Journal of Modern Physics, 2013, 4, 879-885

o5 Scientific
http://dx.doi.org/10.4236/jmp.2013.46119 Published Online June 2013 (http://www.scirp.org/journal/jmp)

#3% Research

Numerical Calculation of Normalization Factor for the
Analysis of Azimuthal Asymmetry Amplitudes Related to
Deeply Virtual Compton Scattering

Hrachya H. Marukyan
AL Alikhanyan National Science Laboratory (Yerevan Physics Institute), Yerevan, Armenia
Email: maruk@mail.yerphi.am

Received February 21, 2013; revised April 1, 2013; accepted May 2, 2013

Copyright © 2013 Hrachya H. Marukyan. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

ABSTRACT

Numerical calculation of normalization factor in a maximum likelihood technique providing a bin-free fit in azimuthal
angles to the data is presented. It can be used for simultaneous extraction of asymmetry amplitudes with respect to the
combined dependence of the cross section of hard exclusive leptoproduction of real photons on transversely polarized
protons on beam charge and helicity and target transverse polarization. This method of data processing can reveal pre-
viously unseparated contributions from deeply virtual Compton scattering and its interference with the Bethe-Heitler

process.
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1. Deeply Virtual Compton Scattering

Deeply virtual Compton scattering (DVCS) is one of the
cleanest processes that used to constraint Generalized
Parton Distributions (GPDs) [1-3] via Compton Form
Factors (CFFs). Such CFFs are convolutions of corre-
sponding GPDs with hard scattering coefficient functions.
The five-fold differential cross section for the exclu-
sive leptoproduction of real photons from a transversely
polarized hydrogen target reads [4]
d’c o xe’ |T|
dx,d0’d[f|dgdg;,  32(2n)' 0" Vi+e?
Here, e is the elementary charge, x, =Q’ / (2p-q) is
the Bjorken scaling variable, where p is the proton’s four
momentum and Q° is the negative square of the four-
momentum of the virtual photon ¢ that mediates the lep-
ton-nucleon scattering process, ¢ is the Mandelstam vari-
able, which is the squared momentum transfer to the tar-
get nucleon, &=2x,M / Q* with M, the proton mass
and T is the reaction amplitude. Two azimuthal angles ¢
and ¢s appear in the cross section in the case of trans-
verse polarization of the target. The angle ¢ is defined as

2

(1.1)

Ky

the angle between the lepton scattering plane and the real
photon production plane, while the angle ¢g denotes the
angle between the lepton scattering plane and the com-
ponent of the target polarization vector orthogonal to the
momentum of the virtual photon

The initial and final states of the DVCS process are
indistinguishable from those of the Bethe-Heitler (BH)
process, which is elastic lepton-nucleon scattering with
the emission of a bremsstrahlung photon by the lepton.
Hence the cross section contains the coherent superposi-
tion of the BH and DVCS amplitudes:

|T|2 =[Tsu |2 +|Tmcs|2 +1, (1.2)

where =T p,csT oy +TpyesTsy  denotes the BH-
DVCS interference term. The BH amplitude is calculable
to leading order in QED using the form factors measured
in elastic scattering. The interference term / and the
squared DVCS amplitude [Tpycs|* in Equation (1.2) pro-
vide experimental access to the (complex) DVCS ampli-
tude through measurements of various cross-section
asymmetries [4].

Each of the three terms of Equation (1.2) can be de-
composed as a Fourier series:

|‘TBH |2 _ @—{ZZ: ci;p cos(ng)+AS, [icﬁlp cos(g— g )cos(ng)+ s, sin (¢ — g )sin(¢)}}, (1.3)
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2 ol ~, .
|‘TD,,CS|2 =Kpes {Z cff,;,s cos(ng)+ s, e’ sin (@)

n=0

2 2
+S, {Z el sin(@— g )cos(ng)+ > s2s cos(¢ —¢S)sin(n¢)} (1.4)
n=0 n=l1
1
+AS, {Zc%ﬁf cos(g— g )cos(ng)+ s, sm(¢—¢s)sin(¢)}},
n=0
I= L{Z}:CI cos(n¢)+/1[22:s' sin(n¢)}
G’l (¢)@2 (¢) = n,unp ~ n,unp
3 3
+S, {z ¢, 1p_sin(@—gg )cos(ng)+ D sy p, cos(d— s )sin(n¢)} (1.5)
n=0 n=1
2, 2, ) )
+AS, {z ¢y 1p, COS(P— g )cos(ng)+D s, rp_ sin(g— g )sin (n¢)}}
n=0 n=l1
The symbols K,, = 1/[ (1 +é’ } pres 1/ Co.rp+
and K, = 1/(xB yt) denote kinematic factors, where y is 8 M, - K _ )2 (1.6)
1 1
the fraction of the beam energy carried by the virtual 1 y +21Crp +AC, o,
photon in the target rest frame and e, stands for the
(signed) lepton charge in units of the elementary charge. 8 M, -
Also, 2 = +1 and S, are respectively the helicity of the Clypy = y(2-y)ReCy,,, (1.7)
lepton beam and the magnitude of the component of the
target polarization vector that is orthogonal to the direc- 8 M \/—
tion of the virtual photon. The subscript “TP” is used for S\ pp. = y(2-y)ReC;,_. (1.8)

BH terms, while the subscript “TP+” (“TP-") is used for
DVCS and interference terms containing cos(¢p — ¢s)
(sm(¢ ¢s)). The BH coefficients c,. , ¢, and

s;rp in Equation (1.3) depend on electromagnetic elastic
form factors of the target, while the DVCS (interference)

DVCsS 7 DVCS 7 Dycs
n,unp (cn,unp ) H Sl,unp (sn,unp ) s Cn,TP+(—)
DVCS

(C,f,rm(f)) and Sn,1P+(-)

GPDs. The squared BH and interference terms in Equa-
tion (1.3) and Equation (1.5) have an additional ¢ de-
pendence in the denominator due to the lepton propaga-
tors P1(¢p) and Py(¢) [4,5]. The Fourier coefficients ap-
pearing in the interference term can be expressed as lin-
ear combinations of CFFs [4], while the coefficients from
the squared DVCS term are bilinear in the CFFs.

The coefficients of particular interest in Ref. [6] were
L s S S e, and s, which
relate the double-spin asymmetries involving transverse
target polarization. (The dependences of beam-charge
and charge-difference or charge-averaged single-spin
asymmetry amplitudes on remaining Fourier coefficients
in Equations (1.3)-(1.5) were discussed in previously
published HERMES papers [7-10]). The leading (twist-
two) coefficients ¢yp, . Crp, and s, can be ap-
proximated as [4]

coefficients c¢

I . .
(sn)n”(f)) involve various

Copyright © 2013 SciRes.

Here, K is a kinematic factor and the C-functions
Cip.. Cl,_and AC,,, can be expressed as linear com-

bination of four CFFs (H, E, # and & ) and the Dirac
and Pauli electromagnetic form factors F and F,, respec-

tively:
2 2
2-x, 2 aM’

C;P‘f :(Fi +F‘2){

2
7 E(ﬂhx—f*f}% 4 1=% xBF}[ (1.9)
2-x, 2 4Mp 2—x
x2
_(xBF;+ —Bx FZJ@},
B
t
Crp_ = ~ (x;Fi (1-x,) zeJ}[
B P
2 x2
+ 2—-x, ) F+—2—F |+—2—F € (1.10
4M127 (( B) 1 —XB ZJ —X, 1 ( )
2
S (F+FZ)[}~[+ J,
—x, 2
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- X X -

ACy,, = —MLZ{FZJ{—ﬁ(FI +7BF2]E} (1.11)

Note that even if the cross sections were measured for
all eight possible combinations of beam charge and
helicity and target polarization, at fixed O” it would still
be impossible to separate the coefficients c;7, (sf;)
and ¢, pp, (szVPCf) . Nevertheless, the BH coefficients
can be calculated from the measured elastic form factors.

2. Azimuthal Asymmetries

The asymmetry in the cross section of a longitudinally
polarized electron/positron beam off a transversely po-
larized hydrogen target, which embodies the essential
features of the Fourier coefficients in Equations (1.3)-
(1.5), can be defined through

do =do,dx,dQ’d|l|dpdgs[1+e,4.(p)
+AA4; (9)+S, A (4.65) + e, Ad], ()
+e,S, Ay (4.45)+ A8, A5 (4.45)
+e,AS, Al (4.45) ]

Here, doyy is the differential cross section of produc-
tion of real photons from scattering of an unpolarized
lepton beam on an unpolarized hydrogen target averaged
over both beam charges. The seven asymmetries pre-
sented in Equation (2.1) are defined as

Q.1

4 = ﬁ[(af&; +d6] +d6T+d5T) )
~(d; +d5; +d5; +ds)) ),

DVCS
A =

- [(46; +d; +d5; +d57) o)
~(d&; +d5) +d5; +dé)) |,

42V _ dolw (45 +d&; +d5; +d5; ) o
~(d&} +d5) +d5] +dé) )],

Al = ﬁ[(d&{ +d&] +d5; +d5T ) o5
~(d; +d5] +d5; +ds))),

~(d&] +d&] +da; +d5r_)}’
L piDIcs :ﬁ[(daﬁ +dG; +d5| +d5 ) 2.7
~(d6} +d5G; +d&; +ds; )]
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4l :ﬁ[(d@* +d&] +d5] +d5; ) o)
~(d&} +d6; +ds; +ds) ],

where the + (—) sign stands for lepton charge and hori-
zontal (vertical) arrows for beam (target) polarization
states. The experimentally measured quantities are the
trigonometric cos(n¢) and sin(n¢) moments (amplitudes)
of the above defined asymmetries

2n
A7) = % [ Acos(ng)dg, (2.9)
0

o) L [ 4sin(ng)dg. (2.10)
F 0

Here, F is the normalization factor and is equal to 2x
when n =0, and T when n > 1.

When extracting the asymmetry amplitudes from the
real experiment, one deals with the measured beam and
target polarization values, which are not equal to =I.
Moreover, they can be different for different data sets. In
order to account for these imbalances in the luminosity-
averaged beam and target polarization values an appro-
priate normalization needs to be applied. In this case the
distribution in the expectation value of the measured
yield can be written through the integrated luminosity £
and values of the beam and target polarization P, and Sr.
The number of events dN in a small time period dr and
phase-space interval dx = dQ’dxzd|f/d#d s can be writ-
ten as

dN (x,7)=L(7)drdxdo, (x ){1+e[AC (x)

+B,(7) Ay (x)+Sp () 457 (x)
+e, P, (Z’)ALIU (x)+e,3ST (z’)AéT (x)
+F,(7) Sy (v) 47 (x)

+e, P, (T)ST (z’) A, (x)} .

It is convenient to introduce an effective charge P as
a product of beam charge with beam and target polariza-
tion P, = e, P, Sy and change an integration variable
from time 1 to effective charge P,y then integration of
Equation (2.11) over P, for different states gives

@.11)

N dN(x P ) -
p,>o,sT[O,QFH ddp, 4 v (%)
[ 1+ e dc (x)+ BT (x)+ 8745 (x) (2.12)
+e/I_P3+TA£U (x) + e€g+TAL1/T (x)
BT A S ()4 B ()],
IMP
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N dN(x P ) -

N+~LE —’gffdpe”:L%Ldo_ x
P/>0,STJ;0,¢>,:+1 dxd})qf ) uu ( )

[l-l—e,;AC (x)+fp3+¢AfUVCs (x)+g+lA£TVcs (x) o1

+e€ﬁ’+¢AZU (x) + e(S”ALI,T (x)

+E’D+¢§+¢Af;{+DVCS (x)_{_eéﬁ'yig-wALIT (x):|’

N dN(x P ) B

N+T = —Bgﬁ"d})e _ ]L+Td0_ .
P/<O,STJ;0,¢>,:+1 dxdP,; o U ( )

[l (+ B (45740 () 1)

+e€I§’+TAZU (x) + eS*TALI,T (x)

+I§>+T§+TAZBJTII+DVCS (x)_i_e(PmSmAZT (x):|,

N dN(x P, ) B
NN = —’E//df; _ Hjldo‘ .

P<0,57 <0, =+1 dxdP,; off UU( )
[1+e/AC(x)+I@+¢AfJ(‘s (x)-}-g*J'ALI;TVCS (x) 015)

v, Al (x)+e S Al (x)

+IF>+¢§+LALB;1+DVCS (x)_i_e[pwgwAzT (x):|,

N dN(x. P ) )
P>0,5,50,¢,=1 ddeeﬂ i U ( )
[1 e Ac (x)+ BT AR (x)+ 8745 (x) (2.16)

+e€I§”TAZU (x) + efg’TAéT (x)

AT () e B IS ] (v) ],

N dN(x P ) ~

e —qgpdR, =Ldoy, (x
E‘>0>ST.[O,€/{:—1 dxd[)gff ol uu ( )

|:1+e€Ac(x)+IP')7‘LALDUVCS (x)+§7J’A£TVCS (x) (217)

+e[I_E’3’¢ALIU (x) + efg’iA{,T (x)
ABST AT () + e PS4 (v) ],

-~ dN(x P ) _

N = ) dp, =L doy, (x
P,<0,57>0,¢,=—1 dXdP@f?" d v ( )

[Trede (x)+PTATC () 45747 (x) (215

+e€I§”TALIU (x) + elg’TA{/T (x)

AP ()4 e BIST A, (v) ],
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| wisr,)

N = dN{x. By ) & e s
P,<0,57<0,¢,=—1 ddeeﬂ el UU ( )

[1+e,4c () + B A (452425 () 19)

+e, Pt 4!, (x)+ eStal, (x)
APET AP (x)+ e PE A () ]

where L is the integrated luminosity for the given state
(configuration of beam charge and beam (target) polari-
zation), N is the corresponding yield in a small phase-
space interval, and P and S respectively are luminosity-
averaged beam and target polarizations for given states.
Since in the analyzed data sample the polarization value
was not varying to much the averaged value |S| = 0.721
was used for all states.

Resolving the system of Equations (2.12)-(2.19), one
can represent the unpolarized cross section doyy and
seven asymmetries through the luminosity normalized
yields n = N/L for each state and polarization values P
and S. The analytical solution can be approximated by
numerical methods using the measured values for the
beam/target polarizations for the various helisity states as
input. For example, taking into account the measured
values of the beam and target polarization for data used
in the analysis of DVCS process on transversely polar-
ized hydrogen target at HERMES (see Table 1) one can
get

doy, =0.1384057"" (x)+0.13843 17" (x)

+0.1115957*7 (x)+0.1115697" (x)

)
x),

(2.20)
+0.1144967i " (x)+0.1145677"

) f(x
+0.1355047 " (x)+0.1354337 7 (
A (x)=1/doy, | 0.1384057" (x

+0138431*” x)+0.1115957*7 (x)

)
(x) (
+0.1115697 (x)—0.1144967i " (x) .21)
~0.1145677 (x)—0.1355047" (x)

(x)

~0.1354337°* (x) |,
AP (x)=1/doy, 03451237 (x)

+0.3452077* (x)—0.34512377°" ()

(

~0.3452077* (x)+0.4003907 " (x) (2.22)

+0.4007407 " (x) —0.4003907" (x)
(x)

~0.4007407 " (x ]

JMP



H. H. MARUKYAN

Table 1. The type of the beam particle, the luminosity-av-
eraged beam and target polarizations and the integrated
luminosity of the data sets used for the extraction of the va-
rious asymmetry amplitudes on a transversely polarized hy-
drogen target at HERMES experiment [6]. The data were
taken with an €' beam during the years 2003 (6.9 pb™) and
2004 (51.7 pb™Y) and an € beam during 2005 (98.7 pb™).
The uncertainties for the beam and target polarizations are
2.2% and 8.3%, respectively.

Lepton Longitudinal Transverse Luminosity
Type  Beam Polarization =~ Target Polarization [pb ']
e -0.286 +0.338 +0.721 29.1  20.1
e -0.286 +0.338 —0.721 289 20.6
e -0401 +0.323 +0.721 11.8 175
e -0401 +0.323 —0.721 11.7 17.6
Total 81.5 758
A5 (x)=1/doy, [0.1919627 " (x)
~0.1919997** (x)+0.1547787*" (x)
~0.1547427" (x) +0.1588017 " (x) (2.23)
~0.1589007~* (x)+0.1879397 " (x)
~0.17884177 (x) |,
4], (x)=1/doy, 03451237 (x)
+0.3452077" (x)—0.3451237"" (x)
~0.345207i7* (x)—0.4003907 " (x) (2.24)
~0.4007407 " (x)+0.4003907" (x)
+0.4007401i™ (x) ],
Al (x)=1/doy, [ 0.1919627 (x)
~0.1919997** (x)+0.154778i"" (x)
(2.25)

(
~0.15474277"* (x)—0.1588017i " ()
+0.1589007 " (x) - 0.1879397 " (x)
+0.17884117°* (x) ],

AZPTS (x) =1 d oy, | 04786737 (x)

~0.4787907" (x)—0.4786737*" (x)
+0.4787907" (x)+0.5553267 " (x)
~0.5558117i* (x) - 0.555326/" ()
+0.1354337°* (x) ],
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4}y (x)=1/doy, [ 04786737 (x)
+1

~0.4787907" (x)—0.4786737"" (x)
+0.478790i7" (x)—0.5553267 " (x) (2.27)
+0.5558117 ™ (x) +0.555326i" (x)
~0.555811i ™" (x) .

[N (x)dx fl (2.28)
[N () 4 () dr = 2’“/1( ) (229)

will give the total numbers of events or the normalization

N = [N () + N () + N7 () + 57 ()
AN () + R () + N7 () + R () e

Nobs
= K,(e.P.S;)[ M, +M,4.(x,) (2.30)
i=1

+M A () + MASS (x,)+ M A, (x,)
M Ay (x,)+ Mo ASTPT () + ML (x,) .

Here,

The above given expressions for the asymmetries can
be used for a least square fit without applying any helic-
ity balancing cuts, since the coefficients in front of the
each normalized yield account for the polarization im-
balances in data sets. In order to obtain the normalization
of the maximum likelihood function Equation (2.20) can
be substituted into the system of Equations (2.12)-(2.19)
and an integration over the whole phase-space x accord-
ing to

K(e,P,S;)

0.138405/L" (e, = +1,P, > 0,S, > 0)
0.138431/L (e, =+1,R, > 0,5, <0)
0.111595/L" (e, = +1,P. < 0,5, > 0)
0.111569/L" (e, =+1,P, <0,5, <0)  (2.31)
" 0.114496/T" (¢, =-1.P 0.5, > 0)
0.114567/" (e, =-1,P, > 0,8, <0)
0.135504/ILT(6( ~1,P, <0,S, >0)
0.135433/L (¢, =—1,P, < 0,5, <0)
and
M, =L +LY + L7 + L 2.32)
Nl A0
JMP
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M, =L" +L + L7 + L As an example, in Figure 1 the results of asymmetry
) (2.33) amplitudes of particular interest extracted in a single bin
L -L7-L"-L7, over all kinematic variables, obtained from HERMES
M, = TP L TP + P £ P data on DVCS from tr'c.msversely pollarized hydrogen
e e e o (2.34) target [6,9], are shown with their statistical and total un-
HLPT LR AL P LR certainties.

The correlation among all fitted asymmetry amplitudes

B R A e e N
M, = [L Lo+l -1 is presented in Figure 2.

_ ~ _ _ (2.35)
LT - LT - s, — |
I 1
A = o e o1f ]
M5 :L+T]P)+T +L+¢}P)+¢ +L+TIF)+T+L+J«IP+J« .E E i I E
TSRS N S} NUNE S P SE R S (2.36) £0r—= I 1 T
-LP -L"PT-L" P -L7P, 2 i I 1 E
R . B B R4 Z E
M6 — |:L+T _L+i« +L+T _L+J« | i E
_ - _ ‘_ (2.37) '0'2: ]
LD - S, L ]
e T3 ELLE:
M. = |:]L+T}P)+T _L+lP+l +L+TP+T _L+lP+l g F ‘%‘ % ~§ g— %’ i
’ (2.38) L = S A 4
Bl oSS b A e E8 8 5%
- il— - -
S RS RN N s S N S S ;%_E?Ef%f?
M :[L Pr-LTPT LR -LTP (2.39) Figure 1. Azimuthal asymmetry amplitudes of particular
_IP eIt — Tt +]I:‘¢I§"¢]|S| ’ interest measured at HERMES with transversely polarized
’ proton [6,9], given at the aver age kinematics.

Al sin(o- $,)sin(2¢)
Al sin (-4, )sin(¢)
Al cos(g - 6)cos20) | o

ALy cos(¢ - 4, )cos(4)

Al cos(¢ - 9,)

AT sin( 40 )sin(@) | -
AFPYS cos( -6, )cos(tb)_.
AL cos(g-¢,) a

Al cos(6-0)sinGd) | o
Alr  cos(o-¢)sin20) | -
Alr  cos(d - ¢,)sin(¢)
Al sin (¢ -¢,)cos(3¢) e
Aly sin(9-6,)cos2d) | o
Alr  sin(6-¢,)cos(4)
Aur  sin(9-0,) a
Al sin29)

Al sin ()
DVCS
ur

A cos(¢ - ¢s )sin(2¢)

AN cos(¢-6,)sin(0)

bves

s
Aur sin(¢-¢,)cos(2¢)
oves .
Agr sin(¢- ¢, )cos(¢) o
oves .
Aur sin(é-9,)
bvcs :
Al sin (¢) o
Ac cos(3¢)
Ac cos(2¢) a
Ac cos(¢) . o m =
Ac  cos(04) . i & O | aly e 8o = B A & 8
| | | i e | | Il [ | i I |
= T = % -~ 3 3 - 3 3 s = s 5 =
a2 T 38 3 7 2 T8 53
% @ £ £ 2 % ®wW £ £ £ S £ g 8 € 8
S S & =& S S 8 @ @ @ Tw w2 & 8 £ £
— 2 N P ER S e e TR L . e T N
T 3T T 3T g eSS L L e
O . L =3 . . ' . ' v 2 2 s . . I o
2 ¥ 7 7 c & 2 2T 2 - d e e & & e & 3 3 o o o o o
8 8 8 8 % £ £ £ 8 3 £ £ £ £ £ T 39 g S 8@ w3 w %
% % ®w S 8 ®» w £ £ £ £ &6 & ¢ S ¢ ¢ £ £
7 @ @ o O % @ w w» o 8 8y g g 8 8 8 F 5
g. g 9. 9 8 B 4 H
v U U 3235385858535 -3 _.2_5_5_5_5_5_5 _53%5& 535 _5 _5 _5 _5 _&
< < < < < < < < < < < < < < <« < < < <« < <

Figure 2. Correlation matrix for all fitted asymmetry amplitudes. The closed symbols represent positive values, while the
open ones are for negative values. The area of the symbolsrepresentsthe size of the correlation [6].
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The above described method of simultaneous extrac-
tion of the “full set” of asymmetry amplitudes from data
obtained from hard exclusive leptoproduction of real
photons from transversely polarized protons is applicable
for any other experiments (for example the planned
COMPASS 1II program on DVCS at CERN), where
measurements with both polarization states of the beam
and target can be realized.
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