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ABSTRACT

RADIATIVE TRANSITIONS OF NON-STRANGE DOUBLY HEAVY OCTET
BARYONS TO DECUPLET BARYONS

Askan, Emre
M.S., Department of Physics
Supervisor: Prof. Dr. Altug Ozpineci
Co-Supervisor: Prof. Dr. Tahmasib Aliyev

September 2022, 93| pages

Electromagnetic form factors for transitions are studied through years using various
methods. In this work, we calculated the electromagnetic form factors for the radia-
tive decays of non-strange octet baryons to decuplet baryons in the QCD Sum Rules
framework at ¢> = 0 up to twist-4. Calculation of the correlation function and the

analysis of the results performed using Wolfram Mathematica 12.0.0 Software.

Keywords: QCD Sum Rules, Radiative Decays, Electromagnetic Form Factors, Elec-

tromagnetic Transitions
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ACAYIP OLMAYAN iKi AGIR KUARK ICEREN OKTET BARYONLARIN
DEKUPLET BARYONLARA RADYATIF GECISLERI

Asgkan, Emre
Yiiksek Lisans, Fizik Bolimii
Tez Yoneticisi: Prof. Dr. Altug Ozpineci
Ortak Tez Yoneticisi: Prof. Dr. Tahmasib Aliyev

Eyliil 2022 ,[03|sayfa

Elektromanyetik gecislerin form faktorleri yillardir farkli yontemler kullanilarak ¢ali-
stimistir. Bu ¢alismada garip kuark icermeyen oktet baryonlarin dekuplet baryonlara
gegislerindeki form faktorleri, KRD Toplam Kurallar1 kullanilarak ¢> = 0 igin twist-
4’e kadar hesaplanmigtir. Hesaplamalar ve sonuglarin analizi icin Wolfram Mathema-

tica 12.0.0 yazilim1 kullanilmisgtir.

Anahtar Kelimeler: KRD Toplam Kurallari, Radyatif Bozunum, Elektromanyetik Form
Faktorleri, Elektromanyetik Gegisler
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CHAPTER 1

INTRODUCTION

1.1 Introduction

The standard model is an accepted explanation to dynamics of particle physics and
it is a combination of different theories (i.e. QED, Weak Theory, QCD). There are

different types of particles in the standard model; leptons, quarks, bosons.

Hadrons are particles that consist of quarks and gluons. There are different types
of hadrons, i.e. conventional mesons (made of a quark-antiquark pair), conventional
baryons (three quarks or three antiquarks), etc. [1]. The theory of the interactions

between hadrons is called "Quantum Chromodynamics" (QCD).

Magnetic moment is an intrinsic property describing the electromagnetic interaction

of a particle. It’s related to the spin

(1.1)

=
I

Q
Uy

Table 1.1: Standard Model Particles

Leptons | Quarks | Bosons
e u 0
Ve d W+, 7
H ¢ 9
vy S H
T t
vy b




where S is spin and g is gyromagnetic constant.

The magnetic moments and transition magnetic moments are effective tools to inves-
tigate the internal structures of the baryons and have been studied in various meth-
ods (such as chiral perturbation theory, quark model, bag model, QCD sum rules)
through the years [2-20]. In this work we studied the transition magnetic dipole mo-
ment (G /) and the transition electric quadrupole moment (G g) of radiative decays

of doubly heavy octet non-strange baryons to decuplet baryons.

1.2 QCD

Table 1.2: Quarks

Quark Mass Electric Charge
up | 2.16 x 1073GeV +2/3
down | 4.67 x 1073GeV —1/3
charm 1.27GeV +2/3
strange | 93.4 x 1073GeV —1/3
top 175 GeV +2/3
bottom 4.18 GeV —1/3

Quarks are spin-1/2 fermions. Hence due to the Pauli’s exclusion principle more than
one quark cannot occupy the same quantum state. But the observation of the 2~
baryon was in contradiction with this principle [21]. Three spin-l/2 strange quarks
combined to make the {2~ baryon. To solve this problem, an additional SU(3) sym-

metry was introduced [22]], [23]], and it is called "color symmetry".

The color charge for quarks can take three different values: red, green and blue (an-
tired, antigreen and antiblue for antiquarks). The interactions between the colored

particles are mediated by the boson "gluon" which also has color charge.
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1.2.1 Gluon

Gauge boson of the strong interactions is called gluon which has color charge and
is massless. Since gluon has color charge, gluons have self interactions. Because
of self interacting property of the gluon, despite being massless, the range of strong
interactions are short. Gluon’s color charge consists linear combinations of products
of color and an anticolor. There are total 8 different gluons, since one of the linear
combinations is a colorless combinations. One other important property of the QCD
is asymptotic freedom. Color confinement is conjectured to be a property of strong

interactions.

1.2.2 Color Confinement

Color confinement tells us that there are no color charged free particles in the nature.
All color charged particles must form composite particles with other color charged
particles to be in a colorless bound states (hadronsﬂlt is an observed property and it

is been considered that QCD has color confinement.

1.2.3 Asymptotic Freedom

Strong force between two quarks is weak at small distances, they act as free parti-
cles. But for longer distances quark-gluon interactions becomes dominant, the force
becomes stronger and they no longer act as free particles. In 1973, David J. Gross
and Frank Wilczek [24] and Politzer [25] showed that QCD has this property, which

was a viable candidate to explain the strong interactions.

1.2.4 QCD Lagrangian

The Lagrangian density for the QCD is given as [26]:

s ij ij ] 1 va va
Loop =y (W'D —mdV) vy — GG, (1.2)

1

1 While in color theory RG' B makes white, in QCD RGB,RGB, 73

(RR+ GG + BB) are colorless

combinations.



where a is gluon index (runs over from 1 to 8),: and j are color indices (runs from 1
to 3), f is the flavor index (runs u,d,s,c,b,t) and G’ZV is the gluon field-strength tensor

which is given as:
G, = 0,AL — 9,AL — g f*™ AL A (1.3)

where the A7 is the gluon field and f abe is structure constants of the SU(3) which the

QCD is invariant under.



CHAPTER 2

METHOD

2.1 QCD Sum Rules

QCD sum rules(or SVZ sum rules) method was invented by M. A. Shifman, V. 1.
Zakharov and A. I. Vainshtein in 1979 [27] and it has been considered one of the
most successful non-perturbative methods. To study the properties of hadrons, in this
method, hadrons are represented via their interpolating currents.A suitably chosen
correlation function is calculated in two different frameworks, hadronic and opera-
tor product expansion (OPE) sides, and matched to each other using their spectral

representation.

In QCD sum rules, long distance and short distance quark-gluon interactions are sep-
arated from each other. Since in the short distances (low energy scale) quarks act as
free particles, perturbative QCD can be used. In the long distance region quark-gluon
interactions become dominant and this region is parametrized by non-vanishing vac-
uum expectation values (condensates) and light-cone distribution amplitudes. Light
cone distribution amplitudes are defined through vacuum-hadron/photon matrix ele-

ments taken at light-like separations [28].

2.1.1 Correlation Function

As a simple application of QCDSR, in this chapter mass sum rules of a meson will
be discussed in detail. In order to study the masses of hadrons, a suitable correlation

function is,

(q) = / e Q] Ti(0)5 ()} 1) @.1)
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where |Q?) is hadronic vacuum,j is interpolating current for the hadron in study and
T is the time ordering operator. The time ordering operator reorders the operators
in a way that the operator with the earlier time acts on the ket first. To calculate the
hadronic side we should expand the time ordered matrix element first. In order to

expand the time ordering we can use the following;

T (A(t) B(t) [1) = nB(t2)A(t) [v) t <t 22)

A(t)B(t) [)  ta <ty

= [0(ta — t1)B(t2) A(t1) + n0(ty — t2) A(t1) B(t2)] [¢)

where 6(t) is the heavyside step function, 7 = 1 for bosonic operators A and B and

1 = —1 for fermionic operators.

2.1.2 Hadronic Side

The time ordering operator in equation can be written explicitly as:
(p*) =i / d*ze™ (Q (0(2°)5"(2)5(0) + 0(=2°)7(0)57(2)) 1) (2.3)

where j7(z) can be rewritten as jf(x) = ¢?%;1(0)e~"%2,

To calculate matrix element (2| (6(2°);7(x);(0) + 6(—2°);(0);7(z)) |2) the identity

operator can be inserted between the interpolating currents.

1=1Q)(Q + Z/d“k(%lr)g@(ko)é(kz —m32)|h(k)) (h(K)| + continuum (2.4)

where the summation goes over all hadrons.

Hence, the correlation function becomes;

1) =i [ d{ (92 0(a)e™ 1 (0)e71(0) )
(2.5)
(0] 0(=2)j(0)1¢7 5 (0)e 7 |0) }

6



) =i Y [ dtagi oot —md)er ot
{ew) (O] 751 0)e 7 [h(a)) (h(a)|5(0) |9

+0(=2") (21 5(0) (@) (h(g)] €757 (0)e ™" |Q2) }

For simplicity, in equation[2.6|onward, only the contributions from the single hadronic

states are shown explicitly.

By applying the momentum operators to |h(q)) and |(2)

e |h(q)) = " |h(q)) (2.6)
e I0) = 11Q)

the correlation function becomes:

I(p*) Zi;/d%(s;zgfs(f —m;)0(¢°)
{eip“q”*ﬂ(wo) (9] 71(0) [1(q)) (h(q)]5(0) |€2) (2.7)

+ePTHRg(—a) (Q] 5(0) [1(a)) (h(@)] 7(0) ) }

where the dots at the end mean the continuum.

Here / d*z can be splitted as / >z / dz° and by using the (2°) functions the

correlation function becomes;

2 _ 3 d4q 2 2 0
6% =13 [ ottt = miod) 2.8)

{ [ e il 710y ) (o) 50) )

0

o0

i /_ dx et (Q)] 5(0) |h(q)) (h(q)] 57(0) |Q) }



o0

/ Pad'as(@ — m)o(e) / 220607 | (Q1(0) | (q))

0

:/ Pudigs(q> — m2)0(g°) / dw°€“p°*‘”“E)”e“ﬁ*@'f| (Q15(0)|h(q))[?

0

- [daoayenys- o =TI o0, )
. 4 0 (2m)? S((°)2 — 2 2 1 /Ol (0) h(a® 2 29)
_@/d q9(q )m ((¢)*—p _mh)’< |J( )} (q 715»‘

_ 4 0 @2m)? 6" — /PP +m; . 0 2
[t R (i )
_, 20 QO 7), D)F

2w, (P) p° — wp(p) + ie

where wy,(7) = \/p? + m? and an € = 0" have been inserted to make the integral

convergent in the upper limit of 2 integral.

0
Same procedure holds for / dz" part too, with a result;

—00

/ Pad'as(q — m3)o(e) / 220607 | (Q1(0)|h(q))
. — ) (2.10)
20 [{0LO)h(n(-p).7)

2w (D) P° + wi(p) — ie

Inserting equations [2.9) and [2.10] into equation and taking the limit ¢ — 0, the

correlation function becomes

oL 0 (L)) 7))
1= Z{(W 2 P (D)

1 (2n) \<Q|j<o>|h<wh<m,—m>r2}

T2 2won(p) P+ wn (D)

1 Q|5 (0)|h(wn (D), D))
:—Z{Qw {15 (0) | h(wn (7). 5))]

n(P) P’ — wi(P)

1 [(Q05(0)|h(wn(p), )|
2wn () P° + wi(p)

(2.11)

+

For p? > 0 we can find a reference frame where 7 = 0. Hence in this frame

(207 (0)[h(wn (D), =p)) = (U (O)[~lwn (D, P)) (2.12)

8



() = 31 Q15 0)[h) F — { ! ! }

- 2wy (7) | P° +wi(@)  P° — wa(p)
. . ) 1 —Qwh(ﬁ)
_; IO EDI 5 oo 72 (2.13)
C [(Q1i(0)]a(p)]?
T

Singling out the contribution of the hadron with the smallest mass, the correlation

function can be written as

M(p?) = [ {215 (O0) o (p))]”

5 + higher states + continuum (2.14)
mpz —Pp

where |ho(p)) is lowest energy state that j(0) can create and continuum stands for

contributions from multi hadron states.

From the equation it is known that the TI(p?) is analytic function. Now that we
have TI(p?) for positive real values of p? the analytic continuity [29] can be used to
get the TI(p?) for negative p? values. To get the II(p?) for p? < 0 region the disper-
sion relation can be deployed. From above calculations it is seen that the correlation
function has poles at positive p* values because of 2;2, and it has a branch cut

m
ho
at the positive real axis after a threshold due to the continuum states.

To obtain the spectral representation, Cauchy Theorem can be used to write the cor-

relation function as



s threshold(s*")

3 3 3
'y Ly 'y

3
o

|

5
|/ ~

|

|

!

!

|

|

|

|

Figure 2.1: Correlation function on the s-plane. In the figure above, the thick line

shows the branch cut and crosses show the poles.

I(p?) = L}é ds H<S)2 (2.15)

2w S—p

The contour can be deformed without passing any branch cut or singularity, hence the

above integral will be equal to

1 I1(s)
Hp*)=— ¢ d 2.16
(P 271 7{; s —p? 2.16)
which can be split as
1 I TR ||
m(p?) = — / ds (5)2 +— ds <5)2
210 Jig=rp S —P 21 Jp_ie s—p 2.17)
1 R+ie I 1 sthtie I
4+ — ds (s) — ds (5)
21 Jgnze  S—p? 0 2m0 Jgn_j, s — p?

10



Combining the integrals along a line just above the real line, and just below the real

line, the integral becomes:

M(p?) = L/HR s I1(s) N 1 /°° dSH(s—i-ie) —II(s — ie) (2.18)

2w s—p?  2mi Sth s — p?

According to the Schwarz reflection principle which states if a function f(z) is ana-
lytic over a part of the real axis and = € R then f*(z) = f(z*) [30], in € — 0 limit

we have
II(s +ie) — (s — ie) = 2 Im I1(s) (2.19)

and as R — oo first term on the right hand side of the equation becomes

II 11 I o0 2\ 1
lim ds (8)2 = lim dsi :/ ds () E (p_)
R Jig=r S —P°  FoeJis=r g (1 - p2> sl=k S s

e n

(2.20)
In equation [2.20] when R — oo, for a sufficiently large (but finite) n value
II
/ ds (f) =0 2.21)
|s|=R S

hence, the equation a polynomial in p?. By using equations and[2.20] equa-
tion 2.18 becomes

1 [ ImIl
I(p?) = — / ) zn_ Z(;) + polynomials in p? (2.22)

Hence, by using equations [2.15|and [2.22] the correlation function becomes

M) = 5 f s His)

27 S—p T Jan 8§ — p?

L [ ImIl
_t / m_(S)erolynomials inp® (2.23)

p?<0
2.1.3 Operator Product Expansion

To calculate the operator product expansion, explicit expressions of the interpolat-

ing currents are needed. For the sake of simplicity, an example current for a meson

11



Ju(x) = ¢iv,q% where i is color index can be used. Hence the correlation function

can be written as

I, (p%) = / d*ze™ (0T {@s(x)7uq} ()7 (0)7,¢3(0) }|0) (2.24)

To calculate the equation [2.24] Wick’s Theorem can be used to express the time or-
dering. Wick’s Theorem states that one can expand the time ordering as a normal

ordering and all possible contractions.

M, () = i / d42e™ (0]: Ty ()yud () (0) 7 (0) [0)
L / d'ze™ (0]: () 7ud ()7 (0)7,¢4(0) :|0)

—

+i / d*ze™ (0: G(x)yuqi ()7 (0)7,43(0) :|0)

+i [ dtoe O gehua (T O 10 @259
where (0[: - --:|0) is normal ordering. In the normal ordering, the operators are or-
dered in a way that the creation operators are on the left and the annihilation operators
are on the right side.

(0: aa’vd' :|0) = n (0]|a'bab|0) (2.26)

where 77 = 1 for bosonic operators and 17 = —1 for fermionic operators.

f — 1

L, (p*) = i / d'ze™ (0]: Ty (@) (V) s G15(0)T1, (0) ().,5 035(0) :[0)

f 1
+i / d*ze™ (0]: Goo (%) (V) g 15 (@) T, (0)7035(0) :]0)
1

i [ atae O G, () () 15T (01 0) 10)
i [ atae O G (o) () s (0T O 0) 10) @27

After the contractions, we simply rewrite our expression in terms of components of

the matrices and replacing the contractions with the propagators.

12



d'we™ S (x) (V) o Sa” (=) (1),
i / dhwe™ ()5 SEY (=) (3).5 (O] 3L, (0), () :/0)
+i/d4xeipx (s SU () (V)5 (0]: @5, (z)q3,(0) :|0)

i [ atae 0] 3, (0) (), (215, (0) (1) 4 (0 0)  228)

where ngg is the a5 component of the quark propagator and ¢, j are color indices.

The idea is to expand the above expression in terms of non-vanishing vacuum ex-
pectation values (condensates). In perturbative theory, when an annihilation operator
acts on the vacuum, the result is 0. But, in the non-perturbative region of QCD there
are non-vanishing matrix elements of normal ordered products. When an annihilation

operator of a light quark acts on the vacuum, it gives non-zero result.

To calculate the matrix element (0]: B(x)q{V(O) :|0) one can expand g(x) around 0

and a useful gauge Fock-Schwinger gauge where 2" A, = 0 can be chosen.
7(x) = 7(0) +7(0) D" (229)
.= J . 5 ny\ J
(O]: sl)a, (0) :10) = (0175(0) (1+ Doa?) gl (0)0)  (2.30)
The first element of the equation [2.30]can be defined as
(0115(0)at, (0)[0) = 4675, (2.31)
Since the vacuum is colorless, ¢+ and j should be equal, and due to parity and ro-
tational symmetry, equation [2.31] should be proportional to the identity matrix in
spinor space. Thus, equation [2.31]is the only possible form of the matrix element
(017 5(0)q},(0)]0). A can be calculated by multiplying both sides with 5% 5,.

0785y A0 85y = 67855, (0[15(0)gi,(0)[0) (2.32)

ANcA = (0[7,¢:10) = (qq) (2.33)

13



In equation 549§ = N¢ was used since i and j are color indices and N¢ is

number of color and 6,03, = 4.

The second element of the equation [2.30]can be written as

B3 (1), = (01.5(0)Dyal, (0)]0) (234
since it has a Lorentz index and two spinor indices. B can be calculated by multiply-

ing both sides with (v7) 5 ¢

(V") 5, 89 B3 ()5 = (7") 5, 8 <0|§§5(0)EQ{7(0)|0> (2.35)
e
Tr[y"y,]NcB = (0|g, P ¢1|0) (2.36)
With the help of the Dirac equation, (7 — im) g = 0, B becomes

B m
16N¢

(qq) (2.37)

In equation Tr[y*y,] = 16 was used. By inserting equations and into
2.30| we have;

m
16Nc

O @)l 010) = (000" + 15 (0,0 ) @) @39)

4Nc

List of non-zero condensates up to d = 6 is given below [28]].

(03) = (qq)
(O4) = (G},,G™™)

)\a
(05) = (@0, 5 G"4)

(0) = ((@rq) (@sq))
(0§ = (fapeG2, GE GeoMY (2.39)

pv~"o

After expanding the equation [2.28] and Fourier transforming, the OPE part of the

correlation function becomes

TIOPE (p?) = Z %@0 (2.40)

= ()

14



In equation C,(p*) are defined such that for all n they have the same mass

dimension. Note that due to the

: contributions of higher dimensional operators
-D

are suppressed by higher powers of

_p2'

2.1.4 Borel Transformation and Continuum Subtraction

Let p®™(s) denote the spectral density corresponding to the contributions of the
higher states and continuum to the correlation function. Hence, equation [2.14] can

be written as

: 2 oo cont
i) - LEOME | /™ o o
mho_p sth S_p

+ polynomials in p?
To eliminate the polynomials in p? the Borel transformation can be applied:

I(M?) = Byell(p?) = lim ) d nn(p2) (2.42)
M —p? ,n—00 n! dp2 '
—p?/n—M?

Examples of Borel transformation are present at the Appendix

With the Borel transformation, for a very small M? any state with a greater mass than
the ground state will vanish.After the Borel transform, the correlation function [2.41]

becomes
2y _ . 2 —m? /2 > cont —s/M?
II(MZ) = [(Q7(0)|ho(p))|" e ™ + [ dsp™™(s)e (2.43)
S0

At the same time, after applying the Borel transformation to the OPE side, OPE side

of the correlation function becomes

MOPE(M?) = / dspPTE (s)e= /M (2.44)

sth

Equating the OPE and hadronic representations of the Borel transformed correlation

function the following equation is achieved.

15



[ dse TR = QUi halp) e [ dspi(s)ene
sth sth
(2.45)

To cancel the contributions from the higher states and the continuum to spectral den-

sity, continuum subtraction can be employed. Using the quark-hadron duality
P (s) = pPPE(5)0(s — s) (2.46)

in equation [2.45] the QCD sum rules for the mass of the hadron %, can be obtained

from equation

(215 (0)]ho(p)) ] &/ :/ dsp?" (s)e” " (2.47)

sth

2.1.5 Magnetic Moments in QCD Sum Rules

In this thesis, the magnetic moments are studied using QCD sum rules. For this

problem, the suitable correlation function is in the form:
1) =i [ dlae™ (0 T {7 @, )} 0) 248)

where 7,, is the interpolating current of doubly heavy spin-3/2 baryons and 7° (4) is the

interpolating current of symmetric (anti-symmetric) double heavy spin-1/2 baryons.

To calculate the hadronic side of such a correlation function, same procedure will be
used, inserting full set of hadronic states and deriving the dispersion relation. The
explicit expression of the hadronic representation of this correlation function is given

in the next section.

In this case the traditional OPE is not suitable. This is because, for large momentum
or mass, there is a problem in power counting. The correlation function takes a form

[31,32]

1 <gs Gz>

F(Q?) ~ #— Gt HF Gt TgLAKELl <qqqq> (2.49)
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As seen in[2.49] higher order condensate terms have coefficients containing increasing
Q?. To overcome the problem, a method of partial summation of the OPE side and
organizing the expansion in terms of increasing twists was introduced [33H35]]. Twist
is defined as the difference between the dimension and the spin of the local operator

[28]].

After using the Wick’s theorem, the matrix element of the form

(v(q)[a(x)7"~°u(0)]0) (2.50)

will be needed. To calculate the matrix element, the operator is expanded around

x = 0 as in the traditional OPE:

a(a)rsu(0) = 3 ~(0) (B )" 5 u(0) 2.51)

n

The matrix element of an arbitrary operator in this sum is,

(7(@)[uDja, Day .. Day vy ul0) = (=)o, das o @ Mon
+ (_i)ng[ogaz Gos ---Qan]unln

(2.52)
+ (_i)ngu[a1qa2”-QO¢n}M2n
+ ...
In the above expression, ... stands for terms with more than one gq,q;, [...] are used

to denote symmetrization of the indices between the brackets. To obtain the matrix
element (v(q)|uy*v°u|0), equation should be multiplied by #4, Zq,..-Tq, . This
product can be simplified by noting that:

e For term with no metric, where all of the lorentz indices are on the momenta
Qo T Qo T2 .. G, " = (qx)"
e For terms that contain a single metric:
— If free index p is on a momentum ' 2°2gq, 0, qas---¢" = 22¢" (qz)" >

— If free index 4 is on the metric, terms are in the form z,, (qz)" "

17



e Terms containing more metric terms will introduce additional factors of -2

Hence:

(I U0)0) = 3 (=i (ge) S

n=0

+> (—i)"a*q" (qo)

n—2 Ml"

n! (2.53)
MQn

£ 3 () wlar) T

+ ..

1
Defining M,,, = / duu”DA,,(u), after simplifications equation|2.53|takes the form
0

(@ u0)0) = ¢ [ duct (s@(U) - W%(u))
- % /0 due™ D Ay (u) (2.54)

+ ...

where ¢(u) sums the contribution from twist-2 while DA;(u) and DAs(u) sums
contributions from twist-4. It might seem that unknown functions are needed but
in this study only the value of such functions for v = 0.5 are needed. The matrix

elements and distribution amplitudes are studied in detail in [36].

In the calculations, photon distribution amplitudes given in Appendix [C| will be used.
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CHAPTER 3

CALCULATIONS

In this study, the radiative transitions of octet baryons to decuplet baryons will be
studied. In order to use QCD sum rules to study hadronic properties, the interpolating

currents should be chosen first.

Currents for the baryons consist of a diquark system and a quark. Total spin of the
diquark system can be 1 or 0. And with the addition of the single quarks spin we
can have spin-1/2 (decuplet) and spin-3/2 (octet) baryons. For ) = @’ there is only
symmetric current in exchange of the heavy quarks, but for the case of () # ()’ there

is also an anti-symmetric current alongside of the symmetric one.

Spin-1/2 doubly heavy baryon with spin-1 diquark have symmetric current [37] :

V2
+8(Q7C") Q7 + B(Q" Crsd’) QC}

7°(Q.Qq) =ie“”6{ (@7 Ca )@+ (@7 )35Q° 3.1

For spin-0 diquark case, there is anti-symmetric current:

1
=—=¢
V6

— (QTCq")35Q +28(QTCQ" ) o

7(Q.Q\q) ““{2 (Q7CQ" )50 + (@ Ca" )15 (3:2)

+8(QTCd") Q" - B(Q’GTO%Q")QC}

where a, b and c are color indices, 7" is the transpose sign and the /3 is an auxiliary

parameter.
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The doubly heavy spin-3/2 baryons have the following current [38]:
Ny = _é,abc{ <an07qu> Q’c + (anCf}ﬂqub) QC + (QaTCV,uQ/b> qc} (33)

Since this current is completely symmetric under the exchange of the flavors, there is

no anti-symmetric current.

Correlation function for the transition under study is;

I (p) = (i) / d*zd*ye™ e (0| T { T (y), 75 (2)n,(0)} |0) (3.4)

where 77 = 1™7° and J"(y), is the electromagnetic current that creates the photon.
The correlation function can be rewritten in the following form by multiplying the[3.4]

with g%,
5 (p) = i / d'we’™ (y(q)| T {7 ()1.(0)} 10) (3:5)

Using various gamma matrix identities given in the appendix [A] to obtain the conju-

gate currents as,

7 :\%em{@% (7cQ") + Qs (7 Q™) (3.6)

+ 60 (¢°C1sQ"" ) + T (¢ C2s @) }
and

7 z%eabc{w (@'cQ") v (7eQ”)
-0 (@) + 207 (Q" Q") (3.7)
+6Q" (7" ) - 50" (v @) }
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3.1 Hadronic Side

The hadronic side is given as [39]

IL,.(p,q) = (3.8)

<QU_O|%(P)><1‘§> (G (p+9)] Jpu |9
pP-mdh \2(2/  (p+q?—m}

where ‘%> (‘%>) and me(mp) denote the octet(decuplet) baryon and its mass and
the contribution of higher states and continuum are not explicitly shown. The matrix

elements appearing in equation [3.8]are defined as

(o

3
<§7(p+q, s')

Jo

3 0:5)) = doulp. (.9)

Jppu

Q> = Mpu,(p+4q,s)

where u is Dirac spinor which describes spin-1/2 particle and v, is a Rarita-Schwinger
spinor which describes a spin-3/2 particle [40] and s(s’) is the spin vector of the
octet(decuplet) baryon. Summation over spins for the Rarita-Schwinger spinor is

given as [37]:

— 1 2q qv quYv — QY
Zg:uu(q,S)uu(q, s)=(¢+m) (g,w— 30— 37’;;2 + & . “) 0 (3.10)

and the spin sum for Dirac spinors is given as [41]

Zu(p, s)u(p,s) =p+m (3.11)

S

The matrix element (1| %>v is parametrized in terms of form factors [42,43] as:
5l3) = eu(p){G1(qad — )y (3.12)
v
+ G3((Pe)ga — (Pg)ea)y”

+ G3((¢8)qa — ¢°ca)¥’}u(p + q)

where P = 1(p + (p + ¢)) and ¢ is the polarization vector of the photon. Since the
photon is real in our case, ¢> = 0 and g = 0. Hence G3 gives no contribution to the

process.

21



Using [3.9] [3.10] and [3.11], equation 3.8 becomes

Ao Ap
,.(p,q) =e¢
2 9) p*—mg (p+q)* —mjp

{<—p )G | #15(4-+ o) (40— 30— 50—

(3.13)

3mp

mp

—4vs(p + ¢ + mp) (ffu - %¢'Yu - %éfqu) ]

+(=p +mo)Gays(p + ¢ + mp) [(735) <qu - %%% - ﬁ%%)

—(Pq) (% - %m - ﬁm) ] }

where ¢> = 0 and e¢ = 0 is used to simplify the final expression. In equation
[3.13] there are several structures but not all of them are independent of others. To
overcome this problem, an ordering can be used. A suitable ordering is ¢¢pvy" [39].
After ordering the structures and using P = 1(p + (p + q)) the correlation function

2
becomes

1 1
IT =eAoA 3.14

[£4(pa) — (ep)q] { —2G1mp — Gampmo + Ga(p + ¢)?
+ [2G1 + G2 (mo — mp)] p + moGad — Gadp} 75
+ 0t — eu] {G1 (P* + momo) — G (mp +mo) p} s
+2G1[¢(pg) — ¢(ep)]aus
—Gigg{m + pra.s

+ other structures with v* at the end

+structures which are proportional to (p + q)“}

The reason why the structures ending with ~,, or structures proportional to (p + ¢),,

are not used is that the current for spin-3/2 state has a non-zero overlap with spin-1/2

state. Since nZ/ ® has one Lorentz index, the overlap can be written as

(o

3/2
o

2

1
—> = (Av, + Bpy) vsu(p) (3.15)
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With the given ordering,since spin-1/2 particles only contribute to the structures with

(p + q), or 7y, at the end, they do not contribute to other structures [39].

To determine the GG; and G5, we need two different structures. A suitable set is
#P75q, and ¢pys(ep)q,. Showing only these structures, the correlation function can

be written as:

1 1
. (p, q) = edoA
w2 Pp—md (p+q)* —m}

(3.16)

{—(mo +mp)G1Pr5q, + Gggip%(ep)qu}

3.2 Operator Product Expansion

Inserting equations [3.6] and [3.3] to equation [3.5] the operator product expansion
can be calculated. Instead of calculating the Wilson coefficient for different vacuum
expectation values, one can insert all the condensate contributions coming from the
other normal ordering terms to the propagator and only have fully contracted term

with modified propagators. We can show the process as;

DN N D™
N

q2

q3

Figure 3.1: Feynman diagram of the process

where the thick line is the full quark propagators and there are three different cases

for photon emitted from three different quarks.
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As an example, consider the first term of equation [3.6}

@ (7R = (@), () ,5(@),(€) ,@),) (3.17)

where transpose sign fell off since elements of matrices are used and summation over

matrix indices («, (3 etc.) is assumed.

By using the definitions for the currents now we can write the first element of the

I15(p), rest of the calculation for symmetric and anti-symmetric currents are given in

AppendixC}
() =i [ dhae et (o)
r{ @), 0.,(@),(0),@))
(@000, @), ) @), fl0 @

Using the Wick’s theorem the correlation function becomes:

. 1 AN
HS :i/d4x61px_€abc€abc
(p) 7

(@) (S5 ( ) (82 @) 0 (S8 ()5 (1) 5 (C) 5 (C) g () 1y 10) (B119)

[ANN)
/ 4ZE6 abcEabc

(y <q>|( (a )) (%)aﬁ

[m >> $(C7)5, (2 (@)) 1 (C) | 0)
/ “bcga/blcl {(v(q)| ngc// ()75 Tr [%Sggb/ (x)gfl’“/(x)} 0)
=i [ dtaer et (5 (g)] S5 (25T 1,58 (@) @) 0)

—i [ atae jgx (0)] Ser ()35 T [,50()3,(2)] 10

The correlation function gets contribution from perturbative and non-perturbative
parts. Calculations of these parts are given in the Appendix{C|

Free propagators for light(q) and heavy(()) quarks are given below.
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Sgbfree( ) Z¢ myq 5ab

272 :U4 422

Sggbfree(x) mQ Ki(mgv—2?) 56 ; m%qf g/ ~77) 5% (3.20)
472 V=2 Vamg?
where K; are modified Bessel functions.
Full propagators are given as [39]:
S9(x) = STz — igs/ (;i:; ke /01 " [ﬁ(ﬁb (vz)oH
+ WU%G%V]
Sgb(x) _ Sgbfree(x) _ %5@ _ %(1 B i%¢)5ab o
i ) (1 i)
— 19, /01 du[ 6¢2 2G“b( x)oh — ux“GfLi’,(ux)v”MimQ

2A2

it (n (<) + 2]

where a, b are color indices, A is the scale parameter which separates the long distance

and short distance parts of the QCD and has a dimension of mass [44], g, is coupling
constant, g is the Euler’s constant, (gq) is the quark condensate and G ,,, is the gluon

field strength tensor.

After replacing the propagators for perturbative and non-perturbative parts and writ-
ing the expressions for propagators, one can start calculations. A sample calculation

is given at Appendix{D]

3.3 Multipole Moments

Taking the Borel transformation of the equation [3.16|and using the results of the OPE

part we have

—eXoAp (mo + mp) Gy e o — I (A1) (3.22)
Ao ApGae (OB _ [, (\f2) '
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where Ao (Ap) is the residue for the octet(decuplet) baryon and me (mp) is the mass

of the octet(decuplet) baryon.

Once 11, 5 are calculated, the form factors (G; and (5 can be obtained from the equa-
tion 3.22] as:

G, = — HI(MQ) e(m?yrm%ﬂ/?ﬂ/f2
6)\0)\@ (mo —+ mp) (3 23)
Gy = H2(M2)e(m%9+m%)/2MQ
GAoAD
(mg + mp)

Values of can also be determined from the equation (3.22, The natural

logarithms of II; 5 can be written as:

2 2
log (HLQ (MQ)) = 01’2 _ w# (3.24)

where (' 5 are independent of M 2 and depends on the values e, Ao, A\p, G1, Ga, mo

and mp which are constants. As can be seen from the equation @ logarithm of the
mg + mp

1
I, 5 is a linear function of e with the slope given by — 5

Residues can be calculated using the mass sum rules for the baryons. Their explicit
expressions are given in Appendix Since the sum rules gives the values of \?, the
sign of A can not be determined. This ambiguity leads to an ambiguity in the signs
of G; and GG5. Note that although the overall signs of (G; and (G5 are not determined,

there is no ambiguity in the relative signs of GG; and Gs.

The relation between the form factors G; » and the multipole moments is [20]

G — |30 G L G2] mo
mp 3
(3.25)
Gl meo
GE—(mD—mO) —+G2—
mop 3

where (G, is magnetic dipole moment and G is electric quadrupole moment. Note
that due to the ambiguity in the overall signs of the G; and G, overall signs of G
and G are also ambiguous. Hence, only absolute values of GG, and G will be

given.
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To be able to use the expressions in equation [3.25 masses of the octet and decuplet
baryons are also needed. Except than the =7 and =7, baryons, the masses of the

double heavy baryons are not known experimentally. The masses predicted by various

approaches [37,38,45] and experimentally measured masses [46,47]] are given in table

B.1

Table 3.1: Baryon masses

Baryon | QCDSR [38]] | QCDSR [37] | Lattice [45] | Exp [46,47]
S | 6.72GeV - 6.78GeV -]
Ee 6.79GeV - 6.84GeV -

Zbb 9.96GeV - 10.1GeV -
Zee 3.72GeV - - 3.52GeV
=L - 7.25GeV 6.83GeV -
=r - 3.69GeV - -
=5 - 10.4GeV 10.1GeV -

Since, masses calculated in different works are similar, the masses from [37]] and [|38]]

can be chosen.
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CHAPTER 4

RESULTS

Expressions for the correlation functions of the transitions are given as

Mop zae = #P15auI15 (b, 1) + s (ep) 4,115 (b, ¢, )

Sbe " be

o —Ex0 = ¢p75QMHf(b7 G, d) + gp,}% (€p> Q,u]:[g(b? C, d)

“be "“be

HE;;—E;;j = W%quﬂf(b, c,u) + qps (ep) quH‘Q“(b, c,u)
Mz _yzp0 = W’YSqqu(b, c,d) + qdps (ep) qu 115 (b, ¢, d)
4.1)

Hoir e = 2¢P750u117 (¢, ¢ u) + 24pys (ep) qul15 (¢, ¢, u)
Mot = = 2¢P75q,117 (¢, ¢, d) + 2495 (ep) @115 (¢, ¢, d)

M=o =0 = 2¢P75¢u115 (b, b, w) + 24ps (ep) ¢ 115 (b, b, w)

%
~bb "Tbb

H:— =F— = 2¢p75q;tnf<b7 b7 d) + 2%?75 <€p) qung(ba b7 d)

Zbb " Z0b

where Hls((;;)(Q, @', q) is symmetric (antisymmetic) correlation function and the in-

dex 1(2) denotes the coefficient of the #pys5q, (dpys (ep) qu) structure. Explicit ex-
pressions for the correlation functions in terms of the distribution amplitudes and

condensates are given in Appendix
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In the numerical calculations, following values of the parameters appearing in the

correlation functions are used;

(uu) = (dd)y = —(0.243)* GeV?
<i2g§G2> = 0.048 GeV*
™

My =mMg =20

me = 1.4 GeV (4.2)
my = 4.8 GeV
f3, = —0.0039 GeV?

X =3.15GeV 2

Results should be independent of 3 since it is not a physical parameter. In subfigures
(¢) and () of the figures[G.1HG.16|the 3 dependencies of Gy, and G ; form factors are
shown. It is seen that all the form factors are stable with respect to variation of 3 for
|| > 3. The parameter s, has physical interpretation as the threshold that continuum
contributions starts. It is usually determined as sy = (mass of the hadron + 0.5GeV)>.
To determine the dependence of the predictions on s, it is varied by a few GeV? in
the literature. Using this approach, s, is determined to be sy, = 57 & 1GeV? for
baryons containing bottom and charm quark, s, = 20 &= 1G'eV? for double charmed
baryons and sy = 121 + 2GeV? for the double bottomed baryons. M? is not a phys-
ical parameter, hence a range of M? should be chosen such that physical predictions
are independent of M2, In the subplots (a) of the figures M? dependence
of the form factors G, and G are shown. As can be seen in the subplots (a) of the
figures for the bottom-charm baryons, G, and G are independent of />
for 6GeV? < M? < 9GeV?. For the double charmed baryons, from the figures
[G.12)it can be seen ), and G'f; are independent of M? for 3GeV? < M? < 6GeV2.
And finally, for double bottomed baryons, from the figures it can be seen
G and G are independent of M? for 9GeV? < M? < 12GeV?. The stable regions
of M2, 3 and s, are summarized in table Within these ranges the predicted values
for |G| and |G | are given in table [4.2] and table

In the figures [G.IHG.I6] the plots are shown for various values of s,. As seen in
these figures, 2% change on the s results in 14% change in the both G, and Gg

30



Table 4.1: Stable Regions for M2, 5 and s

Transition M? B S0

= =t | 6-9Gev? | |8 >3] 57+ 1Gev?

= It | 6-9GeV? | |8 >3 | 57+ 1GeV?

=0 =0 | 6-9GeV? | |8 >3 | 57+ 1GeV?

=0 5 =0 | 6-9GeV? | | >3 | 57+ 1GeV?
=+t L Ert | 3 6GeV? | 5] > 3| 20+ 1GeV?

b 2t | 3-6GeV? | |8 >3 | 20+ 1GeV?

20, 50 | 9-12GeV? | 8] > 3 | 121 £ 2GeV?
S — 25 | 9—12GeV? | || > 3 | 121 & 2GeV?

for the transition Z;, — =;F, 20% change in the G and 17% change in the G

or the transition =" — =T, © change in the bo m and G for the transition
for the transit . oF, 15% change in the both G, and Gz for the transit

=0, — 22, 20% change in the G, and 18% change in the G for the transition
=0 — =39, 17% change in the both G, and G for the transition 217 — =+, 20%

change in the both G, and G ; for the transition =7, — =%, 18% change in the both

cc ?

Gy and G for the transition =), — =3 and finally 17% change in the both G ; and

—_—k—

G'p for the transition =, — =, .

To analyze the convergence of the twist expansions, in the subplot (b) of the figures
[G.THG.T16] contributions from different twists and perturbative part are shown. In all
the cases twists higher than 2 are negligible. Hence the twist expansion is strongly
convergent. For the transitions =, — =;F, =X+ — =+ = — =7 and Z) — =5
main contributions come from the twist-2 term, which depends on x and the electrical
charge of the light quark while for the transitions Z;F — =Z;F, 20 — =9 =0 —

Z:0 and Zf, — =*'" dominant contribution is the perturbative contributions which
depend on electrical charges of both light and heavy quark charges for the transitions
with symmetric current and electrical charges of the heavy quarks for the transitions

with anti-symmetric currents.

The errors in the predictions of the form factors GG, and G'g are determined by

1 Note that in subplots (b), to be able to show the relative signs of the different contributions, the values are
plotted, not their absolute values.
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analysing the maximum and minimum values of the form factors within the deter-
mined ranges. Results for G and G are shown in table 4.2 and table {4.3] respec-
tively.

Note that, another error source is the value of the y, magnetic susceptibility of the
quark condensate, which presents in twist-2 contributions as shown in Appendix
In different works [36,48-51], the value of y ranges between 3GeV? and 9GeV?
with different signs. Since the definitions used in this study are taken from [36],
X = 3.15GeV =2 [36] is used in this study. The errors shown in tables anddo

not contain the errors due to the value of .

Table 4.2: Transition magnetic moments in nuclear magneton

Transition |G| QM [16] | x PT [16] | Bag Model [11]]
= L=t | 0400+£0.057 | 161 | -2.56 0.695 |
=i =t 1004540009 | —0.36 | -0.36 0.672
=0 =0 | 0.2384£0.036 | 1.02 1.03 -0.747
=0 =0 | 0.048£0.010 | —0.36 | -0.36 0.070
St Tt [ 1.08940.187 | —14 235 -0.787
=t =t 1091040186 | 1.23 1.55 0.945
=0, =0 | 071540130 | —1.82 | -2.77 -1.039
S, — S5 033340058 | 0.81 1.13 0.428

Table 4.3: Transition electric quadrupole moments in nuclear magneton

Transition |GE|

8.183 4+ 1.146) x 1073

=+ =*+
Zbe T She

B = 2 | (1.0434£0.184) x 1072
20 550 | (4.943+0.751) x 1073

—=/0 —=x*0
Zbe 77 Zhe

2.371 4 0.403) x 1073
2.123+£0.439) x 1073
8.338 +1.519) x 1073
3.843 4 0.669) x 107°

=++ s
S 7

—cc

—+ (e
= s =
—cc —cc

=0 —=x*0
S T S

—_——f—

Sbp 7 b

—_—~ e~~~ ]~~~ |~

)
)
)
1.191 4 0.223) x 103
)
)
)
)
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Once the values of GGj; and G g are determined, the decay width can also be calculated

using [39]:
3
a (mzp - m%) 2 2
N=3——= (G 3G 4.3
32 mim? ( TR ) .3
. ) 1
where « is the fine structure constant with the value « = ——— [44]], and the masses

137.0
me and mp are the masses shown in table 3.1}

Table 4.4: Decay widths in keV

Transition r x PT [16] | Bag Model [11]
= = | 0.753+0.208 | 26.2 0533 |
. — EF 1 0.006 £ 0.002 0.52 0.031

50 5 =Y 1 0.265 4+ 0.079 7.19 0.612

=0 — =90 | 0.007 £ 0.003 0.52 0.000

=0 — =Y | 0.664 +0.234 31.1 0.126

=, — 2y, | 0.144+0.049 5.17 0.022

4.1 Conclusion

To conclude, we have calculated the GG;;, Gg and I' values for the radiative transi-
tions of non-strange doubly heavy baryons using the QCD Sum Rules method. Our
results for G, are significantly different from chiral perturbation theory and the quark
model, but close to the bag model except for the transitions =" — =" and =0 —
=9., and similarly for the I" except =" — =7, =0 — =0 and =}, — =,, transitions.
Results for decay widths are given in table[4.4] For the transitions =" — = and
=t — =, T are not presented since it is proportional to (m2 — m2)” and me and

myp for those transitions are nearly equal to each other as shown in the table
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Appendix A

IDENTITIES

A.1 Identities for Structures with Gamma Matrices

()" =1

{Viu ’71/} = 29/#/

{’757%} =0
(15)" =1
(v)" =
T = —C
c?=-1

Tr ] =0
Tr|3s| =0

Tr [odd # of gamma matrices} =0
Cv,C = —’yg

CvsC = —75T ==
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(A.1)

(A.2)

(A.3)

(A4)

(A.5)

(A.6)

(A7)

(A.8)

(A.9)

(A.10)

(A.11)

(A.12)



CSg)bT(x)’yZC = —C’SZ;’T(x)CC”yZC

Sab T Sab (A13)
= —OqQ (37)(%) = _SQ (55)%

To get the above equation, —C? = 1 was inserted between the S¢'" () and 7 and

the equation [A.TT|is used

Cys58" (2)C = —CysCCSYT (2)C

~ (A.14)
= 7558 (z)
Where —C? = 1 was inserted and equation was used.
075832”(.17)750 = 07500332”(:1:)00750
. (A.15)
= =550 ()Y
Again —C? = 1 was inserted and equations |A.12|and |A.11|were used.
A.2  Other Identities
6&0/ 5(112’ 5&0’
€abc€a’b/c! = 5ba’ 5bb/ 5bc’
5ca/ 5cb’ 500’
(A.16)
= (5aa/ (5bb’ 5cc’ - 5bc’ (scb’)
- 5ab’ (6ba’5cc’ - 6bc’ 5011’)
+ 5(10’ (5ba’ 6cb’ - 5bb’ 500,’ )
€abc€ab/c! = 5bb’5cc’ - 5bc’5cb’ (A17)
€abc€abe’ = 2566/ (A.18)
€abc€abe = 6 (Alg)
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Appendix B

BOREL TRANSFORMATION

The Borel transformation is defined as

. 2\n+1 d\"
MM2) = Bypll(p?) = T 2 p? <—> TI(p?)
—p? ,n—00 n:

—p?/n—M?

And Borel transformations of several expressions given as

1 22
|G =

Bl(»*)"] =0
1 (_1)n
. [(PQ)H} (n — 1)I(M2)n—1
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(B.1)

(B.2)

(B.3)

(B.4)

(B.5)
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Appendix C

CALCULATION OF THE OPE SIDE

In this study, OPE side was calculated as following using the explicit expressions of

the interpolating currents.

Hs(p) — / d4x€ipx%€abc€a’b’c’ <7(q)| 7—{ (@C>a(’}/5)aﬂ <<qb)7(0>76 (@a)5>

@), ()0, 00,4@),)| (2 e

+8@),(@),(C),,(),,@",) (C2)
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Using the identity
AapBg,Coo = Tr[ABC]

and gamma matrix identities and replacing C'STC = S the correlation function be-

comes:

) =i [ iz e o) {
S5 (@)s Tr 7,55 ()34 ()|
5 (@)Sh (2)758 (2)7s
+ S (2)35" (@) S8, (@)
5 ()55 (2758 (2)%s
§ (@5 Tr | S} (27,55 (2)| )
— S (@)CSE T (@ CSE (@)
— 35 (2) Tr [wS (2)755 ()|
— BSE (2)7550" ()75, (x)
+ BS (fv)C%S““T( )C7,5 (x)
! (2)
)

/

— 558 ()15 ()35 (2)
- 855 l(x Tr Sb“( )’VNSQIZI(ZB)’%}
B8y ()05 () O () } 10)

With the help of [A.14] [A.T13]and [A.T5]| the above equations become:

N 1 NP~
HS — i/d4w€sz_€abc€abc
(») G SIOIN
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+ S8 (2) S8 (2)7,58 ()75
- BSg ()T [wSQ (2)7555 (2)]
)

— 855 ()55, ()75 ()
+ Bsbc (

/

' (
)75 Z‘f (2)7,58) ()
— BSE (21555 (2)7,8 (x)

— 355 (2)T [SW 118 ()75
— B ()95 (2)7:55" (@) } 0)

. ipT 1 abc _a'b'c’
() =i [ ataer et (o) {

255 (2)S& () 7,52 ()5
—258 () S () 7,52 ()75
2557 () T[S (2)585 ()]

+5% ()75 Tr [g‘l (x)%Sf]’“ (x)}

— S8 () St ()7, e ()75
—i—SbC )55 (x)’yuS ()5
o ’ )P)/HSS)/(:U>

()

()

55 (@5 (@
—Séfl ()75 Tr | S8 (2)7,52" (x)
— S0 ()88 ()9S5 (2)7s
+26S% (x )%SZJ"( )7 S5 ()
+265% ()55 (2)7,55 ()
+285: (2) T [%S (x )75§gga,(517)}
+B55 (@) Tr 1555 ()35 ()]
—B5 (2)7558 (2)7,5% ()
+B5Y (2)558 (2)7,58 (x)
+BS8 (2)1:58 ()75 (x)
B85 (@) Tr |3555 ()55 ()|

(

— B8 (23558 (2)7,55 (2) } 0)
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With the help of and rewriting S&’(x) = §%Sg(x) the correlation function

becomes:

() =i [ d'e 2o (i) {
S (275 T 1S ()5 (@)
— So(2)Sy(x)7uSq ()75

S4(@)S(x)7, S0 (@)rs

— Sqi(2)Sy()7,.S0()s
+ Sal@)s Tr |5y Se ()]
+5,(2)Sq ()7, So(x) s (C.10)
+ BSq (@) Tr [ ,S0(x)155 ()]
— BSq(2)755(2)7.S¢ (x)
— BSy(x)7550 ()7, S¢ (x)
~ BS¢:(2)755,(€)7,50(x)
+ 850(2) Tr |3, (2)7uSe (23]
+ 85,(2)355/ (2)7u50(@) } [0)

—Sy(2)Sgr(2)7,80(x) 75 (C.11)
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—2BS(2)75Sq ()74 (%)
+288,(2) Tr | S (2)1550(@)|
—BSq/(2) Tr [358,(2) 7S ()]
—BSq(x)75.5,(2)7.Sq ()
—B5,(2)1550(2) 7,50/ ()
+BSq: ()75 (). Sq (z)
+BS0(w) Tr 1550 ()7:54()]

—B84(x)1550 (27, Sa(x) } 10)

The correlation function gets contributions from perturbative and non-perturbative
parts. To get the perturbative effects, one needs to replace the propagator of the quark
that emits the photon by

]
S;]B — { /d4y5’f”e($ — y)ASf’"ee(y)} (C.12)

af

To get the non-perturbative contributions, the light quark propagator should be re-
placed as [39];
1 _
(1(@)]5¢10) — =T57 (v(g)[aL5410) (C.13)

1
where I'; = {l,fya,%,i%fya, Eaalg}. Full set of (y(q)|g(z)I;¢(0) |0) is given
as [36]:

(v(@)]q(z)o..q(0)0)

. 1 B 22
= —iey (4q) (e4qw — €09,) / due™® (X¢7(u) + 1—6A(u)>
0
. 1
1 EX ex o
— o len—q— ) —xu e, —q— due™ h.(u
2(qx) { (“ ”qm> “( qw)}/o +(4)

ET

(V@) 2(2)7.9(0) |0) = eqf3, (Eu - quq—x) /O 1 due™ " (u)

— 1 vV o ! mqr , /.a
V(@) q(7)v,759(0) 0) = — 1 Caf3Eumasc’a z” / due”™ )% (u)
0

52



V(@) 9(7)gsG (v2)q(0) |0)

= ey (70) (cuts — 01) / Doy 205 ()

(7(9)|7()95G p (v2)i54(0) |0)

= —ieq (7q) (£49v — €0q,) /Daiei(o‘qJ“”O‘g)qxg (cv;) (C.14)

(7(q)| (%) g5 G (V) Yay5(0) |0

= e, f3y (€uqy — €0qu) / Da;e! @199 A (o) (C.15)

(7(@)| 7(2) g5 G (v2)ivaq(0) |0)

= eqfsy (€uy — €0qy) / Dae!@atvaa)ar)) (o) (C.16)

(V(D)]4(2)apgsCpu (v2)q(0) [0) = ¢ <GQ>{

1
goa/ - q_<an1/ + QI/xa) qs
(gu > (gﬁu - q_ 4Ty + qvp ) qa
1
&y — Gap — 0z an,u, + Q,u,xoz qa
-+ (Eu ) (gﬂu — q— quu + 4uTs ) qa] /Daiei(a§+ﬂag)(I$7’l (Ozl)
1
Ea — qa 9up — q—x(quwﬂ + qszy) | @
1
Ea — 9up — q—(qyafﬁ + qsy) | Qu

1
€g — Qﬁ_) (gua - q_:E(qua + Qchu)) qv

€T 1 i(agt+vag)qr
€p — Qﬁq_) (gl/a - q_x(Qan + anu)) C]u] /Daie( atvag)e 71 (az>
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1 (agtvag)qx

q_w (g0 — @) (E0qs — €5Ga) /Daiez(aq+ 2 Ts (i)

1 (agt+vag)qr

oz (1070 = 057) (s — €00 / Dae! 20T, (o) } (C.17)

In above expressions, x is the magnetic susceptibility of the quarks, ¢, (u) is the

leading twist-2 distribution amplitude, ¥"(u), ¢¥*(u), A and V are twist-3 distribution

amplitudes and h. (u), A, 7; are twist-4 photon distribution amplitudes.

The non-perturbative contributions to the correlator is given as:

where fj = C’FJTC’

= '/d4xe’px2\/16{

S (@)1 [1uSo(2)T}]

— Sq(@)T7, 0 ()75

— T;S0(2) 7S (2)7s

— S (@)L 50 ()5

+ So(2)3Tr [T 7,50 ()]
+ TS0/ (2)7,50 ()75

+ BSq ()T [1,Sq(x)7sT ]
— BSq ()55 ()75 (z)
— BT 8¢ ()7, 5 ()

— BSq (@)L 7.5 (@)

+ BSq(x)Tr [T, (2)7s)
+ BT, 5 (@) 1Sa() |

(C.18)

Same procedure holds for the 14 as well.
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M (p) = i / d%eipm%{
250 ()8 (@)L

+2S50(2)Sqr ()7L 7
20595 Tr | So (@) (¢)
— S/ () Tr [Sq(w) L
—So(2)T7,Sq (x)7s
—T;So(2)7uSq (2) 75
+Sqr (2)T7,50 (%)
+Sa(w)ys Tr [Sqr (@)l
—T; 8¢ (2)7,50(2)7s (C.19)
+28Sq/(2)755 (2)7,.T;
—283Sq(2)5S¢ (2)7,.1;

+2BT; Tr | 1S (v)1550 ()|

~B8q/(2) Tr 35T 57, 50(x)|

—BSq(x)sl 7S¢ (x

— BT 7550(2)7,Sqr

+BSq ()51 17,8 (@)

+BSq(@) Tr [158q (2) 1

—BLj7550 (iB)%SQ(:B)} (v(@)]q(=)T;4(0) 10) |0)

T

)
()
(

55



56



Appendix D

SAMPLE CALCULATION

In the calculations, there are terms in the form of:

1o f ot Koy (mgV/=2?) Koy (mg/=7%) 1

1
px WITHA D.1
_xQ)NI (1 /_xg)ng (x2>n3 /0‘ due <u> ( )

The integral representation of the modified Bessel functions can be used as:

Kn(mQ \4 —1’2) _ 271—1 / At 1 tx ——22 (D 2)
(V—z?)m mg '
1
And for
(2)"
1 (_1>n > —1_tx?
= dtt™ r D.3
= oy, (B
can be used.
After replacements, IT becomes:
(_1)713 ni—1 ona— 1
=i / d*zdty dtsdtze™ A e (D.4)
['(n) mg o M

2
w pltittatts)a? —md/at1— /due“‘quA( )

(_1)n3 2n1—1 on2— 1
F(n) mgl Q/

Let us define P = p + uq and C = . With the new definitions, 11

becomes:
2 ’"?y
Il =iC / d*wdudt, diydtse™P e HT6)e TR T T DA () (D.5)
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With a Wick’s rotation, z° — —iz® and P° — i P°, the term becomes:

2__iPx

M=C / dAvdudtdtydtse (75 ) e el =l DA (y) (D.6)

where 7 = t; + t2 + t3. Now the z integral can be calculated using the expression

/d”xe_WQ = ( z) D. 7
«

To do this, first the exponential depends on x as should be rewritten as a square.

P P 2 P2
xQ—u:(x ! ) + — (D.8)

27 472

below:

P
Defining y = x — ;— dx = dy, hence
T

. 2
/d4x67(3‘“2liz) = /d4ye_Ty2€_P2/4T =T =P (D.9)

72

After taking the z integral, II becomes:

moy ny—1yno—1,n3—1
@)ty ey

_ys( B2
IT= C7T2/dUdt1dt2dt3€ 1/ <Ii)r RETRR 5

. DA(u)  (D.10)

Let us make the transformations as; t; = tz , to = ty and t3 = (1 — x — y).
Here ™ becomes 7 = t; + to + t3 = t. With the transformation dt;dt,dt; becomes

dtidtodts — Jdtdxdy. The Jacobian of this transform can be calculated as;

8875 gx gy x t 0
to Oty Oty 2
ot Odxr 0Oy Y 0 1 ( )
Oty Oty Ol Jl—z—y —t —t
ot Jdr 0y
1 00 1 11—z
1= C’7T2/ du/ dt/ d:c/ dyt™ tretns=Sgmislyna=2 (g gyl
0 0 0 0

(D.12)

v 6_1/4t<P2+m7Q+mle ) DA(U)
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m2 m2 ’
Further simplification can be made by denoting o« = P? + -2+ TQ and t' = 4%.

/ 042 ni—3

dt
With this replacement, dt ez and ¢ LT S

Oéz n;—2

C :
2 / dudzdydt'z" y" (1 — x — y)”?’me_t DA(u) (D.13)

H - _4Zni—2

Now the integral representation of the Gamma function can be used
/ At Xmie ! =T (2 - n) (D.14)

C My (1l —x —y)"

2
M= / dudzdy T r (2 -3 n> DA(u) (D.15)

Here one more replacement for the v can be used as:

1 1
- dttt—2migmat D.16
a?=xnm T(2-3 n) / ‘ (D-16)

After the replacement I1 becomes;

C

H - _42711'—2

w2 / dudzdydtz™y™ (1 — z — )"t =2 e DA(u)  (D.17)

oy

Now, the Borel transform can be performed as:
B (e_p2“t> =6 (0 —ut) (D.18)

1.
where 0 = Ve is the Borel parameter.

Detailed formula for a Borel transformation is given in Appendix{B] After the Borel

transformation on p? and (p + ¢)?, I becomes:

—t ¢
7T2/dudxdydtx”1y"2(1 — oz —y)t X e < oY > (D.19)

2 2
m 7
Q,_Q

C

H - _427’11'—2

%38 (00 —t) § (02 — ut) DA ()
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The product of delta functions can be rewritten as

02

d(op —t)d (o9 —ut) =6 (01 + 09 — t) p _11_025 < — u) (D.20)

o1+ 09

Now using the definitions 0y = ugo and 01 = (1 — ug)o, 01 + 02 = o. This makes,

02
) — = d(ug — u).
<01 o u) (ug — u)

t and v integrals can be calculated with the help of delta functions:

C7?DA _"<w;é+mf/>
= —ZzT-—(zuO) /d:cdydtxmym(l —a—y)to R e (D-21)
, 1
Denotlng o= W II becomes
2 m2,
Cm2DA —1/m? <sz+ ;g )
= —ZzT-—(gO) /dxdyxmynz(l —x—y) MR (D.22)

Now, s can be introduced to have an expression for the spectral density:

Cm?DA(ug) M2Xm: [ 2
— —S/M
II = o2 /0 dse (D.23)
m2  m2,
X /dxdyx"lym(l —x—y)" (8 -9 _ —Q>
x Y
Writing the expression for C' and denoting the spectral density:
m2  m,
p(s) = /d:vdyf”y’”(l —x—y)"d (s -9 —Q) (D.24)
Z Y

and making continuum subtraction as having s, as the upper bound of the s integral,

II becomes

—1)rs 2mAm 2 DA (ug) [P
n0r) = -G ) [T ase s 029)
Q"

In the calculations, one may have expressions with M2 outside of the exponential. To

get the spectral representation, the spectral representation p(s) should be independent
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of the M?2. For the positive M? powers one may use the derivative of the spectral

density p(s), p(s) and use the integration by parts.

o0 n e} . n dn
I, = / dse™""" (M?)" p(s) = / dse™™" (M?) —P(s) (D.26)
0 0 s"

Applying integration by parts

1 dn—l

dse=M* (M? D.27
o fasee ) ) @2

. _—s/M2 2\ dn_l
In =€ (M ) dsn—lp(3>

m

For s = 0o, e~/™* = () and for s = 0, d—p(s) = 0 since p(s) = 0 for s < s'.
Sm

Therefore we have

& 2 dn 2 n—1 dn—l
I, = dse™ ™ (M*)" — = / =M (2 D.28
| ase ) ) = [ ) ) @29

After applying the integration by parts n times, /,, becomes

& _s 2 n dn
In—/o dse™/M (M?) @p(s)

1 /OO 2 [° ~
= — dse™" ™ / do(s — )" 'p(s
T s i (s — )" "pls)
d

where p(s) = (d_) p(s) For the negative powers of M2, one can express the
s

(M?)™" as <_di) e /M
S

[e’e) n [ele} d n .
I, = / dse™"™” (M?) " p(s) = / ds <_d_) e~ M p(s) (D.29)
0 0 s
Doing integration by parts, /,, becomes

dr1 2
In = _dsn—lei /a p(S)

dsn—1 Ep

Y Sl 2 d
+ / ds e~ p(s) (D.30)
0 0

Where, again the boundary terms vanish as in the positive M? case. Applying the

integration by parts n times we get
I, = /OO dse_s/Mzﬂp(s) (D.31)
0 ds™

61



62



Appendix E

RESIDUES OF OCTET AND DECUPLET BARYONS

In the calculations, residues of the octet and decuplet baryons are needed.

The residues for the decuplet baryons are given in Table[E. 1| [37].

Table E.1: Residues of Decuplet Baryons

Baryon | Residue (GeV?)
= 0.15
=, 0.22
=r 0.12

The values for the parameters M? and s, that appear in the sum rules and are used
in [38] are shown in Table [E.2l Woth the values shown in table [E.2] the residues

calculated in [38]] can be written as:

Ao (Zpe) = 16.8 x 1073GeV? (E.1)
V18.7(32 —1) +6.88(8 — 1)2 + 10.6(8(58 + 2) + 5)

Mo (Z),) = 17.9 x 1073GeV?

V21(B = 1) (584 1) +2.3(8 — 1)(113 + 13) + 10.7(3(56 + 2) + 5)

Ao (E) = 90.9 x 10°GeV?

V7282 —1)+4.1(8 —1)2 +5.3(B(56 +2) + 5)

2o (Zee) =4 x 107 2GeV?

V2.4 (B2 —1)+0.8(8 —1)2 + 1.5(B(56 + 2) + 5)

Selected M? and /50 values in the [38]] are shown in the table
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Table E.2: Parameters for the residue calculation

Baryon | M? | /50
Zhe 8 7.5
= | 8 |75
b 11 | 10.9
Zee 5 4.6
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Appendix F

EXPRESSIONS

The expressions for the correlation functions before the continuum subtractions in

this study are given as:
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Q. Q') = [ dse 5y
- ) [ dse
A AlD) [ dse
S [ dse )
S Te)) [ dse )
- T [ dse )
S Te) [ dse )
~ T [ dse ) E1)
S [ dse )
~ ) [ dse )
S [ dse )
AT [ dse o

o0

# P T@) [ dse A
+/ dse™"" gy (s)
0

w [ ase )

where
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(D A(ay) = / o 2

DA(ai) {

Uy — OF

0495( Oa/ q>0<@g+a§—u0>
g

W)

+ 0(up — ag) [(ag +ag— u0)5< ag

+ b0y + o5 — uo)] }

SHDA( / DA(3 { .
w3 (=

+ %5<w>0(u0 _ aq>}

Qg

(O-/g + az — >0(Ozg —|—aa_u0)

Qg

(ag + ag — ug) DA(a;)0 (g + ag — ug)0(u — ag)
a?
g9

DA(0,;)0(ag + ag — ug)0(ug — ag)

Qg

S (DA()) = / da,

fl(DA(Oéi)) = [ doy

p51(s) :/0 dutigh (w)8(u — ug)

(14 B)e.M? (qq) o (S _ % - ny) (

1
/0 " 8v/672 mqT + mqQr)
2 2
(B — 1)egfsy M*o (s — @ _ My
Sl(s) _ T T
P2 N
2 2
1 M2<qq>5<8—@_@)
S1 = .
d !
ps (s) = /0 T TN B(mg + mg)
m m2 ,
e M? qq %) <S _ e TR )
S1/ N 1 q (@q) T z ) (B+1)(mg+ my)
Py (s) = dx TG !
0
2 m2Q mé/
M2(gg)d[s— —=2 - %
Si/ .y 1 €q (qq) <3 T T ) (38 + 1)(mg + mg)
ps (s) = dx TG !
0
m2 m2,
e,M? (7g) 6 <5 _ M _ _Q)
x x
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2 2
1 eqM2<qq>5<s—@—mQ)
Sl(s) = dx i i
pr /0 12/672
(matdle=2)=2) | melpta—2) =)
4z 4x
m2,  m?
1 equ2 (qq) 0 (5 _Q -2 )
Ss)= [ dx ’ ‘
Ps 0 12/6m2

(mQ(B(ZSf—l— )+ (@ +1)) . mq (BBz+ 1)+ (v + 1)))
4z 4x

2 2
L e )8 (s - 2 - 1)
Pro(s) = | du N
<mQ(6(4x —3)+ (4r + 1)) N meq (847 — 3) + (47 + 1)))
47 4x
mZ  m2,
1 eqM2 (qq) ¢ (3_ ?Q - TQ)
A= [ TN
(rmatdoe= ) (30 22) | molPE =+ (720
4z 4x
2 2 _
pil(s) = /01 dxd (s — % _ n;Q’) {_3(51;\1/)667;1530]\46
e, M*
16+/672

(2038 +1) (@a) (ma@T + ma)xp» (u0)

(8= 1) fay 7 (60 (o) — (w0 — 1) (4" (o) = ¥ () ) ) )
M2
- 768v/6momeg Ty

{ e

+eomoT (26moT + (8 — 1)mqz(T + zuo))

eQmq (2fmqr + (8 — 1)mqT(x + Tu))
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— 2e,T (B (2m(2x — 3) + 2mgy, (2T — 3)) + (B — 1)mgme (1 + u))

+ 487 e momg AT [
2 2

20 () (3709 - 1) (22 + 722 + 26mome

+ (36 + 1) (q9) Aluo) (moT + m@ir)] }

2 2
m mey,
eq<7Q+_Q)
T T

384\/6QOQ/7T4
< (g2G?) <25:cm22 + (8 — D)mgmg + QBmé,f)

— 12(38 + )mgmegm* (gq) (Tmg + mQx)A(w))) }

m2  m2,
1 1 (B—=1)6 (5 - 769 - TQ) UglUo
prs(s) = / dx / dy -
0 0 384+/67

(g2G”) (eq + eqr) + T2M* [2eqa:y — (1 -z —y)(egrr + eqy)

}
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where

MTA(Q, Q' q) = / dse™ 37 pi(s)
0

N (Taa) / " dse v o (s)
S ) / s i (s)
N (Tae)) / dse™ 77 o (s)

o0

) [ dse i
- V) [ dse )
V) [ dse o)
+RTa) [ dse )
~ FTian) [ s o)
+FTan) [ dse ()

o0

N (Tas) / dse™ 77 o (s)
0

(S () / dse™ 57 o (s)

S () / " dse v pAl(s)

+ / dse™ 3 pfl(s)

+ / dse™ 7 ptl(s)
0
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3
Yy

ADA(ay)) = /daiDA(o”){

Uy — Qg
ag5< Oa q)Q(ag—i—ozq—uo)
g

ozg—l—ozg—u0>

+ 0(uo — ag) [(0‘9 tag - u0)5( Qg

+ag(9(ag~|—aq—uo)}}
(D) = [ da P2 {
)3 (=~ -

T ) P %)}

(g +ag — >9<O‘g + ag — )

Qg

(ag + ag —ug) DA(a:)0(og + g — u)0(ug — ag)

(DA(@) = [ das

ag
1(DA(0) = [ do, PN 01 = 10)0 — 09
g
1
pfl(s) = /0 duu_ohv(u)e(u — UO)
2
/0 t 24+/272 (Mo — mqT)
2 2
1 (8= Deg(mg —mo)M* (gq) 0 (S S @>
2 (s) = dx x x
" /0 72V/2m2
2 2
1 (B4 2)eg(mg —mo ) M?(qq) 6 (S - @>
Al(s) = dx T T
" 0 361/272
2 2
1 (B45)eq(mg —mo)M? (7q) 0 ( - @)
AI(S) = dx T T
Py /0 ot
2 2
L (8= Degfa, M (z —T)0 (3 M @)
PAI(S) = / dx z T
’ 0 72\/§7T2
2 2
L (B = De,M? (Gg) (moz — mgT)s (S _ Mg My )
pe(s) = / dx x z
’ 0 144+/2n22T
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2 2

(5= ey M? () (g~ moap (s = & - 22

€T T

144/2722F
m2 m2
L egM?(qq) o <S— < _ ?Q)
Al
s) = dx
ps(5) /0 14427227

(moz((B + 11)z — 6) — moZ((6 + 11)T — 6))

2 2
M2 (Gq) 6 (s il @)
pii(e) = [ s L7
0 144+/2m22T
(moz(B(x+4)+2—z) —mgoZT(B(T+4)+2—-7))
2 2
e s (s- T )
pitl(s) = / dx — < ‘ (F.6)
0 144/ 2722T
(mqz(B(z —6) —x) —mgoT(B(T —6) — 7))
2 2
1 eqM2<§q>5<s—%—@)
phits) = [ s R
0 1442227

(mo(BBx —2) + 92 — 4)x — mgoT(B(37 — 2) + 97 — 4))

0 m2 m2
Q' Q

2

my Mg

(5 = 1)eq (70) A (g — o) (2~ 2 )
96v/2

M2
- 2304V 24 mome aT
— 487 (B — 1)emome (qq) 2TA(ug) (mozr — moT)

+(g2G?) [eQmQx@(QB + 1)mgx + 3(8 — 1)moZ(uoT + x))

— temQ/T(2(2ﬁ + 1)mQ/f + 3(5 — 1)mQ$<U0$ + f)):|

(8= Ve, M* ([@g) xo, (uo) (mga — mgT) }
244/272

1 11—z m2, 2
pitd(s) = / d:v/ dyd (s — @>
0 0 Y x
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(28 +1) (ag) M* (eqmiyy — eqmiyx)
384/ 2mimgme y
(8= 1) (qq) o (eqmyx — eqmy)
768\/§7r4xy
MYz +y—1)
32V 2y
eQmqy(3mqy(f — 1)y — 2mq (28 + 1))

— cqmor(3ma(8 — 1) — 2mq(28 + 1))]

3(8 — )M (eqy(atig — 1) — eqralytio — 1)) }

32274

M5(Q. Q' q) = /0 dse™ 77 p2(s)
~ F(Ala) + V() / " dse P (s)
752 (Afa) + Viaw) / " dse v p(s)
0
— 5 To(an). Talew)) / dse™ 77 p%(s)
P (Ta), To(o) / " dse i p(s) (R7)
0
(T () / dse 7 o (s)
0
P(Tala) / dse™ 7 p2(s)
0
+/D dse” 317 pS2(s)

+ / dse” 12 p32(s)
0

where
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0(cvy + ag — ug)0(up — og)
Qg

S2(DA (o), DAy () = /dai
(DA () + DAz ()
S2(DA (), DAy(e)) = / o, 20 + a7 = w0)B(us = ag)

2
Oég

(g + ag — uo) (DA (a;) + DAs () (E.8)

fQ(DAl(ai), DAQ(OZZ)) = /d&z /1 dv@(—vag + % + Qg — UQ)
(DAl (O[Z) + 'UDAQ(ai))

1
S2(DA(oy)) = /dai/ dvDA(;)0(—vay, + ay + ag — ug)
0

py(s) = /0 dut(u — uo)hy(u)0(u — ug)

{(1 + B8) (@q) (mo@ + mox) + 2(1 — B)zﬁ”(u)fgwszf}

2 2
(8= Deyfn M ( _ My @)
i) = [ o roT
0 24+/672
m2,  m2
1 (B + 1)eq(mQ + MQ/) (wu) 6 (S — TQ — ?Q)
) = [ do-
0 12v/672 9
2 2 .
1 (B - l)eq <ﬂu> <mQ/EQ + mQx2>(5 (S — @ _ @)
S2 — d T T
i (s) /0 ! 1267227
2 2
1 (5 - 1)6«;“0“_05 <3 — @ — @)
p2s) = [ s roT
0 192v/674

{ <g§G2> + 247r2xff3yM2w“(uo)}

2 2
Mz m
uou_0(5<s——Q——Q)

1 11—z (6 - 1)
S2 . ) X
pE2(s) = / dx / dy N

{ (92G?) (eq + eqr) — T2M* [(1 —a —y)(eqr +eqy) — 2$y6q] }
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3(Q,Q".q) = pi*(s)
- H(Ta) [ dse o)
+Ta) [ dse T p)
— ([ dse i
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1
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1 . =
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2 2
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2 2
s (5 - 2 -2
€T X

B 1 €
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p5(5) /0 3612712207
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where S(A) represents the symmetric(anti-symmetric) correlation functions.
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Figure G.1: a) M? dependence of the G, for Z;, — =T~ transition with different
50 values where 3 = 3, b) M? dependence of different twists and perturbative contri-
butions to G, for = — =it transition where 3 = 3 and s is the middle value of
selected sy values(57GeV?), ¢) 8 dependence of G, for Z, — Z;7~ with different
so values where M? = 8GeV?2, d) tan (0) dependence of G, for =, — =i~ with

different s, values where 3 = cos (f) and M? = 8GeV?
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Figure G.9: a) M? dependence of the G, for Z} 7 — =* T transition with different

5o values where 3 = 3, b) M? dependence of different twists and perturbative contri-
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Figure G.13: a) M? dependence of the G, for =), — =;P transition with different
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