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Introduction
® -

Classical quark-parton-model (QPM):
Nucleon described as longitudinal beam of fast moving quarks
Assumptions:
o No transverse momentum
— Only longitudinal momentum fraction (xg;)

o Quarks are free
— No interaction between quarks considered

Structure of nucleon expressed by structure functions
Fi(xs;), F2(xs;) (unpolarized)
g1(xsj), g2(xsj) (polarized)
Structure functions o Parton Distribution Functions PDFs(xg;)
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Generalized Parton Distribution functions (GPDs)

Consider transverse extension of the nucleon

= Generalized Parton distribution functions (GPDs)

Exclusive photon production:

Y*N — yN

4 GPDs for each quark flavour

ﬂF(X,{7 t) Ef(x>£7 t) Spln ﬂlp
Hf(x,&,t)  Ef(x,&,1) No spin flip

Set of kinematic dependence:

o x, & — longitudinal momentum fractions
xgj ~ 2£/(1+ £), x — internal variable,
model dependent

o t — momentum transfer to nucleon squared
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Spacial distribution of quarks in the nucleon

o Momentum space to position space:

A — b (Fourier Transformation) <P
b:Impact parameter =
(transverse position respect to proton c.m.)) 5/7
o Forward limit £ =0 ., T
&=
\.@{S‘

Probability density function
qf(Xv b) = ﬁ? f deriib-AHf(va = Oa t) J

Interpretation:
Probability to find a parton (flavour f) having a longitudinal momentum xP at a
transverse distance b

— Tomography of the nucleon
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Generalized Parton Distribution functions (GPDs) Il

GPDs not experimental observables
— expressed by ...

Compton Form Factors (CFFs)

HED  EE1)
HE D) EEr)

CFFs complex numbers

ReH(¢, t) < P [1 dxH(x,¢, t)s
ImH(E, t) L H(EE €, 1)

Exclusive photon production:
YN — yN
= Sensitive to CFFs
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Exclusive photon production @ COMPASS

Deeply Virtual Compton Scattering
(DVCS)

p+p—p +p 4y

Bethe-Heitler (Bremsstrahlung)

— same final state + <

S
;m»: / P
/’/\\/ /;5/1\/
Cross section of excl. photon production:
o(up — Wvp') = opves + osH + Tine. J
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Measurement @ COMPASS

Kinematic dependencies:

o @ : 4-momentum of ~v*

o v : Energy of v~ HZ 'Y* Y e
o t : Momentum transfer to proton /u/' 7\
o ¢ : Angle between scattering ¢\ P
plane (v*) and production
plane (7)

= Measure angular distribution of real  Data taking @COMPASS:

photon o 2012 test run for 4 weeks

Identify exclusive photon events: — Analysis finished and published

Incoming muon o Long runs dedicated to DVCS in
Scattered muon . 2016/17
. overconstrained . .
Recoil proton — Analysis ongoing
Real photon
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COMPASS setup (2016/2017)
Analysis of 2016 data

Results of 2012 analysis

8/27 Johannes Giarra (KPH Mainz) EINN2019 31.10.2019 8/27



9/27 Johannes Giarra (KPH Mainz) EINN2019 31.10.2019 9/27



COMPASS spectrometer setup (2016/17)
Two staged forward spectrometer SM1 + SM2

o Liquid hydrogen target (2.5m, @4cm)

o Proton recoil detector ( )

o ECALO, ECAL1 and ECAL2 (Photon detection)
o Muon trigger system (D)

~ 300 tracking detector planes

ECAL2
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ECALO:
Sampling calorimeter (lead scintillator sandwich)
~ 2 x 2 m2, hole 60cm x 84cm
194 modules each 9 cells (4 x 4 cm?)

a“'m Wl e R

ECAL2

Inner & outer ring each 24 scintillator slabs
TOF measurement
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The road to the DVCS cross section

DVCS event
selection

Dataquality Luminosity

* Spill profile

* Target
position
® Spectrometer

performance * Muon flux

Monte-Carlo
HEPGEN LEPTO

* Acceptance
® Background estimation
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Target position (

Only p interact with liquid hydrogen
=Define radial target cut

Y/cm

X/cm -1

e Target bent in vertical direction -2
e Gaseous hydrogen S A S —
— additional cut X/cm

Y /cm

i
“100 7 /em
31102019 1327

L
-200

L
-300
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Dataquality checks

Stable flux conditions: o 16210
o Slow extraction of SPS beam & a
o Intensity rises b Lot o Lt
o Flat top for ~5s 120~ et e et e
o Intensity drops Wb
o Interested in flat top region Bi .
— =+ 15% of flat top avg. E e
- . . 61—
o Define begin and end of spill F
(Time in Spill window) o
o Relevant for flux analysis 2;_
7 : E.
(typ. Flux ~7-10" p/spill) bt

TiS/s
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Dataquality checks

6

Stable flux conditions: o 16310
o Slow extraction of SPS beam b
. . - flat top R
o Intensity rises r o R . .
o Flat top for ~5s 2= e T i
o Intensity drops e
o Interested in flat top region o .
— =+ 15% of flat top avg. Foe
o
o Define begin and end of spill -
(Time in Spill window) =
o Relevant for flux analysis &
(typ. Flux ~7-10" p/spill) ot ]
Begin of spill End of spill TiS/s
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Selection of exclusive single photon events

Select incoming muon Cuts:
— Use same selection as for muon flux

©

Incoming u:
o Search scattered muon

A ) o Track would pass full target length
o Vertex with only one outgoing

charged track (same charge as inc. o 140 GeV/c< p <180 GeV/c
muon) .
o Sufficient momentum transfer to Scattered p:
proton o @ >1 (GeV/c)?
o Get real photons 0 0.05 GeV/c< y <0.95 GeV/c
o Check for a single photon Real photon:
o Photon energy above a defined
threshold in one ECAL o ECALO thr. = 4 GeV
o Get recoil proton canditates o ECALL thr. =5 GeV
o TOF measurement o ECAL2 thr. = 10 GeV

o ldentify proton candidates )
. Proton candidates:
— Improve event selection by

adding “exclusivity cuts” ° f>0.1

15/27 Johannes Giarra (KPH Mainz) EINN2019 31.10.2019 15 /27



Exclusivity cuts

Difference between spectrometer prediction and CAMERA measurement

8 COMPASS p DATA 2016 e + g COMPASS p DATA 2016 s +
w 600 PRELIMINAR H @ F RELIMINAF H
& . & s00F i
= % - = E -u
‘B 500F 4 H i+
8 't Azimuthal angle: a00f-
o 400F Y i A¢ — ¢meas _ d)pred
300
300f * 4
200F- $ b Vertex pointing: 200f
__7meas_7zpred
100~ + .3 AZA_ZA -ZA 100
sot¥ o, + i
Rmierss e . ta
%5 04-03-02-01 0 01 02 03 04 05 l‘O 1'0 75 o]
A (rad) AZ, (cm)
§ COMPASS p DATA 2016 . ?v\;‘ s00f- ‘COV‘V“PASAS‘pDAT‘A 2016 -
[} 1000}~ PRELIMINARY , > NA N
E +1s - 8 800F- b -
2 e
S 800 Pt balance: Q TF i
2 _ pmeas pred N oo
E 600 Apt =P — Pt % 500
+ ¢ = +
2 400F-
400 R 4-mom. balance:* | E + *
2 _ X 2 +
200 + * M)( = (Pl - Pf) 200F “ *g*
>
- - »,
o . 100 *ses
Q! 1 L o) TV TP TP POT PRI P v 2]
403 02 01 0 01 02 03 04 B5-04 0502006162765 04 05
Ap, (GeVie) M2 ((GeV/c?)
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First results of 2016 analysis

First presented at DIS2019

D 2400 D 700F 53

el COMPASS p DATA PRELIMIN o COMPASS p DATA PRELIMINARY © COMPASS p DATA PRELIMINARY

Q 2200 g 8

2k B0CGEVSvV<144GeV | papy B of 32GeV<v<80GeV ,pga P 10GeV<v<32GeV , pata
2 -MC Z ~Mc £ 200k —Mc

i} w w

1600~

3 500~ ++ +

1400f
1200F
1000f~ 300§ 100p=
+ t
+
s00f- .+.+
50*‘++++ +
400
100)
200 -
P AP AP PP s YL FRETL FETEY PRTTE FPPH P b b b o T
-150 -100 -50 O 50 100 150 -150 -100 -50 O 50 100 150 ~150 -100 -50 O 50 100 150
9., (deg) 0., (deg) 9, (deg)

Only 13% of the 2016/2017 data set
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Contribution of the Bethe-Heitler

BH process very well known over a wide kinematic range
— MC sample for the BH (HEPGEN)

COMPASS p DATA PRE

80 GeV < v < 144 GeV

Entries/22 deg
8

T

1600F

1400F

1200F

1000f

800F

600F

400

200F

« Data|
-MC

1
-150 -100 -50 O 50 100

o (deg
Tt

150

)

Handling BH contribution:

Entries/22 deg

600)

500)

400)

o Kinematic range where BH is dominant
— Normalice real and MC data according their luminosity
— Cross check of luminosity

o DVCS contribution by substracting the BH from the data
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Contribution of the Bethe-Heitler

BH process very well known over a wide kinematic range
— MC sample for the BH (HEPGEN)

COMPASS p DATA PRE

80 GeV <v <144 GeV , Daal
-Mc

Entries/22 deg
8

T

1600F

1400|

1200f

1000|

800)

600)

400)

200)

1 1 1
-150 -100 -50 O 50 100 150

0 (deg)
rr

Handling BH contribution:

Entries/22 deg

600)

500)

400)

>
COMPASS p DATA PRE % COMPASS p DATA PRELIMIN
S
F 32Gev<v<80GeV ,pata 2 10GeV<v<32GeV ,pata
-Mc = 2 -MC
+‘+‘ w +

+

100~

o Kinematic range where BH is dominant
— Normalice real and MC data according their luminosity
— Cross check of luminosity

o DVCS contribution by substracting the BH from the data
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Contribution of the Bethe-Heitler

BH process very well known over a wide kinematic range
— MC sample for the BH (HEPGEN)

2 2400) B 700F b4
© COMPASS p DATA PRE © COMPASS p DATA PRE © COMPASS p DATA PRELIMIN
g oo g 8
S 80 GeV<v<144GeV , patal S o 32GeV<v<80GV L pgap 2 10GeV<v<32GeV ., pata
8 20
2 -Mc £ -Mc z oo -Mc
L 1800 i +.+. ]
500~ +
1600
100 . ol +
«f  [nterference
1200}
1000) 100l
800] + +
600) *_ _+.+ +‘+‘+++
400) *) ++-+-

200)

1 1 1
-150 -100 -50 O 50 100 150

0 (deg)
rr

Handling BH contribution:

o Kinematic range where BH is dominant
— Normalice real and MC data according their luminosity
— Cross check of luminosity

o DVCS contribution by substracting the BH from the data
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Contribution of the Bethe-Heitler

BH process very well known over a wide kinematic range
— MC sample for the BH (HEPGEN)

2 2400) B 700F b4 MIN
© COMPASS p DATA PRE © COMPASS p DATA PRE © COMPASS p DATA PRE |
& 200 g 8
2 80 GeV < v <144 GeV , pata T of. 320eV<v<80GeV L pata 2 10GeV<v<32GeV , pata
8 20
2 -MC £ -Mc = 2o -Mc
L 1800 i} +.+. ]
500~ +
1600
w00 oF ol
Interference DVCS
1200| .
dominant
1000) 100
+ 1t |
600) *_ _+.+ +‘+‘+++
400) *) ++-+-
200]
1 1 1 1 1 1
T 0 0o 0w s T T R R R T T R SR T
L (deg) 0” (deg) 0. (deg)

Handling BH contribution:

o Kinematic range where BH is dominant
— Normalice real and MC data according their luminosity
— Cross check of luminosity

o DVCS contribution by substracting the BH from the data
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Status 2016

DVCS event
selection@

Dataquality Luminosity

® Target

position @
* Muon flux
&,

¢ Spill profile

® Spectromete
performance

Monte-Carlo
HEPGEN LEPTO

* Acceptance M

‘o

* Background estimation -,

RS

N
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20/27

Continue with 2012 data

Binning (2012)

1(GeV/c)> < @ < 5(GeV/c)® 4 bins
0.08 (GeV/c)® < |t| < 0.64 (GeV/c)? 4 bins
— < Pyriy < m 10 bins

10 GeV < v < 32 GeV

Johannes Giarra (KPH Mainz) EINN2019 31.10.2019
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7% Background

Photons via decay of
70 — vy

One photon as exclusive photon
(above ECAL thr.) detected 4

70 production channel: 4

o Exclusive: pi+p — p+p+7°
o Semi inclusive: u+p — p+ 70+ X
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Handling the 7° background

Scenario 1:
o Both v are being detected
o Contribution can be extracted directly from the data

Method:
o Combining “high” energetic photon to all other photons (Ey < ECALg,)
(within one event) = photon pairs
— Invariant mass spectrum
= 7o peak

120 D Data
D Excl.n® MC
[ erromc

100

Entries
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Yield of Monte-Carlos |

Scenario 2:
o One photon escapes detection

o MC Simulation is needed to describe the data
exclusive 7o production (via HEPGEN++)

Simulation of ... semi-inclusive mo production (via LEPTO)
Yield of each MC to describe the data?
Idea:

o Choose variables sensitve to additional particles in final state (semi inclusive)
o Fit the MC samples to the shape of the distribution in the data

$ 150__ D Data

'5 Excl.x® MC + Lepto MC
c ] D Excl.x°MC

1N]

o I
ql -05 05 1
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Acceptance a(Q?, |t|, ¢)

— v DVCS domain

o~ 0.64 .

03 *
Vb nety :to’:zoh: b “*t

t4 “:“H*“

GeV/c

~0.50 |,

It

b RARY
o2t g deg, te RS SRR 03'*” tad ‘4 3*:

Acceptance

0.36 I,
4 -
v Lovveneenns fratrreen s Lt ey [ beam

0.22 |,

e L et P e, -n,-gn,...,gn,n

Q? (GeV/c)?
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Analyse the t-slope of the cross section

To go from pp to v*p:

ot do? ? by multiplying with

dPdvdddt  dtdd

1

M(Q?,v, E,) : Flux of transverse virtual photons

(A

No ¢ dependence observed %5 a) 06
. = -
= add up ¢ bins > 7 | =
Sy 1 05
H B|t [ ! v
fit oc eBltl ol | * . 04
L4 *
4r 0.3
—10%¢ : [
~ :<xs‘)=04056 (v)=19.2GeV (&)=0.029 3+
"{,‘ [(Q )=18(GeVic} (W )=58GeV/c’ | ® coMmpass: <Qi> = 1.8 (GeV/c) this work 0.2
S : 2+ 4 ZEus: <Q’> = 3.2 (GeV/c) JHEP 0905 (2009) 108
() [ AH <@'> = 4.0 (GeVic) Eur. Phys. C44 (2005) 1 0.1
(D 1+ ¥ H1 <Q’> = 8.0 (GeV/c)
~ LW oHL <Q’> = 10. (GeV/c) Phys. Lett. B681 (2009) 391
Qo 0 L L 0
£ 10p 10 10° 102 10"
fonl C XB] /2
Q. L
> I —B =4.31%0.62 (GeV/c)?
Tl= | 1(©@eVicP<ai<5@Geviof
o |© 10 GeV <v <32 GeV
=l Toi 02 03 04 05 06
© : : : : y y arXiv:1802.02739
° It| (GeV/c)?
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Analyse the t-slope of the cross section

To go from pp to v*p:

dohP do P R . 1
c/deayc/d)dt — $d¢ by multiplying with T(@®vED

M(Q?,v, E,) : Flux of transverse virtual photons

No ¢ dependence observed %5 a) 06
= add up ¢ bins > 7 | =
05 N
o ! a
. Blt| o O , v
fit < e AL I
2\ 2 5 0.4
(ri) =2B(xg))h? 5 | *
r 0.3
—10%¢ : [
3 F ()= 0056 (v)=192GeV (£)=0029 3
S F(Q )=18(GeVcf (W)=5.8 GeVc? | o compass: <q'> = 1.8 (Gevic) this work 0.2
S |- 2+ 4 ZEus: <Q’> = 3.2 (GeV/c) JHEP 0905 (2009) 108
() [ AH <@'> = 4.0 (GeVic) Eur. Phys. C44 (2005) 1 0.1
(D 1+ ¥ H1 <Q’> = 8.0 (GeV/c)
= I omoHL <Q’> = 10. (GeV/c) Phys. Lett. B681 (2009) 391
o 0 L . 0
£ 10p 10 10° 102 10"
fonl C XB] /2
o [ 2
- | —B=4.31+0.62 (GeV/cy
2\ +0.01
T = 1 (GeV/cf < O < 5 (GeV/c) <rJ_> - (0'58 + 0.04stat —0.02 |5y5
a |© ) 1o<;ev7v<32(;evJ J J | i0~04model)fm
F,
| Toi 02 03 04 05 06
© : : ' ’ y y arXiv:1802.02739
° It| (GeV/c)?
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Thank you for your attention.



