U p’ 7", P, ® or (I) or JAy...

The GPDs depend on the following variables:

a. average quark longitudinal

&: transferred momentum fraction

The variables measured in the experiment:

t: proton momentum transfer squared )
: . ~ +

related to b, via Fourier transform Ep, QF, g~ 23 /(1+8),

QZ2: virtuality of the virtual photon

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




Deeply virtual Compton scattering (DVCS)

L’ Goeke, Polyakov, Vanderhaeghen, PPNP47 (2001)
{ 2
[ Q large- Xy ,Y
Y ‘
hard (X+E)P (x-&)P
soft GPDs
Generalized Parton
p Distributio p’
7 temal T

The amplitude DVCS at LT & LO in a5 (GPD H) :  Real part Imaginary part

+1 H(x,E,t) +1 ., HxGt) .
t, &flxe{ ax x_;:ils f ax xx_z r H(x =1 &J’ &y t)

In an experiment we measure 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 pw) mGeVm”
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The amplitude DVCS at LT & LOinas (GPD H): Real part Imaginary part

_ rt1 H(x,&_,,t) - +1 H(x,ﬁ,t) : - 5
}{?xe{—l dx P PJ_ . dx e Tim H(x = £&,&,t)
E: &
In an experiment we measure LY, 2x ImH (x,t)
H(E, t) =nt f dx + A(t
Compton Form Factor H RH (S 1) 0 x4 — &2 (£) 10



Exclusive single photon production (BH + DVCS)

5 ?
¥ k]
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N do = |TBH|2+ | TOVCS |2 + Interference Term
d*o(ltp - ( S B : \
(tp ry) — doPf 4 (d(rDV(-S + P d(rDVCS) — (e/Re [ +¢e,P;Im I)
dJ‘BdQEdlfld(f) Well known umpol pol
With unpolarized target: Belitsky, Miiller, Kirner, NPB629 (2002)
( doP? COBH -~ c:fH cos d + 2 cos 20 \ HT,Twist-3
VCS prcs . _Dves ] DYC: suppressed by 1/Q
‘:Lo‘ﬁ?pﬁ'”F x ¢y 7 +c CoOsS¢ + 5 7 cos2¢
de p;}'(.“S o Sjl_"JVCS Sin(f)
Re/ « c“{; + {?{ COS ¢ + r:i_; cos2¢ + cos 3¢
I I
oC AYEE-. '
\ Im J | SIn¢ + 55 sm2¢ ) NLO Twist-2

double helicity flip
suppressed by oL




Exclusive single photon production (BH + DVCS)

5 ?
¥ k]
) L4
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> do= |TBH|2+ | TOVCS |2 + Interference Term

- /\
d*o(lp = lpy) . . ’ \
= doP% 4+ (doP7C5 + P, doPTCS ) = (efRe I+ ¢,P;Im 1)
. 2 - unpol t pol { (41
dJ..BdQ dlfld(f) Well known
With unpolarized target: Belitsky, Miiller, Kirner, NPB629 (2002)
( do??  « COBH - c:fH cos ¢ + 5 cos 2¢ \ HT,ngstk;3 a
_ _ . o - = - suppressed by
With polarized electrons de E{J;{ﬁ o Cg;'r CS n C‘?V( S cos ¢ + AT cos 2¢'
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N _ 2 :
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: - NLO,Twist-2

double helicity flip
suppressed by oL



Exclusive single photon production (BH + DVCS)

With both ut and uT' beams we can build:

@ beam charge-spin sum doP? o B+ P cos ¢+ 5 cos 2¢
- — VCs DVCS | DVCS . ..
= 4o 4 do— ‘:Lo‘!ﬁ?mF x + ¢ cos ¢ + cos 2¢
. doP7ES o $PTES Gin
® difference pol : |
X > Rel o c+clcosd+chcos2d+ . cos3o
= do —do : :
Im/ o s sing+ s;sin2¢
- - | + - |
= do" +do” > s cImF =dor" -de” o (¢, ReF
and c,"V® o (Im¥H)?
p
F=FH + 77 & f°r_p;°t°” I LO, Twist-2
- o ~Xp/2
at small x, X ?n tﬁé loop
COMPASS domain
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COMPASS 2016 data Selection of exclusive single photon production

Comparison between the observables given by the spectro or by CAMERA

DVCS: p p> ' p y
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COMPASS 2016 data DVCS+BH cross section at En=160 GeV

BH DVCS
I / I
=do (uf) + do (u)
A
do a |T"|?% + Interference Term + | TPVES| 2
80 <v [GeV] < 144 32 < v [GeV] < 80 10 < v [GeV] < 32
= 700 ot =% 200(~ - = 70 -
-:G_ ;COMPASS — sC B = 180:_COMPASS — cBH = - COMPASS MG B
ai sool Fama MC incl. = E C 4 Il MC incl. = ; L | MC incl. x°
~ F I MC excl. n° — 160 Il MC excl. =° -~ [ Il MC excl. =°
g - 2 . 2 s
S % bure BH Xg; ~ 0.0085 S 1o Xg; ~ 0.020 = Xg; ~0.063
o 4005 ' _ Q2~ 1.8 GeV? o 120° Q2= 2 GeV? &N ol . Q2= 2.1 GeV?
~ -:contrlbutlon y~0.75 > 00t y~0.3 S y~0.1
g 330__ g L g 30__ =
c I c 80 c [
L I L F — w o F . ?
200} . 90E ‘ 20 ' , +
L ¢ - 40.__ * [* » i Tt = A t *
100— ook N |T le :
I * C * .. e — 2 * . — ™ .
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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.

15



COMPASS 2016 DVCS cross section for 10 < v < 32 GeV

At COMPASS using polarized positive and negative muon beams:

+ —
— — — BH Vcs
= o tdo =
= dc dc 2[do?? + do?! por + 1M ]
rfaly . .
= 2[do?? + VS cos o + cos2¢ + 5! sing + 5% sin 2
1 - 1 2
calculable All the other terms are cancelled in the integration over ¢
can be subtracted
&
s ... COMPASS
> = B
dga'tf\p " BEH DVCS s B=6.6+0.6,, 0.3, [(GeV/ic)? ]
dQZd i = / d@ (dJ —do ) X ¢y _'.5 i given bystaEl binned maximum
i rat —Tr > o likelihood technique
Mz T E
» o - N
do7 P 1 d?ah? Toor
p— - : 1?
dt Q% v, E,) dQ?*dvdt S
— 1(GeV/ic)®<Q? <5 (GeVic) ?
Flux for transverse ~ 10GeV<v<32GeV
Virtual phOtonS | 1 1 1 | 1 1 1 ‘ 1 1 1 | 1 | 1 | I | 1 1 | I |

107"

o

0.1 0.2 0.3 04 0.5

It [(GeV/c)? ]
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COMPASS 12-16 Transverse extention of partons in the sea quark range

o 2012 statistics = Ref
dGDVCS/dtz e'B|t| — cg”’ > o (Im3)? 2016 analysed statistics = 2.3 x Ref
2016+2017 expected statistics = 10 x Ref

5 Jos &
2 (. > ~ 9 = B COMPASS E
<bJ_(§I") M._.B(&.) s 7 —— _ 1 A
N Y T T — 2016 ¢ Frelim. 05 <
= 61— R sl IEY . '
m N + * + ........................ \4»‘ —
5l '3 04
Y *
2012 ®prLB793
4= 0.3
3~ ° COMPASS: <Q*> = 1.8 (GeV/c)>  This Analysis 0.2
B ) COMPASS: <Q%> = 1.8 (GeV/c)>  Phys. Lett. B793 (2019) 188 s
2— ¢ ZEUS: <Q%>=3.2(GeV/c)?  JHEP 0905 (2009) 108 -
— A H1: <Q% = 4.0 (GeV/c)
1 v - <% = 8.0 (GeVIcy } Eur. Phys. C44 (2005) 1 —0.1
B ] H1: <Q% =10. (GeV/c)>  Phys. Lett. B681 (2009) 391 i
Improvements in 2016 analysis compared to 2012: 0 o o L g
» same intensity with B+ and B- beam in 2016 107 107° 1072 /120‘1
. . Xa.
» more advanced analysis with 2016 data <Q% = 1.8 (GeVicy } 15 model from Kumericki & M El"l
. . . . ) model Trom Kumericki ueller
» 710 contamination with different thresholds === <Q@*> = 10. (GeV/c)y’

2o 2
» binning with 3 variables (t,Q?,v) or 4 variables (t,$,Q?,v) o :g}_: ; 1;38 Egg;z;—g } GK model  from Goloskokov & Kroll

» Different bining in t 17



Possible next steps for DVCS

_|_ —_
v' DVCS andthesum .= do< +do—

=> ¢, ~ (Im#)? final conclusion using all the data sets 2012, 2016, 2017
2>s, ~ ImH
constrain on Im#A and Transverse extension of partons

.|_ —_

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

Global Fit KM15 Global Fits using PARTONS framework
Compared to GK Model GK Compared to GK and VGG Models
Kumericki, Mueller, NPB (2010) 841, private com. Moutarde, Sznajder, Wagner, Eur. Phys. J. C 79 (2019) 7, 614
25| 0% = 2GeV? " [-- Gk | a2 PARTONS global Fit ... GK
20l — KMI5 || PARTONS Neural Network - VGG
L 15 g to reduce the model depe_n_dencym
:: Lol PARTONS Fits N 2018 EARTONS Fis NN Z0IS
03 for t=-0.3 GeV? and’| Q2= 2 GeV?
0.0

2 2 9 3
L
15| i \ < = = E -10
> 10t E' . % T
ga- . s = _20-_
st D _
0 S D —— — 05 ' -30;
=5t t=—0.3GeV?
1073 107 101 10° 6 105 104 10° 102 10- 100 P 5 2 5 2 1 0
g - 10- 10- 10- 10- 10- 10
&~ ocB/(Z-wB) E~ ocB/(Z-ocB)

Reminder with BCA: ReH <0 at HERMES
>0 at H1 (but not used in PARTONS?)

ReH is still poorly known (importance of DVCS with pu* at COMPASS, e* at JLab or TCS at JLab and EIC)



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

For Pseudo-Scalar Meson, as 1t°

chiral-even GPDs: helicity of parton unchanged

Hi(x, & 1) B, & 1)
chiral-odd or transversity GPDs: helicity of parton changed

H.?(a;’, g, t) (as the transversity TMD)

related in the forward limit to transversity and the tensor charge

qu. =2 H-i-’ + qu. (as the Boer-Mulders TMD)

related to the distortion of the transversely polarized quark
distribution in the unpolarized proton and to its
transverse anomalous magnetic moment

oy is 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



GPDs and Hard Exclusive t° Production

dioy,, , d%o.: S d* fT}, p do doy, . dopr
2 B +e— + 20
dQ2dvd|t|d¢ PQ% v By d|t|de {l| \do y di ‘ i € cos (2) di
doy doy
+/2€¢(1 +€)cos ¢ T ZF|P£|\/ZE (1 —¢€)sinao T
( (
With both ﬁ* and ﬁ beams we can build: At COMPASS (e)= 0.997 1P|\/2¢(1— €) ~ 0.06
O the beam charge-spin sum,
iNn-1i H 1 e
or spin-independent cross section oo o [ (1 &)|(H))” - 26 Re [<H} <E>] 41113{3“ )| ]
2 2 4 1 ‘ ‘ t.r . ‘
= $oyp _ i(ﬂ N m) o |- HD - 5| B,
dtde dtdg | dide dore U — 0
> e ]
@ the difference {
ot 2 WL T VT e [t
= ( Typ -( {TY I}) | (1UL1 5 - . .~
didep = dide x &y/1 &2Vt Im [(H1> (E) + (E71) (H)]




COMPASS 2016

Exclusive 1t° production on unpolarized proton

Comparison between the observables given by the spectro or by CAMERA

pp>ppn

1) ﬂ(}'} — (p{'fllli _ q}}cpv(-
2) ﬂ.p—r — I)T{'Hm pTHI]H_

Good description of the data

with MC including

Exclusive ®t° production (HEPGEN)
+ Semi-inclusive ©° production (LEPTO)

Good agreement between
- -
u* and p yields

1

Entr
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8
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COMPASS 2016 Exclusive ©t° production on unpolarized proton

+ + 0
H p 9 u Tc p l {'I.EG' ++ {'EE.D' _) _ 1 ( dﬁTL df-r']' n .94 dlf]—']"']" n ,.f"{"}(]_——l— b d{ILT COMPASS
ut bea.ms Wlth- | W\ dtdo. T dtdo. ) 2w |\ T sl w7 €COS 20— V <€ €) cos ér at <xz>= 0.13
opposite polarization | ¢ close to 1
do [P v oy | dor V|2 t’ = (2| | 2T oc t ooy |2 ILT . V=t \*/ = \*/ 7]
Lo ()| = g |(E)| | (S oe WD — 5 [Bn)[* | | " > gz B | | % o 5 Re [ (Ho)™(E) + (Bx)(H)|

dt X 2 Q Y,

Fr%=2/3Fu+1/3 F¢  (HYH9) (E“ E9) (HY. H?.) of opposite sign (E“ E°.) of same sign =» clearly enhanced

. S . . contribution
').‘:, mn COMPASS preliminary |
2| new< | ° o S. Goloskokov, P. Kroll, EPIC47 (2011)
S 12} (e 'p’ _ ] 30 - | - | : .
—~ v € [6.4,40] GeV W=3.83 GeV
T-"f % 10 Q* € [1,8] (GeV fe)? Q*=3.44 GeV* |
- tl e [0.08, 0.64 {('}{1\.-",-“?-]2 Loy
8 ' ' 220 T . . .
( } g | Typical dip of the cross section
o : ) _ ~
| x;>=0.134 ; $ Colf as a function of -t’= -(t-t,)=|t|
| <W>=4.1 GeV s | |t,| =102 GeV?
2l <Q2?>=2.3 GeV? | i o o
I I I I I I 0 N 1 i e ..
0 0.1 0.2 0.3 0.4 0.5 0.6 0.2 0'; 06
1] (GeV /c)? t[GeV7]
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COMPASS 2016

Exclusive 1t° production on unpolarized proton

+ + 0
H p 9 u p 1 d20-+ dz )_ 1 ( dJL dg-—_r {'EET']"']" mﬂﬂfﬁ 0 d‘ULT COMPASS
ut bea.ms Wlth- | N\ Ttdo. T dds. 1T 2 |\ I /= L BT <xz>=0.13
opposite polarization ’ g closeto 1
tf ~ |2 a ld — '.'3- a t’ — 2 a —t! * = —_— %,
P oe ()] = gz (BN | |ec WD — s (B | |7 > 15 B e = o Re ()" (B) + (Ex)" (D)
t : ‘ 8m 3 m m

Fr%=2/3Fu+1/3 F¢  (HYH9) (E“ E9) (HY. H?.) of opposite sign (E“ E°.) of same sign =» clearly enhanced

. y . . 35 . . . . contribution
= 1 COMPASS preliminary Ly ¥'p—n'p COMPASS preliminary
- Nl 141 ® 2016 data 1 - = . ve [6.4,40] GeV ® 2016 data
Ellc new 2z 305 Qe L8 (Gev/ep? “ f{d)= (A + B cos(26) + C cas(6)
O 12t o a0y ] <) t] € [0.08,0.64) (GeV /c)* o= ot osiag) + L cosien
- v € [6.4,40] GeV —_ 25 doT doL n 1+ 0.9 nb
<= 10 Q? € [1,8] (GeV [c)? T %L—'% ( Te ) = (6.6 +0.3stat " 8‘ sys ) (GeV/c)2
e f| < [0.08, 0.64] (GeV /c)? = 2.0 dorr _ +0.3 nb
g S 14 I ar) = (246 £ 05xac” g3l,.) (Gav/ep
dOLT + 0.2 nb
1 | (€)= 0.997
4L <xg>=0.134 ] Lor T
<W>=4.1 GeV 3 ¥ | 6| almost as large as
of R 0.5k S TT
<Q?>=2.3 GeV
{l 1 1 i i i i {] {] 1 1 i i i i 1 GT + 8 GL
0.1 0.2 0.3 0.4 0.5 0.6 3 2 1 0 1 2 3

= impact of E;

G ; rather small

It] (GE‘,VIJ’(_:]Z

Cross section for v € [6.4, 40] GeV and Q? € [1, 8] GeV?

@ (rad)

<xg>=0.13
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COMPASS 2012-16

Exclusive ©t° production on unpolarized proton

2016 kinematic domain: Cross section for v € [6.4, 40] GeV and Q? € [1, 8] GeV?

2012 kinematic domain for comparison:

—_ T T
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COMPASS 2016 Exclusive ©t° production on unpolarized proton

Evolution of the cross section withv: o N when v 7
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COMPASS 2016

Exclusive ©t° production on unpolarized proton

Evolution of the cross section with Q?: o~ when Q2 7
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COMPASS 2016 Exclusive ©t° production on unpolarized proton

Evolution of the structure functions with v and Q? E |: '=
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COMPASS 2016 Exclusive ©t° production on unpolarized proton

Evolution of the structure functions with v and Q2
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Lessons on experiments with data collected with {+ and {- beams

For ex: 6* = (¢ 6, + 07) + @ c0s2( 67 + b cos) o7 + ¢ sind G-

With polarized electron beams we change continously from one to the other polarization to build directly only 1 observable:
asymmetry = (N+-N-)/(N++ N-) gives the sing term with small systematic errors

Richness but complexity dealing with runs with €+ and €- beams =» we build 4 correlated observables or cross sections:

c? =» Constant, cos ¢, cos 2 ¢ and sin ¢ terms

G =» Constant, cos ¢, cos 2 ¢ and sin ¢ terms
c*+o = Constant, cos ¢, cos 2 ¢ terms
ct-oo = sin ¢ term

v Necessity of accurate acceptance and efficiency determination
v" Requirement of detector stability for £+ and £- runs not taken at the same time
v’ Background depending on the lepton flux (recommendation to use the same lepton flux)

v’ Relative positions of background (mainly electrons) and signal are not located at the same place
in the detectors with £+ and - beams = precise MC description

v’ Radiative corrections of opposite sign for £+ and £- for the 2 photon exchange (to be discussed with A. Afanasev....)



